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ABSTRACT: Selective functionalization of methane at moderate temperature is of crucial economic, environmental, and
scientific importance. Here, we report that methane reacts with heteropolyacids (HPAs) chemisorbed on silica to produce acetic
acid under soft conditions. Specially, when chemisorbed on silica, H4SiW12O40, H3PW12O40, H4SiMo12O40, and H3PMo12O40
activate the primary C−H bond of methane at room temperature and atmospheric pressure. With these systems, acetic acid is
produced directly from methane, in a single step, in the absence of Pd and without adding CO. Extensive surface characterization by
solid-state NMR spectroscopy, IR spectroscopy, cyclic voltammetry, and X-ray photoelectron spectroscopy suggests that C−H
activation of methane is triggered by the protons in the HPA−silica interface with concerted reduction of the Keggin cage,
leading to water formation and hydration of the interface. This is the simplest and mildest way reported to date to functionalize
methane.

■ INTRODUCTION

Selective functionalization of methane at moderate temperature
is of crucial economic importance due to the low cost and high
abundance (methane accounts for up to 90% of natural gas) of
this compound.1 Its chemistry also presents a major scientific
challenge, since activation of the primary C−H bond of
methane is energetically highly demanding (440 kJ/mol).2

Several modes of low temperature activation/functionalization
have already been proposed,3 typically involving either
electrophilic activation (by superacids) or oxidative addition
(on group VIII metals) in sophisticated homogeneous systems
operated at high pressure.4−15

Direct and unexpected conversion of methane to acetic acid
was observed by Periana et al. with a system. The system
consists of PdII in fuming sulfuric acid, which behaves as an
oxidant, and operates at 30 atm/180 °C. It leads to CH3COOH
(after hydrolysis of the main CH3COOSO3H product) and
CH3OH.

16 The catalytic reaction was suggested to occur by
carbonylation of a Pd−CH3 species resulting from the C−H
bond activation of methane by a simple electrophilic

substitution mechanism.7,12 CO is generated in situ from the
slow overoxidation of the methanol intermediate, and no
reaction was observed in the absence of Pd. The catalyst was
reported to yield modest turnover numbers (5−18) after
several hours of reaction before losing its activity. The Pt
version of this system, which leads to methanol, also undergoes
deactivation in a matter of hours, due to product and water
inhibition.17 The efficiency of these systems seems to rely on
the strength of the acidic medium; a concentration of sulfuric
acid above 96% is required.18 Recently, a cocatalytic effect of
the strongly acidic reaction medium in the Catalytica−Periana
system was reported.19

Liquid superacids (such as HF−SbF5) are also known to
directly activate methane at low temperature. This unexpected
reactivity, initially developed by Olah, was attributed to a CH3

+

carbonium species resulting from protolytic cleavage of the
methane C−H bond, followed by hydrogen abstraction. It
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leads, at about 140 °C4 to polycondensation products (mostly
the trimethylcarbonium ion, dimethylisopropylcarbonium ion,
and higher molecular weight hydrocarbon ions) and hydrogen.5

In the presence of CO, superacids such as FHSO3−SbF5 allow
direct carbonylation of methane (50 atm) from 60 °C.20−22

The latest approaches focus on the metal center of
homogeneous/soluble counterparts/analogues to design mo-
lecular-inspired solid reagents for clean methane-to-methanol
transformation.23−25 Considering the role of the acidic part of
the Catalytica−Periana system, here, we evaluate the potential
of solid acids in the methane to acetic acid transformation.
Solid acids, such as the tungsto−silicic heteropolyacid (HPA)
with Keggin structure, H4SiW12O40, are indeed being used at
the industrial level (Showa−Denko process) for direct ethyl
acetate production from ethylene.26 At the molecular level, this
transformation is thought to involve a Wacker-type mechanism,
in which activation of the vinylic carbon−hydrogen bond
occurs on the Pd2+ component of the silica-supported catalyst.
In this model, the HPA is proposed to act essentially as a
cocatalyst by regenerating the active Pd site, and in the absence
of Pd, the supported HPA is reported to be inactive for the
formation of acetic acid.27 However, low yields of acetic acid
can be obtained directly from ethane on Pd-free supported
molybdo(vanado)phosphoric HPAs,28 suggesting that sup-
ported HPAs can activate secondary aliphatic C−H bonds
(and the formation of secondary C−O bond), even in the
absence of Pd.
Here, we report that methane reacts stoichiometrically with

heteropolyacids chemisorbed on silica to produce acetic acid at
mild temperatures and atmospheric pressure. Specially, when
chemisorbed on silica, H4SiW12O40, H3PW12O40, H4SiMo12O40,
and H3PMo12O40 activate the primary C−H bond of methane.
With these systems, acetic acid is produced directly from
methane, in a single step, in the absence of Pd and without adding
CO. In this system, acetic acid is the only observed hydrogen-

containing carbonaceous molecule produced on the material
surface before appearing in the gas phase. This noble-metal-free
heterogeneous gas−solid system operated in a fixed-bed flow
reactor (residence time ∼12 s) is by far the simplest and
mildest way reported so far to functionalize methane. We
demonstrate that both C atoms of acetic acid are derived from
methane. Notably, when exposed to methane, HPAs alone do
not produce acetic acid; only HPA chemisorbed on
dehydroxylated silica allows this transformation.

■ RESULTS AND DISCUSSION

The 13C cross-polarization magic angle spinning (CP/MAS)
NMR spectrum (Figure 1a) of H4SiW12O40/SiO2‑(500)

29 in
contact with flowing 13CH4 (10%

13C labeled, 5 mL/min, fixed-
bed flow reactor) for 30 min at room temperature (25 °C)
exhibits 13C chemical shifts at 19.3 ppm (−CH3) and 180.9
ppm (−COO). These chemical shifts are characteristic of acetic
acid that has been physically adsorbed on oxide surfaces.30 An
additional resonance at approximately −4 ppm is attributed to
physisorbed 13CH4.

16,30,31 As the reaction temperature rises,
from 25 to 80 °C, the intensity of both resonances increases. At
120 °C, the lines are narrower, but the integrated intensity is
slightly less.
The two-dimensional (2D) CP/MAS 1H−13C heteronuclear

correlation (HETCOR) spectra (contact time 0.4 ms) obtained
at room temperature for a sample after reaction at 120 °C
displays a correlation between the carbon signal at 19.8 ppm
(−CH3) and a proton signal at 3.0 ppm (−CH3) and a
correlation between the carbon signal at 180.1 ppm (−COOH)
and a proton signal at 8.2 ppm (−COOH) (Figure S1,
Supporting Information). In the CP/MAS HETCOR spectra
acquired with a longer contact time (5 ms) obtained on
samples treated at 80 °C (Figure 1d) and 120 °C (Figure 1c),
the 1H signals at 3.0 ppm (−CH3) also correlate with the 13C

Figure 1. One-dimensional (1D) MAS solid-state NMR spectra: 13C CP/MAS solid-state NMR spectra (a) and 1D 1H MAS NMR spectra (b) of
H4SiW12O40/SiO2‑(500) samples before and after reaction with 13CH4 at 25, 80, and 120 °C. 2D CP/MAS HETCOR spectra of H4SiW12O40/
SiO2‑(500) samples obtained after reaction with 13CH4 at 120 °C (c) and 80 °C (d). All spectra were acquired at room temperature. Both 2D CP/
MAS HETCOR spectra were acquired with long contact times (5 ms) in order to probe for contact between carbon and nonbonded protons. Details
of the 1H MAS NMR line fitting are given in the Supporting Information. Note that the intensity of the 1H MAS NMR spectrum of 120 °C reacted
material has been scaled by a factor 0.1 due to large increase in the number of protons in the material upon reaction (see the text for details).
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signals at approximately 180 ppm (−COO), consistent with the
fact that the −CH3 and −COO functions belong to the same
molecule (vide infra). These values slightly deviate from the
chemical shifts of acetic acid dissolved in CDCl3 (C: 178 and
20.3 ppm; H: 11.4 and 2.1 ppm),32 likely due to the interaction
between acetic acid and the silica support.
Interestingly, acetic acid is produced selectively on the

surface, and no gaseous product is observed by gas
chromatography (GC, with thermal conductivity detector), at
least until the reaction temperature reaches 100 °C (Figure 2).

All the chromatograms recorded below 100 °C are indeed free
of any extra peak, except that of CH4. Hence, no CO, CO2,
alkane, alkene, or oxygenated products other than acetic acid
are formed, whether on the solid or in the gas phase, when CH4
reacts with silica-supported HPA below 100 °C.
Under those conditions, the formation of acetic acid implies

a reaction between methane and oxygens atoms of the
chemisorbed HPA, according to the following stoichiometric
equation:

+

→ + +

2CH [H SiW O ]/silica

CH COOH [H SiW O ]/silica 2H O
4 4 12 40

3 4 12 36 2

Indeed, in the course of this reaction, we observe that the
interaction between HPAs and silica undergoes significant
changes that can be followed by 1H MAS solid-state NMR
(Figure 1b). Before the reaction with methane, the 1H MAS
solid-state NMR spectrum of H4SiW12O40/SiO2‑(500) after line
fitting exhibits three groups of intense resonances with chemical
shifts of 1.8, from 2.6 to 3.0, and 9.7 ppm (Figure S2,
Supporting Information). These correspond, respectively, to
unreacted isolated silanols [SiOH],33 protonated silanols
[SiO(H)2]

+[HPA]−,34 and HPA protons with limited
interaction with the surface but likely interacting with [W]
O.35 The peak at 1.8 ppm is already observed in the 1H MAS
NMR spectrum of SiO2‑(500) before HPA deposition (Figure S3,
Supporting Information). This demonstrates that, upon
grafting, some silanols of the silica have not reacted with
HPA. The broad peak at approximately 9.7 ppm is observed in
the 1H MAS NMR spectrum of unsupported, dehydrated
H4SiW12O40 (Figure S4, Supporting Information); it likely

corresponds to the protons of the physisorbed HPA that are
free from any interaction with the silica. Note the peak at 0
ppm is assigned to grease and/or physisorbed methane.
The 1H NMR peaks between 2.6 and 3.0 ppm, which are

absent from the spectrum of SiO2‑(500) or the spectrum of
dehydrated H4SiW12O40, therefore result from the interaction
between H4SiW12O40 and the silica surface. This chemical shift
range is consistent with protonated silanol groups [Si
O(H)2]

+ (Figure 3A).

This interpretation is further evidenced by strong autocorre-
lation peaks in double-quantum (DQ) and triple-quantum
(TQ) 1H−1H dipolar correlation NMR spectra (Figure 4).36−39

The intense autocorrelations indicate that protons of this type
are densely clustered in groups of three or more at the HPA/
silica interface. In the DQ spectrum, the protonated silanols are
also observed to correlate with HPA acid protons at
approximately 9.7 ppm (correlation at 11−14 ppm in the
indirect DQ dimension). This indicates a close spatial proximity
between the noninteracting acid protons and silanols that are
hydrogen bonded to the HPA. On the other hand, an
autocorrelation of the signal at approximately 9.7 ppm is
observed only in the DQ spectrum and is absent from the TQ
spectrum, which suggests that these protons do not belong to
H3O

+ or H5O2
+. These acid protons likely interact with the

more accessible terminal oxygen of four HPA units, that is,
[W]O···H+···O[W] (Figure 3B).35 This suggests that,
when the HPA is sorbed on the silica surface, two (or one)
protons remain free from the interaction with the silica surface
and that the other two (or three) are likely involved in the
interaction with surface silanols (Figure 3A). (We note in
passing that the DQ spectrum recorded on the sample reacted
at 80 °C also confirms the presence of acetic acid through
correlations between CH3 at 3 ppm and COOH protons at 11.9
ppm (Figure 4).)
As H4SiW12O40/SiO2‑(500) contacts the flowing 13CH4 (10%

13C labeled, 5 mL/min, fixed-bed flow reactor) with increasing
temperature, the peak at approximately 2.6 ppm in the proton
NMR spectrum gradually decreases in integrated intensity while
the peak at 9.7 ppm disappears (Figure S2, Supporting
Information). On the other hand, after reaction at 120 °C,
two new signals appear: a weak sharp signal in the range 5−6

Figure 2. Product evolution during temperature-programmed
activation of methane on H4SiW12O40/SiO2‑(500). Reaction conditions:
H4SiW12O40/SiO2‑(500), 0.25 g; temperature raising rate, 50 °C h−1;
CH4 flow rate, 5 mL min−1.

Figure 3. Proton species in the H4SiW12O40/SiO2‑(500) sample: (A)
proton from HPA in direct interaction with silanols; (B) remaining
proton of HPA with no interaction with the SiO2‑(500) surface.

35
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ppm and an intense one in the range 7−8 ppm (Figure 1b).
These signals are the main resonances observed in the 1H
NMR spectrum of H4SiW12O40/SiO2‑(25) (Figure S5, Support-
ing Information), adsorbed on fully hydroxylated and fully
hydrated silica; this suggests that water has been produced
during the reaction. Effectively, the total amount of
H4SiW12O40/SiO2‑(500) protons significantly and progressively
increases during the reaction with methane between 25 and 120
°C as indicated by the large increase in the overall integrated
intensity of the 1H MAS NMR spectra (see Figure 1 and Table
S1, Supporting Information). These observations are consistent
with the formation of water during the course of the methane
reaction, which causes further hydration of the H4SiW12O40/
SiO2‑(500) system. The signal at 5−6 ppm is indeed character-
istic of water that is hydrogen bonded to silanols,40 and the
signals at 7−8 ppm can be attributed to HPA protons
interacting with a hydrated silica surface, likely as H5O2

+.41

The absence of autocorrelations in the DQ and TQ spectra is
attributed to the high mobility of the species at 7−8 ppm, as
evidenced by variable-temperature NMR experiments (Figure
S6, Supporting Information) (as the temperature goes down
below room temperature to −148 °C, this peak broadens and
disappears).
Further evidence for the hydration of the HPA proton is

obtained by following the reaction between H4SiW12O40/
SiO2‑(500) and methane up to 120 °C by attenuated total
reflectance (ATR) IR spectroscopy (860−1000 cm−1 range;
Figure S7, Supporting Information): the band at 1006 cm−1

corresponding to the terminal WOd groups in Keggin-type
HPA anions (Figure S8, Supporting Information), which are
not involved in hydrogen bonding, decreases in intensity, and
the band at 989 cm−1 corresponding to WOd···H···Oc shifts
to 976 cm−1.42 This shift is consistent with the hydration of
these groups, that is, the formation of the dioxonium ion

H2O···H
+···OH2 that binds two Keggin units.43,44 This is

further supported by the change in the 2300−3500 cm−1 region
of the IR spectrum associated with the vibrational modes of
water (Figure S9, Supporting Information).44

The reaction between H4SiW12O40/SiO2‑(500) and methane
thus produces both acetic acid and water on the surface. Water
is not released from the solid below 190 °C. It remains bound
and hydrates the initially dehydrated H4SiW12O40/SiO2‑(500)
system. The intensity of the peaks at 7−8 ppm in the 1H MAS
solid-state NMR spectrum of H4SiW12O40/SiO2‑(500) in contact
with methane at 120 °C indicates the following: (i) the water
molecules produced interact with H4SiW12O40 protons (only a
weak residual signal at 3.3 ppm characteristic of pure hydrated
silica (Figure S10, Supporting Information) is visible; it is
known that 11−28 water molecules can typically be
accommodated around Keggin units in hydrated
H4SiW12O40);

45 (ii) the hydrated H4SiW12O40 protons are
interacting with the silica surface (only a minor signal at ca. 9
ppm corresponding to unsupported hydrated H4SiW12O40
(Figure S11, Supporting Information) is observed). Further-
more, by correlating NMR and GC data (Table S2, Supporting
Information), the number of water molecules produced per
molecule of CH4 transformed into acetic acid or CO2 below
350 °C can be estimated; it ranges from about one at 80 °C to
about three at 120 °C. Hence, the stoichiometric equation can
be written as follows:

+ ≡ −

→ + ···

≡ −

− +

− +

2CH [H SiW O ] [ Si O(H) ]

CH COOH [H SiW O ] [H O]

[ Si OH]

4 2 12 40
2

2 2

3 2 12 36
2

3 2

2

This implies partial reduction of the Keggin unit. This
reduction was first verified by cyclic voltammetry (CV) carried

Figure 4. DQ and TQ 1H−1H NMR spectra of H4SiW12O40/SiO2‑(500) samples obtained before and after reaction with CH4 at 80 and 120 °C.
Spectra of the unreacted material were acquired on an 800 MHz spectrometer, while the other spectra were acquired on a 500 MHz spectrometer
(see the Experimental Section for details). All spectra were acquired at room temperature.
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out on H4SiW12O40/SiO2‑(500) samples obtained before and
after reaction with methane at 120 °C (Figure S12, Supporting
Information). The sample before reaction exhibits four sets of
well-defined, reversible, and repeatable voltammetric peaks,
which means that, under the experimental conditions of cyclic
voltammetry, consecutive redox transitions do not lead to any
significant structural changes in H4SiW12O40 supported on
SiO2‑(500). After reaction with methane at 120 °C, the marked
changes in the cyclic voltammogram clearly show that the
primary structure of H4SiW12O40 in a H4SiW12O40/SiO2‑(500)
sample is reorganized and that the [W]VI species has been
reduced to lower valence.46,47 The extent of the reduction was
further estimated by X-ray photoelectron spectroscopy (XPS)
measurements carried out on H4SiW12O40/SiO2‑(500) samples
obtained after reaction with methane at 120 and 300 °C. The
W 4f XPS spectrum recorded from H4SiW12O40/SiO2‑(500)
(Figure S13A, Supporting Information) is composed of a
spin−orbit doublet signal with binding energies for the W 4f7/2
and W 4f5/2 core levels of 36.6 and 38.4 eV, respectively. It is

further fitted by two spin−orbit doublets. The major W 4f7/2
component at 36.4 eV obtained after line fitting shows a similar
binding energy value to that observed in pure bulk
silicotungstic acid, which corresponds to individual Keggin
units on the silica surface; the second component of lower
intensity at 34.9 eV belongs to the [WVI]Od species in direct
coordination with the silica surface.48 After methane activation
at 120 °C, the minor W 4f7/2 component at 34.9 eV is shifted to
a lower binding energy by 0.4 eV (to 34.5 eV) (Figure S13B,
Supporting Information). With increasing temperature to 300
°C, this minor W 4f7/2 component is further shifted to 33.6 eV
(Figure S13C, Supporting Information). These results indicate
that the tungsten species at the interface position is reduced to
WIV during methane activation.49

The role of the HPA−silica interface in the activation of
methane (Figure 5) was confirmed by measuring the activity of
four different SiO2‑(500) supported HPA species (HPA =
H4SiW12O40, H3PW12O40, H4SiMo12O40, and H3PMo12O40).
The total amount of carbon-containing products (CH3COOH
and CO2) released below 350 °C (Figure S15, Supporting
Information) was observed to linearly correlate to the fraction
of HPA acid protons that interact with the silica surface [
SiO(H)2]

+ (Table S3, Figure S2(i), and Figure S14,
Supporting Information). Interfacial protons appear key in
achieving methane activation and functionalization; no such
reactivity is observed over unsupported HPAs.
These data can be interpreted by an Olah-type superacidic

mechanism in which hydrogen produced at low temperature
(and absent from the gas phase below 120 °C) immediately
reduces interfacial WVI through a concerted mechanism
generating water.4,5 In such a mechanism, the proton
interacting with both the terminal oxo ligand of HPA and the
O of silanols could protonate the C−H bond of methane. The
resulting H2 molecule would reduce the oxo ligand of
chemisorbed HPA.
It is only above 120 °C that one can observe by GC the

gaseous hydrogen produced once the HPA has been reduced.
At this stage, any further proposal relating to the detailed
mechanism is speculative. We tentatively speculate that the
carbonium CH3

+ could react further with excess methane to
give C2H5

+ plus hydrogen as described by Olah et al.4,5 and
more recently by Spivey et al.50 This native hydrogen could

reduce another [H2SiW12O40]
2− to [H2SiW12O36]

2− and water
as in the previous steps. Once the C2H5

+ moiety is formed,
acetic acid could easily be produced by reaction with the
remaining tungsten oxo and water. In support of this, we found
that ethane can also give acetic acid under identical conditions.
We also considered that CO could react with the methyl cation
to trap the acetyl derivative.21 However, as yet even after careful
studies, we have not observed any CO in the adsorbed or gas
phase. Additionally, the possibility that residual acetonitrile
could be hydrolyzed to acetic acid can be discounted, since it is
not observed in the 13C NMR spectrum of the unreacted
material (Figure 1a) and so could not account for the
subsequent large 13C signals from acetic acid after reaction,
which can thus only be due to the labeled methane yielding
labeled acetic acid.

■ CONCLUSION
In conclusion, by chemisorbing four different dehydrated
Keggin-type HPAs (H4SiW12O40, H3PW12O40, H4SiMo12O40,
and H3PMo12O40) on a partially dehydroxylated SiO2‑(500)
surface via surface organometallic chemistry methods, we
developed a bifunctional solid that can overcome the extreme
conditions used in homogeneous systems and react with
methane to produce acetic acid at room temperature and
atmospheric pressure. Unlike other methane to acetic acid
systems using Pd associated with sulfuric acid as the oxidant, no
metal is present in our material; the chemistry is purely the
result of the strong acidity, coupled with the redox capacity, of
grafted HPA. Although the reaction is substoichiometric, it

Figure 5. Correlation between the normalized amount of carbon-
containing products (CH3COOH and CO2) produced below 350 °C
in the gas phase upon reaction with CH4 and the fraction of HPA
protons interacting with the SiO2‑(500) surface in HPA−SiO2‑(500)
samples. Rhombus, H4SiMo12O40−SiO2‑(500); square, H4SiW12O40−
SiO2‑(500); triangle, H3PW12O40−SiO2‑(500); circle, H3PMo12O40−
SiO2‑(500). Error bars are set at 20% vertically (values derived from
1H NMR line fittings) and 5% horizontally (integration of CH4-TPD
signals in the 180−350 °C range).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja309966j | J. Am. Chem. Soc. 2013, 135, 804−810808



sheds light on a simple and meaningful methane activation
pathway over chemisorbed HPA. Since HPAs have the unique
property of being reoxidized by oxygen/water,51 we are now
seeking methods to render the system catalytic.

■ EXPERIMENTAL SECTION
Starting Materials. Silicotungstic acid (H4SiW12O40·xH2O),

silicomolybdic acid (H4SiMo12O40·xH2O), phosphotungstic acid
(H3PW12O40·xH2O), phosphomolybdic acid (H3PMo12O40·xH2O),
acetonitrile, and silica were purchased from Sigma−Aldrich. The
four HPAs were used without further purification. Acetonitrile was
dried and distilled prior to use. High purity gases (methane, 99.9995%;
argon, 99.9999%) were purchased from Specialty Gases Center of
Abdullah Hashim Industrial Gases & Equipment Co. Ltd. (Saudi
Arabia) and dried prior to use.
Preparation of SiO2‑(500). SiO2 was compacted with distilled water,

dried at 120 °C for at least 5 days, sieved, calcined at 500 °C in air for
4 h, and partially dehydroxylated at 500 °C for 12 h under high
vacuum (<10−5 mbar).
Preparation of HPA−SiO2‑(500). HPA was dehydrated under high

vacuum (<10−5 mbar) at 100 °C for 1 h and then at 200 °C for 1 h.
Most of the crystallization water was removed before solubilization of
the HPA in dried acetonitrile and in contact with SiO2‑(500). The
mixture of dehydrated HPA dissolved in dry acetonitrile and SiO2‑(500)
was stirred at 25 °C for 12 h. The resulting HPA−SiO2‑(500) powder
was isolated after removal of the solution containing the unreacted
HPA, dried under high vacuum (<10−5 mbar), and then, stored under
argon.
Dynamic Temperature-Programmed CH4 Activation Reac-

tion. The activation of methane was performed using a fixed-bed flow
tubular reactor (stainless steel, internal diameter of 9 mm) operated at
atmospheric pressure. A 250 mg sample was transferred into the
reactor in a glovebox under argon and sealed off from air until dry
methane was introduced. The reaction was started by introducing
methane to the reactor at 25 °C and then finished at 500 °C after a
temperature-programmed increasing process (temperature increase
rate was 50 °C h−1). During the whole temperature-programmed
reaction, the methane flow rate was fixed at 5 mL min−1. The products
were analyzed by online Varian 490 micro-GC. All the lines and valves
between the exit of the reactor and the micro-GC were heated to 120
°C to prevent the condensation of products. The separation and
detection of gaseous products resulting from methane activation were
carried out using Molsieve 5 Å, Pora Plot U, and CP-Sil 5CB columns
and one TCD detector.
Characterizations. 1D 1H MAS and 13C CP/MAS solid-state

NMR spectra were recorded on a Bruker AVANCE III-600
spectrometer operating at 600 and 150 MHz resonance frequencies
for 1H and 13C, respectively, with a conventional double resonance 3.2
mm CPMAS probe. The spinning frequency was set to 17 and 10 kHz
for MAS 1H and 13C experiments, respectively. NMR chemical shifts
were reported with respect to TMS as an external reference. Additional
details on solid-state NMR experiments are provided in the Supporting
Information.
2D 1H−13C HETCOR solid-state NMR spectroscopy experiments

were conducted on a Bruker AVANCE III-400 spectrometer using a
3.2 mm MAS probe. A total of 64 t1 increments with 10 000 scans each
were collected. The sample spinning frequency was 8.5 kHz, and the
contact time for the cross-polarization step was set to 0.4 ms, which
allowed the selective observation of the spatially close attached C−H
pairs. Using longer contact times (5 ms), we found that it is possible to
observe extra correlation peaks, which arise from longer-range dipolar
interactions (e.g., to nonbonded protons). During acquisition, the
proton decoupling field strength was also set to 75 kHz. Quadrature
detection in ω1 was achieved using the TPPI method.52

2D DQ and TQ homonuclear correlation MAS 1H solid-state NMR
spectra were acquired on a Bruker AVANCE III-800 or 500 MHz
spectrometer with a conventional double resonance 3.2 mm CPMAS.
One cycle of the standard back-to-back (BABA) recoupling sequence
was used for the excitation and reconversion period.53,54 The spectra

were recorded in a rotor-synchronized fashion in t1. Quadrature
detection in ω1 was achieved using the States−TPPI method.

■ ASSOCIATED CONTENT
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