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CASSCEF(8,6)/cc-pVDZ calculations of electron spin—spin dipole interaction tensor in the lowe:
plet state of CHl CHF, CHCI, and CHBr, spin—orbit coupling of each of the three sublevels witt
lowest singlet, and the triplet zero-field-splitting parameters are reported as a function of the v
angle, with bond lengths optimized for the triplet state at the B3LYP/cc-pVTZ level of approx
tion. Both the one- and the two-electron parts of the spin—orbit coupling Hamiltonian are use
the contributions to spin—orbit coupling provided by each atom and orbital pair in Weinhold’s n:
hybrid orbital basis are evaluated separately. This provides intuitive insight into the origin of
orbit coupling in carbenes and especially, the heavy atom effect of the substituent.

Key words: Carbenes; Spin—orbit coupling; Spin—spin dipolar coupling; Zero-field-splitting
rameters;Ab initio calculations.

Triplet biradicals occur as intermediates in many organic photochemical reaction
their conversion to final products normally involves intersystem crossing from th
west triplet state jlinto the lowest singlet statg.S0ne of the factors that dominate tt
absolute rate of this step, and relative rates at various geometries, is the strer
spin—orbit coupling. Its dependence on molecular structure and conformation ha:
the subject of many calculatiodnand can be understood in intuitive terms, which
volve the formulation of resonance structures that contain triplet carbene or tv
ethylene substructurésA simple rationalization of spin—orbit coupling in carbene a
its derivatives is therefore desirable. The situation in, {f$¢lf has been analyzed il
detail recently and numerous references to prior work were provided

* Part 2: see ref.
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In addition to influencing the rate of intersystem crossing, spin—orbit coupling is
capable of affecting the triplet zero-field-splitting parameters, used in EPR spe
copy to describe the relative energies of the three triplet sublevels. We refer
values calculated in the usual approximation, which neglects spin—orbit coupling
tributions, adD andE, and to the full values that can actually be observeD; asdE'.

Presently, we address the issue of the heavy atom substituent effect in halocal
i.e., the enhancement of intersystem crossing rate and changes in the triplet zerc
splitting parameters due to the presence of atoms with high atomic numbers. Sc
the preliminary results have been repotiud several of these values are now upda
with an improved computational procedure.

Monohalogenated carbenes have been the subject of numerous experimental &
oretical studies. High-resolution spectroscopproved that they have a singlet grour
state. The T, singlet-triplet energy difference decreases as the atomic number ¢
halogen increases, from 14.9 kcal/mol in CHF &&% and 4.2 kcal/mol in CHCI
(ref?) to a mere 2.6 kcal/mol (réf.in CHBr (ref®). Ab initio calculation$''?yielded
the values of 16 kcal/mol (CHF), 6 kcal/mol (CHCI), and 4 kcal/mol (CHBr). To
best of our knowledge, no observations or calculations of the triplet zero-field-spl
and spin—orbit coupling in these molecules have been published. The importat
spin—orbit coupling for the interpretation of spectra of CHCI and CHBr was emg
ized by Chang and Seafs

METHOD OF CALCULATION

The method of calculation has been described in defailly the procedure for the
evaluation of the two-electron parts in atomic contributions and in contribution
individual natural hybrid orbita? pairs to spin—orbit coupling has been slightly mot
fied. Inspection of the individual terms showed that the two-electron elements c
type’ hg}p0 contribute significantly only if two of the subscripts are equal. Term:s
which all four subscripts are different give less then 1% of the total two-electron
tribution in all calculations presented in this paper. In the most important amon
hﬁﬁ}po terms,p represents an inner shell orbital. An electron in such an orbital scr
the nucleus on which the orbital is centered, and the sigﬁ)&fis opposite to that of
the one-electron terri\(_}\}. Therefore, in the definition of orbital pair contributions, tl
hﬁﬁ}po element is counted as contributing to ghe orbital pair, and to the atomic vectc
of the nucleus on which is located.

The calculations were performed with CASSCF(8,6) wave functions using th
pVDZ basis séf on all atoms except Br, for which the pvVDZ basis'%atas used.
Orbitals in the triplet and singlet CASSCF wave functions were optimized sepatr:
with the constraint of common core orbitals taken from the triplet calculation.

non-bonding orbitalé\ andB are the open-shell orbitals of theWave function. In the
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analysis of the results, pre-orthogonal natural hybrid orbitals (NHOs) of ;tlseate
were used as the most appropriate.

RESULTS AND DISCUSSION

Figure 1 shows the calculated potential energy curves of carbene and the h:
benes as a function of the HCX valence anglat bond lengths optimized for th
lowest triplet state Tat each value of. As anticipated from prior wotR, fluorine is
the most strongly interacting substituent and in CHF the lowest singlet gthes S
significantly below T even at geometries optimized for the latter. The singlet-stab
ing effect of the halogen drops as its atomic number increases.

Spin—Spin Dipolar Coupling

The electron spin—spin dipolar tensor of carbene in jistate is not affected much b
the presence of the halogen atom. Figure 2 compares the values of the spin-onl
field-splitting parameter® and E calculated by tensor diagonalization, ignoring a
corrections for spin—orbit coupling. Halogen substitution does not significantly a
the small gradual diminution dd induced by decrease of the valence angle fror
linear (0 = 18C) geometry. The substitution reduces thevalues somewhat, un:
doubtedly because it permits some of the spin density to delocalize onto the he
thus increasing the average distance between the unpaired electrons (Table ). T
stitution also makes theE value somewhat more negative, particularly in CHF. T
accentuation of the anisotropy betweensttendy directions can be attributed to pre
erential spin delocalization hyas opposed to delocalization.

AE, kcal/mol

60 90 150 1150 W, ° 180

Fe. 1
Potential energy of carbenes at triplet-optimized geometries (B3LYP/cc-pVTZ) relativeettemy
at 180, as a function of the valence angte Solid line: T;, dashed line: § Curves for successive
carbenes shifted up by 80 kcal/mol
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The orientation of the principal directiogsandz of the spin—spin dipolar coupling
tensor in the CHX molecular frame for a series of valence angles HCX is shown in
(the x direction is perpendicular to the molecular plane), and is very much the sal
it was in CH itself, in keeping with the discussion above. The labeling oktlye and
z axes follows the usual EPR convenfi§nwhich makes Tthe lowest-energy and, T
the highest-energy triplet sublevel in this instance. In the case oth@Hiffers from
the usual symmetry convention in that it uses the hpbal the twofold symmetry axis.

Spin—Orbit Coupling

Symmetry allows only two of the three sublevels of thetate to mix with the lowest
singlet state. The ST, spin—orbit coupling vectoH S° thus has only two non-zere
components[S [HS®| T, Oy and [S [HSC| T, [z, and lies in the molecular plane
Figure 4 shows its lengtHS9= (($ |HSC| T, 3+ S |HS9| T, )2 as a function of the
valence anglen. The huge heavy atom effect is clearly apparent. The shape o
dependence is the same for all of the carbedeS is nearly independent @b until
quite large angles are reached, and then it drops abruptly and reaches zefobgt
symmetry. In terms of the simple model of Part 1 {yefwhich describes the wave
functions of the Sand T, states as mixtures of the singlet configuration functibBs
A?— B?, andA? + B?, whereA andB are the “non-bonding” orbitals of the carbene, t
rationalization is simpleldSCvanishes at 180since it is proportional to the coefficier
of the symmetrized hole-pair configuratiéd + B2 in the wave function of § At the
linear geometry the contribution @f + B? to S, vanishes, because CHX then is
perfect axial biradical, with a degeneratg S state described by the wave functiol
A?— B?andAB, and without any contribution from? + B2,

cm

0.2 ! !

! -0.2
60 90 120 150 w, ° 180

Fic. 2
Spin—spin dipolar contribution® and E to zero-field-splitting parameters in carbenes as a funct
of the valence angle
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In CH, itself, symmetry constrains the vectdrs© to lie along thez axis, and for the
particular choice of state wave function phases that we made, it points in its pc
direction. In halocarbenes] SC is not constrained by symmetry, but at most geomet
it still lies approximately along (Figs 3 and 4). We have chosen analogous w
function phases in all cases, aH&® always points up.

Atomic Contributions to the Spin—Orbit Coupling Vector

Figure 3 indicates the vectorial contributions of the individual atoms to the total
orbit coupling vectoiH S© for selected HCX valence anglas The contributions of the
hydrogen atoms are entirely negligible, and in,CiHe only significant contribution tc

TaBLE |
Non-bonding orbitalsA and B of carbenes in the basis of pre-orthogonal NHQand B;, as a func-
tion of the CHX valence angle®

CHX W, ° A A, B, B, B, B, Bs
CH, 60 0.98 - -091  -012 012 - -
20 0.98 - -0.92 -014  -0.14 - -
120 0.98 - -0.95 -011  —0.11 - -
150 0.98 - -0.97  -0.09  —0.09 - -
180 0.99 - -0.99 0.0 0.0 - -
CHF 60 0.98 -034 059  -0.14  -017 0.13 0.45
20 0.99 -042 0.8 029  -0.25 0.17 0.39
120 0.99 -043  -0.89 030  -0.29 0.20 0.36
150 1.00 -043 0.8 024  -0.25 0.17 0.33
180 1.00 -0.42  -1.00 0.0 0.0 0.0 0.42
CHClI 60 0.96 -039 057 012  -050 0.12 0.48
20 0.96 -050 -0.83 025  -0.21 0.24 0.40
120 0.97 -052  -0.88 023  -021 0.28 0.37
150 0.98 -051  -094 021  -0.19 0.23 0.40
180 1.00 -046  -1.00 0.0 0.0 0.0 0.46
CHBr 60 0.95 -040  -056  -0.17  -0.47 0.11 0.48
920 0.94 -050 -0.81  -023  -0.21 0.26 0.39
120 0.95 -051  -0.86  -021  -0.20 0.29 0.36
150 0.97 -048 092  -018  -0.17 0.24 0.38
180 0.99 -043  -0.99 0.0 0.0 0.0 0.43

& Expansion coefficients of; andA, in molecular orbitalA and ofB,—Bsin molecular orbitalB.
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HSO is provided by the carbon atom. As one goes to the halocarbenes, the ¢
contribution changes somewhat, but it gradually becomes totally insignificant rel
to the much larger contribution provided by the halogen atom as the atomic num
the latter increases (note the change of scale on the right in Fig. 3). The direction
vectorial contribution due to the halogen atom is approximately parallel to that c
carbon contribution, and even in CHF, where the contribution of the fluorine atc
only about twice that of the carbon atom, there is no doubt that the vector sum v
longer than either atomic contribution alone, making spin—orbit coupling stronger.
corresponds to the ordinary heavy atom substituent effect. In CHCI, and even mc
in CHBr, the carbon contribution is essentially negligible, and its direction is im
terial. Still, the HCX valence angte is decisive for the orientation of the contributic
that the halogen atom makesHb°©. As w increases, the contribution of the halog
atom, and thus the whole resultaf® vector as well, gradually rotate to the left sic
of the C—Hal bond when viewed from the carbon.

é' I 10cm™

* I 10cm™

o (Yoeeenraen

Cl1

. I 20cm™

Fic. 3
Orientation of carbene framework in th
magnetic axey and z , spin—orbit coup-
) ) ; 150cm’1 ling vectors HSO (thick arrows), and
e ."'~..“ atomic vectorial contributions td4 S©
H H (thin arrows)
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The key to understanding this behavior is provided by the data given in Tak
which lists the contributions to the total spin—orbit coupling vector from the indivi
natural hybrid orbital (NHO) pairs displayed in Fig. 5a. In each pair, the first mer
makes a contribution to thesymmetry carbene non-bonding orbigglwhich is empty
in the simple description of the, State. The other makes a contribution to dhgym-
metry carbene non-bonding orbi®l doubly occupied in the simple description gf S

At all valence angles, there are only two important contributors tabeledA; and
A, in Fig. 5a, both oft symmetry. Orbital; is the p orbital on carbon and orbitg]is
the p orbital on the halogen that normally carries one of the three lone pairs
halogen substituent and acts am donor. SincéA is the higher energy molecular orb
tal of the two that result from the interaction of the atomic orbAaksndA,, it repre-
sents their out-of-phase combination, as indicated by shading in Fig. 5a.

TasLE Il
Contributions of NHO pairsA—B; to the spin—orbit coupling vector Iengl‘lﬂllSo in carbenes, as a
function of the CHX valence angte®

PairsA-B, PairsAB;
CHX W, °
B, B, B, B, Bs
CHz 60 11.0 (0) 4.7 (-108) 4.7 (108) - -
90 11.6 (0) 2.5(-112) 2.5(112) - -
120 11.8 (0) 2.1 (-108) 2.1 (108) - -
150 9.7 (0) 1.3 (-101) 1.3 (101) - -
CHF 60 9.2 (-7) 2.0 (90) 1.9 (-17) 4.8 (-104) 24.9(-12
90 13.7 (14) 4.2 (-97) 3.8 (121) 11.6 (55) 21.7 (<30
120 152 (7) 4.1 (-97) 4.2 (118) 124 (71) 22.0 (-17
150 11.3 (3) 1.9 (-99) 2.1 (108) 7.1 (84) 17.1 (-8)
CHCI 60 5.5 (-2) 1.0 (90) 2.0 (46) 10.6 (-107) 63.8 (-15
90 8.9 (4) 2.7 (-90) 2.3 (119) 40.6 (50) 51.1(-35)
120 9.4 (4) 2.3 (-98) 2.1 (113) 414 (65) 50.7 (-23)
150 82 (2) 1.2 (-90) 1.0 (107) 245 (81) 44.3(-10;
CHBr 60 5.0 (-5) 1.0 (90) 2.6 (53) 56.1 (-106) 271.0 (-14
90 81 (4) 2.5 (-90) 2.0 (109) 187.1 (47) 203.7 (-38
120 8.6 (0) 2.1 (-90) 1.8 (107) 190.7 (64) 195.6 (24
150 7.6 (2 1.1 (-90) 1.0 (105) 119.1 (81) 168.0 (10

2In cnt™. In parentheses, angfe(°) at which the spin—orbit coupling vectsSC is directed relative
to the positive direction of the axis (measured counterclockwisd, Figs 3, 4, and 5a).
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The a-symmetry non-bonding molecular orbitalis more complicated. Its priman
constituent is the-symmetry lone pair NHO on carboB,. The other twar-symmetry
NHOs on the carbon ator®, and B;, are only minor contributors. However, intera
tions with o orbitals on the halogen delocaliBefrom its primary site on carbon ont
the halogen atom. This is mostly due to a quite significant anti-periplanar interacti
the carbon NHOB, with a halogen in-plane p NH®s, ordinarily carrying a seconc
lone pair of the halogen substituent (the third lone pair of the halogen is mostly
character and is lower in energy). This interaction involves an in-plane overlap t

250

200

, cm

HSO

150

100

50 L+

| T 30
60 90 120 150 w ° 180

Fc. 4
Carbenes: length of the spin—orbit coupling vedtbr® (solid line) and its anglé with the z axis
(dashed line) as a function of the valence angle

FGc. 5
a Pre-orthogonal NHOs in carbenes (shading indicates their signs in non-bonding molecular c
A and B). b Contributions toH S in CHCI (w = 120): NHO pair contributions (thin arrows), theil
sums on C and on CI (thick arrows), and total atomic contributions (dashed arrows). The NH
and total atomic contributions on C are scaled by a factor of 5
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mostly 1t in character, and is responsible ftodelocalization. At some angles, this
interaction mixes in equally strongly also the halogen atom NBj@hat is used to
make the CXo bond. Once again, since the non-bonding molecular orBiial the
least stable of the orbitals that result from thenixing, it is not surprising that the
NHOs B; and B; enter B in a mutually antibonding fashion. The coefficients of t
constituent NHOg\; andA, in the molecular orbitah, and of the NHO®,, B,, andB;
in the molecular orbitaB, are collected in Table I (the coefficients Bpand B; are
small and less interesting).

An atomic vectorial contribution téf S© normally is a resultant of several contrib
tions, each due to a pair of NHOs, one contributing to the molecular okbita¢ other
to B. The most important among these are one-center terms, due to a pair of
centered on the atom. The contributiorH&° provided by a pair of NHOs with partia
p character located on an atom is particularly easy to evaluate when each NH(
tributes to only one of the non-bonding orbit&lsand B, and not to the oth&rThis
situation is encountered in the carbenes CHX, wheieof mandB of 0 symmetry.

The direction of the vectorial contribution from a pair of NHOs located on the <
center is perpendicular to the two axes of their p components. To determine its
the NHOs are represented by their p orbital constituents drawn with their signs a
appear in orbitalé\ andB (Fig. 5a). The p orbital that is contained in orbBalk then
rotated into positive overlap with the p orbital contained in orifitalVhen the direc-
tion of this rotation is indicated with the curved fingers of the left hand, its thi
points in the direction of the vectorial contribution#c°C. The directions of all con-
tributions from NHO pairs would reverse their sign if one changed the order o
orbitalsA andB, or if one multiplied one of the orbitals by —1, but this would not aff
the relative disposition of the contributions. Since only the absolute values of the
ponents of the spin—orbit coupling vectdrs® are observable, and not its sense, t
does not affect the arguments as long as they are made consistently.

Thus, as the p component of the NIBPat the carbon atom in Fig. 5a is rotated wi
the shaded side away from and light side towards the reader, into positive overla
the p component of the NH@,, a vectorial contribution td/S° pointing up on the
page, approximately along the positeéirection, is generated. On the halogen atc
A, is out of phase wittd\;, andB; is out of phase witlB;, so the sense of the rotatio
required for estimating th&, — B; contribution remains the same and the contribu
vector will therefore again point up, approximately along the C—X bond. The vect
contributions from the major players on the carbon and the halogen atoms will 1
fore be approximately parallel and mutually reinforcing. Clearly, this is due to the
that both in the molecular orbit&l and in the molecular orbitd, the two important
NHOs of the substituent ator, and B;, are separated by the same number of no
from the critical orbitals at the carbon atofy,andB;, namely one. If one wished t
find an example of an inverse heavy atom effect, in which the vectorial contribu
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from the carbon and the substituent would be opposed and the length of the vect
would have an opportunity to be smaller than it was on carbon alone before a t
atom substituent was introduced, one would need to break this phase relation. T
the contributions fronB, andBgwere out of phase in the molecular orbBabs in Fig. 5a,
but the contributions from®\; and A, were in phase in the molecular orbi#@l the
vectorial contributions from thé,—B; and theA,—B; pairs would be approximately
opposed. We are currently examining molecular structures that are likely to mee
requirement.

The situation in halocarbenes is complicated by the fact that the substituenB]N}
also mixes into ther-symmetry non-bonding molecular orbitd) to a degree that is
sensitive to the HCX valence angte(Table I). The contribution due to ti#g-B, pair
will be pointed in a direction approximately perpendicular to the C—X bond. Sinc
most case8, enters with the sign shown in Fig. 5a, the contribution due té\}hB,
pair will usually point left and will deflect the total contribution of the halogen aton
the left of the carbon-to-halogen bond vector. This happens especially clearly |
middle range of valence angles around °128n illustration is provided in Fig. 5b,
which shows how closely th&,—Bg contribution points along the C—X bond, and tl
A,—B, contribution perpendicular to the bond. It also illustrates how close the su
the two leading pair interactions on the halogen, and the one leading interacti
carbon, come to being equal to the total atomic contributions on these atoms.

It is noteworthy that rather small admixtures of #heorbital into the molecular
orbital A and, particularly, of th®, andBg orbitals into the molecular orbit&® (Table 1),
suffice to dominate the tota¥ S°© vector. Clearly, the magnification provided by tt
high atomic number nucleus turns spin—orbit coupling into an exquisite probe of 1
cular orbital delocalization.

One- and Two-Electron Contributions to Spin—Orbit Coupling

An important issue for possible future simplification in the calculation of spin—c
coupling in much larger molecules has to do with the use of an effective one-ele
spin—orbit coupling operator. This has seen much use in the past without rigorou
ing on polyatomic molecules, but our results support it so far. Thus, in all of the ¢
lations reported here, the ratio of the 2-electron to the 1-electron portions il
contributions from individual orbital pairs, as well as contributions from individ
atoms, is remarkably constant. On carbon, it is +8%, on fluorine, —3@& 1%, on
chlorine, —(17-18%), and on bromine, —(9—-10%), independent of the compound a
valence angle. It remains to be seen how general this is across a wider spect
molecules.
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Zero-Field-Splitting Parameters

Finally, in addition to examining the effect of heavy atom substitution on spin—
coupling and the likely intersystem crossing rates, we inspect its effect on the
field-splitting parameters. The valu&s and E obtained without spin—orbit coupling
(Fig. 2) did not differ much from those of carbene itself. When spin—orbit coug
between the Tand $ levels is introduced to obtain the actually observable valie:
andE', the situation changes dramatically (Fig. 6).

As in carbene itself the T, and T, level energies are not affected much, since -
spin—orbit vector is mostly directed alongAs a result, th& andE' values are nearly
the same. In contrast, the [Bvel is shifted strongly, particularly in the region whe
the T, and § levels attempt to cross. At geometries for whigHids below §, ST,
interaction pushes, Tarther below the average of and T andD’ becomes larger the.
At geometries for which jllies above § T, is shifted in the opposite direction abBd
becomes smaller thad. As discussed in more detail elsewRerear the exact point
of T;—§, crossing the usual three-level analysis of the triplet EPR spectrum is not
and theD andE parameters are ill defined. This is reflected in Fig. 6 as a diverge!

Given the strong dependence of the compudedalues on the valence angle, al
thus on vibrational averaging, the uncertainties in the exact location of-tBgcfoss-
ing point, and the limited accuracy of our calculations, we do not believe that wi

T T T 2.0 T T
1.0 | ' -
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5 o8 s 15+ 7
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0.2 ’/T’_’_T/\’”’I—”,\’ 05 I I I I |
60 80 100 120 140 160 180 60 80 100 120 140 160 180
W, W,
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T
“ 2 CHCI B £ 20 L CHBr i
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oL e e E=E
EE' 20 | i
b Do | D
-2 1 ol 1 1 1 —40 1 Lt 1 1 1
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Fic. 6

Zero-field-splitting parameters in carbenes as a function of the valence @n§in—spin dipolar
part ©, E) and sum of spin—spin dipolar and spin—orbit palts&')
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make reliable numerical predictions of the zero-field parameters for halocarbene
though we think that the trends apparent in Fig. 6 are predicted correctly.

CONCLUSIONS

The present results for halocarbenes can be summarized as follows: (i) The pres
the halogen atom has little effect on the spin—spin dipolar interaction tensor of ca
(i) In halocarbenes, the spin—orbit coupling vectd®® is directed in the moleculal
frame roughly as in carbene itself. (iii) The magnitudeHoi® grows dramatically as
the atomic number of the halogen increases, and depends on the HCX valence ¢
similarly as in carbene itself, for reasons that are readily understood in terms
simple model of Part 1 (ré}. (iv) The atomic vectorial contributions of the halog:
atoms toH SO are pointed roughly in the same direction as the contribution of
carbon atom. They overshadow the latter even in CHF, and more so in the h
analogues. (v) Analysis of the results in terms of NHO pair contrib@timmsides
detailed understanding and illustrates how a small degree of delocalization of the
bonding orbitals dominates the overall results #bt°. (vi) The ratio of one-electron
and two-electron contributions to the atomic and orbital pair contributionStdis
very constant for each type of atom, boding well for simplified methods in which
the one-electron part is considered explicitely. (vii) In,@Hd CHF, the zero-field-
splitting parameter®’ andE' are dominated by the spin—spin dipolar coupling c
tributionsD andE except at valence angles located in the vicinity of fhé Scrossing
point. In CHCI and CHBr, this is still true for tHe values, but thed' values are
dominated totally by spin—orbit effects and are very large.
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