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(57) ABSTRACT

According to some embodiments, the present invention pro-
vides a method for attaining short carbon nanotubes utilizing
electron beam irradiation, for example, of a carbon nanotube
sample. The sample may be pretreated, for example by
oxonation. The pretreatment may introduce defects to the
sidewalls of the nanotubes. The method is shown to produces
nanotubes with a distribution of lengths, with the majority of
lengths shorter than 100 tun. Further, the median length ofthe
nanotubes is between about 20 nm and about 100 nm.
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BULK CUTTING OF CARBON NANOTUBES
USING ELECTRON BEAM IRRADIATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and benefit of U.S. Pro-
visional Application Ser. No. 60/797,976, filed on May 5,
2006, entitled: BULK CUTTING OF CARBON NANO-
TUBES USING ELECTRON BEAM IRRADIATION, by
inventors Kirk J. Ziegler, et al., hereby incorporated herein by
reference.

STATEMENT OF GOVERNMENT
SPONSORSHIP

The present invention was made with government support
under Air Force Office of Scientific Research grant number
FA9550-04-1-0452, awarded by the U.S. Department of
Defense; NASA Quantum Conductors grant number
NNJOSHB73C, awarded by the National Aeronautics and
Space Administration; and Office of Naval Research DUR-
INT grant number N00014-01-1-0789, awarded by the U.S.
Department of Defense. The U.S. Government has certain
rights in this invention.

FIELD OF THE INVENTION

The present invention relates in general to a method for
cutting nanotubes, more particularly to a method that involves
electron beam irradiation.

BACKGROUND OF THE INVENTION

Carbon nanotubes are the focus of intensive study for a
variety of applications, for example electronics, materials
science, and medicine. Carbon nanotubes can be visualized as
cylinders of rolled up graphene sheets, which may be capped
s0 as to close the tubes. Nanotubes are typically synthesized
with polydisperse micrometer lengths and tend to be bundled
into macroscopic ropes. However, many applications are
expected to require short undamaged individual nanotubes in
the range of 20 nm to 100 nm in length. The solubility of
carbon nanotubes increases and makes them easier to process,
e.g., into composite materials. Carbon nanotubes of particular
length can be designed to penetrate biological systems or can
be integrated into electronic devices where a precise length
and placement on a substrate are critical.

In particular, in materials science applications, the solubil-
ity of nanotubes varies with their length, with solubility tend-
ing to increase with shorter length. Further, shorter nanotubes
tend to have less effect on viscosity. Thus, it is easier to
process short nanotubes into composite materials. Further, in
electronics applications, short nanotubes are desirable for
integration into electronic devices where tubes of precise
length are placed in well-define locations on a substrate. Still
further, in medical applications, short nanotubes are better
able to penetrate biological systems.

Thus, there remains a need for providing a method for
cutting nanotubes, in particular a method that produces nano-
tubes with a length less than 100 nm.

BRIEF DESCRIPTION OF THE INVENTION

These and other features and advantages of the invention
will be apparent to those skilled in the art from the following
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detailed description of various embodiments, taken together
with the accompanying claims, in which:

According to some embodiments, the present invention
provides a method for attaining short carbon nanotubes uti-
lizing electron beam irradiation, for example, of a carbon
nanotube sample. The sample may be pretreated, for example
by oxonation. The pretreatment may introduce defects to the
sidewalls of the nanotubes. The method is shown to produces
nanotubes with a distribution of lengths, with the majority of
lengths shorter than 100 nm. Further, the median length ofthe
nanotubes is between about 20 nm and about 100 nm.

DETAILED DESCRIPTION OF THE INVENTION

A new process to attain short carbon nanotubes has been
developed. It utilizes electron beam irradiation of a carbon
nanotube sample in an inert atmosphere to introduce sidewall
modifications causing cutting/shortening of nanotubes.

When a high energy electron source is used to irradiate
functionalized or otherwise non-pristine nanotubes, localized
heating, displacement and ionization events lead to deforma-
tion and damage, eventually leading to carbon bond breakage
and cutting of the nanotube. This principle is the basis for new
cutting processes that Applicants have developed. In particu-
lar, Applicants have shown that nanotubes subjected to ozo-
nolysis can be further cut by irradiating them in an inert
atmosphere (e.g., nitrogen gas). Nanotubes of various lengths
can be produced by altering the cutting conditions. Both
sidewall modification and irradiation time are the key param-
eters to controlling nanotube length.

Nanotubes may be used as obtained from various known
synthetic methods. Applicants note that raw carbon nano-
tubes and purified carbon nanotubes are each available com-
mercially, for example from Carbon Nanotechnologies, Inc.
(CND).

Applicants have demonstrated the cutting process with raw
single-walled carbon nanotubes synthesized by the HiPco
process® as the starting material. An optional purification
step removes metals and other impurities (such as fullerenes)
from carbon nanotubes. Then, the side-wall defects and func-
tional groups are introduced, as described above, prior to
e-beam irradiation. As described above, in Applicants’
experiments, ozonation, also termed herein ozonolysis, of
carbon nanotubes was most useful for this purpose. As
described above, nanotubes subjected to ozonolysis can be
further cut by irradiation.

According to some embodiments, a method for cutting
nanotubes involves modification, irradiation, and an optional
work-up. Modification of nanotube sidewall (e.g., derivatiza-
tion, damage) may be so as to alter the nanotubes ability to
dissipate energy. Modification may involve functionalization.
Best results were achieved in Applicants’ experiments, using
ozonolysis for this purpose. Starting nanotubes may be raw or
purified. Bulk electron beam irradiation of nanotube material
may be under inert gas conditions. An optional work up may
involve further acid treatments or annealing process. Thus,
according to some embodiments, the optional work-up
involves treatment with piranha solution.

Applicants note that ozonation epoxidizes SWNTs causing
cutting. The remaining epoxides of the nanotube can be
exploited by e-beam irradiation. As described above, e-beam
irradiation occurs in the presence of nitrogen. [rradiation may
result in the production of carbon monoxide and/or carbon
dioxide, as a byproduct of bond breakage producing defects
as a vacancy, thereby aiding cutting. While not wishing to be
limited by theory, Applicants note that pristine SWNTs may
be characterized by high charge transfer and low defect prob-
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ability. In contrast, functionalized SWNTs may be character-
ized by local charging and high atom knock-out probability.

According to exemplary embodiments, as described
herein, the irradiation is performed in aluminum sample hold-
ers designed by Applicants. About 10 g of dried nanotube
material is added corresponding to a bed height of about 1
inch. The holder is purged by nitrogen gas. The nitrogen
stream provides sample cooling and prevents oxidative
crosslinking reactions. An oxygen/water removal filter was
mounted. The sample temperature is monitored by three ther-
mocouples in the sidewall of the container. The samples were
are irradiated by a3 MeV electron beam at an average current
010.102 mA. Applicants’ work suggests that irradiation times
between 5 and 15 min allow control of the lengths achieved.
However, this tends to depend on the e-beam source and
operating conditions. It is within the skill of one of ordinary
skill in the art to vary the irradiation time according to the
e-beam source and operating conditions.

It will be understood that while the examples are described
herein with respect to single-walled carbon nantoubes
(SWNTs), other suitable carbon nanotubes may be used.

It will be understood that while functionalization is
described herein with respect to ozonation, other suitable
types of chemical functionalization (covalent or non-cova-
lent) are contemplated by Applicants. For example, Appli-
cants note that cutting was achieved in experiments using
sulfonation as the functionalization procedure.

Applicants believe that novel aspects of the present process
include, but are not limited to, the following. This is the first
report on using high energy electron beam irradiation for bulk
cutting of carbon nanotubes. Further, the development of new
2 or more step cutting strategies is described. By combining
other cutting strategies such as acid or ozone cutting with
subsequent high energy electron irradiation new nanotube
derivatives and especially further shortened nanotubes are
achieved. Still further, the development of new 2 or more step
cutting strategies is described. By combining other cutting
strategies such as acid or ozone cutting with subsequent high
energy electron irradiation new nanotube derivatives and
especially further shortened nanotubes are achieved. Yet fur-
ther, the electron beam potentially drives off earlier intro-
duced functional groups, making it easier to obtain undam-
aged nanotube product. Still yet further, cutting with electron
beam irradiation is tunable by parameters such as irradiation
time, energy of the electron beam and environment. Appli-
cants have found that inert gas provides a suitable environ-
ment to prevent aggregation or crosslinking of nanotubes.

The following examples are included to demonstrate par-
ticular embodiments of the present invention. It should be
appreciated by those of skill in the art that the methods dis-
closed in the examples that follow merely represent exem-
plary embodiments of the present invention. However, those
of skill in the art should, in light of the present disclosure,
appreciate that many changes can be made in the specific
embodiments described and still obtain a like or similar result
without departing from the spirit and scope of the present
invention. Further details are in the examples which follow.

The description in the following examples, is based at least
in part on a prepublication manuscript, included as an attach-
ment with the U.S. Provisional Application Ser. No. 60/797,
976, filed on May 5, 2006, hereby incorporated herein by
reference. This manuscript has not yet been submitted for
publication as of the filing date of the present application,
May 7, 2007.
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4
EXAMPLES

Single-walled carbon nanotubes as described herein are
exemplary of carbon nanotubes.

The raw single-walled carbon nanotubes used were syn-
thesized by the HiPco process (lot 161.2). Following a puri-
fication process developed by Xu’ et al. (Xu etal., Nanoletters
1997,v0l.269 (3-4), pp. 349-355), metals and fullerenes were
removed. The final metal content was approximately 2 wt %
as determined by thermo-gravimetric analysis (TA Instru-
ments Q500-TGA).

Ozonation

The purified nanotubes were dispersed in perfluoropoly-
ether (PFPE) solvent (Galden HT90) at a concentration of
3.25 g/IL. This mixture was then homogenized to achieve a
good suspension before introducing ozone. Ozone was gen-
erated by passing an oxygen stream through an ozone gen-
erator (Ozone Services OL.80) yielding an ozone concentra-
tion of approximately 3.7 wt % ozone. The ozone was
bubbled through the SWNT suspension in a sealed three neck
flask for two hours. After ozonolysis, the system is purged
with oxygen gas for 30-60 minutes. The suspension was then
transferred to a separation funnel and the nanotubes were
extracted into ethanol allowing the PFPE to be removed for
distillation and reuse. To the ethanol/SWNT disperson, a
50:50 mixture of hexane and ethyl ether was then added to
induce flocculation. The mixture was left to settle for 30-60
minutes and then filtered through a 0.2 um PTFE membrane,
washed with ether, and vacuum dried'!.

Irradiation

The e-beam source used in this study is a pulsed linear
accelerator located at the National Composite Center in Day-
ton, Ohio that generates a high energy (3x10° eV) beam of
electrons at near relativistic speeds in a high vacuum cham-
ber. It is known in the art and described, for example in D.
Klosterman, SAMPE 2003 Conference Proceedings. Alumi-
num sample holders were designed to allow a bed height of 1
inch or approximately 10 g of nanotube pearls (see FIG. 3).
The tubes were vacuum dried at 50° C. and purged by N, gas
stream at 25 LPM in the aluminum holder. The N, stream was
utilized during the irradiation experiments to maintain the
sample temperature below 100° C. in an inert gas stream.
When SWNTs were irradiated in an aerobic atmosphere (air),
SWNT aggregates form that cannot be processed further. This
is likely due to crosslinking of SWNTs. For this purpose an
oxygen/water removal filter was used to ensure purity of the
inert gas. The sample temperature was monitored by three
thermocouples in contact with the sidewall of the container.
Dosimetry tests were performed to locate and calibrate the
beam. The samples were irradiated at 170 pps with approxi-
mately 120 mA per pulse leading to an average current of
about 0.102 mA. Nanotube samples were exposed to 220 (5
minutes), 660 (15 minutes) and 1980 (45 minutes) kGy. For
our setup this corresponds to a fluence ranging from 10* to
107 electrons per cm”. The irradiated samples were then
collected for further experiments and analysis.

Piranha Treatment

We also investigated the use of piranha solution to exploit
defect sites remaining after the irradiation and to work up the
irradiation product. For this 100 mg SWNT sample in 100 mL
concentrated sulphuric acid (96%) were stirred for 20 min-
utes. Then ammonium peroxydisulfate was added to generate
the highly reactive Caro’s acid. The mixture was stirred for
two hours and quenched by addition of water (5:1) while
cooling it in an ice bath. The solution was then washed in a
separation funnel with ethanol and water until pH neutral. It
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was then filtered through 0.1 pM polycarbonate membrane
and washed with hexane. The product was collected and
dried.

Characterization

To determine the length of the nanotubes, a length analysis
protocol (REF length analysis) developed in Applicants’ lab
was followed. A small amount of sample (20 mg) was func-
tionalized with dodecyl groups using a Birch type reaction in
a lithium/ammonia environment (Liang, et al. Nano Letters
2004, vol. 4(7), pp. 1257-1260. It was then readily dispersible
on cleaved mica sheets yielding a large quantity of individual
SWNTs. They were imaged by tapping mode AFM (Digital
Instruments Nanoscope IIIA). Length analysis was done
using Simagis software. A minimum of 800 nanotubes were
measured for statistically relevant results.

Multiple Raman spectra of solid sample powders were
recorded on a Renishaw MicroRaman System 1000 using a
70 nm excitation laser. The data was normalized to the g peak
and averaged to reduce noise. Also, SEM images were
obtained using a JEOL 5300 microscope. X-Ray photoelec-
tron spectroscopy was carried out on a PHI Quantera XPS.
Results and Discussion

Pristine nanotubes do not show a desired cutting effect
after electron beam exposure. Irradiation of pristine tubes is
limited to low probability direct knock-on events due to the
fast dissipation of ionization events. Thus the use of ozone
functionalized nanotubes in irradiation experiments should
allow ionization and sufficient activation energy to induce
vacancies in the nanotube sidewall via evolution of CO and
CO,. Therefore, nanotubes are cut in two steps. Initially,
cutting occurs with ozone functionalization and finally with
electron beam irradiation.

SWNT lengths were sorted into bins of 30 nm size and are
displayed in histograms. The histograms can be well-repre-
sented by simple exponential decay fits according to

¥60) = Aexp{- 2 )+ o

with R? values consistently above 0.9 after chi-square mini-
mization. The length was evaluated after every processing
step and a shortening of the sample can be observed through-
out the entire process including purification, ozonation and
irradiation (Table 1). With regards to Table 1, the number
median is the conventional median of the distribution of
lengths. The length median is a mass weighted median. The
sum of all lengths in a sample is computed. The lengths in
each histogram are added up until you get half the total length.
Whatever length that is, is the length median. That is, the
length median is the length associated with the histogram at
which half the total length is reached.

TABLE 1

Weight median, number median and interquartile
range for all SWNT samples.

Length median ~ Number median
Description (nm) (nm) IQR 75 (nm)
Raw SWNTs 217 83 166
Purified 156 81 134
Ozonated 148 63 119
Trradiated, 5 min 126 59 119
Trradiated, 15 min 106 59 100
Trradiated, 45 min 106 56 94
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The purification procedure through SF /O, oxidation cuts
some of the larger tubes as shown by a drop in the length
median by 60 nm. However, the number median stays roughly
the same (81 nm) and drops significantly only after ozonation
(63 nm). Ozonation causes the biggest shift in the length
distributions toward shorter tubes and is a vital step of the
cutting process. On the one hand the sidewalls of the nano-
tubes are efficiently functionalized by ozone. This is evident
from XPS and Raman data. The functionalization is at the
same time an excellent preparation for the subsequent elec-
tron beam irradiation.

Each sample was exposed to three different irradiation
dosages between 10'5-10'7 ¢7/cm? by varying the exposure
time. The results of length measurements for different expo-
sure times are listed in Table 1. Longer irradiation times
correspond to shorter SWNTs. However, after the initial five
minutes a lengthening of the samples occurs. This is shown
for ozonated SWNTs but was also observed for sulfonated
(SWNT-SO;H). Webelieve this is due to an etching effect due
to residual adsorbed gas causing short SWNTs to fall below
our detection limit of 30 nm, i.e., the size distribution is
shifted. In order to cut a (10,10) tube 10 bonds need to be
broken. This makes etching from the nanotube end only ini-
tially a visible effect. As defect formation progresses and
bonds around the circumference of the tube are consumed,
cutting occurs and dominates any changes in length. Already
after 15 minutes clearly shortened SWNTs are observed.
Finally, 45 minute irradiation leads to only marginally shorter
SWNTs. Applicants speculate that three times the time did
not produce three times the cutting due to a postulated lack of
oxygen/epoxy functionalities on SWNT sidewall slowing
down the irradiation effect.

Applicants also attempted to exploit the vacancies on the
SWNTs by a piranha cutting step after irradiation. However,
the formation of intractable aggregates is observed for the
previously ozonated SWNTs.

In conclusion, a high energy electron beam was established
as atool for cutting functionalized single-walled nanotubes. It
was demonstrated that ozonated SWNT's can be further cut by
electron beam irradiation. While irradiation of pristine
SWNTs did not cause significant cutting due to charge dissi-
pation, the irradiation of ozonated SWNTs results in localized
heating events that evolve CO and/or CO, as the reaction
progresses. This disintegration led to the formation ofholes in
the nanotube sidewall. Applicants note that as these vacancies
grow in number cutting occurs. Applicants further note that
the amount of cutting can be controlled by the electron dos-
age. The combination of ozonation and irradiation is attrac-
tive, as Applicants were able to achieve tubes of a median
length of about 60 nm with 75% of'them shorter than 100 nm.
the majority of lengths shorter than 100 nm. The distribution
with 75% of nanotubes shorter than 100 nm is illustrative of
distributions with the majority of nanotubes shorter than
about 100 nm. The median length of about 60 nm is illustra-
tive of a median length between about 20 nm and about 100
nm.

Although the invention has been described with reference
to specific embodiments, these descriptions are not meant to
be construed in a limiting sense. Various modifications of the
disclosed embodiments, as well as alternative embodiments
of'the invention will become apparent to persons skilled in the
art upon reference to the description of the invention. It
should be appreciated by those skilled in the art that the
conception and the specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures for carrying out the same purposes of the present
invention. It should also be realized by those skilled in the art
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that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims.

It is therefore, contemplated that the claims will cover any
such modifications or embodiments that fall within the true
scope of the invention.

What is claimed is:

1. A method for bulk cutting of carbon nanotubes, com-
prising:

(a) functionalizing the carbon nanotubes; and

(b) bulk irradiating the functionalized carbon nanotubes

with an electron beam, wherein the irradiating occurs in
an inert atmosphere, and wherein the irradiating causes
the bulk cutting of the carbon nanotubes.

2. The method according to claim 1, wherein the electron
beam is a high energy electron beam.

3. The method according to claim 2, wherein the energy of
the high energy electron beam is at least about 3 MeV.

4. The method according to claim 1, wherein (b) proceeds
for at least about 5 min.

5. The method according to claim 1, wherein (a) comprises
functionalizing the carbon nanotubes with ozone.

6. The method according to claim 5, wherein (a) comprises
bubbling ozone through a suspension of the carbon nano-
tubes.

7. The method according to claim 1, wherein the inert
atmosphere comprises nitrogen gas.

8. The method according to claim 1, wherein (a) includes
introducing side-wall defects to the carbon nanotubes.

9. The method according to claim 1, wherein the cut carbon
nanotubes have a median length between about 20 nm and
about 100 nm.

10

20

25

8

10. The method according to claim 1, wherein a majority of
the cut carbon nanotubes are shorter than about 100 nm.

11. The method of claim 1, wherein the irradiating causes
the bulk cutting of about 10 grams of carbon nanotubes.

12. A method for bulk cutting of carbon nanotubes, com-
prising:

(a) functionalizing the sidewalls of the carbon nanotubes so

as to damage the sidewalls; and

(b) bulk irradiating the functionalized carbon nanotubes

with an electron beam, wherein the irradiating occurs
under inert gas conditions, and wherein the irradiating
causes the bulk cutting of the carbon nanotubes.

13. The method according to claim 12, wherein (a) com-
prises functionalizing the carbon nanotubes with ozone.

14. The method according to claim 13, wherein (a) com-
prises bubbling ozone through a suspension of the carbon
nanotubes.

15. The method according to claim 12, wherein the inert
gas conditions comprise nitrogen atmosphere conditions.

16. The method according to claim 12, wherein the method
produces cut carbon nanotubes having a median length
between about 20 nm and about 100 nm.

17. The method according to claim 12, wherein a majority
of the cut carbon nanotubes are shorter than about 100 nm.

18. The method according to claim 12, wherein the electron
beam is a high energy electron beam.

19. The method according to claim 18, wherein the energy
of the electron beam is at least about 3 MeV.

20. The method of claim 12, wherein the irradiating causes
the bulk cutting of about 10 grams of carbon nanotubes.
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