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Abstract: A detailed quantum chemical analysis of the underlying principles of hyperfine coupling in 3d
transition metal complexes has been carried out. The explicit evaluation of one- and two-electron integrals for
some atomic systems has been used to understand the spin polarization of the core shells. While spin polarization
enhances the exchange interaction of the 2s and 2p shells with the singly occupied orbitals, the opposite spin
polarization of the 3s and 3p shells arises from the required orthogonality to the 2s and 2p shells, respectively.
Core-shell spin polarization in molecules is found to be proportional to the spin population in the valence 3d
orbitals but to depend little on other details of bonding. In contrast, the spin polarization of the valence shell
depends crucially on the overlap between the singly occupied and certain doubly occupied valence orbitals.
Large overlap leads to pronounced spin polarization of these orbitals and, among other things, likely to spin
contamination when using UHF wave functions or hybrid density functionals. The role of core- and valence-
shell spin polarization for dipolar hyperfine couplings in transition metal complexes is discussed. It is
demonstrated that great care should be exercised in deriving spin populations or even orbital compositions
from dipolar couplings alone.

1. Introduction tensors for a representative set of 21 3d transition metal
complexes. Complexes with significant metal 4s orbital con-
to the study of transition metal complexes. Already during t”bUtLonf to tth(;a s(ljngly OtC|CUp|$g molectL.JIalllr Orb'tal]fstL (S?I\:IO) f
the 1950s, the concept of spin polarization was used in the may be frealed adequately with essentially any of the state-of-
the-art density functionals. In contrast, it is much more difficult

discussion of the hyperfine coupling constants (HFCCs) to ; d ; wallv derived HEC t . :
transition metal nuclei (cf. section 2). Transition metal systems 1o réproduce experimentally derive Ensors In systems

have thus been adequately represented in early qualitativeIn Wh.iCh .the spin glensity at the metal.arises largely from spin
theoretical studies of EPR hyperfine couplings Irll contrast polarization. Gradient-corrected functionals tend to underesti-
modern applications of quantum chemical methods to calculate mit_f Ithev\}mrortgnt_ ?pln pfolanze;tlon r?f the _25“hanbd_d3? core
hyperfine couplings more quantitatively have largely concen- or |a§. lie admixture of €xact exchange in nybrid Tunc-

trated on organic radicafsl due to the various practical tionals” helps to enhance the core-shell spin polarization in some

difficulties presented by the more complicated transition metal cases, the rela_ted Spin contaml_nat|on may deteriorate signifi-
systems! cantly the quality of the results in other systems. Overall, no

We recently reported a systematic stdéijn which various functional was found to perform satisfactorily for all systems,

density functional theory (DFT) and coupled cluster approaches and fc;r tngn'I?h systems,l nonet-toft.the tfugctl?r:;isc ftUd'ed ]:Nas
were critically compared in calculations of hyperfine coupling acceptable. 1he general quantitative study o ensors for
transition metal systems remains thus a challenge to quantum

chemistry.

The early history of EPR spectroscopy is closely connected
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involved, and both core and valence shells of the transition metal 1.
may be polarized significantly. The present work concentrates

on these more qualitative aspects of hyperfine coupling in
transition metal compounds and attempts to provide a detailed 3
understanding of the different spin polarization mechanisms. 4
Our interpretations are based on the molecular DFT calculations =, o. g
of ref 11 but will be augmented by detailed UHF and ROHF  ~
analyses of the relevant exchange, Coulomb, and one-electron o
integrals for some atomic systems. The geometrical and VEO"”
electronic structures of the molecular complexes studied, as well %=
as the relevant available experimental data, have already been g 4
discussed! Therefore, with the exception of few systems that

will be discussed in more detail, the reader is referred to ref 11

for further information. 0.9

1ii1s

2. The Spin Polarization Model: Previous Work

2
r(a.u.)

Figure 1. ROHF radial distribution functionsR(r)]r? for Mn?*.

The general theoretical background of EPR hyperfine cou-
pling is documented in many textbook® The isotropic
hyperfine coupling is directly proportional to the spin density
at the point of the corresponding nuclegg®(?, in the following . . .
abbreviated agy). In traditional interpretationgy is frequently to get cIo;er. This would correspond to an “effective attractlon”
approximated by the density of the singly occupied orbital(s). ©f like-spin electrons. However, what happens with the 3s
However, for the majority of systems studied by EPR spec- orbital? All of its radial maximums are _also located _closer to
troscopy, this simple approach is not sufficient. The unpaired the nucleus than the 3d radial maximum (cf. Figure 1).
electron, by virtue of its different interactions with electrons of Nevertheless, the 3s shell is polarized in the direction opposite
different spin, spin-polarizes the electron distribution in the fromthe 1sand 2s orbitals, as if the*3sbital were “repelled”
closed shells. This process can add significant spin density atTom the 3d-type SOMO. Watson and Freeman interpreted this
the position of the nuclei. The inadequacy of the spin-restricted 28 @ result of the large overlap between 3s and 3d shells, leading
theory of the hyperfine interaction has been noted since 193310 “competing tendencies” in the spin polarizatisnVe will
for various main-group atonid13 In the 1950s, the spin show below that the requ_lrement of orthogon_allty between _25
polarization model turned out to be very important for the early @nd 3s shells is responsible for these seemingly paradoxical
qualitative interpretation of EPR spectra for the transition metal OPservations.
ions. In many of these, the unpaired electrons occupy metal [N main-group chemistry, spin polarization dominates the
d-type orbitals. Although these orbitals have a node at the hyperfine couplings for some 2p atoms and ions, for some small
nucleus, substantial isotropic hyperfine splittings from metal 7-radicals (e.g., NO, CQ H,0"), and for the larger class of
nuclei were observed. Abragam etl&lsuggested that the organic planarr-radicals. In these cases, the spin polarization
isotropic hyperfine splitting in M#" resulted from the spin  ©Of the 1s and 2s orbitals is known to transfer spin density to
polarization of the outermost occupied core shell (3s in the casethe nuclei. Just as for transition metal ions, spin polarization of
of 3d metal ions). the valence orbitals contributes with a positive sigpgospin

Later, Watson and Freemirshowed by UHF calculations ~ Polarization of the core (1s) orbitals with a negative sith
for several 3d ions that the polarized 2s shell contributes even Unlike for transition metals, the positive outer-shell contributions
more to the hyperfine coupling than the outermost 3s shell, but dominate, providing an overall positivey.** The traditional
with the opposite (negative) sighPolarization of the 1s orbital ~ interpretation of these observations is analogous to the model
provided also a negative, albeit very small, spin density at the Of Watson and Freeman. Tlecomponent of the 1s orbital is
nucleus. It was concluded that in the 1s and 2s shells, which aftracted outward, leaving negative spin density at the nucleus.
exhibit radial density maximums at much smaller radii than the The 2§ orbital, which has its outermost maximum at slightly
3d orbital (cf. Figure 1), thex-spin electrons are “attracted” larger radius than 2p (Figure 2), is attracted inward and thus
outward, leaving a region of negative spin density near the Provides morex-spin density at the nucleus. This “exchange
nucleus” (similar arguments have been used to describe the attraction” of electrons with the same spin is often viewed as a
core polarization in 4d metal complex8s The usual argument ~ Manifestation of Hund's rule of maximum muiltiplicity:
given is that exchange reduces the electron repulsion between In the past, the concept of spin polarization has been used

2<¢ and the 38 SOMO and thus allows these electrons €Xxclusively to rationalize isotropic hyperfine couplings. How-
ever, recent theoretical work shows that dipolar hyperfine

19%2)82':972”& E.; SegreéE. Rend. Accad. Nazl. Lincéb33 4, 18;Z. Phys. coupling in transition metal systems may also be influenced
(13) Sternheimer, R. MPhys. Re. 1952 86, 316. significantly by spin polarizatioh22 In 3d complexes, large
(14) Abragam, A.; Horowitz, M.; Pryce, M. H. [Proc. R. Soc. A955 contributions to the metal dipolar coupling may come from the
230, 169.
(15) Watson, R. E.; Freeman, A.Bhys. Re. 1961, 123 2027. (19) See, for example: (a) Karplus, M.; Fraenkel, GJKChem. Phys

(16) Negative contributions ten of metal 2s orbitals and positive 1961, 35, 1312. (b) Chang, S. Y.; Davidson, E. R.; Vincow, &.Chem.
contributions of metal 3s orbitals have been reported also: (a) Case, D. A.; Phys.197Q 52, 1741. (c) Chipman, D. MJ. Chem. Phys1983 78, 3112.
Karplus, M.J. Am. Chem. S0d977 99, 6182. (b) Weber, J.; Goursot, A.; (d) Ishii, N.; Shimizu, T.Phys. Re. A 1993 48, 1691. (e) Engels, B.;

Penigault, E.; Ammeter, J. H.; Bachmann,JJJAm. Chem. Sod982 104, Peyerimhoff, S. DMol. Phys.1989 67, 583.
1491. (20) Chipman, D. M.Theor. Chim. Actal992 82, 93.

(17) Freeman, A. J.; Watson, R. E. Magnetism Rado, G. T., Suhl, (21) In contrast, the spin density at the hydrogen nuclei in planar
H., Eds.; Academic Press: NewYork, 1965; Vol. IIA, p 167. radicals is negativé?

(18) Watson, R. E.; Freeman, A. J. Hyperfine InteractionsFreeman, (22) Belanzoni, P.; Baerends, E. J.; van Asselt, S.; Langewen, P. B.

A. J., Frankel, R. B., Eds.; Academic Press: NewYork, 1967; p 53. Phys. Chem1995 99, 13094.
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0.010 contamination is typically very small Calculations and
analyses of isotropic hyperfine coupling constants (at the
Hartree-Fock and DFT level) were done with the Gaussian94
progran?* Applying the CUBE program option, the values of
the individual orbitals at the transition metal nuclei have been
determined and they were used for the analysis of the contribu-
tions topn. DFT calculations of the dipolar hyperfine coupling
constants have additionally been carried out with a modified
version of the deMon-EPR cod&?>where a routine for the
analysis of the orbital contributions g, has been imple-

0.008 -

\ \[1sUﬁ OP 2 - (1501 2 mented. ' . '
-0.002+ The medium-sized (15s11p6d)/[9s7p4d] metal basis sets
(15,201 2 - [1s5 01 12 constructed in ref 11 (based on the work of Sehaet al?f)
-0.004+ were used together with basis sets BllIl of Kutzelnigg et al. (also
known as IGLO-IIF?) for main-group atoms. In the Gaussian94
=05 1o 15 2o 35 30 35 40 DFT calculations, the default integration grids (itfinegrid
r(a.u.) optior??) of the program have been used. In deMon calculations,
additional auxiliary basis sets (5,5;5,5) for the metal and (5,2;5,2)
0.010 for the ligand have been used to fit the density and the exchange-
[2s)F b correlation potential (in this case, an extra iteration without fit
0.0081 of the potential and with extended grid was carried out after
0,006 e~ [2pg®1 2 SCF convergence). For the numerical integrat.ion i'n deMon, we
: , N\ have employed a nonrandom FINE angular grid with 128 radial
0,004 / N\ shells10.28
V. Hartree—Fock Analysis of One- and Two-Electron Inte-
7 0,002 S grals: The total energy corresponding to a Hartré®ck wave
5 A/ |/ function may be written &8
70,0004
Ne N v ANe N - -
0,002 4 , =3yh'+ -+ = Ji— K +
0002 \\\ /! (25,212 2 - 25012 1 S .z ! .Z ! ZIZJZ( ! ! )
-0.004 | _\ 1NN " Ne N y
00 | | [ZSUﬁfrnzrz-'[2sR(r)]2'r2 | | Z.Z,z( P K+ ZIZJU 1)
00 05 10 15 20 25 30 35 40
r(a.u.)

with oe and 8 denoting spin.

Figure 2. ROHF radial distribution functiong3(r)]?r?, and differences The one-electron term

between UHF and ROHF radial distributions'i. (a) 1s (ROHF radial

distribution scaled by/s). (b) 2s (ROHF radial distribution scaled by 1 Z,

g). For comparison, t_he ROHF radial dist_ributio_n fu_nction _of the 2p h, = fdr 1’/):(r1) _ _Vi - Y —|pi(ry) 2)
SOMOs (scaled by/s) is also plotted (cf. discussion in section 5). 2 M

spin-polarized 2p and 3p orbitals. This viewpoint will be represents the average kinetic and nuclear-attraction energy of
strengthened and extended to valence-shell contributions by thean electron described by the orbitgl(ry); the two-electron
present work. Note that, for magnetic nuclei in an electronic Coulomb integral

environment of axial symmetry (i.e., those located on an at least

3-fold symmetry axis), as is the case for all transition metal 3 =T0ilic= (dr. dralw-(r 2w )2 3

nuclei studied here, the dipolar coupling tensor may be brought = WIE= fdr drly(r) o Twy(ro) ®)

to the form (—Adip, —Adip, 2Adip), WhereAdyp is the so-called  expresses the classical Coulomb repulsion between the charge
dipolar hyperfine coupling constant.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

3. Computational and Methodological Details A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
. . V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Calculations and MO Analyses of HFCCsIn the following Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

discussion, we will neglect (spirorbit or scalar) relativistic Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

; ; : ; Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision E.2); Gaussian,
corrections to the HFCCs (which have been estimated in ref Inc.: Pittsburgh, PA. 1995,

11). The selection of experimental data for most of the systems  (25) a) Salahub, D. R.; Fournier, R.; Miynarski, P.; Papai, |.; St-Amant,
used here, and the conversion between different representations.; Ushio, J. InDensity Functional Methods in Chemisttyabanowski, J.,

; ; ; Andzelm, J., Eds.; Springer: New York, 1991. (b) St-Amant, A.; Salahub,
of HFCCZ, ha(;/e beer_l sumrrllanzled |? our previous ngshe | D. R, Chem. Phys. Letd990 169 387
Compute an expel’lmenta molecular structures used are also (26) Scliger, A.: Horn, H.; Ahlrichs, RJ. Chem. Phy4992 97, 2571.

those described in ref 11. We will concentrate on all-electron  (27) Kutzelnigg, W.; Fleischer, U.; Schindler, M. INMR—Basic

unrestricted KoharSham calculations, mainly on results ob- ;’gnCI%%; and Progress/ol. 23, Springer-Verlag: Heidelberg, 1990; Vol.
. . . . s w ” ) .
tained Wlth the grgdlent-corre_cted_B?Bﬁmctlonal. This “pure ~“7(28) baul, C. A.: Goursot, A Salahub, D. R.NATO ARW Proceedings
generalized gradient approximation has the advantage that spirbn Grid Methods in Atomic and Molecular Quantum Calculatigol. C412,
Cerjan, C., Ed.; Kluwer: Dordrecht, 1993; Vol. C412.
(23) Perdew, J. P.; Wang, WYhys. Re. B 1986 33, 8822. Perdew, J. (29) Szabo, A.; Ostlund, Neil 3Modern Quantum ChemistnDover:
P.; Wang, Y.Phys. Re. B 1986 34, 7406. New York, 1996.
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Table 1. Spin Densities at the Metal Nuclei (au) for a Series of Manganese Complexes

contribution8

core

molecule 1s 2s 3s VS SOMO total éxp 3s/2s
2[Mn(CO)s] 0.00 —0.18 0.09 0.04 0.06 0.00 0.00...0.01 —0.50
2MnO3 0.01 -0.33 0.18 —0.58 2.54 1.82 1.46 —0.55
2IMNn(CN)sN]~ 0.00 —0.39 0.20 0.04 0.00 —0.15 —0.25 —0.51
2[Mn(CN)sNOJ?~ —0.01 —0.50 0.24 0.13 0.00 —0.13 -0.20 —0.48
MnO 0.01 —1.40 0.64 —0.43 3.56 2.39 2.17 —0.46
S[Mn(CN)4]>~ —0.03 —1.60 0.71 0.46 0.00 —0.45 —0.60 —0.44
SMnF, 0.00 —1.62 0.72 -0.22 2.45 1.33 0.47...0.61 —0.44
‘MnH 0.01 —1.69 0.72 -0.84 3.86 2.07 1.52 —0.43
"MnF 0.01 —1.70 0.74 -0.12 3.68 2.61 2.40 —0.44
5Mn -0.01 —1.78 0.78 0.93 0.00 —0.07 -0.39 —0.44
Mn* 0.04 -1.79 0.76 0.00 5.30 4.31 4.12 —0.43
SMn2* —0.01 —1.85 0.79 0.00 0.00 —1.07 —-0.76..-1.2# —0.43

a DFT results with the BP86 functiondl. Contributions from the core-shell spin polarization (1s,2s,3s), valence-shell spin polarization (VS),
and singly occupied orbital(s) (SOMO)From ref 11, unless stated otherwigdasai, P. HAcc. Chem. Red971, 4, 329. Ar-matrix isolation.
¢Values obtained in different host crystals; see ref 1.

Table 2. Spin Densities at the Metal Nuclei (au) for a Series of First-Row Transition Metal Complexes

contribution8

core

molecule 1s 2s 3s VS SOMO total éxp 3s/2s
STiO 0.03 —-0.24 0.02 -0.12 2.31 1.99 1.91 —0.08
2TiF3 0.01 -0.17 0.03 —0.09 1.07 0.86 0.70...0.73 —0.18
SVN 0.03 —-0.34 0.07 -0.27 2.87 2.37 2.23 —-0.21
VO 0.02 —0.58 0.17 -0.25 2.74 2.09 1.98 -0.29
6Crt 0.00 —1.38 0.42 0.00 0.00 —-0.97 —0.30
S[Cr(CO)* —0.01 -1.20 0.39 0.35 0.00 —0.47 —0.82 -0.33
SFet —0.03 —2.30 1.19 0.00 0.00 -1.14 —-0.81..-1.08 —0.52
[Fe(CO)* —0.01 -0.33 0.19 0.05 0.10 0.00 —0.02 —0.58
J[Co(CO)] 0.00 —0.38 0.23 0.05 0.10 0.00 —0.05 —0.61
2INi(CO)3H] —0.02 —0.18 0.12 0.00 0.01 —0.06 —0.02 —0.67

a DFT results with the BP86 functiondl. Contributions from the core-shell spin polarization (1s,2s,3s), valence-shell spin polarization (VS),
and singly occupied orbital(s) (SOMO)From ref 11, unless stated otherwig€&/alues obtained in different host crystals; see ref 1.

clouds|yi(r1)|2 and|yj(r2)|% the two-electron exchange integral Below we refer to the sum of all Coulomb integrals from eq
1 as the total Coulomb energ¥d{) and to the sum of all
K; = 0[jiC= fdrldrzwi*(rl)w,- )y )y (@) exchange integrals from eq 1 as the total (negative) exchange
energy Ex). Note that the summations in eq 1 are not restricted
represents the exchange correlation of the two electrons ( to pairs of different spirrorbitals. Therefore, the (unphysical)
denotes the coordinates of electrigri® electrostatic interaction of an electron with itself is accounted
At the unrestricted HartreeFock (UHF) level of theory, the  for in the Coulomb part and again subtracted in the exchange
spatial parts of they® and ¢/ orbitals are allowed to differ, ~ part (ref 32 p 180). This allows a unique orbital breakdown of

while at the restricted-open-shell Hartreeock (ROHF) level  the total electron repulsion energy into exchange and Coulomb
they are required to be identical for every< NA. In the parts®®* The Coulomb part may be interpreted as a classical
following, we will discuss also the overlap integral electrostatical energy of a charge cloud of dengfty, whereas
the exchange part includes all nonclassical effects, (ref 32, pp
: * 34 and 39).
§ = Wic= [dry; (w0 (5) )

UHF and ROHF wave functions have been compared in terms 4. Analysis of Contributions to pn

of energies and spin density distributions for a number of  Table 1 gives a breakdown of the DFT results for the spin
spherical 38 cations (Cr, Mn?*, F€*), and for the nitrogen  density at the metal nucleus into MO contributions in a series
atom, using the Gaussian94 code, and basis sets as describegi manganese complexes (and in three atomic systems). Table
above. Using the CUBE option, the radial wave functions have
been extracted. Applying standard methods of two-electron _ (30) In this work, the notation for one- and two-electron integrals pertains
. . . to integration over the spatial parts of the corresponding-spihitals only.
integral calculations for atomic systerfithe values of Coulomb (31) Weissbluth, MAtoms and Molecules\cademic Press: New York,
and exchange integrals, nuclear attraction integrals, and overlap1980.

between radial wave functions (cf. below) have been determined. (32) Parr, R. G.; Yang, WDensity-functional theory of atoms and

: : D molecules Oxford University Press: New York, 1989.
For the numerical calculation of the Sl ondon parameters, (33) When self-interaction is not accounted for, the decomposition of

a radial grid of 102 au has been employed over a radius of 10 electron repulsion energy into Coulomb and exchange parts may be arbitrary.
au from the nucleus. Summation over all electrons and pairs of For example, foa p shell fully occupied with six electrons, both the total

electrons gives the total nuclear attraction energy and electronCoulomb and the total exchange energy depend on the orbital basis (angular
momentum eigenfunctions or real functions). The reason is{hay pxpyC

repulsion energy (cf. eq 1). The total kinetic energy has been — (P2l PP2= [ByPelPyP- = [P1Polp1Pol= [P 1PolP-1Pol5 (P 1p|p-1paL]
extracted from the Gaussian94 output. An analogous relation holds for the corresponding exchange integrals.
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2 provides the same analysis for other 3d complexes. In addition
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following refer to the radial wave functions only (hence, the
scalar argument is used, rather than the vectoy. A given
pair of spin-polarized orbitals gsand 2§, contributes topy

like (2€5(0))2 — (2¢(0))% The function (2§(r))> — (2/(r))2
may be divided into two parts corresponding to (i) the
polarization of the 25 orbital and (ii) the polarization of the
24 orbital, relative to the corresponding orbitals in the restricted
(Hartree-Fock or Kohn-Sham) calculation. We may thus
expand the function as

@O — LN =1251))* — 2s:))] +
[(25:())* — (1) = [2si(r) + 25:(N)][2s5(r) —
25(N] + [25x(1) + 2 (N][2sx(r) — 2€(1)] (6)

If we denote [2§(r) — 2x(r)] asA2s* and [2€(r) —2%(r)] as
A2¢, eq 6 may be rewritten as

to the 1s, 2s, and 3s core contributions (i.e., contributions from (2{;(r))2 - (Z{J(r))2 = [2(254(1)) + A28X(r)]A2S(r) —

MOs with predominantly metal core character), we summarize

under “valence” contributions arising from the spin polarization
of the doubly occupied valence MOs. The direct contribution-

(s) from the SOMO(s) is(are) also given (for cases such as MnH

[2(254()) + A2¢(1)]A29'(r) = 2(25,(r))(A25(r) —
A29(N) + (A254(r)* — (A2€(r))? (7)

or MnF», where more than one SOMO possesses s-character, B0th A2s(r) andAZsG(g) are ”}‘UCE smaller than @6). The
their contributions have been summed up). Spin densities derivegduadratic terms A2sX(r))?, (A29(r))? may therefore be ne-

from experimental hyperfine coupling constd#isre included
for comparison.
While contributions from valence-shell spin polarization vary

in both their signs and magnitudes, the core contributions depend
much less on the detailed bonding situation (compare, e.g.

[Mn(CN)4]>~ and MnR).3* The negative 2s contributions

dominate, whereas the 3s contributions are smaller and positive.
The 1s contributions are very small. Both 2s and 3s contributions

increase with increasing spin multiplicity of the system.

However, the ratio between 3s and 2s (3s/2s ratio in Tables 1

and 2) remains close t60.5 for all Mn complexes (Table 1).

A more detailed analysis indicates that both the 2s and 3s

contributions exhibit a remarkable proportionality to the total
3d spin population (Figure 3). Neither the specific bonding
situation nor the spin population of the metal 4s orbitals

influence the 2s and 3s contributions appreciably. For example,

we may compare the 2s and 3s contributiongxdor the ®Mn
atom (-1.78 and 0.78 au), th&In™ cation -1.79 and 0.76
au), and théMn2* cation (~1.85 and 0.79 au).

glected. Furthermore, to a large exteN®X(r))? is compensated
by —(A2(r))? (cf. section 5). The left side of eq 7 may thus
be approximated as

(2N’ — M) ~ 2Q2%N)(A28(r) — A28() (8)

Analogously we obtain for the contribution from the 3s
orbitals

(BN’ — BLHM)* ~ 2@xN)(A3S () — A3E() (9)

The ratio between the 3s and 2s orbital contributions is thus
to a good approximation

(B)° ~ BLM)* _ 3(r) A3(r) — A3Y(r)
LM — LM 2%(r) A28 (r) — A24(r)

(10)

Each of the orbital contributions tp®#(r) is therefore
roughly proportional to the difference between the restricted

Interestingly, the 3s/2s ratio is influenced more by nuclear and unrestricted orbitals, but also to the absolute value of the
charge than by anything else (Tables 1 and 2). It becomes morerestricted orbital. As a consequence, the much larger value of

negative when moving toward the right end of the 3d series.

the 2s orbital at the nucleus results in the larger 2s orbital

This is seen best when comparing the isoelectronic high-spin contribution to p®#(0), although A3s%(0) — A3¢(0) >

d® ions 8Cr*, 8Mn2+, and8Fe**, for which the 3s/2s ratio is
computed to be—0.30, —0.43, and —0.52, respectively.
Intuitively, it is not clear whether this is just a consequence of

A2g(0) — A2¢5(0). The ratio 3g(0)/2%(0) changes only slightly
throughout the 3d series: for GrMn2*, and Fé*, we obtain
the ratios—0.373, —0.377, and—0.383, respectively (BP86

a change in the relative magnitudes of the (spin-averaged) 3sresults). In contrastA3s*(0) — A3g(0)/A2s*(0) — A29(0)
and 2s orbitals at the nucleus or of an increasing spin changes from—0.821 for Ct# through —1.138 for Mr¥*, to

polarization of the 3s orbital with increasing nuclear charge.
As will be shown below, the latter interpretation is to be
preferred. In the following, the spatial parts of the spambitals
¥5dNa(0), Yodr)B(o), ¥3dra(o), and yi(ra(o) will be
abbreviated as 2¢), 29(r), 3s4(r), and 24(r), respectively
(subscripts U and R will indicate unrestricted or restricted
orbitals). For s-type orbitals, the angular part of the wave
function is constant and equal to 1. Therefore, we will in the

(34) The low sensitivity of spin polarization contributionseiein organic

radicals on the particular bonding situation has been discussed. The

proportionality between the 1s and 2s contributions for; @ker a wide
range of conditions (out-of-plane bending) has also been reported.

—1.348 for F&" (extracted from ROBP86 and UBP86 results).
An interpretation of this trend is given in section 5.

While the valence-shell spin polarization contributiongo
appear to be irregular at first sight, we find a relation between
their sign and the character of the SOMO: The valence
contribution topy is positive only when there is no metal 4s
admixture into the SOMO (e.g., ifMn° S[Mn(CN)42-,
6[Cr(CO)]™) or when the admixture is very smad[Mn(CO)g],
2[Fe(CO)]M).2%In the presence of significant metal 4s contribu-

(35) For main-group systems with 2p-type SOMOs, that for symmetry
reasons may not mix with the bonding MOs, valence-shell spin polarization
always contributes positively toy (at the given main-group centéf).
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Table 3. Spin Densities at the Metal Nuclei (au) for a Series of the associated differences between the UHF and ROHF distribu-

Atomic Systems with Five Singly Occupied 3d Orbitals tions. The area confined betweep f(r)]2r2 — [yg(r)]?r2 and
contributior? the x axis may be interpreted as a measure of spin-density
core redistribution within a given spinorbital, due to spin polariza-
atomfion 1s 2 3s VS SOMO total &p  3si2s tion. We find that (a) in areas where the spin polarization

increases the magnitude of thespin—orbital, the magnitude

Crt —0.04 -2.11 051 0.00 0.00 -1.64 —0.24 of the corresponding spin—orbital is decreased and vice versa;
6Mn  —0.04 —2.71 1.31 1.08 0.00 —0.36 —0.33 —0.48 b) cl © th | ithin0 3 th in density of
SMn2* —0.08 —2.82 1.34 0.00 0.00 —1.57 —1.24.-0.76 —0.48 (D) close to the nucleus (withir0.3 au), the spin density o
6Fe®t  —0.12 —3.56 2.21 0.00 0.00 —1.48 —0.81..—1.05 —0.62 the 2¢ orbital decreases whereas that of the @bital increases

a UHF results.? Contributions from the core-shell spin polarization (see Figure 4a,c). The same holds for the relation between the
(1s,2s,3s), valence-shell spin polarization (VS), and singly occupied 2¢’ and 3§ curves. Furthermore, the 2@nd 3§ curves, as
orbital(s) (SOMO).cCf. Tables 1 and 2 for references. well as the 2f and 3p curves, exhibit the same kind of

complementarity in the core region (cf. Figure 4b,d). This
tions to the SOMO (and thus of large direct, positive SOMO suggests that the relation between the 2s and 3s contributions
contributions topy), the spin polarization of the valence shell 10 pn, in particular their opposite sign (as well as the relation
always contributes negatively tay (cf. MnH, MnO, MnG;, between 2p and 3p contributions to the dipolar coupling, cf.
and TiRs in Tables 1 and 2). section 7), is due to the orthogonality required between the

The signs of the individual MO contributions in Tables 1 orbitals of the M and L shells.
and 2 remain the same with the other gradient-corrected and To gain deeper insight into this relation, we examine in Table
hybrid functionals compared in ref 11, or even at the UHF level. 4 the influence of spin polarization on the values of two-electron
From a quantitative point of view, the contributions change only integrals between the SOMO(s) and the (spin-polarized) doubly
relatively little for different correlation functionals tested but occupied orbitals. We discuss first the exchange integrals. Each
change significantly upon inclusion of HartreEock exchange  of them has been calculated (a) for both electrons occupying
into the exchange functional. This is easily understandable, asROHF orbitals, (b) for the unpaired electron in a ROHF orbital
UHF calculations overestimate spin polarization considerably and the “paired” electron in a UHF orbital, and (c) for both
and thus lead to much larger negative core-shell contributions electrons in spin-relaxed (unrestricted) orbitals. This allows us
to pn. In contrast, gradient-corrected functionals tend to to compare the energy gain/loss due to the spin polarization of
underestimate the core-shell spin polarizafibAdmixture of the doubly occupied orbital and the effect of the relaxation
(the right amount of) HartreeFock exchange frequently brings  (contraction) of the SOMO. The spin polarization of the 2s and
the results into better agreement with experiment. Negative 2p orbitals increases their exchange interaction with the SOMO,
contributions from valence-shell spin polarization are also often and the SOMO relaxation enhances this interaction further, so
overestimated at the UHF level. In all cases studied, the UHF that the exchange stabilization may be understood as a driving
spin densities at the metal are lower than the DFT results (dueforce of 2s and 2p spin polarization. Exchange stabilization
to the core-shell contributions) and too low compared to correlates with an increase in the overlap of the radial wave
experiment (cf. ref 11). functions (Table 4, Figure 4a,b). In the following, we will refer

As an example, UHF results for a series of atomic high-spin to this type of overlap integral aadial overlap, as opposed to
d® systems are shown in Table 3. All qualitative aspects (sign the more common overlap integral defined in eq 5. The
and relative magnitude of the orbital contributions) are the same exchange of the 3s or 3p orbitals with the 3d SOMO is de-
for UHF as for DFT (BP86, cf. Tables 1 and 2). We note that creased by core-shell spin polarization and is accompanied by
the increase in the 3s/2s ratio along the 3d series (cf. discussiora decrease in the radial overlap (Table 4). Relaxation of the
above) is also present, albeit somewhat overestimated, at theSOMO recovers only part of the radial overlap and of the
UHF level. Referring to eq 10, ) /2%(0) changes from exchange interaction. Obviously, the redistribution of spin

—0.362 for Cr through—0.367 for M#* to —0.373 for F&, density does not enhance the exchange interaction with the
and A3s4(0) — A3g(0) /A2s(0) — A2¢(0) changes from  SOMO for all orbitals.
—0.667 for Cr, through—1.290 for Mrf*, to —1.348 for Fé* This may be not too surprising, as not only exchange with

(ROHF and UHF results, respectively). The qualitative similarity the SOMO but also Coulomb repulsion with the SOMO,
of the DFT and HF results justifies our use, in the following - exchange and Coulomb repulsion with the other electrons, and
section 5, of HF wave functions in the detailed analysis of spin g|ectron-nuclear attraction and kinetic energy change upon
polarization in atoms. We note that spin contamination is going from the ROHF to the UHF wave function. Indeed, the
negligible for the high-spin atomic systems studied, even with 5p50)ute value of the exchange energy is roughly 1 order of
UHF wave functions. magnitude smaller than these other terms. Note, also, that
changes in the exchange and Coulomb interactions foothe
spin—orbital are partly compensated by the corresponding,
We will start our discussion with a comparison of spin- complementary changes in tiflecomponent (Table 4). Spin
restricted and spin-polarized orbitals for kn In its 6Mn2+ polarizations of individual orbitals are obviously not independent
ground state, the cation has five unpaired electrons, all of themProcesses.
occupying metal 3d orbitals. The maximum of the 3d radial =~ What is the driving force for the spin polarization of the 3s
distribution is located at only slightly larger radius than the (and 3p) orbitals? To understand this we have to be aware that
outermost maximums of the doubly occupied 3s and 3p semicorethe optimized orbitals for an atom have to be orthogonal. This
orbitals (Figure 1). The 2s and 2p orbitals are much more may be realized (a) by the spin parts, (b) by the angular parts,
contracted and well separated from the M shell. or (c) by the radial parts of the wave functions. For two s-type
Spin Polarization of 2s vs 3s and 2p vs 3p Core Shells. o spin—orbitals, condition ¢ applies; i.e., the radial functions
Panels ad of Figure 4 show radial distributions of the 2s, 2p, have to be orthogonal, both for the ROHF and UHF wave
3s, and 3p ROHF orbitals dMn2*, respectively, as well as  functions. In other words, the area between the functien

5. Analysis of Spin Polarization in Atomic Systems
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Figure 4. ROHF radial distribution functions{,(r)]42 (scaled by"1sq), and difference between UHF and ROHF radial distributions fof'\Ma)
2s, (b) 2p, (c) 3s, (d) 3p. For comparison, the ROHF radial distribution function of the singly occupied 3d orbitals (sc¢&lgdsbglso shown.
See text also.

2s()3s() r? and thex axis in regions wheréis positive has to SOMO, the reduced exchange interaction between 2s and the
be equal to the area in regions whdrés negative. This is SOMO would overcompensate the gain. This is best illustrated
demonstrated in Figure 5 for the spin-restricted case. If we now, in Figure 4. 28 is well separated from 3d and clearly enhances
for example, allow the 2sorbital to be polarized (decontracted its interaction with the SOMO upon radial expansion (Figure
to largerr, cf. Figure 4a), the negative area unflelecreases,  4a). In contrast, spin polarization of8s much less effective,
whereas the positive area increases. The orthonormality betweeras areas with increased and reduced overlap will partly
2s* and 3¢ has been lost. To recover it, the polarization of the compensate each other (Figure 4c). The same arguments may
3s* orbital must again enhance the negative area and reducebe applied to the spin polarization of the 2p and 3p orbitals
the positive area; i.e., it has to contract. Changes of thars (Figure 4b,d). The polarization of 2s3s*, and 3¢ orbitals is
3¢ spin—orbitals behave analogously, with opposite directions. of course not an isolated process but is accompanied by the
The same conditions apply to the“2@p* and 2p/3p° pairs; polarization of all other orbitals of either spin. Besides the
i.e., their radial functions must also remain orthogonal. Thus, exchange interaction, Coulomb repulsion and electrurcleus
orthogonality requires complementary polarizations of the L and attraction also come into play. This will be discussed in more
M shells. This orthogonality does not hold strictly for molecular detail below.
systems. However, as the nature of the core orbitals does not The requirement of orthogonality between the 3s and 2s
change much in molecules, we expect that the same mechanismsrbitals helps us also to understand better the dependence of
apply (see further below). their contributions tqy on nuclear charge. From the orthogo-
From this we conclude that the 2s orbital is spin-polarized nality of 2g(r) and 3§(r) follows:
to enhance the exchange interaction with the SOMO. The 3s
orbital has to stay orthogonal on 2s, even if this means a reduced
exchange interaction with the SOMO. Why does the spin 2LNIBHNT= R&KNR2%(NDT RK(NIASS T
polarization of the 2s orbital dominate? The reason is that the [A28(r)[3s:(r) O+ [A28'(r)|A3S'(r) =0 (11)
energy gain in the exchange interaction between the 2s and the
3d SOMO is much larger than the energy loss due to the The first term in the middle of (11) vanishes, since the ROHF
exchange interaction between the 3s and the 3d SOMO (Table2s and 3s orbitals are also orthogonal. The fourth term is negli-
4). If we were to optimize the exchange between 3s and the gible with respect to the second and third terms, siti2e*(r)
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Table 4. Exchange, Coulomb, and Radial Overlap Integrals between the SOMO and the Doubly Occupied Orlfikaig faauy

exchange integrals 1s 2s >2p 3s >3p
@r3ck|3cky RO 0.000 278 0.026 949 0.079 875 0.081 590 0.298 482
[ %3ck|3dkyd 0l 0.000 278 0.027 109 0.080 715 0.081 478 0.298 100
@pa3d| 3yl 0 0.000 278 0.027 172 0.080 900 0.081 553 0.298 340
Y313yl O [@pr30k|3ckyrl] 0.000 000 0.000 223 0.001 025 —0.000 037 —0.000 142
5 3, —[@ 833yl — Hr3cki3ckysl] = — 0.005 345
Coulomb integrals 1s 2s >2p 3s >3p
[@r30k|yr3dr0] 1.181 876 1.163 092 3.503 115 0.926 861 2.714 807
[%30k] Y 30ck0 1.181 876 1.162 929 3.502 484 0.927 437 2.720 802
%3y 33d0 1.182 956 1.163 962 3.505 616 0.927 996 2.722 392
@3 yl3diD 1.182 956 1.164 224 3.506 621 0.926 797 2.709 494
radial overlap integrals 1s 2s 2p 3s 3p
@RI 3k 0.001 854 0.028 223 0.025 459 0.069 239 0.072 500
@%|3dg8 0.001 855 0.028 413 0.025 748 0.069 099 0.072 259
@%|3diP 0.001 857 0.028 444 0.025 776 0.069 116 0.072 272
nuclear attraction integrals 1s 2s 2p 3s 3p
Wr|Z/r|yrO 612.889 503 131.448 180 129.454 856 40.539 902 37.291 698
1zl ly0 612.885 311 131.191 339 129.169 607 40.713 359 37.617 042
|z w0 612.892 007 131.627 837 129.643 564 40.433 853 37.032 423
3d
@r|Z/r RO 29.548 909
s (2Zir)ypl0 29.575 906

a Comparison of ROHF and UHF data. All radial wave functions have been normalized49 @079 577 4; see ref 30. @|pl= [y (r)*¢(r)
r2 dr, wherey(r) and ¢(r) are radial parts of the orbitalg(r,0)and ¢(r,0), respectively.
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Figure 5. Orthogonality of 2s and 3s orbitals in Min(ROHF result).

The function f= 2s()3s)r? integrates to zero. For comparison, the
functions 2s()r?2 and 3sf)r? are also shown. For 2s, the phase

convention differs from that used elsewhéfe.

<< 2%(r) and A3s*(r) << 3s(r) . Hence,

2sx(r)|A3S(r) H [A28(r)|3sx(r) [~ 0

Analogously, it may be shown that

[25,(r)|A3(r) H [A2€'(r)|35(r) I~ 0

(12)

(13)

Figure 6 illustrates eq 12 for Mn. The function
A3(r)2s:(r)r? is positive at most values, as 2€r) andA3s*
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§ [255] (A1
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-0.00021 [3sg ()] [A2s%(r)]r?
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r{a.u.)
Figure 6. Consequences of the orthogonality between 2s and 3s orbitals
in Mn2*. The functionA2sX(r)3s:(r)r2 + A3sX(r)2s(r)r? integrates to
zero; see text.

have equal sign where they overlap significantly. The function
A2s4(r)r? is negative everywhere, as regions of negative
A25(r) always match those of positivergs), and vice versd®

The total area undex2s(r)3x(r)r? and undeA3s(r)2s:(r)r?

is calculated to bet0.000 238 and-0.000 238, respectively.
The approximation in deriving eq 12 from eq 11 appears thus
to be well-justified. The spin polarization contributions

(36) Molecular or atomic orbitals are unique except for a phase factor.
Unless noted otherwise, in this work all s-type orbitals are defined as to be
positive at the nucleus. The choice of phase does not alter the physical
mechanism.
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0.4 Table 5. Analysis of ROHF and UHF Total Energies &in%"
and“N (au)
VN2t EN
Etot,RoHF —1148.793 015 —54.398 026
Etot,un® —1148.795 003 —54.401 648
Etot,unr — EtotroHF —0.001 988 —0.003 622
ExinroHF’ 1148.959 337 54.397 176
Exin,une® 1148.962 479 54.401 243
EkianHF_ Ekin’RoHF 0003 142 0004 067
Epot,roHE —2297.752 352 —108.795 202
Epot,une® —2297.757 482 —108.802 891
Epot,uHF — Epot,RoHF —0.005 130 —0.007 689
Ene RoHE —2717.979 039 —128.343 514
Ene.uHe —2718.011 143 —128.353 641
Ene,unF — Ene,RroHF —0.032 104 —0.010 127
Eee,ROHE 420.226 687 19.548 312
Eee,un® 420.253 661 19.550 750
Ece,unr— Ece,roHF 0.0269 74 0.0024 38
) Ec rond 511.200 248 31.975 583
Figure 7. Effect of nuclear charge on the 2s and 3s orbitals. Com- EC’U”Ff_ 511.230 621 31.987 506
: Ec,unr— Ec,ronE 0.030 373 0.011 923
parison of [2s(]?r? and [3sf) 142 for Cr™ and F&" (ROHF results). Ey rone® —90.973 561 —12.427 271
Ex,unrF? —90.976 960 —12.436 756
010 Ex.urir — Exromr —0.003 399 —0.009 485
0.08 aTotal (kinetic + potential) energy of the systefnTotal kinetic
\ energy.c Total potential energyHuot = Ene + Eed. @ Total energy of
0.064: A3s(r), Fet the electrons due to nuclear attractiéotal electror-electron repul-
’ ‘/ s, Fe sion energy Eee = Ec + Ex). ' The sum of all Coulomb integrals,
! including self-interactions? The sum of all exchange integrals, includ-
0043\ A3s%), Cr* ing self-interactions.
= 0021 ‘\'\‘ and 3). Previously the minimization of the electrostatic repulsion
: 0l NeEEm—— - with the unpaired electrons had been considered to be the major
T NIooE driving force of the 1s spin polarizatidit” According to our
0.02 1 calculation, 1s spin polarization does not lead to any significant
1 s, Crt difference between the. and 8 components with respect to
-0.04-.-"\\ . . exchange and Coulomb interaction with the SOMO, cf. Table
A25%(e), Fe 437 From this, and from the small 1s contributions of either
-0.06 ' y y y sign topy in different systems (Tables-13), we conclude that
0 0.2 04 0.6 0.8 1 . - s
r(a.u.) the 1s orbital reacts to the spin polarizations of the other doubly
Figure 8. Core-shell spin polarization in Grand F&": A2s(r), occupied orbitals rather than minimizing its rt_epu!smn with the
A3(r). SOMO. Note, for example, that the 1s contributionotpand

the sum of the valence-shell contributions always have opposite

A3s4(r) and A2s4(r) have to match the restricted orbital Signs (cf. also Tables 1 and 2).
distributions 2g(r)r2 and 3g(r)r?, to fulfill eq 12. Spin Polarization and Energy Gain The gain in exchange

Figure 7 examines the changes in the ROHF 2s and 3s radial€nergy, due to spin polarization, between the five SOMOs and
distributions upon increasing the nuclear charge by two (fhe d the doubly occupied orbitals in Mh (—0.005 345 au; see Table
ions 6Cr+ and 6Fe*+ are compared). Both 2s and 3s contract 4) corresponds to 104% of the difference between the total UHF
and increase their overlap with3s* and A2s%, respectively.  and ROHF potential energies (Table 5). For theatom, the
The redistribution of the electron density is more pronounced corresponding gain in exchange energy represents 105% of the
for the more polarizable 3s orbital. This is seen most clearly total reduction in potential energyE(y, Table 5). This is
when comparing the area confined between the curves33(Fe consistent with the usual interpretation of spin polarization as
and 3s(Ct) with the area confined between the curves 2&(Fe  being due to improved exchange interactions between the
and 2s(Ct). The contraction of 3s and 2s will thus enhance SOMO(s) and the doubly occupied orbital(s) in the UHF wave
[A2%(r)|3s:(r)Omore thanA3s%(r)|2s:(r)l] To retain orthogo-  function.

nality in the spin-polarized casA3s(r) has to increase relative Additionally, the spin polarization creates a new equilibrium
to A2s%(r). This is supported by Figure 8: While the absolute between electronelectron repulsion and electrenuclear
value of A2s(r) increases only slightly from Crto Feé*, attraction. The crucial role of electremuclear attraction energy

A3syr) is significantly enhanced. Consequently, the ratio (Ene) is demonstrated in Table 5. It provides the main energy
A3s4(0)/A2s%(0) is larger for F&". Analogously, A3(0)/ gain upon going from ROHF to UHF wave functions. This may
A2¢(0) is enhanced. As a result, the magnitude of the 3s/2s be rational_ized as follows: As the ROHF wave function is not
ratio of core-shell spin polarization contributionssipincreases ~ relaxed with respect to exchange interactions between the
with increasing nuclear charge (cf. Tables 2 and 3), due to the SOMO and the othex spin—orbitals, the density is too diffuse.
requirement of orthogonality between 2s and 3s shells. Spin polarization helps to contract the metat 38p*, and 38

Spin Polarization of the 1sOrbital. The direction of 1s spin or_b|tals and thqs _enhances electronuclear attraction. Part of
polarization in Mi* is the same as for the 2s orbital: the this energy gain is compensated by the decontraction of the

component expands, Whereas }fheompomnt contracts. Both (37) The strongly localized 1s shell experieneesorders of magnitude
processes produce a negative contributiopndcf. Tables 1 less exchange interactions with 3d than 2s does.
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charge density in s 2, 2p*, as well as in 35and 3§ (1¢, Table 6. Exchange, Coulomb, and Radial Overlap Integrals
24, 2[13 contract and thus loweEye). Tables 4 and 5 show that between the SOMO and the Doubly Occupied Orbitals*foau}t
the spin polarization improves exchangg) but increases the exchange integrals 1s 2s
total Ece This is also a consequence of an overall more r2pRI2pcyrl] 0.028 820 0.137 305
contracted charge density. Nevertheldsg, decreases, due to " w

the large contribution fronne. The total kinetic energyHin) [u2pei2pry gD 0.029190 0138789

increases, in agreement with the virial theor&m. 32p| 25y 0 0.029 505 0.139 322
Table 4 also shows that, due to formal similarity, the exchange 2Pl 25y 0 Br2pri2pryrl] 0.000 685 0.002 017

integrals and their changes upon spin polarization are closely o

connected with the radial overlap of the corresponding orbi- 3% — [@y2p)l 2Py Bpr2pri2pryr]) = —0.008 106

tals. (a) The exchange interaction increases in the series cqyiomp integrals 1s 25

(3d,1s), (3d,2s) and (3d,3s) and so does the radial overlap; (b)

the spin polarization increases the exchange integral with the Wr2pelyr2pR 0.947 366 0.668 210
SOMO when the radial overlap with the SOMO increases and W32pRly2pR0 0.947 209 0.677 922
vice versa”.9 In contrast, the Coulomb interaction increases along @o2pk pi2pi0 0.951 949 0.680 044
the series (3d,3s), (3d,2s), and (3d,1s), even though the 2s and 266y 2p 0 0.952 208 0.655 545

particularly the 1s maximums are far from the 3d maximum.
This implies that1/r1,00may actually increase with increasing radial overlap integrals 1s 25
distance between the radial maximums and vice versa. Com-

pared to the 1s wave function, the 3s wave function occupies a Wri2pe 0.020 783 0.076279
larger angular space. Thus, the electrons in 3s and 3d orbitals [@y12p:0 0.021107 0.075 845
are on average further apart (despite the large overlap of the @2 2p% 0 0.021 217 0.075 882
corresponding radial wave functions).

Coming back to the historical interpretations of spin polariza- __nuclear attraction integrals 1s 2s
tion in transition metal systems (sectioh!d, we conclude that | ZIr|yprO 46.584 427 7.532 656
the expansion of the 2®rbital reduces its electrostatic repulsion @pg|Ziryo 46.467 873 7.803 738
with the SOMO, both by reduced Coulomb interaction (angular p p
correlation) and by improved exchange (radial correlation). This GpolZiry0 46.669 016 7.201 735
would correspond to the usual “effective attraction” of like- 2p
spin electrons on a radial scale. On the other hand, the boundary WrlZIv|yrO 6.703 116
condition of orthogonality to 2s forces the 3s spin polarization %|Z/r|y%0 6.737 093
Eg)s(ﬁﬁinrzop?arzgl?n:r%r;tﬁgtsl?n of 3§, irrespective of the Ta; IFéO4HF and UHF result¥See also corresponding footnote to

Comparison to the Main-Group Case ¢N). The quartet
ground state of the nitrogen atom is a good main-group example Coulomb repulsion is compensated by reducé®ps repulsion
to be compared with, as it exhibits a spherical distribution of and increased nucleaelectron attraction (Table 6).
the three unpaired electrons in the 2p orbitals. The positive 2s  Valence-Shell Spin Polarization in MrP. As a first step
contribution topy (0.91 au, UHF result) overcompensates the toward a better understanding of valence-shell spin polariza-
negative 1s contribution«0.74 au), giving an overall positive  tion in transition metal systems, we examine the spin polariza-
on (cf. ref 19e). The spin polarization of the nitrogen 1s and 2s tion of the 4s orbital in théMn° atom, comparing ROHF and
orbitals (Figure 2a,b) may be compared to the polarization of UHF wave functions and energies. The spin polarization is
the 2s and 3s orbitals in Mh (Figure 4a,c). For nitrogen, the  qualitatively the same as discussed above for the 2s orbital in
1<+ and 28 orbitals expand, whereas thefland 2¢ orbitals nitrogen: Thex-component contracts, whereas theomponent
contract. Note that, in contrast to the situation for the 3s and expands (Figure 9). The exchange interaction between 3d and
3d orbitals in M@+ (see above), the second maximum of the 4s (0.006 581 au at the ROHF level) is overall less pronounced
2s distribution is located at slightly larger radius than the 2p than between 2s and 3d in ®th(0.026 949 au; cf. Table 4),
maximum. but the energy gain upon spin polarization is still significant

The opposite direction of the polarization of the* asd 2& (+0.000 872 au). This is due to the large polarizability of the
orbitals is again required by their mutual orthogonality. How- 4s shell, which also leads to a significant redistribution of spin
ever, in contrast to the M case, in this case, the spin polari- density (Figure 9) and to a larger spin polarization contribution
zation enhances the exchange interaction with the 2p SOMOto pn from 4s compared to 3s (Table 1). We may also view
for both s orbitals, despite the slight decrease of radial overlap this, within a configuratiorrinteraction framework? as a
between 2sand 2p (Table 6). This appears to be due to the consequence of the lower excitation energies of the 4s valence
dominant role of the second maximum of*2Spin polarization compared to the 3s core orbital (for the same reason, spin
brings the latter closer to the 2maximum and thus enhances contamination is largely connected to valence-shell spin polar-
29/2p* exchange. The acccompanying increase /28 ization; see below). The same argument holds of course for the
comparison between valence-shell 2s vs core-shell 1s spin
polarization in nitrogen (see above).

(38) Levin, I. N.Quantum ChemistpAllyn and Bacon: Boston, 1975;
p 363.

(39) Exchange interactions are more short-ranged than Coulomb repulsion . .
and thus parallel more closely the radial overlap (see, e.g., Bethe, H. A.; 6. Valence-Shell Spin Polarization in Molecules
Jackiw, R.Intermediate Quantum Mechanjc8V. A. Benjamin, Inc.: . . .
Reading, MA, 1974). In contrast, Coulomb repulsion may also be large for AS discussed above, the spin polarization of the core shells
two nonoverlapping pointlike charge distributions, provided their distance does not depend much on the particular bonding situation. It is

is not too large. Of course, even the exchange interactions may deviate similar for molecules and for atomic systems (cf. Tables 1 and
from the behavior of the radial overlap integrals, due to the influence of

the "Izl factor in the integrand of eq 4 (cf. also discussion 4. (40) Melchior, M. T.,J. Chem. Phys1969 50, 511.
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0.020 by an interaction of the metal 3dand 34, orbitals with the
appropriate linear combination of ligand 2pbitals (1€). The
third linear combination of ligand 2prbitals is nonbonding
00151 ! (3a&'"). [Mn(CO)s] and [Mn(CNYN]~ adopt square-pyramidal
\\ structures €4, symmetry). [Mn(COj] is a low-spin d complex.
Its SOMO is composed of metal 3cand 4p orbitals (12y).

Bdg@P 2
!

~ 0.0104 ‘\ The 4p admixture reduces the-antibonding interaction with
\ the axial ligand by polarizing the SOMO toward the opposite
\ side. The metal 4s contribution to the SOMO is small, giving
0.005+ \ a small, positive direct SOMO contribution pQ. [Mn(CN)4N]~

(a.u
—
—_
=~
%
o
=
Z
=
(&)
T

is a d complex with a single metal 3dtype SOMO (2h). In
| ~Oy LT both square-pyramidal complexes, twwbonds in the equatorial
0.000 el : i
Ay s plane are formed by an interaction between a metal 4s/3d
/4 S ‘\[ 4 SO 2 - s (O 2 hybrid, the metal 3d_,? orbital, and the corresponding ligand
(s SO 2 - [sp 0P 2 v R o-bonding hybrids (aand b MOs). Theo bond to the axial
'0'0050,0 20 40 60 30 100 ligand involves mainly the metal Fdorbital. The metal 3¢
*la-u. orbital (by) is partiallyz bonding to the equatorial ligands, the
: o . - ,
Figure 9. ROHF radial distribution functiorRu(r)]’r* (scaled by/a.) 3d, 3d,, orbitals () interact also with the axial ligand. The
and difference between ROHF and UHF radial distributions for the 4s tibondi t ts of the latter th bital hich
orbital in MrP. For comparison, the radial distribution function of the antibonding counterparts of the latter three orbitais (which may
3d SOMOs (scaled b¥/..) is also plotted. be derived from the well-knowty set in octahedral symmetry)
correspond to the six nonbonding d electrons of [Mn(£§O)

Table 7. Orbital Contributions toAq for TiFs and MnQ (auy The valence-shell spin polarization concentratesspin
contribution density at the metal (cf. discussion above for the’ldtom and
MO character Tig MnOs; ref 18). An excess of spin density is left at the ligands. In
; [Mn(CN)4N]~, the spin polarization increases the atomic spin
a (mgit%;d;;ﬁ%ied MO) 0-441 0.640 population of Mn from 0.51 (SOMO contribution) to 1.18 (total
33"  (ligand 2p) 0.012 0.052 spin populatiof!). Thea spin density is withdrawn mainly from
1€’ (metal 3d, 3d,; 0.005 0.147 the axial ligand and added mainly to d-type orbitals of Mn (0.25,
, ligand 2p) 0.10, 0.10, 0.07, and 0.06 electrons g, d;, dy, d?—? and
6a (mﬁtae“'n‘és'zs % ) 0.013 0.206 d22, respectively). This likely enhances the overall negative core-
5d (megt]al 3dy,péoL2p,/y?; —0.014 —0.113 shgll spin pqlarization contri_buti_ons oy (cf. sectic_)n 5). The
ligand 2, 2p) spin population of the 4s orbital increases also slightly (several
4¢ (ligand 2s) 0.051 0.008 metal-ligand bonding orbitals are involved), resulting in a small
28 (metal 3p) —0.086 —0.018 contribution topy of +0.04 au (Table 1). This is much less
ii,, gmg:g: gg) 3p) :8:323 :8:123 than the valence-shell contribution in Mr-Q.93 au), where
2¢/1€  (metal 2p, 2p) 0.048 0.108 the spin polarization of the fully occupied 4s orbital contributes
(note also that [Mn(CNN]~ has only one unpaired electron
total 0.305 0.746 whereas Mn has five).
exp 0.22(1)...0.0.27(1)  0.62(2p e _ o ) )
<> 0.7526 0.7875 Similarly, spin polarization increases the spin population at

— the metal in Mn(CQ) from 0.58 (SOMO contribution) to 0.82.

a DFT(BP results. All val havi n divi he nuclear . . .
g value. E:on?r?t))uggﬁst,s WhichavL\jlgfe fatl)reb?)?r? m?)legﬁf‘egysrtnglleﬁr?; The increase concentrates mosFIy in orbitals 9f e symmetry (the
0.01 au, have been omittetl.Reference 11. metal 3d, 3d, 4p, and 4p orbitals, total gain~0.13). The

spin population in orbitals ofigymmetry increases only slighly,

2). In contrast, the spin polarization of the valence shells is by 0.04 for 3¢? and by 0.03 for 4s. The increase is only 0.03
characteristic of the specific chemical environment and bonding. and 0.01 for 3¢, and 3d%-,? respectively (with significant
We have selected the four examples, sJiINOs, [MN(CO)], consequences fdakqip, cf. below).
and [Mn(CN)N] -, to discuss valence-shell spin polarization Negative valence-shell contributions gq are found for the
contributions topn. DFT results obtained with the BP86 isoelectronic Tik and MnQ, due to an interesting rehybrid-
functional will be examined (Tables 1 and 2). ization mechanism: The spin polarization, mainly of the metal

These complexes represent a variety of different bonding ligand o-bonding 6@ MO, shifts a density from the ligands
situations (cf. Tables 7 and 8 for a characterization of the MOs). toward the metal. Therefore, the spin population at the metal is
TiFs?2 and MnQ are isoelectronic, trigonal planar £ d* enhanced from 0.93 (SOMO contribution) to 1.04 in Ji&nd
complexes. Their SOMO (74 is metat-ligand o antibonding from 0.64 to 1.19 in Mn@(the larger effect for the manganese
and is dominated by the metal Bdorbital, with some 4s complex is a consequence of the larger covalence ofothe
character mixed in. While the SOMO in Tiks localized to bonds). However, at the same time, the metal contribution to
94% at the metal (with 76% 3% and 18% 4s charact8), in this bonding MO loses 4s character and gains 3d character.
MnOQs; it is more delocalized (with 49% 3 15% 4s, and 36%  Therefore, the overall valence-shell spin polarization contribu-
ligand character). Thregbonding orbitals (5¢6a') are formed tion to pn and thus tAs, is negative (and that tgp positive,
by the interaction of metal 3gland 3d2_,2 orbitals €), a metal cf. below), in particular for the very covalent MgONe also
3d/? orbital with 4s admixture (&), and the appropriate ligand  note that, in Til, the excess. spin density is distributed almost
orbital combinations. In addition, two partialbonds are formed  equally over all five metal d orbitals. In contrast, the excess
spin population in Mn@pertains mostly to the.?, dx, and g,

(41) The orbital compositions and spin populations reported here have . .
been obtained using a Mulliken population analysis of the BP86 kohn  Orbitals (+0.17, +0.13, and+0.13, respectively) and less to

Sham wave function. the dy and d?,? orbitals (eacht0.05).
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Table 8. Orbital Contributions tdAg, for [Mn(CO)s] and [Mn(CN)N]~ (auy

contribution

MO in [Mn(CN)sN]~/[Mn(CO)s] character [Mn(CNYN]~ [Mn(CO)s]
—/17a (Mn 3d2, 4p,, 4s, SOMO in [Mn(COJ]) 0.763
—/11e (Mn 3d, 3d,; eq ligands 2p 0.032
2by/2by (Mn 3d,y, eq lig 2p, 2p,, SOMO in [Mn(CN)N]") —0.669 —0.040
13a/l4a (eq ligands sp sp, hybrids Mn 4s) —0.030 0.002
5hy/5b, (eq ligands sp sp, hybrids Mn 3d2_?) -0.015 0.000
1b/1by (Mn 3d,, eq ligands 2p 2p)) —-0.273 —0.003
6e/10e (Mn 34, 3d,; eq ligands 2p 2p)) 0.110 0.021
4D,/6b, (Mn 3d2-, eq ligands 2$2p+2p,) —0.069 —0.013
1la/l12a (Mn 4s+3d2, eq ligands 2$2p+2p,) 0.018 —0.002
8a/9% (Mn 3p) 0.076 0.057
4elde (Mn 3R 3p) -0.121 —0.044
3a/3a (Mn 2p,) -0.077 —0.094
le/le (Mn 2p 2p) 0.163 0.048
total —0.882 0.727
exp —0.929 0.68(6)? 0.70(5¥
<S> 0.7729 0.7544

aDFT(BP86) results. See also footnote to Tablé Reference 11.

In both [MN(CN)N]~ and MnQ, the largest valence-shell  butionsdue to the spin polarization of the doubly occupied
spin polarization is experienced by doubly occupied orbitals orbitals are clearly nonnegligible. We may discriminate again
which are the bonding counterparts of the partly antibonding between core- and valence-shell spin polarization.

SOMO (this holds at the BP86 level but is altered upon adding  Core-Shell Spin Polarization.A common feature of all four

Hartree-Fock exchange; see section 8). In [Mn(GN)™, this  systems are the significant contributions Ag, from metal
is the 1h orbital which represents bonding between the metal  p-type core orbitals. The metal 2pontributions are always
and the equatorial ligands. In MaQt is the o-bonding 6a negative; the 2pand 2 contributions are always positive. This

orbital. This observation may again be rationalized by a tendency s consistent with the discussion in section 5: Spin polarization
to maximize the exchange interaction with the SOMO; i.e., the expands the Zporbitals and contracts the 2prbitals. Thus,

o component of the doubly occupied MO is polarized toward the positive contribution from 2pto Agi, becomes smaller than
the metal (where the SOMO s largely localized), tie  the negative one from 2h and the negative contributions from
Component toward the Iigands. Due to the Iarge overlap with Zp)((l, 2p/(1 become smaller than the positive ones frornﬁZp
the SOMO, the spin polarization is particularly effective in these 2p/. In a system of cubic or higher symmetry, these contribu-
MOs. The abovementioned rehybridization in theand 3 tions would cancel exactly. In less symmetric systems, the
components of the-bonding 6a& MO of MnO3; and Tiks may anisotropy of the 2p spin polarization disturbs the balance
be understood analogously: The SOMO has moré tBdn 4s between the two contributions. For our four systems, the effect
character, and thus an increase of the relative d character in thas clearly nonnegligible, correspondingt&—10% of the total

o component of the bonding MO improves the exchange Ay, The 2p orbital dominates the 2p shell contributions in FiF
interaction with the SOMO. In Tifand Mn(CO3, the bonding MnOs, and [Mn(CO}] (the 3d2-type SOMO affects particularly
counterparts of the (antibonding) SOMO are not polarized the 2p* component), whereas spin polarization contributions
significantly. In TiR, this is due to the ionic character of the = from 2p, and 2p orbitals are larger in [Mn(CNN]~ (the 3dy-
bonds. In Mn(CO, the SOMO is polarized away from the  type SOMO affects mostly 2p and 25%.

ligands (by 4padmixture) and thus has also little overlap with The requirement of orthogonality between the 3p and 2p

the doubly occupied valence MOs. shells for atoms, as stated in section 5, does not hold strictly
for molecules. Nevertheless, the,3mnd 3 contributions to
Adgip generally have the opposite sign of the,2qnd 2p
contributions. The 2pand 3p contributions are also of opposite
While spin polarization is usually not considered for the sign for [Mn(CO}] and [Mn(CN)N]"~. Therefore, the positive
dipolar hyperfine coupling (cf. Introduction), two recent com- 3P and the negative @nd 3 contributions partially cancel,
putational studies have shown that in transition metal systems!eading to a relatively low overall 3p contribution. In Fi&nd
spin polarization may have a significant influeé82The most ~ MnOs;, the presence of thi*-type SOMO forces both 2pand
important MO contributions to the metal dipolar couplings of 3p:* orbitals to expand. Therefore, 3gnd 3p/3p, contributions
our four examp|e Systems are summarized in Tables 7 and 8d0 not Compensate but enhance each other. Therefore, the Spin
(again, DFT results with the BP86 functional are compared). Polarization contributions from the 3p shell in Fi&nd MnQ
As expected, the largest contribution in all cases is the direct are particularly large and amount te23% of the totalAq, in
one from the SOMO. This is positive for THFMnOs, and MnOs and even to~64% in TiR! 1122
[Mn(CO)s] but negative for [Mn(CNjN]~.42 However, contri- Valence-Shell Spin Polarization.In the relatively ionic
12 The dinolar Fvnerfine neracion : po— g complex Tiks, valence-shell spin polarization contributions to
o O i F i cfert 27 2921 Ay, are small, with the largest individual MO contrbuton
orbital, the By,AyAz) vector is of the form {B,—B,+2B). For the other arising from a nonbonding fluorine 2s orbital combination of
d orbitals, the signs are reversed. F@-&f (AwAyyAz) ~ (B, B,~2B), for 4¢ symmetry (this and other results of our analysis forsTiF
the (F)Axg'r'gﬁiftv;?‘éf) = r(BE; (;iiys?&zgng ?S;rléiaz'gf‘;‘éf &0?::32532(:;5% hold are consistent with earlier results by Belanzoni et3alWe
(+2B,—B,—B), and for § (AwAyAz) ~ (—B,2B—B). See, e.g., ref 2 for  find larger valence-shell contributions for MeQrable 7). The
a detailed discussion. covalency of the MrR-O ¢ andsr bonds enables a significant

7. Effect of Spin Polarization on Dipolar Coupling
Constants
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shift of o spin density toward the metal (cf. above). Large are also affected significantly by the spin contamination: As

positive contributions td\gjp arise from the 6aand 1¢ MOs the spin population of metal d-type orbitals is exaggerated, the
(involving the metal ¢ and dJd,, orbitals, respectively), spin polarization of the 3s and 2s core shells becomes too large.
whereas th&e MO (involving the metal ¢, and d?_,? orbitals) Thus, for example, the core-shell spin polarization contribution

contributes negatively. Thus, while the overall negative spin to py in [MN(CN)4N]~ increases from-0.192 au with the BP86
polarization contributions t8yi, in TiF3 involve mainly the core functional up to—0.566 au with the BHP86 functional (with
shells (in particular 3p), additional significant, overall positive very small changes in the valence-shell contributions). Conse-
valence-shell contributions dominate for the more covalent quently, the BHP86 result fés, (—558.5 MHz) is considerably
MnOs. This has consequences for the sensitivity to spin more negative than the experimental valt@19.5 MHz). Note,
contamination (see below). in contrast, that for Tif or [Mn(CQO)] no significant spin
Valence-shell spin polarization contributionsAg, in [Mn- contamination was fount, consistent with the small valence-
(CO)g] are relatively small and partially compensate each other shell spin polarization (due to the small overlap between SOMO
(Table 8). This appears to be a direct consequence of theand doubly occupied valence MOs; see above).
character of the SOMO, which overlaps very little with the other
valence MOs. In contrast, valence-shell contributions in 9. Conclusions
[Mn(CN)4N]~ are significant. The largest contribution arises
from the energetically high-lying, doubly occupied counterpart
(1by) of the 2k SOMO. If it were not for its very large, negative
contribution, the remaining valence-shell spin polarization
contributions would almost cancel each other: A significant
positive contribution from the bonding 6e MO is compensated
by negative contributions from equatorialbybonding MOs.
The significant valence-shell spin polarization contribution to
Adip (29% of the total value) in [Mn(CNN]~ is thus at least in
part due to the presence of a doubly occupied MO that has
particularly large overlap with the SOMO.

The present study has shed light from various directions on
hyperfine coupling in 3d transition metal complexes. From the
detailed analysis of the spin polarization of the metal core shells
in atomic systems, we have learned that the opposite contribu-
tions from the metal 2s and 3s shells to the spin density at the
metal nucleuspn, and of the 2p and 3p shells to the dipolar
coupling constantshgip, is @ consequence of the orthogonality
requirement between orbitals of the same angular momentum.
While the 2s and 2p orbitals maximize their exchange interaction
with the SOMO, the 3s and 3p orbitals are forced to lose some
of their exchange to stay orthogonal to their respective penul-

. . between 2p and 3p) contributionsdg along the 3d series may

The above discussion shows clearly that the two complexes e ynderstood from the nodal structure of the orbitals. We expect
MnO; and [Mn(CN)N] ™ exhibit particularly pronounced valence-  hat similar considerations apply to 4d and 5d systems.
shell spin polarization, due to the presence of high-lying doubly Parts of this analysis are consistent with traditional views of

%:]CUp'?d bond;ng MOs thalt ovz\rllap fs:;ongly vtvlth_tt_heISOMO._ spin polarization, e.g., in main-group compounds, as being due
ese wo systems were also two ol the most critical Cases Ny, - appanced exchange between thecomponent of the

our systematic validation of different density functionals for the respective doubly occupied orbitals and the SOMO. A complete
calculation of hyperfine coupling constaritdn particular, spin view, however, has to include the complementary polarization

c_ontelxmlnatlon tu(rjnelgl ou't/lto ge a_problef,:m V\éhehn hyr?”d fync- of the 3 spin—orbitals, as well as changes in Coulomb repulsion
tionals were used. For [Mn(Ch)I]~, we found that the spin and nucleatelectron attraction.

contamination was related to a mixing in of low-lying excited While the core-shell spin polarization contributions to the

states that involver-type orbitals. Upon going from a pure isotropic hyperfine couplings have been found to be proportional

gradl_ent-co_rrected (.GGA) functional ‘like BP86 to hybrid to the spin population in the metal 3d orbitals, they are relatively
functionals incorporating exact exchange, the population of each.

) : ) independent of other details of the bonding. In contrast, the
of the metal ¢; and d, orbitals increased dramatically, e.g., valence-shell spin polarization depends strongly on the electronic
from 0.08 for BP86 to 0.62 for the “half-and-half” BHP86 pin p X gy

functional. At the same time, th& expectation value of the structure of the system. Particu_larly Ia_rge valt_ence-shell _spin
Kohn—Shém wave functiold i’ndicated a significant increase polarization contributions to both isotropic and dipolar coupling

in spin contamination (BP86x$> = 0.773; BHP86: <> g?r;lsi';iigt:tlar\?viftﬂugéjrtgrrlStilisfrln?nln &hdgr tggcioigﬂdovg\l/:rzlc?eps
= 1.784). Similar effects were noted with Ma@ Obviously, ar y gn-lying o pied 1
oo . . orbitals. These are the same cases in which our previoust$tudy
the exact-exchange contribution to the hybrid functionals favors . ; o -
. - ; L found dramatic spin contamination effects to plague unrestricted
excited states of higher spin multipicity to the extent that the - . : . "
. Kohn—Sham calculations with hybrid functionals. In addition
UKS wave functions for the ground state of these types of - Lo . . .
A . . to providing some basic insight into the mechanisms of spin
systems become significantly spin-contaminated. olarization in transition metal systems, the results of the present
In both systems, the description A, deteriorated signifi- p Y ' P

. . 8 ; - work may also be used to pinpoint the weaknesses of certain
cantly with hybrid functionals, becoming too positive for MO theoretical approaches for the calculation of hyperfine couplings
and insufficiently negative for [Mn(CNN]~. Our present PP yp pling

S . C and thus hopefully also to develop improved methods.
analysis indicates that the spin contamination produces too large . Lo o
In contrast to the assumptions implicit in many qualitetive

spin populations ing and dtype orbitals and thus too large N . : .
bin pop 4 dztyp 9 and quantitativé4>schemes in current use by experimentalists,

positive contributions tAgjp from these orbitals. For similar both dval hell spi larizati ianificantl
reasons, hybrid functionals underestimateg in the related oth core- and valence-shetl Spin poarization may significantly
contribute to transition metal dipolar coupling constants.

complex [Mn(CN}NO]?~.11 At the same time, the isotropic : . e . :
. - . : . Moreover, for Tiik and MnQ, we have identified an interesting
coupling constants, i.e., the spin density at the metal nuclei, T . - >
uping I P hd ucel 3d/4s rehybridization of the SOMO upon including spin

(43) These<S*> values pertain to the noninteracting reference system
rather than to the real system. Such data are nevertheless expected to give (44) Varberg, T. D., Field, R. W., Merer, A. J. Chem. Physl991, 95,
a reasonable and useful representation for the real system as well (seel563.

e.g.. Baker, J.; Scheiner, A.; Andzelm,Qhem. Phys. Lettl993 216, (45) Balfour, W. J., Merer, A. J., Niki, HJ. Chem. Phys1993 99,
380). 3288.
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polarization. These features complicate the extraction of spin Industrie. Part of this work benefitted also from the graduate

densities and orbital character from experime@} values. college "Moderne Methoden der magnetischen Resonanz in der
Explicit quantum chemical analyses are thus to be preferred Materialforschung” at UniversitsStuttgart. We are grateful to
instead. Drs. Dominik Munzar (Brno), Bernd Schimmelpfennig (Stock-
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