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Abstract
Probing and determining the carbocation intermediates formed during
heterogenous catalytic reactions are crucial steps for understanding the
reaction mechanisms, such as the methanol to hydrocarbon (MTH) reaction.
Nevertheless, the observation of carbocations and their structural identification
are not straightforward as they are reactive, transient, difficult to capture and
exist in generally low concentrations and therefore their spectroscopic
characterization is very challenging. Solid-state NMR is useful in detecting
reactive carbocations on solid catalysts. However, previous NMR studies of
carbocations were only limited to the use of one-dimensional (1D) NMR
methods combining with some indirect methods to elucidate the carbocation
structures, those methods require prior assumption of possible structures and
may lead to misinterpretation. In this thesis, the carbocation intermediates
formed in various zeolite catalysts under MTH conditions are directly identified
via multidimensional NMR techniques which provide unambiguously
experimental support for previously proposed structures and more importantly
identify previously undetected ones. Moreover, the interactions between the
confined carbocations and zeolite framework are quantitatively probed by
multinuclear NMR methods. Since low sensitivity of NMR is also key limiting
factor challenging NMR studies of carbocations, the advanced sensitivity
enhancement technique known as dynamic nuclear polarization (DNP) is
successfully applied to the detection of carbocations and their subsequent
multidimensional

and

multinuclear

NMR

studies.

These

successful

applications of DNP provide new opportunities for research on carbocations.
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Chapter 1: Introduction
1.1 Nuclear Magnetic Resonance (NMR) spectroscopy
1.1.1 Energy levels and vector model
NMR spectroscopy is a very powerful and versatile analytical technique
which has been widely used for structural characterization in various fields
such as organic synthesis. The nuclei that can be studied by NMR must be
those with a nuclear spin quantum number I ≠ 0. These nuclei possess a
magnetic moment and can interact with a magnetic field, which is prerequisite
to generate NMR signals. For these nuclei, there are (2I +1) spin states which
are degenerate in the absence of an external magnetic field. However, the
introduction of a magnetic field will break this degeneracy. As a consequence,
each of the (2I +1) spin states will have slightly different energies. This
phenomenon is called the Zeeman effect. These (2I +1) spin states were
specified by another quantum number m (whose values vary from -I to I in
integer steps). For spins with I = 1/2 (1H,

13C, 29Si,

et al), there are two spin

states with m = 1/2 ( state) and -1/2 ( state). The  and  states sometimes
are also denoted as “spin up” and “spin down”, respectively (as shown in
Figure 1.1(a)). The energy gap between these spin states can be described
by the following equation (also shown in Figure 1.1(b)):
ΔE =

h
γB0
2π

Equation 1.1

where γ is the gyromagnetic ratio of the nuclei (rad ·s-1 ·T-1), h is Planck’s
constant (J ·s) and B0 is the external magnetic field (T).1,2
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Figure 1.1 (a) Distribution of nuclear spins at  and  states with an energy
gap of ΔE. (b) Splitting of spin states against an increasing magnetic field B0.
The transitions between spin states are induced by radio-frequency (rf)
waves and will generate NMR signals. These signals will then be Fourier
transformed to the commonly known NMR spectra. We refer the peaks
observed as having a certain chemical shift (vide infra). The intensity of these
spectroscopic transitions is dependent on the difference in populations of spin
states at equilibrium, which can be expressed using Boltzmann’s equation:
ΔE
n
= e- kBT
n

Equation 1.2

where n and n are the number of spins at the  and  spin states, kB is
Boltzmann’s constant, and ΔE is the energy gap between the two spin states.1
For 1H at 9.4 T (a typical magnetic field strength used in NMR) and 300 K, the
population difference of both energy levels is n/n = 0.999936, which is
extremely small (1 in 20000). Therefore, NMR signals are inherently weak.
The Larmor frequency v (unit in “Hz”) of a nucleus depends on its
gyromagnetic ratio and the strength of the surrounding magnetic field B0,
which is defined by the following equation:

12

v=-

γB0
2π

Equation 1.3

The above description of NMR spectroscopy is in terms of energy levels
and transitions between these levels.1 NMR spectroscopy can also be
described using the vector model. In the absence of a magnetic field and at
thermal equilibrium, the magnetic moments of nuclear spins can align in any
direction with no net magnetic moment present (as shown in Figure 1.2(a)).
When an external magnetic field B0 is introduced, the magnetic moments tend
to align along the direction of the applied field, yielding a net magnetic moment
which is called the bulk magnetization along B0 at thermal equilibrium (Figure
1.2(b)). The introduction of B0 will also induce the magnetic moments rotating
about the direction of B0 at frequency v whose value is defined by equation
1.3. This particular motion is called Larmor precession and v is also called
Larmor frequency. The direction of rotation depends on the gyromagnetic ratio
γ. For γ > 0 (e.g. 1H,

13C)

the precession is clockwise, as shown in Figure

1.2(b), while the procession of negative γ (e.g. 15N) is anti-clockwise. The bulk
magnetization also rotates around B0 at frequency v when the magnetization
vector is tilted away from the magnetic field (Figure 1.2(c)). Such tilt can be
accomplished by applying rf pulses. In NMR we manipulate the magnetization
vector by a combination of pulses and detect the precession of the
magnetization vector.1,2
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Figure 1.2 (a) Magnetic moments at thermal equilibrium in the absence of a
magnetic field. (b) Procession of magnetic moments at thermal equilibrium in
a magnetic field B0 and the corresponding bulk magnetization. (c) Magnetic
moments not at thermal equilibrium, which can be induced by applying rf pulse
irradiation in a magnetic field B0 and the Larmor precession of the bulk
magnetization.
Equation 1.3 indicates that nuclei of the same isotope should have the
same NMR frequency v when located in the same magnetic field B0 which is
certainly not true. This is only valid for isolated spins with their surroundings
neglected which are rather idealized conditions. The nuclei in real samples are
located in certain electronic environments. The motion of electrons
surrounding the nuclei will generate a magnetic field induced by the external
magnetic field B0, altering the strength of the actual local field applied to the
nuclei and the corresponding NMR frequency. Therefore, although NMR
detects the signals from the nuclei, the signals are very sensitive to local
electronic environments, which makes NMR spectroscopy a widely used
14

technique for characterizing molecular structures or local electronic structures
of nuclei.
Considering the effects of surrounding electrons, the actual field that a
nucleus can feel is denoted as Bloc, which is defined by the following equation:
Bloc = B0 + Binduced

Equation 1.4

with Binduced = - σB0, combined with expression 1.4, gives:
Bloc = B0 (1 - σ)

Equation 1.5

where B0 is the external magnetic field, σ refers to chemical shielding. As a
result, the resonance condition becomes:
v=-

γB0
(1 - σ)
2π

Equation 1.6

For nuclei at varied chemical environments, they suffer from different
chemical shielding effects, resulting in the difference of the frequency of their
NMR signals. For convenience, the frequencies are quoted relative to an
agreed reference compound, e.g. tetramethylsilane (TMS) for 1H and 13C and
29Si

NMR. The differences between sample and reference compounds are

usually very small, therefore it is a practical standard to convert these values
into parts per million. The chemical shift δ is thus defined:
δ = 106

v - vref
vref

Equation 1.7

with its unit being “ppm” (parts per million).1
1.1.2 Solid-state NMR spectroscopy
In NMR, there are several interactions within the molecule that will affect
the lineshape and the positions of NMR signals. These interactions can be
15

described quantum mechanically by appropriate nuclear spin Hamiltonians in
the following equation:
Ĥ = ĤZ + ĤCS + ĤD + ĤJ + (ĤQ)

Equation 1.8

The Hamiltonians from left to right are corresponding to the Zeeman effect,
chemical shift, dipolar coupling, scalar coupling and quadrupolar coupling (for
I > ½ nuclei only), respectively. The magnitude of these interactions is shown
in Table 1.1. In liquid-state NMR, the anisotropic part of chemical shift, dipolar
interaction and quadrupolar interaction are averaged to 0 by the rapid
molecular tumbling, leading to spectra of high resolution with narrow peaks. In
solid-state NMR, the restricted molecular motion cannot average out those
interactions. These anisotropic interactions in combination with the range of
molecular orientation vs B0 in the solid materials result in much broader peaks.
Although those broad peaks in solid-state NMR spectra are difficult to interpret,
they contain a wide range of structural information and are therefore much
more informative.
Table 1.1 Size of the NMR interactions in solids
Hamiltonian

Interaction

Magnitude

ĤZ

Zeeman effect

MHz

ĤCS

Chemical Shift

Hz ∼ MHz

ĤD

Dipolar Coupling

Hz ∼ kHz

ĤJ

Scalar Coupling

Hz ∼ kHz

ĤQ

Quadrupolar Coupling

kHz ∼ MHz

The Zeeman effect (Ĥz) defines the nuclear resonance frequency. The
16

chemical shift (ĤCS) reflects how nuclei are affected by their local environments
due to the chemical shielding. The mathematical description of ĤCS is shown
in equation 1.9 and contains isotropic and anisotropic parts.
1
ĤCS = -γB0𝐼̂z[σiso + 2σaniso(3cos2θ – 1)]

Equation 1.9

where 𝐼̂z is the z component of the nuclear spin angular momentum operator
𝐼̂. σiso is the isotropic chemical shielding factor, and σaniso is the anisotropic
chemical shielding factor dictates the magnitude of the chemical shift
anisotropy (CSA). The angle θ is the angle that the long axis of the CSA
ellipsoid makes with the static field.3 The term (3cos2θ – 1) in this equation
clearly indicates that the chemical shift interaction ĤCS is orientationdependent. The CSA arises from non-spherical electron distributions around
the nuclei and the random orientations of these non-spherical electronic
environments relative to the magnetic field B0 in solid samples. The induced
magnetic field Binduced is thus orientation-dependent. For molecules with the
same electronic environments, but varied orientations relative to B0, Binduced
has different values, leading to a spread of resonance frequencies. This
reflects in the spectra is the emergence of broadened peaks, as shown in the
static

13C

NMR spectrum of glycine whose carbonyl signals show a typical

CSA pattern covering a range of more than 120 ppm (Figure 1.3).
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Figure 1.3 Static

13C

cross polarization (CP) NMR spectrum of glycine.

Depiction of the orientation of carbonyl groups and their corresponding
resonances3 in the NMR spectrum. Spectrum was recorded at 9.4 T on a
Bruker Avance III HD solid-state NMR spectrometer.
The nuclear dipolar coupling (ĤD) comes from direct interactions among
the nuclear magnetic moments of nuclear spins. When placed in an external
magnetic field, the nuclear magnetic moment will produce a small magnetic
field which will affect the actual magnetic field felt by its adjacent nuclei. This
will broaden the resonance frequencies of those adjacent nuclei. The dipolar
coupling is transferred through space and its magnitude depends on the
internuclear distance. A more detailed description of the dipolar coupling
Hamiltonian is showed in the following equations including the one for
heteronuclear dipolar coupling (equation 1.10) and the one for homonuclear
dipolar coupling (equation 1.11):3
hetero

ĤD

= – d(3cos2θ – 1)𝐼̂z𝑆̂z

Equation 1.10

where 𝐼̂z and 𝑆̂z are the z components of the nuclear spin angular momentum
18

operators 𝐼̂ and 𝑆̂, respectively, while d is the dipolar coupling constant. The
angle θ refers to the orientation of the internuclear vector with respect to the
orientation of the external magnetic field.
homo

ĤD

1
= – d ∙ 2 (3cos2θ – 1) [3𝐼̂1z𝐼̂2z – (𝐼̂1∙ 𝐼̂2)]

Equation 1.11

where 𝐼̂ 1z and 𝐼̂ 2z are the z components of the nuclear spin angular
momentum operators 𝐼̂1 and 𝐼̂2, respectively.
The dipolar coupling constant d (unit in “Hz”) is further defined as:
d=

0 ħI S
82 r3IS

Equation 1.12

where rIS is the internuclear distance between I and S spins,  and S
correspond to the gyromagnetic ratios of I and S spins, respectively, ħ is the
reduced Planck’s constant, and 0 is the vacuum permeability. The coupled I
and S spins can be the same or different with d corresponding to homonuclear
or heteronuclear dipolar coupling constant. The term (3cos2θ – 1) in equation
1.10 and 1.11 also indicates that the ĤD interaction is orientation-dependent.
The dipolar coupling strength d, as shown in equation 1.12, is proportional to
the product of the gyromagnetic ratios while it is inversely proportional to the
cube of the internuclear distance.3
The scalar coupling (also called J coupling) interaction is an indirect spinspin coupling interaction. This interaction is mediated by the electrons around
the nuclei. Therefore, scalar coupling only exists amongst nuclei connected by
shared electrons, i.e., nuclei that are bonded. Unlike dipolar coupling, the
scalar coupling is not orientation-dependent.2
For nuclear spins with I > ½, the distribution of their electrical charge is
non-spherical, and there is electric quadrupole moment for these nuclei. Their
19

quadrupole moment will interact strongly with the electric field gradient
generated by the surrounding electron clouds. This interaction with an order
of magnitude of MHz is quadrupolar coupling ĤQ. ĤQ is orientation-dependent
and since it has large magnitude it is far more difficult to resolve in the solidstate NMR spectra.2,3
1.1.3 Magic Angle Spinning (MAS)
In section 1.1.2, we discussed spin interactions in NMR spectroscopy,
especially anisotropic interactions. These anisotropic interactions can
significantly broaden the signals and are detrimental to the resolution of solidstate NMR spectra. The mathematic description of many orientationdependent first order interactions contains the term (3cos2θ – 1). This means
that the effects of these anisotropic interactions will be zero if (3cos2θ – 1) is
equal to 0 corresponding to θ being 54.74° (the magic angle θm). A visual
description of θm is that it’s the angle between a cube’s space diagonal and
any of its three connecting edges. By rapidly spinning the sample about an
axis inclined at 54.74°with respect to the static magnetic field (as shown in
Figure 1.4), the anisotropic interactions ĤCSaniso, ĤD, and part of ĤQ can be
removed, whilst isotropic interactions ĤZ, ĤCSiso and ĤJ are unaffected by
spinning, yielding much narrower peaks than under static experimental
conditions (as shown in Figure 1.5). This technique is known as MAS. 3,4
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Figure 1.4 Schematic representation of a rotor spinning at the magic angle θm
= 54.74°with respect to the external magnetic field B0.

Figure 1.5 13C CP NMR spectra of glycine at different MAS rates. Asterisks (*)
denote spinning sidebands. Spectra were recorded at 9.4 T on a Bruker
Avance III HD solid-state NMR spectrometer.
21

The anisotropic interactions will not be averaged out completely by MAS
when the spinning rate does not exceed the magnitude of these interactions.
The residual interactions will yield peaks appearing at frequencies of δiso ±
nvMAS on both sides of the isotropic peak, known as spinning sidebands as
shown in Figure 1.5. In most cases these sidebands are often unfavorable, as
they may cover and hide some signals and complicate the analysis of spectra.
However, some additional information about the sample under study may be
extracted from them.3
1.1.4 Basic 1D NMR experiments
1.1.4.1 One pulse vs CP
The one pulse experiment is perhaps the most fundamental experiment
in NMR while the CP5 technique is much the routine solid-state NMR
experiment for low-γ nuclei such as

13C

and

15N.

In one pulse NMR

experiments (sequence shown in Figure 1.6(a)), a rf pulse (typical a 90°pulse)
is applied directly to the nuclear spins of interest and rotates the bulk
magnetization away from its equilibrium position along the z-axis (direction of
the external magnetic filed B0) towards the xy-plane. The precession of the
magnetization vector in the xy-plane induces current in the coil aligned in the
xy-plane and surrounding the sample. This current is recorded as the free
induction decay (FID) signal which is then Fourier transformed into the familiar
NMR spectrum.1 Since one pulse experiments detect the polarization of
nuclear spins directly, the signal intensities can be used to quantify the
corresponding nuclei if enough delay is applied for the spins to relax to the
ground states for the next cycle of acquisition. For low-γ nuclei such as

13C

22

and

15N,

their one pulse experiments often suffer from drawbacks of low spin

polarization and typically low isotopic abundance, thus signal intensities are
often quite low.

Figure 1.6 (a) One pulse and (b) CP sequences.
To enhance the NMR signals of low-γ nuclei, nowadays many solid-state
NMR experiments routinely use the CP technique (Figure 1.6(b)) which takes
advantage of transferring the polarization from abundant and highly polarized
nuclei (usually 1H) to the target nuclei. The polarization transfer occurs by
applying continuous rf fields simultaneously on both the more sensitive nuclei
and the nuclei of lower polarization. The theoretically maximum enhancement
is  /S (I and S correspond to the highly polarized spins and low sensitive
spins, respectively). For 1H to

13C

CP, the theoretical enhancement in

signal intensity is about 4 times. Figure 1.7 shows a

13C

13C

CP signal

improvement by a factor of about 10. This additional improvement benefits
from the rapid relaxation rate of the 1H spins which enables enough spins to
recover back to the ground states within short delays for the next acquisition
cycle.
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Figure 1.7

13C

CP and one pulse NMR spectra of glycine. Both spectra were

recorded with the same number of scans accumulated and recycle delay
between scans. S/N refers to signal-to-noise ratio. Asterisks (*) denote
spinning sidebands. Spectra were recorded at 9.4 T on a Bruker Avance III HD
solid-state NMR spectrometer.
1.1.4.2 Dipolar decoupling
As it is discussed in section 1.1.3 the effects of anisotropic interactions
such as dipolar couplings cannot be completely eliminated by MAS if their
strength is much stronger than the spinning rate. For instance, the dipolar
coupling strength between directly bonded 1H-13C is about 22 kHz.6 The
commonly used MAS rate of 12 kHz is not enough to average out this strong
dipolar coupling interaction. The residual 1H-13C dipolar coupling will broaden
and weaken the signals of the involved C nuclei, as the broad and weak signal
of CH2 group shown in Figure 1.8 (spectrum in black). Further elimination of
the dipolar coupling interactions can be reached by manipulating the 1H spins.
This can be achieved by applying rf pulses on 1H spins to keep their continuous
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transitions between the two spin states, averaging out their interactions to the
coupled

13C

spins.3 The most original decoupling technique is the use of a

continuous high-power rf irradiation on the 1H spins, while more efficient
decoupling sequences such as TPPM7 and SPINAL648 are available
nowadays. Their significant contribution to the spectra resolution an intensities
is clearly demonstrated in Figure 1.8. The combination of those dipolar
decoupling techniques with MAS and CP leads to the modern high-resolution
solid-state NMR spectroscopy.

Figure 1.8 13C CP NMR spectra of glycine without 1H decoupling (black), with
SPINAL64 (blue) and continuous-wave (CW) 1H decoupling during signal
acquisition. Spectra were recorded at 9.4 T on a Bruker Avance III HD solidstate NMR spectrometer.
1.1.5 Multidimensional and multinuclear NMR experiments
Although in 1D solid-state NMR spectroscopy, CSA, dipolar coupling, J
coupling and quadrupolar coupling are often unfavourable. Because these
interactions will significantly broaden the lineshapes of NMR signals,
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decreasing spectral resolution and complicating the interpretation of NMR
signals. However, on the other hand, these interactions contain much
additional structural or dynamics information about the sample. CSA and
quadrupolar coupling are sensitive probes for the symmetry of the local
electronic structure, while dipolar and J couplings are very suitable probes to
indicate nuclear connections. These interactions are bases for many
multidimensional and multinuclear NMR methods which aim at revealing
connections between nuclei and structures or dynamics of the studied
samples.9
A general scheme for two-dimensional (2D) NMR spectroscopy is shown
in Figure 1.9. The experiments start with a preparation period during which the
samples are excited by some pulses such as a 90°pulse or a CP sequence,
the resulting magnetization is then allowed to evolve under certain spin
interactions for a time t1. Following the t1 time, a mixing period consisting of
further pulses is used to prepare the magnetization for final detection. After
Fourier transformation, signals detected during t2 period are just like normal
1D spectra. By recording the spectra at increasing times t 1, the acquired
spectra will show specific modulation based on the spin interactions chose to
evolve during the t1 period. Further transforming the modulated spectra in the
t1 dimension will produce a 2D spectrum showing correlations between nuclei
that are connected by spin interactions.1,2

Figure 1.9 A general scheme for 2D NMR experiments.
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1.1.5.1 Dipolar and J coupling based multidimensional and multinuclear NMR
experiments for structural determination
Multidimensional and multinuclear NMR methods on the basis of dipolar
and J coupling are perhaps the most commonly used NMR approaches to
determine nuclear proximities and bonding connections. Under MAS condition,
most dipolar coupling interactions will be averaged to zero by spinning.
Therefore, special dipolar recoupling sequences are often required for
experiments utilizing dipolar coupling. Since J coupling is not affected by MAS,
no recoupling sequences are needed.3,9
Since J coupling only exists between bonded nuclei, the J coupling based
multidimensional experiments give only bonding correlations and therefore
yield molecular structures much directly. The correlations given by the dipolar
coupling based NMR experiments are not limited to bonded nuclei as dipolar
coupling transfers through space and also exists amongst non-bonded nuclei.
Figure 1.10(d) and 1.11(c) show the

13C-13C

Incredible Natural Abundance

DoublE QUAntum Transfer Experiment (INADEQUATE)10,11 and

13C{15N}

J-

coupling based heteronuclear multiple quantum correlation (J-HMQC)12
spectra of a solid sample of

13C

and

15N

fully labelled L-histidine. Both

experiments rely on J coupling. It is clear that only through-bond
13C-15N

13C-13C

and

correlations (coded in blue) have been obtained from these 2D spectra.

In the dipolar coupling based

13C-13C

proton driven spin diffusion (PDSD)

dipolar assisted rotational resonance (DARR)13,14 experiment (Figure 1.10(e))
and

13C{15N}

dipolar coupling based HMQC (D-HMQC)15 experiment (Figure

1.11(d)), non-bonded

13C-13C

and

13C-15N

pairs even those of several bonds

away also display correlations (coded in red). Clearly structural information
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from the J coupling based experiments are more direct and unambiguous
while those from experiments utilizing dipolar coupling are more abundant.
These techniques can be used simultaneously to provide complementary
information about the systems under study.

Figure 1.10 (a) Molecular structure of 13C and 15N fully labelled L-histidine. (b)
13C-13C

refocused INADEQUATE sequence10,11 and (c) 13C-13C PDSD DARR

sequence.13,14 (d) 13C-13C 2D refocused INADEQUATE spectrum and (e) 13C13C

2D PDSD DARR spectrum of

13C

and

15N

fully labelled L-histidine.

Asterisks (*) denote spinning sidebands. Spectra were recorded at 9.4 T on a
Bruker Avance III HD solid-state NMR spectrometer.
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Figure 1.11 (a) 13C{15N} J-HMQC sequence12 and (b) D-HMQC (incorporated
with rotational echo double resonance (REDOR) for dipolar recoupling)
sequences.15 (c)

13C{15N}

J-HMQC and (d) D-HMQC spectra of

13C

and

15N

fully labelled L-histidine. Asterisks (*) denote spinning sidebands. Spectra
were recorded at 9.4 T on a Bruker Avance III HD solid-state NMR
spectrometer.
1.1.5.2 Measurement of dipolar coupling strength
The dependence of dipolar coupling interaction on internuclear distance
offers great opportunities to quantify internuclear proximity. These are very
important quantitative information to determine the local structures. A general
way to measure the dipolar coupling strength is to record the NMR signals
from nuclei of interest while their dipolar coupling interaction with other nuclei
is selectively re-introduced under MAS by some recoupling sequences. The
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introduction of dipolar coupling interactions will cause an observable
phenomenon, that is, signals from nuclei suffering from dipolar coupling will be
weakened. The degree of signal reduction depends on both the dipolar
coupling strength and the interaction duration. It can be seen in Figure 1.12
that those 13C (C2, C4, C5, C6) bonded with 15N show significant reduction in
signal intensity while those not directly bonded with
The influences of dipolar coupling on

13C

15N

are rarely affected.

signals increase with increasing

recoupling time, as shown by Figure 1.12(c) and (d). The degree of signal
reduction is the result we measure in the experiments while the recoupling
time is the parameter we can manipulate. The dipolar coupling strength can
thus be obtained by simulating the experimental curves of signal reduction vs
recoupling time. The internuclear distance is then calculated according to
equation 1.12.
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Figure 1.12 (a) Molecular structure of 13C and 15N fully labelled L-histidine. (b)
13C{15N}

REDOR sequences.16 13C{15N} REDOR spectra at recoupling time of

0.7 ms (c) and 2 ms (d). S0 and S’ corresponding to

13C

spectra without the

introduction of dipolar couplings and with, respectively. ΔS is the difference
spectrum between S0 and S’. Spectra were recorded at 9.4 T on a Bruker
Avance III HD solid-state NMR spectrometer.
Solid-state NMR, especially multidimensional and multinuclear NMR
experiments are very informative. However, the intrinsically low sensitivity of
NMR spectroscopy poses fundamental challenges for its applications. Spin
polarization in NMR is intrinsically weak and many NMR active nuclei have low
natural abundance e.g.,

29Si

(4.67%),

13C

(1.11%). It means that for a natural

abundance sample, there are only 4.67% components contributing to
NMR signals and 1.11% components contributing to

13C

29Si

NMR signals. This

makes one-dimensional NMR experiments on such natural abundance
samples time-consuming, let alone more complex multidimensional NMR
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experiments. To address this challenge, isotope enrichment can be applied.
However, isotope enrichment is difficult and poses great challenges for sample
synthesis. In addition, many isotope enriched reactants are usually quite
expensive, which makes this technique uneconomical and non-universal.
Fortunately, a newly accessible strategy for increasing the polarization of
nuclear spins, DNP,17–20 provides a promising way to enhance weak NMR
signals.
1.2 DNP enhanced solid-state NMR
1.2.1 Development of DNP
DNP is a technique that can enhance the sensitivity of solid-state NMR
signals by several orders of magnitude by taking advantage of transferring the
large polarization of electrons to nearby nuclei via microwave (μw) irradiation.
The DNP effect was first predicted in 1953 by Overhauser who theoretically
proposed the possibilities of polarizing the nuclei in metals by irradiating the
conduction electrons with microwave at the electron resonance frequency.21
In the same year this theory was experimentally confirmed by Slichter on
lithium metal.22,23 Despite the great potential of DNP for producing large
nuclear spin polarization, the development of DNP for practical applications
was not straightforward. For several decades, this technique remained
dormant due to the lack of a suitable technology to continuously produce high
power and compatibly high frequency microwave for high-field NMR
spectrometers. In the very initial exploration of DNP NMR experiments, the
magnetic field was limited to < 3.5 T.19,24 The breakthrough was made in the
early 1990s by Griffin and his co-workers who successfully combined the
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advanced high power gyrotron technology which can continuously generate
microwave at frequencies higher than 140 GHz with high-field solid-state NMR
(> 5 T).17,25,26 Together with the development of low-temperature MAS probes
that can operate at temperature of 100 K or even lower, and improved
polarizing radicals, high-field DNP solid-state NMR has been well developed,
and commercial instruments are available nowadays. 17–20,24,27,28 High-field
MAS DNP NMR was initially used to characterize biomolecules. 19 However,
the availability of commercial DNP NMR spectrometers since 2009 has
spurred a rapid development of their application to characterizing a much
broader range of materials.
1.2.2 Theoretical enhancement of DNP
The DNP enhancement is determined by the relative sizes of spin
polarization of electrons to that of nuclei. As shown in the equation 1.1 and 1.2,
spins with higher gyromagnetic ratios (γ) have larger energy gaps between
spin states, resulting in larger spin polarization. Thus, the theoretical DNP
enhancement is based on the relative value of the gyromagnetic ratios of spins,
which is ε = γe/γn. For 1H and

13C,

γe/γ1H ≈ 660, γe/γ13C ≈ 2640, it means that

the potential enhancements of DNP on 1H and 13C NMR signals are 660, 2460,
respectively, which translates to time savings of (660)2 = 435600 and (2640)2
= 6969600, respectively.
1.2.3 Transfer of polarization in DNP
1.2.3.1 Transfer of polarization from electrons to nearby nuclei
In DNP NMR experiments, there must be paramagnetic centers carrying
unpaired electrons in the studied samples. These paramagnetic centers can
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be intrinsic to the sample, such as those free electrons in the metal or some
paramagnetic metal ions. Nevertheless, most materials under study are
intrinsically free of paramagnetic centers. It is necessary to introduce
paramagnetic centers to the samples, and the most commonly introduced
paramagnetic agents are stable radicals containing unpaired electrons. The
direct polarization transfer from those electrons to the nearby nuclei at
magnetic field higher than 5 T involves three main mechanisms: the solid effect,
the cross effect and the Overhauser effect.19,24
The solid effect mechanism can be understood using a two-spin system
involving one electron and one nucleus that are coupled with each other. By
irradiating the coupled spin system with microwaves at frequencies of ve ± vn,
where ve and vn represent the Larmor frequency of the unpaired electron and
the nucleus, respectively, the forbidden zero-quantum and double-quantum
transitions are stimulated. These transitions will lead to either positive (doublequantum) or negative (zero-quantum) enhancements of the nuclear
polarization which is much larger than the nuclear polarization stimulated by
irradiating the nuclei alone with the rf wave of much lower energy at frequency
of vn. The solid effect dominates when the EPR line width of polarizing agents
is much narrower than the nuclear Larmor frequency vn. Radicals with
symmetrical molecular structures such as 1,3-bisdi-phenylene-2-phenylallyl
(BDPA), or paramagnetic metal ions such as Mn(II) and Cr(III) satisfy this
condition and exhibit mainly solid effect. It should be noted that the efficiency
of the solid effect decreases rapidly with increasing magnetic field strength,
which limits the popularity of this effect for polarization transfer at high field. 19
Similar to the solid effect, the Overhauser effect is also based on a two34

spin system involving coupled electron and nucleus, and relies on the
presence of zero-quantum and double-quantum relaxation pathways.29
However, unlike the solid effect, in the Overhauser effect the microwave
irradiation is near the single quantum transition at frequency of ve. In the
subsequent relaxation processes, to generate nuclear polarization the
relaxation rates of the zero-quantum and double-quantum relaxation pathways
must be different. One advantage of the Overhauser effect is that its efficiency
increases with increasing magnetic field, and it has been shown promising for
high-field DNP with up to 80 times enhancement at 18.8 T.30
The cross effect perhaps is the most efficient and popular polarization
transfer mechanism. It involves a three-spin system including two unpaired
electrons coupled via J-exchange or dipolar interactions and a coupled
nucleus. To generate the cross effect, the two coupled electrons must have
different Larmor frequencies with their difference equal to the Larmor
frequency of the nucleus, as shown in equation 1.13. In this case, the central
energy levels are degenerate (as shown in Figure 1.13(a)), and the
polarization transfer from the electrons to nuclei is maximized. When the
system is irradiated with microwave of frequencies of ve1 and ve2, the
stimulated transitions between energy levels with different nuclear spin states
lead to enhanced nuclear polarization, either positive or negative, as indicated
by the solid arrowed lines in Figure 1.13(b) and (c).19

|ve1 - ve2| = vn

Equation 1.13
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Figure 1.13 Energy diagram illustrating the cross effect in DNP. (a) Nuclear
spin polarization at equilibrium, (b) negative nuclear spin polarization by
irradiating the first EPR frequency ve1 and (c) positive nuclear spin polarization
by irradiating the second EPR frequency ve2. The red and blue balls represent
nuclei and electrons, respectively.
The initial high-field DNP experiments utilizing the cross effect were
performed with the monoradical TEMPO.17,19 In this case, the condition of
frequency matching (equation 1.13) is fulfilled only for those radicals that
present the proper relative orientation of their g-tensors. To improve the
fraction of radicals matching this condition and improve the efficiency of cross
effect, Griffin et al. in 2006 pioneered introducing the nitroxide biradical to highfield MAS DNP.31 The first biradical that was used was TOTAPOL which
consists of two TEMPO moieties tethered by organic chain and showed large
enhancements. However, the organic chain in TOTAPOL is relatively flexible,
and the two TEMPO moieties are not constrained to the desired relative
orientation to fulfill the frequency matching conditions for the cross effect
mechanism. A rigid tether was used later, which produced bTbk biradical.32 In
bTbk the two TEMPO rings are approximately perpendicular to each other,
which conformation is constrained by the rigid tether. This favorable orientation
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largely increases the cross effect efficiency, and bTbk generally showed larger
enhancements than TOTAPOL under identical experimental conditions.32
Beyond the geometry, it was found that the electronic relaxation properties of
radicals

are

another

key

factor

that

decide

the

radicals’

DNP

enhancements.33,34 Radicals with longer electron spin-lattice relaxation time
T1e enable more effective saturation of the electron resonance and offer more
efficient polarization transfer from electrons of these radicals to nearby nuclei.
The radicals’ T1e can be increased by increasing radicals’ molecular weight, in
another word, making the radicals bulkier. It was shown that bCTbk, the bulky
derivative of bTbk, has a T1e value that is about twice as long as that of bTbk,
and showed 2.5 to 4 times larger enhancements than bTbk.33 Based on the
idea of tethering two monoradicals and increasing radicals’ T1e, many efficient
biradicals have been synthesized such as AMUPol,35 TEKPol34, etc., which
have been commercially available and are routinely used in many DNP
facilities.
1.2.3.2 Spin diffusion
Only nuclei in proximity to the unpaired electrons, typically within a few
nanometers, can get polarized directly based on the three polarization transfer
mechanisms described in the above section. In most cases the target nuclei
are often remote from the radicals, especially those bulk materials or porous
materials with small pores excluding the radicals from the interior. In these
cases, the polarization can still be relayed via spin diffusion which can transfer
the enhanced polarization of nuclei in proximity to the radicals to the remote
nuclei.36,37 The spin diffusion process is based on homonuclear dipolar
interactions, and is therefore between identical nuclei. The distance (d) of spin
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diffusion can be described as:38

d = √DT1

Equation 1.14

where D is the spin diffusion coefficient which is dependent on the strength of
homonuclear dipolar coupling, and T1 is the nuclear longitudinal relaxation
time. According to equation 1.14, it is clear that spin diffusion distance
increases with stronger homonuclear dipolar coupling interactions and slower
nuclear longitudinal relaxation. The strong 1H-1H homonuclear dipolar coupling
and the almost 100% natural abundance of 1H makes 1H-1H spin diffusion a
vital part in DNP NMR experiments. For organic material, the 1H-1H spin
diffusion distance can reach from 10 nm to 1 μm at 100 K, as well as the range
of polarization transfer.36
For samples that are intrinsically abundant in 1H such as organic crystals,
their 1H provide the matrices for 1H-1H spin diffusion. While for materials
lacking 1H, the matrices can be set up by the 1H of solvents introduced along
with the radicals.
1.2.3.3 Transfer of polarization to low-γ nuclei
For low-γ nuclei, the polarization of electrons can transfer to them directly,
which is called direct DNP. In the direct DNP, nuclei in proximity to the radicals
get polarized. Since many low-γ nuclei are with low natural abundance, spin
diffusion is hindered. Therefore, for materials that are not dissolved in the
radical solutions, generally only the signals from surfaces that can reach by
radicals can get enhanced. Nevertheless, if the studied materials have been
properly isotope enriched, spin diffusion will recover and can transfer the
polarization to the material interior, which has been shown in

29Si

DNP
38

experiments on 29Si enriched silica nanoparticles39 and 17O DNP experiments
on

17O

enriched ceria nanoparticles.40 In practice, direct DNP often requires

complicated adjustments to the spectrometer parameters once the observed
nuclei are switched. Therefore, direct DNP is normally not favourable in
practice. Another more commonly used way for polarization transfer to the
target low-γ nuclei is the indirect DNP in which polarization transfer is mediated
by 1H: electron → 1H → low-γ nuclei. This method takes advantages of the
easy to meet matching conditions for electron → 1H polarization transfer, the
efficient 1H-1H spin diffusion and the generally used cross polarization transfer
technique for low-γ nuclei. In practice, indirect DNP often yields more
sensitivity enhancements than direct DNP. The indirect DNP also simplifies
optimization of the experimental parameters, as the spectrometer only needs
to be adjusted to yield the best 1H enhancements regardless of the observed
nuclei.
1.2.4 DNP in practical use
1.2.4.1 DNP NMR spectrometer
The MAS DNP NMR spectrometer is commercially available from Bruker
BioSpin company.28 The microwave source is a gyrotron that generates high
frequency microwave irradiation by cyclotron resonances of electrons in a
dedicated magnetic field. The microwave frequency needed is proportional to
the strength of the corresponding NMR magnetic field. For 9.4 T NMR
spectrometer, the corresponding frequency of the microwave is at 263 GHz.
The microwaves from the gyrotron are transmitted to the probe through a
corrugated waveguide and applied on the samples in the probe. The probes
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are low-temperature ones and usually operate at a temperature of 100 K or
even lower. The reason for operating DNP at low temperature is that both
polarization transfer from electrons to nuclei and spin diffusion are more
efficient at lower temperature, leading to better enhancements. 24 The most
commonly used probes are 3.2 mm probes whose maximum spinning rate can
reach 15 kHz at 100 K, while probes for smaller rotors such as 1.3 mm probes
are available recently and reach MAS frequencies up to 40 kHz. Compared
with conventional NMR magnets, the one used in the DNP system is equipped
with an additional superconducting sweep coil that can tune the magnetic field
where the sample locates and match the condition for best DNP efficiency. 24

Figure 1.14 Schematics of a commercial solid-state DNP NMR system. The
left parts are the gyrotron (microwave source) and its control system with the
gyrotron tube shown in red. The right parts are NMR spectrometer equipped
with a low-temperature NMR probe (green) and a MAS cooling system. The
gyrotron is connected with the NMR spectrometer by the microwave
transmission line (cyan). Figure is reproduced with permission from41.
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1.2.4.2 Pulse programs used for DNP.
The pulse programs for DNP NMR experiments are basically the same as
those used in conventional NMR experiments. The only significant difference
is the additional electron channel for microwave irradiation for DNP NMR (as
shown in Figure 1.15 with a typical CP sequence for DNP). A pre-saturation
sequence is often added in DNP NMR. This sequence allows nuclear
magnetization to be saturated prior the recycle delay, and ensures the
magnetization relaxing to the same status prior next scan, which can reduce
variations between scans.

Figure 1.15 Pre-saturated CP pulse sequence for DNP experiments. w is the
recycle delay which is equal to 1.3 × DNP(1H). N = 100 is the number of 1H
saturation pulses with 1 ms delay d between pulses.
1.2.4.3 Commonly used radical polarizing agents and solvents.
Currently, the most commonly employed radicals for MAS DNP NMR
experiments are nitroxide biradicals, as shown in Figure 1.16 with some
commonly used ones. Those nitroxide biradicals are derived from the
monoradical TEMPO and are designed to match the cross effect better. The
first nitroxide biradical for high field DNP was developed by Griffin et al. and is
TOTAPOL31 which is a water soluble radical. For the study of water sensitive
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materials such as dehydrated alumina or zeolites, non-aqueous solvents are
required, as well as radicals that can dissolve in these solvents. The first such
nitroxide biradical is bTbk which is soluble in many organic solvents especially
those halogenated ones.33,42

Figure 1.16 Structures of some commonly used water soluble and organic
solvents soluble radicals for MAS DNP NMR experiments.
The choice of solvents is also a key factor that can influence DNP
performances. In practice, the solvents should be glass-forming. This is
because crystallization of the solvents will exclude both radicals and samples,
decreasing DNP enhancements, therefore, solvent crystallization should be
avoided.24 For aqueous solvents, the addition of glycerol or DMSO can form
glass matrices at low temperature, and water/glycerol and water/dimethyl
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sulfoxide (DMSO) mixtures are commonly used for water soluble radicals. For
radicals that can dissolve in organic solvents such as bTbk and TEKPol,
1,1,2,2-Tetrachloroethane (TCE) was shown as an ideal choice for optimal
DNP enhancement and has been the most widely used organic solvent. 42 The
high performance of TCE solvent comes from its reliable glass forming and
appropriate 1H concentration. The optimal concentration for these biradicals
were suggested to be 10-20 mM.20,43 Low concentration may lead to an
insufficient number of radicals generating polarization in the samples. High
concentration of radicals will dramatically broaden NMR lineshapes and
reduce signal intensity by paramagnetic effects,43,44 but more importantly
reduce the nuclear T1 and therefore the DNP buildup time, which will lead to
lower enhancement factors.36
1.2.4.4 Sample preparation for DNP
Most materials studied by DNP NMR are absent of paramagnetic centers
and therefore require the introduction of exogenous radicals and the
corresponding solvents used to dissolve the radicals. In previous DNP studies
of biomolecules or organic species, it is quite typical that the samples were
uniformly dispersed in the radical solutions or swollen in the solutions if they
are soluble.19 For samples that are insoluble in the radical solutions, such as
inorganic framework materials, incipient wetness impregnation is the most
commonly used technique to prepare the DNP samples. This technique is first
introduced to high field DNP experiments by Emsley et al. for studying
mesoporous silica.18,20 In this technique, the amount of radical solution is just
enough to uniformly wet the surface of materials or fill the pores of porous
materials, reaching a well balance between excessive paramagnetic effects
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caused by an excess of radicals and insufficient radicals for polarization
transfer. Another advantage of incipient wetness impregnation is that it
minimizes the addition of radical solution, therefore maximizes the effective
volume of the studied samples. All of these advantages of incipient wetness
impregnation help to yield an optimal overall DNP efficiency, making this
technique very popular in nowadays DNP experiments.
1.2.5 DNP in heterogeneous catalysis research
DNP NMR has been successfully applied to the characterization of a
broad range of materials, including biomolecules, organic polymers, inorganic
materials,

hybrid

materials,

etc.19,20,24,27,45

The

significant

sensitivity

improvement provided by DNP enables detecting insensitive nuclei in these
materials, such as

13C, 15N,46 17O,47 119Sn,37,48, 89Y49,50

etc., whose detection

by conventional NMR is challenging due to their low gyromagnetic ratio or low
natural abundance. Notably, many multidimensional and multinuclear NMR
experiments can be performed, providing more in-depth knowledge about
structures or dynamics of these materials. This section will focus on the
application of DNP to heterogeneous catalysis research.
Due to the unique sensitivity of NMR to the local electronic environment,
NMR has long been a vital analytical method for structural characterization
and fundamental investigation of catalytic processes at atomic precision.
Nevertheless, the catalytic sites of heterogeneous catalysts are often located
on the surface and typically account for a small fraction of the whole catalysts,
while the reactive reaction intermediates along the reaction processes usually
exist with low concentration. These characteristics of the catalytic systems
sometimes pose significant challenges for NMR studies. Fortunately, the
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development of modern high field MAS DNP significantly reduces the
sensitivity limits of NMR and opens new opportunities for structural and
dynamic studies of heterogeneous catalysis systems.
Many of early research of modern high field DNP using homemade
instruments predominantly focused on biomaterials or organic species. It was
until 2009 when commercialized DNP spectrometers were available28 that the
application of DNP has been extended to a much broader range of materials,
including inorganic and hybrid materials of which many are important
heterogeneous catalysts.24,27,34,45 Therefore, almost all the publications
relating to high field DNP NMR experiments on heterogeneous catalysis
systems have appeared in the last decade.24
1.2.5.1 Structural characterization of heterogenous catalysts
A series of inorganic and hybrid materials have been studied by DNP,
including silica,18,39,47,51,52 alumina,53–57 silica–alumina,58–60 zeolites37,48,61 and
metal-organic frame works (MOFs).62,63 These materials can either function as
catalysts themselves or can be used as supports loaded with functionalized
organometallic moieties and metal nanoparticles. The catalytic sites of these
materials are often located on the surface. Of importance to the catalytic
properties are the distribution, the local structures of the active sites and the
interactions between them, which are often challenging to be characterized
due to their non-periodic, disordered and typically low concentration
characteristics. DNP, especially the so-called DNP surface enhanced NMR
spectroscopy (DNP-SENS) technique developed by Emsley et al has shown
great potential in addressing these challenges.18,20
For silica materials, those of catalytic interests are mesoporous or
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nanoparticles presenting large surface area. The first silica material studied by
DNP-SENS is mesoporous silica with its surface functionalized with phenol
and imidazolium units.18 An enhancement of at least 50-fold (using 25 mM
TOTAPOL in D2O/H2O 90:10 at 9.4 T) was obtained and enabled recording
13C

signals from the functionalized surface species of natural abundance

within one hour (see Figure 1.17), which would otherwise take at least 70 days
without DNP. An enhancement of 21-fold was later obtained on the 29Si signals
of the same kind of material, and enabled the determination of the
incorporation patterns of functional groups on silica surfaces in a few minutes,
as shown in Figure 1.18.51 By further combining with selective isotope
enrichment on both organic moieties and silica surface sites, 13C-15N, 13C-29Si,
15N-29Si

multidimensional and multinuclear NMR experiments were able to

perform within hours, enabling obtaining multiple structural constraints and
elucidation of the three-dimensional structure of the surface sites.64

Figure 1.17 Mesoporous silica grafted with phenol groups and the
corresponding 13C CP MAS DNP NMR spectra with μw irradiation and without.
Figure adapted with permission from18. Copyright 2010 American Chemical
Society.
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Figure 1.18 Local binding structures of phenol groups grafted on mesoporous
silica and the corresponding

29Si

CP MAS DNP NMR spectra with μw

irradiation and without. Figure adapted with permission from51. Copyright 2011
American Chemical Society.
The properties of the non-modified silica are also of great interests,
especially their surface silanol (Si-OH) groups and the dynamic motions of
these silanol groups. Previously, the structures and dynamics of the surface
properties of silica were mainly studied using 1H and 29Si NMR. Recently, with
the help of DNP, these surface silanol species were investigated using
NMR.47,65

17O

17O

signals from different silanol species of natural abundant

samples were observed within hours.47 The great sensitivity enhancements
also made it possible to acquire 2D 17O{1H} correlation experiments as well as
accurately measure the

17O-1H

distances at natural abundance.65 These

detailed information enabled identification of hydrogen-bonded and nonhydrogen-bonded silanol groups and determination of dynamic motions of
these groups.
Due to the Brønsted and Lewis acid sites on the surface, alumina and
silica–alumina are widely used both as catalysts and as catalyst supports for
single catalytic sites or metal nanoparticles. Their surface acid properties have
47

been topics of great interest in NMR. The DNP surface-enhanced 27Al NMR in
combination with cross-polarization and MQ-MAS enabled the determination
of local symmetries of 27Al sites at alumina surface.55 The previous challenging
27Al-27Al

2D dipolar correlation spectra could also be successfully recorded in

only 4 h, revealing the presence of pentacoordinated Al and its role in bridging
interfacial tetra- and hexacoordinated Al.54 For silica–alumina, DNP enhanced
2D scalar and dipolar 29Si−27Al INEPT experiments allowed for an atomic level
determination of the Interface between silica and alumina and structural
insights into the nature of Brønsted acid sites.58 Natural abundance

17O

DNP

was also used to probe the surface acid sites on silica–alumina and accurately
measure the O-H bond length of different surface hydroxyls with an
unprecedented, sub-pm precision.60
Zeolites are another class of solid acid catalysts and porous materials.
Most zeolites are microporous with pore diameter less than 1 nm which is
smaller than most commonly used bulky biradicals.66 The micropores exclude
the radicals from entering the interior of zeolites. Hence, DNP experiments on
zeolites are challenging, and there have been only a few DNP reports on
zeolites published in recent years,37,48,61 including the work reported in this
thesis.67 One of the first example of DNP in zeolites was to characterize the
Sn sites in Sn-beta zeolite containing only 2 wt % of natural abundance Sn.
The 2 orders enhancement allowed 119Sn signals being recorded within hours,
revealing tetrahedrally coordinated framework Sn sites in closed and open
configurations, while without DNP, no

119Sn

signals were detected after 10

days experimental time.37 The enhancements provided by DNP made high
throughput analysis possible.

119Sn

spectra of Sn-beta with Sn-loadings
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varying between 0 and 10 wt% and prepared via different synthetic protocols
were obtained within hours. The rich structural information provided by NMR
data in combination with the corresponding catalytic activity tests on these
materials led to the identification of catalytic active sites of octahedrally
coordinated SnIV involving the tetrahedral Sn-sites and two water molecules,
while without DNP, no

119Sn

signals could be observed.48 In earlier research,

the enhancements were evaluated on 1H signals which may not reflect DNP
enhancements on zeolites well.37,48

29Si

signals were later used as a more

direct indicator to evaluate DNP performances on zeolites.61 The micropores
of these Sn-beta zeolites have a maximum diameter of 0.7 Å which allows
diffusion of solvents to the pores and ensure polarization transfer to the interior
sites via 1H-1H spin diffusion.48 It should be pointed out that no clear correlation
between zeolite particle size and DNP enhancement was found. 61
1.2.5.2 Detection of reactive species
Determining the molecular structures of reaction intermediates is a vital
step towards a deeper understanding of the reaction mechanisms but remains
a key challenge. This challenge is associated with the generally low
concentration of those reactive intermediates distributed on the surface of
solid catalysts. DNP has demonstrated great potential to detect reactive
intermediates. By combining isotope labeling and DNP-SENS, Copéret et al.
successfully indentified the trigonal bipyramidal (TBP) isomer as cycloaddition
intermediates in the alkene metathesis catalytic cycle.52 The 112 fold
sensitivity improvement allowed observation of major surface species within
seconds which would take hours or even days without DNP. 13C-13C 2D NMR
experiments were performed within hours and directly determined the bond
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connectivity and the carbon–carbon bond distances of the intermediate
structure, as shown in Figure 1.19.

Figure 1.19 (a) 13C DNP-SENS CP MAS spectra of tungsten TBP metallacycle.
(b) 2D DNP-SENS refocused INADEQUATE of TBP. Figure adapted with
permission from52.
Since DNP exepriments need to introduce radical solutions to the samples
under study, the chemical compatibility between radical, solvents and the
rective species is a major issue that should be considered first when applying
DNP to the detection of reactive species. As there are many aqueous and
organic solvents available nowadays, choosing an appropriate one compatible
with the studied samples is not hard. It is possible that some highly reactive
intermediates e.g. cationic species could have secondary reaction with the
radical polarization agents, which will not only quench the radicals and lead to
no enhancement but will also alter the intermediates. 68 The are several ways
to avoid the possible interactions between radicals and surface species.66,68,69
All these methods are based on a simple principle, that is, separating the
radicals from the species under study. It was shown that incorporating
carbosilane dendrimers containing SiC4 linkages at all the branching points70
into the radicals to form much bulkier dendritic polarizing agents could
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separate the paramagnetic centres from the surface species. 68 For reactive
species on silica nanoparticles, their contact with the radicals could also be
avoided by appropriately modifying the hydrophilicity of the silica support to
facilitate aggregation of the nanoparticles. The aggregation of these particles
occurs in non-polar solvents and allows the solvent to enter the interparticle
space, but hinders the entry of the bulky radicals.69 Confining the reactive
species inside pores with pore windows smaller than the bulky radicals is also
an effective way to avoid direct contact between radicals and reactive species.
It was shown that MCM-41 with pore size of 2.5–3.0 nm could effectively block
the TEKPol radical and protect the reactive organometallic surface species
immobilized inside the pores.66
1.3 Carbocations in heterogeneous catalysis
1.3.1 Definition of carbocation
Carbocations are the positive ions of carbon compounds.71 According to
the number of coordination bonds of the charged carbon, the carbocations can
be classified into two catagories which are carbenium ions and carbonium ions.
The charged carbon in carbenium ions is trivalent and sp2 hybridized. This kind
of ions is considered as a classific form of carbocations, and the simpliest
carbenium ion is methenium ion (CH3+). Carbonium ions are nonclassical
carbocations with charged carbon being pentacoordinated, the simplist
carbonium ion is methanium ion (CH5+). These classifications were proposed
by George A. Olah and have been generally accepted and used.71,72
The carbocations are very reactive species and involved in many
homogeneous

and

heterogeneous

reactions

as

important

reaction
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intermediates.71,73–81 The carbocations can form through protonation of the
corresponding netural hydrocarbons, for instance, the protonation of alkenes
generates carbenium ions while pronation of alkanes will give carbonium ions.
The protonation undoubtedly needs strong acids, therefore, it is those acidcatalyzed electrophilic reactions or transformations such as elimination,
cracking, isomerization, alkylation, etc. that involve carbocations as
intermediates. The discovery of carbocations can be traced back to the 1900s,
however, identification of carbocations as well as recognition of their roles as
reaction intermediates are not straightforward.71 Even the existence of
carbocations as real intermediates had been doubted for decades, as in the
early time carbocations could not be directly observed due to their reactive,
unstable, transient (short-lived) and difficult to capture characteristics, and
absence of modern characterization techniques at that time as well. It was until
the 1960s when Olah et al., developed a univerial way to stablize carbocations
in solution by using superacids that stable and long-lived carbocations were
successfully prepared for thorough investigation. To test the obtained
carbocation solution, Olah et al., successfully utilized the emerging
spectroscopic techniques Infrared spectroscopy (IR) and NMR which provided
direct and convincing evidence for the existence of carbocations. 71 The
pioneering work of Olah et al., greatly catalyzed the renaissance of
carbocation chemistry.
1.3.2 Carbocations in solution state
As mentioned in 1.3.1, carbocations were initially prepared in solution
state using liquid superacids. Since carbocations are electron-deficient
compounds and are strong electrophiles, their generation requires more
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strongly

electron-demanding

electrophiles,

while

comparably

weak

nucleophilic counterions are needed to stabilize them. The superacids are
acids with stronger acidity than that of 100% sulfuric acid. 82 Some commonly
used superacids are CF3SO3H, FSO3H, and conjugate acids such as FSO3HSbF5 (Magic Acid),83 HF-SbF5, CF3SO3H-SbF5, etc. The corresponding anions
of these superacids such as BF4ˉ have a very low nucleophilicity. These
properties well match the conditions needed to generate and stabilize
carbocations. The unitlization of superacids enables direct observation of very
reactive carbocations, especially those alkyl cations such as sec-isopropyl and
tert-butyl cations.71
Spectroscopic techniques such as NMR, IR, or ultra-violet–visible (UV-vis)
spectroscopies play key roles in the investigation of carbocations.71 A common
feature of these analytical techniques is that they all are non-invasive,
therefore, they are suitable to characterize the reactive carbocation
intermediates, both in the solution and the solid states. In particular, NMR
plays an important role in identifying carbocations due to the distinctively
deshielded 13C signals of positively charged carbon species. For instance, the
13C

chemical shifts of the charged carbons in sec-isopropyl and tert-butyl

cations are about 320 ppm which is more than Δδ > 300 ppm deshielded from
that of their neutral counterparts.71 Such significant differences facilitate
distinctions of carbocations from any other compounds. Therefore, liquid-state
NMR was used very early on to provide convincing evidences for the existence
of long-lived carbocations in solution and determine their structures. Some
carbocations identified by liquid-state NMR are shown in Figure 1.20 and show
large 13C chemical shifts for the charged carbons.
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Figure 1.20 Some carbocation structures and the corresponding 13C chemical
shifts identified by liquid-state NMR.84,85
1.3.3 Carbocations in solid acid catalysts
1.3.3.1 Prediction of persistent carbocations in solid acid catalysts
Inorganic solid acids such as sulfated zirconia, alumina and zeolites are
commonly used catalysts for hydrocarbon conversion especially those in oil
refining and chemical industry. The carbocations can form from the
corresponding hydrocarbon reagents through protonation by the acidic
protons of the acid sites. Once formed, those reactive carbocation
intermediates take part in a range of processes such as cracking,
isomerization, alkylation, etc., which account for the conversion of
hydrocarbons to a range of products.71,74,77
Whether a carbocation can persist in a solid acid can be predicted by
comparing their acid strength.75 The positively charged carbocations are also
proton donors, and are therefore can be treated as a kind of acid. Haw et al.,
reported that the acid strength of zeolites is just below that of 80% sulfuric acid
which is strong enough to stabilize some carbocations.75 Figure 1.21 shows
that alkyl cations have much stronger acid strength than zeolites, therefore,
can not persist in zeolites. This is consistent with previous experimental
observation86 that the adsorption of propene on zeolite HY did not produce
isopropyl cation, but it was alkyl-substituted cyclopentenyl cations that were
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produced. These cations were formed from oligomerization of propene. The
acid strength of cyclopentenyl cations is equivalent to ca. 35% sulfuric acid
which is well below that of zeolites (as shown in Figure 1.21). Therefore, these
cyclopentenyl cations can be stabilized by zeolites.75 Haw et al., also proposed
another index to predict whether a given carbocation would persist in zeolite,
that is the proton affinity of the parent hydrocarbons of carbocations.87 It was
shown that the stabilization of a persistent carbocation in an unmodified zeolite
normally requires the parent compounds have proton affinity more than 209
kcal·mol−1.87,88

Figure 1.21 Acid strength of some carbocations. The dashed line corresponds
to the limit of acid strength of Brønsted sites in zeolites. Figure adapted with
permission from75. Copyright 1996 American Chemical Society.
1.3.3.2 Roles of carbocations in heterogeneous catalysis
Carbocations take part in a range of industrial reaction processes,
particularly acid-catalyzed reactions. For example, the tert-butyl cation is
proposed

as

an

important

intermediate

in

the

butene-isobutene
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isomerization,89–91 and cyclic carbocations are suggested to involve in the
hydrocarbon pool mechanism for the conversion of methanol to hydrocarbons
(MTH).81,88,92–96
The MTH reactions are catalyzed by acidic microporous zeolites such as
ZSM-5,96,97 SAPO-34,96,98 etc. The hydrocarbon pool (cyclic carbocations and
neutral aromatic counterparts)92 mechanism has been proposed for the
formation of hydrocarbons from methanol, and suggests that the carbocations
formed in situ and confined in the pores of the zeolites act as co-catalysts with
the inorganic framework.99 Two reaction pathways have been proposed,
namely the side-chain and paring routes (as shown in Figure 1.22);88,100,101 in
the former, the olefins are released through the methylation of six-membered
ring cations (alkylbenzenium cations) and the subsequent elimination of the
side chain groups; the later route involves the participation of both six- and
five-membered ring cations (alkylcyclopentenyl cations) with the olefins being
produced via subsequent reactions relying on the expansion of the fivemembered ring cations and contraction of the formed six-membered ring
cations. For these carbocation involved reaction routes, the identification of
carbocations is an important step needed to the understanding of the
mechanism.
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Figure 1.22 The paring and side-chain catalytic cycles for the MTH conversion.
Numbers are calculated energy barriers given in kcal·mol−1. Figure adapted
with permission from88.
1.3.3.3 Capturing carbocations in solid acid catalysts
To investigate the structures and roles of carbocations in heterogeneous
reactions, it is essential to capture them in situ for further characterization. Haw
et al., developed both batch-like and continuous-flow in situ devices and
combined them with solid-state NMR spectroscopy75,102 to capture and study
the reactive carbocations (see Figure 1.23). In the batch-like device, parent
hydrocarbons for producing carbocations are introduced to the solid catalysts
which are loaded into NMR rotors surrounded by cryogenic liquid N2. Then the
samples are sealed and transferred to NMR detecting probes without warming.
The probe temperature will be incrementally raised while NMR signals are
detected. In this way, the formation and transformation of carbocations can be
tracked in situ. The continuous-flow device is a pulse-quench reactor in which
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the reagents are introduced continuously. After reacting at reaction
temperature for a controlled time, the reaction is quenched by rapidly switching
the reagent gas stream to cryogenically cooled N2. In this way the temperature
of the catalysts bed can therefore decrease very rapidly. It was shown that it
only needed 170 ms for the catalyst being cooled by 150 K and less than 1 s
to room temperature or lower.102 Such rapid decrease in temperature can
reduce the reactivity of the carbocation intermediates immediately, hindering
their further transformation. As a consequence, those carbocations that are
formed in situ are trapped and the samples are ready to study at ambient
temperature. Since most heterogeneous reaction processes are under
continuous conditions, and standard reaction conditions can be applied in the
continuous-flow device, this in situ technique is a very good choice for the
investigation of heterogeneous reaction mechanisms.

Figure 1.23 Batch-like (a) and continuous-flow (b) in situ solid-state NMR
devices. Figures adapted with permission from75,102. Copyright 1996 American
Chemical Society.
Although some reactive carbocations cannot persist in zeolites, they can
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still be formed at reaction conditions normally including much higher
temperature than room temperature, and act as intermediates. Capturing
these cations simply by quenching them and the zeolite catalysts to low
temperature is almost impossible, as they cannot be stabilized by zeolites
alone at room temperature. Alternatively, these cations can be trapped using
some nucleophilic molecules with lone electron pairs such as ammonia and
acetonitrile.89,91,103 These molecules can form stable onium ions with
carbocations. The formed onium ions can then be characterized and reveal
the molecular structures of the corresponding carbocations. This way, the
existence of the tert-butyl cation in H-ZSM-5 zeolite has recently been
experimentally identified.89,91
1.3.3.4 Structural identification of carbocations by solid-state NMR
Solid-state NMR, especially 13C NMR, plays an important role in detecting
reactive carbocations on solid catalysts. The rather distinct

13C

signals of

carbocations are unquestionable to confirm the existence of carbocations via
1D

13C

spectra whose information alone however would not be enough to

determine the detailed molecular structures of carbocations. In section 1.1.5,
we demonstrated the great power of multidimensional and multinuclear NMR
experiments

for

structural

identification

and

host-guest

interaction

determination. Extending the use of these experiments to the study of
carbocations is currently hindered by both the challenges associated with
capturing enough highly reactive carbocations formed on solids and the
intrinsically low sensitivity of
reagents

are

generally

13C

used

NMR. Although
to

overcome

13C

isotopically enriched

this

inherently

poor

sensitivity,88,95,102,104 the small amount of carbocations that can be captured in
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successful cases (typically 0.01 mmol·g-1 in the MTH activated β-zeolite104)
usually only permits the acquisition of one dimensional
Previously, the assignments of the

13C

13C

NMR spectra.

solid-state NMR spectra of

carbocations relied on indirect methods. Combination of 1D 13C NMR spectra
with gas chromatography-mass spectrometry (GC-MS) and density functional
theory (DFT) calculations is commonly used to derive the structures of
adsorbed carbocations.88,95 Zeolites with carbocations formed inside the pores
are quenched using in situ NMR techniques. The catalysts are then treated
with HF solution which will dilute the zeolite framework and release the trapped
organic species. These organic species are then extracted with CH2Cl2 from
the HF solution and are ready for GC-MS experiments for structural
characterization. It should be pointed out that during these treatments the
carbocations will deprotonate to their neutral counterparts due to losing
stabilization from zeolite framework. The species identified by GC-MS are
therefore those neutral ones, not carbocations. The structures of those
species are then used to set up the possible carbocation structures for DFT
calculations which will predict the chemical shifts of these possible
carbocations. Those carbocations that have 13C chemical shifts matching well
with the obtained 1D

13C

NMR spectra are then recognized as reactive

intermediate species. Although these combinatorial methods are recognized
as robust approaches for NMR spectral interpretation, they are still inaccurate
for assignments due to the errors coming from the differences between the
predicted models and the real molecular structures, and errors of DFT
calculations on chemical shifts (typically around several ppm). In addition, the
identified neutral carbon species are usually very complex, and not all of them
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come from carbocations (as shown in Figure 1.24).104 Therefore, this may lead
to possible misinterpretation of the carbocations produced.

Figure 1.24 GC–MS chromatogram of the organic species retained in βzeolite after MTH reaction. Figure adapted with permission from104.
Additionally, the identification of the carbocations is indirectly obtained by
separately digesting the deprotonated counterparts of the carbocations with
concentrated sulfuric acid and analyzing the obtained solutions by liquid-state
NMR which has much better resolution.105 Using this way, a database of

13C

chemical shifts of possible cations is created and used to assign the solid-state
13C

NMR spectra. This procedure assumes that the states of the carbocations

in the solutions are the same as those confined in the solid zeolite pores, which
ignores the effects such as solvation on chemical shifts and is therefore not
very accurate. Additionally, independent synthesis of the neutral species is
required such as dienes for some cyclic carbocations, and therefore entails
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prior knowledge of the possible structures.
Although the above indirect methods can give preliminary assignments of
the solid-state

13C

NMR spectra, accurate determination of the carbocation

structures is still very challenging and misinterpretation of the reaction
intermediates as well as the corresponding mechanisms proposed based on
these intermediates could happen. Figure 1.25 shows that carbocations
sharing similar framework structures, five-membered cations with varied alkyl
substitutes and different numbers and substituting positions of alkyl groups for
instance, have very close chemicals shifts for their characteristic signals and
the resolution of their 1D solid-state 13C NMR spectra is definitely not enough
to distinguish them from each other.105 Therefore, multidimensional and
multinuclear NMR experiments for more directly structural identification are
needed

for

future

research

on

the

carbocations

intermediates

in

heterogeneous catalysis.
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Figure 1.25 Solid-state

13C

MAS NMR spectrum (acquired at 18.8 T) of H-

ZSM-5 after MTH reaction and the structures of some possible carbocations.
Figure adapted with permission from105.
1.4 Aims of this Project
This introduction is intended to give a brief background of the principles
of solid-state NMR techniques, especially the application of multidimensional
and multinuclear NMR methods for structural determination and investigation
of host-guest interaction. The advanced DNP NMR technique for NMR
sensitivity enhancement is also briefly introduced, including its application to
heterogenous catalysis. This introduction also provides a brief description of
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carbocation intermediates in heterogeneous catalysis. The stabilization of
these carbocations in solid acid catalysts and techniques that are commonly
used to capture and study these reactive cations are briefly introduced.
This introduction shows that the application of multidimensional and
multinuclear NMR methods for the investigation of carbocation intermediates
is challenging due to the intrinsically low sensitivity of NMR and difficulties
associated with the high reactivity of carbocations. This PhD, therefore, is
centered on demonstrating the great power of multidimensional and
multinuclear NMR methods to determine the molecular structures of reactive
carbocation intermediates with atomic precision. This work also aims to extend
the application of DNP to heterogenous catalysis and combine it with those
multidimensional and multinuclear NMR techniques to investigate those
reactive carbocation intermediates.
Most previous solid-state NMR investigation on the reactive carbocation
intermediates in MTH reaction proposed those ion structures via indirect
methods that are typically based on a combination of 1D NMR spectra, GCMS and DFT calculations, which may give misinterpretation of the possible
carbocation structures. Chapter two and three aim at addressing the
uncertainty of previous assignments of carbocations in zeolites by using a
range of complimentary multinuclear and multidimensional NMR experiments.
To address the challenges of utilizing multidimensional and multinuclear NMR
methods to the investigation on reactive carbocations, which challenges are
mainly associated with NMR’s low sensitivity, this work of chapter four,
therefore, also explores combining the DNP technique with those
multidimensional and multinuclear NMR methods for more detailed studies on
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carbocations.
The overall target of this thesis is to widen the application of
multidimensional, multinuclear NMR methods and DNP to heterogeneous
catalysis. Investigation of important carbocation intermediates, which is a vital
topic in heterogeneous catalysis, is chosen to demonstrate the power of these
NMR techniques and their great potential to become regular analytical tools in
catalysis.
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Chapter 2: Direct Structural Identification of Carbenium Ions and
Investigation of Host-guest Interaction in the Methanol to Olefins
Reaction Obtained by Multinuclear NMR Correlations
This chapter is adapted from a paper titled of the same name that was
published in Chemical Science in 2017,106 for which the authors contribution
are as follow: D. X. prepared all the samples, conducted all NMR experiments
with assistance from F. B. when required, made all the figures and wrote the
initial draft of the manuscript which was enhanced with guidance from F. B.; all
authors discussed the results.
2.1 Abstract
Probing and determining the intermediates formed during catalytic
reactions in heterogeneous catalysis are strong challenges. Using
labelling and two-dimensional

13C-13C

13C

through-bond NMR correlations, we

directly reveal the structures of a range of carbenium ions species formed
during the conversion of methanol to olefins on acidic H-ZSM-5 zeolite by
mapping the carbon-carbon bond connectivities. Additionally, we use
and

29Si-13C

13C-27Al

through-space NMR experiments to probe the interactions

between the confined carbon species (including carbenium ions) and the
framework of the zeolite, which quantitatively provide an estimate for the
carbon-aluminium and carbon-silicon distances, respectively.
2.2 Introduction
The MTO reaction is an important process for the production of light
olefins

(mainly

ethylene

and

propene)

from

non-petrochemical
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resources such as coal and natural gas. 96 The reaction is catalysed by
microporous solid acids, in particular a wide range of zeolite (e.g. HZSM-5, H-SAPO-34), and has been successfully commercialised since
the 1990’s.96–98 Nevertheless, there is a need for a deeper understanding
of the catalytic active sites and reaction mechanism in order to identify
catalyst deactivation pathways and further optimise the catalytic
performance.99,107–113
Solid-state NMR is a well-developed technique for structural
determination and host-guest investigation studies, and has played an
important role in increasing our understanding of heterogeneous
catalytic process.114–117 In particular, solid-state NMR has enabled the
detection of the intermediates formed during the MTO reaction and their
interactions with zeolite, which are both important in unravelling the
mechanism of the reaction. The intermediates that have been observed
previously

by

NMR

are

cyclic

carbenium

ions

such

as

polymethylcyclopentenyl cations and polymethylbenzenium cations on
H-SAPO-34,88

H-SSZ-13,88

DNL-6118

and

β-zeolite,104

and

polymethylcyclopentenyl cations and ethylated cyclopentenyl cations on
H-ZSM-5 zeolite.95,105 These cyclic carbenium ions are crucial
intermediates involved in the hydrocarbon pool mechanism 92 in which
the cyclic organic species in the zeolite pores act as co-catalysts for the
conversion of methanol to olefins. 99 More specifically, two reaction
routes have been proposed namely the side-chain methylation route in
which

the

olefins

are

produced

through

the

methylation

of

polymethylbenzenium ions and the subsequent elimination of the side
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chain groups, and the paring route in which the olefins are released via
the expansion of polymethylcyclopentenyl cations and the subsequent
contraction of polymethylbenzenium ions. 88,100,101,119 The structural
identification of carbenium ions is crucial for the determination of the
dominant route and specific reaction path in different zeolites.
Previous work relied on computational methods for the assignments
of the

13C

solid-state NMR spectra of the carbenium ions. 88,95 Although

these computational methods are recognised robust approaches for
NMR spectral interpretation, 120,121 there is still a direct lack of
experimental data supporting these assignments and therefore this may
lead to possible misinterpretation of the carbenium ions produced.
Additionally, the identification of the carbenium ions was indirectly
obtained by digesting the dienes (the deprotonated counterparts of the
cyclic carbenium ions) with concentrated sulfuric acid and analysing the
obtained solutions by liquid-state NMR.88,105 This procedure assumes
that the states of the carbenium ions in the solutions are the same as
those confined in the solid zeolite pores, and also requires independent
synthesis of the dienes, and therefore entails prior knowledge of the
possible carbenium ions’ structures.
Recently, the interactions between the carbon species and the Al
sites of the H-ZSM-5 zeolite were qualitatively investigated by using
spatially

encoded

13C-27Al

dipolar

coupling

NMR

experiments

(employing a symmetry-based resonance-echo saturation-pulse doubleresonance

sequence

(S-RESPDOR)

sequence122).

The

work

demonstrated the formation of supramolecular reaction centres
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composed of confined carbon species and the inorganic framework of
zeolite which possesses higher reactivity toward methanol in the H-ZSM5 zeolite.109
Here, we unambiguously experimentally identified several cyclic
carbenium ions on MTO activated H-ZSM-5 zeolite, including a
previously undetected 1,5-dimethyl-3-sec-butyl cyclopentenyl cation,
using a refocused INADEQUATE 11 NMR sequence. This experiment
relies on scalar J couplings and yields through-bond correlations,
providing a straightforward pathway for

13C

spectral assignments.

Moreover, the interactions between the confined carbon species and HZSM-5 zeolite framework are quantitatively probed via through space
13C{27Al}

S-RESPDOR122,123 and

29Si{13C}

REDOR experiments.16 The

framework of H-ZSM-5 zeolite and its micropore size are shown in Figure
2.1.
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Figure 2.1 Framework of H-ZSM-5 zeolite and its micropore size.124,125 [010]
and [100] denote crystallographic directions.
2.3 Experimental Procedures
2.3.1 Preparation of the MTO activated H-ZSM-5 zeolite
H-ZSM-5 (SiO2/Al2O3 = 50, from Nankai University Catalyst Co., Ltd) of
40 ~ 60 mesh particles was placed at a fixed-bed quartz tubular reactor, and
was dehydrated prior to reaction by heating at 550 oC under a continuous flow
of pure helium flow for 2h. After dehydration, the temperature was gradually
decreased to the reaction temperature of 285 oC. The
(99 atom %

13C,

13C

enriched methanol

Sigma-Aldrich) was then fed by passing the carrier gas (He)
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through a methanol saturator maintained at 14 oC with the WHSV of methanol
to be 2.0 h-1. After running at 285 oC for 20 minutes, the reaction was quenched
by immersing the reactor into liquid N2. It was measured that the temperature
of the catalyst bed decreased from the reaction temperature to room
temperature in about 10 seconds. At the same time, the reacting gas was
switched to pure helium gas. Once back to room temperature, the reactor was
transferred to the N2 glove box, and the activated zeolite was collected and
stored. Samples were vacuumized and sealed in plastic bags using a vacuum
packer in the N2 glove box for storage and transportation. Samples were
packed into NMR rotors in air at room temperature.
It should be noted that the industrial MTO process is operated at
temperature of 400 to 500

oC

and pressure close to atmospheric

pressure.96,108 However, at such high temperature, the carbenium ion
intermediates are very reactive and can hardly be captured. 88 To capture the
carbenium ions, the reaction temperature was reduced to about 285 oC in this
work.
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2.3.2 NMR experimental details
Experimental details are given in Table 2.1, Table 2.2 and Table 2.3. All
NMR data were processed using TopSpin3.2 NMR software.
Table 2.1 Acquisition parameters for 13C solid-state NMR experiments
13C

13C

Experiment

CP

13C

CP
Hahn
echo

Magnetic field / T

9.4a

20b

9.4a

9.4a

Number of scans

2560

2048

512

1280

Recycle delay / s

2.5

3

3

3

MAS rate / kHz

14

18

14

14

rfc field for 90°pulse /
kHz

70

83

70

70

CP contact time / ms

2

4

2

2

d

ramp.10
0e

ramp70100.
100d

ramp701
00.100d

60

70

60

60

56

54

56

60

70

83

70

70

-

-

70

60

-

-

2.1(1), 1.4(2)

-

Δt1 / us

-

-

14.3

-

Number of t1 increments

-

-

442

-

Rotor
synchronized
echo time

-

-

-

66 μs to
9.3 ms

Number of data points

-

-

1H

1H

rf amplitude ramp for
contact pulse / kHz
1H

rf field during contact
pulse / kHz
13C rf field during contact
pulse / kHz
1H rf field for SPINAL648
decoupling pulses / kHz
13C rf field for 90° and
180°pulses / kHz
Rotor
synchronized
delays for both echoes
(1 and 2) / ms

a

CP
refocused
INADEQUATE

ramp70
100.100

18

Recorded on a Bruker Avance ΙΙΙ HD solid-state NMR spectrometer, using a
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4 mm HXY probe in double resonance mode with the resonance frequencies
of 1H and 13C to be 400.1 MHz and 100.6 MHz, respectively. b Recorded on a
Bruker Avance ΙΙΙ NMR spectrometer, using a 3.2 mm HXY probe in double
resonance mode with the resonance frequencies of 1H and

13C

to be 850.2

MHz and 213.8 MHz, respectively. c “rf” refers to radio-frequency. d 1H contact
rf field is swept from 70 to 100% of the set 1H rf field linearly with 100 steps
during contact pulse.
1H

e 1H

contact rf field is swept from 50 to 100% of the set

rf field linearly with 100 steps during contact pulse.
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Table 2.2 Acquisition parameters for 13C and 27Al solid-state NMR experiments
Experiment

CP
S-RESPDOR

27Al

Hahn echo

Magnetic field / T

9.4a

20b

Number of scans

768 to 9216

1024

Recycle delay / s

3

0.7

MAS rate / kHz

8

22

83

-

2

-

ramp70100.100

-

60

-

40

-

83

-

83

-

40

-

31

-

16

-

-

70

-

45 μs

1H

rf field for 90°pulse / kHz

CP contact time / ms
1H

rf amplitude ramp for contact
pulse / kHz
1H rf field during contact pulse /
kHz
13C rf field during contact pulse /
kHz
1H rf field for CW decoupling
pulses / kHz
1H
rf field for SPINAL64
decoupling pulses / kHz
27Al rf field for saturation pulse /
kHz
13C rf field for 90° and 180°
pulses / kHz
13C rf field for SR42 recoupling
1
sequences / kHz
27Al rf field for 90° and 180°
pulses / kHz
Rotor synchronized echo time
a

13C{27Al}

Recorded on a Bruker Avance ΙΙΙ HD solid-state NMR spectrometer, using a

4 mm HXY probe in double resonance mode with a frequency splitter
(REDOR-BOX)123 attached to X channel, which enabled tuning and matching
to both 13C, 27Al Larmor frequencies at 100.6 MHz and 104.3 MHz, repectively,
on X channel. b Recorded on a Bruker Avance ΙΙΙ NMR spectrometer, using a
3.2 mm HXY probe in single resonance mode with the resonance frequencies
of 27Al to be 221.6 MHz.
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Table 2.3 Acquisition parameters for 29Si solid-state NMR experiments
29Si

Experiment

29Si{13C}

CP REDOR

Magnetic field / T

9.4a

9.4a

20b

Number of scans

10240

10240

2048

Recycle delay / s

3

3

3

MAS rate / kHz

5

5

10

83

83

83

3

3

9

ramp.100

ramp.100

ramp.100

60

60

70

83

83

83

47

47

50

1H

rf field for 90°pulse / kHz

CP contact time / ms
1H

rf amplitude ramp for contact
pulse / kHz
1H rf field during contact pulse /
kHz
1H
rf field for SPINAL64
decoupling pulses / kHz
29Si rf field during contact pulse /
kHz

a

CP

29Si

rf field for 180°pulses / kHz

-

48

50

13C

rf field for 180°pulses / kHz

-

60

50

Number of data point

-

5

4

Recoupling time of first data
point / ms

-

1.2

1.6

Recoupling time increment / ms

-

1.2

1.0

Recorded on a Bruker Avance ΙΙΙ HD solid-state NMR spectrometer, using a

4 mm HXY probe in triple resonance mode with the resonance frequency of
1H

to be 400.1 MHz, X channel tuned to 13C at 100.6 MHz, Y channel tuned to

29Si

at 79.5 MHz, respectively.

b

Recorded on a Bruker Avance ΙΙΙ NMR

spectrometer, using a 3.2 mm HXY probe in triple resonance mode with the
resonance frequency of 1H to be 850.2 MHz, X channel tuned to

13C

at 213.8

MHz, Y channel tuned to 29Si at 168.9 MHz, respectively.
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2.3.3 NMR pulse programs

Figure 2.2 (a)

13C

CP refocused INADEQUATE pulse sequence.11 1 and 2

are synchronized to be an integer number of rotor periods. (b) 13C{27Al} CP S2

RESPDOR pulse sequence.122,123 SR41 is the recoupling sequence.126 Tr =
1/vr is the rotor period. (c)

29Si{13C}

CP REDOR pulse sequence. L is number

of rotor periods.16,127  in (b) and (c) represents the recoupling time.
2.3.4 13C{27Al} S-RESPDOR and 29Si{13C} REDOR data processing
2.3.4.1 Analytical formulas for 13C{27Al} S-RESPDOR
The S-RESPDOR dephasing curve for a spin-1/2 nucleus coupled to any
spin-I nucleus follows the general formula below:122,123
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2I

∆S
f
√2
kD
kD
=
{2I ∑ [4I - 2(k - 1)]J1/4 (
)J-1/4 (
)}
S0
2I + 1
4(2I + 1)
4
4
k=1

Equation 2.1
where I is the spin quantum number, I = 5/2 for 27Al nucleus. f is the pre-factor
that represents the fraction of crystallites in which the spin states of the
quadrupolar nuclei have been saturated by the saturation pulses. This prefactor is equal to 1 only for 100% abundant nucleus I completely saturated by
the saturation pulses. D represents the dipolar coupling constant (unit in “Hz”)
of

13C-27Al

2

spin pair, and  is the total duration of SR41 recoupling

sequences. J±1/4 denotes the ±1/4-order Bessel function of the first kind.
2.3.4.2 Analytical formulas for 29Si{13C} REDOR
For short dipolar recoupling times (ΔS/S0 < 0.3), the REDOR curve is
geometry-independent, and a first-order approximation can be applied, which
gives the following formula:128
n

∆S 16 2
=
 ∑ D2i
S0
15

Equation 2.2

i=1

where  and Di are the dipolar recoupling time and the dipolar coupling
constants (unit in “Hz”) of different
Both the

13C{27Al}

29Si-13C

S-RESPDOR and

spin pairs, respectively.

29Si{13C}

REDOR data were fitted

using MatLab R2016a software.
The internuclear distance can then be calculated from the obtained
dipolar coupling constants Di according to equation 1.12.
2.3.4.3 Determination of errors
The errors of S’ and S0 are determined from the signal to noise ratios
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S/N of S’ and S0 spectra as measured by the TopSpin3.2 NMR software. The
noise intensities which are calculated from the intensities of signals and S/N
values, are taken as the absolute errors of the signals. The values are
S’/(S/N)S’) for S’ and S0/(S/N)S0 for S0. Since ΔS = S0 - S’, the absolute errors
of ΔS will be {S’/(S/N)S’ + S0/(S/N)S0}, which give the absolute errors of ΔS/S0
that is {(S’/S0)/(S/N)S’ + 1/(S/N)S0} and are shown as error bars in Figure 2.9(b)
and Figure 2.14.
The ΔS/S0 data set including the errors were fitted with MatLab and gave
a dipolar coupling constant D with associated error at 95 % confidence bounds.
The largest and smallest D values are taken as the boundaries, as shown as
dashed curves in Figure 2.9(b) and Figure 2.14 while the solid curves
correspond to the best-fit of ΔS/S0 data set without considering the errors.
2.4 Results and discussion
2.4.1 Structural identification of the confined carbon species in MTO activated
H-ZSM-5
2.4.1.1 1D 13C CP spectra of MTO activated H-ZSM-5
In this work, the MTO activated H-ZSM-5 materials were prepared
by passing

13C

enriched CH3OH over H-ZSM-5 at 285 °C for 20 minutes

following by quenching the reaction mixture with liquid N 2 (see section
2.3.1). The 13C CP MAS NMR spectra of the 13C enriched MTO activated
H-ZSM-5 are given in Figure 2.3 (at 9.4 T and 20 T) and show multiple
signals ranging from 0 to 260 ppm, highlighting the complexity of the
confined carbon species. It is worth pointing out that the unusual
downfield

13C

resonances (235-260 ppm) are characteristic signals of
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protonated carbenium ions and these have previously been assigned to
several methylated and ethylated cyclopentenyl cations 95,105 whose
overlapping resonances prevent their unequivocal assignments.

Figure 2.3 13C CP MAS NMR spectra of 13C enriched MTO activated H-ZSM5 obtained at (a) an external magnetic field B0 = 9.4 T, MAS = 14 kHz and (b)
B0 = 20 T, MAS = 18 kHz. Asterisks (*) denote spinning sidebands.
2.4.1.2 Identification of carbenium ions by 2D 13C-13C INADEQUATE
A 2D

13C-13C

refocused INADEQUATE spectrum is displayed in

Figure 2.4(a) and gives correlations mapping out the carbon skeleton of
each carbenium ions. In this J-based experiment, two directly bonded
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13C

nuclei share a common frequency in the double quantum (vertical)

dimension at the sum of their
quantum

13C

individual frequencies in the single

(horizontal) dimension. 11

The

peaks

observed

in

the

INADEQUATE spectrum notably allowed us to explicitly identify the three
methylated carbenium ions, namely the dimethylcyclopentenyl cation I,
trimethylcyclopentenyl cation II and pentamethylbenzenium cation III
(see Figure 2.4(b)) which have been previously proposed but were
identified based on a combination of 1D

13C

CP NMR spectra, GC-MS

and DFTcalculations.95 More explicitly, the dimethylcyclopentenyl cation
I can be identified through correlations C1(I) (249 ppm) – C2(I) (147 ppm),
C1(I) (249 ppm) – C3(I) (48 ppm) and C1(I) (249 ppm) – C4(I) (25 ppm)
as identified in purple in Figure 2.4(a) (and in Figure 2.4(c) for all
horizontal traces). A similar approach is used to directly establish the
carbon connectivities in cations II (Figure 2.5) and III (Figure 2.6).
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Figure 2.4 (a) 2D 13C-13C refocused INADEQUATE spectrum of 13C enriched
MTO activated H-ZSM-5 at B0 = 9.4 T and a MAS frequency of vr = 14 kHz.
Signals in the black dashed box have been magnified by a factor of 2, while
signals of the green dashed boxes have been processed with a fewer number
of t1 points and larger line broadening to account for the shorter T2’ values (see
Table 2.4 for details) and weak intensities of these

13C

signals to make them

more easily visible. Signals corresponding to carbenium ions (black) and of
other neutral carbon species (blue). The assignments of the different
carbenium species are given in different colors. Asterisks (*) denote spinning
sidebands. (b) Molecular structure of the carbenium ions identified, colorcoded according to their assignments. (c) Extracted horizontal traces of
carbenium ion I with arrows in dashed lines indicating their positions in the 2D
map. The corresponding double quantum frequency DQ of each slice is also
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given in the figure. The chemical shifts of different

13C

sites are given in the

parenthesis. Unlabeled peaks are from other carbenium ions or aromatic
species.

Figure 2.5 Extracted horizontal slices of the 2D

13C

INADEQUATE spectrum

(Figure 2.4(a)) for carbenium ion II. The corresponding double quantum
frequency DQ of each slice is given in the figure. The chemical shifts of
different 13C sites are given in the parenthesis. Unlabeled peaks are from other
carbenium ions or aromatic species.
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Figure 2.6 Extracted horizontal slices of the 2D

13C

INADEQUATE spectrum

(Figure 2.4(a)) for carbenium ion III. The corresponding double quantum
frequency DQ of each slice is given in the figure. The chemical shifts of
different 13C sites are given in the parenthesis. Slices with “☆” on the left have
been processed with a fewer number of t1 points and larger line broadening.
Unlabeled peaks are from other carbenium ions or aromatic species.
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Figure 2.7 Extracted horizontal slices of the 2D

13C

INADEQUATE spectrum

(Figure 2.4(a)) for carbenium ion IV. The corresponding double quantum
frequency DQ of each slice is given in the figure. The chemical shifts of
different

13C

sites are given in the parenthesis. Slice with “☆” on the left has

been processed with a fewer number of t1 points and larger line broadening.
Unlabeled peaks are from other carbenium ions or aromatic species.
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A previously unprecedentedly observed 1,5-dimethyl-3-sec-butyl
cyclopentenyl cation IV, is also identified on H-ZSM-5 as revealed by the
C3(IV) (255 ppm) - C8(IV) (35 ppm), C8(IV) (35 ppm) - C9(IV) (9 ppm),
C8(IV) (35 ppm) - C10(IV) (23 ppm), C10(IV) (23 ppm) - C11(IV) (13 ppm)
correlations and correlations amongst C1(IV) to C8 (IV) observed in the
2D

13C-13C

refocused INADEQUATE spectra (red lines in Figure 2.4(a)

and Figure 2.7). A cyclopentenyl cation with a tert-butyl group has
previously been reported to be involved as a key intermediate in the
aromatic-based paring route proposed by theoretical modelling for the
formation of isobutene in the MTO reaction, however, it was not
experimentally observed.101 In contrast, some work proposed that
butene is formed through an alkene-based cycle involving the
methylation/cracking

of

alkenes. 129,130

Hence,

the

experimental

identification of cation IV provides direct support for the aromatic-based
paring route for butene formation in H-ZSM-5. The elimination of the secbutyl group of cation IV is likely to produce but-1-ene and but-2-ene
which are also the products of the MTO reaction.131
Several correlations relating

13C

signals in the 235 ppm to 260 ppm

region (black lines in Figure 2.8) are also obtained and can be assigned
to

some

additional

carbenium

ions,

most

likely

cyclopentenyl

cations.95,105 The correlation involving the weak signal at 225 ppm may
arise from the polymethylcyclohexenyl cations. 132 However, the lack of
correlations relating these signals with the aliphatic region of the

13C

NMR spectrum limits the complete assignments of these signals and is
probably due to the low concentration of these carbenium ions as
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evidenced by their weak signal intensities in the 1D

13C

CP MAS

spectrum. The low concentration may also account for the apparent
absence of ethylated cyclopentenyl cations 105 in our MTO activated HZSM-5.
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Figure 2.8 2D

13C-13C

refocused INADEQUATE spectrum of

13C

enriched

MTO activated H-ZSM-5 at B0 = 9.4 T and a MAS frequency of vr = 14 kHz.
Signals in the black dashed box have been magnified by factor of 2, while
signals of the green dashed boxes have been processed with a fewer number
of t1 points and larger line broadening to account for the shorter T2’ values (see
Table 2.4 for details) and weak intensities of these 13C signals and make them
more easily visible. Signals corresponding to carbenium ions were labelled in
black to distinguish them from signals (blue) of other neutral carbon species.
Signals in maroon dashed box correspond to correlations amongst carbons of
the benzene rings.95 Asterisks (*) denote spinning sidebands.
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Table 2.4 13C Chemical shift of carbenium ions
Carbenium ions

a

Carbon
number
1
2
3
4
1
2
3
4
5
1
2
3
4
5
6
7
1
2
3
4
5
6
7
8
9
10
11

Chemical shift /
ppm
249
147
48
25
243
156
47
23
9
206
134
189
58
23
25
24
246
146
255
55
53
16
24
35
9
23
13

T2’ / msa
1.6
1.6
1.9
2.9
2.8
1.6
1.2
1.9
2.9
1.7
2.8
2.9
-

Measured 13C transverse relaxation time (T2’) under 1H decoupling (Table 2.1)

obtained at 9.4 T. T2’ were derived by fitting the data to I() = I(0)exp[-/T2’]
where I() and I(0) are the signal intensities at time  and .
The increase of resolution offered in the vertical dimension of the
2D spectrum enables a more accurate determination of the 13C chemical
shift values of the different carbon sites from these carbenium ions
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(Table 2.4). Those signals are usually poorly resolved in the 1D CP MAS
NMR spectrum (Figure 2.3(a) and Figure 2.4(a) for data at 9.4 T) even
at a high magnetic field (see Figure 2.3(b)).
2.4.1.3 Neutral carbon species in MTO activated H-ZSM-5
In the 2D

13C-13C

refocused INADEQUATE spectrum, signals

ranging from 120 to 140 ppm show strong correlations with each other
and with signals in the 13 - 22 ppm region (maroon lines in Figure 2.8).
These correlations are attributed to correlations amongst carbons of the
benzene rings and between benzene rings carbons and alkyl group
carbons of neutral aromatic species, respectively. Aromatics with various
types and numbers of substituted alkyl groups have very close chemical
shifts,133 which makes individual assignments of signals from these
aromatics challenging due to a lack of resolution.
Signals at 60 and 51 ppm have strong intensities in the 1D CP MAS
spectrum and show no correlations with any other signals in the 2D
spectrum (Figure 2.4(a)). This observation is consistent with their
assignments to dimethyl ether and residual adsorbed methanol,
respectively.105 Correlations among peaks between 10 and 45 ppm
(orange lines in Figure 2.8) can be assigned to alkyl groups of aromatics
or carbenium ions.105
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2.4.2 Quantitative investigation of the interactions between the confined
carbon species and the H-ZSM-5 framework
2.4.2.1 13C-27Al distance measured by 13C{27Al} S-RESPDOR
The interactions between the confined carbon species and zeolite
are initially investigated by recording
which the

13C-27Al

13C{27Al}

S-RESPDOR data, in
2

dipolar couplings are reintroduced by the SR41

recoupling sequences126 on the
intramolecular distance. With

13C

27Al

spins, and provide access to the

irradiation and at a recoupling time of

15 ms, the S-RESPDOR dephasing ΔS/S0 obtained at 9.4 T can be
clearly observed, indicating spatial proximities between the

13C

and

27Al

spins. More specifically, signals from 0 to 40 ppm, corresponding to the
alkyl groups of both carbenium ions and aromatics, all have similar signal
reduction ΔS/S0 due to being coupled to the

27Al

spins (Figure 2.9(a))

and are integrated against the recoupling time in Figure 2.9(b). Due to
the small concentration of 27Al atoms in ZSM-5 (SiO2/Al2O3 = 50), the 13C
spins are unlikely to be coupled with multiple

27Al

spins and a single spin

pair model is used to fit the S-RESPDOR data122 (see section 2.3.4 for
further details). A

13C-27Al

dipolar coupling constant D of 74 ± 12 Hz is

extracted and corresponds to an average

13C-27Al

distance of 4.7 ± 0.3

Å between the alkyl groups of confined carbon species and the 27Al sites,
and the

27Al

NMR spectrum in Figure 2.10 shows mainly the framework

tetrahedral Al.
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Figure 2.9 (a)

13C{27Al}

S-RESPDOR signals with (S’) and without (S0)

27Al

irradiation at external magnetic field B0 = 9.4 T and with recoupling time of 15
ms. ΔS is the difference spectrum between S0 and S’. (b)

13C{27Al}

S-

RESPDOR fraction ΔS/S0 as a function of recoupling time with the
corresponding best-fit curve (black line) and fit boundaries (dashed lines). f is
the pre-factor and D is the dipolar coupling constant (see section 2.3.4). The
error bars are determined from the signal to noise ratios of S0 and S’ spectra
as measured by the TopSpin3.2 NMR software.

Figure 2.10

27Al

Hahn echo MAS NMR spectrum of

13C

enriched MTO

activated H-ZSM-5 at B0 = 20 T. Signal are assigned according to reference134.
Asterisks (*) denote spinning sidebands.
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2.4.2.2 29Si-13C distance measured by 29Si{13C} REDOR
The 9.4 T

29Si

CP MAS NMR spectra of the MTO activated H-ZSM-

5 (Figure 2.11) show multiple broad signals at -102, -106, -112 and -117
ppm which are characteristics of the (SiO)3SiOH (Q3), Si(OSi)3(OAl),
Si(OSi)4 (Q4) and the crystallographically inequivalent Si(OSi) 4 (Q4’) sites,
respectively, of which the Si(OSi)3(OAl) sites contribute to the Brønsted
acid sites.135 Note that no

29Si

signal for Tn sites of the type R-

Si(OSGi)n(OH)3-n (typically observed around -60 ppm136) (Figure 2.12(a))
could be detected on H-ZSM-5, indicating that the confined carbon
species are not directly covalently bonded to the

29Si

nuclei.

Figure 2.11 Fitting of 29Si CP spectrum at 9.4 T.
Spatial interactions between the confined carbon species and the
H-ZSM-5 zeolite framework are further probed by 29Si detected 29Si{13C}
REDOR experiments (Figure 2.12(a)) which reintroduce the

29Si-13C

dipolar couplings under MAS. 16 At an recoupling time of 6 ms, the
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intensity of the dephased

29Si

NMR signal S' is significantly reduced vs.

the spin echo signal S0 indicating spatial proximities between
13C

spins. Figure 2.12(b) shows that the different

29Si

29Si

and

signals have a

similar degree of intensity reduction and these signals cannot be well
resolved even at a high field of 20 T (Figure 2.13). Therefore, integration
of the whole

29Si

NMR signals from -90 to -125 ppm was used to

determine the REDOR fraction ΔS/S0 as a function of the recoupling time
(Figure 2.14). The number of retained carbon species and their unknown
geometries with respect to the zeolite impose the use of a geometricallyindependent REDOR curve model in which only data for a short dipolar
recoupling time (ΔS/S0 < 0.3) are needed.128

Figure 2.12 (a) 29Si CP, 29Si CP spin echo signal (S0), 29Si{13C} REDOR signal
with reintroduction of dipolar couplings (S’) at an external magnetic field B0 =
9.4 T and with a recoupling time of 6 ms. ΔS = S0 - S’. (b) Comparison of S0
and S’ spectra.
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Figure 2.13 Comparison of 29Si{13C} REDOR signals (a) S0 at 20 T, MAS = 10
kHz, recoupling time of 1.6 ms and (b) S0 at 9.4 T, MAS = 5 kHz, recoupling
time of 1.2 ms.

Figure 2.14 Plot of the REDOR fraction ΔS/S0 as a function of the recoupling
time  with the corresponding best-fit curve (black line) and fit boundaries
(dashed lines). Vertical error bars are estimated as for the

13C{27Al}

S-

RESPDOR data.
94

Fitting the 29Si{13C} REDOR data (see Figure 2.14 and section 2.3.4)
yields ∑ D2i of 6650 ± 1600 Hz2 which gives an estimated

29Si-13C

dipolar coupling constant D of 82 ± 10 Hz (assuming a simplified single
spin pair model) and a

29Si

to

13C

internuclear distance of 4.2 ± 0.2 Å.

This distance is comparable to the one obtained above for
from

the

13C{27Al}

S-RESPDOR

experiments,

13C

showing

to

27Al

strong

interactions between the confined hydrocarbon species and zeolite
framework and providing quantitative information for the proposed
supramolecular reaction centres in H-ZSM-5.109,137
2.4.2.3 Analysis of the host-guest interactions
The interactions between the neutral aromatics, carbenium ions and
H-ZSM-5 have previously been investigated computationally; 138–142 it
was found that it is the confinement of pores via long-range van der
Waals interactions between the neutral aromatics and zeolite framework
that contributes considerably more to the aromatics’ adsorption in HZSM-5 than the short-range interactions between the acid OH group of
the zeolite and the electrons of the aromatic ring. These previous works
proposed that the aromatics prefer to adsorb in the intersection region
between the straight and sinusoidal channels in which polycyclic
aromatics grow and block the channels, leading to the catalysts’
deactivation.138–140 The
that different

29Si

29Si{13C}

REDOR spectra (Figure 2.12(b)) show

sites, including the Si(OSi)3(OAl) sites corresponding

to the Brønsted acid sites, have apparent similar interactions with

13C

nuclei, which indicates that the confinement effects dominate the
adsorption of the main hydrocarbon species (neutral aromatics), and that
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the short-range interactions between the main hydrocarbon species and
the Brønsted acid sites may not be strong enough to make a significant
difference between these acid sites (and others). These observations
suggest that the deactivation of zeolite may not result from the direct
poisoning of acid sites, but from blockage of the channels due to the
accumulation

of

aromatics,

which

is

consistent

with

previous

calculations.138 The adsorption model in previous studies showed that
the acid O-H bond axis faces the aromatic ring in a nearly perpendicular
orientation with the distance between the acidic H and the aromatic ring
falling in the 2.2–2.9 Å range.138 Considering an Al-H distance of about
2.4 Å140 and the size of aromatics, both

27Al-13C

and

29Si-13C

distances

around 4–5 Å can be expected, matching the values measured above.
Carbenium ions were previously proposed to form ion-pair complex
with the Brønsted acid sites. In the DFT optimised geometry of this
complexes, the

13C

nucleus directly involved in the ionic bonding

interaction is around 3.1 Å away from the O of the Brønsted acid sites.
Considering the Al-O and Si-O bond distances (1.7 and 1.6 Å
respectively)141,142 and the local geometry of the complex, distances
between this
Å. This

13C

13C

nucleus and

27Al/29Si

can be estimated to be around 4

nucleus is on the carbenium ring in the optimised geometry

and should be the closest one to the Al sites. Hence, we can expect a
longer distance between the dangling alkyl groups of the carbenium ions
and the Al sites, satisfying the experimental value of 4.7 ± 0.3 Å distance
as measured by the

13C{27Al}

S-RESPDOR experiments.
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2.5 Conclusions
In conclusion, we have shown here that a

13C-13C

refocused

INADEQUATE experiment on a MTO activated H-ZSM-5 leads to the
unambiguous assignment of the

13C

NMR spectrum and the direct

spectroscopic determination of the molecular structures of the retained
carbon species inside the zeolite framework. The spatial proximities
between these carbon species and the zeolite framework were probed
by

13C{27Al}

S-RESPDOR and

29Si{13C}

REDOR experiments for which

quantitative analysis reveals carbon-aluminium and carbon-silicon hostguest distances in the range of 4.2–4.7 Å, supporting pore confinement
interactions (Figure 2.15).

Figure 2.15 Representative of carbenium ion IV confined in the pores of HZSM-5 and its distance to the zeolite framework.
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Chapter 3: Identification of different carbenium ion intermediates in
zeolites with identical chabazite topology via 13C-13C through-bond NMR
correlations
This chapter is adapted from a paper titled of the same name that was
published in RSC Advances in 2019,143 for which the authors contribution are
as follow: D. X. prepared all the samples, conducted all NMR experiments with
assistance from F. B. when required, made all the figures and wrote the initial
draft of the manuscript which was enhanced with guidance from F. B.; all
authors discussed the results.
3.1 Abstract
13C-13C

through-bond NMR correlation experiments reveal the

stabilization of different carbenium ion intermediates in two zeolites
possessing identical CHA topology (H-SAPO-34 and H-SSZ-13) during
the methanol to olefins reaction.
3.2 Introduction
The production of light olefins via the methanol-to-olefins (MTO)
reaction is an important chemical process that links non-oil resources
such as coal and natural gas with olefin-based petrochemicals.96–
98,144,145

The catalysts used for the MTO reaction are mainly microporous

acidic zeolites amongst which H-SAPO-34, a silicoaluminophosphate
zeolite with the CHA topology, is of particular importance due to its high
selectivity to ethylene and propene, and is of commercial use. 96,97 H-

98

SSZ-13 is a CHA silicoaluminate analogue of H-SAPO-34 which has
been shown to be a potential alternative in the MTO process. 146
Despite the successful industrialization of this process with
methanol conversion higher than 99%, 96 further improving of the
catalysts performances in terms of selectivity has been an important
scientific endeavour. For example, the selectivity to ethylene and
propene has increased from 79.2% in the first generation industrial
DMTO process (“D” refers to Dalian Institute of Chemical Physics) to
85.7% in the second generation DMTO-II process in China.96 However,
there is still significant room to improve catalysts performances which
can be informed by providing a deeper understanding of the catalytic
reaction intermediates and reaction mechanism.
We and others have previously investigated the MTO mechanism
on H-ZSM-5,95,106,111,147 H-SAPO-3488,92,93,137 and  zeolite67,119 using a
range of experimental and computational approaches including solidstate NMR. The hydrocarbon pool (HCP) mechanism has been generally
accepted for the formation of hydrocarbons from methanol 81,92,93,99,145
and suggests that for the aromatic cycle routes the organic species
(mainly cyclic carbenium ions and neutral aromatic species) confined in
the pores of zeolites act as co-catalysts with the inorganic framework.
Based on the species observed, a side-chain and a paring reaction
pathways have been proposed. While the former involves olefins
released

through

(alkylbenzenium) and

methylation

of

six-membered

ring

cations

elimination of the side chain groups, the later

route produces the olefins via expansion of alkylcyclopentenyl cations
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followed by contraction of the formed six-membered ring cations.88,100,119
These cyclic carbenium ions are key nodes along the reaction routes
and their identification plays an important role in determining the
mechanism acting for a given zeolite.
Solid-state NMR has played a critical role in achieving this
understanding88,95,102,148 and our works67,106 deploying a range of
multidimensional and multinuclear NMR approaches have enabled the
unequivocal structural identification of a range of five- and six-membered
ring cations (as well as neutral compounds) in H-ZSM-5 and -zeolites
(MFI and BEA topologies, respectively), without the need for previous
knowledge or assumption of the carbenium ions structures. In particular,
this approach permits to distinguish carbenium ions with closely related
structures (e.g., cyclopentenyl cations with various methyl groups) and
previously unidentified carbenium ions (e.g., 1,5-dimethyl-3-sec-butyl
cyclopentenyl cation and methylnaphthalenium cations), all offering a
complete understanding of the reaction routes.
Here, we probe the carbenium ions formed during the MTO reaction
on two different CHA zeolites (H-SSZ-13 and H-SAPO-34) by utilizing
the 2D

13C-13C

refocused INADEQUATE11 NMR experiment (pulse

program can be found in section 2.3.3 of chapter 2). We experimentally
identified

1,2,3,4-tetramethylcyclopentenyl

(I)

and

1,2,3-

trimethylcyclopentenyl (II) cations as the major retained cation species
on H-SSZ-13 and H-SAPO-34 CHA zeolites, respectively. The
framework of H-SSZ-13 and H-SAPO-34 zeolites and their micropore
size are shown in Figure 3.1.
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Figure 3.1 CHA framework of H-SSZ-13 and H-SAPO-34 zeolites and their
micropore size.124,125 [001] denotes crystallographic direction.
3.3 Experimental Procedures
3.3.1 Preparation of the MTO activated CHA zeolites
Templated SAPO-34 (Al + P)/Si ≈ 7) with triethylamine was purchased
from Nankai University Catalyst Co., Ltd and H-SSZ-13 (Si/Al = 15) was
provided by BASF.88 The templated SAPO-34 zeolite was calcined in air at
550 °C for 6 h to remove the organic template and generate the H-type zeolite.
Both H-SAPO-34 and H-SSZ-13 zeolites with particles in the 40 ~ 60 mesh
range were placed in a fixed-bed quartz tubular reactor and dehydrated first at
500 oC under a continuous helium (99.999%, Dalian Special Gases Co., Ltd.)
flow for 2 h. The temperature was then gradually decreased to the reaction
temperature as follow. H-SAPO-34 and H-SSZ-13 were then reacted with
13CH OH
3

(99 atoms % 13C, Sigma-Aldrich) with a WHSV of 2 h-1 at 300 °C for
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20 minutes and at 275 °C for 25 minutes, respectively. Liquid N2 was then used
to quench the reaction by immersing the reactor into it, the input gas switched
to helium and once cooled to room temperature, the reactor was transferred
to a glove box protected by N2 for storage. The activated zeolites were packed
into NMR rotors quickly in air at room temperature.
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3.3.2 NMR experimental details
The NMR experimental details for activated H-SSZ-13 and H-SAPO-34
are shown in Table 3.1 and 3.2, respectively. The data were processed using
the TopSpin3.2 NMR software.
Table 3.1 NMR spectra acquisition parameters for activated H-SSZ-13
13C

13C

Experiment
MAS rate / kHz
Number of scans

8

12.5

14

14

2048

2048

4096

192

3

3

3

70

70

70

2
ramp701
00.100

2
ramp701
00.100

2
ramp70100.
100

60

60

60

60

64

46

70

70

70

-

-

70

-

-

2.1(1)
2.1(2)

-

-

14.3

-

-

962

Recycle delay / s
3
1H rfb field for 90°pulse
70
/ kHz
CP contact time / ms
2
1H rf amplitude ramp for ramp701
contact pulse / kHz
00.100c
1H rf field during contact
60
pulse / kHz
13C
rf field during
60
contact pulse / kHz
1H
rf
field
for
SPINAL64149
70
decoupling pulses / kHz
13C rf field for 90° and
180°pulses / kHz
Rotor
synchronized
delays for both echoes
(1 and 2) / ms
Δt1 / us
Number of t1 increments
a

CP
refocused
INADEQUATEa

CPa

-

All recorded on a 9.4 T Bruker Avance ΙΙΙ HD solid-state NMR spectrometer,

using a 4 mm HXY probe in double resonance mode. The corresponding
resonance frequencies of 1H and
respectively.

b

“rf” stands for rf.

c 1H

13C

are 400.1 MHz and 100.6 MHz,

contact rf field is swept from 70 to 100%

of the set 1H rf field linearly with 100 steps during contact pulse.150
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Table 3.2 NMR spectra acquisition parameters for activated H-SAPO-34
13C

13C

Experiment
MAS rate / kHz

10

13.5

14

14

Number of scans

4096

15024

25056

384

Recycle delay / s

3

3

3

3

rf field for 90°pulse /
kHz

70

83

70

70

CP contact time / ms

2

2

2

2

ramp701
00.100

ramp701
00.100

ramp70100.
100

60

60

60

56

58

46

83

70

70

-

-

70

-

-

2.1(1)
1.4(2)

1H

1H

rf amplitude ramp for ramp701
contact pulse / kHz
00.100
1H rf field during contact
60
pulse / kHz
13C
rf field during
56
contact pulse / kHz
1H
rf
field
for
SPINAL64149
70
decoupling pulses / kHz
13C rf field for 90° and
180°pulses / kHz
Rotor
synchronized
delays for both echoes
(1 and 2) / ms

a

CP
refocused
INADEQUATEa

CPa

Δt1 / us

-

-

-

14.3

Number of t1 increments

-

-

-

655

All recorded on a 9.4 T Bruker Avance ΙΙΙ HD solid-state NMR spectrometer,

using a 4 mm HXY probe in double resonance mode. The corresponding
resonance frequencies of 1H and

13C

are 400.1 MHz and 100.6 MHz,

respectively.
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3.4 Results and discussion
3.4.1 Comparison of the 1D

13C

CP spectra of MTO activated H-SSZ-13 and

H-SAPO-34
Activated zeolites were prepared by flowing 13C enriched CH3OH on
H-SSZ-13 and H-SAPO-34 catalyst beds at 275 °C for 25 min and 300 °C
for 20 min, respectively, followed by quenching into liquid N2 to capture
the carbenium ion intermediates (full experimental details are given in
section 3.3.1). The

13C

CP MAS NMR spectra of these two activated

catalysts are given in Figure 3.2 and Figure 3.3, 3.4 for spectra at
different MAS rates, and show multiple signals in the 0 - 260 ppm region,
highlighting the complexity of the retained carbon species. Three general
type of species (carbenium ions, aromatics/dienes, adamantane
derivatives) are present, the downfield signals above 150 ppm being
characteristic of carbenium ions. 67,88,95,106,148 It is worth pointing out that
the

13C

spectra of activated H-SSZ-13 and H-SAPO-34 are very similar

in this high frequency region; the two main peaks at about 153 and 243
ppm

are

representative

signals

for

polymethylcyclopentenyl

cations.88,95,102,148 These 1D NMR spectra would suggest that the same
cations are retained on these two zeolites with identical CHA topology,
however the more informative 2D through-bond 13C-13C correlation NMR
experiment11 reveals that this is not the case (see below).
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Figure 3.2

13C

CP MAS spectra of activated (a) H-SSZ-13 and (b) H-SAPO-

34. Spectra were recorded at 9.4 T and at a MAS of 14 kHz. Only characteristic
signals for carbenium ions are labelled with chemical shifts. Asterisks (*)
denote spinning sidebands.
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Figure 3.3

13C

CP spectra of activated H-SSZ-13. Spectra were recorded at

9.4 T and at varied MAS rates of 8 kHz, 12.5 kHz and 14 kHz, respectively.
Asterisks (*) denote spinning sidebands.
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Figure 3.4 13C CP spectra of activated H-SAPO-34. Spectra were recorded at
9.4 T and at varied MAS rates of 10 kHz, 13.5 kHz and 14 kHz, respectively.
Asterisks (*) denote spinning sidebands.
3.4.2 Structural identification of the confined carbon species in MTO activated
H-SSZ-13 and H-SAPO-34
3.4.2.1 Different carbenium ions in H-SSZ-13 and H-SAPO-34 revealed by 2D
13C-13C

INADEQUATE

The corresponding 2D

13C-13C

refocused INADEQUATE spectra of

both activated zeolites are shown in Figure 3.5 and 3.6. These
experiments are based on through-bond scalar J coupling11 (rather than
through-space dipolar-based experiments)13,14 and the correlation maps
directly

yield

C-C

bonds

information,

unambiguously

enabling

assignment of the carbon resonances. In this experiment, two peaks
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resonating at the same frequency in the double quantum (vertical)
dimension arise from the sum frequency of the two individual

13C

peaks

in the single quantum (horizontal) dimension that correspond to
chemically bonded carbons. The 2D spectra of the two activated zeolites
show that the

13C-13C

correlation maps are distinct as evidenced by

correlations of the 63 and 243 ppm signals in H-SSZ-13 and of the 47
and 244 ppm peaks in H-SAPO-34 (see red and blue traces in Figure
3.5 and 3.6), demonstrating that the main carbenium ions formed are
different in both zeolites with the same CHA topology. The full maps are
also shown in the 2D spectra and reveal experimental observation of the
characteristic correlations C1(I) (243 ppm) - C2(I) (153 ppm) and C2(I)
(153 ppm) - C3(I) (251 ppm) identifying cation I as the main retained
cation species in H-SSZ-13 (Figure 3.5) and C1,3(II) (244 ppm) - C2(II)
(155 ppm) and C1,3(II) (244 ppm) - C4,5(II) (47 ppm) for cation II in HSAPO-34 (Figure 3.6 and Figure 3.7, 3.8, 3.9 for complete set of
correlations for each cation), allowing the structure of the carbenium ions
and their

13C

chemical shifts to be explicitly obtained (Table 3.3).
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Figure 3.5 2D

13C–13C

refocused INADEQUATE spectra of activated H-SSZ-

13. Data were recorded at 9.4 T and at a MAS rate of 14 kHz. Signals of
positive intensities and Fourier Transform (FT) wiggles of negative intensities
are coded in black and olive, respectively. Asterisks (*) denote spinning
sidebands. The assignments of the different carbenium ions and their
corresponding structures are colored-coded. Some representative traces
extracted along the horizontal dimension are also shown. The complete set of
traces for carbenium ions I is given in Figure 3.7. Partial correlations for other
carbenium ions are coded in maroon. The correlations coded in green and
purple belong to the neutral species (aromatics, dienes and adamantane
derivatives). Signals off the carrier frequency in black dashed box correspond
to small artefacts caused by direct current (DC) offset. Numbers in parenthesis
are the chemical shifts of the correlated 13C sites.
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Figure 3.6 2D

13C–13C

refocused INADEQUATE spectra of activated H-

SAPO-34. Data were recorded at 9.4 T and at a MAS rate of 14 kHz. Signals
of positive intensities and Fourier Transform (FT) wiggles of negative
intensities are coded in black and olive, respectively. Asterisks (*) denote
spinning sidebands. The assignments of the different carbenium ions and their
corresponding structures are colored-coded. Some representative traces
extracted along the horizontal dimension are also shown. The complete set of
traces for carbenium ions I and II is given in Figure 3.8 and 3.9. Partial
correlations for other carbenium ions are coded in maroon. The correlations
coded in green and purple belong to the neutral species (aromatics, dienes
and adamantane derivatives). Signals off the carrier frequency in black dashed
box correspond to small artefacts caused by direct current (DC) offset.
Numbers in parenthesis are the chemical shifts of the correlated 13C sites.
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Figure 3.7 Horizontal traces for 1,2,3,4-tetramethylcyclopentenyl cation I in
activated H-SSZ-13. The corresponding double quantum frequency DQ of
each slice is given in the figure. The chemical shifts of different

13C

sites are

given in the parenthesis. Unlabeled peaks are from other carbenium ions or
aromatic species.
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Figure 3.8 Horizontal traces for 1,2,3-trimethylcyclopentenyl cation II in
activated H-SAPO-34. The corresponding double quantum frequency DQ of
each slice is given in the figure. The chemical shifts of different

13C

sites are

given in the parenthesis. Unlabeled peaks are from other carbenium ions or
aromatic species.
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Figure 3.9 Horizontal traces for 1,2,3,4-tetramethylcyclopentenyl cation I in
activated H-SAPO-34. The corresponding double quantum frequency DQ of
each slice is given in the figure. The chemical shifts of different

13C

sites are

given in the parenthesis. Unlabeled peaks are from other carbenium ions or
aromatic species.
Table 3.3 13C chemical shifts for carbenium ions I and II (structures are shown
in Figure 3.5 and 3.6
Carbon number
Chemical shift /
ppm

C1

C2

C3

C4

C5

C6

C7

C8

C9

I

243 153 251

57

63

25

10

22

26

II

244 155 244

47

47

24

9

24

-a

a: not applicable.
Note that the tetramethyl substituted cyclopentenyl cation I has not
been

observed

in

the

literature. 88,95,105,106,141,148

While

trimethyl

substituted cyclopentenyl II has been previously postulated in a previous
study on H-SAPO-34132 based solely on 1D

13C

spectra, it is worth

pointing out that the 2D NMR method adopted here yields C-C bonding
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information directly, providing straightforward structural identification not
accessible using methods that require treatment of post-activated
zeolites.88,95,105,151
Additional correlations involving

13C

signals in the high frequency range

(175 to 250 ppm) are also observed (maroon lines in Figure 3.5 and 3.6). The
correlations between signals at 30 - 215 ppm in H-SSZ-13 and 30 - 225 ppm
in H-SAPO-34 are assigned to polymethylcyclohexenyl cations. 106,132,152 In HSAPO-34, the 247 ppm resonance shows multiple correlations involving
carbenium ions which are most likely other cyclopentenyl cations.88,95,105
However, only a limited number of correlations is obtained, due to their low
concentration as evidenced by their weak 1D signal intensities (Figure 3.2),
and challenges a complete structural determination for these cations. In HSSZ-13, there is a unique correlation between signals at 20 and 175 ppm and
is characteristic of methylnaphthalenium cations,67 the formation of this coke
precursor being ascribed to the higher acid strength of H-SSZ-13 than HSAPO-34 (as determined by infrared spectroscopy studies146,153 and a
combination of 1H NMR, acetone probed

13C

NMR and NH3-temperature

programmed desorption methods).88 The signals in the 190 - 203 ppm region
in the 1D spectra of both zeolites (Figure 3.2, 3.3 and 3.4) arise from
polymethylbenzenium cations88 but are absent in the 2D spectra likely due to
their very low concentration too.
Whilst CP MAS-based experiments like the refocused INADEQUATE are
inherently not quantitative, the similar natures of the carbenium ions stabilized
permit some consideration regarding the main species present. It is found that
I dominates the 2D spectrum in H-SSZ-13 while it is a minor retained cation
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species in H-SAPO-34 where II is the main cation. Note that only a few
characteristic correlations corresponding to I has been detected in the later
zeolite (e.g., C4(I) - C5(I) and C4(I) - C9(I), as shown in Figure 3.6 and 3.9) as
the others are likely beyond the detection limit of the 2D experiment. The
difference in population of the main carbenium ions I and II present in these
two zeolites probably arises from their different acid strengths. It is known that
whether or not a carbenium ion could be persistently stabilized inside zeolites
depends on its acid strength relative to that of the zeolites.75,77,87,88 The
distribution of carbenium ions in H-SSZ-13 vs. H-SAPO-34 may suggest that I
is less stable than II and requires stronger acid sites to be stabilized.
The observation of the five-membered ring cations I and II is also strong
indication of the existence of paring route in zeolites of CHA topology. It is
clear that the five-membered ring cations are the main retained carbenium ion
intermediates in both H-SSZ-13 and H-SAPO-34, while the six-membered ring
cations are only present as minor species. This result is consistent with
previous observation88 showing that six-membered ring cations have higher
activity and further transform and are therefore less likely to be observed than
the five-membered ring cations in the CHA zeolites.
3.4.2.2 Neutral carbon species in MTO activated H-SSZ-13 and H-SAPO-34
In addition to carbenium species, neutral aromatics and dienes are
present (correlated signals in the 115 - 150 ppm and 10 - 25 ppm
regions, green dashed boxes and lines in Figure 3.5 and 3.6) and are
involved as HCP species in the catalytic cycles and precursors of
carbenium ions, respectively. 132 Correlations in the 10 - 50 ppm region
(purple dashed boxes in Figure 3.5 and 3.6) are assigned to alkyl groups
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(in aromatics and carbenium ions) and methyladamantanes, the later
being consistent with GC-MS experiments performed on CHA zeolites
and suggested as coke species leading to catalyst deactivation. 154 A
correlation between signals at 77 and 28 ppm (purple lines in Figure 3.5
and 3.6) is also obtained on both zeolites and likely arises from hydroxy
and methoxy substituted adamantanes. 155 Note that the poor resolution
of the 2D spectra in these regions hinders complete assignments of the
neutral species mentioned above. Finally, signals at 50 and 60 ppm do
not display 2D correlations which is consistent with their assignments to
strongly adsorbed methanol and dimethyl ether, respectively. 95,106
3.5 Conclusions
In conclusion, we have explicitly obtained the molecular structures
of the reactive carbenium ions in two zeolites with identical CHA topology
using multidimensional through-bond NMR experiments. New types of
polymethylcyclopentenyl cations are identified and may serve as crucial
intermediates in the paring route for MTO reaction. The new cations
identified here offer a more comprehensive understanding of the reaction
routes and will inspire future research on their roles in MTO processes.
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Chapter 4: Fast Detection and Structural Identification of Carbocations
on Zeolites by Dynamic Nuclear Polarization Enhanced Solid-State NMR
This chapter is adapted from a paper titled of the same name that was
published in Chemical Science in 2018,67 for which the authors contribution
are as follow: D. X. and F. B. designed the project, conducted the DNP
experiments, analyzed the data and wrote the manuscript with inputs from all
co-authors. S. X. prepared the activated zeolites, contributed to the DNP
experiments and data analysis. N. B., S. P. and F. A. aided in carrying out the
DNP experiments. F. A. performed the EPR spin counting experiments. L. C.
and B. S. prepared the MMM- zeolite. All authors discussed the results.
4.1 Abstract
Acidic zeolites are porous aluminosilicates used in a wide range of
industrial processes such as adsorption and catalysis. The formation of
carbocation intermediates plays a key role in reactivity, selectivity and
deactivation in heterogeneous catalytic processes. However, the
observation and determination of carbocations remain a significant
challenge in heterogeneous catalysis due to the lack of selective
techniques of sufficient sensitivity to detect their low concentrations.
Here, we combine 13C isotopic enrichment and efficient dynamic nuclear
polarization

magic

angle

spinning

nuclear

magnetic

resonance

spectroscopy to detect carbocations in zeolites. We use 2D

13C–13C

through-bond correlations to establish their structures and

29Si–13C

through-space experiments to quantitatively probe the interaction
between multiple surface sites of the zeolites and the confined
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hydrocarbon pool species. We show that a range of various membered
ring carbocations are intermediates in the methanol to hydrocarbons
reaction catalysed by different microstructural -zeolites and highlight
that different reaction routes for the formation of both targeted
hydrocarbon products and coke exist. These species have strong van
der Waals interaction with the zeolite framework demonstrating that their
accumulation in the channels of the zeolites leads to deactivation. These
results enable understanding of deactivation pathways and open up
opportunities for the design of catalysts with improved performances.
4.2 Introduction
Carbocations

are

important

intermediates

in

many

homogeneous71,80 and heterogeneous reactions,73,76,78,79 especially
those catalysed by solid acids (e.g. acidic zeolites),74,77,81 and are formed
from the corresponding hydrocarbons through protonation by the acidic
protons of the Brønsted acid sites. They take part in a range of industrial
processes such as cracking, isomerization, alkylation, etc., which
account for the conversion of hydrocarbons to a range of products. 77 For
example, cyclic carbocations are proposed as important intermediates
involved in the hydrocarbon pool mechanism for the conversion of
methanol to hydrocarbons (MTH). 81,88,92–96,156,157 Despite the significant
roles of carbocations in heterogeneous reactions, their identifications in
solid catalysts are not straightforward as they are reactive, transient,
difficult to capture and exist in generally low concentrations,73,75,88,89,104
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and therefore their spectroscopic characterization is very challenging.88–
90,104

Solid-state NMR is useful in detecting reactive carbocations on solid
catalysts as shown in some limited cases on zeolites where their capture
is achieved by quenching the reaction with liquid N 288,102 or stabilizing
the intermediates with base (e.g. ammonia).89 However, further
development in extending the use of solid-state NMR to the study of
carbocations is currently hindered by both the challenge associated with
capturing enough highly reactive carbocations formed on solids (vide
supra) and the intrinsically low sensitivity of NMR, especially when low
natural abundance nuclei (e.g. 1.1% for

13C)

are targeted. Although

13C

isotopically enriched reagents are generally used to overcome this
inherently poor sensitivity,88,102,104 the small amount of carbocations that
can be captured in successful cases (typically 0.01 mmol·g-1 in the MTH
activated -zeolite104) usually only permit the acquisition of 1D NMR
signals, limiting the application of more informative multidimensional
NMR experiments to obtain both the structures of these carbocations
and their interaction with the solid catalysts. The structures of adsorbed
carbocations are typically derived from such 1D

13C

NMR spectra

combined with GC-MS and DFT calculations88,95 and therefore prior
assumption of the existing structures is required.
In chapter 2 we identified the carbocations formed in

13C

enriched

MTH activated ZSM-5 and investigated their host-guest interaction by
obtaining limited structural constraints. 106 However, the experimental
times needed to acquire the multidimensional and multinuclear NMR
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data were prohibitively long (> 5 days), even in this favourable case
where the carbocation concentration is relatively high (> 0.02 mmol·g-1).
This significantly hinders the systematic use of these powerful
approaches on a wider range of solid acids with a lower amount of
carbocation intermediates and addressing this challenge necessitates
further dramatic boost in NMR sensitivity beyond

13C

labelling.90

An emerging method with potential to delivering this increase in
NMR sensitivity is DNP which can enhance the NMR signals by multiple
orders of magnitude by transferring the large polarization of electrons to
nearby nuclei via microwave induced electron-nuclear transitions,
thereby leading to a very significant reduction in experimental time. 17–23
Insoluble samples for typical DNP experiments are impregnated with a
solution of stable radicals as the source of electrons with the solvent
providing the matrix for 1H polarization transfer. Although initial work
focused on water-soluble radicals19,20 which are chemically incompatible
with the investigation of carbocations, water free radicals and matrices
are now known34,42 and have enabled the structural characterization of
a broad range of materials with DNP. 20 In particular in heterogeneous
catalysis, this approach is starting to provide detailed access to catalytic
sites

on

the

surface

catalysts,18,27,37,45,48,52,60,61,66

or

in

including

the

pores

of

surface-enhanced

selected
NMR

on

mesoporous silica,18 organometallics on silica, 52,66 SnVI-active sites in
Sn- zeolite37,48,61 and Brønsted acid sites of aluminosilicate. 60 However,
DNP investigation on reactive carbocation intermediates confined in
microporous zeolites is yet to be demonstrated.
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Here, we explore the use of DNP NMR to detect carbocations
confined in porous zeolite catalysts during the MTH reaction. 95,104 We
show that combining

13C

isotope enrichment and DNP enables the

detection of low levels of carbocations (0.002-0.01 mmol·g-1) in two types
of -zeolites within minutes. The considerable sensitivity increase
obtained allows carbon connectivities to be obtained with

13C-13C

through-bond experiments11 yielding the molecular structures of a series
of carbocations. The spatial proximities between the surface sites of the
zeolites and the confined carbon species are quantitatively probed via
13C-29Si

through-space NMR experiments.16 The identification of these

carbocations reveals possible reaction routes for the formation of olefins
and coke species in the MTH reaction while the quantification of hostguest interaction indicates dominant interaction contributing to the
adsorption of hydrocarbon pool species in zeolites. In addition, while
DNP application has been shown to be limited for microporous
zeolites,37,61 here we suggest a potential way to optimize DNP efficiency
on microporous zeolites, that is introducing hierarchical pores with
different sizes ranging from micro (< 2 nm), meso (2–50 nm) to macro
pores (> 50 nm).158
4.3 Experimental Procedures
4.3.1 Preparation of the activated zeolites
Two

different

-zeolites

with

organic

templates

and

different

microstructures (microporous -zeolite (M-) and micro-meso-macroporous zeolite (MMM-)159) were used. The -zeolite has 12-ring window of 7.7 × 6.7
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Å and 5.6 × 5.6 Å viewed along [100] and [001], respectively. The framework
of -zeolite and its micropore size are shown in Figure 4.1. The mesoporous
and microporous structure of MMM- was shown in ref159. The M- zeolite
templated with tetraethylammonium hydroxide was obtained from China
University of Petroleum and has a Si/Al ratio of 13 (framework Si/Al ratio ≈
24),104 while MMM- (framework Si/Al ratio ≈ 34, see Table 4.1, Figure 4.2)
with tetraethylammonium hydroxide and glycerol templates was synthetized
following a literature procedure.159 Both zeolites were then calcined in air at
550 °C for 6 h to remove the templates, ion-exchanged in 1.0 M NH4NO3
aqueous solution at 80 °C three times and then subsequently recalcined at
550 °C for 4 h to yield the H-type zeolites. The zeolites were dehydrated at
500 °C under a continuous flow of He flow at 25 mL·min-1 for 2 h in a fixed-bed
quartz tubular reactor followed by a decrease in temperature to the reaction
temperature as follow. M- was then reacted for 20 minutes (unless otherwise
specified) with
1

13CH OH
3

(99 atom % 13C, Sigma-Aldrich) with a WHSV of 2 h-

at 275 °C while MMM- was reacted for 20 minutes with either

13CH OH
3

at

300 °C or 13C2H4 (99 atom % 13C, Sigma-Aldrich) at 275 °C with a WHSV of 2
h-1. The reaction was then quenched by immersing the reactor into liquid N 2
and transferred to the N2 glove box at room temperature where the samples
were stored.
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Figure 4.1 Framework of -zeolite and its micropore size.124,125 [100] and [001]
denote crystallographic directions.
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Figure 4.2 Quantitative room temperature 29Si MAS NMR spectrum of H-type
MMM- at 9.4 T and a MAS rate of 10 kHz.
Table 4.1 Framework Si/Al ratios in H-type M- and MMM- zeolites
determined from 29Si MAS NMR spectra (Figure 4.2 for MMM-)
Zeolite

Framework Si/Al

M-

24104

MMM-

34

The carbocation concentrations of activated M- and activated MMM-
are in the order of 0.002 - 0.01 mmol/g based on the

13C

NMR spectra and

previous work,104 while the one of activated MMM- is much lower.
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4.3.2 Chemical compatibility between carbocations and TCE solvent
The activated zeolites (30 to 50 mg) were mixed with the halogenated
solvent TCE (about 50 L) by incipient wetness impregnation. Room
temperature

13C

CP MAS spectra were recorded at 14.1 T before and after

mixing with TCE.
4.3.3 Solid-state NMR experiments
NMR spectra were recorded on Bruker Avance III spectrometers (9.4 T
and 14.1 T) using 4 mm HXY probes in double resonance mode.
13C

CP MAS experiments at 9.4 T were performed at a MAS rate of 12.5

kHz, while

29Si

CP MAS experiments were performed at a MAS rate of either

8 kHz (for M- with template, MMM- with template and activated M-) or 10
kHz (for activated MMM-). All 1H pulses and SPINAL-64 heteronuclear
decoupling8 were performed at rf field amplitude of 83 kHz.
13C

13C

CP MAS and

29Si

CP MAS experiments were obtained with a

29Si

rf field of 53 and 45 kHz at MAS rates of 8 and 10 kHz, respectively, while

rf field of 51 kHz and a

the 1H rf field was ramped to obtain maximum signals at approximately 60
kHz.150
13C

CP MAS experiments at 14.1 T were performed at a MAS rate of 12

kHz. All 1H pulses and SPINAL-64 heteronuclear decoupling were performed
at a rf field of 54 kHz. 13C CP MAS experiments were obtained with 13C rf field
of 79 kHz while the 1H rf field was ramped at approximately 54 kHz.
The directly excited 29Si MAS NMR spectrum of the H-type MMM- zeolite
was acquired at 9.4 T at a MAS rate of 10 kHz and with 1H SPINAL-64 highpower decoupling8 at a rf field of 83 kHz. 29Si pulses were obtained with rf field
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of 70 kHz. A recycle delay of 5 × T1 = 65 s was used where T1 is the

29Si

longitudinal relaxation time constant.
4.3.4 DNP MAS NMR experiments
Samples for DNP experiments were prepared by incipient wetness
impregnation of the solids (typically 30 mg) with 40 L of 20 mM of nitroxide
biradicals TEKPol34 in TCE34,42 which is currently one of the most efficient
polarizing matrix for cross-effect DNP at 9.4-14.1 T.35,36 The freshly prepared
mixtures were then packed into sapphire rotor which was then inserted into
the pre-cooled DNP probe.
All DNP experiments were performed on a commercial 9.4 T Avance III
DNP solid-state NMR spectrometer equipped with a 263 GHz gyrotron and on
a 14.1 T Avance III DNP NMR spectrometer equipped with a 395 GHz gyrotron,
using a low temperature 3.2 mm HXY probe in double or triple resonance
mode. All the

13C

and

29Si

CP MAS experiments were performed with 1H

pulses and SPINAL-64 decoupling8 at a rf field of 100 kHz and a recycle delay
of 1.3 × DNP(1H) where DNP(1H) is the DNP build-up time. A 1H pre-saturation
block of 100 pulses separated by 1 ms was applied.
13C

and 29Si CP MAS experiments at 9.4 T were performed at MAS rates

of 12.5 and 8 kHz, respectively, and at T ≈ 110 K (calculated through T1 of 79Br
in KBr160 for which a very small amount was added to the rotor). The
experiments were obtained with
1H

13C

29Si

CP

rf field at 62.5 kHz matched to a ramped

rf field at approximately 100 kHz while

with

13C

29Si

CP experiments were obtained

rf field at 62.5 kHz matched to a ramped 1H rf field at approximately

102 kHz. The rf field of the 13C and 29Si pulses was set to 62.5 kHz in the 13C127

13C

z-filtered refocused INADEQUATE11,

13C-13C

PDSD13,14,161, and

29Si{13C}

REDOR16 experiments (pulse programs are shown in Figure 4.3). The rotor
synchronized  delays in the INADEQUATE experiments were optimized to
about 1.6 ms. The z-filter duration for activated M- and MMM- was 0.8 ms
and 0.4 ms, respectively, during which 1H CW decoupling at 1H rf field of 12.5
kHz was used.162 In the 13C-13C PDSD experiments, a 30 ms mixing time was
used. DARR sequence was applied during the mixing period with 1H rf field
equal to MAS rate at 12.5 kHz. In the

29Si{13C}

REDOR experiments,

recoupling times up to 28.5 ms (for activated M-) and 30 ms (for activated
MMM- were used. The experimental spectral lineshapes and dephasing
curves from the REDOR experiments were simulated with the DMFIT163 fitting
software and using MatLab R2016a, respectively.
13C

CP MAS experiments at 14.1 T were performed at a MAS rate of 12.5

kHz and at T ≈ 125 K. The spectra were obtained with a

13C

rf field at 62 kHz

matched to a ramped 1H rf field at approximate 90 kHz.
4.3.5 EPR spin counting experiments
EPR experiments were recorded at room temperature on the DNP
samples packed into 3.2 mm sapphire NMR rotors using an X-band Bruker
Biospin EMX Nano spectrometer operating at X-band (9.6 GHz). The error on
the EPR spin counting experiments was estimated to be about ±30%.28,164 The
concentration of electron spins in the DNP samples was also calculated based
on the amount of zeolite and radical solution added. The error was estimated
to be about ±75%, considering the evaporation of TCE solvent, error in radical
concentration in solution, error in sample mass, etc.165
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4.3.6 NMR pulse programs

Figure 4.3 (a) 1H saturation recovery pulse sequence to measure DNP
polarization build-up time (DNP(1H)) with w on/off and

1H

longitudinal

relaxation time constant (T1) at room temperature. vd is the variable delay list.
(b) Pre-saturated CP pulse sequence. (c) Pre-saturated

13C-13C

CP z-filtered

refocused INADEQUATE pulse sequence.  is synchronized to be an integer
number of rotor periods.11 (d) 13C-13C CP PDSD DARR pulse sequence with 
representing the mixing time.13,14,161 (e)

29Si{13C}

CP REDOR pulse

sequence.16 Tr = 1/vr is the rotor period, L is number of rotor periods and  is
the total recoupling time. In all the sequences, d is the recycle delay which is
equal to 1.3 × DNP(1H). N = 100 is the number of 1H saturation pulses with 1
ms delay d between pulses. t1 and t2 correspond to indirect and direct
dimension acquisition time, respectively. “CW” refers to continuous-wave.
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4.3.7 Measurement of overall DNP sensitivity enhancement factor †
The overall DNP sensitivity enhancement factor †36,43,166–172 takes into
account the sensitivity improvement from low temperature thermal Boltzmann
enhancement (DNP with w on), signal attenuation due to the paramagnetic
relaxation effects (bleaching) from the exogenous stable biradicals and crosseffect induced depolarization at MAS condition,167–171 and time differences
between the DNP enhanced NMR experiments and standard NMR
experiments at room temperature. The following experiments are used to
determine the factor †:
(a) w on DNP enhanced NMR at low temperature (approx. 110 K) of the
zeolites impregnated by 20 mM of TEKPol34 in TCE34,42,
(b) w off DNP NMR at low temperature (approx. 110 K) of the zeolites
impregnated by 20 mM of TEKPol in TCE,
(c) Room temperature NMR of the neat zeolites,
(d) w off DNP NMR at low temperature (approx. 110 K) of the zeolites
impregnated with TCE and at the same field as in (a).
The equation to calculate † is as follows:

† = (

ΛRT
TRT (S/N)DNP mRT
NSRT T1, RT
)(
)(
)√

ΛDNP TDNP (S/N)RT mDNP
NSDNP DNP

Equation 4.1

where Λ, T, S/N, m, NS, T1, RT, DNP and  are the full width at half maximum
(FWHM), sample temperature, signal-to-noise ratio, mass of sample used,
number of scans accumulated, 1H longitudinal relaxation time constant at room
temperature, DNP polarization build-up time and contribution factor,169,171
respectively. The subscripts DNP and RT represent parameters taken from
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experiments (a) and (c), respectively. The contribution factor is calculated as:

=

1 (S/N)DNP mLT
NSLT
(
)√
 (S/N)LT mDNP
NSDNP

Equation 4.2

where  is the DNP signal enhancement between (a) and (b), (S/N)LT, mLT,
and NSLT are signal-to-noise ratio, mass of sample and number of scans
accumulated for (d), respectively.
In this paper, † values were calculated for M- and MMM- with
templates and activated M- and MMM-: DNP NMR data recorded at 9.4 T
or 14.1 T using 3.2 mm rotors vs. 9.4 T room temperature NMR data using 4
mm rotors which perhaps is the most commonly used solid-state NMR
configuration.
4.3.8 Process for extraction the

29Si-13C

dipolar couplings from the

29Si{13C}

REDOR data
The vertical error bars in the 29Si{13C} REDOR curves have been derived
from both the signal-to-noise ratios of the experimentally obtained S0 and S’
spectra, and error analysis in the fit of all experimental

29Si

lineshapes. The

signal-to-noise ratios were calculated from the Topspin 3.2 software while the
error analysis was extracted from the DMFIT fitting software.163
Fitting of the REDOR curves and calculation of dipolar coupling constants
and internuclear distances refer to section 2.3.4.2.
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4.4 Results and discussion
4.4.1 DNP efficiencies on zeolites
Two different -zeolites with different microstructures (microporous
-zeolite (M-) and micro-meso-macroporous -zeolite (MMM-)159)
were used in this study. The DNP efficiencies on these zeolites were
initially explored on the pristine zeolites with organic templates. While
moderate enhancements were only observed for M- (C CP = 14, Si CP =
14), much larger enhancements of 54 on

13C

CP and 72 on

29Si

CP

signals were obtained on MMM- (Figure 4.4, 4.5), clearly showing the
positive effects of introducing hierarchical porosities into zeolites. A more
representative parameter to evaluate the DNP efficiency as compared
with standard NMR at room temperature is the overall DNP gain † (see
calculation details in the section 4.3.7). This takes into account the
increase of sensitivity from thermal Boltzmann distribution going from
298 K to 110 K (temperature at which the 9.4 T DNP with w on data
were recorded), signal attenuation due to the paramagnetic relaxation
effects (bleaching) from the exogenous stable biradicals and cross-effect
induced depolarization at MAS condition.36,43,166–172 †C CP values of 25
and 53 for M- and MMM- and †Si CP values of 34 and 97 for M- and
MMM-, respectively, were obtained at 9.4 T (Tables 4.2, 4.3 and Figure
4.4, 4.5). These large DNP gains † are clearly reflected in Figure 4.5 by
the much larger signal-to-noise ratios obtained from the w on DNP

29Si
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spectra (recorded in seconds) vs. the room temperature

29Si

MAS NMR

spectra (acquired in tens of minutes).

Figure 4.4

13C

CP MAS DNP spectra of templated (a) M- and (b) MMM-

with (w on) (green) and without (w off) microwave irradiation (red) at 9.4 T.
TCE stands for 1,1,2,2-tetrachloroethane (solvent of impregnation).
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Figure 4.5 29Si CP MAS DNP spectra of (a) M- with template and (b) MMM with template, with microwave irradiation (w on) (green) and without (w
off) (red) recorded at 110 K. The sample was impregnated with 20 mM TEKPol
in TCE. The black spectrum shows the

29Si

CP MAS spectrum at room

temperature (without adding the radical solution). The experimental times for
the w on/off and room temperature spectra are 45 seconds and 26 minutes
for M-, and 166 seconds and 13 minutes for MMM- respectively. All spectra
were recorded at 9.4 T and with a MAS rate of 8 kHz.
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Table 4.2 Enhancement factors †C CP and †Si CP calculation parameters for
M- with template
†C CP

a

†Si CP

Matrix

20 mM
TEKPol34
in TCE

TCE

None

20 mM
TEKPol
in TCE

TCE

None

Field / T

9.4

9.4

9.4

9.4

9.4

9.4



14

-

-

14

-

-

Λ / Hz

210a

-

100a

420

-

360

T/ K

110b

-

298

110b

-

298

(S/N) / a.u.

208

37

41

129

28

38

m / mg

23

24

89

23

24

89

NS

32

64

1024

16

64

512

DNP / s

2.1

-

-

2.1

-

-

T1 / s

-

-

0.17c

-

-

0.17d



0.6

-

-

0.7

-

-

†

25

-

-

34

-

-

Signal of CH2 group of (CH3CH2)4NOH. b Calculated through T1 of 79Br in KBr

added to rotor.160 c A longer recycle delay of 3 s (instead of 1.3 × T1) was used
to record the CP experiments as to ensure an adequate duty cycle for the
probe.
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Table 4.3 Enhancement factors †C CP and †Si CP calculation parameters for
MMM- with template
†C CP

a

†Si CP

Matrix

20 mM
TEKPol
in TCE

TCE

None

20 mM
TEKPol
in TCE

TCE

None

Field / T

9.4

9.4

9.4

9.4

9.4

9.4



54

-

-

72

-

-

Λ / Hz

210a

-

70a

500

-

320

T/ K

110b

-

298

110b

-

298

(S/N) / a.u.

364

18

35

670

19

45

m / mg

12

13

60

12

13

60

NS

64

128

512

64

64

256

DNP / s

2.0

-

-

2.0

-

-

T1 / s

-

-

0.92c

-

-

0.92c



0.6

-

-

0.5

-

-

†

53

-

-

97

-

-

Signal of CH2 group of (CH3CH2)4NOH. b Calculated through T1 of 79Br in KBr

added to rotor.160 c A longer recycle delay of 3 s (instead of 1.3 × T1) was used
to record the CP experiments as to ensure an adequate duty cycle for the
probe.
The effects of paramagnetic centres on the NMR signals can be
evaluated by the contribution factor  and the increase of the NMR signal
full width at half maximum (FWHM). The contribution factor  corrects for
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the loss of signals by paramagnetic bleaching such that signals from
nuclei close to the paramagnetic centres are removed beyond detection
limits and by depolarization induced by the cross-effect under MAS
conditions.167–171 A high contribution factor of 0.7 was obtained on the
29Si

NMR signals for M- (see Table 4.2) while  decreased to 0.5 for

MMM- (Table 4.3), suggesting less overall signal loss in M- than in
MMM-. The paramagnetic effect will also cause additional linebroadening of the NMR signals if the radicals are in proximity to the
observe nuclei due to the faster nuclear transverse relaxations (T2’)
induced by the radicals.43,44,173 Figure 4.6 and Figure 4.7 compare the
13C

CP MAS NMR spectra of both M- and MMM- zeolites, respectively,

in the presence and absence of radicals and no obvious change on
FWHM is observed (as monitored by the CH2 resonance of the
(CH3CH2)4NOH template). However, significant line broadening is
observed when the zeolite is frozen in TCE at low temperature with the
FWHM of the CH2 increasing from 100 Hz at room temperature to 210
Hz at 110 K (for M-) and from 70 to 210 Hz (for MMM-). This large linebroadening is attributed to the molecules being trapped in a variety of
conformations by the low temperature and frozen solvent, leading to
large

inhomogeneous

broadening

(as

generally

observed

in

proteins).44,166,174 In this work, this broadening does not prevent the

13C

resonances of the organic templates from being fully resolved.
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Figure 4.6

13C

CP MAS spectra of M- with template. (a) Spectrum of the

neat zeolite at room temperature. (b) Spectrum of the zeolite impregnated with
TCE at 110 K. (c) DNP w on spectrum of the zeolite impregnated with 20 mM
TEKPol in TCE at 110 K. All spectra were recorded at 9.4 T and with a MAS
rate of 12.5 kHz.
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Figure 4.7 13C CP MAS spectra of MMM- with template. (a) Spectrum of the
neat zeolite at room temperature. (b) Spectrum of the zeolite impregnated with
TCE at 110 K. (c) DNP w on spectrum of the zeolite impregnated with 20 mM
TEKPol in TCE at 110 K. All spectra were recorded at 9.4 T and with a MAS
rate of 12.5 kHz.
The larger DNP enhancements in MMM- vs. M- can be attributed
to the facilitated diffusion of both the large TEKPol radical (dTEKPol ≈ 2 nm,
with d referring to length of molecule in a DFT optimized structure 66) and
TCE solvent which is improved by the existence of uniform mesopores
and macropores in MMM- (mesopore and macropore sizes of 2.5-4.0
and 100-300 nm,159 respectively). Since the spin polarization transfer
relies on the 1H solvent spin diffusion, more efficient polarization transfer
in MMM- is expected, which translates to larger enhancements.
Additionally, a larger amount of radical solution is needed to wet the
MMM- zeolite which leads to higher electron spin concentration as
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confirmed by electron paramagnetic resonance (EPR) spin counting
experiments (Table 4.4).
Table 4.4 Concentration of electron spins in the DNP samples

a

Sample

Electron spin
concentration measured
by EPR spin counting
(mmol/g)a

Electron spin
concentration calculated
from preparation
procedure (mmol/g)b

M- with template

(2.7 ± 0.8) × 10-2

(2.2 ± 1.7) × 10-2

Activated M-

(1.1 ± 0.3) × 10-2

(2.4 ± 1.8) × 10-2

MMM- with template

(7.4 ± 2.2) × 10-2

(3.3 ± 2.5) × 10-2

Activated MMM-

(7.3 ± 2.2) × 10-2

(3.3 ± 2.5) × 10-2

EPR spin counting measurements were performed on samples after DNP

experiments.

b

The electron spin concentrations were obtained based on the

amount of zeolite and radical solution added.
4.4.2 Fast detection of carbocations with DNP
The activated M- was prepared by reacting M- with 13CH3OH (see
section 4.3.1 for experimental details). Both

13CH

initially used to activate MMM-; however the

3OH

13C

2H 4

and

13C

2H 4

were

activated MMM-

shows much stronger carbocation signals (Figure 4.8) and was therefore
used in this work (unless otherwise specified). The chemical
compatibility between the reactive cations, TCE and TEKPol solutions
was investigated on these activated zeolites prior to DNP experiments.
The M- and MMM- activated zeolites were impregnated with TCE and
the

13C

CP MAS spectra of both zeolites before and after impregnation

with TCE are compared in Figure 4.9. The spectra show that, for both
activated zeolites, the typical signals of carbocations (from 150 to 250
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ppm), which structures identified in this work are shown in Figure 4.10,
and of the aromatics (120 to 150 ppm) remain unchanged after
impregnation with TCE, indicating that the carbocations are well
stabilised by confinement in pores. Note also that EPR spin counting
experiments on the activated zeolites impregnated with the TCE/TEKPol
biradical solution quantify the electron spin concentrations added (Table
4.4) and illustrate the chemical compatibility of TCE/TEKPol with the
carbocations and other carbon species formed in the activated zeolites.
It is likely that the carbocations are mainly confined within the micropores
of both -zeolites (pore size < 1 nm), hence excluding, the possibility of
these cations reacting with bulky TEKPol (whose size is larger than the
pore size of the micropore of the -zeolite). It was demonstrated
previously that immobilizing the reactive surface species inside a
mesoporous support like MCM-41 (pore size of 2.5-3.0 nm) separates
them from TEKPol and eliminates possible reactions between them
while the polarization is still relayed by 1H spin diffusion of the solvent.66
This phenomenon is also responsible for the transfer of DNP polarization
in the micropores of Sn- zeolite.37,48,61

141

Figure 4.8 Room temperature
with

13CH OH
3

13C

CP MAS spectra of (a) MMM- activated

and (b) MMM- activated with

13C H .
2 4

Data were recorded at

14.1 T and with a MAS rate of 12 kHz. Asterisks (*) denote spinning sidebands.
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Figure 4.9 Room temperature

13C

CP MAS spectra of (a) activated M- and

(b) activated MMM-. The upper and lower spectra were obtained on zeolites
impregnated with TCE and neat, respectively. Data were recorded at 14.1 T
and with a MAS rate of 12 kHz. Asterisks (*) denote spinning sidebands.
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Figure 4.10 Carbocations identified in activated M- and MMM- (coded with
the same colors as their corresponding assignments and correlations in Figure
4.11, 4.14 and 4.15. Values in the parenthesis are

13C

chemical shifts. n1 and

n2 are the number of methyl groups with 3 ≤ (n1 + n2) ≤ 7.
The DNP-enhanced

13C

CP MAS NMR spectra of the activated

zeolites are shown in green in Figure 4.11 and reveal
enhancements C

CP

13C

signal

of 10 and 40 at 9.4 T for M- and MMM-,

respectively. Under microwave irradiation at 9.4 T, the carbocation
signals (150 to 250 ppm) can be clearly observed within minutes
(experimental times of ≈ 7 minutes for M- and ≈ 2 minutes for MMM-)
while, importantly, no carbocation signals emerge without microwave
irradiation (red spectra). Other signals at around 0 to 50 ppm can be
assigned to alkanes or alkyl groups from both aromatics and
carbocations, while the two additional peaks at 50 and 60 ppm in
activated M- (Figure 4.11(a)) correspond to methanol and dimethyl
ether, respectively.104 The strong peak arising from the TCE solvent is
located at about 75 ppm and does not interfere with the NMR signals of
the adsorbed species (black spectra). The

13C

signal enhancements

above translate to overall DNP gains †C CP of 30 and 161 for activated
M- (Table 4.5) and MMM- (Table 4.6) zeolites, respectively. These
gains correspond to a very significant reduction of experimental time
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compared to the standard experiments at room temperature, showing
substantial DNP efficiency. Note the much better DNP efficiency on
activated MMM- than on activated M- which validates the use of
hierarchical pores. DNP experiments at 14.1 T were also recorded on
both activated zeolites. While the

13C

signal enhancements and DNP

gains at 14.1 T are smaller than those at 9.4 T (Figure 4.11), as expected
from the inverse field-dependence of the DNP enhancement with crosseffect DNP,19,20 the carbocations can still be observed but no obvious
increase

in

resolution

is

observed

presumably

due

to

strong

inhomogeneous broadening and increase in chemical shift dispersion.
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Figure 4.11

13C

CP MAS DNP spectra at 9.4 T, 110 K and 14.1 T, 125 K and

room temperature experiments at 9.4 T of (a) activated M- and (b) activated
MMM-. The assignments of the different carbocations are given with the
same colors as their structures in Figure 4.10 (except methylnaphthalenium
ions IV which are omitted in these 1D spectra for clarity but shown in Figure
4.14 and 4.15). The experimental times for the spectra of activated M- are ≈
7 minutes at 9.4 T DNP, ≈ 9 minutes at 14.1 T DNP and ≈ 52 minutes at room
temperature at 9.4 T without DNP while for activated MMM- these are ≈ 2
minutes at 9.4 T DNP, ≈ 6 minutes at 14.1 T DNP and ≈ 1036 minutes at room
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temperature at 9.4 T without DNP. † refers to the overall DNP gain and is
calculated by comparing the DNP data to room temperature 9.4 T NMR
spectra (see section 4.3.7). All spectra were recorded at MAS rate of 12.5 kHz
with asterisks (*) denoting spinning sidebands.
Table 4.5 Enhancement factors †C CP and †Si CP calculation parameters for
activated M-
†C CP
Matrix

a

20 mM
TEKPol in
TCE

†Si CP
20 mM
None TEKPol
in TCE

TCE

TCE

None

Field / T

9.4

14.1

9.4

14.1

9.4

9.4

9.4

9.4



10

4

-

-

-

9

-

-

Λ / Hz

490a

900a

-

-

365a

520

-

400

T/ K

110b

125b

-

-

298

110b

-

298

(S/N) / a.u.

851

274

192

217

242

273

50

108

m / mg

22

14

20

15

75

17

15

75

NS

32

32

128

160

1024

16

32

5656

DNP / s

10.2

13

-

-

-

9.7

-

-

T1 / s

-

-

-

-

0.74c

-

-

0.74c



0.8

0.8

-

-

-

0.8

-

-

†

30

6d

-

-

-

96

-

-

Signal of methanol. b Calculated through T1 of 79Br in KBr added to rotor.160 c

A longer recycle delay of 2 s or 3 s (instead of 1.3 × T1) was used to record the
CP experiments as to ensure an adequate duty cycle for the probe.

d

Compared to the 9.4 T room temperature spectrum.
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Table 4.6 Enhancement factors †C CP and †Si CP calculation parameters for
activated MMM-
†C CP
Matrix

†Si CP

20 mM TEKPol in
TCE

TCE

None

20 mM
TEKPol
in TCE

TCE

None

Field /
T

9.4a

9.4

14.1

9.4a

14.1

9.4

9.4

9.4

9.4



34

40

9

-

-

-

45

-

-

-

-

3100b

500

-

570

Λ / Hz

2900b 2800b 4500b

T/ K

110c

110c

125c

-

-

298

110c

-

298

(S/N) /
a.u.

325

168

159

15

58

89

854

41

20

m / mg

13

11

13

15

14

53

13

15

53

NS

128

32

64

128

256

20480

64

128

1024

DNP / s

4.2

2.9

4.3

-

-

-

4.2

-

-

T1 / s

-

-

-

-

-

0.31d

-

-

0.31d



0.7

0.7

0.7

-

-

-

0.8

-

-

†

111

161

38e

-

-

-

462

-

-

a

Used to calculate . b Signal of aromatic rings. c Calculated through T1 of 79Br

in KBr added to rotor.160 d A longer recycle delay of 2 s or 3 s (instead of 1.3 ×
T1) was used to record the CP experiments as to ensure an adequate duty
cycle for the probe. e Compared to the 9.4 T room temperature spectrum.
Large contribution factors ( values ranging between 0.7 and 0.8)
were obtained for the

13C

signals of activated M- and MMM- (Tables

4.5 and 4.6). These results indicate less signal loss by paramagnetic
bleaching and depolarization in the two activated zeolites. The FWHM of
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the CH3OH signal in activated M- was measured and used to monitor
the changes of the

13C

lineshapes in the presence of TEKPol and TCE

and at low temperatures. Figure 4.12 shows that adding TEKPol only
increases the linewidth slightly by about 8% (from 455 to 490 Hz).
However, a significant larger line broadening is observed when activated
M- is frozen at low temperatures with the FWHM of CH 3OH increasing
by 25% (from 365 Hz at room temperature to 455 Hz at 110 K), resulting
in a slight loss of resolution (e.g. the double peaks at 145 ppm and at 21
ppm are not resolved anymore, Figure 4.12). A similar observation is
made in activated MMM- (see Figure 4.13) with a clear loss of
resolution of the signals arising from the alkyl groups. The results
indicate inhomogeneous broadening due to molecules being trapped in
a variety of conformations as the main contribution to the line-broadening,
as on the zeolites with templates. 44,166,174
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Figure 4.12

13C

CP MAS spectra of activated M-. (a) Spectrum of the neat

activated zeolite at room temperature. (b) Spectrum of the activated zeolite
impregnated with TCE at 110 K. (c) DNP w on spectrum of the activated
zeolite impregnated with 20 mM TEKPol in TCE at 110 K. All spectra were
recorded at 9.4 T and with a MAS rate of 12.5 kHz. Asterisks (*) denote
spinning sidebands.
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Figure 4.13

13C

CP MAS spectra of activated MMM-. (a) Spectrum of the

neat activated zeolite at room temperature. (b) Spectrum of the activated
zeolite impregnated with TCE at 110 K. (c) DNP w on spectrum of the
activated zeolite impregnated with 20 mM TEKPol in TCE at 110 K. All spectra
were recorded at 9.4 T and with a MAS rate of 12.5 kHz. Asterisks (*) denote
spinning sidebands.
4.4.3 Structure identification of the carbocations
To identify the molecular structures of the confined carbon species,
2D

13C-13C

refocused INADEQUATE experiments,11 based on scalar J

couplings and providing

13C-13C

through-bond correlations, were

performed. Spectra are shown in Figure 4.14 (M-) and 4.15 (MMM-) :
three

single

ring

carbocations

can

be

identified

which

are

trimethylcyclopentenyl cation I, heptamethylbenzenium cation II and
dimethylcyclohexenyl cation III, confirming the previously postulated
structures.95,104,132,175 More explicitly, the structure of I is obtained
through the following correlations: C1(I) (244 ppm) – C2(I) (152 ppm),
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C1(I) (244 ppm) – C3(I) (51 ppm), C1(I) (244 ppm) – C4(I) (24 ppm) and
C2(I) (152 ppm) – C5(I) (10 ppm) (see captions of Figure 4.14 and 4.15
for the derivation of II and III from these data). Note that cation I was
previously identified as intermediate over ZSM-595,106 and SAPO-34132,
but has only been postulated over  zeolites,104 with the data presented
here therefore confirming its presence. These five- and six-membered
ring cations suggest that both the paring and side-chain catalytic cycles
may exist in the  zeolite for the conversion of methanol to hydrocarbons,
and the experimentally structural identification of these cations here
provides more directly spectroscopic supports for the previously
proposed mechanisms.88,95,104,176

152

Figure 4.14 DNP enhanced 2D 13C-13C refocused INADEQUATE spectrum of
activated M-. Data was recorded at B0 = 9.4 T and with a MAS frequency of
vr = 12.5 kHz. The correlations and spectral assignments are coded with the
same colors as their corresponding carbocations in Figure 4.10. Signals in the
black dashed box correspond to t1 noise. Correlations corresponding to
naphthalenium ions (IV) are shown with the

13C

chemical shifts in the Single

Quantum dimension of the two correlated carbon atoms given in the
parenthesis. Correlations for cation II are C1(II) (56 ppm) – C2(II) (199 ppm),
C1(II) (56 ppm) – C5(II) (28 ppm), C2(II) (199 ppm) – C3(II) (144 ppm), C2(II)
(199 ppm) – C6(II) (22 ppm), C3(II) (144 ppm) – C4(II) (182 ppm), C3(II) (144
ppm) – C7(II) (13 ppm), C4(II) (182 ppm) – C8(II) (24 ppm), while for cation III
are C1(III) (220 ppm) – C2(III) (45 ppm) and C1(III) (220 ppm) – C3(III) (30
ppm). Asterisks (*) denote spinning sidebands.
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Figure 4.15 DNP enhanced 2D 13C-13C refocused INADEQUATE spectrum of
activated MMM-. Data was recorded at B0 = 9.4 T and with a MAS frequency
of vr = 12.5 kHz. The correlations and spectral assignments are coded with the
same colors as their corresponding carbocations in Figure 4.10. Correlations
corresponding to naphthalenium ions (IV) are shown with the

13C

chemical

shifts in the Single Quantum dimension of the two correlated carbon atoms
given in the parenthesis. Correlations for cation II are C2(II) (199 ppm) – C3(II)
(144 ppm), C2(II) (199 ppm) – C6(II) (19 ppm), C3(II) (144 ppm) – C4(II) (182
ppm), C3(II) (144 ppm) – C7(II) (10 ppm), C4(II) (182 ppm) – C8(II) (24 ppm),
while for cation III are C1(III) (220 ppm) – C2(III) (48 ppm) and C1(III) (220
ppm) – C3(III) (30 ppm). Asterisks (*) denote spinning sidebands.
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Neutral methylnaphthalenes have been identified by GC-MS as part
of the hydrocarbon pool species in the  zeolite,104,176,177 however
observation of their active cationic counterparts (methylnaphthalenium
ions) and determination of those cations’ structures have only been
13C

elusive so far even when

solid-state NMR was previously

deployed.88,95,104 The extra sensitivity obtained with DNP permits the
detection of additional

13C

correlations (shown in red) involving lower

field signals at 208 and 176 ppm to be also resolved (Figure 4.14 and
4.15). These characteristic peaks have been observed in previous liquidstate

13C

methyl

NMR studies of methylnaphthalenium ions bearing up to four
substituents

and

are

obtained

by

protonation

of

methylnaphthalenes by magic acids. 178,179
The DNP enhanced 2D
provide

direct

support

for

13C-13C

NMR correlation experiments

identifying

the

structure

of

these

methylnaphthalenium ions. Characteristic correlations in the single
quantum (horizontal) dimension at, for example, 208–154 ppm and 176–
131 ppm are assigned to ring carbons while those at 208–21, 176–20
ppm correspond to bonds between ring carbons and methyl substituents,
and enable methylnaphthalenium ions with structures IV to be proposed
(Figure 4.10). The range of connectivities shown in Figure 4.14 and 4.15
demonstrates that more than one methylnapthalenium ion is present and
highlights the actual complexity of these species in activated zeolites.
These results confirmed previous computational180 and UV−vis
spectroscopy181

studies

that

postulated

the

presence

of

methylnaphthalenium ions and methylnaphthalenes. This is also in
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agreement

with

previous

GC-MS

data

which

suggest

that

methylnaphthalenes with 3 to 7 methyl groups exist in the  zeolite.176,177
These species can act as both active hydrocarbon pool species to
convert methanol into targeted hydrocarbons, 177,180–182 and as coke
precursors leading to zeolite deactivation. 180,181
Correlations arising from neutral carbon species such as aromatics
and alkanes104 are also shown in Figure 4.16 and 4.17 from which
structures

such

as

methylnaphthalenes, 119,177

hexamethylmethylenecyclohexadiene, 118,176 hexamethylbenzene,119,183
etc., could be possibly derived.
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Figure 4.16 DNP enhanced 2D 13C-13C refocused INADEQUATE spectrum of
activated M-. Data was recorded at B0 = 9.4 T and a MAS frequency of vr =
12.5 kHz. Signals in the black dashed box correspond to t1 noise. Correlations
corresponding to the neutral species such as aromatics and alkanes 104 are
shown with the

13C

chemical shifts in the Single Quantum dimension of the

two correlated carbon atoms given in the parenthesis. Structures of such
possible

compounds

methylnaphthalenes,119,177

are

shown

in

the

figure

and

include

hexamethylbenzene,119,183

hexamethylmethylenecyclohexadiene.118,176 Asterisks (*) denote spinning
sidebands.
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Figure 4.17 DNP enhanced 2D 13C-13C refocused INADEQUATE spectrum of
activated MMM-. Data was recorded at B0 = 9.4 T and a MAS frequency of vr
= 12.5 kHz. Correlations corresponding to the neutral species such as
aromatics and alkanes104 are shown with the 13C chemical shifts in the Single
Quantum dimension of the two correlated carbon atoms given in the
parenthesis. Structures of such possible compounds are shown in the figure
and

include

methylnaphthalenes,119,177

hexamethylbenzene,119,183

hexamethylmethylenecyclohexadiene.118,176 Asterisks (*) denote spinning
sidebands.
It is noteworthy that fairly similar cyclic hydrocarbon pool species
were identified in both

13CH

3OH

activated M- and

13C

2H 4

activated
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MMM- zeolites (Figure 4.14, 4.15, 4.16 and 4.17). A reasonable route
for the formation of the cyclic hydrocarbon species can be proposed here
and starts with the initial C-C bond formation from C1 reactants such as
CH3OH and its derivatives to produce ethylene first 110–112 which can then
produce

cyclic

hydrocarbon

species

via

polymerization

and

cyclization184–187 (Figure 4.18).

Figure 4.18 Reaction route for the formation of hydrocarbon pool species. 110–
112,184–187

In addition to the scalar coupling based INADEQUATE experiments
discussed above, a 2D

13C–13C

PDSD DARR MAS correlation

experiment on activated MMM- (Figure 4.19) was also obtained. In this
experiment, cross peaks arise from spatial proximities of the species or
chemical exchange.13,14,161 Using a short mixing time of 30 ms,
intramolecular correlations are observed, 166 and indeed, correlations
from the directly bonded

13C

nuclei from the same carbocations are

identified in Figure 4.19, which is consistent with the INADEQUATE
results. A very small number of correlations from non-bonded

13C

nuclei

can also be observed in the PDSD DARR spectrum (for example, C1(I)
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(244 ppm) – C5(I) (10 ppm)), reinforcing the INADEQUATE spectral
interpretation and the identified carbocations (Figure 4.10).

Figure 4.19 DNP enhanced 2D

13C-13C

PDSD DARR spectrum of activated

MMM-. Data was recorded at B0 = 9.4 T and with a MAS frequency of vr =
12.5 kHz. The correlations and spectral assignments are coded with the same
colors as their corresponding carbocations in Figure 4.10. Correlations
corresponding to naphthalenium ions (IV) are shown with the

13C

chemical

shifts of the two correlated carbon atoms given in the parenthesis. Asterisks
(*) denote spinning sidebands.
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4.4.4 Investigation of the reaction process
Based on the structural determination of the carbon species and the
largely increased sensitivity provided by DNP, we further investigated
the reaction process by monitoring ex-situ the evolution of the DNP
enhanced
13CH

3OH

13C

NMR spectra of activated M- zeolites with variable

activation times (Figure 4.20). The spectra show that even

after a very short activation of only one minute, signals from aromatics
and carbocations (e.g. resonances at 244 and 152 for I) are detected.
The results demonstrate that the hydrocarbon pool species can be
formed at a very early stage of the induction period of the MTH reaction.
As activation times increased, the signals of aromatics and carbocations
increase in intensity pointing out to the accumulation of these species.
The spectrum of M- activated for 60 minutes is fairly similar to the one
after 20 minutes, suggesting that the components of the hydrocarbon
pool species are steady over these reaction times.
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Figure 4.20 w on

13C

CP MAS DNP spectra of M- activated for (a) one

minute, (b) 20 minutes and (c) 60 minutes. Spectra were recorded at 9.4 T and
at a MAS rate of 12.5 kHz. Asterisks (*) denote spinning sidebands. Additional
spectra at different MAS rate of M- activated for 20 minutes are shown in
Figure 4.21.
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Figure 4.21

13C

CP MAS DNP spectra of activated M-. Data were recorded

at 9.4 T and with a MAS rate of (a) 8 kHz, (b) 10 kHz and (c) 12.5 kHz. Asterisks
(*) denote spinning sidebands.
4.4.5 Investigation of host-guest interaction using 29Si{13C} REDOR
The DNP enhanced

29Si

CP MAS spectra of activated M- and

activated MMM- are shown in Figure 4.22 and both show multiple
resonances at -96, -103, -107, -111 and -116 ppm which are
characteristic of the (SiO)2Si(OH)2 (Q2), (SiO)3SiOH (Q3), Si(OSi)3(OAl)
(Si(1Al)), Si(OSi)4 (Q4) and the crystallographically inequivalent Si(OSi) 4
(Q4’) sites, respectively, of which the Si(1Al) sites contribute to the
Brønsted acid sites.188,189 Si CP DNP enhancement of 9 and overall DNP
gain †Si CP of 96 for M- (Figure 4.22(a)) and Si CP of 45 and †Si CP of
462 for MMM- (Figure 4.22(c)) were obtained.
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Figure 4.22 (a and c)

29Si

CP MAS DNP spectra and (b and d) w on

experimental 29Si CP MAS DNP spectrum with spectral deconvolution, overall
simulated lineshape and difference between experimental and simulated
spectra of activated M- (a and b) and activated MMM- (c and d). All spectra
were recorded at 9.4 T and at a MAS rate of 8 kHz. † refers to the overall
DNP gain and is calculated by comparing the DNP data to room temperature
9.4 T NMR spectra (see section 4.3.7).
These sensitivities permit the fast collection of 29Si detected 29Si{13C}
REDOR16 experiments with high signal-to-noise ratios which would
otherwise be extremely time consuming. These experiments reintroduce
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the

29Si–13C

dipolar couplings under MAS 16 allowing the spatial

proximities between the confined carbon species and surface sites of the
zeolite to be quantitatively probed. At a recoupling time of 28.5 ms for M (Figure 4.23(a)) and 30 ms for MMM- (Figure 4.24(a)), the
dephased

29Si

13C

detected signals S’ show significant reduction in

intensities compared with the spin echo signal S0, demonstrating spatial
proximities between 29Si and 13C nuclei. The high S/N ratios permit small
differences in the evolutionary pattern of the REDOR fraction S/S0 as
a function of the recoupling times for individual Si sites to be
distinguished. The REDOR curves for different Si sites are overlaid in
Figure 4.23(b) (for M-) and 4.24 (b) (for MMM-) and demonstrate clear
differences between these Si sites. Separate figures for each Si site can
also be found in Figure 4.25 and 4.26.
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Figure 4.23 (a) DNP enhanced 29Si CP spin echo spectrum (S0) and 29Si{13C}
REDOR spectrum (S’) with the reintroduction of dipolar couplings at a
recoupling time of 28.5 ms. S is the difference spectrum S0 - S’. Spectra were
recorded at 9.4 T on activated M-. (b)

29Si{13C}

REDOR fraction S/S0 as a

function of the recoupling time up to 28.5 ms. The experimental time is ≈ 15
hours. The solid lines are best-fit of the REDOR curves up to a S/S0 of 0.3
using a first-order approximation and equation 2.2 in section 2.3.4.2.128 The
29Si-13C

dipolar coupling values are given in Table 4.7. The vertical error bars

correspond to the error analysis as given in section 4.3.8. The REDOR curves
for each 29Si site are also shown separately in Figure 4.25.
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Figure 4.24 (a) DNP enhanced 29Si CP spin echo spectrum (S0) and 29Si{13C}
REDOR spectrum (S’) with the reintroduction of dipolar couplings at a
recoupling time of 30 ms. S is the difference spectrum S0 - S’. Spectra were
recorded at 9.4 T on activated MMM-. (b) 29Si{13C} REDOR fraction S/S0 as
a function of the recoupling times up to 30 ms. The experimental time is ≈ 11
hours. The solid lines are best-fit of the REDOR curves using equation 2.2 and
the

29Si-13C

dipolar coupling values given in Table 4.7. The vertical error bars

correspond to the error analysis as given in section 4.3.8. The REDOR curves
for each 29Si sites are also shown separately in Figure 4.26.
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Figure 4.25 Individual 29Si{13C} REDOR curves for each 29Si sites of activated
M-. The solid lines are best-fit of the REDOR curves (see Figure 4.23(b))
while the dashed lines correspond to the fit boundaries corresponding to the
errors in the simulated 29Si-13C dipolar coupling values given in Table 4.7.
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Figure 4.26 Individual 29Si{13C} REDOR curves for each 29Si sites of activated
MMM-. The solid lines are best-fit of the REDOR curves (see Figure 4.24(b))
while the dashed lines correspond to the fit boundaries corresponding to the
errors in the simulated 29Si-13C dipolar coupling values given in Table 4.7.
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Table 4.7 29Si-13C dipolar coupling strengths D and distances r in activated M and MMM- obtained from the

29Si{13C}

REDOR experiments (see section

4.3.8 for the fitting procedure and description of the fitting model)
Zeolite

Activated
M-

Activated
MMM-

a

∑ D2i / Hz2

D / Hza

r / Åa

Q2

1200 ± 400

35 ± 7

5.6 ± 0.4

Q3

1500 ± 500

39 ± 7

5.4 ± 0.3

Si(1Al)

2800 ± 800

53 ± 8

4.8 ± 0.3

Q4 + Q4’

3200 ± 800

57 ± 8

4.7 ± 0.3

Q2

65 ± 25

8 ±2

9.1 ± 0.7

Q3

105 ± 40

10 ± 2

8.4 ± 0.7

Si(1Al)

155 ± 40

12 ± 2

7.8 ± 0.4

Q4 + Q4’

235 ± 45

15 ± 2

7.3 ± 0.3

29Si

sites

Assuming a simplified 29Si-13C single spin pair model.
Considering the number of retained carbon species and their

unknown geometries in the zeolites, a geometrically independent
REDOR curve model which only requires data at short dipolar recoupling
times (S/S0 up to 0.3)128 was used to fit the REDOR data (see section
4.3.8 for further details) and the results are summarized in Table 4.7. By
further assuming a
29Si-13C

29Si-13C

single spin pair model, an estimation of the

dipolar coupling strengths and distances is also given.

The 29Si{13C} REDOR data (Table 4.7) show that both Q4 and Si(1Al)
sites have the strongest interaction with the hydrocarbon pool species in
activated M- with ∑ D2i being 3200 ± 800 Hz2 and 2800 ± 800 Hz2,
respectively. This major contribution to the

29Si{13C}

REDOR curves is

expected as neutral aromatic species are the main hydrocarbon pool
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species, as shown in the 13C CP spectra, and interact more strongly with
the

zeolite

frameworks.

The

similar

interaction

between

the

hydrocarbons and both Q4 and Si(1Al) sites also suggests that the van
der Waals interaction with the zeolite framework dominates the
adsorption of these hydrocarbon pool species within the micropores
(known as the confinement effects)138 and that, surprisingly, there is no
evidence for preferential interaction with the Brønsted acid sites of the
zeolites. The zeolite deactivation during the MTH process is therefore
likely due to the accumulation of aromatics in the channels of the zeolite
and their further growth to form polycyclic cokes blocking the reactants’
accesses to the catalytic acid sites supporting previous computational
studies.138,140 The quantitative information provides here also promotes
understanding of the nature of the previously proposed supramolecular
reaction centers137 and yields structural constraints (distance of around
4.8 Å) between the hydrocarbon pool species and zeolite frameworks.
Table 4.7 also shows that the Q2 and Q3 sites have much weaker
interaction with the hydrocarbon pool species suggesting that these
silanol defects are mainly located at the external surface.
Comparison of the 29Si{13C} REDOR data for both activated zeolites
(Table 4.7) revealed that the Si sites show much weaker interaction with
the hydrocarbon pool species in MMM- than in M-. We ascribe this
phenomenon to the presence of the mesopores in MMM- which weaken
the confinement effects and suggest that some carbon species should
predominantly locate in the mesopores.
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Note that the 29Si{13C} REDOR results do not exclude the possibility
that carbocations have strong interaction with the Brønsted acid sites,
likely via the formation of ion-pair complexes,141 since the
REDOR experiments measure the overall dipolar coupling to
13C

29Si{13C}
29Si

from

spins of different molecules while not distinguishing the source of the

contribution.
4.5 Conclusions
In summary, we have demonstrated that a small concentration of
carbocations confined in zeolites can be detected within minutes by DNP
enhanced

multinuclear

NMR

spectroscopy.

The

large

DNP

signal

enhancements enable acquisition of 2D 13C-13C NMR correlation experiments
in hours which would otherwise take days or even weeks without DNP. These
correlations permit the identification of a series of five- and six-membered ring
carbocations serving as intermediates in the MTH reaction. In particular,
methylnaphthalenium ions are identified and reinforce their importance as
hydrocarbon pool species for the formation of targeted hydrocarbon products
and coke precursors leading to zeolite deactivation. Additionally, the hostguest interaction between various silicon sites of zeolites and hydrocarbon
pool species is quantitatively determined via DNP enhanced 29Si{13C} REDOR
experiments, which indicate that van der Waals interaction with the zeolite
frameworks dominates the adsorption of the majority hydrocarbon pool
species, suggesting accumulation of these species in the channels and
leading to zeolite deactivation. Finally, we show that introducing hierarchical
pores into zeolites is a promising way to improve DNP efficiency on this type
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of materials. The implications of this strategy to tackle the understanding of
hierarchically structured porous materials of considerable interests in catalysis,
gas adsorption, sensing, etc.,158,190 are potentially very large.
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Chapter 5: Overall Conclusions and Outlook

5.1 Overall Conclusions

13C-13C

In Chapter 2 it is shown that the scalar J coupling based
INADEQUATE experiment leads to unambiguous assignment of the

13C

NMR

spectrum of the MTO activated H-ZSM-5 and directly yields the molecular
structures of a series of carbocation intermediates in it with atomic precision.
The identified carbocations further confirm some previous proposed structures
and include a previously undetected 1,5-dimethyl-3-sec-butyl cyclopentenyl
cation. The experimental identification of the new cation provides direct
support for the aromatic-based paring route for butene formation in H-ZSM-5.
In addition, the host-guest interactions are quantitatively probed from the
perspectives of both the confined carbon species and the H-ZSM-5 framework
via

13C

detected

13C{27Al}

S-RESPDOR and

29Si

detected

29Si{13C}

REDOR

experiments. The results reveal carbon–aluminium and carbon–silicon host–
guest distances in the range of 4.2–4.7 °A, providing quantitative information
for the pore confinement interactions.
In Chapter 3 the same NMR experiment is applied to the investigation of
carbocations in the MTO activated H-SAPO-34 and H-SSZ-13 zeolites. These
two zeolites possess identical CHA topology but are with different framework
components. Previous works using a combination of indirect methods tend to
assuming same carbocations in these two zeolites. However, the 2D

13C-13C

174

INADEQUATE spectra with better resolution offered by the additional second
dimension than the 1D 13C CP NMR spectra clearly demonstrate different 13C13C

correlation patterns for H-SAPO-34 and H-SSZ-13, indicating different

carbon species. It is shown that 1,2,3,4-tetramethylcyclopentenyl and 1,2,3trimethylcyclopentenyl cations are the major retained cation species on HSSZ-13 and H-SAPO-34 CHA zeolites, respectively.
Chapter 2 and 3 demonstrate that multidimensional and multinuclear
NMR methods are very powerful for structural identification and investigation
on host-guest interactions. However, the experimental times needed to
acquire the multidimensional and multinuclear NMR data were prohibitively
long (>5 days), even with 13C labelling on the carbocations. This is due to the
low concentrations of the reactive carbocations than can be captured and
significantly hinders the systematic use of these informative approaches on a
wider range of solid acids with a low amount of carbocation intermediates.
Therefore, in chapter 4 we explore the use of DNP NMR to detect carbocations
confined in porous zeolites. The recent DNP literature shows limited
applications for microporous zeolites perhaps due to possible chemically
incompatible between radical solutions and zeolites, difficulties associated
with polarization transfer to the interior of micropores, etc., the results in
chapter 4 demonstrate that introducing hierarchical pores with different sizes
ranging from micro (<2 nm), meso (2–50 nm) to macro pores (>50 nm)
effectively optimizes DNP efficiency on zeolites. It is also shown that the
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nonaqueous TEKPol/TCE matrix is chemically compatible with the
investigated carbocations. Significant enhancements (> 40) were obtained on
both the 13C signals of carbocations and 29Si signals of the zeolite framework,
which enable the detection of carbocations within minutes and the acquisition
of multidimensional and multinuclear NMR experiments within hours,
corresponding to a very significant reduction in experimental time.
Methylnaphthalenium ions are identified and reinforce their importance as
hydrocarbon pool species for the formation of targeted hydrocarbon products
and coke precursors leading to zeolite deactivation. Additionally, the
quantitative information of the host–guest interaction between various silicon
sites of zeolites and hydrocarbon pool species indicates that van der Waals
interaction with the zeolite frameworks dominates the adsorption of the
majority hydrocarbon pool species, suggesting accumulation of these species
in the channels and leading to zeolite deactivation.

5.2 Outlook

Chapter 2 and 3 fully demonstrate that multidimensional and multinuclear
NMR methods are very useful for determining the molecular structures of
carbocations directly without post treatments on samples which are commonly
needed in indirect approaches previously used88,105,151. The informative results
shown in this thesis will potentially inspire the application of those powerful
multidimensional and multinuclear NMR approaches in heterogeneous
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catalysis research.
This thesis has demonstrated that introducing hierarchical pores into
zeolites is a promising way to improve DNP performances on this type of
materials. Since the hierarchically porous materials have been widely used in
energy storage and conversion, catalysis, gas adsorption separation,
biomedicine sensing, etc.158,190 DNP NMR will undoubtedly play an important
role in research of these areas.
In this thesis, we choose zeolites with carbocation intermediates formed
during the MTH reactions as model samples to investigate the applicability of
DNP to the studies of carbocations. The nonaqueous TEKPol/TCE solution
was found to be compatible with the carbocations and can be a routine choice
of radical solution for future DNP investigation on carbocations. DNP shows
great potential to improve the detecting limit of carbocation intermediates,
enables their detection within minutes and structural identification within hours
which would otherwise take days or even weeks without DNP. Therefore, DNP
opens new opportunities to the fundamental research on some heterogenous
catalysis reactions with reaction intermediates and mechanisms unclear.
For the fundamental research of MTH mechanism, the HCP mechanism
has been extensively studied and generally accepted as main route for
methanol conversion to hydrocarbons during the steady-state period. Recent
research on MTH mechanism have turned to answering how the initial C-C
bond forms from C1 reactants (methanol and its derivatives) at the early stage
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of reaction and bridging the gap between those initial C-C species and
hydrocarbon pool species.110–112,184–186 Answering these questions requires
capturing the low concentration of early products and reactive intermediates
such as trimethyloxonium ions112 and monitoring their evolution along reaction
processes.

For

these

studies,

DNP

NMR

and

those

informative

multidimensional and multinuclear NMR techniques can undoubtedly play
important roles.
The properties of zeolite catalysts, especially the structures of their acid
sites such as Brønsted and Lewis acid sites, are of great interests to both
zeolite and catalysis communities.191–193 Oxygen is the main component of
these structures, and

17O

NMR could have provided direct structural

information for these acid sites. However, the application of

17O

NMR is

currently hindered by its low sensitivity and rather low natural abundance of
17O

(0.0373%). Previously,

17O

enrichment on zeolites was explored, which

was shown requiring rather harsh experimental conditions (17O exchange
temperature as high as 580 °C).194 Such high temperature may cause
unfavorable structural destruction to zeolite framework.

17O

DNP NMR

provides a non-destructive way to investigate the acid properties of zeolites at
natural abundance. The great potential of

17O

DNP NMR has recently been

shown on silica–alumina for which natural abundance 17O DNP NMR was used
to measure the O-H bond length of different acidic hydroxyls on the surface
with an unprecedented, sub-pm precision.60

17O

DNP NMR investigation on
178

acid sites of zeolites has yet to be demonstrated.
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