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A sum-over-states third-order perturbation theory using a semiempirical wavefunction parameteric
method 3 was applied to °Si and *C nuclear magnetic shielding constants of SiXy and CHy—n Xy (X=Cl,
Br, I; n=1, 2, 3, 4), respectively. The other new spin-orbit (LS) term, oLs(A), was proposed to come from
the cross term involving the halogen spin-orbit coupling, Fermi I-S interaction and the external field-(carbon
or silicon) orbit interaction. The values using the MO method predicted a substantial contribution (25%)
of oLs(Si or C) to the ors(X) as already given. The results agreed fairly well with the experimental values,
indicating the importance of the spin-orbit effect on the chemical shifts of molecules containing halogen heavi-
er atoms. The dominant contribution of electronic states to the LS shifts is due to the excitations from all
occupied MOs to only all vacant a;i(or o)—x antibonding MOs, since the Fermi interaction intervenes between

the shift contributions.

MO calculations of NMR chemical shifts became
quite popular and reproduce the experimental values
well, making possible theoretical assignment, and clar-
ifications of the electronic mechanisms of the metal
chemical shifts.? Recently Malkin and co-workers have
calculated NMR shielding tensors by the sum-over-
states (SOS) density functional perturbation theory.®
However, the relativistic effect, especially the spin-or-
bit effect, on the magnetic shielding constant has not
been fully investigated despite its expected great im-
portance. A part of the relativistic corrections due to a
heavy neighboring atom can be estimated by the third-
order perturbation theory with nonrelativistic semiem-
pirical wavefunctions.*~—® The contribution to shield-
ing was indicated to come from the cross term involv-
ing the spin-orbit coupling, I-S interaction, and the ex-
ternal field-orbit interaction.? The relativistic theory
of the chemical shift has been formulated by Pyper,”
Pyykko,® and Zhang and Webb,” but no relativistic
ab initio calculations have been done except for the
one electron molecule, Hy*,'® though some calculations
were reported by the relativistically parameterized ex-
tended Hiickel method and the second-order perturba-
tion theory.'t)

Recently Nakatsuji and co-workers'® have proposed
a calculational method for the spin-orbit effect on the
magnetic shielding constant using an ab initio unre-
stricted Hartree—Fock (UHF) wavefunction and the fi-
nite perturbation method:'® The method corresponds
to considering the ground state wavefunction involving
the triplet spin-orbit term using the second-order per-
turbation theory. The calculations were done for the
proton and carbon magnetic shielding constants in hy-

drogen halides and methyl halides, respectively. The re-
sults for hydrogen halides suggested very well the contri-
bution of the LS shift® by the third-order perturbation
theory with a nonrelativistic semiempirical wavefunc-
tion as in the collaboration with one of us. Nakatsuji
et al.'¥ have also stated that the electronic mechanism
of nuclear chemical shieldings for the 14 group (Si, Ge,
Sn) complex is p-excitation of the s?p? electronic con-
figuration. This means the NMR chemical shielding of
the silicon complex is explained mostly by electronic
states in the valence-electron region, since the nuclear
shielding of core electrons become nearly constant in
the silicon compounds. In this paper, we thus repro-
duced the SOS states third-order perturbation theory
using a semiempirical parameteric method 3 (PM3)!®
to evaluate the spin-orbit effects on the proton magnetic
shielding constants of HX (X=Cl, Br, I). Furthermore,
we have calculated the spin-orbit effects on the Si and
C magnetic shielding constants of SiX4 and CHy_,X,,
(X=Cl, Br, I; n=1, 2, 3, 4), respectively. The main
contribution of the electronic states for the LS shift was
identified by comparing the SOS calculations with the
excitations from all occupied MOs to only all vacant
50i(or ¢)-xMOs.

Theory

The basic derivation of the LS(spin-orbit) shift was
already given in our previous paper® from the general
perturbation-theory expressions. We assume that the
exact wavefunctions for the corresponding electronic
states in the following Eq. 1 are approximately built
from Hartree—Fock MO’s. The wavefunctions® for the
ground and lowest excited states are written as a single
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determinant of the form, as mentioned previously.® The
MO is expanded as a linear combination of the atomic
orbitals. The shielding constant of the atom A is ob-
tained from the usual third-order perturbation theory
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where h is the total hamiltonian, ! ¢, denotes the total
wavefunction for the ground state, 1(°r 3) ®;.; repre-
sents a singlet (or triplet) state; the subscript i—j labels
excitation of a single electron from MO ¢; to MO ¢;.
We think that if we obtain the exact wavefunctions of
the molecules, we can reproduce the experimental NMR,
chemical shieldings using Eq. 1.

The diamagnetic and paramagnetic terms'” are writ-
ten as

0aia""=(1/2)a> 3" Pap < Xa(k) | (rAkbuv
a,b

—raTav)T Ak | Xo) > (2)
o, _3 Occ Unoce A A Al A
Opaes " =0 (13 3+ O {ICH x CALICY x C&',
i

+er x O[O} x CM LB - BT, (3)

where ! E;; — Ey is the singlet excitation energy from ¢;
to ¢; and the components of the vectors C*, C} are
the coeflicients of the corresponding p;, py, and p, AOs
of i-th MO in the atom A and atoms X including the
atom A, respectively. « is the fine-structure constant.

For the third-order contribution including the spin-
orbit coupling interaction, we can obtain four shielding
constants®® which intervene in Fermi, spin-dipolar, and
electron-spin Zeeman interactions, and the vector po-
tential of nuclear dipole, respectively. We here consider
the dominant term involving the Fermi interaction and
neglected the other three terms, since these terms are
smaller.*® We propose an other new LS shift, op,5(A),
which is indicated to come from the cross term involving
the halogen spin-orbit coupling, silicon (or carbon) I-S
interaction and external field-silicon (or carbon) orbit,
with the previous LS shift, ors(X). The expression
was rewritten in this case,
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where the components of the vectors, C;* and C;X, are
the coeflicients of the corresponding p, py, and p, AOs
of i-th MO in the atoms A and X, respectively, C;} is
the coefficient of the s AO of the j-th MO in the atom A,
and |S (0) |? is the electron orbital probability density
of the atom A at rax=0. A is the spin-orbital constant.

Results and Discussion

We calculated the H, C, and Si chemical shifts of
HX, CHy.,, X, and SiXy (X=Cl, Br, [; n=1—4) com-
pounds, respectively. The geometries of (CHX3, CH3X),
CH3X5, and (CXy4, SiX4) were optimized under their
Csy, Cay, and Ty symmetries by the PM3 method.!®
Table 1 shows the optimized values with experimen-
tal ones for the bond lengths. In the calculation of
the chemical shift, we modified a PM3 program to out-
put the singlet and triplet excitation energies from all
occupied MOs to all unoccupied MOs, and considered
only the one-electron term of the spin-orbit. This is
enough for calculating the isotropic terms for the dia-

Table 1. Bond Lengths of HX, CH4— Xy, and SiX4
as Optimized by PM3 Method

Compound Calculated (A) Observed (A)
Ram,csy—x, Re-n Ra@,c,s)—x, Ro-n

HCl 1.2676 1.274

HBr 1.4707 1.414

HI 1.6771 1.609

CH3Cl1 1.7397 1.1167 1.785 1.090
CH;3Br 1.9013 1.1168 1.933 1.086
CHsl 2.1300 1.1166 2.132 1.084
CH.Cl, 1.7575 1.1018 1.765 1.087
CH2Br» 1.9400 1.1166 1.924 1.080
CH:l2 2.1300 1.1166

CHCl3 1.7251 1.1118 1.758 1.100
CHBr3 1.8719 1.0941 1.924 1.110
CHI; 2.0478 1.1168

CCly 1.7470 1.767

CBry 1.9454 1.935

Cly 2.1335 2.150

SiCly 2.0413 2.019

SiBry4 2.1530 2.153

Sily 2.4144 2.437
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magnetic, paramagnetic, and the LS terms including
Fermi contact interaction. The shielding constant of
CX4 and SiXy is gauge-independent because of their
T4 symmetry.'819) Table 2 showed quantities (the spin-
orbit coupling constant of halogen?” and the hyper-
fine coupling constant of proton, carbon and silicon
atoms)?? which were required for a calculation of the
LS term in Eq. 4.

(a) H Chemical Shifts of HX. We first calculated
proton chemical shifts of HX (X=Cl, Br, I) using the
semiempirical PM3 program. The principal axis of the
molecule was taken to be the z-axis.¥) The gauge origin
is located on the halogen atom. The diamagnetic term,
Odia, 1S given as:
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where the first term contains only wavefunctions that
are centered on the halogen nucleus, and the second
term contains wavefunctions that are centered on the
hydrogen and both halogen and hydrogen atomic or-
bitals that are centered on the hydrogen. We consid-
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ered two-center integrals as done in our previous work?
for the o4ia.
The paramagnetic term opara™" is obtained as
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We here retained one-center integrals as done in our
previous work,? although the two-center integrals may
contribute substantially to this term.

For the LS term, we used the op,g(X) as already given.
We compared in Fig. 1 the proton chemical shifts calcu-
lated with and without the LS term to the experimental
values.?? The chemical shift values are given relative to
the HCI molecule. Our calculated shifts including the
LS term agree well with experimental values: The spin-
orbit effects are significant for HBr and HI.

(b) C Chemical Shifts of CH;_,X,. Table 3
and Fig. 2 showed the calculated C chemical shield-
ings of CHy_, X, (X=Cl, Br, I) with the experimental
values.?®?%) In CH4..,, X, molecules other than CXy, the
gauge origin is on the halogen atom. Our calculated val-
ues agree fairly well with the experimental ones. The

Table 2. Quantities for a Calculation of Third-Order agreement is obtained by considering the LS terms. Our
Perturbation Term evaluated largest LS shielding was given as the contri-
Atom A (a.u) | S(0))* (a.u.) bution of 330.6 ppm (o1g(X) 271.5 and o15(C) 59.1) to
Cl 0.002674 the total shielding for Cly.
Br 0.01128 In CH4_ ,X,, compounds, the contribution of the elec-
I 0.02323 tronic states to the LS shielding can be considered, as
H 0.338 is done in the following section of SiXy.
gi g-g‘é (c) Chemical Shifts of SiX4. In SiX4
: compounds, the origin of the 2°Si chemical shifts
Table 3. The H Chemical Shift of HX and C Chemical Shift of
CH4_nXn (ppm unit)
Odia Opara JLS Ototal  Ocaled Oobsd
ors(x) oLs(A)
HCl1 14.9 -3.8 0.4 11.5 0 0
HBr 16.0 -3.1 2.9 15.8 4.3 3.9
HI 18.5 —2.3 11.3 275 16.0 12.8
CH3Cl 35.2 —168.6 3.1 0.8 —129.5 0 0

CH3Br 38.6 —173.7 13.2
CH3l 40.1 —-190.0 35.6
CH,Cl, 40.5 —179.8 4.7
CH:Br: 47.2 —-191.9 22.3
CH:I, 49.9 —2154 80.7
CHCl3 46.1 —192.3 6.8
CHBr3 56.1 —205.5 33.2
CHIs 60.1 —241.8 145.3
CCly 51.5 —-211.9 10.4
CBry 64.8 —252.5 53.8

Cly 69.9 —340.0 271.5

2.2 -119.7 9.8 15.1
129 -1014 281 45.8

1.0 -1336 —-41 -29.1
7.8 —1146 149 3.5
323 =525 770 78.9

1.2 -138.2 87 -—52.6
7.0 -109.2 20.3 12.8
47.0 10.6 140.1 164.8
2.3 1477 -182 -—T71.6
11.9 -122.0 7.5 53.6
59.1 60.5 190.0 3174
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Fig. 1. 'H chemical shifts in HX (X=Cl, Br, I) com-

pared between the experimental and the calculated
values with and without the spin-orbit (LS) shift.
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Fig. 2. *C chemical shifts in CH4—», X5 (X=C, Br,

I; n=1—4) compared between the experimental and
the calculated values with and without the spin-orbit
(LS) shift.

has not been explained theoretically, although some
investigators® observed the high-field shifts of SiBry
and Sily. We show in Table 4 a comparison between
the calculated and the experimental values. Our calcu-
lated values of the LS shielding for Sil4 predicted a sub-
stantial contribution as 510.9 ppm (ops(X) 420.9 and
o1s(Si) 90.0) to the total shielding. Figure 3 showed
the silicon chemical shifts with and without LS shifts

Spin-Orbit Effect on Nuclear Shielding of Si(C)X,

Table 4. The Si Chemical Shifts of SiX4 (ppm unit)

SICI4 SiBI‘4 SiI4
Odia 54.2 66.0 74.6
Opara —431.5 —403.5 —669.2
ors(X) 10.6 40.9 420.9
oLs(Si) 2.4 9.5 90.0
O (total) ~364.3 —287.1 —83.7
O (calced) 0 77.2 280.6
O (obsd) 0 73.6 326.2

together with experimental ones. The calculated values
match well with the experimental ones. Thus, we can
see that the origin of the high-field shift was interpreted
by the LS term.

Let’s examine the contributions of the electronic
states to the LS shift of the SiXy using the PM3 method.
We calculated the two LS shifts of SiX4 from all occu-
pied MOs to only all so;_x antibonding MOs in Ta-
ble 5. The values of the contribution agree with the
SOS values (the values of parenthesis in the table). This
indicates that the main contribution of the electronic
states to the LS shifts is due to the excitations from all
occupied MOs to only all vacant sog,_x MOs, since the
Fermi interaction intervenes between the shift contribu-
tions. In Fig. 4, we showed an example of the transitions
for the LS shifts of SiCly.
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Fig. 3. 29Si chemical shifts in SiX4 (X=Cl, Br, I) com-
pared between the experimental and the calculated
values with and without the spin-orbit (LS) shift.

Table 5. LS shifts of SiX4 by Consideration of All
Occupied MOs and Only All Vacant od—x MOs
SiCI4 SiBI‘4 SiCl4
oLs(X) 423 41.3 10.7
(421) (40.9) (10.6)
oLs(Si) 92 9.5 2.5
(91) (9.6) (2.4)

Parenthesis is the SOS values.
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Fig. 4.  Valence MO energy levels of SiCly and the
main contribution to the LS shifts due to the excita-
tions from all occupied MOs to only all vacant so™
antibonding MOs.

Conclusion

We have formulated an other new LS shift opg(A)
coming from the cross term involving the halogen spin-
orbit coupling, Fermi I-S interaction, and the external
field-(C or Si) orbit interaction. The values for SiXy
and CH,,_4X,, using the MO method gave a substantial
contribution (25%) of o1s(A) to the ops(X) as already
stated. Our results agreed well with the experimental
values and at the same time pointed out the importance
of the LS shift in the chemical shift of the molecule con-
taining heavier halogen atoms. The dominant contribu-
tion of the electronic states to the LS shifts is due to
the excitations from all occupied MOs to only all vacant
505i(or cy—x MOs.
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