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Abstract We present density-functional theory studies on
the effects of molecular size on the parity-violating contri-
bution to the nuclear magnetic shielding constant. We focus
on models with different backbone and side chain lengths, as
well as the details of geometry optimization for certain helical
polysilylenes and investigate the parity-violating contribu-
tion to the shielding constant of the 2 Si nucleus of the back-
bone. Our calculations show that the molecular geometry
has a large influence on the magnitude of the parity-violating
shielding contribution, a result that is in line with the pre-
vious studies on much smaller molecules. In addition, we
find convergence in the magnitude of the PV effect with res-
pect to system size, when using geometries that preserve the
helical Si backbone structure optimized for the largest of the
present systems. This can be interpreted in terms of the non-
size-extensive nature of the parity-violating operator influen-
cing the leading-order effect on nuclear magnetic shielding,
as opposed to the size-extensive interaction affecting the
energy difference between enantiomers. Our molecules are
truncated models of large polysilylene systems, for which
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a difference in the 2°Si chemical shift between enantiomers
has been observed to be 0.06 ppm (Fujiki in Macromol Rapid
Commun 22, 669-674, 2001). As expected based on earlier
first principles studies of small molecules, we do not find
support for the difference to be of the parity-violating ori-
gin. Instead, the predicted parity-violation-induced splitting
of the 2%Si resonance is found to converge at values around
10~8 ppm with increasingly large Si backbone.

Keywords Molecular parity violation

1 Introduction

Molecular magnetic properties have been considered from a
theoretical point of view as a conceivable tool for observing
parity-violating (PV) effects in molecules [1-10]. Previous
first principles studies have concentrated on small mole-
cules such as hydrogen dichalcogens and different techni-
cal aspects of electronic structure calculation. It has been
found from the studies of these model systems that the PV
contribution to the nuclear magnetic resonance (NMR) shiel-
ding constant is very sensitive to variations of the dihedral
angle [4,5,8-10]. However, systematic studies of how the PV
contribution to the NMR shielding constant correlates with
the large-scale molecular structure have not been carried out
so far. PV contributions to the energy differences between
the enantiomers of a chiral molecule are size-extensive (for a
review of the PV energy differences, see e.g., Ref. [11]). This
is due to the fact that they involve a sum of the PV interaction
between electrons and the different nuclei of the molecule.
In contrast, long-distance direct electronic structure effects
are unlikely to affect the PV contribution to NMR proper-
ties since the leading-order effects on them only feature the
interaction at the nucleus in question (see, e.g., Ref. [6]).

@ Springer


http://dx.doi.org/10.1007/s00214-008-0447-2

54

Theor Chem Account (2008) 121:53-57

CH, CH,
W\CH; CH,
Si- Si
"y
CH3 CH3
CH, CH,
(5) (R)

Fig. 1 S-and R-enantiomeric structures of the polysilylene in question
(see text for details)

Consequently, the PV effects on NMR properties are not size-
extensive.

In this paper we address the effect of molecular structure
on the PV contributions to 2°Si shielding constant using
density-functional theory (DFT). The studied molecules are
enantiomeric pairs of poly[bis{(5)-3,7-dimethyloctyl}
silylene] and poly[bis{(R)-3,7-dimethyloctyl }silylene] with
varying models for the side chains and Si backbone. The
R- and S-enantiomeric side chains associated with one Si
atom are shown in Fig. 1.

From the experimental point of view, a difference of
0.06 ppm between the chemical shift of the two enantiomers
has been recorded in their 2°Si NMR spectra [12]. The obser-
vation is interesting, because that would be the way the 2°Si
resonance would split under the influence of PV Zy-boson
exchange. In the light of theoretical estimates that range from
1071 to 1078 ppm for comparable, light nuclei [1-10], a
PV origin of the splitting is a priori very unlikely, howe-
ver. Indeed, we predict a PV splitting that is several orders
of magnitude lower than the observed chemical shift diffe-
rence. The details of the molecular model construction are
found to be crucial for the calculated PV shielding effect,
and the anticipated lack of extensivity with the system size
is verified.

2 First-principles calculations

The non-relativistic leading-order PV contribution to the iso-
tropic part of the NMR shielding tensor of nucleus K can be
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expressed as a linear response function (see, e.g., Ref. [6])

1
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where the parity-violating operator is
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Equation (1) is the only leading-order contribution to the iso-
tropic part of the tensor, if the gauge origin O 1is placed at
the nucleus K. £;¢ is the angular momentum operator of
electron i with respect to O, and r;g is the distance vector
between electron i and nucleus K. yx and « are the gyro-
magnetic ratio of K and the fine structure constant, respec-
tively. The weak coupling constant Gg = 2.22 x 10™!% a.u.
and the Weinberg angle is 8y = 0.2320. Ag is a nucleus-
dependent factor that includes contributions from the nuclear
structure and the nuclear anapole moment [13]. The Ax are
not usually known and are set to unity during the calculations.
The SI-based atomic unit system is throughout this work.

It should be noted that the part of the PV operator relevant
for the leading-order effect on shielding, Eq. (2), does not
contain a sum over nuclei, in contrast to the operator used in
PV energy calculations [14],

>0k D si [=iViL 8l
K i

where Q is the weak charge of K and s; the spin of i. This
imples that the PV NMR effect on an individual nucleus in
Eq. (1) may be expected to saturate with increasing size of
the molecule.

We evaluated using DFT the leading-order PV contribu-
tions [Eq. (1)] for the central 2°Si nucleus in helical polysily-
lene models containing one, three and five Si-atoms, denoted
as Si-1, Si-3 and Si-35, respectively. Truncated R-type side
chains of different lengths were attached to the backbone
models. The basis sets used have Huzinaga exponents [15],
are polarized and contracted by Kutzelnigg et al. [16], and
are denoted as IGLO-II-IV, in the order of an increasing
number of basis functions. Geometries were optimized with
the Becke three-parameter hybrid functional (B3LYP) [17,
18] and SVP basis set [19] with the TURBOMOLE program
package [20-22]. Property calculations were performed
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Fig. 2 Side chains
a Full, b truncated

of poly[bis{(S)-3,7-dimethyloctyl}silylene]:

using a local version of the DALTON quantum chemistry pro-
gram [23]. The largest calculations on the Si-5 model had 197
atoms and 2,287 contracted basis functions. All the structures
are deposited in the supporting information. !

3 Results and discussion
3.1 Effects of basis set and side chain truncation

We begin our investigation from a single-Si-atom unit of
larger polysilylene chain, with the side chains in the
R-configuration shown in Fig. 1. We have seen in previous
studies [10] that B3LYP has at least qualitative predicting
power as compared to more expensive and accurate methods,
when it comes to PV contributions to the NMR shielding
constant. Consequently, we use this functional for all the
present calculations.

To study the possibility of reducing computational cost,
we compare the results for a full-length side chain with the
truncated one, illustrated in Fig. 2. The obtained basis sets
dependence of the PV contribution is shown in Fig. 3 and the
corresponding numerical data are listed in Table 1.

Clearly, the IGLO basis sets work rather well with the
truncated side chains as there are only small changes between
the IGLO-II and IGLO-IV results. In the full chains the basis
set effect is larger and the PV contribution increases towards
better basis sets. The increase is approximately 50% from
IGLO-II to IGLO-IV, but the difference between IGLO-III
and IGLO-IV is much less dramatic, about 10%.

The effect of truncation is large (see Fig. 3), decreasing
the PV contribution approximately by a factor of two, when
using a small basis set. Instead, if the truncated side chain

1 Structures of molecules are included in Supporting information. Files
with frozen in the filename are those with the Si-5 backbone.
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Fig. 3 Basis set dependence at the B3LYP level of the parity violation-
induced enantiomeric splitting of the isotropic 2°Si shielding constant
in the case of a single Si atom with full and truncated side chains

Table 1 Basis-set dependence of the PV contribution to the 2°Si shiel-
ding constant in the Si-1 model with full and truncated side chains

Side chain type IGLO-IT IGLO-III IGLO-IV
Truncated 1.71 1.57 1.73
Full 4.36 5.91 6.34

(All values in 10710 ppm)

is constructed without optimization after the truncation, by
substituting the missing carbon—carbon bond by a carbon—
hydrogen bond (length 1.1 A), the difference in the PV contri-
bution between the full and truncated chains is reduced to
less than 1%. This implies that the difference is due to the
strong dependence of the PV contribution on the molecular
geometry rather than direct electronic structure effects.

Due to the size of systems that we consider, we will use
the truncated, reoptimized side chains with the IGLO-II basis
and acknowledge that this choice can give rise to an error of
a factor of two.

3.2 Effects of backbone structure

Two variants of the backbone structure are considered in the
following. The first one, denoted as “Optimized”, refers to a
full geometry-optimized version for each individual length
of the backbone (Si-1, Si-3 and Si-5 models). In these struc-
tures, a truncated Si backbone is constructed by terminating
with hydrogen atoms, truncated R-type side chains are atta-
ched, and a full geometry relaxation is subsequently perfor-
med. The problem with this approach is that one or three
Si atoms constitutes an insufficient length for the backbone
to approach the limiting behavior of the local helical geo-
metry. Because of that, we consider also systems that are
constructed using the Si-5 backbone!. In these “Si-5 back-
bone” structures, the Si chain is held fixed at the optimized
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Fig. 4 Dependence of the parity-violating contribution (at the B3LYP/
IGLO-II level) to the isotropic 2?Si shielding constant on the length
and construction of the Si backbone. The side chains have the trunca-
ted and reoptimized R-enantiomeric structure. See text for details on
“Optimized” and “Si-5 backbone”. A smooth line has been fitted to the
“Si-5 backbone” data to guide the eye

Table 2 Numerical values of PV-induced splittings to the isotropic
29Si shielding constant for different lengths and structures of the Si-
backbone (see text for details)

Structure Si-1 Si-3 Si-5

24.55
—19.01

—29.10
—29.10

Optimized 1.71
Si-5 backbone 14.11

(All values in 10710 ppm)

Si-5 geometry that adopts a P-type helix configuration where
the two Si—Si—Si—Si dihedral angles are 163° and 165°. In the
respective Si-3 and Si- 1 structures, the outermost Si atoms are
successively replaced by terminating hydrogens with the Si—
H bonds (length 1.5 A) oriented in the way that preserves the
bond and dihedral angles of the backbone. The side chains
are then attached and allowed to relax, while keeping the
new backbone intact. In this way, we expect to see a more
consistent progression in the PV contributions. The PV contri-
bution is evaluated for the central 2°Si nucleus in each model.

Results with different chain lengths and types are shown
in Fig. 4 and tabulated in Table 2. The fully optimized results
show an irregular behavior. The most distinct feature is the
sign difference between the Si-3 and Si-5 structures, which
implies a strong dependence of the PV contribution on the
molecular geometry near the central Si atom. The series of
results with the Si-5 backbone, which simulates the depen-
dence on the amount of neighboring atoms rather than on the
local geometry, shows a more convincing trend. Although the
contribution in Si-1 is of different sign than those in Si-3 and
Si-5, the difference between Si-3 and Si-5 is considerably
smaller, 10 x 107'0 ppm, than the difference between Si-1
and Si-3, 33 x 10710 ppm.

The PV contribution is seen to saturate with the num-
ber of Si atoms in the backbone. Judging visually based on
the three computational “Si-5 backbone” points, the infinite-
chain limit would be about 50 x 107! ppm, corresponding
to a 1078 ppm splitting in the experimental peak positions
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between the S- and R-enantiomers. Consequently, saturation
of the leading-order PV shielding effect is found as expected
because Eq. (1) does not involve a sum over atomic nuclei,
in contrast to the PV energy contributions [14].

3.3 Connection to experiment

As compared to the experimental observation of 0.06 ppm
[12], our data are approximately seven orders of magnitude
smaller. Besides errors from basis set (at most a factor of
two) and the differences arising from the construction of
the side chains (factor of three), there are relativistic effects
to be considered [9,10]. A “prototypic” molecule compa-
rable to our Si chains containing first and second-row atoms,
is H2S5. In that system, the spin-orbit interaction reduces
031?,\5/ by a factor of two. If one would consider the relativis-
tic factor of two to be increasing the contribution, take into
account basis set and side chain errors, use the extrapolated
chain length limit and expect an order of magnitude increase
from the nucleus-dependent factor A g, we would gain about
two orders of magnitude as compared to our initial estimate.
Even in this scheme, a difference of five orders of magnitude
remains, which is clearly too much to reach a conceptual
agreement between Fujiki’s result and the PV origin of the
effect.

4 Conclusions

We have examined the effect of molecular model size and
details of model construction on the non-size-extensive PV
contribution to the NMR shielding constant of a 2°Si nucleus
in helical polysilylenes. We find out that differences in local
geometry can have a large impact on the magnitudes and
signs of the PV contribution in realistic systems. We also
find that the magnitude of the contribution increases with the
Si backbone length, but saturates quickly by about five Si
atoms. Using the results, we could estimate the PV-induced
spectral splitting of >°Si in systems where Fujiki [12] obser-
ved a difference of 0.06 ppm between the two enantiomers.
Our best estimates of the PV effect are five orders of magni-
tude smaller than Fujiki’s observation. Consequently, and in
agreement with earlier first principles studies of other sys-
tems, it is very unlikely that the observation in Ref. [12] is
of PV origin.
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