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Abstract

Solid-state NMR spectra have historically been assigned using simple relationships
between NMR parameters, e.g., the isotropic chemical shift, and aspects of the local
structure of the material in question, e.g., bond angles or lengths. Density functional theory
(DFT) calculations have effectively superseded these relationships in many cases, owing to
the accuracy of the NMR parameters typically able to be calculated. However, the
computational time required for DFT calculations may still be prohibitive, particularly for
very large systems, where structure-spectrum relationships must still be used to interpret
the NMR spectra. Here we show that, for calcined aluminophosphates (AlPOs), structurespectrum relationships relying on either the mean P-O-Al angle or the mean P-O distance,
both suggested in previous literature, provide a poor prediction of the

31P

isotropic

shielding, iso, calculated by DFT. However, a relationship dependent on both parameters
yields predicted iso in excellent agreement with DFT, with a mean error of ~1.6 ppm. The
predictive ability of the relationship is not improved by introducing further parameters
(many used in previous work) describing the local structure, suggesting that the twoparameter relationship is close to an optimum balance between accuracy and
overparameterisation. The ability to predict accurately the outcome of DFT-level
calculations will be of particular interest in cases where the actual calculations would be
impractical or even impossible with current computational hardware, or where many such
calculations are required quickly.
Keywords
Zeolites, solid-state NMR, density functional theory, local structure, spectral prediction,
empirical relationships.
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Introduction

Since their discovery in 1982,1 aluminophosphate zeolites (AlPOs) have been a field
of intense research, owing to their many potential applications in catalysis, medicine and
gas storage.2 As many of the elements present in AlPOs have NMR-active isotopes with
favourable acquisition properties (most notably

31P, 27Al

and, in many cases, 1H and

19F),

solid-state NMR spectroscopy is often used to characterise these materials. Owing to its
sensitivity to structure on the local (atomic) scale, the information provided is often
complementary to the information able to be obtained by techniques based on Bragg
diffraction. Solid-state NMR is particularly suited to the investigation of structural
features such as disorder of framework-bound hydroxide and fluoride anions,3-5 or of
guest species within the pores,6,7 as well as being sensitive to dynamic processes8 –
features of great importance for most applications of AlPOs. In many cases, AlPOs are
substituted with isovalent or aliovalent cations (e.g., Mg2+, Cr2/3+, Ga3+, Si4+, etc.,) to
introduce catalytic properties to the framework.2 The distribution of these species
determines the position and behaviour of the active sites and the corresponding chemical
and physical behaviour of the material, and solid-state NMR is ideally placed to
investigate this typically non-periodic feature of the framework.9-11

One of the challenges of solid-state NMR spectroscopy is interpreting spectra in
terms of the structural model of the material obtained by Bragg diffraction. While the
symmetry of the material (e.g., the number of crystallographically-distinct Al and P species
in the framework) can readily be verified by the number of resonances present, it is not
always clear which spectral resonance corresponds to which crystallographic species
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when multiple resonances are present. In early work, this task of assignment was carried
out using relatively simple relationships between structural features (e.g., bond lengths or
angles) and NMR parameters, most notably the relationship proposed by Müller et al.,
between the 31P isotropic shift, iso, and the average P-O-Al bond angle, POAl.12 Since its
publication, this relationship has been widely used to assign the 31P NMR spectra of many
phosphate materials, including templated13-28 and calcined27-30 AlPOs, AlPO-like
clusters,31,32 Si-doped AlPOs (SAPOs),33,34 gallophosphates (GaPOs),35,36 a zincophosphate
(ZnPO)37 and several other relevant structures.20,38-40 The results of these assignments are
plotted in Figure 1, and show a general trend of increasing iso with decreasing POT (T =
Al, Si, Ga, Zn, etc.,) for all classes of material included in the plot. However, it can be seen
that the gradients, diso/dPOAl〉, and y-intercepts are different for each class of material.
Furthermore, there is a large scatter in the data, and all of the assignments are based on
the relationship proposed by Müller et al., meaning that they are inherently biased
towards a trend for increasing iso with decreasing POAl. It should also be noted that the
slope of the relationship of Müller et al. is in poor agreement with slopes observed for the
different classes of materials in Figure 1, despite the basis of the spectral assignments in
this relationship. The relationship between iso and POAl reported by Kanehashi et al.,41
also plotted in Figure 1, is in better general agreement with the overall dataset; perhaps a
consequence of the fact that Müller et al. determined their relationship using a series of
dense-phase AlPO4 polymorphs (berlinite, cristobalite and tridymite), whereas Kanehashi
et al. used data from two as-prepared AlPOs (VPI-5 and AlPO-14), which are structurally
more similar to the other materials included on the plot. However, the degree of scatter of
the experimental data from the lines representing both relationships is very high. These
discrepancies may be partially explained by the fact that the values for both POT and iso
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are taken from experimental diffraction structures and NMR spectra, respectively, and so
will vary in accuracy, depending on the precise experimental techniques and conditions
used.

It is a well-known limitation of powder Bragg diffraction techniques that, while the
unit cell parameters can be measured with a high degree of accuracy, and, for zeolites and
related materials, the framework connectivity can also readily be determined, the precise
positions of atoms are prone to larger errors. Therefore, one should exercise caution when
comparing structural models derived in this way to the experimental NMR parameters,
which are known to be extremely sensitive to the precise local structure. However, another
possible explanation comes from the work of Campomar,42 who suggested that the mean
P-O bond length, rPO, influenced the 31P iso in a series of phosphates and, if the works of
Müller et al., Kanehashi et al. and Campomar are to be believed, there must be at least two
structural parameters influencing the chemical shifts of

31P

in metallophosphates.

However, in recent years, the popularity of such simple relationships for spectral
assignments in solids has dwindled as advances in computational hardware and electronic
structure codes have enabled the calculation of extremely accurate NMR parameters for a
range of complicated microporous materials.43-49 This is particularly true for the periodic
density functional theory (DFT) code, CASTEP,50 which uses the gauge-including
projector-augmented wavefunction (GIPAW)51 approach. It has been shown that the
GIPAW approach can be used to calculate accurate NMR parameters for many classes of
materials,44-49 providing that the structural model used as an input for the calculation of
the NMR parameters is a reasonable representation of the true structure of the
material.29,48,49 DFT calculations based on the electronic structure of the system in question
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may, then, be assumed to have superseded the use of the more primitive structurespectrum relationships used in earlier assignments. However, DFT calculations are still
computationally expensive, can require access to high-performance computing facilities
and, while this approach can, in principle, be applied to very large systems (containing
>200 atoms), the costs of calculating properties based on the electronic structures of
systems much larger than this become prohibitive for most local computing facilities.
While the NMR parameters of many AlPOs can, therefore, be calculated by DFT, those
with either very large52 or incommensurate53,54 unit cells cannot be treated in this manner.
In addition, many computational studies of disordered systems utilise a “supercell”
approach to achieve a more realistic concentration of defects or substitutions,55 which
further challenges most computational facilities. Therefore, there still exists a need for an
understanding of simple relationships between structural and spectral parameters, as
many of the interesting and useful systems are currently at, or just beyond, the limit of
current computational approaches and hardware.

Current structure-spectrum relationships typically relate a single structural feature
to a single NMR parameter, and the outcome and general applicability of the relationships
can vary widely.56 Worthy of note are the two relationships (proposed by Müller et al. and
Kanehashi et al.) between the

31P

iso and POAl, discussed above,12,41 which show a

markedly different dependence on the same parameter, as shown in Figure 1. In this work,
we revisit the existing structure-spectrum relationships for

31P

iso in AlPOs, using NMR

parameters calculated using first-principles DFT calculations for known structures (in
order to ensure that the NMR parameters arise from a known structure, rather than an
assumed one, as would be the case in a purely experimental study). We begin by using a
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"local cluster" approach to investigate in detail the relationship between 31P iso and POAl
and rPO, demonstrating that both of these parameters must be taken into account when
attempting to relate an NMR spectrum to structure. Based on these results, we then show
that, when both POAl and rPO are taken into account in the relationship, the DFT-level
calculated iso can be predicted from a given crystal structure of a calcined AlPO with a
mean absolute error of ~1.6 ppm. Finally, we demonstrate that attempts to extend the
relationship to include other local structural distortions may actually lead to
overparameterisation, and that the simpler two-parameter relationship is likely to be more
robust and generally applicable.

Experimental Details

DFT Calculations
Model cluster DFT calculations were carried out using GAUSSIAN 03 (revision
D.01)57 using the continuous set of gauge transformations (CSGT) method to calculate the
NMR parameters. The B3LYP hybrid GGA functional was used, with the 6-311+G(2d,p)
basis set employed for all atoms except the central P, for which the aug-pcS-2 basis set58
was used. Prior to the calculation of the NMR parameters, the structures of the clusters
were optimised to an energy minimum, with the parameters specified in the text
constrained to their stated values. Calculations were carried out using a local cluster
comprising four Intel Core i7-930 quad-core processors with 6 GB memory per core.

Periodic DFT calculations were performed using version 5.0 of the planewave
CASTEP code,50 which employs the GIPAW algorithm51 to reconstruct the all-electron
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wavefunction in the presence of a magnetic field. The generalised gradient approximation
(GGA) PBE59 functional was employed and core-valence interactions were described by
ultrasoft pseudopotentials.60 Wavefunctions were expanded as planewaves with a kinetic
energy smaller than a cut-off energy of 60 Ry (816 eV). Integrals over the first Brillouin
zone were performed using a Monkhorst-Pack grid with a k-point spacing of 0.04 Å–1.
Calculations were converged as far as possible with respect to both k-point spacing and
cut-off energy. In some cases (see the Supporting Information), prior to the calculation of
NMR parameters, the published crystal structures were optimised to an energy minimum
using the same cut-off energy and k-point spacing as above, and with all atomic
coordinates and unit cell parameters allowed to vary. Calculations were performed using
the previous EaStCHEM Research Computing Facility, which consisted of 136 AMD
Opteron 280 dual-core processors running at 2.4 GHz, partly connected by Infinipath
high-speed interconnects.

Calculations generate the absolute shielding tensor, , in the crystal frame. From
the principal components of the symmetric part of the shielding tensor it is possible to
generate the isotropic shielding iso = (1/3) Tr{}. The isotropic chemical shift, iso, is given
(assuming ref << 1), by –(iso – ref), where ref is a reference shielding, here 279.28 ppm
(for the CASTEP calculations), determined by comparing the calculated and experimental
31P

iso of calcined AlPO-14.

Solid-State NMR
The solid-state

31P

MAS NMR spectrum of calcined AlPO-14 was recorded using a

Bruker Avance III spectrometer, equipped with a 14.1 T wide-bore superconducting
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magnet. The sample was packed in a 4 mm zirconia rotor and rotated at the magic angle at
a rate of 14 kHz. The spectrum was recorded using a nutation frequency (1/2) of ~100
kHz. Signal averaging was carried out for 4 transients with a recycle interval of 30 s.
Experimental chemical shifts are reported relative to 85% H3PO4 using BPO4 ( = –29.6
ppm) as a secondary reference.

Linear Regression
Multivariate linear regression was carried out using MATLAB61 routines described
in further detail in the Supporting Information.

Results and Discussion

In order to investigate the influence of POAl and rPO on iso, several series of
model clusters of the formula [P(OAl(OH)3)4]3–, shown in Figure 2, were considered. The
use of these model clusters enables POAl or rPO to be varied systematically for the
central atom, without having to take into account the longer-range structural constraints
imposed by the extended framework structure of an AlPO. In the first set of clusters all PO bond lengths and O-P-O bond angles were constrained to 1.52 Å and 109.47°,
respectively, while POAl was varied according to Table 1. For each cluster, iso for the
central P atom was calculated with GAUSSIAN0357 and, as shown in Figure 3(a), when
only POAl is varied (series 1), there is a strong linear correlation (R2 = 0.995) between iso
and POAl with diso/dPOAl = 1.05 ppm per degree. For series 2 and 3, POAl was kept
constant at 140° while the maximum and minimum POAl (max(POAl) and min(POAl),
respectively) and, hence, the standard deviation of POAl, (POAl), were varied. For series 2,
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this was achieved by varying two of the angles, while the remaining two were fixed at
140°, whereas, in series 3, all four angles were varied, with two decreased and two
increased, meaning that, for a given value of n, (POAl) was larger in series 3 than in series
2. As can be seen in Figure 3(b), a difference is observed of up to –6.7 ppm (series 3, n = 7)
in iso relative to the corresponding point of series 1 (n = 7), in which POAl = 140° and
(POAl) = 0. This indicates that, as one might expect, the individual bond angles contribute
to iso, rather than just POAl.

The calculations in series 4, 5, 6 and 7 provide further evidence that the individual
P-O-Al angles, rather than just POAl, contribute to iso. In series 4, one angle was varied
systematically, while the other three were adjusted so that POAl = 140°. In series 5 and 6,
either max(POAl) (series 5) or min(POAl) (series 6) were fixed, one other angle was varied
systematically and the other two angles were adjusted so that POAl = 140°. The
calculated iso for these three series is shown in Figure 3(b) and, as for series 2, it can be
seen that (POAl) contributes to iso (here up to –5.8 ppm for series 4, n = 14). For series 7,
one angle was varied systematically while the other three were fixed at 140°, so that both
POAl and (POAl) were varied systematically. As can be seen from Figure 3(a) there is a
strong linear relationship between iso and POAl for n  12 (POAl  147.5°, max(POAl) =
170°) but, at higher POAl (i.e., when max(POAl) approaches 180° and (POAl) approaches a
maximum of 20°), iso is lower than would be expected. In order to further investigate the
contributions of POAl and (POAl) to iso, another series of [P(OAl(OH)3)4]3– clusters, series
8, was studied, with randomly-generated POAl(i). From Figure 3(a), it can be seen that
series 1 and 8 have a very similar relationship between iso and POAl. The line of best fit
for series 1,
10

iso = 1.0504POAl + 174.45 ,

(1)

is in excellent agreement with that for series 8,

iso = 1.0601POAl + 172.38 ,

(2)

where iso and the y intercept are in ppm, POAl is in degrees and the gradient is given in
ppm per degree. This similarity, combined with the high correlation coefficients (R2) of
0.995 for series 1, and 0.987 for series 8, suggests that, in more realistic cases, POAl is
actually a good predictor for iso, despite the variation in (POAl) of between 8.23 and
23.70° for series 8. The results of series 1-8 appear to confirm the work of Müller et al. and
Kanehashi et al., although it should be noted that the gradients in Equations 1 and 2 are
~1.1 ppm per degree: between the value determined by Müller et al. (0.51 ppm per degree)
and Kanehashi et al. (1.25 ppm per degree), but closer to the latter. The discrepancies
between the three studies are likely to arise from the more limited size of the two
experimental datasets – as can be seen from Figure 1, selecting at random any three or four
of the experimental data points could readily yield a wide range of gradients.

The results of series 1 and 8 (Figure 3(a)) suggest that the contribution to iso from
(POAl) is minimal, compared to the contribution from POAl. It is interesting to note that
the change in iso in series 2-7, relative to series 1 (n = 7) is always negative with increasing
(POAl), indicating that min(POAl) may play a more important role than max(POAl) in
determining iso (as a lower POAl leads to lower calculated iso). However, as shown in
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Figures 3(c and d), when all four bond angles are randomly generated, there is no clear
relationship between iso and max(POAl) or min(POAl). As can be seen from Figure 3(e),
(POAl) also does not appear to have a significant linear correlation with iso for series 8.

In a second set of structures, the effect of rPO – suggested by Campomar42 to
influence iso – was investigated. For this set of clusters, all O-P-O and P-O-Al bond angles
were constrained to 109.47 and 140°, respectively, and rPO was varied systematically as
given in Table 2 (series 9 -12). A further 20 clusters with randomly-generated bond lengths
were also included (series 13). It can be seen from Figure 4(a) that, when only rPO is
allowed to vary and all other structural parameters are kept constant (series 9), iso and
rPO are related by

iso = –375.01rPO + 891.49 ,

(3)

with R2 = 0.9876, where iso and the y intercept are in ppm, rPO in Å and the gradient is
given in ppm per Å. However, the correlation is significantly improved (R2 > 0.9999) by
assuming a quadratic function of rPO:

iso = –1158.9rPO2 + 3166.2rPO – 1812.5 .

(4)

In series 10 and 11, the maximum and minimum rPO (max(rPO) and min(rPO), respectively)
were varied while rPO was kept constant at 1.52 Å, enabling investigation of the influence
of the standard deviation of rPO, (rPO). In series 10, two of the bond lengths were varied,
while the remaining two were fixed at 1.52 Å, whereas, in series 11, all four lengths were
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varied, with two decreased and two increased, meaning that, for a given value of n, the
standard deviation, (rPO) was larger in series 10 than in series 11. Figure 4(b) shows that
the difference in (rPO) (of up to 0.058 Å for series 11, n = 5) led to a difference in iso of just
0.18 ppm, relative to the structure with rPO = 1.52 Å but (rPO) = 0 (series 9, n = 8). This
indicates that (rPO) has limited influence on iso, although it may be that the range of
(rPO) considered here was too small to observe effects that would be more apparent with
a greater distribution of rPO. For series 12, both rPO and  (rPO) were varied, with one
bond length systematically increased while the other three were always 1.52 Å. As can be
seen in Figure 4(a), a good linear relationship between iso and rPO was observed,

iso = –352.37rPO + 858.37 ,

(5)

with R2 = 0.9993, and a marginally stronger correlation (R2 = 0.9999) for the quadratic
relationship,

iso = –1465.2rPO2 + 4098.5rPO – 2521.6 .

(6)

The differences between the coefficients of Equations 4 and 6, may arise owing to the
small, contribution from (rPO) observed for series 10 and 11. However, as was observed
for series 1-8, the effect of (POAl) appeared to be artificially enhanced when the bond
angles were varied systematically, compared to the random variation of bond angles used
for series 8. This can again be seen with series 13, containing clusters with four randomlygenerated P-O bond lengths, for which the best linear agreement (R2 = 0.9929) was
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iso = –314.27rPO + 800.44 ,

(7)

while the quadratic relationship,

iso = –1189.7rPO2 + 3288.6rPO – 1906.3 ,

(8)

yielded R2 > 0.9999. It can be seen that the coefficients in Equation 8 are very similar to
those of Equation 4, indicating that, when the P-O-Al bond angles are fixed, the quadratic
relationship with rPO dominates iso, even in the presence of a non-zero (rPO) (up to
0.057 Å for series 13) and, as can be seen from Figure 4(c), no significant correlation of iso
with (rPO) is observed.

The model cluster studies discussed above suggest that both POAl and rPO
influence the calculated

31P

iso (and, therefore, presumably the experimental iso, which

should have a –1 : 1 correspondence with iso). This finding is relatively unsurprising
when one considers that the nuclear shielding arises in part from the motion of electrons
in orbitals near to the P nucleus, which will be affected by the extent of overlap of the
electronic orbitals of P and O, which will depend on both the bond lengths and angles.
Therefore, while the works of Müller et al.,12 Kanehashi et al.41 and Campomar42 all have
some validity, the relationships reported do not fully capture the relationship between the
31P

iso and the structure of AlPOs, owing to their inherent assumption that the influence

of a single structural parameter dominates.

To extend the results of the model cluster calculations to the periodic structures of
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AlPOs where both POAl and rPO may vary simultaneously, and essentially
independently of each other, it is necessary to compare the

31P

iso of a series of calcined

AlPOs with their crystal structures. However, if conducted experimentally, such an
approach would suffer from two major issues. Firstly, there are several unreliable crystal
structures for calcined AlPOs in the literature, as demonstrated previously for AlPO-14,
for which NMR parameters calculated for the published crystal structure did not agree
well with experiment but, once the structure was optimised using DFT, the agreement was
considerably better,29,49 suggesting that the problem lay with the original structure rather
than the approach itself. Consequently, the equivalence of a reported structure of a
material and the structure of the material actually studied in the NMR experiment may
not always be assumed. Secondly, given the existence of two conflicting chemical shift
scales for

31P,56

differing by 1.6 ppm (i.e., on the order of the shift differences expected to

arise from changes in the local structure), and the fact that resonances may be broadened
and overlapped in the

31P

NMR spectra of calcined AlPOs, the reported experimental

chemical shifts cannot always be assumed to be accurate, or reported relative to the same
reference point (and the reference point used is not always clear in the literature).
Therefore, an alternative strategy was used to assess the relevance of the model cluster
calculations above.

It has been shown that first-principles DFT calculations can be used to calculate
(generally very accurate) NMR parameters from a given structural model (assuming the
structural model is an accurate representation of the material in question).43,44,48,49 The
advantage of using theoretical rather than experimental data is that the NMR parameters
obtained correspond exactly to the known structure, even if the structure and, hence,
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calculated NMR parameters do not match those of any corresponding material. The NMR
parameters were calculated for 42 structures of calcined AlPOs; 31 of which were taken
from the literature and used without further optimisation and 11 that were subsequently
optimised to an energy minimum prior to the calculation of NMR parameters. In addition,
the structures of the dense AlPO4 phases, quartz and cristobalite, were used without
further optimisation, and the structures of these two dense phases, as well as that of a
third dense phase, tridymite, were optimised and also included in the study. The
published structure of tridymite62 was not included itself, owing to the presence of 180° PO-Al bond angles, which are unrealistic (arising from the average position of the O atoms
determined by diffraction) and caused problems with some of the calculations discussed
below. A full list of structures used appears in the Supporting Information.

The calculated iso of the 159 crystallographically-distinct P species are plotted
against POAl or rPO in Figures 5(a and b), and it can be seen that the lines of best fit for
each parameter do not adequately describe the data, with R2 of 0.3315 for the relationship
with POAl and 0.8501 for the relationship with rPO and mean absolute errors (MAEs) of
7.1 and 4.2 ppm, respectively. The best-fit quadratic function of rPO, shown in Figure 5(b),
is also not a good description of the data (R2 = 0.8614, MAE = 3.9 ppm). Particularly poor
agreement is observed for the P species arising from the structure of AlPO-5 reported by
Ikeda et al.63 (ICSD entry 88566), which contains unusually long P-O bonds, up to 1.682 Å.
This is most noticeable in the plot in Figure 5(a), where these points are highlighted, and it
is clear that the contribution to iso from rPO cannot be ignored. In Figure 5(b), it can be
seen that the points from ICSD 88566 lie much closer to the trendlines for the rest of the
dataset, when plotted against rPO rather than against POAl, as in Figure 5(a), although
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there is still significant scatter in the rest of the dataset. It would appear, therefore, that iso
is dependent upon both POAl and rPO, although the latter contributes more
significantly (typically over 90%). However, neither parameter on its own will be able to
explain fully the value of iso.

Multivariate linear regression (described in further detail in the Supporting
Information) was carried out in order to determine the best fit of iso to, simultaneously, a
linear function of POAl and a quadratic function of rPO. In order to assess the validity of
this function, the 159 P species were split into a training set (to which the function would
be fitted) of 150 values, and a test set (against which the function would be validated) of
nine values. The best-fit function for the training set was determined to be

iso(POAl,rPO) = 0.898POAl – 1190rPO2 + 3320rPO – 2120 ,

(9)

where all coefficients are reported to 3 s.f. (higher precision is given in the Supporting
Information). It should be noted that coefficients given in Equation 9 are very similar to
those given in Equations 2 and 8, although the y intercepts are different (owing to the
different values of reference shielding, ref, required for the different computational codes
used to generate the model cluster and periodic structure calculations). This, however,
does confirm the validity of the model cluster approach as a tool for evaluating structurespectrum relationships for periodic crystalline structures. The plots of the predicted
iso(POAl,rPO) against iso calculated by CASTEP for the training and test sets are shown
in Figure 5(c), and it can be seen that this relationship represents a vast improvement upon
attempting to predict the 31P iso from either POAl or rPO alone. For the training set, R2 =
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0.9746 and MAE = 1.60 ppm and, for the test set, R2 = 0.9910 and MAE = 0.49 ppm. While
the results for the test set appear better than those for the training set, the training set
contains the structure of AlPO-5 reported by Ikeda et al.,62 (ICSD 88566) to include the
greatest range of iso and rPO possible. Therefore, the apparent improvement in the
predictive power of the relationship for the test set may, perhaps, be attributed in part to
the test set sampling a smaller number P species with more “normal” structural
parameters that will be better described by the relationship. Interestingly, the largest
deviation between the calculated iso and iso(POAl,rPO) is 9.95 ppm for P3 of AlPO-1164
(ICSD entry 63664), indicated in orange in Figure 5(c). This species has a relatively short
rPO of 1.457 Å, as well as a relatively large POAl of 169.4° and, while these values do not
represent the extremes of either rPO or POAl, their combination appears to have led to a
large deviation between the calculated and predicted iso. However, the MAE for this
relationship is now of the same order of magnitude as the differences between the
experimental chemical shifts of

31P

in most AlPOs, and its predictive power is good (i.e.,

the relationship describes equally well the test and training sets). Therefore, this
relationship is likely to be significantly more useful than any of the single-parameter
relationships found in the literature.

Improving the Relationship

In the 31P MAS NMR spectra of many calcined AlPOs, the shift difference between
two resonances is small compared to the MAE of the relationship for iso given in Equation
9. For example, in the

31P

NMR spectrum of calcined AlPO-14, shown in Figure 6(a), the

iso values for P2 and P4 (using the earlier assignment of Ashbrook et al.29) differ by just 0.7
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ppm. Therefore, while it would be possible (as shown in Figures 6(b and c)) to assign the
spectrum using either iso calculated by CASTEP, which predicts a shift difference of 1.15
ppm for the optimised structure or by iso(POAl,rPO) (predicted shift difference of 1.06
ppm), the assignment would perhaps require further experimental confirmation, such as
heteronuclear correlation experiments. As such, it would be desirable to reduce the MAE
and improve confidence in any assignments made on the basis of the local structure only.
The most obvious way to achieve this would be to extend the number of parameters
describing the local structure, as it would be naïve to assume that the full electronic
structure of an AlPO, which ultimately gives rise to iso, can adequately be described by
two parameters – an average bond length and an average bond angle.

Various distortion parameters, described in more detail in the Supporting
Information and summarised in Table 3, have been introduced in the literature in order to
describe the coordination environment of a given species in terms of the deviation from
either the mean or some “ideal” value of, e.g., bond lengths or angles.56,65-67 Here, the
deviation of the bond lengths from the ideal and mean values was described by the
longitudinal strain |PO|, the standard deviation, (rPO), and a deviation parameter,
(rPO), parameters, respectively. The O-P-O bond angles were described by their standard
deviation, (OPO), and their deviation from ideality was characterised by the shear strain
parameter, |OPO|. For the P-O-Al angles, deviation from the mean was described by the
standard deviation, (POAl), but as the P-O-Al bonds bridge two tetrahedra, it is not
possible to define an “ideal” value (unlike the O-P-O angles, for which the ideal
tetrahedral angle of 109.47° was used). The displacement of the P atom from the centre of
the PO4 tetrahedron, described by a displacement parameter, |rPO|, was also considered.
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In order to assess the relevance of all parameters simultaneously, the multivariate linear
regression procedure was modified to include feature selection, where parameters with an
insignificant correlation with iso were discarded and this linear regression with feature
selection (LRFS) process (described in more detail in the Supporting Information) was
repeated iteratively until only significant parameters remained. In addition to the
parameters discussed above, the maximum, minimum and standard deviation of the P-O
bond lengths, O-P-O and P-O-Al bond angles were considered. Next-nearest neighbour
effects were taken into account by calculating the same distortion parameters for the (nonbonded) PAl4 tetrahedron around P.

The predicted

31P

iso as a function of the structural parameters considered here,

iso(structure), was determined by LRFS to be

iso(structure) = 23 max(rPO) – 47 min(rPO) + 2300 rPO – 850 rPO2 – 280 (rPO)
– 39 |PO| + 0.14 min(OPO) + 1.7 OPO + 0.24 min(POAl) – 0.24 max(POAl)
+ 0.93 POAl + 0.44 (POAl) – 57

min(rPAl) + 23 max(rPAl) + 720 rPAl

– 110 rPAl2 – 100 (rPAl) – 23 |PAl|+ 0.17 min(AlPAl) – 0.15 max(AlPAl)
+ 1.8 (AlPAl) – 7.4 |AlPAl| – 2600 ,

(10)

where all parameters are defined in the Supporting Information. All coefficients are
reported to 2 s.f. (higher precision is given in the Supporting Information) and have units
(or scaling factors, as appropriate) of ppm per Å (lengths, in Å), ppm per degree (angles,
in °) and ppm (dimensionless distortion parameters, and the intercept), giving
iso(structure) in ppm. As shown in Figure 5(d), this relationship for iso(structure) yields

20

generally good agreement for the training set (R2 = 0.9947, MAE = 0.76 ppm) and the test
set (R2 = 0.9646, MAE = 1.10 ppm). However, the marginally improved agreement with the
training set, at the expense of predictive ability for the test set, may be seen as evidence of
overparameterisation (i.e., the relationship describes in great detail small rounding or
computing errors in the training set, rather than the more generally transferrable trends).
Indeed, as shown in Figure 6(d), iso(structure) yields a markedly poorer calculation of the
31P

iso for the optimised structure of AlPO-14 than iso(POAl,rPO), with a predicted

separation between the P2 and P4 resonances of 4.57 ppm. Of course, as the agreement is
better for the dataset as a whole, choosing another AlPO as an example would likely have
given a different picture. However, given that there appears to be evidence of
overparameterisation for iso(structure), iso(POAl,rPO), as given in Equation 9, would
appear to represent a more sensible choice of structure-spectrum relationship; offering
comparable accuracy and, apparently, more general transferability to the test set.

Conclusions and Further Work

In this work, it was shown that, for calcined AlPOs, very simple structure-spectrum
relationships, relying on just one parameter, such as the mean P-O-Al bond angle, POAl,
or the mean P-O bond length, rPO, used in previous literature, provided a poor prediction
of the (generally accurate)

31P

isotropic shielding, iso, calculated by the periodic

planewave density functional theory (DFT) code, CASTEP. However, a relationship
dependent on both POAl and rPO simultaneously was shown to yield predicted values
of iso in very good agreement with DFT-level calculations, with a MAE of ~1.6 ppm. It
was demonstrated that the accuracy of the relationship could not be improved
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significantly by the introduction of further parameters describing the local environment of
the P atoms, suggesting that the simpler relationship is close to an optimum balance
between accuracy and overparameterisation.

One disadvantage of the two-parameter relationship, iso(POAl,rPO), is that,
unlike the one-parameter models used in the literature, structural information cannot be
inferred directly from the solid-state NMR spectrum, as a change in iso could arise from a
change in rPO or POAl (although it is clear from the work reported here that such
inferences based on the earlier relationships would not necessarily be correct if more than
one structural parameter were changing between two different P species). However, as it
is relatively fast to calculate iso(POAl,rPO) for a given structure, it may be possible to
use this relationship to “screen” a variety of possible structures to determine whether their
calculated

31P

chemical shifts would be likely to match the experimental values. In

addition, it may be possible to use experimental NMR parameters as a constraint for an
iterative structural refinement procedure – one of the key aims of the “NMR
crystallography” approach.

We are currently working on extending the principles outlined above to other
porous materials related to calcined AlPOs. Initially, these will include “as-made” AlPOs,
containing positively-charged structure-directing agents within the pores and chalgebalancing anions bound to the framework Al species. However, systems such as the
ordered gallophosphates (GaPOs) and silicate zeolites, and disordered silicon- and metaldoped aluminophosphates (SAPOs and MAPOs) and aluminosilicate zeolites (where the
introduction of dilute substituent atoms must typically be described by a large supercell)
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are also natural extensions to the work. In addition,

31P

NMR has been shown to be an

important investigative tool for many other phosphate-based systems, including
glasses,41,56,68 nuclear waste storage materials,69 electrically-active phosphatesbusman-holder
and catalysts71-73 and it may be of interest to attempt to transfer the principles of structurespectrum relationships discussed in this work to these systems.

As well as extending this work to other chemical systems, we are extending the
LRFS approach outlined above to the calculation of the anisotropic 31P shielding tensor, as
well as NMR parameters for 27Al and 17O in calcined AlPOs. While it is unlikely that such
simplistic relationships can truly rival DFT-level calculations for structures of a few
hundred atoms, it is hoped that they will be able to provide insight into larger systems, for
which DFT-level calculations are currently unfeasible (materials with very large unit cells,
disordered supercells, etc.). One potential application of particular interest would be
molecular dynamics (MD) calculations, in which NMR parameters may be determined for
each one of the many tens of thousands of steps in the run, allowing time-averaged NMR
parameters to be obtained for such systems. This is likely to be relevant for as-made AlPOs
and related materials, where the presence of dynamic guest molecules within the pores
can potentially lead to time-averaged NMR parameters for the framework nuclei, as well
as for systems containing isolated PO43– species, which can often isotropically reorient at
finite temperatures. Of particular relevance is the recent demonstration by Hansen et al. of
a similar approach to study the 31P shielding tensors in large ensembles of phospholipids
(vesicles and bilayers) using simple models to successfully calculate the NMR parameters
for each step of an MD calculation.74
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Table 1. The systematic variation of P-O-Al bond angles (POAl(i)), in the series of model
[P(OAl(OH)3)4]3– clusters (see Figure 2) studied here. The angles are expressed for the nth
member of the series, and the number of clusters in the series, N, is given.

Series

POAl(i) (°)

N

1

POAl(1) = POAl(2) = POAl(3) = POAl(4) = 〈 POAl〉 = 105 + 5n

15

POAl(1) = POAl(2) = 140
2

POAl(3) = 140 + 5n

7

POAl(4) = 140 – 5n
POAl(1) = POAl(2) = 140 + 5n
3

7
POAl(3) = POAl(4) = 140 – 5n
POAl(1) = 105 + 5n

4

14
POAl(2) = POAl(3) = POAl(4) = 140 + (140 – POAl(1))/3
POAl(1) = 150

5

POAl(2) = 105 + 5n

8

POAl(3) = POAl(4) = (410 – POAl(2))/2
POAl(1) = 120
6

POAl(2) = 175 – 5n

11

POAl(3) = POAl(4) = (440 – POAl(2))/2
POAl(1) = 105 + 5n
7

15
POAl(2) = POAl(3) = POAl(4) = 140

8
a

all angles randomly generated,a 115.58  POAl(i)  167.41

For a full list of the randomly-generated angles, see the Supporting Information.
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Table 2. The systematic variation of P-O bond lengths (rPO(i)), in the series of model
[P(OAl(OH)3)4]3– clusters (see Figure 2) studied here. The lengths are expressed for the n th
member of the series, and the number of clusters in the series, N, is given.

Series

rPO(i) / Å

N

9

rPO(1) = rPO(2) = rPO(3) = rPO(4) = rPO = 1.44 + 0.01n

14

rPO(1) = rPO(2) = 1.52
10

rPO(3) = 1.52 + 0.01n

5

rPO(4) = 1.52 – 0.01n
rPO(1) = rPO(2) = 1.52 + 0.01n
11

5
rPO(3) = rPO(4) = 1.52 – 0.01n
rPO(i) = 1.47 + 0.01n

12

9
rPO(2) = rPO(3) = rPO(4) = 1.52

13
a

all lengths randomly generated,a 1.45  rPO(i)  1.57

For a full list of the randomly-generated lengths, see the Supporting Information.
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Table 3. Summary of the distortion parameters used in this work. For full definitions, see the Supporting Information. In the formula
column, the relevant structural parameter (bond length or angle) is denoted x, with x and x0 denoting the mean and ideal (as defined in
the Supporting Information) values of x, respectively.

Structural Distortion

Parameter

deviation from mean bond length or angle

standard deviation

deviation

deviation from ideal tetrahedral bond lengths

longitudinal strain

deviation from ideal tetrahedral bond angles

shear strain

displacement of the central P atom from the centre of a
displacement
PO4 tetrahedron
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Formulaa

a

For the displacement parameter, rPO , rPO(i) denotes the ith P-O bond vector (note the use of bold typeface for the displacement and

regular typeface for the bond vectors).
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Figure Captions

Figure 1. A plot of published experimental

31P

iso against POT′ (Tʹ = Al, Si, Ga or Zn)

measured experimentally by Bragg diffraction for a range of AlPOs, SAPOs, GaPOs and
other metallophosphates (MAPOs), for which the Müller relationship was used to assign
the resonances. The relationships published by Müller et al.12 and Kanehashi et al.41 are
indicated. The broken lines indicate the lines of best fit for the datasets (the line of best fit
for the dense phases is the relationship of Müller et al.).

Figure 2. A [P(OAl(OH)3)4]3– cluster (series 1, n = 7) used as an analogue of the local
environment of P in an AlPO framework.

Figure 3. (a and b) Plots of calculated

31P

iso against POAl for the series of model

[P(OAl(OH)3)4]3– clusters detailed in Table 1. (a) Series 1, 7 and 8 and (b) series 2, 3, 4, 5,
and 6. In (b), the data point for series 1, n = 7, is also shown for reference. (c-e) Plots of
calculated 31P iso against (c) max(POAl), (d) min(POAl) and (e) (POAl) for series 8.

Figure 4. Plot of calculated

31P

iso against (a and b) rPO and (c) (rPO) for the series of

model [P(OAl(OH)3)4]3– clusters detailed in Table 2.

Figure 5. (a and b) Plots of calculated (by CASTEP)

31P

iso for 42 calcined and dense

AlPO4 phases, detailed in the Supporting Information, as a function of (a) POAl and (b)
rPO. The best fit linear (and, in (b), quadratic) functions are shown and the points arising
from the structure of AlPO-5 determined by Ikeda et al.63 (ICSD 88566) are highlighted in
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orange. (c and d) Plots of (c) iso(POAl,rPO) and (d) iso(structure) against

31P

iso

calculated by CASTEP. The ideal 1:1 correspondence is indicated in grey and the point for
P3 of AlPO-11 (ICSD 63664) is highlighted in orange.

Figure 6. (a) Experimental (14.1 T, 14 k Hz) and (b - d) simulated

31P

NMR spectra of

calcined AlPO-14. Spectra were simulated using values for iso obtained from (b) CASTEP
calculations, (c) iso(POAl,rPO) (Equation 9) and (d) iso(structure) (Equation 10), where a
value of ref of 279.28 ppm was used in all cases. In all calculated parameters, the CASTEPoptimised structure of the material was used as the input.
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