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Abstract

In this paper, the oxidation of trimethylphosphine as an in situ probe reaction was performed to monitor the oxidation ability of dif
species in TS-1 zeolite by31P MAS NMR spectra, which found for the first time direct evidence about the oxidation center of TS-1 z
 2003 Elsevier Inc. All rights reserved.
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Since the first report in 1983 [1], TS-1 (titanium–si
calite) zeolite has been a hot topic in the field of cataly
as TS-1 zeolites have been proven to be a new gener
of oxidation catalysts with very high efficiency [2–7]. B
using H2O2 [1–4], O2 [5,6], and N2O [7] as oxidants, se
lective oxidation of various organic compounds has b
realized. The synthesis and reaction performance, e
cially the characterization of the active centers of the T
zeolite, have attracted the attention of numerous rese
groups. In order to identify the catalytic active centers
TS-1, different approaches such as XRD, IR, Raman,
AFS, XANES, XPS, and solid-state NMR have been e
ployed [8–13], some of which have combined with th
oretical calculations [12,13]. After many arguments, it
now generally accepted that the active titanium species
be roughly ascribed to the framework Ti of the zeol
most likely in a tetrahedral coordination. Solid-state NM
is a powerful tool for characterizing the structure of z
lites, with very good ability for gaining information regar
ing the local structure, geometry, and coordination of
building atoms such as Si and O, or the hetero-substit
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atoms such as Al and Ga. However, for titanium in TS
it is difficult to conduct47Ti/49Ti NMR directly, due to
the quadruple nature of the Ti nucleus, as well as its v
low sensitivity and concentration. Meanwhile, as an a
logue of the titanium in TS-1, the states of the alumin
in the aluminosilicalite zeolite have yielded interesting
formation recently by employing two-dimensional27Al MQ
(multiple-quantum) MAS NMR [14–16], combined wit
the adsorption of probe molecules, such as trimethylp
phine (TMP) and ammonia [16]. Thus, it was verified t
even the framework aluminum in aluminum-substituted
icalite zeolites (calcined or dealuminated) has a confi
ration distribution; i.e., different framework Al sites (fo
example, tetrahedral aluminum species, tricoordinated
minum species, and distorted tetrahedral aluminum spe
within the zeolite lattice could be resolved by this state
art method.

As a counterpart of the aluminum in aluminosilica
the framework titanium species in titanium-substituted
licalite-1 (TS-1) should also have a distribution. Thus,
questions to be answered are how many kinds of fra
work Ti sites are there in TS-1, and which site is
sponsible for the oxidation reactions. Following the p
neer work of Lunsford and other researchers [17–20],
have demonstrated recently by31P MAS NMR spectra
with trimethylphosphine as a probe, that the coordin
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unsaturated framework Ti sites and the distorted tetrahe
Ti sites are the Lewis acid sites of TS-1, whereas the Ti–
groups such as Ti(OSi)3OH within the zeolite lattice are as
sociated with the Brønsted acid sites [23]. Therefore,
possible to discriminate the framework Ti species of diff
ent configurations by differentiating the Brønsted or Le
acid sites observed in31P MAS NMR spectra of TMP-
loaded TS-1. Based on the fact that trimethylphosphine
ide (TMPO) is an excellent probe in distinguishing differe
acid sites, Lunsford had studied the oxidation of TMP
TMPO in Y-type zeolites [21]. By considering these resu
and facts, we infer that the oxidation of TMP is indeed
excellent probing reaction for monitoring the oxidation ab
ity of different Ti species in the TS-1 zeolite, thus enabl
us to answer the question of which Ti species corresp
to the oxidative centers in the TS-1 zeolite. In the pres
study, this kind of probing oxidation reaction is conduc
on both TS-1 and HZSM-5 zeolites, with the hope of find
for the first time direct evidence for the oxidation centers
the TS-1, at least under the conditions employed here.

TS-1 was synthesized by the hydrothermal method.
ing silicate gel as the silicon source, tetraethylorthotitan
(TEOTi) as the titanium source, NH4OH as the base, an
tetrapropylammonium bromide (TPABr) as the template,
reagents were stirred and crystallized at 160–170◦C for 3–5
days. After crystallization the sample was recovered by c
trifugation, washed several times with distilled water, a
dried in an oven. Occluded TPABr were removed by ca
nation in air at 833 K for 6 h. XRD and29Si MAS NMR con-
firmed that the products had the proper TS-1 structure. X
elemental analysis displayed that the ratio of Si/Ti was
Si/Al was 540, and Si/Na was 643. The aluminum in the
sulting TS-1 zeolite probably came from the impurity of t
raw material. HZSM-5 was prepared by a similar meth
using sodium aluminates instead of tetraethylorthotitan
The ratio of Si/Al is 40.

By means of a special home-made device [22], the s
ple was degassed at 673 K in a vacuum (less than 10−2 Pa)
for 20 h. Adsorption of TMP was performed by exposi
the dehydrated sample to saturated TMP vapor at room
perature for 30 min. Excess TMP was removed by eva
ation, and then the sample was exposed to air and allo
to oxidize at 343 K for a certain period of time. All spe
tra were recorded at 298 K after adsorption and oxidat
The 31P MAS NMR spectra were recorded at 161.9 M
on a Bruker DRX-400 spectrometer. The pulse width w
2.0 µs, and 2048 scans were accumulated with a 2-s r
cle delay. Chemical shifts were referenced to 85% H3PO4.
The WINNMR supplied by the instrument manufactu
was employed for spectral deconvolution using Gauss
Lorentzian lineshapes.

The curves from (a) to (f) in Fig. 1 show the31P MAS
NMR spectra of the TMP adsorbed on the TS-1 zeolite
fore (a) and after oxidation in air for different exposure tim
(b)–(f). Before the occurrence of any oxidation, at least
peaks can be explicitly observed in the31P MAS NMR spec-
l

-

Fig. 1. The change of the31P MAS NMR spectra of TMP adsorbed on TS
zeolite, upon heating for a certain period of time at 343 K after expo
to air: (a) fresh adsorption at room temperature, (b) 10 min, (c) 20
(d) 30 min, (e) 40 min, (f) 50 min,∗ presents sideband.

trum (see Fig. 1a). As reported previously, the resonan
at −4.8 and−62.1 ppm in the31P MAS NMR spectra can
be assigned to the protonated and physisorbed TMP, res
tively, [17]. The protonated TMP adducts[(CH3)3P–H]+ in
the case of TS-1 were identified from TiOH in framewo
Ti(OSi)3OH and part of the silanol (SiOH) [23]. The re
onance at−59.8 ppm is ascribed to the physisorbed TM
in which the weakly bonded Na+ ions have an influence o
the chemical shift of the phosphorus [18]. The two peak
−34.2 and−32.0 ppm are related to the TMP adsorbed
Lewis acid sites [23]. In our previous work, we have co
firmed that these two signals are not associated with the
minum in the framework of the TS-1 zeolite, but are rela
to the distorted tetrahedral-coordinated titanium specie
the framework of the zeolite and the coordinate-unsatur
Ti4+ ions, both of which are able to accept electrons tra
ferred from the probe molecule and are thus visible to
31P MAS NMR [23]. Meanwhile, the31P MAS NMR spec-
trum of the HZSM-5 loaded with TMP is shown in Fig. 2
Only two peaks at−3.7 and−62.1 ppm are observed i
the spectrum. A shoulder of the−62.1 ppm peak, which
is located at−61.0 ppm, can only be resolved with spe
tral deconvolution. Similar to TS-1, the peaks at−3.7 and
−62.1 ppm can be ascribed to the TMP adsorbed on
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Fig. 2. The change of the31P MAS NMR spectra of TMP, adsorbed o
HZSM-5 zeolite, upon heating for a certain period of time at 343 K
ter exposure to air: (a) fresh adsorption at room temperature, (b) 30
(c) 60 min, (d) 90 min, (e) 120 min,∗ presents sideband.

Brønsted acid sites of the HZSM-5 and the physisor
TMP, respectively, while the peak at−61.0 ppm is assigne
to the TMP bound to another kind of Lewis acid sites [1
20,24]. It should be noted that no peak at around−30 to
−45 ppm is observed in the case of HZSM-5. The ori
of the Lewis acid sites of aluminosilicates having che
cal shifts in this region has been discussed in our prev
work. They may come from coordinate-unsaturated fra
work aluminum species such as tricoordinated framew
aluminum or octahedral framework aluminum which is th
coordinated in nature [16]. Our observation proves that
framework aluminum ions are much more stable with
spect to the framework Ti ions during thermal treatm
(for removing the template), while only calcination at
higher temperature or hydrothermal treatment can resu
the formation of the peaks corresponding to the disto
or coordinate-unsaturated framework aluminum at−30 to
−45 ppm.

As oxygen was leaked into the sample, the physiso
TMP (−62.1 ppm) on the HZSM-5 was oxidized (Fig. 2b
while the TMP bound to another kind of Lewis acid sits
−61.0 ppm was not easily oxidized. As a result, by incre
ing the exposure time (Fig. 2b–2e), the physisorbed T
peak disappeared, leaving the Lewis acid peak at−61.0 ppm
to be the dominant one. Spectral deconvolution suggests
the intensity of the Lewis acid peak also decreases, but
far less apparent than that of the physisorbed species.
under a more rigorous condition, i.e., by further extend
the oxidation time or using a higher oxidation temperat
can the TMP bounded to Lewis acid sites be thoroughly
idized. Interestingly, the intensity of the peak correspond
to the TMP-Brønsted site adducts (−3.7 ppm) remains al
t

Fig. 3. Concentrations of TMP or TMPO bound to different species
sorbed on TS-1 zeolite in31P MAS NMR spectra as a function of exposu
time. (A) the peak at−62.1 ppm, (B) the peak at−4.8 ppm, (C) the peak a
−34.2 ppm, (D) the peak at−32.0 ppm, (E) the peak at+53.7 ppm.

most unchanged during the oxidation reaction, as show
Fig. 2. This implies that the Brønsted centers of HZSM
are not able to react with oxygen. At the same time, a
broad resonance at+47.6 ppm, which is assigned to the p
ysisorbed TMPO, appears [21], indicating that TMP w
transformed into TMPO, but still attached to the zeo
(Fig. 2b–2e). We need to point out that the oxidation of
ferent TMP species is actually a competition process. O
the oxidation of that kind of TMP which is adsorbed
the sites that have the capability to catalyze the oxida
of TMP exhibits a faster rate than the oxidation of the g
metrically easily accessible physisorbed TMP. Therefore
HZSM-5, the experimental methodology used here was
able to demonstrate the potential ability of the Al site
serve as oxidation centers. At the same time, we also fo
the peaks centered at+24.0 and+12.0 ppm in the spec
tra, which have been disputed for a long time. The pea
+24.0 ppm has been assigned to TMP adsorbed to an
pecially strong Lewis acid site, or a complex between T
and an unidentified soft acid,[(CH3)3P–H]+, or inadverten
oxygen exposure [25–27]. Recently, Haw et al. conside
that the peak at+27.0 ppm was due to P(CH3)4

+, formed
in a reaction that consumes a Brønsted site at the hig
loading of TMP [28].

In the case of the TS-1, on the contrary, the TMP r
onance at−34.2 ppm is the first one to decrease after
sample is exposed to oxygen at 343 K for 10 min, and a
resonance at+53.7 ppm assigned to TMPO bound to Lew
acid sites appears in the spectrum (Fig. 1b) [18]. Ten min
later, 46% of the TMP which corresponds to the peak
−34.2 ppm have been converted to the Lewis-bound TM
at around+53.7 ppm, while there are no obvious change
the signal intensities of other species. Fig. 3 depicts the
centration (%) of TMP or TMPO bound to different spec
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recorded in the31P MAS NMR spectra as a function of exp
sure time. The−34.2 ppm signal decreases with the increa
of the exposure time and disappears absolutely 40 min
(Fig. 3). In contrast, the peak at+53.7 ppm assigned to
the TMPO bound to Lewis acidic sites increases with m
oxygen leakage into the sample. At the same time, we
found that the protonated TMP remains almost intact du
the process, suggesting that the Ti(OSi)3OH group is unable
to catalyze the oxidation of TMP under the present exp
imental conditions. After exposure to air for 30 min, t
intensity of the peak at−32.0 ppm also decreases, whic
indicates that the TMP species bound to another kind
Lewis acid sites begins to be oxidized. 50 min later, alm
all of the Lewis-bound TMP (at−32.0 and −34.2 ppm)
have been oxidized completely, but the physisorbed T
including Na+-coordinated TMP, remains constant. The
fore, the results indicate that among the different specie
the TMP adsorbed on TS-1 zeolite, the Lewis-bound T
is the easiest to be attacked by oxygen. Based on the re
of Lunsford et al., the capacity of the oxidation of Lew
bound TMP is similar to that of the Na+-coordinated TMP
in Na–Y zeolite (without Ti, the Lewis acid sites come fro
defected aluminum) [18]. However, in the present stu
there are almost no oxides of TMP arising from the Na+-
coordinated TMP, even all of the Lewis-bound TMP ha
been oxidized. This indicates that these kinds of Lewis s
(distorted tetrahedral framework Ti sites and coordina
unsaturated framework Ti sites such as tricoordinated fra
work Ti) are the oxidation centers of the TS-1, which a
favorable sites in the competitive oxidation process. For
two kinds of Lewis acid sites observed in the31P MAS
NMR, the one at−34.2 ppm is more active in the oxidatio
reaction. Previously, albeit there is no direct evidence,
eral groups had successfully deduced that Lewis acid
are oxidation centers as well, because they observed
Lewis acid sites were the only sites associated with the
tanium species [29,30]. However, it was reported by us
there exists a distribution of the titanium species in TS
i.e., there are titanium-related Brønsted sites as well [
In the present study, by conducting in situ oxidation re
tions of TMP adsorbed on TS-1 and HZSM-5 zeolites
31P solid-state MAS NMR spectra, we have for the first ti
clearly shown that among the various framework titani
species (such as the Ti(OSi)3OH group, the distorted tetra
hedral Ti species and the coordinately unsaturated Ti
like tricoordinated Ti), only those which correspond to t
Lewis acid sites are the active oxidation centers of TS-1
least specifically for this reaction under current condition2

2 With a few exception, the majority of the partial oxidation reactions
TS-1 zeolite are conducted in an aqueous environment. However, it
most impossible to do the solid-state NMR under such conditions. Whe
the current conclusion holds generally needs a further investigation, bu
can say that Lewis acid centers are the oxidation centers of TS-1, at
under the present conditions.
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