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CARBON MATERIALS REACTED WITH DIAZONIUM SALTS

FIELD OF THE INVENTION
This invention relates to a process for the

preparation of carbon products. The process involves
reacting a diazonium salt with a carbon material to yield a
carbon product having an organic group attached to the
carbon material. The carbon material is selected from
graphite powder, a graphite fiber, a carbon fiber, a carbon
cloth, a vitreous carbon product, and an activated carbon
product. '
BACKGROUND OF THE INVENTION

Carbon materials are used in a wide variety of
industries and products. These carbon materials include,
for example, graphite powder, graphite fibers, carbon
fibers, carbon cloth, vitreous carbon products, and an

- activated carbon products. Many of the uses of these

carbon materials are discussed below.

Graphite powder, in addition to its use as "lead" in
pencils, has many uses in a variety of fields, including
electrical, chemical, metallurgical and rocket components.
Electrodes formed from graphite are used in steel-making
furnaces and in the electrolytic production of chlorine,
chlorates, magnesium, and sodium. Graphite is also used to
make metallurgical molds and crucibles and chemical "
reaction vessels. In the field of rockets, graphite is
used to make rocket motor nozzles and missile nose cones.

Graphite fibers and carbon fibers are similarly used
in a variety of applications. Short or chopped fibers are

- often used as reinforcement in injection moldings, as well

as in automotive brakes, where their good ‘abrasion
resistance is desired. -High-performance graphite or carbon
fibers are used in structural composites, particularly
composites utilized by the aerospace field. These fibers
also see widespread use in sporting goods such as fishing
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rods, golf clubs, and tennis rackets.

Carbon cloth or mats are simply textile products
formed from long fibers of carbon or graphite. They are
useful in areas such as electrostatic dissipation in
carpets or computer-related furniture, eleétromagnetic
shielding, and electrostatic painting of sheet-molded
automotive parts. The low thermal conductivity also finds
uses the field of rocket components. |

Vitreous carbon is used in the manufacture of
electrical goods such as electrodes and mechanical goods
such as crucibles. | .

Activated carbon exhibits excellent adsorption
properties and is therefore used to improve the color of
manufactured chemicals, oils, and fats, to control the
color, odor, and taste of water, beﬁerages, and food.

These gas—-adsorbent carbons are also useful in gas
separation processes, the recovery of solvent vapors, air
conditioning systems, and gas masks.

Much effort has been expended over the last several
decades to modify the surface chemistry of carbon
materials. While it is possible to deposit physically
adsorbed material onto the surface of a carbon material,
'permanently changing its surface chemistry is substantially
more difficult. : -

PCT Patent Appllcatlon No. WO 92/13983 describes a
process for modifying the surfaces of carbon-containing
materials by electrochemical reduction of diazonium salts.
The process is reportedly applicable, in particular, to
carbon plates and carbon fibers for composite materials.
Carbon-containing materials modified by the process are
also described. Electrochemical reduction of diazonium
salts containing functionalized aryl radicals to covalently
modify carbon surfaces is also described in Delmar et al.,
J. Am. Chem. Soc. 1992, 114, 5883-5884. - |

According to WO 92/13983, the process for mod;fylng
the surface of a carbon-conta;nlng material consists of
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grafting an aromatic group to the surface of this material
by electrochemical reduction of a diazonium salt including
this aromatic group. The carbon-containing material is
placed in contact with a diazonium salt solution in an
aprotic solvent and is negatively charged with respect to
an anode which is also in contact with the diazonium salt
solution. Use of a protic solvent is reported to prevent
the electrochemical process from producing the intended
product as a result of reducing the diazonium triple bond
to yield a hydrazine. -

' Despite that technology, there remains a need to
modify the surface chemistry of carbon materials and impart
desired propetties to carbon materials.

_ SUMMARY OF THE INVENTION

Accordingly, the present invention relates to
processes for preparing a carbon product having an organic
group attached to a carbon material selected from a
graphite powder, a graphite fiber, a carbon fiber, a carbon
cloth, a vitreous carbon product, and an activated carbon
product. One process comprises the step of reacting at
least one diazonium salt with a carbon material in the
absence of an externally applied electric current
sufficient to reduce the diazonium salt.

Another process comprises the step of reacting at

 least one diazonium salt with a carbon material in a protic

reaction medium. _

The description which follows sets out additional
features and advantages of the invention. These functions
will be apparent from that description or may be learned by
practice of the invention as described. The objectives and
other advantages will be realized and attained by the
processes, products, and compositions particularly pointed
out in the description below and the appended claims.
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DETAILED DESCRIPTION
Processes for Preparing a Carbon Product
A first embodiment of the invention provides processes
for prepa:ing a carbon product having ‘an organic groﬁp

attached to a carbon material. The carbon material is

selected from a graphite powder, a graphite fiber, a carbon
fiber, a carbon cloth, a vitreoﬁs'carbon-product; and an
activated carbon product. o |

One process involves the reaction of at least one
diazonium salt with a carbon material in the absence of an
externally applied current sufficient to reduce the
diazonium salt. That is, the reaction between the
diazonium salt and the carbon material proceeds without an
external source of electrons sufficient to reduce the
diazonium salt. Mixtures of different diazonium salts may

be used in the processes of the invention. This process

can be carried out under a variety of reaction conditions
and in any type of reaction medium, including both protic
and aprotic solvent systems or slurries.:

Another process reacts at least one diazonium salt
with a carbon material in a protic reaction medium.
Mixtures of different diazonium salts may be used in this _
process of the invention. This process can also be carried -
out under a variety of reaction conditions. |

Preferably, in both proceéseé, the diazonium salt is
formed in situ. If desired, in either process, the carbon
product can be isolated and dried by means known in the

art. Furthermore, the resultant carbon product can be

treated to remove impurities by known techniques. The
various preferred embodiments of these processes are
discussed below and are shown in the examples.

The carbon materials used in the processes of this
invention are carbon material selected from a graphite
powder, a graphite fiber, a carbon fiber, a carbon cloth, a
vitreous carbon product, and an activated carbon product.
The resulting carbon products are useful in applications
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known for untreated carbon materials such as those _
discussed above. More importantly, the processeé of this
invention can be used to prepare carbon products having
advantageous properties not associated with untreated
carbon materials. |

The processes of the invention can be carried out
under a wide variety of conditions and in general are not
limited by any particular condition. The reaction
conditions must be such that the particular diazo@ium salt
is sufficiently stable to allow it to react with the carbon
material. Thus, the processes can be carried out under '
reaction conditions where the diazonium salt is short
lived. The reaction between the diazonium salt and the
carbon material occurs, for example, over a wide range of
pPH and temperature. The processes can be carried out at
acidic, neutral, and basic pH. Preferably, the pH ranges
from about 1 to 9. The reaction temperature may preferably
range from 0°C to 100°C. Diazonium salts, as known in
the art, may be formed for example by the reaction of

- primary amines with aqueous solutions of nitrous acid. A

general discussion of diazonium salts and methods for their
preparation is found in Morrison and Boyd, Organic

Chemigtry, 5th Ed., pp. 973-983, (Allyn and

Bacon, Inc. 1987) and March, Advanced Organic Chemistry:
Reactions, Mechanisms, and Structures, 4th Ed., (Wiley,'
1992). According to this invention, a diazonium salt is an
organic compound having one or more diazonium groups.

In the processes of the invention, the diazonium salt
may be prepared prior to reaction with the carbon material
or, more preferably, generated in situ using techniques
known in the art. 1In situ generation also allows the use
of unstable diazonium salts such as alkyl diazonium salts
and avoids unnecessary handling or manipulation of the
diazonium salt. 1In particularly preferred processes of
this invention, both the nitrous acid and the diazonium
salt are generated in situ. |
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A diazonium salt, as is known in the art, may be
generated by reacting a primary amine, a nitrite and an
acid. The nitrite may be any metal nitrite, preferably
lithium nitrite, sodium nitrite, potassium nitrite, or zinc
nitrite, or any organic nitrite such as for example
isoamylnitrite or ethylnitrite. The acid may be any acid,
inorganic or organic, which is effective in the generation
of the diazonium salt. Preferred acids include nitric

:acid, HNO;, hydrochloric acid, BHCl, and sulfuric acid,

H,S0,. .

The diazonium salt may also be generated by reacting
the primary amine with an aqueous solution of nitrogen
dioxide. The aqueous solution of nitrogen dioxide, NO,/H,0,
provides the nitrous acid needed to generate thée diazonium
salt. | D _ .

Generating the diazonium salt in the presence of

- excess HCl may be less preferred than.oghér alternatives

because BCl is corrosive to stainless steel. Generation of
the diazonium salt with NO,/H,0 has the additional advantage

of being less corrosive to stainless steel or other metals

commonly used for reaction vessels. Generation using
H,S0, /uanoz or HNO,/NaNO, are also relatively non-corrosive.
In general, when generating a diazonium salt from a
primary_amine; a nitrite, and an acid, two equivélents of
acid are'required based on the amine. In an in situ
prccess, the diazonium salt can be generated using one
equivalent of the acid. When the primary amine contains a
strong acid group, adding a separate acid may not be
necessary in the processes of the invention. The acid
group or groups of the primary amine can supply one or both
of the needed equivalents of acid. When the primary amine
contains a strong acid group, preferably zero to one
equivalent of additional acid is added to a process of the
invention-tO'generate_the diazonium salt in situ. One
example of such a primary amine is para-
aminobenzenesulfonic acid (sulfanilic acid).
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In general, diazonium salts are thermally unstable.

They are typically prepared in solution at low
temperatures, such as 0-~5°C, and used without isolation of
the salt. BHeating solutions of some diazonium salts may
liberate nitrogen and form either the corresponding
alcohols in acidic media or the organic free radicals in
basic media. _

~ However, to accomplish the process of the invention,
the diazonium salt need only be sufficiently stable to
allow reaction with the carbon material. Thus, the

~ processes of the present invention can be carried out w1th

some diazonium salts otherwise considered to be unstable
and subject to decomposition. Some decomposition processes
may compete with the reaction between the carbon material
and the diazonium salt and may reduce the total number of
organic groups attached to the carbon material. Further,
the reaction may be carried out at elevated temperatures
where many diazonium salts may be susceptible to
decomposition. Elevated temperatures may also
advantageously increase the solubility of the diazonium
salt in the reaction medium and improve its handling during
the process. However, elevated temperaturee may result in
some loss of the diazonium salt due to other decomposition
processes.

The processes of the invention can be accomplished by
adding the reagents to form the diazonium salt in situ, to
a mixture or suspension of the carbon material in the
reaction medium, for example, water. Thus, a mixture or
suspension to be used in a process of the invention may
already contain one or more reagents to generate the
diazonium salt and the process of the invention
accomplished by adding the remaining reagents.

Reacrions to form a diazonium salt are compatible with
a large variety of functional groups commonly found on
organic compounds. Thus, only the availability of a
diazonium salt'for reaction with a carbon material limits
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~the processes of the invention.

The processes of this invention can be carried out in
any reaction medium which allows the reaction between the
diazonium salt and the carbon material to proceed.
Prefersblyr the reaction medium is a solvent-based system.
The solvent may be a protio'solvent, an aprotic solvent, or
a mixture of solvents. Protic solvents are solvents, like

. water or msthsnol,;containihg a hyd:ogen attached to an
oxygen or nitrogen and thus are sufficiently acidic to form

hydrogen bonds. Aprotic solvents are solvents which do not
contain acidic hydrogen. Aprotic solvents inolﬁde,'for
example, solvents such as hexanes, tetrahydrofuran (TEF),
acetohitrile, and benzonitrile. For a discussion of protic
and aprotic solvents see Morrison and Boyd, _;ggg;_

' Chemistry, Sth Bd., pp. 228-231, (Allyn and Bacon, Inc.

1987).

The processes of this invention are preferably carried
out ln a protic reaction medium, that is in_a protic
solvent alone or a mixture of solvents whick contains at
least .one protic solvent. Preferred protic media include,
but are not llmlted to water, aqueocus media contalnlng
water and other solvents, alcohols, and any media
containing an alcohol, or mixtures of such media.

In general, the processes of the invention broduoe
Lnorganxc by-products, such as salts. In some end uses,
such as those discussed below, these by-produots may be
undesirable and problematic. Several possible ways to
produce a carbon product according to a prooess of the
anentlon without unwanted inorganic by-products or salts
are as follows: '

First, the diazonium salt can be purified’before use
by removing the unwanted inorganic by-products using means
known in the art. Second, the diazonium salt can be

generated with the use of an organic nitrite as the

diazotization agent yielding the corresponding alcohol
rather than an inorganic_salt. Third, when the diazonium
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salt is generated from an amine having an acid group and
aqueous NO,, no inorganic salts are formed. Fourth, the
inorganic by=-products may be removed by washihg with a
suitable solvent. Other ways may be known to those of
skill in the art..

In addition to the inorganic by-products, a process of
the invention may also produce organic by-products. They
can be removed, for example, by extraction with organic

solvents. Other ways may be known to those of skill in the
art. '

Carbon Products

The reaction between a diazonium salt and a carbon
material according to a process of this invention forms a
carbon product having an organic group attached to the |
carbon material selected from a graphite powder, a graphite
fiber, a carbon fiber, a carbon cloth, a vitreous carbon
product, and an activated carbon product. ' The diazonium
salt may contain the organic group to be attached to the
carbon black. The organic group may be an aliphatic group,
a cyclic organic group, or an organi¢ compound having an
aliphatic portion and a cyclic portion. As discussed
above, the diazonium salt employed in the processes of the
invention can be derived from a primary amine having one of
these groups and being capable of forming, even
transiently, a diazonium salt. The organic group may be
substituted or unsubstituted, branched or unbranched.
Aliphatic groups include, for example, groups derived from
alkanes, alkenes, alcohols, ethers, aldehydes, ketones,
carboxylic acids, and carbohydrates. Cyclic organic groups
include, but are not liﬁited to, alicyclic hydrocarbon
groups (for example, cycloalkyls, cycloalkenyls),
heterocyclic hydrocarbon groups (for example, pyrrolidinyl,
pyrrolinyl, piperidinyl, morpholinyl, and the like), aryl
groups (for example, phenyl, naphthyl, anthracenyl, and the
like), and heteroaryl groups (imidazolyl, pyrazolyl,
pyridinyl, thienyl, thiazolyl, furyl, indolyl, and the
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like). As the steric hinderance of a substituted organic
group increases, the number of organic groups attached to
the carbon material from the reaction between the diazonium
salt and the carbon material may be diminished.
When the organic group is substituted, it may contaln

any functional group compatible with the formation of a
diazonium salt. Examples include, but are not limited to,
OR, COR, COOR, OCOR, COONa, COOK, COO'NR,*, halogen, CN, NR,,
S,, SO,H, SO,Na, SO.,K, SO,'NR,’, NR(COR), CONR,, NO,, PO;H,,
PO,ENa, PO,Na,, N=NR, NR,’X", and PR;’X". R is independently
hydrogen, C,-C,, alkyl (branched or unbranched) or aryl.
The integer n ranges from 1-8 and preferably from 2-4. The
anion X* is a halide or an anion derived from a mnneral or
organic acid.

~ An example of an organic group is an aromatic group of
the formula AAr~, which corresponds to a primary amine of

the formula AArNH,. In this formula, the variables have

the following meanings: Ar is an aromatic radical selected
from the group consisting of phenyl, naphthyl, anthracenyl,
phenanthrenyl, biphenyl, and pyridinyl; A is a substituent
on the aromatic radical independently selected from a
preferred functional group described above or A is a
linear, branched or cyclic hydrocarbon radical (preferably
containing up to 20'carbons),'unsubstituted or substituted
with one or more of-those:functiohal groups; and y is an
integer from 1 to 5 when Ar is phenyl, 1 toc 7 when Ar is
naphthyl, 1 to 9 when Ar is anthracenyl, phenanthrenyl, or
biphenyl, or 1 to 4 when Ar is pyridinyl.

Another set of organic groups which may be attached to
the carbon material are organic groups substituted with an
ionic or an ionizable group as a functional group. An
ionizabie group is one which is capable of forming an ionic
group in the medium of use. The ionic group may be an
anionic group or a cationic group and the ionizable group
may form an anion or a cation. :

Iohizahle functional groups forming anions include,
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for example, acidic groups or salts of acidic groups. The
organic groups, therefore, include groups derived from
organic acids. Preferably, when it contains an ionizable
group forming an anion, such an organic group has a) an
aromatic group and b) at least one acidic group having a
pKa of less than 11, or at least one salt of an acidic
group having a pKa of less than 11, or a mixture of at
least one acidic group having a pKa of less than 11 and at
least one salt of an acidic group=having'a pKa of less than
11. The pKa of the acidic group refers to the pKa of the

~organic group as a whole, not just the acidic substituent.
'More preferably, the pKa is less than 10 and most
' preferably less than 9. Preferably, the aromatic group of

the organic group is directly attached to the carbon black.
The aromatic group may be further substituted or
unsubstituted, for example, with alkyl groups. More
preferably, the organic group is a phenyl or a naphthyl
group and the acidic group is a sulfonic acid group, a
sulfinic acid group, a phosphonic acid group, or a
carboxylic acid group. Examples of these acidic groups and
their salts are discussed above. Most preferably, the
organic group is a substituted or unsubstituted sulfophenyl
group or a salt thereof; a substituted or unsubstituted
(polysulfo)phenyl group or a salt thereof; a substituted or
unsubstituted sulfonaphthyl group or a salt thereof; or a
substituted or unsubstituted (polysulfo)naphthyl group or a
salt thereof. A preferred substituted sulfophenyl group is
hydroxysulfophenyl group or a salt thereof.

Specific organic groups having an ionizable functional
group forming an anion (and their corresponding primary
amines for use in a process according to the invention) are

'p~sulfophenyl (p-sulfanilic acid), 4-~hydroxy-3-sulfophenyl

(2-hydroxy-5-amino-benzenesulfonic acid), and 2-sulfoethyl
(2-aminoethanesulfonic acid). '
Amines represent examples of ionizable functional

. groups that form cationic groups. For example, amines may
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be protonated to form ammonium groups in acidic media.
Preferably, an organic group having an amine substituent
has a pKb of less than 5. Quaternary ammonium groups (-
NR;') and quaternary phosphonium groups (~PR;') also
represent examples of cationic groups. Preferably, the
organic group contains an aromatic group such as a phenyl
or a naphthyl group and a quaternary ammonium or a '
quaternary phosphonium group. The aromatic group is
preferably directly attached to the carbon black.
Quaternized cyclic amines, and even quaternized aromatic
amines, can also be used as the organic group. Thus, N-
substltuted pyridinium compounds, such as N-methyl-pyridyl,
can be used in this regard.

An advantage of the carbon materials having an
attached organic group substituted with an ionic or an
jonizable group is that the carbon product may have
increased water dispersibility relative to the
corresponding untreated carbon material. In addition to
their water dispersibility, carbon products having an
ofganic group substituted with an ionic or an ionizable
group may also be dispersible in polar organic solvents
such as dimethylsulfoxide (DMSO), and formamide.

Water dxspersibillty of a carbon product increase as

- the number of organic groups having an lonlzable group

attached to the carbon material increases or a greater
number of ionizable groups are attached to a given organic
grdup. Thus, increasing the number of ionizable groups
associated with the carbon product should increase its

water dispersibility. It can be noted that the water
~ dispersibility of a carbon:product containing an amine as

the organic group attached to the carbon material may be

~ increased by acidifying the aqueous medium. Because the
. water dispersibility of the carbon product depends to some

extent on charge stabilization, it is preferable that the
ionic strength of the agqueous medium be less than 0.1
molar. More preferably, the ionic strength is less than
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0.01 molar. |

When such a water dispersible carbon product is
prepared by a process of the invention, it is preferred
that the ionic or ionizable groups be ionized in the
reaction medium. Alternatively, the carbon product may be
dried by techniques used for conventional carbon materials.
Overdrying, however, may cause a loss in the degree of
water dispersibility. '

Aromatic sulfides encompass another group of preferred

- organic groups. Carbon products having:aramatic sulfide
.groups are particularly useful in rubber compositions or

other compositions having reactive olefinic groups. These
aromatic sulfides can be represented by the formu1a3'4Ar-Sf-
Ar'~ or -Ar-§,-Ar" wherein Ar and Ar' are indepéndently
arylene groups, Ar" is an aryl and n'is 1 to 8. Preferred
arylene groups include phenylene groups, particularly p-
phenylene groups. Preferred aryl groups include phenyl and
naphthyl. The number of sulfurs present, defined by n, and
preferably ranges from 2 to 4. Particularly preferred
aromatic sulfide groups are bis-para-(C¢H,)-S,-(C:H,)- and
para-(CeH,)-S,~(C¢Hs) . The diazonium salts of these aromatic
sulfide groups may be conveniently prepared from their
corresponding primary amines, H,N-Ar-S -Ar'-NH, or H,N-Ar-S,-
Ar”., '

Uses of the Carbon Products

The carbon products of this invention may be used in
the same applications as the corresponding untreated carbon
materials. The organic groups attached to the carbon
material, however, can be used to modify and improve the

. properties of a given carbon material for a particular use.

The organic groups may also be chosen for linking to a
substrate in which a given carbon material is used. This
linking may take the form of reacting with the substrate
through a process such as, for example, vulcanization,
neutralization, complexation, or polymerization. An
example is a carbon material'having NH, groups for use in



10

15

20

25

30

35

WO 96/18690 - . o PCT/US9S/16452

- 14 ~
epoxy resin-based materials.

The following examples are intended to illustrate not
llmlt, the invention. '

The methods described in “Absorption, Surface Area and
Porosity"; S.J. Gregg, K.S.W. Sing (Academlc Press 1982)
were used to measure surface areas and pore'volumes.
Surface érea, non-porous surface area, and pore volume of
activated carbon was determined as described on pages 90~
97. The surface area of the carbon cloth was determined

‘using step-like isotherms as described on pages 84-86.

Surface area of the graphite fibers were determined by BET
techniques using krypton.

Example 1
Preparation of a graphite powder product
This example illustrates the preparation of a graphite
powder ptoduct using a process of the present invention. A

2.0 g sample of a graphite powder having a surface area of

11.5 m?’/g was stirred in 14 g of water. A solution of 0.11
g of 4-chlorobenzenediazonium hexafluorophosphate in 7 g of
water was added, and bubbles were released. After stirring
for 20 minutes, the product was collected by filtration,
subjected to Soxhlet extraction with tetrahydrofuran (THF)
overnight, and dried'in an oven. An analysis of the
product showed that it contained 597 ppm of chlorine,
compared to 23 ppm of chlorine for the untreated powder.
Theréfore, the product;cpntains 0.85 chlorophenyl groups
per square nanometer of surface.. ESCA analysis showed the
product contained 1.4 atomic percent chlorine. No chlorine

was detected on the surface of the unreacted powder by

ESCA.

_ Exanple 2.
Praparation of a graphite powder product
This example illustrates the preparation of a graphite
powder product using a process of the present invention. A
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solution of 0.095 g 4-nitrobenzenediazonium
tetrafluoroborate in 10 g of water was added to a stirring
suspension of 2.0 g of the graphlte powder of Example 1 in
18 g of water. After stlrring for 15 minutes, the product
was dried in an oven at 1250C, subjected to Soxhlet
extraction overnight with THF and dried. ESCA analysis
showed a Nl1ls signal at 406.1 eV and one at 400.5 eV with
relative areas of 5.9:1. The 406.1 eV signal is caused by
NO, groups and the 400.5 eV is probably caused by azo

groups. No signal at 403 eV corresponding to diazonium

groups was found. The combined nitrogen content was 4.0
atomic percent. No nitrogen was detected on the unreacted
powder by ESCA. This establishes that nitrophenyl groups
are attached to the graphite powder product. ‘

Example 3
Preparation of a graphite powder product

This example illustrates the preparation of a graphite
powder product using a process of the present invention. A
solution of p-NH,CH,N,Cl, was prepared by adding a cold
solution of 0.028 g NaNO, in 3 g of water to a solution of
0.16 ml concentrated HCl, 0.043 g p—phenylenediamihe and 5
g of water that was stirring in an ice bath. The cold
diazonium solution was added to a suspension of 2.0 g of
the graphite powder of Example 1 and 18 g of water that was
stirring at room temperature. After stirring for one hour,
the product was dried in an oven at 1250C, subjected to
Soxhlet extraction overnight with THF, and dried. An ESCA
analysis of the product gave a nitrogen concentration of
4.6 atomic percent. No nitrogen was detected on the
unreacted powder by ESCA. This establishes that
aminophenyl groups are attached to the graphite powder
product. '
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Example 4 : .
'~ Preparation of a graphite fiber produ
This exahp1e illustrates the preparation of a graphite
fiber product using a process of the present invention.
Graphite fibers having a surface area of 0.43 m’/g and a
diameter of 8 microns were dried under nitrogen at 165¢C
for two hours. The fibere were placed in a 0.1M solution
of nitrobenzenediazonium tetrafluoroborate in anhydrous
benzonitrile for two minutes. Thg fibers were removed,

. rinsed twice with anhydrous benzonitrile, subjected to

Soxhlet extraction overnight with THF and dried in an oven.
ESCA analysis showed a Nls signal at 406.5 eV and one at _
400.5 eV with relative areas of 4.1:1. The 406.5 eV signal
is caused by NO, groups and the 400.5 eV is caused by
nitrogen in the original sample and by azo groups. No
signal at 403 eV corresponding to diazonium groups was
found. The combined nitrogen content was 2.4 atomic
percent. ESCA analysis of a sample prepared by the same
method with a 0.01M nitrobenzenediazonium tetrafluoborate
solution gave 0.9 atomic percent nitrogen. ESCA analysis
of thé unreacted fiber gave 0.2 atomic percent nitrogen.
This establishes that the two fiber products have attached
nitrophenyl groups. |

. Example 5
. Preparation of a carbon fiber product

This example illustrates the preparation of a graphite
fiber product using a process of the present invention. A
solution of 0.095 g 4-nitrobenzenediazonium .
tetrafluorcborate in 10 g of water was added to a stirring
suspension of 2.0 g of the graphite fiber of Example 4 in
100 g of water. After stirring for 15 minutes, the fibers
were removed form the solution, dried in an oven at 1250C,
subjected to Soxhlet extraction overnight with THF and
dried. ESCA analysis showed a Nls signal at 406.7 eV and
one at 400.5 eV with relative areas of ca. 1:1. The 406.7
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eV signal is céﬁsed'by NO, groupé and the 400.5 eV is caused
by nitrogen in the original sample and by azo groups. No
signal at 403 eV corresponding to diazonium groups was
found. The combined nitrogen content was 1.0 atomic

- percent compared to 0.2 atomic perdent'for the unreacted

fiber. This establishes that nitrophenyl groups are
attached to the graphite fiber product. '

Example 6
Praparation of a graphite fiber product
This example illustrates the preparation of a graphite
fiber product using a process of the present invention. A

- solution of p-NH,C,H,N,Cl, was prepared by 'adding' a cold

solution of 0.028 g NaNO, in 3 g of water to a solut:l.on of

'0.16 ml concentrated HCl, 0.043 g p-phenylenedlamlne and 5

g of water that was stirring in an ice bath. The cold
diazonium solution was added to a Suspension'of 2.0 g of
the graphite fibers of Example 4 and 100 g of water that
was stirring at room temperature. After stirring for 20
minutes, the fibers were removed from the solution, dried
in an oven at 1250C, subjected to Soxhlet extraction

- overnight with THF, and dried. An ESCA analysis of the

product gave a nitrogen concentration of 1.7 atomic
percent, compared to 0.2 atomic percent nitrogen for the

unreacted fibers. This establishes that amlnophenyl groups
are attached to the graphxte fiber product.

Example 7
Preparation of a graphite fiber product

This example illustrates the preparation of a graphite
fiber product using a process of the present invention. A
solution of 4-chlorobenzenediazonium nitrate was prepared
by adding a solution of 0.014 g NaNO, in 3 g of water to a
stirring solution of 0.025 g 4-chloroaniline, 0.070'g 90%
nitric acid and 3 g of water. After stirring for 10
minutes, the diazonium solution was added to a stirring
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mixture of 1 g of the graphite fibers of Example 4 and 50 g
of water. After stirring for 30 minutes,-the.f;bers were
removed from the solution, dried in an oven at 110eC,

subjected to Soxhlet gxtractidn overnight with THF, and

dried. An ESCA analysis of the product gave a chlorine
concentration of 0.4 atomic percent. No chlorine could be
detected in the unreacted fibers by ESCA. This establishes

that chlorophenyl groups are attached to the graphite fiber
product. :

'Example 8 -
Preparation of a graphite fiber product
This example illustrates the preparation of a graphite

~ fiber productluging a process of the present invention.

Approximately 0.2 g of the graphite fibers of Example 4
were added to a stirring solution of 0.025 g 4-

'chloroaniline, 0.070 g 90% nitric acid and 70 g of water.

A solutlon of 0.014 g NaNO, in 2 g of water was added and
the mixture was stirred for 30 minutes. 4~ -
Chlorohenzened;azonium.nltrate was formed in situ, which
reacted with the graphite fibers. The fibers were removed
from the solution, dried in an'oven at 1100C, subjected to
Soxhlet extraction overnight with THF, and dried. An ESCA
analysis of the product gave a chlorine concentration of
0.4 atomic percent. No chlorine could be detected in the
unreacted fibers by ESCA. This establishes that

chlorophenyl groups are attached to the graphite fiber
product.

_ Exanple 9 :
Preparation of a carbon cloth product
This example illustrates the preparation of a carbon
cloth product using a process of the present invention. A

carbon cloth having a surface area of 5.3 m’/g was reacted

with chlorobenzenediazonium hexafluorophosphate by the
method of Example 1. A sample of this material that had
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been subjected to Soxhlet extraction with THF overnight and
dried contained 0.4 atomic percent chlorine by ESCA,
compared to 0.03 atomic percent chlorine in the unreacted
cloth. This establishes that chlorophényl groups are
attached to the carbon cloth product.

, Example 10
- Preparation of a vitreous carbon product

This example illustrates the preparation of a vitreous
carbon product using a process of the present invention. A
small piece of a vitreous carbon plate (about 0.5'9) was
stirred in a solution of 0.047 g of 4-nitrobenzenediazonium
tetrafluoroborate in 30 g'of'water for 30 minutgs. The
plate was removed, dried, subjected to Soxhlet extraction
with THF dvernight, and dried. An ESCA analysis of the
product gave a nitrogen concentration of 2.4 atomic
percent, compared to 0.6 atomic percent nitrogen for the
unreacted vitreous carbon plate. This establishes that

nitrophenyl groups are attached to the vitreous carbon
product. - | .

_ Example 11
Preparation of an activated carbon product

This example illustrates the preparation of an
activated carbon product using a process of the present
invention. An activated carbon having a nitrogen BET
surface area of 762 m’/g, a nonporous surface area of 266
m’/g and a pore volume of 0.20 ml/g was reacted with
chlorobenzenediazonium hexafluorophosphate by the method of
Example 1. A sample of this material that had been
subjected to Soxhlet extraction with THF overnight and
dried contained 0.43% chlorine, compared to 0.02% for the
unreacted carbon. Therefore, the activated carbon product
contained 0.12 mmol/g of chlorophenyl groups, or 0.09
chlorophenyl groups per square nanometer. This establishes
that chlorophenyl groups are attached to the activated
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~ carbon product.

Example 12 . _
Preparation of an activated carbon product
This example illustrates the preparation of an
activated carbon product using a process of the present
invention. A solution of 1.66 g of 4-nitrobenzenediazonium
tetrafluorcborate in 100 g of water was added to a stirring
suspension of 7 g of the activated carbon .of Example 11 and

70 g of water. Bubbles were released. After stirring for ‘

15 minutes, the mixture was dried in an oven at 1250C. The

- product was subjected to Soxhlet extraction with THF

overnigh£ and dried. ESCA analysis showed a le'signallat
406.1 eV and one at 400.9 eV with relative areas of 3.2:1.
The 406.1 eV signal is caused by NO, groups and the 400.9 eV
is caused by nitrogen in the original sample and by azo
groups. No signal at 403 eV corresponding to diazonium
groups was found. The combined nitrogen content was 5.6
atomic percent, compared to 0.3 atomic percent nitrogen for
the unreacted activated carbon. This establishes that

nitrophenyl groups are attached to the activated carbon
product.

_ Example 13
- Preparation of an activated carbon product

‘This example illustrates the preparation of an
activated carbon product using a process of the present
invention. A solution of p-NH,C,H,N,Cl, was prepared by
adding a cold solution of 0.483 g NaNO, in 10 g of water to
a solution of 2.87 ml cqncentrated HCl, 0.758 g p=~
phenylenediamine and 30 g of water that was stirring in an
ice bath. The cold diazonium solution was added to a
suspension of 7.0 g of the graphite fibers of Example 11
and 63 g of water that was stirring at room temperature.
After stirring for 15 minutes, the'ptpduct was dried at
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125°C for one hour, subjected to Soxhlet extraction
overnight with THF, and dried. An ESCA‘'analysis of the
product gave a nitrogen concentration of 3.5 atomic
percent, compared to 0.3 atomic percent nitrogen for the
unreacted activated carbon. This establishes that
aminophenyl groups are attached to the activated carbon
product. '
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The claimed invention is: : i

l. A process for preparing a carbon product having
an organid group attached to a carbon material comprising
the step of: _ : _

reacting at least one diazonium salt with a carbon
material selected from a graphite powder, a graphite fiber,
a carbon fiber, a carbon cloth, a vitrecus cafbon'product,
and an activated carbon product in the absence of an
externally applied electric current sufficient to reduce
the diazonium salt.

2. A process of claim 1 wherein the reacting step is
carried out in an aprotic medium. |

3. A process of claim 1 wherein the reacting step is
carried out in a protic medium. -

4, A process of claim 1 wherein the diazonium salt
is generated in situ.

5. A process for preparing a carbon product having
an organic group attached to a carbon material comprising
the step of: '

reacting at least one diazonium salt with a carbon
material selected from a graphite powder, a graphite fiber,
a carbon fiber, a carbon cloth, a vitreous carbon product,
and an activated carbon product in a protic reaction
medium. _

6. A process of claim 5 wherein the diazonium salt
is generated in situ from a primary amine. |

7. ° A process of claim 6 wherein the diazonium salt
is generated in situ by reacting the primary amine, a
nitrite and an acid.

8. A process of claim 7 wherein the nitrite is a
metal nitrite and one equivalent of acid is used.

9. A process of claim 6 wherein the diazonium salt
is generated in situ by reacting the. primary amine with a
nitrite and the primary amine contains a strong acid group.

10. A process of claim 6 wherein the diazonium salt
is generated in situ by reacting the primary amine with an
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aqueous solution of nitrogen dioxide.

1l1. A process of claim 6 wherein the protic medium is
an aqueous medium, and the primary amlne is an amine of the
formula AArNH,, in which:

Ar is an aromatic radical selected from the group
consisting of phenyl, naphthyl, anthracenyl, phenanthrenyl,
biphenyl, and pyridinyl; _

A is independently a substituent on the aromatic
radical selected from:

a functional group selected from the group
consisting of OR, COR, COOR, OCOR, COONa, COOK, COO'NR4 v
halogen, CN, NR,, S,, SO,H, SO;Na, SO,K, SO,’NR,", NR(COR),
CONR,, NO,, PO;H,, PO;HNa, PO,Na,, N=NR, N,'X", NR;'X", and PR,’X
s and

a linear, branched or cyclic hydrocarbon radical,
unsubstituted or substituted with one or more of said
functional groups; :

'R is independently hydrogen, C;=C,, alkyl, or aryl,

n is an integer from 1 to 8;

X is a halide or an anion derived from a mineral or
organic acid; and |

Y. is an integer from 1 to 5 when Ar is phenyl, 1 to 7
when Ar is naphthyl, 1 to 9 when Ar is anthracenyl,
phenanthrenyl, or biphenyl, or 1 to 4 when Ar is pyridinyl.

12. A process of claim 5 wherein the diazonium salt
is generated in situ.

'13. A process of claim 5 wherein the diazonium salt
is generated from a primary amine separately from the

. reacting step.

l4. A process of claim 5 wherein the protic reaction
medium is an aqueous medium.

15. A process of claim 5 wherein the organic group of
the diazonium salt is substituted or unsubstituted and is
selected from the group consisting of an aliphatic group, a
cyclic organic group, or an organic compound having an



10

WO 96/18690  PCT/US95/16452

* c L n S *

aliphatic portion and a cyclic portion. _
16. A process of claim 5 wherein the protic reaction
medium is water. _
17. A process of claim 5 wherein the protic medium is
an alcohol-based medium. '
18. A carbon product prepared according to the
process of claim 1. _
19. A carbon product prepared according to the
process of claim 5. '

-y



