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A B S T R A C T

The interlayer expanded zeolite COE-4 was synthesized using silylation agents such as dichlorodimethylsilane
(DCDMS) as layer linker from layered silicate RUB-36 precursor. Solid-state NMR techniques combined with
theoretical calculations have proven to be a useful characterization method to investigate the structure and
porosity of the interlayer expanded zeolites. XRD and 29Si MAS NMR results show that after calcination the layer
spacing of COE-4 is enlarged by 2.6 Å compared with that of RUB-37, indicating that pore windows between the
layers are enlarged from 8-membered ring (8-MR) pores to 10-MR pores due to the formation of Si(OH)2 pillar
between adjacent layers. Hyperpolarized (HP) 129Xe NMR results indicate that after interlayer expansion, Xe
atoms can be adsorbed in the 10-MR channels of COE-4, and the 10-MR channels are homogeneously distributed
like ZSM-5. For COE-4, Xe has a stronger interaction with the channel walls containing dual silanol groups. 1H
MAS NMR combined with theoretical calculations make a clear assignment of dual silanol groups at 3.3 ppm,
and the concentration of dual silanols is 2.2mmol/g, which is 1–2 orders of magnitude larger than the con-
centration of the other two types of existing isolated and hydrogen-bonded silanol groups. After introduction of
pyridine-d5, one Si–OH from the dual silanol groups has a weak hydrogen bond interaction with pyridine mo-
lecule, and the adsorbed pyridine molecule may experience chemical exchange with the other Si–OH of the dual
silanol group and therefore 1H NMR signal of dual silanol groups shows a weak broad peak at 5.7 ppm after
pyridine adsorption.

1. Introduction

Zeolites are a class of crystalline microporous aluminosilicates with
three dimensional (3D) framework structures widely used as shape-se-
lective catalysts, ion exchangers, and adsorbents [1,2]. The shape-se-
lectivity arises from its distinct distribution of active sites and topolo-
gical structure. Therefore, synthesis of zeolites with new topological
structures are highly desirable [3]. Generally, zeolites are synthesized
directly from inorganic precursors assembled in the presence of or-
ganic/inorganic structure-directing agents (SDAs) to form ordered
crystalline material [4,5]. In most cases, 3D zeolites are formed, but
some layered zeolite precursors (LZPs) can also be formed [6,7]. These
layered zeolite precursors are composed from the layer unit of the

parent 3D zeolite and the layers are stacked by weak interactions such
as hydrogen bond or charge interactions [7,8]. During a high tem-
perature treatment (calcination) process, the silanol groups of adjacent
layers will start to condense to form a 3D structure if they have closely
fitted distance [8]. In fact, some zeolites with new topological struc-
tures such as CDO, RRO, OKO, PCR etc. can only be obtained from their
LZPs [6,9–11]. Moreover, many approaches have been proposed to
expand the corresponding zeolite derivatives based on LZPs, such as
swelling, pillaring, delamination, intercalation, and even a new concept
“assembling, disassembling, organizing, reorganizing (ADOR)” have
been developed [6,9,12,13]. These modifications can even finely tune
the interlayer pore size/shape and improve the accessibility of the ac-
tive sites resulting both of an expansion in zeolite properties and their
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catalytic applications. For example, Wu et al. first synthesized inter-
layer expanded zeolite MWW (IEZ-MWW) via orderly pillaring the
adjacent MWW layers by a silicon atom [14]. The silicon pillar was
introduced by condensation reaction between an alkoxysilane and two
silanol groups of adjacent MWW layers in layered MWW precursors.
After calcination, the methyl groups turned into dual silanol groups and
therefore IEZ-MWW has 12-MR pores. In comparison with conventional
10-MR Ti-MWW zeolite, Ti-containing IEZ-MWW catalyst showed much
higher conversion and specific activity in cyclohexene oxidation with
H2O2. Similarly, Xiao et al. successfully synthesized a novel crystalline
microporous titanosilicate (Ti-COE-4) with functionalized hydroxyl
groups and medium micropore size (0.55 nm) from Ti-RUB-36. The
synergism of silanol groups with active Ti sites in Ti-COE-4 significantly
improves its catalytic performance in oxidation reactions [15]. In-
tensive studies on interlayer expanded zeolites RUB-36 and RUB-39
were conducted including thiol group functionalized silicon and het-
eroatoms such as Sn、Ti、Fe、Al etc. used as pillars. The obtained
catalysts showed distinct catalytic activities in olefin epoxidation, al-
kane catalytic cracking/isomerization and biomass conversion reac-
tions [16–23].

Interlayer expansion has proven to be a very successful approach to
obtain new classes of layered zeolite derivatives from their LZPs with
precisely controlled pore geometries equivalent to conventionally di-
rectly made zeolites. The new formed structures are mainly determined
by X-ray diffractions and HRTEM combined with Rietveld refinement
[18,24]. However, the homogeneity of pillaring and the structure of
defect silanol or dual silanol groups between the layers haven't been
systematically studied while these defects/silanol groups may have
significant impact on the shape-selective effect or the activity of active
centers in catalysis [15,25]. Herein, we report a convenient and effec-
tive method to determine the order of the interlayer structure of IEZ-
CDO (COE-4) using HP 129Xe NMR spectroscopy. Xenon atom is very
sensitive to the pore size and the interaction with other guest molecules
in a restricted geometry [26]. The use of optical pumping techniques for
the production of HP xenon can increase sensitivity of several orders of
magnitude (× 104). It has been shown that HP 129Xe NMR technique is
very powerful in studying the porosity of porous materials [26–32], or
even the reaction processes and kinetics [33–35]. On the other hand, 1H
MAS NMR spectroscopy was also utilized to investigate the acidity of
the silanol groups in the interlayer combined with adsorption of d5-
pyridine probe molecule. Density functional theory (DFT) calculations
were also conducted to interpretate the interaction between xenon
atoms as well as pyridine and silanol groups.

2. Experimental Section

2.1. Synthesis of COE-4

Layered silicate RUB-36 was synthesized following our previous
report using Aerosil 200 as the silica source and diethyldimethy-
lammonium hydroxide as the structure-directing agent (DEDMAOH,
20 wt% solution in water, Sachem Inc.) [36]. The interlayer expansion
reaction was carried out according to the following procedures. Typi-
cally, 0.9 g of dichlorodimethylsilane (DCDMS) was added into 150ml
of HCl solution (0.7M), followed by addition of 3.0 g of pure silica RUB-
36. After stirring for 4 h and ultrasonic treatment for 2 h at room tem-
perature, the sample was transferred into an autoclave for the treatment
at 180 °C for 24 h. After filtration and drying, 2.7 g of solid product,
designated as COE-3, was obtained. After calcination at 550 °C for 6 h,
the organic groups in COE-3 were completely removed, yielding a new
material, which was designated as COE-4.

2.2. Characterization

XRD patterns were collected on a Rigaku D/Max-RB diffractometer
using Cu Kα radiation with a range of 2θ value from 5° to 50° and a

scanning rate of 5°/min.
Solid-state NMR spectra were recorded on a Varian Infinityplus-400

spectrometer. 29Si MAS and 1H→29Si CP/MAS NMR spectra were ac-
quired at 79.4 MHz using a 5mm MAS probe with a spinning rate of
6 kHz. The chemical shifts were referenced to 4,4-dimethyl-4-sila-
pentane sulfonate sodium (DSS) at 0 ppm. Before 1H MAS NMR mea-
surements, the samples were dehydrated at 400 °C under a vacuum
below 10−2 Pa for 20 h. Pyridine-d5 molecules were adsorbed on sam-
ples at room temperature for 20min, and then the sealed samples were
heated to 300 °C for 15 h treatment to make the pyridine full contact
with samples. After the treatment, the samples were evacuated under
vacuum at 50 °C for desorption of physical adsorbed pyridine mole-
cules. 1H MAS NMR spectra were collected at 399.9MHz using a csecho
sequence with a π/4 pulse, a 4 s recycle delay, and a spinning speed of
10 kHz. The chemical shifts were referenced to adamantane at
1.74 ppm. For quantitative analysis, all the samples were weighed, and
the spectra were calibrated by measuring a known amount of
1,1,1,3,3,3-hexafluoro-2-propanol performed in the same acquisition
conditions [37]. The Dmfit software was used for deconvolution using
Gaussian-Lorentzian line shapes [38].

Continuous-flow HP 129Xe NMR spectra were collected at 110MHz
under static conditions. Optical polarization of xenon was achieved
with a home-built pumping cell in the fringe field of the spectrometer
magnet and a 60W dual diode laser array (Coherent Inc.). A flow of 1%
Xe, 1% N2 and 98% He gas mixture was delivered to the sample region
via plastic tubing. Variable temperature measurements were performed
from room temperature to 173 K. All of the spectra were acquired with
a 3.0 μs π/4 pulse, 100–200 scans, and a 2 s recycle delay. The chemical
shifts were referenced to the signal of xenon gas.

2.3. Theoretical calculation method

For Xe adsorption, two typical cluster models including a 10-
membered ring with/without silanol groups, and models including
straight channel/intersections were derived from the crystal structure
of COE-4 and MFI, respectively [18,39]. Each peripheral Si atom was
saturated with hydrogen atoms at a Si–H distance of 1.5 Å orienting
along the bond direction to the next lattice oxygen atom. All the Si–H
bond were kept fixed at their crystallographic locations with other
atoms relaxed during the structure optimization. The structure opti-
mizations were performed within generalized gradient approximation
(GGA) at PW91 correlation functionals and DNP basis set as im-
plemented in DMol3 [40,41]. The NMR parameters were calculated by
the GIAO method and performed on the Gaussian09, Revision
D01program package [42]. Density functional theory with the B3LYP
hybrid functional method and standard DZVP basis sets for Xe, 6-31G
(d,p) for other atoms were employed [43,44]. For qualitative compar-
ison, relativistic effects and dynamics of Xe were not taken into account
here for 129Xe chemical shift calculation, which may affect the accuracy
of calculated values [45,46]. The 129Xe NMR chemical shift was re-
ported in ppm relative to the free Xe atom. Counterpoise (CP) correc-
tion is applied to reduce the basis set superposition error (BSSE) [47],
which is important not only for interaction energies but also for mo-
lecular electronic properties.

1H NMR chemical shift calculations were also conducted using the
Gaussian09 program package. A cluster model with a center dual si-
lanol group extending 4T sites was taken from COE-4 [18], and the
dangling bonds were saturated with hydrogen atoms pointing to the
next oxygen atom of experimental unit cell. Geometry optimization was
performed using ONIOM method by DFT/B3LYP, which is proved to be
feasible in many zeolite-related systems [48–51]. 6-31G (d,p) and 3-
21G basis set with D3+BJ dispersion correction were employed for
high-level and low-level layers, respectively [52,53]. All the NMR
parameters were calculated by the GIAO method. 1H chemical shifts are
simulated at the B3LYP/pcs-1 level using fully optimized tetra-
methylsilane (TMS) as a reference to convert the calculated isotropic
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absolute shielding constants.

3. Results and discussion

3.1. XRD and 29Si MAS NMR

Fig. 1 shows powder XRD patterns of the precursor RUB-36, RUB-37
(CDO) and IEZ-CDO samples. All XRD patterns show strong character-
istic peaks of layer-related diffractions with 2θ near 8°. RUB-36 is
composed of FER layers stacking in translation symmetry with DEDMA
intercalated between the layers. After calcination of RUB-36, the ad-
jacent 2D layers link into the 3D CDO structure (RUB-37) with inter-
layer windows of dual 8-MR pores (along [001] and [010] directions)
through the condensation of the silanol groups on the layer surface. As a
result, the layer-related diffraction peak shifts from 2θ=7.92°
(d= 11.15 Å) to 9.69° (d= 9.12 Å). However, for IEZ-CDO samples
(COE-3 and COE-4), the diffraction peak associated with the layers
shifts to a lower scattering angle (2θ=7.54°, d= 11.72 Å) in com-
parison with RUB-36 and RUB-37 because of the silylation with
Me2SiCl2 species, implying that the insertion of Me2Si= species leads to
the expansion of the interlayer space. The layer space of COE-4 is en-
larged by 2.6 Å compared with that of RUB-37, which is in accordance
with the fact that pore windows between the layers are enlarged from 8-
MR to 10-MR pores.

The 29Si MAS NMR spectra of RUB-37, COE-3 and COE-4 zeolites are
shown in Fig. 2. The signals at −112 ppm, −101 ppm and −91 ppm
are assigned to Si(OSi)4 (Q4), Si(OH) (OSi)3 (Q3) and Si(OH)2(OSi)2
(Q2) groups, respectively [54]. For RUB-37, there are mainly Q4 and Q3

groups shown in Fig. 2a. Whereas, for COE-3 (Fig. 2b), there is another
peak at −14 ppm, which can be assigned to the Si–CH3 species [55].
The results indicate that the silylation occurred through the reaction of
DCDMS with the silanols on the layer surface to form pillaring silicon
species between the layers. After calcination, the peak at −14 ppm
disappears, indicating that the methyl groups turn into the OH groups
to form Q2 sites connected to the adjacent layers in COE-4 (Fig. 2c). It is
consistent with the 1H→29Si CP/MAS NMR spectrum (Fig. 2d), that
shows the signal intensity of Q2 group was significantly enhanced.

3.2. Investigation of interlayer porosity with HP 129Xe NMR

The pore sizes of 8-MR along [010] and [001] directions in CDO are
3.1×4.7 Å and 2.5× 4.2 Å, respectively [39]. Therefore, it is difficult
for xenon to adsorb in the channels because of the relatively larger
dynamic diameter of xenon atom (4.4 Å). HP 129Xe NMR spectra of
RUB-37, COE-4 and H-ZSM-5 (Si/Al= 100) zeolite with 10-MR

channels for comparison were collected at various temperatures, and
the spectra are shown in Fig. S1 and Fig. 3. The peaks at 0 ppm in the
spectra are from xenon in the gas phase. All signals at lower field are
originated from the adsorbed xenon in the zeolites. For RUB-37 (Fig.
S1), a signal of adsorbed xenon appears near 89 ppm at mesopore re-
gion below 233 K and the chemical shifts of the line moved to lower
field slightly when the temperature further decreased [56,57]. This
signal is from the accumulated pores of the zeolite particles but not
from the 8-MR channels of RUB-37. For COE-4 (Fig. 3a), the signal of
adsorbed xenon at micropore region can be observed at 293 K and the
chemical shift of the line increases from 111 to 205 ppm when the
temperature is decreased from 293 to 173 K. This is a general trend in
variable-temperature 129Xe NMR experiments mainly due to the in-
crease of the Xe–Xe interactions at lower temperatures even if the
partial pressure of xenon is quite small [58–60]. However, fast ex-
change of Xe adsorbed at different sites at higher temperatures and
preferable adsorption at certain site of Xe at lower temperatures may
also contribute the temperature dependence of chemical shift of 129Xe
as is reported by Komulainen et al. [45]. In comparison of RUB-37 and
COE-4, HP 129Xe NMR results demonstrate unambiguously the success
of interlayer expansion of RUB-36 by DCDMS. Moreover, the signals of
adsorbed Xe in the micropores of COE-4 have high symmetry, implying
the pillared 10-MR pore sizes have homogeneous distribution. Whereas,
variable-temperature HP 129Xe NMR spectra of H-ZSM-5 (Fig. 3b) also
show one line ascribed to Xe adsorbed in the 10-MR micropores. The
temperature-dependent behavior of the line is similar to COE-4
(Fig. 3c). The chemical shift of adsorbed xenon in the 10-MR channels
increases from 106 to 167 ppm when the temperature is decreased from
293 to 173 K. The smaller chemical shift difference (Δδ) between COE-4
and H-ZSM-5 samples at 293 K indicates that the pore sizes of these two
samples are very close. But the chemical shift difference increases more
obviously as the decrease of temperature.

Theoretical calculations were further conducted to compare Xe
adsorption behavior using models including 10-MR derived from part of
the crystal structure of COE-4 and ZSM-5. The optimized cluster models
are presented in Fig. 4, where the calculated 129Xe NMR chemical shifts
are also denoted. As many factors such as the pressure of Xe and tem-
perature can influence the 129Xe NMR chemical shifts, it is difficult to
obtain a calculated value that is the same as the experimental one, but it
can give a trend for detailed analysis. In fact, there are two typical
adsorption sites for Xe in both COE-4 and ZSM-5. As is shown in Fig. 4,
Xe can be adsorbed in the channels with (Fig. 4a) and without (Fig. 4b)
silanols groups for COE-4, and the calculated chemical shifts are 180.2
and 51.0 ppm, respectively. Similarly, Xe atom can be adsorbed in the

Fig. 1. XRD patterns of RUB-36 (a), calcined RUB-36 (CDO, RUB-37) (b), pre-
cursor of IEZ-CDO (COE-3) (c), and calcined COE-3 (COE-4) (d). The patterns of
scattering angle 2θ over 12° are enlarged by 8 times.

Fig. 2. 29Si MAS NMR spectra of RUB-37 (a), COE-3 (b), COE-4 (c) and 1H→29Si
CP/MAS NMR spectrum of COE-4 (d).
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straight channel (Fig. 4c) and intersections (Fig. 4d) for ZSM-5, and the
calculated chemical shifts are 118.5 and 58.6 ppm, respectively. The
chemical shift of 129Xe adsorbed in channels without silanol groups
(Fig. 4b) in COE-4 is very close to that adsorbed in the intersections
(Fig. 4d) in ZSM-5. Whereas, 129Xe chemical shift of Xe adsorbed in the
channel with silanol groups in COE-4 shifts significantly lower field
(180.2 ppm) compared with Xe adsorbed in the straight channel
(118.5 ppm) in ZSM-5. Considering the experimental result that 129Xe
signal of COE-4 shifts significantly lower field at 173 K, we can infer
that Xe may preferably be adsorbed in the channels containing silanol
groups in COE-4 at lower temperatures. It means COE-4 has stronger
interaction between Xe and 10-MR channel wall than H-ZSM-5 at lower
temperature that results in larger chemical shift. At relatively higher
temperatures, Xe adsorbed at different sites experience fast exchange as
these adsorption sites are cross-connected by 10-MR rings (Fig. S2), and
therefore they show very close 129Xe chemical shift.

3.3. 1H MAS NMR investigation of interlayer acidity with Pyridine-d5

Deuterated pyridine (pyridine-d5) is one of the widely used NMR
probe molecules for acidic detection [61,62]. The formation of a hy-
drogen bond between pyridine and non-acidic hydroxyl groups (such as
Si–OH) generally shifts the 1H MAS NMR signal from 2 to about
10 ppm. The 1H MAS NMR spectra of RUB-37 and COE-4 zeolites before
and after pyridine-d5 adsorption are shown in Fig. 5. The peaks at
1.7 ppm and 2.3/2.7 ppm are assigned to isolated silanol groups and
silanol groups with hydrogen bond effect, respectively [63]. The broad
peaks centered at 4.5/4.6 ppm belong to residually adsorbed water. For
COE-4, there is another dominant peak at 3.3 ppm that is not observed
in RUB-37. Therefore, it should be due to dual silanols in the interlayer.
Quantitative analysis results of the spectra are shown in Table 1. There

is no obvious change of the concentrations of isolated silanol groups
and silanol groups with hydrogen bond effect for both samples. But the
concentration of dual silanols for COE-4 is 2.2mmol/g, which is 1–2
orders of magnitude larger than the other two types of silanol groups.

After introduction of pyridine-d5, 1H MAS NMR spectrum of RUB-37
is unchanged indicating that pyridine is hardly adsorbed into the
channels of RUB-37. For COE-4, when pyridine is adsorbed at 300 °C or
400 °C then desorbed at 100 °C, the peak of dual silanols disappeared
and a broad weak signal at 5.7 ppm is observed that may be attributed
to the hydrogen bond interaction between pyridine and dual silanols.
The peaks between 8 and 9 ppm are from the resident H-type pyridine
molecules in pyridine-d5. Therefore, it is another evidence that in COE-
4 the FER layers are successfully interlayer expanded by DCDMS. When
the desorption temperature is increased to 150 °C, the peak of dual si-
lanols appears again accompanied with the decrease of that of pyridine.
This indicates the interaction between pyridine and dual silanols is
weak and pyridine is not protonated.

To further confirm above assignments of 1H MAS NMR signals of
COE-4 at 3.3 ppm and 5.7 ppm before and after pyridine adsorption,
theoretical calculations were conducted. The optimized cluster model
of COE-4 before and after pyridine adsorption are shown in Fig. 6. The
calculated chemical shift of dual silanol group is 3.1 ppm, which agrees
well with the experimental result. After pyridine adsorption, 1H che-
mical shift of the hydrogen bonded proton is 11.0 ppm with the other
1H atom at 3.3 ppm in the dual silanol group, which is similar to gen-
erally observed around 10 ppm chemical shift of silanol groups after
adsorption of pyridine [63]. It is reasonable to infer that the adsorbed
pyridine molecule may experience chemical exchange with the other
silanol group of the dual silanol group. Therefore, the experimental
chemical shift of dual silanol groups after pyridine adsorption should lie
in the range of 3.3–11.0 ppm, which is in accordance with the

Fig. 3. HP 129Xe NMR spectra of COE-4 (a) and H-ZSM-5 (b) at various temperatures and corresponding temperature-dependence curves of chemical shift (c).

Fig. 4. The optimized models for Xe adsorbed in COE-4 in the channels with (a) and without (b) silanol groups and ZSM-5 in the straight channel (c) and intersection
(d) and their corresponding 129Xe NMR chemical shifts. (The cyan ball denotes xenon atom). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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experimentally observed broad weak signal near 5.7 ppm. This kind of
exchange reflects some extent mobility of pyridine molecules in the
zeolite channels, and spin-echo NMR experiment can effectively de-
crease the signal intensity due to fast molecular isotropic reorientation.
Therefore, spin-echo NMR experiment was conducted to estimate the
mobility of molecules by changing the time interval of two pulses (the
pulse sequence was shown in Fig. S3). Fig. 7 shows the 1H spin-echo
MAS NMR spectra of COE-4 zeolite after pyridine-d5 adsorption with
different time intervals from 100 μs to 1000 μs, There is an obvious
decrease of the signal intensity of the peak at 5.7 ppm when increase
the interval from 100 μs to 500 μs, which indicates that the hydrogen
bond interaction between pyridine and dual silanols is very weak.

4. Conclusions

Interlayer expansion of RUB-36 with DCDMS leads to a new mi-
croporous material COE-4 which contains dual silanols with larger pore
sizes. Multinuclear solid-state NMR techniques have been used to

investigate the structure and porosity of COE-4. After interlayer ex-
pansion, the layer space of COE-4 is enlarged by 2.6 Å compared with
that of RUB-37, indicating that pore sizes between the layers are

Fig. 5. 1H MAS NMR spectra of (a) RUB-37 and (b) COE-4 zeolites before and after adsorption of deuterated pyridine under different conditions.

Table 1
Concentration of various silanol groups in RUB-37 and COE-4 zeolites.

Sample 1.7 ppm (mmol/g) 2.3/2.7 ppm (mmol/g) 3.3 ppm (mmol/g)

RUB-37 1.7× 10−2 2.4× 10−1 –
COE-4 2.4× 10−2 1.6× 10−1 2.2

Fig. 6. Optimized cluster models of COE-4 before (a) and after (b) pyridine adsorption. The calculated 1H chemical shifts of dual silanols are denoted.

Fig. 7. 1H spin-echo MAS NMR spectra of COE-4 zeolite with different time
intervals: (a) 100 us, (b) 500 us, (c) 1000 us. The spinning rate of rotor is
10 kHz.
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enlarged from 8-MR to 10-MR pores after insertion of silicon pillar. HP
129Xe NMR results demonstrate that Xe atoms can be adsorbed in the
homogeneously formed 10-MR channels of COE-4 but can't enter the 8-
MR pore of RUB-37. The interaction between Xe and 10-MR channel
wall in COE-4 is stronger than ZSM-5 though they have similar pore
size. 1H MAS NMR results combined with theoretical calculations in-
dicate that the signal of dual silanol groups appears at 3.3 ppm with an
appreciable concentration of 2.2mmol/g. After introduction of pyr-
idine-d5, the hydrogen bond interaction between pyridine and dual si-
lanol is very weak and adsorbed pyridine may experience exchange
with the other Si–OH of dual silanol groups. The approaches im-
plemented in this work have been proved to be useful in study of the
interlayer expanded zeolites.
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