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Here, we report similar reactions between nanotubes carrying functionalities, namely carbon nanotubes
(CNTs) with the acyl chloride/hydroxyl and amine/carboxylic functionalities directly attached to their
surfaces, resulting in the formation ofchemically modified graphene products. The reaction is sponta-
neous and is facilitated by simple grinding of the reactants. The new solid-state reactions have been
confirmed using different spectroscopic and electron microscopy techniques.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoscale materials are attractive due to their unique size, large
surface area, chemical and physical properties. Great advancements
have been made in the last decade in the synthesis of nanoparticles,
which led to new innovative applications in various fields such as
catalysis, chemical sensing, photonics, electronic devices and drug
delivery [1-8]. Although functionalization has been extensively
used to overcome limitations, such as poor solubility, reactivity and
processing, by conjugating these particles to different chemical
moieties such as drug molecules, polymers or organic molecules,
the reactions between differently functionalized nanoparticles
have been given very little attention. Especially important, is how
do the attributes of these particles reflect on the rate of the reaction
and how do the nanoscopic reactivities compare to that of the bulk
molecular one. The most remarkable chemical reaction reported
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between nanoparticles is the dimerization of fullerene molecules
inside carbon nanotubes ‘peapods’ [9,10]. In this type of confine-
ment reaction, the degrees of freedom are restricted to translational
motion in one dimension. Encapsulation of the Cgps in the CNT
peapod structure has been reported to cause a decrease of fuller-
enes intermolecular distance by 3—4% than in bulk crystals. Struc-
ture optimization techniques indicates that the net energy gain
associated with the encapsulation of the Cgps gives rise to a capil-
lary force with an effective pressure of the order of GPa that will
give rise to a strain on the CNT wall. Other than the confinement
peapod fullerene/CNT dimerization reaction, no reaction has been
reported between nanoparticles of different functionalities.
Although an abundance of both top-bottom and bottom-up syn-
thetic strategies have evolved in the last decade for the production
of graphene [11—25], none of them considered the solid-state re-
action between CNTs of different functionalizations.

We have recently reported the unzipping of MWCNTSs via a one-
pot room temperature solid-state mechano-chemical reaction be-
tween MWCNT—COOH and MWCNT—OH. The reaction involves
hydrogen bond mediated proton transfer step that is followed by
two elimination steps: water condensation and decarboxylation
[26]. To test this type of solid-statedouble eliminations scheme, we
here, report two new modifications of mechano-chemical reactions
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of differently functionalized MWCNTs, namely MWCNT—COCI/
MWCNT—OH and MWCNT—NH,;/MWCNT—OH reactions, Fig. 1.

Reactions are facilitated by manual grinding of equal weights of
the functionalized CNTs as described in our previous report [26].
The two new modifications together with the previously reported
one are summarized in equations (1)—(3) [26]

MWCNT—COOH + MWCNT—OH—G + G +C0, + H,0 (1)
MWCNT—NH, + MWCNT—COOH—G + G’ + NH3 + CO,  (2)

MWCNT—COCl + MWCNT—OH—G + G + CO, + HCl 3)

G and G'are the graphene types derived from the two differently
functionalized CNTs.

In reaction 2, the unzipping double elimination is mediated by
hydrogen-bond formation, followed by proton transfer from the
COOH group to the NH,, double elimination of NH3 and CO,, for-
mation of CNTs ion pair and consequent unzipping of CNTs by the
heat of the exothermic reaction [26], while the double elimination
in reaction 3 proceeds via the condensation of HCl, decarboxyl-
ation, CNTs ion pair formation and CNTs unzipping [26]. Each of the
above reaction can be considered as a double elimination reaction
as summarized in Table.1. Graphene products as well as the double

@

b
COCI-CNT

(©)

@ COOH-CNT

@ OH-CNT

@ NH,-CNT

Table 1
Different modifications of the mechanochemical reaction between differently
functionalized MWCNTSs.

Reaction Types of elimination

1 Water condensation + decarboxylation
2 Dehydroamination + decarboxylation
3 Dehydrochlorination + decarboxylation

elimination products of the new mechanochemical modifications
are confirmed using spectral techniques and electron microscopy
ones.

2. Results and discussion

ATR-IR of the solid-state reaction product in the reaction
mixture MWCNT—COOH/MWCNT—NH, (Fig. 2a), reveals almost
complete absence of the strong doublet band at about
3000 cm ™~ 'due to the N—H stretching mode as well as absence of
broad bands in the region 2500—3000 cm™!due to O—H stretching
in the MWCNT—COOH/MWCNT—NH, mixture in agreement with
water and ammonia condensation reaction. Also, the intensity of
the band at 1680 cm~! due to the carbonyl band of the carboxylic
group diminishes significantly with appearance of the adsorbed
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Fig. 1. (a) General solid-state unzipping reaction of differently functionalized CNTs. (b)Unzipping double elimination reaction between MWCNT—COCI and MWCNT—OH: First
elimination leads to the condensation of HCl, which is followed by decarboxylation, formation of CNTs ion pair and consequent unzipping of CNTs by the heat of the exothermic
reaction. (¢) Unzipping double elimination reaction between MWCNT—COOH and MWCNT—NH, is mediated by hydrogen-bond formation, followed by proton transfer from COOH
to NH,, formation of the NH; and CO,, formation of CNTs ion pair and consequent unzipping of the CNTs by the heat of the exothermic reaction. (A color version of this figure can be

viewed online.)
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Fig. 2. (a)ATR-IR of reactants and products in the solid-state reaction of MWCNT—NH, and MWCNT—COOH. Both the doublet band due to NH, at about 3000 cm~'and broad band
in the 2500—3000 cm ™! region due to the stretching O—H mode are absent in the reaction product in support of the elimination of CO, and NHs.(b) ATR-IR of reactants and products
in the solid-state reaction of MWCNT—OH and MWCNT—COCI. The conjugated carbonyl band at about 1750 cm™~" and broad band of the O—H mode is absent in the product in
support of HCl and CO,, elimination. C=C band in the graphene product becomes dominant. (c—d) C1s XPS of reactants and products in the reactive combinations of MWCNT—NH,/
MWCNT—COOH (c), and MWCNT—OH/MWCNT—COCI (d). The signal at 289.2 eV due to the carbonyl group in both combinations disappears upon grinding of CNTs and is dominated
by the C=C signal of graphene at 284.6 eV.The higher intensity of the latter band in the NH,/COOH combination is compatible with the bigger yield of this combination relative to
the COCI/OH combination. (e—f) Raman spectra of MWCNT—NH,/MWCNT—COOH, (e), and MWCNT—OH/MWCNT—COC]I, (f). The G, D and 2Dbands are all blue shifted in the
graphene product relative to those of CNTs. (A color version of this figure can be viewed online.)

CO, and NH3 bands at 2370 and 3510 cm™’, respectively [27].
Compatible with this conclusion is the disappearance of the two
strong bands due the C—N stretching in the region 1180—1360 cm™! Table 2

-1 _ Yield and I,p/1¢ ratios of the graphene obtained via reactions of different func-
mode: anq absence the broad band at about 900'cm .du.e to N—H tionalities CNTs.
bending in the graphene product of the reaction. Similarly, the A - A
conjugated carbonyl band of the acyl chloride at 1750 cm~'and Solid-state reaction Yield Lol
broad OH stretching bands of the CNT are almost absent in the 60%2° 1.20

—COOH/OH (1)
—COOH/NH; (2) 75% 0.95
71% 2.10

product of the solid—state reaction of MWCNT—COCI and
MWCNT—OH with the C=C band at 1600 cm~! of the graphene
becoming dominant (Fig. 2a—b). —COCl/OH (3)
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Fig. 3. A simple schematic of the experimental set up used for the detection of evolved HCl gas (A), SEM images of the lumps of AgCl particles formed at low magnification and high
magnification (B), EDAX data of the AgCl formed (C). The Inset shows the SEM image of one of the lumps of AgCl formed, and elemental mapping of the same lump collecting the
intensities of Ag L and Cl K. Ion current vs. time plots for NH3 obtained during the solid-state condensation reaction between —COOH and —NH, functionalized CNTs (D). (A color

version of this figure can be viewed online.)
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Fig. 4. (a) Low magnification bright field TEM image of multiwalled CNTs, high magnification images revealing number of walls shown in the inset. (b) Low magnification bright
field image of graphene produced after reaction (c) SAD pattern from these products (d) The graphene produced during Cl functionalization (e) %yield produced in OH, NH, and Cl
functionalized using current work (f) Size of particle produced in current methods. (A color version of this figure can be viewed online.)

In the C1s XPS of the MWCNTSs, the signal at 291 eV due to the
carbonyl group of the acyl and carboxylic MWCNTs disappears
upon grinding while the signal at 284.6 eV (Fig. 2c—d) due to C=C
becomes the dominant signal [28]. This is strong evidence in favor
of graphene formation and therefore doubles condensation re-
actions in the MWCNTCOCI/MWCNT—OH and MWCNTNH,/
MWCNT—COOH reactive mixtures. In addition, according to XPS,

chlorine content in reaction 3 drops from 0.195% before grinding to
0.056% in the graphene product giving rise to a yield of about
70%.This is accompanied by a drop in the oxygen content from
0.304 in the reaction mixture to 0.132% (XPS data, Supplementary
Table 1). In the MWCNTNH;/MWCNT—COOH nitrogen content
drops from 0.300% in the amine CNT to 0.0375% in the graphene
product-giving rise to 75% yield reaction.
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Raman spectroscopy is a quick, easy and powerful tool that can
be used for structural as well as quality characterization of the
graphene products in the mechanochemical reactions. The in-
tensity ratio of the D and G bands, Ip/lg, is commonly used to
evaluate the quality of the graphene material. The Ip/Ig for the
graphene products are 0.23 and 0.41 for the MWCNTCOCI/
MWCNT-OH and MWCNTCOOH/MWCNT—NH, combinations
respectively, Fig. 2e—f. The low value of the graphene due to the
graphene product in the former is consistent with 1-3 layers gra-
phene quality obtained via the CVD method where the upper limit
of Ip/Ig was found to be 0.3 [19]. This result is consistent with the
Iop/Ig ratio whose value of ~ 2 hallmarks the low layers graphene
quality. On the other hand both ratios of Ip/I¢ (0.41) and Iop/I; (0.95)
for the graphene obtained via the NH,/COOH are consistent with
graphene of more than three layers graphene according to the CVD
scale. The enhanced numbers of layers could be related to greater
tendency for the NH, and COOH groups to hydrogen bond [29—32].
Yields of the graphene obtained via different solid-state reactions
are summarized in Table 2.

In order to confirm the formation of HCl during the reaction
between CNT-COCI and CNT-OH, the gaseous products formed
during the grinding of these CNTs (in a mortar-pestle set up) were
passed continuously into an aqueous AgNO3 (10 mM) solution by
using high pure N; (99.9%) as carrier gas. Schematic of is given in
Fig. 3a. After 30 min of passing the gas mixture with continuous
grinding, a white turbidity appeared in the AgNOs solution. This
turbid solution was drop casted for SEM imaging (Fig. 3b) and EDAX
elemental analysis (Fig. 3c), which showed the presence of AgCl
particles confirming evolution of HCI gas in reaction between CNT-
COCl and CNT-OH. A control experiment with only the CNT-COCI
was conducted using the same set-up for which formation of
AgCl was not observed.

As for reaction 3, evolution of gaseous ammonia during the re-
action between —COOH and —NH,functionalized MWCNTs was
confirmed through a mass spectrometrometric detection proce-
dure described in our earlier report [26]. In short, gaseous mixture
formed during the grinding process was subjected to a Balzer
Thermostar mass spectrometer and ion current corresponding to
m|z 17 (corresponds to NH3) was monitored. While an increase in
the ion current was observed after mixing of the CNTs and subse-
quent sampling, similar increase was observed for other back-
ground gases like nitrogen and oxygen. But, sampling after the
grinding the CNTs showed further increase in the ion current for
NH3 while increase in intensity for the background gases remained
the same, proving formation of NHs (Fig. 3d). Fig. 3d, lon current vs.
time plots for NH3 obtained during the solid-state condensation
reaction between —OH and —CONH> functionalized CNTs.

The spectroscopic (Raman, FTIR and XPS) and mass spectral
measurements are further confirmed using transmission electron
microscopy. Fig. 4a shows bright field transmission electron mi-
croscope image of multi-walled carbon nanotubes used in current
experiments. The diameter of these nanotubes varies from 40 to
100 nm with a number of walls varying from 6 to 12 and the length
of the nanotubes are in the order of few microns. There is no
observable change observed in the size and morphology of the
tubes due to functionalization. Fig. 4b shows bright field image of
product produced due to reaction of chloride and OH functional-
ized nanotubes. It shows graphene with irregular morphology
along with part of unzipped carbon nanotubes. These are stacked
on each other in different orientation as shown in Fig. 4c. On the
other hand the bright field of NH, and OH functional CNT shows
graphene with smaller size and less number of walls. We observe
less untreated CNTs. Based on the imaging, we have calculated
percentage of graphene observed. To gain more insight about the
reactivates of different combinations, we have used microscopy to

find the yield range and size observed of graphene obtained in the
OH/—COOH, OH/—Cl and COOH/-NH,combinations. The results are
40—60% [400 nm], 50—70% [800 nm| and 60—80% [400 nml]
respectively as shown in Fig. 4e—f. The yield results are compatible
with the XPS data as well as chemical reaction discussed before.

In light of the above and according to the mechanism reporte-
delsewhere for reaction 1, the hydrogen-bond mediated proton
transfer step in reaction 2 is followed by the formation of
MWCNT—NH3/MWCNT—COO™, loss of CO»/NH3, formation of CNTs
ion pair and the unzipping processes [26]. Also, dehydrochlorina-
tion in 3 is followed by decarboxylation of an ester group con-
necting G and G’ leading to ion-pairs formation and consequently
CNTs unzipping. The higher yield of graphene via the acyl chloride
CNT reaction as compared to that obtained via the mechano-
chemical reaction of MWCNT—COOH and MWCNT—OH reported
can be related to the high reactivity of the acyl chloride as
compared to the carboxylic acid since the electron-withdrawing
chlorine atom makes the carbonyl carbon more positive and
therefore more susceptible to the attack by the hydroxyl group of
MWCNT—OH. The higher yield in the —NH,/—COOH reaction is due
to the more exothermic proton transfer between the acidic car-
boxylic group and the basic amino group, a factor that will increase
the % of broken C—C bonds in reaction 2 relative to that in 1 as we
have confirmed in the detailed theoretical hot spots protocol of
reaction 1 [33—38,26].

In conclusion, we have demonstrated the general case of a solid-
state reaction between different functional groups covalently
bound to carbon nanotubes that can be used to engineer different
types of graphene. The exothermic reaction between these func-
tionalities facilitated by simple mechanical grinding, results in
bond breaking and the energy released in the process helps to
break bonds and unzip the CNTs resulting in graphene. The
hydrogen bond mediated proton transfer mechanism leading to the
unzipping reaction of the MWCNTSs can be used equally for different
modifications of functional groups and therefore as a generic
approach to develop synthetic frameworks for graphene pro-
ductions such as doped graphene. The unzipping process is not
accompanied by harsh physical and chemical techniques and
accordingly can be used better in integration of graphene in elec-
tronic devices.
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