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Abstract A novel non-hydrolytic sol-gel (NHSG) syn-
thesis of mesoporous zirconium silicate xerogels is pre-
sented. The condensation between silicon acetate,
Si(OAc),, and Zr(NEt,), resulting in acetamide elimination
leads to homogeneous zirconium silicate xerogels con-
taining Si—O—Zr linkages. The addition of Pluronic P123
template provides stiff gels that are after template removal
by calcination at 500 °C in air converted to stable meso-
porous xerogels with wormhole-type pores, high surface
area over 500 m” g~', and tetrahedrally coordinated Zr
atoms in the framework. The composition and morphology
of the xerogels, volatile reaction byproducts, and thermal
transformations were followed by elemental analysis, IR
spectroscopy, thermal analysis TG-DSC, nitrogen adsorp-
tion, '*C and %°Si solid-state NMR spectroscopy, DRUV—
Vis spectroscopy, SAXS, and HT powder XRD. These
potential catalysts were tested for the Meerwein—Ponndorf-
Verley reduction of 4-tert-butylcyclohexanone and for
aminolysis of styrene oxide with aniline. Resulting reaction
systems display good activity and selectivity.
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Introduction

In recent years, SiO,—ZrO, mixed oxides have attracted
much interest for their physicochemical properties, such as
high thermal and chemical stability, mechanical strength and
surface acidity [1]. Porous materials containing Zr have re-
ceived considerable attention in heterogeneous catalysis
owing to the moderate acidity and unique oxidizing abilities
of Zr active species. Zirconia is active in a number of reac-
tions, such as oxidation, hydrogenation of aromatic car-
boxylic acids [2], Fischer—Tropsch synthesis of alkenes from
carbon monoxide and hydrogen over zirconia-supported
nickel catalyst [3], CO, reforming of CH, over nickel cata-
lysts on mesoporous nanocrystalline zirconia support [4],
methanol synthesis over zirconia-supported copper catalyst
[5], etc. Unfortunately, zirconia could only be prepared with
surface areas (SA) lower than 200 m’ g71 and its active sites
are non-isolated, which limits its applications. The Meer-
wein—Ponndorf-Verley (MPV) reduction of carbonyl com-
pounds uses secondary alcohols as a hydrogen donor, and the
mechanism involves a hydrogen transfer via a six-membered
cyclic intermediate with the alcohol and the carbonyl com-
pound both coordinated to the Zr or Hf centers of the catalyst
[6]. There is an effort focused on immobilization of MPV
reduction catalysts on solid supports. Incorporating Zr ions
into the zeolite framework proved to be one of the most
promising methods. Zirconium silicates with the structures
of MFI [7], MEL [8], AIPO-5 [9], and zeolite beta [10] serve
as active catalysts showing very high specific surface area
and shape selectivity. However, the narrow pores of these
microporous materials restrict their applications to the small
substrates. To overcome the pore size limitation, incorpo-
ration of Zr into mesoporous silica substrates is considered.
For example, some Al and Zr alkoxides or Zr and Hf alkyl
complexes have been anchored on amorphous SiO,, MCM-
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41, [11-13], MCM-48 [14], and KIT-6 [15]. Compared with
zeolitic zirconium silicates, these Zr-containing mesoporous
materials have wider pores and higher SA. Hydrolytic syn-
thesis of a mesoporous Zr-SBA-15 catalyst for the Prins re-
action [16] and hydrothermal preparation of mesoporous
zirconium silicate by the reaction of ZrCl, and
tetracthoxysilane (TEOS) in the presence of a template,
[3-(trimethoxysilyl)propyl]octadecyldimethylammonium
chloride, and tetrapropylammonium hydroxide (TPAOH)
[17] were reported. Recently, Kore et al. prepared an efficient
nanocrystalline zirconium silicate catalyst for the amino-
lysis, alcoholysis, and hydroamination reactions [18] by a
condensation between tetraethoxysilane, propyltriethoxysi-
lane, and zirconium alkoxide in the aqueous solution of
TPAOH. A related approach was used in the synthesis of Zr-
silicalite-1 with micro-meso-macroporous architecture [19].
Zirconium silicates were also prepared by solvothermal de-
composition of a single-source precursor in toluene at
135 °C according to Eq. 1 [20]:

Zr[0Si(O'Bu);|,— Zr0,.4Si0, + 12 CH,=CMe;

The metal precursors used in these reactions display
hydrolysis rates that are very fast in comparison with
TEOS. Therefore, the control of heterocondensation is
complicated, and it is necessary to decrease hydrolysis rate
of metal precursors. It could be done by modification of the
metal precursors by inhibitors, such as inorganic acids or
multidentate ligands (carboxylates, B-diketonates, etc.), to
tune the reactivity of the metal alkoxides [21] or by pre-
hydrolyzing the precursor having the lowest reactivity [22].
A different approach to overcoming these problems is a
non-hydrolytic sol-gel (NHSG) method [23, 24]. In these
processes, the networks of M—O-M’ bridges are obtained
by condensation between the precursors containing halides
or other functional organic groups. Since the NHSG
methods do not include the hydrolysis step, the oxygen is
provided by other reagents, such as alcohols, ethers,
alkoxides, or acetates. Several basic types of reactions were
reported for the NHSG preparation of zirconium silicates.
Andrianainarivelo et al. synthesized zirconium and titani-
um silicates by the alkylhalide elimination reaction be-
tween isopropoxide and halide functions at 110 °C [25].
The same procedure was used for the preparation of porous
Si0,—ZrO, catalysts for Friedel-Crafts alkylation [26].
Another type of non-hydrolytic condensation is the reac-
tion between silicon acetate and metal alkoxides which
leads to the formation of Si—~O-M bonds and elimination of
acetic acid esters as byproducts. The reaction of Si(OAc),
and Zr(O"Pr), in dry toluene was used by Jansen et al. [27].

As we have recently reported, non-hydrolytic acetamide
elimination can be successfully used for the synthesis of
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titanosilicate catalysts [28]. Here, we present results of the
application of this novel acetamide elimination principle
(Eqg. 2) together with the templating effect of triblock
copolymer Pluronic 123 to the preparation of mesoporous
zirconium silicates and characterization of the obtained
xerogels by a variety of instrumental techniques.

SI(OC(O)CH3)4+ZF (NEt2)4—> Si0,—Zr0O,
+4ELNC(O)CH;  (2)

The obtained xerogels were tested for catalytic MPV
reduction of 4-tert-butylcyclohexanone and for aminolysis
of styrene oxide with aniline.

Experimental
General procedures

All manipulations were performed in a dry nitrogen at-
mosphere using Schlenk techniques as well as in an M.
Braun drybox with both H,O and O, levels below 1 ppm.

Chemicals, such as Pluronic P123 (EO,)PO70EO,q
M,, =5845¢g mol™ ), 4-tert-butylcyclohexanol (99 %),
4-tert-butylcyclohexanone (99 %), ZrCly (99 %), styrene
oxide (97 %), aniline and nonane, were purchased from
Sigma-Aldrich. Si(OAc), and Zr(NEt,), were synthesized
according to the published procedures [29, 30]. Toluene
and isopropanol were dried by standard methods and dis-
tilled before the use. Pluronic P123 was dried under
vacuum at 60 °C and dissolved in dry toluene. Syntheses of
the xerogels were performed under inert dry N, atmosphere
according to Eq. 2.

Synthesis of zirconium silicates

Zirconium silicate xerogels synthesized
without a template-SiZr1

Zr(NEt,)4 (1.482 g; 3.903 mmol) was added dropwise with
a syringe to a stirred solution of Si(OAc), (1.016 g;
3.844 mmol) in toluene (40 cm?). After the addition, the
color of the mixture changed to light green—yellow. The
reaction mixture was heated at 80 °C. The reaction was
stopped after 168 h, the volatile byproducts were separated
in vacuo, and the yellow powder was dried under vacuum
for 48 h. Yield 1.495 g, theor. 0.715 g; DC = 57 %.

IR spectra (KBr, cmfl): 514 vw, 585 vw, 617 vw, 655
vw, 768 w, 790 w (v Si—O-Si), 968 s (v Si-O-Zr), 1011
very strong (vs) (v Si—O-Si), 1164 w, 1208 vw (v Si-O-
Si), 1281 m (6 CH,), 1311 w, 1363 m (6 CH), 1378 m (&
CHs;), 1456 s (v COOQ), 1506 s, 1577 vs (v COO), 1636 m
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(v CO), 2876 w (v CH), 2933 w (v CH), 2973 m (v CH),
3420 vw (v NH).

GC-MS of byproducts (SiZrl): 0.57 min (diethy-
lamine), m/z = 73, 58, 44, 30; 3.57 min (diethylac-
etamide), m/z = 115, 100, 86, 72, 58, 44, 43.

Zirconium silicate xerogel synthesized
with the Pluronic P123 template-SiZrP4

Zr(NEt,)4 (1.756 g; 4.625 mmol) was added dropwise with
a syringe to a stirred solution of Si(OAc), (1.581 g;
5.980 mmol) and Pluronic P123 (1.58 g; 0.270 mmol) in
toluene (40 cm?). After the addition, the color of the
mixture changed to light green-yellow. The reaction mix-
ture was heated to 80 °C. After 12 h, a transparent light
yellow stiff gel was formed. The reaction was stopped after
168 h, the volatile byproducts were separated in vacuo, and
the solid product (yellow gel) was dried under vacuum for
48 h. Yield 3.235 g, theor. 2.513 g; DC = 74 %.

IR spectrum ATR, 586 vw, 614 vw, 653 w, 769 vw, 792
w (v Si—O-Si), 870 w (& CH), 964 s (v Si-O — Zr), 1009
vs (v Si—O-Si), 1049 vs (v Si—O-Si), 1092 vs (v 8 C-0-C),
1208 w (v Si—O-Si), 1247 w (v CO), 1282 w (& CH,),
1373 m (8 CHs), 1451 s (v COO), 1504 s (v COO0), 1572 s
(v COO), 1637 m (v CO), 1738 w (v COO), 2868 s (v CH),
2930 m (v CH), 2970 m (v CH).

GC-MS of byproducts: 3.58 min (diethylacetamide),
m/z = 115, 100, 72, 58, 44.

The xerogels were calcined in air at 500 °C for 3 h.
Calcined samples were kept in the vial flasks. To identify a
gaseous pyrolysis product, xerogel was heated in DIP
crucible and MS spectra were collected up to 450 °C.

Catalytic reactions

Calcined zirconium silicate catalysts were degassed before
the reaction under vacuum at 115 °C for 20 min. The MPV
reduction [17] of 4-tert-butylcyclohexanone was carried
out in a 50 cm® round-bottomed Schlenk flask equipped
with a reflux condenser connected to a N, source. The
reaction mixture containing calcined zirconium silicate
xerogel catalyst (100 mg), 4-tert-butylcyclohexanone
(500 mg, 3.54 mmol), and dry 2-propanol (15 cm’,
196 mmol) was stirred and refluxed at 115 °C for 4 h. The
products were analyzed by GC-MS method using
0.100 cm® of nonane as an internal standard. To investigate
Zr leaching, 100 mg of the catalyst was refluxed in 15 cm?
of 2-propanol at 115 °C for 4 h. After filtering off the
catalyst powder, the filtrate was tested for the MPV re-
duction of 4-tert-butylcyclohexanone. The reusability of
catalyst was tested after washing of the used catalyst with
2-propanol.

Aminolysis of styrene oxide [18] was performed in a
25 cm® round-bottomed Schlenk flask connected to a N,
source. The reaction mixture consisted of 25 mg of cal-
cined zirconium silicate xerogel, 5 cm® of dry toluene,
0.456 cm® (5.00 mmol) of aniline, 0.587 cm?® (5.00 mmol)
of styrene oxide, and 0.100 cm?® of nonane as an internal
standard. This reaction mixture was heated at 50 °C for
2 h. The reusability of catalyst was studied after washing
the used catalyst with toluene and CH,Cl,. Catalytic
products were analyzed by GC-MS method and '"H NMR
spectroscopy.

Characterization

IR spectra were recorded on Bruker Tensor 27 FTIR (KBr
pellets) and Bruker Alpha—Platinum ATR spectrometers.
GC-MS measurements were performed on a mass spec-
trometer TSQ Quantum XLS coupled with a gas chro-
matograph Trace GC Ultra by Thermo Scientific. The gas
chromatograph was equipped with a TS-SQC column (length
15 m, diameter 0.25 mm, and film thickness 0.25 pm) using a
temperature program: 50 °C (0 min), 5 °C min~" to 80 °C,
15 °C min~! to 120 °C, 35°C min~! to 200 °C, at this
temperature for 0.5 min. Mode injection split, injector tem-
perature, the interface temperature, and detector temperature
were all set to 200 °C. The column pressure was 31.5 kPa and
the ionization energy was 70 eV. Direct insertion probe (DIP)
MS measurements were performed at 50 °C min~' from 30 to
450 °C and with ionization energy of 44 eV. For liquid phase
'"H NMR measurements, a Bruker Avance DRX 300 MHz
spectrometer was used. Solid-state NMR spectra were mea-
sured on a Bruker Avance III 700 MHz spectrometer with a
MAS DVT 700S4 BL4 N-P/H probe and on a Bruker Avance
III 500 MHz spectrometer with a MAS VTN 500SB BL4 N-
P/F—H probe. High-temperature PXRD diffractograms were
recorded on an X’PertPRO diffractometer equipped with a
Cok, X-ray tube and a HTK 16 high-temperature chamber
(Anton Paar, Graz, Austria) with a Pt holder. Samples were
measured from 500 to 1200 °C in 50 °C increments. The
sample was held during scanning at a constant temperature for
12 min. Nitrogen adsorption/desorption experiments were
performed at 77 K on a Quantachrome Autosorb-1MP
porosimeter. SA and total pore volumes (V,, at p/py = 0.98)
were determined by volumetric technique [31, 32]. Prior to the
measurements, the samples were degassed at 100 °C for at
least 24 h until the outgas rate was less than 0.4 Pa min™".
The adsorption—desorption isotherms were measured for each
sample at least three times. The specific surface area was
determined by the multipoint BET method with at least five
data points with relative pressures between 0.05 and 0.30.
Micropore volumes (Vo) Were established by a t-plot
method [31, 32]. Thermal analysis (TG/DSC) was performed
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on a Netzsch STA 449C Jupiter apparatus in the stream of air
(70 cm® min~") with a temperature gradient of 5 °C min~"
up to 1000 °C, in a Pt crucible. The DRUV spectra were
recorded on an Agilent CARY 5000 spectrometer with a
Harrick Praying Mantis attachment. Zirconium contents were
determined on an ICP optical emission spectrometer iCAP
6500 Duo (Thermo, UK) equipped with a solid-state generator
with a frequency of 27.12 MHz and a maximum power input
1350 W. The measurements were performed at 327.3, 339.1,
and 343.8 nm. Transmission electron microscopy (TEM) was
carried out on a JEOL JEM 3010 microscope operated at
300 kV (LaBg cathode, point resolution 1.7 10\) with an Oxford
Instruments Energy Dispersive X-ray (EDX) detector at-
tached. SAXS measurements were performed on Rigaku
BioSAXS 1000 at a wavelength of 1.5408 A. Studies of sur-
face acidity were performed on air-calcined xerogels exposed
for 30 min to pyridine vapors under static vacuum.

In reactions without template, the yield of the product as
well as the mass of starting precursors was precisely
weighed to allow gravimetric estimation of the degree of
condensation, DC = 100(7ota1— Presidual)/Piotals WHETe Figial
is the molar amount of organic groups in the starting
materials and 7egiqua; 1S Mmolar amount of residual organic
groups in the xerogel computed from the difference of
theoretical and experimental yield. As the condensation
reactions were never quantitative, DC represents the rela-
tive difference between the maximum theoretical loss of
Et,NC(O)CH; (Eq. 2) in comparison to what is ex-
perimentally observed. This difference also defines the
number of acetoxy groups on silicon and diethylamide
groups on zirconium that are left in the matrix.

Results and discussion
Zirconium silicate xerogels were synthesized by a novel

acetamide elimination according to Eq. 2 from Si(OAc),

Scheme 1 Formation of
zirconium silicate network

Si(OC(O)CH3),
+

Zr(NEt,),

- 4xEt;NC(O)CH,
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and Zr(NEt,), precursors. The equation represents a com-
plete condensation of the Si—~O—Zr network and quantita-
tive elimination of diethylacetamide. However, under
experimental conditions, the condensation is incomplete
(Scheme 1), and DC for reactions without template were
57 %.

The reaction parameters are summarized in Table 1. The
NHSG reactions produced yellowish precipitate, which
was dried under vacuum for 48 h to form yellow powders.
The surface area of the prepared xerogels was very low so
an improvement was achieved by addition of a templating
agent Pluronic P123.

The transparent light yellow stiff gels were prepared with
Pluronic P123 and then calcined in air at 500 °C for 3 h to
eliminate residual organic groups and the template from the
pores. Resulting SA were substantially improved and pore
sizes corresponded to mesoporous region (see below). The
reactions were performed with various molar Si/Zr ratios.
The non-hydrolytic condensation between Si(OAc), and
Zr(NEt,), proceeds with the formation of Si—~O-Zr bonds
and release of diethylacetamide which was confirmed as a
condensation byproduct by GC-MS analysis of the volatiles
separated from the reaction mixture. In the case of samples
with a lower content of zirconium (SiZrP1, SiZrP2, SiZrP3),
acetic acid anhydride and acetic acid were found in the
chromatogram. These byproducts arise from the homocon-
densation of acetoxy species and from the reaction with the
—OH groups of the Pluronic template.

The presence of residual organic groups in dried xero-
gels was confirmed by FTIR spectroscopy. Absorption
bands (Fig. 1) were attributed to vibrations of acetate
(1451, 1577, 1734 cm™'), -NEt, (1282, 1373, 2930,
2970 cm_l) [33], and Pluronic P123 C-0-C
(1092-1102 cm_l) moieties [34]. The difference between
symmetric and asymmetric (1451, 1577 cm™") carboxylate
vibrational bands is 120~130 cm ™" and according to Dea-
con—Phillips rules, it is indicative of the bidentate bridging

$ ™
o
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A R
EtzN\ 75‘2 k X o/zr\ \ /
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Table 1 NHSG reaction parameters

Sample Si(OAc), Zr(NEty), P123 Nominal®
ng; (mmol) nz, (mmol) n (mmol) mol% Zr
SiZrl 3.845 3.903 - 50.4
SiZrP1 6.486 0.524 0.337 7.5
SiZrP2 5.937 1.709 0.270 22.4
SiZrP3 5.737 2.776 0.270 32.6
SiZrP4 5.983 4.624 0.270 43.6
Y Zrol % = nzd(nz: + ns;) x 100 %
SiOSi
P/ siozr

—_ v

S5

S p

§ SizZrP4 .

©

2 | SizrP3

5 iZr "

o

o SizrP2

2 e

©

2 | sizrP1 DAt

SiZr1
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-1
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Fig. 1 IR spectra of dried zirconium silicate xerogels. Characteristic
vibrational bands are attributed to Si—-O—Zr, Si—-O-Si, —COO bonds
and template fragments (labeled with the letter p). Samples SiZrP2,
SiZrP3, and SiZrP4 were measured by the ATR technique

mode on the metal center [35, 36], while the vibrational
band at 1734 cm™' characterizes the monodentate acetate
groups. Intensity of this band increases with the decrease of
Zr content as there are fewer possibilities for the acetates to
coordinate through their second oxygen atom. A vibra-
tional band related to Si—O-Zr bridges is observed at
964 cm ™! (Fig. 1). This band indicates introduction of
Zr*" species in the silicate matrix by the heterocondensa-
tion reaction [25, 37-39]. Its increasing relative intensity
correlates with higher Zr content in the series of samples.
The Si—O-Si linkages (Fig. 1) are represented by absorp-
tion bands at 792 (Vg Si—-O-Si), 1009 (Vagym Si—O-Si),
1208 cm ™! (Vasym Si—O-Si). These bonds are probably
formed by homocondensation in the sol-gel system, where
the acetate groups could be activated by coordination to the
zirconium atoms (Scheme 1). Anhydrous conditions of the
NHSG reactions are reflected in the absence of OH vi-
brations at 3100-3900 cm ™.

Thermal behavior of the synthesized xerogels was studied
by TG/DSC analysis. Mass losses during calcination are

100 E
80 E
& 604 g
~ Sizr1
[2} 4
[%2])
©
S 404 o
SiZrP4
20 E
o7 T T T
100 200 300 400 500 600 700 800 900 1000

temperature (°C)

Fig. 2 Thermogravimetric analysis of zirconium silicate xerogels
synthesized without (Black, SiZrl) and with (Red, SiZrP4) the
template

D/O c

si—0—C_ 2,
3

Zr——N(CH,CHg),
SizrP4 D B A

relative intensity (a.u.)

SiZrP2

240 220 200 180 160 140 120 100 80 60 40 20 0 -20
chemical shift (ppm)

Fig. 3 '>C CPMAS NMR spectra of dried zirconium silicate xerogels
prepared with the template

attributed to oxidation of the residual organic groups in
xerogel and Pluronic P123 template. These species are
completely burned away at 500 °C (Fig. 2). The residual
mass of the SiZrl sample (Fig. 2) after TG/DSC analysis
(45.9 % at 1000 °C) corresponds with the theoretical yield
of oxidic ZrSiO, material (47.8 %). In the case of the
sample prepared with the template (SiZrP4), the theoretical
yield of oxidic ZrSiO4 material is 30.1 % of dried product.
This number is in a good agreement with the residual mass
after TG/DSC (29.8 % at 1000 °C). The gaseous products
released during the heating of samples prepared with the
template were identified by DIP MS measurement. Further
condensation of residual unreacted —OAc and —NEt, groups
leads to release of diethylacetamide during calcination from
80 to 330°C (m/z=115), while the fragments
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(C3H50),,:(C,H30),, of Pluronic P123 are observed at higher
temperatures 335-450 °C.

Solid-state NMR spectroscopy was employed for a
deeper characterization of internal xerogel structure. '*C
CPMAS NMR spectra of dried xerogels (Fig. 3) display
resonances corresponding to residual acetate (CHjz: 22,
COO: 178, 167 ppm) and diethylamido (CHj: 12 ppm,
CH,: 41 ppm) groups. Two signals for the COO moieties
are in concert with the presence of bidentate (178 ppm) and
monodentate (167 ppm) coordination modes of acetates.
The resonances with the chemical shifts of 69 and 72 ppm
are assigned to Pluronic P123 (CH, and CH) carbons. The
CH; resonance of the PPO part (expected at 19 ppm) is

Si(0si)(0zn) _ Q,
SI(08i)(0Zr), A |

Si(osi)0zn), __

SizrP4

relative intensity (a.u.)
T~ ——J

SizZrP2

20 0 -20 -40 -60

HLUE T
-80 -100 -120 -140 -160 -180 -200
chemical shift (ppm)

Fig. 4 *°Si CPMAS NMR spectra of dried zirconium silicate
xerogels

—— SiZrP4-500

Si(0si),(0zr) Q,
: —— SizrP4

relative intensity (a.u.)

0 -25 -50 -75 -100 -125 -150 -175 -200
chemical shift (ppm)
Fig. 5 *°Si CPMAS NMR spectra of calcined (black, top) and dried

(red, bottom) zirconium silicate (43.6 mol % of Zr) prepared with the
template
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overlapped by the CHj signals of diethylamido groups. The
samples with the decreasing Zr loading exhibit the same
resonances but the intensities of diethylamido and biden-
tate acetoxy groups are progressively decreased.

The ?°Si CPMAS NMR spectra of the dried xerogels
give us information on the homogeneity and structure of
the zirconium silicate networks. With reference to silica
Si0, (Q4) (=110 ppm) [40], a shift to a lower field was
observed for the zirconium silicate resonances. According
to Sindorf and Maciel [41], such shift corresponds to Q3
(S10)5Si(OH) and Q2 (S10),Si(OH), sites. However, in our
NHSG approach there are no OH groups present in the
xerogels as confirmed by the IR spectra (Fig. 1). Therefore,
this shift is caused by the incorporation of Zr atoms into the
silica framework. Indeed, the 298i NMR chemical shift of
the Si(OSi)4_(OZr), tetrahedra depends on the number of
zirconium second neighbors (x). Roughly, each substitution
of Si for Zr leads to a low-field shift of about 5-8 ppm [26].
As shown here, °Si CPMAS NMR spectra (Fig. 4) display
broad signals representing Si(OSi)y, Si(OSi);(OZr),
Si(0Si),(0Zr),, and Si(OSi)(OZr); silicon environments.
The resonances are shifted depending on the number of Zr
atoms attached to the SiO, center. The samples with
the highest loading of Zr (SiZrl, SiZrP4) are composed
mostly of the Si(OSi);(OZr) (=96 ppm), Si(OSi),(OZr),
(-89 ppm), and Si(OSi)(OZr); (=79 ppm) sites. Xerogels
with the lower Zr loading (SiOZrP2, SiOZrP3) are
represented by Si(OSi);(OZr) (-96 ppm) and Si(OSi),
(-110 ppm) species.

A comparison with the *°Si CPMAS NMR spectrum of a
calcined sample (Fig. 5) reveals that there is no shift to
SiO, species on calcination and observed signals at —96
and -89 ppm are attributed to Si(OSi);(OZr) and
Si(0Si),(0Zr),, respectively.

210218
c
S
3
5 SizZr1-500
4
C
=)
=
S
= SizrP4-500
Q
2 & SizrP3-500
\ SizrP2-500
_ SizrP1-500
T T T T T T T T T

200 220 240 260 280 300 320 340 360 380 400
wavelength (nm)

Fig. 6 DRUV-Vis spectra of zirconium silicate xerogels calcined in
air at 500 °C
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Table 2 Surface areas and
porosity parameters of calcined

xerogels

3377
Sample Nominal® mol% Zr  ICP mol% Zr SABET (m’ g™ ") d(mm) Vi (em®g™h
SiZr1-500 50.4 492 10 - -

SiZrP1-500 7.5 5.1 570 43 0.62
SiZrP2-500 224 23.2 326 7.7 0.60
SiZrP3-500  32.6 335 308 7.2 0.58
SiZrP4-500  43.6 44.4 534 3.1 0.41

f Lrmors = nz,d
(an + nSi) x 100 %

Another effective and sensitive method to study incor-
poration and coordination of zirconium atoms is the
DRUV-Vis spectroscopy. Tetrahedrally coordinated Zr
atoms in the xerogel network are the catalytically active
sites [42]. The absorption band around 205-215 nm in Zr-
containing mesoporous silicas is attributed to the ligand-to-
metal charge transfer (LMCT) from O’~ to an isolated
Zr*" ion in a tetrahedral configuration [14, 19, 43, 44]. In
the DRUV-Vis spectra of the calcined samples synthesized
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Fig. 7 N, adsorption/desorption isotherm and SAXS pattern of the
calcined sample SiZrP4-500

Fig. 8 TEM pictures of the
sample SiZrP4-500 prepared
with Pluronic P123 template

with Pluronic P123 (Fig. 6), there are absorption bands
with maxima at 208-212 nm which point to the presence of
Zr atoms in tetrahedral coordination. The absorption band
at 218 nm with a tail at higher wavelengths observed in the
spectrum of the sample synthesized without template could
be assigned to small ZrO, clusters with Zr in higher co-
ordination numbers.

Another crucial condition for the catalytic efficiency of
these materials is their porosity and large surface area.
With the addition of template, we are able to synthesize
materials with the mesoporous character after calcination at
500 °C. SA of calcined xerogels are summarized in
Table 2. Nitrogen adsorption/desorption isotherms belong
to type IV and display hysteresis H2 which is a charac-
teristic for mesoporous materials (Fig. 7) [31, 32]. An
isotherm of SiZrP4-500 shows the shape that is indicative
of the materials with the framework-confined mesoporosity
containing “wormhole-like” pores [20, 45, 46]. This as-
sumption can be confirmed by the TEM experiments
(Fig. 8) which reveal “wormhole-like” morphology.
Moreover, SAXS analysis shows a diffraction line at 0.66°
20 which can be assigned to the mesoscopic-ordered
structure of zirconium silicate framework with the d spac-
ing of 6.6 nm [45, 46].

According to the BET analysis, the SA of the samples
are in the range of 308-570 m” g~'. The BJH method
shows narrow pore size distributions in Fig. 9 with the
diameters characteristic for mesoporous materials [47, 48].
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Fig. 9 BJH pore size distributions of calcined zirconium silicate
xerogels synthesized with a template determined from the desorption
branch

No significant dependence of the porosity on the Zr content
was observed. Calcined xerogels synthesized without a
template are almost nonporous (<10 m* g ).

The surface acidity of the air-calcined xerogels was
studied by pyridine adsorption. The IR spectra of the pyr-
idine-treated samples display weak absorption bands at
1448, 1491, 1547, and 1610 cm ™! (Fig. 10). The absorp-
tion bands at 1448 and 1610 cm™" are attributed to pyr-
idine molecules coordinated to Lewis acid sites arising
from incorporation of Zr into the silica framework [49]. A
combination of Lewis and Brgnsted (coordinated pyridine
and pyridinium ion, respectively) sites is associated with
the band at 1491 cm™'. Exclusively Brgnsted acidic sites
are characterized by the absorption band at 1547 cm™' [16,
17, 44].

HT PXRD technique was employed for the examination
of crystallization behavior, resulting phases, and their
crystallization temperatures. It was observed that xerogels
are amorphous up to 850 °C and in the case of a sample
with the lowest Zr loading even up to 1050 °C. Diffrac-
tograms (Fig. 11) of the calcined xerogels show diffraction
lines corresponding to the tetragonal ZrO, phase (PDF
42-1164) with a crystallization temperature of 900 °C. The
sample with 43.6 mol% of Zr synthesized with Pluronic
P123 exhibits diffraction lines of zircon (ZrSiO,, PDF
81-0590). Crystallization of this phase takes place at
1100 °C and confirms the high homogeneity of Zr and Si
mixing on the atomic level in the xerogel. Weak diffraction
lines of cristobalite SiO, (PDF 27-605) were observed in
the diffractogram of the sample with the lowest Zr
(7.5 mol%) content. In this case, crystallization of ZrO,
starts at 1050 °C, and SiO, diffraction lines appear at
1150 °C.
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Fig. 10 IR spectrum of xerogel SiZrP4-500 after pyridine adsorption,
vibrational bands are attributed to Lewis (L) and Brgnsted (B) acid
sites
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Fig. 11 PXRD difractograms of zirconium silicate xerogels recorded
at 1200 °C under air, diffraction lines at 45.9 and 53.5 20 (°)
correspond to the Pt sample holder

Catalytic studies

Catalytic activities of synthesized xerogels were tested in
two types of model reactions. At first, the MPV reduction
of 4-tert-butylcyclohexanone in 2-propanol was investi-
gated [17, 50] with 100 mg of calcined zirconium silicate
xerogels as catalysts. The yields of catalytic products were
determined by GC-MS analysis with the use of nonane as
an internal standard. The only two resulting products of
reaction were cis-(ret.time 7.2 min) and trans-4-tert-
butylcyclohexanol (ret.time 7.5 min), the latter as the ma-
jor product. Catalytic yields are summarized in Table 3.
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Table 3 Results of MPV

: - Sample ICP mol% Zr SA BET (m2 g_l) d (nm)  Conversion (mol%)*  Selectivity (%)
catalytic reduction of 4-tert- - -
butylcyclohexanone, cis trans
conversions and selectivities

SiZr1-500 49.2 10 - 0.5 - -
SiZrP1-500 5.1 570 43 5.1 7.8 92.5
SiZrP2-500  23.2 326 7.7 29.0 12.6 87.4
SiZrP3-500  33.5 308 7.2 514 104 89.6
to 4-fert-butylcyclohexanol, SiZtP4-500  44.4 534 3.1 54.3 105 895
after 4 h
Table 4 MPV reaction parameters and comparison of the 4-fert-butylcyclohexanone conversion with different Si/Zr catalysts
Catalyst Si/Zr ratio Zr in catalyst (mmol) SA BET (m2 gfl) t (h) Cyclohexanone TOF?*
conversion (%)
SiZrP3-500 2 0.35 308 4 514 1.24
SiZrP4-500 1.2 0.43 534 4 54.3 1.06
SiZrP4-500 1.2 0.43 534 14 81.3 0.45
meso-Zr-MFI (150) [17] 196 0.008 454 10 48.0 7.40
meso-Zr-MFI (100) [17] 133 0.012 460 10 84.7 8.90
Zx75 [10] 84 - 499 1 97.3 -
Zr100 [10] 107 - 470 1 95.2 -
Zr200 [10] 194 - 474 1 72.8 -

* TOF turnover frequency, [mmol mmol~' h™1

480 min.

240 min.

120 min.

10 min.

relative intensity (a.u.)

no catalysis

4.0 35
chemical shift (ppm)

5.0 4.5 3.0

Fig. 12 '"H NMR spectra of catalytic reaction mixtures during
catalysis

To establish that Zr active sites are not leached during
the reaction, 100 mg of catalyst was refluxed in 2-propanol
(15 cm?) for 4 h. After filtering off the catalyst powder, the
filtrate was tested for the MPV reduction of 4-tert-butyl-
cyclohexanone. No reaction products were obtained. Also,
the ICP analysis of the filtrate confirmed that no leaching of
Zr occurs. The highest conversion of 4-fert-butylcyclo-
hexanone (54.3 %) was observed in the case of xerogel
SiZrP4-500 (Table 3). A comparison between our zirco-
nium silicate catalysts and the catalysts reported by other
groups is given in Table 4.

The second reaction tested was aminolysis of styrene
oxide by aniline using 25 mg of calcined zirconium silicate
as catalyst at 50 °C [18]. The 'H NMR spectra of the re-
action mixture display resonances attributed to solvent,
substrates (2.7, 3.0, 3.4, 3.8 ppm), and two products:
2-phenyl-2-(phenylamino)ethanol (I) and 1-phenyl-2-
(phenylamino)ethanol) (II) (Fig. 12). These products were
also confirmed by GC-MS technique.

Catalytic yields are summarized in Table 5. Two cal-
cined samples of zirconium silicate xerogels were used,
SiZrP4 and SiZrP2, with 43.6 and 22.4 mol% of Zr, re-
spectively. Both catalysts exhibit high activity in amino-
lysis of styrene oxide with aniline which yielded the major
product I and II as a minor product. The highest yield of
the catalytic reaction after 2 h (96 %) was observed for the
SiZrP2 catalyst.

Dependence of the styrene oxide conversion on the re-
action time was studied with SiZrP4-500 and SiZrP2-500
catalysts (Fig. 13). For the catalyst SiZrP4-500, it reached
39 % after 10 min and 94 % after 8 h, while for the cata-
lyst SiZrP2-500 it was 48 % after only 5 min (TOF
436 mmol mmol~' h™"). This higher catalytic activity of
SiZrP2-500 as compared to SiZrP4-500 could be ascribed
to a higher pore diameter and to a larger pore volume of the
former catalyst. According to the DRUV-Vis spectra
(Fig. 6), the xerogel SiZrP2-500 also contains a higher
amount of tetrahedrally coordinated Zr atoms. Reusability
of the SiZrP4-500 catalyst was tested after separation by
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Table 5 Styrene oxide aminolysis, reaction parameters, catalytic yields, and comparison with other Si/Zr catalysts

Sample ICP mol% Zr Zr in catalyst (mmol) SA BET (m? g’l) d (nm) ¢ (min) Conversion (%) Selectivity TOF?*

(%)

1 )i
SiZrP2-500 232 0.066 326 7.7 5 48 93.8 6.2 436
SiZrP2-500 10 58 946 54 264
SiZrP2-500 120 96 95.8 42 36
SiZrP4-500 444 0.109 534 3.1 10 39 945 55 107
SiZrP4-500 120 73 949 5.1 17
Zr-Nano(PrTES) [18] 57.8° 0.009 565 - 5 75 97.0 3.0 6360

[18] conditions: 25 mg of catalyst, 5 mmol of substrates, 3 cm® of toluene, 45 °C

* turnover frequency [mmol mmol ™' h™']

® Si/Zr mol ratio

100

h L]
90 4 ./ ./
80 /
70
60 ~
50—’
40 ~
30
20
10 4 —n— SiZrP4-500

| —e— SiZrP2-500
o+—F—7—T 7T 7T T T 7
0 60 120 180 240 300 360 420 480 540 600

reaction time (min.)

styrene oxide conversion (%)

Fi

=

g. 13 Catalytic conversions of styrene oxide

centrifugation and washing with toluene and CH,Cl,. After
drying the catalyst at 120 °C under vacuum, the second
catalytic test was performed. The conversion after 2 h
reached 69 % which was only slightly less than in the first
run (73 %).

Conclusions

In this paper, the novel and effective non-hydrolytic syn-
thesis for mesoporous zirconium silicates with high cat-
alytic performance is presented. Mesoporous xerogels were
successfully prepared by acetamide elimination reaction in
toluene. This efficient approach allows us to prepare
homogeneous mixed oxide materials with the Si-O—Zr
linkages, while the volatile diethylacetamide is released as
the condensation byproduct. With the addition of Pluronic
P123 as a templating agent, we obtained mesoporous ma-
terials stable upon calcination at elevated temperatures.

@ Springer

The framework-confined mesoporosity was observed in
nitrogen adsorption/desorption experiments and TEM mi-
crographs reveal “wormhole-like” morphology character-
ized by a low-angle diffraction in SAXS. Frameworks of
these xerogels contain a high amount of tetrahedrally co-
ordinated Zr atoms that represent catalytically active sites
possessing Lewis acidity. All samples were tested for cat-
alytic performance in the MPV reduction of 4-tert-butyl-
cyclohexanone and in the aminolysis of styrene oxide. We
found that our zirconium silicate xerogels are efficient
catalysts for both of these model reactions. The highest
conversion of 4-tert-butylcyclohexanone (54.3 %) was
obtained with the SiZrP4-500 catalyst. In the case of
styrene oxide aminolysis, our catalysts exhibit a very high
catalytic activity. The best results were achieved for the
sample SiZrP2-500 with 23 mol% of Zr. The yield of the
catalytic products was 48 % after 5 min with the TOF of
434 mmol mmol ' h™'. The conversion after 2 h reached
96 %.
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