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The performance of various density functional approaches for the calculation of electron paramagnetic resonance
(EPR) hyperfine coupling constants in transition metal complexes has been evaluated critically by comparison
with experimental data and high-level coupled-cluster results for 21 systems, representing a large variety of
different electronic situations. While both gradient-corrected and hybrid functionals allow the calculation of
isotropic metal hyperfine coupling constants to within ca-18% for the less critical cases (e.g., ScO, TiN,

TiO, VO, MnO, MnF), none of the functionals investigated performs well for all complexes. Gradient-corrected
functionals tend to underestimate the important eateell spin polarization. While this may be improved by
exact-exchange mixing in some cases, the accompanying spin contamination may even lead to a deterioration
of the results for other complexes. We also identify cases, where essentially none of the functionals performs
satisfactorily. In the absence of a "universal functional”, the functionals to be applied to the calculation of
hyperfine couplings in certain areas of transition metal chemistry have to be carefully selected. Desirable,
improved functionals should provide sufficiently large spin polarization for core and valence shells without
exaggerating it for the latter (and thus introducing spin contamination). Coupling anisotropies and coupling
constants for ligand nuclei are also discussed. The computationally much more demanding coupled cluster
(CCSD and CCSD(T)) methods, which have been applied to a subset of complexes, show good performance,
even when a UHF reference wave function is moderately spin-contaminated.

Belanzoni et al”18and by van Lenthe et al%,and for a series
of molybdenum(V) oxyhalide anions by Swann and Westmore-
land2® During the course of the present study, Knight et al.

1. Introduction

Electron paramagnetic resonance (EPR) spectroscopy repre

sents one of the most powerful experimental tools for studyin
P P ying reported DFT results on MO (M= Sc, Y, La)?t A number of

the molecular and electronic structure of compounds containin - .
P 9 carlier calculations employed the, Xnethod?2-24 Reasonable

unpaired electrons. Since the early days of this technique, a large b - d th for the i .
number of EPR spectra for transition metal complexes have beepfdreéement between experiment and theory for the isotropic
HFCCs has been found when significant metal s-character in

measured. A wealth of experimental data on electronic g-tensorsth il ied lecul bitals (SOMOS) leads t
and hyperfine coupling constants (HFCCs) is thus avail&ifle. € singly occupied molecular orbiais ( : S) eads to a
Quantitative theoretical studies of HFCCs have, however, dominance of d|rec_t c_:ont_nbutlons to the spin d(_ansny at the
concentrated largely on organic molecules or on other light main nucleus. The description is expected to be considerably more

group systems. This is understandable, as the accurate inclusior‘f,omp.l'cateGI when spin-polarization effe?t.s become large, a
of electron-correlation effects is mandatory for quantitative situation that should apply for many transition metal systéms.

calculations of electronnuclear hyperfine interactions. To In the studies mentioned, only a limited number of exchange
achieve this in traditional post-HartreEock ab initio calcula-  correlation functionals and basis sets have been employed, and
tions is far from trivial, and such treatments are not easily only a relatively small set of molecules and electronic structure
applicable to larger tran’sition metal complexes. GARCF and situations was encompassed. Further systematic studies are thus

MR—SDCI calculations have been done on ScO. TiN. and VN Needed, if one wants to be able to judge in detail the ability of
by Mattar et al9-11 as well as on VQ(x = 1, 2, 3) ’by K’night the available DFT approaches to describe HFCCs for transition

et all2 To our knowledge, no other transition metal systems Metal systems. Here we present a critical validation study,
have been treated at comparable levels. including twenty-one first-row transition metal complexes and

Recent developments in density functional theory (DFT) do
in principle provide an alternative, as DFT includes electron
correlation approximately,
number of Kohn-Sham DFT studies on transition metal HFCCs

eight different state-of-the-art exchangerrelation potentials
vxe. Throughout this work, we have learned much about the

at moderate computational cost. A mechanisms of spin polarization and related phenomena for

HFCCs in transition metal complexes. These interpretational

have appeared, using local-spin-density approximations (LSDA), @SPects will be covered in more detail elsewRe(@cluding
generalized-gradient approximations (GGA), as well as hybrid numerical results), but will be touched.upon briefly in this work
functionals including exact exchange. Hyperfine parameters have'Whenever needed for an understanding of the performance of
been computed for VN by Mattar and Dolem&rfor TiN and different functionals. o _

TiO by Engels et alt3 for CuGH, and Cu(CO) by Barone et After outlining roughly the nonrelativistic theoretical formal-

al. 14.35for a ruthenium complex by Aarnts et &f.for TiF3 by ism of hyperfine couplings in section 2 (mainly to connect to
the rather different types of experimental information available),

we will discuss problems connected with the selection of
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experimental data (section 3). Information on molecular struc- unpaired spin density is mainly localized on the metal). See
tures, basis sets, and theoretical approaches used is given isection 4 for comments on spiorbit corrections to the
section 4. After a description of coupled cluster results for a hyperfine couplings.

subset of the complexes (section 5), which we employ as
reference data, basis set effects are examined in section 6. The
the performance of different exchargeorrelation functionals

is compared systematically for the metal HFCCs (section 7),
followed by a brief discussion of ligand HFCCs (section 8). A
number of general conclusions are provided in section 9.

3. selection of Experimental Data

The selection of the molecules used in this study was deter-
mined mainly by the availability of experimental data on small
systems having a well-resolved hyperfine structure for the metal
and, if possible, also for the ligands. We have included examples
for all first-row transition metals. Some pairs of isoelectronic

The theory of EPR hyperfine couplings is covered in detail molecules have been selected to compare different transition
in text books!*-826and we summarize only those points which metals in similar electronic surroundings. In the following we
are important for the comparison between computed and exper-will comment on the interpretation of the measured data and
imental quantities. The hyperfine coupling parameters describe on the expected accuracy of different experimental techniques.
the interactions of unpaired electrons with various magnetic =~ Gas-Phase DataFor all diatomic oxides and nitrides, and
nuclei. The 3x 3 hyperfine interaction tensércan be separated  for MnH, literature hyperfine parameters from high-resolution

2. Theoretical Formalism

into its isotropic and anisotropic (dipolar) componéhts.the gas-phase molecular spectroscopy have been used. The relative
first-order approximation (neglecting spiorbit effects; cf. positions of the energy levels were obtained either directly by
discussion in section 4), isotropic hyperfine splittings(N) monitoring of the absorption/emission ("pure” microwave
are equal to the Fermi contact tednc and they are related to  rotational spectroscopy) or indirectly (through fluorescence or
the spin densitiep® #(Ry) at the corresponding nuclei by molecular beam deflectiody. The hyperfine parameters have
been determined from the analysis of the level splittings. The
A N)=A,= %ﬂegNgegN[szglea—ﬁ (1) accuracy of such measurements is usually very high, sometimes

in the kHz range for microwave optical double resonatce’

In most of the gas-phase investigations, the interactions
between molecules represent relatively small perturbations which
usually affect only the widths of the spectral lines; in molecular
beam studies such interactions are completely al38ertis
makes the gas-phase data most reliable for comparison with
our computed data on isolated molecules. Moreover, in these
gas-phase experiments, the sign of the HFCCs is known.

Condensed-Phase EPR Datdror the remaining systems,

@) the hyperfine parameters had to be taken from condensed-phase
EPR spectroscopy. Different trapping sites (mostly inert-gas
matrices, but also host crystals and frozen solutions) are thus

whereP“;ﬁ is the spin density matrix. We will in the following involved. Obvi_ously, the environ_ment can influence th_e valut_as

abbrevi’gtquu_ﬂ by pn. of the hyperfine parameters, in particular of the isotropic
coupling constantd, due to both structural and electronical

The componentSy of the anisotropic tensor are in the first- ) i X
order approximation given By effects. This complicates the comparison of our calculated data
with experiment.

wheref. is the Bohr magnetorfjy the nuclear magnetorm,

the free electron g-value (2.002 319 31). The g-value of the
nucleus N is given bgn = un/In (un is the nuclear magnetic
moment of nucleus N in units ¢y, andly is the total nuclear
spin for that nucleus)[E[is the expectation value of the
z-component of the total electronic spin. The spin density”?

at the position of nucleus NR{) can be expressed as:

o= S P I0RYI8,0

1 N o p In those few cases where EPR results are available on the
Ti(N) = —BeAngeIn LB, ZPW x same complex from both gas- and condensed-phase measure-
2 uv ments, the HFCCs differ typically by a few percent, up to ca.
Ejbﬂ|r§5(rﬁ,6k| — 3ryn)le,0(3) 10% in extreme cases. Thus, e.g., the gas-to-matrix shift for

Aiso(V) of VO is less than 3% of the absolute value (data

wherery = r — Ry. T is always traceless and may be brought available are 798 MHz in Ne matri€,796 MHz in Ar matrix32
to diagonal form. For magnetic nuclei with an electronic and 778 MHz in the gas phaSg The situation is similar for
environment of axial symmetry (i.e., those located on an at leastScO (cf. matrix values of 20052018 MHZA4?1 vs gas-phase
3-fold symmetry axis), it has the form-@dip, —Adip, 2Adip), value of 1947 MHZ2® for As«(Sc)). Larger gas-to-matrix shifts
whereAyg, is the so-called dipolar coupling constant. From the have been found for MnO (7%; cf. 448 MHz in maffixs
experimental tensor components( A, Ay)), Aiso andAgip may 480 MHz in the gas pha®® and MnH (11%, see ref 37). For
then be extracted Vikiso = (A + 2A0)/3, Agip = (A — Ag)/3. charged species, counterion effects may be considerable and
Another terminology is used in gas-phase spectroscopy stifdies. have to be kept in mind as a potential source of errors.
The high-resolution spectra of linear molecules can be described In view of these environmental effects, we cannot aim at a
in terms of five parameters(b, c, d, ¢ of whichb andc are better agreement with condensed-phase experiments than ca.
related toAiso and Agip asAiso = (b + ¢/3) andAgi, = ¢/3. 10—15%. Furthermore, the theoretical values should best be

All transition metal nuclei in the present study are at sites of compared with the whole range of accurate experimental data
axial symmetry. Although this is not the case for all ligands, available. This is most important for complexes with very small
experimentalists in the field prefer to use th#;,” terminology, isotropic coupling constants, since these are particularly sensitive
even if it is not justified by symmetry. This is often due to the to the influence of the surroundings. We note also that the
fact that the dipolar ligand splittings are small, and two different computed structures do not include any rovibrational corrections.
“perpendicular” components are not observed in the spectra (atOn the other hand, the experimental structures also have to be
least for complexes such as those considered here, where th@iewed with some error bars. Structural aspects contribute thus
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TABLE 1: Structures Used in the HFCC Calculations?

molecule metatligand (intraligand) bond lengths and angles source
ScO Ceor 1.667 opt
TiN Cor 1.567 opt
TiO Cor 1.623 c
VN Cor 1.567 d
VO Cor 1.589 e
MnH Cor 1.731 f
MnO Ceor 1.648 g
MnF Cor 1.839 opt
CuO Coy 1.729 h
MnF; Deh 1.811 i
TiF3 Dan 1.780 Opt
MnO3 Dan 1.579 opt
[Cu(CO)] Dan 1.796 (1.151) opt. MP2
[Cr(CO)]*" Ta 2.190 (1.122) opt
[Mn(CN)4]?~ Ta 2.158 (1.133) k
[Ni(CO)sH] Cs, d(Ni—H) = 1.512, d(Ni~-C) = 1.851, d(C-O) = 1.135, opt
O(H—Ni—C) = 90.87,0(Ni—C—0) = 171.29
[Co(CO)] Cs, d(Co—Cy) = 1.875, d(Co-Ceq) = 1.847, d(C-O)ax= 1.137, d(C-O)eq= 1.139 opt
0(Cax—C0—Ceg = 99.2,0(Co—C—-0) = 179.2
[Mn(CN)4N]~ Cu d(Mn—N) = 1.504, d(Mn-C) = 1.967, d(C-N) = 1.165, opt
O(N—Co—C) =103.97,0(Mn—C—N) = 180.00
[Mn(CN)sNOJ?~ Cu d(Mn—Cy) = 2.009, d(Mnr—Ceg) = 2.025, d(C-N)ax= 1.167, opt

d(C—N)eg= 1.168, d(Mn-Niiro9 = 1.722, d(N-O)niros= 1.169,
0(Cax—Mn—Ceq) = 86.81,0(Mn—C—N) = 180.00

[MN(CO)s] Ca d(Mn—C,) = 1.845, d(Mn-Ceq) = 1.875, d(G-O)a= 1.143, d(C-O)eq= 1.141, opt
0(Cax—Mn—Ceq) = 97.01,0(Mn—Ceq—Ocg = 179.95
[Fe(COY* Ca d(Fe-Ca) = 1.969, d(Fe-Ceq) = 1.906, d(C-O)m= 1.125, d(C-O)eq= 1.125, opt

0(Cax—Fe—Ceq) = 96.11,0(Fe—Ceq—Oeq) = 179.94

aDistances in A, angles in degre@Dpt = optimized in this work, otherwise the corresponding experimental reference is gidenking, H.;
Gerry, M. C.; Merrer, A. JCan. J. Phys1979 57, 54.9Balfour, J.; Merer, A. J.; Niki, H.; Simard, B.; Hackett, P. A.Chem. Phys1993 99,
3288.¢ Reference 12\ Herzberg, H.Spectra of Diatomic Molecule¥an Nostrand: Princeton, New Jersey, 195Gordon, R. M.; Merer, A. J.
Can. J. Phys198Q 58, 642." Merer, A. J.Ann. Re. Phys. Chem1989 40, 407.' Landolt-Banstein Numerical Data and Functional Relationships
in Science and Technology, New Series, Group I, ValMddelung, O., Ed.; Springer: Berlin, 1992; p 7&ee text. At the DFT level, we obtain
d(Cu—C) = 1.880 A; d(C-0) = 1.140 A.%Reference 53.

also to the uncertainties in the comparison between calculation4. Computational Details

and experiment. Molecular structures used for the hyperfine structure calcula-
From the solid-state EPR spectrum, only absolute values of tions were taken from experiment where available or have
the hyperfine tensor components (e.gfy| and |Ag| for an otherwise been optimized in unrestricted Ket8ham calcula-

axially symmetric center) can be determined. Additional infor- tions with the B3LYP functional (using thé&aussian 94
mation can be obtained, e.g., from the signs of the componentsprograni®). The optimizations employed small-core effective-
of the nuclear quadrupolar tensor, so that the sigh,cdnd/or core potentials (ECPs) and (8s7p6d)/[6s5p3d] GTO valence

Ag may be deduce# Another possibility is to comparg| basis sets for the metdl$,and ECPs with (4s4p1d)/[2s2pld]
and|Ag| from the solid-state measurement with tiAg,| result basis setd for the ligand atoms (a (4s1p)/[2s1p] hydrogen
obtained via EPR in a solution. Unfortunately, such information basig? was used for MnH and [Ni(C@M]). The resulting
is usually not available, and four combinations@f, andAgip structure parameters are summarized in Table 1. [CW]d©)

are possible. To decide which of them is the correct one, a weakly bonded complex with significant dispersion contribu-
theoretical arguments have to be considered. For example, thaions to the bonding. Here the DFT optimizations are known to
sign of Agp may be estimated from the type of the singly overestimate the CuC distance, and we have therefore resorted
occupied molecular orbital (SOMO) present. Chemically similar to an MP2 optimization with one f-functio(= 3.52539) added
complexes may be expected to have the same sigAs ahd to the metal basis set.
A, etc. The following symmetry restrictions have been used in the
In this study, those signs & andAg are given in the tables  optimizations: Dg, symmetry was used for Tiand MnQ; and
(if not known experimentally), for which the resulting value of  for [Cu(CO)]. The trigonal planar structures are consistent with
Agip is as close as possible to our theoretical value. This choice hyperfine daté—47 and IR spectrd®4° Dz, symmetry has also
is a natural one, since the calculation of the anisotropic coupling been established theoretically for Fify Belanzoni et al’ [Co-
parameters is much less sensitive to the theoretical approach(CO),] and [Ni(COXxH] have Cs, symmetry2951 Tqy symmetry
and thus reasonable agreement with experiment is usuallywas used for [Cr(CQ)™ and [Mn(CN)]2~, again in agreement
found?® In the majority of cases, the resulting sign turned out with experimental evidenc@:53C,, symmetry has been imposed
to be consistent with that adopted in the experimental papers.for [Mn(CO)s] and [Fe(COj]*, consistent with the EPR
For several particular cases, the choice of sign is further spectra455 DFT optimizations performed by Rosa et>affor
discussed in the footnotes to the tables. [Mn(CO)s] and by Ricca et at” for [Fe(CO)}]* have provided
All values of the hyperfine parameters are given in MHz. In structural parameters close to ours. Our optimizations for
those cases where the experimental data have been reported ifMn(CN)4N]~, starting from the experiment&l,, structure of
Gauss, they have been converted to MHz by multiplying with [Mn(CN)4N]2~,%8 converged to a regular square pyrant@,j,
a factor of 2.80238f/ge).2 in agreement with the observed hyperfine struckfiéhe struc-
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ture of [Mn(CNyNO]?~ was optimized irC,, Symmetry, start- TABLE 2: Available Experimental g-Tensor Componentst

ing from experimental structure of Pink and BillifgIn dis- molecule 9 a9
2l rfer 0 he conventional orientation for 2 given point roup. 520 20018(3) 20018(3)
) TiFs 1.8808 1.9902
The all-electron DFT calculations (cf. below for the basis VO°© 1.980 2.002
sets) of the hyperfine structure were done with @Gaussian [Cr(CON* 1.9986 1.9986
94 programz® Unless noted otherwise, unrestricted Ket8ham MnH_ 2.001 2.0023
calculations were carried out. We have compared eight different m& %'ggg 4 %‘38%2
combinations of exchange and correlation potentiglgp] and MnE 1.999 2.009
vp], respectively), abbreviated as BLYP, BP86, BPW91, MnF, 1.999 2.002
B3LYP, B3PW91, BHLYP, BHP86, and BHPW91. The first [MN(CN)4]% 2.003 2.003
three combine Becke’s GGA functional for exchaty®) with [Mn(CO)s] 2.043 2.004
three different GGAs for correlation (LY®, P86%2 and [Fe(CON* %8?33 2.008
PW919). The fourth and fifth combinations use instead for [Mn(CN)sNOJ2- 20311 1.9922
exchange Becke's three-parameter hybrid functional (B3; this [MN(CN).N]~ 2.0045 1.999
includes ca. 20% exact exchang¢Finally, for the last three [Co(CO)] 2.1299 2.0059
functionals we have used the “half-and-half” hybrid (BH), [Ni(CO)sH] 2.0674 2.0042
incorporating as much as 50% exact excha¥gguch func- [Cu(COX] 2.0002 2.0008

tionals are somewhat less popular but have been reported to 2 See footnotes to Tables 8 and 10 for references. The g-values were
perform particularly well for certain classes of open-shell main usually estimated from the spectra without considering second-order
groug® or transition met&f compounds. All functionals were ~ €ffects. The g-value of the free electron is 2.002Beference 21.
used in theitGaussian 94mplementatior?® To obtain further ¢ Reference 12¢ Assumed in the experimental workReference 35.

high-level ab initio data to compare with, we have carried out inq1ar couplings is expected to be somewhat less pronounced.
coupled cluster [CCSD and CCSD(T)] calculations for a subset g jicit scalar relativistic DFT calculations on T enhanced

of mqlecules, using unrestricted_ Hartrefeock reference wave n(Ti) by ca. 2% and decreasedi(Ti) by a similar amount.
functions (unless noted otherwise) and the ACHScode™ Ipnterestingly, these calculations indicated scalar relativistic
As a medium-size metal basis set for use in larger systems, effects for the (small}% HFCCs on the order of ca. 2@20%.
we have constructed a (15s11p6d)/[9s7p4d] basis. Our startingThis has to be kept in mind when discussing the ligand HFCCs
point was the DZ basis of Stfea et al.?® to which we added  (section 8).
the most diffuse functions (a 1s2pld set) from the ECP valence = gpin—orbit effects may manifest themselves in a second-order
baS.iS Of Dolg et a10 IGLO_“I baSiS Setéo were Used f0r the “pseudocontact” Contribution tAjSO (APC)v and in a Second_
main group atoms. order contribution t@dip (Adgip2).>&1":">When the g-tensor of a
Basis-set convergence was tested for several of the smallersystem is known, a rough semiempirical estimate of-spitbit
complexes. To this end, we used a larger (21s15p10d3f)/ contributions to the HFCCs may be obtained along the lines of
[13s10p6d2f] metal basis, constructed from the atomic natural the classical perturbation theoretical approach of Abragam and
orbital (ANO) basis sets of Roos et‘dlas follows: the 1s-,  Pryce® (more details for specific d-orbital occupations and coor-
2p-, 3p-, and 3d-ANO coefficients were used to contract dination arrangements are given in ref 8). For example, for a
s-functions +12, p-functions +10, p-functions 512, and d'-system in a trigonally distorted octahedral field*(donfig-
d-functions 110, respectively. To this we added, in an uration), we may use equations (9.2649.209) in ref 8 to get
uncontracted fashion, s-functions-1P1, p-functions 815, and 4 1
d-functions 6-10. Finally, the 3f set of Bauschlicher et7al. _ 402 1
has been added in a 21 contraction. For both the smaller and A= Aect P’7(S 7AgD]
larger metal basis sets, more flexible contractions have further- 2, 15
more been tested (section 5). Ag= A+ Pl—75 + ﬁAgD
As a somewhat larger basis for the first-row main group
atoms, we have constructed a (14s8p3d1f)/[8s6p3d1f] set, startwhere P = (uo/4r)2us@3]) O is d2-orbital coefficient in the
ing from the cc-pV5Z basi& To the contracted sets of s-func-  SOMO, andAgr = ge — g Now, setting (2/7)2P = Agip, We
tions 1-11 and p-functions 48, s-functions 814 and p-func- get
tions 4-8 have been added in an uncontracted way, as well as
three d-functions and one f-function from the cc-pVQZ basis. . _ Agp
The results we give have been obtained with the default A=A~ Are = Aupl 2~ 252
integration grids (int= finegrid optior?9) of the Gaussian 94

(4)

i 15A

ggogram. For va.rlous.complexes we have also tested larger A=A~ Ae=Ag| 1+ 9 )
gular and radial grids (results not shown). The effect of P 452

different grids was generally below 1% of the computed HFCCs,

even with the largest, uncontracted basis sets. SinceA's = — Adip — Adip2 + Apc andApc = Y3(A) + 2A'D),
The present calculations do not include relativistic corrections. we get

Scalar relativistic effects on the isotropic metal HFCCs may be

estimated roughly from hydrogen-like multiplicative correction _ 7A9Ap _ _17A9up ©6)

factors to magnetic s-type hyperfine integrdisSThese range Apc= 3 2 212 2

from 1.036 for Sc to 1.072 for Cu. This suggests that the neglect

of scalar relativistic effects may lead maximally to an under-  Using our DFT results foAq, (we chose the BPW91 data),
estimate ofpy by ca. 4-7% within the first transition metal  together with experimental values of the g-tensor components
row (in the case of a pure s-type SOMO). The influence on (Table 2), we may thus approximately estimate the -spirbit
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TABLE 3: Coupled-Cluster Results (in MHz)

Munzarovaand Kaupp

9s7p4d 15s10p6d2f

molecule RCCSD uUccsD UCCSD(T) UCCSD uUCcSsD(T) &xp
Aiso(M)

2ScO 1823.1 1819.2 1837.3 1837.1 1947.339(2)

4/0 676.6 730.4 702.1 740.8 778(2)

SMnO 416.6 441.6 435.2 467.6 460.6 479.9

SMNF, 64.4 63.0 77.3 104(B)

‘MnH 217.0 216.7 242.2 243.4 279.4

2TiF, —170.9 —~170.5 —177.1(4%

2MnOs 1492.0 1511.3 1613(6)

2Cu0O —498.9 —515.0 —538.4 —552.1 —483.6(94)
Adip(M)

2ScO 23.1 23.9 23.7 24.3 24.8

VO —46.5 —46.3 —47.6 —46.5 —41.2

SMnO -16.0 —16.7 —-17.3 —16.9 —-17.8 -16.1

SMnF, 4.2 4.1 35 10(6)

MnH 12.0 12.0 12.6 12.6 12.0(8)

2TiF, -75 -75 —6.6(4f

2MnOs 94.7 1015 81(3)

2Cu0O 344 34.9 44.6 46.2 24.1
Aiso(X)

2Sc0 —~17.4 —23.9 -17.3 —-23.7 —20.3(3Y

/O 3.8 3.8 4.2 3.4 0(4)

SMnO —-5.1 —-7.0 —-6.9 —8.2 —-7.9

SMnF, 9.9 9.9 9.5

MnH 13.6 13.8 15.3 17.1 20.7(39)

2TiF, -33.3 -35.1 8.3(4F

’MnO3 4.9 7.8

2CuO —42.7 —40.9 —43.6 —41.6
Adip(X)

2ScO 0.4 —-0.1 0.7 —-0.1 0.4(2Y

WO 2.2 -3.2 1.4 —2.7 0(3)

SMnO 9.2 111 8.6 11.5 8.7

SMnF, —10.3 —10.2 —10.6

‘MnH 11.8 11.8 11.9 11.8 8.4(33)

2TiF 18.0,6.1,-24.0 18.7,5.9;-24.6 e

2MnOs? —22.6,—7.7,30.3 —27.0,—35.8,62.8

2Cu0O 57.6 55.9 57.6 55.8

<S>/ <S>y nominal ($0

2ScO 0.751/0.756 0.750/0.756 0.751/0.755 0.750/0.755 0.750
VO 3.779/4.229 3.741/4.229 3.782/4.238 3.739/4.238 3.750
5MnO 8.838/8.750 8.828/9.534 8.727/9.534 8.859/9.532 8.722/9.532 8.750
SMnF, 8.752/8.750 8.762/8.752 8.750/8.762 8.750
MnH 12.000/12.005 12.000/12.005 12.001/12.005 12.000/12.005 12.000
°TiFs3 0.750/0.750 0.750/0.753 0.750
°MnO; 0.771/0.750 1.068/2.601 0.750
2Cuo 0.754/0.772 0.750/0.772 0.754/0.772 0.750/0.772 0.750

a Cf. footnotes to Tables 8 and 10 for sources of experimental Blta.matrix result. Tables-811 also include the Ar matrix resultsReference
44, cf. reference 18 for a revisiofiNonaxial tensor. Th&; components are given in order: (1) along the meligiand bond, (2) normal to the
metak-ligand bond, in the molecular plane, (3) along the molecziaxis. ¢ Anisotropy experimentally not well defined, cf. discussion in reference

18.

contributions to the hyperfine parameters from eq 6. The values 5. Coupled-Cluster Results
of 6 were obtained from the Mulliken population analysis of

The CCSD and CCSD(T) calculations carried out on a subset

the SOMO composition. The formulas given here may be used of complexes (ScO, VO, MnO, MnFMnH, TiFs, MnQs, and
for any axially symmetric system with the SOMO dominated CuO) should provide benchmark data for the validation of the

by the metal ¢ orbital. This approach is used for BiF
[MNn(CO)s], [Fe(CO)]™, [Ni(CO)zH], and [Co(CO)]. We use
related formulae to estimate the spiorbit contributions for
[MNn(CN)sNOJ?~, where the SOMO is a metalydorbital. In

more economical DFT approaches. The results are summarized
in Table 3. Both the standard 9s7p4d and the more flexible
15s10p6d2f metal basis sets were used for the diatomics (see
also section 6), together with the IGEII basis for the ligand

essentially all other cases, deviations of the g-tensors from theatoms. With the available computational resources we could
free-electron g-value are sufficiently small to expect negligible not use the larger basis set for MnHiFs, or MnO; (for the
spin—orbit effects on the HFCCs (no experimental g-tensor is latter two complexes, even the CCSD(T) calculations with the
available for CuO; for this complex we expect significant SO smaller basis exceeded our available resources). While the larger
effects, cf. section 7). We should also note that the assumptionbasis should be essentially saturated in the important range of

of the d? orbital dominating the SOMO is not entirely
appropriate for [Mn(CQ) and [Ni(COXH] (significant 4p

the outermost core shells (cf. section 6), it is probably still
incomplete with respect to higher angular-momentum func-

character has to be considered), which may lead to a significanttions necessary for the explicit description of electron correla-
error in the estimate (see section 7).

tion.
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Disregarding CuO for the moment, the results of the largest TABLE 4: Basis-Set Dependence of the HFCC (MHz) in
CCSD(T)/15s10p6d2f calculations for the isotropic metal Mn*?

coupling constants are only ca—8% below experiment. For basis Aiso(Mn)
the §maller absolutg value in MnH, the deviat'iorj is ca. 13% (15511p6d)/[9s7pAatl] 759 2
(again the computational result is too low). A similar underes- 9s7padt 1s 757.0
timation of the experimental metal HFCCs was also found in 9s7p4dt 28 744.8
the few available previous post-Hartreock studie$12 These 9s7padt 3¢ 729.5
results suggest that the coupled-cluster calculations underesti- 15s11p6d uncontt. 728.4
mate electron correlation, mainly because of basis-set incom- (21s15p10d3f)/[13s10p6d2f] 841.9
pleteness, and therefore may overestimate spin polarization to gz%gp?ggggagl??gb““222:{3 gié-g
some extent. Of course we have to remember that scalar 1351036(1% (1§ U ) 8110
relativistic effects and rovibrational corrections have not been 13s10p6d2f 2 802.6
considered (cf. section 4). CuO differs from the other cases, as 13s10p6d2f- 3¢ 798.5
both basis-set extension and inclusion of triple excitations leads 13s10p6d2ft- 4 798.3
to more negative\so(Cu) and thus to inferior agreement with 13s10p6d2ft- 5¢° 797.6
experiment (although still better than with DFT methods, see giigg?gggﬁki’gmz uncontr.) 79;?47 8

below). The discrepancy is probably related to the neglect of
spin—orbit corrections (see discussion in section 7). exp
Comparison of CCSD(T) and CCSD results indicates that the fu:c?iiﬁs\,l\gjh gg?#';ﬁ S;igg?r;dctgéw;; St;aesz%lt@m?gn t‘igf:{e 3'

?Oerr}\l/ljmzatglr? dlr:/c(I)usmr? of ttrr']ple ex_(i_ltatlto_n? IS part;c_lélatrly n[()) t_a ble ¢ All s-functions uncontracted. Kasai, P. Hcc. Chem. Red.97], 4,

2 » where the positive triples contribulion brings 359 A matrix isolation! Reference 45 reports a value of 771(14) MHz.
the results closer to experiment (note that for VO the triples
contribution is less pronounced with the larger basis set). In all 6. Basis-Set Study
other cases, the influence of triple excitations is small. We note
that the inclusion of triple excitations brings our CCSD(T) data
for VO into better agreement with experiment than the SDCI
and MRCI results of Knight et al. (ca. 68592 MHz with
different basis sets, which are comparable to the ones use

here)12 : .
ere) ) . _several small systems, we have therefore studied the GTO basis-
Use of the smaller 9s7p4d metal basis leads to a reductiongg; convergence at the DFT level.

of Ais(M) by ca. 9% for MnH, by ca. 5% for MnO, by ca. 3% Table 4 examines the B3PW9L1 results &, in the ’Mn™
for CuO, and by only ca. 1% for VO and ScO. While this is in  4tion using a variety of basis sets. For this high-spin cation
part due to some error compensation, it mdu_:ates already that,;ith gsst configuration, the large positive direct contribution
the 9s7p4d basis provides a good compromise between oMy, the HECC due to the single s-type SOMO should be partially
putational effort and accuracy. This is confirmed in the DFT ' ompensated by negative contributions from spin polarization
calculations (see below). We expect that a larger basis shouldt the core shells, due to the five d-type SOMO®A better
bring the result for Mnk closer to the Ne matrix value. The  gescription of this spin polarization should thus reduce the
CCSD results for Tifand MnQ with the 9s7p4d metal basis  yrcc. From tests with still larger basis sets, we expect the
are already in good agreement with experiment (cf. Table 3). 1y uncontracted 21s15p10d3f basis to be converged to within
Even for the latter system, the coupled cluster wave function peatter than ca. 10 MHz. Comparison of the resulting 797 MHz
corrects quite efficiently the signific_ant spin contgminatio_n of {5 the 980 MHz obtained at the restricted B3PW91 level (with
the UHF reference (cf<S?> values in Table 3; this behavior 1o same basis) suggests a total spin-polarization contribution
of the CC approach was discussed befof8. Despite the 4 ¢4 —183 MHz. Remaining differences to experiment (note
remaining contamination, the RCCSD and UCCSD results for e two different experimental values available in the literature;
Aiso(Mn) are already quite close. Differences are still apparent fqotnotes e, f to Table 4) are expected to be largely the result of
for Adip(Mn) and for the ligand HFCCs. Spin contamination of  geficiencies in the exchangeorrelation potentiak,.. Contrac-
the UHF reference wave function for MnO and Mri& lower, tion of the basis to 13s10p6d2f increases the HFCC by ca. 43
and thus the agreement between RCCSD and UCCSD resultyz. Starting from this contraction, we may now examine the
is even closer. This indicates the relative stability of the CC jnfiuence of partial decontraction. Changes in the p- and d-basis
approach with respect to the quality of the reference wave pgye negligible effects. However, if we add s-function9=
function’7.78 A more detailed analysis of different reference 316.3768) in an uncontracted fashion, 30 MHz of the 43 MHz
wave functions is beyond the scope of the present study. contraction error have been eliminated. Adding s-exponents 8
The small dipolar coupling constants for the metals are (o = 727.3039) and 7o = 1755.212) reduces the HFCC by
reproduced rather accurately for most systems. The less favor-another 8 and 4 MHz, respectively, giving 798.5 MHz for the
able agreement for MnFmight be due to matrix effects (cf.  resulting 15s10p6d2f basis, i.e., almost the value obtained with
Table 8), whereas the description of CuO is generally more the fully uncontracted basis (further addition of uncontracted
complicated, probably due to sptorbit effects (cf. above and  tighter s-functions has thus very little effect). Our MO analyses
section 7). Except for the latter complex, the dependence of indicate that this is mainly due to a decrease in the direct SOMO
Agip(M) on triple excitations and basis set is only moderate, as contribution, possibly due to a better description of the nodal
one might expect. Agreement of the CC results with available structure of the 4s-orbital.
experimental ligand isotropic and anisotropic HFCCs may also  We may also analyze the results obtained with our smaller
be considered reasonable in most cases, in view of their small-9s7p4d standard basis constructed for use in larger systems.
ness in absolute terms (note the significant error bar on the Employing this basis fully uncontracted to 15s11p6d, the
experimental result for VO). expected basis-set limit HFCC (for the B3PW9L1 functional used)

While the basis-set dependence of the hyperfine parameters
for light main group atoms and molecules has already been
investigated in detafl31579.80systematic basis-set studies are
a]acking for transition metal systems, except for a comparison
of different STO basis-sets for Tifby Belanzoni et al? For
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TABLE 5: Basis-Set Dependence of Hyperfine Parameters (in MHz) in Mn®

Munzarovaand Kaupp

basis set BP86 B3LYP B3PW91

Mn ¢} Aisol(Mn)  Agip(Mn) - Asg(O)  Adip(O)  Aiso(MN)  Agip(Mn) - Aiso(O)  Adin(O)  Aiso(MN) - Agip(Mn) - Aiso(O) - Adip(O)
9s7p4d IGLO-IlIl  526.8 —244 54 8.1 521.8 —20.7 —8.0 9.9 5075 —-20.2 -—7.3 10.1
9s7p4dt+3s IGLO—IlIl  507.3 —245 54 8.1 5025 —20.7 -8.0 9.9 4859 —-20.3 -—7.6 9.9
15s11p6d IGLO—IlI 507.1 -249 53 8.1 5019 -—-211 -79 9.9 488.2 —-206 7.2 10.1
(uncontrd) (uncontrd)
13s10p6d2f 8s6p3dlf 5625 —242 55 8.3 557.7 —-204 8.0 10.0 543.3 —20.0 -7.8 10.3
13s10p6d2f-2¢ 8s6p3dif 539.9 —242 —54 8.3 5348 —-204 7.7 10.2 518.2 —-20.0 -74 10.3
13s10p6d2f-2¢ IGLO—III  534.5 —242 53 8.3 5329 —-204 75 10.2 516.3 —20.0 —7.2 10.3
21s15p10d3f 8s6p3dif 5315 —-246 54 8.4 5275 —-205 —-8.0 10.0 513.7 —-20.1 -—7.3 10.3
(uncontrd) (uncontrd)

2 Experimental dataAsf(Mn) = 479.861(100) MHzAgi,(Mn) = —16.066(59) MHz (gas-phase measurement, ref 3@)5s11p6d)/[9s7p4d].
¢ Three outermost core s-functions added, see féxtilly uncontracteds (21s15p10d3f)/[13s10p6d2f]Larger ligand basis, see Computational
Methods.9 Two outermost core s-functions added, see text.

TABLE 6: Dependence of Metal HFCCs (in MHz) on the Metal Basis-Set for Selected Systefs

BP86 B3LYP B3PW91
molecule 9s7p4d  12s7p#d 15s10p6dZ 9s7p4d 12s7p&d 15s10p6d2f 9s7p4d 12s7pdd 15s10p6dZf exp!
2ScO0  Aso  1979.6 1898.4 1932.0 2032.3 1948.2 1995.6 1930.2 1849.9 1878.6 1947.339(2)
Adip 17.5 17.5 18.8 18.7 18.7 20.1 18.7 18.7 20.1 24.8053(7)
2TiN Aso —569.0 —547.3 —561.8 —584.3 —559.7 —578.1 —554.2 —-534.1 —548.1 —558.8(11)
Adip —4.3 —4.3 —4.7 —4.4 —4.5 —-4.9 —4.7 —4.6 -5.1 —5(2)
O Aiso 821.0 789.8 815.4 829.5 796.5 825.5 795.2 763.0 788.8 778(2)
Adip —48.1 —48.0 —48.1 —49.9 —49.8 —50.0 —48.2 —48.2 —48.1 —41.3(8)
5MnO  Aso 526.8 507.3 534.5 521.8 502.5 532.9 507.5 485.9 516.3 479.861(100)
Adip —24.4 —24.5 —24.2 —20.7 —20.7 —20.4 —20.2 —20.3 —20.0 —16.066(59)
MnH  Aso 380.0 366.7 398.1 331.8 322.1 349.0 329.6 322.3 351.7 279.4(12)
Adip 8.4 8.3 9.0 9.8 9.7 10.4 10.1 10.1 10.9 12.0(8)

aThe IGLO-III basis was used for the ligandsThree outermost core functions added to standard 9s7p4d basis, séd textoutermost core
functions added to 13s10p6d2f basis, see t€8ee footnotes to Tables 8 and 10 for the sources of experimental data.

is underestimated by ca. 70 MHz (Table 4). This is most JABLE 7: Nuclear g-Values®

probably related to the lack of very large ceighell s-exponents isotope g-value
to describe accurately the spin density near the nucleus. Upon 455 1.35883
contraction, the discrepancy with respect to the 21s15p10d3f 4TTi —0.31538
basis result decreases, again due to an increased SOMO sV 1.47100
contribution. The medium-size 9s7p4d basis simulates the largest oCr —0.31567
basis sets quite well, due to error compensation. We find this 57:\:/'8” %‘_%%%a
compensation to be systematic rather than accidental (see below) 59C0 1.31886
and take it as a support for the usefulness of this smaller metal 6INj —0.49987
basis for applications to larger systems. %Cu 1.48187

Table 5 shows basis-set tests for both metal and ligand 1"' 5.58556
isotropic and dipolar HFCCs in MnO, using three different 1‘3‘(N: é'igggg
functionals. First of all, we note that the anisotropies show 170 —0.75748
relatively little basis-set dependence. Examination of the effect 19F 5.25760

of the ligand basis set on the isotropic HFCCs indicates that

the IGLO-IIl basis is already rather well converged relative to

the larger 8s6p3d1f basis. The effect of the metal basis is very

similar to the above results for Mn Decontraction of the

aIn nuclear magnetons. Taken from Fuller, G. H.Chem. Phys.
ef. Datal976 5, 835.

7. Performance of Different Exchange-Correlation

outermost coreshell s-functions decrease&isg(Mn). The Functionals for Metal HECCs

smaller 9s7p4d basis compares again well with the fully
uncontracted 21s15p10d3f basis (for all functionals), due to error
compensation. trends before going into more detailed analyses for specific
Table 6 shows results f@¥s(M) and Agip(M) of a somewhat groups of complexes. Table 8 gives isotropic metal HFCCs,
larger subset of molecules with three different basis sets (9s7p4d,Table 9 the dipolar couplings for all 21 molecules and for the
9s7p4d-3s, 13s10p6d2f2s), and again with three functionals.  eight functionals of this study, in comparison with experiment.
As in the two previous cases, a more flexible description of the The dipolar couplings give us further insight, as they depend
outermost s-core shell regions (2s, 3s) reduces the absolute valuéess on subtle details of spin polarization but more on the overall
of Aso(M) (TiN has a negative HFCC due to the negatiye quality of our wave functions. Additional insight on spin
(Ti); cf. Table 7). Notably, the contracted 9s7p4d basis gives contamination is provided by the &> expectation values,
results that deviate only by ca—P% from the values obtained ~ which are also included in Table®.
with the flexible 15s10p6d2f basis. Only for MnH, the deviation Figures -7 show graphically for groups of related complexes
is ca. 5%. This gives further justification to our use of the 9s7p4d the spin-density at the metal nuclei, and for all functionals,
basis as the standard metal basis set for the remainder of thimormalized to the number of unpaired electrons. Two general
study. trends hold with very few exceptions: (i) For a given exchange

General Trends. We will start by discussing some general
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TABLE 8: Dependence of Isotropic Metal HFCCs on the Exchange Correlation Functional (in MHz)

BLYP  BP86 BPW91 B3LYP B3PW91 BHLYP BHPS86 BHPWO1 éxp
2ScO 20435  1979.6 19335 20323  1930.2  1904.7  1983.1  1847.7  1947°339(2)
2TiN -587.0 -569.0 —556.6 —584.3 —5542 —569.6 —540.7 —528.0 —558.8(11)¢
3TiO 2575 —251.0 —246.3 —252.8 —2424 —2419 —2332 —227.0 —241.0 (60)¢
VN 1432.6 13935  1357.8 13889 13154 11689 11246  1081.7  1311.8
“/0 847.8  821.0 811.9 829.5 795.2 795.0 763.3 753.4 778(2)

SMnO 543.1 526.8 524.0 521.8 507.5 528.5 509.8 504.7 479.861@00)
SMnF, 313.0  294.2 283.9 240.7 214.1 144.9 1185 109.0 104(6), 134(6)
MnF 501.9  480.6 473.9 470.5 443.6 422.3 397.4 391.5 442(6), 443(6)
"MnH 380.0  380.0 385.0 331.8 329.6 277.1 271.8 276.3 279.2(12)
7TiF, —218.0 -216.6 —211.6 -1922 —186.1 —157.8 —151.9 —149.4  —184.8(4)—177.1(4}*
2MnO; 2042.4  2009.3  1987.2 17355 16759  1187.6 11415 11117  1643(6)
SMN(CN)4> -90.8 -99.8 -104.8 -1166 —1320 —1550 —169.3 —176.0 —199(3)"
§[Cr(COY)* 21.9 23.8 25.2 26.9 30.8 345 38.4 40.4 425
2MNn(CO)s] 6.7 2.8 08 —25  —121 —214  -320  —37.6 —2.8,0.6,5.6
2[Fe(COY)* 1.1 0.0 -0.6 -3.2 -5.3 -93  -117  -123 2.2
JIMn(CN)sNOJ>~  —134.3 —1458 —153.8 —223.6 —259.2 —3045 —351.7 —364.1 —219.5
2MN(CN).N]~ -160.1 -170.4 —-176.0 —250.1 —2750 —506.7 —5485 —558.5 —276

2[Ni(CO)aH] 24.4 22.3 235 33.3 33.9 51.3 54.8 56.0 9.0(2)
2[Co(COY -6.4 -11.3 157 —61.4  —754 —1754 —2100 —219.7  —47.8,—52(1y
2Cu0 -651.8 —640.0 —678.1 —755.2 —776.4 7324 —676.4 —717.3  —483.6(94)”
2[Cu(COY ~19.2 -7.3 -7.1 47 13.0 45.0 68.8 67.9 7v.2

2The numbers in parentheses represent standard devidtiGas-phase measuremenReference 28 Reference 29. For the TiO molecule,
parameter ¢” determining the dipolar contribution has not been resolved. Our B3PW91/9s7p4d resAliy(er c/3) has been used to derive
Aiso(= b + ¢/3) from the reported surh + ¢ = —231.6(60) MHz.¢ Balfour, J.; Merer, A. J.; Niki, H.; Simard, B.; Hackett, P. A. Chem. Phys.
1993 99, 3288. Our B3PW91/9s7p4d result fAgi(= c/3) has been used to derivg,(=b + c/3) from the reported surh + ¢ = 1264.2 MHz.
fReference 339 Reference 36. See also references given theb&RR in Ne and Ar matrix, respectivelyDeVore, C.; Van Zee, J. R.; Weltner,
W. Jr.J. Chem. Physl978 68, 3522.i Reference 37% Reference 44.Reference 457 EPR in solution, ref 537 EPR in Kr matrix.° Reference
52.P (1)EPR in Ar matrix, ref 54. (2) Solid-state EPR: Ozin, G. A., personal communication cited by Huffadine, A. S.; Peake, B. M.; Robinson
B. M.; Simpson, J; Davson, P. Al. Organomet. Chenl976 121, 391. (3) EPR in @Ds matrix: Howard, J. A.; Morton, J. R.; Preston, K, F.
Chem. Phys. Letl982 83, 1226.9 EPR in Cr(COg host crystal, ref 55" Single-crystal EPR in a host lattice of Mrae(CN}NO-2H,O: Manoharan,
T.; Gray, H. B.Inorg. Chem1966 5, 823.SEPR in CHCN at 300 and 10 K, cf. ref 58. Relative signs are knotReference 51. The sign of the
A (+) has been determined from the sign of the nuclear quadrupolar coupling tensor compé&irtin solid Kr, ref 50; EPR in CO matrix, cf.
ref 88b.” Steimle, T.; Namiki, K.; Saito, SJ. Chem. Phys1997 107, 6109." EPR in Ar matrix, refs 46 and 47.
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BLYP BP8 BPW9!1 B3LYP B3PW9! BHLYP BHP86 BHPW91 Functional
Functional Figure 2. Spin densityon®* at the metal nuclei ifvVO and®MnO,
Figure 1. Spin densityon®# at the metal nuclei i8ScO,3TiO, 2TiN, normalized to the number of unpaired electrons. Dependenag.on
and3VN, normalized to the number of unpaired electrons. Dependence
oN Vyc. of exact exchange intay[p] is expected to increase spin
polarization and thus to decreagge(M).
functional v[p], the computed spin densityy at the metal The relative sensitivity of the results ta[p] and v{p]
nucleus depends on the correlation functiong] as pn(LYP) depends strongly on the particular system. For ScO, TiN, or

> pn(P86)= pn(PW9L). (ii) For a given correlation functional,  TiO, a change in; (e.g. BLYP— BP86— BPW91) influences
pn decreases such ag(B) = pn(B3) = pn(BH), i.e., the spin the results considerably more than the change,dfom B to
density is reduced with increasing admixture of exact exchange.B3 (Figure 1). For Tik, MnH or MnF, and for several other

The latter trend is consistent with the expectation that the “pure” complexes, the behavior is just the opposite, i.e., the dependence
GGA functionals underestimate spin polarizatiéa®8384As on v, dominates (e.g., Figures 3 and 4). In other cases, the
the core-shell contributions to this spin polarization dominate dependence on, andv. is of comparable magnitude (see, e.g.,
typically in transition metals and contribute overall negatively Figure 2). Except for cases with strong spin contamination (cf.
to pn (see above), the metal HFCCs tend to be overestimatedbelow), the effects of, andv. appear to be roughly additive.

at the GGA level. It is well known that unrestricted Hartree The overall range of variation of the HFCCs for different
Fock wave functions tend to overestimate spin polarization functionals is also rather diverse in different systems. Thus, for
(accompanied by spin contamination). Therefore, the inclusion some systems the range of results encompasses only some
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Munzarovaand Kaupp

TABLE 9: Dependence of Dipolar Metal HFCCs on the Exchange-Correlation Functional (in MHz)

expé
molecule BLYP BP86 BPW91 B3LYP B3PW91 BHLYP BHP86 BHPW91 nominall($0
2ScO Adip 17.1 17.5 17.3 18.7 18.7 21.1 21.2 21.0 24.8053(7)
<S> 0.751 0.752 0.752 0.751 0.752 0.751 0.752 0.753 0.750
2TiN Adip —4.1 —4.3 —4.3 —4.4 —4.7 -5.0 -5.2 —5.3 —5(2)
<S> 0.752 0.754 0.756 0.753 0.759 0.757 0.768 0.769 0.750
TiO Adip —5.0 —4.7 —4.7 —5.0 —4.7 —5.1 —4.9 —4.9
<S> 2.009 2.011 2.014 2.012 2.017 2.016 2.020 2.024 2.000
SVN Adip —29.7 —28.0 —26.6 —26.3 —23.8 —16.0 —14.8 —14.0
<S> 2.034 2.040 2.047 2.076 2.119 2.424 2.442 2.505 2.000
VO Adip —49.8 —48.1 —47.7 —49.9 —48.2  —50.9 —49.9 —48.9 —41.3(8)
<S> 3.784 3.791 3.798 3.799 3.815 3.817 3.817 3.841 3.750
SMnO Adip —24.9 —24.4 —24.3 —20.7 —202 —16.2 —16.2 —16.0 —16.066(59)
<S> 8.783 8.788 8.794 8.827 8.848 9.034 9.059 9.078 8.750
SMnF, Adip —7.8 —6.4 —6.4 —3.6 —2.2 0.8 2.0 2.2 10(6) or 6(B)
<S> 8.758 8.760 8.761 8.760 8.762 8.760 8.761 8.762 8.750
MnF Adip 5.6 6.2 6.2 7.0 7.6 8.4 8.7 8.7 24(6), 16(6)
<S> 12.002 12.003 12.003 12.003 12.003  12.003 12.003 12.003 12.000
MnH Adip 7.8 8.4 8.4 9.8 10.1 10.9 11.2 11.2 12.0(8)
<S> 12.003 12.004 12.004 12.003 12.004  12.002 12.003 12.004 12.000
TiF3 Adip —9.9 —9.2 —9.1 —10.1 —9.5 —-9.9 —9.5 —9.3 —6.6(4),—8.1(4y
<S> 0.752 0.752 0.753 0.752 0.753 0.752 0.752 0.753 0.750
2MnOs Adip 95.9 95.1 95.5 1245 125.9 178.0 174.2 171.4 81(3)
<S> 0.765 0.768 0.770 0.880 0.914 2.0025 1.994 2.054 0.750
SIMN(CN)4)%>~ Adip 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 c0
<S> 8.762 8.764 8.765 8.762 8.766 8.763 8.765 8.766 8.750
§[Cr(CO)* Adip 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
<S> 8.757 8.761 8.762 8.759 8.764 8.761 8.765 8.765 8.750
2IMn(CO)s] Adip 97.0 96.1 96.2 96.5 95.8 88.6 88.4 89.0 90(8y2(6Y
<S> 0.753 0.753 0.754 0.758 0.759 0.773 0.773 0.776 0.750
[Fe(CO}* Adip 18.5 18.3 18.2 19.3 19.0 19.7 19.5 19.6 15.4
<S> 0.757 0.757 0.756 0.763 0.764 0.770 0.770 0.771 0.750
IMNn(CN)sNOJ>  Adgip —97.3 —98.2 —96.2 —58.1 —56.0 —30.3 —30.2 —29.0 —115.2
<S> 0.868 0.850 0.866 1.440 1.464 2.091 2.077 2.086 0.750
2IMNn(CN)sN]~ Adip —-116.2 —-115.2 —-1151 -117.2 —1156 —885 —88.7 —89.2 —122.4
<S> 0.774 0.773 0.775 0.882 0.896 1.763 1.784 1.796 0.750
2[Ni(CO)3H] Adip —49.8 —49.6 —49.6 —56.9 —56.5 —67.8 —67.2 —66.8 —44.0(2)
<S> 0.752 0.752 0.752 0.757 0.756 0.793 0.791 0.793 0.750
I[Co(CO)] Adip 153.6 152.4 151.8 147.4 146.2 101.2 93.6 84.5 110.0
<S> 0.762 0.761 0.763 0.788 0.789 0.930 0.957 1.005 0.750
2Cu0O Adip 42.7 41.6 41.8 33.7 33.4 22.8 20.8 21.6 24.1
<S> 0.762 0.761 0.762 0.767 0.768 0.768 0.765 0.767 0.750
[Cu(CO}] Adip 65.2 65.7 64.8 65.9 65.4 58.4 58.8 58.3 8l
<S> 0.751 0.752 0.752 0.753 0.754 0.756 0.757 0.758 0.750

a See corresponding footnotes to Table 8 for the sources of the experiment@lERR.in Ne and Ar matrix, respectivelyNot observed (zero

due to symmetry)¢ EPR using different solid matrices.
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will discuss in more detail below. In comparison with experi-

percent of the value of the HFCC (e.g., for ScO, TiN, TiO, or ment (Table 8), or with the coupled-cluster results (Table 3),
VO; note that previous studies have concentrated on suchunfortunately we cannot single out any functional which would
species), whereas for others this range may be on the order otbe superior to the others. The performance of a given functional
the HFCC itself. This relative variation depends of course on is very different for different classes of complexes. Thus, while
the absolute value of the HFCC but also on other features wethe B3LYP functional has been particularly popular for HFCCs
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of organic molecule®’ no “universal functional” appears to be

available yet for the present transition metal syst&fiEhe

J. Phys. Chem. A, Vol. 103, No. 48, 1998975

lems of spin contamination. Let us therefore discuss the results
in more detail, and relate them to the electronic structure of the
molecules in question.

ScO, TiN, TiO, VN, and VO. This first group of systems
exhibits large positive spin density at the metal nucleus, resulting
from the dominant participation of the metal 4s orbital in the
SOMO, or in one of the SOMO3ScO and’TiN are the simplest
representatives. Here thetype SOMO has predominantly metal
4s charactet;}22% with some 3¢f and 4p admixture (it is
polarized away from the ligandjTiO and3VN have in addition
one 3@-type SOMO,*VO two 3ds-type SOMOs. The domi-
nance of the direct SOMO contribution to the HFCCs explains
the relatively low dependence on (Figures 1, 2, Table 8).
The treatment of dynamical correlation vig appears to
influence the HFCCs mainly via the shape of the SOMO. We
find the SOMO to become more diffuse along the series LYP
< P86 < PW91 (valence-shell spin polarization is also affected
somewhat by). Addition of exact exchange also renders the
SOMO somewhat more diffuse and reduces the HFCC slightly
(the spin-polarization contributions are also affected but are not
very pronounced).

VN is exceptional within this group, due to the significant
onset of spin contamination upon inclusion of exact exchange
(in contrast to the isoelectronic TiO!). This leads to a much
larger dependence of the HFCC on the exchange functional,
and finally to a significant deterioration of the results with BH-
type hybrid functionals. This is confirmed by the results for
Adgip(M) (Table 9). The relatively low coupling anisotropy is
mainly due to the 3@-type SOMO and depends relatively little
on vy for ScO, TiN, TiO, and VO. In contrast, for VN the
admixture of exact exchange reduces the absolute valdgyof
(M) significantly, in parallel with the drastic increase #&>
(Table 9). Unfortunately, no experimeni&li,(M) is available
for this system.

3TiO and?TiN have been studied recently by Engels etal.,
using the PWP86 functional and medium-sized basis sets. For
TiN, their results differ only by ca. 1% from our BP86 value,
despite their ca. 0.03 A larger FN distance. Our own test
calculations for TiN at the structure used by Engels et al. indicate
very small changes<{1 MHz), i.e., a small dependence of the
isotropic metal HFCC on bond length. Recently, B3LYP
calculations for ScO have been performed by Knight &t al.
Their value given forAiso(Sc) was 1877.5 MHz, ca. 8% lower
than the value in Table 8, ca. 6% lower than our result with the
larger 15s10p6d2f basis (cf. Table 6), but in excellent agreement
with our B3PW91 results. Indeed, we have meanwhile been
informed that Knight et al. erroneously reported their B3PW91
data as B3LYP resulf§.

Except for VN, the dipolar coupling constants (Table 9) are
small and increase slightly in absolute value with increasing
exact-exchange mixing in the functional. While this trend is
partly related to an increasing participation of the metal 4p

variations in the electronic structure appear to be too large. For orbital in the SOMO, spin polarization should not be disregarded
the "easier” systems mentioned (ScO, TiN, TiO, and VO), any completely. Thus, e.g., a restricted B3PW91 calculation on ScO

of the GGA or hybrid functionals gives results within ca- 8%

of the experimental values. In some cases (e.g., VN, MnO
[MNn(CN)4N]~, [Ni(CO)3H], [Co(CO)y)), the spin contamination
(cf. <> in Table 9) for the BH-type hybrid functionals is

gives Agip(Sc) = +12.8 MHz, quite different from the unre-

stricted result of+20.0 MHz. This should be compared to the
RB3PW91 and UB3PW91 results for the isotropic HFCC of
+1910.6 MHz and+1948.8 MHz, respectively. Thus, on a

unacceptably large and leads to a deterioration of the results.relative basis, spin polarization in ScO is more important for

In other cases (e.g., [Mn(CBNOJ?7), spin contamination is
even significant with pure GGA functionals. However, interest-
ingly there is also a significant group of complexes (e.g., MnH,
MnF,, [MNn(CN)42-, [Cr(CO)]"), where the half-and-half
hybrids perform particularly well, without any apparent prob-

Agip(Sc) than forAis«(Sc)!

MnO, MnF ,, MnF, MnH. In going to higher spin multiplici-
ties, we may comparéMnO to V0. MnO has two additional
SOMOs, antibonding orbitals with metal-3end 4p, as well
as ligand 2p character. Due to the large number of d-type
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SOMGOs, spin-polarization effects via the core shells are more population ratio of 0.18/0.76 for Tgand of 0.13/0.67 for

pronounced. At first sight surprisingly, the BHLYP hybrid
functional gives a somewhat larger spin density than B3LYP.
This is most likely connected to the significant spin contamina-
tion upon exact-exchange mixing (cf. Table 9). The net
dependence ony. may still be considered moderate, with an
overall range of less than 10% of the absolute HFCC. The
somewhat larger dependenceigrand the spin contamination
are also apparent from the somewhat larger variatiorg;j

(M) compared to the above species (Table 9).

As related high-spin systems, but with lower pgt we may
compare’MnF, "MnH, and ®MnF, (cf. Figure 3, Table 8).
5MnF, differs from the related®™nO by the symmetrical
arrangement of two ligands in this linear two-coordinate
complex. As a result, the single-type SOMO (which is
accompanied by two 3dand two 3d-type SOMOSs) has larger
3d2 and less 4s character than for MnO and is significantly
Mn—F antibonding. The isotropic HFCC is therefore lower, and
its significantly larger dependence an is mainly due to
valence-shell spin polarization. The overall rangeAaf(M)
values is thus larger than the relatively low HFCC itself.
Comparison with experiment suggests the BH-type hybrid
functionals to provide the best description (Table 8). Spin
contamination is generally low. The absolute valueAg§(M)
is very small and thus difficult to describe accurately. Moreover,
it changes significantly from Ne to Ar matrix (Table 9).

MnQg). The largerpy of MNOs is thus due to the much larger
effective charge on the metal. The sensitivityitois already
significant for Tik, but all functionals do still give results within
ca. 15% of the experimental value. DFT calculations of
Belanzoni et al’ (with the BP86 functional and STO basis sets)
gave—233.9 MHz forAiso(Ti), somewhat larger than our216.6
MHz with the same functional. This difference arises mainly
from their shorter LSDA T+F bond length (1.756 A vs our
1.780 A). Using their shorter distance, we obtain31.0 MHz,
i.e., closer agreement with their value (note the negatgive
(Ti), Table 7). This indicates a much larger structural depen-
dence ofAiso(Ti) compared to our above discussion for TiN,
probably due to presence of cershell spin-polarization
contributions.

In view of the significant deviations of the g-tensor from the
free-electron value (Table 2), Tiks one of the cases where
spin—orbit effects have to be considered. Indeed, here we are
in the fortunate situation that explicit DFT calculations of these
spin—orbit contributions are available, both within a perturba-
tion—theoretical approach,and using the explicitly relativistic
two-component zero-order-regular-approximation (ZORA)
schemé? Using the BP86 functional, both approaches gave very
small positive spir-orbit (pseudocontact) contributionsAQ-

(Ti) (ca. 3-6 MHz), whereas the spirorbit contributions to
Adip(Ti) are negative (between2.3 MHz and—2.8 MHz) and

Remember that this system was also one of the more difficult significant relative to the small dipolar coupling. Our own simple
examples in the coupled cluster calculations (section 5, Table semiempirical estimate of the spiorbit corrections (section

3).

MnF and’MnH differ from SMnO and®vInF, mainly by
having two rather than one singly occupiedype orbitals. The
metal 4s orbital contributes in an Mn-X bonding way to one of

4, eq 6) givest3.4 MHz for the pseudocontact term an@.1
MHz for Agip, in good agreement with the explicit calculations.
The addition of the latter value to the compui&g, does not
improve the agreement with experiment, but it has to be noted

these SOMOs, in an antibonding fashion to the other one (both that the matrix does affect the results nonnegligibly (cf. Table

orbitals are again dominated by the/3drbital). As for Mnk,
inclusion of exact exchange influences mainly the SOMO and
valence-shell spin-polarization contributions in both systems,
while the total core polarizations are almost unaffected. The
overall dependence ory is quite large for MnH (but not as
large as for Mnk), somewhat lower for MnF (cf. Figure 3).
The choice ofv. influences both core and valence shell

9).

For MnG;, the v, dependence ofs, is particularly pro-
nounced (Table 8 and Figure 4), and is complicated by
significant spin contamination (cf$?Cland the large dependence
of Agip(Mn) on vy, Table 9). The results for MngZexemplify a
dilemma that arises also in other cases (see below): While some
admixture of exact exchange increases spin polarization and thus

contributions. For MnH these changes cancel each other so thainay improve the agreement with experiment relative to the

the overall dependence an is low, similar to MnFk but in

"pure” GGA results, it may lead at the same time to considerable

contrast to MnF. The comparison with experiment would suggest spin contamination (we note that the spin contamination is

BH-type functionals to perform best for MnH. On the other
hand, all functionals give results within ca. 13% from experiment

connected to valence-shell spin polarization.). Thus, despite the
superficial similarity with the isoelectronic TiFthe demands

for MnF. Spin contamination does not seem to be a problem on the functional are much higher for the more covalent, highly

for MnF,, MnF, or MnH, in contrast to the BH-type results for
MnO (Table 9).

For these four manganese systefg(M) is very small and
caused mainly by the 3¢ 3d,,, 3dy, and 3¢y character of
the - andd-type SOMOs. It is notable that the effect of spin
polarization is again not negligible (cf. above). For example,
the dipolar coupling of-15.7 MHz for MnO at the unrestricted
BHPW91 level is changed t620.2 MHz at the restricted level.
Similarly, we obtain+2.4 MHz for Agip(Mn) in MnF; at the
unrestricted—5.9 MHz at the restricted BHPW91 level.

TiF3 and MnO3. Two related molecules with relatively large
positive spin densities at the nuclei, but with a significant
dependence ony are TiFz and MnQ (cf. Figure 4, Table 8).
For both systems, the SOMO is dominated by the met@ 3d
orbital, interacting with the ligand hybrid orbitals in an

antibonding way. Some 4s character is mixed in. The composi-

tion of the SOMO is similar for both complexes (Mulliken
population analyses, using the BLYP functional, give a 48/3d

oxidized MnQ; (cf. also the VN vs TiO comparison above).

One could argue that the B3-type functionals do still provide a

reasonable description of the wave function for Mn@ith

moderate but nonnegligible spin contamination). However, the

unusually large variations iAgip(M) (Table 9) speak against

this. Note that the coupled cluster results #Ag%(M) (Table 3)

agree well with experiment (they are slightly too negative).
[Mn(CN)4]?>~ and [Cr(CO)4*. As two further high-spin

systems, we may examine the two isoelectronic, tetrahedral ions

6[Mn(CN)4]?~ and8[Cr(CO),]*. The five SOMOs correspond

to all five metal d orbitals, corresponding to thg and e

irreducible representations iy symmetry. Due to the absence

of any direct s-type SOMO contributiopy is entirely caused

by spin polarization and is negative for both systems (see Figure

5; the positiveAiso(Cr) is due to the negativgy(Cr), cf. Table

7). Spin polarization of the core shells by the d-type SOMOs

dominates (and provides negatjug@ and is partly compensated

by valence-shell spin polarization. Therefore, the dependence
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on vy is particularly large, and it is rather similar for these ficients) was difficult with several of the functionals, in particular
isoelectronic systems (Figure 5). Even with BH-type hybrid for [Mn(CN)4N]~. It appears that low-lying local minima exist.
functionals, which provide the best agreement with experi- We have therefore used tighter convergence criteria on the
ment, the spin polarization apparently is still underestimated density matrix for these systems than tBaussian 94efault
slightly. The coupling anisotropy is zero, due to symmetry, and values (i.e., 108 au instead of 10* au root-mean-square
spin contamination is relatively small for all functionals (Table deviation).

9). The pure GGA functionals give three positive occupied orbital
[Mn(CO) 5] and [Fe(CO)s] ™. Let us now turn to low-spin energies for [Mn(CNINOJ>~ (no positive eigenvalues are
complexes. For the isoelectronic low-spif domplexes obtained with the BH-type hybrids), indicating that the isolated
2[Mn(CO)s] and Fe(CO)]", the SOMO exhibits metal 38 dianion might not be stable with respect to electron loss (this

and 4p character and is-antibonding with respect to the axial  holds also for the [Mn(CNJ?~ dianion discussed above).
M-CO bond in these square pyramid&ls) complexes. The  However, we believe that, in connection with the finite basis
metal 4s contribution to the SOMO is small. As the small set, this affects the HFCC results negligibly compared to the
positive direct SOMO contribution téiss(M) (ca. +60 MHz more serious problem of spin contamination.

and ca+14 MHz for M = Mn, Fe, respectively) is furthermore Due to the significant deviations of the g-tensor components
canceled partly by negative corshell spin-polarization con-  from the free-electron value (Table 2) in [Mn(GN)O]2~, we
tributions, very small isotropic HFCCs result for these low- have considered spirorbit corrections. Our simple estimate
spin systems. As a consequence, the description is difficult andgives a pseudocontact term of ee6.4 MHz and a spirorbit

the dependence an. (particularly orwy) is large on a relative  contribution to Agp of —2.8 MHz. Spin-orbit effects are
scale (Figure 6). This holds in particular for the iron complex. estimated to be small for [Mn(CY]~ (cf. g-tensor in Table

In other words, a larger effective charge at the metal appears to2).

increase the sensitivity to the functional (as found above for  [Nj(CO)sH] and [Co(CO)4. The SOMO of these two
other isoelectronic pairs, e.g., VN vs TiO or Ma@s TiF). trigonal pyramidal Cs,) d° complexe& is of a; symmetry and
Based on the comparison to experiment, it is difficult to select composed of metal 3tiand 4p contributions, with overall axial
any particular functional that would be preferable over the others metal-ligand o-antibonding character. In both cases, the SOMO
(the BH-type hybrids might seem to be less preferable, although has very little metal 4s character and thus gives only small direct
spin contamination is not very pronounced). We estimate-spin  contributions tqy. These are furthermore compensated partially
orbit corrections (cf. section 4) of c&:21.2 MHz for Aiso(Mn) by the negative coreshell spin polarization. As a result, the
and of ca.—12.8 MHz for Agip(Mn) in [Mn(CO)s], as well as  jsotropic HFCCs are low. Possibly due to the partial, 4p
ca. +5.3 MHz for Aso(Fe) and ca.—3.0 MHz for Agip(Fe) in character of the SOMO, the dipolar couplings are relatively large

[FE(CO)]*. The correction for the manganese complex may (in analogy to the low-spin dcomplexes [Mn(CQJ and
be overestimated, as the coefficient of the?3atbital in the [Fe(CO)]* discussed above).

SOMO is small §* = 0.43, cf. eq 6) and the neglected A first sight, Agip(M) in [Co(CO)] would seem significantly
contribution from the 4porbital may be large. too large with GGA (and B3-type) functionals (Table 9), despite
[Mn(CN)sNOJ#~ and [Mn(CN)4N]~. The two Cs, sym- the relatively small spin contamination. However, in view of
metrical system3Mn(CN)sNOJ?~ and4Mn(CN),N]~ (a low- the very large g-shifts (Table 2), spiwrbit corrections are
spin ¢ and a d complex, respectively) both have a single metal expected to be particularly significant for this complex. Indeed,
3dy-type SOMO. They also share the unfortunate problem of our simple estimate (eq 6, section 4) provides a large correction
significant spin contamination, in particular with hybrid func-  of —42.2 MHz to Aip(Co). This would bring both the GGA
tionals (Table 9). Significant coreshell spin polarization  results and the B3-type hybrid results into good agreement with
dominates the observed negative isotropic HFCCs. This is experiment, whereas the BH-type hybrid results would then be
augmented by valence-shell spin polarization, mainly involving too low. The reduction of the dipolar couplings by inclusion of
metal 4, and g, orbitals. These d-orbitals contribute to the exact exchange is again accompanied by signifcant spin
m-components of the MaN triple bond in the ésystem, and  contamination, and we do not expect these BH-type functionals
to both Mn—N z-bonding andr-antibonding MOs in the d to provide a reliable description for this system. In view of its
complex. Low-lying excited states involving theseandz*- smallness, the isotropic HFCC (Table 8) is difficult to describe.
type orbitals are mainly responsible for the spin contamination Considering also the estimated spiorbit correction toAsq-
(i.e., the spin contamination is connected to significant valence- (Co) of +69.5 MHz may suggest that even the B3-type hybrid
shell spin polarization, as found above for M)O results are still insufficiently negative. On the other hand, the
Spin contamination is already nonnegligible for the GGA BH-type hybrid results clearly overshoot the negative spin-
functionals, increases for the B3-type hybrids, and becomes polarization contributions dramatically.
dramatic for the BH-type hybrids. As a consequence, the Both spin contamination and the dependencégf(M) on
computedAqi, values appear to be still reasonable for the GGAs v, are less pronounced for [Ni(C&j]. The GGA results would
but deteriorate significantly for the hybrid functionals (with the seem to agree best with experiment fa,(Ni), whereas the
exception of the B3-type hybrid results for [Mn(CNJ] 7). The BH-type hybrid results are clearly too negative (and are accom-
isotropic HFCCs are not sufficiently negative with the GGAs, panied by spin-contamination, Table 9). Our estimated-spin
are in closer agreement with experiment for the B3-type hybrids, orbit correction of+16.4 MHz to Agipg(Ni) would change this
but become much too negative with the BH-type hybrids (Figure picture but may be too large, as the metal dibital contributes
7). We have to conclude that the reasonahig results with significantly to the SOMO (the 38icontribution to the SOMO
the B3-type hybrids are at least in part fortuitous, due to spin is particularly low for this complex, witld? = 0.28, cf. eq 6).
contamination. None of the functionals investigated here is thus The estimated spinorbit correction toAis(Ni) (pseudocontact
really adequate to describe all features of the hyperfine coupling term) of —26.8 MHz may thus also be too large. In view of
in these two complexes. We also note that SCF convergence tathese uncertainties about the magnitude of the -spihbit
a global minimum in parameter space (i.e., in the MO coef- corrections, either GGA or B3-type hybrid functionals might
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be closest to the experimental isotropic HFCC (Table 8), Bond Length Errors.The isotropic HFCC is extremely
whereas the BH-type hybrids give in any case too large values.dependent on the CtO bond length. Shortening the bond by

CuO. The & complex2CuO differs from the previous cases ©nly 0.005 A (from 1.729 to 1.724 A) changég(Cu) from
by exhibiting a hole in a degenerate-type) MO. In other ~ —776 MHz to —747 MHz, i.e., by ca. 4% (B3PW9L1 result).
words, the one-particle description of thé[Xground state of ~ Together with the above results for TiN and Jikhis suggests
CuO assigns three electrons to theMO (the two components  that the dependence of the isotropic HFCCs on bond length
are built from the O 2p Cu 3d, Cu 4p, and from the O 2p increases Wlth.an increasing importance of spin polarization (a
Cu 34, and Cu 4p orbitals, respectivelyd? It is thus clear more systematic study of the interdependence between structural
that a cylindrically symmetrical wave function in a single- changes and HFCCs in transition metal complexes is beyond
determinant framework may be obtained only by using fractional the scope of the present study but should be pursued in the
occupations (i.e., 0.5 electrons in each of the two MOs). The future). On the other hand, the experimental bond distance of
integer occupation of one of the two degeneraté#Ds would, 1.729 A appears to be reliable and has been confirmed
e.g., not provide an axially symmetrical hyperfine tensor. On experimentally* and theoretically
the other hand, one may average calculations with different Relatwistic Effects.Scalar relativistic effects should lead to
integer occupations (similar considerations pertain to kehn @ larger (negative) spin density at the nucleus and would thus
Sham calculations on certain degenerate states of open-shelP€ expected to lead tmorenegative values fohso(Cu). Spin-
atomg9. The results forAgi(Cu) obtained by this averaging  orbit effects are difficult to judge, as unfortunately no experi-
procedure are given in Table 9 (the coupled cluster results in mental g-tensor information is available. Our preliminary
Table 3 were obtained in the same manner). As we were not perturbatior-theoretical calculations of the g-tensor indicate a
able to enforce appropriate fractional occupations within the large positiveAgp. Thus, we may expect significant spiorbit
Gaussian 94program, we resorted to calculations using the contributions to the HFCCs, and we believe that this is the most
BP86 functional and the deMon cddé®to compare integer  likely reason for the discrepancies between calculation and
and fractional occupations (using the same basis set but inexperiment.
addition auxiliary basis sets to fit charge density and exchange ~ [Cu(CO)g]. Finally, we look at a very different bonding
correlation potentidh®9. Indeed, the dipolar couplings obtained situation. The wave function in [Cu(Cg))is derived from the
with fractional occupations differed by less than 6 MHz from 3d'%4p! configuration of C6, and the SOMO is composed of
averaged results with integer occupations (the isotropic cou- the Cu 4porbital andz-type ligand orbitals. The isotropic metal
plings also changed by less than 5 MHz). This seems to justify HFCC is thus exclusively due to spin polarization. Interestingly,
the averaging procedure. on(Cu) is positive, whereas we have seen above that—core

Due to the absence of metal 4s orbital contributions to the SNell Spin polarization due to 3d-type SOMOs always contributes
SOMO, the isotropic metal HFCC arises exclusively from spin Negatively topn(M). Thus, the situation resembles more that
polarization. Interestingly, the, dependence for a given is known for main-groupr-type radicals, with the (slight) differ-
on(B) > pn(BH) > pn(B3). On the other hand, we find a ence that we have a very polarizable M-shell below the 4p
significant decrease @¥;,(Cu) from B to B3 to BH functionals. ~ YP& SOMO. The description for [Cu(Cg)is thus consider-
The latter trend is due to the shift of single-electron density aPly more difficult than for Cu(gHz) or Cu(CO) studied
from Cu to O with admixture of exact exchange. For the Previously with DFT methods by Barone et &#:°where large

isotropic HFCCs, stronger corshell spin polarization accounts ~ POSitive direct contributions from a metal 4s-type SOMO
for the more negative value with B3-type relative to B-type dominate. . '
functionals. Further dramatic decrease of the spin density on SPin contamination is minor, and the dipolar couplings depend

BH-type functionals. give ca. 6-7 MHz lower values, cf. Table 9). The experimental

Agip(Cu) is underestimated. It is possible that this is due to an
overestimate of the CuC bond length even by the MP2
optimizations used (cf. Table 1). This would be consistent with
our finding that test calculations at the larger DFT optimized
bond length (also Table 1), give ca. 8 MHz lower dipolar
couplings. In other words, structural errors are more likely for
this weakly bound complex than for the other systems.
Looking at the isotropic metal HFCC (Table 8), we see that

The Aiso(Cu) results are too negative for all functionals,
whereas the variation between the functionals is smaller than
the discrepancy with respect to experiment. Note that even the
coupled cluster calculations give too negatieg,(Cu) when
considering the trend upon enlarging the basis set (Table 3).
Moreover, spin contamination seems to be small. The difference
with respect to experiment is thus probably not mainly a problem

of describing the spin polarization well. There are three other . ! N L -
possible reasons which might account for the too negative we obviously underestimate cefrshell spin polarization with

isotropic HFCCs, of which we suspect the latter to be decisive: EH? pure GGA fun_c:]ionals._Even _th_e sign ofdthe HFCE is vyrhog%.
multireference character of the wave function, errors in the bond ' "® agreement with experiment Is improved somewhat wit i
length, relativistic effects. type hybrids, and even more significantly with the BH-type

i ) hybrids, without t spi taminati blem. Th
Multireference Character of the Wa Function.Our coupled YLICs, WIthou? any apparent Spin contarnination probiem. The

lust functi . | fficients f p situation may thus be comparable to that fotype organic
cluster wave functions give no large Coetlicients for contigura- ., 44415 \We also see a surprisingly large difference between

tions othgr than the given reference gonfigu_ration. We note alsothe BHLYP functional and the BHP86 and BHPW91 functionals
that the single-reference coupled-pair-functional (CPF) calcula- (likely due to the description of the SOMO)

tions by Langhoff and Bauschlicher appear to describe the

ground state of CuO adequately (whereas CISD calculations .

without corrections for higher order excitations perform pody). 8. Ligand HFCCs

Thus, CuO is probably not a priori a multireference case. As this work concentrates on complexes with the SOMO

Moreover, spin contamination is small. This speaks against mainly localized on the metal, the spin densities at the ligand
significant problems of describing the wave function with the nuclei are about%2 orders of magnitude smaller than those at

current approaches. the metal nuclei. This places of course considerable demand
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TABLE 10: Isotropic Ligand HFCCs (in MHz)

J. Phys. Chem. A, Vol. 103, No. 48, 1998979

isotope  BLYP BPS86 BPW91 B3LYP B3PW91 BHLYP BHP86 BHPWO1 ®Xp
2ScO 0 -228 —213 -198 -199 -17.0 -165 -133 -11.6 —20.3(3)or—18.9(4p¢
2TiN 1N 19.8 184  17.3 17.1 14.4 12.8 10.1 9.5 18.478(1)
3TiO (o) -82 —82 -73 —49 4.3 -0.2 0.6 1.6
VN 1N 6.0 6.2 5.8 3.2 32 -93  —6.0 -7.2
/O k(o) —27 -31 -24 1.1 1.5 6.7 7.3 8.0 0@)
SMnO k(o) -66 -54 53 —80 -7.3 -9.0  -9.1 -8.8
SMnF, 19F 204 161 154 22.6 185 27.9 20.4 20.8
"MnF 19F 785 694  67.2 79.2 72.9 82.9 79.5 77.9 68(6) or 75(6)
"MnH 1H 356 258 @ 221 28.0 19.0 23.0 14.0 10.1 20.7(39)
2TiF, 19F 8.7 5.0 1.7 -56 -129  —148 —235 -243 8.3(4) or 8.0(4y
2MnOs 70 -51 —41 -35 2.6 2.6 26.2 19.1 19.0
SMNn(CN)4]2- 13 35 -01 —08 05 -30 -12  —47 -5.1
N 1.1 0.8 0.7 1.0 0.8 1.1 0.8 0.8
S[Cr(CON* 13 -50 -92 -115 -84 -134  —104 -146 -154 —135
70 -16 -12 -11  -18 1.4 21 —17 -1.6
2Mn(CO)] 13C, 07 -19 -34 344 370 727 -729 —73.0
13Ceq -151 -183 -19.7 -21.7 -260  -27.9 —312 —322
10, -88 —-82 —-80 -82 -7.6 -6.4  —6.1 -5.8
04q -29 -20 —20 36 2.7 -43  -36 -3.2
2[Fe(CO)* 13C, 69.7 656  65.0 39.0 37.0 20.5 18.8 20.2 535
13Ceq -185 -203 -—21.3 -251 —269 -252 —27.0 —269 —23.0
70, -96 -92 -91  -99 -9.6 -93  —92 -9.0
0%q -19 -14 -14  -17 -1.3 -12  —-1.0 -0.8
MN(CN)sNOJZ~  13C,y 444 —413 —439 -833 880 —1366 -1332 —130.7
13Ceq 416 -401 —42.9 -804 —854 —1332 -1321 —1282
UN(NO)  —123  —9.7 —106 —296 —275  —557 —50.0 —49.9 —10.64
UN(CN,) 0.5 0.4 0.4 0.7 0.6 0.9 0.4 0.6
UN(CNeg) 1.0 0.5 0.5 1.0 0.7 1.2 0.7 0.6
k(o) 7.8 40 43 33.2 27.6 82.0 70.5 69.7
IMn(CN).N]-  1C -289 —287 -301 -530 -554 —1351 -134.1 —136.2
N -31 -15 -14  -82 -50  -31.3 213 194
UNeq 1.4 0.7 0.7 1.8 1.3 3.6 2.7 2.8
2[Ni(CO)sH] 1H 3482 308.7 311.8 2080  189.3 —116.2 -1055 —1100 293
13C 173 124 119 5.1 48 -83 —10.7 —10.2
70 -30 -—22 -22 -37 3.1 -41  —36 -35
2[Co(CO)] 13C,, 105.8 101.0  100.4 57.3 55.6 29.7 32.8 37.7 67.2
13Ce, 6.2 3.2 3.1 3.0 1.5 15.6 18.8 24.7
170, -137 -131 -129 -127 -121 -9.0 -88 -8.3
1044 -29 —24 24 29 —2.7 -12  —-1.3 -0.7
2Cuo k(o) -204 -67 52 -320 —18.7 -557 —392  —37.9
2[Cu(COY] 13 -6.3 —146 -175 -123 —205  —19.1 —304 —32.3 —187
(o) —4.4 —27 27  —69 -53  -107 -11.3 -9.0 11.2

aUnless stated otherwise, the experimental values are from the sources cited

in the corresponding footnotes té IMakke @&. Ar matrix,

respectively ¢ Cf. ref 10.9In Ne matrix, ref 12¢ Reference 44, cf. ref 18 for a revision.

on the computational approach to describe the subtle delocal-relative sensitivity of the results tg vs v, is of course different
ization of spin density to the ligands, as well as spin-polarization than it was for the metal HFCCs, as the relevant spin-

effects. We should also mention again that relativistic effects,
which are not considered here, may have a nonnegligible

influence on the small ligand HFCCs (cf. section 4). The metal
HFCCs are our main interest in this work, but we may

polarization effects are now those around the ligand nuclei.
As for the isotropic metal HFCCs, the isotropic ligand HFCCs

are made up of direct SOMO and indirect spin-polarization

contributions. The latter are missing for MnH, where the single

nevertheless note some trends in the computed ligand HFCCshydrogen 1s-AQ is directly involved in two of the SOMOs (cf.

Table 10 summarizes the isotropic ligand HFCCs, Table 11 section 7). TheAso(H) in MnH is thus a relatively simple
the dipolar couplings. Concerning the dependence of the measure of the localization of the tvestype SOMOs at the H

isotropic HFCCs orvyc, we note trends very similar to above
for the metal HFCCs. Thus, the spin densitigsat the ligand
nuclei (when including their signs) exhibit often the
dependencen(LYP) = pn(P86) = pn(PWI1L) for a giverwy,
and typically thevy dependencen(B) = pn(B3) = pn(BH) for

a givenv. (the negative g(O) needs to be kept in mind, cf.
Table 7). A notable exception to this trend is provided by the
inverse dependence og, i.e., pn(BH) = pn(B3) = pn(B) in

the high-spin complexes MnO, MgFand MnF or in the case
of O splitting in CuO and Cu(CQ) Exceptions to the

nucleus. Interestingly, the dependence of fig(H) on vy in
MnH is similar to that of the metal HFCCs in ScO and TiN,
which are also dominated by direct SOMO contributions (but
with much larger overalpy; cf. section 7). The significant
difference between LYP and the two other correlation func-
tionals is particularly notable foAiss(H) in MnH. This may
suggest that the description of dynamical correlation is critical
for the charge distribution within the twe-type SOMOs.

A similar dependence on is apparent for thé3C HFCCs
in [MNn(CN)4]4~ and [Cr(CO)] ™, but for a different reason: The

abovementioned trends are also notable when significant spinSOMO contributions are affected very little, and it is valence-
contamination is connected to orbitals with large contributions shell spin polarization which changes with(core polarizations

on the given ligand (see, e.g., results for VN, Mn[@o(CO))),
and for the axial nitrogen in [Mn(CNIN]~ (cf. Table 10). The

at carbon are negligible). Experimental data are available only
for [Cr(CO)] ™. The hybrid functionals appear to give better



TABLE 11: Dipolar Ligand HFCCs (in MHz) 2

isotope  BLYP BPS6 BPWO1 B3LYP B3PWO1 BHLYP BHP86 BHPWO1 fexp
2S¢0 170 0.2 -0.2 0.2 0.6 0.2 1.4 0.7 0.7 0.4(2), 0.7¢3)
2TiN 14N 0.6 0.5 0.4 0.4 0.3 0.0 -0.1 -0.3 0.055(2)
3TiO 170 1.1 -15 -16 -0.6 -1.0 0.7 0.4 0.3
3VN 14N 1.7 1.7 1.7 2.1 2.2 3.6 3.9 3.9
/0 170 2.2 2.8 -3.1 1.7 2.5 0.0 -0.3 -1.1 0(3)
2TiF, 19Fd 20.9,-0.2,-20.7 26.9,5.0-31.9 29.7,6.4-358 19.4-0.4,-19.0 252,4.8-30.0 157,2.2-13.4  19.6,2.0-21.6  216,2.8-244 e
2MnOs 170d -23.9,3.0,209 —24.220,222 -247,15,232 —34.7,—-14.9,49.6-553,18.1,37.2 —61.7,~57.2, 118.9-61.5,~57.8, 119.3—-62.1,—57.9, 120.0
§MN(CN)2~ 13 2.1 2.0 2.0 2.0 2.0 2.1 2.0 2.0
14N -0.1 -0.1 0.1 0.1 -0.1 0.1 -0.1 -0.1
§Cr(Co* 13C 1.1 1.1 0.8 1.4 1.1 1.4 1.4 1.4 1.0
170 1.0 0.8 1.0 0.9 0.9 0.8 0.8 0.8
SMnO 170 8.3 8.1 8.3 9.9 10.1 15.4 15.5 15.7
SMNF; 19F -19.3 -18.9 -18.3 -15.7 -15.3 -11.8 -11.7 -116
MnF 19F 12.9 13.4 13.7 13.4 13.4 12.9 12.6 12.6 8(6), 10(6)
MnH H 10.9 10.9 10.9 11.2 11.2 11.8 11.8 11.8 8.4(33)
2Mn(CO)s] 13C,, 1.6 1.2 1.6 1.1 1.1 0.7 0.7 0.8
13C,f -08,-58,67 —08,-56,65 -08-57,66 -05-5661 —02-5658 —03,-54,56 —03-54,56 —0.3,-555.7
170, -2.0 -2.0 2.1 1.7 -1.8 1.7 1.7 -1.9
170, 7.0,8.6-156  6.9,83-152  6.8,83-151 6.7,89-156  6.3,88-151 55 10.6-16.1  54,10.2-156  5.1,10.3-15.4
2[Fe(CO)* 13C,, 2.8 2.8 2.8 2.0 2.0 1.4 1.4 1.4 2.8
13CG{  50,-3.6,-14 49-35-13 50-36,-14 54-31,-22 53-31-22 58-31,-27 57-31,-27  58-30,-28  44-22,-22
170, -3.0 -3.0 -3.0 2.6 —2.7 —2.7 -5.0 2.8
170,  3.2,5.1,-83 3.2,5.0-8.2 3.2,4.9-8.1 2.2,4.8-7.0 2.1,4.7-6.9 0.9,4.9-5.8 1.0,4.8-5.8 0.9,4.8-5.6
MN(CN)sNOJ2~ 13C,, 1.1 1.1 1.1 2.2 2.2 3.0 2.9 3.0
13C,d 51,-31,-20 50-3.1,-19 51-32,-19 63-42-21 63-42-21 67-50,-17 66-50,—-17  6.7,-5.0,-17
UN(NO) 7.9 7.1 7.7 17.7 17.7 23.9 23.1 235 2.7
1N,(CN) —0.6 -0.6 -0.6 -1.2 -1.3 -1.8 -1.8 -1.7
UNe(CNY —2.9,46-17 -2.9,47-1.8 —30,47-17 -3.2,41-09 —34,42-08 -3.9,44-05 —39,44-05 —39,44-05
-15.0 -13.6 —14.6 -38.2 -38.3 —55.0 —54.3 —54.2
2MN(CN)sN] - 13cf 5.0,-2.7,-2.3 50,-2.7,-23, 51-28,-23 6.4,-44,-20 65-45-20 87-37,-31  86-50,-36  89-52-37
14N 5y 2.4 2.4 2.5 6.6 6.9 16.9 16.9 16.6
UN(CN) -35,58-23 -3558-22 —3.658-22 —3848-10 —39,48-09 -44,59-15 —-44,60-16 —6.2,7.9-17
2INi(CO)sH] H 2.9 2.7 2.7 6.3 6.2 17.1 16.9 17.1 5.5
13 -2.6,-57,83 —27,-56,83 -28-57,85 -32-5587 —33-5588 —33,-53,85 -32-5285 —33-54,87
170f —-6.2,—8.4,146 —6.3,-82,144 -62,-82 144 -53-87,140 -53,-86,13.9 -30,-10.1,13.1 -3.1,-9.8,129 —2.9,-10.0,12.9
2[Co(COY] 13C,, 42 40 3.9 3.4 3.3 3.8 3.9 43 3.6
13C, 8.3,-6.6,-1.7 81-64,-17 83-66,-17 97-7.7,-1.9 09.7-7.7,-20 12.8-11.8,-1.0 12.7-11.9,-0.8 14.0-13.6,—0.4
170, 4.1 4.1 4.2 4.0 4.1 -55 -5.8 6.4
170, 2.2,-10.2,80  24-101,7.7 22-100,78  03-10.0,96  0.3-10.1,9.8 58-23.7,17.9  6.2-250,18.8  6.9-38.0,31.1
2Cu0 170 -112.1 -111.9 -112.6 —121.2 —121.2 -126.1 -125.8 ~126.2
2Cu(CO) 13¢d —11.8,-13.8, 25.6—11.9,-13.3, 25.2—12.2,~13.4, 25.7-10.5,-12.5, 23.1-11.0,-12.3, 23.3-8.2,-10.5,18.7 —8.3,-9.6,17.9 —8.9,-9.8,18.8 —12.3,-12.3,—24.6
170d 16.2,15.9-32.2 15.8,155-31.3 158,155-31.3 16.5 16.1-32.6 16.0,15.8-31.8 15.9,14.029.9 15.7,614.3-30.0 15.7,14.2-30.0

666T ‘87 'ON '€0T '[OA 'V "WdYyD 'shud ' 0866

a|ndividual T; components are given for nonaxial tensdrExperimental values are taken from the sources cited in the footnotes to Tables 8 &ha N6.or Ar matrix, respectively? Hyperfine tensor
components are given in order: (1) along the meligland bond, (2) normal to the metdigand bond, in the molecular plane, and (3) along the moleastads. ¢ Anisotropy experimentally not well
defined, cf. discussion in ref 18Hyperfine tensor components are given in order: (1) along the mlgaind bond, (2) normal to the metadigand bond and paralel to the plane, and (3) perpendicular
to directions 1 and 2.
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agreement with experiment than pure GGAs. A relatively large
dependence on, is also apparent for MnF and MaF

A large dependence on is seen for the isotropit®C HFCCs
of the axial ligands inMn(CO)s] and 4Fe(CO)]*. The
exchange-correlation potential affects mainly the valence-shell
spin polarization, and the direct SOMO contribution. The
(smaller) dependencies op andv. for VO, TiN, and Tik; are
also due to the valence-shell polarization and to SOMO
contributions. Particularly large dependencevgnis found in
all cases with significant spin contamination problems, e.g., for
MnOs. Thus, the very large dependencef@f(O) in MnOs; on
vy is probably an artifact of the large spin contamination with
BH-type hybrid functionals (cf. section 7 and Table 9). Other
examples aré®C and nitrosyN HFCCs in [Mn(CN}NOJ]?",
13C and nitride'*N HFCCs in [Mn(CN)N]~, and!C HFCCs
in [Co(CO)] (Table 10).

J. Phys. Chem. A, Vol. 103, No. 48, 1998981

7, spin contamination is already significant with pure GGA-
type functionals. The spin contamination for the hybrid func-
tionals is closely related to the well-known bias of unrestricted
Hartree-Fock wave functions for higher spin multiplicities.
Obviously, the spin contamination may be very pronounced for
transition metal complexes (particularly so for 3d-metals!) due
to the presence of low-lying excited states.

It is not clear how the magnitude of the spin polarization
could be increased while avoiding significant spin contamina-
tion.%> However, one may speculate that improved functionals
might give increased coteshell spin polarization without
exceedingly large valence-shell spin polarization (and thus spin
contamination). Obviously, the description of valence spin
polarization is also not trivial, even in cases with low spin
contamination (cf. section 7). It seems likely that the desired
functional would have to incorporate significantly less than 50%

For most of the present systems, the theoretical values forexact exchange. Generally, hyperfine coupling constants, in

Agip of the ligands are very small, and often results with different

particular for transition metal systems, may turn out to be a

functionals differ by less than 1 MHz. Agreement with the sparse particularly fruitful testing ground for new DFT (or alternative)
experimental data appears reasonable in these cases. A largeipproaches. In addition to the appreciable literature on organic

dependence ony is seen for Tilg, MnO, and Mnk; (and also

molecules?1531the hyperfine coupling constants of the 21

for cases with large spin contamination, cf. above). Thus, the complexes studied in the present work should be useful as a

ligand dipolar couplings ifMnO and®MnF; increase when
adding exact exchange.

9. Conclusions

benchmark set against which to calibrate new methods.

On the other hand, we should not judge even the present
situation too pessimistically. For a significant number of
complexes, the ca. Hl5% agreement with experimental

The present study shows that the quantitative calculation of iSOtropic metal HFCCs we were aiming for has been achieved

hyperfine coupling constants for transition metal systems is still

with essentially all of the functionals (e.g., for ScO, TiN, TiO,

a challenge to quantum chemistry, more so than for organic YO: MnO, or MnF). In other subsets of molecules, the analysis
radicals. None of the density functionals investigated here may ©f the electronic structure suggests the range of functionals
be considered to provide acceptable results for the whole range(GGAS, B3-type, or BH-type hybrids) that might be most
of transition metal species studied. For a number of particularly @PPropriate (as shown by the various examples discussed in this
difficult systems, essentially none of the functionals provides WOrk). Careful selection of functionals is thus still expected to

satisfactory results.

There are various reasons why the HFCCs of transition metal

systems present such difficulties. One of them is the very
delicate core-shell spin polarization, which is in many cases

the dominant pathway to create spin density at the metal nucleus

Even for an isolated transition metal atom (considerNm
section 5), we may understand why this type of spin polarization
is so difficult to describe by present-day functionals. The spin

allow useful chemical applications in many areas, even though

|such an approach is obviously not completely satisfactory from

a theoretical point of view. We expect that spin contamination
is less pronounced for 4d or 5d transition metal complexes, and

thus the choice of functional may also be somewhat less critical

(on the other hand, relativistic effects will definitely have to be
considered for heavy-atom systems, and we are presently
developing approaches to do so).

polarization is mainly due to exchange interactions between The coupled cluster calculations we carried out for a subset
singly occupied metal 3d orbitals and the outermost doubly Of systems appear to be less influenced by such problems. Even
occupied 3s- and 2s-type core shells. It is clear that thesein cases of Significant spin contamination the results appeared
exchange interactions are strongly nonlocal (specific examp|est0 remain relatively stable. On the other hand, the computational
will be discussed elsewhéfg and thus difficult to account for  effort involved presently makes such coupled-cluster approaches
with approaches derived from the local density approximétion.  prohibitive for larger systems. Even for those di-, tri-, and
It is also clear that the description of such subtle spin- tetraatomic complexes studied here, the large demand on the
polarization effects is very different from the energy quantities computational resources has not allowed us to truly saturate
that are currently used to fit the free parameters in the the basis sets with regard to higher angular momentum functions.
exchange-correlation functionals. The description of spin polar- There remains thus an urgent need for more economical
ization is already nontrivial for organig-radicals!31583The approaches, and more accurate density functionals might offer
spin polarization mechanisms in transition metal complexes arethe most practical route for improvement.
even more variable, and they involve not only the valence shell The present calculations also show conclusively that spin-
but also to a large extent the outermost core shells of the metal.polarization effects are nonnegligible for the metal dipolar
A second difficulty is connected to spin contamination. In couplings. This contrasts to the situation for main group
several of the examples studied here, spin contamination becameompounds, where it is usually sufficient to take account of
significant when exact exchange was mixed imtoThis led to the direct SOMO spin densities to obtain good results for dipolar
a significant deterioration of the results. In some cases where couplings!® The importance of spin polarization for transition
spin polarization was underestimated at the GGA level, and metal dipolar hyperfine couplings arises from the presence of
where exact-exchange mixing would thus have been desirablestrongly polarizable semicore p-type orbitals (mainly the 3p
to increase it, the dramatic onset of spin contamination made it orbitals for first-row transition metals), which have a very similar
impossible to improve the results with hybrid functionals. In radial extent as the valence d-type SOMO orbitals. The
some of the “limiting cases” discussed toward the end of section importance of spin polarization for dipolar coupling constants
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of the metal had already been noted by Belanzoni et al., in their

careful study of Tig'” In view of the importance of spin

polarization, the widely used simplified models that derive the
d or s character of the SOMO directly from the dipolar coupling
constants should be viewed with caution in transition metal

systems. More detailed analyses of spin-polarization mechanismsE

for transition metal hyperfine coupling constants will be given
elsewheres?
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