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Hyperfine splittings (hfs) are calculated for the title compounds. These calculations resolve the discrepancy
found earliet between the calculated and experimental hfs for F irg Bif(a) careful consideration of the

spin polarization effects in the occupied 2s and 2p shells, as well as the nonnegligible spin polarization of the
1s shell, and (b) reconsideration of the experimental results by redefining the relative signs of the principal
values of theA tensor on the basis of the calculations. The presently available density functionals (LDA,
GGA's) are shown to yield fair agreement for the magnetic coupling parameters, indicating the usefulness of
the DFT calculations for interpretation of ESR data of large complexes. Such interpretation is difficult on the
basis of the experimental hfs data only, due to the intricacies of the spin polarization mechanism that gives

rise to them.

1. Introduction TABLE 1: Theoretical Magnetic A Tensors for TiF3¢

Hyperfine splittings in ESR spectra of transition metal Atensor
complexes with an unpaired electron are often used to obtain alongbond normaltobond alongz-axis
detailed information on the electronic structure. The sensitivity (F),® Asond (F)2Aq (F)2A,
of the technique also makes it very suitable for the study of Restricted
metallic centers in large molecules of biological interest, in first order 335 —18.4 -14.9
particular active centers in enzymes. In view of their compu- second order —25 8.2 2.7
tational efficiency, DFT methods are suitable for such large total dipolar 31.0 —10.2 —-12.2
systems. It is therefore useful to establish the level of accuracy xeudocontact o8 21'9
that can be attained with present day functionals for the magnetic yg¢a1 a.p 31.0
parameters. We have previously studied magnetic coupling total A 59.1 17.9 15.9
parameters for the T#complex with D3, symmetry. In that Unrestricted
work we were mainly dealing with thgtensor and with the Ti first order 33.6 4.4 —38.1
hyperfine splitting. Although it had been deduced from the second order -17 5.7 1.8
experiments that the unpaired electron in thesTi&mplex had total dipolar 319 10.1 —36.3
mostly 4s character, the calculations proved it to be mostly 3d. Pseudocontact a4 %3'9
This apparent contradiction between experiment and theory was f&ZTASO., 427
resolved by explicit calculation of thg and A tensors for total A —12.7 —345 -80.9
titanium, which showed that an unpaired electron of 3d Experi il

. perimen

character, as resulted from our calculations, could also lead to A, 123.6
the observed magnetic data. The approximations that usually total A
have to be made in the deductions from experiment were  neon [11.5 [11.5 147.9
critically analyzed, and the conclusion has been that they can ~ argon 110.3 110.3 [44.7

be erroneous and need to be verified by electronic structure aThe following calculatedA values represent the first order, the
calculations. It is, indeed, a combination of experiments with second order and the sum of the two terms (total dipolar), without the
theoretical calculations that will afford a reliable interpretation Fermi contact contribution but including an isotropic “pseudocontact”
of the experimental magnetic coupling data in terms of the contribution that arises in the second order and is also given separately.
b i i . -
. The contributions té\s, are the pseudocontact second-order term and
electronic structure. h . . dinref2 Th . |
It is of course a prerequisite that the calculations are ¢ Fermicontact termeam). ° A reported in ref 2. The experimenta
P q Aiso Value is derived on the assumption of positive signs of all principal

sufficiently accurate. In the context of the previous work we A tensor values? All A-tensor values are expressed in MHz. The basis
also reported the theoretically calculatddtensors (both the  set we used is the DZ (1s frozen) basis set as described in Table 2.

contributions from the dipolar operator and the Fermi contact

term) for the fluorine nuclei, using both spin restricted and spin ynrestricted calculations. These results are reproduced here in
" Universita di Perugia Table 1. TheA tensor values dug to thg F nuclei are small if
*Free University. compared to the calculated atomic fluorine valus & 6374
8 Unilever Research Laboratorium. MHz, Agp = 13As — A) = 5138 MHz for a (2p*
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configuration). This is a consequence of there being only little (dithiocarbamate) complék gave fair agreement with the
(3%) fluorine 2p (along the T+F bond) character in the MO  experimental EPR results, indicating the bonding between the
containing the unpaired electron. There were several unsatisfac-Cu atom and the four ligand S atoms was mainly covalent.
tory features regarding the calculations for the F hyperfine Satisfactory results were also obtained for a multinuclear
splitting, while also the experimental situation was not com- organometallic complex with DFT-GGA calculatioffs.

pletely clear, hampering the analysis. In the first place we note  The TiFz complex will be used here as a further test case for
in Table 1 the large difference between the restricted and the accuracy of the density functional approach for calculating
unrestricted results, not only in the dipolar part but also in the magnetic coupling parameters. At the theoretical side we will
Fermi contact term, which even changes sign, frog8.1 MHz establish to what extent spin polarization effects play a role.
in the restricted te-44.6 in the unrestricted case. There is only Since there are essentially fully occupied 2p and 2s shells on
a small isotropic contribution from the second-order contribu- the F ligands, spin polarization effects will be significant.
tions of the dipolar part, listed as the pseudocontact term in the Polarization of the 2p shell strongly affects the dipolar (traceless)
table, so the total isotropi& value is close to the Fermi contact part of the tensor, whereas spin polarization of the 2s shell
term. The unrestricted calculation differs considerably from the affects the Fermi contact term. Even though the 1s shell is rather
experimentalAs,, given as 23.6 MHz (see below however for tight in F, it will be shown that spin polarization of this shell

a reassesment of the experimental result). Second, we notedontributes to the Fermi contact term. We will also have to
the departure from axial symmetry of the calculafetensor, address the experimental situation. The discrepancy between
while the experimental fluoriné tensor had been determined experiment and theory will prove to be only apparent. The
assuming an axial (alorgaxis) spin Hamiltoniad.Axial means ~ experimental spectrum of fluorine in TjEould not completely
that there is a distinctA,, component, thez-axis being solve the FA tensor, and an axial spin Hamiltonian was then
perpendicular to the molecular plane, while thg and Ay, assumed to determine the values of gheensor. The signs of
components are equal. This implies that #ensor is assumed  these principal values could not be assigned, and the isotropic
diagonal with equalx and y components at each F. The partof the fluorineA tensor was derived by assuming the same
symmetry of the system only dictates théensor to be diagonal  sign for all the principal values of the hyperfine tensor. However,
when thex andy axes are chosen along the—F bond and the participation of the fluorine 2prbitals (directed along the
perpendicular to it, while the components may all differ. As a Ti—F bond) in the MO containing the unpaired electron suggests
matter of fact, the calculated tensor on F had, indeed, three ~an axialA tensor with main axis along a ¥F bond (thex-axis
different components. Again, the pattern is rather different for for fluorine atom number 1,% and possibly equak;;and Ay

the restricted and unrestricted calculations (see Table 1), thecomponents (this would hold for a purely Ampaired electron).
former having the largest component (59.1 MHz) along the The assumption of an ax@ltensor for fluonn_e oriented a}long
Ti—F bond, the latter having the largest component along the thez-axis is therefore questlonaple. Actually, in the experlmentgl
z-axis (—80.9). The restricted and unrestricted results differ not SPectrum more than the four lines that would be expected if
only from each other but they also both differ from experiment. A« = Ay (= Aq), are observed in the “perpendicular” part of
For instance, the presumably most reliable unrestricted value e spectrum aroungh. We will reconsider this issue and will

for the z component of—80.9 MHz does not compare Investigate the agreement between calculated and experimental

particularly well with the corresponding experimentally estab- SPectra by running computer simulations of the experimental
lished value of|47.9 or [44.7 MHz. It should of course be spectrum with calculated values for the tensor components.
kept in mind that the spin densities, and therefore the hyperfine  We have included in our investigation the trigonal planasCH

splittings, are very small, so even small absolute errors lead to"adical, since this system has some correspondence $palsé
large percentage errors. having the spin density mainly on the central atom and having

a H spin density that has to derive from spin polarization effects.
There are of course interesting differences too (H is in a nodal
plane of the zero order spin density, H has no polarizable core,
the unpaired spin has carbon,2iharacter rather than Ti 3d
etc.). CH is however particularly interesting since it is a well
studied prototype system for which the mechanism of H
hyperfine splitting in aromatic radicals is commonly illustrated.
We can compare to previous calculations of the isotropic
hyperfine splitting constants, and the fdlltensor. Even for
CHs, caution is needed when comparison is made between
calculated and experimental hyperfine coupling parameters.
Significant vibrational corrections to the carbon isotropic
coupling constant have been estimatedhich imply that
§ignificant corrections have to be made to the direct experimental
resultd4in order to make them comparable to a calculation on
a staticDa;, radical.

It is important to try to sort out the problems with the ligand
hyperfine splitting in Tik. Ligand hyperfine splittings (often
small) are important spectroscopic data to monitor the electronic
structure of TM complexes, including systems of biological
interest, cf. refs 3 and 4 and references therein. Density
functional calculations have proven to give very accurate results
for isotropic hyperfine coupling constants of small organic
radicals, cf. refs 510, of comparable accuracy to ab initio
calculations including sophisticated electron correlation treat-
ments, cf. refs 12 and 3417 and refs 18 and 19 and references
therein. Reports on hyperfine splitting calculations on TM
complexes using DFT give a mixed picture, with results being
sometimes reasonable and sometimes less satisfactory. It ha;
been suggested that less satisfactory results of DFT calculations
at least those that employ density functionals that are in common
use, are due to wrong metdlgand covalencies. Such observa-
tions have been made for the DFT hyperfine structure for a series
of molybdenum(V) oxyhalide aniorf8,which have relevance 2. Computational and Methodological Details
to the active site of molybdenum oxidoreductase enzymes, and
for a series of model sites of plastocyaiina blue-copper Calculations were performed on the Fi&nd CH systems
protein. The results did not provide accurate estimates of the using the Amsterdam density functional (ABFY? and the
experimentally determineg andA values. On the other hand, companion GATENQ program package¥3° previously
exchange-only DFT (¥-LCAO) calculations on the electronic  described. The molecular orbitals were expanded in a basis
structure and magnetic coupling parameters of the Cu(ll) bis- set of Slater-type orbitals (STO¥)The frozen core approxima-
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TABLE 2. Orbital Expansion Bases (all STO’s) Used in Different Calculations for TiR

fluorine titanium
Basis
Dz TZ ae aé® ae ae ae& a€ ae® TZ aef
1s frozen frozen 8.33 7.70 7.33 7.16 7.33 7.33 7.33 frozen 9.00
1s 10.88 8.75 8.66 8.75 11.15 8.75 20.10
1s 11.15 12.99 11.15 14.92 11.15 26.30
1s 14.92 14.02 14.02 40.00
2s 1.92 0.74 0.74 0.74 1.75 1.72 1.70 1.75 1.70 frozen 5.60
2s 3.22 1.94 1.94 1.94 2.49 2.40 2.31 2.49 2.31 8.30
2s 3.24 3.24 3.24 3.85 3.72 3.43 3.85 3.43
2s 4.95 4.95
3s 3.10 2.95
3s 4.75 4.65
4s 0.80 0.80
4s 1.20 1.20
4s 1.90 1.90
2p 1.48 1.24 1.24 1.24 1.26 1.26 1.26 1.26 1.26 frozen 7.35
2p 3.52 2.30 2.30 2.30 2.36 2.36 2.36 2.36 2.36 12.00
2p 4.54 4.54 4.54 4.62 4.62 4.62 4.62 4.62
2p 8.50
2p 18.00
3p 2.50 2.45
3p 4.05 4.05
3d 1.04 1.04
3d 2.30 2.30
3d 4.95 4.95
Polarization Functions
3d 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 0.50
3d 2.00
3d 4.50
3d 27.00
4p 1.20 1.20
oo T k kyp Ky ok Ky K
tion is applied initially and subsequently relaxed. The param- nl S| dm I L [
etrization of electron gas data by Vosko, Wilk, and Nu¥air g = 9e0;; + Qe Z Z Z 1)
was used for the local density approximation (LDA) calculations. m=n) €n " €m
We also included nonlocal corrections to the exchange and K K
correlation potentials. The generalized gradient corrections , | |, Fi K K Fi K
(GGA's) of Becké® for exchange and of Perdéi?® for A; =Pl ¢, e & [t 2P ; N ®n
correlation, termed BP, the corrections of Perdew and co- () - (r)
workers® for both exchange and correlation, termed PW91, and F!J‘
the corrections of Perdew and Wa&hdgor exchange and P'Zk E—q&ﬁ
Perdew*35for correlation, termed PW86, were employed. The = (r'®
spin unrestricted approach has been applied in order to Lk
investigate the polarization effects. A description of the basis 2 k kyy K ok @k ! kU
— . . roL; —
sets we used in Tirand CH calculations can be found in Tables { Zk@nlfﬁk( )Li16m3 | $m (rk)S %n
2 and 3, respectively. Core orbitals were frozen for T+2p p Z
(exponents of the core orthogonalization functions: 1s 17.35, e €~ €m
25 7.50, 2p 8.95), F 1s (exp 8.33), C 1s (exp 5.40), O 1s (exp £k
7.36), and N 1s (exp 6.38). More extensive basis sets were e { [Zbklﬁ (rk)Lk|¢kE}]Bk S ¢k
employed, also in all-electron calculations, to investigate the €ipd zk ni=kAn JEptm | Am r? n
effect of the basis and of the frozen core approximation on the )
values of theA tensor terms (contact and dipolar) for the e 6 € — €m

molecules. The implementation of the analytical gradient of the
energy in ADF® allowed for a geometry optimization of the
molecules. All the optimal geometries were obtained including
Becke® and Perdew##3°nonlocal corrections in the calculations.
The organic radical CkladoptsDs, symmetry and the €H
distance turned out to be 1.0896 A.

The ESRg and A tensors of the considered systems,
containing each one unpaired electron and two (or more) nuclei
with a magnetic moment, have been calculated by means of
conventional second-order perturbation the®i:3°The fol-
lowing expressions for thg and A tensors may be written in
the spin restricted case, i.e.,andf spin orbitals identical, an
unpaired electron in orbitapy, andd;ﬁ the part ofg, centered
at nucleusk:

For the meaning of the symbols entering these expressions we
refer to the previous papewhere they are explained in detail.
However, it is useful to recall that the first three terms in the
A}J? expression constitute the first-order dipolar contribution.
They are split into a one-center term, with the dipolar operator
and the basis functions all centered at the same nu&learsd

two two-center terms. One two-center term refers to the operator
and one of the basis functions having their origin at the same
center, and the other two-center term arises when the dipolar
operator is centered dq the basis functions being both centered
on another nucleus. These two-center terms are often
negligible but may be expected to be important in the case at
hand, where we are interested in the hyperfine splitting of the
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TABLE 3. Orbital Expansion Bases (all STO’s) Used in
Different Calculations for CH 3

C H C H
Basis
DZ DZ aet aet
1s frozen 0.76 541 0.69
1s 1.28 9.29 0.92
1s 1.58
2s 1.24 1.06
2s 1.98 1.52
2s 2.68
2s 4.20
2p 0.96 0.98 1.25
2p 2.20 1.44
2p 2.60
2p 6.51
Polarization Functions
2p 1.25
3d 2.20 2.12 2.50
3d 3.71

F nucleus K = F), while the spin density is mainly on the
neigbouring Ti atomK = Ti). The remaining terms are the
second-order terms, which may have small isotropic contribu-
tions. Summing the first and second-order contributions to the
A“ tensor for nucleuk we obtain the totalA tensor arising
from the dipolar operator. For a fluorine nucleus in Fike
may write theA tensor in an axis system with ttxeaxis along

the Ti—F bond, they-axis perpendicular to it in the plane of
the molecule, and the-axis perpendicular to the molecular
plane, as follows:

Abond 0 0
A=]0 A O
0 0 A,

where Apong represents the component along the-Fibond,

Ap is the component normal to the-fF bond in the plane of
the molecule, and\; indicates the component along thaxis
(alternatively denotedy). Apart from the dipolar contributions
to the A tensor elements, there will also be a fully isotropic
contribution (equal contribution to all three diagonal elements)
coming from the Fermi contact term. The Fermi contact
contribution,AcontactOF Arermiy 1S In the restricted case equal to

k_ 8 2

A =5 Pl 0)

wheren refers to the unpaired spirorbital. In the unrestricted
case the spin polarization of the occupied orbitals is taken into
account by writing

8 Ko
Acontac(k) = ? ;t gegkﬂeﬂn z (nﬁq|w(rfw(0)|2 - ”fn|1/)ﬁ1(0)|2)
m
or, explicitly,
81 Ho
Acontac(k) = gegkﬂeﬁn 2 (nm um vm
m u,v(onk
M Cum Cvm

e Cfm)xu(O)XV(O)JFZX 2%

K v(on
¢ c"m)x;(O)xf 0)

um 2y

wherem refers to the occupied spin orbitaly, indicates the
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occupation number and contributions with both basis functions
on other nuclei K andk'") are not taken into account. Using
STOs, only 1s functions are responsible for the electronic density
on the nucleus; therefore, only terms of the fqg'ﬁ({)) XV(O)
1&-1& and %”(O)XV (0) = 15“¢,(0) give contributions in the
above expression.

The dipolar terms may be extended in the same way to take
into account the spin polarization.

The isotropic (pseudocontact) contribution due to the second-
order terms ir*A,!Jf must be added to the Fermi contact term in
order to obtain the totals, term.

1
Aiso = AFermi + Apseudocontact= § (Abond+ AD + AU)

For the calculation of the partial spin-orbit paramelgy the
value for the atomic spin orbit paramet@rfor the considered
atom and for the atomic orbitah(Jis required. We have used
for the Ti and F spir-orbit coupling constants, the 3 d* value

A = 208.2 cml, and the FA = 346.0 cn!, calculated
employing fully relativistic numerical atomic calculatioffssee
ref 1. For the C spirrorbit coupling constant we have employed
the empirical spir-orbit splittingA = 28 cn .42 The nuclear
g value for4’Ti was taken agyx = —0.31532, forl®F asgk =
+5.2576, for13C as g« = +1.4048, and forlH as gx =
+5.58556%

We have run simulations of the experimental spectrum with
the CWR 1.1.3 prograff for “€Ti (I = 0) and*°F (I = 1/2)
nuclei. The total system consists of one electron s (L/2)
and three nuclear spins € 1/2). The spectra were computed
by addition of the spectra of 6400 different orientations (random)
on a sphere. Each spectrum was calculated using full matrix
diagonalization of the spin Hamiltonian. Simulations have been
performed with both the parameters proposed origiRalyd
parameter sets from various types of calculations (spin restricted
and unrestricted, frozen core and all electron).

3. Results

3.1. Fluorine Hyperfine Couplings.The ESR spectra of the
TiF3 molecule trapped in argon and in neon matrixes-aL@
K have been recorded by T. C. DeVore and W. Weltner, Jr.
and are shown in Figures-B of ref 2. The most conspicuous
features of the experimental spectrum are the following. First,
a set of four strong lines is observed around 3350 G, with
intensity distribution 1:3:3:1, which have been attributed to
hyperfine splitting due to three equivalent F nuclei= 1/2).
By symmetry, theA andg tensors have, in the molecular frame
with z-axis perpendicular to the molecular plane, a block
structure, with there being no coupling between #agalso
denotedl) component and thgy block (thed components).
In this case, the spectrum of a sample with randomly oriented
TiF3; molecules yields a “parallel part”, where the lines center
aroundg, and show a splitting governed Wy (=A,) and the
number of equivalent nuclei. The typical four-line pattern with
intensity ratio 1:3:3:1 is in agreement with there being three
equivalent F nuclei. The second feature is the much less resolved
structure centered at 3570 G, which arises fromxfigart of
theg tensor and fluorind\ tensors. The,y block of theg tensor
is diagonal, and the lines are centered arogne-g,; = gyy).
The line pattern has been interpreted in terms of a diaggpal
part of the fluorineA tensors, withAw = A,y = An, the AY
being estimated at ca. 16-31.5 MHz (depending on the rare
gas matrix). The main Ti isotopé2Ti, has zero spin and only
two Ti isotopes, with abundances of only 7% and 5%,
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334616 The perpendicular part has roughly the same shape as the
' AF experimental one (see in particular Figure 2 of ref 2), but there
146 S is not detailed agreement when one considers the peak structures
1 — in Figure 2a and Figure 1 (note that the intensities of the parallel
and perpendicular parts have obviously been scaled differently
’J\i/ . 1 in Figure 1). Obviously, other choices for thy part of the
35355 fluorine A tensor might yield similar agreement with experiment.
F UTU However, the calculated parameters in Table 1 can definitely
A be ruled out as reasonable alternatives. In Figure 2b the
i U.’U g b parameters according to the spin-restricted calculatiAEgs(
T « Tt 17.9 MHz, A}, = 59.3 MHz,A, = 15.8 MHz) have been used.
g" Q_L Note that thesé tensor principal values refer to F atom number

1, which is located at th&-axis; theA tensors on the other F

Figure 1. Experimental ESR spectrum from ref 2. To the left, the nuclei are of r itablv transform | =1
“parallel” lines centered around 3350 G are shown; to the right, uclei are of course suitably transformed. Ceaﬁ&z o8

“perpendicular” lines centered at 3550 G are shown. Note that there is is too small, whereas the perpendicular components are too large,

assumed to be a second less occupied site b in the matrix, leading tofh® Perpendicular part of the spectrum becomes too wide and
the set of lines withy value P, has a wrong peak structure. Similarly, the spin-unrestricted

results of Table 1, which yield the spectrum of Figure 2c, are
have nonzero spin. From the accordingly weak lines caused bynot correct, in particulaA’, = 80.9 MHz is much too large.
the Ti hyperfine splitting, the TA tensor has been deduced, The perpendicular part seems to be too wide, but the peak
which has been discussed in our previous paper. We will not strycture is reasonable, a point that will be considered in more
discuss it here. detail later.

Figure 3 of ref 2 gives both the fluorine hyperfine splitting  \we will now first consider which approximations or deficien-
patterns on an enlarged horizontal scale and is reproduced hergies in the theoretical treatment, or assumptions in the experi-
in Figure 1, since we will often refer to it in the following  mental assignment, may be held responsible for the lack of
discussion. It is believed that there is, apart from the mainly agreement between theory and experiment. First, the traceless
populated a site in the matrix, als b site in the neon lattice,  part of the fluorineA tensor, arising from the dipolar operator,

giving rise to a slightly shifted set of lines (aroumf)). A will be discussed, and next the contact part.
simulation of the spectrum with the CWR program, employing  Dipolar Contribution to the Fluorine A TensorgAwill have
the parameters of ref 2 for the Ar matrig(= 1.8786,9, = significant contributions from the unpaired spin orbital and from

1.9986,A7 = 10.3 MHz, A] = 44.7 MHz) is shown in Figure  spin polarization effects in lower lying fully occupied orbitals.

2a. Of course, the position and line pattern of the parallel part In Table 4 the energies and compositions of the valence and
to the left (around 0.335 T), being determined dpyand AT, subvalence orbitals are displayed. The unpaired spin-orbital,
agrees with the experimental one (cf. also Figure 2 of ref 2). 7a't has predominantly 3d character (71%), a sizable amount

DeVore/Weltner restricted
Intensity (a.u.) Intensity (a.u.)
407 15T
20T Jq 10
or ° JM\ " f\ A
[ 0
- VT
S F
40 -
-0
60 [ 15[
80 [ () 20 (b)
L L 1 1 1 ', 1 i i 1 ) 1 " i}
-100 -25
0.33 0.34 0.35 0.36 0.33 0.34 0.35 0.36
B(Tesla) B(Tesla)
unrestricted: F(1s) frozen unrestricted: all electron
Intensity (a.u.) Intensity (a.u.)
20 20
10 J\\ w0k
0 —_ A, 4 0 ./JU\A
10 10F
20 20
(©) 1 , , F (d)
L 1 1 i i 1 L 1 i i
-30 -30
0.33 0.34 0.35 0.36 0.33 0.34 0.35 0.36
B(Tesla) B(Tesla)

Figure 2. Simulated ESR spectra of Tilsing the following choices for the principAltensor values at F: (a) experimentatensors of De Vore
and Weltne?, A, = 44.7 MHz, A« = Ay, = 10.3 MHz; (b)A tensors from the spin-restricted calculations, Tablé,1= 15.8 MHz, A = 17.9
MHz, A,y = 59.3 MHz; (c)A tensors from the spin-unrestricted calculations, frozen F 1s core, TaBle=%,—80.9 MHz,Ax = —34.5 MHz, Ay
= —12.7 MHz; (d)A tensors from the spin-unrestricted calculations, no frozen core, Table6,—40.7 MHz,A = 33.7 MHz,Ajy = 11.2 MHz.
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TABLE 4. One-Electron Eigenfunctions and Eigenvalues for the Unrestricted Calculatioh

orbital energy (eV) description (%)
Ti3d 2a" —3.86 88.11 Ti(3¢,y,) + 10.44 F(2p)
2e"t —4.33 86.59 Ti(3d,,) + 12.15 F(2p,)
7a't (LUMO) —4.07 28.77 Ti(4s) 68.67 Ti(3d) + 2.26 F(2p)
7a't (HOMO) —5.35 24.35 Ti(4s) 71.37 Ti(3d) + 3.29 F(2p)
F2p la't —10.32 100.00 F(2f3)
1a' —10.35 100.00 F(2f))
6e't —10.57 0.70 Ti(3p,) + 1.06 Ti(4p.,) + 36.64 F(2p) + 60.32 F(2f%)
el —10.58 0.76 Ti(3p,) + 0.91 Ti(4p.,) + 37.43 F(2p) + 59.70 F(2%)
3" —10.68 2.97 Ti(4p + 96.56 F(2p.)
3" —10.68 2.28 Ti(4p + 97.27 F(2p.)
le"! —11.05 10.24 Ti(3d,,) + 89.83 F(2p)
1e -11.07 11.96 Ti(3d,,) + 88.00 F(2p0)
6a'" -11.63 0.35 Ti(3s) 0.54 Ti(4s)+ 5.76 Ti(3d?) + 1.57 F(2sH+ 90.24 F(2p)
6a't —11.69 0.30 Ti(3s)+ 0.52 Ti(4s)+ 7.29 Ti(3d?) + 1.66 F(2sH+ 88.55 F(2p)
5e' -11.77 0.37 Ti(3py) + 0.41 Ti(4p) + 17.20 Ti(3ck—y2xy) + 0.97 F(2sH 49.43 F(2p) + 31.34 F(2)
5e't —11.83 0.35 Ti(3p,) + 0.41 Ti(4p) + 18.58 Ti(3dz_,2x,) + 1.03 F(2s)}+ 49.29 F(2p) + 30.00 F(2ff)
F2s 4¢') —28.48 4.69 Ti(3p,) + 1.21 Ti(3d2_,2x) + 96.66 F(2s)}+ 0.07 F(2p)
4e —28.48 4.23 Ti(3py) + 1.28 Ti(3d2_,2x) + 96.97 F(2s}+ 0.09 F(2p)
5a't —29.00 0.38 Ti(3s) 0.87 Ti(3dz) + 99.79 F(2s} 0.88 F(2p)
5a'} —29.02 0.42 Ti(3s) 0.79 Ti(3dz) + 99.9 F(2s}+ 0.87 F(2p)
Tizp 23" —38.57 99.73 Ti(3p + 0.15 F(2p.0)
23" —39.48 99.80 Ti(3p + 0.13 F(2p.0)
3e} —39.58 94.01 Ti(3p,) + 4.28 F(2sH 1.41 F(2p)
3¢t —40.07 94.58 Ti(3p,) + 3.83 F(2sH 1.33 F(2p)
Ti3s 43" —61.80 98.94 Ti(3s) 0.32 F(2s)+ 0.46 F(2p)
4a' —62.45 98.97 Ti(3s) 0.31 F(2s)+ 0.45 F(2p)

aThe DZ (1s frozen) basis set was employed (for a description see Talle=2)perpendicular txy-plane; ip= in-plane.

of 4s character (24%), and a small amount (3.3%) of F 2p TABLE 5. Individual Contributions to the Agjp, Term (First

a
character that is crucial for the present discussion. Below this Order)
level there is the fully occupied set (18 electrons) of nominally Aap (first order)
F 2p orbitals, in a small energy range 0.3 to—11.8 eV. along bond normal to bond alongz-axis
The polarization of these in response to the small amount of Avond Ao Az
2p, unpaired electron will be detailed below. The lower lying, Restricted
energetically well separated sets of F 2s, Ti 3p, and Ti 3s levels ;34' (ﬂ-centei contr.) ii-; *g-g *g-i
H H H H -center contr. . —Y. —a.
will play a role in the.d|s_cu5_3|on of the co_ntact term Iater._ otal 335 184 149
In Table 5 the polarization in the 2p shell is reported by giving i
the A tensor components per orbital. Only the first-order _, . Unrestricted B B
Lo . a' (Ti 3d2,4s) @) 22.9 11.3 11.5
contributions to the dipolar term of th& tensor are reported, E 25 Polarization
since the second-order ones are negligible (see Tabl_e 1), andﬁai,(F 2n) Ala—p) 717.1" 85 85
only the one-center contributions are shown per orbital. The 5e/(F-2p) A(a—p)(1) —5.9 3.0 59
two-center contributions, stemming mostly from the unpaired ge/(F2 2p,) A(0—p)(1) —16.5 8.3 8.2
spin orbital, are given separately. 2p, total —39.5 19.8 19.6
We first comment on the spin-restricted results, with an a'(F 2d") A(@—p)total 0.9 -16 0.9
unpaired electron in 7aand no spin polarization in occupied  5e’'(F'2pf) A(a—p)(2) 122 —24.3 122
shells. The dipolar part of thé tensor on F is small, in  6e/(F-2p?) A(w—p)(2) —40 7.9 —4.0
agreement with the small participation of the fluorine 2p orbitals 2pP total 9.1 —-18.0 9.1
in the MO containing the unpaired electron, and, as long as we &' (F 2p) A(a—p)total 5.1 5.1 —10.1
do not include the first order, two-center contributions, is close ' (F2p) A(a—p)total 197 19.7 —39.5
to axial symmetry along the FiF bond. The pattern of afyong tZP”'D total 28 248 496
. . . . otal 1-center 16.9 15.3 32.2
value that is twice as large and has opposite sign to the othery_canier 16.7 ~10.9 _59
two principal values is typical for a 2p (in this case,Rppin total 33.6 4.4 —38.1

density. However, if we take into account the two-center . ) . i

S ] . . 2 The restricted and unrestricted cases are considered, using the DZ
Cont”bum_)ns to the first-ordek tensor, th_'s axial symmetry of (1s frozen) basis set described in Table 2dénotes the fluorine atom
the coupling tensor, along the bond, is destroyed. We have whose bond with Ti lies along theaxis. TheA tensor on this atom is
analyzed in greater detail the two-center termF+Ti (dipolar calculated. The most important contributionsig, in each symmetry
operator on F, functions on Ti), splitting it up into individual are also shown. The 2/AO on F* (2) only occurs in component (1)
contributions. The largest contribution is observed when both of Ey' symmetry. The 2B AO on F (ZR}) occurs only in component
functions on titanium are 3d orbitals, i.e., from the tefBd F (2) of By’ symmetry. Therefore, tha tensor for F exhibits only 2p
3d0(18.3 MHz). This value is somewhat counteracted by the polarization in (1) orbitals, and only 2p polarization in &(2)
Bs F 4€)(—2.2 MHz) and@s F 3d](—3.2 MHz) terms. The  orbitals.
total Ti—F—Ti contribution along the bond is 17.2 MHz. For normal to the bond and along tkexis, respectively. The total
the other two directions of thé tensor, thel3d F 3dJterm Ti—F—Ti contributions normal to the bond and along #axis
gives smaller contributions;-8.2 MHz and—10.1 MHz for are —10.3 and —6.9, respectively. Clearly, the two-center
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TABLE 6. Effect of the F Basis Set onA Values for TiF3 (Unrestricted)2

Agip (first ordery Adip (total, traceless) Acontac?
along bond normal to bond along bond normal to bond alongz-axis (fromall (from functions
basis set (F) (F) alongz-axis (F) F) F) (F) functions) onnucleus) Ao
DZ 1s frozen 33.6 4.4 —38.1 30.0 8.2 —38.2 —44.6 —44.1 —42.7
TZ 1s frozen 36.9 5.2 —42.0 325 9.7 —42.2 —43.6 —41.0 —41.3
all electrong 37.3 5.6 —43.0 33.0 10.1 —43.2 115 15.2 13.8
all electron§ 36.3 5.6 —41.9 32.2 9.8 —42.1 —4.1 —4.2 -1.9
all electron8 36.3 5.6 —41.9 32.2 9.9 —42.1 -3.7 -39 -15
all electron§ 36.4 5.6 —42.0 32.3 9.8 —42.1 -0.8 2.1 14
all electrons 37.3 5.6 —41.9 32.2 9.8 —42.0 —6.3 —6.3 —4.1
all electron§ 37.2 6.4 —43.6 33.1 10.8 —43.8 -0.2 -1.0 1.9

2 All Atensor values are expressed in MHz. For a brief description of the basis sets see Table 3. For Ti the all-electron Badsissed adhe
contact term is split into a set of results obtained simply by one-center contributiest fom functions on nucleus k F), and a set obtained
including also the off-center contributionsk-J;é (from all functions).c The following calculated\ values represent the first order term and the sum
of the first- and the second-order terms (total, traceless) (eq 2), without the Fermi contact contribution and without the isotropic “psetidocontact
contribution that arises from the second-order terms irAttensor expression. The latter are given separatlyifcandAiso = Acontactt Apseudocontast
respectively).

integrals in which the dipolar operator has its origin on fluorine, until now has been replaced (see Table 2) by a TZ basis keeping
while both basis functions have their origin on titanium, give the same core shells frozen, next all cores have been unfrozen
by far the largest contribution. This is not surprising, as about while keeping the same TZ valence basis (all-electron basis B),
90% of the MO containing the unpaired electron is localized while subsequently the core and valence basis sets have been
on titanium. With such an off-center (with respect to F) extended (all electron basis setsG). When we first consider
distribution of the unpaired electron, the two-center contribution the first-order dipolarA tensor, it is clear from Table 6 that

is comparable to the one-center contribution. One obviously there is a small effect from the extension of the valence basis
cannot relate the full tensor any more to the on-site characterfrom DZ to TZ, which is due to the fact that the very negatively
of the unpaired electron. The two-center terms change the along-charged F ions need a somewhat better than DZ basis. After
bond character of th& tensor based on one-center contributions that point, the basis set effects are minor. The same holds true
only but do not convert it to along-axis axial character. The  for the tracelessA tensor with second-order contributions
spin-restricted results are not in agreement with experiment in included (Table 6 second column). The second-order contribu-
this respect, and surely the to#J, is too small. tions increase the normal-to-bond componaptsomewhat.

The unrestricted results for the dipolar part are qualitatively ~ Fermi Contact Contribution to the Fluorine A Tenstke
different. The 7@t orbital does not change much and so its have already noted a change of sign and magnitude in the contact
contribution to theA tensor stays pretty much the same. This term, from+28.1 to—44.6 MHz, on passing from the restricted
holds for the one-center contributions and for the two-center to the unrestricted case (see Table 1). In these calculations, the
contributions, given separately at the bottom of the table, as F 1s core was still frozen, and therefore the results of Table 1
well, in agreement with the latter being determined by the probably reflect primarily spin polarization of the 2s AO. The
unpaired electron orbital. However, the spin polarization effects Aconactvalues may also be sensitive to unfreezing the 1s core.
in the 2p shell are quite significant. We find 2pharacter on In Table 6 the effect of unfreezing the F 1s core AgntactiS
fluorine atom nr. 1 (the fluorine atom along tkexis, for which made visible. We note first that changing the valence basis set
the A tensor is evaluated) in orbitals in’ssymmetry and in from DZ to TZ while keeping 1s frozen has very little effect
component 1 of £ symmetry. Although the differences between on Agoniact Unfreezing the 1s, however, affe@soniactstrongly.
the up-spin and down-spin orbitals, as given in Table 4, are This term settles (apart from the “special” value obtained with
only small, they are large enough to lead to significant the basis set of type B) to a value in the rangé.1 to —0.2
polarization effects as compared to the “zero-ordertensor MHz with all the other “all-electrons” basis sets. The basis set
coming from the 7g! orbital. Of course the polarization of 2p B has only a DZ representation of the 1s core. This is apparently
containing orbitals does not destroy the along-bond axial not sufficient, or the exponents should be optimized, but TZ or
character of the 74 A tensor, but it is destroyed by the beyond will do. In the last column of Table 6, the total isotropic
polarization of the 2f (in-plane, perpendicular to the bond, part of the A tensor is given, which includes the isotropic
i.e., 2g on F) and the 2p having their main axes in different ~ contribution from the dipolar operator in second order. This
directions. The polarization contributions of these 2p orbitals contribution is apparently small.
are again considerable. As we can infer from Table 5, the net  |n Table 7 the effect of spin polarization contributions from
result of the spin polarization of the 2p shells in our particular various shells on the Fermi contact term is presented. Only the
case is an entirely fortuitous axial symmetry, in the direction results obtained simply by one-center contributions (from

of thez -axis, for the totallone-center. contribution. Thiaxial functions on fluorine nucleus) are reported, because the off-
character of theé\ tensor is then again removed by the strong center contributions (from all functions) are negligible, as we
effect of the two-center terms. can see from Table 6. The data for F 1s frozen are given both

The net result is a dipolak tensor with comparable principal ~ for the restricted and unrestricted cases. The basis set is the DZ
values along the-axis and along the FiF bond, with opposite ~ basis on F, with F 1s frozen, and the TZ basis on Ti, with 1s
signs, however, and a small principal value in the plane normal 2p frozen. This basis has been used for Table 1 and Table 4 as
to the bond. well. The all-electron calculation used the all-electron basis set

In Table 6 some tests of the dependence of these results or2€ for F and aé for Ti, as described in Table 2.
the basis set and on the frozen core approximation are given. We discuss first the results with F 1s frozen. In the spin-
The DZ basis, with frozen F 1s core and Ti-12p core, used restricted calculation there is only tHe24.6 MHz contribution
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TABLE 7. Contributions to the Acontact T€rm (from Functions on Fluorine Nucleus) for the Restricted and Unrestricted Cases

F 1s frozeh all electron3
p(0) (au) p'(0)—p'(0) (au) Acontact(MHZ) p(0) (au) p'(0)—p'(0) (au) Acontact(MH2)
Restricted
Ta' 0.0058 +24.6
Unrestricted

7a/'(Ti 3d2,4s) 0.0048 +0.0048 +20.1 0.0043 +0.0043 +18.1
3e/(Ti 3pey)! 0.2573 0.2194
3e/'(Ti 3pey)t 0.2880 —0.0307 —129.3 0.2458 —0.0264 —110.9
43/ (Ti 3s)t 0.0041 0.0036
4a/'(Ti 3s) 0.0044 —0.0003 -14 0.0039 —0.0003 -1.2
26/ (Ti 2py)t 0.0000
26y (Ti 2pey)t 0.0000 0.0000 small
3a/(Ti 2s)t 0.0000
33_1_ Ti 2s) 0.0000 0.0000 small

(T| 1s)t 0.0000

a’'(Ti 1s) 0.0000 0.0000 small

e'(F zp,,z;jP)T 0.0195 0.0163

e’ (F 2p,,2p°) 0.0191 +0.0004 +1.7 0.0158 +0.0005 +2.0

a'(F 2p)t 0.0829 0.0707
6a1 (F2p) 0.0786 +0.0043 +18.1 0.0667 +0.0040 +17.0
56/ (F 2p,.200)! 0.0774 0.0657
5ey'(F 2, 2p7)} 0.0720 +0.0054 +22.8 0.0608 +0.0050 +21.0
5a/'(F 2s) 4.2963 3.7002
5a/'(F 2s) 4.3058 —0.0095 —39.8 3.7085 —0.0083 —35.1
4e'(F 2s) 8.4576 7.3129
4e/'(F 2s) 8.4424 +0.0151 +63.7 7.3004 +0.0125 +52.5
2a'(F 1s) 70.1713
2a/'(F 1s) 70.1688 +0.0026 +10.8
le/(F 1s) 140.3419
le/(F 1s) 140.3368 +0.0051 +21.4
total —44.1 —4.2

aThe all-electron basis sets%fer F and a& for Ti described in Table 2 are usetdThe DZ 1s frozen for F and the TZ 2&p frozen for Ti basis
sets described in Table 2 are used.

from the 7a’, coming from the very small percentage of F 2s a€®, —1.0 MHz (from functions on the F nucleus only) in the
character of the unpaired spin orbital. When the calculation is case of the largest basis®ef. Table 6).

carried out spin unrestricted, the contribution of the' tmes We conclude that spin polarization of the 1s and 2s shells
not change much#20.1 MHz). However, there are much larger makes the difference between the restricted and unrestricted
effects from spin polarization of the 2s shell, which manifests Acontact Values and taking them both into account is essential
itself in slightly different 2s contributions to corresponding up for a correct determination of the contact term of the fluorine
and down spin levels, cf. Table 4. The F 2s mixes slightly with hyperfine coupling. The opposite polarizations of inner shells
the Ti 3p, and as a consequence the largest contributions areand their relatively large contributions to the contact term have
coming from the (nominally) Ti 3p levels 3e(—129.3 MHz) been noted and discussed befbfé>

and the (nominally) F 2s levels 4€+63.7) and 5d (—39.8). Comparison to Experimentonsidering that the tot&l tensor
Note that, for instance in the Babrbital, which is mostly F 2s, is determined by both contact and dipolar parts, we clearly
a 0.1% difference in 2s content of Baand 53’V is sufficient understand the importance of the 1s spin polarization. When

to cause this spin polarization. The nominally F 2p levelg 5e the 1s shell is frozen, th&,, total component of thA tensor is

and 6a have little F 2s character (cf. the small0) values given by the sum-38.2 — 42.7= —80.9 MHz (see Table 6,
compared to the F 2s orbitals), but the differences between thebasis set DZ 1s frozen), i.e., the contact and dipolar parts
up and down spirorbitals are still sufficient to make a  contribute to roughly the same extent. We have noted above
contribution to the spin polarizationt@2.8 and+18.1 MHz, that this value of thé\,;is definitely too large compared to the
respectively). We thus see that the reversal of the positive Fermiexperimental value of 44.7 MHz (in Ar matrix). When the 1s
contact term oft-24.6 MHz for the restricted calculatior-28.1 shell is unfrozen, the sum modifies ir43.8+ 1.9 = —41.9
MHz if also off-center functions are included, see Table 1) to MHz (see Table 6, basis set all electrépsnd the totah tensor
—44.1 MHz in the unrestricted calculation is indeed fully caused turns out to be determined in practice only by the dipolar part,
by F 2s spin polarization. The effect of unfreezing the F 1s which has already been discussed. To compare our results with
(and the change to a larger basis set) can be observed to havexperiment, we run a simulation with the principal values of
a fairly small effect on the individual orbital contributions (right the A tensor as determined now (see Table 6, all electron basis
panel in Table 7). The total 2s polarization (from;'3ele’, set E), i.e. A,,= 40.7 MHz, A = 33.7 MHz, andAyy = 11.2

5g&’, 5&@’', and 6a) stays approximately the same, dropping MHz. This simulation is shown in Figure 2d. The parallel part
slightly from —64.2 MHz to—54.7 MHz. However, the F 1s is in excellent agreement with experiment. The perpendicular
core spin polarization effect (levels jle2a’') is significant, part appears to be too wide, indicating that theand yy
+32.2 MHz. Taken together with the c&10 MHz effect of principle values of thé tensor are too large. However, the peak
the reduction in 2s polarization, unfreezing the F 1s reduces structure is reasonable. Counting the minima starting from the
the contact term to almost zere 4.2 MHz in the present basis  left, we encounter first a pronounced minimum, corresponding
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TABLE 8. Theoretical Magnetic Proton A Parameters for
CHj3 in the Local Density Approximation (LSD)P

Atensor at H

along normalto along
bond (H) bond (H) z-axis (H)

DZ 1s Frozen

1-center -0.3 —-0.4 0.7
2-center G-H—H -0.9 -1.3 2.2
2-center GH-C 28.9 —35.0 6.0
2-center total 28.0 —36.3 8.3
Atotal (traceless) 277 —36.7 8.9
Arermi (from functions on nucleus) —-77.5

Agermi (from all functions) —60.8

Aiso —60.8

All Electrong*

1-center -3.0 —0.5 35
2-center G-H—H —-0.7 —-1.7 2.4
2-center G-H-C 28.2 —35.4 7.1
2-center total 275 371 9.5
Atotal (traceless) 245 —-375 130
Arermi (from functions on nucleus) —85.3

Arermi (from all functions) —53.9

Aiso —53.9

Experiment&
Aiso —64.5
Adip 35.1 —35.1 1422

aFrom refs 24 and 42 All A tensor values are expressed in MHz.
The first-order contributions are split in one- and two-center contribu-
tions. Second-order contributions are negligible. For a basis set
description see Table 3.

to the one at 3535.5 G in the experimental spectrum, then a
small one that is discernible as a shoulder in the experimental

spectrum, then a shoulder that is not visible in the experimental
spectrum, and finally three minima that correspond to minima

in the experimental spectrum (note that the remaining peaks in
the experimental spectrum can be ascribed to the b sites; bothi
at the a and the b sites we assign a leftmost peak that is not

assigned in ref 2). We conclude that the calculadedensor
component is in excellent agreement with experiment, while
the principal values of theA tensor that give rise to the
“perpendicular part” of the spectrum appear to have a good ratio,
but their absolute values are somewhat too large.

It should be noted that the calculatéd, has opposite sign
to A and Ayy. In the experimental work, the signs are not

determined and they have been assumed equal. It would be

justified, in view of our results, to recalculate the “experimental”
Aiso by taking the sign for thé (keeping the single value 10.3
or 11.5 MHz forAw = Ayy = An) oppposite to that of,. The
experimentalAiso then becomes considerably smaller than the
23.6 MHz quoted in Table 1, namely 8:8.0 MHz, depending
on the matrix. This correction of the experimental number
improves the agreement with the calculations.

3.2. The CH; Radical. We will briefly consider the CHl
radical, since it is a prototype organic radical sufficiently
analogous to and at the same time sufficiently different from
the TiF; radical to make a comparison useful. The hyperfine
structure has been extensively studied theoretiC&y. 17 We
will study in more detail the mechanism of the hyperfine
splitting and the relative importance of various contributions.
CHgz is a (2p)! radical, while Tik is a (3d?)! radical. The H
isotropic hyperfine splitting has to derive, at least in g
equilibrium structure, from spin polarization. This holds for the
isotropic hfsc of F in Tik too, if we start from the zero-order
2p, spin density, but the mechanism of spin polarization is
somewhat different, see the Discussion.

Table 8 lists theA tensor values for hydrogen in GHor
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two different basis sets, using spin-unrestricted LDA (LSD)
calculations. The DZ set, with 1s on C frozen, and the
all-electron (no frozen 1s on C) TZ basis set denotetd aae
described in Table 3. Our calculations estimate that the single
st electron in carbon induces a negative spin density of about
—0.055 electrons in the hydrogen 1s orbital. This leads to a
Fermi contact hyperfine splitting of 77.5 to—85.3 MHz (cf.
Arermi from functions on the nucleus). There are sizable
corrections in this case coming from spin density described by
other functions, such as 2s and,2m C, yielding final isotropic
hyperfine splitting constants of54 to —61 MHz. This is in
rather good agreement with observed proton splittings in the
methyl radical £64.5 MHZ24), although vibrational averaging
effects would lower the calculated values by some 5 M#z.
There are no isotropic pseudocontact contributions from second-
order effects of the dipolar operator.

The dipolar contributions to tha tensor are expected to be
quite small inasmuch as they are coming from spin density at
the H atom, in view of the predominantly s-like nature of the
unpaired spin density at H. Indeed, very small values are
obtained from the one-center terms, arising from the presence
of a very small negative spin density in the hydrogep@ital,
resulting from the spin polarization of the—@& bonding
electrons (see the Discussion). However, more significant
contributions come from two-center terms, due to the large spin
density in the C 2porbital. It is clear from Table 8 that those
two-center terms dominate that have the operator at H and both
basis functions located at C. Such terms are not very sensitive
to the basis set, since they do not arise from details in the spin
density distribution, but just from its C 2gharacter. Com-
parison with experiment shows good agreement for the largest
component, the one in the molecular plane normal to th&IiC
bond. The component along the—@& bond is also large,
although not as large as the experimental one, which is equal
o the perpendicular in-plane component. The experimezatal
component is negligible, but the calculated one is not, although
it is considerably smaller than the other components. We note
that both an ab initi& and a DFP calculation report a small
component perpendicular to the plane. We have therefore
repeated the calculation with a very large STO basis set (on H,
QZ 1s, DZ 2p,3d; on C, TZ 1s, QZ 2s,2p, DZ 3d.4f) but did
not observe a significant change with respect to tHelmesis
set, in agreement with the observed dominance of the two-center
terms which are not expected to be very sensitive to basis set
quality. The overall agreement may still be considered fair, in
particular since vibrational averaging is not taken into account.

3.3. Effect of Density Functionals with Gradient Correc-
tions. Investigations on small organic radicat® pointed out
that the inclusion of the density gradient corrections (generalized
gradient approximations, GGA) gives an important improvement
over the local spin density approximation (LSD). Particularly
the gradient exchange correction scheme by Perdew and $¥/ang,
has been recommended as leading to Fermi contact terms in
very good agreement with experiment. In this section we will
deal with the effects of various gradient corrections to the
exchange and correlation potentials on the hf structure of CH
and Tiks. Also the hyperfine splittings due to the central nuclei,
C and Ti, are now considered.

Table 9 lists the unrestricte@l tensor values of the organic
radical, obtained using the different DFT functional forms
indicated and previously described and, in each case, using the
optimized geometry and the most extensive all-electron basis
set with superscript “H” (see Table 3 for a description). The
experimental isotropic and anisotrofidensor values are also
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TABLE 9. Isotropic and Anisotropic Hyperfine A Tensors (in MHz) of the CHz Radical, Obtained Using the Different DFT
Functional Forms Indicated®

Agip (total traceless)

functional form nucleus Aiso along bond normal to bond alozepxis

LSD C 45.9 —78.9 —78.9 157.7

H —53.9 24.5 —-37.5 13.0
BP 3C 81.8 —81.2 —81.2 162.4

H —67.0 22.7 —37.9 15.1
PW91 3C 73.9 —81.2 —81.2 162.5

H —61.5 22.4 —37.5 15.1
PW86 BC 76.7 —81.8 —81.8 163.6

H —59.0 21.7 —37.2 15.5
EXP? BC 108.0-105.6 —62.21063.6 —62.2t0—63.6 128.3-124.0

H —64.6 t0—62.5 35.1 —35.1 1.4-2.2
EXP° BC 75.6

H -70.0

2 Direct experimental results from refs 24 and 4These experimental results correspond to the hypothetical nonvibrating planar molecule from
refs 15, 16 and 18.The optimized geometry and the all electron basis setare used throughout (see Table 3).

TABLE 10. Hyperfine A Tensor (in MHz) of TiF 3, Obtained Using the Different DFT Functional Forms As Listed
fluorine atom '°F

functional Adip (total,traceless) titanium atom,

form Aiso along bond (F) normal to bond (F) alomgxis (F) 4T Aiso
Basis Sets deon F and agon Ti

LSD 4.1 32.2 9.8 —42.0 —245.9

BP +0.1 29.0 9.8 —38.8 —233.0

PW91 +0.8 26.0 55 —-315 —233.4

PW86 +7.2 20.8 5.8 —26.6 —238.9
Basis Sets &on F and agon Ti

LSD +1.9 33.1 10.8 —43.8

BP +7.1 29.5 10.7 —40.3

PW91 +5.7 26.7 6.5 —-33.1

PW86 +10.9 21.0 6.3 —27.4

EXP? 8.3-8.0 —184.8t0—177.1

a Experimental values from ref 2, with correction for a different sign of perpendicular and parallel principal values ok teader, see text).
b The optimized geometry and the all electrofi ard a€ basis sets for fluorine and the all-electror® dasis set for titanium were used throughout
(see Table 2 for a description).

presented. The two sets of experimental isotropic values for is good for the isotropic hfs constants, in particular for the BP
carbon and hydrogen correspond to direct experimental resultsfunctional, and is satisfactory, given the lack of vibrational
from ref 24 and to the hypothetical nonvibrating planar corrections, for the anisotropi& tensors. From preliminary
molecule, cf. refs 15 and 18, respectively. As we can see, theinvestigations on analogous organic radicals, it appears that this
vibrational corrections have been estimated to be quite signifi- conclusion is general; the anisotropic hf structures are, in
cant, about 25.228.0 MHz, for carbon, while for hydrogen  general, much less dependent on the choice of functional and
the vibrational effects are not as significant (about 5 MHz). As appear to be overestimated in the static structures, the isotropic
far as the calculated hydrogen isotropic term is concerned, thecouplings are well reproduced only by including nonlocal
LSD calculation (as used for Table 8) appears to be a bit low corrections, while no clear preference for one of the GGA's
—58.9 MHz), as mentioned earlier. The BP, PW91, and PW86 for the description of the isotropic hf couplings could be
functionals give corrections in the right direction, with the BP  established.

value 0f—67.0 MHz coming quite close to the “experimental” e turn next to an investigation of the effect of the nonlocal
value for the static molecule;70 MHz. This tendency of  corrections on the Tifradical, which are reported in Table 10.
underestimation by LSD is much stronger ever'f@, the GGA  The optimized geometry and two different and extensive basis
functionals all correcting quite nicely. sets (aband a€) were used for the fluorine atoms, and only

Turning next to the anisotropid tensors, we note that the  the most extensive basis set was used for titanium (see Table 2
differences between the various density functionals are notfor a description). The Ti isotropic hfs constant is rather
significant at both H and C. On C, thez and the (equal by insensitive to the density functional used. It is rather high
symmetry) in-plane components are overestimated by some 25 compared to the experimental value, as observed béfdre.
30%. Given the significant reduction (40%) of the isotropic hfsc have verified that averaging over the bending (umbrella)
of C by correcting the experimental number for vibrational vibration, which is very soft, would lower this value. Since slight
effects, it is obvious that vibrational averaging may cover much |engthening of the F+F bond also lowers the Ti isotropic hfsc
of the difference and will have to be taken into account for a considerably (to—164.1 MHz upon lengthening by 0.10 A),
definitive assessment. both the umbrella motion and anharmonicity in the symmetric

For the anisotropi@ tensor on H, the GGA functionals also  stretch vibrationt will be larger tharre) will make corrections
hardly change the LSD result. The comments in the previous in the right direction. The calculated static Ti isotropic hfsc is
section therefore hold for the GGA results for the anisotropic therefore considered quite satisfactory. (NB Table 6 in ref 1
A tensor as well. In summary, the agreement with experiment shows the lowering of thAconiactupon Ti=F bond lengthening,
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but the values refer to a frozen core calculation and are therefore H
ca. 60 MHz too high).

The fluorine isotropic hf couplings vary only slightly with Pz —l— 1) NN
the density functional that is used, and they are always very N Y T~
small in magnitude. In view of the somewhat better results of . )_‘__\>_‘__ 1s
the gradient corrected functionals so far, one might prefer the sz j:lj\ e L7
GGA values in the best basis, i.e., very small positive value of N ST

5—10 MHz. These values oA, are in very nice agreement (a) AN \—l——'/’
with the isotropicA value of 8 MHz which is obtained from —'—
experiment if we use for the experimental principalalues

the signs that come out of the calculation, i.e., a different sign Ti F
for the zz component than for the in-plane components.

However, when adding the isotropic part to the principal values Uz2 —'-—

of the traceles# tensor for the PW91 and PW86 functionals,

the agreement with experiment would deteriorate compared to ,—‘—\
the LSD value. For instance, tiig, component would become I—f—-\
smaller than the experimentally well-established value of ca. 1" NN

45 MHz. We conclude that the LSD and, among the gradient ,’,' AN
corrected functionals, BP give good agreement with experiment. i VoM
In view of the fact that thé\ tensor is small anyway, which is " \ N
well reproduced by all of the functionals, one also may conclude " . N
that agreement with experiment is satisfactory for all of the M )__‘_‘>___'_ 2s
functionals. The DFT calculations do reproduce the experimental " ’ Pt

fact of only slight delocalization of the unpaired spin to the F | I

ligands, with a very good order of magnitude estimate of the 3Px,y | N S
resulting smallA tensor. AT

4. Discussion and Conclusions \\_j(_—j//

In the Kohn-Sham formulation of density functional theory, (b) l
one is basically working in terms of a molecular orbital model. Figure 3. Orbital interaction diagram for CHand Tik.

It is possible to understand how the effects of electron correlation

are incorporated in this model. For instance, the effect of electron  We shift now to an MO interaction picture, as illustrated in
correlation is to reduce the conditional probability of finding a Figure 3. The 1s hydrogen orbitals interacting with the carbon
second electron in the neighborhood of a given one (creation sp? hybrid orbitals are shown. The spin electron in the carbon

of the Coulomb hole surrounding an electron). The Fock p;orbital implies that there is a higherspin density at carbon,
operator contains, in an orbital-dependent form, the potential which means that the exchange operator (roughly proportional
due to the Fermi hole but it lacks the Coulomb hole potential. to —[p%]¥3) creates a stabilizing field for the occupied sp

In contrast, the KohirSham potential incorporates, in addition orbital. When the hydrogen 1s spin orbitals mix with the carbon
to the potential due to the averaged Fermi hole, the potential of sg? spin orbitals, the stabilization of the%pspin orbital relative

the Coulomb holé® This makes it understandable how an orbital to the spg spin orbital will lead to more Spcharacter in the
model still incorporates correlation effects on an observable a-spin bond orbital and relatively more hydrogen 1s character
property such as the electronic density. The implication is that in the g-spin bond orbital. This is the spin polarization
the interpretation of various effects will be couched in orbital mechanism for creating an excgbspin density at the H nucleus
terms in a KS calculation, even if they would traditionally be in the prototyper radical CH. We have seen above that with
considered as correlation effects for not being present in the the present GGA functionals the spin polarization is described
Hartree-Fock treatment. fairly accurately in CH.

In the present paper we are dealing with spin densities, which A similar simple MO picture can be applied to the description
will be interpeted in terms of spin polarization effects on the of the spin polarization in the Tgmolecule. The orbital
orbitals in the KS calculation. We may contrast the KS picture interactions are displayed in Table 4, where we show the one-
for the generation of finite spin density at the H nucleus of the electron eigenfunctions and eigenvalues for the unrestricted
Dsn o radical CH with the traditional VB picture. Consider an  calculation performed on T#-using the basis set DZ (1s frozen)
isolated CH fragment radical with one electron occupying the described in Table 2. Table 7 collects the individual contribu-
2p, carbon orbital perpendicular to the plane of the three trigonal tions of the various orbitals with fluorine s components to the
bonds. There are two VB configurations for the description of Fermi contact ternf\oniact0f the 19F hyperfine tensor of Tif:
the C-H ¢ bond, which would be equally important in the The fluorine 2s orbital interacts only weakly with other orbitals,
absence of the unpaired electron in:Zp) a spino. electron in the energetic distance to all other orbitals being fairly large. In
the carborv hybrid orbital and a spifi electron in the hydrogen ~ Table 4 we easily recognize the block of predominantly F 2s
1s orbital; (b) vice versa. The presence of the @lectron, orbitals ((96%) at~—29 eV. The most important interaction is
however, makes the two configurations no longer equally with the Ti 3p, orbitals (3¢" at~—40 eV). This interaction is
probable. Because of the favorable exchange interaction betweemepicted in Figure 3. In this case, the exchange interaction with
the r electron and the carbom electron, when the spins are  the unpairedo-spin electron which occupies the Barbital
parallel (botha), configuration (a) is slightly preferred. This  stabilizes thex-occupied 3py orbitals. As a consequence, the
configuration has @& electron in H 1s; for this reason, the spin interaction with the fluorine 2s orbital is such that thespin
density at the proton is negative, as is the hyperfine coupling “bonding” orbital 3g't has a somewhat smaller admixture of F
constant. 2s than the8-spin bonding orbital 3¢). This leads, in agreement
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with Table 7, to the largest negative contribution to the spin contribution from the unpaired spin density on Ti contribute
density at the F nucleus from the nominally Ti 3p orbital. sTiF  significantly. For the isotropia value we have noted that even
however differs from the Cklcase in that now also the polarization of the lowest occupied shell (F 1s) is very important.
antibonding combinations 4e which are mostly F 2s, are  An all-electron treatment (no frozen cores allowed) is necessary.
occupied. In those orbitals the relative magnitude of the Basis set requirements are rather stringent. The implication is
contributions of the F 2s in the spin-up and spin-down orbitals that the measured values for batland the fullA tensor do not

will be reversed compared to those in the bonding orbitals; give very direct information on the electronic structure. They
therefore, the spin polarization effect of the “bonding'3e would be difficult to interpret without electronic structure
partially annihilated by the opposite polarization of the “anti- calculations.

bonding” 4¢" orbitals. (The interactions are very weak, as is (c) Although ESR data yield in principle detailed information
evident from the very slight mixings in Table 4, so “bonding” concerning the electronic structure, both the present paper and
and “antibonding” denote the sign of the interactions, in-phase the previous onedemonstrate the usefulness, if not necessity,
or out-of-phase, rather than genuine bonding or antibonding of the combination of experimental and theoretical treatment
energetic effects). There is also slight mixing between the F 2p for a full interpretation of the message conveyed by the
set of orbitals, at about-10 to —12 eV, and the F 2s at ca. measured data. In the HEase, the calculations suggest opposite
—29 eV. With exactly the same mechanism as described abovesigns of the FA tensor principal values in the and xy

this leads to analogous negative/positive polarizations in tfie 5a directions, respectively. Since equal signs had been assumed
6a’ pair. The 4¢/5e’ pair should also show such negative/ originally? the experimental isotropi& value has been revised
positive polarization effects, but the negative effect is not visible accordingly.

in the 4¢', it only diminishes the positive polarization this orbital (d) In view of their efficiency and the demonstrated accuracy,
has due to the aforementioned mixing with Tix3pThis the DFT-GGA calculations hold great promise for the elucida-
completes the enumeration of all of the important contributions tion of ESR data of complex systems such as metallic centers
to the F 2s spin polarization. It is obvious now that fgnact in systems of biological interest. The recent DFT implementation

from the unpaired spin orbital 7a(+24.6 in restricted case, of van Lenthe et &® of the calculation of hyperfine splitting
+20.1 MHz in the unresticted case) has hardly any relation to constants with relativistic effects taken into account within the
the actual hyperfine splitting constant, which is dominated by zero-order regular approximation for relativistic efféenables
spin polarization effects. The calculations with the F 1s unfrozen, heavy elements to be treated as well, although further develop-
also shown in Table 7, demonstrate the importance of the spinment will be required to treat relativistic effects (notably spin
polarization of the 1s shell and have been commented uponorbit coupling) and spin-polarization effects simultaneously.
above.
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interaction of the F 2s with metal orbitals and with F 2p foundation for a visitors grant to P.B. under the REHE program.
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