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Metal–organic frameworks (MOFs) are among the most
sophisticated nanostructured solids: they often possess high
surface areas and pore volumes, with the possibility of fine-
tuning their chemical environment by either selecting the
appropriate building blocks or by postsynthetic functionali-
zation. For many frameworks, flexibility of the lattice allows
them to undergo a significant transformation in solid state.[1]

All these features make MOFs a special class of solids with
the potential of transcending many common limitations in
different technological disciplines, such as ferromagnetism,[2]

semiconductivity, gas separation,[3] storage,[4] sensing,[5] catal-
ysis,[6] drug delivery,[7] or proton conductivity.[8] However, the
crystallization mechanism of these complex structures is far
from understood. Notwithstanding the plethora of publica-
tions that present new MOFs,[9] and the effectiveness of the
high-throughput approach,[10] serendipity still governs the
synthesis of new structures.

Understanding how these materials are assembled will
ultimately enable the rational design of new generations of
MOFs targeting specific desired topology and properties.
Surprisingly, only a small number of crystallization studies on
the synthesis of different prototypical MOFs have been
reported to date, most notably using X-ray absorption,[11]

dynamic light scattering,[12] atomic force spectroscopy,[13] and
X-ray diffraction.[14] More recently, Millange and co-workers
reported the first in situ diffraction study on the crystalliza-
tion of different MOFs (CuBTC, MIL-53(Fe), and MOF-14)
under hydrothermal conditions.[15] In the latter, the authors

emphasized the importance of in situ methods, the necessity
of tackling more complex MOF systems, and the use of
combined techniques that allow crystallization to be followed
over several length scales. The diffraction data provides
information about crystalline phases; however, important
primary processes, such as reactions occurring in solution or
gel formation stages and nucleation, cannot be directly
probed.[16, 17]

In this work, we report the first in situ combined small-
and wide-angle scattering (SAXS/WAXS) study on the
crystallization of two topical metal–organic frameworks
synthesized from similar metal and organic precursors, NH2-
MIL-101(Al)[18] and NH2-MIL-53(Al).[19] These two struc-
tures differ in the connectivity of the metal nodes and organic
linkers: The former contains supertetrahedral (ST) building
units formed by aminoterephthalate ligands and trimeric AlIII

octahedral clusters, whereas the latter consists of AlO4(OH)2

octahedra connected by the same linker. X-ray scattering was
shown to be an indispensible tool for studying the synthesis
process of zeolites and zeotypes,[20a–d] mesoporous materi-
als,[20e] nanoparticles and colloids,[20f,g] and interfaces:[20h] This
approach is especially valuable when combined with other
methods such as XRD, NMR, X-ray absorption, and Raman
spectroscopy.[21]

The scattering patterns recorded during the formation of
NH2-MIL-101(Al) at 403 K are shown in Figure 1a,b. Scatter-
ing at low Q (< 1 nm�1) develops immediately with the start
of the heating well before the formation of most Bragg peaks.
The diffraction pattern that was obtained corresponds to the
NH2-MIL-101 structure (Fd3̄m, cubic, a = 88.87 �;[18] Fig-
ure 1c). Low Q scattering is likely to be due to the formation
of amorphous primary particles which subsequently assemble
into the crystalline structures. Remarkably, the reflection at
Q = 6.3 nm�1, corresponding to a d spacing of 9.7 �, develops
at first. It exhibits a high multiplicity factor of 72: 24 sets of
{119} planes and 48 sets of {357} planes contribute to this
reflection. From the FWHM of the reflections, the size of the
first crystallites was estimated to be about 60 nm in size,
reaching about 90 nm after 2500 s. Intensity at low Q remains
constant during later phase of the synthesis owing to the
cumulative scattering by particles of different sizes and due to
scattering by imperfectness of the crystals (such as defects and
voids).

Figure 1d shows normalized crystallization curves pro-
duced by integration of the Bragg peak at Q = 2.4 nm�1 (plane
357) recorded at different temperatures. Analysis of the
kinetic profiles was performed using the model developed by
Gualtieri[24] and applied for the MOF formation.[15b] This
model (see SI) allows decoupling the nucleation and crystal
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growth processes. The fitting of the kinetic profiles (Fig-
ure 1e) yielded nucleation and growth rate constants, kn and
kg, which are given in Table 1. From the Arrhenius plot
(Figure 1 f), activation energies for nucleation and growth
were found to be (82� 4) and (94� 6) kJmol�1 respectively,
which is in the range of values reported previously for
HKUST-1 and MOF-14.[15b]

A conspicuous view of changes in the scattering profile
versus time is presented in the Supporting Information,
Figure S4, which shows a selection of the log Q–log I(Q) plots
measured in the beginning of the crystallization experiments
at 403 K for both NH2-MIL-101(Al) and NH2-MIL-53(Al)
before the onset of crystallization. In both cases, the SAXS
intensity closely follows a power-law decay Q�a with a

between 2.9 and 3.2 for NH2-MIL-101(Al) and between 3.1
and 3.3 for NH2-MIL-53(Al). In both cases, the decay is
slower than the asymptotic behavior of a = 4 predicted by the
Porod law for compact particles with sharp interfaces,[25]

indicating that MOF systems have more complex multiscale
structures. SAXS studies of the crystallization of different
zeolites yielded a values of about 3,[21b, 26] suggesting that the
formation of both structures proceeds through a similar
precursor gel formation mechanism.

To obtain further insight into the factors governing
crystallization, we modified the synthesis conditions. Either
increasing the concentration of the precursors or replacing
DMF by water as solvent leads to the formation of a different
morphology, namely NH2-MIL-53(Al).[19b] Figure 2a,b shows
the scattering patterns obtained during the crystallization
process. Similar to the above case, formation of primary
particles could be detected from the scattering at low Q,
which appears without any detectable induction period
(Figure 2a). SAXS data shows development of the Bragg
peak at Q = 6.2 nm�1 that is characteristic of NH2-MIL-53
(Imma (no. 74), orthorhombic, a = 6.9, b = 17.6, c = 12.1 �.[23]

It should be noted that owing to the higher concentrations of
aminoterephthalic acid and its low solubility, the linker is not
dissolved completely in water at room temperature, leading to
turbid solutions. This is also manifested in the WAXS patterns
(see Figure 2d), where Bragg reflections of the linker can be
observed at early times; these features disappear upon
dissolution of the linker.

To pinpoint the observed substantial solvent effect, the
synthesis of MIL-53 was performed in DMF/water mixtures.
As slow dissolution of the linker can significantly hinder the
rate of MOF formation, we adjusted the DMF concentration

Table 1: Crystal growth and nucleation rate constants for NH2-MIL-
101(Al) crystallization extracted from the fitting of experimental profiles
recorded at different temperatures.[a]

T [K] kg [104 s�1] kn [104 s�1]

393 2.3 5.8
403 6.3 14
413 9.3 20

[a] Syntheses were carried out in DMF with low precursor concentra-
tions. All rate constants are determined with �10% accuracy.

Figure 1. a) 3D SAXS data recorded during crystallization of NH2-MIL-
101(Al) at 403 K using DMF as solvent and low precursor concen-
trations; b) Q = 1-7 nm�1 region of (a) focusing on the Bragg reflec-
tions; c) SAXS profile taken at 2500 s together with peak positions
predicted for NH2-MIL-101 structure (sticks) calculated from the data
from Refs [18,22]; d) development of the scattering at different
Q values. The Bragg peak at 6.3 nm�1 emerges earlier than that at
2.4 nm�1. Temperature profile in the in situ cell is shown on the left-
hand y axis; e) experimental (solid) and calculated (smooth, dotted)
profiles of the development of Bragg peak at Q = 2.4 nm�1 recorded at
different temperatures. The Gualtieri model was used for kinetic
fitting.; f) Arrhenius plots for nucleation and crystal growth rate
constants kg and kn.
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to fully dissolve solid precursors (DMF/H2O = 0.70:0.30).
This synthesis resulted exclusively in the formation of the
MIL-53 framework (Figure 3a). As anticipated, the growth
rate constant increased tenfold (Figure 3b and Supporting
Information, Table S2), confirming that the availability of
linker in solution is critical. The nucleation rate constant
remained unchanged and significantly higher than that
determined for MIL-101. A further increase of the DMF/
water ratio resulted in the decrease of both kg and kn.

Strikingly, when the synthesis was carried out in DMF, both
MIL-53 and MIL-101 phases could be observed.

Inspection of the low Q range (Figure 1a and Figure 2 a)
shows important differences between MIL-101 and MIL-53
crystallization processes. When development of the scattering
intensity is plotted versus time (Supporting Information,
Figure S3), scattering at Q = 0.25 nm�1 monotonically
increases for all cases, whereas the curves at Q = 1 and
1.5 nm�1 pass through a maximum in all cases except for the
synthesis of MIL-53 in water. Decay in the intensity
corresponds to the onset of the MIL-101 Bragg reflection.
In terms of local density fluctuations, these findings indicate
formation and dissolution of clusters of different sizes. To
unveil the chemical nature of these species, we identified a
broad Bragg peak at Q = 6.3 nm�1, which appears almost
instantaneously with the start of the synthesis (Figure 1 b).
The structure of a transient phase formed prior to the
crystallization of MIL-53(Fe) was reported[15a] and identified
as MOF-235,[27] which is composed of iron (III) trimers linked
by terephthalate linkers in a similar fashion to the MIL-101
structure. The main Bragg reflection of this structure is
predicted to appear at a d spacing of 9.4 �, corresponding to
Q = 6.3 nm�1. Along these lines, we attribute the behavior of
the scattering at 1–1.5 nm�1 appearing at early times to the
formation of the MOF-235(Al) clusters with sizes in the range

Figure 2. a,b) 3D SAXS (a) and WAXS (b) profiles showing the devel-
opment of the scattering in the course of NH2-MIL-53(Al) crystalliza-
tion at 403 K using water as solvent and high precursor concentra-
tions; c, d) patterns recorded every 200 s, together with the Bragg
reflection positions, for NH2-MIL-53 (solid sticks)[23] and the amino-
terephthalic acid linker (dashed sticks). The doublet reflection at
Q = 12.5–13 nm�1 that overlaps with the Bragg peaks originates from
the mica windows (Supporting Information).

Figure 3. a) SAXS/WAXS profiles taken during crystallization in various
solvent mixtures. Note the formation of the MIL-101 phase in DMF;
b) temporal development of the MIL-53 Bragg peak at Q = 6.5 nm�1

with H2O/DMF ratios of 1) 1:0, 2) 0.30:0.70, 3) 0.10:0.90, 4) 0.05:0.95,
and 5) 0:1; c) temporal development of the MIL-101 Bragg peak at
Q = 2.3 nm�1 in DMF at 1) high and 2) low precursor concentrations.
The Gualtieri model was used for kinetic fitting. Note that t = 0 for
kinetic fitting (smooth lines in (b) and (c)) is chosen when the
temperature reaches 90% of the setpoint.
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of 4–6 nm and their subsequent dissolution and formation of a
more uniform MIL-101 phase.

The above findings enable the major events taking place
to be identified during M3+/terephthalate MOF crystallization
(Scheme 1). When the linker is completely dissolved, forma-

tion of the disordered MOF-235 phase rapidly occurs in the
intermediate temperature regime. This phase appears to be
kinetically favored. In an aprotic solvent, the assembly of
MOF-235 clusters into a MIL-101 phase follows as temper-
ature rises. This is a rate-limiting step, as nucleation rate for
MIL-101 is concentration-independent (compare Table 1 and
Supporting Information, Table S2 for results at the same
temperature). In DMF/water mixtures, MIL-53 crystallization
takes place at high temperatures. In the presence of water,
MIL-235 phase is hydrolyzed as temperature rises and MIL-
53, the thermodynamically favorable phase, is assembled. A
larger amount of DMF in the synthesis solution facilitates
linker dissolution, increasing availability of the building
blocks in the media, and thus favoring the MOF-235.
Supporting evidence towards fast formation of the intermedi-
ate-phase MOF-235 is the relation between the constants;
that is, Ea (growth)>Ea (nucleation) is opposite to that
observed for other MOFs.[15b] This implies that in the overall
crystallization the end product formation (MIL-101 and/or
MIL-53) from MOF-235 is rate-determining. Higher nuclea-
tion rate constants (Table 1 and Supporting Information,
Table S2) also indicate that crystal growth is the limiting step.

To further corroborate involvement of the MOF-235 as
the intermediate product, we successfully isolated and
characterized this phase quenching the synthesis at inter-
mediate temperatures. The position of the most intense XRD
reflection (Supporting Information) agrees with that found in
the in situ experiments.

Figure 3c also indicates that at high precursor concen-
trations, the MIL-101 phase decomposes over time. This
observation accentuates that the presence of water formed in
the synthesis decreases the stability of this structure. Even
when the synthesis is carried out at anhydrous conditions (in
DMF), the small amount of moisture introduced with
hydrated aluminum salts may suffice to hydrolyze the
structure at the synthesis conditions.

To summarize, from the analysis of the X-ray scattering
data on different length scales, the chain of events leading to
the formation of several MOF phases synthesized from
identical precursors has been clarified. Our findings indicate
the complexity of the process and the multitude of factors
governing the mechanism. It appears that the stabilization of
the MOF-235 phase by DMF is essential to the successful
synthesis of MIL-101. Notably, this is the first time that this
metastable phase has been identified for a metal other than
iron. Finally, establishing how synthesis conditions direct the
formation of a given topology and how these competing
phases are assembled may ultimately permit some fine-tuning
of synthesis conditions to test and realize the ideas of design
in synthesis, including the synthesis of MOF-based coatings or
membranes.[28] As an example, we determined the optimal
solvent composition for NH2-MIL-53 to permit complete
linker dissolution: a three-fold increase of product yield was
achieved under these conditions (Supporting Information). It
should also be emphasized that other methods, such as
vibrational spectroscopy and X-ray absorption techniques,
should be combined with SAXS/WAXS and also molecular
modeling[29] to obtain exhaustive chemical information of the
different units assembled during crystallization.
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