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ABSTRACT 
 
Full quantum calculations with a newly developed functional, 

M06-L, on the ZSM-5 models of 5T, 12T, 34T, 46T and 128T 
were performed to simulate the nanoporous system. Methane and 
ethane are chosen to represent saturated hydrocarbons. The 
calculated adsorption energies are -7.0 kcal/mol for methane and 
-11.1 kcal/mol for ethane, which agree well with the experimental 
estimates of -6.7 and -9.1 kcal/mol. The M06-L method is also 
applied for the first time to systematically investigate the proton 
exchange reactions of methane and ethane within the nano-reactor 
of zeolite. The concerted mechanism is proposed for the reaction. 
The calculated activation energy of methane is 35.3 kcal/mol, 
which is comparable with the experimental data (33.4 kcal/mol), 
whereas the energy of ethane is 33.0 kcal/mol. The effect of nano-
quantum confinement of the extended zeolite framework on 
adsorption and reaction mechanisms has been clearly 
demonstrated not only to better stabilize the adsorption complexes 
achieving the observed values but also to lower their activation 
energies to approach experimental benchmarking. 
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1 INTRODUCTION 
 
In fine-chemical and pharmaceutical manufacture and in 

petroleum refining, zeolites, which have a combination of high 
stability with their excellent activity in acid-mediated reactions   
[1-3], have been applied in the process of heterogeneous catalysis. 
Especially, ZSM-5, patented in 1975, is widely used in chemical 
industries such as hydrocarbon cracking, isomerization, alkylation 
reaction and methanol to olefins (MTO) [4]. 

To clearly envision the structure, adsorption properties and 
chemical reaction mechanism, theoretical study can offer a 
practical tool that provides insight to the reaction mechanism 
complementing experimental investigations or, in certain cases, 
offer an understanding that is not possible by experimental 
investigations. Numerous experimental [5-9] and theoretical 
[10,11] researches have been devoted to understanding the 
chemistry of ZSM-5. Attempts have been made to develop the 
computational methodology that can precisely predict the physical 

and chemical properties of the zeolite itself and the reaction inside 
its nanocavity. The Density Functional Theory (DFT), especially 
B3LYP, has been widely used to study the interaction of 
hydrocarbons with zeolites. However, the limitation of the DFT 
calculations previously employed was that the contribution of 
dispersion interactions was not taken into account. This interaction 
contribution in the adsorption has been found to be essential in the 
chemical adsorptions and reactions inside the zeolite pore      
[8,12-17]. To overcome the enormous computational resource 
required for a DFT calculation on a large model, the ONIOM 
scheme combined with QM/MM calculation [18,19] is applied to 
such systems. This provides an acceptable balance between the 
accuracy of the results and the computational cost. The ONIOM 
scheme provides only an approximation [14,15,18-21] and, 
therefore, the quest for a more accurate method continues. 
Recently, the newly developed functional called M06-L was 
introduced by Zhao and coworkers [22]. It is recommended for 
transition metal thermochemistry, noncovalent interactions and for 
when a local functional is required; a local functional has a much 
lower cost for large systems [23-25]. With the improved 
combination of the computational method and the realistic model, 
we hypothesize that this method should be able to represent the 
interaction within the zeolite system.  

The aim of this work is threefold: first, to present a theoretical 
study on the nature of the H-ZSM-5 adsorption complex of 
methane and ethane, second, to further describe the proton 
exchange reaction of methane and ethane catalyzed by the zeolite 
and third, to present, for the first time, the full quantum calculation 
application of the ‘noncovalent interaction represented’ M06-L 
method on the zeolite framework.  

 
2 METHODOLOGY 

 
ZSM-5 structure from the XRD data was trimmed down to 

become 5T, 12T, 34T, 46T and 128T cluster models (see Fig. 1). 
The 5T cluster (AlSi4O4H13) is modeled to represent only the 
Brønsted active site. The T12 position was selected to be Al due to 
its being the most energetically favorable [26]. The 12T stands for 
the 10-membered-ring window of the zigzag nanochannel of the 
porous structure. The model was extended to 34T to cover the 
intersection of straight-zigzag channels, including some part of the 
zigzag channel. Adopted from our previous publications 
[12,13,20], the 46T model is similar to the 34T, but the framework 
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is extended surrounding the acid center in the zigzag channel. The 
largest model, 128T, envelops the whole model of 46T with 
another shell of tetrahedral subunits. The adsorption and reaction 
of methane and ethane on different H-ZSM-5 models are fully 
quantum calculated with the M06-L functional [22], along with 
the 6-31G(d,p) basis set. During the structure optimization on the 
5T, 12T, 34T and 46T systems, the 5T portion of the active site 
region (AlSi4O4H) and the reacting molecule are allowed to relax 
while the rest is fixed at the crystallographic coordinates [27]. The 
transition states (TS) of the reaction were characterized by the 
existence of a single imaginary frequency. All calculations were 
performed using the Gaussian 03 code [28]. 

 
 

 
 

Figure 1: The evolution of H-ZSM-5 models,  
from the 5T unit to 128T clusters. 

 
3 RESULTS AND DISCUSSION 

 
3.1 Molecular Cluster and Nanocluster 
Models of H-ZSM-5 catalyst 

The evolution of our H-ZSM-5 models, from the 5T unit to 
the 128T framework, is illustrated in Fig. 1.  Selected structural 
parameters of each model are presented in Fig 2. 

In the bare zeolite, one can observe the influence of the 
framework on the effective Brønsted acidity. From Figure 2, the 
acidity is insignificantly more pronounced in the extended zeolite 
framework according to the increased O1-Hz bond length by at 
most 0.2 pm. The calculated Al···H distances in the range of 
234.9-237.4 pm are close to the experimental report by Klinoski 
of 238.0-248.0 pm of H-zeolite [29]. This good agreement 
confirms the validation of our models.  

 

 

Figure 2: Optimized structure of various H-ZSM-5 models 
calculated with the M06-L/6-31G(d,p) method.  

Distance parameters shown in lines 1-4 are for 5T, 12T, 
34T and 46T quantum clusters, respectively. 

3.2 Adsorption of Light Alkanes on the 
Brønsted Acid Site 

The adsorption energies of the methane and ethane complexes 
with various zeolite models are summarized in Table 1. As an 
underestimated value is expected from a small cluster, we found that 
the methane is bound by -2.9 kcal/mol to the acid site. This 
increases slightly and converges to -6.9 and -7.0 kcal/mol for the 
34T and 46T, respectively. From the same zeolite models, ethane is 
bound by -10.8 and -11.1 kcal/mol to the acid site. The larger 
interaction for ethane than methane is found to agree favorably with 
the known adsorption trend as the molecular size increases. We also 
found that the adsorption energies are increased due to the presence 
of a larger framework effect in larger zeolite models. The 
experimental observation of methane and ethane adsorbed on H-
ZSM-5 are -6.7 and -9.1 kcal/mol, respectively [16,17]. The 
calculated energies from the 34T and 46T clusters are therefore 
reasonably close to the experimental data.  

 
Model Methane Ethane 
5T -2.9  -4.6 
12T -5.1  -7.7 
34T -6.9 -10.8 
46T -7.0 -11.1 
128T a -6.9 -10.7 
Expt -6.7  -9.1 

a The adsorption energies on the 128T cluster were 
computed with a single point calculation on the optimized 
structure of the 46T cluster. 

Table 1: Interaction energies (kcal/mol) calculated at 
M06-L/6-31G(d,p) level of theory for the adsorptions of 

methane and ethane on various H-ZSM-5 models. 

To determine the model size of the zeolite that can well 
represent the adsorption in the real system, the interaction energies 
from the single point calculation on the large quantum cluster of 
128T on the optimized structure of the 46T are used as the energy 
benchmark. The energies are computed to be -6.9 and -10.7 
kcal/mol for methane and ethane, respectively. Since the value from 
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the 34T model can be considered to be the same as the 128T model, 
the 34T and 46T models are assumed to be large enough to include 
the effect of the zeolite pore on chosen nonpolar adsorbates. 

From our discussion above, it can be concluded that the full 
quantum calculation with the M06-L method and the 6-31G(d,p) 
basis set on the 34T and 46T models of H-ZSM-5 zeolite is the 
minimal requirement to reproduce the adsorption of methane and 
ethane within the zeolite pore. 

 

 
(a)  

(b) 

Figure 3: Optimized structure of (a) methane adsorption 
and (b) ethane adsorption on the 34T cluster model of H-
ZSM-5 derived at the M06-L/6-31G(d,p) level of theory. 

Distances are in pm. 

 
3.3 Proton Exchange Reaction of Light Alkanes 

Reaction energies of the proton exchange reactions of methane 
and ethane with various models of H-ZSM-5 zeolite, calculated 
with the M06L/6-31G(d,p) method are documented in Table 2.  

As for the small QM cluster of 5T, the actual activation energy 
for methane is computed to be 37.2 kcal/mol while the apparent 
activation energy is 34.3 kcal/mol. The same reaction studied on 
the small zeolite cluster reported the activation energy in the range 
of 30-40 kcal/mol [30-36]. Even the activation energies are in 
good agreement. The adsorption energies from this small quantum 
cluster are underestimated and found to be less than a half of the 
experimental data of 6.7 kcal/mol. With a larger zeolite model, the 
actual activation energies are 36.8, 35.4 and 35.2 kcal/mol, with 
the 12T, 34T and 46T quantum clusters, respectively. Their 
corresponding apparent activation energies are 31.7, 28.5, 28.2 
kcal/mol. The reaction energies are considered to be 5.9, 11.0 and 
10.3 kcal/mol with the 12T, 34T and 46T quantum cluster, 
respectively. The activation energy obtained from both the 34T 
and 46T clusters are virtually identical. Similar results are also 
derived for the single point calculation of the 128T cluster (the 
energy barrier of 35.2 kcal/mol and the apparent activation energy 
of 28.3 kcal/mol). Therefore, taking the framework effect into 
account improves the calculated result by increasing the 
underestimated adsorption energy and lowering the overestimated 
activation energy. 

With the small quantum cluster (5T), the adsorption energy 
is -4.6 kcal/mol. The apparent activation energy is 32.5 
kcal/mol whereas the actual one is 37.1 kcal/mol. Even though 

there is no experimental data for ethane on H-ZSM-5 zeolite, 
the calculated result is reasonable in that the reaction has a 
smaller energy barrier and is found to be more endothermic 
(about 6.5 kcal/mol). As the framework effect is considered in 
the 46T quantum cluster, the adsorption energy is -11.1 
kcal/mol, which agrees well with the experimental data of -9.1 
kcal/mol. Their corresponding  actual and apparent activation 
energies are 32.8 and 21.7 kcal/mol, respectively. As expected, 
the adsorption and reaction energies calculated at the 128T 
model yield similar results (cf Table 2). 

 

Model Methane Ethane 
AD TS PR AD TS PR 

5T -2.9 34.3 0.4  -4.6 32.5  -1.9 
  (37.2)   (37.1)  
12T -5.1 31.7 -0.8  -7.7 28.0  -2.7 
  (36.8)   (35.7)  
34T -6.9 28.5 -4.1 -10.8 22.2  -8.3 
  (35.4)   (33.0)  
46T -7.0 28.2 -3.3 -11.1 21.7  -7.7 
  (35.2)   (32.8)  
128Ta -6.9 28.3 -2.8 -10.7 22.3 -10.7 
  (35.2)   (33.0)  

a The adsorption energies on the 128T cluster were 
computed with a single point calculation on the 
optimized structure of the 46T cluster. 

Table 2: Reaction energies (kcal/mol) of the proton exchange 
reactions of methane and ethane with various models of 
H-ZSM-5 zeolite, calculated with the M06L/6-31G(d,p) 

method (activation energy in parenthesis). 

 

Figure 4: Energy profile for proton exchange reactions of 
methane and ethane on the 46T quantum cluster of 

H-ZSM-5, calculated with the M06-L/6-31G(d,p) method. 

 
4 CONCLUSION 

 
The chemical investigation on the adsorption and proton 

exchange reaction of methane and ethane with the H-ZSM-5 
zeolite were performed with a newly developed density functional 
theory, M06-L. Since the dispersion interaction is included in the 
method, it can well reproduce the experimental estimate of the 
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adsorption and reaction of the nonpolar molecules, and also 
predict reliable information for the reactions that have not been 
experimentally studied. Based on the experimental report, the 
molecules are placed over the active site to proceed the adsorption 
and the reaction. With the validated combination of our 46T 
model and the M06L/6-31G(d,p) approach, the calculated 
adsorption energies of methane and ethane of -7.0 and -11.1 
kcal/mol are in excellent agreement with the experimental 
observations of -6.7 and -9.1 kcal/mol, respectively. With the 
activation energy for the methane reaction calculated to be 35.2 
kcal/mol, the method gives the apparent activation energy of 28.2 
kcal/mol, which compares well with the experimental result. The 
actual and apparent activation energies for the ethane reaction are 
predicted to be 32.8 and 21.7 kcal/mol, respectively. To qualify 
our model for the prediction, we compared both adsorption and 
reaction results with the single point calculation for the realistic 
cluster model of 128T. We found that the 46T model gives 
virtually similar results for the reactions of both methane and 
ethane. Therefore, the full quantum calculation of the 46T cluster 
model with the newly developed functional, M06-L functional, is 
a practical and accurate model to systematically study the 
adsorption and reaction of hydrocarbons in “nano reactor” 
ZSM-5 zeolite. 

 
ACKNOWLEDGEMENTS 

This research was supported by grants from the National 
Science and Technology Development Agency (NSTDA), the 
Thailand Research Fund (TRF), Kasetsart University Research 
and Development Institute (KURDI), the Commission on Higher 
Education, Ministry of Education, under the Postgraduate 
Education and Research Programs in Petroleum and 
Petrochemicals, and Advanced Materials as well as the Sandwich 
Program in the Strategic Scholarships Fellowships Frontier 
Research Network (CHE-PhD-SW-SUPV to SC). The authors 
are grateful to Donald G. Truhlar and Yan Zhao for supporting 
them with the M06-L functional. The Kasetsart University 
Graduate School is also acknowledged. 

 
REFERENCES  

 [1]  B. W. Wojciechowsku and A. Corma "Catalytic Cracking: 
Catalysts, Chemistry, and Kinetics"; Dekker: New York, 
1986. 

 [2]  I. E. Maxwell and W. H. J. Stork "Introduction to Zeolite 
Science and Practice"; Elsevier: Amsterdam, 1991. 

 [3]  G. A. Olah and A. Molnar "Hydrocarbon Chemistry"; John 
Wiley and Sons Inc.: New York, 1995. 

 [4]  P. B. Venuto, Microporous Mater., 2, 297, 1994. 
 [5]  A. Corma, J. Catal., 216, 298, 2003. 
 [6]  E. G. Derouane and C. D. Chang, Microporous 

Mesoporous Mater., 35-36, 425, 2000. 
 [7]  C. S. H. Chen and R. F. Bridger, J. Catal., 161, 687, 1996. 
 [8]  D. J. Parrillo, C. Lee and R. J. Gorte, Appl. Catal., A, 110, 

67, 1994. 
 [9]  B. Smit and T. L. M. Maesen, Nature (London, U. K.), 451, 

671, 2008. 
 

 [10]  S. R. Blaszkowski, A. P. J. Jansen, M. A. C. Nascimento 
and R. A. van Santen, J. Phys. Chem., 98, 12938, 1994. 

 [11]  S. R. Blaszkowski, M. A. C. Nascimento and R. A. van 
Santen, J. Phys. Chem., 100, 3463, 1996. 

 [12]  J. Lomratsiri, M. Probst and J. Limtrakul, J. Mol. Graphics 
Modell., 25, 219, 2006. 

 [13]  W. Panjan and J. Limtrakul, J. Mol. Struct., 654, 35, 2003. 
 [14]  N. Injan, N. Pannorad, M. Probst and J. Limtrakul, Int. J. 

Quantum Chem., 105, 898, 2005. 
 [15]  P. Pantu, B. Boekfa and J. Limtrakul, J. Mol. Catal. A: 

Chem., 277, 171, 2007. 
 [16]  H. Papp, W. Hinsen, N. T. Do and M. Baerns, 

Thermochim. Acta, 82, 137, 1984. 
 [17]  E. Yoda, J. N. Kondo and K. Domen, J. Phys. Chem. B, 

109, 1464, 2005. 
 [18]  S. Dapprich, I. Komiromi, K. S. Byun, K. Morokuma and 

M. J. Frisch, THEOCHEM, 461-462, 1, 1999. 
 [19]  M. Svensson, S. Humbel, R. D. J. Froese, T. Matsubara, S. 

Sieber and K. Morokuma, J. Phys. Chem., 100, 19357, 
1996. 

 [20]  C. Raksakoon and J. Limtrakul, THEOCHEM, 631, 147, 
2003. 

 [21]  R. Rungsirisakun, B. Jansang, P. Pantu and J. Limtrakul, J. 
Mol. Struct., 733, 239, 2004. 

 [22]  Y. Zhao, N. E. Schultz and D. G. Truhlar, J. Chem. Theory 
Comput., 2, 364, 2006. 

 [23]  Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 120, 215, 
2008. 

 [24]  Y. Zhao and D. G. Truhlar, J. Phys. Chem. C, 112, 6860, 
2008. 

 [25]  Y. Zhao and D. G. Truhlar, Acc. Chem. Res., 41, 157, 
2008. 

 [26]  S. R. Lonsinger, A. K. Chakraborty, D. N. Theodorou and 
A. T. Bell, Catal. Lett., 11, 209, 1991. 

 [27]  H. Van Koningsveld, H. Van Bekkum and J. C. Jansen, 
Acta Crystall. B43, 127, 1987. 

 [28]  M. J. Frisch, et al. Gaussian 03, Revision C Gaussian, Inc., 
Wallingford CT, 2004. 

 [29]  J. Klinowski, Chem. Rev., 91, 1459, 1991. 
 [30]  E. M. Evleth, E. Kassab and L. R. Sierra, J. Phys. Chem., 

98, 1421, 1994. 
 [31]  V. B. Kazansky, M. V. Frash and R. A. van Santen, Catal. 

Lett., 28, 211, 1994. 
 [32]  G. J. Kramer and R. A. van Santen, J. Am. Chem. Soc., 

117, 1766, 1995. 
 [33]  P. M. Esteves, M. A. C. Nascimento and C. J. A. Mota, J. 

Phys. Chem. B, 103, 10417, 1999. 
 [34]  J. A. Ryder, A. K. Chakraborty and A. T. Bell, J. Phys. 

Chem. B, 104, 6998, 2000. 
 [35]  X. Zheng and P. Blowers, J. Mol. Catal. A: Chem., 242, 18, 

2005. 
 [36]  X. Zheng and P. Blowers, J. Mol. Catal. A: Chem., 246, 1, 

2006. 
 
 

NSTI-Nanotech 2009, www.nsti.org, ISBN 978-1-4398-1784-1 Vol. 3, 2009271




