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ABSTRACT: The solvothermal synthesis of metal—organic frameworks
(MOFs) often proceeds through competing crystallization pathways, and
only partial control over the crystal nucleation and growth rates is
possible. It challenges the use of MOFs as functional devices in free-
space optics, where bulk single crystals of millimeter dimensions and
high optical quality are needed. We develop a synthetic protocol to
control the solvothermal growth of the MOF [Zn(3-ptz),], (MIRO-
101), to obtain large single crystals with projected surface areas of up to
25 mm? in 24 h, in a single reaction with in situ ligand formation. No
additional cooling and growth steps are necessary. We propose a viable
reaction mechanism for the formation of MIRO-101 crystals under acidic
conditions, by isolating intermediate crystal structures that directly
connect with the target MOF and reversibly interconverting between
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them. We also study the nucleation and growth kinetics of MIRO-101 using ex situ crystal image analysis. The synthesis parameters
that control the size and morphology of our target MOF crystal are discussed. Our work deepens our understanding of MOF growth

processes in solution and demonstrates the possibility of building MOF-based devices for future applications in optics.

B INTRODUCTION

Metal—organic frameworks (MOFs) are an established class of
porous materials with demonstrated use in a wide range of
applications that benefit from their record-high surface areas,
including gas storage,1 gas separation,l’2 water puriﬁcation,3
fuel cells,* drug delivery,s’6 catalysis,7 and chemical sensing.s’9
MOFs are also considered as promising materials for
applications in nonlinear optics,'"~'* given the variety of
noncentrosymmetric structures with large optical nonlinearities
that can be formed,""'* in comparison with the limited
number of inorganic standards available in the industry.
Contrary to MOF applications that rely on crystal pore
engineering, MOF crystals with small porosities are most
favorable in optics. Large pore sizes reduce the thermal
conductivity of the material and can result in the loss of
crystallinity through moisture adsorption.”> Both effects are
detrimental to the performance of an optical crystal under
normal laser operation.'® In addition to the constraints on the
chemical composition and unit cell symmetry, which
determine the intrinsic optical quality (e.g., transparency and
birefringence), future applications of MOFs in optics demand
strict constraints on the crystal size and morphology.'” For
nonlinear optics, large transparent crystals with propagation
lengths and transverse areas in the millimeter range are needed
to achieve conditions of energy and momentum conservation
(phase matching), between the optical waves that mix in a
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nonlinear process.'® Although frequency doubling with MOFs
has been demonstrated for several polycrystalline samples,'
phase matching in the powder form is imperfect, and the
generated nonlinear output lacks the temporal coherence
properties needed for future optical applications.'” This is the
case of the noncentrosymmetric MOF [Zn(3-ptz),], that
displays a moderate powder second-harmonic generation
(SHG) response (ca. 0.4 times than that of urea),"” enabling
its applicability as a nonlinear optics material. Nevertheless,
SHG information is limited because phase matching conditions
cannot be satisfied in the powder form."' Hence, high-quality
single crystals of millimeter dimensions instead of crystalline
powder samples are required to achieve more accurate and
reliable optical characterization.'"*" Although efforts have
been dedicated to study the factors that control the self-
assembly and crystallization processes of MOF structures,”’ a
general understanding of growth processes is still elusive,
which limits the strategies for the growth of large-sized single
crystals of MOFs for nonlinear optics application.
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It is known that the size and morphology of MOF crystals
depend on synthesis parameters such as molar ratio, solvent
polarity, reaction temperature, pH, and additives.”” Additives
can control the concentration of crystal precursors (e.g.,
ligands), which effectively modulates the crystal growth
kinetics. Commonly used modulators include polymers,”
surfactants,* organic salts,”*%* organic 0il,”® and organic
and inorganic acids.’"** Millimeter-sized MOF-5* and
Cuy(BTC),* centrosymmetric single crystals (Fm3m space
group) have been recently achieved using acid modulators, for
applications in liquid phase chromatography. These large-sized
single crystals were obtained using a standard slow evaporation
method at 85 °C for several days. The proposed modulation
mechanism involved the suppressed deprotonation of the
ligand (HBTC), with the subsequently reduced availability of
the coordinating species (BTC™) in solution.

In this work, we demonstrate the controlled growth and
tunable morphology of MOF [Zn(3-ptz),], (MIRO-101)
single crystals under solvothermal conditions using suitable
acid modulators. This MOF was first obtained in a powder
form by Wang et al.'” through an in situ ligand formation
reaction using the Demko—Sharpless method.”> Building on
our previous results,”* > we carry out the first mechanistic
study of the solvothermal self-assembly process of MIRO-101
crystals, by considering a range of temperatures, pHs, and ionic
strengths. We identify and isolate a set of MOF crystals and
other metal complexes that are directly involved in the
formation mechanism of the target MOF and then reversibly
interconvert between them. Given the large crystal size and
yields obtained, we are able to quantify the nucleation and
growth rates of MIRO-101 via ex situ crystal image processing
and discuss the results in terms of plausible kinetic models.
Our work thus deepens our understanding of MOF formation
processes in solution and represents an enabling step in the
application of MIRO-101 crystals for future applications in
free-space optics. "’

B RESULTS AND DISCUSSION

We synthesize MOF [Zn(3-ptz),], (MIRO-101) crystals
following the previous methodology,*®*” by adjusting the
reaction mixture pH from 2.54 to 5.35 using nitric acid, as
described in Experimental Section. The mixture is brought to
10S °C in a standard box furnace (for details, see Experimental
Section), for a reaction time varying from 90 min to 40 h.
Product MIRO-101 crystals of various sizes were collected at
high temperature (>80 °C), and their crystalline purity was
confirmed by powder XRD. The filtered solution was allowed
to cool to room temperature (RT), from where colorless
crystals were isolated for further characterization.

In Figure 1a, we show a single crystal sample obtained at pH
2.7, for a reaction time of 24 h and a molar ratio of 2:4:6
(acetate zinc/3-cyanopyridine/sodium azide). Single crystals
with linear dimensions of about 6—8 mm can be reproducible
by carefully controlling the reaction temperature and dilution
level (further details are given in Experimental Section). The
large crystal sizes achieved allow for standard polishing
techniques, which we use to prepare transparent MOF slabs
with transverse dimensions in the range of 0.2—0.3 mm
(Figure 1b) and cross-sectional areas in the range of 2—6 mm
(Figure 1c,d). As we discuss in what follows, the crystal size
distribution is strongly dependent on the pH, temperature, and
reaction time.
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Figure 1. Large-sized Zn(3-ptz), MOF single crystal. (a) As-
synthesized raw crystal sample with octahedron habit. (b) Polished
crystal slab with a transverse propagation length L = 0.22 mm. (c)
Optical image of the polished slab showing point-like surface
opacities. (d) Image with linear dimensions of the transverse area.

We study the size distribution of the as-synthesized MIRO-
101 crystals on the reaction pH and time, at a fixed reaction
temperature (105 °C). Immediately after the reaction is
completed, the MOF crystals formed are filtered while hot and
brought to RT. The entire crystal sample is photographed over
a scaled background with a digital camera (ex situ imaging).
The image is processed, as detailed in Experimental Section, to
obtain a histogram of the crystal areas projected on the image
plane. In Figure 2a, we show the preprocessed image of an
MOF crystal sample synthesized at pH 4.0 in 24 h. The
corresponding area histogram is shown in Figure 2b. In
general, the MOF samples obtained have individual single
crystals of various sizes and also relatively large polycrystals are
formed by the agglomeration of smaller MOF crystals that
have the same morphology as the rest of the samples. The
sample histograms thus tend to be negatively skewed, with a
small number of agglomerates having the largest projected
areas. In Figure 2c, we plot the average crystal area obtained
from the product sample histograms as a function of pH, for a
reaction time of 24 h. The average crystal size is an order of
magnitude larger below pH 4.0 than at higher pH values. The
crossover pH (4.0) roughly corresponds to a 1:1 molar ratio
between HNO; and the ligand precursor 3-cyanopyridine (3-
py), i.e,, there are protons in excess. This demonstrates the role
of nitric acid as a modulator of the crystal growth process.
Figure 2c also shows that the size dispersion decreases above
the crossover pH. The total number of crystals in the sample
(N) is smaller by an order of magnitude below pH 4.0 (Figure
2¢, inset), which indicates that the growth of initial seeds is
favored over the nucleation of new crystals below the crossover
pH.
We study the dynamics of MIRO-101 crystal nucleation and
growth by carrying out the image processing analysis described
above, for reactions at the fixed pH, temperature, and ligand-
to-metal molar ratio, but at variable reaction times. Figure 2d
shows the average crystal areas as a function of time for pH
values 2.7 and 4.0. The crystal size stabilizes after 24 h,
independent of the pH used, to a long-time value that is
determined by the solubility of the MOF crystal at the reaction
temperature and the dilution level. Our image analysis has a
lower detection threshold of 0.001 mm?; hence, our technique
is insensitive to the earliest stages of nucleation. Early
nucleation can be studied with in situ XRD."" For pH 4.0,
we detect crystallization for reaction times as early as 90 min,
which correlates with the fast growth of early crystal seeds. For
pH 2.7, no crystals are detected before 4 h.

We adopt the methodology used in refs 42 and 43 and
define the extent of the crystallization parameter a(t), as the
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Figure 2. (a) Unprocessed crystal photograph and (b) histogram of the crystal area. Growth curve of MIRO-101 crystals at 105 °C (c) as a
function of pH and/or molar ratio HNO,/3-cyanopyridine for 24 h of reaction and (d) as a function of time at pH 4 and 2.7.

instantaneous average crystal area of a sample, normalized to
the maximum average area reached after 24 h (for details, see
Experimental Section). The parameter « thus varies between 0
(early times) and 1 (long times), as can be seen in Figure S1.
The crystallization curves in Figure 2d were fitted to the
Gualtieri model of nucleation and growth (Gualtieri fit curves
are shown in Figure S1),** in which the extent of crystallization
is given by eq 2. In Table 1, we report the kinetic parameters

Table 1. Fitted Gualtieri Kinetic Model Parameters

pH R? A B k, (min™") kg (min~")
2.7 0.998 93.16 388.08 0.011 0.00537
4 0.980 371.45 290.70 0.0027 0.01574

corresponding to pH 2.7 and 4.0. The growth rate k, is lower
at pH 2.7, but the nucleation rate k, is higher than at pH 4.0.
This suggests that nuclei or building units form earlier in the
reaction under more acidic conditions. From the Gualtieri
parameters, the estimated nucleation probability should reach
its maximum under 4 h at pH 2.7, whereas at pH 4.0, the
nucleation probability is optimal at about 6 h (see Figure S1).

To understand the influence of acid on the MOF growth
process, we carry out a mechanistic study to identify the
species involved in the formation of MIRO-101 crystals. By
powder XRD analysis of crystals isolated at RT from the
filtered solution after the reaction was complete, we identify

the complex {[Zn(H,0)¢]—(NO;),—2C¢HN;} (MIRO-104
in Scheme 1) as a byproduct of the synthesis of MIRO-101 at
pH 2.7. In contrast, MIRO-101 is the only isolated product of
the synthesis at pH 4.0 after 24 h of reaction (powder XRD
patterns are shown in Figures S2 and S3). This reveals that the
zwitterion species S-(pyridin-1-ium-3-yl)tetrazol-1-ide (3-
Hptz) is formed in the reaction medium under acidic
conditions. This is consistent with our previous report on
the formation of the hexaaquazinc(II) dinitrate bis[S-
(pyridinium-3-yl)tetrazol-1-ide] complex (MIRO-104) at RT,
by adjusting the reaction pH to 2.0.* Although high acid
conditions favor the formation of the MIRO-104 complex, we
are still able to produce MIRO-101 crystals in the pH range of
2.1-2.5, by simply heating at 120 °C.

The formation of the zwitterion species (3-Hptz) during the
assembly process of MIRO-101 is confirmed by the formation
of the MIRO-104 complex under addition of 2 equiv of HNO,
to MIRO-101. In the reverse process, MIRO-101 is formed by
the addition of 2 equiv of KOH to the MIRO-104 complex
(see Scheme S1 and powder XRD patterns shown in Figures
S4 and SS). In addition, DFT calculations suggest that the
zwitterion species (3-Hptz) is isoenergetic to the neutral 3-
(1H-tetrazol-S-yl)pyridine (3-ptz) species, whereas anionic S-
(pyridin-3-yl)tetrazol-2-ide (ptz~) species is the least stable by
ca. 30 kcal/mol (see Figure S10).

We also analyzed the crystals formed during the first few
minutes of the reaction. The MOF [Zn(3-ptz)(N,)], (MIRO-
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Scheme 1. Plausible Mechanism for the Formation of MIRO-101 under Acidic Conditions
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Figure 3. (a) Experimental (black), calculated (red), and difference (blue) patterns for the Rietveld refinement of the intermediate compound
MIRO-103; (b) asymmetric unit of the intermediate compound MIRO-103; (c) view along the a axis; and (d) view along the ¢ axis (green

numbers are the interatomic distances in A).

301) was isolated as pure crystals after 45 min in the synthesis
of MIRO-101 at 10S °C and pH 4.0 (powder XRD patterns are
shown in Figure $6). In contrast, MIRO-301 crystals were not
isolated when we carried out the synthesis at pH 2.7. However,
MIRO-301 is isolated as the main product when using a 1:2
molar ratio of 3-cyanopyridine and sodium azide.”® We also
found that MIRO-101 is formed by the reaction of MIRO-301
and 1 equiv of the ligand 3-pyridyltetrazole (3-ptz) (see
Scheme S1 and powder XRD patterns in Figure S7). Likewise,
MIRO-101 is obtained as the main product from the reaction
of MIRO-301 with 1 equiv of HNOj3, but a polycrystalline solid
was isolated as a byproduct when the filtered solution cools to
RT. Powder XRD analysis indicated that polycrystalline solid is
composed of the mixture of MIRO-101 and the intermediate
compound (MIRO-103) (powder XRD patterns are shown in
Figure S8).

We succeeded in isolating the intermediate compound
MIRO-103 as a crystalline pure powder from the synthesis of
[Zn(3-ptz),], at 80 °C, by adjusting the pH to 2.7. In addition,
MIRO-104 becomes MOF MIRO-101 by increasing the
temperature above 95 °C. Attempts to grow a sample for
single-crystal XRD analysis failed. The crystal structure of
MIRO-103 was determined by analyzing the powder
diffraction data with the software EXPO2014 (Figure 3a; for
further details, see Experimental Section).*>*” The asymmetric
unit is composed of one S-(pyridin-3-yl)tetrazol-2-ide (ptz~)
anion and [Zn(NO;)(H,0),]* cation, which is formed by
coordination to the zinc center of one nitrate ion and two
water molecules for a slightly distorted planar trigonal
geometry (2£6,, = 356.6°) (Figures 3b and S9).

While the Zn—02 bond shows a typical distance (1.940 A)
for the Zn—OH2 bond, Zn—0O3 shows a longer bond distance
(2.506 A).**7°° Likewise, the nitrate ion is coordinated to zinc
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through one oxygen atom showing an elongated Zn—O bond
distance (2.514 A).>" The nitrate ion shows a slightly distorted
planar trigonal geometry (26, = 352.7°) with N—O bond
distances comparable to those in other reported coordinated
nitrate ions (see Figure $9).""7°° Trigonal-planar zinc(II)
complexes are uncommon. Only two structures are found in
the literature.”>>> However, the $-(pyridin-3-yl)tetrazol-2-ide
(ptz™) anion shows a strongly distorted tetrazolide ring that
formed a dihedral angle of 10.4° with the pyridyl ring.
Although C—C, N—C, and N—N bonds show distances
comparable to those observed in the reported pyridyltetrazole
compounds, the N3—N4 bond distance resulted in an
untypically length (1.414 A) as a consequence of the strong
distortion of the tetrazolide ring. Finally, a dimeric structure is
generated by the interaction of Zn-O4 (2.666 A) between
two [Zn(NO;)(H,0),]* units, and each dimeric fragment
interacts via hydrogen bonding OS ;e H3 e (1.641 A) to
form a 1D chain along the a-axis (Figure 3c,d).

Based on the experimental evidence collected, in Scheme 1,
we propose a plausible mechanism for the formation of the
[Zn(3-ptz),], MOF. The mechanism considers the formation
of [Zn(3-ptz)(N;)], (MIRO-301) in the early stages of
reaction, whereas 3-pyridyltetrazole remains in the zwitterion
form (3-Hptz). The acidic environment of the reaction
medium favors the conversion from MIRO-301 to MIRO-
101 through the intermediate species (MIRO-103). Increasing
the reaction temperature induces the deprotonation of
zwitterion species, S-(pyridin-1-ium-3-yl)tetrazol-1-ide (3-
Hptz), increasing the concentration of anionic S-(pyridin-3-
yl)tetrazol-2-ide (ptz~) species to form [Zn(3-ptz),], (MIRO-
101). The remaining precursor materials crystallize at RT to
form the MIRO-104 complex (Scheme 1). However, highly
acidic conditions favor the protonation of anionic S-(pyridine-
3-yl)tetrazol-2-ide (3-ptz~), giving MIRO-104 instead of
MIRO-101. Therefore, the increase in hydronium ions limits
the concentration of the precursor species involved in the
formation of our target MOF (MIRO-101), giving a yield after
24 h of reaction that decreases from 80% to 28% by lowering
pH from 4.0 to 2.7, respectively.

The kinetics and mechanistic studies performed on the self-
assembly of MIRO-101 MOF crystals exhibit the threefold
influence of solvated hydronium ions: (i) protons increase the
concentration of the intermediate compound (MIRO-103)
through a faster conversion from MIRO-301. This explains
why we are able to isolate MIRO-301 at pH 4.0 and not at pH
2.7; (ii) in addition to the zinc salt,® nitric acid acts as a
catalyst in the formation of the 3-pyridyltetrazol ligand. In fact,
Bronsted acids (e.g, HNO;) have been shown to have a better
catalytic efficiency than zinc salts in the synthesis of tetrazole
compounds via azide—nitrile cycloaddition.”* Both effects
would increase the concentration of MOF precursors, which
result in higher nucleation rates at pH 2.7 (see k, values in
Table 1). Nevertheless, (iii) the increase in the hydronium ions
favors the formation of the zwitterion species, S-(pyridin-1-
ium-3-yl)tetrazol-1-ide (3-Hptz), limiting the availability of the
anionic species, S-(pyridin-3-yl)tetrazol-2-ide (ptz™). This
inhibits the number of available nuclei or building units to
form MIRO-101 crystals. As a consequence, the crystal growth
is slow and larger-sized crystals are obtained (kg value smaller
at pH 2.7 than at pH 4.0; see Table 1). This result contrasts to
those reported for MOF based on carboxylic linkers, in which
the growth of larger-sized crystals is attributed to a lower

extent of the deprotonation of ligands under acidic
conditions.*>*?

The above results reveal that the reaction pH is one of key
control parameters to achieve an optimum MIRO-101 crystal
size. Building on this understanding, we aim to grow large-
sized single crystals by adjusting the reaction pH to 2.7 and
carefully controlling the temperature using a tubular muffle
furnace. Finally, we have achieved the growth of a single
[Zn(3-ptz),), crystal with a diameter ~6 mm after 24 h of
reaction at 105 °C by using a tubular muffle furnace (Figure
la). The tubular muffle allows uniform heating around a
home-built glass reaction vessel, designed with a width close to
the internal diameter of the tubular muffle, in order to decrease
temperature fluctuations by conduction heating.

Building on previous work,”” we tested alternative inorganic
acids in an effort to increase the crystalline quality of the
[Zn(3-ptz),], crystals produced at low pH, without observing
significant changes in comparison with the use of nitric acid.
The results, however, were significantly different when acetic
acid was used as an additive. By adding an excess amount of
acetic acid to the reaction mixture and then by fixing the pH to
2.7 using nitric acid (for detailed conditions, see Experimental
Section), the crystal habit of [Zn(3-ptz),], is significantly
distorted relative to the octahedron predicted by the Bravais—
Friedel—Donnay—Harker model (Figure 4a), which is the only

Habit A Habit B

Figure 4. Modification of MIRO-101 crystal habit using zinc acetate.
(a) Octahedron (habit A) with axial optical c-axis; (b) distorted
octahedron crystal slab (habit B), with paralle]l hexagonal and
triangular faces; and (c) optical image of the crystal sample
corresponding to panel (b).

crystal habit obtained at pH 4.0.%° Figure 4b shows the
distorted single-crystal habit of a representative sample
obtained at pH 2.7 in the presence of excess acetic acid.

The single-crystal XRD shows that the unit cell parameters
remain unchanged relative to the regular octahedron (a = b =
10.139(1) A, ¢ = 13.630(4) A, a = = y = 90°), but the
indexation of the faces exhibits additional planes that have
higher Miller indices (see Table 2). In general, crystal habits
with higher Miller indices tend to have higher surface
energies;ss’56 however, understanding the detailed role of
acetic acid in the self-assembly mechanism of the MOF [Zn(3-
ptz),], requires further computational and spectroscopic
studies. These conditions allow the synthesis of high-quality
single crystals, improving the R-factor from 3.1% to 1.1% (see
crystallographic data in Table S3). Taking into account the
number of MOF crystals reported in CCDC to date, only
about 0.05% of the structures have reached this precision
quality.

B EXPERIMENTAL SECTION

Materials. All reactants and chemicals were purchased from
Sigma-Aldrich and utilized without any further purification,
except 3-cyanopyridine, which was sublimated at 60 °C. pH
was measured with a pH meter 2700 Oakton. Powder XRD
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Table 2. Miller Indices of [Zn(3-ptz),], Single Crystals in
Habits A and B

N habit A habit B
1 (101) (1o1)

2 (1o-1) (10-1)
3 (-101) (-101)
4 (-10-1) (-10-1)
5 (01-1) (01-1)
6 (0-11) (0-11)
7 (0-1-1) (0 -1-1)
8 (011) (02-1)
9 (0-21)
10 (0-2-1)
11 (100)

12 (102)

13 (112)

14 (-112)
15 (-11-2)
16 (-1 -10)
17 (-1 -1-2)
18 (-1 -20)
19 221)
20 (=22 -1)
21 (=20-1)

analysis was performed using an X Shimadzu XRD 6000
diffractometer with Cu Ka (1 = 1.5418 A) radiation for
structural characterization and phase determination. Digital
camera Nikon Coolpix L610 was used for photographing the
as-synthesized crystals. While the tubular furnace Nabertherm
(model no. 50-250/11) was used in the synthesis of large
single MIRO-101 crystals, a box furnace was employed for
crystallization kinetic studies.

Methods. Procedure for the Preparation of Large-Sized
MIRO-101 with Crystal Habit A. A mixture of Zn(CH,;COO),
(2 mmol), 3-cyanopyridine (4 mmol), and sodium azide (6
mmol) was dissolved in 6 mL of distilled water in a 25 mL
glass bottle, and the reaction pH was adjusted to 2.7 using
HNO; (70%). The glass bottle was introduced into a tubular
furnace at 105 °C for 24 h using a horizontal operation, and
the furnace was filled with alumina bulk fiber for preventing
temperature fluctuations. The as-synthesized crystals were
filtered immediately after the completion of the reaction and
washed using a mixture of water/ethanol and dried at RT.

Procedure for the Preparation of Large-Sized MIRO-101
with Crystal Habit B. A mixture of Zn(CH,COO), (3.26
mmol), 3-cyanopyridine (6.52 mmol), sodium azide (9.78
mmol), and acetic acid (3.26 mmol) was dissolved in 14 mL of
distilled water in a glass bottle of 50 mL, and the pH value was
adjusted to 2.7 using HNO; (70%). The glass bottle was
introduced into a tubular furnace at 105 °C for 40 h using a
horizontal operation, and the furnace was filled with alumina
bulk fiber. The as-synthesized crystals were filtered immedi-
ately after the completion of the reaction and washed using a
mixture of water/ethanol and dried at RT.

Crystallization Kinetics Study. General Procedure.
MIRO-101 crystals were synthesized as described above, by
adjusting the reaction pH at both 2.7 and 4.0. For this study,
the glass bottle was introduced into a box furnace at 105 °C at
different reaction times. The crystals were photographed, and
the crystalline purity was confirmed by powder XRD.
However, colorless crystals were isolated at RT from a filtered

solution. These crystals were washed with water, dried, and
analyzed by powder XRD.

Crystal Size Quantification. Due to the large size of the
synthesized crystals, estimating their sizes using both optical
and scanning electron microscopes was not possible. We thus
estimate the area of crystals by processing pictures taken with a
conventional digital camera (see Figure 2a). The crystals were
placed on the dark surface and photographs were taken in high
angle shots. The crystal area was measured using the program
Image],”” obtaining for each photograph the following
parameters: scale, threshold, minimum area, and maximum
area. Once we have these values, the process is reproducible,
and the images can be processed through a script written for
Image]. The script (img processingijm) takes the original
images and generates the csv and processed images required to
make the data analysis, plots, and histograms.

We found that MIRO-101 crystallized as regular-sized single
crystals and octahedral in shape; however, some large-sized
crystal clusters are formed by the agglomeration of single
crystals. This gives bimodal size distributions. Single crystals
and agglomerated single crystals can be clearly differentiated
with an optical microscope, as in the agglomerated ones, the
crystal boundaries of various single crystals are clearly visible.
During crystal size analysis, we did not do any differentiation
between single and agglomerated crystals. We just considered
the whole crystal sample obtained after each experiment and
the size was estimated as the average area of the crystals. We
believe that this methodology provides reliable data to study
the crystallization kinetics of millimeter-sized crystals, thus
avoiding grinding procedures involved in XRD-based proce-
dures for estimating crystal growth kinetics.*” Image processing
also avoids potential artifacts introduced by in situ X-ray beams
on the crystallization process.””*’

Data Analysis. Crystallization curves at pH 4 and 2.7 were
built by plotting the extent of crystallization () as a function
of time. The extent of crystallization [a(t)] results from the
normalization of the average area values with respect to the
highest area for each experiment, i.e.,

average area (t)

a(t) =

average area maximum (1)

The crystallization curves were also fitted using the Gualtieri
model,** which separately considers the influence of nucleation
and growth processes in the extent of crystallization as

[1— e )]

“ = {1+ ellma/tly @)
where m is the dimensionality of the crystal growth. We
assume the three-dimensional growth of [Zn(3-ptz), ], crystals
(m = 3), given the octahedral habits obtained. k, is the rate
constant of the crystal growth and a and b are the time
constants related to the nucleation process. The rate constant
for nucleation k, is given by

n

1
k= 3)

In Gualtieri’s model, the probability that N crystallization
nuclei develop at time t is a Gaussian distribution given by

_dN _ a2
N ar (4)

https://doi.org/10.1021/acsomega.1c01272
ACS Omega XXXX, XXX, XXX—XXX


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01272?rel=cite-as&ref=PDF&jav=VoR

ACS Omega

http://pubs.acs.org/journal/acsodf

The time constant g thus yields the time of the maximum
nucleation rate, while b defines the distribution of the
probability of nucleation with time.** Crystallization curves
were fitted to Gaultieri’s kinetic model using the standard
software OriginPro 8.5, and kinetic parameters were
determined by nonlinear least-squares fitting.

Reaction Tests. Synthesis of Intermediate Compound
[Zn(H,0),(NOs)]-C4H,Ns (MIRO-103). A mixture of 3-
cyanopyridine (4 mmol), NaN; (6 mmol), and Zn-
(CH,C00), (2 mmol) was dissolved in 6 mL of distilled
water in a 20 mL glass bottle. Immediately after mixing the
reactants, the pH of the solution (initial pH) was adjusted to
2.7 by the addition of HNO; (70%) solution. The glass bottle
was then capped tightly with a screw cap before being placed in
a box furnace at 80 °C. A crystalline powder was formed 3 h
after the starting materials were dissolved. This crystalline
powder was filtered from a hot solution, washed with a water
mixture, dried at RT, and analyzed by powder XRD.

Addition of HNO; to MIRO-101. To a solution of MIRO-
101 (1 mmol) in 6 mL of distilled water, 2.1 mmol of HNO,
(70%) solution was added. The reaction mixture was placed in
a box furnace at 105 °C for 24 h. Then, it was removed from
the oven and the crystals grew at RT. The as-synthesized
crystals were filtered, dried, and analyzed by powder XRD.

Addition of KOH to {[Zn(H,0)s]—(NO3),—2CsHsNs}t (MIRO-
104). To a solution of MIRO-104 (1 mmol) in 6 mL of
distilled water, 2 mmol of KOH (6 M) solution was added.
The reaction mixture was placed in a box furnace at 105 °C for
24 h. Then, it was removed from the oven, and the as-
synthesized crystals were filtered from the hot solution, washed
with a water/ethanol mixture, dried at RT, and analyzed by
powder XRD.

Addition of HNO; to [Zn(3-ptz)(N5)], (MIRO-301). To a
solution of MIRO-301 (0.80 mmol) in 6 mL of distilled water,
0.4 mmol of HNO; (70%) solution was added. The reaction
mixture was placed in a box furnace at 105 °C for 24 h. Then,
it was removed from the oven, and the as-synthesized crystals
were filtered from the hot solution, washed with a water/
ethanol mixture, dried at RT, and analyzed by powder XRD.
Once the filtered solution cools to RT, a byproduct
precipitated as a crystalline powder, which was analyzed by
powder XRD.

Reaction of 5-(3-Pyridyl)tetrazole with MIRO-301. To a
mixture of MIRO-301 (0.80 mmol) and $-(3-pyridyl)tetrazole
(0.8 mmol), 6 mL of distilled water was added. Immediately
after mixing the reactants, the pH of the solution was measured
as 3.6. The reaction mixture was placed in a box furnace at 105
°C for 24 h. Then, it was removed from the oven, and the as-
synthesized crystals were filtered from the hot solution, washed
with a water/ethanol mixture, dried at RT, and analyzed by
powder XRD.

Structural Characterization of MIRO-103. The crystal
structure of the intermediate compound MIRO-103 was solved
by analyzing powder XRD data. We first attempted to find the
cell parameters bgr autoindexing using the algorithms DICVOL
and TREOR;*>! unfortunately, nonsolutions were found.
Then, we used the cell parameters and space group of the
MIRO-104 complex, ie., a = 5.6582 A, b = 84632 A, ¢ =
12.046 A, a = 97.209°, f = 91.123°, 7 = 93.949°, and P-1.*°
We tried to solve the structure by simulated annealing using
the crystal structure of the complex (MIRO-104). Unfortu-
nately, all solutions showed chemically unreasonable coordi-
nation patterns. Finally, we solved the structure by simulated

annealing using (i) one deprotonated 3-pyridyltetrazol
molecule (3-ptz”), (ii) one [Zn(H,0),]*" fragment, and (iii)
one nitrate ion. We performed 10 runs with 10’ maximum
number of moves for each trial, and the best solution was
chosen for the Rietveld refinement. Rietveld refinements were
performed using software EXP0O2014.*” The background was
modeled using a Chebyshev polynomial of degree 15 and the
pseudo-Voigt function was used to fit the peak shape.
Restraints were imposed on bond distances and angles of
fragments. The refinement converged to agreement indices y*
= 4629, R, = 12.58%, R, = 15.87%, Ry,q = 4.54%, and
Ryructare = 4.68%. The experimental, calculated, and difference
plots are shown in Figure 3, and the miscellaneous data of the
refinement are shown in Table S1.

Theoretical Calculations. The relative stability of the ligand
species was computed by optimizing their structures using the
DFT-based software package DMol’.""—*" The calculations
were performed using the well-known B3LYP functional and
the double-zeta plus (DNP) numerical basis set.’—*" This
basis set provides good accuracy at a relatively low computa-
tional cost. The all-electron core treatment was applied to all of
the atoms. All calculations were performed by considering an
implicit solvent treatment under the conductor-like screening
for the realistic solvent model (COSMO-RS) approach. A
dielectric constant of 78.54 for water at 298.15 K was used.
This model was chosen owing to its relative computational
efficiency, which allows it to be incorporated into every step of
the structure optimization process without increasing the
computational cost appreciably. Frequency calculations were
computed to confirm that the optimized structures correspond
to energy minima on the potential energy surface, and thermal
corrections for energy and entropy were done at 298.15 K to
obtain the free energies.

Determination of the Plane of Crystal Faces. The planes
of crystal faces were characterized by indexing the planes in a
SMART CCD diffractometer using the orientation matrix. The
coordinates of the vertices were obtained in the KrystalShaper
software (http://www.jcrystal.com/products/krystalshaper)
using the values of the orientation matrix and exporting the
crystal shape in a VRML2 file. The representation of the crystal
habits and planes was done using the software WinX-
Morph.®>®* The surface and crystal volume for habit B were
calculated using the AlphaShape code provided on the Matlab.

B CONCLUSION

In this work, we propose a plausible mechanism for the
formation of the MOF [Zn(3-ptz),], (MIRO-101), by
isolating and identifying a number of crystal structures
involved in the self-assembly process under acidic conditions.
Using powder XRD analysis, we determine the crystal structure
of the reaction intermediate [Zn(H,0),(NO;)]—C¢H,N;
complex (MIRO-103), which we isolate at 80 °C. We
elucidate the detailed role of pH in the growth process of
the target MOF crystal. An ex situ analysis of a large number of
crystal images is used to carry out a crystallization kinetics
study that demonstrates an increase in the crystal nucleation
rate with the simultaneous decrease in the crystal growth rate
for pH values below 4.0. By controlling the synthetic
parameters, such as molar ratio, pH and temperature, we
report large single crystals of MIRO-101 with surface areas of
approximately 25 mm?, grown as the main product of a single
solvothermal reaction with in situ ligand formation. No
postsynthetic growth or cooling steps are needed to obtain
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large crystal sizes. These unprecedented crystal dimensions are
obtained under highly acidic reaction conditions that favors the
protonation of anionic 5-(pyridine-3-yl)tetrazol-2-ide (3-ptz”),
limiting the concentration of precursor species involved in the
formation of MIRO-101. This, in turn, slows the growth
process, favoring the formation of larger-sized crystals.
Further, several properties of the large-sized crystal (habit A
and habit B) will be studied, such as crystallinity, trans-
mittance, and stability, in due course of time, and the results
will be a part of the forthcoming article. Since the most
important and preliminary stage in the process to see the
possible SHG was the controlled growth of millimeter-sized
single crystals, this work is an achievement in that direction,
which reports overcoming of the large-sized crystal issue. The
next goal is the nonlinear optics behavior, such as the SHG of
millimeter-sized MIRO-101 single crystals, which is still
unexplored.”” Therefore, this crystal growth work represents
a step in the development of MOF-based crystal devices for
envisioned applications in classical and quantum optics.
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