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ABSTRACT
The Effect of Nitrogen Surface Ligands on Propane Metathesis: Design
and Characterizations of N-modified SBA15-Supported Schrock-type
Tungsten Alkylidyne
Ahmed Abdelkader Eid
Catalysis, which is primarily a molecular phenomenon, is an important field of
chemistry because it requires the chemical conversion of molecules into other molecules.
It also has an effect on many fields, including, but not limited to, industry, environment
and life Science[1].
Surface Organometallic Chemistry is an effective methodology for Catalysis as it
imports the concept and mechanism of organometallic chemistry, to surface science and
heterogeneous catalysis. So, it bridges the gap between homogenous and heterogeneous
catalysis[1].
The aim of the present research work is to study the effect of Nitrogen surface ligands
on the activity of Alkane, Propane in particular, metathesis. Our approach is based on the
preparation of selectively well-defined group (VI) transition metal complexes supported
onto mesoporous materials, SBA15 and bearing amido and/or imido ligands. We choose
nitrogen ligands because, according to the literature, they showed in some cases better
catalytic properties in homogenous catalysis in comparison with their oxygen
counterparts[2].
The first section covers the modification of a highly dehydroxylated SBA15 surface
using a controlled ammonia treatment. These will result in the preparation of two kind of
Nitrogen surface ligands:
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-

One with vicinal silylamine/silanol, (≡SiNH2)(≡SiOH), noted [N,O]SBA15
and,

-

Another one with vicinal bis-silylamine moieties (≡SiNH2)2, noted
[N,N]SBA15[3].

The second section covers the reaction of Schrock type Tungsten Carbyne [W(≡CtBu)(CH2-tBu)3] with those N-surface ligands and their characterizations by FT-IR,
multiple quantum solid state NMR (1H, 13C), elemental analysis and gas phase analysis.
The third section covers the generation of the active site, tungsten hydride species.
Their performance toward propane metathesis reaction using the dynamic reactor
technique PID compared toward previous well-known catalysts supported on silica oxide
or mesoporous materials[4].
A fairly good turn over number (TON = 43) has been obtained following hydrogen
treatment of tungsten alkylidyne supported on [N,O] SBA151100, in comparison with TON
of zero in the obtained with [N,N] SBA15 and classical SiO2 silica support. Therefore, the
cooperation between silylamine and silanol in close vicinity are required to improve the
efficiency of the catalyst in the metathesis of propane.
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LIST OF ABBREVIATIONS
NpH

Neopentane

tBu

Tert-butyl

SBA151100

Santa Barbara Amorphous type material (silica) dehydroxylated at 1100 °C

[N,O] SBA151100

Santa Barbara Amorphous type material (silica) dehydroxylated at 1100 °C
following treatment by ammonia at 200 °C for 30 min.

[N,N] SBA151100

Santa Barbara Amorphous type material (silica) dehydroxylated at 1100 °C
following treatment by ammonia at 500 °C for 6 h.

NMR

Nuclear Magnetic Resonance

XRD

X-ray Diffraction

BET

Brunauer-Emmett-Teller

FT-IR

Fourier Transform Infra-Red spectroscopy.

GC

Gas Chromatography

HVL

High Vacuum Line

R

Gas constant = 8.3145 J/K-1mol-1

T

Temperature in K

RT

Room temperature

TON

Turn Over Number

TOF

Turn Over Frequency

SOMC

Surface Organometallic Chemistry

EA

Elemental Analysis

CP/MAS

Cross Polarization/Magic Angle Spinning with Dipolar Decoupling solid
state NMR
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1.

Objectives and Strategies
Immobilization of homogenous catalysis onto solid supports that produces

heterogeneous catalysts is principally important in catalysis development. This system
could maintain the selectivity obtained by homogeneous catalytic system. In addition, it
would be easily reused as heterogeneous one.
As the concentration of different active site is very low, the development of more
valuable catalyst has been delayed despite that chemical industry has often gave a
preference to heterogeneous catalysis[1]. These factors have to be offset by discovering new
surface species and by improving our understanding of these surface reactions as well.
By definition, catalysis is a molecular phenomenon, so it must involves synthesis of
a well-defined surface organo metallic intermediates. Thus, in order to construct an
improved catalyst, we have to be able to design well-defined active sites, evaluate its
catalytic performance and estimate a relationship between structure and activity.
Until now, SOMC was just dealing with oxide surface[5] and this limits its field. So,
new methodologies have to be developed. It was expected that the nitrogen donor surface
ligand

[3,6]

with a controlled electronic properties will give us a good overview of the

properties of the alkane metathesis reaction. The use of nitrogen (N)-metal (Mt) bond has
provided some significant improvements for the catalytic activity of several homogeneous
systems[2]. Thus, many transition metal complexes bearing N-Mt bonds could be active in
heterogeneous catalysts.
The objective of this work is to react N-donor SBA15 surface with Schrock type
Tungsten complex: [W(≡CHtBu)(CH2tBu)3], well known to be active in both alkane and
olefin metathesis[7]. Characterizations of the generated surface hydride species by FT-IR,
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multiple quantum solid state NMR (1H,

13

C), and finally assess their performances for

alkane metathesis in PID reactor and compare the results with those already obtained with
silica oxide support in term of TON and selectivity.
Scheme 1: Expected formed active species after reaction of [W (≡CHtBu) (CH2tBu)3]
with N-donor surface ligands (X =O or NH) following by hydrogen treatment:

To sum up, our approach is based on the modification of the support surface, which is
in this case SBA15, to create a new generation of SOM complexes with nitrogen ligands.
After reaction with a freshly sublimated organometallic complex (commercially available)
with these new N-donor surfaces, the catalytic activity will be performed and highlighted
that nitrogen-containing ligands may participate in the activation process.
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2.

Alkane Metathesis
Alkane metathesis can be defined as a chemical reaction in which paraffin’s are

reorganized to yield higher and lower homologues. In addition, alkane metathesis dissects
and recreates C-C single bond, unlike olefin metathesis, where it runs on C-C double bond.
Alkane metathesis reaction could be depicted by this general equation:
2 CnH2n+2

Cn-iH2(n-i)+2 + Cn+1H2(n+i)+2

eq.1

Where i = 1, 2… n-1; with i = 1 favored.
Metal-containing complexes were found to catalyze the reaction of alkane metathesis.
For instance, Tantalum hydride supported on silica is a successful class of catalyst system.
It catalyzed the conversion of ethane to give equimolar mixture of methane and propane
(53% and 47%). This system was discovered by the groups of Pr. Jean-Marie Basset, and
it can works at very moderate temperature (25°C-180°C)[8].
Alkane metathesis free energy is lightly negative. So, its transformation shows as an
equilibrated. It varies from -2 to +0.5 Kcal mol-1. As a result, the equilibrium conversion
for alkane metathesis is ranging between 55% to 92%[9] when going from pentane to
ethane.
Currently, no more than 5 international groups are working on this hot topic, the main
are:


Prof. Alan Goldman from Rutgers (State University of New Jersey)



Prof. Maurice Brook hart from University of North Caroline



Prof. Susannah Scott from University of California, Santa Barbara



Prof. Richard Schrock from Massachusetts Institute of Technology
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Prof. Jean Marie Basset from King Abdullah University of Science and
Technology KCC. Note that half of the articles and patents are published by his
groups. (Fig.1 and 2).

Figure 1: Distribution of published paper on “alkane metathesis” since its discovery (Source:
Isiwebofknowledge)

Figure 2: Number of publications-patents dealing with “alkane metathesis” per year since 1997
(Source: Isiwebofknowledge)

To our knowledge and up to date, only two catalytic active systems have been
established to better understand the alkane metathesis mechanism:


Dual catalyst system developed by Goldman and brook hart in 2006[10].



Single (multi-functional) site catalyst system developed by Basset in 1997[8]. This
part will be more developed and discussed in part III.
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 Dual Catalyst system:
The dual catalyst system for alkane metathesis was developed from the combination
of C-H activation and olefin metathesis. The earliest example was reported by Burnett and
Hughes

in

1973[11].

They

employed

alumina-supported

platinum

as

hydrogenation/dehydrogenation catalyst and silica-supported tungsten trioxide as olefin
metathesis catalyst to convert butane into C1 to C8 hydrocarbons. However, the
disadvantages of the system were harsh conditions (temperatures as high as 399°C), poor
selectivity, and low yield.
In 2006, Goldman and Brook hart reported a homogeneous dual catalyst system for
alkane metathesis that utilized an iridium-based pincer complex and a Schrock-type
catalyst to catalyze hydrogenation/dehydrogenation and olefin metathesis respectively[10].
Dual catalyzed alkane metathesis undergoes tandem reactions of “dehydrogenation-olefin
metathesis-hydrogenation”. (Scheme 2)
Scheme 2: Alkane metathesis through tandem transfer dehydrogenation-olefin
metathesis
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3.

Surface Organometallic chemistry (SOMC)
Homogeneous catalysis was historically linked to molecular chemistry, while the

heterogeneous catalysis was linked to solid state surface science. There are many
difficulties to understand the solid state surface chemistry that occur in heterogeneous
catalysis. One such difficulties is the small number of active sites (particular atom or
aggregates of atoms, which was proposed by Taylor et al)[12]. As a result, scientists consider
the molecular path of heterogeneous catalysis that would help them to replace the so called
classical heterogeneous Ziegler-Natta catalysts. The nature and properties of distinct
surface atoms in various crystallographic positions like faces, edges, kink and steps
governs the heterogeneous nature of the surface.
There are many advantages of homogeneous organometallic catalysis. First is the wide
separation of different active sites from each other, and the second is our ability to control
the active site. These characteristics in homogenous catalyst have led to favorable
interaction between substrate and active site[9]. The active site of the heterogeneous
catalyst, on the other hand displays unfavorable interaction between neighboring sites
which result in site-site interactions.
Single site catalyst system can be defined as the process where the catalytically active
sites are well-defined, evenly divided entities (single sites) with specific chemical
surroundings as in conventional homogenous system. In addition, it displays all the
convenience of heterogeneous system in terms of simple separation, recovery and reuse.
The grafting of organometallic complexes on surface support, would lead to molecular
understanding for designing new catalysts and grant the discovery of novel catalytic
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reactions (including Ziegler–Natta depolymerization[13] and alkane metathesis[7a,14] for
instance). The support could be considered in this case as a ligand.
Scheme 3: General strategy of SOMC to understand the structures of surface
complexes[1]

Due to the fact that 95% of the chemical industry depends on heterogeneous catalytic
process, and in order to meet this challenge SOMC have to be developed. In the last 25
years, many surface organometallic complexes have been synthesized by generating one
to several bonds between transition metal elements and the surface of supports and metals
(Scheme 3).
Scheme 4: General structure of a well-defined single site catalysts and role of each
part

Ligand

Ancillary ligand
Influence of a spectator ligand in the
Coordination sphere of the metal
(e.g.: Imido, Oxo, fluoride, aryloxy…)

Transition
Metal

Active Site
Generate an active center like hydride
(Alkyl, hydride, Carbene, Carbyne…)

Support

Surface ligand
Consider the surface as a ligand
(Silica, alumina…)
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From the above Scheme, the methodology for single site synthesis is based on three
important constituents:


The Support which acts as a ligand.



An Active site, containing a crucial ligand for catalysis.



An ancillary ligands.

Chemical and spectroscopic techniques are used extensively in surface organometallic
chemistry (SOMC) to understand the structures of the grafted species in the surface
support, as in molecular chemistry. Thus, IR spectroscopy is a pivotal tool for
understanding the grafting step on the surface and to determine the modification of the
species on the surface.
As a result, quantitative measurement and spectroscopy can produce clear and quick
picture of the grafted surface complex through mass-balance analysis[1].
In general, the grafting of organometallic species could adopt three different podality
on the surface: Monopodal, Bipodal or Tripodal (Scheme 5). In these complexes, the
surface is considered as a ligand, “similar” to classical ligands in organometallic chemistry
(X, L, R…). One of the concepts derived from such an approach is to consider the metal
and the oxide support, [whose metal is grafted (cluster)] as a same entity to which one
applies the rules of coordination and organometallic chemistry.
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Scheme 5: Metal and oxide support considered as a same entity

Monopodal

Bipodal

Tripodal

The development of SOMC in the last 30 years allow scientists for the first time to
successfully synthesize and fully characterize single metallic surface site encapsulated in
the surface of an inorganic oxide. Thus, new catalytic reactions have been developed as
metathesis of olefins[15], polymerizations of olefins[16], alkane metathesis[8], coupling of
methane to ethane and hydrogen[17], cleavage of alkanes by methane[18], hydrogenolysis of
poly olefins[19] and alkanes[20], direct transformation of ethylene into propylene[21]
Scheme 6: New catalytic complexes developed by SOMC
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4.

Surface Oxide Support (SBA15)
Surface organometallic chemistry depends on the support as a fundamental

component. Therefore, it is important to understand the support to facilitate controlling its
reactivity, and the structure of the anchored organometallic complexes. In this work, we
choose to use a mesoporous silica support, SBA15.

a) Generalities
The evolution of porous materials with large specific surface areas is currently a
subject of comprehensive research; especially with regard to possible applications in
different fields like sensor technology, catalysis, chromatography, gas storage, and
adsorption[22]. Porous materials can be classified to three classes, based on their pore
diameter (table 1).
Table 1 : Pore-Size material classification and porous inorganic materials[23]
Pore Size classification

Definition

Example

Actual Size Range

Macro Porous

< 500 Å

Glasses

<500 Å

Mesoporous

20-500 Å

Aerogels, SBA15

10A- 100 Å

Micro porous

> 20 Å

Zeolites, Activated carbon

> 10 Å

Each of these porous materials can differ from the nature of their pore wall and pore
size distribution as well as their pore architecture (size, shape, connectivity), giving them
specific and interesting properties. In order to obtain such materials, various templates are
used such as individual molecules, micelles and emulsion or latex particles[7a], to direct the
synthesis of micro, meso or macro-pores respectively[24].
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A next generation of silica nanoparticles with much larger nanometer pores was
produced at the University of California, Santa Barbara[25] under the name of Santa Barbara
Amorphous type material, or SBA15.

b) Properties
SBA15 exhibits a hexagonal ordered array of pores (called as honeycomb) ranging
between 25 and 300Å (figure 1). SBA15 possesses a large BET surface area (> 650m2/g)
with large pores diameter and large pores wall thickness which result in higher
hydrothermal stability than M41S materials.

10nm
Fig3: Mesoscopic honeycomb structure of SBA-15

Consequently, the area of periodic mesoporous materials has exploded due to their
unique properties (table 2) and promising applications of these materials.
Table 2: Physical properties of SBA15/d [where (d) is the pore diameter][26]
Silica types

Pore diameter

BET Surface area

Total pore volume

(Å)

(m2g-1)

(cm3g-1)

SBA15/50

50

695

0.56

SBA15/92

92

810

0.94

Silica gel

20-200

451

0.85
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In this research work, SBA15 has been chosen as an oxide support. It is one of the
most interesting host materials due to its distinctive mesostructure characteristics, such as
high surface area (650-950 m2/g), large and uniform pore size (5−35 nm), thicker silica
walls (3-6.5 nm) and high thermal stability (approximately 1000 K)[25, 27].
Furthermore, this high surface area allows obtaining high nitrogen and metal loading
on the SBA15 surface which is very important for industrial applications and catalytic
performance. This will lead, most likely, to very interesting properties and efficiency of
catalytic reactions.

c) Types of different silanol groups
Silanol concentrations depend on the temperature of the pretreatments[28] of the silica
supports (SiO2, SBA15 or MCM41…). The surface of a silica support consists of silanol
groups and siloxane bridges. Siloxane bridges are distinguished by their size (4, 6, and 8
…membered ring), which decreases as the temperature of the pretreatment increases.
Silanol groups can be classified to 3 systems: isolated, germinal, and vicinal (Scheme 7)[1].
By increasing temperature, the amount of the silanol present on the surface decrease;
in a process called partial dehydroxylation. Thermal treatment at higher temperature (700
°C) converts vicinal silanol groups into isolated silanols.
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Scheme 7: Surface Silanol Groups

Isolated Silanol

Vicinal Silanol

Geminal Silanol

The isolated and vicinal silanol group could be used as an anchoring point for the
grafting of organometallic complexes. Isolated silanol leads to monopodal complexes, and
vicinal silanol leads to bipodal one. Depending on the temperature of pretreatment, vicinal
silanol could be obtained at temperature below 400 °C whereas isolated silanol could be
obtained at temperature above 500 °C.
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5.

Bibliography on Surface oxide Supported Tungsten Alkylidyne
complexes

On silica oxide surface
As shown in Scheme 8, [W(≡C-tBu)(CH2-tBu)3] complex (a) reacts with partially
dehydroxylated silica at 200 °C and 700 °C (SiO2-200 °C and SiO2-700 °C) to form, respectively
and selectively:
-

Bis-siloxy (40 % of bipodal species) [(≡SiO)2W(CH2tBu)(≡CtBu)] (b) with
evolution of 2 molecule neopentane per tungsten[4] and,

-

Monosiloxy (90 % of bipodal species) [(≡SiO)W(CH2tBu)2(≡CtBu)] (c) with
evolution of 1 molecule neopentane per tungsten[4].
Scheme 8: Grafting of Tungsten Complex on Silica SiO2-200 °C SiO2-700 °C
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All these well-defined species have been characterized by different spectroscopy
methods including solid state NMR, FT- IR, but also by gas evolution.
Unfortunately, the 13C spectra of Schrock-type tungsten carbyne supported on SiO2-200
°C (b)

and SiO2-700 °C (c) do not show the signal of the carbyne, expected at 320 ppm. This

could be explained by a low loading of tungsten.
To increase the

13

C signal-to-noise ratio of (b) and (c), the labeled Schrock-type

W(*CH2-tBu3)3(≡*CtBu3) (30% labeled in 13C) was synthesized.[4]
By using this approach,

13

C enriched silica supported complexes have been achieved

(B* and C*). Indeed, the spectra of (B*) and (C*) show four signals at 318 (≡CtBu) ppm,
95 (–CH2-tBu) 52 (–CMe3), and 32 (–C (CH3)3). The peak of carbyne carbon at 318 ppm
has been better detected by 13C CP/MAS solid-state NMR spectra. (Fig 7)

(B*)
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(C*)

Fig 4:

13

C CP/MAS solid-state NMR spectra of solid B* and C*[4].

On silica alumina and alumina supports
Although the grafted tungsten complex on silica displayed high activity in olefin
metathesis and also high electrophilicity (12 electron species)[29], these complexes and its
hydride species have little activity on alkane metathesis.
Thus, the grafted tungsten alkylidyne on silica-alumina (SA) and alumina (Al),
dehydroxylated at 500 ºC, have been synthesized to generate more electrophilic centers.
This can be achieved by preparing the tungsten alkylidyne and its corresponding hydrides
on silica alumina and alumina.
On SA500 and on Al500 [W(≡C-tBu)(CH2-tBu)3] reacts with hydroxyl groups to give
[(MO)-W(CH2 tBu)2(-W≡C-tBu)] where M = Si (–OAl) or Al, respectively.
After full characterization of the schrock type tungsten carbyne supported on SA and
Al 500, the authors evaluated their performance in propane metathesis under batch condition
(heated till 150 °C). Here again, a little activity has been observed (TON =30) on propane
metathesis in batch reaction (Table 3). So, next they decide to generate the related hydride.
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Scheme 9: Grafting of Tungsten Complex on Al2O3[9]

These complexes have also been tested by different methods including solid state
NMR, IR, and gas evolution during grafting process[9].

Fig 5: 13C CP/MAS solid - state NMR spectra of (MO)W(CH2 tBu)2(≡ CtBu)(M = Si (OAl), Al)
supported on silica - alumina (a) or on alumina (b)[9].
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Generation of active tungsten hydride species
Treatment of the grafted tungsten complexes under flow of hydrogen (0.763 atm) at 150
°C for 16 hours generates surface tungsten hydrides that have been observed using IR
spectroscopy.[7b, 30]

Fig 6: Tungsten-hydrido compounds prepared on SiO2-200 °C and SiO2-700 °C

Fig 7: Tungsten - hydrido compounds prepared on Alumina[7b]
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Fig 8: IR spectra of tungsten hydrides supported on SiO2-700 °C, SA500 °C and Al 500 °C[9].

In the above figure (Fig. 8), series of IR experiments have been performed to observe
the hydride peaks in different surface supports. For example, on SiO2-700

°C,

tungsten

hydride appears at 1960 cm-1 and a small signal at 2355 cm-1 assigned to the presence of
silicon hydride. Besides, the intensity of the neopentyl moieties have been decreased due
to the hydrogen treatment.
We can characterize those hydride by several ways as H/D exchange, chemical
reactivity with methane or methyl iodide or by hydrolysis for instance[9]. It is noteworthy
to mention that partial agglomeration or cluster of the tungsten metal occur on the surface
of silica during the process of hydrogen treatment, this process is called sintering.
Surprisingly, the related hydride species generates show higher activity than those obtained
with silica, TON = 120 is observed. That was due to the presence of Aluminum[7b].
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Propane metathesis performances
Under batch condition, various silica, silica-alumina and alumina supported tungstenhydrido species have been evaluated in the metathesis of propane.
Batch Reactor is the chemical reactor in which the contents (reactant, catalyst and
product) are well-blended and the volume is constant.
TON Results show similarity in results between silica-alumina and alumina–supported
tungsten hydrides. In addition, both of them are twice as active as (≡SiO)2TaH and even
more catalytically active than tantalum hydride on alumina or tungsten hydride on silica.
In terms of selectivity’s, tungsten hydrides on different supports give a limited distribution
of products than the tantalum ones. It is worthy to note that the TON for the tungsten
hydride supported on normal silica surface is less than 10.
Table 3: Propane Metathesis: comparison of the (TON) and the selectivities of products of tungsten
and tantalum species supported on silica, silica-alumina, alumina and their hydride species after 120
h of reaction under batch reactor[7b].
Catalysts

TON1

Product Selectivity [%]2
Methane

Ethane

Butanes3

Pentanes4

Hexanes5

[(≡SiO)W(CH2tBu)2(≡CtBu)]SiO2

0

0

[(≡SiO)W(CH2tBu)2(≡CtBu)]SA

29

1.6

61.7

25.7/3.4

5.5/1.3

0.8

[(≡AlsO)W(CH2tBu)2(≡CtBu)]Al2O3

28

2.7

65.4

20.7/2.9

5.3/1.5

1.5

[W-H/SiO2]

8

5.7

56

29/2.8

5.1/1.4

-

[W-H/SiO2-Al2O3]SA6

123

1.9

58

28.9/3.2

5.2/1.4

1.4

[W-H/ Al2O3]

121

2.4

57.3

28.9/3.7

5/1.3

1.4

1

0

0

0

Turn over number (TON) is the number of moles of propane converted per mole of transition metal (Ta, W).
The selectivity is defined as the specific amount of product i divided by the total amount of products.
3 C /iC
4
4.
4 C /iC .
5
5
5 Selectivity for the sum of all C6 isomers.
2

6

SA means silica/alumina.

0
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The plausible mechanism that could illuminate these selectivity was based on olefin
metathesis intermediate which involve 1, 3- disubstituted metallacyclobutane rather than
1, 2- disubstituted one.[7b, 31](Scheme 10)

Scheme 10: Mechanism to explain the product selectivity obtained[30]

According to the mechanism illustrated in Scheme 10, the [1, 3] position in tungsten
cyclobutane intermediates is favored than [1, 2] position one due to the steric interaction
induced in [1, 2] position. Thus, butane, is formed in higher concentration (butane is Cn+1
product that derived from 1, 3 substituted metallacycle), in comparison with pentane,
(Pentane is Cn+2 product that derived from 1, 2 substituted metallacycle).
The same mechanism can be used to explain why n-butane is favored over isobutane,
as the latter coming from 1,1,3-trisubstituted metallacycle that are much strained than the
1,3-substituted metallacycle.
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6.

Result and Discussion

6.1 Characterization of the surface species formed by reaction of
well-defined Schrock tungsten complex on [N,O]SBA151100
Reaction of schrock tungsten were carried out by an impregnation method in pentane
at RT (Scheme 13). After several washing in pentane to remove unreacted schrock
tungsten, the characterizations were performed. The expected species are described on
Scheme 13.
Scheme 13: Reaction of [N,O] SBA151100 with [W(≡CHtBu)(CH2tBu)3] (expected
species)

6.1.1 Infrared transmission characterizations
The IR spectrum of [N, O] SBA151100 (1) displays a characteristic vibration band νs
(OH) of single silanol group at 3741cm-1. Moreover, three vibration bands appear at 3532,
3448, and 1550 cm-1 corresponding respectively to υ (NH2), υas (NH2) and δ (NH2) bands.
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Fig 7: IR Spectra of [N,O] SBA151100 (i), IR spectra of grafted W Alkylidyne on [N,O] (ii)

Wavenumbers (cm-1)
Fig 8: Subtraction of (ii)-(i) spectra
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The IR spectrum of (2) obtained after the grafting of tungsten alkylidyne complex shows:
-

A strong decrease in the intensity of the vibration band νs (OH) of single silanol
group at 3741cm-1.

-

A slight decrease (10-20 %) in NH2 vibration and stretching bands at 3532, 3448,
and 1550 cm-1.

-

New weak bands appear at 3350, 3226 and 3180 cm-1. They are assigned to the
υ(NH) vibration (in accordance with previous literature[3]). (Fig 8)

-

Vibrational bands of neopentyl moieties appear at 2954 [υas (CH3)], 2869 [υs
(CH2)], 1465 [δas (CH3)], and 1365 cm-1 [δs (CH3)]. (Fig7)
Interestingly, we observed in Figure 7 a slight shift (around 5 cm-1) of the hydroxyl

(OH) vibration bands from 3741 cm-1 in (1) to 3737 in (2).
Due to the large decrease of hydroxyl intensity (90%) as observed in FT-IR
spectrum, the bond between the tungsten metal and the oxygen atom is believed to be
covalent (≡SiO-W, scheme 14 2a and 2b).
The characteristic bands of ≡SiNH2 moieties decrease a little bit in intensity but the
slight shift observed, could be due to coordination between ≡SiNH2 and the tungsten
metal (Scheme 14, 2a).
Besides, the presence of NH vibration and stretching bands in the FT-IR spectrum
show the low formation of a covalent bond yielding a bipodal species (10%).
The above IR data lead us to propose that the species grafted on the [N,O] SBA151100
support could be as follow:
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Scheme 14: Grafted Species on [N,O] SBA151100

In order to confirm the grafted species present on the [N,O] SBA151100 surface, solid
state NMR spectroscopy have been conducted.
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6.1.2 Solid-state NMR spectroscopies
13C

SS NMR
The solid state

13

C NMR spectrum of the grafted tungsten Alkylidyne on [N,O]

SBA151100 (2a, 2b and 2c) (Scheme 14) displays:
-

A strong signal at 32 ppm which can be assigned to the carbon of the methyl groups
from the tBu [(CH3)3C-CH2-W],

-

The signal at 51 assigned to [(CH3)3C-CH2-W],

-

At 95 ppm, [(CH3)3C-CH2-W] (Fig10).

Unfortunately, we cannot detect any carbyne (CIV) or carbene (CIII) signals that should
appear at 320 and 250 ppm, respectively. Note that a small signal appears at 21 ppm, and
it could be assigned to the methyl group of the carbene [(CH3)3C-CH=W].

Fig 10: Solid state 13C NMR of (2)
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1H

SS NMR

The solid state 1H NMR spectrum of the grafted tungsten Alkylidyne on [N,O]
SBA151100 (2a, 2b and 2c) displays:
-

A strong resonance at 0.9 and 1.1 ppm assigned to the signal of the proton
neopentyl fragment[32] [(CH3)3C-CH2-W] and [(CH3)3C-CH2-W] respectively.

-

A small signal is probably assigned to [≡Si-NH-W] [33], appears at 3.8 ppm (Fig 9)

-

The signal at 6.8 ppm could be assigned to a tungsten tert-butylidene [(CH3)3CH=W][7c]

Fig 9: Solid state 1H NMR Spectra of (2)

To confirm these last two resonances, 2D double-quantum solid state NMR were
performed.
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2D DQ 1H-1H SS NMR
Recent developments in 2D 1H-1H double quantum allow the access to more accurate
characterizations of the surface modification [34].

Fig 11: 2D DQ 1H-1H SS NMR of (2)
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In the figure 11, the 2D 1H-1H spectrum shows:
•

A strong autocorrelation peak for the neopentyl group on the 2:1 diagonal centered
at around 0.9 ppm in F2 and 1.8 ppm,

•

A strong correlation centered at around 7.7 ppm in the F1 dimension [δH(=CH) +
δH(Neopentyl) = 6.8 + 0.9 = 7.7],

•

A weak through-space correlation at around 4.5 ppm in the F1 dimension [dH (NH)
+ δH(Neopentyl) = 3.6 + 0.9 = 4.5].

So, this is unambiguously the proof of the presence of a carbene moieties (Scheme 14).
Moreover, the signal observed in the 13C spectrum at 21 ppm can be now assigned to the
CH3 of carbene.
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6.1.3 Analytical Data

In order to determine the tungsten loading of the grafted tungsten Alkylidyne on [N,O]
SBA151100 (2), two methods of quantification have been achieved: Elemental analysis and
gas phase analysis (table 4). The main amount of tungsten is covalently linked to Si-O and
coordinated to NH2.
Table 4: Elemental analysis and Gas released during the grafting of tungsten alkylidyne complex on
[N,O] SBA151100

Elemental analysisa

Material N wt.%
(mmol/g)

C wt.%

W wt.%

Ratio

After

After

graftingb

Hydrolysisb

C/N

W/N

C/W

NpH/W

NpH/W

(mmol/g) (mmol/g) (th.)

(th.)

(th.)

(th.)

(th.)

c

(2)

0.42

4.8

4.59

13

0.83

16

0.9

2.8

(0.3)

(4)

(0.25)

(15)

(1)

(15)

(1)

(3)

One neopentane molecule per tungsten (theoretical value is one) is evolved during
reaction of tungsten alkylidyne complex with (1) to give (2). The C/W ratios is 16, which
is logical with respect to the expected theoretical value of 15 for the monopodal species.
This was again strengthened by W/N and C/N ratios obtained, which apt nicely with the
theoretical data. Additional confirmation came from hydrolysis of the complex (2) at RT.
It evolves 3 molecules of neopentane per tungsten (theoretical value is 3). These results are
a

0.05 to 0.1% error are estimated.
The error in the determination of neopentane evolved is around 10% by GC quantification.
𝑊𝑡.%
c
Obtained by (𝑀∗100)
b

NB: Neopentane (NpH) is evolved probing that a reaction occurred between the [N, O] support and the
tungsten alkylidyne complex.
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in accordance with the presence of monopodal species covalently linked to the oxygen and
coordinate to the nitrogen of [N,O] SBA151100 surface.
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6.2 Characterization of the surface species formed by reaction of
well-defined Schrock tungsten complex on [N, N] SBA151100
Reaction of schrock tungsten were carried out by an impregnation method in pentane
at RT. After several washing in pentane to remove unreacted schrock tungsten, the
characterizations were performed. The expected species are described on scheme 15.
Scheme 15: Reaction of [N,N] SBA151100 with [W(≡CHtBu)(CH2tBu)3] (Expected
Species)

6.2.1 Infrared transmission characterizations
The IR spectrum of [N, N] SBA151100 (3) displays a characteristic vibration band νs (NH2)
at 3525 and 3450 cm-1. Moreover, the δ (NH2) band appears at 1548 cm-1.
The IR spectrum of (4) obtained after the grafting of tungsten alkylidyne complex
shows:
-

New vibrational bands of neopentyl moieties appear at 2951 [υas (CH3)], 2870 [υs
(CH2)], 1470 cm-1 (Fig 12)

-

Slight reduction in the intensity of the NH2 vibration and stretching band.

-

New extremely weak bands appear at 3363, 3286 and 3182 cm-1. They are assigned
to the υ(NH) vibration.
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(ii)

(i)

Fig 12: IR Spectrum of [N, N] SBA151100 (i), IR spectrum of grafted W Alkylidyne on [N,N] (ii)

3363

δ(NH)
3286

3532

3182

3447

ν (NH2)

3500

WAVENUMBERS (cm-1)

Fig 13: Subtraction of (ii)-(i) spectra
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6.2.2 Solid-state NMR spectroscopies

In order to confirm the grafted species present on the [N,N] SBA151100 surface, solid
state NMR spectroscopy have been conducted.
13C

SS NMR
The solid state

13

C NMR spectrum of the grafted tungsten Alkylidyne on [N,N]

SBA151100 (Fig 14) displays:
-

A strong signal at 32 ppm which can be assigned to the carbon of the methyl groups
from the tBu [(CH3)3C-CH2-W].

-

The signal at 60 and 122 pm can be assigned to [(CH3)3C-CH2-W] and [(CH3)3CCH2-W] respectively.
Replacing one nitrogen atom by oxygen one cause a slight upfield shift from 60
ppm of neopentyl carbon in the 13C spectrum of (4) to 51 ppm in the spectrum of (2).
The same trend has been observed by another upfield shift of the carbon of methylene
from 122 ppm in the spectrum of (4) to 95 ppm in the spectrum of (2). (Fig10, 14)
Unfortunately, we cannot detect any carbyne (CIV) or carbene (CIII) signals that

should appear at 320 and 250 ppm, respectively. But, a small signal appears at 21 ppm,
and it could be assigned to the methyl group of the carbene [(CH3)3C-CH=W].
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Fig 14: Solid state 13C NMR of (4)

1H

SS NMR
The solid state 1H NMR spectrum of the grafted tungsten Alkylidyne on [N,N]

SBA151100 (Fig 15) displays:
-

A strong resonance at 1.2 and 2.0 ppm assigned to the signal of the proton
neopentyl fragment[32] [(CH3)3C-CH2-W] and [(CH3)3C-CH2-W] respectively .

-

The signal at 7.4 ppm should be assigned to the tungsten alkylidene proton [(CH3)3CH=W] as observed previously for the grafted tungsten complex on [N,O]
SBA151100 [7c].

-

A small signal at 3.8 ppm that assigned to the H attached to the Nitrogen[33] [(≡SiNH-)2W].
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Fig 15: Solid state 1H NMR Spectra of (4)

To confirm these last two resonances, 2D double-quantum solid state NMR were
performed.
2D DQ 1H-1H SS NMR
In the figure 16, the 2D 1H-1H spectrum shows:
•

A strong correlation centered at around 8.6 ppm in the F1 dimension [δH(=CH) +
δH(Neopentyl) = 7.4 + 1.2 = 8.6],

•

A weak through-space correlation at around 5 ppm in the F1 dimension [dH (NH) +
δH(Neopentyl) = 3.8 + 1.2 = 5].

So, this is unambiguously the proof of the presence of a carbene moieties.
Moreover, the signal observed in the 13C spectrum at 21 ppm can be now assigned to the
CH3 of carbene [(CH3)3C-CH=W].
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Fig 16: 2D DQ 1H-1H SS NMR of (4)
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6.2.3

Analytical Data

In order to determine the tungsten loading of the grafted tungsten Alkylidyne on [N,N]
SBA151100 (4), one method of quantification has been achieved: Elemental analysis (table
5).
Table 5: Elemental analysis and Gas released during the grafting of tungsten alkylidyne complex on
[N,N] SBA151100

Elemental analysisa
Material

e

Ratio

N wt.%

C wt.%

W wt.%

C/N

W/N

C/W

(mmol/g)b

(mmol/g)

(mmol/g)

(th.)

(th.)

(th.)

1.30

1.58

1.16

1.4

0.06

22

(0.92)

(1.31)

(0.06)

(7.5)

(0.5)

(15)

Unfortunately, the extremely low loading obtained by elemental analysis, allow us to
conclude that: Reaction with Schrock-type tungsten with [N,N] surface is not possible.
The above IR data combined with solid state NMR spectroscopy and elemental analysis
lead us to propose that the species grafted on [N,N] SBA151100 support could be as follow:

a
b

0.05 to 0.1% error are estimated.
𝑊𝑡.%
Obtained by (𝑀∗100)
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Scheme 16: Proposed grafted species on [N,N] SBA151100

All these results suggested that silanol in a closer vicinity to silyl amine is important in
obtaining successful grafting because silanol group act as an anchoring point to graft
tungsten closer to a silylamine.
So, the next part will deal only with Schrock type tungsten grafted on [N,O] SBA151100
materials.
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6.3 Generation of Active Hydride species on tungsten alkylidene
grafted on [N,O] SBA151100
We form the hydride species after the thermal treatment of (2) at 150 ºC for 16 hours
under hydrogen (0.798 bar) to give the expected active species (5).
Scheme 17: Reactivity of (2) under H2 at 150 ºC for 16 hours

6.3.1 Infrared transmission characterizations

The FT-IR spectrum of (5) shows the following feature (Fig 17)
•

Appearance of a strong W-H band at 1941 cm-1 at RT. Unfortunately, this one
disappear by increasing time/ temperature.

•

Strong decrease of alkyl fragments vibration.

•

Total reappearance of SiOH band initially consumed during the grafting.

•

Decrease of SiNH2 bands.
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δ(CH)
1465, 1365

υ(CH)
2954,
2869

υ(OH)
3741

150 ˚C, H2

υ(WH)

1941
υ(NH2)
3527, 3442
RT, H2

(2)

Wavenumbers (cm-1)
Fig 17: IR Spectrum of (2) after Hydrogen treatment

δ(NH2)
1550
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Wavenumbers (cm-1)

Fig 18: Subtraction of IR spectrum of (2) – IR spectrum after H2 treatment at 150 ºC

As previously described by Basset et al [5] that supported tungsten complexes lead to metal
sintering in small particles; this suspicion of the formation of nanoparticles is confirmed
by the following FT-IR observations:
•

Appearance of a new bands at: 3361, 3279, 3141 and 1608 cm-1.

These new NH2 vibration and stretching bands characterized the electrostatic interactions
with W0 nanoparticles (0.5 nm). [35]
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6.4

Propane Metathesis Performance for Hydride Species (5)

Material (5) was tested in the metathesis of propane gas under continuous flow (PID).
Where the experimental condition is 3.5 ml/min flow of Propane with Temperature of 150
ºC. The rate of increasing the temperature per minute is 3ºC/min.
For the hydride species (5) [(≡Si-NH-)(≡Si-O-)]WHn, the amount of the catalyst used
is 150 mg with tungsten loading (estimated from the elemental analysis) to be 4.6% by wt.
From Fig (15), the total conversion of propane was reached after 10 hours. This conversion
of n-propane gave a mixture of higher and lower homologues of methane, ethane,
(butane+isobutane), and (pentane+isopentane) with respective selectivities of 1.5%, 63%,
28%, and 7%.
Total conversion of Propane
TON = 43.3

Conversion of Propane

4

2

0
0

200

400

600

800

1000

1200

1400

1600

Time on stream (in min)

Fig15: Conversion vs time for Propane at 150 ˚C in PID reactor
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7.

CONCLUSION
New surface species has been obtained following the reaction of schrock tungsten

carbyne complex, [W(≡CHtBu)(CH2tBu)3] on [N,O] SBA151100. These reactions have led
to the formation of {[(≡Si-NH2-)(≡Si-O-)]W(CH2tBu)2(≡CHtBu)} (2a), {[(≡Si-NH2)(≡Si
O-)]W(CH2tBu)(=CHtBu)2} (2b) and {[(≡Si-NH-)(≡Si-O-)]W(CH2tBu)2(=CHtBu)}
(2c) respectively. These surface organometallic species have been fully characterized by
Infrared spectroscopy, solid state NMR spectroscopy and Elemental analysis techniques.
All of these techniques have been used to determine these well-defined grafted
organometallic complexes.
The Solid state NMR have shown that both surface species display the neopentyl
moieties on their surface, which prove the grafting step. Moreover, the elemental analysis
fit theoretically with the obtained grafted complexes. In case of (2) one neopentyl
molecules is selectively evolved during grafting. The FT-IR also shows the large
disappearance of OH peak and the formation of neopentyl moieties peak on the surface.
Surface species (2) has been treated under flow of hydrogen gas at 150 ºC to generate
the hydride species (5). The hydride species have been characterized by solid state NMR
and FT-IR. Metathesis of propane gas has been performed on the continuous reactor (PID)
at 150 ºC for the hydride species (5). In term of TON, the hydride species (5) displays a
TON of 43, in comparison with zero TON in both the classical silica, and the bis silyl amine
support. It is believed that the silanol/silyl amine support in close proximity plays an
important role in the activation of the grafted species toward propane metathesis.
Unfortunately, the grafting of schrock tungsten alkylidyne on [N,N] SBA151100 was not
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successful as showed by the FT-IR, elemental analysis. Moreover, this catalyst is not active
in alkane metathesis as observed by Microactivity reference.

In order to improve the TON of the hydride species (5) we have to eliminate the formation
of nanoparticles from tungsten.
Surface Organometallic Chemistry has proved to be a valuable method for the synthesis
of well-defined organometallic fragments grafted on surfaces.
As Albert Einstein once said: "The most beautiful thing we can experience is the
mysterious. It is the source of all true art and all science."
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8.

Experimental Section
All experiments were accomplished under Argon atmosphere by using Glove box and

Schlenk techniques for the organometallic synthesis attached to a High Vacuum Lines
HVL (10-5 Pa). Pentane and ether was distilled on sodium and the degasification was done
through freeze-pump-thaw cycles. Pluronic (P123, PEO20PPO70PEO20), Tetraethyl
Orthosilicate (TEOS), Hydrochloric acid, HMDS were purchased from Aldrich. Surface
elemental analyses were performed at Mikroanalytisches Labor Pascher (Germany) and
handled under inert gas.
GC Measurements were performed with an Agilent 6850 gas chromatography with
split/split less injector and FID. 10 µl was injected by the hot needle technique (thermo
spray) at an injector temperature of 180°C using the split mode (split ratio 10:1; 30 ml/min
split flow). A HP-PLOT/U 30m × 0.53mm; 20.00 mm capillary column coated with a
stationary phase di vinyl benzene/ethylene glycol di methacrylate was used with nitrogen
as carrier gas at 4.65 Psi pressure. Each analysis was carried out with the same conditions:
a flow rate of 3 ml/min, an isotherm at 150°C, and a detector sets with a data rate of 5 Hz
and a minimum peak width of 0.04 min.
Infrared spectra were recorded on a Nicolet 6700 FT-IR spectrometer by using an
infrared cell equipped with CaF2 windows, allowing in situ monitoring under controlled
atmosphere. Typically 4 scans were accumulated for each spectrum (resolution, 16 cm-1).
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Preparation of Surface Oxide
Synthesis of hexagonal ordered mesoporous silica SBA15

The silica-based support was prepared according to reported procedure to yield
SBA15 with expected textural parameters[25].
An amphiphilic triblock copolymers P123 (8.03 g, 1.40 mmol) is added to a solution
of HCl (250 mL, 1.9 N). After complete dissolution (2.5 hours), the solution is heated at
40 °C. Then, TEOS (17 g, 81.6 mmol) is added drop wise. After 5 min a white precipitate
is formed. The reaction is maintained at 40°C for 24 hours. The obtained suspension is
transferred in a 500 mL autoclave and aged for 24 hours at 100°C.
The white solid is filtered and washed several times with deionized water 3 times. The
removal of organic template is achieved by two calcinations at 500° and 650°C (1°C/min).
About 4.5g of white fine powder SBA15 is obtained.
Scheme 11: Formation of mesoporous materials by structure-directing agent (SDA)

Dehydroxylation of calcined SBA15 occurs at 1100 °C under dynamic vacuum (10-5
mbar) to generate SBA151100. The temperature program includes 17 hours ramp at 1100 °C
and then stabilize the temperature at 1100 0C for 20 hours.
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The first step is used to remove away any physisorbed water molecules from the SBA15
surface (dehydration).

Hydration
130°C

The second step, called as dehydroxylation, generates strained siloxane bridge
(≡SiOSi≡) and Isolated Silanol (≡SiOH). The number of Silanol group is decreased with
increasing the temperature while the number of Siloxane is increased with it[36].

Dehydroxylation
1100°C

b)

Generation of [N,O] SBA151100 and [N,N] SBA151100

Ammonia treatment of SBA151100 has been carried out according to Scheme 10.
The N-donor modified SBA15 urface was obtained followed the reaction of SBA151100
with Ammonia at 200 0C for 30 min and 500 0C for 6 hours to obtain silanol/silyl amine
and bis silyl amine respectively[3, 6]
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Scheme 12: Dynamic ammonia set-up to generate modified Silica [N, O] and [N, N]
SBA151100
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Experimental parts:
Dehydroxylation of SBA15 at 1100 0C
Around 1.5 g of SBA15 was placed in a reactor made of quartz inside oven (furnace)
under high vacuum (10-5 mbar) for 20 h at 1100 ºC. The rate of the temperature was 60
º

C/h.
Preparation of [N, O] SBA15 (1)
SBA151100 was placed in a glass tube under dynamic NH3 flow at 200 ºC for 30 min. The

furnace was cooled to RT in a N2 flow and maintained under dynamic high vacuum
overnight. IR (cm-1): 1550 (δ (NH2)), 3448 (νas (NH2)), 3532 (νs (NH2)) and 3741 (ν (OH)).
1

H MAS solid state NMR (400 MHZ, 25 0C): δ 0.31 (s, NH2), 1.73 (s, OH).
Preparation of [N, N] SBA15 (3)
SBA151100 was placed in a glass tube under dynamic NH3 flow at 500 ºC for 6 hours. The

furnace was cooled to RT in a N2 flow and maintained under dynamic high vacuum
overnight. IR (cm-1): 1550 (δ (NH2)), 3448 (νas (NH2)), 3522 (νs (NH2)). 1H MAS solid state
NMR (400 MHZ, 25 ºC): δ 0.64 (s, NH2)
Preparation of [W(≡CHtBu)(CH2tBu)3]
Schrock et al. have successfully synthesize and fully characterize the Tungsten
Alkylidyne complex[37]. When 6 mol of LiCH2tBu is added to WCl6 in ether at -78 ºC,
yellow solution is obtained. When it warmed to 25 ºC, the color turns to be red-brown.
Removing the solvent by applying vacuum and subliming the residue at 70 ºC give yellow
crystal of air sensitive of tungsten alkylidyne complex.
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Table 4: Solid state 1H and 13C NMR of the tungsten alkylidyne complex[4]
1

13

H NMR, δ/ppm

complex

[W(≡CHtBu)(CH2tBu)3]

Resonances

assignments

C NMR, δ/ppm

Resonances

assignments

1.2

[CH2C(CH3)3]

34

[CH2C(CH3)3]

1.6

[≡CC(CH3)3]

32

[≡CC(CH3)3]

1.0

[CH2tBu]

38

[CH2C(CH3)3]

53

[≡CC(CH3)3]

103

[CH2tBu]

316

[≡CtBu]

Preparation of [(≡ Si-NH-) (≡Si-O-)]W(CH2tBu)2(=CHtBu) (2)
In a double Schlenk tube, (1) (0.602 g) and [W(≡CHtBu)(CH2tBu)3] (0.0857 g, 0.183
mmol) in pentane (20 ml) were stirred at RT overnight. The volatiles were then collected
in a 6 L flask, and the yellow solid catalyst was dried under high vacuum (10-5) overnight.
IR (cm-1) 3295 and 3105 cm-1 are assigned to the υ (NH) vibration. Neopentyl moieties
appears at 2958 [υas (CH3)], 2869 [υs (CH2)], 1468 [δas (CH3)], and 1358 cm-1 [δs (CH3)].
1

H MAS solid state NMR (400 MHZ, 25 ºC): 0.9 and 1.1 ppm assigned to the proton

neopentyl fragment [(CH3)3C-CH2-W] respectively. The signal at 6.8 ppm assigned to the
tungsten alkylidene proton [(CH3)3-CH=W]. 13C NMR solid state NMR (400 MHZ, 25 ºC):
32 ppm assigned to the carbon of the methyl groups from the tBu [(CH3)3C-CH2-W]. The
signal at 51 and 95 ppm assigned to [(CH3)3C-CH2-W] and [(CH3)3C-CH2-W]
respectively.
Preparation of [(≡ Si-NH-)2]W(CH2tBu)2(=CHtBu) (4)
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In a double Schlenk tube, (3) (0.695 g) and [W(≡CHtBu)(CH2tBu)3] (0.249 g, 0.534
mmol) in pentane (20 ml) were stirred at RT overnight. The volatiles were then collected
in a 6 L flask, and the solid catalyst was dried under high vacuum (10-5) overnight.
Reaction of [(≡ Si-NH-) (≡Si-O-)]W(CH2tBu)2(=CHtBu) (2) with H2 to form
tungsten hydride species (5)
In a 330 ml reactor, the pellet of (2) was treated with H2 (0.798 bar). The temperature
was increased to 150 ºC (1 0C/min) and maintained for 16 h. The color of the solid turned
rapidly from yellow to gray.
Propane metathesis of (5)
The calibrations of highly purified gases were done first using grade 4 cylinders. In the
continuous reactor (PID), Around 150 mg of the hydride species was placed inside the
reactor at 150 ºC (The temperature set in the oven is 3 ºC/min). The rate of the propane gas
flow is 3.5 ml/min. The product is quantified using the GC.
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APPENDICES
Appendix 1: Main chemical compounds used
TEOS

P123

HCL 37%

Pentane

Tetraethyl
Orthosilicate

Poly(ethylene
glycol)-blockpoly(propylene
glycol)-blockpoly(ethylene
glycol)

Hydrochlori
c acid, 37%

Pentane

C8H20O4Si

(C3H6O.C2H4O)x

HCl

C5H12

Name

Formula
Chemical
Structure

Molecular
Weight
Density

208.33
g/mol

5800 Da

36.46 g/mol

72.15 g/mol

0.933 g/cm3

-

1.18 g/mL

0.626 g/cm3

Boiling Point

168 °C

56 - 61 °C
(M.P)

> 100 °C

35 - 36 °C

Flash Point

48 °C

Toxicity

Color

LD50 Oral –
rat - 6.270
mg/kg
LD50
Dermal –
rabbit 5.878 mg/kg
Colorless

-49 °C
LD50 Oral –
rat - 9.380 mg/kg
LD50 Dermal –
rabbit - 20.000
mg/kg

Colorless

LD50 Oral
–
rabbit - 900
mg/kg

LD50 Oral –
mouse -5.000
mg/kg
LD50 Dermal –
rabbit - 3.000
mg/kg

Faint yellow

Colorless
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Appendix 2: Calcination and dehydroxylation program of SBA15
Calcination is used to remove the template and obtain the raw Silica SBA15

Calcination: Second step at 650˚C

Calcination: First step at 500˚C
800

16h

500

Temperaure (˚C)

Temperature (˚C)

600
400
300
200
100

16h
600
400
200
0

0
0

5

10
15
Time (hour)

20

0

25

5

10

15
20
Time (hour)

Dehydroxylation temperature plays an important role in controlling the ratio of
silanol/siloxane to give SBA151100

Dehydroxylation at 1100 0C
20 h

1200
1000
800
600
400
200
0
0

10

20

Time (hour)

30

40

25

30
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Appendix 3: Grafting of Tungsten Alkylidyne on [N,O] and [N,N] Silica


[N, O] and [N, N] Silica and [W(≡CHtBu)(CH2tBu)3] are separately introduced
in a double Schlenk tube under glove box, as showed below:

[W(≡CHtBu)(CH2tBu)3]
[N,O] or [N,N]


Dry Pentane is added to the organometallic complex under HVL by using a T
tube for the connection double Schlenk/vacuum/solvent.



The

transfer

is

made

by

cooling

down

the

tube

containing

[W(≡CHtBu)(CH2tBu)3], with liquid nitrogen.


Once the solvent amount is sufficient (about 5 ml), the double Schlenk is
removed and the solution is transferred to the other tube, containing [N, O] or
[N, N] silica, by cooling down the latter with liquid nitrogen as well.



Then, the solution is stirred at room temperature overnight in the fume hood.



These procedure is repeated the following day to remove the solvent and the
organometallic complex in excess.



The solvent is removed from the double Schlenk tube under HVL and the [N, O]
or [N, N] silica is dried overnight.
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Appendix 4: High Vacuum Line
High Vacuum is required to remove adsorbed molecules from any surfaces like
Hydrophilic metal oxides (i.e. silica, alumina, etc…) which the surface is covered with
water, so that under vacuum and increasing temperature we obtain two process dehydration
and dehydroxylation.
High Vacuum allows not only to clean but to drive a Surface Restructuration like
isolated silanol.

Figure 1: triple layer adsorption on a solid surface and representation of the density
distribution
The system below consists of three important parts. The mechanical pump, the diffusion
pump and the cold trap.

Figure 1 High Vacuum line system

71

Mechanical pump
Able to reduce the pressure to the range of 10-3 mbar. Mechanical pumps "brush off"
any air from the system, using a rotary device.
Rotating vane, cannot obtain high vacuum, but it can be used for two purpose:
Removing the bulk of the air that present at the normal atmospheric pressure, and backing
the diffusion pump, below, because diffusion pump cannot operate against atmospheric
pressure.

Figure 2 Mechanical pumps

Diffusion Pump
Able to reduce the pressure to the range of 10-9 mbar. Diffusion pump has a maximum
pressure against which it can exhaust. The mechanical pump provides and maintains this
exhaust pressure for the diffusion pump. Fast pumping is accomplished through the use of
high speed mercury vapor (mercury is used because it is very cheap and chemically inert)
which strike the molecules of gases and condense them to the direction of the diffusion
pump (Figure 3). The mercury bath in the pump is heated, which force up the mercury
vapor to the jet stack. The vapor colloids with the umbrellas, and is projected downward
and outward through the nozzles of the jet stack. The mercury vapor flows at a high velocity
in passing through the narrow jets. The high speed vapor jet collides with gas molecules

72

directing them downward toward fore line. The mercury molecules condense on the wall
of the pump and then cooled by two ways, either by water or by air stream, and flow back
to the bottom pool. As a result, repeated series of vaporization, condensation and
revaporization happen.

Figure 3 Diffusion Pump Principle

Cold Trap
Submerged with liquid nitrogen for freezing (Figure 4). This instrument reduces the
pressure by compressing, or eliminating any vapors that may found inside the system. In
addition, it hinders mercury vapors from the diffusion pump from back streaming. The cold
trap can be considered as a pump because it removes any condensable vapor such as water
vapors. The trap is filled after the system has been evacuated to very low pressure, when
most of the vapors have been drained from the system by means of the mechanical and
diffusion pumps.
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Figure 4 Cold Traps
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Appendix 5: Micro-activity Reference (PID)
The Micro-activity Reference is an automatic laboratory reactor for catalytic reactions.
The system consists of a fixed-bed tubular reactor, with the catalyst bed placed inside upon
a porous plate. The flow inside the reactor is up-down, whereby the reactant mixture is fed
through the upper part of the reactor and the reaction products are obtained through the
lower part. After passing through a line shut-off valve, the reactant gas streams are fed into
the reactor by means of a system of mass flow controllers that provide a known and
controlled flow of gases. In order to stop the products flowing back through the lines, the
controllers are protected with check-valves fitted with elastomer seals.

Figure 1: Micro activity reference system
Liquid and gaseous flows are introduced into the hot box system that includes a heater
that allows the process to be kept at temperatures of maximum 180 ºC, to avoid any
possibility of condensation in the system. The liquids evaporator and the pre-heater for the
gases are under the heater’s forced flow, at temperatures of around 15 to 20 ºC above the
rest of the hot box.
Once the gases have been preheated and liquids evaporated, these streams merge and
flow to a 6-port valve. This valve is operated by remote pneumatic control through the
computer or by means of the touch screen and allows for selecting from two possible
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alternatives for the flow path: either towards the reactor or rerouting it towards the system’s
gas outlet (by-passing the reactor).
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HOT BOX
DOOR

TOUCH SCREEN

REACTOR TEMPERATURE
CONTROLLER
HOT BOX TEMPERATURE
CONTROLLER
EVAPORATOR TEMPERATURE
CONTROLLER
LIQUID LEVEL
CONTROLLER
PELTIER TEMPERATURE CONTROLLER

PRESSURE
CONTROLLER

ON / OFF SWITCH

GASES SHUT-OFF VALVES

Figure 2: Front view inside micro activity reference system
When the flow of reactants is directed towards the reactor, it passes through 10μm
sintered filters, at both the inlet and outlet of the reactor, so protecting the arrangement of
valves from possible finely-separated catalyst particles. At the reactor outlet, and after
passing through the 6-port valve, the reaction products pass out of the hot box to the liquidgas separator. This system allows the condensation of liquids at low temperature. Once
pressure control has been completed, the flow of reaction gases is directed out of the hot
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box for following measurement and analysis by means of chromatography in gaseous
phase.

