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Abstract: Ni and Cu acetylacetonates were anchored onto Siral 80 and used in the catalytic conversion of carbon dioxide.
The catalysts were characterized by several methods such as XRD, FTIR, SEM, and TGA/DTG. The catalytic domains
of the prepared heterogeneous complexes and their homogeneous counterparts were examined for the conversion reaction
of carbon dioxide into cyclic carbonates in the presence of different additives (1.5 MPa CO» pressure, 100 °C, and 2 h).
Good to excellent conversions were observed using Siral 80/APTES/Cu(acac)2 catalysts and butylmethylimidazolium
hexafluorophosphate, [bmim|PFg¢, ionic liquid from the reaction of CO2, and different epoxides. Modification with
APTES made the immobilized metal complexes more efficient catalysts compared to their homogeneous counterparts

and supporting material.
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1. Introduction

There is considerable interest in immobilization of reagents and homogeneous catalysts on organic or inorganic
supports. The most often used method for anchoring different metal complexes on supports is the modification
of the surface first with a suitable ligand. In recent years, especially within the concept of green chemistry,
the anchoring of transition metal complexes onto solid supports or organic polymers has been an important
research subject. In fact, these types of catalysts are used in heterogeneous catalytic reactions because of their
structural selectivity; they also have several advantages in catalytic reactions, such as catalyst separation after

the reaction and reusability in subsequent cycles/reactions.!=3

The amount of atmospheric carbon dioxide has been above 350 ppm since 1988, which was determined
as the upper safety limit by the NASA-Goddard Institute for Space Science (www.co2now.org). The amount
of carbon dioxide has been increasing each year; hence it is the root of many problems, especially global
warming. For the solution of these problems, in addition to the quest for alternative energy sources, many
studies are being conducted on the storage of carbon dioxide and its conversion into valuable chemicals.
Many value-added chemicals such as methanol, polycarbonate, and organic carbonates can be produced using
carbon dioxide as a carbon source. Cyclic carbonates having a high boiling point, low toxicity, high solubility,
and biodegradability have an important market as aprotic polar solvents and intermediates for fine chemical

synthesis. Many catalysts such as ionic liquids,*® quaternary ammonium and phosphonium salts,~® metal
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9=14 alkali metal salts, *>~17 metal oxides, *¥=2! cellulose/KI,?? ion exchange resins,?® metal organic

24—26

complexes,
frameworks, and heterogeneous systems, 2”32 have been developed for the cycloaddition reaction of CO 5
and epoxides.

The metal acetylacetonates are easily accessible and relatively inexpensive complexes. They have been
extensively used in various homogeneous reactions such as epoxidation, esterification, and benzylation of
various alcohols using tertbutylhydroperoxide (t-BuOOH), butyric acid, and benzyl chloride.?3~3% The catalytic
activity of metal acetates in the presence of tetraethyl ammonium bromide has been examined recently. 3¢

It has also been reported that heterogeneous catalysts that are capable of anchoring different transition
metal compounds may be prepared stepwise, first by modifying the support material with aminopropyltri-
ethoxysilane (APTES), then by utilizing the gas—solid reactions under reflux conditions, and finally immobi-
lization of transition metal acetylacetonates onto these modified supports.37—42

In the present study, heterogeneous catalysts were prepared by using Siral 80 as a support material,
APTES as a modifier, and Cu(acac)s or Ni(acac)s as metal acetylacetonates according to the procedure
explained above, and characterized. The catalysts were tested for the chemical fixation of carbon dioxide

according to the model reaction in Scheme 1.
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Scheme. Cycloaddition reaction of carbon dioxide and epoxides.

2. Experimental

2.1. Materials, reagents, solvents, and measurements

Siral 80 was obtained from SASOL-Condea AG, Germany. The chemical composition of Siral 80 is 78.3% SiO,
21.7% Al 03, 0.02% Fe5 O3, 0.02% TiO4, 0.01% CaO, and 0.2% MgO. Particle size distribution as percentages
in the ranges <25 pm, <45 pm, and <90 pm is 73.3, 96.2, and 98.7, respectively.*>#* The compounds
(3-aminopropyl) triethoxysilane (APTES), copper(II) and nickel acetylacetonates, dry toluene, glycerol, and

benzyl chloride were purchased from Aldrich, while chloroform was from Merck, and they were used without

any purification.

2.2. Preparation of the catalysts
2.2.1. Direct anchoring of metal(II) acetylacetonate onto support material (method A)
A solution of M(acac)s (90 pmol) in chloroform (50 mL) was refluxed with Siral 80 (0.60 g) for 24 h. The

resulting solid was filtered and refluxed again with chloroform (50 mL) for 2 h. It was recovered by vacuum
filtration and then dried in an oven at 110 °C for 3 h. These materials will be labeled as Siral 80/M(acac)s.

2.2.2. Functionalization of support material with (3-aminopropyl)triethoxysilane (APTES)
(method B)

The catalysts were prepared according to the procedure of Pereira et al.#!42 as detailed below. The support
material was heated in an oven at 120 °C for 1 h. Afterwards, Siral 80 (2.00 g) in dry toluene (100 mL) and
1.18 mL of APTES (5.06 mmol) were refluxed for 24 h. The resulting material was filtered by vacuum, refluxed
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with dry toluene (100 mL) for 2 h, and then dried in a vacuum oven at 120 °C for 3 h. These materials will be
referred to as Siral 80/APTES.

2.2.3. Anchoring of copper(II) and nickel(II) acetylacetonates onto APTES-functionalized sup-

port material

A solution of Cu(acac)y or Ni(acac)s (0.0236 g) in chloroform (50 mL) was refluxed with Siral 80/APTES (0.60
g) for 24 h. The resulting solids were filtered by vacuum, refluxed with chloroform (50 mL) for 2 h, recovered by

vacuum filtration, and then dried in an oven at 110 °C for 3 h under vacuum. These materials will be referred
to as Siral 80/APTES/M(acac)s.

2.3. Physicochemical measurements

The bulk copper and nickel contents were determined by atomic absorption spectroscopy in a PerkinElmer SP9
spectrometer. Samples (20 mg) were previously dried at 100 ° C, and mixed with aqua regia (2 mL) and HF (3
mL) for 2 h at 120 °C in a stainless-steel autoclave equipped with a polyethylene-covered beaker (ILC B240).
After cooling to room temperature, the solution was mixed with boric acid (about 2 g) and finally adjusted to
a known volume with deionized water. The AAS analysis results for copper and nickel contents of the samples
are given in Table 1.

Table 1. Amount of metal ions on support materials analyzed by AAS.

Metal amount

(g metal/g support)
Siral 80/APTES/Cu(acac)s | 1900

Material

Siral 80/Cu(acac)s, 6050
Siral 80/APTES/Ni(acac)y | 2825
Siral 80/Ni(acac)s 9175

These catalysts and supports were characterized by different methods. X-ray powder diffraction (XRD)
patterns of the samples were determined by using a Rigaku D ., 2200/PC model instrument with CukK,,
radiation (40 kV, 40 mA).

Brunauer-Emmett-Teller (BET) specific surface area (Spgr) values of the samples were obtained
from Ny adsorption—desorption isotherms at 77 K, measured on a SORPTOMATIC 1990 after degassing un-
der vacuum for 3 h at 150 °C by using MILES-200 Advanced Data Processing Sorption Software Version
3.00. Spgr values were as follows: for Siral 80: 224, for Siral 80/APTES/Cu(acac)s: 77, and for Siral
80/APTES/Ni(acac)q: 65 m? g~1.

Infrared spectra were recorded by means of a PerkinElmer FT-IR spectrophotometer (Spectrum BX-IT)
in the range 4000-400 cm ~! in KBr disks. Each disk was prepared by careful grinding of the KBr (90 mg) with
the samples (0.9 mg). Thermogravimetric (TG) analysis of the samples was carried out with a PerkinElmer
Diamond TG/DTA Analyzer using Pt pans in the temperature range 30-1000 °C with a heating rate of 10
°C/min. TG analysis was performed on the dried samples with a heating rate of 10 °C/min and under a stream
of nitrogen gas (flow rate: 50 mL/min). SEM micrographs were performed with a scanning electron microscope,
Jeol JSM 60, operating at an accelerating voltage of 20 kV. The samples were dried before gold sputter-coating
for SEM analysis. SEM images were taken at different magnifications (between 1000 x and 10,000 x).
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2.4. General procedure for the cycloaddition of epoxides and CO;

Catalytic tests were performed in a PARR 4843 50-mL stainless steel pressure reactor. In a typical reaction,
immobilized metal acetylacetonate compound, (1.125 x 10~5 mol), epoxide (1.3 mL, 1.125 x 102 mol), and
DMAP (2.75 mg, 2.25 x 10> mol) were charged into the reactor under solventless conditions. The reaction
pressure of carbon dioxide was set to 15 atm and the temperature of the reactor vessel was held at 100 °C
during the reaction. After expiration of the reaction time, the vessel was cooled to 5-10 °C in an ice bath.
To reduce the pressure, the excess gases were vented out. The conversions of epoxides to corresponding cyclic
carbonates were determined by comparing the ratio of product to substrate in the 'H NMR spectrum of an
aliquot of the reaction mixture. Coupling of CO4, various epoxides catalyzed by Siral 80/APTES/Cu(acac) 4,
and 'H NMR data of the products (defined as a, b, ¢, and d) are shown in Table 2.

Table 2. Coupling of CO2 and various epoxides catalyzed by Siral 80/APTES/Cu(acac)z.

Entry | Product | Yield (%) | TON | TOF(h~1)

1 \\b 92 920 460
a
o

2 ° 50 500 | 250
b

3 L& 99 990 | 495
Cl
C

4 67 670 335

Reaction conditions: cat. (1.125 x 10~° mol), [bmim]PFs (2.25 x 10~° mol), epoxide (1.125 x 102 mol), CO» (1.5
MPa), 100 °C, 2 h.

!H NMR data of the products:

a) Styrene carbonate: §H(CDCls) 4.35 (1H, dd, J = 8.5 Hz, J = 8.0 Hz, OCHs,), 4.81 (1H, dd, J = 8.5 Hz, J =
8.0 Hz, OCH,), 5.68 (1H, t, J = 8.0 Hz, PhCHO), 7.2-7.5 (5H, m, ArH); § C(CDCls) 71.3, 78.1, 126.0, 129.3, 129.8,
135.9, 154.9.

b) 1,2-butene carbonate: 61.03 (3H, t, J = 7.6 Hz, CH3), 1.75-1.86 (2H, m, CH»), 4.11 (1H, dd, J = 8.4, J =
6.8 Hz, OCH.), 4.55 (1H, dd, J = 8.4 Hz, J = 7.6, OCH.), 4.66-4.73 (1H, m, CH).

c) Chloromethyl ethylene carbonate: § H(CDCl3) 3.3-3.8 (2H, m, CH, Cl), 4.40 (1H, dd, J = 8.9, 8.7 Hz, OCH>),
4.59 (1H, dd, J = 8.9, 8.4 Hz, OCH3), 4.9-5.0 (1H, m, OCH); § C(CDCl3) 43.9, 67.4, 74.6, 154.4.

d) Propylene carbonate: §H(CDCls) 1.49 (3H, d, J = 6.3 Hz, CH3), 4.02 (1H, dd, J = 8.4, 7.3 Hz, OCH2), 4.55
(1H, dd, J = 8.4 Hz, J = 8.0, OCH,), 4.8-4.9 (1H, m, CHO); § C(CDCl3) 19.7, 70.9, 73.7, 154.1.
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3. Results and discussion

3.1. Characterization of the catalysts

X-ray diffraction patterns and data of the samples are given in Figure 1 and Table 3, respectively.

800
70 —Siral 80
00 —— Siral 80/APTES
—— Siral 80/APTES/Ni(acac),
500 Siral 80/APTES/Cu(acac),
32 — Siral 80/Ni(acac),
§ 400 — Siral 80/Cu(acac),
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| MW‘WM:AJMMM‘ RN )
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T T T 1
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Figure 1. X-ray diffraction patterns of the samples.

In the diffraction patterns of all samples, the XRD pattern of Siral 80 was still observed. However,
the signal intensities of the peaks decreased in general. The XRD peak signals of Siral 80/APTES/Cu(acac)

were the highest, while the minimum was observed in the case of Siral 80/Ni(acac)z. On the other hand, the

basal spacing (dgp1) of the samples was increased by 1.53 A as compared with Siral 80 in the case of Siral

80/APTES/Ni(acac) .

The basal spacing values for Siral 80, Siral 80/APTES, Siral 80/APTES/Cu(acac)z,

and Siral 80/APTES/Ni(acac), were determined as 6.29 A, 6.88 A, 6.58 A, and 7.82 A, respectively. In the

case of direct modification of Siral 80 with Cu and Ni(acac)s, 6.89 and 6.50 A values were obtained for Siral

80/Cu(acac) o and Siral 80/Ni(acac)2, respectively.

Table 3. XRD data of Siral 80 supported catalysts.

Sample [°26] d-spacings [A]

Siral 80

14.08; 22.70; 27.98; 38.17; 48.99

6.29; 3.92; 3.19; 2.35; 1.86

Siral 80/APTES

12.87; 22.80; 27.56; 38.01; 48.70

6.88; 3.90; 3.24; 2.37; 1.87

Siral 80/Cu(acac)s

12.83; 18.18; 28.86; 49.41; 51.96

6.89; 4.88; 3.09; 1.84; 1.76

Siral 80/Ni(acac)s 13.60; 21.42; 26.42 6.50; 4.15; 3.37
Siral 80/APTES/Cu(acac)s | 13.46; 28.07; 38.34; 48.98 6.58; 3.18; 2.35; 1.86
Siral 80/APTES/Ni(acac)s | 11.32; 20.02; 24.22 7.82; 4.25; 3.67

FT-IR spectra of the samples are given in Figure 2. The FT-IR spectra of Siral 80 and the other samples
contained a broad band corresponding to ~OH stretching at 3443 cm ~!. The band at around 1660 or 1649 cm ~*
also corresponds to the —OH deformation (bending) of adsorbed water. The strong bands at 1076 or 1078 and
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around 786 cm ! are due to Vgsym (Si-O) and vy, (Si-O) of the Cu-Ni/Siral 80 skeleton, respectively. The
bands at around 938 cm ~! are attributed to M-OH bending vibration deformation bands. The Si-O stretching
vibrations were observed at 780 cm ! and 635 cm ™! in Siral 80/APTES/Cu(acac)s. These reflected the

presence of silica and quartz. The bands at 459-468 cm ~!

correspond to Si—-O-Si bending vibrations in Siral
80 samples. 4

After APTES grafting onto Siral 80, there were no practical changes in band shapes for Siral 80/APTES.
The broad band centered at around 3429 cm ~! is an envelope of vo_p for adsorbed water, silanol groups, and
vy _pg of the amino groups. No band due to -NH stretching could be observed, as it was masked by the broad
—OH bending band. In the case of copper and nickel acetylacetonates anchored onto Siral 80/APTES, the -CH4
stretching vibration band from APTES at 2918 cm ~! still appeared as can be seen at 2928 and 2921 cm ~! in
the case of Cu(acac)s and Ni(acac)q, respectively. The band for aliphatic -C=C- stretching vibrations from
Cu(acac), and Ni(acac)s at 1500-1600 cm ~! was also observed. The band due to -NH, was not detected.
C-N bending vibration bands were seen at 1260 and 1274 cm ~!. The weak broad band at around 1536 cm ~!
for -C-O- in Cu(acac)s and at 1520 cm ~! for Ni(acac), samples was also observed.*> FT-IR spectra of the
samples reflect mainly the FT-IR spectrum of Siral 80.

TGA/DTG data of the samples are given in Table 4. In the TGA/DTG data of Siral 80/APTES, the
removal of adsorbed water with a mass loss was 10.37% was observed in the first stage, 25-200 °C. On the
other hand, in the TGA /DTG profiles of the samples, the second and third stage mass losses showed the same
amount of decay corresponding to the decomposition of APTES species. Finally, the last mass losses occurred
in the temperature range 500-1000 °C, which might be attributed to evolution of the adsorbed water due to

the dehydroxylation of surface —OH groups of SiO 5 between the layers of catalysts. The total mass losses were

g Siral 80 T
3443 1660 940 786 459
Siral 80/Ni(acac), 1076
T 1638 786 639
3429 941 463
—viral 80/Cu(acac), 1075
1636 942 785 029
B 3434 462
Siral 80/APTES 1081
T 3429 1649 629
938 784
T% 462
siral 80/APTES/Ni(acac), 1078 633
4 780
3424 1640 938 463
- Siral 80/APTES/Cu(acac), 1076
2990 1072 780 635
| 3427 1643 12 i 938
Ni(acac), 1520
| 3075 1400 1194 766 654
3410 2921 1021 782
_Mu(acac)z V 1597 1419
2928
. 13521274 1019
4000 3000 2000 1500 1000
-1
Wavenumber/cm

Figure 2. FT-IR spectra of the samples.
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18.98%, 20.07%, 19.57%, and 12.74% for Siral 80, Siral 80/APTES, Siral 80/APTES/Cu(acac)s, and Siral
80/APTES/Ni(acac) 2, respectively. In the case of Siral 80, Siral 80/Cu(acac)s, and Siral 80/Ni(acac)q, the
total mass losses were 18.98%, 20.89%, and 15.4%, respectively. The mass loss in the case of Siral 80/Ni(acac)
was less than that of Siral 80/Cu(acac)s and 3 mass loss stages were observed. The dehydration of Siral 80
occurred with a mass loss of 12.70% in the temperature range 25-230 °C as a single-step process, which gave
rise to an endothermic maximum at 85 °C due to the physically adsorbed water. A second mass loss occurred
at temperatures in the range 230-1000 °C, where the TGA/DTG curve displayed a steep mass loss (about
6.28%) related to the release of Ho O from structural -OH (dehydroxylation) of synthetic Siral 80.

SEM images of the samples are given in Figures 3a—f. The SEM images of Siral 80 and Siral 80-based
samples reflected in general the surface morphology of small, medium-sized, and large spherical grains. The size

of the particles can be calculated from the scale on the image as of the order of 10 pm.

Figure 3. SEM images of the samples: a) Siral 80, b) Siral 80/APTES, c) Siral 80/APTES/Cu(acac)2, d) Siral
80/Cu(acac) 2, e) Siral 80/Ni(acac)z, f) Siral 80/APTES/Ni(acac) .

606



COSKUN et al./Turk J Chem

Table 4. TGA/DTG data of the samples.

Step 1 Step 2 Step 3 Step 4

Sample T.R. (°C)/Mass | T.R. (°C)/Mass | T.R. (°C)/Mass | T.R. (°C)/Mass
loss (%) loss (%) loss (%) loss (%)

Siral 80 25-230/12.70 230-1000/6.28 - -

Siral 80/APTES

25-200/10.37

200-300/1.89

300-510/5.78

500-1000/2.03

Siral 80/Cu(acac)s

25-200,/12.94

200-325/1.75

325-523/4.50

523-1000/1.70

Siral 80/Ni(acac)s 25-215/8.8 215-552/5.00 | — 552-1000/1.60
Siral 80/APTES/Cu(acac)s | 25-175/7.31 195-320/2.92 | 320-510/5.88 | 510-1000/3.26
Siral 80/APTES/Ni(acac)y | 25-200/6.7 213-312/0.88 | 312-510/4.26 | 510-1000/0.90

T.R.: Temperature range.

The evaluation of the SEM images of the Siral-based samples reflected the main structure of Siral 80
(Figure 3a); this means spherical grains of various sizes. After treatment with APTES (Figure 3b) and Cu(acac) 2
(Figure 3d), coagulation of the APTES and Cu(acac)s particles onto the surface of the Siral 80 was observed.
The stepwise treatment increased the condensation of the particles (tiny sticky particles) around the spherical
grains of Siral 80. In the case of Siral 80/APTES/Ni(acac)2, the SEM image is somewhat different (see
Figures 3¢ and d) such that one cannot see any coagulation around the Siral 80 grains. Particles around
the large spherical grains are observed for Siral 80/Ni(acac)o (Figure 3e) and larger spherical grains for Siral
80/APTES/Ni(acac)o in Figure 3f.

3.2. Catalytic properties

According to the generally accepted mechanism for the cycloaddition reaction of carbon dioxide and epoxides, a
Lewis acid and a Lewis base are required. The Lewis base opens the epoxide ring via a nucleophilic attack, which
leads to an oxy anion species bonding a Lewis acidic metal center; then cyclic carbonate forms after reacting
with CO,.2773! Catalytic experiments were carried out at optimized conditions, which were determined in
previous studies.?” Catalytic efficiencies of heterogeneous metal complexes for the cycloaddition reaction of
CO32 were evaluated using an additive (DMAP, NBuyBr, or bmimPF¢) as a Lewis base (Table 5). When
using only heterogeneous metal complexes we did not detect any catalytic conversion (Table 5, entries 5 and
6). Control reactions using homogeneous Cu(acac)s and Ni(acac)s were also conducted, which gave 3% and
4% conversions, respectively. In contrast, immobilized catalysts dramatically increased the yield up to 75%

28—31 This difference in catalytic

under the same conditions. Similar behavior was reported by several authors.
activity should be explained by the structure of the solid support materials. We supposed that pore size,
surface area, and ~OH groups on the surface of the supporting material were the main parameters.®”46 The
catalytic activities of the heterogeneous catalyst were found in the following order: Siral 80 < Siral 80/APTES.
Modification with APTES increased the catalytic activity. Kumar has recently reported that different metal
acac compounds were efficient as catalysts (50 °C, 50 bar CO5 pressure, 4.5 h) using 1 mol % catalyst and
NEt,Br.36

Instead of DMAP, tetrabutylammonium bromide (NBu4 Br) and butylmethylimidazolium hexafluorophos-
phate (bmimPF¢) were applied as an additive to Siral 80/APTES/Cu(acac) o catalysts. Conversion of styrene
oxide was found to increase in the order of DMAP < NBu4Br < [bmim]PFs.

The applicability of the catalytic system to other terminal epoxides was examined (Table 2). The catalyst

system Siral 80/APTES/Cu(acac) s /[bmim]|PFg was found to be feasible with various epoxides that have both
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Table 5. Conversion of styrene oxide to styrene carbonate.

Entry | Catalyst Additive Conv. (%) | TOF (h™1)
1 Siral 80/APTES/Cu(acac)y | DMAP 75 375
2 Siral 80/Cu(acac)s, DMAP 60 300
3 Siral 80/APTES/Ni(acac)s | DMAP 72 360
1 Siral 80,/Ni(acac)s DMAP 53 265
5 Siral 80/APTES/Cu(acac)y | - - 0

6 Siral 80/APTES/Ni(acac)y | - - 0

7 Cu(acac)s DMAP 3 15
8 Ni(acac)s DMAP 4 20
9 Siral 80/APTES/Cu(acac)s | NBuyBr 82 410
10 Siral 80/APTES/Ni(acac)s | NBuyBr 80 300
11 Siral 80/APTES/Cu(acac)y | [bmim|PFg | 92 460
12 Siral 80/APTES/Ni(acac)s | [bmim]PFg | 89 375
13 — DMAP 5 25
14 — [bmim]T 14 70
15 — NBuyBr 25 125
6 | — [bmim]PFg | 52 260

“Reaction conditions: cat. (1.125 x 107° mol), styrene oxide (1.125 x 1072 mol, 1.3 mL), additive (2.25 x 107°
mol), 100 °C, 2 h, 1.5 MPa.

electron-withdrawing and electron-donating substituents. The conversion of epichlorohydrine is the highest,
which is presumably due to having electron-withdrawing capability. For each reaction, cyclic carbonates were
formed exclusively.

The reusability of Siral 80/APTES/Cu(acac), was examined. The efficiency of the catalyst decreased
suddenly after a second use (92%, 80%, and 20%). This indicates that the metal complex is only weakly bound

to the supporting material and rapid leaching has occurred during the catalytic reaction.

4. Conclusion

The catalytic domains of the prepared heterogeneous complexes and their homogeneous counterparts were
examined for the conversion reaction of carbon dioxide into cyclic carbonates in the presence of different additives
(1.5 MPa CO4 pressure, 100 °C, and 2 h). It was found that while homogeneous Cu(acac)s and Ni(acac)q did
not show any catalytic domains, their Siral 80 immobilized derivatives exhibited notable conversion efficiency.
Good to excellent conversions were observed using Siral 80/APTES/Cu(acac)y catalyst and [bmim|PFg with
the reaction of CO2 and different epoxides. It is unfortunate, however, that this catalyst system is not a good

heterogeneous one due to sudden reduction in the conversion after the second usage.
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