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1 | INTRODUCTION

Physical properties and size distribution of catalysts are
two important features that affect their activities and
recoverabilities in catalytic reactions.

| Sana Yarahmadi

Preparation, characterization, and catalytic properties of bimetallic coordina-
tion polymer constructed from 2-aminoterephthalic acid as linker, zinc cations
as node, and cis-dioxo molybdenum units as catalytic active sites are reported
via two pathways. Molybdenum centers were placed in N,O positions created
by condensation reaction of 2-aminoterephthalic acid with salicylaldehyde
while zinc cations coordinated via carboxylic acid groups of linker to achieve
infinite chains of metalo-ligand. The obtained coordination polymer was fully
characterized and its catalytic properties in the epoxidation of olefins with
tert-butyl hydroperoxide (TBHP) described. In comparison with previously
reported heterogenized molybdenum catalysts, this new coordination polymer
exhibited good conversion as well as high selectivity in the epoxidation of
olefins. The catalyst is stable under ambient conditions and could be reused

as active catalyst for at least five times.
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induced precipitation.'***! The resulting ICP particles
have typically amorphous, rather than crystalline struc-
tures. These compounds have several applications in gas
storage,['*2°! mixture separations,???! antisense gene

(1] regulation,'?*! optoelectronics,?* and drug delivery.!?>2°!

For nanosized (23]

heterogeneous catalysts it is important to hold reactivity
and stereoselectivity in chemical transformations.*™* A
number of methods have been developed to heterogenize
or immobilize the homogeneous catalysts on solid mate-
rials.> %! A promising method involves heterogenization
of the precursor by ligand modification to prepare self-
supporting insoluble polymeric network architecture.!™"!
In comparison, the self-supporting method produces het-
erogeneous catalysts with high density of catalytically
active centers via the immobilization process.

Infinite coordination polymers (ICPs) as new class of
coordination polymers are prepared via preventing crystal
growth at the nano- or micro-size stage through solvent-

Many crystalline metal-organic framework catalysts
are reported,”’ %! but few utilization of nano/micro
infinite coordination polymers as catalysts has been
described. >332

Sweigart and his coworkers reported the preparation
and catalytic activity of the self-supported organometallic
rhodium quinonoid nanocatalyst which showed
high activity in the stereoselective polymerization of
phenylacetylene.! Feng prepared hollow-shell micro-
spheres of Zr-based coordination polymer using MnO,
microspheres as template for immobilizing enzyme cata-
lysts with high efficiency for oxidase- and catalase-like
activities.**! The use of zinc based ICP particles as an
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effective heterogeneous catalyst for Michael addition of 1-
methylpyrrole to benzylideneacetone and B-nitrostyrene
was demonstrated by Morsali.*¥ Tang reported a redox
and catalytically active ‘all-in-one’ infinite coordination
polymer to achieve electrochemical immunosensor for
detection of low-abundance protein (Prostate-specific
antigen as a model).** Fu synthesized flower-like micro-
particles of Ni-Co/BDC and Co/BDC (BDC = 14-
benzenedicarboxylate) catalyst for cycloaddition of CO,
to phenyl epoxide which completely produced phenyl
cyclic carbonates with high yields.!®

Herein, we report the synthesis of zinc based infinite
coordination polymer by coordination-polymerization of
2-aminoterephtalic acid and zinc cation. Post modifica-
tion of the prepared Zn-ICP gives a suitable N,O coordi-
nation position for stabilizing molybdenum center and
preparation of new heterogenized molybdenum catalyst
(Zn-Mo-ICP; path-1). This catalyst can be obtained
from another pathway; path-2, Schiff base condensation
of the amine group of 2-aminoterephthalic acid with
salicylaldehyde give new N,O position for coordinating
to molybdenum center. The obtained metalo-ligand unit
can be polymerized via coordination-polymerization with
zinc cation. The catalytic activity of the prepared Zn-Mo-
ICP catalyst is studied which shows good conversion
and selectivity in the epoxidation of olefins with tert-
butylhydroperoxide.

2 | EXPERIMENTAL

The details of used materials and instrumentations
have been included in supplementary information. Bis
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Zn-Mo-ICP

(acetylacetonato) dioxo molybdenum (VI) was prepared
according to previous report.[37]

Scheme 1 shows step by step preparation of Zn-Mo-
ICP via two different paths.

2.1 | Synthesis of Zn-Mo-ICP through
path-1

2.1.1 | Synthesis of 1a

0.7 g (3.86 mmol) of 2-aminoterephthalic acid was dis-
solved in 40 m hot methanol, and 10 mL methanolic solu-
tion of Zn (OAc),.2H,0 (1.27 g; 5.80 mmol) was added to
above solution slowly. Fine yellow crystals of the product
were formed spontaneously and the reaction mixture
stirred for 15 min. Afterwards, the product was isolated,
and subsequently washed with methanol several times
via centrifugation-redispersion cycles. Each successive
supernatant was decanted and replaced with fresh
methanol. The product was collected and dried under
vacuum (0.90 g; 97% yield).

2.1.2 | Synthesis of 1b

0.75 g (6.17 mmol) of salicylaldehyde in 10 ml MeOH was
added to 30 ml methanolic dispersion of 0.25 g
(1.03 mmol) Zn-ICP (1a) and the resulting mixture
refluxed for 24 hr. The product was filtered, soxhlet
washed with methanol for 24 hr to remove unreacted

COOH

SCHEME 1 Illustrative preparation
steps of the Zn-Mo-ICP through two
paths.
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salicylaldehyde, and finally dried under vacuum (0.31 g;
87% yield).

2.1.3 | Synthesis of Zn-Mo-ICP (I)

Warm THF solution of MoO,(acac), (0.67 g; 2.05 mmol;
20 ml) was added to a dispersed mixture of 0.23 g
(0.66 mmol) 1b in 20 ml THF. The resulting mixture
was refluxed for 24 h, isolated by centrifugation, and
soxhlet washed with THF for 24 hr. The obtained product
was dried under vacuum (0.25 g; 66% yield).

2.2 | Synthesis of Zn-Mo-ICP through
path-2

2.2.1 | Synthesis of 2a

Excess amount of salicylaldehyde (1.89 g; 15.4 mmol) in
20 ml MeOH was added to 30 ml methanolic solution of
2-aminoterephtalic acid (0.7 g; 3.86 mmol). The color of
solution changed to deep orange immediately. After
refluxing for 24 hr, the solution was evaporated and the
orange solid precipitate was separated and soxhlet
washed with CHCIl; for 24 hr to fully remove unreacted
salicylaldehyde. The product was dried under vacuum
(0.8 g; 73% yield).

2.2.2 | Synthesis of 2b

20 ml THF solution of MoO,(acac), (1.44 g; 4.42 mmol)
was added to a solution of 2a (0.42 g; 1.47 mmol) in
30 ml THF. The solution was refluxed for 24 hr and the
precipitate was soxhlet washed for 24 hr with CHCI; to
remove unreacted MoO,(acac), and finally dried under
vacuum (0.38 g; 50% yield).

2.2.3 | Synthesis of Zn-Mo-ICP (II)

0.37 g (0.72 mmol) of complex 2b was dissolved in 30 ml
MeOH, and 20 ml solution of 0.31 g (1.45 mmol) Zn
(OAC),.2H,0 in MeOH was added. The spontaneously
formed green precipitate was stirred for one hour. The
precipitate was isolated and washed with hot MeOH via
centrifugation-redispersion cycles and vacuum dried
(0.348 g; 84% yield).

Chemistry

2.3 | Investigation of catalytic activity of
Zn-Mo-ICP in the epoxidation of olefins

Epoxidation of olefins with tert-butylhydroperoxide (80%
in di-tertiary butyl peroxide, TBHP) as oxidant was car-
ried out in a round bottomed flask equipped with a con-
denser and magnetic stirrer under nitrogen atmosphere.
The catalyst was activated at 70 °C in vacuum oven over-
night before every use. In a typical procedure, TBHP
(7.2 mmol) was added to a mixture of olefin (4 mmol)
and catalyst (50 mg) in chloroform (5 ml) and the reac-
tion mixture refluxed under nitrogen atmosphere. Sam-
ples were withdrawn in specific times and analyzed by
gas chromatography. Recovery test was performed as fol-
low: the used catalyst was collected and soxhlet washed
with chloroform for 24 hr and then reused in cyclooctene
epoxidation under above-mentioned conditions. The
molybdenum content of recycled catalyst was measured
with inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). Investigation of homogeneous or
heterogeneous nature of the catalytic reaction was also
checked. For this propose, the epoxidation of cyclooctene
was allowed to proceed 2 hr and the catalyst then filtered
at the reaction temperature. The solution was transferred
into a clean flask and refluxed for 22 hr. The conversion
and selectivity were determined after 2 and 24 hr. The
molybdenum content of recycled catalyst was also mea-
sured with ICP-OES that found to be about 15.04 wt%.

3 | RESULTS AND DISCUSSION

The bi-metallic coordination polymer, Zn-Mo-ICP,
was prepared through two pathways (Scheme 1). In
path-1, Zn-ICP (1a) was prepared via coordination-
polymerization of 2-aminoterephtalic acid as linker and
Zn®* as node. Next, amine group of 1a produced imine
bond via Schiff base condensation with salicylaldehyde
to form 1b. Finally, the reaction of 1b with MoO,(acac),
produced Zn-Mo-ICP (I) via replacing one of the acetyl-
acetonate groups.

In path-2, first condensation reaction of 2-
aminoterephtalic acid with salicylaldehyde gave 2a with
two coordination positions i.e. N,O and COO. The pre-
pared ligand, 2a, was reacted with MoO,(acac), to form
2b in which Mo located at N,O position. Coordination-
polymerization of 2b in the presence of Zn*" achieved
desired product, Zn-Mo-ICP (II) in which carboxylate
positions connected to each other via Zn** nodes. The
results of C, H, N, Zn, and Mo elemental analysis entirely
confirmed the formation of desired products in each step
(Table 1).
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TABLE 1 C, H, N, Mo, and Zn elemental analysis results of the precursors and products

C Found (Calc.) H Found (Calc.)

N Found (Calc.)

Zn Found (Calc.)

Mo Found (Calc.)

1a (CgHsNO,Zn.1.5H,0)  35.75 (35.39) 2.87 (2.97) 4.95 (5.16) 24.37 (24.08) -

1b (C1sHoNOsZn.1.5H,0)  47.73 (47.96) 3.39 (3.22) 3.95 (3.73) 17.03 (17.40) =

Zn-Mo-ICP (I) 40.05 (39.92) 3.27 (3.02) 2.19 (2.33) 10.52 (10.87) 15.61 (15.95)
(C2H;sNOyMo0Zn.1.5H,0)

2a (C15H;;NOs) 63.34 (63.16) 3.51 (3.89) 4.61 (4.91) - -

2b (C5H;;NOsMo0.2H,0)  43.51 (43.89) 3.49 (3.87) 2.67 (2.56) - 17.23 (17.53)
Zn-Mo-ICP (II) 39.65 (39.34) 3.39 (3.14) 2.45 (2.29) 10.32 (10.71) 15.34 (15.71)
(C2H;:sNOyMoZn.2H,0)

To further approve the elemental composition of Zn- products have the same composition of C, N, O, Zn, and

Mo-ICP (I) and (II), the products were analyzed by Mo elements.
For monitoring the functionalization steps, FT-IR
It can be deduced from EDX spectra that both of the spectra of the precursors and the obtained products by

energy dispersive X-ray (EDX) spectroscopy (Figure 1).
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FIGURE 1 EDX spectra of a) Zn-Mo-
ICP (I) and b) Zn-Mo-ICP (II)
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path-1 and path-2 were acquired and shown in Figure 2.
As seen in path-1 (Figure 2a), by coordinating carboxylate
groups of 2-aminoterephtalic acid to Zn**, the COOH fre-
quency at 1687 cm ™" was shifted to 1561 cm ™" confirming
the formation of Zn-ICP, 1a. Comparison of the FT-IR
spectra of 1a and 1b shows the disappearance of amine
stretching vibrations at 3472 and 3332 cm™' in 1a and
appearance of imine band at 1626 cm™" in 1b. After for-
mation of Zn-Mo-ICP (I), the imine band shifts to lower
frequency from 1626 cm™' to 1603 cm ™" due to the coor-
dination of N,O site of the ligand to Mo center. The pres-
ence of two new peaks at 934 and 905 cm™" attributed to
cis-MoO, stretching vibrations confirmed the presence of
molybdenum complex in Zn-Mo-ICP (I).

In path-2 (Figure 2b), two peaks of 2-aminoterephtalic
acid at 3505 and 3392 cm ™' assigned to the N-H

Applied
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stretching vibrations were disappeared by reaction with
salicylaldehyde and formation of imine bond whose
stretching vibration appeared at 1614 cm™". The shift of
imine band from 1614 cm™" to 1605 cm™" and appearance
of cis-MoO, stretching frequencies at 947 and 907 cm™*
verified the formation of 2b. Finally, carboxylic acid
stretching frequency of 2b at 1699 cm™' was shifted to
1551 cm™! by coordination to Zn** and formation of
Zn-Mo-ICP (II).

The X-ray diffraction (XRD) patterns of Zn-Mo-ICP
(I) and Zn-Mo-ICP (II) as well as Zn-ICP were investi-
gated to more elucidate the structure and crystallinity of
the products. The XRD pattern of Zn-ICP is somewhat
different from Zn-Mo-ICP and show more crystallinity.
The prepared Zn-Mo-ICP products achieved from two
different pathways exhibited identical XRD patterns
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regardless of their preparation path (Figure 3). Such sim-
ilarity suggested the identical unit cells for both samples
and showed that the reaction path has no effect on the
molecular packing arrangement. The XRD patterns also
revealed relatively low crystallinity of the products and
all attempts to obtain a single crystal suitable for X-ray
crystallography analysis were failed.

The room temperature photoluminescence spectra
(RT-PL) of the 2-aminoterephthalic acid and correspond-
ing coordination polymers were shown in Figure 4. Upon
excitation of 2-aminoterephthalic acid at 365 nm, an
emission peak at 565 nm was observed which blue shifted
to 430 nm upon coordination to Zn*t (Zn-ICP;
Aex = 330 nm).

Zn-Mo-ICP (I) and Zn-Mo-ICP (II) products showed
entirely the same PL spectra under excitation at 380 nm.

1200

800

Compared with the free ligand, the observed blue-shift of
emission bands implied to coordination of the ligand to
the metal ions and formation of coordination polymers.

Based on the above results, Zn-Mo-ICP (I) and Zn-
Mo-ICP (II) have completely the same structures. So,
Zn-Mo-ICP (II) with higher yield was chosen for further
X-ray photoelectron spectroscopy (XPS), TGA analyses,
and catalytic studies.

Zn-Mo-ICP (II) was selected to study the composition
and chemical states of each element and confirm the
proposed structure by XPS. The wide scan XPS spectrum
of Zn-Mo-ICP (II) (Figure 5) clearly demonstrated the
characteristic peaks of molybdenum, carbon, nitrogen,
oxygen, and zinc.

A Mo doublet peak is present at the 231.7 and 234.9 eV
corresponding to 3ds,» and 3ds,, Mo (VI), respectively.!®!

Zn-ICP (1a)
Zn-Mo-ICP (I)
Zn-Mo-ICP (II)

FIGURE 3 XRD patterns of Zn-ICP,
Zn-Mo-ICP (I), and Zn-Mo-ICP (II)
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FIGURE 4 RT-PL spectra of 2-
aminoterephthalic acid ligand and
corresponding coordination polymers
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FIGURE 5 XPS wide scan spectrum and high resolution Mo 3d, C1s,N 15, O 1s, and Zn 2p deconvoluted spectra of Zn-Mo-ICP (II)

The C1s peak can be resolved into two sub-peaks at 286.1
and 288.6 eV corresponding to the presence of carbon in
two chemical states i.e. sp® in C-C, C-O, C-H, and sp” in
C=C, C=N and C=0, respectively.**! Deconvolution of
the N 1 s high resolution spectrum illustrates just one
peak exactly existed at 399.79 eV owing to the presence
of imine nitrogen. The O 1 s spectrum shows four peaks
from 530.4 to 533.5 eV due to the presence of oxygen in
different chemical environments i.e. C-O-Zn, C-O-Mo,
C=0, and Mo O groups. The observed peak at

1022.1 eV can be attributed to the binding energy of Zn
2ps)», indicating the presence of Zn®* in the Zn-Mo-
ICP. It is worth noting that the signals of Mo 3d, N 1 s
and Zn 2p;,, after deconvolution of the full XPS spectrum
consist of just one component corresponding to one spe-
cies. Such observations clearly verify the composition
and chemical states of all elements in Zn-Mo-ICP (II).
In order to understand the thermal stability of Zn-Mo-
ICP (II), thermogravimetric analysis (TGA) was carried
out (Figure 6). A small weight loss of about 6.79% was
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FIGURE 6 TGA curve of Zn-Mo-ICP (II) obtained from path-2

observed in the initial stage (< 250 °C), attributed to the
presence of two water molecules in the sample (calcu-
lated 5.90%). The major weight loss happened at two
well-defined steps, one starting at 300 °C and ending at
490 °C (with 28.19% weight loss) and the other from
490 °C to 650 °C (with 27.36% weight loss) attributed to
organic ligand decomposition. The final residual weight

-
.‘l

#
HFW Live HV Mag Mode Pressure Sig

HFW Live HV Mag‘ Mode Pressure Sig

1.0pm| oet : File

is 37.66% corresponding to MoOs; + ZnO (calculated
36.90). Based on the CHN, ICP-OES, and TGA analyses,
C,0H15NOgMo0Zn.2H,0 chemical formula was deduced
for Zn-Mo-ICP (II).

Figure 7 shows scanning electron microscopy (SEM)
images of the Zn-ICP and Zn-Mo-ICP products prepared
from two pathways. The images revealed that Zn-ICP
(Figure 7a) includes monodispersed nanoparticles with
average diameter of 50 nm, while two different morphol-
ogies are seen for Zn-Mo-ICP products obtained from
two pathways. Zn-Mo-ICP (I) showed no well-defined
morphology. Figure 7b shows microstructures containing
some nanoparticles with average diameter of about 40 nm
(Figure 7b). However, the Zn-Meo-ICP (II) is mainly
consisted of microparticles formed from intertwining of
nanoplates (Figure 7c). Figure 7d displays the high magni-
fication image of several microparticles of Zn-Mo-ICP (II)
with 200-250 nm diameter assembled from nanoplates
with smooth surface. These nanoplates have 300 nm diam-
eter and very thin thickness (25 nm), which fit the charac-
teristics of 2D materials. The thickness distribution was
averaged by counting 40 nanoplates which showed the
thickness of nanoplates distributed from 20 nm to 35 nm,

500 nm) det File

———
HFW Live HV = Mag Mode Pressure Sig 500]][]]

FIGURE 7 SEM images of a) Zn-ICP, b) Zn-Mo-ICP (I), and c, d) Zn-Mo-ICP (II)
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FIGURE 8 Results of olefin epoxidation
with TBHP in the presence of Zn-Mo-ICP
(II). Reaction conditions: catalyst (50 mg), 20 —e-Cyclooctene TOF=619 h-1
olefin (4 mmol), TBHP (7.2 mmol), -#-Cyclohexene TOF=563 h-1
refluxing chloroform (5 ml). TOF values “#~1-Hexene TOF=319 h-1
=¢1-Octene TOF=263 h-1
are calculated as mmol of product formed 0 . : : : . .
per mmol of molybdenum in the catalyst 0 4 8 12 16 20 24
per hour Time (h)
TABLE 2 Camparison of some of the previous works with current
Catalyst Time (h) Solvent Conversion (%) Selectivity (%)* Reference
Zn-Mo-ICP 8 CHCl, TBHP 93 > 99 This work
[Mo(0)(0,),L] 18 CHCl, H,0, 2-99 . (471
MoO,-L-MCM41 9 CHC, TBHP 35-99 99 [44]
MoO,-chitosan-Fe;0, 8 CHCl, TBHP 99-100 99 )

and the average value was calculated to be 25 nm. TEM the results reveals that the catalytic activity is olefin

image of Zn-Mo-ICP (II) is shown in Figure S1. dependent with cyclic olefins displaying higher conver-
The Zn-Mo-ICP (II) was exploited in catalytic epoxi- sions. The sequence of increasing reactivities based on

dation of olefins with TBHP as oxidant. The results in the turnover frequencies (TOFs) is:

Figure 8 show that the olefins are converted selectively

(>99%) to their corresponding epoxides. Inspection of cyclooctene > cyclohexene >1-hexene >1-octene.

100
80

60

Conversion (%)

40 -

20 -

FIGURE 9 Results of cyclooctene
epoxidation with TBHP in the presence of 1 2 ' 3 ‘ 4 ' 5
recycled Zn-Mo-ICP (II) after 8 hr Reaction runs
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TABLE 3 Results of the cyclooctene epoxidation with TBHP in
different conditions

Catalyst Time (h) Conversion (%) Selectivity (%)*
- 12 14 41
Zn-ICP 12 17 36
Zn-Mo-ICP 2 85 > 99
After filtering 22 87 > 99

the catalyst
Reaction conditions: catalyst (50 mg), olefin (4 mmol), TBHP (7.2 mmol),
refluxing chloroform (5 ml).

Selectivity toward epoxycyclooctene.

To investigate this trend, two main factors i.e. elec-
tronic and steric effects should be taken into account.
As reported earlier,'*”! mechanism of olefin epoxidation
with molybdenum catalysts involves the nucleophilic
attack of olefin C=C double bond to electron deficient
peroxidic oxygen of coordinated TBHP. Thus, cyclic ole-
fins with higher electron density on the C=C double bond
have higher tendency for participating in the epoxidation
reaction. Due to the presence of more electron donating
group in cyclooctene, its reactivity is higher than cyclo-
hexene. On the other hand, 1-octene shows lower reactiv-
ity in comparison with 1-hexene as the larger alkyl group
connected to its C=C double bond sterically hinders it
from closing to the active site of catalyst.

There are several reports in the literature showing sat-
isfactory results of olefin oxidation using a wide variety of
catalysts/oxidants,'*'~**! which some of them reported in
Table 2 with relativity high activity. However, to the best
of our knowledge, no reports have been made so far
representing oxidation of olefin in the presence of ICP
type catalyst with excellent selectivity. Synthesis of 2-D
cobalt based MOF and its catalytic activity towards the
oxidation of 1-hexene to form oxygenated compounds in
the presence of TBHP under solvent free condition was
reported by Bora.[**! Catalytic results showed conversion
of the starting material to oxygenated products such as
1,2-epoxyhexane, 1-hexanal and a little amount of
hexanoic acid, so selectivity for one product did not seen.
Two 3D Co-based MOF were prepared by Zhang group
and evaluated for catalytic oxidation of cyclooctene.*®!
The products of the catalytic reaction were
epoxycyclooctane, 1,2-cyclooctanediol and cycloocten-2-
one. Against these reports, prepared Zn-Mo-ICP in our
work shows 100% selectivity for epoxidizing the olefins
and the conversions increased with increasing the reac-
tion time.

In order to investigate the reusability of the Zn-Mo-
ICP (II) as catalyst, at the end of cyclooctene epoxida-
tion, the recovered catalyst was washed and characterized
with XRD and FT-IR techniques (Figure S2 and S3).

Reusing the recovered catalyst in the cyclooctene epoxi-
dation (Figure 9) showed that it can be recovered five
times with permanent conversion of cyclooctene (88-
99%) to corresponding epoxide after 8 hr.

To illustrate the critical role of the Zn-Mo-ICP cata-
lyst, two separate tests were carried out in the absence
of the catalyst (blank) and in the presence of Zn-ICP
(Table 3). The low conversion of cyclooctene in the
absence of the catalyst obviously confirms its critical role
in the epoxidation reaction.

Furthermore, to reveal whether the catalysis is
occurred in homogeneous or heterogeneous phase, in a
separate test, a hot filtration was done 2 hr after starting
the reaction. The filtrate was taken back to a clear flask
and reaction was continued for 22 hr. It was found that
the cyclooctene epoxidation is nearly stopped after
separation of the catalyst from the reaction mixture
(Table 3). The results confirmed that the catalytic process
in the presence of Zn-Mo-ICP (II) is truly heterogeneous
and any contribution from the solubilized molybdenum
species is ruled out.

4 | CONCLUSION

Hybrid molybdenum-zinc based coordination
polymer prepared by coordination-polymerization of 2-
aminoterephthalic acid showed high activity as heteroge-
neous catalyst for the selective epoxidation of olefins with
TBHP as oxidant under mild conditions. The catalytic
performance of this coordination polymer is olefin-
dependent and relatively high catalytic activity and selec-
tivity were obtained in CHCIl;. The prepared catalyst can
be readily recovered and reused for olefin epoxidation for
up to five times without loss of activity and selectivity.
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