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Abstract: A combination of state-of-
the art in situ one- and two-dimension-
al NMR spectroscopy and density func-
tional theory (DFT) calculations have
been employed for the first time to in-
vestigate the role of amines in the syn-
thesis of aluminophosphate molecular
sieves in ionic liquids (ILs). In situ ro-

formed in the gel during the crystalliza-
tion of molecular sieves. By combining
the characterizations of the final solid
products obtained by using XRD anal-
yses, solid-state  NMR spectroscopy,
thermogravimetric analysis, and DFT
calculation results, it was verified that
the hybrid between morpholine and

the imidazolium cation in the initial
preparation stage can act as the struc-
ture-directing agent (SDA) for the syn-
thesis of AFI-structured aluminophos-
phate molecular sieves. Our findings
may suggest a synthesis mechanism of
molecular sieves in ionic liquids in
which the IL-organic amine hybrid is

tating-frame nuclear Overhauser effect
spectroscopy (ROESY) was used to
demonstrate that the hybrid of imid-
azolium ionic liquids with organic
amines, such as morpholine, connected
through a hydrogen bond can be

lations -
sieves

Introduction

The design and synthesis of inorganic porous materials with
diverse compositions, structures, properties, and functions
are important from both fundamental and technological
points of view. Molecular sieves, especially aluminosilicate
and aluminophosphate zeolites, are of interest in a number
of areas such as catalysis and gas separation.! In general,
these materials can be made under hydrothermal or solvo-
thermal conditions in which the organic amines are usually
added as the templates or structure-directing agents
(SDAs).2" The templating effect is thought to occur during
either the gelation or nucleation process and involves the or-
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required in the nucleation step, where-
as the crystal growth occurs through
the occlusion of ionic liquids in the
zeolite channels.

molecular

spectroscopy

ganic molecules organizing the inorganic tetrahedral units
into a particular topology around themselves and thus pro-
viding the initial building block for further crystallization of
a particular structure type.”! In some cases, two or more or-
ganic amines are needed in the synthesis of desired struc-
tures.®'? The mixed organic molecules are often encapsulat-
ed inside the microporous network, and the nonbonded in-
teractions between the organic amines and the microporous
framework contribute to the stability of the system. These
mixed organic amines can be regarded as cotemplates. Re-
cently, a “cotemplating” strategy was applied to prepare
some novel framework topologies.”) However, the nature of
the templating effect during the crystallization of molecular
sieves is not well understood because it is difficult to con-
duct an in situ spectroscopic study under the rigorous syn-
thesis conditions, such as high pressure, of the hydrothermal
or solvothermal processes.

In recent years, ionic liquids (ILs) have received much at-
tention in many areas of chemistry and industry due to their
potential as a “green” recyclable alternative to traditional
organic solvents.'**! The synthesis of inorganic porous
solids in TLs is an emerging approach.'*'® A novel prepara-
tion method, termed ionothermal synthesis, was reported by
Morris and Parnham using ILs or a eutectic mixture as both
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the solvent and template."® Unlike conventional synthesis,
ionothermal synthesis can be performed at ambient pressure
due to the vanishingly low vapor pressure of almost all ILs,
and is currently attracting great interest. To date, it has been
used to prepare molecular sieves, zeolite analogues, inorgan-
ic-organic hybrids, and zeolite films, for example.l*?) Many
of these structures are new, demonstrating the potential of
this approach in the discovery of novel materials. Recently,
a hydrogen-bond directing effect in the ionothermal synthe-
sis of metal-coordinated polymers has been reported with
the addition of organic amines.”! However, the role of or-
ganic amines was only studied in the final solid products. In
our previous study, we found that the addition of organic
amines into ILs can alter the crystallization process of alu-
minophosphate zeolites and result in better phase selectivi-
ty.?”! This may provide opportunities for addressing funda-
mental questions like the role of amines in the zeolite syn-
thesis by in situ spectroscopic investigations.

NMR spectroscopy is an unique tool that can probe the
local structures and the molecular interactions of samples
both in solution and in the solid state,”*>? and it is also a
powerful analytical method for studying reaction processes
in situ.”**! Herein, we report the first application of in situ
rotating-frame nuclear Overhauser effect spectroscopy
(ROESY) in the investigation of the intermolecular interac-
tions between the 1-butyl-3-methylimidazolium bromide
([pbmim][Br]) IL and organic amines in the gel during the
crystallization of aluminophosphate zeolites. By combining
the characterizations of the final solid products obtained by
solid-state magic-angle spinning (MAS) NMR spectroscopy
and density functional theory (DFT) calculation results, the
nature of the nonbonded interaction of the organic amines
with cations of ILs has been revealed. This cooperative
structure-directing effect in the initial crystallization stage
results in the desired microporous structures in the final
solids.

Results

In situ two-dimensional ROESY NMR spectra of the gel in
the initial crystallization: To demonstrate the role of amines
in the synthesis of molecular sieves, it is of interest to inves-
tigate the behavior of the gel precursors rather than to try
to follow the crystal growth. In our study, morpholine
(Morp) was added as an organic amine into the gel with
ionic liquid [bmim][Br] (Figure 1) at 353 K. The imidazoli-
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Figure 1. Chemical structures and atom numbering for [bmim][Br] and
Morp.
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um cation—cation interaction and cation-organic amine in-
teraction were studied by means of the homonuclear Over-
hauser effect (NOE) in the rotating frame. The in situ '"H-'H
ROESY spectrum in Figure 2 shows significant intermolecu-
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Figure 2. In situ '"H-'"H NMR ROESY spectra of the [bmim][Br] and or-
ganic amine mixture with a molar composition of [bmim][Br]/Morp

(40:2-5). The spectrum was acquired at 353 K with a mixing time of
600 ms.

lar cross peaks of Morp protons (H-b and H-c) with imid-
azolium protons (H-6, H-7, H-8, H-9, and H-10). The pres-
ence of cross peaks indicates the intermolecular distance be-
tween [bmim|[Br] and Morp is less than 4 A in terms of the
NOE principles.’! For the IL system, the presence of cross
peaks in the ROESY spectra means an intermolecular hy-
drogen bond formed.®!l As a potential electron-pair donor,
amine can form hydrogen bonds with the imidazolium ring
of ILs.” In our case, a specific hydrogen atom (H-2) of the
imidazolium cation can be shared by the oxygen or nitrogen
atom of Morp through a hydrogen bond because imidazoli-
um ionic liquids are polymeric supramolecules, in which the
strongest hydrogen bond involves the most acidic proton
(H-2) of the imidazolium cation.’”! Therefore, a hybrid
structure of the [bmim]* cation with organic amine mole-
cules through intermolecular hydrogen-bond interactions
was formed in the ILs. In addition, the appearance of the
cross peaks of the imidazolium cation-cation protons also
indicates that the addition of organic amines cannot fully
disrupt the intermolecular interactions between imidazolium
cations. When adding H;PO, acid into the above system at
353 K, the intermolecular interactions of ILs with organic
amines can still be observed (see Figure S1 in the Support-
ing Information). By increasing the temperature to 413 K,
the intermolecular cross peaks of imidazolium protons with
Morp disappear (see Figure S1 in the Supporting Informa-
tion). So, it seems that there are strong interactions of
H;PO, with the organic amines at higher temperature. The
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absence of cross peaks may be due to the charge repulsions
between protonated amines and the imidazolium cation at
higher temperature. By further adding aluminum isopropox-
ide into the above-mentioned system at 413 K for crystalli-
zation, the in situ "H-"H ROESY spectrum in Figure 3 shows
again the intermolecular cross peaks of Morp protons (H-b
and H-c) with imidazolium protons (H-6, H-7, H-8, H-9, and
H-10). So, it seems that the hybrid structures of ILs with or-
ganic amines recover again during the crystallization pro-
cess. This may be due to the rapid condensation of H;PO,
with AI[OCH(CH,),]; at the crystallization temperature to
form the AI-O-P species, which releases the organic amines
to again form the hydrogen-bonded structures with ILs.
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Figure 3. In situ "H-'"H NMR ROESY spectra of the synthesis gel with a

molar composition of Al,O,/P,Os/HF/[bmim|[Br]/Morp (1:3:0.4:40:2-5).
The spectrum was acquired at 413 K with a mixing time of 600 ms.

Characterization of the solid products at different crystalli-
zation stages: Figure 4 shows the XRD patterns of the sam-
ples synthesized at different crystallization stages. It was
found that only the amorphous phase was obtained with a
crystallization time of up to 3h at 413 K. Increasing the
crystallization time to 4 h results in the appearance of reflec-
tions identical to AFI-structured zeolites but with less crys-
tallinity. Further heating of the gel for 12 h leads to com-
pletely crystalline AIPO,5 with AFI structures. The local
structures of the resultant samples were also investigated by
one- and two-dimensional solid-state MAS NMR spectros-
copy (see Figures S2 and S3 in the Supporting Information).
It was found that the intensity of tetrahedral Al increased
followed by the decrease of the octahedral Al, and the in-
tensity of fully condensed P increased followed by the de-
crease of partially condensed P as the crystallization time in-
creased. As for the 12 h sample, nearly all the Al and P
atoms sit in the zeolitic framework as AlO, and PO, tetra-
hedrons, and are connected through the Al-O-P bonds as
indicated by the 2D *Al*P heteronuclear correlation
(HETCOR) spectra.
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Figure 4. XRD patterns of samples synthesized from a gel with a molar
composition of Al,O4/P,0s/HF/[bmim][Br]/amine (1:3:0.4:40:2-5) after
different crystallization times at 413 K.

The state of the structure-directing agent inside the AFI
channels can be followed by thermogravimetric analysis and
BCNMR spectroscopy. Figure 5 shows the differential
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Figure 5. DTG curves of bulk [bmim][Br] and the solid products with dif-
ferent crystallization times.

thermogravimetric (DTG) curves of the as-synthesized sam-
ples. Before taking the measurements, all the samples were
washed thoroughly with deionized water to remove the re-
maining ILs on the external surfaces. It can be seen that the
maximum decomposition temperature of the 1 and 3 h sam-
ples is below 450 K; this weight loss may be due to the de-
sorption of water, and neither Morp nor IL weight loss can
be observed. As for the 4 h sample, two weight-loss peaks
can be observed between 500 and 800 K. The weight loss at
670 K could be due to the decomposition of the ILs inside
AIPO,-5 zeolites, whereas the weight loss at 550 K may be
ascribed to the decomposition of Morp. For the 12 h sample,
the maximum decomposition temperature of the ILs shifts
to 700 K, and the weight-loss peak of Morp becomes weaker
than in the 4 h sample. It can be seen that the maximum de-
composition temperature of the ILs in solid products is be-
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tween 670 and 700 K, which is higher than that of the bulk
ILs (~600 K). This may be due to the occlusion of [bmim]*
inside the zeolite channels. So, the DTG analysis indicates
that both ILs and Morp are included in the AFI channels,
and furthermore, that the weight ratio of Morp to ILs de-
creases with increasing crystallization time. Figure 6 shows
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Figure 6. '"H—"C CP/MAS NMR spectra of [bmim][Br] crystals and the
solid samples with different crystallization times at 413 K. Each spectrum
was acquired with a contact time of 6 ms and a 4 s recycle delay. * indi-
cates the spinning sidebands.

the room-temperature 'H—"C CP/MAS NMR spectra of
[bmim][Br] IL crystals and solid products with different
crystallization time in the presence of [bmim][Br] and mor-
pholine. Neither the IL cation nor Morp signals can be ob-
served for the 1 and 3 h samples. As for the 4 and 12 h sam-
ples, each spectrum has almost the same feature, that is,
there is no new signal except for [bmim]*. However, the sig-
nals of [bmim]* in the AIPO,-5 zeolites shift upfield and are
better resolved relative to the bulk counterparts. This dem-
onstrates that [bmim]* cations are occluded in the pore
spaces of AIPO,-5 zeolites, which results in the breakage of
the hydrogen bonds between [bmim]* cations in bulk crys-
tals and in a decrease of the dipole—dipole interactions be-
tween them. It should be noted that there are no signals of
morpholine in the "*C solid-state NMR spectra although the
addition of organic amines to ILs can facilitate the forma-
tion of AIPO,-5. This may be due to the low content of or-
ganic amines in the synthesis gel; their signals are buried in
the broad lines of the ILs. To verify the occlusion of organic
amines in AIPO,-5, the resultant solid samples were dis-
solved with concentrated HCI solution, and characterized by
means of solution “CNMR spectroscopic techniques
(Figure 7). Similarly, neither a Morp nor imidazolium cation
signal is observed for the 1 and 3 h samples. With increasing
crystallization time, both the signals of organic amines and
IL cations can be observed, and the relative content of mor-
pholine to imidazolium decreases clearly. So, the DTG anal-
ysis, and solid-state and solution *C NMR spectroscopy re-
sults indicate that large [bmim]* cations with minor organic

Chem. Eur. J. 2009, 15, 5348 —5354

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

o 1 e lall]
4h A [ [C_CH s

T T T T T T T T 1
160 140 120 100 80 60 40 20

&/ ppm

Figure 7. Solution “C NMR spectra of the solid samples dissolved in
HCI, which were synthesized with [bmim][Br] and Morp with different
crystallization times at 413 K.

amines are occluded in the channels of AIPO,-5 zeolites
with increasing crystallization time.

DFT calculations: Experimental studies on the location and
conformation adopted by the template molecules inside the
zeolitic hosts are not so straightforward using solid-state
NMR spectra because of the broad-spectrum feature caused
by the strong dipolar interaction, for example. Theoretical
computations in recent years have made rapid progress in
the accurate calculation of molecular structures, energetics,
dynamics, and so forth, which provide deeper understanding
of the synthesis processes.* To further evaluate the role
of the hybrid formed by the [bmim]* cation and Morp in
the stabilization of the AFI structure, we optimized the ge-
ometries of [bmim]*-Morp, the AFI framework, and the
AFI-[bmim]*-Morp adsorption complex, respectively
(Figure 8; Figure S4 in the Supporting Information). The
final stabilization energy (Eg,,) can be represented by the
difference of the energies according to Equation (1):

AE‘slab = EAFI— [bmim]*—Morp EAFI - E‘[bmim]‘r —Morp (1 )

Figure 8. Optimized structures of the hybrids of the [bmim]* cation with
Morp: a) [bmim]*-Morp-O, b) [bmim]*-Morp-N; and the hybrids oc-
cluded in the AIPO,-5 zeolites with AFI structure: ¢) AFI-bmim-Morp-
O, d) AFI-bmim-Morp-N.
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As can be seen from Figure 8, the hybrid structures of
[bmim]*-Morp are characterized by the strong hydrogen
bonds formed between the acidic proton H-2 (connected to
the carbon atom that is located between the N atoms) in the
[bmim]* cation and the N or O atom in Morp, with hydro-
gen-bond lengths of 2.036 (O donor) and 2.038 A (N
donor), respectively. In the adsorption complex of AFI-
[bmim]*-Morp, the hybrid structures of [bmim]*—Morp can
be intercalated into the 12-membered ring of an AFI chan-
nel, in which the hydrogen bonds present in the original
hybrid structures of [bmim]*-Morp could be retained. How-
ever, the distances between the acidic proton (H-2) of
[bmim]* and the O or N atom of Morp are increased to
2.360 A for the former and 2.607 A for the latter. In addi-
tion, weak interactions are found between the terminal CH,
fragment in the 5-membered ring of [bmim]* and the near-
est framework oxygen atoms. Our results show that AEg,,
values for the AFI-[bmim]*-Morp system are —69.2 (O
donor) and —57.3 kcalmol™ (N donor), respectively. This
means that the formation of the AFI structure, that is,
AIPO,-5 zeolites, is favorable with the insertion of [bmim]*
—Morp, verifying that the hybrid between the imidazolium
cation and organic amine formed in the gel stage could be
acting as a structure-directing agent for the synthesis of
AFI-structured molecular sieves.

Discussion

From the above-mentioned results it is clear that in the
ionothermal synthesis of aluminophosphate molecular
sieves, the pure AFI structure can be obtained in the pres-
ence of morpholine and [bmim][Br]. The [bmim][Br] ILs
alone are not the SDAs for the AFI structure;® therefore,
we speculate that morpholine may exert a structure-direct-
ing effect together with ionic liquids. The intermolecular in-
teractions of ILs with Morp can be observed by in situ
ROESY NMR spectroscopic techniques during the crystalli-
zation process. As shown in Figure 3, we do see the dipole—
dipole interaction between the imidazolium cation and
Morp in the gel, which means a hybrid of the imidazolium
cation with Morp is formed through the hydrogen bond
during the crystallization process. This hybrid may act as the
cooperative structure-directing agent for the synthesis of the
AFI structure. The crystallization process of AIPO,-5 was
studied in detail by using DTG analyses and NMR spectros-
copy. For the solid sample at a short crystallization time (ca.
4 h), which is also dissolved in a concentrated HCI solution,
the "CNMR spectrum and DTG curves show that both
morpholine and imidazolium can be observed. However, for
the well-crystallized solid products, NMR spectra and DTG
results indicate that there are minor Morp and large imid-
azolium cations in the AFI channels. These may suggest a
possible mechanism for the synthesis of the AFI structure in
ILs in which a small amount of the hybrid of imidazolium
with morpholine as a SDA provides the initial nucleation se-
lectivity, then large imidazolium cations act as the pore-fill-
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ing agents for the crystal growth. The DFT calculation re-
sults also provide evidence for intermolecular interactions
between imidazolium cations and morpholine either in the
IL system or in the AFI channels, further supporting the co-
operative structure-directing effect of the IL-organic amine
hybrid. Our findings are in accord with the recent work of
Goémez-Hortigiiela et al.® for the synthesis of the AFI
structure in supramolecular solution in which minor benzyl-
pyrrolidine molecules are required for the formation of the
initial nuclei, then the crystal growth process can occur
through occlusion of single molecular SDA units. Zones
et al.'>"? also proposed a new zeolite synthesis system in
which a minor SDA is used to selectively specify the nuclea-
tion product, then a larger amount of other amines is used
to provide pore-filling agents for the crystal growth. So, our
work further provides evidence for the importance of SDAs
in the nucleation with regard to the phase selectivity. Once
nucleation has been initiated by the imidazolium-organic
amine hybrid, a large number of imidazolium cations can be
filled in the AFI phase and thus promote further crystal
growth.

Conclusion

In summary, the role of organic amines in the ionothermal
synthesis has been studied in detail by using both state-of-
the art in situ NMR spectroscopy and density functional the-
oretical studies. It is verified that a hybrid of morpholine
with a imidazolium cation can be formed through a hydro-
gen bond during the crystallization of aluminophosphate
molecular sieves. This hybrid that is formed in the gel stage
could act as a cooperative structure-directing agent for the
specific AFI structure in the final solids. Our results may
suggest a synthesis mechanism of molecular sieves in ionic
liquids in which the IL-organic amine hybrid is required in
the nucleation step, whereas the crystal growth occurs
through the occlusion of ionic liquids. These findings may
offer new insight into the ionothermal or even hydrothermal
synthesis of molecular sieves. It seems that even a weak
nonbonded interaction in the template molecules, such as
the organic amines with ILs in the gel, can drastically alter
the structure-directing property.

Experimental Section

Sample preparation: The ionothermal synthesis of molecular sieves in
ionic liquids was carried out according to our previously reported proce-
dures.”?! In general, a round-bottomed flask was charged with [bmim]
[Br] (23 g), H;PO, (1.80 g, 85 wt % in water), A[OCH(CHj;),]; (1.06 g),
and HF (0.05 g, 40 wt% in water). Amine was added if required. The
crystallization temperature was 413 K in an oil bath for as long as 1-12 h.
After cooling to room temperature, the products were washed with dis-
tilled water and ethanol, and dried at 393 K overnight. All samples were
characterized by powder X-ray diffraction on a Rigaku D/Max-2500 dif-
fractometer using Cuy, radiation.
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Solution and solid-state NMR spectroscopy measurements: All the solu-
tion NMR spectroscopy experiments were performed on a Bruker DRX-
400 spectrometer using a D,O or DMSO capillary for the lock. 'H and
BCNMR spectra were acquired at 400.13 and 100.62 MHz, respectively.
Their chemical shifts were referenced to tetramethylsilane (TMS).
AIPO,-5 zeolites with templates were dissolved in a concentrated HCI so-
lution. The solution was collected, and analyzed by solution *C NMR
spectroscopy. Two-dimensional ROESY experiments were performed in
situ at desired temperatures in the time proportional phase incrementa-
tion (TPPI) phase-sensitive mode with a recycle delay of 1s, a mixing
time of 600 ms, 256 increments in the f1 field, and 64 scans per incre-
ment.

All the solid-state NMR spectroscopy measurements were performed on
a Varian Infinityplus-400 spectrometer equipped with 2.5, 4.0, and
7.5 mm MAS probes. 'H—"C CP/MAS NMR spectra were recorded at
100.5 MHz with a spinning rate of 4 kHz, 2100 scans, a contact time of
2.5 ms, and a recycle delay of 2's. Al MAS NMR spectra were recorded
at 104.2 MHz with a spinning rate of 10 kHz, 200 scans, and a 2 s recycle
delay. The chemical shifts were referenced to a 1% AI(NOs); aqueous
solution. P MAS NMR spectroscopy experiments with high-power
proton decoupling were conducted at 161.8 MHz with a spinning rate of
10 kHz, 200 scans, and a 4 s recycle delay. The chemical shifts were refer-
enced to 85% H;PO,. The two-dimensional “Al triple-quantum (3Q)
MAS NMR experiments were performed by using a three-pulse sequence
incorporating a z filter at a spinning speed of 25 kHz with the 2.5 mm
probe.”) The two-dimensional ’Al-*'"P HETCOR spectra were acquired
by using the approach described by Fyfe et al.*!! The TPPI method was
used in the 2D data acquisition and processing.

Theoretical calculation details: To theoretically investigate the guest-host
interaction, the structure of the 60T cluster, including 226 atoms of the
straight channel in which the adsorbates can be trapped, was taken from
the lattice structure of AFI zeolite. Hydrogen atoms were used to satu-
rate the extraneous bonds at the edge of the cluster and the orientation
of H was along the pre-existing lattice. The structures of the hybrid
[bmim]*—Morp were first obtained with the acidic proton (connected to
the carbon atom that is located between the N atoms) in the [bmim]*
cation directing towards the N or O atom in Morp. Then in the adsorp-
tion system, the [bmim]*—Morp complex was put inside the cavity of
AFI to study the role of this hybrid in the stabilization of the AFI struc-
ture in the final solids. The ONIOM2 scheme® in which the whole
model is subdivided into two layers was adopted for computational effi-
ciency. The high inner layer representing the active region and consisting
of the adsorbate molecules and the 4T cluster (atoms drawn as sticks in
Figure 8) was treated with the B3LYP/6-31G(d,p) method. The rest of
the extended framework environment was treated by using less-expensive
levels of theory, namely, the molecular mechanics force field (UFF) to
reduce the required computational time and to practically represent the
confinement effect of the zeolite pore structure, which is mainly due to
van der Waals interactions. This ONIOM?2 method has been proven to be
an accurate and practical model for exploring the structure, adsorption
properties, and reaction mechanisms taking place inside zeolite
pores.**1 All our calculations were performed by using the Gaussian 03
program.*! To avoid losing the unique structure of the zeolites during
structure optimization, only the active site region and the adsorbates
were allowed to relax, and the remaining atoms of the cluster model
were fixed at their crystallographic locations.
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