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ABSTRACT

Ordered porous materials are crucial and ubiquitous in fundamental research and many practical
applications such as catalysis, adsorption, separation, and sensing due to their unique properties
such as high surface areas, large pore volumes, and narrow and tunable pore size distributions.
The primary focus of this work was the synthesis of two different types of mesoporous materials:
nitrogen-doped ordered mesoporous carbon (N-OMC) and functionalized periodic mesoporous
organosilica (PMO), their characterization and their potential applications.

My research on N-OMC is focused on its synthesis, characterization, and its use as an active
catalyst for hydrogenation of nitrobenzene. In this study, N-OMC were synthesized via
polycondensation of 3-aminophenol and formaldehyde templated by self-assembled Pluronic
F127 micelles in basic medium. The material was carbonized at various temperatures to control
nitrogen content (%N) and degree of graphitization. The goal of this study is to evaluate the
effects of nitrogen-doping of OMC on the catalytic activity of supported Pd towards the selective
hydrogenation of nitroarenes. Our study suggests that Pd-N-OMC showed better catalytic
activity for hydrogenation of nitrobenzene than Pd-OMC. The better catalytic activity of Pd-N-
OMC can be attributed to formation of small Pd nanoparticles and uniform distribution.

The research on PMO is focused on the synthesis of ethylene and phenylene bridged PMO
functionalized with various organic groups. The materials were synthesized via co-condensation
between organo-mono-silanes and organo-bis-silanes. The parent- and functionalized-EPMO,
and BPMO materials exhibited high surface area, pore volume, and pore sizes. We believe these
functional materials have ideal properties for advanced applications such as interfacial catalysis

and selective adsorption.
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CHAPTER 1
GENERAL INTRODUCTION
Dissertation Organization
The thesis is organized in four chapters. Chapter 1 is a general introduction and provides insight
about routes to synthesize ordered mesoporous carbons (OMCs) and periodic mesoporous
organosilicas (PMOs). After a brief overview, Chapter 2 focuses on the synthesis,
characterization, and catalytic application of nitrogen doped ordered mesoporous carbons (N-
OMCs). Chapter 3 discusses the synthesis and characterization of periodic mesoporous
organosilicas (PMOs) functionalized with various organic groups. To finish, Chapter 4
summarizes the thesis.
Introduction

Ordered porous materials are crucial and ubiquitous in fundamental research and many practical
applications such as catalysis, adsorption, separation, and sensing due to their unique properties
such as high surface areas, large pore volumes, and narrow and tunable pore size
distributions.»?3# According to their pore diameter, materials can be categorized into
microporous (<2 nm), mesoporous (2-50 nm), and macroporous (>50 nm).°> Microporous
materials such as zeolites, activated carbons, carbon molecular sieves, and microporous silica are
mostly used in applications such as adsorption, separation, and catalysis.®"® Despite their high
surface area and their wide-spread applications, there are some key drawbacks such as slow mass
transport, collapse of porous structures at high temperatures, low conductivity due to defects, low
diffusion capacity, and failure to accommodate bulky compounds.®!® On the other hand,
macroporous materials such as carbon nanotubes and macroporous silica materials tends to have

lower surface areas.'? Due to these disadvantages of micro and macroporous materials,
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development of mesoporous materials is desirable. This chapter focuses on the synthetic
procedures of two classes of mesoporous materials and the influence of their properties on
catalysis.

N-doped ordered mesoporous carbons (N-OMC):

In addition to the properties of porous materials, OMC have high stability to hydrolytic
conditions, low density, electrical conductivity, and have been used as supports for catalysts,

adsorbents for non-polar species, capacitors, and electrodes.3141°

Surfactant Precursor Carbonization  Silica template
removal filing removal

Silica template E@ﬂ* ':>‘ ':>$

condensation
/ Nano-casting strategy

e
% % % ‘ Direct synthesis

Carbon precursor
condensation
Carbonization

Figure 1: Routes to synthesize OMC materials: nanocasting (top route) and direct synthesis
(bottom route)

Hard- (nanocasting) and soft-templating (direct synthesis) are the two traditional routes to
synthesize OMCs (Fig.1).1® In nanocasting route, a pre-synthesized mesoporous silica templates
such as SBA-15, FDU, KIT, or MCM-48 is used as a structure directing agent (SDA) to achieve
various pore organizations such as 2D-hexagonal, and 3D-cubic.'”181%20 The carbon-precursors
are then impregnated inside the pores of silica template followed by carbonization under inert
atmosphere. The silica template is then etched yielding the OMC product. The drawbacks of

nanocasting are that it requires a sacrificial template, hazardous conditions for removal of silica
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template, is time-consuming, and unsuitable for large-scale production. The alternative soft-
templating route to synthesize OMC relies on non-covalent interactions between a co-block
polymer SDA and a carbon-precursor to form ordered mesophases that undergo thermal
polymerization to give continuous frameworks. The pyrolysis of the SDA-polymer under inert
atmosphere decomposes and removes the template and carbonizes the polymer to finally produce
OMC.24?223 The wide range applications of OMC doesn’t only depend on the high porosity of
the materials but also relies on the heteroatom doped within the carbon framework.

The electronic and chemical properties of porous carbons can be tuned by doping various
elements such as nitrogen, boron, and phosphorus.?#?> Among these, nitrogen is the most widely
doped element in the porous carbon framework. Post-synthetic treatment and hard-templating are
the two most common methods to dope nitrogen into porous carbons.?® However, the post-
synthetic route gives non-uniform distributions of nitrogen functionalities while the hard-
templating route is hazardous and time-consuming. Thus, there is a need to prepare N-doped
OMCs using a direct-synthesis route. In chapter 2, we will discuss a new route to directly
synthesize N-OMCs and the effect of nitrogen functionalities on catalysis.

Periodic mesoporous organosilicas (PMOs):

Researchers from Mobil corporation in 1992 synthesized mesoporous silica (M41S) by using
cationic surfactant (alkyltrimethyl ammonium halides) as a structure directing agent (SDA) for
different silica precursors.?”?8 The resulting material had periodic pore arrangement, amorphous
pore walls, and pore size ranging between 1.5-10 nm.?’ Later, Stucky and co-workers
synthesized mesoporous silica thin films with large pore size around 9.0 nm using block
copolymer of ethylene oxide (EO) and propyleneoxide (PO) as SDA.?° After these breakthroughs

in template directed synthesis of mesoporous silica, considerable efforts have been devoted
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towards the synthesis of mesoporous silica with different morphologies such as 2D-Hexagonal,
cubic, and lamellar.?3° All these materials possess physicochemical properties such as high
surface areas, pore volumes and tunable pore sizes. Due to these properties, the materials have
been extensively used in several applications such as catalysis, adsorption, host inclusion
chemistry, and separation science.®! Functionalization of these materials using organic groups or
impregnation of metal can further increase their potential in certain applications. The
functionalization of organic groups can be performed via grafting or condensation reaction.
Though, functionalized mesoporous silica suffers from some drawbacks such as heterogeneous
distribution of functionalities, and decrease in surface area and pore volume upon high loadings
of organic groups.®! Therefore, synthesis of another class of mesoporous material is required.

Periodic mesoporous organosilica (PMOs) belongs to a class of mesoporous silica that possesses
organic-inorganic composites (Fig. 2a).%2*®* PMOs have an organic bridging group covalently
bonded to two or more silicon atoms.>® As shown in Fig. 2, PMOs can be synthesized using
different pathways: via condensation of (1) single organo-bis-silane precursors (2) two or more
organosilane precursors, or (3) an organo-bis-silane precursor and organosilane.®® In all of these
pathways, organo-bis-silane and organic functional group undergo hydrolysis and
polycondensation while interacting with SDA to form mesoporous composites. The composites
are subsequently treated to remove the SDA via solvent extraction to give the final PMO.3* By
choosing appropriate organic bridging groups, the physical and chemical properties of PMOs can
be tuned. Chapter 3 discusses the synthesis and characteristics of PMOs prepared via co-

condensation of organo-bis-silane precursors and organosilane.®
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(2) (1) (3)
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i

Figure 2: (A): Generic structure of PMOs.% R = bridging group, R’= methyl or ethyl group, (B):
various pathways to synthesize PMOs®’
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CHAPTER 2

NITROGEN-DOPED ORDERED MESOPOROUS CARBONS: SYNTHESIS,
CHARACTERIZATION, AND CATALYSIS
In this study, nitrogen-doped ordered mesoporous carbons (N-OMC) were synthesized via
polycondensation of 3-aminophenol and formaldehyde templated by self-assembled Pluronic
F127 micelles in basic medium. Hexamethylenetetramine (HMT) was used as a source of
formaldehyde during the condensation reaction. The material was carbonized at various
temperatures to control nitrogen content (%N) and degree of graphitization. N-OMC was studied
as a support for catalytic palladium nanoparticles, prepared via incipient wetness impregnation.
The goal of this study is to evaluate the effects of nitrogen-doping of OMC on the catalytic
activity of supported Pd towards the selective hydrogenation of nitroarenes. Pd-N-OMC showed
better catalytic activity for hydrogenation of nitrobenzene than Pd-OMC. The better catalytic
activity of Pd-N-OMC can be attributed to formation of small Pd nanoparticles and uniform
distribution.

Introduction

The catalytic hydrogenation of nitrobenzene is an important process for the large scale
production of anilines used in industries such as pharmaceutical, automobile, and construction.'-?
Aniline and its derivatives can be used in various applications such as dyes, in the production of
polyurethane, rubber processing chemicals, polymer surfactants, and pesticides.>*>® Many
homogeneous and heterogeneous nitrobenzene hydrogenation catalysts have been synthesized
using metals such as ruthenium, platinum, palladium, rhodium, iridium, and their oxides.>"8 In

general, palladium catalysts supported on carbon materials show good selectivity and catalytic
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activity for hydrogenation of nitrobenzene. Typical supports include activated carbon fibers,

carbon black, activated carbon cloths, carbon nanofibers and carbon nanotubes.%10:11-12.13.14

Porous carbons have unique properties such as high surface area, thermal stability, chemical
inertness, wettability, and electric conductivity.>1%1” The electronic and physical properties of
carbon materials can be tuned via doping of nitrogen atom. Because of such changes these
materials have gained lot of attention in the field of catalysis, gas adsorption, and as
supercapacitors.'®1718 Zhao and co-workers observed that incorporation of nitrogen atoms within
carbon materials increases its capacitance and electronic conductivity.!*?° Boehm and co-
workers observed an increase in catalytic activity for oxidation and hydrogen halide elimination
reaction upon nitrogen doping.?! Zhao and Shin’s groups independently synthesized nitrogen-
doped porous carbon materials and observed higher catalytic activity for oxygen reduction
reaction.?>? Jagdeesh and co-workers observed higher dispersion of iron metal nanoparticles
with nitrogen doping on carbon framework.?* From these reports, it is evident that the catalytic
activity of catalysts supported on carbons can be affected by nitrogen doping, likely through
interactions with the support that control the metal particle size and dispersion, and the electronic
properties of the catalyst.

Among two traditional routes to synthesize carbon materials, in post-synthetic treatment,
incorporation of nitrogen functionalities within carbon framework can be conducted using heat
treatment in the presence of nitrogen containing reagents.'®* Ammonia, pyridine, nitric acid, urea,
hydrogen cyanide, and amines are the common nitrogen containing reagents used for this
purpose.2>26:27.282930 Haowever, post-synthetic treatment causes non-homogeneous distribution of
nitrogen entities in the carbon framework.3! Thus, hard-templating is considered a more

favorable route to synthesize N-OMCs. The most common precursors used in this technique are
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melamine-formaldehyde, urea, acrylonitrile, and pyrrole.3233343% Although a lot of research has
been conducted on synthesis of nitrogen doped porous carbon, the procedure is time-consuming,
requires hazardous conditions and is expensive. Therefore, researchers have started synthesizing
N-OMC using soft-templating methods.
Wan and co-workers synthesized N-OMC via evaporation induced self-assembly (EISA) using
melamine, formaldehyde and phenol as the carbon-nitrogen precursors and Pluronic F127 as
structure directing agent.®® Yang and co-workers also synthesized nitrogen-doped mesoporous
carbon using urea-phenol-formaldehyde resin via EISA method.>” Recently, Yu and co-workers
synthesized N-OMC using resorcinol and melamine as the carbon and the carbon-nitrogen
precursors respectively. They used hexamethylenetetramine (HMT) as formaldehyde source to
control the polymerization kinetics.® The same group also synthesized N-OMC using urea as the
carbon-nitrogen source.® Wang’s group reported the first synthesis of N-OMC with 2D-
hexagonal mesopore structure using 3-aminophenol and resorcinol as the carbon-nitrogen and
the carbon precursors, respectively.*® Additionally, Shen’s group recently reported the synthesis
of N-OMC with cubic mesopore structure using 3-aminophenol as the carbon-nitrogen precursor
in presence of HMT.#
Inspired by these studies, we have synthesized ordered mesoporous carbon (OMC) and N-OMC
and used them as supports for catalytic Pd nanoparticles. The effect of nitrogen doping on the
activity of the supported catalysts was studied using nitrobenzene hydrogenation as a test
reaction.

Experimental Section
Reagents: Pluronic F127, hexamethylenetetramine, resorcinol, 3-aminophenol, mesitylene

(TMB), palladium(I1) nitrate dihydrate Pd(NO3)22H20, and 4-nitrophenol were purchased from
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Sigma Aldrich. Ammonium hydroxide, nitrobenzene and aniline were purchased from Fisher.
All the reagents were used as received without further purification.

Synthesis of OMC: The synthesis was adapted from the previously reported method.*? Pluronic
F127 (2.00 g), HMT (0.70 g, 5.00 mmol), resorcinol (1.10 g, 10.0 mmol), and mesitylene (0.40
g, 3.33 mmol) were dissolved in deionized water (52 mL) and ammonium hydroxide (14.8 M,
2.0 mL). The contents were stirred to dissolve at room temperature for 1 h. The resultant
solution changed its color to dark green. The mixture was transferred into pre-heated oil bath (80
°C, 200 rpm) and was stirred for 24 h. The mixture was cooled down using an ice bath and a
solid product (brown color) was obtained via centrifugation (8000 rpm, 40 min). The material
was air-dried at room temperature. The as-synthesized material was further carbonized at various
temperatures (300, 400, 500, and 600 °C) at a heating rate of 1 °C min* under nitrogen flow for 6
h. The final products were labeled as OMC-T (T=carbonization temperature).

Synthesis of N-OMC: In a typical synthesis of N-OMCs, Pluronic F127 (2.00 g), HMT (0.70 g,
5.00 mmol), 3-aminophenol (1.08 g, 10.0 mmol), and mesitylene (0.40 g, 3.33 mmol) were
dissolved in deionized water (52 mL) and ammonium hydroxide (14.8 M, 1.0 mL). The contents
were stirred to dissolve at room temperature for 1 h. The resultant solution changed its color to
yellowish-green. The mixture was transferred into a pre-heated oil bath (80 °C, 200 rpm) and
was stirred for 24 h. The mixture was cooled down using an ice bath and the solid product
(brown color) was obtained via centrifugation (10000 rpm, 40 min). The material was then air
dried at room temperature. The as-synthesized material was further carbonized at various
temperatures (300, 400, 500, and 600 °C) at a heating rate of 1 °C min! under nitrogen flow for 6

h. The final products were labeled as N-OMC-T (T=carbonization temperature).
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Synthesis of catalysts (Pd-OMC-T, Pd-N-OMC-T): All the catalysts were prepared by
incipient wetness impregnation of palladium(ll) nitrate dihydrate salt. Pd(NO3)22H20 (75.1 mg,
0.281 mmol) was dissolved in acetone (2.0 mL) for each carbon support (925 mg). The carbon
support was placed in a mortar and the palladium salt solution was added in portions
corresponding to the pore volume of the material. The solution was mixed with the support using
a pestle, thoroughly ground, and was oven dried between each portion. The impregnated
palladium salt was then reduced using NaBH4/EtOH (10.6 mM) solution. For each gram of
support, 5.0 mL of NaBH4/EtOH solution was stirred at room temperature for 1 h. The material
was then washed using ethanol to obtain Pd supported OMC or N-OMC.

Hydrogenation of nitrobenzene: Hydrogenation reactions were performed under constant H»
flow (0.674 cm?® s%) using a Schlenk line. In a typical experiment, 0.5 mol % of catalyst and
nitrobenzene solution (2 mL, 0.1 M), and a stir bar were added to a scintillation vial (5.0 mL).
The vial was then placed in an oil bath under Schlenk line at 30 °C with stirring rate of 600 rpm.
The reaction was performed for 30 min and aliquots were collected by centrifugation (4000
rpm). 100 pL of aliquot, 100 pL of internal standard (0.1 M Nitrophenol solution), and 800 pL of
ethanol were mixed in a GC vial. The reaction products were then analyzed using Agilent GC-
MS 7890 A equipped with 5975 C mass selective detector, column HP-5 30 m X 0.25 mm X
0.25 um. The run started at 50 °C and was held at that temperature for 1 min, followed by a
temperature ramp to 170 °C at a rate of 10 °C min. The temperature was then ramped to 300 °C
at ramp rate of 10 °C min and was held at that temperature for 1 min.

Characterization
Textural properties: Nitrogen sorption isotherms were obtained in a Micrometrics Tristar

analyzer at -196°C. Brunauer-Emmett-Teller (BET) and Barret-Joyner Halenda (BJH) methods
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were used to calculate surface area and pore size distribution respectively. The samples were
degassed under N flow for 6 h at 100°C prior to the analysis.

Powder X-ray diffraction: Small- and wide-angle X-ray diffraction patterns were collected on a
Bruker AXS D8 Discover powder diffractometer equipped with Cu Ka radiation source (40 kV,
44 mA) over the range of 1-10° (low angle) and 10-60° (wide angle) (20). The sample was

scanned in 0.02 ° steps. Crystallite sizes were calculated using Scherrer’s equation:

K2
" BcosO

Where K is the shape factor of the average crystallite with a value of 0.93.%% ) is the wavelength
of incoming X-rays (0.154 nm), B is the full width half-maximum, and © is the Bragg’s angle.
All the crystallite sizes were calculated using the reflection at 26 = 40 degrees.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT): A Bruker vertex 80
FTIR spectrophotometer equipped with a HeNe laser and photovoltaic MCT detector and OPUS
software was used to collect DRIFT spectra. The samples were vacuum dried at 100°C under
Schlenk line for 24 h prior to analysis.

CHN elemental analysis: CHN elemental analysis was performed using a Perkin Elmer 2100
Series Il analyzer using acetanilide as a calibration standard. The carbon materials were vacuum
dried at 100°C under Schlenk line for 12 h prior to analysis. Triplicate runs for each sample were
performed.

X-Ray photoelectron spectroscopy (XPS): XPS analysis was performed using a Kratos Amicus
(ESCA 3400) system using standard - Al X-rays. The samples were prepared by deposition onto
a double-sided-tape sample holder. All spectra were energy calibrated based on C 1s peak set at

284.6 eV.
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Inductively coupled plasma optical emission spectroscopy (ICP-OES): A PerkinElmer
Optima 2100 inductively coupled plasma optical emission spectrometer was used for
quantification of palladium. 5.0 mg of carbon material was calcined in a box furnace at 500°C for
6 h. The calcined material was then treated with 20 vol% aqua regia (10 mL) and ICP-OES was
then performed. Three runs were performed on each material and an average was taken to
calculate the wt% of palladium.

Transmission electron microscopy (TEM): TEM analysis was conducted using a FEI Tecnai
G2 F20 field emission microscope operating at 200 kV. TEM samples were prepared by placing
2-3 drops of dilute ethanol suspensions onto lacey-carbon-coated copper grids. The particle size
of supported palladium nanoparticle was determined by measuring the size of at least 60
palladium nanoparticles from the TEM images.

Results & Discussions

Table 1 shows the structural properties of N-OMCs and OMCs. All synthesized materials show
type IV N sorption isotherms that are characteristic of mesoporous materials. Surface area and
pore volume increase as the carbonization temperature increases. The adsorption and desorption
branches of some isotherms do not close. This sorption behavior is related to micropore
formation at these carbonization temperatures.** The pore size of all OMC materials ranges
between 2 to 4 nm. The low-angle powder XRD patterns of all OMC (Fig. 1B) and N-OMC (Fig.
1D) show a strong diffraction peak at 0.90 26 °. Some additional weak diffraction peaks are also
observed at 20 = 1.4-1.6 °. These peaks are associated with (100), (110), and (200) reflections of

2D-hexagonal P6mm symmetry.*?
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Figure 1. A) N2 sorption isotherms and B) low-angle XRD patterns of OMC, and C) N2 sorption
isotherms and D) low-angle XRD patterns of N-OMC carbonized at 300, 400, 500, and 600 °C.

CHN elemental analysis was performed on OMC and N-OMC materials to study their
composition. As shown in Table 1, N remains between 8 and 9% at carbonization temperatures
300 — 500 °C, and only seems to start dropping at 600 °C. This behavior is expected as nitrogen
will be eliminated as a N2, and NHs gases with increasing carbonization temperature.® A similar
trend is also observed for %H and %O. The constant decrease in %H with carbonization
temperature suggests increasing formation of the aromatic framework.

DRIFT spectra of OMC and N-OMC are shown in Figure 2. N-OMCs (figure 2B) carbonized at

300 and 400 °C present a band at 3400-3500 cm™, which may be related to N-H or O-H
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stretching vibrations.*® To the contrary, OMC does not show absorption in this region. Thus, the
band at 3400-3500 cm™ in N-OMC can be attributed to N-H bonds in the primary amine from

Table 1: Structural properties and elemental composition of OMC and N-OMC carbonized at

various temperature. %0 was calculated using equation 100- (%H + %C + %N).

Pore
Material Suzﬁgzﬁ)rea size Po(rcem\g.ogl_LlJ)m ® 1l wc % N % H % O
(nm)
OMC-300 458 3.5 0.36 73.2+0.4 | 1.37+0.08 | 4.25+0.43 | 19.3+0.28
OMC-400 524 3.1 0.36 74.7+0.5 | 1.2320.07 | 3.74+0.27 | 18.1+0.45
OMC-500 607 2.8 0.38 89.0+0.5 | 1.35+0.07 | 2.81+0.02 | 6.81+0.53
OMC-600 837 2.6 0.50 91.4+0.3 | 2.80+0.11 | 1.19+0.06 | 4.61+0.41
N-OMC-300 461 3.5 0.41 72.9+0.9 | 8.27+0.15 | 3.97+0.09 | 14.9+1.08
N-OMC-400 506 3.5 0.39 78.0£0.4 | 8.930.07 | 3.07+0.02 | 10.0+0.47
N-OMC-500 531 35 0.39 81.7+0.6 | 8.48+0.19 | 2.60+0.28 | 7.85+0.62
N-OMC-600 523 3.3 0.37 82.1+0.8 | 7.09+0.11 | 1.83+0.15 | 9.54+0.82

the nitrogen-carbon precursor — 3-aminophenol. Upon increasing carbonization temperature to
400 °C, N-H band gives a single peak attributing secondary amine entity such as pyrrolic N. The
N-H band around 3400-3500 cm™ disappeared at a carbonization temperature of 600 °C. The
disappearance of N-H band suggests pyridinic and quaternary nitrogen type of structure

formation at higher temperatures. The strong absorptions around 1500-1700 cm (figure 2B) are

@ ®) —

omc-600 \/ N-OMC-600 g v W

N-OMC-500
N/ " \/_\I SN
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Figure 2: (A) DRIFT spectra of OMC and (B) DRIFT spectra of N-OMC carbonized at 300,
400, 500 and 600 °C.
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attributed to C=C, C=N, and -N-H(w) stretching vibrations.*®*’ A weak C-N stretching vibration
(figure 2B) is observed at 1250 cm™ in nitrogen-doped carbons carbonized at 300 and 400 °C
suggesting the presence of primary and secondary amine functionalities.46*® The band at 2800-
3000 cm™! (Figure 2A & B) shows presence of —C-H bond from aliphatic carbons while the bands
between 3000-3200 cm™' suggests presence of —C=C-H bond from aryl rings.*® As the
carbonization temperature increases, the peak for -C-H starts to disappear which is attributed to
the formation of an aromatic framework in both carbon materials. The band at 1620 cm™ (figure
2A) are ascribed to C=C and O-H stretching vibration of hydroxyl group from carbon precursor
— resorcinol.>® Additionally, a stretching band for C=0O is observed around 1720 cm™ for OMC

carbonized at 300 and 400 °C suggesting the presence of formaldehyde.

XPS analysis was performed to analyze the chemical environment of nitrogen and carbon species
in OMC and N-OMC materials at carbonization temperatures between 300 and 500 °C. The N1s
peaks in N-OMC materials can be deconvoluted into four different components: amine (399.4
eV), pyridinic (398.4 eV), pyrrolic (400 eV), and quaternary (401.1eV) nitrogen.>>*2 N1s XPS
spectra of these materials showed dominance in pyridinic and pyrrolic groups as carbonization
temperature increases from 300 to 500 °C.%**3 The formation of pyridinic and pyrrolic nitrogen
functionalities can be attributed to formation of N radicals with increasing carbonization
temperature. These radicals can then attack the carbon to form functionalities such as pyrrole,
pyridinic N, and nitrogen oxide.?? C1s XPS spectra of these materials can be deconvoluted into
many different components, including graphitic C (284.6 eV), C-N (285.6 eV), C=N (287.3 eV),
and 7-m* shake-up satellite peaks (290.2 eV).>* C-N and C=N functionalities suggests the
presence of amine, pyrrolic and pyridinic types of components in these materials.>* A similar

behavior was also observed via FTIR and CHN elemental analysis.
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Figure 3: N1s and Cls XPS Spectra of N-OMC-300,400, and 500 °C. The colored lines in N1s
XPS spectra for N-OMC represent: (i) pyridinic N (red), (ii) amine group (teal), (iii) quaternary
N (green), (iv) pyrrolic N (blue) and (vi) pyridinic nitrogen oxide (light purple). The colored
lines in C1s XPS spectra for N-OMC represent: (1) graphitic C (dark purple), (2) C=N bonds
(mustard), (3) satellite peaks (grey), and (4) C-N (dark green).
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Raman spectroscopy was employed to characterize structural

20

defects and degree of

graphitization in both carbon materials (Figure 4). Both materials exhibited two Raman bands

located at 1340 cm™* (D-band) and 1572 cm™ (G-Band), respectively. The D-band corresponds to

Ayq in plane vibrational mode, which is related to defects in the graphitic structure.>>°%" While,

the G-band is indication of Ezq in plane vibration of sp? bonded carbons, suggesting the graphitic

structure of the carbon material.>°25% Table 2 shows ratio of the intensity of the D band to that

of the G band (Ip/lg). In/lc was higher for N-OMC than that of OMC carbonized at the same

temperatures, indicating that the degree of graphitization decreases upon incorporating nitrogen

entities within the carbon framework.
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Figure 4: Raman spectra of (A) OMC and (B) N-OMC carbonized at 300, 400, 500, and 600 °C.

Table 2: Intensity ratios from Raman spectra of OMC and N-OMC carbonized at 300,400, 500,

and 600 °C.
Material Io/le Material Io/le
Graphite standard 0.21+0.04 Graphite standard 0.21+0.04
N-OMC-300 0.90+0.10 OMC-300 0.84+0.06
N-OMC-400 1.00+0.10 OMC-400 0.81+0.01
N-OMC-500 1.06+0.04 OMC-500 0.97+0.01
N-OMC-600 1.23+0.04 OMC-600 0.94+0.03

After successful characterization of these carbon materials, they were impregnated with

Pd(NOs)>2H,0. The materials were then reduced using NaBH4/EtOH solution. The N sorption
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isotherms of Pd-OMCs and Pd-N-OMCs showed type IV behavior, indicating the mesoporous

character was preserved after metal formation. The surface areas of these materials are 20%

smaller than the original OMCs and N-OMC:s. This behavior is likely to be caused by sintering

2
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Figure 5: XRD patterns of (A) Pd-OMC and (B) Pd-N-OMC carbonized at 300, 400, 500, and

600 °C.
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Table 3: Structural properties of Pd supported OMC and N-OMC. *Crystallite size was
calculated using XRD peak at 260 = 40.1°. *"Wt% of Pd was measured by ICP-OES.

Material Surfacze Area| Pore Size | Pore V;)lume Crystallit:e size Pd We%b
(m'/g) (nm) (cm'/g) (nm)

Pd-OMC-300 323 3.2 0.24 4.6 1.440.3

Pd-OMC-400 457 2.9 0.29 4.4 1.740.2

Pd-OMC-500 380 2.6 0.27 4.1 1.8+0.04

Pd-OMC-600 405 2.7,3.9 0.26 4.5 1.3+0.03
Pd-N-OMC-300 237 3.5 0.23 4.3 1.840.1
Pd-N-OMC-400 313 3.2 0.26 4.6 1.9+0.2
Pd-N-OMC-500 362 3.2 0.30 4.5 1.640.1
Pd-N-OMC-600 125 3.1 0.15 4.5 1.740.2

of metal that leads to pore filling or blocking. Figure 5 shows the wide-angle XRD patterns of

OMC and N-OMC materials. Both materials show two notable peaks at 23.2 and 42.7 26° which

correspond to (002) and (101) reflections from carbon supports, respectively A strong diffraction

peak for metallic Pd is observed at 40.1 26° followed by weak diffraction peaks at 35.6, 46.6,
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67.3, and 81.3 26°.%8 The crystallite sizes of both materials range between 4.0 to 4.6 nm which is
on the same order of magnitude as the pore width suggesting that most of palladium is
incorporated within the mesopores of the OMC materials. The XRD patterns of Pd in OMC and

N-OMC do not show significant differences between the materials.

XPS analysis was performed to scrutinize the electronic state of palladium. XPS analysis of Pd
3d suggests that palladium species are present as Pd® and Pd?* electronic states. Metallic
palladium is the dominant phase observed on the surface of Pd-OMC while Pd?* is the dominant
phase on the surface of Pd-N-OMC. The binding energies of Pd® and Pd?* are shifted to higher
values in Pd-OMC (341.7 eV, 344.3 eV) compared to those in Pd-N-OMC. (341.4 eV, 344.1 eV)
Similar trend was also observed by Lee and co-workers.>® Lee and co-workers observed that
Pd?* is likely to interact with sp? orbitals of nitrogen atoms. Due to such strong interactions
between nitrogen atoms and Pd?* species, palladium will be harder to reduce to its metalic state
and better dispersion can be attained.>®® Ombaka and co-workers suggested the possible
interactions between Pd nanoparticles and nitrogen functionalities in N-doped carbon
nanotubes.®® They proposed that pyrrolic nitrogen functionalities tend to covalently bind with
Pd?* species, while lone electron pairs from pyridinic N tend to coordinate with vacant sites of

Pd?* (Scheme 1).%! These interactions may be responsible for preventing the reduction to Pd°.

( B
Pyt + i N » Pd®*=T-N N
\_/ 2 ; / 2
( A
Pd?*- - N/ \
— 2

Scheme 1: Possible interactions between pyrrolic and pyridinic N functionalities and Pd
nanoparticles.506
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Figure 6: Pd 3d XPS spectra of Pd-OMC and Pd-N-OMC. Blue line represents metalic
palladium (Pd®), Green line represents Pd?* species

As can be seen in Figures 7 and 8, palladium nanoparticles are better dispersed in Pd-N-OMC in

than in Pd-OMC. N1s XPS analysis (Figure 3) showed the formation of pyridinc and pyrrolic N
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Figure 7: TEM images and Pd particle size histograms of Pd-OMC carbonized at (A) 300, (B)
400, and (C) 500 °C. (Particle size average and standard deviations in nm indicated in the top

right corner of the histograms).
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Figure 8: TEM images and Pd particle size histograms of Pd-N-OMC carbonized at (A) 300, (B)
400, and (C) 500 °C. (Particle size average and standard deviations in nm indicated in the top
right corner of the histograms).
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structures at higher carbonization temperatures. Better dispersion of palladium nanoparticles can
be ascribed to strong interactions between nitrogen functionalities and palladium species. TEM
images of Pd-OMC (Figure 7) and Pd-N-OMC (Figure 8) showed that most of the palladium
particle size ranges between 1 and 20 nm. As shown in Figure 7a and b, Pd-OMC carbonized at
300 and 400 °C showed agglomeration of palladium nanoparticles (particle size = 30-50 nm)
compared to that of Pd-N-OMC carbonized at the same temperature. Additionally, higher
dispersion and smaller particle size of palladium is observed in Pd-N-OMC-300 and 400
compared to that of Pd-N-OMC-500. This behavior is ascribed to presence of nitrogen entities
such as amine group, pyrrolic, and pyridinic nitrogen in Pd-N-OMC-300 and 400.

N02 NH2
0.5 mol % Pd Catalyst

L
v o

H, (flow rate = 0.714 cm>/s)

T = 30°C, t= 30 min
0.1 M solution in EtOH

Scheme 2: Catalytic hydrogenation of nitrobenzene to aniline using ethanol as a solvent.

Pd-OMC and Pd-N-OMC materials were then evaluated as catalysts to study the influence of
nitrogen doping on the hydrogenation of nitrobenzene (Figure 9). Aniline is produced as a major
product of the reaction. Pd-OMC-500 showed higher production of aniline compared to Pd-
OMC-300 and 400. The Pd size distributions of OMC (Figure 7) indicated smaller metal
nanoparticle sizes (5.5£7.2) in the material carbonized at 500, suggesting that the lower catalytic
activity of Pd-OMC-300 and 400 materials may be due to nanoparticle sintering. Donoeva and
co-workers also observed that while Au nanoparticles supported in graphite and O-modified

graphite underwent significant Ostwald ripening, functionalization of the material with nitrogen
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inhibited nanoparticle sintering.®> They attributed this difference in sintering behavior to

enahnced interaction of the metal with N-functionalities in the carbon material.
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Figure 9: Catalytic hydrogenation of nitrobenzene using (A) Pd-OMC and (B) Pd-N-OMC
carbonized at 300, 400, and 500 °C
Pd-N-OMC materials exhibited higher activity compared to Pd-OMC materials. The difference is
likely due to a combination of factors including better dispersion of the metal as suggested from
TEM imaging (Figures 7 and 8), and the capacity of N to donate electrons to the supported
metal. The nitrogen functionalities on carbon support act as a lewis base. Among three dominant
nitrogen functionalities present in N-OMC materials, pyridine is the most basic in nature
compared to aniline and pyrrole. This would explain the slightly higher activity of Pd-N-OMC-

400 compared to Pd-N-OMC-300 based on the higher pyridinc N content of the former (Figure
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3), the activity of the pyridinic-N rich Pd-N-OMC-500 is the lowest of the three doped materials.
Due to higher basicity of pyridine N, it is a better electron donor than N in pyrrole and amine
(aniline) groups, and can therefore affect more efficiently the electronic properties of Pd
nanoparticles resulting in enhancement of the catalytic activity. Ombaka and co-workers also
reported a similar behavior. They observed that the presence of pyridine-Pd complexes in carbon
materials enhances catalytic acitivity and selectivity for hydrogenation of nitroarenes compared
to pyrrole-Pd complexes.®* The small decrease in catalytic activity observed for Pd-N-OMC-500
could be due to a slightly larger particle size as observed from TEM (Figure 8) and a higher Pd?*
content as evidenced by XPS analysis (Figure 6).

Conclusions
In summary, N-OMCs with high surface area and large pore volume have been successfully
synthesized via condensation between 3-aminophenol and formaldehyde. Using this procedure,
6-8 wt % of nitrogen and direct incorporation of nitrogen functionalities were achieved. At
higher carbonization temperatures, N-OMCs tend to form pyrrolic and pyridinic types of
nitrogen functionalities within the carbon framework. Presence of such nitrogen functionalities
likely acted as coordination ligands to prevent sintering of Pd nanoparticles resulting in better
dispersion as observed in TEM images. Strong metal-support interactions between palladium and
nitrogen-functionality and electronic effects of the N-dopant resulted in better catalytic activity

for hydrogenation of nitrobenzene using Pd-N-OMC compared to Pd-OMC.
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CHAPTER 3

FUNCTIONALIZED PERIODIC MESOPOROUS ORGANOSILICA: SYNTHESIS, AND
CHARACTERIZATION

In this study, we report the synthesis and characterization of a series of functionalized periodic
mesoporous organosilica (PMOs) materials containing an organosilane in addition to the organic
bridging groups. The PMOs were prepared via surfactant templated acidic route using 1,4-
bis(triethoxysilyl)benzene (BTEB) and bis(triethoxysilyl)ethane (BTEE) as the organosilica
sources. Four different functional groups were introduced into PMO by condensation of the
organosilica sources with organosilanes (3-(aminopropyl)trimethoxysilane  (AP), 4-
(triethoxysilyl)butyronitrile (BN), N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane (AEAP),
and 3-(triethoxysilyl)propyl succinic anhydride (PSA)).
Introduction

Ordered mesoporous silicas, first synthesized by Kresge and co-workers via surfactant-templated
condensation of orthosilicates, have gained a lot of attention due to relevant properties such as
high surface areas, large pore volumes and tunable pore sizes.! These materials have been
extensively used in various applications like catalysis, sensing, chromatography, and drug
delivery.23# The scope of applications of these materials can further be widened by introducing
organic groups on their surface. The incorporation of organic functionalities into mesoporous
silica walls is usually performed by adding an organosilane either to the silica precursor during
synthesis (co-condensation route) or to a pre-synthesized mesoporous silica (post-synthetic
grafting).> An alternate approach for preparing mesoporous silica-based materials rich in organic
functionalities is by using building blocks that contain simultaneously the silica and organic
precursors. Periodic mesoporous organosilicas (PMO) belong to a class of organic-inorganic

composites that have an organic bridging group incorporated within silica channel walls.%"® The
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generic form of parent PMOs is O15Si-R-SiO15. The formula is based on stochiometric ratios
between silicon and oxygen atoms. The form represents that three hydrolyzed silanol groups go
through condensation reaction to form Si-O-Si bond so that every oxygen atom is shared
between two silicon atoms.%” As shown in Figure 1, PMO is synthesized via condensation

between organosilane precursors in presence of SDA.

S 2
Surfactant % % %
* &
(OR);-Si—(gg)—Si-(OR)
Hydrolysis &
Bridged Organosilane condensation

Figure 1: Schematic diagram of synthesis of periodic mesoporous organosilica (PMO)
In 1999, Ozin’s group was the first one to synthesize PMOs followed by Stein and Inagaki
groups.>%! Ozin and co-workers synthesized PMOs containing ethenylene bridging group
(bis(triethoxysilyl)ethene) in presence of cationic surfactant under basic conditions. The support
was then brominated to determine accessibility of ethenylene bridging group.® Stein and co-
workers also synthesized ethylene and etheneylene bridged PMO using trimethylammonium
bromide (CTAB) as SDA under basic medium. The synthesized materials showed worm-like
pores and were more hydrothermally stable than MCM-41.1° During that same time, Inagaki and
co-workers also synthesized ethylene bridged PMO using 1,2-bis(trimethoxysilyl)ethane as silica
source and octadecyltrimethylammonium chloride (C1sTMACI) as SDA.! The material showed
high surface area (750 m?/g) and pore diameter (3 nm) with 2D-hexagonal morphology.*! So far,
methylene, ethylene, phenylene, naphthylene, and thiophenylene organic groups have been
successfully incorporated into the framework of PMO.*2' In 2002, Inagaki and his co-workers

synthesized the first hybrid bi-functional PMO with crystal-like pore walls using 1,4-benzene
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and 4,4’-biphenylene functional groups using alkyltrimethylammonium as SDA.* Additionally,
Ozin and his co-workers synthesized highly branched periodic mesoporous dendrisilicas that has
channel walls composed of interconnected dendrimer building blocks.’® By varying organic
bridging group, these materials can be used in various applications such as catalysis, sorption,
bio-sensors, chromatography, and as molecular switches,6:17:18.19.20
Here, we have synthesized ethylene (EPMO) and phenylene (BPMO) bridged periodic
mesoporous organosilicas via surfactant templating in an acidic medium. Additionally, co-
condensation with organosilanes was used to synthesize functionalized BPMO and EPMO.
Experimental Section
Reagents: 4-(triethoxysilyl)butyronitrile (BN), Brij 76, and 1-pyrenecarboxylic acid (PCA)
were purchased from Sigma Aldrich. 3-(aminopropyl)trimethoxysilane (AP), N-(2-aminoethyl)-
3-aminopropyl-trimethoxysilane (AEAP), and Hydrochloric acid (HCI, 12.1 M) were purchased
from Fisher. 3-(triethoxysilyl)propyl succinic anhydride (PSA), 1,4-bis(triethoxysilyl)benzene
(BTEB), and bis(triethoxysilyl)ethane (BTEE) were purchased from Gelest. Ethyl alcohol (200
proof) was used for surfactant extraction in all syntheses. All the reagents were used as received
without further purification.
Synthesis of BPMO. The material was synthesized using previously published method.?* Brij 76
(0.5 g) was dissolved in 2 M HCI (12.5 mL, 25.0 mmol) and deionized water (2.5 mL) in a round
bottom flask with continuous magnetic stirring for 30 min at 50 °C. BTEB (1.04 mL, 2.63
mmol) was then added to the mixture and the stirring was continued for another 20 h at 50 °C.
The solid product was collected via filtration and was air-dried for 24 h. The surfactant template

was removed by refluxing 1.0 g of dry solid with 150 ml of ethanol and conc. HCI (1.69 mL,
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20.3 mmol) at 50 °C for 5 h. The surfactant removal step was repeated. The final product was
filtered and air-dried for 24 h.

Synthesis of EMO. This material was prepared in the same way as BPMO but using BTEE
(0.970 mL, 2.62 mmol) instead of BTEB as precursor. Because of a lower stability of this
material it was hydrothermally treated at 100 °C for 48 h before performing solvent extraction.
Synthesis of Functionalized BPMO. These materials were prepared in the same way as BPMO,
but adding dropwise an organosilane (AP (62.5 uL, 0.354 mmol), AEAP (77.2 uL, 0.354 mmol),
ESA (99.8 uL, 0.354 mmol), or BN (84.8 uL, 0.354 mmol)) immediately after addition of BTEB
(1.04 mL, 2.63 mmol). The molar ratio of BTEB : organosilane was 7.4:1. The final products
were abbreviated as AP-BPMO, AEAP-BPMO, ESA-BPMO, and BN-BPMO.

Synthesis of Functionalized EPMO. These materials were prepared in the same way as EPMO,
but adding dropwise an organosilane (AP (62.5 uL, 0.354 mmol), AEAP (77.2 uL, 0.354 mmol),
ESA (99.8 uL, 0.354 mmol), or BN (84.8 uL, 0.354 mmol)) immediately after addition of BTEE
(0.970 mL, 2.62 mmol). The molar ratio of BTEE : organosilane was 7.4:1. The white solid
products were hydrothermally treated at 100°C for 48 h before removing the surfactant. The final
products were abbreviated as AP-EPMO, AEAP-EPMO, ESA-EPMO, and BN-EPMO.

Loading of 1-pyrenecarboxylic acid (PCA) on AP-BPMO or AEAP-BPMO. The materials
were synthesized using previously published method.??> A 3-fold excess of PCA (0.523 g, 2.12
mmol) (with respect to the nominal amine loading, 0.354 mmol g*) was added to 500 mg of AP-
BPMO or AEAP-BPMO in anhydrous toluene (500 mL). The reaction mixture was refluxed in
anhydrous toluene for 24 h under nitrogen atmosphere. The solid was then washed with 75 mL
of toluene and THF to remove any physisorbed PCA. The material was then dried at 60 °C under

high vacuum for 24 h for removal of solvent.
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Characterization
Textural properties of support: Nitrogen sorption isotherms were obtained in a Micrometrics
Tristar analyzer at -196°C. Brunauer-Emmett-Teller (BET) and Barret-Joyner Halenda (BJH)
methods were used to calculate surface area and pore size distribution, respectively. The samples
were degassed under N2 flow for 6 h at 100°C prior to the analysis.
Powder X-ray diffraction: Small and wide-angle X-ray diffraction patterns were collected on a
Bruker AXS D8 Discover powder diffractometer equipped with Cu Ka radiation (40 kV, 44 mA)
over the range of 1-10° (low angle).
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT): A Bruker vertex 80
FTIR spectrophotometer was used to collect DRIFT spectra equipped with a HeNe laser and
photovoltaic MCT detector and OPUS software. The samples were vacuum dried at 100°C under
Schlenk line for 24 h prior to analysis.
CHN elemental analysis: CHN elemental analysis was performed using Perkin Elmer 2100
Series Il analyzer using acetanilide (ACE) as a calibration standard. The carbon materials were
vacuum dried at 100°C under Schlenk line for 12 h prior to analysis. Triplicate runs for each
sample were performed.
Fluorescence Spectroscopy: The relative spacing of amine in amine functionalized BPMO and
EMPO materials was studied using Cary Eclipse Fluorescence Spectrophotometer. PCA loaded
samples (5 mg) were suspended in hexane (2.0 mL). The mixture was sonicated for 30 minutes.
The suspensions were then excited at wavelength of 336 nm, emission was recorded in the range
350-600 nm. Fluorescence emission was scanned with both excitation and emission slit widths

setat5 nm.
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Results & Discussions

—e— —O— AP-BPMO

—e— —O— AEAP-BPMO
PSA-BPMO

—e— —O— BN-BPMO

—-e— —0- EPMO
—e— —O— AP-EPMO
—e— —O— AEAP-EPMO

Amount adsorbed (cm3/g STP)
Amount adsorbed (cmglg STP)

PSA-EPMO
—8— —O— BN-EPMO

0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Py)

Figure 2: N2 sorption isotherms of parent and functionalized BPMO (left) and EPMO (right)

Relative pressure (P/Pg)

Table 1: Structural properties and CHN elemental analysis of parent and functionalized BPMO

and EPMO.
Material Sur{:‘czjsrea (:Sr:‘)) PV (cm3/g) N (mmol/g)
BPMO 941 3.6 0.70 -
AP-BPMO 921 3.0 0.65 0.65%0.15
AEAP-BPMO 572 2.9 0.30 0.79+0.10
PSA-BPMO 952 2.9 0.68 -
BN-BPMO 1126 2.9 0.82 0.47+0.05
EPMO 786 3.6 0.95 -
AP-EPMO 959 34 0.73 0.54+0.08
AEAP-EPMO 754 3.3 0.72 0.6810.13
PSA-EPMO 729 3.1 0.58 -
BN-EPMO 972 3.3 0.80 0.3810.06

The N2 sorption isotherms of BPMO and EPMO with and without functional groups were type
IV indicating mesoporous character of all the materials. The sharp increase in the adsorbed gas
amount at P/Po= 0.26-0.45 for all materials is due to the capillary condensation in the mesopores.
The surface area, pore diameter and pore volume of the materials depend strongly on the type of
organic bridging group and functionalities incorporated within the PMO structure. Most of the

BPMOs had higher surface areas than the EPMOs suggesting the phenethyl bridging group was
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more beneficial for the assembly of the mesostructures (Table 1). This may be due to the rigidity
of the bridging group and to its capacity to interact with the protonated groups in the template via
cation-n pairing. Small variations in surface areas and pore volumes were observed for most of
the functionalized materials compared to the parent materials. These differences may be
attributed to the effect of the functionalities on condensation rates and on the interaction with the
template. The only large drop in these textural properties was observed for AEAP-BPMO (-40%
in surface area and -58% in pore volume), which could be due to the effect of two amine groups
per silane on the pH of the synthesis. Since the reaction is performed in acidic media, the high
concentration of amines (twice as much as in AP-BPMO) it is more likely to have an effect on
the pH dependent assembly of the supramolecular system. The drop was larger for BPMO
suggesting interaction between the protonated amine and the phenylene ring may have competed
with the interaction of the latter with the template. In contrast to the AEAP group, the BN group
led to a significant enhancement in the textural properties of both PMOs. This remarkable effect
may be due to the large dipole moment of the nitrile group, which likely favored the interaction
with the template. While surface areas and pore volumes had smaller changes for most
functionalized PMOs, the pore widths of all materials were clearly smaller than the parent
PMOs. This decrease can be attributed to the space that the functional groups occupy inside of
the pores.

Low angle XRD patterns of parent and functionalized PMOs were obtained over the range of 1-
5° 20 degrees (Figure 3). For parent EPMO, a sharp diffraction peak is observed at 1.7 20
degrees followed by two small peaks at 2.3, and 2.5 260 degrees. A strong diffraction peak is
observed in range of 1.6-1.8 20 degrees for BPMO with and without functional groups. Weak

diffraction peaks at 3.2 and 3.4 260 degrees are also observed for parent BPMO and BN-BPMO.
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The diffraction patterns obtained suggest that all materials possess well-ordered 2D-hexagonal
mesoporous structures. 2>2* Incorporation of functional group in the parent materials led to some
degree of peak broadening, which is usually observed upon partial loss of structural ordering.
The position of the (100) peak is shifted to higher 26 ° in the functionalized materials, which is

consistent with the decrease in pore width observed upon functionalization.

- BPMO

= AP-BPMO
- AEAP-BPMO
= PSA-BPMO

— BN-BPMO — EPMO

= AP-EPMO
= AEAP-EPMO
= PSA-EPMO

— =

1 2 3 4 5 1 2 3 5
2-theta (degree) 2-theta (degree)

Figure 3: Low angle XRD patterns of parent and functionalized BPMO (left) and EPMO (right)

Counts per second

Counts per second

i

CHN elemental analysis (table 1) was performed on AP, AEAP, and BN functionalized BPMO
and EPMO materials to quantify the amount of nitrogen, which is indicative of the amount of
functional group present in each material. In general, slightly higher loads of groups were
observed for BPMO than EPMO, which is consistent with a more efficient condensation process
and more stable mesophases achieved with phenylene bridging groups. Because AEAP has two
N per molecule, their actual loading is half of the N content. The data shows significantly lower
amounts of AEAP loaded than of the other two groups, this is consistent with the more disruptive

effect of AEAP on the synthesis of the materials.
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DRIFT spectra of all PMO materials exhibited a strong broad band at 1030 cm™ that is credited
to the Si-O-Si stretching vibration of the materials’ framework (Figure 4). Additionally, a broad

band at 1200 cm™ can be ascribed to Si-C stretching vibration in the ethane and phenylene
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Figure 4: DRIFT spectra of parent and functionalized BPMO (left) and EPMO (right).

bridges and the organosilane functional groups.?® All BPMO materials exhibit strong bands
around 3100 and 1620 cm™ corresponding to aromatic C-H and C=C bonds of the phenylene
bridging group respectively.?® A weak band around 2900 cm™ is due to hydrocarbon chains from
functional groups. All surfactant extracted materials exhibit a broad stretch between 3200-3400
cm® which is attributed to N-H or O-H stretching vibrations. All amine functionalized PMOs
show a weak scissoring N-H band at 1620 cm™.2% All succinic anhydride containing materials
show a carbonyl stretching vibration at 1720 cm™ assigned to carboxylic acids that result of
hydrolysis of anhydride due to synthesis conditions.?”?® A weak band is observed at 2240 cm™
due to C=N bond in butyronitrile functionalized materials.?® Additionally a broad stretch
between 3100-3700 cm™ and a sharp band around 1700 cm™ suggested some formation of -
COOH due to the hydrolysis of C=N.%’

The distance between catalytically active functional groups such as amines is expected to play a

crucial role in their performance. There have been different approaches reported to determine the
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average distances between surface-immobilized amine groups including titration, solid-state

NMR, and Biuret test.>31:32 All three techniques are used most commonly while dealing with
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Figure 5: Possible interactions of PCA on different amine functionalized silica supports
illustrating monomer and excimer emission

amino-acid incorporated materials. An alternative method to determine spatial isolation of

amines is by coupling them with fluorophores and evaluating energy transfer processes between
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Figure 6: Fluorescence spectra of (A) PCA in solution at low (1.63 nM, top) to high (10.2 mM,
bottom) concentration, emissions at ca. 380, 400 and 430 nm correspond to the monomer, and
the broad emission at 500 nm indicate excimer formation; and (B) PCA-AP-BPMO (), and

PCA-AEAP-BPMO () in hexane. The mixtures were excited at A = 336 nm.
the attached fluorophores.®? When the fluorophore is a polyaromatic molecule like pyrene, the
individual molecules give a different fluorescence signature than when they are =n-stacked
forming an excimer.®33 Winnik reported the formation of pyrene excimer upon excitation if two
pyrene molecules are located within 0.3-1 nm distance.®® Thus, by pairing PCA with amine
groups in AP-BPMO and AEAP-BPMO, we can establish whether the groups are close (< 1 nm)
or far away (>1 nm) from each other depending on whether we observe the excimer peak or not.

Figure 5 shows the possible interactions that could take place between PCA and amine functional

groups. The carboxylic acid can interact with amine groups via hydrogen bonding or ionic

bonding.*® Fluorescence spectra of PCA suspensions in hexane excited at 336 nm (Figure 6A)
show the emission wavelengths of monomer at low concentrations and excimer at high
concentrations. All PCA probed materials at equimolar concentrations showed three distinct
peaks related to pyrene monomers at A = 384, 408, and 430 nm. Additionally, only AEAP

showed a new broad peak at A = 520 nm at equimolar concentrations of all the materials,

suggesting excimer formation from stacking of PCA molecules. As shown in Figure 5, PCA can
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interact either with two different di-amine groups or with two nitrogen atoms located on the
functional groups, and this may be the reason for the small excimer peak observed. We expect
the relative distance between organic functionalities to be helpful information to synthesize
metal-ligand complexes for catalysis.

Conclusions

In summary, we successfully synthesized ethylene and phenylene bridged PMOs and introduced
different organic functionalities within the silica framework via co-condensation between
organo-bis-silanes and functional organo-mono-silanes under acidic conditions. Parent and
functionalized EPMO and BPMO materials showed type IV isotherm behavior confirming
mesoporosity, and their XRD diffraction patterns suggested their mesopores were ordered in 2D
hexagonal arrays. However small variations in the structural properties of the materials can be
observed upon incorporation of organic functional groups within the framework. These
differences were attributed to interferences of some of the functionalities with the mesophase
formation due to changes in pH or competing interactions with the template. The presence of
different organic functionalities was verified using DRIFT spectroscopy and elemental (CHN)
analysis. The spectra showed the characteristic bands for N-H (3200-3400 cm™, 1620 cmt), C=0
(1720 cm™), and C=N (2240 cm'Y), and elemental analysis indicated N-containing organic groups
were incorporated at loadings between 0.3 and 0.7 mmol g. Probing the spatial distribution of
amines with PCA indicated monomer formation for AP-BPMO suggesting amine groups are
isolated in this material. In contrast, excimer formation in AEAP-BPMO suggested that either
the groups may be close enough to interact with each other, or that PCA interacted with the two

amine groups of the same AEAP functionality.
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CHAPTER 4
GENERAL CONCLUSIONS

The primary focus of this work was the synthesis of two different types of mesoporous materials:
nitrogen-doped ordered mesoporous carbon (N-OMC) and functionalized periodic mesoporous

organosilica (PMO), their characterization and their potential applications.

My research on N-OMC focused on its synthesis, characterization, and its use as an active
catalyst for hydrogenation of nitrobenzene. | presented novel synthetic method to synthesize N-
OMC based on the condensation of 3-aminophenol and formaldehyde using Pluronic F127 as the
structure directing agent (SDA) in basic medium. The developed procedure is much simpler,
low-cost, convenient, and suitable for large-scale industrial productions compare to that of post-
synthetic and nanocasting route. Additionally, the synthesis procedure allows direct
incorporation and homogeneous distribution of nitrogen functionalities within the carbon
framework. Based on N2 physisorption studies, we learned that the material exhibited high
surface area, pore volumes and had narrow pore size distributions. The material was then used to
support Pd nanoparticles via impregnation followed by reduction using NaBH4/EtOH solution.
FTIR and XPS results suggested the formation of pyrolic, and pyridinic N functionalities at
higher carbonization temperatures that are also responsible for uniform dispersion of palladium
nanoparticles compared to that of Pd-OMC due to stronger metal-support interactions. Pd-N-
OMC materials showed better catalytic activity for hydrogenation of nitrobenzene compared to
that of Pd-OMC materials. Based on these results, it is reasonable to conclude that the better
catalytic activity for hydrogenation of nitrobenzene is due to nitrogen functionalities that are
incorporated within the carbon framework. These findings open a new direction to investigate

catalytic selectivity for hydrogenation of nitrobenzene.
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In chapter 3, the synthesis of ethylene and phenylene bridged PMO functionalized with various
organic groups was described. The materials were synthesized via co-condensation between
organo-mono-silanes and organo-bis-silanes. The parent- and functionalized-EPMO, and BPMO
materials exhibited high surface area, pore volume, and pore sizes. The materials presented
diffraction peaks that correspond to 2D-hexagonal pore structure. Small differences in textural
properties of the functionalized materials were attributed to interferences of some of the
functionalities with the mesophase formation. Fluorescence spectroscopy using PCA as a probe
was used to analyze the relative distance between amine groups in amine functionalized
materials. The PCA-AP-BPMO showed only peaks corresponding to monomer formation,
suggesting the AP groups are spatially isolated at least 1 nm apart from each other. In contrast,
formation of the excimer peak in PCA-AEAP-BPMO could be attributed to interactions taking
place between PCA molecules in two nitrogen functionalities of the same AEAP group or two
different AEAP functional groups. We believe these functional materials have ideal properties

for advanced applications such as interfacial catalysis and selective adsorption.
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