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ABSTRACT: Presented in this paper is a deep investigation into the defect chemistry of UiO-66 when synthesized in the presence 

of monocarboxylic acid modulators under the most commonly employed conditions. We unequivocally demonstrate that missing 

cluster defects are the predominant defect, and that their concentration (and thus the porosity and composition of the material) can 

be tuned to a remarkable extent by altering the concentration and/or acidity of the modulator. Finally, we attempt to rationalize the-

se observations by speculating on the underlying solution chemistry.  

INTRODUCTION 

Metal-organic frameworks (MOFs) with hexanuclear Zr6 inor-

ganic cornerstones (“Zr6 MOFs”)
1
 have come to recent preva-

lence in the literature.
2-27

 Their popularity can be attributed to 

their superior stability
2, 7-10, 19, 20, 23, 25

 and the ease at which a 

wide range of functionalities can be introduced.
28-42

 UiO-66 

(Zr6(OH)4O4(BDC)6, BDC = Benzene-1,4-dicarboxylate) was 

the first Zr6 MOF to be reported,
9
 and is by far the most wide-

ly studied.  

In 2011, Behrens and co-workers showed that relatively 

large and monodisperse UiO-66 crystals could be obtained by 

adding monocarboxylic acid “modulators” to the synthesis 

mixture.
43

 Variants of this synthesis method have since been 

popularized in the literature.
30, 34, 39, 44-48

 However, recent work 

has shown that modulated synthesis routes promote the for-

mation of defects,
24, 49-58

 which can have a profound (and in 

some cases, positive) impact on the stability,
59-62

 reactivity,
55

 

porosity,
28, 58, 59

 and thermomechanical behavior
52

 of UiO-66. 

Affording control over the defects thus allows MOF chemists 

to fine-tune the properties of the material and potentially im-

prove its performance in various applications. Indeed, defects 

have 

been shown to have a positive influence on UiO-66’s catalyt-

ic,
56, 63-67

 adsorption,
58, 62, 68, 69

 decontamination,
70-72

 and proton 

conductivity
51

 capabilities.  

Two types of defects have been proposed to exist in the 

UiO-66 framework: “missing linker defects”
33, 49, 54-58, 63, 64, 68, 70, 

72-77
 and “missing cluster defects”

24, 50-52, 77, 78
 (see Figure 1 be-

low). Missing cluster defects were recently discovered by 

Goodwin and co-workers.
50

 In a highly convincing study, they 

demonstrated that using formic acid as a modulator promotes 

the formation of a material in which missing cluster defects 

exist in correlated nanoregions of the reo topology. In the de-

fective reo phase, the clusters have reduced linker connectivi-

ty (8) with respect to ideal UiO-66 (12). This results in a 

charge imbalance which the authors assume to be compen-

sated by formate anions (originating from the formic acid 

modulator), allowing the clusters to maintain the familiar 

Zr6(OH)6O4(CO2)12 geometry. A visual depiction of the above 

(albeit with trifluoroacetate as the defect compensating ligand) 

is shown on the left-hand side of Figure 1. 

The first detailed investigation into missing linker defects 

was performed by the Zhou group.
58

 They showed 

 

 

Figure 1. Illustration depicting the structural and compositional differences between the ideal UiO-66 unit cell and those with missing 

cluster/ missing linker defects. Trifluoroacetate ligands compensate for the defects in the examples above; however, the compensating lig-

and can vary depending on the modulator used during the MOF synthesis. 

that the porosity of UiO-66 tends to increase as increasing 

amounts of acetic acid are used in the synthesis. Based on this 

observation, they concluded that acetic acid promotes the for-

mation of missing linker defects by acting as the defect com-

pensating ligand (as acetate). Similar conclusions were made 

by Vermoortele et al., who synthesized extremely defective 

UiO-66 samples using trifluoroacetic acid as a modulator.
56

 A 

hypothetical model of such a material is shown on the right-

hand side of Figure 1. 

The three studies discussed above each involved the use of a 

different monocarboxylic acid as modulator. It therefore oc-

curred to us that the properties (particularly the acidity) of the 

modulator may have a strong and perhaps even logical influ-

ence on the nature and/or concentration of defects in the UiO-

66 framework. This prompted us to perform a systematic in-



 

vestigation involving 15 UiO-66 syntheses in which only the 

concentration and/or acidity (pKa) of the modulator was varied 

(see Scheme 1). In order to ensure that our study is as relevant 

as possible, all syntheses were performed under the most 

widely employed reaction conditions (ZrCl4 as Zr
4+

 source, 1 : 

1 linker : Zr ratio, DMF as solvent, crystallization temperature 

= 120 °C). All 15 samples were thoroughly characterized by 

PXRD, nitrogen sorption, dissolution/NMR, TGA-DSC, 

SEM/EDX, and ATR-IR.  

Four of these techniques (PXRD, nitrogen adsorption, disso-

lution/NMR, and TGA) provide important

information related to the concentration of defects in the sam-

ples, affording us the opportunity to demonstrate the incredi-

ble extent to which the defect concentration can be tuned. 

Moreover, quantitative data was extracted from the 4 tech-

niques, allowing us to discover trends and unveil the nature of 

the defects. Our findings are further validated by comparing 

experimentally obtained nitrogen adsorption isotherms with 

those simulated from hypothetical defective UiO-66 structural 

models. Finally, we attempt to rationalize our conclusions by 

speculating on the underlying solution chemistry. 
 

EXPERIMENTAL DETAILS 

The compositions of the 15 UiO-66 synthesis mixtures are 

shown schematically in Scheme 1 The synthesis mixtures 

were prepared in volumetric flasks. Once all reagents had dis-

solved, the flasks were loosely capped and transferred to an 

oven set to 120 °C. After 72 hours of reaction, the resulting 

microcrystalline powders were thoroughly washed and acti-

vated. Full details of the synthesis, washing, and activation 

procedures are provided in the SI. 

Detailed descriptions of the characterization methods 

(PXRD, nitrogen sorption, dissolution/NMR, TGA-DSC, 

SEM, EDX, and ATR-IR), simulations (PXRD and nitrogen 

adsorption), and quantitative analysis methods are provided in 

the supporting information (hereafter referred to as the “SI”). 
 

 

Scheme 1. a) The similarities and b) The differences between the compositions of the 15 UiO-66 synthesis mixtures. Quantities are pro-

vided in molar equivalents (eq.) so that the molar ratios between the reagents can be easily discerned. 



 

RESULTS AND DISCUSSION 

Nitrogen Sorption Isotherms 

The nitrogen sorption isotherms obtained on all 15 UiO-66 

samples at 77K are shown in Figure 2 below. As can be seen, 

the nitrogen uptake capacity (and thus, porosity) of the sam-

ples varies enormously depending on the acidity and concen-

tration of the modulator used in the MOF synthesis. Of even 

greater interest is the observation of two remarkably conspicu-

ous trends: 

 

1) The nitrogen uptake (and thus, porosity) of the samples sys-

tematically increases as increasing amounts of modulator 

were added to the synthesis mixture. This observation holds 

for all 4 modulators. 

 

2) The nitrogen uptake (and thus, porosity) of the samples sys-

tematically increases as the acidity/pKa of the modulator 

was increased/decreased. 

 

These two trends exemplify the astounding extent to which 

the porosity of UiO-66 may be tuned via judicious use of 

modulator. The only outlier is 6Trif (red curve in rightmost 

plot). Based on the 2
nd

 trend outlined above, one would have 

expected it to adsorb more nitrogen than 6Dif (red curve in 

second plot from the right). The surprisingly low porosity of 

6Trif can be attributed to the fact that it contains an impurity 

phase: MIL-140, another zirconium terephthalate MOF which 

is considerably denser than UiO-66. Evidence for the presence 

of this impurity is presented in Section 5.14 of the SI. 

Another important observation is that NoMod (black curve 

in all 4 plots) is considerably less porous than all other sam-

ples. In fact, it is slightly less porous than ideal UiO-66, as de-

termined by comparing its nitrogen adsorption isotherm with 

that simulated from a defect-free UiO-66 structural model (see 

in Section 5.5.1 of the SI). As one can see, using just 6 molar 

equivalents of any of the 4 modulators (red curves) leads to a 

substantial increase in porosity.

 

Quantitative data was extracted from the isotherms by cal-

culating the BET surface areas of the samples (see Section 

3.3 of the SI for method and Table S15 for the numerical val-

ues). Figure 3 is the graph obtained when the BET surface 

areas of all 15 samples are plotted against the molar equiva-

lents of modulator added to their syntheses: 

 

 

Figure 3. Graph obtained when the BET surface areas of the 15 

UiO-66 samples (see Table S15) are plotted against the molar 

equivalents of modulator added to their syntheses. 

 

As can be seen, the BET surface areas of the samples vary 

significantly, ranging from 1175 m
2
g

-1
 (NoMod) to 1777 m

2
g

-1
 

(36Trif), which is one of the highest BET surface areas ever 

reported for UiO-66 (the current record is 1890 m
2
g

-1
).

79
 More 

importantly, the trends in porosity (now quantitatively de-

scribed by the BET surface area) are the same as those quali-

tatively observed in Figure 2, including the observation that 

6Trif (blue data point at x = 6) is the only outlier. 

 

 
 

Figure 2. Nitrogen adsorption isotherms obtained on all 15 UiO-66 samples at 77 K. Adsorption represented by filled squares, desorption 

by open squares. The same y-scale is applied to all four plots. 

PXRD When compared over a relatively wide 2θ range (2-50°), the 

differences between the PXRD patterns obtained on the 15 

samples are not immediately obvious (see Figure S10 in the 



 

SI).  However, if one looks at the 2θ region around the (111) 

(the strongest, and ideally, the first) reflection of UiO-66 (ap-

pearing at ca. 7.4 ° 2θ), interesting trends emerge. This region 

(2-12° 2θ) is emphasized in Figure 4. 

As one can see, most of the patterns contain a very broad 

peak spanning a 2θ range of ca. 2-7°. This peak cannot be at-

tributed to the UiO-66 phase. The assignment of this peak 

(hereafter simply referred to as the “broad peak”) is discussed 

in Section 5.1.2. of the SI, where we confidently assign it to 

reo nanoregions which are even smaller than those previously 

observed by Goodwin and co-workers.
50

 As shown in Figure 

1, the reo phase can be thought of as UiO-66 with one quarter 

of its clusters missing. For this reason, the terms “missing 

cluster defects” and “reo phase/nanodomains” are used inter-

changeably herein.  

In their inspiring study, Goodwin and co-workers demon-

strated that the intensity of the reo reflections (relative to those 

of UiO-66) is correlated with the concentration of missing 

cluster defects in the sample.  With this in mind, we note 2 

qualitative trends regarding the intensity of the broad peak 

when observing Figure 4: 

 

1) It systematically increases as increasing amounts of modu-

lator were added to the synthesis mixture. This observation 

holds for all 4 modulators. 

 

2) It systematically increases as the acidity/pKa of the    modu-

lator was increased/decreased. 

In order to quantitatively scrutinize these perceived trends, 

we calculated the relative intensity of the broad peak 

(          ) in each of the PXRD patterns (see Section 3.1 of 

SI for method). Figure 5 is the graph obtained when the  

            values of all 15 samples (see Table S4) are plotted 

against the molar equivalents of modulator added to their syn-

theses: 

 

 

Figure 5. Graph obtained when the            values (see Table 

S4), are plotted against the molar equivalents of modulator added 

to the UiO-66 synthesis mixture. 

 

As can be seen, the trends in            (and thus, the con-

centration of missing cluster defects in the UiO-66 framework) 

are the same as those qualitatively observed upon inspection 

of Figure 4, with absolutely no outliers. 

 
 

Figure 4. Low angle (2-12° 2θ) region of the PXRD patterns obtained on all 15 UiO-66 samples. Samples were activated (i.e. desolvated) 

prior to measurement (see Section 1.1 of the SI for details). The same y-scale is applied to all four plots.

The Identity of the Defect Compensating Ligands 



 

As demonstrated in Figure 1, terminal ligands are required to 

compensate for the defects in the UiO-66 framework (a role 

fulfilled by trifluoroacetate in the figure). In order to fully un-

derstand the defect chemistry of our samples, we need to as-

certain the identity of the defect compensating ligands. To this 

end, three possibilities were investigated based on observa-

tions and/or speculations in previous studies; chloride,
49, 56, 59, 

69, 76, 77, 80
 OH

-
/H2O,

33, 51, 64, 66, 68, 70, 71, 73, 74, 81, 82
 and 

monocarboxylates
49-58

 (i.e. deprotonated modulator molecules 

such as trifluoroacetate, see Figure 1). However, chloride and 

hydroxide were quickly ruled out on the basis of EDX (Figure 

S54) and ATR-IR (Figure S55) results, respectively.   

With the other two possibilities eliminated, dissolu-

tion/NMR (both 
1
H and 

19
F) was used to investigate the possi-

bility that monocarboxylates compensate for the defects in our 

samples. 

 

Dissolution/NMR Spectroscopy 

The dissolution/NMR technique involves the dissolution 

(a.k.a. digestion or disassembly) of the MOF in a deuterated 

digestion medium. The organic components (e.g. linker, mod-

ulator, pore-filling solvent) can then be identified and quanti-

fied (as a molar ratio with other organic components) by liquid 

NMR spectroscopy.  

As a representative example of the results obtained in this 

work, the 
1
H NMR spectra recorded on the acetic acid modu-

lated samples after digestion in 1M NaOH (in D2O) are dis-

played in Figure 6. The spectrum obtained on NoMod is in-

cluded for comparison. See Section 5.2.2 of the SI for equiva-

lent figures and subsequent discussion of the results obtained 

on the formic, difluoroacetic, and trifluoroacetic acid modulat-

ed samples. 

Looking at the full chemical shift range of the spectra, one 

can see that they are exceptionally clean. There are only 3 sig-

nals, which have been confidently assigned to BDC
2-

, acetate, 

and formate on the figure. This is an early indication that 

monocarboxylates (both formate and acetate) do indeed com-

pensate for the defects in these samples. However, it is of ut-

most importance to ascertain whether these species are actual-

ly incorporated into the UiO-66 framework or if they are simp-

ly occluded in the pores as free acids. To this end, the MOF 

washing and activation (i.e. desolvation) procedures are heavi-

ly scrutinized in Section 5.2.1 of the SI, where we conclude 

that all free monocarboxylic acids (acetic, formic, 

difluoroacetic, or trifluoroacetic acid) were successfully re-

moved by these treatments. We can therefore be very confi-

dent that all monocarboxylates detected after activation are 

indeed incorporated into the UiO-66 framework (as is the case 

in Figure 6). 

With this in mind, let us return to the spectra presented in 

Figure 6, where one can see that the acetate signal systemati-

cally increases in intensity as increasing amounts of acetic ac-

id were used in the synthesis. Equivalent trends are observed 

for the samples synthesized with the other 3 modulators under 

investigation (see Section 5.2.2 of SI). Moreover, similar 

trends in the intensity of bands related to the modulator can (in 

some cases) be seen in ATR-IR spectra (see Figures S56-S59). 

Both dissolution/NMR and ATR-IR results therefore show 

that the extent of modulator incorporation is strongly correlat-

ed with the concentration of modulator in the UiO-66 synthe-

sis solution. 

 

 

Figure 6. Dissolution/1H NMR spectra obtained on the acetic acid 

modulated samples. NoMod is included for comparison. Samples 

were activated (i.e. desolvated) prior to measurement (see Section 

1.1 of SI for details). 

 

A more surprising observation from Figure 6 is that all 5 

samples contain formate, despite the fact that no formic acid 

was added to their synthesis mixtures. The acetic acid modu-

lated samples are certainly not unique in this respect - formate 

is in fact present in the spectra obtained on all 15 samples. 

This is not too surprising for the formic acid modulated sam-

ples (6Form, 12Form, 36Form, and 100Form). However, in-

tentionally added modulator cannot account for the formate 

observed in the 11 non formic acid modulated samples. The 

origin of this formate is discussed in Section 5.2.1 of the SI, in 

which we conclude that it originates from formic acid generat-

ed by DMF hydrolysis during the MOF syntheses. 

The discussion of our dissolution/NMR results has so far 

been limited to qualitative spectral comparisons; however, the 

real strength of the technique is that one can determine molar 

ratios between the MOF’s organic components by integration. 

In this work, 3 different molar ratios were calculated (see Sec-

tion 3.2 of SI for methods): 

 

1) The “intentionally added modulator to BDC molar ratio” i.e. 

the formate : BDC, acetate : BDC, difluoroacetate : BDC, 

and trifluoroacetate : BDC molar ratios in the formic, acetic, 

difluoroacetic, and  trifluoroacetic acid modulated samples, 

respectively. Values are presented in Table S12. 

 

2) The formate : BDC molar ratio in the non-formic acid 

modulated samples. Values are presented in Table S13. 

3) The “total modulator to BDC ratio”. This is the sum of 1) 

and 2) above.  Values are presented in Table S14. 

 

Following much discussion in Section 5.2.3 of the SI, we 

concluded that the total modulator to BDC molar ratio, 
          

   
   is the fairest ratio to use when comparing the ma-

terials. It is essentially a quantitative descriptor for the concen-

tration of monocarboxylate terminated defects in the UiO-66 

framework. Figure 7 is the graph obtained when the 



 

          

   
   values of all 15 samples are plotted against the 

molar equivalents of modulator added to their syntheses: 

 

 

Figure 7. Graph obtained when the total modulator to BDC molar 

ratios (
          

   
  , see Table S14 in the SI) are plotted against 

the molar equivalents of modulator added to the UiO-66 synthesis 

mixture. 

 

As can be seen, an enormous range of  
          

   
   values 

are observed in the samples. The most defective sample 

(36Trif) contains a huge amount of modulator; 0.76 molecules 

for every linker molecule. Of even greater interest is the ob-

servation of two very clear trends in the figure: 

 

1) The total modulator to BDC ratio (and thus the concentra-

tion of monocarboxylate terminated defects in the UiO-66 

framework) systematically increases as increasing amounts 

of modulator were added to the synthesis mixture. This ob-

servation holds for all 4 modulators. 

 

2) The total modulator to BDC ratio (and thus the concentra-

tion of monocarboxylate terminated defects in the UiO-66 

framework) systematically increases as the acidity/pKa of 

the modulator was increased/decreased. 

 

 

TGA-DSC 

All TGA-DSC results obtained in this work are qualitatively 

similar. As a representative example, the results obtained on 

the formic acid modulated samples are presented in Figure 8. 

The result obtained on NoMod is included for comparison. See 

Section 5.6 of the SI for equivalent figures (and subsequent 

discussion) concerning the results obtained on the acetic, 

difluoroacetic, and trifluoroacetic acid modulated samples. 

 

 

Figure 8. TGA-DSC results obtained on the formic acid modulat-

ed samples. NoMod is included for comparison. Samples were 

activated (i.e. desolvated) prior to measurement (see Section 1.1 

of SI for details). Solid curves, left axis - TGA trace (normalized 

such that end weight = 100%). Dotted curves, right axis – DSC 

signal. 

 

Three well resolved weight losses are observed in the TGA 

traces (end weight normalized to 100 %). In accordance with 

previous studies, the losses are assigned to the following pro-

cesses: 

 

1) Adsorbate volatilization (in this case H2O). Occurs over a 

temperature range of ca. 25-100 °C. 

 
2) Removal of monocarboxylate ligands

52, 56
 (in this case 

formate), and dehydroxylation of the Zr6 cornerstones.
9, 75, 80, 

83
 These two weight loss events occur over a similar tem-

perature range (ca. 200-350 °C) and are thus not well re-

solved from one another. Formate loss is accompanied by a 

small exothermic peak in the DSC signal. 

 
3) Framework decomposition.

52, 56, 75
 Occurs over a tempera-

ture range of ca. 390 – 525 °C and is accompanied by a very 

intense exothermic peak in the DSC signal. 

 

The framework decomposition weight loss step involves the 

complete combustion of the BDC linkers. It is now well estab-

lished that the magnitude of this weight loss (when normalized 

as above) is inversely correlated with the defectivity of the 

UiO-66 sample in question.
52, 56, 59, 75

 This makes sense when 

one compares the compositions of the structures provided in 

Figure 1. Therein, one can see that ideal, defect free (and 

dehydroxylated) UiO-66 has a composition of Zr6O6(BDC)6, 

where each Zr6 formula unit contains 6 BDC linkers, meaning 

that (6 x 2) = 12 linkers are coordinated to each Zr6 cluster. On 

the other hand, there are only 4 linkers per Zr6 formula unit in 

either of the hypothetical defective structural models, meaning 

that (4 x 2) = 8 linkers are coordinated to their clusters. Both 

missing linker and missing cluster defects therefore introduce 

“linker deficiencies” to the UiO-66 framework. Given that the 

decomposition weight loss involves the loss of linkers, the 

magnitude of the weight loss is reduced when defects (and 

thus linker deficiencies) are present. However, it is impossible 

to distinguish between missing linker and missing cluster de-

fects using TGA alone (see Section 3.4.1. of the SI for more 

on this). 



 

With all of the above in mind, let us return our attention to 

Figure 8, where the theoretically expected weight loss for the 

decomposition of ideal (dehydroxylated) UiO-66, 

Zr6O6(BDC)6 is represented by the vertical gap between the 

two horizontal dashed lines. In order to fairly compare the 

samples to this ideal, we need to pinpoint the stage at which 

everything except the BDC linkers has been lost (i.e. when the 

2
nd

 weight loss step is complete). This point is emphasized 

with a vertical dashed line on the figure (see Section 3.4.4 in 

the SI for details of how this choice is made). Commencing 

from this point, one can see that the magnitude of the decom-

position weight loss is significantly lower than that theoretical-

ly expected in all samples, indicating that they are linker defi-

cient. More importantly, there is a clear trend among the sam-

ples: the magnitude of the decomposition weight loss system-

atically decreases (and thus the defectivity of the material in-

creases) as increasing amounts of formic acid were added to 

the synthesis mixture. The same trend was observed for all 

samples except the acetic acid modulated materials (see dis-

cussion of Figure 9 later). 

In order to quantitatively compare the entire series of sam-

ples, we calculated the “number of linker deficiencies per Zr6 

formula unit” from the TGA traces obtained on each of the 15 

samples. This is the value of   in the general molecular formu-

la Zr6O6+x(BDC)6-x, the assumed composition of the material 

immediately before the decomposition weight loss step com-

mences. The value of   is correlated with the overall 

defectivity of the material and inversely correlated with the 

magnitude of the decomposition weight loss. A detailed de-

scription of the method used to calculate   is provided in Sec-

tion 3.4 of the SI. As an interesting aside, we have used the   

values (in combination with the molar ratios obtained via dis-

solution/NMR) to attain very promising estimates for the 

overall (hydroxylated) composition of each of our samples. 

The method and results can be found in Sections 3.5 and 5.8 

of the SI, respectively. 

Figure 9 is the graph obtained when the   values of all 15 

samples (see Table S24 in the SI) are plotted against the molar 

equivalents of modulator added to their syntheses. As can be 

seen, the samples differ widely in their defectivity. The most 

defective sample in the series is once again shown to be 

36Trif, which contains 2 linker deficiencies per Zr6 formula 

unit, meaning that there are (6 – 2) = 4 linkers in its average 

formula unit and only (4 x 2) = 8 linkers coordinated to its av-

erage Zr6 cluster.  This is an astonishing level of defectivity 

considering that 12 linkers are coordinated to the cluster in the 

ideal material. More importantly, two clear trends are once 

again observed in the figure: 

 

1) The number of linker deficiencies (and thus, the defectivity 

of the material) systematically increases as increasing 

amounts of modulator were added to the synthesis mixture. 

This observation holds for all modulators except acetic acid, 

where the number of linker deficiencies is nearly constant 

unless very large amounts of modulator (100 eq.) were used. 

 

2) The number of linker deficiencies (and thus, the defectivity 

of the material) systematically increases as the acidity/pKa 

of the modulator was increased/decreased. 
 

 
Figure 9. Graph obtained when the number of linker deficiencies 

per Zr6 formula unit ( , see Table S24 in the SI) are plotted 

against the molar equivalents of modulator added to the UiO-66 

synthesis mixture. 

 

Correlations - the Nature of the Defects 

One may have noticed that the trends observed in Figures 3, 

5, 7, and 9 are qualitatively rather similar. This suggests that 

the parameters plotted in the graphs are correlated, which 

makes sense given that all 4 parameters are essentially quanti-

tative descriptors for the defectivity of the samples: 

 

1) The BET surface area of UiO-66 has previously been 

shown to be correlated with its defectivity.
58, 59

  

2) The relative intensity of the broad peak (          ) is a 

quantitative descriptor for the concentration of missing clus-

ter defects in the UiO-66 framework.
50

 

3) The total modulator to BDC molar ratio  
          

   
    is a 

quantitative descriptor for the concentration of 

monocarboxylate terminated defects in the sample. 

4) The number of linker deficiencies per Zr6 formula unit (i.e. 

the value of   in composition Zr6O6+x(BDC)6-x) is an obvi-

ous descriptor for the overall defectivity of the material.  



 

 

Figure 10. Graphs and linear fits obtained when the relative intensity of the broad peak (          ) is plotted against: left plot - the total 

modulator to BDC ratio  
          

   
   ; middle plot – the BET surface area; right plot – the number of linker deficiencies per Zr6 formula 

unit (i.e. the value of   in composition Zr6O6+x(BDC)6-x). Due to its aforementioned MIL-140 impurity (see Section 5.14 of SI), the data 

point corresponding to 6Trif has been omitted from the middle plot. 

 

To explore the relationship between the four “defectivity 

descriptors”, the            values were plotted against the 

other 3 parameters, resulting in the 3 graphs presented in Fig-

ure 10 above. For convenience, all of the data used to plot the 

three graphs is summarized in Table S25. As can be seen, the 

defectivity descriptors are indeed positively correlated with 

one another. Before delving deeper into these correlations, it is 

of utmost importance to emphasize that just 1 of the 4 

defectivity descriptors (the relative intensity of the broad peak, 

          ) is exclusively associated with only one type of de-

fect (missing cluster defects), while the others could be influ-

enced by the presence of either missing linker or missing clus-

ter defects.  This point is pivotal for attaining information on 

the nature of the defects. For example, the fact that there is a 

strong linear (R
2
 = 0.94) relationship between            and 

          

   
   strongly suggests that the monocarboxylate lig-

ands are incorporated almost exclusively as compensation for 

missing cluster defects (refer back to Figure 1 to visualize this 

scenario, where the monocarboxylate is trifluoroacetate). 

Likewise, the linear (R
2
 = 0.89) relationship between 

           and the number of linker deficiencies per Zr6 for-

mula unit ( ) implies that the linker deficiencies are almost 

exclusively due to missing cluster defects (recall that there are 

(6 – 4) = 2 linker deficiencies per Zr6 formula unit in the pure 

reo phase, Zr6O6(BDC)4(Mod)4, where Mod is a 

monocarboxylate (trifluoroacetate in Figure 1)). 

However, the relationship between            and the BET 

surface area is far from linear (R
2
 = 0.76). This can be ex-

plained by the fact that four different monocarboxylate ligands 

(formate, acetate, difluoroacetate, or trifluoroacetate) compen-

sate for the missing cluster defects in the samples. These 4 lig-

ands have significantly different molecular weights, and thus 

the crystallographic densities of the samples will vary consid-

erably. Such variations in density strongly impacts the BET 

surface area of the material (given in meters squared per 

gram), an obvious point which became even more conspicuous 

when  

 

analyzing our simulated N2 adsorption isotherms (see Section 

5.4 of the SI). Thus, the BET surface areas of the samples do 

not solely depend on their defectivity, resulting in the ob-

served non-linear relationship between BET S.A. and 

          . 

 

Comparison of Simulated and Experimental Nitrogen Ad-

sorption Isotherms 

In order to scrutinize the conclusion that missing cluster de-

fects are the predominant defect in the samples, we construct-

ed 16 hypothetical defective structural models (see Section 4 

in the SI for details) and simulated their nitrogen adsorption 

isotherms. Comparing the simulated isotherms with those ob-

tained experimentally allows us to discern the type of defect 

which best accounts for the porosity of our samples. 

The reliability of the simulations is validated by Figure S66 

in the SI, where it can be seen that the isotherm simulated 

from the ideal UiO-66 structural model almost exactly match-

es that experimentally obtained on a near defect free UiO-66 

sample (and those simulated in previous studies).
33, 68

 The 

sample, named UiO-66-Ideal (UiO-66-Ideal-Calcined in Fig-

ure S65), was obtained by an optimized version of the synthe-

sis procedure we promoted in previous work
59

 (see Section 1.3 

of the SI for full details of the method). Its near defect free sta-

tus is evidenced by extensive characterization results present-

ed in Section 5.13 of the SI. We feel that UiO-66-Ideal should 

be considered as a “benchmark” material to which UiO-66 

samples obtained by other methods should be compared. 

Given the above validation, our simulated and experimental 

isotherms can be freely compared. The clearest example is 

presented in Figure 11, where the isotherms experimentally 

obtained on the difluoroacetic acid modulated samples are 

compared with those simulated from the difluoroacetate ter-

minated defective structural models (see Section 4 of the SI 

for details). 



 

 

Figure 11. Comparison of the nitrogen adsorption isotherms experimentally obtained on the difluoroacetic acid modulated samples with 

those simulated from defective UiO-66 structural models with difluoroacetate terminal ligands (see Section 4 of SI).

 

Comparing the experimental isotherms (rightmost plot) with 

those simulated from the missing linker structural models 

(leftmost plot, see Section 4 of the SI for explanation of no-

menclature), one can see that missing linker defects (compen-

sated by difluoroacetate ligands) absolutely cannot account for 

the high porosity of our difluoroacetic acid modulated UiO-66 

samples. Interestingly, the porosity of the hypothetical materi-

als actually systematically decreases as the number of missing 

linker defects is increased. This surprising observation (also 

observed for the trifluoroacetate terminated models) is due to 

the increasing crystallographic density of the framework (see 

Section 5.4.2 of the SI for in-depth discussion). 

If we instead compare the experimental isotherms with that 

simulated from the missing cluster structural model (Reo-Dif, 

middle plot), one can clearly see that the hypothetical material 

is only slightly more porous than our difluoroacetic acid mod-

ulated UiO-66 samples. The implications of this observation 

are startling. The Reo-Dif isotherm is simulated from a pure 

reo model in which 1 out of 4 Zr6 clusters is missing from eve-

ry unit cell (the same structure as the right-most model in Fig-

ure 1, albeit with difluoroacetate as the defect compensating 

ligand). The fact that our difluoroacetic acid modulated UiO-

66 samples are almost as porous as Reo-Dif therefore suggests 

that there is an enormous amount of missing cluster defects in 

the samples. This is consistent with the observation of a rela-

tively intense “broad peak” in the PXRD patterns obtained on 

the difluoroacetic acid modulated UiO-66 samples (see Figure 

4 and Figure 5). It is therefore clear that missing cluster de-

fects are by far the most prevalent defect in the difluoroacetic 

acid modulated materials. Similar conclusions were afforded 

by comparing the simulated and experimental isotherms relat-

ed to the acetic, formic, and trifluoroacetic acid modulated 

UiO-66 

 

samples (see Section 5.5 of the SI). However, it must be said 

that the assignment is not as unequivocal for the acetic or for-

mic acid modulated materials, in which the defect concentra-

tions are much lower than the difluoroacetic acid modulated 

UiO-66 samples discussed herein. 

It is important to note that our findings oppose the most 

commonly held literature view on the defect chemistry of 

UiO-66 samples synthesized in the presence of monocarbox-

ylic acid modulators under the most typical conditions (ZrCl4 

as Zr
4+

 source, 1 : 1 BDC : Zr ratio, DMF as solvent, crystalli-

zation temperature = 120 °C). There is a general agreement 

that the most prominent defects in such samples are missing 

linker defects compensated by deprotonated modulator mole-

cules (see leftmost structure in Figure 1, where 

trifluoroacetate is the deprotonated modulator molecule).
49, 51, 

53-57
 However, none of the techniques most commonly used as 

evidence for this type of defect (TGA, dissolution/NMR, and 

nitrogen adsorption isotherms) can distinguish between miss-

ing linker defects and missing cluster defects terminated by 

monocarboxylates. The only routine method which can distin-

guish between the two types of defect is PXRD, and this was 

only discovered in mid-2014,
50

 after the majority of the miss-

ing linker defect literature had already been published. We feel 

that it is highly likely that the PXRD “fingerprint” for missing 

cluster defects simply went unnoticed or was dismissed as 

background in earlier studies. Such a dismissal is especially 

tempting when it appears as a single broad peak as it does 

herein (refer back to Figure 4). Moreover, our comparison of 

simulated and experimental nitrogen adsorption isotherms is 

by far the most thorough study of this type in the UiO-66 de-

fect literature. All things considered, we feel that the overall 

evidence for our conclusions is substantially stronger than ear-

lier investigations. 

Thermal Stability 

In an earlier study, we found that missing cluster defects can 

have a severe impact on the thermal stability of UiO-66.
59

 Fol-

lowing the discussion in the previous 2 sections, it is clear that 

the samples under study herein are also riddled with missing 

cluster defects. It was therefore of interest to investigate their 

thermal stability. To this end, we subjected 5 key samples 



 

(NoMod, 36Ac, 36Form, 36Dif, and 36Trif) to 12 hours of 

heat treatment (in air) at 300, 350, 400, and 450 °C before 

measuring their PXRD patterns. The results are presented in 

Figure S51 in the SI. 

Surprisingly, all 5 samples completely retained their 

crystallinity after treatment at 350 °C, including the incredibly 

defective 36Trif. However, the samples differed in their ability 

to handle treatment at 400 °C; the most defective samples 

(36Dif and 36Trif) completely collapsed while the stability of 

the remaining materials systematically increased with decreas-

ing defectivity (NoMod > 36Ac > 36Form). Missing cluster 

defects therefore do appear to negatively affect the stability of 

the material. However, the range of thermal stabilities of the 

samples herein is far narrower than those in our previous 

study, many of which partially collapsed after treatment at just 

250 °C.
58

 The poor stability of said samples was attributed to 

the presence of missing cluster defects. Given that missing 

clusters are also the predominant defect in the samples herein, 

it is somewhat surprising that there is such a discrepancy be-

tween the thermal stabilities of the two sets of samples. Never-

theless, we can think of two possible reasons for this:  

 

1) The samples in the previous study contain larger domains of 

missing cluster defects. This is evidenced by the breadth of 

the forbidden reflections,
50

 which were much narrower (and 

clearly resolved from one another) in the PXRD patterns ob-

tained in our previous work.
71

 It is reasonable to suggest that 

larger domains of missing cluster defects would be detri-

mental to the stability of the UiO-66 framework. 

 

2) The identity of the defect compensating ligands. Chloride 

was thought to fulfil this role in the previous study,
37

 while 

monocarboxylates are the defect terminating ligands herein. 

Compensation with monocarboxylates allows the clusters to 

retain the familiar Zr6O4(OH)4(CO2)12 arrangement, which 

we imagine to be a more robust chemical environment than 

clusters partially terminated with Cl
-
 ligands. 

 

 

 

DISCUSSION OF OVERALL FINDINGS 

Combining all results presented herein, the foremost conclu-

sions of this study are: 

 

1) Missing cluster defects are the predominant defect in UiO-

66 samples synthesized in the presence of monocarboxylic 

acid modulators under the most typical conditions. 

 

2) The defects are compensated by a combination of deproto-

nated modulator molecules and formate (originating from 

the in situ decomposition of DMF during the MOF synthe-

sis). 

 

3) The concentration of missing cluster defects in the UiO-66 

framework systematically increases as increasing amounts 

of modulator are added to the synthesis mixture. 

 

4) The concentration of missing cluster defects in the UiO-66 

framework systematically increases as the acidity of the 

modulator is increased. 

 

In order to understand the origin of these conclusions, one 

needs to understand the chemistry occurring in the MOF syn-

thesis solution. To this end, we hypothesize that the modulator 

and linker compete with one another for carboxylate (CO2
-
) 

sites in the Zr6(OH)4O4(CO2)12 clusters. The acids must be 

deprotonated before they can coordinate in this manner. To 

form a missing cluster defect, the deprotonated modulator 

needs to bind to at least 1 of the 12 sites on 12 different clus-

ters, each in close proximity to one another. The geometry of 

these 12 clusters must be correlated such that the 12 

monocarboxylates point towards the cavity where a cluster 

would ordinarily be found. This interpretation accounts for the 

first 2 conclusions above. Furthermore, it is easy to see how 

conclusion 3 would follow: higher concentration of modulator 

= more modulator ligands for the linker to compete with = in-

creased probability of modulator remaining bound to the clus-

ter in the product = more missing cluster defects. 

Before proceeding with our discussion of the 4
th
 conclusion, 

it is important to declare that the literature pKa values present-

ed herein were measured in aqueous conditions, and under 

normal circumstances one should be wary of discussing such 

values in the context of MOF syntheses in DMF solutions. 

Nevertheless, the observed trends with modulator acidity are 

unequivocal and it is difficult to imagine that they could ap-

pear by mere coincidence.  

With this in mind, our working explanation for the 4
th
 con-

clusion stems from the fact that the modulator must be depro-

tonated in order to coordinate to the clusters. We then apply 

the following logic: more acidic modulator = higher concen-

tration of deprotonated modulator in solution = more 

monocarboxylate ligands for the linker to compete with = in-

creased probability of modulator remaining bound to cluster in 

product = more missing cluster defects. An alternative expla-

nation can be reached if one assumes that the strength of a 

Zr
4+

-
-
O2C bond systematically increases as the pKa of the car-

boxylate (in its acidic form) decreases. Indeed, Bennett and 

co-workers have previously claimed that the bond between 

trifluoroacetate and the Zr6 cluster is particularly strong, and 

attributed this to the high acidity of trifluoroacetic acid.
54

 

However, this contradicts the generally accepted idea that the 

strength of a metal-ligand bond increases as the basicity of the 

ligand increases.
84, 85

 If we instead assume that our working 

hypothesis is true, it is interesting to imagine the dynamics of 

the competition between the modulator and linker and specu-

late on their effects in a case by case manner: 

 

 The pKa’s of difluoroacetic (1.24) and trifluoroacetic acid 

(0.23) are much lower than those of H2BDC (pKa1 = 3.51, 

pKa2 = 4.82). Thus, when difluoroacetic or trifluoroacetic 

acid is used as a modulator, the synthesis solution is ex-

pected to contain many more deprotonated modulator mole-

cules than deprotonated linker molecules. The modulator 

would therefore dominate the competition for carboxylate 

sites on the Zr6(OH)4O4(CO2)12 clusters, resulting in sam-

ples with a very high concentration of missing cluster de-

fects. 

 

 The pKa of formic acid (3.77) is similar to the first pKa of 

the H2BDC linker (3.51). The competition between formate 

and the singly deprotonated linker (HBDC
-
) is thus expected 

to be fairly close. We speculate that such close competition 

allows formic acid to behave more like a modulator in the 

traditional sense,
43, 86, 87

 where ligand (carboxylate) ex-

change reactions between formate and HBDC
-
 are favored, 

inhibiting crystal nucleation and promoting growth. This is 



 

consistent with the formation of relatively large octahedral 

crystals when formic acid is used as a modulator (SEM im-

ages are presented in Figure S52, see the SI). However, 

formic acid is considerably more acidic than the singly 

deprotonated linker (HBDC
-
, pKa = 4.82). The synthesis so-

lution is therefore expected to contain many more deproto-

nated modulator molecules (formate) than doubly deproto-

nated linker molecules (BDC
2-

). As a result, formate would 

still “win” many of the carboxylate sites on the 

Zr6(OH)4O4(CO2)12 clusters, resulting in the observation of 

a moderate amount of missing cluster defects when formic 

acid is used as a modulator. 

 

 The pKa of acetic acid (4.76) is very similar to the second 

pKa of the H2BDC linker (4.82). The competition between 

acetate and the doubly deprotonated linker (BDC
2-

) is there-

fore expected to be very close. Following the same logic as 

in the previous bullet point, this close competition inhibits 

crystal nucleation and promotes growth, resulting in the 

formation of large octahedral crystals when acetic acid is 

used as a modulator (SEM images are presented in Figure 

S52 in the SI). Furthermore, the meagre acidity of acetic ac-

id ensures that the concentration of acetate in the synthesis 

solution would be rather low. Thus, only a small amount of 

acetate is expected to become incorporated into the material, 

resulting in the observation of a low concentration of miss-

ing cluster defects when acetic acid is used as a modulator. 

 

 

POTENTIAL FOR SCOPE 

The discussion outlined in the previous section shows that our 

results can be fully explained if we assume that our hypothesis 

based on the competition between the modulator and linker is 

true. This paper concerns only UiO-66, but we believe that our 

hypothesis may be applicable to “Zr6 MOFs” in general. If so, 

this work could greatly aid MOF chemists to make informed 

choices when selecting a modulator for their syntheses. For 

example, a general strategy for the synthesis of large crystals 

of relatively low defectivity could be to make the competition 

between the modulator and the linker as close as possible. Ac-

cording to our hypothesis, this can be achieved by using a 

monocarboxylic acid modulator whose pKa is similar to that of 

the second linker deprotonation (the equivalent of using acetic 

acid in the synthesis of UiO-66). If one instead wishes to pur-

posely synthesize a highly defective (and thus, more porous) 

material, then it is best to select a modulator which dominates 

its competition with the linker. According to our hypothesis, 

this can be achieved by using a monocarboxylic acid modula-

tor whose Pka is much lower than those of the linker. This may 

be difficult to achieve if the linker is highly acidic, but in most 

cases trifluoroacetic acid (the most acidic carboxylic acid in 

common use) would be an excellent choice of modulator. 

When further considering the scope of this work, we feel it 

is important to declare that our hypothesis surely has its limits. 

All of the modulators investigated herein are liquids with 

complete miscibility in DMF, meaning that solubility effects 

could be completely disregarded. This allowed us to confi-

dently study the influence of modulator acidity in isolation. 

However, it is reasonable to suggest that solubility and/or ste-

ric effects will likely have a significant impact on the defect 

chemistry of UiO-66 samples synthesized in the presence of 

solid modulators e.g. benzoic acid. Such samples may not fit 

into the strikingly systematic acidity trends observed herein. 

 

 

CONCLUSION 

We have performed a deep investigation into the defect chem-

istry of UiO-66 samples synthesized in the presence of mono-

carboxylic acid modulators under the most typical conditions 

(ZrCl4 as Zr
4+

 source, BDC : Zr ratio = 1 : 1, DMF as solvent, 

crystallization temperature = 120 °C). The concentration and 

acidity (pKa) of the modulator was systematically varied in a 

total of 15 UiO-66 syntheses. 

Qualitative and quantitative analysis of our multi-technique 

characterization data revealed that the defectivity of UiO-66 

can be systematically tuned to a remarkable extent, resulting in 

a series of samples with a wide range of porosities and compo-

sitions. Specifically, the defectivity of the material was found 

to systematically and dramatically increase as the concentra-

tion and/or acidity of the modulator was increased. Our disso-

lution/NMR results showed that the defect compensating lig-

ands are a combination of deprotonated modulator molecules 

and formate (originating from the in situ decomposition of 

DMF during the MOF synthesis). 

Four quantitative “defectivity descriptors” were derived 

from PXRD, nitrogen adsorption, dissolution/NMR, and TGA 

data. Analysis of the correlations between these descriptors 

afforded the conclusion that missing clusters are the predomi-

nant defect in the samples. This conclusion was strongly sup-

ported by simulated nitrogen adsorption isotherms.  

To account for these observations, we speculated on the 

chemistry occurring in the UiO-66 synthesis solution, and 

formulated a simple hypothesis based on the competition be-

tween the linker and modulator (see section headed “Discus-

sion of overall findings”). We believe that our hypothesis 

could be applicable to the synthesis of “Zr6 MOFs” in general; 

allowing MOF chemists to make an informed decision when 

deliberating which modulator to use in their syntheses (see 

section headed “Potential for scope” for more on this). 
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