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S"Fe electric and magnetic hyperfine parameters were calculated for a series of 10 iron model complexes, covering
a wide range of oxidation and spin states. Employing the B3LYP hybrid method, results from nonrelativistic density
functional theory (DFT) and quasi-relativistic DFT within the zero-order regular approximation (ZORA) were compared.
Electron densities at the iron nuclei were calculated and correlated with experimental isomer shifts. It was shown
that the fit parameters do not depend on a specific training set of iron complexes and are, therefore, more universal
than might be expected. The nonrelativistic and quasi-relativistic electron densities gave fit parameters of similar
quality; the ZORA densities are only shifted by a factor of 1.32, upward in the direction of the four-component
Dirac—Fock value. From a correlation of calculated electric field gradients and experimental quadrupole splittings,
the value of the 5’Fe nuclear quadrupole moment was redetermined to a value of 0.16 barn, in good agreement
with other studies. The ZORA approach gave no additional improvement of the calculated quadrupole splittings in
comparison to the nonrelativistic approach. The comparison of the calculated and measured ’Fe isotropic hyperfine
coupling constants (hfcc's) revealed that both the ZORA approach and the inclusion of spin—orhit contributions
lead to better agreement between theory and experiment in comparison to the nonrelativistic results. For all iron
complexes with small spin—orbit contributions (high-spin ferric and ferryl systems), a distinct underestimation of the
isotropic hfcc's was found. Scaling factors of 1.81 (nonrelativistic DFT) and 1.69 (ZORA) are suggested. The
calculated 5’Fe isotropic hfcc's of the remaining model systems (low-spin ferric and high-spin ferrous systems)
contain 10-50% second-order contributions and were found to be in reasonable agreement with the experimental
results. This is assumed to be the consequence of error cancellation because g-tensor calculations for these
systems are of poor quality with the existing DFT approaches. Excellent agreement between theory and experiment
was found for the 5’Fe anisotropic hfcc's. Finally, all of the obtained fit parameters were used for an application
study of the [Fe(H,0)s]** ion. The calculated spectroscopic data are in good agreement with the Moésshauer and
electron paramagnetic resonance results discussed in detail in a forthcoming paper.

1. Introduction and spin states 6fFe-containing complexé<. The applica-

Spectroscopic methods are essential tools for the elucida-io" ©f magnetic fields in MB experiments, or the use of
tion of molecular geometries and electronic structures and &lectron paramagnetic resonance (EPR) methbeddition-

provide a considerable number of parameters characterizing?/ly OPens access to the spin-Hamiltonian parameters, for

the investigated systems. Among them, ddbauer (MB) (1) Gitlich, P.; Link, R.; Trautwein, A.Méssbauer Spectroscopy and
parameters (the isomer shifts and the5’Fe quadrupole Ige;résmon Metal ChemistrySpringer-Verlag: Heidelberg, Germany,

splittingsAEq) can be used as sensitive probes of the valence (2) Gonser, U. Invigssbauer Spectroscopgonser, U., Ed.; Springer-
Verlag: Berlin, 1975; pp +51.
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Universidad de Buenos Aires, Pabelld, Ciudad Universitaria, CL428EHA (4) Schweiger, A.; Jeschke, Brinciples of Pulse Electron Paramagnetic
Buenos Aires, Argentina. ResonanceOxford University Press: Oxford, U.K., 2001.
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example, magnetic hyperfine coupling constants (hfojs,
and g-values as well as zero-field splitting (ZFS) param-
eters>® The availability of these data is often a key step in
understanding the bonding situation in a given system and
is of tremendous analytic value as well. The application of
MB spectroscopy ranges from small inorgafi€e com-
plexes and minerals to metalloproteins and even whole
cells’~° It is also of great interest for the investigation of
short-lived intermediates, where spectroscopy is the only
source of information. From this point of view, theoretical
studies of electric and magnetic hyperfine parameters can
be very helpful for an interpretation of the measured
spectroscopic dafd. 14

In this work, electric and magnetic hyperfine parameters
were calculated for 10 experimentally well-investigated
mononuclear iron complexes, covering a wide range of
oxidation numbers, spin states, and ligand types (Figure 1
and Table 1). Many of these complexes are unique in their
class and present real synthetic achievements with far-
reaching implications for the field of iron chemistry.
However, in the present work, we will not touch upon the
many issues associated with the molecules themselves but
will focus on their spectroscopic properties. In this work,
density functional theory (DF1J 17 is used to address the

following issues: (i) How accurate are the calculated _ _ . .
Figure 1. Investigated iron model complexes. Experimental results for

hyperfine.parametelrs in cqmparison to those of the .e?(p?ri' FelPorOAc were taken from [F¢CHsCO,)TPpivP]™ (Bominaar et al.
ments? (i) What is the influence of scalar relativistic for Fe'SR3 from [PIaP][Fé'(SR)a]-ZMeagl)\;sGHs with R=CeH2-2,4,6-tBls

i 2 (iii i (Sanakis et al. and MacDonnell et &7%8 for Fe"Az from trans[Fe''-
C?rquecglcins on Ithe Com%med :jata' (i) What IS .the b.eSt Va.'l;‘]'le(cyclam)(l\b)g]CIOA; (Meyer et al.p® for F€"OEPPY from [Fe(OEP)(4-
of the *’Fe nuclear quadrupole moment in conjunction with - Nve,pyyICIO, (Safo et al.f© for Fé'MAC from [EN][Fel' CI(y*
the methods employed in this work? The first two points MAC#)] -CHCl'H0 (Kostl;g et al.zlnfor Fel'PorOAc from [Fél'”(CHg(IOz)-
are of essential importance for judging the accuracy of TPPIVP] (Bominaar et al; for FellPorO2 from [MaN][Fe" (OEP)Q]

. : o .~ (Burstyn et al.}2 for FEVTMCO from t FeV(O)(TMC)(NCCHy)]-
theoretical results that can be expected in application StUdleS.Eolil'rfiy(r;gghdae ); ,j_ry,s for FéVporg) rf?o,;a ?,?(JE/(T,\SP%O)F %ﬁﬂand;lﬁ,)]et

The influence of scalar relativistic corrections was studied al.)3* and for F&/MAC from [EtN][Fe'VCI(7*-MAC*)] (Kostka et al.)3!
. ) L o

applyln.g the zero qrder regmar apprOX|mat|c_)n (ZOR%)Z' . Table 1. Fe Oxidation States, Spin States, and Charges of the

The suitability of this methoc_i for the f:alcula}tlon of magnetic |yestigated Model Systems (See Figure 1)

hfcc’s was demonstrated in the pioneering work of van

Fe total
model system oxidation state Se charge
(5) McWeeny, RSpins in ChemistryAcademic Press: New York, 1970. Fe'PorOAc I 2 -1
(6) Neese, F.; Solomon, E. |. IMagnetism: Molecules to Materigls Fd'SR3 I 2 -1
Miller, J. S., Drillon, M., Eds. Wiley VCH: Weinheim, Germany, Fdl Az m y +1
. 2
2003; pp 345466. Fe'OEPPY Il y +1
(7) Gilich, P. In Mossbauer Spectroscoponser, U., Ed.; Springer- Fd MAC i 3/2 5
Verlag: Berlin, 1975; pp 5396. " 5
(8) Vrajmasu, V. V.; Bominaar, E. L.; Meyer, J.; Mok, E.Inorg. Chem. Fe'”PorOAc I /2 0
2002 41, 6358-6371. Fel'Por02 U o2 -1
(9) Johnson, C. E. IMassbauer Spectroscopgonser, U., Ed. Springer- FeVTMCO I\ 1 +2
Verlag: Berlin, 1975; pp 139166. FeVPorG* v 1 +1
(10) Han, W. G.; Lovell, T.; Liu, T. Q.; Noodleman, lnorg. Chem2004 FeVMAC v 2 -1
43, 613-621. a ) ) 1 .
(11) Lovell, T.; Liu, T. Q.; Case, D. A.; Noodleman, 1. Am. Chem. Soc. The_meta_l is ferromagnetically coupled to a porphysis 1/, radical
2003 125 8377-8383. (the entire spin i§ = 3/5).
(12) Zhang, Y.; Mao, J. H.; Oldfield, E]. Am. Chem. SoQ002 124,
7829-78309. ; ;
(13) Neese, Finorg. Chim. Acta2002 337, 181-192. .Lenthe and co workers, _employmg a Slater-type orbital-based
(14) Neese, FCurr. Opin. Chem. Biol2003 7, 125-135. implementatiort>22n this study, the ZORA approach was

(185) Koch, W.; Holthausen, M. @ Chemist's Guide to Density Functional  ysed for the first time for the calculation of hfcc's in the
Theory Wiley-VCH: Weinheim, Germany, 2000.

(16) Kohn, W.; Sham, L. Phys. Re. 1965 140, 1133. framework of Gaussian-type orbitals. Our implementation
(17) Hohenberg, P.; Kohn, WPhys. Re. B: Condens. Mattet 964 136, is based on the work of van Wen and employs a model
864.

(18) van Lenthe, E. Baerends, E. J.: Snijders, J1.Gchem. Phys1993 potential derived from atomic ZORA calculations for the

99, 4597-4610.

(19) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.&Chem. Phys1994 (21) van Lenthe, E.; van der Avoird, A.; Wormer, P. EJSChem. Phys.
101, 9783-9792. 1998 108 4783-4796.

(20) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders,|dt.G. (22) Belanzoni, P.; van Lenthe, E.; Baerends, El. Lhem. Phys2001,
J. Quantum Chenil996 57, 281—293. 114, 4421-4433.
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solution of the ZORA equatior’8.The last point of interest ~ combination of basis set, functional, and relativistic treatment
(the redetermination of theFe nuclear quadrupole moment) must be independently calibrated.

contributes to a long-standing question in this area of research  The second important quantity from MB studies, the
and is also important in order to achieve the best possible quadrupole splitting\Eq, is, likewise, a sensitive probe for
agreement between calculated and measured quadrupolgne environment of the investigated metal center. It provides
splittings. Calculations are presently the only source of details of the asymmetry of the electron density in the vicinity
nuclear quadrupole moments because they cannot be directlyyf the MB atom. TheAE, values can be calculated from
measured nor can they presently be calculated with sufficientthe electric field gradients; (i = x, y, 2 and the asymmetry

accuracy from nuclear structure thedty. parameter; = (Vx — V,)/Vz:
Finally, calculations on the high-spin iron complex
[Fe(HO)e]®" will be presented as an application case; that 1 1,
is, its spectroscopic data were computed employing the fit ABy=5eQVA/ 1+ 31 @)

parameters, which were obtained for the model complexes
in Table 1. Surprisingly, no high-quality experimental study v, v, andV, are the principal components of the electric
on this fundamentally important species appears to befield gradient tensors in a coordinate system wWith = |V,
available and will, therefore, be reported in a forthcoming > |v, eis the electric charge of the positron, a@¢’Fe)
paper:® is the nuclear quadrupole moment. Electric field gradients
contain local contributions (e.g., from the iron orbitals) and
lattice, bond, and three-center nonlocal contributi®risis
The most important parameters available from MB studies evident from eq 2 that an accurate valueQff’Fe) must be
are isomer shifts) and quadrupole splitting&Eq. 0 is known for the precise calculation &fEq. However, widely
defined as the shift iry-ray absorption energy relative to a  scattering values between 0.1 and 0.3 barn are found in the
given standard for the monitoredFe | = 1/, — | = 3/, literature, depending on the level of theory used for the
nuclear spin transition of the absorber. This shift depends construction of the calibration cur#é.As discussed by
on the local environment of the iron nucleus in the absorber Schwerdtfeger et al., the best way to get an accurate
and was shown to be proportional to the electron density atdetermination of nuclear quadrupole moments is through the
the iron nucleuspo.r? For °"Fe, a negative isomer shift combination of accurately measuréd, values and pre-
indicates an increase i relative to the standard. In this cisely calculated electric field gradierfsThis is also the
work, the calculategh, values were plotted versus experi- strategy followed here. The electric field gradients obtained
mental isomer shifts and a linear regression was performedin this study were used for a redeterminationQ{f’Fe) at
with the equation the nonrelativistic and ZORA scalar relativistic levels of
theory, employing eq 2 and the available experimeAt&)
o0=o(pg—C)+p Q) values. In the nonrelativistic calculations, the field gradient
at a nucleug\ was simply evaluated as the expectation value
C is an arbitrary constant, which is introduced for conven- of the field gradient operat&rﬁv (u, v =X, Y, 2) over the
ience. The obtained fit parametarsand3 can be used for ~ nonrelativistic density with®
the estimation of isomer shifts from calculatggl values.
As noted previously, they noticeably depend on the employed A 9 { 1

ZJ
density functionals and basis sét$> Consequently, each fo,= - ZA 3
y quently ! aRAuaRAV\Zm ~RJ &R - RA|)

2. Theory

(23) van Willen, C.J. Chem. Phys1998 109, 392-399.

(24) schwerdtfeger, P.; Pernpointner, M.; Nazarewicz, WC#hculation Here,Z; represents the nuclear charges grahdR; denote
of NMR and EPR Parameters. Theory and Applicatjdtesupp, M.,

Bihl, M., Malkin, V. G., Eds.. Wiley-VCH: Weinheim, Germany, eIectrqmc and nuclear position vectors, respectlvely.. Hovy—
2004; pp 279-291. ever, in the ZORA case, a more elaborate formalism is

(25) BIll, E.; Mienert, B.; Sinnecker, S.; Neese, F. Manuscript in preparation. i i i i
(26) Bominaar, E. L. Ding. X. O . Gismelsead, A. Bill. E.. Winkler. H. necessary, which has been discussed in detail by van Lenthe

Trautwein, A. X.; Nasri, H.; Fischer, J.; Weiss, IRorg. Chem1992 and Baerend® Their suggestion was to replace the ZORA-
. Sél, 18k45¢§5;- b P Stubna. Ak E.| Chem200 SCF density with the so-called ZORA-4 density, which is
@7 oy e, er P P Stubna, Ak, E.Inorg. Chem 2002 supposed to introduce the small component density into the

(28) MacDonnell, F. M.; Ruhlandtsenge, K.; Ellison, J. J.; Holm, R. H.; calculation. The ZORA-4 densit)¢>iZ4 for each occupied
Power, P. Plnorg. Chem.1995 34, 1815-1822.
(29) Meyer, K.; Bill, E.; Mienert, B.; Weyherfiller, T.; Wieghardt, K.J.

Am. Chem. Sod999 121, 4859-4876. (34) Mandon, D.; Weiss, R.; Jayaraj, K.; Gold, A.; Terner, J.; Bill, E.;
(30) Safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, W.JRAmM. Chem. Trautwein, A. X.Inorg. Chem.1992 31, 4404-4409.

Soc.1991 113 5497-5510. (35) Liu, T. Q.; Lovell, T.; Han, W. G.; Noodleman, Inorg. Chem2003
(31) Kostka, K. L.; Fox, B. G.; Hendrich, M. P.; Collins, T. J.; Rickard, 42, 5244-5251.

C. E. F.; Wright, L. J.; Muack, E.J. Am. Chem. So&993 115 6746— (36) Serres, R. G.; Grapperhaus, C. A.; Bothe, E.; Bill, E.; WeyHh#emu

6757. T.; Neese, F.; Wieghardt, KI. Am. Chem. So@004 126, 5138~
(32) Burstyn, J. N.; Roe, J. A.; Miksztal, A. R.; Shaevitz, B. A,; Lang, G.; 5153.

Valentine, J. SJ. Am. Chem. S0d.988 110 1382-1388. (37) Fowler, P. W.; Lazzeretti, P.; Steiner, E.; ZanasiCRem. Phys1989
(33) Rohde, J. U,; In, J. H.; Lim, M. H.; Brennessel, W. W.; Bukowski, 133 221-235.

M. R.; Stubna, A.; Mack, E.; Nam, W.; Que, LScience2003 299 (38) van Lenthe, E.; Jan Baerends,JEChem. Phys200Q 112 8279

1037-1039. 8292.
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molecular orbitaky; is defined as last term refers to the Fermi contact teng.is the position
;s of the electron with respect to the position of nucléusn
74 P T p; the ZORA framework, a more elaborate formalism is used

(4)

T @1 Q[Vylly, O that, again, is due to the pioneering work of van Lenthe and
S . < Baerends! In this case, one obtains the matrix elements of
Here, p; is the ZORA-SCF density ang; is the small the hfcc tensors in the scalar relativistic case from
component density. The scaling factor in the denominator
is the expectation value §J[V] with respect to the molecular _PasK B B B 3
orbitals i, which is, in the scalar relativistic ca$®3® Auw = zsf rA3[rvAVﬂ(p o™ Pp) T 0ulaV(Pa — )l s

2 (10)

27—V vM)Zp (5)

QVl=p

which, in the nonrelativistic limitk = 1), becomes eq ¥
is the ZORA specific relativistic correction in which the
Vu is the model potential of van Wien,?® and the one- molecular potentiaV/ is replaced by the van Wens model
electron ZORA density for th&h molecular orbital (MO) potential Viy:
is defined as ,

o) = i) ©®) ,_ 1, -

C E M

Here, vi(r) represents the ZORA wave functions. In the
scalar relativistic case, the small component density is defined SOCs to the hyperfine tensors were calculated as second-
as order properties, employing the coupled perturbed (CP)

5 Kohn—Sham theory?

s C

= (o) Py, @)

2
(26 — V) AN = — P—é*tr[QL”hf‘”ﬁ (12)
with the momentunp = — iV and the velocity of light ~
137 in atomic units. In our ZORA implementation, the Here,thA) is the response spin density, obtained from the
electric field gradient is calculated as the expectation value coupled perturbed KohnSham equations with respect to a
of the field gradient operator overiz“, precisely as it was  nuclear magnetic dipole perturbation, as explained in detail
suggested by van Lenthe and Baereftds. in ref 39. h°C is an effective one-electron (effective
If magnetic fields are applied in the MB experiments, the nuclear charge or mean-field) approximation to the spin
magnetic dipole splitting is revealed in addition to the electric orbit coupling operatory, v = x, y, 2.
quadrupole perturbation. From these data, the hyperfine )
tensorA,, of the5’Fe center can be extracted, which describes 3- Material and Methods
the interaction between the nuclear magnetic moment and Ten experimentally well-investigated mononuclear iron com-
the unpaired electrongy,, is a 3x 3 matrix and consists of  plexes were selected from the literature. In the case of larger ligands,
three parts: (i) the isotropic Fermi contact tef (ii) the the side groups were truncated (e.g., substitution of tetramesityl-
first-order traceless dipolar contributio@fv, and (iii) the porphyrin with porphyrin). The remaining model systems and the

second-order nontraceless sporbit contribution (SOC) references to the expe_rm_wen@al sources are given in Figure 1.
A0 39 Complete geometry optimizations were performed for all of the
uv

complexes, employing X-ray data as starting structures whenever
A, = ‘5;w AF + A/?V + AZLb ©) possible. Furthe_rmore, the structure of th_e [F£H)]3" ion was _
geometry optimized. For these calculations, the pure density
functional>17 BP*-42 was used. The SV(P) basis €avas used
for the main group elements together with the more accurate
TZV(P) basis set for irori?
Two single point calculations were performed for every opti-
mized structure. In both cases, the B3LYP density functiénél

In this work, /3 of the sum of the eigenvalues of the total
hyperfine tensor will be referred to as the isotropic hée,
which can therefore contain contributions frakfi®.

The nonrelativistic contributions i and ii were calculated

in the usual way from the following expectation value: was used in combination with the CP(PPP) basis set fét &fed
Pa r,af 0 8
_ pAlva O 3 40) Becke, A. D.Phys. Re. A: At., Mol., Opt. Phys1
A#V — Z_Sf(p“ _ P/s) 3 = _ F + ?6(I’A) 6‘[”, d Ma (9) (40) 31eé:0.e, ys. Re t., Mol., Opt. Phys1988 38, 3098~
A A

(41) Perdew, J. PPhys. Re. B: Condens. Mattel986 34, 7406.
. . (42) Perdew, J. FPhys. Re. B: Condens. Mattel 986 33, 8822-8824.
Pa (=ge0nG48N) is a factor of fundamental constants, contain- (43) Sctifer, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571

) i 2577.
ing the free electrog valueg,, theg valuegy of the magnetic (44) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Physl994 100, 5829~
nucleusA, the Bohr magnetofi, and the nuclear magneton 5835,

Bn. p« @nd pg are the spin densities. The dipolar hyperfine Eigg Eeck% Ar- E:(-J- Ch\(/%vm-TPhgsl%RS ?SESMF?—SSS% dens. Matt

. . . . . ee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B: Condens. Matter
interaction is described by the first two terms, whereas the 1088 37, 785-789.

(47) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
(39) Neese, FJ. Chem. Phys2003 118 3939-3948. Phys. Chem1994 98, 11623-11627.

2248 Inorganic Chemistry, Vol. 44, No. 7, 2005



Prediction of >’Fe Mtssbauer Parameters

the TZVP basis sets for oxygen, nitrogen, and chloride atoms
directly attached to the metél.The SV(P) basis sets were used 124 A
for the remaining atom® Furthermore, the TZV/J (Fe, N, O, S) 10_' = FellPorOAc
and SV/J (H, C) auxiliary basis sétg°from the Turbomole 5.3 g '
basis set library were employé&®l. £ o8
In the first single point calculation, a nonrelativistic SCF £ .
calculation was performed (labeled as NonRel) along with an @ o6 FelllPorO2 SR3
additional calculation of SOCs to the iron hyperfine data (NonRel § 1 mFell
+ SOC). For that purpose, a semiempirical one-electron SOC £ 0.4+ FelllPorOAc
operator was used, employing the parametrization of Koseki et 1 FelllAz i~ _FelllMAC
al 51733 The integration accuracy at the Fe centers was increased to 92 FelllOEPPY
7. In the second set of calculations, scalar relativistic ZORA 1 FelVTMCO FelyPoro
calculations were performed (labeled as ZORA). Here also, SOCs %01 FelVMACw=
to the Fe hyperfine data were computed (ZORASOC). o2 1
In the ZORA calculations, all of the basis sets were completely “150 185 160 165 170 175 180

decontracted in order to allow for an accurate response of the inner
atomic shells to the relativistic potentials. The integration accuracy
on the metal centers was increased to 14, and three steep s functions
were added to the Fe CP(PPP) basis set. 1.5 1

The convergence of the Fe hyperfine tensors with respect to the _
number of steep s and p functions was tested in calculations on the € 10

Calculated Nuclear Density p, - 11800.0 (au®)

Fe*t high-spin ion. It was found that additional steep s or p E

functions change the calculated hyperfine data by less than 1 £ 05

percent. g '
All of the calculations were performed employing the program § 00

package ORCA? In this work, we present a first application of
our new ZORA implementation for the calculation of magnetic and
electric hyperfine datgb -0.5

4. Results and Analysis 104

_ Isomer Shifts. In the nonrelatlws'_uc DFT,_the Well-k_nown 140 180 160 170 180 190 200 210
linear dependency between experimental isomer shiftsd Caloulated Nuclear Density p, - 11800.0 (au®)
calculated electron densities at the iron nuplakas verified Figure 2. Linear relationship between experimental isomer shifts and

for the range of iron complexes investigated in this study calculated nuclear densities at the iron nuclei from nonrelativistic DFT
(Figure 2a). The data were fitted according to eq 1 and show (B3LYP). (A) Results from this studyB) Combined results from this work

small errors and root-mean-square deviation (RMSD) values 2" @ Previous study.
(Table 2). The ZORA calculations yielded distinctly in-
creased electron densities at the iron nuckgi{ 15 560
au? instead ofop ~ 11 817 au® in the nonrelativistic case),
which are already close to the fully relativistic DiraEock

result on®Fe d® (15 703.951 atf).%® Early studies on the
influence of relativistic corrections on MB data have shown
that nonrelativistic and relativistic electron densities at the
iron nuclei are related by an almost constant factor ranging
between 1.3 and 1#:58This is in line with our results; the

(48) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chem.

ACC.1997 97 1192124 ZORA densities are related to the nonrelativistic densities
(49) Eichkorn, K.; Treutler, O.; Ohm, H.; Kar, M.; Ahlrichs, R.Chem. by a factor of 1.32, which is remarkably constant for all of

Phys. Lett1995 240, 283-289. ; ; :
(50) The basis sets can be downloaded from the ftp server of the Turbomolethe !n\(estlgate;d model sys'Fems. Consequently, fit parameters

home page at http://www.turbomole.com. of similar quality were obtained from the ZORA calculations
(51) Koseki, S.; Schmidt, M. W.; Gordon, M. 3. Phys. Chenm992 96, and from the nonrelativistic approach (Table 2). This finding

P derli hand, the potential of the ZORA h
(52) Koseki, S.; Gordon, M. S.; Schmidt, M. W.; Matsunaga,JNPhys. underiines, on one hand, tne poteénual ot the approac

Chem.1995 99, 12764-12772. for predicting accurate isomer shiffut shows, on the other
(53) fgzelkéﬁ&igﬂggdt' M. W.; Gordon, M. 3. Phys. Chem. A998 hand, that there is no improvement in comparison to the
(54) Neese, FORCA—an Ab Initio, Density Functional and Semiempirical nonrelativistic approach.

Program Packageversion 2.3; Max-Planck-Institut fuBioanorga- A comparison of our nonrelativistic fit parameters with

nische Chemie: Miheim an der Ruhr, Germany, 2004. . . . .

(55) We have verified that our ZORA implementation exactly reproduces those obtained in a previous study employing the same
the data of van Lenthe and co-workers. Taking the HI mo|3ecule as an methods has revealed excellent agreerﬁ’e‘ﬁms shows that
example, electric field gradients of 11.606 and 11.120%awmere - ; .
Calculgted With the BP ?unctional in ORCA, employing the ZORA the fit parameters do not strongly depend on a certain training
and ZORA-4 densities, whereas values of 11.60 and 11.05vwaere
reported in ref 38. For the Cu atom, isotropic hfcc’s of 6748 and 6598 (56) Trautwein, A.; Harris, F. E.; Freeman, A. J.; Desclaux, JPRys.
MHz were calculated with ORCA, employing the LSD and BP Rev. B: Condens. Matte975 11, 4101-4105.
functionals, whereas values of 6750 and 6598 MHz were reported in (57) Desclaux, J. RComput. Phys. Commu975 9, 31—-45.
ref 21. In all cases, large uncontracted, well-tempered Gaussian basis(58) Mann, J. BJ. Chem. Phys1969 51, 841-842.
functions were used. (59) Zhang, Y.; Oldfield, EJ. Phys. Chem. B003 107, 7180-7188.
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Table 2. Fit Parameterst andf for the Linear Regression of Experimental Isomer Shifts (mm/s) and Calculated Electron Densities at the Iron Nuclei
(au3) According to Eq 1

NonRef NonReP NonRef ZORAd
Ce(aud) 11800.0 11800.0 11800.0 15550.0
o (au® mm/s) —0.366+ 0.036 —0.367+ 0.017 —0.367+ 0.015 —0.278+ 0.028
B (mm/s) 6.54+ 0.61 6.55+ 0.29 6.55+ 0.25 3.07+£0.28
R —0.96 —0.99 —0.98 —0.96
RMSDY (mm/s) 0.091 0.086 0.084 0.094

aNonrelativistic results from this work (10 data point&)Nonrelativistic results from a different set of iron complexes (15 data points) employing similar
methods® ¢ Combined data from both studies (25 data poirft§calar relativistic results from this work (10 data pointJ. is an arbitrary constant.
f Correlation coefficienty Root-mean-square deviation.

Table 3. Redetermined Nuclear Quadrupole Mom&gt’Fe) from S —
B3LYP DFT Values o 4l FeIIIPorOAc/é/
NonRel ZORA £ | pd
Q(5Fe) (barn) 0.158- 0.014 0.156% 0.013 %, % ///I/-"eIDIIMAC
:é , 1 FelVPorO g 4//
set of molecules and stimulated us to combine the calculated§ | e
data of both computational studies. The results are even more2 ' BFelVTMCO
accurate fit parameters with reduced errors and a smallers | ] 5 DFelllPorOAc
RMSD value (Table 2; Figure 2b). g _~FelllPoro2

FelVMAC O~

Because a number of studies have tried to relate the MBg 14 A FellSR3

experiments to MO descriptors such as the s population onz 2] FellAzp ~

the Fe center, we have also investigated the validity of suché . //8 FelllOEPPy

an approach. In our previous work, it was already shown © -1 // o NonRel
that Lowdin s-orbital populations have no connection to the 1L~ - ° Z?Rf“
MB isomer shiftst® Here, we have extended these attempts 4 3 2 0 1 2 3 4 5
to the natural populations analysis (NPA), which is clearly Experimental Quadrupole Splitting (mm/s)

more sophisticated and of great value to the interpretation FiGIJ_lt-'t!e 3-N C?mpafisgn 0f| Ca'CU'atetd inodlrsnsessuﬁﬂe quJatF"}JltJ,O'g -
. . . . splittings. Nuclear quadrupole moments ot O. arn (nonrelativistic
of _Chem'cal bonding? HoweV?r’ in terms of th(:j' MB |§omer and 0.156 barn (ZORA) were used in the calculations.
shifts, the natural s populations show no discernible cor-
relation with the experimental data. Consequently, no ) "
conclusion whatsoever can be drawn about MB properties comparison of calculgted and _m_easured guadrupole splittings
of a given compound from the results of a NPA analysis. N Figure 3. Correlation goefﬁments of 0.97 (NonRel) and
Quadrupole Splittings. All of the investigated model ~ 0-95 (ZORA) were obtained, whereas the RMSD values
systems show noncubic ligand and valence electron distriby-2mount to 0.57 mm/s (NonRel) and 0.55 mm/s (ZORA). The
tions. In consequence, nonzéee electric field gradients ~ Nigh level of correlation for all of the model systems gives
were obtained throughout. Employing the calculated electric US confidence that the different oxidation states, charges, and
field gradientsv and asymmetry parameters we plotted ligand types have only a minor influence on the quality of
the experimental quadrupole splittings of all of the systems (e calculated data. Furthermore, the results show clearly
as a function of the calculated valuesi6BV,(1 + Yg2)"2 that a nonrelativistic treatment of the electric field gradients
) i i i i 7 i -3
(see eq 2). Linear fits of these data were used to redetermindS entirely satisfactory fot'Fe despite thél ~ *Cdependence
the 57Fe nuclear quadrupole coupling constant. From the of V, which would potentially seem to make the relativistic
nonrelativistic DFT and ZORA calculations, a similar value CO'Tections, which are largest in the core region, mandatory.
of Q(3Fe) ~ 0.16 barn was obtained (Table 3), whichisin  Magnetic hfcc’s. 57Fe isotropic hfcc'sA's° of all of the
very good agreement with the values that were reported andinvestigated systems are given in Table 4 and Figure 4 in
used in other studies (0.£9.17 barn$56+66 Employing the comparison to the experimental results. For most of the

redetermined nuclear quadrupole moments, we give amodel systems, the typical underestimation AS° was
found3°67.68 Furthermore, the RMSD values in Table 4

(60) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; decrease with increasing computational levels; the scalar

Bohmann, J. A.; Morales, C. M.; Weinhold, RBO 5.0 Theoretical — re|ativistic ZORA model, as well as the inclusion of spin
Chemistry Institute: University of Wisconsin, Madison, WI, 2001. . .
http://www.chem.wisc.eda/nbo5. orhit effects, leads to an improvement of the calcul&tee

(61) Martinez-Pinedo, G.; Schwerdtfeger, P.; Caurier, E.; Langanke, K.; isotropic hfcc’s (recall that, in the last caé® refers to the
Nazarewicz, W.; Senel, T.Phys. Re. Lett. 2001, 8706 062701.

(62) Zhang, Y.: Gossman, W.; Oldfield, & Am. Chem. S02003 125 sum of the Fermi contact term and the isotropic part of the
16387-16396. _ SOC). The best agreement between theory and experiment
(63) fgé Z.; Guenzburger, D.; Ellis, D. B. THEOCHEM2004 678 145— was found in the ZORA calculations including SOCs (ZORA
(64) Zhang, Y.; Oldfield, EJ. Phys. Chem. 2003 107, 4147-4150.
(65) Dufek, P.; Blaha, P.; Schwarz, Rhys. Re. Lett. 1995 75, 3545~ (67) MunzarovaM. L.; Kaupp, M.J. Phys. Chem. A999 103 9966—
3548. 9983.
(66) Lauer, S.; Marathe, V. R.; Trautwein, Rhys. Re. A: At., Mol., (68) Sinnecker, S.; Neese, F.; Noodleman, L.; Lubitz, IWAm. Chem.
Opt. Phys1979 19, 1852-1861. S0c.2004 126, 2613-2622.
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Table 4. Calculated?’Fe Isotropic hfcc’s (MHz) and Comparison with Experimental Re3ults

structure 3 NonRel NonReH- SOC ZORA ZORA+ SOC exptl
Fe'PorOAC 4 —18.5 -16.1 —20.2 —-17.8 —21.86
Fe'SR3 4 —16.5 —13.6 —-17.7 —14.9 —14.97
FellAz 1 —-15.4 —10.0 —-16.7 —-11.3 —13.47°
Fel'OEPPY 1 —16.7 —-8.9 —18.2 —10.5 —6.870:30
Fe'MAC 3 -7.0(-12.7) -5.8 —7.4 (—12.4) —-6.2 —15.41
Fé'PorOAc 5 —18.0 (-32.7) -18.0 —19.6 (-33.1) -19.7 —27.558
Fe'Por0O2 5 —14.7 (—26.7) —13.6 —16.1(-27.2) —-15.1 —32.1%2
FeYTMCO 2 —11.2 (-20.2) -11.2 —12.4 (-20.9) -12.6 —20%
FeVPorO 2 —14.1 (-25.5) -14.7 —14.0 (-23.6) -14.7 —25.84
FeVMAC 4 —10.8 (-19.7) -10.6 -11.7 -19.7) —-115 —20%
RMSD 9.29 9.23 8.88 8.40

aThe isotropic hfcc’s refer to the Fermi contact terms (NonRel and ZORA) or to one-third of the sum of the principal eigenvalues of the total hyperfine
tensor (NonRel- SOC, ZORA+ SOC, exptl). Bis the number of unpaired electrons. For all of the complexes with small SOC contributions, Fermi contact
terms that were scaled by factors of 1.81 (NonRel) and 1.69 (ZORA) are given in parentheses.
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Figure 4. Comparison of calculated and measupéee isotropic hfcc's.

+ SOC). The magnitudes of changes introduced by the (S = 2), both of which show nearly orbitally degenerate
ZORA approach are typically in the range of2 MHz, ground states. In these cases, the SOCs introduce changes
whereas the SOCs differ strongly depending on the systemsto the isotropic hfcc’s ranging from 360% and reasonable
The deviations between theory and experiment are, in someagreement between theory and experiment was found. Almost
cases, smaller than 20% (e.g.,"PerOAc, FESR3, and negligible SOCs were calculated for the high-spin fer8c (
Fe''Az) but sometimes remain significant (up to 60% for = 5,) and ferryl model systemsS(= 1 or 2). For these
Fe'"OEPPY and PEMAC). They can be systematized with  systems, an underestimation of the isotropic hfcc’s is evident
the aid of ligand field theory: The largest SOC effects were (see Table 4). The computed hfcc’s underline the importance
obtained for the low-spin ferric model systen £ 1/,), of the inclusion of SOCs in the calculation of metal hyperfine
followed by those of the high-spin ferrous model systems tensors, as it was found in recent validation stu@iés.
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Table 5. Fit Parameters for the Estimation ®©fe Isotropic hfcc's -40 —
from Calculated Spin Densities at the Iron Nuclei in Complexes with 1 e
Small SOCs (See Eq 13) -35 - FelllPorOAc e
S
NonRel ZORA 20 e
o (MHz ai?) 131+ 8 122+ 8 " EelllPor02
R 0.86 0.86 25 L
., FelVPorO
RMSD 3.55 3.66 | FelVTMCO //’ o
20 - FelVMAC §~

The good agreement between calculated (NorREIOC
and ZORA+ SOC) and measured isotropic hfcc’s for the
model systems with large SOCs (PerOAc, FESR3,

FeIISRg/// gFeIIPorOAc

sl
|FelloEPPY 7, 8FelllMAC

Calculated *’Fe isotropic hfc (MHz)

Fé' Az, and F& OEPPY) and the systematic underestimation 3 77 o " FelliAz
of the isotropic hfcc’s of all of the remaining complexes with 5 e
small SOCs lead us to the following conclusions: (i) There s . ;'gr;&e'
is a general underestimation of the negative isotropic Fermi 77—
0 -5 -10 -15 -20 -25 -30 -35 -40

contact terms in all of the investigated systems. (ii) There is
a general underestimation of the positive SOC contributions. Fioure 5. C ,  theoretical and s oh
H H ’ igure o. omparison o theoretical an experime: ISOtI’OpIC cC’s
In consequence, the ca_llculated isotropic h_fcc_s are too smaII(MHZ)_ For FIPorOAc, FASR3, FAIAZ, and F&|OEPPY, theA values
for all of the systems with small SOC contributions, whereas refer to the original DFT results including SOCs. For the remaining systems,
an error compensation occurs for all of the complexes with the isotropic hfcc’s were estimated by scaling the calculated Fermi contact
Iarge SOCs. as has been discussed previé‘ﬂsly. terms with factors of 1.81 (NonRel) and 1.69 (ZORA).
For the first group of systems with small SOC contribu- Table 6. Calculatedf’Fe Anisotropic Hyperfine Data (MHz) and
tions, fit parameters with rather small errors were obtained Comparison with Experimental Results

Experimental “Fe isotropic hfc (MHz)

for the estimation ofA's° from calculated spin densities at NonRel ZORA

Fé'PorOAc  Agis®  -53  —55 —-52 -55 —17
03 AN 52 —48  —51 —47 —17
= o (13) A@mso 4105  +10.3 +10.3 +10.1  +3.4
S FelSR3 A@Us0 447 462 446 +61  +7.3
Ao 447 +62  +47 +61  +7.3
The obtained fit parameters from the nonrelativstic DFT and Afmso —94  —-123 -9.3 -122 -—146
; i i FellAz A@Uso 4+19.7 4239 +195 +239 +16.6
ZORA calculapons are given in Table 5. Apio 1146 103 1145 100 448
The determined fit parameters can also be converted A@US0  —343 —332 -340 -32.8 -215
into scaling factors for the application on the calculated Fe'OEPPy A -326 -28.9 -324 -288 -—505
i i - AANO +127 450 +12.6 +51 —17.6
isotropic hfcc’s: Ao 4+20.0 +23.9 +19.8 +23.8 +68.2
est cale FE'MAC A0 4250 +23.8 +249 +23.7 +22.3
iso = Aso (14) Aflso  —157  —161 —156 —16.0 —14.9
Agiso  —93  —77 -93 -77 -74
The parameterbwere obtained from Fe'PorOAc A" 404  +05  +03  +04 0.0
AAlso —05  —-07 -05 —06 0.0
30 AfMso +01 402 401 402 0.0
f= (15) FelPorO2 Apmse 417  +18 +1.6 +18 0.0
APy AF0 419 420 417 +19 00
A@nso  —35  -38 34 37 0.0

The results are factors df= 1.81 for the nonrelativistic FEVTMCO  Agmsc  -74  —-80 -74 -80 -11

— ; Ag@niso  —68 7.7 —-69 -78 -5
approach and = 1.69 for the ZORA calculations. When AR 4143 4157 +143 4158 +16

these scaling factors are applied to the computed Fermi pgvporo  Agisc  —111 -11.2 -91 -94 -9.2

contact terms of all of the iron complexes with small SOCs ZZ:ES +_1% +—1% +—1§-fi +—1§-g +_1§'§
(FE"MAC, Fe"PorOAc, FéPorO2, FE¢TMCO, Fé'PorO, FOVMAC ~ AM0  —38  —36 -38 —36 —47
and F&MAC) and the calculated\s° values (NonReh- Agniso  —12  -08 -13 -09 —06
SOC and ZORA-SOC) are used for all of the complexes AF"°  +50  +44  +51  +45 453
with large SOCswithout fitting (F€'PorOAc, FESRS3, aSee Table 4 for references.

Fe'"Az, and F&'OEPPYy), good agreement between theory
and experiment can be achieved for all of the model systems
(Figure 5). The obtained RMSD values of 3.37 MHz
(NonRel) and 3.19 MHz (ZORA) are distinctly smaller than
the RMSD values reported in Table 48 MHz).

good agreement was found for the ferrous and ferric
complexes (Table 6). Taking the 'ForOAc complex as an
example, the experimental anisotropy of théensor of the
ferrous ion, as reported by Bominaar et?llwas overesti-

A ) f anisotrobi€Fe hfce's with the th mated in the calculations. The same study revealed an
comparison of anisotropice hicc's with the the isotropic ®’Fe A tensor in the ferric species that was well-

experimental resqlts shows very good agreement between, ., ereq in the calculations on'flRorOAC. A more detailed
theory and experiment for the ferryl complexes, whereas discussion of the anisotropiFe hfcc’s shows that the

(69) Arbuznikov, A. V. Vaara, J.; Kaupp, M. Chem. Phys2004 120, ZORA corrections are r’_nostly smai-0.1 MHz) but.can
2127-2139. approach~2 MHz and improve the agreement with the
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Table 7. Comparison of Calculated and Measured Spectroscopic Data nuclear quadrupole moment was redetermined to a value of

of the [Fe(HO)e*" lon ~0.16 barn (nonrelativistic DFT and ZORA). The calculated
NonRel ZORA expt® guadrupole splittings show good agreement with the experi-
o (mm/s) 0.60 0.63 0.51 mental results; scalar relativistic ZORA calculations give no
AEq (mm/s) 0.00 0.00 0.0 improvement in comparison to the nonrelativistic calcula-
A (MHz) -35.8 -36.7 —-32.6

tions. Obviously, the chemical trends in the quadrupole

splittings and isomer shifts originate from the valence shells,

which are little affected by relativity. The situation is

different, however, for systems with large SOC contributions

and for heavy element4.”* Similar small relativistic effects

in the calculation of quadrupole splittings were found by
hang and Oldfield, whom employed the ZORA and the
auli formalisms?

experiment. The SOC contributions are distinctly larger than
the scalar relativistic corrections for the majority of the
investigated iron complexes. They can easily exceed 20%
(e.g., for FESR3, F&' Az, and F&'OEPPy). Considering
Fe'SR3 as an example, the inclusion of SOC contributions
leads to a noticeably better agreement between theory an

experimgnt. . a . The high potential of DFT methods for the prediction of
The High-Spin [Fe(H,0)e]”" lon. In addition to the 10 s7o jsomer shifts and quadrupole splittings, which was

iron complexes from Figure 1, calculations were performed yomongtrated already for five- and six-coordinate iron
on the high-spin ferric [Fe(¥D)e]*>" species as an application porphyrins®27273iron phthalocyanine¥ and two- and three-
case. The isomer shifts were calculated from the electron ., qinate F& and Fé' complexes®™ as well as for
densities at the iron nuclgi _employing the fit parameters from biological system&76-7 was fully cohfirmed in this work
Table 2. Quadrupole splittings were calculated applying the ¢, 411 10 of the investigated model complexes, which are
5Fe nuclear quadrupole moments from Table 3. Tt partly unique in their class.

hyperfine tensor of [Fe(bD)s]*" is dominated by the Fermi The accurate calculation &fFe isotropic hfcc’s turned
contact term, whereas negligible dipolar hyperfine and SOC ¢ 4 e more complicated. However, the apparently widely
contributions were calculated. The computed Fermi contact scattering results, in comparison to those of the experimental
terms (19.78 MHz frgm NonRel and-21.72 MHz from data, could be traced back to the effect of spimbit
ZORA,) were scaled with factors of 1.81 (NonRel) and 1.69 ¢, hjing. For systems with small SOC contributions, the
(ZORA). A comparison of the calculated and experimental g, o rimental isotropic hfcc’s were systematically under-
results is given in Table ;5 The aITOSt 'dea)& octahedral  qgiimateq by factors of 1.81 (nonrelativistic DFT) and 1.69
coordination of the metal ionRee-0 = 2.068 A) leads 1o 75RA) which also demonstrates the improvement of the
vanishing quadrupole splittings in both experiments and g 1ts by the scalar relativistic approach. In contrast and
calculations. The experimental isomer shift and the isotropic somewhat surprisingly, the best agreement between calcu-
hfcc were somewhat overestimated in the calculations. |41eq jsotropic hfcc’s and experimental data was achieved
queve_r, data of similar quality were obtained for the high- ¢, +ha more complicated systems with large SOCH! (fih

spin ferric model complexes from Table 1 (FeorOAc and S= 1, Fé' with S= 2), where the pseudocontact shift can
Fe'"Por0O2), which underlines the transferability of this work easily change the isotropic hfcc’s by-280%. In these cases

to other iron complexes. the good agreement between theory and experiment must
be attributed to an error cancellation, that is, a considerable
underestimation of the SOC effect together with too-positive

In the present work, electric and magnetic hyperfine values for the Fermi contact contributioffsThe under-
parameters of 10 iron complexes, which cover a wide range estimation of the SOC contributions is particularly evident
of oxidation and spin states and ligand types, were calculatedin the calculatedy shifts, which are considerably in error
employing DFT. (Supporting Information). In addition, accurd@®e aniso-

The linear relationship between calculated electron densi-tropic hfcc’s were calculated in this work. Here also, the
ties at the iron nuclei and experimental isomer shifts was

. . .. (70) Benda, R.; Schunemann, V.; Trautwein, A. X.; Cai, S.; Polam, J. R.;
shown to be valid for this set of model systems. Although it Watson, C. T.; Shokhireva, T. K.; Walker, F. A.Biol. Inorg. Chem.

is well-known that the obtained fit parameters noticeably 2003 8, 787-801.

depend on the chosen computational method, a comparisori’*) van Lenine. E/iz;ovt?qn S oord. f-i Hagen, W. R.; Refjerse, . )
of our work with other result§ has revealed that there is  (72) Sn}.lith, D. M. A.; Dupuis, M.; Vorpagel, E. R.: Straatsma, T.JP.
only a weak dependency of the fit parameters on the specific ___Am. Chem. So003 125 2711-2717.

e - . (73) Zhang, Y.; Mao, J. H.; Godbout, N.; Oldfield, . Am. Chem. Soc.
training set. This makes the development of more universal 2002 124 13921 13930.

calibration constants possible. Fit parameters of similar (74) Nemykin, V. N.; Kobayashi, N.; Chemii, V. Y.; Belsky, V. Kur.

; ; . ; J. Inorg. Chem2001, 733-743.
accuracy were obtained employing nonrelativistic and quasi- (75) Andreg’ H.: Bominaar, E. L.: Smith, J. M.: Eckert, N. A.: Holland, P.

relativistic DFT methods. The ZORA densities are shifted L.; Miinck, E.J. Am. Chem. So@002 124, 3012-3025.

by a factor of 1.32, upward in the direction of the four- (76) Han W. G.; Lovell T.; Liu, T. Q.; Noodleman, tnorg. Chem2003
component DiragFock limit, but the correlation with the 77y oidfield, E.Annu. Re. Phys. Chem2002 53, 349-378.
experiment does not improve at the same time. From a(78) Lovell, T;Li, J; Liu, T. Q.; Case, D. A.; Noodleman, I.Am. Chem.
comparison of calculated electric field gradients at the iron S0c.2001, 123 12392-12410.

P 9 (79) Vrajmasu, V.; Muack, E.; Bominaar, E. LInorg. Chem.2003 42,

nuclei and experimental quadrupole splittings, tHEe 5974-5988.

5. Summary and Conclusions
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ZORA method and the inclusion of second-order contribu- splittings, and, to a certain extent, magnetic hyperfine data

tions lead to more accurate data. To the best of our were possible for all of the investigated iron oxidation and

knowledge, such a detailed comparisofi’6k hyperfine data  spin states. The obtained information should be highly

of different iron complexes from DFT has not been given transferable to other theoretical studies on inorganic iron

outside of this paper. However, the outstanding work of complexes and biological systems, as will be demonstrated

Noodleman and co-workers already provided an in-depth jn forthcoming application studies.

understanding of thé’Fe hyperfine data of ironsulfur
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Finally, calculations were performed on the [FeCH]*" priority program 1137 “Molecular Magnetism” (F.N.) and

ion as an application case; that is, the fit parameters fromthe Max-Planck Gesellschaft.

this work were used for the calculation of its spectroscopic

data. A comparison with measured data showed good Supporting Information Available: Calculated electron densi-

agreement between theory and experiment. ties _at the iron nu_clei and isom_er shifts of all of Fhe cc_)mplexes
The thorough application of computational methods to obtained from the fit parqmeters in Table ?,the rela}tlonshlp bgtween

experimentally well-investigated systems is a prerequisite to 7 ¢ natural s populations and experimental isomer shifts, a

the investigation of less well-understood or short-lived SomPparison of calculated and measurée quadrupole splittings,

species. In this respect, the present study has shown tha{he relationship between experimentdFe isotropic hfcc’'s and

. . . calculated spin densities for all of the model systems with small
accurate calculations of isomer shifts, nuclear quadrupole .
SOCs, and a comparison of calculated and measgrehsors.
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