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Yttrium is present in various forms in molecular compounds and solid-state structures; it typically provides
specific mechanical and optical properties. Hence, yttrium containing compounds are used in a broad range
of applications such as catalysis, lasers and optical devices. Obtaining descriptors that can provide access to
a detailed structure—property relationship would therefore be a strong base for the rational design of such
applications. Towards this goal, 8°Y (100% abundant spin % nucleus), is associated with a broad range of NMR
chemical shifts that greatly depend on the coordination environment of Y, rendering %Y NMR an attractive
method for the characterization of yttrium containing compounds. However, to date, it has been difficult to
obtain a direct relationship between &Y chemical shifts and its coordination environment. Here, we use
computational chemistry to model the chemical shift of a broad range of Y(i) molecular compounds
with the goal to reveal the underlying factors that determine the 89y chemical shift. We show through
natural chemical shift (NCS)-analysis that isotropic chemical shifts can easily help to distinguish between
different types of ligands solely based on the electronegativity of the central atom of the anionic ligands

Received 23rd April 2020 directly bound to Y(in). NCS-analysis further demonstrates that the second most important parameter is
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the degree of pyramidalization of the three anionic ligands imposed by additional neutral ligands. While
DOI: 10.1039/d0sc02321c isotropic chemical shifts can be similar due to compensating effects, investigation of the chemical shift

rsc.li/chemical-science anisotropy (CSA) enables discriminating between the coordination environment of Y.

In molecular inorganic chemistry, Schaverien published
seminal work on ®?Y chemical shifts.? They found in particular
across a series of compounds having fundamentally important
ligands that the %Y NMR resonance shifts to progressively

Introduction

Yttrium-containing compounds and materials display unique
physical and chemical properties and are thus found in a broad
range of applications, including catalysis, high temperature
oxide fuel cells, lasers (yttrium-aluminium garnet - YAG), radar
technology, and superconductors. They are also used as addi-
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NMR suffers from low receptivity and long relaxation times of
the yttrium nucleus, leading to rather long NMR experiments,®
unless hyperpolarization schemes such as dynamic nuclear
polarization (DNP) are used.®** Furthermore, despite large
chemical shift windows and its sensitivity to small changes in 1985
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chemical shift patterns (Fig. 1).
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Fig. 1 Prior work focused on the analysis of isotropic chemical shifts
to rationalize trends in 8%Y chemical shifts 5121516 This work shows the
analysis of the anisotropic chemical shifts yielding valuable insights in
understanding trends in %Y NMR.
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higher field as o-donating alkyl groups are sequentially
substituted by groups of increased electronegativity and -
donating ability. A clear trend in decreasing electron donation
to the yttrium center was found starting from CsMes > alkoxides
> aryloxides > amides > alkyls. However, across a series of
yttrium complexes differing by the coordination number, the
presence of Lewis base adducts can result in both increased
shielding and deshielding at the yttrium nucleus, making it
difficult to have clear assignment.**>**

NMR spectral interpretation on oxides using **Y NMR shows
that the isotropic chemical shifts tend to decrease for increasing
coordination numbers. However, due to other structural
parameters the shift range of distinct coordination number
overlaps too strongly to unambiguously assign a coordination
number.'*” Another example from our laboratory, exploiting
DNP SENS data, has concentrated on assigning specific chem-
ical shift signatures to specific Y(m) surface sites, based on DFT
calculated chemical shifts. ®Y chemical shift correlates with the
coordination number, with higher coordination numbers
leading to higher chemical shifts, a contrary trend to what was
found for yttrium containing oxides." The difference of
behaviour between trends found across bulk and surface sites
remains unclear (Fig. 1).°

Overall, it appears that while chemical shift can give valuable
information about the local structure around yttrium, a funda-
mental understanding on factors determining specific chemical
shift signatures is needed. Recent advances in computational
chemistry allow for the precise calculation of chemical shift
tensors and its their analysis in terms of diamagnetic, para-
magnetic and spin-orbit contributions. Furthermore, each
chemical shift component can be further assigned to contri-
bution of individual localized orbitals via natural localized
molecular orbital (NLMO) analysis. This method has been
applied to various nuclei (**C, N, 70, *’Al, 7"Se, **Te, '*°Pt
etc.) to provide understanding of NMR parameters on a molec-
ular level.*®*

Herein we show by DFT calculations using a series of distinct
molecular Y(m) complexes, the underlying factors for their
chemical shift signature in dependence on the ligands and
coordination number.

Chemical shift tensor

In order to obtain an in-depth understanding of the shielding
tensors, knowledge of its relationship to molecular symmetry
and molecular electronic structure is required.”® The calculated
shielding value ¢ describes the degree of magnetic shielding at
a nucleus in a molecule and is related to an experimentally
observable chemical shift ¢ as follows:

Oref — 0
6_

1 - Oref

1)

where o,¢is the shielding value associated with a nucleus for an
arbitrarily chosen reference sample. In the case of **Y NMR,
YCl; and Y(NO;); are most often used.?

NMR frequency shifts result from local magnetic fields that are
induced around the nucleus and thus alter the net effect of the
external magnetic field B,. Several factors contribute to the
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magnitude of these local fields: the gyromagnetic ratio (y) of the
nucleus, the electronic structure around the nucleus as well as the
orientation of the molecule with respect to B,. Increasingly positive
values of 6 indicate magnetic deshielding, whereas increasing
values of ¢ indicate magnetic shielding. The Hamiltonian
commonly used to describe the shielding interaction is defined as:

H=xBysT (2)

where I is the nuclear spin operator, and & is the shielding
tensor (vectors are denoted in boldface, and tensors are denoted
using an umlaut). The shielding tensor allows the description of
the magnitude and the orientation dependence of the shielding
interaction and is in 3D Cartesian space defined as:

U.Y.'( J.Y}7 G.VZ
Oy Oy Oy (3)
O 0O O

7=

where each element o represents the i-component of shielding
when B, is applied along the j-axis. The symmetric portion of
the shielding tensor can be diagonalized into its own principal
axis system (PAS):

011 0 0
gpas=1| 0 o O (4)
0 0 gs33

By convention, the principal components are assigned such
that 014 < 0, < 033. The isotropic shielding value o;g, is defined
as the average of the three principal components (eqn (5)).
While only the isotropic chemical shift is observed in liquid
state NMR, because of averaging through molecular tumbling,
these values are accessible from solid-state NMR, either by
using static conditions or low magic angle spinning.

1
Oiso = 3 (o + on+ 03) (5)
;i = Uirsecf —0;(i=1,23) [6)

Generally speaking, the parameters of the chemical shift
tensor are measured experimentally by NMR spectroscopy,
whereas the shielding tensor parameters are obtained from
computational approaches.

Diamagnetic and paramagnetic shielding

According to Ramsey's formulation, shielding contributions
can be decomposed into diamagnetic o4;, and paramagnetic
Oparatso terms, which also include contributions from spin-
orbit coupling (eqn (7)).***** The diamagnetic term arises
mostly from core electrons, where the applied magnetic field B,
induces circulation of electrons and therefore a small magnetic
field opposing the applied magnetic field at the nucleus; this
term leads to shielding and is mostly independent of the
ligands bound to the observed nuclei. In contrast, the para-
magnetic term originates from the mixing of the ground state
with various excited states induced by B, and mostly leads to
deshielding. Both terms can be calculated using integration

Chem. Sci, 2020, N, 6724-6735 | 6725
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that describes the degree of superposition between the two
corresponding wave functions.

7 = (0gia + Tpara+so0) (7)
Uii.pzlra = <qlocc |£z| q/vac><wvac{£i/r3} lIIOCC> (8)
’ AEvac—occ

Deshielding of a nucleus is thus expected along the direction
i, if an occupied orbital on this nucleus can be “superimposed”
onto a vacant orbital on the same nucleus rotated by 90° along
the axis i (see Fig. 2). Notably, the extent of deshielding
increases with a decreasing energy gap between the two orbitals
and paramagnetic shielding is therefore most strongly affected
by frontier molecular orbitals (FMOs) — energetically high-lying
occupied and low-lying vacant orbitals.

Computational details

Geometry optimizations calculations were performed with the
B3LYP* functional in combination with the 6-31g(d)** and
lanl2dz** basis sets — for main group elements and Y, respec-
tively - using the Gaussian 09 (revision d1) program suite.*®
Chemical shift calculations were performed with the ADF 2014
(ref. 36) code using the B3LYP functional including third-
generation Grimme's dispersion corrections and Becke-John-
son damping (B3LYP-D3)*” in combination with a TZP*® basis
set with the all-electron relativistic zeroth-order regular
approximation (ZORA)* in its spin-orbit two-component form.
For the natural localized molecular orbitals (NLMO) analysis of
the shielding principal components the NBO 6.0 (ref. 40) code is
used as implemented in ADF 2014 with the revised Perdew-
Burke-Ernzerhof (revPBE)" functional and TZP basis set for
large complexes (>25 atoms) or a combination of B3LYP-D3 and
TZP for small complexes. The chemical shift of 3°Y derived from
the computed shielding is referenced to Y(OAr); (OAr = 2,6-di-
tert-butyl-4-methylphenoxy, 167 ppm with respect to an aqueous
solution of Y(NOj3); taken as reference which forms the hydrated
cation [Y(H,O)s_s]*" (0 ppm) in water).® Using experimentally
measured compounds for benchmark calculations we could
show that the methodology in use is able to accurately calculate
the trends in shielding of organo-yttrium-complexes.

Results and discussion

Calibration

The ®Y chemical shifts of a series of yttrium molecular
compounds, whose experimental values are known, are
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Fig.2 Magnetically induced coupling of occupied and vacant orbitals
leading to a deshielding along the i-axis.
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calculated on the revPBE and B3LYP level of theory.* The series
consists of yttrium complexes with varying ligands (alkyl,
amido, alkoxy and CsH; groups) and coordination number (3-
7). The plot of experimental *’Y chemical shifts () vs. the
calculated shieldings (oca1c) showed satisfying linearity correla-
tion over the whole range, thus validating the computational
method used (see Fig. 3). The slope and the intercept of the
model are comparable to the parameters previously reported.
Furthermore, the calculations were benchmarked by comparing
the calculated individual principal components for two re-
ported solid state %Y NMR spectra of Y(OAr); and Y(k,-
HOSi(OtBu);)(TBOS); (see Fig. S1,f TBOS = tris(tert-butoxy)

siloxy).®

Isotropic shielding

The #°Y NMR resonance shifts to progressively higher field as o-
donating alkyl groups are sequentially substituted by groups of
increased electronegativity and m-donating ability (CsMes >
aryloxides > amides > alkyls). However, a clear correlation for
yttrium complexes of differing coordination number could not
be found. For example, Y(CH(SiMe;),); and Y(CH,(SiMe;));(-
thf),, Y(N(SiMe;),); and Y(N(SiMej3),);(OPPh;) as well as Y(OAr);
and Y(OAr);(OPMe,Ph) have virtually the same isotropic
shielding (and chemical shift) (1759 vs. 1736 ppm, 2362 vs.
2379 ppm, 2777 vs. 2828 ppm).

To understand the origin of these observations, we turned
our focus on simple model systems in order to probe the effect
of a broad range of structural parameters on chemical shift
(ligands, coordination numbers and geometries). Four classes
of coordinated yttrium molecular compounds are studied:
alkyl, amido, alkoxy and chlorido yttrium complexes as well as
mixed forms. For the homoleptic three-coordinated
complexes, substituting the ligands from alkyl (-CHj) to
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200 1 Y (CH,(SiMey))s(tht),
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Y(OAr)3(OPMeyPh)
e Y(CsHs),(OPh) .
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Fig. 3 Plot of experimental isotropic chemical shifts (dexp) versus
calculated isotropic shieldings (o¢,c) for geometry-optimized organ-
ometallic complexes (OAr = 2,6-di-tert-butyl-4-methylphenoxy). The
linear least-squares fit obtained gave the following equation: dcac =
—0.7270¢cqc + 2114.1.

This journal is © The Royal Society of Chemistry 2020
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amido (-NH,), chlorido (-Cl) and hydroxo (-OH) leads to more
shielding, e.g. oiso = 1542 ppm for Y(CHj3)s, 0i50 = 1986 ppm for
Y(NH,)3, 0iso = 2106 ppm for YCl; and ois, = 2786 ppm for
Y(OH); (see Fig. 4a). This is in line with what is expected from
the Ramsey equations (eqn (8)) which predict that the extent of
deshielding decreases with an increasing energy gap between
the two frontier molecular orbitals (FMO) involved. In the
series the electronegativity of the ligand central atom
increases, leading to a higher energy difference between
occupied and vacant orbitals (vide infra). To include the effect
of larger ligands on the shielding, the hydroxy and amido
groups in Y(OH); and Y(NH,); are replaced by methoxy and
dimethylamido groups, respectively.

Interestingly, a similar isotropic shielding is observed in
both cases (5o = 1986 ppm for Y(NH,); vs. gis, = 2037 ppm for
Y(NMe,); and a5, = 2786 ppm for Y(OH); vs. g5, = 2722 ppm
for Y(OCH3;);). When alkyl, amido and alkoxy model complexes
are directly compared with their real analogues one finds
similar shielding values in case of the alkoxy complexes (cis, =
2786 ppm for Y(OH); vs. gis, = 2777 ppm for Y(OAr);), but
a substantial offset for the alkyl and amido complexes (gi5, =
1542 ppm for Y(CHj3); vs. gi50 = 1759 ppm for Y(CH(SiMes),)s
and oj5, = 1986 ppm for Y(NH,); vs. giso = 2362 ppm for
Y(N(SiMes),)s). However, the general trend is predicted
correctly. Analysis of the mixed alkyl amido complexes shows
a gradual increase in shielding when the methyl ligands are
substituted for amine ligands, e.g. o5, = 1542 ppm for
Y(CHs3)s, 0iso = 1632 ppm for Y(CHj3),(NH,), 0iso = 1732 ppm
for Y(CH;3)(NH,), and oj5, = 1986 ppm for Y(NH,); (see
Fig. 4b). Again, this is in line with what is expected from the
Ramsey equations. In order to evaluate the influence of the
coordination geometry, structures with one or two thf-ligands
coordinated to Y(CHj;); are evaluated, as well as a hypothetical
flat Y(CH3);s. In the case of the five coordinated Y(CHjs)s(thf),
both, the cis and the trans-isomer are studied. Interestingly,
the isotropic shielding for the hypothetical flat Y(CH;); is
around 400 ppm lower than for its pyramidalized ground state
structure (giso = 1135 ppm for flat Y(CH3); and ois0 =
1542 ppm for Y(CH3);3). The isotropic shielding is calculated to
be almost equal for three and five coordinated complexes,
whereas the shielding is around 200 ppm lower for the four
coordinated Y(CHj);3(thf) (0i5o = 1542 ppm for Y(CH3)3, 0is0 =
1372 ppm for Y(CHaj)s(thf), ¢, = 1586 ppm for cis-
Y(CH3);(thf), and i, = 1598 ppm for trans-Y(CHjz)s(thf),) (see
Fig. 4c). This was also observed experimentally for three and
five coordinated complexes," while no data exist for the cor-
responding four coordinated complex. As the isotropic
shielding does not allow to distinguish complexes with similar
ligands but different coordination geometry, we next analysed
the principal components of the shielding tensor.

Anisotropic shielding tensors

The shielding tensor was found to be axially symmetric (0,, =
g33) for the homoleptic three coordinated organoyttrium
complexes as expected from their C;,/D3,-symmetry. For homo-
as well as heteroleptic three coordinated complexes, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Isotropic chemical shift (6) versus calculated isotropic shielding

(ocalc). For model complexes the chemical shift values were predicted
using a calibration method based on B3LYP as functional. Experi-
mentally obtained values™ are labelled with ‘exp’ (OAr = 2,6-di-tert-
butyl-4-methylphenoxy). (a) Electronegativity and steric effects, (b)
gradual substitution of alkyl ligands by amido ligands, and (c) effect of
coordination geometry.
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computed shielding tensors are oriented in the same way. The
tensor is oriented such that ,, and o33 are parallel to the plane
going through the three ligand central atoms, while ¢, is
perpendicular to it (see Fig. 5a-h). The shielding tensors for the
structures with one or two thf-ligands coordinated to Y(CHj);
are more or less axially symmetric with the exception of cis-
Y(CHj3)s(thf),, where a principal axis falls in between the two thf
ligands. The orientations of the principal components are
shown in Fig. 5i-k and have a similar orientation throughout
the series. ,, and o33 are again parallel to the plane spanned by
the three carbon central atoms. This leads in turn to the
alignment of ¢4, with the yttrium oxygen bonds for Y(CHj3);(thf)
and trans-Y(CHj;)s(thf), but not for cis-Y(CH3);(thf),, where a4 is
directed in between the two thf ligands. Substituting the ligands
from alkyl (-CH3) to amido (-NH,), chlorido (-Cl) and hydroxo
(-OH) leads to more shielded principal components, e.g. 01; =
654 ppm for Y(CH,);, 014 = 1129 ppm for Y(NH,);, 044 =
1320 ppm for YCl; and o4; = 2325 ppm for Y(OH);. Interest-
ingly, there was almost no change in the magnitude of the
principal components when replacing the hydroxo groups by
methoxy groups, whereas one can observe two rather large
changes when the NH,-groups are replaced by N(Me),-groups

654 580
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0=1395° /40\/2\ 0=151.9°
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(041 = 1129 ppm and o,, = 2413 for Y(NH,); vs. 011 = 1530 ppm
and o,, = 2290 for Y(NMe,);). Hence, a similar isotropic
shielding is observed due to compensating effects. The differ-
ence between Y(OH); and Y(OMe); is very small and the values
are therefore considered to be equal within numerical preci-
sion. For the mixed alkyl amido complexes we noticed that
within the series (Fig. 5a-d) two out of the three principal
components have approximately the same magnitude (for
example 11 = 654 ppm, g5, = 1985 ppm for Y(CH;); and 044 =
580 ppm, g5, = 2008 ppm for Y(CHj;),(NH,)) and only one
principal component changes substantially (o33 = 1989 ppm for
Y(CHj3); and o33 = 2309 ppm for Y(CHj3),(NH,)). In the case of
three- and five-coordinated yttrium, it is evident that the
magnitude of the principal components is again explained by
two compensating effects. For instance, ¢4, is around 400 ppm
higher for Y(CHj;); than for trans-Y(CHj);(thf),, while the values
of g5, and g33 are around 250 ppm lower. When Y(CH3); and flat
Y(CHj3); are compared one finds a large difference in o414, but g,,
and o33 are almost identical (01, = -449 ppm for flat Y(CHs);
and ¢y, = 654 ppm for Y(CH,)s, 05, = 033 = 1950 ppm).
While the analysis of the principal components of the
shielding tensor reveals that compensating effects explain

651

(g) Y(OCH;)3 (h) Y(NMe,);
239
- 449
1929 1927
(k) trans-Y(CH3);(thf), (1) Y(CH3);

Fig. 5 Three-coordinated yttrium model complexes used to study ¢ and w-effects of the ligands (a—h) and yttrium model complexes used to
further study the influence of the coordination number (i—l). For complexes with non-planar geometry of the three anionic ligands, the pyr-
amidalization 6 is given below the complex name. The depicted values represent the shielding along the three principal components of the
respective shielding tensor. Colour code: g1; = red, o,2 = green and o33 = blue.
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previous difficulties in interpreting isotropic chemical shift
values, they do not explain the origin of this effect. Recent
studies by our group have shown that natural chemical shift
(NCS) analysis is a valuable method to understand individual
shielding contributions and that detailed knowledge of the
structure and geometry of the complex in study is key for the
interpretation of the obtained values.

NCS analysis

In order to understand the origin of the observed compensating
effects, the shielding tensor and its various contributions
(diamagnetic, paramagnetic & spin-orbit) are further analysed
(see Fig. S3-S177). Overall, the diamagnetic contributions are
almost equal for all complexes, and no substantial spin-orbit
contributions are found across this series. Thus, changes in
chemical shift are mostly due to the paramagnetic term (Gpara)-
NCS analysis allows evaluating the contributions of the specific
natural localized molecular orbitals (NLMO) t0 Gpara,**** and
confirms that the diamagnetic yttrium shielding is primarily
dominated from LMOs with high yttrium atomic orbital (AO)
character. For the paramagnetic shielding contribution, small
positive contributions of the core orbitals are also found, likely
due to the arbitrary decomposition of the paramagnetic and
diamagnetic terms (see Fig. 6a).

Looking first at alkyl vs. amido ligands, contributions of
yttrium d-orbitals and nitrogen p-orbitals that are attributed to
the m-bonds did not seem to be important in any of the
complexes. Differences in the paramagnetic shielding tensor
are thus largely explained by changes in the contribution of the
yttrium 4p orbitals and the o-bonding orbitals with the ligands
(see Fig. 6a). An in-depth analysis of the yttrium 4py, 4p,, 4p,
and yttrium-ligand o-bond contributions (oy_x,, 6y-x, and oy_
x,, where X;, X, and X; denotes the respective ligands) shows
that replacing alkyl ligands by amido ligands leads to a drop in
the contribution of the corresponding oy_x-orbital (see Fig. 6b).
This is in line with the fact that the carbon central ligand atom
of the ligand is less electronegative than nitrogen and its FMOs
thus found to be higher in energy, leading to a smaller energy
gap between occupied and vacant orbitals and thereby higher
deshielding because these are close in energy (see Fig. 6¢).

Note that beside the energy difference, the overlap between
occupied and vacant orbitals is also important (eqn (8)). In our
series, Y(NH,); is essentially planar and pyramidalization
increases when substituting amido ligands with alkyl ligands
(see Fig. 5a-d). The pyramidalization 6§ (average of twice the
subtended angle at the yttrium atom given by one ligand central
atom and the centroid of the three ligand central atoms, see
Fig. 5a) increases in the order of Y(CHj); (139.5°) <
Y(CH3),(NH,) (151.9°) < Y(CH3)(NH,), (180°, planar geometry) =
Y(NH,); (planar geometry). This can be attributed to the smaller
o-donation of N as well as the additional m-donating ability of
the amido ligands that both favour planar geometry, allowing
for a better overlap between the lone pair on nitrogen and the
empty d,- and dy,-orbitals. Upon reducing the degree of pyr-
amidalization, one expects that the overlap between the 4p,,4p,
and oy+x orbitals is increased, hence leading to a higher
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contribution, which is indeed observed. Next, the effect of each
principal component (o4, 05, and o3;) related to the corre-
sponding angular momentum operator (L,, L, and L,) is ana-
lysed. The effect of the angular momentum operator and hence
deshielding is the largest, if there is a 90° relationship between
the angular momentum operator and corresponding orbitals
with p-like symmetry.?® The angular momentum operator L, in
the case of Y(CHj3); is perpendicular to the plane spanned by the
three ligands and thus there is the same contribution for each
4p and o-bonding orbital (see Fig. 7).

However, the situation changes for iy. Oy-me1 has a perfect
90° angle, whereas Oy_pes; and oy_mes are placed in a 30° angle
with respect to the direction of iy. As expected, one large and
two rather small contributions (see Fig. S8) can be observed. As
Oy-me1 1S placed along the x-axis, the contribution drops to zero
when I, is applied. oy_per and oy ez are found to have a 60°
angle with respect to L., which leads in turn to an equal but
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higher contribution compared to the values calculated for o5,
(see Fig. S8t). The individual contributions of ¢,, and o33 for
Y(CH3),(NH,) and Y(CH;3)(NH,), can also be understood by
means of the orbital rotation model presented above (see ESIT).
Overall, NCS analysis of 7,, and ¢35 within this series yields the
same result: the magnitude of the contribution of the yttrium-
ligand-o-bonds decreases and the contribution of the yttrium
4p increases upon gradual substitution of the alkyl ligands by
amido ligands.

In summary, NCS analysis of the alkyl and amido model
complexes shows that yttrium 4p and yttrium-ligand o-bonds
determine the chemical shift and that trends concerning these
orbitals can be explained by differences in electronegativity and
extent of pyramidalization. More specifically, a more electro-
negative ligand central atom leads to a diminished contribution
of the respective o-bond and less pyramidalization leads to an
increased contribution of the respective yttrium 4p because of
better orbital overlap. To validate this hypothesis, we next
investigated YCl; and Y(OH);. In terms of the electronegativity
of the ligand central atom, amido and chlorido ligands are
comparable, whereas the electronegativity of oxygen is signifi-
cantly higher. As expected, similar c-bond contributions for the
chlorido and the amido-complexes are observed, as well as the
diminished contributions of the oy_o-bonds for Y(OH); (see
Fig. 8a).

As Y(NH,);, YCl; and Y(OH); are all almost planar, one would
expect similar contributions of the yttrium 4p orbitals. The
calculated contributions of the 4p orbitals are equal for YCI;
and Y(OH);, but significantly lower (less negative) when
compared to Y(NH,);. As the 4p orbitals interact with the d,,
and d,._-orbitals and those in turn with the additional lone
pair from the ligand (consistent with the 180°-angle of Y-O-H)
the orbitals involved in the oy,_,-bonds are raised in energy. The
larger difference in energy accounts for the smaller contribu-
tions in the case of YCl; and Y(OH); compared to Y(NH,)s.

The analysis of the shielding tensor of Y(OH); and Y(OMe);
revealed that their principal components are equal within
numerical precision, whereas the principal components of
Y(NH,); and Y(NMe,); differed significantly. More specifically,
in case of the dimethylamido complex ¢4, is less deshielded
and o,,/03; are more deshielded. The contribution of the oy_n-
bonds are the same in both complexes as expected from the
Ramsey equations (eqn (8)). The differences in ¢4 and 0,,/033
between Y(NH,); and Y(NMe,); originate from structural
differences between the two complexes. Both Y(NH,); and
Y(NMe,); show trigonal planar geometry at the metal center,
however, the methyl groups are no longer on the same plane as
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the 3 Y-N bonds and are rotated due to steric repulsion
between the methyl groups. This will in turn lead to
a decreased m-backdonation of the ligand. Thus, the rotation
gives rise to an additional interaction between the nitrogen p-
orbital and the o*-orbitals (in plane) therefore leading to
a higher energy difference between the yttrium 4p orbitals and
the o*-orbitals (in plane) and thus resulting in a lower contri-
bution for ¢4, and a higher contribution for ¢,,/03;.

Y(NH,)3, YCl; and Y(OH); are all planar and do not offer to
assess the effect of pyramidalization. However, the degree of
pyramidalization determines the possible overlap and therefore
the magnitude of the contribution of the yttrium 4p orbitals. In
order to evaluate directly the effect of the pyramidalization 6,
structures with one or two thf-ligands coordinated to Y(CHj3)s
are evaluated, as well as a hypothetical flat Y(CHj);. Structures
with one or two thf-ligands coordinated to Y(CH3); show that
the pyramidalization 6 increases in the order of cis-Y(CHj);(thf),
(136.4°) < Y(CHj); (139.5°) < Y(CHj;)s(thf) (146.9°) < trans-
Y(CHj3);(thf), (planar geometry).

For g4, a clear relationship with the pyramidalization ¢ was
observed (Fig. 9a): the more planar structures yield lower
values (o1, = 921 ppm for cis-Y(CHj);(thf),, 04, = 654 ppm for
Y(CH3)3, 011 = 542 ppm for Y(CHj3)s(thf), 011 = 239 ppm for
trans-Y(CHjs)s(thf), and o,; = —449 ppm for flat Y(CHj3)3). The
NCS-analysis revealed that the observed trend with the pyr-
amidalization # in o4, for Y(CHj)s;, Y(CHj)s(thf) and trans-
Y(CH3);(thf), is solely due to the increasing contribution of the
yttrium 4p orbitals, whereas all the other contributions are

This journal is © The Royal Society of Chemistry 2020
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staying constant. This is exemplified by the comparison of
Y(CH3); and flat Y(CHj3);, where the only difference is the pyr-
amidalization. The overall compensating effect of ,, and o3 is
due to a gradual decrease of the o-bond contributions.
Contributions from the axial yttrium oxygen o-bonds are very
small and can be neglected (see Fig. S14}). The trend can be
understood by considering the consequences of the w-bonding
from the thf ligand(s). The two axially placed thf-ligands in
trans-Y(CHj3)s(thf), lead to a substantial rise of the corre-
sponding d., and d,, orbitals, thus increasing the energy
difference between ¢ and c*-orbitals and leading to dimin-
ished contributions. This effect is less pronounced when only
one thf ligand is placed axially (Y(CH;);(thf)) and not at all for
Y(CHj3);. Consequently, g,, and o033 are almost equal for
Y(CH3); and flat Y(CHj3)s. In the case of g,, and 35 for cis-
Y(CH3);3(thf), the yttrium carbon o-bond contribution is only
moderately pronounced since the bond between yttrium and
thf in cis-Y(CHj3)s(thf), is elongated. Additionally, as the bond
length is different for the two thf ligands, ¢,, and o35 are not
similar.

Overall, NCS-analysis of the chosen model complexes
(Y(NH,);, Y(NMe,);, YCl;, Y(OH); and Y(OMe); as well as
differentially coordinated Y(CHj3);) confirmed the established
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model from the alkyl amido series. Yttrium 4p orbitals and
yttrium-ligand o-bonds determine the chemical shift and
trends concerning these orbitals can be explained by differences
in electronegativity and pyramidalization. Less electronegative
ligand central atoms have FMOs that are higher in energy,
hence leading to a smaller energy gap between occupied and
vacant orbitals and deshielding increases if these are close in
energy. Less pyramidalization leads to an increased contribu-
tion because of better orbital overlap between yttrium 4p
orbitals and antibonding yttrium-ligand o*-orbitals.

Application of the model on large complexes

Complexes selected from the literature were chosen such that
they fulfil two conditions: on the one hand they should have the
same ligand central atom bound to Y as our model systems
(C, N, 0O), on the other hand they should be present in different
coordination numbers (3, 4, 5). Y(k,HOSi(OtBu);)(0Si(OtBu)s);
is studied to include complexes with a «k,-bond and
Y(CsH;),(OPh) is selected as one of the most shielded nucleus
and the signal therefore found very far upfield. We showed via
NCS analysis of the model complexes that knowledge of the
geometry is key for the interpretation of shielding. Structurally
Y(CH(SiMej3),); resembles Y(CHj3); (pseudo-Cs,-symmetry), their
respective pyramidalization is similar (fimeder = 139.5° VS. Oreq =
144.0°). Y(CH,(SiMej;));(thf), has a tbp-structure (pseudo-Djp-
symmetry), the methyl ligands are calculated to be in the same
plane. For amido ligand, while Y(NH,); is completely planar,
Y(N(SiMes),); is pyramidalized (6 = 155.8°). By adding one axial
phosphine oxide ligand (Y(N(SiMej3),)3(OPPh;)), pyramidaliza-
tion is slightly increased (¢ = 146.4°). The analysis of the bond
lengths show that they are almost equal for model systems and
real complexes (Y(CH,);: 2.35 A, Y(CH(SiMe;),);: 2.38 A and
Y(NH,),: 2.17 A, Y(N(SiMe,),);: 2.24 A). In both cases one can see
a slight increase of bond length when adding axial ligands
(Y(CH,(SiMes));(thf),: 2.43 A and Y(N(SiMe;),);(OPPh,): 2.29 A).
Axial yttrium oxygen and yttrium carbon/nitrogen bonds have
approximately the same lengths in the respective complexes
(e.g. Y-N = 2.29 A for Y(N(SiMe;),);(OPPh;) and Y-O = 2.32 A).

Subsequently, the shielding tensors and orientations for the
organometallic complexes are computed (Fig. 10). For all three-
coordinated complexes the principal components of the
shielding tensor are oriented such that ¢,, and ;5 are parallel
to the plane going through the three anionic ligand central
atoms. No change is observed when studying four and five
coordinated derivatives. For Y(k,HOSi(OtBu)3)(OSi(OtBu)3); 0,
and o033 are found to be parallel to the plane derived from the
central atoms of the three ~OSi(O¢Bu); anionic ligands and 74
is therefore placed in between the two yttrium-oxygen bonds of
the HOSi(OtBu); k*neutral ligand. Y(CsHs),(OPh) is almost
isotropic, the principal components are oriented such that g4, is
aligned with the yttrium-oxygen bond.

Investigation of the isotropic shielding showed that adding
axial oxygen-based ligands to three coordinated complexes has
almost no influence. This observation is in line with the
experimental data obtained by White et al.*® The performed
calculations suggest that this is due to compensating effects of
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the principal components. For instance, ¢4, is found to be
500 ppm lower in Y(CH,(SiMej3));(thf), than in Y(CH(SiMe;),)s,
while o, and 33 are both 250 ppm higher. For nitrogen and
oxygen-based complexes the compensating effects are found to
be reversed: For Y(N(SiMe;),);(OPPh;) g4, is 200 ppm higher
than in Y(N(SiMe3),)s, while 0,5, and o33 are both lowered by
around 100 ppm. Similarly, for Y(OAr);(OPMe,Ph) oy, is
200 ppm higher than in Y(OAr)s;, while o,, and ¢35 are both
lowered by around 50 ppm. The study of Y(u1) model complexes
allowed us to provide a relationship between the degree of
pyramidalization and the magnitude of the contribution from
the yttrium 4p,, orbitals. The lower the degree of pyramidali-
zation (the more planar), the more deshielded is ¢;; and the
larger the anisotropy becomes. Due to steric and electronic
reasons Y(N(SiMes),); is no longer planar, leading to a much
lower contribution of the yttrium 4p orbitals when compared to
the situation in Y(NH,);. As described above, the pyramidali-
zation is further enhanced by adding one axial phosphine oxide
ligand (Y(N(SiMejs),)3(OPPh3)), thus leading to an additional
decrease of the contribution of the yttrium 4p orbitals. The
same is true for Y(OAr); and Y(OAr);(OPMe,Ph), respectively.
The reversed trend for Y(CH,(SiMej3))s(thf),/Y(CH(SiMes3),); has

6732 | Chem. Sci,, 2020, N, 6724-6735

in fact the same origin. By adding two axial thf ligands, the
carbon-based ligands are forced to adopt a planar geometry
which in turn leads to huge increase of the contribution of the
yttrium 4p orbitals. A detailed list of all individual contributions
to the shielding is given in the ESI (see Table S1-S60+).

In summary, the established model can easily be extended to
large complexes. As shown above, the consequences of the
pyramidalization and the differences in electronegativity
manifest themselves in the principal components of the
shielding tensor and account therefore for the observed trends,
including compensating effects. In general, the lower the
difference of electronegativity between Y and this atom, the
more deshielded (the higher) is the chemical shift and the lower
the degree of pyramidalization (the more planar), the more
anisotropic is the chemical shift. Organo-yttrium complexes
with differing coordination number can thus easily be distin-
guished by obtaining their solid state **Y NMR spectra (see
Fig. 10). For example, Y(CH(SiMe;),); and Y(CH,(SiMej3))s(thf),
have almost the same isotropic shift, but as the shielding tensor
of Y(CH,(SiMe3));(thf), is much more anisotropic, both
complexes can easily be distinguished. Note, that both

This journal is © The Royal Society of Chemistry 2020
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complexes are axially symmetric, which can also be derived
from the line shape of their powder pattern.

CSA analysis of surface and bulk oxide models

Silica-supported Y(m) sites and the corresponding bulk yttrium
silicates were modelled using a cluster approach, with yttrium
bound via oxygen ligands in a siloxane cage (Fig. 11a-f).°

With surface species, different coordination environments
associated with the amorphous silica surface were introduced
with additional 10- or 12-membered rings to provide one or two
additional siloxane bridge interactions with the yttrium ion,
respectively. Unambiguous assignment of the yttrium environ-
ment based solely on its isotropic shielding is difficult as there
is only a small (monotonous) shift across 3 to 5 coordinate
species (3 coordinated yttrium: o5, = 2867 ppm, 4 coordinated
yttrium: g;, = 2851 ppm and 5 coordinated yttrium: gis, = 2816
ppm). However, there are notable differences in the chemical
shift anisotropy. While ¢,, and ¢35 are very similar, ¢,; drops
from 2807 ppm (3 coordinated yttrium) to 2674 ppm (5 coor-
dinated yttrium), leading to a much larger span of the shielding
tensor. Introduction of one or two siloxane bridges does not
change the shielding along Z or Y direction, but along the X
direction (see Fig. 11). Therefore, the most deshielded principal
component (o44) is placed along the X axis for 4 and 5 coordi-
nated yttrium clusters. When compared with Y(OH); or Y(OAr)3
(011 = 2325 ppm for Y(OH); and 043 = 2396 ppm for Y(OAr)3),
011 is computed to be around 400 ppm lower than for the 3
coordinated yttrium cluster, which can be explained through
the pyramidalization that is enforced through the rigid siloxane
cage. In fact, g1, of Y(OAr);(OPMe,Ph) (2622 ppm) resembles
the 3 coordinated yttrium cluster more as pyramidalization is
enhanced through the addition of the phosphine oxide ligand.
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In contrast, **Y NMR shows that the isotropic chemical shifts
for bulk silicates tend to decrease (increased shielding) for
increasing coordination numbers,'® a contrary trend to what
was found for the surface species (decreased shielding, vide
supra).® To this end, we investigated five and six coordinated
yttrium silicate models (Fig. 11d-f). We found that additional
siloxane ligands, modelled as the hexafluorosiloxane (F;Si-O-
SiF3), to generate penta- or hexacoordinated species, can lead to
shielding or deshielding depending on the specific situation.
For instance, going from the pentacoordinated trans-
Y(OSiF3)5(O(SiF3),), (0iso = 2703 ppm) to hexacoordinated
complexes can lead to shielding (o, = 2709 ppm for mer-
Y(OSiF3)3(O(SiF3),)3) or deshielding (oiso = 2665 ppm for fac-
Y(OSiF3)3(O(SiF3),)3), depending on whether the three anionic
ligands are in one plane or occupy one face of the octahedron.
Overall, the values are very similar, which renders the assign-
ment of the coordination number based on isotropic shielding
rather challenging. However, the three complexes can easily be
distinguished by their chemical shift anisotropy. For trans-
Y(OSiF;);(O(SiF;),), one finds similar values as for mer-
Y(OSiF3);3(O(SiF3),); (011 = 2213 ppm, 0,5, = 2848 ppm and 033 =
3048 ppm for trans-Y(OSiF;);(O(SiF;),), vs. 011 = 2272 ppm, 0,
= 2814 ppm and 733 = 3041 ppm for mer-Y(OSiF3);(O(SiFs),). In
both cases the three anionic ligands are calculated to be in one
plane. If the three ligands are pyramidalized - as for fac-
Y(OSiF;);(O(SiF;),);) - one would expect a substantially
increased shielding along the z direction, which is indeed the
case (o1, = 2617 ppm).

In summary, we established that it is not the number of
neutral ligands (in addition to the three charged ones) that
defines the *°Y chemical shift, but the local geometry and the
specific location of the three anionic ligands. This explains the
difficulty to rationalize chemical shift on the basis of
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Fig. 11 Left: Silica-supported Y(i) sites (a—c) and bulk yttrium oxide models (d—f). The depicted values represent the shielding along the three
principal components of the respective shielding tensor. Colour code: a44 = red, o,, = green and g3z = blue. Right: DFT calculated solid state 8%Y
NMR (g) of silica-supported Y(in) sites (top) and bulk yttrium oxide models (bottom).*® The isotropic chemical shifts are depicted in red.
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Fig. 12 Plot of calculated isotropic shieldings (ocac) versus calculated
span (Qq,c) for geometry-optimized organometallic complexes.

coordination geometry. Furthermore, it rationalizes the large
spread of chemical shifts observed for Y having the same
coordination number in bulk oxide materials. For a given
coordination number, small differences in the position of
oxygen atoms with respect to Y (due to defects and dislocation
of anions) can lead to a significant difference in the localization
of the negative charge on oxygen atoms in bulk materials (a
parallel with the position of anionic ligands in molecular
complexes or silicates), hence the large spread of chemical shift.
While assignment of yttrium sites can therefore be challenging
purely based on their isotropic chemical shift, the position of
the anionic ligands (more negatively charged oxygens) leads to
a specific chemical shift anisotropy signature that can be readily
recorded by solid-state NMR.

Conclusions

Recent reports explaining yttrium chemical shifts emphasized
the importance of the - and m-donating ability of the ligands in
order to obtain strong shielding. However, direct relationships
between the chemical shift and the coordination number
cannot be generally established and contrary trends can even be
found. We could show through NCS analysis that isotropic
chemical shifts can easily help to distinguish between different
types of ligands solely based on the electronegativity of the atom
of the anionic ligands directly bound to Y(ur) because it affects
the energy gap between the key frontier molecular orbitals of
these ligands that contribute to the chemical shift (see Fig. 12).
In general, the lower the difference of electronegativity between
Y and this atom, the more deshielded (the higher) is the
chemical shift. Furthermore, NCS analysis demonstrates that
the second most important parameter, that directs the chemical
shift is not so much coordination number (as one may have
expected), but the degree of pyramidalization (of the three
anionic ligands). The lower the degree of pyramidalization (the
more planar), the more deshielded is the chemical shift. In rare
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cases additional modulation through w-bonding orbitals is
observed, more specifically if the energy of the o*-orbital is
raised through this interaction.

While using isotropic chemical shifts alone makes the
assignment of closely related yttrium compounds challenging,
explaining previously reported difficulties in this field, we show
that the shielding anisotropy, which is readily accessible by
recording solid-state NMR, is much more sensitive and allows
discriminating between sites (see Fig. 12). In general, if the
three anionic ligands adopt a planar geometry, large anisotropy
is observed. m-Bonding ligands favour planar geometries;
however, an additional axial ligand can enforce pyramidaliza-
tion and hence reduces the anisotropy of the complex. Shielding
anisotropy is thus a discriminating factor and a molecular
signature that can help to classify complexes within each class
of compounds. We therefore think that solid-state **Y NMR can
thus be a powerful tool to distinguish between Y-containing
compounds and materials, especially with recent advances in
pulse sequences to extract anisotropy parameters as well as DNP
SENS.11,44747
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