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Abstract The hydroxylamine mechanism of cyclohexa-
none ammoximation on defective titanium active site of
titanium silicalite-1 (TS-1) was simulated using two-layer
ONIOM (M062X/6-31G**:PM6) method. A new energy
favorable reaction route was found, which contained two
parts: (1) the catalytic oxidation of adsorbed NH3 to form
hydroxylamine using the Ti-OOH as an active oxidant
formed by reacting H2O2 with the defective Ti active site;
(2) the subsequent noncatalytic oximation of desorbed hy-
droxylamine and cyclohexanone out of TS-1 pores to form
cyclohexanone oxime. In the catalytic formation of hydrox-
ylamine on the Ti active site of TS-1, the proposed mecha-
nism of two-step single-proton transfer aided by a lattice
oxygen atom bonded to Ti atom need a lower reaction
energy than the mechanism proposed before. In the subse-
quent noncatalytic oximation of hydroxylamine and cyclo-
hexanone, which contained two elementary reaction steps in
total, the mechanisms of one-step double-proton transfer in
the first elementary reaction step and the subsequent one-
step three-proton transfer for the second elementary reaction
step were proposed, in which the solvent water molecules
played a very important role in assisting and stabilizing the
proton transfer processes.

Keywords Cyclohexanone ammoximation . Density
functional calculations . Hydroxylamine mechanism .

ONIOMmethod . Titanium silicalite-1

Introduction

The discovery of titanium silicalite-1 (TS-1) by a group at ENI
[1] opened up new possibilities of developing zeolite-based
green catalytic processes because TS-1 has been demonstrated
to be a remarkable catalyst in the selective oxidation of a large
family of organic molecules with hydrogen peroxide as an
oxidant and water as the sole byproduct. The liquid-phase
ammoximation of cyclohexanone over TS-1 in the presence
of NH3 and H2O2 to synthesize oxime, which was developed
by Enichem [2] three decades ago, is one of important pro-
cesses attracting the industrial interests as cyclohexanone
oxime is the key intermediate in the manufacture of caprolac-
tam which can be used to produce Nylon-6. Being the second
most widely used polyamide in the world [3], Nylon-6 and its
manufacturing allow cyclohexanone oxime to become a high-
ly demanded intermediate and thus of excellent market value.
Compared with the conventional technology of oxime pro-
duction, the liquid-phase ammoximation of cyclohexanone
over TS-1 in the presence of NH3 and H2O2 to synthesize
oxime shows various advantages, such that only one step is
involved, without use of environmentally undesirable chem-
icals like oleum, halides, and oxide of nitrogen, and only a
small amount of by-products are formed. Despite the excellent
catalytic performances reported by several groups using TS-1
zeolite, the deactivation of TS-1 catalyst cannot be ignored
[4]. Ammoximationwas once considered to proceed through a
TS-1-catalyzed oxidation of an intermediate of cyclohexyl-
imine formed by the noncatalytic reaction of cyclohexanone
with ammonia [5]. However, imine species formed, which is
unstable and tends to decompose back to a ketone in the
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presence of a large amount of H2O which is contained inev-
itably in aqueous H2O2 and coproduced during reactions, thus,
the imine species with a too-short lifetime is hard to diffuse
through TS-1 pores to interact with the Ti-OOH species to
give the oxime. So this mechanism was generally considered
to play a minor role in the ammoximation of cyclohexanone
over TS-1. The most accepted mechanism is to proceed
through formation of hydroxylamine as a result of oxidation
of ammonia with hydrogen peroxide catalyzed on the Ti active
sites and the subsequent noncatalytic oximation of ketone
with hydroxylamine to oxime in the homogeneous phase
[6–8]. The experimental results showed that TS-1 exhibits
no obvious shape selectivity for the ketones with a wide range
of molecular sizes and performs high activity in the ammox-
imation of bulky ketones which hardly diffuse in the pores [6,
9]. In the absence of ketones, hydroxylamine was produced
from ammonia over the TS-1 catalyst in the presence of
hydrogen peroxide [10]. Although the latter proposed hydrox-
ylamine mechanism has been demonstrated well by many
experimental results [6–10], the more detailed reaction infor-
mation at the molecule level of cyclohexanone ammoximation
on TS-1 catalyst have not been known, which is helpful in
solving the deactivation problem of TS-1 catalyst and design-
ing a better catalyst for cyclohexanone ammoximation. There-
fore, a detailed classification of the hydroxylamine
mechanism of cyclohexanone ammoximation is not only sci-
entifically valuable, but also industrially important for this
reaction of commercial potential.

The characterization techniques have evidenced the coex-
istence of both regular [Ti(OSi)4] and defective [Ti(OSi)3OH]
sites in TS-1 samples that synthesized following the original
patent [1, 11, 12]. Wells and co-workers [13] carried out a
density functional theory study of the propylene epoxidation
mechanisms on both regular [Ti(OSi)4] and defective [Ti
(OSi)3OH] sites and found the non-defective [Ti(OSi)4] site
had no catalytic activity in the propylene epoxidation reaction
while the defective [Ti(OSi)3OH] site possessed a high cata-
lytic activity. A series of proposed active species [14–17] as
shown in Fig. 1, were considered to be involved in oxidation

reactions in the TS-1/H2O2 system. The diffuse refractance
UV-vis (UV-vis DRS) spectra did not, however, contain in-
formation regarding the titanyl species [18]. Munakata and his
co-workers [17] simulated the hydroxylamine formation on a
non-defective Ti active site (tetraheral coordination site for Ti)
using a 5T cluster model and Ti-O-O-Si as an oxidant but the
active species Ti-O-O-Si was later found to be highly unstable
when imposed by the zeolite lattice [19]. Recently, Wang and
co-workers [20] experimentally proved that the 6-coordinated
Ti-OOH (η2) was the oxidant in the TS-1/H2O2 system.

Computational methods and cluster models

The extended 41T (a T site is a lattice Si or Ti atom
tetrahedrally coordinated by four neighboring lattice O
atoms) cluster model separated from the ZSM-5 zeolite
lattice [21–23] was used to represent the Ti active site and
the zeolite framework in this research. The dangling bonds
resulted from the separation were saturated by substituting
H atoms at O atom lattice positions, and adjusting Si-H bond
lengths to optimized Si-H lengths at the PM6 [24] level
shown in Fig. 2. This model contained a nearly circular
straight channel with dimensions of 5.4–5.6Å and a slightly
elliptical zigzag channel with dimensions of 5.1–5.5Å. Both
channels intersected each other at the middle of the model.
On the basis of the full ab initio study for determining the
preferred defective [Ti(OSi)3OH] sites [25], a T-9 crystallo-
graphic site (there are a total of 12 distinct crystallographi-
cally sites in the ZSM-5 zeolite lattice) was selected for Ti
substitution and its nearest-neighbor Si atom at T-6 site was
removed with the dangling bonds resulted from the elimi-
nation of the Si atom at T-6 site terminated with hydrogen
atoms to model the defective active site. A two-layer
12T/41T ONIOM(M062X/6-31G** : PM6) method was
adopted to model the properties of TS-1 and reactions oc-
curred on it. Electronic DFT with exchange and correlation
functional of M062X [26] was employed to treat the 12T
region containing the Ti active site while the rest was treated
by the semiempirical method PM6 to practically represent
the confinement effect of the zeolite pore structure. The Los
Alamos LANL2DZ [27, 28] effective core pseudopotentials
(ECP) and valence double-ζ basis set were used for the
titanium atom; the full double-ζ basis set plus diffuse func-
tions, 6-31++G(d,p), was applied for the hydroxyl nest
marked in Fig. 2 and all of adsorbates; 6-31G(d,p) for the
rest framework atoms (Si, O, H) of the 12T region. The
frequency calculations were performed on all the intermedi-
ates and transition states. All of the stable geometries with
energy minimum were verified that all the frequencies were
positive, and all of the transition states were verified that
each had only one imaginary frequency corresponding to the
vibration along the reaction pathway, furthermore, intrinsic

Fig. 1 Illustration of proposed oxidative active species in the TS-1/
H2O2 reaction systems
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reaction coordinate (IRC) analysis was performed to further
confirm that each transition state linked its corresponding
reactant and product. The reaction energy barriers were
reported in the electronic energy at 0K with zero-point-
energy (ZPE) correction. Whenever reaction energy barrier
was less than kBT (kB is Boltzmann’s constant, T is absolute
temperature), it was reported as negligible. All the calcula-
tions were conducted using Gaussian 09 suite of programs
[29]. The optimized structural parameters of the TS-1 active
site model, obtained by the method mentioned above were
given in Table 1. The calculated average Ti-O bond length
was 1.79Å, which agreed with the experimental values,
1.793±0.007Å based on XRD [30] but a little shorter than
the values, 1.81±0.01Å obtained by EXAFS [31–33].

Results and discussion

Physical adsorption of H2O2 on the Ti-substituted active site

In order to form the hydroperoxo species (-OOH) intermedi-
ates on the Ti active site in the TS-1 pores, H2O2 should first

diffuse through the pores and adsorb on the Ti active site.With
the introduction of a H2O2 molecule to the defective Ti active
site, it interacted with the Ti active site mainly via one oxygen
atom (labeled as α) of the H2O2 molecule―Ti_H2O2(ads)
shown in Fig. 3a. The interaction between Oα and the Ti site
resembled a coordinative bond with a Ti-O distance of 2.46Å.
The computed adsorption energy was exothermic by
11.2 kcal mol−1, which was in line with the result
obtained by an ONIOM(B3LYP/6-31g(d,p):UFF) method
of 11.6 kcal mol−1 exothermic [34], but was much lower
than that obtained in the theoretical small cluster study
at the BPW91 functional of 17 kcal mol−1 exothermic
[13]. The latter high adsorption energy (17 kcal mol−1)
is attributed to the use of a small quantum cluster that
does not take into consideration the zeolite framework
constraints. In our current reasearch, the adsorption en-
ergy for H2O2 to adsorb onto the 12T cluster model (see
Supporting information S26) without the extended zeo-
lite framework calculated at PM6 method level in the
41T cluster model shown in Fig. 2 was 17.1 kcal mol−1.

Fig. 2 The structure model used for the optimization calculation using
the two-layer 12T/41T ONIOM(M062X/6-31G**:PM6) method. The
high-level region is displayed with balls and sticks and the low level
region is denoted by tubes a shows the straight channel; b shows the
zigzag channel; c shows the 12T high-level region (displayed with
balls and sticks) without the extended zeolite framework(represented
by tubes) at the PM6 level. The atoms within the dashed circle called
hydroxyl nest were calculated at the m062x/6-31++g(d,p) level

Table 1 Selected optimized structural parameters of the TS-1 active
site model calculated at the 12T/41T ONIOM(M062X/6-31G**:PM6)
method level <Ti-O> represented the average Ti-O bond length

Bond distance(Å) Experimental values(Å)a

Ti-O1 1.77

Ti-O2 1.82

Ti-O3 1.74

Ti-O4 1.83

<Ti-O> 1.79 1.793±0.007, 1.81±0.01

a 1.793±0.007 was taken from reference [30], 1.81±0.01 was taken
from reference [31–33]

Fig. 3 a The physical adsorption of H2O2 on defective Ti active site of
TS-1—TS-1_H2O2(ads); b the transition state for Ti-OOH(I) formation
—Ti-OOH(TS). For clarity, some parts of the quantum region and of
semi-empirical region were omitted (The color code for all figures is:
small white spheres are hydrogen atoms; red spheres are oxygen atoms;
yellow sphere is titanium atom; greenish gray spheres are silicon atoms;
pure gray spheres are carbon atoms; blue spheres are nitrogen atoms)
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Oxidative active site formation

The physisorption of H2O2 on the Ti active site was recently
reported in an experiment conducted by Wang et al. [20], in
which they proved that the Ti-OOH (η2) intermediates, not
the physisorbed H2O2, were the active sites for propylene
epoxidation. Wells et al. [19] compared the oxidative ability
between the physisorbed H2O2 (undissociated adsorption
form) and the other Ti-OOH intermediates (dissociated ad-
sorption forms) toward propylene epoxidation by the DFT
computation, and found the reaction energy barrier was
much higher for the physisorbed H2O2 than the Ti-OOH
intermediates. So, similarly, we only considered the disso-
ciated adsorption form of H2O2 in the hydroxylamine for-
mation process. In the current research, the physically
adsorbed H2O2―Ti_H2O2(ads) went through a transition
state―Ti-OOH(TS) to form the dissociated adsorption for-
m―Ti-OOH(I), which are shown in Figs. 3 and 4. The
reaction energy barrier for this elementary step was
10.9 kcal mol−1. The imaginary vibration mode obtained
from the frequency calculation corresponded to the proton-
ation of the titanol group. The Hα of H2O2 migrated directly
to the titanol (-OH) group while, simultaneously, the Oα
was bonding with the Ti active site. The results of this
proton-transfer process were the formation of a water mol-
ecule and the titanium hydroperoxo complexes―Ti-OOH(I)
shown in Fig. 4a. The titanium hydroperoxo complexes (Ti-
OOH) formed were either in a mono (η1) or bidentate (η2)
form [11, 13, 34–36]. Figure 4 shows several configurations
of Ti-OOH species, the monodentate (η1) structure―Ti-
OOH(I), the first Ti-OOH species formed after H2O2

contacted with the Ti active site was the most stable one,
7.3 kcal mol−1 more stable than the undissociated adsorption
complex TS-1_H2O2(ads). For the bidentate (η2) structur-
es―Ti-OOH(II), Ti-OOH(III) and Ti-OOH(IV), the Ti-
OOH(IV) was the most stable one in comparison with Ti-
OOH(II) and Ti-OOH(III) configuration and it was 5.6 kcal
mol−1 more stable than the undissociated adsorption com-
plex TS-1_H2O2(ads). With respect to TS-1_H2O2(ads)
complex, the Ti-OOH(III) configuration was 3.5 kcal
mol−1 more stable, whereas Ti-OOH(II) was found to be
the least stable structure, 0.4 kcal mol−1 less stable.

Hydroxylamine formation

In the quantum chemical studies for the mechanism of
epoxidation of ethylene [16, 37, 38], the ethylene attack at
the proximal Oα (directly bonded to Ti) of the hydroperoxo
species needed a much lower energy barrier than the attack
at distal Oβ atom. So we only considered the NH3 attack at
the proximal Oα atom of the hydroperoxo species. As it was
stated in the previous section, the water molecule which

Fig. 4 a shows Ti-OOH(I); b shows Ti-OOH(II);c shows Ti-OOH
(III); d shows Ti-OOH(IV). For clarity, some parts of the quantum
region and of semi-empirical region were omitted

Fig. 5 a shows Ti-OOH(IV)_NH3(ads); b shows NH3-ONH3(TS); c
shows TS-1_ONH3(ads). For clarity, some parts of the quantum region
and of semi-empirical region were omitted
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formed during the formation of the Ti-OOH(I), tightly co-
ordinated to the Ti active site next to the proximal Oα atom,
so it prevented NH3 molecule to access the active oxygen
(Oα) atom of Ti-OOH(I). Recently, Wang et al. [20] exper-
imentally proved that the Ti-OOH (η2) was the oxidant in
the TS-1/H2O2 system. So the bidentate (η2) configurations
were considered to be involved in the catalytic hydroxyl-
amine formation process and only the bidentate (η2) Ti-
OOH(IV) was chosen because it was the energetically most
stable configuration among the bidentate (η2) structures but
was 1.7 kcal mol−1 less stable than the mono (η1) Ti-OOH
(I) (the first Ti-OOH species formed after H2O2 reacted with
the Ti active site), and it should be noted here that the main
structure differences between the mono (η1) Ti-OOH(I) and
bidentate (η2) Ti-OOH(IV) were the position of the water

molecule and the orientation of the –OOH group, which can
be found in Fig. 4 and in the Supporting information (S4–
S7). So the first formed mono (η1) Ti-OOH(I) just isomer-
ized to the slightly less stable bidentate (η2) Ti-OOH(IV)
without experiencing a transition state. After the Ti-OOH
was formed by reacting a H2O2 molecule with the Ti active
site, one NH3 molecular came to adsorb on Ti-OOH(IV)
through a hydrogen bond with one of the silanol groups of
the defective site to form Ti-OOH(IV)_NH3(ads) (Fig. 5a)
and the adsorption energy was 10.9 kcal mol−1 exothermic.
Then the next step was the oxidation of NH3 to form an
intermediate O-NH3. From the analysis of the normal-mode
coordinates of the only imaginary frequency in the transition
state of NH3 oxidation—NH3-ONH3(TS) (Fig. 5b), the
main event was the break of the Oα-Oβ of Ti-OOH(IV)
and the Oα-N bond formatting. The reaction energy barrier
corresponding to the transition state of NH3 oxidizing was
23.9 kcal mol−1. The resulted adsorbed intermediate
ONH3―TS-1_ONH3(ads) is shown in Fig. 5c, from which
we could find that the Oα now bonding to N atom formed a
coordinative bond with the Ti active site, the distance was
2.13Å and a strong hydrogen bond 1.52 Å in length with a
silanol group. Another hydrogen bond formed between the
H2 and O2 with 1.62 Å in length. With the aid of the
framework oxygen atom bonded to Ti active site, the inter-
mediate ONH3 went through a two-step single-proton trans-
fer process to form the hydroxylamine. The first transition
state structure—ONH3-Int(1)(TS) shown in Fig. 6a, led the
adsorbed O-NH3 to transform into an intermediate—Int(1)
shown in Fig. 6b. The first proton transfer step was a proton
from the N atom to the framework O atom bonded to Ti
active site. From Figs. 5 and 6, we could clearly see that in
the transition process, the bond N-H2 had broken with
distance from 1.06 to 1.41 Å meanwhile the bond O2-H2
was formed with distance from 1.62 to 1.10 Å. The reaction
energy barrier for the first step was negligible. The

Fig. 6 a shows ONH3-Int(1)(TS); b shows Int(1); c shows Int(2); d
shows Int(2)-NH2OH(TS). For clarity, some parts of the quantum
region and of semi-empirical region were omitted

Fig. 7 a shows
C6H10O_NH2OH_H2O; b
shows C6H10O_NH2OH_H2O
(TS); c shows intermediate—
Int_oximation_H2O; d
shows intermediate—
Int_oximation_5H2O
surrounded by five water
molecules (labeled as A, B, C, D,
E) e shows oxime_5H2O(TS).
For clarity, some of the atoms of
the six-member ring in (d) and
(e) were denoted by lines

J Mol Model (2013) 19:2217–2224 2221



intermediate Int(1) then absorbed energy of 9.7 kcal mol−1

experiencing a clockwise rotation to transform to another
conformation—Int(2) shown in Fig. 6c. The second proton
transfer step was the proton transfer from O2 to Oα to
finally form the hydroxylamine and the transition state Int
(2)-NH2OH(TS) is shown in Fig. 6d. The reaction energy
barrier for the last step was 1.7 kcal mol−1. The structure of
hydroxylamine formed on the Ti active site—Ti_NH2OH
(ads) was shown in the Supporting Informaton S15.

Oximation of hydroxylamine and cyclohexanone

The mechanism of ammoximation on TS-1, which consists
of the catalytic formation of hydroxylamine as a result of
oxidation of ammonia with hydrogen peroxide on the Ti
sites and the noncatalytic oximation of ketone with hydrox-
ylamine in the homogeneous phase to oxime, has clearly
been verified by the experiments [6–8]. Furthermore, the

molecule size of cyclohexanone ( about 4.3 ×5.0 Å) is only
slightly smaller than the sizes of TS-1 pores of 5.4 –5.6 Å
(straight channel) and 5.1–5.5 Å.( zigzag channel). So it is
expected that NH2OH can diffuse more easily out of the
pores into the solution than cyclohexanone diffusing into the
pores since NH2OH whose molecular size (2.5 Å) is much
smaller than the pores of TS-1. The titanium zeolite-
catalyzed reactions have been reported to depend greatly
on the nature of the solvent used. Roffia et al. had suggested
that the ammoximation over TS-1 proceeded very well in
the co-solvent of H2O and t-butanol [39] while Thangaraj et
al. had shown that the best solvent for the ammoximation of
cyclohexanone over TS-1 was water [5]. Wu et al. also
confirmed that the best solvent for the ammoximation of
cyclohexanone over Ti-MOR was water [6]. The effect of
solvent is one of the most complicated issues in the catalytic
system of titanosilicate/H2O2. So what is the role played by
water in the ammoximation of cyclohexanone in the above

Fig. 8 Energy profile for the reaction pathway for hydroxylamine
formation on defective TS-1 cluster model. The energy of the initial
separate reactants (TS-1 + H2O2 + NH3) was taken as the reference

base (the Gibbs free energies profile was also shown in Fig. S27 in
Supporting information)

Fig. 9 Energy profile for
the noncatalytic oximation
of hydroxylamine and
cyclohexanone. The
energy of the complex
C6H10O_NH2OH_H2O and
four isolated H2O was taken as
the reference base (the Gibbs
free energies profile was also
shown in Fig. S28 in
Supporting information)
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mentioned experiments? Based on the discussion above, we
postulated NH2OH react with cyclohexanone out of the
pores of TS-1 and studied the effect of water molecules
which exist in large amount as the solvent. Substitution of
the hydroxylamine molecule adsorbed on the Ti active site
with one H2O2 molecule resulted in 6.5 kcal mol−1 exother-
mic. The desorbed NH2OH molecule then interacted with
cyclohexanone through a bridge-linking H2O molecule—
C6H10O_NH2OH_H2O shown in Fig. 7a, from which we
could see that two hydrogen bonds were formed, one be-
tween the O atom of the cyclohexanone and the water
molecule with 1.89 Å in length, the other one between H
atom of hydroxylamine and the water molecule with 2.14 Å
in length. Then the complex—C6H10O_NH2OH_H2O went
through a one-step double-proton transfer process to form
the intermediate—Int_oximation_H2O shown in Fig. 7c.
The transition state—C6H10O_NH2OH_H2O(TS) is shown
in Fig. 7b, the imaginary vibration mode obtained from the
frequency calculation showed the synchronized dual proton-
transfer mechanism where two protons, one from NH2OH
and another from water molecule, moved simultaneously
toward the partial negative-charge oxygen atoms (labeled
as A and L ). The reaction energy barrier for the one-step
double-proton transfer mechanism was 12.8 kcal mol−1. The
next step was the formation of cyclohexanone oxime. Be-
sides the water molecule introduced in the first step, another
four water molecules were introduced to interact with the
complex Int_oximation_H2O to form the complex Int_ox-
imation_5H2O and the five water molecules in total were
labeled from A to E in alphabetical order which are shown in
Fig. 7d. The transition state—oxime_5H2O(TS) is shown in
Fig. 7e, the imaginary vibration mode obtained from the
frequency calculation showed the synchronized three proton-
transfer mechanismwhere three protons, one fromN atom and
two from water molecules (B and C), moved simultaneously
toward the partial negative-charge oxygen atoms (labeled as
B,C,L ). Besides the two water molecules ( B and C) whose
hydrogen atoms participated in the proton transfer process, the
other three water molecules (A, D and E) each formed a strong
hydrogen bond with the three stranded OH groups, respec-
tively (Fig. 7e), to greatly stabilized the proton transfer pro-
cess. The reaction energy barrier was 23.1 kcal mol−1. The
two elementary reaction steps for oximation of hydroxylamine
and cyclohexanone were also calculated without the partici-
pation of water molecules (the two transition states can be
found in the Supporting information S22 and S24) and the
reaction energy barriers were 31.6 and 51.7 kcal mol−1, re-
spectively, which were much higher than the situation with
water molecules (12.8 kcal mol−1 and 23.1 kcal mol−1). En-
ergy profile for the reaction pathway of hydroxylamine
formation on defective TS-1 cluster model and of the
noncatalytic oximation of hydroxylamine and cyclohex-
anone are shown in Figs. 8 and 9, respectively.

Conclusions

Density functional theory calculations were performed to
study the hydroxylamine mechanism of cyclohexanone
ammoximation on defective titanium active site of titanium
silicalite-1 (TS-1) catalyst. The reaction mechanism with
bidentate (η2) Ti-OOH species as an oxidant which was
recently experimentally proved as the oxidant in the TS-
1/H2O2 system, was exploited in the postulated reaction
pathways for the catalytic formation of hydroxylamine from
ammonia, the two-step single-proton transfer mechanism for
intermediate ONH3 transforming to NH2OH went through a
lower reaction energy barrier than that of one-step single-
proton transfer mechanism proposed by Munakata. The
proposed subsequent noncatalytic oximation of hydroxyl-
amine and cyclohexanone with water as solvent disclosed
that the water molecules not only assisted the proton trans-
ferring but also stabilized this proton transferring process
through hydrogen bonds.
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