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ABSTRACT: In this report, we show that at the ionic liquid
(IL)/Pt electrode interface, the C—H bond in methane can be
activated and abstracted in situ to form methyl radical by
electrochemically generated bis((trifluoromethyl)sulfonyl)-
amide ([NTf,]) radicals from the ionic liquid, 1-butyl-1-
methylpyrrolidinium bis((trifluoromethyl)sulfonyl)amide
([Bmpy][NTf,]). DFT modeling supports the abstraction of
hydrogen from CH, by the NTf,e radical resulting in the
formation of a methyl radical that then reacts with the IL to
form the CF;e radical and molecular products, CF;CF; and
CF;H. This work thus provides a new pathway of controlled
activation of the C—H bond of methane anaerobically at low
potential in a neutral condition at room temperature which can
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have important applications such as organic electrochemistry and preparative-scale organic electrochemical synthesis.

B INTRODUCTION

Methane is one of the most abundant organic molecules in
nature and the main component of natural gas. Methane is also
a powerful greenhouse gas that is far more effective at trapping
heat in the atmosphere than carbon dioxide, significantly
impacting climate change."”” Methane is found both below
ground and under the sea floor. The vast reserve of methane in
nature makes it an ideal chemical feedstock for the production
of liquid fuels and chemicals. However, methane is underutil-
ized since the C—H bond in methane is regarded as one of the
strongest C—H bonds (104 kcal/mol). Currently the
economical and sustainable strategies for the controlled
oxidation of methane are lacking. Typically methane can be
oxidized by strong oxidizing acids such as H,SO,’ and OsO,/
NalO," in the presence of metal catalysts. Anaerobic oxidation
of methane mediated by consortia of archaea and sulfate-
reducing bacteria was reported. Recently, it was shown that
direct anaerobic oxidation of methane can be coupled with
sulfate reduction or coincided with denitrification of nitrite/
nitrate.”*~® The one-electron oxidation of methane is
particularly unfavorable from a thermodynamic standpoint,
and therefore, the generation of methyl radicals requires the use
of rather strong oxidants and/or high temperatures. In the past
decades, many catalysts for methane oxidation were
reported;”®’ however, they suffer from some combinations of
low selectivity, catalyst instability, extreme reaction conditions
(strong acidic media, high temperature, and high pres-
sure),'"™"* which hinder their uses at the industrial scale.

The rate-limiting step of methane oxidation is dissociative of
chemisorbed CH, by breaking one of the C—H bonds via the
Eley—Rideal-type mechanism.” In this work, we demonstrate a

-4 ACS Publications  © 2016 American Chemical Society

13466

new approach via electrochemically generated reactive radical
species from an ionic liquid (IL) at the Pt electrode for selective
activation and functionalization of C—H bonds in methane. ILs
containing organic cation or anions have been shown to act as
“green” reaction media for various chemical reactions.””"
Redox reactions and fragmentation of constituent ions in ILs
can be explored to selectively generate reactive radicals to
promote the oxidation of the methane.'® Furthermore, ILs
could provide an anaerobic (oxygen-free) environment. The
flexibility and tunability of ILs enable new reaction pathways
since the rate and selectivity of a chemical reaction can be
remarkably and reversibly changed by electrochemical polar-
ization of the electronic conductive catalyst (Pt) in an IL
electrolyte (i.e., an ionic conductive medium). The solubility of
methane in many ILs is also higher than many other solvents.
These features can increase the amount of methane adsorption
and the rate of methane oxidation at the same time. Thus, we
rationally selected an IL with fluorine-containing anion
bis(trifluoromethylsulfonyl)imide ([NTf,]) and a bulky
quaternary ammonium cation, 1-butyl-1-methylpyrrolidinium
([Bmpy]). The bulky [Bmpy] cation forces the anions away
from the cation, and the delocalization of the negative charge
along the —=S—N—S— core of the NTf,™ anion also reduces the
cation and anion interaction. Both factors could facilitate NTf,~
anion reactivity with Pt surface under electrochemical
conditions. The methane oxidation processes by bisulfate and
other sulfides have been reported at anaerobic condition
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before,'’~'” and the NTf,” based complex catalyst has high
activity to active C—H and C—C bonding.”*~** Our recent
work discovered that we can directly oxidize the NTf,™ anion to
form a radical electrocatalyst on the platinum electrode at the
anaerobic condition.”® The in situ generated radical catalyst was
shown to catalytically and selectively promote the electro-
oxidation of methanol to form the methoxyl radical, at a
potential drastically less positive in the presence of the NTf,e
radical. In this report, we demonstrate that the in situ
electrochemically generated NTf,e radical from [Bmpy][NTf,]
can subsequently activate the C—H bond in methane to form
methyl radicals that then react with the IL to form CF;e and
molecular products, CF;CF; and CF;H. The CF;e radical is of
tremendous  significance for organofluorination.”* With com-
bined electrochemical studies of DFT and NMR spectroscopic
characterization, a multiple step mechanism was proposed. This
study provides strong evidence of a promising flexible method
using the unique properties of ILs not only for anaerobic
oxidation of methane but also as a potential medium to
generate electrocatalysts for many other hydrocarbon con-
versions.

B EXPERIMENTAL SECTIONS

The chemicals and reagents, structure, and physical properties
of the ionic liquids used in this study, details of the
electrochemical experiments, and the supporting data of
Figures S1—S9 are described in the Supporting Information.

B RESULTS AND DISCUSSION

DFT Calculations of NTf, Radical and Methane
Interactions. The C—H bond of methane is relatively strong
and difficult to oxidize. We characterize possible pathways of
methane oxidation in the [Bmpy][NTf,] using density function
theory calculations (DFT). Advances in DFT have made it
possible to elucidate the elementary steps and mechanisms in
chemical processes that would be difficult to explore
experimentally. The electrochemical one electron oxidation of
NTf,” anion has been reported in our earlier work to produce
the NTf,e radical species.”” Using the Spartan 10 program
set,”” we have performed a test of the reaction of this radical
species with methane employing the DFT with the B3LYP
functional and a 6-31G* basis set to gain initial reasonable
estimates of the likelihood of the reaction shown in eq 1.

Pt—NTf,  + CH, — HPtNTf, + CH;, o (1)

The NTf, radical was first geometry optimized and C—H
bond in methane was placed so that a C—H bond was directed
at the N radical site in NTf,e at a N—H distance of 2.6 A
(Figure 1). The N—H bond length was incrementally shortened
in 0.1 A excrements to 0.8 A. The minimum was found at 1.0 A,
and a subsequent full optimization found the true minimum at
1.032 A (Figure 1). The abstraction of the hydrogen atom from
methane is downhill energetically (—7.1 kJ/mol) and leaves the
H-NTTf, neutral molecule and a methyl radical. The activation
barrier was found to be ca. 37 kJ/mol, which is low enough for
a rapid reaction to occur. More accurate full thermodynamic
calculations were then performed using the Gaussian09
program set’® for the free energy change for the overall
reaction using B3LYP/6-311++G** which gives a more favored
result with AG® = —12.1 kJ/mol in the gas phase and a
substantially more favorable value in the IL environment of
AG°® = —21.6 kJ/mol using IE-PCM with a dielectric constant

Figure 1. DFT calculations of NTT¥, radical and methane interactions.
(a) Structure of [Bmpy][NT£,]. (b) The optimized geometry of NTf,
radical at DFT/B3LYP/6-31G* at a N—H initial separation of 2.6 A
(c) The optimized geometry at the minimum in energy at N—H
distance of 1.032 A showing a methyl radical and the HNTf, molecule.
This abstraction reaction is favored energetically by 7.1 kJ/mol with a
ca. 37 kJ/mol barrier height. More accurate full thermodynamic
calculations for the free energy change for the overall reaction using
B3LYP/6-311++G** gives a more favored result with AG®) =
—12.1 kJ/mol. Using integral equation formalism of the polarized
continuum model (IEF-PCM) with a dielectric constant of 11.7 of the
IL, we find an even more favorable result of AGW = 216 kJ/mol.

of 11.7 reported for [Bmpy][NTf,]. Thus, the C—H bond of
methane is predicted to be abstracted by the NTf,e radical
formed at a low electrochemical potential. On deprotonation of
the H-NTT,, the ionic liquid NTf, would be restored and could
act as a catalyst in the oxidation of methane except for the fact
that the methyl radical is predicted to react with the NTf, (vide
infra).

Anaerobic Oxidation of Methane by in situ Electro-
chemical Generated NTf,e Radical in [Bmpy][NTf,].
Figure 2a shows the cyclic voltammetry (CV) results of redox
processes at Pt electrode in [Bmpy][NTf,] under nitrogen
atmosphere. As discussed in our recent report, NTf,” anion
acts as a weak ligand. At room temperature, NTf,” can be
oxidized to a highly active NTf,e free radical at anodic
potential, which subsequently forms the Pt-NTf,e adsorbate.”’
As shown in Figure 2, peaks B and B’ are explained as the
results of the reversible oxidation and reduction of the Pt-
NTf,e adsorbate. The peak A/A’ is the result of the NTf,”
anion being oxidized at 1.2 V (peak A) to the NTf,e radical in
which some of them are being reduced in the cathodic scan
(peak A’) and some of them can subsequently adsorb at the Pt
electrode leading to a redox peak A/A’ at 0.5 V. However, at
initial cycles, the NTf,® radical generated can diffuse away due
to a maximum concentration gradient near the IL-electrode
interface. With subsequent potential cycling, the increasing
amount of NTf,e accumulated near the IL-Pt electrode
interface and resulted in the increasing of peak B/B’ currents.
Consistent with our recent work,”’ the Pt-NTf,e formation is
favored by the higher anodic potentials at the platinum
electrode, as seen in Figure S2—S3 (the results of potential
sweep at variable potential windows, Supporting Information).
Figure 2b shows the multiple cyclic voltammograms in the
presence of methane. One significant difference when
compared with Figure 2a is that the peak B/B’ appears in the
second and subsequent potential cycles, and there is an obvious
peak shift of both peak A/A’ and B/B’ during the multiple
potential cycle experiments. We rationalize that the Pt-NTf,e
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Figure 2. (a) CV in nitrogen, and (b) CV in methane. (c) Normalized methane anodic current at different methane concentrations using the
modified platinum electrode in nitrogen (i.e., first oxidizing NTf,™ anion to form the Pt-NTf,e radical surface adsorbate in the nitrogen conditions
until the peak current reaches a constant and then methane is introduced at various concentrations in nitrogen) (see the Supporting Information for
details). (d) Current vs time curves when potential is stepped to 0.6 V when the electrochemical system is exposed to nitrogen, 10% methane, and
100% methane, respectively. Scan rate for CVs is 500 mV s™". Pt electrode and [Bmpy][NTf,] electrolyte.

adsorbate not only can be reduced but also can facilitate the
abstraction of hydrogen from the C—H bond of methane at low
potential around 0.6 V. The Pt-NTf,e adsorbate is rendered
significantly more electrophilic compared to analogous halide
species with resulting profound effects on decreasing the
potential of electrochemical process.”” The current of peak B
increased gradually and peak potential shifted anodically in the
subsequent scans until reaching to ~0.6 V. These results
support the DTF study that methane is being oxidized to a
methyl radical, which participates in the NTf,” redox processes
in peak A and peak B which led to the peak potential shifts. As
shown in Figure S4 at the gold electrode, electrochemical
oxidation of NTf,” was not observed and there was no NTTf,
adsorbed on the Au electrode. There was no redox peak
observed in the cyclic voltammogram in N, or in the presence
of CH, on the gold electrode. It confirmed that gold is not a
catalytic electrode for methane oxidation. Pt was widely used as
the catalyst for the methane oxidation in aqueous and
traditional nonaqueous electrolytes™ since it has a high
methane adsorption ratio by formation of Pt-H bonds. Our
early work also showed that Pt has high activity as the
coordination center to bond with species such as the NTf,e
radical to form the Pt NTf,e radical catalyst for abstraction of
hydrogen from methanol.”®

We performed linear voltammetry in which we first oxidized
the NTf,” anion to form the Pt-NTf,e radical surface
adsorbates in anaerobic conditions (ie., pure nitrogen), and
then we introduce methane at various concentrations
maintaining anaerobic conditions. Figure 2c¢ shows that the

anodic currents enhanced with an increase in the methane
concentrations around 0.65 V. It indicated that the electro-
chemically derived active NTf,® could in situ oxidize methane
at the platinum surface in an anaerobic condition. And this
process is not a diffusion-controlled process, as methane
concentration and peak current follows a nonlinear relationship.
It was further proved by the chronoamperometry results
(Figure 2d and detailed in Figure SS). It shows very different
transient behaviors in the presence of methane from those in
pure nitrogen conditions. With increased methane concen-
trations, the current decay processes show several relaxation
processes. The relaxation curves do not obey the conventional
Cottrell “exponential decay” equations that describe the
diffusion-controlled process. Here, the surface-confined redox
reaction occurred in an irreversible multiple step consecutive
process.””*° These kinds of relaxation curves followed multiple
slower processes and are similar to those observed in other
complexes and disordered systems’' such as conductive
polymer interfaces.’>**

DFT Study of Methyl Radical Reactions with the lonic
Liquid. It is well-known that the methyl radical has a short
lifetime in organic systems. For example, the rate constant for
the methyl radical abstraction from acetone is reported to be
1.3 X 107 L mol™* s™*, which corresponds to a half-life of 0.1 s
at 1 M acetone.”” The addition reactions of methyl radicals with
molecular oxygen are also very rapid and would be on a larger
scale than the us time scale.”® Currently no kinetics have been
done on these reactions in ILs, but recent studies shows that
cation radicals, such as that for anthracene, display similar

DOI: 10.1021/acs.jpcc.6b00153
J. Phys. Chem. C 2016, 120, 13466—13473


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00153/suppl_file/jp6b00153_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00153/suppl_file/jp6b00153_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00153/suppl_file/jp6b00153_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b00153

The Journal of Physical Chemistry C

lifetimes in ILs as in other organic solvents.* Thus, the kinetics
of methyl radical in the IL would be similar to those found in
organic systems likely on the microsecond time frame. Methyl
radical is very reactive and can act as either a strong oxidant or a
strong reductant. Using the same DFT approach, we studied
the possible reactions of the methyl radical formed in reaction 1
with the NTf,” anion and found that the methyl radical readily
adds to the oxygen atoms in NTf,” and forms a strong C—O
bond that creates an overall unstable species. This adduct leads
to an energetically downhill fragmentation (AG® = —24.0 kJ/
mol (gas phase) and AG® = —38.7 kJ/mol (IL dielectric
constant, 11.7°") of the NTf, framework by CF; radical loss
(see Figure 3) and eq 2.

CH, e + N(SO,CE),”
— CE, e + (CESO,)N(S(O)OCH;)” (2)

Figure 3. Optimized geometry (DFT/B3LYP 6-31G*) after methyl
radical attachment to an NTf,” oxygen. The C—O bond length is
1.432 A, and the CF, radical is lost at 3.7 A. This fragmented form is
29.0 kJ/mol lower in energy than the total of the separate methyl
radical and NTf,” species. A full thermodynamic calculation for the
free energy change for the overall reaction using B3LYP/6-311++G**
in the gas phase also shows a favored reaction with AG® = —24.0 kJ/
mol. This reaction is predicted to be substantially more favorable in
the ionic liquid, AG® = —36.8 kJ/mol.

The CF;e formed in eq 2 is found to be able to abstract from
methane, shown in eq 3. The full thermodynamic calculation
for the free energy change for eq 3 was computed and was
found to be slightly favored with AG® = —4.6 kJ/mol at the 6-
311++G** B3LYP level but this value is increased in the ionic
liquid environment to AG® = —12.8 kJ/mol, employing an
integral equation formalism polarizable continuum model (IE-
PCM) with a dielectric constant of 11.7 for [Bmpy][NTf,]*").

CH, + CEe — HCE + CH, (3)

Thus, CF;e and CH, are energetically favored to form CHje
and HCF;. The CF;e formed by attack of the methyl radical on
the NTf, anion will then readily abstract a hydrogen atom from
methane to produce additional HCF; (found experimentally,
see the MS and NMR study below), as well as form additional
CH,e which can further react in a cyclic manner.

NMR and GC/LC—-MS Characterization of Anaerobic
Methane Oxidation in [Bmpy][NTf,]. Electrochemical
reactions identical to those shown in Figure 2b were performed.
The gas phase products of voltammetric reactions were
collected (see the Supporting Information for experimental
details and Figure S1 for the experimental setup) and were

analyzed by gas chromatography/mass spectroscopy (GC/MS)
and nuclear magnetic resonance (NMR). F'’NMR spectrum of
the final products, which were collected by dry ice cold trap,
confirmed only two chemicals with the F element, which were
assigned as HCF; and CF;CF;, resgectively (F": 6 = —68.0 and
—78.1; C: § = 115 and 125).>** GC/MS analysis of the
products independently confirmed this result, and we found
masses appropriate for CF;CF; (m/z 138) and HCF; (m/z
70). We note that these products are those expected result of
reaction shown as eqs 8 to 10 and add evidence for these
reaction mechanisms in which Pt-NTf, and CHj free radicals
form on the polarized platinum surface, and CH; free radical
attack on the S-CF; bonding forms the CF,; radical as predicted
by our DFT calculations.*>*

The mechanism of the reaction in the presence of methane is
proposed as follows:

NTf,” — e” — NTf, e 4)
NTf,  + Pt — PtNTf, @ adsorbate (5)
PtNTf, @ (ads) + e~ — PtNTE,” (ads) (6)

PtNTf, ® (ads) + CH, (ads)
— HPtNTY, + CH, e (shift of peak B/B’) (7)

CH, e + N(SO,CE),”

— CE e + (CESO,)N(S(0),0CH,~ (8)
CE e + CH, - HCE + CH, o )
2CEe — CECE (10)

Net: 3CH, + SNTf,”
— 3(CESO,)N(S(0)OCH,)” + 2 HNTf, + HCE,
+ CECE (11)

The oxidative and reductive cleavages of fragmentation of
NTf,” anions leads to the molecular products CF;CF; and
CF;H, and the mole ratio of these two products obtained by
FYNMR was close to 1:1. The other product predicted
(CF4S0,)N(S(O)OCH,4)~ would be easily converted to
CH,;0H, CF;SO,NH, and SO, via a simple hydrolysis
reaction. "’

Kinetic Studies of Anaerobic Oxidation of Methane at
the IL-Pt Electrode Interface. As discussed above that the
methane oxidation by the in situ generated Pt-NTf,e radical
catalyst involves complicated multiple-step reactions, the
kinetic of these processes were investigated by varying the
methane concentrations and studying the relationship of peak B
currents vs methane concentrations by CV. As discussed above,
the first anodic potential scan to 1.0 V oxidized the NTf,”
anion to form the NTf,e radical which can adsorb at the Pt
surface to form the PtNTf,e radical catalyst. This radical
catalyst initiates the methane oxidation showing in the
subsequent second potential cycle. As discussed in the DFT
study in Figure 3b, the peak B involves the abstraction of
hydrogen from the C—H bond of methane by the adsorbate
PtNTf,e on the Pt surface. The electrode was preactivated by
undergoing six cycles of CV under nitrogen to lay down a
consistent catalytic layer of NTf,e-Pt on the electrode for each
concentration measurement. The increase in peak current from
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Figure 4. (a) The kinetics study of methane anaerobic oxidation, and the voltammograms of anaerobic oxidation of methane at different methane
concentrations (500 mV/s scan rate). The electrode was preactivated by undergoing six cycles of CV under the nitrogen condition to lay down a
consistent catalytic layer of PtNTf,® on the electrode for each methane concentration measurement. (b) The plot of peak current vs volume %
methane concentrations in (a). The black line is the fitting curve by the Langmuir—Hinshelwood mechanism for the methane/IL/platinum (gas/

liquid/solid) interface.

the current found after preactivation was reported as the
catalytic current. As shown in Figure 4a, the anodic peak B
currents increase with methane concentrations, indicating the
peak B current signal is directly related to the amount of
methane available at the Pt electrode interface. A nonlinear
relationship of peak B currents and methane concentrations is
shown in Figure 4b. With the increase of methane
concentrations, the sensitivity (slopes in Figure 4b) decreases
from about 3.8 uA/% to 0.6 uA/% as the concentration of
methane increases from 0% to 25% (v/v). As discussed above,
the methane anaerobic oxidation in the Pt/IL system involves
adsorption of methane and anion of IL, and this process
facilitates the methane oxidation. Thus, the Langmuir—
Hinshelwood theory was applied to obtain the kinetic rate
constants of various steps involving methane oxidation.

The mass balance at the electrode surface is given by eqs 10
and 11 below

Ip = Tepy + I + I (12)
or
1 = Ocyy + Oy, + Op, (13)

Where I'; represents the surface coverage of a specific species
i (in mol/cm?), 6, = [/T'; is the relative surface coverage of
species i and I'; is the total surface coverage of all species.

The rate of adsorption (V,4) and desorption (V) of CH,
and IL at the electrode can be described by the following eqs 14
to 16:

Vacn, = ki Copa(1 — GCH4 - Oy) (14)
Vo, = k,Crp (1 — Ocu, — ) (15)
Viecn, = ki'Ocn, (16)
Vaer = ko' (17)

where k and k' are the reaction rate constants. Ccpy, is
concentration of methane, and Cy; is the concentration of IL, in
our case.

K=y (18)

13470

When the rate of adsorption is in equilibrium with the rate of
desorption for each species, the resulting equations can be
solved simultaneously for fcy, and O as shown in the
following equations. K; and K, are the equilibrium constants of
methane adsorption and IL adsorption, respectively.

" KiCep,
CH, =
4 ]. + KICCH4 + KZCIL (19)
0. = K,Cr,
L=
1 + K Ccpy, + KyCy, (20)

The rate of methane oxidation is equal to
Vi = k3‘9CH4‘91L (21)

where k; is the rate constant of methane oxidation. The total
Faradaic current density is the sum of currents due to reactions
of IL electrolysis and methane oxidation:

]F = -oxidation + jIL = FFT(‘/?’ + Vvl) (22)
So we can get the total current of this reaction:

. K1K2k3CCH4CIL BT 4

Dot (1 + K.Cey, + K,Cy)’ Jep (23)

jepr, is the double layer charging current in the IL, which was
found in most of the IL system.”*"** In our experiments, it can
be considered as a constant because the Faradaic current is
significantly bigger than the electric double layer charging
current. The change of charging current due to the presence of
methane was also very small.

The current density of methane oxidation can be expressed
as

TEK K kyCoy,
jt tal = 2 + ] EDL
ota (1 + I<1CCH4 + I<2) (24)

On the basis of the results from cyclic voltammetry, we used
the current of the sixth cycle in the nitrogen condition without
any redox processes as our background signal. The double layer
charging current can be estimated from CV at the sixth cycle in
pure nitrogen condition (Ccpyy = 0) to be 18.2 puA. Eq 24 was
input into Origin 8.0 nonlinear software.
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From the fitting result, the relationship between the peak
current and methane concentration is as follows:

9.35Ccy,
(0.05Ccy, + 1.74)°

Loy = +182  (r* = 0.99479)

(25)

On the platinum surface, the methane adsorption constant
K, is 0.05 (%7%) and the constant of the ionic liquid reaction
(K,) is about 0.74 (%72). If Ty is 1, ks is about 0.0026(%2).
Comparing with the electrochemical process of IL on the
electrode surface, the three-phase reaction of methane
oxidation k; has the smallest rate constant,* which may
explain the oxidation peak shift to higher potential at high
methane concentration.

Effects of lonic Liquid Structures on the in Situ
Generated Precursor. Table S1 listed several other ionic
liquids with different structures that were studied under the
same experimental conditions. The current at the potential of
peak B was measured and compared. The rate constant of k; of
methane oxidation was summarized in Table 1. From the CV

Table 1. Value of k; in Different Ionic Liquids

cation
k3 (%7%) Bmpy C10mpy Bmim I\
anion NTf, 0.0026 0.00017 0.0001S 0.00021
BF, N.R. N/A N.R. N/A
PF¢ N.R. N/A N.R. N/A
CS N.R. N/A N.R. N/A

result, there were no reactions between other types of ionic
liquids and methane. Only those with the NTf,” anion species
show activity. Obviously, there is significant influence of the
cation to the reaction rates. [Bmpy][NTf,] gives the highest
response for methane electro-oxidation based on the electro-
chemical voltammetry results. It is likely the larger cation
[Cempy]" with the longer side-chain of ten carbons blocked
the active site of platinum surface and decreased the activity of
NTI,”. The ion activities are also constrained by the viscosity of
the ionic liquids. The free radical is expected to diffuse more
slowly in ionic liquid solvents, and the diffusion coefficients of
the free radical vary with the ionic liquid properties. Although
the viscosity of [Bmim][ NTf,] is similar to [Bmpy][NT£,], the
rate of methane oxidation is slower in [Bmim][NTHf,],
suggesting the cation effects. Because of the planar structure
of cation [Bmim]*, the [Bmim]* orientation in the ionic liquid
double layer is different from that of the [Bmpy][NTf,], which
in turn affects the double layer capacitance during the potential
scan.”’” This affects the methane oxidation current even though
the mechanism is likely the same. Given the complexity of
[Bmim][NTf,] as solvents, emerging phenomena occurring in
ILs such as microheterogeneity or fractional Stokes—Einstein
behavior cannot be ruled out. These results support that the
NTf,” plays the key role in anaerobic methane oxidation.
C—H Activation by Potential Step and Application for
Other Hydrocarbon Compounds. Above, the potential
sweep process could be simplified to a potential-step process to
study the electrode surface reactions in situ as well. Potential
step experiments provide output of the constant oxidation
current under +0.6 V (Figure SS), which confirmed the
potential dependency of interface reactions of anaerobic
oxidation to methyl radical in NTf,-based ionic liquids.
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Methane has the strongest C—H bond in hydrocarbon
compounds. C—H bonds in other hydrocarbons which have
weaker bonds would be easier to activate by anaerobic
oxidation processes discussed in this work. The rate constant
(k;) of hexane is 0.0087, which is 3 times that of methane. And
k; of pentane is 0.028, which is 10 times that of methane (see
the Supporting Information). In the anaerobic oxidation of
more than one hydrocarbon compound, such as hexane and
pentane, the current should reveal the sum of multiple
oxidation processes. The oxidation processes would be more
complex than that of methane, and the relative products with
long carbon chains should be harder to remove from the
electrode surface which could limit the anodic current, with
increasing numbers of carbon in the hydrocarbon compounds
(see the Supporting Information Figure S8—S9).

H CONCLUSION

Our results in this work demonstrate electrochemical anaerobic
oxidation of methane to the methyl radical in NTf,-based ionic
liquids at the platinum—[Bmpy][NTf,] interface. A mechanism
is proposed involving multiple steps: (1) electrochemical
oxidation of the NTf,” anion to generate the NTf, radical;
(2) formation of the Pt-NTf,e radical adsorbate at the Pt
electrode surface; (3) abstraction of the hydrogen atom from
methane by the Pt-NTf,e radical adsorbate to form the methyl
radical; and (4) the methyl radical further attacks the NTf,~
anion to form CF;e which generates additional fragmentation
products. This mechanism is supported by multiple character-
ization experiments, including electrochemical (CV, chronoam-
perometry), NMR, GC/LC—MS and is strongly supported by
DFT calculations which show that all the reactions (eqs 1—3)
are exergonic in the ionic liquid environment. One of the
greatest benefits of the approach described in this work is the
chemical versatility combined from the ionic liquids and
electrochemistry. IL not only can be solvents, electrolytes, or
reaction media but also can be explored as a precursor for the
formation of metal catalysts by electrochemistry. For example,
the CF;e radical generated is important for organofluorina-
tion.”* Pt is a high cost metal, but as a heterogeneous
electrocatalyst, it can be regenerated and reused. Only the Pt
surface is reactive; it can be used in small amounts as in
automotive catalytic converters. Our finding is significant as it
lays out a principle and strategy that can be used to produce
functionalized materials in situ, to subsequently modify these
functional groups, and to generate active species, such as metal
complexes, through in situ electrochemistry in the ionic liquids.
It is also possible that researchers can take this principle to
design the catalytic site accordingly based on the need of the
reaction which renders the process of designing, optimizing,
and rationalizing the structure of heterogeneous catalysis more
powerful than it ever was.
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