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(57) ABSTRACT

A method of photooxidizing carbon nanotubes, such as
single-walled and multi-walled carbon nanotubes. The nano-
tubes are purified and dispersed i a solvent, such as
n-methyl pyrrolidinone or dimethylformamide. A singlet
oxygen sensitizer like Rose Bengal 1s added to the solution.
Oxygen gas 1s continuously supplied while 1rradiating the
solution while 1rradiating the solution with ultraviolet light
to produce singlet oxygen to oxidize the single-walled
carbon nanotubes. Advantageously, the method significantly
increases the level of oxidation compared with prior art
methods.
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METHODS OF FUNCTIONALIZATION OF
CARBON NANOTUBES BY
PHOTOOXIDATION

ORIGIN OF THE INVENTION

The 1invention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefore.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The mvention relates to oxidation of carbon nanotubes.
Specifically, the mvention relates to photooxidation of car-
bon nanotubes, such as single-walled carbon nanotubes.

2. Background of the Disclosure

A Tullerene 1s any molecule composed entirely of carbon.
Fullerenes are frequently in the form of a hollow sphere,
cylinder, ellipsoid or a tube. Cylindrical fullerenes are called
carbon nanotubes. Since the discovery of carbon nanotubes
and later single-wall carbon nanotubes, research has been
conducted to exploit their unique mechanical, electrical, and
thermal properties to create multifunctional composite mate-
rials. One such property 1s that carbon nanotubes have a
substantially longer length than diameter. Specifically,
single-wall nanotubes (“SWCNTs”) have a length that can
be a million times larger than 1ts diameter. In addition,
SWCNTs may have a tenfold higher tensile strength and a
fivefold higher Young’s modulus than conventional carbon
fibers. Actually, research has shown that single-wall carbon
nanotubes have the highest conductivity of any known fiber,
a higher thermal conductivity than diamond, and the highest
stiflness of any known fiber.

As a result of these exceptional properties, the addition of
carbon nanotubes mto polymers can significantly increase
mechanical, electrical and thermal properties. Clearly, use of
carbon nanotubes as primary or secondary reinforcements 1n
polymers or ceramics could lead to new materials with
significantly enhanced mechanical strength and electrical
and thermal conductivity. Use of carbon-nanotube-rein-
forced materials 1n aerospace components, for example, will
ecnable substantial reductions in component weight and
improvements in durability and safety. Potential applications
for single wall carbon nanotubes include lightweight com-
ponents for vehicle structures and propulsion systems, fuel
cell components (bipolar plates and electrodes) and battery
clectrodes, and ultra-lightweight materials for use 1n solar
sails.

However, dispersion of carbon nanotubes, such as a
SWCNTs, 1n a given polymer matrix can be problematic.
Pure SWCNTs tend to “rope up” due to strong Van der Waals
attractive forces and, as a result, are not readily dispersed 1n
organic solvents. Instead, SWCNTs tend to agglomerate 1n
a polymer matrix. In addition, strong interfacial bonding
between the SWCNTs and the polymer matrix 1s essential to
deriving materials with enhanced electrical, thermal and
mechanical properties.

Accordingly, the key to the use of carbon nanotubes as
polymer additives 1s to develop the proper functionalization
chemistry that enables dispersion of carbon nanotubes into
the polymer matrix without adversely affecting the chemical
structure and beneficial properties of the carbon nanotubes.
Specifically, functionalizing carbon nanotubes enhances
their ability to be incorporated into polymer matrixes and
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enhances their bonding with the matrix. A variety of chem-
istries have been developed to functionalize carbon nano-
tubes. One approach to carbon nanotube functionalization 1s
to oxidize the end and side wall carbons, typically by
treatment with a strong oxidizing agent or refluxing in strong
acids. However, this approach can damage the tubes, leading
to the introduction of defects. Specifically, defects can be
introduced 1nto the side-walls of the nanotubes, changing the
carbon-carbon bonds from sp® to sp> hybridization, and
reducing the electrical and thermal conductivities. In addi-
tion, strong oxidizing agents or retluxing 1n strong acids can
cause the carbon nanotubes to be “cut” to smaller lengths.
Reducing length of the carbon nanotubes by cutting reduces
their aspect ratio and negatively impacts their mechanical
properties and eflicacy as a remnforcement 1n polymers. In
addition, the chemicals used to oxidize the SWCNT are
hazardous and have a negative impact on the environment.
An approach to functionalizing carbon nanotubes, such as
SWCNTs, which maintains their length to diameter ratio
and/or reduces environmental 1mpact, 1s desirable.

SUMMARY OF THE INVENTION

In an embodiment, the present invention relates to a
method of functionalizing a carbon nanotube comprising
dispersing the carbon nanotube 1n a polar solvent; saturating
the polar solvent with oxygen gas; adding a singlet oxygen
sensitizer to the solvent; and irradiating the solvent to
functionalize the carbon nanotube.

In another embodiment, the present invention relates to a
method of functionalizing a single-walled or multi-walled
carbon nanotube comprising dispersing the carbon nano-
tubes 1n a polar solvent; saturating the solvent with oxygen
gas; adding a singlet oxygen sensitizer to the polar solvent;
and 1rradiating the polar solvent under ultraviolet light until
a predetermined level of oxidation of the carbon nanotubes
OCCUrs.

In yet another embodiment, the present invention relates
to a method of functionalizing a single-walled carbon nano-
tube comprising purifying the single-walled carbon nano-
tubes to decrease 1ron content; dispersing the single-walled
carbon nanotubes 1n a solvent of n-methyl pyrrolidinone or
dimethylformamide; adding a predetermined amount of
Rose Bengal to the solution; continuously supplying oxygen
gas 1o the solution; and wrradiating the solution with ultra-
violet light to produce singlet oxygen and oxidize the
single-walled carbon nanotubes.

DETAILED DESCRIPTION

Embodiments of a novel method for oxidizing carbon
nanotubes are generally described. While certain embodi-
ments may include specific compositions, time periods,
weight percentages, compositions, or materials, the
appended claims should only be limited by the composition
coating described therein and interpreted independently of
the specific embodiments described herein.

Carbon nanotubes may be dispersed 1n a suitable solvent,
such as a solvent that permits aggregate assemblies and/or
macromolecular complexes. For example, an organic sol-
vent and/or a highly polar solvent having a high surface
tension may be preferable, such as water, ethanol, acetone,
and dimethylformamide. One exemplary example 1dentified
1s n-methyl pyrrolidinone.

In an embodiment, carbon nanotubes, such as SWCN'Ts or
multi-walled carbon nanotubes, may be dispersed in the
solvent resulting 1n a suspension. For example, about 100
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milligrams (“mg”) carbon nanotubes may be dispersed for
every about 150-200 malliliters (“mL”") of the suitable sol-
vent, such as dimethylformamide or n-methyl pyrrolidinone.
A person having ordinary skill 1n the art will appreciate other
concentrations ol carbon nanotubes 1n the solvent may be
used within the spinit of the invention. For example, the
amount of carbon nanotubes per solvent may be in the
ranges of 0.25 mg/mlL-15 mg/ML, 035 mg/mlL-0.7
mg/ml, 0.3 mg/ml-0.67 mg/mL.

The carbon nanotubes may be in solid form and may be
purified prior to dispersing in the suitable solvent. Purifying,
the carbon nanotubes preferably decreases content of 1ron
particles and amorphous carbon to improve oxidation. The
carbon nanotubes may be purified by any technique or
method known to a person having ordinary skill in the art.
One purification example includes a gas-phase purification
technique involving a combination of high-temperature oxi-
dations and repeated extractions with an acid, such as nitric
and hydrochloric acid. The procedure significantly reduces
the amount of impurities, such as catalyst and non-nanotube
forms of carbon, within the nanotubes. As a result, the
carbon nanotubes may exhibit increased stability. The onset
of decomposition of the purified nanotubes may be more
than 300° C. higher than that of the crude carbon nanotubes.
Transmission electron microscopy analysis of nanotubes
purified by this method has revealed complete removal of
iron catalyst particles. Analysis of the nanotubes using
inductively coupled plasma spectroscopy revealed that the
iron content of the nanotubes may be reduced from about
22.7 wt % 1 the crude nanotubes to less than about 0.02 wt
%. X-ray photoelectron spectroscopy revealed a decrease 1n
iron content after purification as well as an increase 1n
oxygen content due to the formation of carboxylic acid
groups on the surface of the nanotubes. Accordingly, puri-
fication of the carbon nanotubes may be advantageous prior
to oxidation.

Next, the suspension may be saturated with an oxidizing
agent, such as oxygen gas. In a preferred embodiment, pure
oxygen gas 15 used as an oxidizing agent. Other oxidizing
agents may be used as will be appreciated by a person
having ordinary skill in the art.

A singlet oxygen sensitizer may be added to the mixture
and 1rradiated to produce singlet oxygen. Singlet oxygen 1s
a diamagnetic form of molecular oxygen less stable than
normal triplet oxygen. Singlet oxygen 1s a highly reactive
species and 1s known to add to a variety of aromatic carbons.
Singlet oxygen may be prepared by any method known to a
personal having ordinary skill in the art. For example,
singlet oxygen may be prepared by irradiating an oxygen
saturated solution with ultraviolet light 1n the presence of a
sensitizer. Irradiation of an oxygen saturated solution of
C60, a fullerene which 1s also a known singlet oxygen
sensitizer, has been shown to produce its monoepoxide.
Attempts to increase the amount of oxygen functionality in
C60 by increasing the reaction time has proved unsuccess-
tul, likely due to the fact that the monoepoxide of C60 no
longer tunctions as a singlet oxygen sensitizer. Attempts to
photooxidize SWCNT 1n the absence of a singlet oxygen
sensitizer produced low oxygen incorporation, such as about
3 atomic weight percent. Instead, the present method dis-
closed herein results 1n significantly more oxygen mcorpo-
ration.

Unexpectedly, the singlet oxygen sensitizer used may
comprise dye molecules, such as methylene blue, porphy-
rins, or preferably Rose Bengal. The Rose Bengal 1s a solid
powder that may be diluted before being added to the
heterogeneous solution of carbon nanotubes, such as the
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SWCNTs. The concentration of the Rose Bengal may be
about 100 mg diluted in 15 mL. Of course, other concen-
trations may be used as will be appreciated by those having
ordinary skill 1n the art. For example, the concentration of
Rose Bengal may be diluted to at least 80 milligrams for
every 15 malliliters and as much as about 120 milligrams per
about 15 malliliters.

The resulting mixture may be 1rradiated until a predeter-
mined level of oxidation occurs. The amount, duration and
wavelength of the ultraviolet light may be dependent upon
the amount and/or concentration of the solution. In an
embodiment, a 450-watt ultraviolet, medium pressure,
quartz, mercury-vapor lamp 1s utilized. The wavelength of
the ultraviolet light may be 1n the range from about 200
nanometers to about 400 nanometers. For example, during
the step of wrradiating the solution, the range of the ultra-
violet light may be controlled to a range of about 200
nanometers to about 400 nanometers, or about 320 nano-
meters to about 400 nanometers, or any range 1n between
200 to 400 nanometers. High energy low wavelength radia-
tion may be prevented or at least the amount of such
radiation may be limited from interacting with the solution
by use of a filter, such as a gas filter. For example, one such
filter may be Pyrex. Upon a predetermined level of oxida-
tion, the resulting oxidized tubes may be recovered by
filtering the suspension. The recovered oxidized carbon
nanotubes may be washed to remove adsorbed solvent,
and/or dried 1n a vacuum oven.

In an embodiment, SWCNTs, which may be previously
purified, are dispersed in the suitable solvent, such as
n-methyl pyrrolidinone or dimethylformamide. For
example, about 100 milligrams of SWCNTs are dispersed
for every about 150-200 mL of the suitable solvent. Ultra-
sonication may be utilized to improve the dispersion. The
resulting suspension 1s saturated with oxygen gas. A singlet
oxygen sensitizer, such as Rose Bengal, 1s added and the
resulting mixture 1s irradiated under a continuous tlow of
oxygen. The Rose Bengal may be diluted before being added
to the solution, such as about 100 milligrams diluted into
about 15 malliliters.

The resulting mixture may be mrradiated until a predeter-
mined level of oxidation occurs in the SWCNTs, for
example 18-24 hours. The ultraviolet light may be the
catalyst 1n the reaction. In this embodiment, a 450-watt
ultraviolet, medium pressure, quartz, mercury-vapor lamp 1s
utilized. The wavelength of the ultraviolet light may be 1n
the range from about 200 nanometers to about 400 nano-
meters. A glassware filter may be used to control the
wavelength range to prevent high-energy low wavelength
radiation from reaching the photo chemical substrate. For
example, the glassware filter may control the wavelength 1n
the range from about 320 nanometers to 400 nanometers.

Advantageously, chemical analysis by Fourier Transform-
inirared spectroscopy and X-ray photoelectron spectroscopy
unexpectedly revealed that the oxygen content of the pho-
tooxidized SWCN'Ts was 11.3 atomic percent, compared to
6.7 atomic percent for SWCNTs oxidized by treatment with
refluxing acid. Therefore, the unexpected and advantageous
results provide a step change over known methods of
oxidation of carbon nanotubes. The photooxized SWCNTs
produced by this method can be used directly in various
polymer matrixes or can be further modified by chemical
reactions at the oxygen functional groups and then used as
additives. This method may also be suitable for use 1n
oxidation of multiwall carbon nanotubes and graphenes.

The method of photoxidation of carbon nanotubes
described herein 1s more benign than conventional oxidation
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approaches for SWCNTs. Advantageously, the levels of
oxygen incorporated using this method 1s nearly twice that
obtained by conventional oxidation methods. Moreover, this
method does not require the use of toxic oxidizing agents or
corrosive acids.

Carbon nanotubes, both single and multiwall, can be used
as additives to polymers to enhance their mechanical, elec-
trical and thermal properties. Potential applications include
multifunctional materials for aircrait structures to mitigate
lightning strikes, lightweight materials for automotive appli-
cations, and composite materials for sporting goods.

It 1s understood that various other embodiments and
modifications in the practice of the invention will be appar-
ent to, and can be readily made by, those skilled 1n the art
without departing from the scope and spirit of the mnvention
described above. Accordingly, 1t 1s not intended that the
scope of the claims appended hereto be limited to the exact
description set forth above, but rather that the claims be
construed as encompassing all of the features of patentabil-
ity and novelty which reside 1n the invention, including all
the features and embodiments which would be treated as
equivalents thereof by those skilled in the art to which the
invention pertains.

The 1nvention claimed 1s:

1. A method of functionalizing a carbon nanotube com-
prising;:

dispersing the carbon nanotube 1n a polar solvent with a

high surface tension

saturating the polar solvent with an oxidizing agent; and

irradiating the polar solvent to functionalize the carbon
nanotube.

2. The method of claim 1 wherein the step of saturating
the polar solvent comprises saturating the polar solvent
continuously with oxygen gas.

3. The method of claim 2 further comprising adding a
singlet oxygen sensitizer to the polar solvent.

4. The method of claim 1 further comprising purifying the
carbon nanotube prior to the step of dispersing the carbon
nanotube 1n the polar solvent.

5. The method of claim 1 wherein the step of 1rradiating
the polar solvent comprises supplyving ultraviolet light in a
range of 200 nanometers to 400 nanometers.

6. The method of claim 1 wherein the step of irradiating
the polar solvent comprises filtering high energy, low wave-
length radiation from interacting with the polar solvent.

7. The method of claim 1 wherein the oxidizing agent 1s
oxygen gas and further comprising adding Rose Bengal to
the solution to generate singlet oxygen to oxidize the carbon
nanotube.

8. The method of claim 1 where the polar solvent 1s
chosen from the group consisting of n-methyl pyrrolidinone
or dimethylformamide.

9. A method of functionalizing a single-walled or multi-
walled carbon nanotube comprising:

dispersing the carbon nanotube 1n a polar solvent with a

high surface tension;
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saturating the polar solvent with oxygen gas;

adding a singlet oxygen sensitizer to the polar solvent;

and

irradiating the polar solvent under ultraviolet light until a

predetermined level of oxidation of the carbon nano-
tube occurs.

10. The method of claim 9 wherein the polar solvent 1s
n-methyl pyrrolidinone or dimethylformamide.

11. The method of claim 10 wherein the singlet oxygen
sensitizer 1s Rose Bengal.

12. The method of claim 10 wherein the step of the step
of irradiating the polar solvent includes filtering high energy,
low wavelength radiation from interacting with the solution.

13. The method of claim 10 further comprising control-
ling the wavelength range of the ultraviolet light to a range
of about 200 nanometers to about 400 nanometers.

14. The method of claim 9 wherein the carbon nanotube
1s purified prior to dispersing the carbon nanotube in the
polar solvent.

15. The method of claim 9 where the polar solvent 1s
chosen from the group consisting of n-methyl pyrrolidinone
or dimethylformamide.

16. A method of functionalizing a single-walled carbon
nanotube comprising:

purilying the single-walled carbon nanotube to decrease

1ron content;:

dispersing the single-walled carbon nanotube 1n a solvent

with a high surface tension;

adding a predetermined amount of Rose Bengal to the

solution; continuously supplying oxygen gas to the
solution; and

irradiating the solution with ultraviolet light to produce

singlet oxygen and oxidize the single-walled carbon
nanotube.

17. The method of claim 16 further comprising control-
ling the wavelength range of the ultraviolet light to a range
of about 200 nanometers to about 400 nanometers.

18. The method of claim 17 wherein the wavelength range
1s about 320-400 nanometers.

19. The method of claim 16 wherein at least 1 milligram
ol carbon nanotubes 1s added for every 200 milliliters of the
solvent and less than 2 milligrams for every 200 malliliters
of the solvent.

20. The method of claim 16 wherein the step of 1irradiating,
includes filtering high energy, low wavelength radiation
from interacting with the solution.

21. The method of claim 16 further comprising diluting
the Rose Bengal to a solution of at least 80 milligrams for
every 15 milliliters of solvent and as much as about 120
milligrams per about 15 mulliliters of solvent.

22. The method of claim 16 where the solvent with a high
surface tension 1s chosen from the group consisting of
n-methyl pyrrolidinone or dimethylformamide.
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