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Highlights: 

1, The trivalent and alkaline metal ions are favored following the order: Al > Ga > B, Li > K ≈ 

Na > NH4 > H for the synthesis of MTW zeolites.  

2, Different M–O bond properties were observed for B, Al and Ga incorporated MTW zeolites: 

covalent B–O bonds, ionic Al–O bonds, in between Ga–O bonds.  

3, Alkaline metal ions significantly change the cell volumes of B, Al and Ga incorporated 

MTW zeolites: H-form are larger than Li-form, while smaller than K-form.  

4, The Brønsted acidity follow the order: HB-MTW < HGa-MTW < HAl-MTW.  
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Abstract: The B, Al and Ga incorporated H-, NH4-, Li-, Na- and K-forms MTW zeolites were 

comparatively studied to understand the crystallization thermochemistry, structure stabilities 

and acid properties using dispersion corrected density functional theory. Substitution energies 

were introduced to evaluate the synthesis prescriptions for MTW zeolites. The calculated 

results show that the trivalent and alkaline metal ions for the synthesis of the MTW zeolites 

are favored following the order: Al > Ga > B and Li > K ≈ Na > NH4 > H. The B–O, Si–O 

and O–H bonds show covalent property whereas the Al–O bonds show obvious ionic property. 

However, the Ga–O bonds show the property between the Al–O and B–O bonds. The 

introducing of alkaline metal ions significantly changes the cell volumes. As a result, the cell 

volumes of the H-form B, Al and Ga incorporated MTW zeolites are larger than Li-form 

while smaller than K-form MTW zeolites. Further property studies show that the Brønsted 

acid sites of the zeolites follow the order of HAl-MTW > HGa-MTW > HB-MTW. The Lewis 

acidity of HB-MTW is similar to that of HAl-MTW, while weaker than HGa-MTW. These 

results are in well agreement with the previous experiments and provide new insight for the 

MTW zeolites.  

Key words: Substitution energy, MTW-type zeolite, Adsorption, Density functional theory
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1. Introduction 

Zeolites are crystalline microporous materials with tetrahedrally-coordinated framework 

structures incorporating well-defined channel systems and cavities.1-3 The MTW-type zeolites, 

which is in the monoclinic space C2/m with a = 25.552 Å, b = 5.256 Å, c = 12.117 Å and β = 

109.312º, was first synthesized by Rosinski and Rubin.4 It was reported that each unit cell of 

the MTW-type zeolites contains Si28O56. The pores of MTW-type zeolites are 

one-dimensional 12-membered ring channels along the b axis without intersections.5,6 

Because of their outstanding solid-acid,7-12 adsorption-desorption properties for small 

molecules,13 and shape-selectivity properties,14 the MTW-type zeolites are considered great 

potential in many hydrocarbon conversion reactions, i.e. benzene alkylation reaction,15 

methylation of naphthathene with methanol,16,17 and the conversion of methanol-to-olefins.18  

Due to its wide applications in catalysis, many previous works have investigated the 

synthesis, acid properties and the applications of the MTW-type zeolites.10,15-31 Attentions 

were paid to the new synthesis methods for the incorporation of various heteroatoms (Al, Ga, 

Fe and B) into the zeolites framework, since the incorporated trivalent cations could change 

the acid properties of the zeolite with little side-effects on the pore structure.10,16,22,23,30,31  

For the most intensively investigated Al-MTW zeolite, the lowest Si/Al ratio of about 30 

could be achieved with organic structure directing agents (OSDA) as templates.10,22 The 

infrared bands at 3610 and 3575 cm–1 were tentatively attributed to hydroxyl groups vibrating 

in the main channel and in the six-membered rings of the Si–OH–Al structure of Al-MTW, 

respectively.10 Okubo et al. reported the seeds assisted OSDA-free method for the preparation 

of the Al-MTW zeolite and acquired the lowest Si/Al of about 10.27,28 They also found that Li 

advantageously contributed to the synthesis of Al-MTW zeolite than Na cation.29 Smirniotis et 

al. investigated the acid properties of ZSM-12 using infrared spectroscopy, and NH3-stepwise 

temperature-programmed desorption (STPD).12 They found that the synthesized ZSM-12 
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sample possesses a small number of Lewis acid sites, and ammonia desorbs completely from 

those Lewis sites upon an increase of temperature above 150 ºC. Araujo et al. investigated the 

acid properties of HZSM-12 via n-butylamine thermodesorption.20 They concluded that the 

HZSM-12 zeolite presents two kinds of acid sites, with apparent activation energy for 

n-butylamine desorption in the ranges of 115~125 and 230~250 kJ•mol–1, classified as weak 

and strong acid, respectively. The temperature ranges of 100~330 °C and 330~550°C relate to 

n-butylamine desorption from the weak and strong acid sites, respectively. The total acidity 

indicated that there is approximately one n-butylamine molecule adsorbed to each aluminum 

atom in the zeolite. However the apparent activation energy for n-butylamine desorption for 

the same kinds of acid sites were practically identical for samples with different Si/Al molar 

ratio, indicating that the Al concentration influences only the amount of acid sites. 

The synthesis of Fe-MTW zeolites were also reported by Košová and Čejka using 

triethylmethylammonium bromide as OSDA.10 They found that the minimum Si/Fe ratio 

achieved for Fe-MTW is around 37, which is very close to the minimum Si/Al ratio of 35 for 

Al-MTW. In addition, they also found that both the Brønsted and Lewis acid sites are present 

in significant concentrations in all Al-MTW and Fe-MTW zeolites. The highest 

concentrations of Brønsted sites were observed for the zeolites of low Si/Al and Si/Fe ratios. 

The infrared bands at 3630 and 3590 cm–1 were observed for the Fe-MTW zeolites, which 

indicates the difference of acid strengths of the HFe-MTW from HAl-MTW.  

The synthesis of Ga-MTW zeolites was reported within the Si/Ga ratio in the range of 

60~120.31 It was also found that the thermal stability of tetrahedral Ga is good since no extra 

framework octahedral Ga was detected after activation at 823 K, and the NH3-TPD 

experiment showed that the acid properties of the H-form Ga-MTW is slightly less than those 

of the Al analog, which are comparable to those developed by HZSM-5. 

Compared to the Al, Fe and Ga incorporated zeolites, B incorporated zeolites display a 
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lower acidic strength, a property which can be appropriately exploited for modulating the 

catalytic properties of acidic catalysts.32 The synthesis of B-MTW zeolites in hydrothermal 

condition was reported using Na as the alkaline metal ion, and the NMR characterization 

shows that the B atoms were incorporated into the zeolite framework as tetrahedron of 

B(OSi)4.
30 It was reported that the B incorporated zeolites show weaker acid properties than 

the Al, Fe and Ga incorporated zeolites for the MFI and MOR,33-35 while the acid properties of 

B-MTW zeolites were not investigated. 

 Though the previous experiments synthesized the Al, B and Ga incorporated MTW-type 

zeolites, and demonstrated that the acid properties of the zeolites could be efficiently adjusted 

via incorporation of different trivalent ions. The influences of the different trivalent and 

alkaline metal ions to the thermo-chemistry of the zeolites synthesis processes,36 structures 

and the acid properties of the zeolites were not well known at molecular level. In our previous 

works,37-39 the thermochemistry for the MTW zeolites synthesis were tentatively investigated 

using dispersion corrected density functional theory (DFT). The results show that the 

thermochemistry for the MTW zeolites synthesis could be effectively described by the 

substitution energy for the substitution of one Si atom of the zeolites framework with one 

trivalent ion and an alkaline metal atom. The calculated Al location and acid properties of the 

zeolites agree well with the experimental results that Al could distributes in different sites of 

the framework. 

Since the B, Al and Ga, which were usually used as the trivalent ions for zeolites synthesis, 

are in the same group of the elementary table and have the similar electronic structures. On 

the basis of our previous works,37,38 the present work comparatively investigated the synthesis, 

structures and acid properties of B, Al and Ga incorporated MTW-type zeolites using 

dispersion corrected periodic DFT. Since different alkaline metal ions may seriously influence 

the crystallization of the zeolites,40 the influences of the alkaline metal ions (K, Na, Li, H, 
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NH4) to the thermochemistry of the zeolites synthesis reactions were investigated for the B, 

Al and Ga incorporated MTW zeolites. The acid properties of the B-MTW zeolite were 

investigated via NH3 and pyridine adsorption. The results were analyzed and compared with 

our previous work on the Al-MTW zeolite.38  

2. Computation details 

DFT as implemented in the Vienna Ab initio Simulation Package (VASP) was applied.41,42 

The dispersive interactions were calculated using DFT-D2 method of Grimme.43 

Spin-polarized calculations were carried out with the PBE generalized-gradient exchange and 

correlation functional.44 Core electrons were described by the projected augmented wave 

method (PAW).45,46 The p(1×2×1) cell was sampled with a 2×2×2 k-points mesh, generated by 

the Monkhorst-Pack algorithm. For structure optimizations, both the cell parameters and the 

atoms of MTW zeolites were fully relaxed. The convergence criteria were 1.0×10–4 eV, 

1×10–3 eV and 0.05 eV/Å, respectively, for the SCF energy, total energy and atomic forces. 

The DFT-D2 parameters were set the same as Grimme proposed.43,47,48 The gas phase 

molecules were calculated in 20×20×20 Å lattice.  

The vibrational frequencies and normal modes were calculated by diagonalization of the 

mass-weighted force constant matrix, which was obtained using the method of finite 

differences of forces as implemented in VASP. The ions are displaced in the +/– directions of 

each Cartesian coordinate by 0.02 Å. All reported minimum energy structures have only real 

frequencies.  

As we optimized the cell parameters together with the ions positions, the selection of the 

cutoff energy is essential for the reliability. To evaluate the reliability of cutoff energies, we 

took H-form Al-MTW as an example to calculate the changes of NH3 adsorption energies and 

substitution energies with different cutoff energies as shown in Table 1. The results show that 

the changes of NH3 adsorption energies (< 0.11 eV, 7.1%) and the substitution energies (< 
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0.06 eV, 3.5%) are small as the cutoff energy varying from 350 to 1000 eV, which shows that 

the cutoff energy of 350 eV can produce reliable results for the MTW system. In the following, 

a cutoff energy of 350 eV is used for all the calculations. 

As shown in Figure 1, each unit cell (Si28O56) of the MTW-type framework contains 7 

inequivalent Si and 11 inequivalent O sites. The inequivalent Si sites are indexed with 

numbers (1–7), and the inequivalent O sites are indexed with letters (a–k). To minimize the 

interaction of adsorbates (NH3 and pyridine) of the neighboring cells, a p(1×2×1) cell 

(Si56O112) was used for all calculations. In order to investigate the local structures of trivalent 

M (M = B, Al, Ga) ions in the zeolite, one Si atom was substituted by M atom in the p(1×2×1) 

cell to get the Si/M ratio of 55. For the H-, Li-, Na-, K-, NH4-forms MTW-type zeolites, 

structures with all possible M locations were systemically calculated. For the optimization of 

the zeolite, 7 inequivalent T sites of the zeolite were investigated for the substitution of Si by 

M. For M in each T sites, we tried to bond the H-, Li-, Na-, K- and NH4 ions to the four 

different O sites near the M atom, and calculated the alkaline atoms pointing to different 

nearby O atoms in the input structures. The optimized local minima structures were used to 

investigate the adsorption of NH3 and pyridine. Both the Lewis and Brønsted acid sites were 

calculated for the adsorption of NH3 and pyridine. Furthermore, we also investigated the 

adsorption of NH3 and pyridine in both the main channel and the small cages (See Figure 1) 

of the zeolite.  

(Figure 1) 

In order to study the influences of the trivalent M and alkaline metal ions Y (Y = K, Na, Li, 

H, NH4) to the thermochemistry of the zeolites synthesis reactions, we calculated the reaction 

of 56 Si(OH)4 molecules to produce a p(1×2×1) MTW-type zeolites cell (Si56O112) and 112 

H2O molecules. It shows that the pure silica MTW zeolites synthesis reaction releases –18.25 

eV energies, which indicates an exothermic reaction. The incorporation of one M (M = B, Al, 
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Ga) atom into the MTW framework could be considered as the substitution of one Si atom of 

the pure silica zeolites by one M and Y atoms, which described as the following reaction:  

 (O-Si-O)n
MTW + nM(OH)3 + nYOH → nSi(OH)4 + (O-M-OY)n

MTW            (a) 

where M = B, Al, Ga; Y = H, NH4, Li, Na, K; n = 1, 2, 3, … The corresponding substitution 

energy could be calculated as following: 

Esub = nE[Si(OH)4)] + E[(O-M-OY)n
MTW] – E[(O-Si-O)n

MTW] – nE[M(OH)3]– nE[YOH] (b) 

Where E[Si(OH)4)], E[(O-M-OY)n
MTW], E[(O-Si-O)n

MTW], E[M(OH)3] and E[YOH] are the 

total energies of the free Si(OH)4, YM-MTW zeolite cell, pure silica MTW-type zeolite cell, 

free M(OH)3 and YOH molecules, respectively. From the thermodynamical point of view, Esub 

could be used to evaluate and pre-select the experimental prescriptions for zeolite synthesis 

and structure determination. For M-MTW as an example, for a given n, Esub is a function of Y, 

a larger Esub indicates a thermodynamically more preferred Y and M for the zeolite synthesis. 

For a given Y and M, Esub is a function of n, a larger Esub indicates preferred Si/M ratio for the 

zeolite. In addition, for n = 1, a larger Esub indicates a more favored substitution T site for M 

and Y. It should be noted that the zeolite synthesis reactions in condense phase are rather 

complicated. The present substitution model is a simplified gas phase reaction, which has 

some correspondence to experimental conditions but it is quite different. 

The adsorption energies (Eads) for the adsorption of NH3 and pyridine in the zeolite were 

calculated by  

Eads = E(molecule@MTW) – [E(molecule) + E(MTW)]                 (c) 

where E(molecule@MTW), E(molecule) and E(MTW) are the total energies of the 

MTW-type zeolite cell with adsorbed molecule in the pore, the gas phase NH3 or pyridine 

molecules and the MTW-type zeolite, respectively. The larger adsorption energy indicates the 

stronger adsorption on the acid site for the probe molecules.   
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3. Results and discussion 

In order to evaluate the importance of the dispersion interaction to the results, the relative 

total energies and van der Waals energies for the structures of the H-form B, Al and Ga 

incorporated MTW zeolites were shown in Table 2 (The original total energies and van der 

Waals energies for all the discussed structures of the present work are shown in Table S1-S3 

in Supplementary Materials). Similar to our previous results on Al-MTW,38 the van der 

Waals contribution to B-MTW and Ga-MTW are also very important, which significantly 

change the order of the relative stability. As shown in Table 2, both DFT and DFT-D2 indicate 

that the energy differences for B, Al and Ga in different T sites of the H-form MTW-type 

zeolite were small. However, the most stable substitution sites may be different. For example, 

the DFT-D2 indicates that T(4) are the most favored substitution sites for both HB-MTW and 

HAl-MTW zeolites, while the DFT show that T(1) and T(3) are the most favored sites for 

HB-MTW and HAl-MTW zeolites, respectively. For HGa-MTW, the DFT-D2 results 

indicates that the favored Ga location following the order: T(4) > T(3) > T(5) > T(6) > T(1) = 

T(2) > T(7), v.s. the DFT results of: T(4) > T(3) > T(5) > T(1) > T(6) > T(7) > T(2).  

(Table 2) 

(Table 3) 

The computed adsorption energies (Table 3) show that the DFT obviously underestimates 

the adsorption energies for the adsorption of NH3 and pyridine in the zeolites, compared with 

the DFT-D2 methods. Table 4 shows that DFT also underestimated the substitution energies 

almost more than 1.00 eV for the B, Al and Ga incorporated MTW zeolites compared to 

DFT-D2 method. These results indicate that the dispersion correction is essential for zeolite 

system and should be taken into account when calculating adsorption energies and 

substitution energies. 

(Table 4) 
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3.1 Structures 

3.1.1 B-MTW. Figure 2 shows the most stable local structures for each location and 

relative energies for HB-MTW, LiB-MTW, NaB-MTW and KB-MTW zeolites. (The more 

detailed local minima structures and relative energies for HB-MTW, LiB-MTW, NaB-MTW 

and KB-MTW zeolites are shown in Figure S1-S4 of the Supplementary Materials). It is 

found that the most favored B locations are T(4), T(7) and T(3) sites for HB-MTW, LiB-MTW, 

NaB-MTW and KB-MTW zeolites, respectively. For HB-MTW, the energy differences for B 

in different T sites are less than 0.21 eV. Such small energy difference indicates that B atom 

could distribute in all T sites of the zeolites when HB-MTW were synthesized. While, for 

LiB-MTW, NaB-MTW and KB-MTW zeolites, the energies of T(3), T(5) and T(7) sites are 

0.64, 0.55 and 0.69 eV larger than that of associated most favorable T(4), T(7) and T(3) sites, 

respectively. Unlike HB-MTW, the B atom of LiB-MTW, NaB-MTW and KB-MTW should 

selectively distribute in some specific T sites instead of all T sites due to the larger energy 

differences. 

(Figure 2) 

3.1.2 Al-MTW. Figure 3 shows the most stable local structures for Al locations and relative 

energies of HAl-MTW, LiAl-MTW, NaAl-MTW and KAl-MTW zeolites. (The more detailed 

local minima structures and relative energies for HAl-MTW, LiAl-MTW, NaAl-MTW and 

KAl-MTW zeolites are shown in Figure S5-S8 in Supplementary Materials). The results 

show that the most stable Al locations for the HAl-MTW, LiAl-MTW, NaAl-MTW and 

KAl-MTW zeolites are T(4), T(5) T(5) and T(3) sites, respectively. It is interesting to note that 

the energy differences for Al in different T sites of the MTW zeolite are small (less than 0.30 

eV), which indicates Al could distribute in all T sites of H-, Li-, Na- and K-forms of MTW 

zeolites.38 This result agrees well with the experiment results, in which Smirniotis et al 

observed that the Al atoms can distribute in various T sites of the synthesized NaAl-MTW.49  
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(Figure 3) 

3.1.3 Ga-MTW. Figure 4 shows the most stable local structures for Ga locations and 

relative energies of HGa-MTW, LiGa-MTW, NaGa-MTW and KGa-MTW zeolites. (The 

more detailed local minima structures and relative energies for HGa-MTW, LiGa-MTW, 

NaGa-MTW and KGa-MTW zeolites are shown in Figure S9-S12 in Supplementary 

Materials). The results show that the most stable Ga locations for the HGa-MTW, 

LiGa-MTW, NaGa-MTW and KGa-MTW zeolites are T(4), T(7) T(4) and T(5) sites, 

respectively. The energy differences for Ga in different T sites of the HGa-MTW, LiGa-MTW, 

NaGa-MTW and KGa-MTW zeolites are 0.18, 0.28, 0.43 and 0.35 eV, respectively.  

(Figure 4) 

It is interesting to note that the T(4) site is always the most stable site for B, Al and Ga 

incorporated H-form form MTW zeolites. Our results also indicates that the locations of Al in 

the MTW zeolites may be different from those of B and Ga for Li-, Na- and K-forms of MTW 

zeolites, since the energy differences for B and Ga in different T sites of the Li-, Na- and 

K-forms of MTW zeolites are large. It indicates that the alkaline metal ions may influence the 

locations of the trivalent B and Ga in the zeolites. Especially for B-MTW, the energy 

differences for B in different T sites of LiB-MTW, NaB-MTW and KB-MTW zeolites are 

0.64, 0.55 and 0.69 eV, respectively. To the best of our knowledge, no experimental works 

have been reported on controlling the locations of trivalent B and Ga in the MTW zeolites 

using different alkaline metal ions. Our calculation results provided a new option to 

selectively synthesize specific T sites substituted B-MTW zeolite using Li, Na and K as the 

alkaline metal ions, which need to be confirmed by experiments. 

In addition, our results show that the H, Li and Na atoms could stay in both the main 

channels and the cages of the zeolites. In contrast, the K could only stay in the main channel 

of the zeolites. This is probably because that the size of K is larger than that of H, Li and Na,50 
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and the cages of the zeolites are too small to hold the K. 

3.1.4 Cell volume and bond distance.  

Volume change is also essential for the relative stability as reported before.51,52 In order to 

study the influence caused by the volume changes, we followed the references and calculated 

the energies for the stable H-form B, Al, Ga incorporated and pure silica MTW zeolites with 

variable volumes, which were plotted in Figure 5. For each type zeolite, a quadratic equation 

was fitted to describe the associated parabolic curve. The results show that the equilibrium 

volumes of the p(1×2×1) HB-MTW, HAl-MTW, HGa-MTW and pure silica MTW cell are 

3018.24, 3046.41, 3044.02 3173.39 Å3, respectively, which are in well agreement with our 

direct optimized results. 

 (Figure 5) 

The bond distances and p(1×2×1) cell volumes of the MTW zeolites before and after the 

substitution of Si by B, Al and Ga are shown in Table 5. It should be noted that the cell 

volume of pure silica MTW zeolite is 3173.39 Å3, with Si–O bond distances in the range of 

1.61~1.63 Å. As shown in Table 4 and Figure 2-4, the O–H bond distances are in the range of 

0.98~0.99, 0.99~1.03 and 0.99~1.03 Å, respectively for HB-MTW, HAl-MTW and 

HGa-MTW zeolites, which are similar to the calculated O–H bond in H2O molecule (0.99 Å), 

H-form Al-BEA (0.982~1.002 Å, VWN functional)53 and H-form Al-MOR (0.991~1.000 Å, 

PW91 functional)52. The shorter H–O bond distances of HB-MTW indicates the weaker 

Brønsted acidity of HB-MTW comparing to that of HAl-MTW and HGa-MTW. The distances 

from the alkaline metal to its nearest O atoms follow the order of Li–O < Na–O < K–O. The 

Li–O bond distances are in the range of 1.92~2.06 Å, 1.89~2.15 Å and 1.87~2.03 Å for the B, 

Al and Ga incorporated MTW zeolites, respectively. In comparison, the Na–O bond distances 

are in the range of 2.25~2.44 Å, 2.24~2.45 Å and 2.20~2.28 Å and the K–O bond distances 

are in the range of 2.62~2.92 Å, 2.63~2.81 Å and 2.61~2.70 Å, respectively. It is interesting 
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to note that the Li–O, Na–O and K–O bond distances of the Ga-MTW zeolites are shorter than 

in the B-MTW and Al-MTW zeolites. 

(Table 5) 

As the atomic covalent radius increase for B, Al and Ga (0.82, 1.18 and 1.26 Å, 

respectively),50 the related M–O (M = B, Al, Ga) bond distances and cell volumes of the 

zeolites also increases monotonically. For the HB-MTW, three B–O bond distances are in the 

ranges of 1.37~1.39 Å, while the other one is 2.61~2.89 Å, which indi cates that the B atoms 

are three-fold coordinated in the HB-MTW. It was also found that the BO3 species are almost 

coplanar (Figure 2). While the B–O bond distances are in the ranges of 1.43~1.54 Å, 

1.44~1.51 Å and 1.45~1.51 Å for LiB-MTW, NaB-MTW and KB-MTW zeolites, respectively, 

which indicates the B atoms are tetra-coordinated. Similar cases were also found for Al and 

Ga incorporated H-form MTW zeolites. As shown in Table 4 and Figure 3-4, although Ga and 

Al are still tetra-coordinated in the T sites of HAl-MTW and HGa-MTW zeolites, one of the 

Ga–O and Al–O bonds are obviously elongated compared with the other three Ga–O and 

Al–O bonds, since the O–H bonds weakened the related Ga–O and Al–O bonds. 

The bond distances also influence the cell volumes of the zeolites. Since the B–O bond 

distances are obviously shorter than the Si–O bonds, the cell volumes of B-MTW zeolites are 

smaller that pure silica MTW zeolite. It agrees well with the reported experiments that the cell 

volume decreases as the B content increases in the zeolites.32 The p(1×2×1) cell volume of the 

LiB-MTW zeolite are in the ranges of 2946.81~2999.82 Å3 in comparison to that of  

2975.79~3130.93 Å3 and 2992.63~3137.90 Å3 for NaB-MTW and KB-MTW zeolites, 

respectively. Since one of the B–O distances is elongated to 2.61~2.89 Å, the p(1×2×1) cell 

volumes of the HB-MTW is in the range of 3018.24~3071.33 Å3, which is significantly larger 

than the cell volumes of LiB-MTW. It was also found that the cell volumes of H-forms Al and 

Ga incorporated MTW zeolites are larger than those of Li-form MTW zeolites. The cell 
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volumes of Na-form Al and Ga incorporated MTW zeolites are comparable with H-form 

zeolites, while smaller than those of K-form zeoltes. 

3.1.5 Charge density. In order to map out the bond properties for B, Al and Ga 

incorporated MTW zeolites, the electron density for the T sites of MTW zeolite after B, Al 

and Ga substitution were plotted using VESTA.54,55 Figure 6 show that the B–O, Si–O and 

O–H bonds are obvious covalent bonds. While the Na–O and Al–O bonds show obvious ionic 

property. The Ga–O bond shows the property in the between of covalent bonds and ionic 

bond. 

(Figure 6) 

3.2 Substitution energy 

The calculated substitution energies are shown in Table 3. It should be noted that we focus 

on the Li, Na, K ect. cation themselves without solvation effect. It shows that the substitution 

energies for the B-MTW zeolites follow the order: HB-MTW (0.20~0.41 eV) < NH4B-MTW 

(–0.05~–0.62 eV) < NaB-MTW (–2.07~–2.62 eV) ≈ KB-MTW (–2.04~–2.74 eV) < 

LiB-MTW (–2.90~–3.53 eV). It indicates that Li should be the most thermodynamically 

favored alkaline ion for the synthesis of B-MTW zeolite.  

 

The substitution energies for the H-form B-MTW zeolite are positive, which indicates 

synthesis reaction of HB-MTW is thermodynamically not favored. The substitution energies 

for the NH4-form B-MTW zeolite is slightly negative, which indicates the synthesis of 

NH4B-MTW may be attainable, while the driving force for NH4B-MTW zeolites synthesis 

reactions are much less than the reactions for Li-, Na- and K-form MTW zeolites. From the 

thermodynamics point of view, the K and Na may contribute similar effects to the B-MTW 

zeolites synthesis, since the substitution energies of NaB-MTW are closed to those of the 

KB-MTW zeolites.  
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Similar to the case of B-MTW, the substitution energies of Al and Ga incorporated MTW 

zeolites also follow the order that H-form < NH4-form < Na-form ≈ K-form < Li-form. It 

should be noted that the substitution energies of Al-MTW are larger than those of Ga-MTW 

and B-MTW, which indicates that for each form of MTW zeolites, the Al-MTW could be 

synthesized more easily, followed by Ga-MTW and B-MTW. Yuan et al. calculated the 

substitution of Si by B, Al and Ga for mordeinte cluster using Hartree-Fock MO methods,34 

they also found that the substitution are favored following the order of Al > Ga > B. 

LiAl-MTW zeolites have the largest substitution energies, indicating that Al and Li are the 

most favored trivalent and alkaline metal for the synthesis of MTW-type zeolites. It should be 

noted that Li is always a better alkaline metal ion than Na and K for the synthesis of B, Al and 

Ga incorporated MTW zeolites, since the substitution energies of Li-form MTW are larger 

than those of H-, NH4-, Na- and K-form MTW zeolites. Okubo et al investigated the synthesis 

of Al-MTW,29 and found that Li indeed worked better Na. Although we failed to find the 

experimental work reported on the synthesis of LiB-MTW and LiGa-MTW, our calculated 

results provided useful information for experimentalists. 

Direct synthesis of NH4-form and H-form zeolites without alkali metal cations can be 

advantageous over conventional methods by eliminating the ion-exchange steps.56 It should 

be noted that the substitution energies of NaB-MTW is similar to those of NH4Al-MTW and 

NH4Ga-MTW. NaB-MTW zeolites had been successfully synthesized.30 It indicates that direct 

synthesis of NH4-form Al and Ga incorporated MTW zeolites is possible under proper 

conditions.24 The positive substitution energies of HB-MTW indicating the synthesis reaction 

of the HB-MTW is thermodynamically unfavorable. Direct synthesis of Ga and Al 

incorporated H-form MTW zeolites seems thermodynamically favorable, as indicated by the 

calculated substitution energies. While the driving force for H-form zeolites synthesis 

reactions are much less than the reactions for Li, Na, K, and NH4-form zeolites synthesis.  
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Furthermore, it was found that the most favored substitution sites for B, Al and Ga are 

different as the type of alkaline ion changes, i.e. the T(4) site is the most favored substitution 

sites for HB-MTW and LiB-MTW whereas T(2), T(7) and T(3) are the most favored 

substitution sites for NH4B-MTW, NaB-MTW and KB-MTW zeolites. It indicates that the 

alkaline metal ions may influence the location of the trivalent B, Al and Ga atom in the 

MTW-type zeolites. 

3.3 Acid Property 

Figure 7 shows the local structures with the largest adsorption energies for the adsorption of 

NH3 and pyridine on both Lewis and Brønsted acid sites in HB-MTW, HAl-MTW and 

HGa-MTW zeolites. (The more detailed adsorption energies and structures are shown in 

Table 2 and Figure S13-S18 in Supplementary Materials.) It shows that the adsorption 

energies for pyridine are larger than that for NH3 in both Lewis and Brønsted acid sites of the 

zeolites. For example, the adsorption energies for NH3 in Lewis and Brønsted acid sites of 

HB-MTW, HAl-MTW and HGa-MTW are –1.03 eV, –1.10 eV, –1.18 eV and –1.28 eV, –1.69 

eV, –1.58 eV, respectively. In comparison, the adsorption energies for pyridine in Lewis and 

Brønsted acid sites are –1.43 eV, –1.43 eV, –1.61 eV and –1.90 eV, –2.26 eV, –2.10 eV, 

respectively. Furthermore, we calculated the adsorption of NH3 molecule in the cages of the 

zeolite, i.e. in B(1)-H-NH3-2, the adsorption energies are less exothermic by 0.52 eV than in 

the main channel of the zeolite B(1)-H-NH3-3 in Fig S13. This result is similar to the cases 

for NH3 adsorption in the HAl-MTW and HFe-MTW zeolites.38,39 It indicates the NH3 

molecules are more favored in the main channel than in the small cages of the zeolites, since 

the cages of the zeolites are not large enough to hold the NH3 molecule. 

It was found that the NH3 and pyridine could react with the proton of Brønsted acid sites of 

the zeolites and form NH4 and C5NH6 species. As indicated by the calculated adsorption 

energies, the adsorption of NH3 and pyridine on Brønsted acid sites is stronger than on Lewis 
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acid sites. The Brønsted acid sites of the zeolites follow order: HB-MTW < HGa-MTW < 

HAl-MTW. These results agree well with the reported NH3-TPD experiments that the acid 

strength of the HGa-MTW is less than the HAl-MTW,31 and the present results for the MTW 

zeolites are similar to the reported experimental and computational results on the MFI and 

MOR zeolites that the acidities of the B incorporated zeolites are weaker than the Ga and Al 

incorporated zeolites.34,35,57-59 In addition, the Lewis acidity of HB-MTW is similar to that of 

HAl-MTW, while weaker than the HGa-MTW. 

(Figure 7) 

4. Conclusions 

The B, Ga and Al incorporated MTW-type zeolites were systematically studied using 

dispersion-corrected periodic DFT. Our computational results show that dispersion correction 

is very important for such zeolites systems, since DFT underestimates the adsorption energies 

for NH3 and pyridine. DFT also underestimated the substitution energies more than 1.00 eV 

for the B, Ga and Al incorporated MTW zeolites compared to DFT-D2 method. 

In the HB-MTW zeolites, the B atoms are three-fold coordinated, while in the LiB-MTW, 

NaB-MTW and KB-MTW zeolites, the B atoms are tetra-coordinated. The Al and Ga in the 

H-, NH4-, Li-, Na- and K-forms MTW zeolites are tetra-coordinated. The K was found to stay 

only in the main channel of the zeolites, while H, Li and Na were found possible to stay in 

both the small cages and the main channel of the zeolites. Charge density analysis shows that 

the B–O, Si–O and O–H bonds are obvious covalent bonds while the Na–O and Al–O bonds 

show obvious ionic property. In addition, the Ga–O bonds show the property between the 

Al–O and B–O bonds. The cell volumes were found to be sensitive to alkaline metal ions. 

H-form B, Al and Ga incorporated MTW zeolites were found have larger cell volumes than 

Li-form MTW zeolites, while smaller than K-form MTW zeolites.  

For the synthesis prescriptions of the MTW zeolites, the trivalent and alkaline metal ions 
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were found be favored following the order: Al > Ga > B, Li > K ≈ Na > NH4 > H. The Li, Na 

and K ions could influence the location of B and Ga atoms in the zeolites.  

As indicated by the adsorption energies of NH3 and pyridine in the zeolite, the adsorption 

of pyridine is much stronger than NH3 adsorption. The Brønsted acid sites of the zeolites 

follow the order of HB-MTW < HGa-MTW < HAl-MTW. The Lewis acidity of HB-MTW is 

similar to that of HAl-MTW, while weaker than the HGa-MTW. These results are in well 

agreement with the previous experiments and provide new insight for the MTW zeolite.  
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Table 1 Cutoff energy (350~1000 eV) influence for the H-form Al-MTW zeolite. The 

adsorption energy of NH3 (Eads, eV) and substitution energy (Esub eV) were tested. Both of the 

ion positions and cell parameters were fully relaxed in the calculations. 

HAl-MTW ENCUT (eV) 350 400 500 600 700 800 900 1000 

Al(1) 
Esub –1.65 –1.64 –1.63 –1.63 –1.66 –1.67 –1.67 –1.67 

Eads (NH3) –1.62 –1.62 –1.61 –1.66 –1.63 –1.62 –1.63 –1.63 

Al(2) 
Esub –1.60 –1.59 –1.57 –1.57 –1.56 –1.57 –1.63 –1.58 

Eads (NH3) –1.54 –1.53 –1.53 –1.62 –1.63 –1.65 –1.58 –1.63 

Al(3) 
Esub –1.72 –1.71 –1.69 –1.74 –1.75 –1.74 –1.74 –1.75 

Eads (NH3) –1.66 –1.66 –1.66 –1.68 –1.66 –1.68 –1.69 –1.68 

Al(4) 
Esub –1.82 –1.81 –1.79 –1.85 –1.85 –1.85 –1.87 –1.86 

Eads (NH3) –1.36 –1.36 –1.36 –1.39 –1.39 –1.40 –1.38 –1.39 

Al(5) 
Esub –1.67 –1.66 –1.64 –1.71 –1.72 –1.72 –1.72 –1.72 

Eads (NH3) –1.43 –1.42 –1.42 –1.41 –1.41 –1.41 –1.41 –1.41 

Al(6) 
Esub –1.66 –1.65 –1.63 –1.68 –1.69 –1.70 –1.69 –1.70 

Eads (NH3) –1.69 –1.68 –1.68 –1.70 –1.70 –1.70 –1.70 –1.69 

Al(7) 
Esub –1.70 –1.70 –1.68 –1.75 –1.75 –1.76 –1.76 –1.76 

Eads (NH3) –1.51 –1.50 –1.50 –1.47 –1.47 –1.45 –1.46 –1.47 
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Table 2 Relative energies (eV) for B, Al and Ga incorporated H-form MTW zeolite calculated 

with DFT-D2 (∆E (DFT-D2)), DFT (∆E (DFT)) and dispersion correction (∆E(D2)), 

respectively. The relative energies of the other structures are given with respective to the most 

stable structure.  

Structure ∆E(DFT-D2) ∆E(DFT) ∆E(D2) Structure ∆E(DFT-D2) ∆E(DFT) ∆E(D2) 

B(1)-H-1  0.96  0.27  0.69  Al(5)-H-2 0.16  0.13  0.02  
B(1)-H-2 0.25  0.23  0.02  Al(5)-H-3 0.29  0.32  –0.04  
B(1)-H-3 0.54  –0.15  0.68  Al(6)-H-1 0.27  0.24  0.03  
B(1)-H-4 0.11  0.06  0.05  Al(6)-H-2 0.17  0.31  –0.14  
B(1)-H-5 0.69  –0.07  0.76  Al(6)-H-3 0.17  0.20  –0.03  
B(2)-H-1  0.09  0.04  0.05  Al(6)-H-4 0.64  0.68  –0.04  
B(2)-H-2 0.55  –0.02  0.58  Al(7)-H-1 0.36  0.29  0.06  
B(2)-H-3 0.19  0.27  –0.08  Al(7)-H-2 0.37  0.43  –0.06  
B(2)-H-4 0.37  0.25  0.12  Al(7)-H-3 0.12  0.25  –0.13  
B(3)-H-1  0.67  0.08  0.59  Al(7)-H-4 0.15  0.14  0.00  
B(3)-H-2 0.87  0.22  0.65  Ga(1)-H-1  0.19  0.16  0.03  
B(3)-H-3 0.12  0.14  –0.02  Ga(1)-H-2 0.49  0.69  –0.21  
B(3)-H-4 0.09  0.09  0.00  Ga(1)-H-3 0.16  0.24  –0.08  
B(4)-H-1  0.73  –0.02  0.75  Ga(1)-H-4 0.26  0.26  0.00  
B(4)-H-2 0.74  0.20  0.55  Ga(2)-H-1  0.16  0.32  –0.16  
B(4)-H-3 0.00  0.00  0.00  Ga(2)-H-2 0.20  0.33  –0.13  
B(4)-H-4 0.64  –0.09  0.73  Ga(2)-H-3 0.27  0.32  –0.05  
B(5)-H-1  0.05  –0.02  0.07  Ga(2)-H-4 0.17  0.45  –0.29  
B(5)-H-2 0.16  0.15  0.01  Ga(2)-H-5 0.20  0.32  –0.12  
B(5)-H-3 0.66  0.09  0.56  Ga(3)-H-1  0.09  0.03  0.06  
B(5)-H-4 0.24  0.15  0.08  Ga(3)-H-2 0.14  0.39  –0.25  
B(6)-H-1  0.62  –0.02  0.63  Ga(3)-H-3 0.29  0.52  –0.23  
B(6)-H-2 0.21  –0.07  0.28  Ga(3)-H-4 0.09  0.09  0.00  
B(6)-H-3 0.97  0.28  0.69  Ga(4)-H-1  0.16  0.21  –0.05  
B(6)-H-4 0.83  0.04  0.79  Ga(4)-H-2 0.36  0.23  0.13  
B(6)-H-5 0.56  –0.05  0.61  Ga(4)-H-3 0.31  0.45  –0.14  
B(7)-H-1  1.93  1.26  0.67  Ga(4)-H-4 0.00  0.00  0.00  
B(7)-H-2 0.20  0.15  0.06  Ga(5)-H-1  0.27  0.30  –0.03  
B(7)-H-3 0.73  –0.03  0.76  Ga(5)-H-2 0.41  0.51  –0.10  
B(7)-H-4 0.84  0.20  0.65  Ga(5)-H-3 0.10  0.16  –0.06  
B(7)-H-5 0.47  –0.12  0.59  Ga(5)-H-4 0.36  0.41  –0.04  
B(7)-H-6 0.87  0.14  0.72  Ga(5)-H-5 0.10  0.04  0.05  
Al(1)-H-1 0.17  0.00  0.17  Ga(6)-H-1  0.20  0.38  –0.18  
Al(1)-H-2 0.97  0.30  0.66  Ga(6)-H-2 0.13  0.21  –0.08  
Al(2)-H-1 0.22  0.20  0.02  Ga(6)-H-3 0.22  0.18  0.03  
Al(2)-H-2 0.22  0.35  –0.12  Ga(6)-H-4 0.53  0.54  –0.01  
Al(2)-H-3 0.22  0.22  0.00  Ga(6)-H-5 0.54  0.58  –0.04  
Al(3)-H-1 0.10  –0.01  0.12  Ga(6)-H-6 0.20  0.39  –0.19  
Al(3)-H-2 0.25  0.35  –0.09  Ga(7)-H-1  0.21  0.31  –0.10  
Al(3)-H-3 0.31  0.49  –0.18  Ga(7)-H-2 0.21  0.23  –0.02  
Al(4)-H-1 0.16  0.07  0.09  Ga(7)-H-3 0.31  0.41  –0.11  
Al(4)-H-2 0.24  0.12  0.12  Ga(7)-H-4 0.35  0.52  –0.17  
Al(4)-H-3 0.40  0.53  –0.13  Ga(7)-H-5 0.24  0.43  –0.19  
Al(4)-H-4    0.00  0.00  0.00  Ga(7)-H-6 0.18 0.21 –0.02 
Al(5)-H-1 0.27  0.23  0.04      
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Table 3 Adsorption energies (Eads, eV) for the adsorption of NH3 and pyridine on both the 

Brønsted (B) and Lewis (L) acid sites in B, Al and Ga incorporated H-form MTW zeolite 

calculated with DFT-D2 and DFT, respectively. 

Structures Eads(DFT-D2) Eads(DFT) Structures Eads(DFT-D2) Eads(DFT) 
B(1)-H-NH3-1(L) –1.03  –0.62  Ga(5)-H-NH3-3(B) –1.35  –0.98  
B(1)-H-NH3-2(B) –0.57  0.06  Ga(6)-H-NH3-1(L)             –0.36  –0.04  
B(1)-H-NH3-3(B) –1.09  –0.69  Ga(6)-H-NH3-2(B) –1.49  –1.29  
B(2)-H-NH3-1(B) –1.28  –0.69  Ga(6)-H-NH3-3(B) –1.20  –0.64  
B(2)-H-NH3-2(L) –0.30  0.36  Ga(6)-H-NH3-4(B) –0.65  –0.23  
B(3)-H-NH3-1(L) –1.00  –0.61  Ga(7)-H-NH3-1(B) –1.48  –1.17  
B(3)-H-NH3-2(B) –0.79  –0.37  B(1)-H-Py-1(L) –1.43  –0.55  
B(3)-H-NH3-3(B) –1.25  –0.73  B(1)-H-Py-2(B) –1.75  –0.64  
B(4)-H-NH3-1(L) –0.99  –0.53  B(2)-H-Py-1(L) –1.27  –0.38  
B(4)-H-NH3-2(B) –0.64  –0.25  B(2)-H-Py-2(B) –1.86  –0.78  
B(4)-H-NH3-3(B) –1.02  –0.71  B(3)-H-Py-1(L) –1.38  –0.47  
B(5)-H-NH3-1(B) –0.81  –0.49  B(3)-H-Py-2(B) –0.59  0.43  
B(5)-H-NH3-2(L) –0.53  –0.05  B(3)-H-Py-3(B) –1.27  –0.23  
B(5)-H-NH3-3(B) –1.02  –0.58  B(4)-H-Py-1(L) –1.31  –0.34  
B(6)-H-NH3-1(B) –0.95  –0.50  B(4)-H-Py-2(B) –1.60  –0.63  
B(6)-H-NH3-2(L) –0.66  –0.03  B(5)-H-Py-1(B) –1.17  –0.36  
B(7)-H-NH3-1(B) –0.83  –0.49  B(5)-H-Py-2(L) –0.45  0.54  
Al(1)-H-NH3-1(L) –0.34 0.11 B(6)-H-Py-1(B) –1.26  –0.40  
Al(1)-H-NH3-2(L) –0.85 –0.31 B(6)-H-Py-2(B) –1.90  –0.78  
Al(1)-H-NH3-3(B) –1.62 –1.34 B(6)-H-Py-3(L) –0.51  0.34  
Al(2)-H-NH3-1(L) –1.06 –0.71 B(7)-H-Py-1(B) –0.51  0.45  
Al(2)-H-NH3-2(B) –1.53 –1.20 B(7)-H-Py-2(B) –1.25  –0.30  
Al(3)-H-NH3-1(B) –1.66 –1.23 Al(1)-H-Py-1(B) –2.26 –1.45 
Al(3)-H-NH3-2(L) –0.54 –0.05 Al(1)-H-Py-2(L) –0.72 0.18 
Al(4)-H-NH3-1(L) –1.10 –0.76 Al(2)-H-Py-1(L) –1.40 –0.68 
Al(4)-H-NH3-2(B) –0.73 –0.23 Al(2)-H-Py-2(B) –2.08 –1.34 
Al(4)-H-NH3-3(B) –1.36 –1.09 Al(3)-H-Py(B) –2.09 –1.26 
Al(5)-H-NH3-1(L) –1.07 –0.75 Al(4)-H-Py-1(L) –1.31 –0.32 
Al(5)-H-NH3-2(B) –0.88 –0.56 Al(4)-H-Py-2(B) –1.55 –0.66 
Al(5)-H-NH3-3(B) –1.43 –1.30 Al(5)-H-Py-1(L) –1.37 –0.68 
Al(6)-H-NH3-1(L) –0.97 –0.76 Al(5)-H-Py-2(B) –2.14 –1.38 
Al(6)-H-NH3-2(B) –1.17 –0.68 Al(6)-H-Py-1(L) –1.43 –0.64 
Al(6)-H-NH3-3(B) –1.69 –1.31 Al(6)-H-Py-2(B) –2.11 –1.51 
Al(7)-H-NH3-1(B) –1.51 –1.31 Al(7)-H-Py(B) –1.74 –1.09 
Al(7)-H-NH3-2(B) –0.91 –0.53 Ga(1)-H-Py-1(L) –0.76  0.05  
Ga(1)-H-NH3-1(B)               –1.50  –1.21  Ga(1)-H-Py-2(B) –2.10  –1.23  
Ga(1)-H-NH3-2(L) –0.46  –0.12  Ga(2)-H-Py-1(L) –1.05  –0.21  
Ga(1)-H-NH3-3(L) –0.83  –0.39  Ga(2)-H-Py-2(B) –2.07  –1.36  
Ga(1)-H-NH3-4(B) –1.09  –0.49  Ga(3)-H-Py-1(B) –1.82  –1.16  
Ga(2)-H-NH3-1(B)              –1.54  –1.28  Ga(3)-H-Py-2(L) –0.76  0.15  
Ga(2)-H-NH3-2(L) –0.64  –0.22  Ga(4)-H-Py-1(L) –1.61  –0.64  
Ga(3)-H-NH3-1(B)              –1.58  –1.21  Ga(4)-H-Py-2(B) –1.92  –1.07  
Ga(3)-H-NH3-2(L) –0.82  –0.26  Ga(5)-H-Py-1(L) –1.50  –0.67  
Ga(4)-H-NH3-1(L) –1.18  –0.78  Ga(5)-H-Py-2(B) –1.94  –1.04  
Ga(4)-H-NH3-2(B) –0.52  –0.17  Ga(6)-H-Py-1(L) –0.67  0.08  
Ga(4)-H-NH3-3(B) –1.39  –0.93  Ga(6)-H-Py-2(B) –2.02  –1.27  
Ga(5)-H-NH3-1(B) –1.10  –0.75  Ga(7)-H-Py-1(B) –1.65  –0.68  
Ga(5)-H-NH3-2(L) –0.74  –0.25     
a) The adsorption energies for NH3 and pyridine in HAl-MTW were from ref. 
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Table 4 Substitution energies (Esub, eV) for the substitution of one Si atom with M (M = B, Al, 

Ga) and Y (Y = NH4, Li, Na, K, H) in MTW-type zeolite calculated with DFT-D2 (and DFT). 

Substitution 
sites 

T(1) T(2) T(3) T(4) T(5) T(6) T(7) 

H-B 
0.31 
(1.15) 

0.29 
(1.13) 

0.30 
(1.19) 

0.20 
(1.09) 

0.26 
(1.08) 

0.42 
(1.03) 

0.41 
(1.24) 

NH4-B 
–0.40 
(0.80) 

–0.62 
(0.79) 

–0.57 
(0.79) 

–0.44 
(0.73) 

–0.39 
(0.84) 

–0.16 
(0.87) 

–0.05 
(1.10) 

Li-B 
–3.18 
(–1.73) 

–3.15 
(–1.53) 

–2.90 
(–1.42) 

–3.53 
(–1.73) 

–3.48 
(–1.81) 

–3.33 
(–1.75) 

–3.33 
(–1.87) 

Na-B 
–2.59 
(–1.24) 

–2.37 
(–0.75) 

–2.56 
(–1.08) 

–2.52 
(–0.74) 

–2.07 
(–1.34) 

–2.55 
(–1.08) 

–2.62 
(–1.13) 

K-B 
–2.71 
(–1.47) 

–2.23 
(–1.61) 

–2.74 
(–1.49) 

–2.20 
(–1.57) 

–2.15 
(–1.63) 

–2.57 
(–1.30) 

–2.04 
(–1.28) 

H-Al 
–1.65 

(–0.96) 
–1.61 
(–0.74) 

–1.72 
(–0.97) 

–1.82 
(–0.96) 

–1.67 
(–0.83) 

–1.66 
(–0.65) 

–1.70 
(–0.71) 

NH4-Al 
–2.90 

(–1.97) 
–2.76 

(–1.62) 
–3.01 

(–1.86) 
–2.80 

(–1.70) 
–2.72 

(–1.79) 
–2.96 

(–1.72) 
–2.83 

(–1.78) 

Li-Al 
–5.56 

(–4.11) 
–5.58 

(–3.86) 
–5.50 

(–4.12) 
–5.57 

(–4.12) 
–5.70 

(–4.02) 
–5.55 

(–4.24) 
–5.69 

(–4.17) 

Na-Al 
–4.89 

(–3.68) 
–4.85 
(–3.56) 

–4.99 
(–3.61) 

–4.92 
(–3.74) 

–5.08 
(–3.64) 

–4.91 
(–3.46) 

–5.02 
(–3.54) 

K-Al 
–4.92 

(–3.82) 
–5.06 

(–3.61) 
–5.12 

(–3.81) 
–5.04 

(–3.78) 
–4.92 

(–3.71) 
–5.02 

(–3.83) 
–4.81 

(–3.45) 

H-Ga 
–0.98 
(0.07) 

–0.97 
(0.16) 

–1.05 
(–0.14) 

–1.13 
(–0.17) 

–1.04 
(–0.12) 

–1.00 
(0.05) 

–0.95 
(0.04) 

NH4-Ga 
–2.10 
(–0.79) 

–2.13 
(–0.78) 

–2.24 
(–1.01) 

–2.14 
(–0.76) 

–2.01 
(–0.76) 

–2.11 
(–0.91) 

–2.05 
(–0.78) 

Li-Ga 
–4.96 
(–3.57) 

–4.84 
(–3.30) 

–4.78 
(–3.14) 

–4.84 
(–3.00) 

–5.02 
(–3.19) 

–4.89 
(–3.34) 

–5.06 
(–3.31) 

Na-Ga 
–4.15 
(–2.60) 

–4.11 
(–2.63) 

–4.21 
(–2.72) 

–4.48 
(–3.03) 

–4.05 
(–2.67) 

–4.20 
(–2.47) 

–4.30 
(–2.46) 

K-Ga 
–4.24 
(–2.83) 

–4.23 
(–2.72) 

–4.39 
(–3.02) 

–4.37 
(–2.97) 

–4.41 
(–3.20) 

–4.18 
(–3.00) 

–4.06 
(–2.62) 
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Table 5 Bond distances and p(1×2×1) cell volumes of the B, Al and Ga incorporated MTW 

zeolite. 

T sites T1 T2 T3 T4 T5 T6 T7 
T–O 
(Å) 

Si 1.62,1.62, 
1.62,1.63 

1.62,1.62, 
1.63,1.63 

1.61,1.62, 
1.62,1.63 

1.61,1.62, 
1.62,1.63 

1.62,1.62, 
1.62,1.63 

1.62,1.62, 
1.62,1.63 

1.62,1.62, 
1.62,1.62 

HB 1.38,1.38, 
1.39,2.61 

1.37,1.38, 
1.39,2.72 

1.37,1.38, 
1.39,2.85 

1.37,1.39, 
1.39,2.89 

1.37,1.37, 
1.38,2.82 

1.37,1.38, 
1.38,2.63 

1.38,1.38, 
1.38,2.77 

LiB 1.45,1.46, 
1.50,1.52 

1.44,1.45, 
1.51,1.52 

1.45,1.45, 
1.50,1.51 

1.43,1.46, 
1.51,1.54 

1.43,1.46, 
1.51,1.53 

1.43,1.47, 
1.50,1.54 

1.43,1.47, 
1.51,1.51 

NaB 1.45,1.46, 
1.49,1.50 

1.45,1.48, 
1.49,1.50 

1.44,1.49, 
1.49,1.51 

1.45,1.46, 
1.51,1.51 

1.44,1.44, 
1.52,1.52 

1.45,1.46, 
1.49,1.51 

1.44,1.49, 
1.49,1.50 

KB 1.45,1.47, 
1.49,1.50 

1.45,1.47, 
1.50,1.50 

1.45,1.48, 
1.49,1.50 

1.45,1.47, 
1.49,1.50 

1.44,1.46, 
1.51,1.51 

1.45,1.47, 
1.50,1.50 

1.45,1.47, 
1.50,1.50 

HAl 1.71,1.72, 
1.72,1.89 

1.71,1.72, 
1.72,1.89 

1.71,1.72, 
1.72,1.91 

1.71,1.72, 
1.74,1.89 

1.72,1.72, 
1.73,1.92 

1.71,1.72, 
1.72,1.90 

1.71,1.72, 
1.72,1.88 

LiAl 1.72,1.73, 
1.75,1.78 

1.71,1.73, 
1.76,1.78 

1.72,1.74, 
1.75,1.81 

1.72,1.72, 
1.77,1.79 

1.72,1.74, 
1.74,1.81 

1.72,1.74, 
1.76,1.79 

1.72,1.74, 
1.77,1.78 

NaAl 1.72,1.73, 
1.75,1.77 

1.73,1.73, 
1.77,1.78 

1.72,1.73, 
1.77,1.78 

1.73,1.73, 
1.77,1.78 

1.73,1.75, 
1.77,1.78 

1.73,1.75, 
1.75,1.78 

1.71,1.74, 
1.76,1.77 

KAl 1.73,1.73, 
1.76,1.77 

1.73,1.73, 
1.76,1.77 

1.72,1.74, 
1.77,1.77 

1.72,1.74, 
1.76,1.77 

1.73,1.73, 
1.77,1.77 

1.73,1.73, 
1.75,1.77 

1.73,1.73, 
1.75,1.78 

HGa 1.79,1.79, 
1.79,2.01 

1.79,1.79, 
1.80,2.03 

1.79,1.79, 
1.79,2.04 

1.78,1.79, 
1.81,2.03 

1.79,1.79, 
1.81,2.05 

1.79,1.79, 
1.79,2.01 

1.79,1.79, 
1.80,2.02 

LiGa 1.80,1.80, 
1.86,1.87 

1.79,1.80, 
1.87,1.87 

1.80,1.81, 
1.85,1.88 

1.78,1.83, 
1.83,1.88 

1.80,1.82, 
1.82,1.91 

1.78,1.82, 
1.86,1.90 

1.79,1.81, 
1.86,1.87 

NaGa 1.80,1.82, 
1.85,1.85 

1.81,1.81, 
1.86,1.86 

1.80,1.83, 
1.85,1.87 

1.80,1.80, 
1.86,1.87 

1.79,1.81, 
1.85,1.88 

1.79,1.82, 
1.86,1.87 

1.81,1.81, 
1.84,1.85 

KGa 1.81,1.82, 
1.84,1.85 

1.81,1.81, 
1.84,1.86 

1.81,1.83, 
1.85,1.86 

1.80,1.83, 
1.85,1.86 

1.79,1.83, 
1.84,1.87 

1.81,1.81, 
1.83,1.85 

1.80,1.81, 
1.84,1.86 

Y–O 
(Å), Y= 
Li, Na, 
K, H 

HB 0.99 0.98 0.99 0.99 0.98 0.98 0.99 
LiB 1.94 2.06 1.92 1.95 1.98 1.97 2.04 
NaB 2.25 2.44 2.36 2.42 2.31 2.25 2.36 
KB 2.62 2.69 2.76 2.75 2.65 2.65 2.92 
HAl 0.99 0.99 0.99 1.03 1.02 0.99 1.01 
LiAl 1.94 1.94 1.89 1.95 1.95 1.95 2.15 
NaAl 2.24 2.26 2.35 2.31 2.45 2.27 2.41 
KAl 2.64 2.63 2.81 2.74 2.70 2.68 2.77 
HGa 0.99 0.99 0.99 1.03 1.02 1.00 1.01 
LiGa 1.88 1.87 1.92 1.88 1.91 2.03 1.92 
NaGa 2.24 2.23 2.27 2.27 2.21 2.28 2.20 
KGa 2.62 2.61 2.68 2.70 2.60 2.63 2.68 

cell 
volume 

(Å3) 

HB 3026.70 3027.19 3021.38 3018.24 3032.12 3071.33 3024.04 
LiB 2986.21 2986.75 2999.78 2946.81 2962.66 2988.85 2999.82 
NaB 3015.66 3017.42 2988.07 2975.79 3130.93 2994.57 3019.70 
KB 3006.72 3121.31 3018.68 3132.34 3137.90 2992.63 3117.40 
HAl 3066.28 3022.63 3059.37 3046.41 3047.32 3020.42 3018.32 
LiAl 3003.73 2992.06 3013.18 3009.80 2979.91 3025.10 3008.71 
NaAl 3046.95 3040.66 3026.92 3051.48 3046.91 3044.96 3047.19 
KAl 3051.04 3000.03 3027.09 3033.02 3040.47 3035.41 3022.22 
HGa 3026.26 3013.06 3051.74 3044.02 3049.46 3025.79 3046.07 
LiGa 3025.22 3009.37 3015.84 2977.24 2970.85 3023.93 2992.66 
NaGa 3013.87 3021.13 3024.99 3039.23 3042.46 3027.59 3006.97 
KGa 3011.44 3005.22 3030.62 3027.21 3044.39 3050.52 3014.70 

a) The p(1×2×1) cell volume of the silica-MTW type zeolite is 3173.39 Å3 
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Figure 1. The supercell of MTW-type zeolite. The Si and O atoms are shown in yellow 

(indexed with numbers 1–7) and red (indexed with letters a–k), respectively. The Si(1, 2, 3, 4, 

5, 6 and 7) atoms are correspond to the T1, T3, T7, T6, T4, T2 and T5 sites of the 

International Zeolite Association web page, respectively. 
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Figure 2. Local structures and relative energies (eV) for B-MTW zeolites. H, Li, Na, K, O, B, 

and Si atoms are in white, dark gray, violet, darkslateblue, red, green and yellow respectively. 

For the H-, Li-, Na-, and K-forms B-MTW zeolites, the relative energies of the most stable 

structure 0 eV, and the relative energies of the other structures are given with respective to the 

most stable structure. (Only related atoms were selectively shown for good viewing) 
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Figure 3. Local structures and relative energies (eV) for Al-MTW zeolites. H, Li, Na, K, O, 

Al, and Si atoms are in white, dark gray, violet, darkslateblue, red, gray and yellow 

respectively. For the H-, Li-, Na-, and K-forms Al-MTW zeolites, the relative energies of the 

most stable structure 0 eV, and the relative energies of the other structures are given with 

respective to the most stable structure. (Only related atoms were selectively shown for good 

viewing) 
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Figure 4. Local structures and relative energies (eV) for Ga-MTW zeolites. H, Li, Na, K, O, 

Ga, and Si atoms are in white, dark gray, violet, darkslateblue, red, tan and yellow 

respectively. For the H-, Li-, Na-, and K-forms Ga-MTW zeolites, the relative energies of the 

most stable structure 0 eV, and the relative energies of the other structures are given with 

respective to the most stable structure. (Only related atoms were selectively shown for good 

viewing) 
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Figure 5. Energy as a function of the volume for the pure silica and B, Al and Ga 

incorporated p(1×2×1) MTW zeolites cell. Both the cell shape and ion positions are fully 

relaxed with fixed volumes. 
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Figure 6. Contour plots of the electron density for Si, B, Al and Ga in the T sites of MTW 

zeolite. The plots (a), (b), (c), (d), (e), (f) and (g) are obtained from the plane containing the 

O(h)-Si(4)-O(i), B(7)-O(k)-Na, O(h)-B(4)-O(g), Al(4)-O(h)-H, Al(5)-O(j)-Na, Ga(4)-O(h)-H 

and Ga(4)-O(h)-Na, respectively. 
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Figure 7. Local structures and adsorption energies (eV) for the adsorption of NH3 and 

pyridine in B, Al and Ga incorporated H-form MTW zeolites. H, C, N, O, B, Al, Ga and Si 

atoms are shown in white, black, blue, red, green, gray, tan and yellow, respectively (Only 

related atoms were selectively shown for good viewing).  
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Graphical Abstract 

 

 

The synthesis prescriptions, structures and acid properties of B, Al and Ga incorporated 

MTW-type zeolites were studied at DFT level. 
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