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Abstract

The ?Si NMR chemical shifts of silane, SiH 4+, and silicon tetrahalides, SiX, (X =F, Cl, Br and I) and SiXI; (X =Cl
and Br), are calculated by the ab initio unrestricted Hartree—Fock /finite perturbation method including the spin—-orbit (SO)
interaction proposed previously. The SO effect is included through the effective core potentials for the halogens. The
chemical shifts calculated with the SO effects show good agreement with experiment for all the compounds studied. The SO
effects of the halogen ligands, especially of bromine and iodine, are large and move the chemical shift to higher magnetic
field. The inverse halogen dependence on the substitution of F by Cl is derived from the paramagnetic term, but the normal
halogen dependence on the substitution from Cl to I is caused mainly by the SO effect.

1. Introduction

The *Si NMR chemical shifts of various silicon compounds have been extensively studied and summarized
in the literature [1-4]. It is known that in silicon tetrahalides substitution of Cl by I causes an anomalous high
field shift of the *’Si chemical shift, like those of the main-group metal halides; Kidd called this shift the
‘normal halogen dependence’ (NHD) [5], while substitution of F by Cl causes a low field shift, called the
inverse halogen shift (IHD). However, the electronic origin of the NHD is not yet understood [1].

We have theoretically investigated the metal NMR chemical shifts of various metal complexes in order to
elucidate the origins and the mechanisms of the chemical shifts [6—9]. Previously, we studied the »Si chemical
shifts of the compounds, SiCl,F,_, (n = 0-4), and showed that the ‘p mechanism’ is the origin of the chemical
shift; the Si chemical shift reflects the change in the valence p-electronic state of Si induced by the halogen
substitution [9].
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In the previous paper of this series [10], we formulated the calculation method of the magnetic shielding
constant under the influence of the spin—orbit (SO) effect using the unrestricted Hartree~Fock (UHF)
wavefunction and the finite perturbation (FP) method. It was applied to the proton, carbon [10], Ga and In [11]
chemical shifts in the hydrogen and methyl halides and gallium and indium tetrahalides, and the importance of
the SO effect was shown. However, except for these examples, the SO effect on the NMR chemical shift is not
well elucidated though it is expected to be quite important. This is perhaps due to the lack of an adequate
calculation method except for the third-order perturbation method which is numerically unreliable. Our
UHF /FP method is therefore quite useful for studying the SO effect.

In this Letter, we introduce the use of the effective core potentials (ECPs) including the SO effect in the
framework of the UHF /FP method. With this method we investigate the SO effect on the #Si NMR chemical
shifts of silane and silicon tetrahalides and clarify the origin of the NHD. The compounds studied here are SiX,
(X=H, F, Cl, Br and ) and SiXI; (X = Cl and Br).

2. Method of calculation

In our previous paper, magnetic shielding constants were calculated by the UHF /FP method including the
SO interaction [10]. The SO interaction was calculated ab initio with the UHF wavefunction [10]. In this Letter,
the SO operator is replaced, together with the core electrons, with the relativistic effective core potential (RECP)
presented by Christiansen et al. [12-14]. This RECP is partitioned into the averaged RECP and the SO
potentials; the averaged RECP can be used in the same form as the Kahn-type ECP [15], while the SO potential
is used in the following SO operator [12}:
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where US0(r) is the effective SO potential centered on atom A fitted by Gaussian functions, |I,m, ) is the
spherical harmonic basis function centered on A and the prime indicates basis functions with a different
exponent. This form is convenient for use with the standard ab initio program since it does not include the total
angular momentum (j = [ + s).

In evaluating the matrix elements for the HS° operator, we included, for simplicity, only the one-center
integrals. The SO potential of the Si atom was not included since it is small. Under this approximation, the
matrix elements for the H ° operator appear, in the present case, only over the p and d orbitals on the halogen
atoms, and are written as
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HSO is the matrix element over p, and p, (r, s=x, y, z) AOs ord, and d, (r, s =x?, y?, 7%, xy, zx, y2)
AOs and {plUS°|p'> and (d|UC|d') are the integrals of U5 over the p and d orbitals, respectively. The merit
of using the ECPs is not only a reduction of the calculational dimensions but also to circumvent the gauge
dependence originating from the ligand core orbitals. Examination of this point will be published elsewhere.

The geometries of the Si compounds are taken from the experimental values [16]. For SiCll, and SiBrl,, the
bond angles are assumed to be tetrahedral, and the Si-Cl, Si—Br and Si-I distances are assumed to be equal to
the corresponding distances in SiCl,, SiBr, and Sil,.

The basis set for the Si atom is the all-electron valence triple-zeta (11s8p)/[5s4p] set of Huzinaga et al. [17]
plus first-order higher angular momentum p and d basis functions (p- and d-FOBFs) for the valence orbitals
[18]. For the halogen atoms, the core electrons and the SO effect are replaced by the relativistic ECPs [12-14],
and the double-zeta sets plus p- and d-FOBFs are used for the halogen atoms: the (4s 4p)/[2s 2p] set [12] plus
p- and d-FOBEFs for fluorine, the (4s4p) /[2s2p] set [13] plus p- and d-FOBFs for chlorine, the (3s3p)/[2s2p] set
[14] plus p- and d-FOBFs for bromine, and the (3s3p)/[2s2p] set [14] plus p- and d-FOBFs for iodine. For
hydrogen, the (4s)/[2s] set of Huzinaga—Dunning [19] plus p-FOBFs is used. The gauge origin is placed at the
position of the silicon atom. By adding the FOBFs, especially to the atoms neighboring the resonant atom, the
basis set dependence and the gauge origin dependence are diminished [18,20]. The magnetic shielding constants
of the compounds having T; symmetry are invariant to the choice of the gauge origin, while those having C;,
symmetry are not invariant [18,20]. We applied a finite external magnetic field of 1.0 X 1072 au.
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Table 1
2gi magnetic shielding constants and chemical shifts of silane and silicon tetrahalides calculated with and without the spin—orbit effects
(ppm)

Com-  Without spin—orbit With spin-orbit e
pound o dia o Pand oo seal o dia o Par SD* FC® total o §eal

SiH, 898.96 —41488 48408 50.43 898.96 —41487 -0.05 0.28 0.22 48431 50.89 99.1
SiF, 1040.24 -—-505.74 53451 0 104021 —505.76 —0.06 0.77 0.71 535.16 0 0
SiCl, 100125 —611.36 389.89 14463 1001.25 —612.01 0.06 11.81 11.87 401.11 134.05 89.0
SiBr, 991.77 —630.50 361.27 173.23 991.77 —630.75 091 11565 11656 477.58 57.58 15.4

SiCll, 983.59 —597.81 38578 14873 98360 —598.89 297 30424 30721 69192 —156.76 —1369
SiBrl;  981.55 —606.04 37552 15899 98156 —607.37 2.54 338.80 34134 71553 -18037 —1711
Sil, 97779 —604.72 373.07 16144 97780 —606.37 3.56 446.59 450.16 82159 -286.43 —237.2

* Spin-dipolar. ° Fermi contact.

3. Results and discussion

Fig. 1 shows the ®Si chemical shifts of silane and silicon tetrahalides, comparing the expcrimental [1,2] and
theoretical values. The open and closed circles indicate the values calculated without and with the SO
interaction, respectively. The reference compound of the chemical shifts is SiF,. Table 1 shows a detailed
comparison of the calculated values without and with the SO interaction. The magnetic shielding constants
including the SO interaction are divided into the diamagnetic term, paramagnetic term, spin-dipolar term, and
Fermi contact term [10].

When the SO effect is included, the calculated chemical shifts move to a higher magnetic field and agree
much better with the experimental values. As the halogen becomes heavier, the SO effect in the chemical shift
increases and the Fermi contact term becomes dominant in the *Si chemical shift. For the heaviest silicon
tetrahalide, Sil,, the contribution of the Fermi contact term to the total magnetic shielding constant amounts to
more than 50%. Though the next dominant term is the spin-dipolar term, its value is small. It is, therefore,
concluded that the most important contribution of the SO effect on the magnetic shielding constant arises from
the Fermi contact term.

Fig. 2 shows the *Si chemical shifts of SiX . (X=F, Cl, Br and 1). The experimental values show a
U-shaped dependence; the substitution from Cl to I causes higher magnetic field shifts (NHD), while the
substitution of F by Cl causes a lower field shift (IHD). The origin of the IHD is mainly due to the paramagnetic
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Fig. 1. Correlations between theory and experiment for the *Si chemical shifts of silane and silicon tetrahalides. The values shown by (O)
and (@) are calculated without and with the spin—orbit interaction, respectively.
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Fig. 2. Comparison between theory and experiment for the *°Si chemical shifts of SiX, (X = F, C, Br and I). The values shown by (O) and
(@) are the theoretical values calculated without and with the spin-orbit interaction, respectively. The experimental value is shown by (0).
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Fig. 3. Comparison between theory and experiment for the *Si chemical shifts of SiXI, (X = Cl, Br and I). The values shown by (O) and
(@) are the theoretical values calculated without and with the spin—orbit interaction, respectively. The experimental value is shown by (O).

term, as seen in Table 1. This has been pointed out in our previous studies [6,8]. When the SO effect is included,
this U-shaped dependence is well reproduced. However, when the SO effect is not included, the NHD for the
substitution from Cl to I is not reproduced as seen from the calculated chemical shifts marked by (O).

Fig. 3 shows the 2Si chemical shifts of the SiXI, series (X = Cl, Br and I). When the SO effect is not
included, the NHD for the substitution from Cl to I is not reproduced as seen for the calculated chemical shifts
marked by (O). The calculated ones with the SO effect (@), on the other hand, dramatically reproduce the
experimental one and show the NHD. Thus, we attribute the main origin of the NHD to the SO effect.

Table 2

MO contributions in the spin-dipolar and Fermi contact terms of the Si compounds (ppm)

Com- o% o P Spin-dipolar Fermi contact o't seat - had
pound core valence total shift core valence total shift

SiH 898.96 —414.87 001 -006 -—-005 -001 -034 0.62 0.28 0.47 48431 50.89 99.1
SiF, 1040.21 -505.76 -0.01 —-0.05 —0.06 0 0.00 0.77 0.77 0 535.16 0 0
SiCl, 1001.25 -61201 -0.02 0.08 0.06 -0.12 048 1133 11.81 —~11.04 401.11 134.05 89.0

SiBr, 991.77 —630.75 -0.06 0.97 091 -097 489 11076 11565 —114.88 477.58 57.58 154
SiClI;  983.60 —598.89 0.20 297 297 ~3.03 1296 29128 30424 -303.47 69192 -156.76 —136.9
SiBrl, 981.56 —607.37 0.16 2.38 254 —300 1453 32427 33880 —338.03 71553 -18037 -171.1
Sil, 977.80 —606.37 0.04 3.52 356 —3.62 19.27 42732 44659 —445.82 821.59 -—286.43 2372




423

H. Nakatsuji et al. / Chemical Physics Letters 247 (1995) 418-424

‘snajonu ay jo uontsod 3y) 18 IPou & IARY A3y} IdUIS 0J3Z A[[EINUIP! AIB ULI3Y JOBIU0D (LD 3y} 0) suonnquiuod OV p pue d 1§ ayg,

TLET - €798 — 65178 659 9TLy— 98'c6y  9S°€¢ LLt~ 6£°0 8€Y 950 LE£'909 - 08'LL6 s
INTARS LEO8T — €SSIL  O8'8EE  Lb'Iv— LTO8E  ¥ST 6v'1 — L1O 8€°€ 690  LELO9— 95186 ‘pgrs
691 — 9L°98] — 6’169  YTYOE  96'PE- 0T65E L6T 61— 610 £L°€ Y0 63865 — 09°€86 101
ysl 85°LS 8Ly SYSII 0L'§T— SE6EL 16'0 LS0— 670 €60 970  SLOE9— LL166 rigig
068 SOpel 11°10v 1811 18°0— 96zl 90°0 900~ 00 80°0 €0°0 10719 - ST'1001 el
0 0 91'6ES  LLO v0'0 €L°0 90°0— 000 000 — 90°0 — 000  9L°S0S— 17°0v01 1S
1'66 6805 1EP8y  8T0 000 LTO 500 — 000 000 S00- 000  L8VIb— 96'868 THIS
S p d S
(710 puedy e 1S L puedyf 1S
axa@ 8 Jejodip-urdsg vand 9 e D punodwo?)

10BJUOD (W13

(wdd) spunoduwiod 1§ a1 Jo s3] 19810 TR pue rejodip-ulds Ay ul SUOKNQLIUCD OV

£ JIqeL



424 H. Nakatsuji et al. / Chemical Physics Letters 247 (1995) 418—-424

We finally study the molecular orbital (MO) and atomic orbital (AO) contributions in the Fermi contact and
spin-dipolar terms. This analysis is done similarly to our method for the diamagnetic and paramagnetic terms
[7]. The MO contributions of the spin-dipolar and Fermi contact terms in the »si magnetic shielding constants
are shown in Table 2. The valence electron contribution is dominant and the core contribution is quite small.
The AO contributions are listed in Table 3. The Si s AO contribution is dominant to the Fermi contact term. The
Si p and d orbital contributions to the Fermi contact term are identically zero, since these orbitals have a node at
the nucleus. Thus, from Figs. 2 and 3 the SO effect on the ®si magnetic shielding constants is due to the Si
valence s AO contribution to the Fermi contact term.

4. Conclusion

The spin—orbit (SO) effects on the *’Si NMR chemical shifts of silane and silicon tetrahalides, SiX, (X = H,
F, Cl, Br and ) and SiXI, (X = Cl and Br) are calculated by the ab initio UHF /FP method proposed previously
[10]. The SO effect is included through the ECPs [12—14]). The calculated chemical shifts show good agreement
with experiment when the SO effects are included. The calculated shifts without the SO effect cannot reproduce
the experimental ones for the cases of the heavier halogen ligands, bromine and iodine. The SO effects are
important for describing the **Si chemical shifts of the molecules containing heavier halogens. The origin of the
normal halogen dependence (NHD) is clarified to be the SO effect. The inverse halogen dependence (IHD), on
the other hand, is due to the paramagnetic term, as shown previously.
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