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1. Introduction 

The acid zeolites constitute a very important class of shape-selective acidic catalysts used in 

petrochemistry, in production of fine chemicals and for general organic reactions at the 

laboratory scale.1-4 Their acidic properties are due to presence of the Brønsted acid groups, Si-

O(H)-Al, where a hydroxyl bridges a Si and an Al atom of the zeolite framework.  The 

Brønsted acid strength of accessible bridging Si-O(H)-Al groups is thus the main factor 

determining the acidity of the zeolite, i.e. its catalytic performance. A number of experimental  

methods such as infrared spectroscopy, solid-state nuclear magnetic resonance, temperature 

programmed desorption and microcalorimetry were used to obtain information on the relative 

acidity of the zeolites in their unloaded protonic form.5 The  relative acid strength of solid 

Bronsted acids was also studied indirectly via the measurment of their interaction with a weak 

adsorbed base,6-9 i.e. the probe molecules like carbon monoxide, acetonitril or nitrogen.  

One of the major advantages of the zeolites is the possibility to tailor their catalytic 

activity through: i) a control of the parameters of the sythesis, e.g. temperature, pressure and 

the amount of the aluminium (Si/Al ratio), and ii) various postsythesis treatments. There are 

several experimental studies of the unloaded acid zeolites showing that zeolites with low 

aluminium content (high Si/Al ratio) show a lower value of OH stretching frequency of the 

hydroxyl of the Brønsted acid groups, νOH, than those with high aluminium content (the low 

Si/Al).10-13  It is a common approach to take the value of the νOH as the indicator of the acid 

strength of the unloaded acid zeolite. 

The present theoretical study adopting the periodic DFT approach aims to investigate 

the properties of the particular acid zeolite – the protonic ferrierite (H-FER). The H-FER was 

characterized in terms of (i) the location and stability of the Brønsted acid groups present in 

the H-FER, and (ii) the adsorption enthalpies of the hydrogen-bonded complexes of the probe 

molecules (carbon monoxide and nitrogen) with Brønsted acid groups. Besides the H-FER 

characterization, the effect of the amount of aluminum atoms (Si/Al ratios of 71:1, 35:1 and 

8:1) on the H-FER properties, i.e. (i) the stability of the Brønsted acid groups and (ii) the OH 

stretching frequency νOH of the Brønsted acid group hydroxyl, was studied.  

 This theoretical investigation was accompanied by experimental study (variable 

temperature IR) of the same material carried out by Prof. C. O. Areán at the Universidad de 

las Islas Baleares, Palma de Mallorca, Spain. Computational results are discussed along these 

experimental data.  
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2. Models and Methods 

2.1 Zeolite models 

The feature that is common to zeolite is that they all have a 3-dimensional, 4-connected 

framework structure constructed from corner-sharing TO4 tetrahedra, where T is any 

tetrahedrally coordinated cation (e.g. Si4+, Al3+). This framework structure is relatively open 

and characterized by the presence of channels and cavities. The description of the zeolite 

structure is based on the description of the framework type.14 The framework type describes 

the connectivity of the tetrahedrally coordinated atoms of the framework in the highest 

possible symmetry while the framework composition and the actual unit cell dimensions are 

not considered. The specification of the framework type is usually in terms of the size of the 

pore openings, the dimensionanlity of the channel system and presence of various polyhedral 

building units or structural features (chains, sheets, cages, channels) often common for several 

zeolite framework types.  

 Pore openings are characterized by the size of the ring that formes the pore, designated 

as n-ring, where n is the number of T-atoms in the ring. The characterisic pore openings are 

ranging from the 8-ring to the 12-ring with the pore widths in the range 4.1-7.4 Å. The 

polyhedral building units (see Figure 1) are described in terms of the n-rings defining their 

faces lm
l

mm nnn ...21
21 ,where m denotes the number of the n-rings, and also by three letter code 

(e.g., fer, 5661) or possibly by commonly used trivial names such as β-cage (sod, 4668) or 

pentasil unit (mfi, 58). 

 
Fig. 1 The examples of polyhedral building units found in zeolite framework types. Figures taken from Ref.14. 

 

2.1.1 Ferrierite framework type - FER 

 The framework structure of FER-type consists of two-dimensional  systems of 

interpenetrating 10-ring channels along [0 0 1] direction and 8-ring channels along [0 1 0] 

fer mfi sod lta  
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direction (see Figure 2). A spherical cavity (82626458) with a size of 6–7 Å called FER-cage is 

formed between two adjacent 10-ring channels inside the 8-ring channel. The FER-type can 

be descibed in terms of polyhedral building unit denoted as fer whose surface is defined by 

six 5-rings and one 6-ring 5661(see Figure 1). The crystal structure of ferrierite was 

determined by Vaughan15 in Immm space group (representing the highest possible topological 

symmetry) having orthorhombic unit cell (T36O72) with four tetrahedral sites (T1:T2:T3:T4 = 

1:2:2:4) and eight framework oxygen atoms that are symmetrically independent. The 

numbering scheme for T-positions and for framework oxygen atoms introduced by Vaughan15 

is used throughout the present work.  

 

 
Fig. 2 The framework structure of FER-type zeolites viewed along the (a) [001] direction and (b) [010] direction. 
Figure taken from Ref.14  
 

2.2 Periodic density-functional calculations of solids 

2.2.1 Density functional theory (DFT)  

While the standars wave fucntion methods as HF, MPn or CI are based on  many-electron 

wave function depending on 4N variables (three spatial and one spin variable for each of the 

N electrons) the DFT replaces the many-electron wave function with the electronic density ρ 

which is a function of only three variables: 

  NN xdxddsxxxNr
rrrrrr

...),...,,()( 21

2

21∫ ∫ Ψ⋅⋅⋅=ρ  (1) 

where N is the number of electrons and Ψ is N electron wave function. The possibility of 

replacing the many-electron wave function with the electronic density is justified by two 

Hohenberg-Kohn theorems.16, 17 The first one proves that the ground-state electron properties 

(wave function, energy, etc.) are uniquely determined by the electron density and the second 

a b 
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one shows that the density obeys the variational principle. The energy functional of the 

system is as follows (within the Born-Oppenheimer approximation): 

  )]([)]([)]([)]([)]([)]([ rVrTrVrVrTrE eeeeneni

rrrrrr ρρρρρρ ∆+∆+++=  (2) 

where the energy funtionals on the right hand side refer, respectively, to the kinetic energy of 

the non-interacting electrons, the nuclear-electron interaction, the classical electron-electron 

repulsion, the correction to the kinetic energy deriving from the interacting nature of the 

electrons, and all the non-classical corrections to the electron-electron repulsion energy - 

exchange and correlation interaction along with the correction for the classical self-

interaction. While the exact forms of the first three terms are known that is not the case for the 

last two terms, also referred as exchange correlation functional )]([ rExc

rρ : 

  rdrrrE xcxc

rrrr

∫= )]([)()]([ ρερρ  (3) 

where εxc is the energy density per particle density. Finding the correct form of the exchange 

correlation functional represents a major problem of the DFT approach. Few approximation 

for finding the form of exchange correlation functional have been adopted. The most widely 

used is the Local density approximation (LDA), where the functional depends only on the 

energy density at the coordinate where the functional is evaluated. 

Another way to improve the exchange correlation functional is to make it dependent 

not only on the local value of the  energy density but on the gradient of the energy density at 

the coordinate where the functional is evaluated – generalized gradient approximation (GGA). 

The GGA exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE)18, 19 was one of 

the DFT functionals chosen for this study as it is widely used in solid state calculations. 

The second functional used is the hybrid exchange correlation functional B3LYP20 

based on the adiabatic connection method (ACM) in which the exchange part of the 

functional is a combination of the Becke's (B) exchange GGA functional21 and the exact 

exchange energy from Hartree-Fock theory while the Lee-Yang-Parr (LYP)22 correlation 

GGA functional is used for the correlation part. The form of the B3LYP hybrid functional is 

defined by three parameters, specifying how much of the exact exchange is mixed in. The 

B3LYP has proven the most popular functional to date thanks to its remarkably good 

performance across wide variety of applications in chemistry.  

Although the results obtained with these functionals are usually sufficiently accurate 

for most applications, it is well known that there is no systematical way in DFT to improve its 

results as in the conventional ab initio theory. Hence, it is not possible to estimate the error of 

the DFT calculations without comparing them to other more accurate methods or experiment. 
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The comparison with more accurate methods or experiment also enable us to choose the 

optimal functional for a particular case of application. On the other hand the DFT is due to its 

computational simplicity (it scales no worse than N3) used for the computation on the large 

systems. 

 

2.2.2 Periodic solid state calculations 

The solids are constitued of a huge number of atoms and electrons (of the order of 

Avogadro’s number) what prohibits direct theoretical investigation. However, the crystalline 

solids can be characterized by a small number of atoms (a basis) that defines a region that just 

fills space without any overlapping when replicated periodically along the integer multiples of 

three vectors a1, a2 and a3 that do not lie in the same plane. The region is called the unit cell 

and is replicated along the unit vectors. The properties of all the electrons in a periodic infinite 

system can be then connected with those of the electrons of the unit cell via the Bloch’s 

theorem.23 It states that the wave function of an electron in an external periodic potential U(r ) 

= U(r  + ai) can be written as the product of a function with the same periodicity of the 

potential, uk(r ) = uk(r + ai), and a purely imaginary phase factor arising from the translational 

symmetry, i.e. 

  )(ueψ i rk
k.r

k =  (4) 

where k is a wave vector. The wave function displaced by the unit vector from location r  is 

then related to the wave function at r , 

  )(ψe)(ψ i rar k
k.a

ik
i=+  (5) 

which means that the probability density │ψk(r )│2 has the periodicity as the unit cell. This 

indicates that it is not necessary to know the wave functions everywhere in the space. It is 

sufficient to determine them in the unit cell as the wave functions in the neighboring cells are 

exactly the same except the phase factor eik.a.  

 

2.2.3 Plane wave basis sets 

The Bloch theorem can be further used in writing down the general form of the electronic 

wave function in a periodic potential utilizing the fact that a periodic function can be 

represented by a Fourier series: 

  ∑
∞

=

⋅

Ω
=

0

i
i

)e(C
e

ψ
G

rG
k

k.r

k G  (6) 
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where Ω is the unit cell volume, Ck(G) are the Fourier coefficients and sum over G represents 

sum over all the reciprocal lattice vectors G = n1b1 + n2b2 +n3b3, ni is integer. (The reciprocal 

lattice vectors are the smallest independent vectors k such that eik.a = 1, and by looking at (2) 

it can be seen that for such vectors k the wave function is in phase in all the periodic replicas 

of the unit cell). This naturally leads to the definition of the basis set of the plane waves (PW), 

  rGkk
G r ⋅+

Ω
= )i(e

1
)(φ  (7) 

As the Fourier coefficients Ck(G) of the PW expansion of the wave function decrease with the 

increasing │k+G│, the expansion can be effectively truncated at a finite number of terms by 

specifying the upper limit (cut-off) for the plane wave kinetic energy, Ecut , 

  cut

2
2

E
2m

<+ Gk
h

 (8) 

The Ecut along with the volume of the simulation cell determine then the number of plane 

waves in the basis set, NPW, 

  3/2
cut2

PW E
π3
4

N Ω≈  (9) 

It is important to note that by increasing the kinetic energy cut-off value the quality of a 

planewave basis set can be systematically improved. Another important property of the PW 

basis functions is the fact that they are equally distributed in space and fully delocalised, 

giving rise to two important consequences which are the absence of the basis set superposition 

error and the representation of nuclear gradients by Hellmann–Feynman forces only. 

Associating the reciprocal and real space grids, fast Fourier techniques can be used for an 

efficient calculation of, e. g., kinetic, Coulomb and exchange–correlation energies and 

potentials. However, there are also drawbacks connected to plane wave basis sets: i) in order 

to simulate the low dimensionality systems (molecules, surfaces) a large computational effort 

is used to represent the vacuum filling the simulation cell which is of small relevance, see 

equation (9), ii) the study of the charged systems is prohibited within a standard PW approach 

unless some kind of compensation background charge is added, iii) the computationally very 

inefficient calculation  of the exact exchange, and iv) the need of very high energy cutoffs to 

represent correctly the rapid oscillation of the wave functions close to the atomic nuclei. 
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2.2.4 Beyond PW – Projected augmented waves (PAW) 

The solution of the Schrödinger equation in the presence of a constant external potential 

(corresponding to the intersticial  region of the solid) can be effectively expressed in terms of 

plane waves. This is not the case for the regions close to the nuclei where the electronic wave 

functions are rapidly varying.  

One way of solving this problem is the use of pseudopotentials. The pseudopotential is 

an effective potential replacing the atomic all-electron potential such that it produce nodeless 

pseudowavefunctions ψps which match the all-electron wavefunction ψae outside a chosen 

atomic core radius rc (see Figure 3). Inside this core region the pseudowavefunctions should 

be as smooth as possible to allow for a low PW basis set cut-off. The core electrons together 

with the nuclei are considered as a rigid non-polarizable ion core. The pseudopotentials only 

have to be calculated and tabulated once for each atom what significantly reduces 

computational costs. However this reduction is based on the assumption of the transferability 

of the pseudopotential which is often questionable. Another drawback of the method is that all 

information on the full wave function close to the nuclei is lost. This can influence the 

calculations of certain properties, such as hyperfine parameters and electric field gradients.  

 

 
Fig. 3 The comparison of the pseudized and true all-electron wavefunctions and potentials as the function of the 
separation r from the nucleus. Note the matching of the wavefucntions and potentials above certain radius rc. 
Figure taken from Ref. 24 
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A different approach is the augmented-plane-wave method (APW),25, 26 in which space 

is divided into atom-centered augmentation spheres inside which the wave functions are taken 

as some atom-like partial waves, and a bonding region outside the spheres, where the 

envelope functions, i.e. the plane waves, are defined. The partial waves and envelope 

functions are then matched at the boundaries of the spheres. The APW method basis functions 

are 

  








 <

=
⋅+

∑

otherwise,e
Ω
1

,Rfor,)(ε)Y,(χ ε),(A

)(φ
)i(

I
ASlm

I
l

Ilm

I,
lm

rGk

III
k

k
G

rrrG

r  (10) 

where I
ASR  is the augmentation sphere radius, Ylm(r I) are spherical harmonic functions, 

ε)(r,χ I
l  are the regular solutions of the radial Schrödinger equation for energy ε and I,

lmA k are 

the expansion coefficients determined from the matching and normalization conditions. 

 Half-way between the APW and pseudopotential PW methods lies the projected 

augmented wave (PAW) method introduced by Blöchl. Compared to pseudopotentials the 

PAW method retains the all-electron character but at the same time all variational calculations 

are performed on the smooth ps
nψ  represented in plane-wave expansions. The conversion 

between the nodeless pseudowavefunctions and the corresponding all-electron wave functions 

having correct nodal form is achieved through the use of a set of three types of functions 

defined for each atom a: the all-electron basis functions aae,
iφ , the pseudo basis functions 

aps,
iφ and the projector functions aip . The all-electron and pseudo basis functions are chosen 

such that  

  a
c

aps,
i

aae,
i rrfor)(φ)(φ ≥= rr  (11) 

where a
cr  is the radius of sphere about the atomic site a. The projector functions vanish for 

a
crr >  and satisfy the complementary orthogonality property: 

  ijδ=)(φp aps,
j

a
i r  (12) 

In terms of these functions, the true all-electron wave function ae
nψ  can be calculated from the 

smooth wave function ps
nψ  using the relation 

  [ ] ps
n

a
i

ia,

aaps,
j

aaae,
j

ps
n

ae
n ψp)(φ-)-(φ)(ψ)(ψ ∑ −+= RrRrrr  (13) 

where Ra denotes the atomic position within a unit cell (see Figure 4 for clarification of the 

concept). 
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 Following the above expression for the wave function (9) the electronic density can be 

partitioned accordingly 

  )(n)(n)(n)(n aps,aae,psae rrrr −+=  (14) 

where the first term nps corresponds to pseudodensity represented by PW expansion 

throughout the unit cell. The terms nps,a and nae,a cancel each other outside the atomic sphere 

while inside the atomic sphere they correct the pseudodensity which leads to an appropriate 

nodal behaviour of the all-electron density nae. Similar partitioning are obtained for the energy 

and the potential. 

 

Fig. 4  The construction of the true all-electron PAW wavefunction Ψ  from the pseudizes wavefunctionΨ~ , 

all-electron 1Ψ  and pseudized 1~Ψ basis functions. 

 
 

It is important to realize that in order to perform PAW calculation a number of atomic 

data is needed, e.g. the all-electron basis functions aae,
iφ , the pseudo basis functions aps,

iφ and 

the projector functions a
ip . These quantities are then frozen during the calculation. Thus the 
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major approximations employed are the frozen core approximation and the truncation of the 

both PW (pseudo basis set) and atom-like partial wave (all-electron basis set) expansions.  

 In summary, the PAW is one of the most powerful approaches at present as it 

combines the efficiency of the pseudopotential PW methods, i.e. small kinetic energy cut-off 

needed to obtain converged results, with the accuracy provided by augmentation, i.e. the true 

all-electron densities and wavefunctions curing the transferability problem of 

pseudopotentials.27  

 

2.3 The Numerov method  

The Numerov method28, 29 is a numerical method for solution of the one-particle, one-

dimensional Schrödinger equation 

  ψψψ
EV

dx

d

m
=+−

2

22

2

h
 (15) 

that allows to obtain accurate bound-state eigenvalues and eigenfunctions for an arbitrary 

V(x).  It is a fourth-order linear multistep method. Linear multistep methods are methods used 

in mathematics for the numerical solution of ordinary differential equations. While one-step 

methods (Euler's method, Runge–Kutta methods) refer only to one previous value to 

determine the current value the multistep methods refer to several previous function values in 

an effort to achieve greater accuracy.   

 Let the wave function ψ(x) be represented on the grid of the points of the x axis 

separeted by s (see Figure 5). The points xn - s, xn and xn + s are then the endpoints of adjacent 

intervals. The Taylor series are used to expand ψ(x) around xn,  

 

⋅⋅⋅+++′′′+′′+′+=+ 5)v(4)iv(32 )(
120

1
)(

24

1
)(

6

1
)(

2

1
)()()( sxsxsxsxsxxsx nnnnnnn ψψψψψψψ  (16) 

 

⋅⋅⋅+−+′′′−′′+′−=− 5)v(4)iv(32 )(
120

1
)(

24

1
)(

6

1
)(

2

1
)()()( sxsxsxsxsxxsx nnnnnnn ψψψψψψψ  (17) 
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Fig. 5 The representation of the potential on the one-dimensional grid. 
 

Combination of equations (16) and (17) gives 

  4(iv)2 )(
12

1
)()(2)()( sxsxxsxsx nnnnn ψψψψψ +′′++−−≈+  (18) 

where the terms in s6 and higher powers of s were neglected. The following relabeling is 

adopted from this point onwards 

  11 )(,)(,)( +− ≡+≡≡− nnnnnn sxxsx ψψψψψψ  (19) 

In order to use equation (18) the expressions for ψ ′′  and )iv(ψ have to be obtained. The ψ ′′ is 

derived directly from equation (15), 

  ψψ ))(2(2 ExVm −=′′ −
h  (20)  

  ))(2(, 2 ExVmGwhereG −==′′ −
hψψ  (21)  

while the )iv(ψ is retrieved by replacing the ψ  by ψ ′′ in equation (18), multiplying by s2 

  6)v(4(iv)22
1

2
1 12

1
2 sssss nnnnn

iψψψψψ ++′′+′′−≈′′ −+  (22) 

Neglecting the s6 term and substituting (20) into (22) the final expression for )iv(ψ is obtained 

   22
11

2
11

4(iv) 2 sGsGsGs nnnnnnn ψψψψ ′′+′′+′′≈ −−++  (23) 

Inserting the (21) and (23) to (18) and solving for  1+nψ  the final recurrence relation results 

xmax s 
x1 x0 

V 

Eguess 

classically     allowed 

classically forbidden classically forbidden 
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2
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2
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1

12

1
1

12

1

6

5
2

sG

sGsG

n

nnnnnn

n

+

−−−

+

−

++−
≈

ψψψψ
ψ  (24) 

The relation (24) is then used in solution of Schrödinger equation which follows accordingly: 

i) a guess of the energy eigenvalue is made Eguess, ii) two points well in classically forbidden 

region into the left, x0, and into the right, xmax, are picked; the values of ψ at these points are 

approximated as zero, iii) a small value s is picked for the interval between succesive points 

xn, xn+1 and the ψ at x0+s is taken as small number; the )( 0 sx +ψ value does not effect the 

energy eigenvalue, iv) having the Eguess, )( 0xψ ,  )( 0 sx +ψ and V(x) the recurrence relation 

(21) is used to obtain the )2( 0 sx +ψ ; using the (24) the values of ψ on the chosen grid are 

found.  If )( maxxψ is not found to be close to zero, the Eguess is far from the correct eigenvalue. 

The above mentioned procedure is repeated until for the chosen Eguess the )( maxxψ is close to 

zero. The Eguess is then essentially equal to the sought for energy eigenvalue. The search for 

the correct Eguess can be facilitated by the information on the number of the nodes in the ψ and 

by the introduction of the dimensionless variables.  

 

2.4 Determination of the standard adsorption enthalpy and entropy  

2.4.1 Langmuir-type adsorption 

Let the adsorption takes place through a following mechanism: 

  ASSA ↔+  (25)  

where A is a gas molecule and S is an adsorption site. In the adsorption equlibrium the rate of 

the adsorption, vA, equals the rate of desorption, vD, 

  )1( θ−= AAA pkv  (26)  

  θDD kv =  (27)  

where θ is a surface coverage (the fraction of adsorption sites occupied), pA is the partial 

pressure of the gas molecule and kA with kD denote the rate constants. Equating the relations 

(26) and (27) and solving for θ one obtains the equation of Langmuir isotherm, 

  
A

A

pTK

pTK

)(1

)(

+
=θ  (28)  
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the K(T) is the equlibrium adsorption constant, K = kA/kD. The Langmuir isotherm relates the 

surface coverage or adsorption of molecules on a solid surface to gas pressure of a gas above 

the solid surface at a fixed temperature. 

 

2.4.2 Van’t Hoff equation 

The van’t Hoff equation relates the change in temperature T to the change in the equilibrium 

constant K giving the standard enthalpy change for the process ∆H0, 

  
2

0ln

RT

H

dT

Kd ∆=  (29)  

where R is a gas constant. Assuming that the reaction enthalpy is temperature independent 

and integrating the equation (29) between temperatures T1 and T2 one obtains 

  







−∆−=
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0

1

2 11
ln

TTR

H

K

K
 (30)  

Since 000 STHG ∆−∆=∆  and KRTG ln0 −=∆  it follows that 

  
T

S

RT

H
K

00

ln
∆+∆−=  (31)  

Combination of the equations (28) and (31) leads to (32) 
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For a given temperature the surface coverage θ should be proportional to the integrated 

intensity of the IR adsorption band, I, from either the adsorbing site or the adsorbed molecule. 

Thus the equation (32) can be rewritten as follows  
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where IM is the IR intensity corresponding to θ = 1. A plot of the ( )pIII M ]/[ln −  versus the 

reciprocal temperature, i.e. the experimentally directly accessible quantities, provides acces to 

the values of adsorption enthalpy 0H∆  and 0S∆  enthropy. 
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3. Results 

3.1 Computational details 

3.1.1 H-FER 

The structure of FER is depicted in Fig. 6 along with various highlighted structural motives, 

i.e. the channels (main, perpendicular), cages (FER cage) and rings (M5, P6, 8R, M7). 

Adopted numbering scheme for tetrahedral sites and oxygen atoms (with the emphasis on the 

M7 and 8R environment) is also given therein for convenience. More details about the FER 

structure can be found, e.g., in ref. 47. 

Three different models of H-FER were considered corresponding to the Si:Al ratios 

71:1, 35:1 and 8:1, denoted as FER(71), FER(35) and FER(8), respectively. The models were 

formed from the pure silica FER by the substitution of 1, 2 and 8 Si atoms by a corresponding 

number of Al atoms (and charge compensating H+). For both H-FER(71) and H-FER(35) 

models the periodic DFT calculations were performed with a double unit cell (UC) extended 

along the c direction (a=19.147, b=14.304 and c=15.153 Å; the UC parameters optimized 

previously30). In case of H-FER(8) model a double unit cell volume was obtained from a 

Birch-Murnaghan fit31, 32 to the E(V) curve obtained from the single-point energy calculations 

at different volumes, while fixing the cell shape and fractional coordinates (a = 19.1460, b = 

14.3747 and c = 15.1816 Å, and V = 4178.26 Å3). The volume obtained with this procedure is 

considered to agree very well with the true equilibrium volume.33
 The volume optimization 

was performed for the most stable distribution of 8 framework Al atoms and 8 Brønsted acidic 

protons which was obtained by the following procedure: (i) Eight Al atoms were randomly 

distributed within the H-FER double UC respecting the Löwenstein rule and assuming the 

statistical distribution of Al within individual T sites (1:2:2:3 ratio for the occupancy of T1, 

T2, T3, and T4 sites). (ii) Each AlO4 tetrahedron was charge-compensated by Brønsted acidic 

proton, respecting the energetic preferences of isolated BA sites found for H-FER(71) sample 

(see Section 3.2) model with the exception of one BA site in the vicinity of Al atom on T4 

where the energetic preferences were not respected as the consequence of the close H+ contact  

(O(6) was replaced by O(8)). Thus, O(1):O(2):O(3):O(4):O(5):O(6):O(7):O(8) occupation of 

the Brønsted acid sites was 0:0:1:0:0:2:2:3, respectively (H-FER(8)B sample, see Section 

3.5). (iii) Since the most stable Brønsted sites in the vicinity of isolated framework AlO4 

tetrahedron may not represent the energetically most favourable distribution of H+ cations for 
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given distribution of Al atoms, the distribution of H+ cations was further refined. 

Theoretically there are 48 (65536) distinguishable H+ configurations, too much to be explicitly 

treated. Therefore, the energetically stable H+ configuration was determined iteratively: taking 

individual AlO4 tetrahedra one by one, energies of four possible Brønsted sites in its vicinity 

were calculated (constant volume lattice energy minimization) and H+ was placed to 

energetically the most stable position. This procedure was repeated until self-consistency was 

reached (until no change in H+ position was found for 8 subsequent iterations). Due to the 

large number of calculations required, the most stable H+ distribution was determined at the 

inter-atomic potential functions (IPF) level, employing the core-shell model potential 

parameterized at the DFT level by Sierka and Sauer;34 the calculations were performed with 

the GULP code.35 The resulting H+ distribution has the BA site populations 0:1:1:1:0:2:2:1 for 

H+ on O(1):O(2):O(3):O(4):O(5):O(6):O(7):O(8) atoms, respectively (H-FER(8)C sample, see 

Section 3.5). The new H+ configuration is 19 kJ mol-1 more stable than the initial H+ 

configuration (described in item (ii) above) at the periodic DFT level.  

 

 

Fig. 6 (a) FER structure showing the T-site numbering. The 8-membered ring on the intersection of the main and 
perpendicular channel (8R), as well as the 5-member ring on the wall of the main channel (M5) and 6-membered 
ring in the cage (P6), are depicted in tube mode. (b) Location of the 8-member ring (8R) and M7 ring (formed 
from two 5-member rings bridged by additional TO4 tetrahedron) in the FER structure. The structural fragment 
shows the numbering scheme of T-sites and oxygen atoms in 8R and M7 environment. Framework Si and O 
atoms are coloured in grey and red, respectively.  
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3.1.2 Computational methods 
 
The calculations were performed using a periodic DFT model implemented in the VASP 

program36, 37 employing the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional,18, 19 the projector augmented wave approximation (PAW) of Blöchl38, 39 and the 

plane wave basis set with a kinetic energy cut-off of 400 eV, with the Brillouin-zone sampling 

restricted to the Γ-point. Zero-point energies (ZPE) of CO and N2 adsorption complexes in 

H-FER and of bare Brønsted protonic sites were calculated within the harmonic 

approximation considering 12 and 6 degrees of freedom, respectively; i.e., taking into 

account only degrees of freedom belonging to the adsorbed molecule and the Brønsted 

acid OH group. Second derivatives were calculated numerically using two displacement 

steps in each direction with a step size of 0.005 Å. The sum of the electronic interaction 

energy, ∆Eel, and ZPE gives the internal energy change at 0 K; it is equal to the standard 

adsorption enthalpy ∆H0(0). Thermal corrections were calculated using the expression for 

ideal gas: 

  ∆H0(T) = ∆Eel + ∆ZPVE – (7/2)RT (34) 

The ω/r correlation method described in Section 3.1.4. is used for the calculations of the 

the O–H stretching frequencies of Brønsted OH groups (νOH). The method requires the 

calculations with small cluster models at both coupled clusters level, CCSD(T), and DFT 

level, employing PBE, RPBE,40 and B3LYP20, 22 exchange-correlation functionals. The 

valence-quadruple-ς quality basis set augmented with polarization functions (VQZP)41 

was used.  Some geometry optimizations were performed with valence-triple-ς basis set 

with polarization functions (VTZP).41  

Table 1 Parameters of the ν/r (ω/r) correlations defined by Equations (35) and (36). 

System Level of theorya ab b 

 Frequency Geometry   

C–Oc CCSD(T) PBE -8582.336 11975.4 

N–Nc CCSD(T) PBE -9400.100 12858.4 

O–Hd CCSD(T) CCSD(T) -14958.122 18080.4 

 CCSD(T) PBE -13165.306 16522.1 

 PBE (ωOH)e PBE -14350.314 17707.3 
a Level of theory used for the frequency calculations and geometry optimization. CCSD(T) calculations were performed 
with VQZP basis set while PBE calculations were performed within the periodic model using energy cut off of 400 eV. 
b In Å-1. c Defined by equation (35). d Defined by equation (36). e Correlation used for harmonic OH frequencies. 
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3.1.3 Calculation of CO and N2 vibrational frequencies 
  

The stretching frequencies of CO adsorbed on extra-framework metal cations (Cu+, Li+, Na+, 

and K+) in zeolites (FER and ZSM-5) have been reliably calculated using the ω/r correlation 

method.30, 42-45 In this contribution we explore the possibility of extending the ω/r correlation 

method for the description of the vibrational dynamics of CO adsorbed on Brønsted acid sites 

in H-FER, as well as the application of this method to N2 vibrational dynamics. Within the 

concept of ω/r correlation method, the C–O stretching frequency, νCO, is expressed as a 

function of CO bond length rCO: 

  νCO[CCSD(T)] = a · rCO[DFT] + b + ∆ν (35) 

where anharmonicity, ∆ν = ν – ω, a and b where obtained from CCSD(T) and DFT 

calculations on the set of testing molecules. This set consisted of H3O
+CO, H5O2

+CO (both 

restricted to C2v symmetry) and FH·CO (C∞v symmetry). The harmonic C–O stretching 

frequencies were calculated by numerical integration on a two-dimensional (considering C–O 

and H–C distances) 5x5 grid of points. The constant anharmonicity (-29 cm-1) calculated 

previously46 for free CO was assumed. A corresponding set of testing molecules was used for 

obtaining a and b parameters for the N–N stretching frequency. The anharmonicity ∆ν = -28 

cm-1 calculated at the CCSD(T)/VQZP level was used in all calculations on N2 complexes. 

Resulting parameters are summarized in Table 1.  

 Validity of Eqn. (35) was verified by calculations on the H3Si-O(H)-AlH3 model 

system (denoted 2-T cluster model) that is the simplest model of Brønsted acid site in zeolites. 

The geometries of 2-T·CO and 2-T·N2 complexes were optimized at the PBE/VQZP level 

subjected to Cs symmetry constraints, and O-H···C-O (O-H···N-N) structures were constrained 

to be linear. The rCO, rOH, and rHC (rHN) distances and Al-O-H angle were re-optimized at the 

CCSD(T)/VQZP level and subsequently CO (N2) frequencies were calculated numerically on 

the 5x5 grid of points. Calculated CCSD(T)/VQZP fundamental frequencies (2170 and 2339  

cm-1 for CO and N2, respectively) were within 1 cm-1 of those obtained from equation (35). 

Therefore, the ∆ω correction term used previously in studies of CO on metal-exchanged 

zeolites43, 44, 47 was set to zero. 
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3.1.4 Calculation of OH stretching frequencies 
 
In order to compare calculated and experimental O–H stretching frequencies of the Brønsted 

acid sites the anharmonicity must be taken into account. Following the strategy of Ref.48 the 

O-H stretch can be considered as uncoupled from other vibrational degrees of freedom. Very 

small coupling between OH stretching and SiOH bending modes (2 cm-1) was reported.49 A 

good correlation between rOH bond length and O–H stretching frequency was pointed out 

previously.50 However, it is now well recognized that OH stretching frequencies calculated at 

the DFT or MP2 level are typically overestimated and they need to be scaled.51 

Precise calculations of O–H stretching frequencies are extremely demanding on the 

accuracy of the method used for the description of the inter-atomic potential; even the 

CCSD(T) potential obtained at the complete basis set limit (CBS) often gives frequencies 

substantially deviating from those experimentally determined. For instance, for the OH group 

in gas phase HNO3 the experimentally determined ωOH and νOH frequency values are 3708 

and 3552 cm-1, respectively.52 Reported coupled-clusters type calculations, QCISD(T), 

employing the 6-311++G(2d,2p) basis set give an ωOH value which is 100 cm-1 

overestimated.53 We have calculated ωOH and νOH at the CCSD(T)/CBS level, and obtained 

the values 3765 and 3589 cm-1, respectively; still about 50 cm-1 overestimated.  

It is, therefore, quite understandable that the stretching frequencies of Brønsted acid 

OH groups in zeolites were often calculated simply by rescaling harmonic frequencies 

obtained at the DFT level to match the experimental results. While such strategy works well 

for free Brønsted OH groups,50 an unrealistically large shift in OH stretching frequency upon 

the interaction with the CO molecule (almost twice as large as observed experimentally) was 

recently reported for H-MOR zeolite using PW91 or PBE exchange-correlation functionals; it 

has been concluded that the RPBE functional provided more reliable results.54  

To investigate the performance of various DFT functionals, the O–H stretching 

frequencies were calculated for 2-T and 2-T·CO cluster models (having Al-O-Si angle 131.5 

and 132º, optimized for 2-T and 2-T·CO clusters, respectively) using PBE, RPBE, and 

B3LYP functionals (Table 2). Anharmonic O–H stretching frequencies were obtained from 

numerical solution of the one-dimensional Schrödinger equation using the Numerov-Cooley 

method (see Section 2.3) on a grid of 12 points in the range of -0.22 to +0.5 Å from 

equilibrium rOH. The O–H frequency for the free Brønsted acid OH groups calculated at the 

B3LYP level is only 25 cm-1 below the CCSD(T) value, while at the PBE and RPBE levels 

this frequency is abut 100 cm-1 underestimated. The performance of DFT is rather good 
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considering the fact that the stretching frequency of free OH is likely to be overestimated at 

the CCSD(T) level (see above). Also anharmonicity, ∆ν, calculated at the DFT level (-173, -

179, and -172 cm-1 using PBE, RPBE, and B3LYP functionals, respectively) are in reasonable 

agreement with the CCSD(T) value of -159 cm-1.  

Comparison of DFT and CCSD(T) frequencies is much less favourable when CO is 

bonded to a Brønsted OH group (2-T·CO cluster model); ωOH is 303, 281, and 126 cm-1 

underestimated using PBE, RPBE, and B3LYP functionals, respectively, compared to the 

CCSD(T) value of 3679 cm-1. As a result, the shift in OH stretching frequency due to the 

formation of the H-bonded complex with CO, ∆ωOH, is about twice as large at the DFT level 

as it is at the CCSD(T) level (Table 2) when GGA type functionals are used; B3LYP 

functional performs slightly better. This large ∆ωOH is partially due to the fact that DFT 

overestimates the interaction between CO and the Brønsted acid OH group (represented by a 

2-T cluster); interaction energies calculated at the CCSD(T)/VQZP and PBE/VQZP levels, 

upon BSSE correction, resulted to be -19.1 and -21.4 kJ mol-1, respectively. The difference 

between the CCSD(T) and DFT results is even more apparent when fundamental νOH 

frequencies calculated for 2-T and 2-T·CO models are compared; this is due to the fact that 

DFT overestimate the anharmonicity of OH stretch in the complex with CO. Note also that 

the increase of rOH due to the formation of the complex with CO is almost twice as large at the 

DFT level compared the that at the CCSD(T) level. 

 

Based on the analysis presented above it is apparent that simply rescaled OH 

stretching frequencies calculated at the DFT level will likely overestimate the shift in OH 

stretching frequency, ∆ωOH, due to the formation of the adsorption complexes with CO. 

Table 2 OH bond lengths and frequencies calculated for 2-T and 2-T·CO cluster models with various methods.a 

Model Method 
rOH 
Å 

ωOH
 

cm-1 
νOH 
cm-1 

∆ν 
cm-1 

2-T CCSD(T) 0.960 3881 3721 -159 

 PBE 0.969 3774 3602 -173 

 RPBE 0.969 3784 3605 -179 

 B3LYP 0.961 3867 3696 -172 

      

2-T·CO CCSD(T) 0.970 3679 3463 -216 

 PBE 0.987 3376 3118 -258 

 RPBE 0.987 3398 3140 -259 

 B3LYP 0.976 3553 3320 -233 
a All calculations performed with VQZP basis set.  
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Instead of using such a simple scaling we explored the possibility of using an ω/r correlation 

method in a similar way as described above for CO. The advantages of the ω/r correlation 

method over the simple scaling method include: (i) The ω/r correlation method does not mix 

errors due to the harmonic approximation and errors of the method used for the description of 

the electronic structure of the system, (ii) the ω/r method does not require the computationally 

demanding evaluation of the second derivatives, and (iii) the ω/r method has been shown to 

outperform the simple scaling method for CO in various environments.45, 55, 56 However, it 

remains to be seen whether this strategy can be applied for OH stretching frequencies in 

zeolites. Therefore, OH frequencies were calculated for a set of testing molecules that 

includes the 2-T and 2-T·CO cluster models described above; calculations on the 2-T cluster 

were performed for four different Si-O-Al angles (α = 106.5, 131.5, 146.5, and 156.5º) and 

calculations on the 2-T·CO cluster were performed for α = 132 and 171º. The minimum rOH 

distance (together with rHC and rCO distances in the case of 2-T·CO cluster) and Al-O-H angle 

were obtained for each value of α under the O-H·C-O linearity constraint. Anharmonic OH 

stretching frequencies were obtained numerically, see above.  

The νOH/rOH correlation has been first investigated at the CCSD(T) level 

(νOH[CCSD(T)]/rOH[CCSD(T)]); νOH/rOH correlation derived from 4 reference molecules (2-T 

cluster models having different α) is shown in Figure 7. It is apparent that this correlation is 

very good for the free OH (2-T cluster models with various α values) but when the Brønsted 

OH group is weakly bonded to a CO molecule, the OH frequencies are about 100 cm-1 lower. 

The correlation between rCO optimized at the PBE level and νOH calculated at the CCSD(T) 

level (νOH[CCSD(T)]/rOH[PBE]) is also shown in Figure 7; νOH/rOH correlations derived from 

4 reference molecules and 6 reference molecules (four 2-T clusters and two 2-T·CO clusters) 

are presented as full and dashed lines, respectively. It is apparent that the 4-point correlation is 

very good for free OH, and it performs remarkably well also for 2-T·CO systems. Similarly, a 

6-point correlation also appears to be reasonable. The fact that the νOH[CCSD(T)]/rOH[PBE] 

correlation is better than the νOH[CCSD(T)]/rOH[CCSD(T)] correlation is, however, due to the 

fortuitous cancellation of errors: the artificial increase of the rOH distance due to the formation 

of the complex with CO observed at the DFT level is behind this error compensation. To have 

reliable description of free OH frequencies the 4-point νOH[CCSD(T)]/rOH[PBE] correlation 

was adopted; this correlation also provide fair description of OH frequencies in the case of 

weak intermolecular complexes. 
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Following the strategy described in Section 3.1.2 for CO and N2, except that the 

anharmonicity of OH is not assumed to be constant, the O–H frequency can be calculated as: 

 νOH = a · rOH + b + ∆CC (36) 

where the a and b parameters were obtained from calculations on a set of four 2-T cluster 

models having several values of the Al-O-Si angle (see above). ∆CC is a correction due to the 

error of the CCSD(T) method set to -50 cm-1 (see discussion of HNO3 above); such ∆CC 

happens to set the frequency of the Brønsted acid OH group pointing towards the void space 

of H-FER just on the value of the maximum of the band observed experimentally (see the 

experimental results in Appendix I). 

 

Fig. 7 Dependence of the O–H stretching frequency (νOH), calculated at the CCSD(T) level, on the rOH bond 

length calculated at the CCSD(T) and PBE levels for a set of six reference molecules (see text). 

 

 In summary, the νOH/rOH correlation (employing CCSD(T) frequencies and 

DFT bond lengths) works well for free OH, and it is fair for the description of Brønsted OH 

groups involved in the formation of complexes with CO. Note that OH frequencies of such 

complexes calculated from the Hessian constructed at the DFT level are significantly more 

problematic than those obtained from νOH/rOH correlation (see Table 2). Therefore, the OH 

frequencies were calculated using νOH/rOH correlation (equation (36)) for both, free OH and 

OH involved in weak adsorption complexes with CO or N2.  
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3.2   H-FER(71) model sample - structure and stability of isolated Brønsted  
acid (BA) sites 
 

Geometry, stability, and O–H stretching frequencies were calculated for all possible  Brønsted 

acid sites that may exist in the vicinity of each of the four distinguishable framework Al 

positions (Table 3); some of the Brønsted sites are depicted in Figure 9. Note that results 

presented here were obtained with a double UC (see Section 3.1.1); calculations with a single 

UC unrealistically favour H-bonded adsorption complexes. 

Al in T1. The most stable Brønsted site in the vicinity of Al at T1 position is the site 

formed on O(3) framework oxygen atom (between T1 and T2 tetrahedral sites) located in the 

P6 ring separating two adjacent FER cages. At this T1Al-O(3)-T2Si site (Figure 9a) the H atom 

is located inside the P6 ring in the proximity of two non-AlO4 oxygen atoms (2.61 and 3.32 Å 

apart). As a result the OH stretching frequency (3558 cm-1) is influenced by these close 

framework oxygen atoms (weak intra-zeolite hydrogen bond). The Brønsted acid site on the 

O(4) framework oxygen atom (T1Al-O(4)-T3Si) having the H atom pointing towards the void 

space of the FER cage is 7 kJ mol-1 less stable than the T1Al-O(3)-T2Si site, and it is 

characterized by a higher OH stretching frequency (3606 cm-1). 

Al in T2. The most stable Brønsted acid site in the vicinity of Al at T2 position is the 

T2Al-O(7)-T4Si site (Figure 9c) located in the 8R window at the channel intersection (νOH = 

3606   cm-1). The T2Al-O(3)-T1Si site located in the P6 ring is 5 kJ mol-1 less stable and it is 

characterized by a lower OH stretching frequency (3587 cm-1). The other two Brønsted acid 

sites around Al in T2 are significantly less stable and, hence they are not likely to be 

populated. 

Al in T3. The Brønsted acid site T3Al-O(8)-T4Si located in the main channel (Figure 

9e) is the most stable site for this framework Al position; it is characterized by νOH = 3607 

cm-1. The two other Brønsted acid sites in the vicinity of Al in T3 are located in the FER cage 

and they are 8 and 9 kJ mol-1 less stable. 

Al in T4. The most stable Brønsted acid site in the vicinity of Al at T4 position is the 

T4Al-O(6)-T4Si site located in the 8R window at the channel intersection and characterized by 

νOH = 3600 cm-1. The T4Al-O(7)-T2Si site, also located in the 8R window, is 2 kJ mol-1 above 

the previous one and it has an OH stretching frequency 12 cm-1 lower. A rather low OH 

stretching frequency (3447 cm-1) was calculated for the T4Al-O(8)-T3Si Brønsted acid site that 

is located in the 5-member ring (M5) on the wall of the main channel. This low OH frequency 

is due to the formation of an intra-zeolite H-bond across the M5 ring (the distance between H 



 29 

and the closest non-AlO4 oxygen atom is only 2.07 Å). Note however, that the structure 

corresponding to this local minimum is 3 kJ mol-1 above that of another T4Al-O(8)-T3Si site 

where the Brønsted acid H atom is also bonded to the O(8) framework oxygen, but it points 

towards the void space available in the M channel. 

 

In summary, when a Brønsted acid site is situated in the void space of the main or 

perpendicular channel (cage) or at the intersection of two channels (8R window) the OH 

vibrates towards the void space and it shows a high frequency, in the range of 3588-3615  

cm-1. The difference between harmonic and anharmonic frequencies, ∆ν, is rather constant for 

these sites (about -160 cm-1). Note also that the Al-O-Si angle (α) for these sites is in the 

narrow range 133-139º. The only exception is the T2Al-O(1)-T2Si site, that has α = 149º and 

νOH = 3602 cm-1; this site, however, is relatively unstable and it is not expected to be 

populated. For Brønsted acid sites located inside or slightly above a small ring (depicted in 

italic in Table 3), either P6 or M5 (T1Al-O(3)-T2Si or T4Al-O(5)-T4Si, respectively), the OH 

stretching dynamics is influenced by an intra-zeolite H-bond which results in νOH being 

lowered by as much as 300 cm-1 with respect to that of the Brønsted acid sites (discussed 

above) that can vibrate into a void space. However, the Brønsted acid sites located in small 

rings are less stable than those pointing to a void space and, with the exception of the T1Al-

Table 3 Relative stability of Brønsted acid sites in the vicinity of the four distinguishable framework Al positions. 

Al 
location 

Oxygen 
Positiona 

H 
Location 

∆Eb 
kJ mol-1 

α 
(deg.) 

νOH 
cm-1 

∆ωOH(6D-1D)c 

cm-1 

T1 T1Al-O(3)-T2Si P6 1 137 3558 -12 

 T1Al-O(4)-T3Si P cage 8 138 3606 6 

T2 T2Al-O(7)-T4Si 8R 0 134 3606 6 

 T2Al-O(3)-T1Si P6 5 140 3587 -1 

 T2Al-O(1)-T2Si 8R 17 149 3535 -2 

 T2Al-O(1)-T2Si P6 27 154 3471 -22 

T3 T3Al-O(8)-T4Si M 2 133 3607 -1 

 T3Al-O(4)-T1Si P cage 10 136 3601 5 

 T3Al-O(2)-T3Si P cage 11 138 3598 -1 

T4 T4Al-O(6)-T4Si 8R 4 137 3600 4 

 T4Al-O(7)-T2Si 8R 6 139 3588 3 

 T4Al-O(8)-T3Si M 7 138 3615 6 

 T4Al-O(8)-T3Si M5 10 137 3447 -65 

 T4Al-O(5)-T4Si M5 17 150 3265 -155 
a Numbering scheme from Ref. 15 adopted.  
b Relative energies of sites with respect to the energy of the most stable Brønsted proton site (T2Al-O(7)-T4Si). 
c Difference in harmonic OH frequencies calculated numerically from 6-D Hessian and those calculated using 1-D 
ωOH[PBE]/rOH[PBE] correlation. 
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O(3)-T2Si site, they are not expected to be observed in the experimental spectra. Thus, the 

difference between the OH stretching frequency of the Brønsted acid sites in the free space 

(high-frequency band) and those in small rings (low-frequency band or tail) that can be 

observed experimentally is about 50 cm-1. The difference in harmonic OH frequencies 

calculated from 6-D Hessian (numerical 2nd derivatives) and those obtained from the 1-D 

ω[PBE]/r[PBE] correlation is presented in the last column of Table 4. The agreement between 

the two methods is excellent for Brønsted acid OH groups pointing towards the void space of 

the zeolite channels; however, such an agreement becomes less satisfactory when an intra-

zeolite H-bond is formed between a Brønsted acid OH group and a framework oxygen atom. 

 

3.3 The investigation of the CO and N2 adsorption complexes in H-FER(71)
 model sample 

 
Table 4 reports the geometries, interaction energies, and vibrational frequencies (both O–

H stretching mode and C–O or N–N stretching mode of the adsorbed molecule) for 

complexes formed upon interaction of H-FER with CO (both C- and O-down) and N2. The 

geometrical parameters are defined in Figure 8. Regardless of the position of the Brønsted 

acid H atom forming the adsorption complex, the interaction energies are reported with 

respect to the most stable Brønsted site in the vicinity of a particular framework Al atom. 

The CO adsorption complexes (interacting via C-end) will be discussed first; several of 

these complexes are depicted in Figure 9. 

 

 

Fig. 8 Definition of the geometric parameters (bond lengths and angles) for the O-H···CO adsorption complex. 
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The interaction of CO with Brønsted acid sites, which is driven by the electrostatic 

contribution,48 is maximized when the adsorption complex has a (nearly) linear O-H···C-O 

arrangement. For all CO adsorption complexes found in H-FER the H-C-O angle (γ in 

Figure 8) is nearly linear with a maximum deviation of 8º (not reported in Table 4). Also 

the angle O-H-C (β) is nearly linear, provided that the topology of the zeolite allows 

formation of such linear complex.  

 

In order to attain a linear O-H···C-O arrangement the OH bond must point to the 

void space of the zeolite channel. While this is the case for some Brønsted acid sites (e.g., 

T3Al-O(8)-T4Si) the location of the other Brønsted acid H atoms must change in order to 

form a stable complex with CO; this change is large in particular for those Brønsted acid 

sites involved in intra-zeolite H-bonding (e.g., T1Al-O(3)-T2Si and T4Al-O(8)-T3Si). To 

quantify the extent of the changes of Brønsted acid sites required to form an adsorption 

Table 4 Characteristics of CO and N2 adsorption complexes formed in H-FER; structural parameters, stretching 
frequencies, and interaction energies are given in Å, cm-1, and kJ mol-1, respectively. The most stable CO adsorption 
complexes in the vicinity of each framework Al atom are depicted in bold. 

Adsorbed 
Molecule 

Al 
Location 

Adsorption 
complexa 

CO 
Location 

r(H···X)b,c β 
O-H···Xc 

νOH 
 

νCO 
νNN 

Edef
d Eel

e ∆H0(200)f 

CO T1 T1Al-O(3)-T2Si P cage 1.969 165 3314 2173 11.9 -13.3g -16.0 

  T1Al -O(4)-T3Si P cage 1.925 174 3304 2177 2.0 -19.0g -21.6 

 T2 T2Al-O(7)-T4Si(P) P cage 1.916 167 3293 2177 5.5 -21.1 -23.5 

  T2Al-O(7)-T4Si(M) M 2.002 159 3362 2174 3.3 -19.7 -22.0 

 T3 T3Al-O(8)-T4Si M 1.895 176 3287 2179 1.9 -26.8 -29.0 

 T4 T4Al-O(6)-T4Si P cage 1.891 176 3259 2175 2.9 -24.2 -26.3 

  T4Al-O(7)-T2Si(P) P cage 1.896 170 3251 2175 3.9 -21.0g -22.9 

  T4Al-O(7)-T2Si(M) M 1.937 160 3309 2177 5.2 -20.5g -21.6 

  T4Al-O(8)-T3Si M 1.940 174 3321 2178 3.4 -22.3g -24.5 

           

OC T1 T1Al-O(4)-T3Si P cage 2.035 171 3539   -5.0 -8.8 

 T2 T2Al-O(7)-T4Si P cage 2.056 155 3551   -7.2 -10.9 

 T3 T3Al-O(8)-T4Si M 1.967 175 3536   -12.0 -15.2 

 T4 T4Al-O(6)-T4Si P cage 2.026 173 3532   -9.8 -13.3 

           

N2 T1 T1Al-O(4)-T3Si P cage 1.980 173 3473 2342 7.5 -9.2g -12.1 

 T2 T2Al-O(7)-T4Si(P) P cage 2.000 161 3483 2342 3.2 -11.1 -13.8 

  T2Al-O(7)-T4Si(M) M  151 3526 2339 1.1 -11.8 -14.9 

 T3 T3Al-O(8)-T4Si M 1.951 177 3469 2342 0.2 -16.7 -19.2 

 T4 T4Al-O(6)-T4Si P cage 1.969 175 3462 2342 0.9 -14.2 -16.8 
a Numbering scheme from Ref. 15 adopted. b Distance between Brønsted acid hydrogen and adsorbed molecule. c X stands 
for the closer atom of diatomic molecule with respect to Brønsted proton. d Edef stands for deformation energy (see text). e 

Electronic interaction energies.  f Adsorption enthalpies calculated for T = 200 K. g Interaction energy calculated with 
respect to most stable Brønsted acid proton site found in the vicinity of a particular framework Al atom. 
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complex with CO, the deformation energy, Edef, was calculated as the difference in energy 

between H-FER at the geometry optimized without CO and that with CO (but after 

removing the CO from the system). Edef values for individual Brønsted acid sites are also 

reported in Table 4. Changes in geometry of the Brønsted acid site due to the formation of 

adsorption complexes with CO are also depicted in Figure 9 for some selected sites. 

The most stable CO adsorption complex is formed on the T3Al-O(8)-T4Si Brønsted 

acid site, where hydrogen is pointing towards the void space of the main channel and it 

can interact with CO without a need to move much from its equilibrium position (Edef = 

1.9 kJ mol-1); this situation is depicted in Figure 9e and 9f. The least stable adsorption 

complex (among those investigated here) is formed on the T1Al-O(3)-T2Si Brønsted acid 

site (Figure 9), where the hydrogen atom is originally involved in intra-zeolite H-bond 

(Figure 9a) and it is significantly displaced in the CO adsorption complex (Figure 9b); and 

that is reflected in a relatively high deformation energy (Edef = 11.9 kJ mol-1). This 

deformation energy is higher than the energy difference between the T1Al-O(3)-T2Si and 

the T1Al-O(4)-T3Si Brønsted acid sites, thus, it is energetically favourable that the H atom 

moves from the T1Al-O(3)-T2Si site to the T1Al-O(4)-T3Si site when forming the 

adsorption complex with a CO molecule. When the Al atom is in the T2 framework 

position the proton is located in the 8R window (T2Al-O(7)-T4Si site) and CO adsorption 

complexes can be formed where CO approaches the Brønsted acid site either from the P 

cage or from the M channel (these complexes are denoted T2Al-O(7)-T4Si(P) and T2Al-

O(7)-T4Si(M), respectively); both of these complexes (reported in Table 2) have a similar 

stability. Note however that the β angle is only 159º for the T2Al-O(7)-T4Si(M) complex 

formed with CO pointing to the main channel; this situation is depicted in Figure 9d. 

Although Edef is relatively small for this site, the CO adsorption complex cannot adopt a 

linear O-H···C-O geometry due to the topology of the FER framework.  

The CO stretching frequencies calculated using the νCO/rCO correlation are in the 

range of 2173-2179 cm-1. Calculated vibrational frequencies of the O-H bond in the CO 

adsorption complexes are in the range of 3251-3362 cm-1; they are significantly shifted to 

lower frequencies (about 300 cm-1) with respect to those calculated for free OH. The OH 

stretching frequencies calculated for the most stable CO adsorption complexes (depicted 

in bold in Table 4) are in the range of 3259-3304 cm-1. The OH stretching frequency is 

higher for complexes where CO cannot adopt a linear O-H···C-O geometry; in particular, 

νOH = 3362 cm-1 for the T2Al-O(7)-T4Si(M) complex.  

The interaction of H-FER with CO can also lead to the formation of O-down 



 33 

carbonyl complexes, but it is clear from Table 4 that the stability of O-down adsorption 

complexes is significantly lower than that of the corresponding C-down complexes (about 

14 kJ mol-1 lower, regardless of framework Al location). It is therefore expected that O-

down adsorption complexes will either not form at all or be only a very minority species, 

hence they are not further discussed here. 

 

 

Fig. 9 Formation of CO adsorption complexes (b, d and f) on various Brønsted acid sites (a, c and e). The 
Bronsted H atom is shown as a white ball, and the CO molecules are depicted as red (O) and grey (C) balls. 
Framework Al is shown in black. 
 

The interaction of the N2 molecule with H-FER was investigated only for the most 

stable Brønsted acid sites in the vicinity of each framework Al atom, except for Al in T1 

where, on account of the large deformation energy reported for the T1Al-O(3)-T2Si site, the N2 

interaction with the T1Al-O(4)-T3Si Brønsted acid site was also considered. Relative stability 

of N2 adsorption complexes closely follows the trends observed for CO complexes (discussed 

above); in general terms, stability of individual N2 complexes is just 10 kJ mol-1 smaller than 

stability of corresponding CO complexes. The only qualitative difference between N2 and CO 

complexes was found for those complexes formed on T2Al-O(7)-T4Si(P) and T2Al-O(7)-

T4Si(M) sites, where, in the case of N2 complexes, the former one is slightly less stable than 

the latter. Note however, that in analogy with CO the T2Al-O(7)-T4Si(M)/N2 complex is also 

characterized by a smaller O-H-C angle (β = 151º), and that is reflected in the higher νOH 

calculated for this complex. With the exception of this complex, the OH stretching 

frequencies calculated for the N2 complexes are in the range 3462-3483 cm-1
, that is about 140 

cm-1 shifted with respect to free OH. 

+CO 
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3.4 H-FER(35) model sample - structure and stability of Brønsted acid pairs  

 
The effects governing the structure, stability and frequency of Brønsted acid (BA) sites when 

the concentration of framework Al increases were investigated on the H-FER(35) model. 

There are up to 16 distinguishable BA site combinations for a particular Al pair, depending on 

the site symmetry. As the number of the BA pairs is rather large, only the results for selected 

BA pairs are summarized in Table 5. The following characteristics are reported: (i) 

Localization of BA sites in FER. (ii) Si-O(H)-Al angles. (iii) OH stretching frequencies, νOH. 

(iv) Shifts in OH stretching frequencies with respect to the corresponding isolated BA site, 

∆νOH. (v) The Si(nAl) descriptor, where n (≤ 4) denotes the number of framework AlO4 

tetrahedra in the vicinity of the SiO4 tetrahedron participating in the BA site. (vi) The relative 

stabilities of isolated BA site in the high-silica case, ∆EHS. (vii) The relative stability of BA 

pair with respect to the most stable BA pair (for a particular Al pair), ∆Er. The most stable BA 

pairs are reported in bold and the results obtained for BA pairs consisting of the most stable 

isolated BA sites (those reported in Table 3 in bold) are reported in italic. 

BA pairs for Al atoms at the T2 and T4 framework positions separated by a single 

SiO4 tetrahedron in T2 position, T2-(Si)1-T4 Al pair, are discussed first. In the case of high-

silica H-FER(71) model the most stable BA site in the vicinity of AlO4 in T4 and T2 positions 

are on O(6) and O(7) framework oxygen atoms (BA(4,6) and BA(2,7), respectively) both 

pointing to the void space in the 8-R window (Fig. 10a and 10b, respectively). The 

corresponding BA pair, BA(2,7)-BA(4,6), having two BA protons in the same 8-member ring 

(Fig. 10d) is rather unstable (∆Erel = 46 kJ/mol) due to the electrostatic repulsion. Due to the 

local symmetry on the AlO4 at T2 position the O(7) and O(7’) atoms are equivalent in high-

silica model; the BA(2,7’)-BA(4,6) pair, that also corresponds to the most stable BA sites in 

H-FER(71) model, is significantly more stable, ∆Erel = 4 kJ/mol (Fig. 10e). The most stable 

BA pair found for T2-(Si)1-T4, BA(2,7) – BA(4,6), aluminum distribution has the first H 

atom bonded to O(7) pointing to the 8R window (similarly as found with H-FER(71) model), 

while the second BA proton is now located on O(8) inside the M5 ring forming the intra-

zeolite H-bond (see Fig. 10c). The calculated OH frequencies are 3601 and 3247 cm-1 for 

BA(2,7) and BA(4,8), respectively, and they are red-shifted by -5 and -326 cm-1 with respect 

to the corresponding BA sites in the H-FER(71) model (BA(2,7) and BA(4,6), respectively). 

Apparently, introduction of additional framework Al results in the change of relative 

stabilities of Brønsted acid sites in the vicinity of AlO4 in T4 position (H-jump).  
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Table 5 Characteristics of Brønsted acid pairs for different Al distributions in H-FER(35) sample. The most stable  Brønsted 
acid pair for each Al distribution is depicted in bold. 

Al 
location 

Al 
distribution 

Oxygen 
positiona 

H location 
Al-O-Si 
angle 
(deg.) 

νOH  
(cm-1) 

∆νOH  
(cm-1) 

Si(nAl)b 
∆EHS

c 
(kJ/mol) 

∆Er
d 

(kJ/mol) 

8R T2-(Si)1-T4 O(7)-O(8) 8R, M5 137, 135 3601, 3274 -5,  -173 2, 1* 0, 6 0 

  O’(7)-O(6) 8R', 8R 137, 137 3596, 3610 -10,  +10 1, 2 0, 0 4 

  O(3)-O(6) P6, 8R 140, 140 3575, 3595 -12,  -5 1, 2 5, 0 8 

  O(7)-O(7) 8R, 8R 138, 139 3608, 3599 +3,  +11 2, 1 0, 2 8 

  O(3)-O(8) P6, M5 143, 136 3571, 3316 -16,  -166 1, 1* 5, 6 25 

  O’(7)-O(7) 8R', 8R 138, 140 3601, 3575 -4,  -25 1, 1 0, 2 26 

  O(7)-O(6) 8R, 8R 135, 138 3580, 3562 -25,  -38 2, 2 0, 0 46 

          

 T2-(Si)2-T2 O(7)-O’(7) 8R, 8R' 137, 138 3599, 3598 -7,  -7 1, 1 0, 0 0 

  O(3)-O(7) P6, 8R 139, 139 3566, 3595 -21,  -10 1, 1 5, 0 7 

  O(3)-O(3) P6, P6 140, 141 3583, 3584 -4,  -3 1, 1 5, 5 12 

  O(7)-O(7) 8R, 8R' 132, 144 3611, 3588 +5,  -18 1, 1 0, 0 19 

          

 T2-(Si)3-T2' O(7)-O(3) 8R, P6 133, 139 3606, 3585 +1,  -2 1, 1 0, 5 0 

  O(7)-O’(7) 8R, 8R' 138, 138 3589, 3592 -16,  -13 1, 1 0, 0 6 

  O(7)-O(7) 8R, 8R 136, 143 3613, 3584 +8,  -22 1, 1 0, 0 10 

  O(3)-O(3) P6, P6 142, 141 3571, 3580 -16,  -7 1, 1 5, 5 10 

          

M7 T4-(Si)2-T4 O(6)-O(6) 8R, 8R 136, 136 3605, 3606 +5, +6 1, 1 0, 0 0 

  O(6)-O(7) 8R, 8R 137, 137 3609, 3599 +9, +11 1, 1 0, 2 8 

  O(8)-O(7) M7, 8R 136, 137 3359, 3592 -256,  +4 1*, 1 3, 2 8 

  O(8)-O(8) M, M 137, 135 3608, 3615 -7,  0 1, 1 3, 3 8 

  O(8)-O(6) M7, 8R 135, 136 3244, 3603 -371, +3 1*, 1 3, 0 10 

  O(7)-O(7) 8R, 8R 137, 140 3599, 3588 +11, -1 1, 1 2, 2 14 

          

 T3-(Si)1-T3 O(4)-O(8) P cage, M7 136, 135 3604, 2969 +3,  -638 2, 1* 8, 0 0 

  O(8)-O'(8) M, M7 134, 133 3618, 3073 +11,  -534 1, 1* 0, 0 20 

  O(2)-O(8) P cage, M7 144, 133 3545, 3150 -53,  -457 1, 1* 9, 0 30 

  O(2)-O(4) P cage, P cage 141, 136 3597, 3604 -1,  +4 1, 2 9, 8 33 

  O(8)-O(8) M7, M7 134, 138 3617, 3597 +10,  -10 1, 1 0, 0 51 

          

 T3-(Si)1-T4 O(8)-O(6) M7, 8R 134, 136 3259, 3615 -348,  +16 1, 2* 0, 0 0 

  O(8)-O(8) M, M 134, 138 3629, 3610 +22,  -5 2, 1 0, 3 4 

  O(4)-O(6) P cage, 8R 138, 134 3593, 3621 -8,  +21 1, 2 8, 0 5 

  O(8)-O(7) M7, 8R 132, 134 3230, 3601 -377,  +13 2*, 1 0, 2 6 

  O(8)-O'(8) M, M7 136, 134 3604, 3003 -3,  -612 1, 1* 0, 3 9 

  O(8)-O(6) M7, 8R 131, 129 2698, 3613 -908,  +14 2*, 2 0, 0 18 

  O(8)-O(7) M, 8R 136, 142 3591, 3560 -16,  -28 1, 1 0, 2 24 
 

aNumbering scheme from ref. 15 adopted. b The value of the parameter n of the Si(nAl) descriptor for the particular BA site. 
The star (‘*’) denotes the BA sites involved in intra-zeolite H-bond. c The relative energies of particular BA site in the high-
silica case - H-FER(71) sample (see Table 3). dRelative energies of the BA pair with respect to the most stable BA pair for 
each Al distribution. 
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When the secondary framework Al is introduced to T2 position in the vicinity of primary Al 

in T4 position, the BA proton moves (“jumps”) from O(6) to O(8) framework oxygen to attain 

the energetically most stable BA pair configuration, BA(2,7)-BA(4,8). 

Relative stabilities of various BA configurations on T2-(Si)1-T4 Al pair show the 

dependence on the Si(nAl) descriptor; therefore, the classification of BA pairs based on the 

Si(nAl) descriptors, (n1, n2), is also reported in Table 2. The most stable configurations are the 

(2,1) configurations, i.e. those having one BA site on oxygen atom between two Al atoms 

(e.g., Figs. 10c, 10f, and 10g). The BA pairs characterized by (1,1) Si(nAl) descriptors (no BA 

site is located between a pair of Al atoms) are about 20 kJ/mol less stable than BA pairs 

having Si(nAl) descriptor (2,1); e.g., BA(2,7’)-BA(4,7) pair (Fig. 10f) is 22 and 18 kJ/mol 

less stable than corresponding BA(2,7’)-BA(4,6) and BA(2,7)-BA(4,7) pairs, respectively. 

Note, that the electrostatic repulsion between two protons is the smallest for BA(2,7’)-

BA(4,7) configuration. Apparently, BA sites involving (in Al-O-Si bridge) SiO4 linked to two 

framework AlO4 tetrahedra are more stable than those where Si atom is adjacent to just one 

framework AlO4 tetrahedron. It follows that the BA pairs characterized by (2,2) Si(nAl) 

descriptors should be the most stable ones; however, in the case of H-FER(35) model such 

configuration can only be obtained when both protons are located on the same SiO4 

tetrahedron and such configuration is strongly destabilized by electrostatic repulsion between 

two Brønsted acid protons (Fig. 10d). As a result the stability of BA pairs increases in order 

(2,2) < (1,1) < (2,1).  

 The effects described above for T2-(Si)1-T4 Al pair can be found also for other Al 

pairs (Table 2). Extending the discussion to all Al pairs reported on in Table 2 following 

situations occurs upon the introduction of the second framework Al:  

(i) Both Brønsted acid sites remain unchanged with respect to corresponding high-

silica model, e.g., T2-(Si)2-T2 and T4-(Si)2-T4. 

(ii)  Both BA sites remain on the same framework oxygen atom with respect to the 

corresponding high-silica model, however, one of them is now involved in strong 

intra-zeolite H-bond induced by the presence of the second AlO4, e.g., T3-Si1-T4 

(Fig. 11e). 

(iii)  One Brønsted acid proton moves to different O atoms of AlO4 (H-jump) without 

formation of intra-zeolite H-bond, e.g., T2-(Si)3-T2’ (Fig. 11b). 

(iv) One Brønsted acid proton moves and, in addition, one of the protons forms intra-

zeolite H-bond, e.g., T3-(Si)1-T3 (Fig. 11d) and T2-(Si)1-T2 (Fig. 10c). 
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Fig. 10 H-FER(71): the most stable isolated BA sites found in the vicinity of the Al atom in (a) T4 and (b) T2. 
H-FER(35): various BA pairs (c)-(g) formed when both T2 and T4 separated by single TO4 tetrahedron are 
occupied by Al atoms, T2-(Si)1-T4 pair. The Brønsted H atom is depicted as a white ball. Framework Al is 
shown in black. 
 

Relative stabilities of BA site configurations (that is the driving force behind 

individual situations described above) depends on several factor. First, the electrostatic 

repulsion decreases the stability of BA pairs when two protons are located too close to each 

other (e.g., BA(2,7) – BA(4,6), Fig. 10d; BA(3,8) – BA(3,8); and BA(3,8) – BA(4,6)). 

Second, the stability of BA pair depends on the Si(nAl) descriptors following the trend 

described above ( BA(2,’7) – BA(4,7), Fig. 10f). 

In addition to the changes in BA site relative stabilities, the introduction of the 

secondary framework Al atom in the vicinity of the primary BA site also effects the OH 

frequencies (∆νOH in Table 5). Calculated values of ∆νOH for BA pairs in M7 and 8R are 

reported in Fig. 12 as follows: for a primary BA(Tx,Oy) site several values of ∆νOH are 

reported as a difference between the νOH obtained with H-FER(35) and H-FER(71) models 

(one ∆νOH for each BA pair containing particular primary BA site). Frequency changes 

observed only for the most stable BA pairs for each Al configuration are discussed first since 

H-FER(71) H-FER(35) 

BA(4,6) 

BA(2,7) 

BA(2,7’)-BA(4,7) 

BA(2,7)-BA(4,6) 

BA(2,7)-BA(4,7) 

BA(2,7’)-BA(4,6) 

BA(2,7)-BA(4,8) 

ν = 3600  

ν  = 3606  

Er = 0 
ν = 3601, ν‘ = 3274  

Er = 8 
ν = 3608, ν’ = 3599  

Er = 26 
ν = 3601, ν’ = 3575  

Er = 46 
ν = 3580, ν’ = 3562 

a 

b 

c 

d 

g f 

e 

Er = 4 
ν = 3596, ν’ = 3610  
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these are the most relevant for the comparison with the experimental results. The inspection of 

Fig. 12 shows that the ∆νOH shows different trend for Al pairs in M7 and 8R structural 

motives. A small blue shift (3-16 cm-1) is observed for the most stable BA pairs located in M7 

while also small (2-7 cm-1) but mainly red shift is observed for the BA pairs in 8R. In 

addition, a large red shift (173, 348, and 638 cm-1) is observed as a consequence of the intra-

zeolite H-bond formation (the inset of the Fig. 12.). Considering all BA pairs reported in Fig. 

12 (not only the most stable ones) it is observed that the BA sites in M7 characterized by the 

Si(2Al) descriptor exhibit larger blue shift than those characterized by the Si(1Al) descriptor. 

In other words, the increase of the number of the Al atoms around the Si of the Al-O(H)-Si 

bridge from 1 to 2 results in the increase of the OH stretching frequency. This observation can 

be also extended to Al pairs located in 8R, however, the trend is significantly less 

pronounced. In summary, the introduction of the secondary Al atom to the vicinity of primary 

BA site influences both, relative BA site stabilities and the ∆νOH values; both these effects 

depends on the Al pair location in the zeolite and on the Si(nAl) descriptor of the BA site. On 

the contrary, no significant dependence of BA site characteristics on the Al atom separation 

(separations by 1, 2, and 3 SiO4 tetrahedra were considered) was found.  

 

 
Fig. 11 The most stable BA pairs for different Al pair distributions: (a) T2-(Si)2-T2, (b) T2-(Si)3-T2’, (c) T4-
(Si)2-T4, (d) T4-(Si)1-T3, (e) T3-(Si)1-T3. 
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Fig. 12 The shifts in the OH stretching frequencies ∆νOH of the primary BA(Tx,Oy) site in 8R and M7 
environments upon introduction of the secondary Al atom (the BA pair formation). The ∆νOH are depicted with 
respect to: i) the Si(nAl) descriptor of the primary BA; Si(1Al) and Si(2Al) are depicted in blue and red colour, 
respectively, ii) the stability of the BA pair formed (i.e. the relevancy to the experimentally observed shift); the 
∆νOH of the BA site involved in the most stable BA pair (for each Al distribution) are shown with full circles 
while the other frequency shifts are depicted with cross. 
 

 

3.5 H-FER(8) model sample  

Three different H-FER(8) model samples (Table 6) were considered in a present study, having 

the same distribution of Al atoms (1:2:2:3 ratio for the occupancy of the T1, T2, T3 and T4 

sites), but differing in the distribution of the BA sites 

(O(1):O(2):O(3):O(4):O(5):O(6):O(7):O(8) ratio of the oxygen atoms of the BA groups): (i) 

H-FER(8)A sample (0:1:2:0:0:1:2:2 ratio of BA sites); the BA site distribution was generated 

randomly. (ii) H-FER(8)B sample (0:0:1:0:0:2:2:3 ratio of BA sites); the distribution was 

generated by populating the BA sites that correspond to the most stable sites in the H-

FER(71) model with the exception of BA(4,6) site that was replaced by the BA(4,8) site as 

the consequence of the close H+ contact in the former case (see previous section). (iii) H-

FER(8)C sample (0:1:1:1:0:2:2:1 ratio of BA sites); the distribution was obtained by the 

iterative energy minimization procedure described in detail in Section 3.1.1. This 
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configuration of BA sites is the energy most stable configuration for a given (random) 

distribution of framework Al atoms.  

The individual H-FER(8) models are characterized in Table 6 that reports: (i) the 

relative stability ∆Er with respect to the most stable distribution, (ii) framework Al and 

Brønsted OH group locations, (iii) Al-O-Si angle, (iv) νOH frequency, (v) ∆νOH shifts and (vi) 

the Si(nAl) descriptor (for definitions see section 3.2). The significant differences in stabilities 

of the H-FER(8) model samples were found; the sample H-FER(8)C being 20 and 54 kJ/mol 

more stable then samples H-FER(8)B and H-FER(8)A, respectively. It follows that only the 

most stable distribution, i.e. the sample H-FER(8)C, is then relevant for the discussion of 

experimentally observable characteristics of the H-FER(8) model. 

The increase of the Al concentration in zeolite results in the changes of relative 

stabilities of BA sites with respect to those found for H-FER(71) model (Table 3). In 

particular, BA(3,4), BA(3,2), BA(4,8) sites, that were not populated in the high-silica model 

H-FER(71) belongs to the most stable configuration in H-FER(8)C model. The changes in the 

BA site populations are connected to significant energy stabilization. Similarly to the H-

FER(35) sample described above, the stability of H-FER(8) samples also depends on the 

Si(nAl) descriptor: stability of BA sites increases with increasing n. The 

Si(1Al):Si(2Al):Si(3Al) ratio in the most stable sample H-FER(8)C is 2:5:1 while this ratio is 

3:4:1 and 6:1:1 in H-FER(8)B and H-FER(8)A, respectively.  

The OH stretching frequencies in H-FER(8)C model are primarily determined by the 

localization of Brønsted OH groups. The BA sites located in the void space of the zeolite 

channel system (e.g., BA(2,7), BA(3,2), BA(4,6)) are characterized by νOH that are larger than 

in high-silica H-FER(71) model (about 7-18 cm-1 blue shift). The BA sites located on the 

channel wall surface (either inside or slightly above the 5- and 6-member rings) having 

Brønsted OH group involved in the intra-zeolite H-bond (e.g., BA(1,3) and BA(4,8)) are 

characterized by significantly lower values of νOH (in the range from 3408 to 3539 cm-1). 

These BA sites involved in intra-zeolite H-bond have even lower frequencies than 

corresponding sites in H-FER(71) model (with the red-shift of -19 and -39 cm-1 for BA(1,3) 

and BA(4,8), respectively). Similar trends are also apparent from the calcualtions on H-

FER(8)A and H-FER(8)B samples. 
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In addition to the Brønsted group localization in zeolite, the values of νOH also 

depends on the Si-O(H)-Al angle. The dependence of νOH on Si-O(H)-Al angle is shown in 

Fig. 13 which compiles the results obtained with H-FER(71), H-FER(35), and H-FER(8) 

models. The values of νOH calculated for BA sites involved in intra-zeolite H-bond do not 

correlate with Si-O(H)-Al angle (νOH in the range 3200-3550 cm-1), however, a correlation 

between νOH and Si-O(H)-Al angle for BA sites not involved in H-bond is apparent from Fig. 

13. Note that this correlation is independent on the Si/Al ratio; the calculations on H-FER(8) 

models give smaller Si-O(H)-Al angles and larger νOH than those obtained with H-FER(35) 

model. The values of νOH depends on the Si(nAl) descriptor; BA sites characterized with the 

n=3 show the highest νOH (and smallest Si-O(H)-Al) while those characterized with n=1 show 

 

 

Table 6 Characteristics of the H-FER(8) samples.  

H-FER(8) ∆Er
a Al Oxygen H Al-O-Si 

angle 
νOH ∆νOH

c 

sample (kJ/mol) location Positionb location (deg.) (cm-1) (cm-1) 

C 0 T1 O(3) P6 132,9 3539 -19 

  T2 O(7) 8R 132,0 3613 +7 

   O(7) 8R 133,2 3615 +9 

  T3 O(4) P cage 140,7 3593 -8 (-14) 

   O(2) P cage 136,4 3610 +12 (+3) 

  T4 O(6) 8R 138,3 3592 -8 

   O(6) 8R 136,5 3618 +18 

   O(8) M5 134,8 3408 -39 (-192) 

        

B 20 T1 O(3) P6 133,7 3554 -4 

  T2 O(7) 8R 132,3 3617 +11 

   O(7) 8R 130,9 3629 +23 

  T3 O(8) M 137,9 3588 -19 

   O(8) M 131,7 3614 +7 

  T4 O(6) 8R 139,1 3592 -8 

   O(6) 8R 137,3 3612 +12 

   O(8) M5 133,9 3410 -37 (-190) 

        

A 54 T1 O(3) P6 133,6 3547 -9 

  T2 O(3) P6 136,9 3498 -89 (-109) 

   O(7) 8R 132,3 3616 +10 

  T3 O(8) M 136,1 3610 +3 

   O(2) P cage 136,1 3611 +13 (+4) 

  T4 O(6) 8R 137,9 3601 +1 

   O(7) 8R 138,6 3595 +7 (-5) 

   O(8) M5 135,8 2964 -482 (-636) 

aRelative energies with respect to the most stable H-FER(8) sample, i.e. the H-FER(8)C sample. bNumbering scheme 
from ref. 15 adpoted. c Shifts in OH stretching frequencies with respect to the corresponding isolated BA site (H-FER(71) 
sample) The vlues of the shifts in the parenthesis are with respect to the most stable isolated BA site in the vicinity of 
particular framework Al position.  
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the smallest νOH (and largest Si-O(H)-Al). Thus, the effect of Si(nAl) descriptor on νOH is 

propagated mainly through the changes in the Si-O(H)-Al angle. Fig. 13 shows clearly that 

νOH depends on the Si-O(H)-Al angle, however, a spread of points around the correlation 

trend line shows that OH frequencies are also modulated by other effects. 
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Fig. 13 Correlation of the anharmonic OH vibrational frequencies νOH with the Al-O(H)-Si angle. Models of the 
FER with various Si/Al ratio considered; H-FER(8), H-FER(35) and H-FER(71) depicted in blue, red and black 
colour, respectively. The parameter n denotes the BA sites with different Si(nAl) descriptors; n=1(triangle), 
n=2(cross) and n=3(circle). The dashed line (correlation trend line) is obtained by removing the points belonging 
to the BA sites involved in intra-zeolite H-bond from the evaluation of the correlation 
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4. Discussion 

Fundamental frequency values calculated (using ν/r correlation) for the isolated Brønsted 

acid OH groups in H-FER(71) sample (Table 3) resulted to be in the range of 3535-3615 

cm-1 for the OH groups pointing towards the free space (zeolite channels), while, due to 

intra-zeolite H-bonding, the OH groups pointing to the centre of a 6- or 5-member ring 

give lower frequency values (3265-3575 cm-1). A similar lower frequency for the OH 

pointing to the centre of a 6R than that of the OH pointing towards the empty space (in the 

supercage) of zeolite H-Y was discussed in detail by Sauer et al.57 

Considering the relative stability of isolated BA sites, the experimentally observed 

band centred at 3605 cm-1 (see Figure A1 in the Appendix) should correspond to OH’s in 

the vicinity of Al in T2, T3 and T4, while a small tail observed at the low frequency side 

of the 3605 cm-1 band should correspond to OH in the vicinity of Al in T1 position. The 

assignment of the low small frequency tail to the T1 position can be rationalized by the 

fact that statistically, there is only 11% of T1 sites in the framework and hence, the 

population of the low frequency OH is expected to be small. Note that, this suggests some 

site-specificity of the Brønsted acid OH frequencies; for H-FER the low frequency tail 

corresponds to Al in T1. 

Experimentally determined band maxima corresponding to the C–O and N–N 

stretching modes of adsorbed complexes were observed at 2175 and 2331 cm-1 (see 

Figures A3 and A4), respectively. For CO, corresponding frequencies calculated at the 

periodic DFT level using ν/r correlation (Table 4) agree very well with experimentally 

observed values. However, that agreement is not so good for the case of N2, where 

calculated values of νNN deviate from experimental ones by +11 cm-1.  

Regarding energy balance, calculations give for the most stable OH···CO and 

OH···N2 complexes (on T3Al-O(8)-T4Si and T4Al-O(6)-T4Si sites) ∆H0(200) values in the 

range of -26.3 to -29.0 kJ mol-1 and -16.8 to -19.2 kJ mol-1, respectively. This is in 

excellent agreement with the experimentally determined value of -28.4 kJ mol-1 and -19.1 

kJ mol-1, respectively. However, it is worth noting that agreement between calculated and 

experimental values of ∆H0 is likely to involve some internal compensation of errors. 

Dispersion interactions are not taken into account in DFT calculations and, on the other 

hand, Equation (31) used for conversion of internal energy at 0 K into corresponding 

enthalpy at 200 K is likely to overestimate the thermal correction. Thus, these two 
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inherent inaccuracies of the calculation procedure are likely to (partially) cancel out each 

other.  

Comparisons between ∆H0 values obtained for OH···CO and OH···N2 complexes 

shows that the dinitrogen hydrogen-bonded complex is about 10 kJ mol-1 less stable than 

the OH···CO complex. A similar stability difference was reported in the literature 

(regarding experimentally obtained data) for CO and N2 adsorbed on some other protonic 

zeolites, e.g. H-ZSM-5 or H-Y.  

CO adsorption complexes in H-FER can be classified into three groups: (i) 

Complexes formed on free OH groups (not involved in intra-zeolite H-bond) allowing a 

linear OH···CO arrangement to be adopted; these complexes involve the smallest 

deformation energy and, therefore, give the highest adsorption enthalpy (e.g., T3Al-O(8)-

T4Si, Figure 9e and 9f). (ii) Complexes on free OH groups which do not allow formation 

of a linear arrangement. In this case, either the H atom moves from its equilibrium 

position (which involves a deformation energy, e.g., T2Al-O(7)-T4Si(P)), or the CO 

adsorption complex deviates significantly from linearity (T2Al-O(7)-T4Si(M), Figure 9c 

and 9d); in both cases the resulting adsorption enthalpy is smaller. (iii) Complexes on OH 

groups involved in intra-zeolite H-bonding; also in this case there is an energy penalty 

which results in an even smaller adsorption enthalpy. Either the H atom must be lifted 

above the plane of the ring (T1Al-O(3)-T2Si, Figure 9a and 9b) or the H atom jumps to a 

different oxygen atom of the AlO4 tetrahedron (e.g., from O(3) to O(4) when Al is in T1 

position). A similar situation was found for N2 complexes; the most stable complexes are 

formed on free OH groups allowing a linear OH···N2 arrangement.  

Upon formation of H-bonded CO or N2 complexes, the O–H stretching band was 

experimentally found (see Figures A1 and A4) to red-shift by 297 and 110 cm-1, 

respectively. Calculated values of this red-shift are about 300 cm-1 for CO complexes and 

140 cm-1 for N2 complexes. Although calculated and experimental values seem to be in 

close agreement, it should be noted that, till some extent, such an agreement is fortuitous; 

first, Figure 7 shows that the ω/r correlation is not quantitatively accurate and, second, 

while experimental shifts are measured between band maxima, calculated values clearly 

depend on the specific Brønsted acid site being considered, i.e. taking into account the 

most stable Brønsted acid sites and the most stable CO adsorption complexes formed in 

the vicinity of each framework Al, it is seen from Tables 3 and 4 that the calculated OH 

frequency shifts vary in the range of 254-341 cm-1. Calculated OH stretching frequencies 

for N2 adsorption complexes cover a significantly smaller range (3462-3483 cm-1) than in 
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the case of CO complexes; with the exception of the non-linear N2 adsorption complex 

formed at the T2Al-O(7)-T4Si(M) site that shows a frequency of 3526 cm-1. 

CO interaction with the protonic zeolites H-CHA and H-MOR was calculated, 

using a periodic DFT approach, by Ugliengo et al.58 and by Bucko et al.,54 respectively. 

For H-CHA the value of interaction energy (at 0 K) ∆H0(0) = -16 kJ mol-1 for the 

hydrogen-bonded OH···CO complex was reported. The geometry of this CO adsorption 

complex, which is located on a 8R in H-CHA, is very similar to that of the CO adsorption 

complexes formed on the 8R window in H-FER (T2Al-O(7)-T4Si and T4Al-O(7)-T2Si sites), 

for which ∆H0(0) is in the range from -16 to -18 kJ mol-1 (Table 4, after subtracting the 

thermal correction energy, equation (31)). For CO on H-MOR, Bucko et al. reported Eel = 

-24.4 kJ mol-1, obtained with the PW91 functional;54 this value falls within the range of 

Eel values reported in Table 4. On the contrary, a significantly lower value (Eel = -11.5 kJ 

mol-1) was calculated by Bucko et al. using the RPBE functional.54  

 To understand the vibrational dynamics of Brønsted acid OH groups in H-FER having 

different concentration of framework Al it is necessary to analyze first the structural changes 

induced by increased Al content. Calculations of BA sites relative stabilities for H-FER(71), 

H-FER(35), and H-FER(8) models show that with increasing Al content relative stabilities of 

BA sites change and, thus, new BA sites become populated. The relative stabilities of BA 

sites are driven by several effects: (i) The electrostatic repulsion between a pair of protons in 

close proximity. (ii) Increased stability of BA site involving SiO4 tetrahedron characterized by 

Si(nAl) descriptor with n ≥ 2 („chemical“ effect). (iii) Additional stabilization due to the 

formation of intra-zeolite H-bond. (iv) An unspecific effect connected with the structural 

strain due to the presense of additional framework AlO4 tetrahedra. 

The presence of additional framework AlO4 in the vicinity of the primary AlO4 may 

result either in H-jump (proton moves to different framework oxygen atom with respect to the 

most stable one in high-silica model) and/or the Brønsted acid OH group becomes involved in 

intra-zeolite H-bond (that is now the most stable BA site contrary to the situation in high-

silica H-FER). Both of these scenarios lead to the changes in νOH; while the OH frequency 

can be either increased or decreased when H-jump is observed, the OH frequencies are always 

decreased when H-bond is formed.  

 In addition to the νOH changes due to the H-jump and H-bond formation, following 

effects on νOH were found: (i)  the „mechanical effect“ of the framework deformation caused 

by the introduction of the other Al atoms represented by the change of the structural 
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descriptor of the BA site, namely the Si-O(H)-Al angle, and (ii) the „chemical effect“, 

expressed in terms of the Si(nA1) descriptor, that shifts frequencies higher for increasing n. 

However, these two effects are strongly coupled: the chemical effect expresses dominantly via 

the change of the Si-O(H)-Al that, in turn, results in the change of νOH. This analysis is 

supported by the νOH/Si-O(H)-Al correlation reported in Fig. 13. While this correlation is 

clearly demonstrated, the fact that many points are scatered around the correlation line could 

be attributed to a small „unspecific“ effect on the OH stretching frequencies. In summary, νOH 

primarily depends on (i) the H-jump and H-bond formation, (ii) the change of the Si-O(H)-Al 

angle, and (iii) a small unspecific effect; the chemical effect should be rather viewed as a 

secondary effect.  

It should be noted that most of the observation summarized above has been reported 

previously, either based on systematic experimental investigation or based on quantum 

chemical calculations (see below). However, the analysis presented here represents one of the 

most complete computational effort to investigate possible effects on OH stretching 

frequencies, that takes into consideration also the changes in relative stabilities of BA sites 

due to the changes in Si/Al ratio (this effect has not been considered previously). The concise 

analysis presented above will be used in the following discussions of additional features of 

acid zeolites based on numerous experimental and theoretical data available in literature.  

There is a wealth of experimental data showing that fundamental OH stretching 

mode of the BA site hydroxyl νOH increases with the increasing number of aluminium in 

the sample (lower Si/Al ratio). For instance, faujasite-type H-Y zeolites (Si/Al ratio about 

2.7 to 3.5) usually show νOH values in the range of 3640 - 3650 cm-1 but upon partial 

dealumination the corresponding νOH value decreases by about 30 – 35 cm-1.7, 59, 60 Note 

however that the νOH decreases up to the Si/Al ratio of about 6.5, and then remains 

constant.10, 11 Similarly, upon increasing dealumination of faujasite, Brønsted acidity 

increases, reaches a maximum and then remains constant. These experimental findings can 

be rationalized by considering that decrease of strong acidity only occurs when AlO4 

tetrahedra are present in the second coordination sphere of the particular BA site, i.e. the 

BA site is characterized by the Si(nAl) descriptor with n ≥ 2.61, 62 The outlined 

experimentally observed correlation between the acid strength of BA sites and νOH was 

also supported by numerous quantum chemical calculations employing i) cluster models63-

67, ii) the embedded schemes of Sierka et al.68(H-FAU with Si:Al of 47, 23 and 3) and 

Shor et al.69(H-FAU with Si:Al of 47, 23 and 11) – both studies report only a weak 
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acidity/νOH correlation but confirm that the main change in the acidity is related to the 

increase of Si(nAl) , iii) periodic DFT study of Ugliengo et al.70 (H-CHA samples with 

Si:Al of 11:1, 5:1, 3:1 and 1:1)  reporting the linear correlation of the formation energy of 

the particular H-CHA sample per Al atom with the OH stretching frequency. 

Besides Si:Al ratio, the Si-O(H)-Al angle is often considered to be another major 

factor determining the OH stretching frequency. The νOH/ Si-O(H)-Al correlation has been 

observed in the number of studies including cluster models,63, 67, 71 atomistic simulation 

techniques72 as well as the periodic DFT investigations on the high-silica H-CHA and 

HSAPO-34 by Jeanvoine et al.33, and on the high-silica H-MOR (Si:Al ratios of 47 and 

11) by Demuth et al.73. Demuth et al. also reported the increased flexibility of the H–

MOR framework compared to that of Na-MOR. This larger framework flexibility can be 

related to the unspecific effects mentioned above. Contrary to these studies and contrary 

to the results reported here, Simperler et al.74 have not found any νOH/Si-O(H)-Al 

correlation in their study of high-silica CHA, FAU, FER, MFI, MOR, MTW, and TON 

zeolties. Similarly, Sastre et al.75 observed only very weak νOH/Si-O(H)-Al  for H-FAU 

with Si:Al ratios of 47, 23 and 2.4. Qualitatively different conclusions drawn in literature 

could be understood based on the data reported in Fig. 13: rather large spread of the points 

around the νOH/Si-O(H)-Al correlation line indicates that sufficient amount of data should 

be collected to observe this correlation; relatively small number of points has been 

reported in the previous studies and, thus, contradicting conclusions are not surprising. 
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5. Conclusions 

The acidic zeolite H-FER with Si:Al ratios of 71, 35 and 8 was investigated employing a 

periodic DFT model, as well as cluster models and the CCSD(T) level of theory. The 

computational study of the H-FER in a high silica form (Si:Al = 71) accompanied by the 

investigation of the interaction of the CO and N2 probe molecules with the H-FER sample 

was supplemented with the experimental data obtained from the VTIR spectroscopy.   

 The H-FER samples with different Si:Al ratios were characterized by the structure, 

location and relative stabilities of the Brønsted acid groups which were further described 

with respect to the OH stretching frequencies of their hydroxyl groups. The following 

conclusions can be drawn: 

(i) Two types of the BA sites having the different OH stretching frequency were 

identified: (a) OH groups pointing to a void space in the zeolite channel system, 

show the highest O–H stretching frequency (in the rather narrow range from 3587 to 

3629 cm-1), (b) OH groups involved in the intra-zeolite H-bonding showing smaller 

OH stretching frequency (in the wide range from 2698 to approximately 3550 cm-1). 

(ii)  The relative stability of the BA site depends on the Si:Al ratio. As a result, the BA 

sites that are not observed in high-silica H-FER become populated when Si:Al ratio 

decreases, i.e. the H-jump occurs (the proton moves to different framework oxygen 

atom with respect to the most stable one in high-silica model). The change in the 

relative stabilities of BA sites was found to be driven by several effects: (a) The 

electrostatic repulsion between a pair of protons in close proximity. (b) Increased 

stability of BA site involving SiO4 tetrahedron characterized by Si(nAl) descriptor 

with n ≥ 2 („chemical“ effect). (c) Additional stabilization due to the formation of 

intra-zeolite H-bond. (d) An unspecific effect connected with the structural strain 

due to the presense of additional framework AlO4 tetrahedra. 

(iii)  The relative population of the BA sites involved in the intra-zeolite H-bond increases 

with the decreasing Si:Al ratio. 

(iv) The OH stretching frequency νOH depends primarily on (a) the H-jump and H-bond 

formation, (b) the change of the Si-O(H)-Al angle, a good νOH/Si-O(H)-Al 

correlation is reported; νOH increases with decreasing value of the Si-O(H)-Al angle, 

(c) a small unspecific effect, and (d) the Si(nA1) descriptor, that shifts frequencies 

higher for increasing n. However, the effects (b) and (d) are strongly coupled: the 
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effect of the Si(nAl) expresses dominantly via the change of the Si-O(H)-Al that, in 

turn, results in the change of νOH. Thus the effect of the Si(nAl) should be rather 

viewed as a secondary effect.  

The theoretical results obtained for the CO and N2 interaction with the H-FER were 

found to be in a good agreement with the experimental data; following conclusions can be 

drawn based on a good agreement between theoretical and experimental results: 

(i) Three types of adsorption complexes were identified for both CO and N2 

adsorption complexes: (a) Adsorption complexes formed on free OH groups 

allowing a linear OH···CO or OH···N2 arrangement to be attained. (b) Complexes 

on free OH groups not allowing formation of a linear structure. (c) Complexes on 

OH groups involved in intra-zeolite H-bonding. Complexes of type (a) are the most 

stable, while the complexes of type (c) are the least stable. The non-linear 

complexes of type (b) show the highest O–H stretching frequency. 

(ii)  Calculated and experimental adsorption enthalpy values are in good agreement; 

being up to -29 and -19 kJ mol-1 for CO and N2, respectively. 

(iii)  O-down CO adsorption complexes were not experimentally observed to form in 

any significant amount, in agreement with the calculated difference in the stability 

of C- and O-down complexes (14 kJ mol-1). 
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Appendix 

Experimental results 

Carbon monoxide adsorption 

The blank IR spectrum, in the O–H stretching region, of the zeolite H-FER is shown in the 

inset of Figure A1. The absorption band seen at 3747 cm-1 corresponds to silanols, while 

that appearing at 3605 cm-1 is the characteristic band of the zeolite Brønsted acid sites, as 

already reported by several authors.1, 2 It should be noted that this band is rather broad, 

and shows a tail on the low frequency side. Both of these features clearly point to some 

degree of heterogeneity of the acidic Si(OH)Al groups, in agreement with the 

computational results shown above. However, attempts at band resolution did not give 

quantitatively reliable results regarding CO adsorption enthalpy (because of inherent 

uncertainty about how the band should be decomposed). Therefore, we decided to use 

integrated intensity of the 3605 cm-1 band as it appears in the spectra.  

Upon interaction of the zeolite with adsorbed CO (in the low pressure range 

studied) the band due to the silanols was not significantly altered, but the intensity of the 

band at 3605 cm-1 was found to decrease till an extent which was a function of 

temperature. Simultaneously, a new (and much broader) band corresponding to hydrogen-

bonded OH···CO species appeared, showing a maximum at 3308 cm-1. This is shown in 

Figure A1, which depicts some representative variable temperature spectra in the 

difference mode; i.e., after subtracting the blank zeolite spectra. From two independent 

series of VTIR spectra covering the temperature range of 140-240 K, the van’t Hoff plot 

shown in Figure A2a was obtained. Note that the integrated intensity of the 3605 cm-1 

band divided by its maximum value (i.e., that one corresponding to the zeolite blank 

spectrum) gives directly the fraction (1- θ) of free OH sites, from which the corresponding 

θ value needed for using Equation (32) was obtained. From the linear plot in Figure A2a, 

the value of ∆H0 = -28.6 kJ mol-1 was derived for the standard enthalpy of H-bond 

formation (OH···CO complex) between CO and the Brønsted acid sites of H-FER. The 

corresponding standard entropy change was found to be ∆S0 = -147 J mol-1 K-1. The 

estimated limits of experimental error are ±1 kJ mol -1 for enthalpy and ±10 J mol-1 K-1 for 

entropy. 

Representative VTIR spectra in the C–O stretching region are shown in Figure A3. 
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The band seen at 2173 cm-1 corresponds to the CO stretching mode in OH···CO 

complexes. Note however, that at 77 K this band appears at a slightly higher frequency, 

2175 cm-1, as shown in the inset of Figure A3. A small red-shift of the CO stretching band 

of adsorbed CO upon increasing the temperature (from 77 K upwards) was also frequently 

reported in the literature for other CO/zeolite systems.3,4 The band seen (in Figure A3) at 

2137 cm-1, which corresponds to weakly physisorbed (liquid-like) CO,2,3 is of no concern 

here. 

It should also be noted that formation of a small (temperature dependent) fraction 

of O-bonded OH···OC complexes is well documented in the literature for the case of CO 

adsorbed on the faujasite-type H-Y zeolite;5 where the weak band corresponding to O-

bonded species appeared at 2124 cm-1, whilst the much stronger band corresponding to C-

bonded OH···CO species was found at 2173 cm-1. The very weak band seen in the 2120-

2124 cm-1 in the spectra shown in Figure A3 could have a contribution arising from 

OH···OC species (see section 3.1.3). But it should be noted that the 13CO counterpart 

(natural abundance about 1%) of the strong IR absorption band at 2173 cm-1 should also 

show up at about 2124 cm-1. 

Two independent series of VTIR spectra in the CO stretching region (band at 

2173 cm-1) were used to obtain the van’t Hoff plot depicted in Figure A2b. From this 

linear plot, the corresponding values of standard adsorption enthalpy and entropy resulted 

to be ∆H0 = -28.2 (±1) kJ mol-1 and ∆S0 = -143 (±10) J mol-1 K-1. As expected, these 

values coincide (within experimental error) with those derived from the OH stretching 

band; and this agreement between both sets of results gives further confidence. The 

average of both sets of results gives the final values of ∆H0 = -28.4(±1) kJ mol-1 and ∆S0 = 

-145(±10) J mol-1 K-1 for the CO standard adsorption enthalpy and entropy, respectively. 

Dinitrogen adsorption 

Figure A4 shows that, upon interaction of H-FER with adsorbed dinitrogen, the Brønsted 

acid Si(OH)Al band at 3605 cm-1 is eroded till an extent which (for a fixed N2 dosis) 

increases when temperature is decreased. Simultaneously, a new (broader) band having a 

maximum at 3495 cm-1 builds up; thus showing hydrogen bonding of N2 with the zeolite 

Brønsted acid OH groups. In the N–N stretching region (see inset in Figure A4), the 

characteristic IR absorption band of the hydrogen-bonded N2 molecule appeared at 2331 

cm-1; the same wavenumber value was also reported by Bordiga et al.2 for nitrogen 

adsorbed (at liquid nitrogen temperature) on H-FER. 
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Figure A2a shows the linear plot of Eqn. (32) obtained from the whole set of data 

derived from two independent sets of measurements (covering the temperature range of 

150-200 K) on the O–H stretching band at 3605 cm-1. From the excellent linear fit 

obtained, the values of ∆H0 = -19.3 kJ mol-1 and ∆S0 = -128 J mol-1 K-1 were derived for 

the standard adsorption enthalpy and entropy, respectively; i.e., for hydrogen bonding 

between N2 and the H-FER Brønsted acid sites. Figure A2b shows the corresponding 

linear plot of Eqn. (33), obtained from the temperature (and pressure) dependence of the 

integrated IR absorbance of the N–N stretching band at 2331 cm-1. From this linear plot 

the values of ∆H0 = -18.9 kJ mol-1 and ∆S0 =   -134 J mol-1 K-1 were derived; as expected, 

they coincide (within experimental error) with those obtained from the O–H stretching 

band. The average of both sets of results gives the final values of ∆H0 = -19.1 kJ mol-1 and 

∆S0 = -131 J mol-1  K-1 for the nitrogen standard adsorption enthalpy and entropy, 

respectively. Estimated error limits are ±1 kJ mol-1 for ∆H0, and ±10 J mol-1 K-1 for ∆S0. 
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Fig. A1 Representative variable-temperature IR spectra (O–H stretching region) of CO adsorbed on H-FER. The 
spectra are shown in the difference mode (zeolite blank subtracted). Temperature (in K) and equilibrium pressure 
(Torr, in brackets) as follows: 1, 167 (0.57); 2, 178 (0.80); 3, 133 (0.94); 4, 191 (1.11); 5, 195 (1.19); 6, 202 
(1.35); 7, 206 (1.44); 8, 215 (1.61); 9, 224 (1.75). Inset shows the blank zeolite spectrum in the O–H stretching 
region. 
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Fig. A2 (a) Plot of the left-hand side of eqn (32) against reciprocal temperature for CO (squares) and N2 (circles) 
adsorbed in H-FER; data obtained from the O-H stretching band at 3605 cm-1. (b) Plot of the left-hand side of 
eqn (33) against the reciprocal temperature for CO (squares) and N2 (circles) adsorbed on H-FER; data obtained 
from the C-O and N-N stretching bands at 2173 and 2331 cm-1,, respectively. The black and white symbols refer 
to two independent series of measurments for each case. R, linear regression coefficient; SD, standard deviation.  
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Fig. A3 Representative IR spectra (C–O stretching region) of CO adsorbed on H-FER. From top to bottom, 
temperature goes from 169 to 229 K; and equilibrium pressure from 0.61 to 1.81 Torr. Inset shows the IR 
spectrum of CO adsorbed at 77 K. 



 62 

 
 

 
Fig. A4 Difference variable-temperature IR spectra (zeolite blank substracted) of N2 adsorbed on H-FER. 
Temperature (in K) and equilibrium pressure (Torr, in brackets) as follows: 1, 152 (2.42); 2, 159 (2.85); 3, 166 
(3.34); 4, 170 (3.56); 5, 176 (3.85); 6, 182 (4.10); 7, 194 (4.45). Inset shows some representative IR spectra in 
the N–N stretching region; from top to bottom, temperature goes from 153 to 183 K, and equilibrium pressure 
from 2.56 to 4.20 Torr. 
 
 


