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Abstract The confinement effect on the adsorption of benzene-1,2-diol, benzene-1,3-diol and benzene-

1,4-diol on the UiO-66 Metal Organic Framework (MOF), has been investigated by a multi-layered chem-

istry calculation approach called our own n-layered integrated molecular orbital and molecular mechanics

(ONIOM). The effect of two Brønsted acid sites of the UiO-66-SO3H and UiO-66 MOF has been studied

together with the effect of the Lewis acid site at the defected UiO-66 MOF. The high level calculation area

covered a reactive site which included a functionalized benzene sulfonic group with two metal-oxide clus-

ters. This area was calculated through M06-L/6-31G(d,p)+LANL2DZ method. The low level area was

the outer six metal-oxide clusters which were treated with PM6 semi-empirical method of calculation. To

improve the adsorption energies, the overall optimized structures from the ONIOM were recalculated using

single point energy calculations using ONIOM(M06-L/6-311+G(2df,2p)+LANL2DZ:M06-L/LANL2DZ).

Dihydroxybenzene molecule adsorbed inside the pore via a hydrogen bond between hydroxyl group and

acid sites of MOF. The strong interactions were found more on the Lewis acid site than on the Brønsted

acid sites. Natural bond orbital analysis indicated that electrons from ion pair of hydroxyl group transfer

to the antibonding orbital of the Brønsted acid while electrons from Lewis acid site Zr-O bond transfer

to the hydroxyl group of dihydroxybenzene. This data is able to reflect tendency in diffusion coefficients

which corresponded to chemical reactions for dihydroxybenzene and its derivatives.
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Introduction

Over the past decades, the development of catalysts for fuel storage materials has
been intensively studied, for example, selective separations and chemical catalysts. [1-
3] Several Metal-Organic Frameworks (MOFs) have been designed to obtain large pore
volumes with high catalytic activity and stability. Their structures are composed of
various inorganic metal clusters such as Fe, Cu, Cr and Zr connected together with
organic linkers. Among these materials, Zr-based MOFs have been intensively studied
due to their catalytic performance and corrosion resistant. UiO-66 is one of the Zr MOFs
family which includes a Zr6O4(OH)4 octahedron unit connected to12-fold 1,4-benzene-
dicarboxylate (BDC) linker.[4-7] This type of MOF has been reported to be stable under
high temperature and it can be compatible with typical solvents such as water, ethanol
and acetone. Functionalization of UiO-66 is a method to improve the catalytic activity of
this catalyst to be applied in many more reactions. [3] The development of metal nodes
and ligand design have been extensively driving the potential for MOF applications. A
sulfate functionalized zirconium based MOFs such as UiO-66-SO3H and MOF-808-SO3H
were shown to be a strong solid Brønsted acid for broad types of chemical reaction. [8]
Recently, the Lewis pair on defective UiO-66, created by removing one organic linker, was
used to study the CO2 dehydrogenation to methanol. [9]

The dihydroxybenzene are a group of organic compound which contains two hydroxyl
groups substituted at an aromatic benzene ring. The compounds include benzene-1,2-diol
(Catechol), benzene-1,3-diol (Resorcinol) and benzene-1,4-diol (Hydroquinone). These
compounds have been used for medical purposes and for several chemical reactions. For
example, the benzene-1,3-diol has been widely used as a reactant for coumarin synthesis
using several catalysts such as sulfuric acid [10, 11] and zeolite [12]. The reaction of
dihydroxybenzene over zeolites and MOFs have been studied.[13-15] The resorcinol was
used to synthesis coumarin with Cu-MOF. [13]

To understand physical and chemical properties inside the catalysts, quantum cal-
culations have been used to study structures, energies and related properties. Density
Functional Theory (DFT) has been widely used to calculate the adsorption and reaction.
The DFT functional has been applied for the aldol condensation of benzaldehyde and
heptanal on UiO-66-NH2 in 2015. [16] However, a remarkable point to concern about
the B3LYP functional is that the lack of dispersion energy. Also, B3LYP is one of post
Hartree-Fock methods which consumes high computational resource. In 2006, Zhao and
Thular has developed the Minnesota functional [17]which yield reasonable results in ad-
sorption and reactions in zeolite system [18], Metal catalysts [19] and MOF[20]. Up until
now, the M06-L functional is a local function in this M06 family which is mostly used for
transition metal, inorganic and organometallic compounds. The method has been broadly
applied to study various adsorption system, reaction mechanism, as well as the framework
effect of MOFs. The M06-L functional has been proved to be very beneficial for studying
the adsorption and reaction mechanisms of hydrocarbon on MOFs such as Glucose-to-
Hydroxylmethylfurfural transformation[20] and the aldol condensation reaction of acetone
[21].

ONIOM is a multi-layered calculation approach which has been developed by Mo-
rokuma and coworker.[22] The two-layer ONIOM method, or ONIOM2, has been used to
compensate computational efficiency and time.[23] The ONIOM2 has been successfully
applied to study the confinement effect on the adsorption and reaction mechanism of
unsaturated aliphatic, aromatic and heterocyclic compounds on zeolites.[18] The method
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was also used to study the similar types of reaction over MOFs. [20] Previous results
confirmed that the calculation method covered weak interactions such as the Van der
Waals and some short-ranged interactions. Therefore the method is an effective choice
to describe the confinement effect [24] of large framework materials such as zeolite and
MOF catalysts.

In this study, the adsorption of benzene-1,2-diol, benzene-1,3-diol and benzene-1,4-diol
on the UiO-66 MOF has been investigated by the ONIOM approach. The effect of two
Brønsted acid sites from a sulfonic group and Zr metal cluster in the UiO-66-SO3H and
UiO-66 MOF were studied. Besides, the effect of the Lewis acid site on the defect-UiO-66
MOF was also studied. The inner layer of the ONIOM2 demonstrated the adsorptive
active region and was treated by M06-L functional, while the outer layer was calculated
by semi-empirical PM6 method. The details for the adsorption of dihydroxybenzene
molecules on MOF will be analyzed via natural bond orbital analysis.

Method

Geometrical structures and adsorption properties of dihydroxybenzenes over UiO-66,
UiO-66-SO3H and defected-UiO-66 has been studied by ONIOM approach. It is important
for the framework to be large enough to represent the confinement effect of the whole MOF
structure. Also, the accuracy for the interaction at the active region has to be precise.
The selected MOFs has been divided into two regions represented by ONIOM2 scheme
as shown in figure 1a and 1b. For UiO-66, the active site covered the two octahedral
metal-oxide nodes (Zr6O4(OH)4 with six carboxylic group) and 1,4-benzene-dicarboxylate
(BDC) linker. [4, 20, 21, 27] The outer layer was connected with six octahedral metal-
oxide nodes and calculated with a lower level of theory PM6. For UiO-66-SO3H, one BDC
linker was replaced with HSO3-BDC to represent the Brønsted acid at sulfonic group as
shown in figure 1c. The cluster is composed of Zr36O192C432H311SO3H model. The
Brønsted acid at the metal site was studied as shown in figure 1d. The cluster model is
Zr36O192C432H312. To represent the Lewis acid site, one BDC linker was removed [9] as
shown in figure 1e. The cluster model is Zr36O191C425H310.

DFT has been used to study the interaction at the active region. Several DFT methods
such as B3LYP and PBE cannot properly account for the dispersion interaction. [18]
Recently, the M06 functional has been applied to study the adsorption and reaction
mechanisms on zeolites [18] and also MOFs[20, 21, 27, 28]. It has been proved that
the adsorption and activation energy resulted from M06-L functional are close to highly
sophisticated calculation methods such as MP2, CCSD and also experimental data. [27]
Therefore, the M06-L functional was used to study at the high level active region where
the adsorption occurs.

To reduce the computational cost while preserve the accuracy of framework interac-
tion, the calculations at the active inner region were performed using quantum cluster
while the semi-empirical was used to study at the outer layer where the confinement
effect inside the metal-organic-framework effected to the reaction. The six octahedral
metal-oxide clusters were calculated by PM6 method. The method has been exten-
sively used to study the structures of zeolites [29] and MOFs. The calculations were
performed using ONIOM2 scheme in the Gaussian 09 program. [30] For optimization,
the inner layer was treated by M06-L functional while the outer layer was calculated
by PM6 method. The calculation approach can be denoted as ONIOM(M06-L:PM6).
The 6-31G(d,p) basis set was employed for the H, C, O and S while the Zr atoms were
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treated with the LANL2DZ pseudopotential basis sets. To improve the adsorption en-
ergies, single point energy calculations with the M06-L/6-311+G(2df,2p)+LANL2DZ at
the inner layer and M06-L/LANL2DZ at the outerlayer was used and be denoted as
ONIOM(M06-L/6-311+G(2df,2p)+LANL2DZ:M06-L/LANL2DZ) // ONIOM(M06-L/6-
31G(d,p)+LANL2DZ:PM6). The Natural Bond Orbital (NBO) [31] were analyzed to get
deep details of the adsorption properties.

(a) (b)

(c) (d) (e)

Figure 1. The optimized structure of (a,b) UiO-66-SO3H metal organic
framework with ONIOM(M06-L:PM6) approach. The inner layer of (c)
Brønsted acid at sulfonic group, (d) Brønsted acid at metal site and (e)
Lewis acid on the defect UiO-66. The color of carbon, oxygen, hydrogen,
sulfur and zirconium atoms are blue, red, white, yellow and gray, respec-
tively.
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Results and Discussion

The adsorption of dihydroxybenzene molecules on UiO-66, UiO-66-SO3H and defected-
UiO-66 have been studied. We started our consideration of the M06-L calculations by
comparing with the results from benchmarking MP2 method. The isolated benzene-
1,2-diol, benzene-1,3-diol and benzene-1,4-diol molecules with several possible structures
have been optimized with M06-L functional as shown in Figure 2. The benzene-1,2-diol
has C1 (figure 2a) and C2v (figure 2b) symmetry, the benzene-1,3-diol has C1 (figure
2c) and two C2v (figure 2d and 2e) symmetry and the benzene-1,4-diol has C2h (figure
2f) and C2v (figure 2g) symmetry. The relative energies were calculated with M06-
L/6-311+G(2df,2p)//M06-L/6-31G(d,p) to be 0.0 and 3.64 kcal/mol for benzene-1,2-diol;
0.17, 0.20 and 0.86 kcal/mol for benzene-1,3-diol; and 2.66 and 2.76 kcal/mol for benzene-
1,4-diol, respectively. These energies compared well with the MP2/6-311+G(2df,2p) level
of theory. The relative energies from MP2/6-311+G(2df,2p) were 0.0 and 4.00 kcal/mol
for benzene-1,2-diol; 0.95, 1.00, and 2.86 kcal/mol for benzene-1,3-diol, and 2.57 and 2.68
kcal/mol for benzene-1,4-diol, respectively. The M06-L geometries compared with the
geometries calculated from MP2 are presented in Table 1. The different of the calculated
geometries were found to be only 0.03 Å. The relative energies were in the order; benzene-
1,2-diol > benzene-1,3-diol > benzene-1,4-diol. The results show that the inductive effect
of hydroxyl group withdraw the electron about 0.24-0.26 | e | per hydroxyl group.

(a) (b)

(c) (d) (e)

(f) (g)

Figure 2. The optimized structures of benzene-1,2-diol (a,b), benzene-
1,3-diol (c,d,e) and benzene-1,4-diol (f,g) calculated with M06-L/6-
31G(d,p). The color of carbon, oxygen and hydrogen atoms are blue,
red and white, respectively.
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Table 1. The bond distance (Å) and relative energy (kcal/mol) of the
benzene-1,2-diol (C1), benzene-1,3-diol (C1) and benzene-1,4-diol (C2h)
obtained from M06-L and MP2 method.

Method
benzene-
1,2-diol

benzene-
1,3-diol

benzene-
1,4-diol

r(C-C) MP2a 1.391 1.391 1.391
M06-Lb 1.393 1.362 1.393

r(C-O) MP2a 1.367 1.367 1.369
M06-Lb 1.366 1.394 1.367

r(O-H) MP2a 0.963 0.962 0.962
M06-Lb 0.964 0.963 0.962

Relative Energy MP2a 0.00 0.95 2.57
M06-Lb 0.00 0.17 2.66

aMP2/6-311+G(2df,2p)
bM06-L/6-311+G(2df,2p)//M06L/6-31G(d,p)

Next, the UiO-66-SO3H, UiO-66 and defected-UiO-66 structures were calculated with
ONIOM(M06-L/6-311+G (2df,2p+LANL2DZ:M06-L/LANL2DZ) // ONIOM(M06-L/6-
31G(d,p) +LANL2DZ:PM6) approach. The optimized structure of these 3 MOFs were
shown in figure 1c-e. To ensure the correction of geometries from the previous opti-
mization step, it should be noted that the prior step ONIOM (M06-L:PM6) method
provided the structures which closely related to experimental data.[20] At this point, sev-
eral possible adsorption positions of dihyroxybenzenes over UiO-66-SO3H, UiO-66 and
defect-UiO-66 were calculated. For UiO-66-SO3H, the benzene-1,2-diol, benzene-1,3-diol
and benzene-1,4-diol, they were located inside the main pore, over the active Brønsted
acid of the sulfonic group as shown in figure 3. One hydrogen bond was found during the
adsorption of benzene-1,3-diol and benzene-1,4-diol on the MOF. Due to the steric effect
from the hydroxyl group at para position, the hydrogen bond occurred from hydroxyl
group to the oxygen of sulfonic group as shown in figure 3c. For benzene-1,2-diol, dou-
ble hydrogen bond interactions were found with strong interaction. The intermolecular
distances between the Brønsted acid and dihydroxybenzene were 1.793 and 1.876 Å as
shown in figure 3a. This implies that the hydroxyl group at ortho position of the aromatic
ring improves the adsorption interactions via hydrogen bond interaction. The adsorption
of dihydroxybenzene on UiO-66 were shown in figure 4 (a-c). The benzene-1,2-diol inter-
acted with a Brønsted at the metal site with two hydrogen bond length around 1.874 and
2.270 Å. The benzene-1,3-diol and benzene-1,4-diol interacted each other via hydrogen
bond. The intermolecular distances were 2.267 and 2.032 Å, respectively.
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(a) (b)

(c)

Figure 3. The optimized structures of benzene-1,2-diol (a), benzene-
1,3-diol (b) and benzene-1,4-diol (c) on UiO-66-SO3H optimized with
ONIOM approach. Distances are in Å.

(a) (b) (c)

Figure 4. The optimized structures of benzene-1,2-diol (a), benzene-
1,3-diol (b) and benzene-1,4-diol (c) on UiO-66 optimized with ONIOM
approach. Distances are in Å.
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The defect-UiO-66 contains the Lewis acid site as shown in figure 1e. The benzene-
1,2-diol, benzene-1,3-diol and benzene-1,4-diol interacted by adsorption at Zr atom as
shown in figure 5 (a-c). The strong bond Zr· · ·O was generated with the bond distances
of 2.383, 2.373 and 2.349 Å, for benzene-1,2-diol, benzene-1,3-diol, and benzene-1,4-diol,
respectively. The strong hydrogen bond were found between the hydroxyl group of dihy-
droxybenzene and the hydroxyl group of metal cluster with distances of 1.613, 1.598 and
1.622 Å, respectively.

(a) (b) (c)

Figure 5. The optimized structures of benzene-1,2-diol (a), benzene-
1,3-diol (b) and benzene-1,4-diol (c) on defect-UiO-66 optimized with
ONIOM approach. Distances are in Å.

The adsorption energies calculated from the ONIOM and the high level M06-L were
shown in table 2. The adsorption energies for benzene-1,2-diol, benzene-1,3-diol and
benzene-1,4-diol on UiO-66-SO3H MOF were -14.9, -15.9 and -13.9 kcal/mol, respectively.
The adsorption energies from high level were -10.6, -12.3 and -12.1 kcal/mol, respectively.
We found that the framework accelerated the increase in adsorption energies to be 4.3
kcal/mol. The adsorption energies on the Brønsted acid at metal site of UiO-66 were
-23.6, -19.5 and -24.6 kcal/mol for the benzene-1,2-diol, benzene-1,3-diol and benzene-
1,4-diol, respectively. For the defect-UiO-66, the strong interactions were found. The
adsorption energies were -40.8, -36.5 and -36.5 kcal/mol, respectively. Dihydroxybenzene
can form strong bond with the metal atom. A hydrogen bond were also occurred in
this site. The most strongest interaction was benzene-1,2-diol which was arised from the
double hydrogen bond interaction. Available experimental energies can be compared with
zeolite. The adsorption energies of ethanol on H-zeolite was reported to be -31.0 kcal/mol
[32].
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Table 2. The adsorption energies (kcal/mol) of the benzene-1,2-diol,
benzene-1,3-diol and benzene-1,4-diol on the UiO-66-SO3H, UiO-66 and
defect-UiO-66 obtained from ONIOM approach.

Method
benzene-
1,2-diol

benzene-
1,3-diol

benzene-
1,4-diol

UiO-66-SO3H ONIOMa -12.8 -13.1 -10.7
ONIOMb -14.9 -15.9 -13.9
M06-Lc -10.6 -12.3 -12.1

UiO-66 ONIOMa -18.2 -16.5 -20.5
ONIOMb -23.6 -19.5 -24.6
M06-Lc -16.5 -15.0 -19.4

defect-UiO-66 ONIOMa -40.3 -36.5 -37.8
ONIOMb -40.8 -36.5 -36.5
M06-Lc -37.8 -36.1 -37.0

a ONIOM(M06-L(6-31G(d,p)+LANL2DZ):PM6)
b ONIOM(M06-L(6-311+G(2df,2p)+LANL2DZ):M06-L(LANL2DZ)) //

ONIOM(M06-L(6-31G(d,p)+LANL2DZ):PM6)
c high level energy M06-L(6-311+G(2df,2p)+LANL2DZ)

The NBO analysis of dihydroxybenzene adsorption on the Brønsted acid site at sulfonic
group of UiO-66-SO3H was performed to understand changes in electronic properties in
more details. We found that electrons transfer from the donor orbitals (the hydroxyl
group of adsorbate) to the Brønsted acid acceptor orbitals as shown in Figure 6. For
benzene-1,2-diol, ion pair electrons of oxygen in hydroxyl group (O atom: p 100%) trans-
fer to the antibonding of the O-H of the Brønsted acid of sulfonic group (O atom 21% : s
28% p 72% and H atom 79% s 100% ) has E(2) energy of 10.1 kcal/mol. For benzene-1,3-
diol and benzene-1,4-diol, the electrons from ion pair of oxygen in hydroxyl group transfer
to the antibonding orbital of the O-H in the sulfonic group, yielding E(2) energies of 14.8
and 17.1 kcal/mol, respectively. The adsorption of dihydroxybenzene on the Brønsted
at metal cluster of UiO-66 was analyzed with NBO as shown in figure 7. The electrons
transfer the ion pair electrons of oxygen of dihydroxybenzene transfer to the antibonding
of the O-H of the Brønsted acid at metal cluster (O atom 21% : s 14% p 86% and H atom
79% s 100%) of UiO-66, yielding E(2) energy of 7.5, 3.4 and 3.6 kcal/mol, respectively.
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(a) (b) (c)

Figure 6. The NBO orbital (LP O to σ∗ (O-H)) for the interaction of
(a) benzene-1,2-diol, (b) benzene-1,3-diol and (c) benzene-1,4-diol on the
Brønsted at sulfonic group of UiO-66-SO3H.

(a) (b) (c)

Figure 7. The NBO orbital (LP O to σ∗ (O-H)) for the interaction
of (a) benzene-1,2-diol, (b) benzene-1,3-diol and (c) benzene-1,4-diol on
Brønsted at metal site of UiO-66.

Finally, we analyzed the NBO in the adsorption of dihydroxybenzene on defect-UiO-66,
as shown in Figure 8. The chemical bond between the O of hydroxyl group of benzene-
1,2-diol and Zr atom of defect-UiO-66 was found to have the electron from 94% O (s 35%
p 65%) and 6% Zr (s 10% p 44% d 46%). We found that the electron transferred from
the bonding of Zr-O bond to the antibonding orbital of O-H bond of hydroxyl group of
benzene-1,2-diol as shown in Figure 8a. This bonding orbital is also presented on the
interaction of benzene-1,3-diol and benzene-1,4-diol on defect-UiO-66 MOF, as shown in
Figure 8b and 8c. The E(2) energy at this stage were 33.9, 35.5 and 32.4 kcal/mol,
respectively. These energies are higher than those of the interactions at the Brønsted
acid correspond with the adsorption energies. This data is able to reflect tendency in
diffusion coefficients which corresponded to chemical reactions for dihydroxybenzene and
its derivatives.
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(a) (b) (c)

Figure 8. The NBO orbital (σ (Zr-O) to σ∗ (O-H)) for the interaction
of (a) benzene-1,2-diol, (b) benzene-1,3-diol and (c) benzene-1,4-diol on
Lewis acid at metal site of defect-UiO-66.

Conclusions

The adsorption of benzene-1,2-diol, benzene-1,3-diol and benzene-1,4-diol on the UiO-
66-SO3H, UiO-66 and defected-UiO-66 MOF has been investigated by the ONIOM ap-
proach. For pre-calculation, the dihydroxybenzene conformers were calculated using
M06-L functional and were compared with the ones calculated by MP2 method. The
most stable conformer is benzene-1,2-diol. Their relative energies were found in the order
of; benzene-1,2-diol> benzene-1,3-diol > benzene-1,4-diol. The results are in agreement
with the ones from MP2 method, showing a performance of the selected ONIOM ap-
proach used in this study. The calculations on adsorption properties on UiO-66 MOF
were performed by ONIOM(M06-L/6-311+G(2df,2p)+LANL2DZ:M06-L/LANL2DZ) //
ONIOM(M06-L/6-31G(d,p)+LANL2DZ:PM6). During the adsorption, benzene-1,2-diol
was strongly interacted with UiO-66 via double hydrogen bond interactions. The adsorp-
tion energies for benzene-1,2-diol, benzene-1,3-diol and benzene-1,4-diol on UiO-66-SO3H
MOF were -14.9, -15.9 and -13.9 kcal/mol, respectively. The adsorption on Brønsted
acid at metal site of UiO-66 were -23.6, -19.5 and -24.6 kcal/mol, respectively. For the
defected-UiO-66, the adsorption energies were -40.8, -36.5 and -36.5 kcal/mol, respec-
tively. The NBO analysis shows that electrons from ion pair of hydroxyl group transfer
to the antibonding orbital of the Brønsted acid while electrons from Lewis site Zr-O bond
transfer to the hydroxyl group of dihydroxybenzene. These calculated data will be useful
for further studies in the diffusion coefficient and chemical reaction for dihydroxybenzene.
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