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Propylsulfonic acid-functionalized mesoporous silica was prepared through in situ oxidization of mercaptopropyl
groups with HO, during a template-free condensation of tetraethyl orthosilicate (TEOS) and 3-mercapto-
propyltrimethoxysilane (MPTMS) under strong acidic condition. The obtained materials with 8ol %
loadings of sulfonic acid groups had surface areas up to 70and pore sizes around 3.5 nm. The materials
synthesized with TEOS prehydrolysis had larger surface areas, pore volumes, and average pore diameters
than those synthesized without TEOS prehydrolysis. IR, TG, solid-state NMR, and S K-edge XANES analyses
showed that all the mercaptopropyl groups were completely converted to propylsulfonic acid groups without
decomposition of the organic moieties usingdd as the in situ oxidant in the synthesis procedure. The
accessibilities of sulfonic acid centers were determined by ion-exchange with cations of various sizes. The
functionalized materials were used as acid catalysts in esterification of acetic acid with methanol and
acetalization of chlorobenzaldehyde with methanol. The results showed that the propylsulfonic acid-
functionalized mesoporous silica prepared with TEOS prehydrolysis and in situ oxidation had similar catalytic
activities as propylsulfonic acid-functionalized SBA-15 but higher than the counterparts synthesized without
TEOS prehydrolysis or by postoxidation of mercaptopropyl groups wih,H

1. Introduction synthesized using 3-mercaptopropyltrimethoxysilane (MPTMS)
as the precursor, followed by thiol oxidation with,®b,
acidification, and finally washing and dryifig.Nevertheless,

the mesostructure ordering, surface area, pore size, and volume
were found to decrease significantly through the postoxidation
process.18 In addition, incomplete oxidation of thiol groups

Strong mineral acids, such as$0,, HF, and CISQH are
often used in the synthesis of fine chemicals. The drawbacks
of using these liquid acids include corrosion hazard of the
reactors, consumption of large amounts of acids, the formation
of toxic wastes, and difficulties in product separation and

recovery! Thus, great efforts have been made in developing '?hr formatlltontof d|tsul_f|oFI§278|\SA spe(|;|es wetreaqgften obse(;v;d on
solid acid catalysts to replace liquid acids in the chemical "€ 'ésultant materas:=" Margolese €t ai” improved the

industry2? Acidic zeolites which have high surface area and CcPcondensation method by introducing hydrogen peroxide into

confined domains have been widely used in the petrochemical the Synthesis mixture and in situ oxidation of thiol groups. The
industry*~7 However, their uses in liquid-phase organic reac- obtained mesoporous materials had uniform pore sizes, high

tions were often restricted by the small pore diameters of less Surface areas, and high thermal stabilities after removal of the

than 1 nm. surfactant by refluxing with ethanol. The sulfonic acid-func-
The discovery of mesoporous molecular sieves of the M41s tionalized mesoporous materials prepared by such an in situ
family82 offered large pore sizes in the range efZ0 nm for oxidation route are very promising for replacement of liquid

the reactions of bulky substrate molecules. However, aluminated@cid catalysts. However, the uses of expensive pore-directing
mesoporous silica materials like Al-MCM-41 displayed weak agents and large amounts of organic solvents to remove the
acidity in comparison to microporous zeolitésAs an alterna- ~ templates make these catalysts impracticable from the com-
tive, the covalent surface functionalization of mesoporous silica mercial point of view. Besides, these organic functionalized
materials with alkylsulfonic acid groups has been reported and ordered materials did not have good mechanical strength. After
successfully used in several acid-catalyzed reactbi3These chemical reactions, the ordering of the mesopores often
hybrid organie-inorganic materials were generally prepared via decreased or completely collapsed. These problems could be
a postgrafting technique or cocondensation. The cocondensatioravoided using amorphous silica with organic functionalities with
method is often preferred to the postsynthesis pathway becauseigid cross-linking skeletons by preparing the organic function-
it minimizes processing steps and provides a more uniform alized silica through direct hydrolysis of the precursors without
distribution of the organic functionaliti€s.In the literature, using the template agerits2%-31

propylsulfonic acid-functionalized mesoporous materials were | the present paper, we report the preparation of propylsul-

fonic acid-functionalized mesoporous silica through a simple
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condition. The obtained materials were characterized by N  2.2. Sample Characterization.N, adsorptior-desorption
adsorption-desorption measurement, FTIR, TG, solid-state isotherms were measured using a Micromeritics Tristar 3000
NMR, S K-edge XANES, and elemental analysis (EA). The at liquid nitrogen temperature. Before the measurements, the
accessibility of the sulfonic acids in the materials was deter- samples were degassed at 2@00vernight. The specific surface
mined by ion-exchange capacities with aqueous solutions of areas were evaluated using the BrunatEammett-Teller (BET)
sodium chloride (NaCl), tetramethylammonium chloride (TMAC), method in thep/py range of 0.050.3. Pore size distribution
and tetrabutylammonium chloride (TBAC). Esterification of curves were calculated using the desorption branch of the
acetic acid with methanol and acetalization of chlorobenzalde- isotherms and the Barretdoyner-Halenda (BJH) method, and
hyde with methanol were used to test the catalytic activities of pore sizes (Dp) were obtained from the peak positions of the
the materials. The obtained materials were compared with distribution curves, and average pore diameter (Da) values were
sulfonic acid-functionalized SBA-15 materials in the accessibil- calculated by BJH method. The pore volume was taken at the
ity of the acid sites and the catalytic activity. p/po = 0.990 point.

X-ray powder diffraction (XRD) patterns were obtained on

2. Experlmerltal Section ) ) a PANalytical X'Pert Pro diffractometer using Cuwiadiation
2.1. Chemicals and Synthesis-Mercaptopropyltrimethoxy- (3 = 1.5418 A) at 45 kV and 40 mA.

silane and block copolymer Pluronic P123 (R0;0EO,, May
= 5800) were purchased from Aldrich. Other chemicals of
reagent grade were from Acros. All chemicals were used as

received. transform infrared (FTIR) spectra were taken on a Nicolet

The sulfonic acid-functionalized mesoporous silica materials Magna-IR 550 spectrometer with a resolution of 2-érasing
were prepared by one-pot cocondensation of tetraethoxysilanethe KBr method

(TEOS) and MPTMS in the presence ob®b under acidic
condition. In the typical procedur8 g of TEOS was first added
into an opening beaker with 125 mL of 2.0 M HCI aqueous
solution and hydrolyzed at 49C under stirring for 20 h. At
this time the mixture became a slightly viscous solution; the

Thermogravimetric (TG) analyses were carried out on a
Netzsch TG 951 thermogravimetric analyzer with a heating
speed of 10°C/min in an air flow of 50 mL/min. Fourier

Sulfur K-edge X-ray adsorption near-edge structure (XANES)
spectroscopy was performed at beam line 15B at the Synchrotron
Radiation Research Center Facility situated on the 1.5 GeV
electron storage ring at Hsinchu, Taiwan. The operating beam

appropriate amount of MPTMS and aqueous solution gbH cu'rrent was 200 mA, and the photon energies were calibrated
(35 wt %) were slowly added in the solution, and the mixture YS9 the L-edge of pure Mo foil.

was kept stirring at the same temperature until the water was _ Sulfur elemental analyses (EA) were performed on a Heraeus
dried out, and finally the solid was dried at 100 overnight CHNS elemental analyzer. The accessibility of sulfonic acid
and ground to powder. The MPTMS/8, molar ratio was 1/10, ~ centers in the materials was determined by ion-exchange with
and the MPTMS/(TEOS- MPTMS) ratio was varied from 0 cations of various sizes followed by acid titratiir® Aqueous

to 0.15, or 6-15%. The resultant samples are referred agSio ~ Solutions of sodium chloride (NaCl, 2 M), tetramethylammo-
SOsH-x-P, where P means “prehydrolysis of TEOS” anis nium chloride (TMAC, 0.05 M), and tetrabutylammonium
the MPTMS/(TEOS+ MPTMS) molar percentage. For ex- chloride (TBAC, 0.05 M) were used as the exchange agents. In
ample, SiQ—SOsH-10-P represents the sample prepared with & typical experiment, 0.10 g of solid treated at 2@Wfor 1
TEOS prehydrolysis and MPTMS/(TEOS MPTMS) = 10 day was added to 20 mL of aqueous solution containing the
mol %. For comparison, samples were also prepared by corresponding salt. The resultant suspension was equilibrated
simultaneous mixing of TEOS and MPTMS or without TEOS ~ for 6 h, then filtered and washed with a small amount of water,
prehydrolysis. They are labeled as $¥®0;H-x-S. Another and finally the filtrate was titrated potentiometrically by
sample containing 10 mol % MPTMS was prepared with TEOS dropwise addition of aqueous solution of 0.01 M NaOH.
prehydrolysis in the absence ob® and is denoted as SiO The NMR experiments were carried out?di, 1*C, and*H
SH-10-P. The thiol groups in Si© SH-10-P were postoxidized ~ frequencies of 59.6, 75.5, and 300.1 MHz, respectively, on a
to sulfonic acid groups with a 20-fold excess of aqueous solution Bruker DSX300 NMR spectrometer equipped with a commercial
of H,0; (35 wt %) at room temperature for 24 h, and then the 7 mm MAS NMR probe. All spectra were measured at room
solids were acidified with aqueous solution of 10 wt %Sy, temperature. The magic-angle spinning frequencies were set to
followed by filtration, washing with water and ethanol, and 5 kHz for all experiments, and the variation was limitedi8
finally drying at 100°C. The postoxidized sample was defined Hz using a commercial pneumatic control unit. Chemical shifts

as SiQ—SO;H-10-Po. were externally referred to tetramethylsilane #€8i and*3C.
Propylsulfonic acid-functionalized SBA-15 materials were For the?*Si Bloch-decay experiment, the recycle delay was set
prepared according to the literat#feAn amount ¢ 4 g of to 60 s.13C{'H} cross-polarization spectra were measured with

Pluronic 123 was dissolved in 125 g of 2.0 M HCI aqueous @ recycle delay of 4 s, and the contact times were 1.5 ms. During
solution at room temperature. After adding TEOS, the resultant the contact time théH nutation frequency was set equal to 50
solution was equilibrated at £C for 45 min, and then MPTMS  kHz, and a linear ramping was applied to the nutation frequen-
was slowly added into the solution. The molar composition of cies of**C (27.3-43.0 kHz). The proton decoupling field during
the mixture was (1— y)TEOSYMPTMS/YH,0,/5.8HCI/ the acquisition period was 83 kHz.

0.017P123/165kD, where they value varied from 5% to 15%. 2.3. Catalytic Reactions.Before the reaction, the catalysts
The resulting mixtures were stirred at 40 for 20 h and then were treated at 200C for 1 day to remove adsorbed water in
transferred into a polypropylene bottle and reacted af®@0  the materials. The esterification of acetic acid with methanol
under static condition for 24 h. The solid products were was carried out in a two-necked flask of 50 mL with a reflux
recovered by filtration and dried at room temperature overnight. condenser which was placed in a thermostatic bath with a
The template was removed by refluxing with ethanol. Finally, magnetic stirrer. In a typical experiment, 0.15 mol (9.08 g) of
the materials were filtered, washed several times with water acetic acid and 0.15 mol (4.81 g) of methanol were mixed under
and ethanol, and dried at 3. Similarly, the samples were  vigorous stirring and heated to 5Q of the reaction temperature
denoted as SBA-S(BI-5, -10, and -15, respectively. and then 0.15 g of the treated catalyst was added into the
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a . TABLE 1: Physical and Textural Properties of
~ A < Functionalized Amorphous Silica and SBA-15 Materials with
i b - B MPTMS
) (o))
e c e micropore  pore
o < a Dp Da  Seer S.A. volume
§ q é Nad | ™ sample (nmp (nmp (m%g)  (mg)F  (cnmP/g)
3 /—-——- 2 \/\:’"""“—c’— Sio, 36 33 754 1 0.62
e e ® 000000-0-0—0—0—o—o—] Si0,—SO;H-3-P 35 3.2 678 0 0.54
2 z "N d SiO,—SQsH-7-P 35 2.9 690 0 0.50
£ f 1S ““"'“'"“‘;"" Si0,—SG;H-10-P 35 2.6 612 0 0.40
g % sescessereseeeee-et SiO,—SO;H-15-P 35 25 486 74 0.31
= g ; . f Si0,—SOsH-7-S 3.4 2.8 679 0 0.47
L S "““"""“5" Si0,—SGsH-10-S 3.4 2.4 571 0 0.34
o Si0,—SG;H-15-S 2.2 421 228 0.23
' T T T T 2 4 6 8 10 Si0,—SH-10-P 3.6 3.5 721 0 0.63
00 02 04 08 08 1.0 Pote diameter (nm) SiO,—SOH-Po 36 31 723 0 0.56
Relative Pressure (P /P ) SBA—-SO:H-5 65 53 872 51 1.16
; ; : P SBA—-SG;H-10 6.2 53 867 25 1.14
Figure 1. Nitrogen adsorptiordesorption isotherms (A) and BJH pore SBA—SOH-15 36 31 706 135 054

size distribution (B) of the sulfonic acid-functionalized silica materials.
(@) SI—SGH-3-P, (b) SIQ—SQ;H-7-P, (c) SIQ—SO;H-10-P, (d) aThe peak positions of the distribution curves by BIAverage
Si0,—SOsH-15-P, (e) Si@—SO:H-7-S, (f) SiG—SO;H-10-S, and (g) pore diameter by BET: Calculated byt-plot curves.
SiO,—SGO;H-15-S.
in the synthesis mixture. Relatively, only the sample containing

reaction mixture. Initial reaction rates were determined during 7 mol % MPTMS without TEOS prehydrolysis shows a narrow
the first 10 min of the reaction (the conversion of the reaction pore distribution at 3.4 nm (Figure 1B, curve e). The samples
was <10 mol %). Quantitative analysis was based on the Wwith higher MPTMS contents contain very low mesopores
calculated response factors for the appropriate reactants and thgolumes. These results illustrate that mesoporous structures with
corresponding reaction products. The overall mass balance wag)arrow PSD can be formed by cocondensation of TEOS and
more than 98%. an appropriate amount of MPTMS in strong acid environment

Acetalization of chlorobenzaldehyde with methanol was Without the addition of pore-directing agents. However, TEOS
performed in a one-necked flask of 50 mL. An amount of 10 Prehydrolysis is necessary in order to form mesostructural
mmol (1.41 g) of chlorobenzaldehyde was dissolved into 25 functionalized materials of narrow PSD.
mL of methanol under vigorous stirring and kept at°8) then Powder X-ray diffraction analyses were performed on all the
20 mg of the catalyst was added into the reaction mixture. An MPTMS-functionalized materials. The samples without pore-
amount of 0.4 g of anisole was used as the internal standard.directing agent showed no reflection peaks, indicating no long-
Initial reaction rates (mol ¢ s°%) were determined during the ~ fange ordering of the mesopores in these materials by the
first 5 min of the reaction, where the conversion of the reaction template-free route. This is in contrast to functionalized SBA-
was less than 25 mol %. The overall balance based on thel5 samples, which have one intense peak and two weak peaks,
reactant was more than 95%. In all cases, the liquid productsindexed to (100), (110), and (200) diffractions, respectively,
were separated from the reaction mixture at appropriate reactioncharacteristic of materials with ordered hexagonal arrays of one-
intervals with a filtering syringe and analyzed using a Chrompak dimensional channel struct_u%‘é. )
CP 9000 gas chromatograph (GC) equipped with a 3& m Thfe ba_s|c phyS|cc_)chem|caI and_textural properties of the
0.53 mm RTX-50 capillary column and FID detector and functionalized materials are shown in Table 1. All the sampl.es
identified by gas chromatographynass spectrometry (HP5971  Prepared by cocondensation of TEOS and MPTMS show high

GC—MS with a 30 mx 0.25 mm RTX-50 capillary column). ~ Surface areas and the BJH pore sizes (Dp) around 3.5 nm. The
surface area and the pore volume decrease as the MPTMS

content is increased from 3 to 15 mol % in the synthesis mixture.
Although the BJH pore sizes are similar, the average pore size
3.1. Characterization of Sulfonic Acid-Functionalized (Da) reduces with the increase in the MPTMS content, indicating
Amorphous Silica. The N, adsorption-desorption isotherms  the increase in the amount of small pores in the materials.
of the sulfonic acid-functionalized materials are illustrated in Comparatively, the samples prepared without TEOS prehy-
Figure 1A. The samples prepared with prehydrolysis of TEOS drolysis show lower surface areas, smaller pore volumes, and
exhibit characteristic type IV isotherms with apparent hysteresis smaller average pore sizes than their counterparts synthesized
loops, which are typical of mesoporous materials according to with TEOS prehydrolysis. Microporous surfaces of the func-
the IUPAC classification. The amount of adsorbedddcreases  tionalized materials calculated lnplot curves are also shown
with MPTMS content in the initial gel (Figure 1A, curvesd). in Table 1. It is noticeable that the samples containing 15 mol
In comparison to the results of samples prepared with TEOS % MPTMS in the initial mixture have relatively large mi-
prehydrolysis, those prepared without TEOS prehydrolysis have croporous surface areas, similar to those of SBA-15 materials,
type IV isotherms only when the MPTMS contents in the initial in which there always exist certain micropores in the meso-
gel were lower than 7%. As the MPTMS increases up to 15 structural walls. Moreover, the ones prepared without TEOS
mol %, the isotherm is closer to the type | characteristic and no prehydrolysis have extremely high microporous surface areas.
apparent hysteresis is observed (Figure 1A, curve g). BJH poreln contrast, the samples containing MPTMS of less than 10 mol
size analysis in Figure 1B, curvesd, shows that the materials % in the initial mixture show no microporous surface areas.
with prehydrolysis of TEOS contain mesopores of narrow pore  Thermogravimetric analyses were conducted to determine the
size distributions{1.0 nm PSD, estimated from the peak width amount of organic functional groups incorporated in the
at half-maximum height) centered around 3.5 nm, and the materials, and the TGA and DTG profiles are shown in Figure
mesopores volume reduces as the amount of MPTMS increase®. For the sample synthesized without®d, SiO,—SH-10-P

3. Results and Discussion
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Figure 2. TGA and DTG profiles of functionalized silica with different MPTMS contents in the initial mixture in the presence or absent®.of H

has a small weight loss lower than 180 due to the desorption  parts b-f). Moreover, the decomposition temperature decreases
of water and a weight loss at 26@00 °C due to the from 500 to 469°C as the amount of MPTMS increases,
decomposition of mercaptopropyl groups (Figure 2a). All the indicating that the stability of organic moieties in the materials
samples synthesized in the presence gidthave a weight loss  decreases. This is probably due to the incomplete condensation
greater than 15% at temperatures lower than°IDdndicating of the methoxy groups of MPTMS onto the framework as the
the hydrophilic nature of these samples and the conversion ofintermolecular interaction between the organic moieties on the
thiol to sulfonic acid groups by #D, during the synthesis.  surface of the materials increases.

Another weight loss in the range of 40600 °C is attributed In comparison of the functionalized samples synthesized with
to the decomposition of propylsulfonic acid groups incorporated and without TEOS hydrolysis, SpgoSO;H-10-P and Si@—

in the materials, which increases from 7 to 18 wt % as the SO;H-10-S have almost the same decomposition temperature
MPTMS content is increased from 3 to 15 mol % (Figure 2, of organic moieties as shown in Figure 2, parts d and f,
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TABLE 2: Sulfur Contents and Acid Capacities of
Functionalized Amorphous Silica and SBA-15 Materials with
MPTMS

S content (mmol/g)  acid capacity (mmol/g)
sample theor by EA by TG NaCl TMAC TBAC

Si0-SOH-3-P 050 0.64 066 055 050 0.49
Si0~SOH-7-P 103 102 100 095 082 0.68
Si0~SOH-10-P  1.40 140 135 140 104 074
Si0,-SO:H-15-P  1.94 191 1.80 173 124  0.80
Si0~SOH-7-S 103 102 104 098 081 0.64
Si0,~SO:H-10-S  1.40 142 137 130 099  0.66
Si0,~SOH-15-S 1.94 185 179 181 102 058
SiO,~SH-10-P  1.40 140 133 008 008 012 “O-H

Si0,~SOH-10-Po 140 139 135 0.84 076  0.65 T 3000 2500 2000 1200 1000 5¢
SBA SOHE 076 056 063 057 086 05 4000 3500 3000 2500 2000 1500 1000 500
SBA-SO:H-10 140 1.05 113 104 096 0.83 Wavenumber (cm™)
SBA-SQ:H-15 ~ 1.94 140 150 136 111 081

Transmitance (%)

illustrating that the preparation method has no influence on the
thermal stability of the materials. For the sample synthesized
with TEOS prehydrolysis but posttreated with®3, SiO—

a B
SO;H-10-Po shows a large weight loss of water at temperatures /\
lower than 100°C and a broad weight loss at higher temper- b
atures (Figure 2g). The DTG resolves the latter peak to two
weight losses. The intense peak centered around@%hould ¢

d

correspond to the decomposition of propylsulfonic acid groups,
and the small shoulder centered around 3ZQ@orresponds to
the thiol groups. These results indicate that thiol groups were
not oxidized completely to sulfonic acid groups in the post-
treatment procedure with J,, as also described in the
literatures?>27 e
Sulfur elemental contents in the MPTMS-functionalized
materials were analyzed by TG and EA, and the results are given i i .
in Table 2. It can be seen that MPTMS in the initial mixture 2700 2600 2500 2400
was mostly incorporated into the silica materials through the -1
template-free routes. For the samples of very low MPTMS Wavenumber (cm”)

loading, the S contents are greater than the theoretical valuesggg‘ge( c?)'sli:c?—RsaﬂiC{Bag (ga))ggfsséﬁ*efieéeggeééz) (S)'%SQS'I'_"
prObably. due to the empirical deviation in Welghlng and 10-P’(the whole range in (’A) and amplification bétween 2400 and 2720
transferring the small amounts of MPTMS. Comparatively, only -1 i, (B)).

70 to~80 mol % of MPTMS was incorporated in propylsulfonic
acid-functionalized SBA-15 materials. the S-H bond is also not seen in its IR spectrum. That is likely
Quallitative identification of the organic functional groups in  due to the low absorption coefficient of the-8 stretching®*
the materials has also been performed by FTIR spectra. FigureThe peaks corresponding to the=® stretching vibrations of
3 illustrates the FTIR spectra of the functionalized materials sulfonic acid are normally observed in the range of 200200
with 10 mol % MPTMS prepared by different routes and that cm~1. However, these peaks cannot be resolved due to their
of reference pure silica prepared by TEOS hydrolysis. The overlap with the absorbance of the-8)—Si stretch in the
typical Si-O—Si bands around 1220, 1070, 791, and 470tm  1000-1130 cnt! range and that of the SICH,—R stretch in
associated with the condensed silica network are present in allthe 1206-1250 cnt! range. For all the samples, the peaks
cases. For the reference silica, no absorbance peaks in the lowassociated with the noncondensed SH groups at 960 cr
frequency range of 13661500 cnt! and high-frequency range  are present, and the strong peak around 1630'ésnmainly
of 2750-3000 cnt?!, corresponding to the €H vibration, from the bending vibration of adsorbed®l
reveals that the ethoxy groups in TEOS are completely Solid-statel3C and?°Si NMR spectroscopies proved to be
hydrolyzed in the synthesis conditiéh.After addition of the most useful for providing chemical information regarding
MPTMS, the weak absorbances at 1470 and 1420'cnere the condensation of organosiloxane and silox&@isi MAS
assigned to bending vibrations of methylene groups, and a broadNMR spectra of functionalized silica materials containing 10
absorbance in the range of 2858000 cnT? corresponding to mol % MPTMS in the mixture in the presence ob®} are
the methylene stretching vibrations of the propyl chains appears,shown in Figure 4. Three distinct resonances for silox&pie [
indicating the incorporation of the organic moiety. For the = Si(OSih(OH)s—n, N = 2—4; Q% at —92; Q® at —101; Q* at
samples prepared without8,, a weak peak appeared at 2580 —110 ppm] and two other resonances for organosiloxdfie [
cm~1 and was assigned to the-8l stretching (Figure 3, curve = RSi(OSi},(OH)z3—m, m = 1-3; T2 at —=57; T® at —67 ppm]
e), which was not seen for the samples prepared in the presencare clearly observed. The appearanceTtf peaks with T3
of H,O; (Figure 3, curves b and c), demonstrating that the thiol predominant over? confirms that the organosiloxane precursors
groups have been oxidized. These results are in agreement withare effectively condensed as a part of the silica framework.
the TG experiments. For the postoxidized sample,Si80:H- The relative integrated intensities of tl@ andQ" signals T
10-Po (Figure 3, curve d), although TG analysis showed the (T™ + Q")) are both ca. 0.11 for SK>-SO;H-10-P and Si@—
incomplete oxidation of the thiol group, the peak associated with SO;H-10-S, in good agreement with those theoretically expected

Transmitance (%)

2580
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Figure 4. 2°Si MAS NMR spectra of functionalized silica materials
containing 10 mol % MPTMS in the initial mixture (a) with and (b)
without TEOS prehydrolysis.
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12 3 Figure 6. Sulfur K-edge XANES spectra of functionalized amorphous
silica: (a) SiQ—SH-10-P, (b) Si@-SO;H-10-Po, (c) Si@—SO;H-
10-S, (d) SIQ—SOH-15-S, (e) SiG—SOH-3-P, (f) SIQ—SOH-7-

P, (g) SIQ—SOH-10-P, and (h) Si@-SOsH-15-P.

b X-ray absorption near-edge structure (XANES) spectroscopy
is very sensitive to the electronic structure, oxidation state, and
a local symmetry of the absorbing site compared to classical

methods of chemical characterization of sulfur-containing
80 oo 20 20 3 compounds. Sulfur K-edge XANES spectroscopy has been
. . effectively used to study sulfur speciation in various natural
Chemical shift (ppm) systems$®40 The increase in absorption energi) and
Figure 5. **C CP MAS NMR spectra of functionalized silica materials  intensity of the white line (i.e., main adsorption peak) with
containing 10 mol % MPTMS in the initial mixture (a) with and (b)  jncreasing formal oxidation state allows us to identify and
without TEOS prehydrolysis. quantify the different sulfur species present in the sarfle.
Figure 6 shows the S K-edge XANES spectra of the sulfonic
on the basis of the composition of MPTMS in the initial mixture. acid or thiol-functionalized materials prepared through different
Moreover, the relative area ratio */(Q® + Q?) for SiO,— routes. For Si@—SH-10-P prepared in the absence o0y
SO3H-10-P is slightly greater than that of SI©SO;H-10-S, the main peak in Figure 6, curve a, is observed at 2472 eV,
indicating that more complete TEOS condensation was achievedcorresponding to S in the thiol groups. After postoxidation with
when it was prehydrolyzed for 20 h before the organosiloxane H,O, a strong absorbance appears at 2480 eV (Figure 6, curve
was added into the synthesis mixture. b), which corresponds to S in the sulfonic acid groupst6f
The 13C CP MAS NMR spectra of the functionalized silica state. In comparison to the S K-edge XANES spectra 0£SiO
materials containing 10 mol % MPTMS in the mixture in the SH-10-P and Si@-SO;H-10-Po, the thiol groups are not
presence of kD, are illustrated in Figure 5. Three distinct peaks completely oxidized by postoxidation with,B, as has been
at 11.5, 19.2, and 55.1 ppm, corresponding to the C atoms onreported in the literatur&,3* From Figure 6, curves a and b, it
the Si-CH,—CH,—CH,-SOs;H group, are clearly displayed in  is difficult to identify other sulfur species arising from the
sequence from left to rige This further confirms that MPTMS  incomplete oxidation of the-SH groups due to the interference
precursors are cocondensed into the prepared sample and thef the oscillations situated after the white line of the thiol groups
organic moieties are not decomposed during the preparationat 2472 eV. As for the samples prepared in the presence@f, H
procedure. There are no additional resonance signals at 29 andhe absorbances associated with theHSgroups completely
22.4 ppm, which are assigned to the central carbon atom anddisappear and the white lines shift to higher energy position
the carbon atom adjacent to the SH moiety of the propyl chain around 2480 eV, accompanied by no peaks from 2472 to 2480
in the 3-mercaptopropyl moief}, respectively, showing that  eV. These results indicate that thiol groups were completely
all the thiol groups are oxidized in the synthesis procedure. In converted into sulfonic acid groups by in situ oxidation,
addition, there is no evidence of the presence of other sulfur consistent with the TG an#’Si NMR results. The residue of
compounds such as disulfide specie€H,—S—S—CH,—, 36.5 the thiol groups or other sulfur species from incomplete
ppm) and thiosulfonate species CH,—S—S(0,)—CH,-, 39 oxidation of thiol groups is negligible.
ppm) arising from incomplete oxidation of mercaptopropyl The accessibility of sulfonic acid centers in the propylsulfonic
groups!’27:3436These results indicate that the mercaptopropyl acid-functionalized materials was taken by determining the acid
groups were completely converted into propylsulfonic acids. capacities by acidbase titration using different ion-exchange
Besides, no resonance NMR shift signals at 60 ppm, assignedagents, and the results are shown in Table 2. When sodium
to the carbon (adjacent to the O atom) of ethoxy groups (Si  chloride was used as the ion-exchange agent, the acid capacities
OCH,CHs3), and at 52 ppm, corresponding to the carbon atom of the materials prepared in the presence giHncreased with
of methoxy groups (StOCHg), shows that both TEOS and the MPTMS contents in the initial mixture. The acid capacity
MPTMS precursors are completely hydrolyzed in the preparation values are very close to those from EA or TG analyses, further
procedureé’ These results are also supported by the IR spectra confirming the complete oxidation of thiol groups. In contrast,
in Figure 3. the SiQ—SO;H-10-Po sample obtained by postoxidation shows

r T T T
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esterification and by chlorobenzadehyde conversion for acetal-
50 o ization, respectively. No byproducts other than methyl acetate
_— and 1-chloro-4-dimethoxymethyl-benzene for esterification and

40 - /o/o for acetalization, respectively, were observed by-®€S or

/o GC.
30 - - The catalytic performance of the SI©OSO;H-10-P catalyst

O in esterification at 5C as a function of reaction period is
/ illustrated in Figure 7. The methanol conversion increases
/ dramatically and almost linearly with reaction time in the first
10bd . 15 min. Then, the reaction rate slows down as the reaction time

/ ‘,‘/u—’!/’ prolongs. After 4 h, a conversion around 47% was obtained.

g —a— . . Figure 7 also shows that esterification could proceed in the

0 50 100 150 200 250 absence of the solid acid catalysts. However, the methanol

Reaction time (min) conversions in homogeneous system without solid catalysts or

. . N o over pure silica were very low. Even after 4 h, the conversions
Figure 7. Catalytic esterification of acetic acid with methanol as a

0,
function of reaction time at 50C over sulfonic acid-functionalized were less than 9%. o .
silica (O), in comparison to the results over pure siliag and without Table 3 shows the initial rates and turnover frequencies
solid catalysts (homogeneous reactidd).( (TOFs) of esterification and acetalization over different catalysts.

The initial rates (mol g* s™%) for esterification over the solid
lower acid capacity value than that from EA or TG analyses, acid catalysts were defined as those subtracted by the initial
attributed to the incomplete oxidation of the thiol groups. homogeneous rates during the first 10 min of the reactions. The

As the larger size cations such as TNMAnd TBA" were TOFs, expressed irry were calculated by dividing the initial
used as the ion-exchange agents, the acid capacities decreasethtes in the first 10 min by the acid sites. It can be seen that the
and the discrepancy between acid capacity and the value frominitial rates of all the catalysts prepared by different synthetic
EA increased with the sizes of cations, as illustrated in Table routes increase with the sulfonic acid loadings and get to the
2. The preparation method has influence on the accessibility of maximum at 10 mol % sulfonic acid loading. The propylsulfonic
the acid sites in the materials. For the samples containing theacid-functionalized materials prepared with TEOS prehydrolysis
same MPTMS contents, the ones prepared with TEOS prehy-in the presence of #D, show higher initial activities than the
drolysis always have higher acid capacities than those without counterparts prepared without TEOS prehydrolysis or by
prehydrolysis. According to N adsorption, the materials postoxidation and have close activities to those of propylsulfonic
obtained with TEOS prehydrolysis contain higher pore volume acid-functionalized SBA-15.
and less microporous surface area than those without TEOS The TOFs in esterification of all the catalysts prepared by
prehydrolysis and they have mesopores mainly in the range of different synthetic routes based on the acid capacities determined
3 to~4 nm in diameter, which are much larger than the cation with different cation exchangers were found to increase in the
diameters. In contrast, the sample synthesized without TEOSorder of N& < TMA™* < TBA™. Moreover, the TOF values
prehydrolysis, especially Sio SO;H-15-S, has high micropore  were all around 1.8 107! s~ when the acid capacities were
surface area, which is likely not accessible by the large cations. determined with TBA. These results imply that the acid centers
It is also noticeable that the acid capacities of the sampleswhich could be exchanged with TBAare the effective catalytic
prepared with TEOS prehydrolysis have similar acid capacities sites for esterification. Similar TOF values were observed for
as the propylsulfonic acid-functionalized SBA-15 based on the amorphous silica catalysts prepared without TEOS prehy-
samples with the same MPTMS contents in the initial mixtures. drolysis except the one with highest MPTMS contents (SiO

3.2. Catalytic Reactions.Esterification of acetic acid with ~ SQ3H-15-S). A possible explanation is that a portion of the
methanol and acetalization of chlorobenzaldehyde with methanolpropylsulfonic groups might interact with each other through
were used to test the catalytic activities of propylsulfonic acid- hydrogen bonding and is not effective in catalytic reactions.
functionalized materials in liquid-phase reactions. The activities In the case of acetalization of chlorobenzaldehyde with
in the reactions were expressed by methanol conversion formethanol, the catalysts prepared with TEOS prehydrolysis show

20 -

Conversion (%)

0

TABLE 3: Initial Rates and Turnover Frequencies Based on Acid Capacities for Esterification of Acetic Acid with Methanol
and Acetalization of Chlorobenzaldehyde and Methanol over Sulfonic Acid-Functionalized Silica Materials

initial rate x 10* (mol/g s) TOP x 10 (s') based on acid sites determined by
NaCl TMACI TBACI
sample estér acetal estér acetal estér acetal estér acetal

SiO; 0 0.3

SiO,—SG;H-3-P 0.9 0.7 1.6 1.3 1.8 14 1.8 14
SiO,—SGH-7-P 12 31 1.3 33 15 3.8 1.8 4.6
SiO,—SG;H-10-P 14 3.3 1.0 2.4 1.3 3.2 1.9 45
SiO,—SO;H-15-P 1.3 2.6 0.8 15 1.0 21 1.6 33
SiO,—SG;H-7-S 1.2 14 1.2 14 15 17 1.9 2.2
SiO,—SG;H-10-S 1.2 2.5 0.9 1.9 1.2 2.5 1.8 3.8
SiO,—SO;H-15-S 0.7 12 0.4 0.7 0.7 12 1.2 21
SiO,—SG;H-10-Po 1.3 2.3 1.5 2.7 1.7 3.0 2.0 3.5
SBA—-SO;H-5 1.1 0.7 1.9 12 2.0 12 1.9 12
SBA—-SG;H-10 1.4 3.5 1.3 3.4 1.5 3.6 1.7 4.2
SBA—-SO;H-15 1.4 35 1.0 2.6 1.3 3.2 1.7 4.3

2The value subtracted by the initial rate in the homogeneous reaction Yaluenover frequency.
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H 0,
S loading (mol%) Figure 10. Dependency of catalytic activity on reuse number over
Figure 8. Catalytic activities of sulfonic acid-functionalized silica  SiO,—SQ;H-10-P for esterification of acetic acid with methanol at 50
materials with different MPTMS contents in the initial mixture in  °C for 4 h and for acetalization of chlorobenzaldehyde with methanol
esterification of acetic acid with methanol at %0 for 4 h. at 30°C for 1 h.

4. Conclusions
B

The functionalized silica materials with different loadings of
propylsulfonic acid groups were prepared by a simple cocon-

9
= 601 A densation of TEOS and MPTMS under acidic condition. The
.g resultant materials contained mesoporous structures with narrow
o 40- pore size distribution. Samples prepared with TEOS prehy-
g —0—Si0,-SO H-x-P drolysis showed larger surface areas and pore volumes than
8 20 PEOCHECHN those without TEOS prehydrolysis. Thiol groups could be
O _O_SB;i_SOEH completely in situ oxidized into sulfonic acid groups in the
0 synthesis procedure when® was also added in the synthesis
2 4 6 8 10 12 14 16 mixture. The sulfonic acid centers in the materials prepared with

TEOS prehydrolysis were more accessible by large reactive
molecules compared with those of the counterparts without
Figure_ 9. Qatalytic activities of sulfonic a(_:id-funqtip_nalizgd silic_a TEOS prehydrolysis. When used as acid catalysts in liquid-
amcaéfaﬁliilasti(\;Vl’lltr:)fdéﬁgfonge,:]ﬁZF;Tdhgﬁyggn\}\ﬁmsn’:gtftgﬁollngé’%drzlrxau';']e N phase reactions, the propylsulfonic acid-functionalized silica
’ with TEOS prehydrolysis have better catalytic activities than

. . . the counterparts without TEOS prehydrolysis or by postoxida-
higher TOFs than those without TEOS prehydrolysis. However, o with H,0, for esterification of acetic acid with methanol
the TOF values over various catalysts did not approach agng acetalization of chlorobenzaldehyde with methanol. More-
constant even when the acid capacities were determined withgyer, the activities are comparable to that of propylsulfonic acid-
TBA™. The extremely low TOFs for the catalysts with low fynctionalized SBA-15 of ordered mesoporous structure. This
MPTMS contents imply that the acetalization reaction probably synthesis method opens up a new synthesis route which avoids
needs more than two acid sites to catalyze the reaction. the use of expensive templates and large amount of organic

Figures 8 and 9 display the catalytic activities for the solvents for preparation of mesoporous orgafiirganic
esterification of acetic with methanol afté h ofreaction at 50 hybrid catalysts.
°C and the acetalization of chlorobenzaldehyde with methanol ) )
after 1 h at 30°C, respectively, over the catalysts with different ~ Acknowledgment. This project was supported by the
MPTMS contents. It can be seen that the in situ oxidized National Science Council, Taiwan.
functionalized catalysts have similar conversions as the func-
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