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Sample synthesis and preparation 
 
Materials 
 
All chemicals were used as received from commercial suppliers without further 

purification: Zn(NO3)2·6H2O from Sigma-Aldrich, 2,3,5,6-tetramethyl-1,4-

benzenedicarboxylic acid (BDC-TM) from Oakwood Chemical, 1,4-

diazabicyclo[2.2.2]octane (DABCO) from Acros Organics, and N,N′-

dimethylformamide (DMF) from VWR. 

Synthesis procedure for polycrystalline powder DMOF-TM samples 
 
DMOF-TM was synthesized using a solvothermal synthesis procedure.1 

Zn(NO3)2·6H2O (189 mg), BDC-TM (140 mg), and DABCO (35 mg) were mixed in DMF 

(15 ml) at room temperature. The mixture was then homogenized by stirring for 2 h 

before the solution was transferred to a Teflon-lined stainless-steel reactor and 

placed in a preheated oven at 120 °C for 48 h. The resulting solution was removed 

from the oven and cooled to room temperature in ambient air, and the resulting solid 

was then filtered and repeatedly washed with DMF to produce a 70% yield of 

activated sample.   

Sample preparation for in situ powder diffraction 
 
Ensuring the sample contains microcrystalline powder with random crystallite 

orientations is essential for good counting statistics during powder diffraction 

analysis. Thus, prior to in situ powder diffraction measurements, the DMOF-TM 

sample was immersed in methanol and lightly ground using a mortar and pestle.  

Synthesis procedure for single-crystal DMOF-TM samples 
 
Crystals suitable for SCXRD analysis were synthesized using a modified solvothermal 

procedure. 2,3,4,5-tetramethylterephthtalic acid (22 mg) and 1,4-

diazabicyclo[2.2.2]octane (6 mg) were dissolved in DMF (20 ml). The solution was 

briefly sonicated to ensure all reagents went into solution. To the solution HCl (8 μl) 

was added. Following the addition of Zn(NO3)2∙6H2O (30 mg) the solution was split 
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into two separate 15 ml thick-walled glass pressure vessels. The vessels were sealed 

and heated to 100 °C for 3 days. The reaction was allowed to cool to room 

temperature slowly. The recovered plate crystals were washed, and solvent 

exchanged with fresh DMF then solvent exchanged with CHCl3 for at least four days 

prior to data collections. 
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Laboratory characterization 
 
Thermogravimetric, mass spectrometry, and elemental analysis  
 
Thermogravimetric data (Supplementary Fig. 1) for the as-synthesized DMOF-TM 

sample were collected on a NETZSCH STA 449 F1 Jupiter device under helium at a 

heating rate of 0.2 °C/min and flow rate of 20 ml/min. The ~25% weight loss 

observed until ~250 °C is attributed to the release of residual solvent, including the 

DMF remaining from the synthesis procedure, from the pores. The subsequent mass 

loss after 300°C is attributed to thermal decomposition of the organic components of 

the framework, as discussed in the following paragraph. The sample activation 

procedure for in situ powder diffraction and sorption isotherm experiments was 

performed on a sample where DMF was solvent exchanged for methanol, allowing for 

milder activation conditions to be utilized.  

 

Supplementary Figure 1. Thermogravimetric analysis curve for the as-synthesized 

DMOF-TM sample. 
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A second thermogravimetric analysis run coupled with mass spectrometry was 

performed on the activated sample under helium at a heating rate of 2 °C/min and 

flow rate of 20 ml/min (Supplementary Fig. 2).  The mass loss after the onset of 

structural degradation above ~350 °C was ~71%. Based on the formula unit of the 

activated framework Zn2(BDC-TM)2(DABCO), and assuming residual material left in 

the crucible at the end of the run was pure ZnO, a weight loss of 76% would be 

expected upon sample degradation. A possible origin of the additional 5% mass 

observed experimentally but not unaccounted for in this calculation is the formation 

of residual soot-like carbon species in the crucible due to the incomplete burning of 

the organic ligands in the framework. Further, some amount of missing linker and 

paddle-wheel cluster defects may also be present in the sample. 

Elemental analysis was performed on a sample activated under dynamic vacuum for 

12 hours at 120 °C and analyzed by ALS Global, Inc. (Tucson, AZ) according to method 

ASTM D5373. Weight % values for C/H/N analysis performed on duplicates of a 

sample synthesized according to the polycrystalline powder synthesis method, noted 

above, were 51.6/5.0/4.8 and 51.4/5.1/4.9 (C/H/N).  The theoretical value based on 

the defect-free Zn2(BDC-TM)2(DABCO) framework is 46.4/5.6/6.0.      
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Supplementary Figure 2. Thermogravimetric analysis coupled with mass 

spectrometry curve for the activated DMOF-TM sample. The CO2, DABCO (1,4-

diazabicyclo[2.2.2]octane)), and BDC-TM (2,3,5,6-tetramethyl-1,4-

benzenedicarboxylic acid) mass spectrometry curves show the ion current (right 

axis) at the indicated m/z values.   
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Porosity characterization 
 
To ensure that our grinding method does not change the porosity characteristics or 

cause structural degradation in the MOF, we measured nitrogen isotherms at 77 K 

before and after mechanical grinding in methanol. 

Nitrogen sorption isotherms (Supplementary Fig. 3) were measured at 77 K on a 

Quadrasorb system from Quantachrome Instruments. DMOF-TM samples were 

activated on a Quantachrome FloVac degasser at 483 K for 12 h under dynamic 

vacuum. Brunauer-Emmett-Teller (BET) surface areas (Supplementary Table 1) were 

determined for the samples by fitting the BET model to the isotherms over an 

appropriate pressure range.1 Pore size distributions (Supplementary Fig. 3, insets) 

were obtained via the quenched solid density functional theory (QSDFT) adsorption 

model for nitrogen adsorption at 77 K on carbon assuming cylindrical/spherical 

pores. Pore volumes (Supplementary Table 1) were measured at P/P0 = 0.95.  
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Supplementary Figure 3. Nitrogen adsorption isotherms at 77 K and pore size 

distributions (insets) for DMOF-TM before (top) and after (bottom) mechanical 

grinding in methanol. 

Supplementary Table 1. BET surface areas and pore volumes for DMOF-TM before 

and after mechanical grinding in methanol. 

 BET surface area (m2/g) Pore volume (cm3/g) 

Before grinding 960 0.45 
After grinding 920 0.43 
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As suggested by the agreement between nitrogen uptake, pore size distribution, BET 

surface area, and pore volume, there were no significant change to the porosity 

characteristics of the material due to mechanical grinding. We also note that, because 

the QSDFT adsorption model assumptions are not strictly valid in DMOF-TM, 

quantitative interpretations of the pore size distributions are not appropriate.  
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Water sorption isotherms 
 
To understand the quantity of water adsorbed in DMOF-TM at the relative humidity 

conditions considered in the in situ diffraction experiment, separate gravimetric 

water adsorption experiments were performed. The effect of our grinding procedure 

on water adsorption was also examined. 

Water isotherms were measured at 298 K and 1 bar on an IGA-003 microbalance from 

Hiden Isochema. DMOF-TM was activated in situ at 483 K under dynamic vacuum 

until no further mass loss was observed to remove residual solvent from the sample. 

The relative humidity (RH) of the sample environment was controlled using mass 

flow controllers that varied the ratio of dry air and air that has been saturated via 

bubbling through a vessel of deionized water. The total gas flow rate for the 

experiment was 200 cm3/min. Experiments were performed up to 80% RH to prevent 

water condensation in the apparatus at higher humidity. 
 

Before sample grinding, our DMOF-TM sample has a nearly identical water isotherm 

as that reported in the literature2 (Supplementary Fig. 4). 

 

Supplementary Figure 4. Water adsorption isotherm at 298 K in air for the DMOF-

TM sample (not ground) studied in this work, compared with a previously reported 

isotherm for this structure collected under similar conditions.2 
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The water isotherms in Supplementary Fig. 5 suggest that grinding causes no change 

to the low loading or saturation capacity loading of the material, which is consistent 

with the materials having similar porosity characteristics (Supplementary Fig. 3). The 

shift in the location of the step increase in water uptake (from ~25% RH to ~30% RH 

after grinding) can be attributed to particle surface effects. This shift in the step 

increase in water loading to higher relative humidity values upon grinding is 

consistent with the particle’s surface properties being more hydrophobic than the 

internal porosity of the crystal structure. The ground sample isotherm shown below 

was used to assign the regimes discussed elsewhere in the main text of this work (Fig. 

1c). 

 

Supplementary Figure 5. Water adsorption isotherms at 298 K in air for the DMOF-

TM sample studied in this work collected before and after mechanical grinding in 

methanol. 

 

To ascertain the reversibility of the water sorption process, single-component 

adsorption and desorption isotherms were measured using a Micromeritics 3Flex 

adsorption apparatus (Supplementary Fig. 6).  Samples were activated overnight 

under dynamic vacuum at 110 °C and water isotherms were then measured at 25, 30 
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and 35 °C, with sample activation repeated between each measurement temperature.  

The adsorption branches of these isotherms are consistent with the above 

gravimetric measurements and each exhibit a type V isotherm shape that is indicative 

of weak adsorbent-adsorbate interactions.3 H1 hysteresis is present at 25°C, 

indicating a narrow, well-defined distribution of pore sizes.  In each case, the 

desorption branch closes with the adsorption branch at low pressures with the size 

of the hysteresis loop decreasing with increasing temperature.4 We find a critical 

hysteresis temperature, defined as the temperature where no hysteresis loop is 

present, at a temperature near 30°C.   

 

 

Supplementary Figure 6. Single component water sorption isotherms at various 

temperatures for the ground DMOF-TM sample studied in this work. Closed symbols 

represent adsorption branches and open symbols show desorption. 
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In situ infrared spectroscopy experiments 
 
Experimental Details 

In situ infrared spectra of DMOF-TM were collected over a range of relative humidity 

exposures using a Nicolet iS10 infrared spectrometer from Thermo Scientific 

operating in DRIFTS mode (Supplementary Fig. 7). The system was equipped with a 

water bubbler and a mass flow controller (MFC) for flowing inert carrier gas. 

Additionally, the system was equipped with a heater capable of performing in situ 

activation of the sample under inert gas flow. 

 

Supplementary Figure 7. in situ infrared spectroscopy set up: in situ DRIFTS cell 
(red box), bubbler (blue box), and heating control (green box). 

 

Prior to data collection, the sample was activated ex situ, in a vacuum oven overnight 

at 110 °C. Before loading the sample into the DRIFTS cell, a background was collected 

using KBR powder, and the background was used as a correction for all further 

spectra. The sample was then loaded into the DRIFTS cell and an initial scan was 
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collected in which some water peaks were identified at ~3400 – 3600 cm-1. The 

sample was then activated again, in situ under helium flow at 110 °C until all 

identified water peaks disappeared.  

The sample was allowed to cool to room temperature under dry helium flow, then 

spectra was collected at 0% relative humidity (RH). Spectra were then collected from 

20 – 80% RH in 20% RH intervals, and 20 minutes was allotted between each interval 

for the system to stabilize. The flow was changed to dry helium and the system was 

heated to 110 °C to reactivate the sample. Spectra were then taken periodically until 

the water peaks at ~3400 – 3600 cm-1 disappeared. The system was then allowed to 

cool back to room temperature under helium flow and a final spectrum was collected 

at 0 %RH before the sample was removed.  
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Supplementary Figure 8. Overlay of all in situ IR spectra. The slight change in the 

baseline between the before activation (grey) and activated (black) spectra was 

attributed to the activation process. 

Data & Analysis  

Analysis of the collected in situ IR data indicated that the formation of the defects 

associated with humid exposure were reversible. This was inferred through the 

development of peaks assigned in this section, as well as the subsequent reversion to 

the original spectra upon reactivation of the sample. Supplementary Figure 8 shows 

the complete data collection series. Analysis of the data revealed that several peaks 

formed following exposure of the sample to 20 %RH. Peaks at 3680 and 3300 cm-1 

can be attributed to water, both in the vapor phase and confined within the void space 

of the framework. The peak at 1680 cm-1 has been attributed to the bending vibration 
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of coordinated water to zinc.5 The peak continued to develop at 40 %RH, but was 

obscured by the broadening of the antisymmetric carboxylate stretch at 60 and 80 

%RH exposures (Supplementary Fig. 9). Throughout the exposure process no peak 

between 1700 – 1730 cm-1 developed that could be attributed to the carbonyl stretch 

of a free carboxylic acid, indicating that despite the formation of defects, a dangling 

linker defect was not formed (Supplementary Fig. 10). 

 

Supplementary Figure 9. in situ IR spectra of DMOF-TM loading. Peaks at ~ 2100 

cm-1 and ~3400 cm-1 show change in humidity environment and loading of the 

framework. 
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Supplementary Figure 10. Water loading of DMOF-TM, broadening of the ~1620 

cm-1 peak indicates the effect of guest water on the framework. Elevation of the 

baseline of the 60 and 80 %RH spectra indicate an effect of the interstitial water on 

the framework. 

Further, the shifts in the shape of the antisymmetric carboxylate, at ~1620 cm-1, 

peaks may be attributed to the shift of some of the carboxylates from a bridging-

bidentate binding mode to a unidentate binding mode. Such a shift would result in a 

larger difference between the two peaks (Supplementary Fig. 10) observed as a slight 

broadening of the higher energy side of the peak.6 Given the relatively small amount 

of water induced defect detected in the SCXRD studies, the peak broadening is 

relatively small. The development of a large broad peak centered at 2100 cm-1 in the 
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spectra at 60 and 80 %RH has been attributed to water confined within the void space 

of the framework.7 

Reversibility of the formation of water induced defects in DMOF-TM was 

experimentally confirmed from the comparison of the activated, post-exposure, and 

reactivated spectra (Supplementary Fig. 11). The near identical activated and 

reactivated spectra indicate that any formed defects are removed upon the 

application of dry gas flow and heat. Comparison of the post-exposure and 40 %RH 

spectra indicate that the formed defects, and the general structure of the framework 

at 40 %RH is stable and irreversible state without the application of heat. Further, the 

reactivation of the framework confirms that the addition of heat in necessary to drive 

the regeneration of the framework and the removal of the coordinated water.  

 

Supplementary Figure 11. Reversibility of the water induced defect of DMOF-TM. 
Sample prior to reactivation indicates retention of water guests within the pore space 
of the MOF. Retention of the 1680 cm-1 peak indicates a retention of the defect water.  
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In situ synchrotron powder diffraction 
 
Experimental details 
 
In situ powder X-ray diffraction (λ = 0.72768 Å) data were collected at beamline 17-

BM-B of the Advanced Photon Source (APS) at Argonne National Laboratory, Illinois, 

USA. Diffraction images were recorded on a PerkinElmer amorphous Si-based area 

detector (2048×2048, 200 µm pixel). The sample-to-detector distance, beam center, 

detector tilt angle, and tilt plane rotation angle were calibrated with Na2Ca3Al2F14 

(NAC) using the GSAS-II software.8 

The DMOF-TM sample was ground lightly in methanol (as described above) and 

loaded via syringe in a Kapton capillary with outer (inner) diameter of 1.1 (1.0) mm; 

glass wool was used to hold the sample in place within the capillary. A wire-wound 

furnace9 was used to activate the sample in situ by heating under flowing helium from 

ambient temperature to 523 K at ~10 K/min and then cooling to ambient 

temperature at ~15 K/min. The relative humidity of the sample environment was 

controlled by varying the ratio of mass flow rates of a humidified and dry stream 

helium stream at a total flow rate of 30 cc/min (Supplementary Fig. 12); the heating 

apparatus was disconnected for the humidity experiment. Prior to experiments, 

humidity control calibration tests were performed. The sample was exposed to 

selected relative humidity (RH) levels for approximately 30 min (Fig. 1b). Each 

individual diffraction frame was collected in approximately one-minute intervals and 

summed from 40 subframes. 
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Supplementary Figure 12. Experimental setup diagram for in situ powder 

diffraction experiments. One mass flow controller (MFC 1) controlled the dry helium 

stream, while another (MFC 2) controlled the humidified stream flowing to the 

sample environment.  
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In situ powder diffraction data 
 
GSAS-II was used to integrate all 2D detector images.8 The integrated PXRD patterns 

are plotted together in a contour format in Supplementary Fig. 13; the low-angle 

portion (~3.55-4.55°) of this plot is shown in Fig. 1d. An alternate view of the low-

angle portion with higher contour maximum is shown in Supplementary Fig. 14 to 

better illustrate the variation in peak intensity with time and humidity.   

 

Supplementary Figure 13. Powder X-ray diffraction patterns (λ = 0.72768 Å) for 

DMOF-TM collected at various relative humidity levels. Each horizontal slice of this 

contour plot represents a single PXRD pattern collected one minute apart. 
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Supplementary Figure 14. Low-angle portion of powder X-ray diffraction patterns 

(λ = 0.72768 Å) for DMOF-TM collected at various relative humidity levels. Each 

horizontal slice of this contour plot represents a single PXRD pattern collected one 

minute apart. 

 

 

 

 

 

 



                                                                                 24 

 Rietveld and Pawley analyses of powder diffraction data 

 
All Rietveld and Pawley analyses were completed using the GSAS-II software.8 The 

fits used a tetragonal (space group P4/nbm) starting model for DMOF-TM based on 

the single-crystal diffraction experiments.  

In Rietveld analysis of most of the regime 1 data (20% RH), the following parameters 

were refined: lattice parameters, domain size (isotropic), four anisotropic 

microstrain parameters (S400, S004, S220, S022), histogram scale factor, and a six-term 

Chebyschev background function. Instrument broadening terms (using a pseudo-

Voigt peak shape), as well as terms for zero point and sample displacement 

perpendicular to the beam, were initially determined but fixed at those values for all 

other refinements. The Rietveld fit for the evacuated DMOF-TM structure (0% RH) is 

shown in Fig. 1e, with an enlarged version of the fit also shown in Supplementary Fig. 

15. The refined values of the four anisotropic microstrain parameters for selected 

frames as a function of time in regime 1 are shown in the three-dimensional plots of 

Supplementary Fig. 16 and resemble a “green pepper”-type shape. The lattice 

constants obtained from Rietveld refinements are similar to those obtained from 

Pawley refinements (Supplementary Table 2). However, for data from the last 10 min 

of regime 1, a better Rietveld fit was obtained with a model consisting of two 

tetragonal phases, one smaller than the other. For these fits, lattice parameters, 

domain size, and microstrain parameters were refined for both phases, in addition to 

the histogram scale factor and background. 

In Pawley refinement of all data (Qmax = 3.0 Å-1), the following parameters were 

refined: lattice parameters, domain size (isotropic), four microstrain parameters 

(S400, S004, S220, S022), and a 36-term Chebyschev background function (necessary 

for later frames with amorphous content). Refined values for lattice parameters are 

listed in Supplementary Table 2.  
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Supplementary Figure 15. Rietveld fit for the evacuated DMOF-TM structure with 

selected low and high 2θ regions magnified. Image is enlarged from the Fig. 1e found 

in the main text.  The observed peaks not described by the calculated model at 2θ 

values of 4.9, 6.4° and 8.9° are attributed to a minor impurity phase present in the 

powder sample.  Attempts to index the impurity peaks were unsuccessful. 
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Supplementary Figure 16. Visualization of 3-dimensional microstrain plots derived 

from anisotropic microstrain parameters, illustrating changes in microstrain due to 

water effects as a function of time during initial DMOF-TM exposure to 20% relative 

humidity (regime 1).  
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Supplementary Table 2. Lattice parameters obtained from Pawley refinement of 

ambient-temperature in situ PXRD data for DMOF-TM using a tetragonal (P4/nbm) 

model, λ = 0.72768 Å, and Qmax = 3.0 Å-1.   

Time 
(min) RH (%) a = b (Å) c (Å) V (Å) 

0 0 15.4127(3) 9.5686(3) 2273.1(1) 
1 20 15.4121(3) 9.5692(3) 2273.0(1) 
2 20 15.4115(3) 9.5691(3) 2272.8(1) 
3 20 15.4107(3) 9.5690(3) 2272.6(1) 
4 20 15.4099(3) 9.5689(3) 2272.3(1) 
5 20 15.4089(3) 9.5686(3) 2271.9(1) 
6 20 15.4078(3) 9.5683(3) 2271.5(1) 
7 20 15.4065(3) 9.5678(3) 2271.0(1) 
8 20 15.4052(3) 9.5673(3) 2270.5(1) 
9 20 15.4038(3) 9.5666(3) 2269.9(1) 

10 20 15.4022(3) 9.5658(3) 2269.3(1) 
11 20 15.4005(3) 9.5650(3) 2268.6(1) 
12 20 15.3988(3) 9.5640(3) 2267.8(1) 
13 20 15.3969(3) 9.5631(3) 2267.1(1) 
14 20 15.3949(3) 9.5621(4) 2266.2(1) 
15 20 15.3926(3) 9.5610(4) 2265.3(1) 
16 20 15.3903(3) 9.5596(4) 2264.3(1) 
17 20 15.3878(4) 9.5582(4) 2263.2(1) 
18 20 15.3853(4) 9.5567(4) 2262.1(1) 
19 20 15.3826(4) 9.5552(5) 2261.0(2) 
20 20 15.3798(4) 9.5536(5) 2259.8(2) 
21 20 15.3770(5) 9.5519(5) 2258.6(2) 
22 20 15.3742(5) 9.5502(6) 2257.3(2) 
23 20 15.3713(6) 9.5485(6) 2256.1(2) 
24 20 15.3688(6) 9.5468(7) 2254.9(2) 
25 20 15.3665(7) 9.5451(8) 2253.9(3) 
26 20 15.3648(7) 9.5437(8) 2253.1(3) 
27 20 15.3635(7) 9.5426(9) 2252.4(3) 
28 20 15.3626(8) 9.541(1) 2251.9(3) 
29 20 15.3625(9) 9.541(1) 2251.9(3) 
30 20 15.3624(9) 9.542(1) 2252.0(4) 
31 40 15.3665(9) 9.551(1) 2255.3(4) 
32 40 15.3733(9) 9.559(1) 2259.3(4) 
33 40 15.3762(8) 9.563(1) 2261.0(4) 
34 40 15.3779(8) 9.565(1) 2262.1(4) 
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35 40 15.3791(8) 9.567(1) 2262.9(4) 
36 40 15.3799(7) 9.568(1) 2263.4(4) 
37 40 15.3805(8) 9.570(1) 2263.9(4) 
38 40 15.3809(8) 9.571(1) 2264.3(4) 
39 40 15.3815(8) 9.572(1) 2264.7(4) 
40 40 15.3818(8) 9.573(1) 2265.0(4) 
41 40 15.3818(8) 9.573(1) 2265.2(4) 
42 40 15.3819(8) 9.574(1) 2265.3(4) 
43 40 15.3821(8) 9.575(1) 2265.6(4) 
44 40 15.3821(8) 9.575(1) 2265.7(4) 
45 40 15.3822(8) 9.576(1) 2265.9(4) 
46 40 15.3824(8) 9.577(1) 2266.2(4) 
47 40 15.3825(8) 9.578(1) 2266.4(4) 
48 40 15.3824(8) 9.579(1) 2266.6(4) 
49 40 15.3824(8) 9.579(1) 2266.8(4) 
50 40 15.3825(8) 9.581(1) 2267.1(4) 
51 40 15.3824(8) 9.582(1) 2267.3(4) 
52 40 15.3824(8) 9.582(2) 2267.5(4) 
53 40 15.3824(8) 9.583(2) 2267.7(4) 
54 40 15.3824(8) 9.584(2) 2267.9(4) 
55 40 15.3823(8) 9.584(2) 2267.9(4) 
56 40 15.3823(8) 9.585(2) 2268.1(5) 
57 40 15.3824(8) 9.586(2) 2268.3(5) 
58 40 15.3822(8) 9.587(2) 2268.5(5) 
59 40 15.3822(8) 9.587(2) 2268.6(5) 
60 40 15.3822(8) 9.589(2) 2269.0(5) 
61 60 15.3826(8) 9.592(2) 2269.9(5) 
62 60 15.3839(9) 9.595(2) 2271.0(5) 
63 60 15.3856(9) 9.603(2) 2273.4(6) 
64 60 15.3886(9) 9.615(2) 2277.0(6) 
65 60 15.3936(8) 9.629(2) 2281.8(6) 
66 60 15.3999(9) 9.645(2) 2287.4(6) 
67 60 15.4063(9) 9.652(2) 2291.0(5) 
68 60 15.4109(8) 9.655(2) 2293.1(5) 
69 60 15.4129(8) 9.657(2) 2294.2(5) 
70 60 15.4141(8) 9.658(2) 2294.7(5) 
71 60 15.4148(8) 9.658(2) 2295.0(5) 
72 60 15.4154(8) 9.658(2) 2295.2(5) 
73 60 15.4160(8) 9.659(2) 2295.6(5) 
74 60 15.4164(8) 9.658(2) 2295.6(5) 
75 60 15.4168(8) 9.659(2) 2295.8(5) 
76 60 15.4173(8) 9.659(2) 2296.0(5) 
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77 60 15.4174(8) 9.659(2) 2296.0(5) 
78 60 15.4175(8) 9.659(2) 2296.1(5) 
79 60 15.4178(8) 9.660(2) 2296.4(5) 
80 60 15.4180(8) 9.660(2) 2296.3(5) 
81 60 15.4182(8) 9.660(2) 2296.5(5) 
82 60 15.4184(8) 9.659(2) 2296.3(5) 
83 60 15.4186(7) 9.660(2) 2296.6(5) 
84 60 15.4186(7) 9.659(2) 2296.5(5) 
85 60 15.4187(7) 9.660(2) 2296.6(5) 
86 60 15.4189(7) 9.659(2) 2296.6(5) 
87 60 15.4191(7) 9.660(2) 2296.8(4) 
88 60 15.4192(7) 9.659(2) 2296.6(4) 
89 60 15.4194(7) 9.660(2) 2296.8(4) 
90 60 15.4195(7) 9.660(2) 2296.8(4) 
91 70 15.4240(7) 9.664(2) 2299.1(4) 
92 70 15.4270(7) 9.666(2) 2300.6(4) 
93 70 15.4282(7) 9.667(2) 2301.1(4) 
94 70 15.4289(7) 9.667(2) 2301.4(4) 
95 70 15.4294(7) 9.667(2) 2301.6(4) 
96 70 15.4298(7) 9.668(2) 2301.8(4) 
97 70 15.4299(7) 9.668(2) 2301.9(4) 
98 70 15.4304(7) 9.668(2) 2302.1(4) 
99 70 15.4308(7) 9.668(2) 2302.1(4) 
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Generation of difference envelope density maps 
 
Difference envelope density (DED) analysis is an approach that utilizes the difference 

between the observed and calculated structure envelopes from the most intense, low-

index diffraction reflections to visualize guest molecule location. In this work, we 

have generally followed a procedure that is discussed in greater detail elsewhere.10,11  

Pawley refinement in GSAS-II (see above) was used to extract the structure factor 

amplitudes of the 13 reflections shown in Supplementary Fig. 17. 

Structure envelope densities were calculated using the inverse discrete Fourier 

transform in the SUPERFLIP program.12 The output of this program is a file containing 

a three-dimensional matrix that represents electron density at each specified grid 

point in real space. 

The UCSF Chimera software was used for the subtraction of the observed and 

calculated densities and visualization of structure envelope densities and the 

resulting difference envelope densities.13 For each frame, the observed density of the 

evacuated DMOF-TM structure was used for the calculated (ideal) density, assuming 

the activation process completely evacuated the structure. During subtraction, the 

calculated density was scaled by a factor equal to the maximum observed density 

divided by the maximum ideal density. 

A consistent cutoff point was used for contouring different density maps. The mean 

and standard deviation (σ) was calculated for each DED, and the cutoff level was 

contoured around 1.7σ above the mean.11 

We applied a benchmarking procedure10,11 to confirm that DED observed in the 

center of pores was not due to termination errors. In this procedure, the N atom was 

removed from the DMOF-TM structural model, and this N-less model was used to 

generate a modified DED. 
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Supplementary Figure 17. Bragg reflections used for structure envelope density 

generation for DMOF-TM at λ = 0.72768 Å. 
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“Activated” structure determination 
 
Due to the experimental limitations of the DIX set up, a SCXRD structure of the 

“activated” DMOF-TM structure could not be obtained. To confirm the complete 

activation of the MOF, and related removal of the coordinated water, the O% RH 

PXRD data was fit in an attempt to provide an “activated” structure. Given the 

difference between the obtained DIX structures and the previously reported 

structure of DMOF-TM (see below) the O% RH PXRD data was fit, using the 

parameters detailed above, to both the previously reported14 and new unit cell and 

space group. The resulting structures for the P4/mmm14 and P4/nbm structures 

were found to have great to decent fits, respectively. The P4/mmm fit was found to 

have an excellent fit with a Rw of 3.89 while the P4/nbm fit was found to have a 

lesser fit of Rw=10.048.  

 
While the PXRD data was found to have a better fit to the unit cell and space group 

initially reported for DMOF-TM, the differences in the data should be considered 

and highlighted.14 The data collection used to fit the activated structure was 

obtained during the in situ PXRD runs. Data were only collected out to a 2Θ of 20 (a 

d-spacing resolution of 2.09 Å) while the DIX data was collected out to a resolution 

between 0.8 and 1.2 Å, depending on the data set and the degradation of the crystal 

throughout the run. Further, analysis of the reciprocal lattice of the obtained SCXRD 

data strongly indicated that the unit cell associated with the P4/nbm space group 

was the correct fit. Given the similarities in the two structures, and the incredible 

similarities in the observed peak positions between the two systems, both fits are 

presented as evidence of the successful dehydration of the coordinated water. This 

conclusion is further supported by the in situ DRIFTs data. 
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In situ synchrotron single-crystal diffraction 
 
All structures detailed in the manuscript were deposited with the Cambridge 

Crystallographic Data Centre (CCDC) with reference numbers 1864833 ( 

imw_1_68_09_flow_03), 1864834 (imw_1_68_09_flow_05), 1864835 

(imw_1_68_09_flow_06), 1864836 (imw_1_68_09_flow_02), 1864837 

(imw_1_68_09_flow_08), 1864838 (imw_1_68_09_flow_07), 1864839 

(imw_1_68_09_screen), 1864840 (imw_1_68_09_flow_01), 1864841 

(imw_1_68_15_screen), 1864842 (imw_1_68_09_flow_04). 

Experimental details 
 
In situ characterization of the interaction of guest water molecules with the DMOF-

TM framework was accomplished through the use of the previously reported 

environmental control cell (ECC), and the unique scan dynamic in situ XRD (us-DIX) 

technique.15,16  

All “screen” (static) and “flow” (us-DIX) data collections were collected at the 

ChemMatCARS beamline (15-IDD) of the Advanced Photon Source at Argonne 

National Laboratory. Data was collected on a Pilatus 3X CdTe 1M detector with 

λ=0.41328 Å radiation. All us-DIX (flow) data collections were collected as a 

repeated series of phi scans with a 0.2° range and 0.1 s exposure time. All static 

(screen) data collections consisted of phi scans of 0.5° range and 0.1 s exposure 

times. TIFF formatted frames collected with the Pilatus 3X CdTe 1M detector were 

converted to .sfrm files for use with the Bruker APEX3 software suite through the 

use of a conversion program developed at the ChemMatCARS beamline.17  

For all us-DIX experiments data collections comprised alternating 270° phi scans, 0-

270° followed by 270-0°, to ensure that a suitable area of reciprocal space was 

covered with each run for complete structural determination. A resulting time 

resolution of 135 s per scan/structure was achieved. As a result, any change in atom 

position or occupancy within the structure within the 135 s time frame was 
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averaged with the position and occupancy of the atom throughout the rest of the 

scan. All flow structures were collected at room temperature (approx. 20 °C). 

Environmental control of the sample environment was accomplished through the 

controlled flow of dry and humid nitrogen streams. Modifications of the existing 

environment delivery system at beamline 15-IDD were done to allow for the 

introduction and control of the humid nitrogen stream. This was accomplished 

through a set up similar to the one utilized for PXRD experiments (Supplementary 

Fig. 12). Humidity of the gas flow was monitored with a humidity sensor (Omega 

RH-USB) inserted into the flow line prior to the sample.  

Low relative humidity (%RH) data was collected in the imw_1_68_09_flow us-DIX 

data set. The sample was exposed to approximately 5 min of dry nitrogen flow 

(%RH < 3) prior to data collection to reduce the amount of residual solvent in the 

void space of the framework to a minimum. The humidity was then incrementally 

increased over the data collection (Supplementary Fig. 18). The occupancy of the 

defect oxygen atom was calculated for each solved structure. The occupancy 

remained relatively constant throughout the data collection (Supplementary Table 

6), with variations attributed to the increased disorder inherent to the DIX data 

collection. The lack of a significant change in the guest occupancy between the 

screen data and the initial structure of the data collection, coupled with the in situ IR 

results indicate that once a set level of defect is reached, heat is required to remove 

the coordinated water. The relative stability of the formed defect is reasonable 

considering the proposed coordination bond, which would require energy to break. 

For all DIX data collections, the stabilized level of defect was reached during the 

mounting process.  
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Supplementary Figure 18. Overview of a typical DIX data collection. Blocked areas 

(alternating green and white) indicate complete phi scans utilized for a structure 

(associated structure noted). Humidity over the sample throughout the run is 

shown as blue dots.  

DIX sample preparation details 
 
Crystals suitable for SCXRD study were identified and isolated while immersed in 

CHCl3, the solvent was then allowed to evaporate. The crystal was then mounted on 

a pulled glass fiber attached to a previously reported ECC with epoxy and allowed to 

dry for at least 10 minutes.16 Samples were then screened to determine sample 

quality and check for twining. Prior to us-DIX data collections, and open-ended 

quartz capillary was attached to the ECC.  
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Refinement details 
 
All structures were solved in Olex218 utilizing the ShelXT structure solution 

program.19 Refinements on the structure were carried out with the ShelXL 

refinement package.20 A solvent mask was applied to all structures to account for 

the high level of disorder of guest molecules within the void space of the framework.  

In all structures the carbon atoms of the DABCO pillaring linker were left isotropic 

without the addition of hydrogen atoms, and the occupancy of the atoms was set to 

37%. The result of the free rotation of the DABCO linker and the 3-fold symmetry of 

the linker on a 4-fold symmetry axis was the refinement of 16 carbon atoms set to 

37% occupancy per linker, equaling approximately 6 full occupancy carbon atoms of 

the molecule. The defect oxygen atom was also left without HFix hydrogen atoms, 

and was left isotropic throughout all refinements.  

Due to the nature of the dynamic in situ measurements (high temperature data 

collections, continuous gas flow over the sample, and systematic water-induced 

defects within the structure) several aspects of the structures were less than ideal. 

In all structures the R1, wR2, S, and GooF values are higher than values of structures 

collected under standard conditions. All structures obtained displayed elongated 

thermal ellipsoids on atoms that were anisotropically refined. This was attributed to 

a combination of the subtle positional disorder of the proposed defect, and the 

resulting effect on the paddle-wheel and connected pillaring linkers. The degree of 

positional disorder was small, less than 1 Å, resulting in electron densities proximal 

to one another. Further the room temperature data collection and the dynamic data 

collection conditions likely contribute to the increased disorder and larger thermal 

parameters of the resulting structures. A result of the positional disorder and data 

collection conditions were several notable A and B level cif check alerts. Despite the 

increased disorder in the structure, the us-DIX data collection technique provided 

valuable data insight into the interaction of water with the framework. Further, the 

inherent disorder of the structures resulted in slightly reduced accuracy of HFix 

hydrogen atom positions, some bond distances, and residual unmodeled electron 
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density. While these issues effect the structure quality, the benefits of the technique, 

such as resolving metastable intermediates and examining the response of defects 

to changing environmental conditions, were deemed a worthy trade off.  

Structure analysis 
 
SCXRD data obtained at 15-IDD was found to fit a tetragonal unit cell with a larger 

a/b and c vector lengths than that of the previously reported DMOF-TM structure.14 

Analysis of the reciprocal lattice of the obtained data indicated that the fit of the 

larger unit cell, detailed below, was the correct fit. The structure was found to fit the 

P4/nbm space group, also different than the previously reported structure, which 

resulted in no symmetry induced disorder of the tetramethylterephthalate linker in 

the final structure. Further, the unit cell of the obtained structures no longer aligns 

the tetramethlyterephthalate linkers along the a/b vectors (Supplementary Fig. 19). 

Assessment of the molecular and atomic changes (bond length variations) 

responsible for the observed unit cell changes noted in the PXRD proved not to be 

possible due to the significant increase in thermal disorder associated with room 

temperature data collections. Further, there was not overlap in measured unit cell 

parameters between the PXRD and SCXRD data sets, which can also be attributed to 

the increased disorder of the data collection conditions. It should also be noted that 

the use of CHCl3 as a guest resulted in a desolvation of the framework while the 

crystal was being mounted, followed by subsequent interaction with humid ambient 

air, preventing the collection of an “activated” sample. The ECC and environmental 

control setup prevented the activation of the sample, as it was not possible to heat 

the sample.  

Given the structure of the asymmetric unit (Supplementary Fig. 20) and the 

symmetry of the framework, a systematic distribution of potential defect sites 

throughout the framework was assumed. Assessment of the occupancy of the defect 

oxygen in relation to the full occupancy of the framework resulted in the conclusion 

of a maximum ratio of one defect water per tetramethylterephthalate linker. This 

could also be assessed as a ratio of two defect water molecules per paddle-wheel. 
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Given the number of possible defect sites (four per linker) and the statistical 

distribution of the defect throughout the MOF, the structure and crystallinity of the 

MOF is maintained throughout the formation of the defects. At two defect water 

molecules per paddle-wheel, only two of the carboxylate functionalities would be 

transitioned to a unidentate binding mode, leaving two bridging bidentate 

functionalities to maintain the structural stability of the paddle-wheel. Of the 

proposed defect structures, the cis and trans insertion structures (Supplementary 

Fig. 21) were considered the most likely from the obtained structural and 

spectroscopic data. The “dangling linker” defect (Supplementary Fig. 22) was not 

considered due to the lack of spectroscopic evidence of the protonation a 

carboxylate (Supplementary Fig. 10), as well as the rather distinct positional 

disorder noted in all structures. 

 

Supplementary Figure 19. a, View of the DMOF-TM framework along the c-axis, 

with unit cell outline. b, View of the DMOF-TM framework along the a/b-axis with 

the unit cell outline.  
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Supplementary Figure 20. Asymmetric unit of the DMOF-TM SCXRD structure 

with the water-induced defect. Steric induced deviation of the ideal L-M-L angle of 

the defect is noted by ϕL-M-L. The defect water oxygen (O2) and DABCO carbons (C5 

and C6) are refined to a partial occupancy, freely refined for O2 and set to 0.37 for 

C5 and C6.  
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Supplementary Figure 21. Proposed DMOF-TM water induced defect structures. 

Trans insertion of defect waters and associated displacement/rearrangement of the 

tetramethylterephthalate linker viewed parallel (c) and perpendicular (a) to the c-

axis. Cis insertion of the defect waters and associated displacement/rearrangement 

of the tetramethylterephthalate linker viewed parallel (d) and perpendicular (b) to 

the c-axis.  
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Supplementary Figure 22. Proposed dangling linker defect with insertion of water 

and hydroxyl groups at the paddle-wheel. Viewed parallel (b) and perpendicular (a) 

to the c-axis. 
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Crystallographic data tables 
 
Supplementary Table 3. Crystallographic tables for imw_1_68_09_(data set). 

Identification code Flow_01 Flow_02 Flow_03 Flow_04 
Empirical formula C14.96H12NO4.82Zn C14.96H12NO4.96Zn C14.96H12NO4.89Zn C14.96H12NO4.72Zn 
Formula weight 348.27 350.51 349.39 346.67 
Temperature/K 273.15 273.15 273.15 273.15 
Crystal system tetragonal tetragonal tetragonal tetragonal 
Space group P4/nbm P4/nbm P4/nbm P4/nbm 
a/Å 15.4112(12) 15.4220(12) 15.4296(13) 15.4327(13) 
b/Å 15.4112(12) 15.4220(12) 15.4296(13) 15.4327(13) 
c/Å 10.0029(9) 9.9557(8) 9.9198(9) 9.8851(9) 
α/° 90 90 90 90 
β/° 90 90 90 90 
γ/° 90 90 90 90 
Volume/Å3 2375.7(4) 2367.8(4) 2361.6(5) 2354.3(5) 
Z 4 4 4 4 
ρcalcg/cm3 0.986 0.977 0.980 0.984 
μ/mm-1 1.048 1.050 1.053 1.056 
F(000) 718.0 709.0 710.0 710.0 

Crystal size/mm3 0.158 × 0.156 × 
0.018 

0.158 × 0.156 × 
0.018 

0.158 × 0.156 × 
0.018 

0.158 × 0.156 × 
0.018 

Radiation synchrotron 
(λ = 0.41328) 

synchrotron 
(λ = 0.41328) 

synchrotron 
(λ = 0.41328) 

synchrotron 
(λ = 0.41328) 

2Θ range for data 
collection/° 3.738 to 51.096 3.734 to 49.618 3.734 to 46.834 3.732 to 46.656 

Index ranges 
-18 ≤ h ≤ 17, 
-18 ≤ k ≤ 18, 
-12 ≤ l ≤ 12 

-18 ≤ h ≤ 17, 
-17 ≤ k ≤ 17, 
-11 ≤ l ≤ 11 

-16 ≤ h ≤ 16, 
-17 ≤ k ≤ 17, 
-11 ≤ l ≤ 11 

-17 ≤ h ≤ 17, 
-16 ≤ k ≤ 16, 
-11 ≤ l ≤ 11 

Reflections collected 19325 17900 15211 14897 

Independent reflections 1184 [Rint = 0.0389, 
Rsigma = 0.0283] 

1089 [Rint = 
0.0388, Rsigma = 

0.0283] 

922 [Rint = 
0.0400, Rsigma = 

0.0254] 

912 [Rint = 
0.0375, Rsigma = 

0.0251] 
Data/restraints/paramet
ers 1184/0/58 1089/0/58 922/0/58 912/0/58 

Goodness-of-fit on F2 1.963 1.946 2.047 1.938 
Final R indexes [I>=2σ 
(I)] 

R1 = 0.1477, wR2 = 
0.4120 

R1 = 0.1445, 
wR2 = 0.4075 

R1 = 0.1490, 
wR2 = 0.4138 

R1 = 0.1459, 
wR2 = 0.3945 

Final R indexes [all 
data] 

R1 = 0.1585, wR2 = 
0.4473 

R1 = 0.1539, 
wR2 = 0.4376 

R1 = 0.1577, 
wR2 = 0.4443 

R1 = 0.1549, 
wR2 = 0.4263 

Largest diff. peak/hole / 
e Å-3 3.54/-0.73 3.21/-0.72 2.97/-0.78 3.08/-0.68 
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Supplementary Table 4. Crystallographic tables for imw_1_68_09_(data set) cont. 

Identification code Flow_05 Flow_06 Flow_07 Flow_08 
Empirical formula C14.96H12NO4.85Zn C14.96H12NO4.62Zn C14.96H12NO4.83Zn C14.96H12NO4.88Zn 
Formula weight 348.75 345.07 348.43 349.22 
Temperature/K 273.15 273.15 273.15 273.15 
Crystal system tetragonal tetragonal tetragonal tetragonal 
Space group P4/nbm P4/nbm P4/nbm P4/nbm 
a/Å 15.4305(15) 15.4258(17) 15.4473(18) 15.4459(18) 
b/Å 15.4305(15) 15.4258(17) 15.4473(18) 15.4459(18) 
c/Å 9.8568(10) 9.8256(11) 9.8255(12) 9.8037(12) 
α/° 90 90 90 90 
β/° 90 90 90 90 
γ/° 90 90 90 90 
Volume/Å3 2346.9(5) 2338.1(6) 2344.6(6) 2338.9(6) 
Z 4 4 4 4 
ρcalcg/cm3 0.979 0.982 0.985 0.994 
μ/mm-1 1.059 1.062 1.060 1.064 
F(000) 704.0 704.0 708.0 713.0 

Crystal size/mm3 0.158 × 0.156 × 
0.018 

0.158 × 0.156 × 
0.018 

0.158 × 0.156 × 
0.018 

0.158 × 0.156 × 
0.018 

Radiation synchrotron 
(λ = 0.41328) 

synchrotron 
(λ = 0.41328) 

synchrotron 
(λ = 0.41328) 

synchrotron 
(λ = 0.41328) 

2Θ range for data 
collection/° 3.732 to 45.254 3.734 to 42.966 3.728 to 39.826 3.73 to 38.624 

Index ranges 
-16 ≤ h ≤ 16, 
-16 ≤ k ≤ 16, 
-10 ≤ l ≤ 10 

-15 ≤ h ≤ 15, 
-15 ≤ k ≤ 15, 
-10 ≤ l ≤ 10 

-14 ≤ h ≤ 14, 
-14 ≤ k ≤ 14, 

-9 ≤ l ≤ 9 

-14 ≤ h ≤ 14, 
-14 ≤ k ≤ 14, 

-9 ≤ l ≤ 9 
Reflections collected 13742 11638 9270 8403 

Independent reflections 
833 [Rint = 

0.0393, Rsigma = 
0.0237] 

719 [Rint = 
0.0397, Rsigma = 

0.0240] 

585 [Rint = 
0.0421, Rsigma = 

0.0260] 

536 [Rint = 
0.0434, Rsigma = 

0.0280] 
Data/restraints/parameters 833/0/58 719/0/58 585/0/58 536/0/58 
Goodness-of-fit on F2 2.098 3.255 2.092 2.034 

Final R indexes [I>=2σ (I)] R1 = 0.1492, 
wR2 = 0.4204 

R1 = 0.1302, 
wR2 = 0.3714 

R1 = 0.1496, 
wR2 = 0.4107 

R1 = 0.1410, 
wR2 = 0.3988 

Final R indexes [all data] R1 = 0.1586, 
wR2 = 0.4512 

R1 = 0.1371, 
wR2 = 0.3816 

R1 = 0.1557, 
wR2 = 0.4290 

R1 = 0.1471, 
wR2 = 0.4183 

Largest diff. peak/hole / e 
Å-3 2.96/-0.71 2.17/-0.60 2.27/-0.61 1.91/-0.54 
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Supplementary Table 5. Crystallographic data table for screen structures. 
 

Identification code imw_1_68_09_screen imw_1_68_15_screen 
Empirical formula C14.96H12NO4.77Zn C14.96H12NO4.83Zn 
Formula weight 347.47 348.38 
Temperature/K 273.15 273.15 
Crystal system tetragonal tetragonal 
Space group P4/nbm P4/nbm 
a/Å 15.4654(14) 15.3646(12) 
b/Å 15.4654(14) 15.3646(12) 
c/Å 10.1109(10) 10.0208(9) 
α/° 90 90 
β/° 90 90 
γ/° 90 90 
Volume/Å3 2418.3(5) 2365.6(4) 
Z 4 4 
ρcalcg/cm3 0.952 0.978 
μ/mm-1 1.028 1.051 
F(000) 706.0 710.0 
Crystal size/mm3 0.158 × 0.156 × 0.018 0.177 × 0.112 × 0.022 

Radiation synchrotron 
(λ = 0.41328) 

synchrotron 
(λ = 0.41328) 

2Θ range for data 
collection/° 3.724 to 46.486 3.748 to 49.496 

Index ranges 
-17 ≤ h ≤ 17, 
-17 ≤ k ≤ 17, 
-11 ≤ l ≤ 11 

-18 ≤ h ≤ 18, 
-18 ≤ k ≤ 18, 
-11 ≤ l ≤ 11 

Reflections collected 20411 23654 

Independent reflections 922 [Rint = 0.0502, 
Rsigma = 0.0454] 

1080 [Rint = 0.0495, 
Rsigma = 0.0307] 

Data/restraints/parameters 922/0/58 1080/0/58 
Goodness-of-fit on F2 2.179 2.018 

Final R indexes [I>=2σ (I)] R1 = 0.1487, wR2 = 
0.4282 

R1 = 0.1349, wR2 = 
0.4099 

Final R indexes [all data] R1 = 0.1583, wR2 = 
0.4668 

R1 = 0.1450, wR2 = 
0.4441 

Largest diff. peak/hole / e 
Å-3 3.92/-0.72 3.40/-0.64 
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Supplementary Table 6. Notable structure details from imw_1_68_09_(data set) 
structures. 
 
 

 screen Flow_01 Flow_02 Flow_03 Flow_04 Flow_05 Flow_06 Flow_07 Flow_08 
Time 
range (s)  0-135 138-273 276-411 414-549 552-687 690-825 828-963 966-

1101 
Humidity 
Range 
(%RH) 

ambient 2.8-5.6 5.9-9.5 9.5-11 11-11.6 11.6-
14.9 

14.9-
18.6 

18.6-
19.3 

19.3-
19.6 

Defect 
Occupancy 0.21 0.21 0.24 0.22 0.18 0.21 0.15 0.20 0.22 
Bond 
length 
(Zn-defect, 
Å) 

2 2.026 2.01 2.174 2.12 2.2 2.19 2.12 2.15 

L-M-L 
(DABCO-
Zn-defect, 
°) 

87.4 86.4 82.1 89.8 84.1 83.2 81.6 81.8 77.2 
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Molecular mechanics simulations 
 
Classical molecular modeling studies were performed using the RASPA simulation 

software. This software package includes state-of-the-art algorithms for modeling the 

adsorption and diffusion properties of flexible nanoporous materials.  Further details 

on the software’s capabilities and its algorithms can be found in ref. 21. 

 

Simulations towards understanding the effect of water loading on the framework 

expansion behavior were performed in the isothermal-isobaric NPT thermodynamic 

ensemble, using the reversible measure-preserving integrator method of Martyna et 

al.22 In the NPT ensemble, the macroscopic variables N (number of particles), P 

(average pressure), and T (average temperature) are held constant and the unit cell 

lattice constants and angles were free to independently vary.  This ensemble is 

relevant for simulating systems where the volume of the system may vary. For these 

simulations, a starting a=b=30.85 Å, c=38.55 Å tetragonal supercell was considered 

fully flexible such that each of the lattice parameters and angles of the unit cell were 

allowed to independently vary throughout the course of the molecular dynamics 

simulation.  A time step of 0.5 fs was used. 

 

The flexible framework model used to understand the DMOF-TM unit cell changes as 

a function of water loading was taken from our previous work.23 This model utilizes 

OPLS parameters to describe the ligand behavior and parameters derived by Grosch 

and Paesani24 for the parent Zn-DMOF for the metal interactions.  This force field 

model uses bond, bend, and torsion potentials of the form:   

 

      𝑈𝑈 = 𝑘𝑘0 ��1 − 𝑒𝑒−𝑘𝑘(𝑟𝑟−𝑟𝑟0)�
2
− 1�    (1) 

     𝑈𝑈 = 1
2
𝑘𝑘(𝑟𝑟 − 𝑟𝑟0)2      (2) 

     𝑈𝑈 = 1
2
𝑘𝑘(𝜃𝜃 − 𝜃𝜃0)2     (3) 

               𝑈𝑈 = 1
2
𝑘𝑘1[1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜙𝜙)] + 1

2
𝑘𝑘2[1 − 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜙𝜙)] + 1

2
𝑘𝑘3[1 + 𝑐𝑐𝑐𝑐𝑐𝑐(3𝜙𝜙)]             (4) 
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Where equations (1) and (2) are the Morse and harmonic potentials for bonding 

interactions, respectively, equation (3) is the harmonic bend potential, and equation 

(4) is the torsion potential using the OPLS form.  Van der Waals interactions were 

defined according to the Lennard-Jones potential, given by: 

 

    𝑈𝑈 = 4𝜀𝜀 ��𝜎𝜎
𝑟𝑟
�
12
− �𝜎𝜎

𝑟𝑟
�
6
�     (5) 

 

Electrostatic charges were accounted for by assigning point charges to the framework 

atoms and treated using the Ewald summation technique. A complete listing of the 

bonded and non-bonded force field parameters for the flexible DMOF-TM force field 

can be found in the supporting information of ref. 23. 

 

Water was modeled using the rigid three-point SPC force field model,14 and the 

percent volume changes shown in Supplementary Figure 25 were calculated from the 

average volume obtained from equilibrated NPT molecular dynamics simulations at 

the relevant water loading. This was performed by first equilibrating the system for 

nanosecond(s) (depending on the number of water molecules present) before 

tracking the average supercell volume for the run after the equilibration period. The 

fluctuations in the average supercell volume over the last 200 ps of trajectories for 

various water loadings in the DMOF-TM structure is shown in Supplementary Figure 

26. To ensure that the molecular modeling conclusions are not dependent upon the 

specific choice of water force field model used, additional NPT molecular dynamics 

simulations using the rigid five-point Tip-5p-Ew25 water force field model were also 

performed at various water loadings (Supplementary Fig. 27) to ensure consistency 

with Supplementary Figure 25.  The radial distribution functions of Supplementary 

Figure 28 were calculated using the SPC water model.   
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Supplementary Figure 23. Effect of water loading on framework expansion 

behavior in DMOF-TM using NPT molecular dynamics simulations and the SPC water 

model.  

 

 
Supplementary Figure 24. Fluctuations in the average supercell volume over the 
last 200 ps of the NPT molecular dynamics trajectories for various SPC water model 
loadings in DMOF-TM. 
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Supplementary Figure 25. Effect of water loading on framework expansion 

behavior in DMOF-TM using NPT molecular dynamics simulations and the Tip5p-Ew 

water model.  
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Supplementary Figure 26. Framework carboxylate (oxygen) to water (oxygen) 

radial distribution functions at various water loadings in DMOF-TM using the SPC 

water model.  

Supplementary Figure 29 shows the percent change in the volume, a/b-directions, 

and c-direction in DMOF-TM from flexible NPT calculations using the SPC water 

model.  The a/b-direction changes were calculated by averaging the a-direction and 

b-direction lattice parameter changes. The average γ angle was within 90±0.01° and 

the average α and β angles were within 90±0.1° at each of the water loadings. These 

results suggest that, in agreement with experiment, the structure remains in the 

tetragonal symmetry at the various water loadings. We attribute the ±0.1° variation 

within the α and β angles to the relatively long timescale for reorientation of the 

tetramethyl-BDC linkers in the a/b directions relative to the nanoseconds timescale 

of our simulations.  

The relative contributions to the volume expansion in the a- and c-directions 

from experiment in Fig. 2a are also consistent with our molecular modeling 

predictions in Supplementary Figure 29 and we attribute the relatively large c-

direction expansion in regimes 2 and 3 to the fact that DABCO is more rigid than BDC-

TM, so any dynamics induced by water effects on the flexible paddlewheel unit would 

also be translated to the rigid DABCO and directly affect the c-direction, whereas with 

BDC-TM there is more intrinsic flexibility that means these distortions do not 

necessarily translate to the same magnitude of changes in unit cell parameters in the 

a/b direction. Several zinc paddle wheel distortion or reorganization models have 

been proposed in the literature,26,27,28 but we do not find evidence from SCXRD 

experiments that similar distortions or bond reorganizations occur in our system.  
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Supplementary Figure 27. Effect of water loading on the framework volume and 
lattice parameter expansion using the SPC water model. 
 
 

The elastic tensor used to compute the Young’s modulus of the DMOF-TM framework 

was obtained by first minimizing the energy of its flexible framework model at 0 K.  

This was performed using an application of the Baker’s method eigenmode-following 

minimization technique that is optimized for use in periodic systems.29 This 

minimization technique finds the lowest energy 0 K state of the framework by 

analytically calculating the Hessian matrix (given by the second derivatives of the 

potential energy) at each step and relaxing the modes of the system until they all have 

first derivatives equal to zero and all positive eigenvalues in their Hessian matrix. 

Ensuring that all of the eigenvalues of the Hessian matrix are positive is a key feature 

that distinguishes this approach other energy minimization algorithms and ensures 

that a true energetic minimum is found. After minimizing the structure, the 0 K elastic 

constants of the system were computed using the generalized Hessian matrix.30   
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Theoretical defect calculations 
 
Supplementary Figure 28 shows the thermal factors from experiment. All atoms 

display an anisotropic ellipsoid thermal factor of similar magnitude, but there are 

four additional isotropic spherical thermal factor nearby the oxygen atoms associated 

with the BDC-TM linker. These are oxygen atoms that could be displaced carboxylate 

oxygen atoms (defects) or oxygens from water or hydroxyl groups. In Supplementary 

Figure 29 we show the typical distances and angles related to the oxygen atoms in the 

framework. In Supplementary Figures 30-45 we examine the possible cause of the 

defects and the adsorption of water in DMOF-TM. 

 

We used high quality optimizations based on periodic unit cells using VASP 

5.4.1 (parameters: ENCUT=500, PREC= High, LAPSH = .true, EDIFF = 1e-7, EDIFFG = 

-2E-3). SCAN + rVV10 SCAN+rVV10 is a versatile van der Waals density functional 

developed by combining the Strongly Constrained Appropriately Normed (SCAN) 

meta-GGA semilocal exchange-correlation functional with the rVV10 non-local 

correlation functional. It is considered the best dispersion-corrected semilocal 

functional for layered materials to date. In the Figures we only show relevant atoms 

for viewing clarity. The reference state for the reported energies is the empty 

structure plus the energy of individual water molecules. Based on Supplementary 

Figures 28-45, we remark the following:  

 
• There cannot be 3 or more oxygen atoms close to each other at the position 

of the carboxylate group (maximum distance of non-bonded oxygens is about 

2.5-2.6 Å [RDF O-O liquid water]). 

• The four possible oxygens sites show a 77.7° inward angle and a 93.5° angle. 

The first angle corresponds to a normal carboxylate group. The latter might 

be explained by a hydroxyl-group or water attached to the metal with the 

linker displaced in various possible ways. The defects are caused by a variety 

of linker translational and rotational displacements. 

• The linker prefers sideways motions over upwards rotations. The latter has a 

large 0.7 eV penalty due to steric hindrance in the framework. 

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.041005
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• Water adsorption is much stronger in DMOF-TM than in DMOF-1 due to 

hydrogen bonding. 

• The large thermal factors are due to the large thermal motion at 293K as 

shown by VASP QM MD simulations. In addition to that, the water strongly 

attracts the linkers and the carboxylate oxygens. 
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Supplementary Figure 28. Experimental thermal factors at 293 K (top) around the 
zinc dimer and (bottom) around the DMOF-TM linker molecule and Zinc metals.  The 
thermal factors are a superposition of all atoms of the frameworks with large 
ellipsoidal thermal factors and the four defect sites with spherical thermal factors. 
The direction of the anisotropic ellipsoidal thermal factors is in the plane of the 
carboxylate groups and the Zn-Zn dimer, i.e. corresponding to a sideways movement 
of the linker. 
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Supplementary Figure 29. Thermal factors (top) around the zinc dimer, and 
(bottom) selected distances and angles. The inner two oxygen atoms bend inwards 
with angles at approximately 78° while the two outer atoms have angles close to 
93.5°. 

2.03 AÅ  2.06 AÅ  

2.14 AÅ  

3.3 AÅ  

2.72 AÅ  

Zn-Zn-O1 = 93.56°  (almost perpendicular to the Zinc) 

Zn-Zn-O2 = 77.70° (bend inwards) 

0.58 AÅ  
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Supplementary Figure 30. Visualization: (top) experimental data in the ball-stick 
style, (middle) QM VASP optimized framework displayed using the licorice style, 
(bottom) QM VASP optimized structure displayed using the VDW space-filling style. 
The carboxylate group atoms fits snuggly between the DABCO linkers and it is not 
possible to have 3 or 4 oxygens occupying the space in-between the DABCO linkers. 
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Supplementary Figure 31. Superposition of the QM VASP optimized structure at 0 
K on top of the  experimental data. The four oxygens on each side from experiment 
are denoted as red with a transparent black pattern. The QM results show that the 
two inner oxygens of the experimental data correspond to the oxygens of the 
carboxylate groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

QM VASP opt.: no water 

Zn-Zn: 2.653 AÅ  
Zn-Zn-O1: 81.72° 

Zn-Zn-O2: 82.79° 

Zn-O1: 2.029 AÅ  
Zn-O2: 2.036 AÅ  
O1-O2: 2.27 AÅ  
O1-C-O2: 125.57° 
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Supplementary Figure 32. BDC-TM linker replaced with four waters (left) in their 
starting positions and (right) in their optimized positions where the water 
molecules are no longer bound to Zn, i.e. having two water molecules at the Zn-
dimer is not a stable configuration. 
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Supplementary Figure 33. BDC-TM replaced with two water-hydroxide group pair 
(left) in the periodic unit cell used in the optimization and (right) illustrating how the 
water-hydroxide group pair are stable at the Zn-dimer, with the hydrogen of the 
water pointing to the hydroxyl group. The Zn-Zn-O angles are around 84°. 
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Supplementary Figure 34. Possible defect “translation”: the BDC-TM linker is 
shifted sideways and two water molecules have come in.  The relative energy of this 
configuration is -0.066206 eV. There is a relatively large steric hindrance as the linker 
shifts into the DABCO linker and other TM-linkers. Without that steric hinderance the 
energy would be more favorable. The Zn-Zn-O1 angle corresponding to water is close 
to the 90° corresponding to the outer-oxygen defect sites. 
 
 
 
 
 
 
 
 
 
 

Molecule bend 
due to steric 
hindrance 

From DABCO But also other 
linker molecules 

Zn-Zn 2.82 AÅ  
O1-O2 2.53 AÅ  
Zn-Zn-O1 88.8° 

Zn-Zn-O2 
79.8° 
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Supplementary Figure 35. Possible defect “half translation”: the linker molecule is 
shifted sideways at the bottom but at the top is still connected in the same position, 
and two water molecules have come in from the right. The hydrogens of the water 
molecules point to the carboxylate oxygens. The Zn-Zn-O1 angle has been opened up 
to 100°. The energy is -0.234826 eV, and more favorable than the translation from 
Figure S34 because of the reduced steric hinderance. 
 
 
 
 
 
 
 

Zn-Zn 2.81 AÅ  
Zn-O1 2.07 AÅ  
Zn-O2 2.01 AÅ  
O1-O2 3.56 AÅ  
Zn-Zn-O1 101.4° 

Zn-Zn-O2 94.9° 
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Supplementary Figure 36. Possible defect “rotated up”: the linker molecule is 
rotated upwards at one side and two water molecules have come in. The hydrogen 
of the water points towards the carboxylate oxygen. The energy is -0.323706 eV, but 
the structure needs a volume change to be overcome to get to this state. The Zn-Zn-
O1 angle is consistent with the outer-oxygen defect. 
 
 
 
 
 
 
 
 
 
 
 
 

Zn-Zn 2.75 AÅ  
Zn-O1 2.053 AÅ  
Zn-O2 2.13 AÅ  
O1-O2 2.63 AÅ  
Zn-Zn-O1 90.4° 

Zn-Zn-O2 
83.2° 
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Supplementary Figure 37. Possible defect “rotated sideways”: the linker molecule 
is rotated sideways and two water molecules have come in. Of the four possible 
defects we examined, this is energetically the most favorable one with -1.033076 eV. 
 
 
 
 
 
 
 
 
 
 
 
 

Zn-Zn 2.85 AÅ  
Zn-O1 2.10 AÅ  
Zn-O2 2.10 AÅ  
O1-O2 2.6 AÅ  
Zn-Zn-O1 80.7° 

Zn-Zn-O2 86.3° 
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Supplementary Figure 38. We observed that DMOF-TM has a geometrically 
favorable hydrogen bonding network. Two water molecules can form a very strong 
network in between the two carboxylate groups due the rotation of the  BDC-TM 
linker molecule. This is not possible in the parent DMOF-1, as shown in the following 
figures. Also note that the Zn-O2 distance has been elongated because the water 
attracts the carboxylate oxygen. 
 

QM VASP: 2 water 

Zn-Zn: 2.667 AÅ  
Zn-ZN-O1: 79.89° 

Zn-Zn-O2: 83.98° 

Zn-O1: 2.026 AÅ  
Zn-O2: 2.077 AÅ  
O1-O2: 2.265 AÅ  
O1-C-O2: 125.27° 

1.82 AÅ  

1.998 AÅ  

2.002 AÅ  
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Supplementary Figure 39. Single water adsorption in DMOF-1: the binding energy 
is about -67 kJ/mol. 
  

-66.82 kJ/mol  

O-H 1.79 AÅ  
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Supplementary Figure 40. Single water adsorption in DMOF-TM: the binding 
energy is about -83 kJ/mol (about 16-17 kJ/mol lower than DMOF-1 due to more 
favorable VDW interactions). 

O-H 1.78 AÅ  -83.27 kJ/mol 
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Supplementary Figure 41. Adsorption of two water molecules in DMOF-1 (left) and 
DMOF-TM (right) shows a much stronger binding in DMOF-TM due to the highly 
favorable hydrogen bonding arrangement. This could also make DMOF-TM more 
water stable than DMOF-1 because the reactant state is lowered in energy. A water 
molecule first needs to break the hydrogen bonding with other water molecules in 
the pores before it can react near the metal site in DMOF-TM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.82 AÅ  

1.998 AÅ  

2.002 AÅ  

-148.97 kJ/mol  

-179.45 kJ/mol  

-30.48 kJ/mol lower than DMOF-1  
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Supplementary Figure 42. QM VASP optimization of the DMOF-TM structure with 
and without water and displayed superimposed: (left) view parallel to the Zn-dimer, 
(right) view perpendicular to the Zn-dimer. The water significantly attracts the TM-
linker molecule. 
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Supplementary Figure 43. DABCO linker replaced by water molecules: there is no 
significant change in the Zn-Zn-O angles. 
 

Zn-Zn: 2.648 AÅ  
Zn-Zn-O1: 82.4° 

Zn-Zn-O2: 81.4° 

Zn-O1: 2.04 AÅ  
Zn-O2: 2.077 AÅ  
O1-O2: 2.25 AÅ  
O1-C-O2: 124.4 
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Supplementary Figure 44. DABCO linker replaced by several water molecules 
forming a hydrogen bonding network: Zn-Zn-O2 angle is consistent with the 90° 
configuration. 

Zn-Zn: 2.675 AÅ  
Zn-ZN-O1: 81.4° 

Zn-Zn-O2: 88.2° 

Zn-O1: 2.038 AÅ  
Zn-O2: 2.044 AÅ  
O1-O2: 2.265 AÅ  
O1-C-O2: 125.1° 

1.748 
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Supplementary Figure 45. QM VASP MD, 3 water molecules, T=293K, 100 snapshots 
super-imposed with 50 MD steps between each snapshot, over a total of 2.5 
picoseconds. We observed significant thermal motion at this temperature which 
explains the large thermal factors observed in the experiments.   
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Supplementary Figure 46. QM VASP NPT MD simulation results at 300 K (Langevin 
thermostat, P = 0 bar, 600 eV cut-off, 0.3 meV/A force criteria, PAW-PBE-D3, k-point 
integration restricted to the Γ-point, Gaussian smearing of 0.05 eV) for the DMOF-TM 
(evacuated, left) and DMOF-TM (1 water molecule, right) systems.  We were unable 
to achieve equilibration in our simulations to support or refute the ~1% difference in 
volume observed from experiment at low water loadings due to the large number of 
framework atoms (312) in our simulation cell. NPT ensemble MD simulations in MOFs 
present significant challenges31 and work by others32,33 has also faced similar 
difficulties.  
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