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Abstract 

 

We report a study of the CHA-type aluminophosphate AlPO-34, prepared with six 

different structure-directing agents (SDAs): piperidine (pip), morpholine (mor), pyridine 

(pyr), 1,4,8,11-tetraazacyclotetradecane (cyclam), 1,3-dimethylimidazolium (dmim) 

chloride and 1-ethyl-3-methylimidazolium (emim) bromide. Using a combination of solid-

state NMR spectroscopy, periodic density functional theory (DFT) calculations and 

synchrotron X-ray diffraction, we show that, even in crystallographically well-ordered 

materials such as AlPO-34 with dmim as the SDA, local disorder may be present. For such 

disordered structures, where it is challenging to use DFT to assign NMR spectra, we show 

that the 31P isotropic chemical shift can be predicted accurately using the mean P-O bond 

length and P-O-Al bond angle, in an extension of previous work. Variable-temperature 
27Al NMR reveals the presence of microsecond-timescale dynamics in all forms of AlPO-

34, with two different motional regimes observed, depending on whether structural H2O is 

also present. H2O is detected in AlPO-34 prepared with mor as the SDA, although this 

material was previously reported as anhydrous, suggesting that this form of AlPO-34 may 

be hygroscopic despite the presence of the SDAs within the pores. 
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Introduction 

 

The use of small organic molecules in the crystallisation of open-framework zeolites and 

their analogues is well established.1-3 This stemmed from the synthesis of high-silica 

zeolites in the 1970s, subsequently leading to the preparation of a diverse range of 

phosphate-based ‘zeotypes’ extending from aluminophosphates (AlPOs)4 to phosphates of 

many elements in the Periodic Table, and other oxyanion-based solids such as germanates 

and sulfates.5 Despite these considerable research efforts over decades, the role and 

mechanism of action of the organic species is still much debated. The name ‘template’ has 

also been used, which might imply the formation of a unique inorganic framework around 

the organic molecules, which can be removed to yield an open-framework structure. 

However, in many cases, one organic molecule may give rise to a number of different 

inorganic framework structures and, conversely, a particular framework may be formed 

using a number of different molecules.6 Furthermore, some, but not all, materials are 

unstable once the organic species is removed. The term ‘structure-directing agent’ (SDA) 

is, therefore, considered to be a more general way of describing the organic additives in 

the formation of open framework materials. 

 

 The concept of the SDA has been used to good effect in the formation of novel 

materials, using both organic chemistry to prepare complex, highly-specific structure-

directing molecules,7,8 and computational chemistry to ‘design’ such molecules to be a fit, 

or match, for a desired structure.9-11 However, it is still the case that the fundamental 

interactions between the SDA and the framework are not generally understood to such a 

level as to allow the choice of SDA to be made unambiguously to target the synthesis of a 

given framework. This is especially true for the early stages of synthesis, which take place 

in solution-mediated reactions, often involving amorphous precursors.12,13 The nature of 

interactions in the crystalline zeotype product can also be difficult to quantify by, e.g., 

diffraction methods, which inform only on the average structure and provide little 

information on motion or local disorder. In this respect, NMR spectroscopy provides an 

ideal local probe of the solid state14-16 and is particularly suited to the study of zeotypes that 
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contain organic species, since there are several NMR-accessible probe nuclei (1H, 13C, 15N, 
17O, 27Al, 31P, etc.) and spectra may be sensitive to local disorder17-21 and motional effects.22 

This is especially powerful when used in combination with crystallographic methods.  

 

AlPO-34 has the CHA structure type, related to the mineral chabazite,23 and the 

porous structure formed upon calcination has been studied for use in applications 

including catalysis and sorption24,25 and for its unusual thermal expansivity.26-28 AlPO-34 is 

of interest in the context of SDAs, as it can be prepared with a variety of organic cations, 

whose charge may be balanced by hydroxide or fluoride.23,29-34 Here, we use a combination 

of solid-state NMR spectroscopy and X-ray crystallography to investigate the arrangement 

of the SDAs (and any structural water present), within the pores of AlPO-34, with first-

principles calculations used to gain insight into any positional disorder observed. During 

the course of our work and the preparation of this article, Xin et al. have reported AlPO-34 

as a model system to examine the origin of the structure directing effect in the formation 

of microporous materials.35 They studied five forms of the material, with three SDAs the 

same as we have studied here (morpholine, piperidine and pyridine) and two other 

examples (diethylamine and propylamine) and used single-crystal X-ray crystallography 

and molecular dynamics simulations to understand SDA-framework interactions. Our 

work, using a combination of different experimental and theoretical approaches, is highly 

complementary to the work of Xin et al., since we consider local structural disorder, and 

we additionally study three further SDAs not considered in their work 

(dimethylimizadole, diethylimizadole and cyclam). However, the use of solid-state NMR 

spectroscopy also allows us to demonstrate experimentally the existence of microsecond-

timescale dynamics within the different forms of AlPO-34, with two different motional 

regimes observed, depending on whether structural H2O is also present in the material. 

This leads to the unexpected conclusion of the presence of H2O in the morpholine-

containing material, previously suggested to be hygroscopic.  

 

Experimental methods 
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Synthesis: Samples of AlPO-34 were prepared using six different organic amines or 

ammonium salts, viz piperidine (pip), morpholine (mor), pyridine (pyr), cyclam (1,4,8,11-

tetraazacyclotetradecane), 1,3-dimethylimidazolium (dmim) chloride and 1-ethyl-3-

methylimidazolium (emim) bromide, using methods described in the literature.29-34 Full 

details of the syntheses are given in the Supporting Information (S1). The identity of the 

products was confirmed by comparison of the measured powder X-ray diffraction 

patterns with those simulated from crystal structures reported in the literature (where 

available, see Supporting Information (S2)). In the case of AlPO-34(pip), for which no 

crystal structure was reported at the time of our work, we measured high-resolution 

powder diffraction data on beamline ID31 of the European Synchrotron Radiation Facility 

using an X-ray wavelength of = 0.799930 Å from a sample contained in a thin-walled silica 

capillary at room temperature. The pattern was indexed using a triclinic unit cell similar to 

that of AlPO-34(mor)33 [a = 9.38191(5), b = 9.16437(5), c = 9.19177(7) Å, α = 87.7602(6), β = 

102.0428(7), γ = 93.4886(6)°]. That led to the conclusion that the two compounds are 

isostructural and, thus, the atomic coordinates of AlPO-34(mor) were then directly used as 

starting model in the Rietveld refinement. The Supporting Information describes the 

numbering scheme for the framework oxygen atoms (S3) and full detail of the structure 

refinement of AlPO-34(pip) and shows the final Rietveld plot and crystal data (S4).  

 

Analysis: Simultaneous thermogravimetric analysis (TGA), differential scanning 

calorimetry (DSC) and mass spectrometry (MS) were performed using a Mettler Toledo 

TGA/DSC 1-600 instrument with a Hiden HPR-20 QIC R&D specialist gas analysis 

system, a triple filter mass spectrometer with SEM detection. Approximately 10 mg of each 

powder was loaded into separate alumina crucibles and data recorded on heating in air to 

800 °C at 10 °C min–1. Further details are given in the Supporting Information (S5).  

 

Solid-state NMR: Solid-state NMR spectra were recorded on Bruker Avance III 

spectrometers equipped with either a 9.4 T or 14.1 T wide-bore superconducting magnet. 

For 1H NMR spectra, samples were packed into 1.3 mm zirconia rotors and rotated at the 

magic angle at 55 kHz. Spectra were recorded using a rotor-synchronised spin-echo pulse 
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sequence (echo interval = 18.2 µs) to reduce background signal, with signal averaging for 

128 transients with a repeat interval of 3 s. For 13C NMR spectra, samples were packed into 

4 mm zirconia rotors and rotated at the magic angle at 12.5 kHz. Spectra were recorded 

using cross polarisation (CP) from 1H with a spin lock pulse (ramped for 1H) of between 

0.5 and 2.5 ms. TPPM-15 decoupling of 1H (ν1  =  100 kHz) was applied during acquisition. 

Signal averaging was carried out for between 456 and 19240 transients with a repeat 

interval of 3 to 10 s. For 15N CP MAS NMR spectra, samples were packed into 4 mm 

zirconia rotors and rotated at the magic angle at 5 kHz (where the slow MAS rate was 

used to enhance the relatively weak 1H-15N dipolar coupling used to transfer 

magnetisation in the CP experiment). Spectra were recorded using CP from 1H with a spin 

lock pulse (ramped for 1H) of between 1 and 10 ms. TPPM-15 decoupling of 1H (ν1  =  100 

kHz) was applied during acquisition. Signal averaging was carried out for between 13736 

and 65568 transients with a repeat interval of 5 s. For 19F NMR spectra, samples were 

packed into 1.3 mm zirconia rotors and rotated at the magic angle at 55 kHz. Spectra were 

recorded using a rotor-synchronised spin-echo pulse sequence (echo interval = 18.2 µs) to 

reduce background signal, with signal averaging for between 32 and 128 transients with a 

repeat interval of 5 or 10 s. For 31P NMR spectra, samples were packed into 4 mm zirconia 

rotors and rotated at the magic angle at 12.5 kHz. Spectra were recorded with signal 

averaging for 16 transients with a repeat interval of 60 s. For 27Al NMR spectra, samples 

were packed into 4 mm zirconia rotors and rotated at the magic angle at 12.5 kHz. MAS 

spectra were recorded with signal averaging for 64 transients with a repeat interval of 3 s. 

The 27Al MQMAS spectra were recorded using a split-t1 shifted-echo pulse sequence with 

signal averaging for 96-192 transients for each of 64-144 t1 increments of 103.35 µs. The 

spectra were referenced in the indirect dimension according to Ref. 36. For high-

temperature experiments, the sample temperature was maintained using a Bruker BCU-II 

chiller and Bruker BVT/BVTB-3000 temperature controller and heater booster. The sample 

temperature (including frictional heating effects arising from sample spinning) was 

calibrated using the isotropic 87Rb shift of solid RbCl.37 For the 27Al variable-temperature 

spectra, the magic angle was accurately calibrated at each temperature using the 87Rb 

satellite transitions of RbNO3 or Rb2SO4. Chemical shifts are reported relative to TMS (1H 
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and 13C), CH3NO2 (
15N), CFCl3 (

19F), 1.1 M Al(NO3)3 in D2O (27Al) and 85% H3PO4 (31P) using 

secondary solid references of L-alanine (NH3 = 8.5 ppm, CH3 = 20.5 ppm), glycine (NH3 = –

347.4 ppm), PTFE (CF2 = –122.7 ppm), Al(acac)3 (δiso = 0.0 ppm, CQ = 3.0 MHz, ηQ = 0.15) 

and BPO4 (–29.6 ppm). 

 

Calculations: Geometry optimisations and calculation of NMR parameters were carried out 

using the CASTEP density functional theory (DFT) code (version 6),38 employing the 

GIPAW algorithm,39 to reconstruct the all-electron wavefunction in the presence of a 

magnetic field. The initial structures were taken from the literature or XRD, and models 

constructed based on information provided in the literature or from the XRD refinements. 

Calculations were performed using the GGA PBE functional, with core-valence 

interactions described by ultrasoft pseudopotentials.40 A planewave energy cut off of 50 Ry 

was used, and integrals over the Brillouin zone were performed using a Monkhurst-Pack 

grid with k-point spacing of  0.04 2π Å−1. Dispersive interactions were reintroduced using 

the scheme of Grimme,41 as implemented by McNellis et al.42 Calculations were performed 

on a 198-node (2376 core) Intel Westmere cluster with 2 GB memory per core and QDR 

Infiniband interconnect at the University of St Andrews.  

 

The isotropic shielding is given by, σiso = (1/3) Tr{σ}, and the isotropic chemical 

shift, δiso, by –(σiso – σref), where σref is a reference shielding. Further details on the 

referencing are provided in the Supporting Information (S6). The magnitude of the 

quadrupolar coupling constant is given by CQ = eQVZZ/h, where Q is the nuclear 

quadrupole moment (for which a value of 146.6 mb was used for 27Al).43 The asymmetry 

parameter is given by ηQ = (VXX – VYY)/VZZ. 

 

Results and Discussion 

 

The Crystal Structures of As-Made AlPO-34 
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Figure 1(a) shows the structures of the six SDAs used in this study: 1,3-

dimethylimidazolium (dmim),29,30 1-ethyl,3-methyl-imidazolium (emim),29,30 pyridine 

(pyr),31 piperidine (pip),32 morpholine (mor),33 and 1,4,8,11-tetraazacyclotetradecane 

(cyclam).34 The six AlPOs prepared with these SDAs are hereafter denoted AlPO-34(SDA). 

The crystal structures of five of these AlPOs had previously been reported.29-31,33,34 However, 

although AlPO-34(pip) has been prepared several times before,32,44,45 its structure was only 

reported very recently, during the preparation of this manuscript.35 At the time of our 

work the structure was unknown, and so high-resolution powder synchrotron X-ray 

diffraction measurements were undertaken in order to determine a crystal structure for 

this form of as-made AlPO-34. Selected crystallographic parameters for AlPO-34(pip) are 

summarized in Table 1 and, as described in the Supporting Information (S4), two possible 

structures of AlPO-34(pip) could be refined equally well against the diffraction data: one 

model with a single configuration for the pip cations (AlPO-34(pip-1)) and one with the N 

atom of the pip disordered over the 1 and 3 positions of the ring (AlPO-34(pip-2)). 

Regardless of the SDA orientation, a partially-occupied H2O site was located in Fourier 

difference maps during structure solution that corresponds to 0.4 H2O per 3Al (i.e., 40% 

occupancy). The presence of a partially-occupied molecule of H2O is consistent with the 

published structure of AlPO-34(pyr),31 which contains a 15% occupied molecule of water 

in a similar position within the unit cell. Each of the possible structures determined for 

AlPO-34(pip) differs from that of Xin et al., which was refined with 25% occupancy of the 

H2O and only one orientation of the pip.35 Furthermore, the orientations of the SDA are 

different for our refined structures and that of Xin et al. (see the Supporting Information 

(S4) for further discussion of these differences). It should be noted that, in the DFT 

calculations discussed in detail in the Supporting Information (S6), for both the 

dehydrated and hydrated forms of AlPO-34(pip), both of the structural models 

determined here are ~0.7–0.8 eV more stable than that proposed by Xin et al. 

 

 The as-made AlPO-34 materials studied here all crystallise with an anionic 

framework of empirical composition [Al3P3O12F]–. This also represents the inorganic part of 

the asymmetric unit: there are three crystallographically-unique P and Al sites, each 
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connected by four Al-O-P linkages, giving three PO4 and two AlO4 tetrahedra, as shown in 

Figure 1(b). The remaining Al (Al1 in our numbering scheme) has an octahedral AlO4F2 

environment, where bridging fluorides form Al-F-Al linkages between neighbouring pairs 

of Al1. It should be noted that the numbering schemes used in the original literature for Al 

and P in the various forms of AlPO-34 are different. Here, we will use the consistent 

numbering scheme shown in Figure 1(b) to enable direct comparison of framework species 

in the different forms of AlPO-34. The Supporting Information (S3) contains a more 

detailed description of this numbering scheme, including the numbering of the framework 

O species. As with almost all three-dimensional AlPOs, the AlO4 and PO4 tetrahedra in 

AlPO-34 are in strict alternation, giving an overall neutral AlPO4 framework, with the 

charge of the Al-bound fluoride anions balanced by that of the cationic SDAs, which 

reside in the CHA cages. 

 

 The presence of H2O in two of the hydrothermally-prepared samples is perhaps not 

surprising, although the presence of water was not determined previously by diffraction 

in either AlPO-34(mor)33 or AlPO-34(cyclam),34 which are also prepared in aqueous media. 

AlPO-34(dmim) and AlPO-34(emim) are synthesised ionothermally, with a very low 

volume of H2O present and no H2O was located in their structures.29,30 Most of the crystal 

structures for as-made AlPO-34 indicate that the SDAs may be conformationally 

disordered. AlPO-34(dmim) was refined by Morris and coworkers29,30 as fully ordered, but 

the analogous AlPO-34(emim) displays six-fold conformational disorder of the alkyl 

chains (two possible arrangements of CH3 and C2H5, with three-fold disorder of each 

C2H5). As described in the Supporting Information (S4), one of the two possible structural 

models obtained for AlPO-34(pip), AlPO-34(pip-2), contains two orientations of the SDA. 

Therefore, it is perhaps surprising that the structurally very similar morpholinium was 

refined in a single orientation,33 as was pyridinium,31 both of which have the potential for 

disorder of the heteroatom location(s). Wheatley and Morris observed that, in addition to 

expected disorder of the protonated and neutral N species of cyclam (owing to the 

presence of four N atoms and only two H+), the entire SDA could be refined as occupying 

two orientations within the pores of AlPO-34(cyclam).34 In order to investigate the 
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presence of any non-periodic disorder of the SDA and potentially partially-occupied water 

species, all materials were characterised here by 1H, 13C, 15N, 19F, 27Al and 31P NMR 

spectroscopy with the experimental results compared to periodic DFT calculations to aid 

assignment and interpretation. 

 

DFT Calculations 

 

Periodic DFT calculations are now well established as a useful tool for assigning the NMR 

spectra of solids, as well as evaluating potential structural models where some uncertainty 

exists over the true structure.11,17-19,46-49 As most of the forms of as-made AlPO-34 considered 

here have crystal structures refined with disorder of the SDA (emim and cyclam),29,30,34 

water (pyr)31 or both (pip),32 DFT calculations were used to help interpret and assign the 

experimental NMR spectra. One crucial requirement for the prediction of accurate NMR 

parameters from a given structure is that the structure itself must represent a realistic 

minimum on the energy landscape.17,47,49,50 In order to ensure this is the case, the atomic 

coordinates and, often, unit cell parameters can (or, indeed, must) be optimised to an 

energy minimum. Sneddon et al.50 recently investigated the computational parameters 

most suited to the optimisation of AlPOs and showed that the optimisation of all atomic 

coordinates and unit cell parameters with the inclusion of semi-empirical dispersion 

correction schemes yielded results in good agreement with both crystallographic and 

spectroscopic measurements, without applying any a priori constraints to the structural 

model. For details of the exact structural models considered and computational methods 

used, see the Experimental Details and Supporting Information (S6). The results of these 

calculations are described in depth in the Supporting Information (S6 and S7) and the 

calculated NMR parameters are discussed and compared with the experimental results 

below. 

 

Solid-State NMR Spectroscopy 
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The 1H MAS NMR spectra of the six as-made AlPO-34 materials are shown in Figure 2. 

The spectrum of AlPO-34(dmim) contains resonances at 12.6, 7.8, 4.1 and between 0.8 and 

2.0 ppm. The resonances at 7.8 and 4.1 ppm with higher intensity can be assigned to H2 + 

H3 and H4, respectively, whereas the other two resonances (which have much lower 

intensity) cannot be assigned to the dmim. However, as the dmim originates from 

transalkylation of the 1-ethyl,3-methylimidazolium chloride ionic liquid used in the 

synthesis,51 the resonances between 0.8 and 2.0 ppm can be assigned to H7 of emim 

present within the pores instead of dmim (in analogy with AlPO-34(emim), discussed 

below). DFT calculations discussed in the Supporting Information (S6 and S7), indicate 

that the resonance at 12.6 ppm may arise from 1-alkylimidazolium (calculated NH shift of 

9-11 ppm), resulting from hydrolysis, rather than transalkylation, of the ionic liquid. 

Owing to the greater degree of disorder of the orientation of the SDA in AlPO-34(emim), 

the 1H NMR spectrum of this material is of lower resolution than that of the more ordered 

AlPO-34(dmim). Groups of resonances are observed at 1.0–2.1, 3.5–4.7 and 6.7–9.2 ppm 

and can be generally assigned to H7, H6 + H8 and H2 + H4 + H5, respectively. Again, a 

resonance at 13.1 ppm can be attributed to 1-alkylimidazolium species, in analogy to 

AlPO-34(dmim). The 1H NMR spectrum of AlPO-34(pyr) is well resolved, with distinct 

resonances observed at 15.2, 8.6, 8.1, 3.0 and 1.1 ppm. These resonances can be assigned to 

H1 (15.2 ppm), H2 + H4 (8.6 ppm) and H3 (8.1 ppm) of the SDA by analogy with the pyr-

containing CHA-type gallophosphate, GaPO-34.52 The resonance at 3.0 ppm confirms the 

presence of H2O. However, the resonance at 1.1 ppm may be attributed to CH3 in traces of 

triethylamine, which was also present in the synthesis (~1 : 0.12 mole ratio of pyr : Et3N, 

according to the integrated intensities of the resonances at 15.2 and 1.1 ppm). The N-CH2 

resonance of Et3N would also be expected to have a shift of ~3 ppm, and may, therefore, 

overlap with any signal from H2O. Accounting for the Et3N, the integrated intensities 

(including spinning sidebands) of the 1H NMR spectrum indicate ~0.15 H2O per 3 Al (in 

agreement with Ref. 31). The 1H NMR spectrum of AlPO-34(pip) has resonances at 9.1, 6.6, 

3.4 and 2.0 ppm, corresponding to H1 hydrogen bonded to H2O, non-hydrogen-bonded 

H1, H2 + H2O and H3 + 4, respectively. Integration of the spectrum using DMFit53 

(discussed in the Supporting Information (S7)) reveals a stoichiometry of ~0.5 H2O per 3Al 
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(i.e., higher than the value determined by the crystallographic measurements described 

above). The 1H NMR spectrum of AlPO-34(mor) is poorly resolved, containing two broad 

resonances from 1–6 and 6–9 ppm, which can be assigned, respectively, to H2 + H3 and 

H4. It should be noted that the low resolution of the spectrum indicates a greater degree of 

disorder than might be expected from a material whose single-crystal structure was 

refined with no SDA disorder or partially-occupied water.33 It is, therefore, possible that 

the mor exhibits greater conformational or orientational flexibility than indicated in the 

published structures, both of which contain a single cation conformation.33,35 Another 

possibility, as will be discussed in more detail below, is that water is also included in the 

structure depending on either the synthesis route or the conditions under which the 

sample is studied. The 1H NMR spectrum of AlPO-34(cyclam) is of very low resolution, 

even at a MAS frequency of 55 kHz. This lack of resolution is likely to be a consequence of 

the significant cation disorder observed in the published crystal structure (determined 

from single-crystal synchrotron X-ray diffraction).34 In addition to the conformational and 

orientational flexibility observed in the earlier crystallographic study, there is also likely to 

be disorder of the two H+ attached to the four chemically-equivalent N species. 

 

 The 13C CP MAS NMR spectra of the six samples of AlPO-34 are also shown in 

Figure 2. The 13C NMR spectra of both AlPO-34(dmim) and AlPO-34(emim) were 

previously reported by Griffin et al.,51 although no detailed assignment was made. For 

AlPO-34(dmim), although the two CH3 groups of the SDA are chemically equivalent, the 

presence of the AlPO framework surrounding the SDA leads to a crystallographic 

inequivalence of these two groups, giving rise to two sharp 13C resonances at 36.6 and 37.5 

ppm. In addition, two resonances are observed at 125.0 and 126.0 ppm, corresponding to 

the crystallographically-distinct C3, and one resonance at 134.3 ppm, corresponding to C2 

(see the Supporting Information (S6 and S7) for further details). It should be noted that 13C 

NMR spectroscopy is predicted to be relatively insensitive to the presence of 1-

methylimidazoium within the pores of AlPO-34(dmim), as all calculated chemical shifts 

for this molecule are very similar to those of dmim. The presence of disordered methyl 

and ethyl groups in AlPO-34(emim) leads to a much more complicated spectrum than for 
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AlPO-34(dmim). C7 gives rise to a broad resonance between 11.5 and 20 ppm, C8 to a 

broadened resonance between 36 and 39 ppm (consistent with the shifts observed for 

AlPO-34(dmim)) and C6 to two sharp resonances at 46.2 and 49.2 ppm and a broader 

feature between 43 and 45 ppm. The presence of disorder is also evident from the aromatic 

species, C2, C4 and C5, which give rise to more than 10 discernible resonances between 

119 and 148 ppm, the assignment of which is discussed in greater detail in the Supporting 

Information (S6 and S7). The 13C NMR spectrum of AlPO-34(pyr) contains three 

resonances at 128.6, 141.2 and 147.8 ppm, corresponding to C3, C2 and C4, respectively (cf. 

the assignment for the GaPO-3452 analogue). As observed by 1H NMR, there appears to be 

some triethylamine present in the material, giving rise to two minor resonances at 11 and 

49 ppm in the 13C NMR spectrum. It is interesting to note that, although the resolution of 

the 1H NMR spectrum of this sample (discussed above) indicated that the material is 

relatively ordered, the presence of the fractionally-occupied H2O appears to lead to a 

distribution of local environments that affect the 13C isotropic shifts, giving rise to 

linewidths between 250 and 400 Hz. The 13C NMR spectrum of AlPO-34(pip) contains two 

resonances at 22.9 and 47.5 ppm, corresponding to C3 + C4 and C2, respectively. While no 

evidence is observed for the two-site disorder (present in the AlPO-34(pip-2) structure 

refined for this work), the linewidths of ~240 Hz are perhaps indicative of the presence of 

some disorder – consistent with the conclusions from the 1H NMR spectrum (see above). 

Furthermore, as discussed in the Supporting Information (S7), it is difficult to distinguish 

between the two possible structures using the DFT-calculated 13C NMR parameters. AlPO-

34(mor) gives rise to two 13C resonances at 46.0 and 65.1 ppm, corresponding to C3 and C2, 

respectively. As for AlPO-34(pip), the linewidths of ~400 Hz are consistent with the 

presence of disorder, as observed in the 1H NMR spectrum. The disorder of the SDA in 

AlPO-34(cyclam) gives rise to complicated 13C lineshapes, with three distinct resonances at 

22.0, 24.7 and 27.4 ppm corresponding to C6 and at least nine distinct resonances between 

38 and 51 ppm corresponding to C2 + C3 + C5 + C7. 

 

 The low natural abundance (0.368%) and gyromagnetic ratio (γ15N/γ1H = 0.101) of 15N 

makes study of this nucleus time consuming (at natural abundance). However, its larger 
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chemical shift range (~900 ppm) compared to 13C (~250 ppm) means that 15N should be 

more sensitive to small differences in the local environment of the SDA, arising from, e.g., 

disorder. The 15N CP MAS NMR spectra of the six forms of AlPO-34 are shown in Figure 2. 

As was observed for 13C, the symmetry of the dmim is broken by the AlPO framework, 

giving rise to two resonances at –205.8 and –212.7 ppm in the 15N NMR spectrum of AlPO-

34(dmim). The disorder in AlPO-34(emim) leads to a more complicated 15N NMR 

spectrum, with resonances at –177.9, –179.3, –194.9 and –197.6 ppm, as well as between –

204 and –213 ppm. The shifts of these latter resonances are similar to those observed for 

AlPO-34(dmim), suggesting their assignment as N3, meaning that the resonances at higher 

chemical shift can, therefore, tentatively be assigned to N1. As might be expected, the 15N 

NMR spectra of AlPO-34(pyr), AlPO-34(pip) and AlPO-34(mor) each contain a single 

resonance, at –179, –337 and –341 ppm, respectively. However, these resonances are 

considerably broader (~100, ~110 and ~240 Hz, respectively) than that of AlPO-34(dmim) 

(~35 Hz), again suggesting that there may be disorder present in all three materials and 

precluding any definite determination of whether AlPO-34(pip) contains ordered or 

disordered piperidinium cations (as discussed in the Supporting Information (S7), the 15N 

resonances in the disordered AlPO-34(pip-2) would be expected to have a shift difference 

of ~1 ppm (40.6 Hz)). The 15N NMR spectrum of AlPO-34(cyclam) contains numerous 

resonances between –358 and –330 ppm. In agreement with the 1H and 13C spectra, the 15N 

NMR spectrum of AlPO-34(cyclam) indicates the presence of significant disorder (i.e., 

suggesting that more than the two conformations of cyclam proposed in the original 

structure of Wheatley and Morris34 may be present). 

 

 The 19F MAS NMR spectra of all six samples, shown in Figure 3, confirm the 

presence of bridging fluoride. Single resonances are observed in the spectra of AlPO-

34(dmim), AlPO-34(pyr) and AlPO-34(pip), with isotropic shifts of –124.9, –128.2 and –

125.7 ppm, respectively. However, a small shoulder at –123.1 ppm in the spectrum of 

AlPO-34(dmim) can be observed (~3% of the spectral intensity) and may be attributed to 

the presence of small amounts of 1-methylimidazolium impurities, forming an N-H…F 

hydrogen bond (see the Supporting Information (S6 and S7) for details), in agreement with 
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the 1H NMR spectrum discussed above. The 19F NMR spectrum of AlPO-34(mor) can be 

decomposed into two resonances with isotropic shifts of –126.7 and –128.2 ppm, with an 

integrated intensity ratio of about 2 : 1. For AlPO-34(cyclam), two well-resolved 

resonances are observed at –126.3 and –129.9 ppm in a 3 : 1 integrated intensity ratio. As 

shown in the Supporting Information (S8), a 19F double-quantum correlation spectrum 

suggests that both resonances arise from the same chemical phase, which indicates 

considerable structural variation in the local environment of F in this material. However, 

the DFT calculations were unable to provide further insight into the assignment of these 

two resonances. For AlPO-34(emim), a broad resonance is observed between –122.0 and –

127.8 ppm, and the lineshape appears to have multiple overlapping components, 

indicative of a disordered material. The differences in 19F chemical shifts suggest slight 

differences in Al-F bond lengths and the proximity of the SDA (and H2O, if present). 

 

 The 31P MAS NMR spectra of the six samples of AlPO-34 are shown in Figure 3 and, 

in each case, three resonances are observed, corresponding to the three 

crystallographically-distinct P sites (or the three sets of pseudo-equivalent P sites, where 

local disorder leads to more than three formally distinct P). Assignment of the P sites can 

be made based on the relationship between 31P chemical shift and the mean P-O-Al bond 

angle, 〈θPOAl〉, and the mean P-O bond length, 〈rPO〉, determined using computation by 

Dawson and Ashbrook,54 in an extension to much earlier work. While this relationship was 

only demonstrated for calcined AlPOs in the original work, further investigation shows, 

perhaps surprisingly, that a similar relationship holds for as-made AlPOs. In the AlPOs 

studied here, one of the dominant structural features influencing δiso is the small (~125–

130°) P-O-Al bond angles arising from the distortion of the framework by the Al-bound 

fluoride. Figure 4(a) plots 〈θPOAl〉 against 〈rPO〉 for the three inequivalent P species in each of 

the eight experimental crystal structures of as-made AlPO-34. The ranges of 〈rPO〉 for the 

three P species are significantly overlapped, whereas the ranges of 〈θPOAl〉 are well 

separated. Therefore, it can be assumed that, for the as-made AlPO-34, to a first 

approximation, variations in 〈θPOAl〉 will dominate the value of δiso observed. Figure 4(b) 

plots the experimentally-determined 〈θPOAl〉 against 31P δiso for the six as-made forms of 
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AlPO-34 studied here and it can be seen that there is a general trend of increasing δiso with 

decreasing 〈θPOAl〉. The line of best fit for all eight structures has the equation 

 

δiso  =  –1.209 〈θPOAl〉 + 149.1  . 1 

 

Equation 1 can be compared to the relationships between 31P δiso and 〈θPOAl〉 reported by 

Müller et al.55 and Kanehashi et al.,56 with the gradient observed here closer to that of the 

latter study (–1.25 ppm per degree) than the former (–0.52 ppm per degree). As discussed 

in the Supporting Information (S9), a relationship dependent on both 〈θPOAl〉 and 〈rPO〉 was 

found, with 

 

δiso(〈rPO〉,〈θPOAl〉)  =  35.64 〈rPO〉 – 1.194 〈θPOAl〉 + 92.27  . 2 

 

A plot of the predicted δiso(〈rPO〉,〈θPOAl〉) against the experimental δiso is shown in Figure 4(c). 

This relationship is different from that reported for calcined AlPOs,54 but similar to that 

derived from computational results as discussed in the Supporting Information (S9). 

However, all three of the structure-based assignment methods54-56 lead to the same 

assignment as that calculated by DFT, with the shifts following the trend P1 > P3 > P2 in 

all six materials. The finding that 31P δiso can readily be predicted from the crystal structure 

is likely to be invaluable when considering other AlPOs containing disordered guest 

species, where a chemically-realistic structural model (a prerequisite for DFT calculations) 

may be difficult to generate, whereas an average framework structure can generally be 

determined, even from powder diffraction data. 

 

 Unlike the other nuclei investigated in this work, 27Al is quadrupolar (spin I = 5/2) 

and the MAS NMR spectra shown in Figure 3 contain resonances broadened by the 

second-order quadrupolar interaction.57 Therefore, while the octahedral Al1 can readily be 

distinguished from the tetrahedral Al2 and Al3 on the grounds of their chemical shifts 

(typically 35 to 50 ppm for tetrahedral Al and 0 to –20 ppm for octahedral Al58), the 

resonances from Al2 and Al3 overlap significantly, and cannot be resolved at all for AlPO-
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34(emim) or AlPO-34(cyclam). The multiple-quantum (MQ) MAS experiment59,60 yields a 

two- dimensional spectrum containing an isotropic dimension (free from all anisotropic 

broadening by the quadrupolar interaction) and a conventional MAS dimension. From the 

positions of the centre of gravity of the resonances observed, the isotropic chemical shifts 

and quadrupolar product, PQ (= CQ(1 + (ηQ
2/3))1/2, where CQ and ηQ are the quadrupolar 

coupling constant and asymmetry parameter, respectively) can be determined, as 

described in the Supporting Information (S10). The approximate values of δiso and PQ 

extracted from the MQMAS NMR spectra are reported in Table 2. Resonances for all three 

Al species were fully resolved by MQMAS for all of the samples studied here, except 

AlPO-34(cyclam), for which only one resonance, corresponding to both Al2 and Al3, was 

observed (as shown in the Supporting Information (S10)).  

 

Evidence of Dynamics from 27Al NMR 

 

The 27Al NMR spectra in Figure 3 show only the central-transition (CT) resonances for each 

material. However, where CQ is small and ηQ is hard to determine from the narrower CT, 

the shape of the much broader satellite transitions (STs) can provide additional 

information. The STs are typically broadened over several hundred kHz and appear as a 

series of spinning sidebands (SSBs) in MAS spectra. It is, therefore, crucial to set the magic 

angle precisely to 54.736° in order to observe the SSB manifold.61 Figure 5 shows the 27Al 

MAS NMR spectra of the six forms of AlPO-34, recorded with a 1 MHz spectral window 

and an accurately-set rotor angle. For AlPO-34(pyr) and AlPO-34(mor), it was not possible 

to carry out analysis of the ST SSBs, as each sideband was so broad as to be essentially 

undetectable. Similarly, although still detectable, the ST SSBs were also broader than 

expected for AlPO-34(pip) and did not provide any further information on the values of 

CQ or ηQ. Antonijevic et al. have previously observed broadening of the STs of AlPO-14,22 

and attributed this to microsecond-timescale dynamics of the isopropylammonium SDA 

inside the pores. This motion leads to a modulation of the electric field gradient (EFG) at 

the nucleus (responsible for the quadrupolar broadening) and inefficient averaging by 

MAS. Effects are most pronounced when the timescale of the modulation is similar in 
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magnitude to the quadrupolar frequency (given by ωQ
PAS = 3π CQ/20 in rad s–1 for I = 5/2). 

The rate of motion would be expected to increase upon heating, enabling line broadenings 

resulting from dynamics to be distinguished from those arising from static disorder and a 

distribution of chemical sites. Note that dynamic line broadening may increase or decrease 

with increased motion/temperature depending on whether the rate of motion is smaller 

or larger than ωQ
PAS. The 27Al MAS NMR spectra were also recorded at 373 K (red lines in 

Figure 5) and, for AlPO-34(pyr), AlPO-34(pip) and AlPO-34(mor), the very broad ST SSBs 

narrow as the timescale of the modulation of the EFG becomes greater than ωQ
PAS. In 

contrast, for AlPO-34(dmim), AlPO-34(emim) and AlPO-34(cyclam), the broadening of the 

ST SSBs increases at elevated temperature. While determining the precise source of the 

motion in these materials is beyond the scope of the current work, owing to the 

polyatomic SDAs involved and the presence of partially-occupied water sites in some of 

the structures, we offer the following preliminary discussion of this interesting difference 

in behaviour dependent on the SDA type. 

 

 The dynamics present in the ionothermal AlPO-34(dmim) and AlPO-34(emim) 

appears to be slower (at any given temperature) than in the hydrothermal materials, with 

the exception of AlPO-34(cyclam). However, while one might initially conclude that this is 

due to the presence of more conformationally-rigid SDAs in the ionothermally-prepared 

materials, the behaviours of AlPO-34(pyr), containing a rigid SDA, and AlPO-34(cyclam), 

containing a flexible SDA, cannot be explained in this way. Alternatively, the H2O present 

in AlPO-34(pip) and AlPO-34(pyr) may be responsible for the more rapid dynamics 

observed in these materials. If this were the explanation, it would suggest that H2O may 

also be present in AlPO-34(mor), although Harding et al.33 did not observe this by 

diffraction. Thermogravimetric analysis (TGA) of the six samples studied here, and 

accompanying mass spectrometry (shown in the Supporting Information (S5)) revealed a 

pre-calcination loss of about 0.6 H2O per Al3P3O12 for AlPO-34(pip), AlPO-34(pyr) and, 

unexpectedly, also AlPO-34(mor). The other three samples showed negligible mass loss 

prior to calcination (at about 400–500 °C), consistent with anhydrous materials with small 

amounts of surface moisture. This indicates that motion of the water molecules may be 
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responsible for the broadened ST SSBs observed at room temperature. However, we 

suggest that the motion responsible for the line broadening is not a C2 rotation of the H2O, 

which would not alter the 27Al quadrupolar interaction, but rather a hopping between the 

two adjacent (and equivalent) sites in the structure, shown in Figure 1(b) (in the periodic 

structure, the distance between these sites is ~1.8 Å). Such a hopping would lead to an 

average P-1 symmetry, consistent with the three 31P resonances observed in all materials, 

even those containing H2O (which should have local P1 symmetry in any given unit cell). 

Further investigation of this theory will require either the preparation of deuterated 

materials and additional experimental measurements or extensive molecular dynamics 

calculations (running to the microsecond timescale, which is unfeasible on most 

computational resources). This is a topic to which we hope to return in the future. 

 

 H2O has not been detected in AlPO-34(mor) previously, but its observation here is 

consistent with the disorder implied by 1H, 13C and 15N NMR spectroscopy. It is also 

possible that the preparation and storage history of the sample studied has led to a more 

hydrated form of the material being characterised here than in the crystallographic 

studies,33,35 as our sample has been exposed to air on the bench for extended periods of 

time. We have previously observed a similar hydration of JDF-2, which contains 

methylammonium hydroxide as the SDA. Upon exposure to moist air, JDF-2 converts to 

AlPO-53(A) and the transformation can be reversed by mild heating.17 It is, therefore, 

plausible that ambient hydration may also occur for AlPO-34(mor). In addition, changes in 

humidity under different experimental conditions may lead to the differences in H2O 

content observed for AlPO-34(pyr) and AlPO-34(pip) in the XRD, NMR and TGA 

experiments. 

 

 In order to investigate whether the presence of water was, indeed, responsible for 

the motional broadening of the ST SSBs of AlPO-34(pyr), AlPO-34(pip) and AlPO-34(mor), 

all six materials were heated to ~110 °C for at least 24 h in an attempt to remove any water 

present (without also removing the SDA and HF). The 27Al MAS NMR spectra of the dried 

samples were then recorded at 298 and 373 K and are shown in Figure 6. While no change 
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is observed for the three materials believed to be anhydrous: AlPO-34(dmim), AlPO-

34(emim) and AlPO-34(cyclam), the ST SSBs of AlPO-34(pyr) and AlPO-34(pip) show very 

different behaviour after drying. While this difference is less pronounced for AlPO-

34(mor), it is worth noting that the ST SSBs for this sample are visible at 298 K, and 

slightly sharper at 373 K after drying. We can, therefore, conclude that water is present in 

AlPO-34(pyr), AlPO-34(pip) and AlPO-34(mor), and undergoes motion on the 

microsecond timescale. However, the fact that the linewidths of the ST SSBs are still 

temperature dependent for all six dried materials indicates that (as might be expected) the 

SDAs themselves also undergo some motion, on timescales approaching 1/ωQ
PAS at higher 

temperatures. 

 

Conclusions 

 

We have carried out a detailed NMR spectroscopic characterisation of six forms of as-

made AlPO-34, synthesised in the presence of different SDAs. Assignment of the spectra 

required the use of periodic DFT calculations, which revealed, in the cases of AlPO-

34(dmim) and AlPO-34(emim), that some dealkylation of the 1,3-alkylimidazolium to a 1-

alkylimidazolium occurs, giving rise to distinctive downfield 1H resonances. Such species 

are present in low amounts and, hence, cannot be detected readily by crystallographic 

diffraction techniques. When assigning the 31P NMR spectra, we demonstrated that the 

isotropic chemical shift has a marked dependence on both the mean P-O-Al bond angle 

and the mean P-O bond length, in agreement with our recent finding that the assignment 

of resonances based entirely on the mean P-O-Al bond angle is an overly-simplistic 

approach.54 The work presented here demonstrates an extension of our earlier work, 

focused on calcined AlPOs, to materials containing disordered SDAs and framework-

bound anions, suggesting that the method may be more generally applicable to AlPOs 

containing guest molecules; further investigation of this is ongoing. 

 

 In all six materials studied, temperature-dependent broadening of the spinning 

sidebands from the 27Al satellite transitions indicated molecular-scale dynamics on the 
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microsecond timescale. Thermogravimetric analysis revealed the presence of water in 

three of the samples: AlPO-34(pyr), AlPO-34(mor) and AlPO-34(pip). Dehydration of these 

three materials was shown to change the observed temperature dependence of the 

broadening, indicating that motion of water within these materials occurs on the 

microsecond timescale (and is most likely a hopping between the two adjacent water sites 

in the crystal structures). Interestingly, water has not previously been reported within the 

structure of AlPO-34(mor),33 suggesting that as-made AlPO-34 materials may be 

hygroscopic, with the ability to take small amounts of water into the pores. We have 

previously observed such behaviour for the as-made AlPO, JDF-2.17 However, as motion 

was detected in all six materials, including the anhydrous AlPO-34(dmim), AlPO-

34(emim) and AlPO-34(cyclam), it is clear that dynamics of the SDAs also occurs on the 

microsecond timescale (as previously observed for AlPO-1422) and further work, for 

example including molecular dynamics simulations and experimental 2H NMR, will be 

required in order to characterise these motions more fully. 

 

 Relating our results to those of Xin et al., who examined AlPO-34 as a model for 

understanding the origin of the structure-directing effect,35 we have shown how three 

further SDAs, not considered in their work, are effective for forming the same framework. 

The structure of AlPO-34(pip) determined here by synchrotron X-ray powder diffraction 

differs slightly from that of Xin et al. primarily in the position of the H2O molecule and the 

orientation of the SDA. DFT calculations indicate that the structures proposed here were 

energetically more stable, but it remains unclear whether the disorder in our model AlPO-

34(pip-2b) arises as a consequence of static disorder or dynamics. The two cases are not 

calculated to be distinguishable on the grounds of isotropic chemical shifts.  

 

Xin et al.35 concluded that the SDA-framework binding free energy is the key origin 

of the structure directing effect. Our work also reveals that water may be included in the 

porous structure, along with the SDA, depending on synthesis route, and that the amount 

of water may vary with time once the sample has been isolated and exposed to the 

atmosphere. The observation of motional effects on the 27Al NMR spectra illustrates the 
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conformational and structural flexibility of the AlPO structure and the SDA and water 

contained within, which in turn implies some greater complexity in the role of the 

structure-directing agent, with the subtle effect of co-occluded water needing to be 

considered. The water may be hydrogen bonded to both the AlPO framework and the 

SDA so its role must also be taken into account to explain fully the interactions leading to 

the crystallisation of a particular structure type. 
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The Supporting Information is available free of charge on the ACS Publications website at 

DOI: XXX. Synthetic details, powder X-ray diffraction patterns, atomic numbering 

schemes, structure solution of AlPO-34(pip), thermogravimetric analysis, modelling 

disorder in AlPO-34, full assignment of the 1H, 13C and 15N NMR spectra of AlPO-34, two-

dimensional 19F NMR spectrum of AlPO-34(cyclam), relating the local structure of AlPO-

34 to 31P chemical shifts, and one- and two-dimensional 27Al NMR spectra. 
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Table 1. Selected crystallographic parameters for the two possible models of AlPO-34(pip) 

determined here. Both models have the same unit cell, but AlPO-34(pip-1) has a single 

orientation of the cations, whereas AlPO-34(pip-2) was refined with two possible cation 

orientations. See the Supporting Information (S4) for full details. 

Empirical formula Al3P3FO12.4C5H12.8N 

Mr 478.18 

Crystal system Triclinic 

Space group   P1  

a / Å 9.38191(5) 

b / Å 9.16437(5) 

c / Å 9.19177(7) 

α (°) 87.7602(6) 

β (°) 102.0428(7) 

γ (°) 93.4886(6) 

V / Å3 771.195(9) 

Z 2 

λ / Å 0.79993 

Number of reflections 2431 

Num. of fitted structural 

parameters  
100 

Num. of soft restraints 24 

Rp, Rwp          AlPO-34(pip-2) 0.076, 0.101 

                      AlPO-34(pip-1) 0.076, 0.102 

 RBragg, GoF   AlPO-34(pip-2) 0.037, 2.646 

                       AlPO-34(pip-1) 0.039, 2.668 
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Table 2. The approximate mean chemical shifts, δiso, (in ppm) and quadrupolar products, 

PQ, (in MHz) of the Al species in the six samples of AlPO-34. 

SDA 
Al1 Al2 Al3 

 〈δiso〉 (ppm) 〈PQ〉 / MHz  〈δiso〉 (ppm) 〈PQ〉 / MHz  〈δiso〉 (ppm) 〈PQ〉 / MHz 

dmim –5.1 2.2 46.7 2.3 46.5 4.4 

emim –4.8 2.2 45.4 2.0 46.8 3.5 

pyr –4.0 1.3 43.9 2.1 47.0 2.5 

pip –4.5 2.1 42.7 2.9 46.0 3.1 

mor –4.0 1.9 43.6 2.1 48.0 2.6 

cyclama –5.0 1.7 44.6 2.9   

a The two tetrahedral Al species could not be separated for AlPO-34(cyclam), and only their average 27Al 

NMR parameters are reported.  
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Figure 1. (a) The structures of the six SDAs used, along with the atomic numbering 

schemes (N.B. N1 and N4 are equivalent in neutral cyclam, but when the molecule is 

protonated, as in AlPO-34(cyclam), N1 is protonated and N4 is neutral). (b) Schematic 

representation of the structure of AlPO-34, showing the [Al3P3O12F]– framework. The 

position of O atoms of the partially-occupied H2O molecules (in all structures apart from 

that for AlPO-34(pip) reported by Xin et al.35) are indicated. The numbering scheme used 

for Al (blue) and P (grey) atoms is shown, with further details and the numbering scheme 

for the framework O atoms given in the Supporting Information (S3). 
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Figure 2. 1H (14.1 T, 55 kHz MAS), 13C (14.1 T, 12.5 kHz CP MAS) and 15N (9.4 T, 5 kHz CP 

MAS) NMR spectra of the samples of AlPO-34 studied in this work. Insets show 

expansions of relevant regions of the spectra, Rim denotes signals from NH of 1-

alkylimidazolium species in AlPO-34(dmim) and AlPO-34(emim), asterisks denote 

spinning sidebands, daggers (†) denote 1H and 13C signals from Et3N present in AlPO-
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34(pyr) and W denotes 1H signals from H2O in AlPO-34(pyr) and AlPO-34(pip). The 

indicated assignments of 1H, 13C and 15N resonances are discussed in the text. 
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Figure 3. 19F (14.1 T, 55 kHz MAS), 31P (14.1 T, 14 kHz MAS) and 27Al (14.1 T, 12.5 kHz 

MAS) NMR spectra of the samples of AlPO-34 studied in this work. The indicated 

assignments of 31P and 27Al resonances are discussed in the text. Daggers (†) denote 

unassigned 31P resonances.  
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Figure 4. Plots of (a) experimental 〈θPOAl〉 against experimental 〈rPO〉 for the three distinct P 

species in each of the six structures of as-made AlPO-34 studied here, (b) experimental 

〈θPOAl〉 against experimental δiso for the six forms of AlPO-34 and (c) δiso(〈rPO〉,〈θPOAl〉) 

(Equation 2) against experimental δiso for the six forms of AlPO-34. The grey line in (b) 

indicates Equation 1 and the grey line in (c) indicates an ideal 1 : 1 correspondence. For 

further details on determining δiso(〈rPO〉,〈θPOAl〉), see the Supporting Information (S9) and Ref. 

54. 
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Figure 5. 27Al (14.1 T, 12.5 kHz MAS) NMR spectra of the six forms of AlPO-34, recorded at 

298 K (black) and 373 K (red) with experimental parameters optimised for observation of 

the STs as described in the Experimental Details. The CT is truncated in all spectra, but is 

shown in the Supporting Information (S10). 
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Figure 6. 27Al (14.1 T, 12.5 kHz MAS) NMR spectra of the six forms of AlPO-34 after drying, 

recorded at 298 K (black) and 373 K (red) with experimental parameters optimised for 

observation of the STs as described in the Experimental Details. The CT is truncated in all 

spectra, but is shown in the Supporting Information (S10). 
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