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Dependence of Chemical Shift
Difference on Core-Level

Umpei Nagashima*! and Shin-ichi Nagaoka’

Research Institute for Computational Sciences, National
Institute of Advanced Industrial Science and Technology,
1-1-1 Umezono, Tsukuba 305-8568

2Department of Chemistry, Faculty of Science and Graduate
School of Science and Engineering, Ehime University,
Matsuyama 790-8577

Received April 24, 2009
E-mail: u.nagashima@aist.go.jp

A reason for the greater chemical shift difference
observed in a deep core level than a shallow level is
presented.

In a previous paper, Nagaoka et al. reported high-
resolution core-photoelectron spectra of F3SiCH,CH,Si(CHj3);
(FSMSE), which has two Si atoms: one is bonded to three
fluorine atoms (here denoted Si[F]) while the other is bonded
to three methyl groups (Si[Me]).!* Since core-level ioniza-
tion energies depend on the local chemical environment of
the atom inside the molecule, the Si[F] and Si[Me] atoms
show different chemical shifts. As a result, in the Si core-
photoelectron spectrum of FSMSE one can resolve two
peaks whose positions reflect the chemical shifts due to the
different chemical environments. It was shown that the
chemical shift difference between the Si[Me] and Si[F] sites
(AE) in the Si:1s core-photoelectron spectrum is 3.9 eV, which
is larger than AE in the Si:2p and 2s core-photoelectron
spectrum (3.4 and 3.1 eV, respectively).!> Thus, AE for the K
shell (AEy) is larger than that for the L shell (AEL), and AE’s
for the 1s, 2p, and 2s ionizations decrease in that order
(1s > 2p > 2s), which is different from the order of the binding
energy (1s > 2s > 2p).

A large value for a chemical shift difference in a deeper
core-level compared to the corresponding value for a shallower
level was also observed in various systems.>® In a recent paper,
Lundwall et al. theoretically considered the shell-dependent
core-level chemical shifts observed in free xenon clusters, but
they could not find a conclusive explanation.® Like this, solid
reasons for the dependence of the chemical shift difference on
the core-level remain unknown. Accordingly, an intuitive and
qualitative model for understanding the accumulated exper-
imental data are highly desirable. Although we previously
explained the existence of the chemical shift on the basis of the
description in Ref. 9,!%!! the explanation cannot successfully
give the shell-dependent chemical shift. In this paper, we will
propose a more detailed explanation than the one given in Refs.
10 and 11.

Short Articles

A core electron of a Si atom in FSMSE experiences a
Coulombic repulsion due to the presence of all other electrons.
If the core electron is at a distance » from the Si nucleus, it
experiences a repulsion that can be represented by a negative
point charge located at the nucleus and equal in magnitude to
the total charge of the electrons within a sphere of radius r.'?
This point negative charge reduces the full positive charge
of the Si nucleus from 1l4e to Z*e, and the core electron
experiences the shielded nuclear charge. Here e and Z*e denote
elementary charge and effective nuclear charge, respectively.
According to Slater’s rule'? the Z* values for the K and
L shells of Si are 13.70 and 9.85, respectively. In a simple
physical picture, applicable to many electron atoms,'* the core
binding energy (E) is given by

E = RZ**/n? (1)

where n denotes the principal quantum number of the core—
shell and R is a constant (R =313.6kcalmol™!, 1kcal =
4.184k)).

Some of the valence electrons of FSMSE penetrate even
through the core shells to regions near the Si nucleus, although
the probability is not large. Since the electron-donating
property of a methyl group is larger than that of a fluorine
atom, the penetration at the Si[Me] atom is stronger than that at
the Si[F] atom. As a result, the Si[Me] nucleus is shielded more
than the Si[F] nucleus, Z* for Si[Me] (Z*\) is less than that
for Si[F] (Z*), and therefore E for Si[Me] is less than that for
Si[F] (eq 1). Then, AE is given by

AE = R(Z'¢* — Z*w) /0 )

When we let Z*x (X = F or Me) for the K (L) shell be Z*¢ x
(Z*Lx)s
AEx/AEL = 4(Zk 5" — Z'k D)/ (ZFLF” — ZF L)
=4Zkr + Z'kM)(Z7kF — Z K Me)
~{(Z°Lr + Z" LM )(Z7LF — Z7LMe)} (3)
Since Z*k p + Z¥ i me & 27.40 and Z*L p + Z*| e & 19.70,13

AEx/AEL ~ 5563(Z"r — Z*kMe)/(Z*LF — Z'Lme) (4)

The value of (Z*kr — Z*k me)/(Z*LF — Z*LMe) should not
be extremely far from unity (that is, it should be >1/5.563),
because in Slater’s rule'® the increase in Z* for the K shell is
equal to that for the L shell when the nuclear charge increases
from 14e to 15e or from 13e to 14e (large perturbation): the
change in Z* by the substituent effect (small perturbation) for
the K shell (Z*x ¢ — Z*k me) Would not be extremely different
from that for the L shell (Z*f — Z*| me), either. Accordingly,
judging from eq 4, AEk should be larger than AE;. Although
this explanation is based on a rough approximation, it is
consistent with the experimental results.!=

Next, we quantitatively examine the explanation given
above. The ab initio molecular-orbital calculations for FSMSE
were performed by using the Gaussian 03 program,'® and the
core binding energies were estimated on the basis of Koopmans’
theorem. At the HF/6-3114++G**//HF/6-311++G** level
AEy (3.43 eV) was larger than AE| (3.21 eV for 2s and 3.24 eV
for 2p), and the result is consistent with the model given above.
The AEyx/AEL value for the s orbital (1.07) is similar to the
corresponding experimental value (1.3).!2
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We also tried to evaluate the dependence of the chemical
shift difference on the core-level for typical electron-donating
and -accepting substituents; that is, to evaluate the value
corresponding to AEx/AE; for typical electron-donating
and -accepting substituents. The Mulliken atomic charges of
Si[Me] and Si[F] in FSMSE were calculated to be 0.13 and
1.37 respectively at the HF/6-3114++G**//HF/6-3114++G**
level. Accordingly, the typical dependence mentioned above
may be evaluated by using the chemical shift difference
between Si and Sit (AE®) in which the atomic charges are 0
and 1, respectively. Here as a model of atoms in a molecule,
we assumed that Si and Si* have quintet and quartet states,
respectively. Let AE® for the K and L shells be AEx° and
AE;°, respectively. In this extreme case again AEx° was
slightly larger than AEL° and AEx°/AEL° for the s orbital
was calculated to be 1.02 at the HF/6-311G™* level, which
is equivalent to HF/6-3114++G™* in atoms. Accordingly, the
chemical shift difference for the K shell would be generally
larger than that for the L shell.

In both of the above-mentioned experimental and com-
putational results of FSMSE, AE’s for the s, 2p, and 2s
ionizations decrease in that order (1s > 2p > 2s), which is
different from the order of the binding energy (1s > 2s > 2p).
The reason for this may be that the average distance from
the Si nucleus to the 2p electron is less than that to
the 2s electron and closer to that to the 1s electron
(Is < 2p < 25).'%16 Thus the substituent effect on the nuclear
shielding by the Si:1s electrons is more similar to that by the
Si:2p electrons than to that by the Si:2s electrons; that is,
Z*? — Z*\ue in eq 2 for the s orbital is more similar to that
by the 2p orbital than to that by the 2s orbital. Note that an
inner orbital such as an s orbital in an electron shell (n > 2) is
often expanded more than an outer orbital such as a p or d
orbital in the same electron shell if the nephelauxetic effect
is absent.!”

It is necessary to critically examine the above-mentioned
computational results. Although quantitativity of Koopmans’
theorem and the Mulliken atomic charge here employed is
doubtful, these concepts are widely used and helpful in
qualitative discussion. However, quantitative estimation of
ionization energies and AE may be difficult. For example, the
AE-difference between 2s and 2p was calculated to be 0.03 eV,
which was much less than the experimental value (0.3¢eV),
because the calculations did not include the orbital reorganiza-
tion induced by core ionization.

In this communication we have explained the reason
why a chemical shift difference in a deeper core-level is larger
than that in a shallower one. Although our explanation is
qualitative, it is intuitive and consistent with the experimental
results.
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