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/Abstract: By combining in situ X-ray diffraction, Zr K-edge X-ray absorption spectroscopy and 'H and "C nuclear
magnetic resonance (NMR) spectroscopy, we show that the properties of the final MOF are influenced by H,O and HCl
via affecting the nucleation and crystal growth at the molecular level. The nucleation implies hydrolysis of monomeric
zirconium chloride complexes into zirconium-oxo species, and this process is promoted by H,O and inhibited by HCI,
allowing to control crystal size by adjusting H,O/Zr and HCl/Zr ratios. The rate-determining step of crystal growth is
represented by the condensation of monomeric and oligomeric zirconium-oxo species into clusters, or nodes, with the
structure identical to that in secondary building units (SBU) of UiO-66 framework. The rapid crystallization in the
absence of HCI leads to formation of defective secondary building units with missing zirconium atoms, providing a
pathway to control the number of defects in UiO-66 crystals. Remarkably, we have shown that assembling of the metal
nodes and linkers into the UiO-66 structure is not the rate-limiting step, and the degree of deprotonation of the linker

\has no direct effect on the crystallization kinetics or crystal size of product. )

Introduction

Metal-organic frameworks (MOFs) are materials composed
of metal-containing nodes connected with organic linkers
forming microporous or mesoporous crystal structures.!'!
MOFs demonstrate extremely high pore volume and surface
area, and the topology and chemical properties of MOFs
can be tuned in a wide range by varying structures of linkers
or metal-containing nodes."*” These unique features justify a
great interest to MOFs for potential applications in different
areas such as gas storage and separation,™® catalysis,”!
electrochemistry,!'”! and biomedicine."

Among numerous MOFs, the UiO-66 framework con-
sisting of [Zr,(OH),0,]"* oxo-clusters as nodes and tereph-
thalate linkers, which are interconnected forming a cubic
structure,'” is one of the most widely studied.™™ A
generally used protocol for the synthesis of UiO-66 MOF
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implies crystallization from the N,N-dimethylformamide
(DMF) solution containing zirconium (Zr*") or zirconyl
(ZrO**) ions and terephthalic acid in the presence of water
and/or aqueous hydrochloric acid modulators at elevated
temperatures.>'*"l The composition of the initial synthetic
mixture and the synthetic conditions strongly affect the
kinetics of crystallization, as well as properties of the final
MOF, such as extent of crystallinity, crystal size and shape
and the presence of defects. Ragon etal. showed that
addition of aqueous hydrochloric acid and water accelerates
crystallization and leads to the formation of smaller UiO-66
crystals.' Similar trends were also reported by Qui et al.l'”!
Chu et al.™ demonstrated that the presence of aqueous
hydrochloric acid also leads to a MOF product with a higher
number of defects thus affecting the sorption and catalytic
performance. However, what is the role H,O and HCI
modulators on the nucleation and crystallization mechanism
and how this in turn affects the properties of the final
product is still unknown.

Determining the role of modulators in the synthesis of
UiO-66 (and any other MOF) is challenging. Many com-
pounds, i.e. zirconium-containing precursors, linker, solvent
and modulators, participate in the UiO-66 synthesis, and
possible reactions between all these components yield a
complex and entangled network of  chemical
transformations."*”! This in turn results in the under-
exploration of establishing MOF crystallization mechanisms.
Several research papers have tracked the formation of the
crystalline phase, with X-ray diffraction being the primary
technique for this purpose.l'®*?? UiO-66 crystal phase
formation is commonly described in terms of nucleation and
crystal growth,®#! and the kinetics of crystallization is
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fitted using Avrami-Erofeev,” Sharp-Hancock™' and
Gualtieri® models. Notably, it has been shown that the
kinetics of crystallization can be affected by the addition of
modulators." Up to date it remains an empiric observation
and there is no fundamental understanding of how these
modulators affect the synthesis mechanism. One of the
reasons for that is the lack of understanding of chemical
transformations taking place in solution, i.e. the non-
crystalline transformations, specifically during the induction
period. Due to the absence of any crystalline or amorphous
solid phase, these parts of synthesis cannot be investigated
by X-ray diffraction techniques alone. Hu et al. applied in
situ pair distribution function analysis of X-ray scattering
data and showed that zirconium nodes are formed and
present in the synthetic solution during UiO-66 synthesis.”*”!
However, it is currently unknown how the preformed
building units from the mother liquid contribute to either
nucleation or crystal growth stages of crystallization. To
comprehensively describe the mechanism of UiO-66 (and
any other solid) synthesis, a combination of methods that
allow to monitor the dynamics of species in solution as well
as tracking amorphous and crystalline solid formation is
required.®

We have previously applied a combination of in situ
electrospray ionization coupled with high-resolution mass
spectrometry (ESI-HRMS), magic angle spinning NMR
(MAS NMR) and X-ray diffraction (XRD) to study the
synthesis mechanism of MOFs™! and have recently applied
it to UiO-66 crystallization.”” Briefly, we revealed that the
UiO-66 synthesis involves depolymerization of zirconium
tetrachloride leading to zirconium chloroterephthalates and
the formation of zirconium-oxo nodes coordinated by
terephthalate linkers followed by assembling of nodes and
linkers into a three-dimensional structure. It is important to
develop methods to control the relative rates of these
reactions to, in turn, regulate crystallization kinetics and
macroscopic properties of the final product, such as crystal
size and the presence of defects. As discussed above, the
addition of modulators, i.e. water and hydrochloric acid, can
be applied for this purpose. However, the effect of
modulators is still a subject of significant debate: while in
some reports the acceleration of crystallization is attributed
to H,0,P" other studies suggest that this is due to HCL!"
Therefore, determining the effect of each modulator and
establishing the mechanism of their acting require a
comprehensive study.?™!) Moreover, several key aspects of
UiO-66 synthesis remain unclear, also in our previous study.
The formation of the secondary building units (i.e., zirco-
nium-oxo nodes) from zirconium chloride precursor stoi-
chiometrically requires an oxygen source, hence implying
hydrolysis reaction. The hydrolysis process is generally
induced by water and can be affected by the presence of
acid. Determining the role of water is of utmost importance
given the emergence of water as the primary solvent in large
scale UiO-66 synthesis.["! It is worth noting that the effect of
H,O and HCI modulators on the presence of defects in UiO-
66 structure is understudied,® yet this aspect is critical for
application of these materials.?**!
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In this contribution, we investigated UiO-66 crystalliza-
tion from various initial synthetic mixtures containing
zirconium tetrachloride and terephthalic acid dissolved in
dimethylformamide with the addition of water and/or
hydrochloric acid modulators, where the HCl/Zr ratio
ranges between 0 and 11 and the H,O/Zr ratio between 11
and 40. We applied a combination of in situ X-ray
diffraction (XRD), Zr K-edge X-ray absorption spectro-
scopy (XAS), and 'H and “C NMR spectroscopy to
comprehensively study the kinetics of crystallization and
track chemical transformations on molecular level, and
correlated these results with macroscopic properties of UiO-
66 MOF products, such as crystal size and porous properties.
This approach allowed us to reveal the mechanism of action
of acidic modulator and water. We show that the addition of
modulators allows for controlling the crystal size of the final
products in a range of 35 nm to 130 nm. The dissolution of
zirconium tetrachloride in the linker-containing DMF ini-
tially yields monomeric zirconium chloroterephthalate octa-
hedral complexes. These complexes are hydrolyzed to
monomeric and oligomeric zirconium-oxo octahedral spe-
cies, where further condensation leads to the formation of
[Zrs(OH),0,] nodes. Notably, at low HCl/Zr ratio these
nodes are formed with defects represented by missing
zirconium atoms in the structure. However, these defect
nodes also crystallize to the UiO-66 structure. The compar-
ison of kinetic data from XAS and XRD suggests that the
hydrolysis of zirconium chloride monomers corresponds to
the nucleation stage, while the condensation of monomeric
and oligomeric zirconium-containing species into zirconium
nodes is the rate-limiting step of crystal growth. Interest-
ingly, we show that crystal growth is not limited by the
reaction of linkers with nodes, therefore the degree of (de)
protonation of terephthalic acid has no pronounced effect
on the synthesis kinetics. The here revealed details of the
UiO-66 crystallization mechanism are essential for the
development of efficient protocols to synthesize MOFs with
the desired crystal size and amounts of defects. The
proposed methodology has a potential to be extended on
synthesis of other MOFs and beyond.

Results and Discussion

Synthesis of UiO-66 was investigated using initial synthetic
mixtures containing fixed amounts of zirconium tetrachlor-
ide (ZrCl,) and terephthalic acid dissolved in N,N-dimeth-
ylformamide with specific amounts of hydrochloric acid and
water added. Two different series of synthetic mixtures were
studied: Series 1 with different amounts of 37wt% aqueous
hydrochloric acid added and Series 2 with fixed amounts of
hydrochloric acid with different HCl concentrations, pre-
pared by diluting the 37wt% aqueous hydrochloric with
water (described in detail in Table S1). This allowed for an
independent systematic variation of H,O/Zr and HCl/Zr
ratios to disentangle the effects of H,O and HCIl on the
mechanism and kinetics of UiO-66 crystallization. Synthetic
solutions and corresponding resulting MOFs are denoted as
UiO-66(X,Y) where X and Y are the initial H,O/Zr and
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HCV/Zr ratios in the synthetic mixture, respectively. Zr/H,O
and Zr/HCI ratios in the initial synthetic mixtures used for
synthesis of UiO-66 materials, and crystal size and micro-
pore volumes of UiO-66 products are summarized in
Table 1.

According to results of nitrogen physisorption (Table 1,
Figure S1), samples corresponding to Series 1 (UiO-66 (11,
3.0); UiO-66 (20, 5.5); UiO-66 (30, 8.3) and UiO-66
(40,11.0)) have similar total pore volumes of between 0.5
and 0.6 cm®-g ™!, which is characteristic of UiO-66 material.
Notably, decrease in HCl/Zr ratio below 5.5 at constant
H,0/Zr=40 ratio (Series 2) leads to product with lower
pore volume. We suggest that this is an effect of the
formation of UiO-66 material with smaller crystal size and,
possibly, lower extent of crystallinity (wide infra).

Figure 1 shows SEM images of UiO-66 products ob-
tained after solvothermal crystallization at 343 K using
initial synthetic solutions with different composition. All
Ui0O-66 products consist of aggregated nanocrystals, typical
of UiO-66 synthesis under those conditions.”"*** However,
initial synthetic composition affects the sizes of the product,
as summarized in Table 1, Figures1, S2 and S3. The
simultaneous increase of HCl/Zr and H,O/Zr ratios at fixed
HCI/H,0, Series 1 (Table 1, Figure 1, upper part) leads to a
slight decrease in crystallite average size. In contrast, the
decrease in HCl/Zr ratio at constant H,O/Zr ratio, Series 2
(Table 1, Figure 1, lower part), gradually leads to smaller
crystals: from 110 nm for UiO-66 (40, 11.0) to 35 nm for
Ui0-66 (40, 0).
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According to the crystal growth theory, which is
generally applied to MOFs crystallization,”**! the crystal
size is determined by the ratio between the rates of
nucleation and crystal growth. The variation of the crystal
size for different synthetic mixtures points to an effect of
HCl/Zr and H,O/Zr ratios on the nucleation and crystal
growth processes, further investigated by means of time-
resolved in situ X-ray diffraction. Figure 2A shows exem-
plary time evolution profiles of X-ray diffractograms during
UiO-66 crystallization. Upon reaction, patterns character-
istic of UiO-66 with most intense Bragg (111) and (002)
reflections located at 20 of 2.35 ° and 2.71 °, respectively,
appear. Notably, the background shape and intensity remain
constant during the synthesis, indicating that the formation
of any substantial quantities of amorphous solid phases is
highly unlikely. Figures2 B and C show the extent of
crystallinity versus crystallization time for Series 1 and 2,
respectively. The kinetic curves exhibit a typical S-shape as
reported for MOF crystallization, with an initial induction
period followed by a progressive evolution leading to the
crystalline phase.”*! The Gualtieri® model was used to
model the UiO-66 crystallization kinetics enabling a quanti-
tative estimation of kinetic constants corresponding to
nucleation and growth processes. According to the model,
the temporal evolution of crystalline UiO-66 is described as
follows:

e l-et)

Table 1: Zr/H,0 and Zr/HCl ratios in the initial synthetic mixtures and crystal size and total pore volumes of UiO-66 products.

Sample Series 1 Series 2

Parameter UiO-66 UiO-66 UiO-66 UiO-66 UiO-66 UiO-66 UiO-66 UiO-66 UiO-66
(11,3.0)  (20,5.5)  (30,8.3)  (40,11.0)  (40,8.3)  (40,5.5)  (40,2.7)  (40,1.4) (40, 0.0)

H,O/Zr in initial synthetic mixture 11 20 30 40 1.3(3) 1.6(3) 1.3(3) 40 40

HCl/Zr in initial synthetic mixture 3.0 5.5 8.3 11.0 8.3 5.5 2.7 1.4 0

Mean crystal size from SEM, nm 128 127 122 110 97 78 74 51 35

Total pore volume, cm®- g™ - 0.57 0.51 0.61 0.58 0.51 0.37 0.27 0.22

Series 1

increasing HCI/Zr, H20/Zr‘

Series 2

decreasing HCI/Zr, constant H,0/Zr

Figure 1. SEM images of UiO-66 obtained by solvothermal crystallization using different initial synthetic mixtures. The scale bar corresponds to

300 nm.
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Figure 2. Time-resolved XRD data acquired during the synthesis of UiO-66 (40, 11.0) (A), temporal evolution of the extent of UiO-66 crystallinity
obtained from XRD data for UiO-66 synthesis from different initial synthetic mixtures corresponding to Series 1 (B) and Series 2 (C); temporal
evolution of the full width at half maximum (FWHM) for the (111) Bragg peak during synthesis of UiO-66 from initial synthetic mixtures
corresponding to Series 1 (D) and Series 2 (E).

where a is the extent of crystallinity, ¢ corresponds to the  represent the dimensionality of crystal growth. Fitted curves
reaction time, ks the rate constant for growth, a is the  are presented in Figure S4, and best-fit parameters are
reciprocal rate constant for nucleation, X, jeuion = %, b is the  summarized in Table S2.

variance of the nucleation probability distribution and n
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Time-resolved XRD data corresponding to Series 1
(Figure 2 B) demonstrates that an increase in the amount of
added aqueous hydrochloric acid significantly accelerates
the crystallization process. The duration of the induction
period decreases from 200 min for UiO-66(11, 3.0) to less
than 50 minutes for UiO-66(40, 11.0). Similarly, for UiO-
66(11, 3.0) more than 2000 minutes were required to reach
90 % crystallinity, while for UiO-66(40, 11.0) the same
extent of crystallinity is obtained already after 150 minutes.
Analysis using the Gualtieri model shows a gradual simulta-
neous increase in growth constant Ky from 1.2-107 to
1.1-10?min' and nucleation constant from 3.7-107° to
1.4-10?min~ when increasing the HClI/Zr and H,O/Zr
ratios from UiO-66(11, 3.0) to UiO-66(40, 11.0) (Table S2).
For Series 2, the XRD crystallization kinetic data points to
even faster UiO-66 crystallization upon decrease in HCl/Zr
ratio at constant H,O/Zr ratio of 40 (Figure 2 C). Thus, the
induction period and time required to reach 90 % crystal-
linity decreases from 50 min and 150 min, respectively, for
Ui0-66(40, 11.0) to less than 5 min and 50 min for UiO-
66(40, 0.0). Equally, the calculated values of K., and
Kyucteation increase from 1.1-1072 and 1.4-102 min~" for UiO-
66(40, 11.0) to 4.5-107 and 1.4-107' min™"' for UiO-66(40,
0.0). This points to a promoting effect of H,O and an
inhibiting effect of HCl on both the nucleation and crystal
growth processes.

The evolution of the full width at half maximum
(FWHM) parameter for the most intense (111) Bragg
reflection was monitored during the crystallization process
(Figures 2 D and E for Series 1 and 2, respectively). Shortly
after the end of the induction period and the start of the
formation of the crystal phase, the FWHM continuously
decreases with increasing reaction time and stabilizes at a
values between 0.02 and 0.13°. The FWHM reaches stable
values coinciding with the reaction time required to reach
unity crystallinity. Interestingly, the FWHM final values are
very different for the two studied series. For Series 1, all
FWHM values are relatively close, with a slight gradual
increase from 0.024° for UiO-66(11, 3.0) to 0.035° for UiO-
66(40, 11.0), presumably pointing to the smaller average size
of the crystals in the latter sample (Figures 1, S2 and S3). In
contrast, in the case of Series 2, the FWHM values after
complete crystallization significantly increases with a de-
creasing HCl/Zr ratio: from 0.035° for UiO-66(40, 11.0) to
0.10° for UiO-66(40, 0.0). The higher values of the FWHM
originate from smaller crystal size, in line with the results of
SEM (Figure 1, S2 and S3). Possibly, the FWHM of the
materials corresponding to Series 2 is larger due to the lower
extent of crystallinity. While the FWHM parameter is
frequently utilized to determine crystallite size, in the
simplest way using Sherrer equation, such an analysis
requires excluding other factors of peak broadening, such as
instrumental broadening, inhomogeneous strain, crystal
lattice imperfections, different degree of crystallinity etc..[*”!
Notably, the results of SEM analysis show same trend of
decrease of particle size with decreasing HCl/Zr ratio in
Series 2 (Figures 1, S2 and S3, Table 1).

The structural evolution of zirconium-containing species
during UiO-66 synthesis was studied by means of Zr K-edge

Angew. Chem. Int. Ed. 2025, 64, €202415919 (5 of 13)
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X-ray absorption spectroscopy. Figure S5 shows an exem-
plary time-resolved Zr K-edge X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra series acquired during UiO-66
crystallization. The spectra change significantly during the
reaction, indicating changes of the zirconium-containing
species. The time-resolved datasets were deconvoluted into
spectral domains using principal component analysis
(PCA).%"l For the Series 1, three linearly independent
components are required to describe the evolution of the
XAS spectra during crystallization (Figure S6), named
Principal Components 1, 2 and 3 (designated as PC1, PC2
and PC3, respectively), in line with previous report.*”
Figure 3 summarizes the results of the PCA of the spectra
acquired for Series 1: subfigures A), D) and G) depict
XANES spectra corresponding to PC1, PC2 and PC3,
respectively, subfigures B), E) and H) present the corre-
sponding non-phase corrected k*-weighted Fourier trans-
formed EXAFS (FT EXAFS) spectra, and subfigures C), F)
and I) demonstrate the temporal evolution of the different
components during crystallization.

Both Zr K-edge XANES and FT EXAFS spectra of
every principal component determined from each initial
synthetic mixture in the Series 1 are statistically identical. A
significant difference in their temporal evolution was
observed. XANES spectra corresponding to PC1 possess
three resolved peaks at 18015, 18023, and 18032 eV and
resemble that of bulk zirconium (IV) chloride (Figure S8).
The Zr K-edge FT EXAFS spectra of PC1 contain one
single peak located at about 2 A radial distance (not phase
corrected). The absence of other signals at higher radial
distances suggests that zirconium-containing species corre-
sponding to PC1 possess monomeric nature. In our previous
work we have shown that zirconium chloroterephthalates
are formed at the initial stages of the synthesis.” Therefore,
a model comprising the presence of oxygen and chloride
scatterers in the first coordination sphere was utilized to
quantitatively fit the data. The analysis reveals the presence
of 1.54+0.4 oxygen and 4.7+0.5 chloride scatterers located
at a distances of 2.184+0.02 A and 2.46+0.01 A, respectively
(Table S3, Figure S9). The total coordination number is
close to 6, which is typical for Zr** octahedral complexes in
organic solutions.!

Zr K-edge XANES spectra corresponding to PC2 differ
from the spectra of any of the standard compounds (such as
Zr0,, ZrCl,, UiO-66), indicating a unique environment of
the zirconium atoms (Figure S8). The intensity of the peak
in the first coordination sphere in the Zr K-edge FT EXAFS
spectra of PC2 is slightly lower than that in the spectra of
PC1. At the same time, a weak signal in the second
coordination sphere located at 3.1 A is visible. The decrease
of the intensity of the signal in the first coordination sphere
can be associated with either a decrease in the coordination
number, formation of a more disordered structures around
Zr atoms or change of scatterer type to an element with a
lower Z number. The first two reasons are unlikely: i)
compounds containing zirconium atoms with a coordination
number below six are extremely rare and one cannot expect
their formation under the conditions used in the present
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Figure 3. The results of the PCA of the Zr K-edge time-resolved datasets of UiO-66 synthesis from different initial synthetic solutions corresponding

to Series 1: A),

D) and G) depict XANES spectra corresponding to PC1, PC2 and PC3, respectively, B), E) and H) the non-phase corrected k*-

weighted Fourier transformed EXAFS spectra, and C), F) and I) the temporal evolution of the different components during the crystallization.

study and ii) no formation of a solid phase has been detected
at reaction times where PC1—PC2 transformation takes
place, therefore Zr-containing species are expected to be
monomeric or oligomeric complexes in solution. In contrast,
the substitution of chloride atoms with oxygen ones can be
anticipated, given the general tendency of zirconium to form
Zr—O bonds. To fit the EXAFS data corresponding to PC2,
a model comprising a superposition of oxygen and chlorine
scatterers in the first coordination sphere and zirconium
scatterer in the second coordination sphere was utilized. The
results of fitting show the coordination numbers of 5.1+0.5,
1.3£0.5 and 0.6£0.2 and distances to the scatterers of
2.33£0.01 A, 2.54+£0.01 A, 3.72+£0.01 A for Zr-O, Zr-Cl
and Zr—Zr scattering paths, respectively (Table S3, Fig-
ure S10). The decrease in the coordination number corre-
sponding to chlorine and simultaneous increase in the
coordination number due to oxygen indicates the ligand
substitution from chloride to oxygen-containing ligands

Angew. Chem. Int. Ed. 2025, 64, €202415919 (6 of 13)

(terephthalate, H,O or OH), while the appearance of the
Zr—Zr scattering signal in the second coordination sphere
points to the formation of dimeric and/or oligomeric species.

Zr K-edge XANES spectra of PC3 are similar to the one
of bulk UiO-66 structure (Figure S8). The FT EXAFS
spectra of PC2 and PC3 showed significant differences: the
intensity of the signal in the first coordination sphere in the
spectrum of PC3 was lower and the maximum was shifted by
~0.2 A to lower radial distances, while the intensity of the
signal in the second sphere increased significantly. A crystal
structure of UiO-66">**1 was used as a model for fitting of
the PC3 FT EXAFS spectrum (Table S4 and Figure S11).
Two distinct Zr—O scattering paths in the first sphere with
coordination numbers for oxygen scatterers close to 4 and 6,
respectively, and Zr—O distances of 2.1240.02 A and 2.26 +
0.01 A, respectively, were detected. The values are in a good
agreement with literature data of hydroxylated UiO-66
MOF."™ The second coordination sphere consists of Zr
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scatterers with the coordination number 4.7+1.1 located
3.53+£0.01 A. These data confirm the presence of [ZrsO,-
(OH),] clusters in the UiO-66 structure.!'”

The dataset corresponding to Series 2 (Figure 4) signifi-
cantly differs from that of Series 1. While for the initial
synthetic mixtures UiO-66 (40, 11.0), UiO-66 (40, 8.3) and
Ui0O-66 (40, 5.5) the principal component analysis shows the
presence of three independent components, for other
samples with HCl/Zr ratios below 5.5 only two statistically
different principal components were extracted (Figure S7).
Moreover, both XANES and EXAFS spectra corresponding
to PC1 were very different for the samples in Series 2
(Figures 4 A and B). The ones corresponding to UiO-66 (40,
11.0) and UiO-66 (40, 8.3) resemble those of PC1 in Series
1: there are features at 18015, 18023, and 18032 eV in the
XANES spectra and intense signal with maximum at 2.0 A
in the FT EXAFS spectra. A decrease in HCl/Zr ratio below
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8.3 leads to significant changes in the spectral shape of PCl:
in the XANES spectra, the three aforementioned features
merge into a single feature at 18020 eV, while in the FT
EXAFS spectra the peak located at ca 2.0 A has lower
intensity and has shifted to 1.8 A with a simultaneous
development of a signal at 3.1 A. These features are
characteristic for [Zr;O,(OH),] clusters.'**! Linear combi-
nation fitting (LCF) shows that spectra of PC1 correspond-
ing to the initial synthetic mixtures in Series 2 with HCl/Zr
ratios below 8.3 can be represented as a superposition of
PC1 and PC3 spectra determined from UiO-66 (40, 11)
sample or from any other sample from Series 1 (Figure S12,
Table S5). This indicates that for the samples with low HCl/
Zr ratios, the formation of the secondary building units
(SBU) of UiO-66 occurs very rapidly. Therefore, the
synthetic mixtures with high water content and HCl/Zr
ratios below 8.3 contain a substantial fraction of [ZrsO,-
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Figure 4. The results of the PCA of the Zr K-edge time-resolved datasets of UiO-66 synthesis from different initial synthetic solutions corresponding
to Series 2: A), D) and G) depict XANES spectra corresponding to PC1, PC2 and PC3, respectively, B), E) and H) the non-phase corrected k*-
weighted Fourier transformed EXAFS spectra, and C), F) and ) the temporal evolution of the different components during the crystallization.
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(OH),] clusters already at the start of the reaction. The
overly fast reaction makes the analysis of XAS spectra
corresponding to the initial stages of crystallization ambig-
uous, and therefore the fitting of PC1 and PC2 FT EXAFS
spectra corresponding to Series 2 was omitted. For the same
reasons, the analysis of the kinetics of transformation
between principal components has been limited to UiO-66
(40, 11), UiO-66 (40, 8.3) and UiO-66 (40, 5.5) samples from
Series 2. However, the analysis of XAS spectra of PC3 is still
useful to determine the effect of the starting composition on
the structure of the final product. The FT EXAFS spectra of
PC3 (Figure 4H) possess identical signals at 1.8 A in the first
coordination sphere, that at 3.1 A is being different: its
intensity progressively decreases with a decrease in HCl/Zr
ratio. Fitting of the spectra corresponding to PC3 in Series 2
is presented in Table S4 and Figures S13-S17 and shows that
no measurable changes occur in the first coordination
sphere, yet the coordination number of Zr scatterers in the
second sphere decreases from 4.7 +1.1 for UiO-66 (40, 11.0)
to 2.3+ 1.5 for UiO-66 (40, 0). This points to the formation
of UiO-66 with a high number of defects represented by
missing zirconium atoms in the nodes. Notably, the Zr—Zr
coordination number in PC3 does not change with the
crystallization time, indicating that the formation of nodes is
an irreversible process, and the defects of the missing
zirconium atoms in the nodes cannot be healed with
prolonging the crystallization time. Interestingly, the Zr—Zr
distance remains at 3.53+0.01 A for all samples, indicating
that the presence of defects has no measurable effect on
interatomic Zr—Zr distances in the nodes. Formation of
crystal structure with defects for UiO-66 (40, 2.7), UiO-66
(40, 1.4) and UiO-66 (40, 0) samples was also confirmed by
means of FTIR spectroscopy (Figure S19).

Apart from the structural information determined from
the analysis of XANES and EXAFS spectra, XAS provides
additional mechanistic details of UiO-66 crystallization from
the time series of the concentration profiles of the principal
components (Table S6). The rates of PC1 transformation
into PC2 in both Series 1 and 2 do not change with
crystallization time for all samples, indicating that the
reaction is zero-order (Figures 3 C and 4 C). In some cases,
the rate even increases, which could point to the autocata-
lytic nature of this reaction step.” The absolute rate values
significantly depend on the starting synthetic mixture
composition: in Series 1 the rate increases when both H,O/
Zr and HCl/Zr ratios increase, and in Series 2 it increases
with a decrease in HCl/Zr ratio. From this observation one
can conclude that the chemical transformations correspond-
ing to the conversion of PCl into PC2 are promoted by
water and inhibited by HCl. A different picture has been
observed for the transformation of PC2 to PC3: this process
slows down with crystallization time, indicating a reaction
order >0 with respect to zirconium containing species
comprising PC2. Remarkably, the initial rate of PC2—PC3
transformation is affected by the synthetic composition in a
similar way as the rate of PC1—PC2 transformation: it is
accelerated by H,O and inhibited by HCL.

The rates of nucleation and crystal growth extracted
from XRD linearly increase with an increase in H,O/Zr

Angew. Chem. Int. Ed. 2025, 64, €202415919 (8 of 13)
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ratio, while HCI inhibits both these processes, as both
nucleation and growth rate constants decrease with increase
in HCI/Zr ratio (Figures 5 A and B). A similar behavior is
observed for the evolution of principal components in the
XAS spectra: rates of both PC1—-PC2 and PC2—PC3
conversion are accelerated by H,0O and inhibited by HCI
(Figures 5 C and D). Importantly, an acceleration by water
has a stronger effect, and therefore the simple addition of
aqueous hydrochloric acid containing 63wt% of water leads
to an apparent increase of hydrolysis rate, which, in turn,
promotes crystallization kinetics in general. This may lead to
an incorrect conclusion of a promoting effect of HCI
molecules on the crystallization, as suggested earlier."” The
experiments where the synthesis has been performed
starting from mixtures with fixed H,O/Zr ratio and varied
HCl/Zr ratio (Series 2) clearly show that HCI has an
inhibiting effect, and not a promoting. This is in line with
studies of ZrCl, hydrolysis and polymerization in water-
organic solvents™*! and aqueous HCIO, solutions,***! show-
ing similar promoting effects of water and inhibiting effects
of the strong mineral acid. Importantly, the effect of HCI on
nucleation and growth is different at low HCI/Zr ratios: the
nucleation rates are linearly inhibited in the studied range of
HCV/Zr ratios, while growth rates are affected insignificantly
at HCl/Zr ratios below 5 (Figure 5 B). Thus, at HCl/Zr ratio
lower than 5, kg.n remains unchanged while K, qeation
increases dramatically, resulting in the UiO-66 with smaller
crystal size, evidenced by SEM (Figures 1, S1 and S2) and
showing higher FWHM value in XRD (Figures 2 E and 5 F).
The discovery of a parameter to control the relative rates of
nucleation and growth and, consequently, the crystal size of
UiO-66 product, becomes even more substantial considering
the identical activation energies for nucleation and crystal
growth,” making variation of synthesis temperature an
ineffective tool for this purpose.

Another striking phenomenon observed it the excellent
correlations between i) the rates of nucleation extracted
from XRD and those of PC1—PC2 conversion (Fig-
ure S18A), and ii) between the rates of crystal growth and
those of PC2—PC3 conversion (Figure S18B). Given that
fact and our recent findings, the chemical state described
by PC1 corresponds to zirconium chloride and individual
chloroterephthalate complexes, PC2 represents a mixture of
zirconium-oxo monomeric species with contribution of
dimeric and oligomeric species and PC3 is attributed to
zirconium-oxo clusters with a structure identical to that of
metal-oxo nodes in UiO-66. The nucleation process is mostly
a hydrolysis reaction, implying the substitution of chloride
ligands with oxygen-containing ones in the first zirconium
coordination sphere. Even monomeric zirconium-oxo spe-
cies can serve as nuclei for crystallization. This is in line with
the reports by Taddei etal., showing that aging of the
synthetic solution in the presence of water leads to the
formation of individual zirconium monomeric species having
hydroxyls, DMF molecules and chloride anions as
ligands.***!) These monomeric species can act as efficient
nuclei for UiO-66 crystallization.**! The monomeric nature
of nuclei in UiO-66 synthesis differs from the case of ZIF-
67, where formation of oligomeric species is required for
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Dotted lines are intended to guide the eye, error bars represent 95% confidence interval determined from standard error.

nucleation,®™ proving that crystallization of each material
should be studied separately and conclusions from the
crystallization mechanism of one MOF cannot be directly
applicable to others. Remarkably, the variation of the HCl/
Zr ratio affects not only the crystal size, but also the
structure of the formed nodes. At HCI/Zr > 5, the nodes are
structurally identical to the [Zr,O,(OH),] secondary building
units of fully crystalline UiO-66. A HCI/Zr ratio below 5 at
Z1/H,0 ratio of 40 leads to a lower coordination number of
Zr atoms, indicative of defective nodes with missing
zirconium atoms.

It is important to understand the effect of the composi-
tion of the initial synthetic mixture not only on the structural
evolution of zirconium-containing species, but also on the
state of the organic linker. In the UiO-66, linkers are
molecules of deprotonated terephthalic acid, while tereph-
thalic acid is introduced into the synthetic mixture in its
protonated form. Moreover, hydrochloric acid is present
during the synthesis, therefore shifting the protonation-

Angew. Chem. Int. Ed. 2025, 64, €202415919 (9 of 13)

deprotonation equilibrium of terephthalic acid to its proto-
nated form. While deprotonation takes place during the
UiO-66 synthesis,”! it is unclear whether the protonation/
deprotonation equilibrium of the linker affects the kinetics
of crystallization and the macroscopic properties of the
product.

We applied 'H and *C NMR spectroscopy to investigate
the state of the organic linker in the different initial
synthetic mixtures. Figure 6 shows 'H and “C NMR liquid-
phase NMR spectra corresponding to Series 1 (A and B for
'H and “C NMR spectra, respectively) and Series 2 (C and
D for 'H and “"C NMR spectra, respectively). 'H spectra
contain signals at 2.87, 3.04 and 8.2 ppm which are assigned
to the protons in two methyl groups and the proton attached
to the carbonyl group of the DMF molecule, respectively.[*!!
Another signal at 8.3 ppm corresponds to aromatic protons
in terephthalic acid, and the signal located between 5 ppm
and 7 ppm corresponds to water.””! Notably, the latter
becomes sharper and shifts to lower field with an increase in
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HCl/Zr and H,O/Zr ratios in Series 1, and this trend is
visible for both series. This is in line with the literature data
and confirms an increase in acidity of the synthetic mixture
with an increase in HCI concentration.*! In turn, *C NMR
spectra show the effect of acidity of the synthetic media on
the chemical state of the linker. The signal located between
163 and 164 ppm corresponds to the carbonyl group in
DMF,*! and the signal between 168 and 167 ppm is due to
the carboxylic group in terephthalic acid.*”! Notably, the
position of the latter signal can be used as a descriptor of
the degree of protonation/deprotonation.’!' The signal of
protonated terephthalic acid is located at 167 ppm, while the

Angew. Chem. Int. Ed. 2025, 64, €202415919 (10 of 13)

signal of deprotonated terephthalate is shifted to lower field
and is centered at around 172 ppm.”* Due to the fast proton
exchange, the separate signals of protonated and deproto-
nated forms are not observed in the actual mixtures; instead,
a signal between 167 and 168 ppm is visible with its position
indicative of the fraction of deprotonated form. Notably, for
Series 1 the increase in HCl/Zr and H,O/Zr ratios results in
a shift of the position of the maximum of the corresponding
signal from 167.7 ppm for UiO-66 (11.0, 3.0) to 167.2 ppm
for UiO-66 (40.0, 11.0). This suggests a higher degree of
protonation of terephthalic acid in synthetic mixtures
containing more HCI, as evidenced from 'H NMR spectra.
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For Series 2, a decrease in HCI/Zr ratio leads to a shift from
167.2 ppm observed for UiO-66 (40.0, 11.0) to 167.8 ppm
corresponding to UiO-66 (40.0, 0). Such behavior is also
expected: lower HCI concentration leads to a higher degree
of dissociation of weak terephthalic acid. Also, this is in line
with the results of 'H NMR demonstrating a decrease in
acidity of the synthetic mixture when smaller amounts of
HCI are added. To conclude, our NMR results showed that
the increase in HCl concentration leads to the deeper
protonation of terephthalic acid.

The presence of water and aqueous hydrochloric acid
modulators in the initial synthetic mixture governs both the
kinetics of UiO-66 crystallization and the crystal size and the
presence of defects of the final product. Applying a
comprehensive multi-technique analysis and correlating the
macroscopic kinetic trends of crystallization with spectro-
scopic tracking the fate of zirconium-containing species and
linkers during the crystallization, we were able to link the
above observed effects to the presence of H,O and HCL
Figure 7 summarizes the proposed mechanism and shows
the effects of both H,O and HCl.

The synthesis starts with the dissolution of zirconium
chloride and the formation of monomeric zirconium species
surrounded with preferably chloride ligands and to a lower
degree with terephthalate or H,O/OH ligands in presumably
octahedral coordination characteristic of zirconium com-
plexes in organic solutions®” (Step I in Figure 7). These
monomeric zirconium chloride and chloroterephthalate
complexes react with water molecules and substitution of
chloride ligands with oxygen-containing ones (H,O, OH™ or
bridging O*", possibly also the carboxylic group of tereph-
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thalate) takes place (Step II, in Figure 7). In the case of high
concentrations of water, i.e. high H,O/Zr ratios, hydrolysis
occurs almost instantaneously (possibly, already during
ZrCl, dissolution), and the synthetic mixture contains
zirconium-oxo complexes within several minutes after
initiation of the synthesis (Step II, in Figure 7). These
zirconium-oxo complexes exist mostly in a monomeric form,
however, hydrolysis initiates the formation of Zr—O—Zr
containing structures, leading to a condensation of zirco-
nium-oxo monomers into dimeric and potentially oligomeric
species. This stage of hydrolysis of chloroterephthalate
zirconium complexes into monomeric and oligomeric oxo-
complexes corresponds to the nucleation stage, as evidenced
by correlating XRD and XAS data. With condensation
further progressing, zirconium monomeric and oligomeric
species are transformed into the zirconium-oxo nodes (Step
III, in Figure 7). Notably, at a HCl/Zr ratio above 5
stochiometric defect-free [ZrsO,(OH),] nodes are formed,
while at HCI/Zr ratios below 5, the condensation of
zirconium species leads to the formation of nodes with
missing zirconium atoms (Figure 7, Step III;). Notably, these
defects do not disappear with extended crystallization time,
indicating that the process of nodes formation is irreversible
and once formed, nodes with defect do not dissolve and/or
heal. The formation of nodes from monomeric and oligo-
meric species is the rate-limiting step of the crystal growth
stage. Further, both defect and defect-free nodes participate
in UiO-66 structure formation and are incorporated into the
crystal structure on the final stage of crystallization (Step IV
in Figure 7). This final stage includes reaction between
nodes and terephthalic acid from solution and formation of

Growth
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DM BDC

YHO0  zrcl, F  H,BDC
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Figure 7. Scheme illustrating the chemical transformations taking place during the nucleation and crystal growth phases of UiO-66 crystallization

and showing the effect of H,O and HCl modulators.
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the UiO-66. As discussed above, this stage is not rate-
limiting in the crystallization, yet some important conclu-
sions regarding this stage can be made. First, as the process
is not rate limiting, the degree of terephthalic acid deproto-
nation cannot determine the growth rate, and this agrees
with experimental data. The progressive simultaneous in-
crease in both HCVZr and H,O/Zr ratios (Series 1)
accelerates both nucleation and crystal growth rates, while
at the same time, the degree of terephthalic acid deprotona-
tion for Series 1 gradually decreases from UiO-66 (11, 3.3)
to UiO-66 (40, 11.0). Thus, the deprotonation of terephthalic
acid does not directly affect either nucleation or crystal
growth rates. Another important result originates from the
fact that the FWHM of XRD peaks does not change after
the extent of crystallinity reaches unity. This indicates that
the reaction between nodes and linkers leading to a UiO-66
crystal structure is irreversible, making redissolution—crystal-
lization mechanism unapplicable in UiO-66 synthesis, ex-
plaining the observed absence of Ostwald ripening.

Conclusions

Both H,0O and HCI control the macroscopic and structural
properties of UiO-66, such as crystal size, the presence of
defects and the kinetics of crystallization from solutions
containing ZrCl,, DMF and terephthalic acid. This is
achieved by influencing both nucleation and crystal growth,
more precisely, by affecting the rates of corresponding
hydrolysis and condensation reactions, respectively. UiO-66
crystallization implies hydrolysis of zirconium chloride and
chloroterephthalate complexes as a rate-limiting step in the
nucleation process, and condensation of monomeric and
oligomeric zirconium-oxo complexes into nodes, which is
the rate-limiting stage of crystal growth. Both processes are
irreversible, and both are promoted by H,O and inhibited
by HCI, however, to a different extent. Nucleation and
crystal growth rates are directly proportional to H,O/Zr
ratio, while inhibition of nucleation by HCIl is much more
prominent than that of crystal growth. This makes manipu-
lating the H,O/HCI ratio a tool to control the relative rates
of nucleation and crystal growth, hence enabling control of
crystal size of the final product. Notably, fast nucleation in
the absence of HCI results in the formation of nodes with
missing zirconium atoms. At the final stage of the synthesis
both defective and defect-free nodes react with linkers and
form the UiO-66. Although this reaction is not rate-limiting
and the degree of the deprotonation of terephthalic linker
does not influence crystallization kinetics, it is important to
note that this transformation is irreversible. This important
mechanistic conclusion demonstrates the inapplicability of
redissolution—crystallization mechanisms for forming defect
free UiO-66. Instead, the defects in the crystal structure are
preserved and cannot be (self) healed through prolongation
of the crystallization time.

From a methodological perspective, the combination of
advanced in situ techniques and precise experiment planning
with comprehensive variation of the synthetic parameters
was needed to determine the detailed molecular-level

Angew. Chem. Int. Ed. 2025, 64, €202415919 (12 of 13)
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mechanism of solvothermal synthesis of solid materials and
avoid ambiguous and erroneous conclusion.
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