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(2) The synthesis of phase-pure structures 

(3) The reproducibility of results 

To circumvent these problems, seeding, choices of mineralizing agent and the organic 

SDA were employed to yield highly crystalline siliceous samples.  Also, more knowledge 

about the silica chemistry under ionothermal conditions is required for the development 

in the area of silicate and aluminosilicate preparation in IL and for the discoveries of new 

framework structures.   

 This thesis focuses on two types of IL systems.  In total, five zeolites with 

different framework types have been synthesized under ionothermal conditions:  MFI, 

SOD, MTN, MEL and BEA.  The effects of different components on the production of 

zeolite using tetraalkylammonium salt/alcohol DES are discussed in Chapter 3 of the 

work.  Chapter 4 demonstrates the preparation of several phase-pure zeolites by using 

different organic SDAs in urea/choline chloride mixture.  Finally, the formation 

mechanism of MTN in the presence of tetramethylammonium chloride/1, 6-hexanediol 

mixture was studied in the attempt to gain a better understanding of the chemistry 

involved in ionothermal synthesis of high-silica zeolites. 
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Chapter 2 :  Experimental 
2  

2.1 Sample preparations 

2.1.1 Zeolite synthesis in DES 

The typical procedure is as follows:  A mixture containing the mineralizing agent, 

the organic SDA, alcohol or urea/choline chloride, were mixed quantitatively and ground 

using a mortar and a pestle.  Calcined seeds was added to the mixture and ground if the 

formation of the zeolite of interest required the presence of seed crystals.  The ground 

solid mixture was then transferred to a 40 mL Teflon container.  To this mixture, a source 

of colloidal silica was added.  In the case of the preparation of zeolite beta, since the 

organic SDA is in the form of solution, fumed silica was used instead of colloidal silica.  

The components were hand-mixed using a spatula until a sticky white paste is formed 

inside the Teflon cup.  The Teflon container was then placed inside a stainless steel 

autoclave and the reaction mixture would be heated at around 140-170 °C for 19-28 days 

depending on the type of reaction.  For studies in which the reaction intermediates were 

obtained, the reactions were taken out at different time intervals.   

Once the reactions are completed, the product was obtained by filtration after 

being three successive washes using deionized water.  The filtered solid was washed with 

methanol several times and with deionized water again.  The product was dried in the 

oven at 100 °C for 24 hours. 

2.1.2 Calcination 

Calcination is a thermal treatment which removes the organic SDA and water 

components inside the pores of a zeolite.  Selected samples were calcined in a furnace at 

350/500 °C. 
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2.2 Characterization 

2.2.1 Powder X-ray diffraction (PXRD) 

Most of the zeolite samples we prepared are under 100 μm in size; therefore, 

powder X-ray diffraction (PXRD) is employed as a method for sample analysis instead of 

single-crystal X-ray diffraction. 

Table 2.1 shows the diffraction process of X-ray on a crystal.  X-ray diffraction is 

a scattering phenomenon, since the incoming X-ray beam is scattered by the atoms in the 

crystals.  Some of these scatterings lead to constructive interference, producing a X-ray 

diffraction pattern.  In Figure 2.1, θ represents the angle between the incident beam and 

the lattice plane, and d is the d-spacing.  The Bragg’s equation:  

nλ = 2d sinθ                                                                                            (Equation 1) 

describes the relationship between the wavelength, angle of the incident beam, and the 

interplanar distance.  n is the order of reflection in integral values of >1.
1
 The 

diffractograms patterns obtained show peak intensities as a function of 2θ.  The detector 

is placed at an angle of 2θ to collect the diffracted beams reflected at angle θ from the 

crystals. 

The powder X-ray diffractograms of our samples were collected on a 

conventional Rigaku powder diffractometer with Co-Kα radiation (λ = 1.7902 Å).  The 

range of 2θ values is from 5° to 65°. 
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Figure 2.1  A schematic diagram showing the diffraction process of X-rays and derivation 

of Bragg’s Law. 

 

 

Figure 2.2  A diagram showing the arrangement of X-ray source, sample, and the 

detector. 
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2.2.2 Solid state nuclear magnetic resonance spectroscopy 

2.2.2.1 Overview 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical tool 

that probes the nuclear spin interactions of the nuclei directly, thus allowing the detailed 

information of the local chemical environments of the atoms of interest.  This technique 

can be used for both solution and solid analyses for inorganic and organic species.  

However, solid state NMR (SSNMR) is much more challenging than solution NMR.  In 

solution NMR, the molecules have free and random motions in all possible directions.  

These rapid motions average out the orientation dependent interactions to give the sharp 

isotropic peak in the solution NMR spectra.  Thus, the signals observed in solution NMR 

are very narrow and resolved.  On the other hand, in a solid sample, molecules have very 

restricted motions.  The anisotropic or orientation dependent interactions are then 

observed on the NMR spectrum.  Therefore, SSNMR spectra often consist of wide and 

unresolved peaks.  Some of the main nuclear spin interactions are summarized in Table 

2.1.  In order to obtain structural information in solids, high-resolution NMR 

spectroscopic techniques must be employed.  One of the mostly widely used line-

narrowing technique in SSNMR is magic-angle spinning (MAS), which shall be 

discussed in the next.
2
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 Table 2.1  Main nuclear spin interactions which can occur in solid. 

Type of Nuclear 

Interaction 

Magnitude 

(kHz) 

Nature of Interaction 

Zeeman 

interaction 

10
3
-10

6
 Interaction of nuclear spin with the external magnetic 

field 

Chemical 

shielding 

0-10
2
 The shielding effect on the nucleus of the fields 

produced by the surrounding electrons 

J-coupling 0-10
1
 Interactions of the nuclear spins through chemical 

bonds 

Dipolar 

coupling 

0- 10
2
 Interaction through space between two nuclear spins 

Quardrupolar 

interaction 

0-10
6
 Occurs in spin > ½ nuclei.  It is due to the interactions 

of the nuclear electric quardrupole moment with the 

non-zero electric field gradient (due to non-spherical 

charge distribution) around the nucleus 

 

2.2.2.2 Magic-angle spinning (MAS) 

Among these interactions outlined in Table 2.1, chemical shielding, dipolar 

coupling, and quadrupolar interactions are time dependent when the sample is being spun 

inside the rotor.  E.R. Andrew and I.J. Lowe found that, by rotating the sample 

mechanically at an angle of 54.74 ° to the external magnetic field (Figure 2.3) at a rate 

faster than the dipolar coupling line width, the dipolar coupling will be suppressed.
3
  By 

removing the dipolar coupling effect, narrow resonances consisting of the isotropic 

signals can be obtained, resulting in high resolution NMR spectra.  Sometimes, MAS 

cannot completely remove the effects of chemical shielding.  When the spinning rate is 
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less than the chemical shift anisotropy (CSA), a series spinning sidebands appears.  The 

separations between the sidebands are equal to the spinning speed of the rotor.   

Therefore, by spinning the sample at two different speeds, the isotropic signals, which do 

not change with the spinning rate, can be identified.     

 

Figure 2.3  An illustration of magic-angle spinning (MAS) with the sample rotor. 

2.2.2.3 High power proton decoupling (HPDEC) 

For many dilute spin-1/2 nuclei, such as 
13

C and 
29

Si, the homonuclear coupling is 

usually less significant due to their low natural abundances.  However, the presence of 
1
H 

can lead to severe line broadening due to the heteronuclear coupling between the dilute 

spin-1/2 nuclei and 
1
H.  This heteronuclear interaction can be eliminated by applying a 

strong and continuous radio frequency (r.f.) field (at a frequency higher than the 

heteronuclear coupling interaction between the dilute and abundant spin nuclei) at the 

Larmor frequency of the spin abundant nuclei.  This causes rapid transition of the 

abundant nuclei between two spin states, so the net effect on the dilute spin nuclei is 

zero.
2
   

2.2.2.4 Cross polarization (CP) 

Cross polarization (CP) is a technique that is used to improve the signal-to-noise 

ratio of the dilute spin nuclei by transferring the polarization from an abundant spin 

nucleus, such as 
1
H, to the dilute spin, such as 

13
C.  The pulse sequence of a CP 
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experiment is illustrated in Figure 2.4.  For CP to work, the following Hartmann-Hahn 

condition must be met: 

γSB1S = γIB1I                                                     (Equation 2) 

where S denotes the dilute spin, while I denotes the abundant spin.  γ is the gyromagnetic 

ratio, which is a property of the nucleus of interest.  Nuclei with low sensitivities have a 

low γ.  B1 is the strength of the r.f. field.  In a CP experiment, a 90° pulse is applied to the 

abundant spin.  The period during which cross polarization occurs is called the contact 

time.  The contact time needs to be set so that the r.f. field of the dilute spin is equal to 

the r.f. field of the abundant spin.  Based on this condition, the signal-to-noise ratio of the 

dilute spin will be enhanced by γI/γS.  Furthermore, since the abundant spins are usually 

strongly dipolar coupled, they tend to have a large fluctuating magnetic field, meaning 

that the relaxation time for the spin abundant nuclei is much shorter.  Thus, in this case, 

one does not need to wait for the long relaxation time of the dilute spin nuclei.
4-5

   

 

Figure 2.4  Pulse sequence of a cross-polarization experiment. 
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2.2.3 Scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDX)  

Scanning electron microscopy (SEM) is a characterization technique which 

allows the observation of three-dimensional images of a material’s surface.  In SEM, the 

area of examination of the sample is irradiated by a beam of electron which raster across 

the surface.  As the beam of electron interacts with the surface of the material, different 

signals, such as backscattered electrons, X-rays, photons, and secondary electrons 

(electrons generated by primary irradiation), are produced.  Among these, the secondary 

electrons produced are detected.  Due to the narrowness of the electron beam, high 

resolution images can be produced.
6
 

Energy dispersive X-ray spectroscopy (EDX) is a surface characterization 

technique which allows elemental analysis of the sample of interest.  As a beam of high-

energy electron is aimed at the sample surface, electrons on the inner shells of the atoms 

on the sample may be excited.  The excited inner shell electron (secondary electron) is 

ejected, creating a hole, which then became filled in by an electron from a high energy 

shell.  This results in the irradiation of an energy which has the difference between the 

higher energy shell and the ground state, known as X-ray.  Since each element has its 

own atomic structure, this type of radiation is different for different elements.  Therefore, 

by analyzing the X-ray irradiation of the sample surface, elemental identification and a 

semi-quantification of the elements detected can be obtained.
6
 

For SEM images to be obtained, the surface of the specimen must be conductive.  

Therefore, the zeolite samples were coated with a 3 nm thick amorphous osmium using 

the Osmium Plasma Coater. 

2.3 Synthesis of N, N-dipropylhexamethyleneiminium iodide 

(DPHMII) 

N, N-dipropylhexamethyleneiminium iodide (DPHMII) is the organic SDA for 

zeolite ZSM-11.
7
  25 g of hexamethyleneimine (99%, Sigma Aldrich) was added to a 

stirring mixture containing 200 mL methanol (CALEDON) and 36 g of potassium 

bicarbonate (99.7%, Sigma Aldrich).  The round bottom flask containing the reaction 
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mixture was put in an oil bath at a temperature of around 50 °C.  1-iodopropane (99%, 

Sigma Aldrich) was added dropwise to the reaction mixture.  The reaction mixture was 

allowed to react for 72 hours, the time at which it turned dark brown.   Methanol was then 

removed by rotary evaporation.  Chloroform (CALEDON) was added to the solid; the 

resulting mixture was stirred for three hours.  The brown liquid containing the crude was 

separated from the solid by suction filtration.  The brown crude product was obtained by 

removing the solvent under vacuum.  Recrystallization was performed using ethanol/2-

propanol (CALEDON).  The mixture was put in the freezer overnight before the crystals 

were recovered by suction filtration.  If the resulting product is slightly yellow, it must be 

washed in ethyl acetate until it is completely white. 

2.4 Synthesis of N, N-diethyl-3, 5-cis-dimethylpiperidinium 

iodide (DECDMPI) 

N, N-diethyl-3, 5-cis-dimethylpiperidinium iodide (DECDMPI) is also an organic 

SDA for MEL type framework.
8
  The preparation of DECDMPI is similar to that of 

DPHMII outlined in Section 2.3, except the iodoethane (99 %, Sigma Aldrich) is used 

instead of 1-iodopropane. 
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Chapter 3 :  Tetraalkylammonium Salt/Alcohol 

Mixtures as Deep Eutectic Solvents (DES) for Syntheses 

of High-Silica Zeolites 
3  

3.1 Introduction 

 Zeolites are a group of silicates and aluminosilicate microporous materials that 

are often used in ion-exchange, catalysis, and adsorption processes.   These applications 

were made possible due to the presence of regular internal cavities and channels of 

discrete sizes and shapes which are unique to each type of zeolite.
1
  Typically, zeolite 

crystals are synthesized hydrothermally at 150-200 °C in a sealed steel autoclave by 

mixing a base, silica, water (the solvent), and an organic structure-directing agent 

(SDA).
2
  Recently, a new method, ionothermal synthesis, has been developed for the 

preparation of aluminophosphates (AlPO4s), metal-organic frameworks (MOFs) and 

coordination polymers.
3-19

   

 An ionic liquid (IL) is usually defined as a salt that is fluidic at ambient 

temperature (<100 °C).
20

  However, as mentioned in the previous paragraph, the reactions 

to make zeolites are usually conducted at temperatures higher than 100 °C.  Therefore, an 

ionic liquid can then be defined as any salt with a melting point below the range of 150-

200 °C for the purpose of our studies.
3
  The first reported work in this area was for the 

preparation of aluminophosphates materials and involved the use of 1-ethyl-3-

methylimidazolium bromide ([emim]Br) and urea/choline chloride deep eutectic solvents 

(DESs).
3
  There are several advantages of using IL in syntheses.  In this case, the IL 

serves as both the organic SDA and the solvent, which means the competition between 

solvent and the SDA for the growing crystalline materials is minimized.  Also, by using 

ILs as the solvent, the vapour pressure is reduced significantly.
21

  A DES, which is a 

mixture composed of two different salts that results in a melting point depression.  In the 

context of synthesizing microporous framework materials, a DES can be prepared by 

making an alcohol/quaternary ammonium salt mixture.
22

  To be ideal for the preparation 

of zeolite and zeolitic materials, the melting of such a mixture needs to be below 130 °C.  
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The organic SDA plays an important role in the structure formation of the zeolite 

framework.
22

  Dong’s group was able to prepare different types of AlPO4s by varying the 

organic SDA present in the reaction mixture containing pentaerythritol.
22

  This work has 

shown that AlPO4 structures can be formed under the presence of alcohol.
22

  

While much attention has been put into the discoveries of making new framework 

structures using ILs, there are also interests in improving synthetic strategies used in 

zeolite preparation.  In the past few decades, there were examples of preparing silicates 

and aluminosilicates in a non-aqueous environment.  Bibby and Dale first reported that 

sodalite can be synthesized in ethylene glycol.
23

  Reports have shown that zeolite ZSM-5 

(MFI) can be prepared in the presence of ethanol,
24

 glycerol,
25

 and in a mixture of 

ethylenediamine and triethylamine.
26

  The ZSM-39 (MTN) zeolite, which is isostructural 

with the 17Å cubic gas hydrate, has also been synthesized in non-aqueous conditions in 

morpholine and pyrrolidine/mepiquat mixture under the presence of HF.
27-29

  These early 

examples have shown that zeolites can be made in a reaction mixture containing alcohol 

or amine species. 

Although much effort has been made in zeolite preparation through non-aqueous 

route, the number of studies remains quite limited.  As for ionothermal synthesis, there 

have been few reports on the study of high-silica zeolites, despite the fact that a lot of 

work has been done on the syntheses of zeolite-like materials.  This is probably due to the 

poor solubility of silica in the reaction mixture in the presence of low water content, 

which is essential for the hydrolysis silica and the polycondensation of silicate species.
30

  

Furthermore, many syntheses of zeolites are carried at high pH in the presence of 

hydroxide ions.
1
  The sources for the hydroxide ions are usually NaOH or KOH.  The 

solubility of these species is lowered significantly in the absence or low presence of 

water.     

 According to our best knowledge, there are only three reported syntheses of 

zeolites using ILs.  Sodalite was synthesized in 1-ethyl-3-methylimidazolium bromide 

([emim]Br) under the presence of OH
-
 at high pH.

31-32
  Yan’s group synthesized ZSM-5 

by microwave-heating a mixture formed from 1-butyl-3-methylimidazolium [Bmim] 
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bromide and a dry-gel precursor containing the ZSM-5 organic structure-directing agent 

(SDA), TPAOH.
33

  Morris’s group reported the synthesis of several siliceous zeolites in a 

fluoride medium by using the [Bmim] bromide/hydroxide IL.  The products could be 

either phase-pure Silicalite-1 (MFI) or a mixture of Theta-1 (TON) and MFI.
34

  This 

suggests that the presence of TPA
+
 is important in the formation of phase-pure ZSM-5.  

Furthermore, for all of the cases listed above, a small amount of water must be present to 

ensure the successful production of zeolite materials.  This indicates that water is crucial 

for the formation of silicate and aluminosilicate materials in IL.  Furthermore, these 

examples also indicate that in order to have consistency in the final products, the 

presence of an organic SDA that is specific for the desired final framework is extremely 

important. 

 The main difficulties in generating silicate and aluminosilicate frameworks in ILs 

are poor solubility of starting materials and the lack of reproducible results.  To overcome 

these problems, we have used colloidal silica and various organic SDAs which help to 

give the desired products.  Under our experimental conditions, no extra water was added 

to the initial reaction mixture.  All the water content in the reaction mixture came 

exclusively from the reactants.  In this work, we demonstrated the successful syntheses of 

three zeolite types:  ZSM-5, sodalite (SOD), and ZSM-39.  The Silicalite-1 syntheses 

were performed in both fluoride and hydroxide media using colloidal silica as the silica 

source and a deep eutectic mixture composed of a template, tetrapropylammonium 

bromide (TPABr) or tetraethylammonium chloride (TEACl), and pentaerythritol (PE).  

The aluminosilicate ZSM-5 was prepared in the NaOH environment.  SOD and MTN 

type zeolite were produced in tetramethylammonium chloride (TMACl)/1, 6-hexanediol 

mixture in the presence of NaOH and NH4F, respectively.   

 

Figure 3.1  The structure of (a) pentaerythritol and (b) 1, 6-hexanediol. 
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3.2 Experimental 

3.2.1 Syntheses of high-silica zeolites 

Synthesis of Silicalite-1 (MFI) using TPABr 

 The typical procedure is as follows:  Ammonium fluoride (≥98%, Alfa Aesar), 

pentaerythritol (98+%, Alfa Aesar), tetrapropylammonium bromide (98%, Sigma-

Aldrich), and dry as-synthesized ZSM-5 (from hydrothermal synthesis using TPABr) 

were mixed quantitatively and ground using a mortar and a pestle.  The ground solid 

mixture was then transferred to a 40mL Teflon container.  To this mixture, a source of 

colloidal silica (Ludox HS-40, Ludox CL-X, or Ludox TM-50, Sigma-Aldrich) was 

added.  The silica contents in Ludox HS-40, Ludox Cl-X, and Ludox TM-50 are 40 

weight (wt.) %, 45 wt. %, and 50 wt. % suspension in H2O, respectively.  The 

components were hand-mixed using a spatula until a sticky white paste is formed inside 

the Teflon cup.  The Teflon container was then placed inside a stainless steel autoclave 

and the reaction mixture would be heated at around 150-170 °C for 19-24 days.  For 

instance, in one of the syntheses, 2.5 g TPABr, 3.0 g PE, 1.0 g NH4F, and 0.05 g as-made 

ZSM-5 seeds were mixed and ground.  2.5 g Ludox HS-40 was then added to the ground 

mixture.  For every 2.5 g of Ludox HS-40, there is 1.5 g of H2O.  The typical molar 

composition of the initial batch is:  1SiO2: 1.6 NH4F: 1.3-1.7 pentaerythritol: 0.25-0.56 

TPABr: 3-5 H2O.   

Synthesis of aluminosilicate ZSM-5 (MFI) using TPABr 

 The preparation of aluminosilicates ZSM-5 is similar to the procedures described 

in the previous section except the NH4F was replaced by NaOH (99%, Caledon), and a 

source of aluminum was added.  The sources of aluminum can be Alumina (~8% H2O, 

Strem Chemicals), aluminum isopropoxide (98+%, Sigma-Aldrich), or aluminum 

sulphate hydrate (98%, Sigma-Aldrich).  Tetrapropylammonium bromide, 

pentaerythritol, sodium hydroxide, an aluminum source, and 5% ZSM-5 seeds were 

mixed and ground using a mortar and a pestle.  The ground mixture was transferred to a 

Teflon container and Ludox HS-40 was added.  The ingredients were hand-mixed using a 
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spatula until a semi-transparent, mobile liquid gel was formed.  The Teflon container was 

put inside a stainless steel autoclave.  The gel would be reacted for 21-28 days at 170 °C.  

The typical molar composition of the initial batch is:  1 SiO2: 0.1 NaOH: 1.3-1.7 

pentaerythritol: 0.56 TPABr: 0.02 Al: 5 H2O.  For instance, in a synthesis that uses Al(O-

iPr)3 as the Al source, 5.0 g Ludox HS-40 was added to a ground mixture of 5.0 g 

TPABr, 6.0 g PE, 0.2 g NaOH, 0.14 g Al(O-iPr)3, and 0.1 g as-synthesized ZSM-5 seeds.  

The reagents were hand-mixed; reaction time for this batch was 25 days at 170 °C. 

Synthesis of Silicalite-1 using TEACl 

 The synthesis of ZSM-5 using tetraethylammonium chloride monohydrate 

(>98.0%, Sigma Aldrich) as the template is similar to the procedures outlined in 2.2, 

except the template was changed to TEACl from TPABr.  The mole ratios of the reagents 

are:  1SiO2: 1.6 NH4F: 1.3 pentaerythritol: 0.8 TEACl: 5.8 H2O. 

Synthesis of sodalite 

 The source of silica used was Ludox HS-40 (Sigma-Aldrich).  The eutectic 

mixture was composed of tetramethylammonium chloride (TMACl, 97%, Sigma-

Aldrich) and 1, 6-hexanediol (97%, Sigma-Aldrich).  The reaction was performed at a 

temperature of 140 °C.  The mineralizing agent was sodium hydroxide (99%, Caledon).  

Ludox HS-40 was added to the eutectic mixture, mineralizing agent, and alumina.  No 

extra water was added.  The reagents were then hand-mixed using a spatula.  The mole 

ratios of the starting materials were 1.0 SiO2: 2.1 TMACl: 2.4 1, 6-hexanediol: 2.2 

NaOH: 0.7 NaAlO2: 5.3 H2O. 

Synthesis of ZSM-39 (MTN) 

 The reagents used in the synthesis of ZSM-39 were similar to those mentioned in 

"Synthesis of sodalite", except the mineralizing agent was changed from NaOH to 

NH4F.  In this case, ZSM-39 was synthesized instead of SOD.  The mole ratios of the 

starting materials were 1.0 SiO2: 2.1 TMACl: 2.4 1, 6-hexanediol: 2.2 NH4F: 0.7 

NaAlO2: 5.3 H2O. 
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Product Isolation 

 The product was obtained by filtration after being three successive washes using 

deionized water.  The filtered solid was washed with methanol several times and with 

deionized water again.  The product was dried in the oven at 100 °C for 24 hours. 

3.2.2 Characterization 

 The powder x-ray diffractograms of the products were collected on a conventional 

Rigaku powder diffractometer with Co-Kα radiation (λ = 1.79 Å).  The data for the X-ray 

diffraction (XRD) patterns were collected from 5° to 65° of 2θ values. 

 Selected samples were analyzed by SEM and EDX; these experiments were done 

at Western Nanofabrication Facility.  A thin layer of amorphous osmium (3 nm) was 

coated onto the sample using the Osmium Plasma Coater.  SEM and EDX experiments 

were performed using LEO (Zeiss) 1540XB FIB/SEM.  EDX data were obtained from 

different spots of the sample.  The Si/Al ratios for selected samples were calculated by 

take an average of the values of the different locations. 

 The solid-state NMR spectra were recorded on an Infinity Plus 400 spectrometer 

which has a wide-bore magnet.  The 
79

Br signal from KBr was used to set the magic 

angle of 54.7°.  
13

C cross polarization (CP), 
29

Si, 
27

Al, and 
19

F magic-angle spinning 

(MAS) NMR spectra were obtained for some of the samples. The Larmor frequencies for 

1
H, 

29
Si, 

27
Al, 

19
F and 

13
C are 399.5, 79.4, 104.1, 375.9, and 100.5 MHz, respectively.  A 

7.5 mm HXY probe was used to acquire one pulse 
29

Si MAS spectra.  The chemical shifts 

for the 
29

Si spectra were referenced to the standard tetramethylsilane (TMS, δ = 0 ppm) 

by using tetrakistrimethylsilylsilane (TTMSS) as the secondary standard.  TTMSS has 

two peaks, one at -9.8 ppm and the other at -125.2 ppm.  The resonance at -9.8 ppm was 

used as the reference peak.  The spinning rate was 4.0 kHz.  The pulse angle was 45° 

with a pulse delay of 60 s.  The 
27

Al MAS spectra were obtained by using a 5.0 mm 

HFXY probe with a spinning rate of 8 kHz.  A pulse angle of 30° with a pulse delay of 1 

s was used.  The reference standard used for setting the 
27

Al NMR chemical shift was 

Al(NO3)3 (δ = 0 ppm).  
19

F MAS NMR were carried out using the 4.0 mm HXY probe 
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Figure 3.10  (a) Framework of MFI viewed down axis-b; all T-sites are numbered.  (b) 
29

Si MAS spectrum of as-made MFI using TEACl as the template.  The numbers above 

the peaks correspond to the different T-sites.  A small section of the framework showing 

neighboring Si-9 atoms. 
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obtained when the reaction was allowed to proceed for 14 days (Figure 3.11c-d).  The 

29
Si NMR spectrum of a MTN sample is shown in Figure 3.4e, indicating the presence of 

three crystallographically distinct sites with ratios of 1: 4: 12.
46

  There is only one peak 

for octahedral Al at 8.4 ppm on the 
27

Al MAS spectrum.  The lack of signal for 

tetrahedral Al means that there is no framework Al present (Figure 3.8e).  In other words, 

the ZSM-39 synthesized under such conditions is completely siliceous.  The change in 

the mineralizing agent from OH
-
 to F

-
 caused a change in the framework of the products 

being formed.  The lack of Al in the framework could be due to the formation of AlF6
3-

.
47

  

There have been previous studies reporting the synthesis of ZSM-39 in fluoride 

medium.
48-49

  There are two peaks in the 
19

F MAS NMR, one at -81.3 ppm and the other 

is at -123.4 ppm (Figure 3.6c).  The -123.4 ppm is assigned to the tetraalkylammonium 

fluoride species, while the resonance at -81.3 ppm is assigned to the F
-
 anions inside the 

framework.  Unlike the MFI structure, these F
-
 atoms are not covalently bound to the Si 

atoms.
50

  This can also be shown by the lack of a weak but broad signal in the range of -

120 to -130 ppm in the 
29

Si MAS spectrum.  The 
13

C CP MAS spectrum (Figure 3.5e) 

shows signals for two types of organic molecules inside the framework.  The signal at 

57.7 ppm is due to the tetramethylammonium (TMA
+
) ions, while the resonance at 46.8 

indicates the presence of trimethylammonium (TMAm
+
) species which is the result of the 

decomposition of TMA
+
.
51

  There are two types of cages in ZSM-39.  These organic 

cations reside in the larger cage which is about 7.5 Å in size.
52

  The presence of these 

TMA
+
 ions inside the zeolite shows that, under our experimental conditions, TMA

+
 has a 

structure-directing effect toward the formation of MTN type frameworks using F
-
 as the 

mineralizing agent. Preliminary results for the mechanistic study of the crystallization 

process of ZSM-39 in TMACl/1, 6-hexanediol will be discussed in greater detail in 

Chapter 5. 



48 

 

 

Figure 3.11  SEM images of as-made (a-b) sodalite, and (c-d) ZSM-39. 

3.4 Conclusions 

 In conclusion, our experiments present the syntheses of phase-pure high-silica 

materials in an ionic liquid environment.  More specifically, this study shows that the use 

of a tetraalkylammonium/alcohol DES is not limited for the syntheses of zeolite-like 

materials.  ZSM-5 can be synthesized by using the seeding method in both F
-
 and OH

-
 

media.  Furthermore, in the OH
-
 medium, Al can be integrated into the MFI framework in 

the presence of OH
-
.  The integration of Al into the zeolite framework allows the 

formation of aluminosilicate which can then be turned into the catalytically active form.  

In the case where TMA
+
 is the template, SOD and MTN type zeolites can be prepared 

without seeding in the presence of OH
-
 and F

-
, respectively.  By using an organic SDA as 

part of the DES, the reproducibility of the phase purity of the final products is attained.  

Furthermore, other types of zeolites with different framework topologies can be made by 

using various organic SDA. 
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Chapter 4 :  Ionothermal Synthesis of High-Silica 

Zeolites in Urea/Choline Chloride Deep Eutectic Solvent 

(DES) 
4  

4.1 Introduction 

Zeolites, which contains a framework made up of tetrahedral alumina and silica, 

are extremely important in industries for their roles in catalysis, ion-exchanges processes, 

and adsorptions processes.
1
  Much effort has been put in for the investigations in different 

synthetic routes in order to discover new types of zeolite or zeolite-like microporous 

materials.  A series of materials, such as the aluminophosphates (AlPO4s), metal-organic 

frameworks (MOFs) and coordination polymers have been made in the past few years 

using the ionothermal syntheses. 
2-18

   

 An ionothermal synthesis is a reaction in which an ionic liquid (IL) is used.  The 

ILs used in the preparation of zeolite or zeolitic materials need have a melting point 

below the range of 150-200 °C, the temperature range at which zeolites and zeolitic 

materials are usually made.
18

  1-ethyl-3-methylimidazolium bromide ([emim]Br) and 

urea/choline chloride are very common ILs that are used in the synthesis of AlPO4.  

Among these two species, urea/choline chloride is classified as a special class of IL, the 

deep eutectic solvent (DES).  A DES is an IL consisting of two components; the end 

result is that the melting point of the mixture consisting of the combined species will be 

lowered.  As for the urea/choline chloride mixture, at a 2: 1 ratio, a freezing point of 21 

°C can be achieved.
19

   

 One of the main advantages of using IL in syntheses of zeolite-like materials is 

that the IL can act as both the solvent and the organic structure-directing agent (SDA).  

Ideally, this would lower the competition for the SDA between the solvent and the 

growing framework during crystallization.
18

  Indeed, a lot of work has been done on the 

syntheses of zeolite-like materials in ionic liquids.  Nevertheless, the number of reports 

on the study of high-silica zeolites remains quite limited, mainly due to the poor 

solubility of silica in the ILs.  Furthermore, ionothermal synthetic conditions usually 
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4.3 Results and Discussion 

 

Figure 4.2  PXRD patterns of as-synthesized (A.S.) (a) MFI, (b) BEA, (c) MTN from 

TMA
+
, (d) MTN from DPHMII, and (e) MEL from DPHMII, (f) MEL from DECDMPI. 



59 

 

 

Figure 4.3  
29

Si MAS spectra of as-synthesized (a) MFI, (b) BEA, (c) MTN from 

TMACl, (d) MTN from DPHMII, (e) MEL from DPHMII, and (f) MEL from 

DECDMPI. 
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Figure 4.4  
13

C CP MAS spectra of as-synthesized (a) MFI, (b) BEA, (c) MTN from 

TMACl, (d) MTN from DPHMII, (e) MEL prepared using DPHMII as the organic SDA, 

and (f) MEL prepared using DECDMPI as the organic SDA.  The numbers in (e) and (f) 

are peak assignments corresponding to the different carbon sites on the DPHMII and 

DECDMPI templates shown in Figure 4.14. 
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Figure 4.5  
19

F MAS spectra of as-synthesized (a) MFI, (b) BEA, (c) MTN from TMACl, 

(d) MTN from DPHMII, (e) MEL prepared using DPHMII as the organic SDA, and (f) 

MEL prepared using DECDMPI as the organic SDA.  The spinning side bands are 

indicated by “*” and “°”. 
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All zeolites prepared in the urea/choline chloride are siliceous besides Zeolite Beta 

which has Al in the 5% seeds added to the initial reaction mixture.  The calcined BEA 

seeds contain a Si/Al of greater than 17.  For the syntheses of MFI and BEA, 5% calcined 

seeds were added to the initial reaction mixture to speed up the crystallization process.  

The use of calcined seeds ensures that, in reactions where seeding was required, the 

signals in the 
13

C MAS spectra given by any organic SDAs occluded in the frameworks 

of the final products were not due to the organic molecules present in the seeds.  In this 

case, then the tetraalkylammonium ions in the reactions mixtures indeed directed the 

formation of the final frameworks.  No Al sources were added, since in the previous 

chapter, we found that the addition of Al slows down the reaction of the syntheses of 

high-silica zeolites.  The mineralizing agent used in all four cases was F
-
 which was 

added to the reaction mixtures in the form of NH4F.  F
-
 ion has been shown to be an 

effective mineralizing agent that gives siliceous zeolites with fewer defects.
27

 

4.3.1 Tetrapropylammonium bromide (TPABr) 

 Silicalite-1 can be synthesized using 5% of initial seeding.  The seeds used were a 

calcined Silicalite-1 sample, so no Al was present in the reaction and any 
13

C signals 

observed in the 
13

C NMR spectra would not be due to the organic SDA present in the 

seeds.  The reaction for the formation of MFI requires the presence of seeds.  The 

presence of seeds in the reaction mixture provided greater surface areas for the solutes to 

integrate into the solid phase, therefore enhancing the crystallization rate.
28

  Figure 4.2a 

shows the powder X-ray diffraction (PXRD) patterns of the as-synthesized sample.  The 

synthesis of Silicalite-1 was made using TPA
+
 as the organic SDA; the sample is phase-

pure with strong reflections.  The as-made TPA-MFI is orthorhombic and has 12 

crystallographically distinct tetrahedral (T) sites.  However, the 
29

Si MAS spectrum 

(Figure 4.3a) shows broad Q
4
 (Si atoms bonded to four other Si atoms through oxygen) 

peaks.  Due to this severe overlap, the peaks for the individual T-sites cannot be 

distinguished.  The 
29

Si MAS spectrum also shows a small broad peak for Q
3
 (Si sites 

containing one SiOH group) Si sites, meaning that the framework is imperfect.   

It is clear that the organic SDA is present inside the MFI framework from the 
13

C 

CP MAS spectrum (Figure 4.4a), where the methyl groups give two different signals at 
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10.2 and 11.2 ppm, because two of the four propyl chains are in the straight channels 

while the other two are in the sinusoidal channels.
29

  The 
13

C MAS spectrum also 

indicates the presence of fluoride in the zeolite framework due to the presence of two 

signals (65.3 and 65.5 ppm) in the lower field.  This is because in the as-synthesized 

silicalite-1, the fluoride is much closer to three of the α-carbon atoms (carbon directly 

bonded to nitrogen atom of TPA
+
) than the other.

29
        

Unlike the hydrothermally as-synthesized F-MFI (fluoride MFI), there are two 

signals in the 
19

F MAS spectrum aside from the -122.8 ppm (Figure 4.5a).  This band 

usually indicates the presence of SiF6
2-

, which is an impurity that is often present in the 

final product of the zeolite synthesis.  The chemical shift for SiF6
2-

 has been reported in 

several studies and usually falls in the range of -120 to -130 ppm.
30-32

  The resonance at -

68.5 ppm corresponds to the fluoride that is covalently bonded to Si-9 of the ZSM-5 

framework, which has been shown in Figure 3.10 from the previous chapter.
33

  There is 

also a weak signal at -78.6 ppm which is not usually seen in the high-temperature 

hydrothermally synthesized F-MFI.  Similar situation has been reported in the dense-gel 

synthesis of F-MFI and F-MEL (fluoride MEL).
34-35

    The presence of this second site is 

probably due to another fluoride species or fluoride that is covalently bonded to another 

Si atom in the framework.  However, the identity of the species has not been determined 

yet.   

The SEM images show that the crystals aggregate together to form a large cluster 

(Figure 4.6a).  At a higher magnification, we can see that the crystal is heavily 

intergrown.  The surface of the crystal is quite rough, containing defects and is also 

adhered by small particles, which may be amorphous (Figure 4.6b). 
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Figure 4.6  SEM images showing (a) an overview and (b) a single crystal of the as-made 

Silicalite-1. 

4.3.2 Tetraethylammonium hydroxide (TEAOH) 

 The synthesis of zeolite Beta, which is a high-silica zeolite having 12-membered 

ringed channels and consisted of the intergrowths of two or more polymorphs, also 

requires the addition of seeds in the initial reaction batch for the product to be formed.
36

  

Without seeding, MFI becomes the competing phase in the reaction.  This is not 

surprising since TEA
+
 can also be a organic SDA for MFI in hydrothermal synthesis.

37
  

The BEA seeds used for the reactions were calcined at 350/500 °C, so any signals 

observed in the 
13

C MAS spectrum of the final product are not due to the SDA molecules 

present in the seeds.    The PXRD pattern of the as-synthesized sample is shown in Figure 

4.2b; the resulting product of the reaction is consisted of a mixture of the different 

polymorphs.  The 
29

Si MAS spectrum of the as-synthesized sample (Figure 4.3b) shows 

five signals which are due to the Q
4
 Si atoms and Q

3
 Si atoms that are bonded to one Al 

through oxygen are in the range of -108.3 — -116ppm, while the Q
3
 SiOH sites are 

represented by the broad peak at -104.0 ppm.
38-39

  The Al present in the seeds (Si/Al > 

17) is the sole source of Al for the reaction.  However, the exact percentage of Al in the 

as-made sample was not detectable by x-ray fluorescence (XRF).  
27

Al MAS spectrum of 

the as-made final product shows two resonances (Figure 4.7a).  The signal at 55.1 ppm 

represents tetrahedral Al in the BEA framework, while the signal close to 0 ppm 

represents extraframework Al atoms, which are octahedrally coordinated.  The 
13

C NMR 

(Figure Figure 4.4b) shows the presence of TEA
+
 ions inside the channels of BEA.  The 

chemical shift at 6.7 ppm corresponds to the terminal methyl carbons, while the one at 

52.3 ppm correspond to the methylene carbons that are directly bonded to the nitrogen.  
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19
F MAS spectrum of the as-synthesized sample contains two signals at -58.0 and -70.3 

ppm (Figure 4.5b).  The results agree with the hydrothermally as-made TEA-BEA.
32

  The 

presence of these two signals means that there are two different F
-
 sites at which the 

fluoride atoms that are covalently bonded to Si atoms inside the framework.
32

  It has been 

proposed that the fluoride anions are located inside the [4
3
5

4
] cage of the framework 

(Figure 4.8).
32

  The zeolite BEA synthesized under our condition has relatively small 

crystal sizes as shown in the SEM images (Figure 4.9a and b).  Under higher 

magnification, we can see that the F-BEA made under our condition shows the truncated 

squared pyramidal shape of the highly faulted BEA structure. 

 

Figure 4.7  
27

Al MAS spectra of as-made BEA (a) and calcined BEA (b). 
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Figure 4.8  [4
3
5

4
] cage in BEA. 

 

Figure 4.9  SEM images showing (a) an overview and (b) expanded view of as-

synthesized BEA. 

After the sample is being calcined at 350/500 °C, the 
29

Si MAS spectrum shows 

well resolved peaks instead of the broad overlap of signals we see in the as-synthesized 

material.  PXRD pattern was obtained for the calcined sample as well to show that the 

BEA has not been broken down into amorphous material after the calcination treatment 

(Figure 4.10).  Calcination is known to remove the defects within the zeolite 

frameworks.
40

  The 
29

Si MAS shows nine crystallographically inequivalent T-sites within 

the framework of BEA similar to the highly siliceous dealuminated BEA prepared in 

hydrothermal conditions (Figure 4.11).
38

  The 
29

Si MAS spectrum of the calcined sample 
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does not show a signal at -104.0 ppm, which was assigned to the –SiOH groups present in 

the as-synthesized materials.  By calcining the sample, these defects are “healed.”   There 

is a small and weak signal at -108.2 ppm, which can be due to the Q
3
 Si sites containing 

Si atoms connected to one Al and three other Si atoms via oxygen.  Compared with the 

as-synthesized BEA, the calcined sample contains less framework-Al.  The peak 

responsible for the octahedral Al site (~ -11 ppm) in the 
27

Al MAS spectrum has a higher 

intensity than the one for the tetrahedral Al (55.1 ppm) (Figure 4.7b).  Upon calcination, 

some of the tetrahedrally coordinated Al (framework Al) were converted into octahedral 

Al (extraframework Al).
40

   

 

Figure 4.10  PXRD pattern of calcined BEA. 

 

Figure 4.11  
29

Si MAS spectrum of calcined BEA. 
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4.3.3 Tetramethylammonium chloride (TMACl) 

 When the organic SDA was changed to TMACl, ZSM-39 was produced after 2 

weeks of reaction at 170 °C.  The PXRD (Figure 4.2c) of this product with cubic 

framework shows peaks with sharp reflections.  From the 
29

Si MAS spectrum, the signals 

at -109.2, -114.1, and -117.3 ppm  (1: 4: 12) correspond to the three different tetrahedral 

sites (T-sites) in the cubic framework (Figure 4.3c).
41-43

  Although TMA
+
 is known to be 

one of the organic SDA for MTN type zeolites, the 
13

C CP MAS NMR (Figure 4.4c) 

spectrum reveals that during the course of the reaction, some of the TMA
+
 molecules 

have decomposed into trimethylammonium ions (46.4 ppm), the result of which is in 

agreement with previous studies.
44

  Only a small signal for TMA
+
 is shown at 57.1 ppm.  

According to other studies, the trimethylammonium ions are in equilibrium with 

trimethylamine, which gives a signal at 51.3 ppm.  However, based on the 
13

C MAS 

spectrum, trimethylamine is not adsorbed on the crystal surface nor occluded in the pores 

of the ZSM-39 we synthesized.  It is possible that the trimethylamine was washed away 

along with the urea and choline chloride during the clean-up process of the sample.  

Based on previous works, organic species are resided in the larger of the two types of 

cages in MTN (7.5 Å).
45

  The 
19

F NMR shows a major signal at -123 ppm, which is 

assigned to fluoride that acts as the counterion for the organic SDA (Figure 4.5c).  There 

is a weak signal at -126.7 ppm which is due to the SiF6
2-

 impurity.
30-32

  The signal at -

81.1 ppm is assigned to F
-
 inside the framework.  This signal is much weaker than that 

observed in the MTN made from TMACl/1, 6-hexanediol, meaning that there is less F
-
 

being trapped inside the smaller cages of the framework.  SEM images shows the 

samples crystals often aggregate together (Figure 4.12a).  Furthermore, although they 

exhibit the dodecahedral morphology, the surfaces of the crystals are not very smooth and 

are sometimes covered by debris (Figure 4.12b). 
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Figure 4.12  SEM images showing (a) an overview and (b) expanded view of as-

synthesized TMA-MTN. 

4.3.4 N, N-dipropylhexamethylene imminium ioded (DPHMII) and N, N-

diethyl-3, 5-dimethylpiperidinium iodide (DECDMPI) 

 A zeolite closely related to the MFI structure is the ZSM-11, which is tetragonal 

and has two intersecting channels consisted of 10-membered ring openings.  However, 

unlike the case in ZSM-5, in the MEL framework, the pentasil chains are connected to 

each other by a reflection instead of by an inversion centre.
46

  The organic SDA used in 

our experiment is DPHMII.  Based on the results, the effect of temperature on MEL 

synthesis is apparent.  Instead of producing MEL, the reaction mixture gave MTN at 170 

°C after 3 weeks as shown by the PXRD pattern in Figure 4.2d.  The 
29

Si MAS spectrum 

(Figure 4.3d) shows the three crystallographically distinct T-sites in the structure 

framework.  There may be two reasons accounted for the production of MTN.  First, 

dense frameworks are preferred at higher temperatures.  Furthermore, the reaction time 

for these reactions in ionic liquids tends to be longer than what is observed in 

hydrothermal synthesis due to the lack of water for the solubility and transportation of 

species in the mixture.  Therefore, the DPHMII could be decomposed at 170 °C over the 

course of the reaction.  The 
13

C CP MAS (Figure 4.4d) shows that the organic species 

occluded inside the pores of the final product is the trimethylammonium ion, which is 

what was observed in the MTN synthesized using TMACl.
44

  The 
19

F MAS spectrum of 

this sample does not contain any resonances in the -80 ppm region (Figure 4.5d).  Only 

the strong peak at -123.1 ppm is shown, meaning that F
-
 is acting as the counterion for 

the organic SDA.  There is also a small amount of SiF6
2-

 as indicated by the weak signal 

at -127.1 ppm.
30-32

  The lack of F
-
 peak at around -80 ppm suggests that the formation of 



70 

 

MTN under this condition is largely due to the high reaction temperature but not the 

structure-directing effect of the F
-
.  The sample contains both single and intergrown 

crystals (Figure 4.13a).  Unlike the TMA-MTN (discussed in previous section) which 

shows a dodecahedral morphology, these MTN crystals obtained from the urea/choline 

chloride mixture containing DPHMII in the starting material are perfect octahedral 

(Figure 4.13b).  Such morphology has been reported in the non-aqueous synthesis of 

ZSM-39 in the presence of propylamine and NaOH.
47

  This octahedral morphology is 

also very common for solids in the cubic crystal system.
48

  The crystals in this case have 

much smoother surfaces than the TMA-MTN mentioned in the previous section.  This 

can be attributed to the longer reaction time, which heals the crystal defects.
49

 

 

Figure 4.13  SEM images showing (a) an overview and (b) expanded view of as-

synthesized MTN from a reaction mixture containing DPHMII at 170 °C. 

To avoid the formation of dense frameworks, a lower temperature must be used 

for the preparation of MEL.  Indeed, when the temperature was lowered to 140 ˚C, phase-

pure MEL free of any MFI intergrowths was produced as indicated by the weak reflection 

at 2θ = 21.8° and a strong single peak reflection at 2θ = 53.1° on the PXRD pattern 

(Figure 4.2e).
50

  The 
29

Si MAS spectrum in Figure 4.3e shows the sample contains some 

Q
3 

Si atoms, indicating the presence of defects in the final product.  The broad peak for 

Q
4
 Si atoms is the result of the overlap of the seven crystallographically non-equivalent 

Si in the crystal lattice.
51

  Despite the presence of defects, the Q
4
 signal is much larger 

than the Q
3
.  The 

13
C CP MAS spectrum (Figure 4.4e) reveals the presence of DPHMII 

inside the as-synthesized framework structure.  There are six different carbon 

environments in total, where the signals for the two methylene carbons (one from the 

propyl chain and the other from the hexamethyleneiminium ring) closest to the nitrogen 
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overlap, giving a broad peak. The assignments are shown in Figure 4.14a.  The 

ionothermal preparation of MEL in the absence of seeding using DPHMII is highly 

reproducible, which suggests the strong structure-directing ability of this organic SDA.  

The 
19

F MAS spectrum (Figure 4.5e) contains two major peaks at -65.3 and -77.6 ppm 

similar to the case observed in MFI in Section 4.3.1. However, in this case, the signal at -

77.6 ppm is stronger in intensity.  The overall results agree with the findings in the dense 

gel synthesis of ZSM-11.
35

  The signal at -65.3 ppm is assigned to F
-
 atoms that are 

covalently bonded to one of the Si sites.
30

  However, given the current data, the exact 

location of the F
-
 and the identity of the F

-
 species which gives the -77.6 ppm signal 

cannot be identified.  There is a small amount of SiF6
2-

 as indicated by the shift at -123.4 

ppm. 
30-32

  The sample contains long needles clumped together shown by the SEM 

(Figure 4.15a).  At higher magnification (Figure 4.15b), each end of the needle contains a 

pyramid.  Furthermore, the needles are covered by some small particles, which can be 

amorphous. 

 

Figure 4.14  DPHMII (a) and DECDMPI (b).  The carbon atoms are labeled to represent 

the peak assignments for 
13

C MAS spectra in Figure 4.4 (e) and (f). 
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Figure 4.15  SEM images showing (a) an overview and (b) expanded view of as-

synthesized DPHMI-MEL. 

 The other organic SDA, DECDMPI has been known to give phase-pure MEL in 

hydrothermal and dense gel conditions.
26, 35

  For our experiments, to investigate the effect 

of SDA on the reaction, DPHMII was replaced with DECDMPI.  The organic SDA: SiO2 

ratio remained at 0.08: 1, and the temperature of the reaction was also 140 °C.  Figure 

4.2f shows the PXRD of the as-made MEL where 5% of calcined MEL seeds were added 

to the initial mixture.  The ZSM-11 product obtained after 24 days of reaction was phase-

pure and free of any MFI intergrowths as indicated by the weak reflection at 2θ = 21.8° 

and a strong single peak reflection at 2θ = 53.1°.
50

  The 
29

Si MAS spectrum shows a Q
4
 

region with severe overlap of the seven T-sites (Figure 4.3f).
51

  Like the DPHMII-MEL, 

there is also a small amount of Q
3
 Si atoms, meaning that the framework contains defects.  

The 
13

C CP MAS (Figure 4.4f) shows that DECDMP
+
 is present inside the framework.  

The peak assignments are labeled in Figure 4.14b.  There are two signals for the –

CH2CH3 groups hanging off from the nitrogen of the piperidinium ring, since one ethyl 

group is at the equatorial position while the other is at the axial position.  The chemical 

shift for the equatorial groups are in the lower field, because they are more deshielded 

than the ethyl groups in the axial position.  The 
19

F MAS spectrum (Figure 4.5f) for the 

as-made DECDMP-MEL is similar to what has been observed in the DPHMI-MEL case, 

where there are two major peaks.  The signal corresponding to the fluoride that forms a 

covalent bond with Si is at -67.7 ppm, this can be a result of the change in the organic 

SDA.  The weak resonance at -128.6 ppm represents the SiF6
2-

 impurity.
30-32

  The SEM 

pictures (Figure 4.16a and b) of the as-synthesized sample also shows the long needles 

like we see in the DPHMII-MEL.  The needles are often clumped together.  Furthermore, 
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there is a greater size distribution in this case:  Some crystals are larger than the others 

(Figure 4.16a).  This is probably due to the use of seeds.  During crystallization, crystal 

growth can occur on the surfaces of the seeds.  Some of the seeds might have been 

dissolved into smaller pieces, which can also provide sites for the amorphous silica to 

adhere. 

 

Figure 4.16  SEM images showing (a) an overview and (b) expanded view of as-

synthesized DECDMP-MEL. 

The crystallization process involving DECDMPI as the organic SDA was much 

slower when no seeds were present at the initial stage (Figure 4.17).  Crystallization only 

started at around 24 day, while the reaction was finished in the seeded case.  The addition 

of seeds speeds up the reaction by providing a greater surface area for the solutes to 

integrate into the solid phase.
28

  The choice of the MEL organic SDA has been shown to 

be important in both hydrothermal and low temperature dense gel syntheses.
35

  This 

requirement for the presence of seeds for MEL preparation in urea/choline chloride 

mixture is similar to that in the dense gel condition, in which the fluoride synthesis of 

ZSM-11 using DECDMPI as the organic SDA must be initiated by seeding.
35

  Comparing 

this result with what we had for the DPHMII discussed in the previous paragraph, we can 

conclude that the DECDMPI’s structure-directing ability toward the MEL type 

framework is much weaker than that of DPHMII.   
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Figure 4.17  PXRD pattern of the solid obtained after 24 days of reaction using 

DECDMPI as the organic SDA. 

 

4.4 Conclusions 

 In summary, our results present the first example of high-silica and siliceous 

zeolite synthesis in the ionic liquid urea/choline chloride mixture using F
-
 as the 

mineralizing agent.  The water content in all of our reactions came from the chemical 

reagents exclusively.  Furthermore, we have shown that by using different organic SDA, 

several types of framework structures can be achieved.  The disadvantage of this system 

is the long reaction times compared to those in the hydrothermal conditions.  Also, some 

framework structures require the addition of seeds to the initiation of the reaction or the 

shortening of the crystallization time.  Nevertheless, the zeolites obtained in our 

conditions are all phase-pure (with the exception of zeolite beta where a mixture of 

polymorphs were obtained), and the results exhibit high reproducibility.  Upon 

calcination, zeolite Beta synthesized in urea/choline chloride exhibits high crystallinity.  

With our results of ZSM-11 preparation, both DPHMII and DECDMPI generate phase-

pure MEL free of any MFI intergrowths.  However, the choice of organic SDA is critical 

to our reaction conditions as it is in the hydrothermal and dense gel syntheses.  The 

DPHMII molecule has a much stronger structure-directing power toward the MEL 

framework in the urea/choline chloride mixture, allowing the reaction to proceed without 

the addition of calcined seeds.   
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Chapter 5 :  Preliminary Studies on the Formation of 

ZSM-39 (MTN) Zeolite in Tetramethylammonium 

Chloride (TMACl)/1, 6-Hexandiol Deep Eutectic 

Mixture 

5   

5.1 Introduction 

Zeolites are crystalline microporous silicate or aluminosilicate structures with 

that are important in various industrial processes.
1
  The formation of zeolites often 

requires the presence of an organic structure-directing agent (SDA), which tend to be 

occluded in the pores of the final product.
2
  Studying the location of these SDAs in 

the framework allow us to have a better understanding of the crystallization process 

of these microporous materials. 

Zeolite ZSM-39 is a clathrate and the silicate analogue of the 17Å cubic gas 

hydrate.
3
  ZSM-39 has been made in hydrothermal and non-aqueous conditions.

4-8
  

One of the most commonly seen SDA in the synthesis of ZSM-39 is the 

tetramethylammonium ion (TMA
+
).  The building units of the MTN framework 

consist of [5
12

] and [5
12

6
4
] tetrahedral silica (Figure 5.1).

3, 5, 9
  Due to its small 

diameter of the [5
12

6
4
] cages (6.2-7.5 Å), ZSM-39 has very limited sorption ability.

6, 9
  

From previous studies, it is well known that structure-directing agent (SDA) 

molecules are often occluded into the zeolite frameworks when the reactions are 

finished.
10

  Due to the small cages present in ZSM-39’s clathrate type structure, any 

molecules that have entered the system cannot escape.  Therefore, despite of its 

limited sorption abilities, ZSM-39 is an excellent candidate for studying guest-host 

interactions under different conditions.  For instance, any changes occur to the 

structure will be dependent on the type of guest molecules being incorporated into the 

framework.  Studying these interactions and monitoring the changes in the chemical 

environment during the reaction will give us insights on the mechanism of the 

framework formation.  A previous study has been performed on the formation 

mechanism of ZSM-39 using tetramethylethylenediamine (TMEDA) as the organic 


