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Abstract

Periodic density functional theory (DFT) calculations have recently emerged as a
popular tool for assigning solid-state nuclear magnetic resonance (NMR) spectra.
However, in order for the calculations to yield accurate results, accurate structural models
are also required. In many cases the structural model (often derived from crystallographic
diffraction) must be optimised (i.e., to an energy minimum) using DFT prior to the
calculation of NMR parameters. However, DFT does not reproduce weak long-range
“dispersion” interactions well, and optimisation using some functionals can expand the
crystallographic unit cell, particularly when dispersion interactions are important in
defining the structure. Recently, dispersion-corrected DFT (DFT-D) has been extended to
periodic calculations, to compensate for these missing interactions. Here, we investigate
whether dispersion corrections are important for aluminophosphate zeolites (AIPOs) by
comparing the structures optimized by DFT and DFT-D (using the PBE functional). For as-
made AIPOs (containing cationic structure-directing agents (SDAs) and framework-bound
anions) dispersion interactions appear to be important, with significant changes between
the DFT and DFT-D unit cells. However, for calcined AIPOs, where the SDA /anion pairs
are removed, dispersion interactions appear much less important, and the DFT and DFT-D
unit cells are similar. We show that, while the different optimisation strategies yield
similar calculated NMR parameters (providing that the atomic positions are optimised),
the DFT-D optimisations provide structures in better agreement with the experimental
diffraction measurements. Therefore, it appears that DFT-D calculations can, and should,
be used for the optimisation of calcined and as-made AIPOs, in order to provide the

closest agreement with all experimental measurements.
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Introduction

Recent advances in periodic approaches for the calculation of Nuclear Magnetic
Resonance (NMR) parameters from first-principles have expanded the application of these
methods among the experimental solid-state NMR community."® These calculations,
typically exploiting density-functional theory (DFT), aid spectral assignment and
interpretation, and can also predict NMR parameters and, therefore, guide experimental
acquisition. For all calculations an initial structure (or structural model) is a vital pre-
requisite, and this is usually obtained from experimental diffraction measurements or,
alternatively, from computational studies. The accuracy of such structural models
depends upon the exact type of diffraction that has been carried out, i.e., single crystal or
powder diffraction, whether laboratory X-ray, synchrotron X-ray or neutron diffraction
have been used, and whether the positions of light atoms (in the case of X-ray diffraction)
have been refined directly or have been added manually at a later stage. Furthermore,
owing to the dependence of diffraction on long-range order in a solid, structural models
derived solely in this way may need to be treated with some caution should there be any
disorder or dynamics present, as only information on the average structure is obtained. In
many cases, therefore, some optimisation of the structure is required, minimising the
forces upon the atoms, prior to the calculation of NMR parameters. As NMR is an
extremely sensitive probe of local structure, even small changes in the local geometry can

have significant effects on the calculated NMR parameters.” "

Periodic DFT calculations have been used successfully to predict a range of physical
and chemical properties for a variety of different materials.”® However, traditional DFT
calculations are not able to describe adequately long-range interactions in many systems,
owing to the absence of van der Waals (vdW) forces in many exchange-correlation
functionals, leading to possible inaccuracies in unit cell size and shape, and in the atomic
coordinates of species within the cell.” While one might expect this to be less of a problem
in densely-packed, rigid crystal lattices, it has been shown to be a considerable problem

for the more flexible metal-organic frameworks (MOFs), where optimised structures can
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differ significantly from the initial model.""" For example, it was shown by Chang et al.,
that optimisation of the structure of Zn(bpetpa) (a Zn-based MOF with 1,2-bis(4-
pyridyl)ethane tetrafluoroterephthalate (bpetpa) linkers) using standard DFT calculations
resulted in a considerable expansion of the unit cell size (~12.6% along the b axis)."
Furthermore, many molecular crystals are bound by dispersion interactions, and their
absence in any optimisation using DFT can either cause the structure simply to “fall apart”
or the geometry (i.e., the packing of molecules) to be significantly altered.” One solution to
prevent unreasonable or unphysical expansion of the unit cell size is to constrain the
lattice parameters, i.e., the cell dimensions (4, b, ¢) and angles (o, B and y) to those
determined by diffraction. This is not, however, a particularly satisfying solution, as this
assumes not only that the diffraction measurements are absolutely accurate (and
complete), but that the “average” structure measured by diffraction at a finite temperature
will be similar to the minimum energy structure at 0 K found using DFT. Furthermore,
this approach will fail for systems where disorder (either compositional or positional) is
present, with diffraction providing information only on an average structure (e.g.,
including atoms with fractional occupancies), while calculations are performed using a

specific arrangement of atoms or molecules within the defined unit cell.

In recent years, a number of approaches have been developed to include dispersion
interactions in DFT calculations,” including the development of hybrid density functionals,
vdW-DFT”*" and the use of use of semi-empirical dispersion correction (SEDC) schemes
(or DFT-D)."'* In the latter case, the total energy of the system is modified by adding a
contribution from an empirical dispersion correction to the value obtained using Kohn-
Sham DFT. The schemes introduced by Grimme (G06)"* and Tkatchenko and Scheffler
(TS)" have both been shown to be compatible with periodic calculations performed using
the generalised gradient approximation (GGA) PBE functional — a functional that has
become a particularly popular choice for the calculation of NMR parameters in solids.”>*
Notably, the use of both corrections schemes for the structure optimisation of Zn(bpetpa)

resulted in a structure in much better agreement with that from diffraction, matching all

unit cell parameters to within 1.3%."



Aluminophosphates (AIPOs) are an important class of microporous materials, with
applications in gas storage and separation, catalysis and medicine. First reported in 1982,
AIPOs have been widely studied owing to their structural similarity to zeolites, although
materials with unique topologies can also be formed.”™ Conventionally, AIPOs are
synthesised hydrothermally (or solvothermally) in the presence of a structure directing
agent (SDA) or “template”, usually an amine, which remains in the pores of the final
product. Any charge on the SDA is balanced by the incorporation of OH™ or F~ anions,
within the framework, resulting in four-, five- and six-coordinate framework Al species.
Calcination (typically at 500-600 °C) of the as-made form removes the SDA, any water
contained within the pores and the charge-balancing OH /F™ anions, resulting in a
tetrahedral framework containing corner-sharing AlO, and PO, units.”*" This change is
shown in Figure 1, using the structures of as-made and calcined AIPO-14 as an example.
The positive charges on the two isopropylammonium (ipa) SDA cations per pore are
balanced by the incorporation of two OH™ groups into the framework structure, and there
are also two water molecules found per pore.”**" Calcination produces a neutral, and
purely tetrahedral, open framework structure. Substituted materials (referred to as
MeAPOs, where Me = Metal) are commonly encountered, owing to enhanced catalytic
properties, and the ability to “tune” the properties of the framework for a particular
application.™ NMR spectroscopy is a popular approach for studying AIPOs, as the main
constituents of the pure and substituted frameworks (YAl/*'P/70O and *Mg, "'Ga, *Si,
etc.,), the SDA (PC/'H/"N) and the charge-balancing anions (O/'H/"F) are all NMR
active. Furthermore, the sensitivity of NMR to the atomic-scale environment makes it an
ideal probe for investigating the framework structure and (dis)order, the nature, position
and dynamics of guest molecules within the pores, and the number and position of
(potentially disordered) charge-balancing anions. In this respect, the ability to compare
calculated NMR parameters to those obtained experimentally is invaluable in
understanding possible local structural environments present, and periodic DFT
calculations of NMR parameters have been successfully applied in the structural

investigation of a number of phosphate-based frameworks.” %
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Unlike many densely-packed, rigid crystalline materials, some flexibility of the
AIPO framework structure is possible, with variations in symmetry, and pore size and
shape upon the incorporation of guest molecules (be it the original SDA or one specifically
loaded).”*™ This flexibility, however, is not as great as that typically encountered in many
MOFs, where significant structural changes are possible without breaking any chemical
bonds."” The guest molecules present in AIPOs will interact with the framework, and with
each other, through longer-range interactions. Therefore, it is not clear how the inclusion
of dispersion corrections schemes into DFT calculations may affect the optimised
structures and, ultimately, the accuracy of the calculated NMR parameters for these
materials. In this work, we investigate how the structures of a range of as-made and
calcined AIPOs vary when optimised using DFT with the inclusion of SEDC schemes. We
compare the structures obtained using two such schemes, specifically G06 and TS, to that
produced when no such contribution is included. Subsequently, we consider how the
structural changes affect the calculated NMR parameters, comparing those calculated for
the different structural models to experimental parameters present in the literature, in

order to determine the optimum approach for carrying out this type of calculation.

Methods

Calculations of total energies and NMR parameters were carried out using the
CASTEP DFT code (version 5.5.2),”” employing the gauge-including projector augmented
wave (GIPAW) approach,’ to reconstruct the all-electron wavefunction in the presence of a
magnetic field. Calculations were performed using the GGA PBE functional® and core-
valence interactions were described by ultrasoft pseudopotentials.”> A planewave energy
cutoff of 50 Ry (~680 eV) was used, and integrals over the Brillouin zone were performed
using a Monkhorst-Pack grid with a k-point spacing of 0.04 A™'. All calculations were
converged as far as possible with respect to both k-point spacing and cutoff energy.

Calculations were performed on a 198-node (2376 core) Intel Westmere cluster with 2 GB



memory per core and QDR Infiniband interconnect at the University of St Andrews.

Calculation wallclock times ranged from 24 to 48 hours using 1-8 nodes.

Calculations generate the absolute shielding tensor (o) in the crystal frame, and
diagonalisation yields the three principal components, 64y, Oyy and 6,,, and the isotropic
shielding, o,,, = (1/3) Tr{c}. The isotropic chemical shift, §,,, is given by —(0,, — O,

iso

where o, is a reference shielding. The quadrupolar coupling constant, C, = eQV,,/h and

ref
asymmetry parameter, o = (Vyx — Vyy)/ V; are obtained from the principal components of
the electric field gradient (EFG) tensor, V, where Q is the nuclear quadrupole moment (for
which a value of 146.6 mB was used for ¥ Al).* Although both the sign and magnitude of

C, are generated, the latter is difficult to measure experimentally and so only the

magnitude of C, is considered here.

Initial atomic positions and unit cell parameters were taken from the literature, and
typically obtained from diffraction measurements. References and further details are given
in the text. Optimisation of the structures was performed where necessary using BFGS
optimisation with an energy cutoff of 50 Ry and a k-point spacing of 0.04 A™'. The
convergence criteria for total energy, ionic force and ionic displacement were 1 x 10™

eV/atom, 0.05eV/A and 1 x 107 A, respectively.

For DFT-D calculations, the SEDC schemes of Grimme (G06)"* and Tkatchenko and
Scheffler (TS)" were employed.* For G06, the dispersion contribution to the energy is
calculated as a series of pairwise vdW interactions between each of the atoms in the
system as a function of their internuclear separation (using a potential that contains a
number of empirical parameters).”™ This contribution is then added to the energy
determined using Kohn-Sham DFT, to give a DFT-D (or dispersion-corrected) energy. The
form of the potential describing the dispersion contribution to the energy is similar in the
TS scheme, but first-principles methods were used to determine some of the parameters

empirically fitted by Grimme.”"



'P MAS NMR spectra were acquired using a Bruker Avance III 600 MHz
spectrometer equipped with a 14.1 T widebore magnet, at a Larmor frequency of 242.9
MHz. Samples were packed in conventional 4-mm ZrO, rotors and rotated at an MAS rate
of 14 kHz. Chemical shifts are referenced to 85% H,PO, for *'P using BPO, (-29.6 ppm)” as
a secondary reference. (Note there are at least two slightly different referencing schemes in
common use in the literature for *'P, and spectra were acquired in this work to ensure
consistency). Where necessary, continuous wave (cw) 'H decoupling was employed to
improve spectral resolution, with a typical radiofrequency field strength (yB,/2m) of ~100
kHz. For AIPO-14, low-power cw Al decoupling® was also employed ((yB,;/2x) of ~10
kHz). All spectra were acquired using a recycle interval of 30 s. Experimental isotropic
chemical shifts extracted from the spectra are given in the ESI. For Al, most NMR
parameters (isotropic chemical shifts, quadrupolar coupling and asymmetry) were taken
from a range of previous work in the literature, with references given in the text. For
calcined AIPO-17 and calcined AIPO-18, MAS NMR spectra were acquired using Bruker
Avance III 400 and 600 MHz spectrometers equipped with 9.4 T and 14.1 T widebore
magnets, at Larmor frequencies of 104.3 MHz and 156.4 MHz, respectively. Samples were
packed in conventional 4-mm ZrO, rotors and rotated at an MAS rate of 14 kHz. Chemical
shifts are referenced 1 M AI(NO,); (aq). Triple-quantum MAS NMR experiments were
carried out using a phase-modulated split-t, shifted-echo pulse sequence,® with the
efficiency of the conversion of triple- to single-quantum coherences enhanced by the use of
soft-pulse-added-mixing (SPAM).” The final (180°) pulse was chosen to be selective for the
central transition. The scale in the indirect dimension is referenced according to the
convention in Ref. 38. All spectra were acquired using a recycle interval of 1 s.

Experimental spectra and extracted NMR parameters are given in the ESI.

Results and Discussion

As-prepared AIPOs



The structures of a series of as-made AIPOs, obtained from diffraction
measurements, were taken from the literature (see ESI for further details). These include (i)
AIPO-14,* (ii) AIPO-15" (iii) JDF-2,* (iv) AIPO-34* and (v) SIZ-4,* containing
isopropylammonium, ammonium, methylammonium, morpholinum and
dimethylimidazolium cations, respectively, as SDAs. Charge balancing is achieved by the
incorporation of either hydroxide (i-iii) or fluoride (iv-v) anions. Water molecules are also
present in the pores for AIPO-14(isopropylamimonium hydroxide)” and AIPO-
15(ammonium hydroxide).” Note that AIPO-34(morpholinum fluoride) and SIZ-
4(dimethylimidazolium fluoride) are isostructural after calcination, but owing to their
different preparation methods (using hydrothermal and ionothermal synthesis,

respectively), their as-made forms contain different SDAs.**

Prior to the calculation of NMR parameters from a structural model, it is usually
necessary to “optimise” the geometry, i.e., to minimise forces upon the atoms. Table 1
shows the different possible optimisation strategies used in this work. Structural
optimisation can be particularly important for as-prepared AIPOs, where H atoms (on the
SDA, H,O and charge-balancing hydroxyls) are often added manually, rather than being
refined directly. Table 2 shows the (average) magnitude of the forces calculated on each
atom type for the structure of each AIPO taken directly from the literature, termed
structure set [A]. For all AIPOs, no matter how the diffraction data has been collected, high
forces (in most cases over 1 eV/A) are observed for most atoms, suggesting that some
optimisation of the structure is necessary. The lowest forces are observed for AIPO-
15(ammonium hydroxide),” probably owing to the presence of a simpler SDA. Also
shown in Table 2 are the magnitudes of the forces present after only H positions were
optimised (with the coordinates of all other atoms and the unit cell size and shape fixed) —
termed structure set [B]. It can be seen that optimisation has significantly reduced the
forces on H and many of the nearby atoms, but that some high forces are still present. In
all cases, however, optimisation has reduced the total energy (in most cases by a

significant amount). If all atomic coordinates are optimised (with the unit cell size and
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shape remaining fixed), as in structure set [C] in Table 2, the forces on each atom are now
much lower (typically below 0.05 eV/A), suggesting an energy minimum has been
reached. (Note that in this case the optimisation was carried out from the initial structure
[A] and not from the part-optimised structure [B].) The energies of each structure in set [C]
are lower than the corresponding structures in set [A] and [B] in all cases. The
optimisation resulted in only very small changes to the structure in most cases. As an
example, in AIPO-34(morpholinum fluoride) changes in the atomic positions of atoms in
the aluminophosphate framework of less than ~0.06 A are observed, although larger
changes (up to ~0.3 A) are observed for the atoms in the morpholinum SDA. The SDA in
this case is conformationally flexible and may be difficult to study using diffraction and,
notably, the refined structure of the as-made material contains an unusual boat-like
conformation for this molecule, rather than the chair-like confirmation observed after

optimisation.

It is clear that optimisation of structural models from the literature is often
necessary. However, for disordered materials, or those where the structure has been
modified or altered in some way, fixing the unit cell size and shape is not necessarily an
option (as the “true” values are not always known). In the case of disordered materials
values obtained from diffraction are the result of averaging over many unit cells, and do
not necessarily reflect the specific arrangement of atoms in the cell or supercell considered
in the calculation for any structural model. In this case, it is necessary to allow the unit cell
parameters (i.e., the values of (4, b, ¢) and (o, B and y)) to vary, along with the atomic
coordinates. Table 2 shows that such an optimisation (structure set [D]) also results in
small forces on the atoms, and typically a very small (e.g., 0.1-0.5 eV/cell) lowering of the
total energy. It is noticeable, however, that this optimisation has resulted in a change in

the unit cell size and, to a lesser extent, its shape.

Figure 2a shows the (%) change in the unit cell dimensions and total volume
between structure sets [A] and [D] for each as-made AIPO. (Full information on the

change in the unit cell parameters for each AIPO is given in the ESL.) It can be seen that, in
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all cases, varying the unit cell size and shape in the optimisation has resulted in a typical
increase in the cell dimensions of ~1% (and an increase in volume of between 2 and 4 %).
Notably, for JDF-2(methylammonium hydroxide) the expansion appears to be anisotropic,
being much greater along the b axis than along either a or c. In general, the distance and
volume increases observed are much smaller than those seen in previous work for the
Zn(bpetpa) MOF (~12% volume change''), as a result of the much less flexible nature of
the AIPO framework, although the possibility for atomic movement in these cases is
significantly greater than in many rigid solids. These small differences in cell size/shape
do, however, affect the observed diffraction pattern. An example of this is shown in Figure
3, where simulated powder X-ray diffraction patterns for the [A], [C] and [D] structures of
JDF-2(methylammonium hydroxide), are compared. There are, of course, no differences in
peak positions within the patterns for structures [A] and [C] as the unit cell size remains
fixed. However, there are also no significant changes in the intensities of the peaks despite
the changes in the atomic coordinates, suggesting that powder diffraction would be
relatively insensitive to the small changes that have occurred. There are significant
changes in some of the peak positions for structure [D], owing to the change in unit cell
size upon optimisation (shown in Figure 2). It can be seen that (h0l) diffraction peaks are

less affected, as expansion along the a and ¢ axes is significantly less than that along b.

For all AIPO structures two additional optimisations were carried out with the
inclusion of dispersion forces according to the G06 (structure set [E]) and TS schemes
(structure set [F]). All atomic positions and the unit cell parameters were allowed to vary.
Figures 2b and 2c show the change in the unit cell dimensions and total volume between
structure sets [A] and [E] or [F], for each as-made AIPO. For each of the optimised
structures, forces of similar magnitude to those for structure sets [C] and [D] were
observed. (These are given in the ESI, as they are not directly comparable to those quoted
in Table 2, owing to the different computational methods used). In general, the expansion
in cell volume seen for structure set [D] is not observed, with all cells displaying a small
contraction in volume, and a contraction is also observed along most individual axes. An

exception to this is the expansion along the b axis (of ~1.65 %) observed for JDF-
11



2(methylammonium hydroxide), perhaps indicating some error in the initial diffraction
measurement for this compound. With this exception, the cell size of the optimised
structures obtained using SEDC schemes do appear to be in better agreement with the
diffraction measurements, and this is reflected in greater similarity between experimental
and simulated diffraction patterns shown in Figure 3.* It is possible that the small
contractions that appear to be observed in most cases could be the result of “overbinding”,
i.e., an overestimation of the dispersion forces by the correction schemes, but it is difficult
to say this with any confidence as the “exact” answer is not known definitively. Figure 2
uses the diffraction measurements as a baseline for the comparison, but these are also, of
course, subject to errors (both inherent, systematic and user related). It should also be
noted that DFT calculations correspond to a 0 K structure, while experimental diffraction
measurements will have been carried out at higher temperatures, which could contribute
to the small contraction seen. The largest decrease in cell size is seen for AIPO-
14(isopropylammonium hydroxide), for which significant dynamics on the us timescale
have been observed in previous work.” It is also worth noting that the results obtained
using G06 and TS correction schemes are generally very similar, suggesting that if any

inherent errors are present they would appear to be similar for the two approaches.

NMR parameters were then calculated for both the original and optimised
structures. Figure 4 plots calculated and experimental *'P and ¥ Al NMR parameters for all
as-made AIPOs. For *P, MAS NMR spectra were recorded as described in the
experimental section (to ensure a consistent referencing scheme) and the extracted
isotropic shifts are shown in the ESI. For Al, NMR parameters were taken from Refs. 22,
25, 24, 44 and 27 for AIPO-14, AIPO-15, JDF-2, AIPO-34 and SIZ-4, respectively, where
they have typically been determined using a variety of experimental approaches at
multiple fields. As expected, a negative correlation is observed between calculated
shielding and experimental shift (a deshielding parameter), with a gradient close to 1 for
both *'P and *Al. Interestingly, for *'P the gradient is slightly below -1 for each structure
set, while for Al it is slightly above, indicating a small overestimation and

underestimation, respectively, in the calculated values. However, the relatively small
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number of data points considered here precludes any fundamental conclusions of the
accuracy of the DFT calculations for Al or P. It is clear for both nuclei that agreement
between experiment and calculation for the shielding is poorer for the unoptimised
structures, with the increased scatter being reflected in a lower regression coefficient, R>.
The reference shielding, 6., (needed to convert the calculated shielding 6, to a calculated
shift §,,,) can be determined from the intercept of the plot. Similar results are observed for
structure set [B], despite the lowering of the overall energy and the lower forces observed
on some of the atoms shown in Table 2. An improvement is clear, however, in any
structure set where all atomic positions are varied, i.e., sets [C]-[F], irrespective of whether
the cell itself is fixed or variable and whether or not SEDC schemes are employed. A very
similar result is observed for 7Al, although the plots are dominated by the much larger
changes in chemical shift resulting from the change in coordination number associated
with the coordination of charge-balancing anions to the framework, giving four- (5, of 40

to 50 ppm), five- (8, of 15 to 25 ppm) and six-coordinate (3,,, of =5 to 5 ppm) Al species.” It
should also be noted that due to the presence of second-order quadrupolar broadening in
the YAl MAS NMR spectra, there may be a higher uncertainty associated with the

experimental values for this nucleus than for *'P.

When the ¥Al quadrupolar coupling constant is considered, it can be seen that the
agreement with experiment is considerably poorer for the unoptimised structures (R* =
0.787), with some improvement observed upon optimisation of only H positions. Best
agreement is obtained for structure set [D] where the cell size has varied during the
optimisation although the differences in regression parameters are quite small. As
described above, however, it can be significantly more difficult to determine quadrupolar
coupling constants very accurately by experiment, particularly when C, is low and

lineshapes are broadened by any disorder/dynamics in the system, leading to much

greater uncertainty in the experimental measurements.

In general, much better agreement between experimental and calculated NMR

parameters is obtained after optimisation has been carried out. It is interesting to note,
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however, that the changes in the atomic coordinates between structure sets [A] and [C],
that had no noticeable affect on the diffraction patterns for this material (shown in Figure
3), do have a significant effect upon the NMR parameters. However, these parameters
appear much less sensitive to the small changes in unit cell size/shape (or the use of SEDC
schemes) once structures have been optimised. If SEDC schemes are included, similar
results are usually obtained for both G06 and TS schemes, showing both are equally
applicable for these inorganic periodic solids. As an example, Figure 5 shows how the
local structure, e.g., bond angles and bond distances, in AIPO-14(isopropylammonium
hydroxide)” vary as differing optimisations are performed. Relatively small changes are
observed in the Al-O and P-O bond distances between the optimised structures [C-F],
although changes in the average <Al-O> and <P-O> distances for any one species are
smaller still (~0.006 A and 0.002 A for Al and P, respectively). However, the differences
between the NMR parameters for unoptimised [A] and optimised [C-F] structures are
often much greater (~0.014 A (<Al-O>) and 0.015 A (<P-O>)). It has been shown in
previous literature that isotropic chemical shifts (particularly for *'P) show a dependence
on the <P-O-Al> angle.** Figure 5c shows that the largest changes in P-O-Al angles for
AIPO-14(isopropylammonium hydroxide) usually occur between [A] and [C-F], i.e., upon
initial optimisation, although changes in the average <P-O-Al> angle are generally smaller
(~3°, predicted to correspond to a change of 2.5 - 4 ppm in the *P chemical shift**).
Clearly the small changes observed in the local structure between the sets of optimised
structures produce relatively small changes in the NMR parameters. These parameters are
however, more sensitive to the larger changes that occur upon any optimisation of the

initial structural model.

Calcined AIPOs

Neutral tetrahedral AIPO frameworks can be obtained after calcination, which
removes the SDA, charge-balancing anions and any water contained within the pores. It
might be expected that as these simpler materials should be more easily and accurately

characterised using diffraction methods, and that dispersion interactions may well be of
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less importance. However, the flexible nature of the structure in comparison to simpler,
more rigid inorganic solids does still require the optimal computational approach to be
determined. The structures of a series of calcined AIPOs ((i) AIPO-14,% (ii) AIPO-53(B),*
(iii) AIPO-34,* (iv) AIPO-17" and (v) AIPO-18" were obtained from the literature (see ESI
for further details)). The structures of as-made AIPO-17* and AIPO-18"' have been
reported in the literature, with piperidinium and tetraethylammonium, respectively as the
SDA, but the crystal structures exhibit considerable disorder in the SDA position and so
these materials were not discussed with the other as-made AIPOs above. Calcination of
both AIPO-34(morpholinum fluoride) and SIZ-4(dimethylimidazolium fluoride) produce
AIPO-34,* while calcination of JDF-2(methylammonium hydroxide) produces
AIPO53(B).*** It is not possible to calcine AIPO-15(ammonium hydroxide), as this material
decomposes at 300°C.” In general, calcination of AIPOs produces significant changes in
the local geometry of the framework atoms, and often results in increased symmetry
compared to the as-made materials. These changes can have a significant impact upon
NMR spectra. The reduction in disorder can make spectra considerably less complicated,
with fewer overlapping lineshapes, but the species present are usually much more similar
to each other (both in their local geometry and resulting NMR parameters), hindering
spectral assignment and requiring accurate DFT calculations to be performed to achieve a

reliable assignment.

Table 3 shows the (average) magnitude of the forces calculated on each atom type
for the structure of each calcined AIPO taken directly from the literature (structure set
[A]). High forces (in most cases over 1 eV/A) are observed for most materials, despite the
simpler structures, the lack of any templates, charge-balancing anions or the manual
determination of any H positions, suggesting structural optimisation is required. Forces
are considerably smaller when atomic coordinates have been optimised (with either fixed
or variable cell parameters — sets [C] and [D], respectively), and the energy is also lower in
all cases. Figure 6a shows the (%) change in the unit cell dimensions and total volume
between structure sets [A] and [D] for each calcined AIPO. (Full information on the change

in the unit cell parameters is given in the ESI.) In all cases an increase in the unit cell size is
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observed (typically of ~1% along each dimension, and ~3% in the volume), and is of a
similar magnitude in all dimensions. These changes are similar to those observed for the
as-made AIPOs, and were shown above to have a noticeable effect upon the predicted

diffraction pattern.

For all calcined AIPOs two additional optimisations were carried out with the
inclusion the G06 and TS SEDC schemes (structure sets [E] and [F], respectively), with all
atomic positions and the unit cell size and shape allowed to vary. For each of the
optimised structures, forces of similar magnitude to those for structure sets [C] and [D]
were observed (see ESI). Changes in the unit cell dimensions and total volume between
structure sets [A] and [E] or [F] are shown in Figures 6b and 6¢, respectively. In contrast to
the changes seen for as-made AIPOs (Figure 2), in all cases, an expansion of the unit cell is
still seen, though this is typically smaller than that for structure set [D]. As discussed
above, it is difficult to draw completely unambiguous conclusions from Figure 6, owing to
the small number of systems studied and the uncertainty associated with the accuracy of
the initial diffraction measurements; however, it would seem that the effect of dispersion
forces on the structure of calcined AIPOs is much less significant, with only small changes
observed when SEDC schemes are employed. Application of the G06 and TS SEDC
schemes produced very similar results in all cases. For as-made AIPOs, a contraction of the
unit cell size was observed upon the use of SEDC schemes, and while it was noted that
this could result from overbinding, the possibility of a thermal contraction (from higher
temperature experimental measurements) was also discussed. In light of the latter point it
is interesting to note that calcined AIPO-17, AIPO-18 and AIPO-34 have all been observed

to display negative thermal expansion behaviour,*'

which would be expected to result in
an expansion of the cell length in a 0 K structure, relative to an experimental measurement
at higher temperature. Figure 6, therefore, suggests that AIPO-53(B) and AIPO-14 may also

display negative thermal expansion behaviour and points to possible future investigation.

Figure 7 plots calculated and experimental *'P and ¥Al NMR parameters for all

calcined AIPOs. For both *'P and 7 Al isotropic shifts, poor correlation is observed between
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experiment and calculation before optimisation, with similar accuracy observed for
optimised structure sets [C-F]. At first sight the agreement with experiment seems poorer
than that obtained for the as-made AIPOs, but the range of shifts considered is much
smaller, i.e., species are generally more similar. Interestingly, as observed for as-made
AIPOs the gradient of the line of best fit is slightly below —1 for *'P, and slightly above for
¥Al. (Note once again the difficulty in extracting accurate experimental isotropic shifts for
¥Al owing to the presence of quadrupolar broadening.) Good agreement is observed for
the Al quadrupolar interaction between experiment and calculation for all optimised
structure sets, although poor results are obtained prior to any optimisation. For all
parameters, very little difference is observed between structure sets [C-F], i.e., upon the
inclusion of SEDC schemes, suggesting these can be included with no detrimental effects
upon the final results. Little difference is observed between the G06 and TS approaches.
This can also be seen in Figure 8, where experimental spectra of calcined AIPO-14 are
compared to those simulated using the parameters calculated with DFT for the varying
structure sets. The spectra obtained prior to optimisation are in very poor agreement with
the experimental measurements, with a very different assignment of the *'P spectrum, and
very broad lineshapes (owing to the very large quadrupolar couplings) observed for *Al.
Much better agreement with the experimental spectra is obtained when the structures are
optimised, with spectra for structures [E] and [F] producing very similar results. Note that
in order to compare experimental and calculated spectra it is also necessary to convert the
calculated shielding to a calculated shift using a reference shielding. For each optimisation
method, the reference used is that obtained from the corresponding plot in Figure 7, i.e.,
slightly different reference shieldings are used for each optimisation method. Given the
poor correlation between experiment and calculation for structure set [A], an inaccurate
reference value is obtained. Therefore, a second simulated spectrum is also shown (in red)

for [A], where the reference value for structure set [C] has been used.

The similarity in the NMR parameters for structure sets [C-F] can once again be
explained by considering the local structure in these materials. As Figure 9 shows for

calcined AIPO-14, there are very small changes in local structure between the optimised
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structure sets [C-F], with maximum changes of 0.004 and 0.007 A for P-O and Al-O bond
distances, respectively. However, much more significant changes are observed between
the initial structure and the optimised structures, particularly in the bond distances, with
maximum changes of 0.13 A (P-O) and 0.12 A (AI-O). It is noticeable that in this particular
case, optimisation has resulted in more similar bond distances for any one tetrahedral
Al/P species. In general, the results observed are very similar to those for the as-made
materials, with only small changes seen in the local structure between differing
optimisation methods, producing very similar NMR parameters in all cases, but a much

greater change upon any optimisation of the initial structural model.

Conclusions

We have shown that optimisation of the structure of both as-made and calcined
AIPOs can lead to a significant improvement in the calculated Al and P NMR
parameters, owing to small changes in the local environment of the Al and P species.
However, the precise optimisation strategy chosen can also alter the agreement of the
structure with the experimental diffraction measurements from which the initial structural
model is typically derived. If the diffraction measurements are assumed to be exactly
correct, the average unit cell obtained from diffraction can be retained throughout the
structural optimisation. However, this is clearly not an option for disordered systems,
where optimisation of the unit cell is essential for a given structural model, as the specific
arrangement of atoms considered cannot correspond to the average structural picture
determined by diffraction. Traditional DFT calculations do not include a description of the
weak, long-range dispersion interactions such as vdW forces, meaning that, where such
interactions contribute significantly to the system, their omission can lead to an expansion
of the unit cell in the structural optimisation using some functionals if this is not fixed. We
observed an average expansion of ~2.7% in the unit cell volume for as-made AIPOs,
indicating that dispersion interactions appear to be significant in determining the unit cell
parameters, with the optimised structures giving very poor agreement with the

experimental diffraction patterns. However, despite this discrepancy between the
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experimental and calculated diffraction patterns, the experimental and calculated NMR
parameters are in similar (or typically slightly better) agreement with the experimental

results than when the cell size is fixed.

Dispersion-corrected DFT (DFT-D) calculations are a relatively new means of
overcoming the unit cell expansion by including a semi-empirical correction term to the
calculated energy of the system and allowing for a more realistic structure to be obtained
upon optimisation. The use of either the G06 or TS SEDC schemes in the optimisation of
as-made AIPOs yielded much closer agreement with the experimental diffraction
measurements, with a small contraction of the unit cell volume observed upon
optimisation. This can possibly be attributed to slight “overbinding” of the SEDC schemes,
but may also be related to either errors in the diffraction measurements, or the fact that the
DFT calculations are carried out at 0 K, whereas the diffraction measurements are carried
out at higher temperature and might, therefore, include some contribution from the
thermal expansion of the unit cell, which may be more significant for these open

framework materials than for denser, more rigid solids.

Thermal effects may be particularly relevant for AIPOs, as many calcined AIPOs
have been shown to display negative thermal expansion behaviour. Indeed, optimisation
revealed that the unit cells of all calcined AIPOs studied here expanded (by ~1.4 to 3.3%)
regardless of the optimisation method used (although larger expansions were typically
observed when dispersion corrections schemes were not used). This suggests that (a)
dispersion interactions play a much smaller role in the structure of calcined AIPOs (as may
be expected, given the SDA /anion pair is absent) and (b) negative thermal expansion may
lead to this discrepancy between the diffraction structure (obtained at finite temperature)
and the DFT and DFT-D structures (nominally at 0 K). It is interesting to note that the
negative thermal expansion properties of two of the calcined AIPOs studied in this work,
AIPO-14 and AIPO-53(B), are predicted from the results of the DFT and DFT-D
calculations reported here, but have not yet been investigated experimentally in this

respect.
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The structural optimisation method is, therefore, clearly important in order to
achieve a reasonable agreement with the experimental diffraction measurements (when
smaller thermal expansion/ contraction effects are taken into account). However, we have
shown that there is reasonable agreement between the calculated and experimental NMR
parameters for all optimised structures (though agreement is often quite poor if no
optimisation is used). This reflects the sensitivity of the NMR parameters to the local
structure, rather than the precise size and shape of the longer-range periodic repeat unit.
However, as the computational cost of the DFT-D calculations is essentially the same as
the DFT calculations, while the former gives much better agreement with the experimental
diffraction experiments, it would seem that the use of DFT-D schemes during optimisation
for all AIPOs will give reliable values for both the atomic coordinates and the unit cell size

and shape, as well as the NMR parameters.
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Table 1. Labels used for different optimisation strategies in this work.

Structure set

Optimisation Strategy

[A]

[B]
[C]
[D]

[E]

[F]

No optimisation of initial structure
Optimisation of H atomic coordinates
Optimisation of all atomic coordinates with fixed cell size and shape
Optimisation of all atomic coordinates and cell size and shape

Optimisation of all atomic coordinates and cell size and shape, using
G06 SEDC scheme

Optimisation of all atomic coordinates and cell size and shape, using
TS SEDC scheme
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Table 2. Average magnitude of the forces (in eV/A) upon each atom type, and total
energies (in eV), for structural models of a range of as-made AIPOs, pre and post DFT

optimisation.

Tonic forces /(eV/A)
AIPO-14* AIPO-15% ]DF-24O AIPO-34* SIZ-4*

[A] Initial structure from diffraction literature

H 7.30 1.52 3.28 6.55 5.87
C 5.30 4.90 5.42 5.53
N 8.34 0.34 4.90 9.79 1.29
O 1.56 0.20 0.60 1.19 0.29
Al 1.21 0.07 0.23 0.91 0.11
P 1.56 0.14 0.29 2.54 0.24
F 0.30 0.33
Energy / eV —20623.63 —23933.07 -58762.13 -16597.56 -16997.12

[B] After optimisation of atomic coordinates of H

H 0.02 0.02 0.01 0.02 0.01
C 3.12 0.06 2.00 0.71
N 1.22 0.08 0.06 0.79 1.08
O 1.04 0.13 0.50 1.18 0.27
Al 0.75 0.12 0.13 0.86 0.12
P 1.75 0.26 0.31 2.49 0.20
F 0.34 0.29
Energy / eV —20638.89 —23934.14 -58771.17 -16605.23 -17002.91

[C] After optimisation of all atomic coordinates

H 0.02 0.01 0.03 0.02 0.01
C 0.01 0.04 0.01 0.01
N 0.02 0.01 0.04 0.02 0.01
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O 0.01 0.01 0.02 0.02 0.02

Al 0.01 0.01 0.01 0.02 0.02

P 0.01 0.01 0.02 0.01 0.01

F 0.01 0.02
Energy / eV —20641.16 —23934.20 -58771.79 -16607.86 -17003.04

[D] After optimisation of all atomic coordinates and unit cell parameters

H 0.02 0.02 0.01 0.01 0.01
C 0.01 0.01 0.01 0.02
N 0.03 0.03 0.01 0.01 0.01
O 0.02 0.02 0.02 0.01 0.02
Al 0.01 0.03 0.02 0.01 0.02
P 0.01 0.02 0.01 0.01 0.02
F 0.02 0.01
Energy / eV —20641.25 —23934.32 —-58772.31 -16607.97 -17003.19
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Table 3. Average magnitude of the forces (in eV/A) upon each atom type, and total

energies (in eV), for structural models of a range of calcined AIPOs, pre and post DFT

optimisation.

Tonic forces /(eV/A)

AIPO-14% AIPO-53(B)* AIPO-34% AIPO-17"° AIPO-18""
[A] Initial structure from diffraction literature
O 2.11 1.51 1.21 1.64 1.36
Al 1.31 1.54 0.52 0.48 1.29
P 2.73 3.53 2.11 0.76 1.34
Energy / eV -16962.25 -50890.22 -38170.27 —-38169.09 -50892.28
[C] After optimisation of all atomic coordinates
@) 0.02 0.02 0.02 0.03 0.02
Al 0.01 0.01 0.02 0.02 0.03
P 0.02 0.01 0.02 0.02 0.02
Energy / eV -16964.95 -50895.58 -38171.78 —-38171.48 -50895.65
[D] After optimisation of all atomic coordinates and unit cell parameters
@) 0.02 0.01 0.02 0.03 0.01
Al 0.02 0.01 0.01 0.02 0.02
P 0.02 0.01 0.01 0.02 0.02
Energy / eV -16965.04 -508906.00 -38172.02 —-38171.92 -50895.98
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Figure Captions

Figure 1. Structure of (a) as-made and (b) calcined AIPO-14. The as-made material
contains the SDA (isopropylammonium) and water within the pores, and charge-
balancing OH™ attached to the framework, creating four-, five- and six-coordinate Al

species. Calcination produces a neutral, and purely tetrahedral, open framework structure.

Figure 2. Change (expressed as a %) in the unit cell dimensions and total volume between
the unoptimised structure ([A]) and optimised structure sets (a) [D], (b) [E] and (c) [F] for a

range of as-made AIPOs. See Table 1 for a description of each structure set.

Figure 3. Simulated powder X-ray diffraction patterns (Cu K, radiation) for different
structural models of JDF-2(methylammonium hydroxide). See Table 1 for a description of
each structure set. The red dotted lines are included as a guide to the change in position of

selected diffraction maxima.

Figure 4. Plot of (a) >P and (b) Al calculated chemical shielding and experimental
isotropic chemical shift, and (c) calculated and experimental ¥Al quadrupolar coupling
constants. In (a, b), the subscript “iso” has been removed for clarity. Note in (c), only the
magnitude of C, is considered, owing to the difficulty in measuring the sign of this

quantity experimentally.

Figure 5. Plots showing how the local geometry ((a) Al-O bond distance, (b) P-O bond
distance and (c) P-O-Al bond angles) varies between the different structure sets (described

in Table 1) for AIPO-14(isopropylammonium hydroxide).

Figure 6. Change (expressed as a %) in the unit cell dimensions and total volume between
the unoptimised structure ([A]) and optimised structure sets (a) [D], (b) [E] and (c) [F] for

calcined AIPOs. See Table 1 for a description of each structure set.
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Figure 7. Plot of (a) >P and (b) Al calculated chemical shielding and experimental
isotropic chemical shift, and (c) calculated and experimental ¥Al quadrupolar coupling
constants, Cy,. In (a, b), the subscript “iso” has been removed for clarity. Note in (c), only
the magnitude of C, is considered, owing to the difficulty in measuring the sign of this

quantity experimentally.

Figure 8. Experimental and simulated (using the CASTEP calculated values) (a) *'P and (b)
”Al MAS NMR spectra of calcined AIPO-14. The reference shielding used for each set of
structural models is that obtained from the corresponding plot in Figure 7. For structure
set [A], a second spectrum is also shown (in red) using the reference value for structure set
[C] owing to the poor correlation (and inaccurate reference value) obtained in Figure 7.
For simulated spectra the (integrated) relative intensities of the spectral resonances reflect
the proportion of the crystallographically-distinct sites in the material. T denotes a satellite

transition in the experimental spectrum.
Figure 9. Plots showing how the local geometry ((a) Al-O bond distance, (b) P-O bond

distance and (c) P-O-Al bond angles) varies between the different structure sets (described

in Table 1) for calcined AIPO-14.

29



Figure 1

f

calcine (600 °C, 3 h)

Al-O P-O

H C N O (OH) O (H,0)

30



Figure 2

% A

% A

[F]

% A

4.0+

3.5

3.0

2.5+

2.0+

1.5+

1.0 7

0.0

25
2.0 1
1.5
1.0
0.5
0.0
-05 -
-1.0 4
15 -
-2.0 -
25 -

2.5
2.0 T
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0
25 -

AIPO-14  AIPO-15 JDF-2 AIPO-34 Siz-4

31



Figure 3

(002)  (111)(020)

[A]

[C]

D]

[E]




Figure 4

[A]

[B]

[C]

[D]

[E]

[F]

31P Gcalc (ppm) 31P Gcalc (ppm) 31P cca\c (ppm) 31P Gcalc (ppm) 31P cca\\: (ppm)

P 6% (ppm)

310
300
290
ol = —1.1875° + 276.08
280 - R? = 0.9442 *
T T T T T '
310
300 - ¢
*
290
c%le = —1.1665°° + 276.63
280 + R? = 0.9482
T T T T T '
3104 ¢
300
290
o%lc = _1.1838% + 274.18
280 R2 = 0.9891
T T T T T '
310
300
290
c%le = —1.2008% + 274.29
280 + R = 0.9894
T T T T T '
310
300 -
290
o%le = —1.1225%° + 274.64
280 + R? = 0.9859
T T T T T '
310 ¢
300
290
calc — _ X
280 1° 1.1448%° + 274.45

R? =0.9895

T T T T J
30 -25 -20 -15 -10 -5
3P 5 (ppm)
¢ AIPO-15

560 ] &
. *
§ 540
=
<_‘§ 520 4 ¢
3 »
o%le = _().9875% + 552.26
500 + R? = 0.9652 Mg
T T T T T !
560 4
_ *
é 540
% *
— 520 4
Z A
ol = —0.9685° + 552.15
500 - R2 = 0.9619 M4
T T T T T !
560
_ *
€
g 540
Eb
T 520
6%l = —0.9805°° + 553.05 ¢
500 4 R? = 0.9822 ¢
T T T T T !
560
*
£
§ 540
%
3 520
o = —0.9355% + 554.49 ¢ L 4
500 R?=0.9814
T T T T T !
560 1 @
. *
£
g 540
Tgb
Z 520 1
ool = —0.9885% + 552.81
500 R? = 0.9835 ¢
T T T T T '
560 { @
. *
£
§ 540
ED
3 520
500 6% = —0.9815% + 552.64 ¢ *
§ R = 0.9625
T T T T T )
-0 0 10 20 30 40 50
ZTAl 5%° (ppm)
¢ APO-14 ¢ JDF2 o AIPO-34

33

(¢}

ZA| C 5% | MHz

¥ C#c=1.019C 7 + 0.257
R? = 0.7760

7771 C = | MHz

¥ C o =1.017C = + 0.235
R2=0.8167

A1 C % | MHz

R? =0.9241

ZA| C 5 [ MHz

o¥ Cg=°=1.081C, +0.027
R?=0.9516

2771 C % | MHz

®C, @ =0.989C > + 0.065
* R2 = 0.8934

ZA| C 5 | MHz

®C e = 0.999C = +0.093

* R2=0.9152

Siz-4

2 4 6 8
771 C,2* | MHz



a0t

sgolf

[60-tiv
[ 60-+iv
o101V
[ Lo-viv
[ 910-viv
| 20-viv
[ vLo-ev
21061V
e10-ev
Hmo.m_<

[ z10-2v
[ vo-ziv
[ zoziv
| s10-av

ImO. 04
ImO. LV
ImO. 24
IwO. LV
I_. 1O-LIV

2.10
2.00
1.90
1.80

a 590 -

y / 8ouessip puog O-|v

Figure 5

1.70

O@e

€0-vd
IN 1O-vd
Im 1O-vd
Iw 1O0-vd

IN 10-€d
110-€d
80-¢d
I\.O.mn_

90-¢d
INO.Nn_

0L0-¢d
I_.O.Nn_

SlO-Ld

10-Ld
IvO-Fn_
SO-Id

1.56

1.55
1.54
1.53
1.62
1.51 4

Y / SOUElSIp puog O-d

1.50

[ (]

o

L] He

H @0

omD

u a@

o M

VIvV-910-vd
Im_<.m 1O-vd
IN_<.N 1O-vd
IF IV-€0-vd

YIv-L0-€d
Im_<-n 10-¢d
Im_<.w0-mn_
I_. V-1 10-¢d
Iv_<-o 10-¢d

VIv-10-¢d

¢lv-20-¢d
Ir IV-90-2d

€IvV-¥10-1d

Clv-¥O-1d
IN_<.m 10-ld
LIV-GO-Ld

150 —

145
140 -
135
130

(o) ®1Bue puoq |v-O-d

120 —

[}
—
—

[F]

34

optimisation strategy m [A] C[C] e [D] OI[E]



Figure 6
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Figure 7
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Figure 8
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TOC Graphic
The use of dispersion-corrected density functional theory methods (DFT-D) for the

structural optimisation of aluminophosphate frameworks, and the effect upon the

calculated solid-state NMR parameters is investigated.
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