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Abstract Mesostructured Zr-SBA-16 (3D cubic arrange-
ment, Im3m space group) with different Si/Zr ratio was suc-
cessfully synthesized by using Pluronic F127 triblock
copolymer and n-butanol as a structure directing agent. Suc-
cessful incorporation of Zr** ions was achieved without any pH
adjustments up to ~ 6.5 wt% of Zr loading. Different analytical
techniques such as SAXS, N,-physisortion and HR-TEM were
used to ascertain the structure of Zr-SBA-16 samples whereas,
diffuse reflectance UV-Vis, pyridine adsorbed FTIR and NH;
desorbed TPD methods were assessed to understand the nature
of Zr incorporation. The Lewis acidity of Zr-SBA-16 was ex-
plored in the synthesis of Hantzsch 1,4-dihydropyridine
derivatives via condensation of substituted benzaldehyde, ethyl
acetoacetate and ammonium acetate.

Keywords Amorphous materials - Zr-SBA-16 -
Lewis acid - Hantzsch reaction

1 Introduction

Mesoporous silicates based solid acids are gaining importance
as catalysts for transformation of biomass based substrates [1,
2]. Among them, the most studied mesoporous supports were
MCM-41 and SBA-15 (possessing one-dimensional hex-
agonal mesoporous), due to their relative ease and wide range
of synthesis co nditions [3, 4]. On the other hand, studies on
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catalysis using metal incorporated/functionalized SBA-16, a
cubic mesoporous silicate with Im3m space group [5] was
found limited due to its narrow range of synthesis conditions
[6]. In addition, the pH of the synthesis gel was adjusted to
incorporate catalytic species such as V [7], Cu [8] and Ti [9].

We have recently shown that the metal ions such as W [10]
and Nb [11] can be incorporated effectively into SBA-16
without any significant adjustments to the synthesis condition
reported by Kleitz et al. [5]. The incorporation of transition
metal ions, in general, creates Lewis acid sites in mesoporous
materials. For instance, W- and Nb- incorporated SBA-16 [10,
11] showed Lewis acid sites that are responsible for epoxidation
activity, however, Brgnsted sites were unfavorable for selec-
tivity toward epoxide [11, 12]. Recently, Al incorporation was
achieved by direct synthesis method on to SBA-16 silicate and
their acid sites were characterized by CO adsorbed FTIR
spectra [13]. It is suggested again that high Al content can be
achieved by adjusting pH. Zr** and Sn*" ions were framework
substituted in SBA-16 by the microwave synthesis method and
are shown to be active for Lewis acid catalyzed reactions such
as Meerwein—Ponndorf—Verly reduction of cyclohexanone and
Baeyer—Villiger oxidation of adamantanone [14].

In this regard, we intend to extend our direct synthesis
strategy to incorporate Zr into SBA-16 silicate with dif-
ferent Zr loading. Depending on the loading, the Lewis
acidity of the materials were varied and are shown to be
effective for the condensation synthesis of DHP.

2 Experimental
2.1 Synthesis of Zr-SBA-16

The Zr-SBA-16 with varying Si/Zr atomic ratio (100, 50
and 25) samples was prepared under acidic conditions
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similar to our previous reports of Nb- and W-SBA-16 [10,
11]. In a typical synthesis, 3.5 g of F127 (EO;ocPO7o
EOj 6, Sigma Aldrich) and 175 mL of 0.4 M HCI solution
were mixed in a polypropylene bottle to obtain a homo-
geneous solution at 45 °C. To this, 13 mL of r-butanol
(Acros Organics) was added and continued stirring for
approximately 60 min. Finally a mixture of tetraethyl
orthosilicate (TEOS, 98 %, Sigma Aldrich) and zirconyl
chloride octahydrate (ZrOCl,-8H,0, Sigma Aldrich) were
added. After stirring for another 20 h, the mixture is then
heated at 98 °C for another 24 h in a static oven. The as-
synthesized Zr-SBA-16 was then filtered and dried at
100 °C. Template free Zr-SBA-16 was obtained by calci-
nation of the as-synthesized sample in a flow of air at
550 °C for 5 h at a heating rate of 1.5 °C/min. The resulting
solids are indicated as Zr-SBA-16 (Si/Zr atomic ratio).

2.2 Characterization

Powder XRD patterns were recorded in Phillips X'pert
X-ray diffractometer with Cu-Ko radiation
(A = 0.1548 nm) in the range of 0.5-5° and 10-80° 20
value. The specific surface area, pore size distribution and
pore volume was evaluated from N, physisorption method
using Micromeritics ASAP 2020 porosimeter system at
liquid nitrogen temperature. The amount of Zr incorporated
in the final solid was analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) on a
Perkin Elmer OES Optima 5300 DV spectrometer. The
nature of Zr incorporation was evaluated from diffuse re-
flectance UV-Vis (Thermo scientific Evolution 600)
spectrometer with a diffuse reflectance attachment, using
BaSO, as the reference. FTIR spectra of KBr-diluted pel-
lets of the sample were recorded on a Bruker instrument at
room temperature with a resolution of 4 cm™' averaged
over 100 scans. Transmission electron microscopy mea-
surement for the reduced catalysts was carried out in JEOL
200 kV electron microscope operating at 200 kV. Pyridine
FTIR spectra of the samples were carried out by mixing
pyridine with sample and dried it 120 °C in atmospheric
pressure analyzed in the DRIFT mode in the FTIR instru-
ment. The X-ray photoelectron spectroscopy (XPS) spectra
were carried out by using a Physical Electronics PHI 5800
ESCA system with standard non-monochromatic Al Ka
X-rays (1486.6 eV) operated at 250 W and 15 kV. The
Temperature programmed desorption of ammonia (NH3-
TPD) were carried out on a ChemBET TPD/TPR instru-
ment equipped with a thermal conductivity detector (TCD)
[15]. Briefly, about 30 mg of the catalyst has been loaded
into U-shaped quartz tube and was activated under N,
(80 cm®/min) atmosphere for 2 h at 200 °C with the ramp
of 40 °C/min. Then it was cooled to 100 °C and ammonia
was adsorbed using 10 % NH3/90 % He mixture and the
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ammonia desorbed was monitored between 100 and 550 °C
with a flow rate of 60 cm®/min and at the ramp of 10 °C/
min.

2.3 Catalytic activity

For the Hantzsch reaction, freshly distilled benzaldehyde
(1 mmol), ethyl acetoacetate (2 mmol), ammonium acetate
(1.2 mmol) 4 ml of ethanol (solvent) and Zr-SBA-16
(containing 0.06 mmol Zr), catalyst were added to a 25 mL
two neck round bottom flask equipped with a condenser
and magnetic stir bar. The reaction was started by im-
mersing the flask into preheated oil bath at 80 °C and was
monitored by TLC (monitored using hexane: ethyl acetate
7:3). After completion of the reaction, the resultant mixture
was cooled down to room temperature, filtered (to separate
the catalyst) and the filtrate was added to cold water and
the formed precipitate was filtered off. The crude product
was further purified by recrystallization using ethanol. The
isolated pure compound was confirmed by 'H.-NMR,
3C.NMR and FT-IR (not shown) and also by comparison
with the literature reports [16, 17].

3 Results and discussions

Figure la illustrates the low angle powder XRD patterns of
Zr-SBA-16 samples which displayed three reflections at
20 = 0.77°, 1.33° and 1.56° indexed to (110), (200) and
(211) diffractions respectively typically of cubic Im3m
structure. No significant changes in the intensity or position
of d;;; plane was observed with Zr loading. The average
unit cell parameter (calculated using ap = d, 10\/ 2) is given
in Table 1 and are observed very close to SBA-16 reported
by us earlier [10]. Further, ICP-OES analysis of Zr-SBA-16
samples revealed a close Si/Zr ratio that of synthesis gel,
suggesting that all of Zr is incorporated in the final SBA-16
solids. However, in the high angle XRD (Fig. 1b) no peak
responsible for crystalline ZrO, was noticed indicating that
Zr is either framework incorporated or homogeneously
dispersed as amorphous ZrO, nanoparticles. The hump
observed between 20 = 15-30° is due to amorphous nature
of silica network.

The N, adsorption—desorption isotherms and pore size
distribution of Zr-SBA-16 samples are depicted in Fig. 2a,
b respectively. The structural parameters derived from the
N, isotherm is given in Table 1. All Zr-SBA-16 showed
type IV with H, hysteresis characteristic of mesoporous
materials with large uniform cage-type porosity, according
to the IUPAC classification [10, 11]. Zr-SBA-16 samples
also presented higher surface area and pore volume com-
pared to SBA-16. Notably, area of micropores decreased
with increase in Zr loading, suggesting that some ZrO, may
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Fig. 1 a Low angle XRD and
b high angle XRD of Zr-SBA-
16 samples
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Table 1 Physico-chemical characteristics of Zr-SBA-16 samples with different Zr contents
SBA-16 (Si/Zr)*  SVZt®  Zr (Wwt%)  a§ SSer AS, Vi, Ve, db aiprr Total acidity (mmol NH,/g)
(m)  (m¥g)  (m¥g)  (cc/y)  (cc/gy)  (nm)
SBA-16 0 16.2 796 340 0.69 0.17 9.4 0.02
Zr-SBA-16(100) 93 1.6 16.2 1012 491 0.82 0.22 9.7 0.21
Zr-SBA-16(50) 45 32 16.0 984 470 0.78 0.21 9.7 0.34
Zr-SBA-16(25) 22 6.5 15.6 1022 223 091 0.1 9.9 0.55

* Molar ratio in the synthesis gel

® Actual molar ratio in sample determined by ICP-OES

¢ ao unit cell parameter (ag = dy;14/3)

d SgeT specific surface area determined using Brunauer—-Emmett-Teller (BET) equation from adsorption isotherm at P/P, between 0.05 and 0.30

¢ Amp micropore area estimated from t-plot method

f V,p total pore volume at 0.98 P/P,,

€ V,,p micropore volume estimated from t-plot method
" dp niprr determined using NLDFT kernel developed for silica exhibiting cylindrical/spherical pore geometry

Fig. 2 a Nitrogen
physisorption and b NLDFT
pore size distributions of Zr-
SBA-16 samples. The data in
a are vertically shifted by 150
and 257 units respectively for
Zr-SBA-16(50) and Zr-SBA-
16(25)

be present as extra framework species. The pore size dis-
tribution curves obtained from NLDFT adsorption branch
method confirm the presence of cage pores (~9.9 nm)
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with entrance pores between 2.5 and 2.9 nm similar to
other SBA-16 type materials [10, 11]. The structural
ordering is further verified from the high resolution TEM
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Fig. 3 High resolution TEM images of Zr-SBA-16 samples
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images of Zr-SBA-16 (Fig. 3) displaying periodic ar-
rangement of cubic type pores over very large areas
typically observed for SBA-16 type materials [10, 11].

FTIR spectra of KBr diluted Zr-SBA-16 samples are
given in Fig. 4a. The peaks observed around 1080 and
802 cm™' are assigned to asymmetric and symmetric vi-
brations of Si—-O-Si linkages respectively. The band near
960 cm™' is assigned to the Si-O-H and/or Si-O-Zr
stretching vibration indicating the framework incorporation
of Zr ions [18, 19]. Further, Zr-incorporation is verified
from diffuse reflectance UV—Vis (Fig. 4b). All Zr-SBA-16
samples displayed a peak around 215-218 nm corre-
sponding to O — Zr*" charge transfer transitions in te-
trahedral coordination [19-24]. In addition existence of
Zr0O, nanoparticles that are homogeneously distributed was
evidenced from 280 nm peak [19-24].

The acidity of Zr-SBA-16 samples is measured in the
temperature range 100-550 °C by NH3-TPD and the re-
sults are shown in Fig. 5a and Table 1. While the acidity of
SBA-16 was only 0.02 mmol NH3/g [10], with increasing
Zr loading, ammonia desorption increased and thus
the total acidity of Zr-SBA-16 samples (0.21-0.55 mmol
NHs/g). These observation further indirectly suggest the
incorporation of Zr species. Though the number of acid
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Wavelength, nm

sites increased with Zr loading the nature of acid sites are
observed similar as all Zr-SBA-16 samples desorb NH3 in
the similar range of temperature (150-400 °C). To differ-
entiate Lewis (L) and Brgnsted (B) acid sites in Zr-SBA-16
samples, FTIR spectra of adsorbed pyridine was studied
and the results are presented in Fig. Sb. The absorption
band at around 1440 cm ™' is typically of pyridine adsorbed
on Lewis acid sites which increased with Zr content. The
absorption band due to Brgnsted acid sites is typically
observed at 1540 cm™" and the absence of this peak sug-
gest that Zr-SBA-16 possessed predominantly Lewis acid
sites similar to ZrTUD-1 and Zr-KIT-6 [22, 25]. The
combination band of Brgnsted and Lewis acid sites is ob-
served at 1482 cm™".

The activity of Zr-SBA-16 was probed as catalyst in one
pot synthesis of dihydropyridine derivatives via Hantzsch
reaction (Scheme 1) and the results are given in Table 2. In
general, for similar amount of catalyst, the reaction went
quicker with Zr-SBA-16(25) catalyst in 3 h compared to
Zr-SBA-16(100) which took nearly 5.5 h. This observation
is in line with acidity of these catalysts. Hence, further
studies were carried out with Zr-SBA-16(25) catalyst.

No significant DHP yield was obtained when the reac-
tion was performed under solventless conditions (Table 2,
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Fig. 5 a NH5;-TPD, b FTIR
spectra of adsorbed pyridine of
Zr-SBA-16 samples
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Scheme 1 Synthesis of DHP derivatives over Zr-SBA-16

Table 2 Effect of solvents and
various substituted aldehyde in
Hantzsch reaction at 80 °C

T
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entry 6). Probing various solvents, significantly higher
yields of DHP in shorter reaction time was observed with
polar protic solvents such as methanol and ethanol
(Table 2, entries 1 and 2). On the other hand non-polar
solvents such as hexane and polar aprotic solvents such as
THF and acetonitrile gave poor yields of DHP (Table 2,
entries 3-5). Moreover, with both substituted benzaldehy-
des and heterocyclic aldehydes the reaction went slightly
faster with higher DHP yields compared to unsubstituted
benzaldehyde (Table 2, entries 8—13). To emphasis the

Entry  Aldehyde Solvent Time® (h) Isolated yield (%) Melting point (°C)
1 Benzaldehyde Ethanol 3 71 159-160 [27]
2 Benzaldehyde Methanol 74

3 Benzaldehyde Acetonitrile 7 59

4 Benzaldehyde THF 10 32

5 Benzaldehyde n-hexane 18 28

6 Benzaldehyde Solventless 24 Trace

7 Benzaldehyde Ethanol 12 10

8 4-Bromobenzaldehyde Ethanol 2 82 159-160 [28]
9 4-Chlorobenzaldehyde Ethanol 2 89 148-149 [16]
10 4-Nitrobenzaldehyde Ethanol 3 80 132-134 [16]
11 4-Methoxybenzaldehyde  Ethanol 2 87 160-161 [16]
12 Furan-2-carbaldehyde Ethanol 2 90 159-160 [16]
13 Thiopene-2-carbaldehyde  Ethanol 2 94 165-167 [16]
14 Thiopene-2-carbaldehyde  Ethanol 6 47°

15 Benzaldehyde Ethanol 3 85

16 Benzaldehyde Ethanol 3 73

Reaction conditions Zr-SBA-16(25) containing 0.06 mmol of Zr, substituted aldehyde (1 mmol), ethyl
acetoacetate (2 mmol), ammonium acetate (1.2 mmol) and solvent (4 ml)

# Completion of the time monitored by TLC

> 7rOCl, was employed as catalyst (50 wt% with respect to total weight of substrates)
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Scheme 2 Proposed
mechanism for the formation of
DHP products over Zr-SBA-16

Zr**-SBA-16

[0} (o]
NH; + CH;COOH
o N
H oy

activity of heterogeneous Zr-SBA-16, its activity is com-
pared with homogeneous ZrOCl, under similar reaction
conditions (Table 2, entry 14) which gave a yield of 47 %
DHP even after 6 h of reaction time.

Catalysts were filtered off, washed with acetone and
water and activated at 200 °C for 2 h and recycling of
the catalyst investigations under similar reaction condi-
tions (Table 2, entry 1), showed no appreciable decrease
in isolated yield for two consecutive runs. However, after
4th recycle, the isolated yield decreased to 68 %, due to
loss of catalyst (and active sites) in successive recycle
runs.
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The Hantzsch reaction is a typical Lewis acid catalyzed
reaction [26] in which the synthesis of 1,4-dihydropyridi-
nes involves through two steps (Scheme 2). In the first step,
the ethyl acetoacetate either can go Knoevenagel adduct
formation from one equivalent of ethyl acetoacetate and
benzaldehyde (intermediate A) or ester enamine formation
from another one equivalent of ethyl acetoacetate with
ammonia (intermediate B). Then from the subsequent cy-
clocondensation of both A and B takes place via Michael-
type addition yielding the DHP as a second step.

Further the activity of Zr-SBA-16 is compared with
ZrTUD-1, disordered mesoporous material and Zr-KIT-5,
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cage type material (Table 2, entry 15 and 16) having
similar Si/Zr ratio and the results suggest that Zr-KIT-5
performed slightly better than Zr-SBA-16 followed by
ZrTUD-1. We propose that, the catalytic activity mainly
depends on number and nature of acid sites. For instance,
Zr-TUD-1 possessed a total acidity of 0.34 NH; mmol/g
[22] whereas Zr-SBA-16 has a higher acid sites (0.55
NH; mmol/g). On the other hand, the total acidity of Zr-
KIT-5 is very close to Zr-SBA-16 (0.59 NH3; mmol/g) [19]
and a higher activity of Zr-KIT-5 may be attributed to

structural differences between SBA-16 and KIT-5,
although further studies are needed to verify this
hypothesis.

4 Conclusion

In conclusion, Zr was framework incorporated into SBA-
16 cubic cage type ordered mesoporous silicate under
acidic conditions employing F127 and n-butanol as a
structure directing agents. Zr-SBA-16 materials were
characterized and shown to possess highly ordered cubic
cage type structure with high surface are and pore volume.
Framework Zr*" in tetrahedral coordination was evidenced
from diffuse reflectance UV-Vis and FTIR studies. Zr-
SBA-16 also possessed majorly Lewis acid sties stemming
from Zr*" incorporation that increased with Zr loading.
Further, Zr-SBA-16 catalysts are shown to be active for
Hantzsch synthesis of DHP derivatives in high yield in
shorter reaction times.
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