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Heterogeneous Catalysis

In Situ Magnetic Resonance Investigation of
Styrene Oxidation over TS-1 Zeolites**

Jiangin Zhuang, Gang Yang, Ding Ma,* Xijie Lan,
Xiumei Liu, Xiuwen Han, Xinhe Bao,* and
Ulrich Mueller

As an efficient catalyst for the selective oxidation of various
organic substrates,'! the titanium molecular sieve TS-1 has
shown great potential in industry, as it is also environmentally
benign. Over the past few decades, the synthesis of TS-1 as
well as novel reactions based on it, including the mechanisms
of these reactions, have attracted the attention of many
researchers from experimental and computational fields."

For example, with aqueous H,O, as the oxidant, alkenes
are converted into epoxides with high efficiency under mild
conditions. With FTIR spectroscopy, Frei and Lin observed
the TiOOH species that was determined to be the active site
in the oxidation of small olefins.”) When the reaction was
extended to styrene, however, the main product was phenyl-
acetaldehyde (PADH), and only a small amount of epoxide
was obtained.'*%! Accompanying by-products included benz-
aldehyde (BADH) from cleavage of the C—C bond and 1-
phenyl-1,2-ethanediol (DIOL) from hydrolysis in the pres-
ence of water.”® Some reports claimed that a synergic effect
of TIOOH and a polar solvent (such as water) provided an
acidic environment and thus promoted the isomerization or
hydrolysis of styrene epoxide.’* However, contrary opinions
have been voiced based on the fact that the rearrangement of
styrene epoxide is difficult owing to its high stability under the
reaction conditions.”! The oxidation of styrene may instead
proceed by a radical mechanism with help from the aromatic
nt ring. Therefore, PADH might be obtained directly from
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styrene, with the formation of styrene epoxide being a
competitive process. Kumar et al. used EPR spectroscopy to
observe the formation of Ti-superoxo radicals in TS-1
catalysts upon contact with H,O, or urea-hydroperoxide
(UHP). The key site was determined to be a Ti-superoxo
species such as TIOOH or TiOO-"*-*l However, there was no
direct evidence for how PADH and styrene epoxide were
formed, and the overall reaction is still far from being
understood.

In the present work, in situ NMR spectroscopy, one of the
most powerful tools for the study of catalytic mechanisms,”
was applied to study the oxidation of styrene over TS-1
zeolites with UHP. The role of the Brgnsted acidic sites, the
catalytically active sites, and the intermediates of PADH
formation were investigated. To supplement the NMR data,
EPR spectroscopy was also used. This technique is very
sensitive to paramagnetic species with one or more unpaired
electrons, and enables the detection of even small amounts of
the active sites or reaction intermediates. Through the
combination of density functional theory with the gauge-
invariant atomic orbital (GIAO) method, the *C chemical
shifts of some key products were calculated. Then, a
mechanism for the overall reaction was proposed and verified
by subsequent density functional calculations.

Two kinds of TS-1 zeolite samples were used in the study:
one without Brgnsted acidity (sample A) and one with
Brgnsted acidity (sample B). The acidity was confirmed by *'P
MAS NMR spectroscopy with trimethylphosphane (TMP) as
the probe (see the Supporting Information). When B-"C-
enriched styrene was adsorbed on sample A, two peaks
centered at 0 =113.2 and 128.0-140.0 ppm were observed
(Figure 1 A). These peaks correspond to the f§ carbon atom
and the other carbon atoms in styrene, respectively. When
styrene was adsorbed on premixed UHP and sample A, the
conversion of styrene can be observed (Figure 1B). In
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Figure 1. The in situ >C MAS NMR spectra of styrene adsorbed on
sample A (A), and for the reaction of styrene with a mixture of sample
A and UHP at 313 K after 0 min (B), 15 min (C), and 45 min (D). The
asterisks represent side bands.
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addition to the signals of the reactant, two narrow peaks
centered at  =50.2 and 102.2 ppm appeared. The former is a
typical signal for the § carbon atom of styrene epoxide, which
is formed by the epoxidation of styrene with UHP.**!% The
latter signal is in the range for O-C-O species and assigned to
a hemiacetal species 1 bound to framework Ti species of the
zeolite. The local structure of the hemiacetal species was
optimized by density functional calculations, and then the *C
chemical shift was computed by the GIAO method (see the
Supporting Information). The calculated chemical shift of this
species is 0 =102.7 ppm, in agreement with the experimental
value of  =102.2 ppm. In addition, a broad peak at 0 = 64.0-
68.0 ppm appeared, which can be assigned to a glycol species
bound to the framework Ti species. This assumption was
confirmed by calculation of the chemical shift at = 64.7 ppm
for the corresponding structure 2 (see the Supporting
Information).
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When the sample was heated at 313 K after adsorption,
the intensity of the signal for the hemiacetal species increased
at the expense of that of styrene (Figure 1C, D). Meanwhile,
the intensity of the signal for the styrene epoxide decreased
slightly and, at the same time, a broad peak at 6 =64.0—
68.0 ppm appeared. In addition there were two other new
peaks: one centered at 0 =163.2 ppm is ascribed to formic
acid, arising from further oxidation of styrene, and one at 6 =
87.0 ppm is due to an alkoxy group, whose nature needs
further investigation. It is important that no signal at 6 =
200 ppm corresponding to PADH, the dominant product for
styrene oxidation with aqueous H,O,, was detected.

Based on these results, it is clear that, with UHP as the
oxidant, styrene was mainly converted into the hemiacetal
species when catalyzed by TS-1 zeolite without Brgnsted acid
sites. On the other hand, the concentration of the side
product, styrene epoxide, decreases slightly with increasing
reaction time (Figure 1B-D), suggesting that it may be in
equilibrium with other minor products. The hemiacetal
species are stabilized by the framework of the TS-1 zeolite
and thus cannot be released. Therefore, without Brgnsted
acid sites, styrene could not be converted into PADH.

However, when TS-1 zeolite containing Brgnsted acid
sites (sample B) is used, a different picture is presented. Most
importantly, after styrene reacted with a premixture of UHP
and sample B (Figure 2 C) for 15 min at 313 K, a new peak at
around 0 =202.0 ppm appeared. The intensity of the signals
for the corresponding species increased as the reaction
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Figure 2. The in situ *C MAS NMR spectra of styrene adsorbed on
sample B (A), and for the reaction of styrene with a mixture of sample
B and UHP at 313 K after 0 min (B), 15 min (C), and 45 min (D). The
asterisks represent side bands.

proceeded (Figure 2D, E). On the other hand, the intensity of
the signal for the hemiacetal species (J0=102.2 ppm)
increased at first and passed through a maximum at the
same time as the depletion of styrene and the formation of
PADH, strongly suggesting that the hemiactetal species are
intermediates for PADH production. This rules out the
previous assumption that PADH results from the rearrange-
ment of styrene epoxide.! The intermediate role of the
hemiacetal species in the production of PADH is in agree-
ment with the well-documented equilibrium between hemi-
acetal and acetal, that is, the hemiacetal can be converted into
the acetal under acidic conditions."!! Significantly, the only
difference between the two samples is that sample B contains
Brgnsted acid sites; that is, Brgnsted acid sites catalyzed the
conversion of hemicactal into PADH. Without Brgnsted acid
sites, PADH is not formed, and the hemiacetal species
remains bound to the zeolite framework (Figure 1).

Much to our surprise, if a mixture of sample A and UHP is
put aside overnight at room temperature and then allowed to
react with styrene, no hemiacetal species is formed (Figure 3).
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Figure 3. The >C MAS NMR spectra of styrene upon reaction with a
mixture of UHP and sample A at 313 K after 0 min (A), 10 min (B),
20 min (C), and 40 min (D). Before the adsorption of styrene, the
mixture of UHP and sample A was stored at room temperature
overnight.
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The sole product was a small amount of styrene epoxide (0 =
50.2 ppm). As the reaction proceeded, trace amounts of two
other minor products were observed, such as a glycol species
at about 0 =68.0 ppm; no aldehyde was detected. This result
was completely different from that obtained upon the
immediate adsorption of styrene onto the mixture of sample
A and UHP (Figure 1), implying that the catalytic species
responsible for the formation of the hemiacetal had decom-
posed during the long delay. This interesting phenomenon
prompted us to investigate in detail the effect of delay time on
the product distribution. Figure 4 depicts the ratio of the
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Figure 4. Plot showing the ratio R of hemiacetals to epoxide as a
function of delay time before styrene adsorption/reaction. This ratio
decreased with an increase in delay time. The intensities of the differ-
ent species were obtained by integrating the area under corresponding
peaks in the >°C MAS NMR spectra.

hemiacetal species to epoxide as a function of delay time. The
ratio decreased as the delay time increased, and after a 12-h
delay, the hemiacetal species was no longer present
(Figure 3).

We also followed the styrene oxidation by in situ EPR
spectroscopy. Figure 5a shows the EPR spectra of sample A
and UHP at room temperature with different delay times.
Two distinct signals were observed, which indicated the
existence of different Ti** sites in the mixture. The stronger
signal (g,=2.0023, g,=2.0090, g, =2.0280) was assigned to
the Ti-superoxo species from the interaction between the
framework Ti and UHP. The other weak resonance at g. =
2.0200 was caused by the (SiO),(OH)TiOO™ species, that is,
the defects in the TS-1 zeolite!'” or the superoxo anion
dispersed on extra framework Ti sites.'”) As time went on, the
signal at g, =2.0280 gradually wore off, whereas the signal at
g.=2.0200 remained almost unchanged, indicating that the
Ti-superoxo species in the framework Ti sites was not stable
and easily quenched. When this result is coupled with that
from the NMR experiment, in which the ratio of hemiacetal
to epoxide decreased with the delay time, it is clear that
production of the hemiacetal species decreased with quench-
ing of the Ti-superoxo species. Thus it is natural to conclude
that the Ti—superoxo species was critical in the formation of
the hemiacetal species, that is, it represents the active center
for the formation of the hemiacetal species. To further
support this conclusion, different amounts of styrene were
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Figure 5. a) The EPR spectra of sample A after interaction with UHP at
RT for different lengths of time: A) 0 min, B) 20 min, C) 30 min,

D) 45 min, E) 55 min, F) 90 min. b) The EPR spectra of the reaction of
sample A and UHP with different amounts of styrene: A) 0 mL,

B) 0.05 mL, C) 0.10 mL, D) 0.15 mL, E) 0.20 mL, F) 0.25 mL,

G) 0.50 mL, H) 0.75 mL.

added to the mixture of TS-1 and UHP at 293 K (without
delay time). Indeed, the signal at g,=2.0280 decreased in
intensity as the Ti-superoxo species was consumed by the
additional styrene, whereas the signal at g, =2.0200 remained
almost intact (Figure 5b). This again proved

that the Ti superoxo radical species formed on

tetrapodal Ti ions was involved in the oxidation H

of styrene and is responsible for the formation of \

the hemiacetal species.

It is generally accepted that the first step in
the oxidation by the TS-1/H,0O, system is the
formation of the TIOOH species, the species
responsible for the epoxidation.'™214l While
the production of the epoxide species was not
disturbed by a delay in reaction, it is clear that it
is formed at a different active center than the Sio
hemiacetal species, the precursor of PADH.
This is different from previous studies that Sio
suggested that PADH is just the rearrangement
product of epoxide.l! As TIOOH is the precur-
sor for the generation of the Ti-superoxo
species (by the reaction TiOOH+HO'—
TiOO' +H,0),™ the epoxidation and the rad-
ical reaction to form the hemiacetal/PADH are
competitive processes.

Based on these results and the theoretical
calculations (see the Supporting Information), a
mechanism for the oxidation of styrene is
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Scheme 1. The proposed mechanism for the formation of TIOOH and
styrene epoxide.

proposed (Schemes 1 and 2). First, the framework Ti species
(which may be distorted!") reacts with H,O, to form TIOOH.
Second, TIOOH either oxidizes styrene to styrene epoxide or
reacts with the OH" radical (generated from the decomposi-
tion of H,0,) to form the Ti-superoxo radical species. Third,
the superoxo species interacts with the C—C double bond of
styrene to form a new organic radical 3, which is immediately
converted into another radical 4 through hydrogen transfer
from the 3-C atom to the a-C atom of the styrene side chain.
According to the theoretical calculations this process is
thermodynamically favorable (see the Supporting Informa-
tion). Finally, the OH" radical terminates the chain reactions
and form the hemiacetal species ("*C MAS NMR signal at 6 =
102.2 ppm). Without Brgnsted acid sites (as with sample A,

SIO\ /O\ Ho' SiO\ /O\

ph  SIO—Ti OH SIO—Ti 0. +HO
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Scheme 2. The proposed mechanism for the radical reaction leading to the hemiacetal
species and PADH.
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Figure 1) the hemiacetal species is stable on the catalyst
surface and with Brgnsted acid sites (sample B) it is converted
into aldehyde and then released from the zeolite framework
(Figure 2). At the same time, TIOOH is recovered and thus
the catalytic cycle is accomplished.

In summary, the mechanism of styrene oxidation by TS-1/
UHP is discussed in detail. It was verified that the Ti-
superoxo radical is responsible for the formation of the
hemiacetal species, while Brgnsted acid sites offer the active
centers for the transformation of the hemiacetal species to
PADH. Without these Brgnsted sites, the hemiacetal species
remain stable on the framework of TS-1, and accordingly no
PADH is formed. Therefore, styrene epoxide and PADH are
formed by two competing processes: PADH does not result
from further reaction of styrene epoxide, as previously
suggested. Through the combination of experimental results
and theoretical calculations, a more reasonable mechanism
for styrene oxidation has been proposed.

Experimental Section

The two different TS-1 zeolites with (sample B) or without
(sample A) Brgnsted sites were synthesized according to a BASF
Aktiengesellschaft patent (WO 01/14251). X-ray diffraction con-
firmed the MFI structure of both samples. Chemical analysis was
performed with a SRS 3400 X-ray fluorescence spectrometer. The
overall SiO,/TiO, ratios of these samples are 50 (sample A) and 52
(sample B).

The acidity in the samples was characterized by *'P MAS NMR
spectroscopy of trimethylphosphane (TMP) adsorbed on TS-1
zeolites. The samples were dehydrated by heating at 673 K under
vacuum (below 1072 Pa) for 20 h. The adsorption of TMP (Acros
Organics) was performed by exposing the dehydrated sample to a
saturated vapor pressure at room temperature for 30 min. Each
sample was then evacuated for 20 min to remove the TMP physi-
sorbed on the surface. The sample was then filled into an NMR rotor
and sealed without exposure to air.

In situ >C MAS NMR spectra were measured by adsorbing B-*C-
rich styrene (Cambridge Co.) on samples A and B with a homemade
device. Before adsorption the samples were dehydrated by heating at
673 K under vacuum (below 1072 Pa) for 20 h and then used directly
or mixed with urea-hydroperoxide (Acros Organics) uniformly under
N,. The mixture was evacuated at room temperature for 5 min and
styrene was then loaded at —196°C (liquid nitrogen). The sample was
evacuated for 20 min to remove physisorbed styrene. Subsequently, it
was treated at 313 K for a precisely controlled period of time, and
then packed into the rotor.

All NMR spectra were obtained at room temperature on a
Bruker DRX-400 spectrometer with a BBO MAS probe using 4-mm
ZrO, rotors. The P MAS NMR spectra with high-power proton
decoupling were obtained at 161.9 MHz by using a 2.0-ps pulse, 2-s
repetition time, and 1024-2048 scans; the samples were spun at 6 kHz
and referenced to 85% H;PO,. The *C MAS NMR measurements
were made at 100.6 MHz with high-power proton decoupling by using
a 2-ps pulse and 2-s repetition time. For each *C spectrum, 1600 free
induction decays were accumulated with a sample spinning rate of
7 kHz. Adamantane was used as the reference of the chemical shift.
The WINNMR program supplied by the instrument manufacturer
was employed for spectral deconvolution by using Gaussian—
Lorentzian lineshapes.

EPR spectra were recorded on a JEOL ES-EDX3 spectrometer.
Prior to the measurements, the samples (100 mg) were dehydrated at
673 K for 2 h under He and then mixed with 30 mg of UHP. The EPR
spectra were recorded at room temperature, operating at an X-band
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frequency of 9.42 GHz and 100 kHz field modulation with a micro-
wave power of 1 mW. The g factors were calculated by taking the
signal of manganese as standard.
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