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Abstract: The mixed-valence diiron centers of nitrosyl derivatives of deoxy hemerythrin have been studied
by variable-temperature variable-field ®&bauer spectroscopy. The adduct formed by the reaction of deoxy
hemerythrin (deoxyHr) with nitric oxide (deoxyHrNO) produced spectra consistent with a binuclear center of
the form Fé™(S;, = 2)—{FeNG (S = ¥,) where the two iron species are antiferromagnetically coupled. We
have analyzed spectra within the framework of the spin Hamiltoiar JS;eS, + Zizzl = {S-Dios +
BSebieH + Sedjel; + lePel; — BygnHeli} that includes exchange, zero-field splitting, electronic Zeeman,
magnetic hyperfine, electric quadrupole, and nuclear Zeeman interactions, respectively. We have obtained the
following parameters that reproduce simultaneouslisdb@auer spectra and EBRalues: J = 27.8 cnt?, D;

= +5.96 cmrl, E; = +0.18 cm?, D, = +18.93 cm%, E, = +2.65 cm'?, /g8, = —(18.5,10.4,13.8) T,
Bolgnfn = —(29.7,25.0+-22) T, R(8; — Py) = (18,12,67, R(& — P,) = (55,53,29) andR(D; — D,) =
(0,90,287. In addition, at 100 K, we determined the isomer shifts)(1.21 and 0.68 mm/s and quadrupole
splittings (AEg) +2.66 and+0.61 mm/s for the & and{FeNG " sites, respectively. We have also analyzed
spectra with thes* = 1/, Hamiltonian for the ground statd® = 3S*fegeffeH + Y2 { S*MeAMel; + I;0P;0l; —
BranHeli} and have obtained parameters in the effective spin representation. In addition, we discuss the spectra
of a second adduct of deoxyHr obtained by its reaction with NO in the presence of fluoride (deoxyHrFNO)
which exhibits similar, but not equal, parameters to those of deoxyHrNO. Contrary to the parent form (deoxyHr)
where the two ferrous ions are ldsbauer equivalent, the nitrosyl adducts have two iron sites which produce
distinctly different spectra and have quite different magnetic and electronic properties. The isomer shifts of
the {FeNQ 7 sites are significantly reduced with respect to the high-spin ferrous configuration and enhanced
with respect to the high-spin ferric configuration. To elucidate the physical origin ‘afshkuer parameters

from {FeNG 7(S = %/,) sites we have applied KohiSham density functional theory to the representative
complex Fe(@H2:N3)(NO)(Ns)2 [Pohl and Wieghardt]). Chem. Soc., Dalton Tran$987, 187]. The unusual
isomer shifts have been traced to strong valence electron delocalization withjireh&3} 7 unit, whereby

some electrons are almost equally shared by metal (i£.and ¢,) and NOs* orbitals.

1. Introduction It is known, mostly from magnetic susceptibility and 54
. . . ~ bauer spectroscopy, that the pairs of irons in deoxyHr and
Hemerythrin (Hr) is an oxygen-transporting non-heme protein oyyHr are antiferromagnetically coupled and have diamagnetic
found in marine invertebratés® It can be considered the  ground states. The strength of the coupling between two weakly
prototype and best characterized of a class of diiron proteins jnteracting iron sites can be quantified by the exchange constant

that interact with dioxygen. Hemerythrin has the physiologically of the Heisenberg Hamiltonian given by eq 1. The lower values
important forms deoxyHr and oxyHr which contain pairs of high

spin ferrous (Figure 1) and high-spin ferric ions, respectively. Hex = JS;eS, 1)
While the diferrous form appears to require-aydroxo bridge,
there is experimental evidence (edd, NMR isotropic shifts)

for a u-oxo diferric core®® The proposed mechanism for
reversible binding of dioxygen by hemerythrin can be repre-
sented by the reactién’ shown in Scheme 1 where the proton (7) Stenkamp, R. E.; Sieker, L. C.; Jensen, L. HAm. Chem. Soc

i i i indi 1984 106, 618.
from the hydroxo bridge is shuttled to the peroxide upon binding (8) Okamura, M. Y. Klotz, 1. M.: Johnson, C. E.: Winter, M.: Williams,
of Oz. R. J. P.Biochemistryl969 8, 1951.
(9) Garbett, K.; Johnson, C. E.; Klotz, I. M.; Okamura, M. Y.; Williams,
(1) Present address: Department of Chemistry, University of California R. J. P.Arch. Biochem. Biophy4971, 142 574.

of J estimated for deoxyHf! with respect to oxyHr are
consistent with their proposed hydroxo- and oxo-bridging
schemes, respectively.

at Berkeley, Berkeley, CA 94720-1460. (10) TheHex = JS;S; representation of the Heisenberg Hamiltonian is
(2) Kurtz, D. M. Chem. Re. 1990 90, 585. not universal. All of the results given in this work are expressed in terms
(3) Que, L., Jr.; True, A. EProg. Inorg. Chem199Q 38, 97. of this representation (i.e., eq 1). Other notations includex = —J$;S,,
(4) Stenkamp, R. EChem. Re. 1994 94, 715. andHex = —2J$;S,.
(5) Feig, A. L.; Lippard, S. JChem. Re. 1994 94, 759. (11) The values of) estimated from susceptibility experiments for
(6) Kurtz, D. M. JBIC 1997, 2, 159. deoxyHr and oxyHr are on the order of 30 and 144 gmespectively?2110
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Figure 1. The diiron center of deoxyHr. The positional parameters
correspond to the crystallographic structures of Stenkamp’ét al.

Scheme 1
[Fe?*(u— OHIFe? ]+ O, === [Fe®*(u- 0*)Fe**00H"]
deoxyHr oxyHr

J. Am. Chem. Soc., Vol. 121, No. 34, 19827

Previous Masbauer measurements of deoxyHr yielded
(around 77 K) a single doublet with isomer shift and quadrupole
splitting values of 1.19 mm/s and 2.81 mrfsiorespectively,
characteristic of high-spin ferrous ioffsThe equivalent quad-
rupole doublets of the two iron sites should arise from dominant
valence contributions to their electric field gradients (charac-
teristic of high-spin ferrous ions) that preclude observation of
minor lattice contributions which should be different for the
five- and six-coordinate sites. DeoxyHr is EPR silent due to its
singlet ground staté. The exchange interaction in deoxyHr is
relatively weak with a coupling constahestimated on the order
0f10 30 cnt! from Evans susceptibility measuremeéfAtnd 24
to 76 cnt! from magnetic circular dichroisA¥:2® Reem and
Solomor® and also Sage and Debrunfférave pointed out the
effect of the zero-field splittings (ZFS) which being comparable
in magnitude to the exchange interaction strongly perturb its
energy levels. Similar ZFS effects have been more recently
shown for the mixed-valence binuclear metal centers of reduced
uteroferrirt® and related model compountfs.

The Nitrosyl Adducts: deoxyHrNO and deoxyHrFNO. It
has been reported that some single anions bind to the five-
coordinate iron site of deoxyH# Similarly, nitric oxide binds
reversibly to one iron of deoxyHr forming the adduct deoxy-
HrNO.12 An important structural characteristic of deoxyHrNO
is its bent FeNO moiety with an estimated-?¢—0O angle of!

From the perspective of resonance spectroscopy techniquesi11°. Upon binding to one iron site of deoxyHr, nitric oxide
such as Mesbauer, EPR, and ENDOR, the diferrous and diferric forms a {FeNGQ (S = 3/,) groug’ which in turn couples

cores of hemerythrin can provide relatively limited or no

antiferromagnetically to the F&S = 2) site producing a

information due to the diamagnetism of their spin ground states. molecular Kramers doublet ground state. Previouissbauer

Among these techniques, however, $8bauer spectroscopy is
unique in its ability to probe both, diferric and diferrous,

measurements confirm such spin configurations for the two sites
of deoxyHrNO since its 100 K spectra clearly showed two

diamagnetic cores providing parameters such as isomer shiftsdistinct doublets with isomer shifts and quadrupole splitihgs

(0re), quadrupole splittingsAEg), and asymmetry parameters
(). Mixed valent cores of diiron proteins often have half integer

characteristic of FeNG 7(S= 3/,) and FE"(S= 2). In contrast
to its parent form, which is EPR silent, deoxyHrNO displays

spin ground states (i.e., Kramers doublets) which greatly enhancethe unusual EPR tensérge = (1.84,1.84,2.77). Sage and
the possibilities of resonance techniques. Spectra of mixed Debrunne# have rationalized thesgvalues by calculating the

valence centers can provide significant information related to effect of the large ZFS on the energy levels of the exchange
the exchange, zero-field splitting, and magnetic hyperfine interaction as indicated in section 4.B. These authors estimated
interactions affecting their individual iron sites. Therefore, itis the exchange constant of deoxyHrNO on the order of 20cm

of great interest to apply Misbauer spectroscopy to the study which is on the lower range of values estimated for deoxy-
of mixed-valence cores of hemerythrin, such as those of its nitric Hr.18.2223Reaction of deoxyHr with nitric oxide in the presence
oxide adducts, to gain insight about their various electric and of fluoride forms the adduct deoxyHrFNO which displays
magnetic interactions. From a mechanistic perspective it is alsosimilar, but not equal, Mssbauer and EPR spectra relative to
of interest to study the nitric oxide adducts of hemerythrin since deoxyHrNO. The fluoride adduct yielded the EPR teA5ge
these have been proposed as analogues of a possible semi-meth& (1.80,1.80,2.58) which has also been interpreted as arising

superoxide intermediate in the oxygenation reacti&h.

The Parent Form: DeoxyHr. Various forms of hemerythrin
have been crystallographically characteriz&tl” The structure
of the diferrous form (deoxyHr) initially known to 2 A
resolutiot* has been further refinéd.As shown in Figure 1,
deoxyHr has five- and six-coordinate iron ions bridged by a
u-hydroxo (proton not showrfj® and by two carboxylato

groups, one each from aspartate and glutamate. The other™

terminal ligation sites are bound to nitrogens from imidazole
side chains of five histidines!*

(12) Nocek, J. K.; D. M. Kurtz, J.; Sage, J. T.; Debrunner, P. G;
Maroney, M. J.; Que, L., JJ. Am. Chem. Sod 985 107, 3382.

(13) Sheriff, S.; Hendrickson, W. A.; Smith, J. Life Chem. Rep. Suppl.
Ser 1983 1, 305.

(14) Stenkamp, R. E.; Sieker, L. C.; Jensen, L. H.; McCallum, J. D;
Sanders-Loehr, Proc. Natl. Acad. Sci. U.S.A985 82, 713.

(15) Sheriff, S.; Hendrickson, W. A.; Smith, J. . Mol. Biol. 1987,
197, 273.

(16) Holmes, M. A.; Stenkamp, R. B. Mol. Biol. 1991, 220, 723.

(17) Holmes, M. A.; Trong, I. L.; Turley, S.; Sieker, L. C.; Stenkamp,
R. E.J. Mol. Biol 1991, 218 583.

(18) Reem, R. C.; Solomon, E.J. Am. Chem. Sod 987 109, 1216.

from a Kramers doublet that results from spin coupling between
FET(S = 2) and{FeNG (S = 35).

While Scheme 1 describes the initial and final stages of the
reaction of hemerythrin with dioxygen, it does not give insight
about the possible order and mechanisms by which the proton

(19) Spartalian, K. IrApplications of Mgsbauer Spectroscopgohen,
L., Ed.; Academic Press: New York, 1980; Vol. 2.
(20) Debrunner, P. G. Iispectroscopic Approaches to Biomolecular
Conformation Urry, D. W., Ed.; A. M. A. Press: Chicago, 1970; Chapter
6, pp 209-262.

(21) Nocek, J. K.; D. M. Kurtz, J.; Sage, J. T.; Debrunner, P. G.; Shiemke,
A. K.; Sanders-Loehr, J.; Loehr, T: MBiochemistryl988 27, 1014.

(22) Maroney, M. J.; Kurtz, D. M.; Noceck, J. M.; Pearce, L.; Que, L.,
Jr.J. Am. Chem. Sod 986 108 6871.

(23) Reem, R. C.; Solomon, E.J. Am. Chem. Sod 984 106, 8323.

(24) Sage, J. T.; Debrunner, P. Byperfine Interact 1986 29, 1399.

(25) Rodriguez, J. H.; Ok, H. N.; Xia; Y. M.; Debrunner, P. G.; Hinrichs,
B. E.; Meyer, T.; Packard, Nl. Phys. Chem1996 100, 6849.

(26) Rodriguez, J. H.; Xia, Y. M.; Debrunner, P. G.; Chaudhuri, P;
Wieghardt, K.J. Am. Chem. Sod 996 118 7542.

(27) We follow Enemark in representing an iron nitrosyl complex with
seven (Fe(d) plus NOr*) electrons as{FeNG’. Similarly, {FeOQ?8
represents a complex with eight such electrons.
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Scheme 2 performed to elucidate the electronic structure of metal com-
Fe*(1— OHNFe2 + O Fe?*( — OHA{FeOO0 plgxes with open-_shell cc_)nflguranon and can prov_lde_S|gn|f|cant
[Fe™ Fe]+ O [Fe™" 1~ OHN{Fe . 7 insight about their bonding and valence delocalization.
DeoxyHr Proposed Intermediate In this work we present a detailed spin Hamiltonian analysis
of Mdssbauer spectra of deoxyHrNO. The analysis of 4.2 K
variable-field spectra was performed in ti&g € 2) x (S =

Scheme 3 ! ; . oo
3/,) representation and yielded spin Hamiltonian parameters that
[Fe®*(u— OH)Fe?*]+ NO === [Fe?*(u - OH){FeNO}] reproduce simultaneously Msbauer spectra and ERRalues.
DeoxyHr DeoxyHrNO In particular, we have obtained values in the intrinsic spin

representation for the isotropic exchange, zero-field splitting,
and magnetic hyperfine interactions of theeFand{FeNG’
and electrons are transferred from the metal center to dioxygen.sites of deoxyHrNO. In addition, 8 = 1/, Hamiltonian has
From the alternative mechanisms propo%&tf® Howard and been used to determine effective parameters related to the
Reed® considered two one-electron transfers bracketing proton Kramers doublet ground state. The substantialsshauer
transfer from the metal center to dioxygen. The initial reaction spectral changes of deoxyHrNO and deoxyHrFNO, with respect
of this two-step process can be represented by Scheme 2 whergo deoxyHr, are discussed and related to the electronic config-
{FeOQ?8 has the formal charget2and the terminal oxygen of  uration of their{ FeNG}7 sites. We present some semiquanti-
superoxide is hydrogen bonded to the bridging ligand. It has tative arguments to interpret the magnitudes of isomer shifts,
been suggestéd] that the {FeOQ#® unit has the limiting quadrupole splittings, and hyperfine tensord BENG 7 sites.
formulation FETOO™. The notation of Scheme 2, although In addition, we analyze zero-field variable-temperature spectra
compatible, does not necessarily represent such ionic formula-of deoxyHrFNO and the corresponding temperature dependence
tion 2’ of its isomer shifts and electric field gradients. Finally, we
The reaction of deoxyHr with nitric oxide can be represented present Kohr-Sham density functional theory calculations on
as shown in Scheme 3 whef€eNG 7 has the formal charge  the representative complex FeL(NOYMN(L = CgH21N3)* to
2+, and according to Raman studies the terminal oxygen of the elucidate the correlation between valence electron delocalization
bound NO is involved in hydrogen bonding, a situation and M@sbauer parameters{dfieNG ’(S= 3/,) sites. The results
analogous to that of the proposed superoxide intermetfidte.  from density functional theory are particularly important for the
Therefore, it is of interest to elucidate the electronic structure interpretation of M@sbauer results and are presented in section
responsible for the electric and magnetic interactions of deoxy- 5.
HrNO since this can provide insight about similar interactions
in a possible intermediate of the dioxygen binding reaction. 2. The Spin Hamiltonian

The Mgsshauer parameters fFeNG (S = %) complexes Intrinsic Spin Representation. The main interactions af-
are of particular interest because these can not be adequatelyecting the electronic and nuclear environments of a spin-
classified as arising from common idealized oxidation states of coupled F&r—{FeNG 7 pair are given by the following spin
iron. In particular, their isomer shifts are reduced with respect Hamiltonian
to the high-spin ferrous and enhanced with respect to the high-
spin ferric configurations. Several models for the electronic H=Hgy+H, (2)
configuration off FeNG 7 complexes have been proposéd*
However, some of these models have been described in terms
of purely ionic electronic configurations of iron and NO and

Hy =55, + 3 {SeDe§ + ASeGeH}

are inadequate for the interpretation of 88bauer parameters 3)
which suggest considerable anisotropic covaléh@and, in 2
general, strong valence delocalization. The relatively recent Hoy= S {Sedel, + |i.|5i.|i — B.gHel} (4)

development of nonlocal gradient-corrected exchange-correlation
functional$64! has made of KohnShant? density functional
theory (DFT¥3 a powerful method for the study of transition Where the electronic Hamiltoniakle includes isotropic ex-
metal complexes. Self-consistent field DFT calculations can be change, zero-field splitting (ZFS), and electronic Zeeman
interactions, in the intrinsic spin representation, of'Fésite

(28) Howard, J. B.; Rees, D. @dv. Protein Chem1991, 42, 199. 7 (<j ; i ;

(29) Wells. . V.. McCann. 'S. W.: Wickman, H. H.. Kessel. s. L; 1) @n{FeNG(site 2), respectively. The nuclear Hamiltonian
Hendrickson, D. N.; Feltham, R. Dnorg. Chem 1982 21, 2306. Hny includes the magnetic hyperfine, (_alectrlc guadrupole, and

_(30) Bill, E.; Bernhardt, F. H.; Trautwein, A. X.; Winkler, HEur. J. nuclear Zeeman interactions of both sites. We assume that the
B'O(%T)Er&_m% 1S7|' 177. Chem 1973 12, 1209 inequality He(> Hy Japplies.

ingos, D.Inorg. Chem , . . . . .

(32) Enemark, J. H.; Feltham, R. Boord. Chem. Re 1974 13, 339. The leading term in eq 2 is the Heisenberg exchange

(33) Zhang, Y.; Pavlosky, A.; Brown, C. A.; Westre, T. E.; Hedman, Hamiltonian which has a number of eigenstates corresponding
B.; Hodgson, K. O.; Solomon, H. J. Am. Chem. S0od 992 114, 9189. to the eigenvalueS; — S, ..., S + S of the total spin operator

o CHBonC A Py 1 p e 2 . pednan, 5SS gy Conesponing 1o a gwen igensiat
(35) Onville, A. M.; Chen, V. J.; Kriauciunas, A.; Harpel, M. R.; Fox; ~ Of Hex s
B. G.; Minck, E: Lipscomb, J. DBiochemistryl992 31, 4602. 1
(36) Becke, A. D.Phys. Re. A 1988 38, 3098. E =/ HYS+ 1) — + 1) — + 1 5
(37) Becke, A. D.J. Chem. Phys1993 98, 1372. & ="H )mSEFD-S&EEL O
(38) Becke, A. D.J. Chem. PhysL993 98, 5648.

(39) Lee, C. Yang, W.: Parr, R, ®hys. Re. B 1988 37, 785. The intrinsic tensor®); of eq 3 are chosen to be traceless,
(40) Perdew, J. PPhys. Re. B 1986 33, 8822. ' and the zero-field splittings can be expanded in terms of axial
(41) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244. (D) and rhombic E;) parameters

(42) Kohn, W.; Sham, L. JPhys. Re. 1965 140, A1133.

(43) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and (44) Pohl, K.; Wieghardt, K.; Nuber, B.; Weiss,Jl.Chem. Sac1987,

Molecules Clarendon Press: Oxford, 1989. Dalton Trans, 187.
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2
Hzes= Z{ Di[gi - 1/33(5 + 1]+ Ei(sz&i - %)} (6)

where the following relations hold

D, =3,D

zzi

E = 1/2(Dxxi - Dyyi) (7)

J. Am. Chem. Soc., Vol. 121, No. 34, 198219

originates in noncubic charge distributions from the lattice about
the ion. Both sources of EFG are affected by distortions of core
electrons which reduce the valence contribution and enhance
the lattice effect. Sternheimer shielding factors can be introduced
to account for these latter effedtsIn addition, anisotropic
covalency can introduce a third contribution to the EfGor

a single electron, the three diagonal components of the traceless
cartesian EFG tensdf are given, in its principal axes, by

V, =%,e(1— R) 0300172 — 20 (10)

The ZFS defines the axes system for each iron site. We have

followed Blumberd® and used a proper coordinate system by
letting z be the axis that maked; largest in magnitude and
constrainingD; and E; to have equal signs. This choice is
consistent with the condition®,4 = |Dyy| = |Dxy, and 0=
Blp < 1/3.

The principal components gffor Fe™ have been found from
the second-order expressiéhs

2k D
gxx=g+7(E_§)

2k D
gyy:g+7(_E_§)

2k 2D
=9t T3 (8)

where we have usegl= Y/5Trg, k is the orbital reduction factor,
and A/ is the spin-orbit coupling constant.

Effective Spin Representation When the isotropic antifer-
romagnetic exchange is the dominant interaction in eq 3 the
low temperature (e.gT, < 4.2 K) properties of a spin-coupled
pair are mainly related to its ground (effective) spin manifold
Sff =5 — S,. More generally, fokT < J(S + 1) only the
ground state is significantly populated. In this case, it is possible

and convenient to express the interactions of a spin-coupled

pair in terms of the following effective spin Hamiltonian for
the ground state:

2
He' = ﬁSEﬁ@eﬁ'H + Z {SEﬁ:‘eﬁ"i + |i'|5i'|i = BoGoHel i}

©)

wherege and A" are tensors, in the effective spin representa-

wherei = (x, y, 2), (1 — R) is the Sternheimer factor arid—30
is the mean value of 3 for 3d electrong>4° The parameter
representing a departure from axial symmetry is

Vix = Vyy
V.

zz

n= (11)

where 0= 5 =< 1 with the convention thal/;4 = [Vyy| = [Vi.
The electric quadrupole interaction for each iron site is given
by

eQV,
12

He =

Q

[BE—11+1)+n0i—1D] (12
where e is the charge of the proton anQ is the nuclear
guadrupole moment.

The quadrupole interaction tend®of eq 4 can have different
principal axes relative to those of the other interactions in eqs
3 and 4 due to lattice contributions to the EFG or from covalency
that distorts the symmetry of the iron electron orbitals. To
parameterizéePel in its principal axes, the EFG tensor can be
expressed as a second rank irreducible spherical tensor which
transforms according to the representativhof the rotation

group:

~'2(:1 = %V/ZpD;Z)q(aﬂy) (13)

Where\7'2q is a component with respect to the primed axes, and
o, 3, andy are Euler angles that rotate the unprimed axes into
the primed axe& If a componenp is defined in the ion-fixed
frame and a componery in the EFG frame, then eq 13
expresses how the components of the EFG tensor in its principal

tion, corresponding to electronic Zeeman and magnetic hyperfineaxes relate to its components in the ion-fixed frame if they are

interactions, respectively. For the analysis of affF¢ FeNG 7

pair a termSefeDeffe S in eq 9 is omitted since the ZFS can
not remove the degeneracy of tB&’ = 1/, Kramers doublet.
The effective spin representation is convenient for correlating
EPR/ENDOR observables that arise from Kramers doublet
ground states with Mgsbauer parameters.

Our interpretation of Mesbauer spectra and EBF tensors
of the binuclear iron centers rests on the determination of the
intrinsic parameters of eq 2 and, in addition, on the effective
parameters of eq 9 as described in sectiéh8.

Electric Quadrupole Interaction. The nuclear excited-state
quadrupole moment interacts with the electric field gradient
(EFG) giving rise to an electric quadrupole interaction. There
are two main sources of electric field gradient. First, there is a
valence contribution which arises from the nonspherical valence
charge of d electrons. Second, there is a contribution which

(45) Blumberg, W. E. InMagnetic Resonance in Biological Systems
Ehrenberg, A., Malmstm, B. G., Vangard, T., Eds.; Pergamon: Oxford,
1967.

(46) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition lons Dover: New York, 1986.

not coaxial.

3. Materials and Methods

Mossbauer Spectroscopy.The excitation beam for NMesbauer
experiments originated fiCo sources of approximately 50 mCi activity
diffused in rhodium. Doppler shifts of the incidemt beam were
achieved by constant acceleration velocity transducers synchronized
with a multichannel scaler which stored the count rate at 14.4 keV.
The minimum line width at half maximum of the spectrometers was
about 0.25 mm/s. The isolation, purification and preparation of samples
of the parent form and nitrosyl derivatives have been reported in detail
by Nocek et af! Frozen solution samples of approximately 0.79 mM
concentration were used for the Bkbauer experiments. The samples
were not enriched with’Fe. This imposed relatively long acquisition
times for recording Mesbauer spectra with a good signal to noise ratio.
An analysis of spectra of deoxyHrNO in applied field at 4.2 K showed

(47) Sternheimer, R. MPhys. Re. 1963 130, 1423.

(48) Gitlich, P. InMossbauer Spectroscopgonser, U., Ed.; (Springer-
Verlag: Berlin, Heidelberg, New York, 1975.

(49) Zimmermann, RChem. Phys1974 4, 133.

(50) Brink, D. M.; Satchler, G. RAngular Momentum Clarendon
Press: Oxford, 1968.
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the presence of two iron impurity species. The impurities were identified
as diferric Ore = 0.46 mm/s and\Eq = 1.18 mm/s) and diferrousfe

= 1.10 mm/s and\Eq = 2.90 mm/s) dimers which contribute 6 and
30% of the total area, respectively.

The analysis of Mesbauer spectra was carried out by searching in
the multiparameter space of intrinsic (2) and effective (9) Hamiltonians
with a genetic algorithm>5*54 There were three main iterative steps:

(i) We simulated variable-field 4.2 K spectra by diagonalization of
the S = 1/, Hamiltonian and determineaf\‘ff2 and quadrupole
interaction parameters (i.e., sign®Eq; 77). The tensog® was known
from EPR?!

(i) We diagonalized the electronic Hamiltonian 3 and determined
intrinsic parameters)( D;, E;, g)) that closely reproduced the ERRf
tensor?*

(iii) We diagonalized and parameterized the intrinsic Hamiltonian
2. The electronic parameters determined in (ii) were part of an initial
guess which also included the nuclear) (parameters and relative

orientations of the intrinsic tensors. The optimized parameters repro-

duced simultaneously applied-field sbauer spectra ar@#™ from
EPR.

Density Functional Theory. The crystallographic structure of FeL-
(NO)(N3)2** was used as the geometrical input. All electrons and all

atoms were included in open-shell spin-unrestricted (U) self-consistent

field (SCF) calculations. The use of a spin-unrestricted formalism
permits the description of spin-polarized open-shell systems since
andp orbitals can have different spatial localizations.

Rodriguez et al.

Percent effect

Velocity (mm/sec)

Figure 2. Spectrum of deoxyHrNO recorded at 100 K with no external
field. Solid curve is an eight-line Lorentzian fit with the constraint of
equal areas and equal widths for the two absorption lines of each doublet
corresponding to P&, {FeNG 7, and two unresolved impurity doublets
characterized as diamagnetic Fe(lf{ = 1.10 mm/s,AEq = 2.90
mm/s, 30% of area) and diamagnetic Fe(ldy{= 0.46 mm/s,AEq

= 1.18 mm/s, 6% of area). Inner and outer doublets correspond to
{FeNG7 and Fé", respectively. Parameters for the two sites of
deoxyHrNO are given in Table 1.

densities, and atomic orbital occupancies were calculated within the
natural population analysis (NPA) framework developed by Weinhold
et al’®73 Within this framework, the atom-centered basis set used to
expand the unrestricted Koktsham orbitals is transformed into a
complete orthonormal set of natural localized atomic orbitals (NRG3.
Calculations were carried out on the IBM-SP2 cluster of Mahui High

Several combinations of exchange and correlation functionals were 5 ¢ mance Computing Center (MHPCC), the IBM-SP2 and IBM-

used. The results presented in this work are mainly from the combina-

tion of Becké&® gradient-corrected exchange and Pere&Mang®4
nonlocal correlation (BPW91). The former exchange functional was
also used in conjunction with the nonlocal correlation of t&¥ang—
Parg® (BLYP) to perform analogous calculations. In addition, two
hybrid methods were used. The three-parameter exchange ofBétke
in conjunction with Lee-Yang—Par¢® correlation (B3LYP). This
constitutes a hybrid method that combines Hartieeckes5° with
Slatef26061and gradient-corrected Becke®® exchange functionals.
Within the B3LYP method, the correlation is introduced by a
combination of the local and nonlocal functionals of Vosktilk —
Nusaif® and Lee-Yang—Parr® respectively. The three-parameter
exchange of Becke was also used with the correlation of Perdew
Wang (B3PW91)94

Single-point calculations used the all-electron triple-split-valence
basig®62636-311G* for first row elements. For iron we used the all-
electron basis optimized by Wacht&rand Hay® by means of the
scaling factors of Raghavachari and Truéks.

Gaussian-9% was used to carry out the SCF calculations using a
tight®® convergence criterion. The wavefunctions were analyzed with
MOLDENS®® to obtain electronic density contours. Atomic charges, spin

(51) Holland, J. H.Adaptation in Natural and Atrtificial Systems: An
Introductory Analysis with Applications to Biology, Control, and Artificial
Intelligence University of Michigan Press: Ann Arbor, MI, 1975.

(52) Goldberg, D. EGenetic Algorithms in Search, Optimization, and
Machine Learning Addison Wesley: Reading, MA, 1989.

(53) Lucasius, C. B.; Kateman, @hemom. Intell. Lab. Syst993 19,

1.

(54) Forrest, SSciencel993 261, 872.

(55) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(56) Hartree, D. RProc. Cambridge Philos. S0d927, 24, 89.

(57) Fock, V.Physik193Q 61, 126.

(58) Hartree, D. RThe Calculation of Atomic Structur&Viley: New
York, 1957.

(59) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB\Initio
Molecular Orbital Theory John Wiley & Sons: New York, 1986.

(60) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B864.

(61) Slater, J. CQuantum Theory of'Molecules and Solidhe Self-
Consistent Field for Molecules and SoliddcGraw-Hill: New York, 1974;
Vol. 4.

(62) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem. Phys
198Q 72, 650.

(63) Krishnan, R.; Frisch, M. J.; Pople, J. A.Chem. Physl198Q 72,
4244,

(64) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

(65) Hay, P. JJ. Chem. Physl977, 66, 4377.

(66) Raghavachari, K.; Trucks, G. W. Chem. Phys1989 91, 1062.

J40 parallel processing computers of the University of lllinois Research
Computing Cluster (RCC), and the HP-Convex SPP-2000 cluster of
the National Center for Supercomputer Applications (NCSA).

4. Mussbauer Spectroscopy of Fe—{FeNO}’ Centers

Méssbauer measurements were performed under various
conditions of temperature and applied magnetic field. We found
important differences between spectra recorded in zero field at
4.2 K and those recorded at higher temperatures {i.e.,50
K). Spectra recorded at 4.2 K without applied field (not shown)
display relatively broad and featureless intensities corresponding
to spontaneous magnetic hyperfine splitting. In contrast, high-
temperature spectra of deoxyHrNO and deoxyHrFNO display
two main and distinct quadrupole doublets corresponding to their
Fe¢t and{FeNG 7 sites. Thel = 50 K behavior results from
fast spin-lattice relaxation rates. In the fast relaxation regime
the magnetic hyperfine field is the thermal average of the fields
produced by all accessible spin states and interacts with the
nuclear spin to give characteristic high-temperature spectra.
Figure 2 shows a 100 K spectrum of deoxyHrNO with no
applied field which typifies fast relaxation. We now present
Md&ssbauer results obtained under two experimental regimes.
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S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
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Gaussian, Inc.: Pittsburgh, PA, 1995.
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Table 1. Isomer Shifts and Quadrupole Splittings for DeoxyHrNO  Table 2. Md&ssbauer Parameters of Selecf€@NG 7 (S = ¥5)

and DeoxyHrFNO Complexes
T (K) Ore(mm/s} AEg(mm/s) T (K) Ord (Mm/s) AEg (mm/s) compd
deoxyHrNO 4.2 0.66 ~1.67 Fe(EDTA)(NOY
Fert 100 1.21 2.66 4.2 0.66 —1.67 PC4,5@asé*
{FeNQ" 100 0.68 0.61 77 0.654 0.5;‘5 Fegfﬁ\t;s(ﬂg;%gNGﬂ
4.2 0.62 1.3 Fe 2
Fer 50 deoxyHrFﬂ% 313 4.2 0.68 ~1.4 Putidamonooxi
100 3.09 4.2 0.75 -1.0 IPNS-NG®
150 3.04 4.2 0.65 -1.2 IPNS-ACV-NG?
200 2.93 aWith respect to iron metal at room temperatut&ign of AEq not
250 2.77 determined.
{FeNO’ 50 0.77 1.08
100 0.75
150 0.74 estimated the temperature-dependent isomer shift on the order
200 0.72 of 6 x 1074 mm/s-K, roughly of the magnitude measured for
250 0.68 deoxyHrFNO.
2 With respect to iron metal at room temperatur&he isomer shift There is a large difference between the isomer shifts &f Fe
of Fe&#" remains constant within this temperature rarfgehe quadru- — and{FeNGQ} 7 sites in both nitrosyl adducts. The isomer shifts
pole splitting of {FeNG 7 remains constant within this temperature

of the{ FeNG 7 sites are reduced with respect to typical valfies
measured for high-spin ferrous ions and enhanced with respect
to values measured for high-spin ferric ions. This indicates that
4. A. High-Temperature Spectra.The parameters of Table  the irons within the{ FeNG 7 units have a different electronic
1 show that 56-250 K spectra of deoxyHrFNO produced an configuration than either of these idealized configurations.
unusual combination of isomer shifts and quadrupole splittings  Electric Quadrupole Interaction. The quadrupole splittings
that confirm the presence & = 2 andS, = ¥; iron species.  measured at 100 K for the Pesites of deoxyHrNO £2.66
Furthermore, these parameters display some temperature demm/s) and deoxyHrFNO+3.09 mm/s) correspond to a range
pendence. The results clearly show that as the temperature issxpected for iron sites in distorted octahedral environments with
lowered from 250 to 50 KAEq of Fe?* |nc7rease_s in absolute nominal di(Ty dI(z d’yz d;27y2 dl, configuration, thus confirming
value by 0.36 mm/s, wheread=q of {FeNG  remains constant.  their high-spin state. The signs &fEq for high-spin ferrous
A_so_mewhat inverse trend is observed for the isomer shifts since,jons are closely related to the symmetry of their d orbital ground
within the same temperature rangee of {FeNG ” increases  gtates and were obtained from simulations of spectra recorded
by 0.09 mm/s, whereasee of F&* remains constant. in external fields. We follow the convention that the signs of
Isomer Shifts. Table 1 shows nearly equal isomer shifts for AE, are given by the signs of,, From Table S1 in the
the Fé* sites of deoxyHrNO dre = 1.21 mm/s) and deoxy-  Supporting Information it follows that from the three (octahe-
HIFNO (Ore = 1.23 mm/s). These values are within the range dral) t,q orbitals onlyd,, produces a positive expectation value
expected for high-spin ferrous ioA8/*Sand their similarity  [v,f1Thereforegky is identified as the orbital ground state which
suggests only minor geometrical differences between their first hosts two electrons. The larger magnitude AEq for the
coordination spheres. We expect nearly equal s electron charge&iuoride adduct may reflect a stronger tetragonal compression
densities at the P& nuclei of deoxyHrNO and deoxyHrFNO  at its ferrous site. Simulations in applied field also yielded the
which is in turn a sign of similar d electron populations. It corresponding asymmetry parameters. For thét Fite of
follows that the presence of fluoride does not affect significantly deoxyHrNO we determined 0.23 » < 0.29. A preliminary

the net charge densities of valence or inner s orbitals at the analysis for deoxyHrFNO has given a small asymmetry
Fe?* site of deoxyHrFNO. This observation suggests the absenceparameters = 0) which implies an EFG of axial symmetry.

of direct bonding between fluoride and the six-coordinate Fe The variation with temperature of the quadrupo]e sp||tt|ng

site in deoxyHrFNO. for the F&" site of deoxyHrFNO is shown in Table 1. A
There is some difference between the isomer shifts of the temperature dependence is expeéat high-spin ferrous ions
{FeNQ ' sites of the two adducts. Fits with Lorentzian lines since the contributions to the EFG from d orbitals change with
yielded, at 100 Kpre = 0.68 mm/s for deoxyHrNO andiee = temperature, according to their Boltzmann populations. When
0.75 mm/s for deoxyHrFNO, in agreement with previous orbital degeneracy is completely removed by the ligand field,
reportst22124.76Nevertheless, both of these values are close to at low temperatures, only the d orbital ground state is signifi-

those reported for several quartet state monomigfieNG}” cantly occupied by the minority spin dowg)(electron of the
complexes as can be appreciated from Table 2. The somewhatferrous ion. In this case the contribution of the d orbital ground
higher value ofdre for deoxyHrFNO relative to deoxyHrNO  state to the EFG is maximum. At higher temperatures, higher
indicates that the presence of fluoride perturbs the valencelying d orbitals also become populated which reduces the
electron density at it§FeNG 7 site increasing the d electron  valence EFG since their individual contributions, being pro-
shielding on s electrons. The variation of isomer shift for portional to[lliz— 2[(Table S1), tend to cancel each other. An
deoxyHrFNO is 0.09 mm/s over a temperature range of 200 K. analysis of the temperature dependence of deoxyHrNO has not

Such temperature dependence can be explained by consideringeen performed but its behavior with temperature is expected
the extra contribution from the second-order Doppler shift which to be similar to that of deoxyHrFNO.

range.

increase®re With decreasing temperature. Lang and Marghall In contrast to the large quadrupole splittings of the ferrous
- ~ sites, the values measured at the same temperature for the
74)G d, N. N.; Gibb, T. ®A6ssh Spectl h ' .
am(, H)a”:reLeonrm%?,’ 1971. ' dssbauier Spectroscapghapman {FeNQ 7 sites of deoxyHrNO-0.61 mm/s) and deoxyHrFNO

(75) Lang, G.Q. Rev. Biophys 197Q 3, 1. (+1.03 mm/s) are considerably smaller. As shown in Table 1,
(76) Debrunner, P. GHyperfine Interact199Q 53, 21.
(77) Lang, G.; Marshall, WProc. Phys. Sacl966 87, 3. (78) Ingalls, R.Phys. Re. 1964 133 A787.
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Figure 3. Spectra from sample of deoxyHrNO at 4.2 K recorded in Figure 4. Contribution from F&" site of deoxyHrNO to spectra
applied fields of 0.032 T (a) parallel, (b) 0.032 T perpendicular, and recorded at 4.2 K in applied fields of (a) 0.032 T parallel, (b) 0.032 T
(c) 4.9 T parallel with respect to the incideptbeam. Solid lines are perpendicular, and (c) 4.9 T parallel with respect to the incigidrgam.
simulations performed with the effective spin Hamiltonian (eq 9) and Solid lines are simulations performed with the effective spin Hamil-
parameters given in Table 3. Simulations include two diamagnetic tonian (eq 9) and parameters given in Table 3. Simulations performed
impurities with parameters given in text. Simulations performed with with the intrinsic spin Hamiltonian (eq 2) (not shown) were of
the intrinsic spin Hamiltonian (eq 2) (not shown) were of equivalent equivalent quality with parameters given in Table 4.

guality with parameters given in Table 4.

0.00 ¢

within a 50 to 250 K range, the quadrupole splitting of the 900

{FeNQ 7 site of deoxyHrFNO shows no appreciable temperature , o

dependence. A similar behavior is expected from deoxyHrNO. 4.00 o

Thus, the temperature independence of the EFG fofe&G 7

sites is also in contrast to the dependence exhibited by the 6.9

ferrous sites. H 100
4. B. Applied Field Spectra of DeoxyHrNO.Low-temper- é lago

ature spectra were recorded in applied fields to observe magnetic t

hyperfine interactions. Figure 3 shows the 4.2 K spectra obtained E 4.00

for deoxyHrNO in fields of 0.032 and 4.9 T. The corresponding £ 6.00

simulations for the two magnetic sites are shown in Figures 4 ¢ 000} Pt ’

and 5. Since we used samples of relatively low concentration, '

we do not expect significant effects from spispin relaxation. 0.25 g j

Also, since spir-lattice relaxation times become longer with 0.50 [

decreasing temperature, we expected to reach a slow relaxation 0.75 M ! ‘

regime at 4.2 K. To verify these assumptions;ddbauer data Lool v

were taken at two different temperatures (i.e., 4.2 and 1.7 K) T

under the same applied field. Comparison of 4.2 and 1.7 K —80-6.0-4.0-20 00 20 40 60 80

spectra showed no significant differences. This indicates that a Velocity [mm/sec]

slow electron spin relaxation regime has been reached at 4.2rjgure 5. Contribution from{ FeNG site of deoxyHrNO to spectra

K. Under these conditions the electron spin relaxation rate is recorded at 4.2 K in applied fields of (a) 0.032 T parallel, (b) 0.032 T
slower than the nuclear precession frequene¥@ 7 sec), and perpendicular, and (c) 4.9 T parallel with respect to the incigidrgam.

the nuclear spin can interact with a stationary hyperfine field. Solid lines are simulations performed with the effective spin Hamil-
We now rationalize the spin Hamiltonian parameters determined tonian (eq 9) and parameters given in Table 3. Simulations performed
by searching in the parameter space of egs 2 and 9 following W|th_ the |ntr|n§|c spin Hamlltonlan_(eq .2) (not shown) were of
the procedures described in section 3. equivalent quality with parameters given in Table 4.

Exchange Interaction and Zero-Field Splittings.The results

for deoxyHrNO are presented in Table 4. Values for the competing ferromagnetic and antiferromagnetic contributions.
exchange constadt ZFS parameter®; andE;, and intrinsicj; When the former are dominani,is negative, and when the

tensors have been obtained for thé'Fand{FeNG " sites by |atter are dominantJ is positive. The Mesbauer simulations
diagonalization of eq 3.
The net spin coupling has been interpreted in terms of 279; Angerson, P. WPhys. Re. 1959 11% 2. o §
; ; — + —3 7 80) Anderson, P. W. InMagnetism Rado, G. T., Suhl, H., Eds.;
Ham”tqman 1 ﬁvherél 26];)?;1!:@ and$ I2 for{FeNq ’ Academic Press: New York, 1963; Vol. 1.
According to the Anders model of superexchange, the (81) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.J0.Am. Chem. Soc

magnitude and sign of the exchange constant results from1975 97, 4884.
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Table 3. Effective Hamiltonian Parameters for DeoxyHrNO

Sif =1/,
Ge=(1.84,1.84,2.77)
o= (1.83,1.85,2.78)

site Al By (T) R(A" — P) (deg) AEgE (mm/s) n Ors (Mm/s) T (mm/s)
Fert —(24.9,16.3,31.5) (72,85,14) +2.66 0.23 1.21 0.31
{FeNg’ +(51.2.46.0,13.4) (35,87,78) +0.61 0.32 0.68 0.33

a Empirical tensor taken from Nocek et%l.° Tensor calculated from eq 3 with the intrinsic parameters of Tablésémer shifts and quadrupole
splittings are values measured at 100 K.

Table 4. Intrinsic Hamiltonian Parameters for DeoxyHrNO

J=27.83cm?
site S o (cm™) E (cm™) a/gnn (T) R(a— P) (deg) R(&— D, §) (deg) o
Fet 2 +5.96 +0.18 —(18.5,10.4,13.8) (18,12,67) (0, 0,0) (2.23,2.24,2.14)
{FeNQ7 9, +18.93 +2.65 —(29.7,25.0+22) (55,53,29) (0,90,28) (2.00,2.00,2.00)

2 The principal axes oD, for {FeNQ 7 in eq 2 are rotated with respect to thoseDafaccording toR(D; — D) = (0,90,285. The principal axes
of D and g have been treated as coaxial. The principal axe& @hd &, were allowed to have different orientations; however, the simulations
converged to a solution with coaxial hyperfine tenséEhe spin-orbit constantt = —103 cnt! and orbital reduction factds = 0.8 were used
to calculate the anisotropy of the ferrofigensor according to eq 8. The tengpiwas treated as isotropic with average value 2 as found for other
iron nitrosyl complexe$?

for deoxyHrNO are consistent with a relatively weak antifer- Therefore, in deoxyHrNO the nitrogen belonging to NO should
romagnetic coupling, and we have determided +28 cnrl, be substantially less negative than the other five atoms bound
Within the field of molecular magnetism, the ability to determine to iron. The axial parametdd, = +18.9 cnT! is unusually
exchange constants from analysis of$dbauer spectra is fairly  large and should reflect not only the axially distorted ligand
novel2s field but also the strong delocalization which is particular to

The exchange interaction partially removes the origing| (2  the Fe-NO bond. Previous Mgsbauer analyses of mononuclear
+ 1) (25 + 1) = 20 degeneracy and has states corresponding iron nitrosyl complexes have also determined rather large zero-
to the manifoldsS = Y5,, 3/, 5/,, and/,. It follows from eq 5 field parameters®84We can compare the zero-field splittings
that the energies of the states of the total spin operator are giverof { FeNG 7 sites with other iron configurations as follows:
by

IDireng(s=3,) 2 |Dre+(s=2)l > [Dpe(s=sy)l 2 0
E(S = "1,J[S(S+ 1) — 39/4] (14)
The tensors corresponding to the various interactions in eq 2

The separation between the lower doublet and higher quartetdo not, in general, share principal axes. ddbauer spectra
is %23 = 42 cm’. At the same time, the ZFS parameters for recorded in applied fields are particularly sensitive to differences
the two magnetic sites of deoxyHrNO are comparable in in orientations of the ZFS, magnetic hyperfine and electric
magnitude to the exchange constant as can be appreciated fromuadrupole interactions. The ZFS defines the axes system for
the ratios|J/D4| ~ 4.66 for Fé" and|J/D,| ~ 1.47 for{ FeNG’ each individual iron site and its orientation relative to other
(Table 4). ClearlyHzrs strongly perturbsdex and mixes states  interactions, such as the electric quadrupole term, can be
from higher manifolds with th&* = 1/, ground state. Thus,  expressed in terms of Euler angles as illustrated by eq 13.
the binuclear center is in an intermediate coupling regime where  The relative orientations of the individual tensors are listed
the condition|J/Di| 2 1 applies. in Table 4. Figure 6 show5(x, Y1, z1) and @(X, Yo, z2) which

The ZFS parameters are sensitive to asymmetries of thecoincide with the principal axes db; and D,, respectively.
crystal field, in particular to distortions from a cubic arrangement Following the conventions of Brink and Satch¥mR(o. = 0,
of the surrounding ligand®.For instance, a crystalline field of g = 90,y = 28)° first rotates £, x1) into (z, —z), respectively,
axial symmetry, combined with spitorbit coupling, can and subsequently—(z, y1) into (X, y2). For the Fé&" site the
produce splittings between the intrinsic spin substajtels [ principal axes ofD; and &, are coaxial whereas, for the iron
corresponding to differences in eigenvalues of the operator site of {FeNG 7, D, and &, do not share principal axes. The
D[Sfi — 135(S + 1)].82 The positive sign oD, indicates that tensorsi; and&; have the same orientation represented py o
[Ms, = OUis the ground state of the ferrous site. Similarly, the (xi1, y1, z1). Accordingly, the principal axes of the quadrupole
positive sign oD, implies that|Ms, = &/,[is the ground state  interaction tensor®; andP, (not shown) are rotated with respect
for the {FeNG} 7 site26:83 to O1(x1, Y1, z1) by their respective Euler angles given in Table

The short FeNO bond (1.73 A) introduces an axial 4.
compression in the distorted octahedral environment of the iron  One important difference should be stated between the results
nitrosyl site. We also notice that calculated charge densities obtained for deoxyHrNO and those of other mixed valent diiron
(section 5) for the mononuclear complex show that the nitrogen proteins such as reduced uterofeftiwhich has an Fg (S=
belonging to NO is nearly neutral in comparison to the other 55) — FE+(S= 2) core. In uteroferrin the ZFS of the Fesite
five nitrogens bound to iron which are fairly negative. For the dominates the perturbation on the states of the exchange
{FeNQG’ site of deoxyHrNO the three oxygens bound to iron Hamiltonian. This follows because for uteroferrin, which
are expected to be more negative than the three bound nitrogensdisplays the ratigD1/D,| ~ 0.009, the contribution from Fé

(82) Bowers, K. D.; Owen, Rep. Prog. Phys1955 18, 305. (84) Arciero, D. M.; Lipscomb, J. D.; Huynh, B. H.; Kent, T. A.; Mk,
(83) Gill, J. C.; Ivey, P. AJ. Phys. C: Solid State Phys974 7, 1536. E. J. Biol. Chem 1983 258 14981.
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z] not very sensitive to small variations @for ge. The opposite
22||Doyy 8oy is true for model calculat.i(.)r;%ﬁ’a88 which, by di.agor}alizin.g eq
v2lDayy 3, can reproduce the empirical valuegjef. During simulations
X”E;xx 2 of Mdssbauer spectra in the intrinsic spin representation,
21 llagns knowledge ofge from EPR constitutes an empirical constraint

90f, 28 v that imposes boundaries on the parameters acceptable as
solutions to the electronic Hamiltonian 3. Consequently, we
required that a single set of parameters reproduce simultaneously
2 90 Mossbauer spectra (via eq 2) aiftf from EPR (via eq 3). The
! 28 results presented in Table 3 show that empirical and calculated
values forgef are very close.

Effective hyperfine tensors were obtained from simulations
based on eq 9 of the 4.2 K spectra shown in Figure 3. We notice
] that for higher fields (e.g., 4.9 T) the Zeeman splitting becomes

311 ||||]I))11“ ”lﬁ}l“ more comparable to exchange and ZFS interactions and,
x1 ||Dlii||a1§ consequentlyA”™" determined via eq 9 become an approxima-
tion. Accordingly, we have given greater weight to the low-
P2+ field spectra during our optimization d\fﬁ. The intrinsic
' 1 hyperfine tensors &) were obtained from simulations of
Mdossbauer spectra (after substraction of impurities) based on
/ eq 2 which can account for high-field Zeeman effects and also
*1 for large ZFS whenJ/D;| 2 1 applies. The results are presented
Figure 6. Relative tensor orientations of deoxyHrNO: The coordinate in Tables 3 and 4. In the effective representation the ferrous
systems'dx, y1, z1) and B, y», 22) are centered on Feand the iron tensor is very anisotropic with valud§"/g.8, = —(24.9,16.3,-
site of {FeNQ 7, respectively, and correspond to the principal axes of 31.5) T. We determined negative and positive signs

D, andD,. The Euler angles that relate and @ are shown. The dotted off . ) . .
line (not drawn to scale) illustrates how the projection of the the origin andA,’, respectively, as predicted by eq 15. This fact provides

of & falls on the ki, y1) plane. The symbdl represents parallel axes. ~ further confirmation tha{FeNG ” has a spin lower than that
The z, axis isapproximatelyparallel to the FeN(O) axis. of FE¥*, consistent withS, = 3/,. The negative or positive
hyperfine signs imply that the internal field opposes or aids the

to the ZFS is negligiblé® For this latter protein it was  applied field, respectively.

impossible to deduce the orientation@f, and the frames of The intrinsic tensors are by themselves anisotropic. Analysis

D1 andD, were treated as coaxial. By contrast, for deoxyHrNO, of spectra in the intrinsic representation yieldéd/d,3, =

with a ratio |D1/D2| ~ 0.32, it was important to consider the  —(18.5,10.4,13.8) T. The anisotropy &f arises mostly from

relative orientation between the framesf and D». the orbital and traceless dipolar contributions to the hyperfine
Effective and Intrinsic Tensors. For conditions of strong  field. We notice that the ferrous tensor of deoxyHrNO shows

coupling (i.e., [J/Di| > 1) one can write explicit relations  some resemblance to that of the ferrous site of reduced

between the components of effective and intrinsic tensors. yteroferrin /g8, = —(15.2,12.2,14.1) T3 The interpretation

O-N

Assuming that these share principal axes,Sp= 2 and$, = given for the hyperfine structure of Eein uteroferrin may also
%> we havé>s? apply in the present case, namely that the parameters obtained
~eff are consistent with the presence of an orthorhombic environment
g~ =120~ at the ferrous site. However, in the present case the f&tio
L D;| is much smaller, and the rhombic contribution to the ZFS
T TG ; ;
is less important.
Ag“ =-a 15) 3 For the {FeNQ’ site the analysis of spectra yielded
A9, = +(51.2,46.0,13.4) T in the effective representation
The ground-state tensor for deoxyHNOF™" = anday/gyBn = —(29.7,25.0+22.0) T in the intrinsic formalism.

(1.84,1.84.2.77), has been measured by EPRs has been  Therefore, the intrinsic tensor is by itself anisotropic. For this
reported for deoxyHrNG;-2#"® uteroferrin?*2>®*and for the  particular iron site the intrinsic simulations are very insensitive
family of hemerythring? such unusuag® tensors can not be  {g the value of thez component. The valugs,, ~ —22.0 T,
adequately calculated from eqs 15. Instead, when the conditiongjthough compatible with, is not determined by the simulations.
|J/Di| = .l applles, one has tq cons[der the mixing of the ground oyville and Minckes also reported in their analysis &= 3/,
state with higher spin manifolds in order to account for the pitasyl complexes of isopenicillin that, owing to their axial

effects of ZFS. nature, the Mesbauer spectra of these complexes are relatively

_Shimul_atic_)ns of2Iow f(ijelo]!f(e.g., 0'035 n _Nﬂi'sl'bau_tler Spectra  jnsensitive to thez component of the hyperfine tensor. The
with intrinsic (eq 2) and effective (eq 9) spin Hamiltonians are average valud/sTré, ~ —26 T can be compared with the value

(85) Scaringe, P. R.; Derek, J. H.; Hatfield, W.Nol. Phys 1978 35, reported for thdf FeNG 7(S = 3/,) site of EDTA—Fe(Il)~NO
701. which was first studied by Arciero et &t.(YsTrd, ~ —23 T)

86) Bencini, A.; Gatteschi, DEPR of Exch Coupled Syst ; ~

Spﬁingere\j‘g;gg: Ber"?,jzcg(;_ of Exchange ~oupied SYSIeMmS  and later by Orville et at° (*/3Tra; ~ —26 T). The latter value
(87) Kahn, O.Molecular MagnetismVCH: New York, 1993. compares well with the value obtained here for deoxyHrNO.
(88) Sage, J. T.; Xia, Y.-M.; Debrunner, P. G.; Keough, D. T.; de Jersey, However, we notice that the spectral features of the isol&ted

J.; Zerner, BJ. Am. Chem. Sod 989 111, 7239. _ . . .
(89) Guigliarelli, B.. Bertrand, P.; Gayda, J. ®. Chem. Phys1986 = 3/, site of EDTA—Fe(Il)-NO®* are quite different from those

85, 1699. of the spin couple®; = 3/, site of deoxyHrNO.
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Figure 7. The FeLNO(N), complex. The positional parameters
correspond to the crystallographic structure of Pohl and Wieghardt.

5. Density Functional Theory of a{FeNG} (S = 3/5,)
Complex

J. Am. Chem. Soc., Vol. 121, No. 34, 198%5

ZA Y4
()
N4
Zdip YNQ * Ydip
N3
> X > X
N5
Xdip
' N6

Figure 8. Coordinate systeri(®, y, 2) with origin at the iron site of
FeLNO(Ns)2. The Fe-N2(O) bond defines the axis and thex
coordinate of N3 defines the axis. X, y, 2) is the reference for
describing molecular orbitals and natural atomic orbitals obtained from
DFT calculations. The calculated orientationsagf are also shown.

Zgip andXgip are rotated 4.127.3° with respect taz and 38 with respect

to x.

To interpret some Mssbauer results we have performed molecular orbitals. Convergence to a quartet state imposed the
electronic structure calculations on a monomeric iron complex occupation of 9& and 8% molecular orbitals. The unrestricted

containing the{ FeNG’ motif. Pohl and Wieghardt have
reported FeL(NO)(M). (L = CgH21N3) as the first crystallo-
graphically characterized octahedf&eNC ’” complex with a

calculations allowed:. andg electrons to have different spatial
localization and exchange interactions between majority spin
(o) electrons lowered their energy with respect to the corre-

quartet ground state (Figure 7). The tridentate macrocycle sponding minority £) electrons. These trends are only altered
(CH3)sTACN is facially coordinated. The complex is paramag- for the unoccupied orbitals of L @21Ns) character which being
netic and displays a room temperature magnetic moment of 4.06substantially higher in energy haweand 3 labels of similar
us. The temperature dependence of its magnetic susceptibility, composition and energy. Orbitals/8@&nd 87 are fairly close

in the 100 to 298 K range, obeys the Cufl&eiss law. The
complex has been classified a{BeNG (S = 3,) type that
does not display spin-crossovémbebrunner et al° performed
4.2 K Mossbauer measurements on FeL(NQ)¢Nand deter-
mined parameters characteristid NG (S= %/,) complexes
(i.e., Ore = 0.62, AEqg = 1.31 mm/s).
We have applied KohaSham density functional theory to

study FeL(NO)(N).. Although we have performed an extensive
computational study of the complex, in this work we limit

in energy, appearing almost degenerate in the scale of the figure.
The composition of the frontier molecular orbitals (MOs)

provides significant insight about the nature of the-R© bond.

In what follows, we briefly discuss the composition of some

frontier orbitals corresponding to tise= 3, U-BPW91/6-311G*

wavefunction with respect to a coordinate system where iron is

at the origin and the axis is defined by the FeN, bond

(Figures 7 and 8). The azido ligands are referred ag(ie.,

Ns, N1, le) and (I\é)B (i.e., N4, Nog, NlO)-

ourselves to present results that are more relevant to the The molecular orbital description of diatomics such as the
interpretation of Masbauer parameters. Both, pure (i.e., U- free NO radical has been discussed extensively in the literature.

BLYP, U-BPW91) and hybrid (i.e., U-B3LYP, U-B3PW91)

For the interpretation of our results we simply note that the

density functional methods were used. The trends reported herdrontier orbitals of the free ligand include tweo-antibonding
are, in general, common to all methods, and we mainly limit interactions between nitrogen and oxygen, only one of which
our discussion to results obtained from a U-BPW91/6-311G* is occupied. Upon complexation, with respect to our coordinate

model.
In general, the unrestricted Kohisham wavefunctions are
eigenfunctions of, but are not eigenfunctions of the total spin

system, these two orbitals are composed of atomic orbitals of
px or py symmetry and are referred in this work as N®(py)
and NOx*(py), respectively. MOs 86, 870, 88, 885, and

operator 2. As a consequence, the quartet-state single- 89 of FeL(NO)(Ns), are mainly localized on the two azido
determinant wavefunction can include admixtures from other ligands with main composition given in Table 5 and Figure 9.
spin states. Such an admixture implies that the quartet wave-MO 893 is the LUMO, essentially a metal orbital ofyd
function is spin-contaminated, mostly from the higher sextet. symmetry.

In the present case the spin contamination is not large since the Occupied MO 86 is delocalized throughout three fragments
calculated (U-BPW91/6-311G*) values of the total spin operator of the molecule. It has main contributions from the NO ligand

are [¥[g ~ 4.01 and[®[4 ~ 3.77. The subscripts B and A
stand for before and after annihilation of the first spin
contaminant, respectivef}:%2 These values can be compared,

(24.9%), (N)s (23.8%), and the iron ion (19.8%). There is also
a smaller contribution from the other azido ligand. As shown
in Figure 10, there is a strong-bonding interaction between

for example, to results we obtained for the corresponding U-HF/ Fe(d,) and NOs*(py). The contribution from the azido nitrogen

6-311G* wavefunction which yielde@®3 ~ 4.81 and[®(A
~ 4.43.
Energies and Composition of Molecular Orbitals.Figure

bound to iron, which has a hybridized sp character, lies on the
yz plane and displays some bonding character with respect to
the metal. The two-dimensional contour is a slice inythplane

9 shows the energies and main composition of some frontier and shows the overlap between metal and ligand orbitals.

(90) See footnote 4 of ref 21 et al.
(91) Schlegel, H. BJ. Chem. Phys1986 84, 4530.
(92) Schlegel, H. BJ. Phys. Chem1988 92, 3075.

Occupied MO 8p is delocalized throughout three fragments
of the molecule. It has main contributions from the NO ligand
(24.9%), (N)a (24.3%) and the iron ion (22.3%). There is a
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Table 5. Energies €) and Percent Composition of Frontier Molecular Orbitals Obtained f8om?/, U-BPW91/6-311G* Wavefunction of

FeL(NO)(Ny), (L = CoHziNg)?

MO
ligand atom 86.0 870. O 8810 8% O 900 O 910. O 920V 93V 94V 950 VP
Fel 18.3 121 1.9 12.8 30.6 28.3 9.6 16.9 3.3 1.9
NO N2 0.0 0.3 0.1 0.6 13.9 1.0 41.1 34.7 0.3 0.4
o1 0.2 0.3 0.1 0.3 9.5 0.9 30.5 23.6 0.1 0.1
(N3)a N5 13.6 12.7 12.0 20.1 3.8 7.9 1.5 2.4 0.1 0.0
N11 1.3 0.8 0.2 0.3 0.4 0.6 0.5 0.8 0.3 0.0
N12 6.5 8.2 9.7 18.2 3.6 7.3 0.5 2.4 0.3 0.0
(N3)s N4 12.3 16.0 23.9 8.1 2.9 9.2 2.2 14 0.1 0.2
N9 1.0 1.0 0.3 0.1 0.8 0.6 1.3 0.6 0.2 0.1
N10 5.5 9.5 20.0 7.2 24 8.1 0.6 15 0.3 0.1
€ (eV)
—5.503 —5.287 —4.676 —4.577 —-4.117 —3.824  —2.427 —-2.174  +0.264  +0.676
MO
ligand atom 86 O 8750 8830 8y V 908 V 915V 926V 934V 945V 955 V
Fel 19.8 22.3 0.7 48.8 39.1 30.7 44.6 40.5 2.9 1.7
NO N2 11.7 11.2 0.5 0.2 19.9 25.0 1.8 14.6 0.3 0.4
o1 13.2 13.7 0.5 0.1 13.2 15.7 1.0 7.1 0.1 0.1
(N3)a N5 2.3 15.4 20.7 2.0 3.3 14 3.8 1.7 0.1 0.0
N11 0.1 2.0 0.3 0.9 3.1 0.8 2.4 2.4 0.2 0.0
N12 1.4 6.9 16.9 4.2 0.4 0.1 5.0 3.6 0.2 0.0
(N3)s N4 15.0 0.6 16.3 2.4 3.6 2.9 4.2 1.7 0.1 0.2
N9 2.2 0.2 0.2 14 35 2.3 24 2.6 0.2 0.1
N10 6.6 0.3 13.2 4.9 1.0 0.3 4.6 35 0.2 0.1
€ (eV)
—4.683 —4.666 —4.476 —2.860 —2.426 —2.205 —1.762 —-1.238 +0.272  +0.684

aThe total percent contributions of L to any MO can be determined by subtracting from 100% the sum of the contributions listed in this table.
b0 and V represent occupied and virtual (unoccupied) MOs, respectively.
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Figure 9. Energies and main composition of frontier molecular orbitals
obtained from a U-BPW91/6-311G* calculation on FeLN@ENOrbital
energies are given in Table 5. THeand — signs indicate symmetric
and antisymmetric combinations of metal and NO orbitals, respectively.

strongzr-bonding interaction between Fegfdand NO*(py).
The contribution from the azido nitrogen bound to iron, which
has some hybridized sp character, lies in,xh@lane and has
some bonding character with respect to the metal (Figure 11)
The two-dimensional contour is a slice in tkeplane and shows
the overlap between metal and ligand orbitals.

Occupied MO 9@ is mainly centered on the iron ion (30.6%)
with dominant ¢¢ symmetry and a lesser contribution from s
orbitals. The NO ligand also contributes significantly to this
orbital (23.4%), and its nitrogen has a mixture of s and p electron
densities. The terminal oxygen has p-type density which acquires
an incipient bonding character with respect to the metal via the
hybridized orbital of nitrogen. This combination of orbitals
allows some delocalization within thgFeNG 7 unit (Figure
12). There is also a-antibonding interaction between the metal
orbital and the porbital from the axial L nitrogen. The-type
interactions between the metal and the axial ligands raise the
energy of this MO with respect to the metal-centeretype o
orbitals.

Virtual MO 903 is almost equally distributed between the
iron ion (39.1%) and the NO ligand (33.1%). This orbital
corresponds to the stromgantibonding interaction between Fe-
(dyp and NOs*(py). There are also minor contributions from
the azido and L ligands. This antibonding MO is destabilized
with respect to its bonding counterpart (MOBhy 2.24 eV
(Figure 13).

Occupied MO 9 is the HOMO. Its main contribution comes
from a metal orbital of @ ,» symmetry (28.3%). The iron orbital
is o-antibonding with all four equatorial nitrogens. Such
combined antibonding interaction in thg plane destabilizes
MO 91a which is highest in energy among theoccupied metal
centered orbitals (Figure 14).

Virtual MO 91a has main contributions from the NO ligand
(40.7%) and the iron ion (30.7%). This orbital corresponds to
the strongr-antibonding interaction between Fgfdand NO
7*(py). MO 918 is destabilized with respect to its corresponding
mr-bonding orbital (MO 8F) by ~2.48 eV (Figure 15).

We finally mention that the main occupied molecular orbitals
involved in ¢ ligand (NO) to metal donation are considerably
lower in energy than those listed in Table 5. In particular, MOs



Study of Nitrosyl Detiatives of Hemerythrin J. Am. Chem. Soc., Vol. 121, No. 34, 198%7

Figure 10. MO 868 of FeLNO(Ny),. (Top) Isovalue contour plot ~ Figure 11. MO 875 of FELNO(Ny).. (Top) Isovalue contour plot
obtained at the U-BPW91/6-311G* level. The plot is in §eplane obtained at the U-BPW91/6-311G* level. The plot is in teplane
and shows ther-bonding interaction between Fggdand NOz*(py). and shows ther-bonding interaction between Fefdand NOz*(px).
(Bottom) Three-dimensional representation. (Bottom) Three-dimensional representation.

450, B (not shown) and 54, 5 (Figure 16) are mainly localized  to the metal have substantial negative charge (i.e., N&.616,
on the ligand and fornw-bonding combinations with Fegl N5: —0.602). The negative charges of the L nitrogens are of
These MOs also have some contribution from iron 4s orbitals. nearly equal magnitude with an average value-6f561 units.
In regards to the magnetic properties of the complex, one The negative charge of the NO ligand is small with oxygen
important result is that the spatial localizations of MOsx45  (—0.158) being more negatively charged than nitroged.(95),
and 4% are virtually identical. This is also true for MOs &4 consistent with their different electronegativities. The nearly
and 54. Therefore, they ligand to metal donation that occurs  neutral character of the nitrogen belonging to NO contrasts
via these MOs does not carry any significant transfer of spin greatly with the negative charge of the other five nitrogens
density. bound to the metal. These observations reflect the strong
Atomic Charge and Spin Densities.The atomic charges  delocalization of charge within tHg=eNG 7 unit in comparison
corresponding to the quartet U-BPW91 wavefunction are listed to the more localized charge of the; Wnd L ligands.
in Table 6. The main trends in charge distribution were common  In order to characterize the spin structure of the complex, it
to the four combinations of exchange-correlation functionals. is important to consider the spatial distribution of its spin density
Pure density functional methods (i.e., U-BLYP, U-BPW91) (Table 6). The total calculated molecular spirt8 units. This
produced, in general, slightly less charge polarization than hybrid is a necessary result from the self-consistent field calculations
methods (i.e., U-B3LYP, U-B3PW91). This trend was only that imposed convergence to a quartet state. The relative spin
altered for the atomic charges of NO which are slightly more densities, however, reflect the highly covalent nature of the
negative for U-BPW91 than U-B3PW91. The NPA analysis {FeNG ’ unit that allows for some, but not full, spin polariza-
assigned most of the positive charge to the iron i¢1i.358) tion. The neto spin at the iron ion2.909) approaches the
and lesser positive charges to the central azido nitrogens (N9:4-3 units of spin that correspond to an idealized S-&{( %/,
+0.172, N11:+0.166). By contrast, the azido nitrogens bound configuration. There is also some netspin associated with
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Figure 12. MO 900 of FELNO(Ns).. (Top) Isovalue contour plot  Figure 13. MO 908 of FeLNO(Ny).. (Top) Isovalue contour plot
obtained at the U-BPW91/6-311G* level. The plot is in the-fRe-O obtained at the U-BPW91/6-311G* level. The plot is in tteplane
plane and shows t_heintc—:'_ractions between_FQ():Iand the axial ligands. and shows ther-antibonding interaction between Fgjcand NOx*-
(Bottom) Three-dimensional representation. (py. (Bottom) Three-dimensional representation.

the azido ligands (i.e., @)a: +0.160, (N)s: +0.192). The L . .
ligand does not exhibit significant spin density and is essentially OVeriap between Fefd d,;) and NOx*(py, py) orbitals which

diamagnetic. Most of thg spin is localized on NO. However, gives rise to spin pairing. Nevertheless, one should distinguish
the net spin of this ligand—0.424) is between the 0 andl between two situations: (i) The present case where due to the

units corresponding to idealized singl&= 0) and doublet$ highly deloc_alized nature of some MOs the complex can not
= 1/,) states, respectively. Thus, the NO ligand can not be attain full spin polarization and, therefore, can not be adequately

adequately classified according to either of these spin configura-dassmed as either F8(= °/) antiferromagnetically coupled

tions since it does not host (nearly) whole unitg3apin. The to NOSSlZ 1)__or FeG = hZ) angferron‘llagnetically COUpl?l.d to
unusual spin densities, assigned to iron and NO are, to a largeNO(S = 72). (ii) Cases where the overlap between metallic and

extent, a consequence of the delocalized character of M@s 86 organic paramagnetic centers is relatively minor, allowing for

and 8. This is in contrast to open-shell complexes with Spin _cogpling but at _the same time for nearly f!‘" spin
valence molecular orbitals which are mainly centered on the polarization. In these situations the two paramagnetic centers

metal or the radical ligand and, therefore, can attain nearly full ha\ée spiQ delnsit_i]?sdwith digf[inctly_giffel_rer:jt spaft_ial qualizatirc:'nh
spin polarizatior?* We notice that the hybrid methods (e.g., 2nd can be classified according to idealized configurations whic

U-B3PW91) allowed for somewhat greater spin polarization; ¢ V€Y nearly represented by calculated spin densities.

however, these methods also showed the delocalized character Natural Atomi_c Orbi_tals.71A73popuIation ar_1a|ysis in_ Ferms
of some MOs as has been described for U-BPW91. of natural atomic orbitaf8 7173 (NAO) provides additional
insight about the origin of the spin distributions within the

{FeNG "’ unit. Table 7 shows the corresponding occupancies
and net spin.

(93) Adams, D. M.; Noodleman, L.; Hendrickson, D. Morg. Chem All Valence NAOs of iron have net spin. NAOs 3¢, 3d<2*y2.
1997 36, 3966. and 3¢, in that order, have the greatestcharacter. This

Table 6 shows that the net spin densities of iron and NO
have opposite signs. This is a consequence of the significant
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Figure 14. MO 91a of FELNO(Ns).. (Top) Isovalue contour plot Figure 15. MO 918 of FeLNO(Ns).. (Top) Isovalue contour plot
obtained at the U-BPW91/6-311G* level. The plot is slightly above obtained at the U-BPW91/6-311G* level. The plot is in §Eplane

thexy plane and shows the-antibonding interaction between Fg(g) and shows ther-antibonding interaction between Fgjcand NO*-
and the four equatorial nitrogens. (Bottom) Three-dimensional repre- (p). Bottom: Three-dimensional representation.
sentation.

units) or high-spin ferrous#4 units) configurations. Within
the molecular orbital framework used in this work, the previous
observations also follow from the combined metal and ligand
character of occupied MOs 8&nd 87. The delocalization of
these orbitals appears to preclude the assignment of formal
oxidation states which are appropriate for more ionic environ-
ments.

The p NAOs of NO have small nei spin since theirs
occupancies are only slightly larger than theioccupancies.
We notice, however, that NAOs N2jpand O1(p) have a
somewhat largef occupation. NAO 2s has a slightcharacter
suggesting delocalization from the metal, perhaps from NAO
3dz as follows from the description given for MO &0

provides insight about the spatial localization of most of the
metallic spin. From these three NAOs, BHas the largesf
occupancy (0.278) as reflected by its relatively low net spin.
NAOs 3d., and 3¢, have the greatest occupancy but the lowest
net spin indicating that these orbitals have significght
occupancy.

The idealized configurations for high-spin ferric and high-
spin ferrous ions in octahedral environments Bye’(S = 5>)
and t;, €X(S = 2), respectively. While the former oxidation
state Is expected to have five half-occupied ligand field (d)
orbitals, the latter is expected to have one doubly occupied and
four half-occupied ligand field (d) orbitals. The occupancies
and net spin of the metallic NAOs indicate that the electronic
configuration of iron in FeL(NO)(M). is different from either
of these idealized ligand field configurations. One main differ- g, Discussion
ence arises from the nearly equal occupane$.4) of NAOs
3d;and 3¢, which can not be readily classified as either singly Magnitude of dre in {FENO}?(S = 3/,) Sites. MGssbauer
or doubly occupied. The combinedand occupancy of NAOs isomer shifts are very sensitive to the electronic environment
3di; and 34g, also lowers substantially the total metallic spin of high-spin ferric, high-spin ferrous, and quartet-state iron
density (-2.909 units) relative to idealized high-spin ferrieg nitrosyl sites. The marked effects of NO binding®FRe isomer
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Figure 16. MO 54a. of FELNO(Ns),. (Top) Isovalue contour plot
obtained at the U-BPW91/6-311G* level. The plot is in the-Re-O
plane and shows th&-bonding interaction between NQjmnd Fe-
(d2, 4s). (Bottom) Three-dimensional representation.

Table 6. Atomic Charge and Spin Densities of FeL(NO}N(L
= CgH21N3) Obtained from NPA Analysis of S = 3/, U-BPW91/
6-311G* Wavefunction

ligand atom charge spin
Fe +1.358 +2.909
NO N2 —0.095 —0.205
o1 —0.158 —-0.219
(N3)a N5 —0.602 +0.044
N11 +0.166 —0.005
N12 —0.233 +0.121
(N3)s N4 —-0.616 +0.064
N9 +0.172 —0.009
N10 —-0.231 +0.137
CoH21N3 N3 —0.562 +0.064
N6 —0.560 +0.057
N7 —0.561 +0.025

shifts have long been recogniz&dTo interpret differences
between isomer shifts from various electronic environments it

(94) Danon, JJ. Chem. Physl963 39, 236.

Rodriguez et al.

Table 7. NAO Occupancies and Net Spin ffFeNG 7 Unit of
FeL(NO)(Ns)2

atom NAO occupancy spin
Fe 4s 0.302 +0.011
3dy 1.170 +0.804

30, 1.415 +0.426

3d,, 1.401 +0.376

3de-y2 1.225 +0.720

302 1.124 +0.569

N2 2s 1.548 +0.035
2p« 1.224 —0.063

2p, 1.167 —0.154

2p, 1.089 —0.022

o1 2s 1.702 —0.003
2n 1.512 —0.056

2p, 1.481 —0.136

2p, 1.436 —0.023

aObtained from NPA analysis o8 = %, U-BPW91/6-311G*
wavefunction.

is helpful to consider that these are, to within a constant, the
product of nuclear R — (R2J) and electronic |(/s(O)|psor
— |[p0)[3,,) terms7495.% |n Méssbauer experiments the s
electron density at the source nucleygsO)|5,,) remains
constant, whereas the s electron density at a particular absorber
(1p0)|apso) Can change with electronic environment. The
shielding produced by 3d electrons on s electrons, in particular
on the 3s shell, diminishes the electronic charge at the iron
nucleus and, consequently, increases the isomer shifts. Con-
versely, an increment in 3s electron density due to a reduction
of d electron shielding has been reported for some-tritrosyl
complexe$* Therefore, we can correlate greater 3d electron
populations with larger isomer shifts and lesser 3d populations
with smaller isomer shifts.

The results from density functional theory presented in section
5 provide insight about the origin of the unusual isomer shifts
measured fo{ FeNG (S = 3,) sites. We found that some
molecular orbitals allow strong valence delocalization between
metal and nitrosyl orbitals. This is particularly true for some
MOs with substantial atomic orbital composition gf end g4,
symmetry, and as a result, the corresponding NAOs have fairly
large occupancies (Table 7). Since the individual occupancies
of {FeNG "(dy, dy,) orbitals are higher than what is expected
for high spin ferric ions, the associated shielding effect explains,
to a large extent, the larger isomer shifts of the former relative
to those of the latter.

An analogous argument can explain the somewhat smaller
isomer shifts of{FeNG 7 sites relative to F& ions. The
combined effects of FeNO z-delocalization andr-donation
apparently yield an s electron charge at the iron nucleus that is
greater than the corresponding electronic charge of ferrous ions.
The total d occupancy shown in Table 7, which reflects the
effects of z-delocalization, initially suggests that significant
shielding on 3s electrons would produce isomer shifts almost
comparable to those of ferrous ions. However, one should also
consider direct ligand delocalization towards the metallic 4s
shell, in particular the effects efdonation from the NO ligand.

In section 5 we found that the molecular orbitals involved in
o-donation, although of dominant NO character, also have some
metallic composition of d and s symmetry. The corresponding
delocalization should increase the 4s charge density and lower

(95) Srivastava, J.; Bhargara, S.; lyengar, P.; Thosar, Bdiances in
Mossbauer Spectroscopyhosar, B., lyengar, P., Eds.; Elsevier; New York,
1983.

(96) Cohen, R. L. IPApplications of Masbauer SpectroscopZohen,
R. L., Ed.; Academic Press: New York, 1976; Vol. 1.
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the isomer shifts. This is reflected by the occupancy of about o~ v V3 . | < v, [}2 o] < (VA e

0.3 units assigned to the 4s shell by the NAO analysis of FeL- dFe (=) d{FeN 5% edFe (=)
(NO)(Na)2. Therefore, the effects of shielding due stedelo- Table S1 helps to illustrate that even though quadrupole
calization are to some extent moderated ds@onation. We splittings of F&+(S= 5,) and{ FeNGQ (S= 3/,) sites can take
notice that a 0.3 occupancy for a 4s shell is not necessarily gimilar values, these arise from different electronic configura-
higher than that for other iron configurations. However, the ons. n both cases, the relatively low quadrupole splittings are
reduction in isomer shifts due to a direct contribution of 4s (g|ated to the mutual cancellation of the valence orbital
electrons to|y<(0)|* is greater than the opposing enhancing contributions to the EFG even though their d orbital occupancies
effect, which occurs via the indirect mechanism of shielding, nhaye important differences as pointed out in section 5. When

of an equivalent occupancy of 3d electrdfs?®

The net effect of the various F&NO orbital interactions can
be summarized with the following relation for the electronic
charge at the iron nuclei:

2 2 2
[Y0)Fer(s=sr) > 1¥s(O)lirenars=3,) = 1¥(O)lFe+(s=2)

Magnitude of AEq in {FeNO} (S = %/,) Sites.Considering
the strong valence electron delocalization within the iron nitrosyl
units it is surprising that their quadrupole splittings are not
particularly large. One would initially expect a substantial
valence contribution to the EFG giving rise to fairly large values
of AEq. However, the representative values shown in Table 2
reveal that this parameter can take relatively low values (e.g.,
0.58 < |Ag,| = 1.67) in comparison to, for example, high-spin
ferrous ions. To interpret these results we recall thBt, is
proportional to the expectation value of the principal axis
componentV,[Jof the EFG tensor. The valence contribution
to the EFG differs according to the symmetry of each d orbital.
An approximate knowledge of the orbital occupancigsa]lows
us to estimate the expectation value

5
szﬁal ~ z nim/zgj (16)

where [V, /] correspond to each d orbital. Equation 10 shows
that [V;jCare proportional to the expectation valueillff — 20
given in Table S1. Since we obtained the NAO occupancies
for FeL(NO)(Ns)> we can estimate&V,£Y2 for this complex.
From Table 7 and eq 16 it follows th&¥,1Y2/4e(1— R)1 30

~ 0.170{/7) — 0.4158/14) — 0.401{/14) + 0.2258/;) — 0.124-

(M7) ~ —0.137¢/7), where we have approximatét3[ias being
equal for all electrons. The negative sign @£ Y2 matches
the negative values measured for other monomgrieNG ’

valence contributions to the EFG are small the relative
importance of lattice contributions is greater. To some extent
the spread in quadrupole splittings illustrated by Table 2 should
arise from somewhat different ligand environments that produce
distinct lattice EFGs.

Table 1 reveals that the quadrupole splitting{ BENG 7 in
deoxyHrFNO remains constant in a 50 to 250 K range. Such
temperature independence has also been observed in other iron
nitrosyl complexes with quartet ground state. For example, Wells
et al?° reported Mssbauer parameters for [Fe(5-Cl-salen)NO]
(Table 2) which are close to those of deoxyHrNO and an electric
field gradient that exhibits no temperature dependence. These
observations indicate that the EFG at these iron sites originates
mainly from temperature independent lattice contributions with
little contribution from the valence.

Magnetic Hyperfine Tensors of{ FeENC} 7 Sites.The origin
of the intrinsic hyperfine anisotropy for th® = 3/, site of
deoxyHrNO is not immediately obvious since the iron within
its {FeNG 7 group does not have the configuration of a pure
ion. Furthermore, in deoxyHrNO the intrinsic complexity in
understanding the origin of the hyperfine interaction of an
isolated{ FeNG 7 unit is further complicated by its coupling to
the Fé* site which can introduce additional sources of anisot-
ropy from intramolecular electron delocalizati®nAs a first
step in understanding the hyperfine structure within a spin-
coupled system, we now discuss the origin of the hyperfine
tensor of an isolatefFeNG 7 site such as found in the FeL-
(NO)(N3)2 complex.

The main contributions to the hyperfine tensor can be
represented by the following second-order expres3idpp-101

8 =Pl-x+ (g —2)+",1{-2] (17
whereg; are the three components in the principal axes. In eq
17, =k, (Gi — 2), andY141Li> — 2[Trepresent the dominant Fermi
contact (core polarization), orbital, and dipolar contributions,

complexes (Table 2) in contrast to the positive value determined respectively. While the first term is isotropic, the latter two are

for deoxyHrNO.

The previous analysis provides insight about the physical
origin of the quadrupole splittings §FeNG 7 sites and can be
extended to other iron configurations to gain insight about their
own characteristic values. The nominal valuel¥f¥2/4e(1
— R) O—3Ocorresponding to Pe(S = %,) is 0, whereas for
Fe*(S = 2), assuming a g ground state, this value is'/7.

anisotropic. Furthermore, the orbital term can effectively reduce
the absolute values @&; if g — 2 > 0, but the dipolar term,
being traceless, does not affect the valud d;.

The intrinsic parameters of Table 4 indicate that, within the
sensibility of the methodj? is isotropic with an average equal
to the spin-only value (i.e..~2). In this case the orbital
contribution vanishes antsTra;, is equal to the Fermi contact

This can be seen from Table S1 which shows that the combinedcontribution. This explains the high value %§Tra determined

expectation value oflL? — 20for the ciyd’xzdl,zd'z2 d’xz_y2

configuration vanishes, whereas f(ib d'XZ dl,z d;z d'xz_yz it has a
finite value corresponding to the extra d electron. Therefore,
we can establish the following inequality for the expectation
values of the valence EFG of the various electronic configura-

tions:

(97) Smaneck, E.; $oubek, Z.Phys. Re. 1967, 163 275.

(98) Watson, R. E.; Freeman, A.Bhys. Re. 1961, 123 2027.

(99) Freeman, A. J.; Watson, R. E. Magnetism Rado, G. T., Suhl,
H., Eds.; Academic Press: New York, 1965; Vol. 2A, Chapter 4, pp-167
305.

for the{FeNG 7 site in this work and also for some uncoupled
sites®® The main source of anisotropy should arise from the
dipolar term. The radial distributions of d electrons, as modified
by anisotropic covalency, can introduce dipolar contributions.
The results from density functional theory (section 5) imply
that strong electron delocalization via FgfetNO*(py) and Fe-
(dy)—NO*(py) bonding induce an anisotropic dipolar hyperfine

(100) Zimmermann, R. Ph.D. Thesis, Univertiirlangen-Nunberg,
Dresden, 1973.

(101) Abragam, A.; Price, M. H. LProc. R. Soc. Londof©951, A205
135.
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field. Table 7 shows that NAOs,gand g, have the greatest
occupancy. From Table S1 it follows that these two NAOs will
contribute the most to the componhents of the dipolar field
which are proportional t&/141.? — 20 In particular,PY/,412 —
2|ZlandP1/14[]]_f, — 20will acquire net positive values due to the
large occupancies ofygdand d, respectively. By contrast,
P1/14[Il§ — 20will acquire a net negative value due to the
combined occupancies of the same two NAQs4dd d,). The
contributions from NAOs d and de-y2 tend to cancel each other

Rodriguez et al.

relevant for understanding the electronic structure of a variety
of such complexes in mononuclear and binuclear enzymes. For
example, much of our understanding of the electronic config-
uration of{ FeNG 7 sites should also apply to the mononuclear
nitric oxide complexes of the enzymes putidamonooxin (PMO)
and protocatechuate 4,5-dioxygenase (4,5-PCD) which also
exhibit Mssbauer parameters characteristic{ BENG (S =
3/,).3084 |n particular, we expect the strong delocalization
produced by the overlap of Fegland Fe(g,) with NO z*

since their occupancies are fairly close and their expectation Orbitals to be a general characteristic of these complexes.

values D]_i2 — 2[00have opposite signs. Therefore, the dipolar
components in thexy plane oppose the Fermi contact term,

Consequently, our basic description of the electronic configura-
tions of the iron and nitric oxide components of #feeNG’

whereas the axial component enhances it. This is in agreement!Nit should also apply in those cases.

with Mossbauer simulations fd8 = 2/, iron nitrosyl mono-
nuclear complexes which are compatible with a laggerelative
to the other two components of the hyperfine terfor.

To relate the orientation of the hyperfine tensor to the

coordinate system used in DFT calculations (Figure 8) we

followed the method implemented by Rega, Barone &¥at%*
and used the molecular spin density — pf to determine the
principal orientations of the dipolar hyperfine tensagd) for
FeL(NO)(Ns).. The calculations show thedgip—2, is nearly
parallel to the £x,2) plane and rotated 4:1(U-BPW91/6-
311+G*) to 7.3 (U-B3PW91/6-31%G*) with respect to the
axis defined by the FeN2 bond!®> At the same time,

A motivation for the study of nitrosyl derivatives of hem-
erythrin has been their suggested role as analogues of a proposed
superoxide intermediate in the dioxygen binding reaction. Strong
experimental evidence for a mechanism that includes the
superoxide intermediate is not availablbut Raman studies
on deoxyHrNO which show hydrogen bonding to NO are
consistent with such mechanigth.The additional valence
electron of a superoxide intermediate would lead {FeOQ 8
unit. Previous calculations have shown that the occupied spin-
down (3) orbitals with substantial O@¢f) character inf FeOQ 8
contain less metallic contribution than their counterparts in
{FeNG7.34 This suggests that the effects of valence delocal-

. . . _ LA ests that & ! ¢
Méssbauer simulations for the mononuclear iron complexes 12ation may be less significant ifFeOQ ® complexes’:

IPNS—NO and EDTA-NO yielded a;; components that are
rotated by about 8 to PGelative to the @,components® These
results suggest that the +8I2 (2) axis is fairly parallel to the
D, axis.

Figure 6 shows that £,and the largest hyperfine component
axx, have the same orientation (defined Y. Therefore, for
the {FeNG 7 site of deoxyHrNO the dipolar component also

7. Conclusion

We have performed a thorough analysis ofddbauer spectra
of the nitrosyl adducts of deoxyHr. High temperature spectra
provided unique information about the isomer shifts, electric
field gradients, and quadrupole splittings of the?Fend
{FeNQ’ sites of deoxyHrNO and deoxyHrFNO. In addition,

enhances the Fermi contact term in the axial direction. On the 4.2 K spectra recorded in applied fields allowed us to obtain a
basis of the previous results for the mononuclear complexes, detailed characterization of the magnetic hyperfine interactions,

we have drawn an FeN(O) axis which is approximately
parallel to thez, axis. The orientation of the ferrous tensar

zero-field splittings, and exchange interaction of deoxyHrNO.
To further understand the physical origin of "B&bauer

relative to the nuclear coordinates is less certain since its parameters fronjFeNG (S = 3/,) sites we applied nonlocal

anisotropy arises from two contributions (orbital and dipolar)

and the bridging OH is a relatively weak-field ligand.
Implications for the Electronic Structure of Non-Heme

Iron Centers Involved in Dioxygen Activation. Some similar-

gradient-corrected density functional theory to the representative
complex FeL(NO)(N).. The self-consistent field calculations
produced a detailed picture of tBe= 3/, (ground state) Kohn
Sham wavefunction and the composition of key molecular

ity between the electronic structures of nitric oxide and dioxygen orbitals which provide unique insight about the-R¢O bond.

give the first ligand an important role in studies that mimic the
mechanism of activation of the seco#d Several proteins

Further analysis of th& = 3/, wavefunction yielded atomic
charges, spin densities and NAO occupancies which allow

have non-heme ferrous active sites which are known to reactcomparison of FeNG 7 sites with other iron species and help

with nitric oxide and form stable complexes thiat include the
{FeNG 7 motif.>35 The results presented in this work are

(102) Gaussian 98, Revision A.1, Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, M. A.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V.
G.; Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.;
Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;
Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.;
Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui,
Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkaara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, 1998.

(103) Barone, VChem. Phys. Lettl996 262, 201.

(104) Rega, N.; Cossi, M.; Barone, ¥.Chem. Phys1996 105 11060.

to rationalize spin Hamiltonian parameters. We now summarize
some of our results and conclusions:

(i) Mossbauer spectra of deoxyHrNO and deoxyHrFNO
yielded isomer shifts and quadrupole splittings which clearly
show the presence of two distinct iron species with intrinsic
spinS, = 2 andS; = 35, consistent with the high-spin ferrous
and quartet-stat§FeNC} 7 electronic configurations, respec-
tively. Low-temperature applied field spectra of deoxyHrNO
and deoxyHrFNC are fully consistent with a Kramers doublet
ground state that arises from antiferromagnetic coupling between
its two iron species.

(i) We have calculated Mssbauer spectra in the intrinsic
spin representation from diagonalization of &(z- 1) x (2
+ 1) = 20 Hamiltonian matrix. We have determined the

(105) The isotropic Fermi contact and traceless tensor calculated at the Heisenberg exchange constant, zero-field splittimgsalues,

U-B3PW91/6-313G* level areaso = —28.7 MHz andBgip = (+9.6,+4.5—
14.1) MHz.

(106) Twilfer, H.; Bernhardt, F. H.; Gersonde, Eur. J. Biochem1985
147, 171.

quadrupole splittings, and magnetic hyperfine tensors éf Fe
and {FeNG’. The intrinsic parameters reported in Table 4
reproduce simultaneously Msbauer spectra agéf from EPR.
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(i) The nitrosyl adducts of deoxyHr correspond to a class
of weakly coupled complexes where the conditidfD;| = 1

J. Am. Chem. Soc., Vol. 121, No. 34, 198%3

achieving full spin polarization. Since MOs B&nd 8% are
distributed throughout NO, iron and thezNigands, their

applies. The ZFS strongly perturbs the eigenstates of theindividual NOs* orbitals do not host nearly localized electrons
exchange interaction and mixes higher lying states with the or nearly whole units of spin. Instead, the mixing with metal

doublet ground state.

(iv) We have also simulated Msbauer 4.2 K spectra in the
St = 1/, representation which provides a useful link between
Mossbauer data and EPR/ENDOR observables.

orbitals precludes the complex from achieving full spin polar-
ization since somet and 8 electrons have, to some extent, a
common spatial localization.

(xX) The neto. andj densities of iron and NO in FeL(NO)-

(V) Méssbauer parameters are consistent with bonding of NO (N), arise from the combined partial (i.e., not nearly whole)

to only one iron site of deoxyHr. The results are consistent with
NO binding to the five-coordinate iron site that normally binds
O, according to Scheme 1.

(vi) The drastic change in electronic configuration and,
consequently, on Mesbauer parameters of one iron of deoxyHr
upon binding to NO is consistent with repdfts10° that Fe-

NO bonding dominates the electronic structure of six-coordinate

complexes containing an iremitrosyl group.

(vii) The isomer shifts of FeNG7(S = 3/,) sites are larger
than those expected for ¥¢S = 5/,) or Feé™(S = 3/,), and
smaller than those expected forPFES = 2). Thus, irons within
{FeNG 7 groups can not be properly classified according to
either of these configurations.

(viii) The spin-unrestricte® = 3/, Kohn—Sham wavefunction
of the representative complex FeL(NO)jNcontains molecular
orbitals that strongly mix NGr* with iron (dy; and ;) orbitals.

The corresponding delocalization produces a unigque electronic

configuration whereby somg electrons are almost equally

units of spin corresponding to some individual molecular orbitals
with strong metatligand mixing. Such mixing does not allow
for full spin polarization.

(xi) While the F&(S= ®/,) configuration typically gives rise
to almost negligible zero field splittings (e.gD| = 0), the
corresponding parameters for spin coupled (Table 4) or un-
coupled® {FeNG (S = 3/,) sites are significantly larger (e.g.,

D = 12—-19 cni}).

(xii) We conclude that neither of the idealized electronic
configurations accurately represent the electronic configuration
of iron or NO in{FeNG 7(S = %/,) species. We propose that it
is more appropriate to regard iron and NO as integral parts of
the {FeNG 7 unit where some valence electrons are shared to
a large extent by the entire moiety.
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