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In various embodiments, the present disclosure describes processes for preparing functionalized graphene nanoribbons from

carbon nanotubes. In general, the processes Iinclude exposing

a plurality of carbon nanotubes to an alkall metal source In the

absence of a solvent and thereafter adding an electrophile to form functionalized graphene nanoribbons. Exposing the carbon

functionalized graphene nanoribbons described herein display
mechanically exfoliated graphene.

nanotubes to an alkall metal source In the absence of a solvent, generally while being heated, results in opening of the carbon
nanotubes substantially parallel to their longitudinal axis, which may occur in a spiralwise manner in an embodiment. The graphene
nanoribbons of the present disclosure are functionalized on at least their edges and are substantially defect free. As a result, the

a very high electrical conductivity that iIs comparable to that of
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(57) Abstract: In various embodiments, the present dis-
closure describes processes for preparing functionalized

graphene nanoribbons

from carbon nanotubes. In general,

the processes include exposing a plurality of carbon nan-
otubes to an alkali metal source in the absence of a solvent

and thereafter adding

an electrophile to form functional-

1ized graphene nanoribbons. Exposing the carbon nan-
otubes to an alkali metal source in the absence of a sol-
vent, generally while being heated, results in opening of
the carbon nanotubes substantially parallel to their longi-
tudinal axis, which may occur n a spiralwise manner 1n an
embodiment. The graphene nanoribbons of the present
disclosure are functionalized on at least their edges and are
substantially defect free. As a result, the functionalized

clectrical conductivity

graphene nanoribbons described herein display a very high

that 1s comparable to that of me-

chanically exfoliated g

raphene.
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GRAPHENE NANORIBBONS PREPARED FROM CARBON NANOTUBES
VIA ALKALI METAL EXPOSURE

(0001]

0002]

BACKGROUND

[0003] 1t 1s well known that graphite consists of many sp”-hybridized carbon sheets stacked on
top of one another. When eraphite 1s exfoliated into a few-layer structure. the individual
araphitic sheets are collectively referred 1o a material known as graphene. Graphene typically
refers to a material having less than about 10 araphitic layers.  The graphitic layers are
characterized by a two-dimensional basal plane having a hexagonal lattice structure. In many
cases, various edge and/or basal plane functionalities such as. for example, carboxylic acid
groups, hydroxyl groups, epoxide groups and ketone eroups are also present due to oxidation that
either occurs natively in graphite or during exfoliation. Oxidative damage may also manifest

itsell in the form of defects (1.e.. holes) in the basal plane.

[0004] Graphene nanoribbons are a special class ol araphene. which are sumilarly characterzed

by a two-dimensional basal plane. but with a large aspect ratio of their lenuth o their widiy, In

this regard, graphenc nanoribbons bear similarity 1o carbon nanotubes. which have a comparable
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aspect ratio and are defined by one or more layers of graphene sheets rolled up to form a
cylinder. Graphene nanoribbons possess a number of useful properties, including, for example,
beneficial electrical conductivity. Unlike carbon nanotubes, which can be metallic, semimetallic
or semiconducting depending on their chiral geometry and diameter, the electrical properties of
graphene nanoribbons are governed primarily by their width. For example, graphene
nanoribbons less than about 10 nm wide are semiconductors, whereas similar graphene
nanoribbons having a width greater than about 10 nm are metallic or semimetallic conductors.
The edge configurations of graphene nanoribbons having an “armchair” or “zigzag™ arrangement
of carbon atoms, along with any edge functional groups, also may affect the transmission of
electron carriers. Such "armchair" and "zigzag" arrangements are analogous to those defined in
the carbon nanotube art. Ballistic charge transport in graphene and graphene nanoribbons drops
markedly if the sp® network of the graphene basal plane 1s disrupted by even a relatively small

number of defects.

[0005] Various methods for making graphene sheets are known, including, for example,
adhesive tape extoliation of individual graphene layers from graphite, chemical-based exfoliation
of graphene layers from graphite, and chemical vapor deposition processes. Each method
provides on the order of picogram quantities of graphene. Several lithographic and synthetic
procedures have been developed for producing minuscule amounts of graphene nanoribbons.
Microscopic quantities of graphene nanoribbons have been produced by partial encapsulation of
carbon nanotubes 1 a polymer, followed by plasma etching to longitudinally cut the carbon
nanotubes. Macroscopic quantities of graphene nanoribbons have been produced by a chemical

vapor deposition process or by an oxidative process in concentrated acid.

[0006] In addition, multi-walled carbon nanotubes (MWNT5s) have been non-selectively opened
by mtercalation and reaction with lithium in liquid ammonia solvent, resulting in longitudinal
carbon nanotube opening to produce multilayered graphitic structures mcluding partially opened
MWN'Ts. graphene ftlakes. and graphene nanoribbons functionalized with hydrogen. Graphene
nanoribbons prepared by these processes are typically characterized by multiple graphene lavers
with a kinked morphology and a defect-prone atomic structure having various oxveenated
functionality. because the MWNT starting material has to be oxidatively damaged to provide

sites for the lithrum-ammonia reaction to occur. Although oxveenated functionality in eraphene

[
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nanoribbons can be largely removed by subsequent reduction, defects in the graphene basal plane
are not repaired by reduction, and the conductivity does not approach that of pristine graphene.
While the hthium intercalation method 1s reductive and does not introduce oxygenated
functionality into the graphene nanoribbons, defect-free graphene nanoribbons are not produced
by this method due to the nitial introduction of defects into the MWNTs, which are then carried

forward 1nto the graphene nanoribbon product.

10007] In view of the foregoing, methods for preparing graphene nanoribbons having a
substantially defect-free structure would be of considerable benefit in the art. Such defect-free
graphene nanoribbons may demonstrate considerable utility in electronic, mechanical and many
other applications. Ideally, such methods would be scalable to produce macroscopic amounts of

the graphene nanoribbons.
SUMMARY

[0008] In various embodiments, processes for preparing graphene nanoribbons are described
herein. In some embodiments, the processes include exposing a plurality of carbon nanotubes to
an alkali metal source n the absence of a solvent, and after exposing, adding an electrophile to
form functionalized graphene nanoribbons. Exposing opens the carbon nanotubes parallel to

their longitudinal axis.

10009] In some embodiments, the processes include exposing a plurality of multi-wall carbon
nanotubes to a potassium metal source in the absence of a solvent, and after exposing. adding an
electrophile to form functionalized graphene nanoribbons. Exposing opens the carbon nanotubes

parallel to their longitudinal axis.

10010} In stull other various embodiments. functionalized graphene nanoribbons prepared by the
processes described herein are disclosed. In some embodiments, the eraphene nanoribbons are
exfoliated. functionalized graphene nanoribbons. In other various embodiments, the eraphene

nanoribbons are defunctionalized graphene nanoribbons.

0011} The foregoing has outlined rather broadly the features of the present disclosure in order

that the detatled description that follows may be better understood. Additional features and

“
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advantages of the disclosure will be described hereinafter. which form the subject of the claims.
BRIEF DESCRIPTION OF THE DRAWINGS

10012} For a more complete understanding of the present disclosure, and the advantages thereof,
reference 1s now made to the following descriptions to be taken in conjunction with the

accompanying drawings describing specific embodiments of the disclosure, wherein:

0013} FIGURE 1A shows a non-limiting reaction schematic illustrating the opening of multi-
walled carbon nanotubes in the presence of potassium vapor, followed by quenching with an
electrophile, to torm functionalized graphene nanoribbons; FIGURE 1B shows a non-limiting
reaction schematic illustrating the opening of multi-walled carbon nanotubes in the presence of

pc;tassium vapor, following by quenching with ethanol, to form hydrogen-functionalized

graphene nanoribbons;

10014} FIGURES 2A — 2D show illustrative SEM 1mages of functionalized graphene

nanoribbons after exfoliation:

10015] FIGURES 3A and 3B show illustrative SEM 1mages of functionalized graphene

nanoribbons prior to exfoliation;

10016} FIGURE 4 shows an 1llustrative AFM 1mage and height profile of functionalized

oraphene nanoribbons;

10017] FIGURES 5A and 5B show illustrative TEM images of functionalized eraphene

nanoribbons:

10018} FIGURE 6 shows illustrative Raman spectra of functionalized graphene nanoribbons

before and after exfoliation in comparison to that of multi-walled carbon nanotubes;

[0019] FIGURE 7 shows an illustrative high resolution C1s XPS spectrum of functionalized

oraphene nanoribbons in comparison to that of multi-walled carbon nanotubes: and

10020} FIGURE 8 shows an illustratve current versus voltage plot for a 3.8 nm thick

functionahized graphene nanoribbon stack in an electronic device.
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DETAILED DESCRIPTION

0021} In the following description, certain details are set forth such as specific quantities, sizes.
cte. so as to provide a thorough understanding of the present cimbodiments disclosed hereimn.
Flowever, 1t will be evident to those of ordinary skill 1 the art that the present disclosure may be
practicced without such specific details. In many cases. details concerning such considerations
and the like have been omitted masmuch as such details are not necessary to obtain a complete
understanding of the present disclosure and are within the skills of persons of ordinary skill in

the relevant art.

[0022] Referring to the drawings in seneral, it will be understood that the illustrations are for
the purpose ot describing particular embodiments of the disclosure and are not intended to be

lmiting thereto. Drawings are not necessarily to scale.

(0023] While most of the terms used herein will be recognizable to those of ordinary skill m the
art, 1t should be uhderstood, however, that when not explicitly defined, terms should be
mterpreted as adopting a meaning presently accepted by those of ordinary skill in the art. In
cases where the construction of a term would render 1t meanmngless or essentially meaningless,

the defimition should be taken from Webster's Dictionary, 3rd Editon, 2009.

10024] The followine detimtions are set forth to aid 1 understanding ot the various
embodiments of the present disclosure.  Terms 1 addition to those below are dehned. as

required. throuchout the Detailed Description.

10025] "Graphene nanoribbons.” as defined heremn. refer to. for example, single- or multiple
layers of eraphene that have an aspect rano of ereater than about 5. based on thewnr length and

therr width, As used heremn. a material having less than about 50 eraphitic carbon lavers will be

considered to be eraphene.

100206] ~Truncuonalized graphene nanorbbons.” as delined heren. refer to. lor example

'\_):
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craphene nanoribbons that are functionalized at their edges and/or in their basal plane with
various organic functional groups, halogens or hvdrogen. As shown hereinafter, the organic
functional groups, halogens and hydrogen are introduced to the graphene nanoribbons by

reaction with an electrophile.

Y

10027} "Longitudinal opening," as defined herein, refers to, for example, opening of carbon
nanotubes substantially parallel to their longitudinal axis to form graphene nanoribbons. As used
herein, the term “parallel” refers to an opening of the carbon nanotubes that does not bisect the
carbon nanotube’s longitudinal axis. In an embodiment, longitudinal opening may involve a
relatively straight bond opening process along the sidewall of the carbon nanotube, paralleling
but not crossing the longttudinal axis. In another embodiment, longitudinal opening may involve

a predominantly spiralwise opening of the carbon nanotubes, again paralleling but not crossing

the longitudinal axis.

10028] “Alkah metal,” as detined herein, refers to, for example, a metal from Group 1 of the

periodic table (e.g., lithium, sodium, potassium, rubidium and cesium).

10029] “Alkaline earth metal,” as defined herein, refers to, for example, a metal from Group 2 of

the periodic table, (e.g., beryllium, magnesium, calcium, strontium and barium).

10030} “Transition metal,” as defined here, refers to. for example, a metal from Groups 4 — 12 of

the periodic table.

10031] “Rare earth metal.” as defined herein, refers to. for example. a metal from Group 3 of the
periodic table (e.g., scandium or yttrium) or a metal from the f-block of the periodic table (e.¢..

atomic numbers 57 — 71). Rare earth metals are also commonly referred to as lanthanides.

10032} “Multi-walled carbon nanotubes (MWNTs).” as used herein will be understood to be
inclusive of double-walled carbon nanotubes. triple-walled carbon nanotubes and any carbon

nanotubes having two or more walls.

10033} In various embodiments. processes of the present disclosure include exposing a plurality
of carbon nanotubes to an alkali metal source in the absence of a solvent. and after exposing.

- et
r

adding an electrophile to form functionalized graphene nanoribbons. Exposing opens the carbon

0
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nanotubes substantially parallel to their Jongitudinal axis. In some embodiments. the opening
occurs 1 a predommantly spiralwise manner. In some embodiments. the alkali metal
intercalates between the carbon nanotubes and thereafter reacts to affect their longitudinal
opening. In some or other embodiments, after longitudinal opening, the electrophile quenches
excess alkali metal and functionalizes the graphene nanoribbons with various organic functional

groups, halogens or hydrogen.

[0034] In some embodiments, the alkali metal source is a molten alkali metal. In other
embodiments, the alkali metal source is an alkali metal vapor. In some embodiments, the alkali
metal vapor 1s produced from a molten alkali metal. In some embodiments, the alkali metal used
1in the present processes may be, for example, potassium, rubidium, cesium or a combination
thereof. In some embodiments, the alkali metal is potassium or a mixture of potassium and

another metal.

[0033] In some embodiments, the alkali metal is covalently bound to the graphene nanoribbons
before the electrophile is added. In some embodiments, the alkali metal is covalently bound to
the edges ot the graphene nanoribbons. In other embodiments, the alkali metal is covalently
bound to both the edges and the basal plane of the graphene nanoribbons. In some embodiments,
the electrophile displaces the alkali metal from the graphene nanoribbons and introduces a

plurality of functional groups to form the functionalized graphene nanoribbons.

[0036] Without being bound by theory or mechanism, Applicants’ hereinafter present a non-
limiting mechanistic explanation of the formation of functionalized graphene nanoribbons by the
present processes. Alkali metal atoms first mtercalate between the carbon nanotubes to form a
carbon nanotube intercalation compound. Similar alkali metal ntercalation compounds are
known n the art for graphite and for carbon nanotubes when the alkali metal is lithium. In the
present processes, the carbon nanotube intercalation compound is heated. under which conditions
the carbon nanotubes become longitudinally opened to produce a graphene nanoribbon.
Subsequent quenching with an electrophile functionalizes the graphene nanoribbons. Applicants
behieve that under the present experimental conditions of heating. transient openings (but not

permanent defects) are opened in the carbon nanotube sidewalls to allow penetration of the alkal)

metal into the carbon nanotubes. Upon alkali metal penetration ito the carbon nanotubes.
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mechanical strain is introduced into the carbon nanotubes™ sidewalls. Once a first alkali metal
atom has penetrated the carbon nanotubes, further alkali metal penetration becomes easier, and a
self-propagating crack, fostered by the mechanical strain, occurs parallel. nearly parallel or
spiralwise relative to the carbon nanotubes’ longitudinal axes until the carbon nanotubes are fully
opened to a graphene nanoribbon structure. In embodiments in which multi-walled carbon
nanotubes are converted to graphene nanoribbons, once the outermost carbon nanotube has been
longitudinally opened, the interior carbon nanotubes then become susceptible to attack by the

alkali metal.

10037} FIGURE 1A shows a non-limiting reaction schematic illustrating the opening of multi-
walled carbon nanotubes 1n the presence of potassium vapor, followed by quenching with an
electrophile, to form functionalized graphene nanoribbons. In FIGURE 1A, potassium is
presented as an illustrative alkali metal and MWNTs as an illustrative carbon nanotube source.
Other combinations of alkali metals and carbon nanotube sources lie within the spirit and scope
of the present disclosure, and the embodiment of FIGURE 1A should not be considered limiting.
In the first step of FIGURE 1A, MWNTs 1 are longitudinally opened in the presence of metallic
potassium to produce organometallic graphene nanoribbon 2 having potassium covalently bound
at least to the edge of the graphene nanoribbon. Organometallic graphene nanoribbon 2 1s
analogous to an aryl organometallic compound and displays comparable reactivity as a result.
After formation of organometallic graphene nanoribbon 2, the organometallic intermediate is

quenched with an electrophile E+ to form functionalized graphene nanoribbon 3.

10038} FIGURE 1B presents a specific example of the general reaction illustrated in FIGURE
IA. FIGURE 1B shows a non-limiting reaction schematic illustrating the opening of multi-
walled carbon nanotubes in the presence of potassium vapor, following by quenching with
ethanol, to form hydrogen-functionalized graphene nanoribbons. In FIGURE 1B, the
electrophile 1s ethanol, a proton donor. As in FIGURE 1A, MWNTs 7 are longitudinally opened
in the presence of metallic potassium to produce organometallic graphene nanoribbon 8 having
potassium covalently bound to at least to the ¢raphene nanoribbon’s edge. After formation of

-

organometallic graphene nanoribbon 8. the organometallic intermediate 1s quenched with ethanol

to form hydrogen-functionalized graphene nanoribbon 9 having hydrogen moieties attached at

least to 1ts edge. Although not shown in FIGURES 1A and 1B. 1t should be noted that

8
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functionalized graphene nanoribbon 3 and hydrogen-functionalized graphene nanoribbon 9 may
have functional groups (hydrogen) both on its edge, as illustrated in FIGURES TA and 1B. and
in 1ts basal plane, given that alkali metals can reduce the graphene basal plane. as shown in the
Birch reduction of carbon nanotubes. Only a single graphene nanoribbon layer has been shown
in FIGURES TA and 1B for purposes of clarity, although graphene nanoribbon stacks having
multiple graphene layers are commonly produced by the methods described herein, as will be

described hereinafter.

[0039] A number of electrophiles are capable of functionalizing the graphene nanoribbons to add
various functional groups, halogens or hydrogen. As demonstrated in FIGURE 1B, in some
embodiments, the electrophile may be a proton donor, such as, for example, an alcohol or water.
In other embodiments, the electrophile may be an organic halide (e.g, alkyl halide, aryl halide,
benzylic halide, allylic hahde, alkenyl halide, alkynyl halide or perfluoroalkyl halide) or a
synthetic equivalent of an organic halide (e.g., a sulfonate ester). In still other embodiments, the
electrophile may be a halogen (e.g., fluorine, chlorine, bromine or iodine), carbon dioxide,
carboxylic acid, carboxylic ester, carboxylic acid chloride, carboxylic acid anhydride, aldehyde,
ketone, enone, or nitrile. One of ordinary skill in the art will recognize the types of functional
groups that are introduced when the aforesaid electrophiles are reacted with oreanometallic
reagents. One of ordinary skill in the art will further recognize that some of the electrophiles are
more reactive with certain organometallic reagents than with others. That is, some electrophiles
react more preferentially with certain organometallic reagents depending on the identity of the

metal 1in the organometallic reagent.

0040} In some embodiments. the electrophile may be a viny]. monomer such as, for example.
styrene, acrylonitrile, methyl vinyl ketone, alkyl acrylates (e.g., methyl acrylate or ethyl
acrylate), alkyl methacrylates (e.g.. methyl methacrylate or ethyl methacrylate), and various
combinations thereof. As one of ordinary skill in the art will recognize, vinyl monomers have a
free vinyl group that is available for polymerization once the monomer becomes bound to the
oraphene nanoribbons. Thus. vinyl monomers represent one way in which polymer composites
contamnmg graphene nanoribbons covalently bound to the polymer may be formed. In some
embodiments. the electrophile may be a ring-opening monomer such as. for example. a lactone

or a lactam. Such ring-opening monomers represent another way in which polymer composites

9
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containing graphene nanoribbons covalently bound to the polymer may be formed.

[0041] Referring again to FIGURE 1A, the organometallic graphene nanoribbon 2 may be
transmetalated with a transmetalating species M to form transmetalated graphene nanoribbon 4.
In the chemical arts, one of ordinary skill in the art will recognize that transmetalation is a
common practice to alter the reactivity of a metal-carbon bond in an organometallic compound.
For example, in organometallic graphene nanoribbon 2, the graphene-potassium bond makes the
graphene a hard nucleophile. However, transmetalation to another metal such as, for example,
zinc may make the graphene nanoribbon a softer nucleophile. As noted above, some
electrophiles are more suitable for reaction with hard nucleophiles, whereas some electrophiles
are more suitable for reaction with softer nucleophiles. Transmetalation is not strictly limited to
metals, as non-metal transmetalating species such as, for example, boron may replace the

potassium in organometallic graphene nanoribbon 2.

10042] In some embodiments, processes of the present disclosure further include transmetalating
the alkali metal with a transmetalating species before adding the electrophile. In some
embodiments, the transmetalating species 1s an alkaline earth metal. In some embodiments, the
transmetalating species 1s a transition metal or a rare earth metal. In some embodiments the
transmetalating species is a non-metal such as, for example, boron. In some embodiments, the
transmetalating species includes at least one metal such as, for example, magnesium, zinc, tin,

palladium, copper, nickel or various combination thereof.

10043] When the transmetalating species i1s magnesium, one of ordinary skill in the art will
recognize the structural similarity and reactivity to that of a Grignard reagent. When the
transmetalating species 1s zinc, one of ordinary skill in the art will recognize the structural
similarity and reactivity to that of a Negishi reagent where the organozinc compound can be
further reacted with a palladium or nickel catalyst and an organic electrophile to form a coupling
product. When the transmetalating species 1s tin, one of ordinary skill in the art will recognize
the structural similarity and reactivity to that ot a Stille reagent of a Stille coupling. When the
transmetalating species 1s copper, one of ordinary skill in the art will recognize the structural
similanty and reactivity to that of a Sonogashira reagent of’ a Sonogashira coupling. When the

transmetalating species 1s nickel. one of ordinary skill in the art will recognize the structural

10
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similarity and reactivity to that of a Fu cross-coupling sequence. When the transmetalating
species 1s boron. one of ordinary skill in the art will recognize the structural similarity and
reactivity to that of a boronic acid in Suzuki-type cross-couplings. Palladium or any other
suitable catalytic metal may also catalyze further reactions of the graphene nanoribbons.
Iransmetalation may be particularly advantageous for forming carbon-carbon and carbon-

heteroatom bonds to the graphene nanoribbons.

[0044] When bound to the graphene nanoribbons, some of the aforesaid transmetalating species
may require a further catalyst in order to be reactive. For example, when the transmetalating
species 1s boron, further catalysis by a palladium compound may be necessary to induce a
Suzuki-type coupling. Likewise, when the transmetalating species is tin or copper, further
catalysis by a palladium compound may be necessary to induce a Stille- or Sonogashira-type

coupling, respectively.

[0045] In the present embodiments, exposing the carbon nanotubes to an alkali metal source
takes place 1n the absence of a solvent. However, addition of the electrophile may take place
either 1n the presence or in the absence of a solvent. In some embodiments, the electrophile is
added n a solvent. In other embodiments, the electrophile 1s added neat. In some embodiments,
the electrophile i1s a solvent in which the functionalized graphene nanoribbons are at least

partially soluble.

10046} In some embodiments of the present disclosure, the carbon nanotubes are multi-walled
carbon nanotubes. Since multi-walled carbon nanotubes are significantly less expensive than
single-walled carbon nanotubes, the present embodiments represent a relatively inexpensive
route to prepare graphene nanoribbons. In some embodiments, the carbon nanotubes are
substantially defect free, meaning that the functionalized graphene nanoribbons produced
therefrom are substantially defect free in their basal plane. That is, in some embodiments, the
functionalized graphene nanoribbons are substantially free from oxidative damage in their basal
plane and have an electrical conductivity comparable to that of mechanically exfoliated

oraphene.

10047} In some embodiments of the processes described herein. exposing the carbon nanotubes

to the alkali metal source takes place at a temperature between about 50°C and about 500°C. In

| ]
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other embodiments, exposing the carbon nanotubes to the alkali metal source takes place at a
temperature between about 250°C and about 300°C. In general, any temperature may be used
that produces a molten alkali metal state and forms an alkali metal vapor. Temperatures higher
than about 350°C may represent safety concerns under the present experimental setup, as
significant corrosion of glass occurs above about 350°C upon exposure to molten potassium.
Operations at greater than about 350°C may be conducted by altering the present experimental

setup to a quartz or metal alloy reactor vessel for reactivity and safety reasons.

[0048] As observed experimentally, the functionalized graphene nanoribbons of the present
processes are typically not initially exfoliated into single- and few-layer functionalized graphene
nanoribbon structures. Instead, the initially produced functionalized graphene nanoribbons have
a trough-like structure resulting from incomplete exfoliation (for example, see FIGURE 3A).
Again without being bound by theory or mechanism, Applicants believe that the trough-like
structure of non-exfoliated functionalized graphene nanoribbons is due to large interlayer van der
Waals attractive forces that have not been overcome during longitudinal opening and
functionalization. Rapid deintercalation of the alkali metal may also limit the entry of the

electrophile or solvent into the interstitial space that would otherwise facilitate exfoliation.

10049} Although some embodiments of the present processes produce non-exfoliated
functionalized graphene nanoribbons. the functionalized graphene nanoribbons so produced may
be exfoliated in further embodiments of the present processes to form single- and few-layer
functionalized graphene nanoribbons. In some embodiments, the present processes further
mmclude exfoliating the graphene nanoribbons to form exfoliated. functionalized graphene
nanoribbons. In some embodiments, exfoliated, functionalized graphene nanoribbons may
include single- and few-layer (<10 carbon layer) tunctionalized graphene nanoribbons structures.
In some other embodiments, exfoliated, functionalized graphene nanoribbons may have as many
as about 50 carbon layers. In some embodiments. exfoliating involves exposing the

functionalized graphene nanoribbons to a superacid solvent.

“w

[0050] Superacid solvents suitable for practicing the various embodiments of the present
disclosure mclude Bronsted superacids. Lewis superacids. and conjugate Bronsted-Lewis

superacids. Bronsted superacids may include. for example. perchloric acid. chlorosulfonic acid.
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uorosulfonic acid. tifluoromethanesulfonic acid. and higher perfluoroalkane sulfonic - acids

.s Cj}uSOq”_ C_;F()SOjJ‘L C\Iﬂ; ;SO;H, C@F]}SO;I‘L and Cg]|7gO§]I) Lewis SU})GI‘E]CiCIS 111y
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mclude, for example. antimony pentafluoride and arsenic pentafluonde.  Breonsted-Lewis
superacids may include sulfuric acids containing various concentrations of 503, also known as
oleums or fuming sulfuric acid. Other Bronsted-Lewis superacids may include, for example,
polyphosphoric acid-oleum mixtures, tetra(hydrogen  sulfate)boric  acid-sulfuric  acid.
tluorosulfuric  acid-antimony  pentafluoride ("magic -acid"), fluorosulfuric acid-SQ;,
tfluorosulfuric acid-arsenic pentafluoride, fluorosulfonic acid-hydrogen fluoride-antimony
pentatluoride, fluorosulfonic acid~EU'1ti111011y pentatluoride-sulfur trioxide, fluoroantimonic acid.

and tetrafluoroboric acid. In some embodiments, superacid solvent is chlorosulfonic acid.

[0031] Processes of the present disclosure may further include spinning the superacid solution of

functionalized graphene nanoribbons into fibers and conductive films.

Alternatively, the functionalized graphene nanoribbons may be dissolved in a non-superacid
solvent, erther before or after exfoliation, and processed to form a fiber or a film. [lustrative
solvents nclude, for -example. N N-dimethylformamide, N-methylpyrrolidone and 1.2-

dichlorobenzene.

[0052) Oxidation and reduction of graphite and oraphene nanoribbons are described n

commonly-assigned US 2010/0105834 and WO2009/089391 .

Although not typically preferred for electronics applications.
some embodmments of the present disclosure further include oxidizing the functionalized
graphene nanoribbons to form oxidized, functionalized graphene nanoribbons. Oxidation may
be used to further tatlor the solubility and ease of manipulation of the eraphence nanoribbon
structures. In some embodiments. oxidation may be conducted using any oxidant that is operable
for oxidizing graphite.  In some embodiments. oxidation may be conductled using methods
described i the patent applications noted immediately hereinabove and incorporated herein by
reference. I some embodiments. processes of the present disclosure further include reducing

the oxidized. Tuncuonalized eraphene nanoribbons.  Reduction May remove some, most or

[ S
)
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substanttally all of the oxidized funcuonal eroups mtroduced during oxidizing the functionalized

oraphenc nanoribbons.

10033] In some embodiments. the fhunctionahzed oraphenc nanoribbons may be further
functionalized in their basal plane. Various methods for functionalizing graphene nanoribbons
are described 1n US 2010/0105834.

For cxample, i an embodiment, functionalized graphene nanoribbons

may be turther functionalized in their basal planc using a diazonium species.

(0054] In some embodiments, processes of the present disclosure further include
defunctionalizing the functionalized graphene nanoribbons to form defunctionalized graphene
nanoribbons. In some embodiments, defunctionalization is a thermal defunctionalization
process. For example, m some embodiments, the functionalized graphene nanoribbons become
defunctionalized above about 50°C. In some ecmbodiments, the functionalized graphene
nanoribbons become defunctionalized above about 100°C. In some embodiments, the
functionalized graphene nanoribbons become defunctionalized above about 150°C. In some
embodiments, the functionalized graphene nanoribbons become defunctionalized above about
200°C. In some embodiments, the fTanctionalized g¢raphene nanoribbons become
defunctionalized above about 250°C. In some embodiments, the functionalized graphenc
nanoribbons become defunctionalized above about 300°C. In some embodiments, the
functionalized graphene nanoribbons become defunctionalized above about 400°C. In some
embodiments, the lunctionalized graphene nanoribbons become detunctionahized above about
500°C. Deﬁmctioﬁalizﬁation may be performed etther iy ar, under mert atmosphere or under
vacuum. for example. Jn some embodiments, dchunctionalization may be performed in a solvent.
Functionalizanon may be used (o temporanly modify a physical property of the graphene
nanoribbons while 1n the functionalized state. and a more desirable physical property may be
restored 1 the graphene nanoribbons upon their bemg converted into a defunctionalized state.
For example. functionalized oraphene nanortbbons may be more soluble i solvents for
clectronic device applications or more dispersible m polymer composites.  After the graphenc
nanoribbons arc incorporated into the device or composie. the functional eroups can be

removed. 11 desired. 1o mmprove the electncal conductuivity. for example.

l _'ﬁ.i,
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[0055] In some embodiments, the processes of the present disclosure include exposing a plurality
of multi-wall carbon nanotubes to a potassium metal source in the absence of a solvent, and after
exposing, adding an electrophile to form functionalized graphene nanoribbons. Exposing opens
the carbon nanotubes parallel to their longitudinal axis. In some embodiments, the opening

occurs in a predominantly spiralwise manner about the longitudinal axis.

[0056] There are many potential uses for the various graphene nanoribbon compositions
disclosed herein. IHlustrative uses of the present compositions include, for example, additives for
composite materials, filters for removing particulates, filters for removing dissolved salts (ion-
exchange filters), filters for removing dissolved organic compounds, membranes for gas
separation, materials for gas sequestration, additives for elastomeric materials to prevent
explosive decompression, additives for drilling fluids, nanoreporters for oilfield operations,
production of films, wound care agents and drug delivery agents for compounds that are poorly
soluble or msoluble in water. In addition, the present graphene nanoribbon compositions are
conductive and may be used, for example, in electronic devices, conductive and semiconductive
films, electromagnetic shielding materials, controlled permittivity composites, batteries, and

supercapacitors.

0057} The present graphene nanoribbon compositions are believed to be particularly
advantageous for applications relying on mechanical strength such as, for example, polymer
composites. The presence ot holes or other defects in the graphene nanoribbon’s basal plane
may detrimentally impact the tensile strength or gas im}_)ermeébility. Such defects are eliminated

or significantly mimimized in the present graphene nanoribbon compositions.

[0058] In wound care applications. the graphene nanoribbons may be grafted or bonded to at
least one anti-microbial agent. Such grafted graphene nanoribbon compositions may be included
as part of a wound dressing to advantageously improve infection suppression. provide odor
control and inhibit hipophilic toxins from entering the wound. For example. in a non-limiting
embodiment, graphene nanoribbons that have been grafted or bonded to at least one anti-

microbial agent may be added to ordinary gauze.

10039} Water-soluble graphene nanoribbons may be prepared by attaching a plurality of polvmer

chains or small molecules thereto. Suitable polymers for conferring water solubility mav



CA 02765492 2016-08-10

~

mclude. for example. polyethvlene glvcol (PLEG). polypropylene elycol, polyethylenc mmine
(P1). PEG-PE! block copolvmers, polyvinyl pyrrolidone (PVP). polyvihy[ alcohol (PVA).
polyacrvhic acid. dextrose, starch, pectin, agarose. and other polysacchandes. Swtable small
molecules for conferring water solubility include, for example. 2-amimoethanesuifonic acid.

Other molecules may also be used to modify the solubility of the graphene nanoribbons to alter

their 1on affinity and improve thewr biocompatibthity, for example. By way of non-himiting
example, targeting moietiecs such as, for example, folate, estrogens, epidermal growth factor
(EGE) and aptamers may be attached to the graphene nanoribbons to improve their mteraction

with appropriate cellular receptors.

[0060] Chemical modification of the graphene nanoribbons can also make these compositions
suitable for selective binding to cells expressing target receptors from diverse cellular dispersions
or other biological fluids. Such modified graphene nanoribbon compositions may be fabricated
into selective cellular filters or active elements of cellular and chemical sensors. For example,
oraphene nanoribbons functionalized with antibodies to mfluenza virus (or any other pathogen)
and connecting two coﬁductive [eads (1.e., electrode terminals) will change impedance upon
anticen bindine.  The resulting change n electrical properties enables the use of the

functionahized graphenc nanoribbons in sensors for diagnostic testing of biological fluids.

[0061] Water-soluble graphene nanoribbon compositions such as those described above may be
exploited for sequestration of water-insoluble drugs for drug dehvery applications. For example,
i an embodiment. paclitaxel may be incorporaied in a water-based formulation using water
sojuble oraphene nanoribbons containing a plurality of polymer chains. Sequestration of
paclitaxel and other drues within the polymer chains of related carbon nanotube compositions
have been described in commonly-assiened PCT publicaions WO 2008/18960 and WO

2009/070380. The amount of the water-

soluble eraphene nanoribbons sufficient to provide acceptable solubihity of paclitaxel or other
drugs may be dramatically lower than surfactants. Cremophor or iposomes typically used for the
same purpose.  Therefore. advantageous toxicity mmprovement 1s possibie using the water-

soluble eraphene nanoribbon compositions of the present disclosure as a drug delivery vehicle.

O
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[Experumental Examples

[0002] The followine examples arc provided to more fully iltustrate some of the embodiments
disclosed heremabove. It should be appreciated by those of ordinary skiil in the art that the
mcthods disclosed m the examples that follow represent techmques that constitute illustrative

modes for practice of the disclosure and that the scope of the claims should not be limited by the

embodiments sct forth in the examples, but should be given the broadest interpretation consistent

with the description as a whole.

[0063] Ixample 1: Synthesis of Functionalized Graphéne Nanoribbons Using Potassium
Vapor. MWNTs (1.00 g) and potassium metal pieces (3.00 g) were placed in a 50 mL Pyrex
ampoule that was then evacuated and sealed with a torch (CAUTION: Potassium metal is highly
reactive and appropriate precautions should be taken.). The potassium metal was melted at
250°C, and the reaction mixture was kept in a furnace at 250°C for 14 hr. The heated ampoule
contained a golden-broﬁze potassium 1ntercalation compound and silvery droplets of unreacted
potassium metal. After heating, the ampoule was cooled to room temperature and opened in a
dry box or mtrogen-filled glove bag, and 20 mL of cthyl ether was then added. Ethanol (20 mL)
was then added slowly mto the ethyl ether suspension. Ethanol addinon was accompanied by
some bubbhng from hydrogen evolution and heat release. The product was then collected on a
PTEFE membrane (0.45 um) and washed successively with cthanol (20 mL), water (20 mL),
ethanol (10 mL). and ¢ther (50 mL). Therealter, the product was dried in vacuum to give

hydrogen-tunctionalized graphene nanoribbons as a black, Ibrillar powder (1.00 o).

10064] LExample 2: IExfohiation of Functionalized Graphene Nanoribbons Using
Chlorosulfonic Acid. The product of Example 1 (10 mg) was dispersed in chiorosulfonic acid
(15 ml.) ustng mild bath sonication from an ultrasonic jewelry cleaner (Cole-Parmer EW-08840-
00) tor 24 hours (CAUTION: Chlorosulfonic acid 1s a corrosive liquid and appropriate
precautions should be Izikcn.) Afterward. the nmixture was quenched by pourme mto 50 ml. of
ice. and the resulting suspension was liltered through a PTTFE membrane (045 um). The hlter
cake was dried under vacuum. and the resultine black powder was then dispersed in DM with

mitd bath somcation for 15 minutes.

| /
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10065] kxample 3:. Characterization of Functionalized Graphene Nanoribbons. Scanning
clectron microscopy (SEM), transnussion clectronic microscopy (TEM) and atonmc force
microscopy (AIFM) were used to image the functionalized eraphene nanoribbons. FIGURES 2A
~ 2D show tllustrative SEM 1mages of functionalized eraphene nanoribbons after exfoliation. As
shown in FIGURE 2A] the functionalized graphene nanoribbons had widths ranging from ~130 —
250 nm and lengths ranging from ~1 — 5 um. Magnified images of the functionalized graphene

nanoribbons are shown in FIGURES 2B — 2D. The SEM images of FIGURES 2B - 2D showcd

that the functionalized graphene nanoribbons had a more ragged edge appearance than oxidized
graphene nanoribbons produced by oxidative cleavage using KMnO, (see US 2010/0105834)
FIGURES 3A and 3B show illustrative SEM nmages of {functionalized

oraphene nanoribbons prior to exfoliation. FIGURE 3A illustrates substantial curling in the

oraphene nanoribbons prior to exfohation. FIGURE 3B shows that the functionalized graphene

nanoribbons casily bend, unlike the multi-walled carbon nanotube starting material.

[0066] FIGURE 4 sho‘ws an illustrative AFM 1mage and height profile of functionalized
oraphene nanoribbons. The AIFM height profile in FIGURE 3 indicated a thickness of 1.8 mm,
which 15 imdicative of a functionalized graphenc nanoribbon bilayer. The thickness of a singlc
aoraphene sheet i1s generally considered to lie in the range of about 0.7 nm to about 1 nm.

FIGURES 5A and 5B show illustrative TEM 1mages of functionalized eraphenc nanoribbons.

(0067] FIGURE 6 shows illustrative Raman spectra of functionahzed graphenc nanoribbons
before and after exfoliation in comparison to multi-walled carbon nanotubes. The D/G band ratio
of the Raman spectiram was increased over that of the carbon nanotube starting material, which 1s
indicative of the relative lack of sp’ carbons in the graphene latice.  Graphene basal plane
detects are typically characternized by an ncreased proportion of 3;33 carbons. In FIGURL 0,
curve 601 shows the carbon nanotube starting maternal. Curve 602 shows the functionalized

oraphene nanoribbons before exfohation, and curve 603 shows the functionalized graphene

nanoribbons after extoliation.

10068] To further mvesugate the increased mtensity of the D band. X-Ray photoelectron
spectroscopy (XPS) was performed to delermime it the mcreased mtensity was due to oxidation.

FIGURE 7 shows an illustrasve high resojution Cls XPS spectrum ol functionahized graphene
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nanoribbons in comparison to that ol mulu-walled carbon nanotubes. Curve 701 shows the high
resolution Cls XPS spectrum of functionahzed graphene nanoribbons. and curve 702 shows that
of the staring multi-walled carbon nanotubes.  As shown in the XPS spectra, no sienajs were

observed at either 286 eV (C-O) or 287 (C=0). Since the functionahzed graphene nanoribbons

tacked oxygen functionality, it can be concluded that they were not oxidized by the present

processes. Hence, the mncreased D/G ratio 1s hikely due to emergent cdge carbons in the

functionalized graphene nanoribbons.

[0069] Example 4:  Electrical Property Measurements of Functionalized Graphene
Nanoribbons. To 1nvestigate the eclectrical properties of the functionalized graphene
nanoribbons, several electronic devices were constructed on an St/S105 substrate (for details, see
US 2010/0105834). Hydrogen-terminated graphene nanoribbons from
Example 1 were used. The thicknesses of the functionalized graphene nanoribbons ranged from
3.5 — 5 nm 1n thickness, indicative of a several-layer thick stack of functionalized graphene
nanoribbons. FIGURE & shows an illustrative current versus voltage plot for a 3.8 nm thick
functionalized graphene nanoribbon stack in an electronic device. The measured conductivities
ranged from ~70,000 to ~90,000 S/m, which 1s comparable to that ot mechanically exfoliated
graphene. Only a very small gate effect was observed m the functionalized graphenc
nanoribbons, most hikely due to the number of layers in the functionahized graphene nanoribbon

stacks.

{0070] From the foregoing description, one of ordinary skill in the art can easily ascertain the
essential characteristics of this disclosure, and can make various changes and modifications to
adapt the disclosure to various usages and conditions. The embodiments described hereinabove
are meant to be illustrative only and should not be taken as limiting of the scope of the

disclosure, which is defined in the following claims.
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THE EMBODIMENTS OF THE INVENTION FOR WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

.

A process for preparing graphene nanoribbons, said process comprising:

exposing a plurality of carbon nanotubes to an alkali metal source 1n the absence
of a solvent;

wherein exposing opens the carbon nanotubes parallel to their longitudinal axis;
and

after exposing, adding an electrophile to form functionalized graphene

nanoribbons.

The process of claim 1, wherein the alkali metal source comprises an alkali metal vapor.

The process of claim 1, wherein the alkali metal source comprises a molten alkali metal.

The process of claim 1, wherein the alkali metal source comprises an alkali metal selected

from the group consisting of potassium, rubidium, cesium and combinations thereof.

The process of claim 4, wherein the alkali metal comprises potassium.

The process of claim 4, wherein the alkali metal is covalently bound to the graphene

nanoribbons before the electrophile 1s added.

The process of claim 6, wherein the electrophile displaces the alkali metal from the

graphene nanoribbons and introduces a plurality of functional groups to the

functionalized graphene nanoribbons.
The process of claim 6, further comprising:

transmetalating the alkali metal with a transmetalating species before adding the

electrophile;

20
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wherein the transmetalating species comprises at least one element
selected from the group consisting of boron, an alkaline earth metal, a transition metal, a

rare earth metal, and combinations thereof.

The process of claim 8, wherein the transmetalating species comprises at least one
element selected from the group consisting of magnesium, zinc, tin, palladium, copper,

nickel, and combinations thereof.

The process of claim 1, wherein exposing takes place at a temperature between 50°C and

500°C.

~ The process of claim 10, wherein exposing takes place at a temperature between 250°C

and 300°C.

The process of claim 1, wherein the carbon nanotubes comprise multi-walled carbon

nanotubes.

The process of claim 1, wherein the electrophile is selected from the group consisting of

water, alcohols, organic halides, aldehydes, ketones, carboxylic acids, carboxylic esters,

- carboxylic acid chlorides, carboxylic acid anhydrides, enones, nitriles, carbon dioxide,

halogens, vinyl monomers, ring-opening monomers and combinations thereot.
The process of claim 13, wherein the vinyl monomers are selected from the group
consisting of styrene, acrylonitrile, methyl vinyl ketone, alkyl acrylates, alkyl
methacrylates, and combinations thereof.

The process of claim 1, wherein the electrophile is added in a solvent.

The process of claim 1, wherein the electrophile 1s added neat.

21
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The process of claim 1, further comprising:

extoliating the functionalized graphene nanoribbons to form exfoliated,

functionalized graphene nanoribbons.

The process of claim 17, wherein exfoliating comprises exposing the functionalized

graphene nanoribbons to a superacid solvent.

The process of claim 1, further comprising:
oxidizing the functionalized graphene nanoribbons to form oxidized,

functionalized graphene nanoribbons.

The process of claim 1, further comprising:

defunctionalizing the functionalized graphene nanoribbons to form

defunctionalized graphene nanoribbons.

The process of claim 20, wherein defunctionalizing comprises a thermal

defunctionalization process.

A process for preparing graphene nanoribbons, said process comprising:
exposing a plurality of multi-walled carbon nanotubes to a potassium metal
source in the absence of a solvent;
“wherein exposing opens the muliti-walled carbon nanotubes paraliel to
their longitudinal axis; and
after exposing, adding an electrophile to form functionalized graphene

nanoribbons.

The process of claim 22, wherein the potassium metal source comprises potassium metal

vapor.

The process of claim 22, wherein the potassium metal source comprises molten potassium

metal.

22
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The process of claim 22, wherein exposing takes place at a temperature between 50°C and

500°C.

The process of claim 25, wherein exposing takes place at a temperature between 250°C

and 300°C.

‘The process of claim 22, wherein the electrophile is selected from the group consisting of

water, alcohols, organic halides, aldehydes, ketones, carboxylic acids, carboxylic esters,
carboxylic acid chlorides, carboxylic acid anhydrides, enones, nitriles, carbon dioxide,

halogens, vinyl monomers, ring-opening monomers and combinations thereof.

The process of claim 22, further comprising:
exfoliating the functionalized graphene nanoribbons to form extoliated,

functionalized graphene nanoribbons.

The process of claim 22, further comprising:
oxidizing the functionalized graphene nanoribbons to form oxidized,

functionalized graphene nanoribbons.

The process of claim 22, further comprising:

defunctionalizing the functionalized graphene nanoribbons to torm

defunctionalized graphene nanoribbons.

23
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FIGURE 7
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