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A modified group contribution method for
estimating thermodynamic parameters of
methanol-to-olefins over a SAPO-34 catalyst†

Junyi Yu,ab Hua Li,*a Mao Ye *a and Zhongmin Liuab

Group contribution (GC) methods, a semi-empirical approach based on the additivity of guest molecular

properties, are widely applied to obtain the thermodynamic properties of complex reaction networks. In

molecular sieve catalyzed processes, however, the interaction between guest molecules and host active

sites also affects thermodynamic properties. In this study, therefore, we propose a modified group

contribution (mGC) method by considering the interaction between the groups of guest molecules and

independent active site functional groups (IASFGs) in molecular sieves. The mGC method has been used

to estimate the thermodynamic properties of guest molecules as well as elementary reactions for the

initial stage of methanol to olefins (MTO) reaction over SAPO-34 molecular sieves. It shows that mGC is

more accurate than the conventional GC (cGC) methods when compared with the reference data

calculated by density functional theory (DFT), indicating that mGC provides an effective way for batch

calculation of thermodynamic properties in molecular sieve catalyzed processes.

1. Introduction

Chemical processes are widely encountered in various indus-
trial sectors, and have produced most of, if not all, the synthe-
sized materials necessary for human life. Usually, chemical
reactions can be very sophisticated and involve numerous
intermediate species and elementary reaction steps, forming
quite complex reaction networks with multiple potential reac-
tion pathways. One of the central tasks in developing a
chemical process is the on-target production of certain
chemical species demanded in the market via optimal reaction
pathways to save cost and energy. Effective and concise reaction
pathways are of great significance for the development of new
chemical processes. In this regard, thermodynamic properties
are highly desired in the understanding of reaction mechan-
isms and identification of possible reaction pathways.

Quantitatively deriving the thermodynamic properties of
molecular species in a chemical process, usually including
enthalpy, entropy, Gibbs free energy, and some others, is quite
challenging because a great number of chemical species (i.e.,
reactants, intermediates, and products) need to be considered.

In principle, this can be done through well-established
experiments or fundamental quantum mechanics and mole-
cular modeling. Normally experiments provide the most
direct way to obtain accurate and reliable thermodynamic
data, which, however, are not always feasible as the number
of chemical species and relevant elementary reactions might
be huge. Moreover theoretical calculations based on quan-
tum mechanics and molecular modeling are also quite time
consuming and laborious, constrained by computational
power and time within reach.

Group contribution (GC) methods, which are based on the
additivity of molecular properties, represent a general and
effective approach to calculate thermodynamic properties.1

Compared with DFT calculation, GC methods can be con-
sidered as a semi-empirical approach, which involves no
quantum chemical calculations and can quickly obtain the
thermodynamic parameters of certain species. In GC meth-
ods, the properties of a given molecule are presumably
treated as the sum of elemental contributions of all indivi-
dual structural groups composing the molecule, and
for the same individual structural group in different mole-
cules, the elemental contribution keeps the same.2 In
addition to the advantages of simplicity, universality and
quickness,1 GC methods can essentially reduce the computa-
tional cost, even for a reaction network with thousands of
chemical species and elementary reactions, because the
number of functional groups constituting these molecular
species is limited.3
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The first application of GC methods can date back to 1944.4

The most widely used group additivity method for estimating
thermodynamic properties was proposed by Benson and Buss
in 1958. Since then, many other GC methods have been devel-
oped and used in different applications.1–3,5–8 For example, GC
methods have been extended to estimate the thermodynamic
properties such as free energy change,9 adsorption isotherms,10

enthalpy of formation and Gibbs free energy,11 enthalpies of
formation and entropies,10,12 to name a few. It has been shown
that GC methods can achieve satisfactory accuracy in estimat-
ing thermodynamic properties for a wide variety of chemical
species.

Methanol-to-olefins (MTO) is an important chemical process
that has received considerable attention in the past decades,
owing to that MTO can convert methanol, a chemical readily
produced from many non-oil resources such as coal, syngas,
biomass and CO2, to ethylene and propylene, the basic materi-
als for manufacturing polymers. In the industrial MTO process
SAPO-34 molecular sieves are used as the catalyst due to their
low activation energy barrier and unique shape-selectivity
effect.13,14 It has been shown that MTO follows the dual-cycle
hydrocarbon pool mechanism,15,16 which makes the reaction
network of MTO quite complicated and involves hundreds of
elementary reactions and various carbocation active intermedi-
ates. The thermodynamic properties of elementary reactions in
MTO are not only dependent on the guest molecular species
engaged in the reaction network, but also relevant to the
interplay between guest molecules and active sites of the
catalyst. The guest molecules can be absorbed at the acidic
sites. Compared with gas phase reactions, the reaction
energy barriers in molecular sieves are greatly reduced and
thus the reaction rate and product selectivity have been
enhanced.17 Martinis utilized a GC method to calculate the
thermodynamic data of hydrocarbon species over molecular
sieves,18 in which the carbocation, alkene, and their ortho
carbon atoms were considered as groups with second-
order contributions. However, he neglected the group inter-
actions between the guest molecules and active sites of the
catalyst. Solely summing up the contributions of individual
groups of guest molecules might result in inaccurate calcula-
tion of thermodynamic data in molecular sieve catalyzed
processes.3,12,19

In this work, we propose a modified group contribution
(mGC) method to calculate the thermodynamic data of species
encountered in the MTO process over the SAPO-34 catalyst, in
which the interaction between guest molecules and active sites
in the molecular sieves will be considered. This is partly
inspired by the recent work by He et al.,3 in which they
extended the GC methods to account for the intramolecular
interactions. The intramolecular interactions are incorpo-
rated as an exponential decay function of group distance,
which is defined as the number of bonds in between. How-
ever, He et al. only considered interactions between different
guest molecular groups. In our proposal, we treat the active
sites, which are essentially the acidic centers in molecular
sieves, as independent functional groups in addition to the

groups of guest molecules in the reaction network. In the
thermodynamic data calculations, these independent active
site functional groups (IASFGs) can interact with the groups
of guest molecules. By doing so, all the contributions from
individual groups of guest molecules, interactions between
groups of guest molecules, and interactions between IASFGs
and groups of guest molecules are taken into account. The
purpose of this work is to develop a semi-empirical model for
rapidly calculating the thermodynamic properties for all
reactants, products, and intermediate species in catalytic
processes over molecular sieves. Our ultimate goal is to
establish an intelligent micro-kinetics generation approach,
which requires the establishment of a detailed reaction net-
work, as well as a model for quickly obtaining thermody-
namic and kinetic parameters. To this end, in this paper we
focus on the model for obtaining the thermodynamic para-
meters, including the reaction entropy and enthalpy, for all
species and the corresponding reactions.

2. Method
2.1 Group contribution methods

The GC method represents an approximate calculation
approach based on the additive nature of molecular properties.
It divides the molecule into different groups, and then adds up
the properties of each group. GC methods can be applied to
predict various physical and thermodynamic properties of
molecules. The commonly used group classification principle
is Benson’s method, in which the contribution of atoms or
atomic groups is determined by taking the atom or atomic
group as the starting point and considering the property
differences of the connected atoms or atomic groups in turn.
GC methods can be used to estimate the standard formation
enthalpy, standard absolute entropy and standard molar heat
of ideal gaseous organic compounds by

Yf ¼
Xnc
i¼1

ngi � gci (1)

where Yf represents the thermodynamic parameters (such as
enthalpy Hf, entropy Sf, etc.), gci is the energy of each group i, nc

is the number of group categories, and ngi is the number of
segments of each group i. For example, in Fig. 1, 1-butene has
four carbon atoms, so it can be divided into four groups, i.e.,
‘‘CH2Q’’, ‘‘CHQ’’, ‘‘CH2’’ and ‘‘CH3’’. Note that there is only
one segment for each group in the 2-butene; eqn (1) can be
written as Yf = gc‘‘CH2Q’’ + gc‘‘CHQ’’ + gc‘‘CH2’’ + gc‘‘CH3’’.

2.2 Modified group contribution method

For molecular sieves, the interactions between IASFGs and
groups of guest molecules should be taken into account in
thermodynamic data calculations. In this article, IASFGs are
related to the locations of active sites or the corresponding
acid sites of the molecular sieves. In the real calculations, it
represents the first group which is closest to the molecular
sieves, such as [CH2+] in Fig. 1(b). Assuming that yMS
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represents the influence brought by molecular sieves and
yMOL represents the influence of guest molecular functional
groups, we obtain

Yf ¼
Xnc
i¼1

ngi � gci þ yMS þ yMOL (2)

yMS ¼ P½C�
X
x

f½C�
� �dx (3)

yMOL ¼ P½O�
X
x

f½O�
� �dx þ P½N�

X
x

f½N�
� �dx (4)

Here P is the correction coefficient describing the interaction
between groups, f is the distance factor which can be
obtained as an empirical parameter, and dx is the topological
distance that describes the number of atoms between atom x
and the corresponding functional group. For functional
groups with subscripts of P and f, ‘‘[C]’’ represents the
carbenium of IASFGs, ‘‘[O]’’ represents the carbon–carbon
double bond, and ‘‘[N]’’ represents the ring. The number of
atoms in between two different atoms is defined as the
topological distance of these two atoms. For a given guest
molecule, the interaction between each group constituting
this molecule and the active sites or functional groups is
closely related to the distance between them. The closer the
distance, the stronger the interaction. Therefore, a distance
correction should be considered in GC methods. In this

work, a power distance function,
P
x

f dx , is used to describe

the influence of the active sites or functional groups of
molecular sieves on guest molecules. For example, in
Fig. 1(a), 1-butene has a functional group of carbon–carbon
double bond, so dx values of groups 1 and 2 are both 0 and dx

values of groups 3 and 4 are 1 and 2, respectively. In Fig. 1(b),
the IASTG corresponding to the propylene carbocation in
molecular sieves is ‘‘CH2+’’, so dx values of groups 1, 2 and 3

are 0, 1, and 2, respectively. Among them, ng and dx need to
be obtained from the topological structure and properties of
the guest molecule of interest, while the remaining para-
meters are obtained by fitting.

The number of segments of the same group within guest
molecules, ng, can be obtained from the simplified structural
formula. Each carbon atom and its connected hydrogen atom
can be considered as a group. For example, as shown in Table 1,
n-butane contains two methylene groups and two methyl
groups. Specifically, 2-butene contains two methylene groups
and two methyl groups, and the corresponding dx values of
these four groups are 1, 0, 0, and 1, respectively. Meanwhile 1-
butene carbocation contains one ‘C + –CH2+’ group, two methy-
lene groups, and one methyl group, and in 1-butene carboca-
tion the corresponding dx values of the groups are 0, 1, 2, and 3,
respectively.

3. Thermodynamic data
3.1 Methanol to olefins reaction network

Methanol to olefins (MTO) opens up a new way for the utiliza-
tion of non-oil resources to produce light olefins for alleviating
the shortage of oil resources.20,21 As discussed above, the
reaction network of the MTO process over SAPO-34 molecular
sieves is extremely complex, containing numerous intermediate
species and elementary reaction steps. To illustrate the effec-
tiveness of the mGC method in calculating the thermodynamic
parameters, we consider the initial stage of MTO reaction as an
example in the following.

The reaction mechanism of MTO has been well investigated,
and the initial stage of MTO over SAPO-34 molecular sieves
mainly involves alkane and alkene conversion as well as ring
formation.22,23 The main species appeared at this stage are
alkanes (R, gas phases), olefins (O, gas phases), carbocations
(C, chemisorption state), olefin carbocations (OC, chemi-
sorption state), five-membered ring carbocations (N5C, chemi-
sorption state), and six-membered ring carbocations (NC,
chemisorption state), as shown in Table S1 (in the ESI†). The
reactions occurring at the initial stage of MTO include proto-
nation (PRO), deprotonation (DEP), methyl shift (MSI), PCP
branching (PCP), methylation (MET), alkylation (ALK), b-scis-
sion (BSC), hydrogen transfer (HTR), cyclization-five (CYC1) and

Fig. 1 Schematic diagram of the mGC method for different functional
groups: (a) carbon–carbon double bond and (b) independent active site
functional groups (IASFGs).

Table 1 Calculation of the groups and corresponding topological dis-
tances of guest molecules

Name

ng dx

C–CH3 C–C2H2 Cdb–CH C + –CH2

Topological
distance

CH3CH2CH2CH3 2 2 0 0 0
CH3CHQCHCH3 2 0 2 0 1, 0, 0, 1
[CH2+]CH2CH2CH3 1 2 0 1 0, 1, 2, 3

Cc–C2H2 Cc + –C2H 0, 1, 1, 2, 2, 3
5 1
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cyclization-six (CYC2), as listed in Table S2 (in the ESI†). An
approach of automatic generation of reaction networks based on
the established reaction mechanism has been developed in a
parallel work (Fig. 2, see ESI† for detailed procedures). In the
current work, we use this approach to generate the reaction
network. The approach consists of three steps: converting the
reactant species to a Boolean matrix, formulating the reactions
with matrix transformation, and establishing the reaction network.

For simplicity, we define a maximum number of carbon
atoms in the guest molecules to limit the indefinite expansion
of species number in the MTO process. We argue that this is
reasonable as our main purpose here is to illustrate the effec-
tiveness of the mGC method. The corresponding thermody-
namic properties (including enthalpy and entropy) of all
species considered are obtained at four temperatures (698,
723, 748, and 763 K) based on the first principles density
functional theory (DFT) calculation, which are defined as the
reference data in this work. We first assumed that the max-
imum number of carbon atoms is 7, which leads to the 186
species and 753 reactions enclosed in the initial stage of the
MTO process which were used as the training set. Based on the
molecular structures of 186 guest molecules in the training set,

we identified all possible groups constituting guest molecules,
and derived the thermodynamic properties of each group by
data fitting. Then, we calculated the thermodynamic data of the
training set using both the cGC (eqn (1)) and mGC (eqn (2)–(4))
methods, and made a detailed comparison. To further examine
the reliability of the mGC method, we also extended the
maximum carbon atom number to 8, and selected 65 addi-
tional species and 100 additional reactions from the reaction
network, which were used as the testing set. The thermody-
namic properties of these extra species and reactions were
calculated using the mGC method based on the group para-
meters of the training set. The detailed analysis is in Sections
4.1 and 4.2.

3.2 Thermodynamic database by density functional theory

As mentioned above, the thermodynamic properties (including
enthalpy and entropy) of all 186 species in the training set and
65 species in the testing set were derived based on the DFT
calculation, and for each species four temperatures (698 K, 723
K, 748 K, and 763 K) were considered. We used well-developed
software to obtain the thermodynamic parameters of species at
different temperatures. Specifically (Fig. 3), we first used Gauss

Fig. 2 A method for automatic generation of reaction networks.

Fig. 3 Flowchart for calculating thermodynamic parameters.
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View 5.0 software to edit the structure of species, and then used
Gaussian 09W and Shermo 2.0.5 software to calculate the
thermodynamic parameters of species at different
temperatures.24–26 Finally, in order to simplify calculations
and improve model fitting, we propose the utilization of
modified thermodynamic parameters. This approach is parti-
cularly beneficial when dealing with thermodynamic values
obtained from DFT calculations, which tend to be excessively
large and pose challenges for effective fitting.

The detailed procedure is as follows:
(1) Calculating the absolute enthalpy and entropy of species

at a specified temperature. For gas phase species, we directly
edited the structure through Gauss View 5.0 and calculated it
with Gaussian 09W. For molecular sieve adsorption species, the
H-SAPO-34 molecular sieve structure was derived by selecting
the extended 74T(SiP36Al37O119H59)27 structure extracted from
CHA crystals, in which the acidic sites were located in the 8-MR
window28 (Fig. 4).

After the structure was defined, we then obtained the
thermodynamic parameters of adsorbed species of H-SAPO-
34. In doing so, we first conducted geometry optimization and
frequency calculations via ONIOM (oB97XD/6-31G(d,p):am1),
and then derived energy via oB97XD/6-311G (d,p).29–31 In
Gaussian 09W calculations, the results for a certain tempera-
ture T can be stored in ‘‘*.log file’’, which includes single point
energy eele, enthalpy correction Hcorr, and Gibbs free energy
correction Gcorr. Finally, we obtained the absolute enthalpy H
and entropy S of the species at this temperature via

H(T) = eele + Hcorr(T) (5)

G(T) = eele + Gcorr(T) (6)

SðTÞ ¼ HðTÞ � GðTÞ
T

(7)

(2) Calculating the absolute enthalpy and entropy of species
at other temperatures. By use of Shermo 2.0.5 software, we can
quickly calculate thermodynamic parameters at other

temperatures based on the ‘‘*.log file’’ for one specified tem-
perature through the partition function methods.

(3) Generating the modified thermodynamic parameters of
species based on the absolute data. Usually, the absolute
enthalpy or entropy of a given species calculated from different
methods may vary because the standard conditions could be
different.

For convenience, we defined the modified parameters of
formation Y0

f (including the modified enthalpy of formation H0
f

and modified entropy of formation S0
f ), and calculated the

modified parameters of each species ‘‘CxHy’’ as well as the
modified parameters of carbon atoms Y0

f (C,g) and hydrogen
molecules Y0

f (H2,g).

Y0
f CxHy

� �
¼ Y0

f CxHy; g
� �

� x� Y0
f C; gð Þ

�y
2
� Y0

f H2; gð Þ
(8)

Taking the reaction ‘‘ ZH + CH2QCH2 - ZH–CH2CH3

(723 K)’’ as an example, we have

Y0
f ZHCxHy

� �
¼ Y0

f ZHCxHy

� �
� Y0

f ZHð Þ

�x� Y0
f C; gð Þ � y

2
� Y0

f H2; gð Þ
(9)

Note that the single point energy eele, enthalpy correction
Hcorr, and Gibbs free energy correction Gcorr are all calculated by
GAUSS 09W, and the absolute enthalpy of the species (unit
conversion: 1 H/P E 2625.5 kJ mol�1) can be obtained through
formulas (5) and (6). Then we can calculate the modified
enthalpy of formation H0

f by formulas (8) and (9). We can
calculate the modified enthalpy of formation of ethylene by
H0

f (CH2QCH2) = H(CH2QCH2,g) � 2 � H(C,g) � 2 � H(H2,g).
The modified formation enthalpy calculation of ethylene
carbocation is thus H0

f (ZHCH2CH3) = H(ZHCH2CH3) � H(ZH) �
2 � H(C,g) � 2 � H(H2,g).

4. Results and discussion
4.1 Training process

In the training process, we first identified the groups using the
186 species in the training set and then calculated the group
parameters, including distance factor f, group energy para-
meter gc and distance coefficient P. In this work, 15 groups
which can be classified as four types (i.e., the alkane groups,
alkene groups, carbocation groups, and ring groups) were
identified. The alkane groups were further divided into methyl
group (C–CH3) and methylene group (C–C2H2, C–C3H and C–
C4). The alkene groups, according to the number of hydrogens,
were divided into groups Cdb–H2, Cdb–CH and Cdb–C2. Simi-
larly, the carbocation groups were divided into groups C +
–CH2, C + –C2H and C + –C3. The ring groups include groups
Cc–C2H2, Cc–C3H, Cc–C4, Cc + –C2H, and Cc + –C3.

As shown in Table 2, in order to describe the effects of active
sites and functional groups of molecular sieves on the thermo-
dynamic properties of guest species, for different guest mole-
cules, three distance factors ( f[O], f[C] and f[NC]) and five distanceFig. 4 H-SAPO-34(74T) model.
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coefficients (P[O], P[C], P[O_OC], P[C_OC] and P[NC]) were further
considered.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

m

Xm
i¼1

y0i � yið Þ2
s

(10)

MAE ¼ 1

m

Xm
i¼1

y0i � yi
�� �� (11)

To illustrate the procedure, we take the training set as an
example (in which the temperature is set as 723 K), and the
detailed results are included in the ESI.† The fitting process is
conducted by two steps, and root mean square error (RMSE)
and mean absolute error (MAE) are used to describe the fitting
effect (as shown in eqn (10) and (11)), where m is the sample
size, y0i is the model predicted value of sample i, and yi is the

reference value. In the first step, the initial group parameters
are obtained by fitting according to eqn (1) with DFT data as
reference data. RMSE as a function of distance correction factor
is shown in Fig. 5. The distance factor is determined by that
corresponding to the minimum RMSE for either enthalpy or
entropy. In the following step, according to the reference
enthalpy and entropy of the guest species by DFT calculation,
the thermodynamic parameters of different groups as well as
the corresponding distance factors were obtained by least
square fitting, as shown in Table S3 (in the ESI†).

We used both the cGC and mGC methods to estimate the
thermodynamic parameters for 186 species using the reference
data and group parameters obtained above. We examined the
results carefully, and analyzed the distribution of deviations of
thermodynamic parameters calculated by mGC and cGC meth-
ods for all the species (see Fig. 6). Compared with the tradi-
tional group contribution method, the important improvement
of mGC lies in the number distribution of average error and the
root mean square error has been essentially narrowed. This
means that the estimation of thermodynamic parameters has
been essentially improved for most of the species by use of
mGC. Meanwhile mGC can realize thermodynamic parameter
calculation for molecular sieve adsorbed species. Furthermore,
mGC is more physics-sound as it takes into account all con-
tributions from intramolecular functional groups as well as
interactions between the zeolite and the guest molecule.

We have calculated the enthalpy change and entropy change
of each reaction at the initial stage of MTO, and analyzed the
deviation between the estimated thermodynamic parameters
and corresponding reference data for the training set. In Fig. 7,
in total 753 reactions classified into 10 types are shown, with
the ordinate representing the DFT data and the abscissa

Table 2 Calculation models for different guest species

Species Calculation model

R
Y0

f ¼
Pnc
i¼1

ngi � gci
O

Y0
f ¼

Pnc
i¼1

ngi � gci þ P½O�
P
x

f½O�
� �dx

C
Y0

f ¼
Pnc
i¼1

ngi � gci þ P½C�
P
x

f½C�
� �dx

OC
Y0

f ¼
Pnc
i¼1

ngi � gci þ P½C OC�
P
x

f½C�
� �dx þ P½O OC�

P
x

f½O�
� �dx

N5C
Y0

f ¼
Pnc
i¼1

ngi � gci þ P½NC�
P
x

f½NC�
� �dx

NC
Y0

f ¼
Pnc
i¼1

ngi � gci þ P½NC�
P
x

f½NC�
� �dx

Fig. 5 Distance factor f of enthalpy and entropy.
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representing the estimated parameters using the mGC method.
Note that the dotted lines represent the deviation of �30 kJ in
Fig. 7(a) and�30 J in Fig. 7(b); it can be concluded that both the
enthalpy change and entropy change of reactions estimated by
the mGC method agree well with the reference data by DFT
calculations. As shown in Table 3, the MAE of the enthalpy
change of reactions in the training set, which was obtained by
comparing the data estimated by the mGC method with the
reference data by DFT, is about 18.80 kJ mol�1, while the MAE

of the entropy change is about 10.84 J mol�1. Apparently, the
mGC method is superior over the cGC methods in terms of
enthalpy and entropy change calculations for the initial stage of
MTO over molecular sieves.

4.2 Testing process

To further check the reliability and applicability of the
proposed mGC method, we assumed the maximum number
of carbon atoms to be 8 in the initial stage of MTO over SAPO-
34 molecular sieves. Thus, we obtained 100 extra reactions with
65 extra species. Again, to ensure the accuracy of results, we
used DFT described in Section 3.2 to calculate the thermody-
namic properties of these extra species and reactions which
were used for evaluating the performance of the mGC method.
In estimating the thermodynamic properties of these extra
species and reactions, we used the information of groups and
distance parameters obtained in the training process. As listed
in Table 3, MAEs of both enthalpy and entropy of these extra
species relative to the reference data are 17.31 kJ mol�1 and
14.19 J mol�1, respectively. Meanwhile, we can observe that

Fig. 6 Comparison of calculation error between cGC and mGC: (a) Hf and (b) Sf.

Fig. 7 Comparison of enthalpy change (a) and entropy change (b) of reactions estimated by the mGC method and reference data by DFT calculation for
the training set. The dashed lines represent the deviation of �30 kJ for enthalpy change (a) and �30 J for entropy change (b).

Table 3 Error analysis of thermodynamic parameters by the mGC
method and DFT calculations

Data Number

MAE RMSE

Hf

(kJ mol�1)
Sf

(J mol�1)
Hf

(kJ mol�1)
Sf

(J mol�1)

Training
set

Species 186 10.62 7.12 15.49 9.08
Reaction 753 18.80 10.84 24.23 13.68

Testing
set

Species 65 17.31 14.19 25.45 16.74
Reaction 100 22.43 16.25 29.18 19.76
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RMSEs of enthalpy and entropy of the extra species are,
respectively, 25.45 kJ mol�1 and 16.74 J mol�1.

Similarly, we calculated the enthalpy change and entropy
change of these 100 extra reactions. We found that MAEs, as
shown in Table 3, are 22.43 kJ mol�1 and 16.25 J mol�1 for the
enthalpy change and entropy change, respectively. The RMSE of
enthalpy change of reactions relative to the reference data
is 29.18 kJ mol�1, and the RMSE of the entropy change is
19.76 J mol�1. Fig. 8 compares the reaction enthalpy change
and entropy change estimated by the mGC method and refer-
ence data calculated by DFT. Note that the dotted lines repre-
sent the deviation of �30 kJ in Fig. 8(a) and �30 J in Fig. 8(b),
respectively; it can be concluded that both the enthalpy change
and entropy change of reactions estimated by the mGC method
agree well with that derived by DFT calculations. It can be
argued that, within a certain error range, the rapid calculation
of thermodynamic parameters of guest species in molecular
sieves can be achieved by the proposed mGC method.

5. Conclusion

For the catalytic process over molecular sieves, we develop a
semi-empirical mGC method for rapid estimation of thermo-
dynamic parameters of guest species in either the gas phase or
inside molecular sieves. In doing so, the effects of active sites
and functional groups of molecular sieves, specifically the
interaction between the guest molecular groups and the active
centers or functional groups in the molecular sieves, were first
considered. Then, the initial stage of MTO over SAPO-34
molecular sieves was studied as an example to illustrate the
effectiveness of the proposed mGC method. A total of 186
species with a carbon atom number less than 7 were selected
as the training set, and 65 species with a carbon atom number
of 8 were used as the test set. The thermodynamic parameters
(including enthalpy and entropy) of these guest species at
different temperatures (698, 723, 748, and 763 K), which were
used as the reference data in the current study, were derived by
use of DFT calculation with the oB97XD/6-31G (d,p) model. The
comparison between the cGC and mGC methods shows that the

mGC method has higher prediction accuracy, even extending to
other guest molecules with higher carbon atom number. The
MAEs of enthalpy and entropy estimated by mGC for
guest molecules with a carbon atom number of 8 are only
17.31 kJ mol�1 and 14.19 J mol�1, respectively. In fact, the mGC
method can be applied for rapid and batch calculation of
thermodynamic properties of guest molecules in a complex
catalytic reaction network, which is essential for automatic
generation of reaction kinetics.
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