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ABSTRACT: We present an NMR crystallographic investigation of two as-made forms of the recently characterised 
gallophosphate GaPO-34A, which has an unusual framework composition with a Ga : P ratio of 7 : 6 and contains both 
hydroxide and fluoride anions and either 1-methylimidazolium or pyridinium as the structure-directing agent. We combine 
previously reported X-ray crystallographic data with solid-state NMR spectroscopy and periodic density functional theory 
(DFT) calculations to show that the structure contains at least three distinct types of disorder (occupational, compositional 
and dynamic). The occupational disorder arises from the presence of six anion sites per unit cell, but a total occupancy of 
these of five, leading to full occupancy of four sites and partial occupancy of the fifth and sixth (which are related by 
symmetry). The mixture of OH and F present leads to compositional disorder on the occupied anion sites, although the 
occupancy of some sites by F is calculated to be energetically unfavorable and signals relating to F on these sites are not 
observed by NMR spectroscopy, confirming that the compositional disorder is not random. Finally, a combination of high-
field 71Ga NMR spectroscopy and variable-temperature 13C and 31P NMR experiments shows that the structure directing 
agents are dynamic on the microsecond timescale, which can be supported by averaging the 31P chemical shifts calculated 
with the SDA in different orientations. This demonstrates the value of an NMR crystallographic approach, particularly in the 
case of highly disordered crystalline materials, where the growth of large single crystals for conventional structure 
determination may not be possible owing to the extent of disorder present. 

Introduction 

Solid-state NMR spectroscopy has long been recognized as 
a sensitive probe of atomic-scale local structure in 
materials and of dynamic processes occurring over 
timescales that vary from nanoseconds to days.1 However, 
in many materials the presence of disorder (spatial, 
compositional or temporal) leads to complex spectral 
lineshapes that can be challenging to interpret.2,3 In recent 
years this has led to the development of periodic density 
functional theory (DFT) codes that can accurately predict 
NMR parameters from structural models. However, such 
models are typically based on manual or random 
modifications of experimentally-derived average 
structures, and usually need to be optimized before a good 
match is obtained with experimental NMR parameters.4-6 
This approach of combining NMR spectroscopy and 
computational models to provide structural information 
not readily available from the length-averaged diffraction 
approaches (or simply in the absence of data from 

diffraction experiments) has become known as NMR (or 
SMARTER) crystallography.7-12 In recent years NMR 
crystallography (with varying levels of input from 
diffraction-based crystallography) has been applied to 
great effect on systems including organic solids,13-16 porous 
materials8,17-28 and dense phases.29-33 

Porous materials have been a particular focus of NMR 
crystallography, as these typically comprise a reasonably 
well-ordered periodic framework but with pore contents 
that often exhibit little order on the time and length scales 
required for diffraction experiments. This is relevant for 
their practical applications where exchange of, or reactions 
involving, extra-framework species are the basis of 
molecular sieving and catalysis. In favorable cases, as 
demonstrated by Brouwer and co-workers for SiO2 
zeolites,18-23 NMR crystallography can be used to 
determine the framework topology and atomic coordinates 
of microporous materials with minimal (or even no23) 
input from diffraction experiments. However, it is more 
common that some structural information is known from 
diffraction but, owing to either disorder or small/poor 



 

quality crystals, it may not be possible to provide a 
complete picture and NMR crystallography is required to 
obtain a truly atomic-level description of the structure. 
This additional information may include the detailed 
distribution of different cations or anions occupying the 
same crystallographic sites (compositional disorder),24-26 
the populations and orientations of species exhibiting 
spatial disorder,28,34,35 and information on the type and 
timescales of motional processes (temporal disorder).36,37 

The synthesis of the gallophosphate, GaPO-34A, was first 
noted by Schott-Darie et al.38, who identified it as an 
impurity phase in the synthesis of GaPO-34 (chabazite-
type framework). More recently, we were able to report a 
reliable synthetic procedure and the crystal structure of 
two forms GaPO-34A,39 which can be formed from the 
same precursor gel as GaPO-34, depending on the time for 
which the gel is aged at room temperature prior to 
hydrothermal treatment. Prior to the structure being 
determined by diffraction, multinuclear NMR spectra were 
also recorded,40 which provided important information 
such as the rather unusual framework stoichiometry (Ga: P 
ratio of 7 : 6), consistent with elemental analysis, 
ultimately helping to lead to the structure solution. In our 
earlier publication, we reported some initial NMR spectra 
and noted that they indicated the presence of some 
disorder in the material (as also indicated by the 
crystallographic measurements carried out). Here, we 
provide an in-depth multinuclear NMR investigation, 
combined with DFT calculations, to provide detail beyond 
that available from the average diffraction structure. GaPO-
34A provides a particularly complex and interesting 
example for NMR crystallography, exhibiting 
compositional and occupational disorder of OH and F 
anions (leading to positional disorder of some framework 
atoms) and dynamic disorder of the structure directing 
agent (SDA) molecules. 

Experimental Details 

Synthesis 

GaPO-34A was prepared as described previously39 with 
pyridine (py) or 1-methylimidazole (mim) as the SDA, 
yielding GaPO-34A[pyH] and GaPO-34A[mimH], 
respectively. A precursor gel of composition 1 Ga2O3 : 2 
H3PO4 : 1 HF : 70 H2O : 1.7 SDA was prepared in the Teflon 
liner of a 25 mL autoclave and stirred at room temperature 
for 1 h. As previously reported, this short aging time is 
critical for the formation of GaPO-34A, with longer aging 
times leading to CHA-type GaPO-34.39 The autoclave was 
then sealed and heated to 170 °C for 24 h. After cooling to 
room temperature, the white powder was collected by 
suction filtration, washed with copious amounts of 
deionized water and dried at 70 °C in air overnight. 

NMR Spectroscopy 

Solid-state NMR spectra were recorded using Bruker 
Avance III spectrometers equipped with either 9.4 T or 
14.1 T wide-bore superconducting magnets (1H Larmor 
frequencies of 400.13 and 600.13 MHz, respectively) at the 
University of St Andrews, at the UK 850 MHz solid-state 
NMR facility using a Bruker Avance II spectrometer 
equipped with a 20.0 T wide-bore superconducting 

magnet (1H Larmor frequency of 850.13 MHz), or at the 
National High Magnetic Field Laboratory of the US using 
the 36 T Series-Connected-Hybrid (SCH) magnet and a 
Bruker Avance NEO Console. Details of the SCH magnet, 
field regulation using an external 7Li lock system and 
operation of the SCH are described elsewhere.41 For 71Ga 
NMR measurement, the SCH magnet was operated at a 
lower 34.1 T field due to the limit of tuning frequency of 
the home-built 3.2 mm MAS being used. 13C and 31P NMR 
spectra were recorded with cross polarization (CP) from 
1H. Key experimental details are given in the figure 
captions and full details are provided in the Supporting 
Information (S1). Chemical shifts are reported in ppm 
relative to (CH3)4Si (1H and 13C), CFCl3 (19F), 85% aqueous 
H3PO4 (31P) and 0.1 M aqueous Ga(NO3)3 (71Ga) using L-
alanine ((NH3) = 8.5 ppm, (CH3) = 20.5 ppm), 
poly(tetrafluoroethylene) ((19F) = –122.7 ppm), BPO4 
((31P) = –29.6 ppm) and GaPO4 berlinite (71Ga iso = 111.2 
ppm, CQ = 8.8 MHz, Q = 0.46) as secondary solid 
references. On the SCH, the 71Ga chemical shift reference 
was calibrated externally through 17O signal of D2O using 
the method described by Harris et al.42 (and references 
therein). 

DFT Calculations 

DFT calculations were carried out using CASTEP 18.1,43 
employing the GIPAW approach44 to reconstruct the all-
electron wavefunction in the presence of a magnetic field. 
Calculations were performed using the GGA PBE 
functional,45 with dispersion corrections using the scheme 
of Tkatchenko and Scheffler.46,47 Ultrasoft pseudopotentials 
were used with the inclusion of ZORA scalar relativistic 
effects, with a modified pseudopotential48 for Ga. A 
planewave energy cutoff of 60 Ry (~816 eV) was used, and 
integrals over the first Brillouin zone were performed 
using a Monkhorst-Pack grid49 with a k-point spacing of 
0.03 or 0.04 2 Å−1. Optimization of atomic coordinates 
and unit cell parameters was carried out prior to 
calculating NMR parameters. Calculations were performed 
on a computing cluster at the University of St Andrews, 
consisting of 90 32-core Intel Broadwell nodes, Infiniband 
FDR interconnect and a 300 TB GPFS distributed 
filesystem. Typical calculation times were ~20 h 
(geometry optimization) and ~1 h (NMR parameters), 
using 192 cores. Isotropic shieldings, iso, were obtained 
from the trace of the absolute shielding tensor, , and 
isotropic chemical shifts, iso, were given by iso = −(iso − 
ref)/m,4 where the values used for ref and m were 37.62 
ppm and 1.763 for 19F, and 287.1 ppm and 1.165 for 31P. 
The quadrupolar coupling constant, CQ = eQVZZ/h, and the 
asymmetry parameter, Q = (VXX – VYY)/VZZ, are obtained 
directly from the principal components of the electric field 
gradient tensor, V. Q is the nuclear quadrupole moment, 
for which values of 146.6 and 107 mb were used for 27Al 
and 71Ga.50 

Results and Discussion 

The Average Structure of GaPO-34A 

Figure 1 shows representations of the experimental crystal 
structures of GaPO-34A[mimH] (from single-crystal  
 



 

Figure 1. Experimental crystal structures of (a) GaPO-
34A[mimH] and (b) GaPO-34A[pyH].34 Atoms are colored with 
C = black, N = pale blue (orientation A of the SDA, 50% refined 
occupancy) C = purple, N = teal (orientation B of the SDA, 33% 
refined occupancy), framework O = red, hydroxyl O = cyan, 
water O = dark blue, F1 = green (100% refined occupancy), F3 
= dark green (33% refined occupancy), P = grey, Ga = orange, 
Ga3A = brown (33% refined occupancy). H atoms are not 
shown or were not located (see ref 39 for further details of the 
crystal structures). The atom numbering scheme shown 
assumes that site F3 is vacant: when occupied, the adjacent F1 
is termed F2 and the P and Ga sites on the same side of the 
unit cell are labelled with “A” and, the position of Ga3A is 
different from that of Ga3, as described in more detail in the 
text. 

laboratory X-ray diffraction) and GaPO-34[pyH] (from 
powder synchrotron diffraction) previously reported by 
Broom et al.39 The framework topology is analogous to that 
of DIPYR-GaPO, reported by Weigel et al.,51 although the 
shapes of the pores in the framework varies significantly 
depending on the SDA present. The crystal structure 
determined for GaPO-34A[mimH] contains three distinct P 
atoms and four distinct Ga atoms, with the inversion center 
at Ga4 giving a 6 : 7 ratio of P : Ga. In the average crystal 

structure, there are two types of framework-bound F 
anions: F1, which bridges between Ga1 and Ga4, and F3, 
which bridges between Ga2 and Ga3. Ga3 was refined as 
having two possible positions, Ga3 and Ga3A, with 67% 
and 33% occupancy, respectively, and F3 was also refined 
as having 33% occupancy, indicating that Ga3A is 
associated with the presence of F3. F2 is formally related 
to F1 by inversion but occurs when the closest F3 site is 
vacant. The partially-occupied F3 site is shown in dark 
green in Figure 1a. Owing to the excess of Ga in the 
framework, all P atoms have four P-O-Ga linkages, as 
shown in Figure 2a, but this full condensation is not 
possible for the Ga atoms, which have a variety of 
coordination geometries and numbers, as shown in Figure 
2b. Ga1 is octahedral, with three Ga-O-P linkages, one Ga-
O-Ga linkage, one Ga-F-Ga linkage and one terminal O atom 
(where it is assumed, as H positions are not refined, that 
the Ga-O-Ga bridge is via OH and the terminal O is H2O). 
Ga2 is tetrahedral, with three Ga-O-P linkages and a Ga-O-
Ga linkage (again assumed to be OH). When F3 is occupied, 
Ga2 is pentacoordinate (denoted Ga2A), with an additional 
Ga-F-Ga linkage to Ga3A (although, unlike Ga3, the position 
of Ga2 was not refined as changing with the coordination 
number). Ga3 is tetrahedral and fully condensed, with four 
Ga-O-P linkages. When F3 is occupied, Ga3 is vacant and 
the adjacent pentacoordinate Ga3A site is occupied, with 
an additional Ga-F-Ga linkage to Ga2A. Ga4 is octahedral 
and fully condensed, with four Ga-O-P linkages and two Ga-
F-Ga linkages to two different Ga1. The methylimidazolium 
SDA is refined as disordered over two sites, the first of 
which (termed orientation A) has 50% occupancy and the 
second of which (orientation B) has 33% occupancy, 
although it should be noted that there is 1.0 SDA per 
formula unit, with the remaining 17% occupying an ill-
defined orientation that is not considered further in this 
work or in the published structure (see Supporting 
Information (S3) for more details). The second N atom on 
the imidazolium ring (N3) was not located by diffraction 
and so, in addition to the two orientations shown in Fig. 1, 
orientations A’ and B’ are possible, with the imidazolium 
rings rotated 180° about the H3C-N bond. The remaining 
17% of the anion required for charge balancing is assumed 
to be located on site F3 (to give 50% total occupancy for 
each of F3, Ga3 and Ga3A). The published crystal structure 
has a formula of Ga7P6O24·(OH)2·(H2O)2·F3·2(mimH). The 
structure of GaPO-34A[pyH] was refined with a doubled a 
axis, compared to GaPO-34A[mimH], allowing the partial 
occupancy of F3 and the corresponding split-site Ga3 to be 
explicitly refined as two sites, each with 100% occupancy. 
The determined formula of 
Ga7P6O24·(OH)2·(H2O)2·F3·2(pyH), is analogous to that of 
GaPO-34A[mimH]. However, both descriptions of the 
disorder are essentially equivalent and, to facilitate 
comparison of the analogous Ga and P species within the 
two frameworks, we will use the numbering scheme 
shown in Figures 1 and 2, rather than that originally 
published. 

Figure 3a shows 1H MAS NMR spectra of the two materials, 
with the resonances at high shift (12.5 and 13.4 ppm, for 
the mim, and pyr forms, respectively) confirming that, as 
expected, the SDAs are protonated in both cases. As shown 
 



 

Figure 2. Local environments of the (a) P and (b) Ga sites in 
the structure of GaPO-34A[mimH] determined from 
diffraction. Atoms are colored with framework O = red, 
hydroxyl O = cyan, water O = dark blue, F = green, P = dark 
grey and Ga = orange. H atoms are not shown. Note that, for 
P1A, the adjacent F3 and OH are in different unit cells, so the 
presence of F3 does not determine whether P1 is adjacent to 
OH4 or OH5. For Ga3A, the position of Ga3 is shown as 
transparent. 

in the Figure S2.1, the 1H NMR spectrum of GaPO-34A[pyH] 
is highly sensitive to the hydration state of the material 
and, as such, the following discussion relates only to the 
spectra of the “as prepared” forms GaPO-34A, which may 
contain additional molecules of water that have not been 
located in the crystal structure. The resonances of the 
SDAs are broadened relative to the those for the same 
SDAs within the CHA-type framework of GaPO-34,52 
confirming that some disorder is present. As previously 
reported, two-dimensional 1H homonuclear double-
quantum (DQ) correlation spectra further revealed the 
presence of H2O ( ≈3.3 ppm) and the resonances between  
 

Figure 3. Solid-state NMR spectra of GapO-34A[pyH] (black): 
(a) 1H (14.1 T 55 kHz MAS), (b) 13C (CP 14.1 T 12.5 kHz MAS), 
(c) 19F (14.1 T 55 kHz MAS), (d) 31P (CP 14.1 T 14 kHz MAS 
293 K), (e) 71Ga (20 T 50 kHz MAS) and (f) 71Ga (34.1 T, 18 
kHz MAS) and GaPO-34A[mimH] (red): (a) 1H (14.1 T 60 kHz 
MAS), (b) 13C (CP 14.1 T 12.5 kHz MAS), (c) 19F (14.1 T 55 kHz 
MAS), (d) 31P (CP 14.1 T 14 kHz MAS, 293 K), (e) 71Ga (20 T 60 
kHz MAS) and (f) 71Ga (34.6 T, 18 kHz MAS). Asterisks (*) 
indicate spinning sidebands and daggers (†) indicate the 
position of the 71Ga signal from GaPO4 berlinite (~5% 
impurity in both samples). See Supporting Information (S1) 
for further experimental details. 

4.5 and 6.5 ppm could be assigned to OH.39 The 13C CP MAS 
NMR spectra of the two materials, shown in Figure 3b, 
contain resonances in very similar positions to those for 
the same SDAs in GaPO-34.52 However, the resonances are 
broadened and split relative to those seen for GaPO-34, 
again confirming the presence of structural disorder 
within GaPO-34A. The 19F MAS NMR spectra of the two 
materials, shown in Figure 3c appear very similar, with a 
resonance centered at –113 ppm and two others between 
–128 and –134 ppm. These shifts are slightly lower than 
observed for GaPO-34, but still within the expected range 
for bridging Ga-F-Ga species (likely indicating a shorter Ga-
F bond length in GaPO-34A).52 The presence of both OH 
and F suggests that the anion sublattice of GaPO-34A may 
exhibit compositional disorder (i.e., the anion sites could 
be occupied by F or OH), which is corroborated by the 
integrated intensity ratios of the 19F resonances 
(approximately 2 : 3 : 3 for GaPO-34A[mimH] and 1 : 1.2 : 



 

1.9 for GaPO-34A[pyH]). The possible presence of disorder 
on the anion sites is investigated further below. 

Both materials contain a small amount of dense GaPO4 
berlinite (~5%), which gives rise to resonances in the 31P 
and 71Ga MAS NMR spectra. However, as reported by 
Broom et al.39 and discussed in the Figure S2.2, the 31P 
NMR spectra can be recorded with CP from 1H, which 
removes the signal from the aprotic dense phase, yet 
remains quantitative for the resonances from GaPO-34A. 
Figure 3d shows the 31P CP MAS NMR spectra of the two 
materials, which contain two resonances at higher shift (–
2.8 and –3.8 ppm for GaPO-34A[mimH] and –3.4 and –4.6 
ppm for GaPO-34A[pyH]) and a series of signals between –
6.6 and –12.4 ppm in both cases. It is challenging even to 
decompose the overlapped spectral lineshapes into a 
reliable number of resonances, let alone obtain accurate 
integrals. However, it is clear from Figure 3d that more 
than six well-defined resonances are present in both 
spectra, as might be expected given the disordered nature 
of the structure. The effects of OH/F disorder on the anion 
sites in aluminophosphates (AlPOs) has been investigated 
by Martineau et al. for AlPO-CJ2 and AlPO-CLO,24,25 with a 
Ga-bound OH anion leading to a ca. 1.5 ppm higher shift for 
connected P than F in the same site. Therefore, the splitting 
of the 31P resonances could be attributed at least partially 
to disorder on the anion site, as proposed above. While it 
has been demonstrated in aluminophosphates that low-
power 27Al decoupling can provide impressive resolution 
enhancement for 31P NMR spectra,53,54 such an approach is 
not as straightforward for GaPOs owing to the two NMR-
active isotopes of Ga, 69Ga (I = 3/2, 60.1% natural 
abundance) and 71Ga (I = 3/2, 39.9% natural abundance), 
both of which would need to be decoupled. In addition, 
both isotopes of Ga tend to have larger CQ than 27Al, such 
that decoupling conditions would likely be more 
challenging.55 Such an approach would also be unlikely to 
yield significant resolution enhancement for a material as 
disordered as GaPO-34A, in which the linewidths are 
dominated by a chemical shift distribution. 

The quadrupolar characteristic of 71Ga (I = 3/2) means 
that, despite a shift range here of ~200 ppm, the individual 
resonances are significantly broadened and overlapped 
even at an external field strength of 20.0 T (Figure 3e). 
Signals can be observed for tetrahedral, pentacoordinate 
and octahedral Ga (denoted GaIV, GaV and GaVI, respectively, 
spanning the shift ranges of 170 to 45, 45 to –25 and –25 
to –200 ppm) with an approximate integrated intensity 
ratio of 2.5 : 1 : 2.5 and 1.8 : 1 : 2 (for GaPO-34A[mimH] 
and GaPO-34A[pyH], respectively), in poor agreement with 
the anticipated intensities of 2 : 2 : 3 based on the 
published crystal structures. In an attempt to obtain higher 
resolution 71Ga NMR spectra were recorded at 34.1 T (but 
with slower MAS) and are shown in Figure 3f. Slightly 
different intensity ratios of 1.9 : 1 : 1.8 and 2.0 : 1 : 2.2, 
respectively, were obtained, suggesting that, even at these 
very high fields, spectral intensities have contributions 
from overlapping resonances and spinning sidebands. 
However, it should be noted that the broad resonances 
observed for 71Ga, even at 34.1 T, necessitate the use of a 
spin echo pulse sequence to minimize baseline distortions 

and the spectra are, consequently, not expected to be truly 
quantitative. 

Anion Disorder in GaPO-34A 

From the crystal structure and proposed formula of GaPO-
34A, one would expect a ratio of F1 : F2 : F3 of 1 : 1 : 1, 
which is in poor agreement with the intensities of the 
signals observed in the 19F NMR spectra. In addition to 
these different and unexpected intensity ratios, the signals 
at –113 ppm in both materials have much slower spin-
lattice relaxation than the other two signals, with time 
constants (T1) summarized in Table 1. A 19F double-
quantum (DQ) NMR spectrum of GaPO-34A[mimH], shown 
in Figure 4a, reveals that the slowest-relaxing 19F nuclei 
are spatially separate from the others. This combination of 
very different relaxation behavior and spatial separation 
may seem indicative of the presence of two separate 
phases in the sample. However, as reported previously,39 
the powder XRD patterns refined well with a single phase 
with only a minor impurity of GaPO4 berlinite. 
Furthermore, as shown in Figures 4b and 4c, all three 19F 
signals could be correlated with 31P signals from the GaPO-
34A framework, and also with 1H signals from the 
methylimidazolium SDA. It can, therefore, be concluded 
that all observed 19F resonances arise from the same 
phase, but that there must be very different local F 
environments present. 

The use of DFT calculations to assist in the interpretation 
and assignment of NMR spectra of disordered materials is 
now relatively well established.2-4 Here, ordered model 
structures of GaPO-34A[mimH] were generated based on a 
single unit cell of the experimental structure determined 
from diffraction, with all possible combinations and 
permutations of OH and F occupying the five different 
anion sites, while the SDA was fixed in the orientation that 
was refined to have the highest occupancy (other models 
with the SDA occupying orientations A’, B and B’ showed 
little difference in favored fluorination sites, as discussed 
further in the Supporting Information, Figures S3.3-S3.6). 
These structures were optimized and their relative 
energies and NMR parameters calculated as described 
above (see Figures S3.7-S3.9 for NMR parameters of 
alternative cation orientations). Figure 5 shows plots of the  
 
Table 1. Summary of the isotropic shifts, relative 
spectral intensities and T1 relaxation constants of the 
19F resonances observed for GaPO-34A. See Supporting 
Information (S1) for further experimental details. 

Material 19F iso (ppm) Intensity (%) T1 / s 

GaPO-34A[mimH] –113.0(1) 24.7 39(2) 

 –130.2(1) 37.7 6(1) 

 –134.2(1) 37.5 6(1) 

GaPO-34A[pyH] –113.0(1) 24.6 43(2) 

 –128.9(1) 28.6 16(1) 

 –132.4(1) 46.7 16(1) 



 

Figure 4. (a) 19F (14.1 T, 55 kHz DQMAS), (b) 19F-31P (14. 1 T, 50 kHz MAS) CP-HETCOR and (c) 19F-1H (9.4 T, 40 kHz MAS) HMQC 
spectra of GaPO-34[mimH]. Note that, for presentation purposes, the spectrum in (a) has been rotated such that 2 (the 19F MAS 
dimension) is along the vertical axis. The grey line in (a) shows the 1 = 2 2 double-quantum autocorrelation diagonal. The 1H, 19F 
and 31P NMR spectra from Figure 3 are shown along the relevant axes. See Supporting Information (S1) for further experimental 
details. 

energy relative to the lowest-energy structure of that 
composition (Erel) and the mixing energy (Emix, given by the 
difference in energy between the mixed-anion material 
and stoichiometric amounts of the single-anion materials) 
for the structural models containing different numbers and 
arrangements of F anions, where the x positions of each set  
 

 

Figure 5. Plots of relative energies (Erel) of models of GaPO-
34A[mimH] with different numbers of anion sites occupied by 
F and all remaining anion sites occupied by OH. Models have 
(a) one, (b) two, (c) three and (d) four F anions per unit cell. 
Dashed lines indicate Emix = 0 for each specified composition. 
See Supporting Information (S3) for further details and 
additional models with different SDA orientations. 

of colored points indicate the anion sites occupied by F in 
that model. It is clear that, when one F is incorporated into 
the structure, fluorination of sites 1, 2 and 3 is favored 
relative to fluorination of sites 4 and 5 (Figure 5a), and the 
mixing energies obtained for fluorination of sites 4 or 5 are 
unfavorable. When two F are present (Figure 5b), 
structures with sites 4 and 5 both occupied by OH are 
much more favorable, but the mixing energies suggest that 
fluorination of site 5 may be observed when one of sites 1, 
2 or 3 are also fluorinated, while models with site 4 
fluorinated are still disfavored The close proximity of sites 
3 and 5 (around 2.6 Å) explains the preference for 
fluorination of site 5 over site 4, since an OH group on 
either site 3 or site 5 can form a favorable O-H⋯O(framework) 

hydrogen bonding interaction with the same framework O 
atom, as shown in Figure 6a and b. However, when OH is 
present on both sites 3 and 5, there is competition for the 
hydrogen bond acceptor and both interactions are 
weakened (the O-H⋯O angles become more acute and the 
H⋯O distance increases, as shown in Figure 6c). This can 
be confirmed by noting that fluorination of both sites 3 and 
5 is less favorable than an OH/F pair on these two sites, 
since either OH/OH or F/F reduces the possibility of 
forming one strong hydrogen bond. Fluorination of site 4 
is, likewise, disfavored owing to the loss of the strong 
hydrogen bond shown in Figure 6d. Figure 5c shows that, 
when three F are present, even models with site 4 
fluorinated can have a favorable Emix, although two of sites 
1, 2 and 3 must be fluorinated to achieve this. In agreement 
with the results for models containing one fluorine atom, 
simultaneous fluorination of sites 1, 2 and 3 is 0.32 eV 
more favorable than the next most favorable model 
(fluorination of sites 1, 2 and 5, which still contains an 
OH/F pair on sites 3 and 5) and, in general, fluorination of 
site 4 is still less favorable than fluorination of site 5. When 
four F are present in the cell (Figure 5d), models where 
sites 1, 2 and 3 are fluorinated along with either site 4 or 5 
are favored over models with both sites 4 and 5  



 

 
Figure 6. Hydrogen bonding arrangements for OH located on 
anion sites 3 and 5 in optimized models of GaPO-34A[mimH], 
where all other anion sites are occupied by F and the SDA is in 
orientation A. (a) OH on site 3, F on site 5 – the OH⋯O 
distance is 1.65 Å and the O-H⋯O angle is 166.6°, (b) F on site 
3, OH on site 5 – the OH⋯O distance is 1.94 Å and the O-H⋯O 
angle is 172.0°, (c) OH on sites 3 and 5 – for site 3 the OH⋯O 
distance is 1.74 Å and the O-H⋯O angle is 158.5° and for site 5 
the OH⋯O distance is 2.08 Å and the O-H⋯O angle is 158.6°. 
(d) Hydrogen bonding arrangement for OH in anion site 4 
with all other anion sites occupied by F and the SDA in the A 
orientation – the OH⋯O distance is 1.90 Å and the O-H⋯O 
angle is 175.1°. Atoms are colored with H = light grey, 
framework O = red, hydroxyl O = cyan, water O = dark blue, F 
= green, P = dark grey and Ga = orange. 

 

fluorinated. It therefore seems likely on the grounds of 
energetics that fluorine will mainly occupy sites 1, 2 and 3 
regardless of the total fluorine content of the material, but 
some fluorination of site 5, and possibly even of site 4 
cannot be ruled out entirely at a composition of 3 F per 
unit cell (i.e., close to the average experimental 
compositions of the materials studied here). 

Figure 7 shows the experimental 19F MAS and 31P CP MAS 
NMR spectra of GaPO-34A[mimH], overlaid with the 
calculated values of iso for each of the F and P sites in the 
structural models considered above. The tentative 
conclusions about the occupancies of the anion sites based 
on energetics is supported by the calculated 19F peak 
positions (Figure 7a), which suggest that the resonance at 
higher shift and with longer T1 relaxation can be assigned 
to F3, whereas the two resonances at lower shift and with 
similar T1 values can be assigned to the very similar 
species, F1 and F2. In light of this assignment, the 
difference in T1 relaxation constants may explain the 
appearance of the 19F DQMAS spectrum in Figure 4a: the 
shortest F-F contacts are 3.9 Å for F1-F2, 4.8 Å for F1-F3 
and 5.1 Å for F3-F3, but the much longer coherence 
lifetimes for F3 mean that DQ coherences may build up 
through weaker dipolar couplings. There is no indication 
of any spectral intensity that could be assigned to F4 and, 
while it is possible that signals from F5 could contribute to 
the signal at –130 to –134 ppm, this resonance would be  

Figure 7. (a) 19F and (b) 31P iso calculated for the different 
sites in models of GaPO-34A[mimH] with 0-5 F anions per unit 
cell (and all other anion sites occupied by OH). Calculated 
points are overlaid onto the experimental spectra presented 
in Figure 3. Open points indicate structures with an 
unfavorable Emix and filled points indicate a favorable Emix 
(note that, for the end members with 0 and 5 F per cell, there 
is only one model with Emix = 0). See Supporting Information 
(S3) for further details and models with different SDA 
orientations. 

expected to be broadened to lower shifts, which is not 
observed. (It should be noted that structures with 
fluorination on F3 lead to shifts for F5 of around –140 to –
148 ppm, whereas models with OH on site 3 and F on site 5 
give F5 shifts of around –129 to –139 ppm, so a tail to 
lower shifts would indicate the presence of less favorable 
F/F pairs on sites 3 and 5.) Assignment of the 31P 
resonances is more challenging since, as shown in Figure 
7b, not only is there more overlap of spectral resonances, 
but the calculated shift ranges for the different P species 
are overlapped in all cases other than the resonances at –
2.8 and –3.8 ppm, which can be assigned to P2A. From the 
19F-31P correlation shown in Figure 4b, the resonance at –
3.8 ppm can be assigned to P2A associated with F on site 3, 
whereas the less intense resonance at –2.8 ppm can be 
assigned to P2A associated with a hydroxide on site 3 
(which, given the composition of the material, may be 
expected to be disfavored, cf. Figure 5c). The order of 
magnitude of this shift difference and the slightly lower 31P 
shift of the fluorinated species is consistent with previous 
observations of 31P NMR spectra of mixed OH/F AlPOs.24,25 

While full assignment is not possible using the DFT 
calculations alone, these provide a starting point for 
further assignment of the 19F and 31P resonances, which 



 

can be made by consideration of the crystal structure and 
the 19F-31P correlation spectrum shown in Figure 4b. The 
correlation at ((31P), (19F)) = (–11.4, –113) ppm arises 
from a P species close to F3, which could be P1A or P3A, 
both of which are relatively close (within 4 Å) to anion site 
3. Indeed, as this is the only other correlation between F3 
and a 31P resonance, it can be concluded that P1A and P3A 
are coincident in chemical shift. P3A is only near to F3, 
whereas P1A is also close to F1 and F2, giving rise to the 
correlations at (–11.4, –130) and (–11.4, –134) ppm. P2 
and P3 are only close to anion site 4, which is energetically 
unlikely to be occupied by F and, therefore, signals from 
these species would not be expected to be observed in 
Figure 4b. From the calculated shift ranges for these 
species presented in Figure 7b, the 31P resonance at –7.2 
ppm can be assigned to P2 and that at –10.4 ppm to P3. 
The remaining intense 31P-19F correlation at (–9.4, –134) 
ppm can, therefore, be assigned to a correlation between 
P1 and F2, with a low-intensity resonance at (–9.4, –130) 
ppm attributed to a correlation between P1 and F1, which 
occurs over a slightly longer range (4.0 Å compared to 3.3 
Å for P1-F2). This final point means that the assignment of 
the 19F resonances at –130 and –134 ppm must be F1 and 
F2, respectively, although the DFT calculations (Figure 7b) 
indicate that the ranges for these species may overlap. One 
final point of note is that the presence of the 19F DQ 
correlation corresponding to F3-F3 indicates that there 
must be some longer-range ordering along the 
crystallographic a axis such that pairs of F3 are occupied 
on the same side of adjacent unit cells. 

Multinuclear or multidimensional NMR experiments 
involving 71Ga are challenging owing to the quadrupolar 
interaction, which necessitates rapid MAS (i.e., small 
sample volume) and high magnetic fields. Even at 20.0 T, it 
was not possible to obtain sufficient sensitivity for 19F-71Ga 
or 31P-71Ga experiments to gain any further structural 
insight into GaPO-34A. However, there remains the 
question of the precise number of 71Ga resonances in the 
spectra shown in Figure 3. A multiple-quantum (MQ) MAS 
experiment would be an option to obtain a higher-
resolution isotropic 71Ga NMR spectrum, but this 
experiment is particularly insensitive in the regime of fast 
MAS and large quadrupolar coupling,56 such that no useful 
signal was obtained at 20.0 T, even with attempts using 
FAM-N57 (which does not require knowledge of the values 
of CQ) to enhance the efficiency of the conversion of MQ 
coherences. An alternative to MQMAS is to use the satellite 
transition (ST) MAS experiment, which has much higher 
sensitivity and is more tolerant of larger values of CQ.56 
While the experiment does have the rather exacting 
technical demands of a very well-set magic angle (to within 
0.001°), very stable MAS (ideally within ± 2 Hz) and 
accurate rotor synchronization of pulses, these are 
achievable using modern hardware. Figure 8 shows the 
71Ga STMAS NMR spectrum of GaPO-34A[mimH], which 
contains only one signal, corresponding to the 5% berlinite 
impurity. The observation of this signal is both evidence 
that the angle is well set and the MAS rate is stable, and 
testament to the exceptionally high sensitivity of the 
STMAS experiment. However, the question remains as to 
why the 95% of the signal corresponding to GaPO-
34A[mimH] is not observed. Antonijevic et al.36 observed a  

 
Figure 8. 71Ga (20.0 T, 60 kHz MAS) STMAS NMR spectrum of 
GaPO-34A[mimH]. The resonance corresponding to the 
central-transition autocorrelation signal is indicated with a 
dagger (†). See Supporting Information (S1) for further 
experimental details. 

similar phenomenon in the 27Al STMAS NMR spectra of 
AlPO-14, which was shown to arise from microsecond 
dynamics broadening the ST spinning sidebands. This 
phenomenon leads to signals that can be broadened 
beyond the limit of detection in the STMAS spectrum.58 
Therefore, the lack of any signal from GaPO-34A[mimH] in 
Figure 8 provides strong evidence that, in addition to the 
static disorder discussed above, there is likely to be at least 
one dynamic process occurring within the material.  

 

SDA Dynamics in GaPO-34A 

In a GaPO, the SDA or any water molecules within the 
pores may be dynamic, as might the flexible framework 
itself. Figure 9 shows variable-temperature (VT) 13C, 19F 
and 31P NMR spectra of GaPO-34A[mimH], from which it is 
clear that the spectrum, and therefore the structure, varies 
with temperature. While the static disorder discussed 
above precludes a detailed analysis of these VT NMR 
spectra, some key observations can provide insight into 
the nature of the motion present. Firstly, the CH3 signal 
narrows with increasing temperature and the splitting 
observed at 273 K is absent at 343 K (Figure 9a). However, 
while the aromatic CH signals change in shape and do 
narrow slightly, they do not resolve neatly to the three 
resonances observed for GaPO-34[mimHF].52 Secondly, the 
P1 and P2 signals are much more sensitive to changes in 
temperature than the P1A, P2A, P3A and P3 signals (Figure 
9b). Finally, the 19F resonances are all affected differently 
by changes in temperature (Figure 9c), although all 
resonances exhibit a slight move to higher shift with 
increasing temperature, consistent with lengthening of the 
Ga-F bonds.52 These observations, taken together, suggest 
that, on the microsecond timescale, the SDAs may switch 
between the different crystallographic orientations 
identified in the diffraction structure, with this 
reorientation becoming more rapid with increasing 
temperature. The framework itself is not dynamic on the 
longer range (e.g., in the sense of “breathing”), as 
evidenced by the VT X-ray diffraction experiments of  



 

Figure 9. (a) 13C (9.4 T, 12.5 kHz CP MAS), (b) 19F (14.1 T, 35 
kHz MAS) and (c) 31P (14.1 T, 12.5 kHz CP MAS) variable-
temperature NMR spectra of GaPO-34[mimH]. See Supporting 
Information (S1) for further experimental details. 

Broom et al.,39 which show no significant changes in the 
position of the Bragg peaks from the framework until the 
onset of decomposition. However, the parts of the 
framework closest to the SDA, and those with the greatest 
flexibility (i.e., P1 and P2, which are not part of three-
membered rings) do experience a temperature-dependent 
environment owing to the reorientation of the nearby 
molecules. This is supported by the calculated 31P iso, 
which shows significant variation with SDA orientation 
(see the Supporting Information, S3). As discussed in the 
Supporting Information (S3), SDA orientations A and B are 
consistently lower in energy than A’ and B’, suggesting that 
any reorientation is likely to involve predominantly 
exchange between A and B. This exchange can be modelled 
by averaging iso calculated for models containing the SDA 
in orientations A (Figure 7) and B (see Figure S3.4). As 
shown in Figure 10 for models with three F per unit cell 
(see Figure S3.10 for models with all F and OH  

Figure 10. 31P iso calculated for the different sites in models 
of GaPO-34A[mimH] with 3 F anions per unit cell (and all 
other anion sites occupied by OH). Calculated points are 
overlaid onto the experimental spectrum presented in Figure 
3. Each point is calculated as the average shift for that P site 
with the SDA in orientations A and B to model rapid SDA 
reorientation. Data from favorable (negative Emix) and 
unfavorable (positive Emix) models are not distinguished. 

combinations), this averaging provides a much better 
agreement with the experimental 31P NMR spectrum than 
calculated parameters assuming only one orientation of 
the SDA is present (note that points for P3 and P3A with 
lower calculated iso in this model tend to have anion site 4 
fluorinated, so such shifts are unlikely to be observed 
experimentally). The reorientation of the SDA molecules is 
also consistent with the very different 19F T1 values 
observed for F3 compared to F1 and F2, since F1 and F2 
are located on the pore walls of GaPO-34A and are, 
therefore, more exposed to any interactions between the 
SDA and the framework than F3, which is embedded 
within the inorganic part of the material (see Figure 1).  

Disorder in GaPO-34A[pyH] 

While not discussed in detail here, all NMR spectra 
recorded for GaPO-34A[pyH] are very similar in 
appearance to those for GaPO-34A[mimH], suggesting that 
the same types of disorder are present in both materials 
and the spectral assignments are similar (see Figure S2.3 
for additional spectra). One point of note is that the DFT 
calculations for GaPO-34A[mimH] suggest that the SDA 
orientation may affect the relative stabilities of different 
arrangements of anion occupancies, such that it may not be 
particularly surprising that using an entirely different 
organic species leads to a different ratio of F1 : F2 : F3, as 
reported in Table 1. 

Conclusions 

GaPO-34A represents an intriguing case of a material that 
displays multiple levels and types of disorder, the detail of 
which cannot be captured by the average X-ray 
crystallographic picture. This includes partial occupancy of 
the anion sites, compositional disorder arising from 
occupancy of the anion sites by the isoelectronic OH and F 
(and concomitant positional disorder in the framework) 
and multiple orientations of the SDA, which appear to 
interconvert dynamically at higher temperature. Indeed, 
given that GaPO-34A is the kinetic product of the synthetic 
process (with CHA-type GaPO-34 being the 
thermodynamic product), and given the extensive disorder 
present in GaPO-34A, it is not surprising that the material 



 

only forms small crystals that lead to a very challenging 
structure determination by diffraction methods alone. 
However, by combining X-ray crystallography (previously 
reported39), multinuclear NMR experiments and periodic 
DFT calculations for a range of structural models, it has 
been possible to obtain a significant level of local structural 
detail for this complex material. 

Fluorination was found to be most favorable on anion sites 
1, 2 and 3, with sites 4 and 5 preferentially occupied by OH. 
However, at the compositions obtained experimentally, 
DFT calculations suggested that some fluorination of site 5 
may be possible, especially in conjunction with OH on site 
3 to provide favorable O-H⋯O(framework) hydrogen bonding. 
The experimental crystal structure of GaPO-34A[mimH] 
contains three possible orientations of the mi cations (and 
two possible arrangements of N atoms on the ring for each 
orientation). DFT calculations suggested that the A and B 
orientations were energetically similar and evidence from 
variable-temperature 13C, 19F and 31P NMR spectra as well 
as the absence of signal in a 71Ga STMAS NMR spectrum 
and the different 19F T1 relaxation times for F3 relative to 
F1 and F2, suggested that the SDA dynamically reorients 
on the microsecond timescale. Despite this very 
complicated structural behavior, it was still possible to 
assign the 19F and 31P NMR spectra of both the 
methylimidazolium and pyridinium forms of GaPO-34A, 
although further high-field, high-resolution experiments 
would be required to determine accurate 71Ga NMR 
parameters for the material. 

The methodology described here illustrates the level of 
structural insight that is now possible for highly complex 
materials that is hidden in diffraction studies, by 
combining local spectroscopy with computation and with 
reference to average crystal structures. This approach is 
applicable to many classes of materials, particularly hybrid 
organic-inorganic materials, where conformational 
disorder or organic components is likely to be 
commonplace. This will include not only the type of 
templated materials we have studied here, but other 
families of materials, such as metal-organic frameworks 
and coordination polymers. 
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Using an in-depth NMR crystallographic approach, we demonstrate how even extensive structural 
disorder in complex materials, hidden in conventional crystallography, can be described from a 
local atomic perspective. In the gallophosphate GaPO-34, we combine multinuclear NMR 
experiments and periodic DFT calculations with existing X-ray crystallography to reveal the 
disorder of vacancies, fluoride and hydroxide across the anion sublattice, as well as microsecond-
timescale dynamics of the guest molecules. 


