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ABSTRACT: *P NMR spectroscopy is a valuable technique for the characterization of the local structure of aluminophosphates
(AIPOs), capable of providing information on the number of crystallographic P sites, their relative populations, and the positions of
any dopant atoms in the framework. Assigning the 3P spectra may, however, require multinuclear NMR experiments and/or density
functional theory (DFT) calculations, which can be time consuming, computationally costly, and challenging in cases involving
disorder or dynamics. To address the issue of computational cost, we recently demonstrated a simple relationship between the local
structure around P (primarily in terms of the mean P-O bond length and P-O-Al bond angle) and the 3P isotropic chemical shift,
diso, Calculated by DFT for a series of calcined AIPOs. Here, we extend this approach to as-made AIPOs where we show that, at
least to a first approximation, the presence of framework-bound anions and/or guest species within the pores of AIPOs can be
translated directly to a distortion of the local framework geometry without considering any additional structural parameters. This
allows the prediction of a DFT-level 3P §;, even in cases where the structure may be highly disordered or partially incomplete
(precluding the use of electronic structure calculations), and we investigate the minimal structural information required to provide
meaningful results. The structure-spectrum relationship produced forms the basis for the geometry-based DIStortion COde

(DISCO), which can rapidly (on the ms timescale) predict the outcome of a DFT calculation of 3P §;s, to within 1.1 ppm.

Introduction

Microporous aluminophosphates (AIPOs) are well-known
materials comprising  three-dimensional  networks of
alternating corner-sharing AlO4 and PO, tetrahedra, giving a
neutral AIPO, framework.»? The synthesis of a specific
framework type can be guided by the use of a cationic organic
structure directing agent (SDA), and an anionic mineralizer
(typically HO™ or F), both of which are incorporated within
the “as-made” material, with the charge of the SDA cations
within the pores balanced by the anions, which bind to the
framework to give five- or six-coordinate Al (Al and AIY,
respectively) in addition to the expected tetrahedral Al'V.12

Since their discovery, solid-state NMR spectroscopy has
been recognized as a useful tool for the structural
characterization of AIPOs, owing to the large number of
NMR-active nuclei present, with ?’Al and 3P particularly
commonly studied owing to their high sensitivity.** 3P (spin |
= 1/2, 100% natural abundance) NMR spectra can provide
much information, including the number of distinct P species
present, their relative populations and, in doped materials,
information on the amount and distribution of the dopant
atoms may be determined (much of this information is also
present in the Al NMR spectra, but typically obscured by the
second-order quadrupolar interaction arising from the higher
spin gquantum number (I = 5/2) of this nucleus).*® In the early
days, *'P NMR spectra of AIPOs were typically assigned using
the relationship between mean P-O-Al bond angle (6poar) and
#1p isotropic chemical shift (8i) proposed by Miiller et al.®
based on the NMR parameters of three dense AIPO, phases

(later refined by Kanehashi et al., using three calcined AIPOs
to give a dataset of 10 unique P species'®). More recently,
periodic density functional theory (DFT) calculations have
superseded this simple empirical approach, owing to their
ability to calculate accurate NMR parameters for a given
crystal structure or structural model (although good agreement
with experiment is often achieved only after the structure has
been optimized to minimize atomic forces).**** However, DFT
calculations on AIPQs, particularly containing dopant atoms
within the framework or mobile guest species within the pores
(i.e., in industrially-relevant cases such as catalysis or gas
separation), can be computationally expensive and typically
require many hours of high-performance computing time. In
addition, the results of DFT calculations, while providing an
accurate assignment of the NMR spectrum, do not always
provide a clear rationale for why the NMR spectrum appears
as it does. This point is particularly problematic in the case of
microporous materials such as AIPOs, where the idea of
“rational design” of frameworks for specific applications is
very popular and the ability to relate changes in NMR
spectra directly to changes in specific structural features
has the potential to be of great use for indicating which
types of structural feature need to be included or avoided.
In recent work, we exploited the recent advances in
computation and revisited the relationship between (Opoar) and

the DFT-calculated 3P isotropic shielding, <27, (linearly

related to &is, as discussed below) for calcined AIPOs and
showed that, when the mean P-O bond length, (reo), was



considered in addition to (6roar), the value of o' calculated

by the periodic CASTEP code®® could be predicted simply
from the local structure with a mean absolute error (MAE) of
1.6 ppm.’* The improved accuracy of this approach over
earlier structure-based spectral predictions likely arises from
the elimination of the experimental uncertainty inherent in
previous work (i.e., by comparing DFT-calculated shifts to
exactly known structures) and the consideration of more than
one structural parameter as influencing 8is,. While our earlier
work represents a more accurate approach than that of Muller
et al., and a more rapid approach than DFT, the study was
confined to calcined AIPOs, in which the SDA, anions, and
any water within the pores are removed by heating, leaving
only the tetrahedral AIPO, framework.

In this work, we investigate the factors that must be
considered in order to extend our earlier methodology to the
prediction of NMR parameters for the more complex as-made
AIPOs. We demonstrate that good agreement between the 3P
Giso Calculated by DFT and that predicted from the geometry of
a structural model can be achieved by assuming that (to a first
approximation) all structural distortions induced by the SDA,
framework-bound anions and AIVV' within the framework
manifest simply as changes to (Broa) and (reo). This work
paves the way for a new code that can rapidly predict the 3P
diso for any given structural model. This program, called the
DiStortion COde (DISCO), could find application in high-
throughput calculations for, e.g., screening potential structural
models and/or molecular dynamics (MD) runs that would be
inaccessible to DFT on current computing hardware.

Computational and Experimental Details

All crystal structures were taken from the literature (see
below and the Supporting Information (S1) for further details
and references). For some, the unit cell parameters and atomic
coordinates were optimized to minimize the forces acting on
the atoms prior to calculation of the NMR parameters. All
DFT calculations used the CASTEP code (version 5.5.2),1
employing the GIPAW algorithm®” to reconstruct the all-
electron wavefunction in the presence of a magnetic field.
Calculations were performed using the GGA PBE functional,
with  core-valence interactions described by ultrasoft
pseudopotentials.’® A planewave energy cut off of 60 Ry (816
eV) was used, and integrals over the Brillouin zone were
performed using a Monkhurst-Pack grid with a k-point spacing
of 0.04 2n Al Dispersion interactions were reintroduced
using the scheme of Tkatchenko and Scheffler,”® as
implemented by McNellis et al.2° Calculations were performed
on a 198-node (2376 core) Intel Westmere cluster with 2 GB
memory per core and QDR Infiniband interconnects at the
University of St Andrews. Calculations generate the absolute
shielding tensor, o, in the crystal frame. From the principal
components of the symmetric part of o it is possible to
generate the isotropic shielding, oiss = (1/3) Tr{c}. The
isotropic chemical shift is given (assuming orf < 1) by

ST = *(Giso — Ot )/m where o is a reference shielding,

here 274.38 ppm for %P. The scaling factor, m, is ideally 1
but, here a value of 1.1576 was used. The values for o and m
were determined by comparing experimental and calculated
chemical shifts for AIPO-14(ipa), AIPO-14(calc) and SIZ-
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Structure-spectrum relationships and the uncertainties in the
coefficients determined were obtained using the MATLABZ
routines described previously.*®?* All values calculated by
MATLAB are given to higher precision in the Supporting
Information (S2).

Structural parameters were obtained using the (in house)
FORTRAN 90 DIStortion COde (DISCO).?2 DISCO then uses
these structural parameters to predict the 3P chemical shift,

d215CC pased on the prediction of cis, from Eq. 3 below and

the referencing described above. The source code and user
guide for the current version (DISCO 17.1) are included in the
Supporting Information (S4). Calculations were performed
using the EaStCHEM Research Computing Facility,
comprising a 54-node (1728-core) Intel Broadwell cluster with
4 GB memory per core and FDR Infiniband interconnects at
the University of St Andrews.

The 3P NMR spectra were recorded on a Bruker Avance 111
spectrometer equipped with a 141 T wide-bore
superconducting magnet. The samples were packed into 4 mm
(STA-2) or 3.2 mm (calcined hydrated AIPO-34) zirconia
rotors and rotated at the magic angle at a rate of 10-14 kHz.
Signal averaging was carried out for 80 transients with a
recycle interval of 10 s (STA-2) or 4 transients with a recycle
interval of 120 s (calcined hydrated AIPO-34). Chemical shifts
are reported in ppm relative to 85% aqueous HsPO,, using
BPQO, (8 = —29.6 ppm) as a secondary solid reference.

Results and Discussion
Calcined AIPOs

Table 1 summarizes the ordered as-made and calcined
AIPOs considered in this work, with further details given in
the Supporting Information (S1). As it is often necessary to
optimize the experimental structures of AIPOs in order to
obtain calculated NMR parameters in good agreement with
experiment, 1342 this was carried out for all structures listed
in Table 1. Sneddon et al. showed that, for AIPOs, the precise
optimization method is not particularly important in terms of
the accuracy of the NMR parameters and the local structures
obtained, but that the inclusion of longer-range dispersive
interactions yielded structures in better general agreement with
the crystallographic measurements.'® Therefore, in this work,
the  semi-empirical  dispersion-correction  scheme  of
Tkatchenko and Scheffler’® was used to reintroduce the
dispersive interactions in all structural optimizations.

In previous work, it was shown, for a series of calcined
AIPOs taken from the literature, that the P isotropic shielding
calculated by DFT (o2f) could be predicted from the mean
P-O bond lengths, (reo), and mean P-O-Al bond angles,
<9POAI>, using
Gy = 0.8980<9POA|>—1190<rP0>2 +3320 (5o ) — 2120 O
where bond angles are in degrees, bond lengths in A and all
coefficients have units such that o, is in ppm.! This
relationship provided values of ois, that agreed with 2" to
within a MAE of 0.5 ppm for three test structures, although it
is possible that the MAE for a larger data set would be greater,
as a value of 1.6 ppm was observed for the training set (which
contained a wider range of bond lengths and angles than the
test set). As observed previously, neither (rpo) nor (Bpoar) alone



Table 1. Summary of the ordered AIPO structures used. All structures were optimized prior to calculation of the NMR parameters. Further

details are given in the text and Supporting Information (S1).

AIPO Framework type® SDA Anion Ref.

as-made AIPOs

Slz-4 CHA 1,3-dimethylimidazolium F 26, 27
AIPO-34(morph) CHA morpholinium F 28
AIPO-15 - ammonium OH- 29
AIPO-14(ipa) AFN isopropylammonium OH- 30
JDF-2 AEN methylammonium OH- 31
STA-2? SAT 1,4-bisDABCO butane OH- 6

AIPO-GIS GIS dimethylammonium F 32
ULM-4 — water®, propane-1,3-diammonium F 33
AIPO-CJ2° - ammonium OH, F 34

calcined AIPOs
AlPO-34(calc)¢ CHA 35
AIPO-14(calc) AFN 36
AIPO-53(B) AEN 37
AIPO-17(calc) ERI 38
AIPO-18(calc) AEI 39
STA-2(calc) SAT 40
STA-15(calc) SAF 41

a. Four different structural models from Ref. 6 were used for STA-2: 091092, 092094, 092095 and 092096 (see Ref. 6 and

the Supporting Information (S1) for details).

b. H atoms were added manually to CSD entry XESGOS and their positions were optimized prior to the full structural

optimization.

c. The optimized structure was used here in the generation of Eq. 2 and 3. For the specific discussion of AIPO-CJ2, further
unoptimized and optimized structural models were investigated, as described in the text.

d. The structures determined by XRD at 110, 310 and 460 K by Amri and Walton® were used.

can provide a good prediction of 27 for the calcined AIPOs
in Table 1, whereas, as shown in Figure 1, Eq. 1 yields an
excellent prediction of o277, with a MAE of 0.78 ppm. This
small MAE confirms the ability of Eq. 1 to predict the DFT-

level 3P isotropic shielding (and, hence, chemical shift) to a
reasonable degree of accuracy for calcined AIPOs.

As-Made AIPOs

The extension of the simple geometric prediction of 6" to

as-made AIPOs may appear initially to be a significant
challenge, owing to the presence of the SDA cations and the
Al-bound anions, both of which have been demonstrated in the
literature to affect the 3'P chemical shift.5?%4 The explicit
parameterization of these species would be prohibitively
complicated, owing to the number of permutations of anion
arrangements that may occur in the third coordination shell of
P (i.e., P-O-Al-X, where X = O(P), OH~, F) and the need to
describe the size, shape, charge distribution, proximity and
orientation of the SDA (and even this assumes a static
structure, whereas it has been shown that motion of the SDA
affects the NMR spectra of the framework atoms!t2h),
However, to a first approximation, it may be assumed that, as
a consequence of the above steric and electronic factors, in as-
made AIPOs, the framework will be distorted to accommodate
the SDA, anions, and any dynamics present. From the point of
view of the P atoms, the cumulative effects of the
extraframework species will (at least to a first approximation)
simply be a change in (reo) and (Bpoaiy. Therefore, as shown
schematically in Figure 2, we will consider the influence of
only the positions of the Al, O and P atoms on the 3!P isotropic

shielding of as-made AIPOs. (This approach was demonstrated
recently by Dawson et al.? for six forms of AIPO-34 with
different SDAs in the pores, although in that study,
experimental structures and NMR parameters were compared,
rather than NMR parameters calculated from, and, therefore,
corresponding exactly to, a given structure.) Figures 3(a) and
(b) show that, for the as-made AIPOs in Table 1, there is a

reasonable correlation between o™ and either (rpo) or
(Broary, although the scatter of data points about the best-fit
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AIPOs in Table 1.

against ciso (from Eq. 1) for the calcined



a as-made AIPO-14(ipa) b C distorted AIPO,-AFN framework

DFT
iso

Figure 2. Example of the strategy used to consider the local structural distortions of the frameworks of ordered as-made AIPOs.

DFT

(a) The experimental structure is optimized using DFT. (b) oy, is calculated for the optimized structure. (c) Any extraframework
atoms are discarded, leaving the neutral AIPO4 framework, which is not further optimized (which would give the calcined material)

DISCO

but left as is, so that any distortions arising from the extraframework species are retained. o, is then calculated from this
structure. For unit cells containing disorder, steps (a) and (b) can be neglected.

a 320- lines for both structural parameters is quite high. It is
R o important to note that the data points from fluorinated and
3104 %c"@a 80 hydroxylated AIPOs display very similar dependence on both
T OQ%& 03’0@3% o (reoy and (Bpoas) to the points from the calcined AIPOs shown
2 3004 @oo in Figure 1. However, it can be seen that the as-made materials
c. © % typically sample a larger region of structure space (i.e., greater
© 2904 %5 © ranges of both {rro) and (Bpoa))) than the calcined materials.
© 008 The MAE for Eq. 1 applied to the as-made AIPOs in Table 1
280- o was 2.18 ppm, suggesting that the predictive power of the
: : equation may be limited to the part of structure space typical
1.52 1.53 1.54 of calcined AIPOs. However, it was recently shown, for
b (roo) I A analogous silicate frameworks, that one must consider the
320+ standard deviations (where the standard deviation in parameter
X is denoted o(x), not to be confused with the isotropic
3104 shielding, denoted oiso) Of rsio and Bsiosi (equivalent to rpo and
z Broa in AIPOs) as well as their mean values.?* It was also
& 300- demonstrated that, although the difference was relatively
£g small, using the parameter cos({(Bsiosi)) gave a marginally
© 290- reduced MAE (especially at higher values of Osiosi) than using
(Bsiosiy, and that, since (rsio) and (rsio)®> were effectively
280+ °© collinear over the relevant ranges, neglecting the (rsic)? term
T T T 1 was not detrimental. Therefore, a new expression for ois, for
120 130 140 150 160 the as-made and calcined AIPOs in Table 1 was determined,
c Broa? *) glVlng
320+
o G0 = 105.0 c0s ({Bp0n )) — 0.3219 6(Br0p)
= 919 M ~420.4 170.3 +862.8
3 @M o) #170300) 18628
03 3004 cho The MAEs for Eq. 2 applied to the structures in Ref. 16 and
2o ©® o Table 1 are summarized in Table 2, and it can be seen that,
© 280+ s while the MAE is very low for the AIPOs studied in this work,
O@S the agreement is much poorer for the earlier set of calcined
280+ AIPOs. This is likely to arise from the fact that many of the
T T T T 1 structures in Ref. 16 were not optimized and, therefore cover a
280 290 orT 300 310 320 much greater range of (reo) than the optimized structures in
_ S’ (PPM) Table 1 (1.46-1.68 A, rather than 1.52-1.54 A). Reintroducing
anions present O none OHO OF O F/HO

the quadratic term for (reo) and redetermining the expression

for oiso Yyields
Figure 3. Plots of calculated 2" against (a) (reo) and (b) (Broar) O Y

for the AIPOs in Table 1. (c) Plot of of°°against o' for the
AIPOs in Table 1.



S0 = 3313 (10 )~ 1178 (1o ) —15.73 (1)

~108.6 cos ((Bpon ) ) ~ 02799 6(Bpon ) — 2093 | )

which can be seen from Table 2 to give small MAEs for all as-
made and calcined AIPOs considered here and in Ref. 16. Fig-
ure 3(c) shows the isotropic shielding calculated using Eq. 3 (

DISCO " obtained from DISCO as described in the Supporting

iso
Information) plotted against oR:" for the as-made and cal-

cined AIPOs considered here. To gain some insight into the
errors in the coefficients in Eq. 3, the 207 independent P atoms
from the structures in Ref. 16 and Table 1 were distributed
evenly into 23 groups and an expression of the form of Eq. 3
Table 2. MAEs for Eq. 1-3 for the structure sets of Ref. 16, and
the calcined and as-made AIPOs in Table 1.

(¢

MAE (ppm)
calcined, calcined, as made,
Ref. 16 Table 1 Table 1
Eqg. 1 1.60 0.78 2.18
Eq. 2 5.01 0.68 0.74
Eqg. 3 1.14 0.64 1.07

was calculated for each of the 33649 possible combinations of
18 of these 23 groups. Histograms showing the distribution of
coefficients obtained in this manner are shown in Figure 4. As
noted in recent work for silicate frameworks,?* the constant
and the coefficient for {reo) are correlated and, in this case,
these are both correlated with the coefficient for (reo)?, leading
to the large and non-random distribution of values obtained for
Figures 4a-c. For some sets of structures (11.5% of the total
number of sets), the variation in rpo was negligible and no
significant dependence on o(reo) could be determined, leading
to the peak at 0 in Figure 4d.

From Table 2, it can be seen that, when using Eq. 3
(implemented in DISCO) to predict the 3P ois, for all types of

resonances for as-made AIPOs are often on the order of ~1
ppm). Indeed, perhaps the most surprising point here is that, in
fact, the contributions to ois, from the SDA and framework-
bound anions that cannot be represented as a structural
distortion are so little.

Application to Disordered Structures

From the above results, it can be seen that it is possible to
predict the 3!P i that would be calculated by DFT in both as-
made and calcined AIPOs to within ~1.1 ppm, given only the
P-O bond lengths and P-O-Al bond angles of the framework,
neglecting any extraframework species that may be present.
This ability is most immediately useful in cases where
extraframework species are present but cannot accurately be
located, i.e., when significant spatial or temporal disorder is
present. In such cases, generating an initial structural model
for periodic DFT calculations can be challenging, especially
when the chemical nature of the extraframework species is
unknown (e.g., for co-templated materials, when SDA
breakdown is suspected, or during catalysis — where the guests
will also be highly mobile). However, the average positions
for the heavier and less mobile framework atoms can generally
be determined by crystallographic diffraction and the results
above suggest that these positions may be sufficient to predict
Ciso. In order to investigate where such a prediction is valid
and where the approach is likely to break down, a series of
case studies is presented below. To enable comparison of
predicted and calculated ois, to experimental chemical shifts,
diso, the calculated values were referenced as described above.

Structures Containing a Disordered SDA but Ordered
Anions

The organic SDAs are typically the most conformationally-
flexible and dynamic components of as-made AIPOs and, to
further complicate their refinement in a crystal structure, tend
to contain only light elements (C, H, N, O) compared to the
heavier elements in the framework. As a consequence, many
SDA:s are either left unrefined in crystal structures (as, most of
the time, it is the calcined inorganic framework that is of

AIPO, the MAE is sufficiently small to provide ultimate practical interest), or represented by some
experimentally-useful accuracy (given that linewidths of 3P chemically-unrealistic average conformation. In many cases,
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Figure 4. Plots of the distribution in coefficients for Eq. 3, obtained as described in detail in Ref. 24.



generating a starting model for DFT-based optimization can be
challenging, and this often precludes the calculation of NMR
parameters for a new framework. Here, three AIPOs with
known framework structure, known anion locations and
unknown or disordered SDAs are considered. AIPO-
18(tetraethylammonium hydroxide) has the AEI framework
type and a formula of AlgPs024.0.98(C,Hs)sN.OH, with the
SDA refined at slightly below full occupancy and in two
superimposed orientations, as shown in Figure 5a.*° AIPO-
21(tetramethylpropylenediamine hydroxide) has the AWO
framework type but its formula has not been accurately
determined as it is believed that some decomposition of the
SDA to dimethylammonium and a “propyl” species may occur
(C-N-C units were identified in the powder XRD (pXRD)
structure, shown in Figure 5b, but the presumably more
mobile “C3” species were not located).** However, for
comparison, other forms of AIPO-21 have been synthesized
with different SDAs (dimethylamine, and N-methyl-1,3-
diaminopropane) and their %P NMR spectra reported,*5®
although their crystal structures have not been published.
MDAP-2 also has the AWO framework type and was prepared
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Figure 5. The published structures of (a) AIPO-18% and (b)
AIPO-21.4 (c) Plots of 3P 985 against experimental Siso for
AlIPO-18,%7 AIPO-21% and MDAP-2.%¢ The broken grey line indi-
cates the ideal 1 : 1 correspondence. In (a) and (b), blue and dark
gray sticks represent Al and P, respectively. Black, blue, orange
and light gray spheres represent C, N, O and H, respectively.

with N-methyl-1,3-diaminopropane as the SDA.*® In MDAP-
2, the chosen spacegroup of the framework is such that the
SDA sits on a center of symmetry and is refined in two
orientations, each with 50% occupancy.

From the framework geometry of the published structure of
AIPO-18,*° DISCO predicts three 3'P resonances with s, of —
3.5, -19.0 and —31.8 ppm for P3, P1 and P2, respectively. The
predicted shifts are in relatively poor agreement with the
experimental values of —12.6, —28.7 and —30.1 ppm* (shown
by the black points in Figure 5c), although this may be a
reflection of the experimental accuracy in determining the O
atomic coordinates, rather than a lack of predictive power of
Eqg. 3, since the original structure, from 1991, was solved from
synchrotron pXRD.*

The deviation of the positions of the O atoms from an ideal
tetrahedral arrangement around a P atom can be quantified
using the distortion index, DI, defined as

1 n

DI = *_Z eopom _90P0(0)|

n i=1 , (4)
where Bopog is the i O-P-O angle and Ooro(o) is the ideal angle
(109.471° for a tetrahedron) and, for a tetrahedron, n = 6. The
published structure of as-made AIPO-18 has DI values of 4.6°
to 5.9°, whereas a typical range for the experimental
diffraction data included in this study is 0.9° to 1.7°, with
similar values for optimized structures (this is also similar to
our observation for SiOs tetrahedra in microporous SiO;
phases, for which DI did not exceed 2.0° on optimisation?*).
As the success of DISCO depends on reasonably accurate
knowledge of the positions of the O atoms, the relatively poor
match between the predicted and experimental shifts in the
case of AIPO-18 is not particularly surprising.

For AIPO-21, three 3P resonances are predicted from the
published experimental structure, with &;s, of —20.6, —26.9 and
—28.0 ppm. As can be seen from the red points in Figure 5c,
these predicted shifts are a reasonably good match to the
experimental values reported by Liu et al.* (-16.7, —24.2 and
—-28.9 ppm), who used dimethylammonium as the SDA (i.e.,
one of the species believed to be present in the AIPO-21
sample for which the structure was determined). However, the
chemical shifts reported for other forms of AIPO-21 prepared
with different SDAs*“® are in poorer agreement with these
predicted values, indicating that the different SDAs can distort
the framework differently. It is, therefore, possible that the
“propyl” species distorts the framework differently from the
dimethylammonium-only material studied by Liu et al. (a
similar example was recently reported for AIPO-34 containing
six different SDAs, where the 3P §i, changed with the SDA
and the majority of this variation could be ascribed to changes
in the framework geometry?).

Tuel et al.*® reported the structure and 3P NMR spectrum of
the AWO-type MDAP-2. The disorder of the SDA in this
material causes a splitting of the two resonances at lower shift,
which is not reproduced in the shifts predicted by DISCO (as
there are only three crystallographically-distinct P sites in the
structure). Nevertheless, the predicted values of —20.1, —24.3
and —30.1 ppm agree very well with the observed values of
-17.4, -22.5, -23.8, —27.0 and —28.6 ppm (estimated from the
spectrum shown in Figure 5 of Ref. 46), as shown by the blue
points in Figure 5c. There is a systematic offset of ~1.6 ppm
between the predicted and experimental shifts, which may



arise from the fact that there are two similar chemical shift
scales for 3P typically used in the literature, one of which
(used in this work) takes BPO, as —29.6 ppm whereas the
other scale takes BPO, as —31.2 ppm (both relative to 85%
aqueous H3PO,),% and it is unclear which scale was used for
the original spectroscopic data.

From the above examples, it can be seen that Eq. 3 has
genuine predictive power for as-made AIPOs, even for
structures where the SDA cannot be crystallographically
located (and, hence, the positions of the framework atoms
cannot readily be optimized by DFT). However, in order to be
able to predict 3P & in agreement with experiment, the
positions of the framework atoms in the crystal structure must
be a reasonable representation of the true local structure.
Therefore, where there is a discrepancy between the predicted
and observed NMR parameters, this may indicate that the
structure contains unfeasible atomic positions (particularly for
the lighter O atoms).

Structures Containing an Ordered SDA but F/OH~ Anion
Disorder

One of the classic challenges in X-ray diffraction is the
inability to distinguish between isoelectronic species, such as
OH™ and F. In most cases, AIPOs contain either one or the
other of these anionic species to balance the charge of the
SDA but, in others, such as AIPO-CJ2 (with the nominal
formula A|PO4(OH)0,33F0,67(NH4)o,gg(H3O)o,11), both are
present.3434°  This material has been comprehensively
characterized by multinuclear NMR spectroscopy, which
revealed a random distribution of OH~ and F on the anion
sites.*3%051 The crystal structure of AIPO-CJ2 contains two P
species, but the 5P NMR signals from these are split,
depending on the number of OH and F in the third
coordination sphere of P.34434%51 The shift differences upon
changing OH™ to F are small, on the order of ~0.5 ppm (i.e.,
within the error margins of DISCO, however, it is unclear
whether these shift differences arise from a structural effect
(i.e., the framework is differently distorted by the presence of
OH or F), an electronic effect (i.e., a difference in through-
bond induction owing to the different electronegativities of O
and F) or a combination of both. For the published average
structure of AIPO-CJ2, DISCO predicts two 3P resonances at
-15.3 and -24.5 ppm, both of which are upfield from the
experimental values of -10.6 and -21.4 ppm. For this
published structure (without optimization), DFT calculates
shifts of —11.9 and —22.6 ppm.

To estimate the electronic effects of replacing OH™ with F,
in AIPO-CJ2, a second calculation was carried out with the H
atoms of the bridging OH deleted and the O atoms replaced
with F. The NMR parameters were calculated for this structure
without optimization. The geometric contribution was
investigated by optimizing the structural models with bridging

Table 3. 3P §i, calculated by DFT and DISCO for models
of AIPO-CJ2 with bridging OH or F, before and after
optimization.

Structure DFT 8iso (ppm) S (PPM)

P1 P2 P1 P2
OH, unoptimized —22.6 -11.9 -245 -15.3
F, unoptimized —22.3 -11.9 —24.5 -15.3
OH, optimized -22.9 -11.4 -23.6 -14.3

F, optimized -234 -13.7 —24.4 -16.0

OH and F and then recalculating their NMR parameters. Table
3 shows the values of 3P &;, for both models, calculated using
DFT and DISCO. It can be seen that the electronic
contribution (the difference between the shifts calculated for
the two unoptimized structures) is estimated to be +0.3 ppm
for P2 and negligible for P1. The combined geometric and
electronic contribution (the difference between the shifts of the
two optimized structures) is estimated to be —0.5 ppm for P1
and -2.3 ppm for P2. From these values, the geometric
contribution (i.e., the shift differences arising from different
framework distortions when the different anions are present)
can be estimated to be —0.8 ppm for P1 and —2.3 ppm for P2.
In principle, since the majority of the shift differences
occurring on substituting F~ for OH™ arise from a geometric
effect, it is anticipated that DISCO should be able to be predict
these well. Indeed, as can be seen from Table 3, the shift
differences predicted by DISCO for the optimized structures
are —0.8 ppm for P1 and -1.7 ppm for P2 (cf. the MAEs in
Table 2). Therefore, it is possible to use DISCO to assign the
resonances in the experimental 3P NMR spectrum of AIPO-
CJ2 not just to P1 or P2 species, but also to P1(OH)/P1(F) and
P2(OH)/P2(F) species.
Structures with Partially-Occupied Anions

A more extreme example of anion disorder is where the
anion sites are only partially occupied, leading to an Al site
that may be either AI'Y or AV in the second coordination
sphere of P. The crystallographically-determined structures of
such materials typically have a framework geometry
comprising a weighted average of the atomic positions for the
different coordination stated of Al.

AIPO-17 (containing piperidine as the SDA)* and AIPO-
ERIP  (with N,N,N’,N'-tetramethyl-1,6-diaminohexane
(TMHDA) as the SDA) both have the erionite (ERI) structure
type, with a formula of Al1gP15072.nSDA.40H (where n = 4
for AIPO-17 and n = 2 for AIPO-ERI). The structure of AIPO-
17 was determined by Pluth et al., who were unable to
distinguish between C and N atoms or locate any of the H
atoms of the pyridinium cations.® The structure could,
therefore, be refined in the P63s/m space group, which gives
rise to two distinct P and Al sites. However, this structure
contains three equivalent anion sites in each of the cancrinite
cages but, for charge balancing purposes, these must only be
2/3 occupied. The 3P spectrum predicted by DISCO from this
structure would contain two resonances at —28.3 and —31.5
ppmin a1 : 2 intensity ratio (neither of which is particularly
close to the reported experimental value of —24.2 ppm?). As
discussed above, this discrepancy is not particularly
surprising, given that the anion sites are only partially
occupied and the average bond geometry around the
crystallographic P sites is, therefore, not a true representation
of the bond geometry around any one given P atom. The
TMHDA in AIPO-ERI was more readily located by Tuel et
al., allowing the structure to be refined in the lower-symmetry
P2, space group.®* This yielded a structure containing 9
inequivalent P and Al sites, and, although the cancrinite cages
still contained three anion sites (as shown in Figure 6a, one of
these was refined as fully occupied whereas the other two
were refined as each having 1/2 occupancy. Tuel et al. also
reported the 5P NMR spectrum of AIPO-ERI, which
contained seven resonances with i, of —17.3,-18.9, —21.6,
-23.5, —-25.5, -27.4 and -30.8 ppm and relative integrated
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Figure 6. (a) The structure of AIPO-ERI,>* containing three anion
sites per cancrinite cage, each with 2/3 occupancy. Blue and dark
gray sticks represent Al and P, respectively. Black, blue, orange
and light gray spheres represent C, N, O and H, respectively. (b)
Plot of 3IP §pisco against experimental Siss® for AIPO-ERI.

intensitiesof 1 :1:1:3:1:1: 1.5 As shown in Figure 6b,
the 3P peak positions predicted from the structure of AIPO-
ERI are in reasonably good agreement with the experiment,
although the predicted shift range of 8.1 ppm is much smaller
than the experimental range of 13.5 ppm. Despite the use of
multinuclear and multidimensional NMR experiments, Tuel et
al. could not provide a complete spectral assignment, owing to
the disordered nature of the material. Based on their published
structure, we can now suggest the assignment indicated in
Figure 6b, although it should be noted that the fractional
occupancy gives rise to an average diffraction structure with
contributions from local structures containing different
combinations of occupied and vacant anion sites. This change
in the precise Al coordination state at the local level will alter
the local bonding geometry and, again, one should not expect
the average crystal structure to be an accurate representation of
the local geometry at any given P atom. This is reflected in the
relatively high DI values observed for this structure, of up to
3.8° for P5.

A similar case was also reported for STA-2,%% which has
the SAT framework type and a formula of
Al1,P1,045.BDAB.20H (BDAB = 1,4-bisDABCO butane) for
its as-made form. The structure of STA-2, shown in Figure 7a,
also contains cancrinite cages, in which the three anion sites
are located. However, to balance the charge of the BDAB
(present as a dication), the anion sites must be only 1/3
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Figure 7. (a) The structure of STA-2,8 containing three anion sites
per cancrinite cage, each with 1/3 occupancy. Blue and dark gray
sticks represent Al and P, respectively. Black, blue, and orange
spheres represent C, N and O, respectively. H are omitted for
clarity. (b) 3'P (14.1 T, 14 kHz MAS) NMR spectrum of STA-2
(black line) and &iso obtained from DISCO (filled points) or DFT
(open points) for four structural models with localized anions (see
Ref. 6 for details) or the crystallographic average structure®%
(dark blue points, DISCO predictions only). Diamonds indicate
P1 species, squares P2 and circles P1* (P1 and P1* are not dis-
tinct in the average structure in Ref. 6) N.B., this spectrum was
referenced to 85% H3sPO4 with BPO4 at —29.6 ppm, as opposed to
the —31.2 ppm for BPO4 used in Ref. 6.

occupied. Seymour et al.® generated a series of structural
models, some of which had two anions in one cage and the
next cage empty, and others which had one anion per cage,
and optimized these with DFT (see Ref. 6 for further details).
The %P NMR spectrum of as-made STA-2, shown in Figure
7b, contains three broad resonances, at approximately
—22, —26 and —31 ppm (note that these differ from the shifts
reported by Seymour et al., who used BPO, at —31.2 ppm as
the reference, rather than the —29.6 ppm used throughout the
present work).® On the basis of the computed shifts and 2’Al-
%P correlation experiments, these resonances could be
assigned to P sites in the 6-membered rings (6mr) connected to
two Al bridged by the same anion to form a three-membered
ring (P1*, —22 ppm), the same P sites without the bridging
anion (P1, —31 ppm), or P sites in the double 6-membered ring
(dér) with any arrangement of nearby anions (P2, —26 ppm) —
examples of these local geometries are shown in the
Supporting Information (S1). The 3P &, values predicted for
the experimental average structure® are shown overlaid with
the experimental spectrum in Figure 7b (dark blue points) and,
as expected, the agreement between observed and calculated
shifts is poor. Figure 7b also shows the 3P i, predicted for
four of the structural models investigated by Seymour et al.®
These models have all atoms located and fully occupied,
allowing NMR parameters to be calculated by DFT (open
points) as well as by DISCO (filled points). The results from
the DFT calculations were described in detail by Seymour et
al.® and, here, we wish only to highlight that the DISCO
predictions agree very well with the DFT values (MAE of 0.81
ppm for the four models) considered.

The maximum DI value for the P sites in the (optimized)
structural models of STA-2 was 2.7° (cf. the range of 2.5-6.9°
for the average structure of Castro et al.®®) suggesting that
these are perhaps more reasonable representations of the local



structure around the P atoms than were found in the structure
of AIPO-ERI above. This again highlights the different
sensitivities of crystallographic diffraction and NMR
spectroscopy to different lengthscales. The averaged structure
presented by diffraction clearly cannot accurately describe the
local environment of any one P atom in the material and,
therefore, it is meaningless to attempt to predict NMR
parameters directly from this. In cases where local structural
models can be determined and their geometry optimized, it is
possible to predict more useful values but, in such cases, the
DFT calculations of NMR parameters may represent a
minimal additional computational expense on top of the cost
of the optimization.

Extensively Disordered Structures

It is often the case that, when a crystallographic structure
solution is particularly challenging, even the most careful
analysis of the data will lead to an incomplete picture of the
material. One such example is the structure of STA-
15(tetrapropylammonium  hydroxide),* for which a
synchrotron pXRD pattern was recorded, but neither the N
atoms of the SDA nor the OH™ anions could be located. It is,
therefore, challenging to generate a potential structural model
for DFT calculations in this case since, unlike the cases above,
there is not even an indication of where the anions (or, indeed,
the cations) may be located. DISCO predicts that the four P
sites in the refined structure of as-made STA-15 would have
shifts of -30.0, —30.4, —31.8 and —32.0 ppm, which, given the
extensive disorder in the structure, is in remarkably good
agreement with the single resonance between ca. —26 and —32
ppm observed experimentally. Han et al.*! assigned a broader
downfield resonance in the experimental spectrum to P-O-
AIYM' species, which is not predicted by DISCO, as the
published structural model does not contain any anions.

Hydrated AIPOs

Upon calcination, many AIPO frameworks can adsorb
atmospheric water. These calcined, hydrated AIPOs contain
only neutral extraframework water, although this can still
coordinate to the framework to give AIVV'. Here, we use
AIPO-34 (CHA-type framework) as a model system, which
has two hydrated states that have been characterized by both
XRD and solid-state NMR spectroscopy by Tuel and co-
workers.®5” The two hydrated states of AIPO-34 have the
same framework connectivity but different numbers of H.0O
molecules per formula unit.5® Form A has the unit cell
formula AlgPsP14.11H,0, whereas form B has the formula
AlgPP12.12H,0. For form B, on the basis of a ZAl-P
correlation experiment and the structure-spectrum relationship
of Miller et al.,® Tuel et al.5® assigned the 3!P NMR spectrum
as summarized in Table 4. From the published structure,

Table 4. %P & observed experimentally®® (exp.) and
predicted by DISCO for structural models of AIPO-34
hydrated form B, from pXRD% and optimized by DFT.%

EXp. 5iso 8iEs)(I:SCO (ppm)

(ppm)* XRD structure® Ofinal®”
P1 -21.0 -31.4 —23.2
P2 243 -324 —235
P3 -26.2 229 214
P4 -26.2 -36.0 -271.3
P5 -28.2 -34.8 -25.5

DISCO predicts 3P 3is, in poor agreement with experiment
(MAE of 5.2 ppm), as shown in Table 4. This poor agreement
possibly arises because, as is frequently observed for
structures derived from Bragg diffraction methods, the DI
values are quite high. In this case, P1-P5 have DI of 2.8-3.8°,
whereas P6 has a more realistic DI of 1.5° and the predicted
shift for this P site is 0.1 ppm away from the experimental
value. Poulet et al. subsequently used DFT to optimize several
structural models of hydrated AIPO-34 form B with different
starting positions for H atoms, and reported coordinates for the
lowest-energy structure (Osnai in their notation).” The Ofina
structure has reduced DI for all P sites, with only P2 and P3
having DI > 2.0°. DISCO predicts the shifts given in Table 4,
now with a reduced MAE of 2.4 ppm with respect to the
experimental values. However, Poulet et al. also investigated
the time-dependent nature of the structure using molecular
dynamics (MD) calculations, and showed that over the 3 ps
run at a temperature of 300 K, the positions of some of the
water molecules were highly variable.’” It is, therefore,
perhaps unsurprising that neither the time- and length-
averaged experimental structure (at 283 K) and the static (0 K)
optimized structure provide a very accurate prediction of the
experimental NMR spectrum (at ~300 K). Indeed, as shown in
the Supporting Information (S3), form B of hydrated AIPO-34
exhibits significant variation in the positions of the 3P
resonances as a function of temperature (even below the
temperature of the transition to form A), confirming the
dynamic nature of this material. The case of hydrated AIPOs
may, therefore, be seen as an extension to the case of partially-
occupied anion sites described above. In, e.g., AIPO-17,
AIPO-ERI and STA-2, the local environment of P could be
reasonably well modeled simply by a series of static snapshots
of the structure, with the anions localized. However, the MD
calculations of Poulet et al.%” indicate that, in the presence of
framework-bound water, the coordination state of any one Al
in hydrated AIPOs may vary significantly over time, meaning
that a more dynamic picture of the structure may be necessary.
In the 2.5 ps of motion simulated by Poulet et al.,” 5000
structures were generated, and each one of these will have
some contribution to the observed 3P chemical shifts. Clearly,
such a large number of DFT-level calculations would be
extremely time consuming but, as discussed below, it would
be entirely feasible to predict the outcome of such a large
volume of calculations using DISCO.

Performance and Applicability of DISCO

As DISCO is a geometry-based rather than quantum-
mechanical code, calculation times are very rapid — typically
on the order of tens of ms (see the Supporting Information
(S4) for more details). This indicates that DISCO could readily
be applied to very large systems (e.g., supercells used to
model disorder), where even the approximate prediction of
NMR parameters may provide a valuable link between the
structure and the NMR spectra of such disordered systems.
The ability to rapidly determine approximate NMR parameters
for many hundreds or thousands of atoms means that one
potential application of DISCO could be to generate NMR
parameters from the results of MD calculations. Such
calculations determine the evolution (or trajectory) of a system
over time periods on the order of ps to ns (depending on the
level of theory used and available computing power). The
output of an MD calculation is a series of structures,
corresponding to the individual time increments in the
trajectory. Typically, in order to model motion of, e.g., a guest



molecule within the pores of zeolitic materials, a relatively
large supercell of the parent crystal structure is used, meaning
that the output from an MD calculation contains (typically)
thousands of structures, each containing hundreds or
thousands of atoms. Calculating NMR parameters for all of
these structures using DFT would be impractical, and is
unlikely ever to be a reasonable prospect with conventional
computing technology (particularly as the size of MD output
will be likely to scale more rapidly with computing power than
the capability to carry out the ever larger number of
corresponding higher-level DFT calculations of the NMR
parameters). However, if DISCO can be used to reduce the
calculation time for the NMR parameters to the timescale of a
few milliseconds per structure, then calculating the NMR
parameters for every structure in even a very large MD run
would be feasible. This approach could provide a direct
(although approximate) link between the MD simulation of,
e.g., a dynamic process occurring within the pores of an AIPO,
and experimental NMR characterization of the same system.
Dynamic effects are frequently observed in as-made, calcined
and hydrated AIPOs, and it can be envisaged that such a link
would also allow for the investigation of possible catalytic
reaction mechanisms, or of host-guest interactions in
applications such as gas separation and drug delivery.

Cuny et al. recently demonstrated a similar approach,
termed NN-NMR, based on the use of neural networks to
predict the DFT-level YO and ?Si NMR parameters of
silicates, and also proposed that the methodology would be
suitable for investigating very large, amorphous, or dynamic
materials,%® It seems, therefore, that the future of DFT
calculations of NMR parameters in materials science might be
as a benchmark for more restricted (in terms of the materials
to which they can be applied) predictive algorithms, with these
algorithms then being used to predict the NMR spectra arising
from ever larger and more complex structures. It remains to be
seen, however, whether the approaches such as NN-NMR,
which presents even more of an inscrutable “black box”
method than DFT, or those such as DISCO, which present a
clearer link between structure and spectrum, find wider
acceptance in the long term.

Conclusions

We have demonstrated a simple structure-spectrum
relationship for predicting the 3P isotropic chemical shifts that
would be calculated by a typical periodic planewave DFT
approach, for as-made and calcined AIPOs. This relationship
has the advantage that it does not require the positions of all
atoms to be known in cases of disorder of the guest species
(SDAs, water, etc.), as the effects of these species manifest as
a change in the local framework geometry. This allows the
possibility to predict the outcome of a DFT calculation (with a
typical accuracy of ~1.1 ppm), even when it would be
impossible or very challenging to run the actual DFT
calculation. While some overparameterisation is inevitable
with such a simple approach, which aims to ascribe all
changes in the %P chemical shift to variation in just two
parameters, this is still likely to be of great interest in cases
where a system is dynamic and with guest species that are
changing over time (e.g., in most AIPO structures, and
particularly reactions catalyzed by AIPOs). A second
advantage of our method is that it is based purely on geometry,
rather than quantum mechanics and the predictions are,

therefore, around five orders of magnitude more rapid than
DFT calculations.

We presented several case studies to test the application of
out structure-spectrum relationship to real experimental data
on more complex systems. These demonstrated that, in some
cases, the time- and space-averaged structures determined by
crystallographic diffraction are poor representations of the
local bonding environment of P sites, with unfeasibly large
and small O-P-O bond angles leading to large distortion
indices. As the 5P chemical shift is very sensitive to small
changes in the local geometry, it was often not possible to use
the experimental crystal structures to predict meaningful
chemical shifts (for our approach or any similar method that
relies on accurate knowledge of the structure). This
phenomenon is well known within the field of solid-state
NMR spectroscopy, with many researchers now routinely
optimizing crystal structures computationally prior to the
calculation of NMR parameters. While the aim of our
structure-spectrum relationship is to predict NMR parameters
where these cannot be calculated by a higher level of theory
(thus precluding the use of such computational pre-
optimization of the structure), there remains the inescapable
fact that, in order to provide a meaningful prediction, the
structure itself must be a meaningful representation of the
material. In cases where such structures were available, we
demonstrated that the structure-spectrum relationship does
have genuine predictive power. Although not demonstrated
here, it would also be possible to predict 3P chemical shifts
for partial structures if they could be optimized using a lower
level of theory to achieve a more realistic geometry.

Unfortunately, it would appear that cases where a simple,
static crystal structure of an AIPO can be seen as an accurate
representation of the structure experienced by the P nuclei
may be quite scarce. Many AIPOs contain disorder and
dynamics on timescales from ps to days,?%%384257.5860 gng
more detailed modeling of these features will require either
large static supercell calculations, or even larger molecular
dynamics simulations. Using DFT to calculate the NMR
parameters from the outputs of such calculations is likely to
remain unappealingly costly for the foreseeable future.
Therefore, while we do not believe that our approach will ever
supersede DFT calculations where such are possible, the high
speed and reasonable accuracy of our approach means that it is
likely to find application in cases where DFT-level
calculations are desirable, but are simply not feasible. In light
of these possible applications, we also present DISCO — a
code written in FORTRAN9O0 to carry out calculation of the
structural and NMR parameters from a given set of atomic
coordinates. To facilitate its use alongside MD calculations,
DISCO has the ability to operate in batch mode, with the
submission of a list of input files, and can achieve very high
throughput, such that the calculation of the NMR parameters
for every step of a MD simulation is expected to take on the
order of minutes. We envisage that the ability of DISCO to
provide a rapid and reasonably accurate link between a
theoretical model of a disordered or dynamic AIPO-based
system will have applications in e.g., modelling gas storage
and separation, drug delivery and catalytic pathways.
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Further information on the structures and structural models used,
higher-precision values of the coefficients in the equations, varia-
ble-temperature 3P NMR spectra of calcined, rehydrated AIPO-
34, the DISCO user guide, source code and example input files
are provided in the Supporting Information. The Supporting In-
formation is available free of charge on the ACS Publications
website.
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