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Origin of the 29Si NMR chemical shift in R3Si–X
and relationship to the formation of silylium
(R3Si

+) ions†

Winn Huynh and Matthew P. Conley *

The origin in deshielding of 29Si NMR chemical shifts in R3Si–X, where X = H, OMe, Cl, OTf, [CH6B11X6],

toluene, and OX (OX = surface oxygen), as well as iPr3Si
+ and Mes3Si

+ were studied using DFT methods. At

the M06-L/6-31G(d,p) level of theory the geometry optimized structures agree well with those obtained

experimentally. The trends in 29Si NMR chemical shift also reproduce experimental trends; iPr3Si–H has

the most shielded 29Si NMR chemical shift and free iPr3Si
+ or isolable Mes3Si

+ have the most deshielded
29Si NMR chemical shift. Natural localized molecular orbital (NLMO) analysis of the contributions to para-

magnetic shielding (σp) in these compounds shows that Si–R (R = alkyl, H) bonding orbitals are the major

contributors to deshielding in this series. The Si–R bonding orbitals are coupled to the empty p-orbital in
iPr3Si

+ or Mes3Si
+, or to the σ*Si�X orbital in R3Si–X. This trend also applies to surface bound R3Si–OX. This

model also explains chemical shift trends in recently isolated tBu2SiH2
+, tBuSiH2

+, and SiH3
+ that show

more shielded 29Si NMR signals than R3Si
+ species. There is no correlation between isotropic 29Si NMR

chemical shift and charge at silicon.

Introduction

The silicon derivatives of carbocations (R3C
+) are silylium ions

(R3Si
+). R3C

+ species are accessible in liquid superacidic media
containing weakly coordinating anions (e.g. Sb2F11

−) and
contain sp2 hybridized planar structures at the central carbon
atom.1 Synthesis of R3Si

+ required counter anions with higher
stability and lower nucleophilicity than those needed to isolate
R3C

+.2 These studies showed that R3Si
+ containing weakly

coordinating B(C6F5)4
− or [CH6B11Br6] anions were isolable as

crystalline solids, though with several distinguishing structural
features that contrast R3Si

+ from R3C
+. For example, the sily-

lium fragment in [iPr3Si][CH6B11Br6] contains average C–Si–C
bond angles of 117°, a significant deviation from planarity
expected for an sp2 hybridized silicon.3 Further ambiguities
arose from the ability of R3Si

+ to interact with very weak
nucleophiles, such as toluene in [Et3Si(toluene)][B(C6F5)4],

4

that distort silicon from planarity and delocalize charge into
the aromatic ring. The controversy surrounding the isolation
of silylium cations5 was not settled until Reed and Lambert

isolated the [Mes3Si][CH(Me5)B11Br6] salt that contains a
planar sp2 hybridized silicon.6

During these investigations, which largely focused on X-ray
diffraction analyses, the 29Si NMR chemical shift was recog-
nized as a diagnostic indicator for silylium character in R3Si

+

salts that deviated from planarity.7 Fig. 1 summarizes reported
29Si NMR chemical shift for selected R3Si–X and [R3Si][X] ion-
pairs. The general trend shown in Fig. 1 is that as charge
accumulates at silicon the 29Si NMR chemical shift value

Fig. 1 Selected 29Si NMR chemical shifts for R3Si–X.
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increases. This trend is particularly clear for iPr3Si–X. The
29Si

NMR chemical shift of iPr3Si–H in toluene-d8 is 12 ppm.
Replacing the Si–H group with electron withdrawing groups
results in a downfield shift of the 29Si NMR signal, maximizing
at the [iPr3Si][CH6B11Cl6] salt that has a 29Si NMR chemical
shift of 115 ppm in the solid-state. This trend was supported
by DFT calculations of Me3Si–Cl as a function of Si–Cl bond
distance. As the Si–Cl bond length increases positive charge
accumulates at silicon and 29Si NMR signals are predicted at
higher chemical shift values.7 The conclusions from this study
that charge at silicon relates to 29Si NMR chemical shift is a
metric that has been widely used to quantify silylium character
in R3Si

+ as isolable molecular salts,8 and recently to descrip-
tions of R3Si

+ supported on oxide surfaces.9

Magnetic shielding of an NMR active nucleus as a result of
being placed in a strong external magnetic field (B0) is
described by the three principal components of the second
rank tensor (σ11, σ22, σ33) shown in eqn (1). The most
deshielded component is σ11, and the most shielded com-
ponent is σ33. The values of (σ11, σ22, σ33) average to isotropic
shielding values in solution due to rapid tumbling such that
σiso = 1/3(σ11 + σ22 + σ33). Calibration of σiso to a reference com-
pound, such as Me4Si for 29Si NMR spectra, using eqn. (2)
results in the more familiar chemical shift (δ).

σiso ¼
σ11 0 0
0 σ22 0
0 0 σ33

ð1Þ

δ ¼ σref � σiso
1� σref

ð2Þ

Shielding is related to the effect of B0 on the flow of elec-
trons around the NMR active nucleus that induces a small
magnetic field opposing B0, usually referred to as Bi. Ramsey
decomposed shielding contributions into diamagnetic shield-
ing (σd) and paramagnetic shielding (σp), eqn (3).

σiso ¼ σ d þ σ p ð3Þ
Chemical environment does not appreciably affect σd for

heavy atoms (i.e. 13C, 19F, 29Si, 31P, etc.), but rather σp deter-
mines chemical shift trends. This behavior is related to aniso-
tropies introduced by accessible p-orbitals that form σ- and
π-bonds in these elements. Unlike σd, which is a consequence
of the effect of B0 on the ground-state wavefunction, σp couples
the ground state wavefunction (ϕ0) to an excited state wave-
function (ϕn) through the angular momentum operator (L̂ki,
where ki = element of the shielding tensor, eqn (4)). The
denominator in eqn (4) indicates that if ϕ0 and ϕn are close in
energy a large σp contribution is expected. This situation is
maximized when ϕ0 is the highest occupied molecular orbital
(HOMO) and ϕn is the lowest unoccupied molecular orbital
(LUMO). Orbitals close to the HOMO and LUMO also can
result in large σp.10

σpij /
φ0 L̂ki

�� ��φn

� �
φn

L̂kNj
r3kN

���
���φ0

D E

ΔEn�0
ð4Þ

Orbital rotation models are useful to visualize these effects,
which is shown for a N-heterocyclic silylene in Fig. 2. The 29Si
NMR chemical shifts of N-heterocyclic silylenes are
deshielded, ranging from ∼75–120 ppm. The origin of this
deshielding is related to the orientation of the σ11 component
for the shielding tensor, which was measured experimentally
using solid-state NMR spectroscopy and verified using DFT
methods, Fig. 2.11 These data show that the shielding tensor
orients σ11 in the N–Si–N plane perpendicular to the filled sily-
lene lone pair orbital, the HOMO in a N-heterocyclic silylene.
Rotation of this orbital by 90° (L̂11|) results in ϕn, which is the
empty p-orbital that is the LUMO in a N-heterocyclic silylene.
This orientation maximizes σp deshielding, and results in the
downfield chemical shift values observed for the silylene
silicon. Similar deshielding trends properties also apply to
R2SivSiR2,

12 RSiuSiR,13 R2SivCR′2,
14 R2SivX (X = O, S),15

and heteroatom substituted silyl lithiums.16

Orbital rotation models are widely applicable and relate
NMR chemical shifts to electronic structures in organic mole-
cules,17 aryllithium reagents,18 and organometallic com-
plexes.19 Based on these arguments, the origin of the 29Si
NMR chemical shift trends shown in Fig. 1 are probably not
directly related to charge at silicon, but rather the magnitude
of σp. This study describes the origin of deshielding of 29Si
NMR chemical shifts in R3Si–X using DFT methods. The
chemical shift trend shown in Fig. 1 is dominated by contri-
butions from σp, which is maximized when occupied Si–C
bonding orbitals are perpendicular to the empty p-orbital on
silicon, which occurs for free silylium ions. There is no
relationship between charge at silicon and 29Si NMR chemical
shift.20

Computational methods

The geometries of all structures were optimized in Gaussian
0921 using the M06-L functional22 at the 6-31G** level of
theory for H, B, C, O, Si and Cl. Heavier elements (Zr, Br, I)
were described with the SDD basis set. Frequency calculations
at this level of theory produced no imaginary frequencies, indi-
cating a ground-state energy minimized structure. 1–3 were
calculated as free cations, 4–8 were calculated as neutral ion-
pairs, 9 was calculated as the anion, and 10–13 were calculated
as molecular species.

The NMR parameters are calculated the Amsterdam Density
Functional (ADF) suite,23 using the GIAO method24 with the

Fig. 2 Orientation of the shielding tensor in a N-heterocyclic silylene,
and coupling of the HOMO to the LUMO through the angular momen-
tum operator L̂11.
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PBE functional, the TZ2P basis set on silicon and zirconium,
and the DZ basis set on all other atoms. NMR calculations with
the meta-GGA functional M06-L is not yet supported in ADF.
However, the combination of geometry optimization in G09 at
the M06-L/6-31G**/SDD level of theory, followed by computation
of NMR parameters in ADF at the PBE/TZ2P(Si, Zr)/DZ results in
good agreement with experiment (Table S1†). Natural Localized
Molecular Orbital (NLMO)25 contributions to shielding were
also calculated at this level of theory, with scalar relativistic
ZORA included in this analysis.26 This analysis in ADF gives
shielding (σ) as the sum of diamagnetic shielding (σd) and of
the full paramagnetic shielding term (σp+so), which is the sum
of paramagnetic shielding and spin–orbit contributions. In this
study the spin–orbit contributions are negligible. Therefore, we
refer to paramagnetic shielding as σp for the species studied
here. The canonical orbitals for 1 and 5 were calculated at the
same level of theory to extract energies for the orbitals contri-
buting to σp from the NLMO analysis.

Results and discussion

R3Si–X were studied using DFT methods based on the avail-
ability of crystallographic and 29Si NMR data to calibrate the
computational analysis of NMR properties given below. The
geometries of these compounds were optimized at the M06-L/
6-31G(d,p) level of theory, and structures of these compounds
are shown in Fig. 3. Calculated structures and coordinates for

these compounds are given in the ESI.† iPr3Si
+ (1), Mes3Si

+ (2),
and Et3Si(toluene)

+ (3) were calculated without anions, while
4–9 were calculated as ion-pairs.

Key structural data of the optimized geometries of R3Si–X
are summarized in Table 1, and compared to experimental
data when available. This level of theory accurately reproduces
Si–C and Si–H bond lengths, and captures trends in Si–X bond
distances for anion containing structures, across the series of
compounds in Fig. 1. The Si–C or Si–H bond distances are
roughly constant across the series of R3Si–X, indicating that
these distances are not a clear indicator of silylium character.

Table 1 shows that the R3Si–X approaches R3Si
+ the silicon

becomes more planar, which is expected for a sp2 hybridized
silylium ion. For example, the sum of C–Si–C bond angles in
free iPr3Si

+ (1) is 358.4°. This value is close to that obtained
experimentally, and at this level of theory, for Mes3Si

+ (2,
ΣC–Si–C = 360.0°). The C–Si–C bond angles contract in silylium
species coordinated to weak ligands, such as toluene in Et3Si
(toluene)+ (3), indicating that the silicon pyramidalizes. This
behavior is common, and observed in [iPr3Si][CH6B11Cl6] (4,
ΣC–Si–C = 348.4°) due to an interaction between silicon and one
of the halides on the carborane anions (dSi–Cl = 2.26 Å). The
ΣC–Si–C bond angles is 347.1° in [iPr3Si][CH6B11Br6] (5) and
342.5° in [iPr3Si][CH6B11I6] (6), indicating that these species
also contain pyramidalized silicon, and reproduce trends in C–
Si–C angles for these compounds observed experimentally.7

Similar behavior is observed for [tBu2SiH][CH6B11Br6] (7,
ΣC–Si–C = 345.4°), and [tBuSiH2][CH6B11Br6] (8, ΣR–Si–R =
343.4°). [SiH3][CH6B11Br6]2

− (9) is an exception, and contains a
planar silicon (ΣH–Si–H = 360.0°). In the solid-state 9 exists as
an infinite polymer of alternating SiH3

+ and CH6B11Br6
− that

enforces the trigonal bipyramidal structure at silicon, resulting
in planarity in the plane defined by the three Si–H bonds.

Fig. 3 Structures of 1–13 optimized at the M06-L/Br, I(SDD); 6-31G**
level of theory.

Table 1 Key geometric data for R3Si–X
a

R3Si–X Average rSi–R (Å) rSi–X (Å) σ(R–Si–R) (°) Ref.

1 1.86 — 358.4 —
2 1.83 (1.82) — 360.0 (360.0) 6
3 1.87 (1.85) 2.13 [2.195(11)] 342.5 (341.6) 27
4 1.88 (1.85) 2.26 [2.323(3)] 348.4 (351.9) 2a
5 1.88 (1.86) 2.45 [2.479(9)] 347.1 (350.9) 3
6 1.89 (1.88) 2.63 [2.660(7)] 342.5 (346.8) 2a
7 C: 1.89 (1.88)

H: 1.48 (1.52)
2.41 [2.4110(14)] 345.4 (347.9) 8d

8 C: 1.88 (1.85)
H: 1.47 (1.37, 1.51)

2.37 [2.3777(16)] 343.4 (342.9) 8d

9 H: 1.46 (1.50) 2.65, 2.65
[2.477(4), 2.770(4)]

360.0 (357.0) 8d

10 1.88 1.76 343.7 —
11 1.89 2.10 337.1 —
12 1.90 1.68 334.0 —
13 1.90 1.50 333.7 —
14 1.89 1.68 334.0 —
15 1.89 1.83 333.4 —
16 1.89 1.71 337.9 —
17 1.89 1.77 338.4 —

a Bond distances and bond angles from R3Si–X optimized at the M06-
L/Zr, Br, I(SDD); 6-31G** level of theory. Values given in parentheses
are experimental values from X-ray crystal structures.
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The ΣC–Si–C bond angles in iPr3Si–OTf (10) is 343.7°, close to
the value obtained for [iPr3Si][CH6B11X6] (4–6). However, the
Si–O bond in 10 is far shorter than the Si–X bond in a carbor-
ane salt, and is a reflection of the more weakly coordinating
carborane anion relative to a triflate anion. As X becomes more
coordinating to the silicon, the sum of the C–Si–C bond angles
continues to decrease from 337.1° in iPr3Si–Cl (11), to 334.0°
in iPr3Si–OMe (12) and to 333.7° in iPr3Si–H (13).

1 and 2 are “free” silylium ions, and show geometrical fea-
tures expected for a planar silicon in a R3Si

+ cation. 3–8 also
reproduce trends in experimental data, and supports the con-
clusion that very weak nucleophiles, such as toluene or haloge-
nated carborane ions, result in distortions expected for planar
silylium geometries. However, 3–8 behave like silylium ions,
and Reed referred to this class of species as “silylium-like”
based on their structural and spectroscopic behaviors.2a As
expected, a significant contraction of the C–Si–C bond angle
was observed in iPr3Si–X containing groups that do not form
silylium ions (10–13).

R3Si
+ species can also form on high surface area oxides.

Oxide surfaces are terminated with –OH sites, and the acidity
of these sites relates to the ability of a surface oxygen to form
R3Si–OX (OX = surface oxygen) or [R3Si][OX]. Partially dehy-
droxylated silica contains –OH sites that behave as weak acids,
and react with silylating agents to form R3Si–OX. This assign-
ment is supported by solid-state 29Si NMR measurements,
which contain signals near ∼10 ppm.28 Oxides containing
–OH sites that behave as stronger acids than silanols on par-
tially dehydroxylated silica, such as sulfated zirconium oxide
(SZO) or silica contacted with Al(OC(CF3)3)3*PhF to form very
acidic –OH sites, react with allyltriisopropylsilane to form
[iPr3Si][OX] based on the deshielded 29Si NMR signal in these
materials and their reactivity towards C–F bonds.9

Four cluster models to approximate iPr3Si–sites on these
oxides are shown in Fig. 4. An isolated silanol, which is the
major surface species for silica partially dehydroxylated at
700 °C, was approximated with the –SiH3 capped polyoligose-
quisiloxane,29 and capping the remaining silanol in this
cluster with a triisopropylsilyl group results in iPr3Si–OX (14),
which contains a pyramidal silicon in the iPr3Si-fragment
(ΣC–Si–C = 334.0°) with a Si–O bond length of 1.68 Å.
Coordination of Al(OC(CF3)3)3*PhF to the isolated silanol in
this cluster reproduces spectroscopic trends observed experi-
mentally for the acidic bridging silanol, and replacing the
acidic proton with iPr3Si

+ forms [iPr3Si][OX] (15).
9b The iPr3Si

+

site in 15 coordinates to the least sterically hindered Si–O–Si
bridge, and does not interact with C–F bonds from the anionic
(RFO)3Al–OSiu. In 15 the ΣC–Si–C is 333.4, slightly lower than
in 14, and similar to values obtained for 11–13. However, the
Si–O distance in 15 at this level of theory is 1.83 Å, significantly
longer than the Si–O bond in 14. Similar to the example of
iPr3Si–OTf (10) and [iPr3Si][carborane], the longer Si–O bond
distance in 15 results in the silylium-like character in this
material.

The SZO surface contains –OH sites that behave as strong
acids and basic Zr–O–Zr bridges.30 Experimental and compu-

tational studies show that surface bound organometallics
interact with sulfates to form ion-pairs in well-defined hetero-
geneous catalysts,31 which implies that iPr3Si–sites would
interact with the sulfate as well. The SZO cluster model in
Fig. 4 is similar to those used previously in studies of sulfated
oxides interacting with organometallics.31e In 16 the iPr3Si-site
binds to a Zr–O–Zr bridge, and has an Si–O distance of 1.71 Å
and ΣC–Si–C of 337.9°. In 17 the iPr3Si-site binds to the sulfate,
and has a slightly longer Si–O distance of 1.77 Å and nearly
identical ΣC–Si–C of 338.4°.

Table 2 contains calculated NMR data for 1–17 at the PBE/
Si(TZ2P), DZ level of theory. In general, the calculated isotropic
NMR chemical shifts are in good agreement with those
obtained experimentally. Fig. 5 contains these data graphically
and shows that the calculated and experimental chemical
shifts correlate well at this level of theory. In general, as the
silicon in R3Si–X becomes closer to a free silylium the chemi-
cal shift value increases. The iPr3Si–X series illustrates this
trend. Species that do not form silylium ions have chemical
shift values <∼45 ppm. Free iPr3Si

+ is predicted to have a 29Si
NMR chemical shift of 343 ppm. [iPr3Si][CH6B11X6] have

29Si
NMR chemical shifts of ∼100 ppm, between chemical shifts
for free iPr3Si

+ and iPr3Si–X that do not form silylium ions.
Surface models follow similar trends. 14 does not capture

structural trends consistent with a silylium ion, and has a cal-
culated 29Si NMR chemical shift of 15 ppm, close to experi-
mental values for R3Si–OX species reported previously.15

However, 15 has a longer Si–O bond than 14, and a calculated

Fig. 4 Calculated structures of 15–17 optimized at the M06-L/Zr, Br,
I(SDD); 6-31G** level of theory. Hydrogens are omitted for clarity.
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29Si NMR chemical shift consistent with a “silylium-like”
surface species.

Though this trend in 29Si NMR chemical shift holds well for
iPr3Si–X, there are exceptions. For example, the 29Si NMR
chemical shift systematically decrease in the order tBu2SiH

+

(85 ppm) > tBuSiH2
+ (40 ppm) > SiH3

+ (−54 ppm), reproducing
the experimental trends from 29Si NMR measurements.
tBu2SiH

+, tBuSiH2
+ and SiH3

+ are undoubtedly “silylium-like”,
but the latter two species have chemical shifts that appear
inconsistent with this assignment. The origins of this trend
will be discussed below.

Eqn (1) shows that magnetic shielding is a 3 × 3 matrix, and
eqn (2) relates σ to more common δ scale used in NMR spec-
troscopy. The calculated values of σii for 1–17 are given in
Table 2. Table 2 also includes the span (Ω) of the shielding
tensor, which is the difference of σ11 and σ33. As X in iPr3Si–X
becomes more weakly coordinating Ω increases, indicating

that the static powder pattern in the solid-state 29Si NMR spec-
trum becomes broader. Fig. 6 contains simulated static 29Si
NMR spectra for selected iPr3Si–X. For example, iPr3Si–OTf has
a small Ω of 22 ppm and a narrow simulated static 29Si NMR
spectrum, Fig. 6a. Et3Si(toluene)

+ and [iPr3Si][CH6B11Br6] have
a larger Ω values than iPr3Si–OTf and have broader simulated
static 29Si NMR spectrum (Fig. 6b and c). The trend continues
to the free silylium species; Mes3Si

+ has a Ω of 279 ppm
(Fig. 6d), while free iPr3Si

+ has the largest Ω of 389 ppm and is
the broadest simulated spectrum (Fig. 6e).

Table 2 Calculated 29Si NMR parameters of 1–17 at the PBE/Si,Zr
(TZ2P), DZ level of theory

R3Si–X δcalc δexpt Ω σ11 σ22 σ33 Ref.

1 343 — 389 −157 −106 250 —
2 213 227a 279 32 33 311 6
3 94 93a 92 199 243 291 27
4 100 115a 87 208 232 276 2a
5 105 110a 103 188 221 291 2a
6 102 97a 113 197 217 299 2a
7 85 73b 136 170 285 307 8d
8 40 27b 145 217 318 362 8d
9 −54 −65a 42 368 398 410 8d
10 45 42c 22 283 293 305 32
11 42 36d 20 293 294 314 33
12 14 14d 36 310 317 346 34
13 −4 12e 52 310 360 360 35
14 15 ∼10a 30 310 320 340 15
15 64 70a 50 254 267 304 9b
16 27 — 28 305 310 332 —
17 42 55a 30 284 291 314 9a

a Solid-state measurement. b Recorded in o-dichlorobenzene. c neat.
d Recorded in CDCl3.

e Recorded in toluene-d8.

Fig. 5 Plot of calculated and experimental isotropic 29Si NMR chemical
shift for 2–15 and 17. The line is from linear regression analysis gives R2

= 0.980.

Fig. 6 Static 29Si solid-state NMR simulation of iPr3Si–OTf (10), Et3Si
(toluene)+ (3), [iPr3Si][CH6B11Br6] (5), Mes3Si

+ (2) and iPr3Si
+ (1).

Simulations of static were run using TopSpin 3.6.1 with 500 Hz line
broadening using calculated NMR parameters from those shown in
Table 2.
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Eqn (3) decomposes magnetic shielding into σd and σp.
Fig. 7 plots calculated σtot, σ

d and σp for σ11 in 1–17. As the cal-
culated chemical shift increases σ decreases (black line), which
is expected. The plot of σd (blue line) has a slope of 0, indicat-
ing that this term does not dramatically affect σtot, and there-
fore isotropic 29Si NMR chemical shift, in 1–17. However, σp

clearly affects σtot, and is the main factor that results in the
chemical shift trends observed in this series. The obvious
implication from this result is that the arguments related to
charge at silicon are not responsible for the downfield 29Si
NMR chemical shifts in R3Si–X. The plots for σ22 and σ33 and
their σp and σd contributions are provided in the ESI† and
follow this trend.

As discussed above, eqn (4) relates σp to coupling between
occupied and unoccupied molecular orbitals through the
angular momentum operator. This relationship is connected
to the orientation of the magnetic shielding tensor. The orien-
tations of the shielding tensors for 1–17 are remarkably
similar, though the tensor surfaces vary across the series. The
orientation of the shielding tensor and the tensor surface are
shown for iPr3Si

+ in Fig. 8a and for iPr3Si–Cl in Fig. 8b as repre-
sentative examples. The tensor orientation for both species
roughly align with one another, with the most deshielded σ11
component and σ22 in or along the plane defined by the Si–C
bonds and the most shielded σ33 perpendicular to this plane.
iPr3Si

+ has a highly anisotropic tensor surface, as expected for
a formally sp2 hybridized silicon. iPr3Si–Cl has a nearly isotro-
pic tensor surface, which is more typically observed for sp3

hybridized silicon. This is correlated with the very large Ω for
iPr3Si

+ and the small Ω for iPr3Si–Cl. Indeed, the tensor
surface gradually transitions from the anisotropic surface for
iPr3Si

+ to the essentially isotropic surface for iPr3Si–H across
1–17 (Fig. S1†).

The orientation of the shielding tensor in for iPr3Si–X
remain essentially constant across this series, suggesting that
the σp contributions are of similar origin for a majority of the
species in this study. A full natural localized molecular orbital
(NLMO) description for the σp contributions to the shielding
tensor of 1 are given in Fig. 9. Fig. 9a shows that the σSi–C is

the largest contributor to paramagnetic shielding in σ11.
Rotation of the σSi–C NLMO by 90° about the σ11 axis results in
the empty p-orbital on Si, the LUMO of iPr3Si

+ (Fig. 9b). The
orientation of σ11, and the contribution of a σSi–C that is
orthogonal to the LUMO in iPr3Si

+, fulfills the prerequisites
outlined above in eqn (4) and Fig. 2 for strong σp deshielding.

In iPr3Si
+ σ22 is also in the plane defined by the three Si–C

bonds, and roughly bisects the angle between one C–Si–C
bond. This orientation couples two σSi–C orbitals to the orthog-
onal empty p-orbital on silicon, which agrees with the NLMO
decomposition of σ22 (Fig. 9c and d). The diminished impact
of σ33, which is perpendicular to the plane defined by the Si–C
bonds, on σp is also evident from Fig. 9e and f. The major con-
tributor to σ33 is also the Si–C bonds, but in this case the
angular momentum operator couples the bonding σSi–C orbital
to higher energy σ*Si�C orbitals.

A simplified MO diagram showing these transitions are
given in Fig. 10. This analysis explains why the Ω values for
R3Si–X become larger as these species approach free R3Si

+. The
σp contributions to σ33 are small because of the large energy
gap between σSi–C and σ*Si�C orbitals, which results in less
deshielding of σ33 compared to σ11 and σ22. This increases the
difference between σ11 and σ33, resulting in larger Ω values.

Approach of a weak nucleophile, such as toluene or a car-
borane anion, results in pyramidalization at silicon, and sig-
nificantly less deshielded 29Si NMR chemical shifts than pre-
dicted for iPr3Si

+. The orientation of the shielding tensor for
the iPr3Si

+ fragment in 5 is shown in Fig. 11, and is oriented
very similarly to the shielding tensor for 1. NLMO decompo-
sition shows that σSi–C orbitals contribute to deshielding in σ11
and σ22, indicating that these orbitals are also coupled to the
p-orbital on silicon interacting with the halogen on the carbor-
ane anion, in this case a low-lying σ* orbital. This result shows
that the origin of 29Si NMR deshielding is similar in 1 and 5.

The difference in deshielding is not related to the differ-
ence in charge at silicon in 1 and 5, but rather the pro-

Fig. 7 Comparison of calculated σ, σd and σp versus calculated isotropic
29Si NMR chemical shift for σ11 in 1–17.

Fig. 8 Shielding tensor surface plotted with TensorView 1.336 and
shielding tensor orientation for iPr3Si

+ (a) and iPr3Si–Cl (b).
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nounced increase in orbital energies involved in σp.
Calculations of the canonical orbitals at this level of theory
shows that the energy gap between the σSi–C and the empty
p-orbital on silicon in 1 is 3.61 eV, which is smaller than the

energy gap between the σSi–C and σ*Si�X in 5 (5.57 eV, Fig. S13
and 14†).

As iPr3Si–X becomes increasingly pyramidal the σ11
becomes less deshielded, and the Ω decreases. For species that
do not form silylium ions (10–14, 16) the orientation of the
shielding tensor is similar, though in this case the σSiC orbital
couples to the σ*Si�X orbital. NLMO decomposition of σ11, and
orbital rotations for 1–17 are given in the ESI.†

[tBu2SiH][CH6B11Br6] (7), [tBuSiH2][CH6B11Br6] (8), and
[SiH3][CH6B11Br6]2 (9) seem to defy this trend. The orientation
of shielding tensors for 5 and 7–9 are shown in Fig. 11. The
tensor plots of 5, 7, and 8 show similar anisotropies (Fig. S1†),
which reflects their similar Ω values (Table 2, entries 5, 7, and
8). At first glance the tensor orientations appear to have little

Fig. 9 NLMO Contributions to σ11 (a), σ22 (c), and σ33 (e) and the major orbitals resulting in deshielding in iPr3Si
+ (b, d, and f).

Fig. 10 Simplified qualitative molecular orbital description of the orbi-
tals coupled to σp through the angular momentum operator.

Fig. 11 Orientation of the shielding tensors for 5, 7–9. The [CH6B11Br6]
anions in 5, 7–9 are omitted for clarity. 9 contains two [CH6B11Br6]
anions.
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in common. However, NLMO decomposition shows that in all
three cases Si–C bonding orbitals are the major contributor to
σ11. In 5 and 8, σ11 orients perpendicular to one Si–C bond,
similar to iPr3Si

+. However, σ11 in 7 orients along the Si–H
bond. This alignment bisects the C–Si–C bond angle, and
allows for efficient coupling of the Si–C bonding orbitals with
the empty p-orbital on silicon through the angular momentum
operator. These results show that the deshielding in σ11 in 7
and 8 is related to the other R3Si–X.

The structural data in Table 1 relate iPr3Si
+ to the SiH3

+ frag-
ment in 9. Both contain planar silicon (ΣR–Si–R ∼ 360°),
suggesting that these two species should show similarly
deshielded 29Si NMR chemical shifts. However, these signals
are predicted to be separated by ∼400 ppm, 9 being more
shielded than iPr3Si

+. In contrast to the tensor alignment in
iPr3Si

+, the shielding tensor of SiH3
+ in 9 results in the σ11

component perpendicular to the plane defined by the three
Si–H bonds. NLMO decomposition shows that the Si–H bonds
are the major contributors to σp, which results in coupling
between σSiH and σ*SiH through the angular momentum oper-
ator. This is unlike iPr3Si

+ that couples σSiC orbitals to the
p-orbital on Si. This is a result of the two [CH6B11Br6]

− anions
interacting with the p-orbital of the SiH3

+ fragment in 9, which
results in a shielded 29Si NMR chemical shift. This analysis
also explains the small Ω value predicted for 9 in Table 2.

The net upfield 29Si NMR chemical shift trend is in the
order 2 > 7 > 8 ≫ 9. Fig. 12 shows the total σd and σp for each
component of the shielding tensor. The σd is roughly constant
in all four species, but σp gradually reduces in magnitude as
Si–C bonds are replaced with Si–H bonds, which is likely a
result of an increasing energy gap between the σSi–C and the
σ*Si�X orbital in these species. The net effect of this reduction is
a more shielded 29Si NMR chemical shift value.

Finally, plots of isotropic 29Si NMR chemical shifts or Ω

versus charge at this level of theory do not show an obvious
correlation, Fig. S12.† This result is unambiguous, and indi-

cates that charge does not relate to the NMR parameters dis-
cussed here.

Conclusion

DFT methods accurately reproduce the structural and 29Si
NMR chemical shift trends in a large family of molecular or
surface R3Si–X. Though these species span ∼400 ppm on the
29Si NMR chemical shift scale, analysis of the shielding tensor
for these species shows remarkable similarities. In all cases
except SiH3

+, the most deshielded σ11 component of the
shielding tensor orients to couple a Si–C bond with the empty
p-orbital in silicon for silylium or “silylium-like” species, or
couples a Si–C bond with the σ*Si�X orbital in species that do
not form a silylium. This behavior is independent of the iso-
tropic 29Si NMR chemical shift value, and is not correlated
with charge. SiH3

+ has a unique shielding tensor orientation,
which results in less σp than the other R3Si–X species, and a
significantly more shielded 29Si NMR chemical shift because
SiH3

+ interacts with two carborane anions.
What does 29Si NMR reveal about the nature of a free sily-

lium or “silylium-like” species? In many respects this question
is related to the well-documented twists and turns of isolating
and characterized R3Si

+ species.2a While charge is not related
to the isotropic 29Si NMR chemical shift,20 as R3Si–X
approaches R3Si

+⋯X− and ultimately R3Si
+ the HOMO–LUMO

gap decreases, resulting in an increase of σp and net deshield-
ing of the 29Si NMR chemical shift.

Based on structural parameters, the surface “silylium-like”
models studied here show structural features in between those of
[iPr3Si][CH6B11X6] and iPr3Si–X (X = OTf, Cl). However, the
remarkably constant shielding tensor orientation in this series of
R3Si–X also relates to 29Si NMR data for surface species. Similar
to molecular R3Si–X, oxides that contain –OH sites that behave as
weakly coordination anions form “silylium-like” surface species.
The σ11 deshielding is identical to that described for the mole-
cular species. Given the wealth of [R3Si][WCA] salts synthetically
accessible and the relative dearth of “silylium-like” surface
species,9 this information will be critical to analyze 29Si NMR
chemical shifts as new R3Si

+ sites on surfaces become available.
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