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raphene is a stable 2D material
Gthat holds great promise due to its

having extraordinary electrical, me-
chanical, and thermal properties. Thus itis a
potential building block for electronic de-
vices. The abundance of carbon and its low
toxicity are additional driving forces for the
scientific community to search for applica-
tions of graphene in energy-related devices
such as ultracapacitors, Li-ion batteries and
solar cells and for catalysis.' However, two
important issues need to be solved to re-
alize the use of graphene and its derivatives
in those future applications: (a) bulk pre-
paration of high quality graphene-based
nanomaterials and (b) functionalization
and incorporation of these materials into
devices.

Since the report in 2004, many different
methods have been developed to yield
graphene nanomaterials. These methods
can be divided into bottom-up and top-
down strategies.' Bottom-up strategies in-
clude chemical vapor deposition (CVD)
growth®* and organic synthesis.’> Both
methods can deliver high quality and rela-
tively low-defect materials but they are hard
to scale-up and process. On the other hand
there is the scalable top-down approach
where graphite or carbon nanotubes (CNTs)
are used as a starting material. The most
common preparation method of bulk-
quantity graphene is by exfoliation of oxi-
dized graphite®” with subsequent reduction®
or high temperature annealing to produce
more highly conjugated material.’ The disad-
vantage of this method is the irreversible
damage to the graphene basal plane and
its consequently lower conductivity. High
quality monolayer to few-layer graphene has
been obtained in bulk quantities using
different intercalation and thermal expansion
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A cost-effective and potentially industrially scalable, in situ functionalization procedure for

preparation of soluble graphene nanoribbon (GNRs) from commercially available carbon

nanotubes is presented. The physical characteristics of the functionalized product were

determined using SEM, evolved gas analysis, X-ray diffraction, solid-state 3¢ NMR, Raman

spectroscopy, and GC—MS analytical techniques. A relatively high preservation of electrical

properties in the bulk material was observed. Moreover, replacement of intercalated

potassium with haloalkanes was obtained. While carbon nanotubes can be covalently

functionalized, the conversion of the sp>-hybridized carbon atoms to sp>-hybridized atoms

dramatically lowers their conductivity, but edge functionalized GNRs permit their heavy

functionalization while leaving the basal planes intact.

KEYWORDS: graphene nanoribbon stacks - intercalation - alkylation -

conductivity - edge functionalization

techniques.'®~'? When tuning the physical
properties and minimizing defects, one must
also consider the shape of the material that is
inherently governed by the graphite precur-
sor for top-down approaches. It was reported
that the width and edges of the graphene
play important roles in defining the material's
electronic properties.'®> CNTs are known pre-
cursors for production of bulk quantities of
well-defined graphene nanoribbons (GNRs).
To date several unzipping methods with rea-
sonable yields have been reported."* '® Be-
cause of their high carbon aspect ratio, which
is advantageous for mechanical processing,
GNRs are good candidates for applications in
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Figure 1. Proposed scheme for the in situ intercalation replacement and selective functionalization of GNRs: (a) intercalation
of potassium between the walls of MWCNTSs; (b) splitting process of MWCNTSs and formation of active carboanionic edges (M =
K" or Na™); (c) in situ functionalization and intercalation of GNRs with alkyl groups; (d) deintercalation of functionalized GNRs.

energy related devices,' catalysis, transparent touch
screens,'® carbon fiber spinning,?® formation of con-
ductive polymer composites,®’ and low-loss-high-
permittivity composites.”? When dealing with applica-
tions, the material should be available in bulk quan-
tities and should be easily processable, since most of
the applications require preparation of well-dispersed
solutions or suspensions. Pristine graphene materials
are very difficult to disperse, thus functionalization is
generally required.

Layered carbon materials such as graphite or multi-
walled carbon nanotubes (MWCNTs) are stable be-
cause of their fully z-conjugated aromatic system.
Traditional organic synthetic approaches are thus
limited to certain reactions. Polycyclic aromatic hydro-
carbons (PAHs), close chemical relatives to graphene-
based materials, are susceptible to electrophilic
substitutions, nucleophilic and free radical reac-
tions, addition reactions, reductions, oxidations, and
rearrangements.?® All of these reactions could be used
for functionalization of graphene. However, the current
graphene literature reports are limited mostly to oxida-
tion, hydrogenation, and reductive functionalization
methods. These methods generally produce a product
with the desired physical properties such as solubility
and dispersibility. The degree of functionalization in
these cases is relatively high, mostly because the basal
planes are functionalized, but functionalization of the
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basal plane inevitably leads to a suppressed conduc-
tivity as the w-conjugation is disturbed. Selective edge
functionalization might be a solution to this problem.
However, edge functionalization would likely only
have an impact on physical properties in materials
with high edge-to-basal plane carbon ratios such as
in GNRs.

In the present study we further investigate the
hypothesis that potassium intercalation between the
walls of commercial MWCNTs would longitudinally
split the walls and furnish active carboanionic edges
of the ribbons.'® The increased reactivity of the edges
compared to the basal plane would therefore prefer-
ably functionalize the edges of GNRs with desired
electrophiles. Selective functionalization would intro-
duce improved solubility without sacrificing conduc-
tivity. Further we investigate the replacement of
intercalated metal with haloalkanes that then serve
as intercalents in the resulting functionalized GNRs.

RESULTS AND DISCUSSION

The reaction scheme for the selective edge in situ
functionalization is depicted in Figure 1. In the first step
commercially available MWCNTs (Nanotech Labora-
tories, Inc. (NTL) or Mitsui & Co.) were treated with
Na/K alloy in 1,2-dimethoxyethane (DME) for several
days. Since K (but not Na) can be easily intercalated into
graphene galleries®* and Englert et al. have shown that
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1.) Na/K alloy, DME, 3
rt.,3d .

2.) 1-iodohexadecane, g
rt.,1d
3.) MeOH, r.t., 10 min

Figure 2. Solubility test. SEM images showing the splitting and functionalizing of commercially available MWCNTSs and the
photographic difference in solubility between functionalized GNRs and pristine MWCNTs: (a) pristine Mitsui MWNTSs and a
0.1 mg/mL suspension in chloroform; (b) pristine NTLMWNTSs and a 0.1 mg/mL suspension in chloroform; (c) Mitsui-originated
HD-GNRs and a 0.1 mg/mL stable dispersion in chloroform; (d) NTL-originated HD-GNRs and a 0.1 mg/mL stable dispersion in

chloroform.

K can be successfully intercalated into graphite flakes
using the above conditions,®® we also expected K to
intercalate between the walls of the MWCNTs. Our
previous work has shown that the intercalation of the
K is accompanied by partial longitudinal cracking of
the walls as they tend to swell.'® Under the conditions
used, the edge atoms should be in the reduced
carboanionic form and thus very reactive and suscep-
tible to electrophilic attack. This reductive splitting
can be visualized as the reaction mixture changes color
from a dark black or brown color to a finely dispersed
green or red suspension. The next step is the in situ
functionalization; iodoalkanes (1-iodohexadecane,
1-iodooctane, and 1-iodobutane) are added to the
reaction mixtures, presumably reacting with the active
sites on the edges of the GNRs. As the reaction
proceeds, the green or red color disappears. To pro-
duce proton functionalized GNRs (H-GNRs) we
quenched the reaction mixture with methanol
(described in detail in the Supporting Information).
To attain the intercalated compounds with a formula
as close as possible to KCg or stage 1,'® an excess of Na/
K was used. Accordingly, it was necessary to add an
excess of the iodoalkanes. This leads to side reactions,
not just in the reaction solution, but also between the
walls of the MWCNTs. The side products include
alkanes, alkenes, and dimers of alkanes. SEM images
clearly indicate that MWCNTSs split to GNRs (Figure 2) in
high yields. To quench any active species that were
remaining, we treated the reaction mixture with
methanol. The crude materials, hexadecylated-GNRs
(HD-GNRs), octylated-GNRs (O-GNRs), and butylated-
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GNRs (B-GNRs), were collected by filtration using
0.45 um PTFE-membranes and the filter cakes were
washed with organic solvents and water and then
underwent Soxhlet extraction to remove the majority
of the physisorbed impurities. Before analysis, all of the
products were dried in vacuum (~10"2 Torr) at 60 °C
for 24 h. To the best of our knowledge, a similarly
efficient in situ one-pot method of converting MWCNTSs
to functionalized GNR stacks has not been reported.
The efficiency of the synthesis and possible scale-up
makes it further attractive.

Bulk Properties. The solubility of pristine graphitic
materials is in general known to be poor. For bulk
purposes, dispersing of the material is of great impor-
tance. For our solubility study, we focused on HD-GNRs.
HD-GNRs exhibit an improvement in solubility and
dispersibility in chloroform after a short sonication
using simple ultrasonic cleaner. In Figure 2, where
starting MWCNTs were compared to HD-GNRs, the
difference is apparent. HD-GNRs show stable disper-
sions in chloroform for weeks, while MWCNTs cannot
be dispersed using the same conditions. We have also
performed solubility test for HD-GNRs and MWCNTSs at
0.1 mg/mL concentrations in different solvents
(Supporting Information Figure S1). HD-GNRs are well
dispersible in common organic solvents such as 2-
propanol, acetone, ethyl acetate, diethyl ether, chloro-
form, hexane, and chlorobenzene. After 1 h, HD-GNRs
settle out in hexanes and diethyl ether, while remain-
ing dispersed in the other solvents. Four days of shelf
aging resulted in sedimentation of all of the suspen-
sions except when in chloroform and chlorobenzene,
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Figure 3. Fabricated device and conductivity measure-
ments: (a) SEM image of a device made from HD-GNRs
stack; NTL-originated MWCNTs and Pt electrodes;
(b) change in electrical properties after different thermal
treatment compared to as-prepared HD-GNRs.

which stayed well-dispersed for weeks. A low magni-
fication SEM image and optical microscope image of
drop cast HD-GNRs on a SiO,/Si substrate show well-
dispersed material (Supporting Information Figure S2).
However, the starting material MWCNTSs showed sedi-
mentation in all solvents tested in less than 1 h. Thus
HD-GNRs are good candidates for applications where
organic dispersibility is important.

Conductivity. A desirable property in functionalized
GNRs is the retention of conductivity especially if they
are to be used in transparent electrodes or energy-
related devices such as ultracapacitors, Li-ion batteries,
and solar cells. We have fabricated a single HD-GNR
device by depositing 20 nm thick Pt contacts on
opposite ends of GNR stacks using lithography
(Figure 3a). The HD-GNR stack used in the device was
7.9 um long, ~300 nm wide (Supporting Information
Figure S3), and ~30 nm thick. The thickness was
estimated from the AFM image (Supporting Informa-
tion Figure S4). The as-prepared, single ribbon device
exhibited a conductivity of 600 S/cm (Supporting
Information eq S1 and Table S1). The conductivity
increased almost six times to 3540 S/cm when the
device was annealed at 300 °C. There are at least two
reasons for such a difference in conductivity between
the as-prepared sample and the sample annealed at
300 °C. The conductivity could be partially increased
due to improved contact between the electrodes and
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the GNR stack. However, previous work on graphene
materials with Pt-contacts shows that the good wet-
ting of the carbon with Pt leads to a low-barrier
contact,'® thus the main contribution is probably due
to deintercalation of hydrocarbons (but not necessarily
defunctionalization) from the graphene galleries. The
intercalated graphene galleries are electrically isolated
from each other, as alkanes are known insulators;
deintercalation reinstates the interaction between
the graphene layers. A control experiment where HD-
GNRs were heated at 300 °C for 2 h showed that their
solubility in chloroform after annealing was compar-
able to the as-prepared HD-GNRs. The latter result
speaks in favor of the HD functional groups staying
intact at temperatures up to 300 °C. When the device
was further heated to 900 °C, a temperature at which the
HD functional groups are expected to have cleaved from
the GNRs, the conductivity increased to 4260 S/cm. This
smallincrease could indicate that edge functionalization
does not substantially disturb the conductivity of the
graphene basal planes. The conductivities of the func-
tionalized HD-GNRs are comparable to previous litera-
ture reports on pristine materials such as graphite
(200—8300 S/cm),*® CNTs (1000—100000 S/cm),*” and
GNRs (~800 S/cm)'*'828 and thus interesting for further
study. Bulk conductivities of as-prepared samples were
also measured using four-point probe measurement on
pressed pellet. Similarly, relatively high conductivity
ranging from 145 to 175 S/cm was observed, which is
only 2.5 times smaller than conductivities of the starting
material MWCNTs (Supporting Information Figure S5,
Scheme S1 and eq S2).

Evolved Gas Analysis (EGA). Confirming edge functio-
nalization versus intercalation remains challenging due
to the expected low degree of edge carbons to non-
edge carbons. The average GNRs stack with 250 nm
width x 2.7 um length dimensions (estimated from the
SEM image, Supporting Information Figure S3) should
have only 0.05 atomic % of edge carbons in GNRs
(Supporting Information Figure S6). If all of the edge
carbons are functionalized then the functional groups
would contribute 1 wt % of the total weight to the HD-
GNRs; 0.5 wt % if considering O-GNRs, and 0.25 wt % if
considering B-GNRs. Since the expected degree of
functionalization is low, we have used thermogravi-
metric analysis (TGA) coupled with a quadrupole mass
spectrometer (QMS) to detect thermalized products.
The sensitivity of QMS should give some insight into
the quantitative nature of the alkylated graphene nano-
ribbons (A-GNRs). The TGA of HD-GNRs shows a total
weight loss of 37% in the range between 40 and 900 °C,
which is far above the expected value of 1% (Figure 4a).
The reference compound, hexadecane, has a specific
fragmentation pattern, with high abundance fragments
with decreasing intensities at m/z = 57, 43, 71, 85, 29,
and 99. Similar patterns are expected for octane m/z
43, 57, 29, 85, 71 and for butane m/z 43, 29, 15, 57.
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Figure 4. Evolved gas analysis. Different colors represent
fragments with m/z that correspond to alkane fragments.
Black and gold curves represent the TGA profile of functio-
nalized GNRs and pristine MWCNTSs, respectively. Gray
rectangles represent region |, region Il, and region llI,
respectively. (a) TGA-MS of HD-GNRs; (b) TGA-MS of
0-GNRs, and (c) TGA-MS of B-GNRs.

These fragments were also found in the evolved gases
during the TGA, indicating that alkyl groups are present
in the A-GNRs samples (Figure 4). However, there are
three distinct temperature ranges during which the alkyl
groups are present in the off-gas from HD-GNR thermo-
lysis products (Figure 4a). The first is the range between
154 and 374 °C (region I), where the weight loss is 26%.
The second range is between 400 and 474 °C with a
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weight loss of 2% (region II) while the range between
480 and 612 °C had a 2% weight loss (region Ill). Region |
is assigned to deintercalation of alkanes; see what
follows for further explanation. Regions Il and Ill were
assigned to covalently bound alkyl groups, most likely
hexadecyl. The temperature interval for region Il corre-
sponds with previous reports on covalently attached
organic moieties on different carbon substrates.>?° The
mass spectrometer detection limit is up to 100 atomic
mass units; thus the molecular ion corresponding to the
hexadecyl moiety could not be detected. Fragments m/
z29,15,43,57,85,and 71 that are present in region Il are
indications that fragmentation due to thermal cleavage
of the hexadecyl group is most likely occurring. The
major fragments present in region lll are the methyl and
ethyl groups (m/z 15, 29) which could be the remainder
of the hexadecyl group bound directly to the graphene
substrate. Similar results were obtained for O-GNRs and
B-GNRs (Figure 4b,c), where we observed 7 wt % loss
between 139 and 293 °C, and 4 wt % between 121 and
247 °C for region |, respectively. Region Il between 448
and 526 °C for O-GNRs shows a 1 wt % loss, while region
Il between 526 and 628 °C had a 1.3 wt % loss. B-GNRs
show 1.3 wt % loss for region Il between 328 and 453 °C
and 1.7 wt % for region Il between 453 and 636 °C.
According to this data and the assumption that regions
Il and Ill correspond to the same functional groups but
have different fragmentation temperatures, the degree
of functionalization is 4.6% for HD-GNRs, 2.3% for
O-GNRs, and 3% for B-GNRs. The reason for the dis-
crepancy between the estimated degree of edge func-
tionalization and the actual degree of functionalization
is unclear.

To exclude the reaction between solvent and active
GNRs, the EGA of methanol-quenched, thus hydrogen
terminated, GNRs (H-GNRs) was also done. TGA-MS
analysis confirmed the absence of all fragments except
m/z 15, the methyl fragment between 400 and 600 °C
(Supporting Information Figure S7). The methyl frag-
ment could be the result of rearrangements with
successive cleavage on defects and edges where car-
bons are expected to be hydrogen-terminated or from
trace methanol.™

X-ray Powder Diffraction (XRD) Analysis. For direct evi-
dence of deintercalation in region I, HD-GNRs ther-
mally treated at temperatures of 240, 530, and 900 °C
were prepared, and XRD diffractograms were recorded
and analyzed (Figure 5a). The total weight loss for
the sample heated at 240 °C for 2 h was 26%, which
corresponds to the weight loss in region | in Figure 4a.
For the sample heated at 530 °C for 2 h, the weight loss
was 32%, and for the sample heated at 900 °C for
20 min, the weight loss was 39% (for the TGA plots of
the thermally treated HD-GNRs samples see Support-
ing Information Figure S8).

The XRD diffractogram for the as-prepared sample
contains well-pronounced diffraction lines at 12.0° and
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Figure 5. Powder diffraction patterns. (a) Comparison of as-
prepared intercalated HD-GNRs and thermally treated HD-
GNRs where deintercalation is observed. (b) Comparison of
functionalized HD-GNRs, O-GNRs, B-GNRs, GNRs, and
MWCNTs. Peaks at 21.8°, 25.3°, 35.9°, 42.4°, 44.4°, 51.8°,
56.8°, and 58.4° 20 angle correspond to low concentrations
of Kl impurity, which could not be removed.

24.2° 26 angle, which correspond to the (001) and
(002) signals of a stage 1 intercalation compound,
respectively. The calculated c-axis repeat distance
(I) is 0.738 nm, which is the typical spacing (dJ)
between the two carbon layers sandwiching the layer
of intercalant. As one can see from Figure 5a, both the
12.0° and 24.2° signals disappear after heating at
240 °C. The new diffraction line at 26.2° 26 angle
corresponding to the (002) signal of graphite appears
instead.

The sample heated to 240 °C and then cooled to
room temperature can be considered an intermediate
state between the fully intercalated as-prepared sam-
ple and the one heated for 2 h at 240 °C. The weight
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loss during heating to 240 °C was ~12% (Supporting
Information Figure S8). The sample that was heated
and then cooled contains both the 24.2° signal and the
26.2° signal in a ratio of ~1:2 (Supporting Information
Figure S12). Interestingly, no intermediate stage com-
pound was detected in the sample. This is very unusual
for graphite intercalation compounds (GICs), where
graphite gradually intercalates and then gradually
deintercalates, sequentially going through all the stage
numbers.** Instead we detect only the two states, the
stage 1 GIC and the nonintercalated graphitic GNRs.
We suggest that the mixed stage comes from different
GNRs. Individual GNRs probably deintercalate quickly
and completely; the observed “mixed stage” is simply a
mixture of completely intercalated and completely
deintercalated individual GNR stacks. Samples heated
at temperatures of 530 and 900 °C are completely
deintercalated and give diffractograms identical to
H-GNRs or the starting material MWNTSs (Figure 5b).
Since weight losses of 7% and 4% were also observed
for O-GNRs and B-GNRs in region |, XRD diffractograms
were also recorded for as-prepared samples. However,
O-GNRs show similar intercalation compounds as HD-
GNRs, with /. spacing between graphene layers of
0.731 nm. Interestingly, B-GNRs do not show any
intercalation (Figure 5b), since the diffractograms are
identical to H-GNRs or MWNTs. The reason might be in
the size of the intercalant. In the case of HD-GNRs, it is
expected to be at least 16 or 32 carbon chains (the
latter is the dimer product). Hexadecane and octane
are higher boiling point liquids while dotriacontane is a
solid. On the other hand butane is a gas which is likely
too volatile and mobile to form a stable GIC. For HD-
GNRs, the proposed major intercalant is dotriacontane,
but others cannot be excluded. The synthesis of HD-
GNRs, as discussed earlier, leads to side products that
are also potential intercalents. Two control experi-
ments produced evidence that dotriacontane isindeed
the main component. In the first control experiment
1-iodohexadecane was added into the dispersion of
Na/K in DME (Supporting Information). Gas chromato-
graphy—mass spectrometry (GC—MS) showed the pre-
sence of 1-hexadecene and hexadecane as minor
components (21% and 19%, respectively) and dotria-
contane as the major component (60%) of the reac-
tion mixture. Another experiment with as-prepared
HD-GNRs was done. HD-GNRs were heated at 150 °C
in vacuum. A coldfinger cooled to 0 °C was con-
nected to the system to capture products that were
released. Analysis of the collected vapors using
GC—MS again showed dotriacontane as the major
component (45%). Other components detected
were 1-hexadecene (6%), hexadecane (35%), and
starting material 1-iodohexadecane (13%, for
the GC—MS analysis see Supporting Information
Figure S9).
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Figure 6. SS NMR. Cross-polarization experiment of func-
tionalized and intercalated HD-GNRs (red curve) and de-
functionalized and deintercalated HD-GNRs after heating at
900 °C for 20 min (blue curve). Cross-polarization dipolar
dephasing experiment of functionalized and intercalated
HD-GNRs (black curve).

Solid-State ">C Nuclear Magnetic Resonance Spectroscopy (SS
NMR). To further investigate the nature of the inter-
calent, two types of magic angle spinning (MAS) NMR
experiments were performed. The relatively high con-
ductivity of HD-GNRs caused severe probe tuning
problems, which initially prevented useful 'H—'3C
cross-polarization (CP) and direct '3C pulse spectra
from being obtained. However, dispersing the sample
in silica (an approach previously used to obtain a '>C
spectrum of graphite®) enabled the '*C and 'H chan-
nels to be properly tuned on a sample of 10 wt % HD-
GNRs and 90 wt % silica.

In the CP spectrum of the unheated material (Figure 6,
red spectrum), two broad, overlapping bands are
evident. The band centered at about 90 ppm is thought
to be from several types of carbons: graphene sheet
sp? C—H carbons, graphene sheet sp? carbons that are
either on or near the edge of the sheet or near a
covalently bound hexadecyl group or intercalated
alkane and thus are capable of being cross polarized,
and from the downfield tail of the signal from the
methylene carbons in covalently bound hexadecyl
groups and in intercalated side products (e.g., hexade-
cane, 1-hexadecene, and dotriacontane). The band
centered at about 90 ppm is unusually broad and
shielded, as is the signal from the carbons detected
in a direct '3C pulse spectrum of graphite dispersed in
silica.®® The breadth of the band centered at about
90 ppm can be at least partially attributed to the inability
of MAS to completely remove the anisotropy of the
magnetic susceptibility in the graphene sheets,%*'
while the shielding can be attributed to the diamagnetic
shift in the 33 component of the shielding tensor of the
numerous graphene carbons in a very large condensed
aromatic ring system.?' This broadening and shielding is
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reminiscent of what is observed as graphite oxide is
steadily reduced and becomes increasingly like
graphite3?

The band centered at about 0 ppm is thought to be
from the methylene carbons indicated above and from
the upfield tail of the signal from graphene sheet sp?
carbons. The band centered at about 0 ppm is also
unusually shielded, as would be expected if the cova-
lently bound hexadecyl groups or intercalated alkanes
are sandwiched between the graphene sheets and
thus are subjected to a large diamagnetic susceptibility
resulting from delocalized electrons (a s-electron ring
current) in the graphene sheets. Indeed, a less dramatic
shielding effect but much better resolution is observed
with anthracite bearing dodecyl groups on the
edges. In contrast, the central methylene carbons in
the methylene chains constrained to be above an aro-
matic ring in molecules such as [12]-paracyclophane
and various 1,n-dioxa[n](2,7)pyreneophanes experience
only a very small ring current shielding effect. The much
weaker signal from the methyl carbons in the HD-GNRs is
not recognizable.

The 50-us dephasing period in the dipolar dephas-
ing experiment on the unheated material (Figure 6,
black spectrum) strongly attenuates the band centered
at about 90 ppm and completely eliminates the band
centered at about 0 ppm. Since this dephasing period
is designed to eliminate CH and CH, signals with
minimal attenuation of quaternary carbon signals,
the less shielded band in the basic (red) CP spectrum
has significant contributions from graphene sheet sp?
C—H carbons and the downfield tail of the signal from
the various methylene carbons, while the more
shielded band in the basic CP spectrum is consistent
with the various methylene carbons and the upfield tail
of the signal from graphene sheet sp?> C—H carbons.
The relatively immobile nature of the covalently bound
hexadecyl groups and intercalated alkanes results in a
correspondingly strong "H—'3C dipole—dipole inter-
action that both makes it possible for these methylene
groups to cross polarize (red spectrum) and then to
have the signal rapidly decay (black spectrum). The
very weak signal centered at about 90 ppm in the
dephasing experiment may result from the attenuated
signal from graphene sheet sp? carbons that poorly
cross polarized.

The CP spectrum of the heated material (Figure 6,
blue spectrum) shows no signal above the noise. As
seen from the conductivity, TGA, and XRD results,
defunctionalization and deintercalation at this tempera-
ture is complete. With no covalently bound hexadecyl
groups or intercalated alkanes remaining, no NMR signal
is detected. The importance of these hexadecyl groups
and alkanes for generating the signals in the spectrum
of the unheated material (red spectrum) is evident.

Raman Spectroscopy. The Raman spectrum of the as-
prepared sample is significantly enhanced compared
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Figure 7. Raman spectra. Comparison of thermally treated
HD-GNRs with as-prepared sample.

to the heated samples (Figure 7). This is an additional
argument in support of formation of the intercalation
compound. It is known that when several species
are intercalated into graphite, or simply physisorbed
on the graphene surface, the Raman spectra are en-
hanced.***” No blue-shift of the G-peak is detected,
however. This suggests that the intercalant in HD-GNRs
is neutral toward carbon and does not charge the
carbon layers. The spectrum of the as-prepared sample
contains a D-peak at ~1360 cm ™" of very high intensity
and the G+D’ peak at ~2950 cm ™. This suggests that
significant disorder in the system was induced by
splitting'” and intercalation. This is rather unusual,
because for most of the known GIC compounds, inter-
calation does not cause appearance of the D-band. The
D-band gradually decreases with heating and is finally
of the same magnitude as nonintercalated split GNRs.
The D/G ratio can be considered a measure of disorder.
The fact that it decreases suggests that disorder in-
duced by the intercalant decreases when the interca-
lant is removed. The 2D peak in both the parent
MWCNTs and GNRs is single-Lorentzian, suggesting
no AB stacking. This is quite natural, since the walls in
MWCNT have different chiralities. They retain their
structure after splitting. Hence, the layers in the GNR
have some degree of single-layer character.

We hypothesize that intercalation is possible only
when the reaction of intercalated K and 1-iodoalkane
occurs between graphene sheets. The byproduct
Kl is forced out, while newly formed alkanes and
alkenes (as well as covalently bound alkyl groups) take
their places between sheets. For this process the term
“replacement-driven intercalation” is introduced. To
partially confirm the latter, we performed a control
experiment, where instead of 1-iodohexadecane,
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hexadecane was used (Supporting Information page S14).
Under the same reaction conditions, no intercalation
was observed, and that was confirmed by XRD
(Supporting Information Figure $10), where the (002)
signal was observed at 26.2° 20 angle, which corre-
sponds to nonintercalated material, and by TGA, where
we observed a weight loss of ~2% in the region
between room temperature and 800 °C (Supporting
Information Figure S11).

CONCLUSIONS

A high yielding conversion of commercially available
MWCNTs to in situ functionalized GNR stacks was
achieved by a reductive method. GNRs bearing long
alkyl chains are well-dispersible in organic solvents
such as alcohols, ketones, ethers, and alkanes. Particu-
larly stable dispersions are produced in chloroform or
chlorobenzene. HD-GNRs exhibit relatively high GNR
conductivity as well as bulk material conductivity. The
conductivity of ~3540 S/cm of single deintercalated
HD-GNR was achieved through minimal interruption of
the conjugated 7z-system of the basal plane. Therefore
we propose that functionalization occurs preferably on
the edges of graphene. The concept of edge functio-
nalization was partially supported by EGA, enhanced
solubility, and relatively high conductivity of single and
bulk-functionalized material. Replacement of interca-
lated addends was observed and thoroughly investi-
gated for the HD-GNRs and O-GNRs. TGA-MS showed
deintercalation of alkanes and alkenes at temperatures
between 140 and 300 °C. XRD revealed a stage 1
intercalation compound for the as-prepared samples.
Interestingly, no intermediate stage compounds were
detected. GC—MS showed dotriacontane as a major
intercalant compound in HD-GNRs. Further, solid-state
13C nuclear magnetic resonance spectra of HD-GNRs
were consistent with the presence of methylene car-
bons in covalently bound hexadecyl groups and inter-
calated alkanes, as the signal attributed to the
methylene carbons is unusually shielded and disap-
pears after the sample is deintercalated and defunc-
tionalized by heating. Similarly, Raman spectroscopy
for the as-prepared sample indicated the intercalation
compound. XRD and Raman spectroscopy revealed
that thermal treatment of intercalated HD-GNRs up
to ~300 °C leads to full deintercalation. However,
covalently bound functional groups are stable at that
temperature and still provide enhanced solubility, as
the deintercalated HD-GNRs are still soluble in organic
solvents. Functionalized GNRs with enhanced proper-
ties such as dispersibility and conductivity should be of
great interest for bulk application as well as further
basic research since improved processability and scale-
up is possible. Possible fields of application are cata-
lysis, ultracapacitors, transparent touch screens, car-
bon fiber spinning, formation of conductive polymer
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composites, and low-loss, high-permittivity compo-
sites. Further, the intercalation and functionalization
principle could be used in the field of organic-based Li-

EXPERIMENTAL SECTION

Materials. Reactions were performed in dried glassware
under an N, atmosphere unless stated otherwise. Reagent
grade 1,2-dimethoxyethane was degassed with Ar, refluxed
over sodium in an N, atmosphere, and freshly distilled. Other
solvents were used without further distillation. Mitsui MWCNTSs
were received from Mitsui & Co. (lot no. 05072001K28). NTL-M
grade MWCNTs were donated by Nanotech Laboratories, Inc.
(5T10M10). All other commercially available reagents were used
as received. Liquid Na/K alloy was prepared in a vial inside of a
N, glovebox by pressing together freshly cut K (1 mol equiv) and
Na (0.22 mol equiv) chunks using tweezers to facilitate the
melting process. Amounts of liquid Na/K alloy indicated are by
volume. Caution: All synthetic steps involving Na/K alloy should
be carried out with extreme caution under strict exclusion of air or
moisture and under inert gas and appropriate personal protection
(hood, blast shields, face shield, protective and fire resistant
clothing) should be used and worn at all times. 1-lodohexade-
cane, 1-iodooctane, and 1-iodobutane were all obtained from
Sigma-Aldrich and used as received without further purification.
In-house deionized water was used during purification of the
products.

Synthesis of Functionalized Graphene Nanoribbons Stacks and Inter-
calation Replacement. A sample of MWCNTS (100 mg, 8.3 mmol)
was added to an oven-dried 250 mL round-bottom flask con-
taining a magnetic stir bar. The vessel was then transferred to a
N, glovebox where freshly distilled 1,2-dimethoxyethane
(35 mL) and liquid Na/K alloy (0.29 mL) were added. The flask
containing the suspension was then sealed with a septum and
transferred out of the glovebox where the suspension was
dispersed by a short 5 min ultrasonication (using ultrasonic
cleaner Cole-Parmer model 08849-00) to yield a dark greenish
to red suspension. After ultrasonication, the reaction mixture
was vigorously stirred (450 rpm) at room temperature for 3 d.
The reaction suspension was then quenched by the addition of
the 1-iodoalkane (8.75 mmol) through a syringe and left to stir at
room temperature for an additional day. Methanol (20 mL,
500 mmol) was then added to quench any excess Na/K alloy,
and the mixture was stirred at room temperature for 10 min. For
workup, the reaction mixture was filtered over a 0.45 um pore
size PTFE membrane. The filter cake was successively washed
with THF (100 mL), i-PrOH (100 mL), H,O (100 mL), i-PrOH
(100 mL), THF (100 mL) and Et,0O (10 mL). Then Soxhlet extrac-
tion with THF was used for 3 d, and the product was dried in
vacuum (~10"2 mbar) for 24 h.

Electron Microscopy. Samples were dispersed in chloroben-
zene and bath sonicated using an ultrasonic cleaner for 15 min
for a quick dispersion. A drop was cast on a 100 nm SiO,/Si
substrate, and large area low resolution images were taken at
20 kV under FEI Quanta 400 ESEM FEG scanning electron
microscope and under a JEOL-6500 field-emission microscope.

Conductivity Measurements. Fabrication of HD-GNR devices
was performed by tracking individual GNRs on the surface of
500 nm-thick thermal SiO, layer-covered highly doped Si sub-
strates by SEM (JEOL-6500 microscope), followed by the patterning
of 20 nm-thick Pt contacts by standard electron beam lithography.
The electrical transport properties were tested using a probe
station (Desert Cryogenics TT-probe 6 system) under vacuum with
a chamber base pressure below 107> Torr. The -V data were
collected by an Agilent 4155C semiconductor parameter analyzer.

Evolved Gas Analysis (EGA) Experimental Part. Thermogravimetric
measurements were performed on a Netzsch 449 F3 Jupiter
instrument under a dynamic Ar (5.0) flow with a flow rate of
60 mL/min in a temperature range from 25 to 900 °C. A heating
rate of 10 K/min was used. About 5 mg of sample was placed in
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ion batteries where the intercalant or addend would
bear the redox center, as the method enables varia-
tions in functional addends.

an alumina (Al,0s) crucible. Simultaneously mass spectrometry
was performed on MS 403C Aéolos with a SEM Chenneltron
detector and system pressure of 2 x 10> mbar. Gasses that
evolved under TG heat treatment were transferred to the mass
spectrometer through transfer capillary, quartz ID 75 um, which
was heated up to 220 °C. The upper limit of the mass spectro-
meter detector was 100 AMU.

XRD. X-ray powder diffraction (XRD) was performed using a
Rigaku D/Max 2550 diffractometer with Cu Ka radiation (1 =
1.5418 A). Where necessary the data obtained were analyzed
and processed using the Jade 9 software package.

GC—MS. GC—MS was performed on Agilent Technologies
6890N Network GC system coupled to an Agilent 5973 network
mass selective detector.

S5 3C NMR Spectroscopy. Spectra were obtained at 50.3 MHz '*C
on a Bruker Avance 200 spectrometer with a probe for magic
angle spinning (MAS) of rotors 4 mm in diameter. Chemical shifts
are relative to the carbonyl carbon in glycine defined as 176.46
ppm.28 Both samples in Figure 6 were dispersed in silica (10 wt %
sample, 90 wt % silica). Parameters for the "H—"3C CP spectrum of
functionalized and intercalated HD-GNRs (red curve in Figure 6):
7.6 kHz MAS (so that any spinning sidebands are at multiples of
+151 or —151 ppm from a centerband), 90° "H pulse = 2.4 us,
contact time = 1 ms with ramped amplitude proton pulse, FID =
32.8 ms with spinal64 decoupling, relaxation delay =5 s, number of
scans =40 400, line broadening = 50 Hz (1 ppm) used in processing
the FID. Parameters for the 'H—'3C CP/dipolar dephasing spec-
trum of functionalized and intercalated HD-GNRs (black curve in
Figure 6): as above except that a pair of 25-us dephasing periods
with a central 83-us, 180° 'C refocusing pulse immediately
preceded FID acquisition. Parameters for the "H—">C CP spectrum
of functionalized and intercalated HD-GNRs heated at 900 °C for 20
min (blue curve in Figure 6) are the same as for the unheated
sample (red curve) except for 85000 scans. Parameters for the
'H—"3C CP spectrum of 100% silica (control sample) are the same
except for 55000 scans; no signal was detected.

Raman Spectroscopy. The Raman spectra were acquired using
a Renishow Raman REO1 microscope with 40x lens; 514 nm
wavelength laser was used for excitation.
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