
S1 
 

 

 

 

 

 

Supplementary Materials for 

Exceeding Flexpectations: A Combined Experimental and Computational 
Investigation of Structural Flexibility in 3-Dimensional Linker-Based Metal–

Organic Frameworks 
Courtney S. Smoljan1, Filip Formalik1,2, Michael L. Barsoum3,†, Kira M. Fahy4,†, Madeleine A. Gaidimas4,†, 
Florencia A. Son4,†, Haomiao Xie4, Karam B. Idrees4, Omar K. Farha1,4,*, Randall Q. Snurr1,* 
1Department of Chemical and Biological Engineering, Northwestern University, Evanston, IL 60208, United States 

2Department of Micro, Nano, and Bioprocess Engineering, Faculty of Chemistry, Wroclaw University of Science and Technology, 
Wroclaw 50-370, Poland 

3Department of Materials Science and Engineering, Northwestern University, Evanston, IL 60208, United States  

4Department of Chemistry and International Institute for Nanotechnology, Northwestern University, Evanston, IL 60208, United 
States  

†These authors contributed equally. 

*Correspondence: Omar K. Farha – o-farha@northwestern.edu; Randall Q. Snurr – snurr@northwestern.edu   

Supplementary Information (SI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2025

mailto:o-farha@northwestern.edu
mailto:snurr@northwestern.edu


S2 
 

Contents 
1. Experimental Methods .................................................................................................................... 3 

1.1 Material Synthesis and Preparation ........................................................................................ 3 
1.1.1 Single Crystals of NU-2003 ................................................................................................ 3 
1.1.2 Material Synthesis and Preparation for Compression Experiments ........................................ 3 

1.2 Material Characterization .............................................................................................................. 3 
1.2.1 Powder X-ray Diffraction Under Ambient Conditions .............................................................. 3 
1.2.2 Single Crystal X-ray Diffraction Experiment for NU-2003 ....................................................... 3 

1.3 In Situ Variable Pressure X-ray Diffraction Experiments ............................................................... 4 
1.3.1 Experimental Setup ................................................................................................................ 4 
1.3.2 Refinement Details ................................................................................................................. 4 
1.3.3 Bulk Modulus Calculation ....................................................................................................... 4 

2. Computational Methods ..................................................................................................................... 5 
2.1 Density Functional Theory (DFT) Geometry Optimizations ........................................................... 5 
2.2 Young’s Moduli Calculations ......................................................................................................... 7 
2.3 Grand Canonical Monte Carlo Simulations ................................................................................... 8 

3. Supplemental Text and Additional Results ......................................................................................... 9 
3.1 Material Characterization .............................................................................................................. 9 

3.1.1 Powder X-ray Diffraction under Ambient Conditions ............................................................... 9 
3.1.2 Crystallographic Information for NU-2003 ............................................................................. 11 

3.2 Computational Results ............................................................................................................... 13 
3.2.1 Optimized Condensed Phases from DFT Calculations ......................................................... 13 
3.2.2 Fitted Energy-Volume Diagrams .......................................................................................... 15 

3.3 In Situ Variable Pressure Powder X-ray Diffraction Experiments ................................................ 18 
3.3.1 Birch-Murnaghan Fits ........................................................................................................... 18 
3.3.2 Bulk Moduli Values ............................................................................................................... 19 
3.3.3 Powder X-ray Diffraction Patterns ........................................................................................ 19 
3.3.4 Selected Fits ........................................................................................................................ 21 
3.3.5 Refinement Results .............................................................................................................. 26 

4. Additional References ...................................................................................................................... 38 
 
Other Supplementary Materials Accompanying this Manuscript: 

NU-2003.cif (CCDC: 2347333) 

  



S3 
 

1. Experimental Methods 

1.1 Material Synthesis and Preparation 

***Safety Caution: Parr vessels used in this study are equipped with a rupture disc built into the vessel 
head. At extreme pressures this double disc will blow out and release the pressure through an opening 
in the cover. Do not use pressure vessels without a safety rupture disc.*** 

1.1.1 Single Crystals of NU-2003 

Single crystals of NU-2003, reported here for the first time, were synthesized by adding 155 mg (0.99 
mmol) of vanadium trichloride and 38 mg (0.24 mmol) of bicyclo[1.1.1]pentane-1,3-dicarboxylic acid 
(BPDCA) to 2 mL of water in a 23 mL Teflon-lined stainless steel Parr vessel. The mixture was heated to 
200 °C for 7 days. 

1.1.2 Material Synthesis and Preparation for Compression Experiments 

The powder form of NU-2003 was prepared by adding 1200 mg (7.629 mmol) VCl3 and 600 mg (3.84 
mmol) bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (BPDCA) to 15 mL of deionized water in a 125 mL 
Teflon liner. The mixture was sonicated for 15 minutes, prior to sealing in a stainless-steel Parr vessel 
and heating in a synthetic convection oven for 1 day at 200 °C. After the vessel cooled to room 
temperature, the solid NU-2003 particles were isolated by centrifugation and washed three times with 10-
15 mL of deionized water and three times with 10-15 mL of dimethylformamide (DMF), with at least 30 
minutes in between each wash. The solids were then washed with 10-15 mL of acetone three times, 
leaving the final wash overnight to allow for complete solvent exchange within the pores of the MOF. NU-
2003 was activated for 12-16 hours under dynamic vacuum at 150 °C on a Micromeritics SmartVac Prep 
System prior to characterization. All other materials (NU-2000, NU-2001, NU-2002, and NU-2005) were 
prepared and activated (desolvated) according to previously reported procedures.S1-3 

1.2 Material Characterization 

1.2.1 Powder X-ray Diffraction Under Ambient Conditions 

Prior to each pressure campaign (see Section 1.3 for details on the pressure campaigns) and addition of 
the pressure transmitting medium (Fluorinert FC-70), diffraction data of the combined MOF and CaF2 
mixture were collected to verify that both species were present. The data were collected over 1 minute 
using monochromatic X-rays (λ = 0.452 Å) at the 17-BM-B beamline at the Advanced Photon Source at 
Argonne National Laboratory. 

1.2.2 Single Crystal X-ray Diffraction Experiment for NU-2003 

Intensity data of a green, rod-like single crystal of NU-2003 were collected at 111.15 K. A suitable single 
crystal with dimensions of 0.02 × 0.01 × 0.01 mm3 was mounted on a MiTeGen loop with paratone oil on 
an XtaLAB Synergy diffractometer equipped with a micro-focus sealed X-ray tube PhotonJet (Cu) X-ray 
and a Hybrid Pixel Array Detector (HyPix) detector. The temperature of the crystal was controlled with an 
Oxford Cryosystems low-temperature device. Data reduction was performed with the CrysAlisPro 
software using an empirical absorption correction using spherical harmonics, implemented in SCALE3 
ABSPACK scaling algorithm with CrysAlisPro 1.171.42.101a (Rigaku Oxford Diffraction, 2023). The 
structure was solved with the ShelXT structure solution program using the Intrinsic Phasing solutionS4, 5 
method and by using Olex2 as the graphical interface. The model was refined with ShelXL using least 
squares minimization.S6 
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1.3 In Situ Variable Pressure X-ray Diffraction Experiments 

1.3.1 Experimental Setup 

To understand the behavior of NU-2000, NU-2002, NU-2003, and NU-2005 under mechanical pressure, 
we performed in situ variable pressure X-ray diffraction experiments at room temperature using a 
membrane-driven diamond anvil cell (DAC), according to our previously published procedures.S7-9 Prior 
to the X-ray diffraction experiments, the MOF powders were activated under dynamic vacuum on a 
Micromeritics Smart Vacuum Prep system. Using a mortar and pestle, the samples were gently mixed 
with the internal pressure standard CaF2 (~20% v/v). Stainless-steel gaskets (250 µm thick) were 
indented to ~100 µm using a membrane-driven diamond anvil cell (DAC) with 300 µm culets and drilled 
with a laser micro-machining system.S10 The pre-drilled gasket was placed in the cell and the MOF/CaF2 
mixture was packed into the hole, ensuring no loose powder remained on the gasket. The DAC was 
sealed carefully to ensure the powder was not compressed and an ambient pattern was collected (see 
Section 1.2.1).  

Prior to each pressure campaign, the DAC was reopened, and Fluorinert FC-70 was added to the 
mixture as a non-penetrating pressure-transmitting medium, to ensure that the sample experienced equal 
pressure from all directions.S8 The DAC was resealed and the compression membrane, driven by a 
methanol syringe pump system, was installed on the DAC. In situ variable pressure PXRD data were 
collected using monochromatic X-rays (λ = 0.452 Å) at the 17-BM-B beamline at the Advanced Photon 
Source, Argonne National Laboratory in combination with a Varex 4343CT area detector. After completion 
of the pressure campaign, which pressurized the sample to ~1 GPa, the sample was depressurized, and 
an additional set of diffraction data were collected at ambient conditions to assess the material’s ability 
to recover its crystallinity. 

1.3.2 Refinement Details 

The PXRD patterns were sequentially refined in GSAS-II using the Le Bail method.S11 The space group 
and starting unit cell parameters were taken from structures derived from single crystal X-ray diffraction.S1-

3 To determine the system pressure, the (1,1,1) and the (2,2,0) reflections of CaF2 were refined and the 
pressure was calculated from the following equationS7-9:  

 𝑃𝑃 =  84.109 ∗  (𝑉𝑉0/𝑉𝑉) –  84.113 
 

Eq. 1 

The MOF peaks were fit and sequentially refined between 2θ values of 2 and 15 (λ = 0.452 Å), 
excluding the aforementioned CaF2 reflections between 8-8.5 and 13.3-13.5 and peaks that correspond 
to the stainless-steel gasket between 12.4 and 13. The Le Bail extractions allowed us to determine unit 
cell parameters for NU-2000, NU-2002, NU-2003, and NU-2005 at each pressure (Figure S14 and Tables 
S5, S7, S9, and S11).  

1.3.3 Bulk Modulus Calculation 

We fit the unit cell data from fitting the MOF peaks and the pressure data from fitting the CaF2 peaks to 
the Birch-Murnaghan equation of state to calculate the experimental bulk modulus of each material: 

𝑃𝑃(𝑉𝑉) =
𝐾𝐾0
𝐾𝐾0′

��
𝑉𝑉
𝑉𝑉0
�
−𝐾𝐾′0

− 1� 

 

Eq. 2 
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where P is the pressure of the system calculated from Eq. 1, V is the unit cell volume fit from the MOF 
peaks, V0 is the initial unit cell volume of the MOF, K0 is the bulk modulus, and K’0 is the first derivative of 
the bulk modulus.S12 We fit the parameters K0 and K’0 using EOSFit7-GUI.S13, 14 

 
Figure S1. Schematic representation of bulk modulus, i.e. a material’s resistance to compression when subjected to uniform 
pressure (Px=Py=Pz). 

2. Computational Methods 

2.1 Density Functional Theory (DFT) Geometry Optimizations 

The 3DL-based structures were built by replacing the 1,4-benzene-dicarboxylate (BDC) linker component 
in the closed pore and open pore single crystal structures of MIL-53(Al) with the corresponding 3DL linker 
component using an open source Julia package called PoreMatMod, which employs a “find-and-replace” 
algorithm that allows for modification of MOF crystal structures.S15 In the case of the MIL-47(V) structure 
and its 3DL analogues, the Al nodes were changed to V nodes and the μ-OH groups were converted to 
μ-O groups in Materials Studio (v5.0.0.0). Because we previously found that NU-2001 has extra BODCA 
linkers stuck in 50% of the unit cells after washing and activation (Figure S2), we used the published 
single crystal structure (CCDC No. 2151358),S1 rather than building the structure as described above. 
The atoms and unit cells of these structures were optimized with periodic density functional theory (DFT), 
performed with VASP (v.5.4.4)S16-18 at the PBE-D3(BJ) level of theory.S19-21 We used a projector-
augmented plane-wave (PAW) basis set,S16, 17, 22 with an energy cutoff of 520 eV and a 1x1x1 k-point grid. 
The self-consistent energy convergence criterion was set to 10-6 eV. The spins on vanadium atoms in the 
vanadium-oxo chains were considered to be in antiferromagnetic arrangement, as previous investigations 
of MIL-47(V) demonstrate that antiferromagnetic spin results in lower electronic energy than the 
ferromagnetic spin state in this system.S23 We also used a Hubbard U correction of 3.1 eV to correct for 
electron over-delocalization of the vanadium atoms.S24 

To generate the energy-volume diagrams, we interpolated and extrapolated atomic positions 
between the narrow pore and large pore structures to generate input files of different volumes. Using the 
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same parameters as described above, we performed fixed volume geometry optimizations (0.01 eV/Å 
convergence criterion for forces was considered), allowing only the shape of the unit cell and the positions 
of the atoms to change. The energies from each geometry optimization were extracted and plotted 
against volume. 

 
Figure S2. (a) Crystal structure of NU-2001 (CCDC No. 2151358) showing additional linkers that remain in 50% of the unit cells 
after washing and activating. (b) Hypothetical structure of NU-2001 (no guest) without additional linkers in the pores. 
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2.2 Young’s Moduli Calculations 

 
Figure S3. Schematic representation of Young's modulus, i.e. a material’s resistance to deformation when a unidirectional stress 
is applied. 

The spatial dependence of the Young’s modulus was obtained from the elastic tensor. The elastic tensor 
can be derived from the generalized Hooke’s law: 

𝝈𝝈𝑖𝑖𝑖𝑖 = 𝑪𝑪𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝝐𝝐𝑖𝑖𝑖𝑖, 
 

Eq. 3 

where 𝝈𝝈𝑖𝑖𝑖𝑖, 𝑪𝑪𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝝐𝝐𝑖𝑖𝑖𝑖 represent stress tensor, elastic tensor and the strain tensor, respectively. While 
𝝈𝝈𝑖𝑖𝑖𝑖 and 𝝐𝝐𝑖𝑖𝑖𝑖 are 3x3 tensors, 𝑪𝑪𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is a 3x3x3x3 tensor. For simplification, we use Voigt notation where 
strain and stress tensors are expressed as 6 elements vectors, and the elastic tensor is simplified to a 
6x6 matrix. For details, please refer to the book by Nye.S25 

At least six linearly independent strains are required to solve the stress-strain equation (above). 
Initially, we tried to apply universal linear independent coupling strains as proposed by Yu et al.S26 
However, the resulting elastic constant had negative eigenvalues, suggesting structural instability of the 
crystal. We attribute this to the high flexibility of the studied MOFs represented by a very shallow/flat 
potential energy surface. 

 Instead, we followed the workflow used in the Materials Project,S27 deforming the unit cells 
according to the collection of normal (𝝐𝝐𝟏𝟏, 𝝐𝝐𝟐𝟐, 𝝐𝝐𝟑𝟑) and shear (𝝐𝝐𝟒𝟒, 𝝐𝝐𝟓𝟓, 𝝐𝝐𝟔𝟔) strains: 

𝝐𝝐𝟏𝟏 =
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Eq. 4 

with 𝛿𝛿 ∈ {−0.01,−0.005, +0.005, +0.01}. These strains were converted to the deformation gradients (𝑭𝑭) 
by solving the equation for the Green-Lagrange strainS27 (which can be solved by the Cholesky 
decomposition method, e.g., with scipy.linalg.cholesky()): 
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𝝐𝝐 =
1
2

(𝑭𝑭𝑇𝑇𝑭𝑭 − 𝑰𝑰) 
 

Eq. 5 

The deformation gradient was applied to the lattice vectors of the MOF unit cell. Next, for each deformed 
unit cell (24 per MOF structure) fixed volume and shape geometry optimization was performed within 
VASP software (see above for the details on the DFT calculations) to obtain the stress tensors. Finally, 
the elastic tensor (6x6 matrix) was obtained from least-squares fit of the independent strain-stress 
relations, followed by symmetrization (𝑪𝑪𝑠𝑠𝑠𝑠𝑠𝑠.= (𝑪𝑪𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖T + 𝑪𝑪𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)/2) and IEEE conversion (IEEE standard on 
piezoelectricity. ANSI/IEEE Std 176-1987 0-1 (1988)). 

In our calculations we used the pymatgen subpackage pymatgen.analysis.elasticity for generating 
strained structures and postprocessing the obtained stresses to calculate the elastic tensor. Finally, a 
function from the Elate packageS28 was used to calculate the spatial dependence of the Young’s modulus 
from the elements of the compliance tensor 𝑺𝑺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, which is the inverse of the elastic tensor. 

2.3 Grand Canonical Monte Carlo Simulations 

We simulated argon adsorption at 87 K and between 0 and 1 bar in the DFT optimized narrow pore and 
large pore structures of MIL-53 and 3 structures of NU-2002 (with volumes of 1104, 1126, and 1151 Å3) 
using grand canonical Monte Carlo simulations. These calculations were performed using the gRASPA 
code, an open-source code for Monte Carlo simulation which uses graphical processing  units (GPU).S29 
When performing the simulations, we used 250,000 cycles for initialization and production at each 
pressure point along the argon isotherm. We included translation, rotation, reinsertion, and swap 
(insertion or deletion) moves as the Monte Carlo moves, with all moves being randomly selected at equal 
probabilities. 

 We used Lennard-Jones parameters from the DREIDING force field for the framework atoms (Al, 
C, H, and O)S30 and from TraPPE for the argon adsorbate atoms.S31 Lorentz-Berthelot mixing rules were 
applied for the Lennard-Jones interactions between different pseudo-atoms. We used a 12.0 Å cutoff 
distance for Lennard-Jones interactions and tail correction for guest-guest interactions only. 

Table S1. Lennard-Jones parameters used in GCMC simulations. 

Atom ε/k (K) σ (Å) 
O 48.1581 3.03315 
C 47.8562 3.47299 
H 7.64893 2.84642 
Al 155.998 3.91105 
Ar 115.0 3.407 
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3. Supplemental Text and Additional Results 

3.1 Material Characterization 

3.1.1 Powder X-ray Diffraction under Ambient Conditions 

 

Figure S4. Simulated patterns of CaF2 (CCDC No. 1603773)S32 and NU-2002 (CCDC No. 2234124)S2 compared to mixture 
collected at ambient conditions, prior to pressurization experiment (λ = 0.452 Å). 

 

 
Figure S5. Simulated patterns of CaF2 (CCDC No. 1603773)S32 and NU-2003 (CCDC No. 2347333) compared to mixture 
collected at ambient conditions, prior to pressurization experiment (λ = 0.452 Å). 
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Figure S6. Simulated patterns of CaF2 (CCDC No. 1603773)S32 and NU-2000 (CCDC No. 2151356)S1 compared to mixture 
collected at ambient conditions, prior to pressurization experiment (λ = 0.452 Å). 

 
Figure S7. Simulated patterns of CaF2 (CCDC No. 1603773)S32 and NU-2005 (CCDC No. 2260499)S3 compared to mixture 
collected at ambient conditions, prior to pressurization experiment (λ = 0.452 Å). 
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3.1.2 Crystallographic Information for NU-2003 
Table S2. Crystal data and structural refinement for NU-2003                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Empirical formula C7H2.4O6.2V 
Formula weight 236.63 
Temperature (K) 111.15 
Crystal system orthorhombic 
Space group Imma 

a (Å) 16.342(3) 
b (Å) 6.8717(8) 
c (Å) 10.284(3) 

α=β=γ (°) 90 
Volume (Å3) 1154.9(4) 

Z 4 
ρcalc (g/cm3) 1.361 
Μ (mm-1) 7.279 
F(000) 468 

Crystal size (mm3) 0.02 × 0.01 × 0.01 
Radiation CuKα (λ = 1.54184) 

2Θ range for data collection (°) 10.162 to 134.882 
Index ranges -19 ≤ h ≤ 19, -7 ≤ k ≤ 8, -12 ≤ l ≤ 12 

Reflections collected 5436 
Independent reflections 594 [Rint = 0.1071, Rsigma = 0.0308] 

Data/restraints/parameters 594/10/45 
Goodness-of-fit on F2 1.594 

Final R indexes [I ≥ 2σ (I)] R1 = 0.1448, wR2 = 0.3655 
Final R indexes [all data] R1 = 0.1523, wR2 = 0.3719 

Largest diff. peak/hole (e Å-3) 1.71/-0.53 
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Figure S8. Single crystal X-ray diffraction (SCXRD) structure of NU-2003 (hydrogen atoms omitted for clarity). 
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3.2 Computational Results 

3.2.1 Optimized Condensed Phases from DFT Calculations 

 
Figure S9. Closed pore phases of (a) MIL-53(Sc) (CCDC No. 844243),S33 (b) NU-2002, and (c) NU-2003. 

The electronic energy profiles of both NU-2002 and NU-2003 demonstrate additional local energy 
minima at lower volumes, corresponding to condensed phases that are analogous to the condensed 
phase in MIL-53(Sc) (Figure S9).S33 The slope of the tangent line between the two minima yields the 
pressure required to stabilize this phase (𝑃𝑃(𝑉𝑉) = −𝜕𝜕𝜕𝜕(𝑉𝑉)

𝜕𝜕𝑉𝑉
).S34 From this analysis, the systems would need 

to reach approximately 0.22 and 0.15 GPa to stabilize this condensed phase in experimental conditions 
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for NU-2002 and NU-2003 respectively (Figure S10 and Table S3). However, this only considers the 
electronic energy contributions, not entropic or thermal effects.S35 Given that these high-pressure 
experiments were performed at room temperature, the open pore phase of NU-2002 and NU-2003 is 
further stabilized, which is why this condensed form is not realized in our experimental results. Therefore, 
although the structures built from the BPDCA linker exhibit two local minima, the open pore phases are 
more stable, making switching between the two phases more difficult than in MIL-53. 

 

 
Figure S10. Tangent lines between two local minima in Al and V structures built from BPDCA ligand (NU-2002 and NU-2003, 
respectively). 

Table S3. Electronic energy minima and tangent line values for DFT optimized values of the condensed and ambient phases of 
NU-2002 and NU-2003 (structures containing the BPDCA linker). The pressure required to reach the condensed phase from the 
ambient phase is the slope of the tangent line converted to GPa. Energies are reported in kJ/mol, where each a mole refers to 
a unit cell. 

MOF 
Condensed 

Phase Volume 
(Å3) 

Ambient 
Phase Volume 

(Å3) 

Closed Pore 
Energy 
(kJ/mol) 

Ambient 
Phase Energy 

(kJ/mol) 
Pressure 

(GPa) 

NU-2002 834 1128 33.2 0 0.22 
NU-2003 874 1155 25.4 0 0.15 
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3.2.2 Fitted Energy-Volume Diagrams 

 

 
Figure S11. Vinet equation of state fit of energy-volume data of MIL-53(np) generated using DFT by Hoffman et al.S36 

 
Figure S12. Vinet equation of state fits of energy-volume data generated using DFT for NU-2001 (no guest). 
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Figure S13. Vinet equation of state fits of energy-volume data generated using DFT for the following aluminum-based 
structures: (a) MIL-53(lp)S36, (b) NU-2002, (c) NU-2000, and (d) NU-2004. 
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Figure S14. Vinet equation of state fits of energy-volume data generated using DFT for the following vanadium-based 
structures: (a) MIL-47, (b) NU-2003, (c) NU-2001, and (d) NU-2005. 

  



S18 
 

3.3 In Situ Variable Pressure Powder X-ray Diffraction Experiments 

3.3.1 Birch-Murnaghan Fits 

 

 

 
Figure S15. Normalized unit cell volumes fitted from in situ powder X-ray diffraction experiments and corresponding Birch-
Murnaghan equation of state fits for (a) aluminum structures and (b) vanadium structures. 
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3.3.2 Bulk Moduli Values 
Table S4. Values of bulk moduli (K) derived from in situ variable pressure X-ray diffraction experiments (PXRD) (Exp. K) and 
from the fitted energy-volume diagram derived from density functional theory (Comp. K). 

MOF Exp. K (GPa) Comp. K (GPa) 

Aluminum 
Nodes 

MIL-53(np) – 1.5 ± 0.01 
MIL-53(lp) – 1.3 ± 0.01 
NU-2002 7.0 ± 0.1 1.8 ± 0.02 
NU-2000 6.4 ± 0.2 3.0 ± 0.29 
NU-2004 – 8.0 ± 0.15 

Vanadium 
Nodes 

MIL-47(V) – 2.8 ± 0.18 
NU-2003 5.2 ± 0.1 1.4 ± 0.05 
NU-2001 
(guest) – 17.2 ± 0.11 

NU-2001 
(no guest) – 3.5 ± 1.26 

NU-2005 25.0 ± 0.3 5.7 ± 0.79 
 

 

3.3.3 Powder X-ray Diffraction Patterns 

 
Figure S16. In situ variable pressure powder X-ray diffraction patterns for NU-2002. 
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Figure S17. In situ variable pressure powder X-ray diffraction patterns for NU-2003. 

 
Figure S18. In situ variable pressure powder X-ray diffraction patterns for NU-2000. 
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Figure S19. In situ variable pressure powder X-ray diffraction patterns for NU-2005. 

3.3.4 Selected Fits 

 
Figure S20. Refinement of NU-2002 at 0 GPa. 
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Figure S21. Refinement of NU-2002 at 0.73 GPa. 

 
Figure S22. Refinement of NU-2003 at 0 GPa. 
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Figure S23. Refinement of NU-2003 at 0.37 GPa. 

 
Figure S24. Refinement of NU-2000 at 0.32 GPa. 
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Figure S25. Refinement of NU-2000 at 0 GPa. 

 
Figure S26. Refinement of NU-2005 at 0 GPa. 
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Figure S27. Refinement of NU-2005 at 0.46 GPa. 
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3.3.5 Refinement Results 
Table S5. Fitted values of (1,1,1) and (2,2,0) reflections of CaF2 in the variable pressure X-ray diffraction experiment of NU-2002. 

Pattern 
No. Rwp  GOF a  

(Å) 
a ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

Pressure 
(GPa) 

Pressure 
ESD 

(GPa) 
1 5.572 1.919 5.455 8.23E-05 162.354 7.35E-03 0.006 5.18E-03 
2 5.477 1.882 5.455 8.04E-05 162.358 7.18E-03 0.004 5.12E-03 
3 5.325 1.823 5.455 7.80E-05 162.343 6.97E-03 0.012 5.04E-03 
4 5.476 1.879 5.455 7.94E-05 162.328 7.09E-03 0.020 5.09E-03 
5 5.605 1.930 5.455 7.90E-05 162.309 7.05E-03 0.030 5.07E-03 
6 5.657 1.939 5.455 8.06E-05 162.290 7.20E-03 0.040 5.13E-03 
7 5.790 1.988 5.454 8.04E-05 162.264 7.18E-03 0.053 5.12E-03 
8 5.785 1.977 5.454 8.11E-05 162.260 7.23E-03 0.055 5.14E-03 
9 6.124 2.092 5.454 8.39E-05 162.242 7.48E-03 0.065 5.24E-03 

10 5.909 2.013 5.454 8.09E-05 162.216 7.22E-03 0.078 5.14E-03 
11 5.871 1.993 5.454 8.15E-05 162.194 7.27E-03 0.089 5.16E-03 
12 6.143 2.086 5.453 8.37E-05 162.170 7.47E-03 0.102 5.24E-03 
13 5.861 1.983 5.453 8.06E-05 162.143 7.19E-03 0.116 5.13E-03 
14 5.953 2.014 5.453 8.06E-05 162.119 7.19E-03 0.128 5.13E-03 
15 6.279 2.124 5.452 8.31E-05 162.088 7.41E-03 0.144 5.22E-03 
16 6.601 2.230 5.452 8.54E-05 162.048 7.61E-03 0.165 5.30E-03 
17 6.512 2.199 5.452 8.39E-05 162.029 7.48E-03 0.175 5.25E-03 
18 6.125 2.058 5.451 8.25E-05 161.971 7.36E-03 0.205 5.20E-03 
19 6.261 2.103 5.451 8.42E-05 161.925 7.51E-03 0.229 5.26E-03 
20 6.280 2.106 5.450 8.49E-05 161.876 7.57E-03 0.255 5.29E-03 
21 6.268 2.100 5.449 8.56E-05 161.821 7.62E-03 0.283 5.32E-03 
22 6.352 2.132 5.449 8.49E-05 161.759 7.56E-03 0.316 5.29E-03 
23 6.279 2.107 5.448 8.18E-05 161.683 7.28E-03 0.355 5.19E-03 
24 6.355 2.127 5.447 8.42E-05 161.632 7.50E-03 0.382 5.28E-03 
25 6.304 2.117 5.447 8.15E-05 161.574 7.25E-03 0.413 5.18E-03 
26 6.160 2.062 5.446 8.14E-05 161.504 7.24E-03 0.449 5.19E-03 
27 6.197 2.074 5.445 8.19E-05 161.422 7.29E-03 0.492 5.20E-03 
28 5.963 1.995 5.444 7.85E-05 161.340 6.98E-03 0.535 5.09E-03 
29 5.697 1.907 5.443 7.38E-05 161.273 6.56E-03 0.570 4.94E-03 
30 4.962 1.658 5.442 6.54E-05 161.191 5.81E-03 0.613 4.68E-03 
31 4.495 1.502 5.441 5.98E-05 161.122 5.31E-03 0.650 4.51E-03 
32 4.223 1.410 5.441 5.64E-05 161.049 5.01E-03 0.688 4.42E-03 
33 3.965 1.327 5.440 5.28E-05 160.979 4.69E-03 0.725 4.32E-03 
34 3.578 1.197 5.439 4.74E-05 160.883 4.20E-03 0.776 4.18E-03 
35 3.101 1.037 5.437 4.12E-05 160.762 3.65E-03 0.840 4.04E-03 
36 3.106 1.037 5.437 4.13E-05 160.688 3.66E-03 0.879 4.05E-03 
37 6.254 2.047 5.455 7.83E-05 162.292 6.99E-03 0.039 5.05E-03 
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Table S6. Fitted values of NU-2002 peaks from 2θ values between 2.5 and 15. 

Pattern 
No. Rwp GOF a  

(Å) 
a ESD 

(Å) 
b  

(Å) 
b ESD 

(Å) 
c  

(Å) 
c ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

1 1.807 0.459 16.133 4.34E-03 6.635 9.32E-04 10.326 1.32E-03 1105.252 2.62E-01 
2 1.634 0.414 16.131 3.42E-03 6.637 8.00E-04 10.317 1.08E-03 1104.591 2.13E-01 
3 1.649 0.416 16.143 3.57E-03 6.637 6.82E-04 10.301 1.12E-03 1103.626 2.10E-01 
4 1.666 0.421 16.146 3.74E-03 6.636 8.44E-04 10.291 1.16E-03 1102.574 2.30E-01 
5 1.640 0.416 16.158 3.66E-03 6.634 7.92E-04 10.270 1.09E-03 1100.955 2.21E-01 
6 1.652 0.417 16.165 3.13E-03 6.634 7.30E-04 10.254 9.54E-04 1099.629 1.95E-01 
7 1.660 0.419 16.167 3.16E-03 6.633 7.54E-04 10.252 1.01E-03 1099.332 1.98E-01 
8 1.575 0.396 16.167 3.29E-03 6.633 6.83E-04 10.244 1.03E-03 1098.556 1.97E-01 
9 1.704 0.427 16.176 3.72E-03 6.632 8.86E-04 10.224 1.12E-03 1096.893 2.31E-01 

10 1.765 0.442 16.178 3.88E-03 6.629 8.11E-04 10.214 1.15E-03 1095.406 2.32E-01 
11 1.670 0.417 16.186 3.66E-03 6.631 6.95E-04 10.192 1.10E-03 1093.830 2.14E-01 
12 1.730 0.431 16.207 3.36E-03 6.632 7.51E-04 10.161 1.04E-03 1092.135 2.07E-01 
13 1.755 0.436 16.213 3.62E-03 6.631 7.69E-04 10.139 1.09E-03 1090.047 2.20E-01 
14 1.917 0.476 16.222 4.23E-03 6.629 8.93E-04 10.120 1.26E-03 1088.242 2.57E-01 
15 1.985 0.492 16.231 4.37E-03 6.628 9.80E-04 10.099 1.30E-03 1086.383 2.70E-01 
16 1.926 0.476 16.246 4.50E-03 6.627 9.89E-04 10.071 1.28E-03 1084.201 2.73E-01 
17 1.984 0.490 16.256 4.23E-03 6.625 1.02E-03 10.052 1.23E-03 1082.457 2.68E-01 
18 3.058 0.754 16.272 4.16E-03 6.625 1.04E-03 10.009 1.23E-03 1079.047 2.69E-01 
19 2.859 0.704 16.283 3.96E-03 6.622 9.48E-04 9.980 1.19E-03 1076.185 2.51E-01 
20 2.844 0.699 16.300 4.45E-03 6.623 9.35E-04 9.938 1.26E-03 1072.806 2.71E-01 
21 2.912 0.714 16.318 4.07E-03 6.621 1.03E-03 9.895 1.18E-03 1068.990 2.61E-01 
22 2.874 0.705 16.332 4.50E-03 6.616 1.02E-03 9.845 1.25E-03 1063.875 2.81E-01 
23 2.918 0.715 16.349 5.66E-03 6.614 1.01E-03 9.791 1.43E-03 1058.769 3.32E-01 
24 3.068 0.750 16.351 5.55E-03 6.610 1.15E-03 9.746 1.41E-03 1053.325 3.36E-01 
25 3.142 0.769 16.364 5.33E-03 6.604 1.16E-03 9.706 1.38E-03 1048.997 3.26E-01 
26 3.119 0.762 16.374 4.75E-03 6.598 1.12E-03 9.660 1.27E-03 1043.712 2.99E-01 
27 3.137 0.765 16.417 3.88E-03 6.595 1.09E-03 9.607 1.07E-03 1040.090 2.70E-01 
28 2.729 0.665 16.436 2.34E-03 6.586 9.87E-04 9.577 1.04E-03 1036.604 2.08E-01 
29 2.749 0.669 16.414 1.69E-03 6.577 1.02E-03 9.555 1.17E-03 1031.570 1.92E-01 
30 2.841 0.691 16.392 1.43E-03 6.567 1.12E-03 9.537 1.57E-03 1026.566 1.99E-01 
31 2.788 0.678 16.370 1.25E-03 6.555 1.19E-03 9.521 1.78E-03 1021.684 2.02E-01 
32 3.055 0.743 16.344 1.38E-03 6.547 1.28E-03 9.505 1.89E-03 1017.051 2.22E-01 
33 2.987 0.727 16.303 1.57E-03 6.541 1.21E-03 9.489 1.53E-03 1011.902 2.16E-01 
34 3.018 0.734 16.257 1.69E-03 6.531 1.28E-03 9.477 1.52E-03 1006.129 2.26E-01 
35 3.215 0.781 16.188 1.91E-03 6.504 1.45E-03 9.464 1.65E-03 996.544 2.52E-01 
36 3.381 0.819 16.143 1.90E-03 6.488 1.54E-03 9.467 1.85E-03 991.565 2.60E-01 
37 1.686 0.408 16.122 2.62E-03 6.629 5.53E-04 10.327 8.62E-04 1103.677 1.58E-01 
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Table S7. Fitted values of (1,1,1) and (2,2,0) reflections of CaF2 in the variable pressure X-ray diffraction experiment of NU-2003. 

Pattern 
No. Rwp GOF a  

(Å) 
a ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

Pressure 
(GPa) 

Pressure 
ESD 

(GPa) 
1 3.242 1.244 5.465 7.77E-05 163.229 6.96E-03 0.004 5.00E-03 
2 3.360 1.293 5.465 8.29E-05 163.198 7.42E-03 0.020 5.18E-03 
3 3.642 1.411 5.465 8.97E-05 163.180 8.04E-03 0.029 5.41E-03 
4 3.498 1.360 5.464 8.51E-05 163.160 7.62E-03 0.040 5.25E-03 
5 3.343 1.308 5.464 7.76E-05 163.136 6.95E-03 0.052 5.00E-03 
6 3.442 1.348 5.464 8.38E-05 163.107 7.50E-03 0.067 5.21E-03 
7 3.577 1.407 5.464 8.29E-05 163.096 7.42E-03 0.072 5.18E-03 
8 3.272 1.285 5.464 7.88E-05 163.106 7.05E-03 0.068 5.04E-03 
9 2.869 1.128 5.464 7.32E-05 163.097 6.55E-03 0.072 4.86E-03 

10 2.992 1.177 5.464 7.72E-05 163.095 6.91E-03 0.073 4.99E-03 
11 3.092 1.219 5.464 8.04E-05 163.088 7.20E-03 0.077 5.10E-03 
12 3.309 1.306 5.463 8.44E-05 163.070 7.55E-03 0.086 5.23E-03 
13 3.429 1.354 5.463 8.41E-05 163.042 7.53E-03 0.101 5.22E-03 
14 3.656 1.447 5.463 8.79E-05 163.022 7.87E-03 0.111 5.36E-03 
15 3.708 1.471 5.463 8.94E-05 163.001 8.01E-03 0.122 5.41E-03 
16 3.618 1.435 5.463 8.83E-05 163.002 7.90E-03 0.121 5.37E-03 
17 3.664 1.453 5.462 8.76E-05 162.977 7.84E-03 0.134 5.35E-03 
18 3.555 1.408 5.462 8.59E-05 162.948 7.69E-03 0.149 5.29E-03 
19 3.458 1.364 5.462 8.29E-05 162.930 7.42E-03 0.158 5.19E-03 
20 4.035 1.594 5.462 9.40E-05 162.906 8.41E-03 0.171 5.58E-03 
21 3.819 1.501 5.461 9.00E-05 162.879 8.05E-03 0.185 5.44E-03 
22 3.695 1.449 5.461 8.98E-05 162.817 8.03E-03 0.217 5.43E-03 
23 3.607 1.412 5.460 8.44E-05 162.772 7.55E-03 0.240 5.25E-03 
24 3.593 1.395 5.460 8.87E-05 162.731 7.93E-03 0.261 5.40E-03 
25 3.638 1.415 5.459 8.58E-05 162.691 7.67E-03 0.282 5.30E-03 
26 3.968 1.541 5.459 9.11E-05 162.664 8.15E-03 0.296 5.49E-03 
27 3.590 1.389 5.459 8.57E-05 162.649 7.66E-03 0.304 5.30E-03 
28 3.588 1.388 5.459 8.57E-05 162.644 7.66E-03 0.307 5.29E-03 
29 3.402 1.313 5.458 8.35E-05 162.578 7.46E-03 0.341 5.22E-03 
30 3.401 1.311 5.457 8.42E-05 162.538 7.52E-03 0.362 5.25E-03 
31 3.794 1.457 5.457 8.84E-05 162.518 7.90E-03 0.372 5.40E-03 
32 3.806 1.463 5.457 8.68E-05 162.484 7.76E-03 0.389 5.34E-03 
33 4.016 1.540 5.456 9.43E-05 162.448 8.42E-03 0.408 5.61E-03 
34 3.875 1.481 5.456 9.27E-05 162.400 8.28E-03 0.433 5.56E-03 
35 3.818 1.462 5.455 8.91E-05 162.360 7.96E-03 0.454 5.43E-03 
36 3.796 1.454 5.455 8.81E-05 162.338 7.86E-03 0.465 5.39E-03 
37 3.464 1.320 5.455 8.32E-05 162.297 7.43E-03 0.487 5.22E-03 
38 3.474 1.320 5.454 8.49E-05 162.245 7.57E-03 0.514 5.28E-03 
39 3.313 1.257 5.454 8.11E-05 162.203 7.24E-03 0.536 5.15E-03 
40 3.141 1.190 5.453 7.73E-05 162.174 6.90E-03 0.551 5.03E-03 
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41 3.047 1.156 5.453 7.27E-05 162.134 6.49E-03 0.572 4.88E-03 
42 3.069 1.163 5.452 7.16E-05 162.081 6.38E-03 0.600 4.84E-03 
43 2.697 1.023 5.451 6.39E-05 162.007 5.70E-03 0.639 4.61E-03 
44 2.560 0.970 5.451 6.07E-05 161.954 5.41E-03 0.666 4.51E-03 
45 2.214 0.839 5.450 5.34E-05 161.915 4.76E-03 0.687 4.31E-03 
46 2.048 0.777 5.450 4.94E-05 161.868 4.40E-03 0.711 4.20E-03 
47 2.053 0.778 5.449 4.95E-05 161.806 4.41E-03 0.744 4.21E-03 
48 2.090 0.789 5.449 5.00E-05 161.760 4.46E-03 0.768 4.22E-03 
49 2.010 0.758 5.448 4.79E-05 161.713 4.26E-03 0.792 4.17E-03 
50 1.650 0.504 5.448 1.71E-04 161.697 1.52E-02 0.801 8.73E-03 
51 3.984 1.468 5.462 7.94E-05 162.965 7.10E-03 0.140 5.07E-03 
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Table S8. Fitted values of NU-2003 peaks from 2θ values between 2.5 and 15. 

Pattern 
No. Rwp GOF a  

(Å) 
a ESD 

(Å) 
b  

(Å) 
b ESD 

(Å) 
c  

(Å) 
c ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

1 4.509 1.142 16.219 9.00E-03 6.789 1.77E-03 10.305 4.72E-03 1134.773 1.04E+00 
2 4.553 1.156 16.258 9.79E-03 6.794 1.88E-03 10.269 5.23E-03 1134.330 1.16E+00 
3 5.553 1.418 16.285 9.48E-03 6.796 1.91E-03 10.235 5.21E-03 1132.703 1.18E+00 
4 5.338 1.366 16.320 7.37E-03 6.800 1.79E-03 10.223 4.12E-03 1134.552 8.63E-01 
5 5.208 1.341 16.340 7.27E-03 6.801 1.77E-03 10.220 4.10E-03 1135.685 8.15E-01 
6 5.391 1.390 16.360 7.50E-03 6.805 1.82E-03 10.213 3.87E-03 1137.089 8.64E-01 
7 5.344 1.383 16.379 7.14E-03 6.809 1.76E-03 10.200 4.03E-03 1137.437 8.57E-01 
8 5.309 1.373 16.394 7.34E-03 6.809 1.82E-03 10.198 4.19E-03 1138.359 9.20E-01 
9 5.287 1.370 16.414 7.49E-03 6.812 1.81E-03 10.197 4.10E-03 1140.174 9.38E-01 

10 5.459 1.414 16.419 7.39E-03 6.815 1.82E-03 10.171 4.07E-03 1138.139 9.39E-01 
11 5.193 1.349 16.438 7.20E-03 6.816 1.74E-03 10.164 3.95E-03 1138.834 8.96E-01 
12 5.279 1.372 16.454 7.43E-03 6.816 1.82E-03 10.154 4.30E-03 1138.768 9.37E-01 
13 5.275 1.371 16.468 7.29E-03 6.820 1.88E-03 10.124 4.30E-03 1136.963 9.40E-01 
14 5.494 1.432 16.429 7.28E-03 6.798 1.93E-03 10.075 4.01E-03 1125.177 9.05E-01 
15 5.380 1.405 16.426 6.93E-03 6.793 1.91E-03 10.039 3.91E-03 1120.307 8.80E-01 
16 5.476 1.429 16.433 7.11E-03 6.788 1.81E-03 10.022 3.97E-03 1118.017 9.00E-01 
17 5.497 1.434 16.452 7.31E-03 6.786 1.88E-03 10.005 4.05E-03 1117.011 9.32E-01 
18 5.417 1.411 16.476 7.03E-03 6.785 1.86E-03 9.972 3.86E-03 1114.791 8.97E-01 
19 5.387 1.397 16.461 6.56E-03 6.786 1.80E-03 9.910 3.57E-03 1106.982 8.31E-01 
20 5.296 1.375 16.494 6.68E-03 6.783 1.79E-03 9.888 3.47E-03 1106.317 8.32E-01 
21 5.283 1.365 16.530 6.44E-03 6.783 1.85E-03 9.863 3.43E-03 1105.828 8.37E-01 
22 5.368 1.384 16.546 6.33E-03 6.779 1.81E-03 9.812 3.38E-03 1100.510 8.35E-01 
23 4.503 1.157 16.590 5.23E-03 6.780 1.57E-03 9.746 2.98E-03 1096.271 7.20E-01 
24 4.359 1.113 16.582 4.91E-03 6.767 1.54E-03 9.720 2.83E-03 1090.770 6.74E-01 
25 4.134 1.057 16.548 4.23E-03 6.765 1.48E-03 9.684 2.40E-03 1084.185 5.77E-01 
26 3.932 1.003 16.537 4.22E-03 6.764 1.48E-03 9.670 2.52E-03 1081.633 5.86E-01 
27 3.895 0.990 16.527 4.33E-03 6.764 1.43E-03 9.658 2.57E-03 1079.692 5.98E-01 
28 3.958 1.004 16.512 4.34E-03 6.752 1.47E-03 9.645 2.51E-03 1075.427 5.92E-01 
29 3.966 1.005 16.513 4.25E-03 6.746 1.55E-03 9.641 2.51E-03 1073.986 5.78E-01 
30 4.162 1.053 16.495 4.72E-03 6.736 1.63E-03 9.630 2.69E-03 1070.093 6.35E-01 
31 4.198 1.057 16.587 4.87E-03 6.765 1.76E-03 9.459 2.71E-03 1061.344 6.39E-01 
32 4.468 1.124 16.561 5.55E-03 6.752 1.90E-03 9.424 3.12E-03 1053.755 7.34E-01 
33 -- -- -- -- -- -- -- -- -- -- 
34 -- -- -- -- -- -- -- -- -- -- 
35 -- -- -- -- -- -- -- -- -- -- 
36 -- -- -- -- -- -- -- -- -- -- 
37 -- -- -- -- -- -- -- -- -- -- 
38 -- -- -- -- -- -- -- -- -- -- 
39 -- -- -- -- -- -- -- -- -- -- 
40 -- -- -- -- -- -- -- -- -- -- 
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41 -- -- -- -- -- -- -- -- -- -- 
42 -- -- -- -- -- -- -- -- -- -- 
43 -- -- -- -- -- -- -- -- -- -- 
44 -- -- -- -- -- -- -- -- -- -- 
45 -- -- -- -- -- -- -- -- -- -- 
46 -- -- -- -- -- -- -- -- -- -- 
47 -- -- -- -- -- -- -- -- -- -- 
48 -- -- -- -- -- -- -- -- -- -- 
49 -- -- -- -- -- -- -- -- -- -- 
50 -- -- -- -- -- -- -- -- -- -- 
51 7.936 1.938 16.077 9.50E-03 6.771 2.19E-03 10.400 5.74E-03 1132.198 1.22E+00 
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Table S9. Fitted values of (1,1,1) and (2,2,0) reflections of CaF2 in the variable pressure X-ray diffraction experiment of NU-2000. 

Pattern 
No. Rwp GOF a  

(Å) 
a ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

Pressure 
(GPa) 

Pressure 
ESD 

(GPa) 
1 3.340 1.290 5.465 8.87E-05 163.258 7.95E-03 0.001 5.90E-03 
2 3.321 1.301 5.465 8.56E-05 163.209 7.67E-03 0.026 5.81E-03 
3 3.419 1.340 5.464 8.56E-05 163.151 7.66E-03 0.056 5.81E-03 
4 3.339 1.300 5.463 8.42E-05 163.005 7.54E-03 0.132 5.77E-03 
5 3.288 1.276 5.462 8.48E-05 162.916 7.59E-03 0.178 5.79E-03 
6 3.257 1.257 5.461 8.65E-05 162.831 7.74E-03 0.222 5.85E-03 
7 3.408 1.321 5.459 8.50E-05 162.708 7.60E-03 0.286 5.81E-03 
8 3.646 1.410 5.459 9.12E-05 162.639 8.15E-03 0.321 6.01E-03 
9 3.941 1.525 5.458 9.27E-05 162.558 8.29E-03 0.363 6.06E-03 

10 3.844 1.485 5.457 8.86E-05 162.502 7.92E-03 0.392 5.93E-03 
11 3.874 1.495 5.457 9.20E-05 162.467 8.22E-03 0.411 6.04E-03 
12 3.524 1.360 5.456 8.41E-05 162.432 7.51E-03 0.429 5.79E-03 
13 3.518 1.357 5.456 8.34E-05 162.378 7.45E-03 0.457 5.77E-03 
14 3.548 1.369 5.455 8.41E-05 162.361 7.51E-03 0.466 5.79E-03 
15 3.577 1.378 5.455 8.59E-05 162.322 7.67E-03 0.486 5.85E-03 
16 3.624 1.392 5.454 8.75E-05 162.274 7.81E-03 0.511 5.91E-03 
17 3.400 1.304 5.454 8.19E-05 162.242 7.31E-03 0.528 5.73E-03 
18 2.673 1.026 5.454 6.55E-05 162.196 5.85E-03 0.552 5.25E-03 
19 2.259 0.865 5.453 5.69E-05 162.126 5.08E-03 0.588 5.03E-03 
20 2.222 0.853 5.452 5.45E-05 162.077 4.86E-03 0.614 4.98E-03 
21 2.343 0.898 5.452 5.50E-05 162.043 4.91E-03 0.632 4.99E-03 
22 2.153 0.826 5.451 5.00E-05 162.000 4.46E-03 0.654 4.88E-03 
23 1.779 0.680 5.451 4.15E-05 161.935 3.70E-03 0.689 4.70E-03 
24 1.636 0.624 5.450 3.88E-05 161.886 3.46E-03 0.714 4.65E-03 
25 1.705 0.650 5.449 4.03E-05 161.816 3.59E-03 0.751 4.68E-03 
26 1.773 0.674 5.448 4.25E-05 161.733 3.78E-03 0.794 4.73E-03 
27 1.673 0.636 5.447 4.03E-05 161.654 3.58E-03 0.836 4.69E-03 
28 1.693 0.645 5.447 4.06E-05 161.588 3.61E-03 0.870 4.69E-03 
29 1.725 0.654 5.446 4.35E-05 161.561 3.87E-03 0.884 4.75E-03 
30 3.628 1.382 5.467 8.32E-05 163.385 7.46E-03 -0.064 5.72E-03 

  



S33 
 

Table S10. Fitted values of NU-2000 peaks from 2θ values between 2.5 and 15. 

Pattern 
No. Rwp GOF a  

(Å) 
a ESD 

(Å) 
b  

(Å) 
b ESD 

(Å) 
c  

(Å) 
c ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

1 1.902 0.477 6.611 3.81E-04 12.527 1.81E-03 16.677 4.16E-03 1381.089 2.11E-01 
2 1.954 0.493 6.608 4.05E-04 12.424 1.71E-03 16.736 3.90E-03 1374.002 2.03E-01 
3 2.334 0.589 6.611 5.14E-04 12.338 2.02E-03 16.785 4.64E-03 1369.152 2.47E-01 
4 3.102 0.779 6.609 7.48E-04 12.195 2.48E-03 16.873 6.14E-03 1359.890 3.23E-01 
5 2.418 0.604 6.602 6.42E-04 12.059 1.76E-03 16.959 4.29E-03 1350.113 2.41E-01 
6 2.864 0.712 6.599 6.86E-04 11.933 1.81E-03 17.018 4.62E-03 1339.995 2.72E-01 
7 3.721 0.926 6.587 7.61E-04 11.777 1.80E-03 17.086 4.89E-03 1325.390 2.97E-01 
8 3.862 0.960 6.579 7.85E-04 11.665 2.04E-03 17.134 6.00E-03 1314.923 3.47E-01 
9 4.705 1.167 6.553 9.26E-04 11.617 2.39E-03 16.883 6.69E-03 1285.294 3.87E-01 

10 4.364 1.080 6.545 9.27E-04 11.524 3.02E-03 16.880 9.09E-03 1273.096 4.98E-01 
11 5.719 1.413 6.528 1.13E-03 11.423 3.79E-03 16.774 1.17E-02 1250.783 6.35E-01 
12 5.038 1.245 6.510 9.87E-04 11.362 3.56E-03 16.643 1.12E-02 1231.040 5.98E-01 
13 4.588 1.131 6.500 9.86E-04 11.325 3.34E-03 16.524 1.05E-02 1216.378 5.63E-01 
14 4.527 1.116 6.489 9.67E-04 11.321 2.55E-03 16.381 7.69E-03 1203.471 4.36E-01 
15 4.509 1.110 6.482 9.15E-04 11.290 2.59E-03 16.342 7.51E-03 1195.899 4.15E-01 
16 4.665 1.145 6.475 9.20E-04 11.255 2.65E-03 16.307 7.48E-03 1188.347 4.08E-01 
17 4.518 1.108 6.480 7.85E-04 11.164 2.33E-03 16.413 6.93E-03 1187.400 3.74E-01 
18 4.853 1.192 6.477 8.85E-04 11.123 2.69E-03 16.391 8.39E-03 1180.772 4.49E-01 
19 5.153 1.264 6.467 9.73E-04 11.072 2.59E-03 16.363 8.00E-03 1171.637 4.39E-01 
20 5.565 1.368 6.465 1.08E-03 11.027 3.17E-03 16.369 1.00E-02 1166.828 5.37E-01 
21 5.917 1.453 6.460 1.23E-03 10.989 3.51E-03 16.356 1.11E-02 1161.206 5.92E-01 
22 5.964 1.462 6.457 1.26E-03 10.942 3.30E-03 16.360 1.04E-02 1155.831 5.66E-01 
23 5.968 1.459 6.452 1.37E-03 10.904 3.49E-03 16.350 1.10E-02 1150.197 5.93E-01 
24 6.283 1.532 6.449 1.46E-03 10.862 3.54E-03 16.358 1.13E-02 1145.753 6.13E-01 
25 6.145 1.497 6.446 1.52E-03 10.804 3.67E-03 16.343 1.19E-02 1138.163 6.47E-01 
26 7.735 1.877 6.442 2.01E-03 10.850 3.64E-03 16.357 1.07E-02 1143.290 6.46E-01 
27 -- -- -- -- -- -- -- -- -- -- 
28 -- -- -- -- -- -- -- -- -- -- 
29 9.392 2.272 6.444 3.08E-03 10.859 3.12E-03 16.358 6.38E-03 1144.605 6.46E-01 
30 5.094 1.263 6.612 7.18E-04 12.507 2.89E-03 16.698 6.52E-03 1380.817 3.40E-01 
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Table S11. Fitted values of (1,1,1) and (2,2,0) reflections of CaF2 in the variable pressure X-ray diffraction experiment of NU-
2005. 

Pattern 
No. Rwp GOF a  

(Å) 
a ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

Pressure 
(GPa) 

Pressure 
ESD 

(GPa) 
1 2.079 0.791 5.466 7.83E-05 163.310 7.02E-03 0.025 4.94E-03 
2 1.540 0.589 5.466 6.50E-05 163.268 5.83E-03 0.047 4.51E-03 
3 1.589 0.609 5.465 7.14E-05 163.257 6.40E-03 0.052 4.71E-03 
4 1.482 0.569 5.465 6.98E-05 163.230 6.25E-03 0.066 4.66E-03 
5 1.623 0.624 5.465 7.23E-05 163.219 6.47E-03 0.072 4.74E-03 
6 1.525 0.587 5.465 6.43E-05 163.199 5.76E-03 0.082 4.49E-03 
7 1.657 0.639 5.465 7.01E-05 163.193 6.28E-03 0.086 4.67E-03 
8 1.421 0.547 5.465 6.53E-05 163.192 5.85E-03 0.086 4.52E-03 
9 2.073 0.800 5.464 8.91E-05 163.165 7.98E-03 0.100 5.32E-03 

10 2.414 0.933 5.464 1.05E-04 163.101 9.44E-03 0.133 5.92E-03 
11 2.133 0.824 5.464 9.31E-05 163.111 8.34E-03 0.128 5.47E-03 
12 1.829 0.706 5.464 8.08E-05 163.108 7.24E-03 0.130 5.03E-03 
13 1.524 0.585 5.464 6.91E-05 163.093 6.18E-03 0.138 4.64E-03 
14 1.717 0.657 5.464 8.39E-05 163.100 7.52E-03 0.134 5.14E-03 
15 1.716 0.658 5.463 8.02E-05 163.076 7.18E-03 0.146 5.01E-03 
16 2.092 0.800 5.463 9.37E-05 163.052 8.39E-03 0.158 5.49E-03 
17 2.694 1.028 5.463 1.22E-04 163.033 1.09E-02 0.168 6.57E-03 
18 2.680 1.019 5.463 1.13E-04 163.029 1.01E-02 0.170 6.22E-03 
19 2.775 1.059 5.462 1.12E-04 162.981 1.00E-02 0.195 6.19E-03 
20 2.805 1.068 5.462 1.16E-04 162.954 1.04E-02 0.209 6.36E-03 
21 3.073 1.170 5.462 1.32E-04 162.926 1.18E-02 0.224 6.99E-03 
22 3.267 1.242 5.461 1.39E-04 162.875 1.24E-02 0.250 7.26E-03 
23 3.310 1.261 5.461 1.40E-04 162.883 1.25E-02 0.246 7.31E-03 
24 3.029 1.153 5.461 1.24E-04 162.861 1.11E-02 0.257 6.68E-03 
25 2.977 1.129 5.461 1.30E-04 162.827 1.16E-02 0.275 6.89E-03 
26 3.458 1.311 5.461 1.42E-04 162.818 1.27E-02 0.280 7.40E-03 
27 3.848 1.455 5.460 1.69E-04 162.807 1.51E-02 0.285 8.54E-03 
28 4.043 1.526 5.460 1.84E-04 162.795 1.65E-02 0.292 9.19E-03 
29 3.580 1.350 5.460 1.65E-04 162.752 1.47E-02 0.314 8.36E-03 
30 3.533 1.332 5.459 1.50E-04 162.718 1.34E-02 0.331 7.75E-03 
31 3.481 1.310 5.459 1.38E-04 162.652 1.23E-02 0.366 7.22E-03 
32 3.591 1.351 5.458 1.38E-04 162.610 1.23E-02 0.388 7.24E-03 
33 3.823 1.435 5.458 1.38E-04 162.575 1.23E-02 0.406 7.24E-03 
34 3.773 1.412 5.457 1.40E-04 162.546 1.25E-02 0.421 7.32E-03 
35 3.780 1.408 5.457 1.60E-04 162.503 1.43E-02 0.443 8.17E-03 
36 3.968 1.473 5.457 1.82E-04 162.479 1.62E-02 0.456 9.10E-03 
37 4.310 1.597 5.456 1.97E-04 162.457 1.76E-02 0.467 9.77E-03 
38 4.880 1.806 5.456 2.21E-04 162.440 1.98E-02 0.476 1.08E-02 
39 4.956 1.829 5.456 2.35E-04 162.412 2.10E-02 0.491 1.14E-02 
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40 4.404 1.619 5.456 2.00E-04 162.378 1.78E-02 0.508 9.89E-03 
41 3.931 1.445 5.455 1.78E-04 162.304 1.59E-02 0.547 8.95E-03 
42 3.976 1.458 5.454 1.79E-04 162.238 1.60E-02 0.581 8.99E-03 
43 4.113 1.505 5.453 1.87E-04 162.167 1.67E-02 0.618 9.34E-03 
44 4.075 1.487 5.453 1.85E-04 162.110 1.65E-02 0.648 9.25E-03 
45 4.258 1.555 5.452 1.98E-04 162.058 1.77E-02 0.675 9.86E-03 
46 3.994 1.457 5.451 1.88E-04 162.003 1.67E-02 0.704 9.39E-03 
47 3.620 1.320 5.451 1.70E-04 161.951 1.52E-02 0.731 8.64E-03 
48 3.520 1.282 5.450 1.68E-04 161.881 1.49E-02 0.768 8.53E-03 
49 3.415 1.247 5.449 1.56E-04 161.782 1.39E-02 0.820 8.04E-03 
50 3.329 1.218 5.448 1.53E-04 161.721 1.36E-02 0.852 7.91E-03 
51 3.299 1.208 5.448 1.53E-04 161.670 1.37E-02 0.879 7.95E-03 
52 3.338 1.219 5.447 1.54E-04 161.628 1.37E-02 0.901 7.96E-03 
53 3.239 1.183 5.447 1.49E-04 161.574 1.33E-02 0.930 7.78E-03 
54 3.366 1.227 5.446 1.58E-04 161.517 1.41E-02 0.960 8.16E-03 
55 3.169 1.152 5.446 1.55E-04 161.556 1.38E-02 0.939 8.02E-03 
56 3.118 1.136 5.451 1.18E-04 161.988 1.06E-02 0.712 6.48E-03 
57 3.188 1.157 5.452 1.32E-04 162.054 1.18E-02 0.677 7.03E-03 
58 3.397 1.230 5.452 1.48E-04 162.067 1.32E-02 0.670 7.69E-03 
59 2.143 0.799 5.467 7.36E-05 163.360 6.59E-03 -0.001 4.78E-03 

 

  



S36 
 

Table S12. Fitted values of NU-2005 peaks from 2θ values between 2.5 and 15 for the variable pressure X-ray diffraction 
experiment. 

Pattern 
No. Rwp GOF a  

(Å) 
a ESD 

(Å) 
c  

(Å) 
c ESD 

(Å) 
Volume 

(Å3) 
Volume 

ESD  
(Å3) 

1 4.856 1.218 21.950 1.80E-03 6.828 2.17E-03 3289.398 1.11E+00 
2 4.981 1.256 21.946 1.77E-03 6.823 2.14E-03 3286.357 1.09E+00 
3 4.959 1.252 21.943 1.96E-03 6.821 2.35E-03 3284.374 1.19E+00 
4 4.814 1.217 21.942 1.89E-03 6.823 2.32E-03 3284.862 1.18E+00 
5 4.809 1.215 21.942 1.89E-03 6.820 2.32E-03 3283.565 1.18E+00 
6 4.719 1.195 21.942 1.91E-03 6.820 2.35E-03 3283.575 1.19E+00 
7 4.688 1.188 21.939 1.81E-03 6.819 2.33E-03 3281.956 1.19E+00 
8 4.841 1.224 21.938 1.86E-03 6.818 2.34E-03 3281.199 1.18E+00 
9 4.775 1.211 21.938 1.96E-03 6.817 2.33E-03 3280.898 1.19E+00 

10 4.670 1.186 21.937 1.87E-03 6.814 2.35E-03 3279.186 1.20E+00 
11 4.645 1.179 21.934 1.63E-03 6.813 2.40E-03 3277.882 1.20E+00 
12 4.783 1.212 21.934 1.22E-03 6.812 2.37E-03 3277.177 1.16E+00 
13 4.849 1.223 21.933 1.62E-03 6.811 2.27E-03 3276.713 1.15E+00 
14 4.787 1.204 21.931 1.77E-03 6.811 2.42E-03 3275.905 1.21E+00 
15 4.895 1.234 21.929 1.75E-03 6.807 2.36E-03 3273.574 1.18E+00 
16 4.734 1.190 21.927 1.82E-03 6.803 2.36E-03 3270.984 1.20E+00 
17 4.812 1.206 21.926 1.83E-03 6.806 2.34E-03 3272.061 1.20E+00 
18 4.799 1.197 21.923 1.85E-03 6.803 2.62E-03 3269.328 1.31E+00 
19 6.907 1.730 21.913 1.89E-03 6.802 1.64E-03 3266.238 7.65E-01 
20 5.081 1.269 21.916 1.92E-03 6.793 2.52E-03 3262.837 1.27E+00 
21 5.198 1.299 21.914 1.96E-03 6.793 2.49E-03 3262.394 1.26E+00 
22 5.108 1.274 21.912 1.96E-03 6.789 2.59E-03 3259.720 1.31E+00 
23 5.225 1.305 21.910 1.90E-03 6.788 2.74E-03 3258.669 1.37E+00 
24 5.347 1.332 21.908 1.91E-03 6.786 2.85E-03 3257.000 1.42E+00 
25 5.291 1.313 21.904 1.91E-03 6.779 2.80E-03 3252.412 1.40E+00 
26 5.278 1.309 21.899 1.97E-03 6.778 2.97E-03 3250.765 1.47E+00 
27 5.363 1.327 21.899 1.94E-03 6.778 3.00E-03 3250.457 1.49E+00 
28 5.468 1.351 21.897 2.17E-03 6.777 3.14E-03 3249.524 1.56E+00 
29 5.465 1.348 21.890 2.44E-03 6.764 3.06E-03 3241.146 1.56E+00 
30 5.637 1.389 21.883 2.65E-03 6.759 3.22E-03 3236.742 1.64E+00 
31 5.845 1.438 21.883 2.79E-03 6.757 3.31E-03 3235.750 1.68E+00 
32 5.871 1.442 21.880 2.87E-03 6.756 3.55E-03 3234.002 1.79E+00 
33 5.910 1.448 21.875 3.00E-03 6.750 3.81E-03 3229.709 1.91E+00 
34 6.027 1.473 21.862 3.25E-03 6.749 3.67E-03 3225.547 1.88E+00 
35 6.019 1.464 21.852 3.49E-03 6.748 3.86E-03 3222.453 1.96E+00 
36 6.105 1.479 21.848 3.45E-03 6.748 4.10E-03 3220.952 2.02E+00 
37 6.132 1.483 21.798 3.45E-03 6.741 3.99E-03 3203.127 1.94E+00 
38 6.259 1.510 21.796 3.45E-03 6.746 3.95E-03 3204.534 1.92E+00 
39 6.316 1.520 21.796 3.54E-03 6.742 4.13E-03 3202.958 1.98E+00 
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40 6.334 1.517 21.795 3.64E-03 6.742 4.28E-03 3202.342 2.02E+00 
41 6.360 1.522 21.782 3.70E-03 6.758 5.00E-03 3206.627 2.32E+00 
42 8.896 2.123 21.792 3.46E-03 6.710 3.58E-03 3186.317 1.78E+00 
43 9.017 2.146 21.786 3.58E-03 6.703 3.77E-03 3181.469 1.84E+00 
44 9.036 2.145 21.661 4.44E-03 6.705 2.79E-03 3146.060 1.36E+00 
45 9.065 2.154 21.643 4.57E-03 6.705 3.09E-03 3140.698 1.46E+00 
46 9.137 2.169 21.648 4.69E-03 6.705 3.08E-03 3142.055 1.48E+00 
47 9.274 2.199 21.580 4.78E-03 6.721 3.19E-03 3129.788 1.45E+00 
48 9.462 2.241 21.538 5.12E-03 6.731 2.65E-03 3122.378 1.43E+00 
49 9.147 2.169 21.538 5.24E-03 6.728 2.26E-03 3120.919 1.36E+00 
50 9.259 2.198 21.598 5.43E-03 6.733 2.31E-03 3140.598 1.47E+00 
51 9.368 2.227 21.600 5.77E-03 6.732 2.55E-03 3141.019 1.58E+00 
52 9.197 2.179 21.615 6.00E-03 6.731 2.62E-03 3144.586 1.58E+00 
53 9.477 2.246 21.611 5.91E-03 6.733 2.69E-03 3144.621 1.58E+00 
54 9.402 2.222 21.656 6.35E-03 6.724 2.43E-03 3153.719 1.58E+00 
55 10.324 2.435 21.583 6.65E-03 6.714 2.75E-03 3127.435 1.68E+00 
56 10.100 2.392 21.577 5.24E-03 6.741 3.13E-03 3138.377 1.62E+00 
57 10.092 2.383 21.550 5.24E-03 6.737 3.43E-03 3128.452 1.63E+00 
58 9.792 2.307 21.596 5.04E-03 6.738 3.26E-03 3142.786 1.58E+00 
59 5.949 1.473 21.951 2.00E-03 6.820 2.11E-03 3286.171 1.09E+00 
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