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We describe the effects of adding the organosilane n-(trimethoxysilylpropyl)ethylenediaminetriacetic acid
(EDATAS) during hydrothermal synthesis on the formation properties of titanium containing SBA-15 mesoporous
silica. X-ray photoelectron spectroscopy revealed that the Si/Ti atomic ratio decreased significantly with the addition
of the organosilane compared to the non-funtionalized silicates, showing that the EDATAS silicates contained more
surface titanium. X-ray powder diffraction and nitrogen gas adsorption analysis revealed that the functionalized
titanosilicates were ordered mesoporous materials with narrow pore size distributions with a BJH pore size of

92-96 A. Solid state CP/MAS NMR experiments demonstrated that addition of EDATAS during hydrothermal
synthesis produced a mesoporous silica with 6-coordinated Ti(1v) coordination. Using the same synthesis without
the EDATAS, mesoporous silicas with 4-coordinated Ti(1v) were produced.

Introduction

Surfactant template directed synthesis of ordered mesoporous
silicas has become a major research field with the potential of
producing materials with applications in catalysis and adsorp-
tion technologies. There is interest in the preparation of ordered
hybrid organic-inorganic mesoporous silicates with tunable
surface properties.* One example of how tuning of surface
chemistry can lead to improved material properties involves
optimizing the catalytic properties of mesoporous titano-
silicates. Recently, ordered, mesoporous titanosilicates func-
tionalized with methyl, vinyl, allyl, 3-chloropropyl, pentyl, and
phenyl groups have been prepared using template-directed syn-
thetic methods.** Surface functionalization with these alkyl and
aryl groups increased the hydrophobicity of the titanosilicates
resulting in an increase of their efficiency as epoxidation
catalysts.

In addition to catalysis,’ nanoporous titanosilicates are being
investigated for their potential as supports for immobilized
enzymes,”’ and in separation technology.® SBA-15 titano-
silicates are of particular intertest because of their relatively
large pore sizes.**™'* Consequently, we decided to investigate the
effects of cocondensation of the organosilane n-(trimethoxy-
silylpropyl)ethylenediaminetriacetic acid (EDATAS) with titan-
tium(1v) n-butoxide on the formation properties and titanium
content of SBA-15 titanosilicates. One component of the ethyl-
enediaminetriacetic acid group is iminodiacetic acid (IDA), a
versatile and important metal chelator. The coordination chem-
istry of IDA has been used successfully to detect and remediate
metal ions from solution.! In addition, metal ion bound IDA
groups are capable of noncovalent bonding interactions with
organic compounds and proteins containing accessible amine
groups. This capability has been widely exploited in protein
separations,’® development of combinatorial libraries,'® devel-
opment of stimulant pancreatic islets,'” and synthesis of layered
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polymers.'® Therefore, surface EDATAS groups would provide
a means for further functionalization of titanosilicate surface
such as immobilization of proteins or attachment to other
surfaces.

The effects of varying the titanium and organosilane content
on mesopore structure were investigated using nitrogen gas
adsorption, X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). Because Si-Ti bond formation will have a
significant impact on the properties of the final product, we
focused our study on a careful examination of the effects of
surface functionalization on this process using solid state
NMR.

2 Results and discussion
X-ray diffraction analysis

The XRD patterns of the titanium-containing SBA silicates are
presented in Fig. 1. In all cases, silicates with large unit cells were
formed (Table 1). First and second order diffraction peaks
characteristic of ordered SBA-15 materials with hexagonal
symmetry were observed. The addition of EDATAS-Ni (2.3%,
mol/mol total silica) during synthesis produced silicates with
larger d,,, peaks, but the patterns and unit cells were the same
as those observed for the corresponding non-functionalized
titanium SBA silicates. The similarity of the unit cells for these
silicates suggests that titanium incorporation into these sili-
cates, either within the silicate matrix or on the pore surfaces,
did not disrupt their ordered structure.

Nitrogen adsorption

All of the silicates exhibited type IV adsorption isotherms
characteristic of mesoporous silica (Fig. 2). A sharp inflection
point for each adsorption curve characteristic of capillary
condensation was observed indicative of a uniform pore size
distribution. The similarity of the inflection point for each
of these curves suggests these silicates have similar pore size
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Table 1 XRD and porosity data for SBA titanium-silicates

Sample Diffraction peaks Unit cell “"/A BET surface area/m? g~ Pore volume/cm® g
SBA-Til0 dyo0, dyoo 128 653 1.02
SBA-Ti20 100> Aago 128 549 0.87
SBA-NIiETA-Til0 dyo0> daoo 128 684 1.19
SBA-NIiETA-Ti20 100> Aago 128 632 1.07
“ Calculated based on the 20 value for dyq. * Resolution limit is +4 A.
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Fig.1 X-ray powder diffraction data of (A) SBA-Til0, (B) SBA-Ti20, (C) SBA-NiETA-Til0, and (D) SBA-NiETA-Ti20.
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Fig.2 Nitrogen adsorption-desorption isotherms and BJH pore size distributions (insets) of (A) SBA-Til0, (B) SBA-Ti20, (C) SBA-NiETA-Til0,

and (D) SBA_NiETA-Ti20.

distributions. Pore size distributions for each silicate are shown
as insets for the corresponding gas adsorption plots in Fig. 2.
Surface area and porosity data for each silicate are compiled in
Table 1. Increasing the amount of added titanium n-butoxide
above 10 mol% resulted in a decrease in BET surface area but
did not significantly affect pore volume. Increasing the amount
of added titanium n-butoxide up to 20 mol% did not
appreciably affect the pore size distributions. Peak maxima

half-widths were nearly identical. The relatively small peak at
higher pore size may result from an increase in macroporosity
as the amount of added titanium n-butoxide was increased
from 10 to 20 mol%.

The pore size distributions of silicates formed with both
titanium n-butoxide and Ni-bound EDATAS added were more
sensitive to the amount of added titanium n-butoxide used
during synthesis. Increasing the amount of added titanium
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Table 2 XPS-measured surface compositions for the SBA titanium-silicates

Sample Si (atom%o) O (atom%) C (atom?%) Ti (atom%) Ni (atom?%o) N (atom?%o) Si/Ti?
SBA-Til0 28.5%0.5 60.5£1.0 10.8+0.5 03+0.1 “ “ 95 (48)
SBA-Ti20 28.2+0.7 61.1£04 99+0.2 08+0.1 “ “ 35(6.5)
SBA-NIiETA 24.5+0.7 58.3+0.9 13.1£0.8 “ 22+0.1 1.2+£04 ¢
SBA-NIiETA-Til0 253%0.5 57.3%£0.8 125+0.9 04+0.1 1.9+£0.2 0.9+0.0 63 (30)
SBA-NIiETA-Ti20 2441 0.6 562+ 1.8 144+0.9 1.2£0.2 1.5£0.3 0712 20 (13)
“ Element not detected. * Bulk ratios in parentheses; calculated from elemental analysis. ¢ No titanium detected.

n-butoxide from 5 to 10 to 20% (mol/mol total silica) resulted in SP CP-MAS

increases of peak maxima. In addition, a 45% increase in full
width half maximum (FWHM) was observed for SBA-
NiETA-Ti20 as compared to SBA-NIiETA-Til10. This increase
in FWHM results from an increase in the number of larger
diameter pores.

X-ray photoelectron spectroscopy

Powders of the silicates poured onto double-sided tape were
characterized by XPS. Table 2 lists data for the elemental com-
position. As expected, the amount of titanium detected
increased with increasing amounts of added titanium n-butox-
ide. No surface titanium was detected for the silicate formed
using 5% added titanium n-butoxide (mol/mol total silica). Low
to moderate amounts of surface titanium were detected for
silicates formed with 10 and 20% added titanium n-butoxide
(mol/mol total silica). Silicates prepared with added EDATAS
contained significantly (40-45%) more surface titanium than
the corresponding non-functionalized silicates.

Comparison of bulk Si/Ti ratios calculated from elemental
analysis (Table 2) to surface Si/Ti ratios determined by XPS
revealed that the Ti was not equally distributed throughout the
material. Comparing the bulk and surface ratios for the samples
formed with 10 mol% added titanium n-butoxide, it is clear that
the increased surface titanium detected for the material formed
with EDATAS is due to an overall increase in the amount of
titanium incorporated into the bulk. However, for the samples
formed with 20 mol% added titanium n-butoxide, the increase
in surface titanium observed for the material formed with
EDATAS can be attributed to the cocondensation of the
organosilane with TEOS and the titanium precursor. Specific-
ally, the bulk titanium for SBA-NIiETA-Ti20 is approximately
half that detected for SBA-Ti20 but the amount of surface
titanium is greater for SBA-NIETA-Ti20 and a much higher
proportion of the overall titanium content was detected at the
surface of SBA-NIETA-Ti20.

Solid-state NMR

Solid-state single pulse (SP) 2Si MAS NMR spectra of ordered
mesoporous plain silica and Ti—Si nanoporous material mixed
oxides are shown in Fig. 3. The deconvoluted plain silica
spectrum (Fig. 3A) displays three resolved peaks at —110,
—101, and —92 ppm which can be assigned to Si(OSi),(OH),_,
or Q, structural units within the silica matrix where n =4, 3, and
2, respectively. The increase in the peak intensities by 'H->Si
polarization transfer from the -OH protons to the Si atoms in
Q; and Q, relative to Q, in the CP/MAS spectra (Fig. 3A’)
confirms the assignment of the Q, structural units to the
respective peak positions in the plain silica spectrum.

The SP *Si MAS NMR spectrum of the Ti-Si mixed nano-
porous silica (SBA-Ti20) is shown in Fig. 3B. In the presence of
20% titanium(1v) n-butoxide the relative amounts of Q; (32% to
29%) and Q, (13% to 8.6%) decreased while Q, (54% to 61%)
increased at —111 ppm. The Q; and Q, peak intensities in the
Si CP/MAS NMR experiments also decreased relative to Q,
(Fig. 3B’). The *Si MAS NMR frequencies of titanosilicates
can vary depending on the titanium coordination with the
silica. Typical *Si resonances in four coordinated titanosilicates
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Fig. 3 *Si MAS NMR spectra of mesoporous silica and Ti-Si mixed
nanoporous silica. Single pulse—A. Plain silica, B. SBA-Ti20. CP/
MAS—A’. Plain silica, B’. SBA-Ti20.

appear in the range —110 to —116 ppm,**?! in five-coordinated

titanosilicates a single resonance appear around —107.4 ppm,?
and in six-coordinated titanosilicates resonances appear in the
—90 to —110 ppm range.”® Hence, the increase in the peak
intensity and the small upfield shift (=110 to —111 ppm) of Q,
in SBA-Ti20 nanoporous silica relative to the plain silica indi-
cates that the titanium is four-coordinated. The shoulder which
appears around —116 ppm, which was consistently repro-
ducible, in the SBA-Ti20 spectrum (Fig. 3B) extracted by
deconvolution, further points towards a four-coordinated sys-
tem where this peak can be assigned to Si(3Si, 1Ti) containing
Si—O-Ti bonds and the peak at —111 ppm is assigned to Si(4Si,
0Ti).

Solid-state single pulse (SP) *Si MAS NMR spectra of
ordered mesoporous silica made by cocondensation of TEOS
and 2.5% (total silica) Ni ion bound ethylenediaminetriacetic
acid functionalized triethoxysilane (referred to as SBA-
NiETA) and SBA-NiETA-Ti mixed oxides are shown in Fig. 4.
The SBA-NIiETA spectrum (Fig. 4A) displays a major region
centered around —105 ppm with three resolved peaks at —110,
—101, and —91 ppm which can be assigned to the Q, structural
units of Si(OSi),(OH),_, within the silica matrix where n =4, 3,
and 2, respectively. Another relatively less intense and unresol-
ved region centered around —60 ppm, partially overlapped with
the spinning side bands, is assigned to the RSi(OSi),(OH),_,,
structural units where n’ = 3, 2, and 1. The presence of the Ni
bound organosilicate groups did not change the chemical shifts
or cause significant line broadening in the Q, structural fre-
quencies indicating minimal affects due to the presence of
nickel or EDATAS. Compared to the mesoporous plain SBA
silica, the SBA-NiIiETA silica samples are dominated by Q,
structural units (approx. 61%). The increase in peak intensities
of the Q; and Q, frequencies in the CP-MAS spectra indicate
that approximately 39% of the silica nuclei in the SBA-NIiETA
samples were attached to —OH groups. This shows that the
presence of Ni complexed organo silane functional groups
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Fig.4 *Si MAS NMR spectra of mesoporous SBA-NiETA silica and
SBA-NIETA-Ti mixed silica. Single pulse—A. SBA-NIiETA, B. SBA—-
NIiETA-Til0, C. SBA-NIiETA-Ti20. CP/MAS—A’. SBA-NiIiETA, B'.
SBA-NIETA-Til0, C'. SBA-NIiETA-Ti20.
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caused a higher degree of condensation in SBA-NiETA silica
relative to the plain SBA mesoporous silica. Previous studies
have shown that condensation in silicates was hampered in
NiO-SiO, nanocomposites when compared with plain silica.?*
Therefore the increased condensation seen in our samples may
indicate that the Ni does not directly interact with the Q,
sites of the silicates (i.e. Ni-O-Si interactions), instead only
complexes with the organic ligand nuclei in EDATAS.
New *Si-NMR frequencies attributed to Q, species that can
point towards the formation of Ni-O-Si bonds were also not
detected.

Ethylenediaminetriacetic acid functionalized triethoxysilane
has three carboxyl groups in its structure. The Ni-EDATAS can
have either a quinquedentate structure, where two N and three
O of EDATAS and one water molecule is coordinated to the
metal or a tridentate structure where one carboxyl group is
uncomplexed and two water molecules are coordinated to the
metal center. A *C-NMR CP/MAS experiment showed a rel-
atively low intensity broad region of carboxyl resonances
strongly suggesting that labile and/or coordinated carboxyl
groups with different species were present. Dipolar dephasing
CP/MAS experiments* in which the 'H decoupling power is
interrupted for a period of time after the cross polarization
step and before the *C signal acquisition with high power
decoupling was conducted to enhance the carboxyl frequency
region. In these experiments the *C spins with directly bonded
protons in a less mobile structure will decay considerably before
data acquisition while the *C spins without any directly bound
protons and/or those '*C spins with directly bound protons in a
more mobile structure will mostly survive the dipolar dephas-
ing. The ®*C-NMR CP/MAS spectrum obtained with 100 us
dipolar dephasing and 3 ms contact time (Fig. 5) exhibits multi-
ple COO- resonances centered around 120 ppm and 160 ppm in
the SBA-NIETA silica sample. The upfield chemical shifts are
consistent with those C atoms adjacent to ligand donor sites in
Ni(1r) complexes with ethylenediamines.? The downfield shifted
resonances (ca. 155 ppm) are consistent with those of the free
carboxyl groups in a tridentate complex. The *Si spectra do not
provide any evidence for the presence of —COO-Si bonds that
might form between the free carboxyl groups and the silicate
surface.

The inclusion of up to 20% (total silica) titanium(1v)
n-butoxide in the SBA-NIETA silicate did not cause a signifi-
cant shift of the Q, peaks. The deconvoluted SP spectra showed
that as the titanium content was increased the relative amount
of Q; sites increased and the Q, sites decreased (Fig. 4). The

carboxyl region

400 300 200 100 0 -100
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Fig. 5 *C CP/MAS NMR spectrum of mesoporous SBA-NiETA

silica obtained with 100 ps dipolar dephasing.

—OH and -OTi groups show similar effects on the chemical
shifts of Si atoms.?” Hence the peaks at —101 and —92 ppm of
Q; and Q, respectively can have a contribution of the Si-O-Ti
groups in the SBA-NIiETA-Ti mixed oxides. The CP/MAS
experiments, which enhance the peak intensities of Q, and Q,
peaks relative to Q, by 'H-*Si polarization from the -OH
groups, did not show such behavior in the SBA-NIiETA-Ti
mixed oxides similar to the SBA-NiETA sample. The SBA—
NiETA-Ti mixed oxides showed instead a small increase in the
relative intensity of the Q, peak. This confirms that the relative
increase in the quantity of Q; and Q, (Fig. 4C) units of the
SBA-NiETA-Ti mixed oxides in the SP experiments was not
due to Si-O-H bonds but due to the formation of Si-O-Ti
bonds. The increase in the amount of Q; and Q,, in the SP
experiments, with increasing titanium(rv) n-butoxide content
(up to 20%) relative to the SBA-NiIiETA also indicates that the
titanium in these samples is coordinated differently to those in
the mesoporous plain silica. The results indicate that the Ti(1v)
in the SBA-NIiETA-Ti samples are six-coordinated and the Q,
and Q2 peaks at —101 and —92 ppm can be assigned to contain
Si(3Si, 1Ti) and Si(2Si, 2Ti) Si-O-Ti bonds in addition to
Si(OSi)3,(OH), .

The C CP/MAS spectra of SBA-NiETA-Ti with dipolar
dephasing exhibited a considerable decay in all the *C spins
indicating a difference in the 7, relaxation of the C atoms in the
presence of Ti (spectra not shown). The higher degree of
dephasing observed in the directly proton bonded *C spins
indicate that the organic ligand groups are less mobile than in
the absence of Ti. This study provides no direct evidence on the
formation of COO-Ti bonds. However, previous studies on
molecular imprinting® and surface functionalization?® have
shown carboxylate binding to surface Ti** ions through uni-
dentate and bidentate configurations. Therefore the marked
change in 7, relaxation and mobility of the C atoms in the Ni—
EDATAS may indicate the formation of some COO-Ti bonds
with the six-coordinated surface titanium in the SBA-NIiETA—
Ti silicates. The presence of free carboxyl groups that can bind
to Ti** ions (Fig. 5) and the presence of up to a 45% more
surface titanium in the SBA-NIETA-Ti silicates, corre-
sponding to the non-functionalized silicates, may further favor
the formation of COO-Ti interactions.

3 Conclusions

Ordered, titanium containing SBA silicates with surface ethyl-
enediaminetriacetic acid groups have been synthesized by direct
hydrothermal synthesis. The coordination of Ti(lv) was
dependent on the presence or absence of added EDATAS. For
titanosilicates prepared without the triethoxyorganosilane, the
Ti(tv) was 4-coordinate. The Ti(tv) of the titanosilicates
formed with added EDATAS were 6-coordinated. This change
in the titanium coordination in the crystalline structure of

| Dalton Trans., 2003, 3398-3403

3401




titanosilicates can have a major difference in the surface proper-
ties of the silicates. Titanosilicates with higher concentrations
of silica, which are typically tetrahedral have been shown to be
more effective as catalytic surfaces for epoxidation while those
with higher concentrations of titanium, which are typically
octahedrally coordinated have been shown to be more effective
catalytic surfaces in acid catalysed reactions.** The surface
titanium content of silicates formed with added EDATAS was
40-45% higher than that of the SBA titanosilicates formed
without EDATAS.

4 Experimental
Chemicals

n-(Trimethoxysilylpropyl)ethylenediaminetriacetic acid, tri-
sodium salt (EDATAS, 50 wt.% in water) was purchased from
Gelest Inc. (Tullytown, PA). Titanium(1v) n-butoxide (98+%)
was purchased from Strem Chemicals, Inc. (Newbury-
port, MA). Pluronic P123 (poly(ethylene oxide)—poly(propyl-
ene oxide)-poly(ethylene oxide) triblock copolymer, PEO,,P-
PO,,PEO,,) was obtained from BASF. Hydrochloric acid (HCI,
37% in water) was obtained from Fisher Scientific Co. (Pitts-
burgh, PA). Tetraethoxysilane (TEOS), 1,3,5-trimethylbenzene
(TMB), denatured ethanol, anhydrous dichloromethane, nick-
el(1r) chloride (99.9%), and nickel sulfate (99.9+%) were pur-
chased from Aldrich Chemical Co. (Milwaukee, WI). Water was
purified by a Milli-Q filtration system (resistivity >17 MQ cm).

Synthesis

In a typical preparation for a 5 mol% titanium sample (Ti5-Si),
Pluronic P123 (2.0 g) was dissolved in 15 mL of water and 60 g
of 2 M HCI while stirring at 37 °C. TEOS (4.25 g) was added
with stirring at 37 °C for ca. 30 min. Titanium(1v) n-butoxide
(0.347 g, 5% mol/mol of total silica) was then added and the
mixture was stirred at 37 °C for 20 h. The reaction mixture was
then stored in an oven at 80 °C for 24 h. The solid product was
subsequently recovered, refluxed in ethanol for ca. 10 h, and
dried under vacuum. All products were obtained in the form of
white finely divided powders.

In a typical preparation for EDATAS functionalized Ti-
silicate (SBA-NiETA-Ti), Pluronic P123 (2.0 g) was dissolved
in 15 mL of water and 60 g of aq. 2 M HCI solution while
stirring at 37 °C. An aqueous solution of pre-chelated EDA-
TAS-Ni (0.94 g, 2.28% mol/mol of total silica) was added while
stirring at 37 °C for ca. 15 min and then, TEOS (4.25 g) was
added. Solutions of the pre-chelated EDATAS-Ni were
obtained by vortex mixing of 1 : 1 solutions of 0.54 M NiCl,
and EDATAS in water until a homogeneous blue-green solu-
tion was achieved. This mixture was stirred at 37 °C for
ca. 30 min before the titanium(1v) n-butoxide (0.347 g, 5% mol/
mol of total silica) was slowly added. The mixture was stirred at
37 °C for 20 h. The reaction mixture was then stored in an oven
at 80 °C for 24 h. The solids were subsequently recovered and all
of the products containing nickel were obtained as light blue
powders. The silicates were refluxed in ethanol usinga 1 M HCl/
ethanol solution overnight, and dried under vacuum. Refluxing
the material in a 1 M HCl/ethanol solution overnight removed
the nickel from the EDATAS. After isolating and drying under
vacuum, the resulting functionalized mesoporous titanium-
silicates were observed as white powders. Nickel was reabsorbed
on these materials using a 1.0 X 107° M solution of nickel sul-
fate when necessary. Typically, 0.2 g of mesoporous material
was exposed to 3 mL of nickel sulfate solution for 24 h.

Characterization

X-ray diffraction measurements were made on an Enraf-
Nonius FR591 rotating-anode operating at 13 kW. A singly
bent graphite monochromator selected Cu Ko radiation and
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provided in-plane resolution of 0.014 A~' full-width at half-
maximum. Powder samples were placed in 1.0 mm quartz
capillary tubes. The unit cell parameter, @, was calculated based
on the 26 value for the d,,, peak using the following equation:
a = (4/3)"d, .

Gas adsorption experiments were performed using a Micro-
meritics ASAP 2010 instrument. Nitrogen gas was used as the
adsorbate at 77 K. Pore size distributions and total pore
volumes were calculated based on BJH (Barrett—Joyner—
Halenda) analysis.

X-ray photoelectron spectroscopy (XPS) was performed
using a Surface Science Instrument (SSI) SSX-100 spectrometer
equipped with a monochromatic, Al Ko X-ray source, hemi-
spherical analyzer, and multi-channel detector. Four spectra
were taken for each sample, and the average and standard devi-
ation were calculated from these data. Powders of the samples
were poured onto double-sided tape. Spectra were taken from
areas containing a relatively large amount of powder; that is,
from areas where no tape was visible. A low-energy electron
flood gun was used for charge neutralization. Composition data
were obtained at pass energy of 150 eV. Bulk Si/Ti ratios were
detemined by elemental analysis (Desert Analtics Laboratory,
Tucson, AZ).

Solid-state #’Si and *C NMR experiments were performed at
room temperature on a Bruker DMX 500 MHz at a resonance
frequency of 99.36 MHz and 125.77 MHz respectively with a
4.0 mm MAS probe. The samples were packed in 4 mm zirconia
Bruker rotors fitted with Kel-F end caps for magic angle spin-
ning at 5 kHz for ?Si NMR and 10-12.5 kHz for *C NMR. A
two-pulse phase modulation (TPPM) decoupling * was used for
proton decoupling in the cross-polarization magic angle spin-
ning (CP/MAS) and single pulse (SP) experiments. A #Si CP
contact time of 3 ms was used for all the samples with up to
6000 scans and 2-5 s recycle delays. Single pulse MAS spectra
with high power decoupling were recorded with 5 us pulses and
a recycle delay of 120 s. The ?°Si reference was set to external
tetrakis(trimethylsilyl)silane at —9.9 (SiMe;) and —135.6 ppm
(T = 297 K) with respect to TMS at 0 ppm. A C CP contact
time of 3 ms was used with up to 40,000 scans and 3 s delays.
The C reference was set to external tetrakis(trimethyl-
silyl)silane at 3.5 ppm with respect to TMS at 0 ppm.
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