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Computational NMR investigation of mixed-metal
(AL,Sc)-MIL-53 and its phase transitionsy
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Compositionally complex metal—organic frameworks (MOFs) have properties that depend on local struc-
ture that is often difficult to characterise. In this paper a density functional theory (DFT) computational
study of mixed-metal (A, Sc)-MIL-53, a flexible MOF with several different forms, was used to calculate
the relative energetics of these forms and to predict NMR parameters that can be used to evaluate
whether solid-state NMR spectroscopy can be used to differentiate, identify and characterise the forms
adopted by mixed-metal MOFs of different composition. The NMR parameters can also be correlated
with structural features in the different forms, giving fundamental insight into the nature and origin of
the interactions that affect nuclear spins. Given the complexity of advanced NMR experiments required,
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and the potential need for expensive and difficult isotopic enrichment, the computational work is
invaluable in predicting which experiments and approaches are likely to give the most information on
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Introduction

Metal-organic frameworks (MOFs) are a class of microporous
materials composed of metal nodes and organic linkers." MOFs
are recognised for their high surface areas and tuneable pore
sizes, leading to potential applications in the fields of gas
adsorption,”™ separation,”” catalysis®*' and healthcare.'>"*
There is an increasing desire to better understand the struc-
ture-property relationship in MOFs, particularly for multivari-
ate frameworks, such as mixed-metal MOFs, where there is
the opportunity to tune their properties to target a specific
application.'**®

MIL-53 (MIL = Matériaux de I'Institut Lavoisier) is a benze-
nedicarboxylate (BDC) based MOF, and was first synthesised
under hydrothermal conditions by Serre et al. with Cr’" as the
metal node, giving Cr{OH]-[0,C-C¢H,~CO,]-(H,0),-(0,C-CeH,~
CO,),."® Since this, MIL-53 has also been prepared with AI**,
Fe*', In*', Ga*' and Sc*".'72' The structure of MIL-53 is
composed of corner-sharing metal octahedra connected by
Wo-OH groups. These chains of metal nodes are connected into
layers by the organic linker, BDC>~, forming a 3D porous
“wine-rack” like structure, as shown in Fig. 1. MIL-53 has been
shown to exhibit large changes in its pore size depending upon
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the disorder, local structure and pore forms of these mixed-metal MOFs.

the external conditions, such as temperature and/or pressure,
and the type of guest molecules present. This so-called ‘“‘breath-
ing behaviour” is also influenced by the type of metal cation
present in the framework.>” For example, as shown in Fig. 1, Al-
MIL-53 adopts an open-pore (OP) form upon calcination (also
referred to as activation).'” Subsequent cooling and exposure of
the framework to the atmosphere results in the adsorption of
H,O and the formation of a closed-pore (CP) form of the
MOF. Removal of these guest H,O molecules results in the re-
formation of the OP form, and (for Al-MIL-53) this hydration/
dehydration process is fully reversible."”” The breathing
behaviour of Sc-MIL-53 differs significantly forming a very-
narrow-pore (VNP) structure, also sometimes known as the
high-temperature (HT) form, when calcined (Fig. 1).>*** Upon
hydration, H,O is only found in half of the channels, with
tilting of the ScOg octahedra blocking access to the remaining
pores. Dehydration affords a second type of CP form (which is
different to the CP form observed for Al-MIL-53), sometimes
referred to as the low-temperature (LT) form.>® Within this
work the HT and LT naming convention is used when referring
to these two Sc-MIL-53 pore forms, to differentiate these from
the OP and CP forms of AI-MIL-53.

NMR spectroscopy has been shown to be a powerful tool for
probing the structure of MOFs.”*2° The sensitivity to the local,
atomic-scale environment of this approach means it is well
suited to the study of materials exhibiting different levels or
types of disorder.””*® However, it can be challenging to inter-
pret the complex and overlapped spectral lineshapes that result
particularly for quadrupolar (I > 1/2) nuclei. In recent years
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Fig. 1 Schematic showing the breathing behaviour of Al-, Ga- and Sc-MIL-53 and the pore forms adopted by each.

interpretation has increasingly been achieved by combining
experiment with computation in an approach often referred to
as NMR crystallography.”*' Our previous work used this
approach to understand the effect of the cation composition
on the overall breathing behaviour of mixed-metal (Al,Ga)-MIL-
53.3273% 70 NMR spectroscopy of isotopically enriched
materials®** provided information on the framework compo-
sition through the relative intensities of the u,-OH groups that
bridge adjacent metal centres, and also showed a slight pre-
ference, relative to a random cation distribution, for clustering/
pairing of like cations in the metal chains. We showed using
3C and 7O NMR spectroscopy that the breathing behaviour
observed for the mixed-metal materials differs with composi-
tion, but that this could not be described as the composition-
ally weighted average of that for the two end members (see
Fig. 1 for breathing behaviour for Ga-MIL-53), with mixed-pore
materials seen, where OP and NP forms exist simultaneously.**
More recently, we exploited isotopic enrichment in different
synthetic steps to show that post-synthetic modification of Al-
or Ga-MIL-53 using ion-exchange resulted in materials that had
a very similar overall composition to those made previously, but
a very different structure, with a mixed-metal shell encasing a
single-metal core.**

Here we aim to build on our previous work by considering
the breathing behaviour of mixed-metal (Al,Sc)-MIL-53, which
is likely to be more complicated given the additional and
different pore forms exhibited by the Sc-containing end

This journal is © the Owner Societies 2023

member (Fig. 1). The synthesis of (Al,Sc)-MIL-53 materials is
likely to be more challenging given the different conditions
typically used to produce Al- and Sc-MIL-53 (hydrothermal
reaction in the first case and solvothermal reaction in the
second),’”** and the previous observation of other Sc-based
MOFs, such as Sc,BDC;,*® either as major products or minor
impurities.>® When this is considered alongside the very high
cost of 7O isotopic enrichment (with 1 mL of 90% H,'”0O(l)
costing ~£3k),>® it is useful to first employ a computational
approach to (i) explore the relative energies of the different
possible pore forms and how these vary with composition, and
(ii) predict the NMR parameters for each pore form. This will
help to assign experimental NMR spectra in the future, and,
perhaps more importantly, to evaluate the likely success (i.e.,
the possible differentiation and resolution of different signals)
of using solid-state NMR spectroscopy to determine framework
composition and follow breathing behaviour in (Al,Sc)-MIL-53.
From these data we will also be able to gain insight into the
variation of the NMR parameters with local structure and the
structural origin of the differences seen.

Computational methods

First-principles DFT calculations were conducted using
CASTEP versions 18.1 and 19.11 (see ESI¥),>*7® carried out on
either the Kennedy High-Performance Computing Cluster at
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the EaStCHEM computing facility at the University of St
Andrews or the Young UK National Tier 2 High-Performance
Computing Hub at University College, London. Kennedy con-
sists of 110 computing nodes, each containing 32 cores (two 2.1
GHz 16-core Intel Broadwell (Xeon E5-2683 or Gold 6130)
processors). All components are linked via FDR Infiniband
and Gigabit Ethernet. Young is comprised of 576 computing
nodes, each containing 40 cores (two 2.5 GHz 20-core Intel
Xeon Gold 6248 processors). All calculations were performed
using a planewave basis set, the GGA PBE*® exchange-correla-
tion functional, ultrasoft pseudopotentials,*® ZORA relativistic
treatment®' and the semi-empirical dispersion correction of
Tkatchenko and Scheffler.** Calculations were converged as far
as possible with respect to both k-point spacing and energy
cutoff and were carried out using a Monkhorst-Pack grid** with
k-point spacing of 0.04 2 A™! and a cutoff energy of 60 Ry
(~816 eV).

Structural models were generated for (Al; ,Sc,)-MIL-53 in
the four pore forms (OP, NP, HT and LT) shown in Fig. 1 as
described in Section S1 of the ESLf The site-occupation dis-
order (SOD) program** was used to generate the complete set of
symmetrically inequivalent configurations for compositions
with x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1.
Configurations are equivalent if there is an isometric transfor-
mation that interconverts them; these transformations are the
symmetry operations of space groups Imma, P2,/c, C2/c and P2,/
¢ for OP, NP, HT and LT forms, respectively. The nomenclature
used for each structure, their associated cation arrangement
and the configurational entropy (or degeneracy) is provided in
Table S1.1 of the ESI.{ Each structure was subject to a geometry
optimisation before the calculation of NMR parameters. Atomic
coordinates and unit cell parameters were allowed to vary as
part of the geometry optimisation, with an energy tolerance of
1 x 10™* eV per atom and an electronic structure energy
tolerance of 1 x 10° eV per atom used.

NMR calculations provide the absolute shielding tensor (o)
in the crystal frame. Diagonalisation of this gives the three
principal components, oy;, 03, and o33, and the isotopic
shielding, o5, = (1/3)Tr{c"*%}. To facilitate future comparison
with experiment the isotopic chemical shift, i, is calculated
using a reference shielding, o..f, as described in the ESL.{ The
quadrupolar coupling constant, Co = €QVzz/h, and the asym-
metry parameter, 4o = (Vxx — Vyy)/Vzz, are calculated from the
three principal components of the electric field gradient (EFG)
tensor, V, where Q is the nuclear quadrupole moment, which
was 2.86, —25.58, 146.6 and —220 mb for *H, 70, >’Al and *°Sc,
respectively.®®

Results and discussion

Calculations were performed for every symmetry inequivalent
combination of cations in the OP, NP, HT and LT forms of
(Al; _,Sc,)-MIL-53 as described in Section S1 of the ESI,+ on unit
cells containing 8 cations (after transformation to ensure the
definition of the unit cell axes and the numbering of the cation
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sites were comparable between the four forms). The (electronic)
energy differences for a given cation arrangement between the
different pore types are shown in Fig. 2. Note structures for the
NP and LT forms have been grouped by their equivalent parent
structure (i.e., the equivalent OP and HT cation arrangement
when removing symmetry restraints from the given NP or LT
unit cell, as reported in Table S1.1 in the ESIt), and the average
energy of these groups plotted. The cation arrangements have
been assigned to one of four categories, as described in Table
S1.1 in the ESIf: structures with levels of low mixing (E, red),
chains (C, blue), layers (L, grey) and structures with overall less
ordering (O, green). It should also be noted both that (i) the
absolute energies calculated will depend on the functional used
and (ii) the pore form(s) adopted experimentally will depend on
the synthetic route and particularly the heat treatment applied.
While absolute values should be treated with caution, trends
across a series, and the relative magnitudes of differences are
reasonable to interpret.

Fig. 2(a)-(c) show that for all cation combinations the OP
form is energetically disfavoured over all other structures (i.e.,
HT, LT and NP, respectively). However, the difference in energy
between the OP form and other forms decreases with higher
AP*" content (i.e., towards x = 0). A similar result was previously
observed by Rice et al.** for OP and NP (Al,Ga)-MIL-53, but it
was shown that this was only the case when dispersion correc-
tions were included in the DFT calculations. Without such
corrections the OP form was favoured over the NP form for
all compositions. Although dispersion corrections have been
included in all calculations in this work, the differences seen by
Rice et al. highlight the importance of including these accu-
rately and the possible changes (both in the absolute values and
in the resulting conclusions) that would be observed for under
or overestimation of these in any chosen methodology. Com-
paring the HT and NP forms, as in Fig. 2(d), indicates overall a
slight energetic preference for the NP structure, with some
cation arrangements preferring the HT structure. There is no
systematic change in this preference with cation composition
over the series indicating that the HT and NP forms are
energetically very similar. Both the HT and NP forms are
favoured over the LT form when most of the cations present
are AI** (as shown in Fig. 2(e) for the HT form). At x = 0.5, this
changes and the LT form is predicted to be more stable than
both the NP and HT structures with increasing amounts of Sc**,
as shown in Fig. 2(e) and (f). Noticeably, structures where the
substituted cations lie in chains (blue), ie., with X-O(H)-X
rather than X-O(H)-Y linkages lying along the x axis, favour
adoption of the LT form compared to those with layers (grey)
and less ordering (green). However, it should also be noted that
the smaller size of the unit cell used to ensure that calculations
and the number of unique configurations remain tractable
result in high levels of ordering along the x axis, with only type
of cation (e.g., AI-O(H)-Al-O(H)-Al or Sc-O(H)-Sc-O(H)-Sc),
shown in blue in Fig. 2, or alternating AI** and Sc** cations
(i.e., AI-O(H)-Sc-O(H)-Al).

For all four pore forms an increase in the unit cell volume
is observed as the percentage of Sc®* increases, as shown in

This journal is © the Owner Societies 2023
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Fig. 2 Plots showing the calculated energy differences between the four forms of (Aly_,Sc,)-MIL-53: (a) Eop — EnT, (D) Eop — ELT, (C) Eop — Enp, (d) Ext —
Enp. (€) Eqr — ELr and (f) Ei1 — Enp as a function of cation composition, coloured by the type of ordering.

Fig. S4.1 of the ESI,t as expected because of the size difference
between the two cations (Shannon ionic radii of 0.745 A for six-
coordinate Sc*' and 0.535 A for six-coordinate AI**).*® The
increase is most significant for the OP structure, which expands
by 526 A® between Al- and Sc-MIL-53. Equivalent changes for
the NP, HT and LT forms are 80 A%, 83 A% and 81 A
respectively. An increase in unit cell volume was also seen in
previous work for OP (Al,Ga)-MIL-53,>* although the changes
were smaller in magnitude (190 A®), reflecting the smaller
increase in the Shannon ionic radii for six-coordinate Ga®*
(0.62 A) relative to AI*'. Notably, a much smaller change in
unit cell volume was observed for the NP form of (Al,Sc)-MIL-53.
There is some variation in the volume for a given composition
depending on the cation arrangement, and this is noticeably
larger than that observed previously for (Al,Ga)-MIL-53,%
reflecting again the smaller radius change between AI** and
Ga*' (i.e., a difference of 0.085 A rather than the 0.21 A for AI**
and Sc**). It should be noted that one of the OP structures
(Sc1358, where Sc" is located on cation sites 1, 3, 5 and 8, and
all others contain AI**), converged towards the NP form during
the geometry optimisation step. This structure was re-
optimised with a fixed unit cell size, after which a second
optimisation was performed where the unit cell parameters
were then allowed to change. The OP form was retained using
this procedure. The small number of OP structures which have

This journal is © the Owner Societies 2023

an overall smaller unit cell volume (e.g., for x = 0.25 and 0.5)
may well have started to contract in a similar manner but have
not fully converted to the NP form, resulting in larger energy
differences than perhaps expected. This observation indicates,
once again, the stability of the smaller pore forms over that of
the OP form when dispersion corrections are included in the
geometry optimisation step. It is possible that re-optimising
these structures using the above approach would result in an
overall larger OP unit cell size.
The calculated mixing enthalpies, Ey,ix, given by

Enix = E(x;) — (1 — x)E(xo) + xE(xq)), )

where x, = 0 and x; = 1, are shown in Fig. 3. Here, a negative
Enix value indicates that it is (in principle at least) energetically
favourable to form the mixed-metal MOF, rather than a two-
phase mixture of the single-metal end members. Fig. 3 shows
all mixed-metal materials have a positive E,ix value suggesting
it is enthalpically unfavourable to form these frameworks (and
these values are notably larger than those seen previously
for OP and NP (Al,Ga)-MIL-53, which were between —0.2 and
+0.1 eV).** However, these calculations do not consider entropy
contributions, which should be favourable for most mixed-
metal materials. Despite the positive values, Enx is generally
smaller for the NP and HT forms, with some values approach-
ing zero for x = 0.5. In addition, ordering of like cations into

Phys. Chem. Chem. Phys., 2023, 25, 26486-26496 | 26489
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Fig. 3 Plots of the relative mixing energies, Enix, for the (a) OP, (b) NP, (c) HT and (d) LT forms of (Al;_,Sc,)-MIL-53, as a function of cation composition,

coloured by type of ordering.

layers (grey) appears energetically more favourable than chains
(blue), with structural models showing less ordering (green)
appearing in between. A similar result, although perhaps one
that was not quite so clear, was reported for (Al,Ga)-MIL-53.>* 1t
should also be noted that, as described above, the models used
in this work allow only two arrangements of cations along the x
axis, with chains of like cations (i.e., all S¢** or all AI*") or
chains of alternating AI’** and Sc** cations. It is possible that
more disordered arrangements along these chains would be
more favourable entropically.

The positive mixing enthalpies predicted here may explain
some of the difficulties that have been seen in the experimental
synthesis of (Al,Sc)-MIL-53, with direct synthesis in H,O result-
ing in a two-phase mixture of AI-MIL-53 and Sc,BDC;.** In
addition, however, the standard approaches for the synthesis of
pure Al- and Sc-MIL-53 typically use different solvents, H,O and
DMF, respectively, and synthesis of Sc-MIL-53 uses a base, often
pyridine, to control the pH, potentially making it challenging to
find ideal synthetic conditions for the formation of (Al,Sc)-MIL-
53.772% 1t should also be noted that MOFs are not prepared in
the calcined forms considered above but in their as-made
forms, as shown in Fig. 1, i.e., with excess linker and residual
solvent within the pores. It will be the relative mixing energies
in these forms (along with various kinetic considerations) that
would ultimately determine whether mixed-metal materials
could be easily, or even successfully, synthesised, and such a
study is outside the scope of the current work. However, the
more significant differences in energy seen in this work suggest
that the preparation of mixed-metal (Al,Sc)-MIL-53 frameworks
may well be synthetically more challenging. Plots of
degeneracy-weighted E.;x values for a given composition of
OP, NP, HT and LT (Al, ,Sc,)-MIL-53 are shown in Fig. S5.1
of the ESL.{ These plots are not symmetric and show lower Ep;x
values at higher values of x for all four forms. This suggests

26490 | Phys. Chem. Chem. Phys., 2023, 25, 26486-26496

substitution of a small amount of AI*" into Sc-MIL-53 is gen-
erally energetically more favourable than substituting Sc¢** into
Al-MIL-53 and indicates it may be preferential to attempt future
experimental synthesis of (Al,Sc)-MIL-53 initially with a low
Al:Sc ratio.

As reported previously, **C CP MAS NMR spectra can be
used to differentiate between the various pore forms of (Al,Ga)-
MIL-53 based on the chemical shift of the carboxylate carbon
(C1), which appears at é = 171 ppm for the OP form and 175
ppm for the NP form.*® The calculated *C &, values for the
(Al; _,Sc,)-MIL-53 materials considered are shown in Fig. 4. For
the OP form, three distinct C environments are seen: C1
(carboxylate carbon), C2 (ipso-carbon) and C3 (CH carbon).
For C1, three sets of signals are seen for carboxylate groups
bonded to different combinations of metal cations, with an
increase in d,, with an increasing number of Sc** neighbours.
However, these signals are unlikely to be resolved experimen-
tally given the small differences in J;s, and the typical line
broadening in solid-state NMR spectra. The NP, HT and LT
forms all show an increased range of J;s, values for a particular
type of C, with signals from the C2 and C3 environments
overlapping significantly, especially for the NP and LT struc-
tures. This is not unexpected given the reduction in symmetry
from the parent OP form to the NP, HT and LT structures,
leading to an increased number of different of environments.
The similar §;4, values for a given type of >C environment in all
four of these forms might make it difficult to determine
experimentally which pore form a framework has adopted
using *C NMR spectroscopy alone, particularly for the NP, LT
and HT forms. It is possible that the OP form could be
identified from the lower chemical shifts predicted for C1
and the clear separation of the C2 and C3 resonances. Inter-
estingly, there are two unique groups of C1 chemical shifts for
the LT form regardless of the adjacent cations. These

This journal is © the Owner Societies 2023
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Fig. 4 Plots showing calculated *C 8, for (a) OP, (b) NP, (c) HT and (d) LT (Al;_,Sc,)-MIL-53 for different compositions, coloured by type of carbon.

differences arise due to the tilting of the MOg4 octahedra within
the structure, resulting in a variation of the O-C1-O angle, as
shown in Fig. S6.1 of the ESI.T When x = 1 (i.e., Sc-MIL-53), the
C1 environment with the smallest O-C1-O angle (123.39°) has a
higher calculated *C i, (178 ppm) compared with the C1
environment with the larger angle (124.28°) where the *C Jj,
is 172 ppm. The presence of these two C1 signals may also
allow structures adopting the LT form to be identified
experimentally.

The calculated 'H 4, values, shown in Fig. S6.2 of the ESI,}
indicate that the different p,-OH groups would be resolved in a
"H MAS spectrum (assuming sufficiently rapid MAS was possi-
ble); however, the shift range for the Sc-O(H)-Sc site overlaps
with that from the aromatic "H on the BDC?™ linker in the NP,
HT and LT forms. A larger distribution of d;,, values is observed
for NP, HT and LT forms because of the reduction in symmetry
compared to the OP form, as observed previously for the
calculated C 6, values. Experimentally, the 'H signals for
the p,-OH groups in calcined dehydrated Sc-MIL-53 are
observed at lower shift than the ~6 ppm suggested by the
DFT calculations, indicating some inaccuracy in the absolute
predicted "H &5, values for the OH groups, or an additional
effect from incomplete removal of water (and hydrogen bond-
ing) or as a result of dynamics." Given this, it is perhaps
unlikely that individual p,-OH groups would be resolved in
'"H NMR spectra of (Al,Sc)-MIL-53, especially at slower MAS
rates, as is the case for (Al,Ga)-MIL-53,>* although it may be
interesting to attempt very rapid MAS or variable temperature
measurements on samples that are completely dehydrated to
verify this. Another alternative would be to post-synthetically
exchange the OH species for OD groups (with the corres-
ponding *H MAS NMR spectrum then avoiding overlap with
the aromatic signals). Furthermore, >H NMR spectra exhibit
much smaller dipolar couplings, providing better resolution at
slower MAS rates, and are typically very sensitive to different

This journal is © the Owner Societies 2023

types and rates of motion/exchange if present. More generally,
’H spectra can provide further insight into hydrogen bonding
through changes in Co,,””*” which may also be of use when
considering hydrated forms of MIL-53. A plot of calculated *H
diso versus Co for all four pore forms of the calcined materials is
given in Fig. $6.3 of the ESL,{ and shows different *H C, values
for the OD groups (~0.28 MHz) and CD sites in the BDC>~
linker (~ 0.18 MHz). The C,, values predicted for three different
types of OD groups are similar, perhaps as expected for
dehydrated materials, although for each of the three there is
a correlation with chemical shift for the NP, HT and LT forms.

We have shown previously the utility of '’O NMR spectro-
scopy for providing structural information on (Al,Ga)-MIL-53
materials,*** with the number of carboxylate oxygen signals
and their NMR parameters of the carboxylate oxygens differing
between the OP and NP forms, and the relative intensity of the
different types of p,-OH sites providing information on the
framework composition and the cation distribution. The calcu-
lated 'O &;,, values for (Al;_,Sc,)-MIL-53 are shown in Fig. 5,
plotted as a function of composition. Three distinct ranges of
chemical shift are observed for the three p,-OH groups,
coloured in blue (Al-O(H)-Al), grey (Al-O(H)-Sc) and purple
(Sc-O(H)-Sc). The predicted shifts for Al-O(H)-Al are very
similar to those observed in (Al,Ga)-MIL-53 at ~20 ppm.**~*
Shifts from OH groups bonded to Sc" are at higher d;5, values,
with Sc-O(H)-Al at ~100 ppm and Sc-O(H)-Sc at ~180 ppm.
These values are much higher than the 1,-OH groups bonded to
Ga** seen in previous work,**"** which appear at ~25 ppm and
~30 ppm for Al-O(H)-Ga and Ga-O(H)-Ga environments,
respectively. Work reported previously showed a *’O chemical
shift of 143(4) ppm for Sc-O(H)-Sc groups in hydrated Sc-MIL-
53 (i.e., the intermediate, or INT, pore form shown in Fig. 1),*?
enriched in 'O using a post-synthetic steaming method, which
agrees reasonably well with the predictions of much higher
calculated J;s, values here (although some differences will be
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expected due to the different pore form and the presence of
water). The large differences predicted in the calculated 70 diso
for the n,-OH groups suggest these may not overlap signifi-
cantly in 7O MAS NMR spectra at moderate to high field
strengths (e.g., 14.1-20.0 T), even when considering the quad-
rupolar broadening, unlike the case of (Al,Ga)-MIL-53.>>7*
Thus, it is possible that information on the relative proportions
of each OH group present could be obtained without the need
for (non-quantitative and lengthy) MQMAS*® experiments to
remove the quadrupolar interaction, enabling information on
the cation distribution to be more easily obtained. A more
significant correlation is observed between the 170 ;5o for the
Sc-O(H)-Sc species and the composition, with lower d;s, seen
with increasing Sc** content (i.e., at larger values of x). This
correlation arises from a variation in the Sc-O-Sc bond angle
over the compositional series. Fig. $6.4 in the ESIF plots 7O Ji,
(for Sc-O(H)-Sc sites) against the Sc-O-Sc bond angle for the
OP form of the MOF, in which a clear trend is observed. Smaller
Sc-O-Sc angles are found in (Al;_,Sc,)-MIL-53 structures with
lower values of x, resulting in higher O §q,. It is likely that the
large size difference between the AlI*" and Sc®* cations results in
steric strain, that increases the average Sc-O-Sc bond angle
and, subsequently, decreases Jiso.

Two distinct sets of 7O J;, values are seen for each of the
carboxylate signals (i.e., for each of X-O—C, where X is Al or Sc)
in the NP and HT forms of MIL-53. These result from similar
structural changes to those seen previously for (Al,Ga)-MIL-53,
where rotation of the BDC?>™ linker results in different dis-
tances between the 7O carboxylate species and the p,-OH
group across the pore, creating two distinct carboxylate oxygen
environments even in the end member.*> However, the position
of these signals in a MQMAS spectrum (and the width of the
lines in the MAS spectrum) also depends on the magnitude of
the quadrupolar interaction, Cy. Fig. $6.5 in the ESI shows a

26492 | Phys. Chem. Chem. Phys., 2023, 25, 26486-26496

plot of calculated 7O C,, against s, where these two types of
environments are now differentiated more clearly for the NP
and HT forms by their NMR parameters. For carboxylate oxy-
gens bound to Sc**, there are small differences in both 6;s, and
Co (with one set having a lower d;5, and slightly higher C, than
the second). A similar effect is seen for carboxylate oxygens
bound to AI** in the NP and HT forms, although the magnitude
of the differences is much greater between the two. Fig. S6.5d
(ESIt) shows three sets of *’O carboxylate species (for each X-
O—C) for the LT form, which originate from the tilting of the
MO octahedra within the structure (as shown previously in Fig.
6.1, ESIt), altering the geometry around the '’O carboxylate
sites. The ranges seen for the 7O d;, and Co values and the
variation in several structural parameters with different atomic
arrangements makes it difficult to ascertain unambiguously the
exact origin of the differences. Fig. S6.6 in the ESI{ shows that
for Sc-O=C groups in LT (Al;_,Sc,)-MIL-53 there is perhaps a
stronger dependence on the O-Sc bond length than the Sc-
O—C bond angle, but neither effect dominates. No direct
correlation with composition or type of cation arrangement
appears to be present. However, when considering end member
Sc-MIL-53 (i.e., x = 1) eight unique 7O carboxylate species are
present and can be differentiated based on their NMR para-
meters (d;so and Co) which depend on the distance between the
carboxylate oxygen and the hydrogen atom of the OH group
across the pore, as shown in Fig. S6.7 in the ESIL.{ These species
are grouped into three sets (containing two, four and two of the
eight, respectively). The variation in distance to the OH group
across the pore arises from the tilting of the MO, octahedra
described above. The additional disorder present when con-
sidering the incorporation of AI** into the framework results in
a distribution of NMR parameters for each of these species, and
thus only three groups of 7O carboxylate species are observed
in Fig. $6.6d (ESIt). This is shown more clearly when once again

This journal is © the Owner Societies 2023
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considering the distance between the carboxylate oxygen and
the hydrogen atom of the OH group across the pore as shown in
Fig. S6.8 in the ESIL.¥

The predicted centre-of-gravity of a resonance in a MQMAS
spectrum for a spin I = 5/2 nucleus, ie., (d;, d,) can be
calculated®”*®*° (at a specified magnetic field) from C, and
diso, USINg eqn (S7.1)-(S7.4) in the ESI,T and the convention for
referencing ¢, described in ref. 49. Fig. 6 plots predicted J, and
J, positions (for 20.0 T 7O 3QMAS spectra, after shearing) for
all four pore forms of (Al;_,Sc,)-MIL-53. Carboxylate oxygens
bonded to AI** and Sc** are expected to be reasonably well
resolved for all four pore forms (although some of these signals
would overlap if different pore forms were present simulta-
neously in a sample). The presence of two types of chemically
different carboxylate group (bonded to either AI** or Sc**) can
also be seen for the NP and HT forms, although this is more
significant for carboxylate oxygens bonded to Al**. Unfortu-
nately, there is little resolution of the three different types of
carboxylate oxygens in the LT form (i.e., three for the carbox-
ylates bound to AI** and three for those bound to Sc**) at this
field. As the differences in the NMR parameters for these
species are primarily in Cy, better isotropic resolution is likely
to be obtained at lower magnetic field, although this would be
accompanied by poorer inherent sensitivity and broader spec-
tral lines in ,.%” However, good resolution of most O signals is
predicted to occur at 20.0 T.

Fig. $6.9 and $6.10 in the ESIt show the predicted *’Al and
3Sc die, values, respectively, for different compositions of
(Al; _,Sc,)-MIL-53 for each of the four pore forms. Two chemi-
cally different cations environments are seen depending on the
adjacent metal cations in the chain (i.e., AI-O(H)-X-O(H)-Al

This journal is © the Owner Societies 2023

and Sc-O(H)-X-O(H)-Sc). This distinction is clearest when the
framework adopts the NP and HT forms. The shift differences
are small for *’Al (2-4 ppm, Fig. $6.9, ESIT) but larger for **Sc
(~20-30 ppm, Fig. S6.10, ESI), although whether the two types
of cations can be resolved experimentally would depend on the
magnetic field used and the quadrupolar broadening (both its
absolute magnitude and the relative difference in C, between
the two - see later). However, it should also be noted that the
imposed ordering from the single unit cell used discussed
above produces two nearest neighbours that are the same,
and it is likely AlI-O(H)-X-O(H)-Sc environments will also be
present, with chemical intuition suggesting the chemical shifts
for these will lie somewhere in between the two sets of signals
seen in each case, perhaps further limiting resolution at all but
the highest fields.

Fig. S6.11 and S6.12 in the ESI{ show plots of C against dis,
for >’Al and *’Sc, respectively, for all four pore forms of
(Al;_,Sc,)-MIL-53. For **Sc (Fig. $6.12, ESIt), there is an inter-
esting correlation between d;s, and Cy, in all cases, but this is
most evident for the OP and LT forms. This is shown in Fig. 7(a)
for the LT form. Between 05, values of 80 ppm and 50 ppm a
decrease in Jis, is accompanied by a decrease in Co. However,
below 50 ppm, C, begins to increase despite further decreases
in Jiso. The Sc** is six-coordinate, with the ScOs octahedron
being composed of four bonds to carboxylate oxygens and two
to (trans) p,-OH groups, as shown in Fig. 7(b) for the Sc-MIL-53
end member. It can be shown that the **Sc C,, and dig, in the LT
form depend on the difference between the average Sc-OH and
Sc-OC bond lengths (i.e., (Sc-OC)-(Sc-OH)) in the ScO4 octa-
hedron. This is shown for the **Sc C,, of the Sc-O(H)-Sc-O(H)-
Sc and Al-O(H)-Sc-O(H)-Al species in Fig. 7(c) and (d),
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respectively. (See Fig. $6.13 in the ESI} for the corresponding
plots for **Sc dig,.) For Se-MIL-53 (x = 1), which can be viewed as
the “ideal” structure, this difference is 0.037 A (as seen in
Fig. 7(b)), reflecting the generally shorter Sc-OH bonds. A
deviation away from this value results in an increase in Cp
(i.e., greater levels of ““distortion’”). Fig. $6.14 in the ESIt shows
these changes are primarily a result of the variation in (Sc-OH),
which shows a much larger range (by a factor of ~2) over the
compositional series than (Sc-OC), particularly for AlI-O(H)-Sc-
O(H)-AL For Sc-O(H)-Sc-O(H)-Sc, an increase in the difference
between the average bond lengths is observed with increasing
amounts of AI** (Fig. 7(c)), which in turn results in larger **Sc
Co values. For Al-O(H)-Sc-O(H)-Al (Fig. 7(d)), difference values
of close to the ideal value of 0.037 A are found for compositions
between x = 0.35 and 0.5. Both an increase and decease in x
then results in greater distortion and an increase in **Se Cq
(due to the expansion and contraction of the Sc-OH bond
lengths, respectively). Overall, the calculated >’Al and *’Sc Ji,
and C,, values for a given composition do not change signifi-
cantly between all four pore forms, making it potentially
difficult to distinguish between them using *’Al or *>Sc NMR
spectroscopy. However, it is clear that the complex spectral
lineshapes that will result (particularly for two-dimensional
MQMAS experiments)*® contain detailed information on the
local geometry.

Conclusions

Compositionally complex materials are of increasing interest in
chemistry, potentially enabling fine tuning of properties for

26494 | Phys. Chem. Chem. Phys., 2023, 25, 26486-26496

specific applications. However, the results presented here high-
light the challenges that may be encountered in studying the
framework composition, cation disorder and breathing beha-
viour of (Al,Sc)-MIL-53, owing to the different pore forms that
might be adopted by the calcined materials. The high energy of
the OP form suggest that this might be more difficult to
produce, and it may be that this will only be seen immediately
after calcination (i.e., before any hydration) where much higher
temperatures are used. This was the case for (Al,Ga)-MIL-53,
where calcined materials adopted primarily OP forms, but after
rehydration, subsequent dehydration at lower temperatures
produced mixed pore forms and increasing amounts of NP
material with increasing Ga®* content. The relative energy of OP
(AL,Sc)-MIL-53 decreases with increasing AI** content and so it
may be that materials with larger amounts of AI** are more
likely to favour this form upon heating, while those with higher
Sc** content will preferentially adopt the more closed HT, LT or
NP forms, particularly after dehydration. The HT, LT and NP
forms have similar energies, but the LT form will likely be
favoured at higher Sc content and the NP form at higher Al
content. Interestingly, the relative energies of these forms also
vary with the cation arrangement (i.e., into chains, layers or
more random arrangements), which may lead to mixed pore
forms for different crystallites even they have similar
compositions.

The mixing enthalpies for all calcined mixed-metal (Al,Sc)-
MIL-53 materials are shown to be positive, largely because of
the larger size difference between AI’* and Sc** (at least when
compared to AI’" and Ga®"), although the free energy differ-
ences will also be affected by entropic contributions. It should
also be noted that these materials are not directly prepared in
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these calcined dehydrated forms, but in an as-made form,
which will determine the feasibility and likely cation ordering.
However, the results do suggest care might have to be taken
when calcining and/or dehydrating the materials to avoid
framework decomposition.

The predicted NMR parameters show differences for all four
forms of (Al,Sc)-MIL-53, suggesting this might be a potentially
useful approach to follow breathing behaviour, although the
presence of mixed pore materials may lead to spectral overlap.
Many of the parameters also show a dependence on composi-
tion, offering possibilities for determination of the framework
composition and any preferences for ordering or clustering of
cations. It is clear each nuclide that can be studied has the
potential to provide information (with different advantages and
disadvantages for each pore form), and it may be best to
combine approaches to obtain the most detailed information.
However, it was seen that '’O NMR spectroscopy is particularly
useful, with good resolution of the different types of p,-OH
groups (i.e.,, X-O(H)-Y), which may enable the framework
composition and ordering to be obtained from simple MAS
experiments, rather than requiring very high fields, or the use
of lengthy and non-quantitative MQMAS experiments. Distinct
differences in the position of MQMAS lineshapes for carbox-
ylate oxygens (both in terms of the nature of the bonded cation
and the type of pore form adopted) were also predicted, which
may provide further support to the structural conclusions.
However, the requirement to isotopically enrich in 7O will
add extra complexity to the synthetic challenge, with the need
for cost-effective and atom-efficient enrichment methods limit-
ing the synthetic approaches possible if enrichment is carried
out during the initial synthesis. Although post-synthetic enrich-
ment is also possible, this results in additional steps/transfor-
mations and may limit the access to particular pore forms.

The ability to fine tune the physical and chemical properties
of MOFs offers a great opportunity to think about the rational
design of materials. The use of computation prior to challen-
ging and (for 'O enriched materials) expensive synthetic
work provides insight into the possible behaviour that might
be observed and the ability to evaluate the solid-state
NMR spectroscopic approaches that may be best for providing
the information needed. Although beyond the scope of the
current study, it may also be interesting and insightful to
consider the possible hydrated forms of (Al,Sc)-MIL-53 and,
if possible, possible models for the as-made materials. The
use of ensemble-based modelling approaches enables a
complete set of symmetry unique structures to be considered
and will, ultimately, enable the simulation of the complete
NMR spectrum for fixed compositions for comparison to
experiment.
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