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Study of Intermediate Oxidation Products in Chemical and Enzymatic Degradation of
Carbon Nanomaterials

Hao Bai, M.S.

University of Pittsburgh, 2013

With increasing applications of carbon nanomaterials, toxicity of the material itself and its
degradation products in both biological systems and the environment becomes a valid concern.
At present, most of the toxicity studies only focus on the bulk properties of carbon nanomaterials
and the relevant conclusions are ambiguous. To better understand the degradation mechanism
and potential sources of toxicity, we separated the oxidation products, which consisted of “small
molecules” and “large particles”, and studied these compounds/materials in detail. In the first
oxidation method, graphene oxide was degraded by Fenton reagent (Fe**/Fe**/H,0,) under UV
irradiation. Using analytical techniques that included mass spectrometry (MS), nuclear magnetic
resonance (NMR) and liquid chromatography (LC), we successfully proposed plausible
structures for degradation products and discovered several structure patterns. Also, by using
atomic force microscopy (AFM) and spectrofluorometry, we monitored the morphological
transformation of graphene oxide flakes (~ 600 nm =1 nm) to graphene quantum dots (~ 25 nm
x5 nm), both in aqueous solution and immobilized on a substrate. Given the similarity of Fenton
reagent chemical oxidation and myeloperoxidase (MPO) enzymatic degradation of carbon
nanomaterials, our results will not only help to elucidate the enzymatic degradation mechanism
in vivo and in the environment, but also to assess the nanomaterial toxicity at different stages of
the degradation process. In the second part, we studied the degradation of SWNTSs in both MPO
and NaClO systems; the MS data obtained from these experiments were limited by the ion

suppression resulting from the high salt concentrations.
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1. INTRODUCTION

1.1.  Overview
Carbon is regarded as the “chemical genius™ for its ability to bond in different ways, adopting
different hybridizations of four valence orbitals, and to create various allotropes with entirely
different properties. When sp® hybridization is adopted, isotropical bonding leads to stable and
firm structure as in diamond, while the sp? hybridization will form a layered structure with strong
in-plane bond and weak out-of-plane interaction, as in graphite.”? Tremendous endeavors are
devoted to the development and production of new type of allotropes of carbon and carbon
nanomaterials, such as fullerene®, graphene and carbon nanotubes (CNTs), become the focus of

many researches.

Graphene, the parent of all graphitic forms,* is a two-dimensional sheet of sp® hybridized carbon.
On one hand, it can be stacked to form graphite, folded to from 1D nanotubes, and wrapped to

form OD fullerenes (Figure 1), on the other hand, different from those carbon allotropes, the long

Figure 1. Carbon Nanomaterials
Schematic illustration of the transformation from araphene to fullerene. SWNT and araphite: adopted from Ref. 4.



range m-conjugation in graphene leads to unique thermal, mechanical and electrical properties.

1.2.  Synthesis of Graphene
Not only is the single-layer graphene investigated, but the bi-layer and few-layer graphenes
attract considerable interest as well. The synthesis and characterizations considering different
forms of graphenes are investigated and various progresses were made to produce large scale and
controllable form of graphene. Ruoff’s group,” for the first time, demonstrated a solution-based
process to produce single-layer graphene, which is shown in Figure 2. In this low cost approach,

graphitic oxide is mechanically or thermally exfoliated to produce single-layer graphene oxide

A
N2Hg
e
B
it Hummer's
T S e,
Graphite Graphite Oxide Chemically

Derived
Graphene

Figure 2. Synthesis of Graphene
(A) Photographs showing the conversion of graphite oxide in the vial (left) to the reduced graphene dispersion after
addition of hydrazine. (B) Molecular models showing the conversion from graphite to graphene (C gray, O red, H
white); adopted from ref. 6.

(GO) via Hummer’s method®. Then GO is reduced by hydrazine or other reducing agents to give
reduced single-layer graphene (RGO). More methods were developed to reduce GO to RGO,
chemically or thermally. Bi-layer and few-layer graphenes also have been synthesized with other

methods. "



Another method to synthetize graphene is the thermal decomposition of silicon carbide under
ultrahigh vacuum, allowing graphitic films to be grown epitaxially.'®** During the process, SiC
is heated to high temperature (> 1000 °C) and Si will sublimate, leaving small islands of
graphene and producing ultrathin graphene sheets. The layer thickness, typically 1 — 3 layers, is

predominantly determined by temperature.

Chemical vapor deposition (CVD) on transition metal films is another bottom-up approach to
synthesize high quality monolayer and multilayer graphene. Extensive researches has been done
to study epitaxial growth of graphene on metal substrates, such as Co*?, Pt** and Ir** , however
the graphene synthesized was of poor quality in terms of uniformity. In 2009, Kong and the
coworkers'® demonstrated the graphene growth on polycrystalline Ni films via CVD. During the
process, Ni film was exposed to a diluted hydrocarbon flow under ambient pressure, producing
ultrathin graphene film (1 to ~ 10 layers). The produced film is mainly single-layer graphene
with satisfactory uniformity. In the same year, Ruoff and coworkers® reported the growth of
large area graphene (centimeters) on copper foil using methane via CVD. After the synthesis, the
metal can be easily removed and the graphene film can be transferred to arbitrary substrates for

further application.

To sum up, mainly four methods have been developed for graphene synthesis, including
exfoliation from graphite, reduction from graphene oxide, epitaxial growth on silicon carbide and
CVD. Graphene synthesized from different methods can have various properties, and choice can

be made according to the specific application aspect.



1.3.  Carbon Nanotubes
Since their discovery,'®'” CNTs have been the focus of considerable research. This unique one-
dimensional nanometer-scale material imparts exceptionally high mechanical strength, high
resilience, and electronic properties changing from metallic to semiconducting and high thermal
conductivity. According to the number of graphitic walls, CNTs can be divided into single-

walled nanotubes (SWNTs) (Figure 3A) and multi-walled nanotubes (MWNTS) (Figure 3B).

Figure 3. Carbon Nanotubes
(A) Morphological illustration of single-walled nanotube (SWNT) and (B) multi-walled carbon nanotube
(MWNT).

Currently, single- or multi-walled CNTs are mainly synthesized by the following three
techniques: electric arc-discharge, laser vaporization of graphite targets and chemical vapor

deposition (CVD).

In electric arc-discharge, a direct current (80 — 100 A) through two high-purity graphite (6 — 10
mm OD) electrodes separated by 1 — 2 mm is applied, in a He atmosphere (500 torr).*® During
arcing, carbon deposit forms on the cathode (negative electrode), which consists of randomly

arranged MWNTs. Metal catalyst is introduced in the process to obtain SWNTs. The first
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reported synthesis of SWNTSs by lijima and Ichihashi*® was produced by arcing Fe-graphite
electrodes in a methane-argon atmosphere. More metal catalysts, such as Gd®°, Co-Pt,** Co-Ru,?
Co,” Ni-Y,® Rh-Pt,** and Co-Ni-Fe-Ce,”® have been developed since then. However, the
production cost is high since the procedure requires high purity of graphite electrodes and metal
catalyst and gas atmosphere. In addition, the dimension of the tubes is not well controlled.
Besides, by-products, such as polyhedral graphite particles, encapsulated metal particles and

amorphous carbon, are formed.

For laser ablation or laser vaporization of graphite targets, MWNTSs are generated by the high-
power laser evaporation of the pure graphite targets at 1200 € in an Ar atmosphere.”® The
nanotubes could be collected from a Cu-cooled water trap. To synthetize SWNTSs, metal catalyst,
such as Co-Ni, is also needed.?” However, this method is still not economically viable. Besides,

the yield is lower than that of the electric arc-discharge method.

CVD is a common method for the large scale commercial synthesis of carbon nanotubes. During
CVD, the layer of metal catalyst particles, like Ni, Co,”® Fe or alloy,? are prepared on top of the
substrate by reduction of the oxides or oxides solid solutions. The substrate is heated to certain
temperature (700 to 1200 <€) in the quartz tube, with the presence of H, and hydrocarbon gas
(like CH4 and C,H,). Hydrocarbon molecules decompose on the surface of the catalyst particle
and the carbon atoms diffuse to the edges of the catalyst particle, resulting in the formation of the
carbon nanotubes. The diameters of the nanotubes are closely related to the size of the catalyst
particles. The mechanism between the pyrolysis step and the tube formation is still under

debate.*® At present, the following mechanisms have been widely proposed:



a) Top carbon diffusion through catalytic particles: After decomposition of hydrocarbon on
the top surfaces of the metal catalyst particles, the carbon fragments diffuse through the
particle and precipitate at the cooler side on the other end of the catalyst particle,
resulting in the growth of nanotube underneath the catalyst particle.*"*

b) Bottom carbon diffusion through catalytic particles: Nanotube growth occurs due to the
rapid movement of carbon species through the catalyst by diffusion, thus segregating the

nanotube.**3* Unlike the mechanism above, nanotubes grow from their bases rather than

their tips.

To understand the electronic properties of SWNTSs, one could start with folding a sheet of
graphene into a perfect matched cylinder, which will result in an open ended tube (Figure 4).
When seaming the two sides of the graphene, there are multiple ways to combine the elements
from the edges, resulting in various helical properties. Theoretically, when satisfying the Bravais
lattice vectors, the line along which the graphene is folded is characterized by vector R=ma;+na,
and nanotubes made from indices of (n, 0), (n, m) or any number between these two will have
different symmetrical operations, determining the electric properties and chirality of nanotubes.
To be more specific, when [n-m|=3g, where q is an integer, the nanotubes are metallic and
otherwise semiconducting. The (n, 0) type of nanotubes is generally called zigzag and (n, n)
armchair; all the others are called chiral. MWNTSs are made of concentric SWNTs and typical
diameter can range from several to tens of nanometers. The interlayer spacing between the

adjacent layers is 0.34 nm. Different from SWNTs, the MWNTSs are all metallic with zero band

gaps.



The unique characteristics of SWNTSs offer various opportunities for wide range of applications

Figure 4. Classification of SWNTs
(A)-(C) Schematic of the basic unit of a SWNT with different folding indices as labeled under the nanotube.
The cylindrical structure is constructed from graphene sheet of sp? bonded carbon with no dangling bonds.
(D) Indexing scheme of folding planar graphene sheets to cylinders. a; and a, are primitive lattice vectors of
the hexagonal lattice, adopted from Ref.1. The (n,n) type nanotube will form armchair tubes shown in (A)
and all (n, 0) tubes are zigzag tubes shown in (B).

35 36,37

such as in composite materials, and drug delivery.® Since synthetic

chemical sensing
chemistry and biological processes primarily take place in solution phase, dissolution process of
the as-prepared SWNTs (AP-SWNTSs) is required in most cases. Modifications, including
covalent functionality® such as oxidation®® and non-covalent functionalization with surfactants*
or bioconjugates *°, were applied not only to increase the solubility of nanotubes, but also to

improve nanotube properties such as reinforced mechanical strength,** biocompatibility®® and

electrochemical sensitivity.



1.4.  Photo Fenton Reaction
Since the invention of Fenton reagent in 1894 by Henry Fenton,* the relatively simple and

straightforward reaction named after him was studied systematically**** and developed from

44-50 44,45

various aspects and applied in numerous situations, “**especially in wastewater treatment, in
dealing with Polycyclic Aromatic Hydrocarbons (PAH).?>?* The oxidation mechanism was well-
elucidated although still debated. The generally accepted mechanism is as following:**

Fe? +H,0, - Fe* +OH™ +OH" (1)

Fe* +H,0, > Fe* +OOH" + H*(2)

Equation 1. Mechanism of Fenton Reaction

Usually, the radicals, especially the hydroxyl (OH") radicals, initiate the reaction and lead to the
oxidation of organic compounds. Although the reaction is simple, there are still some
disadvantages. First, the reaction is relative slow. Second, even though the concentration of Fe?*
is low (50-80 ppm), it is still much higher than some standards, such as European Community
Directives (2 ppm), in some occasions>. Third, the storage and transport of H,O, might be
dangerous. Accordingly, various endeavors were dedicated to improving the system. With the
introduction of UV radiation®, in so-called Photo-Fenton reaction, the reaction rates can be
accelerated to a large extent. As discussed above in equation (1), OH’ radicals were first
generated in the system. With the radiation, the reaction chain will implement anther path from

Fe** to Fe*":
Fe* +H,0, +hv — Fe* +OH" + H*(3)

Equation 2. Mechanism of Photo Fenton Reaction



As a result, the Photo-Fenton reaction produces additional OH" and accelerates the recycling of
Fe?* catalyst.** For the potential problems caused by H,O, handling, Electro-Fenton oxidation

°133 in which H,0, was generated

system introduces the photoelectrocatalytic oxidation
continuously at the cathode made of inert materials and no addition of H,O, is necessary to
initiate the oxidation®®. To further reduce the concentration of Fe®*, heterogeneous Fenton

Reaction* is a feasible choice.

Recently, Fenton Reaction and its improved variations were introduced for degradation of carbon
nanotubes™* and GO>>. This approach attracts researchers for various reasons. First, the reaction
is efficient, effective and economical. For example, Zhou. et al. demonstrated that graphene
oxide could be cut into ~4 nm quantum dots in 15 mins> with a 1000W UV radiation. Second,
the system is relatively simple compared with other carbon nanomaterial degradation systems,
with low concentration of salt, which turns out to be instrument friendly, especially for MS
spectrometry and chromatography. Furthermore, the Fenton Reaction of carbon nanomaterials
may undertake similar oxidation process as that of biodegradation systems, such as peroxidases.
Elucidation of the mechanism for the degradation of carbon nanomaterials by Fenton Reaction

can be helpful for understanding of enzymatic biodegradation system.

In Zhou’s paper™, the authors demonstrated the effective and efficient oxidation of graphene
oxide with Photo-Fenton reaction in 15 mins with UV exposure. In my research, similar reaction
was performed. Different from their work, our focus was on the identification of small
degradation products, using mainly MS, LC-MS and NMR. Based on the products’ structures,
degradation mechanism can be proposed, which can help to a large extent to understand the

biodegradation process.



1.5. Enzymatic degradation and chemical oxidation of carbon nanomaterials
In recent years, unique physicochemical characteristics of carbon nanomaterials lead to a wide
variety of applications in various fields of industry as well as in biotechnology and
medicine.*®*3"*® Meanwhile, concerns aroused of the potential toxicity of these materials and
their degradation products®®. A few investigations were conducted on the degradation and

elimination of carbon nanomaterials, especially SWNTs®®

, and possible degradation
mechanisms were proposed based on the results of routine characterization methods. Both
chemical and enzymatic methods were developed for degradation of carbon nanomaterials,

including SWNTSs,%? **®*MWNTs® and graphene®” .

Among the chemical methods, a common procedure for modification and degradation of SWNTs
was their treatment with acids, including piranha solution (mixture of 30% hydrogen peroxide
and sulfuric acid at ratio of 1:3), H,SO4/HNO;3; and HCI/H,S0,%® Such oxidation can
introduce oxygen containing functional groups including carbonyl and hydroxyl on the surface of
SWNTSs, thus creating defects and resulting in the breaking and shortening of SWNTSs. Although
acid treatment is simple and efficient, it cannot be applied for SWNT degradation in vivo and in
the environment. More biocompatible systems were needed to realize the elimination of SWNTSs

in these settings.

As was recently demonstrated by our group®” biodegradation of SWNTs with horseradish
peroxidase (HRP) and hydrogen peroxide can be observed over the period of several weeks.
Characterization of SWNTSs using microscopy and spectroscopy methods was done to monitor
and confirm the process of the enzymatic degradation. However, the plant-derived enzyme is

only relevant to SWNT degradation by biological systems in the environment. The further
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research target would be the development of biodegradation in animal body, especially in

mammals.

In mammals, the major peroxidase is myeloperoxidase (MPO), which is present in immune cells
such as neutrophils and macrophages. In the following research in our group and collaborators®,
biodegradation of SWNTs with MPO was demonstrated both in vitro and in vivo. Moreover, no
inflammation was found in the lungs of mice with injection of biodegraded nanotubes*. This
research and other studies®® pointed out that the observed ability to biodegrade SWNTs was
resulting from, most importantly, the generation of hypochlorite from MPO, free radicals created
from heme degradation and active oxoferryl intermediates. As a result, a logical assumption can
be made that the degradation products of SWNTs could be similar for enzymatic degradation
with MPO and chemical degradation with hypochlorite. The latter is relatively simple oxidation

system, which was previously studied and described in several publications.”®"".

In my research, both MPO and NaClO systems were studied. Previously, to fully understand the
degradation/oxidation mechanism of SWNTSs, various analytical characterization methods were
routinely used® %" including transmission electron microscopy (TEM), scanning electron
microscopy (SEM) , Raman and thermal gravimetric analysis (TGA). These methods, however,
can provide information only about the relatively large degradation products, while the small
molecules are usually neglected. To overcome this limitation, | applied additional analytical
techniques, including high-performance liquid chromatography (HPLC), ultraviolet-visible
absorption spectroscopy (UV-Vis), mass spectrometry (MS) and nuclear magnetic resonance
spectroscopy (NMR), to identify all the compounds formed in the degradation process. By

combining and analyzing the data, possible structures were proposed.

11



1.6.  Analytical Technique Introduction

1.6.1. Liquid Chromatography

Chromatography, meaning “color writing” in Greek, was first employed by Russian scientist
Mikhail Tsvet in 1900, for the separation of plant pigments with different colors.” With the
work of Archer John Porter Martin and Richard Laurence Millington Synge during the 1940s
and 1950s,”* several chromatographic methods, including paper chromatography, gas

chromatography and high performance liquid chromatography (HPLC), were developed. " The

Sample
injection port

reservoirs vacuum
|solvent 1| [sovent2] | pump
| ! I ! — Pressure
auge
Degasser 1 ‘Degasserz ‘ pre- gaug
column

mixing vessel

Analytical
column

High pressure pum

differrenti al d%ector

to waste ¥ to wa‘ste or

fraction collector
1995 CHP

Figure 5. Schematic of HPLC instrument, adopted from ref 74.
basic principle for chromatography is a separation process in which the sample mixture is
distributed between two phases, stationary and mobile phase, in the chromatographic bed
(column or plane). The stationary phase is either a solid, porous, surface-active material in
small-particle form or a thin film of liquid coated on a solid support or column wall.”® The
mobile phase is a gas or liquid. If liquid is used, the process is known as liquid chromatography.
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Figure 5 illustrates the typical set up of HPLC instrument.”’ It usually consists of reservoirs of
mobile phases, pumps, sample injector, column and detector and sometimes a pre-column is
applied to diminish the potential damage of the sample to the column. When the sample mixture
passes through the column, different components in the mixture will flow at different rates due to

differences in their partitioning behavior between the stationary phase and mobile phase.

HPLC can be divided into multiple sub-classes based on different separation modes,’®"

including adsorption chromatography (also known as normal phase chromatography), reversed
phase liquid chromatography, (RPLC), ion exchange chromatography, ion pair chromatography,
ion chromatography, size exclusion chromatography and affinity chromatography. In normal
phase liquid chromatography, a relatively polar material, such as silica, is used as the stationary
phase and relatively nonpolar solvent, such as heptane, is used as mobile phase. As a result, the
polar compounds are eluted later than the nonpolar compounds. In RPLC, the reverse of the
above applies: stationary phase is nonpolar while the mobile phase is relatively polar, such as
water, and polar compounds elute faster than less polar compounds. One of the most important
chromatography for ion separation is ion exchange chromatography. '® The stationary phase
usually contains ionic groups, such as NRs" and SOs”, which interact with the ionic groups of the
sample. If the stationary phase has fixed positive ions, then the exchangeable ions will be anionic
and the anion exchange will be conducted. To the opposite, if stationary phase has fixed negative

ions, then the mechanism will be cation exchange.

The detector is used to recognize when a substance zone is eluted from the column and
quantitatively represent the amount the eluted compound.” Selectivity, noise, detection limit,

linear range and time constant are all important factors to consider when picking a detector.

13



Typically,”® UV detector,”® refractive index detector, fluorescence detector, electrochemical
detectors,® and light scattering detectors. Over the past decade, with the development of mass
spectrometry, the combination of LC and MS (LC/MS) is increasingly important, with powerful

features for the structure, qualitative and quantitative analysis®* 3.

14



1.6.2. Mass Spectrometry

Mass spectrometry (MS)®, dealing with mostly the gaseous ionic state, measures the mass-to-
charge ratio of charged particles. It is widely applied to determine mass of particle and
elemental composition and to elucidate the chemical structure of molecules. The three essential
components of MS include the ion source, where the sample is ionized, the mass analyzer, where
the ions are sorted and separated according to the mass to charge ratio, and the detector, where

the separated ions are measured.

Driven by the force to ionize and record the mass spectra of thermally unstable®, nonvolatile
compounds of biological sample and of increasing molecular weight, a breakthrough was made
with the introduction of electrospray (ESI) and matrix-assisted laser desorption ionization
(MALDI) for the ionization of unstable and nonvolatile molecules, especially the biological
molecules. Figure 6% illustrates the schematic of typical electrospray ionization process. The
solution is pumped through a capillary and produce charged droplets at the capillary tip. A high
voltage (2-5 kV), either negative or positive according to specific situation, is applied to the
capillary. Under the electric field, the charged droplets will shrink by solvent evaporation and
repeatedly disintegrate into very small highly charged droplets, which then produce gas phase
ions. Various theories have been proposed about the mechanism of gas phase ion production.
Then the vapor phase ions can be analyzed within the mass analyzer. One important factor that
can affect the performance of ESI is ion suppression, mainly caused by nonvolatile (e.g. salts) or
less volatile solvent. The nonvolatile compounds can decrease the efficiency of droplet formation
or droplet evaporation, which in turn affects the amount of charged ion in the gas phase that

ultimately reaches the detector. The presence of ion suppression makes the desalination and
15



purification of the sample necessary. Figure 7 % illustrates the schematic of MALDI. Although
there is ongoing discussion about the primary ion formation, MALDI is generally accepted as a
two-step process: desorption and ionization. First, under the laser beam, the matrix material can
absorb energy, convert it mostly to heat and evaporate. The hot plume contains many species,
including matrix molecules, analytes, and protonated and deprotonated matrix molecules, and
nanodroplets. Then the analytes molecules are ionized in the hot plume, during which the
collision is essential. After ionization, the analyte ions are drawn by the voltage applied across
the chamber to mass analyzer. Different from DSI, the ion suppression in MALDI is tolerable,
while in lower mass to charge ration region, the matrix suppression can be dominant. The

ionization can be affected by the matrix and laser energy.

In my research, an LTQ-Orbitrap Velos mass spectrometer was utilized and its schematic is
shown in Figure 8.8" The instrument can be mainly divided into three parts: stacked ring ion
guide, dual linear ion trap and combo C-trap/HCD collision cell, and they are applied to increase
the ion flux, ion trap efficiency and detection speed, and fragment ion extraction respectively.
lon trap utilizes constant DC and radio frequency (RF) oscillating AC electric fields to trap ions
and the stability region is related to the electric potential of RF and mass to charge ratio, as
shown in equation below:®
4eV
S = e
where V represents the electric potential of RF, e and m are the charge and mass of the ion

respectively, Q=2mv and v is the applied frequency, r is a size parameter constant.
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Given the region is fixed, by increasing the electric, ions with specific mass to charge ratio will
enter instability region and pull out in increasing order. Different from ion trop, which changes
electric potential of RF to filter the ion, orbitrap can detect all ions simultaneously over a given
period of time.®® In orbitrap shown at the bottom in Figure 8, two electrodes-outer and inner-can
form an electrostatic field with quadro-logarithmic potential distribution.® After injection of ions
from C-trap into orbitrap, ions will move rotationally as well as back and forth along the axis of
the central electrode. As a result, the orbital will look like helices, as demonstrated in the red line
in Figure 8. Rotation movement is related to the initial velocity of the ions and when the ions
reach the stability, the attraction between the ions and electrode will be balanced with the
centrifugal force. As a result, different initial velocities will lead to different distances between
the electrode and ions. Considering the axial motion, according to quadro-logarithmic potential
distribution, the axial motion is harmonic,®* meaning the frequency is only dependent on mass to
charge ratio. So ions with same mass to charge ratio will move at the same frequency along the
axis. After the injected ions reach the stable orbit inside the trap, ions with a specific mass to
charge ratio will fall into rings which oscillate along the electrode and the axial oscillation of the
ion rings are detected and transformed to final m/z data. Resolution can be improved by

increasing the field strength and detection duration.
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Figure 8. Schematic of Electrospray ionization mass spectrometry (ESI-MS) utilized, adopted from ref 87.
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1.6.3. Nuclear Magnetic Resonance®

All isotopes with an odd number of protons and/or of neutrons have a nonzero spin, while all
nuclides with an even number of both have a zero total spin. The nucleus has two possible spin
states: m= % or m= - %.. When it is placed in a magnetic field, there is an interaction between the
nuclear magnetic moment and the external magnetic field. As a result, the different nuclear spin
states have different energies in a non-zero magnetic field, and this difference results in a small
population bias between the two spin states. Only electromagnetic radiation of correct frequency
which matches the energy difference between the nuclear spin levels in a constant magnetic field
of the appropriate strength can be absorbed by nuclear spins. NMR spectroscopy is the
techniques used to obtain physical, chemical, electronic and structural information from the
resonant frequencies of the nuclei present in the sample. Proton (*H) is the most commonly used
spin ¥ nucleus in NMR investigation. In the *H NMR spectrum, the chemical shifts and the spin-
spin couplings are used to determine the chemical environment around the proton and then
assign the molecule structure. Despite its relative abundance in nature (approximately 1%) in
nature, *C is widely used and allows the identification of carbon atoms in an organic molecule.
Heteronuclear Multiple-Quantum Correlation (HMQC is a 2D experiment used to correlate
directly bonded carbon-proton nuclei which utilizes proton detection and has very high
sensitivity. Heteronuclear Multiple-Bond Correlation (HMBC) is another 2D experiment (closely
related to HMQC, its 1-bond analogue) used to identify long-range couplings between protons
and carbons, generally referring to 2 or 3 bonds since couplings over more bonds are usually

vanishingly small (exceptions include those across unsaturation).
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2. RESEARCH PROGRESS

2.1. ESI-MS of Standard Compounds
As an accurate and precise instrument, ESI-MS is powerful in structure analysis, especially
through tandem MS. However, since the soft fragmentation in ESI can be affected by various
factors, no reliable standard spectra can be obtained from the database, like EI or other relatively
hard ionization source. Standard analysis is required prior to unknown sample analysis.
According to the literature, various oxygen containing functional groups can appear in the
oxidation product of carbon nanomaterials®® , as shown in Figure 9. Considering the oxygen
containing functional groups, series of standards were chosen and analyzed in ESI to figure out

the fragmentation pattern of aromatic hydrocarbons with —-COOH, -OH and-CHO functional

Figure 9. Oxygen containing functional groups
Different oxygen-containing functional groups on carbon nanomaterials, including Carboxyl groups (A),
Carboxylic anhydride groups (B), Lactone groups (C), Phenol groups (D), Carbonyl groups (E), Quinone groups
(F), Xanthene or ether groups (G).

groups, including mellitic acid, 1,3,5-tricarboxylic benzene, benzoic acid, phenylacetic acid,
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benzaldehyde and 2,4-dihydroxybenzoic acid. The spectra show that in our system, -COOH
tends to lose H,O and CO or CO,, -CHO tends to lose CO, -OH attached directly to the aromatic
ring is stable and fragmentation tends to stop when conjugate structure is formed after the neutral
molecules’ loss. The pattern can provide practical information in the identification of the

oxidation products.
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2.2.  General Rules for Tentative Structure Proposal
The first step in structure determination of the degradation products is element confirmation. It is
reasonable to assume that all carbon atoms originate from the carbon nanomaterials, oxygen
mostly from the oxidative reagent, and hydrogen from the carbon nanomaterials and solvent
(H20). Nitrogen can be excluded based on the Nitrogen Rule (if odd number of nitrogen atoms is
present, the m/z value will be an even number with +1 charge) and the specifics of the
degradation experiment (no obvious nitrogen source). Another element that can be involved in
the final product is chlorine, originated from hypochlorite reagent. However, it is excluded based
on the isotope peak ratio of [M+2]/[M+1]. Since *'Cl: **CI=32.5%:100%, if Cl was present, the
minimum ratio of [M+2]/[M+1] should be around 30%, which was not observed in our
experiments. So only three elements, C, H and O were taken into consideration in structure

proposal.

The second step in structure elucidation is to determine the chemical formula. The ESI-MS was
utilized in the sample analysis; in most samples if not stated specifically, Orbitrap with 1 mDa
resolution was used. The accurate and precise m/z value usually leads to only one possible
formula consisting of different number of carbon, oxygen and hydrogen atoms. Charge of +1 is
observed in most peaks based on value of isotope peak ([M+2]-[M+1]). From the formula,

number of degree of unsaturation was calculated.

The third step is to figure out the possible functional groups and integration of information
obtained to propose the structure. Since the fragmentation properties can be different in various

ESI-MS instruments, a number of standards were analyzed prior to the actual degradation sample
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analysis to study the fragmentation pattern under specific conditions and certain patterns were

learnt in —-COOH, -CHO, -OH containing aromatic hydrocarbons.

However, some concerns should be kept in mind while elucidating the structures based mainly
on MS data. First, even so only one possible formula can be deduced from MS data, the actual
chemical structure can remain ambiguous. According to the Tandem MS, even if we could
determine the type of functional groups, we would hardly know their relative position for sure, as
a number of isomers would correspond to the same formula. Second, fragments with m/z lower
than 1/3 that of parent ion cannot be detected in ion trap, as a result, some information might be
lost. In addition, different mechanisms of fragmentation can make the system extremely complex
and several factors should be taken into consideration, such as stability of fragment,

rearrangement of unstable fragments, and electron distribution.
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2.3.  Photo Fenton Reaction of Graphene Oxide and Product Characterization

2.3.1. Experimental
Reagents and Materials. All the reagents were used as received without further purification.
Graphene Oxide (GO) (5 mg/mL) was purchased from Graphene Supermarket in aqueous
Solution. FeCl; (hexahydrate), 30% H,O, and concentrated HCI were purchased from Sigma

Aldrich. Solvents, including H,O and MeOH were HPLC grade or higher.

Photo-Fenton Reaction of Graphene Oxide (GO). The photo-Fenton reaction was carried out
under vigorous stirring in a 50 mL quartz tube, which was held around 6 cm from the UV lamp
(Blak-Ray B100AP, 100-watt longwave UV, supplies fluorescence with ballasted bulb). In a
typical experiment, 500 uL of 5 mg/mL GO aqueous solution, 4.5 uL. of 30% H>0,, 100 uL of 1
mM FeCl; and 24.6 mL nanopure H,O were mixed in the quartz tube. The pH of the mixture was
adjusted to pH 4 with diluted HCI. The tube was sealed and 4.5 pL of 30% H,0O, was added on a
daily basis to observe a complete degradation of GO during 3 days. After the reaction, the
sample was filtrated through 0.2 pm filter paper. Partially oxidized GO was collected and its

mass was measured on the filter paper after overnight drying in the oven.

Nuclear Magnetic Resonance (NMR). Samples after the reaction were filtrated through 0.2 jm
filter paper. The filtrate was dried via lyophilization. The solid then was resuspended in D0 to
prepare an around 5mg/mL mixture. NMR spectra, including *H, *C, HMBC and HMQC were

acquired using Bruker Avance |11 400MHz and Bruker Avance 111 500MHz.

UV-vis-NIR Spectroscopy. Aqueous samples (250 L) were analyzed with a Lambda 900
spectrophotometer (Perkin-Elmer) in 500 L quartz cuvettes (path length: 1cm, World Precision

Instruments, Inc.) Samples with SWNTs were scanned from 200 to 1300 nm. Filtrates, which
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were expected to contain carboxylic aromatic hydrocarbon-like degradation products, were

scanned from 200 to 400 nm.

Tandem MS Spectroscopy. Samples after the reaction were filtrated through 0.2 pm filter paper
and the filtrate was dried via lyophilization (Labconco Freezone 6 Lyophilizer). Resuspension
into ACN (acetonitrile):H,O=1:1 with 0.1% formic acid (FA) or MeOH: H,0=1:1 was
performed by shaking with Vortex for 1 min to prepare solution around 1 mg/mL, which is
subjected to a second filtration with 0.2 pm filter paper. LTQ Orbitrap-Velos MS instrument
(Thermo Fisher Scientific) was used for mass spectra acquisition. Direct infusion experiment
was performed with a nano ESI source. The voltage of the nano ESI tip was held at 1.75 kV and
the entrance capillary was maintained at 200 <€. Peaks in parent scan were selected, isolated and
fragmented using collision induced dissociation (CID) to obtain MS/MS spectra. Both positive

mode and negative mode were performed.

High-Performance Liquid Chromatography (HPLC). Samples after the reaction were
filtrated through 0.2 pm filter paper. An hp (Hewlett-Packard) series 1100 HPLC system
equipped with both a photodiode array detector was applied for separation. Separation was
carried out at 0.2 mL/min flow rate at 250 nm. The chromatographic column was an Agilent PL-
SAX 1000A (2.1 mm i.d. <150 mm length). Gradient elution was conducted as reported, in
which concentration of ammonium acetate (pH 7.0) was increased from 240 mM to 600 mM

over 14 min and then was held at 600 mM for 30 min.

AFM. Veeco Dimention™ 3100 atomic force microscope was utilized in a tapping mode for
height, phase, and sectional analysis. Sample preparation was performed on freshly washed Si
wafer treated with piranha solution (7:3 concentrated H,SO,4: 35% H,0,, 70 C). Approximately
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10 puL of the sample (aq) was spin-coated at 1400 rpm to get an even and smooth distribution of

the sample on the wafer surface.

Raman. Samples were prepared by spin-coating approximately 10 uL of graphene oxide solution
at day 0, day 1 and day 3 at 1400 rpm on fresh prepared silica wafers (piranha solution, 7:3
concentrated H,SQO,4: 35% H,0,, 70°C). All spectra were obtained on Renishaw inViaRaman
microscope at an excitation wavelength of 633 nm. Multiple scans from 1000 to 3000 cm™ were

applied and averaged to determine the D and G bands.
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2.3.2. Results and Discussion

e Characterization of Graphene Oxide in Solution
The unique character of Photo Fenton Reaction makes it a perfect system for identification of
oxidation products of carbon nanomaterials. Compared with NaCIO and MPO degradation
system for carbon nanomaterials, Fenton Reaction is relatively simple, with low concentration of
Fe**/Fe*" and H,0,, which can be removed via freeze-drying. This character makes it MS-
friendly, in terms of salt concentration. In addition, introduction of high power UV lamp can
control the reaction rate effectively. In this part, Photo Fenton Reaction was applied to degrade
GO completely within 3 days, and Raman, AFM and UV were used to monitor the reaction
process. As evidence of degradation during 3 days, Figure 10B shows photographs of initial vial
with GO (left) versus day 1 (middle) and day 3 (right) incubation with FeCl; and H,O, under UV
irradiation The color changed from brown to dark, indicating the size reduction of GO, and then
turned to almost clear, confirming the complete degradation of GO. In Figure 10C, both D and G
bands were present at day 0 and day 1, indicating the sp® hybridized carbon and graphitic carbon
structures. For day 3, neither D nor G was observed, confirming the degradation of graphene
oxide. Figure 10D shows AFM tracking of as-received GO and GO degraded by FeClz and H,0,
over 1 day and 3 days. As can be observed, prior to incubation, dimension of the graphene oxide
flakes were approximately 600 nm with a broad distribution. After 1 day, the size reduced
significantly to around 358 nm with a narrow distribution and the height remained similar to day
0. After 3 days reaction, small particles with 2 to 5 nm height were present, indicating the
oxidation of GO and the formation of Graphene Quantum dots (GQDs). In addition, the
degradation process was studied spectroscopically. UV-Vis absorption spectroscopy

measurements were taken on day 0, day 1 and day 3 of GO after photo Fenton reaction (Figure
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10E). For GO (bottom red), absorption peak around 220 to 250 nm was observed confirming the
characteristics of as-received GO. After 1 day and 2 days incubation, the peak disappeared as a
result of degradation. For day 3 sample, broaden peak from 200 nm to 250 nm indicated the
existence of newly produced substance with conjugated system. Figure 10E depicts the UV
spectra of standard compounds-1,3,5-tryoxybenzoic acid and benzoic acid. 1,3,5-tryoxybenzoic
has an increasing absorption from 220 nm to 200 nm and benzoic acid has a peak at 130 nm.
Those peaks can be explained by conjugated system and effect of carboxylic functional group. In
our research, a broad peak from 200 nm to 260 nm was observed (Figure 10 D, blue), which is
consistent with the peaks shown in standard compounds with conjugated system and C=0 double
bond. In addition, the broadness of the peak can result from the overlapping of peaks from the
mixture of the degradation products. In other words, even if the individual products have unique
adsorption peaks, the overall peak can be broadened because of the contribution of various

adsorption peaks.
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Figure 10. Characterization of Graphene Oxide
(A) Scheme of Graphene Oxide with various oxygen-containing functional groups. (B) Photograph demonstrating
the degradation of GO with Photo Fenton Reaction during the 3 days of the reaction. (C) Raman spectra of photo
Fenton reaction of GO at day 0 (black), day 1(red) and day 2 (blue). The D and G bands are marked on the
spectrum. (D) AFM image of as-received GO (left) and after photo reaction of 1 day (center) and 2 days (right).
Section analysis was applied at positions marked with blue “plus sign”. All images were obtained using tapping
mode. Scale bars are 1 um. Length distributions of Day 0 and Day 1 samples are as marked in white numbers. (E)
UV spectra confirming the degradation of GO and formation of oxidation products. (F) UV spectra of two aromatic
acids: 1,3,5-trioxybenzoic (black) acid and benzoic acid (red).
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The reaction rate can be controlled and optimized by changing the UV power absorbed in unit
vial surface, which can be affected by various factors. The most effective one is the change of
UV lamp power, while it was not practical in our lab. Another factor is the size of the vial. Two
vials of 5 mL and 50 mL were utilized, demonstrating significant different reaction rate. In 50
mL vial, it took 3 days to completely degrade GO with FeClz and H,O,, while to obtain the same
result, it took only 1 day in 5 mL vial. Another factor is the distance between the UV lamp and
the quartz vial. For reaction in 5 mL vial, two distances of 6 cm and 10 cm were tested. It took
more than two days for the 10 cm GO sample to be degraded completely. One explanation is that
at the longer distance, the photon number in unit surface will decrease, meaning that the

irradiation intensity in unit surface will decrease with the increase in distance. According to the

equation, Fe*" + H,0, + hv— Fe* + OH* + H", giving that hv is higher than the activation
q 22

energy of the reaction, the production of OH *radicals will be accelerated with more photon
introduction. Another explanation for the increased reaction rate with shorter distance would be
the heat adsorption from the UV lamp, for a specific range, leading to an increase in reaction rate

constant.

To sum up, Photo-Fenton Reaction is effective in increasing the reaction rate, although the exact
extent of the increase still remains unknown and no research on systematical study of kinetics of
the reaction was performed so far. In my research, the focus is on the elucidation of products,

and the main target is to produce plenty of products within a relatively short time reproducibly.
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e Functional Groups Determination and Identification of Small Oxidation Products
In Photo-Fenton Reaction, the system is simple. H,O, can be removed by freeze-drying of the

solvent and the only interference source of ion is Fe**/ Fe**, which is at negligibly low
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Figure 11. Mass spectrum of GO degradation products
Parent MS spectrum demonstrates the GO degradation product with FeCl; and H,O, incubation for 1 day.
Inset shows magnification of peaks with m/z from 500 to 700 nm.

* MS was done by Wentao Jiang (Robinson Research Group)

concentration (410 M). The only treatment prior the MS injection is removal of solvent by
freeze-drying after filtration through 0.2 um filter paper to concentrate the degradation products.
The adoption of freeze-drying cannot only remove the solvent without introduction of potential
contamination, but also remove the remaining H,O, without further oxidation. Figure 11 depicts

the parent scan MS spectrum. Tremendous high intensity peaks were present only in the sample,
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indicating the existence of the intermediate substance whose signal was not suppressed by the
salt. Some of the peaks with small m/z values were identified with plausible structure after
analysis, as labeled with red asterisk. In the high m/z value region, though no reliable structures
were proposed because of the complexity of fragmentation, certain interesting fragmentation

patterns were observed.

In the small m/z value region, given the accurate and precise parent scan MS and Tandem MS,
formulas and potential functional groups can be determined and tentative structures can be
proposed with relatively high certainty. Furthermore, peaks in parent scan are not all
independent from each other. First, one peak might be fragment or precursor of another peak. In
analysis of standards, fragmentation, especially the loss of neutral molecules such as H,O, can
occur even in the parent scan. Second, the molecules may share certain structure and differ from
each other at certain stable functional groups. In this case, the Tandem mass spectrum of the

molecules can have the similar fragmentation pattern, in terms of sequence of mass loss.

We successfully proposed several structures. For example, in the representative peak from 189
and 203, both of which are among the most intense peaks in parent scan, similar fragmentation
pattern was observed as shown in Figure 12. In both of the MS/MS spectra, m/z=171.0042 was
dominant, indicating that m/z=189 and m/z=203 share the same stable fragment, m/z=171, which
is stable because of the conjugated © bond. Following the general rules, according to the parent
scan, formulas were first determined as C19H4O4 and C11HgO4, with Am equals to 17.4 ppm and
15.9 ppm respectively. For both peaks, degree of unsaturation is 9, which is high considering
such a small molecular weight, suggesting the possibility of aromatic structure and C=0 double

bonds. Based on the information from parent scan, considering the high degree of unsaturation of
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relatively small molecule, limited number of structure frames can be constructed in the form of
adjacent aromatic rings or quinone-like structure. From the Tandem MS spectrum at m/z=189,
H,0 loss is predominant and indicated the appearance of active —-OH or -COOH, while -COOH
can be excluded for the lack of CO; loss. After applying those rules, only one plausible structure
was proposed (Figure 12C). For Tandem MS at m/z=203, the H,O loss was replaced by CH,O
loss, indicating that —CH3O shares the same position as —OH in m/z=189, as shown in Figure
12C. The proposed structure is consistent with the information in MS and supported by NMR
data (see the following discussion) and the stability of the structure is satisfactory with oxygen
containing functional groups we expected. Another set of plausible structure was proposed
following the similar analysis procedure, shown in Figure 13. To sum up, the method is effective,

especially for the small molecules.
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Figure 13. Tandem MS
(A) Tandem MS at m/z=189.0155. (B) Tandem MS at m/z=203.0312. (C) Fragmentation mechanism at the two
m/z values and corresponding structures.
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To confirm the type of functional groups shown in the degradation products, ‘H-NMR, **C-NMR
and three types of 2D NMR, including correlation spectroscopy (COSY),
heteronuclear multiple quantum coherence-direct C-H coupling (HMQC) and heteronuclear

multiple bond coherence-2-4 bond coupling (HMBC), were performed.

Figure 14A demonstrates the *H NMR. Chemical shift at 4.62 ppm can be assigned to the
solvent D,O. The region in the range 7 — 8 ppm is characteristic of aromatics. The signals due to
a-substituent groups (CH/CH,) of the aromatics appear in the region 2.5-2.8 ppm. For the region
from 0.5 to 1.5, a broad assignment in terms of CHn (n=1,2,3) groups is possible. Because the
active proton from the product can exchange with proton in the solvent D,0O, no signal from

active proton, such as —COOH and —OH, was collected.

In Figure 14B, the COSY spectrum depicts the proton coupling through limited number of
chemical bonds (usually less than 4). The peaks can be divided into two groups: diagonal peaks
sharing the same frequency coordinate as each axis and off-diagonal or cross peaks indicating the
couplings between pairs of proton, and the latter is what we want to focus on. The peaks in the
blue arrow pointed region can be assigned to the multiple aromatic protons. The spot with red
arrow can be assigned to coupling between aromatic proton and -CHn (n=1,2,3) and the spot

with green arrow indicates the coupling between Ar-CH and -CHn (n=1,2,3).

In Figure 14C, *3C spectrum indicates characteristic of aromatics and heteroaromatics (128 - 132
ppm) and that of carboxylic acid and esters (172 ppm). Although not enough information about
the functional groups obtained from proton NMR resulting from the proton exchange mentioned

above, the *C spectrum supports the presence of oxygen containing functional groups.
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In HMQC (Figure 14D), which represents the direct C-H coupling, adjacent relationship between
hydrogen and carbon was reflected. Besides aromatic hydrogens, various oxygen-containing
functional groups, as we expected, can appear in the oxidation products. Although the degree of
unsaturation is high, concluded from the MS data, there are still saturated alkanes. In addition to
the direct coupling, HMBC (Figure 14E), indicating the coherence of 2-4 bond coupling,
provided strong evidence of quinone functional group, which we applied frequently in

elucidation of the structures.

To sum, NMR spectra support the presence of aromatic protons and various kinds of oxygen
containing functional groups, which is of great help in elucidation of potential structures of the

oxidation products.
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Figure 14. NMR spectra
NMR spectrum indicating functional groups presented in oxidation products from Photo Fenton reaction of GO, *H (A),
Correlation spectroscopy (COSY) (B) **C (C), Heteronuclear Multiple Quantum Coherence of direct C-H coupling (HMQC)
(D) and Heteronuclear Multiple Bond Coherence of 2-4 bond coupling (HMBC) (E).
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e Monitoring the Morphology Transformation of GO by AFM
To study how individual GO flakes change over time during the Photo Fenton Reaction, AFM
was used to image the same location and demonstrate the morphology transformation, as shown
in Figure 15. At the early stage in Figure 15, a significant increase in average height was

observed and several dots of height around 10 nm-20 nm appeared. To explain the height

5nm

Figure 15. On-chip AFM images of Graphene Oxide Oxidation
AFM images of as-received GO (A), and after reaction with the Fenton reagent under a UV irradiation for 18
hr (B), 36 hr (C) and 54 hr (D), respectively. All images were obtained using tapping mode. Scale bars are
500 nm.

increase, contamination introduction or salt residue was excluded from the controls. One
plausible explanation is that at the early stage reaction, reaction products attached to the GO
sheets surface and formed an additional layer. As for the big dots, since they only appeared at

the early stage, we assume they were products from the reaction. With time increasing, at the
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middle stage (Figure 15C), some holes were observed on the basal plane of the GO sheets and

the overall height decreased. After 54 hr of the reaction, most of the GO flakes were cut into

Graphene Quantum Dots (GQDs).
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Figure 16. Height profile of GO Oxidation at early stage
AFM image of as-received GO (A) and after reaction of Photo Fenton Reaction for 18 hr(B). Section analysis was
applied at positions marked with blue, red and green “plus sign” to indicate the height change. All images were
obtained using tapping mode. Scale bars are 500 nm.C. Summary of the height of GO sheets before and after the Photo
Fenton Reaction, and the corresponding change in those three positions. D. Raman spectra of as-received graphene
oxide (black) and after 18 hr reaction with FeClz/H,O, under UV irradiation (red). The D and G bands are marked on
the spectrum.

Section analysis on as-received GO and after 18 hr reaction GO was done to demonstrate
quantitatively the height change at the early stage, as shown in Figure 16. Three representative
positions, marked in blue, red and green, were analyzed. Blue and red are single layer GO
(height ~ 1 nm) and green is double layer GO (height ~ 2 nm). In both Figure 16A and Figure
16B, the surface of the GO was relatively flat, which indicated that either the height increase did

not have much selection or the reaction products could be relatively evenly distributed on the
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surface of the GO. From Figure 16C, the height increase during the early stage was around 1 nm.
This observation was consistent with our mass spectrum, which indicated the production of
relatively small molecules. In addition, Raman spectroscopy was utilized to analyze the on-chip
graphene oxide and GO after 18 hr reaction of photo Fenton reaction, in which both D and G

bands disappeared. This change might be caused by the coverage of the additional layer.

At the middle stage, holes appeared on the GO sheets (Figure 17A) and the overall height
decreased (~1 nm) compared with early stage (~ 2 nm) (Figure 17C). After 54 hr, the preserved

motif was cut into GQDs with an average lateral size of 50 nm and the thickness of 3 nm.
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Figure 17. Section Analysis GO Oxidation
Section analysis of 36 hr (A) and 54 hr (B) after photo reaction of GO. Section analysis was applied at positions

marked with blue “plus sign”. All images were obtained using tapping mode. Scale bars are 500 nm.

As control experiments, we conducted the photo reaction of GO in water without photo reagent
(control I, Figure 18) and Fenton reaction of GO without UV (control I, Figure 19). In control |
(Figure 18), no significant increase in height was observed and no holes were formed on basal
planes after 2 days reaction. Meanwhile, in control Il, in which Fenton reaction of GO was
conducted under a dark condition for 36 hr, no height increase/holes were observed either.
These results confirmed that both UV and Fenton reagent are necessary for the rapid

degradation of GO into GQDs.
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Figure 18. AFM images of control experiment (1)

Section analysis of as-received GO (A), after photoreaction under a UV irradiation without the Fenton reagent
for 1 day (B) and 2 days respectively. The height profile is from the white line and the vertical distance was
measured from two blue “plus sign” as marked. All images were obtained using tapping mode. Scale bars are
500 nm.
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Figure 19. AFM images of control experiment (11)
Section analysis of as-received GO (A) and after reaction with the Fenton reagent without UV for 18 hr (B)

and 36 hr (C). The height profile is from the white line and the vertical distance was measured from two blue
“plus sign” as marked. All images were obtained using tapping mode. Scale bars are 500 nm.
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2.4. ldentification of Degradation Products in MPO and NaClO system

2.4.1. Experimental

Reagents and Materials. Single-walled carbon nanotubes (SWNTs) were purchased from
Carbon Solutions, Inc. (P3-SWNT samples), which were prepared by arc-discharge process®,
followed by nitric acid treatment, leaving them in highly functionalized form, containing 1.0 —
3.0 atomic% carboxylic acid. Myeloperoxidase (MPO), from human neutrophils, was purchased
from Athens Research & Technology. NaClO, FeCl; (hexahydrate), 30% H,O, were purchased
from Sigma Aldrich. Amplex Red was procured from Molecular Probes, Invitrogen. Solvents,
including H,O, MeOH, MEK, ACN, Ethyl Acetate, dichloroform and etc. were HPLC grade or

higher.

Incubation of P3-SWNTs with MPO and H,0,. 100 g MPO was suspended in 360 L pH 7.4
PBS buffer. In a typical experiment, 4 pL of MPO solution prepared as described above,
producing a minimal activity of 800 pJ/pL, 154l of Img/mL SWNTSs, 1 L of 18.75mM H,0,,
7 (L of 5M NaCl and 180 L PBS buffer were mixed thoroughly to start the reaction in the
incubator at 37 <€, followed by hourly addition of 1 pL of 18.75mM H,0, eight times per day
and daily addition of 4 pL of MPO stock solution. This reaction can be scaled up if necessary.
The reaction continued for 4 days. All the stock solutions were kept in the refrigerator at 4 €.

Activity of MPO was tested and verified with Amplex Red before the reaction.

Incubation of P3-SWNTs with hypochlorite. SWNTs was suspended with sodium
hypochlorite (10~15% available Cl) to make a 1mg/mL SWNTs solution. The reaction was
conducted at different temperatures from room temperature to 80 € under vigorous stirring with

reflux. The reaction continued for 24 hrs before further characterization.
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UV-vis-NIR Spectroscopy. Aqueous samples (250 L) were analyzed with a Lambda 900
spectrophotometer (Perkin-Elmer) in 500 puL quartz cuvettes (path length; 1m, World Precision
Instruments, Inc.) Samples with SWNTs were scanned from 200 to 1300 nm. Filtrates, which
were expected to contain carboxylic aromatic hydrocarbon-liked degradation products, were

scanned from 200 to 400 nm.

Tandem MS Spectroscopy. Samples after the reaction were filtrated through 0.2 m filter paper.
Unreacted SWNTSs were collected on the filter paper after drying in the oven overnight. Filtrates
were first acidified with HCI, and then collected for further deionization treatment. Purification
treatments including extraction with organic solvents, solid phase extraction (SPE) column and
dialysis were performed as mentioned below. After the purification, solvent was removed by
rotary evaporator or speed vac. Resuspension into ACN (acetonitrile):H,O=1:1 with 0.1% formic
acid (FA) or MeOH: H,0=1:1 was performed by shaking with Vortex for 1 min to prepare
solution around 1 mg/mL, which is subjected to a second filtration with 0.2 pm filter paper. LTQ
Orbitrap-Velos MS instrument (Thermo Fisher Scientific) was used for mass spectra acquisition.
Direct infusion experiment was performed with a nano ESI source. The voltage of the nano ESI
tip was held at 1.75 kV and the entrance capillary was maintained at 200 €. Peaks in parent scan
were selected, isolated and fragmented using collision induced dissociation (CID) to obtain

MS/MS spectra. Both positive mode and negative mode were performed.

Extraction with Organic Solvent. Extraction with methyl ethyl ketone (MEK), ethyl acetate
and dichloromethane was conducted. Typically, equal volumes of organic solvent and aqueous
solution were mixed and shaked vigorously. Extraction was usually performed three times and

organic phase was collected for rotary evaporation.Solid Phase Extraction (SPE). SPE was
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performed with Oasis Cartridge column (10 mg) under controlled vacuum. The column was first
washed with H,O (50%)/ACN (50%) with 0.1% FA. Then ACN, with 0.1% FA, was injected to
degas the column and H,O, with 0.1% FA to equilibrium the column. Sample was injected
(approximately 1mg in total mass) and 2-3mL H,O was applied to wash away the salt. Finally, 1
mL of H,O (50%)/ACN (50%) with 0.1% FA and 250 puL of ACN, with 0.1% FA, was injected

accordingly to elute the substance attached to the column stationary phase.

C18 Ziptip. C18 Ziptip(Supelco, Bellefonte, PA) was equilibrated with 10 uL. ACN (with 0.1%
FA) twice followed by 10 uL H,O (0.1% FA). Sample was aspirated into the Ziptip and
dispensed for 3-5 times to allow product binding to the column packing material. Column was
washed twice with H,O (0.1% FA) for desalination and binding compounds were eluted with

ACN (0.1% FA) into an Eppendorf tube.

Dialysis. Dialysis was performed utilizing tube with molecular weight cutoff of 500 Da (Sigma).
The reaction products were dialyzed in nanopure water for 2 days to remove the small molecules,
ideally, only salts and H,O,. Small molecular weight cutoff tubes were applied to reduce the loss
of the oxidation products. The dialysis time was controlled to balance the desalination and loss of

the oxidation products.

High-Performance Liquid Chromatography (HPLC). Samples after the reaction were
filtrated through 0.2 pm filter paper. A Waters 600 analytical HPLC system equipped with both a
996 photodiode array detector and 2410 refractive index detector was applied for separation. For
Reversed Phase Liquid Chromatography (RPLC), the filtrate was acidified with HCI, and either a

Waters Nova C18 was utilized. For lonic Exchange Chromatography (IEC), Agilent Zorbax
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Strong Anionic Exchange (SAX) was utilized, and the filtrate was injected to the column directly.

Various different programs were studied to optimize the separation.

Liquid Chromatography Mass Spectrometry. After reaction, the samples for LCMS were
treated in a similar way as those were treated in MS. After filtration through 0.2 pm filter paper,
filtrates were acidified with HCI and purified with various methods, including extraction with
organic solvents, SPE column and dialysis. Solvent was removed afterwards by rotary evaporator
or speed vac. The solid was resuspended into ACN: H,0=1:1 with 0.1% FA or MeOH: H,0=1:1
via shaking with Vortex for 1 min and the final concentration was around 1 mg/ mL. A second
filtration through 0.2 pm filter paper was performed prior to the injection into LCMS.
Approximately an aliquot of 1-5 puL concentrated sample was injected to LCMS-2020, Shimadzu
Instrument, equipped with Shimadzu Ultra Fast Liquid Chromatography inlet system, coupled
with electrospray ionization (ESI, #ve), and atmospheric pressure chemical ionization (APCI,
ve). Typically a 35-min gradient program was performed: the column was eluted with gradient
solvent from A:B (10:90) to A:B (0:100) at a flow rate of 0.30 mL/min , where A is agueous
formic acid (0.1% (v/v) formic acid) and B is acetonitrile (0.1% (v/v) formic acid). The full scan
data was acquired from m/z 50-2000 with a 0.3 s scan time, using a capillary voltage of 3.0 kV

for the positive ion mode or negative mode.

AFM. Veeco Dimention™ 3100 atomic force microscope was utilized in a tapping mode for
height, phase, and sectional analysis. Sample preparation was performed on freshly washed Si
wafer treated with piranha solution (7:3 concentrated H,SO,4: 35% H,0,, 70 C). Approximately
10 puL of the sample (ag) was spin-coated at 1400 rpm to get an even and smooth distribution of

the sample on the wafer surface.
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2.4.2. Results and Discussion

2.4.2.1. Chemical Degradation of SWNTs with NaCIlO at High Temperature

e Characterization of SWNTs
To confirm and monitor the degradation process, nanomaterial characterization using TEM and
Raman was performed. Figure 20 depicts photograph and TEM images of the degradation
reaction. In Figure 20A, photographs of the first 3 hr reaction are demonstrated. When the
reaction started, the color of SWNT suspension was dark brown. With the relatively fast
degradation reaction, visible color change could be observed during the first 1 hr, turning to light
brown or yellow, and afterwards, the color remained similar till 24 hr reaction was finished. The
color was determined by the color of NaClO, which is yellow, and that of small amount of
unreacted P3-SWNTs. TEM images (Figure 20B-D) reveal the SWNT degradation. In the first 4
hr, the length of P3-SWNTSs decreased significantly from 487 nm for one hour reaction to 374
nm for 2 hour reaction (Figure 20C-D). After 1day, it was hard to observe the linear structure of
P3-SWNTs, which meant the degradation, to large extent, was completed. Figure 21 shows the
Raman spectra of SWNTs during the first day oxidation. Both D and G band decreased
significantly during the reaction, by comparison between 1hr and 1Day sample. From Figure
21B, the D/G ratio increased at first, indicating the production of defects on the SWNTSs, and

then decreased, which can be explained by SWNTSs breaking apart from the defects.

47



8-y e
- > BEe® .. 1
p = — g g 200 400 600 800 1000 1200
: "." . % ES . Length (nm)
- ' g 1hr 487+ 144
£ = 2hr 374+247
v % m
oo SR ; 4hr 3461156
Day 1 Day 4

Figure 20. Characterization of SWNTs
(A) Photograph demonstrating the degradation of P3-SWNTs with NaClO during the first 3hr of the reaction. (B)

TEM images confirming the degradation of P3-SWNTSs. Scale bar is 500 nm. (C,D) Length distribution, average
length and specific standard deviation of length distribution in 1hr, 2hr and 4hr, respectively.
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Figure 21. Raman spectra of SWNTs during NaClO oxidation
(A) Raman spectra demonstrating the defects in SWNTSs during the NaClO oxidation, 1hr, 2hr
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o Functional Groups Determination and Identification of Small Oxidation Products

In the chemical oxidation of SWNTs with NaClO, to elucidate the possible structures of the
oxidation products, various methods were performed including MS, Tandem MS, NMR, HPLC,
LCMS and 2D-LC. Because the relatively high concentration of salt was unavoidable, the
purification was necessary prior to MS. Ideally, prior to the identification of the oxidation
products by MS, they should be separated and desalted successfully using chromatography, then
purified without introduction of contaminations and finally ionized and fragmented in MS and
MS/MS. Different approaches were performed to obtain the optimal conditions.

The hydrophilicity and the complexity of the products make it difficult to purify and isolate a
sufficient amount of substance for further analysis. As we discussed above, the degradation
products should contain some or many oxygen-containing functional groups, which make them
more soluble in water, rather than in organic solvents, leading to low extraction efficiency. In the
chromatography, reversed phase liquid chromatography (RPLC) can hardly achieve the
separation of different compounds because of the low retention interaction between the substance

and the packing material. To deal with this problem, the system needs to be optimized. The

typical approach would be the application of the separation based on the hydrophilicity. Strong

anionic exchange (SAX)-RPLC and ion-pair chromatography were applied.
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Figure 22 shows typical 2D-LC spectra and related MS spectra. In Figure 22A, separation of the
products was realized in SAX. In this dimension, separation is realized based on different

charges of compounds at the mobile phase pH value (pH=3 was applied after optimization). We
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Figure 22. Separation of Oxidation Products
(A) 1D Strong Anion Exchange (SAX) separation of oxidation product and (B) Two Peaks from 1D
were collected for 2D C18 RPLC separation as labeled. (C) The same gradient program was applied in
both dimension separation, while different mobile phases in accordance with the column were utilized.

(D) MS of the peaks from 2D C18 column. Sample was collected from the LC system and dried with
speed vac. The solid was resuspended as mentioned in Experimental Part.

*MS was done by Wentao Jiang. (Robinson Research Group)

assume the products should contain -COOH or —OH functional groups, so in relatively high pH
value, they can be negatively charged, which can be retained in the column. The increasing
number of charges will lead to increasing interaction and longer retention time. Then the eluents
at different retention times were collected and re-injected into the second RPLC for further
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purification, mainly desalination. At this point, the eluents were collected and dried for MS
spectrometry. Although the separation in the two dimensional system worked to some extent, the
MS spectra at different retention times turned out to be similar and shared many peaks with the

blank.

In the following research, systematic study of different purification methods prior MS were
performed, including extraction with different organic solvents, solid phase extraction, Zip-tip
and dialysis. In each experiment, control sample at t=0 was included. By comparing spectra of
the sample and control, peaks appeared after the reaction and peaks, which intensity increased

significantly, can be confirmed. Those peaks can be assigned to the oxidation products.

In extraction with ethyl acetate (Figure 23), one unique peak showed in the sample LC-MS run at
retention time around 10 min (inset). The positive MS spectrum during the specific time period is
depicted in Figure 23A. By comparison between this spectrum and the spectrum obtained from
direct ESI-MS, several matched peaks were observed. By combination of the data, the

confirmation of the presence of oxidation products was strongly supported.

So far, extraction with ethyl acetate worked the best in NaClO system, in terms of comparable
results from both LC-MS and MS. More advanced separation will be performed with newly

established LC-ESI-MS.
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Figure 23. Comparison of MS spectra of oxidation products of SWNTs in NaClO oxidation
Comparison of MS data of ethyl acetate extracted sample from HPLC-MS and direct ESI-MS (A) MS spectrum

of peak at retention time around 10mins. Inset is the relevant Total lonic Chromatography (TIC), with a unique
peak shown only in sample. (B) Direct ESI-MS of sample and its related control, such as SWNTs only, NaCIO
only and the blank before the specific MS running. Arrows indicate the same peaks present in both spectra.

* MS was done by Wentao Jiang (Robinson Research Group)
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2.4.2.2. Chemical Degradation of SWNTs with Myeloperoxidase (MPO)

e AFM Characterization of SWNTs during MPO Enzymatic Degradation
In previous work in our group, effectiveness of enzymatic degradation of SWNTs by MPO was
studied®®’. All the characterizations were done in bulk, which provided the average property of
the SWNTSs during enzymatic degradation. To study the change of individual SWNTs, AFM was
applied to monitor the degradation process of individual nanotubes immobilized on surface.
Silicon chips (Figure 24) with interdigitated gold electrodes with 10 pm pitch were utilized as
substrate and SWNTs were deposited via dielectrophoresis (DEP) process. Figure 24
demonstrates the chip layout and the position of markers (letters “Pitt”) used for monitoring

enzymatic degradation.
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Figure 24. Chip design
Optical microscopy images of the chip. (A) Chip design. (B) Interdigitated device C at magnification of X40. Arrow

points to letters “Pitt” where SWNTs were deposited. Dielectrophoresis was applied between two electrodes at
frequency of 10MHz, V,, of 10V for 20s.(C) AFM image of the tips of two letters “t”. Scale bar is 5 um
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AFM imaging was applied to visualize the evolution of the morphology of the SWNTs at the
same location during the MPO enzymatic degradation and it was conducted on the tip of the
second letter “t” in “Pitt”. Silicon chip was cleaned by continuous sonication in acetone, ethanol
and H,0, 3 mins for each, and heated at 165°C for 15mins. P3-SWNTSs were deposited via DEP
(10 MHz, 10 Vpp, 20 s) and AFM image of SWNTSs deposition only is shown in Figure 25 A.
Then the chip was immersed in MPO solution (10 folds diluted from the stock solution) for 1h
and AFM image is shown in Figure 25B. Size of MPO should be around 7.4 nm if calculated
with MW as 150KDa in aqueous solution. The cross-section analysis (Figure 26), in which
height of certain spots increased significantly after incubation in MPO, indicates the attachment
of MPO to SWNTSs .To initiate the reaction, the chip was incubated in 96-well plate at 37 °C
(235 pL PB buffer+8 uL. H,0,+7 uL NaCl). Incubation solution was replaced every 24 hrs. The

reaction continued for four days and relevant AFM images are shown in Figure 25C-F.

Figure 26 demonstrates the cross-section analysis of height change along the same part of
SWNTs. Although sonication was applied prior to deposition, the SWNTSs were not separated
thoroughly and appeared in bundles. The morphology change of SWNTs was monitored via
height change. Figure 26A shows the evolution of the height along the same location of the
nanotube (marked by the red line on the image) by averaging the height within the width of 10
pixels (48.8 nm) along the nanotube to reduce the error of the location selection and provide an
overview of the morphology along the nanotube. If we assume that there was no end or
beginning of SWNTSs in the analyzed part, the height difference will result from the defects and
the height increases with the incline of density of defects. Based on this assumption, discussion
below will focus on two peaks labeled with red letter A and B in Figure 26A. We assume both of

the peaks are resulted from defects. Before incubation with MPO at day 0, height difference
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between A and B was ~4 nm. After incubation in MPO solution for 1 hour, small amount of
MPO molecules were deposited on the nanotube and height of an increased and the height
difference increased to ~8 nm (Figure 26B). It is possible that MPO molecules attached to the A
position. After reaction for 3 days, the height difference increased to ~12 nm, indicating that
during this period, either A increased or B decreased or both A and B increased and decreased,
respectively. We found out that the relative height between B and its adjacent peak C reduced
from 4 nm to 2 nm. Possible explanation could be that the MPO tends to oxidize the nearby CNT
instead of the CNT underneath it and the defects were more easily to be oxidized. Further
experiments need to be done with better dispersion of SWNTs to study the change of the

morphology of the carbon nanotube.
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Before

Figure 25. Monitor the evolution of MPO enzymatic degradation by AFM
AFM images of monitoring the evolution of the MPO enzymatic oxidation of SWNTSs deposited. Reaction duration

is as labeled. The height bars are only used to produce the best contrast. The size bars represent 1 pm.
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Figure 26. Height profile of SWNTSs during MPO enzymatic degradation
Cross-section analysis of the SWNTs marked with the line at the same location in all images in Figure 25. (A)

Section analysis representing the evolution of the average height in the width of 10 pixel (48.8 nm) along a SWNT
during the oxidation. (B) Height change of two peaks from Figure 26A during the deposition and reaction process.
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3. CONCLUSION AND FUTURE PLANS

3.1. Degradation Mechanism Elucidation
We have applied different analytical methods to separate, purify and identify the degradation
products of different systems, including Photo-Fenton Reaction of graphene oxide, MPO
enzymatic degradation and NaClO chemical oxidation of SWNTSs and we successfully proposed

several plausible product structures based mainly on MS and NMR spectra.

In the Photo-Fenton Reaction of graphene oxide, by combination of MS and NMR data,
plausible structures were proposed successfully, and by using AFM, morphology transformation
of graphene flakes to graphene quantum dots was studied. Research will be performed to learn
the effectiveness of Photo-Fenton Reaction of SWNTSs degradation, which theoretically can be

unzipped into GO through oxidation, and the corresponding oxidation products.

In short term, for the two oxidation methods of SWNTs, further optimization is required to
eliminate the ion suppression resulting from the high concentration of salt in the system.
Considering the separation and purification of degradation products, LC-ESI-MS will be utilized.
Different from LCMS used before, the new system can provide more accurate and precise MS
information, without the introduction of further contamination. In addition, effort will be made to
reduce the concentration of salt in reaction, which can still obtain the complete degradation of

carbon nanomaterials.

In long term, effort will be made to elucidate the degradation mechanism in different systems,

especially the enzymatic system, based on the structures proposed.
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3.2. Toxicity of Degradation Products Study based on the Identified Products in
Different Systems

With increasing applications of carbon nanomaterials (CNMs), toxicity of the material itself and
the degradation products in biological systems and environment becomes a valid concern. At
present, most of the toxicity studies only focus on the bulk property of carbon nanomaterials and
the relevant conclusions are, to some extent, ambiguous. There are many possibilities about the
cause of toxicity. It could result from the CNMs, residues from the synthesis process or even
degradation intermediates, since CNMs can be degraded through various paths in vivo or in the
environment. In addition, functionalization density is essential in evaluation of the toxicity. To
better understand and eliminate the potential toxicity, in our research, systematic study of
potential toxicity causes mentioned above, especially the degradation intermediates, will be

performed individually.

If the structures of the degradation products were elucidated successfully, degradation
mechanism for chemical oxidation and enzymatic degradation and their correlation could be
illustrated. Toxicity assessment could be conducted at different stages during the degradation
process in various systems. Based on the information provided by the mechanism study,
condition under which the biosystem or environment exposed would no longer be ambiguous or

mysterious, so that the toxicity can be evaluated effectively.
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