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INTRODUCTION

Sustainable Brønsted acid properties of ZSM-5 make it
catalytically active and important in certain industrial processes
including catalytic cracking of hydrocarbons (FCC additive)
and conversion of methanol to gasoline [1-3]. Bridged hydroxyl
groups [Si-O(H)-Al] of the ZSM-5 act as strong Brønsted acid
sites [2] i.e., the catalytically active centres during those reac-
tions. Accordingly, the catalytic cracking process is specifically
initiated on the Brønsted acid site itself while the Brønsted
acidity of zeolite particles influences the overall cracking effi-
ciency of the catalyst [3,4]. Buurmans et al. [3] have demons-
trated and proved that the loss of strong Brønsted acid site is
directly correlated with the loss of catalytic activity during
the catalytic cracking process. Their views have been endorsed
and applied by extensive researchers. However, the exclusive
nature of existence of the sites and their role in loss of catalytic
activity has remained as ‘yet to be proved’ for the past 3 years.
We analyzed the role of the LUMO centric site, its activity
and loss during the present DFT study.

EXPERIMENTAL

The three dimensional ZSM-5((3D:ZSM-5) cluster used
in this study was modeled as a [AlSi45H49O68] cluster containing
163 atoms reported by Mynsbrugge et al. [5], the optimized
structures are shown in Fig. 1a. The Brønsted acid containing
cluster (BASCC) was modeled as [AlSi4H13O4] with 22 atoms
and the optimized structure is shown in Fig. 1b. All DFT calcu-
lations were performed using the standard implementation of
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the ONIOM method in Gaussian 09 program package. Full
geometry optimizations were carried out with the ONIOM
(M06L/6-31+G**: MNDO) method for all clusters by follo-
wing the DFT studies of Zhao & Truhlar et al. [6] and Panjan
et al. [7]. They found M06L method to be accurate for zeolite
based systems.

In the present work, the effects of three dimensional network
structures on bond length and bond angle were analyzed using
a 3D:ZSM-5 and a BASCC.

RESULTS AND DISCUSSION

The specific bond length and bond angles selected in the
3D:ZSM-5 and the BASCC are shown in Tables 1 and 2, respec-
tively. The most crucial bond present in the active site of the
optimized structure of 3D:ZSM-5 (Fig. 1a) was Al11-O12 and
the corresponding bond in the optimized structure of BASCC
(Fig. 1b) was Al2-O3. The bond length of Al11-O12 was 1.70
Å in 3D:ZSM-5 and it became enhanced to 1.93 Å in BASCC.
This significant increase in bond length was exclusively due
to the absence of three dimensional network structures. Another
significant similar change in bond length was also identified
in O10-Si19 (3D:ZSM-5) and the corresponding O3-Si5
(BASCC). The bond length of O10-Si19 was 1.62 Å and that
of O3-Si5 was 1.73 Å. These bond length related revelations
were further supported from the results of bond angle analysis.
There was a large increase in the AlOH bond angle in BASCC.
In case of the 3D:ZSM-5 cluster, the Al11O12H13 bond angle
was identified to be106.9° whereas the corresponding bond
angle in the BASCC was identified to be 122.8°. This signifi-
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Fig. 1. Optimized structure of (a) 3D:ZSM-5 and (b) BASCC

cant increase in the bond angle and bond length in BASCC
was again established to be exclusively due to the absence of
the effect of three dimensional network structure(s). Thus the
present study also indicates the necessity of analyzing the three
dimensional structures for these purposes than the conventional
simple cluster analysis as extensively reported. The optimized
geometry of the ZSM-5 and CO adsorbed ZSM-5 are included
in Figs. 1(a) and 2, respectively. The identification HOMO and
LUMO orbitals generally give good idea about the reactivity
and active site of the compounds [8]. The HOMO and LUMO
were identified in order to understand the active site present in
3D:ZSM-5. Initially the BASCC was selected and the HOMO
and LUMO orbitals were identified. In BASCC, the HOMO
was identified at – 0.2513 au and the LUMO at – 0.0504 au as

Fig. 2. Optimized geometry of ZSM-5 after CO adsorption

shown in Fig. 5(a) & (b), respectively. The LUMO was found
preferentially located at the Brønsted acid site. The active site
present in the 3D:ZSM-5 was established by analyzing the
HOMO and LUMO orbitals. The HOMO of the 3D:ZSM-5
was identified at -0.2596 au and the corresponding LUMO
was identified at -0.0425 au. Interestingly, the LUMO was
found preferentially located at the Brønsted acid site in the
3D:ZSM-5 with 163 atoms. These results again revealed that the
active centre is concentrated at the Brønsted acid site in 3D:
ZSM-5. The LUMO and HOMO orbitals present in 3D:ZSM-5
cluster are shown in Figs. 3 and 6, respectively. On completion
of the establishment of the effect of the three dimensional
structures and the nature of the catalytically active centres,
the studies on the effect of adsorption of CO became apparent.
Accordingly the shifting or relocation of the LUMO orbital
from the Brønsted acid site to CO was required to be established.
A study was carried out and the results are summarized in Figs.
3 and 4. The LUMO orbital was present at the Brønsted acid
site in 3D:ZSM-5, but it got relocated due to adsorption of
CO. Finally it got relocated on adsorbed CO. Accordingly the
HOMO and LUMO orbitals were identified at -0.2589 au and
-0.0838 au, respectively. The HOMO and LUMO orbitals of
the adsorbed CO are included in Figs. 6(B) and 4, respectively.

TABLE-1 
BOND LENGTHS AND BOND ANGLES OBTAINED FOR 3D:ZSM-5 CLUSTER FOR  

ANALYZING THE EFFECT OF THREE DIMENSIONAL NETWORK STRUCTURE ON ZSM-5 

Bond length (Å) Bond angle (°) 

Al11-O10 O12-Si14 O10-Si19 Al11-O10 O12-H13 Al11O12H13 Si14O12H13 Al11O12Si14 

1.7095 1.6964 1.6264 1.7095 0.9679 106.948 117.205 123.487 

 
TABLE-2 

BOND LENGTH AND BOND ANGLES IN BASCC 

Bond length (Å) Bond angle (°) 

Al2-O1 O1-Si10 O3-Si5 Al2-O3 O3-H4 Al2O3H4 Si5O3H4 Al2O3Si5 

1.7002 1.6247 1.7349 1.9325 0.9618 122.885 117.298 119.194 
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Fig. 3. LUMO orbital of ZSM-5 at the Brønsted acid site

Aihara [9] reported that the chemical reactivity could be
directly correlated with HOMO-LUMO band gap. Accordingly
we systematically analyzed the HOMO and LUMO orbitals
in 3D:ZSM-5. The HOMO-LUMO gap in the free CO molecule
was 7.58 eV but it was 4.76 eV in CO adsorbed ZSM-5. The
significant reduction in the HOMO-LUMO energy gap in the
CO adsorbed ZSM-5 revealed that the adsorbed CO molecule
was more reactive compared to free CO. Thus the active site
stated to be concentrated on the Brønsted acid site in 3D: ZSM-
5 was again supported from the HOMO-LUMO energy gap
analysis.

Conclusion

The proof of superior reactivity of the Brønsted acid site
in 3D:ZSM-5 zeolite due to the preferential occurrence of

(a) (b)

Fig. 6. HOMO orbital of (a) 3D:ZSM-5 and (b) CO adsorbed 3D:ZSM-5

Fig. 4. Shifting of HOMO orbital from Brønsted acid site to adsorbed CO

(a) (b)

Fig. 5. HOMO of BASCC (a) and LUMO orbital of BASCC (b)

LUMO orbital at the Brønsted acid site was first established
and the relocation of LUMO orbital from the Brønsted acid
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site to adsorbed carbon monoxide was accordingly verified.
The significant lowering of band gap of carbon monoxide (CO)
adsorbed on 3D:ZSM-5 compared to free CO revealed that
adsorbed CO (haemo-toxic, stable) would be more reactive.
Moreover, the effect of three dimensional structures on the
activity of ZSM-5 has also been established based on bond
length and bond angle computations. These revelations focus
on the requirement of tuning of ZSM-5, one of the most impor-
tant industrial catalysts, with concentrated Brønsted acid sites
along with extensive network structures as far as possible.
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