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ABSTRACT: Linear and nonlinear halogen dependencies of the *C magnetic
shielding constants of CHy_,1,,, CH4_,Br,,, CCly_,,1,,, and CBry_,1, were fairly
reproduced by the ab initio generalized unrestricted Hartree-Fock (GUHF)/finite
perturbation (FP) method including spin-orbit (SO) interaction and spin-free
relativistic (SFR) terms. As seen from the experimental trends, the calculated *C
chemical shifts in CCly_,I, and CBry_,I, depend linearly on n = 0-4, while those
in CHs—,1, and CH,_,,Br, depend nonlinearly. We found that both the linear and
nonlinear dependencies are due to the relativistic effects, and especially due to

the Fermi—Contact (FC) term originating from the SO interaction.
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Introduction

ecause carbon is a key element for construct-
ing most molecules, the *C NMR chemical
shifts of various organic and inorganic compounds
have been extensively studied, and much experi-
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mental data are accumulated in the literatures.! 3

The substituent effects in the *C chemical shifts are
also investigated for a wide range of substituents,
and empirical parameters that predict '*C chemi-
cal shifts are given experimentally.> As seen from
the experimental trends, the shifts per one halo-
gen ligand for a given nucleus is almost constant
from Cl to I, or from Br to I. Such linear additivity
fails down when the substitutions occur from H to
Br or from H to I. The deviation from the linear-
ity is observed as U-shaped or sagging curves of
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the chemical shifts vs. the number of substituents,
which are commonly observed for ?Al, Si, 1%Sn,
and *'P chemical shifts of tetrahedral and/or pyra-
midal molecules.*~”

In a series of our studies, we have studied the
mechanisms of the chemical shifts of various ele-
ments, and showed that the major mechanism of
the NMR chemical shifts is an intrinsic property
of the element itself, and therefore, the mechanism
is closely related with the position of the nucleus
in the periodic table. The results by 1993 were
summarized in ref. 8. Because chemical shifts re-
flect the valence electron state near the atomic core
region at the resonant nucleus, relativistic effect
is quite important for molecules including heavy
elements.” 15

In our recent reports,”” > we examined the halo-
gen dependencies of the 'H,” 13 3C,° 27A],12 295,11
19gp 15 151y 10 5nd 971Gal® chemical shifts in var-
ious halogenated molecules. The chemical shifts of
these nuclei commonly move to high frequency re-
gion, especially when a ligand is replaced with
iodine. Kidd called this movement of the chemi-
cal shifts as normal halogen dependence (NHD).!
We have clarified that these halogen dependen-
cies are mainly due to the relativistic effect, and
especially due to the Fermi-Contact (FC) term origi-
nating from the spin-orbit (SO) interaction. Further,
we have calculated the Hg!* and W' chemi-
cal shifts of HgX, (X = Cl, Br, I, and CHj3, SiH3,
GeHs), WXs (X = F Cl), and WOy including both
spin-orbit interaction and spin-free relativistic (SFR)
terms, and shown that not only the SO interaction,
but also the SFR terms are important to reproduce
these heavy nuclei chemical shifts.

In this report, we present calculations of the
BC magnetic shielding constant of the halo-
genated molecules, CHy_,Br,, CHy_,,1,, CCly_,1,,
and CBry_,I, (n = 0,1, 2,3,4) considering both the
SO and the SFR terms. We utilized the general-
ized unrestricted Hartree—-Fock (GUHF) method,”
which describes the spin-dependent part more ad-
equately than the SO-UHF method.” The chemical
shifts of the present compounds show two differ-
ent behaviors: the chemical shifts of CCly_,I, and
CBry_,I, depend linearly on the number of iodines,
while those of CHy_,I, and CHy_,,Br, nonlinearly
on the numbers of iodines and bromines, respec-
tively. The origin of these different dependencies are
analyzed by decomposing the calculated values into
diamagnetic, paramagnetic, spin-dipolar (SD) and
FC terms.’

9-15

Method of Calculations

The ¥C chemical shift § is defined here by
§=0(CHy)—0o (1)
where ¢(CH,) is the '*C magnetic shielding con-
stant of CHy. The magnetic shielding constant o is
averaged over all directions of the molecule.

The unrestricted Hartree-Fock method (UHF)
is generalized to describe adequately the spin-
dependent part of the wave function. Namely, the
generalized (G)UHF wave function is expressed by
a single determinant composed of the general spin
orbital vy as

Vi = gfo+ o[ p 2
where the orbital functions ¢ and d)f are complex,
because an external magnetic field is involved in
our hamiltonian as a finite perturbation (FP). We
call this method the SO-GUHF/FP method. The N-
electron wave function ®SUHF is expressed by the
Slater determinant of the general spin orbital ¥ as

OCUHE — |1y . Y]l 3)

Then, the Fock matrix element F ..y (0, @ = a or B)
is expressed as follows.

F;uuvw’ = (Xp.|h0|Xv)8ww’ + (qu|hso|wi/)
n Z{Z(uvm)D;gam - wmpv)Dﬁ;w} @
PA

T

where,

(uvlpo) = f f K1 1@ ko @r12) vy dos,
5)

and {yx,} is a set of basis function, /iy the spin-
independent one-electron operator, 1*° the spin-
orbit interaction term. t and 7’ run over « and B.
Dﬁ‘f’ is the GUHF density matrix defined as

/ /
Disy’ = D _cniely ©)
j

where ¢, the GUHF SCF coefficient. The two-
electron spin-orbit integral was neglected in the
present article, because it does not so significantly
affect the magnetic shielding constant.!”-3?

We note here about the SO-UHF method,” which
we used previously. In the SO-UHF method, the
SO interaction is treated in the framework of the
UHEF theory. This method is based on the fact that
the UHF wave function for closed-shell molecules
includes triplet states of m; = 0 in the first-order
approximation, and they vary in response to the
applied external magnetic field. This response gen-
erates magnetic shielding constants. This method
is an approximate one in the following sense: the
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triplet states of m, = %1 cannot be treated simulta-
neously. Due to this reason, especially, the SO terms
(Fermi contact term and the spin-dipolar term) cal-
culated by the SO-UHF method may be modified
by the present SO-GUHF method. Because, in the
present paper, the effects of the SO term are exam-
ined in details, the GUHF method is preferable.

In the present calculations, the SO interaction
and the SFR terms for the halogen atoms are eval-
uated using the relativistic effective core potentials
(RECPs) and the SO potentials,'®~2° respectively.
For simplicity, we used only one-center SO integrals
on the halogen atoms: this method has been ap-
plied successfully to the calculation of the Al, Si, and
Sn magnetic shielding constants of various halo-
genated compounds. !l 1215

The calculated magnetic shielding constant is
analyzed into the diamagnetic term, paramagnetic
term, SD term, and FC term.’ The diamagnetic term
is the zeroth order term in the perturbation theory,
and is determined mainly by the structure of the
molecule as reported by Flygare and Goodisman.?!
The paramagnetic, SD, and FC terms are the first-
order terms in the perturbation theory. The latter
two terms are due to the SO interaction. The FC term
arises from the contact interaction between nuclear
and electronic spins, and therefore, the s orbitals
of the resonant atom give a dominant contribution.
The SD term arises from the interaction between the
nuclear and the electronic spin dipoles. The origin
of this term is the anisotropy of electronic spin den-
sity, and therefore, mainly the p and d orbitals of the
resonant atom contribute.

The geometries of CHy_,Br, (n = 0,1,2,3,4),
CHsl and Cly are taken from the experimental
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values.?? For CH,I,, CHI;, CCly_,I,, and CBrs_,I,
(n =1,2,3), we could not find out the experimental
values, so that the bond angles are assumed to be
tetrahedral and the C—H, C—Cl, C—Br, and C—I
distances are assumed to be equal to those in CHy,
CCly, CBry, and Cly, respectively.

The basis set for carbon is the all electron va-
lence triple-zeta (9s5p)/[4s3p] set of Huzinaga et
al.? plus first-order higher angular momentum p
and d basis function (p- and d-FOBFs)**? for
the valence orbitals. For H the (4s)/[2s] set of
Huzinaga-Dunning?® plus p-FOBFs is used. For
halogen atoms, the core electrons and the SO op-
erator are replaced by the relativistic ECPs and
the double zeta sets plus p- and d-FOBFs are
used; (4s4p)/[2s2p] set'® plus p- and d-FOBFs for
chlorine, (3s3p)/[2s2p] set” plus p- and d-FOBFs
for bromine, and (3s3p)/[2s2p] set?® plus p- and
d-FOBEFs for iodine. The gauge origin is commonly
located on the carbon atom. By adding the FOBFs,
especially to the atoms neighboring the resonant
atom, the basis set dependence and the gauge origin
dependence are expected to be diminished.?* % We
note here that the magnetic shielding constants of
the compounds having Tq symmetry are invariant
to the choice of the gauge origin, while those having
Csy symmetry are not invariant.? 2

Results and Discussion

COMPARISON BETWEEN THEORY
AND EXPERIMENT

Figure 1a and b shows the comparisons between
theory and experiment for the '*C chemical shifts
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FIGURE 1. Correlation between the calculated and experimental '3C chemical shifts of (@) CHa_nln, (b) CH4_nBrn

(n=0,1,2,3,4).
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of CHy—,I, and CH4_,,Br,, respectively. The open
and filled circles indicate the values without and
with the SO interaction, respectively. The SFR term
is included through the relativistic ECP in both
cases. The experimental values are taken from ref. 1.
The calculated chemical shifts including the SO in-
teraction fairly reproduce the experimental values,
while those calculated without the SO interaction
do not explain even qualitatively the experimental
trend. This fact is already known from the studies
of our’~'° and other?” ~*! laboratories.

The normal halogen dependence (NHD) of chem-
ical shifts, as shown in the order of Cl < Br < I,
also reproduced by the present result including the
SO interaction, while it is not so even qualitatively
when the SO term is not included. Thus, the present
result confirms the previous results’~!° that the ori-
gin of the NHD is the SO effect.

The calculated and experimental '*C chemical
shifts of CHy_,,I,, and CHy_,,Br;, (n = 0—-4) show non-
linear dependence on the number of halogens. For
example, the chemical shift from CHy4 to CH3l is rel-
atively small in comparison with the shift from CHI;
to Cly. On the contrary, as shown below, the calcu-
lated ¥3C chemical shift in CCly_,I,, and CBrs_,I,
depend quite linearly on the number of iodines,
though the experimental data does not exist. These
linear and nonlinear dependences are discussed in
the following sections.

DECOMPOSITION ANALYSIS

Table I shows the detailed analyses of the mag-
netic shielding constants calculated without and
with the SO interaction. The calculated value is an-
alyzed into the diamagnetic, paramagnetic, SD, and
FC terms.’ Figure 2a-d is prepared to visualize the
trends Table I.

The diamagnetic term og;a linearly depends on
the number of ligands. The o4, increases constantly
by 20 and 24 ppm with the substitutions of H — 1
and H — Br, respectively, while it decreases by —6
and —3.2 ppm with the substitutions of C1 — I and
Br — I This additivity in the diamagnetic term
has been reported by Flygare and Goodisman.?! The
paramegnetic term opara increases in CHy,[;, and
CHy4_,Br,,, and decrease in CCly_,I,, and CBry_,1,,,
as predicted by the electronegativities of the ligands.
Both 04ia and opara of the present molecules are not
affected by the SO effect.

The SO effect causes two new terms, the SD and
FC terms.” When the ligands are light atoms as in
CH4, both the SD and FC terms are quite small,
but on increasing the number n of the ligands I

600 600
400 dia 400 dia

it 0/./ - ._“_tQEaL/.
2000 *i5tal L FC 200

C

[=]
T
o
T
;f&

SD SD
-200F B\;;;‘\e\e 200 - K;Es\e\ﬂ
- 1 i ! ! 1 -
400 CH4 CH3l CHzIp CHI3 Cly 400 CH4 CH3Br CHI2Br2 (IZHBr3 ‘CBr4
@ ()
600 600
dia i
400 [ 400 - iﬁ\a';};f/‘;ﬁ
tot
200 |- % FC 200
0r 0or G——eilg*e_e
SD
200k para 200 .
-400 1 | 1 I i -400 1 I 1 1 i

CCl4 CCl3I CChlp CClij Cly CBrg CBr3l CBralz CBil3 Cly
© ()]

FIGURE 2. The calculated magnetic shielding
constants divided into the diamagnetic, paramagnetic,
spin-dipolar (SD), Fermi contact (FC) terms of

(@) CH4_plpn, (b) CH4_nBry, (c) CCla_ply, and

(d) CBr4_pln.

and Br, the SO term becomes large. These terms
dominantly contribute to the *C chemical shifts in
all the present molecules.

Tables II and III show the analyses of the four
component terms of CHy_,I, and CH,_,Br, into
the molecular orbital (MO) and atomic orbital
(AO) contributions,® respectively. The MO analy-
sis clearly shows that valence electron contribution
is dominant, and core electron contribution is neg-
ligible. The AO analysis shows that both resonant
carbon AO and ligand AO contributions are impor-
tant for the *C magnetic shielding constants.

In the diamagnetic term, the MO analysis shows
that the valence electron contribution to the chem-
ical shift is dominant, and the AO analysis shows
that the carbon AO contribution is essentially con-
stant and the ligand contribution increases with
H — I and H — Br, and decreases with Cl — 1
and Br — I the ligand contribution is dominant
in the diamagnetic term of the chemical shifts. This
again clearly supprort the Flygare and Goodisman'’s
interpretation.?! In the paramagnetic term, the AO
analysis shows that both carbon p and ligand AO
contributions to the chemical shifts are dominant.
The paramagnetic terms in the present molecules
increase in absolute value as the ligand electronega-
tivity increases. This is the so-called inductive effect,
i.e., the resonant atom that bounds directly with
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electronegative atom shows low-field shift. We note
that this low-field shift is the trend of the inverse
halogen dependence. The light halogens like F and
Cl show the inverse halogen dependence (IHD) be-
cause this trend is dominant,® while the heavier
halogens show the NHD because the SO effect is
dominant.

The SD and FC terms are due to the relativistic
effect. In the SD term, both the carbon p and the
ligand contributions are dominant, though the SD
term itself is relatively small. The FC term increases
significantly as the ligand becomes heavier. It is
due to the valence electron contribution, and origi-
nates from the core 1s AO of the resonant atom. The
valence orbital generally has the core 1s AO com-
ponent, and this 1s AO component of the valence
orbitals contributes to the nuclear magnetic shield-
ing constant.® 32 The ligand AO’s also contribute to
the FC and SD terms: the ligand valence AOs extend
to the carbon nuclear region and give large contribu-
tions to the FC and SD terms. This effect is additive
to the carbon s AO contribution in the FC terms of
CHy_,1,, CCly_,1,, and CBry_,l,, but cancelling in
CH4_7,BI'”.

LINEAR AND NONLINEAR DEPENDENCIES

As seen clearly from Figure 2, the halogen de-
pendencies of the shifts are fairly linear in CCly_,1,,
and CCly_,Br,,, while they are nonlinear in CHy_, I,
and CH4_,Br,. Namely, the dependence from H
to I in CHy_,I, sagged, and that from H to Br
in CHy_,,Br, is slightly U-shaped. The calculated
nonlinear dependencies are supported by the ex-
periments, while the linear ones are not due to
the absence of the experimental data. However, the
dependencies from Cl to I and from Cl to Br are re-
ported to be commonly linear for other main-group
elements,” 1® which supports the present calculated
dependence. We analyze here the origin of this non-
linear dependence.

The analysis given in Figure 2 shows that the
paramagnetic term decreases linearly with the num-
ber of Br or I in CHy_,Br,, and CHy_,I,,, while it
increases linearly with the number of I in CCly_,I,
and CBry_,l,. The diamagnetic term increases lin-
early in CHy_,Br, and CHy_,I,, while it decreases
slightly in CCly_,I, and CBry_,l,. The SD term also
depends linearly. On the other hand, in CHy—,I, and
CH4_,Br,, the FC term depends nonlinearly on the
number of ligands, while in CCly_,I, and CBry_,1,,
it depends linearly. Thus, it is clearly shown from
Figure 2 that the origin of the nonlinear dependence

in CHy_,I, and CH4_,,Br, is the FC term due to the
relativistic SO effect.

The FC term is closely related with the spin
population near the carbon nucleus and, thus, we
interpret the origin of this nonlinearity of the FC
term as follows. In the Tq symmetry, like in CHy
or Cly, the maximum point of the spin density ex-
ist identically on the resonant carbon nucleus, while
in CHy_,1, and CHy_,Br, (n = 1,2,3), this spin-
density cloud is pulled in the direction of the elec-
tronegative halogen atom, and the maximum point
of the spin density moves out slightly from the car-
bon nucleus. On the other hand, in CCly_,I, and
CBry_,l,;, this anisotropic effect almost cancels be-
cause of the similarity of the two different halogen
ligands, and therefore, the maximum point of the
spin density exists almost on the carbon nucleus.
Thus, we explain the nonlinear dependence of the
FC term as being due to the shift of the spin-density
cloud out from the resonant nucleus. As an evidence
of the above interpretation, we note that the total
density on the carbon of CHy_,1, increases nonlin-
early with n, being 7.307 for CH,, 7.312 for CHzl,
7.314 for CHyI,, 7.319 for CHI3, and 7.334 for Cly,
and the change form CHI;3 to Cly is the largest.

Summary

The ¥C chemical shifts of CHy_,I,, CHs_,Br,,
CCly—_nl,, CBry_,I, (n =0,1,2,3,4) are calculated by
the ab initio GUHF/FP method including the spin-
orbit (SO) interaction and the SFR terms. The results
are summarized as follows: (1) the calculated chem-
ical shifts show good agreement with experiment
when the SO effect is included. The values calcu-
lated without the SO interaction do not reproduce
the experimental values when the halogen ligand
is heavy. The SO effects are quite important for de-
scribing the 13C chemical shifts for the molecules
containing heavier halogens. (2) The MO analy-
sis shows that the valence electrons dominantly
contribute to the chemical shifts. The AO analysis
shows that the diamagnetic term depends on the
number of the halogen ligands, and the paramag-
netic term dominantly originates from the carbon
2p orbitals. The FC and SD terms originate from
the carbon 1s and 2p spin densities, respectively.
The contributions from the tails of the valence AOs
of the ligands are also important for those terms.
(3) The origin of higher field shifts (i.e., NHD) of
the 1*C chemical shift of the series of the compound
studied here is mainly attributed to the relativis-
tic SO effects caused by the heavy halogen ligands.
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The

dominant contribution in the SO effect is the

FC term. (4) The linear and nonlinear dependencies
of the chemical shifts observed in this study reflect

the

similar trends in the FC term. It is explained

to be due to the asymmetry of the spin-density
distribution at the resonant nucleus caused by the

elec

tronegativity difference of the halogen ligands.
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