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ABSTRACT: The effects of the coordination environment
and connectivity of Ti on the rate of n-butanal self-
condensation over Ti-silica catalysts were investigated. Ti
was introduced in two ways, either during the synthesis of
mesoporous SBA-15 or via grafting onto amorphous silica with
a disordered pore structure. The connectivity of Ti was then
characterized by XANES, UV—vis, and Raman spectroscopy.
For the lowest Ti loadings, the Ti is found to be
predominantly in isolated monomeric species, irrespective of
the manner of sample preparation, and as the Ti loading is
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increased, a progressively larger fraction of Ti is present in oligomeric species and anatase nanoparticles. The turnover frequency
for butanal condensation decreased monotonically with increasing Ti loading, and the apparent activation energy increased from
60 kJ mol™' for monomeric species to 120 kJ mol™" for oligomeric species. A kinetic H/D isotope effect was observed over
isolated titanol and Ti dimer catalysts suggesting that a-H abstraction is the rate-determining step. This conclusion is supported
by theoretical analysis of the reaction mechanism. In agreement with experimental results, the calculated activation barrier for
alkanal condensation over a Ti dimer is roughly two times greater than that over Ti-OH sites. The cause for this difference was
explained by energy decomposition analysis of the enolate formation step which showed that there is a large energetic penalty for
the substrate to distort over the Ti—O—Ti dimer than the Ti-OH monomer.
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1.0. INTRODUCTION

Aldol condensation of aldehydes has become a subject of
considerable interest because this reaction enables the
formation of carbon—carbon bonds in compounds used as
chemical intermediates and alternative fuels. For example, ~3 X
10° tons of the hydrogenated aldol product 2-ethylhexanol are
produced annually for use as a plasticizer, solvent, or diesel
additive,"* and this product can be upgraded via esterification
to produce a diesel fuel with a high cetane number.>* The
production of 2-ethylhexanol is generally carried out by aldol
condensation of n-butanal and the subsequent hydrogenation of
the resulting 2-ethylhexenal.

Previous studies have shown that acid—base bifunctionality
plays a crucial role in the catalysis of aldol condensation.”””
Bulk metal oxides are promising heterogeneous aldol
condensation catalysts due to the presence of robust Lewis
acid and Brensted base pairs. In particular, the anatase phase of
titanium dioxide has been shown to be active and selective for
aldol condensation.'® IR studies of acetaldehyde adsorbed onto
anatase reveal a significant shift in the carbonyl vibrations from
1722 to 1691 cm™, indicating that the carbonyl group is
strongly bound to Lewis acidic Ti sites.'" Strong adsorption of
the aldehyde polarizes the C=0O bond causing the & proton to
become more acidic, thereby facilitating its subsequent H-
abstraction, a key step in the mechanism of aldol
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condensation.® Barteau and co-workers have shown that the
activity of the TiO, (001) surface for the aldol condensation of
acetaldehyde increases as more surface oxygen sites are exposed
via progressive oxidation of the surface.'” This suggests that the
surface oxygen acts as a Breonsted base in abstracting the «
proton of the aldehyde. Anatase is thus an active catalyst for
aldol condensation due to its ability to adsorb the aldehyde at
Lewis acid Ti sites and abstract the a-proton at the Bronsted
basic surface oxygen sites. Barteau and co-workers have also
reported that the selectivity for aldol condensation of
acetaldehyde is higher on the {114}-faceted (001) surface of
rutile, which exposes 4, S, and 6-coordinate Ti, than on the
{011} facet, which exposes only S-coordinate Ti (59% and 31%,
respectively).”” However, anatase was found to have even
higher selectivity (75%) and activity for this reaction.'® It is,
therefore, evident that the coordination of Ti in titania has a
strong effect on the activity and selectivity of Ti sites for aldol
condensation.

The purpose of this study was to elucidate the role of the
local coordination and connectivity of Ti sites on the activity of
these sites for aldol condensation. Silica—titania catalysts with a
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well-defined active site were synthesized by incorporating Ti
into the framework of SBA-1S5. These catalysts were
characterized by XANES, UV—vis, and Raman spectroscopy,
and then the kinetics of n-butanal self-condensation were
investigated in order to determine the effects of coordination
environment. It was observed that isolated, tetrahedrally
coordinated titanol sites are more active than tetrahedrally
coordinated Ti dimer species and octahedrally coordinated Ti
sites present on the dispersed nanoparticles of anatase. The
insights gained from the current study demonstrate the
importance of Ti coordination and connectivity on the activity
of Ti species as catalysts for the self-condensation of n-butanal.

2.0. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Catalyst Synthesis. Titanium was incorporated into
the framework of SBA-15 by direct hydrothermal synthesis.
Tetraethoxysilane (TEOS, Aldrich) and titanium isopropoxide
(Aldrich) were used as the Si and Ti sources, respectively, and
Pluronic P123 triblock (Aldrich) copolymer was used as the
structure-directing agent. In a typical synthesis procedure, 4.0 g
of P123 was added to 70.0 mL of 0.2 M HCl solution to yield a
transparent solution at 313 K. Then, 9.0 g of tetraethoxysilane
and the required amount of titanium isopropoxide (Si/Ti molar
ratio = 5—50) were added dropwise, and the resulting gel
mixture was stirred for another 24 h. The gel was then
crystallized at 393 K for 24 h. The final solid was filtered,
washed with water, and dried at 383 K overnight. Finally, the
samples were calcined at 823 K for 6 h. These catalysts are
referred to as x-Ti—SBA-1S5, where x denotes the dispersion of
titanium (atoms nm™2).

Catalysts were also synthesized by incipient-wetness
impregnation. Mesoporous SBA-15 (850 m? g™!, average pore
diameter 60 A)'* was impregnated with either Ti(O'Pr),
(Aldrich, 99.999%) or Cp,TiCl, (Aldrich, 97%) dissolved in
toluene (Alfa Aesar, anhydrous 99.8% pure). In a typical
synthesis procedure, a titanium loading of 0.45 wt % was
achieved using roughly 30 mg (g support) ' of precursor in the
solution. These catalysts are referred to as 0.07—Ti-Pr/SBA-15
and 0.07-Ti-Cp/SBA-15. Amorphous SiO, with a disordered
pore structure (Silicycle, S00 m* g™’ average pore diameter 60
A) was pretreated at 373 or 1023 K and was then impregnated
using Ti(O'Pr),. These catalysts are referred to as 0.07-Ti-Pr/
Si0,-373K and 0.07-Ti-Pr/SiO,-1023K. All impregnated
catalysts were dried at 393 K for 12 h and calcined in 100
cm® min™" of air (Praxair) for 823 K for 6 h.

2.2. Measurements of Catalyst Activity. Measurements
of reaction rates were performed in a 6.35 mm OD quartz tube
containing an expanded section (~12.7 mm OD, ~20 mm
length). A plug of quartz wool was placed below the catalyst
bed to hold the powder in place. The reactor was heated by a
ceramic furnace with external temperature control, and the
catalyst bed temperature was measured with a K-type
thermocouple sheathed in a quartz capillary placed in direct
contact with the catalyst bed.

Prior to reaction, the catalyst was heated to the reaction
temperature at a rate of 2 K min™" in pure He (Praxair,
99.999%) flowing at 150 cm® min~' at STP. The feed to the
reactor consisted of n-butanal (TCI, 98%) and He (Praxair,
99.999%). For kinetic isotope experiments, n-butanal-2,2-d,
(CDN Isotopes, 98%) was used as the feed. A filled 1 mL
syringe connected to a syringe pump (Cole-Palmer, 74900
series) was used to inject n-butanal into a heated port through
which He was continuously flowing. All experiments were
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carried out at a total gas pressure of 1 atm. The total gas flow
rate was typically 150 cm® min™' at STP. Using these
conditions, the conversion of aldehyde was always less than
10%. Reaction products were analyzed using an Agilent 6890N
gas chromatograph containing a bonded and cross-linked (5%-
phenyl)-methylpolysiloxane capillary column (Agilent, HP-1)
connected to a flame ionization detector (FID).

2.3. Characterization. Ti content was determined by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) conducted at Galbraith Laboratories in Knoxville,
TN.

Nitrogen adsorption isotherms were performed using a
Micromeritics Gemini VII surface area and pore volume
analyzer. The specific surface area and pore size were calculated
using the Brunauer—Emmet—Teller (BET) equation and
Barrett—Joyner—Halenda (BJH) equations.

X-ray absorption spectroscopy (XAS) measurements were
performed at the Advanced Photon Source at Argonne
National Laboratory (ANL) on beamline 10-BM. Measure-
ments were performed at the Ti K-edge. The Ti edge energy
was taken as the first inflection point of the main absorption
peak. The energy was referenced to a pure Ti foil placed
between the two ionization chambers located after the sample.
The catalysts and reference materials, TiO, anatase (Aldrich)
and titanium silicate-1 (TS-1), were diluted with boron nitride,
an inert and relatively X-ray transparent material, in order to
achieve an absorbance of ~2.5 because such an absorbance
provides the optimal signal-to-noise ratio.'> Samples were
placed in a controlled—atmosophere cell, heated to 473 K in the
presence of flowing gas,'® and then cooled to ambient
conditions before collecting the XAS data. The XAS data
were analyzed with the IFEFFIT software and its comple-
mentary Athena GUL'”'®

Diftuse reflectance UV—vis spectra were acquired using a
Fischer Scientific EVO 300 spectrometer equipped with a
Praying Mantis reflectance chamber. Spectra were referenced to
the diffuse reflectance spectrum of Teflon.

Raman spectra were recorded at ambient conditions using a
confocal Raman microscope (LabRam HR, Horiba Jobin Yvon)
equipped with a 532 nm HeNe laser operated at a power of 50
mW.

2.4. Theoretical Calculations. The models chosen to
represent Ti monomer and dimer active sites are shown in
Scheme 1. To mimic the rigidity of the silica support, all

Scheme 1. Cluster Model of the Tetrahedral (a) Isolated
Titanol and the (b) Ti Dimer
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geometry optimizations were performed with relaxation of only
the Ti atoms, the O atoms in the first coordination sphere, and
the H atom of the titanol group. Geometry optimizations and
single-point energy calculations were performed using density
functional theory (DFT) at the ®B97X-D'?*°/LANL2DZ and
@B97X-D/CRENBL levels of theory, respectively. Enthalpies at
reaction temperature were determined by taking zero point
vibrational and temperature corrections into account using the
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Table 1. Chemical and Physical Properties of Different x-Ti-SBA-15 Catalysts

sample Si/Ti actual® Ti content (wt %)“
0.02-Ti—SBA-15 727 0.11
0.07-Ti—SBA-15 78.5 0.44
0.3-Ti—SBA-15 43 1.85
0.7-Ti—SBA-15 17 4.50
0.07-Ti-Cp/SBA-15 0.42
0.3-Ti-Cp/SBA-15 1.74
0.07-Ti-Pr/SBA-15 0.45

SBA-1S
“Upon the basis of ICP results.

Ti dispersion (Ti nm™2)

BET surface area (m” g™') pore volume (cm® g™*)

0.016 836 0.75
0.06S 826 0.73
0.27 789 0.67
0.67 715 0.49
0.062 80S 0.73
0.26 746 0.63
0.067 800 0.70

850 0.93

rigid rotor harmonic oscillator (RRHO) approximation.
Entropies were determined using a quasi-RRHO approach
proposed by Grimme, which replaces the vibrational entropy
for modes with frequencies <100 cm™ by the entropy for a
corresponding free-rotor.”" All calculations were carried out
using the Q-Chem software package.”” The partial charges on
atoms were calculated using natural bond orbital (NBO)
analysis.”> The structures of reaction intermediates were
hypothesized a priori and then refined by standard geometry
optimizations. The transition structures connecting intermedi-
ates were found by the freezing-string method™* followed by
local optimization.

3.0. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. The Ti loading, surface
area, and pore volume of each catalyst are shown in Table 1.
The weight loading was varied from 0.11 to 4.5 wt % in order
to change the dispersion of Ti on SBA-15 support. The pore
volumes and surface areas of the incorporated and impregnated
catalysts for a given Ti weight loading are very similar.

The coordination of Ti in the incorporated Ti—SBA-15
catalysts was probed by X-ray absorption spectroscopy.
Previous studies have demonstrated that the pre-edge feature
can be used reliably to determine the coordination number of
Ti in various oxide compounds.”® Figure 1 shows the Ti

TiO, (anatase)

TS1

4960 4965 4970

Energy [eV]

4975 4980

Figure 1. XANES spectra of (—) TSI, (blue line) 0.07-Ti—SBA-1S,
(green line) 0.3-Ti—SBA-1S, (red line) 0.7-Ti—SBA-1S, and (purple
line) TiO, anatase.

XANES region for three samples as well as two Ti standards,
TS-1, and TiO, anatase. The spectrum of 0.07-Ti—SBA-15
exhibits a single pre-edge feature at 4971 eV similar to that
observed in the spectrum of TS-1, indicating that Ti is
tetrahedrally coordinated within the framework.”> The
spectrum of 0.3-Ti—SBA-1S has a strong feature at 4971 eV
and a small shoulder at 4975 eV, while the spectrum of 0.7-Ti-
SBA-15 matches that of bulk TiO, anatase. The three peaks at
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4969, 4972, and 4975 eV in the spectrum of anatase are due to
the transition of 1s core electrons to 1ty, 2t,,, and 3e, molecular
orbitals.2® Thus, the coordination environment of Ti changes
from tetrahedral in 0.07-Ti-SBA-15 to distorted octahedral in
0.7-Ti-SBA-15 as the Ti weight loading is increased.

The UV—visible diffuse reflectance spectra of Ti-SBA-15 and

TiO, anatase are shown in Figure 2. 0.02-Ti-SBA-15 and 0.07-

TiO, (anatase)

0.7-Ti-SBA-15

0.3-Ti-SBA-15
0.07-Ti-SBA-15

Absorbance [a.u.]

0.02-Ti-SBA-15

400 500

Wavelength [nm]

200 300 600

Figure 2. UV—vis spectra of (teal line) 0.02-Ti—SBA-1S, (blue line)
0.07-Ti—SBA-15, (green line) 0.3-Ti—SBA-15, (red line) 0.7-Ti—SBA-
15, and (purple line) TiO, anatase.

Ti-SBA-1S exhibit peaks in the range of 210—230 nm due to
the ligand-to-metal charge transfer (LMCT) from oxygen to
tetrahedral Ti (IV).*” Zhao and co-workers have reported that
this band provides evidence that Ti is tetrahedrally coordinated
and has been incorporated into the framework of SBA-15.>* As
the Ti loading increases, the peak maximum of the absorption is
red-shifted to higher wavelengths, approaching that of anatase.
Previous studies have reported that this shift can be attributed
to partially polymerized hexacoordinated Ti species.””>°
Consistent with previous UV—visible studies of dispersed
TiO, nanoparticles on SiO,, the peak position of the sample
containing the highest weight loading of Ti, 0.7-Ti—SBA-15, is
blue-shifted from that of anatase due to quantum-size
effects.>"**

Figure 3 shows the Raman spectra of SBA-15, x-Ti-SBA-15,
and TiO, anatase. The spectrum of SBA-15 exhibits peaks at
485 and 975 cm™!, which are attributed to the stretching
vibrations of four-membered siloxane linkages (Si—O—Si) and
surface silanol groups (O;Si—OH), respectively.’> The
spectrum of 0.02-Ti-SBA-15 is indistinguishable from the
spectrum of SBA-15 because of the very low weight loading of
Ti. The spectrum of 0.07-Ti-SBA-15 exhibits small deviations
from the spectrum of pristine SBA-15. The peaks at 485 and
975 cm™! are slightly more intense and broader for 0.07-Ti—
SBA-15 than for SBA-1S, and a weak peak near 140 cm™'
becomes apparent. Similar observations have been reported by

dx.doi.org/10.1021/cs500704b | ACS Catal. 2014, 4, 2908—2916
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TiO, (anatase)

0.7-Ti-SBA-15

0.3-Ti-SBA-15

0.07-Ti-SBA-15

SBA-15

200 400 600 800 1000

Wavenumber [cm'1]
Figure 3. Raman spectra of (black line) SBA-1S, (teal line) 0.02-Ti-

SBA-15, (blue line) 0.07-Ti-SBA-1S, (green line) 0.3-Ti-SBA-1S, (red
line) 0.7-Ti-SBA-1S, and (purple line) TiO, anatase.

Turek and co-workers, who observed an increase in the
intensity of a peak at 970 cm™ as more Ti was substituted into
silicalite.>* The weak peak around 140 cm™' is the most
sensitive fingerprint for anatase and indicates the formation of
Ti—O—-Ti bonds. Samples with higher Ti loadings than 0.07-
Ti-SBA-15 exhibit the four characteristic peaks of anatase at
145, 400, 520, and 650 cm™' due to the E; symmetric
stretching, the B,, symmetric bending, the A,; antisymmetric
bending, and the E, vibrations of Ti—O-Ti bonds,
respectively.> Although the XRD spectra for these catalysts
only indicate the presence of anatase at the highest weight
loading (see Supporting Information), the Raman spectra
suggest that a fraction of the titanium on the 0.3- and 0.7-Ti-
SBA-1S5 catalysts is present as anatase. This conclusion is based
on the recognition that the Raman scattering cross-section of
anatase is ~5-fold greater than that of the isolated TiOx species,
which means that the intensities of the Raman peaks for anatase
appearing in the spectra are ~5-fold more intense than what
would be expected on the basis of the actual ratio of anatase to
isolated TiOx species.

3.2. Catalytic Activity of x-Ti—SBA-15 and x-Ti/SBA-15
Catalysts. Experiments were conducted under mild conditions
to ensure differential conversion so that catalyst deactivation
and secondary aldol reactions could be minimized. The only
product observed under any of the conditions investigated was
the dehydrated aldol product, 2-ethylhexenal. Figure 4 shows

n-butanal

TOF [10% s

n-butanal-2,2-d,

(o2

00 05 10 15 20 25 30 35
Time on Stream [h]

Figure 4. Time on stream study over the 0.02-Ti-SBA-15 catalyst. T =
353 K, Py = 101.3 kPa, P, pyna = 0.2 kPa, (@) n-butanal, (O) n-
butanal-2,2-d,, and the balance He. Catalyst mass = 0.02 g. Total gas

flow rate at STP = 150 cm® min~L

the activity versus time-on-stream for the most active catalyst,
0.02-Ti-SBA-1S5. After a brief induction period, the catalyst
remains stable for at least 3 h. If deuterated, n-butanal-2,2-d, is
reacted over this catalyst, and a kinetic isotope effect of ky;/kp =
2.5 is observed suggesting that the « C—H bond is involved in
the transition state of the rate-limiting elementary step. a-H
abstraction is relevant to aldol condensation and will be
discussed in the context of the reaction mechanism (see section
3.3).

The activities of x-Ti-SBA-15 catalysts are shown in Figure 5.
As the weight loading of Ti increases, the turnover frequency

18
16 1
14 1

=y
N

TOF [10*s™
)

O N O

0.0 0.2 0.4 0.6 0.8

Site Density [nm?]

Figure S. Effect of the Ti site density on the activity of x-Ti—SBA-15
catalysts for aldol condensation. T = 353 K, Pry = 101.3 kPa, P,y na
= 0.2 kPa, and 7 = 4.2 ms (mol Ti/mol feed rate).

decreases monotonically. However, no activity was observed in
the absence of Ti. Comparison of the activity of 0.02-Ti-SBA-
15 and 0.7-Ti-SBA-15 coupled with the results of the
characterization of these samples suggests that isolated
tetrahedral Ti sites are more active than hexacoordinated Ti
sites. As shown in the Supporting Information, n-butanal
desorbs at a lower temperature over 0.7-Ti-SBA-1S than 0.07-
Ti-SBA-15. Therefore, hexacoordinated Ti sites may be less
active than isolated four-coordinated Ti sites because the
adsorption of butanal is less favorable at coordinatively
saturated sites. A theoretical study comparing the adsorption
of formaldehyde onto different Ti sites on the (001) plane of
TiO, anatase supports this assertion.>® The results of this study
found that the most favorable binding involved the Lewis acid—
base interaction between the coordinatively unsaturated Ti
(+4) sites and oxygen of the carbonyl group. Hence, the
remainder of this study will focus on the more active catalysts
containing tetrahedrally coordinated Ti.

Interestingly, the activity of 0.02-Ti-SBA-15 is higher than
that of 0.07-Ti-SBA-1S despite the evidence from XANES and
UV—visible spectroscopy suggesting that both of these catalysts
contain predominantly isolated tetrahedrally coordinated Ti.
This finding leads to the proposal that, in addition to the
coordination environment, the connectivity of the Ti site also
has an effect on the catalytic activity, tetrahedral Ti—O—Ti sites
being less active than isolated tetrahedral Ti sites. In order to
test this hypothesis, catalysts were synthesized by incipient
wetness impregnation using either Ti(OPr), or Cp,TiCl,
precursors. The literature suggests that the latter precursor
can be used to synthesize site-isolated catalysts with high Ti
loading.37 However, as shown by entries 2 and 3 of Table 2, the
activity of 0.07-Ti-Cp/SBA-15 is two times higher than that of
the 0.3-Ti-Cp/SBA-15 catalyst. The TOF values are similar to
what was observed in incorporated 0.07-Ti-SBA-15 and 0.3-Ti-
SBA-15. Previous experimental and theoretical studies have

dx.doi.org/10.1021/cs500704b | ACS Catal. 2014, 4, 2908—2916
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Table 2. Activity (TOF), Apparent Activation Energy (kJ mol™'), and Partial Pressure Dependencies of Ti Silica Catalysts”

entry sample TOF? (10~*s7") rate” (10~ mol g sTh activation energy® (kJ mol™) partial pressure dependenced (a)
1 0.07-Ti—SBA-15 10.5 2.4 60 0.0S
2 0.07-Ti-Cp/SBA-15 114 10 59 0.10
3 0.3-Ti-Cp/SBA- 15 5.70 21.7 5§ 0.15
4 0.07-Ti-Pr/SBA-15 2.90 2.7 120 0.20
S 0.07-Ti-Pr/SiO,-373K 4.05 3.5 61 0.15
6 0.07-Ti-Pr/Si0,-1023K 8.10 7.3 58 0.10

“Prow = 101.325 kPa. bT =353 K, P, putana = 0.2 kPa, and balance He. “T = 343—363 K, P, uiana = 0.2 kPa, and balance He. T = 353 K P, putanal =
0.1—0.4 kPa, and balance He.

Scheme 2. Mechanism of Aldol Condensation over an Isolated Titanol (R = CH,CHj,)
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reported that Cp,TiCl, reacts with the silanol groups of
mesoporous silica to yield a (=SiO);TiCp intermediate, which
subsequently forms isolated (=SiO);TiOH species after

)y

calcination.'®*® Since the Cp,TiCl, precursor is known to
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react facilely with the support,'® and the UV—vis spectra of
these catalysts indicates that Ti is tetrahedrally coordinated (see
Supporting Information), it is unlikely that the coordination
number of Ti changes with loading. However, as the surface

dx.doi.org/10.1021/cs500704b | ACS Catal. 2014, 4, 2908—2916
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G [kJ mol]

Figure 6. Free-energy (353 K) diagram for aldol condensation over an isolated titanol (where R = H). The elementary steps are labeled according to

the reaction mechanism shown in Scheme 2.

density of Ti increases, it is feasible that during calcination
neighboring titanols condense to form tetrahedral dimers.
Upon the basis of our experimental evidence and previous
theoretical studies,®® the dinuclear Ti species shown in Scheme
1 was chosen to represent the Ti dimer, although other dimer
structures may be possible. In accordance with the stated
hypothesis, the decrease in activity for catalysts with higher Ti
weight loading is attributed to the formation of tetrahedrally
coordinated Ti dimers.

Impregnation was also conducted with a Ti(O'Pr), precursor
because previous literature indicates that this precursor reacts
with surface silanol groups to form dinuclear Ti complexes.>
The probability of forming Ti dimers with this precursor is high
since Ti(O'Pr), is known to exist as an oligomer in solution.*
Furthermore, Scott and co-workers have proposed that
Ti(O'Pr), does not follow simple ligand exchange with the
support as other metal precursors do, but rather a grafted Ti
monomeric species reacts with Ti(O'Pr), to form a dinuclear Ti
complex.’” The UV—vis spectrum of the catalyst synthesized by
impregnation of Ti(OPr), onto SBA-1S shows that Ti is
tetrahedrally coordinated (see Supporting Information);
however, this catalyst was the least active, as shown by entry
4 of Table 2, supporting the hypothesis that dimers containing
tetrahedrally coordinated Ti are less active than tetrahedrally
coordinated Ti in monomeric species. Furthermore, the
apparent activation energy (as determined from an Arrhenius
plot in the temperature interval 343—363 K) for 0.07-Ti-Pr/
SBA-15 was 120 k] mol™, which is twice that measured for the

2913

incorporated 0.07-Ti-SBA-15. Despite the large difference in
the apparent activation energy, both catalysts show a kinetic
isotope effect (ky/kp = 2 is observed over 0.07-Ti-Pr/SBA-15
catalyst), and both are roughly zero order in n-butanal.

In an effort to produce isolated Ti species, Ti(O'Pr), was
impregnated onto amorphous silica pretreated at different
temperatures. The purpose of the pretreatment was to
dehydroxlate the support in order to spatially separate the
silanol groups, thereby increasing the average distance between
possible locations at which Ti(O'Pr), could graft. The silanol
group density was quantified using *?Si MAS NMR as reported
previously.*" Silica pretreated at 373 and 1023 K contains 4 and
1.6 OH nm™? respectively. As shown by entries S and 6 of
Table 2, the TOF of 0.07-Ti-Pr/SiO,-1023K was roughly twice
as high as 0.07-Ti-Pr/SiO,-373K, demonstrating that dehy-
droxylation of the silica support has a significant effect on the
catalytic activity. Similarly, the activity of 0.07-Ti-Pr/SiO,-373K
was greater than that of 0.07-Ti-Pr/SBA-1S, indicating that
there is an inverse correlation between the activity and the
density of silanol groups of the support (SBA-1S contains S OH
nm?). Although the Raman spectra of these catalysts exhibit
peaks characteristic of anatase, 0.07-Ti-Pr/SiO,-1023K shows
an additional peak characteristic of isolated Ti around 940 cm™
(see Supporting Information). Therefore, the fraction of
isolated Ti is dependent upon silanol density. Additionally,
the apparent activation energy for 0.07-Ti-Pr/SiO, matches
that of both the 0.02-Ti-SBA-1S5 and 0.07-Ti-SBA-1S but is
much lower than that of the 0.07-Ti-Pr/SBA-15 catalyst. These

dx.doi.org/10.1021/cs500704b | ACS Catal. 2014, 4, 2908—2916
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results suggest that a majority of the catalytic activity for Ti-Pr/
SiO, occurs at isolated Ti sites, which are more active than
tetrahedrally coordinated Ti—O—Ti sites.

3.3. Catalytic Mechanism for Aldol Condensation. The
mechanism proposed for aldol condensation over isolated Ti
sites is shown in Scheme 2. The reaction sequence begins with
the adsorption of butanal via reaction 1. As described
previously, the adsorption occurs through a Lewis acid—base
interaction between the nucleophilic oxygen of the carbonyl
group and the electrophilic Ti (species B). The strength of this
interaction polarizes the carbonyl causing the carbon to become
more electrophilic and a-H to be more acidic. The increase in
acidity facilitates @-H abstraction by the Bronsted base oxygen
to form a bound water and enolate intermediate as shown in
reaction 2. In reaction 3, the Ti becomes a saturated
hexacoordinated species by adsorbing a second molecule of
butanal. The polarization of the carbonyl bond induces
nucleophilic attack by the enolate to the electrophilic carbon
resulting in the formation of a C—C bond in reaction 4. The
aldol product is formed in reaction 5 when the bound water
acts as a Bronsted acid and desorbs from the active site in
reaction 6. Under reaction conditions, the aldol product readily
undergoes dehydration to form the thermodynamically favored
product 2-ethylhexenal.'"**

The kinetic isotope effect observed for both 0.07-Ti-SBA-15
and 0.07-Ti-Pr/SBA-15 provides evidence that enolate
formation is a kinetically relevant step. If it is assumed that
the adsorption step is quasi-equilibrated, the rate of 2-
ethylhexenal formation is given by

Klk ZP n—butanalL

r- =
2-ethylh 1
ethylhexenal 1+ I<1Pn

(1)
where K is the equilibrium constant for reaction 1, k, is the
rate constant for reaction 2, and L is the number of active sites.
The zero-order partial pressure dependence on n-butanal
suggests that the surface is saturated with adsorbed aldehyde,
and therefore, the rate expression can be simplified to

-butanal

rZ-eththexenal = kZL

)

suggesting that the apparent activation barrier represents the
intrinsic barrier for enolate formation.

3.4. Theoretical Modeling of Tetrahedral Ti Monomer
and Ti Dimer Sites for Aldol Condensation. To under-
stand why isolated Ti sites are more active and have a much
lower activation barrier than Ti dimer sites, a theoretical
analysis of the aldol condensation reaction pathway was
performed for both isolated titanol and a dinuclear Ti species.
Since the f- and y-C of n-butanal are inert in aldol
condensation and the gas phase deprotonation energy of
butanal and ethanal is similar,*>** ethanal was used as a model
reactant to reduce the computational cost.

Using the isolated titanol cluster, the mechanism shown in
Scheme 2 was found to describe the minimum-energy pathway.
The changes in Gibbs free energy calculated for the reaction
temperature of 353 K are shown in Figure 6, and the changes in
enthalpy along the reaction pathway are shown in Figure 7.
Since the surface is saturated with adsorbed butanal, as
indicated by the zero order partial pressure dependence on n-
butanal, the reference state was chosen to include one aldehyde
adsorbed to the Ti and another molecule of hydrogen bonded
to the hydroxyl of an adjacent silanol. Figure 6 shows that a-H
abstraction has the largest free energy barrier in the reaction
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H [kJ mol™]

Figure 7. Enthalpy (353 K) diagram for aldol condensation over an
isolated titanol (where R = H). The elementary steps are labeled
according to the reaction mechanism shown in Scheme 2.

sequence, indicating that enolate formation is the rate-
determining step. This conclusion is consistent with the
observed kinetic isotope effect. The calculated activation energy
for a-H abstraction is 64 k] mol™', in good agreement with the
value of 60 k] mol™' determined experimentally. Excellent
agreement between theory (123 kJ mol™') and experiment
(120 kJ mol™) was also found for the barrier of enolate
formation over the dinuclear Ti species. Interestingly, the large
difference of 60 kJ mol™ in the activation energy between
monomer and dimer species cannot be rationalized on the basis
of the Lewis acidity of the Ti or the Lewis basicity of the
oxygen responsible for the a-H abstraction. As shown in Table
3, the charges on Ti in monomer and dimer species upon

Table 3. Lewis Acid and Base Properties of the Isolated
Titanol Monomer and the Ti Dimer

species charge of Ti (au) proton affinity (k] mol™") AH* (kJ mol™)
monomer 1.85 —8357 64
dimer 1.86 -869° 120

“Proton affinity of the oxygen of the titanol group. “Proton affinity of
the oxygen bridge in a Ti—O—Ti dimer.

aldehyde absorption are comparable, indicating that the Lewis
acidity of both sites is similar. Even though the calculated
proton affinity of the oxygen of Ti—O—Ti is 35 kJ mol™" more
basic than the oxygen of titanol, the Ti dimer exhibits a much
higher barrier for a-H abstraction. To provide an explanation
for this phenomenon, an energy decomposition analysis of the
enolate-formation step was performed for the monomer and
dimer species. The results of this analysis, shown in Table 4,
suggest that the geometric distortion penalty for transitioning
from state B to state B¥ is 48 kJ mol ™! greater for the dimer
than for the monomer. Therefore, the activation energy for the
dimer is much larger than that for the monomer mainly because

Table 4. Energy Decomposition Analysis of Enolate
Formation over Isolated Titanol Monomer and Dimer
Species

geometric distortion energy (kJ mol™)

species active site substrate
monomer 76 144
dimer 52 216
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of geometric constraints. Even though the oxygen of the dimer
is a stronger base than that of the titanol, it is less able to readily
reach the a-H because of the rigidity of the Ti—O—Ti bridge.
Conversely, the titanol is more flexible, resulting in the more
facile formation of the enolate.

4.0. CONCLUSIONS

The effects of Ti coordination environment and connectivity
on the rate of n-butanal self-condensation were investigated
over Ti—Si catalysts prepared either by incorporating Ti into
the synthesis of SBA-1S to produce Ti-SBA-15 or by grafting Ti
onto the surface of preformed SBA-1S. Comparison of the rates
of aldol condensation for n-butanal and n-butanal-2,2-d, shows
an H/D isotope effect of 2.5, indicating that a-H abstraction
from an adsorbed butanal is the rate-determining step. The
turnover frequency for butanal condensation decreases
monotonically with increasing Ti loading, as an increasing
fraction of the Ti partitions into oligomers. This change is
accompanied by an increase in the apparent activation energy
from S5 to 60 kJ mol™" for monomeric Ti species to 120 kJ
mol ™" for oligomeric species.

Theoretical analysis of the aldol mechanism over an isolated
titanol group demonstrates that a-H abstraction from an
adsorbed alkanal is the rate-determining step, consistent with
the observed kinetic isotope effect. The calculated activation
barrier for enolate formation over isolated titanol, 64 kJ mol™’,
is in very good agreement with what is measured
experimentally. An estimate of the activation barrier for enolate
formation over Ti dimer species led to an activation energy of
123 kJ mol™’, in good agreement with the value measured for a
catalyst containing oligomeric species. Energy decomposition
analysis of the enolate formation step shows that although the
oxygen present on the Ti—O—Ti of the dimer species is more
basic than the oxygen of the Ti monomer species, there is a
larger energetic penalty for the substrate to distort over the Ti—
O-Ti dimer. The oxygen of the titanol is less rigid and is
therefore able to bend more easily to abstract the @-H and form
the enolate.
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