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A detailed examination of the relationship between chemical shifts in ESCA (electron spectroscopy for chemical
analysis) and NMR (nuclear magnetic resonance) is presented for two silicon sites of bridged trichlorosilyl-trimethylsilyl
molecules [Cl3Si—-C,H,,—Si(CH3)3 (n = 0-5 and m = 0-10)]. It is shown that the ESCA chemical shift of a silicon site
mainly depends on the electronic environment within a mean radius of 1.168 A of the nucleus and the NMR chemical

537

shift depends on the electronic environment within a radius of more than 1.875 A.

The distinctive term “chemical shift” to designate the posi-
tion of a spectral signal is mainly used in two forms of spec-
troscopy, ESCA (electron spectroscopy for chemical analysis)
and NMR (nuclear magnetic resonance),’ which have proven
to be very useful for studies of the electronic structures of
molecules. The chemical shifts in both ESCA and NMR reflect
the electronic environment around an atomic site.

The phenomenon that came to be called “chemical shift in
NMR” was first observed in 1950,2* and the term “chemical
shift” soon appeared in a paper.’ The actual magnetic field ex-
perienced by a nucleus in a molecule differs very slightly from
the applied field owing to the magnetic field produced by the
molecular electrons. Since the magnetic field thus produced
depends strongly on the chemical environment around the
nucleus, the NMR frequency of the nucleus also depends on
it. A shift in the resonance due to a specific chemical environ-
ment is called a “chemical shift in NMR.”

The first evidence of the chemical shift in ESCA was ob-
tained in 1958.9® In contrast to valence electrons, which are
often delocalized over the entire molecule, core electrons are
localized near the atom of origin. Although core electrons do
not participate in chemical bonding, the energy of an atomic
core-level in the molecule depends on the chemical environ-
ment around its atom. A shift in the core-level energy due to
a specific chemical environment is called a “chemical shift
in ESCA.”

Why the term, chemical shift, used for NMR was also ap-
plied to ESCA is not noted in the literature.” Was it intentional
or coincidental? Regardless, after the finding of these types of
chemical shift, systematic collection of ESCA and NMR data
began,®!? and these chemical shifts have provided very impor-
tant information on the electronic environment associated with
chemical interaction between an atomic site and its surround-
ing atoms (and/or groups of atoms).

Although the same term, chemical shift, is used in ESCA
and NMR, a general correlation between the two types of

chemical shift has not been found.'"'2 In our opinion, the rea-
son for this is that the spatial range of the electronic environ-
ment affecting the chemical shift in ESCA is different from
that in NMR. A chemical shift reflecting the electronic envi-
ronment in a small space around an atomic site cannot be ex-
pected to show a linear relationship with another chemical
shift reflecting the electronic environment in a large space
around the atomic site.

To determine the spatial ranges of the electronic environ-
ments affecting these two chemical shifts, we attempted to
study the ESCA and NMR chemical shifts of bridged trichlo-
rosilyl-trimethylsilyl molecules [Cl3Si—C,H,,—Si(CH3); (n =
0-5 and m = 0-10)] (Fig. 1). Our reasons for using these
molecules in this study are as follows. First, in these mole-
cules, the chemical environment around the Si atom bonded to
three Cl atoms (Si[Cl]) is very different from that around the
other Si atom bonded to three CH; groups (Si[Me]), because
a Cl atom and a CHj3 group are, respectively, electron-accept-
ing and -donating.'*'* Accordingly, the two Si sites have
the potential to show different chemical shifts in ESCA and
NMR. Second, a general spectroscopic standard such as tetra-
methylsilane (TMS in Fig. 1) in chemical shifts of '"HNMR!!?

CI3SiSi(CH3)3  Cl3SICH,SI(CH3)3  Cl3SiCH,CH,SI(CH3)3
MCDS CSMSM CSMSE
CI3SICH,CHoCHLSI(CHg)3  CIgSiICHoCHoCHoCHLSI(CH3)3
CsSMsP CSMSB
Cl3SiCH,CHCHLCHoCH2SI(CH3)3 Cl3SiCH3 Si(CH3)4
CSMSPe TCMS T™MS
Cl3Si \ /H ClI3SiC=CSi(CH3)3
/C: C\ CSMSEyn
H Si(CH3)3
CSMSEen
Fig. 1. Structures of molecules used in the present work.
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is absent in ESCA. Thus, the bridged trichlorosilyl-trimethyl-
silyl molecules with the two Si sites are useful, because the
difference between the two corresponding spectral positions
can be taken as a shift in ESCA. Third, since the Cl3Si— and
—Si(CH3)3; groups are respectively electron-accepting and
-donating,'>!* it is interesting how the inter-site interaction
affects the ESCA and NMR chemical shifts and how these
chemical shifts depend on the length and bond order of the
bridge (-C,H,,—).

In the present study, we have obtained ESCA and NMR
chemical shifts for the bridged trichlorosilyl-trimethylsilyl
molecules by means of spectroscopic methods' and ab initio
molecular-orbital calculations.'®> The ESCA chemical shifts
in the binding energies of the Si:1s and 2p core electrons of
these molecules have been studied, and the chemical shifts
of ®SiNMR have also been investigated. In this paper, the
variations in ESCA and NMR chemical shifts according to
the length and bond order of the bridge are discussed along
with the relevant electronic structure. From these results, we
will show the spatial ranges of the electronic environment
affecting the chemical shifts in ESCA and NMR. The final
goal of our study is to bridge the gap between the ESCA
and NMR chemical shifts.

Experimental

Sample Preparation. Preparation of 1-(Trichlorosilyl)-4-
(trimethylsilyl)butane (CSMSB): A mixture of 1.90g (14.9
mmol) of 3-butenyltrimethylsilane,'® 2.0mL (19.1 mmol) of tri-
chlorosilane, and a pinch of HyPtClg-6H,O was stirred at room
temperature for 14 h. Distillation of the resulting mixture under
reduced pressure gave 2.13 g (54% yield) of the title compound
as a colorless oil; bp 57°C/2mmHg; 'HNMR (CDCls) 8 0.00
(s, 9H), 0.51-0.55 (m, 2H), 1.39-1.47 (m, 4H), 1.54-1.60 (m, 2H);
BCNMR (CDCl3) § —1.7, 16.2, 24.1, 26.0, 26.3. Found: C,
32.08; H, 6.75%. Calcd for C;H;7Cl3Si,: C, 31.88; H, 6.50%.

Other Samples: Trichloro(methyl)silane (TCMS in Fig. 1)
and TMS were respectively purchased from Shin-Etsu Chemical
Co., Ltd. and Tokyo Kasei Kogyo Co., Ltd., and were used with-
out further purification. The preparation of 1,1,1-trimethyltrichlo-
rodisilane [Cl3SiSi(CHj3)3, MCDS], (trichlorosilyl)(trimethylsilyl)-
methane [Cl3SiCH,Si(CH3)3, CSMSM], 1-trichlorosilyl-2-trimeth-
ylsilylethane [Cl3SiCH,CH,Si(CH3)s;, CSMSE], 1-trichlorosilyl-
3-trimethylsilylpropane [Cl3SiCH,CH,CH,Si(CH3);, CSMSP],
and (E)-1-trichlorosilyl-2-trimethylsilylethene [frans-form in
Cl3SiCH=CHSIi(CH3)3, CSMSEen] has been reported in previous
papers.!720

Measurements. We obtained the binding energies of the Si:1s
and 2p core electrons of 1-trifluorosilyl-2-trimethylsilylethane in
the vapor phase using a high-resolution monochromator installed
in the ¢ branch of the soft X-ray beamline 27SU at the SPring-8
facility?!?? and a cylindrical-mirror-type electron-energy-analyzer
(CMA, Staib ESA-150-D).%* Detailed results containing the ionic
fragmentation pattern have been reported elsewhere.*

The Si:2p binding energies of the bridged trihalosilyl-trimethyl-
silyl molecules in the condensed phase were obtained by using
a monochromator installed in the beamline 12A at the Photon
Factory facility and a coaxially-symmetric-mirror electron-ener-
gy-analyzer.>>28 The resolution of the electron-energy-analyzer,
which was developed by Mase et al.,’*?% has been greatly im-
proved from that of their former cylindrical-mirror-type electron-
energy-analyzers.'®?%2° Detailed results containing the Auger-
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photoelectron coincidence spectra will be reported elsewhere.3?
Prior to the measurements in the vapor and condensed phases,
the sample was degassed by means of the repeated freeze—
pump—thaw method.

The *SiNMR spectra of the bridged trichlorosilyl-trimethyl-
silyl molecules and TCMS in CDCl; were recorded on a JEOL
LA-400 spectrometer using TMS as an internal standard.

Computational Method and Procedure

Unless otherwise noted, ab initio and density functional
molecular-orbital calculations'3 for the bridged trichlorosilyl-
trimethylsilyl molecules were done using the Gaussian 98
program.3! Since the computationally estimated geometry of
an organosilicon molecule is not very sensitive to the basis
sets used, but is sensitive to whether a correlated method is
employed, all the molecules investigated were optimized at
the MP2/6-31G(d) level.3>3 Since calculation at the HF/6-
31G(d) level has been recommended as the minimum model
for gauge-independent atomic orbital (GIAO) calculation,*3>
we calculated the NMR chemical shifts at the HF/6-31G(d)//
MP2/6-31G(d) level. The NMR chemical shifts of some mole-
cules were also calculated at the B3LYP/6-3114+G(2d,p)//
MP2/6-31G(d) level® to check the dependence on the compu-
tational method.

As noted in a later section, an analysis of the bond order
between a Si atom and a neighboring atom (py, k = 1-4) is
useful in our interpretation of the NMR chemical shifts of
the bridged trichlorosilyl-trimethylsilyl molecules. However,
the analysis attempted with the Gaussian 98 program failed be-
cause of too many integration domains.’® Very recently, the
Gaussian 03%” and NBO?®® programs have provided a powerful
means to perform such a bond-order analysis, thus we have
estimated the atom-atom overlap-weighted natural-atomic-
orbital bond-orders® at the HF/6-31G(d)//MP2/6-31G(d)
level with these programs.

The ESCA chemical shift can be attributed to two effects:
the Coulomb repulsion between a core electron and valence
electrons (the initial-state effect'34% explained in the next sec-
tion) and the reorganization (also termed relaxation or polari-
zation) of the valence electrons upon removal of the core elec-
tron (the final-state effect*'). In our estimation of the ESCA
chemical shift of the bridged trichlorosilyl-trimethylsilyl mole-
cules, unless otherwise noted, the difference in the Si:2p
core-eigenvalue between the two Si sites was calculated and
regarded as the difference in the chemical shift due to the
initial-state effect. The Si:2p core-eigenvalue was a negative
quantity, and the absolute value of the Si[Cl]:2p core-eigenval-
ue (binding energy [ionization potential] based on Koopmans’
theorem*') was larger than that of the Si[Me]:2p one as ex-
plained in a later section. For comparison, the same computa-
tional method as was employed in the calculations of the NMR
chemical shifts [HF/6-31G(d)//MP2/6-31G(d)] was used in
the calculations of the ESCA chemical shifts. A general basis
set [Gen; (3112121/31121)* for Si and CI, (31121/211)* for
C, and Dunning/Huzinaga full double-zeta*® for H] was also
used [HF/Gen//MP2/6-31G(d) level]. This basis set was
chosen to appropriately represent the atomic orbitals of the
core electrons.

We also attempted some calculations of the ESCA chemical
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shift due to the final-state effect,”® but found that the amount
of the computer read-write-file available to us (20 GB) was in-
sufficient for this purpose except in TCMS [trichloro(methyl)-
silane] and TMS with the Gen basis set. However, in bridged
trihalosilyl-trimethylsilyl molecules, it is known that the abso-
lute value of the chemical shift due to the final-state effect is
likely to be much less than that due to the initial-state effect,
and that the chemical shift due to the initial-state effect is a
good qualitative measure of the experimental chemical shift.?

As noted in a later section, the s-electron density at a
nucleus [|1ﬂ(0)|2] is proportional to the chemical shift in
Mossbauer spectroscopy. The ab initio method using Gauss-
ian-type functions is not suitable for any calculations of
|1ﬁ(0)|2, because a Gaussian-type function does not have a
desired cusp at the nucleus and hence gives a poor representa-
tion there.** So, by means of the CNDO method,*> we calcu-
lated |1ﬁ(0)|2’s at the two Si sites of the bridged trichloro-
silyl-trimethylsilyl molecules.

Results and Discussion

Chemical Shift in ESCA. General Remarks: First, we
will briefly describe the cause of the ESCA chemical shift due
to the initial-state effect, which was mentioned in the preced-
ing section. This description will be useful for many readers of
this paper since our subject extends across two very different
fields, ESCA and NMR.

The existence of the ESCA chemical shift can be attributed
to the dependence of the electric Coulomb repulsion between a
core electron and valence electrons on the chemical environ-
ment around the atom containing the core electron (Fig. 2).40
Let the chemical shift of an isolated Si atom be 0 (Fig. 2a).
In Fig. 2b, an electron-accepting Cl atom approaches the Si
atom, and the valence electron originally belonging to the Si
atom is partly transferred toward the Cl atom. In a simple
physical picture, when the transferred charge is —de, the po-
tential energy of the core electron of the Si atom changes by
—&8e-e/r; hence, the core binding energy (ionization potential)
increases by de-e/r, which is regarded as the chemical shift
from the core binding energy of the isolated Si atom. Here, r

Core orbital Chemical shift
@ S 0
Valence orbital
r
(b) Si+5e C|—58 5e,e/r

Fig. 2. Schematic explanation of ESCA chemical shift
from the core-electron binding energy of an isolated Si
atom. (a) Isolated Si atom. The small closed circle and
the large open circle denote schematic views of the orbit-
als of the core and valence electrons, respectively. (b)
When an electron-accepting Cl atom approaches a Si
atom, part of the valence electron of the Si atom is trans-
ferred toward the Cl atom. —Je and r respectively denote
the transferred charge and the valence shell radius of the
Si atom.
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denotes the valence shell radius of the Si atom. The situation
encountered for a Si atom bonded to an electron-donating
CHj group is the reverse of one bonded to the electron-accept-
ing Cl atom, and the core binding energy of Si[Me] decreases
from that of the isolated Si atom. In this manner, the occur-
rence and extent of the chemical shift can be understood.

Experimental and Computational Results: Let the dif-
ference in the Si:2p chemical shift between the Si[Me] and
Si[CI] sites of the bridged trichlorosilyl-trimethylsilyl mole-
cules be AE. Here, AE is given by the Si[CI]:2p core binding
energy minus the Si[Me]:2p core binding energy. The experi-
mental and computational results of AE are summarized in
Table 1. For reference, the experimental*®*’ and computa-
tional differences in the Si:2p chemical shift between TCMS
and TMS (TCMS-TMS) are also listed as AE.

Since the AE’s of CSMSE, CSMSEen, and CSMSEyn
(Fig. 1) are similar to one another (Table 1), the bond order
between the two C atoms in the bridge connecting the two
Si sites (pec) is unlikely to greatly influence the Si chemical
shift. Thus, the effect of the neighboring bridge atom on the
Si chemical shift will not be very large in the bridged trichlo-
rosilyl-trimethylsilyl molecules. As shown in Table 1, AE for

Table 1. Experimental and Computational Results for AE
(eV)”

Molecule n Experimental Computational result®
result® 6-31G(d) Gen
MCDS 0 2.29 2.60 3.399
CSMSM 1 3.390 3.24 452
CSMSE 2 3.309 3.50 4.85
(3.20® 3.71 5.03)
3.590
CSMSP 3 — 3.69 5.10
CSMSB 4 — 3.77 5.21
CSMSPe 5 — 3.83 5.30
TCMS-TMS? oo 43D 4.08 5.729
(7.87)0
CSMSEen — 3.28 4.63
CSMSEyn — 3.26 4.76

a) AE is given by the Si[Cl]:2p core binding energy minus the
Si[Me]:2p core binding energy. b) Since a general spectro-
scopic standard such as TMS in "HNMR chemical shifts!!?
is absent in ESCA, calibration of the absolute energy reading
is not easy. In fact, the errors inherent in the calibrations are
+3eV. Accordingly, the absolute binding energies thus ob-
tained are not listed here. However, since the errors inherent
in our experiments would simply shift the absolute energy
scale while preserving the relative energies, the values of
AE listed in this table do not actually contain large errors.
¢) Unless otherwise noted, AE due to the initial-state effect.
d) Condensed molecule on a Si(111) surface. Because of the
improved resolution of the electron-energy analyzer,?%28 val-
ues previously reported for AE!>? have been revised. e) Val-
ues from Ref. 29. f) 1-Trifluorosilyl-2-trimethysilyl molecule.
g) Vapor. h) Difference in Si:ls chemical shift. i) Energy
difference in Si:2p chemical shift between TCMS and
TMS. j) Trifluoro(methyl)silane and TMS vapors. Value from
Refs. 46 and 47. k) AE due to the initial- and final-state
effects.
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the Si:2p core binding energy is similar to that for the Si:1s
one [footnote h) in Table 1]. AE in the condensed phase [foot-
note d)] is also similar to that in the vapor phase [footnote g)].
The computational AE value due to the initial-state effect
in TMCS-TMS (5.72¢eV) is much larger than AE due to the
final-state effect (2.15eV) [AE due to the initial- and final-
state effects (7.87eV) minus AE due to the initial-state effect
(5.72eV)].

In Fig. 3a, the experimental and computational values of
AE for MCDS, CSMSM, CSMSE, CSMSP, CSMSB, 1-tri-
chlorosilyl-5-trimethylsilylpentane (CSMSPe), and TCMS-
TMS are plotted as a function of the number of CH, groups
between the two Si sites (n). In TCMS-TMS, the value of n

6 @) --0--Gen - #--6-31G(d)
I o |
. g----0°
> a7
2 u}
g 4t |
—O— Experimental values
2ttt
- (b) —0—Si:3s  --A--Si3p
Olrpm - O--Sidp, -0 SV A
--8-- g_-_'_e = = D—"B’ =
% 0.0 )
A A
-0.1F B A |
I TN SRR
‘02 8‘ 1 | 1 1 1

Fig. 3. (a) Plots of experimental and computational values
of AE versus n in MCDS (n =0), CSMSM (n=1),
CSMSE (n = 2), CSMSP (n = 3), CSMSB (n =4), and
CSMSPe (n = 5). Here, AE is given by the Si[Cl]:2p core
binding energy minus the Si[Me]:2p core binding energy.
For reference, the difference in Si:2p binding energy
between TCMS and TMS is also plotted as AE (regarding
n as 00). The open and closed squares refer to the compu-
tational results at the HF/Gen//MP2/6-31G(d) and HF/
6-31G(d)//MP2/6-31G(d) levels, respectively. The exper-
imental values listed in Table 1 are also plotted (open cir-
cles). (b) Plots of the values of AP(Si:AO) versus n. Here,
AOQ refers to the Si:3s (open circles), Si:3p, (open trian-
gles), or Si:3p, (open squares) orbitals, and AP(Si:AO) =
P(Si[Me]:AO) — P(Si[Cl]:AO). AP(Si:AO) is expressed
as a value per orbital. The basis set used in the calculation
was 6-31G(d). The AP(Si:AO) values for polarization
functions, which are related to both Si:3p, and Si:3p,,
are not shown here. The difference in total valence-elec-
tron density between Si[Me] and Si[CI] [AP(Si:V)] is also
plotted (open diamonds).
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is regarded as oo. The variation in the computational values
according to n is consistent with that in the experimental
values. Although AFE is nearly constant or decreases slightly
when going from n = oo (TCMS-TMS) to 1 (CSMSM), it de-
creases somewhat rapidly when going from n = 1 (CSMSM)
to 0 (MCDS).

Dependence on Bridge: It is important to clarify why AE
decreases rapidly when going from n =1 to 0 (Fig. 3a). As
mentioned in a previous section, the Si:2p chemical shift
responsible for AE is mainly determined by the magnitude
of the Coulomb repulsion between the Si:2p and valence elec-
trons. The magnitude of the Coulomb repulsion responsible for
the chemical shift increases with the valence-orbital popula-
tion at the Si site. The valence-orbital population at the site
is affected by the electron-donating and -accepting properties
of the atoms (or groups of atoms) nearby. As mentioned in a
previous paper,*® for convenience we classify these electron-
donating and -accepting properties according to two factors.
The first factor comes from the electron-donating property of
the CH3 group at the Si[Me] site and from the electron-accept-
ing property of the Cl atom at the Si[Cl] site. Owing to these
properties, the two Si sites may have considerably different
valence-orbital populations and chemical environments in the
bridged trichlorosilyl-trimethylsilyl molecules. The second fac-
tor comes from the electron-donating property of the Si(CHz);
group and from the electron-accepting property of the SiCl;
group; that is, the intramolecular electron migration from Si-
(CH3); to SiCl3 in MCDS.

Figure 4 shows a schematic representation of the first and
second factors in the bridged trichlorosilyl-trimethylsilyl mole-
cules. The two factors increase or decrease the valence-orbital
population at each of the two Si atoms, which affects the mag-
nitude of the Si:2p—valence Coulomb repulsion, which in turn
changes the Si[Me] and Si[CI] chemical shifts and hence AE.
Regarding the first factor, the three CH; groups and the three
CI atoms respectively increase and decrease the Si valence-or-
bital populations owing to their electron-donating and -accept-
ing properties. The difference in valence-orbital population be-
tween Si[Me] and Si[CI] thus appears in CSMSM, CSMSE,
CSMSP, CSMSB, CSMSPe, and TCMS-TMS (n = 1-5 and
o0, respectively) as shown in Fig. 4b. As a result, the Si[Me]:
2p core electrons are largely destabilized by the Coulomb
repulsion against the increasing valence-orbital population at
the Si[Me] site. In contrast, the Si[Cl]:2p electrons are stabi-
lized because the valence-orbital population at the Si[Cl] site
decreases. AE thus appears in CSMSM, CSMSE, CSMSP,
CSMSB, CSMSPe, and TCMS-TMS (n > 1).

On the other hand, the intramolecular electron migration
from Si(CHj3); to SiCl; (the second factor) in MCDS (n = 0)
could have an effect opposite to that of the first factor on the
valence-orbital population (Fig. 4a), and hence on AE. As a
result, the effects of the first and second factors are canceled
out in MCDS, leaving AE small in total. This cancellation
does not occur in the other molecules (n > 1) because of the
greater distance between the two Si sites (Fig. 4b). A large
AE is thus expected in molecules where the two Si sites are
located far apart, but a small AE is likely in MCDS where
the two Si sites are close together. This qualitative explanation
is consistent with the results shown in Fig. 3a.
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€ Cl CHs
< N\ > AP(Si:3p;) >0
=S 5 CHs AP(Si:3py) <0

\/ \/ ( . p//)
AP(Si:3s) <0
Cl CHj
(b) Cl CH3
+oe -oe D i

(CHY)— 25 CH AP(Si:3p,) >0

Cl——S
/

)
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\__/ AP(Si:35) > 0

CHs

Fig. 4. Schematic representation of the first factor (electron-donating and -accepting properties of CH; groups and CI atoms at
Si[Me] and Si[Cl] sites, respectively) and the second factor (intramolecular electron migration from Si[Me] to Si[Cl]). (a) MCDS.

(b) CSMSM, CSMSE, CSMSP, CSMSB, and CSMSPe.

Next, we quantitatively examine the explanation given
above. At first glance, one might presume that the two factors
increase or decrease the total valence-electron density at each
of the two Si sites, that the increase or decrease affects the
Si:2p—valence Coulomb repulsion, and that this influences
the Si[Me] and Si[Cl] chemical shifts and hence AE. Let
the total valence-electron density at a Si[X] site (X = Me
or Cl) be P(Si[X]:V), and let P(Si[Me]:V) — P(Si[CI]:V) be
AP(Si:V). In Fig. 3b, AP(Si:V) is plotted as a function of n.
For reference, the difference between P(Si[Me]:V) of TMS
and P(Si[Cl]:V) of TCMS is also plotted as AP(Si:V) (regard-
ing n as 00). AP(Si:V) is nearly constant for n > 1. When go-
ing from n =1 to 0 (MCDS), |AP(Si:V)| increases and the
P(Si[Me]:V) value moves away from the P(Si[Cl]:V) value
(Fig. 3b). Thus, the magnitude of the Coulomb repulsion be-
tween the Si[Me]:2p electron and P(Si[Me]:V) should then
move away from that between Si[Cl]:2p and P(Si[CI]:V). As
a result, when going from n = 1 to 0, the Si[Me] chemical shift
due to the above Coulomb repulsion should move away from
the Si[Cl] one and the Si[Cl]-Si[Me] difference in the chemi-
cal shift due to the Coulomb repulsion should increase; that
is, AE due to the Si[X]:2p—P(Si[X]:V) Coulomb repulsion
should increase. However, this expected increase is not consis-
tent with the experimental result that AE decreases when
going from n =1 to 0 (Fig. 3a). This inconsistency arises
because the contributions of individual valence electrons to
the Coulomb repulsion are not equal to one another—a valence
electron located near the Si:2p electron (an inner-valence elec-
tron) shows larger repulsion than another located far from it
(an outer-valence electron). Consequently, in our examination
of the Coulomb repulsion responsible for AE, the valence
charge that we have to take as the counterpart for the Si:2p
electron cannot be the total valence-electron density at the Si
site { P(Si[X]:V)}, but the distribution of each valence electron
around the Si site. As the counterpart, an inner-valence elec-
tron must be more effective than an outer one.

To give a detailed description of the variation in each va-
lence-electron distribution according to n and to clarify the rea-
son for the small AE of MCDS, the valence electrons are allo-
cated in some fractional manner among various atomic orbitals
such as Si:3s, Si:3p,, and Si:3p, . Here, the // direction is as-
sumed to point spatially along the o bond between one Si site
and the neighboring Si site or CH, group, and the L direction
is assumed to be perpendicular to the // direction. To allocate
the valence electrons in this manner, the concept of gross
orbital population'>3! (P) is useful. In Fig. 3b, the differences
in P of the Si:3s, Si:3p,, and Si:3p, orbitals between the
Si[Me] and Si[Cl] sites [AP(Si:3s), AP(Si:3py), and AP-
(Si:3p, ), respectively] are plotted as a function of n. Here,
AP(Si:AO) = P(Si[Me]:AO) — P(Si[Cl]:AO) [AO = 3s,3p/,
or 3p,]. For reference, the population difference between
TCMS and TMS is also plotted as AP(Si:AO) (regarding n
as 00). The variation in AP(Si:AO) according to n is much
greater than that in AP(Si:V). The values of AP(Si:AO) are
nearly constant for n > 1, as is AP(Si:V). However, they
change rapidly and in various ways when going from n = 1
to 0 (MCDS). These rapid changes lead to a rapid change in
the magnitude of the Si:2p-valence Coulomb repulsion, and
hence these changes lead to the rapid decrease in AE when
going from n = 1 to 0 (Fig. 3a).

The first factor, which comes from the electron-donating
and -accepting properties of the CHjz group and the Cl atom
at the Si[Me] and Si[Cl] sites (Fig. 4b), manifests itself in
AP(Si:3p, ) because the directions of the Si—CHj3 and Si—Cl
bonds point nearly along the L direction. Owing to the first
factor, P(Si[Me]:3p, ) increases and P(Si[Cl]:3p, ) decreases
from those of an isolated Si atom, and P(Si[Me]:3p_) is larger
than P(Si[Cl]:3p_). Therefore, AP(Si:3p_,) is larger than zero
as shown in Fig. 3b.

In addition, the second factor, which comes from the elec-
tron-donating and -accepting properties of the Si(CHj); and
SiCls groups in MCDS (Fig. 4a), manifests itself in AP-
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(Si:3p;/) because the intramolecular electron migration from
Si(CHj3); to SiCl; takes place along the o bond. Owing to
the second factor, P(Si[Me]:3p,/) decreases and P(Si[Cl]:3p,)
increases from those of an isolated Si atom, P(Si[Me]:3p,) <
P(Si[Cl]:3p//), and AP(Si:3py,) < 0 in MCDS (Fig. 3b). To
compensate for the intramolecular electron polarization caused
by AP(Si:3p,) in MCDS, the AP(Si:AO) of the largely spread
Si:3p, orbitals [AP(Si:3p,)] increases rapidly when going
from n=1 to 0 (MCDS). Accordingly, the change in AP-
(Si:V) is much less than those in AP(Si:AO) (Fig. 3b).

When going from n = 1 to 0 (MCDS), |AP(Si:3pg)| E=/
or 1) increases rapidly (Fig. 3b). Thus, the difference in the
Si:3pg valence-orbital population between the Si[Me] and
Si[Cl] sites then increases rapidly and P(Si[Me]:3pg) moves
away from P(Si[Cl]:3pg). As a result, in MCDS the magnitude
of the Si:2p-Si:3pg Coulomb repulsion at the Si[Me] site
should be very different from that at the Si[Cl] site, and the
Si[Me] chemical shift due to the above Coulomb repulsion
should be very different from the Si[Cl] one. Thus, the Si[Cl]-
Si[Me] difference in the chemical shift due to the Coulomb
repulsion should increase when going from n =1 to 0; that
is, AE due to the Si:2p-Si:3pg Coulomb repulsion should in-
crease. However, this expected increase is not consistent with
the experimental result where AE decreases when going from
n = 1to 0 (Fig. 3a). This inconsistency suggests that AE is not
mainly determined by the magnitude of the Coulomb repulsion
of the Si:2p electron against the Si:3pg electron, but by that
against the other valence electron: i.e., against the Si:3s elec-
tron, which is located closer to Si:2p than Si:3pg is.®

AP(Si:3s) is left for us to examine the variation according to
n and to determine the relationship with AE. Both the first and
second factors (Fig. 4) affect AP(Si:3s). In fact, as shown in
Fig. 3b, AP(Si:3s) is larger than zero and nearly constant for
n > 1, asis AP(Si:3p_ ) (the first factor), and when going from
n=1to 0 (MCDS) it decreases rapidly and becomes a nega-
tive quantity along with AP(Si:3p,/) in MCDS (the second fac-
tor). The variation in AP(Si:3s) according to n is fully parallel
to the qualitative explanation given in Fig. 4.

The distribution of the Si:3s electron overlaps with that of
the Si:2p electron more fully than the distribution of the Si:3pg
electron does, and the average distance between the Si:3s and
Si:2p electrons is less than that between the Si:3pg and Si:2p
electrons.*® Accordingly, the Si:3s valence electron should
show greater Coulomb repulsion against the Si:2p core elec-
tron than the Si:3p§ electron does; thus, AP(Si:3s) will affect
the inter-site difference in the magnitude of the Coulomb re-
pulsion more than AP(Si:3pg) does. As a result, the magnitude
of the Coulomb repulsion between the Si:3s and Si:2p elec-
trons mainly determines the chemical shift responsible for
AE; thus, AP(Si:3s) strongly influences AE. Therefore, be-
cause the Si:3s-Si:2p Coulomb repulsion changes greatly ow-
ing to the large change in AP(Si:3s) when going from n = 1 to
0, AE decreases rapidly (Fig. 3a). The intramolecular electron
polarization induced by the AP(Si:3s) in MCDS is compensat-
ed for by the AP(Si:3p, ). This interpretation is consistent with
the experimental and computational results.

The results presented so far indicate that the chemical shift
of the bridged trichlorosilyl-trimethylsilyl molecules mainly
reflects the population of the Si:3s orbital: that is, the electron-
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ic environment within a mean radius of 1.168 A*® of the Si site.
A similar result was reported for C:1s ESCA chemical shifts,
which reflect the spherically averaged electron density on a
sphere with radius ~0.7 A centered at the carbon atom con-
cerned.”® However, it is very difficult to represent AE explic-
itly as a function of AP(Si:3s). When going from n =1 to 0,
intramolecular electron polarization caused by a change of
AP(Si:AO) is avoided through compensation by the other
AP(Si:AO)’s so as to stabilize the molecule, and the change
in AP(Si:V) is much less than that in AP(Si:AO).

In Fig. 4, the first factor, which comes from the electron-
donating and -accepting properties of the CH; group and the
Cl atom at the Si[Me] and Si[Cl] sites, manifests itself in
AP(Si:3p;) > 0and AP(Si:3s) > O for n > 1 (Fig. 4b). Since
AP(Si:3p;) should be negative so as to avoid intramolecular
electron polarization, the electron migration from Si[Me] to
the bridge and from the bridge to Si[Cl] along its o bond is
not negligible for n > 1. In total, AP(Si:V) <0 for n>1
(Fig. 3b). In addition, the second factor, which comes from the
electron-donating and -accepting properties of the Si(CHj3);
and SiCl; groups, manifests itself in AP(Si:3p,) < 0 and
AP(Si:3s) < 0 for n = 0 (Fig. 4a). To compensate for intra-
molecular electron polarization, AP(Si:3py) (n =0) > AP-
(Si:3py) (n>1) > 0. In total, AP(Si:V) < 0 for n = 0. Be-
cause of AP(Si:V) (n =0) < AP(Si:V) (n > 1) < 0 (Fig. 3b),
the second factor [AP(Si:3py) < 0 and AP(Si:3s) < 0] is
likely to play an important role for n = 0.

Chemical Shift in NMR. General Remarks: First, we
will briefly explain the principles necessary to understand
NMR chemical shifts caused by magnetic interaction so that
all readers can easily understand this part of our paper, again
since our subject extends over two very different fields, ESCA
and NMR. The NMR chemical shift can mainly be attributed
to three effects—the diamagnetic effect from the electrons of
the atom that contains the nucleus in question (the local dia-
magnetic effect), the paramagnetic effect from the electrons of
the atom that contains the nucleus in question (the local para-
magnetic effect), and the effect from groups of the atoms that
form the rest of the molecule (the remote effect).!!

The local diamagnetic effect arises from the ability of the
applied magnetic field (Hy) to generate a circulation of charge
in the ground-state electron distribution of the atom that con-
tains the nucleus in question. The circulation produces a mag-
netic field that opposes Hy, and thus, the nucleus in question
feels a total magnetic field (local field, Hioq) less than Hy.
This phenomenon is called shielding of the nucleus. Hjyc, 1S
given by

Hyocal = Hy + H' = (1 — 04)Ho, (D

where H' < 0 and 04 = —H'/Hy > 0. 04 is called the local
diamagnetic contribution to the shielding constant.

The NMR experiment uses resonance electromagnetic-wave
absorption by nuclei exposed to Hyei.>! The energy separation
between the o and S spin states of a spin-1/2 nucleus such as
2Si is YhHyoca1, and the resonance absorption occurs when the
resonance condition 7V = YhH, is fulfilled. Here, y denotes
the magnetogyric ratio of the nucleus in question. The frequen-
cy of the resonant electromagnetic wave (V) is observed in the
NMR experiment.
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In the local diamagnetic contribution, as well as the other
contributions mentioned later, the v is conventionally ex-
pressed in terms of an empirical quantity called the “NMR
chemical shift §,” which is related to the difference between
the v of the nucleus of interest and that of a reference standard
(Vo). The amount of § is expressed in ppm:

8 =10°(v — vy)/vo = 10°(0 — 0)/(1 — 0¢) ~ 10°(0 — 0),

2
where o and o denote the total shielding constant of the nu-
cleus of interest and that of the reference standard, respective-
ly. o is given by the sum of 04 and the other shielding con-
stants mentioned later. From Eqs. 1 and 2, the local diamag-
netic contribution, designated here as 84, to § is nearly equal
to 10°(H’ — Hy')/Hy, where Hy' denotes H’ of the reference
standard. & is given by the sum of §4 and the other chemical
shifts mentioned later.

04 is a positive quantity as mentioned above and is broadly
proportional to the total electron density of the atom contain-
ing the nucleus in question [P(Si:V) in the present case].'”!
It follows that o4 increases if P(Si:V) increases because of
the effect of a nearby electron-donating atom (or a group of
atoms such as a CHs group). This increase in 0y translates into
a decrease in 84 (Eq. 2). That is, as the electron-donating prop-
erty of the nearby atom or group increases and P(Si:V) in-
creases, 8y decreases. We can thus write the equation of 8, as

84 = —C1{P(Si:V) — Py(Si:V)}, 3)

where Cj is a positive constant quantity and Py(Si:V) denotes
P(Si:V) of the reference standard.

The local paramagnetic effect arises from the ability of the
applied field to force the electrons of the atom in question to
circulate through the molecule by making use of orbitals that
are unoccupied in the ground state.'>! As reported by Prosser
and Goodman,? it is reasonable to consider the local paramag-
netic contribution (8,) to 8 of 2°Si in the bridged trichlorosilyl-
trimethylsilyl molecules to be primarily a function of four pa-
rameters: (1) P(Si:V), (2) the bond orders between the Si atom
and the neighboring four atoms (py, k = 1-4), (3) the average
energy difference between the ground and excited states (8E),
and (4) the valence-electron density of the neighboring four
atoms (Py, k = 1-4).> We may write the equation of dp as

8p = fIP(Si:V), pi, P1/E, @)

where f[P(Si:V), pr, Pi] denotes a function of P(Si:V), pi and
P2

The remote effect arises from electron circulation induced in
nearby groups of atoms.'3! For example, the 'H chemical
shifts of the set of ethane (H;C—CH3), ethylene (H,C=CH,),
and acetylene (HC=CH) are interesting.! According to a sim-
ple intuitive view, the 8('H) value should increase or decrease
as the bond order between the two C atoms increases. In real-
ity, however, the 8('H) value increases in the order H;C-
CH; < HC=CH < H,C=CHj,. This irregular order is attribut-
ed to the remote effect caused by electron circulation in the
bond between the two C atoms.'

Experimental and Computational Results: The ex-
perimental and computational results for §(*?Si) of the bridg-
ed trichlorosilyl-trimethylsilyl molecules are summarized in
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Table 2 together with those of TCMS (using TMS as the ref-
erence standard). Let the difference in § between the Si[Me]
and Si[C]] sites be AJ. Here, Ad is given by the § at the Si[Cl]
site {8(Si[Cl])} minus the § at the Si[Me] site {8(Si[Me])}.
The experimental and computational results for A§ are also
shown in Table 2. For reference, the experimental and com-
putational differences in 8(*°Si) between TCMS and TMS
(TCMS-TMS) are also listed as Ad. In Fig. 5a, the A values
of MCDS, CSMSM, CSMSE, CSMSP, CSMSB, CSMSPe, and
TCMS-TMS are plotted as a function of n. In TCMS-TMS, the
value of n is regarded as oo, as in the ESCA chemical shift.

In Table 2 and Fig. 5a, the variation in the computational
values [HF/6-31G(d)//MP2/6-31G(d) level] according to the
length and the bond order p.. of the bridge connecting the two
Si sites qualitatively agrees with that in the experimental val-
ues. Although the quantitative agreement between the experi-
mental values and the computational values at the B3LYP/
6-3114+G(2d,p)//MP2/6-31G(d) level is improved from that
at the HF/6-31G(d)//MP2/6-31G(d) level, it is still unsatis-
factory. However, since sufficient qualitative agreement be-
tween the experimental and computational values at the HF/
6-31G(d)//MP2/6-31G(d) level was achieved, its computa-
tional values will be used in the discussion given below.

In Fig. 5a, Ad is nearly constant for n > 1. When going
from n =1 (CSMSM) to 0 (MCDS), A§ increases although
AE decreases as explained in a previous section (Fig. 3a); that
is, the 2Si NMR chemical-shift values of the two Si sites then
move away from each other, although the Si:2p ESCA chemi-
cal-shift values approach each other. We suggest a reason for
this contrast between the ESCA and NMR chemical shifts in
the next section.

The values of § and A8 for CSMSE [Cl3Si—-CH,-
CH,-Si(CH3)3], CSMSEen [Cl;Si-CH=CH-Si(CHj3)3], and
CSMSEyn [Cl3Si-C=C-Si(CHj3)3;] rapidly decrease in that
order (Table 2). The features of the three § values are very
different from those of the 'H chemical shifts of H;C—CHs,
H,C=CH,, and HC=CH described in the preceding section.
In contrast to their irregular 'H-chemical-shift variation that
the remote effect induces, the 2SiNMR chemical shift of
CSMSE, CSMSEen, and CSMSEyn systematically decreases
as the bond order p.. increases. Judging from this contrast, it
seems that the remote effect would make only small contribu-
tions to the values of §(*Si) for the bridged trichlorosilyl-tri-
methylsilyl molecules. Therefore, we will hereafter take only
the local diamagnetic and paramagnetic effects into account
in our interpretation of the 8’s and A§’s of these molecules.
The possibility of the remote effect contributing to § and Ad,
however, is explained in the Supporting Information.

Dependence on Bridge: When the bond order p.. increas-
es among CSMSE, CSMSEen, and CSMSEyn, there is a strik-
ing contrast between the variation in the NMR chemical shift
and that in the ESCA chemical shift. As noted in a previous
section, p.. does not strongly affect the ESCA chemical shift
of the Si atom of these molecules, and the effect of the neigh-
boring bridge atom on the Si ESCA chemical shift is not very
large. In contrast, as mentioned in the preceding section, pc.
has a large influence on the SiNMR chemical shift. The effect
of the neighboring bridge atom on the SiNMR chemical shift
is therefore very large. These results show that the ESCA
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Table 2. Experimental and Computational Results for § (ppm) and AS (ppm)

Molecule n Experimental result Computational result?
8 ASD 8 ASP
Si[Cl] Si[Me] Si[Cl] Si[Me]
MCDS 0 18.76 —5.67 24.43 62.04 —5.03 67.07
(41.78 —5.57 47.35)9
CSMSM 1 10.25 0.29 9.96 44.43 1.88 42.55
(32.44 —0.24 32.68)%
CSMSE 2 13.67 3.95 9.72 45.45 495 40.50
CSMSP 3 12.26 0.99 11.27 4424 2.71 41.53
CSMSB 4 13.03 1.37 11.66 44 .41 2.76 41.65
CSMSPe 5 — — — 44.53 2.75 41.78
TCMS-TMS 00 13.019 0® 13.019 41.729 0® 41.720
(33.579 0® 33.577)°
CSMSEen —4.44 —5.32 0.88 24.46 —2.72 27.18
CSMSEyn — — — 1.49 —8.21 9.70

a) Unless otherwise noted, HF/6-31G(d)//MP2/6-31G(d). b) A§ = &(Si[Cl]) — §(Si[Me]). c) B3LYP/
6-3114+G(2d,p)//MP2/6-31G(d). d) & of TCMS. €) § of TMS. Reference standard. f) Difference in &

between TCMS and TMS.
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Fig. 5. (a) Plots of experimental and computational values
of Ad (open circles and closed squares, respectively) ver-
sus n in MCDS (n = 0), CSMSM (n = 1), CSMSE (n =
2), CSMSP (n = 3), CSMSB (n = 4), and CSMSPe (n =
5). Here, AS = 8(Si[Cl]) — 8(Si[Me]). For reference, the
difference in 6 between TCMS and TMS (TCMS-TMS) is
also plotted as A§ (regarding n as 00). The calculations of
A8 were performed at the HF/6-31G(d)//MP2/6-31G(d)
level. (b) Plots of AP(Si:V) and Ap; versus n (open
and closed diamonds, respectively). Here, AP(Si:V) =
P(Si[Me]:V) — P(Si[Cl]:V) and Ap, = p(Si[Me]) —
p(Si[Cl]). In the plot of AP(Si:V), the vertical scale is
enlarged from that in Fig. 3b.

chemical shift reflects the electronic environment of a small
space around the Si atom, while the NMR chemical shift
reflects the environment of a larger space.

As mentioned, § and AS of CSMSE, CSMSEen, and
CSMSEyn (Table 2) depend largely on the bond order p.
Which of P(Si:V), pi, Pk, and 6E involved in Egs. 3 and 4 de-
pend on p.. and are responsible for the changes in § and AJ of
these molecules? P in Eq. 4 does not strongly influence 8p,52
and the area with which P(Si:V) in Egs. 3 and 4 is concerned is
located far from the bridge inter-carbon bond whose bond
order is p.. So, judging from Egs. 3 and 4, the dependence
of § and A8 on p,. in these cases comes from the dependence
of py (k =1-4) and/or 8E on p... In fact, p; increases as pcc
increases as shown in the Supporting Information. Thus, it is
reasonable to consider p; from Eq. 4 (local paramagnetic
effect) as being responsible for the changes in § and A§ among
CSMSE, CSMSEen, and CSMSEyn. Furthermore, 0E from
Eq. 4 may decrease when a 7T bond is formed between the
two C atoms in the bridge.”® Note, however, that E denotes
the average energy difference between the ground and excited
states, so the estimation of E is not so easy.1 In any event,
through the local paramagnetic effect (Eq. 4), § and AJ are
likely to reflect the electronic environment near the neighbor-
ing atoms in addition to that at the Si site, although the remote
effect makes only a small contribution to the 5(*°Si)’s as ex-
plained in the preceding section. Thus, the >Si NMR chemical
shift reflects the electronic environment within a radius of
more than 1.875 A (Si—C bond length of TMS)>* of the Si site,
although the ESCA chemical shift is considered to reflect the
electronic environment within a mean radius of 1.168 A* of
the Si site (see a previous section).

In MCDS, CSMSM, CSMSE, CSMSP, CSMSB, CSMSPe,
and TCMS-TMS (n = 0—oc0), the dependence of AS on n
(Fig. 5a) cannot be interpreted easily because the explicit form
of Eq. 4, which is given in Ref. 52, is complex. Accordingly,
we assume here, as in Ref. 52, that §E is nearly constant in the
series of molecules and that it is possible to rewrite Eq. 4 in
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terms of a single P(Si:V) for these molecules. As mentioned,
Py does not have a large influence on &,.%% Then, § is given by

8 =84+ 8, = Co{P(Si:V) — Py(Si:V)}, 5)

where C, is a constant for the series of molecules mentioned
above. After all, the 2°Si chemical shift of these molecules is
regarded as reflecting the total valence-electron density at the
Si site. From Eq. 5, A4 is given by

— A8 = C,AP(Si:V). (6)

The negative sign in Eq. 6 comes from the definitions
AS = &(Si[Cl]) — &(Si[Me]) and AP(Si:V) = P(Si[Me]:V) —
P(Si[CI]:V).

In MCDS, CSMSM, CSMSE, CSMSP, CSMSB, CSMSPe,
and TCMS-TMS, AS§ is a positive nearly-constant quantity
for n > 1, and A§ increases when going from n=1 to 0
(Fig. 5a). AP(Si:V) is a negative nearly-constant quantity for
n > 1, and AP(Si:V) decreases when going from n =1 to 0
(Fig. 5b). Thus, —AGJ changes on a parallel with AP(Si:V),
and Eq. 6 is qualitatively consistent with the experimental
and computational results. Since P(Si:V) depends on a larger
electronic environment around the Si site than P(Si:3s) does,
the above result (Fig. 5) does not contradict our claim that
the 2°Si NMR chemical shift reflects a larger electronic envi-
ronment than the ESCA chemical shift does.

It is necessary to critically examine Eqs. 5 and 6 and the
above-mentioned result (Fig. 5). When dealing with members
of a limited type of molecules, correlation between the NMR
chemical shift and charge may appear to be relevant, but this
may be only by accident. Prosser and Goodman also empha-
sized that their final equation for 8p, which leads to Eq. 5, is a
limiting case for certain specific compounds.’?> Therefore, we
next examine the dependence of the total bond order around
the Si site {p((Si[X]), X = Me or Cl} on n, because 5p is
expected to depend linearly on the bond order.’” Let the differ-
ence in the computational p((Si[X]) value between the two Si
sites be Apy, which is given by p(Si[Me]) — p(Si[Cl]). Ap;
decreases rapidly when going from n = 0 to 1, and is a nearly-
constant quantity for n > 1 (Fig. 5b). Thus, p«(Si[Me]) and
p«(Si[Cl]) approach each other when going from n =0 to 1,
and so AS changes on a parallel with Ap, (Figs. 5a and 5b).
Since p((Si[X]) depends on a larger electronic environment
around the Si site than P(Si[X]:3s) does, this result also sup-
ports our view that the 2Si NMR chemical shift reflects a larg-
er electronic environment than the ESCA chemical shift does.
Even if our premise that P; does not have a large influence on
8, is not valid, it does not lead to a serious problem concerning
our conclusion, because the 2Si NMR chemical shift then re-
flects the electronic environment of a very large space with
which Py is concerned. Although we assumed that SE is nearly
constant in the series of molecules, SE denotes the average
energy difference between the ground and excited states, so
the estimation of 8E is not so easy.! However, 8E basically
seems to depend on the electronic structure of the whole mole-
cule (a still larger space).

From the results so far presented, we consider the 298i NMR
chemical shift of the bridged trichlorosilyl-trimethylsilyl mole-
cules to reflect the electronic environment within a radius of
more than 1.875 A (Si—C bond length of TMS)** of the Si site.
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In contrast, as described in a previous section, the ESCA
chemical shift is considered to mainly reflect the electronic
environment within a mean radius of 1.168 A* of the Si site.
The ESCA chemical shift is sensitive to the distribution of
each valence electron, but the NMR chemical shift is insensi-
tive to this and depends on the whole electron environment
over a large space around the Si site.

The difference in the effective electronic environment be-
tween the ESCA and NMR chemical shifts may be related to
the fact that the inner-valence-electron distribution is overlap-
ped with the core electron distribution (ESCA), but the elec-
tronic current generated by H, (the external magnetic field)
is not located very closely to the nuclei (NMR). In a simple
physical picture (Fig. 6), the external magnetic field acts on
molecular electrons from outside of the molecule in NMR,
so it preferentially induces outer-valence-electron circulation
near the molecular surface. The inner-valence electrons are
then shielded from the external field. The interaction of the
induced molecular-surface electron-circulation with the central
nucleus of an atom is so weak that the value of § is expressed

Outer-valence
electron circulation External
near molecular surface magnetic field
Nucleus NMR
chemical shift
Soft X-ray ESCA
photon chemical shift
Coreorbital
Inner valence
orbital Nucleus
/ \
v-ray photon
> M dsshauer
s-electron chemical shift
distribution
in nucleus Nucleus

Fig. 6. Schematic comparison of NMR, ESCA, and
Mossbauer chemical shifts.



546  Bull. Chem. Soc. Jpn. Vol. 79, No. 4 (2006)

in ppm. In contrast, the interaction energy in ESCA is much
greater than that in NMR, because a soft X-ray photon pene-
trates the valence electron cloud to eject a core electron that
is localized near a nucleus and interacts with nearby inner-
valence electrons (Fig. 6). In ESCA, the interaction between
the core and inner-valence electrons thus takes place in a small
space. Consequently, the spatial ranges of the electronic envi-
ronment affecting the chemical shifts in ESCA and NMR are
small and large, respectively.

Another Chemical Shift. In this paper, we have so far dis-
cussed the term “chemical shift” as it is used in two types of
spectroscopy, ESCA and NMR. Before concluding this paper,
we want to point out that the term “chemical shift” is also used
in Mossbauer spectroscopy.!”> This phenomenon was first
observed in 1960,° and was called an “isomeric shift” in
Méssbauer’s Nobel lecture in 1961.37 Its [UPAC name is now
“isomer shift,”® but it is also called a “chemical shift.”!9-6!
The circumstances of the naming are not given in the lit-
erature.’®>% Walker et al.®! wrote, “Unfortunately, the phrase
“chemical shift” has been used to describe Mdssbauer isomer
shifts,” but the shift in Mdssbauer spectroscopy is affected by
the chemical environments (oxidation, bonding arrangement,
and so on) around the atomic sites as are the chemical shifts
in ESCA and NMR.

Figure 7 provides a schematic explanation of the Mossbauer
chemical shift from the transition energy of an imaginary point
nucleus. The non-zero volume of a nucleus and the electron
density due to s-electrons within it induce nucleus—electron
electric Coulomb interaction, which alters the nuclear energy
levels. We assume that the Coulomb potential within the
nucleus is constant and equal to Ze/R, where R and Z stand
for the nuclear radius and the atomic number, respectively.
Then, the Coulomb-interaction energy (€) is given by>

@) (b)

Excited state

Nucleus with
non-zero volume

Point nucleus

Chemical shift 0 Aee - Aeg

Fig. 7. Schematic explanation of the Mossbauer chemical
shift from the transition energy of an imaginary point nu-
cleus. (a) Nuclear excited and ground states of an imagina-
ry point nucleus. (b) Those of a nucleus with non-zero vol-
ume and R. < R,.
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R
£ = —e|Y(0)? f A7r*(Ze/R)dr, (7
0

where |1ﬂ(0)|2 denotes the s-electron density at the nucleus and
is assumed to be constant when r < R. The energy difference
from the imaginary point nucleus (A€) is then given by'>?

R R
AE = —e|1//(0)|2{ / 4mr*(Ze/R)dr — / 47Tr2(Ze/r)dr}
0 0
= (2/3)mZe’R*[Y(0)*. (8)

In Mdossbauer spectroscopy, the transition energy from the
ground state to an excited state of the nucleus is observed
through the resonance absorption of y-rays. The transition en-
ergy of the nucleus with radius R is different from that of the
point nucleus, if R in the excited state (R.) is different from
that in the ground state (R,). The transition-energy difference
is given by A&, — A&, (Eq. 9), where A&, and A&, respec-
tively refer to the energy differences from the point nucleus
for the excited and ground states and are estimated by Eq. 8:

A& — A&y = (2/3)TZ*(R* — RAIY(0), ©)

which is the Mossbauer chemical shift from the transition
energy of the point nucleus. Usually, instead of Eq. 9, the
Mossbauer chemical shift is expressed as the transition-energy
difference between a sample and a reference standard (A). In
this case, A is given by

A= (A& — Agg) — (A& — Aggo)’ (10)

where the subscript O refers to the reference standard. From
Egs. 8-10, A can be expressed as!~>

A = Q2/H71ZE R = RO = [Y(0)g*), (1)

where R. and R, of the reference standard are assumed to be
the same as those of the sample.

If R, is less than R, as in >'Fe,% A increases as |/(0)|* de-
creases, as derived from Eq. 11. The value of |1ﬁ(0)|2 is affect-
ed by the chemical environment around the nucleus. In STFe,
the greater the number of d electrons present, the more the
nucleus is shielded from the s electrons. This forces the s cloud
to expand, reducing |1/(0)|?, and increasing A in Eq. 11.1:60:6!
From this, the chemical shift in Mossbauer spectroscopy can
be used to discern different chemical environments around
nuclei, allowing us to discriminate between different oxidation
states and bonding arrangements (that is, different chemical
environments) in unknown samples. Thus, the Mossbauer
chemical shift reflects the electronic environment [|1//(O)|2]
within the nucleus in question (< R); that is, within a radius
of 3.01 fm (nuclear radius of Si)®? (Fig. 6).

It is interesting that linear correlations have been found
between ESCA chemical shifts and Mossbauer chemical shifts
for compounds of Fe and Sn.! However, it is regrettable that to
the best of our knowledge no Mdssbauer spectrum originating
from a Si atom in a molecule has been reported.

As given in Eq. 11, [¥(0)|? is proportional to the Mdssbauer
chemical shift. Let the difference in the computational |1,0(0)|2
value between the two Si sites of the bridged trichlorosilyl-
trimethylsilyl molecules be A[y/(0)|?. In the Supporting Infor-
mation, the values of AIl//(O)I2 for MCDS, CSMSM, CSMSE,
CSMSP, CSMSB, CSMSPe, and TCMS-TMS are plotted as a
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function of n. There, the variation in A|1//(0)|2 nearly parallels
that of AE. If the Si Mossbauer chemical shifts of these mole-
cules are obtained, we expect that their variation will be found
to nearly parallel that of the corresponding ESCA chemical
shifts according to the length of the bridge between the two
Si sites.

Conclusion

We have presented a detailed examination of the relation-
ship between the chemical shifts in ESCA and NMR for the
Si[CI] and Si[Me] sites of bridged trichlorosilyl-trimethylsilyl
molecules. We have shown that the ESCA chemical shift of a
Si site mainly depends on the electronic environment within a
mean radius of 1.168 A of the nucleus and that the NMR chem-
ical shift reflects the electronic environment within a radius of
more than 1.875 A. On the other hand, the Mossbauer chemical
shift is affected by the electronic environment within a radius
of 3.01 fm. Since the chemical environment around the atom of
interest influences the electronic environment in each of these
three spatial ranges, using the prefix “chemical” for the shifts
observed in the three forms of spectroscopy is appropriate.
However, it is important to understand that the chemical envi-
ronment induces the three chemical shifts in three different
ways through the electronic environment in these different
spatial ranges around the nucleus.
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