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The UiO-66(Zr) is one of the metal-organic frameworks 

(MOFs) with the highest thermal and chemical stability. 

Water and dimethyl formamide (DMF) play an important 

role in the crystallization of this MOF. Here we investigate 10 

using 1H and 13C NMR the adsorption of water and DMF in 

UiO-66(Zr) and notably the hydrogen bonds between these 

guest molecules and Zr−OH terminal groups of the metal 

clusters. We also report the selective deuteration of Zr−OH 

and aromatic hydrogen atoms of UiO-66(Zr). 15 

The zirconium-based terephthalate UiO-66(Zr) 

(Zr6O4(OH)4(bdc)6, with bdc = 1,4-benzenedicarboxylate) is one 

of the most employed metal-organic frameworks (MOFs)1, 

because of its high surface area (1187 m2.g−1) as well as its 

outstanding thermal and chemical stability compared to most of 20 

known MOFs2. In particular, this MOF remains stable when 

heated up to 450 °C or when exposed to high humidity conditions 

during several days.3 This stability has been attributed to the 

strength of the carboxylate-Zr bond and to the high connectivity 

of the metal clusters, Zr6O4(OH)4(CO2)12, which are coordinated 25 

by twelve benzenedicarboxylate ligands in the ideal structure (see 

Fig. 1).  

This high connectivity can imply the formation of a high 

concentration of defects, including missing ligands and/or 

missing clusters, without the collapse of the structure4-6. This 30 

particularity improves certain desirable properties, like higher 

surface area, better adsorption and catalytic activity.7, 8 Therefore, 

these defects have a key influence on the performances of UiO-

66(Zr), and their localization is still highly debated in the 

literature6, 9-12. In particular, when a ligand is missing, it creates 35 

coordination vacancies on two adjacent Zr4+ ions, and several 

chemical species, (N,N-dimethylformamide (DMF) solvent, 

residual water, hydroxide groups and monocarboxylate 

modulators, such as formate anions) can compete to coordinate 

these vacancies and ensure electroneutrality. Despite several 40 

studies using vibrational spectroscopies, single-crystal X-ray 

diffraction, elemental analysis and first-principle calculations, the 

nature of these compensating species remains an unsettled 

question6. Furthermore, it has been shown that DMF and water 

play an important role in the crystallization of UiO-66(Zr).6, 13, 14 45 

Nevertheless, the crystallization mechanisms and notably the 

formation of the secondary building unit from the Zr precursor 

are not fully understood at atomic level. As a local 

characterization technique endowed with atomic resolution, solid-

state NMR spectroscopy represents a powerful technique to probe 50 

the atomic-level structure and dynamics of defects in UiO-

66(Zr)15, the functionalization of the ligands16, 17, the acidity of 

these MOFs18, and the adsorption of guest molecules, such as 

caffeine19 and light alkanes20-22 in these MOFs. 

 55 

 
Fig. 1. (a) Crystalline structure of the UiO-66(Zr) MOF along with (b) the 

structure of the bdc ligand. Color of the atoms: carbon in black, zirconium 

in blue, and oxygen in red. For sake of clarity, the hydrogen are not 

represented. 60 

In this work, we investigate the interactions of water and 

DMF with UiO-66(Zr) using 1H and 13C solid-state NMR 

spectroscopy. We notably examine the effect of drying on the 1H 

solid-state NMR spectra. We also demonstrate that UiO-66(Zr) 

can be selectively deuterated using either deuterated terephthalic 65 

acid or deuterated water as a source of deuterium.  

  
Fig. 2. 1H DEPTH MAS NMR spectra of UiO-66(Zr) of samples (a) 

1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 recorded at room temperature and 
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B0 = 9.4 T (except for spectrum 2 recorded at 18.8 T) and MAS 

frequency νr = 12.5 kHz (except for spectra 2 and 4 recorded at νr = 

20 kHz). Additional experimental details are given in the ESI and in 

Table 1. Dotted lines are guides for the eye. 

Table 1: Summary of the samples’ syntheses and treatment procedures. 5 

Sample Synthesis Post-treatment 

1 
Published procedure 2 

N/A 

2 Drying at 100 °C during 16 h 

3 Same procedure but using 

[2,3,5,6-2H4, 17O4]-terephtalic 

acid as precursor 

N/A 

4 Drying at 100 °C during 16 h 

5 

Published procedure2 

Adsorption of 2H2O at 50 °C 

during 48 h 

6 Adsorption of 2H2O at 50 °C 

during 48 h + heating at 100 °C 

during 16 h 

 

The UiO-66(Zr) MOF was synthesized according to the 

procedure reported by Cavka et al2 from zirconium(IV) chloride 

and commercial isotopically unmodified terephtalic acid 

dissolved in DMF (see section S1 of the Supporting Information). 10 

The obtained MOF was then washed with DMF and then ethanol. 

This procedure aims at removing guest molecules, such as 

unreacted terephtalic acid and DMF from the pores. The obtained 

sample denoted 1 (see Table 1) has a X-ray diffraction pattern 

similar to that calculated from the crystal structure of UiO-15 

66(Zr)2 (see Fig. S9), which confirms the synthesis of the desired 

MOF. This sample was packed in an NMR rotor in argon 

glovebox. Fig. 2a shows one-dimensional (1D) 1H NMR 

spectrum under magic-angle spinning (MAS) of sample 1 

acquired using DEPTH sequence to remove the broad 20 

background 1H signal23. This spectrum exhibits a signal near 7.9 

ppm assigned to aromatic protons, which agrees with the 

isotropic chemical shift δiso = 8.1 ppm calculated for these 

protons in previous work by density functional theory (DFT) 17 

using periodic boundary conditions, CASTEP software24, 25, 25 

projector augmented waves (PAW26) and gauge included 

projector augmented waves (GIPAW27) algorithms. The peak at 

2.1 ppm is assigned to the methyl protons of DMF, whereas the 

signal at 6.8 ppm subsumes the contribution of CO(H) group of 

DMF and carboxylic protons of free terephtalic acid (Table 2)28 30 

since its integrated intensity is higher than one sixth of that of the 

signal at 2.1 ppm. Note that these isotropic chemical shifts are 

significantly lower than those of DMF in CDCl3. This shielding 

stems from local magnetic fields by currents in the bdc aromatic 

rings29. The presence of DMF in sample 1 is confirmed by the 35 

observation of a resonance at 1660 cm−1 corresponding to the 

stretch of C=O bond of DMF in the Fourier-transformed infrared 

(FT-IR) spectrum shown in Fig. S3. Moreover, one can detect the 

signals of the DMF in sample 1 besides those of bdc ligand, in the 
1H→13C cross-polarization under MAS (CPMAS) spectrum of 40 

Fig. S2a.  

 

Table 2: Summary of the 1H isotropic chemical shifts and their 

assignment for the UiO-66 samples 1 to 6. 
 1H δiso (ppm) Assignment 

Sample 1 

 

1.3 

7.9 

4.9 

2.1 

Zr-OH 

Har 

H2O 

DMF (CH3) 

6.8 DMF (CO) 

Sample 2 

 

0.7 

7.9 

4.8 

2.0 

6.2 

Zr-OH 

Har 

H2O 

DMF (CH3) 

DMF (CO) 

Sample 3 

 

0.7 

7.9 

4.7 

2.0 

6.1 

Zr-OH 

Har 

H2O 

DMF (CH3) 

DMF (CO) 

Sample 4 

 

0.6 

8.2 

4.6 

1.6 

6.3 

Zr-OH 

Ha 

H2O 

DMF (CH3) 

DMF (CO) 

Sample 5 

 

1.7 

8.1 

4.9 

2.5 

6.9 

Zr-OH 

Har 

H2O 

DMF (CH3) 

DMF (CO) 

Sample 6 

 

1.2 

8.1 

4.6 

2.1 

6.6 

Zr-OH 

Har 

H2O 

DMF (CH3) 

DMF (CO) 
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The broad peak resonating at 4.9 ppm is assigned to water. 

This signal is more shielded than in pristine UiO-66(Zr) that does 

not contain DMF (6 ppm)17. This lower isotropic chemical shift 

attests of longer OH…O distances30, 31 since DMF can (i) perturb 

the hydrogen bonds between water molecules and (ii) compete 50 

with water for the hydrogen bonding with Zr−OH groups. 

Finally, the resonance at 1.4 ppm is ascribed to Zr−OH. Its 

isotropic chemical shift is higher than that calculated by DFT 

(0.83 ppm) because of the formation of hydrogen bond17. 

However, this value is lower than that of UiO-66(Zr), which does 55 

not contain DMF (2.3-2.6 ppm)17 and where Zr-OH groups are 

solely bonded to water, since Zr−OH groups form weaker 

hydrogen bonds with DMF than with water32. The formation of 

hydrogen bond between Zr−OH and DMF is further supported by 

the observation of cross peaks between Zr−OH protons and DMF 60 

13C signals in the 2D 1H→13C CP-HETCOR NMR spectrum of 1 

shown in Fig. 3. This spectrum also confirms the assignment of 
1H DMF signals.  

Sample 2 was prepared by drying sample 1 at 100 °C 

overnight (16 h). As seen in Fig. S9, this spectrum exhibits the 65 

same diffraction as sample 1. Hence, the long-range structure of 

UiO-66(Zr) MOF does not change during the post synthesis 

thermal treatment. Conversely, it has been shown previously that 

drying at higher temperature can result in the dihydroxylation of 

UiO-66(Zr), loss of hydroxyl groups connected to the Zr 70 

cluster33. As seen in Fig. 2b, the 1H signal of water vanishes after 

drying, whereas weak signals of DMF can still be detected (Fig. 

S4). Hence, drying removes most of water molecules but some 

DMF remains adsorbed in UiO-66(Zr). Nevertheless, the amount 

of residual DMF is too small to be detected in 1D 1H→13C 75 

CPMAS spectrum (see Fig. S2b) and by FT-IR (see Fig. S3b). 

Furthermore, the signals of Zr−OH and DMF carbonyl protons 

are more shielded in sample 2 than in sample 1. In particular, the 

δiso value of Zr−OH in sample 2 (0.6 ppm) is close to that 

calculated by DFT for an ideal UiO-66(Zr) structure with empty 80 
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pore. These observations indicate that the desorption of water 

suppresses most of the hydrogen bonds for DMF and Zr−OH 

sites. The residual DMF may be strongly bound to UiO-66(Zr) 

either by coordinating vacancies on Zr4+ ions14, 34 or by hydrogen 

bonding with some Zr−OH groups21, 35. The narrowing of the 5 

aromatic and Zr−OH peaks for sample 2 compared to sample 1 

stems from higher MAS frequency and magnetic field strength, 

which better averages the 1H-1H dipolar interactions, as well as 

the removal of water and DMF, which reduces these interactions. 

In order to simplify the 1H MAS NMR spectrum of UiO-10 

66(Zr), this MOF was also prepared using a deuterated terephtalic 

acid precursor ([2,3,5,6-2H4, 17O4]-bdc enriched in 17O isotope 

using mechanochemistry)36. The XRD pattern of this sample 

denoted 3 (see Table 1) corresponds to that of UiO-66(Zr). 

Hence, the desired MOF is synthesized from isotopically labelled 15 

terephtalic acid. The 1H MAS NMR spectrum of the sample 3 is 

displayed in Fig. 2c. As expected, the intensity of the aromatic 1H 

signal is strongly decreased, whereas the signals of Zr−OH, water 

and DMF are still present. This observation indicates that this 

synthetic route results in the selective deuteration of the ligands 20 

of UiO-66(Zr).  Contrary to sample 1, the water signal is more 

intense than the other peaks. This large water signal evidences a 

larger amount of adsorbed water, which results in larger 1H-1H 

dipolar interactions and hence, broader lines. Surprisingly the Zr-

OH signal is more shielded in sample 3 than in sample 1. This 25 

shift suggests different hydrogen bonds between Zr-OH group 

and guest molecules between the two samples. Sample 3 is 

synthesized from terephtalic acid prepared by mechanochemistry, 

instead of commercial terephtalic acid for sample 1. This 

difference affects the crystallization of the MOF, notably the 30 

crystallite size, and hence, the removal of guest molecules during 

the activation.  

Drying at 100 °C overnight of sample 3 does not alter the 

crystalline structure of UiO-66(Zr), as seen in Fig. S9, but 

removes most of water and DMF molecules from the pores. The 35 

1H NMR spectrum of the obtained sample denoted 4 is dominated 

by the signal of Zr−OH groups (see Fig. 2d). Nevertheless, 

signals of residual water and DMF are detected (see Fig. S5). A 

weak signal ascribed to partially protonated bdc ligands is also 

visible.  40 

In order to decrease the 1H NMR signal of water, deuterated 

water was adsorbed in sample 1. The crystalline structure of UiO-

66(Zr) is preserved, as seen in Fig. S9, owing to the good 

stability of this MOF in presence of water3. The 1H NMR 

spectrum of the obtained sample denoted 5 is shown in Fig. 2e 45 

and exhibits a narrower water signal than for sample 1, since 

most of water molecules are deuterated, which results in reduced 
1H-1H dipolar interactions. Because of the adsorption of water, 

UiO-66(Zr) pores of sample 5 contain a higher amount of water 

than those of sample 1, even if these deuterated water molecules 50 

are not detected on the 1H NMR spectrum. This higher uptake 

leads to an increased number of hydrogen bonds between water 

and Zr−OH groups as well as between water and DMF and hence, 

the deshielding of the 1H signals of Zr−OH groups as well as 

DMF. Moreover, the presence of this signal reveals that a 55 

significant fraction of the Zr-OH is not deuterated. The δiso values 

of bdc and DMF (CO(H)) protons are similar in samples 1 and 5 

(compare Fig. 2a and 2e). Hence, the adsorption of water does 

not significantly alter the structure of UiO-66(Zr)2. However, a 

deshielded methyl DMF is observed in sample 5. This could be 60 

assigned to the presence of the connected Zr-OD and D2O. 

  

 
Fig. 3. 2D 1H→13C CP-HETCOR NMR spectrum of 1 at B0 = 9.4 T 

with νr = 12.5 kHz. Spectra on the top and on the right correspond to 65 

the 1D 1H→13C CPMAS and 1H MAS NMR spectra of Figs. 2a and 

S2a, respectively.  

The UiO-66(Zr) structure is preserved when heating sample 5 

overnight at 100 °C (leading to sample 6), as seen in Fig. S9, 

again showing the high stability of this MOF at high temperature 70 

in the presence of water. This post-treatment decreases the 1H 

NMR signals of DMF and water. Nevertheless, the intensities of 

these peaks remain higher than for samples 2 and 4 since the 

amount of adsorbed water in sample 5 was higher than in samples 

1 and 3. Nevertheless, this post-treatment leads to the deuteration 75 

Fig. 4. 1H DEPTH MAS NMR spectra of UiO-66(Zr) of samples (a) 1, (b) 3 and (c) 5 at different temperatures (indicated on the figure) at B0 = 9.4 T 

with νr = 12.5 kHz. Additional experimental details are given in the ESI. 
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of Zr−OH groups by hydrogen exchange with deuterated water. 

The δiso value of residual protonated Zr−OH group for sample 6 is 

close to that measured for sample 1. This observation is 

consistent with the fact that these two samples still contain a 

significant fraction of adsorbed DMF and water.  5 

We also recorded the 1D 1H MAS NMR spectra of samples 1, 3 

and 5 at different temperatures, as shown in Fig. 4. The variations 

of 1H isotropic chemical shifts as function of temperature for 

samples 1, 3 and 5 are shown in Figs. S6, S7 and S8, 

respectively. No coalescence of water and Zr-OH signals is 10 

observed at 330 K for these three samples. This observation 

indicates that the chemical exchange between these protons is 

much slower than 1.4×103 s−1 at 330 K. Furthermore, for these 

three samples, the resonances of aromatic protons, DMF and 

Zr−OH narrow at higher temperature because of increased 15 

atomic-level dynamics, including 180° flips and libration of the 

phenylene rings, which better average out the 1H-1H dipolar 

couplings37, 38. For sample 1, this line narrowing allows resolving 

a shoulder near 1 ppm, which is ascribed to Zr-OH groups 

involved in weak hydrogen bonds with isotropic chemical shift 20 

close to those calculated by DFT for Zr-OH protons in UiO-

66(Zr) without guest molecules in the pores17.  These weakly 

bonded Zr-OH groups are not observed for samples 3 and 5, 

which contains a larger amount of adsorbed water. Conversely 

the water signals broaden at higher temperature. A possible 25 

explanation is that at higher temperature, the tumbling of water 

molecules is faster and the correlation time of this motion 

becomes comparable to the rotor period. Consequently, 

interference effects occur between the sample spinning and the 

water dynamics, which prevents the refocusing of 1H-1H dipolar 30 

interaction by MAS and hence, results in a broadening of the 

NMR signal39. The signal of water protons is narrower for sample 

5 since  a large fraction of the water molecules is deuterated and 

hence, the protonated water molecules are subject to smaller 1H-
1H dipolar interaction. At high temperature (330 K) for samples 3 35 

and 5, methyl signal is split, which suggest a partial 

decomposition of DMF into dimethylamine. This hydrolysis is 

not observed for sample 1, which contains a lower amount of 

water. 

In summary, we observed using 1H and 13C MAS NMR 40 

bound DMF and water in UiO-66(Zr). 2D 1H→13C HETCOR 

spectrum shows the formation of hydrogen bonds between DMF 

and Zr−OH groups. Furthermore, 1H NMR data indicate that 

connected water is hydrogen bonded to Zr−OH groups. We also 

demonstrate the possibility to deuterate selectively the UiO-45 

66(Zr) by using deuterated terephthalic acid as precursor or by 

hydrogen exchange with deuterated water.  
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