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Deciphering the Mechanism of Crystallization of UiO-66

Metal-Organic Framework

Olesya O. Semivrazhskaya, Daniil Salionov, Adam H. Clark, Nicola P. M. Casati,
Maarten Nachtegaal, Marco Ranocchiari, Sasa Bjelic, René Verel, Jeroen A. van Bokhoven,

and Vitaly L. Sushkevich*

Zirconium-containing metal-organic framework (MOF) with UiO-66 topology
is an extremely versatile material, which finds applications beyond gas
separation and catalysis. However, after more than 10 years after the first
reports introducing this MOF, understanding of the molecular-level
mechanism of its nucleation and growth is still lacking. By means of

in situ time-resolved high-resolution mass spectrometry, Zr K-edge X-ray
absorption spectroscopy, magic-angle spinning nuclear magnetic resonance
spectroscopy, and X-ray diffraction it is showed that the nucleation of UiO-66
occurs via a solution-mediated hydrolysis of zirconium chloroterephthalates,
whose formation appears to be autocatalytic. Zirconium-oxo nodes form
directly and rapidly during the synthesis, the formation of pre-formed clusters
and stable non-stoichiometric intermediates are not observed. The nuclei of
UiO-66 possess identical to the crystals local environment, however, they lack
long-range order, which is gained during the crystallization. Crystal growth is
the rate-determining step, while fast nucleation controls the formation

of the small crystals of UiO-66 with a narrow size distribution of about

200 nanometers.

1. Introduction

Metal-organic frameworks (MOFs) have
been studied in depth by chemists and
material scientists because of their tun-
able porosity and diversity of discovered
topologies.['2] Importantly, they are not
rigid structures and can undergo post-
synthetic modification, enabling adjust-
ment and fine-tuning of their chemical
and physical properties.>!2] Due to these
unique features, MOFs are studied and ap-
plied in many fields, from gas adsorption
and separation, to energy storage and (elec-
tro) catalysis.[1712]

Not every MOF attracts the same de-
gree of attention from researchers, inter-
est depends on the intrinsic properties
of each particular metal-organic frame-
work, high porosity, (solvo)thermal sta-
bility and mechanical durability are at
the forefront.'>612] One of these most
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promising and fascinating MOFs is UiO-66, comprising
[Zr,(OH),0,]"*" oxo-clusters and terephthalate linkers, which
form cubic cells.'** The steadily increasing number of publi-
cations devoted to UiO-66 has paved the way for current research
into structure-performance relationships, (that are approaching
maturity) which reveal new challenges to be met.[>! One of these
is understanding the synthesis of UiO-66 at the molecular level,
which is essential to achieve further progress in reproducible
synthesis and modulating the size and shape of the crystals,
targeted for scale-up and standardization.'] Studying the
formation of metal-organic frameworks is complex due to the
heterogeneity of the synthesis medium, which comprises a
solvent, an inorganic precursor, an organic linker, a modulator,
and a deprotonating agent, as well as the high sensitivity to
physical and chemical parameters, such as temperature, pH,
concentration, and aging time.["®2!] These issues are highlighted
in recent reviews(??2%] as well as in our recent publication,!?’]
urging researchers to develop and use in situ methods for
monitoring synthesis.

A number of research papers focus on the in situ analysis of
the formation of UiO-66 under solvothermal conditions, mostly
by means of X-ray scattering techniques, which are intrinsically
sensitive to crystalline phases and, in some cases, to the amor-
phous nuclei.[?128-30] In this way, the effect of the modulator, such
as minerals and organic acids, on the crystallization kinetics can
be studied and linked to the crystal size distribution of the fi-
nal product. Further fitting of the crystallization curve, based on
Gualtieri,*!! Avrami-Erofeev®?] or Sharp-Hancock!®}! models, en-
ables the extraction of nucleation and growth parameters. The
researchers reached the conclusion that the addition of modu-
lators, deprotonating agents, and water to the synthetic mixture
accelerates the synthesis, which results in UiO-66 crystals of dif-
ferent sizes. However, the molecular mechanism of such control
cannot be derived from wide- and small-angle X-ray scattering
alone.

Using methods not requiring long-range ordering, such as X-
ray total scattering and pair distribution function (PDF) analysis,
an elementary mechanism, involving growth from pre-formed
clusters, was suggested for amino-functionalized UiO-66.34%]
However, PDF data are not element-specific and are complex,
they do not provide information about the chemical processes
that take place during the synthesis. From this perspective, NMR
spectroscopy is a powerful tool to follow these chemical transfor-
mations. For instance, "H NMR showed the evolution of water
and solvent signals during the synthesis, for the most part show-
ing the formation of various adducts and their temporal behav-
ior, with no clear relationship to the evolution of the terephtha-
late linker in the context of nucleation and/or the crystallization
process.3¢]

There is not one single technique that can interrogate the
evolution of all species during MOF synthesis and follow their
evolution on timescales from seconds to days. In our previous
work,!?”] we showed that the MIL-53 crystallization mechanism
can now be studied in great depth by combining in situ electro-
spray ionization coupled to high-resolution mass spectrometry
(ESI-HRMS), magic angle spinning NMR (MAS NMR) and X-
ray diffraction (XRD).

In the present work, we employed the developed methodol-
ogy to monitor the formation of UiO-66, starting from the induc-
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tion period through nucleation to the crystal growth. Our toolkit
was reinforced by time-resolved Zr K-edge X-ray absorption spec-
troscopy (XAS), employing Fourier and wavelet analysis (WT) of
EXAFS. The application of several spectroscopic techniques en-
abled us to follow the fate of zirconium atoms as well as that
of the terephthalic linker, water, and N, N-dimethylformamide
(DMF) as solvent. These data were complemented by those of
X-ray diffraction and revealed the molecular mechanism of UiO-
66 crystallization. Zirconium chloroterephthalates play a key role
in the initiation of nucleation, which proceeds via a solution-
mediated mechanism. The pre-formation of [Zr,(OH),0,]"**
clusters via hydrolysis of ZrCl, does not take place, instead, these
clusters formed rapidly during the irreversible hydrolysis of solu-
ble zirconium chloroterephthalates. DMF undergoes hydrolysis,
catalyzed by HCl, leading to dimethylammonium chloride and
formate species, which are preserved in the solution. The com-
plexity of UiO-66 crystallization chemistry justifies the need for
a case-by-case MOF synthesis investigation across the time do-
main.

2. Results

2.1. High-Resolution Mass Spectrometry

HRMS spectrometry was used to analyze the composition of the
synthetic mixture at short reaction time. Right after the disso-
lution of zirconium chloride and terephthalic acid (H,BDC) in
a mixture of N, N-dimethylformamide and hydrochloric acid,
various compounds are formed. Figure 1A,B reports exemplary
ESI-HRMS spectra, recorded in negative and positive modes,
respectively. Even though zirconium chloride that was used in
the mass spectrometry experiments was labeled with a single
9Zr isotope, the natural isotopic distribution of chlorine, rep-
resented by the **Cl / 3’Cl mixture, leads to the appearance of
multiple peaks in the spectrum of individual adducts. The un-
ambiguous assignment of the signals required further isotope
labeling, which in turn enabled the detection of the most intense
peaks in the range of 100-1000 m/z (Figures S1 and S2, Tables
S1 and S2, Supporting Information). As well as the ZrCl;~ an-
ion, resulting from the dissociation of the initial zirconium chlo-
ride, a family of different zirconium chloroterephthalates with
the formula [ZrCl;_ (HBDC),]™, 1 < x < 5 was found (Scheme 1).
These are formed by the gradual substitution of chlorine in zirco-
nium chloride by terephthalate. A smaller fraction of zirconium
chloroterephthalates, containing two Zr atoms, was also detected.
Due to the dilution of the samples with methanol prior to the in-
jection into the mass spectrometer, methoxy species may partic-
ipate in the exchange, as seen clearly in the corresponding spec-
tra, in which ZrCl,(HBDC)(OCH,)~ and ZrCl,(HBDC),(OCH,)"
are visible. Finally, the signals of copper and iron chlorides orig-
inate from the impurities that are always present in hydrochlo-
ric acid.’”] Extraction of quantitative information from ESI-MS
was not possible due to the significantly varied intensity of the
signals.

The spectrum acquired in positive mode is dominated by the
signals resulting from the dimethylformamide hydrolysis prod-
ucts, in particular, dimethylammonium chlorides with the for-
mula [((CH;),NH,),,,CL]*, 1 < x < 10. Moreover, the dimethy-
lammonium cation in these adducts undergoes exchange with

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. ESI Q-TOF mass spectra of the synthetic mixture after 30 min measured in A) negative and B) positive modes, respectively. The same spectra
were collected during the reaction with H,'8O-labeled water, (C) and (D), respectively. The reaction was carried out at 363 K, and the samples were
diluted with methanol (1:100 v/v) prior to injection into to mass spectrometer. The most intense peaks belong to the different families of zirconium
chloroterephthalates and dimethylammonium chlorides. The methoxy group in some of the peaks originates from methanol, the HRMS solvent. The
m/z values are provided for monoisotope compounds comprising *°Zr and 3*Cl isotopologues. Tables S1 and S2, Supporting Information, give the

complete description of the spectra together with the peak assignment.

zirconium atoms and forms [Zr((CH,),NH,),Cl, ,;]* or other al-
kali or alkali-earth metals (Table S2, Supporting Information).
At a reaction time longer than 2 h, dimethylammonium chlo-
ride salts represent the main products left in the solution at the
end of UiO-66 crystallization (Figure S3, Supporting Informa-
tion). In contrast to MIL-53, no DMF-containing adducts were
found, which explains the weak interaction of Zr cations with
dimethylformamide,[?’] in line with the hard-soft acid-base prin-
ciple.

Unexpectedly, we did not find any Zr-oxo adducts in the so-
lution, which might be indicative of the partial hydrolysis of
ZrCl, with the formation of precursors of secondary building
units (SBUs).3*31 This was supported by the experiment with
oxygen-18 labeled water, which was used instead of unlabeled
hydrochloric acid. A priori, in the case of the formation of zirco-
nium (hydr)oxo species, there should be a shift M+2 in the corre-
sponding spectra compared to the data set produced with an un-
labeled aqueous synthetic mixture. However, this is not the case

.
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Scheme 1. Exchange reaction between zirconium chloride and terephthalic acid leading to zirconium chloroterephthalates with different degree on

substitution.
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(Figure 1C,D): Utilization of H,'0 does not lead to a change in
the position of the HRMS peaks, including those, which were not
assigned, indicating the absence of volatile zirconium (hydr)oxo
species. We tentatively suggest that this might be related to the
formation of insoluble SBUs, which rapidly convert into the UiO-
66 nuclei (vide infra).

2.2. In Situ Zr K-Edge X-Ray Absorption Spectroscopy

Being element-specific and sensitive to the local bonding envi-
ronment only (=5 A), X-ray absorption spectroscopy is ideally
suited to observe zirconium atoms during the synthesis, pro-
viding quantitative information about the redistribution of Zr
among the crystalline, amorphous, and liquid phases. Figure 2A
displays exemplary time-resolved Zr K-edge XANES spectra ac-
quired during the crystallization of UiO-66 at 373 K. The shape
and intensity of the white line undergo significant changes: The
spectrum of the initial mixture resembles that of bulk zirco-
nium chloride with three resolved peaks at 18 015, 18 023, and
18 032 eV, while the final state spectrum is identical to that
of UiO-66 synthesized ex situ, giving a single intense signal at
18 021 eV (Figure S4, Supporting Information). No traces of
zirconium oxide were detected (Figure S4, Supporting Informa-
tion). Figure 2B shows k3-weighted FT EXAFS spectra, showing
the evolution of the Zr local environment during the synthesis.
The initial spectrum consists of a single coordination shell, be-
longing to the Zr-Cl scattering, the intensity of which decreases
progressively during the reaction. After the induction period, a
peak corresponding to the second coordination sphere appears
atabout 3.1 A (phase non-corrected) and develops gradually. The
assignment of this peak to Zr—Zr scattering in the [Zr,(OH),0,]
node is confirmed by the wavelet analysis, the results of which
are presented in Figure 2C."*1 The emerging lobe, centered at
(9.0 A1, 3.1 A) in the WT contour plot, is due to the scattering of
the zirconium atoms with a high Z number. Apart from that, WT
EXAFS indicates the increasing contribution of oxygen scattering
to the first coordination sphere, as revealed by the gradual shift
of the center of the corresponding lobe from (6.2 A~1, 2.0 A) to
(5.0 A1, 1.7 A). This is in line with the FT EXAFS data, which
show a double peak in the first coordination sphere due to dif-
ferent oxygen atoms at two distinct bond distances in the UiO-66
structure. Finally, Figure 2B shows the presence of an additional
weak peak at about 4.6 A in the phase-uncorrected EXAFS spec-
tra, which originates from other Zr atoms in the [Zr,(OH),0,]
node."*! A comparison of the integral intensity of the FT EXAFS
peaks of the Zr—Zr scatterings at d(Zr-Zr,) = 3.1 A and d(Zr—Zr,)
= 4.6 Al1>14] shows that both Zr neighbors appear and develop si-
multaneously (Figure S5, Supporting Information).

Further analysis of the time-resolved XAS series collected at
different reaction temperatures, was performed by means of
principal component analysis. At least three linearly independent
components are required to describe the entire array of data. Uti-
lization of two components does not allow for a reliable fit of the
initial period of the reaction, while the 4-component fit overfits
the data sets (please see Figures S6 and S7, Supporting Informa-
tion and discussion in Supporting Information). Figure 3A-D
shows Zr K-edge XANES, k*-weighted FT EXAFS, k*-weighted
WT EXAFS, and the temporal behavior of the resolved princi-
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pal components (denoted PC1, PC2, and PC3) (Figure S8, Sup-
porting Information). The XANES spectrum of PC1 resembles
that of ZrCl, dissolved in DMF, the fitting of the k*-weighted FT
EXAFS spectrum results in a Zr—Cl distance of 2.45 + 0.01 A
with a corresponding coordination number of 8 + 0.4 (Figure S9
and Table S3, Supporting Information). The concentration pro-
file (Figure 3D) indicates rapid, complete, and irreversible trans-
formation of the species associated with PC1. Unexpectedly, the
decrease in the fraction of the PC1 component follows an ac-
celerating shape of the curve, which is typical of autocatalytic
reactions.[**38] Importantly, an increase in the reaction temper-
ature increases the rate of the reaction, this does not, however,
change the accelerating nature of the autocatalytic process within
the range of 353-373 K.

The XANES spectrum of the PC2 component shows a slight
variation with respect to that of PC1, which indicates the presence
of a substantial number of chlorine atoms surrounding zirco-
nium. This assumption was confirmed by fitting the weighted FT
EXAFS spectrum, which derives a Zr-Cl distance of 2.47 + 0.01
A with a decrease in the coordination number to 7 + 0.4 (Figure
S10 and Table S3, Supporting Information). This is rationalized
in terms of the formation of zirconium chloroterephthalates, in
line with the HRMS data. Notably, the EXAFS spectrum of PC2
does not contain any pronounced peaks in the second and third
coordination shells. The concentration profiles are typical of re-
action intermediates, possessing clear maxima whose positions
depend on the reaction temperature, hence shifting to shorter re-
action times with increasing temperature. Moreover, the position
of the maxima coincides with the attainment of the full conver-
sion of the PC1-associated species.

When the maximum PC2 concentration is reached, the
fraction of PC3 starts to increase gradually (Figure 3D). The
shape of the concentration profile is characteristic of a nucle-
ation/crystallization curve, which starts with an induction pe-
riod and then follows a sigmoid-like shape.®'-33] The resolved
XANES spectrum is significantly different from that of PC1 and
PC2 and is identical to that of the crystalline UiO-66 phase. The
fitting of the EXAFS spectrum confirms the assignment of PC3
to zirconium in UiO-66 (Figure S11 and Table S3, Supporting
Information)." Hence, the XAS data confirm that the forma-
tion of UiO-66 proceeds via the zirconium chloroterephthalate
intermediates, which are formed via an autocatalytic reaction.
Hydrolysis of the latter leads to the direct formation of UiO-66
species with no observable hydro(oxo) intermediates, in line with
the HRMS data.

2.3. In Situ MAS NMR Spectroscopy

While XAS enables the determination of the structure of the Zr
atoms in the molecular precursor and the secondary-building
units of UiO-66, MAS NMR follows the fate of the terephthalate
linker and monitors the evolution of water and HCl signals. Di-
rect excitation probes, for the most part, the liquid phase and the
soluble species, whereas CP-MAS spectroscopy is intrinsically
sensitive to the rigid species, such as nuclei and crystallites.!?”*]
Figure 4 represents exemplary time-resolved *C without pro-
ton decoupling, NODEC, (A), 'H-C CP-MAS (B), and 'H (C)
NMR spectra, acquired during the synthesis of UiO-66 at 353 K.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. A) Exemplary time-resolved Zr K-edge XANES spectra. Upon reaction there is a clear change in the white line shape together with the edge
shift to higher energy. B) Exemplary time-resolved Zr K-edge k-weighted FT EXAFS spectra. Zr-O and Zr-Cl contributions are clearly visible in the first
coordination shell, with Zr—Zr scattering contributing to the second shell, respectively. C) Exemplary time-resolved Zr K-edge k3-weighted WT EXAFS
spectra. Initial mixture characterized by the presence of the single lobe due to Zr—Cl and Zr-O scatterings, while at longer reaction time, a lobe due to

Zr-Zr appears and gradually develops. The reaction temperature was 373 K.

The signal at about 167 ppm in the *C NMR spectra corre-
sponds to the terephthalate species located in the synthetic so-
lution, while the triplet at 163 ppm is due to the solvent, deuter-
ated dimethylformamide. During the reaction, the intensity of
the terephthalate signal decreases and reaches ~0.05 M concen-
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tration, which is associated with the stoichiometric excess of
terephthalic acid used for the synthesis. The concentration pro-
file of terephthalate (Figure 4D), derived from the integration of
the NMR signal, reveals a notable behavior: The reaction starts
from the plateau at about 0.15 M, followed by the exponential
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Figure 3. Results of principal component analysis of the Zr K-edge time-resolved datasets in the temperature range of 353-373 K. A) PCA-resolved
XANES spectra of three linearly independent components. B) Corresponding k*-weighted FT EXAFS and C) WT EXAFS spectra, and D) evolution of the
fraction of each principal component during the synthesis of UiO-66 at different temperatures. Different time scales for PC1-PC3 are used for the sake

of clarity. Colored circles in (D) denote reaction temperature.

consumption from the solution. The duration of the plateau and
the rate of depletion are governed by temperature. Apart from
the concentration, the position of the terephthalate signal varies
during the synthesis (Figure 4A). Plotting this signal position
versus synthesis time shows that, initially, the chemical shift in-
creases, passes through a maximum at about 167.66 ppm, and
then decreases back to the original value of about 167.50 ppm
(Figure 4E). This is explained in terms of the fast exchange be-
tween protonated and deprotonated terephthalate, coordinated
to zirconium atoms. NMR spectroscopy, a relatively “slow” tech-
nique, probes the averaged state, and, therefore, the position of
the peak varies depending on the relative fractions of the species
involved in the chemical exchange. A shift to the lower field sug-
gests an increase in the fraction of terephthalate species in the
zirconium coordination sphere. Temporarily, the maxima of the
terephthalate chemical shift coincide with the start of the con-
sumption of terephthalate from the solution (Figure 4D,E; Figure
S12, Supporting Information) at all the studied reaction tempera-
tures. After comparing these data with the HRMS and XAS data
sets, we conclude that the increase in the chemical shift of the
terephthalate signals is associated with the formation of solu-
ble zirconium chloroterephthalates. After reaching a certain ex-
change level, which we can not quantitatively estimate, the hy-
drolysis and formation of the UiO-66 solid nuclei begin, lead-
ing to a decrease in the intensity of the *C NMR signal. 'H-
13C CP-MAS NMR spectra (Figure 4B) confirm this suggestion,
showing the formation of solid terephthalate-containing species
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giving a signal at 169.9 ppm after the induction period. It is
worth noting that 'H-13C CP-MAS NMR spectra selectively de-
tect rigid solidified particles, since in soluble and flexible species
the polarization transfer is significantly hindered. These rigid
species are likely represented by nuclei at short reaction times
and crystalline MOF at the end of the reaction. The transient
spectra contain both phases. The relative intensity of the signal
plotted against the reaction time shows a gradual increase to a
certain intensity, which is a function of the synthesis tempera-
ture. The decrease in the maximum CP-MAS NMR signal with
increasing temperature is due to the less efficient polarization
transfer, induced by the stronger dynamics, exchange, and re-
laxation. The weak interaction of dimethylformamine with zirco-
nium and/or terephthalate hinders the polarization transfer from
the abundant DMF protons, leading to a poor signal-to-noise ratio
(Figure 4F).

Upon completion of the crystallization, the *C NMR spec-
trum without proton decoupling has several additional peaks
(Figure 4G). The separate signal at 162.1 ppm is assigned to the
free formate species, while a quartet centered at 35.1 ppm and
possessing ]y -splitting of 140 Hz is due to the dimethylammo-
nium cation. Both are products of the hydrolysis of DMF. The
'H-13C CP-MAS NMR spectrum (Figure 4H) reveals the presence
of a signal with an isotropic chemical shift of 169.9 ppm due to
the terephthalate linker in the structure of UiO-66.1*"! There is no
signal due to formate in the spectrum, hence excluding its incor-
poration into the structure of the final MOF.

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOWIWIOD A1) 8ot jdde 8y Aq peuseno a1e S9olle O ‘8sN JO Sa|nJ Joj Akeid18uIjUO AB|IM UO (SUOTIPUOO-PUB-SWBIL00" AB 1M Aeiq| Ul [UO//SdnLy) SUORIPUOD pue Swie 1 8y} 89S *[202/T0/LT] uo AkidiTaulluo A8|IM ‘ISd ININsU| J81BUdS [Med Aq T.ZS0E202 1IWS/Z00T 0T/I0P/Wod A8 | imAreiq Ul juo//:sdny Wo.y pepeojumod ‘2S ‘€202 ‘62895T9T



ADVANCED. Sl

www.advancedsciencenews.com www.small-journal.com
HO fo) cD (I:Da
(A) \ /7 cD. (B) O\ I/o CD; (C) | ¢ N AH ?H3
c C s G c i N_ _D D™ ¢ -
4 “oH N_ D 4 \ N__D D7 ¢” li Hye” e
D:67 6T @ ° Dsc” 7 I 4,0 3 i
o i . i Wi | HoO ]
- | SO S — = .
— N ; PRI T W T —
LL i TOG R S —
; y SR hac » ~Ah v
_ ; Y WY . o h i
- e PUNIED NS v A
g - ; VT VU S Y M
= i ! A I AN h A
g - g P S W ) -
g _ L | A S — /!
JL ; I SN - _/
__j A A T — /!
i A T SN e
i — A
E V S—— )
: g
AI! A AN
169 167 165 163 250 200 150 100 50 0 1 9 7 5 3
13C chemical shift, ppm 13C chemical shift, ppm H chemical shift, ppm
- (D) (F)
3 0.16 51
E_ @ 70 d
g - 0%, Y i P £
5 : 44 ® ¢ 0 Veg® ¢ (%0 o £
E 0.12 1 = .; o . °® . : ~
= = ¥, o . o S65
g Es] VNG g
£ 0.08 - g % ‘%. .0 . _: 62
& g 24 L] [ Y ® “gne £
3 o
s : 'z osaPp N o.'... T A % 0 60
[} g
ig 0.04 5._‘;" 1] :. g 58
8 T T
éa . ) e 50 100 150
T o : : . : N o : . . : . 554 : : :
[ 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 500 1000 1500
Time, min Time, min Time, min
(CH3):NH,*
g 1677 1 (B) (G) v
g 9.3
g g
2 DMF =
g § 9.1
b G
2 ¢ g
[=)]
® 167.6 2 T 2 5o
% o ¢ 173 169 165 161 42 38 34 30 26 % :
5 2
£ (H) BOC .
[=% (SO|Id)\‘ L 87 ®
s - 2 G
:,6 T *
167.5 ] 8.5 T T \
0 500 1000 1500 300 250 200 150 100 50 O 0 500 1000 1500
Time, min '3C chemical shift, ppm Time, min
[ @ 343K @® 353K @) 363K]

Figure 4. Exemplary time-resolved A) *C NODEC, B) 'H-13C CP-MAS, and C) "H MAS NMR spectra acquired at 353 K, showing the gradual evolution
of the terephthalate species in solution and in the solid phase as well as the fate of HCl and water during synthesis. D) Temporal evolution of the
concentration and E) chemical shift of soluble terephthalate-containing species at different temperatures. F) Absolute intensity of the TH-13C CP-MAS
NMR signal due to the terephthalate in the course of the UiO-66 synthesis. G) *C NODEC and H) 'H-3C CP-MAS NMR spectra acquired at the end of
the synthesis. 1) Temporal evolution of the chemical shift of the signal due to water and J) DMF---HCl adduct during crystallization of UiO-66.
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Figure 5. A) Time-resolved background-subtracted counterplots of XRD data recorded during the synthesis of UiO-66 at 373 K, B) extent of UiO-66
crystallinity obtained from the background-corrected XRD data, C) Arrhenius plots for k, and k, extracted from the corresponding fits using the Gualtieri

model.

Zirconium atoms in the [Zr,(OH),0,] node of UiO-66 are
linked to bridging oxygen atoms and hydroxides, which originate
from water present in a synthesis solution, that is, in the form
of aqueous hydrochloric acid. '"H NMR monitors the signals of
H,O as well as HCl (Figure 4C). Together with the signals due to
the deuterated DMF (at 2.87, 3.04, and 8.2 ppm), there are two
other signals with a varying chemical shift. The first signal be-
tween 5.5 and 7.0 ppm is assigned to water, while the second at
about 9 ppm results from the DMF--HCl adduct.[**! The crystal-
lization of UiO-66 leads to an irreversible change in the width
of both signals, finally resulting in severe broadening, probably
due to the inclusion of both compounds in the porous system
of solid MOF. This does not enable an unambiguous integration
of the peaks. Our discussion, therefore, is limited to the analysis
of the positions of the peaks. Figure 4I displays the evolution of
the chemical shift value of the water signal. It is evident that the
reaction starts with some stabilization of the 'H signal position
during the induction period, which is followed by an exponential
increase in the chemical shift to a stable value of ~7.0 ppm. This
is associated with an increase in the hydrochloric acid concen-
tration due to the hydrolysis of zirconium chloride, accompanied
by a decrease in the pH of the synthetic mixture. The position of
the 'H signal, due to the DMF---HCl adduct (Figure 4]), is sta-
ble at about 9.2 ppm, however, it starts to decrease rapidly after a
reaction time, which is somewhat similar to the end of terephtha-
late consumption from the solution (Figure 4D) and stabilization
of pH (Figure 4I). This signal also undergoes severe broadening
(Figure 4C), and therefore we tentatively associate this behavior
with the interaction of the DMF---HCl complex with the UiO-66
porous system.

In summary, the gradual exchange of zirconium chloride with
terephthalic acid results in the formation of partially substi-
tuted soluble zirconium chloroterephthalates, which, in turn,
undergo hydrolysis and form solid nuclei. HCI, another prod-
uct of this exchange reaction, decreases the pH of the syn-
thetic mixture and interacts with dimethylformamide, leading
to the formation of a DMF---HCI adduct (interacting with UiO-
66), which also undergoes hydrolysis, resulting in the dimethy-
lammonium chloride and formate species in the supernatant
solution.
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2.4. In Situ X-Ray Diffraction

Figure 5A shows the evolution of the XRD pattern during the
continuous heating of the synthetic mixture at 373 K.[221 Af
ter an induction period, the X-ray scattering data show the de-
velopment of intense Bragg peaks at 20 = 2.35° and 2.71°, char-
acteristic of UiO-66 (Fm3m, cubic, a = 20.755 A).I">'*] No other
patterns belonging to phases, such as EHU-30, were found dur-
ing the synthesis.l*!] Notably, we did not observe any significant
change in background shape and intensity during the synthe-
sis, which makes the formation of amorphous clusters and par-
ticles, as was recently shown for ZIF-71, highly unlikely.*?! The
background-corrected data were used to calculate the extent of
crystallinity (Figure 5B). Between 343 and 373 K, the formation
of UiO-66 starts with the induction period, followed by the pro-
gressive evolution of the crystalline phase. The increase in the
reaction temperature strongly affects the crystallization kinetics,
while the length of the induction period is affected to a lesser
extent.[?!l Comparing the crystallization profiles with the tempo-
ral behavior of the PC3 principal component extracted from XAS
and corresponding to UiO-66 species (Figures 3D and 5B; Figure
S13, Supporting Information) reveals a mismatch in the evolu-
tion of both curves. The signal due to the UiO-66 species in XAS
appears earlier than that of the crystalline phase in XRD and it
also reaches its maximum faster. We believe that X-ray absorp-
tion spectroscopy enables the detection of UiO-66 nuclei, which,
spectroscopically, do not differ from the crystalline MOF phase.
Certainly, zirconium atoms in UiO-66 nuclei possess identical to
the crystals local environment, however, lacking long-range or-
der, hence giving no XRD reflections. This is in line with 'H-13C
CP-MAS NMR, demonstrating that there is no shift and/or split
in the MOF signal during nucleation and growth (Figure 4B).
The quantitative analysis of the XRD kinetic profiles was per-
formed according to the Gualtieri model (Equation (1)),*!] which
enables temporal deconvolution of the nucleation and growth
processes. According to the fitted values of the kinetic constants
(Figure 5B), nucleation proceeds approximately ten times faster
than growth in the studied temperature range. This indicates
that growth is the rate-limiting step in the formation of the fi-
nal UiO-66, this explains the average small size of about 200 nm

© 2023 The Authors. Small published by Wiley-VCH GmbH
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of the UiO-66 crystallites with a narrow size distribution (Figure
S14, Supporting Information). The apparent activation energies,
extracted from the Arrhenius plots (Figure 5C), correspond to
62 + 2 k] mol~! for both nucleation and growth, in line with those
previously reported for amino-functionalized UiO-66.128) Assum-
ing that X-ray absorption spectroscopy probes the initial stage
of the nucleation phase, we have separately extracted the nucle-
ation activation energy from the initial slopes of the kinetic curves
due to PC3 XAS components at a different synthesis temperature
(Figure S15a, Supporting Information). The obtained value, E,
= 54 + 3 k] mol™" (Figure S15b, Supporting Information) is in
line with the one extracted from the Gualtieri fitting, confirming
our assumption.

a=— (1-e ) (1)

=
1+e

a
b
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where a—the extent of crystallinity, t—reaction time, k,—rate
constant for growth, a—reciprocal rate constant for nucleation,
k, = 1/a, b—variance of the nucleation probability distribution
and n represent the dimensionality of crystal growth.

2.5. Discussion of UiO-66 Nucleation and Growth Mechanism

The synthesis of UiO-66 starts with the depolymerization of the
solid zirconium chloridel**! in DMF to monomeric species and
the autocatalytic formation of soluble zirconium chlorotereph-
thalates, with a subsequent increase in the substitution degree
and the number of terephthalate linkers in the zirconium co-
ordination environment (Figure 6). In contrast to previous re-
ports, the data in this work lacks evidence for the pre-formation
of [Zrs(OH),0,] nodes in the stock solution.[**! A by-product of

© 2023 The Authors. Small published by Wiley-VCH GmbH
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the exchange reaction is HCI, which accumulates in the solution,
leading to a decrease in pH and the formation of a spectroscopi-
cally distinct DMF---HCl adduct. This adduct undergoes hydroly-
sis, catalyzed by HC, leading to free formate species and various
families of dimethylammonium chlorides, which can reversibly
exchange with the metal cations, including Zr**.

In turn, after reaching a certain level of terephthalate exchange
with zirconium chloride, the hydrolysis leading to the forma-
tion of the first nuclei starts (Figure 6). This process implies the
rapid solution-mediated formation of the [Zr,(OH),0,] nodes,
with no stable sub-stoichiometric zirconium-oxo clusters being
detected. The terephthalate linker becomes a part of the nuclei,
while formate species formed by hydrolysis of DMF remain intact
in the solution, in contrast to Al-containing MIL-53.[2] The nuclei
are structurally identical to the secondary building units of UiO-
66, however, they lack long-range order, which they gain during
growth. Crystal growth represents the rate-limiting step in UiO-
66 crystallization, with nucleation proceeding almost ten times
faster, leading to many small crystals with a narrow size distribu-
tion of about 200 nm. The synthesis of the MOF ends with the
stabilization of pH, the complete consumption of Zr precursors
from the solution, and the absorption of residual water and HCl
by the pore system of UiO-66. Dimethylammonium chloride and
formate species are the main non-crystalline by-products remain-
ing in the supernatant solution. Importantly, the cross-validation
of the methods used in the present study (Figures $16-S19, Sup-
porting Information) shows that the shape and size of reacting
vessels as well as the spinning rate do not affect the crystallization
kinetics and quality of products, and hence, conclusions drawn
(see discussion in the Supporting Information).

3. Conclusions and Outlook

The crucial steps of the molecular-level mechanism of crys-
tallization of one of the most important zirconium-containing
MOFs are reported. The key role of zirconium chloroterephtha-
lates, whose solution-mediated hydrolysis leads to rapid and irre-
versible UiO-66 nucleation, is demonstrated. Crystal growth is
identified as the rate-limiting step, justifying the formation of
the small crystals of UiO-66. N, N-dimethylformamide does not
act as an inert solvent but rather undergoes gradual hydrolysis,
thus forming non-crystalline by-products. The revealed complex-
ity of the synthesis indicates that the simplification and gener-
alization of the mechanisms in the crystallization of different
MOFs must be avoided. In contrast, the case studies are required
to rationalize and justify different synthetic protocols optimized
for each particular MOF as well as to suggest novel, more sus-
tainable routes. The combination of multiple advanced spectro-
scopic methods with kinetic measurements is essential to estab-
lish mechanisms of nucleation and growth. Our discovery ad-
vances the investigation of the synthesis of solids and will prompt
scientific activity in this complex field, ultimately leading to the
rational design of (novel) materials.
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the author.
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