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*S Supporting Information

ABSTRACT: Noncentrosymmetric single-crystal metal−or-
ganic frameworks (MOFs) are promising candidates for phase-
matched nonlinear optical communication. However, the
typical hydrothermal synthesis conditions produce small
crystals with relatively low transmittance and poor phase
matching. In the search for optimal crystal morphology, we
study the effect of the metal-to-ligand molar ratio and reaction
pH on the hydrothermal synthesis of the noncentrosymmetric
Zn(3-ptz)2 and Zn(OH)(3-ptz) MOFs with in situ ligand
formation. In acidic environments, we find that decreasing the
amount of ligand below the stoichiometric molar ratio 1:2 also
produces highly transparent single-crystal octahedrons of
Zn(3-ptz)2. In alkaline environments, we obtain long rodlike
Zn(OH)(3-ptz) crystals whose length exceeds previous
reports by up to 4 orders of magnitude. All reaction products are characterized by using powder X-ray diffraction, Fourier
transform infrared spectroscopy, optical and scanning electron microscopy, and solid-state UV−visible spectroscopy.
Additionally, we find an alternative synthesis route for the recently reported high-energy MOF Zn(3-ptz)N3. Potential
applications of these results in the development of MOF-based nonlinear optical devices are discussed.

■ INTRODUCTION
Functional crystalline materials based on metal−organic
frameworks (MOFs) have been intensely studied over the
past decade because of the diverse set of applications enabled
by properties such as ultrahigh porosity,1−6 record high pore
aperture size,5,7 high thermal and chemical stability,8−13 and
nonlinear optical activity.14−23 MOF materials have been
successfully used for applications in gas storage and
separation,24−27 fuel cells,28−31 chemical sensing,32−34 bio-
medical imaging,35−37 and drug delivery.38,39 Several methods
can be used to synthesize MOFs including microwave-assisted
synthesis,40,41 slow evaporation synthesis,42,43 sonochemical
synthesis,44,45 mechanochemical synthesis,46,47 electrochemical
synthesis,48,49 and hydro-/solvothermal synthesis.50,51 Differ-
ent synthesis methods produce structures with characteristic
size, homogeneity, and morphology, which are directly related
with the performance of the grown MOF crystals in
applications. Therefore, for each synthesis method, it is
necessary to understand and control key synthesis parameters
such as pH, temperature, pressure, and metal-to-ligand molar

ratio, in order to optimize the desired MOF structure for a
target application.

The variation of the metal-to-ligand molar ratio in a MOF
synthesis has been shown to affect the topology and
dimensionality of the crystal structures. Wu et al.52 reported
the synthesis of [Zn(hfipbb)(H2hfipbb)0,5]n, a three-dimen-
sional (3D) twofold parallel interpenetrating pillared network,
and [Zn2(hfipbb)2(dps)(H2O)]n, a 3D bimodal-connected
network with and without interpenetration, by varying the
molar ratio M/L1/L2, where M = Zn, L1 = H2hfipbb
[H2hfipbb = 4,4(hexafluoroisopropylidene)bis(benzoicacid)],
and L2 = dps [dps = 4,4′-dipyridylsulfide]. Similarly, Liu et
al.53 studied the effect of varying the metal-to-ligand molar
ratio M/L with M = Co and L = btze [btze = 1,2-bis(tetrazol-
1-yl)ethane], obtaining the two-dimensional (2D) MOF
[Co(btze)2(SCN)2]n as well as one-dimensional (1D) linear
chain [Co(btze)3(SCN)2]n for molar ratios 1:1 and 1:2,
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respectively. Yuan et al.54 showed the activation of different
crystal growth patterns at a fixed molar ratio in M/L1/L2
mixtures by varying the reaction pH. Higher pH values favored
the formation of the 3D interpenetrating framework
[Cd2(CTPY)4]n·2H2O, whereas lower pH values facilitate
the formation of the 3D MOF [Cd2(CTPY)2(ox)]n without
interpenetration.

Our work focuses on the synthesis of noncentrosymmetric
MOFs with tetrazole-based ligands for which nonlinear optical
activity is reported in powder form, for which phase matching
is not possible.55 Nonlinear optical MOF crystals could be
used for applications in quantum cryptography based on
entangled photon generation via spontaneous parametric down
conversion, a second-order nonlinear quantum optical process,
provided that phase-matching conditions can be achieved.
Tetrazole compounds are promising ligands for the formation
of nonlinear optical MOFs because of their strong dipolar
characteristics56 and large optical response.57 From the
synthetic point of view, tetrazole-based ligands are interesting
because they possess a large number of coordination modes
that can be selectively activated by varying the reaction pH, as
recently demonstrated in ref 58 for the noncentrosymmetric
MOF bis[5-(3-pyridyl)tetrazolato]zinc(II) Zn(3-ptz)2. This
MOF crystal was first obtained by Wang et al.59 using the
Demko−Sharpless method for in situ formation of ligand 3-ptz
starting from sodium azide (NaN3) and 3-cyanopyridine in the
presence of a suitable Lewis acid, giving [Zn(3-ptz)2] under
hydrothermal conditions for 24 h at 105 °C, using ZnCl2 as the
Lewis acid catalyzer. The Zn atom coordinates in a tetragonal
type geometry, specifically in positions 1 and 4 of the tetrazole
ring. This tetragonal geometry allows to generate a diamond-
oid-like 3D network. The 3-ptz ligand is formed in the manner
proposed by Sharpless through to [2 + 3] cycloaddition. It is
also interesting to note that [Zn(3-ptz)2] crystallizes in an
acentric space group I4̅2d. Preliminary experimental results
show that Zn(3-ptz)2 displays a moderate powder second-
harmonic generation (SHG) response, ca. 0.4 times that of
urea, allowing its applicability as a material for quantum
communication. This feature is also similar to that of
potassium dihydrogen phosphate (KDP) with a diamond-like
network. We also produce the noncentrosymmetric MOF
catena-((� 3-5-(3-pyridyl)tetrazol-N,N′,N″)-(� 2-hydroxo)-zinc)
[Zn(OH)(3-ptz)], obtained previously under different con-
ditions.60 The Zn atom has a five-coordinate geometry: in the
equatorial plane, it is coordinated with three ligands 3-ptz, of
which 1 comes from the pyridyl ring and the others come from
positions 2 and 3 of the tetrazole ring, and in the axial position,
it is coordinated to two hydroxyl bridging ligands, which gives
the 2D character by repeating the −OH−Zn−OH−Zn−OH−
chain in space. The adoption of acentric space groups Fdd2
Zn(OH)(3-ptz) prompted an investigation of their optical
activity. Preliminary investigations show that SHG is active in
the material. The zinc tetra-aquo coordination compound
Zn(H2O)4(3-ptz)2

59 is also obtained as a byproduct. Besides,
we report an alternative synthesis route for the nonporous 3D
framework [Zn(3-ptz)N3], which exhibits energetic behavior
because of the presence of structural azide groups in the unit
cell.61 In Figure 1, we plot the set of pH and metal-to-ligand
molar ratios used in this and previous work.

In this work, we study the effect of varying the molar ratio of
the metal salt Zn(NO3)2 and the ligand precursor 3-
cyanopyridine on the growth of noncentrosymmetric MOF
structures and other compounds obtained. Keeping constant

the molar ratios at which pure MOF crystals are obtained, we
also studied the variation of the mixing pH and corresponding
structures. We summarize the reaction parameter space
explored in this work in Figure 1. The use of zinc nitrate
results in overall better crystals of [Zn(3-ptz)2] and [Zn-
(OH)(3-ptz)], for a given pH and molar ratio, in comparison
with the synthesis involving zinc chloride.59

■ RESULTS AND DISCUSSION
We first searched for an optimal metal-to-ligand molar ratio to
obtain high-quality [Zn(3-ptz)2] crystals by keeping the pH
unaltered relative to previous work in refs 58 and refs 59. For
the metal-to-ligand molar ratios 1:1 and 1:2, we varied the pH
to search for improved crystal quality in terms of purity, yield,
and optical transparency. Figure 1 shows a decrease in pH as
the amount of Zn(NO3)2 increases in the solution. This is due
to the dissociation of the zinc salt into the Zn2+ cation solvated
by water molecules (eq 1)

Zn(NO ) Zn NO3 2
H O 2

(ac) 3 (ac)(S)

2� ��� ++ Š
(1)

Zn(H O) H O

Zn(H O) (OH) H O

2 6
2

(ac) 2

2 6 (ac) 3 (ac)

+

+

+

Š +�) (2)

As transition metals behave like Lewis acids, the Zn2+

hexahydrate complex, (pKa = 9)62 being the H3O+ ion
is responsible for decrement in pH (eq 2). Increasing
concentration of Zn2+ results into a greater number of H3O+,
which means more acidic environment and hence lower pH of
the solution.

Figure 2 shows the optical images of the products as obtained
at different metal-to-ligand molar ratios such as 1:4, 1:2, 1:1,
and 1:0.5, and further cool down to room temperature inside
the furnace upon completion of the reaction time (24 h). In
the stoichiometric ratio of 1:2, the pH was not controlled
externally. The target compound is obtained at all molar
ratios, but the metal-to-ligand ratio of 1:0.5 favors the high
purity and maximum growth of the crystals. The byproducts
obtained corresponding to each molar ratio are analyzed and
summarized in Table 1. The pH reported are the pH measured

Figure 1. Reaction parameter space explored in this work starting
from zinc nitrate (squares). Previous results based on zinc chloride
from refs 58 and refs 59 are also shown. The shaded region
corresponds to experiments done without any active pH control.
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immediately after mixing the reactants without any additional
steps of pH control. The corresponding optical images and
powder X-ray diffraction (XRD) patterns for each entry in
Table 1 are shown in Figures 2 and 3, respectively.

For the molar ratio 1:4, we obtain that our target compound
Zn(3-ptz)2 as well as the zinc tetra aquo complex Zn-
(H2O)4(3-ptz)2 (ZAC), which is relatively in large amount.
The same products were obtained previously in ref 58 using

half the amount of ligand. At the stoichiometric ratio of 1:2, we
obtain Zn(3-ptz)2 along with very small quantity of non-
reacted 3-cyanopyridine. As compared to ref 58, where at the
same ratio (1:2) cocrystallization of ZAC and Zn(3-
ptz)2 was obtained without any pH control. The difference
in results in spite of having the same reaction time,
temperature and pressure can only be attributed to the use
of zinc nitrate (this work) salt instead of zinc chloride.58 In
general, we obtain Zn(3-ptz)2 crystals with improved size and
better transparency with zinc nitrate than zinc chloride salt.

As we decrease the metal-to-ligand ratio below 1:2, we
obtain increasing amounts of the recently reported energetic
MOF Zn(3-ptz)N3 (� -N)2-azido-[5-(3-pyridyl)tetrazolato]-
zinc(II), a nonporous MOF with eight azide groups per unit
cell.61 It is worth to mention that this energetic MOF does not
exhibit explosive behavior at the conditions used for its
synthesis, filtration, and its spectroscopic characterization. For
the molar ratio 1:1, we obtain Zn(3-ptz)N3 along with our
target compound, whereas decreasing the amount of ligand to
the molar ratio 1:0.5 gives only Zn(3-ptz)N3 in high yield and
high purity, which represents an alternative synthesis route in
comparison with ref 61.

The powder XRD patterns in Figure 3 show that our target
MOF Zn(3-ptz)2 is present for metal-to-ligand molar ratios
1:4, 1:2, and 1:1. As expected, the stoichiometric ratio 1:2 gives
a Zn(3-ptz)2 crystal phase with higher purity. Residual peaks
correspond to unreacted 3-cyanopyridine. Increasing the
relative abundance of the ligand relative to the stoichiometric
ratio results in the formation of the aquo complex Zn-
(H2O)4(3-ptz)2 along with Zn(3-ptz)2. On the other hand,
decreasing the relative abundance of the ligand relative to the
stoichiometric ratio enhances the growth of Zn(3-ptz)N3. For
the molar ratio 1:1, Zn(3-ptz)N3 is a minority product. For the
molar ratio 1:0.5, the compound Zn(3-ptz)N3 (stoichiometric
ratio 1:1) is the main reaction product. For such a high molar
ratio, there is no sufficient availability of 3-ptz ligands to form
our target MOF.

Figure 4 shows the scanning electron microscopy (SEM)
images for the samples listed in Table 1. Figure 4b clearly

shows the octahedron morphology of the Zn(3-ptz)2 crystals
formed. Crystal sizes obtained for Zn(3-ptz)2 in all experi-
ments vary in the range 100−300 � m, which are typical sizes
for reactions without pH control; all other reaction parameters
are the same as in refs 58 and refs 59. For the stoichiometric
metal-to-ligand ratio, the size of Zn(3-ptz)2 crystals is in
general larger than those obtained at other molar ratios. This

Figure 2. Optical images of the as-synthesized products at different
metal-to-ligand molar ratios of 1:4 (a), 1:2 (b), 1:1 (c), and 1:0.5 (d).

Table 1. Main Product and Byproduct Obtained at Room
Temperature for Different Metal-to-Ligand Molar Ratios
without pH Control

molar ratio mixing pH product byproduct

1:4 6.00 Zn(3-ptz)2 Zn(H2O)4(3-ptz)2

1:2 5.81 Zn(3-ptz)2 3-cyanopyridine
1:1 5.49 Zn(3-ptz)2 Zn(3-ptz)N3

1:0.5 5.20 Zn(3-ptz)N3

Figure 3. Powder XRD patterns for the products listed in Table 1.

Figure 4. SEM images for the as-synthesized products at different
metal-to-ligand molar ratios 1:4 (a), 1:2 (b), 1:1 (c), and 1:0.5 (d).
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can be explained by the absence of competing nucleation
events, leading to the growth of byproduct crystals, which also
consume 3-ptz ligands. Figure 4a shows that the smaller
byproduct crystals Zn(H2O)4(3-ptz)2 grow on the surface of
Zn(3-ptz)2 crystals. The SEM images of the energetic MOF
Zn(3-ptz)N3 crystals are shown in Figure 4c,d. The crystal size
varies in the range 300−700 � m.

We also measured the Fourier transform infrared (FTIR)
and solid-state UV−vis absorption spectra of the products
listed in Table 1. The characteristic peak for tetrazole is
observed at ∼1500 cm−1 in all the samples. The broad OH
band peak is also observed at 3250 cm−1 at the molar ratio 1:4,
associated with the aquo complex Zn(H2O)4(3-ptz)2. Figure
5a shows that at the stoichiometric ratio 1:2, the FTIR
spectrum exhibits a weak peak at 2073 cm−1, which can be
assigned to the −CN bond of unreacted 3-cyanopyridine. For
the molar ratio 1:1, a strong and narrow peak is observed at
2070 cm−1, which can be assigned to the azido group (−N3)
that forms the energetic MOF Zn(3-ptz)N3. The strong azido
IR peak (−N3) is also observed for repetitions for the synthesis
at the molar ratio 1:0.5, for which Zn(3-ptz)N3 is the main
product. The UV−visible absorption spectra show that in the
both samples, there is no absorption in the visible range
because the metal center Zn has a complete valence d10 orbital.
The absorption of both samples are dominated by the � −� *
transitions of the 3-ptz ligand.58 In the sample metal−ligand
ratio 1:2, three strong absorption peaks are seen at 227, 266,
and 288 nm with very low intensity, whereas in the sample
metal−ligand ratio 1:1, three absorption peaks are clearly
visible at 227, 266, and 303 nm. The first two peaks
correspond to the absorption peak of ligand 3-ptz as shown
in the Supporting Information S4b and the peak at 288 nm of

the sample 1:2 corresponds to the absorption band of 3-
cyanopyridine as shown in Supporting Information S4c. The
peak at 303 nm of the sample molar ratio 1:1 also corresponds
to a peak of the ligand. This peak is more intense in this sample
because both the product and the subproduct have the ligand
3-ptz in its structure, unlike the sample with a molar ratio 1:2.

E� ect of Reaction pH at Fixed Molar Ratio. In addition
to the variation of molar ratio, we explore the effect of
changing the pH of the solution at the stage of mixing the
reactants, whereas during the reaction in the furnace the pH is
unmonitored. We vary the pH as described in ref 58 for two
sets of experiments: one set for the molar ratio 1:2, which is
the stoichiometric ratio of Zn(3-ptz)2, and another set for the
molar ratio 1:1, which is the stoichiometric ratio of Zn(3-
ptz)N3. The main products obtained in each set of experiments
are summarized in Tables 2 and 3.

For the molar ratio 1:2 (Table 2), our results are
qualitatively in agreement with those in ref 58. In general,
increasing the mixing pH above the uncontrolled pH level
(5.81) favors the formation of the 2D MOF Zn(OH)(3-

Figure 5. FTIR spectra of both samples obtained with metal-to-ligand molar ratios 1:2 (a) and 1:1 (b) without active pH control and solid-state
UV−visible absorption spectra of both samples (c,d).

Table 2. Products As Obtained at Different pH for the
Metal-to-Ligand Molar Ratio 1:2a

pH product subproduct

4.67 Zn(3-ptz)2 3-cyanopyridine
*5.81 Zn(3-ptz)2 3-cyanopyridine
7.66 Zn(OH)(3-ptz) ZnO
10.01 Zn(OH)(3-ptz) ZnO
13.08 ZnO

aThe pH labeled with an asterisk coincides with Table 1.
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ptz),58,60 as the ions Zn(OH)+ and Zn(OH)2+ become the
most abundant species (>99%) in the pH range 6−11 at 75
°C.63 Near pH 13, we obtain an almost exclusive formation of
zinc oxide (ZnO), in agreement with ref 58. Powder XRD and
FTIR spectra confirmed it and these results are shown in the
Supporting Information S1 and S3.

We obtain roughly the equal crystal yield and reaction
products in the case of uncontrolled pH (5.81) and at pH
= 4.67, controlled by nitric acid. The powder XRD spectra for
both samples are indistinguishable (see the Supporting
Information), both confirming the presence of Zn(3-ptz)2
and 3-cyanopyridine. The optical images in Figure 6 show that

at pH 4.67, the Zn(3-ptz)2 octahedrons coexist with large
number of 3-cyanopyridine molecular crystals, whose observed
crystal habit is consistent with simulations. The more intense
−CN peak in the IR spectrum shown in Figure 7a confirms the
greater abundance of unreacted 3-cyanopyridine at lower pH
in comparison with pH 5.81. Unreacted 3-cyanopyridine can
result from the protonation of azide ions (N3

−) at low pH. As
the azide ion captures a proton, its availability to participate in
the cycloaddition reaction that forms 3-ptz ligands64 is
significantly reduced.

Figure 8 shows the SEM images of the samples as listed in
the Table 2. Figure 8a−d shows the Zn(3-ptz)2 MOF
octahedrons obtained at the low pH, whose size varies in the
range 100−300 � m. For alkaline environments (pH 7.77 and
10.01), we obtain the large rodlike structures characteristic of
the MOF crystal Zn(OH)(3-ptz), which has a 2D coordina-
tion framework.58,60 At pH 10.01, we obtain large microrods

with lengths in the range 300 � m to 1.8 mm, which is 104 times
higher than previously reported,58,60 for the same reaction
times and temperatures. The rod widths vary in the range 2−
30 � m, which is up to 10 times higher as previous reports. We

Table 3. Products As Obtained at Different pH for the
Metal-to-Ligand Molar Ratio 1:1a

pH product subproduct

3.90 Zn(3-ptz)2 3-cyanopyridine
*5.49 Zn(3-ptz)2 Zn(3-ptz)N3

7.96 Zn(OH)(3-ptz) ZnO
11.01 Zn(OH)(3-ptz) ZnO
13.84 ZnO

aThe pH labeled with an asterisk coincides with Table 1.

Figure 6. Optical images for samples in Table 2 at pH 4.67 (a) and
pH 5.81 (b) for the metal-to-ligand molar ratio 1:2. The simulated
crystal habits of 3-cyanopyridine (c) and Zn(3-ptz)2 (d) are also
shown.

Figure 7. FTIR spectra of the samples at pH= 4.67 and 5.81 (Table
2) for the metal-to-ligand molar ratio 1:2.

Figure 8. (a−h) SEM images of the as-obtained samples at different
pH for the constant metal-to-ligand molar ratio of 1:2.
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attribute this improvement in size is due to the use of zinc
nitrate instead of zinc chloride.58,60

Figure 9 shows UV−visible absorption spectra of the solid
samples obtained at pH = 4.67, 7.66, 10.01, and 13.08. In all
the samples, it can be seen that there is no absorption in the
visible range because of the filled d10 orbital of the Zn metal
centers. The sample at pH = 4.67 has the same absorption
peaks as that of the sample at pH = 5.81 as shown in Figure 5c.
Both have the same products and subproducts and hence, the
absorption bands are given by the transitions occurring in the
3-ptz ligand. The absorption band of ZnO is observed in all
three samples with basic pH, and their intensity increases as
the pH increases because of the formation of a greater number
of ZnO crystals. The absorption peaks of the ligand 3-ptz are
also clearly observed in the sample at pH = 7.66 as shown in
Figure 9b, whereas at higher pH, it is suppressed because of
higher intensity of the ZnO peak (Figure 9c,d).

In a second set of experiments, we fixed the metal-to-ligand
molar ratio to 1:1, which is the stoichiometric ratio for the
energetic MOF Zn(3-ptz)N3,

61 and varied the mixing pH as
specified in Table 3. Figure 10 shows the optical images of the
products as obtained at pH = 3.90 and 5.49. The
corresponding powder XRD patterns are given in Figure
11a,b. Despite obtaining similar total crystal yields and target
MOF Zn(3-ptz)2 for the both acidic conditions explored, the
overall results are qualitatively different. While Figure 10b
shows that without active pH control (pH = 5.49), a significant
amount of Zn(3-ptz)N3 is formed in a mixed phase with Zn(3-
ptz)2, whereas at pH = 3.90 there are no traces of the energetic
compound. We understand this in terms of a lower availability
of azide ions N3

− to form coordination bonds with zinc at
lower pH. At the mixing temperature (25 °C), the relative
abundance of azide ions in solution is less than 13% (pKa =

4.7265). On the other hand, for pH 5.49, the relative
abundance of azide ions is about 85%. Figure 10c shows that
at pH = 7.96, we obtain predominantly Zn(OH)(3-ptz) and
ZnO. Additional XRD data (as shown in Supporting
Information S2) confirm that as the pH is increased beyond
8.0, the growth of ZnO is favored over Zn(OH)(3-ptz).

■ CONCLUSIONS
We explored a set of hydrothermal synthesis parameters to
optimize the growth of the transparent noncentrosymmetric
MOFs [Zn(3-ptz)2] and [Zn(OH)(3-ptz)], which have been
proposed for applications in nonlinear optical signal processing
with phase matching. By varying the metal-to-ligand molar
ratio and the mixing pH, we find that high-quality [Zn(3-
ptz)2] can be obtained in large quantities at the molar ratios
1:2 and 1:1. For the molar ratio 1:2 and pH around 4.2, the
[Zn(3-ptz)2] crystals with improved transparency and purity
are obtained. In alkaline environments (pH 7−10), we obtain
large rodlike [Zn(OH)(3-ptz)] crystals with lengths approach-
ing to the millimeter regime. This is a 4 order of magnitude
improvement over previous reports. All samples were obtained

Figure 9. UV−vis solid spectra of the samples at different pH of 4.67 (a), 7.66 (b), 10.01 (c), and 13.08 (d) for the metal-to-ligand molar ratio 1:2.

Figure 10. Optical images for samples in Table 3 at pH = 3.90 (a)
and pH 5.49 (b) for the metal-to-ligand molar ratio 1:1.
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by using nitrate (NO3
−) as a zinc counter ion, which is found

to achieve better-quality crystals in comparison with previously
used zinc chloride salts. In addition we found a simple
alternative synthesis route for the growth of [Zn(3-ptz)N3], a
high-energy MOF that has been reported recently.61

The results obtained are promising for the development of
MOF-based nonlinear optical devices. The high transparency
and increasing size of the [Zn(3-ptz)2] crystals obtained at
lower mixing pH show the potential for further optimization of
the reaction acidity. Reaching to single-crystal sizes in the
millimeter regime would enable optical characterization such
as Mueller polarimetry as well as SHG with phase matching.
Moreover, the record lengths obtained for the [Zn(OH)(3-
ptz)] crystals would facilitate the simple alignment of the
rodlike structures on a substrate using mechanical stress. Such
aligned quasi-1D crystals can be used as nonlinear waveguides
for efficient generation of SHG signals using standard
microscopy techniques. Nonlinear optical MOF waveguides
would allow the development of alternative materials for
scalable integrated quantum photonics.66

■ METHODS
The Zn-to-(3-ptz) molar ratio (metal-to-ligand) was varied by
using 1, 2, 4, and 8 mmol of Zn(NO)3·6H2O, keeping the
amount of 3-cyanopyridine and NaN3 fixed to 4 and 6 mmol,
respectively. The corresponding molar ratios are 1:4, 1:2, 1:1,
and 1:0.5. All reagents were mixed in a bottle with a screw cap,
and 6 mL of distilled water was added at room temperature. For
the set of experiments at fixed molar ratio of 1:2 and 1:1, the
pH was fixed by using nitric acid at 70% (Sigma Aldrich) and
KOH = 18.8 M. After measuring the pH of the solution, the
samples were kept in an oven for 24 h at 105 °C. The samples
were left for another 24 h inside the oven for cooling to room
temperature. After cooling, the obtained samples were washed
with ethanol and left for another 24 h to desiccate in vacuum.
XRD analysis was done with a Shimadzu XRD 6000
diffractometer using Cu K� (l = 1.5418 Å) radiation.

Microstructural characterization of the synthesized materials
was done by a scanning electron microscope Zeiss EVO MA10.
pH was measured with a pH meter 2700 Oakton. FTIR
measurements were taken with a JASCO FTIR-4600
spectrophotometer equipped with an ATR Pro ONE. UV−
visible spectra of solid samples were recorded at room
temperature by using a PerkinElmer Lambda 750 spectropho-
tometer.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsome-
ga.9b00236.

XRD spectra of the samples as obtained at pH = 4.67,
5.81, 7.66, 10.01, and 13.08 for the metal-to-ligand
molar ratio of 1:2; XRD spectra of the samples at pH =
3.90, 5.49, 7.96, 11.01, and 13.84 for the metal-to-ligand
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