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ABSTRACT: The adsorption and separation properties of benzene and
toluene on the zirconium-based frameworks UiO-66, -67, -68, and their
functional analogues UiO-Phe and UiO-Me2 were studied using grand
canonical Monte Carlo simulations, density functional theory, and ideal {
adsorbed solution theory. Remarkable higher adsorption uptakes of
benzene and toluene at low pressures on UiO-Phe and -Me2 were found
compared to their parent framework UiO-67. It can be ascribed to the UiO-Phe
presence of functional groups (aromatic rings and methyl groups) that
significantly intensified the adsorption, majorly by reducing the effective
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pore size and increasing the interaction strength with the adsorbates. At

high pressures, the pore volumes and accessible surfaces of the frameworks turned out to be the dominant factors governing the
adsorption. In the case of toluene/benzene separation, toluene selectivities of UiOs showed a two-stage separation behavior at
the measured pressure range, resulting from the greater interaction affinities of toluene at low pressures and steric hindrance
effects at high pressures. Additionally, the counterbalancing factors of enhanced 7 delocalization and suitable pore size of UiO-
Phe gave rise to the highest toluene selectivity, suggesting the ligand functionalization strategy could reach both high adsorption
capacity and separation selectivity from aromatic mixtures at low concentrations.
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1. INTRODUCTION

Volatile organic compounds (VOCs), especially aromatic
hydrocarbons such as benzene and toluene, are commonly
present in emission streams from industrial activities' and are
known to cause carcinogenicity even at extremely low
concentrations.” Urged by the protection of environment and
human health, the effective removal of VOCs has gained
increasing interest worldwide.” The technology of adsorption,
by activated carbon,* zeolites,> and other conventional porous
materials, has shown great promise to alleviate VOCs emission
due to its advantages of ease operation, low energy
consumption, and small need for finance investment.’
However, the application of activated carbons are hindered
by their structural irregularity and flammability,” while zeolites
show shortcoming of low interaction affinity with organic
components.®

Metal—organic frameworks (MOFs) have been considered as
one of the most promising alternatives, owing to their dense
aromatic linkers and highly ordered and tunable structures’ for
high adsorption/separation performance of various organic
molecules.'>"" However, the practical applications of MOFs
were limited by their low stability upon exposure toward water
vapor.lz'n As a new family of porous MOFs, the zirconium-
based UiO frameworks'* have aroused enormous attention.
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Integrating the merits of highly charged oxophilic Zr(IV)
cations as well as the high nuclearity of Zr-based SBU, UiO-66
possesses remarkable thermal, chemical, and mechanical
stabilities,"> which made them potential robust adsorbents for
various applications, such as hydrogen storage,'® CO,
capture,'” etc. With respect to the adsorption and separation
of aromatic VOCs, UiO-66 exhibits higher selectivity to
benzene over n-hexane, which could be attributed to the 7—x
stacking interaction between benzene and the MOF linkers.'®
The material can also be extended to synthesize macroporous
composites, aiming to improve the transport properties of
benzene and n-hexane.'” Additionally, Chang et al.* reported
the high adsorption selectivity of UiO-66 for benzene
homologues from structural isomers, owing to the reverse
shape selectivity and the molecular sieving effect of the
framework. On the other hand, it should be mentioned that
the variation of connectivity and symmetry of Zr cluster can
provide different pore shape and chemical stabilities of Zr-
MOFs.*! DeCoste et al.** indicated that both chemical and
thermal stability of Zr-MOFs would decrease gradually by
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Figure 1. Schematic of three- and two-dimensional (3D and 2D) views of unit cells and the organic linkers of UiOs. The green and blue spheres
represent the void regions inside the octahedral and tetrahedral cages, respectively. Color code: Zr = cyan; C = gray; O = red; H = white.

increasing the length of organic linkers. Fortunately, the small,
hard Zr*" ions with high charge density can still bond more
strongly to carboxylates than larger, soft ions like Zn>*.>®
Although UiO-67 showed decreased chemical stability
compared to UiO-66, UiO-67 can still maintain structural
stability when exposed to various organic solvents (e.g.,
pyridine, acetone, methanol, etc.), and it possesses comparative
thermal stability as UiO-66 does.”> However, to the best of our
knowledge, very limited study has been carried out on the
adsorption and separation of aromatic VOCs at low
concentrations. As aromatics generally are present in very
dilute streams in most industrial applications,* it is highly
desired to tune the MOF structures for efficient removal of
aromatic VOCs at low concentrations.

On the basis of the target, many recent experimental studies
have been focused on the functionality of UiO materials.
Duerinck et al.>® reported that decorating the ligands of UiO-66
with methyl groups had positive contribution to the stereo-
selective separation of aromatic homologues at low pressures,
but the polar functional group (-NO,) showed less influences.
The hybrid materials combined UiO-66-NH, with microporous
organic networks (MON) showed excellent performance of
selective adsorption of toluene in water.”® The postsynthetic
exchange of ~50% Zr by Ti in UiO-66 is capable of
dramatically enhancing CO, uptakes®” due to the reduction
of framework density, which may also have promising
performance for aromatic adsorption. The previous works
enhanced aromatic adsorption majorly by decreasing the pore
size or density of the framework; however, other strategies such
as the intensification of the z—r stacking interaction are still
lacking, which can be complemented by computational
techniques. Since the synthesis of functionalized materials is
usually expensive and time-consuming, the simulation approach
may provide useful insights of adsorption mechanism to the
atomic level and clarify the structure—property relationship of
functionalized MOFs for aromatics adsorption, which may be
difficult to tackle by experimental methods. Additionally, as one
of the most common pollutants in industrial processes, benzene
and toluene are worthy to be examined using the adsorption
approach with UiO-series adsorbents, which, however, was
studied in very limited literatures.***®

In this work, we theoretically fabricated two new UiO
structures, namely, UiO-Phe and UiO-Me2, by ligand
functionalization based on UiO-67. Multiscale simulations
were undertaken to obtain the fundamental understanding of
adsorption and separation properties of benzene and toluene
over the fully dehydrated UiO-66, -67, -68 and the two
functionalized analogues. The single-component adsorption
isotherms of the two aromatics over the frameworks were
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calculated by grand canonical Monte Carlo (GCMC)
simulation, from which the density distribution contours were
also gained to study the adsorption sites on the frameworks.
Density functional theory (DFT) calculations were subse-
quently employed to obtain the energy-minimum adsorption
configurations and the corresponding binding energies of
benzene and toluene. Furthermore, the adsorptive selectivities
of toluene/benzene mixtures are predicted by ideal adsorbed
solution theory (IAST) approach. The objective of this work is
to investigate the effects of functional groups (aromatic rings
and methyl groups) and explore the structure—property
relationship, which may provide valuable guidance for
constructing new MOFs with high performance for aromatic
adsorption and separation.

2. MODEL AND COMPUTATIONAL DETAILS

2.1. Model Constructions. The structural models of UiO-
66, -67, and -68 were constructed on the basis of the
experimental X-ray diffraction (XRD) data obtained from the
Cambridge Crystallographic Data Centre.'* The dehydrated
Zr-MOF structures were subsequently constructed by removing
2 equiv of water in each ZrsO,(OH), cluster, leading to the
formation of inner ZrsOy cluster with significant Zr Lewis acid
sites.'®® The unit cell of the UiOs contains one large
octahedral cage, surrounded by eight small tetrahedral cages
that interconnected with the former through triangular
windows, as illustrated in Figure 1. Since Cavka et al."* have
claimed that the structural topology of UiOs will not alter by
changing the organic linkers, we could reasonably functionalize
the ligands of dehydrated UiO-67 with additional aromatic
rings and methyl groups to fabricate two new-type UiOs (UiO-
Phe and UiO-Me2). We determined the locations of the
functional groups by means of geometry optimization using
Forcite module in Material Studio Version 5.0.*° The
framework atoms were treated as relaxed and described by
the universal force field (UFF). The optimization process
involved energy minimization and unit cell dimensions by
means of smart algorithm, with the parameter sets as 1 X 10°°
kcal mol™ (energy), 0.0005 kcal mol™ A~ (forces), and 5.0 X
107 A (displacement), respectively.

2.2. Interatomic Potentials. For the adsorption simu-
lations, both electrostatic and van der Waals (VDW)
interactions were required to guarantee the accuracy of the
calculation. The long-range electrostatic interactions were
treated by the Ewald summation technique, while the VDW
interactions was described by 12—6 Lennard-Jones (LJ).*' The
benzene molecule was treated as a nine-site united atom model
with the LJ parameters taken from the TraPPE-UA force
fields.** The pseudo united-atom of aromatic CH group
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contained no partial charge (qcy = O e), while three extra
electrostatic sites (site 1 = +2.42 e, site 2 = —1.21 e) were
employed to describe the quadrupole moment of benzene.*® In
the case of toluene, the treatment of aromatic CH groups was
identical to benzene, while the CH; group was defined as a
single interaction site using the TraPPE-UA force fields.**
Because of the addition of methyl group, the central positive
charge (site 1) of toluene turned out to be slightly closer to
methyl group, similar to the anisotropic united atom (AUA)
model.*> The details of aromatic models as well as the L]
parameters and partial charges were shown in Supporting
Information, Figure S1 and Table S1.

In terms of UiO frameworks, Duerinck et al.*® have
elucidated that both UFF and Dreiding force fields could
provide results that are close to those of the experimental data
of aromatics adsorption, whereas UFF demanded less computa-
tional resources at the similar error margins. We therefore
chose UFF force field to describe the VDW interactions
between adsorbates and frameworks with rationality, which has
been successfully employed with other MOFs."**%¥ In
addition, the partial charges for the framework atoms were
obtained from previous works,**** which were estimated by
means of DFT calculations using Gaussian 09 package.*” By
using the unrestricted B3LYP functional with adoption of
ChelpG method, the LANL2DZ basis set was used for Zr
atoms, while 6-31+G* was used for the rest of the atoms. The
charge distribution approach has been validated by the good
correspondence between adsorption isotherms and mecha-
nisms in MOFs.*****! The atomic charges assigned to the
MOF linkers were capable of describing the conjugated 7z
system above both sides of the linkers, which have been widely
employed to study the z—n interactions between aromatic
molecules and MOF linkers.”'®** The L] parameters and the
distribution of partial charges of UiO frameworks were listed in
Supporting Information, Table S1.

2.3. Simulation Methodology. GCMC simulations were
employed to investigate the adsorption isotherms and the
density distribution of single components benzene and toluene
in UiOs by using MUISC code.*> The fugacity used in the
GCMC calculations was converted from the corresponding
pressure by means of Peng—Robinson (PR-EOS) equation of
state.** The simulation box consisted of 2 X 2 X 2 unit cells,
and the periodic boundary conditions (PBC) were applied in all
three dimensions. With a spherical cutoff radius of 13.0 A
applied for LJ interactions, all the framework atoms were
treated as frozen at their crystallographic positions, similar to
previous works on UiOs.'®**** During GCMC calculations,
four types of trials involving translation, insertion, deletion, and
rotation were randomly applied for the adsorbate molecules.
For each state point of simulations, the first 5 X 10° steps were
used for equilibration, followed by another S X 10° steps for the
calculation of ensemble averages.

To compare with experimental data, the simulated (absolute)
adsorption amounts (N,,) should be converted to the excess
adsorption amounts (N.,) using eq 1.*

N,

ex

= N = Vs (1)
Where p, is the density of bulk gas, and V, represents the free-
guest pore volume within adsorbent for adsorption and can be
estimate using helium as nonadsorbing probes, as reported by
Talu and Myers.*® Additionally, the accessible surface areas
(Sicc) of the frameworks were calculated using nitrogen
molecules as probes in a Monte Carlo program proposed by
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Diiren and Snurr.*” The calculated S
in Table 1.

acc and V; values are listed

Table 1. Textural Properties of UiOs and MOFs Studied in
This Work

Socc V.
MOFs cell angle (deg) lattice (A) (m®/g) (cmﬁ/g)
Ui0-66° a=f=y=90 a=b=c=2098 108263 044
Cu-BTC® a=f=y=90 a=b=c=2634 200626 0.81
U067  a=f=y=90 a=b=c=2709 317927 L11
IRMOF-1° a=f=y=90 a=b=c=258 351978 1.34
Ui0-68“ a=f=y=90 a=b=c=3333 4338.07 1.81
MIL-101® a=B=7=90 a=b=c=8820 321135 1.74
UiO-Me2” a=f=y=90 a=b=c=2604 1808.69 0.78
UiO-Phe® a=f=y=90 a=b=c=2609 2393.89 091

“Calculated in this work. ®Taken from the data in the literatures.%*~7°

To clarify the thermodynamic interactions between adsor-
bate and adsorbent in the ideal dilute gas phase, the isosteric
heats of adsorption were calculated by eq 2.%

- (29)
) AN} ), @)

where (v) is the average potential energy of the adsorbed phase,
(N) is the average number of molecules adsorbed, T is the
temperature (K), and R is the ideal gas constant.

For binary mixtures, the adsorptive selectivities were
computed by eq 3.

x 2
ul

s=3

% ©)
Where x; and y; represent the mole fraction of component i (i =
1 or 2) in the adsorbed and bulk phases, respectively. Previous
works*>*" have shown that the value of selectivity could be
estimated by both GCMC simulations and the IAST. However,
GCMC calculations demand more computational resources
due to the variations of shapes and interaction types of different
adsorbates, and the statistical uncertainty of GCMC algorithm
may lead to underestimated data of selectivity, while IAST
results were more computationally stable due to its
thermodynamic consistency,”® which has been clarified to be
one of the most promising procedures to indicate the
separation behaviors in MOFs.****> Hereby, we believed that
IAST is a more reliable approach to predict the separation
properties in this work. During IAST calculations, it was crucial
to select a model that can precisely fit the adsorption data at the
measured pressure range. We have tested several models and
found the dual-site Langmuir—Freundlich (DSLF)**** to be
the most satisfactory model for the isotherms on the UiOs, as
shown in eq 4.

blp(l/”l) (1/"2)

1+ bt/ i

bop

N =N, X 71 N bzp(l/”z)

X

(4)

where N is the adsorbed amount per mass of adsorbent
(mmol/g), N; and N, are the saturation capacities of sites one
and two per mass of adsorbent (mmol/g), p is the total bulk
pressure (kPa), and b and 7 are the affinity coefficients and the
deviations from the ideal homogeneous surface, respectively.
The fitting parameters were listed in Supporting Information,
Table S2. The correlation coefficients (R*) of all the fitting
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isotherms were over 0.99, indicating the models could compute
the integration of IAST with acceptable accuracy.

The energy-minimum configurations and the corresponding
binding energies (BEs) between adsorbates and frameworks
were obtained by DFT approach using Gaussian 09.*" Since the
adsorption of benzene and toluene at low pressures majorly
occurred near the organic linkers (which were clarified in
Section 3.2), where the dispersive interactions play dominant
role,'®** we performed static DFT calculations with @B97X-D
functional®® to qualitatively study the interactions. ®B97X-D is
a long-range hybrid density functional that complemented with
empirical atom—atom dispersion corrections, which has been
justified to offer superior performance for the z—=x
interactions.”’” Similar to previous works,*®>? the cluster models
of organic linkers were used for the DFT calculations, with the
dangling bonds terminated by H atoms to maintain the correct
hybridization. The adsorbate molecules were left relaxed, and
the organic linkers were held fixed to replicate bulk behavior. In
the common practices, running the geometry optimizations at
low-level theory prior to the single-point energy calculations at
higher level is as effective as performing all the calculations at
high level.®® Therefore, the geometry optimizations at a low
level of @wB97X-D/6-31G(d, p) was used to find the energy-
minimum configurations, while a higher level of @B97X-D/6-
311++G(d, p) was employed for the single-point energy
calculations, similar to the DFT calculations for benzene over
zeolites.”® In BE calculations, the counterpoise correction®
applied to the optimized structures was taken into account for
basis set superposition error (BSSE).

The value of BE was calculated by subtracting the sum of the
single-point energies of adsorbate (E,gmae) and the ligand
cluster (Ejg,,q) from the energy of the optimized adsorbate-
cluster complex (Ejgund-adsorbace)s a5 shown in eq 5. A more
negative BE value indicates a stronger adsorption.®” For each
molecular complex, a variety of possible configurations were
tested, but only the ones with energy minimum were discussed
in detail.

BE = Eligand—adsorbate - (Eligand + Eadsorbate)

)

3. RESULTS AND DISCUSSION

3.1. Effects of the Interatomic Interactions. To validate
the LJ-based force field and partial charges applied in this work,
the simulated excess adsorption isotherms of benzene over
dehydrated UiO-66 with and without electrostatic interactions
(EI) at 313 K were compared to the referred experimental data
from Ramsahye’s work,'® as shown in Figure 2. Both simulated
models showed a good consistency with the experimental
results at the pressures below 1 kPa, whereas the model with EI
exhibited slightly underestimated data at higher pressures. The
explanation of the discrepancy could be associated with the
capillary condensation. The well-defined opening pores of UiO-
66 with diameter of 6 A'* were obviously ranged in the
micropores,®® offering environment for the capillary condensa-
tion. Zhao et al.** claimed that the benzene molecule modeled
without EI (six-site model) was prone to liquefy much more
easily than the nine-site model at a given pressure. The two
complementary effects corporately resulted in the under-
estimation of nine-site model at high pressures, coincided
with the adsorption behavior of benzene over IRMOF-1.°
However, such shortcoming of the nine-site model did not
affect its accuracy when modeling the adsorption at low
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Figure 2. Simulated adsorption isotherms of benzene on UiO-66 with
and without electrostatic interactions (EI) at 313 K in this work, and
the referred experimental data reported by Ramsahye et al.'®

concentrations with both dispersive and electrostatic inter-
actions, as concerned in this work. Thus, the nine-site model
was selected for modeling the adsorption over UiO-66.

In the case of UiO-67 and UiO-68, since there were no
experimental data available for aromatic adsorption, we
calculated the H, adsorption isotherms and compared the
results with the referred experimental results from Chavan et
al.** and the theoretical results from Getman et al,®* as shown
in Supporting Information, Figure S3. These simulated
isotherms showed a generally good agreement with the
corresponding data from literature, validating the accuracy of
force field as well as the atomic charges for the frameworks. In
addition, the role of electrostatic interactions on aromatic
adsorption over UiO-67 and -68 were also examined, as shown
in Figure 3. In contrast to UiO-66, both models with and
without EI in the interatomic interactions exhibited similar
adsorption behaviors on UiO-67 and -68. UiO-Phe and UiO-
Me?2 also showed the similar adsorption behaviors, as illustrated
in Supporting Information, Figure S4. The isotherms of toluene
climbed quickly at low pressures, whereas the adsorption
capacity of benzene exceeded that of toluene as the pressures
rose. It was possibly because the presence of methyl group in
toluene induced the stronger interaction with the frameworks at
low pressures, while the steric hindrance caused by the bulky
size of toluene gave rise to lower adsorption uptakes at higher
pressures. On the other hand, the obtained results indicated
negligible effects of EI on the adsorption isotherms of
aromatics, unlike the significant role of EI in VOCs adsorption
on Cu-benzene tricarboxylic acid (Cu-BTC).% It could be
associated with the larger pore size of UiO-67 (8 A) and -68
(10 A),"* which diminished the effects of capillary condensation
and the variation of adsorption on these two electrically
contrastive models. However, because of the significant role of
extra electrostatic sites to represent the conjugated 7 system in
benzene and toluene molecules (as mentioned in Section 2.2),
we believed that the nine-site models of adsorbates containing
electrostatic interactions were more accurate to proceed with
the following studies in the adsorption on UiOs, including the
functionalized UiO-Phe and -Me2.

Figure 4 showed the adsorption isotherms of benzene on
dehydrated UiO-66, -67, and -68 at 313 K. The adsorption
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Figure 3. Simulated adsorption isotherms of benzene and toluene on (a) UiO-67 and (b) UiO-68 calculated with and without EI at 330 K.
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Figure 4. Simulated adsorption isotherms of benzene on dehydrated
UiOs in this work and the correlation data of MIL-101, IRMOF-1, and
Cu-BTC in the literature.>*’

uptakes on UiOs at low pressures (below 0.5 kPa) increased
with decreased S, and Vj values (Table 1), following the order
of Ui0-66 > UiO-67 > UiO-68, while the opposite order of
adsorption uptakes was observed at higher pressure range (over
5 kPa). UiO-66 possessed highest capacity at low pressures as
its smallest S, (1082.63 m>/g) and V, (0.44 cm’/g) offered

the strongest adsorption affinity to benzene, which was in a
good agreement with the preferential adsorption of CO, in the
small pores of ZIF-94 and ZIE-7.7" However, such structural
properties of UiO-66 also dramatically hindered the adsorption
at higher pressures due to the steric effects. Therefore, UiO-66
has a relatively continuous adsorption behavior in the measured
pressure range. By contrast, the relatively large pores of UiO-67
and -68 caused weaker adsorption affinity at low pressures but
were capable of accommodating more adsorbate molecules at
adsorption equilibrium. Besides, the wider gap of pore size
between tetrahedral and octahedral cages of UiO-67 and -68
may lead to the sequential adsorption, resulting in the two-stage
adsorption isotherms.

On the other hand, the adsorption isotherms of the
dehydrated UiOs were also compared with other MOFs with
varied open metal sites, including Cu-BTC, IRMOF-1, and
MIL-101,%%” as shown in Figure 4. It was interesting to find
that the isotherms of UiOs were similar in shape compared to
the MOFs with analogous pore volumes (UiO-66 and Cu-BTC,
Ui0-67 and IRMOEF-1, UiO-68 and MIL-101, respectively).
The result reveals that not only the open metal sites provide
significant interaction affinity with adsorbates, but the textural
properties (majorly determined by organic linkers) also play
roles in the adsorption, consistent with the size-dependency of
aromatic adsorption over UiOs reported by Duerinck et al.*®
Therefore, to improve the adsorption of aromatics, the
functionalization strategy would be recommended to focus on

(a)ll
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Figure 5. Simulated adsorption isotherms of (a) benzene and (b) toluene on UiO-67, -Phe, and -Me2 as a function of pressures at 330 K.
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the organic linkers, by enhancing the interaction strength or
changing the pore size.

3.2. The Adsorption on Functionalized Frameworks.
When introducing UiO-67 with functional groups, the effects of
functionalization on the structure of the framework were
required to be clarified prior to further investigating the
adsorption properties. It could be noted in Table 1 that UiO-
Phe (26.09 A) and UiO-Me2 (26.04 A) possessed lower lattice
length compared to the original UiO-67 (27.09 A), indicating
that the unit cells of the frameworks were slightly compressed
due to the addition of functional groups. In addition, as shown
in Supporting Information, Figure SS, compared to UiO-67
(40.3°), the optimized linker in UiO-Phe transformed to planar
(180°), while the two phenyl rings in UiO-Me2 turned to be
almost perpendicular (82.9°) to each other. Such conformation
of linkers in UiO-Phe allowed the framework suffer less steric
hindrance effects and gave rise to larger S, and V than UiO-
Me2. Since the functionalization reduced the pore size of UiO-
Phe and -Me2, the benzene and toluene adsorption behaviors
varied with different pressures. As shown in Figure S, the
simulated isotherms of benzene and toluene were similar in a
two-stage shape but varied in saturated capacity on each UiO
framework. The adsorption uptakes of UiO-Phe and UiO-Me2
increased sharply at relatively low pressures (0.1 kPa for
benzene and 0.01 kPa for toluene, respectively), while that of
UiO-67 transcended the two functional analogues at higher
pressures. It should be mentioned that the adsorption uptakes
of UiO-Phe and UiO-Me2 at low pressures could reach to a
comparative level, despite that the S, and V,, of UiO-Phe were
larger than UiO-Me2 (Table 1). Since the functionalization
greatly contributed to the adsorption at low pressures, the
effects of functional groups on the isosteric heats of adsorption
were further discussed in Supporting Information, Figure S6.
The results suggested that the adsorption was not only
influenced by the textural properties of UiO-Phe and UiO-
Me2, but the interaction strength between adsorbate and
adsorbent was likely to affect the adsorption. As the pressure
rose, the adsorption uptakes increased, and the tendency was in
correspondence with the order of the S, and V, of UiOs,
suggesting the adsorption turned out to be structure-dependent
at high pressures, similar to the adsorption on UiO-66, -67, and
-68.

In addition, Shearer et al.*® experimentally indicated that
UiO-67 can not only undergo dehydration reversibly but can
also exist in the intermediate form (singly dehydrated) for a
finite time. Besides, they suggested that the stoichiometrical
imperfection of the real UiO samples resulted from the
substitution of the y;-OH groups on some Zr clusters by the
chloride, with a Zr/Cl atomic ratio of 6:1. Therefore, apart
from the ideal fully dehydrated models, we also compared the
tully hydrated, singly dehydrated, and chloride-replaced models
in the adsorption of benzene, so as to expand our simulated
results to realistic materials. The calculated results are shown in
Figure 6, while the configurations of different models were
illustrated in Supporting Information, Figure S7. In the case of
UiO-67, the adsorption on varied models exhibited analogous
behaviors. However, the adsorbed amount on the fully
hydrated, singly dehydrated as well as the chloride-replaced
models of both UiO-Phe and UiO-Me2 were greater than that
on the fully dehydrated model in the low-pressure range (0—
0.11 kPa), similar to the adsorption of CO, on the hydrated
and dehydrated UiO-66.”> The calculated results suggested that
the presence of u;-OH groups or chloride in UiO-Phe and
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Figure 6. Adsorption isotherms of benzene on (a) UiO-67, (b) UiO-
Phe and (c) UiO-Me2 with fully dehydrated, fully hydrated, singly
dehydrated, and chloride-replaced models at 330 K.

-Me2 was capable of enhancing the adsorption. A plausible
explanation lied in the functionalization that was likely to
contribute to the interaction strength between adsorbate
molecules and the y;-OH groups or chloride. It should be
mentioned that since only one type of Zr cluster model was
symmetrically distributed in a framework, the effects of multiple
cluster models were difficult to examine and can be further
studied in future work. In addition, it is more worthwhile to
study a less complex scenario where all the Zr-MOFs are set as
fully dehydrated to eliminate the effects of y;-OH groups, to
exclusively investigate the influence of functionalization in this
study.

To further investigate the effects of ligand-based function-
alization on the adsorption of aromatics, the favorable
adsorption locations of benzene on dehydrated UiO-Phe,
UiO-Me2, and the original UiO-67 at 330 K were simulated
and predicted. The density distribution of benzene in the (001)
plane of UiO-67, -Phe, and -Me2 was obtained by accumulating
the center of mass of benzene molecules with 1000 equilibrium
configurations, as shown in Figure 7. The cases of toluene were
similar to that of benzene (as shown in Supporting Information,
Figure S8).

In the case of UiO-67, benzene preferentially adsorbed in the
tetrahedral cages at low pressures, indicating the benzene
molecules were more likely to be encapsulated inside the
limited space of the cages. Meanwhile, the adsorption tended to
occur around the ligands, revealing the strong adsorption
affinity of benzene with the aromatic rings of ligands, similar to
benzene adsorption on zeolite NaX and UiO-66."® When the
pressures were higher than 0.1 kPa, benzene molecules started
accessing the large octahedral cages after fully filling the small
tetrahedral cages, corresponding to the quick rise in the
isotherms (as shown in Figure Sa). At ~3 kPa, the octahedral
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Figure 7. Density distribution contours for the center of mass of benzene in the (001) plane of UiO-67, UiO-Phe, and UiO-Me2 at (a, b, c) low and
(d, ¢, ) high pressures. Dashed lines: yellow = tetrahedral cages; red = octahedral cages.
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Figure 8. DFT-optimized adsorption complexes of benzene-linkers with S-shaped (upper) and T-shaped (lower) configurations on UiO-67, -Phe,

and -Me2, with the binding energies.

cages were nearly saturated with benzene molecules; never-
theless, the dominant adsorption sites were still focused on
tetrahedral cages, as illustrated in Figure 7d. Such observation
of the sequential adsorption gives a reasonable explanation to
the two-stage isotherms of benzene adsorption on UiOs, similar
to methanol adsorption on Cu-BTC.®

In terms of adsorption behaviors, variations were found on
UiO-Phe and UiO-Me2 compared to UiO-67. At low pressures,
UiO-Phe showed a larger area of local density at the linkers of
tetrahedral cages than UiO-67 (as shown in Figure 7b),
suggesting the significant benefits of spacious space in cages
coming from the larger ligands. For UiO-Me2, the adsorbed
benzene molecules were centralized at the tetrahedral cages
(see Figure 7c). The adsorption behavior could be associated
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with the steric hindrance effects that resulted from the
additional methyl groups as well as the rotation of aromatic
rings in the linkers. At higher pressure of 3 kPa, pronounced
adsorption sites in the octahedral cages of UiO-Phe and -Me2
were observed, indicating that the insertion of functional
groups was capable of generating new adsorption sites at higher
pressures. However, the final value of local densities decreased
with ... and Vj, following the order of UiO-67 > UiO-Phe >
UiO-Me2, which revealed that the adsorption at high pressures
was still governed by the structural properties of the
frameworks. Thus, these results suggested that the functional-
ization by incorporating the linkers with additional aromatic
ring (UiO-Phe) and methyl groups (UiO-Me2) were promising
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and -Me2, with the corresponding binding energies.

approaches to improve the adsorption performance of
aromatics at lower pressures.

3.3. Adsorption Thermodynamics. DFT calculation was
employed to obtain the energy-minimum configurations and
the corresponding binding energies (BEs) between aromatics
and the frameworks (UiO-67, -Phe, and -Me2). Previous works
experimentally studied the UiO materials using thermogravi-
metric analysis and found that there were missing linkers in the
as-made samples, leading to the presence of strong adsorption
sites (Lewis acid sites).”””> Therefore, apart from fully hydrated
and dehydrated Zr clusters, we also constructed a deficient
cluster with one linker missing, and the deficient vacancy was
terminated by chloride, as suggested by Shearer et al.”*>”* The
BEs of benzene at these three types of Zr clusters were
calculated, and the results were shown in Supporting
Information, Figure S9. Since the ideal hydrated and
dehydrated clusters were surrounded by 12 carboxylate linkers,
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the adsorption affinity was relatively weak (—10 to ca. —16 kJ/
mol) due to the steric constrains. By contrast, the linker
deficiency in Zr cluster led to stronger available adsorption sites
(—22.06 kJ/mol) and enhanced pore accessibility for large
molecules when compared to the 12-connected cluster.
However, the decreased connectivity of Zr-MOFs also results
in the change of framework topology and the lower BET area,”®
which may cause drawbacks for the adsorption.

In the case of organic linkers, two major configurations of
adsorption complexes, namely, the parallel face-to-face stacking
“sandwich” (S-shaped) and the perpendicular T-shaped geo-
metries (as shown in Supporting Information, Figures S10 and
Figure S11), were examined. Previous calculations using ab
initio methods have shown that both the configurations were
favorable between benzene molecules arranged in dimers and
trimers,”® which were prone to form z—z overlap dispersion
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with S-shaped geometry and electrostatic interactions with T-
shaped orientation,”””® respectively.

Figure 8 showed the BEs of benzene in all the complexes
with S-shaped configuration were more exothermic than those
with T-shape on each UiO material, suggesting the z—x
stacking interactions rather than the T-shaped electrostatic
interactions dominated the adsorption, coinciding with the
interaction behaviors of benzene dimers reported by Headen et
al.” It was noticeable that benzene molecules in both UiO-67
and UiO-Me2 shifted to an intermediate position between S-
shaped and T-shaped conformations, suggesting both con-
jugated 7 system and electrostatic interaction contributed to
the adsorption of benzene. UiO-Me2 showed a greater
adsorption affinity (—29.47 kJ/mol) than UiO-67 (—25.42
kJ/mol), indicating the addition of methyl groups had beneficial
effects on the adsorbate-framework interaction. In the case of
UiO-Phe, the enlarged aromatic rings promoted larger and
more continuous 7-orbital delocalization compared to UiO-67,
as shown in the electrostatic potentials in Figure 9, which could
also enhance the 7—7 stacking interaction strength (—28.99 kJ/
mol).

The adsorption at low pressures was likely to be controlled
by either adsorbate—adsorbent interactions (energetic effects)
or textural properties of the framework (entropic effects), or
both, depending on the relative strength of each. UiO-Phe and
UiO-Me2 possessed similar adsorption uptakes at low
pressures, following the order of UiO-Phe =~ UiO-Me2 >
UiO-67 (Figure Sa), which coincided well with the order of BEs
on the UiOs, regardless of the variation in V, and S,.. It
suggested that unlike the adsorption on UiO-66, -67, and -68,
the smaller pore size of UiO-Phe and -Me2 was not necessary
to provide a strong binding to benzene at low pressures, since
the energetic effects caused by the presence of functional
groups have greater contribution to the adsorption of benzene.

The optimized configurations of toluene-linker complexes
were demonstrated in Figure 10. As evidenced by the higher
value of BEs, the z—n stacking interaction was still
thermodynamically favorable by toluene, similar to the
adsorption of benzene. However, different from benzene, the
presence of the methyl group in toluene acted as both electron
donor to strengthen the 7 system and as a steric hindrance to
weaken the interaction. Toluene with S-shaped geometries
showed higher interaction affinity on all the three UiOs
compared to benzene accordingly, suggesting the electron-
donating effect was slightly stronger than the steric hindrance
effect of the methyl group in toluene on the adsorption. In
addition, the BE of toluene with S-shaped configuration on
UiO-Phe (—34.45 kJ/mol) increased by 5.46 kJ/mol from a
lower value (—28.99 kJ/mol) of benzene, which held the
highest increment of interaction energy compared to UiO-67
(3.53 kJ/mol) and UiO-Me2 (0.30 kJ/mol). It indicated that
the addition of aromatic ring on linker made the framework
more favorable for interacting with toluene, which could
probably contribute to the separation of toluene/benzene
mixtures, whereas the functionalization of UiO-Me2 might have
negative effects on the separation, as the functionalization
diminished the difference in BEs between toluene and benzene.

On the other hand, the larger inclined angles of toluene with
T-shaped geometries on UiOs compared to benzene indicated
that the electrostatic interaction became a dominant driving
force for the adsorption. Meanwhile, the BEs of T-shaped
toluene were less exothermic than benzene, revealing that the
electrostatic interaction was restricted by the methyl group of
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toluene. It can be ascribed to the weaker electropositivity of
methyl group in toluene that cannot offer sufficient interaction
with the frameworks compared to the H atoms of benzene, as
shown in ESPs of benzene and toluene in Figure 9a,b. The BE
of toluene on UiO-Phe (—15.03 kJ/mol) was stronger than
those of Ui0-67 (—14.43 kJ/mol) and -Me2 (—13.47 kJ/mol),
suggesting that the additional aromatic ring in the linker of
UiO-Phe was capable of preventing the adsorbate—adsorbent
interactions from the negative effects caused by methyl group in
toluene.

Although the methyl group in toluene has varied effects on
the adsorption in S-shaped and T-shaped configurations, the
BEs of toluene with favorable orientation still increased with
the adsorption uptakes at low pressures (Figure Sb), similar to
the case of benzene, which further consolidated the
predominant role of energetic effect in the low-pressure
adsorption.

3.4. Adsorption Selectivity for Toluene/Benzene
Mixtures. IAST calculations based on DSLF model were
performed to predict the adsorption selectivities of toluene/
benzene equimolar mixtures on UiO-67, -68, -Phe, and -Me2, as
shown in Figure 11. The selectivity on UiO-68 was compared
with that of UiO-Phe, as both contain three aromatic rings in
each linker but varied in the pore sizes.
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Figure 11. Adsorption selectivities predicted by IAST for equimolar
mixtures of toluene/benzene as a function of total bulk pressures at
330 K.

It could be found that two stages were present on the toluene
selectivity curves for all the UiOs. A rapid increase in toluene
selectivities first appeared at low pressures, followed by a linear
decrease as pressures continued to rise, and the maximal
selectivities followed the order of UiO-Phe > UiO-Me2 > UiO-
67 > UiO-68. Although the highest selectivities appeared at
relatively low pressures, there are still effective for practical
separation process as these aromatics are generally very dilute
in most industral applications.**

We believed that the factors affecting the selectivity vary with
different pressure ranges. As mentioned earlier, the adsorption
at lower pressures was governed by the n—m stacking
interactions, in which toluene possessed greater adsorption
affinity than benzene, leading to a sharp increase in toluene
selectivity, while the effects of steric hindrance hold up the
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adsorption once the pores and cages of UiOs were saturated by
adsorbates at higher pressures, and the smaller size of benzene
molecules allowed further access to the cages as pressures rose,
which made a consistent decrease in the selectivity. On the
other hand, UiO-Phe showed maximum value of toluene
selectivity, reflecting the introduction of additional aromatic
rings to the ligand furnished appropriate adsorption interaction
strength and suitable V, and S,., which provided significant
benefits for the separation process. UiO-Me2 possessed lower
selectivity as the methyl groups in linkers brought about
stronger negative effects of steric hindrance to the separation,
while the largest V, and S, of UiO-68 led to the lowest
selectivity.

We also investigated the influence of toluene concentrations
on toluene selectivity at the low pressure of 0.01 kPa, as shown
in Figure 12, since the separation in dilute conditions is more
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Figure 12. Toluene selectivity vs the gas mole fraction of toluene in
the mixtures at 330 K and 0.01 kPa.

valuable for practical applications. It was interesting to find that
the tendency of selectivity varied with different UiOs. Toluene
selectivity on UiO-67 increased linearly with gas mole fraction
of toluene, while the selectivity grew slowly in the case of UiO-
Me?2. Unlike UiO-67 and -Me2, UiO-Phe expressed a maximum
value of selectivity in equimolar mixtures. The varied trends of
selectivity were probably ascribed to the counterbalancing
factors of adsorbate—adsorbent interactions and suitable
textural properties (pore size, S,.) of the frameworks.
However, in the measured range of toluene concentrations,
the selectivity on UiO-Phe maintained a relatively high value
compared to that of UiO-Me2 and -67, suggesting that the
functionalization with additional aromatic rings is the most
promising strategy to enhance toluene selectivity.

4. CONCLUSION

Adsorption and separation properties of toluene and benzene
on UiO materials were studied by multiscale simulation
approach combining GCMC, DFT, and IAST methods. In
this work, two new types of UiOs (UiO-Phe and -Me2) were
constructed by grafting additional aromatic rings and methyl
groups to the linkers of UiO-67. Both UiO-Phe and -Me2 can
efficiently increase the adsorption uptakes at low pressures
compared to their parent UiO-67, majorly by decreasing the
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pore size and strengthening the interaction affinity with the
adsorbates. While at high pressures, the larger pore volume and
surface turn out to play predominant roles in the adsorption.
UiO-Phe possesses higher capacity than UiO-Me2, as the
former suffers less steric hindrance effects. Additionally, the
single-component adsorption isotherms on UiOs show a two-
stage adsorption behavior at the measured pressure ranges,
which can be ascribed to the sequential adsorption mechanics
in varied cages of the frameworks. In terms of toluene/benzene
separation, the IAST predicted maximal toluene selectivities can
be reached at a certain pressure, associating with the
counterbalancing influences of adsorbte—framework interaction
strength and suitable pore size. UiO-Phe has the highest
adsorption capacity and toluene selectivity at low pressures,
suggesting the functionalization of linkers with additional
aromatic rings is effective to improve adsorption and separation
performance for toluene/benzene mixtures. The present work
provides valuable insights into the effects of ligand function-
alization on aromatic adsorption and separation using a
simulation approach, which could guide the rational experiment
design of highly efficient UiO adsorbent for the adsorption and
separation of aromatic compounds.
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