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triphenylmethane and preferable a liquid diluent such as chlorosulfonic acid or
sulfuric acid. The formed non-woven sheet has a full width at half maximum as
determined by wide angle X-ray diffraction ot not greater than 20°.
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TITLE OF INVENTION

METHOD OF COUPLING AND ALIGNING CARBON NANOTUBES IN
A NONWOVEN SHEET AND ALIGNED SHEET FORMED THEREFROM

Field of Invention

The present invention is directed to a method to couple and align carbon
nanotubes in a non-woven sheet. Also the present invention is directed to the formed

nonwoven sheet containing aligned carbon nanotubes.

Background of The Invention

Considerable efforts have been undertaken to create useful articles having
commercial applicability from carbon nanotubes. Enhanced mechanical strength,
electrical or thermal properties can be theoretically obtained from such articles.

Smalley et al., U.S. Patent No. 7,125,502 issued October 24, 2006 discloses
fibers of aligned single-wall carbon nanotubes and a process of making such fibers.

Lashmore et al. U. S. Publication No. 2009/0075545 published March 19, 2009
discloses aligning nonwovens with a yarn or non-woven sheet by use of chemicals
including solvents and surfactants.

Liang et al., U.S. Publication No. 2009/0280324, published November 12, 2009
discloses a method of producing a prepreg of a nanoscale fiber film with the fibers
impregnated with a resin followed by B-stage curing the resin.

Pasquali et al., U.S. Publication No. 2011/0110843, published May 12, 2011
discloses aligned carbon nanotubes employing extrusion of a super acid solution of
carbon nanotubes followed by removal of the super acid solvent.

A need is present for improved nanotube containing articles wherein increased

alignment of the nanotubes occurs. One such article is in the form of a sheet.

Summary
The present invention is directed to a method of aligning carbon nanotubes in a

non-woven sheet comprising the steps of:
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(a) providing a non-woven sheet of carbon nanotubes with nanotubes which are

not aligned,

(b) contacting the non-woven sheet of carbon nanotubes with a coupling agent to

achieve mechanical coupling between adjacent carbon nanotubes,
(c) drawing the non-woven sheet of carbon nanotubes with mechanically
coupled carbon nanotubes to impart:
(i) stress among carbon nanotubes and
(i) alignment of individual nanotubes in a direction the non-woven sheet
is drawn.
In a preferred mode a diluent liquid is employed with the coupling agent.
Also the invention is directed to a non-woven sheet containing aligned carbon
nanotubes as evidenced by the full width at half maximum (FWHM) value obtained by
wide angle X-ray diffraction.

Detailed Description

The starting material is a non-woven sheet of carbon nanotubes having non-
aligned nanotubes. A suitable sheet is made by Nanocomp Technologies, Inc.

In order to obtain alignment of carbon nanotubes, it is necessary to contact the
non-woven sheet with a coupling agent to achieve mechanical coupling between
adjacent carbon nanotubes and to allow alignment of at least a portion of the
nanotubes.

It is known that an increase in alignment of a non-woven sheet of carbon
nanotubes results in increased mechanical strength. The present test measures this
increase in mechanical strength by failure strain which in turn correlates to alignment,
i.e. increased alignment of the nanotubes.

The term “coupling agent” as defined herein is determined by a test procedure
labeled Test Method A. An alternate test procedure is labeled Test Method B.

Test Method A
Part |

A non-woven sheet of carbon nanotubes is initially uniformly wetted with an

excess of chlorosulfonic acid. Thereafter the wetted non-woven sheet is drawn until it
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breaks. The initial length and final length are recorded and failure strain computed

employing the following equation:

Failure strain = (final length — initial length)/initial length x 100.

Part 1A

Another non-woven sheet of carbon nanotubes is initially wetted and contacted
with an excess of chlorosulfonic acid in combination with a potential coupling agent.
The chlorosulfonic acid and potential coupling agent are present in a ratio of 99 to 1 by
weight. The wetted and contacted non-woven sheet is drawn until it breaks.

The initial length and final length are recorded and failure strain computed as

previously employing the following equation:
Failure strain = (final length — initial length)/initial length x 100.

(In the test procedures of Part | and Il all variables including rate of strain and
temperature are the same. The difference between Part | and Part Il is the absence or
presence of the coupling agent.)

The results of Part | and Part Il are compared employing the following equation:

Percent Improvement = [Failure Strain Part Il — Failure Strain Part I] x100

Failure Strain Part |

Part 1IB
The same procedure as Part lIA is followed except the the chlorosulfonic acid
and the potential coupling agent are present in a ratio of 99.9 to 0.1 by weight.

Part IIC
The same procedure as Part lIA is followed except the the chlorosulfonic acid
and the potential coupling agent are present in a ratio of 90 to 10 by weight.
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Test Method B

An alternate test method is identical to Test Method A except sulfuric acid is

substituted for chlorosulfonic acid. The sulfuric acid and potential coupling agent are
present in ratios of 99 to 1 (Test Method B Part II1A) , 99.9 to 0.1 (Test Method B Part
[IB) and 90 to 10 (Test Method B Part IIC).

The results are compared in the same manner as Test Method A namely

Percent Improvement = [Failure Strain Part Il — Failure Strain Part I] x100
Failure Strain Part |

With at least one of ratios of Test Method A and Test Method B an improvement
of at least 10 percent is necessary to meet a definition of “coupling agent”. Preferably
the improvement due to the coupling agent will be at least 20 percent and more
preferably at least 30 percent.

Examples of coupling agents include those with electron rich molecules
(aromatic) with at least two aromatic moieties. Examples include diphenybenzene,
triphenylmethane, triphenylbenzene, polystyrene and triphenylene. Further examples
include nonaromatic polysilanes and proteins that have a strong affinity for electron rich
surfaces such as the SP1 protein of Fulcrum SP Materials.

Diluent Liguid

In a preferred embodiment of the present invention a diluent liquid will be
employed with the coupling agent. The diluent liquid allows control of the degree of
coupling between adjacent carbon nanotubes, allows movement of the carbon
nanotubes with respect to each other and facilitates alignment of the carbon nanotubes.
Therefore the use of a diluent liquid is highly preferred. More care is needed in the
drawing operation of the non-woven sheet without the diluent liquid.

The diluent liquid allows use of less than 100% coupling agent. Dilution of the
coupling agent is beneficial since the amount of coupling agent can be controlled to
provide optimum results. lllustratively the diluent liquid prevents formation of an

excessive number of coupled nanotubes which would interfere with alignment.
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The amount of diluent liquid and coupling agent can vary widely with examples

being present in a ratio of 1:99 to 99.9:0.1 by weight. A narrower ratio is 1:10 to 10:1.

The diluent liquid facilitates movement of adjacent coupled nanotubes due to
stress applied in the drawing step. Therefore the diluent liquid acts as a lubricant adding
such movement.

Since the diluent liquid allows control of the degree of coupling between adjacent
carbon nanotube and aids movement of carbon nanotubes in the nonwoven sheet, the
result is an alignment in carbon nanotubes in the non-woven sheet.

The choice of diluent liquid can vary widely. Useful diluent liquids include strong
acids with an ability to protonate the electron rich carbon nanotube walls. Specific
examples include chlorosulfonic acid, sulfuric acid, methanesulfonic acid and the

solution of ammonium persulfate in sulfuric acid.

Apparatus
Suitable apparatus to undertake Test Method A and Test Method B is shown in

the Figure. An outer support 1 contains two parallel threated rods 2. A stationary clamp
3 and moving clamp 4 hold a specimen which is a sheet of non-woven carbon
nanotubes. A bearing 5 (attached to a motor or hand crank 6) allows the threated rods
to rotate whereby the moving clamps apply stress to the specimen. Excessive stress
causes breakage. An alternate apparatus is disclosed in Lashmore U.S. Patent No.
2009/0075545.

Non-woven Sheet of Carbon Nanotubes With Alignment

The aligned non-woven sheet of carbon nanotubes will have a (FWHM) value
obtained by wide angle X-ray diffraction. The (FWHM) value will not be greater than
20°, preferably not greater than 10° and even more preferably not greater than 5°.

The test procedure to determine the (FWHM) value is as follows:

The (FWHM) value is determined by means of wide angle X-ray diffraction using

Cu Ka radiation (wavelength = 0.1542 nm) with the non-woven sheet mounted
perpendicular to the beam. Full width at half maximum (FWHM) value of the azimuthal

5
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intensity scan of the equatorial reflections appearing in the region of 26 = 25°

The non-woven sheet of carbon nanotubes having alignment has use wherein at
least one of the following properties is needed: enhanced mechanical strength electrical
application and thermal application. One use is in a lightweight protective vest to

withstand penetration of a projectile such as a bullet.

Example
To further illustrate the present invention the following prophetic example is

provided.

The starting non-woven sheet containing randomly oriented carbon nanotubes is
produced by Nanocomp Technologies, Inc., Merrimack, N. H. The basis weight of the
sheet is 20 grams per square meter.

Cut a specimen from the non-woven sheet and wet with an excess of a coupling
agent of triphenyl methane and a diluent liquid of chlorosulfonic acid (at a weight ratio of
1:99 coupling agent to chlorosulfonic acid

Allow the coupling agent and diluent liquid to thoroughly wet the non-woven
sheet at a temperature of 28°C for 5 minutes with an excess of liquid drained by gravity.

Stretch the wetted non-woven sheet in a drawing frame as shown in the Figure to
1.5 times its original length.

Remove the stretched non-woven sheet from the drawing frame, wash with water
to remove coupling agent and diluent liquid and dry at 110°C for 12 hours.

Determine the amount of orientation by X-ray diffraction as set forth above.

Obtain a (FWHM) value in the non-woven sheet of not greater than 20°.
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CLAIMS

What is claimed is:

1.

N

A method aligning carbon nanotubes in a non-woven sheet comprising the steps
of:
(a) providing a non-woven sheet of carbon nanotubes with nanotubes which are
not aligned,
(b) contacting the non-woven sheet of carbon nanotubes with a coupling agent to
achieve mechanical coupling between adjacent carbon nanotubes.
(c) drawing the non-woven sheet of carbon nanotubes with mechanically coupled
carbon nanotubes to impart:

(i) stress among carbon nanotubes and

(i) alignment of individual nanotubes in a direction the non-woven

sheet is drawn.

The method of claim 1 wherein a diluent liquid is employed in step (b).

The method of claim 2 wherein the diluent liquid is chlorosulfonic acid, sulfuric

acid, methanesulfonic acid or a solution of ammonium persulfate in sulfuric acid.

A non-woven sheet containing aligned carbon nanotubes, said sheet having a
full width at half maximum as determined by wide angle X-ray diffraction of not

less than 20°

A non-woven sheet containing aligned carbon nanotubes, said sheet having a full
width at half maximum as determined by wide angle X-ray diffraction of not less
than 10°

. A non-woven sheet containing aligned carbon nanotubes, said sheet having a full

width at half maximum as determined by wide angle X-ray diffraction of not less
than 5°
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