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SYNOPSIS 

Two phosphonate-based metal-organic frameworks, with framework composition [M(OH)(H₂BPD)] 

xH₂O (M = Al³⁺, Ga³⁺, H4BPD = N, N’-4,4’-bipiperidine-bis(methylenephosphonic acid), denoted as 

M-CAU-67, adopt an expanded MIL-91 structure. Structural and sorption data revealed framework 

flexibility and permanent porosity, illustrating a rare example of successful isoreticular expansion in 

metal phosphonates.  

ABSTRACT 

We report the synthesis and structural elucidation of two metal-organic frameworks (MOFs), 

[M(OH)(H₂BPD)]·xH₂O (M = Al³⁺, Ga³⁺), denoted as M-CAU-67, synthesized using the ditopic linker 

molecule N, N’-4,4’-bipiperidine-bis(methylenephosphonic acid) (H4BPD). The compounds were 

synthesized via hydrothermal synthesis and upscaling to the gram scale was achieved under reflux 

conditions, demonstrating the versatility in preparation. Single-crystal X-ray diffraction (SCXRD) 

revealed an isoreticular, expanded MIL-91 structure, representing a rare case of successful isoreticular 

expansion in porous metal phosphonates. The framework structure was confirmed by Rietveld 

refinement against powder X-ray diffraction (PXRD) data. Comprehensive characterization, including 

solid-state NMR spectroscopy (³¹P, ²⁷Al MQMAS) supports the structure model. Solvent exchange 

experiments, as well as variable-humidity/temperature PXRD data, revealed high flexibility with 

ΔV/V = 32 % between hydrated and activated states. The compounds are permanently microporous 

and show a complex, polarity- and size-dependent sorption behavior toward gases and vapors. 

INTRODUCTION 

Metal-organic frameworks (MOFs) have emerged as a versatile class of materials, due to their modular 

construction from inorganic building units (IBUs), such as metal ions or metal-oxo clusters, and organic 

linker molecules, commonly carboxylates or imidazolates.1,2 Their remarkable structural diversity and 

functional versatility have led to a wide range of applications, including proton conductivity3,4, ion 

exchange5, catalysis6,7, water harvesting8, gas storage and separation9. In contrast to the vast number 

of carboxylate- and imidazolate-based MOFs, phosphonate-based frameworks remain underexplored: 

only 2.3 % of the structures in the MOF subset of the Cambridge Structural Database10 (CSD; July 2025) 

are derived from phosphonic acids.  

These porous metal phosphonates (PMPs) offer distinct advantages, including exceptional thermal11,12 

and chemical4,7 stability, attributed to strong metal-phosphonate (P-O-M) bonds and the high 

coordination flexibility of phosphonate ligands, rendering PMPs suitable for a wider array of 

applications.13,14 However, the synthesis of crystalline, porous PMPs remained challenging due to 

various reasons further limiting the discovery efforts:15 (1) Uncontrolled nucleation; compared to C-O-
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M interactions, the stronger P-O-M interactions impede a controlled self-assembly process during 

nucleation and crystallization, often resulting in fast precipitation and therefore the formation of non-

crystalline materials or the absence of single crystals suitable for X-ray diffraction (SCXRD) analysis16; 

(2) hard to predict coordination behavior linked to variable deprotonation states and multiple 

coordination modes;13,17 (3) general tendency toward dense, non-porous layer formation, due to the 

multiple coordination modes;13,17 (4) limited commercial availability of the phosphonate linker 

molecules compared to carboxylate and imidazolate linkers and (5) often required multi-step synthesis 

of linkers. These challenges are reflected in the small number of reported crystalline and porous 

phosphonate MOFs. Despite aluminum’s properties, including high charge density (r(Al3+)=53.5 pm)18, 

abundance19,20, low toxicity21, and strong affinity for oxygen donors22 only eight examples (SI, Tab. S1) 

of crystalline and porous phosphonate MOFs have been reported over the past three decades.  

Until the early 2000s, reports of PMPs remained relatively scarce.14 Among the most prominent early 

examples employing monophosphonic acids were the Zr(O3P-Ph)23,24, β-Cu(O₃P-CH₃)25, AIMepO-α26 

and -β26 (Al2(O3PCH3)3). The use of ditopic phosphonic acids to link adjacent layers frequently led to the 

formation of dense, non-porous structures. Strategies involving mixed linker systems, including 

monophosphonates or phosphates, introduced some porosity but often at the expense of crystallinity 

and broad pore size distributions due to the stochastic nature of defect formation.27,28 More refined 

approaches, such as the “column-with-base” strategy developed by Alberti et al.27, leveraged aromatic 

diphosphonates bearing sterically demanding substituents (-CH₃, -OH, -COOH) close to the 

phosphonate moieties to achieve well-defined porous structures with improved crystallinity and 

narrower pore size distributions.27,29 The incorporation of additional functional groups – such as 

tertiary amines in piperazine- and bipiperidine-derived linkers – further expanded the PMP landscape, 

resulting in a series of frameworks reported throughout the early 2000s and 2010s. A milestone was 

reached in 2006 when Serre et al.30 reported MIL-91, the first porous metal phosphonate constructed 

from N,N'-piperazine-bis(methylene phosphonic acid) (H₄PMP), incorporating tri- and tetravalent 

metal cations (Al3+ and Ti4+).30 MIL-91 exhibits well-defined, narrow pores and notable CO₂ adsorption 

capacities, thereby highlighting the potential of PMPs in gas storage and separation technologies.30,31 

Isostructurality in phosphonate-based frameworks has been demonstrated when metals of identical 

or different valencies are exchanged. Examples include the previously mentioned MIL-9130, but also 

STA-1232, STA-1632, CAU-5333 CAU-6034 and CALF-4135 among others. When metals of different 

oxidation states are involved, charge compensation is usually achieved by varying degrees of 

framework protonation. Isostructural phases can also be obtained by employing either the free 

phosphonic acid or its monoester derivative, as observed for CALF-33.36  
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To address the limitations of narrow pore structures, researchers have turned to isoreticular chemistry 

– systematic linker extension while retaining topology – as a promising approach for the rational design 

of large-pore MOFs.37,38 While isoreticular design has driven significant advances in carboxylate MOFs, 

its application to PMPs has been hindered by the intrinsic coordination unpredictability of 

phosphonates.39 Reports of isoreticular expansion through an increase in linker size in PMPs are 

extremely rare, especially in permanently porous compounds with substantial enlargement of the 

linker molecules, with STA-1232 and STA-1632 being the only examples in this field. Replacing H₄PMP 

(STA-12) with the elongated N, N′-4,4′-bipiperidine-bis(methylene phosphonic acid) (H₄BPD) yielded 

STA-16, which notably exhibited a significant increase in pore size and internal surface.32 Nevertheless, 

it should be pointed out that alkyl bisphosphonates of divalent metal ions can vary greatly in structure, 

and sometimes porous or even isoreticular compounds are reported, i.e., the Zink alkyl 

bisphosphonates, reported by the Clearfield group among others.13,40 While the use of trivalent metal 

Ions often leads to nonporous or poorly crystalline compounds.13,41,42 Recently, a minireview 

emphasized the structural similarities of IBUs in PMPs and stressed the difficulties of identifying 

appropriate synthesis conditions that produce the same IBU when the phosphonic acid is changed.43 

The limited number of isostructural expanded PMPs represents a significant limitation in the field. As 

a result, progress in expanding the structural and functional diversity of PMPs remains constrained, 

highlighting the need for comprehensive studies. 

In this work, we extend the concept of isoreticular expansion, reporting M-CAU-67 (M = Al³⁺, Ga³⁺), 

based on the extended H₄BPD linker. The frameworks adopt a MIL-91-type structure with expanded 

pore size. Their synthesis was achieved via a high-throughput approach, and phase-pure compounds 

were synthesized under different synthetic conditions. The frameworks display significant structural 

flexibility in response to hydration and dehydration, as revealed by variable-temperature (VT-) and 

humidity-controlled PXRD (RH-PXRD) measurements.  

RESULTS AND DISCUSSION 

SYNTHESIS AND SAMPLE TREATMENT 

The aluminum-based framework Al-CAU-67, [(Al(OH)(H2BPD)] · 11 H2O, was discovered through a 

systematic high-throughput investigation, involving AlCl₃, the linker H₄BPD, additives, and multiple 

temperature–time protocols (Figure 1 and SI section 3.2). The linker molecule was synthesized using a 

modified literature procedure; details are given in the supporting information (SI section 3.1). Phase-

pure formation of highly crystalline Al-CAU-67 was achieved by combining solid H₄BPD, water, aqueous 

solutions of NaOH and AlCl₃ in a molar ratio of Al³⁺ : H₄BPD : NaOH = 1.2 : 1 : 3. Hydrothermal synthesis 

at 135 °C yielded the compound after reaction times ranging from 10 minutes under continuous 

stirring in glass vessels to 36 h in PTFE-lined steel autoclaves. Microwave-assisted synthesis under 
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continuous stirring in glass vessels at the same temperature yielded a highly crystalline product within 

6 h. Notably, scale-up was readily achieved under reflux conditions in a round-bottom flask (250 mL), 

yielding up to 2 g of product per batch. In all cases, Al-CAU-67 was obtained as a colorless, 

microcrystalline powder with various morphologies and particle sizes (up to 80 µm along the largest 

dimension), depending on the synthesis method. The largest crystals were obtained under static 

conditions in PTFE-lined autoclaves, while reactions under reflux and stirring resulted in the smallest 

crystals (up to 5 µm, Figure 1). Details are given in SI sections 3.3 and 4.6. The purity of Al-CAU-67 was 

confirmed by PXRD, infrared (IR) and NMR spectroscopy as well as elemental analysis. Analogous 

synthesis optimization procedures yielded the gallium analogue Ga-CAU-67; detailed data for this 

compound, which exhibits similar properties, are provided in the SI section 4. 

 

Figure 1: Summary of the synthesis conditions resulting in the formation of Al-CAU-67 - 

[(Al(OH)(H2BPD)]. Different synthesis conditions under the same stoichiometric molar ratio of Al3+ : 

H4BPD : NaOH = 1.2 : 1 : 3  led to different particle morphologies. Solvothermal synthesis at 135 °C for 

2 d led to irregularly shaped block-like crystallites; microwave-assisted synthesis at 135 °C with 

constant stirring for 6 h led to homogeneous block-shaped crystallites; and reflux-based synthesis with 

constant stirring for 1 h led to very small, regularly shaped needles. The white scale in the SEM pictures 

is equal to 5 µm. Detailed conditions are given in the SI sections 3.3 and 4.6. 

Samples collected immediately after the synthesis are referred to as AS (after synthesis). To render the 

pores accessible and prevent pore collapse upon removal of the water molecules due to capillary 

forces, solvent exchange was conducted using methanol (MeOH), ethanol (EtOH), and 

dichloromethane (DCM); samples subjected to this treatment are denoted as SE (solvent exchange). 

Recovery of the crystalline CAU-67 phase after thermal and mechanical treatment was achieved by 

refluxing the material in water for one hour. These samples are denoted as Recycle. Samples treated 

to improve crystallinity by reflux treatment are referred to as Reflux. Unless otherwise specified, all 

characterizations were performed on samples obtained from the microwave-assisted synthesis and 

were subjected to a reflux treatment. 
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STRUCTURE DETERMINATION AND DESCRIPTION  

Although Al-CAU-67 was obtained as single crystals suitable for SCXRD, disordered water molecules in 

the pores prevented their localization in the electron density map, and their contribution was removed 

during the refinement of the SC data (Table 1). This omission resulted in a noticeable discrepancy 

between the observed and calculated intensities in the PXRD patterns (SI section 4.1). To model the 

arrangement of the water molecules in the pores, the crystal structure was refined against PXRD data. 

Based on the results of elemental and TG analyses of the same sample (SI section 4.3), eleven 

additional oxygen atoms corresponding to non-coordinated water molecules were introduced and 

subjected to global optimization using simulated annealing,44 as implemented in TOPAS 

Academic V 6.0.45 Repeated minima were found in which all solvent molecules take positions in the 

pore volume, not colliding with any of the framework atoms. No constraints had to be applied. Further, 

refinement of the linker molecules, which were modelled as rigid bodies with degrees of freedom for 

the torsion angles of the phosphonate group towards the aliphatic backbone, was performed. Only 

minor positional changes compared to the results of single-crystal structure determination were 

observed. The Rietveld refinement is in good agreement with measured PXRD data (Table 1, Figure 2). 

Refinement against pair distribution function (PDF) data revealed the overall same framework 

structure with differences due to the disordered solvent molecules (SI section 4.1.3).  

Table 1: Summary of crystallographic data of Al-CAU-67 obtained by SCXRD analysis and Rietveld 

refinement against PXRD data.  

SCXRD data PXRD data (Refined SCXRD data) 

Parameter Value Parameter Value 

Empirical formula Al(OH)(C12H24N2O7P2) Empirical formula Al(OH)(C12H24N2O7P2)·11H2O 

Formula weight 398.26 Formula weight 612.44 

Temperature / K 100.00(11) Temperature / K 293 

Refinement Least Squares Refinement Rietveld 

Crystal system triclinic Crystal system triclinic 

Space group P-1 Space group P-1 

a / Å 6.85827(17) a / Å 6.83391(12) 

b / Å 14.5159(8) b / Å 14.6963(4) 

c / Å 14.9646(5) c / Å 14.9849(4) 

α / ° 77.961(4) α / ° 82.521(3) 

β / ° 83.656(2) β / ° 85.9141(18) 

γ / ° 80.252(3) γ / ° 79.119(3) 

V / Å3 1431.60(10) V / Å3 1463.67(6) 

R1 [I  2σ (I)] 0.0767 RBragg / % 0.641 

wR2 0.2284 Rp / % 1.56 

R1 [all data] 0.0794 Rexp / % 4.86 

wR2 [all data] 0.2320 Rwp / % 2.03 

GoF / % 1.058 GoF / % 0.41885 

https://doi.org/10.26434/chemrxiv-2025-jd1sk ORCID: https://orcid.org/0009-0007-7587-9960 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-jd1sk
https://orcid.org/0009-0007-7587-9960
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

7 
 

Al-CAU-67, [(Al(OH)(H2BPD)]·11H2O, crystallizes in a structure isoreticular to MIL-91(Al).46 Structural 

details are shown in Figure 2. The asymmetric unit contains two Al³⁺ cations: one situated at the center 

of the unit cell and the other at the center of the bc-face, and one bridging OH group. Two symmetry-

independent fragments of the linker molecule are oriented parallel to the b- and c-axes. Each Al³⁺ 

cation is sixfold coordinated, being surrounded by four oxygen atoms from four distinct phosphonate 

groups and two hydroxide ions, forming the IBU. The hydroxide ions (µ-OH) connect adjacent Al³⁺ ions, 

forming an infinite chain of trans-corner-sharing AlO₆-polyhedra extending along the a-axis 

(Figure 2 C). Each H₂BPD²⁻ linker bridges four Al³⁺ ions via its phosphonate groups, each coordinating 

two Al³⁺ ions within the same chain in a coordination mode described as [2.110] in Harris notation 

(Figure 2 B).47 These two independent linker molecules expand the infinite chains into a three-

dimensional coordination network along the b- and c-axes. The unidirectional rhombic channels show 

a limiting diameter of 8.74 Å and a maximum pore diameter of 9.26 Å (Figure 2 E). The topology of 

MIL-91 and CAU-67 is well known and is also observed in the metal carboxylates with MIL-53 structure. 

Depending on the representation of the vertices, the framework can be described either by an 

sra (4,4-net), rna (3,6-net) or bqp (4,6-net) topology.48,49 In the Cheetham50 notation for hybrid solids, 

the structure of all three MOFs can be described as a one-dimensional connected IBU, which is 

connected to two other dimensions via the organic linker, forming a three-dimensional framework, 

which is denoted I1O2. 

According to the chemical formula [(Al(OH)(H2BPD)]·11H2O, two protons are present. As observed in 

MIL-91, these are located at the N atoms of the ring. This protonation is supported by SCXRD, FTIR, 

DRIFT and XPS spectroscopy (SI sections 4.1, 4.5 and 4.11). The ammonium groups form hydrogen 

bonds with the phosphonate oxygen atoms of neighboring linker molecules, which contributes 

additional stabilization to the structure. Two distinct donor-acceptor distances are observed: (1) 

N1-H···O12=P11 with an N1···O12 separation of 2.788(14) Å, and (2) N11-H···O2–P1 with a separation 

of 2.844(10) Å. Similar motifs are found in Al-MIL-91, where slightly shorter hydrogen bonds 

(2.564(9) Å, 2.597(7) Å) have been proposed to account for framework rigidity.30,46 The longer 

hydrogen bond distances in Al-CAU-67 may contribute to its observed flexibility. Similar hydrogen bond 

interactions have also been reported in [ZrF2(H2PMP)] (d(O···N) = 2.61(12) Å)51 and α-PCMOF21-Cl 

framework (d(O···N) = 2.733 Å).52  

The structural data for CAU-67 obtained from Rietveld refinement against PXRD data and from SCXRD 

data have been deposited with the Cambridge Crystallographic Data Center (CCDC numbers 2452205, 

2487365, 2487454). 
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Figure 2: (A) Result of the Rietveld refinement against the XRPD data of Al-CAU-67. The measured PXRD 

pattern is shown in black, and the calculated one in red. The difference between the calculated and 

measured PXRD is shown in blue. Permitted reflection positions are shown as black vertical lines. The 

y-axis is scaled in root representation to make differences more visible. No additional reflections were 

observed. (B) Connectivity of a linker molecule to the aluminum ions. (C) Inorganic building unit (IBU) 

formed by the trans-corner-sharing AlO6- and CPO3-polyhedra along the a-axis with phosphonate-

groups originating from different linker molecules. (D) unit cell and (E) pores of CAU-67 seen along the 

a-axis, oxygen molecules omitted for clarity. General color scheme: Al = turquoise, P = orange, O = red, 

N = purple, C = grey, H = white. 

In order to understand the structural transformations of Al-CAU-67, it is crucial to clarify the role of 

water molecules within the framework and investigate how structural transformations upon activation 

are influenced. Accordingly, the thermal behavior of the material was examined using variable 

temperature powder X-ray diffraction (VT-PXRD), thermogravimetric and differential thermal analysis 

(TGA-DTA), differential scanning calorimetry (DSC) and temperature-dependent diffuse reflectance 

infrared Fourier transform spectroscopy (TD-DRIFTS). The behavior upon rehydration of the guest-free 

framework was investigated with water vapor sorption measurements and humidity-dependent PXRD 

experiments. Validation of the framework’s structure was further achieved through solid-state nuclear 

magnetic resonance (ssNMR). This data will be presented in the following paragraphs. 
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THERMAL PROPERTIES  

Mass losses associated with the desorption of guest molecules and the decomposition of the 

framework were monitored by DTA-TG. The TG data of Al-CAU-67 (Figure 3 (left, black line) and SI 

section 4.3) exhibited a small weight loss during equilibration at 30 °C under N₂ flow, followed by a 

two-step endothermic mass loss indicating the presence of two types of physisorbed water molecules 

residing in the one-dimensional channels with Tend = 90 °C and Tend = 150 °C, respectively. The 

combined mass loss (Δmsum = 36 %) corresponds to the release of ≈13 H₂O molecules per formula unit 

(Δmcalc. = 37 %). Starting at 150 °C, the TG curve exhibits a plateau, indicating the formation of an 

anhydrous framework that is thermally stable in this temperature range. Above 361 °C, the sample 

appears to thermally decompose (SI, section 4.3.3). The DSC-measurement (Figure 3 (left, white line) 

and SI section 4.4) shows two endothermic peaks associated with the stepwise evaporation of water 

guest molecules from the framework (ΔH ≈ 172 kJ mol⁻¹ at Tpeak ≈ 90 °C, and ΔH ≈ 38.4 kJ mol⁻¹ at 

Tpeak ≈ 149 °C). Both signals are confined to the initial up-scan; down-scans show no reversibility, and 

subsequent up-scans are featureless, consistent with formation of a stable anhydrous phase after the 

first heating cycle. VT-PXRD (Figure 3, left contour plot) revealed a series of structural transformations 

of Al-CAU-67 at approximately 40, 60, 95, 120, and 150 °C, which correlate with the dehydration events 

evidenced in the TG and DCS curves (Figure 3). We attribute the transformations to (1) reorganization 

of the hydrogen-bonding network of pore water during the initial heating stages, followed by (2) 

framework contraction upon guest removal to minimize empty pore volume. Upon dehydration, most 

reflections shift to higher 2θ values, consistent with contraction of the unit cell and the formation of a 

narrow-pore phase persisting up to 150 °C. Above that temperature, only a few reflections at low 

angles and otherwise diffuse scattering can be observed (Figure 3), pointing to a loss in long-range 

order. In contrast, some short-range order persists in the sample. Temperature-dependent DRIFTS 

provides additional support for the proposed steps (Figure 3, right). The bridging μ-OH stretching 

vibration at 3665 cm⁻¹ remained observable up to 250 °C, confirming the integrity of the inorganic 

building units despite loss of crystallinity above 150 °C. The N-H stretching vibration at 2740 cm⁻¹, 

assigned to the tertiary ammonium cation of the linker molecule, is visible over the entire temperature 

range, indicating that the phosphonate remained coordinated to aluminum and is not protonated. 

With progressive dehydration, the water-related bands at 3350 cm⁻¹ (O-H stretching) and 1655 cm⁻¹ 

(H-O-H bending) diminish and disappear above 150 °C, consistent with the observation of a dehydrated 

form. Merging and broadening of vibrational modes in the fingerprint region above 150 °C further 

reflect the loss of long-range order and are attributed to vibrational broadening. 

https://doi.org/10.26434/chemrxiv-2025-jd1sk ORCID: https://orcid.org/0009-0007-7587-9960 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-jd1sk
https://orcid.org/0009-0007-7587-9960
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

10 
 

  

Figure 3: Left: Combination of the results of the VT-PXRD, TGA and DSC measurements. Contour plot 

of reflection intensity of VT-PXRD (color scale) as a function of 2Θ and temperature (y-axis, left). The 

black line represents the TGA mass-loss curve (first right y-axis), showing the removal of water 

molecules from the pores. The white curve (DSC signal, second right y-axis) shows the heat flow, exo 

down, highlighting the endothermic process of the release of the guest molecules. Multiple structural 

transformations into unknown crystalline phases are visible at 40, 60, 95, 116, and 150 °C, 

accompanied by systematic shifts of reflections and endothermic heat flow events. Above 150 °C, the 

long-range order is largely lost. Right: DRIFT spectra recorded at selected temperatures (offset for 

clarity). The μ-ν(O-H) at 3665 cm-1 remains visible up to 250 °C, indicating preservation of the inorganic 

building unit despite the decrease in long-range order. The loss of water molecules can be observed 

by the disappearance of the ν(O-H) (3350 cm-1) and the δ(O-H) band (1655 cm-1) between room 

temperature and 200 °C. The merging of bands in the fingerprint region is attributed to vibrational 

broadening. 

In contrast, Al-MIL-91 undergoes only minor unit-cell changes upon heating.30 This pronounced 

structural rigidity is attributed to strong hydrogen bonds between the phosphoryl groups and the 

ammonium cations of the piperazine-based linker.30 While Al-CAU-67 exhibits pronounced structural 

changes at each transformation step, precluding single-crystal or topotactic transformations, the 

structural flexibility likely stems from the greater conformational freedom of the extended bipiperidine 

linker and weaker hydrogen bonding reflected in the longer hydrogen bonds compared to MIL-91. 

Exposure of the dehydrated phases of Al-MIL-9130 as well as Al-CAU-67 (Figure 5) to humid air at room 

temperature results in complete and reversible rehydration and restoration of crystallinity. 

SORPTION PROPERTIES 

The high amount of removable water molecules up to 150 °C observed in the TG curve prompted us to 

study the adsorption of various probe molecules to gain information on the porosity, framework 

responsiveness, and guest-host interactions of Al-CAU-67 (Figure 4). Thermal activation (80 °C, 

p < 10-2 kPa) of a water-loaded sample (Al-CAU-67-Reflux) resulted in a negligible N2 uptake at 77 K, 

which was probably due to a framework collapse caused by capillary forces upon removal of the water 

molecules (SI section 4.7). To prevent the collapse, a stepwise activation protocol was developed 
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comprising sequential solvent exchange steps using MeOH, EtOH, and DCM, with the samples kept 

DCM-wet until final activation (80 °C, p < 10-2 kPa). Microporosity was observed, but despite this 

careful protocol, structural changes during desolvation are still observed, consistent with the intrinsic 

flexibility of the framework.  

 

Figure 4: Sorption isotherms and PXRD patterns of Al-CAU-67. The adsorption (filled symbols) and 

desorption (open symbols) branches of the isotherms are shown. (A) Nitrogen gas and (B) water vapor 

sorption isotherms of Al-CAU-67-SE. (C) PXRD patterns of samples after N2 sorption measurement (1, 

blue), stored for 48 h under ambient conditions (2, green) and after recycling, Al-CAU-67-Recycle (3, 

red) highlighting the structural changes upon activation and sorption measurement (1) as well as the 

possibility to regain long range order upon treatment with H2O ((2) and (3)). (D) MeOH vapor sorption 

isotherm. (E) EtOH vapor sorption isotherm. (F) Toluene vapor sorption isotherm. SE = solvent 

exchanges, Recycle = reflux treatment in water.  

Nitrogen sorption isotherms were recorded at 77 K to determine the specific surface area via the BET 

method, applying the Rouquerol criteria.53 Water, MeOH, EtOH and toluene vapor sorption at 298 K 

were used to assess solvent uptake and to probe framework flexibility. Additional sorption 

measurements were performed using CO₂ at 298 K and Ar at 87 K. Al-CAU-67 exhibited porosity 

towards all tested adsorptives (Figure 4, Table 2, SI section 4.7). 

The N₂ isotherm of Al-CAU-67-SE exhibits Type-I behavior with a BET surface area of 205 m² g⁻¹, 

markedly lower than the theoretical value of 1084 m² g⁻¹ calculated for the fully expanded structure 

(Poreblazer54–56). Similar results with Ar at 87 K (SI section 4) confirm that the reduced surface area 

originates from framework contraction during activation, in line with the VT-PXRD and solid-state NMR 

data. Water sorption data revealed a maximum uptake of 415 mg g-1 (≈ 9 H₂O per formula unit) in three 

distinct steps (2, 4, and 3 molecules), indicative of progressive pore filling and framework flexibility. 
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Kinetic limitations during rehydration are probably responsible for the smaller uptake compared to the 

results of the TG and elemental analysis; humidity-dependent PXRD data confirmed regeneration of 

the original framework upon equilibration (72 h, RH = 75 %, shown below). Vapor-sorption isotherms 

of MeOH, EtOH, and toluene demonstrate different sorption behaviors, reflecting the impact of the 

kinetic diameters (3.63, 4.53, 5.25 Å) and specific host-guest interactions. Maximum uptakes reach 

389 mg g⁻¹ (4.8 mol mol⁻¹) for MeOH, 306 mg g⁻¹ (2.6 mol mol⁻¹) for EtOH, and 186 mg g⁻¹ 

(0.8 mol mol⁻¹) for toluene. Alcohol sorption revealed sorbate-dependent transitions. H2O, MeOH and 

EtOH vapor sorption experiments show multi-step isotherms, characteristic of adsorption-induced 

switching from narrow- to large-pore forms. The EtOH step occurs at lower p/p0 values than the MeOH 

step, which can be rationalized either by the more hydrophobic nature of the pore or by the higher 

polarizability of EtOH, leading to stronger sorbate-sorbent and sorbate-sorbate interactions and 

thereby lowering the pressure required to trigger the transition. The smaller kinetic diameter of MeOH, 

however, enables slightly higher overall uptake. In contrast, toluene adsorption – with a much larger 

kinetic diameter and lacking hydrogen-bonding capability – results in a Type I isotherm, indicating 

strong interactions due to the more hydrophobic nature of the pore or high polarizability of the 

sorbate, adsorption into narrow pores of the activated framework and absence of an adsorption-

triggered phase transition. 

Table 2: Summary of physical parameters of selected gas and vapor adsorbates and the results of the 

sorption experiments of Al-CAU-67. 

Probe 
Kin. Diam57. 

/ Å 

Polarizability57 

X1025/cm-1 

Dipole moment57 

x1018/esu cm 

Temp. / 

K 
Isotherm 

Specific surface area 

micropore volume 

uptake capacity 

N2 3.64-3.80 17.403 0 77 Type I 

sBET = 205 m²/g 

Vtot=0.155 cm3/g 

(p/p0 = 0.99) 

H2O 2.641 14.5 1.855 298 Multistep 
mads, max = 415 mg/g 

nads, max = 9 mol/mol 

CO2 3.3 29.11 0 298 Near linear 

nads, max = 

404 mmol/mol  

(100 KPa) 

Ar 3.542 16.411 0 87 Type I 

sBET = 202 m²/g 

Vtot=0.089 cm3/g 

(p/p0 = 0.76) 

MeOH 3.626 32.3 - 33.2 1.70 298 Multistep 
mads, max = 389 mg/g 

nads, max = 4.8 mol/mol 
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EtOH 4.530 51.1 - 54.1 1.69 298 Multistep 
mads, max = 306 mg/g 

nads, max = 2.6 mol/mol 

Toluene 5.25 118 - 123 0.375 298 Type I 

mads, max = 185.85 mg/g 

nads, max = 0.803 

mol/mol 

 

After the sorption experiments, PXRD patterns of the activated samples revealed structural changes 

upon activation, guest uptake, and release. Notably, long-range order can be fully recovered by storing 

the sample in humid air or by refluxing the material in water (Figure 4, SI), highlighting the reversible 

and flexible nature of the framework, in line with a displacive rather than reconstructive nature of the 

phase transition.  

Details regarding the sorption behavior of Ga-CAU-67 are provided in the SI section 4.7.2.  

SOLVENT-DRIVEN STRUCTURE CHANGES  

To investigate the reversible structural breathing behavior58–61 upon de- and rehydration, in-situ PXRD 

under controlled relative humidity (RH) was used to investigate framework changes upon water 

sorption (Figure 5). Prior to measurement, Al-CAU-67-SE was activated under dry N₂ at 80 °C for 3 h. 

Subsequently, the sample was exposed to incremental levels of relative humidity, selected to 

correspond to key features observed in the water-vapor adsorption isotherm. 

Upon activation of Al-CAU-67, the most prominent reflections shift to higher 2θ values and markedly 

broaden, accompanied by the attenuation of weak reflections, consistent with the contraction of the 

unit cell and reduced long-range order in the dehydrated framework. At low RH (≤ 15 %), the 

diffractograms are dominated by reflections of this activated phase, in line with the modest uptake in 

the initial low p/p0 regime of the isotherm (Figure 5). Between 15 - and 35 % RH, the reflections shift 

systematically toward lower 2θ values and additional reflections emerge, indicating lattice expansion 

and a hydration-induced change to accommodate the water molecules. Above 40 % RH, the patterns 

progressively revert toward those of the hydrated Al-CAU-67 phase, with a mixed-phase region across 

this RH window (RH = 40 – 70 %), where reflections of the dehydrated and hydrated structures as well 

as other phases coexist. The observation of phase mixtures could be due to the slow kinetics of the 

water uptake. After 30 h at 75 % RH, the PXRD pattern converges with that of the original hydrated 

material (Figure 5).  
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Figure 5: Humidity-dependent in situ PXRD (left) and water-vapor adsorption isotherm (right) of Al-

CAU-67-SE. Before measurement, the sample was activated under dry N₂ (80 °C, 3 h). RH set points for 

PXRD were chosen to match characteristic regions of the isotherm (vertical guides). On activation, 

reflections shift to higher 2θ and broaden, consistent with unit-cell contraction and reduced long-range 

order. At low RH (≤ 15 %), the activated phase dominates. Between ~15-35 % RH, reflections move to 

lower 2θ and additional peaks appear, indicating lattice expansion and hydration-induced expansion. 

Above ~ 40 % RH, the patterns revert toward the hydrated phase with a mixed-phase region; after 30 

h at 75 % RH, the pattern coincides with the hydrated material.  

 

SOLID-STATE NMR INVESTIGATION  

To gain further insight into the local coordination environments in Al-CAU-67, NMR crystallography 

was employed. The structure of Al-CAU-67 contains two distinct phosphonate groups (Figure 6 A), 

resulting in two sharp and well-resolved resonances in the 31P MAS NMR spectrum (Figure 6 B). The 

downfield resonance at 7.5 ppm corresponds to the P11-centered phosphonate group, while the 

upfield signal at -1 ppm arises from the P1-centered phosphonate. The chemical shift difference is 

attributed to a weaker hydrogen-bonding nature of the N11⋯H11⋯O2-P1 bond, driven by a longer 

bond distance, 2.8437(10) Å vs. 2.7881(14) Å for N1⋯H1⋯O12=P11, and the direct participation of a 

phosphoryl oxygen (P=O), which typically forms stronger hydrogen bonds than bridging oxygen atoms 

(P-O-M) (Figure 6 A). NMR simulations (SI section 4.8) of the O2-P1 (pink) and O12=P11 (blue) 

contributions closely match the experimental spectrum, confirming the assignment of these 

phosphorus environments (Figure 6 B). Following the post-synthetic reflux treatment, the resolution 

of the 31P resonances increases, which can be attributed to reduced structural disorder resulting in 

more homogeneous phosphorus environments (SI section 4.8). Notably, such spectral sharpening is 

absent in the Al-MIL-91 framework (SI section 4.8.2). The 27Al MAS NMR spectrum of Al-CAU-67 (Al1 

δCS = 8.2 ppm, CQ = 195.5 MHz and ηQ = 0.31; Al2: δCS = 4.9 ppm, CQ = 143.1 MHz and ηQ = 0.48) exhibits 

a characteristic second-order quadrupolar line shape, consistent with aluminum in sixfold-coordinated 
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(octahedra-like) environments (Figure 6 D, G).48,62 To further resolve the individual Al sites, 27Al triple-

quantum magic angle spinning (27Al 3Q-MAS) spectroscopy was employed (Figure 6 D). This technique 

effectively separates the isotropic chemical shift from quadrupolar broadening, enabling resolution of 

multiple sites within the material. The 3Q-MAS spectrum displays two prominent correlation regions, 

confirming the existence of two six-fold coordinated (AlO₆) sites, Al1 and Al2 (Figure 6 E, F). The 

isotropic signal at 8 ppm can be attributed to the Al1 site and correlates with the overall MAS spectrum, 

while the isotropic contribution around 5 ppm, assigned to Al2, specifically correlates with the MAS 

spectral region from 0 to -15 ppm. Fitted quadrupolar contour plots of each contribution (Figure 6 E, F) 

and the total spectrum (Figure 6 G, green) show good agreement with the experimental data, 

validating the structural model derived from SCXRD data and PXRD refinements. 

 

Figure 6: (A) Different bonding environments of P1 and P11. The single-bonded atom O2, which is 

connected to P1 and coordinating to Al2, forms a weaker H-bond compared to O12, which forms a 

double bond to P11. (B) 31P MAS NMR spectrum of Al-CAU-67-Reflux (black) and simulation of the 

contributions of P1 (pink) and P11 (blue). (C) Different coordination environments of Al1 and Al2 

resulting from the tilted polyhedra. (D) 27Al 3Q-MAS NMR spectrum of Al-CAU-67. (E) Experimental 

slice of MQ-MAS correlation site at δiso ≈ 5 ppm (black) and contribution of Al2 (red). (F) Experimental 

slice of MQ-MAS correlation site at δiso ≈ 8 ppm (black) and contribution of Al1(blue). (G) 1D 27Al MAS 
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spectrum (black) reproduced as the sum (green, Al1 + Al2) of the individually fitted contributions (Al2, 

red and Al1, blue). 

The investigations in thermal and sorption properties revealed a highly flexible framework. In order to 

investigate the local structural changes accompanied by the changes of the magnetic environments, 

ssNMR experiments were carried out under in-situ activation conditions. Al-CAU-67-SE was dried at 

reduced pressure (< 10⁻² kPa) for two hours and filled into the rotor under inert conditions, followed 

by in-situ activation at 80 °C using variable-temperature solid-state nuclear magnetic resonance 

(VT-ssNMR) spectroscopy. The 31P and 27Al ssNMR spectra acquired after activation at 80 °C 

(Figure 7: A, B, pink curves) revealed changes in the local atomic structure. These activation conditions 

also induce large structural changes, as evidenced by VT-PXRD measurements conducted under 

reduced pressure (Figure 7: C). The flexibility of Al-CAU-67 facilitates such structural changes, which 

influence the local environment of the phosphorus and aluminum atoms. At 80 °C, the 31P NMR 

spectrum (Figure 7: A, pink curve) displays signals corresponding to a new local environment relative 

to the hydrated room-temperature data. This suggests a loss of symmetry in the framework as a result 

of structural changes upon guest removal. The altered chemical shifts of the P environments may 

correlate with a weakening of the hydrogen-bonding interactions within the framework and a higher 

flexibility of the linker. Similarly, the 27Al NMR spectra at 80 °C (Figure 7: B, pink curve), exhibit changes, 

where these modifications predominately affect the Al1 site, indicating a decrease in quadrupolar 

coupling at this site.  

To demonstrate the reversibility of these structural changes and the recovery of Al-CAU-67 to its initial 

state from a structural and crystallographic point of view, the activated material was subjected to a 

reflux treatment (Figure 7: A, B, C red curves). The resulting 27Al and 31P NMR spectra confirm the 

restoration of the original local environments. 

 

Figure 7: (A) 31P MAS NMR spectrum of Al-CAU-67-Reflux (black), activated Al-CAU-67 at 80 °C under 

vacuum (pink) and recycled Al-CAU-67 after the reflux. (B) 27Al MAS NMR spectrum of Al-CAU-67-Reflux 

(black), activated Al-CAU-67 at 80 °C under vacuum procedure (pink) and recycled Al-CAU-67 after the 
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reflux procedure. (C) PXRD data of Al-CAU-67-Reflux (black), activated Al-CAU-67 at 80 °C under 

vacuum (pink) and recycled Al-CAU-67 after the reflux procedure. 

CONCLUSION 

The synthesis and full characterization of CAU-67 [M(OH)(H₂BPD)] (M = Al³⁺, Ga³⁺) is presented. The 

compound forms an isoreticular structure previously reported for the metal phosphonate MIL-91 and 

thus presents a very rare example of an isoreticular expanded, porous metal phosphonate framework. 

As observed in Al-MIL-91, the framework is composed of chains of edge-sharing AlO₆ polyhedra linked 

in two dimensions by the bisphosphonate linker in a [2.110] fashion, resulting in a topology that is also 

commonly observed in metal carboxylate MOFs such as MIL-53. In analogy to MIL-91, the lattice is also 

stabilized by N H···O P hydrogen bonds between ammonium and phosphonate groups. Al-CAU-67 is 

microporous (sBET ≈ 205 m² g⁻¹) and exhibits pronounced, reversible breathing (ΔV/V ≈ 32 %) between 

the hydrated and the activated state. Sorption experiments with vapors of water, MeOH, EtOH and 

toluene demonstrate size- and polarity-dependent guest uptake. ³¹P/²⁷Al ssNMR data, including MQ-

MAS measurements, validate two distinct P and Al sites, and can be used to clearly track the reversible 

breathing. Following temperature and pressure-induced changes through removal of guest molecules, 

the original phase is fully recovered by storage in air at 75% RH for a few days or by a 1h treatment in 

water under reflux conditions. Humidity- and VT-PXRD were used to map structural transformations, 

and in combination with DRIFTS and TGA data, the stability window of the dehydrated CAU-67 was 

established. The combination of high-throughput discovery, gram-scale synthesis, and comprehensive 

structure–property mapping establishes CAU-67 as a rare, well-characterized example of an expanded 

permanently porous phosphonate MOF.  
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