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Abstract An extensive theoretical study has been carried

out to determine barriers for the proton exchange reactions

of C2–C4 alkanes in ZSM-5. It was found that cluster size

and cavity structure are very important for predicting this

barrier. A decrement of up to 20 kcal/mol was observed

when employing the periodic model instead of using the

small cluster model. Effects of basis set quality and elec-

tron correlation to the activation energy are positive and in

combination could contribute up to 8 kcal/mol. An

extrapolation scheme for estimating the reaction barrier

that takes into account effects of cluster size, basis set

quality, and electron correlation has been proposed. The

regioselectivity and the chain length were discussed.

Keywords ZSM-5 zeolite � Proton exchange � Density

functional theory � Activation barrier

1 Introduction

Currently, the fluid catalytic cracking (FCC) represents the

largest volume of catalysts used in oil refineries. From

2008 to 2011, the catalytic cracking consumption was

forecast to increase from 919 to 998 million US dollar

[1–3]. The catalytic cracking process involves 3 basic

reactions such as proton exchange (Z-HB
? ? CnH2n?2

? Z-H? ? CnH2n?1HB), C–C bond cleavage (Z-HB
? ?

CnH2n?2 ? Z–C(n-x)H2(n-x)?1
? ? CxH2x?1HB), and dehy-

drogenation (Z-HB
? ? CnH2n?2 ? Z-CnH2n?1

? ? HHB).

The competition between these reactions determines the

ratio of petrochemical products. Thus, the knowledge and

predictability of these reactions are valuable. Many

experimental studies have been carried out for the proton

exchange reactions of small and large alkanes with the

Brønsted acid site of zeolites [4–10]. However, the mech-

anism of the proton exchange reaction is far from conclu-

sive. Two mechanisms, direct [11] and mediated [12]

proton exchange, have been proposed. The direct mecha-

nism is a single-step mechanism involving a direct transfer

of the Brønsted acidic proton (HB
?) from a zeolitic frame-

work to the alkane molecule. The mediated mechanism

involves two proton transfer steps. In first step, HB
? trans-

fers to an alkene molecule (representing an impurity in the

alkane sample). The second step involves the transfer of

hydride ion from a nearby alkane to the alkyl cation.

Generally, there are 3 carbon positions in alkanes for the

H-exchange reaction with the Brønsted proton of zeolites.

These positions will be referred to as primary, secondary,

and tertiary, respectively. It was also found that there exists
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the regioselectivity in the proton exchange reaction of

small alkanes [10, 13]. For example, the proton exchange

rate at the primary position of propane was reported to be

1.5 times faster than at the secondary position [7]. Theo-

retical studies play an important role in the elucidation of

the mechanism and the explanatory of the regioselectivity

of the proton exchange reaction of alkanes. Zimmerman

et al. [14] have suggested for the density functional theory

(DFT) calculations that using large clusters of zeolite

framework combining with a proper dispersion functional

gives results in a good agreement with experimental

results. They also found that in the larger clusters, the

lower of energy barrier is a result from the effects of the

electrostatic stabilization in cracking transition-state

structures (TSs) and the long-range interactions, whereas

both effects are missed in the small cluster models. A large

number of theoretical works have been carried out in this

light [15–19]. However, due to the size of zeolites, small-

size cluster model (3T or 5T models where T represents

alumina or silica tetrahedron) has been employed in most

of those studies. The small-size cluster model could not

appropriately describe the effect of the zeolites’ porous

structure or cavity toward the reactivity or selectivity of the

catalyst. Recently, Bučko et al. [20] have carried out cal-

culations on periodic models using PW91 with plane wave

basis set and molecular dynamics simulations for the pro-

ton exchange reaction of small alkanes in chabazite. They

concluded that the entropic effect is an important driving

force for the regioselectivity of the proton exchange reac-

tion of small alkanes and that iso-butane (i-butane) pro-

ceeds through the mediated mechanism, while for other

alkanes, the direct mechanism is preferred. However, their

calculations were performed in chabazite, zeolite with

significantly smaller cavities than in the commercial and

widely used catalyst ZSM-5.

In this work, the proton exchange reactions of four small

alkanes, that is, ethane, propane, i-butane, and normal-

butane (n-butane), in ZSM-5 were studied by means of

quantum chemical methods. Effects of the size of the

cluster model, the quality of basis set, and the importance

of the level of electron correlation were systematically

investigated. The proton exchange barriers and the regi-

oselectivity of these alkanes sorbed in ZSM-5 were

addressed. The summary of types of proton exchange

reactions of studied alkanes is given in Table 1.

2 Computational details

2.1 Models of ZSM-5 and optimizations

Coordinates of ZSM-5 were taken from crystallographic

data of silicalite-1 [21], and then, the Si atom at the

intersection between the straight and sinusoidal (zigzag)

channel (T7) was replaced by the Al atom. This single

substitution provides a Si/Al ratio of 95. An acidic proton

associated with the substitution was also added to one of

the O atoms adjacent to the Al to balance the negative

charge. Five cluster models, 5T, 20T, 28T, 38T, and 96T,

were employed. The 96T model contains the whole ZSM-5

unit cell. In the 5T model, oxygen atoms at its edge (Si–O

bonds) were saturated with hydrogen atoms. In case of the

20T, 28T, 38T, and 96T models, oxygen atoms at their

edge were replaced by H atoms. Directly from the crystal

lattice, the silicate components were locally fixed and there

is no change even after substitution with other parts. In

addition, the periodic model denoted as P was also con-

sidered. The periodic model was created from the unit cell

of ZSM-5 obtained from crystallographic data [21]. Illus-

trations of five cluster models (5T, 20T, 28T, 38T, and

96T) and the periodic model are given in Fig. 1.

For the 5T, 20T, 28T, and 38T clusters, geometry

optimizations of alkanes, isolated clusters, reactant/product

complexes (Rcx), and TS were performed using two

approaches—RI-PBE/SVP (the Turburmole program’s [22]

implementation of the resolution of identity integral

approximation (RI) [23] in DFT with the Perder–Burke–

Ernzerhof functional [24, 25] and the SVP basis set

[26–28]) and PBE/DNP [29–31] (Dmol3 program [21]

implementation of PBE functional and the double numer-

ical (DN) basis set plus polarization), respectively. Partial

geometry optimization was performed by relaxing the acid

site and O–H terminals for the 5T cluster model, while for

the 20T, 28T, and 38T clusters, Si–H terminals were fixed.

For both reactant complexes and transition-state structures,

only positions of atoms involved in the reaction were

optimized, while positions of atoms in the zeolite skeleton

were fixed. For 96T and P models, optimized structures of

Rcx with alumina tetrahedron were acquired in a similar

manner to that of the smaller cluster but using PBE/DNP.

While the structures of TS were obtained by performing

single-point calculations on structures generated by

embedding TS structures of 38T to 96T and P models.

Frequency calculations were carried out on optimized

structures of bare clusters, alkanes, and TS for 5T, 20T,

28T, and 38T using RI-PBE/SVP.

Table 1 Types of proton exchange reactions of C2–C4 alkanes, with

notation for further reference given in parenthesis

Alkanes Types of proton exchange reaction

Ethane Primary (ethane)

Propane Primary (propane/1); secondary (propane/2)

Iso-butane Primary (i-butane/1); tertiary (i-butane/3)

Normal-butane Primary (n-butane/1); secondary (n-butane/2)
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2.2 Adsorption energy and reaction barrier

Figure 2 described relations between adsorption energy

(Eads) and reaction barrier (DE�). The Eads of C2–C4

alkanes in ZSM-5 were calculated according to

ZSM-5þ CnH2nþ2 ! ZSM-5 � � �CnH2nþ2:

Therefore,

Eads ¼ EðZSM-5Þ þ EðalkaneÞ � EðRcxÞ ð1Þ

Fig. 1 Illustration of cluster

models used in this study. a 5T,

b 20T, c 28T, d 38T, e 96T;

f periodic model
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where E(Rcx) is the energy of the reactant complex,

E(ZSM-5) is the energy of the bare ZSM-5 structural

model, and E(alkane) is the energy of the free alkane

molecule.

The (intrinsic) reaction barrier (DE�) of the proton

exchange reaction was calculated according to

ZSM-5 � � �CnH2nþ2 ! ZSM-5 � � �CnH
z
2nþ2

and thus

DEz ¼ EðTSÞ � EðRcxÞ ð2Þ

where E(TS) is the energy of the transition state.

The apparent reaction barrier (DEapp
� ), the value which is

comparable to the measured activation energy, is therefore

defined as

DEzapp ¼ DEz � Eads ð3Þ

Since Eads according Eq. (1) is positive, DEapp
� is always

smaller than DE�.

2.3 Complete basis set (CBS) extrapolation

To evaluate the effect of basis set, an extrapolation to the

complete basis set (CBS) limit at MP2 and PBE levels of

theory has been performed according to the scheme sug-

gested by Helgaker et al. [32]

EX ¼ E1 þ AX�a ð4Þ

where the cardinal number X = 2, 3, and 4 is corre-

sponding to the SVP, TZVPPP, and QZVPP basis set,

respectively. To obtain a and A, we carried out MP2 and

PBE calculations for reactant complexes of ethane, pro-

pane, n-butane, and i-butane with the 5T model.

From our RI-PBE calculations, we found that various

reactant complexes between alkanes and ZSM-5 have very

similar value for a and the value of 6.56 gave the best fit. A

similar observation could also be noticed for RI-MP2 cal-

culations. In addition, there has been a report [23] that the a
value depends mainly on method and basis set and it does

not vary much for the molecular system with the same set

of atoms. Thus, values of a from RI-PBE and RI-MP2

calculations were later used to determine CBS limit at 38T

model through Eq. (5) proposed by Truhlar et al. [23].

E1 ¼
3a

3a � 2a
E3 �

2a

3a � 2a
E2

� �
ð5Þ

3 Results and discussions

3.1 Transition-state structures

The transition state (TS) of the proton exchange reaction of

alkanes in ZSM-5 involves the formation of the pentaco-

ordinated carbonium ion. Therefore, a single-step or direct

mechanism is suggested. The example of the TS structure

of the proton exchange reaction (5T model) is shown in

Fig. 3.

Selected geometrical parameters for the TS structures of

the 38T cluster model are provided in Table 2. Considering

the TS structures for the reaction at the primary carbon (C1)

and C1–HB
?, C1–H distances are 1.282 and 1.289 Å for

ethane, 1.278 and 1.286 Å for propane, 1.285 and 1.282 Å

for n-butane/1, and 1.283 and 1.271 Å for i-butane/1.

Fig. 2 Energy diagram for

proton exchange reaction of

alkanes C2–C4
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Apparently, the C1–HB
? and C1–H distances at the primary

position are almost equal. For the proton exchange reaction

on the secondary carbon (C2), the C2–HB
? distance in the

transition state is shorter than C2–H distance, that is, 1.251

and 1.338 Å for propane/2, and 1.249 and 1.331 Å for

n-butane/2. For the reaction at the tertiary position (C3)

of i-butane/3, it is observed that C3–HB
? is longer than the

C3–H distance, particularly 1.421 and 1.258 Å. The dif-

ference between Cx–H and Cx–HB
? distances is probably

caused by the steric effect between the reacting center and

neighboring methyl moieties. Also, Al1–O2 and Al1–O3

bond lengths and O2–A11–O3 bond angle were found to be

dependent on the types of the reaction centers (primary,

secondary, or tertiary). The transition states for reactions at

primary (ethane/1, propane/1, i-butane/1, and n-butane/1)

and secondary (propane/2 and n-butane/2) carbons have

Al1–O2 shorter than Al1–O3 and O2–Al1–O3 angle around

90�. However, the bond variance for the reaction at the

secondary carbon is more evident. For the reaction with

i-butane/3, Al1–O2 is longer than Al1–O3 bond length and

O2–Al1–O3 bond angle of 89.6�. All of these behaviors

could be ascribed to the steric effect between the reacting

center and the alkane molecule.

3.2 Adsorption energy

Adsorption of the alkane molecule to zeolites represents an

important step of the proton exchange reaction and was

extensively investigated. Using PBE/DNP, adsorption

energies of the ethane, propane, i-butane, and n-butane

with various cluster models were calculated and the results

are displayed in Fig. 4.

A non-negligible dependency of adsorption energies on

the cluster size is observed. As the size increases, com-

puted adsorption energies increase for all alkanes studied.

The adsorption energy as predicted using the periodic

model was up to 3–7 kcal/mol larger than that using the 5T

model. Even with the 38T model, adsorption energies are

still underestimated. Only with the 96T cluster an accept-

able difference of *1 kcal/mol between the cluster and the

periodic calculations is achieved. The dependency of cal-

culated values versus basis sets (DNP, SVP, and CBS) and

methods (PBE and MP2) are displayed in Table 3. The

CBS values were obtained using formulas provided in Sect.

2.3. In addition, the dispersion correction of adsorption

energies (Edisp) as proposed by Grimme et al. [33] was

calculated for various cluster sizes. For the periodic model,

the equation as suggested by Kerber et al. [34] was used.

This correction was used to adjust PBE/DNP values

referred to as PBE-D (PBE/DNP ? Edisp), and their values

are given in Table 3. MP2 adsorption energies are found to

be consistently larger than the PBE values. Improvement of

basis set decreases their values. Interestingly, PBE-D val-

ues show good agreement with values obtained at MP2

level for all cluster sizes. However, even with the Edisp

adjustment to PBE/DNP at periodic model computed

adsorption energies will be too large as compared to

experimental heats of adsorption. With DFT-D, Zimmer-

man et al. [14] arrived with similar observation for the

adsorption of propane on ZSM-5. Thus, the discrepancy

Fig. 3 The transition-state structure with selected geometrical

parameters of the proton exchange reaction in propane/1

Table 2 Selected parameters for the transition states of the proton exchange reaction of all alkanes in clusters 38T

Alkanes Al1–O2 Al1–O3 Si4–O2–Al1 Si5–O3–Al1 O2–Al1–O3 O2–HB
? C1–3–HB

? O3–H C1–3–H Al1–C1–3

Ethane 1.744 1.759 130.4� 132.5� 89.9� 1.453 1.282 1.426 1.289 3.663

Propane/1 1.744 1.758 130.4� 133.4� 90.1� 1.456 1.278 1.419 1.286 3.651

Propane/2 1.734 1.766 131.2� 130.8� 90.0� 1.546 1.251 1.422 1.338 3.723

i-Butane/1 1.746 1.755 130.8� 134.3� 90.6� 1.421 1.283 1.442 1.271 3.624

i-Butane/3 1.755 1.739 127.2� 133.8� 89.6� 1.518 1.421 1.611 1.258 3.855

n-Butane/1 1.746 1.757 130.2� 133.1� 90.1� 1.447 1.285 1.444 1.282 3.644

n-Butane/2 1.734 1.765 131.2� 131.3� 90.1� 1.546 1.249 1.421 1.331 3.712
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should come from the overestimation of dispersion energy

from the Grimme et al. [33] and Kerber et al. [34] formulae

as well as from the MP2 calculations. De Moor et al. [35]

using QM-Pot(MP2//B3LYP) have shown that adsorption

enthalpies of n-alkanes (C2–C8) in H-FAU, H-BEA,

H-MOR, and H-ZSM-5 at 341, 370, and 400 K are nearly

independent of temperature and adsorption enthalpies at

373, 773, and 1139 K slightly depend on the temperature.

In the subsequent discussion, we will use the experimental

enthalpies of adsorption for calculations of apparent reac-

tion barriers in the later section without worrying about

their temperature dependency.

3.3 Proton exchange barrier

3.3.1 Cluster-size dependency

The effect of cluster size on reaction barriers of the proton

exchange reactions discussed in this work is displayed in

Fig. 5 where activation energies computed using PBE/DNP

are plotted against the cluster size, that is, 5T, 20T, 28T,

38T, 96T, and P models. For all alkanes, proton exchange

barriers are reduced by around 5 and 10 kcal/mol when

expanding from 5T to 38T and from 38T to 96T,

respectively. However, a reduction of less than 2 kcal/mol

is observed when the model was further extended to peri-

odic boundary conditions. It appears that performing cal-

culations using the 38T cluster model is not sufficient to

render the cluster-size effect, since the largest decrease of

the predicted reaction barrier was observed when expand-

ing from 38T to P model. The cluster-size effect becomes

minimal when including all atoms in the unit cell (96T).

Table 4 displays theoretical (intrinsic) activation ener-

gies (in kcal/mol) for proton exchange reactions of C2–C4

alkanes in ZSM-5 compared with previous DFT calcula-

tions using the 3T cluster model [15–18]. Our PBE/DNP

activation barriers for 5T clusters are in a relatively good

agreement with the other theoretical results at 3T level.

However, with the periodic model, activation energies for

proton exchange reactions of C2–C4 alkanes in ZSM-5 are

strongly reduced and range between 12.1 (ethane) and 28.4

(i-butane/3) kcal/mol. It is evident that predicted activation

energies of all alkanes reduce drastically with the incre-

ment of the cluster size. The reduction is in the range of 10

(butane/1) to 20 (ethane) kcal/mol. This large reduction of

activation energy has also been observed by Sauer et al.

[41] who performed theoretical calculations for methyla-

tion reactions of alkanes in ZSM-5. Thus, the cluster-size

Fig. 4 Adsorption energy

(Eads) of C2–C4 alkanes in

ZSM-5 as function of cluster

size calculated using PBE/DNP

Table 3 Adsorption energies (Eads) in kcal/mol of ethane, propane, i-butane, and n-butane on ZSM-5 computed using PBE/DNP, PBE/CBS,

MP2/SVP, MP2/CBS, and PBE-D (PBE/DNP ? Edisp) with 5T, 28T, 38T, and P in comparison with experimental enthalpies of adsorption

Alkanes Eads Experiments

PBE/DNP PBE/CBS MP2/SVP MP2/CBS PBE-D

38T P 38T 5T 28T 5T 5T 28T P

Ethane 3.5 7.1 1.0 4.7 13.1 2.9 5.1 13.4 18.0 7.3 [36], 6.9 [37]

Propane 4.9 10.5 1.4 8.5 16.5 6.2 9.1 16.5 24.7 10.2 [4], 9.5 [38], 10.9 [39]

i-Butane 1.5 8.0 -3.2 8.8 18.6 6.6 10.0 18.4 26.7 11.6 [40], 12.4 [39]

n-Butane 5.7 11.5 1.1 9.7 19.2 7.4 10.5 19.1 29.8 14.7 [4], 11.9 [38], 14.3 [5]
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effect is non-negligible and crucial. These reaction barriers

at periodic model for the proton exchange reactions of C2–

C4 alkanes in ZSM-5 are quite different from those in

chabazite which were reported by Bučko et al. [20]. Unlike

our predictions, proton exchange barriers in chabazite are

larger and showed no linear dependency with the alkane

chain length. There is the chain-length dependency with

increment of *4 kcal/mol. This is in agreement with

experiments where the increments of 2–3 kcal/mol were

reported [39, 42, 43]. The smaller cavity of chabazite as

compared to ZSM-5 might be a reason for a difference in

the chain-length dependency between 2 zeolites.

3.3.2 Basis set dependency

Table 5 lists reaction barriers for proton exchange reac-

tions of C2–C4 alkanes for 5T and 38T cluster models

calculated using RI-PBE with SVP and/or TZVPPP basis

sets, respectively. The values at CBS limit were obtained

using the procedure as described in Sect. 2.3. It appears

that computed reaction barriers for all proton exchange

reaction increase with the improvement of the basis set. For

the 5T model, when changing from SVP to TZVPPP, the

activation energies were raised between 1.9 and 4.6 kcal/

mol. The increment from TZVPPP to CBS limit is smaller,

only 0.1–0.4 kcal/mol. For the 38T model, computed

reaction barriers increase between 2.5–3.6 (SVP to

TZVPPP) and 0.2–0.3 kcal/mol (TZVPPP to CBS),

respectively. It could be noticed that there is a smaller

increase of the activation energy due to the improvement of

the basis set for the larger 38T cluster. This is probably

because of the more extended availability of functions in

the larger cluster that makes the basis set more complete.

Thus, for DFT calculations with PBE functional, the effect

of basis set has a positive contribution to the obtained

activation energies.

3.3.3 Effect of the level of electron correlation

Activation energies could be better estimated by incorpo-

ration of electron correlation. Generally, this could be

achieved by performing MP2 calculations. However, the

effect of the electron correlation is, as well, cluster-size

dependent as pointed out by Sauer et al. [41]. Table 6

shows the reaction barriers of the proton exchange reaction

of C2–C4 alkanes in ZSM-5 computed with the RI-MP2/

SVP method for the 5T, 28T, and 38T models in com-

parison with previous MP2 calculations on 3T model. Our

MP2 calculations gave activation energies in the same

range as those reported by previous work. From Table 6,

the cluster-size dependency as previously observed in PBE/

DNP calculations (Fig. 5) is evident. The decrement of the

activation energies from 2.9 (ethane) to 6.7 (i-butane/1)

kcal/mol was obtained, and larger values of activation

energies as compared to DFT calculations were reported.

Fig. 5 Reaction barriers

(intrinsic activation energies) of

proton exchange reactions of

C2–C4 alkanes in ZSM-5

calculated using PBE/DNP as a

function of cluster size

Table 4 Intrinsic activation energies (in kcal/mol) of the proton

exchange reactions for C2–C4 alkanes in ZSM-5 obtained using PBE/

DNP for 5T, and P models in comparison with previous DFT cal-

culations using the 3T model

Alkanes 5T P Previous DFT work (3T)

Ethane 28.9 12.1 28.2 [16], 32.3 [15], 31.0 [17]

Propane/1 29.6 16.3 32.2 [15], 30.4[17]

Propane/2 30.9 17.4 33.3 [15], 29.8 [17]

i-Butane/1 32.6 18.1 32.3 [15], 29.4[18]

i-Butane/3 41.2 28.4 36.2 [15], 29.9 [18]

n-Butane/1 30.3 20.9 29.9 [17]

n-Butane/2 31.4 18.0 28.3 [17]
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To obtain accurate prediction of reaction barriers for the

proton exchange reaction of C2–C4 in ZSM-5, it would be

useful to perform MP2 calculations for the periodic model.

However, such MP2 calculations are extremely costly and

not feasible. From our calculations on adsorption energies,

we found a good relation between dispersion energy

computed using Grimme et al. [33] formula and the MP2–

PBE energy difference. Therefore, dispersion interactions

were adopted to adjust PBE activation energies. Table 7

shows the contribution of dispersion interactions to acti-

vation energy (DEdisp
� ) for proton exchange reactions of

C2–C4 alkanes in ZSM-5 as a function of cluster size in

comparison with MP2–PBE activation energy differences

for 5T, 28T, and 38T model. The MP2–PBE activation

energy differences could be assigned to a different treat-

ment of electron correlation.

As expected, DEdisp
� are negative and cluster-size

dependent for all alkanes. For all alkanes, DEdisp
� for 38T

and 96T clusters are appeared to be similar, which suggests

the convergence of DEdisp
� at 38T model. We found that

DEdisp
� at P remains the same as that at 96T. The dispersion

correction seems to already converge at 96T. However,

Edisp (of related species) at 96T and P are just around

3–4 kcal/mol different. In addition, the effect of dispersion

interactions depends on the alkane molecule. The effect is

larger (more negative) for larger alkane. The dispersion

interactions are also governed by the shape of the TS

complex. For example, the effect of dispersion interactions

on the proton exchange barrier of i-butane is larger at the

tertiary than the primary position.

MP2–PBE activation energy differences are positive

and, similarly to DEdisp
� , also cluster-size dependent.

However, the difference between MP2–PBE activation

energy differences and DEdisp
� does not depend on the

cluster size. For example, the differences in kcal/mol are

-7.8 at 5T, -7.4 at 28T, and -8.1 at 38T for ethane, and

-7.4 at 5T, -7.3 at 28T, and -7.3 at 38T for i-butane/1.

Knowing this, such constant difference or ‘‘Eadj’’ can be

used to adjust DEdisp
� for MP2–PBE activation energy dif-

ferences at a larger cluster size in a following way

DEzdisp

h i
c
¼ DEzMP2

h i
c
� DEzDFT

h i
c
þEadj ð6Þ

This is somehow in accordance with the suggestion by

Sauer et al. [34, 41].

3.3.4 Zero-point-energy correction

The zero-point-energy (ZPE) corrections were performed

using RI-PBE/SVP for the 5T, 20T, 28T, and 38T cluster

models. Their values as a function of cluster size are

illustrated in Fig. 6. According to Fig. 6, the ZPE correc-

tion has a negative contribution to the computed reaction

barrier and the values vary with the cluster size. However,

the size dependency seems to converge very fast. For the

proton exchange reactions of C2–C4 alkanes in ZSM-5, the

ZPE correction already converges at 28T model. ZPEs for

38T model are ranging between -1.6 and -2.5 kcal/mol.

3.3.5 Apparent reaction barriers

In previous sections, it has been shown that apart from the

cluster size, other effects such as basis set and level of

electron correlation are non-negligible. The augmentation

of larger basis sets and electron correlation raises values of

predicted proton exchange barriers. However, it is hard to

Table 5 Reaction barriers (in kcal/mol) of proton exchange reactions of C2–C4 alkanes on 5T and 38T cluster model computed using RI-PBE

with SVP and TZVPPP basis sets, and CBS limit

Alkanes RI-PBE/SVP RI-PBE/TZVPPP RI-PBE/CBS limit

5T 38T 5T 38T 5T 38T

Ethane 24.4 20.2 28.4 22.8 28.7 23.0

Propane/1 26.9 22.1 29.2 24.6 29.4 24.8

Propane/2 27.4 22.6 30.5 25.3 30.8 25.5

i-Butane/1 26.6 23.0 30.2 26.6 30.4 26.9

i-Butane/3 36.1 35.5 40.7 39.1 41.1 39.3

n-Butane/1 28.0 26.0 29.9 29.1 30.0 29.3

n-Butane/2 28.3 23.5 31.1 26.3 31.3 26.5

Table 6 Reaction barriers (in kcal/mol) of proton exchange reactions

of C2–C4 alkanes computed using RI-MP2/SVP on 5T, 28T, and 38T

cluster models in comparison with previous MP2/6-31G**//HF/6-

31G** calculations on 3T model

Alkanes 5T 28T 38T Previous work (3T)

Ethane 32.5 32.4 29.6 31.4 [15]

Propane/1 35.8 30.5 29.2 30.6 [15]

Propane/2 34.8 32.3 29.1 30.6 [15]

i-Butane/1 34.8 32.5 28.1 29.8 [15]

i-Butane/3 42.9 42.3 39.2 31.5 [15]

n-Butane/1 37.0 29.2 31.2 –

n-Butane/2 35.8 29.2 30.0 –
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accommodate all of these effects without resourcing to

enormous amounts of computation time. Here, an extrap-

olated scheme where effects of electron correlation and

basis set could be addressed with modest computing efforts

was proposed. For periodic model, the extrapolated reac-

tion barrier, DEex
� , is

DEzex

� �
p
¼ DEzDFT

h i
P
þ DEzdisp

h i
96T
þ DEzbasis

h i
38T
�Eadj: ð7Þ

The [DEbasis
= ]38T values were obtained from DE=(38T,

PBE/CBS) – DE=(38T, PBE/DNP). The proposed

extrapolation scheme given by Eq. (7) is in the same

light as it has been previously suggested by Sauer et al.

[41] Extrapolated proton exchange barriers (intrinsic) are

ranging from 20.9 (ethane) to 30.5 (i-butane/3) kcal/mol,

and their values as well as the decomposition energies are

shown in Table 8.

The apparent reaction barrier (DEapp
� ) was calculated

from DEex
� plus the adsorption enthalpies from experiments

given in Table 3. The apparent reaction barriers and the

apparent reaction barrier plus ZPE correction for proton

exchange reaction of C2–C4 alkanes in ZSM-5 are also

given in Table 8. The ZPE correction was computed using

RI-PBE/SVP for the 38T cluster model. DEapp
� ? ZPE

values range around 9–12 kcal/mol for all proton exchange

reactions with exception of i-butane/3, which has the bar-

rier of 17.4 kcal/mol. This different behavior of i-butane/3

is possibly due to its shape. While other alkanes possess a

linear or quasi-linear shape, i-butane/3 has a globular-like

structure. Apparent enthalpies, entropies, and Gibbs free

energies of activation for the proton exchange reaction of

C2–C4 alkanes in ZSM-5 at 500 K were calculated and are

listed in Table 9.

Statistical mechanics models were applied for compu-

tations of translation, rotation, vibration (with vibration

frequency from 38T model), and electronic contributions to

enthalpy and entropy [44]. For the enthalpy, the electronic

contribution (DHelec
� ) was determined from apparent

reaction barrier with ZPE correction. Entropies of activa-

tion are negative and have values between 40.6 (ethane)

and 47.6 (n-butane/1) cal K-1mol-1 for the proton

exchange reaction in ZSM-5. From the Arrhenius equation,

the entropy term contributes to the prefactor [35] and, thus,

it slows down the proton exchange rate. Apparent Gibbs

energies of activation at 500 K are in the range of 30.3

(ethane) to 40.6 (i-butane/3) kcal/mol.

Computed DH� values are compared in Table 9 with

experimental results obtained from Arrhenius plots. In

most cases, our best values, including extrapolation tech-

niques are significantly too small. Interestingly, the com-

puted barriers obtained from small cluster sizes agree quite

well with experiment. However, as our investigations

show, this good agreement is fortuitous. It should be

noticed that the works of Hansen et al. [46] on alkylation of

benzene and Tuma et al. [47] on deprotonation of a tert-

butyl cation using similar computational scheme to ours

showed good results compared with experiments. More

investigations will be needed to explain this discrepancy.

3.4 Regioselectivity

Performing calculations in chabazite, Bučko et al. [20]

suggested the entropy contribution to be crucial for

describing the regioselectivity of the proton exchange

reaction [13]. This is because in chabazite, the potential

energy for proton exchange reactions is the same for all

reactions. Unlike the report of Bučko et al. [20], we could

observe the regioselectivity of the proton exchange reac-

tion when consider either the entropy contribution or

enthalpy. However, the direction is different. Considering

only the entropy contribution, the proton exchange reaction

for all alkanes proceeds faster at the primary position than

at the secondary and tertiary positions. However, the

enthalpies of activation predict the proton exchange reac-

tion to proceed faster at the primary position for i-butane

but at the secondary position for propane and n-butane. At

Table 7 RI-MP2/SVP and PBE/DNP activation energy differences in kcal/mol for proton exchange reaction of C2–C4 alkanes in ZSM-5 for 5T,

28T, and 38T cluster model and dispersion contributions (DEdisp
� ) in kcal/mol for 5T, 20T, 28T, 38T, 96T, and periodic models

Alkanes DE�(RI-MP2/SVP)

- DE�(PBE/DNP)

DE�(RI-MP2/SVP)

- DE�(PBE/DNP)

DE�(RI-MP2/SVP)

- DE�(PBE/DNP)

DEdisp
�

5T 28T 38T 5T 20T 28T 38T 96T P

Ethane 3.6 6.7 7.7 -4.2 0.0 -0.7 -0.4 -0.4 -0.4

Propane/1 6.2 5.5 5.6 -1.7 -2.1 -1.9 -2.4 -2.1 -2.1

Propane/2 3.9 6.0 4.8 -3.1 -1.0 -0.3 -2.2 -2.1 -2.1

i-Butane/1 4.2 5.8 2.6 -3.2 2.9 -1.5 -4.7 -4.1 -4.1

i-Butane/3 1.7 4.6 0.9 -5.9 -2.8 -2.7 -6.0 -5.7 -5.7

n-Butane/1 6.7 -0.2 3.3 -1.6 -7.1 -6.8 -5.0 -4.6 -4.6

n-Butane/2 4.4 2.8 4.8 -3.0 -3.9 -3.6 -2.8 -2.6 -2.6
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higher temperature, the entropy term will become domi-

nant and govern the direction of the Gibbs energy of

activation. This does not mean that the entropy dictates the

direction of regioselectivity. The activation Gibbs free

energy for i-butane/3 proton exchange is almost 8 kcal/mol

larger than i-butane/1, which suggests the proton exchange

reaction at the tertiary position as impossible for i-butane.

However, the entropy contribution for i-butatne/3 is the

same as for i-butane/1. Therefore, Gibbs free energy of

activation should be rather considered when addressing the

regioselectivity. The data in Table 9 are the values at

500 K. To compare with experiments, we determined

Gibbs free energies of activation for the proton exchange of

propane in ZSM-5 at 553 K. For propane/1 and propane/2

reactions, Gibbs free energies of activation are 35.9 and

36.3 kcal/mol, respectively. Using transition-state theory

[44], k ¼ kBT
h eDGz=RT where k is the rate constant, the

proton transfer rate at the primary position is found to be

1.4 times faster than at the tertiary position in good

agreement with experiments (1.5 times) [7]. Thus, the

regioselectivity of the proton exchange reaction of alkanes

in ZSM-5 is well predicted.

4 Conclusion

The TS structures for the reactions on the primary and

secondary carbon have shorter or almost equivalent Cx–HB
?

and C1–H distances (*1.3 Å), while for the tertiary carbon,

Fig. 6 ZPE corrections

calculated using RI-PBE/SVP

for reaction barriers of proton

exchange reactions of C2–C4

alkanes in ZSM-5 as a function

of cluster size

Table 8 Extrapolated intrinsic (DEex
� ) and apparent (DEapp

� ) reaction barriers of proton exchange reactions of C2–C4 alkanes in ZSM-5 as well

as DEdisp
� - Eadj, basis set (DEbasis

� ), and ZPE in comparison with experiments (all in kcal/mol)

DEP
� DEdisp

� - Eadj DEbasis
� DEex

� DEapp
� ZPE DEapp

� ? ZPE

Ethane 12.1 7.7 1.1 20.9 13.6 -2.5 11.1

Propane/1 16.3 5.8 1.3 23.3 13.1 -2.4 10.8

Propane/2 17.4 4.8 1.1 23.3 13.1 -2.3 10.8

i-Butane/1 18.1 3.2 1.4 22.7 11.1 -1.8 9.3

i-Butane/3 28.4 1.1 1.0 30.5 18.9 -1.6 17.4

n-Butane/1 20.9 3.6 1.4 25.8 13.9 -1.8 12.1

n-Butane/2 18.0 5.0 1.4 24.4 12.5 -2.2 10.8

Bold values indicate that they result from summation of the previous columns

Table 9 Apparent reaction enthalpies (DH�), entropy contributions

(TDS�), and Gibbs free energies of activation (DG�) (in kcal/mol) for

proton exchange reactions of C2–C4 alkanes in ZSM-5 at 500 K

DH� -TDS� DG� Experiments

(Arrhenius barriers)

Ethane 12.3 18.0 30.3

Propane/1 12.2 18.8 31.0 25.7 ± 1.6 [6],

25.5 ± 2.4 [7]

Propane/2 12.5 19.1 31.5 27.8 ± 1.6 [6],

29.7 ± 1.4 [7]

i-Butane/1 11.1 20.9 32.0 12.0 ± 0.5 [12],

13.6 [45]

i-Butane/3 19.8 20.8 40.6

n-Butane/1 13.9 21.7 35.6 19.0 [4, 8], 20.2 [5],

27.5 ± 7.2 [9]

n-Butane/2 12.1 19.6 31.7 28.9 ± 8.4 [9]
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the Cx–HB
? distance is longer (1.4 Å). Steric effects are used

to describe this behavior. The TS structures reflect the sta-

bility of the TS complex and hence the activation energies

for the proton transfer of alkanes in ZSM-5. The effect of

cluster size reduces the activation energy of proton

exchange reactions of C2–C4 alkanes in ZSM-5 computed

when using small cluster model by 20 kcal/mol. For ZSM-

5, the cluster-size effect is converged at 96T model where

the ZSM-5 cavity is well-represented. The chain-length

dependency of the proton exchange barrier of alkanes in

ZSM-5 could be predicted. Therefore, it is important to

choose a model that could describe the cavity structure of

zeolites. Contributions representing effects of level of basis

set and electron correlation on computed activation energies

could be as high as ?8 kcal/mol. An extrapolated scheme

that includes effects of cluster size, basis set, and electron

correlation for the estimation of proton exchange barrier in

ZSM-5 has been proposed. Computed energy barriers based

on our most extended extrapolations are found to be sig-

nificantly too low as compared to experiment data. The

origin of this discrepancy is still unclear. The Gibbs free

energies of activation are used to predict the regioselectivity

for the proton exchange reaction of propane, n-butane, and

i-butane. The preference of the primary position to other

position is observed. From Gibbs free energies of activation

at 553 K, the rate of proton transfer for propane in ZSM-5 is

1.4 times faster at the primary position than at the secondary

position, in agreement with experiment.
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