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1.1. [bookmark: _Ref430195729]General Synthesis Procedure
UiO-66 samples were synthesized by sequentially adding 0.862 g ZrCl4 (3.699 mmol), 0.200 ml H2O (11.10 mmol), monocarboxylic acid modulator (details in Section 1.2), and 0.615 g H2BDC (3.701 mmol) to 250 ml volumetric flasks containing 100.0 ml of N,N’-dimethyl formamide (1291 mmol). In order to ensure the complete dissolution of all reagents, mild heating (ca. 70 °C) and stirring was applied to the synthesis mixtures for the duration of their preparation.
Once all reagents had dissolved, the stirring magnets were removed from the flasks, which were then loosely capped with glass stoppers before being placed in an oven preheated to 120 °C, where they were left for 72 hours. The resulting microcrystalline powders were then recovered from their synthesis solutions via centrifugation and washed with 60 mL fresh N,N’-dimethyl formamide (DMF), in which they were stirred overnight at ca 70 °C. Three further such washes were performed the next day, albeit for a shorter duration (ca. 2 hours each time) and at room temperature.  The washed products were recovered by centrifugation and dried overnight in an oven set to 60 °C.	Comment by Greig Charles Shearer: Mention grinding?
A small (ca. 100 mg) portion of each of the resulting “as synth” MOF samples was set aside for PXRD, EDX, and dissolution/NMR characterization, while the majority of the material was subjected to a further “activation” procedure to remove the DMF and residual modulator molecules from the pores. This was achieved by placing the samples in alumina crucibles and heating them at 200 °C for 24 hours in a conventional oven. The activated UiO-66 samples are not completely empty as they re-adsorb atmospheric water vapor when allowed to cool to room temperature. Unless explicitly stated otherwise, all results and discussion (both herein and in the main article) is in reference to the “activated” materials.

1.2. [bookmark: _Ref430205091] Modulator Quantities
The procedure outlined in Section 1.1 was used in a total of 15 syntheses, in which only the identity and/or concentration of the monocarboxylic acid modulator was varied. One of the syntheses was performed without modulator (“NoMod”), while 4 different modulators (acetic, formic, difluoroacetic, or trifluoroacetic acid) were added in various quantities (i.e. concentrations) in the remaining 14 syntheses. Acetic acid and formic acid were each added in 4 different concentrations, while difluoroacetic acid and trifluoroacetic acid were added in 3 different concentrations, taking us to our total of 4 + 4 + 3 + 3 = 14 modulated syntheses. Specifically:
· 1.271, 2.542, 7.626, and 21.185 mL (22.20, 44.40, 133.2, and 370.1 mmol, respectively) of acetic acid was added to the synthesis of “6Ac”, “12Ac”, “36Ac”, and “100Ac”, respectively.
· 0.838, 1.675, 5.026, and 13.961 mL (22.21, 44.40, 133.2, and 370.1 mmol, respectively) of formic acid was added to the synthesis of “6Form”, “12Form”, “36Form”, and “100Form”, respectively.
· 1.397, 2.795, and 8.384 mL (22.20, 44.41, and 133.2 mmol, respectively) of difluoroacetic acid was added to the synthesis of “6Dif”, “12Dif”, and “36Dif”, respectively.
· 1.712, 3.425, and 10.274 mL (22.20, 44.41, and 133.2 mmol, respectively) of trifluoroacetic acid was added to the synthesis of “6Trif”, “12Trif”, and “36Trif”, respectively.
The amount of each reagent added to the 15 different syntheses is summarized in Table S1, where the quantities are provided in terms of their molar ratio with ZrCl4 and by the actual mass added:
[bookmark: _Ref430188043][bookmark: _Ref430306244]
[bookmark: _Ref449644011]Table S1. Molar ratios and masses of the various reagents used in the 15 UiO-66 syntheses.
	 
	                               Molar Equivalents (w.r.t ZrCl4) / Mass (g)

	Sample Name
	ZrCl4
	H2BDC
	H2O
	DMF
	Acetic acid
	Formic acid
	Difluoroacetic acid
	Trifluoroacetic acid

	
NoMod
	
1 / 0.862
	
1 / 0.615
	
3 / 0.2
	
350 / 94.40
	
0 / 0
	
0 / 0
	
0 / 0
	
0 / 0

	6Ac
	“
	“
	“
	“
	6 / 1.333
	0 / 0
	0 / 0
	0 / 0

	12Ac
	“
	“
	“
	“
	12 / 2.667
	0 / 0
	0 / 0
	0 / 0

	36Ac
100Ac
	“
“
	“
“
	“
“
	“
“
	36 / 8.000
100 / 22.22
	0 / 0
0 / 0
	0 / 0
0 / 0
	0 / 0
0 / 0

	6Form
	“
	“
	“
	“
	0 / 0
	6 / 1.022
	0 / 0
	0 / 0

	12Form
	“
	“
	“
	“
	0 / 0
	12 / 2.044
	0 / 0
	0 / 0

	36Form
100Form
	“
“
	“
“
	“
“
	“
“
	0 / 0
0 / 0
	36 / 6.132
100 / 17.03
	0 / 0
0 / 0
	0 / 0
0 / 0

	6Dif
	“
	“
	“
	“
	0 / 0
	0 / 0
	6 / 2.132
	0 / 0

	12Dif
36Dif
	“
“
	“
“
	“
“
	“
“
	0 / 0
0 / 0
	0 / 0
0 / 0
	12 / 4.265
36 / 12.79
	0 / 0
0 / 0

	6Trif
	“
	“
	“
	“
	0 / 0
	0 / 0
	0 / 0
	6 / 2.531

	12Trif
	“
	“
	“
	“
	0 / 0
	0 / 0
	0 / 0
	12 / 5.064

	36Trif
	“
	“
	“
	“
	0 / 0
	0 / 0
	0 / 0
	36 / 15.190







1.3. [bookmark: _Ref430255976] Synthesis of UiO-66-Ideal
UiO-66-Ideal was synthesized via an optimized version of a procedure originally outlined by Serre and coworkers and later promoted by us.1, 2
The synthesis mixture was prepared by sequentially adding 3.781 g ZrCl4 (16.22 mmol), 2.865 ml 35 % HCl (32.45 mmol), and 5.391 g H2BDC (32.45 mmol) to a 250 ml conical flask containing 97.40 ml of N,N’-dimethyl formamide (1258 mmol).  In order to ensure the complete dissolution of reagents, mild heating (ca. 70 °C) and stirring was applied to the synthesis mixture for the duration of its preparation.
Once all reagents had dissolved, the stirring magnet was removed from the flask and the synthesis mixture was transferred to a 200 mL Teflon liner. The liner was sealed in a stainless steel autoclave which was subsequently placed in an oven preheated to 220 °C.  After 24 hours of reaction, the autoclave was removed from the oven and rapidly cooled by dropping it into a bucket of cold tap water. About 30 minutes later, the autoclave was removed from the bucket. The liner was then removed from the autoclave and its solid contents were recovered from the solution by centrifugation.
The wet solid product was washed overnight by stirring it in 80 mL of fresh N,N’-dimethyl formamide (DMF). Three further such washes were performed the next day, albeit for a shorter duration (ca. 2 hours each time).  The 4x washed product was then recovered by centrifugation and dried overnight in an oven set to 60 °C.
A small portion of the resulting “as synth” material was set aside for PXRD, EDX, and dissolution/1H NMR characterization (see Section 5.13) while the majority of the material was subjected to a further “activation” procedure to remove volatile organics (e.g. DMF) from its pores. This was achieved by placing the “as synth” material in an alumina crucible and heating it at 200 °C for 24 hours in a conventional oven. The resulting “activated” material was also characterized by PXRD, EDX, N2 adsorption, and dissolution/1H NMR characterization (see Section 5.13).
Non-volatile organics were removed from the “activated” material via a further “calcination” heat treatment. This was achieved by placing 1 gram of the “activated” material in an alumina crucible and subjecting it to a 2 step heating program in a multi-step muffle furnace. The first step involved a 5 °C min-1 ramp to 200 °C, where the temperature was held for 10 minutes. The second step involved a 0.5 °C min-1 ramp to 270 °C, where the temperature was held for 70 hours. The sample was then allowed to cool to room temperature naturally. It should be noted that several temperatures were trialed for the calcination method. Although the material would always retain its crystallinity, the sample would often become discolored (yellow/light brown) when a temperature above 270 °C was employed.  The origin of this discoloration is unknown.
Unless explicitly stated otherwise, all results and discussion (both herein and in the main article) related to UiO-66-Ideal is in reference to the “calcined” material, which, in addition to being nearly defect free,  is nearly completely free of organics, as demonstrated by the TGA, N2 adsorption, and dissolution/1H NMR results presented in Section 5.13. Further evidence for the ideality of this sample can be found in Section 3.4.2. 
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2.1. [bookmark: _Ref430303417] Powder X-Ray Diffraction (PXRD)
Samples were prepared by dispersing 30 mg of sample on a flat, glass plate PXRD sample holder with a diameter of 2.5 cm. A stretched piece of plastic film was then used to spread, flatten and hold the sample in position for measurement. The plastic film is evident in the PXRD patterns, appearing as two broad peaks covering 2θ ranges of ca. 20-22° and 23-24°.
The PXRD patterns were obtained on a Bruker D8 Discovery diffractometer equipped with a focusing Ge-monochromator, using Cu-Kα radiation (λ=1.5418 Å) and a Bruker LYNXEYE detector. Patterns were collected in reflectance Bragg-Brentano geometry over a 2 range of 2-50°.

2.2. [bookmark: _Ref430303448] Thermal Stability Tests
In each test, 30 mg of MOF sample was added to an alumina crucible before being placed in a programmable muffle furnace. A 1 °C min-1 ramp was used to heat the sample to the desired temperature, where it was held for 12 hours in air before being allowed to cool to room temperature naturally. After treatment, the entire remains of the sample (always less than the 30 mg starting weight) were prepared for PXRD measurement by the method outlined in the previous subsection.

2.3. [bookmark: _Ref430303451] Simulation of PXRD Patterns
PXRD patterns were simulated by using the “Powder Diffraction” option within the “Reflex Tools” in Accelrys Materials Studio version 8.1. The patterns were simulated with Bragg-Brentano geometry in the 2-50 ° 2θ range, with a step size of 0.05. Under the “Radiation” tab, the X-ray source was set to “Copper”, while λ2 was deselected. The default settings were applied for all other parameters. 

2.4. [bookmark: _Ref430282109] Nitrogen Sorption Measurements
Nitrogen sorption measurements were performed on a BelSorp mini II instrument at 77 K. In each experiment, approximately 50 mg of activated sample (see the Section 1.1) was weighed into a 9.001 cm3 glass cell. Prior to measurement, H2O was removed from the MOF pores via simultaneous vacuum and heat treatment; first for 1 hour at 60 °C, then for 2 hours at 150 °C. All samples retained their crystallinity after this treatment, as evidenced by PXRD (see Section 6.1 in the appendix).
BET surface areas were extracted from the nitrogen adsorption isotherms via the method described in Section 3.3.



2.5. [bookmark: _Ref430206609]Dissolution / NMR Spectroscopy
Samples were prepared by weighing 20 mg of MOF into an NMR tube. A 600 uL portion of the digestion medium was then added to the tube. The digestion medium used in the majority of this work was 1M NaOH in D2O. However, an additional, internally standardized medium was used to digest the trifluoroacetic acid modulated samples. This was the same as the standard digestion medium, albeit with 0.05 vol% difluoroacetic acid. 
Upon addition of the digestion medium, the NMR tubes were capped and inverted 2-3 times before leaving the samples to digest over a period of 24 hours. This OH- based procedure dissolves only the organic portion of the MOF (linker, modulator, solvent etc.), while the inorganic component sinks to the bottom as ZrO2 and does not interfere with the spectra.  
Liquid 1H NMR spectra were recorded with a Bruker Avance DPX-300 NMR Spectrometer (300 MHz). The relaxation delay (d1) was set to 20 seconds to ensure that reliable integrals were obtained, allowing for the relative concentrations of the molecular components to be accurately determined. The number of scans was 64.
Liquid 19F NMR spectra were recorded with a Bruker Avance DPX-200 NMR Spectrometer (200 MHz). The relaxation delay (d1) was set to 20 seconds to ensure that reliable integrals were obtained, allowing for the relative concentrations of the molecular components to be accurately determined. The number of scans was 64.

2.6. [bookmark: _Ref430303461] TGA-DSC
TGA-DSC measurements were made with a Stanton Redcroft TGA-DSC, in which ca. 30 mg of MOF sample was loaded in a platinum crucible.  Samples were heated to 900 °C at a rate of 5 °C min-1 under a constant and simultaneous flow of both N2 (20 mL/min) and O2 (5 mL/min). 

2.7. [bookmark: _Ref430303465]Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy
[bookmark: OLE_LINK3]Loose MOF powder (activated, see Section 1.1) was introduced to a Bruker Vertex70 FTIR spectrometer equipped with a Bruker OPTIK Platinum ATR accessory with a diamond internal reflection element. ATR-IR spectra (2 cm-1 resolution, 256 scans) were then recorded in the 4000-600 cm-1 range and detected with an MCT detector. The spectral intensity was corrected for the change in the effective thickness value as a function of the incident wavelength.

2.7.1. [bookmark: _Ref439263934]ATR-IR Spectroscopy in Controlled Atmosphere
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Prior to measurement, all solvent and H2O was removed from the samples (pre-activated, see Section 1.1) by heating them under vacuum in glass cells, first for 1 hour at 60 °C and then for 2 hours at 150 °C. The cells were then closed before being transferred to a glovebox (N2 atmosphere), where they were opened. The loose, activated MOF powder was removed from the cells and introduced to a Bruker Alpha spectrophotometer equipped with a diamond internal reflection element. ATR-IR spectra (2 cm-1 resolution, 256 scans) were then recorded in the 4000-400 cm-1 range and detected with a DTGS detector. The Intensity of the spectra has been corrected for the change in the effective thickness value as a function of the incident wavelength.

2.8. [bookmark: _Ref430303471] Simulated Nitrogen Adsorption Isotherms
Adsorption isotherms were simulated by use of the “Sorption Tools” in Accelrys Materials Studio version 8.1. The “Adsorption isotherm” task was chosen. Simulations were performed at a temperature of 77 K using a geometry optimized N2 molecule as the adsorptive and a single, geometry optimized unit cell of the model structure of interest as the adsorbent. See Section 4 for a description of the 17 model structures used in this work. We adopted the Metropolis method and the COMPASS force field. Simulations were performed over a pressure range of 0.01-100 kPa, in which 50 fugacity steps were distributed logarithmically so that there were more data points in the steep initial portion of the isotherm.  The “Fine” quality setting (involving 100,000 equilibration steps and 1,000,000 production steps) was used for all simulations. Charges were force field assigned. Electrostatic forces were calculated with the Ewald method while van der Waals forces were calculated atom based. No constraints were assigned. Due to the statistical nature of the calculations, we observed small differences in the isotherms when simulations were repeated. 

In order to compare the simulated isotherms with those experimentally obtained, the y-scale units of the simulated isotherms were converted from to “”, the volume of nitrogen adsorbed (STP) per gram of material:

	
	
	[bookmark: _Ref430306048](1)



Where:
 is the molar mass (g∙mol-1) of the contents of the unit cell from which the isotherm was simulated,
 is the gas constant (= 8314.46 cm3∙kPa∙K-1∙mol-1),
 is the standard temperature (= 273.15 K),
 is Avogadro’s number (= 6.022 x 1023 mol-1).
 is the standard pressure (= 100 kPa).
While the x-scale units were converted from  to :

	
	
	[bookmark: _Ref430306055](2)



After the units of the simulated isotherms were converted as described above, the BET surface area of the hypothetical model materials were calculated via the method described in Section 3.3.

2.9. [bookmark: _Ref430303474] Scanning Electron Microscopy (SEM)
Scanning Electron Microscope (SEM) Images were taken on a Hitachi SU8230 Field Emission Scanning Electron Microscope (FE-SEM). The acceleration voltage was set to 2.5 kV. In order to reduce sample charging, a 1.5 kV deceleration voltage was applied, resulting in a “landing voltage” of 2.5 – 1.5 = 1 kV.

2.10. [bookmark: _Ref430281873] Elemental Analysis (via EDX)
Elemental analysis was performed on a Hitachi SU8230 Field Emission Scanning Electron Microscope (FE-SEM) equipped with an Energy Dispersive X-ray Spectrometer. Samples were prepared by spreading them on carbon tape. Spectra were acquired with the “precise” setting at a working distance of 15 mm and a magnification of 1000x. The accelerating voltage was set to 7 kV so that both zirconium (Lα = 2.042) and chlorine (Kα = 2.621 keV) could be reliably quantified. 
The lighter elements present in the samples (hydrogen, carbon, oxygen, and fluorine) cannot be reliably quantified by EDX. Hydrogen cannot be quantified simply because it does not have any characteristic X-rays, whereas the quantification of the other light elements is obscured mainly by the fact that their characteristic X-rays originate from transitions involving their valence electrons (i.e. those involved in their chemical bonding). The shape and position of the peaks associated with these elements therefore depends on their chemical environment, resulting in unreliable quantification.







3. [bookmark: _Ref430303336]Quantitative Analysis Methods
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3.1. [bookmark: _Ref430272927] Calculating , the Relative Intensity of the “Broad Peak”
 values were calculated by fitting four key reflections in the PXRD patterns (using Topas Academic version 4.2), extracting their intensities, and entering them into Equation (3) (see below). A single background term was also included in the fit. The broad peak was fit to either the Split Pearson VII (SPVII) or Split Pseudo-Voigt (SPV) function (depending on which gave the lowest error), while the three most intense UiO-66 reflections (the (111), (200), and (600) reflections, see Figure S1 below) were fit to the Pseudo-Voigt function.  was then calculated by dividing the intensity of the broad peak by the average of the 3 UiO-66 peak intensities:

	
	
	[bookmark: _Ref430262054](3)




The 4 fitted peaks are emphasized in Figure S1, in which the PXRD pattern obtained on 36Trif is displayed as an example:

[image: ]
[bookmark: _Ref430189718][bookmark: _Ref430305935]Figure S1. PXRD pattern obtained on 36Trif.
3.2. [bookmark: _Ref430273160]Obtaining Molar Ratios via Dissolution/NMR
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3.2.1. [bookmark: _Ref430206305]Principles of the Method
The biggest strength of the dissolution/NMR technique is that the molar ratios between the nuclei of interest (in this work, either 1H or 19F) can be determined via integration. We can therefore calculate the molar ratios between the various molecular species within the MOF (linker, modulator, solvent, etc.).
Herein, we are interested in determining the molar ratio between the modulator(s) and the BDC linker  in our samples.
However, when NMR spectra are integrated, we only obtain the relative number of equivalent active nuclei that give rise to the signals, not the relative number of molecules to which they can be attributed. 
To emphasize this point, imagine the dissolution/1H NMR spectrum obtained on a hypothetical MOF sample in which there is an equimolar mixture of BDC, acetate, and formate. Despite the fact that the 3 molecules are present in equal quantities, the intensity of their respective signals would not be in a ratio of 1 : 1 : 1. Instead, integrating their signals would reveal an intensity ratio of 4 : 3 : 1 (BDC : acetate : formate). This is due to the variation in the number of equivalent non-labile protons in their molecular structures: BDC has 4 equivalent non-labile protons on its benzene ring, acetate features a methyl group in which all 3 protons are equivalent, while formate possesses just one non-labile proton. 
Determining the molar ratio between different molecules therefore requires a normalization whereby each integral is divided by the number of equivalent nuclei from which the signal originates. A general equation for the molar ratio between 2 molecules ( and ) therefore takes the form:


	
	
	[bookmark: _Ref430206157](4)




Where,

 is the molar ratio between  and .
 and  are the numerical values for the integrals obtained on the  and  NMR signals.
 and  are the number of equivalent nuclei contributing to the respective NMR signals of  and   per molecule. 

3.2.2. [bookmark: _Ref430207191] Establishing Equations for the Molar Ratio Between the Modulator and BDC
Equation (4), the general equation provided in Section 3.2.1 (see above), can be easily modified to provide an expression for the molar ratio between the modulator(s) and the BDC linker  in our samples. We simply need to:
1) Specify the nucleus of interest. When the nucleus of interest is 1H (as is the case in Equation (5) below), then the general  terms are replaced with  terms.  Likewise, the  terms become  terms when 19F is the nucleus of interest 
2) Replace  and   with the desired molecular identities. Using “” and “” as the respective identities allows us to construct a general equation for :
	
	
	[bookmark: _Ref430206360](5)



Where:
 is the number of equivalent 1H nuclei contributing to the 1H NMR signal of BDC per molecule. As all 4 of the non-labile protons in BDC are equivalent, .
  is the numerical value for the 1H NMR Integral obtained on the BDC signal. As standard practice, we normalize it to 4 such that   and thus .
 is the numerical value for the 1H NMR integral obtained on the modulator signal.  
 is the number of equivalent 1H nuclei contributing to the 1H NMR signal of the modulator per molecule. For example, the 1H signal of acetate originates from its CH3 group in which all 3 protons are equivalent, so   = 3.

The  values for the 4 modulators used in this study are listed in Table S2:

[bookmark: _Ref438577217][bookmark: _Ref430306403]Table S2.  values of the 4 modulators used in this study.
	Modulator
	NHMod.

	Acetate (-O2C-CH3)
	3

	Formate (-O2C-H)
	1

	Difluoroacetate (-O2C-CHF2)
	1

	Trifluoroacetate (-O2C-CF3)
	0



With these  values in hand, we can again follow the 2 step procedure (see beginning of this subsection) to modify Equation (4) and obtain individual expressions for the molar ratio between each modulator and BDC:
The molar ratio between acetate and BDC  is given by:

	
	
	[bookmark: _Ref430207315](6)



The molar ratio between formate and BDC  is given by:

	
	
	[bookmark: _Ref430207136](7)



And the molar ratio between difluoroacetate and BDC  is given by:

	
	
	[bookmark: _Ref430206664](8)




Trifluoroacetate has no non-labile protons and thus the molar ratio between trifluoroacetate and BDC  cannot be obtained via 1H NMR alone.

However, trifluoroacetate does have a -CF3 group which is suitable for 19F NMR characterization. This allows  to be determined via a combination of 1H and 19F NMR, but only when an internal standard whose molecular structure possesses both non-labile protons and fluorine atoms is added. To this end, we opted to use difluoroacetate (-O2C-CHF2) as the internal standard. 
Upon digestion in the internally standardized digestion medium (see Section 9), the trifluoroacetic acid modulated samples were measured by both 1H and 19F NMR. The molar ratio between trifluoroacetate and BDC  could then be calculated by multiplying  (the molar ratio between trifluoroacetate and difluoroacetate, determined by 19F NMR) by  (the molar ratio between difluoroacetate and BDC, determined by 1H NMR):

	
	
	[bookmark: _Ref430206882](9)


The equation for  has already been established (see Equation (8) above) and thus we only need to derive an equation for . This is easily achieved at by modifying the Equation (4) via the aforementioned 2 step procedure (see beginning of this subsection). The resulting expression is:

	
	
	[bookmark: _Ref430206869](10)



Where:

  is the numerical value for the 19F NMR integral obtained on the trifluoroacetate signal. 
 is the number of equivalent F nuclei contributing to the 19F NMR signal of trifluoroacetate per molecule. The 19F signal of trifluoroacetate originates from its CF3 group in which all 3 fluorine atoms are equivalent, so .
 is the number of equivalent F nuclei contributing to the 19F NMR signal of difluoroacetate per molecule. The 19F signal of Difluoroacetate originates from its CHF2 group in which the 2 fluorine atoms are equivalent, so .
  is the numerical value for the 19F NMR integral obtained on the difluoroacetate signal. As standard practice, we normalize it to 2 such that   and thus  .

Now that the equation for  is known, we can substitute Equations (10) and (8) into Equation (9) to obtain the full expression for the molar ratio between trifluoroacetate and BDC:

	
	



	[bookmark: _Ref430207561](11)






3.2.3. [bookmark: _Ref430275962]Establishing Equations for the Total Modulator to BDC Molar Ratio, 
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3.2.3.1. [bookmark: _Ref430273199] NoMod and the Formic Acid Modulated Samples
The unmodulated (NoMod) and formic acid modulated samples contain only one monocarboxylate -formate (see Section 5.2.2.1 for results). The total modulator to BDC ratio  in these samples is thus simply equal to the formate to BDC molar ratio :

	
	
	[bookmark: _Ref430307847](12)



Where  is calculated with Equation (7) (see Section 3.2.2).


3.2.3.2. [bookmark: _Ref430275354]Acetic Acid Modulated Samples
The acetic acid modulated samples were found to contain two monocarboxylates: acetate (originating from the acetic acid intentionally added to the MOF synthesis) and formate (originating from the in situ decomposition of DMF). See Section 5.2 for the results and discussion that lead to these conclusions. The total modulator to BDC ratio  in the acetic acid modulated samples is thus sum of the acetate to BDC  and formate to BDC  molar ratios:
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Where  and  are calculated with Equations (6) and (7), respectively. Both of these equations can be found in Section 3.2.2.






3.2.3.3. [bookmark: _Ref430275432]Difluoroacetic Acid Modulated Samples
The difluoroacetic acid modulated samples were found to contain two monocarboxylates: difluoroacetate (originating from the difluoroacetic acid intentionally added to the MOF synthesis) and formate (originating from the in situ decomposition of DMF). See Section 5.2 for the results and discussion that lead to these conclusions. The total modulator to BDC ratio  in the difluoroacetic acid modulated samples is thus the sum of the difluoroacetate to BDC  and formate to BDC  molar ratios:
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Where  and  are calculated with Equations (8) and (7), respectively. Both of these equations can be found in Section 3.2.2.


3.2.3.4. [bookmark: _Ref430275679] Trifluoroacetic Acid Modulated Samples
The trifluoroacetic acid modulated samples were found to contain two monocarboxylates: trifluoroacetate (originating from the trifluoroacetic acid intentionally added to the MOF synthesis) and formate (originating from the in situ decomposition of DMF). See Section 5.2 for the results and discussion that lead to these conclusions. The total modulator to BDC ratio  in the trifluoroacetic acid modulated samples is thus the sum of the trifluoroacetate to BDC  and formate to BDC  molar ratios:
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Where  and  are calculated with Equations (11) and (7), respectively. Both of these equations can be found in Section 3.2.2.
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3.3.1. [bookmark: _Ref430303677] Method
BET surface areas were calculated by applying the linearized BET equation to the N2 adsorption isotherms, both those simulated from model structures and those experimentally measured:
	
	
	[bookmark: _Ref430307507](16)


Where: 
 and  are the equilibrium and saturation pressure of the adsorbate, respectively.
 is the amount of gas adsorbed. In our case, the units are in cm3(STP)g-1.
Vm is the amount of gas required to form a monolayer on the adsorbent. Units are as above.
 is the BET constant.
The first step in the method is to plot  against. A linear region of the resulting plot is then identified and fitted. The choice of the relative pressure () range for the linear fit can have a severe impact on the value of the BET surface area. The most vital part of the method is thus choosing the “correct” range. To this end, we apply the consistency criteria originally outlined by Rouquerol et al and later heavily promoted in various other works:3-6
1) The pressure should be limited to the range in which  increases continuously as a function of the relative pressure .
2) The relative pressure at which the monolayer is formed (calculated from the fit as ) must be within the chosen relative pressure ) range.
3) The  value obtained from the linear fit must be positive.
Upon finding a pressure range that satisfies all 3 criteria, the range was fine-tuned to obtain the best linear fit (i.e. maximum R2 value) in which the 3 criteria are still fulfilled.
Once the correct range is chosen, the volume of the monolayer () and the BET constant () is extracted from the slope  and intercept  of the resulting linear fit.
Finally, the BET surface area of the material can be calculated by the following equation:
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Where:
 is the avagadro constant (= 6.022 x1023 mol-1),  is atmospheric pressure (= 101.325 kPa),  is the gas constant (= 8314.46 cm3∙kPa∙K-1∙mol-1),  is the standard temperature (= 273.15 K), and  is the cross sectional area of the adsorbent ( = 1.62 x10-19 m2 for N2).
3.3.2. [bookmark: _Ref430303682] Example BET Analysis
The determination of the BET surface of NoMod is demonstrated as an example in Figure S2 below:
[image: ]
[bookmark: _Ref430189796]Figure S2. BET analysis of NoMod.

The nitrogen adsorption isotherm obtained on NoMod is displayed in part a) of the figure. The data presented in the rest of the figure is derived from this isotherm.
Part b) of the figure concerns the 1st consistency criterion. As one can see,  increases continuously as a function of the relative pressure  until  = 0.035, a value highlighted by the vertical dashed line on the figure. In accordance with the 1st consistency criterion, the entire  range used for the BET analysis must be ≤ 0.035.
Displayed in part c) of the figure is the BET plot in which the linear range was chosen. In order to maximize the correlation (R2 = 1.000), only the points shown in red were included in the fit. In accordance with the 2nd consistency criterion, the value for  (= 0.022, as highlighted by the vertical dashed line) is well within the chosen pressure range ( = 0.004 - 0.035).
Finally, the table in the figure provides all the information relevant to the BET analysis. In accordance with the 3rd consistency criterion, the value of the BET constant, , is positive (= 2056).
3.4. [bookmark: _Ref430270886]Quantitative Analysis of TGA Data
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3.4.1. [bookmark: _Ref430256376]Principles of the Method
Quantitative analysis of TGA data obtained on UiO MOFs is made with an important assumption: that the residue in each TGA experiment is pure . In order to best ensure that this is the case, the TGA measurements were run up to 900 °C under a flow of an oxygen containing gas mixture (synthetic air), and with a relatively slow temperature ramp (5 °C/min). Such conditions should ensure the complete combustion of organics and the conversion of zirconium to the (IV) oxide.
With this in mind, consider the reaction for the complete combustion of ideal (defect-free), dehydroxylated UiO-66, :



The molar mass of  is 1628.03 g mol-1, a factor of 2.202 higher than the solid residue - 6 moles of  (6 * 123.22 = 739.34 g mol-1). Thus, if the end weight (i.e. the weight at 900 °C) of a TGA run on UiO-66 is normalized to 100 %, then the TGA plateau (representing the empty, solvent free, and dehydroxylated MOF) should ideally be found at 220.2 % on the TGA trace. However, it typically falls significantly short of this theoretical weight, meaning that the UiO-66 framework is lighter than that formulated in the idealized equation. This observation led to the original hypothesis that the UiO-66 framework can be linker deficient.7 It is important to note that both missing linker and missing cluster defects introduce linker deficiencies to the UiO-66 framework (as can be seen from the lower BDC : Zr ratios in the defective compositions shown in Section 4), meaning that TGA cannot distinguish between the 2 types of defect.
The same logic can be used to calculate the theoretical plateau of hydroxylated UiO-66, , which has a molar mass of 1664.06 g mol-1. This is a factor of 2.251 higher than 6 moles of ZrO2 and thus the theoretical TGA plateau for this composition is 225.1 % (when the end weight is normalized to 100 %). More generally, the theoretical TGA plateau weight () of any Zr6 MOF composition can be calculated with the following equation:
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Where: 
 is the molar mass of the composition of interest.
 is the molar mass of 6 moles of zirconium oxide (739.34 g mol-1).
 is the end weight of the TGA run (= 100 % if normalized as described above).
Note: when  is normalized to 100 %, entering the molar masses () of ideal hydroxylated (1664.06 g mol-1) or dehydroxylated (1628.03 g mol-1) UiO-66 yields theoretical plateaus () of 225.1 or 220.2 %, respectively. These are the same values as given above.
3.4.2. [bookmark: _Ref430205434] Example: UiO-66-Ideal-Calcined
In order to scrutinize the two theoretical TGA plateaus proposed in the previous subsection, a near defect free UiO-66 sample is needed. To this end, we refer to a previous study in which we demonstrated that such a sample may be attained by using a high synthesis temperature (220 °C) and a twofold excess of both the H2BDC linker and HCl.2 
However, in the as synthesized form, the pores of the resulting material are filled with non-volatile organics which cannot be completely removed by chemical extraction.2 We have since optimized a calcination method which efficiently removes these organics (see Section 1.3 for procedure and Section 5.13 for results), affording a material whose BET surface area and N2 isotherm closely matches those predicted by molecular simulations (see Section 5.13.6).
Performing TGA on such a well activated MOF allows the observation of clear plateaus, as can be seen in Figure S3 below:
[image: ]
[bookmark: _Ref430189829]Figure S3. TGA-DSC performed on UiO-66-Ideal after calcination (see Section 1.3). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The two horizontal dashed lines pinpoint the theoretically expected TGA plateaus for ideal UiO-66 in the hydroxylated and dehydroxylated form.

As can be seen in the figure, the two experimental TGA plateaus closely match those predicted by theory (represented by the horizontal dashed lines). Furthermore, the temperature range of the dehydroxylation (ca. 200-325 °C) fits well with those found in previous FTIR spectroscopic studies.7-9 This example provides confidence - not only in the ideality of the sample - but also in this method of TGA analysis.
3.4.3. [bookmark: _Ref430271168] Extending the Method to Quantify Linker Deficiencies in Defective UiO-66 Samples
While the example in the previous subsection is an effective demonstration of the predictive power of the method, it is an idealized scenario. Two pieces of further information are required before the method can be extended to quantifying the number of linker deficiencies (per Zr6 formula unit) in a defective UiO-66 sample: 
1) A general formula for a defective UiO-66 sample in which all desolvation, dehydroxylation, and modulator loss10, 11 has already occurred.
2) A value for the expected weight loss per BDC linker ().

Addressing point 1); we are essentially considering the material in a state where only the zirconium oxide connectors and BDC linkers remain. We thus assume that each missing linker is charge compensated by an extra oxide anion on the cluster, giving the material the following average composition:

Zr6O6+x(BDC)6-x

Where  is the number of linker deficiencies per Zr6 formula unit.

Addressing point 2); the weight contribution per BDC linker () can be arrived at by simply taking the difference between the TGA plateau of the ideal dehydroxylated material () and the end weight of the TGA run (), and dividing by , the number of linkers in the ideal Zr6 formula unit: 
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As discussed in Section 3.4.1,  is automatically equal to 220.2 % when   is normalized to 100 %. The number of linkers in the ideal Zr6 formula unit is 6 (Zr6O6(BDC)6 = 6 BDC linkers). Inserting these values into Equation (19) allows  to be determined:

	
	
	




The actual (experimental) number of linkers per defective Zr6 formula unit,  (i.e.  in Zr6O6+x(BDC)6-x), can now be determined by rearranging Equation (19) and replacing the idealized   and  values with the real experimental values,  and :
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Since  =  , it is trivial to calculate the value of , the number of linker deficiencies per Zr6 formula unit:
	
	
	[bookmark: _Ref430258126](21)



As demonstrated above,  is automatically known (= 20.03 %) when the end weight () of the TGA run is normalized to 100 %. Thus, the experimental TGA plateau () is the only unknown value in the equation. The correct choice of plateau is therefore the most crucial part of the analysis. 
The chosen plateau must represent the material in a state where its composition is Zr6O6+x(BDC)6-x, i.e. when everything (solvent, hydroxyl groups, and modulator) except the linker has been lost. The following subsection demonstrates how this choice is made. 












3.4.4. [bookmark: _Ref430271383] Example: 100Ac
The best way to demonstrate the method outlined in the previous subsection is with an example. To this end, Figure S4 shows the TGA-DSC result obtained on 100Ac:

[bookmark: _Ref430189896][image: ]
[bookmark: _Ref430315987]Figure S4. TGA-DSC performed on 100Ac. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which the plateau () is reached. The horizontal dashed lines pinpoint the relevant TGA plateaus.

Simply by observing the figure, it is qualitatively obvious that this sample is linker deficient – it is significantly lighter than the ideal dehydroxylated material (see horizontal dashed line marked ), even at the start of the measurement when the sample is fully solvated. In the above example,   has been normalized to 100 %, and thus . is automatically known to be 20.03 % (as shown in the previous subsection). Thus, only the (experimental) weight of the TGA plateau () is needed to calculate the number of linker deficiencies per Zr6 formula unit,  (see Equation (21)). In order to obtain an accurate  value, it is of utmost importance to pinpoint the temperature at which the experimental plateau (corresponding to the point at which everything but the linker has been lost) is reached.
To this end, the DSC trace plays a key role – one can clearly see an exothermic peak spanning a temperature range of ca. 310-390 °C, coinciding with a considerable weight loss in the TGA curve. This is due to the loss (via combustion) of the modulator molecules (in this case acetate and formate) which occupy the defect sites in the material (see 1H NMR results in Section 5.2.2.2). The fact that the exothermic DSC peak completely tails off at 390 °C strongly suggests that this is the temperature at which all modulator has been completely removed. 
Additionally, all desolvation (25-100 °C) and dehydroxylation (ca. 200-325 °C, see Figure S3 in Section 3.4.2) has already occurred prior to this temperature. Thus, at   = 390 °C (emphasized by the vertical dashed line in the figure), the material is in the desired state where everything (solvent, hydroxyl groups, and modulator) except the linker has been lost.
The experimental plateau weight () can now be easily determined – it is simply the (normalized) weight of the material at  (= 390 °C), which is 200.8 % (as emphasized by a horizontal dashed line in the figure). This is considerably lower than the plateau theoretically expected for an ideal UiO-66 sample ( = 220.2 %, also emphasized by a horizontal dashed line in the figure), indicating that the material is significantly linker deficient.
With  known, we can now use Equation (20) to calculate , the average number of BDC linkers per Zr6O6+x(BDC)6-x formula unit (i.e. ):



  5.03

Likewise, Equation (21) is used to calculate the number of linker deficiencies per Zr6 formula unit, :


                                   0.97

Inputting this  value into the defective molecular formula Zr6O6+x(BDC)6-x provides us with the composition of the material at  = 390 °C in the TGA curve:
Zr6O6+0.97(BDC)6-0.97 
     =  Zr6O6.97(BDC)5.03

One can then attempt to validate this composition by:

1) Calculating its molar mass:

M Zr6O6.97(BDC)5.03 = 1485.36 g mol-1

2) Entering this molar mass into Equation (18) to attain its theoretical TGA plateau ():



   200.9 %

3) Comparing the  value to the experimental TGA plateau () originally entered into Equation (20):

The  value (200.9 %) is extremely close to the value originally input into Equation (20) (200.8 %). The (very slight) discrepancy between the two values can be explained by the fact that many of the numbers used in the calculations are rounded to a limited number of decimal places before entering them into the equations.
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3.5.1.1. [bookmark: _Ref430304127] Introductory Note
In this work we have used a combination of TGA and dissolution/NMR to estimate the average composition of the 15 UiO-66 samples (see the results in Section 5.8). Readers who are not interested in the derivation of the method are encouraged to skip to Sections 3.5.3 and 3.5.4, where the power of the method is demonstrated. 
The first step in the derivation of the method is to formulate general molecular formulae for the samples, taking into account the fact that their defects are (at least partially) occupied by monocarboxylates. The molecular formulae presented herein describe the average composition of the UiO-66 Zr6 formula unit. Such formulae allow one to easily envision the average coordination environment of the Zr6 cluster. 
Specifically, the composition Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(Mod)2y(O2C-H)2z describes a material where the faces of the average Zr6 cluster is capped by (4+2x-2y-2z) O2- and (4-2x+2y+2z) OH- anions while the carboxylate sites are occupied by 2y Mod molecules, 2z O2C-H molecules, and 2*(6-x) = 12-2x BDC linkers (each linker is shared by two clusters so half of this amount is present in the formula unit).


3.5.1.2. [bookmark: _Ref430270218]Dehydroxylated Compositions
We propose the following general molecular formula for the composition of a dehydroxylated UiO-66 sample in which coordinated monocarboxylate modulator (Mod) molecules partially charge compensate for linker (BDC) deficiencies. Any residual charge is further compensated by oxide anions on the Zr6 cluster:
Zr6O6+x-y(BDC)6-x(Mod)2y

Note: This composition is not exclusive to a material with missing linker defects. The presence of missing cluster (i.e. reo type, see Section 4.1) defects also results in a material with less than the ideal 6 BDC linkers per formula unit. For example, if a pure reo sample could be made, its composition would be Zr6O6(BDC)4(Mod)4. This composition is indistinguishable from a UiO-66 sample in which one third of the linkers are missing and replaced by deprotonated monocarboxylate modulator molecules.

Returning to the general composition above, the following limitations are imposed on x and y: 
0 ≤ y ≤ x ≤ 3
 (x – y) ≤ 2


This ensures that we maintain a realistic situation where:
1) The Zr6 formula unit contains at least 3 BDC linkers (and thus each cluster is coordinated by at least (3 x 2) = 6 linkers, the minimum amount required to form a continuous 3-dimensional UiO-66 network).
2) The framework is charge neutral.
3) No more than 12 carboxylates are coordinated to the Zr6 cluster.
4) The number of oxide anions capping the faces of the Zr6 octahedron is within a range of 6 to 8.

In this work, most of the samples have two different monocarboxylates incorporated into the framework - one originating from the monocarboxylic acid modulator (Mod) which was intentionally added to the synthesis and the other from the formic acid which is generated by in situ via DMF decomposition (see Section 5.2.1 for details). The latter is incorporated into the material as formate. We therefore propose another general formula which allows the incorporation of two different monocarboxylates, Mod and formate, O2C-H:
Zr6O6+x-y-z(BDC)6-x(Mod)2y(O2C-H)2z

For the same reasons outlined above, the following limitations are imposed on , , and :
0 ≤   
0 ≤ 
0 ≤  ≤ 3
0 ≤ ( –  – ) ≤ 2

Note that the molecular formula for the ideal dehydroxylated material, Zr6O6(BDC)6, is obtained when ,  , and  are all equal to zero.







3.5.1.3. [bookmark: _Ref430270309] Hydroxylated Compositions
When TGA measurements are performed on an activated (see Section 1.1) UiO-66 sample, a well-defined plateau corresponding to the hydroxylated material is observed over a temperature range of ca. 100-200 °C (see TGA results in Section 5.6). Due to the fact that dehydroxylation and modulator loss tend to occur over similar temperature ranges, no such plateau can be observed for the dehydroxylated material.
It is thus much more useful to propose a general molecular formula for hydroxylated UiO-66 samples in which coordinated monocarboxylate modulator (Mod) molecules partially charge compensate for linker (BDC) deficiencies. To this end, let us first write a general reaction equation for the rehydration of the dehydroxylated Zr6O6+x-y cornerstone (see the first composition in the previous subsection):

Zr6O6+x-y + (2 – x + y) H2O  →  Zr6O4+2x-2y(OH)4-2x+2y

And for the Zr6O6+x-y-z cornerstone (see the second composition in the previous subsection):

Zr6O6+x-y-z + (2 – x + y + z) H2O  →  Zr6O4+2x-2y-2z(OH)4-2x+2y+2z

The above two reactions are set up so that all 8 faces of the Zr6 octahedron are capped by either an oxide anion or a hydroxyl group after hydroxylation.
The limitations on , , and  remain as outlined in the previous subsection.
With the general formula for the hydroxylated cornerstones now known, we can obtain the full general molecular formulae for defective hydroxylated UiO-66 samples by reinserting the carboxylate molecules:

Zr6O4+2x-2y(OH)4-2x+2y(BDC)6-x(Mod)2y
And,
Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(Mod)2y(O2C-H)2z

Again, the limitations on x, y, and z remain as outlined in the previous subsection.
Note that the molecular formula for the ideal hydroxylated material, Zr6O4(OH)4(BDC)6, is obtained when ,  , and  = 0.
3.5.1.4. [bookmark: _Ref430304151]The Identity of “Mod” in the Samples
In the general formulae for the dehydroxylated (Zr6O6+x-y-z(BDC)6-x(Mod)2y(O2C-H)2z) and hydroxylated (Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(Mod)2y(O2C-H)2z) materials, the monocarboxylate originating from intentionally added modulator is given the variable identity “Mod”. The identity of “Mod” in each of the 15 samples is given in Table S3 below:

[bookmark: _Ref430188112]Table S3. Identity of “Mod” in the 15 samples.
	Sample
	Mod

	NoMod
	N/A

	6Ac
	(O2C-CH3)

	12Ac
	(O2C-CH3)

	36Ac
	(O2C-CH3)

	100Ac
	(O2C-CH3)

	6Form
	(O2C-H)

	12Form
	(O2C-H)

	36Form
	(O2C-H)

	100Form
	(O2C-H)

	6Dif
	(O2C-CHF2)

	12Dif
	(O2C-CHF2)

	36Dif
	(O2C-CHF2)

	6Trif
	(O2C-CF3)

	12Trif
	(O2C-CF3)

	36Trif
	(O2C-CF3)













3.5.1.5. [bookmark: _Ref430304155]Inserting the “Mod” Identities to Obtain Final General Formulae
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3.5.1.5.1. [bookmark: _Ref430304188]Introductory Note
In this section, we obtain more specific general formulae by entering the Mod identities (see Table S3 in the previous subsection) into the general molecular formulae presented in Sections 3.5.1.2 and 3.5.1.3.







3.5.1.5.2. [bookmark: _Ref430270970]NoMod and Formic Acid Modulated Samples
There is only one monocarboxylate (formate, O2C-H) present in NoMod and the formic acid modulated samples (see dissolution/NMR results in Section 5.2.2.1). Thus, we use the general molecular formulae in which there is only one modulator as templates (see Sections 3.5.1.2 and 3.5.1.3). The general molecular formula for the dehydroxylated samples is then obtained by replacing the general “Mod” term with the more specific “O2C-H” (see Table S3):

Zr6O6+x-y(BDC)6-x(Mod)2y
= Zr6O6+x-y(BDC)6-x(O2C-H)2y

Similarly for the hydroxylated composition:

Zr6O4+2x-2y(OH)4-2x+2y(BDC)6-x(Mod)2y
= Zr6O4+2x-2y(OH)4-2x+2y(BDC)6-x(O2C-H)2y

3.5.1.5.3. [bookmark: _Ref430271280]Acetic Acid Modulated Samples
The acetic acid modulated samples contain both acetate and formate (see dissolution/NMR results in Section 5.2.2.2). Thus, we use the general molecular formulae in which the (intentionally added) modulator (Mod) is present in combination with formate (O2C-H) as templates (see Sections 3.5.1.2 and 3.5.1.3). The general molecular formula for the dehydroxylated samples is then obtained by replacing the general “Mod” term with the more specific “O2C-CH3” (see Table S3):

Zr6O6+x-y-z(BDC)6-x(Mod)2y(O2C-H)2z
= Zr6O6+x-y-z(BDC)6-x(O2C-CH3)2y(O2C-H)2z

Similarly for the hydroxylated composition:
Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(Mod)2y(O2C-H)2z
= Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CH3)2y(O2C-H)2z
3.5.1.5.4. [bookmark: _Ref430271314]Difluoroacetic Acid Modulated Samples
The difluoroacetic acid modulated samples contain both difluoroacetate and formate (see dissolution/NMR results in Section 5.2.2.3). Thus, we use the general molecular formulae in which the (intentionally added) modulator (Mod) is present in combination with formate (O2C-H) as templates (see Sections 3.5.1.2 and 3.5.1.3). The general molecular formula for the dehydroxylated samples is then obtained by replacing the general “Mod” term with the more specific “O2C-CHF2” (see Table S3):

Zr6O6+x-y-z(BDC)6-x(Mod)2y(O2C-H)2z
= Zr6O6+x-y-z(BDC)6-x(O2C-CHF2)2y(O2C-H)2z

Similarly for the hydroxylated composition:

Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(Mod)2y(O2C-H)2z
= Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CHF2)2y(O2C-H)2z

3.5.1.5.5. [bookmark: _Ref430271340]Trifluoroacetic Acid Modulated Samples
The trifluoroacetic acid modulated samples contain both trifluoroacetate and formate (see dissolution/NMR results in Section 5.2.2.4). Thus, we use the general molecular formulae in which the (intentionally added) modulator (Mod) is present in combination with formate (O2C-H) as templates (see Sections 3.5.1.2 and 3.5.1.3). The general molecular formula for the dehydroxylated samples is then obtained by replacing the general “Mod” term with the more specific “O2C-CF3” (see Table S3):

Zr6O6+x-y-z(BDC)6-x(Mod)2y(O2C-H)2z
= Zr6O6+x-y-z(BDC)6-x(O2C-CF3)2y(O2C-H)2z

Similarly for the hydroxylated composition:
Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(Mod)2y(O2C-H)2z
= Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CF3)2y(O2C-H)2z
3.5.2. [bookmark: _Ref430304091] Deriving Equations for the Stoichiometric Coefficients
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3.5.2.1. [bookmark: _Ref430304249]Introductory Note
Within the general molecular formulae proposed in Section 3.5.1, there are 3 stoichiometric variables; , , and . In order to determine the average composition of each sample, we must obtain the numerical values of these 3 variables. 
We have already demonstrated how TGA is used to find  in Section 3.4. Herein, we present the methods used to obtain  and (if applicable), .
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3.5.2.2.1. [bookmark: _Ref430304293]Introductory Note
In this section, 4 different equations for  (and thus, ) are derived. The 4 equations differ depending on the identity of the modulator added to the synthesis.







3.5.2.2.2. [bookmark: _Ref430279621]NoMod and the Formic Acid Modulated Samples
Recall from Section 3.5.1.5.2 that the general molecular formula of the unmodulated (NoMod) and formic acid modulated samples (when hydroxylated) is:

Zr6O4+2x-2y(OH)4-2x+2y(BDC)6-x(O2C-H)2y

In the above composition, one can see that the molar ratio between O2C-H (formate) and BDC,  is:
	
	
	[bookmark: _Ref430258156](22)



Rearranging to make 2y the subject of the equation:
	
	
	[bookmark: _Ref430264073](23)



Where  can be calculated via integration of dissolution/1H NMR spectra (see Equation (7) in Section 3.2.2) and   (i.e. ) can be calculated via TGA (see Equation (20) in Section 3.4.3).












3.5.2.2.3. [bookmark: _Ref430271479]Acetic acid Modulated Samples
Recall from Section 3.5.1.5.3 that the general molecular formula for the hydroxylated acetic acid modulated UiO-66 samples is:

Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CH3)2y(O2C-H)2z

In the above composition, one can see that the molar ratio between O2C-CH3 (acetate) and BDC,  is:
	
	
	[bookmark: _Ref430258881](24)



Rearranging to make 2y the subject of the equation:
	
	
	[bookmark: _Ref430264021](25)



Where  can be calculated via integration of dissolution/1H NMR spectra (see Equation (6) in Section 3.2.2) and   (i.e. ) can be calculated by TGA (see Equation (20) in Section 3.4.3).












3.5.2.2.4. [bookmark: _Ref430281091]Difluoroacetic acid Modulated Samples
Recall from Section 3.5.1.5.4 that the general molecular formula for the hydroxylated difluoroacetic acid modulated UiO-66 samples is:

Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CHF2)2y(O2C-H)2z

In the above composition, one can see that the molar ratio between O2C-CHF2 (difluoroacetate) and BDC,  is:
	
	
	[bookmark: _Ref430258764](26)



Rearranging to make 2y the subject of the equation:
	
	
	[bookmark: _Ref430264039](27)



Where  can be calculated via integration of dissolution/1H NMR spectra (see Equation (8) in Section 3.2.2) and   (i.e. ) can be calculated by TGA (see Equation (20) in Section 3.4.3).












3.5.2.2.5. [bookmark: _Ref430281196]Trifluoroacetic acid Modulated Samples
Recall from Section 3.5.1.5.5 that the general molecular formula for the hydroxylated trifluoroacetic acid modulated UiO-66 samples is:

Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CF3)2y(O2C-H)2z

In the above composition, one can see that the molar ratio between O2C-CF3 (formate) and BDC,  is:
	
	
	[bookmark: _Ref430258817](28)



Rearranging to make 2y the subject of the equation:
	
	
	[bookmark: _Ref430264133](29)



Where  can be calculated via integration of dissolution/1H and dissolution/19F NMR spectra (see Equation (11) in Section 3.2.2) and   (i.e. ) can be calculated by TGA (see Equation (20) in Section 3.4.3).











3.5.2.2.6. [bookmark: _Ref430271941]Example Calculation of y
As an example calculation, let us return to 100Ac, the sample on which we demonstrated the calculation of x (see Section 3.4.4). As 100Ac is an acetic acid modulated sample, we use the (hydroxylated) general molecular formula outlined in Section 3.5.1.5.3 as our template: 

Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CH3)2y(O2C-H)2z
(Note: - If the sample were formic, difluoroacetic, or trifluoroacetic acid modulated, then we would have employed the (hydroxylated) general molecular formula outlined in Section 3.5.1.5.2, 3.5.1.5.4, or 3.5.1.5.5, respectively).

For acetic acid modulated samples, 2y is given by Equation (25) (see Section 3.5.2.2.3):

(Note: Equations (27) or (29) would respectively be used if the sample were difluoroacetic or trifluoroacetic acid modulated. Equation (23) would be used if the sample was unmodulated (NoMod) or formic acid modulated).

As determined via TGA in Section 3.4.4,   = 0.97 in 100Ac.
While the molar ratio between acetate and BDC, , is calculated by: 
1) Integrating the dissolution/NMR spectrum obtained on the sample. 
2) Entering the integral values into Equation (6) (see Section 3.2.2):

Where:
  is the numerical value for the 1H NMR Integral obtained on the BDC signal.
  is the numerical value for the 1H NMR Integral obtained on the acetate (O2C-CH3) signal.
(Note: Equations (8) or (10) would be used to calculate  or  if the sample were difluoroacetic or trifluoroacetic acid modulated, respectively. Equation (7) would be used to calculate  if the sample was unmodulated (NoMod) or formic acid modulated).
The following values were obtained by integrating the dissolution/1H NMR spectrum obtained on 100Ac (see Section 5.2.2.2 for results and discussion):
  = 4
  = 0.51

Entering these into Equation (6) allows us to determine :


		                         = 0.17

With the  and x values known,  (and thus, ) can finally be obtained:

        = 0.86
          = 0.43










3.5.2.3. [bookmark: _Ref430304262] Deriving an Equation for Coefficient z
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3.5.2.3.1. [bookmark: _Ref430304343]Introductory Note
This subsection does not apply to NoMod, 6Form, 12Form, 36Form, or 100Form as there is no  coefficient in their general formula: Zr6O4+2x-2y(OH)4-2x+2y(BDC)6-x(O2C-H)2y (see Section 3.5.1.5.2).


3.5.2.3.2. [bookmark: _Ref430280237]Derivation
Let us recall from Section 3.5.1.3 that the general molecular formula for a hydroxylated UiO-66 sample in which defects are (at least partially) charge and coordination balanced by a combination of Mod (a monocarboxylate whose identity may vary) and formate (O2C-H) is:

Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(Mod)2y(O2C-H)2z

In the above composition, one can see that the molar ratio between O2C-H (formate) and BDC,  is:
	
	
	[bookmark: _Ref430258837](30)



Rearranging to make 2z the subject of the equation:
	
	
	[bookmark: _Ref430261620](31)



Where  can be calculated via integration of dissolution/1H NMR spectra (see Equation (7) in Section 3.2.2) and   (i.e. ) can be calculated by TGA (see Equation (20) in Section 3.4.3).







3.5.2.3.3. [bookmark: _Ref430272246]Example Calculation of z
Let us again work with 100Ac, the sample on which we demonstrated the calculation of  and  in Sections 3.4.4 and 3.5.2.2.6 respectively. As 100Ac is an acetic acid modulated sample, we use the (hydroxylated) general molecular formula outlined in Section 3.5.1.5.3 as our template: 

Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CH3)2y(O2C-H)2z
(Note - If the sample was formic, difluoroacetic, or trifluoroacetic acid modulated, then we would have employed the (hydroxylated) general molecular formula outlined in Section 3.5.1.5.2, 3.5.1.5.4, or 3.5.1.5.5, respectively).

Where 2z is given by Equation (31) (see previous subsection):



As determined via TGA in Section 3.4.4,  = 0.97 in this sample.

While the molar ratio between formate and BDC,   is calculated by:
1) Integrating the dissolution/NMR spectrum obtained on the sample. 
2) Entering the integral values into Equation (7) (see Section 3.2.2):


Where:
 is the numerical value for the 1H NMR Integral obtained on the BDC signal.
 is the numerical value for the 1H NMR Integral obtained on the formate (O2C-H) signal.



The following values were obtained by integrating the dissolution/1H NMR spectrum obtained on 100Ac (see Section 5.2.2.2 for results and discussion):

  = 4
  = 0.06

Entering these into Equation (7) allows us to determine :

			           = 0.06

With the  and  values known,  (and thus, ) can finally be obtained:

			       = 0.30
			         = 0.15











3.5.3. [bookmark: _Ref430269697]Entering the Coefficients into the General Molecular Formula to Obtain MOF Composition
This part of the analysis is best explained by example. To this end, we return to 100Ac, on which the calculation of the stoichiometric coefficients  (= 0.97, see Section 3.4.4),  (= 0.43, see Section 3.5.2.2.6), and  (= 0.15, see Section 3.5.2.3.3) has been exemplified.
As 100Ac is an acetic acid modulated sample, we use the (hydroxylated) general molecular formula outlined in Section 3.5.1.5.3 as our template. If the sample were formic, difluoroacetic, or trifluoroacetic acid modulated, then we would have employed the (hydroxylated) general molecular formula outlined in Section 3.5.1.5.2, 3.5.1.5.4, or 3.5.1.5.5, respectively.
Entering the above , , and  values into the general molecular formula (chosen as described above) allows us to obtain the composition of hydroxylated 100Ac:
Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CH3)2y(O2C-H)2z
= Zr6O4+2(0.97)-2(0.43)-2(0.15)(OH)4-2(0.97)+2(0.43)+2(0.15)(BDC)6-0.97(O2C-CH3)2(0.43)(O2C-H)2(0.15)
= Zr6O4.78(OH)3.22(BDC)5.03(O2C-CH3)0.86(O2C-H)0.30
[bookmark: _GoBack]Note: The dehydroxylated composition can also be calculated by entering the x, y, and z values into the general dehydroxylated formula Zr6O6+x-y-z(BDC)6-x(O2C-CH3)2y(O2C-H)2z. However, due to the absence of a clear TGA plateau for the dehydroxylated material, any comparison with the TGA data is obscured. We have thus opted to only work with the hydroxylated composition in this work.

3.5.4. [bookmark: _Ref430269709]Validation of the Calculated Composition
In an attempt to check the validity of the composition determined in the previous subsection, the following procedure was used:	Comment by Greig Charles Shearer: Make sure it is obvious that this is done in ALL cases.
1) Calculate the molar mass of the composition:
M Zr6O4.78(OH)3.22(BDC)5.03(O2C-CH3)0.86(O2C-H)0.30 = 1568.37 g mol-1
2) Enter this molar mass into Equation (18) (see Section 3.4.1) to attain the theoretical TGA plateau () of the composition:


   212.1 %
3) Compare the  value to the plateau observed in the TGA trace:
[image: ] 
[bookmark: _Ref430306319]Figure S5. TGA-DSC performed on 100Ac. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The horizontal dashed lines pinpoint the relevant plateau weights;  was the plateau used to calculate  (see Section 3.4.4), corresponding to a composition of Zr6O6.97(BDC)5.03, while  is the theoretical TGA plateau corresponding to Zr6O4.78(OH)3.22(BDC)5.03(O2C-CH3)0.86(O2C-H)0.30, the composition of 100Ac calculated in Section 3.5.3.

As can be seen from the figure, the theoretical plateau (, emphasized by a horizontal dashed line) for the calculated composition (Zr6O4.78(OH)3.22(BDC)5.03(O2C-CH3)0.86(O2C-H)0.30) is a very close match to the first plateau (range ca. 100-200 °C) in the 100Ac TGA curve. This is the temperature range in which the material is expected to be in the hydroxylated form. Thus, our calculated hydroxylated composition (consistent with both TGA and NMR data) appears to be highly accurate, emphasizing the incredible power of the method.




4. [bookmark: _Ref430205648]Description of Defective Structural Models
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4.1. [bookmark: _Ref430269957]Structure and Composition of the reo (i.e. Missing Cluster Defect) Models
As a visual aid, it may be useful to refer to Figure S6 while reading the description which follows:
[image: ]
[bookmark: _Ref430284244]Figure S6. Schematic illustrating the difference between the UiO-66 unit cell and that of “Reo-Form”, the name we have given to the material in which formate (HCOO-) occupies the defect sites in the reo unit cell. Cyan = zirconium, red = oxygen, grey = carbon, white = hydrogen.

The reo structure may be succinctly be described by comparing it with that of UiO-66. Its unit cell is essentially the same as UiO-66, albeit with 1 of the 4 Zr6 clusters missing (hence “missing cluster defects”). The absence of a cluster involves the absence of not only the the Zr6O612+ cornerstone, but also the (ideally) 12 BDC2- ligands by which it would have bridged to neighbouring clusters. The reo unit cell is therefore missing an entire Zr6O6(BDC)1212- SBU, resulting in a unit cell with a net positive (12+) charge which must be compensated by negatively charged ligands whose identity may vary. 
In their paper, Cliffe et al.12 assumed that formate compensated these charge and coordination deficiencies. In their case, this was highly plausible due to the fact that:

1) They found that the reo nanoregions were increasingly prevalent as they increased the concentration of formic acid in the MOF synthesis.

2) Formate is a carboxylate, and can thus coordinate in the same fashion as the BDC2- linker ordinarily would, allowing the Zr6 cluster to maintain the familiar Zr6O6(CO2)12 arrangement.
For the very same 2 reasons,  we assert that the charge compensating anion in our samples is either formate, acetate, difluoroacetate, or trifluoroacetate, depending on which carboxylic acid modulator was added to the synthesis of the sample in question. This is supported by our dissolution/NMR results (see Section 5.2.2).
We have thus constructed 4 reo unit cells based on these terminal carboxylates: “Reo-Form”, “Reo-Ac”, “Reo-Dif”, and “Reo-Trif”, which are charge compensated by formate, acetate, difluoroacetate, and trifluoroacetate, respectively. The 4 reo unit cells are displayed in Figure S7:
[image: ]
[bookmark: _Ref430190135]Figure S7.  The structure and composition of the 4 reo topology “missing cluster defect” structural models. Cyan = zirconium, red = oxygen, grey = carbon, white = hydrogen, magenta = fluorine.
4.2. [bookmark: _Ref430272855]Structure and Composition of the Missing Linker Defect Models
A total of 12 structural models with missing linker defects were constructed in this work. In accordance with the 4 modulators used during our syntheses (acetic, formic, difluoroacetic, and trifluoroacetic acid), the 12 structural models can be subdivided into 4 groups:
· Those in which missing linkers are replaced by acetate ligands. The name of these structural models end with the suffix “-Ac”.
· Those in which missing linkers are replaced by formate ligands. The name of these structural models end with the suffix “-Form”.
· Those in which missing linkers are replaced by difluoroacetate ligands. The name of these structural models end with the suffix “-Dif”.
· Those in which missing linkers are replaced by trifluoroacetate ligands. The name of these structural models end with the suffix “-Trif”.

Each of these 4 groups has 3 members which differ in their level of defectivity.  Materials with 2, 4, and 6 missing linkers per Zr6 cluster are named with the preffix “2ML-“, “4ML-“, and “6ML-“ respectively. 
Each missing linker leaves behind 2 coordination and charge vacancies, one on each of the 2 Zr6 clusters that the linker would ordinarily bridge. The 2 vacancies are each filled by a deprotonated modulator molecule (the identity of which is given by the suffix in the name of the model, as described above) which coordinates to the cluster via in the same manner as the linker (via the carboxylate), allowing the Zr6 cluster to maintain the familiar Zr6O6(CO2)12 arrangement.
Acting as a visual depiction of the above description, Figure S8 illustrates the differences between the UiO-66,  2ML-, 4ML-, and 6ML- unit cells when the missing linkers are replaced by trifluoroacetate:

[bookmark: _Ref430190198][image: ]
[bookmark: _Ref430313509]Figure S8. Schematic illustrating the difference between the ideal UiO-66 unit cell and those with missing linker defects compensated by trifluoroacetate. Cyan = zirconium, red = oxygen, grey = carbon, white = hydrogen, magenta = fluorine.
The unit cells of the remaining 9 model structures are constructed in an analogous way, albeit with the linkers being replaced by different carboxylate modulator ligands (as per the bullet points on the previous page). The structure and composition of all 12 missing linker defect models are shown in Figure S9:

[image: ]
[bookmark: _Ref430190276]Figure S9. The structure and composition of the 12 missing linker defect structural models. Cyan = zirconium, red = oxygen, grey = carbon, white = hydrogen, magenta = fluorine.
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5.1. [bookmark: _Ref430304471] Powder X-ray Diffraction (PXRD)
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5.1.1. [bookmark: _Ref430304610]Full range (2-50° 2θ) PXRD patterns
The full range (2-50° 2θ) PXRD patterns obtained on all 15 (activated, see Section 1.1) samples are displayed in Figure S10:
[bookmark: _Ref430190312][image: ] 
[bookmark: _Ref430313360]Figure S10. PXRD patterns obtained on all 15 UiO-66 samples. Samples were activated (see Section 1.1) prior to measurement. Activation did not affect the crystallinity of the samples, as can be seen in Figure S69-Figure S74 in the appendix. The same y-scale is applied to all four plots.

As can be seen, the difference between the PXRD patterns is not immediately obvious when observed over the full 2θ range. All samples appear to be highly crystalline and of the UiO-66 phase. The “broad peak” may have easily went unnoticed or dismissed as background if it weren’t for such a systematic series of samples and measurements.








5.1.2. [bookmark: _Ref430276515]Assigning the Broad Peak
For the assignment of the broad peak, we took inspiration from previous work by Cliffe et al., in which they investigated similar broad diffuse scattering peaks in PXRD patterns obtained on UiO-66(Hf) samples.12 The 2 prominent diffuse scattering peaks observed in said study (and also seen in a recent study of our own)2 are both within the same 2θ range as that engulfed by the broad peak seen in this work. This prompted us to investigate whether the assignment made by Cliffe et al. is applicable to the samples under investigation here.
In the Cliffe paper, the two major diffuse scattering peaks, appearing at ca. 4 and 6° 2θ, were respectively (and unequivocally) attributed to the (100) and (110) reflections of a primitive cubic phase () of the reo topology. The structure and chemical composition of this phase is discussed in Section 4.1. 
The reo phase was found not to exist as a discrete, secondary phase, but was instead present in tiny “nanoregions” intergrown into the UiO-66  fcu lattice. The nanosized nature of the regions/domains explains the broad nature of the peaks.
As mentioned above, the “broad peak” observed in our samples engulfs the entire 2θ range in which the (100) and (110) “nanoreo” reflections are expected to be observed. It therefore occurred to us that our broad peak could in fact be 2 peaks – the (100) and (110) nanoreo peaks - albeit broadened to such an extent that they are no longer resolvable and thus appear as a single broad “bump”.  This would suggest that we are dealing with UiO-66 samples in which the reo nanoregions are exceptionally small.
To investigate this possibility, we performed Pawley refinements on a higher quality (10 x longer scan) PXRD pattern obtained on 36Trif, the sample with the most intense “broad peak”. Three refinements were made: 

1) A single phase refinement with a unit cell of the  space group (the space group of ideal UiO-66).
2) A single phase refinement with a unit cell of the  space group (the space group of the reo phase).
3) A 2 phase refinement with both the  and  unit cells.

The resultant calculated patterns are displayed in Figure S11 (PTO), where they are compared with the experimental PXRD pattern:
[image: ]
[bookmark: _Ref430190359]Figure S11. Comparing the PXRD pattern obtained on 36Trif with those calculated from the 3 Pawley refinements outlined above.

When visually comparing the calculated patterns to the experimental pattern (bottom curve, blue), one can see that they all offer a close match except in the region engulfed by the “broad peak” (below  ca.  7° 2θ). In the pattern calculated from the refinement with only the  unit cell (red curve), the broad peak is completely unaccounted for, resulting in a very poor fit (Rwp = 37.6 %). 
Refinement with a  unit cell (black curve) offers a slight improvement (Rwp = 33.0 %) due to the fact that two well resolved peaks (the aforementioned (100) and (110) identified by Cliffe et al.)12 can be seen in the same region as the broad peak.  However, the two peaks are no where near broad enough to provide a good match with the peak observed in the experimental pattern. 
Performing the refinement with a combination of the  and  cells, each with their own refineable peak shape (green curve), results in a much more satisfactory fit (Rwp = 9.2 %). The (100) and (110) peaks of the  are broadened to such an extent that they are no longer resolvable, resulting in what appears as a single broad peak which closely matches that observed in our samples.
It therefore appears that we can indeed assign our “broad peak” to reo nanoregions which, given the broadness of the peaks, must be even smaller than those previously observed by Cliffe et al.12
5.1.3. [bookmark: _Ref430304621]Simulated PXRD Patterns - Missing Linker Defect Investigation
Missing linker defects were considered an alternative possibility for the source of the “broad peak”. In order to investigate this possibility, we simulated the PXRD patterns of various structural models  containing missing linker defects (see Section 4.2). The results are shown in Figure S12:

[image: ] 
[bookmark: _Ref430190394]Figure S12. Comparison of the PXRD patterns simulated from the missing linker defective structural models (see Section 4.2). The same y-scale is applied to all four plots.

As can be seen, there is no significant difference between the 12 missing linker PXRD patterns and that simulated from a model of ideal UiO-66 (black curve). Of more importance is that none of the patterns feature peaks in the region where the broad peak is observed in the experimental PXRD patterns (< 7° 2θ). Therefore, we can conclude that missing linker defects are in no way responsible for the broad peak observed in our PXRD patterns.





5.1.4. [bookmark: _Ref430304624]Numerical Values for The Relative Intensity of the Broad Peak, 
The method outlined in Section 3.1 was employed to calculate the relative intensity of the broad peak () in each of the 15 PXRD patterns presented in Figure 4 (main article). The values and the peak intensities relevant to their calculation are provided in Table S4:

[bookmark: _Ref430187881]Table S4. Peak intensities (see Section 3.1) extracted from the PXRD patterns shown in Figure 4 (main article, same as those presented in Figure S10). Equation (3) was used to calculate the relative intensity of the broad peak, .
	
	Peak Intensity / Error
	Relative Intensity of Broad Peak / Error*

	Sample Name
	Broad Peak
	(111)
	(200)
	(600)
	

	
NoMod
	0.018 / 0.006
	1.657 / 0.027
	0.625 / 0.021
	1.900 / 0.120
	0.013 / 0.004

	6Ac
	0.037 / 0.026
	1.460 / 0.033
	0.446 / 0.025
	2.470 / 0.130
	0.025 / 0.018

	12Ac
	0.085 / 0.016
	2.070 / 0.034
	0.790 / 0.026
	2.170 / 0.130
	0.051 / 0.010

	36Ac
	0.103 / 0.021
	1.884 / 0.033
	0.709 / 0.025
	2.210 / 0.130
	0.064 / 0.013

	100Ac
	0.181 / 0.024
	4.636 / 0.054
	0.751 / 0.027
	2.060 / 0.140
	0.073 / 0.010

	6Form
	0.066 / 0.011
	1.764 / 0.031
	0.690 / 0.024
	1.990 / 0.120
	0.045 / 0.008

	12Form
	0.104 / 0.038
	1.901 / 0.033
	0.729 / 0.025
	2.240 / 0.063
	0.064 / 0.023

	36Form
	0.136 / 0.022
	2.025 / 0.031
	0.760 / 0.024
	1.880 / 0.120
	0.087 / 0.014

	100Form
	0.196 / 0.030
	1.911 / 0.033
	0.651 / 0.024
	1.950 / 0.130
	0.130 / 0.020

	6Dif
	0.122 / 0.011
	1.491 / 0.029
	0.643 / 0.024
	1.850 / 0.110
	0.092 / 0.009

	12Dif
	0.254 / 0.038
	1.483 / 0.027
	0.594 / 0.022
	1.850 / 0.110
	0.194 / 0.030

	36Dif
	0.320 / 0.017
	2.334 / 0.033
	0.697 / 0.022
	1.640 / 0.110
	0.206 / 0.012

	6Trif
	0.189 / 0.011
	1.471 / 0.025
	0.600 / 0.021
	1.311 / 0.083
	0.168 / 0.011

	12Trif
	0.332 / 0.028
	1.601 / 0.028
	0.621 / 0.021
	1.750 / 0.110
	0.251 / 0.022

	36Trif
	0.372 / 0.016
	1.262 / 0.024
	0.464 / 0.018
	1.555 / 0.098
	0.340 / 0.018


* Error calculated with standard rules of error propagation.
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5.2.1.1. [bookmark: _Ref430304716]Motivation
Before attempting to quantify the extent to which the various monocarboxylate modulators were incorporated into the material, it was important to ensure that the materials were properly washed and activated (desolvated). This is vital in order to ensure that all of the modulator that we detect is actually incorporated into the MOF framework; a poorly washed/activated material may contain a significant amount of free monocarboxylic acid modulator in its pores. 
Prior to NMR measurements, the MOF samples were digested in a highly basic 1M NaOH medium, resulting in a further complication – base catalyzed DMF hydrolysis:

[image: ]

Due to the fact that DMF is the solvent used in the synthesis (and washing) of all materials in this study, it fills the pores of the as synthesized samples. Thus, NMR spectra obtained on as synthesized MOF digests are contaminated with the products of base catalyzed DMF hydrolysis - formate and dimethylamine.
Formate contamination is a particular problem when it comes to determining of the modulator content of the as synthesized formic acid modulated samples. Removing DMF from the samples eliminates this problem. In this work, we achieve this via activation (a 200 °C thermal treatment, see Section 1.1).
Due to all the complications discussed above, we opted to measure all samples both before and after activation. Doing so allowed us to assess the effectiveness of the washing/activation procedures and to ascertain whether the technique can reliably quantify the extent to which the modulator is actually incorporated into the MOF framework.






5.2.1.2. [bookmark: _Ref430304719]Example – 100Ac
Serving as an example of how activation typically affects the dissolution/1H NMR spectrum of our samples, the spectra obtained on 100Ac – both before and after activation - are displayed in Figure S13:
[image: ]
[bookmark: _Ref430190414]Figure S13. Dissolution/1H NMR spectra obtained on 100Ac before and after activation.

Looking at the full chemical shift range, one can see that both spectra are exceptionally clean and there are no unexpected signals of any significance. All peaks have been confidently assigned as shown in the figure. The 2 spectra have been normalized to the BDC2- linker signal and thus any difference in the intensity of the other signals is indicative of a change in their molar ratio with BDC2-.
One can clearly see that the once very intense dimethylamine signal is completely absent after activation. This is strong evidence that DMF was effectively removed by the activation procedure. The formate signal also greatly decreases in intensity after activation. However, a small but significant peak is still clearly present. Due to the fact that dimethylamine is completely absent after activation, this residual formate cannot originate from base catalyzed DMF hydrolysis. It also cannot be assigned to modulator as formic acid was not used to synthesize the sample. We therefore assert that it originates from the decomposition of DMF during the MOF synthesis, resulting in the in situ formation of formic acid. 
The question is then whether the in situ generated formic acid is simply occluded in the pores as a free acid, or whether it further reacted and became incorporated into the MOF framework (as formate). The answer to this question can be arrived at by comparing the boiling points of DMF and formic acid:
The boiling point of formic acid (100.8 °C) is considerably lower than that of DMF (153 °C). The fact that DMF was completely removed by activation strongly suggests that free formic acid, if present, would also be completely removed by the treatment. As formate was not completely removed by activation, we conclude that it is indeed incorporated into the material.
Returning attention to the figure, one can see that the intensity of the acetate signal (originating from the acetic acid modulator) does not change significantly after activation. We confidently assert that all acetate which resists activation is incorporated into the MOF framework and is not simply present as free acetic acid occluded in the pores. 
This conclusion was again arrived at by noting that the boiling point of acetic acid (118 °C) is considerably lower than that of DMF (153 °C), which was completely removed by activation. The fact that DMF was completely removed by the activation strongly suggests that any acetate which is present as free acetic acid should also have been removed during activation. We thus conclude that all the residual acetate is indeed incorporated into the MOF framework.
With this conclusion reached, we return to the observation that there is no obvious change in the intensity of the acetate signal after activation. If there was an observable decrease in the intensity of this signal, it would be interpreted as the removal of free acetic acid. The fact that the intensity of the signal was barely affected suggests that there was very little free acetic acid present in the material to begin with. This suggests that our washing procedure (employed prior to activation) was very effective in removing free acetic acid from the MOF pores.


5.2.1.3. [bookmark: _Ref430304741]Overall Series Summary
The observations made on Figure S13 in the previous subsection also apply to the spectra obtained before and after activating the other 14 samples under investigation in this work (See equivalent figures in Section 6.2 in the appendix). Namely:

1) Dimethylamine (whose signal is initially very intense) is almost completely absent from the spectrum after activation.
2) The modulator signal is still present after activation. 
3) The modulator signal does not significantly decrease in intensity after activation.
4) A small but significant amount of formate persists after activation, even in the non-formic acid modulated samples.
As per the previous subsection, the interpretations of these observations are:

1) The activation procedure is very effective in removing DMF from the as synthesized samples.
2) Any modulator which is retained after activation is incorporated into the MOF framework and is not simply present as free acid in the pores. This is evidenced by the fact that the boiling points of the free acid modulators (acetic acid = 118 °C, formic acid = 100.8 °C, difluoroacetic acid = 134 °C, and trifluoroacetic acid = 72.4 °C) are all lower than that of DMF (153 °C), which was completely removed by the 200 °C activation.
3) Any decrease in the intensity of the modulator signal would be interpreted as the loss of free acid modulator molecules. The fact that the intensity of the signal was barely affected suggests that there was barely any free acid molecules present in the material to begin with. This suggests that our washing procedure (employed prior to activation) was very effective in removing residual modulator molecules from the MOF pores.
4) DMF decomposes during the MOF synthesis, resulting in the in situ generation of formic acid. A portion of this formic acid then goes on to be incorporated into the MOF framework and is thus able to withstand the 200 °C activation. This results in the observation of a residual formate signal, even in the spectra obtained on non-formic acid modulated samples.
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5.2.2.1. [bookmark: _Ref430207036]Formic Acid Modulated Samples
Displayed in Figure S14 are the 1H NMR spectra obtained on the four formic acid modulated UiO-66 samples after activation and subsequent digestion in 1M NaOH. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison. 

[image: ] 
[bookmark: _Ref430190450]Figure S14. Dissolution/1H NMR spectra obtained on the formic acid modulated samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison. All samples were activated (see Sections 1.1 and 5.2.1) prior to measurement.

Looking at the full chemical shift range, one can see that all spectra are exceptionally clean and there are no unexpected signals of any significance. There are only 2 significant signals in the spectra, which we confidently assign to BDC2- and formate (as shown on the figure). 
The most noteworthy observation is that the formate signal systematically increases in intensity as the amount of formic acid added to the synthesis mixture was increased. 
The second observation of note is that even NoMod contains formate, despite the fact that no formic acid was added to its synthesis mixture. This formate (which is indeed incorporated into the framework) originates from the in situ decomposition of DMF during the MOF synthesis, as discussed in Section 5.2.1.
The above observations can be made in a more quantitative manner by integrating the spectra and obtaining the molar ratios between the molecular components (see Section 3.2 for full details of the method). The molar ratio between formate and BDC  was calculated with Equation (7). Since only one monocarboxylate (formate) was detected in the above 1H NMR spectra, the total modulator to BDC molar ratio  is simply equal to   (see Section 3.2.3.1 for details). The results are displayed in Table S5:

[bookmark: _Ref430188008]Table S5. Formate to BDC   and total modulator to BDC  molar ratios in the formic acid modulated samples. Values obtained via integration of the spectra presented in Figure S14.
	Sample

	

	


	NoMod
	0.07
	0.07

	6Form
	0.12
	0.12

	12Form
	0.17
	0.17

	36Form
	0.24
	0.24

	100Form
	0.37
	0.37




As can be seen,  systematically increases as the amount of formic acid added to the synthesis mixture was increased. This indicates that the extent to which formate is incorporated into the material is correlated with the amount of formic acid added to the UiO-66 synthesis mixture.






5.2.2.2. [bookmark: _Ref430257907]Acetic Acid Modulated Samples
Displayed in Figure S15 are the 1H NMR spectra obtained on the four acetic acid modulated UiO-66 samples after activation and subsequent digestion in 1M NaOH. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison.

[image: ] 
[bookmark: _Ref430190539]Figure S15. Dissolution/1H NMR spectra obtained on the acetic acid modulated samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison. All samples were activated (see Sections 1.1 and 5.2.1) prior to measurement.

Looking at the full chemical shift range, one can see that all the spectra are exceptionally clean and there are no unexpected signals of any significance. There are only 3 significant signals in the spectra, which we confidently assign to BDC2-, acetate, and formate (as shown on the figure). 
The most noteworthy observation is that the acetate signal systematically increases in intensity as the amount of acetic acid added to the synthesis mixture was increased. As expected, NoMod does not contain any acetate. 
The second observation of note is that all 5 of the samples contain formate, despite the fact that no formic acid was added to their synthesis mixtures. This formate (which is indeed incorporated into the framework) originates from the in situ decomposition of DMF during the MOF synthesis, as discussed in Section 5.2.1. The intensity of the formate signal appears to remain constant throughout the 5 spectra, indicating that the addition of acetic acid does not influence DMF decomposition.
The above observations can be made in a more quantitative manner by integrating the spectra and obtaining the molar ratios between the molecular components (see Section 3.2 for full details of the method). The molar ratio between acetate and BDC  was calculated with Equation (6) while the molar ratio between formate and BDC  was calculated with Equation (7). The total modulator to BDC molar ratio  is the sum of   and   (see Section 3.2.3.2). The results are displayed in Table S6:

[bookmark: _Ref430188210]Table S6. Acetate to BDC , formate to BDC , and total modulator to BDC  molar ratios in the acetic acid modulated samples. Values obtained via integration of the spectra presented in Figure S15.
	Sample

	

	

	

	NoMod
	0
	0.07
	0.07

	6Ac
	0.04
	0.06
	0.10

	12Ac
	0.05
	0.07
	0.12

	36Ac
	0.09
	0.06
	0.15

	100Ac
	0.17
	0.06
	0.23




As can be seen,  systematically increases as the amount of acetic acid added to the synthesis mixture was increased. This indicates that the extent to which acetate is incorporated into the material is correlated with the amount of acetic acid added to the UiO-66 synthesis mixture.
On the other hand,  remains almost constant throughout the 5 samples. This indicates that the in situ decomposition of DMF is not affected by adding acetic acid to the synthesis mixture.



5.2.2.3. [bookmark: _Ref430270679]Difluoroacetic Acid Modulated Samples
Displayed in Figure S16 are the 1H NMR spectra obtained on the three difluoroacetic acid modulated UiO-66 samples after activation and subsequent digestion in 1M NaOH. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison.

[image: ] 
[bookmark: _Ref430190566]Figure S16. Dissolution/1H NMR spectra obtained on the difluoroacetic acid modulated samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison. All samples were activated (see Sections 1.1 and 5.2.1) prior to measurement.

Looking at the full chemical shift range, one can see that all the spectra are exceptionally clean and there are no unexpected signals of any significance. There are only 3 significant signals in the spectra, which we confidently assign to BDC2-, difluoroacetate, and formate (as shown on the figure). 
Although less visually obvious than is the case for the other modulators, the difluoroacetate signal systematically increases in intensity as the amount of difluoroacetic acid added to the MOF synthesis was increased. As expected, NoMod does not contain any difluoroacetate. 
The second observation of note is that all 4 of the samples contain formate, despite the fact that no formic acid was added to their synthesis mixtures. This formate (which is indeed incorporated into the framework) originates from the in situ decomposition of DMF during the MOF synthesis, as discussed in Section 5.2.1. Unlike what was observed in the acetic acid modulated materials (see Section 5.2.2.2), the intensity of the formate signal is not constant throughout the 5 spectra. When compared to the spectrum obtained on NoMod, the formate signal is significantly more intense when any amount of difluoroacetic acid was added to the synthesis.
[bookmark: _Ref430188243]The above observations can be made in a more quantitative manner by integrating the spectra and obtaining the molar ratios between the molecular components (see Section 3.2 for full details of the method). The molar ratio between difluoroacetate and BDC   was calculated with Equation (8) while the molar ratio between formate and BDC  was calculated with Equation (7). The total modulator to BDC molar ratio  is the sum of   and   (see Section 3.2.3.3). The results are displayed in Table S7: 

[bookmark: _Ref430313616]Table S7. Difluoroacetate to BDC , formate to BDC , and total modulator to BDC  molar ratios in the difluoroacetic acid modulated samples. Values obtained via integration of the spectra presented in Figure S16.
	Sample

	

	

	

	NoMod
	0
	0.07
	0.07

	6Dif
	0.15
	0.15
	0.30

	12Dif
	0.20
	0.15
	0.35

	36Dif
	0.24
	0.18
	0.42



As one can see,  systematically increases as the amount of difluoroacetic acid added to the synthesis mixture was increased. This indicates that the extent to which difluoroacetate is incorporated into the material is correlated with the amount of difluoroacetic acid added to the UiO-66 synthesis mixture. One can also see from the table that  is significantly higher (with respect to NoMod) when any amount of difluoroacetic acid was added to the MOF synthesis. We thus hypothesize that difluoroacetic acid catalyzes the decomposition of DMF during the MOF synthesis, increasing the amount of formic acid which is generated in situ. This is plausible when one notes that DMF decomposes via hydrolysis, a reaction which is known to be catalyzed by acids. Difluoroacetic acid is a significantly stronger acid than acetic acid, which was unable to effectively catalyze the reaction (as shown in the previous subsection). A significant amount of the in situ generated formic acid went on to become incorporated into the material as formate, as indicated by the substantial  values.
5.2.2.4. [bookmark: _Ref430270705]Trifluoroacetic Acid Modulated Samples
Displayed in Figure S17 are the 1H NMR spectra obtained on the three trifluoroacetic acid modulated UiO-66 samples after activation and subsequent digestion in 1M NaOH. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison. 
[image: ] 
[bookmark: _Ref430190645]Figure S17. Dissolution/1H NMR spectra obtained on the trifluoroacetic acid modulated samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison. All samples were activated (see Sections 1.1 and 5.2.1) prior to measurement.

Looking at the full chemical shift range, one can see that all spectra are exceptionally clean and there are no unexpected signals of any significance. There are only 2 significant signals in the spectra, which we confidently assign to BDC2- and formate (as shown on the figure). 
All 4 of the samples contain formate, despite the fact that no formic acid was added to their synthesis mixtures. This formate (which is indeed incorporated into the framework) originates from the in situ decomposition of DMF during the MOF synthesis, as discussed in Section 5.2.1. As was observed in the difluoroacetic acid modulated samples, the addition of any amount of modulator (in this case trifluoroacetic acid, an even stronger acid) results in a significantly more intense formate signal than that observed in the spectrum obtained on NoMod.
The above observations can be made in a more quantitative manner by integrating the spectra and obtaining the molar ratios between the molecular components (see Section 3.2 for full details of the method). The molar ratio between formate and BDC  was calculated with Equation (7). The results are displayed in Table S8:

[bookmark: _Ref430188277]Table S8. Formate to BDC  molar ratios in the trifluoroacetic acid modulated samples. Values obtained via integration of the spectra presented in Figure S17.
	Sample

	


	NoMod
	0.07

	6Trif
	0.11

	12Trif
	0.11

	36Trif
	0.17



As one can see,  is significantly higher (with respect to NoMod) when any amount of trifluoroacetic acid was added to the MOF synthesis. We thus hypothesize that trifluoroacetic acid catalyzes the decomposition of DMF during the MOF synthesis, increasing the amount of formic acid which is generated in situ. This is plausible when one notes that DMF decomposes via hydrolysis, a reaction which is known to be catalyzed by acids. Trifluoroacetic acid is a significantly stronger acid than acetic acid, which was unable to effectively catalyze the reaction (as shown in Section 5.2.2.2). A significant amount of the in situ generated formic acid went on to become incorporated into the material as formate, as indicated by the substantial  values. While this is an interesting observation, what we really want to know is the molar ratio between trifluoroacetate and BDC . However, the molecular structure of trifluoroacetate does not feature any non-labile protons and thus cannot be detected by 1H NMR. 

As a solution to this problem, one can add an internal standard whose molecular structure possesses both fluorine and non-labile protons. The molar ratio between trifluoroacetate and BDC  may then be arrived at by a combination of 1H and 19F NMR. In this work, difluoroacetic acid (which has 2 equivalent fluorine atoms and 1 non-labile proton in its molecular structure) was used as the internal standard. For a full explanation of the method, see Section 3.2.2.
The 1H NMR spectra obtained on the three trifluoroacetic acid modulated samples after digestion in the internally standardized digestion medium (0.5 vol% difluoroacetic acid in 1M NaOH in D2O) are displayed in Figure S18 The spectrum obtained on NoMod is included for comparison.

[image: ] 
[bookmark: _Ref430190719]Figure S18. 1H NMR spectra obtained on the trifluoroacetic acid modulated samples digested in the internally standardized (difluoroacetic acid) digestion medium (see Section 2.5). The spectrum obtained on NoMod, the unmodulated sample, is included for comparison. All samples were activated (see Sections 1.1 and 5.2.1) prior to measurement.

[bookmark: _Ref430188316]As one can see, apart from its obvious inclusion in the spectrum (as difluoroacetate), the addition of the internal standard does not significantly alter the spectra (compared to those in Figure S17). The spectra were integrated and the molar ratio between difluoroacetate and BDC  was calculated with Equation (8) (see Section 3.2.2). The results are displayed in Table S9: 
[bookmark: _Ref430313660]Table S9. Difluoroacetate to BDC  molar ratios in the internally standardized trifluoroacetic acid modulated MOF digestions. Values obtained via integration of the spectra presented in Figure S18.
	Sample

	


	NoMod
	N/A

	6Trif
	0.81

	12Trif
	0.86

	36Trif
	0.97



The 19F NMR spectra (recorded on the same internally standardized MOF digestions as those measured by 1H NMR, see Figure S18 above) are displayed in Figure S19:

[image: ]
[bookmark: _Ref430190780]Figure S19. 19F NMR spectra obtained on the trifluoroacetic acid modulated samples digested in the internally standardized (difluoroacetic acid) digestion medium (see Section 2.5). All samples were activated (see Sections 1.1 and 5.2.1) prior to measurement.
Looking at the full chemical shift range, one can see that the spectra are exceptionally clean and there are no unexpected signals of any significance. There are only 2 significant signals in the spectra, which we confidently assign to trifluoroacetate and the difluoroacetate internal standard (as shown on the figure). As can be seen, the trifluoroacetate signal systematically increases in intensity as the amount of trifluoroacetic acid added to the MOF synthesis was increased. This observation can be made in a more quantitative manner by integrating the spectra and obtaining the molar ratios between the molecular components (see Section 3.2.2 for full details of the method). The molar ratio between trifluoroacetate and difluoroacetate  was calculated with Equation (10). The results are displayed in Table S10:

[bookmark: _Ref430188350]Table S10. Trifluoroacetate to difluoroacetate  molar ratios in the internally standardized trifluoroacetic acid modulated MOF digestions. Values obtained via integration of the spectra presented in Figure S19.
	Sample

	


	6Trif
	0.27

	12Trif
	0.41

	36Trif
	0.61



The desired molar ratio between trifluoroacetate and BDC  can now be calculated by multiplying  by  (see Equation (9)). The results are shown in Table S11 below, which summarizes all the quantitative data extracted from the NMR spectra recorded on the digested trifluoroacetic acid modulated samples:

[bookmark: _Ref430188394]Table S11. Summary of quantitative data extracted from the NMR spectra obtained on the trifluoroacetic acid modulated samples (see Table S8 - Table S10).
	Sample

	
	

	
	

	


	NoMod
	N/A
	N/A
	N/A
	0.07
	0.07

	6Trif
	0.27
	0.81
	0.22
	0.11
	0.33

	12Trif
	0.41
	0.86
	0.35
	0.11
	0.46

	36Trif
	0.61
	0.97
	0.59
	0.17
	0.76


* The sum of  and  (see Section 3.2.3.4)
As one can see,  systematically increases as the amount of trifluoroacetic acid added to the synthesis mixture was increased. This indicates that the extent to which trifluoroacetate is incorporated into the material is correlated with the amount of trifluoroacetic acid added to the UiO-66 synthesis mixture.
5.2.3. [bookmark: _Ref430304675] Comparing the Molar Ratios in the Entire Series of Samples
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5.2.3.1. [bookmark: _Ref430275904]Intentionally Added Modulator to BDC Molar Ratio
In this subsection, trends in the intentionally added modulator to BDC molar ratio are investigated. To clarify, this concerns:

· The formate to BDC molar ratio  in the formic acid modulated samples.
· The acetate to BDC molar ratio  in the acetic acid modulated samples.
· The difluoroacetate to BDC molar ratio  in the difluoroacetic acid modulated samples.
· The trifluoroacetate to BDC molar ratio  in the difluoroacetic acid modulated samples.

The values of these ratios (originally presented in Table S5, Table S6, Table S7, and Table S11) are summarized in Table S12 below. See Section 3.2.2 for full details of the methods used to obtain these values.

[bookmark: _Ref430188422]Table S12. Summary of the (intentionally added) modulator to BDC ratios in the samples.
	Sample

	
	
	
	

	NoMod
	-
	  0*
	-
	-

	6Ac
	0.04
	-
	-
	-

	12Ac
	0.05
	-
	-
	-

	36Ac
	0.09
	-
	-
	-

	100Ac
	0.17
	-
	-
	-

	6Form
	-
	0.12
	-
	-

	12Form
	-
	0.17
	-
	-

	36Form
	-
	0.24
	-
	-

	100Form
	-
	0.37
	-
	-

	6Dif
	-
	-
	0.15
	-

	12Dif
	-
	-
	0.20
	-

	36Dif
	-
	-
	0.24
	-

	6Trif
	-
	-
	-
	0.22

	12Trif
	-
	-
	-
	0.35

	36Trif
	-
	-
	-
	0.59


* = 0.07, however, since we are looking for trends in the intentionally added modulator content, it is set to zero here (no modulator was added to the NoMod synthesis).


Figure S20 is the graph obtained when the (intentionally added) modulator to BDC molar ratios in the above table are plotted against the molar equivalents of modulator added to the MOF synthesis:

[image: ]
[bookmark: _Ref430190844]Figure S20. Graph obtained when the (intentionally added) modulator to BDC molar ratios (see Table S12. above) are plotted against the molar equivalents of modulator added to the MOF synthesis.

Two trends are clearly observed in the figure:
1) The modulator to BDC molar ratio systematically increases as the amount of  modulator added to the synthesis mixture was increased. This observation holds for all 4 modulators used in this work.
2) The modulator to BDC molar ratio systematically and dramatically increases as the acidity/Pka of the modulator added to the synthesis mixture was increased/decreased.
Although the 2nd trend still stands, one may note that there is a surprisingly small difference between the formic acid (pKa = 3.77) and difluoroacetic acid (pKa = 1.24) modulated samples. 
The explanation for this surprisingly small difference is afforded in the following subsection, where the formate content in the non-formic acid modulated samples is discussed.
5.2.3.2. [bookmark: _Ref430304858]Formate to BDC molar ratio in non-formic acid modulated samples 
All 15 samples contain formate, even those which were synthesized in the absence of formic acid. Such formate (which is indeed incorporated into the framework) originates from the in situ decomposition of DMF during the MOF synthesis, as originally discussed in Section 5.2.1. 
The values of  (the molar ratio between formate and BDC) in the non-formic acid modulated samples were originally presented in Table S6, Table S7, and Table S8. For convenience, the values (obtained via the method outlined in Section 3.2.2) are summarized in Table S13:

[bookmark: _Ref430188449]Table S13. Summary of the formate to BDC molar ratios in the non-formic acid modulated samples.
	Sample

	

	NoMod
	0.07

	6Ac
	0.06

	12Ac
	0.07

	36Ac
	0.06

	100Ac
	0.06

	6Dif
	0.15

	12Dif
	0.15

	36Dif
	0.18

	6Trif
	0.11

	12Trif
	0.11

	36Trif
	0.17












Figure S21 is the graph obtained when the  values in the above table are plotted against the molar equivalents of modulator added to the MOF synthesis:

[image: ]
[bookmark: _Ref430190867]Figure S21. Graph obtained when the formate to BDC molar ratios  in the non-formic acid modulated samples are plotted against the molar equivalents of modulator added to the MOF synthesis.

Using NoMod (the unmodulated synthesis) as the reference point (x = 0 on the graph), one can see that:

1) Even when added in large quantities, acetic acid has a negligible effect on the extent to which formate is incorporated into the material.
2) Both difluoroacetic and trifluoroacetic acid have a strong positive effect on the extent of formate incorporation.
3) Difluoroacetic acid stimulates the incorporation of formate to a greater extent than trifluoroacetic acid does.

The interpretation of these observations is the following:

1) Acetic acid (pKa = 4.76) is not a strong enough acid to catalyze the hydrolysis of DMF during MOF synthesis. Thus, the amount of formic acid produced during the MOF synthesis is essentially the same as that formed in the unmodulated synthesis (NoMod). This results in the observed situation where the acetic acid modulated samples have essentially the same formate content as NoMod.
2) Both difluoroacetic (pKa = 1.24) and trifluoroacetic acid (pKa = 0.23) catalyze the hydrolysis of DMF during MOF synthesis, leading to the production of more formic acid than is produced in an unmodulated or acetic acid modulated synthesis. A significant amount of this formic acid then goes on to be incorporated into the UiO-66 framework.
3) Due to the fact that it is the stronger acid of the two, one may have expected trifluoroacetic acid (pKa = 0.23) to be better than difluoroacetic acid (pKa = 1.24) at catalyzing the hydrolysis of DMF. However, the observation that there is more formate in the difluoroacetic acid modulated samples suggests otherwise. A possible explanation for this anomaly can be reached by considering the idea that the intentionally added modulator and the in situ generated formic acid are competing with one another for the same defect sites in the UiO-66 framework. We hypothesize that formic acid (pKa = 3.77) would struggle to compete with trifluoroacetic acid (pKa = 0.23), a much stronger acid. On the other hand, we imagine that its competition with difluoroacetic acid (pKa = 1.24) would be considerably closer, especially if large amounts of formic acid are generated during MOF synthesis. Some validation of this idea is afforded when one looks back to Figure S20, where one can see that trifluoroacetic acid is much more aggressive than difluoroacetic acid in its willingness to incorporate into the material (i.e. its ability to “compete” for defect sites). Thus, even though more formate was detected in the difluoroacetic acid modulated samples, it is possible that trifluoroacetic acid (less burdened by competition with formic acid) is actually superior to difluoroacetic acid in its ability to catalyze the hydrolysis of DMF. 

With these interpretations, we return to the original goal of this subsection – to explain the surprisingly small difference between the intentionally added modulator to BDC ratios in the formic acid (pKa = 3.77) and difluoroacetic acid (pKa = 1.24) modulated samples (see Figure S20 in Section 5.2.3.1).
To this end, some of the conclusions and ideas discussed above are helpful. In particular:

1) Difluoroacetic acid catalyzes the hydrolysis of DMF (as concluded in the 2nd discussion point above). Thus, when difluoroacetic acid is used as the modulator, a significant amount of formic acid is generated during MOF synthesis. Difluoroacetic acid then has to compete with this formic acid for defect sites in the UiO-66 framework (as hypothesized in the 3rd discussion point above).
2) No such competition exists when formic acid is used as the modulator (it is the only monocarboxylic acid present in the synthesis mixture).
We believe that it is the contrast between these 2 scenarios that results in the observed situation – the difluoroacetate content in the difluoroacetic acid modulated samples is less than what might have been expected when compared with the formate content in the formic acid modulated samples (refer back to Figure S20).
If our competition based hypothesis is true, it would be interesting to see how Figure S20 might look if the competition between the (intentionally added) modulator and formic acid (originating from DMF decomposition) could somehow be negated. We assert that this situation can be simulated by simply adding the difluoroacetate to BDC  and formate to BDC  molar ratios. The resulting “total modulator to BDC ratio”  is discussed in the main article and is essentially a quantitative descriptor for the concentration of monocarboxylate terminated defects in the samples.


5.2.3.3. [bookmark: _Ref430304864]Total Modulator to BDC Ratio
The  values (originally presented in Table S5, Table S6, Table S7, and Table S11) are summarized in Table S14 below. See Section 3.2.3 for full details of the method used to obtain these values.

[bookmark: _Ref430188483]Table S14. Summary of the total modulator to BDC molar ratios  in the 15 samples.
	Sample

	

	NoMod
	0.07

	6Ac
	0.10

	12Ac
	0.12

	36Ac
	0.15

	100Ac
	0.23

	6Form
	0.12

	12Form
	0.17

	36Form
	0.24

	100Form
	0.37

	6Dif
	0.30

	12Dif
	0.35

	36Dif
	0.42

	6Trif
	0.33

	12Trif
	0.46

	36Trif
	0.76



Figure S22 is the graph obtained when the  values in the above table are plotted against the molar equivalents of modulator added to the MOF synthesis (duplicate of Figure 7 in the main article):
[image: ]
[bookmark: _Ref430190885]Figure S22. Graph obtained when the total modulator to BDC molar ratios  (see Table S14 above) are plotted against the molar equivalents of modulator added to the MOF synthesis.

As one can see, the trends observed in Figure S20 (see Section 5.2.3.1) still stand.
Namely:
1) The extent to which the modulator/modulators is/are incorporated into the UiO-66 framework (i.e. their molar ratio with BDC) systematically increases as the amount of modulator added to the synthesis mixture was increased. This same tendency is seen for all 4 modulators under study.
2) Modulator incorporation dramatically and systematically increases as the acidity/pKa of the modulator added to the synthesis mixture was increased/decreased.
However, in contrast to Figure S20, the difference between the difluoroacetic and formic acid modulated samples is now much larger. This is due to the fact we are now considering the total modulator to BDC ratio, which essentially negates the competition between difluoroacetic acid and (DMF-born) formic acid (see the previous subsection for a deeper discussion of this point).
5.3. [bookmark: _Ref430304486]Experimental N2 Adsorption Isotherms – Quantitative Data 
Presented in Table S15 are the BET surface area (obtained by the procedure outlined in Section 3.3) and pore volume values for the 15 UiO-66 samples. Values were derived from the nitrogen adsorption isotherms presented in the main article (Figure 2):

[bookmark: _Ref430188521]Table S15. BET surface area and pore volume values for the 15 UiO-66 samples. BET surface areas were derived from the isotherms displayed in Figure 2 (main article) via the method outlined in Section 3.3. Pore volumes were derived from the same isotherms at a P/P0 value of 0.5.
	Sample

	BET Surface Area / m2 g-1
	Pore Volume / cm3g-1

	NoMod
	1175
	0.44

	6Ac
	1322
	0.50

	12Ac
	1353
	0.51

	36Ac
	1386
	0.52

	100Ac
	1518
	0.57

	6Form
	1372
	0.52

	12Form
	1428
	0.53

	36Form
	1512
	0.57

	100Form
	1645
	0.61

	6Dif
	1536
	0.59

	12Dif
	1611
	0.61

	36Dif
	1668
	0.64

	6Trif
	1397
	0.53

	12Trif
	1634
	0.61

	36Trif
	1777
	0.69















5.4. [bookmark: _Ref430304495]Simulated Nitrogen Adsorption Isotherms
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5.4.1. [bookmark: _Ref430304904]Introductory Note
Nitrogen adsorption isotherms were simulated (at 77 K) on a total of 17 different UiO-66 structural models. The models can be broken down into 3 groups:
· Defect free UiO-66 – 1 model.
· “Missing cluster defect” (i.e. reo topology) structures – 4 models.
· “Missing linker defect” structures – 12 models.
The structure and composition of all of these models are thoroughly discussed in Section 4. 

5.4.2. [bookmark: _Ref430276322]Isotherms Simulated on Missing Linker Defect Models
The nitrogen adsorption isotherms simulated (at 77 K) on the missing linker structural models (see Section 4.2) are displayed in Figure S23:
[image: ] 
[bookmark: _Ref430190945]Figure S23. Nitrogen adsorption isotherms simulated (at 77K) on the missing linker defective structural models (see Section 4.2). The isotherm simulated on the defect free UiO-66 structural model is included for comparison (black curve in all 4 plots). The same y-scale is applied to all four plots.

To simplify the discussion of this figure, it is best to first discuss the effect of each modulator separately:
· When formate is the terminal ligand (leftmost plot), the nitrogen uptake of the material systematically increases as the number of missing linker defects increases. 
· The same can be said when acetate is the terminal ligand (second from left plot), albeit to a lesser extent.
· A turning point is reached when difluoroacetate is the terminal ligand (second from right plot). In this case, the nitrogen uptake of the material actually systematically decreases as the number of missing linker defects increases. 
· The same can be said when trifluoroacetate is the terminal ligand (rightmost plot), albeit to a greater extent.
The variation in the porosities of these hypothetical materials does not originate from differences in the number of nitrogen adsorption sites offered by their unit cells - the number of nitrogen molecules adsorbed per unit cell (the units of the unprocessed simulated isotherms) did not vary significantly when missing linkers were introduced into the structural models. Specifically, the nitrogen uptake capacity ranged from 80-86 molecules per unit cell throughout the entire series of missing linker defective structural models.
The origin of the wide variation of porosities is instead almost entirely due to differences in the densities of the hypothetical materials (i.e. the molar mass of the unit cell contents). At this stage it may be useful to refer to Section 4.2, where the differences between the unit cell contents of the missing linker structural models is demonstrated. 
Therein, one can see that each missing linker is replaced by 2 deprotonated modulator molecules. The change in the molar mass of the UiO-66 unit cell contents per missing linker defect  is thus given by the difference between the molecular weight of 2 deprotonated modulator molecules and 1 doubly deprotonated (BDC2-) molecule:


Where:
 is the molecular weight of the modulator of interest (when deprotonated).
 is the molecular weight of BDC2- (= 164.12 g mol-1).


The above equation was used to obtain the following results for the 4 modulators under study:

Table S16. Calculation of the  value (see equation above) for each of the 4 modulators.
	Modulator

	Mod. M.W. / g mol-1
	2*(Mod. M.W.) / g mol-1
	  /  g mol-1

	Formate
	45.02
	90.04
	-74.08

	Acetate
	59.04
	118.09
	-46.03

	Difluoroacetate
	95.02
	190.05
	25.93

	Trifluoroacetate
	113.02
	226.04
	61.92




These results explain the trends observed in Figure S23:
· When formate is the terminal ligand, the material becomes significantly lighter (-74.08 g mol-1) per missing linker defect. This results in the observed systematic increase in nitrogen uptake (per gram of hypothetical material) as the defect concentration is increased.
· When acetate is the terminal ligand, the material also becomes lighter per missing linker defect. This results in the observed systematic increase in nitrogen uptake (per gram of hypothetical material) as the defect concentration is increased. The weight decrease per missing linker defect (-46.03 g mol-1) is less than that of the formate terminated models (-74.08 g mol-1), explaining the observation that the nitrogen uptake increases to a lesser extent when the defects are terminated by acetate.
· When difluoroacetate is the terminal ligand, a turning point is reached and the material becomes heavier (+25.93 g mol-1) per missing linker defect. This results in the observed systematic decrease in nitrogen uptake (per gram of hypothetical material) as the defect concentration is increased.
· When trifluoroacetate is the terminal ligand, the material also becomes heavier per missing linker defect. This results in the observed systematic decrease in nitrogen uptake (per gram of hypothetical material) as the defect concentration is increased. The weight increase per missing linker defect (+61.92 g mol-1) is more than that of the difluoroacetate terminated models (+25.93 g mol-1), explaining the observation that the nitrogen uptake decreases to a greater extent when the defects are terminated by trifluoroacetate.

The above conclusions can be reached in an even more convincing fashion by calculating the BET surface areas (see Section 3.3 for method) of the hypothetical materials via their simulated isotherms. The surface areas are given in Table S17, together with the unit cell contents and molar mass thereof:

[bookmark: _Ref430188578]Table S17. Important data related to the ideal UiO-66 structural model and the 12 missing linker defective structural models. BET surface areas were derived from the simulated N2 adsorption isotherms displayed in Figure S23 via the method outlined in Section 3.3.
	Name of Model

	Unit Cell Contents
	Molar Mass of Unit Cell / g mol-1
	BET Surface Area / m2 g-1

	
UiO-66
	
Zr24O120C192H96
	
6512.12
	
1241

	2ML-Form
	Zr24O120C168H88
	6215.80
	1348

	4ML-Form
	Zr24O120C144H80
	5919.48
	1421

	6ML-Form
	Zr24O120C120H72
	5623.16
	1510

	2ML-Ac
	Zr24O120C176H104
	6328.01
	1318

	4ML-Ac
	Zr24O120C160H112
	6143.91
	1332

	6ML-Ac
	Zr24O120C144H120
	5959.80
	1405

	2ML-Dif
	Zr24O120C176H88F16
	6615.86
	1217

	4ML-Dif
	Zr24O120C160H80F32
	6719.60
	1196

	6ML-Dif
	Zr24O120C144H72F48
	6823.34
	1160

	2ML-Trif
	Zr24O120C176H80F24
	6759.78
	1178

	4ML-Trif
	Zr24O120C160H64F48
	7007.45
	1106

	6ML-Trif

	Zr24O120C144H48F72
	7255.11
	1065



Plotting the molar masses of the hypothetical unit cells against the BET surface areas derived from their simulated isotherms reveals a strong linear relationship (R2 = 0.99):
[image: ]
Figure S24. Linear trend observed when the molar masses of the ideal UiO-66 and missing linker defective unit cells are plotted against the BET surface areas derived from their simulated isotherms. Raw data can be found in Table S17 above.

This excellent linear fit explains the observed trends in the simulated isotherms much more succinctly - it essentially tells us that the variations in the BET surface area (and thus, porosity) of the missing linker defective structural models can be almost entirely attributed to variations in their crystal densities.










5.4.3. [bookmark: _Ref430304909]Isotherms Simulated on Missing Cluster Defect (reo) Models
The nitrogen adsorption isotherms simulated (at 77K) on the reo (missing cluster) type structural models (see Section 4.1) are displayed in Figure S25:
[image: ]
[bookmark: _Ref430191005]Figure S25. Nitrogen adsorption isotherms simulated (at 77K) on the reo type (i.e. missing cluster defective) structural models (see Section 4.1). The isotherm simulated on the defect free UiO-66 structural model (magenta curve) is included for comparison.

As one can see, the presence of reo (missing cluster) type defects greatly enhances the nitrogen uptake (and thus porosity) of the material when compared to defect free UiO-66 (magenta curve). This is the case regardless of the terminal modulator ligand. Unlike the isotherms simulated from the missing linker structural models (see Section 5.4.2), the large discrepancy between the porosity of the defect free UiO-66 model and those with missing cluster defects cannot be entirely explained by differences in their crystal densities. 
While the molar masses of the reo unit cells are indeed considerably lower than that of perfect UiO-66 (see Table S18 below), they also adsorb significantly more nitrogen molecules per unit cell.  Specifically, the nitrogen uptake capacities of the 4 reo cells ranged from 97 - 101 molecules per unit cell, while ideal UiO-66 adsorbs only 86. 
In other words, the presence of missing cluster defects increases the available surface for nitrogen adsorption. When combined with the decrease in crystal density, the presence of missing cluster defects results in a material which is much more porous than ideal UiO-66.
Of further note is the trend observed amongst the reo isotherms – the nitrogen uptake decreases as the molecular weight of the terminal modulator ligand increases. This trend can be entirely explained by the increase in the molar mass of the unit cell (i.e. crystal density), resulting in a decrease in nitrogen uptake per gram of material. 
To scrutinize this point, the BET surface areas of the hypothetical reo materials were derived from their simulated isotherms (see Section 3.3 for the method). The results are given in Table S18, together with the unit cell contents and molar masses thereof:

[bookmark: _Ref430188858]Table S18. Important data related to the reo (missing cluster) defective structural models. BET surface areas were derived from the isotherms displayed in Figure S25 via the method outlined in Section 3.3.
	Name of Model

	Unit Cell Contents
	Molar Mass of Unit Cell / g mol-1
	BET Surface Area / m2 g-1

	Reo-Form
	Zr18O90C108H60
	4439.61
	2104

	Reo-Ac
	Zr18O90C120H84
	4607.93
	1938

	Reo-Dif
	Zr18O90C120H60F24
	5039.70
	1779

	Reo-Trif

	Zr18O90C120H48F36
	5255.59
	1663




Plotting the molar masses of the hypothetical unit cells against the BET surface areas derived from their simulated isotherms reveals a strong linear relationship (R2 = 0.95):
[image: ]
Figure S26. Linear trend observed when the molar masses of the 4 reo (missing cluster) type model unit cells are plotted against the BET surface areas derived from their simulated isotherms. Raw data can be found in Table S18 above.

This excellent linear fit tells us that the variations in the BET surface areas (and thus, porosities) of the reo (i.e. missing cluster) type structural models can be almost entirely attributed to variations in their crystal densities.
5.5. [bookmark: _Ref430304517]Comparison of Simulated and Experimental N2 Adsorption Isotherms
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5.5.1. [bookmark: _Ref430304947]NoMod
Figure S27 compares the nitrogen adsorption isotherm experimentally obtained on NoMod with that simulated from the defect free UiO-66 structural model:

[bookmark: _Ref430191055][image: ]
[bookmark: _Ref430314072]Figure S27. Comparison of the nitrogen adsorption isotherm experimentally obtained on NoMod with that simulated from the defect free UiO-66 structural model.

The BET surface areas obtained from the above 2 isotherms (see Section 3.3 for method) are presented in Table S19:

[bookmark: _Ref430188906]Table S19. BET surface areas calculated from the isotherms in Figure S27 above. See Section 3.3 for details of the method.
	Isotherm

	BET Surface Area / m2 g-1

	UiO-66 (Simulated)
NoMod
	1241
1175




As can be seen from the figure and table, respectively, NoMod has a lower nitrogen uptake and BET S.A. than is theoretically expected for UiO-66. The reason for this lower than expected porosity is unknown. However, we hypothesize that it may be due to the presence of a small amount of a dense inorganic impurity (e.g. ZrO2) in the sample.
5.5.2. [bookmark: _Ref430304950]Acetic Acid Modulated Samples
Figure S28 compares the nitrogen adsorption isotherms experimentally obtained on the acetic acid modulated samples with those simulated from the hypothetical acetate terminated structural defect models (see Section 4):

[image: ] 
[bookmark: _Ref430191102]Figure S28. Comparison of the nitrogen adsorption isotherms experimentally obtained on the acetic acid modulated samples with those simulated from the hypothetical acetate terminated structural defect models (see Section 4).

When comparing the experimental isotherms (rightmost plot) with those simulated from the missing linker structural models (leftmost plot), one can see that missing linker defects alone cannot possibly account for the porosity of the samples, particularly 100Ac (magenta curve in the rightmost plot).
This is evidenced by the fact that the nitrogen uptake of many of the samples surpasses that of even 6ML-Ac (blue curve in the leftmost plot), a hypothetical model material in which half of the linkers have been removed. This is the maximum number of linkers which can be removed whilst retaining a continuous 3 dimensional UiO-66 network. We know from TGA and dissolution/1H NMR results that the acetic acid modulated samples are nowhere near as defective as this. Therefore, we can confidently say that missing linker defects terminated by acetate ligands are not the prominent defect in these samples.
We thus shift our attention to comparing the experimental isotherms with that simulated from “Reo-Ac” (middle plot), the missing cluster structural model. One can clearly see that the nitrogen uptake of this hypothetical material is far greater than that of even 100Ac, the most porous sample on display.
However, one must consider that the Reo-Ac isotherm is simulated from a pure reo model in which one quarter of the clusters are missing. The samples would therefore have to be incredibly defective to be anywhere near as porous as Reo-Ac.
Upon careful consideration, we conclude that the porosity of the acetic acid modulated samples is likely explained by the presence of a relatively small amount of missing cluster defects. This is in keeping with the observation of the “broad peak” in their PXRD patterns (see Figure 4 in the main article), a peak which we have unambiguously assigned to tiny nanoregions of missing cluster defects in the materials (see Section 5.1.2).





















5.5.3. [bookmark: _Ref430304954]Formic Acid Modulated Samples
Figure S29 compares the nitrogen adsorption isotherms experimentally obtained on the formic acid modulated samples with those simulated from the formate terminated structural defect models (see Section 4):

[image: ] 
[bookmark: _Ref430191131]Figure S29. Comparison of the nitrogen adsorption isotherms experimentally obtained on the formic acid modulated samples with those simulated from the formate terminated structural defect models (see Section 4).

When comparing the experimental isotherms (rightmost plot) with those simulated from the missing linker structural models (leftmost plot), one can see that missing linker defects alone cannot account for the porosity of the samples, particularly 36Form and 100Form (blue and magenta curves in the rightmost plot, respectively).
This is evidenced by the fact that the nitrogen uptake of these two samples surpasses that of even 6ML-Form (blue curve in the leftmost plot), a hypothetical model material in which half of the linkers have been removed. This is the maximum number of linkers which can be removed whilst retaining a continuous 3 dimensional UiO-66 network. We know from TGA and dissolution/1H NMR results that the formic acid modulated samples are nowhere near as defective as this. Therefore, we can confidently say that missing linker defects terminated by formate ligands are not the prominent defect in these samples.
We thus shift our attention to comparing the experimental isotherms with that simulated from “Reo-Form” (middle plot), the missing cluster structural model. One can clearly see that the nitrogen uptake of this hypothetical material is far greater than that of even 100Form, the most porous sample on display.
However, one must consider that the Reo-Form isotherm is simulated from a pure reo model in which one quarter of the clusters are missing. The samples would therefore have to be incredibly defective to be anywhere near as porous as Reo-Form.

Upon careful consideration, we conclude that the porosity of the formic acid modulated samples is likely explained by the presence of a relatively small amount of missing cluster defects. This is in keeping with the observation of the “broad peak” in their PXRD patterns (see Figure 4 in the main article), a peak which we have unambiguously assigned to tiny nanoregions of missing cluster defects in the materials (see Section 5.1.2).




















5.5.4. [bookmark: _Ref430304958]Difluoroacetic Acid Modulated Sample
Figure S30 compares the nitrogen adsorption isotherms experimentally obtained on the difluoroacetic acid modulated samples with those simulated from the difluoroacetate terminated structural defect models (see Section 4)
[image: ]
[bookmark: _Ref430191167]Figure S30. Comparison of the nitrogen adsorption isotherms experimentally obtained on the difluoroacetic acid modulated samples with those simulated from the difluoroacetate terminated structural defect models (see Section 4).

When comparing the experimental isotherms (rightmost plot) with those simulated from the missing linker structural models (leftmost plot), one can see that missing linker defects cannot in any way account for the highly porous nature of the difluoroacetic acid modulated samples.
This is evidenced by the fact that the nitrogen uptake of all of the samples far surpasses any of the isotherms simulated from the missing linker defect structural models, which actually decrease in porosity as the number of defects increases (see Section 5.4.2 for the explanation of this observation).
We thus shift our attention to comparing the experimental isotherms with that simulated from “Reo-Dif” (middle plot), the missing cluster structural model. One can clearly see that the nitrogen uptake of this hypothetical material is only slightly higher than that of the experimental isotherms, particularly 36Dif (blue curve in rightmost plot), the most porous sample on display. 
The implications of this observation are fascinating. The Reo-Dif isotherm is simulated from a pure reo model in which one quarter of the clusters are missing. The fact that the nitrogen uptake (and thus porosity) of the difluoroacetic acid modulated samples are close to that of Reo-Dif suggests that there is an enormous amount of missing cluster defects in the samples.
This is in keeping with the observation of a relatively intense “broad peak” in the PXRD patterns obtained on these samples (see Figure 4 in the main article), a peak which we have unambiguously assigned to tiny nanoregions of missing cluster defects in the materials (see Section 5.1.2).
























5.5.5. [bookmark: _Ref430304961]Trifluoroacetic Acid Modulated Samples
Figure S31 compares the nitrogen adsorption isotherms experimentally obtained on the trifluoroacetic acid modulated samples with those simulated from the trifluoroacetate terminated structural defect models (see Section 4):

[image: ] 
[bookmark: _Ref430191198]Figure S31. Comparison of the nitrogen adsorption isotherms experimentally obtained on the trifluoroacetic acid modulated samples with those simulated from the trifluoroacetate terminated structural defect models (see Section 4).

When comparing the experimental isotherms (rightmost plot) with those simulated from the missing linker structural models (leftmost plot), one can see that missing linker defects cannot in any way account for the highly porous nature the trifluoroacetic acid modulated samples.
This is evidenced by the fact that the nitrogen uptake of all of the samples far surpasses any of the isotherms simulated on the missing linker defect structural models, which actually tend to decrease in porosity as the number of defects increases (see Section 5.4.2 for the explanation of this observation).
We thus shift our attention to comparing the experimental isotherms with that simulated from “Reo-Trif” (magenta curve in the middle plot), the missing cluster structural model. One can clearly see that the nitrogen uptake of this hypothetical material is actually slightly lower than that of 36Trif (blue curve in rightmost plot), the most porous sample in the entire series.
The Reo-Trif isotherm is simulated from a pure reo model in which one quarter of the clusters are missing. This is the maximum number of clusters that can be removed while maintaining a continuous 3-dimensional framework. It is therefore initially quite baffling that 36Trif is more porous than this highly defective hypothetical material. However, our dissolution/NMR results (see Section 5.2.2.4) provide a reasonable explanation for its exceptional porosity.
Specifically, we found that trifluoroacetate is not the only monocarboxylate present in 36Trif (and the other trifluoroacetic acid modulated samples); a significant amount of formate was also detected. The missing cluster defects are thus terminated by a combination of trifluoroacetate and formate. The isotherm simulated from “Reo-Form” (orange curve, middle plot) was therefore included in Figure S31 for comparison with the experimental data. The Reo-Form structural model is the same as that of Reo-Trif, albeit terminated with formate instead of trifluoroacetate (see Section 4.1 for full description).
As one can see, the porosity of 36Trif is somewhere in between Reo-Trif and Reo-Form. This suggests that there are enormous amounts of missing cluster defects in the sample and that they are compensated by a mixture of formate and trifluoroacetate. The same conclusion is afforded for the other trifluoroacetic acid modulated samples, which are not as defective as 36Trif.
The conclusion that the trifluoroacetic acid modulated samples contain a high concentration of missing cluster defects is further backed up by the observation of a relatively intense “broad peak” in the PXRD patterns obtained on the samples (see Figure 4 in the main article). We unambiguously assigned this peak to tiny nanoregions of missing cluster defects in the materials (see Section 5.1.2).















5.6. [bookmark: _Ref430278352]TGA-DSC
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5.6.1. [bookmark: _Ref430305013]Acetic Acid Modulated Samples
The TGA-DSC results obtained on the acetic acid modulated samples are presented in Figure S32. The result obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ] 
[bookmark: _Ref430191248]Figure S32. TGA-DSC results obtained on the acetic acid modulated samples. The result obtained on NoMod is included for comparison. Samples were activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace.

One can see 3 resolvable weight losses in the above TGA traces:
1) A small weight loss over a temperature range of ca. 25-100 °C. This is due to the removal of a small amount of water from the MOF pores.
2) A more significant weight loss over a temperature range of ca. 200-390 °C. This is actually due to three unresolvable weight losses: the loss of structural water (i.e. dehydroxylation)7-9, formate ligands,11 and acetate ligands. Dissolution/NMR results (see Section 5.2.2.2) proved the existence of these these ligands in the samples. The loss of acetate is accompanied by an exothermic peak in the DSC trace (spanning a temperature range of ca. 310-390 °C) implying that it is lost by combustion. The temperature at which all acetate is lost (TPlat. = 390 °C) is emphasized on the figure by a vertical dashed line. The (normalized) TGA weight at this temperature () is entered into Equation (20) (see Section 3.4.3) to calculate NLExp., the average number of linkers in the Zr6 formula unit (i.e. 6-x in the general formula Zr6O6+x(BDC)6-x). The number of linker deficiencies per Zr6 formula unit () is then easily calculated from this value. See Section 3.4 for full details and an example. 
3) A very large weight loss over a temperature range of ca. 390-525 °C. This is due to the collapse of the MOF framework (via combustion of the BDC linkers). The final product is ZrO2. This weight loss is accompanied by an intense exothermic peak in the DSC trace. The magnitude of this weight loss step is inversely proportional to the number of linker deficiencies per Zr6 formula unit (x). The vertical gap between the two horizontal dashed lines in the figure is the weight loss theoretically expected for ideal dehydroxylated UiO-66, Zr6O6(BDC)6.

When comparing the magnitude of the decompositon weight loss (starting at TPlat. = 390 °C, as emphasized by the vertical dashed line in the figure), one can see that they are in fact all very similar, with the noteable exception of 100Ac (magenta curve), whose decomposition weight loss is noteably smaller. As the magnitude of this weight loss is inversely proportional to the number of linker deficiencies per Zr6 formula unit (i.e. the value of  in the composition Zr6O6+x(BDC)6-x, see Section 3.4), we can safely say that 100Ac is significantly more linker deficient (and thus, defective) than the other samples presented in the figure. This is not surprising when one considers that the BDC linkers had to compete with 100 molar equivalents of acetic acid during the synthesis of this sample. 
The observation that the magnitude of the decomposition weight loss is near constant in the rest of the samples suggests that acetic acid is a very mild modulator which does not introduce a lot of defects to the UiO-66 framework (unless added in very large excess). Adding as much as 36 molar equivalents of acetic acid (36Ac, blue curve) does not introduce a significant amount of defects to the UiO-66 framework.
In order to meet these conclusions in a more quantitative manner, we calculated the number of linker deficiencies per Zr6 formula unit () in each sample (derived from the TGA-DSC results via the method outlined in Section 3.4). The  values were then inserted into the general formula Zr6O6+x(BDC)6-x to obtain the composition of the samples at  (see Section 3.4 for details). The results are given in Table S20 below:

[bookmark: _Ref430188925]Table S20. Quantitative data extracted from the TGA traces displayed in Figure S32. (see Section 3.4 for details of the method and for an explanation of the terminology).
	Sample

	  /  °C
	  /  %
	NLExp. (i.e. )*
	
	Composition at  **

	NoMod
	350
	207.4
	5.36
	0.64
	Zr6O6.64(BDC)5.36

	6Ac
	390
	206.8
	5.33
	0.67
	Zr6O6.67(BDC)5.33

	12Ac
	390
	207.8
	5.38
	0.62
	Zr6O6.62(BDC)5.38

	36Ac
	390
	206.5
	5.32
	0.68
	Zr6O6.68(BDC)5.32

	100Ac
	390
	200.8
	5.03
	0.97
	Zr6O6.97(BDC)5.03


*Calculated via Equation (20) (See Section 3.4.3).
** Obtained by entering the  values into the general molecular formula Zr6O6+x(BDC)6-x (See Section 3.4 for more details).
The above numbers reflect our qualitative observations; the  value (and thus, defectivity) of 100Ac is considerably higher than the rest of the samples, whose values are nearly identical. To put these numbers into context, an x value of 0.97 (the value calculated for 100Ac) means that there are only (6 - 0.97) x 2 = 10.06 linkers coordinated to the average Zr6 cluster. This is significantly less than in a defect free sample, where there are (6 - 0) x 2 = 12 linkers coordinated to each Zr6 cluster.
The  values (together with molar ratios obtained via dissolution/NMR) were further exploited to attain estimates for the composition of the samples in the hydroxylated form. See Section 3.5 for the method and Section 5.8 for the results.





















5.6.2. [bookmark: _Ref430305019]Formic Acid Modulated Samples
The TGA-DSC results obtained on the formic acid modulated samples are presented in Figure S33. The result obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ]
[bookmark: _Ref430191328]Figure S33. TGA-DSC results obtained on the formic acid modulated samples. The result obtained on NoMod is included for comparison. Samples were activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace.

One can see 3 resolvable weight losses in the above TGA traces:
1) A small weight loss over a temperature range of ca. 25-100 °C. This is due to the removal of a small amount of water from the MOF pores.
2) A more significant weight loss over a temperature range of ca. 200-350 °C. This is actually due to two unresolvable weight losses: the loss of structural water (i.e. dehydroxylation)7-9 and formate ligands.11 Dissolution/NMR results (see Section 5.2.2.1) proved the existence of formate ligands in the samples. The loss of formate is accompanied by a slight exothermic peak in the DSC trace (spanning a temperature range of ca. 270-350 °C) implying that it is lost by combustion. The temperature at which all formate is lost (TPlat. = 350 °C) is emphasized on the figure by a vertical dashed line. The (normalized) TGA weight at this temperature () was entered into Equation (20) (see Section 3.4.3) to calculate NLExp., the average number of linkers in the Zr6 formula unit (i.e. 6-x in the general formula Zr6O6+x(BDC)6-x). The number of linker deficiencies per Zr6 formula unit () is then easily calculated from this value. See Section 3.4 for full details and an example.
3) A very large weight loss over a temperature range of ca. 390-525 °C. This is due to the collapse of the MOF framework (via combustion of the BDC linkers). The final product is ZrO2. This weight loss is accompanied by an intense exothermic peak in the DSC trace. The magnitude of this weight loss step is inversely proportional to the number of linker deficiencies per Zr6 formula unit (x). The vertical gap between the two horizontal dashed lines in the figure is the weight loss theoretically expected for ideal dehydroxylated UiO-66, Zr6O6(BDC)6.

When comparing the magnitude of the decompositon weight loss (starting at TPlat. = 350 °C, as emphasized by the vertical dashed line in the figure), one can see a clear trend - it appears to systematically decrease as increasing amounts of formic acid added were added to the  MOF synthesis. The magnitude of this weight loss is inversely proportional to the number of linker deficiencies per Zr6 formula unit (i.e. the value of  in the composition Zr6O6+x(BDC)6-x, see Section 3.4). Therefore, one can conclude that the material becomes increasingly linker deficient (and thus, defective) as increasing amounts of formic acid are added to the MOF synthesis.
In order to meet this conclusion in a more quantitative manner, we calculated the number of linker deficiencies per Zr6 formula unit () in each sample (derived from the TGA-DSC results via the method outlined in Section 3.4). The  values were then inserted into the general formula Zr6O6+x(BDC)6-x to obtain the composition of the samples at  (see Section 3.4 for details). The results are given in Table S21 below:

[bookmark: _Ref430188955]Table S21. Quantitative data extracted from the TGA traces displayed in Figure S33. (see Section 3.4 for details of the method and for an explanation of the terminology).
	Sample

	 / °C
	 / %
	NLExp (i.e. )*
	x
	Composition at  **

	NoMod
	350
	207.4
	5.36
	0.64
	Zr6O6.64(BDC)5.36

	6Form
	350
	205.5
	5.27
	0.73
	Zr6O6.73(BDC)5.27

	12Form
	350
	201.9
	5.09
	0.91
	Zr6O6.91(BDC)5.09

	36Form
	350
	199.5
	4.97
	1.03
	Zr6O7.03(BDC)4.97

	100Form
	350
	194.6
	4.72
	1.28
	Zr6O7.28(BDC)4.72


*Calculated via Equation (20) (see Section 3.4.3).
** Obtained by entering the x values into the general molecular formula Zr6O6+x(BDC)6-x (See Section 3.4 for more details).

As one can see, x (and thus, the defectivity of the samples) does indeed systematically increase as increasing amounts of formic acid was added to the MOF synthesis. To put these numbers into context, an x value of 1.28 (the value calculated for 100Form) means that there are only (6 – 1.28) x 2 =  9.44 linkers coordinated to the average Zr6 cluster. This is significantly less than in a defect free sample, in which there are (6 - 0) x 2 = 12 linkers coordinated to each Zr6 cluster.
The above  values (together with molar ratios obtained via dissolution/NMR) were further exploited to attain estimates for the composition of the samples in the hydroxylated form. See Section 3.5 for the method and Section 5.8 for the results.























5.6.3. [bookmark: _Ref430305024]Difluoroacetic Acid Modulated Samples
The TGA-DSC results obtained on the difluoroacetic acid modulated samples are presented in Figure S34. The result obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ] 
[bookmark: _Ref430191387]Figure S34. TGA-DSC results obtained on the difluoroacetic acid modulated samples. The result obtained on NoMod is included for comparison. Samples were activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace.

One can see 4 resolvable weight losses in the above TGA traces:
1) A small weight loss over a temperature range of ca. 25-100 °C. This is due to the removal of a small amount of water from the MOF pores.
2) A more significant weight loss over a temperature range of ca. 200-325 °C. This is actually due to two unresolvable weight losses: the loss of structural water (i.e. dehydroxylation)7-9 and the loss of formate ligands.11 Dissolution/NMR results (see Section 5.2.2.3) proved the existence of formate ligands in these samples.
3) Another significant weight loss starting at 325 °C and ending at a different temperature in each sample. Specifically, it ends at 450 °C in 6Dif, 445 °C in 12Dif, and 430 °C  in 36Dif. This weight loss is due to the removal of difluoroacetate ligands. Dissolution/NMR results (see Section 5.2.2.3) proved the existence of difluoroacetate ligands in the samples. 
4) A very large weight loss beginning immediately after the loss of the difluoroacetate ligands. This is due to the collapse of the MOF framework (via combustion of the BDC linkers). The final product is ZrO2. This weight loss is accompanied by an intense exothermic peak in the DSC trace. The magnitude of this weight loss step is inversely proportional to the number of linker deficiencies per Zr6 formula unit (x). The vertical gap between the two horizontal dashed lines in the figure is the weight loss theoretically expected for ideal dehydroxylated UiO-66, Zr6O6(BDC)6.
When comparing the magnitude of the decompositon weight loss, one can see a clear trend - it appears to systematically decrease as increasing amounts of difluoroacetic acid added were added to the  MOF synthesis. The magnitude of this weight loss is inversely proportional to the number of linker deficiencies per Zr6 formula unit (i.e. the value of  in the composition Zr6O6+x(BDC)6-x, see Section 3.4). Therefore, one can conclude that the material becomes increasingly linker deficient (and thus, defective) as increasing amounts of difluoroacetic acid are added to the MOF synthesis.
In order to meet this conclusion in a more quantitative manner, we calculated the number of linker deficiencies per Zr6 formula unit () in each sample (derived from the TGA-DSC results via the method outlined in Section 3.4). The  values were then inserted into the general formula Zr6O6+x(BDC)6-x to obtain the composition of the samples at  (see Section 3.4 for details). The results are given in Table S22 below:

[bookmark: _Ref430188977]Table S22. Quantitative data extracted from the TGA traces displayed in Figure S34. (see Section 3.4 for details of the method and for an explanation of the terminology).
	Sample

	 / °C
	 / %
	NLExp (i.e. )*
	x
	Composition at  **

	NoMod
	350
	207.4
	5.36
	0.64
	Zr6O6.64(BDC)5.36

	6Dif
	450
	197.9
	4.89
	1.11
	Zr6O7.11(BDC)4.89

	12Dif
	445
	196.5
	4.82
	1.18
	Zr6O7.18(BDC)4.82

	36Dif
	430
	193.4
	4.66
	1.34
	Zr6O7.34(BDC)4.66


*Calculated via Equation (20) (see Section 3.4.3).
** Obtained by entering the x values into the general molecular formula Zr6O6+x(BDC)6-x (See Section 3.4 for more details).

As one can see, x (and thus, the defectivity of the samples) does indeed systematically increase as increasing amounts of difluoroacetic acid was added to the MOF synthesis. To put these numbers in context, an  value of 1.34 (the value calculated for 36Dif) means that there are only (6 – 1.34) x 2 =  9.32 linkers coordinated to the average Zr6 cluster. This is significantly less than in a defect free sample, in which there are (6 - 0) x 2 = 12 linkers coordinated to each Zr6 cluster.
The above  values (together with the molar ratios obtained via dissolution/NMR) were further exploited to attain estimates for the composition of the samples in the hydroxylated form. See Section 3.5 for the method and Section 5.8 for the results.
5.6.4. [bookmark: _Ref430305028]Trifluoroacetic Acid Modulated Samples
The TGA-DSC results obtained on the trifluoroacetic acid modulated samples are presented in Figure S35. The result obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ]
[bookmark: _Ref430191433]Figure S35. TGA-DSC results obtained on the trifluoroacetic acid modulated samples. The result obtained on NoMod is included for comparison.  Samples were activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace.

It is useful to split the analysis of the TGA traces into 3 weight loss regions:
1) A small weight loss over a temperature range of ca. 25-100 °C. This is due to the removal of a small amount of water from the MOF pores.
2) Two weight losses occuring over a temperature range of ca. 200-440 °C. As one can see, the temperature at which these weight losses occur varies quite significantly among the 3 trifluoroacetic acid modulated samples. These weight loss steps are due to a combination of three weight loss events: the loss of structural water (i.e. dehydroxylation)7-9, the loss of formate ligands,11 and the loss of trifluoroacetate ligands.10 Dissolution/NMR results (see Section 5.2.2.4) proved the existence of these these ligands in the samples. The loss of formate and trifluoroacetate ligands are both accompanied by exothermic peaks in the DSC trace, implying that they are lost by combustion.
3) A very large weight loss over a temperature range of ca. 440-525 °C. This is due to the collapse of the MOF framework (via combustion of the BDC linkers). The final product is ZrO2. This weight loss is accompanied by an intense exothermic peak in the DSC trace. The magnitude of this weight loss step is inversely proportional to the number of linker deficiencies per Zr6 formula unit (x). The vertical gap between the two horizontal dashed lines in the figure is the weight loss theoretically expected for ideal dehydroxylated UiO-66, Zr6O6(BDC)6.
When comparing the magnitude of the decompositon weight loss, one can see a clear trend - it appears to systematically decrease as increasing amounts of trifluoroacetic acid added were added to the  MOF synthesis. The magnitude of this weight loss is inversely proportional to the number of linker deficiencies per Zr6 formula unit (i.e. the value of  in the composition Zr6O6+x(BDC)6-x, see Section 3.4). Therefore, one can conclude that the material becomes increasingly linker deficient (and thus defective) as increasing amounts of trifluoroacetic acid are added to the MOF synthesis.
In order to meet this conclusion in a more quantitative manner, we calculated the number of linker deficiencies per Zr6 formula unit () in each sample (derived from the TGA-DSC results via the method outlined in Section 3.4). The  values were then inserted into the general formula Zr6O6+x(BDC)6-x to obtain the composition of the samples at  (see Section 3.4 for details). The results are given in Table S23 below:

[bookmark: _Ref430188995]Table S23. Quantitative data extracted from the TGA traces displayed in Figure S35 (see Section 3.4 for details of the method and for an explanation of the terminology).
	Sample

	 / °C
	 / %
	NLExp (i.e. )*
	x
	Composition at  **

	NoMod
	350
	207.4
	5.36
	0.64
	Zr6O6.64(BDC)5.36

	6Trif
	440
	197.2
	4.85
	1.15
	Zr6O7.15(BDC)4.85

	12Trif
	440
	194.0
	4.69
	1.31
	Zr6O7.31(BDC)4.69

	36Trif
	440
	180.0
	3.99
	2.01
	Zr6O8.01(BDC)3.99


*Calculated via Equation (20) (see Section 3.4.3).
** Obtained by entering the x values into the general molecular formula Zr6O6+x(BDC)6-x (See Section 3.4 for more details).

As one can see, x (and thus, the defectivity of the samples) does indeed systematically increase as increasing amounts of trifluoroacetic acid was added to the MOF synthesis. To put these numbers in context, an  value of 2.01 (the value calculated for 36Trif) means that there are only (6 – 2.01) x 2 =  7.98 linkers coordinated to the average Zr6 cluster. This is much less than in a defect free sample, in which there are (6 - 0) x 2 = 12 linkers coordinated to each Zr6 cluster.
The above  values (together with the molar ratios obtained via dissolution/NMR) were further exploited to attain estimates for the composition of the samples in the hydroxylated form. See Section 3.5 for the method and Section 5.8 for the results.

5.6.5. [bookmark: _Ref430279537]Quantitative Data Extracted From TGA Results – Summary Table
All of the quantitative data (originally presented in Table S20 - Table S23) extracted from the TGA results (via the method outlined in Section 3.4) is summarized in Table S24 below:

[bookmark: _Ref430189031]Table S24. Summary of the quantitative data extracted from the TGA traces displayed in Figure S32 - Figure S35. See Section 3.4 for details of the method and an explanation of the terminology.
	Sample

	  /  °C
	  /  %
	NLExp. (i.e. )*
	
	Composition at  **

	NoMod
	350
	207.4
	5.36
	0.64
	Zr6O6.64(BDC)5.36

	6Ac
	390
	206.8
	5.33
	0.67
	Zr6O6.67(BDC)5.33

	12Ac
	390
	207.8
	5.38
	0.62
	Zr6O6.62(BDC)5.38

	36Ac
	390
	206.5
	5.32
	0.68
	Zr6O6.68(BDC)5.32

	100Ac
	390
	200.8
	5.03
	0.97
	Zr6O6.97(BDC)5.03

	6Form
	350
	205.5
	5.27
	0.73
	Zr6O6.73(BDC)5.27

	12Form
	350
	201.9
	5.09
	0.91
	Zr6O6.91(BDC)5.09

	36Form
	350
	199.5
	4.97
	1.03
	Zr6O7.03(BDC)4.97

	100Form
	350
	194.6
	4.72
	1.28
	Zr6O7.28(BDC)4.72

	6Dif
	450
	197.9
	4.89
	1.11
	Zr6O7.11(BDC)4.89

	12Dif
	445
	196.5
	4.82
	1.18
	Zr6O7.18(BDC)4.82

	36Dif
	430
	193.4
	4.66
	1.34
	Zr6O7.34(BDC)4.66

	6Trif
	440
	197.2
	4.85
	1.15
	Zr6O7.15(BDC)4.85

	12Trif
	440
	194.0
	4.69
	1.31
	Zr6O7.31(BDC)4.69

	36Trif
	440
	180.0
	3.99
	2.01
	Zr6O8.01(BDC)3.99




The above  values (together with the molar ratios obtained via dissolution/NMR) were further exploited to attain estimates for the composition of the samples in the hydroxylated form. See Section 3.5 for the method and Section 5.8 for the results.









5.7. [bookmark: _Ref430304532]Summary of Quantitative data Extracted from PXRD, N2 Sorption, Dissolution/NMR, & TGA
In Sections 3.1, 3.2, 3.3, and 3.4, we respectively demonstrated how quantitative data is extracted from PXRD (, the relative intensity of broad peak), dissolution/NMR (, the total modulator to BDC molar ratio), nitrogen sorption (BET surface area), and TGA (the number of linker deficiencies per Zr6 formula unit, ) results. The values of each of these quantitative “defectivity descriptors” were summarized separately in Table S4, Table S14, Table S15, and Table S24. Table S25 (purely for convenience) summarizes all of the quantitative data extracted from the 4 characterization techniques:

[bookmark: _Ref430189051]Table S25. Summary of all of the quantitative data extracted from PXRD, nitrogen adsorption, dissolution/NMR, and TGA measurements.
	Sample

	 / Error*
	**
	BET S.A. / m2 g-1 ***
	x****

	NoMod
	0.013 / 0.004
	0.07
	1175
	0.64

	6Ac
	0.025 / 0.018
	0.10
	1322
	0.67

	12Ac
	0.051 / 0.010
	0.12
	1353
	0.62

	36Ac
	0.064 / 0.013
	0.15
	1386
	0.68

	100Ac
	0.073 / 0.010
	0.23
	1518
	0.97

	6Form
	0.045 / 0.008
	0.12
	1372
	0.73

	12Form
	0.064 / 0.023
	0.17
	1428
	0.91

	36Form
	0.087 / 0.014
	0.24
	1512
	1.03

	100Form
	0.130 / 0.020
	0.37
	1645
	1.28

	6Dif
	0.092 / 0.009
	0.30
	1536
	1.11

	12Dif
	0.194 / 0.030
	0.35
	1611
	1.18

	36Dif
	0.206 / 0.012
	0.42
	1668
	1.34

	6Trif
	0.168 / 0.011
	0.33
	1397
	1.15

	12Trif
	0.251 / 0.022
	0.46
	1634
	1.31

	36Trif
	0.340 / 0.018
	0.76
	1777
	2.01


*Extracted from PXRD data (see Figure 4 in main article and Figure S10 Herein) by the method outlined in Section 3.1.
** Extracted from dissolution/NMR data (see Section 5.2.2) by the method outlined in Section 3.2.
*** Extracted from N2 isotherms (see Figure 2 in main article) by the method outlined in Section 3.3.
****Extracted from TGA data (see Section 5.6) by the method outlined in Section 3.4.




5.8. [bookmark: _Ref430269369]Estimation of MOF compositions via Combination of TGA and Dissolution/NMR
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5.8.1. [bookmark: _Ref430305062]Method
For extensive details of the method, please refer to Section 3.5.








5.8.2. [bookmark: _Ref430305065]NoMod and the Formic Acid Modulated Samples
Let us recall from Section 3.5.1.5.2 that the general molecular formula of NoMod and the formic acid modulated samples (in the hydroxylated form) is:
Zr6O4+2x-2y(OH)4-2x+2y(BDC)6-x(O2C-H)2y

To attain the actual compositions of the samples, one must determine the values of the stoichiometric coefficients x and y. The  values were already presented in Table S24 (see Section 5.6.5), leaving the  values as the only unknown. To this end, the procedure outlined in Section 3.5.2.2.2 was employed. Table S26 summarizes all of the important data:

[bookmark: _Ref430189065]Table S26. Data relevant to the calculation of the average composition of NoMod and the formic acid modulated samples.
	Sample

	*
	**
	***

	NoMod
	0.64
	0.07
	0.19

	6Form
	0.73
	0.12
	0.32

	12Form
	0.91
	0.17
	0.43

	36Form
	1.03
	0.24
	0.59

	100Form
	1.28
	0.37
	0.87


* Calculated via TGA. See Section 3.4 for method and Table S24 for results.
** Calculated via dissolution/1H NMR. See Section 3.2.3.1 for method and Table S5 for results.
*** Calculated via Equation (23): . See Section 3.5.2.2.2.

Entering these  and  values into the general molecular formula (see above) provides the composition of the hydroxylated MOFs. The compositions are listed in Table S27. The molar masses ( ) and theoretical TGA plateaus (, see Section 3.4) of the compositions are also included in the table:

[bookmark: _Ref430189100]Table S27. Composition, molar mass ( ), and theoretical TGA plateaus ( ) of NoMod, 6Form, 12Form, 36Form, and 100Form (all calculated via the method outlined in Section 3.5).
	Sample

	Composition
	 / g mol-1
	 / % *

	NoMod
	Zr6O4.90(OH)3.10(BDC)5.36(O2C-H)0.38
	1575.23
	213.1

	6Form
	Zr6O4.82(OH)3.18(BDC)5.27(O2C-H)0.64
	1572.24
	212.7

	12Form
	Zr6O4.96(OH)3.04(BDC)5.09(O2C-H)0.86
	1552.46
	210.0

	36Form
	Zr6O4.88(OH)3.12(BDC)4.97(O2C-H)1.18
	1547.26
	209.3

	100Form
	Zr6O4.82(OH)3.18(BDC)4.72(O2C-H)1.74
	1531.50
	207.1


*Calculated via Equation (18):  , where  = 739.34 g mol-1 and  is normalized to 100 %. See Section 3.4 for full details.
In order to test the validity of the above 5 compositions, we compare their theoretical TGA plateaus (the  values in the above table) with those observed experimentally. To this end, the  values for the estimated compositions of NoMod, 6Form, 12Form, 36Form, and 100Form are pinpointed on their respective TGA traces in Figure S36 - Figure S40:

[bookmark: _Ref430266219][image: ] 
[bookmark: _Ref430314310]Figure S36. TGA-DSC performed on NoMod. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate  in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 0.64 and thus its composition at  is Zr6O6.64(BDC)5.36.  is the theoretical TGA plateau corresponding to the calculated composition of NoMod in the hydroxylated form: Zr6O4.90(OH)3.10(BDC)5.36(O2C-H)0.38 (see Section 3.5 for method and Table S27 for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.
[image: ] 
Figure S37. TGA-DSC performed on 6Form. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;  is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 0.73 and thus its composition at  is Zr6O6.73(BDC)5.27.  is the theoretical TGA plateau corresponding to the calculated composition of 6Form in the hydroxylated form: Zr6O4.82(OH)3.18(BDC)5.27(O2C-H)0.64 (see Section 3.5 for method and Table S27 for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.

[image: ] 
Figure S38. TGA-DSC performed on 12Form. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;  is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 0.91 and thus its composition at  is Zr6O6.91(BDC)5.09.  is the theoretical TGA plateau corresponding to the calculated composition of 12Form in the hydroxylated form: Zr6O4.96(OH)3.04(BDC)5.09(O2C-H)0.86 (see Section 3.5 for method and Table S27 for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.
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Figure S39. TGA-DSC performed on 36Form. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;  is the plateau which was used to calculate  in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 1.03 and thus its composition at  is Zr6O7.03(BDC)4.97.  is the theoretical TGA plateau corresponding to the calculated composition of 36Form in the hydroxylated form: Zr6O4.88(OH)3.12(BDC)4.97(O2C-H)1.18 (see Section 3.5 for method and Table S27 for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.
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[bookmark: _Ref430266244]Figure S40. TGA-DSC performed on 100Form. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 1.28 and thus its composition at  is Zr6O7.28(BDC)4.72.  is the theoretical TGA plateau corresponding to the calculated composition of 100Form in the hydroxylated form: Zr6O4.82(OH)3.18(BDC)4.72(O2C-H)1.74 (see Section 3.5 for method and Table S27 for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.




5.8.3. [bookmark: _Ref430305068]Acetic Acid Modulated Samples
Let us recall from Section 3.5.1.5.3 that the general molecular formula of the acetic acid modulated samples (in the hydroxylated form) is:
Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CH3)2y(O2C-H)2z

To attain the actual compositions of the samples, one must determine the values of the stoichiometric coefficients , , and . The  values were already presented in Table S24 (see Section 5.6.5), leaving the  and  values as the remaining unknowns. To this end, the procedures outlined in Sections 3.5.2.2.3 and 3.5.2.3.2 were employed. Table S28 summarizes all of the important data:

[bookmark: _Ref430189140]Table S28. Data relevant to the calculation of the average composition of the acetic acid modulated samples.
	Sample

	*
	**
	***
	**
	z****

	6Ac
	0.67
	0.04
	0.11
	0.06
	0.16

	12Ac
	0.62
	0.05
	0.13
	0.07
	0.19

	36Ac
	0.68
	0.09
	0.24
	0.06
	0.16

	100Ac
	0.97
	0.17
	0.43
	0.06
	0.15


* Calculated via TGA. See Section 3.4 for method and Table S24 for results.
** Calculated via dissolution/1H NMR. See Section 3.2.2 for method and Table S6 for results.
*** Calculated via Equation (25): . See Section 3.5.2.2.3.
*** Calculated via Equation (31): . See Section 3.5.2.3.2.
Entering these , , and  values into the general molecular formula (see above) provides the composition of the hydroxylated MOFs. The compositions are listed in Table S29. The molar masses ( ) and theoretical TGA plateaus (, see Section 3.4) of the compositions are also included in the table:

[bookmark: _Ref430189208]Table S29. Composition, molar mass ( ), and theoretical TGA plateaus ( ) of the acetic acid modulated samples (all calculated via the method outlined in Section 3.5).
	Sample

	Composition
	 / g mol-1
	 / %*

	6Ac
	Zr6O4.80(OH)3.20(BDC)5.33(O2C-CH3)0.22(O2C-H)0.32
	1580.69
	213.8

	12Ac
	Zr6O4.60(OH)3.40(BDC)5.38(O2C-CH3)0.26(O2C-H)0.38
	1594.16
	215.6

	36Ac
	Zr6O4.56(OH)3.44(BDC)5.32(O2C-CH3)0.48(O2C-H)0.32
	1594.64
	215.7

	100Ac
	Zr6O4.78(OH)3.22(BDC)5.03(O2C-CH3)0.86(O2C-H)0.30
	1568.37
	212.1


*Calculated via Equation (18):  , where  = 739.34 g mol-1 and  is normalized to 100 %. See Section 3.4 for full details.
In order to test the validity of the above 4 compositions, we compare their theoretical TGA plateaus (the  values in the above table) with the plateau observed experimentally. To this end, the  values of 6Ac, 12Ac, 36Ac, and 100Ac are pinpointed on their respective TGA traces in Figure S41 - Figure S44:
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[bookmark: _Ref430266279]Figure S41. TGA-DSC performed on 6Ac. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 0.67 and thus its composition at  is Zr6O6.67(BDC)5.33.  is the theoretical TGA plateau corresponding to the calculated composition of 6Ac in the hydroxylated form: Zr6O4.80(OH)3.20(BDC)5.33(O2C-CH3)0.22(O2C-H)0.32 (see Section 3.5 for method and Table S29 for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.
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Figure S42. TGA-DSC performed on 12Ac. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 0.62 and thus its composition at  is Zr6O6.62(BDC)5.38.  is the theoretical TGA plateau corresponding to the calculated composition of 12Ac in the hydroxylated form: Zr6O4.60(OH)3.40(BDC)5.38(O2C-CH3)0.26(O2C-H)0.38 (see Section 3.5 for method and Table S29 for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.
[image: ] 
Figure S43. TGA-DSC performed on 36Ac. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 0.68 and thus its composition at   is Zr6O6.68(BDC)5.32.  is the theoretical TGA plateau corresponding to the calculated composition of 36Ac in the hydroxylated form: Zr6O4.56(OH)3.44(BDC)5.32(O2C-CH3)0.48(O2C-H)0.32 (see Section 3.5 for method and Table S29 for Results).

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.
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[bookmark: _Ref430266301]Figure S44. TGA-DSC performed on 100Ac. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 0.97 and thus its composition at  is Zr6O6.97(BDC)5.03.  is the theoretical TGA plateau corresponding to the calculated composition of 100Ac in the hydroxylated form: Zr6O4.78(OH)3.22(BDC)5.03(O2C-CH3)0.86(O2C-H)0.30 (see Section 3.5 for method and Table S29 for Results).

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.




5.8.4. [bookmark: _Ref430305072]Difluoroacetic Acid Modulated Samples
Let us recall from Section 3.5.1.5.4 that the general molecular formula of the difluoroacetic acid modulated samples (in the hydroxylated form) is:
Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CHF2)2y(O2C-H)2z

[bookmark: _Ref430189247]To attain the actual compositions of the samples, one must determine the values of the stoichiometric coefficients , , and . The  values were already presented in Table S24 (see Section 5.6.5), leaving the  and  values as the remaining unknowns. To this end, the procedures outlined in Sections 3.5.2.2.4 and 3.5.2.3.2 were employed. Table S30 summarizes all of the important data:

[bookmark: _Ref430314702]Table S30. Data relevant to the calculation of the average composition of the difluoroacetic acid modulated samples.
	Sample

	*
	**
	***
	**
	z****

	6Dif
	1.11
	0.15
	0.37
	0.15
	0.37

	12Dif
	1.18
	0.20
	0.48
	0.15
	0.36

	36Dif
	1.34
	0.24
	0.56
	0.18
	0.42


* Calculated via TGA. See Section 3.4 for method and Table S24 for results.
** Calculated via dissolution/1H NMR. See Section 3.2.2 for method and Table S7 for results.
*** Calculated via Equation (27): . See Section 3.5.2.2.4.
*** Calculated via Equation (31): . See Section 3.5.2.3.2.

[bookmark: _Ref430189268]Entering these , , and  values into the general molecular formula (see above) provides the composition of the hydroxylated MOFs. The compositions are listed in Table S31. The molar masses ( ) and theoretical TGA plateaus (, see Section 3.4) of the compositions are also included in the table:

[bookmark: _Ref430314538]Table S31. Composition, molar mass ( ), and theoretical TGA plateaus () of the difluoroacetic acid modulated samples (all calculated via the method outlined in Section 3.5).
	Sample

	Composition
	 / g mol-1
	 / %*

	6Dif
	Zr6O4.74(OH)3.26(BDC)4.89(O2C-CHF2)0.74(O2C-H)0.74
	1584.78
	214.4

	12Dif
	Zr6O4.68(OH)3.32(BDC)4.82(O2C-CHF2)0.96(O2C-H)0.72
	1593.36
	215.5

	36Dif
	Zr6O4.72(OH)3.28(BDC)4.66(O2C-CHF2)1.12(O2C-H)0.84
	1587.66
	214.7


*Calculated via Equation (18):  , where  = 739.34 g mol-1 and  is normalized to 100 %. See Section 3.4 for full details.
In order to test the validity of the above 3 compositions, we compare their theoretical TGA plateaus (the  values in the above table) with the plateau observed experimentally. To this end, the  values of 6Dif, 12Dif, and 36Dif are pinpointed on their respective TGA traces in Figure S45 - Figure S47:

[image: ] 
[bookmark: _Ref430266339]Figure S45. TGA-DSC performed on 6Dif. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;  is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 1.11 and thus its composition at  is Zr6O7.11(BDC)4.89.  is the theoretical TGA plateau corresponding to the calculated composition of 6Dif in the hydroxylated form: Zr6O4.74(OH)3.26(BDC)4.89(O2C-CHF2)0.74(O2C-H)0.74 (see Section 3.5 for method and Table S31for Results).

As one can see, the  value (emphasized with a horizontal dashed line) matches reasonably well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is reasonable.
[image: ]
Figure S46. TGA-DSC performed on 12Dif. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;  is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 1.18 and thus its composition at  is Zr6O7.18(BDC)4.82.  is the theoretical TGA plateau corresponding to the calculated composition of 12Dif in the hydroxylated form: Zr6O4.68(OH)3.32(BDC)4.82(O2C-CHF2)0.96(O2C-H)0.72 (see Section 3.5 for method and Table S31for Results). 

As one can see, the  value (emphasized with a horizontal dashed line) matches reasonably well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is reasonable.


[image: ] 
[bookmark: _Ref430266356]Figure S47. TGA-DSC performed on 36Dif. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 1.34 and thus its composition at  is Zr6O7.34(BDC)4.66.  is the theoretical TGA plateau corresponding to the calculated composition of 36Dif in the hydroxylated form: Zr6O4.72(OH)3.28(BDC)4.66(O2C-CHF2)1.12(O2C-H)0.84  (see Section 3.5 for method and Table S31for Results).

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.




5.8.5. [bookmark: _Ref430305075]Trifluoroacetic Acid Modulated Samples
Let us recall from Section 3.5.1.5.5 that the general molecular formula of the trifluoroacetic acid modulated samples (in the hydroxylated form) is:
Zr6O4+2x-2y-2z(OH)4-2x+2y+2z(BDC)6-x(O2C-CF3)2y(O2C-H)2z

To attain the actual compositions of the samples, one must determine the values of the stoichiometric coefficients , , and . The  values were already presented in Table S24 (see Section 5.6.5), leaving the  and  values as the remaining unknowns. To this end, the procedures outlined in Sections 3.5.2.2.5 and 3.5.2.3.2 were employed. Table S32 summarizes all of the important data:
[bookmark: _Ref430189333]
[bookmark: _Ref430314836]Table S32. Data relevant to the calculation of the average composition of the trifluoroacetic acid modulated samples.
	Sample

	*
	**
	***
	**
	z****

	6Trif
	1.15
	0.22
	0.53
	0.11
	0.27

	12Trif
	1.31
	0.35
	0.82
	0.11
	0.26

	36Trif
	2.01
	0.59
	1.18
	0.17
	0.34


* Calculated via TGA. See Section 3.4 for method and Table S24 for results.
** Calculated via dissolution/1H NMR. See Section 3.2.2 for method and Table S11 for results.
*** Calculated via Equation (29): . See Section 3.5.2.2.5.
*** Calculated via Equation (31): . See Section 3.5.2.3.2.

Entering these , , and  values into the general molecular formula (see above) provides the composition of the hydroxylated MOFs. The compositions are listed in Table S33. The molar masses ( ) and theoretical TGA plateaus (, see Section 3.4) of the compositions are also included in the table:
[bookmark: _Ref430189356]
[bookmark: _Ref430314871]Table S33. Composition, molar mass ( ), and theoretical TGA plateaus () of the trifluoroacetic acid modulated samples (all calculated via the method outlined in Section 3.5).
	Sample

	Composition
	 / g mol-1
	 / %*

	6Trif
	Zr6O4.70(OH)3.30(BDC)4.85(O2C-CF3)1.06(O2C-H)0.54
	1618.73
	218.9

	12Trif
	Zr6O4.46(OH)3.54(BDC)4.69(O2C-CF3)1.64(O2C-H)0.52
	1657.36
	224.2

	36Trif
	Zr6O4.98(OH)3.02(BDC)3.99(O2C-CF3)2.36(O2C-H)0.68
	1630.53
	220.5


*Calculated via Equation (18):  , where  = 739.34 g mol-1 and  is normalized to 100 %. See Section 3.4 for full details.
In order to test the validity of the above 3 compositions, we compare their theoretical TGA plateaus (the  values in the above table) with the plateau observed experimentally. To this end, the  values of 6Trif, 12Trif, and 36Trif are pinpointed on their respective TGA traces in Figure S48 - Figure S50:
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[bookmark: _Ref430266386]Figure S48. TGA-DSC performed on 6Trif. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;  is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 1.15 and thus its composition at  is Zr6O7.15(BDC)4.85.  is the theoretical TGA plateau corresponding to the calculated composition of 6Trif in the hydroxylated form: Zr6O4.70(OH)3.30(BDC)4.85(O2C-CF3)1.06(O2C-H)0.54  (see Section 3.5 for method and Table S33 for Results).

As one can see, the  value (emphasized with a horizontal dashed line) matches very well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is very reasonable.
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Figure S49. TGA-DSC performed on 12Trif. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;   is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 1.31 and thus its composition at  is Zr6O7.31(BDC)4.69.  is the theoretical TGA plateau corresponding to the calculated composition of 12Trif in the hydroxylated form: Zr6O4.46(OH)3.54(BDC)4.69(O2C-CF3)1.64(O2C-H)0.52  (see Section 3.5 for method and Table S33 for Results).

As one can see, the  value (emphasized with a horizontal dashed line) matches reasonably well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is reasonable.
[image: ] 
[bookmark: _Ref430266410]Figure S50. TGA-DSC performed on 36Trif. Sample was activated prior to measurement (see Section 1.1). Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The vertical dashed line pinpoints , the temperature at which  (see next sentence) is reached. The horizontal dashed lines pinpoint the relevant plateau weights;  is the plateau which was used to calculate x in the general composition Zr6O6+x(BDC)6-x (See Section 3.4 for details of the method and Table S24 for results). In this material,  = 2.01 and thus its composition at  is Zr6O8.01(BDC)3.99.  is the theoretical TGA plateau corresponding to the calculated composition of 36Trif in the hydroxylated form: Zr6O4.98(OH)3.02(BDC)3.99(O2C-CF3)2.36(O2C-H)0.68  (see Section 3.5 for method and Table S33 for Results).

As one can see, the  value (emphasized with a horizontal dashed line) matches reasonably well with the plateau observed in the 100-200 °C range of the TGA trace. This is the temperature range in which the material is in the hydroxylated form. The close match between the experimental and theoretical TGA plateau strongly indicates that the calculated composition (also consistent with dissolution/NMR results) is reasonable.




5.9. [bookmark: _Ref430304547]Thermal Stability Tests
Presented in Figure S51 are the results of the thermal stability tests performed on NoMod, 36Ac, 36Form, 36Dif, and 36Trif:

[image: ]
[bookmark: _Ref430191661]Figure S51. PXRD patterns collected after heating NoMod, 36Ac, 36Form, 36Dif, and 36Trif for 12 hours in air at the temperatures shown in the legend. The black curves are the PXRD patterns obtained after activating the samples at 200 °C (a standard treatment, see Section 1.1). The same y-scale is applied to all 5 plots.
As one can see, all 5 samples completely retain their crystallinity when heated (for 12 hours in air) to temperatures of 350 °C (green curves) and under. In contrast, all of the samples completely collapse (forming poorly crystalline monoclinic ZrO2) when heated at 450 °C for 12 hours in air (magenta curves). The only difference between the 5 samples is thus how they handle treatment at 400 °C for 12 hours in air (blue curves): 

· NoMod is only slightly detrimentally affected.
· 36Ac partially collapses (loss of peak intensity at higher angles)
· 36Form almost completely collapses (near disappearance of higher angle peaks).
· 36Dif completely collapses (although no ZrO2 is observed at this temperature).
· 36Trif completely collapses (although no ZrO2 is observed at this temperature).

These differences are completely logical given that our PXRD, N2 adsorption, dissolution/NMR, and TGA results all suggest that that the defectivity of the samples descends in the order: 

36Trif > 36Dif > 36Form > 36Ac > NoMod.

This is the reverse of the trends in thermal stability. Thus, defectivity and thermal stability have an inverse relationship, as we also observed in previous work.2 However, it must be noted that the range of thermal stabilities observed herein is far narrower than in the aforementioned previous study, where some of the samples partially collapsed at temperatures as low as 250 °C. The poor stability of those samples was attributed to reo (missing cluster defect) nanodomains in the materials. Given that missing cluster defects are also the predominant defect in the samples herein, it is surprising that they are considerable more stable than those in our previous study. Nevertheless, we can think of 2 possible reasons for this discrepancy:

1) The reo (missing cluster defect) nanodomains in the samples from the previous study are larger than those in the samples herein. This is evidenced by the considering the breadth of the (100) and (110) reo reflections - they were much narrower (and clearly resolved from one another) in the PXRD patterns obtained in the previous study. We imagine that these larger reo nanodomains may be detrimental to the stability of the UiO-66 framework.

2) Differences in the ligands which compensate the charge and coordination vacancies left behind by the defects. In the previous study, EDX measurements suggested that chloride fulfilled this role. In the current work, no chlorine was detected in the EDX spectra (see Section 5.11). Instead, dissolution/NMR results strongly suggest that monocarboxylates (originating from the monocarboxylic acid modulators added to the synthesis) are the defect compensating ligands. This allows the clusters to more closely approximate the familiar Zr6O4(OH)4(CO2)12 geometry, which we imagine to be more robust than clusters capped by a mixture of CO2- and Cl-.
5.10. [bookmark: _Ref430304550]SEM
Displayed in Figure S52 is a collage of the SEM images obtained on all 15 UiO-66 samples:
[image: ] 
[bookmark: _Ref430191802]Figure S52. SEM images obtained on all 15 UiO-66 samples. The magnification is the same throughout the figure. Larger versions of the individual images are shown (together with lower magnification images) in Figure S96 - Figure S110 in the appendix.
Focusing on the acetic and formic acid modulated samples, one can see an interesting trend with increasing modulator concentration - the morphology of the UiO-66 crystallites gradually changes (via truncation, see Figure S53) from small intergrown cubes to larger, well separated octahedra. Moreover, using acetic acid as modulator tends to result in larger crystals than when formic acid is used.
The samples synthesized with intermediate concentrations of acetic or formic acid tend to be much more heterogeneous. Such samples contain a combination of small intergrown crystals and larger octahedral single crystals. Moreover, large spherical particles can be seen in the images obtained on 12Ac and 12Form.
[image: ] 
[bookmark: _Ref430191829]Figure S53. Illustration of the morphology trends observed in the acetic and formic acid modulated samples. The morphology of the crystallites gradually changes from cubic to octahedral (via truncation) as increasing amounts of modulator were added to the MOF synthesis.

Such trends in morphology are not seen when difluoroacetic or trifluoroacetic acid was used as the modulator. With the exception of 6Trif (see Section 5.14.2 for discussion of this sample), the trifluoroacetic acid modulated samples consist of very small particles with ill-defined morphology. The same can be said of 6Dif. However, 12Dif features a mixture of small and large octahedral crystals, while 36Dif consists of the largest octahedral crystals seen in any of the samples under study. However, they are highly intergrown, as can be seen in Figure S107 in the appendix, where a lower magnification image is provided. 













5.11. [bookmark: _Ref430281379]Elemental Analysis (EDX)
Displayed in Figure S54 below are the energy dispersive X-ray spectra recorded on (as synthesized) NoMod, 100Ac, 100Form, 36Dif, and 36Trif:
[image: ]
[bookmark: _Ref430191854]Figure S54. EDX spectra obtained on NoMod, 100Ac, 100Form, 36Dif, and 36Trif. All samples were measured in their as synthesized form (i.e. before activation, see Section 1.1). The two unlabeled peaks at low energies are due to carbon and oxygen. These elements cannot be reliably quantified by EDX for the same reasons outlined for fluorine below.

As can be seen from the spectra, none of the samples contain any chlorine. Thus, the defects are not terminated by chloride ligands. Since the above 5 spectra were recorded on the samples at the extremities of the series (i.e. those synthesized with the highest amount of each modulator as well as the unmodulated sample), we assert that chlorine is very likely to be absent from the other 10 samples in this study.
Moreover, one should keep in mind that the above spectra were recorded on the as synthesized materials (i.e. before activation). This means that the washing procedure alone (see Section 1.1) was effective in removing HCl from the MOF pores. This is not guaranteed to be the case when one considers that 24 molar equivalents of HCl are produced in the idealized UiO-66 reaction equation:

6 ZrCl4 + 8H2O + 6 H2BDC → Zr6O4(OH)4(BDC)6 + 24 HCl

Another noteworthy observation is that fluorine is detected in the spectra obtained on 36Dif and 36Trif, originating from the difluoroacetate and trifluoroacetate ligands incorporated into their respective frameworks (see dissolution/NMR results in Sections 5.2.2.3 and 5.2.2.4).
Unfortunately, fluorine cannot be reliably quantified by EDX. This is mainly due to the fact that its K-shell electrons are somewhat involved in chemical bonding. Thus, the shape and position of the fluorine K peak varies depending on chemical environment, making quantification unreliable.
5.12. [bookmark: _Ref430304557]ATR-IR Spectroscopy
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5.12.1. [bookmark: _Ref439345415]Spectra Obtained on Fully Activated Samples – Analysis of ν(OH) Region
Displayed in Figure S55 below are the ATR-IR spectra recorded on fully activated NoMod, 100Ac, 100Form, 36Dif, and 36Trif:
[image: ]
[bookmark: _Ref439263793]Figure S55. ATR-IR spectra obtained on NoMod, 100Ac, 100Form, 36Dif, and 36Trif after completely removing water and DMF from their pores. Samples (pre-activated, see Section 1.1) were fully activated by simultaneous vacuum and heat treatment before being transferred to a glovebox (N2 atmosphere) for measurement (see Section 2.7.1). The spectra have been normalized to the intensity of the sharp band at 1507 cm-1.


All 5 of the above spectra were recorded on fully activated samples under an inert atmosphere (i.e. all hydrogen bonding solvent molecules e.g. H2O and DMF have been removed), and thus the hydroxyl groups should be completely isolated.7-10, 13 The region of the spectrum associated with the ν(OH) stretching modes of isolated hydroxyl groups is emphasized in the left panel of the above figure. Therein, one can see that only one ν(OH) stretching band (appearing at 3673 cm-1) is present in all 5 spectra. Additional bands would be expected to be present if the defects were compensated by hydroxyl groups.9, 14, 15 The fact that there is only one band in all cases strongly suggests that the defects are not compensated by hydroxyl groups in these samples. Since the above 5 spectra were recorded on the samples at the extremities of the series (i.e. those synthesized with the highest amount of each modulator as well as the unmodulated sample), we assert that this is very likely to also be the case for the other 10 samples in this study. It is noteworthy to mention that the intensity of the ν(OH) stretching band is much lower in 36Dif and 36Trif, suggesting that there are significantly fewer hydroxyl groups in these samples. It may be that these highly defective samples are more readily dehydroxylated at lower temperatures (all 5 samples were activated at 150 °C (see Section 2.7.1), a temperature which usually does not result in dehydroxylation).7-10
5.12.2. [bookmark: _Ref439345430]Spectra Obtained on Hydrated Samples



Table of Contents

	Subsection
	Content
	Figures
	Page

	5.12.2.1
	Introductory Note
	-
	152

	5.12.2.2
	Acetic Acid Modulated Samples
	S56
	153

	5.12.2.3
	Formic Acid Modulated Samples
	S57
	154

	5.12.2.4
	Difluoroacetic Acid Modulated Samples
	S58
	155

	5.12.2.5
	Trifluoroacetic Acid Modulated Samples
	S59
	156










5.12.2.1. [bookmark: _Ref439346305] Introductory Note

In this subsection, all spectra were obtained on samples in which the activation was performed ex-situ (see Section 1.1), meaning that the MOF pores are (to a certain extent) filled by water from the atmosphere (i.e. they are “hydrated”). The hydroxyl groups are therefore hydrogen bonded with H2O molecules, and thus the isolated ν(OH) stretching region cannot be reliably analyzed. Instead, this subsection is dedicated to analyzing other spectral changes which occur as increasing amounts of modulator (either acetic, formic, difluoroacetic, or trifluoroacetic acid) are added to the synthesis.







5.12.2.2. [bookmark: _Ref430305268]Acetic Acid Modulated Samples
Displayed in Figure S56 are the ATR-IR spectra recorded on the acetic acid modulated UiO-66 samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ]
[bookmark: _Ref430297278]Figure S56. ATR-IR spectra obtained on the acetic acid modulated samples. The spectrum obtained on NoMod is included for comparison. The spectra have been normalized to the intensity of the sharp band at 1507 cm-1. All samples were activated prior to measurement (see Section 1.1). The activation was performed ex-situ, meaning that the MOF pores are (to a certain extent) filled by water from the atmosphere.

As can be seen, all 5 spectra (except that of 12Ac, see next paragraph) are almost identical. This is perhaps unexpected when one considers the dissolution/1H NMR results (see Section 5.2.2.2). Therein, it was found that acetate becomes increasingly incorporated into the samples as increasing amounts of acetic acid were added to the synthesis mixture.  We therefore expected to see the gradual emergence of new bands associated with –CH3 groups in the ATR-IR spectra. The reason we do not, we suspect, is simply that the extent of acetate incorporation is not high enough to be detected by ATR-IR (even in 100Ac).
[bookmark: _Ref430305271]The spectrum obtained on 12Ac features a very broad and intense band ranging from 3700 to 2700 cm-1. This is due to adsorbed water molecules and hydrogen bonded µ3 O-H groups.7-9 The reason why this sample contains so much more water than the others is unknown.
5.12.2.3. [bookmark: _Ref439345226]Formic Acid Modulated Samples
Displayed in Figure S57 are the ATR-IR spectra recorded on the formic acid modulated UiO-66 samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ]
[bookmark: _Ref430191928]Figure S57. ATR-IR spectra obtained on the formic acid modulated samples. The spectrum obtained on NoMod is included for comparison. The spectra have been normalized to the intensity of the sharp band at 1507 cm-1. All samples were activated prior to measurement (see Section 1.1). The activation was performed ex-situ, meaning that the MOF pores are (to a certain extent) filled by water from the atmosphere.

As can be seen, all 5 spectra are very similar, albeit with one notable difference – the gradual emergence of a new band at 2861 cm-1 (right plot in the figure) as the amount of formic acid added to the synthesis mixture was increased. We assign this band to the C-H stretching mode of formate, an assignment which is easily rationalized by considering the dissolution/1H NMR results (see Section 5.2.2.1). Therein, it was found that formate is increasingly incorporated into the samples as increasing amounts of formic acid were added to the synthesis mixture. The extent of formate incorporation in these materials is significantly higher than the acetate content in the acetic acid modulated samples (see previous subsection), allowing for formate to be readily detected by ATR-IR.
5.12.2.4. [bookmark: _Ref430305274]Difluoroacetic Acid Modulated Samples
Displayed in Figure S58 are the ATR-IR spectra recorded on the difluoroacetic acid modulated UiO-66 samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ]
[bookmark: _Ref430191966]Figure S58. ATR-IR spectra obtained on the difluoroacetic acid modulated samples. The spectrum obtained on NoMod is included for comparison. The spectra have been normalized to the intensity of the sharp band at 1507 cm-1. All samples were activated prior to measurement (see Section 1.1). The activation was performed ex-situ, meaning that the MOF pores are (to a certain extent) filled by water from the atmosphere.

As can be seen from the figure, all 4 spectra are quite similar overall. However, a handful of new bands (absent in the spectrum obtained on NoMod) can be seen in the spectra obtained on the difluoroacetic acid modulated samples. The middle and rightmost plots in the figure hone in on the new bands. One new band (appearing at 1639 cm-1) is featured in the middle plot, while four new bands (appearing at 1144, 1105, 1093, and 960 cm-1) can be seen in the rightmost plot. We assert that all of these bands (which are of similar intensity in all 3 spectra) can be assigned to vibrational modes of difluoroacetate (see next paragraph), a conclusion which is backed up by the detection of a large (and quite similar) amount of difluoroacetate in the dissolution/1H NMR results obtained on these samples (see Section 5.2.2.3).
We have assigned the band in the middle plot to the asymmetric CO2 stretch of difluoroacetate, while the bands in the rightmost plot are most likely due to its C-F stretching modes.
5.12.2.5. [bookmark: _Ref430305276]Trifluoroacetic Acid Modulated Samples
Displayed in Figure S59 are the ATR-IR spectra recorded on the trifluoroacetic acid modulated UiO-66 samples. The spectrum obtained on NoMod, the unmodulated sample, is included for comparison.
[image: ]
[bookmark: _Ref430191986]Figure S59. ATR-IR spectra obtained on the trifluoroacetic acid modulated samples. The spectrum obtained on NoMod is included for comparison. The spectra have been normalized to the intensity of the sharp band at 1507 cm-1. All samples were activated prior to measurement (see Section 1.1). The activation was performed ex-situ, meaning that the MOF pores are (to a certain extent) filled by water from the atmosphere.

As can be seen from the figure, all 4 spectra are quite similar overall. However, a handful of new bands (absent in the spectrum obtained on NoMod) gradually emerge in the spectra as the amount of trifluoroacetic acid added to the synthesis mixture was increased.
The middle and rightmost plots in the figure hone in on the new bands. One new band (appearing at 1650 cm-1) is featured in the middle plot, while four new bands (appearing at 1226, 1206, 1173, and 1160 cm-1) can be seen in the rightmost plot. These bands can all be assigned to vibrational modes of trifluoroacetate (see next paragraph), a conclusion is easily rationalized by considering the dissolution/NMR results (see Section 5.2.2.4). Therein, it was found that trifluoroacetate is increasingly incorporated into these materials as increasing amounts of trifluoroacetic acid were added to the synthesis mixture.
We assert that the band in the middle plot can be attributed to the asymmetric CO2 stretch of trifluoroacetate, while the four bands in the rightmost plot are due to its various C-F stretching modes.
5.13. [bookmark: _Ref430205292]UiO-66-Ideal – Activation, Calcination, and Verification of Ideality
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5.13.1. [bookmark: _Ref430282043]PXRD
Figure S60 compares the PXRD patterns obtained on UiO-66-Ideal in the as synthesized, activated, and calcined form (see Section 1.3):
[image: ]
[bookmark: _Ref430192003]Figure S60. PXRD patterns obtained on UiO-66-Ideal in the as synthesized, activated, and calcined form.

As one can see, the PXRD pattern (and thus, the crystallinity of the sample) is unaffected by the activation and calcination treatment. The calcination involves heat treatment at 270 °C for 70 hours in air. The fact that the material is completely intact after 70 hours of such treatment is testament to its long term thermal stability.
Upon closer inspection, we note one minor difference between the pattern obtained on the as synth material and those obtained after activation and calcination - a significant decrease in the intensity of the (220) reflection (appearing at ca. 12° 2θ). We propose that this reflection is highly sensitive to the contents of the MOF pores.
Of greater importance is that there is no sign of forbidden reflections or the “broad peak” in the patterns, indicating that UiO-66-Ideal does not contain missing cluster defects. See Sections 4.1 and 5.1.2 for details.

5.13.2. [bookmark: _Ref430305309]SEM
Figure S61 compares the SEM images obtained on UiO-66-Ideal in the as synthesized, activated, and calcined form (see Section 1.3):
[image: ]
[bookmark: _Ref430192023]Figure S61. SEM images obtained on UiO-66-Ideal in the as synthesized, activated, and calcined form. The magnification is the same in all 3 images. Larger versions of the individual images are shown (together with lower magnification images) in Figure S111 - Figure S113 in the appendix.

As can be seen from the images, the UiO-66-Ideal crystallites are highly intergrown. Upon close inspection (see Figure S111 - Figure S113 in the appendix for larger images), one can see that they are of cuboctahedral morphology (see Figure S62 below). The size and morphology of the UiO-66-Ideal crystallites are not affected by either activation or calcination. 
The calcination involves heat treatment at 270 °C for 70 hours in air. The fact that the material is completely intact after 70 hours of such treatment is testament to its long term thermal stability.

[image: ]
[bookmark: _Ref430192038]Figure S62. Illustration depicting the cuboctahedral morphology of the UiO-66-Ideal crystallites.
5.13.3. [bookmark: _Ref430281937]Dissolution/ 1H NMR
The activation and calcination of UiO-66-Ideal was followed by performing dissolution/1H NMR on the material in its as-synthesized, activated, and calcined form. The results are shown in Figure S63:
[image: ] 
[bookmark: _Ref430192069]Figure S63. Dissolution/1H NMR spectra obtained on UiO-66-Ideal in the as synthesized, activated, and calcined form. All 3 spectra have been normalized to the BDC2- signal and thus any change in the intensity of the other signals is indicative of a change in their ratio with BDC2-.

The following noteworthy observations and conclusions can be made from this figure:
1) DMF was very nearly (but not completely) removed by activation. This is evidenced by the presence of (an admittedly tiny amount of) formate and dimethylamine (the DMF decomposition products formed during the MOF digestion, see Section 5.2.1) in the spectrum obtained on the activated material. The formate and dimethylamine signals are highlighted on the figure.
2) Several unidentified organic molecules are present in the as synthesized material.  This is evidenced by the appearance of many unassigned signals in its spectrum, many of which in the 7-8 ppm chemical shift range (see the 3 rightmost plots in the figure). This range is commonly associated with protons directly bonded to aromatic rings.  Several other signals can be seen at around 3 ppm, a region which is not particularly strongly associated with any one type of chemical environment.
3) Activation is completely ineffective in removing the unidentified organics. This is evidenced by the fact that the unassigned signals do not diminish at all after activation.
4) Calcination completely removes both DMF and the unidentified organics. This is evidenced by the complete absence of the formate, dimethylamine, or unassigned signals in the spectrum obtained on the calcined material. Aside from the HDO (NMR solvent) reference peak, its spectrum features only one signal – the BDC2- signal, as would be expected for an ideal UiO-66 sample of  composition Zr6O4(OH)4(BDC)6.
5.13.4. [bookmark: _Ref430281952]TGA-DSC
The activation and calcination of UiO-66-Ideal was followed by performing TGA-DSC measurements on the material in its as-synthesized, activated, and calcined form. The results are shown in Figure S64:
[image: ] 
[bookmark: _Ref430192101]Figure S64. TGA-DSC results obtained on UiO-66-Ideal in the as synthesized, activated, and calcined form. Solid curve, left axis - TGA trace (normalized such that end weight = 100%). Dotted curve, right axis – DSC trace. The theoretical weight of ideal dehydroxylated UiO-66, Zr6O6(BDC)6 is emphasized by a horizontal dashed line.

These results are best compared by breaking the TGA traces down into 4 temperature ranges:
1) Temperatures ranging from 25 to 200 °C. As one can see, the as synth sample (black curve) loses a huge amount of weight in this temperature range. This is due to the loss of DMF, of which there is a very large amount (see NMR results on the as synth sample in the previous subsection). The TGA traces collected on the activated (red curve) and calcined (blue curve) samples feature a much smaller weight loss in this temperature range, suggesting that the activation (and calcination) was effective in removing DMF from the MOF pores, further backing the dissolution/1H NMR results (see Previous Subsection). The activated and calcined materials instead experience a small weight loss over a temperature range of ca. 25-100 °C. This is due to the removal of water which the samples adsorb from the atmosphere.
2) Temperatures ranging from 200 to 325 °C. One can see from the figure that both the activated and the calcined samples experience a small weight loss in this temperature range. This weight loss is due to the dehydroxylation of the Zr6O4(OH)4 cornerstones.7-9 Strong evidence for this is presented in Section 3.4.2, where we show (on the calcined material) that the magnitude of this weight loss is exactly as expected by theory. The as synthesized material is still losing DMF in this temperature range and thus the dehydroxylation weight loss step cannot be resolved.
3) Temperatures ranging from 325 to 385 °C. The as synthesized and activated samples experience a weight loss in this temperature range. The weight loss is accompanied by an exothermic peak in the DSC trace, suggesting that it is due to the combustion of organics. This assignment is backed up by the dissolution/1H NMR results in the previous subsection, where several unidentified organic species are observed in the spectra obtained on the as synthesized and activated materials. The fact that no weight loss or DSC peak is observed in the calcined sample provides further evidence that the calcination treatment is successful in completely removing the non-volatile organics. Upon completion of this weight loss at 385 °C, all 3 samples attain the same weight (normalized to the end product, ZrO2), suggesting that they are all of the same composition at this stage in the TGA trace. Of more significance is that this weight is exactly that expected for ideal dehydroxylated UiO-66, Zr6O6(BDC)6 (emphasized by the horizontal dashed line on the figure), indicating that the underlying framework is nearly defect free. The compositional ideality of the calcined material is confirmed in Section 3.4.2, where its TGA-DSC result is analyzed in greater depth.
4) Temperatures ranging from 385 to 500 °C. The large weight loss observed in this temperature range is due to the complete collapse of the UiO-66 framework. The weight loss is accompanied by a very intense exothermic peak in the DSC trace, signifying the combustion of the BDC linkers. Interestingly, the calcined material appears to decompose at a slightly higher temperature (400-515 °C) than the as synthesized and activated samples.











5.13.5. [bookmark: _Ref430282053]Elemental Analysis (via EDX) – Chlorine Content
Displayed in Figure S65 are the energy dispersive X-ray (EDX) spectra recorded on UiO-66-Ideal in the as synthesized, activated, and calcined form:

[image: ]
[bookmark: _Ref430192114]Figure S65. EDX spectra obtained on UiO-66-Ideal in the as synthesized, activated, and calcined form. The two unlabeled peaks at low energies are due to carbon and oxygen. These elements cannot be reliably quantified by EDX for the reasons outlined in the Section 2.10.

As can be seen, none of the samples contain any chlorine. This means that they do not contain any defects terminated by chloride ligands.
Furthermore, the fact that chlorine is absent from even the as synthesized material tells us that the washing procedure (see Section 1.3) was effective in removing HCl from the MOF pores. This was by not guaranteed to be the case when one considers that:
1) 2 molar equivalents of HCl were added to the UiO-66-Ideal synthesis mixture (see Section 1.3).
2) 24 molar equivalents of HCl are produced in the idealized UiO-66 reaction equation:

6 ZrCl4 + 8H2O + 6 H2BDC → Zr6O4(OH)4(BDC)6 + 24 HCl

5.13.6. [bookmark: _Ref430256043]N2 Adsorption Isotherms - Comparison of Simulated and Experimental
Figure S66 compares the isotherms obtained on UiO-66-Ideal (both before (activated) and after (calcined) calcination) with that simulated on the defect free UiO-66 model:
[image: ] 
[bookmark: _Ref430192135]Figure S66. Comparison of the nitrogen adsorption isotherms experimentally obtained on UiO-66-Ideal (both before (activated) and after calcination (calcined)) with that simulated from the defect free UiO-66 structural model. The same y-scale is applied to both plots.

The BET surface area and pore volume values obtained from the above 3 isotherms (see Section 3.3 for method) are presented in Table S34:

[bookmark: _Ref430189383]Table S34. BET surface area and pore volume values calculated from the isotherms displayed in Figure S65. Pore volumes were calculated at a P/P0 value of 0.5.
	Isotherm

	BET Surface Area / m2 g-1
	Pore Volume / cm3g-1

	UiO-66 (Simulated)
UiO-66-Ideal-Activated
	1241
1175
	0.46
0.44

	UiO-66-Ideal-Calcined
	1236
	0.47


 

As can be seen from the figure and table respectively, the activated sample (UiO-66-Ideal-Activated) has a lower nitrogen uptake and BET surface area than is theoretically expected for a defect free UiO-66 sample. This lower than expected porosity is explained by the presence of non-volatile organic impurities in the pores of this sample (see NMR and TGA data in Sections 5.13.3 and 5.13.4).
As shown in Sections 5.13.3 and 5.13.4, these organics are completely removed by calcination, resulting in the observed situation where the nitrogen uptake, BET surface area, and pore volume of UiO-66-Calcined closely match the values predicted by theory. Taking into account the vast additional evidence for the near ideality of UiO-66-Ideal-Calcined (see Sections 5.13.1-5.13.5); the above result is testament to the reliability of our simulations.
5.14. [bookmark: _Ref430304569]Evidence for MIL-140 Impurity in 6Trif

Table of Contents

	Subsection
	Content
	Figures
	Page

	5.14.1.
	PXRD
	S67
	166

	5.14.2.
	SEM
	S68
	167




















5.14.1. [bookmark: _Ref430305369]PXRD
Figure S67 compares the PXRD pattern experimentally obtained on 6Trif with those simulated from structural models of ideal UiO-66 and MIL-140:16, 17

[image: ] 
[bookmark: _Ref430192179]Figure S67. Comparison of the PXRD pattern experimentally obtained on 6Trif with those simulated from structural models of ideal UiO-66 and MIL-140.

As one can see from the overall patterns (left plot in the figure), the experimentally measured pattern (blue curve) closely resembles the pattern simulated from the ideal UiO-66 structural model (red curve).  However, upon closer inspection, 2 additional peaks can be seen in the experimentally obtained PXRD pattern (in addition to the “broad peak” discussed in the main article). The peaks are emphasized by vertical dashed lines in the middle and rightmost plots of the figure. As one can see, their 2θ values closely match the two most intense reflections (the (100) and (200)) in the pattern simulated from the MIL-140 structural model (black curve). This is good evidence that this sample contains some MIL-140 as an impurity. This result was found to be reproducible when the synthesis was repeated, suggesting that it may be possible to establish a low temperature synthesis route for MIL-140 (traditionally synthesized at 220 °C).16, 17

5.14.2. [bookmark: _Ref430281411]SEM
Shown in Figure S68 are SEM images obtained on 6Trif at two different levels of magnification:
[image: ]
[bookmark: _Ref430192204]Figure S68. SEM images obtained on 6Trif at two different levels of magnification.

As can be seen from the images, there is a significant amount of crystallites with plate-like morphology in the sample. UiO-66 crystals are not known to grow as plates. However, MIL-140 is well documented to grow in this morphology.17 This is further evidence that this sample contains MIL-140 as an impurity.
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6.1. [bookmark: _Ref430205541]PXRD Patterns Before and After Activation and N2 Adsorption Measurements
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6.1.1. [bookmark: _Ref430305480]Acetic Acid Modulated Samples
Displayed in Figure S69 is a comparison of the PXRD patterns obtained on the acetic acid modulated samples after synthesis, activation, and N2 adsorption measurements. NoMod, the unmodulated sample, is included for further comparison:

[image: ] 
[bookmark: _Ref430192241]Figure S69. Comparison of the PXRD patterns obtained on the acetic acid modulated samples after synthesis, activation (see Section 1.1), and N2 adsorption measurements (see Section 2.4).

As one can see, the PXRD patterns were unaffected by activation and nitrogen adsorption measurements (which involved a vacuum pretreatment, see Section 2.4), meaning that the materials completely retained their crystallinity. Upon one closer inspection, we note that the (220) reflection (appearing at ca. 11.9° 2θ in the patterns obtained on the as synthesized materials) disappears after activation. We propose that this reflection is highly sensitive to the contents of the MOF pores.



6.1.2. [bookmark: _Ref430305483]Formic Acid Modulated Samples
Displayed in Figure S70 is a comparison of the PXRD patterns obtained on the formic acid modulated samples after synthesis, activation, and N2 adsorption measurements. NoMod, the unmodulated sample, is included for further comparison:

[image: ] 
[bookmark: _Ref430192262]Figure S70. Comparison of the PXRD patterns obtained on the formic acid modulated samples after synthesis, activation (see Section 1.1), and N2 adsorption measurements (see Section 2.4).

As one can see, the PXRD patterns were unaffected by activation and nitrogen adsorption measurements (which involved a vacuum pretreatment, see Section 2.4), meaning that the materials completely retained their crystallinity. Upon one closer inspection, we note that the (220) reflection (appearing at ca. 11.9° 2θ in the patterns obtained on the as synthesized materials) disappears after activation. We propose that this reflection is highly sensitive to the contents of the MOF pores.



6.1.3. [bookmark: _Ref430305487]Difluoroacetic Acid Modulated Samples
Displayed in Figure S71 is a comparison of the PXRD patterns obtained on the difluoroacetic acid modulated samples after synthesis, activation, and N2 adsorption measurements. NoMod, the unmodulated sample, is included for further comparison:

[image: ] 
[bookmark: _Ref430192292]Figure S71. Comparison of the PXRD patterns obtained on the difluoroacetic acid modulated samples after synthesis, activation (see Section 1.1), and N2 adsorption measurements (see Section 2.4).

As one can see, the PXRD patterns were unaffected by activation and nitrogen adsorption measurements (which involved a vacuum pretreatment, see Section 2.4), meaning that the materials completely retained their crystallinity. Upon one closer inspection, we note that the (220) reflection (appearing at ca. 11.9° 2θ in the patterns obtained on the as synthesized materials) disappears after activation. We propose that this reflection is highly sensitive to the contents of the MOF pores.



6.1.4. [bookmark: _Ref430305489]Trifluoroacetic Acid Modulated Samples
Displayed in Figure S72 is a comparison of the PXRD patterns obtained on the trifluoroacetic acid modulated samples after synthesis, activation, and N2 adsorption measurements. NoMod, the unmodulated sample, is included for further comparison:

[image: ] 
[bookmark: _Ref430192317]Figure S72. Comparison of the PXRD patterns obtained on the trifluoroacetic acid modulated samples after synthesis, activation (see Section 1.1), and N2 adsorption measurements (see Section 2.4).

As one can see, the PXRD patterns were unaffected by activation and nitrogen adsorption measurements (which involved a vacuum pretreatment, see Section 2.4), meaning that the materials completely retained their crystallinity. Upon one closer inspection, we note that the (220) reflection (appearing at ca. 11.9° 2θ in the patterns obtained on the as synthesized materials) disappears after activation. We propose that this reflection is highly sensitive to the contents of the MOF pores.



6.1.5. [bookmark: _Ref430305491]UiO-66-Ideal-Activated
Figure S73 compares the PXRD pattern obtained on UiO-66-Ideal-Activated before and after nitrogen adsorption measurements:

[image: ] 
[bookmark: _Ref430192347]Figure S73. Comparison of the PXRD pattern obtained on UiO-66-Ideal-Activated (see Section 1.3) before and after N2 adsorption measurements (see Section 2.4 for method and Section 5.13.6 for results).


[bookmark: _Ref430305494]As one can see, the PXRD pattern is unaffected by the nitrogen adsorption measurements (which involved a vacuum pretreatment, see Section 2.4), meaning that the sample completely retained its crystallinity.

6.1.6. UiO-66-Ideal-Calcined
Figure S74 compares the PXRD pattern obtained on UiO-66-Ideal-Calcined before and after nitrogen adsorption measurements:

[image: ] 
[bookmark: _Ref430192368]Figure S74. Comparison of the PXRD pattern obtained on UiO-66-Ideal-Calcined (see Section 1.3) before and after N2 adsorption measurements (see Section 2.4 for method and Section 5.13.6 for results).


As one can see, the PXRD pattern is unaffected by the nitrogen adsorption measurements (which involved a vacuum pretreatment, see Section 2.4), meaning that the sample completely retained its crystallinity.

6.2. [bookmark: _Ref430273006]Following Sample Activation with Dissolution/NMR
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6.2.1. [bookmark: _Ref430305518]NoMod
The dissolution/1H NMR spectra obtained on NoMod before and after activation are displayed in Figure S75:

[image: ] 
[bookmark: _Ref430192427]Figure S75. Dissolution/1H NMR spectra obtained on NoMod before and after activation.





6.2.2. [bookmark: _Ref430305521]Acetic Acid Modulated Samples
The dissolution/1H NMR spectra obtained on 6Ac before and after activation are displayed in Figure S76:

[image: ] 
[bookmark: _Ref430192513]Figure S76. Dissolution/1H NMR spectra obtained on 6Ac before and after activation.





The dissolution/1H NMR spectra obtained on 12Ac before and after activation are displayed in Figure S77:

[image: ] 
[bookmark: _Ref430192523]Figure S77. Dissolution/1H NMR spectra obtained on 12Ac before and after activation.






The dissolution/1H NMR spectra obtained on 36Ac before and after activation are displayed in Figure S78:

[image: ] 
[bookmark: _Ref430192538]Figure S78. Dissolution/1H NMR spectra obtained on 36Ac before and after activation.






The dissolution/1H NMR spectra obtained on 100Ac before and after activation are displayed in Figure S79:

[image: ] 
[bookmark: _Ref430192554]Figure S79. Dissolution/1H NMR spectra obtained on 100Ac before and after activation.






6.2.3. [bookmark: _Ref430305526]Formic Acid Modulated Samples
The dissolution/1H NMR spectra obtained on 6Form before and after activation are displayed in Figure S80:

[image: ] 
[bookmark: _Ref430192581]Figure S80. Dissolution/1H NMR spectra obtained on 6Form before and after activation.





The dissolution/1H NMR spectra obtained on 12Form before and after activation are displayed in Figure S81:

[image: ] 
[bookmark: _Ref430192597]Figure S81. Dissolution/1H NMR spectra obtained on 12Form before and after activation.






The dissolution/1H NMR spectra obtained on 36Form before and after activation are displayed in Figure S82:

[image: ] 
[bookmark: _Ref430192622]Figure S82. Dissolution/1H NMR spectra obtained on 36Form before and after activation.






The dissolution/1H NMR spectra obtained on 100Form before and after activation are displayed in Figure S83:

[image: ] 
[bookmark: _Ref430192638]Figure S83. Dissolution/1H NMR spectra obtained on 100Form before and after activation.






6.2.4. [bookmark: _Ref430305530]Difluoroacetic Acid Modulated Samples
The dissolution/1H NMR spectra obtained on 6Dif before and after activation are displayed in Figure S84:

[image: ] 
[bookmark: _Ref430192652]Figure S84. Dissolution/1H NMR spectra obtained on 6Dif before and after activation.





The dissolution/1H NMR spectra obtained on 12Dif before and after activation are displayed in Figure S85:

[image: ] 
[bookmark: _Ref430192665]Figure S85. Dissolution/1H NMR spectra obtained on 12Dif before and after activation.






The dissolution/1H NMR spectra obtained on 36Dif before and after activation are displayed in Figure S86:

[image: ] 
[bookmark: _Ref430192681]Figure S86. Dissolution/1H NMR spectra obtained on 36Dif before and after activation.






6.2.5. [bookmark: _Ref430305533]Trifluoroacetic Acid Modulated Samples
The dissolution/1H NMR spectra obtained on 6Trif before and after activation are displayed in Figure S87:

[image: ] 
[bookmark: _Ref430192701]Figure S87. Dissolution/1H NMR spectra obtained on 6Trif before and after activation.





The internally standardized (difluoroacetic acid, see Section 2.5) dissolution/1H NMR spectra obtained on 6Trif before and after activation are displayed in Figure S88:

[image: ] 
[bookmark: _Ref430192718]Figure S88. Internally standardized (difluoroacetic acid, see Section 2.5) dissolution/1H NMR spectra obtained on 6Trif before and after activation.





The internally standardized (difluoroacetic acid, see Section 2.5) dissolution/19F NMR spectra obtained on 6Trif before and after activation are displayed in Figure S89:

[image: ] 
[bookmark: _Ref430192732]Figure S89. Internally standardized (difluoroacetic acid, see Section 2.5) dissolution/19F NMR spectra obtained on 6Trif before and after activation.





The dissolution/1H NMR spectra obtained on 12Trif before and after activation are displayed in Figure S90:

[image: ] 
[bookmark: _Ref430192749]Figure S90. Dissolution/1H NMR spectra obtained on 12Trif before and after activation.






The internally standardized (difluoroacetic acid, see Section 2.5) dissolution/1H NMR spectra obtained on 12Trif before and after activation are displayed in Figure S91:

[image: ] 
[bookmark: _Ref430192762]Figure S91. Internally standardized (difluoroacetic acid, see Section 2.5) dissolution/1H NMR spectra obtained on 12Trif before and after activation.





The internally standardized (difluoroacetic acid, see Section 2.5) dissolution/19F NMR spectra obtained on 12Trif before and after activation are displayed in Figure S92:

[image: ] 
[bookmark: _Ref430192778]Figure S92. Internally standardized (difluoroacetic acid, see Section 2.5) dissolution/19F NMR spectra obtained on 12Trif before and after activation.





The dissolution/1H NMR spectra obtained on 36Trif before and after activation are displayed in Figure S93:

[image: ] 
[bookmark: _Ref430192792]Figure S93. Dissolution/1H NMR spectra obtained on 36Trif before and after activation.






The internally standardized (difluoroacetic acid, see Section 2.5) dissolution/1H NMR spectra obtained on 36Trif before and after activation are displayed in Figure S94:

[image: ] 
[bookmark: _Ref430192807]Figure S94. Internally standardized (difluoroacetic acid, see Section 2.5) dissolution/1H NMR spectra obtained on 36Trif before and after activation.





The internally standardized (difluoroacetic acid, see Section 2.5) dissolution/19F NMR spectra obtained on 36Trif before and after activation are displayed in Figure S95:

[image: ] 
[bookmark: _Ref430192822]Figure S95. Internally standardized (difluoroacetic acid, see Section 2.5) dissolution/19F NMR spectra obtained on 36Trif before and after activation.





6.3. [bookmark: _Ref430305437]Larger SEM Images of Individual Samples
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6.3.1. [bookmark: _Ref430305561]NoMod
Displayed in Figure S96 are SEM images obtained on NoMod at two levels of magnification:

[image: ] 
[bookmark: _Ref430192862]Figure S96. SEM images obtained on NoMod at two different levels of magnification.


6.3.2. [bookmark: _Ref430305565]Acetic Acid Modulated Samples
Displayed in Figure S97, Figure S98, Figure S99, and Figure S100 are SEM images (each with two levels of magnification) obtained on 6Ac, 12Ac, 36Ac, and 100Ac, respectively:

[image: ] 
[bookmark: _Ref430266784]Figure S97. SEM images obtained on 6Ac at two different levels of magnification.
[image: ] 
[bookmark: _Ref430266817]Figure S98. SEM images obtained on 12Ac at two different levels of magnification.


[image: ] 
[bookmark: _Ref430266846]Figure S99. SEM images obtained on 36Ac at two different levels of magnification.


[image: ] 
[bookmark: _Ref430266858]Figure S100. SEM images obtained on 100Ac at two different levels of magnification.



6.3.3. [bookmark: _Ref430305568]Formic Acid Modulated Samples
Displayed in Figure S101, Figure S102, Figure S103, and Figure S104 are SEM images (each with two levels of magnification) obtained on 6Form, 12Form, 36Form, and 100Form, respectively:

[image: ] 
[bookmark: _Ref430266907]Figure S101. SEM images obtained on 6Form at two different levels of magnification.

[image: ] 
[bookmark: _Ref430266917]Figure S102. SEM images obtained on 12Form at two different levels of magnification.


[image: ] 
[bookmark: _Ref430266931]Figure S103. SEM images obtained on 36Form at two different levels of magnification.


[image: ] 
[bookmark: _Ref430266939]Figure S104. SEM images obtained on 100Form at two different levels of magnification.



6.3.4. [bookmark: _Ref430305571]Difluoroacetic Acid Modulated Samples
Displayed in Figure S105, Figure S106, and Figure S107 are SEM images (each with two levels of magnification) obtained on 6Dif, 12Dif, and 36Dif, respectively:

[image: ] 
[bookmark: _Ref430267018]Figure S105. SEM images obtained on 6Dif at two different levels of magnification.

[image: ] 
[bookmark: _Ref430267027]Figure S106. SEM images obtained on 12Dif at two different levels of magnification.


[image: ] 
[bookmark: _Ref430266554]Figure S107. SEM images obtained on 36Dif at two different levels of magnification.







6.3.5. [bookmark: _Ref430305573]Trifluoroacetic Acid Modulated Samples
Displayed in Figure S108, Figure S109, and Figure S110 are SEM images (each with two levels of magnification) obtained on 6Trif, 12Trif, and 36Trif, respectively:

[image: ] 
[bookmark: _Ref430267087]Figure S108. SEM images obtained on 6Trif at two different levels of magnification.


[image: ] 
[bookmark: _Ref430267093]Figure S109. SEM images obtained on 12Trif at two different levels of magnification.

[image: ] 
[bookmark: _Ref430266516]Figure S110. SEM images obtained on 36Trif at two different levels of magnification.



6.3.6. [bookmark: _Ref430305576]UiO-66-Ideal
Displayed in Figure S111, Figure S112, and Figure S113 are SEM images (each with two levels of magnification) obtained on UiO-66-Ideal in the as synthesized, activated, and calcined forms, respectively:

[image: ] 
[bookmark: _Ref430266666]Figure S111. SEM images obtained on UiO-66-Ideal (as synth) at two different levels of magnification.

[image: ] 
[bookmark: _Ref430267138]Figure S112. SEM images obtained on UiO-66-Ideal (activated) at two different levels of magnification.


[image: ] 
[bookmark: _Ref430266673]Figure S113. SEM images obtained on UiO-66-Ideal (calcined) at two different levels of magnification.







6.4. [bookmark: _Ref449639596]Density Measurements

In order to discover whether density measurements can be used to assess the defectivity of UiO-66, we measured the density of 2 of our samples: UiO-66-Ideal (the least defective sample) and 12Trif (one of the most defective samples). We used the "true density measurement" method on a BELSORP-max instrument and obtained values of 2.00 +/- 0.02 g·cm-3 for UiO-66-Ideal, and 1.81 +/- 0.08 g·cm-3 for 12Trif. Both of these values are considerably higher than the theoretical crystal density of UiO-66 (1.22 g·cm-3).

The reason for this discrepancy is that the technique (helium pycnometry) actually measures the skeletal density (or “helium density”) of the samples, not their crystal density. Where the skeletal and crystal densities differ is in how they define the sample volume: in crystal density, the pore volume is included, while the skeletal density ignores the pore volume and takes only the volume of the framework (or “skeleton”) into account. Ultimately, this means that skeletal densities are considerably higher than crystal densities, especially for highly porous materials.

Using the aforementioned skeletal density values to attain information about the nature of the defects in our samples is actually not straight forward. The problem is that it is not trivial to attain a reliable value for the theoretical skeletal density of UiO-66 (either with or without defects). Without such values, we cannot know for sure if the skeletal density is actually expected to decrease with defectivity (as it does in the 2 measured samples).
Nevertheless, one can still try to imagine how the skeletal density of UiO-66 would be affected by the introduction of missing cluster defects. Entertaining this notion, let us consider the removal of a Zr6O6(BDC)12- building unit, and its replacement by 12 F3C-CO2- (trifluoroacetate) ligands. It is obvious that the crystal density of the UiO-66 would decrease after such a modification; however, the effect on its skeletal density is actually not that obvious – both mass and skeletal volume is removed from the material, meaning that the skeletal density would not necessarily decrease. If more mass (in grams) than skeletal volume (in cm3) is lost, then the skeletal density would decrease, while the opposite situation would yield a higher skeletal density. Distinguishing between missing cluster and missing linker defects based on skeletal densities is similarly problematic. Thus, we cannot use skeletal density measurements to confidently assess the defectivity of our samples, at least until it is possible to calculate a reliable theoretical value for the skeletal density of UiO-66 and its defective variants.
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