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Structural disorder and low crystallinity render it challenging to characterise the atomic-level structure
of layered double hydroxides (LDH). We report a novel multi-step, first-principles computational
workflow for the analysis of paramagnetic solid-state NMR of complex inorganic systems such as LDH,
which are commonly used as catalysts and energy storage materials. A series of BC0O42 -labelled
Mg,_4NiAl-LDH, x ranging from 0 (Mg,Al-LDH) to 2 (Ni,Al-LDH), features three distinct eigenvalues
S, 925 and d33 of the experimental *C chemical shift tensor. The &; correlate directly with the
concentration of the paramagnetic Ni?* and span a range of |01 — d33] & 90 ppm at x = 0, increasing
to 950 ppm at x = 2. In contrast, the isotropic shift, diso(*>C), only varies by —14 ppm in the series.
Detailed insight is obtained by computing (1) the orbital shielding by periodic density-functional theory
involving interlayer water, (2) the long-range pseudocontact contribution of the randomly distributed
Ni2* ions in the cation layers (characterised by an ab initio susceptibility tensor) by a lattice sum, and
(3) the close-range hyperfine terms using a full first-principles shielding machinery. A pseudohydrogen-
terminated two-layer cluster model is used to compute (3), particularly the contact terms. Due to
negative spin density contribution at the °C site arising from the close-by Ni?" sites, this step is
necessary to reach a semiquantitative agreement with experiment. These findings influence future NMR
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investigations of the formally closed-shell interlayer species within LDH, such as the anions or water.

rsc.li/pccp Furthermore, the workflow is applicable to a variety of complex materials.

M(u); _,M(m),(OH),An,,,,-yH,0, where M(u) [M(m)] is a divalent
[trivalent] cation in the metal hydroxide layers, the layers are
separated by an interlayer containing anions (An) with a charge
of n~ and a variable amount of water." The M(m) content, x,
ranges between 1/6 and 1/3, hence these materials are often
referred to as “M(u)M(ur)-LDH”. The anions are weakly bound
and highly exchangeable, which renders LDH a rare example of

1. Introduction

Layered double hydroxides (LDH) are a class of layered
inorganic ionic solids characterised by the general formula
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anion-exchange materials,*”” and therefore allows potential use
for, e.g., drug delivery® and environmental remediation.> More-
over, LDH are used as catalysts” and energy materials due to the
variable oxidation states of transition metals within the cation
layers.*°

Characterisation of LDH by X-ray diffraction (XRD) is chal-
lenging due to structural disorder (such as a mixed M(u) and
M(m) occupancy), stacking faults, and interstratification
of different polytypes leading to structural ambiguity often
combined with nanosized particles."’ Powder XRD (PXRD),
the preferred characterisation technique, only reports on the
average structure instead of the detailed local structure. Solid-
state NMR (SSNMR) has advanced our understanding of the
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atomic-level structure of LDH, especially the local structure of
the cation layer and the disordered and dynamic interlayer.'?
For example, "H magic-angle spinning (MAS) NMR using ultrafast
rotation has confirmed cation ordering in the metal hydroxide
layer (AI-O-Al avoidance)'® and the metal-ion distribution in
trimetallic Mg, ,Ni,AI'LDH."* SSNMR has also given insight into
the highly disordered interlayer, such as revealing a dynamic
exchange between carbonate and bicarbonate," as well as CO,
exchange with the atmosphere.'®

The most detailed crystal structures have been obtained
from single-crystal XRD studies of MgAI-LDH minerals with
carbonate (CO;*”) as anion. These have, for quintinite
(Mg,Al,(OH);,C0O3-3H,0) — a MgAI-LDH with a Mg: Al ratio of
2:1, confirmed ordering of the metal ions."” The crystal struc-
ture of such a LDH is illustrated in Fig. 1, involving a “honey-
comb” cation layer structure for both known quintinite
polymorphs (1M and 2T)."”"*® The 1M and 2T polymorphs differ
in the stacking of the cation layers. The interlayer has a high
degree of structural disorder, which is reflected by the presence
of multiple carbonate sites and water sites with partial occu-
pancy for both structures. Recently, a combination of Rietveld
refinement of PXRD data and multi-nuclear SSNMR also con-
firmed a lowering of the space group symmetry to monoclinic
for ZnAl-LDH with carbonate in the interlayer.’® Furthermore,
both carbonate and bicarbonate (HCO; ™) have been identified
in the interlayer of diamagnetic MgAI-LDH, where the high Al
content (high cation layer charge) favours carbonate." These
two anions can be distinguished based on a 10 ppm difference

(a)
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in the "C isotropic chemical shift, dis,(">C), opposite signs of
the *C chemical shift anisotropy and assignment based on a
visual comparison with the >*C MAS NMR spectra of sodium
carbonate and bicarbonate in MgAI-LDH' and calcinated
MgAI-LDH.>°

While SSNMR has successfully probed the local structure of
diamagnetic LDH,"* the presence of paramagnetic species
renders the analysis of SSNMR spectra more challenging.
Significant paramagnetic shifts are observed for *’Al in LDH,
Jiso(*’Al), with Co>*, Ni*" and Cu®"."**! While the J;,,(>’Al) in a
series of Mg, ,Ni,Al(OH)s(CO;)-nH,0, with x ranging from 0 to
2, was shown to scale linearly with the number of Ni** ions that
neighbour Al in the metal layer (ca. —350 ppm/Ni), the total Ni
content (Ni:Al ratio) and interlayer spacing only had a small
effect in NiAl-LDH.'* Furthermore, only small paramagnetic
shifts (<20 ppm) have been observed for carbonate in NiAl-
LDH>* and phosphate MgFe-LDH.*’ In these studies, only the
isotropic shifts determined from visual inspection of the NMR
spectra were reported and no detailed analyses of the NMR
spectra have so far been performed. Such analyses can benefit
immensely from computational and theoretical methods in the
assignment and interpretations of paramagnetic NMR spectra.

Understanding the structure of LDH, including the atomic
detail and the effect of paramagnetic doping, is central to link
the atomic level structure and materials properties, a pivotal
challenge in materials science. This information can now
be extracted for diamagnetic systems using SSNMR and first-
principles modelling (“NMR crystallography”).”* In contrast,

@ N

0® 0 0D o0 ® o e o o

Fig. 1 Crystal structure of the Mg,Al-LDH studied in this paper: (a) and (b) 1M and (c) and (d) 2T polytypes illustrating the “honeycomb” superstructure,
where all Al (blue) are surrounded by Mg (orange).”’*® View along the LDH layer normal direction in panels (ac) and along one of the in-layer axes in (b)
and (d). Representative examples of the interlayer COs?~ anions are shown, and the interlayer water molecules have been omitted. In the cation layers,

the blue (orange) polyhedra correspond to Al (Mg) sites.
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analysis of SSNMR spectra of paramagnetic systems, commonly
found in battery, catalytic, and magnetic materials, are challen-
ging. Here we focus on how the concentration of paramagnetic
Ni*" ions in LDH affects the *C SSNMR spectra of the inter-
layer carbonate anions. To develop the methodology, we have
performed *C SSNMR measurements of the samples in the
solid solutions Mg, ,Ni,Al(OH)¢(CO3),.5-nH,0, a series of hydro-
talcite-type LDH with x = 0, 0.18, 0.34, 0.68, 0.86 and 2. In this
series, a specific percentage of diamagnetic Mg>" ions are replaced
by paramagnetic Ni*" ions carrying two unpaired electrons (S = 1).
Such Ni-doped MgAI-LDH are used as precursors for indus-
trial catalysts. A *’Al MAS NMR study of the closely related
Mg, ,NiAl(OH)¢(NO;)-nH,O series showed cation ordering
implying Al-O-Al avoidance, and a random (binomial) distri-
bution of Ni** and Mg”>* on the M(u) site."* The latter reflects
the similar ionic radii of Ni** (55 pm) and Mg*" (57 pm).
Detailed analyses of the ">C MAS NMR spectra reveals one
principal '*C site (see, however, below) with both anisotropy
and rhombicity (asymmetry) of the **C shielding tensor, with
the anisotropy scaling linearly with the Ni** concentration. In
contrast, the isotropic chemical shift, §;s,(*’Al), only slightly
decreases with Ni doping. A recent solid-state *C MAS NMR
study of a Mg, _,Ni, metal-organic framework material®> found
signatures of eight local environments with distinct arrange-
ment of Ni** ions in the close vicinity of the 'C centre,
and revealed a non-random distribution of nickel metal sites
resulting from ferromagnetic and antiferromagnetic couplings
between the Ni** ions. As noted above, the present Mg, _,Ni,Al-
LDH materials bear no such indications of magnetic couplings.
To understand the paramagnetic *C shifts in the present
systems, we compute the pseudocontact shift tensor over a
large number of realisations of the random Ni*" distribution for
each of the studied Ni concentrations, by a point-dipole
approximation (PDA).*® However, it is found that qualitative
agreement with the experimental shielding tensor is only
obtained if the local hyperfine contributions resulting from
the spin density distribution of the nearby Ni** sites, which
extends to the interlayer anions, are included in addition to
the (expected) local orbital and non-local pseudocontact
contributions.

2. Experimental data

Samples

The Mg, ,Ni,Al-LDH samples (x = 0, 0.18, 0.34, 0.68, 0.83 and 2)
were prepared by ion exchange with *C-labelled carbonate using
the corresponding Mg, ,NiAI-LDH with nitrate (NOz; ) in the
interlayer. The preparation of the parent Mg, ,Ni,Al-LDH sam-
ples has been reported earlier. The parent Mg,Al-LDH with
chloride as the interlayer ion was prepared by co-precipitation at
constant pH.*” Typically, ca. 200 mg of the LDH was suspended in
a solution of ca. 0.40 g sodium bicarbonate in 20 mL of deionised
water for 24-48 h, followed by separation by filtering and drying at
60 °C overnight. PXRD confirmed the intercalation of carbonate
and preservation of the LDH (see Fig. S1 in the ESIt). While the
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PXRD diffractograms of polycrystalline (powder) LDH samples
show the characteristic features for stacking disorder, ie., inter-
stratification of different polymorphs, the complexity prevents
further analysis. **C-enriched (99%) sodium carbonate (Na,CO5)
and sodium bicarbonate (NaHCOj;) were obtained from Sigma-
Aldrich and used as received.

Solid-state '>*C MAS NMR experiments

Solid-state "*C MAS NMR experiments were performed on an
Agilent 600 MHz NMR spectrometer (14.1 T) using a 3.2 mm
HXY MAS NMR probe tuned to 'H and >C in double-resonance
mode. Adamantane was used as a secondary chemical shift
reference, with 6(CH) = 38.3 ppm with respect to TMS (0 ppm).
3C MAS NMR spectra of the paramagnetic (Ni-containing)
samples were acquired using a Hahn-Echo sequence (90°-t-
180°-t-acquisition, t = 1 rotor period) without 'H decoupling, 10
kHz spinning speed, and with a 90° (180°) pulse of 2.2 (4.4) us, a
relaxation delay of 1 s and 5000-40 000 scans. The relaxation
time was measured for Mg, ,Ni,AI-LDH with x = 0.16 to
determine the maximum relaxation time needed to ensure
quantitative spectra. *C{'H} CP-MAS spectra were recorded
for the diamagnetic Mg,Al-CO; (7 s relaxation delay, 7000
scans) and NaHCO; (2 s relaxation delay, 8 scans) using
a ramped CP sequence with spinning speeds in the range
3-10 kHz and 5 ms contact time, whereas a single-pulse
3C MAS NMR spectrum was recorded for Na,CO; (30° pulse,
8 scans, and 900 s relaxation delay). We note that a Hahn-echo
sequence or CP was necessary to suppress a large "*C back-
ground signal from Kel-F, a fluorinated polymer, in the MAS
NMR probe. The magic angle was carefully set by minimising
the linewidth of the spinning sidebands from 7°Br in KBr. The
spectra were processed and analysed using ssNake.>®

3. Computational methods

In previous experiments,'* the >’Al NMR chemical shift within
the cationic layer of in Mg, ,Ni,Al-LDH scales linearly with the
number of neighbouring, paramagnetic Ni** ions. This implies
insignificantly small exchange coupling® between such sites at
the measurement temperature, hence the paramagnetic NMR
effects caused by the Ni** ions on the interlayer anions can be
considered additive. The model followed in the present com-
putations of the *C NMR shielding tensors of the interlayer
carbonate anions makes use of this; a flow diagram of the
computational procedure is given in Fig. 2.

In a paramagnetic substance, the NMR shielding tensor is
traditionally decomposed as>®

0 = 0Oorb T Ocon + Gpc; (1)

where o, is the orbital shielding tensor that mainly results
from the immediate chemical environment of the NMR
nucleus, 6.,, consists of the hyperfine contributions within
the reach of the unpaired electron spin density distribution
(with the contact term playing a big role), and . is the
“through-space” pseudocontact contribution outside that area.
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Fig. 2 Flow diagram of the chemical shift modelling performed in this work.

All these contributions are evaluated presently for **C in the
carbonate anion.

As the NMR spectra of the materials are strongly affected by
the paramagnetic Ni** dopants randomly introduced on the
M(u) sites, we average the pseudocontact shielding o, over a
large number of different random Ni** distributions at each Ni
concentration. For this, we create a PDA model of an individual
Ni*" site by assigning it a magnetic susceptibility tensor calcu-
lated ab initio using correlated wave function theory. We carry
out lattice summations of . over the Ni** distributions using
experimental X-ray structures for both 1M and 2T structures
(see below), as well as (for comparison) corresponding, compu-
tationally optimised structures obtained using a density-
functional theory (DFT)/plane-wave pseudopotential method
for the diamagnetic Mg,Al-LDH end member of the present
LDH series. Finally, a cluster model of the immediate surround-
ings of the interlayer carbonate is created, in which the anion is
sandwiched between the “above” and ‘“below” cationic layers,
for calculating the close-range 6., contributions.

Crystal structures

Two high-quality single-crystal X-ray structures of quintinite,
Mg,Al,(OH);,(CO3)(H,0)3, from the work of Zhitova et al. have
been selected: the 1M structure'” and the 2T structure'® repre-
senting the two different polytypes, which differ in their layer
stacking. Visualization of the 1M and 2T crystal structures were
produced with VESTA (ver. 3.5.8).°° In 1M,"”*! the cation layers
are ordered with a rhombohedral stacking sequence, whereas
in 2T a hexagonal stacking sequence is found. Both structures
contain a highly ordered cation layer with an ideal honeycomb
structure where each Al is surrounded by 6 Mg sites (implying
Al-O-Al avoidance), as evidenced by the observation of

24084 | Phys. Chem. Chem. Phys., 2023, 25, 24081-24096

superlattice reflections by XRD. In contrast, the interlayer
carbonate anions and water are highly disordered. The 1M
structure crystallises in the space group C2/m and the 2T with
P3c1, both with a single Al and Mg crystallographic site. The
interlayer of the 1M structure contains two crystallographic
inequivalent carbon centres (carbonates),'® whereas the 2T
structure has 3 crystallographic inequivalent carbons. A large
variation is shown in the local hydrogen-bonding environ-
ment for carbonate even within the same structure. For
example, the two carbon sites of the 1M structure have C,,
symmetry and 1 water molecule, all with approximately 1/12
occupancy within the experimental error of the refinement.
Similarly, the 2T structure'” features three highly disordered
carbonate anions and one water molecule in the interlayer,
with occupancy ranging from 0.08 (2T/C2) to 0.14 (C1, C3).
To gain a practical computational model for geometry
optimisations and calculating 6, unit cells were built for
the CASTEP code® from the cif-file obtained from the pub-
lished single crystal X-ray structures into which explicit carbo-
nate and water molecules were put in place, instead of the
partially occupied carbonates and waters to match the chemical
formula of Mg,Al,(OH);,(CO;)-3H,0. Thus, three water mole-
cules per carbonate were inserted. Whereas the 1M cell contain
two crystallographic inequivalent carbon sites as in the original
cif file, the practical realisation of the 2T cell contains four
crystallographic inequivalent carbons, i.e., one of the original
inequivalent carbon sites of the X-ray structure is in the
computations represented by two carbons (the 2T/C1 and 2T/
C3 sites). The resulting 1M and 2T unit cells (both atomic
positions and unit cell parameters) were then geometry-
optimised in CASTEP without symmetry restrictions using the
PBE functional®® empirical dispersion correction of the Grimme

This journal is © the Owner Societies 2023
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Fig. 3 Computationally optimised unit cells of the (a) 1M and (b) 2T
simulation cells with the individual **C sites indicated.

G06 type,** Koelling-Harmon treatment of scalar relativistic
effects,® and the large plane-wave cut-off of 630 eV. The supercell
contained 86/172 ions for the 1M/2T structures, and the k-space
was sampled by a Monkhorst-Pack grid*® with 0.1 A~ spacing.
The optimised geometries for the 1M and 2T structures are given
in the ESI, T Tables S1 and S2. In the geometry optimisations, the
Mg,A-LDH end member (x = 0) was used. Fig. 3 illustrates the
optimised structures for 1M and 2T, with the different **C sites
indicated.

Orbital shielding

CASTEP*”?® was subsequently used to calculate the orbital
shielding tensors 6,,, of the two (1M/C1-2) or four (2T/C1-4)
carbon sites in the optimised, diamagnetic Mg,Al-LDH geo-
metry, with water molecules present. Similar computational
choices were made as for the geometry optimisation. The
numerical precision was checked by carrying out the entire
process (including geometry optimisation and the shielding
tensor computation) twice, using the increased cut-off of 900 eV
and denser k-point sampling (with 0.08 and 0.05 A™* spacing of
the Monkhorst-Pack grid for 1M and 2T, respectively) on the
second time. The two series of calculations showed maximum
changes of the order of 1 ppm in the resulting components of
6orb, and the better of these two sets of calculations (which we
use in the following) can be considered well-converged. As the

This journal is © the Owner Societies 2023
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water molecules were manually added to the positions in
between the carbonate ions, an element of non-generality
remains in their arrangement and, thus, the hydrogen-
bonding situation of the carbonate ions. The resulting local
environments are described below. The calculated eigenvalues
of orbital shielding tensor &,,, were converted to the chemical
shift eigenvalues J;; (i = 1-3) by subtracting from the isotropic
13¢C shielding constant of TMS, ¢¢ = 179 ppm, obtained using
similar methodology in CASTEP.

Pseudocontact shielding

Pseudocontact shielding was calculated using a PDA model that
assumes that the NMR nucleus is far enough from the centre
with unpaired electrons, so that the contact-type and other
interactions that depend on the extent of delocalisation of the
electron spin no longer influence the shielding (this turned out
to be insufficient, vide infra). The paramagnetic metal site is in
this model furnished with a susceptibility tensor that can be
calculated from the g-tensor and the zero-field splitting (ZFS)
tensor of that centre®® as:

2
1= (s8) " @

Here, g is the g-tensor, (SS) is the dyadic of the effective spin
operator 8,*° and the other symbols have their usual meanings.
The pseudocontact shielding at the site of the distant NMR
nucleus is calculated from the susceptibility and the relative
position of the NMR nucleus with respect to the paramagnetic
centre as

1 r
o = gt (3 1): ()

where r is the vector (with length ) from the paramagnetic
centre to the NMR nucleus. PDA can be seen, for nuclei that
reside far from the spin-density distribution, as an alternative
to the full quantum-chemical calculation of the pNMR shield-
ing tensor (see below).>*”*> While PDA has been routinely used
in analysis of NMR data,”® only recently it was shown®’ in a
detailed way how the susceptibility formalism follows from the
full quantum formalism. In particular, the symmetric form of
the susceptibility, with the g-tensor occurring twice (and not
once’) in eqn (2) above, is obtained by considering the long-
distance limiting forms of both the spin-dipole and orbital
hyperfine operators.

Susceptibility of the Ni*" site

We constructed finite molecular cluster models cut out from
the LDH layers for computing y for an isolated paramagnetic Ni
site. Three different-size cluster models (“small”, “medium”
and “large”), each centred at the Ni*" ion and extending to an
increasing number of neighbouring metal sites, were con-
structed and subjected to pseudohydrogen termination.*® The
process was performed similarly as in a recent paper”® and the
present details as well as the resulting clusters can be found in
the ESL{ The Ni sites have cylindrical symmetry, hence the
unique axes of the g-tensor, the ZFS tensor and the resulting x
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all coincide with the layer normal direction. With such a
cylindrically symmetric susceptibility, the contribution from a
single paramagnetic Ni*>" centre to the shielding tensor of a
distant NMR nucleus in the PDA becomes
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centre. Similar first-principles methodology was recently used
for the individual Ni** sites in nickelalumite (NiAl,(OH);,SO,-
3H,0), an LDH mineral, resulting in very similar data: g =
2.24, g-anisotropy 0.05 and D = —7.8 cm ™%, for which very good

A 1 A A
(X — Ty) (sin2 0 cos> ¢ — 5) ( — —'{) sin? 0 sin ¢ cos ¢ (X - f) sin f cos 0 cos ¢

Opc

3 Ay . . A
=~ (X — 3’() sin® 0 sin ¢ cos ¢ (x e
.

) (sin2 0 sin® ¢ — %) (X — %) sinf cos 0 sin¢ |, (4)

2A oA AL 1
()H—TX) sin @ cos 6 cos ¢ (/4—%) sin 0 cos 6 sin ¢ (}H—TL) <00526 _§)

where y and Ay =y, — y . are the isotropic susceptibility and
susceptibility anisotropy with respect to the direction normal to
the LDH layers, and the spherical polar coordinates r, , and
¢ define the relative position of the NMR nucleus with respect
to the paramagnetic site.

The g- and ZFS tensors were calculated for the optimised
structures of the single Ni**-site models using the ORCA
software®” at the state-average complete active space (SA-CASSCF)
level using eight electrons in the five orbitals [CAS(8,5)] arising
from the 3d shell of the metal ion. The calculations included 10
and 15 states in the triplet and singlet manifolds, respectively.
The one-component wave functions were optimised using the
scalar relativistic second-order Douglas-Kroll-Hess (DKH2)
Hamiltonian*®*° after which the spin-orbit Hamiltonian was
diagonalised in the basis of the SA-CASSCF wave functions in a
quasi-degenerate perturbation theory process, to calculate the
magnetic properties.’>>! In addition, the strongly contracted
N-electron valence-state perturbation theory of second order
(NEVPT2)*** could be applied to the smallest of the three
models for the Ni centre, to estimate dynamical correlation
effects. The results in Table 1 indicate that the (expected
cylindrically symmetric) g- and ZFS tensors, as well as the
resulting susceptibility, converge rapidly with the model size.
This reflects the localised electron spin density distribution,
which houses the spin-density distribution well within its
confines (Fig. S3, ESIf). The isotropic g-value at the CASSCF
(NEVPT2) level is obtained as 2.27 (2.21), and the corres-
ponding result for the g-tensor anisotropy g, — g, is 0.04
(0.03). The D-parameter of the ZFS equals —6.6 (—4.7) cm ™",
indicating a moderately easy-axis magnetic nature of the Ni

agreement was observed with experimental values.*® Due to the
good convergence with the model size, in the present paper we
used g resulting from the NEVPT2 calculations of the small
model, for the calculations of oy,..

Lattice summation

6pc was obtained as a lattice sum of eqn (4) over all paramag-
netic Ni*" sites that resided within a 70 A cut-off distance from
the "C sites. The cut-off was selected in test calculations in
which we found the total 6}, to be converged to ca. 1% with the
present choice. As the distribution of the Ni doping in the LDH
layers is random, one cannot expect to reproduce the experi-
mental data using any a single structure of the paramagnetic
defects. Consequently, we averaged op. over 3000 randomly
chosen distributions of the Ni ions onto the M(u) sites. While
the o, were always obtained for the computationally opti-
mised 1M or 2T models including the interlayer water mole-
cules, the lattice sums of ¢, were carried out using the M>"
positions from both the original X-ray structures and the
computationally optimised CASTEP structures. A temperature
of 300 K was used in all the computations.

Close-range shielding model

To calculate the 6., term of eqn (1), we constructed a local
cluster model of the immediate surroundings of CO,>~ including,
in addition to the ion itself, “small” (in the same nomenclature as
used above for in the calculation of y) clusters of both adjacent
cationic layers. The model is depicted in Fig. 4 and the atomic
coordinates are given in Table S7 in the ESL{ The atomic
positions were adopted from the periodically optimised 1M unit

Table1 The computed eigenvalues of the g-tensor, the D- and E-parameters of zero-field splitting, as well as the resulting isotropic average y and the
off- and in-plane components, y; and i, , respectively, of the susceptibility tensor at the CASSCF level in local models of different sizes of paramagnetic

Ni2* impurity centres (see Fig. S2 in the ESI) in the layers of Mg,Al-LDH

g-Tensor ZFS Susceptibility (107> m?)
Model g g1 g D/fem ™" E/D 7° P %
Small” 2.301 2.258 2.272 —6.561 0.0000 9.303 8.823 8.983
(2.229) (2.197) (2.208) (—4.740) (0.0001) (8.709) (8.368) (8.482)
Medium 2.301 2.259 2.273 —6.429 0.0000 9.301 8.831 8.988
Large 2.300 2.260 2.273 —6.286 0.0000 9.297 8.837 8.990

“ The susceptibility anisotropy appearing in eqn (4) is obtained as Ay = y; — 7. ” Results at the NEVPT2 level in parentheses.
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Fig. 4 (a) The cluster model used in the calculation of the close-range
hyperfine contributions to the paramagnetic **C shielding tensor of the
interlayer carbonate. The numbering of the paramagnetic sites corre-
sponds to Table 4. (b) The spin density distribution obtained with the
paramagnetic Ni located closest to the carbon centre, i.e., position 1 in
Table 4. Positive (negative) isosurfaces are shown in red (blue) with the
isovalue of 107> a.u.

cell from which the clusters representing the cationic layers were
cut out and terminated by pseudohydrogens, as discussed above.
Since the local structure of the 1M and 2T polymorphs are similar
and mainly differ in the stacking of the cation layers, we used the
same local model for both 1M and 2T lattices.

There are eight M(u) sites in the local model, four on each
side of the interlayer carbonate, and we occupied each of these
eight sites in turn by the paramagnetic Ni** centre with the
other seven occupied with diamagnetic Mg>*. From each of
the single-centre paramagnetic models we calculated the full
hyperfine part oy, of the paramagnetic shielding tensor using
Kurland-McGarvey theory®® as

Oni = _y/;(_n}g. (SS) - 4, (5)

where y and A are the gyromagnetic ratio and hyperfine
coupling tensor of the ’C centre. The g- and ZFS tensors of
the small cluster model of the cationic layer, obtained at the
NEVPT2 level as described above, were used. A was obtained at
the scalar relativistic DKH2 level using DFT/PBEO level with the
DKH-def2-TZVP basis™ for the cluster atoms and DKH-def2-
SV(P) for the terminating pseudohydrogens, on the ORCA code
including the contact, dipolar and orbital hyperfine contribu-
tions. As the paramagnetic centre in all these eight calculations
was already included in the above-described lattice summa-
tions of 6., we subtracted from oy the corresponding PDA
contribution o'pc(l) from the same centre, to avoid double
counting: 6.on = Onhr — agc). Finally, the contributions from the
eight paramagnetic centres of the local model were summed
up, to get the total close-range hyperfine shielding contribution
corresponding to the case of 100% Ni** substitution (x = 2).
As we assume that the occupation of the Ni** sites is completely
random, we obtain the close-range contribution to the different
levels of Ni-ion doping by multiplying the result by the frac-
tional Ni** occupation.
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Fig. 5 °C MAS NMR spectra of the six the Mg,_,Ni,Al-LDH samples with
x = 0 (Mg,Al-LDH), 0.18 (A), 0.34 (B), 0.66 (D), 0.84 (E), and 2 (NiAl-LDH)
illustrating increased anisotropy with the Ni content. The red line indicates
the isotropic chemical shift for the diamagnetic Mg,Al-LDH. The NMR
parameters obtained from the deconvolution of the spectra are reported
in Table 2 and simulations using these parameters are shown in Fig. S4
(ESIH).

4. Experimental NMR results

The "*C MAS NMR spectra of the six samples are shown in Fig. 5
and the principal components of the shielding tensor deter-
mined from analysis of the spinning sideband manifold are
reported in Table 2. Given the 33% Al metal fraction in the
current study, the carbonate (CO3>") is expected to dominate as
the interlayer anion, with only a small amount of bicarbonate
(HCO;")." This is unambiguously confirmed for diamagnetic
Mg,Al-LDH (Table 2). The bicarbonate has both an approx.
5 ppm lower shift and different sign of the Haeberlen chemical
shift anisotropy, 4, than carbonate in the interlayer of both
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Table 2 The ®C NMR chemical shift parameters (in ppm) for the
Mg, _Ni,Al-LDH samples with x = 0 (Mg,Al-LDH), 0.18 (A), 0.34 (B), 0.68
(D), 0.84 (E), and 2 (Ni,Al-LDH), as well as the two reference compounds
sodium carbonate (Na,COs) and sodium bicarbonate (NaHCOs3) using the

standard convention, d;, :3(511 + 02 + d33) with the principal values

ordered as 011 > 0., =033 The spectra were recorded at room tempera-
ture or slightly above. Errors were estimated visually by varying the
parameters and slightly changing the starting guess

Sample x 011 5% 033 )
Na,CO,(s)  (Model) 205(4)  188(4)  119(4) 170.4(3)
NaHCO,(s) (Model) 227(2)  145(3)  121(3) 164.3(4)
Mg,A-LDH 0 200(4)  194(10)  117(3) 170.3(3)
A 0.18 264-267 161-148 94-81 170(2)
B 0.33 283-278 162-150 75-69 169(2)
D 0.68 342-339 159-145 3-1 167(4)
E 0.84 417-416  154-129 —45-—46 166(4)
Ni,Al-LDH 2 637-636 51-48 —215--216 156(4)

% 1t should be noted that d,, is difficult to precisely determine experi-
mentally, hence the indicated error margins are only indicative.

LDH and in sodium (bi)carbonate (Table S8, ESIT). This agrees
with a recent study of ZnAl-LDH, which based on Rietveld
refinement of PXRD data'® obtained three possible monoclinic
structures similar to 1M with one to three crystallographic
inequivalent carbon sites, depending on the model and carbonate
orientation. However, only a single "*C resonance was observed
experimentally for carbonate for the ZnAl-LDH investigated.
Visual inspection of "*C MAS NMR spectra shows that only
small changes are observed for the isotropic shift, as the
difference between the Mg,Al-LDH and Ni,Al-LDH end mem-
bers is 14 ppm. In contrast, the anisotropy seen, e.g., in the
number of spinning sidebands and the linewidth, to increase
dramatically with the Ni** content. Simultaneously, a change is

0@3‘» ?IWQ
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seen in the sign of the shielding anisotropy for sample A
(x = 0.16). The elements of the chemical shift tensor were
determined by fitting of the experimental spectra using a single
site (See Fig. S4, ESIT and Table 2). This approach reproduced
the spectra well at low Ni** contents, whereas some deviations
are seen at high Ni contents especially for x = 0.84 and 2. This
most likely reflects a distribution of the shielding parameters
due to the presence of multiples sites in the different LDH
polymorphs. Attempts to model the spectra with multiple sites
proved ambiguous (six variables added per additional site).
This effect is expected to be enhanced with the Ni content. For
the low concentrations (x = 0.18 and 0.34), we observe a second
site ca. 3 ppm lower, accounting for ca. 20-30% of the total
intensity. However, this site is not observed for the diamagnetic
Mg,Al-LDH.

Assuming that the Ni*>* sites remain effectively magnetically
uncoupled at the measurement temperature, as suggested by
the ’Al NMR shift data of the parent Mg,_,Ni,Al-LDH scaling
linearly with the dopant concentration' (vide supra) one would
expect a similar, linear dependence of also the experimental
isotropic *C chemical shifts and shift eigenvalues of the
interlayer carbonate anions on x. Taking into account the
substantial size of the error margins in the data, this is roughly
also observed.

While the conventional R3m crystal structure dictates axial
symmetry of the >C shielding tensor, a significant asymmetry
is observed, cf., Table 2, which points to a lowering of the local
symmetry in line with the detailed low-symmetry single-crystal
X-ray structures (1M and 2T)."”'® We note that the value of 6,,
seems to be less precise especially for low Ni content (due to the
spectra possessing few spinning side bands in this case) than

Fig. 6 The local hydrogen bonding network for the different CO2~ ions to the interlayer water molecules and hydroxyl groups in the cation layer in
Mg,Al-LDH using optimised structures. This is shown for the two crystallographic inequivalent carbon sites in the optimized 1M crystal structure (IM/C1
and 1M/C2) and the four carbon sites of the optimized 2T crystal structure. The 2T/C1 and 2T/C3 sites of the computations are two different
instantaneous realisations (due to the different hydrogen-bonding pattern) of the same crystallographic position in the 2T structure.
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the other two (0;; and d33), which define the edges of the
spectrum.

5. Computational results
Local environments and orbital shielding tensors

The local environments for all CO;*> resulting from the
geometry-optimised 1M and 2T structures are illustrated in
Fig. 6. 6, from the CASTEP calculations on the corresponding
unit cells are given in Table S9 in the ESI.{ A general feature of
the optimised geometry is that the carbonate ions invariably
seek themselves to the positions in which their oxygen ions are
located directly between the M(u),Al-OH groups of the LDH
layers both above and below. Thus, in addition to the in-plane
hydrogen bonding with the water molecules, each oxygen
“coordinates” both upwards and downwards to the OH groups
of the adjacent LDH layers, with the distance of the carbonyl
oxygen and the OH-group hydrogen in the range 1.78---1.87 A.
A second characteristic feature of the optimised geometry is
that the carbonate ions remain parallel with the LDH layers.

Within the interlayer space, the oxygen atoms of the CO5>~
ions are hydrogen-bonded to the hydrogen atoms of the water
molecules in various patterns. In the 1M structure, two of the
three oxygens for carbonates 1M/C1 and 1M/C2 are singly
hydrogen-bonded to neighbouring water molecules, whereas
the third oxygen of the 1M/C1 (1M/C2) carbonate is coordinated
to two (three) waters. In the 2T structure, the carbonate sites
2T/C1 and 2T/C3 are singly hydrogen-bonded via two of their
oxygen atoms, whereas the third oxygen is not hydrogen-
bonded. The carbonate site 2T/C2 is singly hydrogen-bonded
through two of its oxygens and twice bonded through a third
oxygen. Hence, the bonding pattern is similar to that of the
carbonate site C1 in the 1M structure. Finally, the carbonate
site C4 of the 2T structure is doubly hydrogen-bonded to
neighbouring waters via two of its oxygen atoms and singly
hydrogen-bonded via the third atom. Hence, the altogether six
carbon sites of the two structures represent four different
hydrogen-bonding patterns, as detailed in Table 3.

In the 64, of all the carbon sites in both the 1M and 2T
structures, the most shielded eigenvalue (033 = 47- - -48 ppm for
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1M, 50---51 ppm for 2T) always points to the layer normal
direction. The isotropic shielding constants are in all cases
close to zero, due to the cancellation between the positive o33
and negative (all 61, and most o,, eigenvalues, apart from the
1M/C2 site) eigenvalues. Three first hydrogen-bonding types in
Table 3 form a systematic series where two of the oxygen atoms
are always singly hydrogen bonded in the interlayer space,
whereas the third oxygen atom evolves between non-bonded,
double- and triple-bonded configurations. This development
is reflected in 6,,: while the isotropic shielding constant
becomes only slightly more positive, the shielding anisotropy
Ao (with respect to the layer normal direction) goes through a
clear decrease from 80 to 67 ppm and the asymmetry para-
meter, #, increases from 0.3 to 1 in the series. The fourth
hydrogen-bonding situation breaks the pattern by featuring
only one single-bonded and two double-bonded oxygens, and
the resulting 6., again resembles the situation of the first case
of Table 3. Hence, the hydrogen-bonding situation and the
local environment of CO;>~ are seen to be reflected primarily in
the anisotropic properties of 6,p. The experimental spectra
reflect an average of the different carbon sites with their
hydrogen-bonding patterns, as the water molecules are dynamic
on the NMR time scale at room temperature. Hence, the different
sites in our model are best viewed as representing a selection of
different instantaneous carbonate configurations and, thereby,
the variation in NMR parameters.

Local hyperfine contributions

Table 4 lists the results for the isotropic *C hyperfine shielding
constant 6.,, from the local environment model depicted in
Fig. 4. The corresponding data for the full shielding tensors is
included in Table S10 (ESIf). In both Table 4 and Table S10
(ESIT), on denotes the result of the full quantum-chemical
calculation using eqn (5), 6% is from PDA used for the Ni**
centre, and 6oy = Op — o'gc] is the double counting-eliminated
total local hyperfine contribution to be added to the lattice
summation results. The sites 1-8 are numbered according to an
increasing distance from the '*C site of the interlayer carbonate
ion. Fig. 4(b) shows the spin density distribution of the closest
site number 1, at the C-Ni distance of 3.7 A. It is seen that the
negative lobe of the spin density extends all the way from the

Table 3 The properties of the calculated orbital shielding tensor 6., (in ppm) for different carbon sites in the carbonate ions within computationally
optimised 1M and 2T Mg,Al-LDH structures. The hydrogen bonds between the carbonate ions and interlayer water molecules are summarised for each

site

Carbonate

sites 1M/C1 1M/C2 2T/C1* 2T/C3" 2T/C2 2T/C4

o —-2.0 2.0 —2.6 -1.9 0.1 —-2.0

611" 48.3 46.5 50.8 51.4 50.2 49.9

Gon’ —~15.7 3.4 —21.3 —21.9 -85 -171

035° —38.5 —44.0 —37.5 —35.2 —41.3 —38.9

Hydrogen 2 x single bonded, 2 x single bonded, 2 x single bonded, 2 x single bonded, 2 X single bonded, 1 x single bonded,
bonding 1 x double bonded 1 X triple bonded 1 x no bond 1 x no bond 1 x double bonded 2 x double bonded

“ The 2T/C1 and 2T/C3 sites correspond to the same crystallographic site and are only distinguished in the computations due to the different
instantaneous hydrogen-bonding situation with the interlayer water molecules in the computationally optimised structure. ? The orbital shielding
tensor eigenvalue corresponding to the direction along the LDH layer normal. “ The orbital shielding tensor eigenvalues corresponding to the
direction along the LDH layers. The eigenvalues are ordered such that 611 > 05, > 033.
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Table 4 The calculated hyperfine contributions to the isotropic paramagnetic **C NMR shielding constant 6o, (in ppm) for the different Ni* positions in
the cluster model depicted in Fig. 4(a). 6.on includes all the hyperfine contributions within the reach of the unpaired electron spin density distribution and

which have not been fully included in the point-dipole model

Hyperfine term®

Ni** site X Contact Dipolar Orbital Contact+ Dipolar + Contact + anis. Dipolar + anis.
number r(Ni-C)/A  Contribution (1 + 3) 2) (4) g-shift (6)  g-shift (7)  g-shift (8) g-shift (9) Total
1 3.70 o 17.12 -0.72  —0.05 1.76 —0.07 0.00 -1.01 17.03
o —1.11 -0.88 0.00  —0.11 —0.09 0.00 -1.23 -3.43
Geon 18.23 0.16  —0.05 1.87 0.02 0.00 0.23 20.45
2 4.04 Ong 9.31 —0.47  —0.03 0.96 —0.05 0.00 —0.66 9.06
atl —0.70  —0.56 0.00  —0.07 —0.06 0.00 —0.78 —2.17
Geon 10.02 0.09  —0.03 1.03 0.01 0.00 0.12 11.23
3 413 o 713 -0.38  —0.03 0.73 —0.04 0.00 —0.54 6.87
o —0.58 —0.46 0.00  —0.06 —0.05 0.00 —0.64 -1.79
Geon 7.71 0.08  —0.03 0.79 0.01 0.00 0.10 8.66
4 4.67 O 3.25 -0.17  —0.01 0.33 —0.02 0.00 —0.24 3.13
ot —0.25  —0.20 0.00  —0.03 —0.02 0.00 —0.27 —0.76
Geon 3.49 0.02  —0.01 0.36 0.00 0.00 0.03 3.89
5 4.81 o 3.98 -0.16  —0.01 0.41 —0.02 0.00 -0.22 3.98
ot —0.22 -0.18 0.00  —0.02 —0.02 0.00 —0.25 —0.68
Geon 4.20 0.02  —0.01 0.43 0.00 0.00 0.02 4.66
6 4.92 o 3.21 —0.12  —0.01 0.33 —0.01 0.00 —-0.17 3.23
o —0.17 -0.13 0.00  —0.02 —0.01 0.00 -0.19 —0.52
Geon 3.38 0.01  —0.01 0.35 0.00 0.00 0.02 3.75
7 5.10 o 0.65 -0.11  —0.01 0.07 —0.01 0.00 —0.16 0.43
ab) —0.14 -0.10  —0.01 0.41 —0.01 0.00 —0.14 0.01
Geon 0.79 -0.01 0.00  —0.34 0.00 0.00 —0.02 0.42
8 5.74 o 0.40 -0.03 0.00 0.04 0.00 0.00 —0.04 0.37
o —0.04 —0.03 0.00 0.00 0.00 0.00 —0.04 —0.12
Geon 0.44 0.00 0.00 0.05 0.00 0.00 0.01 0.49
Sum of 1---8 O 45.0 2.2 0.2 4.6 0.2 0.0 -3.0 44.1
at? —3.2 —2.5 0.0 0.1 -0.3 0.0 -3.5 -9.5
Geon 48.3 0.4 —-0.1 4.5 0.0 0.0 0.5 53.6

“ The numbering corresponds to the break-down of the hyperfine terms into physical contributions presented in ref. 39.

Ni*" site to the ">C centre, inducing a positive local contribution
of 6,¢ = 17.1 ppm to the isotropic shielding constant from this
site, arising primarily from the contact hyperfine mechanism.
When the shielding constant arising from PDA applied on this
Ni*" centre, o'gc] = —3.4 ppm, is subtracted from the result of the
full quantum theory computation (eqn (5)), the local contribu-
tion that is not captured in the lattice summation process
described below, amounts to 6., = +20.5 ppm, for occupied
site number one. The fact that the local contact density con-
tribution is arising from negative spin density instead of the
direct, positive contribution of the unpaired electrons, under-
lines the necessity of capturing the electron spin polarisation.
Hence, an unrestricted computational method, such as the
presently used unrestricted Kohn-Sham DFT procedure, is
necessary.

The contributions of the sites 1-8 indicate a rapid reduction
for the magnitude of the local hyperfine contributions with
distance to the paramagnetic site. For example, the shielding
constant is lowered to 0.5 ppm for site 8 located 5.74 A from the

24090 | Phys. Chem. Chem. Phys., 2023, 25, 24081-24096

carbon in the local model. For this site, after removal of the
corresponding PDA contributions, the local contribution 6, to
be added to the lattice-summed o, is +0.5 ppm, and we deduce
that our model is sufficiently large to capture the essential local
contributions. The sum of the sites 1-8 amounts to a total
contribution of o},¢ = 44.1 ppm from the local model, converting
to 6.on = +53.6 ppm when the PDA value is removed. Corre-
spondingly, from the full tensors in Table S10 (ESIY) it is found
that the total contribution of local paramagnetic sites 1---8 to
the shielding anisotropy with respect to the LDH layer normal

. . 1
direction, Aopr = 0. — E(G’W — 0,,), equals no less than —1014

ppm. However, when the corresponding PDA value of Aagc) =
—1119 ppm is subtracted, A6, = 105 ppm is left to be added as
a local correction to the lattice summation of the PDA con-
tributions. From all this, it is apparent that the spilling of
negative spin density to the interlayer space and the conse-
quent 6., contributions to the *C shielding tensor of
CO,>" are unexpectedly large and should be included in any
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meaningful interpretation of the NMR of the intralayer species
in such LDH materials. Moreover, this renders the interpreta-
tion of experimental T, relaxation data more complex, as the
dipole approximation is violated.® One should note that the total
numbers given above apply directly to 100% Ni** substitution to the
M(u) sites of the cation layer and, in general the contributions scale
linearly with the fractional Ni** concentration.

Total isotropic **C chemical shift

At this point we add the results of the lattice-summed &,
contributions, eqn (3). Fig. 7 compares the total calculated
and experimental, isotropic **C chemical shifts for the different
layer stacking models (1M and 2T) and different (X-ray based
and geometry optimised) structures. Table 5 gives the asso-
ciated numerical data. The results are given both excluding the
local hyperfine correction, as o1, + dpe, and including the local
hyperfine correction, as domp, + pe + deon. The computations
assume that the paramagnetic Ni** ions are magnetically
uncoupled. Therefore, a strictly linear dependence of the
computed shift observables on x is expected and also obtained
from the calculations. The computational isotropic d;s, values
start from ca. 10 ppm higher values than the experiment for the
diamagnetic Mg,Al-LDH parent compound. Errors of this mag-
nitude may be expected from the DFT methodology used for the
present calculations of 6,.,. A comparison, however, of the
calculations of an isolated CO;>~ molecule with the presently
employed PBE, a pure DFT functional, and the hybrid PBEO
functional (on the ORCA software) suggests that the use of PBE
in the CASTEP calculation of 6, is not a major cause of the 10
ppm deviation from the experiment: the ., obtained with the
two functionals are within 1 ppm of each other. The shift
computed as domp, + Jpe (the dotted lines in Fig. 7) increases
linearly by 8 ppm in the compositional range x = 0-2, regardless
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Fig. 7 Experimental and calculated isotropic chemical shift 3iso(13C) for
COz%~ in Mg,_,NiAl-LDH as functions of x. The computational results are
shown with (solid lines) and without (dotted lines) the local hyperfine
contribution econ.
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Table 5 Calculated isotropic **C chemical shifts s, (in ppm) for CO3%~ in
Mg,_NiAl-LDH at different values of x. The values are averages of the C1
and C2 sites in the 1M structure, as well as the C1 to C4 in the 2T structure.
The error margins of the computational data are assigned as the maximum
differences of the site values for each case. Computational data include
the orbital, pseudocontact and local hyperfine contributions

Method Structure x=0 x=0.36 x=0.68 x=1.36 x=1.68 x=2
Oorb + Ope 1IM/X-Ray 179(4) 180(4) 182(5) 185(5) 186(5) 187(6)
1M/Opt. 179(4) 180(4) 182(4) 184(3) 186(3) 187(3)
2T/X-ray 181(3) 182(3) 184(3) 186(4) 188(4) 189(4)
2T/Opt.  181(3) 182(3) 183(3) 186(3) 187(3) 188(3)
Oorb + 0pe 1IM/X-Ray 179(4) 171(5) 164(5) 148(6) 141(7) 134(8)
+ Ocon 1M/Opt. 179(4) 171(4) 163(4) 148(5) 141(5) 133(5)
2T/X-Ray 181(3) 172(3) 165(4) 150(5) 143(5) 136(6)
2T/Opt.  181(3) 172(3) 165(3) 149(4) 142(4) 135(5)

of the underlying structure (1M or 2T), or whether the X-ray
structure or computationally optimised geometries are used.
Even after considering the estimated error margins, an increas-
ing computational J;, is found, which contrasts the decreasing
experimental trend as a function of x. As a result of the
opposing trends, the deviation of the calculation from the
experiment reaches up to ca. 30 ppm by reaching 100% sub-
stitution by Ni. As noted above, the experimental data is
roughly linear as a function of x, at least considering the error
margins, up to the concentration of x = 0.84. However, at 2 the
experimental J;s, falls below the linear trend.

Incorporation of the 6., contributions (the solid lines in
Fig. 7) flips the trend of the computational results: now the
isotropic d;s, decreases with x, in qualitative agreement with
the experiment. As also the d.,, term is simply proportional to
x, the computed result at the diamagnetic limit remains
roughly 10 ppm overestimated. While the error margins of
the computational and experimental data overlap in the region
of the intermediate x, at higher Ni** concentration, a signifi-
cantly smaller shift is obtained than observed experimentally.
The total computed change of the chemical shift from 0% to
100% Ni amounts to about —45 ppm, clearly overestimating the
experimental value of —14.3 ppm. A possible reason for this
error could be in the distance between the cation layers, 7.56 A
in the optimised 1M geometry, from which the local hyperfine
model was calculated, to be compared with 7.63 and 7.56 A in
the experimental X-ray geometries of 1M and 2T, respectively.
We tested the influence of the interlayer distance on the size of
dcon Dy calculations of the model with the closest paramagnetic
site, number 1. In this test the interlayer distance was, in turn,
extended and diminished by the difference of 4 = 0.06 A
between the experimental and optimised 1M geometries. The
results are J.opn(site 1) = —21.6, —20.5 and —19.5 ppm for the
models with diminished, “standard” and extended interlayer
distance. This indicates that the J.,, contribution, which is
dominated by the contact mechanism, decreases with increas-
ing layer separation, as expected. The overall magnitude of the
change amounts to 10% within the investigated distance range,
implying that this structural parameter is important for the
magnitude of the spin delocalisation to the interlayer species.

Phys. Chem. Chem. Phys., 2023, 25, 24081-24096 | 24091


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03053a

Open Access Article. Published on 23 August 2023. Downloaded on 3/6/2026 5:27:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The obtained change is, nevertheless, too small to cause the
overestimation of the decreasing trend of d;s, with x in the
present computations.

Total anisotropic **C chemical shift

The results for the anisotropic properties of the shielding
tensors can be presented and compared to experiment in three
distinct ways:

(1) Computed eigenvalues of the total § (including the o,
dpc and d¢on contributions) are averaged over the 3000 generated
Ni** distributions for, on the one hand, the two carbon sites of
the 1M structure and, on the other hand, the four carbon sites
of the 2T structure.

(2) Computed eigenvalues of the two carbon sites of the 1M
structure and four carbon sites of the 2T structure are averaged
over the Ni*" distributions and presented individually site-by-
site.

(3) Computed, full shielding tensors are averaged over the
Ni** distributions between, on the one hand, the two sites of
the 1M structure and, on the other hand, the four sites of the 2T
structure, and the averaged tensors are then subsequently
diagonalised to get the eigenvalues.

Methods 1 and 2 involve diagonalisation of the shielding
tensor before averaging over sites and both 1M and 2T struc-
tures (in 1 and 2). In method 3, averaging of the tensors
precedes diagonalisation. The distinction between the two
distinct orders of averaging and diagonalisation has been
discussed in ref. 57. Methods 1 and 2 are better suited for
SSNMR studies on powder (polycrystalline) samples, where the
principal values of the shift tensor are the primary observables.
The difference between methods 1 and 2 is that the results are
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presented individually for all the '*C sites in the latter. On the
other hand, method 3 corresponds naturally to experiments on
single-crystal samples. We choose to focus on method 1 in the
following. The results of methods 2 and 3 are briefly discussed
in the ESL¥ In all cases, the shielding eigenvalues have been
converted to chemical shifts.

Fig. 8 illustrates the averaged shift eigenvalues for the two
sites of the 1M and for the four sites of the 2T structure. The
numerical data are listed in Table 6. The computational shift
eigenvalues are linear functions of x (positive slope for 0,4,
negative for d,, and d;3). The experimental eigenvalues show a
more complicated behaviour, albeit with similar trends when
taking visually into account the error margins. The computa-
tional eigenvalues cross each other between zero Ni concen-
tration and x = 0.36, which qualitatively matches the
experimental observation (vide supra) of the different sign of
the shielding anisotropy for sample A with x = 0.18, as com-
pared to the samples with more Ni*", From that point onwards,
the largest calculated shift eigenvalue, 6,4, always corresponds
to the direction perpendicular to the LDH layers. The computa-
tions and experiments agree relatively well, taking into account
the error margins of the computations (obtained as mentioned
in Fig. 8).

As functions of x, the computations with only the d,,, and
dpc contributions (dashed lines and open symbols in Fig. 8)
produce systematically too large slope of the shift eigenvalue
for the direction perpendicular to the LDH layers (d4). Incor-
poration of the local hyperfine contribution d.., (full lines and
symbols) significantly improves the overall agreement of the
computed d;; with the experimental data. For the full concen-
tration (x = 2), the values of §;; without and with the local
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Fig. 8 The experimental and computed total **C chemical shift tensor eigenvalues (top to bottom: 841, 8,5, and dzz, in ppm) for COz%~ in Mg,_,Ni,Al-
LDH as functions of x. (a) 1M and (b) 2T structure. The computational results are shown both for the sum of orbital and pseudocontact contributions
(dashed lines and open symbols) and added with local hyperfine contribution .o, (full lines and symbols). Averaged eigenvalues are shown following
method 1 described in the text. The error margins are placed on the full results (with 6-on) based on the maximum difference between the corresponding
eigenvalues from the different carbon sites (C1-2 for the 1M structure, C1-4 for 2T).
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Table 6 Calculated **C NMR chemical shift eigenvalues (ppm) for Mg,_Ni,Al-LDH as functions of x corresponding to Fig. 8, following method 1
described in the text. Data including orbital, pseudocontact and local hyperfine contributions

Structure Eigenvalue x=0 x =0.36 x =0.68 x =1.36 x =1.68 x=2
1M/X-ray 811 132(2) 230(21) 310(43) 487(84) 571(107) 653(125)
022 220(6) 160(15) 115(24) 11(38) —38(52) —86(58)
033 185(19) 122(7) 66(5) —53(31) —111(39) —166(51)
1M/Opt. 011 132(2) 225(7) 304(23) 478(43) 558(43) 639(56)
On2 220(6) 161(14) 113(15) 12(21) —33(25) —79(24)
033 185(19) 127(33) 73(50) —46(74) —102(78) —159(89)
2T/X-ray 011 128(1) 227(40) 314(83) 497(167) 583(208) 669(248)
022 218(4) 157(25) 104(46) —6(88) —56(112) —108(130)
033 196(13) 133(22) 78(42) —41(79) —98(99) —154(118)
2T/Opt. 011 128(1) 216(26) 294(55) 459(115) 534(136) 613(164)
022 218(4) 160(12) 109(33) 6(67) —41(85) —89(102)
033 196(13) 141(19) 93(34) —17(80) —67(97) —118(119)

hyperfine correction are 749 and 639 ppm, respectively, for the
optimised geometry of the 1M structure. For the optimised 2T
structure, the corresponding results are 726 and 613 ppm, to be
compared with the experimental 636-637 ppm (Table 2). These
numbers indicate that the effect of d.., is substantial. As in the
case of isotropic Jis, (vide supra), inclusion of the local hyper-
fine effect improves the agreement with experiment for the
shift eigenvalue 4, corresponding to the direction of the LDH
layer normal. This effect results from the delocalisation of spin
density into the carbon site of the interlayer anions and leads to
semiquantitative agreement with experiment for this chemical
shift eigenvalue.

The shift eigenvalues located in the plane of the LDH layers
(022 and d33) become more negative as functions of increasing x.
The effect of the local hyperfine contribution is, similarly to
that on J44, to render the calculated 6,, and J;; more negative
than what is obtained with calculations involving the d,,, and
dpc contributions only (Fig. 8). The effect of dop is, however,
smaller for the in-plane eigenvalues than for d,4: for the full Ni
concentration the changes only amount to —30---—20 ppm,
depending on the structure. The agreement of the calculations
with the full range of the experimental J;; is very satisfactory.
In contrast, for the middle eigenvalue, d,,, all the calculated
results, including the x = 2 end member of the series, are
significantly more negative than the experimental numbers.
This results also in the difference between the two computed in-
plane eigenvalues to be systematically too small in comparison with
experiment, ie., the shift asymmetry is underestimated by the
present calculations. While the situation probably also reflects
the fact that the middle eigenvalue is the most difficult to extract
precisely from the experimental data, the underestimation of d,, by
the computations is paralleled by the exaggerated decreasing trend
of the isotropic shift as a function of x, as discussed above.
A possible cause of the lack of quantitative agreement with experi-
ment in the present modelling, for the complete set of shielding
observables, is the omission of molecular dynamics -effects,
primarily among the interlayer species.

Marginally improved agreement with experiment is obtained by
using optimised structures as compared to the X-ray structures,

This journal is © the Owner Societies 2023

as indicated by the triangle symbols (blue and green colour) in
Fig. 8 being overall slightly closer to the experimental data points
than the squares (red and yellow). The computational results for
3C NMR shift eigenvalues in the 1M and 2T structural models are
qualitatively similar. This matches the experimental observation
one predominant *C resonance.

6. Conclusions

Detailed insight into the influence of paramagnetic Ni** ion on
the "*C NMR parameters was obtained for carbonate interca-
lated in a series of Mg, ,Ni,Al-LDH at various values of x from a
combined experimental and computational study. Only
small changes were observed for the isotropic chemical shifts
(ca. 14 ppm for the Ni,Al-LDH end member), which is readily
determined experimentally and most often the only parameter
reported. In contrast, a clear linear relationship with the Ni**
content was observed for the tensor eigenvalues determined
from detailed analysis of MAS NMR spectra. We devised a
computational workflow in which quantum-chemical calcula-
tions were carried out including the orbital chemical shift
combined with long-distance pseudocontact shifts obtained
from a lattice sum averaged over randomly distributed para-
magnetic sites, for which the magnetic susceptibility was
computed ab initio, as well as the local hyperfine contribution
to which the contact term makes a significant contribution.

A total of six different carbonate configurations stem from
the models created for the 2T and 1M polymorphs, which
provided detailed insight into how variations in the local
hydrogen-bonding network affects the NMR shift parameters
as a function of Ni** content. Experimentally, a single site
dominated, which contains the average of these different posi-
tions. In the computations, only small variations (>2 ppm)
were observed for the isotropic shifts arising from the orbital
mechanism, whereas changes up to 10 ppm were obtained for
the orbital shift eigenvalues. Larger effects up to hundreds of
ppm in the eigenvalues were found from the paramagnetic
hyperfine shift, where three computational methods differing
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in the order of the matrix diagonalisation and averaging over
the Ni dopant distribution and the individual carbon sites in
these parent structures were applied in extracting the shift
eigenvalue data. All the methods resulted by design in a linear
dependence of the shielding eigenvalues on Ni** dopant
concentration. It was mandatory to include local hyperfine
effects resulting from delocalisation of the Ni*" spin density,
in addition to the expected orbital and pseudocontact contribu-
tions, to achieve good agreement with experiment for two of the
three shift tensor eigenvalues. In contrast, the choice of using
either experimental X-ray or computationally optimised crystal
structures was found to be somewhat less crucial.

A qualitative agreement of theory with experiment was
achieved in this, original computation of the NMR shielding
tensor of the paramagnetic, Ni-doped solid solutions of
LDH materials. While the results are not perfect, trends have
been reproduced and valuable experience in the modelling of
such complex inorganic materials has been gained. Near-
quantitative agreement has been reached for two of the three
3¢ shift eigenvalues as a result of incorporating the close-range
hyperfine terms, primarily the contact contribution. This
underlines the decisive role of the local hyperfine contribution.
Consideration of molecular dynamics effects will be necessary
in future modelling of NMR in the interlayer of LDH materials.
The present work demonstrates that SSNMR combined with
computational modelling with the presently introduced meth-
odology can provide detailed insight into paramagnetic LDH
and other complex layered materials.
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