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Experimental Section

Preparation of MTO (Methanol To Olefins reaction) activated samples

H-ZSM-5 (SiO2/Al203 = 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 °C under a continuous flow of pure helium flow for 2h. After dehydration, the
temperature was gradually decreased to the reaction temperature of 285 °C. The '3C enriched
methanol (99 atom % '3C, Sigma-Aldrich) was then fed by passing the carrier gas (He) through
a methanol saturator maintained at 14 °C with the WHSV (weight hourly space velocity) of
methanol to be 2.0 h-'. After running at 285 °C for 20 minutes, the reaction was quenched by
immersing the reactor into liquid N2. 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.
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Nuclear Magnetic Resonance data

Experimental details are given in Table S1, Table S2 and Table S3. All NMR data were

processed using TopSpin3.2 NMR software.

Table S1. Acquisition parameters for 13C solid-state NMR experiments

Experiment BCcP refocused Hahn echo
INADEQUATE

Magnetic field / T 9.42 20° 9.42 9.42
Number of scans 2560 2048 512 1280
Recycle delay / s 2.5 3 3 3
Magic angle spinning rate / kHz 14 18 14 14
H rf field for 90° pulse / kHz 70 83 70 70
CP contact time / ms 2 4 2 2
H rf amplitude ramp for contact ramp70100. ramp.100¢ ramp70100. ramp70100.
pulse / kHz 100¢ P 100¢ 100¢
I . .
kHHer field during contact pulse / 60 20 60 60
13 i i

C rf field during contact pulse 56 54 56 60
/ kHz
1 i 1

H rf .fleld for SPINAL64 20 83 20 20
decoupling pulses / kHz
13 H o o

C rf field for 90° and 180 i i 20 60
pulses / kHz
Rotor syncronized delays for
both echos (t1and t2) / ms ) ) 2:1(r), 1.4(v2) )
Ata/ us - - 14.3 -
Number of t1 increments - - 442 -
Rotor syncronized echo time - - - 6963“;,(50
Number of data points - - 18

a@ Recorded on a Bruker Avance Il HD solid state NMR spectrometer, using a 4 mm HXY
probe in double resonance mode with the resonance frequencies of *H and 3C to be 400.1
MHz and 100.6 MHz, respectively. ® Recorded on a Bruker Avance Ill NMR spectrometer,
using a 3.2 mm HXY probe in double resonance mode with the resonance frequencies of H
and 13C to be 850.2 MHz and 213.8 MHz, respectively. ¢ “rf” refers to radio-frequency. 9 *H
contact rf field is swept from 70 to 100% of the set *H rf field linearly with 100 steps during
contact pulse. ¢ 'H contact rf field is swept from 50 to 100% of the set 'H rf field linearly
with 100 steps during contact pulse.
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Table S2. Acquisition parameters for 13C and ?’Al solid-state NMR experiments

Experiment 13C{?’Al} CP 27Al Hahn
S-RESPDOR echo
Magnetic field / T 9.42 20°P
Number of scans 768 to 9216 1024
Recycle delay / s 3 0.7
Magic angle spinning rate / kHz 8 22
H rf field for 90° pulse / kHz 83 -
CP contact time / ms 2 -
'H rf amplitude ramp for contact pulse / kHz ramp70100.100 -
H rf field during contact pulse / kHz 60 -
13C rf field during contact pulse / kHz 40 -
H rf field for CW¢ decoupling pulses / kHz 83 -
H rf field for SPINAL64 decoupling pulses /
kHz 83 ]
27Al rf field for saturation pulse / kHz 40 -
13C rf field for 90° and 180° pulses / kHz 31 -
13C 1f field for SR4% recoupling sequences / 16 i
kHz
2TAl rf field for 90° and 180° pulses / kHz - 70
Rotor syncronized echo time - 45 us

a Recorded on a Bruker Avance Il HD solid state NMR spectrometer, using a 4 mm HXY
probe in double resonance mode with a frequency splitter (REDOR-BOX)? attached to X
channel, which enabled tuning and matching to both 3C, 2’Al Larmor frequencies at 100.6
MHz and 104.3 MHz, repectively, on X channel. ® Recorded on a Bruker Avance |l NMR
spectrometer, using a 3.2 mm HXY probe in single resonance mode with the resonance

frequencies of 2’Al to be 221.6 MHz. ¢ “CW” refers to continuous-wave.
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Table S3. Acquisition parameters for 2°Si solid-state NMR experiments

Experiment 2Sj CP 29Si{*3C} CP REDOR
Magnetic field / T 9.42 9.42 20°P
Number of scans 10240 10240 2048
Recycle delay / s 3 3 3
Magic angle spinning rate / kHz 5 5 10
H rf field for 90° pulse / kHz 83 83 83
CP contact time / ms 3 3 9
H rf amplitude ramp for contact pulse

/ kHz ramp.100 ramp.100 ramp.100
H rf field during contact pulse / kHz 60 60 70
H rf field for SPINAL64 decoupling 83 83 83
pulses / kHz

295 rf field during contact pulse / kHz 47 47 50
295 rf field for 180° pulses / kHz - 48 50
13C rf field for 180° pulses / kHz - 60 50
Number of data point - 5 4
Evolution time of first data point / ms - 1.2 1.6
Evolution time increment / ms - 1.2 1.0

@ Recorded on a Bruker Avance Il HD solid state NMR spectrometer, using a 4 mm
HXY probe in triple resonance mode with the resonance frequency of *H to be 400.1
MHz, X channel tuned to '3C at 100.6 MHz, Y channel tuned to 2°Si at 79.5 MHz,
respectively. ® Recorded on a Bruker Avance |ll NMR spectrometer, using a 3.2 mm
HXY probe in triple resonance mode with the resonance frequency of H to be 850.2
MHz, X channel tuned to *3C at 213.8 MHz, Y channel tuned to 2°Si at 168.9 MHz,

respectively.
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13C{?’Al} S-RESPDOR and 2°Si{'3C} REDOR data processing.

1. Analytical formulas for *3C{?’Al} S-RESPDOR
The S-RESPDOR dephasing curve for a spin-1/2 nucleus coupled to any spin-/ nucleus

follows the general formula below:?3

AS_ f of V2 i[‘” ok - 1) knDrJ knDt}
So  2/+1 -4(2/+1)k=1 - 2(k - 1)]Ja( 2 )14 ( 2 )

where | is the spin quantum number, / = 5/2 for 2’Al nucleus. fis 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 pre-factor is equal to 1 only for 100% abundant nucleus /
compeletely saturated by the saturation pulses. D represents the dipolar coupling constant (unit
in “Hz”) of 13C-27Al spin pair, and < is the total duration of SR42 recoupling sequences.

Jiq/4 denotes the +1/4-order Bessel function of the first kind.

2. Analytical formulas for 2°Si{**C} REDOR
For short dipolar evolution times (AS/So < 0.3), the REDOR curve is geometry-independent,

and a first-order approximation can be applied, which gives the following formula:*

where Tr, N, and Di are the rotor period, the number of rotor periods and the dipolar

coupling constants (unit in “Hz”) of different 2°Si-"3C spin pairs, respectively.

Both the '3C{?’Al} S-RESPDOR and 2°Si{'3C} REDOR data were fitted using MatlLab
R2016a software.

3. Relationship between the dipolar coupling constant and internuclear distance.

where Dis and ns are the dipolar coupling constant (unit in “Hz”) and internuclear distance

between | and S spins, » and y, correspond to the gyromagnetic ratios of | and S spins,

S6



respectively, h is Planck’s constant, and o is the vacuum permeability.

4. Determination of errors

The errors of S’ and So are determined from the signal to noise ratios S/N of S’ and So
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 So/(S/N)s, for So. Since AS = So - S’, the absolute
errors of AS will be {S’/(S/N)s + So/(S/N)s,}, which give the absolute errors of AS/So that is
{(S’1S0)/(SIN)s + 1/(S/N)s.} and are shown as error bars in Figure 2b and Figure 3b.

The AS/So 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 2b and 3b while the solid

curves correspond to the best-fit of AS/So data set without considering the errors.
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Table S4. 13C Chemical shift of carbenium ions.

Carbenium ions Carbon number  Chemical shift / ppm T2/ ms?
3 3 1 249 -
2 147 -
4 121 4 3 48 ]
I 4 25 -
3 3 1 243 1.6
@ 2 156 1.6
411 4 3 47 1.9
5 4 23 2.9
I 5 9 2.8
1 206 1.6
2 134 1.2
3 189 1.9
4 58 -
5 23 2.9
6 25 -
7 24 -
1 246 -
2 146 1.7
3 255 -
4 55 -
5 53 -
6 16 -
7 24 -
8 35 -
9 9 2.8
10 23 2.9
11 13 -

a Measured '3C transverse relaxation time (T2") under *H decoupling (Table S1) obtained
at 9.4 T. T2’ were derived by fitting the data to I(t) = I(0)exp[-t/T2"] where I(t) and I(0) are

the signal intensities at time t and t = 0.
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Figure S1. (a) 3C CP refocused INADEQUATE pulse sequence.® 11 and tz2 are synchronized to
be an integer number of rotor periods. (b) 3C{2’Al} CP S-RESPDOR pulse sequence.2? SR42
is the recoupling sequence.® Tr = 1/vris the rotor period. (c) 2°Si{*3*C} CP REDOR pulse

sequence. N is number of rotor periods. 728
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Figure S2. '3C CP MAS NMR spectra of '3C enriched MTO activated H-ZSM-5 ontained at (a)
an external magnetic field Bo = 9.4 T, MAS = 14 kHz and (b) Bo = 20 T, MAS = 18 kHz. Asterisks

(*) denote spinning sidebands.
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Figure S3. Extracted horizontal slices of the 2D 3C INADEQUATE spectrum (Figure 1a) for

carbenium ion Il. The corresponding double quantum frequency dpa of each slice is given in the
figure. The chemical shifts of different 3C sites are given in the parenthesis. Unlabelled peaks

are from other carbenium ions or aromatic species.
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Figure S4. Extracted horizontal slices of the 2D '3C INADEQUATE spectrum (Figure 1a) for
carbenium ion lll. The corresponding double quantum frequency 6pa of each slice is given in the
figure. The chemical shifts of different '3C 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.

Unlabelled peaks are from other carbenium ions or aromatic species.
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Figure S5. Extracted horizontal slices of the 2D '3C INADEQUATE spectrum (Figure 1a) for

carbenium ion IV. The corresponding double quantum frequency dpa of each slice is given in
the figure. The chemical shifts of different 'C 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.

Unlabelled peaks are from other carbenium ions or aromatic species.
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Figure S6. 2D 3C-'3C refocused INADEQUATE spectrum of '3C enriched MTO activated H-
ZSM-5 at Bo = 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 #1 points and larger line broadening to account for the shorter T2’ values
(see Table S4 for details) and weak intensities of these '3C 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.® Asterisks (*) denote spinning sidebands.
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Figure S7. 2’Al Hahn echo MAS NMR spectrum of 3C enriched MTO activated H-ZSM-5 at Bo

= 20 T. Signal are assigned according to reference?. Asterisks (*) denote spinning sidebands.
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Figure S8. (a) Fitting of 2°Si CP spectrum at 9.4 T. Q3, Si(1Al), Q* and Q* correspond to

Si(0Si)3(0OH), Si(OSi)3(OAl) and two crystallographically inequivalent Si(OSi)4 structures.' (b)

29Si{13C} REDOR signals with reintroduction of dipolar couplings (S’) and without reintroduction

of dipolar couplings (So) at external magnetic field Bo = 9.4 T and an evolution time of 6 ms.
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Figure S9. Comparison of 2°Si{'3C} REDOR signals (a) So at 20 T, MAS = 10 kHz, NT: = 1.6 ms
and (b) So at 9.4 T, MAS = 5 kHz, NT; = 1.2 ms.
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Figure S10. Representative of carbenium ion IV confined in the pores of H-ZSM-5 and its

distance to the zeolite framework.
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