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ABSTRACT OF DISSERTATION

EFFICIENT ELECTROCHEMICAL FUNCTIONALIZATION OF CARBON
NANOTUBES AND CARBON NANOTUBE MEMBRANES FOR ENERGY, DRUG
DELIVERY AND POTENTIAL CATALYSIS APPLICATIONS

Electrochemical diazonium grafting offers versatile functionalization of chemically inert
graphite under mild condition, which is particularly suitable for CNT composite
modification. Tetrafluorinated carboxylphenyl diazonium grafting provides the most
controllable functionalization chemistry allowing near monolayer levels of functionality
on carbon nanotubes. The functional density was successfully quantified by anion
selective dye-assay and X-ray photoelectron spectroscopy (XPS) of thiol-Au self-
assembled monolayers (SAM) as a calibration reference. This technique enables
monolayer functionality at the tips of carbon nanotube membranes for biomimetic pumps
and valves as well as thin conductive layers for CNT-based high area electrochemical
support electrodes.

Double-walled carbon nanotube (DWCNT) membranes were functionalized with
sterically bulky dye molecules with amine termination in a single step functionalization
process. Non-faradic (EIS) spectra indicated that the functionalized gatekeeper by single-
step modification can be actuated to mimic protein channel under bias. This functional
chemistry on membranes resulted in rectification factors of up to 14.4 with potassium
ferricyanide in  trans-membrane electrochemical measurements. One step
functionalization by electrooxidation of amines provides simple and promising
functionalization chemistry for the application of CNT membranes.

Carbon nanotubes (CNTSs) are considered a promising catalyst support due to high
surface area, conductivity and stability. But very few cases of asymmetric catalysis have
been reported using CNTs as support. Three noncovalent functionalization approaches
have been carried out to immobilize Rh-Josiphos complex on CNTs for asymmetric
hydrogenation of dimethyl itaconate. Coordinated Rh catalyst on CNTs exhibited
excellent activity and reuse ability even after seventh run in hydrogenation but no
enantiomeric excess as expected for lacking a chiral directing ligand. The catalyst using
pyrene absorption gave 100% yield and excellent enantiomer excess (>90%) but suffered
from leaching into solution. The phosphotungstic acid (PTA) anchored catalyst gave
100% vyield and higher ee (99%) and better reusability over pyrene absorbed catalyst but



had significant leaching after the second run. At this point it remains a significant
challenge to utilize CNTSs as a chiral catalyst support.

Keywords: Carbon nanotube, carbon nanotube membranes, electrochemical diazonium
grafting, electrooxidation of amine.
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Chapter 1 Introduction

1.1 Extraordinary properties of carbon nanotubes
The progress of nanotechnology has profound impact on our society. The global

business incorporating nanotechnology increased up to $254 billion in 2009.[1] The
inventions of new functional material and device have greatly changed our life and
future. Nanotechnology does not only control the synthesis and fabrication at the size less
than 100nm, but also turn the production towards in more efficient and sustainable way.
Carbon nanotubes (CNTs) were one of the greatest discoveries by ljima in 1991.[2]
CNTs belong to the allotrope of carbon, besides diamond and graphite. They are
considered as high aspect ratio fullerene by rolling up graphene sheets into tubular shape.
Depending on the number of graphite layers in their sidewall, CNTs can be classified as
single-walled (SWCNT), double-walled (DWCNT) and multi-walled carbon nanotubes

(MWCNT). Figure 1.1 shows the structure of carbon nanotubes.

CNTs have been prepared in various methods including arc discharge, chemical vapor
deposition (CVD), high pressure carbon monoxide (HiPco) and laser ablation.[3,4]
Carbon nanotubes exhibit extraordinary mechanic, thermal and electrical properties. The
modulus of elasticity of SWCNT is about 1000Gpa (1TPa), which is 5 times higher than
the strength of carbon steel.[5] The theoretically thermal conductivity is up to 6600W/ (m
K), more than 5 times higher than that of diamonds. Due to elimination of electron
scattering, CNTs are ballistic conductors. They have the highest current density as
10°A/cm? in record, which is 100 times greater than copper wires.[6] The high aspect

ratio (up to 1.36x10%) and surface area (up to 1315m?/g) provide highly active area for



functional molecules.[7,8] CNTs also possess good chemical and thermal stability as

promising platform for functional molecules due to inert graphite layer of CNTSs.

1.2 Significance of Functional chemistry of carbon nanotubes
The unique properties of carbon nanotubes have attracted worldwide attentions to

explore their applications. However, the pristine carbon nanotubes are insoluble in
aqueous and organic solvents because they are easy to aggregate into bundles due to van
del Waals force. This makes difficult for the applications of CNTs. Functional chemistry
of CNTs is critical for their applications. The functionalization does not only remove the
impurities from CNTSs, but also enhances the solubility of carbon nanotubes in solution
and composite. Most importantly, functionalization generates anchoring sites for
functional molecules on CNTs. Many exciting applications of functionalized CNTs have
been exploited, such as nano-composites, electronics, medicine, catalysis and
membranes.[3,4,5,6,9,10,11,12] It opens the door to build the nature-mimicking material

and device at nano-scale, moving forward their applications in industry.

1.3 Covalent functionalization of carbon nanotubes
CNTs can be functionalized using versatile modifications. The covalent

functionalization includes oxidation, halogenations, addition and etc, which are
highlighted in Figure 1.2. These conventional chemical treatments require aggressive

treatment on chemical inert graphite wall, which creates defects on CNT surface.[13]

The most popular approach of CNT covalent functionalization is the treatment of
CNTs by strong oxidizing agents. 3:1 concentrated H,SO4:HNOj3 is used to remove the
carbonaceous impurities and catalyst, and creates oxygen moiety such as carboxyl group

at the open ends of CNTs.[14] The carboxylated CNTs can be further formed covalent



amide bond with molecules containing amine moiety. Haddon group first functionalized
the carboxyl group on CNTSs with octadecylamine after acylation with thionyl chloride in
dimethylformamide at 70°C for 24 hours (Figure 1.3).[15] The functionalized CNTs are
soluble in a few organic solvents including chloroform, dichloromethane, aromatic
solvents and CS;. Liber et al. covalently linked the primary amine to carboxylated end of
nanotube using carbodiimide chemistry. [16] The modified CNT tip enables to probe the
intermolecular interaction in chemical or biological systems at nanoscale, as shown in
Figure 1.4. Moreover, this method can be carried out in aqueous solution and room
temperature, which provides functionalization of biomolecules and catalysts on CNTs

under mild condition.

However, the traditional covalent modification cut CNTs in short and creates defects
on surface in harsh treatment. It is also difficult to control the variation of functionality.
Electrografting offered a powerful method for surface modification in both oxidative and
reductive manner.[17] Although the functional moiety can be attached by the
electrochemical oxidation of amine, carboxylates, alcohols and Grignard regents,

electrochemical reduction of diazonium has attracted great attentions.

Diazonium was found 100 years ago. Pinson et al. first reported the electrochemical
grafting of 4-nitrophenyl diazonium grafting on glassy carbon in 1992.[18] Compared to
other surface modification, diazonium grafting offers several advantages in surface
functionalization.[17,19] First, it offers versatile functionality (-NO,,-COOH,-SO3H, etc)
since large variety of aryl diazonium can be simply synthesized or prepared in situ from
commercial available aniline [20,21]. Even the enzyme can be simply synthesized as

diazonium adduct in situ and immobilized on surface for biosensing.[22,23] Secondly, it

3



can modify many conductive substrates (carbon, metal, polymers, semiconductor and
etc). Third, the modified layer on substrate shows stronger stability compared to thiol
derived layer due to its covalent modification.[24,25] However, it is hard to precisely
control the surface functionality. The diazonium grafting was initially considered as
monolayer modification,[18,26,27] but the study of mechanism and characterizations
indicated that multilayer can be formed on substrates.[28,29,30,31,32,33] Figure 1.5
shows the mechanism of multilayer growth. The highly aggressive aryl radicals are first
bounded to surface, and then continually attached to the first grafting layer on substrates.
Laforgue et, al. studied the growth of nitrobenzene film on gold by electrochemical
quartz crystal microbalance (EQCM) during electrochemical deposition.[34] The
formation of multilayer by diazonium grafting on carbon substrate was also characterized
by X-ray Photoelectron Spectroscopy (XPS), Raman, Atomic force microscopy (AFM),
Infrared-Reflection-Absorption Spectroscopy (IRRAS) and electrochemistry study.
[24,28,29,30] Although the surface functionality was characterized by various methods,
systematical quantification has been rarely reported. The reported functionality varies in
1.6 to 28 x 10 mol/cm? in different quantification methods.[26] In fact the surface
functionality can be greatly fluctuated under different grafting conditions such as
substrate, diazonium salt, potential and etc.[35] Therefore, it is important to develop the

controllable diazonium grafting and accurate quantification method.

The inert graphite surface of CNT requires aggressive chemical treatment that may
disturb the properties of CNTs. The primary advantage of diazonium grafting is that CNT
can be covalently modified under mild condition. Particularly, it won’t damage the

surface and structure of CNTs and CNT composites. Tour’s group first studied the



electrochemical diazonium grafting on CNTs buckypaper electrode in 2001.[36] The
grafted organic layer is characterized by thermogravimetric analysis and Raman spectra.
However, the multilayer growth was also found on CNT that was characterized by XPS
and micro-Raman spectroscopy. [28] The polymerization of diazonium grafting insulated
Pt layer with CNT, thereby reducing current density.[37] Moreover, the thick layer on
CNTs tip can block carbon nanotube membrane and dramatically reduce the fast fluid
(Discussed in Section 1.7). Thus, it is fundamentally important to develop controllable
functional chemistry and quantify the functional density for applications of carbon

nanotubes.

1.4 Non-covalent functionalization of carbon nanotubes
CNT can be simply modified by non-covalent functionalization with aromatic

molecules and surfactants. The non-covalent interaction includes n-m stacking, van del
Waals force, hydrogen bonding, electrostatic forces and wrapping interaction.[38,39,40]
Covalent functionalization may deteriorate the electronic property of CNT due to
generating of defects on CNTSs, while non-covalent functionalization offers an attractive

modification for CNTs because it will not disrupt the structure of CNTSs.

Chen et al. first reported that pyrene moiety attachment on CNTs via n- 7 stacking.[41]
Figure 1.6 shows schematic illustration of anchoring proteins with adsorbed pyrene onto
single walled carbon nanotubes. The non-covalent functionalization is attributed to the
strong -7 stacking interaction between aromatic pyrene and basal plane of graphite. This
method offers simple immobilization strategy for proteins, nano-particles and metal-

complex. [42]



The insoluble CNTs can be dispersed in aqueous solution of surfactants. Islam et al.
found CNTs are highly dispersed in sulfonate solution including sodium dodecylbenzene,
triton X-100 and sodium dodecylbenzene sulfonate (Figure 1.7).[43] AFM measurement
found that ~ 63% CNT bundles exfoliated into single tubes at even 20 mg/ml. Aromatic
ring or alkyl chain tangled on CNT wall, as well as charge repulsion contributes the
breakage of the bundles. Non-covalent modification of CNT using surfactant does not
only improve the solubility of CNT in solution, but also stabilize the dispersion of CNT
in polymer, which is essential in the application of CNT-polymer composites.[44] CNTs
can be wrapped by polymers and biomolecules due to its high affinity.[45] By using
DNA as template, the single stranded DNA is self -assembled to CNT, which allows
separation of metallic and semiconducting CNTs with specific diameter size using ionic
exchange chromatography.[46] This method is used to obtain uniform sized CNTSs for the
application of nano-electronics. Non-covalent functionalization enables carbon nanotubes
assembled with aromatic compounds, surfactant, polymer and biomacromolecules
without disturbing intrinsic properties. It is particular useful for CNT applications in

electronics, biomedication and catalysis.

1.5 Applications of functionalized carbon nanotubes

1.5.1Medicine
Carbon nanotubes were considered as promising nano-carrier that can penetrate cell

membranes for diagnostic and drug delivery.[9] However, the pristine CNTs are
insoluble in aqueous solution. Recent progress of functionalization chemistry of CNTs
enhances the CNTs solubility and improves the biocompatibility of CNTs, which make
CNT readily loaded with drug, sensing and imaging agents for drug delivery in in vitro

and in vivo biological system.[13,47] Owing to the remarkable physical and chemical
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property, CNT has been intensively explored for a variety of biomedical applications in

the past few years.

Dai et al developed antibody conjugated SWCNTs as near-infrared (NIR) fluorescent
tags for selective probing of cell surface receptors and cell imaging.[48] The advantage of
this method is in use of high contrast photoluminescence of SWCNTs compared with
negligible background signal of cell in NIR region. Rituxan, an antibody specific to CDy
cell surface receptor on B-cell lymphomas, was functionalized on SWCNTs with the
phospholipid-polyethyleneglycol tether (PL-PEG-Rituxan). NIR fluorescence images in
Figure 1.8 showed the selective binding between B-cell lymphoma and SWCNT-Rituxan,
while T-cell lymphoma was not recognized by the SWCNT-Rituxan tag. This technique
enables the sensitive and selective probing and imaging of cell in vitro and potentially in

ViVvo.

The near-infrared (NIR) light absorption property of carbon nanotube has been used to
destruct cancer cells in vitro.[49] Biological systems are highly transparent in NIR
wavelength (~0.8 — 2 um). However, SWCNTSs have strong optical absorbance and the
intrinsic band gap photoluminescence in the NIR region, which can be utilized for
therapeutic agents. Figure 1.9 showed that the functionalized SWCNTs with DNA can
target the tumor and selectively kill the tumor without destructing receptor free normal
cell in NIR light. SWCNTs functionalized by Cy3-labeled single-stranded DNA (Cy3-
DNA-SWCNT) were incubated with HeLa cells at 37°C. Normal cells without binding to
DNA-SWCNT can retain normal morphology under continuous laser radiation at
3.5W/cm? (A = 808 nm) for 5min. No cell death was observed. However, DNA-SWCNT

can selectively internalize with cell labeled with folate receptor tumor marker. After
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continuously radiated by a 1.4 W/cm? (A = 808 nm) laser for 2 min, extensive cell death
was observed since the continuous NIR absorption of SWCNTSs causes extensive local
heating of SWCNT inside living cells. CNTs as selective targeting agents in NIR region

offer powerful method for drug delivery and cancer therapy.

Liposomes, emulsions, cationic polymers, micro and nanoparticles are the most
commonly studied vehicles for drug delivery. The functionalized CNT has been used for
delivery of small drug molecules and biomacromolecules, such as proteins, DNA and
small interfering RNA in in vitro and in vivo .[50] The pioneer work in this field was the
use of carbon nanotubes as drug delivery vehicles in vivo cancer therapy in 2008.[51]
Figure 1.10 showed single walled carbon nanotube (SWCNT) delivery of paclitaxel
(PTX) for suppression of tumors growth in 4T1 breast cancer mice model. Paclitaxel
(PTX), a widely used cancer thermotherapy drug, was conjugated to the terminal amine
group of the branched polyethylene glycol (PEG) chains on PEGylated SWCNTSs. The
clinical drug formulation Taxol or SWCNT-PTX was injected into tumor-bearing female
BALB/c mice. The mice were observed daily and the tumor volume was measured every
other day. In comparison to Taxol, which showed 27.7% tumor growth inhibition (TGI)
on day 22, SWCNT-PTX showed a high tumor suppression efficacy with a TGI of
59.4%. Nontoxicity was found in SWCNT-PTX treated mice in vivo monitored over
many months (ref). The strong therapeutic efficacy of SWCNT-PTX to tumor tissue, plus
no obvious toxic side-effects to normal organs makes nanotube drug delivery is a

promising technology for future cancer therapy.

Carbon nanotubes have been successfully applied in vitro and in vivo diagnostic and
drug delivery for cancer treatment. It is important to mention that CNTSs toxicity can limit
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their applications in biology and medicine though it is still in controversy. Recent
progress of CNT toxicity indicated that the accumulation of CNT in body varies with the
size and functionalization.[50] The highly soluble and stable functionalized CNTs are
more biocompatible and nontoxic which allow CNTs to excrete through biliary pathway
in feces. Therefore, it is critical to develop the desired functional chemistry of CNTs for

biomedical applications.

1.5.2 Catalysis
Carbon nanotubes are considered as promising catalyst support due to their unique

geometry, high surface area, electric conductivity and stability.[3,4,6] The development
of CNT functionalization improves the building of CNTs-nanocrystal heterostructure in
both covalent and noncovalent approach.[52,53,54] CNTs are very attractive as catalyst
supports for organic synthesis and fuel cell. The enhancements of catalytic activity and
selectivity have been reported.[54] However, it is a challenge to control the morphology
of noble catalyst on CNTSs, which is essential to obtain its high activity with longer life

time. The mechanism of heterogeneous catalysis on CNTSs is still under investigation.

In 1994, Ajayan et al. reported the first application of CNTs as support in
heterogeneous catalysis.[55] The Ru deposited on CNTs displayed higher selectivity
(90%) for cinnamylalcohol than that of on alumina support (20-30%) in cinnamaldehyde
hydrogenation The author claimed that high selectivity is attributed to interaction
between metal and CNTs though the mechanism is unclear. Similar work was also
reported from Tessonnier and coworkers.[56] The Pd nanoparticles were encapsulated
inside the CNTs with capillary force during impregnation. The high selectivity for

hydrocinnamaldehyde was obtained more than 80% with Pd-CNTs. No selectivity of



hydrocinnamaldehyde over phenyl propanol was found on Pd-active carbon. The high
selectivity of Pd-CNT is possibly ascribed to low concentration of oxygenate density and
peculiar morphology of CNT, which may greatly influence the adsorption mode of
reactant. Pan et al. found that the activity of Rh inside the nanotube (30.0 mol mol™ Rh h°
1) was enhanced ~10 times than that outside the tube in the ethanol production from CO
and H, (Figure 1.11).[57] Raman spectroscopy indicates the strong interaction of Mn-CO
inside the CNT while no or very weak adsorption of Mn-CO occurs outside the CNT. The
oxophlic Mn inside CNTSs could attract O of CO with C binding to the adjacent Rh. The
adsorption of CO bridging Rh and Mn facilitates CO dissociation and enhances the
ethanol production. Temperature programmed desorption experiment also confirmed that
the higher hydrogen concentration was maintained inside the CNT. Rh-Mn inside the
CNTs exhibited enhanced activity since CNT played as nano-reactor that confined local
high concentration of hydrogen. CNTs are promising catalyst support for organic
synthesis. However, it required more investigations on the unclear mechanism of the
enhanced selectivity and activity. The future direction is to immobilize more expensive
chiral ligand complex on CNT, which allowed reusing multiple times and easy separation

of products.

Methanol fuel cell containing Pt catalyst offers safe and clean energy as mobile power.
However, the cost and stability of Pt catalyst limit its application.[11,58] Electrochemical
deposition of Pt on CNTSs requires organic layer modification to provide binding sites for
catalysts. The common problem is that thick organic layer causes the insulation of
deposited Pt from conductive CNT surface and greatly reduces the current density. We

developed electrochemical grafting of fluorinated benzoic acid layer, which is critical to
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provide near monolayer binding sites for Cu monolayer deposition since strong C-F
bonds are resistant to polymerization (Figure 1.12).[59] The Pt was coated on CNT by
replacing Cu. No thick Pt coating or isolated Pt nanoparticles was found in the scanning
electron microscope (SEM) image of Figure 1.13a. High resolution transmission electron
microscopy (TEM) image of Figure 1.13 b and Figure 1.13c indicated the likely presence
of Pt monolayer, which is consistent with XPS and Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurements. Hence, the monolayer deposition
improved the conductivity and electrochemical activity. The mass activity of deposited
monolayer Pt on CNTs reached highest record as 2711 A g in methanol oxidation, as
shown in Figure 1.13d. It is about 13 times higher than that of ~10 nm thick Pt film
coated on MWCNT, and 6 times higher than those of other reported Pt/Carbon
electrode.[59] CNTSs provide a conductive and robust catalyst platform. More controllable
functional chemistry can reduce the amount of noble metal catalyst and improve its

electrochemical activity.

1.6 Carbon nanotube membranes: a robust fast fluid platform
Cell membranes have high selective permeability because embedded proteins in

phospholipid bilayer can act as pump and channels allowing the transportation of nutrient
and wastes.[60] X-ray structure indicates that conformation of ion channels can be
controlled under voltage, which can open and close the gate of channel. Therefore it can
regulate ion permeation through cell membrane.[61,62,63] Recent nanotechnology
developed artificial biomicking materials and devices for the application in sensing and
separation. Figure 1.14 demonstrates the biomimetic smart nanopores and nanochannels.
The gating molecules can regulate ionic flowing with the ambient stimuli such as pH,

temperature, light and ions in nanopores or nanochannels. [64]
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CNTs structure is some similar to that of protein channel due to the nano-cylinder
shape and hydrophobic inner graphite wall, which enable CNTs to mimick its function.
Hummer’s molecular dynamics simulation suggested the formation of ordered water
molecule chain through the hydrophobic channel of carbon nanotube.[65] The pulse
transmission of water allows fast fluid flow though slipper graphite inner wall without
hindered interaction. Crooks et al. reported the single carbon nanotube membrane with
150 nm diameter and measured mass transport of polystyrene particles, but no enhanced
transport was observed due to large inner diameter size.[66] Hinds and coworkers first
reported the aligned multiwalled carbon nanotube membrane with well ordered
nanoporous structure in 2004.[67] Figure 1.15 shows the schematic fabrication procedure
of CNT membranes.[68] The array of vertically aligned CNTs (Figure 1.16a) was first
grown on quartz substrate by chemical vapor deposition (CVD) method. Then it was
embedded in the polystyrene film. The idealized membrane structure and cross-sectional
SEM image of CNT-polystyrene membrane were shown in Figure 1.16 b and c,
respectively. Water plasma treatment removed the excess of polymer and Fe catalysts on
the film top and opened the pores of CNTSs. It also created carboxyl group on CNT tips
that can be covalently functionalized with biotin using carbodiimide chemistry. After
biotin tether modification, the Ru(NH3)s>* flux went down by a factor of 5.5. The
following binding with streptavidin reduced the Ru(NHs)e>" flux by a factor of 15. It
successfully demonstrate the bulky molecules at the entrance of CNT can sterically
hinder the ionic flux.[67] Majumder et al. further studied the gate keeper effect on
selectivity of ion transport.[69] The anionic tethered dye molecules were attached to the

carboxylated CNT tip as gate keeper. It was found that the anionic charge tether greatly
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enhanced the cation transport due to electrostatic attraction. Those experiments suggested

that ionic transport can be controlled by the molecular size and charge in some degree.

Hinds group found that fluid flow through CNT membranes is 4-5 orders of magnitude
faster than conventional fluid in 2005.[70] The fast flow velocity is due to the large van
der Waals distance and the atomically flat surface.[12] Hence, the flowing molecules
inside CNTs would not scatter on the frictionless CNT graphite walls. The similar result
of fast mass transport in CNT membranes was also reported by Holt group in 2006.[71]
CNT membranes were fabricated by incorporating aligned CNTs (less than 2 nm
diameter) in silicon nitride film. The measured gas flow through the CNT membranes
exceeds more than one order of magnitude than predicted model. And the measured water
flow exceeds more than three orders of magnitude faster than predicted model, which are
several orders of magnitude higher than commercial polycarbonate membranes. Both
Hinds group and Holt group reported the experimental measurement of fast mass
transport through CNT membrane, which is consistent with Hummer’s molecular
dynamic simulation results.[65] The high flux carbon nanotube membranes make it
possible for large scale applications in energy economical separation of gas and
liquid.[72]

1.7 Exciting application of carbon nanotube membranes in chemical separation and

drug delivery
Carbon nanotube (CNT) membranes offer an exciting fast fluid platform which is

10000 fold faster than conventional materials. The CNT membrane is fabricated by
embedding CNTs in polymer film. So the mechanical strength is much more robust than
biological membrane. Charged tethered molecules can be functionalized on the tip of

CNT to act as protein mimetic pumps. The molecules at conductive CNT tip can be
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regulated for gate keeping under electric field. Those features enable functionalized CNT
membrane mimic protein channel for wide applications in separation, sensing and drug

delivery.[12,73]

The modest regulation of the ion transportation by gatekeeper was seen on CNT
membranes based on steric and electrostatic effect.[67,69] However, more efficient
modulation is required to obtain higher selectivity. The concept of voltage gatekeeping
effect was first demonstrated on the anionic tethered CNT membranes.[74] The negative
charged tethers were placed on CNT tip via two-step functionalization chemistry. The
first step is to increase the carboxyl density on CNT tip by diazonium grafting because
the more effective modulation requires higher gatekeeper density. The second step is
amide coupling of charged dye molecules (direct blue71) on the carboxylated CNT tips.
We used electrochemical grafting of 4-carboxylphenyl diazonium to increase the
carboxyl density on CNT membrane, which was confirmed by dye-assay.[75] However,
electrochemical reduction of diazonium generates very reactive radical that can be
attached to anywhere of CNT tips and inner core. Simulation study suggests that the
hydrophilic modification inside the CNT disrupts the smoothness of graphite wall, which
results in dramatically reducing the outstanding flowing rate.[76] In order to modify CNT
tips only, the flowing grafting was carried out by applying 10 cm column of inert water
higher than diazonium side in the U tube. The continuous flowing of inert water can
prevent the reactive diazonium from entering inside of CNT. The experiment setup is

shown in Figure 1.17.[74]

Figure 1.18 shows that the negative charged dye molecules play as gatekeepers to

control the ionic transport under the electric field. Two different size cation methyl
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viologen (MV?*) and Ru(bipy)s** (0.6 nm and 1.1 nm respectively) were chosen to
measure the ionic flux. The selectivity as well as separation factor between two ions was
calculated by the flux ratio of [MV?*/ Ru(bipy)s*]. At 0 V bias, the selectivity was only
about 2. At positive bias, The selectivity was increased up to ~10 because the negative
charged tethers were attracted into the pore to block the larger ion Ru(bipy)s**. In the
control experiment, non-dye modified membranes didn’t show any increasing separation
factor under positive bias. The concept of voltage gating was proved by the tunable
selectivity under the applied bias. However, it couldn’t effectively block the small
molecules such as nicotine and clonidine for the drug delivery application. To enhance
the efficiency of separation, more controllable functional chemistry and uniform pore

sized CNT membranes have been developed.

Wu et al. studied CNTs membrane for switchable transdermal drug delivery of nicotine
on human skin in vitro.[77] CNT membranes were fabricated using microtome cutting
methods that is referred to Crooks et al.[66] The CNTs-Epoxy composite was prepared
by mixing with epoxy, surfactant and hardener. After curing, the composites were cut
into ~5 um thick membranes using microtome machine. It simplifies the previously
complicated fabrication[67] and enables producing large amount of CNT membrane in
one batch. The CNT membrane was functionalized with anionic dye molecules
containing four sulfonate groups, which allows high efficient electrophoretic pumping
nicotine into human skin in vitro. Wu et al. also studied highly efficient electroosmotic
flow through functionalized CNT membranes.[78] Electroosmotic flow (EOF) requires
high surface charge density that allows the ions flow on the opposite charged surface in

the direction of applied bias, which can pump neutral solvent and solute in the flow. But
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EOF is usually inefficient because it is limited within 2 nm Debye screening strength.
The small size charged CNT entrance and nearly ideal slip boundary of CNT channel
provides promising conditions for highly efficient EOF. Figure 1.19 showed the
schematic of highly efficient electroosmotic pumping of caffeine using various cations.
The negative charged carboxyl group on CNT tip can reject cations through the tube in
the direction of electric field. The moving cations can efficiently pump the neutral
caffeine molecules. Compared with the sulfonate modified Anodic aluminum Oxide
membrane, the electroosmotic velocities were enhanced by nearly 500 fold. The power
efficiencies were improved by 19 fold. More important, the electroosmotic pumping was
observed at low voltages (0.3-0.6 V), which allows the potential application for portable
medical devices. We observed ionic rectification by electrostatically actuated tethers on
SWCNT membranes.[79] Figure 1.20 showed the ionic current rectification by anionic
tether repulsion. Rectification factor was defined as ratio of maximum ionic transport
current at negative bias and positive bias ( R =l negative bias /1 positive bias). The 1-V curve was
linear line for the plasma etched CNT membrane. After diazonium grafting, the ionic
transport current at positive bias was decreased due to the carboxylate anion repulsion,
which rectification factor was 2.3. The significant rectification was observed by the
actuation of the bulky charged dye molecule (rectification factor up to ~18). The anionic
dye molecules can be drawn close to CNT pore under positive bias, which can effectively
block ionic transport, resulting in significant increase of rectification. It closely mimics

the function of protein channel, which has potential application for small drug delivery.

Molecular dynamic simulation reveals the CNT membrane potential application for

efficient desalination.[80] CNT (5, 5) and (6, 6) with the narrow pore (diameter ranging
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from 6 to 11 A) reject ions extremely well due to large energy barrier for ion permeation.
Bakajin group studied the sub-2-nm CNT membranes for ion exclusion.[81] CNT
membrane was prepared by filling aligned CNTSs in silicon nitride film. CNT tips were
functionalized with carboxylic group by plasma oxidation, which can reject ions by
electrostatic interaction. The experimental results showed nearly 40% ion rejection of 1.0

mM potassium chloride and 91% potassium ferricyanide.

CNT membranes exhibit amazing properties such as fast transport and high selectivity
as a robust biomimetic membrane. A few successful CNT membrane applications in
separation and drug delivery have been discussed. Functional chemistry places gate
molecules on CNT pore to enhance the selectivity, but deteriorates the remarkable fast
fluid. The future direction is to develop more controllable chemistry that can ideally

control the function density and distribution.

1.8 Immobilization of chiral catalysts for asymmetric catalysis

1.8.1 Significance of asymmetric catalysis
Pasteur stated that life is dominated by dissymmetrical actions about 100 years

ago.[82] Molecular chirality is essential in biological system. Chiral drugs produce
significant pharmacologic difference since each enantiomer interacts with receptor in
asymmetric way.[83] People learned this lesson from the tragedy resulted from the
racemic thalidomide in 1960s. Approximately 10,000 children were born with fetal
malformations because their mother had taken racemic thalidomide. Its R-enantiomer has
desirable sedative property, but S enantiomer is teratogenic. In 1992, FDA issued policy

to promote the production of chiral drugs. In 2000, the chiral drug sales reached 123
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billion US $, close to one third of all drug in worldwide. In 2006, 80% of small-molecule

drugs approved by FDA were chiral and 75% were single enantiomers.[84]

Asymmetric synthesis produces chiral compounds with significant higher optical purity
over traditional method such as chemical transformation and chiral resolution.[85,86]
Knowles et al. developed rhodium-chiral phosphine ligand as catalyst in the asymmetric
hydrogenation in 1970s, which has been successfully applied in the commercial synthesis
of L-dopa (anti-Parkinson drug). [87] This work was recognized in 2001 Nobel Prize. The
principle of asymmetric catalysis is illustrated in Figure 1.21.[88] Coordination between
prochiral substrates A and B occurs on chiral-metal complex; subsequently the formed

AB chiral products are detached from catalyst complex.

Several parameters are used to describe the activity of the catalyst.[82] 1) Turnover
number (TON) was defined as ratio of the converted substrate to the catalyst. The activity
of catalyst is measured by turnover frequency (TOF) that is turnover number per unit
time (h™); 2) enantiomer excess (ee %) is referred to the excess of one enantiomer over

the other.

ee% = [R] — [S] %x100% (ee%) — |a|observed %x100%
[R]+[S] o

|pure

1.8.2 Covalent immobilization of chiral catalysts
Homogenous catalysis has been dominated in chiral drug synthesis due to its high

enantioselectivity and activity. However, the homogenous chiral catalysts are expensive
and hard to be separated from products, which restrict their application in industry.

Recently, the immobilized chiral catalysts show promising potential in easy separation
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and recycling. But the activity and enantioselectivity of heterogeneous chiral catalysts
may be dramatically decreased because of the distorted structure and mass transfer
limitation after immobilization. Furthermore, contamination of products by the metal
leaching is costly to be purified[89]. Therefore, it is imperative to develop immobilized
chiral catalysts which have promising reuse ability and maintain comparable

enantioselectivity and activity as that of the homogenous catalysts.

Numerous chiral catalysts have been covalently immobilized on zeolite, alumina and
silica materials[89,90,91,92]. For example, the ferrocenyl diphosphine ligand with
isocyanate linker is covalently attached to the surface of silica and polystyrene. The
immobilized Ir-diphosphine exhibits high TON (100,000) and TOF (20,000 h™) in
asymmetric imine hydrogenation under 80 bar. The conversion is above 95% while ee is
comparable to homogenous analogue[93]. The immobilized catalysts on solid support can
be separated by simple filtration. Among them, dendrimer is a good catalyst support with
well defined sites. [94,95] The ee of immobilized catalysts (98%) on different size of
dendrimer is only slightly lower than homogenous one. It is attributed to that chiral
catalysts are anchored in isolated site to prevent the formation of multinuclear species in
homogenous catalysis. It is found that the immobilization of chiral catalyst in nanopore
can enhance the ee due to confinement effects (the effects of surface and pore). Zhang
H.D et al. immobilized Mn (salen) on mesoporous material (MCM-41 and SBA-15) for
asymmetric epoxidation.[96,97,98] The size of nanopore can affect the ee of epoxidation.
The immobilized chiral Mn (salen) catalysts in the nanopore showed higher ee than those
grafting on the outside of supports. The increasing length of linker also improves ee of

those catalysts in nanopore.
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1.8.3 Non-covalent immobilization of chiral catalysts
Non-covalent immobilization of chiral catalysts has also received considerable

attention.[89,91,99] It does not require the expensive tethered ligand synthesis, the weak
interaction between catalyst and support simulate homogeneous environment to obtain
high activity but the stability of metal catalysts is always an issue to be considered. The
leaching is strongly affected by the nature of ligand, solvents and reaction time.[91,100]
Chiral Rh complexes are immobilized into mesoporous material MCM-41 by ion-
exchange which is simple and does not require ligand modification[101]. The Rh-ligand
complex can be immobilized directly into zeolite or the immobilized Rh precursor can be
chiral modified subsequently. The immobilized chiral diphosphine [Rh-Josiphos (COD)]
catalysts give comparable ee and conversion as corresponding homogeneous catalysts
after ten runs. Another promising example is that homogeneous Mn (salen) for
asymmetric epoxidation of olefins is anchored on phenyl sulfonic anion of mesoporous
material via ion-exchange.[96] It is surprising that the immobilized Mn (salen) give
higher ee (78.1%) than that of homogenous counterpart (55.0%) although its yield
(87.3%) is lower than homogenous catalyst (100%) due to diffusion limitation. The ee
remains 75% after 5 runs. The enhanced ee is simply attributed to the nanopore

confinement even though the mechanism is not well understood.

1.8.4 Theoretical study of immobilization of chiral catalysts
There is no universal principle for immobilization of chiral catalysts since the

multiphase catalytic reaction is complicated. The successful immobilization examples
truly depend upon the nature of ligand and immobilized system. But the kinetic study
indicates that subtle difference of R and S transition energy (less than 15kJ/mol)

significantly changes the ee (Figurel.22).[89] This energy level is close to the weak
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interactions in immobilized environment including van der Waals force (0-10 kJ/mol),
hydrogen bonding (10-30 kJ/mol) and physical adsorption (10-80 kJ/mol). Hence, small
change of surface/pore environment of immobilized chiral catalysts dramatically changes

€e.

The transition state and kinetics in heterogeneous chiral catalysis are greatly affected
by spatial restriction, diffusion, electronic interaction and adsorption of substrates and
products[89]. Increasing transition energy difference will enhance ee while the ee will go
down with less transition energy difference. The heterogenizations of chiral catalysts
usually decrease the activity and ee due to distorted structure and mass transfer limitation.
But it is possible that confinement, site isolation and cooperative effect can improve the
enantioselectivity and activity of immobilized asymmetric catalysts. Those studies
provide theoretical and experimental clues to obtain comparable or even higher ee after

immobilization.

Although the advantage of heterogeneous catalysis is apparently seen as easy separation
and recycling of expensive chiral catalysts, homogenous catalysis has been dominated in
asymmetric synthesis. The covalent immobilization offers strong stability, but usually
decreases the activity and enantioselectivity of chiral catalysts due to distorted structure
and mass transfer limitation in multiple-phase reaction. The cost of functionalized chiral
ligand synthesis also restricts its application. Although a few promising immaobilizations
of chiral catalysts on polymers and zeolites have been highlighted, the successful
immobilization is subtle, truly depending upon the nature of ligand, support and etc. The

transition state and kinetics in heterogeneous chiral catalysis are greatly affected by
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spatial restriction, diffusion, electron transfer and adsorption of substrates and

products.[89]

1.8.5 CNTs and CNT membrane as promising catalytic platform
A few successful applications of CNTs as metal catalyst support for organic synthesis

and fuel cell have been discussed in section 1.5.2. Carbon nanotubes are capable of being
chemical modified by covalent and non-covalent functionalization, which provides

versatile immobilization methods for metal-chiral ligand complex.[102,103,104,105,106]

The early approach of immobilization of non-chiral ligand on CNTs is the use of
metal complex coordinated on carboxylated CNTs. Banerjee et al. studied the
functionalization of Vaska’s complex and Wilkinson’s catalyst on oxidized CNTSs in
2002.[107,108] The broadened *H and *'P NMR peak suggested coordination chemistry
occurs between Rh and oxygen atom on CNT surface. The modest activity of
immobilized Wilkinson catalyst was obtained in hydrogenation of cyclohexene (30%
yield for 3 days). CNTSs as chiral catalyst support have been rarely reported. Baleizao et
al. covalently immobilized Vanadyl salen complex on single wall carbon nanotubes for
the cyanosilylation of aldehydes in 2004.[109] The high conversion rate up to 95% after
4 runs was achieved, while the enanotiomeric excess was dropped to 66% compared with
homogenous salen (90%). But it is still higher than those supported on other inorganic

supports (silica and MCM-41).

The conventional immobilization of chiral catalyst usually lowers its activity because the
restricted catalyst is more difficult access to substrate. The enantioselectivity was also
decreased due to losing the stereo structure. The voltage-gated ionic transportation and

non-faradic impedance indicate that the conformation of charged tether is actuated under

22



electric field.[74,110] The tethered metal-chiral ligand complex can be functionalized on
CNT membrane. The actuation of functionalized chiral complex provides mimetic
homogeneous environment for organic reaction. Nonequilibrium molecular dynamic
(MD) simulation (Figure 1.23) reveals that methanol primarily travels along the pore
wall, which allows efficient transport of substrate to catalytic sites.[111] Fast flowing
CNT membranes are considered as promising arrays of nano-reactors because the
continuous reaction and separation can enhance the yield of products. Another advantage
of catalytic CNT membranes is no need for separation of catalyst from products in
asymmetric hydrogenation. Both voltage-gatekeeper experiment and MD simulation

suggest that high efficient chiral catalysis can be achieved on CNT membranes.

1.9 Goals and summary of dissertation
Carbon nanotube (CNT) membranes provide an exciting opportunity for large-scale

chemical separation, delivery and other applications. Electrochemical diazonium grafting
offered versatile functionality under mild condition, which is particularly suitable for
CNTs and CNT composite modification. However, it is a challenge to control the grafting
density. The uncontrollable grafting polymer can block the entrance of CNT then greatly
reduce the fluid, make it difficult to regulate the gatekeeper. The thick polymer
dramatically reduce the current density due to insulation Pt catalyst from conductive CNT
buckypaper, Therefore The efficient and controllable functionalization is critical to meet
the requirement for their applications. It is important to quantify the functional density on

CNTs and CNT membranes because it helps develop more controllable modification.

My research includes three main projects. The first project is to develop controllable

diazonium functional chemistry and quantification of functionalization on CNTs and
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CNT membranes. A near monolayer was successfully developed by electrochemical
grafting of tetrafluorinated carboxylphenyl diazonium on glassy carbon, gold and CNT
buckypaper. The polymer growth is limited by the inertness carbon-fluorine bond on aryl
ring. Diazonium grafting efficiency on bucky paper was enhanced by 4 fold due to
shortening conduction path length when grafting CNTs on more conductive glassy
carbon. The functional density on glassy carbon, gold and carbon nanotube buckypaper,
was successfully quantified by anion selective dye-assay. The accuracy of the dye-assay
method was confirmed by X-ray photoelectron spectroscopy (XPS) of thiol-Au self-
assembled monolayers (SAM) as a calibration reference. Tetrafluorinated carboxylphenyl
diazonium grafting provides the most controllable functionalization chemistry allowing
near monolayer levels of functionality on carbon nanotubes. This technique enables
monolayer functionality at the tips of carbon nanotube membranes for biomimetic pumps
and valves as well as thin conductive layers for CNT-based high area electrochemical

support electrodes.

The second project is to develop single-step electrochemical functionalization of
double walled carbon nanotube membranes and demonstrate ionic rectification. DWNT
membranes were successfully functionalized by electrooxidation of amine in one step.
Non-faradic electrical impedance spectroscopy (EIS) indicated that the gatekeeper can be
actuated to mimic protein channel under bias. The functional density is quantified by dye-
assay as same as that of two step functionalization. But the membrane modified by one
step showed strong rectification while no apparent change of rectification was found by

two step functionalization. Single-step functionalization by electrooxidation of amine
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provides simple and high efficient functionalization chemistry for the application of CNT

membranes.

The third project is the synthesis and immobilization of chiral ligand on carbon
nanotubes for asymmetric hydrogenation. The Covalent immobilized chiral catalysts on
polymers have no or very low activity. We were unable to achieve the literature
precedence. The immobilized catalyst loses its activity due to the restricted conformation
of catalysts after immobilization. Several Non-covalent immobilizations have been
carried out, including coordination, m-m interaction and electrostatic anchoring. The
immobilized chiral catalysts on CNTs showed comparable enantioselectivity and yield

with homogeneous analogue, but the stability of catalyst needs to be improved.

In this dissertation, diazonium grafting density was successfully quantified on glassy
carbon, gold and carbon nanotube buckypaper by dye-assay. Near monolayer control was
developed by electrochemical grafting of tetrafluoro carboxylphenyl diazonium on glassy
carbon and gold. The grafting efficiency on CNT buckypaper was enhanced by
improvement of conductivity. Tetrafluorinated carboxylphenyl diazonium grafting
provides more controllable functionalization chemistry for carbon nanotube membrane in
the future. The enhanced ionic rectification indicates that electrochemical oxidation of
amine provides highly efficient functionalization method for CNT membrane. Non-
covalent immobilized chiral catalysts on CNTs showed promising ee and yield in first

run, but the stability of catalyst needs to be improved.
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Figure 1 1 Structural varieties of carbon nanotubes (CNTSs): Single (SWCNT), double

(DWCNT), and multiwalled (MWCNT) CNTSs. Reproduced from reference.[3]
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Further derivatisation

Figure 1 2 Covalent surface chemistry of CNTs. Reproduced from reference. [13]
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Figure 1 3 Schematic of chemical modification of CNTs by acid treatment and coupling

with octadecylamine (ODA) using thionyl chloride.[15]
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Figure 1 4 (a). Schematic of chemical modification of nanotube end with carbodiimide
coupling reaction. (b). Functionalized probe to sense specific interaction with functional

group (X) of a substrate. [16]
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Figure 1 5 Schematic mechanism of multilayer growth in diazonium grafting.[21,26]
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Figure 1 6 Amide coupling of protein with the irreversibly adsorbed pyrene succinimidyl

ester onto sidewall of SWNT via z-stacking. Adapted from reference. [41]
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Figure 1 7 How surfactants may adsorb onto the nanotube surface. Reproduced from

reference.[43]
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Figure 1 8 NIR fluorescence images of (a) Raji cells (B-cell lymphoma) and (b) CEM

No Emission
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785 nm

cells (T-cell lymphoma) treated with the SWNT-Rituxan conjugate. Scale bar shows
intensity of total NIR emission (in the range of 900—2200 nm). Images are false-colored
green. Insets show optical images of cells in the areas. (c) Schematic of NIR
photoluminescence (PL) detection of SWNT-Rituxan conjugate selectively bound to
CD20 cell surface receptors on B-cell lymphoma (left). The conjugate is not recognized

by T-cell lymphoma (right). Reproduced from reference.[48]
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Figure 1 9 Carbon nanotubes as multifunctional biological transporters and near-infrared
agents for selective cancer cell destruction. (a) Schematic illustration of a Cy3-DNA-
functionalized SWNT. (b) Absorbance at 808 nm vs. SWNT concentration (optical
path=1 cm). (Inset) A photo of a DNA-functionalized SWNT solution. (c) Image of HelLa
cells without internalized SWNTs after continuous 808-nm laser radiation at 3.5
W/cm? for 5 min. No cell death was observed. (d) Image of dead and aggregated cells
after internalization of DNA-SWNT and laser radiation at 1.4W/cm? for 2 min. The dead
cells showed rounded and aggregated morphology as opposed to live cells in a

“‘stretched’” form in c. Reproduced from reference.[49]
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Figure 1 10 Carbon nanotube for PTX delivery. (a) schematic illustration of PTX
conjugation to SWNT functionalized by phospholipids with branched PEG chains. The
PTX molecules are reacted with succinic anhydride (at the circled OH site) to form
cleavable ester bonds and linked to the termini of branched PEG via amide bonds. This
allows for releasing of PTX from nanotubes by ester cleavage in vivo. The SWNT-PTX
conjugate is stably suspended in normal physiologic buffer (PBS, as shown in the photo)
and serum without aggregation. (b) Nanotube PTX delivery suppresses tumor growth of
4T1 breast cancer mice model. Tumor growth curves of 4T1 tumor-bearing mice that
received different treatments indicated. The same PTX dose (5 mg/kg) was injected (on
days 0, 6, 12, and 18, marked by arrows) for Taxol, PEG-PTX, DSEP-PEG-PTX, and
SWNT-PTX. *, P < 0.05; **, P < 0.01; ***, P < 0.001, Taxol versus SWNT-PTX.
Number of mice used in experiments: 8 mice per group for untreated, 5 mice per group

for SWNT only, 9 mice per group for Taxol, 5 mice per group for PEG-PTX, 6 mice per
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group for DSEP-PEG-PTX, and 14 mice per group for SWNT-PTX. Inset, a photo of
representative tumors taken out of an untreated mouse (left), a Taxol-treated mouse
(middle), and a SWNT-PTX-treated mouse (right) after sacrificing the mice at the end of

the treatments. Reproduced from reference.[51]
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Figure 1 11 (a) Schematic diagram showing ethanol production from syngas inside Rh-
loaded Carbon nanotubes. (b)TEM image of Rh, Mn-in-CNTs catalyst. (C)TEM image of
Rh, Mn-out-CNT catalyst. (d) C2 oxgenate formation activities as a function of time on
stream. a-c, catalyst-in-CNTs, d and e, catalyst-out-CNTs. Reproduced from

reference.[57]
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Figure 1 12 Schematic illustration of the fabrication procedure for Pt monolayer coating

onto MWCNT mattes. Reproduced from reference.[59]
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Figure 1 13 (a) SEM image, (b) TEM image in bright field and (c) STEM image in dark
field of the Pt monolayer coated on MWCNTSs. (d) Cyclic voltammogram of Pt
monolayer and film coated on MWCNTSs of buckypaper in a solution of 1 M CH30H/0.5

M H,S0, and at a scan rate of 20 mV s™*. Reproduced from reference.[59]
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Figure 1 14 Natural ion channel inspired biomimetic nanopores and nanochannels.

Adapted from reference.[64]
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Figure 1 16 (a) An as-grown aligned multiwalled CNT array produced by Fe-catalyzed
chemical vapor deposition (scale bar: 50um). (b) Idealized membrane with aligned CNT
array passing across a solid polymer film. (c) Cross-sectional SEM image of CNT-

polystyrene membrane. Reproduced from reference. [67]
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Figure 1 17 (a) Apparatus for static grafting (SG). (b) Apparatus for flow grafting (FG).
H determines the height of the liquid column and hence the high flow velocity through
the membrane, forcing preferential reaction at the CNT tips. Yellow section represents

functionalized site. . Reproduced from reference. [112]
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Figure 1 18 (a) Anionic dye molecule as gatekeeper on CNT membrane; (b) Change in
separation co-efficient with voltage applied to the CNT- FG-spacer (polypeptide)-dye
membrane. Also shown is the modest changes in observed separation factor for CNT-
with low funtionality (no electrochemical grafting). (c) Fluxes of the two permeates at

applied voltages across CNT-FG membrane. Reproduced from reference. [112]
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(a) Electric Field

(b)

Figure 1 19 (a) Schematic of highly efficient electro-osmotic pumping of caffeine using
various cations, such as Ru(bpy)s** (dia. z 1 nm), Ca** or K* in SW or MWCNTSs
functionalized with negatively charged carboxylate groups: MWCNTSs have 7 nm inner
diameter; SWCNTSs have inner diameters ranging from 0.8-2 nm; CAF: caffeine (_0.5
nm in diameter). (b) TEM image of SWCNTs with ~2 nm inner diameter; (c) 3-
dimensional model of Ru(bpy)s*'moving in a (12,12) SWCNT. Reproduced from

reference.[78]

45



ele®
0
< <
= = 440" ]
= 5 - a1MKD
fel”® -
£ E : © 0AMZEGy |
a O o’ i - OAIMBAy
2407/
: 04-02-0201 00 01 02 03 04
04 02 0D 02 04
Bas(V)
c | Mo Rectificatisn Weak Rectification Strong Rectification

PR+ | B+ | R+
" § C [ |

Iz SWCHT-COO 1 SWEN T H SO0 Wz PG, SWEHT-Ohye {30y)

[y clhaigpa repralidan &
[wak charga repuliion] [0 0w ¢ kel i PRS0 | e iy

Figure 1 20 (a) lonic rectification curves of H20 plasma etched, diazonium grafted and
dye modified SWCNT membranes when both sides of U-shape tube are filled with 0.1 M
KCI, working electrode is CNT membrane, counter electrode Ag/AgCl wire. (b) lonic
rectification curve when feed side of the U-shape tube is filled with 0.1 M LiCl, KClI,
ZnSQy, or BaCl, and permeate side is filled with deionized (DI) water (touching Au/Pd
coated SWCNT membrane). (c) Visualization of different rectification mechanisms of
water plasma etched, diazonium grafted and dye modified SWCNT membranes (C, grey;
N, blue; O, red; S, yellow; light green, Cl_; dark green, K*). Reproduced from reference.
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Figure 1 21 The principle of asymmetric catalysis. Reproduced from reference.[83]
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Figure 1 22 Difference in the Gibbs free energy change for the R and S transition states
(at 293 K) as a function of product enantioselectivity for the reaction of a prochiral
substrate for the R and S enantiomers. A subtle difference (less than 15 kJ/mol) in the
energy for the R and S transition states makes a big difference in the enantioselectivity. .

Reproduced from reference.[89]
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Figure 1 23 Simulation of water-methanol flux through Pt catalytic CNT membrane (Pt

coated on CNT tip). . Reproduced from reference.[111]

Copyright © Xin Zhan 2013
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Chapter 2 Near monolayer functionality produced by electrochemical diazonium
grafting on carbon nanotubes

2.1 Introduction
Carbon nanotubes (CNTSs) have unique mechanical, electronic and structure properties,

however functional chemistry on CNTSs is required for most applications. Generally, this
functionalization is for enhanced solubility and dispersion in composites, but it also
introduces functional activity for sensors and catalytic activity. Many functionalized CNT
applications have been exploited, ranging from nano-composites, electronics, medicine,
catalysis to membranes.[3,4,5,6,9,10,11,12] However, the conventional oxidation and
addition chemistry is very aggressive, which completely cuts tubes or damages surface
structure of CNTSs, thereby deteriorating their unique properties. [13,45,102] Non-
covalent functional chemistry on CNTs, generally using pi-pi stacking, does not
significantly alter CNT properties, but the attachment is unstable and readily leaches.[41]
Controlled covalent modification of CNTS without damage to CNTSs is critical to advance
the applications of CNTs and requires self-limiting chemistry that is strong enough to

react with inert graphite.

Electrochemical grafting offers the benefits of control by current and time as well
supplying up to about 1.5eV of energy for difficult reactions. The reduction of diazonium
salt was first reported for the surface modification of glassy carbon in 1992.[18] It offers
several advantages in surface functionalization.[17,19] First, the versatile functionality
can be obtained from chemical group of the aryl ring of diazonium salts and are readily
made from the activation of commercially available primary amines. Secondly, it can
modify a wide variety of conductive substrates (carbon, metal, polymers, semiconductors

etc). Third, the grafted molecular layer on substrate shows stronger stability due to its
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covalent modification compared to thiol-Au surface modifications with weak reversible
bonds.[24,25] The electrochemical grafting of diazonium on carbon nanotube was first
reported by Tour’s group in 2001[36] without damaging the graphitic structure of CNTs
and their composites. However, the formation of multilayer polymer over the CNT was
reported from electrochemical diazonium grafting.[27,29,31,34] Since electrical
connectivity distances from electrode vary and there is no self-limiting mechanism,
regions of CNTs will have faster deposition and polymerization. It is fundamentally
important to develop controllable functional chemistry for applications of carbon
nanotubes. The ideal grafting would be to have only a monolayer of coating on the CNT
to maximize electron transfer from CNT to catalyst site. For instance, Pt layer can be
deposited on diazonium modified CNTs for fuel cell applications, however a thick
polymer would insulate the Pt layer, thereby reducing current density.[59] Carbon
nanotube membranes also offer an exciting fast fluid platform which is 10,000 fold faster
than pores of same diameter in conventional materials, due to atomically smooth graphite
core surface.[70] Diazonium grafting was used to create sufficient density functional sites
on the entrance of CNTs pores for covalently tethered dye molecules to act as a
gatekeeper valve.[74] Though successful demonstrating voltage gating in larger diameter
(7nm i.d.) MWCNTs, finer control of grafting thickness is critical for 1-2 nm SWCNTSs
where polymer growth would block pores and dramatically reduce flow rates.[113] The
formation of electrochemically grafted polymers can be sterically hindered by bulky
chemical groups during diazonium grafting.[114,115,116] However, this requires
multiple additional steps to synthesize diazonium salt with bulky substituent and remove

the protecting group after grafting, making modification more complicated. The idealized
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case is to have a self-limiting monolayer of grafting at the CNT pore entrance that can act

as an active biomimetic pump.[12]

In addition to preventing polymerization, it is also important to know the number of
functionalized molecules at the entrances to CNTSs to precisely design pump or filtering
geometries. However, it has been a challenge to quantify diazonium grafting density.
Highly variable results were obtained from different quantification methods.[26]
Nitrophenyl diazonium grafting has been well studied and quantified using several
methods, such as CV integration, XPS and Raman, however, the variable density ranged
from 1.6 to 28x10™° mol/cm?. In addition, functional density varies among different
starting diazonium salts. The diazonium grafting on gold surface has also been studied by
electrochemical quartz crystal microbalance. After 20 min grafting, the different
diazonium salts gave density ranging from 37 to 160x10™°mole/cmB4  Furthermore,

most reported quantification methods such as thickness measurement (AFM and

ellipsometry) are only limited to flat surface and are difficult to extrapolate to CNTSs.

In this paper, we report a near monolayer modification of CNTs using
tetrafluorocarboxylphenyl diazonium grafting. It is hypothesized that polymerization is
hindered by the inherently inert C-F bonds. The grafting density was quantified using an
anion selective dye-assay. The accuracy of the dye-assay method was confirmed by X-
ray photoelectron spectroscopy (XPS) of thiol-Au self-assembled monolayers (SAM) as a

calibration reference.

2.2 Experimental methods

2.2.1 Reagents
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Toluidine blue O(TBO), Sodium tetrafluoroborate(NaBF,), tetrabutyl
ammoniumtetrafluoroborate(NBusBF,), 4-aminobenzoic acid, Pyrenebutyric acid, 12-
Mercaptododecanoic acid (C-12) and 2,3,4,5,6-pentafluorothiolphenol (PFBT) were
purchased from Sigma (St. Louis, MO) without any purification. 4-amino-2, 3, 5, 6-
tetrafluorobenzoic acid was received from Synquest (Alachua, FL). Glassy carbon (SPI-

Glas™ 25 Grade) was purchase from SPI supply (West Chester, PA).

2.2.2 Synthesis of 4-carboxylphenyl diazonium tetrafluoroborate.
The synthesis was carried out from previously described method [18]. 2.74 g (0.02

mol)of 4-aminobenzoic acid was dissolved in 20 mL water at 50 °C. 0.044 mol of
concentrated HCI was added dropwise to the solution, followed by cooling down the
solution to -3 °C. 0.022mol of NaNO; (Sigma) in 10 mL water was then slowly added to
the mixture. The reaction was allowed for 1 h at-3 °C. The solution was filtered, and then
0.022 mol of NaBF, (Sigma) in 5 mL water was added to the filtrate at -3 °C. The light
yellow precipitate was formed, which was then filtered and washed with ice water and
cold ether. The product was dried in vacuum and preserved at -20°C. The yield of CP
was 24%. The product was characterized by 1H NMR (CDCls). There were two doublets
at 8.87-8.83 and 8.46-8.42 ppm in the NMR spectra.

2.2.3 Synthesis of tetrafluorinated 4-carboxylphenyl diazonium tetrafluoroborate
(TFCP).

0.6 g (2.87mmol) of 4-amino-2, 3, 5, 6-tetrafluorobenzoic acid was dissolved in 2 mL
water plus 2 mL48% HBF,solution at 50 °C. The solution was cooled down to -3°C. 4.3
mmol of NaNO;in 8 mL water was then slowly added to the mixed solution. The reaction

was sit for 1 h at -3 °C. The brown precipitate was formed, which was then filtered and
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washed with ice water. The product was dried in vacuum and preserved at -20°C. The

yield of of tetrafluorinated carboxylphenyl diazonium salt was 17%.

2.2.4 Electrochemical reduction of diazonium salts on glassy Carbon.
Glassy carbon Glassy carbon (SPI-Glass™ 25 Grade) was polished by 1, 0.5 and 0.02 pum

Buehler alumina slurry solution, respectively. After polishing, the glassy carbon was
rinsed with DI water and ultralsonicated for 5 mins in DI water. The cleaned glassy
carbon was grafted by electrochemical reduction of 5 mM carboxylphenyl or TFCP
diazonium in 0.1 M KCl and 0.1 M HCI aqueous solution as indicated time at potential -
0.6V. The solution was deaerated by argon gas for at least 15 min. The experiment was
carried out in the three-electrode cell using a potentiostat (e-Corder410) with glassy
carbon as working electrode, Pt wire as counter electrode and Ag/AgCl as reference
electrode. The e-Corder 410 was operated by eDAQ chart V 5.5.7 software. The grafted
sample was rinsed carefully with deionized water and ethanol multiple times, and dried

under nitrogen stream.

2.2.5 Electrochemical reduction of diazonium salts on Au substrate.
The Au substrate was prepared according to the literature.[24] Silica wafer was first

immersed in boiling acetone bath for 5 min. Then it was rinsed by isopropanol and Milli-
Q water and dried under nitrogen stream. 20 nm Cr was attached to the silica wafer as
adhesion layer by thermal evaporation and then 100 nm thick gold layers were sputtered
on it. The experiment was carried out in Cressington coating system 308R. The
electrochemical reduction of Au substrate was similar to that of glassy carbon, except that
the Au substrate was grafted with 5 mM carboxylphenyl or tetrafluorinated

carboxylphenyl diazonium with 0.1M NBu4BF, in anhydrous acetonitrile solution.
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2.2.6 Preparation of self-assembly monolayer (SAM) on Au substrate.
In general, Au surface was pretreated by oxygen plasma ( Harrick Plasma PDC-001

cleaner) at mid power for 10 min.[117] Au-S-(CH2);;-COOQOH: the cleaned Au layer was
immersed in 1 mM 12-mercaptododecanoic acid anhydrous ethanol solution at room
temperature for 20hrs under Argon protection. Au-S-CgFs: the cleaned Au substrate was
refluxed in ImM 2,3,4,5,6-pentafluorothiolphenol anhydrous ethanol solution at 75°C for
2hrs under Argon protection. The SAM samples were rinsed carefully with deionized

water and ethanol multiple times, and dried under nitrogen stream.

2.2.7 Electrochemical grafting of diazonium salts on carbon nanotube (CNT)
buckypaper.
Carbon nanotube Buckypaper was prepared and grafted as shown in Figure 2.5.

Basically, multiwall carbon nanotubes were grown by chemical vapor deposition method
which ferrocene/xylene was used as precursors at 700 °C.[118] 10 mg multiwall CNTs
was sonicated in 40 mL of ethanol at room temperature for 30 min, and then filtered by
1.0 um Teflonunlaminated membrane (Sterlitech). The prepared CNT Buckpaper was
rinsed carefully with deionized water and ethanol multiple times, dried under vacuum and
then modified in 5mM diazonium salts in 0.1 M KCI and 0.1 M HCI agueous solution at

potential -0.6 Vwith indicated time.

2.2.8 Modification of CNT Buckypaper with pyrenebutyric acid.
10 mg multiwall CNTs was mixed with 1 mM pyrenebutyric acid in 30 mL

dichlormethane solution. The mixture was sonicated at room temperature for 30 min and
then filtered by 1.0 um Teflon unlaminated membrane (Sterlitech). The modified CNT
buckpaper was rinsed carefully with dichlormethane for multiple times and dried under

vacuum.
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2.2.9 Quantification of carboxyl density using Dye-Assay.
Toluidine Blue O was reported to quantify the carboxylate density on polyethylene

film[119]. Glassy carbon or Au was incubated in 0.2 mM Toluidine blue O (TBO,
Sigma) solution at pH=10 and room temperature for 1 hr to adsorb positively charged dye
on anionic carboxylate. The glassy carbon or Au substrate was then rinsed and kept in 0.1
mM NaOH (pH=10) solution for 5 min to remove physically adsorbed TBO. The
electrostically adsorbed TBO was desorbed at pH=1 HCI solution, below the pKa of the
carboxylate group. The concentration of desorbed TBO in acetic acid solution was
determined by the absorbance at 632 nm using an Ocean Optics USB 4000 UV-Vis
spectrometer.  The calculation of carboxyl functional density was based on the
assumption that positively charged TBO binds with anion carboxyl groups of CNT

membrane at 1:1 ratio.

The quantification of carboxyl density on CNT buckpaper using Dye-Assay was slightly
different from what for glassy carbon or Au since any dispersed CNTs are strongly
absorbing in the UV-vis assay. 2 mg CNT was sonicated with 0.02 mM TBO solution at
room temperature for 20 min. The solution was then centrifuged at 3500 rpm for 10 min.
The precipitated CNT was resuspended in 0.1 M NaOH solution at pH=10 and then
centrifuged twice. Finally, the precipitated CNT was sonicated with 14 mL of pH=1 HCI.

The mixture was centrifuged and the supernatant was taken for UV-Vis measurement.

2.2.10 X-ray Photoelectron Spectroscopy (XPS).
The surface was characterized using Kratos XSAM-800 XPS spectrometer with a

monochromatic Al Ko X-ray source (1486.6ev). The signal was collected on 280W (20
mAx14 kV) at 45° takeoff angle. The vacuum pressure in chamber is below 1x10torr.

Pisces software was used for data acquisition and analysis.
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2.3 Results and discussions
The electrochemical reduction of diazonium salt on carbon surface is based on the

mechanism of phenyl radical reaction (Figure 2.1a).[21,26,31,120] The radical produced
by electrochemical reduction from diazonium can covalently attach to surface and form
organic layer. However, the growth of organic layer would not stop at the initial layer
since the reactive radical can continuously bind to the grafted layers. Generally, the
reaction is self-limiting when a thick insulating layer is formed on the surface. However,
if the film is not dense and has ionic functional groups, the electrochemical charge
transfer reaction makes multilayer growth continue to over 10 nm.[34] In this report, we
used an approach to limit polymerization with a relatively inert monomer with C-F
bonds. Fluorinated and non-fluorinated diazonium salts, 4-carboxyl phenyl diazonium
and tetrafluorinated carboxyl phenyl diazonium, were electrochemical reduced at -0.6V
as a function of time. The available carboxylate sites in polymers were quantified by
Dye-assay as illustrated in Figure 2.2. The positive charged dye-molecule Toluidine blue
O is adsorbed on the negative-charged surface at pH=10. And those adsorbed dye
molecules can be removed into 0.1 M HCI solution at pH=1. The concentration of the
detached dye molecule was quantified at 632 nm by UV-Vis spectrometer. We studied
the quantification of diazonium grafting on glassy carbon because it has similar sp,
structure to CNTSs. The ideal monolayer density of carboxylphenyl (CP) was calculated as
3.8x10* molecules/cm?according to close packing model (based on molecular projection
area and Van der Waal radius). Figure 2.3 shows that the carboxyl density was increased
with grafting time. The carboxyl density of 4-carboxyl phenyl diazonium grafting first
reached to 8.6 x10molecules/cm?® at 15 seconds, indicating about two organic layers

may be formed. After 480 seconds, the carboxyl density of CP grafting increased up to
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16x10* molecules/cm? which indicates the formation of a thick film (> 4 molecular
layers) with an open structure to access charged sites. These results were in good
agreement with previous reports.[34] However, the grafting of tetrafluorinated
carboxylphenyl showed slower deposition rates. It reached 5.6x10' molecules/cm? at 15
seconds and 8.2x10* molecules/cm?at 480 seconds, corresponding to 2.1 molecular
layers. The reduced growth rate is likely due to the sites on aryl ring being fully occupied
by four strong C-F bonds (490KJ/mole), as seen in Figure 2.1b. The use of
tetrafluorinated carboxylphenyl diazonium grafting is more controllable allowing for

monolayer deposition at CNT tips.

X-ray photoelectron spectroscopy was used to confirm the dye assay method. XPS has
been used to quantify diazonium grafting functional density on glassy carbon[26].
However a high carbon background signal from the substrate makes the percentage of
composition that includes sample and substrate carbon results inaccurate. Gold surface
provides a carbon free background signal and the well-organized SAM with known
density in the literature can be used as reference for quantification. 12-
mercaptododecanoic acid and pentaflurobenzenethiol (PFBT) on Au was chose as
reference, respectively. The density of alkanethiol SAM was calculated as 4.6x10™
molecules/cm? [121] while PFBT was quantified as 3.0x10' molecules/cm? by scanning
tunneling microscopy[122]. The diazonium grafting density is calculated by comparison

to the integrated peak area of Cs. at the same intensity and take-off angle conditions.

Thiolates on gold enable them to form a well-organized monolayer structure because of
Van der waals force between thiolate molecules[121]. To further quantify the carboxyl
density of carboxylphenyl and tetrafluorinated carboxylphenyl diazonium grafting on
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gold surface, self-assembled monolayer (SAM) of thiolates was used as a reference for
XPS quantification. Pentafluorobenzenethiol (PFBT) and 12-mercaptododecanoic acid
(C-12) thiolate on gold were chosen as the standard references in our study. At 75 °C for
2 hours, the adsorption of (PFBT) molecules on gold leads to a long-range, well-ordered
self-assembled monolayer detected by scanning tunneling microscopy (STM)[122].
Based on this work, the surface density of PFBT molecules was calculated as 3.0x10™
molecules/cm?. The surface density of 12-mercaptododecanoic acid (C-12) thiolate on Au
was calculated as 4.6x10" molecules/cm? from the pattern of decane thiolate on Au. The
survey scans of XPS spectra of standard C-12, PFBT SAMSs, 4-carboxylphenyl and TFCP
grafting samples were displayed in Figure 2.4(a-d). The C1s peak was appeared at 286ev,
Ols at 532ev and F1s at 688ev. The intensity of C1s peak from the diazonium grafting
samples and the standard SAMs was calculated by integration of peaks area. And the
surface density of diazonium grafting on gold was quantified by comparison to the
standard SAMs. The results are shown in Table 2.1. We chose C-12 and PFBT as
reference to calculate the grafting density since their literature density is known. The C-
12 density was calculated as 6.4 x10™ molecules/cm?with the reference of PFBT, while
the literature value is 4.6 x10' molecules/cm?. The PFBT density was calculated as 3.8
x10™ molecules/cm®with the reference of C-12, while the literature value is 3.0x10™
molecules/cm?. The calculated density is close to the literature value, which supports the
accuracy of quantification. By using C-12 film as reference for Cls peak area, the
carboxylphenyl (CP) grafting density increases from 1.7x10* to 4.7x10
molecules/cm?after the grafting time was extended from 5 min to 8 min. The TFCP

grafting density was 1.9x10™ molecules/cm? at 5 min, and increased up to 2.7x10™
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molecules/cm? at 8 min. After 8 min, the carboxyl density of CP is 1.7 fold to that of
TFCP. The intensity of C1s peak from the diazonium grafting samples and the standard
SAMs was integrated by areas of their XPS peaks. As shown in Table 2.1, using C12
thiolate as the XPS carbon reference, the surface density of TFCP grafting on gold was
1.9x10" molecules/cm? at 5 min. After 8 minutes grafting, it raised up to 2.7x10"
molecules/cm?. These values were lower than the monolayer reference SAM sample but
are within 10% of PFBT (3.0x10* molecules/cm?). The carboxyl density of
carboxylphenyl diazonium grafting increases from 1.7x10™ to 4.7x10* molecules/cm?
after the grafting time was extended from 5 min to 8 min. The similar trend was found
when PFBT was used as a reference. The results from XPS quantification were consistent
with what was measured by dye-assay. Taken above data together, we demonstrated both
tetrafluorinated carboxylphenyl and carboxylphenyl grafting form a near monolayer on
gold surface. In both fluorinated and non-fluorinated cases, the deposition rates were
lower on Au than carbon. Forming direct Au-C bonds is more difficult than C-graphite
bond. The lower deposition rate of tetrafluorinated carboxylphenyl grafting indicates that

the C-F bonds on aryl ring inhibit polymerization.

Carbon nanotube Buckypaper can be simply fabricated by filtration of dispersed CNT
solutions. It provides mechanically flexible high surface area and corrosion free support
for electrochemical electrodes, filters, scaffolds, cell culturing and composites[123].
Buckypaper can be simply functionalized using electrochemical grafting of diazonium,
which produces less damage on carbon nanotube surface compared to the traditional acid
oxidation methods. The modified carbon nanotube has been characterized by absorption

and Raman spectra.[36] However, quantification of the functionality on carbon nanotubes
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is a challenge. In this work, the dye-assay was used to quantify the carboxyl density on
the carbon nanotube matte. Figure 2.5 shows the preparation steps and electrochemical
modification on buckypaper where the dispersed carbon nanotubes were filtered onto
PTFE membranes followed by electrochemical grafted with diazonium salt at -0.6V.
Figure 2.6 shows the grafting density carbon nanotube buckypaper on Teflon membrane
using the dye-assay. The area of the CNTs was calculated by CNT weight collected times
the specific surface area of 54m?%/g as measured by Brunauer-Emmett-Teller (BET) test.
The 4-carboxylphenyl diazonium grafting on carbon nanotube buckypaper was 0.9x10"
molecules/cm? after 10 min grafting. However, the carboxyl density of TFCP grating
dropped to 0.3 x10* molecules/cm?, nearly as 1/3 as that of 4-carboxylphenyl and 1/10
as the calculated monolayer density (3.8x10%* molecules/cm? as mentioned above). The
significant drop in grafting efficiency was due to poor conductivity of overlapping CNTs
in the lateral direction (~1cm length scale). A more conductive CNT film can be easily
prepared by deposition of dispersed CNT solution on glassy carbon after ethanol
evaporation[124,125,126]. By placing CNTs on a conductive substrate, the conduction
path is reduced to sub-micron lengths (matte thickness instead of lateral contact under o-
ring). As shown in Figure 2.7 and Table 2.2, both grafting density of carboxylphenyl and
tetrafluorinated carboxyl phenyl was nearly enhanced by 4 fold and approaching

monolayer efficiency.

To calibrate relative functionality, The CNT was modified with pyrenebutyric acid
through 7-7 interaction, as seen in Figure 2.8. Pyrene molecules are the state-of-the-art
surfactant for CNT dispersion due to strong pi-pi interaction, thus have the highest

charged functional density on CNTs.[41] Theoretically, the monolayer coverage is
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1.4x10™ molecules/cm?® according to the area of each pyrene molecule, which is
estimated as 72A? by bond lengths and angles. In our experiment, the carboxyl density of
pyrene acid modified carbon nanotube was quantified as 0.2x10* molecules/cm? by dye-
assay, which was 7 times less than that of theoretical packing. But this is sufficient for
long lasting dispersion.[41] The density of the highly effective pyrene surfactant was
slightly less than our TFCP grafting (0.3 x10"* molecules/cm?) on carbon nanotubes
indicating the utility of grafting method when good electrical contact is present. A
significant merit of diazonium grafting is covalent bonding meaning that leaching is not

an issue as it is for the pyrene system.

2.4 Conclusions
In this report, a dye-assay was successfully used to quantify the diazonium grafting

density on glassy carbon, gold and carbon nanotube buckypaper and confirmed by XPS
method. A near monolayer was developed by electrochemical grafting of tetrafluorinated
carboxylphenyl diazonium on glassy carbon and gold. The polymer growth is limited by
the inertness carbon-fluorine bond on aryl ring. CNT Buckypaper was successfully
modified to near monolayer functional density by using tetrafluorinated carboxylphenyl
diazonium grafting. Diazonium grafting efficiency on bucky paper was enhanced by
shortening conduction path length when grafting on a conductive substrate.
Tetrafluorinated carboxylphenyl diazonium grafting provides the most controllable
functionalization chemistry allowing near monolayer levels of functionality on carbon
nanotubes. This technique enables monolayer functionality at the tips of carbon nanotube
membranes for biomimetic pumps and valves as well as thin conductive layers for CNT-

based high area electrochemical support electrodes.
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Table 2 1Comparison of XPS and dye-assay quantification.

Sample

Modification

Surface density
based on C peak of
Au-S-(CHy)11-
COOH as reference

Surface density based
on C peak of Au-S-C¢F5
as reference

(Sites/cm?)

(Sites/cm?)

Surface density
measured by Dye-
assay

(Sites/cm?)

Au-S-(CH,)11-
COOH

AuU-S-CgF5

Au-CeH,-
COOH

Au-CgH,-
COOH

Au-CgF,-
COOH

Au-CgF,-
COOH

1mM thiol in ethanol
for 20hrs

1mM thiol in ethanol
for 2hrs at 75C

5mM diazonium /0.1M
NBu,BF,in CH;CN-
0.6V for 5mins

5mM diazonium /0.1M
NBu,BF,in CH;CN-
0.6V for 8 mins

5mM diazonium /0.1M
NBu,BF,in CH;CN-
0.6V for 5mins

5mM diazonium /0.1M
NBu,BF,in CH;CN-
0.6V for 8 mins

4.6x10%

*(literature value)

3.8x10%

1.7+0.1 x10%

4.740.4x10%

1.9+0.4 x10%

2.740.7 x10%*

6.4x10%

3.0x10%

*(literature value)

1.4+0.1 x10%

3.8+0.3 x10%

1.6+0.3 x10™

2.240.6 x10%

N/A

N/A

2.1x10%

3.8x10%

1.9x10™

2.9x10%

63



Table 2 2 Enhanced grafting efficiency of CNT buckypaper on glassy carbon

CNT diazonium araftin CNT on teflon membrane CNT on glassy carbon
2 2
g g (Molecules/cm ) (Molecules/cm )
2min carboxyl phenyl 14 14
grafting 0.3x10 3.4 x10
10min carboxyl phenyl 14 14
grafting 0.9 x10 3.3x10
2min tetrafluorinated 14 14
carboxyl phenyl grafting 0.3x10 1.0x10
10min tetrafluorinated 14 14
0.3x10 1.1 x10

carboxyl phenyl grafting
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Figure 2 1 (a) The mechanism of multilayer formation by electrochemical reduction of 4-

carboxylphenyl diazonium grafting. (b) Hindrance of multilayer growth by C-F bond on

aryl ring.
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Figure 2 2 Schematic illustration of quantification of carboxylic density on surface of

glassy carbon by pH dependent adsorption/desorption of charged dye molecule.
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Figure 2 3 4-carboxyl phenyl diazonium and tetrafluorinated 4-carboxyl phenyl

diazonium grafting density on glassy carbon as measured by TBO dye assay.
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Figure 2 4 XPS spectra of Self-Assembled Monolayers (SAMs) and diazonium modified

Au surface (a) XPS survey scan for 12-mercaptododecanoic acid SAM on Au
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Figure 2.4 (b) XPS survey scan for 2,3,4,5,6-pentafluorothiolphenol SAMs on Au
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Figure 2.4 (c) XPS survey scan for 4-carboxylphenyl diazonium grafted on Au
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Figure 2.4 (d) XPS survey scan on tetrafluorinated 4-carboxyl phenyl on Au
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Figure 2 5 Schematic of fabrication and grafting of CNT buckypaper on Teflon

membrane.
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Figure 2 6 Grafting time vs carboxyl density on CNT buckypaper on Teflon membrane.

As measured by dye-assay method.
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Figure 2 7 Enhanced grafting efficiency of CNT buckypaper on glassy carbon. 4-
carboxyl phenyl diazonium and tetrafluorinated 4-carboxyl phenyl diazonium grafting of

CNT buckypaper on glassy carbon (GCE) as substrate.
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Chapter 3 Single-step electrochemical functionalization of double-walled carbon
nanotube (DWCNT) membranes and the demonstration of ionic rectification

3.1 Introduction
Protein channels embedded in cell membrane function as natural regulators of biological

systems. Conformational change of proteins actuated by voltage can open or close the
gate of channel, which regulates ions permeation with high selectivity.[61,63,127,128]
This inspires researchers develop artificial nanopores and nanochannels in response to
external signals (voltage, pH, temperature, light and etc) by mimicking natural ion
channels.[64,129]. Transmembrane voltage is an preferred stimulus to open or close the
gate of nanodevice since it is not aggressive, tunable and its input can be pulsed with
digital control. [129] These devices can modulate the ionic flux and rectify the ionic
transport current through the nanochannel/pore enabling applications in single molecule
sensing and separation. [130,131,132,133] Carbon nanotube (CNT) membranes offer a
fast fluid platform with velocity within pores is 10,000 times faster than conventional
membrane of similar pore size due to atomically smooth graphite core.[70,113]
Moreover, the CNT membranes have far more mechanical strength than lipid bilayer
films, thus provide an exciting opportunity for chemical separation, drug delivery and
other applications.[12,73] Carbon nanotube membranes can imitate ions channels with
the functionalized molecules at CNT tips acting as protein-mimetic gatekeepers.
Chemical functionalization of molecules (biotin[67], phosphorylation,[134] and charged
dye[69]) at entrance of CNT core enables the demonstration of the modulation of ionic
transportation. Further study showed that the steric hindrance of gatekeepers at pore
entrance can be controlled with voltage.[74] Negative bias repels the anionic tethered

molecules away from CNT entrance opening the channel while positive bias pulls the
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anionic tethered molecules into the pore thus closing the channel. The voltage-gated
carbon nanotube membranes have been successfully applied in drug delivery for nicotine
addiction treatment.[77] Neutral molecules and solvent have also been pumped through
CNT membranes via a highly efficient electroosmotic flow that is 100 fold more power
efficient compared to conventional materials such as anodized Aluminum oxide (AAO)

membranes.[78]

To improve gate keeper activity on CNT membranes, there needs to be a high
functional density only at the pore entrances of CNTs.[113,135] This has been largely
achieved with two step processes, which diazonium grafting first creates carboxyl groups
at CNT tips followed by carbodiimide coupling chemistry. [69,112] Diazonium grafting
generates highly reactive radicals that covalently react with the electrode or subsequent
organic layer on surface under mild solvent and temperature conditions.[17,19] However,
it is difficult to control the amount of carboxylate groups on CNT tip due to
polymerization during diazonium grafting.[17,136] In principle, the grafting reaction is
self-limiting when the formed insulating polymer layer stops the electrochemical
reduction of diazonium salt. However with ionic functional groups (such as
carboxylates), the reaction is not self-limiting and block carbon nanotubes. Another
complication of the diazonium approach is that it generally requires a two-step
functionalization since the diazonium formation reaction is not compatible with many
functional groups that would be required on the gatekeeper. This adds complication and
reduces overall yield. The electrochemical oxidation of amine to coat carbon fiber surface
predates diazonium grafting with first report in 1990.[137] It enables immobilization of

various primary amine containing molecules on  different  electrodes
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surface.[138,139,140,141,142] The electrografted layer is characterized by AFM, XPS,
ellipsometry, Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) and
electrochemistry methods.[143,144,145] Amine electrochemical oxidation greatly
simplifies the surface modification process since it does not need complicated synthesis
and surface chemistry. Even large molecules including dendrimers and metal-ligand
complex can be directly functionalized on conductive surface in single
step.[146,147,148,149] Electrografting of amine offers simple and efficient functional
chemistry for CNT applications. Electrografting of amine provides binding sites on CNTs
for coating of Pt-Ru and Ag nanoparticles that exhibit excellent electrocatalytic
activity.[150,151] The more controllable electrochemical grafting of fluorinated
aminobenzoic acid layer enables Pt monolayer deposition on CNT buckypaper. The
highest record of mass activity has been achieved as 2711 A g in methanol

oxidation.[37]

The primary hypothesis of this paper is that the efficiency of voltage gatekeeping can
be enhanced to obtain high on/off ratio using electrooxidation of amine in one step. The
conformation change of tethered dye molecules under bias is proven by changes in non-
faradic electrochemical impedance measurements (EIS). The EIS spectra also
qualitatively show the effectiveness of this single step functionalization on double-walled
carbon nanotube (DWCNT) membranes. Transmembrane ionic rectification was
measured to compare the efficiency of gatekeeping. The stronger rectification indicated
higher efficient gatekeeping. The gatekeeper density was quantified by dye assay on
glassy carbon due to its similar structure with CNTSs. Single step modification may give

higher overall functional density over a more complicated two step modification.
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3.2 Experimental methods

3.2.1 Fabrication of double-walled carbon nanotube membranes
Double-walled CNTs with average inner diameter of 2 nm and length of 30 um were

purchased from Sigma-Aldrich (TEM image as seen in Figure 3.1a). DWCNT
membranes were fabricated using microtome-cutting method similar to the previous
reports.[77,78,79] To describe it briefly, 5 wt% CNTs were mixed with Epoxy 862 epoxy
resin (Miller Stephenson Chem. Co.), hardener methylhexahydrophthalic anhydride
(MHHPA, Broadview Tech. Inc.) and 0.1 g surfactant Triton-X 100 (Sigma) using a
Thinky™ centrifugal shear mixer. As-prepared CNTs-epoxy composite was cured at 85
°C according to the commercial epoxy procedure before being cut into CNT membranes
using a microtome equipped with a glass blade. The typical thickness of as-cut CNT
membrane is 5 microns (3. 1b). The membranes (~0.6 x 0.6 cm?) were glued over a 3 mm
diameter hole in polycarbonate plate (1 mm thick) to act as a mechanical support. The top
of the membrane was referring to the surface in the recess of the hole in the
polycarbonate support while the bottom of the membrane was on the bottom plane of
polycarbonate support. Pd/Au (30 nm) was sputter deposited on the bottom of membrane

to give electrical contact to CNT membrane and act as effective working electrode.

3.2.2 Modification of DWCNT membranes
To avoid grafting in the inner core of CNTs, CNT membranes were placed in U-tube

fittings under a 2 cm column pressure of DI water on the bottom of the membrane to have
inert flow through the CNT core.[74] In two step functionalization, as-prepared double-
walled carbon nanotube (DWCNT) membranes were first modified by flow
electrochemical grafting (FG) with 5 mM 4-carboxy phenyl diazonium

tetrafluoroborate/0.1 M KCI solution at -0.6 V for 2 minutes. In the next step, Direct Blue
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71 dye (Aldrich) was coupled to the carboxyl group on the tip of CNTs with
carbodiimide chemistry: 10 mg of ethyl-(N’, N’-dimethylamino) propylcarbodiimide
hydrochloride (EDC) and 5 mg N-hydroxysulfosuccinimide (Sulfo-NHS) were dissolved
into 4 ml of 50 mM Direct Blue 71 dye in 0.1 (M) 2-(N-morpholino) ethane sulfonic acid

(MES) buffer for 12 hrs at ambient temperature.

In one step functionalization, Direct Blue 71 dye, that has a primary amine, was directly
grafted to CNT by electro-oxidation of amine. Before electrografting, the ethanol solution
of 0.1 M LiCIO4#/1 mM direct blue was purged by Argon gas for 15 min to remove
adsorbed oxygen in the solution. Applying a 2 cm column pressure of DI water on the
bottom of the membrane is to have inert flow through the CNT core. The electrografting
was carried out under constant potential 1.0 V using potentiostat (E-corder 410) in the
three electrode cell. The CNT membrane, with sputtered Pd/Au film (~30nm thick) on
the membrane’s back side, was used as the working electrode; Pt wire was the counter
electrode and the reference electrode was Ag/AgCl. Before electrografting, the ethanol
solution of 0.1 M LiClO4/1 mM direct blue was purged by Argon gas for 15 min to

remove adsorbed oxygen in the solution.

3.2.3 Rectification experimental setup
The schematic of the ionic rectification setup was shown in 3. 4b. Both U-tube sides were

filled with potassium ferricyanide solution. Working electrode (W.E) was DWCNT
membrane coated with 30 nm thick Pd/Au film; reference Electrode (R.E) was Ag/AgCl
electrode. Voltage was controlled using an E-Corder 410 Potentiostat. Counter electrode
was a sintered Ag/AgCI electrode purchased from IVM Company. The membrane area

was ~0.07 cm?. Linear scan was from - 0.60 V to + 0.60 V with the scan rate at 50 mV/s.
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3.2.4 Dye assay quantification of carboxyl and sulfonate density on glassy carbon
Glassy carbon (SPI-Glass™ 25 Grade) was polished by 1, 0.5 and 0.02 pum Buehler

alumina slurry solution, respectively. After polishing, the glassy carbon was rinsed with
DI water and ultralsonicated for 5 mins in DI water. The cleaned glassy carbon was
modified under same condition as modification of DWCNT membranes. The grafted
sample was rinsed carefully with deionized water and ethanol multiple times, and dried

under nitrogen stream.

Toluidine Blue O was reported to quantify the carboxyl group density on polymer film.
Our dye-assay method was similar to the previous reports.[119,152] Glassy carbon was
incubated in 0.2 mM Toluidine blue O (TBO, Sigma) solution at pH=10 and room
temperature for 1 hr to adsorb positively charged dye onto the anionic carboxylate or
sulfonate group. The glassy carbon was then rinsed with NaOH (pH=10) solution and
further incubated in 0.1 mM NaOH (pH=10) solution for 5 min to remove physisorbed
TBO dye. The adsorbed TBO on anionic glassy carbon was removed into pH=1 HCI
solution. The concentration of desorbed TBO in HCI solution was determined by the
absorbance at 632 nm using Ocean Optics USB 4000 UV-Vis spectrometer. The
calculation of carboxyl or sulfonate density was based on the assumption that positively

charged TBO binds with carboxylate or sulfonate groups at 1:1 ratio on glassy carbon.

3.3 Results and discussions
The fabrication of DWCNT membranes using microtome-cutting method was

described in the experimental section. TEM image of DWCNTs and (b) SEM image of
as-made DWCNT membrane in the cross-sectional view were shown in Figure 3.1a and
3.1b, respectively. Figure 3.1c shows the schematic structure of functionalized DWCNT

membranes with tethered anionic dye. Carbon nanotube membranes can imitate ions
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channels with the functionalized molecules acting as mimetic gatekeepers. In our
previous studies, functionalization of gatekeeper includes two-step modification, [74,75]
as shown in Figure 3.2. CNT membranes were first modified by 4-carboxylphenyl
diazonium grafting, and then the negative charged dye molecules were linked with
carboxyl sites using carbodiimide coupling chemistry. However, it is difficult to control
the gatekeeper density since the oligomer is formed by diazonium grafting and the second
coupling reaction may not have high yields. The functionalization chemistry at the CNT
tip determines the applications for CNT membranes, with the ideal gatekeeper being a
monolayer grafted at the entrance of CNT cores that can actively pump chemicals
through the pores.[12] The mechanism of electrooxidation of amine includes radical
generation and bonding formation on surface (Figure 3.3a). The electrooxidation of
amine first generates amino radical cation. After deprotonation, the neutral aminyl radical
can be covalently attached to surface but the yield is typically less than that of diazonium
grafting.[153,154,155,156] By using electrooxidation of amine group of dye (as shown in
Figure 3.3b), the charged dye molecules were simply covalently grafted in one-step

functionalization.

Non-faradic electrochemical impedance measurements (EIS) were carried out to prove
the effectiveness of the one-step electrochemical reaction on DWCNT membranes and
demonstrate the conformation changes of tethered dye molecules.[79] The Nyquist plots
of EIS were shown in Figure 3.5a and 3.5b, with the frequency ranging from 100 kHz to
0.2 Hz. Platinum wire, Ag/AgCl and DWCNT-dye membranes were used as counter,
reference and working electrodes, respectively (Figure 3.5c). By switching bias from 0 V

to + 0.6 V, charge transfer resistance was increased (R¢) by 2.3 times in 20 mM KCI
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(Figure 3.5a). It indicated that positive bias can draw the negative charged dye to CNT
entrance, resulting in blocking the CNT tube, reducing ionic current and increasing Rq.
By applying negative applied bias, R was reduced by 2 times since the dye molecules
can be repelled away from the tip. Under higher concentration at 100 mM KCI, R was
increased by only 1.2 times switching bias from 0 V to + 0.6 V and a factor of 1.7 times
switching bias from 0 V to -0.6 V (Figure 3.5b). The slower R changing rate was due to
ionic screening effect. The results of Non-faradic EIS indicated that the gatekeeper can be

actuated to mimic protein channel under bias.

In order to compare the gatekeeping efficiency of two different functional chemistry,
transmembrane ionic rectification was measured on DWCNT-dye membranes. Figure
3.4a illustrates the schematic mechanism of ionic rectification on DWCNT-dye
membrane. With negative applied bias across the membrane, the dye molecules are
repelled away from CNT entrance resulting in an open state and potassium ions can go
through CNT channel giving easily measured current. However, at positive bias, anionic
gatekeepers will be dragged into the pore entrance, thus blocking or reducing ionic
current. The rectification experiment setup was diagrammed in Figure 3.4b. The DWCNT
membrane coated with a layer of 30 nm thick Au/Pd film (working electrode) was placed
in U-tube filled with potassium ferricyanide. Ag/AgCl electrode was used as
reference/counter electrode. Constant potential was provided using a Princeton Scientific
Model 263A Potentiostat. Linear scan was ranged from - 0.60 V to + 0.60 V with scan
rate as 50 mV/s. The rectification factor was calculated by the ratio of ionic transport

current at negative and positive 0.6 V bias.

83



The ionic current of potassium ferricyanide vs. trans-membrane bias for as-made and
modified DWCNT membranes were shown in Figure 3.6, with a summary of rectification
factors in Table 3.1. The highest experimental rectification factor of ferricyanide
observed was 14.4 for the single-step grafting, which was 3.7 times as that of as-made
membrane. The rectification factor dropped with the increasing ionic concentration,
which was expected for the screening of charge on the gatekeepers at high ionic strength.
The rectification factor dropped from 14.4 to 9.8 when the ferricyanide concentration
increased from 10 mM to 50 mM. With the concentration increasing up to 100 mM, the
rectification factor further dropped to 8.0. The rectification can be attributed to both
charge and steric effect at low concentration while the ionic screening effects dominate

under high concentration.

On another modified membrane with one-step amine grafting, we compared the
rectification factor of three different ions, ferricyanide, 2, 6 naphthalene di-sulfonic acid
(NDS) and sodium benzenesulfonate (SBS) to examine the role of anion size in being
repelled by the modification of CNT tips. In Table 3.2, we saw that as the ion size was
reduced, smaller rectification factors were seen, which was consistent with partially
blocked ion channels. Due to the broad size distribution of double-walled CNT diameter,
different membranes have variance in initial rectification factors and comparisons should
be made within the same series. Also, due to the relatively large size of DWCNTs (~2.0
nm i.d.) compared to SWCNTSs (1.4 nm), rectification of small ion pairs (i.e. KCI) was
not seen as was for the SWCNT case.[110] However, larger mobile anions such as
ferricyanide, NDS, and benzenesulfonate showed rectification (Table 3.2). Similar to

Table 3.1, as ionic strength was increased, Rf was decreased for all of the anions. It
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indicated that the rectification was partially attributed from charge effect. As a control
experiment, the single-step grafted dye on DWCNT membranes used in Table 3.2 was
removed by plasma oxidation. As seen in Table 3.3, the rectification factor was dropped
to 2-3, close to the expected as-made membranes. The disappearance of rectification
effect provided supportive evidence that functional anionic charged dye played as

gatekeeper to modulate the ionic flux through DWCNT membranes.

Ferricyanide has a well-known redox potential of 0.17V (vs. Ag/AgCl), and thus an
important control experiment was to make sure the observed rectification was not due to
faradic current instead of trans-membrane ionic current. Cyclic voltammetry scans (-0.6
V to 0.6 V) showed no redox reaction on both as-made and one-step functionalized
DWCNT membrane in 50 mM ferricyanide (Figure 3.7). We also didn’t observe redox
occurred on glassy carbon in 2 mM ferricyanide, as seen flat curve in Figure 3.8a. The
much larger conductive area of glassy carbon electrode compared to 5% DWCNT
membrane, requires the use of more dilute (2 mM) ferricyanide solution. However, with
the supporting 0.5 M electrolyte KCI solution, oxidation and reduction peak were
observed at 0.29 V and 0.06 V, which was similar to expected redox behaviors.[141,157]
The experiment was also repeated with both oxidized and reduced species. In Figure
3.8b, no redox peak was found on glassy carbon in 50 mM ferricyanide solution and 25
mM ferricyanide/ferricyanide solution. The control experiments of cyclic voltammetry on
DWCNT membrane and glassy carbon ruled out the redox reaction of ferricyanide, which

supports the ionic rectification on electrochemically grafted CNT membranes.

The non-faradic EIS spectra indicated that the functionalized gatekeeper by single-step

can be actuated to mimic protein channel under bias. This functional chemistry was
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proved to be highly effective on enhancement of ion rectification. The disappearance of
rectification also supported its effectiveness after removing the grafted gatekeeper by
plasma etching. Interestingly no apparent change of rectification was seen for the two
step functionalization. The likely reason is that high efficient functional density can be
obtained by electrografting of amine in one step since the poor yield in the second step
(carbodiimide coupling reaction) resulted in significantly lower gatekeeper density on
CNT membranes. To address this question, two-step and one-step of functionalization
were quantified on glassy carbon due to its well defined area and similar chemical
reactivity to CNTs with dye-assay.[119] The schematic mechanism of dye-assay’s
absorption and desorption was shown in Figure 3.9. The sulfonate density as a function
of one step amine grafting time was shown in Figure 3.10. The sulfonate density reached
its saturated level as 0.9 x10™ molecules/cm?after 2 min grafting. Since each Direct Blue
71 dye molecule contains four sulfonate groups, the dye molecule density was calculated
as 2x10* molecules/cm?, nearly as one half of the ideal monolayer density as 3.8x10"
molecules/cm?. The amine grafting density was less efficient than diazonium grafting,
which is consistent with the prior report.[156] Comparison of total surface charge density
by the two grafting methods was shown in Table 3.4. In first step of two step
functionalization, the carboxyl density reached up to 1.3x10" molecules/cm? after 8 mins
grafting showing an efficient process. After carbodiimide coupling of dye in the second
step, the charged density increased to 2.0 x10™ molecules/cm?. With each carboxyl site
will be replaced by one dye molecule containing four sulfonate groups after coupling,
each reacted site will have a net gain of three more charges. Going from 1.3 to 2.0x10%

charges/cm?, with 3 charges/added dye resulted in a sulfonate density of 0.93 x10%
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charges/cm? after the two step functionalization. The dye density was calculated as
0.23x10" molecules/cm? (1/4 of sulfonate density). This resulted in a carbodiimide
coupling efficiency of 18% on glassy carbon. The net sulfonate density for 1 step reaction
and 2 step reaction are both comparable at 0.9 x10™ charges/cm?, where the less efficient
electrochemical oxidation of amine is similar to the loss in efficiency for the
carbodiimide coupling reaction. However, in the case of the DWCNT membranes, the
two-step modificaiton was not effective at showing rectification (Table 3.1). The possible
reason for poor rectification is that the actual yield of the second reaction in the two-step
modification on CNT membranes may be significantly below 18% yield seen on glassy
carbon. The CNT surfaces can interfere in the coupling reaction, presumably through

absorption of intermediates.

3.4 Conclusions
DWCNT membranes were successfully functionalized with dye for ionic rectification by

electrooxidation of amine in single step demonstrating ionic channel rectification. Non-
faradic EIS spectra showed changes in R indicating that the functionalized gatekeeper
was actuated to mimic protein channel under bias. This functional chemistry showed
ionic current rectification up to 14.4 for K3Fe(CN)s. With decreasing ion size, we
observed smaller rectification due to reduced blocking of ion channels by the grafted
ligands. The rectification was decreased with the higher ionic concentration that
increased ionic screening. Thus ionic current rectification is attributed to both charge and
steric effects at low concentration, while steric effects are dominant at high concentration.
Plasma oxidation removal of the gatekeeper from membrane removed the ionic
rectification properties further supporting the role of functional gatekeeper chemistry.

The saturated functionalized dye density by single step functionalization was quantified
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as 2.3x10* molecules/cm? on glassy carbon by dye-assay. This is similar to that of the
two step functionalization, which had a low yield (~18%) for the second step of the
reaction. One step functionalization by electrooxidation of amine provides simple and

promising functionalization chemistry for the application of CNT membranes.
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Table 3 1 Comparison of ionic current rectification factor (Rf) in K3Fe(CN)6 solution.
Rectification factor was calculated by the ratio of ionic transport current at negative and

positive 0.6 V bias. Linear scan was from - 0.60 V to + 0.60 V with the scan rate at 50

mV/s.
As-made Single step Electrochemical Chemical grafting of
_ electrooxidation of  grafting of diazonium diazonium and
Concentration of amine and coupling of dye coupling of dye
KsFe (CN) 6 (mM)
Rf Rf Rf Rf
10 3.9+0.8 14.4+0.6 2.9+0.2 4.0+0.4
50 4.4+0.9 9.8+0.3 2.9+0.2 3.3+0.07
100 3.440.1 8.0£0.4 3.240.3 3.610.2
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Table 3 2 Summary of ionic rectification factor on single-step modified DWCNT-dye
membrane. Rectification factor was calculated by the ratio of ionic transport current at
negative and positive 0.6V bias. Linear scan was from - 0.60 V to + 0.60 V with the scan

rate at 50 mV/s.

Concentration R . Rf Rf
(MM) (pqtassu_Jm (NDS) (Sodium
ferricyanide) benzenesulfonate)
10 7.2+0.3 3.1+0.3 2.4+0.2
50 6.4+1 2.0+0.1 2.0+0.1
100 5.6+1 2.3+0.1 1.7+0.1
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Table 3 3 Summary of ionic rectification factor on DWCNT membrane after water

plasma oxidation to remove gatekeepers.

Concentration (potssiium Rf (sogifum
(mM) ferricyanide) (NDS) benzenesulfonate)

10 3.2+0.3 1.74£0.2 2.410.2

50 2.8+£0.3 1.5+0.07 2.0+0.2

100 2.4+0.2 1.4+0.0.02 2.0+0.2
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Table 3 4 Quantification of carboxyl and sulfonate density using dye-assay.

Modification on

Charge density  Carboxyl density ~ Sulfonate density
glassy carbon 2 2 2
(GC) (molecules/cm )  (molecules/cm)  (molecules/cm )
Electrochemical
Step 1 in two step csrrt?gznlg O:ei_ | 15 15
functionalization rooxyl pneny 1.3x10 1.3x10 -
diazonium for
8min
Step 2 in two step Carbodiimide 15 15 15
functionalization  coupling of dye 2.0x10 1.07x10 0.93x10
Electrochemical
One Step grafting of dye by 15 15
functionalization ~ amine oxidation 0.9x10 - 0.9x10
for 8min
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(@) (b)

WD15.1mm 5.0kV x30k

Figure 3 1 (a) TEM image of DWCNTSs (purchased from Sigma-Aldrich). (b) SEM image
of as-made DWCNT membrane in the cross-sectional view. (c) Schematic diagram of the
functionalized anionic dye on CNT tip playing as gatekeeper (grey: C; red: O; blue: N;

yellow: S).
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Figure 3 2 Schematic illustration of two step functionalization. (a) Electrochemical
grafting or chemical grafting of 4-carboxyl phenyl diazonium. (b) Carbodiimide coupling

of Direct Blue 71 dye.
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Figure 3 3 (a) Schematic mechanism of electrochemical oxidation of primary amine on
conductive surface. (b) Schematic illustration of one step functionalization of Direct Blue

71 via electrooxidation of amine.
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Figure 3 4 (a) Schematic mechanism of ionic rectification on DWCNT-dye membrane.
(C, grey; N, blue; O, red; S, yellow; light green:Fe(CN)63-; dark green: K+) (b)
Schematic rectification setup. Working electrode (W.E) is DWCNT membrane coated
with 30 nm thick Pd/Au film; Reference/counter Electrode (R.E/C.E) is Ag/AgCI
electrode. Constant potential was provided using a Princeton Scientific Model 263A
Potentiostat. Both U-tube sides are filled with potassium ferricyanide (K3Fe(CN)6)

solution. linear scan from -0.60V to +0.60V, scan rate as 50mV/s.
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Figure 3 5 Nyquist plots of dye modified membrane in (a) 20 mM KCI (b) 100 mM KClI
(c) Experimental setup for the EIS measurements. Experimental conditions: Working
Electrode (W.E): DWCNTs-dye membrane; Reference Electrode (R.E): Ag/AgCl;
Counter Electrode (R.E): Pt; AC magnitude:10 mV; DC magnitude: -0.6, -0.3, 0, 0.3, 0.6
V; frequency: 100 kHz to 0.2 Hz. Platinum wire, Ag/AgCl and DWCNTs-dye membrane

were used as counter, reference and working electrodes, respectively.
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Figure 3 6 lonic rectification curves on (a) as-made and (b) modified DWCNT membrane
(electrochemical oxidation of amine) with potassium ferricyanide. (¢) in 10 mM

potassium ferricyanide and (d) in 100 mM potassium ferricyanide
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Figure 3 7 Control experiments on DWNT membrane to rule out redox current. Cyclic
voltammetry scan on DWNT membrane from -0.6V to +0.6V. Reference /Counter
electrode: Ag/AgCl; Working electrode: DWNT membrane. Both sides filled with 50
mM potassium ferricyanide. No Redox peak was found on bare and modified DWNT

membrane, which supports the current change was from ionic rectification.

102



(@)

I/A

(b)

I/A

2.0E-04 -
1.5E-04 4
1.0E-04 4
5.0E-05 ~
0.0E+00 -
-5.0E-05 4
-1.0E-04 +f°

-1.5E-04 ~

----- 2mM ferricyanide/0.5MKCI

2mM ferricyanide

="
P

-2.0E-04

8.00E-04 -

6.00E-04 ~

4.00E-04

2.00E-04

0.00E+00

-2.00E-04

-4.00E-04

-6.00E-04

-8.00E-04

-0.2 0.0

E/V vs Ag/AgCI

----- 50mM ferricyanide

25mM ferricyanide/ferrocyanide

0.4 0.6

-1.00E-03

0.2
E/V vs Ag/AgCI

103

0.4 0.6

0.8



Figure 3 8 Control experiments on glassy carbon to rule out redox current. (a) Cyclic
voltammetry scan on glassy carbon in 2mM ferricyanide solution and 2mM ferricyanide
solution with 0.5M KCI. (b) Cyclic voltammetry scan on glassy carbon in 50 mM
ferricyanide solution and 25 mM ferricyanide/ferricyanide solution (Cyclic voltammetry
scan from -0.6V to +0.6V. Reference /Counter electrode: Ag/AgCl; Working electrode:
glassy carbon.). With the supporting electrolyte KCI, oxidation and reduction peak were
observed at 0.29V and 0.06V, respectively. However, No Redox peaks were found

without KCI, which supports no redox reaction occurred in solution.
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Figure 3 9 Schematic illustration of Dye-Assay quantification.(a) quantification of
carboxylic density on glassy carbon by pH dependent adsorption/desorption.(b)

quantification of sulfonate density by ionic screening effect. (Assuming charge: Dye

=1:1).
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Chapter 4 Covalent and noncovalent immobilization of chiral
ferrocenyldiphosphine ligand on carbon nanotubes for asymmetric Rh catalyzed
hydrogenation

4.1 Introduction
The ideal chiral synthesis is to use a catalyst that produces only the desired enantiomer

thereby dramitaically increasing yield and eliminating difficult separation steps.[85,86]
The rhodium-chiral phosphine complexes were developed for high efficient asymmetric
hydrogenation in 1970s, which have been successfully applied in the commercial
synthesis of L-dopa (anti-Parkinson drug) and (S)-metolachlor (herbicide precursor). The
increasing demand for chiral products stimulates the development of chiral ligands
facilitating a wide variety of reactions.[158,159,160] Chiral ferrocenylphosphine ligands
are considered as one of the most privileged ligands [161] due to their inherent stability
handle from the “sandwich-structured” ferrocene backbone.[162] They offer very high
enantiomeric selectivity in asymmetric hydrogenation since the stereo structure combines
planar and central chirality without undergoing racemization.[163] The enantiomeric
excess (ee) is up to 99% in asymmetric hydrogenation and hydroboration.[164,165] The
modular structure and tuned electronic features permit them in a wide range of reactions
such as hydrogenation, coupling, ring opening and cycloaddition reactions.[166] Based
on these superior properties, ferrocenylphosphines are well adapted in industrial use. For
instance, (S)-metolachlor, a well-known herbicide precursor, has been produced on more

than 10000 tons/year scale with the most successful Ir-Xyliphos since 1996.[159,166]

Homogenous catalysis has been dominant in asymmetric synthesis due to its high
selectivity and activity.[91] However, these expensive chiral catalyst are single use, and

an additional cost is required for separation of the products from catalysts, which limit its
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application. Heterogeneous catalysis with immobilized catalysts on solids offers
numerous advantages including multiple reuse and easy separation of products in solution
from the solid support by simple filtration. [167,168,169] However, asymmetric
heterogeneous catalysis is facing several major challenges.[89] The catalytic activity is
typically decreased due to slow diffusion mass-transport and more difficult steric access
to the substrate molecule. There is also a deterioration of enantioselectivity due to
distortion of asymmetric stereo-configuration after immobilization. Another drawback is
the catalyst can be deactivated after multiple reuses. Although a few promising
immobilizations of chiral catalysts on polymers and zeolites have been achieved
[90,170,171], it is a challenge to maintain their activity and selectivity after
immobilization. The mechanism of the heterogeneous chiral catalysis remains unclear in
many aspects. The heterogeneous system is very complicated, depending upon the
asymmetric reaction, nature of ligand, support, substrate, solution and functional
chemistry. The transition state and kinetics in heterogeneous chiral catalysis are greatly
affected by spatial restriction, diffusion, electron transfer and adsorption of substrates and
products.[89] Theoretical study shows that a small difference of enantiomeric transition
state energy (less than 15kJ/mol) will dramatically change the enantioselectivity. Even
weak interaction with the solid support might greatly induce a change in activity and

selectivity.

Carbon nanotubes (CNTSs) are considered a promising catalyst support due to high
surface area (~100m~2/g), conductivity and stability to corrosion or aggressive
solvents.[3,4,6,54] Additionally, the Carbon nanotube membrane geometry with reaction

flow through graphitic cores, offers a unique platform with fluid flow rates that are
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10,000 fold faster than conventional materials.[12,70,113] Goldsmith et al. reported the
simulation of methanol flux through a model of catalytic CNT membranes. The result
showed that methanol primarily travels along the pore wall, which efficiently transport
substrate to catalytic sites at the CNTs tips.[111] It suggests fast flowing CNT
membranes can be converted into highly efficient arrays of nano-reactors since the
continuous reaction and separation of products can significantly enhance the reaction
yield. Recent progress of CNT supported nanoparticles has showed enhanced
performance in heterogeneous catalysis.[52,53] For instance, RU/CNT and Pd/CNT
exhibit higher selectivity than other conventional supports in cinnamaldehyde
hydrogenation though mechanism is unclear.[55,56] Due to the confinement of CNTs
support, the activity of Rh inside CNTs has been enhanced 10 times than that of outside
CNTs in ethanol production.[57] Banerjee et al. reported nonchiral complex are
immobilized on CNTSs using coordination between metal and carboxyl sites on CNTSs.
The immobilized Wilkson’s catalyst gives modest activity in cyclohexene

hydrogenation.[107,108]

CNTs are quite innovative support for metal-chiral ligand complex. Vanadyl salen has
been covalently immobilized on single-wall carbon nanotubes for the cyanosilylation of
aldyhydes, which is the only reported covalent immobilization of metal-chiral ligand
complex.[109] The activity of heterogenized vanadyl salen was decreased to only 1/6 and
enantiomer excess (ee) markedly reduced from 90% to 66%. However, this reduced
activity of immobilized vanadyl salen remained for five consecutive runs. Tethered
pyrene attachment ligands provides simple immobilization strategy for proteins and nano-

particles using n-m stacking interaction between aromatic pyrene ligand and graphite
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surface of CNTs support.[39,40,41,42] This approach has been used to recover pyrene
modified Rh-Pyrphos complex from homogenous solution onto CNTs to recycle the
recycle the expensive catalyst..[172] In this cycle the pyrene modified Rh-Pyrphos
complex was desorbed from CNTs and worked homogeneously in CH,CI;, solution. After
hydrogenation, the homogeneous chiral catalyst was captured by CNTs in ethyl acetate
solution. 93% ee was obtained in the asymmetric hydrogenation of a-dehydroaminoester.
The continuous running of hydrogenation deteriorated its activity that dropped to 50% at
fourth fun and 25% at seventh run. However in this scheme it is critical to choose proper
solvent systems that can effectively precipitate catalyst onto CNTs and thus limits a more
broad application. Thus only two cases of CNTs used as supports in asymmetric
catalysis have been reported and showed relatively modest results compared to other
support systems. Further experimental study is needed to find chemical strategies for
effective chiral catalysis on CNT supports. In particular, catalyst systems that work on
aromatic supports such as polystyrene beads or intermediate coatings should easily apply

to CNTs.

In this paper, we synthesize tethered chiral ferrocenylphosphine ligands (commercially
named as Josiphos ligand) for covalent immobilization on polymers and CNTs. The
Josiphos ligand (with tether) exhibited excellent ee and activity in asymmetric
homogeneous hydrogenation. But it had very low activity after immobilization onto
CNTs and polystyrene beads. As an alternative strategy, three noncovalent
immobilization approaches have been carried out. Coordinated Rh catalyst on CNTs
support exhibited excellent activity and reuse property even after seventh run in

asymmetric hydrogenation. Excellent enantiomer excess (>90%) and 100% yield were
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obtained in asymmetric hydrogenation with the immobilized Rh-Josiphos complex using
pyrene absorption. Moreover, the higher ee (99%) with 100% yield was achieved in same

asymmetric hydrogenation using PTA as electrostatic anchoring agent.

4.2 Experimental methods

4.2.1 Chemicals
In general, air free solvents such as diethyl ether, DMF, methanol and etc. were freshly

used after distillation from the appropriate drying agents under argon. Unless otherwise
mentioned, all synthesis reactions were carried out under argon protection using
standard Schlenk techniques. n-butyllithium(n-BuLi), N,N,N,N-
tetramethylethylenediamine(TMEDA),Bis(norbornadiene)rhodium(l)tetrofluoroborate([R
h(NBD),]BF), Tris[3-heptafluoropropyl-hydroxylmethylene-(+)
camphorato]europium(Eu(hfc);),  Phosphotungstic  acid  hydrate Hz  [P(W3010)4]
xH,O(PTA) were purchased from Fluka or Sigma and used as received. Chlorosilane: 3-
chloropropyldimethylchlorosilane  was  obtained  from  Gelest.  (R)-1-[(1S)-
2(Diphenylphosphino)ferrocenyl]ethyldicyclohexylphosphine:(R)-(S)-Josiphos

ligand:was purchased from Sigma-Aldrich, and stored in dry box.

4.2.2 Synthesis of chiral ligand precursor:(R)-[3-(N, N-Dimethylamino) ethyl]
ferrocene
4.2.2.1 Compound 4: Chiral ligand precursor, (R)-[3-(N,N-dimethylamino)ethyl]

ferrocene, was synthesized in multiple steps, as seen in Scheme 4.1.[173]Acetylferrocene
was synthesized via Friedel —Crafts acylation. Then the resulting ferrocenyl ketone was
reduced to R-(3-hydroxylethyl) ferrocene using S-CBS catalyst. The chiral ferrocenyl

alcohol was finally converted the amine (R)-[3-(N,N-dimethylamino)ethyl] ferrocene.

(R)-[3-(N, N-Dimethylamino) ethyl] ferrocene

111



'H-NMR(CDCls)5:4.10-4.08(m,9H), 3.56(q, 1H), 2.05(s,6H), 1.42(d, 3H)

4.2.3 Synthesis of chiral tethered Josiphos ligand: (R)-1[(S)-2(Diphenylphosphino)-
1’-(dimethyl-3’aminopropylsilyl)-ferrocenyl] ethyldicyclohexylphosphine

Starting from this chiral precursor, the tethered (R)-(S) Josiphos ligand was prepared
following the synthetic route from kollner et.al, as seen in Scheme 4.2 via. [94,174] the
stereo group dicyclohexylphosphine and tether of chlorosilane tether was introduced into

Cp ring via dilithation. The chlorine on tether was converted to amine group via Gabriel

synthesis.

4.2.3.1 Compound 5: 4.3 ml of 2.5 M n-BuLi in hexane solution was added dropwise to
solution of 2g of 4 in 15ml of diethyl ether at room temperature. After stirring for 1 hour,
equivalent 25 M n-BuLi in hexane solution was added dropwise to solution.
Subsequently 1.5 ml of TMEDA was added to reaction solution which turned into reddish
brown. After stirring for 5 hours, 1.5 ml of chlorodiphenyl-phosphine along with 4.6 ml
of 3-chloropropyldimethylchlorosilane was added dropwise at -20°C degree. The reaction

continued overnight at room temperature.

Work up: 2ml of saturated NaHCO3; aqueous solution and 10 ml of water was added
slowly to reaction solution in ice bath. The mixture was extracted by 10 ml ethyl acetate
for 3 times. Then the organic phase was washed by 5 ml of distilled water for 3 times and
dried by MgSQ,. The resulting product was evaporated in rotary evaporator and dried by
high vacuum. The raw product was purified by column chromatography (silica gel
hexane: acetic acid=1:1 and acetone), each two times. The BPPFA can be removed by

recrystallization in mixed methanol and ethanol solution (1:1). It gave yield as 40%.
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'H-NMR(CD,Cl,)5:0.08(3H,Si-CHs),0.16(S,3H,Si-CH3),0.62(m,2H,CH,-
Si),1.28(d,3H,C-CHs),1.5-1.9(m,2H,CH,-CH,-Cl),2.0(s,6H,N(CHs),),3.42(t,2H,CH,-
Cl),3.5-4.4,(m,8H,CsH4FeCsH3CH), 7.1-7.7(m,10H,PPh,).3'P-NMR (CD,Cl,) &: -23.5(d,

PPhy)

4.2.3.2 Compound 6: 1.2 g of dicyclohexylphosphine was added to 3.51 g of 12 in 10 ml

acetic acid solution. The reaction solution was refluxed at 96 °C for 2 hours.

Work-up: the reaction mixture was extracted by 10 ml toluene and 10 ml distilled water.
The organic phase was washed by 20 ml distilled water for 3 times, and then dried by
MgSQ,. It was concentrated in rotary evaporator and purified by chromatography

(hexane and ethyl acetate 1:1). It gave yield as 80% (orange brown oil).

'H-NMR(CD,Cl,):80.10(3H,Si-CHs),0.17(S,3H,Si-CHj),0.61(m,2H,CH,-Si),0.9-
2.0(m,27H,Pcy,,CH,-CH,-Cl,CH-CHs),3.44(t,2H,CH,-Cl),3.1 4.5,
(m,8H,CsH4FeCsHsCH),  7.1-7.66(m,20H,PPhy).  *P-NMR(CD,Cl,): §-23.6(d,PPhy),

18.35(d,Pcyy).

4.2.3.3 Compound 7 and 8: 15 was prepared by Gabriel synthesis in two-step. Chloride
13 was converted into phthalimide (compound 14). Primary amine 15 was released with
hydrazine hydrate in second step. 578.6 mg of potassium phthalimide and 154.3 mg
hexadecyltributylphosphonium bromide (phase transfer catalyst) were added to solution

of 1.8g of 13 in 5ml DMF. The reaction solution is refluxing at 96 'C for 2 hours.

Work-up: the reaction mixture was extracted by 10 ml of mixture (water/toluene=1:1).

The organic phase was washed by 10 ml distilled water for 3 times and dried by MgSQ,.
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The crude product concentrated by rotary evaporator was purified by chromatography

(hexane/ ethyl acetate 1:1). It gave 7 yield as 68% (orange oil product).

0.4 ml of hydrazine hydrate was added to 1.72 g of phthalimidel4 in 18ml of ethanol

solution. The reaction solution was refluxed for 2 hours.

Work-up: 25 ml of methylene chloride was added to the reaction mixture. The suspension
was washed by methylene chloride and filtered. The product of 15 was purified by

chromatography (methanol with 2% triethylamine). It gave 8 yield as 90%.

14:'H-NMR(CD,Cl,)5:0.07(3H,Si-CHs),0.14(S,3H,Si-CHs),0.6 1(m,2H,CH,-Si),0.9-
2.O(m,27H,Pcyg,C_H2-CH2-CI,CH-C_H3),3.5(t,2H,CHZ-N),S.1-

4.5(m,8H,CsH4FeCsHsCH),7.6-7.7(m,10H,PPhy). 7.7-7.9(m,4H, phthalimide).
31p NMR (CD-Cl,)8:-26.5(d, PPh,),15.2(d, PCy,)

15:"HNMR(CD,Cl,)5:0.07(3H,Si-CH3),0.14(S,3H,Si-CH3),0.61(m,2H,CH,-Si),0.9-
2.0(m,27H,Pcy,,CH,-CH,-Cl,CH-CHs),2.58(t,2H,CH,-N),3.1-

4.5,(m,8H,CsH,FeCsH3CH),7.6-7.7(m,10H,PPhy).
$IPNMR(CD,Cl,): §-26.5(d, PPhy), 15.2(d, Pcy»)

4.2.4 General procedure of homogenous and heterogeneous hydrogenation of
dimethyl itaconate
Typical homogenous hydrogenation was carried out in following steps (Scheme 4.3): 3

mmol dimethyl itaconate was dissolved in 10 ml methanol and stirred for 1hr (solvent
varied in different reaction). 0.015 mmol ferrocenyldiphosphine ligand was added to
equivalent [Rh (NBD) 2] BF4 in 10 ml methanol. It allowed coordination for 0.5-1.0 hr

under stirring at room temperature. Then Rh-Ligand complex catalyst was transferred to
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dimethyl itaconate solution under argon protection. H, gas in balloon was purged for five
times to remove argon in Schlenk flask. The reaction mixture was stirred for 1hr under
room temperature and 1 atm H,. In general, heterogeneous hydrogenation procedures
followed the same procedures as homogenous reaction except recycling of immobilized
catalysts by filtration. The hydrogenation product (dimethyl succinate) was separated
from immobilized catalysts through cannula filtration. The yield of dimethyl succinate

was determined by *H NMR.

4.2.5 Quantification of enantiomeric excess by chiral NMR
The ee of product was quantified by chiral NMR with Lanthanide shift reagent Eu(hfc)s

that is capable of coordinating with Lewis bases succinate. The paramagnetic Eu*
dramatically induces the chemical shift of alpha-proton, which split the NMR peak. In
general, ~30mg dimethyl succinate was dissolved in 1ml CDCl;. 27 mg Eu(hfc); was
subsequently added to the solution . After it was dissolved, the sample was tested by 400
M Hz Varian 'H NMR. Optical pure R and S succinate are quantitatively mixed to
prepare series standard solutions. Enantiomer excess of standard solution is obtained by
calculation of the ratio of shifted peaks’ area. The integrated area of S (-) peak is
proportional to ee of standard racemic succinate solution. Standard curve of shifted NMR
assay is prepared to quantify ee in the asymmetric hydrogenation, as shown in

supplementary information Figure 4.1.

4.2.6 Fabrication and oxidation of multiwalled CNTs
Multiwall carbon nanotubes were grown by chemical vapor deposition method which

ferrocene/xylene was used as precursors at 700 °C.[118] The length of CNTs varies from
30 to 100 um, while the inner diameter is around 10 nm. CNT sample was under 70%

nitric acid refluxing at 140°C for 16 hrs, then filtered and washed extensively with
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distilled water until the pH is ~7. The sample was dried in vacuum by oil pump at 60°C

for 48 hrs.

4.2.7 Covalent immobilization of chiral catalyst

4.2.7.1 Immobilization with carbodiimide coupling reaction
This immobilization protocol was adapted from Slovias company patent (Scheme

4.4).[174] 2 ml of orange solution of 24 mg (0.034 mmol) tethered Josiphos ligand was
dissolved in 2 ml of THF. The orange ligand solution was transferred to the mixture of
solid supports with 4 ml THF and 1 ml H,O (Amberlite IRC-50 resin, carboxylated
polystyrene and carboxylated CNTs, respectively). Then 2 ml THF solution of 50 mg
DCC (N,N-dicyclohexylcarbodiimide) was slowly added to the mixture of reaction. The
yellow solution gradually turned colorless and polymer beads turned into orange after 2
hours. The polymer beads were filtered and washed once with THF, once with DMF, four
times with THF (5 ml each time). The polymer beads were dried at 50°C under high
vacuum for overnight. In coordination with Rh precursor, The Josiphos ligand loaded
polymer beads was simply stirred with 0.02 mmol Rh precursor in methanol for 30mins.
The yellow Rh precursor solution turned into colorless. Then the Rh-Josiphos-support
was filtered and rinsed with methanol for 3 times. The loading of Rh (95%) was
determined by UV-vis absorbance measurement of decant solution with calibration

standard.

4.2.7.2 Immobilization with isocyanate as coupling regents
The amine group of tethered Josiphos was conjugated with aminomethylated polystyrene

with isocyanate as coupling regents (Scheme 4.5). This detailed procedure was adapted

from the report of Pugin et al.[93]
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4.2.8 Non-covalent immobilization of chiral catalyst

4.2.8.1 Strategy 1. Coordination of [Rh (NBD) ;] BF,with carboxyl sites on CNTs
~0.1g purified CNTs were dispersed in methanol for 1hour sonication. 0.03 m mol [Rh

(NBD) ;] BF4 was dissolved in 10ml methanol. Then it was slowly transferred to solution
of CNTs and stirred at 55 °C for overnight. Then the reaction mixture was filtered and

washed with methanol through cannula at least three times (seen in Scheme 4.6).

4.2.8.2 Strategy 2. Pyrene modified chiral catalysts on CNT via -7 stacking
interaction
The tethered Josiphos ligand was coupled with 1-pyrenebutyric acid with

dicyclohexylcarbodiimide(DCC) and 4-dimethylaminopyridine(DMAP) in
dichloromethane.[172]0.02mmol pyrene modified ligand was coordinated with
0.017mmol [Rh(nbd);]BF4 in methanol for 30 mins at room temperature under argon
protection. And the pyrene modified Rh-ligand complex was absorbed on surface of

CNTs and filtered and rinsed three times with methanol (seen in Scheme 4.7).

4.2.8.3 Strategy 3. Immobilization of Rh-chiral ligand anchoring on CNT using
electrostatic anchoring agent phosphotungstic acid
In general, 1g phosphotungstic acid (PTA, Aldrich) was dissolved in 20 ml H,O (or

EtOH). Subsequently, it was transferred to 0.1g acid-treated CNTs in 10 ml ethanol. The
reaction mixture was sonicated for 2hrs at room temperature. Then it was stirred at 50°C
overnight. The PTA modified CNT was washed by H,O (or ethanol) for at least 3 times.
For treatment with water solution, the sample was dried under vacuum for 2 days. PTA-
CNT sample was stirred with pre-synthesized Rh-Ligand complex in EtOH for overnight.
The (Rh-Ligand)-PTA-CNT was filtered and washed by ethanol for at least 3 times (seen

in Scheme 4.8).

4.3 Results and discussions

117



4.3.1 Covalent immobilization of tethered Rh-josiphos ligand complex on CNT
The privileged Josiphos ligands have earned great success in both laboratory and industry

settings.[161,162,163,166] It is of significant benefits to separate and recover this
expensive chiral complex from products with simple filtration that can be simply
achieved with CNT supports. The covalently immobilized tethered Rh-Josiphos ligand
complex on dendrimers exhibits promising enantioselectivity (98%) and activity in
asymmetric hydrogenation of itaconate under 1 bar. [94,95] More than 100,000 turnovers
have been achieved on immobilized Ir-xyliphos in asymmetric transfer hydrogenation
imine at 80 bar. The immobilized Ir-xyliphos on solid support gives the close
enantioselectivity (up to 78%) in asymmetric transfer hydrogenation imine at 80 bar, But
activity drops from 28571 h™ to the range between 20000 to 1140h™ after immobilization
on silica and polystyrene, respectively.[93] With large specific area and chemical
inertness, CNTs are a compelling recovery support. We thus immobilize this catalyst
onto CNTs to explore if CNTs are superior chiral catalyst support over other
conventional supports. If sucessful, the final goal is to functionalize this catalyst at the
pore exits of fast flowing CNT membrane to enhance the yield of products due to the
continuous reaction and separation. We synthesized the tethered Josiphos ligand from
literature route since it is not commercially available. The chiral ligand precursor, (R)-[3-
(N, N-Dimethylamino) ethyl] ferrocene, was synthesized from ferrocene as backbone
(Scheme 4.1).[173,175,176] The synthetic route of tethered (R)-(S) Josiphos ligand was
adapted from Kollner et al. (Scheme 4.2). [94,174] The detailed synthesis of chiral
precursor and tethered Josiphos ligand is described in the experimental section. The
performance of catalyst was tested in homogeneous hydrogenation of dimethyl itaconate

(Scheme 4.3). The activity and enantiomer excess were collected in Table 4.1. The
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unbound tethered Josiphos ligand gave promising yield (100%) and ee (98%) and thus

the tether on the ligand does not interfere with catalytic activity and enantioselectivity.

The tethered Josiphos ligand was covalently functionalized on Amberlite IRC-50 resin
with the carbodiimide coupling reaction that was adapted from the Slovias company
patent (Scheme 4.4).[174] This experiment was an attempt to confirm the literature
precedence with same type of ligand, support and coupling chemistry in our laboratory.
The tether structure in our experiment (Ligand-Si-(CH3),-CH,-CH,-CH,-NH,) was
slightly different than in patent (Ligand-CH2-NH;) with a longer chain that typically aids
in retaining catalytic activity on solid supports. The yellow solution turned colorless and
polymer beads turned into orange during amide coupling reaction, indicating that the
Josiphos ligand tether was successfully immobilized onto the catalyst support. After
coordination with Rh precursor, the loading of Rh (95%) was determined by UV-vis
absorbance measurement with calibration standard. However, the supported catalyst did
not exhibit activity in asymmetric hydrogenation at 1 atm. There was no activity found on
the heterogenized tethered Josiphos ligand after immobilization on carboxylated
polystyrene and carboxlated CNTs at same condition.[174] The results were summarized
in Table 4.2. Besides reported carbodiimide coupling chemistry, we tried to repeat
another immobilization method under nearly exact condition including same coupling
reaction, support and tether. This method enabled functionalization of the tethered Ir-
xyliphos ligand complex(owning very similar structure with Josiphos ligand) on
aminomethylated polystyrene using isocyanate as active regent.[93] The immobilized
catalyst also gave no activity in hydrogenation of itaconate at room temperature and

atmosphere pressure. Even though the temperature and pressure was elevated at 50°C and
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34 atm, it only gave poor yield as 11% (Table 4.3). The chiral complex lost its activity
because linkage between ligand and support may still restrict the conformational
flexibility making it difficult for the substrate to access to catalyst site. It seems that it is
very sensitive to any subtle change such as tether, nature of ligand, functional chemistry
and etc. In fact the tethered Josiphos ligand is no longer commercial available
presumably due to these heterogenious catalysts being far more complicated and
expensive in industrial use than their homogeneous analogue.[169] Another promising
approach for this catalyst system is using noncovalent immobilization on a suitable

support.[177]

4.3.2 Three non-covalent immobilizations of Rh-Josiphos on carbon nanotubes
Non-covalent immobilization of chiral catalyst has recently received considerable

attention.[91,100,178] The weak interaction between catalyst and support provides more
homogeneous environment to obtain high activity and enantioselectivity. The chiral
catalysts are simply functionalized on solid supports using versatile noncovalent
strategies such as adsorption, encapsulation and electrostatic interaction. The primary
advantage is no need of tedious and expensive synthesis of tethered chiral ligand. It
simulates homogeneous environment to obtain high activity and enantioselectivity due to
weak interaction between chiral catalyst and support. However, the common problem are
stability issues associated with leaching into solution. Three non-covalent immobilization
approaches were carried out onto CNTs via coordination, pyrene attachment and

phosphotungstic anchoring, respectively.

4.3.2.1 Immobilization of Rh-Josiphos ligand on CNT using coordination chemistry
The immobilized Rh precursor [Rh(nbd),]BF4; was coordinated to carboxyl groups on

acid treated CNT for 16 hrs in methanol at 50°C and then it was filtered and rinsed by
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methanol. The hydrogenation results were collected in Table 4.4. The immobilized Rh
catalyst gave promising activity that was only slightly lower than that of homogeneous
analogue. The activity remained even after seventh runs (100%, 2hr). The chiral
modification of immobilized Rh on CNTs by (R)-(S)-Josiphos ligand was tried (entry 5
to 7 in Table 4.4). However, it seemed that chiral ligand was not able to coordinate with
the immobilized Rh on CNT since the hydrogenation product is racemate. In addition, we
attempted to directly coordinate Rh-Josiphos ligand complex with carboxyl sites on CNT,
but zero yield in hydrogenation indicated that it was unable to attach to CNTs. There are
two possible reasons for the failure of coordination between immobilized Rh and chiral
ligand. First, the bulky ligand is difficult to access to Rh due to steric hindrance of the
support. The second reason is that the coordination sites of immobilized Rhodium might

be fully occupied by the carboxyl group.

4.3.2.2 Immobilization of Rh-Josiphos ligand on CNT using Pyrene attachment
CNTs were used as scavenger to recycle the pyrene modified Rh-Pyrphos complex since

the flat polyaromatic ring can be absorbed onto CNT graphite surface via n-n stacking
interaction.[172] In our experiment, the tethered catalyst containing a primary amine on
Josiphos ligand was conjugated with 1-pyrenebutyric acid using same carbodiimide
coupling chemistry. The pyrene modified Josiphos ligand was coordinated with
[Rh(nbd),]BF4 in methanol solution and mixed with CNTs under argon protection. The
orange yellow complex solution gradually turned into colorless after its absorption onto
CNT surface. The CNTs loaded with catalyst were filtered and rinsed by methanol three
times (seen in scheme 4.7). The immobilized chiral catalyst gave 72% yield and 90% ee
in first run. However, it dramatically dropped to 10% in next run (Table 4.5). This

indicated that there was serious leaching problem. It seemed that the pyrene modified Rh-
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ligand complex is susceptible to be removed from CNTs in hydrogenation and effectively

is a homogeneous catalysis reaction away from CNT support..

4.3.2.3 Immobilization of Rh-Josiphos ligand on CNT using phosphotungstic acid as
electrostatic anchoring agent
Augustine et al. studied the immobilization of Rh-chiral ligand complex for asymmetric

hydrogenation using phosphotungstic acid (PTA, H3PW1,04) as anchoring
agent.[179,180,181] Phosphotungstic acid (PTA, H3PW1,040) is one of heteropolyacids
(HPAs) with Keggin structure that a central phosphate group is surrounded by twelve
octahedral tungsten oxyanion. Its anion (polyoxometalate) is considered as superacid that
can have strong electrostatic attraction with positive charged Rh-ligand complex. The
Rh(Dipamp)-PTA-Montmorillonite catalyst maintained activity and enantioselectivity
after fifteen times reuse in hydrogenation of methyl 2-acetamidoacryalte.[179] In
hydrogenation of dimethyl itaconate, more than 10000 TON and 92% ee still remained
using the Rh(BoPhoz)-PTA-carbon at 75psig after fourth run. [181] PTA offered a simple
noncovalent immobilization method with electrostatic interaction. The immobilized
catalysts are capable of being reused a few times without deactivation. By using different
HPAs as anchoring agents, it was found the nature of HPAs can have a significant effect
on both the activity and selectivity of anchored catalyst. It suggested that there is a direct

interaction between HPA and Rh-ligand complex.[180]

The anionic PTA molecules can be physically absorbed on CNT due to electrostatic
attraction between PTA and graphite surface of CNTs. PTA-CNTs solution can be stable
for weeks due to the charge repulsion.[182,183] The procedure of anchoring Rh-Josiphos
ligand complex on CNT using phosphotungstic acid was described in experimental. The

result of hydrogenation of dimethyl itaconate by Rh(Josiphos)-PTA-CNTs was listed in
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Table 4.6. It gave very promising result in first run (100% vyield and 99% ee). The
activity remained 71% in the second run. However the yield went down to 20% in third
run and had similarly modest yields in subsequent runs. The ideal anchoring requires
appropriate interaction between Rh-chiral ligand complex and support. Strong interaction
could restrict the motion of catalyst and distort its sterostructure, which may deteriorate
its activity and selectivity. However, weak interaction is unable to prevent catalyst

leaching from support.

4.4 Conclusions
Covalent and noncovalent immobilization of Rh-chiral ligand complex on CNTs were

systematically studied for asymmetric hydrogenation. The unbound tethered Rh-Josiphos
complex exhibits excellent ee and activity in hydrogenation of dimethyl itaconate. But it
was deactivated after covalent immobilization on conventional resin and polystyrene
supports as well as CNTs. Three noncovalent functionalization approaches have been
carried out to immobilize Rh-Josiphos complex on CNTs for asymmetric hydrogenation
of dimethyl itaconate. Coordinated Rh catalyst on CNTs exhibited excellent activity and
reuse ability even after seventh run in hydrogenation but no enantiomeric excess as
expected for lacking a chiral directing ligand. The catalyst using pyrene absorption gave
100% vyield and excellent enantiomer excess (>90%) but suffered from leaching into
solution. The phosphotungstic acid (PTA) anchored catalyst gave 100% yield and higher
ee (99%) and better reusability over pyrene absorbed catalyst but had significant leaching
after the second run. At this point it remains a significant challenge to utilize CNTs as a

chiral catalyst support.
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Table 4 1 Asymmetric homogeneous hydrogenation of dimethyl itaconate with Rh-

Josiphos ligand (S/C=100, 1 atm and room temperature)

Catalysts (S/C=100) Time Yield

\Rh\)T BF, 1hr 100% 0%

a: [Rh(nbd),]BF,

ee

1hr 92% 99%

2hrs 100% 98%

¢: Rh-tethered-(R)-(S)-PPh,-PCy,
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Table 4 2 Heterogeneous hydrogenation with the covalent immobilized Josiphos ligand-

Rh complex on polystyrene. (S/C=100 in methanol solution).

Support Pressure(atm)  Time(hours) Solvent Temperature(°C) Yield
IRC-50 resin 1 24 Methanol 25 0%
carboxylated

1 24 Methanol 25 0%
polystyrene
carboxylated
1 24 Methanol 25 0%

CNT

Table 4 3 Heterogeneous hydrogenation with the covalent immobilzedJosihpis ligand-Rh

complex on polystyrene. (S/C=100 in methanol solution).

Number of runs  Pressure(atm)  Time(hours) Solvent Temperature(°C) Yield
1 1 2 MeOH 25 0%
2 1 20 DCM/MeOH 25 9%
3 34 24 DCM/MeOH 25 3%
4 34 20 Toleuene/MeOH 50 11%
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Table 4 4 Heterogeneous hydrogenation with coordinated [Rh(nbd)2]+ BF4- on CNTs

(S/C=100)
Number of runs Yield Time(hours)
1 100% 6
2 100% 6
3 100% 6
4 100% 3
5a* 100% 2
6 b* 100% 2
7c* 100% 2
8 7% 1

a*.Coordination with R,S-Josiphos ligand 2hours ( no enantioselectivity); b*.
Coordination with R,S-Josiphos ligand 5hours ( no enantioselectivity); c*. Coordination

with R,S-Josiphos ligand 16 hours ( no enantioselectivity)
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Table 4 5 Heterogeneous hydrogenation with immobilized pyrene modified chiral

catalysts on CNTs(S/C=100)

Number of Time Yield % % ee
Runs
1 2hrs 72 90
2 3hrs 10 N/A

Table 4 6 Heterogeneous hydrogenation with immobilized Rh-Josiphos ligand complex

using phosphotungstic acid(S/C=100)

Number of runs Yield ee Time(hrs)
1 100% 99% 2
2 71% 99% 2
3 20% N/A 35
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Scheme 4 3 Asymmetric hydrogenation of dimethyl itaconate.
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Figure 4 1 Quantification of enantiomer excess (ee %) by *NMR with lanthanide shift
reagent. (A) to (D) Shifted '"H NMR Peak by Eu3+ reagent: larger integrated area of S(-)
peak with increasing of S(-) ee%. (A) 17.5%; (B) 38.0%; (C) 53.4%; (D) 90%; Left peak:

S(-), right peak: R(+); (E) Shifted NMR assay standard curve
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Chapter 5 Conclusions and future research direction
Carbon nanotubes have been intensively studied due to their unique physical and

chemical properties. However, the pristine CNTs are insoluble and chemically inert. All
of the CNT applications are based on the CNT functional chemistry.[184]
Electrochemical diazonium grafting offers versatile functionality under mild condition,
which is particularly suitable for CNTs and CNT membranes modification.[74,135]
However, it is a challenge to control the grafting density and quantify the number of
functional moleculesCarbon nanotube membranes allow mimicking natural ion channels
for exciting applications in drug delivery and chemical separation.[12] This was achieved
by placing gatekeeper at pores of CNTs in two-step functionalization. However, the
uncontrollable grafting polymer can block the entrance of CNT then greatly reduce the
fluid, make it difficult to regulate the gatekeeper. The diazonium modified CNT
buckypaper was used as catalytic platform for fuel cell.[37] However, the thick polymer
dramatically reduces the current density due to insulation Pt catalyst from conductive
CNT buckypaper. This dissertation has mainly focused on developing efficient
electrochemical functionalization of CNTs and CNTs membrane for energy, drug
delivery and catalysis. These efforts were summarized in three directions, and the future

research were discussed.

1.) Development of controllable electrochemical diazonium grafting and
quantification for CNTs and CNTs membranes application.

2.) Development of single-step electrochemical oxidation of amine on double-walled
carbon nanotube (DWCNT) membranes and the demonstration of ionic

rectification.
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3.) Synthesis and immobilization of chiral ferrocenyldiphosphine ligand on carbon

nanotubes for asymmetric hydrogenation.

5.1. Electrochemical diazonium grafting and quantification of its surface functional
density.
A near monolayer was successfully developed by electrochemical grafting of

tetrafluorinated carboxylphenyl diazonium on glassy carbon, gold and CNT buckypaper.
The polymer growth is limited by the inertness carbon-fluorine bond on aryl ring.
Diazonium grafting efficiency on CNT buckypaper was enhanced by 4 fold due to
shortening conduction path length when grafting CNTs on more conductive glassy

carbon.

Tetrafluorinated carboxylphenyl diazonium grafting provides the most controllable
functionalization chemistry allowing near monolayer levels of functionality on carbon
nanotubes and carbon nanotube membranes. The future work is to use this technique
enables monolayer functionality at the tips of carbon nanotube membranes for
biomimetic pumps and valves as well as thin conductive layers for CNT-based high area

electrochemical support electrodes.

The functional density on glassy carbon, gold and carbon nanotube buckypaper, was
successfully quantified by anion selective dye-assay. The accuracy of the dye-assay
method was confirmed by X-ray photoelectron spectroscopy (XPS) of thiol-Au self-
assembled monolayers (SAM) as a calibration reference. However, it is a challenge to
directly quantify functional density on CNT membrane due to small number of CNTs and
complicated 3D structure. In current stage, we have to use the functional density on

glassy carbon and CNTs buckypaper to estimate the number of functionalized molecules
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on CNT membranes. There needs to develop dye-assay quantification on CNT

membranes.

5.2 Single-step electrochemical oxidation of amine on double-walled carbon
nanotube (DWCNT) membranes and the demonstration of ionic rectification
DWNT membranes were simply functionalized with dye in single step instead of

previous two-step functionalization. Non-faradic EIS spectra indicated that the
functionalized gatekeeper by single-step modification can be actuated to mimic protein
channel under bias. This functional chemistry was proved by highly efficient ion
rectification, which the highest experimental rectification factor of ferricyanide was up to
14.4. 1t was found that the rectification is attributed to both charge and steric effect at low
concentration while the steric effect is dominant at high concentration. Single step
electrooxidation of amine provides simple and promising functionalization chemistry that

demonstrates highly efficient ionic rectification.

However, there are few questions to be addressed. Two-step functionalization enables
gatekeepers partially blocking large cation on MWNT membranes and effectively
blocking small cation on SWCNT membranes. However, no apparent change of
rectification was observed on DWCNT membranes after two step functionalization
though functional density by single step functionalization was quantified as same as that
of two step functionalization on glassy carbon by dye-assay. It is possible that the single
step modified dye molecules on membrane are more responsive to applied bias because it
is directly bonded to conductive CNT surface, instead of organic layer by diazonium
grafting. It required the experiment to prove it. Another possible reason is that the actual
yield of the second step of the two-step modification on CNT membranes may be much

less than the calculated 18% yield on glassy carbon. It requires the quantification of
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functional density on CNT membranes. It is important to systematical study on tube size,

functional chemistry and conductivity for CNT membranes.

5.3 Synthesis and immobilization of chiral ferrocenyldiphosphine ligand on carbon
nanotubes for asymmetric hydrogenation.
The primary advantages of immobilization of chiral catalyst are multiple reuse and

easy separation in asymmetric synthesis. However, the catalytic activity and
enantioselectivity are typically decreased after immobilization. Carbon nanotubes
(CNTs) are considered a promising catalyst support due to high surface area, conductivity
and stability. CNTs are quite innovative support for metal-chiral ligand complex. Thus
only two cases of CNTs used as supports in asymmetric catalysis have been reported and
showed relatively modest results compared to other support systems. We systematically
studied Covalent and noncovalent immobilizations of Rh-chiral ligand complex on CNTs
for asymmetric hydrogenation. We synthesized the tethered Josiphos ligand from
literature route since it is not commercially available. The unbound tethered Rh-Josiphos
complex exhibits excellent ee and activity in hydrogenation of dimethyl itaconate.
However, it was deactivated after covalent immobilization on conventional resin and
polystyrene supports as well as CNTs even though we tried to repeat the immobilization
and asymmetric hydrogenation in literature at nearly same condition. It seems that it is
very sensitive to any subtle change such as tether, nature of ligand, functional chemistry
and etc. In fact the tethered Josiphos ligand is no longer commercial available
presumably due to these heterogenious catalysts being far more complicated and
expensive in industrial use than their homogeneous analogue. The future direction is to

develop
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Three noncovalent functionalization approaches have been carried out to immobilize
Rh-Josiphos complex on CNTs for asymmetric hydrogenation of dimethyl itaconate.
Coordinated Rh catalyst on CNTs exhibited excellent activity and reuse ability even after
seventh run in hydrogenation but no enantiomeric excess as expected for lacking a shiral
directing ligand. The catalyst using pyrene absorption gave 100% yield and excellent
enantiomer excess (>90%) but suffered from leaching into solution. The phosphotungstic
acid (PTA) anchored catalyst gave 100% yield and higher ee (99%) and better reusability
over pyrene absorbed catalyst but had significant leaching after the second run.
Noncovalent immobilization of chiral catalyst provides promising activity and
enantioselectivity, but suffered significant leaching problem in continuous use. it is
urgent to enhance its stability. Although asymmetric heterogeneous catalysis is very
complicated, remained many unknown questions. It is important to study asymmetric

reaction, nature of ligand, support, substrate, solvent and functional chemistry.

Besides developing promising immobilization methods, we need to be out of box to
emerge areas with electrocatalysis and catalytic CNT membrane. The catalytic efficiency
can be enhanced with traditional overpotential and molecular catalysis. Molecular
dynamic (MD) simulation reveals that methanol can primarily travel along the pore wall,
which allows efficient transport of substrate to catalytic sites.[111] Fast flowing CNT
membranes are considered as promising arrays of nano-reactors because the continuous
reaction and separation can enhance the yield of products. We have proved that
gatekeeper on CNT membrane can be actuated by changing the conformation under

applied bias. It suggests the actuation of immobilized ligand conformation may overcome
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the slow diffusion and enhance its turnover frequency. CNT membranes can be converted

to highly efficient catalytic platform.

Copyright © Xin Zhan 2013
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