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ABSTRACT: Highly porous zirconium-based metal−organic
frameworks (MOFs) have been widely studied as materials for
sorption and destruction of chemical warfare agents (CWAs). It is
important to understand the diﬀusion of CWAs, their reaction
products, and environmental molecules through MOFs to utilize
these materials for protection against CWA threats. As a ﬁrst step
toward this goal, we study adsorption and diﬀusion of acetone in
pristine UiO-66. We have chosen to study UiO-66 because it has
been demonstrated to be eﬀective for destruction of CWAs and
simulants; we use acetone because it is a prototypical polar organic
molecule small enough to be expected to diﬀuse fairly rapidly
through nondefective UiO-66. We speciﬁcally examine the impact
of framework ﬂexibility and hydrogen bonding between acetone and the OH groups on the nodes of the framework on the diﬀusivity
of acetone. We ﬁnd that inclusion of ﬂexibility is essential for meaningful predictions of diﬀusion of acetone. We have identiﬁed the
dynamics of the three linkers making up the triangular window between adjacent pores as the critical factor in controlling diﬀusion of
acetone. We demonstrate from experiments and ﬁrst-principles calculations that acetone readily hydrogen bonds to UiO-66
framework OH groups. We have modiﬁed the classical potential for UiO-66 to accurately model the framework−acetone hydrogen
bonds, which are not accounted for in many MOF potentials. We ﬁnd that hydrogen bonding decreases the diﬀusivity by about 1
order of magnitude at low loading and about a factor of 3 at high loading. Thus, proper accounting of hydrogen bonding and
framework ﬂexibility are both critical for obtaining physically realistic values of diﬀusivities for acetone and similar-sized polar
molecules in UiO-66.

■

INTRODUCTION
Metal−organic frameworks (MOFs) are porous materials
composed of metal oxyhydroxide secondary building units
(SBUs) connected by organic ligands (linkers). MOFs have
applications in a variety of ﬁelds,1,2 with substantial eﬀorts
focused on the use of MOFs for gas separations3−6 and
adsorption.7−11 MOFs have also been used for chemical
warfare agent (CWA) capture and degradation. Speciﬁcally,
UiO-66 and its derivatives have been widely studied for this
purpose.7,12−16 Eﬀective use of these materials requires an
understanding of mass transport limitations because agents
must rapidly adsorb and diﬀuse into the interior of the MOF,
where they are temporarily captured (through physisorption)
and can react at active sites (through chemisorption at open
metal sites) within the MOF.
UiO-66 has a formula unit containing SBUs constructed of 6
Zr atoms with 4 μ3-O atoms and 4 μ3-OH groups, coordinated
by 12 benzene dicarboxylate (BDC) moieties [Zr6(μ3-O)4(μ3OH)4](C8H4O4)6]. The μ3-OH groups may form hydrogen
bonds with some CWAs and CWA simulants, which could
© 2020 American Chemical Society

signiﬁcantly impact adsorption and diﬀusion. We note that it
has been reported that UiO-66 may be reversibly dehydroxylated by heating to high temperature in a vacuum,17,18 which
eliminates the μ3-OH groups. We do not consider the
dehydroxylated form in this work because under practical
conditions UiO-66 would be in its hydroxylated state. The
SBUs of UiO-66 are 12 coordinated by BDC linkers, with each
linker shared between two SBUs, making all the Zr atoms in
the SBU fully coordinated in pristine UiO-66. CWAs are
typically too large to diﬀuse at appreciable rates in pristine
UiO-66.19 In practice, it is defective UiO-66 that is of interest
because missing linkers are required for both chemical
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UiO-66 samples. We have measured μ3-OH hydrogen bonding
in UiO-66 dosed with acetone with FT-IR under ultrahighvacuum (UHV) conditions as a function of temperature. We
have used molecular simulations to study adsorption and
diﬀusion of acetone in pristine UiO-66.

reactivity and enhancing diﬀusion of CWAs. However, in this
work we ﬁrst seek to understand baseline interactions,
adsorption, and diﬀusion in pristine UiO-66.
Ramsahye and Maurin provide an excellent overview of the
calculation of diﬀusion in MOFs from molecular simulation.20
Simulation-based methods have been used to study diﬀusion in
MOFs, almost exclusively through the use of classical
molecular dynamics.21−33 However, there is at least one
study using density functional theory calculations,34 but time
scales for these simulations are 3 orders of magnitude smaller
(tens of picoseconds rather than tens of nanoseconds) than
classical potential simulations.
Diﬀusivities of a variety of molecules in MOFs are reported
in the literature, including hydrogen,23−25,32,34−36 noble
gases,21,22,32 CO2,27,30,32 N2,27,32 alkanes,24,27,28,30−32 acetylene,26 terephthalic acid,29 benzene,33 CWAs,19 and mixtures.24,25,27,37,38
An important consideration in simulation studies of diﬀusion
in MOFs is whether to model the framework as rigid or
ﬂexible. Many previous simulation studies of diﬀusion
approximated the MOFs framework as being rigid.21−32 The
use of rigid frameworks makes the simulations more computationally eﬃcient and greatly simpliﬁes the construction of the
potentials used for simulating the MOFs. Simulations of
diﬀusion using ﬂexible frameworks have also been performed.22,30,33,34
Simulations report self-diﬀusivities21−34 as well as corrected
and transport diﬀusivities.21,30,32 We note that these three
types of diﬀusivities are equivalent in the limit of low loading.39
In this work we report self-diﬀusion, as calculated from the
Einstein relation given by
DS =

1
⟨ ∑ |ri(t ) − ri(0)|2 ⟩
2td

Article

■

COMPUTATIONAL METHODS
Molecular dynamics calculations were performed with the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).42 Simulations were conducted at zero loading
and ﬁnite loadings up to saturation vapor pressure and beyond.
Zero loading simulations were conducted by turning oﬀ
interactions between the acetone molecules, thus rigorously
excluding any adsorbate−adsorbate interactions. This allowed
for simulation of the low loading limit, while obtaining better
statistics than simulations having a single molecule in the
simulation cell.
A UiO-66 supercell was created that contained 32 formula
units (primitive cells). One formula unit contains two
tetrahedral pores and one octahedral pore. We used two
diﬀerent ﬂexible force ﬁelds for UiO-66, the UFF force ﬁeld
parameters described by Boyd et al.,43 and the Rogge et al.
potential.44 We used atom-centered charges computed from
analysis of our density functional theory (DFT) electron
density calculations with the DDEC6 and Chargemol
programs45−48 for both of these potentials. The TraPPE
model was used for acetone.49 A Lennard-Jones model was
used for neon.50 LAMMPS input ﬁles containing all the
necessary parameters are provided in the Supporting
Information. Periodic boundary conditions were applied, and
the cutoﬀ was 12.5 Å. A time step of 0.5 fs was used for all
simulations. Each run was equilibrated for 50 ps in the
canonical (NVT) ensemble by using the Nosé−Hoover
thermostat.51,52 Data were collected over 25 ns in the
microcanonical (NVE) ensemble to avoid artifacts due to the
thermostat on the dynamics of the system. Multiple time
origins and multiple independent simulations (from 10 to 50)
were used to improve statistics.
Acetone in ﬂexible UiO-66 was studied at three temperatures: 325, 350, and 425 K. Each simulation involved 100
noninteracting (i.e., zero loading) acetone molecules inserted
into the MOF. Additional simulations were conducted at ﬁnite
loading using 32, 64, 128, 160, and 224 acetone molecules per
simulation cell to model the eﬀect of loading up to saturation.
These simulations correspond to 1, 2, 3, 5, and 7 molecules per
formula unit, respectively. Saturation loading at 298 K was
determined to be close to 6 molecules per formula unit from
an adsorption isotherm of acetone by using a methodology we
have reported previously. 5,53 Details are given in the
Supporting Information, and the isotherm is given in Figure
S1. A loading of 7 molecules per formula unit corresponds to
an external pressure of acetone beyond the vapor pressure at
298 K (see the Supporting Information). Acetone in rigid UiO66 was simulated at 325 K. A total of 100 molecules were
inserted, and 50 independent runs were used at zero loading.
Simulations of neon in ﬂexible and rigid UiO-66 were
conducted at 325 K and contained 500 noninteracting (zero
loading) neon atoms. Fifty independent runs were taken for
both rigid and ﬂexible models. The mean-squared displacement (MSD) for all molecular dynamics runs was calculated
every 100 timesteps for each run by using the center-of-mass
formalism. The data were processed as 250 evenly spaced

(1)

where t is the time, d is the dimensionality of the system, the
sum is over all atoms of diﬀusing molecules in the system, and
the angle brackets denote an ensemble average.
The transport diﬀusion of benzene, toluene, and xylene
through UiO-66 via isothermal diﬀusion experiments has been
studied with in situ infrared (IR) spectroscopy. The pore
window was found to limit diﬀusion, and diﬀusion rates
decreased with increasing molecular size.40 Diﬀusion coefﬁcients were on the order of 10−10−10−16 m2/s, and although
the guest molecules were nonpolar, IR spectroscopy indicated
hydrogen-bonding interactions with the framework μ3-OH
groups. Sharp et al. considered the transport of n-butane using
in situ IR in UiO-66 and reported diﬀusion coeﬃcients on the
order of 10−14 m2/s.41
In this work we seek to elucidate the impact of framework
ﬂexibility and hydrogen bonding on adsorption and diﬀusion
of polar molecules in UiO-66. As a ﬁrst step, we have chosen to
study adsorption and diﬀusion of acetone in pristine UiO-66,
reasoning that one should ﬁrst understand the pristine material
before including the impact of missing linker defects, since
these defects are diﬃcult to fully characterize. We chose
acetone for this study because it is small enough to be expected
to diﬀuse rapidly through the small windows of UiO-66 and
also because it is a strongly polar hydrogen bond acceptor but
does not self-hydrogen bond. Thus, any hydrogen bonding
observed experimentally must be due to acetone−μ3-OH
interactions. We present a combined experimental and
theoretical approach to investigate acetone−UiO-66 interactions. We have synthesized and characterized low-defect
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multiple time origins, and diﬀusion coeﬃcients were calculated
via the Einstein relation (eq 1).
Free energy proﬁles were calculated by using umbrella
sampling, as described previously by Agrawal et al.19 The
collective variables (COLVARS)54 package for LAMMPS was
used to implement umbrella sampling. Calculations were
performed with 0.1 Å spacing along a reaction coordinate
(RC), with a single acetone molecule in the system. The RC
was deﬁned as a vector between the centers of a pair of
adjacent octahedral and tetrahedral cages, passing through the
window that separates the two cages. In each simulation, a
harmonic restraint of 41.8 kJ/mol was used to keep the
acetone molecule in a region orthogonal to the speciﬁed value
along the RC. A 50 ps equilibration followed by a 1000 ps
production run was performed for each umbrella region. The
weighted histogram analysis method (WHAM)55 was used to
combine the independent samples into a free energy proﬁle.
These calculations were performed for both forward and
reverse barriers, with the forward barrier being deﬁned as the
tetrahedral to octahedral cage transition.
DFT calculations were performed to identify the most
favorable binding site for acetone in UiO-66. Details are given
in the Supporting Information.

■

EXPERIMENTAL METHODS
We used synthetic conditions reported by Shearer et al.56 to
prepare minimally defective UiO-66 (see the Supporting
Information for speciﬁc details and characterization of product
material).
Temperature-programmed desorption (TPD-MS) and temperature-programmed infrared (TP-IR) measurements were
made to characterize the interaction of acetone with UiO-66 in
a custom-built ultrahigh-vacuum instrument described in detail
previously.57 Details are given in the Supporting Information.

■

Figure 1. Mean-squared displacement divided by time of acetone in
UiO-66 using the (a) ﬂexible or (b) rigid framework model of Boyd et
al.43 at 325 K. Note the semilog scale in (b) required to show
exponential decrease in MSD/t with time.

RESULTS AND DISCUSSION
Adsorption and desorption isotherms of N2 at 77 K (Figure
S5) and acetone at room temperature (Figure S6) were
measured experimentally in low-defect UiO-66. Details are
reported in the Supporting Information. Grand canonical
Monte Carlo (GCMC) simulations were performed to
compute isotherms for pristine and defective MOFs (with
4% and 8% missing linkers having defects capped with formate
groups) and are plotted along with the experimental data. We
ﬁnd good agreement between simulations and experiments for
pristine UiO-66 for N2 uptake, indicating that the experimentally produced MOFs are close to pristine. In contrast, the
simulated acetone isotherm for 8% missing linker defects is in
better agreement with experiments than for pristine UiO-66
(details are given in the Supporting Information). The
diﬀerence between experiments and simulations may be due
to inaccuracy of the potential models used or may indicate a
higher level of defects than evident from thermogravimetric
analysis (Supporting Information).
Plots of the MSD divided by time (MSD/t) as a function of
time for acetone in ﬂexible and rigid UiO-66 by using the Boyd
et al. potential43 are shown in Figure 1. Fickian diﬀusion,
described by eq 1, will result in MSD/t being a constant at long
times, and this is what is seen for the ﬂexible UiO-66 potential
in Figure 1a. In contrast, MSD/t for the rigid model
continually and dramatically decreases with time (note the
log scale in Figure 1b), indicating that acetone does not diﬀuse

in the rigid model over the time scales of the simulation. We
have computed diﬀusion coeﬃcients for acetone at zero
loading as a function of temperature in UiO-66 using three
ﬂexible MOF potentials: the Boyd et al. potential,43 the Rogge
et al. potential,44 and our modiﬁcation to the Rogge et al.
potential, termed TraPPE/Rogge et al., which we describe
below. The diﬀusion coeﬃcients are reported in Table 1 and
plotted in Figure 2. The data were ﬁtted to an Arrhenius
equation of the form D = D0 exp(−EA/RT) to calculate the
diﬀusion activation energies for these potentials, which are EA
Table 1. Diﬀusion Constants of Acetone at Zero Loading in
(a) Boyd et al. Flexible UiO-66,43 (b) Rogge et al. Flexible
UiO-66,44 and (c) TraPPE/Rogge et al. Flexible UiO-66a
T (K)
325
350
425

(a) Ds (m2/s)
−11

2.80(30) × 10
4.17(44) × 10−11
1.11(62) × 10−10

(b) Ds (m2/s)
−11

4.02(48) × 10
6.12(150) × 10−11
1.69(30) × 10−10

(c) Ds (m2/s)
4.88(150) × 10−12
9.15(360) × 10−12
5.14(140) × 10−11

a

Uncertainties in the least signiﬁcant digits, given by two standard
deviations of the mean, are given in parentheses, e.g., 2.80(30) ×
10−11 means 2.8 × 10−11 ± 3.0 × 10−12 and 4.88(150) × 10−12 means
4.88 × 10−12 ± 1.5 × 10−12.
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Figure 2. Arrhenius ﬁt of diﬀusion coeﬃcients for acetone in ﬂexible
UiO-66 for three diﬀerent UiO-66 potentials.

= 15.8, 16.5, and 27.2 kJ/mol for the Boyd et al., Rogge et al.,
and TraPPE/Rogge et al. potentials, respectively.
To understand the dramatic diﬀerences in the MSD for
ﬂexible and rigid potentials observed in Figure 1, we have
computed the free energy barrier for acetone moving from the
center of the tetrahedral pore to the center of the octahedral
pore and the reverse path using umbrella sampling combined
with WHAM for both the ﬂexible and rigid Boyd et al. UiO-66
potentials. Results for the ﬂexible UiO-66 model, shown in
Figure 3a, give a forward (tetrahedral to octahedral pore)
barrier of 16 kJ/mol and a reverse barrier of 11 kJ/mol. These
barriers are in good agreement with the barrier to diﬀusion
calculated from the Arrhenius equation (Figure 2) of 15.8 kJ/
mol. Because the forward barrier is rate-limiting, the eﬀective
barrier should be close to the highest barrier. Given this
agreement, the Arrhenius equation method was used for the
Rogge et al. and TraPPE/Rogge et al. potentials. The free
energy minima shown in Figure 3 indicate that the tetrahedral
cage is energetically more favorable than the octahedral cage
for acetone at low loading. This aligns qualitatively with
previous work performed by Agrawal et al.,19 where it was
found that the tetrahedral cage was favored for comparably
small molecules while larger molecules favored the more open
octahedral cell. Using the rigid model yields an energy proﬁle
with a forward barrier of 47.5 kJ/mol and a reverse barrier of
32 kJ/mol, shown in Figure 3b. The dramatic increase in
barriers compared to the ﬂexible model explains the failure of
the rigid potential to properly exhibit the diﬀusion of acetone
in UiO-66.
To determine whether reasonable diﬀusion coeﬃcients
could be obtained for any molecule by using the rigid UiO66 model, we considered Ne, which has a kinetic diameter of
0.275 nm,58 compared with the approximate window size of
UiO-66 of about 0.6 nm.59 One would not expect ﬂexibility to
play a measurable role when the diﬀusing species is
signiﬁcantly smaller than the window size. Surprisingly, we
found that Ne diﬀuses 30% faster in the ﬂexible MOF
compared with the rigid model and that this diﬀerence is
statistically signiﬁcant. Diﬀusivities are given in Table 2.
Hence, ﬂexibility has an impact on diﬀusion, even when the
window size is much larger than the kinetic diameter of the

Figure 3. Free energy proﬁles of acetone traversing the window in the
direction from the tetrahedral to the octahedral pore and then from
octahedral to tetrahedral (left to right) for UiO-66 with the (a)
ﬂexible and (b) rigid Boyd et al.43 potentials.

Table 2. Diﬀusivities of Ne in UiO-66 by Using Boyd et al.
Flexible and Rigid Framework Models
force ﬁeld

Ds (m2/s)

ﬂexible
rigid

2.15(5) × 10−8
1.44(6) × 10−8

diﬀusing species for UiO-66. This indicates that simulation of
diﬀusion in UiO-66 should use a ﬂexible MOF model to obtain
reliable results, especially when the size of the diﬀusing
molecule is close to the size of the pore window. This is in
contrast to MOFs such as NU-1000, where a rigid model has
produced reasonable diﬀusion coeﬃcients due to large pore
size and channels present in the MOF.31 The diﬀusion
mechanism of light alkanes has been reported as intercage
jumps in UiO-66,30,60 and that behavior is expected for this
system as well. These results, taken together, indicate that
ligand ﬂexibility plays a signiﬁcant role in the movement of
molecules through pore windows in UiO-66.
28472
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window. We note that the acetone molecule does not go
through the exact middle of the window but is sometimes
closer to one pair of linkers than the others during the transit.
The plots show that the linkers open and close to allow
acetone to move through the window with a lower barrier. We
note that each linker is part of four diﬀerent windows so that
when a pair of linkers “open” to allow a molecule to traverse
the window, the windows to other pores are “closed”. Hence, it
is impossible to orient the linkers such that they are “open” for
all pores to which they belong. Plots of the distances between
adjacent linkers, similar to the plots in Figure 4, but in the
absence of acetone, are presented in Figure S7. Comparison of
Figure 4 and Figure S7 shows that the dynamic response of the
linkers to the presence of acetone is dramatic.
We next turn to the impact of ﬁnite loading on the diﬀusivity
of acetone. We have computed the diﬀusivity as a function of
loading for both the Boyd et al. and Rogge et al. potentials, as
shown in Figure 5. We see qualitative agreement between these

We have investigated the molecular-level mechanism of how
framework ﬂexibility impacts the diﬀusivity of acetone by
measuring distances between pairs of speciﬁc carbon atoms on
the benzene rings of adjacent BDC linkers making up the
triangular window between the pores of UiO-66 during the
process of acetone traversing the pore window. Movies
showing the transit of acetone through the window from
umbrella sampling simulations are given in the Supporting
Information. Plots of the distance between atoms on adjacent
pairs of linkers are given in Figure 4. The BDC linkers are

Figure 5. Eﬀect of loading on the diﬀusion coeﬃcient for the Boyd et
al.43 and Rogge et al.44 potentials.

two potentials; diﬀusivity increases with increasing coverage,
until the pores are ﬁlled with a liquidlike density of acetone,
where the diﬀusivity decreases. This result is in qualitative
agreement with reported literature results for CO2 and CH4 in
dehydroxylated UiO-66, where diﬀusivity increased at low
loading and decreased approaching saturation.30 Diﬀusion
coeﬃcients are included in Table 3.
We note that diﬀerences in the estimated errors for the
diﬀusion coeﬃcients in Table 3 are a result of using a diﬀerent
numbers of independent runs. We used 50 for the Boyd et al.
potential, 25 for the Rogge et al. potential, and 10 for the
TraPPE/Rogge et al. potential. Hence, the errors for the latter
potential are much larger than the others but are still
suﬃciently small to distinguish the values from the other
potentials. Use of a smaller number of independent simulations
was for the sake of computational eﬃciency.
We note that the quantitative values of diﬀusion coeﬃcients
from the Boyd et al. and Rogge et al. potentials are not in
agreement within the estimated errors of the simulations, with
the latter potential giving larger diﬀusivities (Table 3). After
observing these diﬀerences, we carefully examined the
structures of UiO-66 predicted by these two potentials and
found that the Boyd et al. potential gives a relaxed structure of

Figure 4. Distances between pairs of carbon atoms making up the
window linkers as a function of time (snapshot) for acetone in transit
from the tetrahedral to the octahedral pore. The blue lines are for the
side of the rings facing the octahedral pore, and the orange lines are
for the tetrahedral pore facing side of the rings. Distances shown
between (a) linkers 1 and 2, (b) linkers 1 and 3, and (c) linkers 2 and
3, with linkers identiﬁed in (d). The black line (right axis) is the
distance from the acetone center of mass to the center of the
transition window. Movies of the transit are provided in the
Supporting Information.

roughly oriented so that one side of the ring is oriented toward
the octahedral cage (blue lines) and one is pointing toward the
tetrahedral cage (orange lines). Also shown in Figure 4 is the
distance of the center of mass of the acetone molecule from the
center of the window along the tetrahedral to octahedral path.
We see from Figure 4 that the orientation of the linkers
dynamically responds as the acetone moves through the
28473
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Table 3. Diﬀusion as a Function of Loading for Acetone in (a) Boyd et al. Flexible UiO-66,43 (b) Rogge et al. Flexible UiO66,44 and (c) TraPPE/Rogge et al. UiO-66 at 325 Ka
N (molecules/cell)
0
1
2
3
5
7

(a) Ds (m2/s)

(b) Ds (m2/s)

−11

−11

4.02(48) × 10
8.33(180) × 10−11
2.52(26) × 10−10
4.13(44) × 10−10
6.07(40) × 10−10
2.49(40) × 10−10

2.80(30) × 10
3.18(54) × 10−11
5.35(50) × 10−11
1.24(4) × 10−10
1.78(7) × 10−10
1.40(4) × 10−10

(c) Ds (m2/s)
4.88(150) × 10−12
7.67(280) × 10−12
1.92(53) × 10−11
4.40(190) × 10−11
1.44(48) × 10−10
8.47(100) × 10−11

a

Uncertainties in the least signiﬁcant digits are given in parentheses (see Table 1).

Figure 6. IR diﬀerence spectra following acetone exposure at 100 K (black) highlighting (a) the formation of hydrogen-bonded OH species,
υ(OH)HB, from interaction of the μ3-OH groups, υ(μ3-OH), and (b) the carbonyl of acetone. Evolution of υ(OH)HB is monitored as the sample
temperature is increased to 240 K (blue). IR diﬀerence spectra were generated by using the clean MOF at 100 K as the reference.

the SBU that is unphysical, with some μ3-O atoms relaxing
toward the center of the SBU and overlapping. This can be
seen from Figure S8 and a movie of the relaxation (just
showing the SBU) also in the Supporting Information. This is
surprising because the Boyd et al. potential was reported to
give good values of the bulk modulus (UFF in Table 2 of Boyd
et al.43). We therefore assume that the diﬀusivities computed
from the Rogge et al. potential are more accurate than those
computed from the Boyd et al. potential.
Up to this point, we have used published classical potentials
to compute diﬀusivities of acetone in UiO-66. The LennardJones terms for these potentials, which govern the van der
Waals interactions between the acetone and framework, were
taken from UFF.61 However, we have not examined whether
these classical potentials correctly account for hydrogen
bonding between the μ3-OH and acetone. Before doing this,
it is important to establish whether or not acetone−framework
hydrogen bonding is important.
To this end, we have performed temperature-programmed
infrared (TP-IR) experiments to characterize the interactions
between acetone and UiO-66. Acetone was dosed (1000 L) at
100 K on the low-defect UiO-66 sample under UHV
conditions, resulting in the formation of a ﬁlm of solid acetone
on the external surfaces of the MOF crystallite. It is apparent

from the IR diﬀerence spectra shown in Figure 6 that upon
adsorption at 100 K (black curve) a small fraction of the
acetone directly interacts with the μ3-OH groups on the node
(negative, υ(OH)free at 3677 cm−1) and forms hydrogenbonding interactions with the acetone carbonyl (positive,
υ(OH)HB at 3467 cm−1). Initially at 100 K (black), acetone
condenses on the external MOF surface, where only a small
percentage of μ3-OH groups reside. The sample was then
ramped to 240 K, resulting in a substantial growth of υ(OH)HB
(Figure 6a, blue) providing evidence that acetone has diﬀused
into the MOF pores where majority of the μ3-OH groups are
located.
The acetone carbonyl υ(CO) feature at 1709 cm−1
(Figure 6b) provides a direct spectroscopic measure for the
amount of adsorbed acetone62 and reveals an initial loss in
intensity when the sample temperature increased from 100 K
(Figure 6b black) to 240 K (Figure 6b blue), likely the result of
acetone desorbing from the multilayer ﬁlm on the external
MOF surface. However, it should be noted that at this
temperature (240 K) the majority of the acetone has diﬀused
into the MOF pores, evidenced by the large increase in
υ(OH)HB.
28474
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The diﬀusivities of acetone for the TraPPE/Rogge et al.
potential as a function of loading are given in Table 3.
Comparison with the diﬀusivities from the Rogge et al.
potential reveal that hydrogen bonding decreases the diﬀusivity
by about 1 order of magnitude at low loading and about a
factor of 3 at high loading. A plot of the loading dependent
diﬀusivities for the Rogge et al. and TraPPE/Rogge et al.
potentials is given in Figure 7. We see from this ﬁgure that the

In summary, the TP-IR results provide strong direct
evidence of formation of hydrogen bonding between acetone
and the framework μ3-OH groups.
As a second method for assessing the importance of
acetone−framework hydrogen bonding, we have performed
DFT calculations to identify the most favorable binding sites
for acetone in UiO-66. The binding energies and relative
energies of acetone in each of the three types of pores of UiO66 (tetrahedral with μ3-OH, tetrahedral with μ3-O, and
octahedral) have been computed. The lowest energy
conﬁguration we have identiﬁed is for acetone forming a
hydrogen bond with the μ3-OH group, as shown in Figure S9.
The most favorable conﬁgurations in the tetrahedral μ3-O and
octahedral pores are given in Figures S10 and S11, respectively.
The binding energy of acetone in the tetrahedral μ3-OH pore
is predicted to be about 29 and 39 kJ/mol more favorable than
in the tetrahedral μ3-O and octahedral pores, respectively.
Binding energy values are summarized in Table S1. The DFT
predicted binding energy relative to gas phase acetone is −87.5
kJ/mol. This value is in rough agreement with TPD-MS
calculated binding energies shown for a range of diﬀerent
prefactors in Table S2. The TPD-MS results are in general
agreement for acetone adsorption in other porous materials.63
We have calculated binding energies of acetone in the
diﬀerent pores of UiO-66 using the Rogge et al. potential and
the standard UFF Lennard-Jones terms and our calculated
charges. We found, however, that this potential does not
account for hydrogen bonding, as can be seen from the
diﬀerence in binding energies of acetone in the tetrahedral μ3OH and μ3-O pores of only 5.5 kJ/mol (Table S3).
Examination of the potentials identiﬁed the problem as being
the Lennard-Jones diameter parameter used for hydrogen in
the μ3-OH group; this parameter eﬀectively prohibits the
oxygen atom of acetone from getting closer than about 0.28
nm to the H atom of μ3-OH, whereas hydrogen bonds are
typically <0.2 nm. Indeed, our DFT calculations give a
hydrogen bond distance of about 0.18 nm for acetone μ3-OH.
We have therefore developed a modiﬁed potential for the
adsorbate−framework cross-interactions by replacing the O
and H Lennard-Jones parameters for the μ3-OH crossinteractions with adsorbate molecules with the O and H
parameters used for the TraPPE isopropanol potential,64
namely, σH = εH = 0, σO = 0.302 nm, and εO = 93 K. The
binding energies for acetone in the pores calculated using these
cross-parameters are in very good agreement with our DFT
calculations, with the binding energy of acetone in the
tetrahedral μ3-OH pore about 23 and 40 kJ/mol more
favorable than in the tetrahedral μ3-O and octahedral pores,
respectively (see Table S4). The absolute binding energy of
acetone in the tetrahedral μ3-OH pore is −75.4 kJ/mol, which
is about 12 kJ/mol more weakly bound than predicted by DFT
and in excellent agreement with the TPD-MS results (Table
S2).
We have used this TraPPE/Rogge et al. potential to
compute the diﬀusivities of acetone at zero loading as a
function of temperature. The calculated values (Table 1) are
roughly an order of magnitude smaller than the corresponding
values for the Rogge et al. potential, which indicates that
adsorbate−framework hydrogen bonding has a profound
impact on the diﬀusivity. The calculated barrier to diﬀusion
computed from the Arrhenius equation from the TraPPE/
Rogge et al. simulations (Figure 2) is 27.2 kJ/mol, which is
10.7 kJ/mol higher than without hydrogen bonding.

Figure 7. Loading-dependent diﬀusivities for acetone in UiO-66
computed from the Rogge et al. potential and the TraPPE/Rogge et
al. potential.

diﬀusivity is qualitatively the same with and without hydrogen
bonding but shifted to much lower values. From this we
conclude that accounting for adsorbate−framework hydrogen
bonding is necessary to get a quantitative picture of diﬀusion
but is not required if one is only interested in the qualitative
behavior.
We have computed the fraction of acetone molecules that
are hydrogen bonded to μ3-OH groups as a function of loading
(averaged over the length of the simulation) and also the
fraction of μ3-OH groups that are hydrogen bonded to acetone
as a function of loading, shown in Figure 8. As expected, the
fraction of acetone molecules hydrogen bonded decreases with
increased loading and the fraction of μ3-OH groups hydrogen
bonded increases with loading. Even at high loading, the
fraction of acetone molecules hydrogen bonded is surprisingly
high. The fraction of μ3-OH groups hydrogen bonded is always
<50%, which indicates that steric hindrance likely prevents
more than two acetone molecules in a single pore from
forming hydrogen bonds to the μ3-OH groups on the SBUs.

■

CONCLUSIONS
We have shown that a ﬂexible potential model is necessary to
obtain qualitatively correct diﬀusivities of acetone in UiO-66
and that the mechanism of diﬀusion involves the BDC linkers
dynamically accommodating acetone as it moves through the
triangular window of the pore. Diﬀusivities initially increase
with loading at low coverage and then decrease as saturation is
approached. Hydrogen bonding between acetone and the
framework μ3-OH groups has been shown to be important
from both experimental (TP-IR) and theoretical (DFT)
studies. However, the potentials from the literature we have
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Figure 8. Fraction of acetone hydrogen bonded to framework μ3-OH
groups and the fraction of framework μ3-OH groups that are
hydrogen bonded to the node as a function of acetone loading in
UiO-66 by using the TraPPE/Rogge et al. potential.

tested do not allow for an accurate accounting of hydrogen
bonding. We have constructed a modiﬁed potential that allows
for hydrogen bond interactions between adsorbate molecules
and the framework. Diﬀusivities computed with hydrogen
bonding are roughly an order of magnitude smaller than when
hydrogen bonding is ignored.
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