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Adsorption energy of ammonia (E,qs) on the Brgnsted acid
center of several zeolites was calculated by an embedded 8T
cluster calculation based on the density functional theory.
The Eng’s were in good agreement with the AU obtained by
an ammonia IRMS-TPD method.

Recently, we have proposed a method of infrared-mass
spectrometry/temperature-programmed  desorption (IRMS—
TPD) of ammonia for quantitative measurement of acidity of
zeolites.! An advantage of this method is “direct measurement”
of acidity of Si(OH)AI groups in zeolite framework. By this
method, we can measure the acid amount, the acid strength (heat
of ammonia adsorption, AH) and the location of Si(OH)Al
groups.? This knowledge would be useful for identification of
catalytically active center in the zeolite.

Density functional is one of the most flexible methodologies
for analyzing those subjects. Adsorption energy of several kinds
of base molecules on the acid center has been frequently calcu-
lated based on this theory.>* In the present study, we will show
the agreement between experimental and theoretical values of
heat of ammonia adsorption on Brgnsted acid sites on several
kinds of zeolites derived by ammonia IRMS-TPD and density
functional calculation, respectively.

Embedded 8T cluster calculations were carried out with a
Dmol® software developed by Accelrys Inc. The geometrical
parameters for initial structures of MFI, FER, MWW, MOR,
FAU, and BEA were obtained from the Material studio 4.0
library. Embedded 8T cluster models consisting of 8T (Si or
Al) sites were cut off from those structures and terminated by
H atom to keep the neutrality. The position of proton on zeolite
was selected according to previous investigations of quantum
chemical calculation or neutron diffraction. The Si(OH)AI
groups selected as typical acid center were shown in Table 1.
Selected acid centers of MFI are Al(11)-O(11)-Si(12) and
Al(7)-O(17)-Si(4); and those bridged OH groups locate in
straight and sinusoidal 10 MR (membered ring) channels, re-
spectively.’> Acid centers of FER selected are Al(4)-O(6)-
Si(4) and Al(3)-O(4)-Si(1). In the neutron diffraction,® T(4)—
0O(6)D-T(4) and T(3)-O(4)D-T(1) groups were identified, and
those OD groups were reported to locate in the 10 MR channel
and ferrierite-cage, respectively. Location of the Al atom was
decided also from the quantum chemical calculation.’ MWW
has three kinds of acidic OH groups in the supercage, sinusoidal
10 MR channel and hexagonal prism, and these sites have
been attributed to Al(4)-O(3)H-Si(1), Al(3)-O(11)H-Si(2),
and Al(2)-O(9)H-Si(5), respectively.” Out of 32 OH groups,

17 of them are located in the supercage and 12 MR.® Many of
the active centers locate in the large cavity; therefore, we select-
ed the Al(4)-O(3)H-Si(1) as typical active center. Acid centers
of MOR are selected from our previous study;' and Al(1)-
O(3)H-Si(2), Al(2)-O(2)H-Si(4), and Al(4)-O(2)H-Si(2) in
12 MR and AlI(3)-O(1)H-Si(1) in 8 MR are selected. Acid cen-
ters of BEA are Al(1)-O(4)H-Si(8) and Al(9)-O(12)H-Si(4)
which locate in the 6 MR and 12 MR, respectively.” T site of
FAU is only one kind; therefore, nonequivalent oxygen sites
are four kinds. Experimental identification of O(1-3)H groups
in FAU has been carried out, while O(4)H has not been detect-
ed.? In this study, we calculated the acidities of O(1-3)H groups
as active sites. As examples, cluster models of FAU/O(1)H
and MFI/Si(7)-O(17)H-Al(4) groups were shown in Figure 1.
Composition formulas of these clusters were AlSisz7O73H37 and
AlSignOg1 Ha3z, respectively. The Si/Al, molar ratio of all cluster
models was 18.5-23.5.

The structure of NH3, H-Zeolite (H-Z), and NH;—-H-Z were
optimized by generalized gradient approximation (GGA) level
using Becke-Lee—Yang—Parr (BLYP) exchange and correlation
functional. All calculations were performed using the double
numerical with polarization (DNP) basis set. The convergence
criteria (energy, force, and displacement) were set as 2 x 107>
Ha, 4 x 1073 Ha//c\, and 0.005 A, respectively. The adsorption
energy (E,s) was calculated by following equation: E,qs =
ENH4—Z — (EH—Z + ENH3)7 where ENH4—Z, EH—Z’ and ENH3 are total
energy of each structure. E,qs from this equation is calculated
as negative parameter.

Table 1 shows parameters of optimized structures of H-Z,
E.s of typical acid centers, and experimental parameters
obtained by ammonia IRMS-TPD measurements.">!? Details
of experimental method and TPD spectra of ammonia were
shown in the Supporting Information. E,gs depended on the
structural position of acid site, and those were in a range of 93
to 146 kJ/mol.

E.4s corresponds to AU, and this parameter is equal to
AH — RT,,, where AH is experimentally determined parameter,
and R and T,, are gas constant (8.314JK~!mol~!) and peak
maximum temperature of the TPD experiment, respectively.

For example, AU in the 12 MR of MOR was 140kJ/mol,
because AH was 145kJ/mol. Figure 2 shows the correlation
between the E,qs thus calculated and the AU experimentally
measured. It is extremely interesting that an agreement between
E.qs and AU was found in the various studied zeolites.

It should be aware that E,4s obtained by the quantum chemi-
cal calculation is influenced by a calculation method (size of
cluster model and/or functional). For example, we reported that
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Table 1. Adsorption energy of ammonia and geometry parameter for all calculated cluster models and experimental thermodynamics

parameters obtained by ammonia IRMS-TPD measurements

DFT Ammonia IRMS-TPD
Acid site/position Composition LSi(OH)Al  d(OH) Eads AH T, AU .
/deg /A /kI mol~! /kImol~! /K /kImol™! re
MFI Al(11)-O(11)-Si(12)/straight IOMR  AlSi3;053Hy7 137.4 0.984 129 } 137 563 132 12
Al(7)-O(17)-Si(4)/sinusoidal IOMR  AlSigOg; Ha3 136.6 0.981 146
FER Al(4)-0(6)-Si(4)/10MR AlSis3063Hs; 140.4 0.985 134 142 623 137 } 2
Al(3)-O(4)-Si(1)/ferrierite cage AlSizyOs1Hsg 143.7 0.983 145 141 583 136
MWW Al(4)-0(3)-Si(1)/super cage AlSiz; 061 H3y 134.4 0.979 133 140 583 135 12
MOR Al(1)-0(3)-Si(2)/12MR AlSisgO79Hs7 129.7 0.980 133
Al(2)-0(2)-Si(4)/12MR AlSiy;07,Hyg 135.2 0.978 146 } 145 603 140
Al(4)-0(2)-Si(2)/12MR AlSiy;07,Hgg 139.3 0.982 136 } 1
Al(3)-0(1)-Si(1)/8MR AlSiygO79Hs7 140.6 0.982 143 153 673 147
BEA Al(9)-0(12)-Si(4)/12MR AlSiy3067Ha3 130.6 0.979 133 } 129 533 125 12
Al(1)-O(4)-Si(8)/6MR AlSiyOg4Hz7 137.0 0.984 119
FAU Al(1)-O(1)-Si(1)/super cage AlSiy;078H37 130.4 0.976 100 108 443 104
Al(1)-0(2)-Si(1)/sodalite cage AlSis;078H37 139.0 0.981 110 119 523 115 2
g
Al(1)-0(3)-Si(1)/D6R AlSig;078Hs7 132.2 0.981 93 105 433 101

Figure 1. Embedded 8T clusters of (a) FAU/AI(1)-O(1)H-Si(1)
(AlSi47O73H37) and (b) MFI/A1(7)—O(17)H—SI(4) (AlSi4006| H43).
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Figure 2. Correlation between AU and E,gs.

E .45 of acid sites of 12 MR in MOR was 213-220kJ/mol (from
periodic calculation using LDA'), whereas these were reported
142.2-147.9kJ/mol (from periodic cluster calculation using
GGA!'%) and 119kJ/mol (from embedded cluster calculation'"),
respectively. Therefore, the embedded 8T cluster models using

GGA approximation is a good method to show accurate values
for ammonia adsorption energies on zeolite structures.

In conclusion, the E,q’s calculated by DFT were in good
agreement with AU of ammonia adsorption on acid sites in
various H-form zeolites. This agreement indicates that both
methods provide us the acid strength of the zeolite correctly.
Therefore, Brgnsted acidity, i.e., number, strength, and structure,
will be studied more profoundly by combining these advantages
of the experiment and the theory.

The relationship between the Brgnsted acidity and the
crystal structure will be discussed in a forthcoming study.
Advantage of the embedded 8T cluster method for the Brgnsted
acidity also will be studied furthermore.
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