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Improved Force-Field Parameters for QM/MM Simulations of the
Energies of Adsorption for Molecules in Zeolites and a Free Rotor
Correction to the Rigid Rotor Harmonic Oscillator Model for
Adsorption Enthalpies
Yi-Pei Li,† Joseph Gomes,† Shaama Mallikarjun Sharada,† Alexis T. Bell,† and Martin Head-Gordon*,‡

†Department of Chemical and Biomolecular Engineering and ‡Department of Chemistry, University of California, Berkeley,
California 94720-1462, United States

ABSTRACT: Quantum mechanics/molecular mechanics (QM/
MM) simulations provide an efficient avenue for studying
reactions catalyzed in zeolite systems; however, the accuracy of
such calculations is highly dependent on the zeolite MM
parameters used. Previously reported parameters (P1), which
were chosen to minimize the root mean square (RMS)
deviations of adsorption energies compared with full QM
ωB97X-D/6-31+G** adsorption energies, are shown to over-
estimate binding energies compared with experimental values,
particularly for larger substrates. To address this issue, a new
parameter set (P2) is derived by rescaling the previously reported characteristic energies of the Lennard-Jones potential in P1.
The accuracy of the thermal correction for adsorption enthalpies determined by the rigid rotor-harmonic oscillator
approximation (RRHO) is examined and shown to be improved by treating low-lying vibrational modes as free translational and
rotational modes via a quasi-RRHO model. With P2 and quasi-RRHO, adsorption energies calculated with QM/MM agree with
experimental values with an RMS error of 1.8 kcal/mol for both nonpolar and polar molecules adsorbed in MFI, H-MFI, and H-
BEA. By contrast, the RMS error for the same test sets obtained using parameter set P1 is 8.3 kcal/mol. Glucose−fructose
isomerization catalyzed by Sn-BEA is taken as an example to demonstrate that improved values for apparent activation energies
can be obtained using the methodology reported here. With parameter set P2, the apparent activation energy calculated with
QM/MM reproduces the experimental value to within 1 kcal/mol. By contrast, using parameter set P1, the error is −12.9 kcal/
mol.

■ INTRODUCTION

Zeolites in their Brønsted or Lewis acid form are active catalysts
for a variety of chemical reactions involved in the production of
transportation fuels and special chemicals, e.g., hydrocarbon
cracking, isomerization, and alkylation.1−3 Experimental studies
have shown that the catalytic activity and product selectivity for
such reactions are highly affected by the zeolite framework
structure and composition, e.g., Si/Al ratio.4,5 Since the range of
possible zeolite structures and compositions is extremely large,
it is highly desirable to predict the effects of zeolite frameworks
and compositions on catalyst activity and selectivity for a given
reaction. Significant progress toward this end has been achieved
using quantum chemical simulations based on density func-
tional theory (DFT).6 Such calculations can not only confirm
the interpretations of reaction mechanisms deduced from
experimental results but also predict the influence of zeolite
framework structure and composition on a reaction.
However, special care has to be taken in order to calculate

the interaction between a reactant and a zeolite cluster correctly
because long-range dispersion forces are notoriously difficult to
handle in ab initio calculations.7 Recent studies recommend
that, for large molecular complexes, dispersion-corrected DFT

with valence triple-ζ basis sets should be used.8 Additionally, an
explicit correction should be made for the nonadditive
Axilrod−Teller−Muto three-body dispersion interaction,
which increases with system size, in order to obtain accurate
dispersion interaction energies.8 However, at this level of
theory, it is not feasible to include a significant part of the
zeolite framework into the model because of the high
computational costs. On the other hand, a zeolite model with
only a small cluster (less than 150 tetrahedral atoms; <T150)
cannot fully describe the confinement and dispersion effects
occurring in the pores of a zeolite.9

The recent development of quantum mechanics/molecular
mechanics (QM/MM) models offers the possibility of striking
a balance between simulation realism, accuracy, and computa-
tional costs.10−14 In QM/MM, a small cluster encompassing
the active center and the adsorbate is described by QM, while
the rest of the zeolite is described by MM. Zimmerman et al.
have selected and validated MM parameters (P1) for
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electrostatically embedded QM/MM zeolite simulations by
reducing the root mean square (RMS) deviation between QM/
MM and QM calculations over a range of adsorption energies
and transition states in MFI and H-MFI.15 Those calculations
were done with clusters no larger than 44 tetrahedral atoms in
which a T5 QM region is treated at the ωB97X-D16,17/6-
31+G** level of theory. It was shown that QM/MM(P1) can
accurately reproduce QM geometries and QM energetics
calculated with the same level of theory and cluster sizes to
within ∼2 kcal/mol. Gomes et al. have further validated the
scheme with the same parameters by comparing experimental
adsorption and activation energies with the values calculated
using much larger clusters (>T150) with larger basis sets
(ωB97X-D/6-311++G(3df,3pd)) for the T5 QM region.9 It
was shown that the adsorption energy of methanol and the
reaction barrier for the methylation of ethene in H-MFI were in
good agreement with experimental values, while the adsorption
energy of 1-butene in both MFI and H-MFI was overestimated
by ∼10%. This overbinding is even more pronounced for larger
adsorbate molecules (pentane and hexane), as shown by the
recent work of Sharada et al.18

Here, we show that the deviation between experimentally
measured heats of adsorption for C1 to C8 n-alkane in siliceous
MFI and those calculated with QM/MM(P1) diverges with
increasing number of CH2 units in the adsorbate. We believe
that this deviation is due to overestimation of the van der Waals
interaction between adsorbates and adsorbents, which con-
stitutes the predominant interaction between alkanes and
siliceous zeolites.15 Since this interaction is modeled by the
pairwise-additive Lennard-Jones potential in the QM/MM
scheme, it is not surprising to see the error accumulating as the
number of significantly interacting pairs of atoms between a
guest molecule and a zeolite cluster increases. Since a previous
study has shown that intrinsic activation energies calculated
using the QM/MM approach, which are most sensitive to MM
charge parameters, agree well with experimental values, we
believe the MM charges assigned to Si and O of zeolite clusters
are reasonable.18

The first purpose of this paper is to describe the
development and testing of a new parameter set (P2) for
describing the adsorption of both nonpolar and polar
adsorbates. The P2 parameter set is derived by recalibrating
the characteristic energies of the Lennard-Jones potential for O
and Si (εO and εSi) in P1 but keeping the MM charge
parameters unchanged. With QM/MM(P2), the experimental
interaction energies for both physisorption and chemisorption
of guest molecules of varying sizes in MFI and H-MFI can be
reproduced with errors roughly 5 times smaller than QM/
MM(P1). The transferability of the P2 parameters to other
zeolites was validated by successful reproduction of the
adsorption energies for H-BEA zeolites.
The second goal of this paper is to demonstrate that

improved values for the adsorption enthalpies of molecules in
zeolites can be obtained by correcting the usual rigid rotor
harmonic oscillator (RRHO) model that is used to evaluate
zero-point energy and thermal corrections to adsorption
enthalpies. By investigating the lower and upper limits to the
corrections corresponding to mobile and immobile adsorption,
we show that the usual RRHO model is outside the resulting
physically allowed regime as temperature rises above room
temperature. We show that more physical behavior can be
obtained by interpolating between the RRHO model and free
rotor contributions as a function of vibrational frequency. The

resulting quasi-RRHO model yields improved adsorption
enthalpies.
Glucose to fructose isomerization in Sn-BEA is taken as an

example to illustrate the application of the new parameter set
P2 and the quasi-RRHO model. At the end of the present work,
the question of how to simulate reactions occurring in zeolites
efficiently and accurately with the QM/MM model is discussed
in detail.

■ METHODS

Zeolite Model Geometries. The crystallographic struc-
tures of MFI and BEA were used to determine the positions of
all atoms in the zeolite cluster models.19−21 As shown in Figure
1, a T437 cluster and a T208 cluster were chosen to represent
MFI and BEA, respectively. Each cluster was terminated with
hydrogen atoms by replacing the terminal oxygen atoms. The
H form of the zeolites (H-MFI, H-BEA) was produced by
replacing a Si atom in the framework by an Al atom and also
introducing a proton to compensate the resulting charge

Figure 1. QM/MM models for (a) H-MFI (T437), (b) H-BEA
(T208), and (c) Sn-BEA (T208). Atoms shown in yellow, red, pink,
white, and green represent Si, O, Al, H, and Sn atoms, respectively.
Spherical atoms are QM atoms, others are MM atoms.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp509921r
J. Phys. Chem. C 2015, 119, 1840−1850

1841

http://dx.doi.org/10.1021/jp509921r


imbalance. Although the MFI unit cell has 12 different
crystallographic sites in which an Al atom can be substituted,
there is evidence that the T12 site is favored.22,23 BEA has nine
unique T atom positions, of which two sites were suggested to
be most energetically favored for Al atom substitution,24 i.e., the
T1 and T2 sites in the nomenclature of Newsam et al.20 For
this study, we considered the Al atom to be in the T12 site of
MFI and the T2 site of BEA. Sn-BEA was produced by
replacing a Si atom by a Sn atom in the T2 site, one of the two
sites favored for Sn substitution.25,26 One of the Sn−O−Si
bridges was replaced by Sn−OH and Si−OH because previous
studies have suggested that this partially hydrolyzed open site is
more active than the fully coordinated closed site.27−29 More
discussions of the activity difference between the open and
closed sites can be found in our recent work.30

Computations. Implementation of the electrostatically
embedded QM/MM zeolite model in this work followed the
scheme proposed previously, the details of which can be found
elsewhere.15 Adsorbates and a T5 cluster encompassing the
active center were described by QM, while the rest of the
zeolite was described by MM with a standard force field of the
CHARMM type.31−33 All the geometry optimizations were
performed with relaxation of only the internal QM region,
keeping all the MM atoms frozen. The hydrogen terminations
of the QM region were kept along each of the terminal Si−O
bonds at a distance of 0.92 R(Si−O) from the terminal Si atom.
Since the MM atoms are held fixed, the only relevant terms in
the force field are the two MM−QM interactions. The
electrostatic part of this interaction is described by

∑
πε

=V
q

r4ij

j

ij
QM/MM

0 (1)

where VQM/MM is the electric potential in the QM Hamiltonian
due to all the MM atoms; rij is the distance between particles i
and j, where particle i is in the QM region and particle j is in the
MM region; qj is the charges on particles j, which is a force-field
parameter; and ε0 is the permittivity of free space. The
Lennard-Jones interaction ELJ is given by
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where εij = (εiεj)
1/2 and Rij = (Ri + Rj)/2; Ri is the van der

Waals radius; and εi is the characteristic energy for the Lennard-
Jones potential. These expressions require three parameters for
each atom type. For the atoms of nonzeolite molecules,
standard CHARMM parameters33 were used. However, for the
atoms of the zeolite cluster, two sets of MM parameters were
used, all of which are listed in Table 1. Parameter set P1 is that
proposed by Zimmerman et al.,15 and P2 is the new parameter
set suggested in this work, for which optimization is described
below.

All the adsorption energies reported are ground-state
electronic energies without zero-point vibrational corrections.
The experimental electronic adsorption energies were derived
by removing zero-point vibrational and temperature corrections
from experimentally measured adsorption enthalpies

= −E H Eads ads cor (3)

where Eads is the adsorption energy; Hads is the adsorption
enthalpy; and Ecor is the sum of zero-point vibrational and
temperature corrections. The correction term, Ecor, was
calculated using a modified rigid rotor-harmonic oscillator
approach (quasi-RRHO),34 for which the vibrational energy
contribution is described by

∑
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where T is the absolute temperature; R is the gas constant; vi is
the frequency of the vibration mode i; v0 is chosen as 100 cm

−1;
and Vi

RRHO is the vibrational energy contribution of mode i
described by regular rigid rotor-harmonic approximation
(RRHO)

= +
−

−

−

⎛
⎝⎜

⎞
⎠⎟V N hv RT

hv
kT

1
2

e
(1 e )i i

i
hv kT

hv kT
RRHO

A

/

/

i

i (6)

where NA is the Avogadro constant; h is the Planck constant;
and k is the Boltzmann constant. The rationale for using the
quasi-RRHO instead of the RRHO is discussed below.
Geometry optimizations and single-point energy calculations

were performed at the ωB97X-D/6-31G* and ωB97X-D/6-
311++G(3df,3pd) levels of theory, respectively, unless noted
otherwise. Frequency computations were performed on all
structures to ensure that geometries corresponded to local
minima or first-order saddle point (i.e., zero or one negative
eigenvalues). All calculations were done using a development
version of the Q-Chem software package.35

■ PARAMETER CALIBRATION
Since, as discussed previously, it is costly to do ab initio
calculations of benchmark-level accuracy, experimental adsorp-
tion energies were taken as benchmarks in this work. Previous
studies have indicated that the van der Waals interaction is the
predominant interaction controlling physisorption of nonpolar
molecules in zeolites, whereas the interactions of polar
molecules or chemisorption in zeolites come from both van
der Waals and electrostatic interactions.15 Since there is no way
to unravel interaction energies directly from experimental data,
the adsorption energies of n-alkanes in siliceous MFI (silicalite),
a prototypical physisorption case, were chosen to benchmark
the Lennard-Jones parameters. In contrast to chemisorption at
the active sites in zeolites, e.g., Brønsted or Lewis acid sites,
there is no preferred binding site for dispersion-driven
physisorption of n-alkanes in MFI.36,37 However, as a first
step toward studying the activation in H-MFI, we chose to
investigate the adsorption of alkanes in the straight channel
close to the T12 site, the site which is preferred for Al
substitution.22,23

Table 1. Charge and Lennard-Jones Parameters for O and Si
Used in the QM/MM Portion of This Work

parameter
set QSi QO

εSi
(kcal/mol)

RSi
(Å)

εO
(kcal/mol)

RO
(Å)

P1 0.7 −0.35 0.2 2.2 0.075 1.77
P2 0.7 −0.35 0.047 2.2 0.018 1.77
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The experimental values of adsorption enthalpies of C1 to
C10 n-alkanes in MFI,38−47 noted as Hads(expt), are shown in
Figure 2. It is clear that even though there is a little uncertainty

in the values reported by different authors, there is a good
linear relationship between adsorption enthalpy and the
number of carbon atoms in linear alkanes. The slope of the
regression line, Hads′ (expt), reveals that the interaction energy
between the zeolite and a CH2 unit in an n-alkane is about −2.5
kcal/mol. The calculations carried out for the adsorption
energies of methane to octane in the same zeolite using
parameter set P1 are shown in Figure 3. The linear relationship

between the adsorption energy and the number of carbon
atoms is reproduced, but with a slope of about −4.4 kcal/mol
per CH2 unit, which is much larger than the experimental
result.
To get more insight into the interactions, we decomposed

the calculated adsorption energies Eads(QM/MM) into two
components

= − +E E E(QM/MM) (MM vdw) (QM)ads ads ads (7)

where Eads(MM−vdw) is the van der Waals interaction energy
between an adsorbate and the atoms contained in the MM
region, and Eads(QM) is the sum of the QM−QM interaction
energy between an adsorbate and the active site and the
electrostatic interaction energy arising from the polarization of
the adsorbate by the charges of the atoms contained in the MM

region. The physical meanings of the slopes of the regression
lines of Eads(MM−vdw) and Eads(QM), denoted as Eads′ (MM−
vdw) and Eads′ (QM), are the adsorption energies per CH2 unit
arising from the two interactions, respectively. It is shown in
Figure 3 that van der Waals interactions arising from the MM
cluster, Eads′ (MM−vdw), are the dominant interaction,
contributing about −3.8 kcal/mol per CH2 unit, while
Eads′ (QM) contributes only −0.7 kcal/mol. This finding agrees
with the observation reported previously that physisorption of
nonpolar molecules in zeolites is only sensitive to Lennard-
Jones parameters15 and clearly suggests that the characteristic
energies of the Lennard-Jones potential εSi and εO in P1 are too
large since Eads′ (MM−vdw) itself is larger than Hads′ (expt). What
is not known, though, is whether the MM charge parameters
also need to be revised since electrostatic interactions have only
a minor effect on the adsorption of alkane in siliceous zeolites.
However, we have shown previously that calculated intrinsic
activation energies, which are sensitive to MM charge
parameters, are in good agreement with experimental values;18

therefore, we believe that the MM charge parameters assigned
to Si and O of zeolite are reasonable.
Instead of reparameterizing the van der Waals parameters for

Si and O de novo, a fine-tuning strategy was adopted. The
correct MM van der Waals interaction per CH2 unit with the
cluster was calculated by subtracting Eads′ (QM) from Hads′ (expt).
Then, a scaling factor for the P1 MM van der Waals interaction,
C, was obtained as

= ′ − ′ ′ −C H E E( (expt) (QM))/ (MM vdw)ads ads ads (8)

On the basis of the pairwise-additive nature of the Lennard-
Jones potential energy, this scaling factor for the MM van der
Waals interaction can be directly merged with εSi and εO in P1
keeping other parameters unchanged

ε ε ε× = ×C C( )ij i j
2 1/2

(9)

ε ε= ×C(P2) (P1)Si
2

Si (10)

ε ε= ×C(P2) (P1)O
2

O (11)

where εi(X) is the characteristic energy of the Lennard-Jones
potential of atom i in the parameter set X. The recalibrated
parameter set, P2, is listed in Table 1.
The adsorption energies of C1 to C8 n-alkanes in siliceous

MFI were calculated with QM/MM(P2) and were compared
with experimental data and the values derived from QM/
MM(P1). Figure 4a shows that QM/MM(P1) consistently
overestimated the interactions, and the deviation increases with
the size of the guest molecule. Since parameter set P1 was
chosen to reproduce the results calculated at the ωB97X-D/6-
31+G** level of theory, this parameter set inherited the basis
set superposition error and the error that arises from ignoring
many-body dispersion interactions, both of which contribute to
overestimation of the interaction energy. Since the adsorbate−
zeolite van der Waals interaction is modeled by the pairwise-
additive Lennard-Jones potential in the QM/MM scheme, the
error accumulates as the number of pairs of atoms between a
guest molecule and a zeolite cluster increases, so the
overbinding issue is inevitably more significant for larger
guest molecules. On the other hand, Figure 4a shows that QM/
MM with the recalibrated parameter set P2 accurately
reproduces the experimental values.

Figure 2. Adsorption enthalpies of linear alkanes in purely siliceous
MFI as measured by experiments. Cn represents the number of carbon
atoms in the alkane. The equation is the least-squares regression line of
the data.

Figure 3. Adsorption energies of linear alkanes in MFI as calculated
with QM/MM(P1). Cn represents the number of carbon atoms in the
alkane. The equations are the least-squares regression lines of the data.
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■ THERMAL CORRECTION

Because the scaling factor, C, was designed to fit the slope of
the regression line of Eads(QM/MM) in Figure 3 to Hads′ (expt),
the underlying hypothesis of the recalibration is that Ecor, the
sum of zero-point vibrational and temperature corrections, is
not a function of the number of CH2 units in linear alkanes. It
turns out to be a good assumption since, as shown in Figure 4a,
after removing Ecor calculated with the quasi-RRHO model
from the experimental enthalpies the adsorption energies
determined by QM/MM(P2) agree well with the experimental
values. Interestingly, we found that if Ecor was determined by
the RRHO model, though the slope of the experimental data
can still be correctly reproduced by the calibrated parameters,
QM/MM(P2) consistently underbinds by ∼2 kcal/mol
comparing with the experimental data as shown in Figure 4b.
As discussed previously, since the successful reproduction of
the slope of the experimental adsorption energies of linear
alkane adsorbed in siliceous zeolites indicates that the
interaction between a CH2 unit and the cluster in the MM
region is correctly captured, it is not likely that the error comes
from the MM parameters. Moreover, due to the fact that the
offset is underbinding, it is not likely an error of using an
incomplete basis set. On the other hand, it should not be
cursorily attributed to density functional errors either because
its magnitude is larger than the error expected for noncovalent
interactions calculated with ωB97X-D.16

This finding motivates us to examine the energy contribution
which is not directly determined by QM/MM(P2), i.e., the
correction term Ecor calculated via the RRHO approximation. It
is well-known that treating the translational and rotational
modes of a guest molecule in a zeolite system as low-frequency
vibrations via RRHO results in highly inaccurate entropy
calculations.48,49 However, to the best of our knowledge, the
impact of this inaccurate treatment of modes on enthalpy
calculations has not been discussed extensively. Using RRHO,
the energy contributions of the translational and rotational
modes are described by eq 6, the energy contribution of a
harmonic oscillator. As vi → 0, eq 6 asymptotically approaches
RT as opposed to 1/2RT, the correct energy contribution of a
translational or rotational mode, resulting in an error of 1/2 RT
per translational or rotational degree of freedom that a guest
molecule retains in zeolites.

Since the error is proportional to temperature, one might
expect it to be negligible if the temperature is not high.
Unfortunately, we found that this issue could result in a
noticeable error even at room temperature. This point can be
elucidated by examining whether Ecor determined by RRHO
lies between the upper and lower bounds defined by the
extreme cases: mobile and immobile adsorptions. For the case
of mobile adsorption, it is assumed that a guest molecule retains
all of its translational and rotational modes in the zeolite. For
the temperature range where the thermal excitation of
vibrational modes is negligible (T ≤ 300 K), Ecor for the
mobile adsorption can be described as

= Δ −E E RTcor ZPVE (12)

where ΔEZPVE is the zero-point vibrational correction, and −RT
corresponds to the change of the PV term of the enthalpy for
the adsorption of gas-phase molecules. On the other hand, for
the case of immobile adsorption, it is assumed that a guest
molecule loses all of its translational and rotational modes in
the zeolite. Similarly, at low temperature, Ecor for the immobile
adsorption case can be described as

= Δ −E E RT4cor ZPVE (13)

The additional −3RT corresponds to the loss of the
translational and rotational energies in the immobile adsorption
scenario.
Since the mobile and immobile cases are two extremes, for

the range where the thermal excitation of vibrational modes is
negligible (T ≤ 300 K), eq 12 and eq 13 define the upper and
lower bounds for Ecor. As shown in Figure 5, for the adsorption
of methane in siliceous MFI, eq 12 and eq 13 define the
allowed region (shaded area) in which Ecor should lie. However,
Figure 5 clearly shows that Ecor determined by RRHO is within
this region only if the temperature is very low (T ≤ 100 K), and
at room temperature (T = 300 K), the value determined by
RRHO is about 1 kcal/mol higher than the upper bound. This
issue is observed not only in the adsorption of methane but also
in the adsorption of longer alkanes, such as n-octane adsorption
in MFI (Figure 6). Since, as discussed previously, the error is
proportional to temperature, it is critical to fix this artifact in
order to accurately compute the adsorption or activation
enthalpies above room temperature.

Figure 4. Adsorption energies of guest molecules in purely siliceous MFI calculated with QM/MM(P1) and QM/MM(P2). Experimental
values42,43,46 are shown with ±10% error bar and were derived by removing zero-point vibrational and temperature corrections from experimentally
measured adsorption enthalpies using (a) quasi-RRHO and (b) RRHO. The connecting lines are drawn to guide the eye.
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To remedy this problem, we replaced the energy
contribution of the low-lying vibrational mode by 1/2RT, the
correct description for the energy of a translational or rotational
mode, using the interpolation scheme described by eq 4. As
shown in Figure 7, the quasi-RRHO scheme continuously
interpolates between the harmonic vibrational and translational
(or rotational) contributions using the Chai and Head-Gordon
damping function16 shown by eq 5 and effectively replaces the
energy contribution for all modes with frequency less than v0 by
1/2RT. Though this black-box type of interpolation procedure

was originally proposed by Grimme to remedy the divergence
issue of entropy calculation for low-lying modes of supra-
molecules,34 we found that it is helpful to improve the accuracy
of adsorption enthalpy calculations in zeolites. As shown in
Figure 5, with the same cutoff frequency suggested by Grimme
(100 cm−1), it is clear that Ecor determined by quasi-RRHO
behaves better than the one determined by RRHO for the
adsorption of methane because it lies within the allowed region.
The same improvement is observed in the case of the
adsorption of longer alkanes, such as n-octane adsorption
shown in Figure 6. Therefore, as shown in Figure 4a, the ∼2
kcal/mol offset mentioned previously (Figure 4b) is not
observed if Ecor is determined by the quasi-RRHO model.
One might have noticed from Figure 5 and Figure 6 that

using the quasi-RRHO model also slightly affects ΔEZPVE,
which is Ecor at 0 K. This is because, as shown by eq 4, the zero-
point vibrational correction of mode i, 1/2NAhvi, is also
weighted by ω(vi). This artifact can be avoided by using a
slightly modified expression

∑ ω
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where 1/2NAhvi is factored out so that only the thermal
excitation part of the vibrational contribution is weighted by
ω(vi). However, since the influence is small and the zero-point
vibrational correction determined by RRHO is an approx-
imation itself, we choose to adopt eq 4, the more physical
expression which replaces all the energy contributed by a low-
lying mode by 1/2RT.

■ PARAMETER VALIDATION
To validate the parameter set, P2, the adsorption energies of
two test sets were calculated with QM/MM(P2) and were
compared with experimental data and the values derived from
QM/MM(P1). The first test set covered the adsorption of
nonane, decane, cyclohexane, 1-butene, and benzene in
siliceous MFI. For this test set, dispersive interactions dominate
the adsorbate−zeolite interactions so that the adsorption
energy is only sensitive to Lennard-Jones parameters, as
discussed above. Figure 8 shows that QM/MM(P2) outper-
forms QM/MM(P1) and correctly reproduces the experimental
values for the entire test set, validating the superior ability of
QM/MM(P2) to capture correctly dispersive interactions of
adsorbates with zeolites.
The second test set examines the interactions of propane,

NH3, acetonitrile, 1-butene, pyridine, and methanol with H-
MFI and CO2, NH3, and hexane with H-BEA. This test set
covers polar molecules, which are more sensitive to long-range
charge interactions with the lattice, and molecules that can
strongly interact with the Brønsted acid site, i.e., NH3 and
pyridine. Figure 9 shows that QM/MM(P1) again overbinds all
guest molecules. Pyridine, the largest polar guest molecule in
the test set, deviates the most from the experimental value,
consistent with the arguments given above. Without adjusting
the MM charge parameters, parameter set P2 improved the
accuracy of this test set, suggesting that the εSi and εO in P2 are
compatible with the original MM charge parameters in P1. It
also justifies the assumption that the charges assigned originally
to Si and O atoms of the zeolite clusters in parameter set P1

Figure 5. Sum of zero-point vibrational and temperature corrections,
Ecor, determined by RRHO and quasi-RRHO for methane adsorption
in purely siliceous MFI.

Figure 6. Sum of zero-point vibrational and temperature corrections,
Ecor, determined by RRHO and quasi-RRHO for n-octane adsorption
in purely siliceous MFI.

Figure 7. Energies of vibrational modes described by RRHO and
quasi-RRHO models at 300 K. The cutoff frequency for the quasi-
RRHO model, v0, is chosen as 100 cm−1.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp509921r
J. Phys. Chem. C 2015, 119, 1840−1850

1845

http://dx.doi.org/10.1021/jp509921r


were reasonable and need not be modified. Moreover, the
successful reproduction of the adsorption energies of CO2,
NH3, and hexane in H-BEA observed experimentally using
QM/MM(P2) suggests that though εSi and εO in parameter set
P2 were trained to capture the dispersive interaction of alkane
in MFI they are likely transferable to other zeolite systems.
The RMS error between the adsorption energies determined

by QM/MM and observed experimentally were calculated for
the test sets in MFI, H-MFI, and H-BEA to summarize the
overall performance of QM/MM with parameter sets P1 and
P2. As listed in Table 2, the RMS error is 8.3 kcal/mol using
QM/MM(P1) at the ωB97X-D/6-311++G(3df,3pd) level of
theory. By contrast, at the same level of theory, the RMS error
is only 1.8 kcal/mol with P2, which validates the parameter set
P2 for QM/MM calculations. An attempt was made to further
reduce the RMS error by optimizing the scaling factor C using
all the data sets as one single training set. Interestingly, the
RMS error was only reduced by 0.1 kcal/mol via this
procedure, which strongly supports the transferability of the
recalibrated parameters.

Because the parameters were trained empirically with
ωB97X-D/6-311++G(3df,3pd), we also examined the compat-
ibility of P2 and other levels of theory (different basis sets or
density functionals). As listed in Table 2, for all the functionals
that we considered (ωB97X-D, ωB97X-V,50 B97-D,51

M062X,52 and B3LYP53,54), the RMS error increases by less
than 0.2 kcal/mol if 6-311++G(3df,3pd), the basis set used in
the training process, is replaced by Def2-TZVPD. Since the 0.2
kcal/mol difference in RMS errors is small and the basis set 6-
311++G(3df,3pd) only covers elements from H to Ar, we
recommend using QM/MM(P2) with Def2-TZVPD, an
effective core potential basis set covering elements from H to
Rn, for systems containing elements heavier than Ar, e.g., Sn-
BEA. As shown by the MSE listed in Table 2, QM/MM(P2)
greatly underestimates the adsorption energies if B3LYP is used
due to the absence of long-range dispersion interactions in the
QM region.
On the other hand, though the accuracy of QM/MM(P2) is

slightly degraded if ωB97X-V, B97-D, or M062X is used, the
RMS errors calculated with ωB97X-V/6-311++G(3df,3pd) and
B97-D/6-311++G(3df,3pd) (2.3 and 2.0 kcal/mol) are very
close to the RMS error of ωB97X-D/6-311++G(3df,3pd) (1.8
kcal/mol), suggesting that although the parameter set P2 was
trained with ωB97X-D it is compatible with ωB97X-V and B97-
D. The compatibility of P2 and ωB97X-V is particularly
important because the empirical long-range dispersion
correction of ωB97X-D only supports period 1 to 5 elements,
but there is great interest in studying reactivity of zeolites
doped with elements of period 6, e.g., Hf and Pb.30 It should be
noted that though using QM/MM(P2) with B97-D performs
almost as well as using QM/MM(P2) with ωB97X-D for the
adsorption energies the use of B97-D is not recommended for
calculating reaction barriers because it does take into account
long-range exchange interactions. However, because of the low
computational cost of using B97-D compared to ωB97X-D, we
recommend using QM/MM(P2) with B97-D to explore
reaction mechanisms and then using ωB97X-D for single-
point energy computations in order to strike a balance between
accuracy and computational cost. This point is illustrated by an
example in the next section.
Though the above parametrization and validation were done

for zeolite models containing a T5 QM cluster encompassing
the active center, we found that the accuracy of QM/MM(P2)
is not sensitive to the size of the QM cluster. For example, for
the adsorption of pyridine in H-MFI, a case in which both the

Figure 8. Adsorption energies of guest molecules in purely siliceous
MFI calculated with QM/MM(P1) and QM/MM(P2). The
experimental values of nonane,46 decane,43 cyclohexane,60 1-butene,61

and benzene62 are shown with ±10% error bar. The connecting lines
are drawn to guide the eye.

Figure 9. Adsorption energies of guest molecules in H-MFI and H-
BEA calculated with QM/MM(P1) and QM/MM(P2). The
experimental values of propane,63 NH3,

64 acetonitrile,65 1-butene,66

pyridine,64 and methanol65 in H-MFI and CO2,
67 NH3,

68 and hexane69

in H-BEA are shown with ±10% error bar. The connecting lines are
drawn to guide the eye.

Table 2. Statistical Errors of the Test Sets in MFI, H-MFI,
and H-BEAa

parameter
set functional basis set MSE MAE RMS

P1 ωB97X-D 6-311++G(3df,3pd) −6.7 6.7 8.3
P2 ωB97X-D 6-311++G(3df,3pd) 0.8 1.4 1.8

Def2-TZVPD 0.8 1.6 1.9
P2 ωB97X-V 6-311++G(3df,3pd) 1.5 1.9 2.3

Def2-TZVPD 1.6 1.9 2.4
P2 B97-D 6-311++G(3df,3pd) 1.0 1.7 2.0

Def2-TZVPD 1.1 1.8 2.2
P2 M062X 6-311++G(3df,3pd) 2.5 2.6 3.0

Def2-TZVPD 2.4 2.5 3.0
P2 B3LYP 6-311++G(3df,3pd) 6.5 6.5 7.2

Def2-TZVPD 6.5 6.5 7.3
aNumbers are reported in kcal/mol.
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QM−QM and QM−MM interactions between the adsorbate
and the zeolite are important, the adsorption energies
calculated with T5 and T17 QM clusters (T5 QM/T432
MM and T17 QM/T420 MM) differ by only −0.18 kcal/mol
at the ωB97X-D/6-311++G(3df,3pd) level of theory. There-
fore, even though the parameters were designed for QM/MM
calculations with a T5 QM cluster, one can use P2 with a QM
region larger than T5 if needed, for purposes such as studying
synergic effects of neighboring sites.55,56 However, we note that
if the QM region encompasses a significant part of the zeolite
framework, in addition to dispersion-corrected DFT, an explicit
correction might be needed for the nonadditive Axilrod−
Teller−Muto three-body dispersion interaction, which in-
creases with system size in order to obtain accurate dispersion
interaction energies.8

■ GLUCOSE−FRUCTOSE ISOMERIZATION IN SN-BEA
The above discussion has focused on how the new parameter
set P2 improves the performance of QM/MM calculations of
adsorption energies. In this section, we illustrate how one can
study a reaction occurring in zeolite efficiently and accurately
using the P2 parameter set and the quasi-RRHO model. The
P2 parameter set has been applied to study the isomerization of
glucose to fructose in Sn-BEA and the synthesis of p-xylene
from ethylene and 2,5-dimethylfuran in H-BEA.30,57 The
former is chosen as an example. The complete mechanism of
this reaction and the details of the computations can be found
in our recent work;30 here we concentrate on the relative
performance of parameter sets P1 and P2.
As shown in Scheme 1, glucose-to-fructose isomerization

catalyzed by Sn-BEA is initiated by opening of the six-

membered ring of glucopyranose to form acyclic glucose, which
then undergoes isomerization to the acyclic form of fructose
and subsequent ring closure to form fructofuranose.29 The
overall reaction rate is limited by a hydride shift from the C2
carbon to the C1 carbon, as shown by the transition state
structure in Figure 10.30 Starting with this structure, we
calculated the apparent activation energy by redoing geometry
optimizations and single-point calculations with the schemes
listed in Table 3. Using ωB97X-D for both optimization (with
the Def2-SV(P) basis) and single-point calculation (with the
Def2-TZVPD basis), the apparent activation energy calculated
with QM/MM(P1) is only 8.3 kcal/mol, which is much lower
than the experimentally measured value of 21.2 kcal/mol.29 As
discussed above, this artifact is due to the overestimation of the
van der Waals interaction between the zeolite and the reactant
in the transition state so that it is impossible for QM/MM(P1)
to reproduce experimental data even if the correct reaction

mechanism is given unless the reactant is really small; i.e., the
van der Waals interaction is negligible.
On the other hand, using the same QM protocol, the

apparent activation energy calculated with QM/MM(P2) and
RRHO is 22.3 kcal/mol, which agrees well with the
experimental value of 21.2 kcal/mol. The accuracy can be
improved further if the thermal correction is calculated with the
quasi-RRHO model. As listed in Table 3, the apparent
activation energy calculated with QM/MM(P2) and quasi-
RRHO is 21.1 kcal/mol, in excellent agreement with the
experimental value. These results show that although the
reparameterization of the QM/MM force fields is done using
adsorption energies as training and test sets the new parameter
set P2 greatly improves the accuracy of QM/MM calculations
not only for adsorption energies but also for apparent activation
energies. Bond-making and bond-breaking problems such as
the isomerization transition state are the realm for which the
QM/MM method was designed.
The good transferability of the parameter set P2 between the

functionals (B97-D, ωB97X-D, and ωB97X-V) discussed in the
previous section motivates us to pursue a more economical way
of exploring mechanisms of complex reactions. Since the most
expensive part of studying a reaction is identifying the correct
reaction pathway, the computational cost can be greatly
reduced if the potential energy surface walking procedures
are carried out with a less computationally demanding but still
sufficiently accurate functional. Indeed we already used the
smaller Def2-SV(P) basis for geometry optimization and the
larger Def2-TZVPD basis for single-point energies to reduce
costs. Since advanced potential energy surface walking
algorithms require only the first derivatives of the energy
even for locating transition states,58,59 we use the CPU time
required to calculate first derivatives of the energy per step of

Scheme 1. Schematic Representation of the Isomerization of
Glucopyranose to Fructofuranosea

aThe hydrogen atom marked as red is the one that undergoes a
hydride shift.

Figure 10. Rate-limiting transition state for glucose−fructose isomer-
ization catalyzed by Sn-BEA.

Table 3. Apparent Activation Energy for Glucose−Fructose
Isomerization Catalyzed by Sn-BEA at 343 Ka

method
geometry

optimization

single-point
energy

calculation
thermo

correction

apparent
activation
energy

(kcal/mol)

experiment - - - 21.2 ± 0.7
QM/
MM(P1)

ωB97X-D ωB97X-D RRHO 8.3

QM/
MM(P2)

ωB97X-D ωB97X-D RRHO 22.3

QM/
MM(P2)

ωB97X-D ωB97X-D quasi-RRHO 21.1

QM/
MM(P2)

B97-D ωB97X-D quasi-RRHO 20.1

aThe basis set used for geometry optimizations and single-point
energy calculations are Def2-SV(P) and Def2-TZVPD, respectively.
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the transition state search shown in Figure 10 as the index of
computational costs.
As shown in Figure 11, because of the required six-

dimensional numerical integral over the density and a nonlocal

correlation kernel, ωB97X-V is more expensive than ωB97X-D
so that there is no advantage in switching to ωB97X-V from the
perspective of computational cost. On the other hand, B97-D is
the lowest cost functional among those we examined, requiring
only about one-third of the CPU time of ωB97X-D. This result
suggests that the costs of the potential energy surface walking
procedures can be roughly reduced by a factor of 3 with little or
no degradation of the accuracy if the geometry optimized with
B97-D is close to that of ωB97X-D.
As listed in Table 3, the scheme using B97-D for geometry

optimizations and ωB97X-D for single-point energy calcu-
lations works well, since the calculated apparent activation
energy (20.1 kcal/mol) is close to the experimental value (21.2
± 0.7 kcal/mol) and deviates by only 1 kcal/mol from the
result of the scheme using ωB97X-D for all the calculations
(21.1 kcal/mol). Since the small difference between the
geometries optimized with B97-D and ωB97X-D can always
be removed with little effort by performing a geometry
optimization using ωB97X-D starting with the B97-D
optimized geometry, an optimization procedure which should
converge rapidly in a few steps, it is highly recommended that
QM/MM(P2) with B97-D be used to explore the reaction
mechanism of a complex reaction in order to reduce
computational cost.

■ DISCUSSION AND CONCLUSIONS
Electrostatically embedded QM/MM simulations are computa-
tionally appealing methods for performing zeolite simulations,
although the accuracy is highly dependent on the MM
parameters. A previously reported parameter set (P1), chosen
to minimize the RMS deviations of adsorption energies
compared with full QM ωB97X-D/6-31+G** adsorption
energies in small clusters, is shown to lead to systematic
overbinding of adsorbate molecules in zeolites, with errors
increasing with adsorbate size. Consistent with this finding,
QM/MM(P1) overbinds C1 to C8 n-alkanes in siliceous MFI
where the dispersive interaction dominates the adsorption

energies. To address this issue, a new parameter set P2 (see
Table 1) is optimized by directly scaling the characteristic
energies of the Lennard-Jones potential of O and Si in P1. The
scaling factor was chosen to modify the QM/MM(P1) MM van
der Waals interactions so that the calculated alkane adsorption
energies agree with those measured experimentally.
Adsorption energies determined from QM/MM(P2) agree

to within a RMS deviation of 1.8 kcal/mol with experimental
values for two test sets, which cover both physisorption and
chemisorption of guest molecules in MFI, H-MFI, and H-BEA.
By contrast, the RMS deviation for QM/MM(P1) is 8.3 kcal/
mol for the same test sets. This small RMS error compared with
experimental values and the significant improvement relative to
QM/MM(P1) validate the ability of QM/MM(P2) to better
capture correctly dispersive interactions of adsorbates with
zeolites. Though the parameter set P2 is trained empirically at
the ωB97X-D/6-311++G(3df,3pd) level of theory, it is shown
to be compatible with the basis set Def2-TZVPD and the
functionals B97-D and ωB97X-V because the RMS error varies
by less than 0.6 kcal/mol between these levels of theory.
The accuracy of thermal correction for adsorption enthalpies

determined by the rigid rotor-harmonic oscillator approxima-
tion (RRHO) is examined by comparing with the values
derived based on mobile and immobile adsorption assumptions
(Figure 5 and Figure 6). It is shown by the adsorption of n-
alkane in MFI that the values determined by RRHO are
overestimated even if the temperature is not high (≤300 K).
The error is attributed to treating the translational and
rotational degrees of freedom retained by guest molecules in
zeolites as low frequency vibrational modes. The deviation is
remedied by using a modified quasi-RRHO scheme, which
effectively replaces the energy contribution of low-lying
vibrational modes with the energy of free translational and
rotational modes. While quasi-RRHO methods have been
previously used to correct entropies of adsorption, the need to
correct RRHO contributions to enthalpies has not previously
been discussed.
Glucose-to-fructose isomerization catalyzed by Sn-BEA is

taken as an example to demonstrate the transferability of the
new parameter set P2 and the usefulness of the quasi-RRHO
model in the calculations of apparent activation energies. Using
QM/MM(P1) and RRHO, the calculated apparent activation
energy is 8.3 kcal/mol, which deviates significantly from the
experimentally observed value of 21.2 kcal/mol. By contrast, at
the same level of theory, the activation energies calculated using
QM/MM(P2) with RRHO and quasi-RRHO are 22.3 and 21.1
kcal/mol, respectively, in very good agreement with the
experimental value. Though this high accuracy was achieved
by treating the QM region with ωB97X-D for both geometry
optimizations and single-point energy calculations, we found
that the same level of accuracy can be achieved using B97-D for
geometry optimization and ωB97X-D for single-point energy
calculation with roughly only one-third of the original costs.
Therefore, it is recommended that QM/MM(P2) with B97-D
be used to explore reaction pathways for complex systems in
order to reduce computational costs.
Turning to ongoing work, the good transferability of the

parameters in the cases reported here motivates us to explore
the possibility of applying them to chemistry in zeolites which
are neither siliceous nor in their Brønsted acid form. One useful
extension is the application to cation-containing frameworks
such as Na−X zeolite. The supercage structure of Na−X
imparts a lower framework density and hence fewer adsorbate−

Figure 11. CPU time required to calculate first derivatives of the
energy of the transition state shown in Figure 10. The basis set used
for the calculations is Def2-SV(P). All timings were performed using a
development version of the software package Q-Chem on a single core
of a dual 2.4 GHz AMD Istanbul 6-core processor machine allotted 48
GB of RAM.
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framework interactions. Interestingly, though cation-containing
frameworks are not the systems for which our P2 parameters
were originally optimized, QM/MM(P2) reproduces exper-
imental adsorption energies for C1−C7 alkanes after mod-
ification of the charge scheme to include QNa = +1.0. This work
is forthcoming as part of a study to determine the optimal QM/
MM charge parameters for low Si/Al ratio zeolites.
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