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ABSTRACT: The successful synthesis of metal-organic framework (MOF) compounds relies on an intricate interplay between the 

components of the synthesis liquor at the given synthesis conditions. Herein, we explore the interdependence of modulator, linker 

and solvent amounts in the synthesis of the Zr-based MOF, UiO-67. Our study suggests that control of linker vacancy defects in UiO-

67 is feasible by tuning the ratios of these components, and that such control derives from recognizing the kinetic driving forces 

during MOF crystal growth. Importantly, we show that linker vacancy defects (and modulator molecules occupying linker sites) can 

be reduced by limiting the solvent amount to maintain a saturated concentration of linker throughout the synthesis. The method 

enables formation of UiO-67 with an ideal 1:1 ratio between Zr and the 4,4’-biphenyldicarboxylic acid linker, without surplus linker 

in the mother liquor nor additional post-synthetic steps, and reduces the amount of dimethyl formamide (DMF) solvent to less than 

20 % of previously reported procedures.  

Metal-organic frameworks (MOFs) are emerging as a potent 

class of materials as heterogeneous catalysts, adsorbents and 

sensors due to their structural diversity, tunable porosity and 

potential to include a wide range of active sites.1 Importantly, 

such active sites can be incorporated into the structures of 

MOFs in well-controlled and verifiable ways.  

The UiO family of Zr-MOFs, where Zr6(OH)4O4
12+ clusters 

are 12-connected by organic dicarboxylate linkers to form a 

MOF framework with fcc structure, are known for their excep-

tional stability and high tolerance for structural defects.2 This 

topic has been investigated extensively for the parent UiO-66 

material, with terephthalate linkers.3-5 The types and concentra-

tion of defects available in UiO-66 are well understood, and 

methods of synthesis and post-synthetic modifications exist to 

obtain UiO-66 with desired material properties (e.g. lewis acid-

ity, stability, porosity).6-9 

Among the prime MOF candidates as heterogeneous cata-

lysts is the isoreticular UiO-67, with 4,4’-biphenyl dicarbox-

ylate (bpdc) linkers.10 UiO-67 is highly thermally and chemi-

cally stable, and may incorporate a wide range of catalytically 

active ligands as part of its structure.11-13 The relationship be-

tween synthesis parameters and MOF properties has not been 

investigated to the same degree for UiO-67 as for UiO-66, and 

reported methods show poor reproducibility in terms of the po-

rosity and stability of the product MOF.14-16 The stoichiometry 

of the non-defective (ideal) UiO-67 MOF dictates a 1:1 molar 

ratio between Zr and the linker. However, the typical linker oc-

cupancy coefficient is observed to be less than 1 (determined by 

thermogravimetry) in our previously reported works.12, 17 The 

predominant type of UiO-67 defects that is reported in literature 

is linker vacancies (often referred to as “missing linker” de-

fects).18 Vacant sites may be occupied by monocarboxylates 

(introduced as additives or by solvent hydrolysis, see below), 

inorganic anions (from the Zr precursor) or water/hydroxide 

pairs (from water).5, 19   

In the synthesis of UiO-67 (and other Zr-based MOFs), mon-

ocarboxylic acids are commonly added as structure directing 

“modulators”.20-22 Since they occupy the same sites as the link-

ers, it is natural to assume that an increase in modulator concen-

tration will correlate with its incorporation in the MOF, hereby 

reducing linker incorporation. A common strategy to overcome 

linker vacancy defects is to add a stoichiometric excess of linker 

in the synthesis, shifting the driving force of the reaction to-

wards a product with higher linker content.4 Although this strat-

egy is effective, it automatically admits a loss of the most ex-

pensive reagent. Another effective strategy is to perform post-

synthetic linker installation in the defect MOF,18 but it adds la-

bor and waste. 

The aim of the current contribution is to understand and con-

trol synthesis-property correlations of UiO-67 to the same level 

of detail as of UiO-66, and to enable more sustainable, repro-

ducible synthesis of UiO-67 MOFs with targeted Zr:linker ra-

tios – a prerequisite for their subsequent industrial use.  

Conventional UiO-67 synthesis is carried out by solvother-

mal reaction of ZrCl4:H2bpdc:DMF in a molar ratio of 1:1:300-

500 and crystallizing at 120 °C. Under these conditions, the re-

agents dissolve completely, and upon MOF formation, the con-

centration of reagents in solution, drops. The linker can exist in 

its solid form, dissolved in the mother liquor or as part of the 

MOF structure (Eq. 1): 

H2bpdc(s) ↔ H2bpdc(sol) ↔ H+
(sol)+Hbpdc-

(sol) ↔ 

2H+
(sol)+bpdc2-

(sol) ↔ 2H+
(sol)+bpdc2-

(s, MOF)  (1) 

Addition of a modulator is required to form well-defined 

crystals of UiO-67. Behrens and co-workers reported poor UiO-

67 crystallinity below 5 eq of benzoic acid with respect to Zr 



 

content in DMF.22 Due to the common ion effect (in this case 

H+), modulator addition further decreases the already limited 

solubility of the H2bpdc linker (Figure 1). Solvent hydrolysis 

represents a further complication; like the modulator, it adds to 

the H+ content of solution, and the deprotonated formic acid 

competes with the linker for interaction with Zr4+ sites (Figure 

1).  

 

Figure 1. Reversible interactions (simplified) occurring during the 

formation of UiO-67. 

Throughout MOF synthesis, the deprotonated analogues of 

linker, modulator and hydrolysed solvent participate in reversi-

ble interactions with the growing MOF crystallites, and there-

fore their concentration and affinity for the Zrx sites control the 

rate of nucleation, the rate of growth, and the fraction of defects 

in the final material (Figure 1). While modulator and solvent are 

present in excess, implying that their concentration changes lit-

tle during MOF crystal growth, the linker is optimally present 

in stoichiometric ratio to Zr. Hence, its concentration will de-

crease with MOF crystal growth, thereby increasing the proba-

bility of modulator- or decomposed linker-covered defect for-

mation with time. Ultimately, the linker concentration becomes 

too low to compete with modulator and hydrolysed solvent for 

the Zrx sites, and crystal growth stops. This is addressed in time-

resolved experiments performed by extracting the samples on 

intervals from the formation of UiO-67 and obtaining their com-

position with 1H-NMR (See section S17). A guiding hypothesis 

of this contribution is that maintenance of a stable linker con-

centration in the mother liquor until the Zr source is consumed 

is key to the formation of defect-free UiO-67, and may be 

achieved by tuning the initial Zr:linker:modulator:solvent ra-

tios.  

In the first part of this study, high-throughput screening syn-

thesis was performed in order to define proper starting condi-

tions for the subsequent, detailed investigations (Supporting In-

formation, Sections S4). The screening studies led to the selec-

tion of H2O over aqueous HCl, benzoic acid over acetic acid, a 

reaction temperature of 130 C, and ZrCl4:H2bpdc:H2O:DMF 

ratios of 1:1:3:50 (concentrated synthesis) or 1:1:3:300 (dilute 

synthesis) as starting conditions. As shown, concentrated syn-

thesis enabled formation of defect-free UiO-67, whereas UiO-

67 with linker vacancies was formed under dilute synthesis con-

ditions. 

It has recently been demonstrated that the amount of water 

also plays a major role in the synthesis of UiO-type MOFs. Beh-

rens and coworkers observed that the rate of reaction is strongly 

correlated with increasing water content in the DMF-based 

modulated synthesis of UiO-66-fumarate23. Furthermore, Grey 

et al show that different phases can be obtained for the Hf ana-

logue of UiO-67 by changing the concentration of water.24 Even 

though we have kept the amount of water to be constant (3 eq) 

in all the experiments, it’s worth mentioning that the amount of 

water can still vary in the reactions. DMF is a highly hygro-

scopic solvent, and thus the amount of water will vary slightly 

for dilute and concentrated syntheses. By Karl Fischer titration 

we have determined the average water content of the DMF used 

here is 0.06 wt%, which translates to 0.7 eq and 0.1 eq addi-

tional water in dilute synthesis and concentrated synthesis, re-

spectively. As we did not observe different phases in the re-

ported data, we consistently added 3 eq of water throughout the 

study, keeping in mind that the rate of the dilute reaction may 

be affected slightly more than the concentrated synthesis. 

The core results of the study were obtained by two synthesis 

series in which the Zr:modulator ratio was systematically var-

ied. These series of UiO-67 MOFs are labelled C-xBA and D-

xBA, signifying “concentrated” and “dilute”, respectively in 

which ZrCl4:H2bpdc:H2O:DMF ratios of 1:1:3:50 and 1:1:3:300 

were used. Under dilute synthesis conditions, a clear solution is 

obtained at the start of the synthesis. Under concentrated syn-

thesis conditions, however, ZrCl4 and the modulator are fully 

soluble, while the linker is not. All reactions were stirred, as the 

concentrated synthesis protocol required it to dissolve linker as 

the reaction proceeded. In the respective concentrations, up to 

18 molar equivalents of modulator (BA) with respect to rea-

gents were used, and each material is labelled with this number. 

Thus, sample C-3BA refers to UiO-67 made in a concentrated 

synthesis with 3 molar equivalents of BA, the ratios of 

ZrCl4:H2bpdc:BA:H2O:DMF being 1:1:3:3:50 (see Table 1). 

Detailed synthesis conditions are described in SI, Section S5. 

Characterization data are shown in Figures 2-4, and in Figure 

S6. 

Table 1. Summary of the main samples of this study, and 

their labels. 

Zr:DMF 

ratio 
Molar equivalents of BA in the synthesis 

 
0 3 6 9 12 15 18 

1:50 C-0BA C-3BA C-6BA C-9BA C-12BA C-15BA C-18BA 

1:300 D-0BA D-3BA D-6BA D-9BA D-12BA D-15BA D-18BA 

 

Considering first the conventional, dilute synthesis (D-xBA 

series), Powder X-ray diffraction (PXRD) revealed that an in-

crease in benzoic acid concentration (x= 0 eq to 18 eq) leads to 

sharper and narrower diffraction peaks, indicating larger parti-

cle size and/or more ordered crystal structure (Figure 2a). This 

observation is in agreement with the findings of Behrens and 

coworkers.22 The average crystal size of the materials was esti-

mated using peak fitting in TOPAS (Figure S6),25 and suggested 

increasing crystallite size for D-0BA to D-9BA and slightly de-

creasing size for higher BA contents. SEM micrographs con-

firmed the trend of increasing particle size with increasing 

amount of modulator (Figure 4). Furthermore, they revealed 

that samples D-0BA, D-3BA and D-6BA also contains an uniden-

tified phase of small particles (Figure 4).  

Turning next to the concentrated synthesis series (C-xBA), 

PXRD showed that pure UiO-67 is formed only in experiments 

C-3BA, C-6BA and C-9BA (Figure 2b). C-0BA contains UiO-67 as 

well as an unidentified crystalline phase indicated by the pres-

ence of extra peaks (for example at 2= 12.7°, 13.7°, and 14.3°). 



 

In C-12BA and C-15BA, mainly linker with smaller amounts of 

UiO-67 is observed by XRD, presumably because the high con-

centration of benzoic acid lowers the solubility of H2bpdc due 

to the common ion effect (H+). Peak fitting in TOPAS indicated 

that the UiO-67 crystal size of the C-xBA series increases slowly 

up to x= 9 and then rapidly decreases (Figure S6). SEM micro-

graphs (Figure 4) depict well-defined homogeneous octahedral 

shaped crystals with particle size around 1.5 µm for C-3BA. As 

the amount of benzoic acid increases to 6 eq and 9 eq in C-xBA, 

irregular particles with new facets (particularly [1 0 0] in addi-

tion to [1 1 1]) are observed, as well as an increase in particle 

intergrowth and particle size dispersion (Figure 4 and Figure 

S13). Particle sizes for C-0BA, C-12BA and C-15BA were not pos-

sible to determine. In spite of the well-crystalline UiO-67 phase 

indicated by XRD for C-0BA, SEM did not reveal any particles 

with well-defined crystal morphology. C-12BA and C-15BA con-

sist of irregular agglomerates without clear morphology, in line 

with XRD results. 

 

Figure 2. PXRD patterns of a) D-xBA (Zr:DMF ratio 1:300) and b) 

C-xBA (Zr:DMF ratio 1:50) series depicting the possibility to syn-

thesize UiO-67 in the presence of various concentration of benzoic 

acid, x (x= 0 to 18 eq). 

The porosity of the C-xBA and D-xBA series was determined 

by nitrogen adsorption at 77 K (isotherms are shown in Figure 

S12). Figure 3 b) shows the BET surface areas of the C-xBA and 

D-xBA series, calculated from the nitrogen isotherms using es-

tablished consistency criteria.26 The highest porosity is found 

for C-3BA, with a slight decrease as the amount of BA is in-

creased. The BET surface area of C-3BA (2734 m2 g-1) is close 

to the computationally estimated UiO-67 surface area of 2700 

m2 g-1.4 In the case of the D-xBA series, the porosity increases 

abruptly with the amount of BA up till D-6BA, followed by a 

minor increase with further increase of BA. 

In full agreement with the high specific surface areas, ATR 

analysis made on the pristine materials confirmed the presence 

of only a small amount of unreacted benzoic acid or dimethyl-

formamide (broad, complex and very weak components around 

1700−1730 cm−1, assigned to the peculiar (C=O) mode, shown 

in Figure S14). The same analyses suggest that the syntheses 

performed in absence of modulators (C-0BA and D-0BA) make 

materials with some impurities (please see the ATR spectra that 

are characterized by some extra peaks (Figure S14)).  

DRIFT analysis was further performed after samples activa-

tion in helium at 300 C, followed by cooling to 70 °C. The 

samples were monitored by DRIFT before and after CD3CN 

dosing. The results, illustrated in Figures S15 and S16 show that 

all the residual traces of unreacted modulator or DMF have been 

removed (absence of any band around 1700-1730 cm-1) and that 

all the samples are characterized by fully hydroxylated clusters 

(intense band at 3676 cm-1). Upon interaction with CD3CN, the 

bands associated to the OH groups were eroded and shifted to 

lower frequencies. As counterpart, in the (CN) region (see the 

insets of Figures S15 and S16) new components around 2276 

cm-1, are observed, while the absence of relevant bands around 

2300 cm-1, exclude the abundance of accessible Lewis sites (e.g. 

uncoordinated Zr sites). 

Thermogravimetric analysis (TGA, 30 - 800 °C) was per-

formed to determine the total organic content of the synthesized 

materials. At 800 °C, in an oxidizing atmosphere we assume 

that only ZrO2 remains, and thus the TGA curves were normal-

ized to this value (100 %). Two main weight losses are observed 

in the samples (Figure S7); near 200 °C, corresponding to the 

removal of physisorbed solvent and modulator, and near 490 °C 

with the combustion of the organic components of the material. 

The weight of the samples before dehydroxylation of the 

Zr6O4(OH)4
12+ cluster (at 200 °C) and before linker combustion 

(at 400 °C) were compared with the expected weight of the hy-

droxylated (287 %) and dehydroxylated (282 %) UiO-67, re-

spectively, as calculated from the ideal structure (Section 10.1 

in SI).  

At 400 °C, sample C-3BA shows close to ideal relative mass 

of 282 %, whereas C-0BA, C-6BA and C-9BA show 284 %, 283 

% and 286 %, respectively (Figure S7a, S7b and S8). The cor-

responding figures of the D-xBA samples were all in the range 

of 233 - 274 %, indicating a lower relative content of linker 

(Figure S7c and S9). The method relies on the assumption that 

the modulator content is negligible at 400 °C. In case this as-

sumption is incorrect (thus overestimating the linker content), 

the method was further developed to determine the identity of 

the organic components. 

NMR spectroscopy of dissolved MOF samples was com-

bined with the TGA-determined sample weights at 200 °C to 

estimate the total organic content in the samples. The main or-

ganic constituents in UiO-67 are bpdc2-, benzoate and formate 

(formic acid (FA); an in situ product of the hydrolysis of 

DMF).15 By treatment with NaOD (after heating the samples to 

200 °C to remove the solvent), the carboxylates go into solution, 

and Zr precipitates as a mixed oxide/hydroxide. The composi-

tion of the liquid phase is then determined by 1H-NMR spec-

troscopy (see section 10.2 in SI for full details), and the molar 

ratios of the carboxylates are finally scaled to fit the relative 



 

mass of organics determined by TGA. The results from using 

both methods are shown in Figure 3a. 

In the C-xBA series, a near ideal bpdc2- to Zr ratio is observed 

in all samples (x = 0 to 9). A small increase of the benzoate 

content is observed when its concentration in the synthesis liq-

uor is increased, yielding a total molar organic content that sur-

passes the Zr content. DRIFT studies suggest the absence of 

physisorbed modulator (see Figure S15-S16). Hence, the differ-

ence probably arises from cluster vacancy defects, causing a Zr 

deficit, or termination of the outer surface of the MOF by or-

ganic carboxylate groups. The amount of benzoate present in 

C-9BA is small; only 6 % with respect to the amount of linker, 

compared to a 9:1 ratio between benzoate and linker in the syn-

thesis liquor. Each linker vacancy defect can accommodate two 

monocarboxylates since each molecule occupies only one coor-

dination site. Thus, the organic “surplus” in the C-xBA samples 

is 2-6 %. Importantly, the yield of concentrated synthesis, based 

on initial Zr content, was typically 86-92 % (Section S13).

 

Figure 3. (a) Composition of the organic constituents in each sample (broad columns), determined by 1H-NMR and scaled to the organic:Zr 

ratio found by TGA (at 200 °C), and the bpdc2-:Zr ratio found by TGA (at 400 °C) only (thin columns) in the C-xBA and D-xBA series. The 

ratio in an ideal UiO-67 is 1. (b) BET Surface area of C- xBA and D-xBA samples from N2 adsorption isotherms at 77 K.

Strikingly, the D-xBA series has a much lower bpdc2- content, 

with high contents of benzoate (15-20 % with respect to bpdc2-

) and formate (as high as 10 % with respect to bpdc2-) through-

out the series. In the highly crystalline D-xBA (x = 6 to 15) sam-

ples with high BET area the benzoate to linker ratio is rather 

high and constant, while for low modulator x = 0 and 3, other 

constituents such as formic acid, Cl- and OH- seems to compete 

favorably with both benzoate and bpdc2- for the Zr sites. 

While there is good agreement between the two methods of 

determining the linker:Zr ratio in the C-xBA samples, there is a 

consistent disagreement concerning the D-xBA samples. These 

samples contain a lot of benzoate coordinated to Zr sites, and 

our results suggest that it cannot be readily assumed that all of 

this benzoate is removed once the sample is heated to 400 °C. 

Overall, the amount of linker vacancy defects per Zr cluster is 

always <1/12 for the C-xBA series while it varies from 2-5/12 

for the D-xBA series (Figure 3a).  

To assess the thermal stability of the optimal material, C-3BA, 

in more detail, the sample was subject to static temperature 

treatment in air in the TGA instrument for 24 h, followed by 

XRD analysis (Section S15). The XRD results are presented in 

Figure S17a, while TGA curves are presented in Figure S18. 

Together, the measurements reveal that the sample is stable at 

350C, but slowly decomposes at temperatures above 350 °C. 

In order to verify the hypothesis that linker concentration in 

the synthesis liquor is kept constant by the presence of its cor-

responding solid throughout MOF crystal formation, we per-

formed a synthesis using the C-3BA protocol, sampling the sus-

pension 25 times during the first 12 hours of the synthesis (sec-

tion S16). The solid fraction of each sample was isolated by fil-

tration and PXRD patterns were acquired. We observed a grad-

ual decrease in the diffraction pattern of H2bpdc(s), until it dis-

appeared after around 11 hours. It can be assumed that the so-

lution is saturated by H2bpdc in this period, due to the continu-

ous agitation of the mixture. Simultaneously, the most intense 

diffraction peaks from UiO-67 ((1 1 1) and (2 0 0)) appeared as 

well-resolved peaks already after 45 minutes of reaction, and 

the reaction was mainly complete after 12 hrs. In a parallel ex-

periment following the D-9BA protocol, it was observed that 

benzoate concentration of the product increased along with the 

yield as the reaction progressed, indicating that linker incorpo-

ration in the MOF follows the waning concentration of linker in 

the mother liquor. Full details can be found in section 17 in SI. 

The most commonly used variant of UiO-67 in heterogene-

ous catalysis is the one in which a fraction of the H2bpdc linker 

is replaced by 2,2’-bipyridine-4,4’-dicarboxylic acid 

(H2bpydc). In a final synthesis effort, the concentrated synthesis 

protocol was applied to UiO-67 with 10 % bpydc.  



 

 

 

Figure 4. Representative SEM micrographs for the C-xBA (where x = 0, 3, 6, 9 and 15) and D-xBA (x = 0, 3, 6, 9 and 18) samples, 

highlighting the effect of the concentrated and diluted synthesis procedure on the MOF particles.

The resulting material was characterized by XRD, TGA, 

NMR, BET and SEM, and revealed a highly crystalline, pure 

UiO-67-bpy0.1 material with a 1:1 Zr:linker ratio and a 

bpdc:bpydc ratio of 0.9:0.1 (Section S18), thereby confirming 

the applicability of the concentrated synthesis protocol to func-

tionalized UiO-67. 

In conclusion, this study demonstrates that the amount of 

linker vacancy defects in UiO-67 can be controlled by tuning 

the ratios of reagents, modulator and solvent. Conventional ap-

proaches to UiO-67 synthesis yield materials with high concen-

tration of linker vacancy defects, which may be desirable for 

catalytic purposes or as starting material for post-synthetic 

linker insertion. Near defect-free UiO-67 (i.e. negligible 

amount of missing linker defects, low amount of residual spe-

cies, highly porous and well-defined particle morphology) can 

be produced by using a minimal amount of DMF, in combina-

tion with an optimal linker-to-modulator ratio, due to thorough 

balancing of the multiple reversible interactions taking place 

between the components of the synthesis liquor during UiO-67 

formation. An added benefit of the concentrated solution 

method is the lowering of toxic waste to a fraction of previously 

reported methods. 
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Conventional synthesis methods of Zr-MOFs often result in MOFs with high concentrations of linker 

vacancy defects. In UiO-67, the degree of defectivity can be controlled by adjusting the ratios of rea-

gents, modulator and solvent in the synthesis. 

 

 


