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ABSTRACT

Polyethyleneimine functionalized nano-carbons
for the absorption of carbon dioxide

The evolution of nanotechnology over the past 20 years has allowed researchers
to use a wide variety of techniques and instruments to synthesize and characterize new materials
on the nano scale. Due to their size, these nano materials have a wide variety of interesting
properties, including, high tensile strength, novel electronic and optical properties and high
surface areas. In any absorption system, a high surface areas is desirable, making carbon nano
materials ideal candidates for use in absorption systems. To that end, we have prepared a variety
of nano carbons, single walled carbon nanotubes, multi walled carbon nanotubes, graphite
intercalation compounds, graphite oxide, phenylalanine modified graphite and fullerenes, for the
absorption of carbon dioxide. These nano carbons are functionalized with the polymer,
polyethyleneimine, and fully characterized using Raman spectroscopy, x-ray photoelectron
spectroscopy, scanning electron microscopy, atomic force microscopy, solid state 3C NMR, and
thermogravimetric analysis. The carbon dioxide absorption potential of the PEI-nano carbons
was evaluated using thermogravimetric analysis at standard room temperature and pressure. We
have demonstrated the high gravimetric capacity of carbon dioxide capture on these materials

with extremely high capacities for PEI-Ceo.
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causes localized heating of the nanoshells resulting in the thermal destruction of cancer
cells. Further work from West shows the ability of these nanospheres to release a variety
of drugs, methylene blue, insulin and lysozyme, in a controlled fashion through a
temperature sensitive hydrogel with imbedded nanoshells.”

Along with nanoshells, nanoparticles have a number of uses in the capture and
release of materials. Similar to the nanoshells previously discussed, gold nanorods
display similar optical properties for imaging and heating properties for the destruction of
cancerous cells via thermal ablation.'® Silica nanoparticles with nanometer sized pores
can be loaded with different carrier agents such as quantum dots (QD) and SWNTs,
which can themselves be loaded with a variety of therapeutics. Furthermore, these
particles have the ability to release their cargo over an extended period of time.""

In addition to biological capture and release applications, nano materials can be
used for the capture of a variety of hazardous materials. The purification of water is an
area of large concern, due both to environmental and health risks. Several varieties of
nano materials have been deployed for the removal of hazardous materials from water.
There are many chemical processes that result in hazardous materials in waste water after
the process is complete. There is always a danger of contamination from this water
leaking into aquifers. For example, lead can be a contaminant in waste water from a
number of chemical processes, such as, battery manufacture, painting, printing and dye
factories.

Due to their high surface area and hollow interiors SWNTs make ideal candidates
for the capture of lead. Wei and coworkers demonstrated the ability of SWNTs to absorb
lead at high concentrations. when SWNTs are treated with nitric acid, the formation of
oxygen containing species on the surface, hydroxyl, carboxyl and carbonyl, enhance the
lead uptake ability of SWNTs.'”? Hexavalent chromium is another well known
contaminant in waste water from metal processing plants. Iron oxide nanoparticles have

been shown to have an excellent capture capacities of hexavalent chromium (Scheme



L.2), furthermore, these maghemite particles proved to be selective to hexavalent
chromium. Tests with other ions such as, Na, Ca, Mg, Cu, NO, Cl, proved to have no
effect on the uptake. The magnetic qualities of these particles allows for the separation of

the metal loaded nanoparticles by simple magnetic separation.'*

(0] (0]
N ‘ ™~ .
Fe OH'_) Fe OHZ .
o ~ v+ Crogx —> 0 ~ Cr0o,?
™~ F OH,’ I E oH-
e ) e 2
0" 0

Scheme I.2. Binding mechanism of chromium to maghemite nanoparticles. J. Hu, G.

Chen, and I. M. C. Lo, Water Res., 2005, 39, 4528.

Another environmental concern involves the capture of carbon dioxide (CO»)
from a variety of sources to help reduce emissions into the atmosphere. Work from the
Barron lab has shown that polyethyleneimine functionalized single walled carbon
nanotubes can absorb CO, with a higher gravimetric capacity than the polymer alone,
once again taking advantage of the high surface area of nano carbons.'* The reaction of
CO; with amines is shown in Scheme 1.3. Further work on this topic will be discussed in
detail in Chapter 2.

Mesoporous silica particles have been widely used for the same application. In
this case, the high surface area comes from a nano-scale pore structure running
throughout the particle, in contrast to SWNTs in which all of their surface area is on the
exterior. Studies from Xu et. al. show how mesoporous silica can be modified with
polyethyleneimine (PEI) and used as molecular sieves for the absorption of CO,." Using

MCM-41 as the silica substrate, PEI was physisorbed onto the surface via reflux, and



studies showed that the capacity was 10 times that of MCM-41 alone and double the
capacity of the polymer alone. Continuing along this line of research, Jones from Georgia
Tech. demonstrates mesoporous silica particles, SBA-15, loaded with a variety of amines
by physisorption and in situ polymerization, including PEI, can be used for CO,

absorption. '

\&/
—Cc— NH _— N .
=c=0 + N\ _"™ NN

H H H

\Cf?/ 70 +  Free base ———» N @70 4 BH
\/ \%\ \/ \C‘
\ \

(o]

Scheme 1.3. CO, absorption mechanism of primary and secondary amines.

Another area of interest for researchers is in the field of hydrogen storage. Due to
the decline in the earth's supply of fossil fuels, researchers are interested in alternative
fuel sources, including hydrogen. The idea for the storage of hydrogen using nano
materials first came from Dillon ef. al., where they demonstrate the high hydrogen
storage capacity of SWNTs.!” Furthering this research, the hydrogen capacity of graphite
oxide has been explored.'® One of the problems with using organometallic materials for
hydrogen storage is metal clustering. Using graphite oxide as a substrate, researchers
have attached titanium atoms to the surface, allowing the capture of molecular hydrogen.
This provides a high surface area substrate for absorption, while also eliminating the
metal clustering problem by having the titanium anchored to the oxygen containing

species on graphite oxide.
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Chapter 1

Synthesis and Characterization of Polyethylenimine Nano Carbons

Introduction
Carbon Nanotubes. Single walled carbon nanotubes (SWNTSs) have a variety of
remarkable properties, ranging from electrical conductivity to tensile strength. However,
the extreme hydrophobic nature and bundling tendencies make SWNTs difficult to work
with. In order to overcome these issues a wide range of chemical modifications such as
wrapping, dispersion in super acids, use of non-polar solvents, and covalent
functionalization have been utilized. Figure 1.1 illustrates these different methods and

subsequent reactions that can be performed.

carbon nanotube

reactions with electropositive atoms fibers
\ / aqueous solublization
l f chlorosulphonic acid
uoronation solubilization T

T T polymer wrapping

oxidation _ /

—» DNA wrapping
carboxlyation

'

bingle reaction

carbodiimide reductive alkylation nitrene or azide l
coupling or arylation modification chemical tagging
with Li or Na e.g. Au colloids

Figure 1.1. Various methods for the modification of single and multi-walled carbon

nanotubes.
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Due to the hydrophobic nature of carbon nanotubes (CNT) they are not fully
soluble in common laboratory solvents. The best solvent for the full solubilazation of
SWNTs has been shown to be chlorosulphonic acid.' Spinning of nanotubes from
chlorosulphonic acid has resulted in long fibers with high electrical conductivity.

Polymer and DNA wrapping of SWNTSs are non-covalent chemical modifications
that allow for the use of SWNTs in biological applications.,> > Several studies have been
carried out that show the uptake of SWNTSs into a wide variety of cells via an initial
polymer wrapping. Polymer wrapping, rather than covalent functionalization, is an
interesting method for using SWNTs in biological applications. When SWNTs are
covalently modified they lose many of their novel properties due to the formation of sp
hybridized carbon. A widely used technique for tracking carbon nanotubes inside a
cellular matrix is fluorescence,® which is a property of semi-conducting SWNTSs that is
lost with covalent modification. Polymer wrapping has also been used a method for the
solubilization of SWNTs in aqueous media and buffers.> DNA wrapped SWNTs have
been proposed as sensors for hydrogen peroxide and glucose. Double stranded DNA will
wrap around SWNTSs when sonication is employed, with small segments (100 - 300 base
pairs) of DNA interacting with the SWNT. By monitoring near infra-red optical changes
in the DNA-SWNT hybrid the authors were able to measure changes in concentration of
hydrogen peroxide and glucose.5

Chemical functionalization of CNT provides another route to solubility in a
variety of organic solvents. Carboxylation of SWNTs allows for further modification
with a wide variety of functional moieties.® Dicyclohexylcarbondiimide (DCC) or
diisoproplycarbodiimide (DIC) can then be used to couple functional groups, such as
amines, onto the surface of the SWNTs.” Reductive alkylation and arylation with Li or
Na salts allows for the attachment of long chains terminated with hydrophilic or
hydrophobic moities depending on the requirements of the application.® SWNTs can also

be highly functionalized using diazonium salts.” Several different moieties can be
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deployed on the phenyl substituent: carboxylic acid, halides, NO,, and tert-butyl. This
results in highly functionalized SWNTs that are soluble in a wide variety of solvents.

Other methods for a high degree of functionalization of SWNTs include reactions
with nitrenes'® and carbenes.!" The modification of SWNTSs with oxycarbonyl nitrenes
results in highly functionalized SWNTs and can include a variety of functional moieties,
including alkyl chains, aromatic groups, dendrimers and crown ethers. Similar to the
diazonium functionalization, nitrene functionalization leads to highly functionalized
SWNTs that are more readily soluble in organic or aqueous solution depending on the R
group.

Other methods of chemically modifying CNTs include treatments with aggressive
acids. Oxidation of SWNTSs using piranha, a highly oxidizing acid, is a method that
results in the cutting of SWNTs to different lengths depending on the temperature of the
solution and the reaction time.'> "> The oxidation results in the addition of several
different oxygen containing groups such as carboxyls, hydroxyls and epoxides. As
previously mentioned, carboxyl and hydroxyl groups can be further modified using DCC
and DIC coupling techniques. However, no backside attack can occur on the epoxide
groups in the case of SWNTs due to the closed nature of the SWNT. This is not the case
for graphite as will be discussed later. Along with piranha, another acid that can be used
to cut SWNTs is oleum. This cutting procedure results in ultra-short SWNTs,"* or
hydrophilic carbon clusters as they later became known’ due to the fact that there was no
tubular structure remaining after treatment in such harsh oxidizing conditions.

Fluorination of SWNTs has widely been used as a method for the sidewall
modification of SWNTs.'> When SWNTs are fluorinated, the fluorination usually occurs
in bands in the 1,2 or 1,4 positions along the surface of the sidewall.'® The fluorination
allows for further modification of the SWNTSs by activating the neighboring carbon atom
for nucleophillic attack with amines or other nucleophiles. Covalent functionalizaton of

F-SWNTs with amines, such as polyethyleneimine (PEI), has been achieved by first
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fluorinating the SWNTs and reacting them with PEI in the presence of pyridine.'” In
addition to covalent functionalization, fluorination followed by subsequent pyrolysis can
also result in cut SWNTs that are as little as 60 nm long, depending on the temperature
and time of fluorination.'® There are various other nanocarbons that have similar
properties and reactions pathways as SWNTs but are significantly less expensive
commercially. For these reasons other nanocarbons have been explored for applications

similar to those of SWNTs.

Graphite/graphene. Graphene has many of the same properties that occur in
SWNTs, such as, high electrical conductivity and tensile strength. This is to be expected
as their structures are quite similar, the only difference being the cylindrical nature of
SWNTs versus the planar structure of graphene. This difference, the curvature of the
SWNT sidewalls versus the flat plane of graphene, creates strain in the SWNT and
encourages reactions on the sidewalls to alleviate the strain. Being so chemically similar,
it follows that both nanocarbons have the same solubility issues. Further modification of
graphite is required for solubilization into common laboratory solvents. Several of the
modification methods are shown in Figure 1.2.

Graphite can be made water soluble via conversion to graphite oxide (GO). There
are several different methods for this conversion, the most well known being the
Hummers method.'® The degree of oxidation can be controlled by the method used, the
graphite source, and by varying the reaction conditions.”® GO has a variety of functional
moieties: carboxylic acid, hydroxyl and epoxide group. Each of these functional groups
provides a convenient handle for further chemical modification of GO. The attachment of
amines to graphite oxide via nucleophillic reaction of the amines with the epoxy groups
present on GO has previously been shown.?' While GO provides a very reactive material,

the framework responsible for the unique properties of graphene is destroyed in the
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process. However, dispersions of graphene have been achieved through simple sonication
and homogenization of graphite in ODCB and subsequent centrifugation.*

Similar to SWNTs, exfoliated graphite has been covalently modified through both
nitrene chemistry and radical additions resulting in high density functionalization. The
attachment of azido phenylalanine to exfoliated micro-crystalline graphite via the
decomposition of the azido group to a nitrene and subsequent attachment to graphite has

been demonstrated.>

Hummers method
graphite oxide graphite epoxide

nitrene modification T T

\ intercalation
compounds

exfoliation to
graphene l radical addition

low and high
temperature fluorination

Figure 1.2. Various methods for the modification of graphitic materials.

Radical addition of perfluorinated alkyl iodides has been achieved on both
SWNTs and graphene. Radical generation can come from two different sources,

thermolysis and UV photolysis. The resulting compounds show improved solubility in
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chloroform while having similar to properties to a wide variety of hydrophobic materials
that are commercially viable due to their extreme hydrophobic nature, such as GoreTex.**

Another method of producing reactive graphene is fluorination which can be used
to produce a wide variety of graphite fluoride compounds. Depending on the temperature
of fluorination, two kinds of fluorine-graphite compounds can be formed. High
temperature fluorination (> 400 °C) results in the formation of graphite fluoride [CF, or
(CF).].” Low temperature fluorination of graphite can result in graphite intercalation
compounds (GICs), where HF, molecules work their way between the layers of graphite
expanding the spacing between layers.”® These compounds can have a variety of

applications including their potential use as battery cathodes.”’

Fullerenes (Cg). Fullerenes are another variety of nanocarbons that have the
possibility to be used in a variety of applications from biological applications to
applications requiring high surface area materials. Figure 1.3 shows some of the different

methods of modification that can be applied to fullerenes.

polymer functionalization

. T direct reaction
esterification with amines

y
N

dipolar addition — —» hydroxlyation

\
/

sulfonation polyarylation

oxylamine functionalization

Figure 1.3. Reaction pathways for the chemical modification of fullerenes.
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Unlike SWNTs or graphite, fullerenes are soluble in toluene and some other
solvents due to their nanometer scale. Furthermore, they are more reactive than SWNTs
and graphite due to their extreme curvature. Similar to SWNTSs but to a larger degree, the
curvature of fullerenes leads to a large degree of strain within the molecule. For example,
fullerenes will react directly with nucleophilic atoms such as primary amines.*® This is in
contrast to amine reactions with SWNTs or graphite which require the use of fluorination
or other modification to generate reactive materials.

Due to their size and shape, fullerenes have the potential to be useful in a wide
variety of biological applications. However, because of their hydrophobic nature their use
in these applications is limited. Several methods have been developed to attach a wide
variety of hydrophilic moieties to allow for aqueous solubility of fullerenes. The first
chemically modified fullerenes for use in biological studies were carboxylic acid
functionalized, which led to the discovery of some of the biological applications that
were previously postulated, such as the ability to inhibit HIV protease.” Several groups
have utilized amino acid functionalization of fullerenes to impart biocompatibility to Cey.
Prato and Barron used dipolar additions of azomethine ylides,*® dienes and azido-amino
acids to the cage of Cep to form fullerene amino acids.’!

While the unique size, shape and hydrophobicity of Cep give it the ability to
interact with biological superstructures, the non-biological applications of functionalized
fullerenes are even more promising. Polyarylated fullerenes have a variety of applications
when used in mixtures with poly-hydroxylated fullerenes and poly-aminated fullerenes.
Applications include photoresists for extreme UV lithography, proton conductors for fuel
cells, organic photovoltaic cells and optical limiting materials. In general, the production
of polyarylated fullerenes is an expensive process due to the cost of the reagents. The
process can be simplified by using a FeCl3 catalyst to produce penta-

aryl(chloro)fullerene.32
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Fisher esterification can be utilized for the controlled addition of substituents to
fullerenes, which can eliminate some of the problems associated with fullerene
modification, such as the need for purification due to the formation of multiple-addition
adducts. This can then be further modified by click chemistry for the attachment of a
variety of azide terminated molecules, such as, azido-poly(caprolactone).*® Several other
modification methods have been developed, such as the use to nitronium chemistry to
attach a wide variety of hydrophilic moieties including hydroxyl and carboxylic esters.

As previously mentioned, fullerenes are able to react directly with primary
amines, this method has been used to attach amino acids and polymers directly to Cg.%®
The modification of fullerenes with polystyrene and further incorporation into a block
copolymer with poly(ethylene oxide) results in improved lamellar structure of the self-
assembled structure.*® Due to their hydrophobic nature, fullerenes can exhibit self-
assembly characteristics when attached to hydrophilic chains. These amphiphilic
structures have the ability to form micelles and reverse micelles in solution depending on
the solvent used.

In the current work, a wide variety of functionalization methods have been used to
functionalize SWNTs, MWNTs, a variety of graphitic compounds and fullerenes with
polyethyleneimine, for aqueous solubility and possible biological applications. The
choice of PEI was made due its previous use as a cellular transfection agent. Furthermore,
the amine functionality allows for simple chemistry using fluorinated SWNTs, providing
a template for future work involving any amine terminated polymer. The degree of
functionalization will be determined using a variety of techniques including Raman
spectroscopy, thermogravimetric analysis (TGA), scanning electron spectroscopy (SEM)
atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). The
carbon dioxide absorpitive properties of the materials will be further characterized in

Chapter 2.
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Results and Discussion

PEI-SWNTs. Ultimately, we intend to compare the PEI functionalization of
various nanocarbons, including SWNTs, MWNTs, graphitic compounds, and fullerenes;
however, our initial and most in-depth analysis is on the PEI-SWNT materials. PEI-
SWNTs were prepared by the reaction of F-SWNTs with various molecular weights
(Myy) of PEI as suspension in ethanol (EtOH) with a pyridine catalyst (see Experimental).
PEI-SWNTs were prepared using branched PEI of My, = 600, 1800, 10000, and 25000
Da and linear PEI (M, = 25000 Da), yielding PEI(600)-SWNT, PEI(1800)-SWNT,
PEI(10000)-SWNT, PEI(25000)-SWNT and linear-PEI, respectively. We investigated
their solubility, confirmed covalent attachment of PEI to the nanotube, and determined
the degree of functionalization.

Although the reaction of F-SWNTs with amines in the presence of a catalyst
results in covalent attachment by NMR measurements, we initially prepared the non-
covalent, or wrapped, conjugates using both pristine SWNTs and F-SWNTs wrapped
with PEI (My, = 600 Da) to determine their stability in an aqueous environment for
comparison to covalent examples. The wrapped conjugates, PEI(600)/SWNT and
PEI(600)/F-SWNTs are prepared in the same manner as the covalent examples but
without the pyridine catalyst. Both non-covalent conjugates are soluble in water upon
preparation; however, aqueous dialysis for 20 minutes results in the aggregation and
precipitation of the nanotubes. In contrast, no precipitation is observed in each of the PEI-
SWNTs prepared in the presence of a pyridine catalyst after four days of dialysis. The
comparison between covalent and non-covalent attachment after dialysis is shown in
Figure 1.4.

The aqueous solubility of the PEI-SWNTs was evaluated at neutral pH. For
example, PEI(600)-SWNTs were sonicated for 15 minutes in de-ionized water and then
were transferred to a centrifuge tube. The solution was centrifuged to remove all of the

bundled tubes and insoluble material from the decant. The resulting decant was deep
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presence of branched-PEI on the SWNTs was indirectly confirmed by the addition of
HAuCl, to the PEI-SWNT solution and heating the solution for 20 minutes at 70 °C.
Upon completion of heating, the samples were allowed to cool and where drop-cast onto
TEM grids and re-imaged. The presence of gold nanoparticles along the sidewalls of
tubes (Figure 1.12b) and not in the void space demonstrates the presence of PEI on the
sidewalls of the SWNTs.

Given that our efforts to functionalize SWNTs with PEI were successful, we
wanted to explore other more cost-effective nanocarbons and compare their reactivities to
that of SWNTs. We began our investigation with MWNTs as they have a similar surface

area and reactivity to SWNTs and are significantly less expensive.

PEI-MWNT. PEI-MWNTs we prepared using the same synthesis procedure used
for the PEI-SWNT's, fluorination of the nanocarbon substrate. The Raman spectra of raw
MWNT's and PEI-MWNT's are shown in Figure 1.13. As can be seen from the Raman
spectra, the D:G ratio actually decreases after the functionalization process, which is the
opposite effect as that seen when SWNT's are modified by the same method. We
speculate that the fluorination process actually "cleans" the raw MWNT's via the removal
by pyrolysis of small amounts of amorphous carbon that are present in the crude raw
MWNT sample. Similar to the way nanotubes can be cut via fluorination and subsequent
pyrolysis.

From the Raman spectra it may appear that no reaction occurred, due to the
decrease in the D:G ratio. However XPS studies indicate the presence of nitrogen, which
was not present in the raw MWNT XPS spectrum. Furthermore, the presence of the C-N

at 286.5 eV indicates the covalent functionalization of MWNTSs with PEI (Figure 1.14).
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XPS (Table 1.2) indicates the removal of fluorine and the attachment of PEIL as
envisaged by the appearance of a N signal and the presence of a shoulder in the Cls peak
associated with the aliphatic C-N groups in the PEI (286.0eV). However the percentage
of nitrogen in the sample is quite low (~ 4%) when compared to SWNTs and MWNTs.

The strain induced by the curvature in SWNTs and MWNTs is a driving force for
the reaction of amines with fluorinated nanocarbons. This strain is not present in
fluorinated graphitic materials and hence the reaction does not proceed to the same
degree as with F-SWNTs and F-MWNTs. Another reason for the lack of
functionalization is due to the difficulty in controlling the fluorination at low
temperatures (<400 °C). As mentioned in the introduction, when graphite is fluorinated at
low temperatures, no covalent bonds are formed between the carbon on the basal plane of
graphite with fluorine. Instead, a "semi-ionic" bond is formed. This leads to a much less
reactive material when compared to F-SWNTs and F-MWNTs, as in these systems
covalent bonds are formed, which make neighboring carbon more electrophilic due to the
electronegativity of fluorine. The increase in the D:G ratio after fluorination is probably
due to covalent bonds between fluorine and the carbons on the edge of the graphite
sheets. Since the entire basal plane will not be functionalized, the edges allow for
attachment of PEI but in very low concentrations. This conclusion was confirmed by first
synthesizing graphite epoxide® and then reacting it with PEL Previous studies have
shown when that graphite epoxide is synthesized the functionalization takes place on the
edges of the sheet and not on the basal plane. The product of reactions with PEI showed a
similar degree of functionalization, by TGA, to PEI-GICs indicating that PEI was only
added to the edges and not the basal plane.

In order to overcome the low density functionalization, a different graphitic
starting material must be used that allows for the functionalization of the entire graphite
sheet rather than just the edges. Previous work in the Barron lab has shown that

exfoliated graphite can be highly functionalized using azide modified phenylalanine.”?
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Toluene is a typical solvent for fullerene, which results in a purpled colored solution,
while ethanol was chosen to solubilize the PEI component. When fullerenes react and
their conjugation is broken, their optical properties and the color of the solution changes
depending on the structure formed. In our initial experiments with fullerenes, the reaction
was allowed to proceed until a brown precipitate fell out of solution. The precipitate was
collected and characterized by TGA to determine the degree of polymer
functionalization, which was low, ~7%. In subsequent experiments, the precipitate was
allowed to stir in solution for one week or until the solution was clear and all the material
was aggregated on the sidewalls of the flask. The precipitate, PEI-Cg, was filtered out of
solution and washed copiously with ethanol and toluene and was further characterized in
detail. PEI-C4p was insoluble in several solvents, ethanol, water and chloroform. The
solubility was still negligible even after the use of a wig-L-bug to break up large
aggregates and probe sonication for more than 30 mins.

XPS analysis (Figure 1.31) indicates a large degree of functionalization with the
nitrogen content of PEI-C¢ measured to be ~13%. Furthermore, the presence of a C-N
peak at ~286.5 eV indicates the covalent attachment of PEI to Ceo. This is shown in the
high resolution Cls spectrum which is shown in Figure 1.32. TGA analysis of PEI-Cgg
confirmed the high degree of functionalization with ~60% of the mass attributed to PEI
(Table 1.3).

For AFM analysis the material was probe sonicated in water and drop cast on a
cleaved mica substrate as a suspension, due to the insolubility of PEI-Cs in solvents. As
can be seen from Figure 1.33 the core of a large aggregate in the center of the image is
composed of several small particles that are 1 nm in height (Figure 1.34), indicating that
the Cgo has been internalized and the PEI externalized in a micellular structure. The PEI

spreads out on the surface due to the hydrophilicity of mica.
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Table 1.3. Summary of physical properties of synthesized materials.

Sample % C % N % O % F % NC
PEI-SWNT 85 12 - 3 42
PEI-MWNT 90 9 - 1 60

F-graphite 95.6 - - 24
PEI-GIC 91.7 4.5 - 0 95
Phe-graphite 72.8 12.8 14.3 - -
PEI-Phe(4-N-G) 62.9 247 12.4 - 43
graphite oxide (GO) 52.8 - 47.2 -
PEI-GO 75.1 14.5 10.4 - 57
PEI-Cq 87 13 - - 40

Given PEI-SWNTSs potential as a capture agent, it was decided that several other
PEI-nanocarbons would be synthesized to see if these absorption properties could be
utilized in a more cost effective way. To that end MWNTSs were functionalized utilizing
the same method of fluorinated nanocarbon starting materials. This resulted in a product
similar to PEI-SWNTSs, PEI-MWNTs, with PEI coverage in bands along the tube, similar
to SWNTs. The degree of functionalization was less than that of SWNTs due to the
interior layers of MWNT not being functionalized.

Several PEI-graphite compounds were also synthesized, PEI-GICs, PEI-Phe-G
and PEI-GO. PEI-GICs were synthesized using fluorine chemistry, at low temperature
which results in fluorine intercalated graphite rather than covalent fluorine-carbon bonds.
This method resulted in a low degree of polymer functionalization probably due to edge
only functionalization. To achieve a higher degree of surface coverage, a previously
published method from the Barron lab was used to synthesize Phe-G. PEI was then

coupled to Phe using a DCC coupling reaction, resulting in PEI-Phe-G. The degree of
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functionalization was comparable to that of SWNT and MWNT (Table 1.3); however, the
cost effectiveness of this process is questionable due to the use of coupling reagents and
azido chemistry. As an alternative, PEI-GO was then synthesized by using the known
reaction of amines with epoxides through backside attack. The degree of
functionalization was once again comparable to that of SWNTs and MWNTs (Table 1.3).
Graphitic materials ranged in size with PEI-GO and PEI-Phe(4-N-G) being similar with
sizes ranging from 100 nm to 50 pm, while PEI-GICs showed smaller aggregates, 1 - 2
um.

Initially after synthesizing PEI-SWNTs, fullerenes were the next logical step due
to their high surface area. Our initial experiments with Csy resulted in minimally
functionalized fullerenes. However, a change in the reaction method led to a highly
functionalized PEI-Ce conjugate. Imaging analysis from water indicated that the PEI-Cgg
was forming micellular structures in water, which is to be expected. The CO; absorption
potential of these PEI-nanocarbons will be examined in Chapter 2 as well as their
potential as drug delivery vehicles.

In conclusion, a variety of PEIl-nanocarbons were synthesized and fully
characterized in an attempt to find a synthetic route leading to maximal polymer coverage
of the nanocarbon with PEL In that regard, the polymer coverage exhibited the following
trend: Ceo > SWNT > graphites. The trend is reasonable when considering the reactivities
of the various nanocarbon structures. The highest polymer functionalization with the
lowest overall cost was achieved with PEI-SWNTs, PEI-Cg¢, and PEI-GO. Future
experiments regarding capture and release of small molecules will utilize these constructs

and will be discussed in Chapters 2 and 3.

Experimental
Pristine HiPco SWNTSs were obtained through the Carbon Nanotube Laboratory

(CNL) at Rice University and were purified by the wet-air oxidation procedure at 250 °C
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for 24 hours to remove any iron and carbon impurities.! The degree of purification was
determined using TGA analysis in air and showed that the purified SWNTs contained
less than 3% iron content after purification. Fluorination of the purified nanotubes was
achieved using a previously reported procedure?’ and yielded a stoichiometry of C, ~F as
determined by the difference in mass and was confirmed XPS analysis. Branched
polyethyleneimine (M,, = 600, 1800, 10000 and 25000 Da) and linear polyethyleneimine
(M,, 25000 Da) (Alfa Aesar) EtOH (AAPER Alcohol) and pyridine (Aldrich) were used
as received. All water was ultra pure (UP), obtained from a Millipore Milli-Q UV water
filtration system.

Characterization was performed using a FEI XL30 Schottky field-emission
environmental scanning electron microscope (ESEM) with EDAX energy dispersive
spectroscopy capability and a JEOL 6500F thermal field-emission scanning electron
microscope. These were used at accelerating voltages of 30 and 15 kV respectively.
Samples were mounted with carbon tape onto aluminum microscopy specimen mounts
(Electron Microscopy Sciences). Before imaging, insulating samples were sputter coated
(Plasma Sciences CRC 100 sputter coater) with a thin layer of gold or chromium to
prevent charging. X-ray photoelectron spectra (XPS) were acquired on a PHI 5700 ESCA
system (Physical Electronics) at 15 kV, using an aluminum target and an 800 um
aperture. Samples were pressed into indium metal. Transmission electron microscopy
was performed with a JEOL 2010 instrument at 100 kV utilizing a JEOL FasTEM
system. Samples were dropped onto Cu grids with lacey carbon film (Electron
Microscopy Sciences) and allowed to dry thoroughly before imaging. Raman
spectroscopy on solids (both 785 and 532 nm excitation) was performed using a
Renishaw Raman microscope. Samples were mounted on double sided tape. Attenuated
total reflectance infrared spectroscopy (ATR-IR, 4000 — 600 cm™) of solids was obtained

using a Nicolet Nexus 670 FT-IR with a diamond window. UV/vis spectra (200 — 1400
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nm) were collected using a Cary 5000 UV/Vis-NIR spectrometer using quartz cuvettes.

Thermal analysis was performed on a Seiko TG/DTA 200 using aluminum pans.

PEI-SWNT. Covalent functionalization of SWNTs was achieved through the
reaction of branched and linear PEI with F-SWNTs by dispersing F-SWNTs (20 mg) in
EtOH (25 mL) by the use of probe sonication for 20 minutes. This was combined with 25
mL of a 0.1 M branched-PEI (M, 600) solution in EtOH into a 100 mL round bottomed
flask fitted with a condenser and a magnetic stir bar. Pyridine (1 mL) was added to the
reaction mixture and the reaction was brought to reflux, ca. 24 hours, with continuous
stirring. Upon completion of the reaction, SWNT recovery was achieved by filtration of
the reaction mixture through a 0.2 pm membrane PTFE filter (Cole Parmer). The filtrate
was washed with copious amounts of absolute EtOH followed by de-ionized water to
remove pyridine and any unreacted polymer. The PEI(600)-SWNT product was then
removed from the filter paper without drying and transferred to a plastic centrifuge tube
and was dispersed in de-ionized water via probe sonication, ~15 minutes. The suspended
PEI-SWNTs were then centrifuged at 4400 rpm for 15 minutes. The PEI-SWNT decant
was removed and stored at room temperature in a plastic centrifuge tube. This same
procedure was also repeated for the preparation of PEI(1800)-SWNT and PEI(10000)-
SWNT using 0.04 M and 0.008 M solutions of branched-PEI (M,, = 1800 and 10000 Da)
in EtOH, respectively. The linear-PEI(25000)-SWNT was prepared using the above
procedure with 25 mL of 0.003 M linear-PEI (M,, = 25000 Da) in EtOH.

PEI(600)/SWNT. Physical adsorption of PEI to the sidewalls of SWNTs was
achieved by dispersing purified SWNTs (20 mg) into EtOH (25 mL) by probe sonication
for 20 minutes. This was combined with 25 mL of a 0.1 M PEI (M, = 600 Da) solution
in EtOH in a 100 mL round bottomed flask fitted with a condenser and a magnetic stir

bar. The reaction mixture was brought to reflux, ca. 24 hours, with continuous stirring.
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Upon completion the recovery, purification, and storage of the PEI adsorbed SWNT was
achieved using the method previously described for the covalently attached PEI-SWNTs.

A similar reaction is used to prepare PEI(600)/F-SWNT physical absorbed conjugates.

pH solubility studies. Solutions of pH 1.7, 3.25, 5.7, 8.31, 11.21 and 13.28 were
prepared. De-ionized water with a measured pH of 5.7 was also used for all samples. The
acidic solutions (pH 1.7 and 3.25) were prepared by the dilution of 1 M HCI with water.
The pH of each solution was constantly monitored using a pH probe. Two sets of basic
pH solutions (pH 11.21 and 13.28) were prepared by the addition of dilution of NaHCO;
and NaOH, respectively. An aqueous solution containing the PEI-SWNT’s (2 mL of 4

mg.mL-1) was then added to each solution.

Synthesis of PEI-MWNT. Covalent functionalization of MWNTSs was achieved
through the reaction of branched 25000 Da.PEI with F-MWNTs by dispersing F-MWNTs
(20 mg) in EtOH (25 mL) by the use of probe sonication for 20 minutes. Concurrently
500 mg of PEI was dispersed in EtOH. Thesesolutions were combined in a 100 mL round
bottomed flask fitted with a condenser and a magnetic stir bar. Pyridine, (1 mL), was
added to the reaction mixture and the reaction was brought to reflux, ca. 24 hours, with
continuous stirring. Upon completion of the reaction, MWNT recovery was achieved by
filtration of the reaction mixture through a 0.2 pm membrane PTFE filter (Cole Parmer).
The filtrate was washed with copious amounts of absolute EtOH followed by de-ionized

water to remove pyridine and any unreacted polymer.

Reaction of PEI with fluorinated graphite. Natural graphite powder (99.999%
pure) was fluorinated in a custom built fluorination reactor, using a flow gas of 10%
fluorine in nitrogen'’. The flow rate was set to 15 sccm. Additionally a flow of 2% H; in

nitrogen was flowed into the reactor at a flow rate of 10 sccm. Once the reaction was
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complete, the F, and H, were turned off and the reactor was then purged with Ar at 1000
sccm for a period of about 15 min. Vacuum was then pulled on the system for a period of
15 min. Argon was then flowed back into the reactor and the reactor is opened and the
sample was removed. Freshly fluorinated graphite intercalation compounds (GICs) (100
mg) were dispersed in EtOH (100 mL) via bath sonication. PEI (500 mg) of a chosen
molecular weight was dispersed in EtOH via bath sonication. The two solutions were
combined and pyridine (ca. 1 mL) was added to the reaction. The reaction was heated to
reflux temperature with constant stirring for 5 days. After vacuum filtration through a 200
nm pore size PTFE filter and washing with EtOH and DI H,O the sample was oven dried
at ~120 °C.

Synthesis of PEI-Phe(4-N-G)raphite. Initially natural graphite powder (100 mg,
99.999 % pure) was exfoliated into ortho-dichlorobenzene (~ 50 mL) via probe
sonication for approximately 2 hours. Boc—Phe(4-N3)-OH (100 mg) was added with
vigorous stirring and the solution was brought to reflux for a period of 4 days. The
product was recovered via filtration through a 200 nm pore size PTFE filter. The Phe
modified graphite was then dispersed in chloroform (50 mL), to this solution 100 mg of
N,N'-Dicyclohexylcarbodiimide (DCC) was added and allowed to stir for approximately
2 hours. Concurrently PEI (~1 g) was solubilized in chloroform. These two solutions
were then combined and vigorously stirred for a period of 24 hours at room temperature.
The product was recovered via vacuum filtration through a 200 nm PTFE filter and

washed with copious amounts of chloroform to remove any unreacted DCC or PEL

Reaction of PEI with graphite oxide. A branched PEI (25 kDa) is dispersed in
EtOH (100 mL) via bath sonication. To this solution is added triethylamine (200 pL).
Concurrently, graphite oxide (GO) (100 mg) is dispersed in water (100 mL). The two

solutions are added together and heated to reflux for a period of 5 — 7 days with constant
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stirring. Recovery of the PEI-GO is achieved by filtering the product solution through a
0.2 um PTEFE filter paper and washed with copious amounts of EtOH and H20O. For CO,
absorption experiments, the recovered PEI-GO was allowed to dry in an oven at 120 °C

for a period of 1 hr to remove any water or residual CO5.
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Chapter 2
Carbon Dioxide Absorption Potential of Polyethylenimine Functionalized Carbon

Nanomaterials

Introduction

In recent years the debate about climate change has come to the forefront of
society. In 1997 the United Nations framework convention on climate change introduced
the Kyoto protocol in Kyoto, Japan. The goal of the Kyoto protocol was to mandate the
largest greenhouse gas emitters in the world to reduce their emissions of the four main
gasses responsible for an increase in the greenhouse effect: carbon dioxide (CO,),
methane (CHy), nitrous oxide (N,O) and sulfur hexafluoride (SFG).I It is worth noting that
the greenhouse effect is not hazardous to life on Earth, in fact, if it wasn't for the
greenhouse effect there would be no life on the planet. The greenhouse effect serves to
warm the planet by retaining some of the radiation that is re-emitted by the earth after
being absorbed from the sun. The heating phenomena is due to the scattering of infrared
radiation as it passes through the greenhouse gasses, which absorb and re-emit some of
that energy back down to the Earth’s surface.” As the concentrations of these greenhouse
gasses increase so too does the amount of heat that is retained, leading to an overall
increase in global temperatures and subsequent climate change. However, this final
conclusion is a source of debate.

Among the greenhouse gasses, carbon dioxide is not the most damaging of the
greenhouse gases when compared in equal concentrations. However the concentration of
CO; in the atmosphere is the highest of the greenhouse gasses, excluding water vapor
which cannot be readily controlled. There are several ways that CO; is emitted into our
atmosphere, including the burning of fossil fuels, chemical reactions (manufacture of

cement), and other natural sources such as volcanic eruptions.
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it is emitted from fossil fuel burning power plants, i.e., CO, scrubbing. The typical flue

gas composition from gas and coal fired power plants are shown in Table 2.1.

Table 2.1. Typical flue gas composition from gas and coal fired power plants.’

CO, H,O N, 0, CO NOy SO«
Yo % % % ppm ppm ppm

Gas 74-77 14.6 73 -74 ~4.45 200-300 60-70 -
Coal 12.5-12.8 6.2 76 - 77 ~44 50 420 420

Carbon capture and sequestration (CCS) refers to technologies to both capture
CO; from a point source and store it, thereby preventing it from entering the atmosphere.
There are several possibilities for storage of CO,. Un-minable coal fields are one option
for storage; however, there are several requirements that must first be met.* The CO,
must be adsorbed onto the coal, therefore the coal must have a certain degree of
permeability to the gas. Furthermore, there must be a cap rock (impermeable top layer)
on the formation to ensure the CO, remains trapped. In addition to coal fields, deep saline
formations such as the Sleipner project in the North Sea are another option for CO;
sequestration. In this case, CO; is injected into a saline aquifer and entrapped as a liquid
due to the high pressure.”

But CCS is not only of environmental value; it can also be a profitable venture.
As an alternative to storage, if the CO; is sequestered reversibly, it can be released on
demand for various applications. For example, several chemical processes require CO, as

a starting material, such as methanol and urea production. Another option for the use of
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captured CO; is in the area of enhanced oil recovery (EOR). CO, pumped down-well can
dissolve into the remaining oil making it less viscous and thus easier to extract.®

There are several different types of CCS techniques under investigation. These
systems utilize absorption, adsorption, membrane diffusion and cryogenic distillation as
their mechanism of action. However, each system type has several drawbacks. Some
parameters, such as optimal operation temperature, must be considered in the design of a
successful system for CO, capture. Ideally, the regeneration temperature of the system
should be as low as possible to avoid energy penalties associated with regeneration.
Furthermore, the loading capacity should be at least comparable to the current industrial
standard monoethanol amine (MEA), ~7%.° which will be discussed in detail in the

section on absorbents.

Adsorption processes. The adsorption process for the capture of CO, is based
upon the ability of CO; to adsorb into pores and small cracks or onto the surface of the
particular sorbent. Simple materials with high surface area such as coal can be used in
this process, as is the case when CO, is sequestered into un-minable coal fields as
previously mentioned. There are two main techniques for CO, adsorption, temperature
swing adsorption (TSA) and pressure swing adsorption (PSA).” Several factors govern
the adsorption rate onto a material: 1) the available surface area of the material; 2) partial
pressures of CO,; and 3) temperature.®

As previously mentioned CO; can be adsorbed onto coal however, more complex
man-made systems such as zeolites, molecular sieves or activated carbons have garnered
the attention of researchers due to their high surface areas. There are, however, several

drawbacks to an adsorption based system. Primarily is the fact that adsorption processes

generally can only handle low concentrations of CO; (~ 1% by vol. in gas stream).®
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Furthermore, water can have a dramatic influence on the adsorption capacities due to
competitive adsorption between water and CO,.”

Zeolite based CO; scrubbers suffer from many of the same handicaps that have
been previously mentioned for the category of adsorption based scrubbers. For example,
the presence of even a small amount of moisture in the system can also greatly reduce the
CO,, uptake capacity for zeolite materials. For example, CaX is a class of one of the best
performing calcium based zeolites, where X is a ratio of silica to alumina. Its CO, uptake
capacity is greatly reduced, from 2.5 mmol to 0.1 mmol of CO; per gram of absorbent,
with a H,O concentration change from 1 wt% to 16 wt% respectively.” As previously
mentioned, the concentration of water in a flue gas stream is between 6% - 15%.

The adsorption capacities of activated carbons are similar to those of zeolites, but
with rapidly decreasing capacities occurring with slight temperature increases. An
example is the decrease in CO; capacity from 0.75 to 0.1 mmol of CO, per gram of
adsorbent with only a slight increase in temperature, approximately 80 °C using Ajax
activated carbon as the test scrubber.'® Also in common with zeolites, the adsorption
capacities of activated carbons are greatly affected by the presence of water in the
system. In one example dry coconut shell carbon was wet during an absorption
experiment, leading to a 75% decrease in CO, uptake per gram of adsorbent. The
reduction due to moisture is only observed at relatively low pressures (< 25 bar), however
pressurizing the activated carbon bed to ~25 bar adds a large energy penalty thus

increasing operating costs.""

Membrane Separation. There are several different types of membranes in
development for the capture of CO, utilizing organic, polymeric, solid-liquid, inorganic
and metallic materials. The principal governing the function of these membranes is based

on size exclusion. The pores can be tailored to the desired size, i.e. just large enough to
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allow a CO; molecule to diffuse through the membrane. In general, the membrane system
is based on a pressure gradient, with low pressure being used to pull the CO; through the
membrane.®

There are some advantages to the membrane system, primarily the simplicity of
the system. However there are also several disadvantages, namely the selectivity of the
membranes to CO,. The more selective the membrane is to CO,, the less permeable it
becomes as it eventually becomes saturated and clogged. However, a membrane
designed to be more permeable results in a material with less CO, selectivity.
Furthermore, the membrane material must be strong enough to withstand the pressure
gradient across the membrane, which is not the case with many organic membranes. As
was discussed for the adsorption system, water can have a large negative effect on the
system. Much like zeolites, the concern with water in these membrane systems is that it
can clog the pores in the membranes and thus make them less permeable to CO,."? This
will be a problem for the large scale separation of CO; from a flue gas stream as there is a

large amount of water present in the flue gas stream.

Cryogenic Distillation. Another method for the capture of CO, from a flue gas
stream is based on cryogenic distillation. In order for the cryogenic distillation process to
be successful, all of the trace gasses except for N, and CO, must be removed prior to the
start of the process. Once these gasses are removed the N, and CO; are pumped into a
cryogenic chamber. Pressure and temperature manipulation are used to liquefy CO, while
keeping nitrogen in the gaseous phase. The nitrogen can then be pumped out of the
chamber leaving liquefied C02.4

One big advantage of this process is the form of the CO, recovered. The
liquefaction makes transport of the CO, very simple, it can be pumped through pipelines

or loaded into tankers for transportation. Furthermore, the purity of the CO; recovered is
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usually very high. However, the system has several large drawbacks. Mainly, as is
éxpected the cryogenic distillation is an energy intensive process. The energy required to
keep the system cool, usually done with liquid nitrogen makes the overall cost of the
system very high and impractical for large scale use. Similar to the other system, water
can have a detrimental effect on the process. If any water is present in the stream as it is
loaded into the cryogenic chamber it can freeze, which will result in clogging of the

lines."?

Absorption Processes. The absorption process is based on the interaction of CO;
with amines by two different reaction pathways. Primary (1°) and secondary (2°) amines
react by the same mechanism with CO,; however, the reaction between tertiary (3°)
amines and CO, is postulated to be slightly different. Scheme 2.1. illustrates the reaction

mechanism between 1° and 2° amines and COz.8

\o/
e p— S e N o
om0+ N\ M N
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Scheme 2.1. CO; capture mechanism of 1° and 2° amines.

Water also plays an important role in the absorption mechanism of tertiary
amines. The mechanism was first proposed by Donaldson and Nguyen in 1980." In this

mechanism the water is dissociated by tertiary amines to form positively charge
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quaternary amines. The free hydroxyl then reacts with CO, forming a bicarbonate. The

bicarbonate then absorbs onto PEI-Cg through an ionic bond with the protonated tertiary

amine (Scheme 2.2.).

\/N\‘ + H,O0 —— \/g<| + OH
I
O—C—0 + OH — g/C\OH
\ ) )
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< + |c| — A u
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\/ \' 8/ \OH \/gj ..... 8/ \OH

Scheme 2.2. CO, absorption mechanism of 3° amines.

Regardless of the types of amines used, there are two main implementaion
methods for absorption based scrubbers, aqueous deployment and tethering amines to a
solid support.® Both systems are based on the reaction schemes shown in Schemes 2.1
and 2.3. In an aqueous scrubber system the free base is HoO or OH" or another amine.
The function of water as a free base further clarifies the shortcomings of the scrubber
systems already mentioned.

In summary, water plays an important role in the absorption of CO; by 1°, 2°, and
3° amines in aqueous based and solid phase scrubbers. However, most current

technologies other than absorption are negatively affected by the presence of water in the
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system making them ill-suited materials for flue gas applications. In the adsorption
system, HO competes with the CO; to be adsorbed, greatly reducing the capacity of the
scrubber. The cryogenic process cannot have any water in the system due to the
possibility of it freezing and blocking the lines. And in the membrane system it can also
clog the pores and reduce the permeability of the membrane. When the overall cost of
CO;, capture is measured as dollars per ton of CO, ($/ton CO,) captured. In the cryogenic
distillation method this cost is $32.7/ton. When this is compared to the adsorption
($27.8/ton) and absorption ($13.9/ton) methods, the cost effectiveness of the cryogenic
distillation process is very poor.* There are several different ways to deploy amines for
the capture of CO,, the two most common being tethering them to a solid supports and
dispersions in solvents. The current industrial standard involves the dispersion of

monoethanol amine (Figure 2.2) in an aqueous solution.

/\/NH2
HO

Figure 2.2. Structure of monoethanol amine (MEA).

The gold standard for the large scale capture of CO, is monoethanol amine
(MEA). MEA is an aqueous based capture technique generally comprised of a 30%
solution of MEA in water. While there are advantages to this method, such as scalability,
there are also several drawbacks. The CO, loading capacity of a general MEA scrubber
system is ~7%. While an increase in the concentration of MEA does lead to a higher
gravimetric capacity, it also causes the system to become corrosive. The temperature
manipulation required for the regeneration of the scrubber system is responsible for up to
70 — 80% of the operating cost of the scrubber system.® Furthermore, as it is a solvent
based system, the solution has to be constantly pumped from one tower to another for

absorption and regeneration. The solvent used also has to be constantly replaced due to
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evaporation, as the system has to be heated to high temperatures ~ 120 °C to regenerate
the scrubber. In addition to the cost, solution-based technologies have a high density
preventing their use in certain applications such as deployment in aeronautical
applications. Current research is focused on finding a more efficient material or process
for the large scale capture of CO,.

The second option for the deployment of amines for CO, capture is to tether them
to a solid support. There are several different materials that can support amine based
sorbents, ranging from mesoporous silica (MPS) to the approach that is taken in this
research, tethering to nano-carbon materials. The ideal materials for the anchoring of
amines have a large surface area indicating why mesoporous silica and carbon
nanomaterials are good candidates.

A variety of amine types have been grafted onto solid supports, these groups
include DEA, DETA, TEPA, but the most commonly used is polyethyleneimne (PEI)."*
PEI can be a linear or branched polymer of molecular weights varying from < 600 Da. to
> 800,000 Da. In the linear form, PEI is terminated with a primary amine group at each
end and a chain consisting of secondary amines with ethylene bridges. The branched
polymer (Figure 2.3.) can have varying degrees of primary, secondary and tertiary amines
depending on synthesis techniques. The general consensus is that the ratio between them
is 1:1:1; however, ratios for low molecular weight, commercially available PEI have been

reported as 44:33:23 by Jones® and 42:33:25 by Kissel."”

/\/NH2
NH N
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Figure 2.3. Structure of branched PEL
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Regarding MPS specifically, Ahn et al. tethered polyethyleneimine onto a several
different silica supports. The highest reported CO, capture capacity was for the MPS
material KIT-6 impregnated with PEL, at 135 mg CO, per gram absorbent. Overall the
authors noted that the CO; capture capacity of the MPS's was mainly governed by the
pore size with the material with the largest pore size (KIT-6) having the highest capacity.
Overall the authors graded the capacities of some commonly used MPSs in the following
order: KIT-6 > SBA-16 ~ SBA-15 >MCM-48 > MCM-41.'° Similar to Ahn's work,
several other groups have used mesoporous silica, MCM-48, MCM-41, SBA-15, HMS,
CMK-5, as a substrate for the tethering of amines.'®"® The absorption capacities of these

are sumarized in Table 2.2.

Table 2.2. Summary of the CO; capacity of PEI modified mesoporous silica's.

Substrate CO; capacity

mmol CO,/g absorbant

MCM-41 2.52
MCM-48 0.3
SBA-15 2.88
SBA-16 293
KIT-6 3.06

In the current work we propose the use of carbon nanomaterials such as SWNT,
MWNT, graphitic materials and fullerenes as the solid support for amine-based capture
of CO,. The primary reasons for the choice of these supports are the light weight, large
surface areas and reactivity exhibited by carbon nanomaterials. As a result of the larger

surface area, larger molecular weights of PEI can be used as compared to MPS's. In the
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MSP's, the large surface area is due to a pore system that runs throughout the silica. This
pore system means that large molecular weight PEI cannot be used as it will clog the
pores. In Ahn's study the highest molecular weight of PEI used was 600 Da. In the
current work, because the utilized surface area of the nanomaterials is on the exterior of
the structure, large molecular weight ( 25 kDa.) PEI is not sterically hindered by channels
and pores and can access the reactive points on the support structure. We hypothesized
that by increasing the molecular weight and branching structure of the polymeric amines
on nanocarbon supports we could increase our CO, absorbing capacity without greatly
increasing the overall mass of the sorbent material. The following is an evaluation of our
PEI-nano-carbon systems as CO; scrubbers designed for use in a flue gas stream. We will
compare CO, capacity, regeneration temperatures, scalability, and operational costs of

our materials to current technologies.

Results and Discussion

As mentioned in Chapter 1, the branched PEI-SWNT’s showed good solubility
between the pH ranges 1.7 to 8.31. At any pH above these values aggregation was
observed. However, the rate of aggregation was dependent on the source of the basicity.
Addition of NaOH solution resulted in aggregate over a period of about 6 hours, whereas
addition of NaHCOs solution resulted in instantaneous aggregation. This observation is
consistent with the CO, absorbing qualities of the PEI-SWNT’s.

The direct pulse ’C MAS NMR spectrum of a sample of PEI(600)-SWNTs
(Figure 2.4(a)) shows three signals that can be assigned to the sidewall sp2 carbon (8 =
122.4), the aliphatic CH, groups of the PEI (8 = 47.7), and a small shoulder at ca. 160
ppm consistent with a carbonyl group. The 'H-'3C CPMAS spectrum (Figure 2.4b)
suppresses the SWNT sp2 signal and allows for the clearer observation of the carbonyl (8

= 160.0). The presence of the carbonyl signal was originally assumed to be due to
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residual carboxylate groups on the SWNT, however, several observations suggested

otherwise.

(a)

122.4 ppm
(SWNT sp?)

Intensity ]
(arb. units) -

(b)

Intensity ]
(arb. units)

400 300 200 100 O  -100 -200
5 (ppm)
Figure 2.4. Solid state NMR spectra of PEI(600)-SWNTs. (a) 3C MAS NMR spectrum
with a 12 kHz spinning speed, and (b) "H-">C CPMAS spectrum with a 7 kHz spinning

speed.
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First, the relative intensity of the peak in comparison with the PEI aliphatic signal
suggested a much higher concentration than would be expected. Second, the carbonyl
content appeared to be dependent on the age of the sample. Third, the sensitivity to
bicarbonate (as compared to hydroxide) suggested a reaction with CO,. Lastly, PEI is

known to react with CO, by means of the amines to form a carbamate (Scheme 2.3.).

o}
o
R-—NH, —————» R-——N " H
\

H

Scheme 2.3. Reaction of primary amines with CO, via carbamate formation.

CO; absorption. Due to the results of both the solubility experiments and the '*C
NMR, we came to the conclusion that PEI-SWNT conjugates are extremely active CO,
absorbers. Based on that conclusion, the potential absorption of carbon dioxide by the
PEI-SWNTs was investigated by TGA. The general method for calculating the CO,
absorption capacities of the PEI-NC involved heating samples to 75 °C under argon,
which resulted in an initial decrease in mass is due the presence of moisture (and ambient
CO, absorption) in the sample, which will be referred to as the burn-off phase. Once a
constant mass was achieved, after the burn-off, the flow gas was switched to CO; and the
temperature reduced to a set level. As illustrated in Figure 2.5, once CO; is introduced,
the mass increases significantly until it reaches a stable maximum. When the carrier gas
is switched back to argon, a mass loss occurs back to the original mass for the PEI-NC.
As is shown in Table 2.3, for a particular experimental temperature, 25 °C, the percentage

increase in mass is dependent on the molecular weight of the PEI (in the PEI-SWNT).










































87

Furthermore, the PEI-Cg can be partially regenerated, ~ 50%, with a simple gas flow,
while heating to 75 °C is required for full regeneration of the scrubber. Also of
importance is that heating MEA repeatedly causes degradation to the scrubber and thus
corrosion of the reaction vessel. We have shown that there is little measurable
degradation of the PEI-NC during absorption/thermal desorption cycles. These factors
show the ability of the PEI-NC scrubber to overcome the disadvantages associated with
solvent based scrubbers while still further decreasing the energy penalty associated with a

CO; capture system.

Conclusion

In conclusion, the CO, absorption capacities of all the PEI-NCs discussed in
Chapter 1 were evaluated using TGA. These CO, absorption capacities are ranked in the
following order, PEI-C¢y > PEI-SWNTSs > PEI-GO > PEI-Phe(4-N-G) > PEI-MWNTs >
PEI-GICs. With PEI-Cg have an absorption capacity of ~ 5.22 mmol CO,/g absorbent, a
value higher than any values reported in the literature for absorption at ambient pressures
and temperatures. The overall cost effectiveness for using PEI-NCs make them ideal
candidates for use in CO, capture projects due to the fact that fullerenes are now
produced in large quantities and the regeneration temperatures are lower than those of the
current industrial standard.

The rate of absorption, (Table 2.4), of each of the PEI-NCs seems to suggest that
the rate may be dependent on the curvature of the NC substrate, with the highest
curvature having the fastest rate. Furthermore, PEI-Cg( displays a zeroth order absorption
rate, meaning both reactants, CO, and amines, are in saturation. This is in contrast to all
the other PEI-NCs, which display a pseudo first order rate, with CO, always being at

saturation levels.



Table 2.4. Summary of PEI functionalized NCs properties.

Sample % NC % CO, ki
(s

PEI-Cy 40 23 8.12x 107
PEI-SWNT 42 9 484 %107
PE-MWNT 60 5 2.67x 107
PEI-Phe(4-N-G) 43 6 1.07 x 10°
PEL-GO 57 8 1.16 x 10~
PEI-GIC 95 1 2.08 x 10°®

Table 2.5. CO; capacities of PEI-NCs compared to other amine tethered substrates.

Substrate CO; capacity

mmol CO,/g absorbant

MCM-41 2.52
MCM-48 0.3
SBA-15 2.88
SBA-16 293
KIT-6 3.06
PEI-SWNT 1.93
PEI-GO 1.81

PEI-Ceg 5.22
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In summary PEI-NC display excellent potential for use in the carbon capture
field, with PEI-Cg, being the best. As can be seen from Table 2.5, PEI-C¢y far
outperforms any other material for CO, capture using tethered amines. Other NCs offer

similar capacities to mesoporous silica particles.

Experimental

CO, absorption. CO, absorption experiments were carried out on a Seiko
TG/DTA 200. The general procedure for the absorption experiments is shown below. PEI
functionalized NC’s (5 — 10 mg) were loaded into an aluminum TGA pan and placed on
the balance arm of the TGA. The chamber was sealed and purged with a steady flow of
argon (80 sccm). The temperature of the system was ramped from room temperature to
110 °C at a rate of 5 °C.min"' in order to de-gas and dehydrate the sample. After the mass
decrease stabilized to a constant mass the gas in the system was changed to CO, (20
sccm). Upon changing gases an immediate increase in weight was observed indicating
that the PEI-SWNT’s are absorbing the CO,. The CO, flow was continued until constant
weight was attained. In order to determine the effects of sample temperature, the sample
temperature was adjusted to the desired measurement temperature after a constant weight
had been reached. Experiments involving moist CO, were preformed in the same manner
as discussed above, with a stainless steel water bubbler attached between the CO, tank
and the TGA in experiments involving moist CO, capture, and between the argon and

TGA in experiments to determine the effects of moisture alone on PEI-Ce.
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Chapter 3
Small Molecule Capture and Release from PEI-SWNTs

Introduction

Pancreatic cancer is one of the most deadly forms of cancer, with a projected
survival rate over five years of 5%." The high mortality rate is due mostly to the difficulty
in diagnosing pancreatic cancer because the symptoms, such as nausea, and upper
abdomen and back pain, are common to many less severe illnesses.” The average survival
time after diagnosis with pancreatic cancer is between 3 — 6 months.' For this reason, any
possible treatments for pancreatic cancer with even moderate success, in animal models,
are subject to minimal pre-clinical trials.

The use of percutaneous ethanol injection therapy (PEIT) has been well
documented in the successful treatment of hepatic tumors;>> however, there is little
precedent for the use of PEIT in the treatment of pancreatic tumors due to the
technological limitations of direct injection. Endoscopic ultrasound (EUS) has only
become widely used as a therapeutic tool in the past 10 years. Prior to the development of
EUS, imaging of the pancreas using external ultrasound was impossible due to fact that
the pancreas is buried deep within our digestive system and surrounded by several larger
organs such as the liver and stomach. Doctor Manoop Bhutani of U.T. M.D. Anderson
Cancer Center, our collaborator, has investigated the feasibility of using an EUS guided
probe for the treatment of pancreatic cancer.®’ The probe allows for ultrasound guided,
direct injection of therapeutic agents into the pancreatic tumor.® The pathway for direct
injection into the pancreas is shown in Figure 3.1.

The frequency of the sono-endoscope, used for needle placement, can be
increased from five megahertz (MHz) for imaging to twelve MHz and focused around the
injection site for therapeutic purposes.G’ 7 A radio frequency probe can also be passed

down the instrument channel allowing for ablation of tumor cells, a process that is
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Care was taken to maintain a constant volume of water throughout the release
experiment. As can be seen from the release curve, there was a large burst release within
the first hour after sonication. However, even at the last time point the concentration of
dC was still increasing, albeit at a much slower rate than the initial portion. This indicates
that the polymer was able to form a strong enough interaction with the drug to contain it
to a degree despite constant sonication. When we look in more detail at the results of the
release experiments it can be seen that the sonication has a large effect on the release of
dC (Figure 3.6), sonication began after the third time-point and was continued
throughout. This is what is expected as the sonication will cause swelling of the polymer
and provide enough energy to break any hydrogen bonds that have been formed between
deoxycytidine and PEI.

As stated previously the PEI-SWNTs were loaded with deoxycytidine so that a
maximum release would be ~100 uM in the 300 mL release vessel. However the
maximum concentration released has an absorbance of 0.105, when this is compared to
our calibration curve the maximum concentration released is ~ 10 uM. This indicates that
only about 10% of the added deoxycytidine was loaded into the PEI-SWNTs. The actual

mass of dC loaded into the tubes was ~ 680 ug, resulting in a loading of ~ 18%.

Conclusions
In conclusion, it has been shown that PEI-SWNTs can be loaded with therapeutic
agents such as acetic acid and the Gemcitabine analogue, deoxycytidine. The amount of
loading of acetic acid is based on initial sonication time, with a longer sonication time
leading to a higher degree of loading. It has also been shown that sonication can release
the therapeutic from within the branched network of PEI-SWNTs. Two different types of
sonication were effective for release, sonication from the focused ultrasound in aqueous

solution and bath sonication for release from a suspension in a membrane. The drug
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loading of PEI-SWNTs was ~18% by mass, a potentially effective therapeutic does based
on in vitro studies."

The overall conclusion is that, due to their solubility issues, PEI-SWNTSs cannot
be utilized in biological applications. Despite their water solubility, they eventually crash
out of PBS solutions. However, given our ability to initiate the drug release with
sonication from a polymeric-NC material, we do believe that the polymer-nanotube
conjugate still has potential as a drug delivery vector. However, once the polymer chain
“opens” there is no way to stop the release. Replacing PEI with a water soluble thermo-

responsive polymer may make the ideal vector for the controlled release by endoscopic

ultrasound.

Experimental
Acetic acid and deoxycytidine were purchased from Sigma Aldrich, Inc., and
were used as received. The AcOH release was monitored with a pH meter and the dC
release was monitored by UV with a Agilent Ultraviolet-Visible spectrophotometer. The
release of AcOH was achieved with Dr. Manoop Bhutani’s EUS instrument at M. D.

Anderson while dC release was achieved with an bath sonicator.

AcOH loading. Glacial acetic acid was loaded into PEI-SWNTs by the sonication
of PEI-SWNTs in a solution of glacial acetic acid. The product was recovered via
filtration through a 0.2 um PTFE filter. Product was added to water (mg/mL), followed
by light bath sonication in water for solubilization. Degree of loading was calculated by

TGA with a ramp to 200 °C at 5 °C per minute, mass loss was attributed to acetic acid.

AcOH release. The release of acetic acid by EUS stimulation was performed at
M. D. Anderson Cancer Center under the supervision of collaborator Dr. Manoop

Bhutani. The head of the EUS was submerged in a 10 mL solution of loaded PEI-
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SWNTs. At time intervals of 5 minutes the pH of the solution was analyzed with a pH
probe and the results recorded.

Deoxycytidine Release. Deoxycytidine was loaded into PEI-SWNTSs by the
addition of deoxycytidine to 10 ml of PEI-SWNT followed by bath sonication for 30
minutes. Following sonication the samples were placed in the fridge, resulting in
precipitation of PEI-SWNTs from solution. Sample was then filtered through a 0.2 pm
pore size PTFE filter, the sample was not washed. The powdered sample was added to a

dialysis bag as a suspension, with 1 ml of water for release.
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hybrid with that of Fullerenes and SWNTs. As shown in Fig. 6, the
optical limiting performance of this hybrid is superior to those of
Fullerenes and CNTs at the same level of transmission. Table 1
summarizes the linear and NLO coefficients for these three
materials.

4. Conclusion

In summary, synthesis and characterization of DWNT-Fullerene
hybrids was performed to merge complementary temporal and
spatial NLO characteristics of Fullerene and carbon nanotubes.
The optical limiting performance of DWNT-Fullerene hybrids is
superior to those of Fullerenes and SWNTs at the same level of
transmission. Future studies regarding mechanisms that contrib-
ute to this better optical limiting performance and the influence
of covalent linkages between DWNTs and Cgo to optical limiting
are currently underway.
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be able to manage the semiconductor behavior by altering the
HOMO-LUMO gap between p and n types to improve the V,,
while better heterojunction and p-n junction systems are show-
ing significant improvements in how both the exciton and charge
carrier mobility is managed.

Predominantly OPV devices studied have the following struc-
ture: substrate/ITO/PEDOT:PSS/active organic semiconductive
layer/Al, where PEDOT:PSS is poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate), the higher work function electrode ITO is
the anode and Al the cathode and in our case we use P3HT:PCBM
as the active organic semiconductive layer. While we can add
subtleties to the device architecture such as a LiF layer between Al
and the organic semiconductor, one of the greatest challenges has
been to manage the electrodes. The initial devices fabricated used
Ca as a low workfunction metal; while the work function is
significantly low it was totally impractical to use as an electrode
[19]. So, in a very short period the metal of choice has been
the less ideal Al electrode, although other metal such as Cr can be
used as well [20). But, except in a few instances, ITO has been the
high workfunction electrode of choice. It is semitransparent in the
visible region (generally 90% with suitable conductivities) and can
be deposited on both glass and plastic substrates. However, ITO is
a notoriously brittle electrode and there are significant challenges
in cost and morphology when using this material as an electrode
on any surface. During the growth phase of ITO it will form
islands and this can lead to spike structures on the surface,
whether the substrate is plastic or glass that can have heights
in excess of 30 nm. Since OPVs require thin layers for improved
device performance, this is a significant obstacle. The other
significant problem with ITO is that indium, which is itself a
relatively scarce material, will become ever rarer with the greater
use of transparent screens for phone and other forms of electro-
nics, while it is also a critical ingredient in manufacturing CIGS
solar cell. Consequently, there is a huge need to move away from
the use of ITO to a more reasonable electrode.

There has been a significant interest in using varying forms of
carbon nanotubes as electrodes for multiple applications [21-23].
When transmittance is not an issue, they can be used in bulk
composites for sensor and EMI shielding. If higher conductivities
are required, the use of SWNT on their own or in composites is an
option. This may be a very good use of them if the cost component
is reduced below the costs of ITO. However, there has been
a recent effort in using nanotubes or nanotube composites as
electrodes in photovoltaics [24,25]. Aside from the fact that the
sheet resistance is nowhere close to that required (less than 10 Q),
there is also the difficulty in the HOMO match-up, which will in the
end impair the V,.. Additionally, because of the rough interface that
will naturally occur for conductive paths to exist in connection
with the active polymer layer, this will add additional resistance to
the electrode as opposed to improve matters. There may be some
possible use of nanotubes in the area in the future, if for instance
better control over chirality happens and a better monodispersed
layer is formed that has both the desired high transmittance and
low sheet resistance. Perhaps, if costs can be managed even
graphene could be viewed as an option, but with the current
efforts this is not clear. Consequently, our approach is to look at
traditional high workfunction metals such as Au in this case, to see
if their sheet resistance, morphology and transmittance can be
managed as an alternative to ‘transparent’ electrodes currently in
vogue. In terms of achieving low sheet resistance, which is
important for fabrication of large area OPVs, as well as improving
mechanical flexibility, thin metal films such as Ag [26] are suitable
for using as anodes. Also, complete roll to roll process of ITO-free
OPYV fabrication is possible using Ag nanoparticles and grids [27]. In
our previous work we reported that an Au thin film is an ideal
candidate for replacing ITO because of its attractive features such

as high conductivity, semi-transmittance across the visible region
and ohmic contact at the anode/donor interface [28]. In addition,
the use of Au in place of ITO avoids the problem of etching ITO by
PEDOT:PSS [29]. An interlayer of Cr between the glass substrate
and the Au film was used to increase the adhesion of Au on glass. It
also reduces the roughness of the surface of Au films thereby
reducing the number of pinholes and hence prevents short circuit-
ing of the devices. The high conductivity of Au makes it very
suitable for large area devices compared to ITO. However there is
always a compromise between the transmittance and conductivity
of the Au film. As the transmittance increases, the conductivity
decreases and beyond a threshold transmittance the Au film is no
longer conductive. Increase in transmittance ensures that more
photons reach the photoactive layer, but decrease in conductivity
will negate this positive effect. Therefore, there will be an optimum
level of transmittance above which the negative effect of reducing
conductivity overtakes and degrades the performance of the OPV.

In this work, we fabricated OPVs with different active layer
thicknesses on Au films with the same transmittance and hence
the same sheet resistance, to optimize the thickness of the active
layer with respect to efficiency. Using the optimized parameters,
we fabricated OPVs on Au films of different transmittances.
Optimization of OPV performance with respect to thickness of
the active layer and also as a function of transmittance and
sheet resistance of the Au films will be presented and discussed.
In addition, the surface morphologies of Au films at different
transmittances were studied to understand its effect on the
critical parameters.

2. Experimental section

Firstly, OPVs were fabricated on Au thin films with the same
transmittance or sheet resistance. The thicknesses of the active
layers were varied using different concentrations (4, 6, 9, 12, 15 and
24 gL~") of P3HT:PCBM and were deposited by spin coating. By
keeping the spin speed constant, each concentration of P3HT:PCBM
corresponds to a different thickness of the active layer.

Microscope cover-glass slides (Fisher) were used as the substrates
for the deposition of thin Au films. They were cleaned by sonicating
in micro-90 solution, water and isopropanol (IPA) followed by blow
drying with nitrogen (N;). Using a shadow mask, chromium (Cr,
99.998%, Kurt Lesker) and Au (Au, 99.999%, Kurt Lesker) were
successively evaporated using a thermal evaporator at pressures
~10~% mbar. Pressure was broken between the two evaporations
and separate wire baskets were used for the two metals in order
to prevent cross contamination. The slides were kept under ozone
plasma for 20 min and then spin coated with PEDOT:PSS (Clevios
PH750, H. C. Starck, filtered through a 0.45 pm Corning mem-
brane filter). They were oven dried for an hour at 100 °C under N,
environment. Blends of P3HT:PCBM (Aldrich) with the same
weight ratio of 1:0.66 but different concentrations, mentioned
above, in anhydrous chlorobenzene were then spin coated on top
of the PEDOT:PSS films. The top Al electrodes were deposited
using a thermal evaporator at pressures ~10~% mbar using a
shadow mask with an improved layout [30]. The OPVs were
immediately encapsulated using glass slides and epoxy resins in
an N, filled glove box with a relative humidity of~ 10%.

Secondly, four sets of Au films (1, 2, 3 and 4), with different
thicknesses and hence different transmittances and sheet resis-
tances were made using thermal evaporation and organic solar
cells were made using them, in the same manner as above.
A single concentration of P3HT:PCBM, 12gL~", was used for
making the active layer in all the four sets.

The transmittances of glass/Cr/Au slides were measured after
the evaporation of the Au layer using a UV-vis spectrometer
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