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ABSTRACT. Graphite microparticles were oxidized to graphene oxide (MPGO) by
Hummers” method followed by thermal exfoliation (C/O ratio 1.53). Graphene oxide was
modified with SO> (MMPGO) at 600 °C and by subsequent treatment at 200 °C having a
sulfur content of 10.9 % (C/O ratio 16.94) and manganese content 9.39 pumol-g*. The
XPS spectrum of MPGO showed the presence of carbonyl and epoxide groups. The
reactivity of mMPGO toward alkyl thiol and alkyl amine showed the same selectivity as
other carbons and suggested that oxidation did not modify deeply the edging structure of
graphite. Therefore, the tetradehydrogenated-benzo[a]anthracene (TBA) reactive site
model is valid. From XPS and solid-state NMR, amino-thiolysis occurred via cyclisation.
Based on the joint analysis of solid-state *H and *3C NMR spectra of mMPGOs treated
with mono- and difuctionalised alkanes, a preferred conformation of the alicyclic moiety
of aminothiol over the graphene matrix occurred via binding to mMMPGO at both amine
and thiol ends. It was found that paramagnetic manganese ions in mMMPGO can lead to
cross-polarisation inefficiency in the *C CPMAS detection of alkyl chains bound to
mMPGO, while ring currents from graphene aromatic layers can shift alkyl *H NMR

signals to lower frequencies by up to 4 ppm.



INTRODUCTION

Graphite, diamonds, fullerenes are naturally occurring allotropes of carbon. Graphite is
one of the main precursors for the synthesis of graphene oxide and reduction of graphene
oxide can give graphene like structures.}? The oxidation of graphene may occur by the
excitation of the & electrons along with oxide functional groups that share the n electrons
to form sp? hybridization for graphene oxide material.> The widely known Hummers’
method of oxidation* has been modified and improved in several ways with respect to the
conventional techniques.> The graphene oxide reduction produces reduced-graphene
oxide by numerous chemical, thermal, solvothermal, electrochemical, microwave or
photoreduction techniques.>®

Different structural models have been proposed to describe the chemical structure
of graphene oxides.”*® Nonetheless, there is no consensus about its chemical structure,
because the non-stoichiometric character of the synthetic methods. The structural model

proposed by Lerf-Klinowski is widely recognized (Fig. 1).2

Figure 1. Lerf-Klinowski model for graphene oxide.*?

This model assumes an uncorrelated random distribution of epoxy and alcohol
groups on the surfaces, with alcohol and carboxyl groups around the edges. The oxidized

sites on the solid surface are ascribed to the oxidation of carbon double bonds, that are



more reactive than conjugated/aromatic systems. Moreover, the graphene oxide surface
of the model also presents two different parts randomly spread: some aromatic regions
with unoxidized benzenic rings, and extended conjugated regions, formed by 6-
membered alicyclic rings supporting C=C, C-OH and O-C-O groups on the basal plane,
in addition to C=0 and COOH groups in terminal positions.'*'> More recently, a
structural model similar to the Lerf-Klinowski model has been proposed that include more
groups such as lactols, sulfate and peroxysulfate esters.6-18

Monolayer graphene exhibits remarkable optical properties, high intrinsic
strength, superior thermal conductivity and extremely high charge carrier mobility.*®
Moreover, the propagation of massless electrons through the honeycomb lattice in a sub-
micrometer distance without scattering makes it possible to investigate the quantum
effects in graphene even at room temperature.?1%2° Graphene-based hybrid materials with
special optical and conductive properties can be obtained by functionalization with
different groups.?’? In particular insertion of sulfur into graphite produces
superconductive composites®*?® and can increase the efficiency of fuel cells.?® Sulfur
modification activates carbon particles for further functionalization.?”?

Incorporation of sulfur functionalities in carbon matrices can be achieved by
reduction of SO, on carbons whose mechanism has been extensively studied.?
Theoretical calculations on the chemisorption of SO on partially dehydrogenated pyrene
as model of graphite3® showed that only physical adsorption can occur on the basal plane
while the most favorable site was a triplet biradical zigzag edge that is fully occupied at
900 °C. A dioxathiolane is formed by the OO approach and is at equilibrium with a y-
sultine formed by the SO approach. Sulfur intermediates were observed during the
reduction of SO on a variety of carbons (graphite,®! graphite oxide, graphene oxide,

activated carbon,® carbon nanotubes,® charcoal®!). The XPS spectra of the residual



carbons after the reaction with SO, showed in the S2p region at 168 eV a band assigned
to the oxidized sulfur of the dioxathiolane and at 164 eV a second band of non-oxidized

sulfur assigned to a o-benzyno or thiirene.*

A reactive site model was proposed to describe all the steps of the reduction
reaction of SOz on carbons (Fig. 2).>* The proposed graphite reactive model was
1,2,11,12-tetradehydrogenated-benzo[a]anthracene (TBA, Fig. 2), where position 11-12
Is the zigzag diradical site of the initial chemical absorption of SO, and position 1-2 is a
benzyne bond that adds the sulfur transferred from the dioxathiolane to form a thiirene.
The theoretical calculations on the TBA model of the energetic of the mechanism
produced results according to the experimental values. The barrier for the sulfur transfer

from the dioxathiolane 1 to the thiirene 3 was calculated as AG* =39.4, kcal-mol™ for
graphite at 900 °C (activated carbon, AG},, =42.39 kcal.mol™, at 630 °C)%, and the
barrier for the decarboxylation reaction from the dioxathiolane 1 was AG* =111

keal-mol™ (graphite, AGf,,, =107-114 kcal-mol ™, at 900 °C)*.,



L 3b |
Figure 2. Mechanism of reduction of SOz and ozone on carbons (X = S, O). TBA

model.3%36

The reactive site model behaves as a molecular reactor that performs all the steps
of the reduction to produce CO; and elemental sulfur.® The site of insertion of SO in the

carbon matrix is on a diradical in the zigzag edge forming two oxidized sulfur reactive



intermediates (1,3,2-dioxathiolane 1 and 1,2-oxathietane 2-oxide or y-sultine 2) in
equilibrium.®® The dioxathiolane transfers the sulfur to a benzyne bond forming a non-
oxidized sulfur intermediate thiirene along with [peroxide 3a = dicarbonyl 3b] tautomers
that eliminate CO> through isomerization of the peroxide tautomer 3a to an oxirane and
subsequent steps.®®

The TBA model was also used successfully for the mechanism of reduction of
ozone on graphite (Fig. 2).%® Ozone is isoelectronic with sulfur dioxide and both reactions

have the same stoichiometry (eq 1)

0=0=0 + C — % Xz + CO2 (X =S, 0) (1)

Insertion of ozone at the diradical site produces a trioxolane that transfers the
oxygen forming an oxirene and the same tautomers as SO». There was a balance of
oxygen between the number of moles of inserted ozone and the moles of the oxygen
eliminated from total decarboxylation. Consequently, the activation parameters at 700 °C
of the decarboxylation reaction of graphite after SO, reduction (AG* =96.1 kcal-mol™)3!
were the same as the values obtained after ozone reduction (AG* =95.7 kcal-mol™?).%

Sulfur and oxygen transport route out the carbon matrix is initiated from tautomers 3
by extrusion of the element from the thiirene or the oxirene (Fig. 2). The non-oxidized
sulfur intermediate is an unstable thiirene. Benzyne adds elemental sulfur to give a
benzothiirene and a series of polysulfane compounds.®*° The stability of o-
benzopolysulfanes 0-CgH4Sx increases with x from 1 to 2 (disulfane, —39 kcal-mol™) to 3

(trisulfane, —48 kcal-mol®).*

In the reduction of ozone on graphite, tautomers 3 contain oxygen as an oxirene (Fig.

2) that extrudes atomic oxygen. Benzooxirene is unstable but ab initio calculations



indicated that it exists at a minimum as intermediate*” and is stabilized by

benzoannelation.*®

The mechanism of sulfur transport from the thiirene was postulated after the study of

the effect of salts on the reduction of SO on carbons (Fig. 3).3%%
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Figure 3. Mechanism of sulfur transport. Values in parenthesis calculated from TBA
model, in kcal-mol™.

The atomic sulfur extruded from the thiirene reacts with another thiirene site to
generate a more stable disulfane (-32.7 kcal mol™t) which might eliminate S; and
regenerate the benzyne site, or accepts another atomic sulfur to form a still more stable
trisulfane (-49.3 kcal mol™?) that can extrude S, regenerating the thiirene. Trisulfane can
also be generated from the thiirene by addition of Sz. The calculated stabilization energies
of disulfane and trisulfane are similar to the values mentioned above for the stability of

0-benzopolysulfanes.*

Atomic oxygen from the oxirene, produced during the ozonation of graphite, is

eliminated as molecular oxygen or is intercalated in the graphite matrix (Fig. 4).%°



Intercalated oxygen can react with new incoming atoms to produce O2 molecules or can

form epoxy groups with adjacent C atoms.

Figure 4. Mechanism of oxygen transport of the reduction of ozone on graphite.*

Insertion of the oxidized and non-oxidized sulfur intermediates of the reduction of SO
on graphene oxide was obtained by thermal treatment and nonthermal plasma* and the
relative content of each intermediate could be controlled through thermal
interconversion.*® The intermediates presented selective reactivities toward thiols and
amines. Insertion of alkyl thiols occurred only on the oxidized intermediates while alkyl
amines reacted only with the non-oxidized intermediate. This behavior has been observed
for non-oxidized carbon as graphite, and oxidized carbons as graphite oxide, graphene
oxide and activated carbon.32464" XPS spectra and atom inventory technique,*® along with

solid-state NMR were used to postulate the mechanisms.

The thiolysis mechanism was consistent with the one proposed for 2,5-
disubstituted thienosultines.*”*® Nucleophilic displacement of the alkylthiol on the O-
carbon atom of the sultine or the dioxathiolane ring gives a sulfinate or a dioxathiolate
with insertion of the alkylthiol and elimination of SO> that might reinsert on the diradical

site (Fig. 5).%
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Figure 5. Reactions of the oxidized sulfur intermediate with dodecane-1-

thiolate X (C12X, X=Na*, H").

The XPS spectrum after the aminolysis showed the insertion of nitrogen at 400

eV of the alkylamine with opening of the thiirene ring and some decarboxylation (Fig.

6).
S
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Figure 6. Reaction of the nonoxidized sulfur intermediate with dodecylamine

(C12NHy).



The reversibility of the reduction reaction® and the easy interconversion of the
intermediates, suggested that the dioxathiolane site is near the thiirene site and that an
amino-thiolysis should produce a double functionalization with cyclisation in the same
reactive site. In this work we present the results addressed to this question. The amino-
thiolysis of modified graphene oxide by SO with 11-amino-1-undecanethiol was
consistent with the double functionalization according to the XPS calculations, and the

cyclisation was shown by the results of the solid-state NMR detailed study.
EXPERIMENTAL SECTION

Graphite microparticles, MPG, from Cia. Nacional de Graphite, Brazil, had a
composition of 99.92% carbon, 0.08% ash and 0.02% moisture; the dsg value was 6.20
pum. Sulfur dioxide 99.9% was from Veronese & Cia Ltda and Helium 99.9% was
supplied by White & Martins, Brazil. The reagents were of analytical purity from Sigma-

Aldrich and were used without further purification.

X-Ray photoelectron spectroscopy. The XPS analysis of the samples was
performed using a Thermo Scientific K-Alpha ESCA instrument equipped with
aluminum Ko monochromatized radiation at 1486.6 eV X-ray source. Due to the no
conductor nature of samples it was necessary to use an electron flood gun to minimize
surface charging. Neutralization of the surface charge was performed by using both a low
energy flood gun (electrons in the range 0 to 14 eV) and a low energy Argon ions gun.
Spectra were acquired at 10° mbar. The XPS measurements were carried out using
monochromatic Al-Ka radiation (hv = 1486.6 eV). Photoelectrons were collected from a
take-off angle of 90° relative to the sample surface. The measurement was done in a
Constant Analyser Energy mode (CAE) with a 100 eV pass energy for survey spectra and

20 eV pass energy for high resolution spectra. Charge referencing was done by setting

11



the lower binding energy C1s photo peak at 285.0 eV. Surface elemental composition
was determined using the standard Scofield photoemission cross sections.

Solid-State 1*C NMR Spectroscopy. Solid-state NMR experiments were carried out
on Bruker Avance 300 spectrometer with 7.05 T wide-bore magnet at ambient probe
temperature. High-resolution solid-state **C were recorded at 75.5 MHz using a standard
Bruker 4 mm double-resonance magic-angle spinning (MAS) probe. Solid materials were
packed into zirconia rotors of 4 mm external diameter and spun at MAS frequencies of 8
kHz and 12 kHz with stability better than +3 Hz. High-resolution solid-state **C NMR
spectra were recorded using cross-polarization (CP), MAS and high-power proton
decoupling. Typical acquisition conditions for 3C CPMAS experiments were: *H 90°
pulse duration = 2.7 ps; contact time = 2 ms; recycle delay = 5 s; MAS frequency = 8
kHz. The amplitude ramp on the *H channel was employed in CPMAS experiments. A
30% ramp was achieved by a linear change of the pulse radiofrequency amplitude from
70% to 100%. From CPMAS optimization on the standard glycine sample, the 30% ramp
provided higher signal-to-noise ratio than 50% or 10% ramps. Proton-decoupled **C
MAS spectra were also acquired using the sequence of Cory and Ritchey with the direct
detection of *3C nuclei. The following acquisition conditions were used: *C 90° pulse
duration = 5 ps; recycle delay = 30 s; MAS frequency = 12 kHz. Additionally, *H MAS
spectra were recorded using a single-pulse excitation with a 2.4 us long pulse (recycle
delay = 5's; MAS frequency = 12 kHz). The *3C and H chemical shifts are given relative
to tetramethylsilane (TMS). The 3C chemical shifts were calibrated using glycine
(176.46 ppm). A liquid sample of DMSO-ds was used for *H chemical shift referencing.
The chemical shift of the residual *H signal due to DMSO-ds was assigned to 2.49 ppm.

Graphene oxide. Graphene oxide was obtained from graphite microparticles by the

Hummers’ method modified by Bissessur.**° Sulfuric acid, 95%, 230 mL, was transferred
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to a cylindrical glass reactor cooled to 0 °C and graphite microparticles (MPG), 10 g,

were added with mechanical stirring. Then, 30 g of KMnOg4 were slowly added

maintaining agitation and keeping the temperature from exceeding 20 °C. The mixture
was cooled to 2 °C and stirred without refrigeration for 30 min, allowing to warm up to
room temperature. Distilled water, 230 mL, was slowly added to the reactor avoiding
excessive heating. The mixture was transferred to a 5 L beaker and 1.4 L of water was
added with stirring followed by 100 mL of 30% hydrogen peroxide. The particles were
exhaustively washed by centrifugation, decanting the supernatant and adding distilled
water, until no precipitation of BaSO4 upon addition of BaCl» solution. Graphene oxide
(MPGO) was dried at 100 °C for four days and the particles were exfoliated at 300 °C for
15 minutes (C/O ratio 1.53).°! FTIR spectrum: 3400 cm™ (broad, OH); 1710 cm

(COOH); 1640, 1576 cm™ (C=C, carbon rings); 1110, 1038 cm™ (C-O-C).>2>’

Modification of graphene oxide MPGO with SO2 (MMPGOQO).*¢ The sample was
placed in the middle of a tubular quartz reactor and heated by an electric oven for ca. 30
min to reach 600 °C under a flow of Ar (40 mL-mint). The flow was then changed to
pure SO (50 mL min™t) for 6 h (sulfur content 12.0%). This sample was submitted to a
subsequent treatment at 200 °C with pure SO, at 50 mL min™ for 2 h, producing mMPGO

containing 10.9% S and C/O ratio 16.94.

Measurement of manganese content. Manganese content in mMPGO (9.92 mg) was
determined by graphite furnace atomic absorption spectroscopy (GFAAS). Operating
temperatures were 1000 °C for ashing and 2400 °C for atomizing; Pd/Mg was used as

modifier for thermal stability. Manganese concentration was 9.39 umol/g.

Reactivity of graphene oxide modified with SO2. mMPGO, 100 mg, was allowed to

react with 100 mg of the reagent (dodecane-1-amine, dodecane-1-thiol, or 11-amino-1-
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undecanethiol), refluxing in dried DMSO for 48 h. The solid was filtered and intensively

washed with dried ethanol and dried under vacuum (100 mmHg, 56 °C) for 6 h.

RESULTS AND DISCUSSION

Oxidation of graphite to graphene oxide. Graphene oxide has a layered structure
whose degree of oxidation depends on the synthetic method.>*® Therefore, a detailed
chemical structure cannot be resolved because of the pseudo-random chemical
functionalization of each layer. Several structural models for graphite oxide have been
proposed 12 and recent structural models suggest that in graphene oxides the two-
dimensional planar structure of graphite might be significantly deviated.!**® However,
these structural models are centered on the chemical functionalization and do not describe
appropriately the relationship between the reactivity and geometry of the carbon matrix.
To this end the model must contain the relevant groups that determine its reactivity and

the products, and their relative positions.

Hummers™ oxidation of graphite* proceeds first by intercalation of sulfuric acid
increasing the interlayer distance.®®5! The oxidation agents are permanganic acid and the
ozone formed in situ. Although ozone formation has been observed during the reaction
of potassium permanganate in H>SOs solutions, its presence depends on the acid
concentration. Hummers™ oxidation occurs in 18 M (96%, specific density 1.84 g-cm™)
sulfuric acid, where Mn(VI11) decomposes unimolecularly upon heating (80-100 °C) to
oxidize water and yield molecular oxygen (Ea = 28 kcal'-mol™).%? Os is not formed under
these conditions. It could not be found under Hummers™ oxidation conditions® but was
observed in the UV-Vis spectra after addition of water in the concentrated H2SO4 solution
of KMnO4.%% The rate of formation of ozone increases with the activity of water and

reaches a maximum at 12 M sulfuric acid (Ea = 17 kcal-mol™, below 50 °C), in a parallel
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route with the oxidation of water to oxygen, and decomposes almost completely to
oxygen.®2

If we assume that the oxidation was only due to ozone, the XPS spectrum of graphene
oxide (MPGO) showed the expected insertion of ozone, with oxygen as carbonyl and
epoxide groups, except for a small concentration of hydroxilates (7.90 at%) that might be
due to permanganic acid oxidation (Table 1). The permanganic acid oxidative mechanism
might produce atomic oxygen that intercalates in the interlayer channels and by
consecutive reactions generate epoxide groups by a mechanism similar to ozone.
Calculation of the spectrum by the atom inventory technique,*® showed that 43.6% of the
mass of MPGO (100 g) would be due to inserted ozone. As was mentioned above,
oxidation of graphite by ozone produced [peroxide=dicarbonyl] tautomers, that eliminate
CO:2 (Fig. 2), and atomic oxygen that intercalates in the graphite (Fig. 4).2® Atomic oxygen
would produce mainly epoxide groups by basal oxidation.

The present results suggest that the oxidation of graphite to graphene oxide
occurred mainly at the edges and then extended to the internal basal planes. Therefore,
the basal oxidation would produce epoxide groups with no essential damage of the carbon
network because the ozone reduction reactive sites are located at the edges of the carbon

matrix and the TBA reactive site model should be valid.

15



Table 1. XPS spectrum of graphite MPG and after oxidation to MPGO?

Sample Initial MPG MPGQ®
Element | eV (weight%) | at% | eV (weight%) | at% | Calc at%°
Cls
C=C|285.0 (100) |94.91|285.0 (59.25) [35.84
C-0O 286.08(26.29) | 15.91
C=0 288.14(14.46) | 8.75
total 94.91 60.50| 60.50
O1s 533.0 (100) 5.09
C=0 532.46(35.16) |13.89
C-0-C 534.28 (44.83) | 17.71
Na-O 535.75(20.01) | 7.90
total 5.09 39.50| 39.50
CIO 18.65 1.53

3 Spectrum calibrated by reference to C1s (285.0 eV). ® Oxidation according by Hummers’

method modified by Bissessur.>* ¢ Calculated from reaction C + Oz — C(Ox)

Graphene oxide after thermal modification with SO2. Thermal modification of
graphene oxide MPGO with SO was first carried out at 600 °C followed by subsequent
heating at 200 °C. The XPS spectrum shown in Table 2 was calculated from Fig. 2 (X=S)

by reactions (1), (2), and (3).

600 °C

33— 4+CO; (1)

TBA+S0;—>1—3 (2)
200 °C

37— 4+CO; (3)
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Table 2. Binding energies and composition from XPS spectrum of graphene oxide

(MPGO) and after SO modification (MMPGO).?

Sample MPGQOP mMPGO °©
Calc.
Element eV (weight%) | at% |eV (weight%) | at%
S2p non-oxi 164.0 (94.3) 1.61
oXi 167.4 (5.7) 0.10
total 171 1.86

Cls C=C|285.0(59.25) | 35.84|285.0(91.8) | 85.20
C-0|286.08(26.29) | 15.91|286.2 (6.09) 5.65
C=0|288.14(14.46) | 8.75(287.3 (2.11) 1.96
total 60.50 92.81| 92.81

Ols C=0|532.46(35.16) | 13.89|531.1 (19.0) 1.04

C-O-C|534.28 (44.83) | 17.71|533.4 (81.0) 4.44
Na-O|535.75 (20.01) | 7.90
total 39.50 548| 5.33
C/O 153 16.94| 17.41

3 Spectrum calibrated by reference to C1s (285.0 eV). ? Oxidation by Hummers’ method
modified by Bissessur.**° The particles were exfoliated at 300 °C for 15 minutes (C/O
ratio 1.53). ¢ Flow of SO, 100 mL-min’*; at 600 °C for 6 h and subsequent heating at 200

°C for 2 h. Y Calculated from reactions (1), (2), (3).

Reaction (1) shows that the main elimination of CO2 occurred at 600 °C and 58.7%
of the initial mass of graphene oxide was eliminated as CO, (Table 3) while the proper
modification reaction of SO insertion is reaction (2), with some decarboxylation at 200

°C (Reaction (3).
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Table 3. Weight composition (%) of MPGO after heating step at 600 °C during

modification with SO,.2

CO2 MPGO
f=0.457 | At-moles| Weight, g At% Weight Weight% At%
Initial Initial, g final total

Element| n| A niA (AW)nA® | Ciep | (AW)Ciexp® C final
S2p
Cls |-1| 18.11 | -18.11 -217.32 60.50 726.00 508.68 92.82
Ols -2 -36.22 -579.52 39.50 632.00 52.48 7.18
2N -3
Total -54.33 -796.84° | 100.00 1358.00 561.16 100.00
Weight % CO2 (58.7%) 100% MPGO (41.3%)

2 Calculated according to reaction (1).° CO,. ¢ AW, atomic weight.

Reactivity of graphene oxide modified with SO2 (MMPGO). Monoatomic sulfur
extruded from the thiirene initiates a series of consecutive reactions shown in Fig. 3,
between reactive sites to insert in the thiirene ring and subsequent sulfanes. The reactive
site can to be visualized as part of an ensemble of sites where the model represents the
statistically predominant structure present when the steady-state is reached.®® Most
members of the ensemble have a free energy very close to the mean value. In other words,
the reactive sites of the systems under the steady state are very similar and contribute to
the total free energy with about the same value. Therefore, it is possible to represent this
ensemble by one reactive site model. When the steady state is reached under the flow of
a constant gas atmosphere, there will be a constant concentration of reactive site species

(TBA); related to the reactions occurring in the systems.
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The observed reaction of graphene oxide modified by SO2 with alkyl thiol and alkyl
amine shown in Table 4 indicates that the TBA model can be used and the spectra were
calculated by the atom inventory method.*® As was mentioned above, both reactions
followed the same selectivity observed for other carbons with respect to the intermediates.

The calculated spectra agreed very closely with the experimental elemental content.

Table 4. Binding energies and composition from XPS spectrum of MPGO thermally

modified with SO after thiolysis, aminolysis and amino-thiolysis reactions.?

Sample mMPGOP After thiolysis® After aminolysis® After amino-thiolysis?

Calct Calcf Calch

Element | eV (weight%) | at% |eV (weight%) | at% | at% |eV (weight%) | at% | at% | eV(weight | at% | at%

%)

S2p non-oxi | 164.0 (94.3) 1.61 | 164.3(90.9) 5.12 164.4 (87.2) 3.64 164.2 (88.4) 3.55
oxi | 167.4 (5.7) 0.10 | 166.9 (9.2) 0.52 166.5 (12.8) 0.54 166.5 (11.6) 0.47

total 171 5.64 | 5.38 418 | 3.95 4.02 | 4.58
Cls 285.0(91.8) |[85.20[285.0(78.8) |70.54 285.0(68.9) | 61.47 285.0 (69.1) |59.12
285.7 (5.8) 5.16 285.8 (6.3) 5.35
286.2 (6.09) 5.65 |286.2 (15.4) 13.76 286.2 (18.8) 16.75 286.3 (17.2) | 14.76
287.3 (2.11) 1.96 | 287.7 (5.8) 5.18 287.3 (6.5) 5.82 287.7 (7.5) 6.39

total 92.81 89.48 | 89.74 89.24 | 90.19 85.62 | 85.82
Ols 530.9 (8.4) 0.78
531.1 (19.0) 1.04 |531.2 (32.1) 1.57 532.2 (57.7) 3.23 532.6 (34.4) | 3.17
533.4 (81.0) 4.44 |533.7 (67.9) 3.31 533.9 (42.3) 2.36 534.1(52.1) | 4.78
535.9 (5.1) 0.47

total 5.48 488 | 4.88 5.59 | 4.88 9.19| 8.44

N1s - - 400.7 0.98 | 0.98 |400.5 117 | 1.17
C/O 16.94 20.00 16.67 0.90

aSpectrum calibrated by reference to C1s (285.0 eV). PFlow of SO, 100 mL-min; at
600 °C for 6 h and subsequent heating at 200 °C for 2 h. °Reflux with dodecane-1-thiol
(C12SH) in DMSO for 48 h. YFrom reactions (4), (5). °Reflux with dodecylamine (C12NH-)
in DMSO for 48 h. f From reactions (6), (7), (8). °Reflux with 11-amino-undecanethiol
(HSC11NH,) in DMSO for 48 h. "From reactions (9), (10).
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In Fig. 7, species 1 e 2 (from Fig. 2) are expected to react with extruded elemental
sulfur generating species 5 and 6. The composition after thiolysis with dodecane-1-thiol
(C12SH), increased in sulfur content, is shown in Table 4 calculated from the reactions

(4) and (5), corresponding to the insertion of the thiol and partial decarboxylation.

5 (or 6) + C12SH — 7 (or 8) 4)

1-3—->4+CO0; 5)

co,

—[3]

Figure 7. Thiolysis of modified graphene oxide with dodecane-1-thiol (C12SH), X = 1-3.

TBA model.
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The aminolysis with dodecane-1-amine can be described by Fig. 8, where species

5 and 6 were generated through the same reactions as the thiolysis of Fig. 7.

Figure 8. Aminolysis of modified graphene oxide with dodecane-1-amine (C12NH>),

X =3. TBA model.

The XPS showed the insertion of nitrogen and the composition was calculated by
equations (6), (7) with insertion of SO and partial decarboxylation, and equation (8) with

insertion of the amine.

TBA+S0O; —» 1 (6)
1-53—-54+CO0O; (7
5 (or 6) + C12NH2 — 9 (or 10) (8)

It was considered that the nonoxidized sulfur intermediate in the modified graphene
oxide at the steady state should be as trisulfane that is the most stable form.3>#! Thiirene

and cyclosulfanes react with amines as the thiiranes, with Sn2 ring opening.84-
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Amino-thiolysis of graphene oxide modified with SO2. The amino-thiolysis of
mMPGO after reaction with 11-amino-undecanethiol showed a XPS with an increased
content of sulfur and nitrogen. The calculated spectrum in Table 4 considered the
cyclisation mechanism of the amino-thiolysis as described in Fig. 9. Reaction (9)
describes the modified TBA reacting with SO> to generate 1, as in Fig. 7, considering
only the OO approach of SO». The initial TBA species 1 is assumed to have the steady
state composition with the dioxathiolane oxidized intermediate at position 11,12 and the
reduced intermediate at position 1,2 in the form of the more stable trisulfane. Reaction
(10) is the amino-thiolysis, as thiolysis 3 or aminolysis 4, followed by the cyclisation
reaction (5 = 6).

TBA+S02— 1 9)

1+2—>3(or4)— (5=06) (10)

Reaction on the dioxathiolane opens the ring inserting the thiol on position 11 or
12 while reaction on the trisulfane opens the ring inserting the amino group on position 1
or 2. There is no apparent selectivity on those positions and in Fig. 9 were chosen
arbitrarily positions 11 and 2 because there would be less steric constrain for the

cyclisation in the next step.
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Figure 9. Amino-thiolysis cyclisation mechanism of graphene oxide modified with

SO,. TBA model.

The cycle formed as the result of amino-thiolysis can have two main
conformations. The outer conformation 5 is external to TBA site while the inside
conformation 6 is bent over the graphene matrix.

The bent-over cyclic conformation should present a preferred minimum energy
conformation over the graphenic matrix due to the positive interactions between the alkyl

moiety and the graphene layer. Noncovalent interactions are widespread in organic
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systems and can play a decisive role in their properties. Interactions between sp3-C-H
bonds and aryl substituents have been observed,* also supported by quantum chemical
calculations.5+% The activity of Hoveyda-Grubbs 2nd generation catalyst was reduced
when bound to carbonaceous filler (graphite, graphene or carbon nanotubes) because the

strong m-stacking interaction with the aryl groups.®®

Metal nanoparticle catalysts
supported on 2D nanomaterials, as graphene oxide, are able to induce different
interactions (Van der Waals, n-m stacking, dipole-dipole) varying the functional groups
on the ligands (alkyl, aromatic).%® Solid polymer electrolytes intercalate into graphite
oxide due to the dipole—dipole and/or hydrogen bonding forces of attraction between the
polymers and graphene oxide.’® A computational study on the interaction between
pristine graphene and graphene oxide and several polymers found that the lowest energy
conformer of the B-conformation of polyvinylidene fluoride with the hydrogen atoms
facing the graphene had the strongest interaction.”

The XPS data in Table 4 shows that the cyclisation has occurred because although
species 3 and 4 have the same composition as cyclized species 5 = 6, the simultaneous
insertion of 2 accounts for the concentration of S and N in species 5 = 6 without

increasing the concentration of carbon. This subject will be also discussed using the NMR

results.

Solid-state NMR studies. Modified graphene oxides after aminolysis with
dodecane-1-amine (1), thiolysis with dodecane-1-thiol (2) and amino-thiolysis with 11-
amino-undecanethiol (3) were studied using solid-state *H and *C MAS NMR
measurements. Since the solid materials were exhaustively washed and then dried under
vacuum, we expected the remaining solids to be free of small molecular weight organic
molecules adsorbed on the surface or of those included as free molecules in the bulk of

the material, unless bonded covalently to the solid particles.
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The 3C MAS spectra acquired with a direct observation of *C nuclei using the
sequence of Cory and Ritchey’ (Fig. 10), and decoupling from protons, showed only a
single broad signal for each sample centered at approximately 124 + 3 ppm with the
linewidth of ~3 kHz (1), ~2 kHz (2) and ~4 kHz (3). Unlike the spectrum of graphene
oxide,® no signals were observed at 60-70 ppm in *3C MAS spectra of (1)-(3). This was
expected, as the C/Q ratio increased from 1.53 in MPGO to 16.94 in mMPGO (see above).
The 3C MAS spectra of mMMPGO shown in Fig. 10 were similar to the **C MAS spectra
of reduced graphene oxide (RGO),” although the reported chemical shift for RGO is 117
ppm. Previously, broad *C signals at 134,7® 130,112 129,%6 12877 and 117 ppm’ have
been assigned to sp? carbons of aromatic rings and conjugated double bonds in graphite
oxides and graphene oxides. It is likely that the variation over a wide range of 17 ppm is
caused by the changes in relative contents of aromatic and olefinic carbons, as well as by

the relative content of sp? carbons attached to oxygen atoms.
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(3)

(2)

(1)

300 200 100 0 -100  [ppm]

Figure 10. Proton-decoupled 3C MAS spectra of (1), blue; (2), red; (3), green, acquired

using the sequence of Cory and Ritchey with direct detection of 3C nuclei.”

In addition to the signal at ~125 ppm, another broad signal at approximately 29
ppm was observed with a linewidth of ~1.2 kHz in the 3C CPMAS spectra of 1 and 2
(Fig. 11), which have been attributed to aliphatic carbons.®>*’ Thus, while the sensitivity
of the experiment with direct observation of **C nuclei was not sufficient for the detection
of aliphatic carbons, it was possible to enhance the signal due to protonated carbons of a
dodecyl chain in the experiment which utilises cross-polarisation from *H nuclei to *C
nuclei. In particular, the carbons of the (CH2)e of a -CH2-(CH2)eCH2CHs group resonate
at ~29 ppm, while the remaining methylene and methyl carbons of the dodecyl group are

not resolved due to the very broad line observed.®?4” Unlike 1 and 2, no signal was
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observed in the 3C CPMAS spectrum of 3. In the first instance, this suggests that the
content of organic species with C-H bonds may be negligibly small in 3, hence cross-
polarisation from protons is inefficient for revealing any carbons in the vicinity of ‘H
nuclei. However, XPS of the aminolysis and thiolysis reaction of modified MPGO under
the same conditions, did show the insertion of the alkyl moiety as well as the insertion of
the amino-thiol (Table 4). The solid-state *H MAS spectra discussed below are also in

favor of the insertion of the alkyl moiety in all three samples studied.

3) i Mt RS B AA I SN ARl o™ et vty

(2)

(1)

200 150 100 50 0 [ppm]
Figure 11. 1*C CPMAS spectra of (1) — (3).

The *H MAS spectra (Fig. 12) showed isotropic signals at -1.5 + 0.3 ppm (1), -1.6
+ 0.3 ppm (2) and -2.8 = 0.3 ppm (3). The measured linewidths were 2.6 £ 0.2 KHz (1),
2.4 +0.2 KHz (2) and 2.3 £ 0.2 KHz (3). Chemical shifts and linewidths were determined

from the deconvolution of the isotropic part of the spectrum using two components (see
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Supporting Information). The values quoted above are for the major components in each

sample, accounting for >90% of the total integral intensity.

(3)

(2)

(1)

Figure 12. *H MAS spectra of (1) — (3).

We now discuss the *H and **C NMR results for mMPGOs (1)-(3) treated with
mono- and difuctionalised alkanes. Compared to *3C, proton chemical shifts show
stronger dependence to the changes in the environment and therefore the low frequency
negative *H NMR chemical shifts are likely to be indicative of strong interactions at
relatively small distances.”® As discussed above (see Fig. 9), the di-functionalised alkyl
—S—C11H2>-NH-is bound to mMPGO at both the sulfur and nitrogen ends of the chain,
which is expected to lead to more restricted motional mobility of the C11H2, fragment,
compared to Ci2H2s chains of mono-functionalised alkyls Ci2H2s—NH— and C12Hos—S—

bound to mMPGO at only one end of the chain via either sulfur or nitrogen containing

28



functionalities. The alkyl tails of Ci2H2s—NH— and Ci2H2s—S— can be aligned either
perpendicular or parallel to the mMPGO surface. For the perpendicular alignment,
protons of the alkyl chain are placed away from the aromatic surface and the expected
chemical shift would be near +1.3 ppm for the CH> protons, as in normal or functionalised
alkanes in solution NMR spectra. The observed chemical shifts in *H MAS NMR spectra
were -1.5 ppm in (1) and -1.6 ppm in (2). The ~3 ppm shift to lower frequencies relative
to alkanes can be attributed to either the ring current effect from the aromatic rings of the
mMPGO surface or to the presence of paramagnetic Mn?* jons. As shown previously,
however, the absence of orbital angular momentum in Mn?* leads to an isotropic electron
g tensor.”®8 Thus, nuclear spins such as *H or '3C are not expected to experience a
pseudocontact shift in the vicinity of Mn?* ions, while they will still experience a
paramagnetic relaxation enhancement leading to fast T: and Ty, relaxation of nearby
spins. The absence of detectable pseudocontact shifts and paramagnetic residual dipolar
couplings for some metal ions, such as Mn?" and Gd®*, has also been attributed to their
very low paramagnetic susceptibility anisotropy.81#2 On the other hand, Fermi contact
isotropic shifts due to Mn?* can be very large, if present, of the order of several hundreds
of ppm (e. g., estimated as 763 ppm for a 3P nuclei interacting with a Mn?* ion).8 An
aromatic ring current effect is induced under the influence of the external magnetic field
and it is observed for *H nuclei placed in the vicinity of aromatic rings.”® It is a widely
used phenomenon since the 1950s,8848% which has also inspired the nucleus dependent
chemical shift (NICS) calculations.®®®” The effect is anisotropic: protons in the molecular
plane and outside of the aromatic ring resonate at higher frequencies, while those above
or below the ring resonate at lower frequencies.’® In our case, the parallel alignment of
the alkyl chain above the aromatic rings of mMMPGO would lead to low-frequency shifts

due to the ring current effect. Thus, both the magnitude and the direction of chemical shift
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changes in *H MAS spectra of (1)-(3) are typical for the ring current effect.’”® For (3), the
observed chemical shift is -2.8 ppm, i.e. further shift to lower frequencies is observed
relative to mono-substituted alkyls (1) and (2). Compared to free alkanes, the H
resonance in (3) is shifted by -4.1 ppm. The observed large change in the *H chemical
shift value agrees with the structural model in which the disubstituted alkyl in (3) is bound
to the mMPGO surface at both NH and S ends of the chain, which: (i) restricts the mobility
of the the C11H2. chain and (ii) places protons of the alkyl chain in closer proximity of
the aromatic rings of mMMPGO compared to monosubstituted alkyls (1) and (2). Both the
restriction of mobility and shorter distances to the aromatic rings are expected to decrease
chemical shift values due to the ring current effect. Thus, the relative changes in *H NMR
chemical shifts agree with the structural model in which the C11H2 fragment in (3) is bent

over the graphene matrix (see conformation 6 in Fig. 9).

Regarding the intramolecular motional mobility and the role of non-covalent
C-H...n interactions, although important in rigid cyclic structures, the C-H...n
interactions between the C-H bonds of alkyl chains and the aromatic rings of the mMMPGO
surface are not sufficiently strong to restrict full rotations about the alkyl C—C bonds
within the C12H2s chain at ambient temperatures, e.g. methyl group rotation or ethyl group
rotation about the Cp-C, bond of the alkyl chain. Such full rotations cannot take place in
the di-functionalised —S—C11H2>-NH- fragment with both ends of the chain anchored to
the mMPGO surface with the di-substituted alkyl chain aligned parallel to the mMPGO
surface, as illustrated in Fig. 13. Nevertheless, some restricted dynamics is expected for
the cyclic structure, such as interconversion of the ring with the largest motional

amplitude at the central carbon atom Cs of the (CH2)11 chain (Fig. 13).
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Figure 13. The TBA model after amino-thiolysis cyclisation of 11-amino-1-
undecanethiol in the presence of Mn?* ions, illustrating the preferred bent-over
conformation of the alkyl chain (Fig. 9). The shown location of Mn?* ion is hypothetical
and is used for illustrative purposes only. Atom colors used: gray (carbon); white

(hydrogen); red (oxygen); yellow (sulfur); blue (nitrogen); purple (manganese). 8

The presence of isolated Mn?* ions in graphene oxide and in reduced graphene
oxide was previously revealed by Panich et al.®% It was attributed to potassium
permanganate (KMnQOgs) used in the oxidation of the sample by Hummers’ method. As
shown by NMR and EPR measurements,*% these ions are likely to be anchored to the
graphene oxide planes and contribute to the *H and *C spin-lattice relaxation. In
particular, they showed that the T relaxation time for sp? carbons was 110 s in pure
polycrystalline graphite and 1.9 s in graphene with manganese ions. As concluded by
Panich et al.,% the only reason for the observed T reduction is the interaction of *C spins
with electron spins of paramagnetic Mn?* ions and that Mn?* ions do not exist as a
separate phase but form manganese—graphene charge-transfer complexes and they are
positioned on the graphene surface. Note that the concentration of manganese in graphene

oxide studied by Panich et al. was 3.04 umol/g, which is significantly less than in
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mMPGOs studied in this work (9.39 umol/g). Similar to conclusions by Panich et al.,
manganese ions in mMMPGOs (1)-(3) are expected to trigger fast T1, relaxation of *H spins
in spin-locking experiments, which will adversely affect the CP efficiency in *C CPMAS
spectra, since *C spins cannot cross-polarize from *H spins relaxing very fast during the
spin-locking period of the CP experiment. The paramagnetic relaxation rate enhancement
effects have been shown to depend on the inverse of the 6th power of the metal to the
observed nucleus distance (r),®! thus they are expected to decrease rapidly on a relatively
small increase in r. In the case of (3) with both ends of alkyl chain anchored to the
mMPGO surface, the restricted motional mobility and closer proximity of the —(CH2)11—
chain to the mMPGO surface with manganese ions will result in faster *H and *3C spin
relaxations compared to (1) and (2) with mono-substituted CH3(CH2)11— chains, thus
explaining the complete loss of the CPMAS signal for (3) (Fig. 12).

We note that the effect of paramagnetic species on both cross-polarisation and
Bloch decay experiments has been subject of the detailed studies previously.®* Two
mechanisms via which paramagnetic species cause signal loss were considered: field
inhomogeneity and the interaction between electronic and nuclear spins. Both of these
were shown to be efficient in the case of Mn?* ions, which have relatively long spin-
lattice relaxation time of the free electron (T1). Compared to Bloch decay experiments,
CP experiments were more susceptible to the interaction between electronic and nuclear
spins, which was in turn more efficient for ions with longer Tz, such as Mn?*. The higher
susceptibility of CP experiments was attributed to the faster 'H relaxation during the
contact time (T, relaxation): fast relaxation of a *H spin close to paramagnetic ions
triggers fast relaxation of neighboring *H spins via spin diffusion, promoting the signal
loss in 3C CPMAS spectra. The degree of signal loss was also higher at higher

concentrations of paramagnetic ions. These findings agree well with our analysis of the
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CP efficiency in 13C CPMAS spectra of mMMPGOs (1)-(3) presented above. Furthermore,
the absence of signal at ~125 ppm in the 3C CPMAS spectrum of (3) suggests that, alkyl
chains of (1) and (2) provided the *H reservoir for the observation of sp? carbons of

mMPGOs in 3C CPMAS spectra (Fig. 12).

CONCLUSIONS

Graphite microparticles, oxidized to graphene oxide (MPGO) by Hummers’
method and modified with SO, contain manganese. The oxidation can be ascribed mainly
to ozone formed during the reaction. Oxygen was inserted as a peroxide=dicarbonyl
tautomer that was eliminated as CO, during the modification at 600 °C, along with the

basal oxidation that produced mainly epoxide groups.

Oxidation did not modify deeply the edging structure of graphite that presented
the same selectivity toward thiolysis and aminolysis as nonoxidized carbons. Therefore,
the TBA (tetradehydrogenatebenzo[a]anthracene) reactive site model was valid to
postulate the mechanisms of these reactions for the graphene oxide modified by SO>

(mMPGO).

The amino-thiolysis of mMMPGO occurred with cyclisation, where the CH. groups
of the alicyclic moiety of the aminothiol ring adopts a preferred conformation over the
graphene matrix. The insertion of the aminothiol occurred in a reactive site, the geometry

of which was consistent with the postulated TBA model.

As shown in this work, graphene oxide properties can be modified by
functionalization and it is important to optimize the reactivity and selectivity of the
reacting centers. The TBA reactive site model works as a molecular reactor that present

two reactive sites (diradical and benzyne) that might be chemically or photolytically
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functionalized. Both centers become selective when functionalized with the intermediates
of the SO reduction on a variety of carbons. The selectivity of the two modified centers
allowed the insertion of two different functionalities in the same reactive center. Since
the functionalization of graphene oxide changes its physical-chemistry properties it can

be explored for electronic and biological purposes.

From the point of view of structural characterizations of modified graphene
oxides, which are extremely difficult to study by conventional techniques, a chemical
variation of the alkyl chain in (1), (2) and (3) with dodecane-1-amine, dodecane-1-thiol
and 11-amino-1-undecanethiol, respectively, allowed us to follow the interaction of
mono- and disubstituted alkanes with graphene oxide in a sequential manner providing
greater insight into the structural changes. In particular, the joint comparative analysis of
'H and *3C solid-state NMR spectra together with the XPS results for different mono- and
difuctionalised alkyls allowed us to draw conclusions, which otherwise would be
impossible to reach. The changes of *H NMR chemical shifts of alkyl chains proved
particularly useful, which were attributed to ring currents from modified graphene oxides.
The efficiency of the *H-'3C cross-polarisation in CPMAS experiments was shown to be
driven by the presence of manganese ions in graphene oxides, which provided additional
information about the comparative strength and proximity of the interaction between

alkyl chains and graphene oxides.

Supporting Information. Additional information on the deconvolution of the isotropic
part of the 'H MAS NMR spectra. This material is available free of charge via the Internet

at http://pubs.acs.org.
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