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Graphite oxide (GO), a carbon material prepared in one step from low cost
commercial materials, and graphene oxide have been found to catalyze a wide range of
reactions including oxidations, hydrations, and dehydrations, as well as cationic or
oxidative polymerizations. Applicable in both small molecule and polymer chemistry,
this single, metal-free catalyst shows remarkable breadth, including the combination of
the aforementioned reactions in an auto-tandem fashion to form advanced substrates,
such as chalcones, from simple starting materials. Some of these reactions, such as the
selective oxidation of alcohols to aldehydes, have been shown to be dependent on the
presence of molecular oxygen, suggesting that this may be the terminal oxidant. Aside
from its eminently valuable reactivity, the use of GO as a catalyst also presents practical
advantages, such as its heterogeneous nature, which facilitates separation of the catalyst
from the desired product.
The use of this simple material in synthetic chemistry, as well as others like it, is
distinct from other forms of catalysis in that the active species is carbon-based,
heterogeneous and metal-free (as confirmed by ICP-MS and other spectroscopic
techniques).

This has led us to propose the term “carbocatalyst” to describe such

materials. With dwindling supplies of precious metals used in many common organic
vii

reactions, the use of inexpensive and widely available carbocatalysts in their place will
ensure that commercial processes of fundamental importance can continue unabated.
Moreover, as we have shown with just one material, carbons are capable of facilitating a
broad range of reactions.
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Chapter 1: Carbocatalysis - Heterogeneous Carbons Finding Utility in
Synthetic Chemistry

1.1 INTRODUCTION
While recent interest in carbon has focused primarily on graphene,[1] carbon
nanotubes (CNTs)[2] and fullerenes,[3] other materials of similar composition have a long
history, a significant portion of which has been devoted to understanding their role in
synthetic chemistry. Carbon is widely available and inexpensive,[4] two features that
have facilitated the broad exploration and utility of this material in synthesis. Moreover,
the chemical and physical properties of any given carbon depend strongly on its source
and method of preparation.[5-7] Naturally-occurring carbons may be categorized into two
classes: (1) those that are well-defined, such as lamellar graphite,[8] and (2) those that are
ill-defined, such as glassy or amorphous carbons,[9-11] which lack long range crystalline
order and uniform hybridization. To complement these natural materials, which are
abundant, a wide range of synthetic variants has also been developed, including charcoal
(the char recovered after pyrolyzing an organic precursor)[9,

12]

and activated carbons

(porous carbons treated with chemical reagents to increase their adsorptive properties),[6,
9]

and many are now commercially prepared on large scales.[5] Most, if not all of these

materials have found utility in the growing field of “carbocatalysis”, as will be described
below. While carbons have also found extensive use as supports for catalytically active
transition metals, such applications are beyond the scope of the current discussion and we
direct readers to other recent reviews on these topics.[6, 7, 13, 14]

1

1.2 METAL-FREE CATALYTIC APPLICATIONS OF CARBON
The use of metal-free, heterogeneous carbons as catalysts in synthetic reactions
(which we will refer to herein as carbocatalysis[15]) may be traced back to at least the
1930s, when Kutzelnigg and Kolthoff independently demonstrated that activated
charcoals are capable of catalyzing the aerobic oxidation of ferrocyanide to ferricyanide
(Figure 1.1).[16, 17] The authors of these studies reasoned that the acidic surface generated
via thermal activation of the carbon improved adsorption of gaseous oxygen (compared
to unactivated carbons), promoting the oxidation reaction.

For example, when the

charcoal was heated to 900 °C, the resulting material was hydrophobic;[17-21] however,
when a lower activation temperature was employed (e.g., 400 °C), the carbon was more
hydrophilic and interacted strongly with basic solutions, consistent with the presence of
acidic functional groups.

Fe(CN)64-

- eCharcoal, O2

Fe(CN)63-

Figure 1.1: Activated charcoal catalyzed aerobic oxidation of ferrocyanide to
ferricyanide.

During this same time period, Rideal and Wright also investigated the ability of
charcoals to catalyze the aerobic oxidation of oxalic acid (1), among other substrates.
Consistent with the charcoal being the active catalyst, no conversion was observed in the
absence of a carbon at the relatively low temperatures employed in the reactions studied
(30–100 °C).[22-24] It was suggested by the authors of this study that the carbon used in
such reactions underwent aerobic oxidization and afforded a material decorated with
surface-bound geminal diols. Upon further reaction with ambient oxygen, the diols
2

formed peroxide intermediates, which then reacted with 1 to form carbon dioxide and
water (Figure 1.2). Malonic acid was found to undergo similar oxidation processes,
although glyoxylic acid was obtained as a product. In contrast, monofunctional acids
containing a single polar group (e.g., formic acid, acetic acid, fatty acids, etc.) were found
to be unreactive under these conditions.[22]

Although the authors offered no direct

explanation for this lack of reactivity, we surmise that monofunctionalized species may
adsorb too weakly to the surface, disabling further reaction.

O
HO

O2 (g)
OH

O
1

Charcoal
H2O
30-100 oC

CO2 + H2O

Figure 1.2: Charcoal catalyzed, aerobic oxidation of oxalic acid.

1.3 REACTION SCOPE OF CARBOCATALYSTS
High surface area carbons are particularly useful in carbocatalytic applications
because of their high ratio of catalytically active surface area to weight.[7] For example,
commercially available carbon molecular sieves (CMSs), which are primarily used for
the separation of small molecules in the gas phase,[25,

26]

have been prepared with

exceptionally high surface areas, reaching over 3000 m2 g-1 in some instances.[27] When
CMSs were incorporated into flow reactors operating at 230 °C (using air as the carrier
gas at 5 mL min-1), gaseous 1-propanol, 2-propanol, and propanal (introduced at 0.2 mL
h-1) were found to oxidize to their respective aldehyde and ketone products (Table 1.1).
However, when the carrier gas was switched to nitrogen, alcohol oxidation ceased within
3

2 h; reactivity rapidly resumed upon the re-introduction of air. A dependence on an
oxygen-rich atmosphere is consistent with the alcohol-mediated reduction of the active
sites on the surfaces of the CMSs, which were then regenerated by oxygen to complete a
catalytic cycle.

Substrate

Products

Selectivity (%)

Conversion (%)

1-propanol

propene

63

40

propanol

13

propene

70

acetone

20

acetaldehyde

69

ethanol
ethylene

10
8

2-propanol

propanal

Table 1.1:

46

48

Reactivity of oxygenated substrates over carbon molecular sieve (CMS)
catalysts.

There are at least two mechanisms that may rationalize the products of the
aforementioned processes.

The first involves the reaction between an alcohol and

carbocations proposed to be present on the CMS surface.[27]
oxides,[28,

29]

Similar to inorganic

a Lewis acid catalyzed process should afford the aldehyde product via

hydride abstraction followed by deprotonation of the alcohol.

Consistent with this

mechanism, acetaldehyde was obtained from ethanol in the aforementioned CMS
catalyzed process. Since the CMS may also function as a Brønsted acid, a second

4

possible mechanism may involve alcohol dehydration. For example, as shown in Table
1.1, various olefinic products were obtained from their respective C3 alcohols.
In another example of a carbon catalyzed oxidation process, Ritter and co-workers
determined that 4-chlorophenol may undergo oxidative cleavage in the presence of
graphite and hydrogen peroxide to afford carbon dioxide, water, and hydrochloric acid.[30]
The reaction was believed to proceed via the graphite-catalyzed decomposition and
activation of hydrogen peroxide, similar to the reactivity observed when Fenton’s reagent
is as an oxidant.[31]
While most of the reactions involving carbocatalysts are oxidations (typically
involving atmospheric oxygen[32] or hydrogen peroxide[30,

33]

as the terminal oxidants),

carbon catalyzed reductions have also been demonstrated. For example, Cho and coworkers reported in 1985 that graphite catalyzes the reduction of nitroarenes (2) to their
corresponding anilines (3) in 85–98% conversion using hydrazine hydrate as the terminal
reductant (Figure 1.3).[34] The reduction of nitrobenzene to aniline is a four-electron
process, while hydrazine commonly functions as a two-electron reductant, indicating that
phenylhydroxylamine may be generated as an intermediate.[35] The graphite was believed
to facilitate substrate adsorption, and subsequent electron transfer between the hydrazine
and the nitroarene.[35] Supporting this conclusion, no conversion to aniline was observed
in the absence of either the graphite or the hydrazine.[35,

36]

Moreover, the carbon

catalyzed reduction of nitro groups may be a broadly applicable process as aliphatic
species (e.g., nitroethane) were also converted to their respective amines (e.g.,
ethylamine) in similar isolated yields as aniline obtained from nitrobenzene.[34]

5

NH2

NO2
N2H4·H2O
R

R

Graphite
Ethanol
85-98% conv.
3

2
R = Me, OMe, OH,
CO2H, NH2, OPr, Cl, Ph

Figure 1.3: Graphite catalyzed reduction of substituted nitrobenzenes to their
corresponding anilines using hydrazine hydrate as the terminal reductant.

Analogous reductions have also been performed utilizing C60 and C70 (Figure
1.4).[37] Gaseous hydrogen was used as the terminal reductant, rather than hydrazine, and
the reaction was promoted by irradiation with UV or visible light, allowing for hydrogen
pressures as low as 1 atm to be used. Cooperative effects between neutral and anionic
fullerenes (prepared by reacting the neutral fullerene with a nickel–aluminum alloy) were
observed which resulted in improved yields of the aniline product. In order to determine
if metals were the catalytically active species, the authors used inductively coupled
plasma mass spectrometry (ICP-MS).

Trace amounts (0.1–67.4 μg g-1) of cobalt,

chromium, copper, iron, and silver were detected, with iron being the most prevalent
species; palladium, platinum, and nickel were below the detection limit.

However,

speculation exists as to whether the reactivity observed in this study was indeed due to
the fullerene.[38] For example, van Bokhoven and co-workers reported that reduced C60
(C60-1; prepared as described above) was contaminated with 400 μg of nickel per gram of

6

carbon, and C60-1 prepared using sodium naphthalenide was catalytically inactive,
suggesting that nickel was the active catalyst in the aforementioned reduction reaction.

NO2

Light, 1 atm H2, RT
OR
Dark, 4-5 MPa H2, 140-160 oC

NH2

C60 or C70
40-100% conv.
Figure 1.4: C60 or C70 catalyzed reduction of nitrobenzene to aniline using hydrogen as
the terminal reductant.

Fatty acids (e.g., palmitic and oleic acids) have also been reduced by heating the
reactants in the presence of activated carbon and supercritical water (or near-supercritical
water) at temperatures ranging from 330 °C to 385 °C (Tc = 374 °C).[39] These conditions
were found to facilitate decarboxylation of the acid moiety, as well as reduction of
internal olefins, if present, affording linear, fully saturated alkanes one carbon shorter
than their starting material (Figure 1.5). For example, palmitic acid (a saturated fatty
acid) was cleaved to pentadecane in 33% conversion, while oleic acid (an omega-9
unsaturated fatty acid) was reduced and cleaved to heptadecane in 80% conversion, as
determined by gas chromatography. Further degradation to C8–C14 alkanes was observed
in small amounts (<1 mol%) at elevated temperatures (>370 °C). While the active
reductant, as well as the overall mechanism, remains unclear, it was reasoned that
separate fatty acids, or the solvent (water), served as the terminal reductant.[39]

7

O
OH

Oleic acid

C17H36

Activated carbon
H2O, 370 oC

Heptadecane

Figure 1.5: Reduction and decarboxylation of oleic acid to heptadecane using activated
carbon and near- or supercritical water.

In order to characterize the activation parameters of the reaction, the authors used
batch reactors to perform isothermal calorimetric analyses. The experiments revealed
pseudo-first order reaction kinetics (with respect to the activated carbon loading), and an
activation energy of 125 ± 3 kJ mol-1 for the hydrothermal decarboxylation of palmitic
acid.

For comparison, an activation energy of 79 kJ mol-1 was measured for the

decarboxylation of palmitic acid using Pt/C,[40] a value that reflects the fact that Pt/C is a
better decarboxylation catalyst than the carbon support alone.[39]
O
R1 O R2 +
4

R3

X
5

O

Graphite
ClCH2CH2Cl
Reflux
67-97% yield

R3

O

R2

R1, R3 = Ak, Ar
R2 = Ar, 3o Ak
X = Cl, Br

Figure 1.6: Graphite catalyzed, selective cleavage of ethers, followed by coupling with
an acyl halide.

Beyond functional group transformations, carbon has also found utility in the
formation of more complex structures. For example, natural flake graphite has been used
to catalyze the acylative cleavage of alkyl ethers (4) using acyl halides (5) in 67–97%
8

yield, as determined by gas-liquid chromatography (Figure 1.6).[41] In this study, the
authors observed that tertiary alkyl ethers were selectively cleaved in the presence of
secondary ethers, and that primary and secondary alkyl ethers were inert under the
reaction conditions. Based on these results, the authors suggested a mechanism similar to
that proposed for the iron(III) chloride-acetic anhydride system, where O-acylation of the
ether is followed by C–O cleavage to afford a stable carbonium ion. Alternatively,
nucleophilic displacement by acetate has been proposed to occur upon oxonium ion
formation.[42] The authors reasoned that the graphite served to stabilize the acylinium
cation as well as the cation intermediate via cation-π interactions. Similar acylation
reactivity has been shown in Friedel-Crafts-type reactions between various acid halides
or alkyl halides (6) and electron rich arenes (7) to afford alkyl arenes (8) in 38–100%
yield. As a testament to the ability of carbons to enhance reactivity, the aforementioned
acylations were found to proceed without the need for strong Lewis acids (Figure 1.7).[43,
44]

CH2Cl

CH3

CH3
Graphite

+
R

CH3

6

7

Reflux
Neat or PhCl
1-24 h
38-100% yield

R
CH3
8

R = H, CH3, OCH3, OC(O)CH3

Figure 1.7: Graphite catalyzed Friedel-Crafts-type reactions.
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Beyond its high surface area and unique chemical properties, the high thermal
conductivity of graphite (19.1 W cm-1 K-1 at 300 K[45]) has enabled its use as a solid state
thermal conductor to promote synthetic reactions. For example, the [4+2] cycloaddition
between anthracene (9) and various electron deficient dienophiles, including diethyl
fumarate (10), maleic anhydride (11) and dimethyl acetylenedicarboxylate (12) was
facilitated upon physisorption of these substrates onto graphite, followed by exposure to
microwave irradiation (Figure 1.8).[46,

47]

Similar reactivity was also observed in the

carbonyl-ene cyclization of (+)-citronellal (13) to (+)-(14) and (-)-isopulegol (15)
(isolated in a ratio of 68:30 from enatiopure (+)-citronellal) (Figure 1.9).[47] Although
comparable yields of products were obtained when the aforementioned cyclization
reactions were performed under conventional heating (typically under reflux in xylenes,
dioxane, or chloroform), the reaction times were considerably longer (hours, as compared
to minutes under microwave irradiation).
R
R
CO2Et

EtO2C
10
+

O

O

O

OR
MW irradiation
1-20 min.
50-97% conv.

11

9
MeO2C

R
R

CO2Me
12

Figure 1.8: Graphite-catalyzed [4+2] cycloadditions between anthracene and various
electron deficient dienophiles.
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Graphite
O
13

+

Microwave
irradiation (4 min.)
80% conv.

OH

OH

14

15
68 : 30

Figure 1.9: Graphite-catalyzed ene cyclization of (+)-citronellal to (+/-)-isopulegol.

1.4 SURFACE FUNCTIONALIZED CARBOCATALYSTS
The use of heterogeneous, metal-free carbons in lieu of metal catalysts in
synthetic chemistry has continued to progress over the last decade, in part as a result of
diminishing supplies of rare earth metals used in common industrial processes, such as
the oxidative dehydrogenation of ethylbenzene to form styrene.[48-51] Additionally, the
discovery and development of novel forms of carbon (e.g., CNTs, graphene, fullerenes,
etc.) has led to their exploration for use as catalysts.[39] For example, in 2008, Su and
coworkers demonstrated that oxidized CNTs are capable of catalyzing the oxidative
dehydrogenation of n-butane (16) to 1-butene (17), a reaction typically performed at high
temperatures (500–900 °C) over complex metal oxides (Figure 1.10).[52-54]

As

hypothesized in some of the previously described examples, atmospheric oxygen was
believed to serve as the terminal oxidant in these reactions. Regardless, the interaction of
the alkane with the CNT surfaces (which may have been enhanced by the presence of the
oxygen functional groups), resulting in the evolution of carbon monoxide, carbon
dioxide, and water, in addition to the desired olefinic product in 6.7% yield. The product
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yield was successfully increased (to 13.8%) through the addition of phosphorus, which
may have passivated surface defects present on the oxidized CNTs.[54]

Oxidized CNTs
400 oC
17

16

Figure 1.10: Oxidation of n-butane to 1-butene using oxidized CNTs.

1.5 METAL-FREE CATALYSTS?
A recent trend in synthetic chemistry has focused on the exploration and
development of metal-free variations of transformations that typically require transition
metals (e.g., aryl coupling reactions).[55-59] In some cases, however, the reactions that
were presumed to be metal-free were subsequently found to be catalyzed by transition
metal contaminants present at trace levels, often parts-per-billion (ppb), or less.[60,

61]

Given that most carbons are derived from naturally-occurring carbon deposits
(principally highly ordered graphite, or unstructured, glassy, or amorphous carbons),[5]
there is potential for contamination by naturally occurring metals in many of the carbons
described above. Moreover, functionalized derivatives, such as graphite oxide (GO), a
highly functionalized form of graphite,[62] often require metal-containing reagents (e.g.,
potassium permanganate)[63] in their preparation, which may lead to further
contamination. In an effort to exclude the possibility of metal-mediated catalysis, the GO
described in the subsequent chapters was extensively examined using elemental
combusion analysis, atomic absorption (AA) spectroscopy, and inductively coupled
plasma mass spectrometery (ICP-MS).[15, 64, 65] In all cases, Mn was found to be present
12

at background levels, and similar to quantities of other metal contaminants such as iron,
lead, aluminum, and barium (typically on the order of a few tens of ppb). Hence, while
the possibility of metal-mediated contributors cannot be excluded, functional group-free
carbons (e.g., hydrazine-reduced GO and graphite) were found to be inert under other
identical reaction conditions. Regardless, in view of the potential pitfalls associated with
contaminants, it is advisable for those working in the field of carbocatalysis to perform
appropriate analyses and control experiments, in order to conclusively determine the
source of the observed reactivity.

1.6 CONCLUSIONS AND OUTLOOK
Carbons have found broad use in many areas, such as in the reinforcement of
polymer composites,[66] pigments,[67] water purification,[68] and gas storage.[69] However,
more recently these materials have been shown to be useful in synthesis and catalysis.
While carbons have long been used as supports for metal catalysts,[6, 7] they have also
found extensive utility as metal-free carbocatalysts for facilitating a wide range of
synthetically-useful transformations. Many of the early studies focused on simple redox
processes, but the field has progressed to demonstrate that carbons can facilitate more
sophisticated reactions, including complex functional group transformations and carboncarbon or carbon-heteroatom bond formations. With this increased reaction scope in
view, as well as the practical advantages associated with heterogeneous catalysts,[70-72]
carbons may find broad applicability in synthetic chemistry, particularly in reactions that
rely on increasingly scarce, metal-based catalysts.

Given its long history and the

extensive scope of demonstrated reactivity, the field appears to be poised for widespread
adoption, as well as further exploration.
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One area worth commending for future study is the use of functionalized carbons,
as opposed to highly pure carbons. While functional group-rich materials such as GO
exhibit broad reactivity under mild conditions, their structure is not fully understood,[62]
which, combined with the heterogeneous nature of the catalysts employed, renders
mechanistic elucidation challenging.

Thus, additional study into the dependence of

catalytic behavior on the chemical properties of a material (e.g., reactivity with specific
surface functional groups) is warranted. Further exploration of the physical properties of
the carbons (e.g., surface area, pore structure, etc.) may also provide routes to improved
catalytic efficiencies as it has been demonstrated that such characteristics can influence
the ability of substrates to interact with the carbon surface.[7] Thus, both the structural
and electronic properties of a carbocatalyst may be independently tailored to impart
regio-, chemo-, or stereoselectivities to various synthetic transformations.
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Chapter 2: Preliminary Investigations of the Reactivity of Graphite
Oxide

2.1 INTRODUCTION
The incorporation of oxygen into organic substrates via oxidation or hydration
transformations is commonly performed using transition metal-based catalysts that are
often expensive, difficult to remove, toxic, and are frequently obtained from limited
natural resources.[1-3] As such, the search for a catalyst that combines the toxicological
benefits of a metal-free synthesis with the convenience of heterogeneous workup, while
retaining high activity, is a continuing effort of critical importance. Herein, we report the
use of graphite oxide (GO),[4] a readily-available and inexpensive material, as a mild and
efficient carbon-based catalyst for the generation of aldehydes or ketones from various
alcohols, alkenes and alkynes – a process we will refer to herein as “carbocatalysis.”
Historically, GO has functioned primarily as a precursor to reduced graphene
oxide (r-GO) or chemically-modified graphenes (CMGs),[5-8] materials that have
generated a tremendous amount of excitement due to their remarkable electronic,
mechanical, and chemical properties.[9] The synthesis of GO typically involves the
oxidation of graphite using either the Hummers (KMnO4 and NaNO3 in concentrated
sulfuric acid)[10, 11] or the Staudenmaier (NaClO3 in H2SO4 and fuming HNO3) method.[1214]

The relatively harsh conditions used in these synthetic protocols introduce a variety of

oxygen-containing functionalities (e.g., alcohols, epoxides, and carboxylates) into the
material (Figure 2.1). As a result, GO is slightly acidic (pH = 4.5 at 0.1 mg mL-1)[15] and
has long been recognized as having “rather strong oxidizing properties.”[16]
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Figure 2.1: Structural model of graphite oxide (GO) as proposed by Lerf, Klinowski and
coworkers.[11]
Despite this synthetic potential and rich chemical functionality, GO and other
CMGs have not been extensively explored as catalysts for facilitating synthetically useful
transformations. To date, such efforts have exploited the relatively high surface areas
intrinsic to such carbon-based materials to enhance the activities displayed by supported
transition metal-based catalysts. For example, GO impregnated with Pd nanoparticles
displayed very high turnover frequencies in Suzuki-Miyaura coupling reactions (~ 39,000
h-1).[17] Similarly, Pt nanoparticles have also been deposited onto GO for use in methanol
electro-oxidation and hydrogen fuel cells.[18, 19]
Independent of these metal-mediated reactions, we are interested in harnessing the
inherent reactivity of GO and other graphene-based materials to facilitate useful synthetic
transformations, as other carbon allotropes have been recently shown to exhibit
fascinating catalytic properties. For example, carbon nanotubes have been shown to
dehydrogenate n-butane[20] and C60 has been reported to catalyze the hydrogenation of
nitrobenzene.[21] Hence, we reasoned that novel reactivities would be observed from
carbon-based catalysts – or carbocatalysts – related to graphene, a material with unique
electronic and chemical properties as well as high surface area.[9, 22]
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2.2 RESULTS AND DISCUSSION
In a preliminary experiment, neat benzyl alcohol (PhCH2OH) was heated to 100
°C in the presence of 20 wt% GO[23] for 14 h under ambient conditions (Figure 2.2).
Subsequent filtering afforded a mixture of benzaldehyde (PhCHO) : PhCH2OH in a 1 : 3
molar ratio, as determined by 1H NMR spectroscopy; no benzoic acid (PhCO2H) or other
by-products were detected under these conditions.

To determine whether residual

transition metal-based species were involved in this oxidation reaction, the GO material
employed was analyzed by atomic absorption (AA) spectrometry and inductively coupled
plasma mass spectrometry (ICP-MS).

The manganese content, in particular,[23] was

found to be below the detection limit of the AA spectrometer employed (60 parts per
billion) and less than 36 parts per billion by ICP-MS (nearly equivalent to other trace
metal contaminants found in the material, such as copper, lead, and nickel). In further
support of a metal-free, carbocatalyzed oxidation process, no reaction was observed when
natural flake graphite (used as a starting material to prepare GO) was examined as an
oxidant under otherwise identical conditions.

OH

- H2O
GO (5-200 wt%)
25-100 oC, 3-144h

O
H

Figure 2.2: Oxidation of benzyl alcohol using GO.

To ascertain the fate of the GO material used in the aforementioned oxidation
reactions, the residual catalyst was separated from the reaction mixture by filtration and
characterized. Compared to the GO starting material, the FT-IR spectrum (KBr) of the
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carbon-based material isolated at the conclusion of the reaction exhibited an attenuated
signal (relative to the other peaks in the spectrum) at ν = 3150 cm-1 (O–H stretch) as well
as the disappearance of diagnostic signals at 1685 cm-1 (C=O stretch), 1280 cm-1 and
1140 cm-1 (attributed to epoxide absorbances[24]). The FT-IR spectrum also revealed new
signals at 1650 cm-1 and 1500 cm-1, which were attributed to the presence of aromatic and
olefinic species.

The isolated carbon also exhibited a significantly higher powder

conductivity and C : O ratio than the GO starting material (15 S m-1 versus 2.2 × 10-5 S
m-1 and 7:1 versus 2:1, respectively).[25] Collectively, these results suggested to us that
the GO catalyst underwent partial reduction during the conversion of PhCH2OH to
PhCHO and afforded a carbon-based product that was similar to the r-GOs and CMGs
previously synthesized via other methods.[6,

7]

This reduction process appeared to be

concomitant with the release of water, as determined by 1H NMR spectroscopy and
titrimetry of the product mixture.
To determine whether the GO was directly oxidizing the alcohol or functioning as
a catalyst with ambient oxygen as the terminal oxidant,[26] the aforementioned oxidation
reaction was performed under an atmosphere of nitrogen. After 24 h at 100 °C, an
aliquot removed from the reaction mixture was found to contain less than 5 mol%
PhCHO, as determined by 1H NMR spectroscopy. Underscoring the importance of
oxygen, continued heating of this reaction mixture under ambient atmosphere afforded a
23% conversion to PhCHO after another 24 h. Notably, upon separation of the catalyst
from the substrate by filtration, the GO was found to retain its oxidative properties and
was successfully reused for multiple cycles.[27]
To determine if radical species were involved in the aforementioned oxidation
processes, neat PhCH2OH was treated with GO (20 wt%) and butylated hydroxytoluene
(BHT; 20 wt%), a known radical inhibitor.[28] After 24 h at 100 °C, less than 5%
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conversion to PhCHO was observed by 1H NMR spectroscopy. However, when 1 : 1 : 1
(by mass) of GO : PhCH2OH : BHT were heated at 100 °C for 14 h, a 26% conversion
was observed, indicating BHT does not inhibit the GO’s ability to oxidize the alcohol to a
significant extent, but rather impedes the oxidation of the reduced catalyst. In support of
this assessment, heating GO in the presence of cyclopropylcarbinol resulted in the
formation of a number of products, including olefinic species, as determined by NMR
spectroscopy; no aldehyde products were observed. Similar results were obtained when
chromic acid was used to oxidize this same substrate, a process known to proceed via
radical species.[29]
As summarized in Table 2.1, the oxidation properties of GO were studied under
various conditions, including: catalyst loading (5–200 wt%), temperature (25–150 °C),
and reaction time (3–144 h). At temperatures ≤ 75 °C, conversion peaked at 73%, even
after long reaction periods (144 h) and high catalyst loading (200 wt%). Temperatures
above 100 °C, however, were found to increase the conversion of PhCH2OH to PhCHO
to 85%, although relatively high catalyst loadings (≥ 50 wt%) were still required.[30] At
elevated temperatures (≥ 100 °C), an appreciable amount of PhCO2H was observed in the
1

H NMR spectra of the reaction mixtures. Moreover, the acid content appeared to

increase with temperature, catalyst loading, and reaction time. Ultimately, we found that
heating PhCH2OH in the presence of 200 wt% GO at 100 °C for 24 h afforded high
conversions (> 98%) with good selectivity for the aldehyde versus the acid (92 : 7).
The turnover numbers (TON; expressed as a ratio of moles of product produced
per mass of catalyst, due to GO’s Berthollide nature) for the various oxidation reactions
were calculated and summarized in Table 2.1. The measured values were found to
remain relatively constant at 10-2 mol g-1, irrespective of catalyst loading or reaction
23

temperature, which suggested to us that the catalyst consistently reached its maximal
activity under the conditions investigated.
Catalystb Loading Temp. PhCHOc PhCO2Hd
(wt%)
(°C)
(%)
(%)
20
100
24
0
GO
f
20
100
22
0
GO
20
100
0
0
graphiteg
5
75
5
0
GO
5
100
5
0
GO
5
150
6
0
GO
20
75
12
0
GO
20
100
24
0
GO
20
150
27
0
GO
50
75
30
0
GO
50
100
61
0.1
GO
50
150
85
12
GO
200
75
73
4
GO
200
100
92
7
GO
200
150
49
51
GO

TONe
(× 10-2)
1.1
1.0
0.93
0.93
1.1
0.56
1.1
1.3
0.56
1.1
1.6
0.36
0.43
0.46

a

Unless otherwise noted, all reactions were performed neat in benzyl alcohol using the
catalyst loading and temperature indicated for 24 h. b Unless otherwise noted, the GO
was prepared using the Hummers method.[10, 11] c Refers to the conversion of benzyl
alcohol to benzaldehyde, as determined by 1H NMR spectroscopy. d Refers to the
conversion of benzyl alcohol to benzoic acid, as determined by 1H NMR spectroscopy. e
The turnover number (TON) was calculated as the ratio of the mol of oxidized product /
mass GO. f Catalyst was prepared using the Staudenmaier method.[12-14] g Natural flake
graphite was purchased from Bay Carbon, Inc. or Alfa Aesar and used without further
purification.
Table 2.1:

Oxidation of benzyl alcohol to benzaldehyde and benzoic acid under various
conditions.a

The scope of reactivity of the aforementioned carbocatalyst was next explored
using a variety of primary and secondary benzylic and aliphatic alcohols under conditions
that resulted in the highest conversion of PhCH2OH to its oxidized products (200 wt%
24

GO, 100 °C, 24 h). As summarized in Table 2.2,[31] benzylic alcohols (entries 1–3)
resulted in moderate to high conversions to product. Aromatic groups did not appear to
be a constraint, however, as highlighted by the ability of GO to effectively catalyze the
oxidation of cyclohexanol (entry 4).

Notably, a modest conversion of 2-

thiophenemethanol to the respective aldehyde was observed to proceed without sulfur
oxidation (entry 5).[27] This latter result indicates that the chemoselectivity and functional
group tolerance exhibited by GO may be broad and therefore useful in overcoming
outstanding challenges in transition metal-mediated catalysis.[1-3]
Given the propensity of GO to oxidize various alcohols, efforts were also directed
toward exploring the ability of this catalyst to oxidize unsaturated hydrocarbons. As
shown in Figure 2.3, a 49% isolated yield (56% conversion by 1H NMR spectroscopy) of
benzil was obtained after 24 h at 100 °C upon treating cis-stilbene under the optimized
conditions described above; no benzoin or other oxidation products were observed in the
crude reaction mixture. The aromatic substituents, combined with a cis-geometry, appear
to be necessary to facilitate oxidation as either isomerization or no reaction was observed
when other alkenes (trans-stilbene, 3-hexene, cyclohexene, and β-methylstyrene) were
explored as substrates under similar conditions. These apparent limitations may stem
from steric constraints or the orientation of the interaction involved between the olefins
and the surface of the catalyst.[32]

GO (200 wt%)
100 oC, 24 h
56% conversion

Figure 2.3: Oxidation of cis-stilbene using GO.
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O

O

49% isolated yield

Entry

Alcohol

Product

OH

O

Conversion

> 98%

1b
HO

O

OH

O

2b

96%c

OH

O
26%

3d
OH

O
> 98%

4

5

d

S

OH

S

O
18%

a

Conditions: 200 wt% GO, 100 °C, 24 h. Conversion of the alcohol to the
aldehyde/ketone was monitored by 1H NMR spectroscopy. b The solid alcohol substrate
was dissolved in a minimum of chloroform to facilitate oxidation. c A small amount of
benzaldehyde (2%) was also observed. d The reported conversion was determined after
24 h at 75 °C using 50 wt% GO as a mixture of unidentified products was observed when
the reaction was performed at 100 °C using 200 wt% GO.
Table 2.2:

Oxidation of various alcohols.a

In contrast to the alkene oxidation reactions described above, treatment of GO
with various alkynes under similar conditions lead to the respective hydration products
(see Table 2.3).

Good to excellent conversions to the corresponding ketones were

achieved, even at relatively low temperatures (100 °C).
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It has been previously

demonstrated that alkynes undergo hydration under acidic conditions, but only at elevated
temperatures (200 °C or higher);[33-35] hence, we surmised that the observed reactivities
were due to the acidic nature of GO. Regardless, the rates of these reactions are equal to
or higher than other non-metal-mediated alkyne hydrations of which we are aware and
proceeded under relatively mild conditions.

Entry

Product

Alkyne

Conversion

O

1

> 98%
O

52%

2

O

41%

3
O

4b

26%

O
O

5

C8H17

C8H17

a

27%

Conditions: 200 wt% GO, 100 °C, 24 h. Conversion of the alkyne to the hydrate was
b
monitored by 1H NMR spectroscopy.
The mono-oxidized product 1-(4ethynylphenyl)ethanone (24%) was also observed.
Table 2.3:

Hydration of various alkynes.a

27

Despite the relatively high catalyst loadings used in many of the aforementioned
reactions, the use of GO may be justified on its cost (< $1 g-1) and convenience. For
example, tetrapropylammonium perruthenate (TPAP; an active aerobic Ru oxidation
catalyst[36]) exhibits a oxidation TON of 0.40 (expressed as a mol : mass ratio) for a
variety of alcohols, but is relatively expensive (> $120 g-1 from commercial sources).[37]
When normalized for cost, TPAP gives a lower TON per dollar than GO (3 × 10-3 versus
1 × 10-2, respectively), revealing the latter to be economical.

Moreover, the spent

carbocatalyst can be recovered at the end of the reaction and reused via the oxidation
methods described above.

2.3 CONCLUSIONS
In summary, GO was demonstrated to catalyze the oxidation of various alcohols
and cis-stilbene, and the hydration of various alkynes. The reactions were found to
proceed under relatively mild conditions and afforded the desired product (aldehyde,
acid, or ketone) in good to excellent yields. Moreover, catalyst recovery was found to be
both convenient and effective using simple filtration techniques. To the best of our
knowledge, these results constitute the first examples of using graphene-based materials
as (non-supporting) carbocatalysts to facilitate synthetically useful transformations. In a
broader perspective, the promise of GO and other 2-D arrays of carbon-based materials
now extends beyond the utilization of their remarkable electronic and mechanical
properties.[9]
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Chapter 3: Reduction of Graphite Oxide Using Alcohols

3.1 INTRODUCTION
Because of its remarkable electronic, optical, mechanical, and catalytic properties,
graphene has emerged as a material of great interest.[1-9]

Although relatively few

methods for preparing graphene on large scales have been demonstrated, one of the most
promising is based on the chemical reduction of graphite oxide (GO).[10-12] Since Boehm
and co-workers' early report, methods which reduce GO[13,

14]

using various chemical

reagents have been central to the synthesis and manipulation of single- and multi-layered
carbon species.[11]

Typically, strong reductants such as anhydrous hydrazine,[15]

hydrazine monohydrate,[12] or sodium borohydride[16,

17]

are used to transform aqueous

dispersions of GO or its exfoliated monolayer, graphene oxide, into a highly reduced
material that resembles graphene.

A persistent challenge surrounding these

methodologies, however, is achieving high extents of reduction. It is known that GO
exhibits a C : O ratio of approximately 2 : 1[18] and exposure of this material to one or
more of the aforementioned chemical reductants often affords a carbon product with a C :
O ratio as high as 15 : 1.[11] Although pristine graphene should theoretically exhibit an
infinite C : O ratio, recent calculations suggest that achieving ratios of 16 : 1 or higher
may be difficult because of the relative inertness of the partially reduced product.[19]
While combining the use of chemical reductants with thermal annealing has been shown
to increase the C : O ratio of the reduced product to 250 : 1 or higher,[20] multi-step
procedures are required. Hence, the development of a convenient method that uses a safe
and non-toxic reductant to effectively reduce GO and graphene oxide in a single step is
warranted.
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Recently, we reported that GO may be used to catalyze the oxidation of a variety
of benzylic and aliphatic alcohols.

In our preliminary study, it was believed that

atmospheric oxygen may have functioned as the terminal oxidant.[1] In light of these
results, we envisioned that alcohols may serve as effective reductants for GO. Further
inspiration stemmed from reports which detailed the use of hydroquinone as a reducing
agent for graphene oxide.[21, 22] In these studies, it was surmised that hydroquinone (a
diol) was likely oxidized to quinone (a dione). Hence, we reasoned that other activated
alcohols (e.g., benzyl alcohol) may also undergo oxidation and ultimately reduce GO as
well as graphene oxide in the process. Indeed, as described herein, we have found that a
variety of inexpensive and relatively non-toxic alcohols effectively reduce GO and
graphene oxide. This method affords carbon products with higher conductivities and C :
O ratios than those obtained using strong reductants (e.g., hydrazine) that have been
previously used for such purposes (Figure 3.1).
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Figure 3.1: The reduction of graphite oxide or graphene oxide using alcohols under mild
conditions afforded highly reduced carbon products.

3.2 RESULTS AND DISCUSSION
In our initial report,[1] we found that heating 200 wt% GO in benzyl alcohol
(BnOH) for 24 h at 100 °C under an atmosphere of air resulted in partial reduction of the
carbon material. The C : O ratio increased from approximately 2 : 1 (measured for the
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GO starting material) to 7 : 1 in the product, as determined by elemental combustion
analysis; likewise, the powder conductivity increased from 2 × 10−5 S m−1 to 15 S m−1,
respectively, as measured by a two-point probe technique performed on powder
samples.[12] Absorbances in the FT-IR spectrum attributable to the O–H, C O and
epoxide groups in the starting material were attenuated or completely disappeared, and
the absorbances associated with aromatic and olefinic species became distinguishable in
the isolated carbon product. As a further indicator that the GO was successfully reduced,
the isolated product could not be re-dispersed in water or other polar solvents, even upon
prolonged sonication and heating.[12] Despite these promising results, neither the C : O
ratio nor the powder conductivity of the reduced GO product were as high as has been
demonstrated with other reductants, such as hydrazine.[12]

However, the inherent

advantages of this reduction method (e.g., low temperature, low cost, and relatively low
toxicity) were encouraging and prompted us to explore the process in greater detail.
Our first modification of the aforementioned reduction method was to increase the
volume of BnOH used. Decreasing from 200 wt% of GO in benzyl alcohol to 10 wt%
under otherwise identical conditions resulted in a product that exhibited a C : O ratio of
15 : 1 and a conductivity of 2200 S m−1. The increase in volume of BnOH used in this
variation of the reduction reaction proved to be important as it is believed that the
oxidation process (and subsequently the reduction of the GO) may be catalytic in
alcohol.[1] As such, the use of small amounts of BnOH may be insufficient to drive the
reaction to completion; rather, excess reductant may be necessary to achieve maximal
reduction.
In an effort to further improve the extent of reduction, aliquots of GO were heated
in the presence of even larger volumes of GO and for longer periods of time.

In

particular, a mixture of 200 mg of GO in 25 mL of BnOH (0.8 wt% GO) was stirred for 5
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days at 100 °C.[23] The resulting dispersion was then poured into ethanol to facilitate
precipitation, and the product was collected via filtration and dried under vacuum.[24]
The conductivity of this material was measured to be 4600 S m−1 (Table 3.1) and the C :
O ratio was found to be 30 : 1. To the best of our knowledge, this C : O ratio is the
highest reported for any material obtained via the chemical reduction of GO or graphene
oxide. In further support of an effective reduction reaction, FT-IR analysis of the BnOHreduced product showed a significantly attenuated peak at 3400 cm−1 (see Figure 3.2),
which was consistent with a near-complete disappearance of hydroxyl functionality, as
well as water. However, the surface area of the product was found to be relatively low
(9.6 m2 g−1 as determined using the BET method[25, 26]) and comparable to the surface
area measured for (non-reduced) GO as well as materials prepared by the reduction of
graphene oxide with hydroquinone or NaBH4.[21, 27]

Figure 3.2: Overlayed FT-IR spectra (KBr) of GO (gray; top) and reduced graphite
oxide obtained by reduction with benzyl alcohol (black; bottom).
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MeOH

EtOH

iPrOH

BnOH

BET Surface Area (m2 g-1)b

5.8

35.9

10.4

9.6

C : O Ratioc

4.0 : 1

6.0 : 1

6.9 : 1

29.9 : 1

Powder Conductivity (S m-1)d

3.2 × 10-5

1.8 × 10-4

1019

4600

Id/Ig Ratioe

1.15

1.10

1.25

1.20

Interlamellar Spacing (Å)f

8.11, 3.74

7.02, 3.90

3.75

3.54

Specific Capacitance (F g-1)g

-

-

2.8
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a

Material prepared by heating GO in neat alcohol (indicated in table) at 2 mg·mL-1 for 5
days at 100 °C (or at reflux) in an open vessel with an attached condenser. The product
was isolated by precipitation into EtOH followed by filtration. b Measured using nitrogen
as the adsorbate. c Determined via elemental combustion analysis. d Determined using a
two point probe technique. e Determined from the relative peak heights in the Raman
spectra. f Determined via powder X-ray diffraction (25 °C). Two diffraction peaks were
observed for the products reduced by MeOH and EtOH. g Determined using cyclic
voltammetry (scan rate: 25 mV·s-1) and a galvanostatic charge-discharge technique
(current: 10 mA) on a two-plate apparatus with KOH as the electrolyte. Ultracapacitor
cells fabricated using carbons obtained by reduction of GO with methanol and ethanol
showed negligible capacitance under these conditions.
Table 3.1:

Characterization of the products obtained by reducing graphite oxide using
various alcohols.a

We believe the origin of the low surface area observed in the product of the
aforementioned reduction reaction may be understood in terms of the kinetics, as well as
the compatibility of GO and reduced graphite oxide with BnOH. While the reduction
proceeds rapidly (minutes, upon heating) when hydrazine or other strong reductants are
used on aqueous dispersions of graphene oxide, the reduction of GO using BnOH was
found to proceed much slower (hours). This sluggishness may afford opportunities for
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the reduced lamellae to restack in solution, forming small, graphite-like agglomerates, as
supported by the relatively large particles observed by scanning electron microscopy
(SEM). These images (see Figure 3.3) showed thick, agglomerated particles on the order
of tens of microns in diameter, rather than the isolated monolayers (either lamellar or
crumpled) often observed when other reductants are used. Since both the oxidized and
reduced products were found to form appreciably stable dispersions in BnOH, transient
exfoliation followed by reduction and agglomeration may be occurring during the
reaction. However, we cannot discount the possibility that the alcohols intercalated into
the stacked structure of GO (as has previously been demonstrated[28]), reduced the
lamellae without effectively exfoliating the carbon, and then were expelled as their
oxidized analogues (e.g., aldehydes and acids).

Figure 3.3: SEM image of as-recovered BnOH-reduced GO showing large,
agglomerated particles.
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As shown in Figure 3.4, transmission electron microscopy (TEM) revealed that
the recovered, BnOH-reduced GO was largely unexfoliated and exhibited a lamellar
morphology (consistent with SEM imagery).

Furthermore, structural disorder was

evident from the lattice fringe patterns seen in the diffraction pattern (see Figure 3.4
inset).

These results were in contrast with those observed in other solution-phase

reduction processes, where crumpling and agglomeration of the reduced materials altered
most of the lamellar structure.[12] Moreover, Raman analysis revealed an ID/IG ratio of
1.20 (see Figure 3.5), which was consistent with a substantial degree of disorder in the
restacked system.[29] The morphological differences between the BnOH-reduced GO and
materials obtained via the reduction of GO using other methods may be due to the
dissimilar rates of the reduction reactions involved, as described above.
Under the aforementioned conditions (200 mg of GO in 25 mL of alcohol [0.8
wt% GO] heated at 100 °C for 5 days), benzaldehyde and benzoic acid[1] were observed
by 1H NMR spectroscopy, suggesting that the reduction process involved BnOH.
However, since elevated temperatures were required, thermally mediated processes may
also contribute to the reduction.[30] To investigate, a series of control experiments was
performed wherein GO was heated under otherwise identical conditions in a variety of
non-alcoholic solvents, including propylene carbonate (PC), water, anisole, benzonitrile,
and diphenyl ether. These five solvents were chosen for their structural and/or chemical
similarities (e.g., solubility parameters [δD, δp, δH][31]) to BnOH, and for their chemical
inertness to GO (confirmed by 1H NMR spectroscopy). The C : O ratios and powder
conductivities determined for the products obtained after 5 days of heating GO in these
solvents at 100 °C were indicative of inferior reduction processes compared to BnOH.
Water and PC proved to be the most effective solvents, though the carbon products
obtained from these reactions were measured to possess C : O ratios of only 4.3 : 1 and
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4.8 : 1 and powder conductivities of 149.7 and 96.8 S m−1, respectively. These results
suggested to us that although thermal effects may be partially responsible for the
reduction of GO and graphene oxide, BnOH was critical to obtaining high extents of
reduction under these conditions.

Figure 3.4: High resolution TEM image and diffraction pattern (inset) of the material
obtained by the reduction of GO with benzyl alcohol. Sheet-like graphitic
stacking was observed from the diffraction pattern.
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Figure 3.5: Raman spectra of materials obtained by the reduction of GO in benzyl
alcohol (black; bottom), methanol (dark gray; top), isopropanol (light gray;
2nd from top), and ethanol (gray; 2nd from bottom).
After determining that BnOH was effective in reducing GO, efforts shifted toward
exploring the potential of other widely available alcohols, including methanol (MeOH),
ethanol (EtOH), and isopropanol (iPrOH), to function similarly. Key characterization
data obtained from the respective reduced materials (prepared by heating 200 mg of GO
in 25 mL of the alcohol [1.0 wt%] to reflux for 5 days) are summarized in Table 3.1. In
all tested metrics (surface area, C : O ratio, powder conductivity, ID/IG ratio, and specific
capacitance), the three alkyl alcohols studied proved to be less effective in facilitating the
reduction of GO when compared to BnOH, though the carbon material reduced in the
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presence of iPrOH exhibited a relatively high C : O ratio and conductivity. Notably, GO
was found to disperse in iPrOH (but not MeOH or EtOH), suggesting GO and iPrOH may
be compatible with each another, and thus facilitate a more efficient reduction process.
To explore the structural properties (in particular, the interlayer spacing and
stacking behavior) of the materials obtained via the reduction of GO using various
alcohols, a series of powder X-ray diffraction (PXRD) analyses was performed. The
diffraction pattern for the material obtained via the reduction of GO with BnOH revealed
an interlamellar d-spacing of 3.54 Å, a value consistent with a highly reduced product.[21,
32, 33]

PXRD analyses of the MeOH-reduced GO (8.11, 3.74 Å) and EtOH-reduced GO

(7.02, 3.90 Å) suggested to us that a mixture of reduced and non-reduced products was
present (the larger d-spacings were consistent with non-reduced GO[34]), though these
alcohols may be inserting into the interlamellar space.[28] The diffraction pattern obtained
from the PXRD analysis of the material prepared by reducing GO with iPrOH exhibited a
similar interlayer d-spacing as the BnOH-reduced GO material (3.75 Å).
To demonstrate that the aforementioned alcohol-reduced products may be
implemented in useful applications, electrodes were fabricated from the materials
obtained via the reduction of GO using iPrOH and BnOH, and incorporated into twoelectrode ultracapacitors using methods previously reported.[35] The specific capacitance
was quantified using both cyclic voltammetry (scan rate: 5–100 mV s−1; see Figure 3.6)
and galvanostatic charge-discharge measurements (current: 5–20 mA) using aqueous
KOH as the electrolyte. Specific capacitances as high as 35 F g−1 were measured for
samples reduced by iPrOH and BnOH, and higher values are expected if the surface areas
of the materials can be improved.[36] These specific capacitances are consistent with
those that have been reported for other ultracapacitors which contain carbons obtained
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either by the chemical[35,

37]

or thermal[38] reduction of GO, or other carbon allotropes

such as carbon nanotubes.[39-41]

Figure 3.6: Cyclic voltammogram (25 mV s-1) of an ultracapacitor incorporating
electrodes fabricated from GO reduced by benzyl alcohol. A specific
capacitance of ca. 35 F g-1 was calculated from these data.

3.3 CONCLUSIONS
In conclusion, we have shown that the treatment of GO with various alcohols
under mild conditions afforded highly reduced products. Though low surface areas were
measured via the BET method (and confirmed by TEM and SEM), bulk powder
conductivities as high as 4600 S m−1 and C : O ratios as high as 30 : 1 were obtained
when BnOH was used as a neat reductant. These results are surprising given that
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alcohols are not commonly used as reductants and such atypical reactivity may reflect
chemical pathways unique to GO, and, perhaps, other chemically modified graphenes or
carbon materials.[1] The development of an increased understanding of these processes as
well as the exploration of other reductants that may also facilitate access to reduced
carbon-based materials is underway.
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Chapter 4: Graphite Oxide as an Auto-Tandem Oxidation–Hydration–
Aldol Coupling Catalyst

4.1 INTRODUCTION
Building on the recent discovery that graphite oxide[1-6] (GO) – a carbon-based
material rich with oxygen-containing functional groups – and graphene oxide (its
exfoliated counterpart) effectively facilitate the oxidation of alcohols and hydration of
alkynes,[7] we describe herein new methods for harnessing such broad reactivity to
synthesize chalcones. As a motif commonly found in many natural products and often
used as precursors in the preparation of flavonoids and isoflavonoids,[8, 9] chalcones are
typically prepared via the Claisen-Schmidt coupling of methyl ketones and aldehydes.
However, recent efforts have focused on combining multiple transition metal-based
catalysts to expedite the synthesis of new derivatives, particularly by expanding the range
of amenable starting materials.[10, 11]
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Figure 4.1: Structural model of graphene oxide, an exfoliated monolayer of graphite
oxide (GO).
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We reasoned that GO, a 150 year-old material derived from graphite,[2] may be
used to circumvent many of the limitations and drawbacks inherent to the synthetic
approaches described above, and enable a metal-free synthesis of chalcones from a broad
set of starting materials. GO is typically prepared using the Hummers method which
involves adding a strong oxidant, such as KMnO4, to graphite dispersed in concentrated
H2SO4 followed by quenching with aqueous H2O2.[12] Under these strongly oxidizing
conditions, a variety of oxygen-containing functional groups (e.g., alcohols, aldehydes,
and carboxylic acids) are introduced to the carbon surface (see Figure 4.1). Previously,
we demonstrated that GO may be used to oxidize various alcohols or hydrate alkynes to
their respective aldehydes and ketones.[7] As shown in Figure 4.2, we surmised that this
reactivity may be harnessed to effect multiple, mechanistically-distinct reactions in a
single reaction vessel, without the use of additional reagents or isolation steps – a process
known as auto-tandem catalysis,[13] as a means to access chalcones (1) and other high
value substrates.

OH

R

R'

+ H2O

- H2
O

O
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O
- H2O

H
R'

R

Figure 4.2: Summary of GO-catalyzed chalcone formations explored.
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R
'

4.2 RESULTS AND DISCUSSION
O

O
+ H

1

R

R'

Entry

R–C(O)CH3

R′–C(O)H

1
2
3
4
6
7
8

R = Ph
R = Ph
R = Ph
R = Ph
R = p-NO2Ph
R = p-CH3OPh
R = p-CH3Ph

R′ = Ph
R′ = p-NO2Ph
R′ = p-CH3OPh
R′ = p-CH3Ph
R′ = Ph
R′ = Ph
R′ = Ph

Isolated
Yield of 1
81%
66%
76%
80%
85%
68%
74%

a

All reactions were performed neat in 1 : 1 stoichiometry (0.5 mmol each) of ketone :
aldehyde using 50 mg of GO at 80 °C for 14 h.
Table 4.1:

Coupling of acetophenones to benzaldehydes.a

Initial efforts sought to explore the acidic and hygroscopic properties inherent to
GO[14] as a means to effect C–C bond-forming reactions. As summarized in Table 4.1, a
series of coupling reactions involving various acetophenones and benzaldehydes was
performed neat by combining equimolar quantities of the aforementioned substrates with
a fixed quantity of GO. After 14 h at 80 °C, the GO was removed via vacuum filtration
and the corresponding chalcone products were isolated by silica chromatography in good
yields (66 to 85%).[15]

Although electron poor as well as electron rich aromatic

compounds were successfully coupled,[16] limited reactivities were observed when
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various aliphatic species (e.g., octanal, 2-pentanone, and hexane-2,5-dione) were
explored as substrates (see Tables 4.2–4.4).

These results suggested to us that the GO

was not merely functioning as an exogenous acid source[17, 18] and that aliphatics either do
not possess sufficient rigidity required for an unencumbered approach to the GO surface
or that a favorable arene-GO interaction is required.[19]

Entry

Aldehyde

Product

Isolated yield (%)

O
1

OHC
R

51

R=H

55

R=tert-butyl

O
2

OHC
NO2

NO2

R

63

R=H

79

R=tert-butyl

O
3

OHC
R

48

R=H

58

R=tert-butyl

43

R=H

56

R=tert-butyl

O
4

OHC
OMe

OMe

R
O

5

OHC
Br

Br

R

61

R=H

65

R=tert-butyl

O
6

OHC
R

56

R=H

59

R=tert-butyl

a

All reactions were performed at 100 °C for 14 h in sealed, Teflon-lined 7.5 mL vials
using 0.5 mmol of phenyl acetylene or 4-tert-butylphenylacetylene, 0.5 mmol of the
listed aldehyde, and 50 mg of GO. The products were extracted in CH2Cl2 (50 mL) and
separated from the catalyst by vacuum filtration. The solvent of the crude mixture was
removed under vacuum and the product was purified by column chromatography using
silica gel with 1 : 2 v/v CH2Cl2/hexane as the eluent (for trans-nitrochalcone, 2 : 1 v/v
CH2Cl2/hexane was used as the eluent), and the desired product was dried under vacuum.
Table 4.2:

Summary of coupling reactions involving phenylacetylene or 4-tertbutylphenylacetylene and various aldehydes.a
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Entry

Aldehyde

Product

Isolated yield (%)

O
1

OHC
81
O

2

OHC
NO2

NO2

66

O
3

OHC
F

F

80

O
4

OHC
76
OMe

OMe
O

5

OHC
Br

Br

77

O
6

OHC
68
O
OHC

7

80

a

All reactions were performed at 80 °C for 14 h in sealed, Teflon-lined 7.5 mL vials
using 0.5 mmol of acetophenone, 0.5 mmol of the listed aldehyde, and 50 mg of GO. The
products were extracted in CH2Cl2 (50 mL) and separated from the catalyst by vacuum
filtration. The solvent of the crude mixture was removed under vacuum and the product
was purified by column chromatography using silica gel with 1 : 1 v/v CH2Cl2/hexane as
the eluent, and the desired product was dried under vacuum.
Table 4.3:

Summary of coupling reactions involving acetophenone and various
aldehydes.a
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Entry

Ketones

Product
O

O
1

81
O

O

82

2

Cl

Cl

O

O
3

73
Br

Br

O

O

74

4
O

O
5

85
O2N

O 2N

O

O

6

Isolated yield (%)

86

F

F

NO2

NO2

O

O

70
7

F
8

O

F

F

O

F
34

F

F

F

F
F

F

O

O
9

68
MeO

MeO

a

All reactions were performed at 80 °C for 14 h in sealed, Teflon-lined 7.5 mL vials
using 0.5 mmol of benzaldehyde, 0.5 mmol of the listed methyl ketone, and 50 mg of
GO. The products were extracted in CH2Cl2 (50 mL) and separated from the catalyst by
vacuum filtration. The solvent of the crude mixture was then removed under vacuum and
the product was purified by column chromatography using silica gel with 1 : 1 v/v
CH2Cl2/hexane as the eluent, and the desired product was dried under vacuum.
Table 4.4:

Summary of coupling reactions involving benzaldehyde and various methyl
ketones.a
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O

OH
+

1

R

R'

Entry

R–C(O)CH3

R′–CH2OH

1
2
3
4
5

R = Ph
R = Ph
R = Ph
R = p-NO2Ph
R = p-CH3OPh

R′ = Ph
R′ = p-NO2Ph
R′ = p-CH3OPh
R′ = Ph
R′ = Ph

Isolated
Yield of 1
55%
36%b
c

55%
48%

a

All reactions were performed neat in 1 : 1 stoichiometry (0.5 mmol each) of ketone :
alcohol using 200 mg of GO14 at 80 °C for 24 h. b Reaction performed at 100 °C. c Not
determined as p-methoxybenzyl alcohol was found to polymerize under these conditions.
Table 4.5:

Coupling of acetophenones to benzyl alcohols.a

We next focused on combining the ability of GO to facilitate oxidations (e.g.,
alcohols to aldehydes, a reaction shown to be catalytic in molecular oxygen)[7] with its
ability to promote acid-catalyzed condensations. As shown in Table 4.5, in situ oxidation
of benzylic alcohols to their respective benzaldehydes in combination with coupling to
acetophenones was explored. Treating equimolar quantities of various alcohols and
ketones with GO under similar conditions as those described above afforded the expected
chalcone products in isolated yields up to 55% after 24 h, depending on the substrates
employed.[20] While in situ oxidations of alcohols have been used previously in the
synthesis of chalcones, metal-based catalysts were required and mixtures of products
were obtained.[10,

11, 21, 22]

Only a single product was observed in the crude 1H NMR

spectrum when GO was used to facilitate similar tandem oxidation–condensation
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reactions. To confirm that the reactivities observed were not metal-mediated, inductively
coupled plasma mass spectrometry was performed on an aqueous dispersion of GO. The
Mn content (KMnO4 was used to prepare GO) was found to be < 1 ppb, similar to other
native metal contaminants such as Al (3 ppb), Pb (4 ppb), and Ba (1 ppb).
O
+ H

1

R

R'

Entry

R–C≡CH

R′–C(O)H

1
2
3
4
5
6

R = Ph
R = Ph
R = Ph
R = p-t-BuPhb
R = p-NO2Ph
R = p-CH3OPh

R′ = Ph
R′ = p-NO2Ph
R′ = p-CH3OPh
R′ = Ph
R′ = Ph
R′ = Ph

Isolated
Yield of 1
51%
63%
43%
55%
19%c
50%

a

All reactions were performed neat in 1 : 1 stoichiometry of alkyne : aldehyde (0.5 mmol
each) using 50 mg of GO at 100 °C for 14 h. b
Reaction
of
this
substituted
phenylacetylene derivative with benzaldehyde was used to help elucidate the coupling
mechanism. c The high melting point (150 °C) of p-nitrophenylacetylene limited
miscibility, and ultimately reactivity, under the conditions explored.
Table 4.6:

Coupling of aryl alkynes to benzaldehydes.a

Building on these results, our attention shifted toward combining GO’s ability to
effect hydrations of phenylacetylenes to their respective acetophenones with GO’s ability
to facilitate acid catalyzed condensations with aldehydes in a single reaction vessel.[23]
Combination of a 1 : 1 molar ratio of phenylacetylene and benzaldehyde with an
equimass quantity of GO at 80 °C afforded the desired chalcone product in 51% isolated
yield, which was increased to 79% (>98% by 1H NMR spectroscopy) when two
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equivalents of the aldehyde were used. We believe that some of the aldehyde was lost
via oxidation to its carboxylic acid (observed via 1H NMR spectroscopy), and that the use
of excess substrate aided in driving the reaction toward formation of the targeted product.
Regardless, a variety of alkyne and aldehyde derivatives were successfully coupled using
this methodology (see Tables 4.6).
OH
+

1

R

R'

Entry

R–C≡CH

R′–CH2OH

1
2
3
4
5

R = Ph
R = Ph
R = Ph
R = p-NO2Ph
R = p-CH3OPh

R′ = Ph
R′ = p-NO2Ph
R′ = p-CH3OPh
R′ = Ph
R′ = Ph

Isolated
Yield of 1
61%b
34%c
b, d

10%e
50%b

a

All reactions were performed neat in 1:2 stoichiometry (0.5 mmol of alkyne; 1 mmol of
c
alcohol) using 200 mg of GO14 at 80 or 100 °C for 24 h. b Performed at 80 °C.
d
Performed at 100 °C.
Not determined as p-methoxybenzyl alcohol was found to
polymerize under these conditions. e Performed at 150 °C. The high melting point
(150 °C) of p-nitrophenylacetylene limited miscibility, and ultimately reactivity, under
the conditions explored.
Table 4.7:

Coupling of aryl alkynes to benzyl alcohols.a

Based on the results obtained above, we lastly explored the ability of GO to
catalyze the aforementioned hydration and oxidation reactions in a single reaction vessel,
and then facilitate an acid-catalyzed Claisen-Schmidt type condensation coupling of the
respective products formed in situ. As shown in Table 4.7, the combination of various
phenylacetylenes and benzyl alcohols (1 : 2 molar ratio) with GO under conditions
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similar to those described above afforded the desired chalcone products in up to 61%
isolated yields (94% conversion by NMR spectroscopy). To the best of our knowledge,
these reactions are the first examples of coupling alkynes and alcohols in a single vessel
for the direct formation of chalcones. Beyond demonstrating the ability to facilitate
multiple, mechanistically-distinct reactions in an auto-tandem fashion and uncovering
new transformations enabled by GO, this methodology may prove useful in syntheses
where methyl ketones are inaccessible, or unwanted side reactions (e.g., irreversible
formation of ketols or Michael addition products) are observed.[24, 25]

4.3 CONCLUSIONS
In conclusion, we have shown that GO effects multiple mechanistically-distinct
oxidation, hydration, and C–C bond forming reactions and is capable of doing so in an
auto-tandem fashion. This unique combination of reactivities from a readily-available
carbon material facilitated access to substituted chalcones from a wide range of
commercially-available starting materials, and in the absence of metal catalysts.
Moreover, these transformations underscore the ability of GO to function as a
carbocatalyst,[7] and offer significant modularity with respect to the reactive functional
groups of the reagents while requiring little change to the reaction conditions employed
(temperature, time, catalyst loading, etc.) Numerous combinations for directly coupling
alkynes or methyl ketones with alcohols and aldehydes are now possible and the
methodologies reported herein are expected to be of value for the preparation of
chalcones and related compounds, particularly in a combinatorial manner.[26]

In a

broader perspective, these results establish GO’s potential for use in synthetic chemistry,
especially in the development of metal-free methodologies, rather than simply as a
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precursor to graphene and derivatives thereof. Future efforts will be directed toward
optimizing the reactions described herein and further exploring the as yet unknown
factors that contribute to GO’s remarkable reactivity (e.g., extent of oxidation, surface
area, etc.).

4.4 REFERENCES
[1] A. Bagri, C. Mattevi, M. Acik, Y. J. Chabal, M. Chhowalla, Nat. Chem. 2010, 2, 581.
[2] D. R. Dreyer, S. Park, C. W. Bielawski, R. S. Ruoff, Chem. Soc. Rev. 2010, 39, 228.
[3] V. Dua, S. P. Surwade, S. Ammu, S. Agnihotra, S. Jain, K. E. Roberts, R. S. Park, R.
S. Ruoff, S. K. Manohar, Angew. Chem. Int. Ed. 2010, 49, 2154.
[4] K. Jasuba, J. Linn, S. Melton, V. Berry, J. Phys. Chem. Lett. 2010, 1, 1853.
[5] Y. Li, Y. Wu, J. Am. Chem. Soc. 2009, 131, 5851.
[6] K. A. Mkhoyan, A. W. Contryman, J. Silcox, D. A. Stewart, E. G., C. Mattevi, S.
Miller, M. Chhowalla, Nano Lett. 2009, 9, 1058.
[7] D. R. Dreyer, H.-P. Jia, C. W. Bielawski, Angew. Chem. Int. Ed. 2010, 49, 6813.
[8] X.-F. Wu, H. Neumann, M. Beller, Angew. Chem. Int. Ed. 2010, 49, 5284.
[9] J. C. Aponte, M. Verástegui, E. Málaga, M. Zimic, M. Quiliano, A. J. Vaisberg, R. H.
Gilman, G. B. Hammond, J. Med. Chem. 2008, 51, 6230.
[10] A. Fischer, P. Makowski, J.-O. Müller, M. Antonietti, A. Thomas, F. Goettmann,
ChemSusChem 2008, 1, 444.
[11] S. Eddarir, N. Cotelle, Y. Bakkour, C. Rolando, Tetrahedron Lett. 2003, 44, 5359.
[12] W. S. Hummers Jr., R. E. Offeman, J. Am. Chem. Soc. 1958, 80, 1339.
[13] D. E. Fogg, E. N. dos Santos, Coord. Chem. Rev. 2004, 248, 2365.
[14] A. Hamwi, V. Marchand, J. Phys. Chem. Solids 1996, 57, 867.

56

[15] All chalcone products described exhibited an E olefin configuration, as determined
by 1H NMR spectroscopy.
[16] Similar results were obtained using GO prepared using the Staudenmaier method
(see L. Staudenmaier Ber. Dtsch. Chem. Ges. 1898, 31, 1481; T. Nakajima, Y. Matsuo
Carbon 1994, 32, 469).
[17] J. Zhang, X. Liu, R. Blume, A. Zhang, R. Schlögl, D. S. Su, Science 2008, 322, 73.
[18] T.-F. Yeh, J.-M. Syu, C. Cheng, T.-S. Chang, H. Teng, Adv. Funct. Mater. 2010, 20,
2255.
[19] The GO employed was measured to have a specific surface area of 1.138 m2 g-1
using the BET method. No significant change in surface area was observed when the
recovered catalyst was analyzed.
[20] The carbon materials recovered after the alcohol oxidation reactions were found to
be reduced by FT-IR analysis, and were successfully re-oxidized using the Hummers
method and reused without significant changes in activities.
[21] F. Alonso, P. Riente, M. Yus, Eur. J. Org. Chem. 2008, 2008, 4908.
[22] S. Kim, S. W. Bae, J. S. Lee, J. Park, Tetrahedron 2009, 65, 1461.
[23] When 4-t-butylphenylacetylene was treated with benzaldehyde and GO, only the
chalcone coupling product was observed. This result suggested to us that the reaction
proceeded solely via hydration of the alkyne, followed by Claisen-Schmidt condensation
of the methyl ketone with the aldehyde, rather than hydroacylation.
[24] K. Tanaka, F. Toda, Chem. Rev. 2000, 100, 1025.
[25] P. Venkatesan, S. Sumathi, J. Heterocyclic Chem. 2010, 47, 81.
[26] H. An, P. D. Cook, Chem. Rev. 2010, 100, 3311.

57

Chapter 5: C–H Oxidations Using Graphite Oxide

5.1 INTRODUCTION
The oxidation of organic substances has received significant attention as it
represents an important functional group transformation, from both fundamental and
practical perspectives.[1, 2] Thus far, a wide range of homogeneous transition metal based
catalysts have been developed for this purpose.[3-11] Unfortunately, many metals are not
widely available and/or are toxic, which presents sustainability and environmental
challenges.

Moreover, homogenous catalysts can be difficult to separate from the

reaction mixtures in which they are used.[3-5] Although superoxides and peroxides may
offer solutions to some of the aforementioned challenges, stoichiometric quantities of
these reagents are required and they lack the selectivity inherent to some of the
aforementioned catalysts.[6-9] Herein we report the use of graphite oxide (GO)[10-15] as a
heterogeneous reagent for oxidizing various hydrocarbons. Compared to other oxidants
used for similar purposes, GO offers several advantages, including low cost, ease of
synthesis, and high stability to ambient conditions (e.g., resistant to hydrolysis and
oxidative degradation, etc.).
GO is typically prepared from natural sources of flake graphite using strongly
acidic and oxidizing conditions. The most commonly employed synthetic protocol is
often called the “Hummers method,” where graphite is treated with KMnO4 in
concentrated H2SO4, followed by workup in aqueous H2O2.[10]

Though the precise

structure of GO is still uncertain, it is generally accepted that a wide range of functional
groups, including alcohols, epoxides, and carboxylic acids, are introduced during the
synthesis of GO, both to its surface as well as to its periphery (Figure 5.1). As a result,
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GO tends to be highly acidic and strongly oxidizing,[15] and exhibits a high propensity to
undergo reduction when exposed to hydrazine,[16, 17] borohydride,[18, 19] hydroquinone,[20]
alcohols,[21] and other reagents.[22-25] Indeed, GO is commonly used as an intermediate in
the preparation of graphene and graphene-like materials.[26]

Figure 5.1: Proposed structure of graphite oxide (GO) based on the Lerf-Klinowski
model.[11]

5.2 RESULTS AND DISCUSSION
Exploiting the reactivity intrinsic to GO, our previous studies have identified this
material as a powerful reagent for oxidizing various alcohols and alkenes, as well as
hydrating alkynes, to their corresponding aldehyde or ketone compounds.[27-29]
Additionally, it was discovered that these transformations could be performed
simultaneously in a single reaction vessel to form advanced substrates, such as
chalcones.[28] Although the mechanism of the aforementioned reactions remains elusive,
the structure of GO suggested to us that the presence of the surface bound oxygencontaining functionalities may play an important role in the observed reactivities and
govern product formation (see below).
59

In our preliminary report,[27] GO was found to be capable of oxidizing cis-stilbene
to benzil (see Figure 5.2); a transformation similar to a Wacker oxidation, which
invariably requires the use of transition metals.[30, 31] As summarized in Tables 5.1 and
5.2, we have since optimized the oxidation of cis-stilbene to benzil with respect to the
loading of GO and the reaction temperature. In general, increasing the loading of GO
used in the reaction was found to increase the yield of the benzil product, though no
improvement was observed beyond 400 wt%. At low temperatures (≤ 60 °C), minimal
conversion was observed, regardless of GO loading; however, lower yields of product
were obtained at temperatures above 100 °C, presumably due to thermal degradation of
the GO substrate.[15] The use of a nitrogen atmosphere, in lieu of air, was also explored
although minimal effects on the product yield were observed.
O

50 mg

CHCl3 (0.5 mL)
GO (200 mg)
100 oC, 24 h

O

68% isolated yield

Figure 5.2: Conversion of cis-stilbene to benzil using GO.

Ultimately, optimized conditions were determined (50 mg cis-stilbene, 400 wt%
GO, 0.5 mL CHCl3, 100 °C, 24 h, air) and benzil was obtained in 68% isolated yield
(improved from 49% in our earlier report).[32, 33] Under these optimized conditions, the
reactivity of GO toward a range of functionalized cis-stilbenes was explored.[34] As
summarized in Table 5.3, the highest yields of oxidized product were obtained from
substrates that featured electron-donating or moderately electron-withdrawing groups
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(entries 1–4; 38–68%). Only a modest yield (25%) of oxidized product was obtained
from 4,4'-dinitro-cis-stilbene, which features electron-withdrawing nitro groups (entry
5).[35] Nevertheless, these results are remarkable as the oxidation of stilbenes or similar
1,2-disubstituted olefins to their corresponding diones typically requires the use of metal
catalysts, such as selenium(IV) oxide or chromate-containing species.[36, 37]

a

All reactions were performed using 50 mg of cis-stilbene and 0.5 mL of CHCl3 heated
at 100 °C for 24 h. b Yield determined by 1H NMR spectroscopy.
Table 5.1:

Optimization of the oxidation of cis-stilbene to benzil: effect of GO loading
and atmosphere.
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a

All reactions were performed using 50 mg of cis-stilbene (neat) and 200 mg GO (400
wt%) and were heated at the indicated temperature for 24 h.
Table 5.2:

Optimization of the oxidation of cis-stilbene to benzil: effect of temperature.
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a

All reactions were performed in 0.5 mL CHCl3 using 50 mg of the substrate and 200 mg
(400 wt%) of GO at 100 °C for 24 h in Teflon-sealed vials.
Table 5.3:

Oxidation of various substituted cis-stilbenes using GO.

After this initial success, we explored the ability of GO to oxidize more
challenging substrates, including hydrocarbons possessing sp3-hybridized C–H bonds.
As summarized in Table 5.4, various substrates with benzylic methylene groups were
successfully converted to their corresponding ketone and unsaturated products using GO
(conditions: 50 mg substrate, 200 wt% GO,[38] 0.5 mL CHCl3, 120 °C, 24–48 h, air). For
some substrates, such as diphenylmethane (entry 1), oxidation resulted in the formation
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of the respective ketone.[39] In other cases, such as that of dihydrophenanthrene (entry 6),
the loss of hydrogen and subsequent aromatization was observed.

In general, the

oxidation of substrates with doubly activated benzylic positions afforded the
corresponding ketone products in good yield (e.g., 72% in

the case of

diphenylmethane).[40] Conversely, substrates such as bibenzyl (entry 2), wherein each
methylene is only activated by a single phenyl substituent, afforded decreased yields of
product (17%). The reduced yield of benzil from bibenzyl may be due to the substrate’s
relatively high conformational freedom, although diphenylmethane (entry 1) was
oxidized to its respective carbonyl in higher yield than fluorene (entry 3). Collectively,
these results suggested to us that benzylic activation may be a primary factor in
determining a substrate’s susceptibility to C–H oxidation when GO is used as the oxidant.
1

H NMR spectroscopic analysis of the crude reaction mixtures showed no by-products

for nearly all the substrates explored in this study.

The only exception was 9,10-

dihydroanthracene (Table 5.4, entry 5), which revealed a mixture of anthracene and
anthraquinone (isolated in 49% and 31% yield, respectively). In comparison, Su and coworkers observed the oxidative dehydrogenation of 9,10-dihydroanthracene to anthracene
when multi-walled carbon nanotubes (MWCNTs), another carbon-based material used to
facilitate synthetic transformations, were used as the oxidation catalyst.[41, 42] Virtually
no anthraquinone was detected in the product mixture obtained from the MWCNTcatalyzed reaction, a result which suggested to us that GO’s reactivity extends beyond
that of MWCNTs.

For example, using GO, two substrates related to 9,10-

dihydroanthracene, tetralin (entry 7) and 1,2-dihydronaphthalene (entry 8), were
subjected to identical reaction conditions as those described above (50 mg substrate, 100
mg GO,18 0.5 mL CHCl3, 120 °C, 24–48 h). Naphthalene was isolated as the sole
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product in 24% and 26% yield, respectively, in both reactions; the corresponding dione
(naphthaquinone) was not observed.[43]

a

All reactions were performed in 0.5 mL CHCl3 using 50 mg of the substrate and 100 mg
(200 wt%) of GO at 120 °C for 24 h in Teflon-sealed vials. b Yield determined by 1H
NMR spectroscopy.
Table 5.4:

Oxidation of various hydrocarbons using GO.
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In addition to the conversion of diaryl methylenes to their respective ketones, GO
was also found to oxidize substituted methyl benzenes to their corresponding aldehydes
(entries 9–11), albeit in relatively low yields. In general, the incorporation of strongly
electron-donating groups, such as 4-methylanisole (entry 9), afforded the corresponding
aldehyde product in higher isolated yields compared to methyl benzenes bearing neutral
or electron-withdrawing groups.

5.3 CONCLUSIONS
In summary, GO was found to facilitate the oxidation of olefins, diaryl methanes,
and methyl benzenes, as well as the dehydrogenation of various hydrocarbons. The
reactions were performed under mild conditions and without the need for additional
oxidants or metal co-catalysts. The methodology described herein has several advantages
compared to analogous metal-based systems that have been previously used for similar
purposes, including: ready accessibility of GO, operational simplicity, and increased
environmental compatibility. However, relatively large quantities of GO were required
to obtain reasonable yields of the desired oxidized products. Hence, in addition to
expanding the scope of reactivity displayed by GO, future efforts will be directed toward
the development of methodologies that utilize lower quantities of this material.
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Chapter 6: Graphite oxide - a selective and highly efficient oxidant of
thiols and sulfides

6.1 INTRODUCTION
The oxidation of organosulfur compounds (e.g., thiols and sulfides) is of great
importance in synthesis, drug metabolism and the preparation of bioconjugates.[1,

2]

While a large number of methods have been developed for such purposes, a persistent
challenge is over-oxidation. For example, disulfides, which may be obtained upon the
dimerization of thiols, can undergo further oxidation to their corresponding thiosulfinates,
disulfoxides, sulfinyl sulfones or disulfones. Likewise, the oxidation of sulfides leads to
not only sulfoxides but also sulfones or sulfonic acids. To address these important issues,
a wide range of sophisticated catalysts (frequently containing transition metals as the
active species) has been developed.[2] Indeed, catalysts based on iron,[3, 4] palladium,[5]
and molybdenum,[6,

7]

among other metals, have led to reduced reaction times and

improved selectivity for the target products. However, despite these advances, many
metal-containing catalysts are inapplicable in pharmaceutical or biotechnological
applications due to toxicity concerns and separation challenges. Thus, the development
of highly active but metal-free oxidants for organosulfur compounds is of high value.
Moreover, the use of heterogeneous catalysts enables the rapid and straightforward
isolation of the target compounds, usually via filtration or distillation, as well as the
recovery and reuse of the catalyst itself.[8, 9]
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Figure 6.1: Proposed structure of graphite oxide (GO) based on the Lerf-Klinowski
model.[10]
We envisioned that many of the aforementioned challenges for accessing practical
organosulfur oxidants may be addressed through the use of graphite oxide (GO). Often
employed as a precursor to graphene-like materials,[11,

12]

GO may be synthesized by

treating graphite with K2S2O8 and P2O5, followed by KMnO4 in concentrated H2SO4, and
finally worked up in aqueous H2O2.[13] As a result of these strongly oxidizing conditions,
a wide range of oxygen functional groups is introduced to graphite’s surface (Figure
6.1).[14] Accordingly, GO is both highly acidic and a strong oxidizer,[14] and exhibits a
propensity to undergo reduction when exposed to various chemical reagents.[14]
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SH
Entry

graphite
oxide (GO)

Carbon
(loading)

S
S

Reaction
temperature (oC)

Reaction
time

Conversionb (%)

100

10 min

3.5

1
2

GO (300 wt%)

100

10 min

100

3

GO (300 wt%)

100

20 min

98

4

GO (300 wt%)

100

30 min

94

5

GO (300 wt%)

100

60 min

96

6

GO (20 wt%)

100

10 min

81

7

GO (60 wt%)

100

10 min

100

8

GO (60 wt%)

40

10 min

5

9

GO (60 wt%)

60

10 min

22

10

GO (60 wt%)

80

10 min

86

11

Graphite (60 wt%)

100

10 min

7

12

Activated carbon
(60 wt%)
Hydrazine-reduced
graphene oxidec
(60 wt%)

100

10 min

10

100

10 min

23

13

a

Reaction conditions: thiophenol (25 mg), carbon (type and amount indicated), and
CDCl3 (0.3 mL) were combined in sealed 7.5 mL vial for the time and temperature
indicated. b Conversion of thiophenol to diphenyldisulfide was monitored by 1H NMR
spectroscopy (CDCl3) using 1,4-dinitrobenzene as an internal standard. c Prepared
according to previously reported methods.
Table 6.1:

Optimization of the GO-catalyzed oxidation of thiophenol.a

Recently we reported that GO[14] is capable of heterogeneously facilitating a
broad range of synthetic transformations including alcohol,[15, 16] olefin,[15, 17] and C–H
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oxidations,[17] alkyne hydrations,[15] and combinations thereof.[18] Though typically more
challenging to prepare than GO, other acidic and oxidizing carbon materials (e.g.,
graphite intercalation compounds (GICs) incorporating strong acids and oxidized carbon
nanotubes)

have

been

utilized

in

carbonylations,[19]

decarboxylations,[20]

and

dehydrogenations,[21] among other reactions. The use of metal-free carbons such as GO
in synthesis takes advantage of their unique characteristics, including their
biocompatibility,[22,

23]

heterogeneity, high surface area, and rich surface chemistry, as

well as their low cost and ease of preparation.[24]

As a result, GO and other

“carbocatalysts”[25] may be distinguished from metallo- or organocatalysts used for
similar purposes. Building upon GO’s demonstrated oxidative properties,[15] we
envisioned utilizing this material for the facile and selective preparation of disulfides and
sulfoxides from thiols and sulfides, respectively.

6.2 RESULTS AND DISCUSSION
In a preliminary experiment, thiophenol (25 mg) was treated with GO (75 mg) at
100 °C in CHCl3 (0.3 mL) for 10 min in a sealed vessel. After workup by dissolution of
the crude reaction mixture in CHCl3 (50 mL) followed by filtration of the heterogeneous
carbon and removal of the volatile solvent, the thiol was determined by 1H NMR
spectroscopy (CDCl3) to have been quantitatively converted to diphenyldisulfide.[26]
Compared to previously reported oxidative couplings of thiols using metal catalysts (e.g.,
high surface area iron metal-organic frameworks; MOFs),[4] appreciably less time was
required (10 min versus several hours) to achieve quantitative reaction using GO under
similar temperatures and catalyst loadings. After observing quantitative conversion in
only a few minutes, subsequent optimization efforts were directed toward minimizing the
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reaction times, GO loadings, and reaction temperatures employed. Minimal changes in
the conversion were observed upon increasing the reaction time (see Table 6.1, entries 2–
5). While 20 wt% GO afforded 81% of the target product (entry 6), increasing the
loading to 60 wt% GO was found to be sufficient to drive the oxidation reaction to
quantitative conversion (entry 7).[27]

We also found that variations in the reaction

temperature (ranging from 40–100 °C) had a significant effect on the isolated yield of the
disulfide product (entries 7–10). At low temperatures, minimal yield of product was
obtained; however, a quantitative conversion was generally observed at reaction
temperatures at or above 100 °C. As a testament that the observed reactivity was due to
GO’s unique chemical properties, only minimal yields of the disulfide product were
obtained when natural flake graphite, activated carbon, or hydrazine-reduced graphene
oxide[28] were substituted for GO (entries 11–13).

Likewise, only a low yield of

diphenyldisulfide (3.5%; entry 1) was obtained in the absence of GO under otherwise
identical conditions (100 °C, 10 min).
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Entry

Starting material

1

Product

S

SH

S
S

SH

2

Reaction time

Yieldb (%)

10 min

100

30 minc

77

30 minc

90

10 min

95

10 min

96

10 min

97

10 min

97

10 min

99

10 min

94

30 minc

75

S
S

3

SH

4

SH

S

S
S
NH2

NH2

S

5

SH

S
H2N

6

S

SH

7

MeO

8

F

SH

9

Br

SH

10

HO

SH

S

MeO

S

F

S

OMe

S

F

S

Br

S

Br

S

S
SH

HO

OH
S

a

All reactions were performed at 100 °C in a sealed 7.5 mL vial using 25 mg thiol, 15 mg
GO (60 wt%) and 0.3 mL CHCl3 for the indicated reaction time. b Isolated yield after
purification by column chromatography. c Low yields (40–65%) were observed after 10
min; higher yields were obtained after 30 min.
Table 6.2:

Oxidation of various thiols using GO.a
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Using the optimized experimental conditions described above (25 mg thiol, 15 mg
GO, 0.3 mL CHCl3, 100 °C, 10 min), we next explored the substrate scope of this
method. As shown in Table 6.2, a wide range of thiols showed excellent conversion to
their respective disulfides when treated with GO, and pure products were obtained after
short reaction times by dissolution of the crude reaction mixtures in CHCl3 (50 mL),
filtration of the residual carbon, removal of the volatile solvent under vacuum, and
purification via column chromatography in some cases. The reactivity of alkyl thiols
(entries 2–3, 10) appeared slightly lower than that of aryl thiols (entries 1, 4–9), despite
slightly longer reaction times (30 min. versus 10 min.), consistent with our previous
observation that GO often exhibits higher activity toward arene-functionalized
substrates.[15, 17, 18] As a further indicator of preferential reactivity of aryl thiols over alkyl
thiols, a 1 : 1 molar mixture of thiophenol and 1-butanethiol (total mass: 25 mg) was
treated with GO (60 wt%) under optimized conditions (100 °C, 10 min). Using 1H NMR
spectroscopy, the crude product mixture (63% conversion) was found to contain a 1.0 :
5.0 : 2.9 molar ratio of dibutyldisulfide : butylphenyldisulfide : diphenyldisulfide, as well
as unreacted 1-butylsulfide (34%) and a small amount of unreacted thiophenol (<5%).
Perturbation of the electronic properties of aromatic thiols through the
incorporation of electron-donating or -withdrawing substituents did not significantly
affect the isolated yield of the desired product. For example, both electron rich (entries
4–7) and electron deficient thiols (entries 8–9) gave excellent isolated yields of the
respective disulfides (94–99%). No over-oxidation (including N-oxidation, in the case of
2-aminothiophenol) was observed in any of the reactions performed, as has been
observed with chromic potassium sulfate (CrK(SO4)2·12 H2O) and other transition metalbased oxidation catalysts.[29]

While this challenge has been addressed using more

sophisticated metal species (e.g., MOFs,[4] cobalt imidazoles or cobalt porphyrins,[30] and
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various bismuth species[31]) such catalysts often do not appear to show the breadth of
reactivity that has been demonstrated with GO.
In an effort to expand GO’s reactivity within the family of organosulfur species,
we turned next toward exploring the ability of GO to oxidize sulfides to their respective
sulfoxides.

In a preliminary experiment, diphenylsulfide was oxidized to

diphenylsulfoxide in 86% isolated yield after 24 h at 100 °C (300 wt% GO) (Figure 6.2);
no other oxidation products were observed in the crude reaction mixture. In a similar
manner to that described above, the reaction was optimized with respect to GO loading,
reaction temperature, and reaction time. We found that GO loadings below 300 wt%
were less effective in affording the targeted products; however, no improvement in
isolated yield was observed at higher loadings. Though the loadings used herein were
higher than those typically used with metal catalysts,[1,

29]

GO’s low cost and

heterogeneity make it a practical choice.[15] In addition to providing an economical,
easily removed route to the target products, it was found that the spent catalyst, which
had undergone partial deoxygenation (see below), was able to be reoxidized to GO using
the same oxidation methods used with the graphite starting material. As observed in the
aforementioned thiol coupling reactions, minimal reactivity was observed when carbons
other than GO were used (i.e., graphite, activated carbon, or hydrazine-reduced graphene
oxide).
O
S

S

GO (300 wt%)
CHCl3 (0.3 mL)
100 oC, 24 h
86%
isolated
yield

Figure 6.2: Oxidation of diphenyl sulfide using GO.
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As summarized in Table 6.3, a broad range of sulfides was successfully converted
to their corresponding sulfoxides using GO under optimized conditions (25 mg sulfide,
75 mg GO, 0.3 mL CHCl3, 100 °C, 24 h). Excellent yields of the targeted products were
obtained in most cases after purification by column chromatography, including those that
featured S-alkyl substituents.

Variations in the electronic structure of the arene-

substituted sulfides had a slight influence on the yield of sulfoxide product. For example,
an electron rich sulfide (p-methoxythianisole, entry 8) was oxidized in 96% isolated
yield, whereas an electron deficient analogue (p-chlorothianisole, entry 9) was obtained
in 81% yield under otherwise identical conditions. Compared to previously reported Ru
and Fe catalysts (utilizing O2 or H2O2 as the oxidant), GO provides increased yield and
increased selectivity for the sulfoxide over the sulfone.[32, 33]
To ascertain the fate of the GO used in the aforementioned oxidation reactions,
the residual carbon was separated from a reaction mixture containing 25 mg thiophenol,
15 mg GO, 0.3 mL CDCl3 after 10 min at 100 °C by filtration and the resulting material
was characterized. Compared to the GO starting material, the FT-IR spectrum (KBr) of
the recovered carbon exhibited attenuated stretching frequencies ascribed to the C–OH,
C=O, and C–O moieties. The FT-IR spectrum also revealed new signals that were
attributed to the presence of aromatic and olefinic species. The deoxygenation of GO
was later confirmed via X-ray photoelectron spectroscopy (XPS) and elemental
combustion analysis. For example, while the as-prepared GO exhibited a C : O ratio of
2.6 : 1 by XPS, the material recovered after reacting GO with thiophenol showed a C : O
ratio of 9.2 : 1.
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Entry

Starting material

Product

Yieldb

O
S

1

S

89%

O
2

S

3

S

S

92%

O
S

90%

O
S

4

S

51%

O
S

5

S

86%

O
S

6

S

85%

O
S

7

S

75%

O
S

8
MeO

S

96%

MeO
O
S

9

S

Cl

81%

Cl

a

All reactions were performed at 100 °C in a sealed 7.5 mL vial using 25 mg sulfide, 75
mg GO (300 wt%) and 0.3 mL CHCl3 for 24 h. b Isolated yield after purification by
column chromatography.
Table 6.3:

Oxidation of various sulfides by graphite oxide.a
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6.3 CONCLUSIONS
In summary, GO was discovered to effectively facilitate the oxidation of thiols
and sulfides to their corresponding disulfides and sulfoxides, respectively, and with good
selectivity. In all cases studied herein, the necessary reaction times required were found
to be relatively short (as brief as 10 min), the recovered yields were high, and purification
of the product was facilitated by GO’s heterogeneous nature. As such, the methods
described provide a practical approach to the oxidation of sulfur compounds; one that
does not lead to the over-oxidation often seen with metal catalysts used for similar
purposes.[29, 32, 33]
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Chapter 7: Graphite Oxide as a Dehydrative Polymerization Catalyst A One-Step Synthesis of Reinforced Poly(phenylene methylene)
Composites

7.1 INTRODUCTION
Polymer nanocomposites comprising graphene or other similar carbon additives
have found widespread utility, primarily due to the low loadings necessary to achieve
significant enhancement in the targeted properties (e.g., mechanical, thermal, electronic,
barrier, etc).[1] However, the incorporation of metastable additives such as graphene is
often challenged by their propensity to aggregate and phase separate from the polymer
matrix.[2] From a processing perspective, the additive and matrix are typically combined
via melt blending, extrusion, or other post-polymerization methods,[3-5] or through the in
situ polymerization of a monomer in the presence of the carbon additive.[6, 7] The latter of
these approaches is generally more efficient as it minimizes the need for extensive
processing to ensure homogeneous dispersion of the additive in a pre-formed polymer.[810]

In situ polymerizations are also preferred when interactions (either covalent or non-

covalent) between an additive and its polymer matrix help stabilize the composite or
provide enhanced mechanical, thermal or electronic properties.[11-13] However, many of
these in situ methods either require modification of the additive to ensure compatibility
with the matrix, or are not broadly applicable. Thus, simpler and more general in situ
polymerization approaches are of high value. Toward this end, we envisioned exploiting
the inherent catalytic properties of functionalized carbon materials as a means to facilitate
the polymerization of various monomers. Given its high degree of functionality and
proven chemical reactivity,[14] we began by exploring the utility of graphite oxide (GO) in
such roles.
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Figure 7.1: Synthesis and structure of graphite oxide (GO) according to the LerfKlinowski model.[14, 15]

Recently, we have shown that GO,[14, 16-19] a carbon nanomaterial obtained in one
step from inexpensive, commercially-available starting materials (see Figure 7.1), is
capable of facilitating a broad range of synthetic transformations.[20-23] The selective
conversion of alcohols to aldehydes, alkynes to methyl ketones, and olefins to diones,[20]
as well as various C–H oxidations[22] and auto-tandem combinations of these reactions,[21]
have all been accomplished using this single, metal-free carbocatalyst.[24]

As an

extension of these chemistries and to address the issues discussed above, we have
launched a program aimed at using GO as a catalyst for preparing a broad range of
polymeric materials. In addition to facilitating valuable polymerizations, the use of a
carbon as the reaction catalyst was expected to afford carbon-filled composites as the
products and proceed without the need for post-polymerization incorporation of an
additional additive (Figure 7.2).[25] Such an approach could potentially offer a significant
improvement, with potentially broad applicability, over other methods for forming
composites containing carbon additives such as graphene. The direct use of a carbon
material as both the polymerization catalyst and additive condenses the process of
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composite formation to one facile step that requires no purification or further processing
of the desired product. Herein we demonstrate this concept by showing that GO not only
catalyzes the dehydrative polymerization of benzyl alcohol (BnOH), resulting in the
formation of poly(phenylene methylene) (PPM), but also that mechanically robust PPMbased nanocomposites are formed in a single step.

Monomer

Reaction
Catalyst

Additive

Polymer

Polymer-Graphene
Composite

Graphite Oxide
Figure 7.2: Comparison of approaches to carbon-filled composite formation: the
conventional step-wise method circumvented through the single-step use of
graphite oxide (GO) as both the polymerization catalyst and the composite
additive. The use of highly reactive GO as the polymerization catalyst
allowed for facile polymer formation, as well as the formation of a product
that was enhanced by the graphene’s remarkable chemical and physical
properties.

PPM, also known as “polybenzyl,”[26, 27] is one of the oldest known polymers that
belong to the poly(phenylene alkylene) class.[28] For example, Cannizzaro, Friedel, and
Crafts each obtained an amorphous hydrocarbon consistent with the structure of (C7H6)n
upon adding strong Lewis or Brønsted acids (e.g., BF3, H2SO4, P2O5, or AlCl3) to benzyl
halides or benzyl alcohol.[26, 29-33] Since those early experiments, it has been shown that
highly branched polymers are formed via step-growth condensation process as a result of
the multiple reactive sites present on the benzyl species (i.e., the ortho, meta, and para
positions are all reactive[26]).[34-37] At low molecular weights (<5 kDa), PPM is soluble in
a wide range of organic solvents, but tends to have poor mechanical properties, in part
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due its low softening temperature (typically less than 80 °C).[38-40] Higher molecular
weights can be achieved using metal catalysts,[33, 36, 38, 41] but these polymers are typically
insoluble, which challenges processing and subsequent use in applications where
structurally robust materials are required.[42] Despite these obstacles and the relative
paucity of recent reports on poly(phenylene alkyene)s, PPM and its derivatives exhibit a
number of useful properties, including low dielectric constants (εr

=

2.5–2.7),[43] high

thermal stabilities (Td > 400 °C),[44] high solvent resistance, high hydrophobicity (θ = 87–
90°),[45] and good gas and moisture barrier properties (for example, H2O permeability
typically ranges from 0.6–6.0 g mil atm-1 100 in-2 24 h-1 at 25 °C).[28, 41, 45-48]

7.2 RESULTS AND DISCUSSION
In our early optimizations of the GO-catalyzed oxidation of BnOH to
benzaldehyde, we observed a polymeric by-product via NMR spectroscopy when the
reaction was performed at high temperatures (>150 °C).[20] Considering that previous
reports have shown that H2SO4 or other strong acids can polymerize BnOH,[42] we
reasoned that this monomer would undergo a dehydrative polymerization in the presence
of GO as a result of the material’s acidity (pH = 4.5 at 1 mg mL-1 in water).[49, 50] In a
preliminary experiment designed to investigate this reactivity, BnOH (3.0 g) was heated
with 10 wt% GO (0.3 g) in a sealed vessel to 200 °C for 14 h under vigorous magnetic
stirring. Upon cooling to room temperature, the product solidified in the vessel and no
visible phase separation of the carbon material was evident. The polymeric portion of the
product was found to be soluble in a wide range of organic solvents, including
dichloromethane (DCM), N,N-dimethylformamide (DMF), and tetrahydrofuran (THF).[51]
Conversely, the carbon that was used to catalyze the reaction was not soluble in any of
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these solvents, facilitating its separation from the polymer. Thus, unlike previously
described uses of GO for the formation of composites,[12] the polymer and the carbon did
not appear to be covalently bound (see below for additional discussion). The water
produced as a by-product was found to phase separate from the solid product and was
decanted or removed under vacuum. Furthermore, no other by-products were observed
by NMR spectroscopy of the crude polymer (separated from the carbon by trituration in
DCM), which suggested to us that the conversion of the monomer to PPM was
quantitative, a result that was verified by mass balance. The molecular weight and
polydispersity of the isolated polymer were analyzed by GPC,[52] which revealed a
number average molecular weight (Mn) of 2.3 kDa and a polydispersity index (PDI) of
1.26.[53]
Having demonstrated that GO is capable of catalyzing the polymerization of
BnOH, subsequent efforts were directed toward optimizing the reaction with respect to
the loading of GO in the starting mixture. At loadings below 7.5 wt%, the as-prepared
GO was unable to completely polymerize BnOH, though, above this threshold, monomer
conversion was complete.[54] Therefore, in order to maximize formation of the target
polymer, 1 wt% H2SO4 was added to the reaction mixtures that contained less than 7.5
wt% of GO.[55] As a control, an additive-free sample of PPM was prepared under
otherwise identical conditions using only concentrated H2SO4 (1 wt%) as the
polymerization catalyst. Similar to the product formed using 10 wt% GO, a polymer with
a Mn of 2.2 kDa (PDI = 1.18) was obtained. In general, no significant change in Mn was
observed as the GO loading or acid content was varied (see Table 7.1), and the
polydispersity indices of the resulting polymers were found to be relatively constant. The
observed plateauing of the molecular weight may be due to inactivation of the
87

propagating cation (e.g., termination of the polymerization or chain transfer) at these
chain lengths.[56]
OH

B
OH

H+
-H2O

H
OH

OH

OH
n

REACTION ON EITHER
RING POSSIBLE

Figure 7.3: Proposed structure and formation of poly(phenylene methylene) (PPM)
prepared via an acid-catalyzed dehydration.[33, 35, 36]

In accord with other polymerizations of BnOH, the mechanism of the
aforementioned reaction was likely an acid-catalyzed dehydration (see Figure 7.3).[33, 35,
36, 46, 57]

The propagating species may react at any of the available positions on the BnOH

monomer, with a preference for the ortho and para positions, and afford a highly
branched polymer. For example, the well-defined FT-IR absorbances attributed to the
arene moiety in BnOH (1454, 1469 cm-1) were broad and split to a series of several
strong absorbances spanning from 1393–1527 cm-1 in the corresponding polymer,
consistent with a branched structure. Likewise, the

13

C NMR spectrum of the polymer

displayed broad resonances in the arene region (125–141 ppm). The operative acidcatalyzed reaction may be mediated by the carboxylic acid groups present on the edge or
surface of GO (see Figure 7.1),[14, 15] or other acidic functional groups on GO’s surface.
Having characterized the molecular weight of the polymers obtained using a
variety of GO loadings, we next sought to investigate the thermomechanical properties of
the polymers and composites. Using dynamic mechanical analysis (DMA), the additive88

free polymer was found to exhibit a softening point (Ts) at approximately 35 °C.[58] In
the PPM composite prepared using 10 wt% GO, the corresponding Ts was measured at 48
°C, indicating that the softening point of the polymer was enhanced upon incorporation
into a carbon-filled composite (see Table 7.1 for Ts values at various GO loadings).
Consistent with previous results determined on related poly(p-xylylene)s, the additivefree PPM appeared to be thermally stable and exhibited an onset of decomposition (Td) at
464 °C by thermogravimetric analysis (TGA).[42,

45]

The onset of decomposition was

perturbed only slightly when the additive was incorporated at various GO loadings (i.e.,
the Td ranged from 445–463 °C; see Table 7.1). In all of the composites tested, the
decompositions occurred in a single event, rather than step-wise, suggesting cooperative
effects between the matrix and additive.
Considering that other poly(phenylene alkylene)s (e.g., poly(p-xylylene)) have
found use as robust structural materials,[45] we next sought to characterize the mechanical
properties of PPM and its composites using DMA. Prior to the Ts, the additive-free
polymer exhibited an elastic modulus (E') of 40 MPa (see Figure 7.4); however, the E'
increased to 915 MPa upon incorporation of 10 wt% GO in the starting mixture. This
result suggested to us that GO not only efficiently catalyzed the polymerization of BnOH,
but simultaneously functioned as an additive for the enhancement of the stiffness of the
resulting polymer.[59,

60]

While GO and other similar carbon nanomaterials have been

used as additives in a range of polymer matrices,[1] to the best of our knowledge this is
the first example of GO-derived carbon additives and PPM being integrated into a single
composite material.[61]
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Figure 7.4: Stress-strain curves of PPM and a PPM-GO composite (1 wt% GO) (top
left). Elastic (E') and loss (E'') moduli as a function of temperature for
PPM-GO composites at loadings of 0 (top right), 0.1 (bottom left), and 10
wt% GO (bottom right) (single cantilever, 50 μm amplitude, heating rate = 1
°C min-1).
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Graphite
Elastic
Softening
Oxide Loading Modulus (E') Point
(%)b
at 0 °C/MPac (Ts)/°C d

Decomposition
Temperature
(Td)/°Ce

Molecular
Weight
(Mn)/Daf

Polydispersity
Index (PDI)f

0.0g

40 ± 20h

35.43

463.68

2229

1.18

0.01

40 ± 10h

38.20

447.01

2316

1.22

0.1

320 ± 20

40.06

472.08

2210

1.27

0.5

310 ± 20

38.31

445.19

2414

1.15

1.0

310 ± 10

36.68

462.55

2310

1.21

5.0

490 ± 20

38.64

444.34

2252

1.12

10.0

915 ± 8

48.27

445.52

2307

1.26

10.0i

910 ± 10

47.38

446.83

2218

1.23

a

Unless otherwise noted, all composites prepared by reacting 3.0 g benzyl alcohol with
varying amounts of GO (as indicated) and 0.03 g (1 wt%) H2SO4 at 200 °C for 14 h. b
Prepared via the Hummers method. c The elastic (E') and loss moduli (E'') were
characterized by dynamic mechanical analysis (DMA). The samples were heated from 0
°C to their softening point (Ts) at a rate of 1 °C min-1 while oscillating at a constant
amplitude of 50 μm and a frequency of 1 Hz. All measurements were performed in
triplicate and the reported errors represent 1 standard deviation from the mean. d
Softening points (Ts) were determined by calculating the loss onset of the elastic modulus
(E') measured via DMA. e Decompostion temperatures (Td) were determined via
thermogravimetric analysis by heating a sample of the composite under nitrogen at a
heating rate of 10 °C min-1. f Number average molecular weights (Mn) and polydispersity
indices (PDIs) were determined by GPC against poly(styrene) standards after dissolving
the polymer in DMF and separating from the carbon additive via filtration. g An additivefree PPM was used to compare mechanical, thermal, and molecular weight properties
with the GO-derived composites. The polymer prepared by reacting 3.0 g benzyl alcohol
with 0.03 g (1 wt%) H2SO4 at 200 °C for 14 h. h A higher signal-to-noise ratio was
observed in the DMA of the additive-free polymer (0 wt% loading) and the composite
containing 0.1 wt% loading of GO in the starting mixture. Due to the fragility of these
additive-free or low loading samples, and ensuing sample fracture, it was not possible to
fully tighten the sample in the dual cantilever clamp; a smoothing algorithm was not
applied to these data. i Composite prepared by reacting 3.0 g benzyl alcohol with 10 wt%
GO at 200 °C for 14 h. No H2SO4 co-catalyst was used.
Table 7.1:

Summary of poly(phenylene methylene) (PPM) composites incorporating
graphite oxide as the carbon additive.a
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To understand how varying the GO loading in the starting mixture influenced the
mechanical properties of the resulting composites, the carbon content was varied from
0.01 to 10 wt% (relative to the unreacted monomer) (see Table 7.1). Inclusion of GO at
loadings of 0.5 or 1.0 wt% produced composites with nearly the same stiffness as the
composite prepared using 0.1 wt% of GO (E' = 310–320 MPa). The E' increased to 490
MPa upon increasing the GO loading to 5.0 wt%, which suggested to us that 1.0 wt%
may represent a critical threshold for increasing the modulus of these composites in a
linear fashion with respect to the carbon loading (see Figure 7.5), an observation similar
to that seen in other carbon composites.[62]
To determine if the inclusion of GO in the starting mixture was advantageous
over the post-polymerization addition of the carbon additive, pre-formed PPM (Mn = 2.3
kDa), prepared using H2SO4 (1 wt%) as the catalyst, was mixed with GO (1 wt%) by
stirring the two components at 200 °C for 4 h. Upon cooling, the resulting composite
was analyzed by DMA and found to exhibit an elastic modulus of 147 ± 7 MPa (Ts =
34.86 °C); this value approximately half that of the analogous composite where GO was
used as the catalyst to polymerize BnOH (see Table 7.1). In addition to the practical
advantage of eliminating the processing step required to blend pre-formed PPM and GO,
these results demonstrated that additional mechanical stiffness may be imparted using a
single step approach.
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Figure 7.5: Plot of elastic modulus (MPa) against GO loading in the initial
polymerization mixture for various PPM-graphene composites.
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10

Graphite
Loading (%)b

Elastic
Softening
Modulus (E') Point
at 0 °C/MPac (Ts)/°Cd

Decomposition
Temperature
(Td)/°Ce

Molecular
Weight
(Mn)/Daf

Polydispersity
Index (PDI)f

0.0g

30 ± 10h

34.31

450.34

2258

1.18

0.01

36 ± 5

35.67

443.89

2241

1.18

0.1

79 ± 7

39.67

451.67

2401

1.27

a

All composites prepared by reacting 3.0 g benzyl alcohol with varying amounts of
graphite (as indicated) and 0.03 g (1 wt%) H2SO4 at 200 °C for 14 h. b SP-1 natural flake
graphite purchase from Bay Carbon, Inc. and used without further purification. c The
elastic (E') and loss moduli (E'') were characterized by dynamic mechanical analysis
(DMA). The samples were heated from 0 °C to their softening point (Ts) at a rate of 1 °C
min-1 while oscillating at a constant amplitude of 50 μm and a frequency of 1 Hz. All
measurements were performed in triplicate and the reported errors represent 1 standard
deviation from the mean. d Softening points (Ts) were determined by calculating the loss
onset of the elastic modulus (E') measured via DMA. e Decompostion temperatures (Td)
were determined via thermogravimetric analysis by heating a sample of the composite
under nitrogen at a heating rate of 10 °C min-1. f Number average molecular weights (Mn)
and polydispersity indices (PDIs) were determined by GPC against poly(styrene)
standards after dissolving the polymer in DMF and separating from the carbon additive
via filtration. g An additive-free PPM was used to compare mechanical, thermal, and
molecular weight properties with the GO-derived composites. The polymer prepared by
reacting 3.0 g benzyl alcohol with 0.03 g (1 wt%) H2SO4 at 200 °C for 14 h. h A higher
signal-to-noise ratio was observed in the DMA of the additive-free polymer (0 wt%
loading). Due to the fragility of this additive-free sample, and ensuing sample fracture, it
was not possible to fully tighten the sample in the dual cantilever clamp; a smoothing
algorithm was not applied to these data.
Table 7.2:

Summary of poly(phenylene methylene) (PPM) composites incorporating
natural flake graphite as the carbon additive.a

Natural flake graphite and chemically-reduced graphene oxide (CReGO)
(prepared using hydrazine as a chemical reductant of exfoliated GO according to
previously described methods[63]) were also explored as alternate additives to GO to
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understand how the carbon material’s chemical and physical properties (added either
prior to or after the polymerization) influence the composites’ mechanical and thermal
properties.

Using H2SO4 as the polymerization catalyst (1 wt%), composites

incorporating these carbon materials were prepared using the same in situ methods
described above (i.e., 3.0 g BnOH, 0.03 g conc. H2SO4, 0.0–0.1 wt% carbon, 200 °C, 14
h). The resulting materials exhibited significantly poorer mechanical properties (E' ≤ 180
MPa) compared to the carbon-filled composites derived from GO (see Tables 7.2–7.3).
Moreover, the Ts of these composites, determined primarily by the identity of the
polymer matrix, varied depending on quantity and the composition of the additive (Ts =
32–40 °C). Regardless, in all of the graphite- and CReGO-based composites produced,
the carbon additives were visually observed to aggregate and phase separate from the
transparent polymer matrix. Such aggregation of these particular carbon additives has
been widely observed in other composites[64,

65]

and often leads to the introduction of

stress concentration points, thereby weakening the materials’ mechanical integrity.[66]
Hence, the relatively poor mechanical performance of these unfunctionalized carbons
suggested to us that GO’s surface functionality may stabilize the dispersion of the carbon
in the polymer matrix.[67]
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CReGO
Loading (%)b

Elastic
Softening
Modulus (E') Point
at 0 °C/MPac (Ts)/°Cd

Decomposition
Temperature
(Td)/°Ce

Molecular
Weight
(Mn)/Daf

Polydispersity
Index (PDI)f

0.0g

40 ± 20h

33.13

450.59

2214

1.18

0.01

180 ± 8

33.04

459.38

2283

1.19

0.1

170 ± 10

32.30

445.49

2246

1.18

a

All composites prepared by reacting 3.0 g benzyl alcohol with varying amounts of
chemically-reduced graphene oxide (CReGO) (as indicated) and 0.03 g (1 wt%) H2SO4 at
200 °C for 14 h, followed by dissolution of the polymer in DCM and isolation of the
carbon product by filtration. b Prepared according to previously described methods using
hydrazine hydrate (N2H4·H2O) as the chemical reductant.[63] c The elastic (E') and loss
moduli (E'') were characterized by dynamic mechanical analysis (DMA). The samples
were heated from 0 °C to their softening point (Ts) at a rate of 1 °C min-1 while oscillating
at a constant amplitude of 50 μm and a frequency of 1 Hz. All measurements were
performed in triplicate and the reported errors represent 1 standard deviation from the
mean. d Softening points (Ts) were determined by calculating the loss onset of the elastic
modulus (E') measured via DMA. e Decompostion temperatures (Td) were determined via
thermogravimetric analysis by heating a sample of the composite under nitrogen at a
heating rate of 10 °C min-1. f Number average molecular weights (Mn) and polydispersity
indices (PDIs) were determined by GPC against poly(styrene) standards after dissolving
the polymer in DMF and separating from the carbon additive via filtration. g An additivefree PPM was used to compare mechanical, thermal, and molecular weight properties
with the GO-derived composites. The polymer prepared by reacting 3.0 g benzyl alcohol
with 0.03 g (1 wt%) H2SO4 at 200 °C for 14 h. h A higher signal-to-noise ratio was
observed in the DMA of the additive-free polymer (0 wt% loading). Due to the fragility
of this additive-free sample, and ensuing sample fracture, it was not possible to fully
tighten the sample in the dual cantilever clamp; a smoothing algorithm was not applied to
these data.
Table 7.3:

Summary of poly(phenylene methylene) (PPM) compsites incorporating
chemically-reduced graphene oxide (CReGO) as the carbon additive.a

We also were interested in the fate of the GO and thus sought to characterize the
resulting carbon additive and its dispersion in the as-prepared composite.

The

observation of improved mechanical stiffness in the composites, as compared to the
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additive-free polymer, suggested to us a good dispersion of the additive in the matrix;
however, direct characterization of the structure and morphology of the carbon additive,
as well as the polymer matrix, were necessary to support this conclusion. In previous
reactions of GO with BnOH, we have found that the carbon product tended to undergo
deoxygenation to a graphene-like material, which then underwent restacking to form
well-defined, graphite-like aggregates, as confirmed by powder X-ray diffraction
(PXRD) analysis and Raman spectroscopy.[68] As reported in our previous work,[68] upon
deoxygenation and formation of graphite-like aggregates, a significant increase in the
peak position was observed (from 2θ = 11° to 2θ = 27°), as well as a concomitant
decrease in the ID/IG ratio, indicating an overall increase in order within the carbon
material. When PXRD was performed on the composite prepared using 1 wt% GO, a
broad reflection centered at 2θ = 18.7° which corresponded to a d-spacing of 4.7 Å was
observed. The measured reflection was inconsistent with that observed in graphite (2θ =
26.5°).
Surprisingly, analysis of the separated carbon by PXRD did not reveal the
expected graphite-like reflection present at 2θ ≈ 26.5°.[68, 69] Rather, a series of broad,
low intensity, ill-defined reflections spanning from 2θ = 10–25° was observed. These
results suggested to us that the carbon, though highly deoxygenated as evidenced by its
high conductivity and C : O ratio (see below), did not aggregate into graphite-like
particles. Strong interactions between the PPM and the deoxygenated carbon, consistent
with intercalation of the polymer into the carbon’s interlayer spacing, may have stabilized
the dispersion of the carbon in the matrix, both in the melt and in the solid state. The
observed disordered structure of the carbon was supported by Raman spectroscopy,
which revealed a slight increase in the ratio of the intensities of the D and G bands in the
recovered carbon as compared to the GO starting material (ID/IG = 1.23 and 1.04,
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respectively).

Graphite and other highly ordered carbon materials typically exhibit

significantly lower ID/IG ratios (usually zero, if the graphite is highly ordered), while high
ID/IG ratios are characteristic of relatively disordered carbons.[70, 71]
To gain further insight into the dispersion of the carbon in the composite
containing 1 wt% GO loading, transmission electron microscopy (TEM) was performed
on the as-prepared material which revealed two distinct regions (see Figure 7.6): a
completely amorphous region, as evidenced by the diffuse ring and lack of spots in the
selected area of the electron diffraction (SAED) pattern, as well as a highly crystalline
region, as shown by the presence of diffraction spots. The observed amorphous region
was consistent with a structure corresponding solely to the polymer material, whereas the
crystalline area was consistent with a composite mixture of the carbon additive and
PPM.[72]

The higher degree of crystallinity seen in the high resolution electron

microscope (HRTEM) image of the as-prepared composite as compared to the pure
carbon additive (separated and recovered; see Figure 7.7), indicated that the polymer cocrystallized around the included carbon additive and formed an interphase region, in
accord with observations made on other nanocomposite materials.[1]

Within these

crystalline regions, the carbon additive was well dispersed and no phase separation was
observed. We surmised that the resulting structure may be responsible for the enhanced
mechanical properties previously described. Increased crystallinity within polymers has
been shown to enhance mechanical stiffness as well as thermal stability, compared to
amorphous samples of the same polymers,[73-75] and as we observed similar enhancements
in PPM’s mechanical properties, we reasoned that similar effects were operative within
the crystalline regions of the composites (see above).[76]

98

Crystalline region
(polymer and carbon)

Carbon particles

Amorphous region
(polymer only)

Figure 7.6: (Left) Bright field (BF) and (right) dark field (DF) TEM images of the
carbon-filled PPM composite (1 wt% GO loading) showing amorphous and
crystalline regions (dark speckles in the BF image and white speckles in the
DF image). (Left inset) Selected area electron diffraction (SAED) patterns
from the amorphous regions and (right inset) the crystalline regions shown
in the respective larger images.

In addition to evaluating the stacking and morphological behavior of the
recovered carbon, we also investigated its extent of functionalization. Our previous
results have shown that BnOH excels at deoxygenating GO, affording a sparsely
functionalized, graphite-like product.[68]

To determine if similar products could be

observed in the composites produced by treating BnOH with GO under the conditions
studied here (1 wt% in the starting mixture), deoxygenation of the GO starting material
was determined by elemental combustion analysis. The results revealed that the carbon
isolated from the composites exhibited a C : O ratio of 12.3 : 1, as compared to 2.0 : 1 for
the GO starting material. Powder conductivity analysis was also performed on the
separated carbon in order to characterize the extent of deoxygenation of the GO starting
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material. A bulk conductivity (σ) of 801 S m-1 was measured, which was significantly
higher than the analogous value measured for as-prepared GO (σ = 4.45 × 10-5 S m-1).
For comparison, graphite, graphene, and reduced graphene oxide exhibit high
conductivities (500–2000 S m-1),[63, 77-79] similar to the recovered carbon analyzed here,
suggesting efficient reformation of the sp2-hybridized structure found in graphene.[80]
Likewise, analysis by FT-IR spectroscopy showed a near complete disappearance of the
absorbances associated with the oxygen-containing functionalities present on GO.[81]
Finally, deoxygenation of the recovered additive was confirmed by TGA, which revealed
minimal mass loss prior to 400 °C (heating rate = 10 °C min-1 under N2), in contrast to
the GO starting material, which began to decompose immediately upon heating.
Collectively, the analyses of the recovered carbon indicated that the GO transitioned to a
highly deoxygenated and disordered graphene-like material that became trapped in the
polymer matrix, allowing it to effectively function as a mechanical reinforcer.[82]
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Figure 7.7: (left) HRTEM images of the recovered carbon additive and (right) the
composite, which consisted of carbon additive and polymer. The higher
crystallinity present in the composite was confirmed by the Fast Fourier
Transform (FFT) images shown in the insets. The increase in crystallinity is
likely a result of co-crystallization of the polymer matrix around the carbon
additive particles and formation of an interphase crystalline region within
the regions of the composite that included the carbon.

7.3 CONCLUSIONS

In conclusion, we have shown that GO is capable of catalyzing the dehydrative
polymerization of BnOH to PPM in quantitative yield. Overall, GO was found to be
exhibit activity similar to other commonly used acid catalysts (e.g., conc. H2SO4)
employed in the preparation of PPM. Moreover, the product obtained at the conclusion
of the polymerization reaction incorporated the carbon as a dispersed additive without the
need for further processing, indicating this method is a viable one-step approach for
forming PPM-carbon composites. While PPM is a structurally compliant material (E' =
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40 MPa), reaction of BnOH with as little as 0.1 wt% GO increased the stiffness of the
resulting composite significantly (E' = 320 MPa) and the elastic modulus was found to
scale with the loading of the carbon. Upon separation, the carbon was found to be
significantly deoxygenated, akin to other graphene-like materials, as determined by FTIR spectroscopy, elemental combustion analysis, and powder conductivity measurements.
Moreover, restacking to form graphite-like aggregates was not observed, as determined
by PXRD, TEM and Raman spectroscopy, indicating that the recovered carbon was
disordered and well-dispersed within the polymer matrix. We conclude that this is a
direct result of favorable interactions between the additive and the matrix, resulting in a
homogeneous dispersion and enhancement of the mechanical properties of the matrix.
Collectively, the results demonstrated herein portend a new method with broad
applicability. Specifically, these findings demonstrate that carbon-based catalysts,[24]
such as GO, may be used as both a polymerization catalyst and, simultaneously, as an
additive in the polymer product, ultimately resulting in polymers with improved
properties (mechanical, electrical, barrier, etc.). Such an approach will allow for the
formation of robust nanocomposites in a single step using only two reaction components:
the monomer and the carbon. As an example of how this method might be realized for
the preparation of other composites, other dehydration polymerizations are strong
candidates for GO-mediated acid catalysis, and many of these carbon-filled structural
composites have found widespread use.[83-85] In a broader perspective, the promise of GO
and other graphene-based materials now extends beyond the utilization and exploitation
of their remarkable electronic and mechanical properties and poises them to address
synthetic issues at the frontier of polymer chemistry, particularly for offering metal-free
methodologies and for facilitating the synthesis of polymer-carbon composites.
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Chapter 8: Graphite Oxide as a Carbocatalyst for the Preparation of
Fullerene-Reinforced Polyester and Polyamide Nanocomposites

8.1 INTRODUCTION
Polyesters and polyamides are widely utilized classes of polymers that possess a
broad range of useful properties, including high mechanical strength,[1,
stability,[3,

4]

2]

thermal

and, in the case of many polyesters, recyclability/compostability.[5] Both

step-growth and ring-opening polymerizations are used to access polyesters and
polyamides,[6] allowing for extensive variation of the materials’ structure and properties.
In many cases, the catalysts used to prepare the aforementioned polymers are based on
transition metals.6-9

However, the use of such catalysts is problematic when metal

contaminants are intolerable, such as in the preparation of polyesters or polyamides used
in biomedical devices.[7] As such, the development of metal-free approaches to the
preparation of polyesters, and composites thereof, remains an important challenge.
One approach to the metal-free synthesis of polymers is through the use of
appropriately functionalized, non-metallic, heterogeneous carbon catalysts – so-called
“carbocatalysts”.[8-10] For example, acylium functionalized carbon blacks have been used
to catalyze the cationic polymerization of various electron rich olefins such as isobutyl
vinyl ether,[11, 12] N-vinylcarbazole,[13] styrene,[14, 15] and cyclic ethers such as THF.[16, 17]
Other carbon materials such as graphene oxide have likewise been used to catalyze
various polymerizations when functionalized with appropriate initiators (e.g., ATRP
initiators),[18-20] or through their inherent oxidative properties (e.g., for the preparation of
polyaniline).[21] To the best of our knowledge, however, such carbon materials have not
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been applied to the formation of polyesters or polyamides without the use of co-catalysts
(Figure 8.1).
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Figure 8.1: Examples of cyclic lactones (top) and lactams (bottom) commonly used to
prepare aliphatic polyesters and polyamides, respectively, via ring opening
polymerization (ROP) methods.

We have recently shown that graphite oxide (GO), which bears a broad and
reactive assortment of chemical functionality, is capable of facilitating numerous small
molecule transformations and polymerizations.[8,

22-28]

Given GO’s well-documented

propensity to undergo reduction and deoxygenation when exposed to a wide range of
chemical substrates,[29] we previously explored the ability of GO to function as a
heterogeneous oxidant. For example, we found that treatment of benzyl alcohol with GO
afforded benzaldehyde in 92% conversion with high selectivity for the aldehyde over the
acid.[25] By increasing the reaction temperature from 100 °C to 200 °C, however, an
acid-catalyzed polymerization of the alcohol led to the formation of poly(phenylene
methylene) (PPM) in quantitative yield at GO loadings as low as 7.5 wt%.[28]
Building on these studies, we reasoned that other acid-catalyzed polymerizations
may be performed using GO. In our previous work, we found that in addition to forming
PPM, the carbon material used to catalyze the corresponding polymerization reaction was
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homogeneously distributed in the polymeric product, affording a carbon-reinforced
composite.

Such an approach to composite preparation obviates the need for

conventional two-step methods, wherein a monomer must first be polymerized using an
appropriate catalyst, isolated and purified, and then blended with the carbon filler (Figure
8.2). Mechanically blending a carbon reinforcer or additive with a polymer matrix is
often non-trivial as the two components can readily phase separate if their surface
energies are dissimilar.[30] We have found that it is possible to circumvent the challenges
associated with blending such additives into a polymer matrix by capitalizing upon GO’s
ability to disperse in polar organic media.[31, 32] Efficient dispersion and exfoliation of
GO in the unreacted monomer aids in the subsequent dispersion of the carbon in the
composite after the monomer is reacted.

To this end, we sought to extend GO’s

demonstrated metal-free catalytic properties toward the formation of polyester and
polyamide composites through the ring-opening polymerization (ROP) of the
corresponding lactone or lactam monomers. Here we show that GO is highly effective in
this role: mechanically robust composites were obtained by simply introducing the
monomer to the carbocatalyst, without the use of additional co-catalysts or fillers.[33]
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Figurre 8.2: Com
mparison of two
t approacches for prepparing polym
mer composittes. In the
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ventional tw
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hod (top), thee monomer iis polymerized using a
cataalyst (typicallly a metal), and then in a separate sttep the carboon additive is
blen
nded with thee polymer. Using
U
a carbbocatalyst-baased approacch (bottom),
how
wever, the mo
onomer may
y be reacted ddirectly withh the carbon that
ultim
mately acts as
a the compo
osite reinforccer.
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8.2 RESULTS AND

GO[29, 34] was prepareed using a modified
m
Hum
mmers methhod, where fflake graphitte
(natu
ural or synth
hetic) was dispersed in
n concentraated sulfuricc acid and reacted witth
KMn
nO4, followeed by quench
hing with aq
queous H2O2, recovery by filtrationn, and dryinng
underr vacuum.[355]

The resu
ulting carbo
on product was both hhighly acidicc and highlly

oxidiizing, as supported
s
by
b the anaalyses descrribed below
w.[36,

37]

The surfacce

functtionalization of the GO
O was anallyzed by FT
T-IR spectrroscopy, whhich revealeed
diagn
nostic absorb
bances at 3400, 1725, 16
630, 1225 annd 1050 cm--1, consistentt with a rangge
of fu
unctional gro
oups includiing alcohols, carbonyls,, and ethers or epoxidees believed tto
decorrate GO’s su
urface.[29] Elemental
E
co
ombustion aanalysis reveealed a carbon-to-oxygeen
(C : O) ratio of 1.77 : 1 and the bulk conductivity
c
y (σ) of the as-preparedd powder waas
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found to be 1.57 × 10-4 S m-1. By comparison, graphite has no measurable absorbances in
its FT-IR spectrum and a powder conductivity of over 2000 S m-1.[25]

The bulk

morphology of the as-prepared GO was characterized by powder X-ray diffraction
(PXRD) and Raman spectroscopy. While flake graphite exhibited a d-spacing of 3.5 Å
and a ID/IG ratio of zero (often used as a measure of order/disorder in a carbon
material[38]),[25] GO exhibited an expanded d-spacing of 8.2 Å and a ID/IG ratio of 1.02 : 1.
Collectively, these results revealed that oxidation under these conditions introduced a
significant quantity of oxygen functional groups to graphite’s surface, disrupting the
starting material’s highly ordered sp2-hybridized basal plane.
With GO in hand, a preliminary experiment was performed by heating neat εcaprolactone (1) with GO (2.5 wt%) at 60 °C for 14 h, affording poly(ε-caprolactone)
(PCL) as the sole product (confirmed by 1H NMR spectroscopy).[39] Upon cooling the
reaction mixture, the carbon catalyst remained embedded within the polymer matrix and
afforded a polymer nanocomposite, as determined by transmission electron microscopy
(TEM) and powder X-ray diffraction (PXRD) (see below for further discussion of the
carbon’s dispersion and chemical/physical properties).
To characterize the polymeric and carbon portions of the composite separately,
the polymer was dissolved in tetrahydrofuran (THF) and separated from the carbon
catalyst via filtration. The facile separation of the two components suggested to us that
the bulk of the polymer was not covalently grafted to the carbon material. Subsequent
analysis of the recovered carbon material revealed that a small amount of polymer was
covalently attached, however (see below). The separated polymer was found to exhibit a
number average molecular weight (Mn) of 5.1 kDa with a polydispersity index (PDI) of
2.1, relative to poly(styrene) standards, and no by-products or impurities were observed
in the 1H or 13C NMR spectra of the crude product. Higher molecular weight PCLs (Mn
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as high as 50 kDa) have been prepared using metal catalysts, such as tin, aluminum, and
zinc, or other strong Lewis acids (e.g., BF3·Me2O).[40, 41] However, when metal-catalyzed
polymerizations cannot be controlled or when equilibration of the polyester product is
allowed (e.g., under acidic conditions), the observed molecular weights are usually much
lower (typically less than 5 kDa).[40]
With these initial results in hand, we explored a range of loadings of GO for the
synthesis of the PCL matrix to study how the polymer’s properties varied as a function of
the amount of GO initiator employed in the polymerization reaction. Although no side
reactions were observed at loadings below 2.5 wt%, the conversion of the ε-caprolactone
to PCL was incomplete (17% conversion at 1.0 wt% loading of GO; Mn = 5.1 kDa, PDI =
1.3), as determined by 1H NMR spectroscopy. However, using loadings at or above 2.5
wt%, conversion of the monomer was uniformly quantitative. Upon dissolution of the
polymer in THF and removal of the insoluble carbon material by filtration, the additivefree polymer was recovered in 91% yield by precipitation into deionized water followed
by vacuum filtration. The high yield of the recovered polymer indicated that the extent of
covalent attachment of the polymer to the carbon material’s surface was minimal (see
below for further discussion of polymer attachment to the carbon surface). Confirming
that GO’s acidic surface functionality was the source of the polymerization behavior, no
reaction was observed when no catalyst was used, or when graphite or chemicallyreduced graphene oxide (CReGO)[42] were substituted for GO under otherwise identical
conditions (neat, 60 °C, 14 h).
As previously described, a GO loading of 2.5 wt% led to quantitative conversion
of the monomer, affording a polymer with a Mn of 5.1 kDa and PDI of 2.1. While the
mechanical properties of the composite changed significantly as the GO loading was
varied (see discussion below), the molecular weights of the polymers produced did not.
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Indeed, as the loading of GO was increased (from 2.5 up to 20.0 wt% in the starting
mixture), monomer conversion and molecular weight distribution remained relatively
constant (Mn range: 4.8–5.6 kDa, PDI range: 2.0–2.2). The invariance in molecular
weight and PDI of the polymers may be explained by GO's acidity and the hydrolyzable
esters that form the backbone of the polymer chain. As has been previously noted in the
preparation of PCL from other acidic initiators,[43,

44]

we reasoned that the polymer

reaches an equilibrium chain length, dependent upon the acid content, solvent conditions,
and temperature. To test this hypothesis, commercially-obtained PCL with a Mn of 15.2
kDa (PDI = 1.7) was heated to 120 °C in the presence of GO (1.0 wt%) for 14 h; a
polymer with a decreased Mn = 6.7 kDa (PDI = 2.2) was obtained. Control experiments
performed in the absence of GO or with graphite (i.e., an unfunctionalized carbon) under
otherwise identical conditions (neat, 120 °C, 14 h) resulted in no change in the polymer's
molecular weight or distribution. The observed drop in molecular weight suggested to us
that GO effectively hydrolyzed the polyester, likely as a result of its acidic properties or
the water intercalated into its interlayer regions.[45] Therefore, the observed, relatively
constant molecular weight of 5 kDa may represent an equilibrium polymer size under the
reaction conditions studied.
To

further

explore

the

aforementioned

polymer

composites,

their

thermomechanical properties were characterized using dynamic mechanical analysis
(DMA). The elastic modulus (E') of the 2.5 wt% composite was found to be 459 ± 9
MPa, compared to 260 ± 10 MPa measured for an additive-free homopolymer (Table
8.1), at an oscillation amplitude of 50 μm and a frequency of 1 Hz. Sample failure was
observed at the polymer’s melting point (Tm) of 56 °C. The composite also exhibited a
decomposition temperature (Td) of 380 °C. The elastic moduli of the PCL composites
were found to increase with GO loading until a maximum E' of 1045 ± 8 MPa was
115

reached at 10 wt% loading (see Figures 8.4 and 8.5).

The Young’s modulus, as

determined by tensile testing performed on films of the materials, was also found to
increase with GO loading. When 2.5 wt% GO was used in the initial mixture, the
composite exhibited a Young’s modulus of 304 MPa, as compared to 164 MPa in carbon
additive-free PCL (see Figure 8.4). Beyond 10 wt%, the mechanical properties of the
composites showed deterioration, as indicated by a drop in E'. Indeed, the reaction
mixture incorporating 20 wt% GO was found to be highly phase separated, due to the
increased carbon content, and we reasoned that this led to the material’s resulting poor
mechanical properties. As a result, the stiffness of the composite decreased, compared to
the composites prepared with lower loadings of GO. Collectively, the thermomechanical
data suggested to us that the use of GO as a carbocatalyst resulted in the formation of
carbon-reinforced composites which exhibited dramatically improved stiffness, compared
to the additive-free homopolymer, while the Tm and Td were not significantly perturbed.
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Figure 8.3: GO-catalyzed polymerization of ε-caprolactone.
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GOb
loading
(wt%)

Elastic
Modulus at
0 °C
(E'/MPa)c
260 ± 10
459 ± 9
540 ± 10
1045 ± 8
720 ± 10

0.0f
2.5
5.0
10.0
20.0

Melting
Point
(Tm/°C)c

Decomposition
Temperature
(Td/°C)d

Molecular
Weight
(Mn/kDa)e

Polydispersity
Index (PDI)e

55
56
56
57
53

375
380
380
377
377

5.4
5.1
4.8
5.6
5.4

2.1
2.0
2.1
2.2
2.1

a

Prepared by heating ε-caprolactone (3.0 g) in the presence of the indicated amount of
GO at 60 °C for 14 h. b Prepared according to the Hummers method. c Determined via
dynamic mechanical analysis (DMA) in dual cantilever mode by ramping from -50 °C
through the melting point at 1 °C min-1 at an oscillation amplitude of 50 μm and a
frequency of 1 Hz. All measurements were performed in triplicate and the reported
errors represent 1 standard deviation from the mean. d Determined via thermogravimetric
analysis (TGA) by heating a sample of the composite under an atmosphere of nitrogen
from 25 to 800 °C at a ramp rate of 10 °C min-1. e Determined via gel permeation
chromatography (GPC) against poly(styrene) standards using THF as the eluent. f
Prepared by reacting ε-caprolactone with GO (10 wt%, 60 °C, 14 h), followed by
trituration in dichloromethane and separation of the carbon additive by vacuum filtration.
Polymerization of ε-caprolactone at various GO loadings.a

Table 8.1:
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Figure 8.4: (left) Plot of number average molecular weight (Mn) (squares) and PDI
(circles) versus GO loading in the starting mixture for the preparation of
poly(caprolactone) from ε-caprolactone. (right) Plot of elastic modulus (E')
versus GO loading in the starting mixture for the preparation of
poly(caprolactone) composites from ε-caprolactone.
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Improvements of a polymer composite’s properties are often correlated to the
quality of the filler’s dispersion within the polymer matrix.[30] Composites with isotropic
filler dispersions are more likely to exhibit improved properties (e.g., mechanical,
electronic, barrier, etc.), while composites with anisotropic dispersions may exhibit no
physical enhancements, or even properties which are deteriorated.[46, 47] As a result, we
were interested in characterizing the dispersion of the carbon material within the present
PCL composites prepared using GO. Homogeneous dispersion of the carbon material
within the polymer matrix (2.5 wt% GO in the starting mixture) was confirmed by PXRD
and high resolution transmission electron microscopy (HRTEM).

Often viewed as

complementary techniques, PXRD is valuable for characterizing the macroscopic
properties of the carbon’s structure, morphology, and dispersion within the matrix, while
HRTEM provides a much more detailed, but localized, view of the composite’s
properties.[30, 33]
The aforementioned composites were first analyzed by PXRD to investigate their
bulk morphology. Upon reduction, GO can undergo restacking to form graphite-like
aggregates that have characteristic reflections in their diffraction patterns (2θ ≈ 26°),[24]
while homogeneously dispersed carbons, despite any sp2-hybridized structure that may
exist, do not restack and have no discernible peaks in their diffraction pattern.[33] No
identifiable reflections were observed in the diffraction patterns of any of the present
PCL composites or the separated carbon material, indicating the carbon did not restack
into well-defined aggregates and that the polymer did not undergo crystallization in the
presence of the carbocatalyst.

Collectively, these results suggested to us that the

observed enhancements in mechanical properties were a result of the carbon’s reinforcing
effect and not increased crystallinity of the polymer matrix. Likewise, TEM revealed no
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large, graphitized agglomerations within the amorphous PCL matrix. Unexpectedly,
however, we observed the formation of approximately spherical, ringed nanostructures
(see Figure 8.6), consistent with the structure of multiwalled fullerenes (also referred to
as carbon nano onions).[48-50] The fullerenes were well-dispersed within the polymer
matrix and were observed both as individual entities and in small aggregates of a few
particles (Figure 8.6). No other carbon morphologies were observed by TEM.
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Figure 8.5: Stress-strain curves of PCL and a PCL-carbon composite (2.5 wt% GO) (top
left). Elastic (E') and loss (E'') moduli as a function of temperature for PCLcarbon composites at loadings of 0 (top right), 2.5 (bottom left), and 10 wt%
GO (bottom right) (dual cantilever, 50 μm amplitude, heating rate = 1 °C
min-1).

To the best of our knowledge, GO has never before been used as a precursor to
multiwalled fullerenes, which are typically prepared by exposing graphite or other
graphitic precursors (e.g., C60) to an arc discharge under water.[51] Multiwalled fullerenebased polymer composites have been shown to exhibit intriguing properties, such as
strong dielectric response in the microwave frequency range,[52, 53] though the large scale
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preparation of layered fullerenes challenges broader study. As a result of the very
efficient dispersion of the carbon in the present PCL matrix, the mechanical properties of
the polymer were significantly enhanced upon incorporation of the filler, as described
previously.

The TEM results described herein indicate that GO may be a viable

feedstock for these nanomaterials that bypasses the need for high energy arc discharge
methods.
In order to understand the fate of the carbocatalyst in the aforementioned
polymerization reactions,[8] the polymer product and the residual carbon material were
separated by trituration of the polymer in THF, followed by filtration of the insoluble
carbon product. The GO was found to have undergone partial reduction after reaction
with ε-caprolactone, as determined by FT-IR spectroscopy, elemental combustion
analysis, and powder conductivity measurements.

While GO exhibits many intense

absorbances in its FT-IR spectrum due to the abundance of oxygen containing functional
groups on its surface, the carbon recovered after the conclusion of the reaction showed
significant or complete attenuation of these spectral features (see Figure 8.7). Indeed, the
recovered material was ineffective at polymerizing ε-caprolactone under the
aforementioned conditions (2.5 wt% GO, 60 °C, 14 h, neat).

By extension, and

supported by graphite as well as CReGO’s inability to catalyze the hydrolysis of
poly(caprolactone), it is also possible that the acid-mediated equilibration process was
curtailed as GO was reduced during the course of the reaction.[54] One exception to the
above mentioned in situ reductions worth noting is the retention and shift of the
resonance attributable to the C=O stretch. The carbonyl absorbance appeared as a strong,
broad peak centered at 1725 cm-1 in the as-prepared GO, but in the recovered carbon, the
absorbance increased in energy to 1740 cm-1, consistent with the C=O stretching
frequency observed in ε-caprolactone and PCL.[55, 56] The lack of other distinguishable
121

absorbances in the recovered carbon’s FT-IR spectrum was consistent with the GO
surface being functionalized by the ε-caprolactone. However, the mass of the carbon
material recovered was only 66.9% of that of the starting GO. Thus, the bulk of the
polymer was not covalently bound to the surface, a result that was further supported by
the ability to separate a large fraction of the polymer from the carbon via trituration.

Figure 8.6: Bright field transmission electron microscopy (BFTEM) image (left) and
high resolution transmission electron microscopy (HRTEM) image (right) of
a PCL-carbon composite (2.5 wt% GO in the starting mixture) showing
nanometer-sized multiwalled fullerenes embedded in the amorphous PCL
matrix. The inset in the left image shows the selected area electron
diffraction (SAED) pattern of the composite.

To further explore the extent of surface functionalization in the recovered product,
powder conductivity and elemental analysis were performed. While as-prepared GO
exhibited a conductivity of 1.57 × 10-4 S m-1, the recovered product exhibited an
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increased conductivity of 1.84 S m-1.[57] Though this represented an increase of four
orders of magnitude, it was appreciably lower than the 102–104 S m-1 conductivities
typically reported for highly reduced carbon materials prepared from GO.[29] Likewise,
elemental combustion analysis revealed only partial deoxygenation. The C : O ratio was
found to be 3.81 : 1, compared to 1.77 : 1 in as-prepared GO. Collectively, these data
suggested to us that the polymerization process removed much of the carbocatalyst’s
oxygen containing functionalities, but a portion remained attached, either as a result of
incomplete deoxygenation or covalent attachment of small quantities of PCL.
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Figure 8.7: FT-IR spectra of graphite oxide (GO) (black) and the carbon recovered after
reacting ε-caprolactone with GO (gray). Resonances attributed to C=O
stretching in the starting GO and the recovered product are noted.
In addition to assessing the extent of surface functionalization by FT-IR
spectroscopy and elemental combustion analysis, the carbon was analyzed by Raman
spectroscopy and powder X-ray diffraction (PXRD) to understand the bulk structure and
morphology of the recovered product in relation to the as-prepared GO. An ID/IG ratio
(often used as an approximation of the order/disorder of a carbon material[38]) of 1.09 : 1
was observed by Raman spectroscopy in the product (as compared to 1.02 : 1 in asprepared GO), indicating a relatively high degree of disorder in the carbon’s
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morphology.[58,

59]

Analysis of the recovered carbon by PXRD revealed a broad peak

centered at approximately 2θ = 21.2°, corresponding to a d-spacing of 4.2 Å. For
comparison, as-prepared GO exhibited a reflection centered at 2θ = 10.8°, corresponding
to a d-spacing of 8.2 Å, and flake graphite exhibited a sharp reflection at 2θ = 26.7°,
corresponding to a d-spacing of 3.3 Å. Thus, while the recovered carbon exhibited some
compression of its interlayer spacing (relative to the starting GO catalyst) upon reaction
with ε-caprolactone, consistent with formation of multiwalled fullerenes, the carbon did
not undergo full restacking to a graphite-like product. The expanded interlayer spacing
could be a result of the small amount of polymer covalently bound to the carbon’s
surface, as previously described.
With these results in hand, we turned toward exploring the ability of GO to
catalyze the polymerization of other lactones. δ-Valerolactone (3) is a commonly used
precursor to the formation of poly(δ-valerolactone) (PVL) (4), and this polymerization is
typically performed cationically using various metallic or acidic initiators.[60-63] The sixmembered lactone was polymerized using the previously described optimum reaction
conditions found for the polymerization of ε-caprolactone: 2.5 wt% GO, 60 °C, neat, 14
h. To characterize the pure polymer product, the unreacted monomer and residual carbon
material were separated by dissolving the polymer and unreacted monomer in THF,
followed by vacuum filtration of the insoluble carbon material, precipitation of the
polymer into deionized water and collection by vacuum filtration. The polymer was
recovered in 86.2% yield at a loading of 2.5 wt% GO and exhibited a Tm of 57 °C.
Moreover, TGA revealed that the polymer exhibited a Td of 269 °C (see Table 8.2),
consistent with previously reported values for PVL.[62] The Mn of the isolated PVL was
found to be 10.2 kDa (PDI = 1.6), as determined by GPC. Notably, this represented an
increase in molecular weight, compared to the PCL products previously described. We
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reasoned that this result could indicate that PCL was more susceptible to hydrolysis than
PVL under the conditions explored. Indeed, it has been previously shown that decreasing
the number of carbons in the repeat unit may be used to attenuate the hydrolyzability of
polyesters.[64, 65] While the conversion of ε-caprolactone to PCL was quantitative using
GO loadings at or above 2.5 wt%, the diminished free energy of polymerization (ΔGp) of
δ-valerolactone (-8.0 kJ mol-1),[66] compared to the seven-membered ε-caprolactone (12.8 kJ mol-1),[66] made it impossible to achieve similar quantitative conversion of the
six-membered lactone at GO loadings lower than 2.5 wt% (see Table 2). However, as the
GO loading was increased to 5.0 or 10.0 wt% GO, the isolated yield of the polymer
product remained approximately constant, a slight increase in molecular weight and a
slight decrease in PDI was observed. δ-Valerolactone did not polymerize in the absence
of GO under otherwise identical conditions (neat, 60 °C, 14 h), or in the presence of weak
acids (2.5 wt% glacial acetic acid). In the presence of stronger acids (2.5 wt%
concentrated H2SO4), under otherwise identical conditions (neat, 60 °C, 14 h), the lactone
converted to a polymer with a molecular weight (Mn) of 7.6 kDa (PDI = 1.9) and was
isolated in 60.4% yield. The melting point (52 °C) and decomposition temperature (268
°C) of the PVL prepared using H2SO4 were consistent with the samples prepared using
GO as the catalyst.
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Figure 8.8: GO-catalyzed polymerization of δ-valerolactone.

GOb
loading
(wt%)
0.0g
2.5
5.0
10.0

Isolated
Yield (%)c

Melting
Point
(Tm/°C)d

Decomposition
Temperature
(Td/°C)e

Molecular
Weight
(Mn/kDa)f

Polydispersity
Index (PDI)f

60.4
86.2
80.3
87.0

52
57
57
57

268
269
265
264

7.6
10.2
11.2
12.8

1.9
1.6
1.4
1.4

a

Prepared by heating δ-valerolactone (3.0 g) in the presence of the indicated amount of
GO at 60 °C for 14 h. b Prepared according to the Hummers method. c Determined by
dissolution of the crude reaction mixture in tetrahydrofuran (30 mL), filtration of the
insoluble carbon material, and precipitation of the filtration into deionized water (1 L). d
Determined using an automated MelTemp apparatus (ramp rate = 2 °C min-1). e
Determined via thermogravimetric analysis (TGA) by heating a sample of the composite
under an atmosphere of nitrogen from 25 to 800 °C at a ramp rate of 10 °C min-1. f
Determined via gel permeation chromatography (GPC) against poly(styrene) standards
using THF as the eluent. g Prepared by heating δ-valerolactone (3.0 g) in the presence of
concentrated sulfuric acid (75 mg; 2.5 wt%) under otherwise identical conditions (60 °C,
14 h).
Table 8.2:

Polymerization of δ-valerolactone at various GO loadings.a

Having demonstrated GO’s ability to polymerize various lactones to their
corresponding polyesters, we next sought to expand the scope of the previously described
ROP chemistry to include the formation of aliphatic polyamides. Using ε-caprolactam
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(5) as a model compound, as-prepared GO was found to be ineffective in polymerizing
the monomer to the corresponding polyamide, affording the product (nylon 6) (6) in less
than 20% isolated yield. Given GO’s high hygroscopicity and the nanoconfinement of
water within its structure,[67] however, we reasoned that this lack of reactivity was a result
of the combination of GO’s acidity and hygroscopicity. Though ε-caprolactam can be
cationically polymerized using strong acid initiators,[68] reactions of this type must be
rigorously anhydrous in order to avoid premature termination by residual water.
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Figure 8.9: Polymerization of ε-caprolactam catalyzed by basified GO.
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Basified
GOb loading
(wt%)
0.0f
2.5
5.0
10.0

Isolated
Yield of 6
(%)c
39.1
< 0.5
70.0
60.6

Decomposition
Temperature
(Td/°C)d
412
405
409
410

Molecular
Weight
(Mv/kDa)e
16.3–16.6
g

14.8–15.1
13.2–13.5

a

Prepared by heating ε-caprolactam (3.0 g) in the presence of the indicated amount of
basified GO at 300 °C for 14 h under a static atmosphere of nitrogen. b Prepared
according to the Hummers method, followed by basification with triethylamine. c
Determined after dissolution of the crude reaction mixture in formic acid (88% aq.) (100
mL), filtration of the insoluble carbon material, precipitation of the filtrate into deionized
water (1.0 L), and collection of the solid. d Determined via thermogravimetric analysis
(TGA) by heating a sample of the composite under an atmosphere of nitrogen from 25 to
800 °C at a ramp rate of 10 °C min-1. e Determined via dilution solution viscometry
(DSV) in formic acid (88% aq.) at 25 °C using previously reported Mark-Houwink
parameters.[69] f Prepared by heating ε-caprolactam (3.0 g) in the presence of water (150
mg; 5.0 wt%) under otherwise identical conditions (300 °C, 14 h, under a static
atmosphere of nitrogen). g Insufficient material recovered for analysis by DSV.
Table 8.3:

Polymerization of ε-caprolactam at various basified GO loadings.a

To circumvent these challenges and retain the advantage of using a carbon
material as a catalyst, a basified form of GO (b-GO) was prepared by reacting asprepared GO with triethylamine (TEA). By neutralizing the acidic moieties in GO’s
structure, the anionic and hydrolytic pathways toward ε-caprolactam polymerization were
expected to be accessible through suppression of the acid-mediated termination reaction.
However, treatment of GO with strong, nucleophilic bases, such as NaOH, has been
reported to deoxygenate GO, affording graphene-like products.[70, 71] In contrast to these
previously deoxygenated products, the carbon material recovered after treating GO with
TEA exhibited structural properties similar to as-prepared GO. For example, analysis by
FT-IR spectroscopy indicated retention of a significant proportion of the oxygen
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functional groups present on GO, a result corroborated by elemental analysis, which
revealed a C : O ratio of 1.93 : 1 (as compared to 1.77 : 1 in as-prepared GO). Elemental
analysis also indicated that only a small amount of nitrogen (0.66 wt%) was present in the
b-GO material.
With these results on the basified GO’s chemical composition in hand, we turned
to PXRD to investigate the physical structure and morphology of the b-GO. The basified
GO retained its expanded d-spacing (8.0 Å), relative to graphite, consistent with the asprepared GO discussed above. Retention of disorder and a lack of restacking to graphite
was also observed by Raman spectroscopy (ID/IG = 1.00).

Analysis by powder

conductivity showed a slight increase in the sample’s conductivity (from 1.57 × 10-4 S m1

in as-prepared GO to 1.32 × 10-3 S m-1 in b-GO), suggestive of a small amount of

reformation of the sp2 domains that give graphite and graphene their remarkable
electronic properties. Only 0.4% mass loss was observed when GO was treated with
TEA, in contrast to the approximate 50% mass loss typically seen when GO is treated
with strong reducing agents,[24,

42]

further supporting the minimal loss of surface

functionality. The surface area of the b-GO (4.12 m2 g-1) was found to be similar to that
of the GO starting material (3.06 m2 g-1). Collectively, these results suggested to us that
while the acidity of GO was neutralized by the TEA, the basified product retained many
of the diagnostic properties of as-prepared GO, including low conductivity due to
disruption of the conjugated, sp2-hybridized network, large interlayer spacing, and high
oxygen content. To the best of our knowledge, this is the first example of preparing and
utilizing a basified form of GO or graphene oxide that did not undergo significant
deoxygenation to a graphene-like product.
With b-GO in hand, we applied the material toward the formation of nylon 6 from
ε-caprolactam using a bulk polymerization similar to that used for the formation of PCL
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and PVL. As ε-caprolactam can be oxidized to caprolactam hydroperoxide or adipimide
when heated in the presence of oxygen to the high temperatures used to polymerize the
lactam (> 250 °C),[72] the reactions were performed under a static atmosphere of nitrogen
with rapid stirring. After reacting ε-caprolactam in the presence of b-GO (2.5–10.0 wt%)
for 14 h at 300 °C, the polymer and unreacted monomer were dissolved in formic acid
(88% aq.), followed by filtration to remove the residual carbon material. The filtrate was
then precipitated into deionized water, which afforded a polymeric product in excellent
yield (70.0 % when 5.0 wt% b-GO was used) after recovery by filtration (see Table 8.3).
In order to confirm that residual TEA in the b-GO was not responsible for initiating the
ROP of ε-caprolactam, the monomer was reacted with 5 wt% triethylamine under
otherwise identical conditions (300 °C, 14 h, static atmosphere of nitrogen). Upon
dissolution of the crude reaction mixture in formic acid (88% aq.) and precipitation into
excess deionized water, no polymer was recoverable by filtration, indicating the amine
was a poor initiator for the polymerization of the lactam. A similar experiment was
performed in the absence of any initiator (i.e., neat monomer) to rule out the possibility of
self-polymerization; no polymer product was recovered upon precipitation of a formic
acid solution of the crude reaction mixture into excess deionized water. Likewise, no
conversion to the polyamide was observed when CReGO and TEA (5.0 wt% each) were
heated together with the monomer under otherwise identical conditions (300 °C, 14 h,
static atmosphere of nitrogen), indicating no synergistic effects between TEA and the
carbon material. Collectively, these results indicated that the observed polymer was
formed as a result of b-GO’s ability to initiate the desired polymerization.
To further characterize the polymer product obtained by reacting ε-caprolactam
with 5 wt% b-GO, the viscosity average molecular weight (Mv) was determined via dilute
solution viscometry (DSV) in formic acid (88% aq.), and was found to be between 14.8
131

and 15.1 kDa.[73] The Td of the separated polymer, measured by TGA, was determined to
be 409 °C, consistent with the high thermal stability of aliphatic polyamides.[74, 75] At
10.0 wt% loading of b-GO, the polymer was recovered in slightly reduced yield (60.6%)
after precipitation and the molecular weight was reduced to a range of 13.2–13.5 kDa, as
determined by DSV. Conversely, only low yields of polymer (< 0.5%) were obtained at a
loading of 2.5 wt% b-GO.

We reasoned that such a low quantity of b-GO was

insufficient to basify the reaction mixture to the extent that the anionic polymerization
could be efficiently initiated. These results indicated that both the isolated yield and
molecular weight of the polyamide product could be modulated through control of the
amount of b-GO initiator added to the reaction mixture, affording the desired polyamide
as the sole product.
For comparison, a nylon 6 sample was prepared via the hydrolytic ROP of εcaprolactam; one of the most common methods of preparing nylon 6 on an industrial
scale.[76] Similar to the conditions used in the b-GO-catalyzed polymerization of the
monomer, ε-caprolactam was heated in the presence of water (5.0 wt%, degassed by
sparging with nitrogen prior to use) in a sealed reaction vessel under a static atmosphere
of nitrogen with constant magnetic stirring for 14 h. Upon cooling, the solidified reaction
mixture was dissolved in formic acid (88% aq.) and then precipitated into deionized
water. Consistent with previous reports,[68] the nylon 6 product was isolated by vacuum
filtration in a slightly decreased yield (39.1%), compared to the sample prepared using bGO (70.0%). The Mv of the nylon 6 prepared via the hydrolytic ROP of ε-caprolactam
(16.3–16.6 kDa) was found to be similar to the Mv of the analogous polymer prepared
using b-GO.
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8.3 CONCLUSIONS
Here we have shown that GO and its derivatives (e.g., b-GO) catalyzed the
polymerization of various lactones or lactams and enabled the formation of carbonreinforced, high molecular weight polyester or polyamide nanocomposites. The approach
described obviates the need for metal-based polymerization catalysts, and provides an
expeditious, one-step route to polymer composites. When ε-caprolactone was reacted
with GO at loadings above 2.5 wt%, the conversion of the monomer to form PCL was
quantitative, allowing for the preparation of carbon-filled PCL nanocomposites that
displayed high stiffness (E' ranging from 459–1045 MPa at GO loadings of 2.5–10.0
wt%). The molecular weights and distributions of the polymer products were relatively
constant (Mn ~ 5 kDa, PDI ~ 2.0), regardless of GO loading, which may reflect a
thermodynamically controlled reaction. Indeed, treatment of relatively high molecular
weight PCL with GO resulted in degradation of the polymer to a lower molecular weight
product, supporting the conclusion that 5 kDa represented an equilibrium molecular
weight under the conditions explored.
Analysis of the as-prepared composite (2.5 wt% GO) by TEM revealed that the
GO transitioned from the lamellar structure commonly observed for GO primarily into
homogeneously dispersed, multiwalled fullerenes; no other carbon morphologies were
observed by TEM. Upon separation from the polymer matrix, small quantities of the
polyester product were found to be covalently attached to the carbon nanostructures’
surfaces, though partial reduction of the carbon material was also observed as evidenced
by an increase in the material’s conductivity and C : O ratio. GO also facilitated the
polymerization of δ-valerolactone and the corresponding PVL polymer was isolated in up
to 86% yield (Mn = 10.2–12.8 kDa, PDI = 1.4–1.6 at loadings from 2.5–10.0 wt%).
Likewise, ε-caprolactam was polymerized using GO that was basified with an organic
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base (i.e., triethylamine) enabling the formation of nylon 6, which was isolated in up to
70% yield (Mv = 13.2–15.1 kDa at loadings of 5.0–10.0 wt%). To the best of our
knowledge, this is the first example of using a basified form of GO in a synthetic
reaction, expanding the application scope of this family of carbocatalysts.
Aside from forming these valuable polymeric and composite products in excellent
overall yield, the method presented here has broader applicability and importance. Using
GO and b-GO as solid state, heterogeneous catalysts for the formation of polymeric
materials allows for the formation of carbon-filled polyester or polyamide
nanocomposites with improved mechanical properties, compared to the additive-free
polymers, in a single step. In contrast to most methods for composite formation, which
rely on an often cumbersome two-step method of preparing the polymer followed by
mixing of the carbon filler, the use of a carbocatalyst condenses the polymerization and
dispersion of the filler into a single step. In addition to serving in this demonstrated
application, we envision that the polyester and polyamide composites prepared via the
method described herein may also serve as delivery vehicles for a reinforcing agent,
transferring the carbon material from the composite into the larger polymer matrix.
Alternatively, the low molecular weight polymeric materials described above (e.g., PCL)
may be used as compatibilizing agents for immiscible polymer blends or copolymers that
tend to phase separate.[77-79]

In a broader context, these results extend the use of

graphene-based materials beyond the realms of physics and engineering into synthetic
polymer chemistry. Ultimately, the method provides a practical route for introducing
carbon materials into polyesters and polyamides, affording composites with improved
physical properties. With an eye toward expanding the application of this chemistry,
other acid- or base-catalyzed polymerization or depolymerization reactions may be able
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to be performed using GO or b-GO, rather than tailor-made or more expensive catalyst
alternatives, particularly those based on transition metals.
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Chapter 9: Graphite Oxide as an Olefin Polymerization Carbocatalyst Applications in Electrochemical Double Layer Capacitors

9.1 INTRODUCTION
The polymerization of olefins via cationic chain growth processes represents one
of the most fundamental and widely utilized methods for synthesizing polyolefins.[1-4]
Poly(vinyl ether)s, in particular, are an important class of polymers prepared via this
method, and have found widespread use as lubricants,[5] adhesives,[6] and optical
coatings,[7] among other applications. Polymerizations of the corresponding vinyl ether
monomers are commonly performed using AlEt2Cl, BF3, mineral acids or other similarly
strong Lewis or Brønsted acids.[8] The need to modulate these polymers’ properties (e.g.,
for increased fire retardation,[9] enhanced viscoelasticity,[10] etc.) has led to interest in the
incorporation of additives. To this end, poly(vinyl ether)s and other cationically-prepared
polyolefins may be blended with various carbon materials (e.g., carbon black) to produce
composites with desirable viscoelastic, barrier, thermal, electronic, or pigmentation
properties.[11,

12]

As in many composite materials, however, phase separation of these

additives from the polyolefin matrices often challenges their preparation and practical
utility.[13] In an effort to circumvent this problem and enhance the interfacial interactions
between the carbon filler and these polymers, Tsubokawa and co-workers elegantly
showed that carbon black, graphite, and carbon fibers may be functionalized with
acylium moieties that serve as initiators for the cationic polymerization of vinyl ethers,[14,
15]

N-vinylcarbazole,[16] styrene,[17, 18] and various cyclic monomers.[19-21] While effective

in preventing the aforementioned phase separation of the carbon additive, this general
approach requires extensive and time consuming engineering of the carbon surface.
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Since many olefins polymerize in the presence of various strong acids, as shown in these
earlier studies, we reasoned that other well-known and inherently Lewis or Brønsted
acidic carbon materials may exhibit similar reactivity while also avoiding phase
separation from the polyolefin.
An example of one such acidic carbon material is graphite oxide (GO). Originally
prepared over 150 years ago,[22] GO has enjoyed a fresh resurgence of interest as a result
of its ability to facilitate the expeditious synthesis of graphene and related materials.[23]
In addition to using various chemical reductants to facilitate its conversion to graphenelike materials, we have recently shown that GO is a strong chemical oxidant and may be
harnessed for the productive synthesis of a wide range of small molecule species (e.g.,
aldehydes, ketones, sulfoxides, and disulfides).[24-26] Moreover, it has been shown that
GO’s extensive surface functionalization renders the material acidic,[23] a feature that has
been applied toward the formation of polymers.[27, 28] Utilizing this chemical reactivity,
we recently showed that GO can be used to facilitate the dehydrative polymerization of
benzyl alcohol (BnOH), resulting in the formation of poly(phenylene methylene)
(PPM),[27] as well as initiate the ring opening polymerization of various lactones or
lactams.[28] Employing GO as both a catalyst and a mechanical reinforcer, conversion of
BnOH or the cyclic monomers to polymer was quantitative. The products obtained were
found to display a range of useful properties, such as improved mechanical stiffness and
thermal stability, compared to the additive-free polymers.

Reasoning that this

polymerization behavior stemmed from GO’s acidity (pKa ~ 3 in water),[28] we
envisioned polymerizing olefins using GO via analagous acid-initiated cationic pathways.
Vinyl ethers are among the most reactive of these olefins and are thus well-suited to the
study of GO’s ability to catalyze cationic polymerizations.[29] Herein, we show that GO
catalyzes the polymerization of butyl vinyl ether, as well as other olefinic monomers such
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as N-vinylcarbazole, styrene, and sodium 4-styrenesulfonate.

Moreover, composites

comprising reduced GO (r-GO) (formed by mild thermal reduction of the composite) and
poly(sodium 4-styrenesulfonate) (PSS) showed remarkable conductivity (σ) and specific
capacitance (Csp) when fabricated into electrodes and tested in an electrochemical double
layer capacitor (EDLC). Compared to r-GO prepared in the absence of the monomer
under otherwise identical conditions, a 200–300% improvement in Csp was observed,
depending on the test method.

9.2 RESULTS AND DISCUSSION
GO (see Figure 9.1) was prepared using a modified Hummers method.[30] Briefly,
natural flake graphite (-10 mesh) was reacted with KMnO4 in concentrated H2SO4, and
the reaction was quenched by dilution in deionized water and the addition of aqueous
The heterogeneous carbon catalyst (also termed a “carbocatalyst”[31-33]) was

H2O2.

isolated by filtration and purified by rinsing with aqueous HCl and deionized water.
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Figure 9.1: Graphite oxide (GO) (left) was used to catalyze the cationic polymerization
of various olefins (right).
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In a preliminary reaction, excess n-butyl vinyl ether (1.0 g) was mixed
with GO (25 mg, 2.5 wt%). Upon addition of the carbocatalyst to the monomer, the
polymerization proceeded rapidly, as evidenced by a brief exotherm (Tmax = 90 °C) and
an increase in viscosity, which were consistent with autoacceleration behavior.[34,

35]

After 14 h, the mixture became a viscous gel with carbon particles heterogeneously
dispersed throughout. The monomer exhibited complete conversion, as determined by 1H
NMR spectroscopy upon dissolution of the polymer in CDCl3 and filtration of the
insoluble carbon.[36]

The polymerization proceeded to a number average molecular

weight (Mn) of 5200 Da with a polydispersity index (PDI) of 9.42, as determined by gel
permeation

chromatography

tetrahydrofuran (THF).

(GPC)

referenced

to

poly(styrene)

standards

in

Broad polydispersity is typical for cationic polymerizations

initiated by either Brønsted or Lewis acids due to the high reactivity of the propagating
carbenium ions,[8] particularly when the initiator exhibits multiple active species such that
initiation, propagation, and termination events of the polymerization occur at
significantly different rates.[37-40]
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
were used to characterize the thermal properties of the poly(vinyl ether) composite. The
polymer exhibited a glass transition temperature (Tg) of -63 °C, consistent with previous
reports,[41,

42]

and the polymer-catalyst composite was found to be highly stable,

exhibiting a decomposition temperature (Td) of 354 °C. No changes in the polymer’s Tg
or Td were observed when the residual carbon catalyst was removed by trituration in
THF.
With these initial results in hand, we sought to optimize the reaction with respect
to the reaction time and catalyst loading. In an effort to first optimize the reaction time,
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2.5 wt% GO was mixed with butyl vinyl ether at 22 °C. After 5 min, 97.8% of the
monomer was converted to poly(butyl vinyl ether) (PBVE), as determined by 1H NMR
spectroscopy, and the polymer obtained at this reaction time exhibited nearly the same
molecular weight (Mn = 5400) and polydispersity (PDI = 10.37) as the previously
described product obtained after 14 h. After 4 h, no unreacted monomer was observed by
1

H NMR spectroscopy, indicating reaction completion.
Weight PDIc

GO
Loading Monomer
(wt%)
Conversion (%)b

Molecularc
(Mn) (Da)

0

-

-

700

1.45

0.0
d

0.01

2.3

0.1

92.5

8100

13.88

1.0

98.7

7700

10.88

2.5

100.0

5700

9.45

5.0

100.0

5000

10.35

a

Polymers prepared by reacting butyl vinyl ether (1.0 g) with the indicated amount of
GO under solvent-free conditions at 22 °C for 4 h. b Determined via 1H NMR
spectroscopy after dissolving the polymer in CDCl3 and separating from the catalyst via
filtration. c Number average molecular weights (Mn) and polydispersity indices (PDIs)
were determined by GPC against poly(styrene) standards after dissolving the polymer in
THF and separating from the carbon additive via filtration. d Determined by mass after
removal of the unreacted monomer under reduced pressure; no polymer was observed by
1
H NMR spectroscopy.
Table 9.1:

Catalyst loading optimization for the polymerization of butyl vinyl ether
initiated by GO.a

Further optimization efforts were directed toward minimizing the required GO
loadings. No reaction was observed in the absence of GO, indicating that butyl vinyl
ether did not self-polymerize under the conditions explored (see Table 9.1). Likewise,
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low monomer conversion (2.3%, as determined by 1H NMR spectroscopy) and molecular
weight (700 Da versus 5700 Da) were observed when a very low loading (0.01 wt%) of
GO was used. We reasoned that such a small quantity was unable to efficiently initiate
the polymerization, leading to low conversion and the observed low molecular weight
products. Monomer conversion increased as the GO loading was increased although the
molecular weight of the polymer decreased with increased loading. A maximum Mn of
8100 Da was observed at 0.1 wt% GO, while a minimum of 5000 Da was observed at 5.0
wt%, consistent with an increase in the number of propagating chains generated at higher
initiator loadings.[43]
To test the catalyst’s recyclability, the recovered carbon material was reused in
the polymerization of butyl vinyl ether under the standard conditions employed (2.5 wt%
catalyst, 22 °C, neat, 4 h) without further treatment or regeneration. After 5 use-andrecovery cycles, monomer conversion dropped by only 9.2%. Moreover, the molecular
weight of the PBVE prepared using the recycled GO was found to increase (to a
maximum of 12.6 kDa) whereas the PDI decreased (to a minimum of 6.62) with each
catalyst reuse cycle, consistent with a decrease in the quantity of acidic initiators per
mass of carbon catalyst (i.e., a lower catalyst-to-monomer ratio).
To confirm that the observed polymerization behavior was due to GO’s acidity,
several control experiments were performed wherein other carbon materials were
substituted for GO. Under conditions otherwise identical to the optimized conditions
previously described (2.5 wt% catalyst, neat, 22 °C, 4 h), natural flake graphite,
hydrazine-reduced graphene oxide (a derivative of GO whose oxygen functional groups
have been removed via reaction with a strong reductant[44]), and basified GO (prepared by
reacting as-prepared GO with aqueous K2CO3) were all unable to polymerize butyl vinyl
ether, as determined by 1H NMR spectroscopy and GPC. Collectively, these results
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indicated that the chemical potential intrinsic to GO was necessary for the observed
reactivity.
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Figure 9.2: FT-IR spectra (KBr) for graphite oxide (black, top) and the carbon
recovered after reaction of butyl vinyl ether with GO (2.5 wt%) (gray,
bottom).

Having optimized the polymerization of vinyl ethers using GO as the initiator, we
next sought to expand the reactivity of GO toward other olefins that are commonly
polymerized via cationic pathways.

Two monomers (N-vinylcarbazole and styrene)

known[8] to be amenable to cationic polymerizations were selected for this purpose. N146

vinylcarbazole, dissolved in a minimum of chloroform, polymerized rapidly and
exothermically when GO (2.5 wt%) was added, similar to the reaction of butyl vinyl ether
with GO (see above).[45] After 4 h, no unreacted monomer was visible by 1H NMR
spectroscopy and GPC analysis revealed a polymer molecular weight (Mn) of 1900 Da
with an exceptionally broad PDI of 30.78.[46] Polydisperse polymers and composites
such as those described herein can exhibit useful physical properties, such as high
processability in extruders or other similar apparatus.[47] Though more widely studied
than N-vinylcarbazole or butyl vinyl ether, styrene is generally less active toward cationic
polymerizations than these monomers.[8] Indeed, under the explored conditions (2.5 wt%
GO, neat, 90 °C, 4 h), only low molecular weight oligomers of poly(styrene) were
formed (Mn = 400 Da, PDI = 2.57), even at high monomer conversion (91.2%). Higher
molecular weights (up to 20 kDa) could be achieved upon prolonged reaction times or
through the use of increased reaction temperatures.

However, control experiments

revealed that styrene’s self-polymerization behavior[48] became a significant contributor
under these conditions, making it difficult to deduce what effect GO may have had on the
reaction.
In addition to the properties of the polymeric materials and composites produced
in the aforementioned polymerizations, we were also interested in the chemical and
physical characteristics of the carbocatalyst in order to understand the changes the
catalyst underwent during the reactions. As previously mentioned, the observed initiation
behavior likely stemmed from the acidic functional groups present on GO’s surface. The
nature and extent of GO’s surface functionalization was studied both qualitatively and
quantitatively using FT-IR spectroscopy and elemental analysis.

As-prepared GO

exhibited strong absorbances in its FT-IR spectrum (see Figure 9.2) associated with
hydroxyl (3430 cm-1), carbonyl (1740 and 1625 cm-1), and ethereal (1075 cm-1)
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functional groups, consistent with the extensive surface modifications introduced during
the oxidation process. Moreover, the high degree of oxygenation was confirmed by
elemental analysis which revealed a carbon-to-oxygen (C : O) ratio of 1.60 : 1.
At the conclusion of the reaction between GO and butyl vinyl ether (2.5 wt% GO,
22 °C, neat, 4 h), the heterogeneously blended carbon and polymer were separated from
one another by trituration of the composite material in THF followed by vacuum
filtration. The recovered carbon retained many of the diagnostic FT-IR spectral features
(Figure 9.2), including resonances at 3428, 1736, 1572, and 1088 cm-1 associated with
various C=O and C–O containing oxygen functional groups, indicating that a significant
portion of the surface functionality was retained following the polymerization.
Additionally, a series of strong absorbances appeared in the range of 2870–2965 cm-1,
consistent with C–H stretches. As graphite, GO, graphene, and other similar carbon
nanomaterials do not possess a significant number of C–H bonds, we surmised that these
absorbances were due to functionalization of the carbon material’s surface with PBVE.
Gravimetric analysis of the recovered carbon, after extensive rinsing with THF and
drying of the material under vacuum, indicated a 12.8% increase in mass, relative to the
amount of GO used in the starting mixture. To estimate the amount of polymer attached
to the surface, we reasoned that under these reaction conditions GO was minimally
deoxygenated.

Although GO can be thermally stripped of its functionality,[49] the

temperatures required for this process to occur efficiently are typically much higher
(usually ranging from 500–900 °C,[50, 51] or more) than the short exotherm (t < 5 min, Tmax
~ 90 °C) observed during the polymerization of butyl vinyl ether. Thus, we assumed that
the GO experienced no mass loss during the reaction. Indeed, heating GO under solventfree conditions to 90 °C for 5 min resulted in no measurable mass loss. Therefore, the
12.8% mass increase observed in the post-polymerization product was assumed to be due
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to functionalization of the GO surface by PBVE (1.29 × 10-3 moles of monomer
equivalent per gram of recovered GO).
The physical structure and morphology of the as-prepared GO and recovered carbon were
studied using powder X-ray diffraction (PXRD), Raman spectroscopy, surface analysis
and powder conductivity methods. While as-prepared GO exhibited an interlayer spacing
of 7.6 Å (compared to 3.3 Å in the starting graphite material),[52] the carbon recovered
from the polymerizations was entirely amorphous; no discernible peaks were observed in
the diffraction pattern. The lack of regular interlayer spacing was consistent with the
disruption of the carbon’s lamellar structure by the polymer. However, as determined by
measurements performed on the powdered materials, the recovered carbon exhibited a
decreased conductivity (σ = 3.02 × 10-4 S m-1) compared to the starting GO (σ = 4.68 ×
10-3 S m-1). While this result was not consistent with the reduction of GO to highly
conductive graphite- or graphene-like materials, functionalization of the carbon with
PBVE (see above) could disrupt the π-conjugated network responsible for those
materials’ conductive properties. Raman spectroscopic analysis of GO (ID/IG = 0.96 : 1)
and the recovered carbon (ID/IG = 0.96 : 1) indicated a high degree of disorder in both
materials, confirming the PXRD results.[53, 54] Collectively, the analyses of the carbon
materials involved in the polymerization of butyl vinyl ether indicated that a small
portion of the polymer grafted to the carbon’s surface, as determined by FT-IR
spectroscopy and PXRD, which contributed to the observed low conductivity and high
morphological disorder.
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Figure 9.3: FT-IR spectra of an authentic PSS sample obtained commercially (black,
top) and a PSS : r-GO composite prepared by reacting sodium 4styrenesulfonate with GO (gray, bottom).

With these results in hand, we next sought to merge graphene’s remarkable
electronic and charge storing capabilities[55,

56]

with the ability to form polyolefin

composites. Composites of reduced graphene oxide (r-GO) and polyelectrolytes (e.g.,
poly(vinylimidazolium)s) have previously been shown to be excellent materials for use as
electrodes in EDLCs.[57, 58] Indeed, polyelectrolyte-coated electrodes have shown marked
improvement in specific capacitance (Csp), relative to uncoated electrodes, likely as a
result of the polymer’s ability to facilitate wetting of the hydrophobic carbon surface by
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the electrolyte.[59,

60]

We reasoned that composites comprising poly(sodium 4-

styrenesulfonate) (PSS), prepared from the corresponding sulfonated styrene monomer,
and r-GO would exhibit similar behavior, and as a result, improve the Csp. PSS has been
previously shown to interact strongly with r-GO to the extent that stable aqueous
dispersions may be prepared when the two materials are blended,[61, 62] though to the best
of our knowledge GO has never been used to directly polymerize the sulfonated
monomer, and the EDLC properties of these composites have not been investigated.
We began by exploring the reactivity of GO with sodium 4-styrenesulfonate. In
contrast to many of the other monomers explored in this study, this salt is a solid at room
temperature. Thus, the addition of a solvent (deionized water) was necessary to facilitate
interaction of the monomer and the carbocatalyst. In a preliminary reaction, a saturated
aqueous solution of sodium 4-styrenesulfonate was prepared (approximately 180 mg mL1

in deionized water). A 0.1 mL aliquot of this solution was then mixed with 0.9 mL of

deionized water and 50 mg of GO (approximately 280 wt%, relative to the dissolved
monomer), and heated at 100 °C for 12 h in a sealed vessel to catalyze the
polymerization. The reaction mixture was then diluted to 10 mL with methanol after
which the composite was recovered by vacuum filtration and washed with excess
methanol (50 mL) to remove unreacted monomer. Under these reaction conditions, it is
possible that the GO underwent partial hydrothermal reduction, as has previously been
reported.[63] However, this may be beneficial as the reduction of GO is desirable for
EDLC applications. Carbon materials with extensive π-conjugated networks typically
exhibit higher conductivities and better capacitive properties than materials whose
conjugation is disrupted by covalently bound functional groups.[64] In order to ensure
maximal reduction of the GO in the present composite, we subjected the recovered PSSGO composite to thermal reduction by heating under vacuum at 175 °C for 24 h.[49, 65]
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The resulting composite was found to be highly conductive (σ = 1.93 × 102 S m-1),
indicating that efficient reduction of the carbon had taken place. For comparison, highly
reduced graphene-like materials prepared from GO typically exhibit conductivities on the
order of 500–2000 S m-1,[23] while a conductivity of only 2.59 × 10-3 S m-1 was observed
for a similar PSS : r-GO composite that was not subjected to thermal reduction, prepared
under otherwise identical conditions.
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Incorporation of PSS into the composite was qualitatively confirmed by FT-IR
spectroscopy (see Figure 9.3), which revealed a diagnostic absorbance at 1203 cm-1, as
well as less intense absorbances at 1365 and 1713 cm-1, attributable to the presence of
sulfonate groups.

In order to precisely determine the amount of sodium 4-

styrenesulfonate that was polymerized and deposited onto the carbon surface, the
thermally reduced composite was analyzed by elemental combustion analysis and found
to contain 1.09 wt% sulfur. Assuming all of the sulfur in the composite was from the
PSS fraction, we calculated that the composite contained 6.8 wt% PSS and 93.2 wt% rGO. Moreover, by subtracting the oxygen content attributable to the PSS portion of the
composite and assigning the remaining oxygen content to the r-GO, the reduced carbon
material was calculated to have a C : O ratio of 3.98 : 1. Comparatively, GO exhibited a
C : O ratio of 1.60 : 1, further indicating that the thermal treatment was effective in
reducing the GO. Efforts to separate the water-soluble polymer from the carbon material
by triturating in D2O proved unsuccessful, even under prolonged sonication (2 h) and
heating (90 °C), as indicated by the lack of 1H NMR resonances attributable to either the
polymer or unreacted monomer.

Additionally, no phase separation between the

components was observed, as indicated by the lack of graphitic peaks in the material’s Xray diffraction pattern. Such inseparability could be the result of covalent attachment of
the polymer to the carbon surface, as observed in the GO-mediated polymerization of
butyl vinyl ether, or of strong, non-covalent interactions with the carbon surface (e.g.,
Coulombic effects) as a result of the polymer’s ionic character.
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Ratio of Sodium 4-Styrenesulfonate
(Saturated Aqueous Solution) to
Deionized Water (v/v)

Analysisb
Method

Specific
Capacitance
(Csp) (F g-1)c

Cell
Resistance
at
10 Hz (Ω)d

0.0 : 1.0

CV; 50 mV s-1

25

3.2

CV; 10 mV s-1

50

CC; 10 mA

15

CC; 5 mA

40

0.1 : 0.9

CV; 50 mV s-1
CV; 10 mV s

0.5 : 0.5

75

11.0

120

CC; 10 mA

50

CC; 5 mA

85

CV; 50 mV s-1

55

-1

85

CV; 10 mV s

1.0 : 0.0

-1

CC; 10 mA

60

CC; 5 mA

75

CV; 50 mV s-1

40

CV; 10 mV s-1

70

CC; 10 mA

25

CC; 5 mA

45

3.4

21.9

a

Composites prepared by reacting GO (50 mg) with an aqueous solution of sodium 4styrenesulfonate (1.0 mL) at the indicated ratio of sodium 4-styrenesulfonate (satd. aq.
soln.)-to-deionized water at 100 °C for 12 h, followed by thermal reduction of the
recovered composite at 175 °C for 12 h. b EDLC analyses performed using a twoelectrode cell. CV = cyclic voltammetry; CC = constant current or galvanostatic chargedischarge. c CV specific capacitances (Csp) determined by averaging the discharge current
(I) on the fifth charge-discharge cycle; CC specific capacitances (Csp) determined by
calculating the rate in voltage decrease (dv/dt) on the fifth charge-discharge cycle. d
Determined by impedance spectroscopy at an amplitude of 5 mV.
Table 9.2:

EDLC properties of PSS : r-GO composites as a function of varying
monomer-to-GO ratios.a
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The material recovered after thermal reduction (surface area = 4.37 m2 g-1) was
then fabricated into electrodes suitable for use in EDLCs and soaked in 6 M aqueous
potassium hydroxide (a commonly utilized electrolyte[66]) for 12 h. The electrolytesoaked electrodes were then assembled into a two-electrode test cell (see Figure 9.4) and
analyzed by cyclic voltammetry (CV), galvanostatic charge-discharge (also referred to as
constant current (CC) charge-discharge), and impedance spectroscopy to characterize the
device’s capacitive and electronic properties. As shown in Table 9.2, the Csp of the
device ranged from 50 to 120 F g-1, depending on the measurement technique. The
electrical resistance of the cell, determined by impedance spectroscopy, was found to be
very low (11.0 Ω at 10 Hz), indicating rapid charge and discharge during cycling. No
electrochemical degradation or decrease in Csp were observed over five successive
charge-discharge cycles (see Figure 9.4), a result consistent with both the polymer and
the carbon material’s electrochemical stability.

As shown in Table 9.2, increased

monomer loadings in the starting mixture led to EDLCs with decreased capacitive
properties; the Csp values for these capacitors were uniformly lower (≤ 70 F g-1).[67] We
reasoned that this result was due to inhibition of charge buildup on the carbon electrode
by the polymer.

As has been previously reported,[68,

69]

obstruction of the carbon

electrodes’ surface can impede access by the electrolyte and lead to long charge and
discharge times. Due to the relatively rapid charge and discharge times explored in this
study, this was manifested as low Csp.
Finally, to demonstrate that the inclusion of PSS in the electrode composite was
beneficial, a sample of r-GO was prepared in the absence of sodium 4-styrenesulfonate
under otherwise identical conditions (1.0 mL of deionized water, 100 °C, 12 h, followed
by annealing at 175 °C for 12 h). The resulting PSS-free material (surface area = 9.96 m2
g-1) exhibited Csp values ranging from 15 to 50 F g-1 using the same analysis techniques.
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The diminished Csp of the carbon material, relative to the previously described PSS : rGO composite, suggested to us that the incorporation of the polyelectrolyte improved the
electrodes’ wettability by the supporting electrolyte and, ultimately, afforded a EDLC
with increased capacitance.

9.3 CONCLUSIONS
In sum, we have shown that GO may be used as a solid state acid catalyst for the
polymerization of various olefins. The polymerization of butyl vinyl ether under solventfree conditions was rapid (98% conversion after 5 min), affording products of moderate
molecular weight (Mn = 5000–8100 Da). Moreover, catalyst loadings as low as 0.1 wt%
(relative to the monomer) were found to be effective for the formation of the target
product. Other olefins, such as N-vinylcarbazole and styrene, were also oligomerized or
polymerized using GO.

FT-IR and PXRD analyses indicated that a small amount

(approximately 12.8%, as determined by mass balance) of the PBVE formed was grafted
to the carbon material’s surface.

In addition, sodium 4-styrenesulfonate was also

polymerized using GO. After thermal reduction, the resulting PSS : r-GO composite
showed excellent utility as an electrode material for use in EDLCs.

Indeed, the

composite’s high conductivity (σ = 1.93 × 102 S m-1) and specific capacitance (Csp up to
120 F g-1) allowed the devices to significantly outperform those prepared from PSS-free
r-GO.

The devices containing these composite materials exhibited a 200–300%

improvement over electrodes formed from PSS-free r-GO, similar to other previously
reported graphene-based electrode materials.[56]
The results described herein suggested to us that GO and other similar carbon
materials (e.g., activated carbon[70]) may be used as solid state initiators for a broad range
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of acid-catalyzed polymerizations, or as co-catalysts for use in the presence of other
compatible acid initiators.

The carbocatalysts’ low cost, ease of preparation, and

simplicity of removal (if desired) from the target products make them practical choices
for the facile formation of a range of commercially and technologically useful materials.
Moreover, when retained within the as-produced polymer, carbocatalysts derived from
GO may enhance the electronic properties of a broad range graphene-enhanced
composites.

The ability to retain to the carbocatalyst within the polymer matrix

represents a key advantage over other acidic polymerization catalysts (e.g., mineral
acids), allowing for the single-step formation of highly conductive and capacitive
polymer composites.
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Chapter 10: Conclusions and Outlook – Carbon Materials and the
Future of Metal-Free Catalysis

10.1 MAIN TEXT
In the preceding chapters, we have presented a brief background on the history of
carbocatalysis, as well as a comprehensive account of the use of graphite oxide (GO) in a
wide range of synthetic transformations. While initial studies on the use of carbon
materials incorporated easily accessed and relatively unfunctionalized carbocatalysts
(e.g., graphite, activated carbon, etc.), a great deal of recent progress has been made
through the use of more highly functionalized carbon materials, such as oxidized carbon
nanotubes (CNTs) and GO. Indeed, in our own work, we have found that GO can be
used to facilitate reactions as diverse as oxidations, hydrations, dehydrations (including
dehydrative polymerizations), ring opening polymerizations, and olefin polymerizations.
In contrast, graphite and reduced GO are both ineffective in nearly all of these
transformations under the conditions we explored. Thus, the conversion of graphite to
GO is critical to the observed reactivity.
GO has proved to be an excellent catalyst for the study of such reactive carbon
materials. Its breadth of reactivity is impressive, but this could prove problematic in
reactions where the substrates possess sensitive functional groups. Thus, progress in the
field demands the development of carbocatalysts that retain high activity, but are more
selective in their reaction scope. For example, some of the reactions we have studied
(e.g., hydrations, dehydrations, polymerizations) that were enhanced through the use of
GO as a carbocatalyst most likely relied on GO’s acidic properties. This acidity could be
detrimental, however, in reactions that would be intolerant of acidic species. Examples
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of these include reactions incorporating acid labile functionalities (e.g., esters, acetals, or
other protecting groups), radical or anionic polymerizations, and reactions that
incorporate coordination complexes prone to hydration. To allow carbocatalysts to find
utility in these areas, methods for selectively functionalizing carbon materials are needed.
Selective functionalization routes would be in marked contrast to methods such as those
described by Staudenmaier, Brodie, and Hummers, among others, which introduce a wide
array of diverse functionality. The product(s) of such a reaction could be selectively
applied to organic transformations on substrates that could not tolerate a material as
reactive as GO. Moreover, if the functional group density can be increased sufficiently,
we could anticipate that the catalyst’s activity (either in terms of turnover number or
turnover frequency) would be greater than a material such as GO, which may bear a large
number of inert functionalities that do not participate in the desired reaction. Efforts
toward this end can be seen in the work of Billups and co-workers, who reported the
formation of graphite epoxide through reaction of graphite with meta-perchlorobenzoic
acid.[1] Similar selectivity has been observed in the activation of various carbon materials
with KOH, which typically installs only alcohol species onto a carbon surface.[2,

3]

However, the functional group density in these materials is typically much lower than a
material such as GO (typically less than 5 atom% functionalization by the oxygen
groups). Thus, greater attention to this question will undoubtedly lead to improved
methods and ultimately to improved carbocatalysts.
More broadly, however, the promise of carbocatalysis extends beyond the ability
to selectively and controllably decorate a carbon’s surface with various functional groups.
Carbon materials such as those described in the previous chapter and elsewhere in the
literature possess a unique physical structure that complements their chemical structure.
The vast majority of synthetic catalysts are small organic, organometallic, or inorganic
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molecules or clusters, which typically cannot impose a rigidly defined physical
environment on a reactive substrate.

It can be seen from biological catalysts (i.e.,

enzymes), however, that a reaction’s physical environment can be just as important as its
chemical environment. “Biomimetic catalysis”[4] – the effort to mimic the extraordinary
reactivity of enzymes in synthetic systems – continues to search for a synthetic analogue
of enzymes, but the chemical structures that can be used to control both physical and
chemical conditions are limited, and those that exist (e.g., polymeric materials or
inorganic frameworks) can be difficult to prepare. In this regard, carbocatalysts may
provide a unique solution to the problem. An extraordinary amount of effort has gone
into understanding how a carbon material’s physical structure can be controlled, such as
for the synthesis of pristine monolayers of graphene, fullerenes of varying sizes, and
porous carbons derived from templates.[5, 6] This level of control over physical structure,
when merged with the high chemical reactivity we have demonstrated, would afford
carbon materials that could impose both well-defined physical and chemical
environments on an organic substrate.

Precise control over both the physical and

chemical is desirable for truly biomimetic catalysts, and thus the design and preparation
of well-defined carbocatalysts may be a viable route to synthetic enzymes. We anticipate
that many of these catalysts can be prepared and used without the incorporation of
expensive and diminishing supplies of metals, providing the synthetic chemistry
community with a genuinely sustainable reaction platform.
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