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organic framework-199 via a reaction–diffusion
process at room temperature†
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Single crystals of metal–organic framework-199 are successfully

synthesized in a hydrogel medium using a reaction–diffusion

framework. This method is rapid, efficient, scalable, and environ-

mentally friendly. Control over the size, dispersity and the mor-

phology of the crystals is achieved and several key parameters in

the mechanism of crystal growth are elucidated.

Metal–organic frameworks (MOFs) are an established class of
highly porous and crystalline materials composed of organic
linkers and inorganic clusters connected via strong chemical
bonds.1–5 As a result of their high surface area and
compositional versatility, MOF structures have been used in
many applications ranging from gas storage and separation,
catalysis and sensing to adsorption-driven heat pumps.6–9

Traditionally, MOFs are prepared through solvothermal
methods, but alternative synthetic strategies have been devel-
oped based on exploiting conventional electric or microwave
heating, electrochemistry, mechanochemistry, and
ultrasonication.10–12 On the other hand, room temperature
synthesis through fast precipitation (nano-size crystals of
MOFs) or slow diffusion (single crystals) are used to a much
lesser extent.13,14 In most of these methods, an organic sol-
vent is needed. In the few reports, in which aqueous or
solvent-free media are employed, high temperatures and/or
continuous energy input are necessary to realize the targeted
material.15–18 However, among the tens of thousands of MOF
structures reported to date, there are only a handful of exam-
ples of synthesis employing organic solvent-free techniques at
room temperature.13,14,19 Therefore, as a matter of necessity,
the development of novel synthetic routes to MOFs, which
take into consideration environmental issues, safety hazards,
and energy costs prior to implementing these materials in an
industrial setting are highly sought after. While the synthesis,

characterization, and application of new MOF structures are
profusely published, a fundamental understanding20–22 of
MOF crystal formation mechanisms is still lagging and inves-
tigations concerning the different parameters governing the
synthetic procedures (i.e. the concentrations of the starting
materials, the type of metal sources or solvents, as well as the
pH and temperature) are only intermittently reported.23–26

MOF-199, Cu3ĲBTC)2 (BTC = benzene-1,3,5-tricarboxylate),
also known as HKUST-1,27 is one of the most studied metal–
organic framework materials due to its potential application
in gas sorption, storage, and separation. Because control over
the extent of size and shape of such a MOF is achievable
through an interplay of the chemical reaction route with the
kinetics of crystal nucleation and growth during synthesis,

608 | CrystEngComm, 2017, 19, 608–612 This journal is © The Royal Society of Chemistry 2017

Department of Chemistry, Faculty of Arts and Sciences, American University of

Beirut, P.O. Box 11-0236 Riad El Solh, Beirut 1107-2020, Lebanon.

E-mail: mazen.ghoul@aub.edu.lb, mohamad.hmadeh@aub.edu.lb

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c6ce02436j

Fig. 1 Synthesis of MOF-199 crystals using a reaction–diffusion frame-
work (RDF). Starting at the interface and down the tube, crystals with
different sizes are extracted from equally sized (5 mm thickness) and
consecutive region-bands. The zoom-in optical image reveals blue cu-
bic crystals identified as MOF-199 by the comparison of the PXRD pat-
terns of the as-synthesized crystals (black) with the calculated pattern
of MOF-199 (red).
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we employ a reaction–diffusion framework (RDF) that ex-
ploits such coupling and provides a remarkable grip on size
control and monodispersity.28 This coupling essentially relies
on the strong dependence of nucleation, growth, and ripen-
ing of the crystalline solid on supersaturation. Moreover, the
RDF constitutes a facile and rapid method of synthesizing
MOF-199 at room temperature and consists of a precipitate
system designed by diffusing Cu2+ cations (the outer electro-
lyte solution) into an agar gel matrix that is loaded with the
BTC organic linker (the inner electrolyte solution). The gel
network traps the crystal nuclei and prevents crystal sedimen-
tation thereby fostering a three-dimensional crystal growth.
Furthermore, although the agar eliminates convection and
stabilizes the depletion zones around growing crystals, it
does not restrict macromolecular diffusion; and by inhibiting
the rate of nucleation and growth, it leads to better quality
crystals with local uniform size distributions.29,30 Due to the
reactants being initially separated and poured on top of each
other, a concentration gradient is established, leading to a
propagating and decreasing supersaturation wave starting at
the gel–outer solution interface and extending down the reac-
tion tube (Fig. 1). While nucleation dominates near the inter-
face where supersaturation is at its highest, growth takes over
further down the reaction tube where supersaturation is con-
siderably lower. This consequently leads to a gradient in the
crystal size at different heights along the reaction tube with
the smallest crystals near the interface.31 The size distribu-
tion as a function of distance is generally nonlinear and de-
pends on the specific experimental conditions and on the
molecular, chemical and transport characteristics of the reac-
tants and products. Therefore, by employing this reaction–
diffusion method, we are able to study the control of both
the morphology and size of the resulting MOF-199 particles
through adjustment of the concentration of the reactants, the
thickness of the gel, and the reaction temperature. Further-
more, this method enables the elucidation of the fundamen-
tal physico-chemical parameters that govern the crystalliza-
tion process of MOF-199.

As schematically illustrated in Fig. 1, the synthesis me-
dium consists of a gel matrix (1% agar) occupying about two-
thirds of a Pyrex tube in which BTC is immobilized. On top
of the gel, an aqueous solution of Cu2+ is poured (see the
ESI† for more details). Under static conditions, diffusion of
Cu2+ cations into the gel matrix results in the growth of blue
cubic crystals in the gel. A small volume of ethanol (ca. 10%)
is added to the outer and inner solutions. Without ethanol,
the MOF-199 cubic crystals could not be obtained. It is
reported that the interactions between the solvent molecules
and BTC molecules are weakened with the increasing ethanol
content; consequently, this reduction in the interaction fa-
vors the coordination of the organic ligand with metal ions,
thus promoting MOF formation in a water/ethanol mixture as
the ethanol content reaches a certain value.32 Interestingly,
this synthesis process can be scaled up by simply using a
larger container (e.g. 1 L) without affecting the quality of the
crystals (Fig. S1†). The gel layer is then easily glided out of

the tube by a spatula and cut into consecutive and equally
sized (5 mm thickness) bands. The blue crystals (yield of ca.
95%) are subsequently extracted from each band by dissolv-
ing the gel in hot water (60 °C) followed by centrifugation,
washing with water and dimethylformamide several times,
and freeze-drying for 12 hours. The obtained sample is then
subjected to powder X-ray diffraction (PXRD), high-resolution
scanning electron microscopy (HRSEM), thermogravimetric
analysis (TGA) and N2 sorption measurements. PXRD pat-
terns are collected using a Bruker D8 Discover diffractometer
with Cu-Kα radiation and are shown in Fig. 1. All peaks per-
fectly match the cubic structure of MOF-199 with a lattice pa-
rameter of a = 26.30 Å and no additional peaks are observed
indicating the high purity of our sample. The N2 isotherm of
the activated crystals (Fig. S2†) is measured using a Micro-
meritics ASAP 2420 analyzer and the BET surface area is cal-
culated to be 1250 m2 g−1. This value is in good agreement
with the reported values for MOF-199, which demonstrates
that the growth of the crystal within the gel matrix did not af-
fect the texture and structural properties of the framework.
This was further confirmed by the thermogravimetric analysis
(TGA) of the precipitates of the activated sample using a TG
209 F1 Iris (Netzsch, Germany), which shows the complete re-
moval of the gel from the crystals (Fig. S3†). The morphology
of the gold-coated samples was examined using a (Tescan
Mira) scanning electron microscope. By changing the type of
copper salts, two different morphologies are observed. While
the cubic crystals of MOF-199 (Fig. 1) are obtained by using
copper acetate as the outer electrolyte, copper nitrate leads to
the formation of polyhedron-like crystals (Fig. S4 and S5†).
Interestingly, no additives or modulators are needed in our
synthesis route to produce these two crystal shapes at room
temperature.

Different experimental parameters for the synthesis of the
MOF-199 crystals are investigated. Starting from copper ace-
tate as the outer electrolyte (resulting in cubic crystals), the
effect of the BTC concentration, gel concentration and tem-
perature on the size distribution within the gel matrix are
studied. To this end, different experiments are carried out in
which one of the parameters is varied while the other two are
kept fixed. Tubes are divided into bands of 0.5 cm thickness
each (as shown in Fig. 1), from which the crystals are
extracted from the gel and then analyzed by PXRD and
HRSEM. The average crystal size is computed as the mean of
50–100 crystals per band. Fig. 2A represents typical SEM im-
ages of 4 consecutive bands for a given inner and outer con-
centration of the reactants. When different concentrations of
the inner electrolyte are used (5 mM, 10 mM, 20 mM and 50
mM), in 1% gel and 100 mM CuĲOAC)2 to ensure high initial
supersaturation, the obtained distributions of crystal sizes
are presented in Fig. 2B. It is clear that there is an almost-
linear strong concentration dependence on the crystal size of
MOF-199. The effect on the crystal size is represented as a
bar graph of the resulting smallest and largest crystal sizes in
Fig. 2D and S6.† At a low concentration of BTC (5 mM), we
obtained the smallest size gradient (slope) of ca. 25 μm cm−1
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with cubic sizes in the range of 10–55 μm. However, for a
concentration of [BTC] = 50 mM, the crystal size reaches 310
μm with a steep size gradient of ca. 220 μm cm−1. This con-
comitant increase of the minimum and maximum size of the
MOF cubes with the increase of the inner [BTC] is a charac-
teristic of the RDF, whereby the supersaturation gradient
plays the major role in the spatial variation of the particle
sizes. The temperature has also a noticeable effect on the par-
ticle size distribution as shown in Fig. 2C and E and S7.† For
a [BTC] = 10 mM and [Cu2+] = 100 mM the gradient of the cu-
bic size changes from ca. 32 μm cm−1 at a temperature of 7
°C to a ca. 55 μm cm−1 at 30 °C. The effect of temperature on
the extent of reaction–diffusion is also noticeable. For exam-
ple, at 7 °C the reaction front does not reach beyond the
third band after 24 h whereas it reaches the sixth band at 30
°C. This is due to the faster diffusion of the reaction front at
higher temperatures (and at a higher difference between the
inner and outer concentrations). The concentration of the
agar gel is an important parameter in the RDF process. This
effect is investigated at different concentrations of the gel
(0.5%, 1%, 1.5% and 2%) while keeping the BTC and
CuĲOAC)2 constant at 20 mM and 100 mM, respectively. The
HRSEM images and the particles size distribution of the dif-
ferent samples are presented in Fig. S8† and the size indica-
tors in Fig. 2F reveal a clear effect of the gel concentration on
the size of the crystals whereby the largest size is achieved at
the lowest gel concentration. This trend correlates with the
fact that when the average pore size of the agar gel decreases
as concentration increases, the rate of nucleation and growth

of crystals within these pores decreases.33,34 It is noteworthy
that the crystals of different sizes that are extracted from dif-
ferent bands in a given tube exhibit almost identical physical
properties as seen in the PXRD, TGA and BET measurements
in Fig. S9.†

Reaction–diffusion in gel matrices also provides a conve-
nient framework to study the crystal evolution of MOF-199
due to the considerable hindering of the rates of nucleation
and growth when compared to those in various condensed
media. For this study, MOF-199 is prepared in 5 different
identical tubes with a given inner and outer concentration.
The crystals are then respectively extracted from the gel–outer
interface of each tube at different times (6 s, 10 s, 5 min, 30
min and 2 h) by discarding the outer electrolyte. The investi-
gation of the interface region, where nucleation dominates,
allows us to capture the transition to cubic MOF-199 crystals.
In Fig. 3, the HRSEM reveals that the formation of the first
perfect cubic crystals is fast (ca. 10 s) and preceded by the in-
stantaneous homogeneous nucleation and growth of nano-
spheroids of a maximum size of ca. 150 nm. The PXRD pat-
terns of the solids at the interface correspond to the MOF-
199 structure. No difference in the peak intensities is ob-
served at the different times, which indicates that the forma-
tion of MOF-199 crystals is very fast. This rate of growth is
greater than the one reported for the solvothermal synthesis
of MOF-199.35 When the inner [BTC] increases, the transition
from spheroids to cubic crystals becomes too fast to be
detected. On the other hand, when [BTC] decreases a hun-
dred fold (e.g. 0.05 mM), the induction time increases to

Fig. 2 Scanning electron microscopy images of MOF-199 crystals obtained from four consecutive different bands (0.5 cm thickness) with [Cu2+] =
100 mM and [BTC] = 20 mM at 25 °C. (A) Crystal size distributions at different concentrations of BTC at fixed outer [Cu2+] = 100 mM and after 24
h (B) and at different temperatures for [BTC] = 10 mM and [Cu2+] = 100 mM after 24 h. (C) Bar graph indicators for the smallest and largest crystal
sizes achieved for the effect of different inner [BTC], (D) different temperatures (E) and different gel concentrations (F).
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hours. The only noticeable difference is in the size of the
crystals that can be inferred from the broadened reflections
obtained for the crystals of the short time reactions (Fig.
S10†).

Conclusions

Metal–organic framework-199 (MOF-199) crystals were suc-
cessfully synthesized via a reaction–diffusion process in a hy-
drogel matrix. Compared to the one-pot nucleation and
growth techniques in homogeneous solution, which usually
results in polydispersed MOF particles, our reaction–diffu-
sion framework (RDF) allowed us to tune with ease their size
and morphology by varying the temperature, the gel matrix
and the concentrations and nature of the reagents. In addi-
tion, it is scalable and environmentally friendly. The RDF is
currently being applied to synthesize other MOF and ZIF ma-
terials with different sizes and morphologies.
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