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Experimental Details

Organic Structure-Directing Agent (OSDA) Synthesis. A general procedure for the 

alkylation of pyrazole derivatives: a mixture of 0.200 mol pyrazole (95-98%, Bepharm) and 

0.400 mol alkyl iodide (99%, Aldrich) was refluxed in 100 mL acetonitrile (99.9%, Samchun) 

for 4 days. (Caution: This reaction can be highly exothermic and make the mixture acidic, use 

appropriate precautions.) The solvent and remaining alkylation agent were removed using 

rotary evaporation at 90 °C (Caution: Toxic vapors may evolve, use appropriate precautions), 

and the product was washed by ethyl acetate (99.5%, Samchun).

1,2,3-trimethylpyrazolium (123TMP) iodide: 1,5-dimethylpyrazole and iodomethane were 

used as reactants. 1H NMR (300 MHz, D2O): δ 2.36 (s, 3H), 3.84 (s, 3H), 3.96 (s, 3H), 6.46 (d, 

1H), 7.90 (d, 1H). 13C NMR (75 MHz, D2O): δ 13.2, 34.8, 38.4, 108.8, 138.0, 149.0

1,2,4-trimethylpyrazolium (124TMP) iodide: 1,4-methylpyrazole and iodomethane were 

used as reactants. 1H NMR (300 MHz, D2O): δ 2.00 (s, 3H), 3.92 (s, 2H), 7.81 (s, 6H). 13C 

NMR (75 MHz, D2O): δ 9.6, 38.0, 119.7, 138.2.

1,2,3,5-tetramethylpyrazolium (1235TMP) iodide: 1,3,5-trimethylpyrazole and 

iodomethane were used as reactants. 1H NMR (300 MHz, D2O): δ 2.31 (s, 6H), 3.80 (s, 6H), 

6.30 (s, 1H). 13C NMR (75 MHz, D2O): δ 11.1, 33.1, 107.0, 145.8.

1-ethyl-2,3-dimethylpyrazolium (1E23DMP) iodide: 1,5-dimethylpyrazole and iodoethane 

were used as reactants. 1H NMR (300 MHz, D2O): δ 1.42 (t, 3H), 2.36 (s, 3H), 3.85 (s, 3H), 

4.31 (q, 2H), 6.47 (d, 1H), 7.95 (d, 1H). 13C NMR (75 MHz, D2O): δ 13.3, 15.1, 35.0, 47.2, 

109.0, 136.4, 149.3.

1-ethyl-2,5-dimethylpyrazolium (1E25DMP) iodide: 1,3-dimethylpyrazole and iodoethane 

were used as reactants. 1H NMR (300 MHz, D2O): δ 1.31 (t, 3H), 2.39 (s, 3H), 3.99 (s, 3H), 

4.34 (q, 2H), 6.46 (d, 1H), 7.90 (d, 1H). 13C NMR (75 MHz, D2O): δ 13.1, 15.1, 38.6, 43.9, 

109.2, 138.7, 148.6.

1-ethyl-2,3,5-trimethylpyrazolium (1E235TMP) iodide: 1,3,5-trimethylpyrazole and 

iodoethane were used as reactants. 1H NMR (300 MHz, D2O): δ 1.27 (t, 3H), 2.29 (s, 3H), 2.32 

(s, 3H), 3.81 (s, 3H), 4.28 (q, 2H), 6.28 (s, 1H). 13C NMR (75 MHz, D2O): δ 12.8, 13.1, 15.3, 

35.2, 43.9, 109.4, 147.3, 148.3

Six imidazolium derivatives employed in this work were also prepared according to the 

procedures described in the literature.S1,S2 Prior to its use as an OSDA, the halide salt of each 

of diazolium cations obtained was converted to the hydroxide form by anion exchange in 

aqueous solution using Amberlite IRN-78 anion-exchange resin (Aldrich). Then, the resulting 
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solution was concentrated by rotary evaporation at 80 °C, and its final hydroxide concentration 

was determined by titration using phenolphthalein as an indicator.

Zeolite Synthesis. The synthesis of pure-silica zeolites in the presence of imidazolium- or 

pyrazolium-based OSDAs was performed using synthesis mixtures prepared by combining HF 

(48%, J.T.Baker), tetraethylorthosilicate (TEOS, 98%, Aldrich), and deionized water. The 

composition of the final synthesis mixture was 0.50ROH·0.50HF·1.0SiO2·xH2O, where R is 

the imidazolium or pyrazolium OSDA prepared here and x = 5.0 or 15.0. In a typical synthesis, 

TEOS was mixed with an appropriate amount of water in a solution of ROH and stirred at room 

temperature for 3 h. The resulting solution was heated at 80 °C to remove ethanol molecules 

generated by the hydrolysis of TEOS and some water for the desired composition. Finally, HF 

(48%, J.T. Baker) was added while the mixture was stirred with a spatula. The final synthesis 

mixture was charged into Teflon-lined 23-mL autoclaves and heated under rotation (60 rpm) at 

125 or 175 °C for the desired time. The solid product was recovered by filtration or 

centrifugation, washed repeatedly with water, and dried overnight at room temperature.

Characterization. Powder X-ray diffraction (XRD) patterns were recorded on a PANalytical 

X´Pert diffractometer (Cu Kα radiation) with an X´Celerator detector. The C, H, and N contents 

of the samples were analyzed by using a Vario EL III elemental organic analyzer. 

Thermogravimetric (TGA) and differential thermal analyses (DTA) were performed in air on 

an SII EXSTAR 6000 thermal analyzer, where the weight losses related to the combustion of 

OSDAs. 1H and 13C solution NMR measurements for OSDA were carried out in 5 mm quartz 

tubes using a Bruker AVANCE III 300 spectrometer. The 1H NMR spectra were recorded at a 
1H frequency of 300.13 MHz with a π/2 rad pulse length of 11.0 ms and a recycle delay of 2.0 

s. The 13C NMR spectra were recorded at a 13C frequency of 75.475 MHz with a π/2 rad pulse 

length of 10.2 ms and a recycle delay of 1.5 s. The 1H-13C CP MAS NMR spectra at a spinning 

rate of 21 kHz were recorded on a Bruker 500 Ultrashield spectrometer at a 13C frequency of 

125.783 MHz with a π/2 rad pulse length of 4.8 μs, a contact time of 2.0 ms, a recycle delay of 

5.0 s, and an acquisition of ca. 15000 pulse transients. The 13C chemical shift is reported relative 

to TMS.
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Computational Details

DFT Calculations. The geometry of OSDAs employed was optimized at the B3LYP/6-

31+G(d,p) level of theoryS3 using the Gaussian 09 software packageS4 and their electrostatic 

potential (ESP) surface was visualized using the same program, while setting the total net 

molecular charge to +1. In addition, the potential energy surface (PES) scan of each OSDA 

about the EAr(1)-EAr(2)-CEt(3)-CEt(4) torsion angle, where E is C or N (Fig. 2, S5 and S6), was 

carried out with a step size of 5º at the same level of theory using the Gaussian 09 program.

Molecular Mechanics Calculations. Prior to measuring the height of internal cavity or cage, 

the crystallographic data of four pure-silica zeolite structures (ITW, STW, NON, and MTF), 

downloaded from the Database of Zeolite Structures,S5 were optimized under the constant 

pressure conditions with P1 symmetry using the Sanders-Leslie-Catlow (SLC) potentialS6 in 

the GULP program.S7 The OSDA molecules were also introduced at one molecule per cavity 

into some zeolite structures (Table S3) and optimized using the Dreiding potentialS8 in the 

GULP program. The host zeolite was held fixed during the simulation.
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Table S1 Representative products from pure-silica zeolite syntheses at different temperatures using a series of imidazolium and pyrazolium 
derivatives as OSDAs

Productb Product
Crystallization conditions (T/t, °C/days) Crystallization conditions (T/t, °C/days)

OSDAa 125/21 175/14 OSDA 125/21 175/14
123TMI ITW ITW 123TMP ITW ITW
134TMI ITW ITW 124TMP TON + MFI TON + NON + MFI
1234TMI STW STW 1235TMP STW STW
1E23DMI Amorphous ITW 1E23DMP ITW ITW
2E13DMI Amorphous ITW 1E25DMP Amorphous NON
2E134TMI STW STW 1E235TMP STW HPM-2c

a The composition of the synthesis mixture is 0.50ROH·0.50HF·1.0SiO2·5.0H2O, where R is OSDA, and the abbreviations are the same as those 
in Fig. 1. All syntheses were performed under rotation (60 rpm). b The product appearing first is the major phase. c A layered precursor of zeolite 
MTF.
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Table S2 Representative products from pure-silica zeolite syntheses at different H2O/SiO2 ratios using a series of imidazolium and pyrazolium 
derivatives as OSDAs

Productb Product
H2O/SiO2 ratio in the synthesis mixture H2O/SiO2 ratio in the synthesis mixture

5.0 15.0 5.0 15.0
OSDAa 14 days 3 days 7 days 14 days OSDA 14 days 3 days 7 days 14 days
123TMI ITW ITW + A ITW ITW 123TMP ITW ITW + A ITW ITW
134TMI ITW A + TON D D 124TMP TON + NON 

+ MFIc
TON TON + D D

1234TMI STW A A ITW + D 1235TMP STW A MTW + A D
1E23DMI ITW MTW + A MTW MTW + D 1E23DMP ITW MTW + A MTW D + (MTW)
2E13DMI ITW A MTW + A MTW 1E25DMP NON A A D
2E134TMI STW A A STO* + D 1E235TMP HPM-2d A STO* + A D

a The composition of the synthesis mixture is 0.50ROH·0.50HF·1.0SiO2·xH2O, where R is OSDA, and the abbreviations are the same as those in 
Fig. 1. All syntheses were performed under rotation (60 rpm) at 175 °C. b The product appearing first is the major phase, and the product obtained 
in a trace amount is given in parentheses. A and D indicate amorphous and dense phases, respectively. c The product obtained after 3 days of 
heating was the same. d A layered precursor of zeolite MTF.
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Table S3 Chemical composition data for as-made crystalline products synthesized using imidazolium- and pyrazolium-based 
OSDAs with both methyl and ethyl groups

Weight foundd (wt %)
Samplea TGb (wt %) C H N Unit cell composition

No. of cavity
per unit cell

1E23DMI-ITW 83.5 |(C7H13N2F)2.0(H2O)0.2|[Si24O48]e,f 2
2E13DMI-ITW 84.0 |(C7H13N2F)1.9(H2O)0.4|[Si24O48]e,f 2
2E134TMI-STW 79.9 |(C8H15N2F)5.6(H2O)1.0|[Si60O120]e,f 6
1E23DMP-ITW 83.8 |(C7H13N2F)1.9(H2O)0.2|[Si24O48]e,f 2
1E25DMP-NON -c 4.57 1.14 1.53 |(C7H13N2F)3.3(H2O)12.6|[Si88O176]g,h 4
1E235TMP-HPM-2 81.0 10.54 1.97 2.90 |(C8H15N2)3.4(H2O)6.6|[Si44O88]f,g,i -j

a The crystallization temperature and H2O/SiO2 ratio in the synthesis mixture employed were 175 °C and 5.0, respectively. b 
Residue in the thermogravimetric analysis up to 800 °C. c Cannot be accurately measured due to the non-porosity. d 
Determined from the CHN analysis. e The contents of H2O and OSDAs and charge-compensating F- anions were calculated 
from the weight loss by TGA/DTA up to 250 °C and 800 °C, respectively. f The SiO2 content was calculated from the TG 
residue. g The OSDA content was calculated from the N analysis, assuming that the OSDA molecules remain intact, and the 
H2O content was calculated from H excess vs. N. h The residue except H2O, OSDAs, and F- was assumed to be SiO2. i The 
F- content in this layered sample was neglected, due to the reason described in Ref. S9, and its unit cell composition was 
referenced on that of MTF zeolite. The H2O content includes both water content and charge-compensating connectivity 
defects. j There are no cavies in layered HPM-2.
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Fig. S1 1H-13C CP MAS NMR spectra (black) of as-made pure-silica products (from bottom to 
top; TON + NON + MFI, NON, and HPM-2) using 124TMP, 1E25DMP, and 1E235TMP as 
an OSDA, respectively. The crystallization temperature and H2O/SiO2 ratio in the synthesis 
mixture employed were 175 °C and 5.0, respectively. The solution 13C NMR spectra in D2O 
(red) of the iodide salt of 124TMP, 1E25DMP, and 1E235TMP are also given for comparison.
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Fig. S2 Powder XRD patterns of as-made products synthesized using imidazolium- and 
pyrazolium-based OSDAs with (a) only methyl groups and with (b) both methyl and ethyl 
groups in fluoride media. The crystallization temperature and H2O/SiO2 ratio in the synthesis 
mixture employed were 175 °C and 5.0, respectively.
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Fig. S3 (a) ITW, (b) NON, and (c) STW structures containing two 2E13DMI, four 1E25DMP, and six 2E134TMI cations per unit cell, 
respectively. The geometry of occluded OSDA molecules was optimized using the Dreiding potential. Si, yellow; O, red; C, grey; N, blue; H. 
white.
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Fig. S4 (a) Cavities in the SLC-optimized ITW, STW, NON, and MTF structures. The O-O 
bond lengths marked here were calculated on the assumption that the radii of O atom is 1.52 
Å. (b) Top and side views of 1E25DMP (upper) and 1E235TMP (bottom) optimized at the 
B3LYP/6-31+G(d,p) level when the EAr(1)-EAr(2)-CEt(3)-CEt(4) torsion angles are fixed to 90 
and ±180°, respectively. Si, yellow; O, red; C, grey; N, blue; H. white.



S13

Fig. S5 CEt(3)-EAr(2) bond lengths scanned at the B3LYP/6-31+G(d,p) level of imidazolium- 
and pyrazolium-based OSDAs containing both methyl and ethyl groups as a function of EAr(1)-
EAr(2)-CEt(3)-CEt(4) torsion angle, where E is C or N.
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Fig. S6 Relative energies of five imidazolium and pyrazolium derivatives containing one ethyl 
and three methyl groups calculated at the B3LYP/6-31+G(d,p) level as a function of EAr(1)-
EAr(2)-CEt(3)-CEt(4) torsion angle, where E is C or N.


