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ABSTRACT: Titanium-based microporous heterogeneous catalysts are
widely studied but are often limited by the accessibility of reactants to active
sites. Metal−organic frameworks (MOFs), such as MIL-125 (Ti), exhibit
enhanced surface areas due to their high intrinsic microporosity, but the
pore diameters of most microporous MOFs are often too small to allow for
the diffusion of larger reactants (>7 Å) relevant to petroleum and biomass
upgrading. In this work, hierarchical microporous MIL-125 exhibiting
significantly enhanced interparticle mesoporosity was synthesized using a
chelating-free, vapor-assisted crystallization method. The resulting hier-
archical MOF was examined as an active catalyst for the oxidation of
dibenzothiophene (DBT) with tert-butyl hydroperoxide and outperformed
the solely microporous analogue. This was attributed to greater access of the substrate to surface active sites, as the pores in the
microporous analogues were of inadequate size to accommodate DBT. Moreover, thiophene adsorption studies suggested the
mesoporous MOF contained larger amounts of unsaturated metal sites that could enhance the observed catalytic activity.

KEYWORDS: oxidative desulfurization, metal−organic framework, dry gel conversion, oxidation, sulfur removal,
heterogeneous catalysis

1. INTRODUCTION

Titanium-based solid materials have been widely studied as
heterogeneous catalysts due to their semiconductor properties
in photocatalysis reactions and their proclivity to activate
peroxides for oxidation reactions.1,2 Typically, desired features
of heterogeneous catalysts include high surface areas and high
accessibility to active sites for enhanced catalytic efficiency. Ti-
containing metal−organic frameworks (MOFs), namely, MIL-
125 and its amine-functionalized analogue (NH2-MIL-125),
have shown great promise and versatility as heterogeneous
catalysts in both photocatalytic and oxidation reactions.3−11

These Ti-based MOFs were demonstrated to be active
photocatalysts for a number of reactions including CO2
reduction,4 nitrobenzene reduction,5 and hydrogen production
from an aqueous medium.6 Moreover, both MIL-125 and NH2-
MIL-125 have been reported as stable and active oxidation
catalysts for various organic substrates.7−9

While these Ti-based MOFs have shown potential as
heterogeneous catalysts, their practical applicability is limited
due to their intrinsically microporous structures, which exclude
larger molecules from diffusing into the pores and thus
eliminate access to many potential active sites. As a specific
example, and the highlight of this manuscript, MIL-125 has
been reported to catalyze the oxidation of sulfur-containing
dibenzothiophene (DBT, molecular dimensions of 8 × 12.2
Å8). From powder X-ray diffraction (XRD) experiments, the
MIL-125 structure was retained and stable throughout the
reaction, but it displayed a much lower activity compared to

materials with larger pores due to its inadequate pore size (∼5−
7 Å windows3), which prohibited the substrate from diffusing
into the MOF structure.8,9

The versatility of MOFs does allow for the expansion of pore
size via the use of longer ligands, and indeed some groups have
been successful in the synthesis of larger pore sizes (up to ∼100
Å) for many transition metal MOFs.12−14 Frequently, however,
these attempts lead to more fragile frameworks that collapse
upon desolvation or result in large void spaces that render the
MOFs susceptible to self-interpenetration, which diminishes
porosity.14,15 Admittedly, even our own attempts at expanding
the pore size of Ti-based MOFs by introducing extended
ligands have been met with much resistance.
As an alternative to expansion of intrinsic pore sizes, the

incorporation of hierarchical pore systems in MOFs via the
addition of mesopores (or even macropores) can alleviate mass
transport limitations.16−24 Adding larger mesopores to MOF
structures can allow bulkier substrates access to additional
active sites and enhance diffusion rates by cutting diffusion path
lengths leading to increased catalytic activity.24 The addition of
mesoporosity to MOFs has generally been accomplished
through the use of soft template methods.16−22 In these
methods, either ionic surfactants or block copolymers are used
to form micelles in precursor solutions around which the MOFs
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can crystallize. The soft template is removed via common
methods such as washing or calcination, leaving meso-sized
voids in the crystalline MOF materials. When using soft
templates, chelating agents or functionalized precursor/
template molecules are usually necessary to bind the precursor
metal ions to the template in order to avoid phase
separation.19,25 These chelating agents are frequently incorpo-
rated into the final MOF structure and cannot be removed
without negatively impacting physical properties.19,25,26 Fur-
thermore, studies to determine the correct chemical function-
ality and amount of chelating agent are generally required to
obtain a cooperative template effect resulting in mesoporosity.
Alternatively, in the case of zeolite syntheses, aggregates of
nanosized microporous zeolite particles displaying interparticle
mesoporosity have been attained via the use of surfactants
during dry gel conversion.27−29 In this method, it has been
suggested that surfactant molecules can act as capping agents
for the precursors and create a confined environment that limits
particle growth resulting in mesoporous aggregates of micro-
porous zeolite crystallites. While no literature currently
documents this type of surfactant/dry gel synthesis of micro/
mesoporous MOFs, multiple studies feature the use of
surfactants as capping agents to control particle growth and
morphology of MOFs in solvothermal syntheses.30−34

Herein, we report the synthesis of hierarchically micro-
porous/mesoporous (Ti) MIL-125 using a method that
precludes the need for a chelating agent. This is, to the best
of our knowledge, the first example of a synthetic route yielding
MIL-125 exhibiting mesoporosity. In our vapor-assisted
crystallization method (VAC, Figure 1), we aimed to bypass

the need for a chelating agent wherein an interaction between
the MOF precursors and the surfactant was forced by
immobilizing the precursors in a dry gel creating a confined
environment for MOF crystallization to occur.

2. EXPERIMENTAL SECTION
2.1. Materials. The following materials were commercially

available and used as received: 1,4-benzenedicarboxylic acid (BDC,
Sigma-Aldrich), titanium isopropoxide (Ti(O-iPr)4, Acros Organics),
decane (Alfa Aesar), dodecane (Alfa Aesar), dibenzothiophene (DBT,
Acros Organic), tert-butyl hydroperoxide (5.0−6.0 M in decane,
TBHP, Sigma-Aldrich), cetyltrimethylammonium bromide (CTAB,

Sigma-Aldrich). Methanol (MeOH, BDH) and N,N-dimethylforma-
mide (DMF, EDM) were dried over 3 Å molecular sieves and stored in
a nitrogen glovebox prior to use.

2.2. Solvothermal Synthesis of Microporous MIL-125.
Microporous MIL-125 synthesized solvothermally was prepared
using a modified procedure reported by Dan-Hardi et al.3 In a dry
glovebox, 1.5 mmol of BDC was added to a solution of 4.25 g of dry
DMF and 0.32 g of dry MeOH in a 44 mL teflon sleeve. A 0.35 mmol
portion of Ti(O-iPr)4 was then added to the solution and stirred for 5
min. The teflon sleeve containing the precursor solution was then
sealed in a stainless steel reactor vessel, removed from the glovebox,
and heated to 150 °C under autogenous pressure for 20 h. The
resulting powder product was washed and centrifuged three times with
DMF and three times with MeOH at a speed of 2000 rpm. The
product was then dried overnight in a vacuum oven at 45 °C and
calcined at 200 °C for 6 h.

2.3. Vapor-Assisted Crystallization (VAC) Synthesis of
Microporous MIL-125. In a dry glovebox, 6.59 mmol of BDC was
added to 2 mL MeOH in a 100 mL round-bottom flask.
Approximately, 1.55 mmol of Ti(O-iPr)4 was added to the solution
and stirred for 5 min. The MeOH was then removed under vacuum at
room temperature. A 0.349 g (containing 0.35 mmol of Ti(O-iPr)4)
aliquot of the resulting precursor powder was then transferred to a
perfluoroalkoxy (PFA) cup. The PFA cup was then placed in a 44 mL
Teflon sleeve, which contained a solution of 4.25 g DMF and 0.32 g
MeOH. The teflon sleeve was sealed in a stainless steel reactor vessel,
removed from the dry glovebox, and heated to 150 °C under
autogenous pressure for 20 h. The resulting powder product was
washed and centrifuged three times with DMF and three times with
MeOH at a speed of 2000 rpm. The product was then dried overnight
in a vacuum oven at 45 °C and calcined at 200 °C for 6 h.

2.4. Vapor-Assisted Crystallization (VAC) Synthesis of
Mesoporous MIL-125. In a dry glovebox, 6.59 mmol of BDC and
varying amounts of CTAB were added to 2 mL MeOH in a 100 mL
round-bottom flask. Approximately 1.55 mmol of Ti(O-iPr)4 was
added to the solution and stirred for 5 min. The MeOH was then
removed under vacuum at room temperature. An aliquot (containing
0.35 mmol of Ti(O-iPr)4) of the resulting precursor powder was then
transferred to a PFA cup. The PFA cup was then placed in a 44 mL
teflon sleeve which contained a solution of 4.25 g DMF and 0.32 g
MeOH. The teflon sleeve was sealed in a stainless steel reactor vessel,
removed from the dry glovebox, and heated to 150 °C under
autogenous pressure for 20 h. The resulting powder product was
washed and centrifuged three times with DMF and three times with
MeOH at a speed of 2000 rpm. The product was then dried overnight
in a vacuum oven at 45 °C and calcined at 200 °C for 6 h.

2.5. Catalytic Oxidation of Dibenzothiophene. A solution
containing 21.9 g of decane (solvent), 0.5 g of dodecane (internal
standard), and 0.35 mmol DBT (reactant) was prepared in a stirred
100 mL round-bottom flask and heated to 80 °C in an oil bath. The
flask was purged with flowing nitrogen for 30 min while temperature
was reached and then capped. An initial sample for gas
chromatography (GC) analysis was taken and then the appropriate
MIL-125 catalyst was added in the amount of 88 μmol Ti metal
centers. Once the temperature was stabilized, TBHP in a molar ratio of
10:1 of TBHP/DBT was then added to the solution. The addition of
the TBHP signified the start of the reaction as a blank experiment in
which no TBHP was added showed no detectable conversion.
Approximately 0.5 mL aliquots of reactant solution were taken at
predetermined times and diluted with hexane before GC analysis.
Samples were then analyzed using an Agilent Technologies model
7820A gas chromatograph system. The GC was equipped with a flame
ionization detector (FID) and utilized a (5%-phenyl)-methylpolysilox-
ane column (30 m, 0.32 mm diameter). Helium flowing at a rate of 0.5
mL min−1 was used as the carrier gas and the column temperature was
initially held at 50 °C for 3 min before being heated to 280 °C at a
ramp rate of 15 °C min−1. The concentration of DBT in the sample
solutions was quantified using dodecane as an internal standard.

For recycle studies, a decane solution containing a catalyst
concentration of 7.7 μmolTi mL

−1 and a DBT concentration of 58.7

Figure 1. Cartoon representation of the formation of hierarchically
microporous/mesoporous MIL-125 via the VAC method.
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μmol mL−1 was used for all initial and subsequent recycle reactions.
After each reaction, the catalyst was recovered by filtration and washed
with ∼150 mL of DMF then ∼150 mL of MeOH. The catalyst was
then vacuum-dried overnight at 40 °C and analyzed for Ti content via
TGA analysis.
2.6. Heat of Adsorption Measurements on TGA. The heat of

adsorption for thiophene on the MIL-125 samples was measured using
a Mettler-Toledo TGA/DSC STAR System. In a typical experiment,
10 mg of sample was heated from room temperature to 150 °C at a
ramp rate of 10 °C min−1 and held for 30 min to desorb any water or
solvent species. Samples were then cooled to 90 °C at a ramp rate of
−10 °C min−1. At this point, nitrogen gas flowing at 20 mL/min was
bubbled through thiophene (B.P. = 84 °C) and over the sample for
adsorption. Both weight change of the sample and heat flow were
measured as a function of time as thiophene adsorbed onto the
sample. Heat of adsorption (ΔHads) was calculated by assuming weight
change (ΔWt) and heat flow (HF) at each discrete time interval (Δt)
was solely due to thiophene adsorption using the following equation:

Δ = × Δ
Δ

=H
HF t

MW
Q

nWt/ads
thiophene thiophene

2.7. Characterization. X-ray diffraction (XRD) patterns of the
metal−organic frameworks (MOFs) were collected using a Bruker D8
Advance Davinci diffractometer operated at 40 mA and 40 kV with
monochromated Cu Kα radiation. Patterns were collected using a scan
speed of 0.75 s/step and a step size of 0.02° at a 2θ range of 5−55°.
Surface area and pore volume analysis was performed using isotherms
collected by N2 adsorption and desorption at 77 K using a
Quantachrome NOVA 2200e. Prior to analysis, all samples were
dried overnight under dynamic vacuum of 10−5 Torr at 125 °C.
Thermogravimetric analysis (TGA) was performed on a Mettler-
Toledo TGA/DSC STAR System in order to determine the titanium
wt % of the MIL-125 samples. Samples were heated at a rate of 10 °C
min−1 from room temperature to 650 °C in order to combust all
organic material. Titanium wt % was then calculated by assuming all
material remaining after combustion was solely composed of TiO2.
This method of Ti wt % analysis was confirmed by a concurrent study
in which multiple MIL-125 samples were analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES). Scanning
electron microscopy (SEM) images were taken using a FEI-Magellan
400 FESEM. The materials were deposited onto a piece of carbon tape
and mounted to a microscope stud. A sputtered layer of 2.5 nm of Ir
was then deposited on samples prior to analysis to counteract charging
effects. Transmission electron microscopy (TEM) images were
collected using a FEI Titan 80−300 transmission electron microscope
operating at 300 keV. Samples for TEM were prepared by suspension
in methanol followed by sonication for a few minutes and then
dropped onto a copper grid with a holey carbon support. UV−vis data
were acquired using an Ocean Optics DH-2000 UV−vis-NIR light
source.

3. RESULTS AND DISCUSSION
While examples of MOFs produced via dry gel conversion
syntheses have been documented, these methods have not been
used to introduce mesoporosity.35,36 Moreover, synthesis of Ti-
based MIL-125 using a vapor-assisted method has not yet been
reported. Therefore, temperature and solvent studies were first
performed to optimize the synthesis of microporous MIL-125
using the VAC method, and the resulting materials were
characterized by XRD and N2 physisorption. Synthesis
temperatures were varied from 113 to 175 °C (at 92% DMF
by vol), and it was found from XRD results that a crystalline
MOF was produced at all temperatures. However, MIL-125
synthesized below 150 °C still contained a significant amount
of unreacted precursor materials as evidenced by diffractions in
the XRD patterns (Figure S1, Supporting Information)
originating from BDC (organic ligand). Figure 2 shows an

analysis of the textural properties as a function of synthesis
temperature and reveals that pore volumes and surface areas of
the materials were poor when synthesized at temperatures less
than 150 °C as well. Furthermore, synthesis at 150 °C resulted
in optimum textural properties, and an increase in temperature
yielded diminished pore volumes and surface areas.
A solvent study was performed in which different volume

percentages of DMF (with the balance being MeOH) were
used in synthesis of MIL-125 using the VAC method. XRD
patterns (Figure S2, Supporting Information) showed that
syntheses in pure DMF down to 83.3% by volume DMF did
produce the crystalline MIL-125 structure. The textural
properties depicted in Figure 2, however, reached a maximum
when 92% DMF by volume was used. It should be noted that
synthesis was attempted in pure MeOH as well, and it was
found that the MIL-125 structure was not evident in the XRD
pattern and resulted in inferior textural properties. The
optimum textural properties were produced by conducting
the synthesis at 150 °C and 92% DMF by volume (balance
being MeOH). N2 physisorption data (Figures S3 and S4,
Supporting Information) of the optimum VAC sample
(denoted as VAC-micro-MIL-125) displayed a Type 1 isotherm
indicative of a microporous material and was similar in shape
and N2 uptake to a solvothermally synthesized MIL-125
sample. Additionally, VAC-micro-MIL-125 displayed similar
textural properties (Table 1) to solvothermally synthesized
microporous MIL-125 (solv-micro-MIL-125). Furthermore, the
XRD pattern of the VAC-micro-MIL-125 sample matched the
calculated pattern from the original CIF (Figures S1 and S2,
Supporting Information).3

Having demonstrated that the VAC method could produce
crystalline MIL-125, we subsequently performed a CTAB
concentration study in an attempt to construct a MOF
displaying enhanced mesoporosity. The amount of CTAB
added to the precursor solution was varied from slightly below
the critical micelle concentration (CMC) for CTAB in 2 mL of

Figure 2. Effect of (a) synthesis temperature and (b) DMF vol % on
MIL-125 textural properties in the VAC synthesis; (blue ●) total pore
volume and (red □) total surface area calculated using the NLDFT
method.
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MeOH (volume of the precursor solution) up to a molar ratio
0.45 mol CTAB per mol of Ti. Representative N2 adsorption−
desorption isotherms and pore size distributions (calculated
using the Barrett−Joyner−Halenda (BJH) analysis method on
the N2 desorption isotherm) are shown in Figure 3. The

material synthesized with less than the CMC amount of CTAB
exhibited a Type I isotherm indicative of a solely microporous
material. Moreover, the pore size distribution did not show any
pores in the mesopore region. All three samples synthesized
with CTAB > CMC displayed isotherms that were a mix
between Type I, indicating micropores, and Type IV, indicating
mesopores. The sample synthesized at CTAB/Ti molar ratio of
0.3, however, displayed a vastly larger N2 uptake and more
pronounced hysteresis in the high-pressure region, which
suggested a greater mesoporosity. Additionally, all samples
contained some mesopores in the range of ∼75−200 Å.
Furthermore, the CTAB/Ti = 0.3 sample showed a more
pronounced mesopore size distribution centered at ∼150 Å.
Textural properties for all samples are shown in Figure 4.

When the amount of CTAB used was less than the CMC, no

mesoporosity was observed, and the resulting MOF’s physical
properties were similar to VAC-micro-MIL-125 without CTAB.
As the CTAB/Ti molar ratio was increased past the CMC, the
total surface area (calculated from N2 physisorption isotherms
using the nonlocal density functional theory (NLDFT))
continually decreased. This could be the result of a loss in
crystallinity when higher amounts of CTAB are used, as
Sakthivel et al. found similar results in their synthesis of
mesoporous β-zeolites using a similar dry gel method.29 They
suggested an excess amount of surfactant present in the
synthesis gel could lead to collapse and agglomeration during
the drying and steaming processes resulting in an inhibition of
crystallization. The total pore volume, however, increased as
CTAB was increased, until it reached a maximum at 0.91 cm3

g−1 when the molar ratio of CTAB/Ti = 0.3, which was ∼1.6×
higher than the pore volume of VAC-micro-MIL-125 (0.56 cm3

g−1). The mesopore volume and mesopore surface area also
followed this upward trend, reaching a maximum at CTAB/Ti
= 0.3 (Vmeso = 0.61 cm3 g−1, SAmeso = 150 m2 g−1). Total pore
volume, mesopore volume, and mesopore surface area then
significantly decreased when the CTAB/Ti was increased to

Table 1. Textural Properties, Kinetic Analysis Data, and Thiophene Adsorption Data for Microporous and Hierarchically
Microporous/Mesoporous MOFs Synthesized via Solvothermal and VAC Methods

materiala
vtotal

(cm3 g−1)b
SAtotal

(m2 g−1)b
kapp × 103

(min−1)c
SAaccessible
(m2 g−1)d

r″0 × 107

(molDBT min−1 m2
accessible)

e
ΔHads

(kJ mol−1)f
thiophene capacity
(molthio molTi)

f

solv-micro-MIL-
125

0.54 1300 11.8 98 21.9 −48.2 0.55

VAC-micro-MIL-
125

0.56 1260 11.6 91 22.0 −47.6 0.53

meso-MIL-125 0.91 975 22.9 190 22.0 −49.9 0.65
aAll material properties were determined by taking the average value for three or more samples. bDetermined by nonlocal density functional theory
analysis of N2 adsorption/desorption isotherms. cDetermined by fitting experimental data to a pseudo-first-order model. dDetermined by t-plot
method analysis of N2 adsorption/desorption isotherms (SAaccessible = SAmeso + SAexternal).

eInitial reaction rate (after 30 min) normalized on surface
area of catalyst (r″0). fHeat of adsorption and thiophene capacity calculated using thiophene adsorption study on TGA (see the Experimental Section
for details).

Figure 3. Effect of CTAB amount used in the VAC synthesis of MIL-
125 on (a) N2 adsorption−desorption isotherms and (b) mesopore
size distribution (calculated using the BJH method on the desorption
isotherm). The closed and open symbols in the N2 isotherms
represent adsorption and desorption portions, respectively.

Figure 4. Effect of CTAB amount used in the VAC synthesis of MIL-
125 on the (a) total pore properties (calculated using the NLDFT
method) and (b) mesopore properties (calculated using the BJH
method); (blue ●) total pore and mesopore volume and (red □) total
and mesopore surface area.
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0.45 molCTAB/molTi. From experiments with higher concen-
trations of CTAB (CTAB/Ti = 0.6), the CTAB appeared to
disrupt MOF crystallization, as the crystalline MOF did not
form during VAC synthesis. This is in agreement with results
obtained by both Naik et al.27 and Sakthivel et al.29 for
mesoporous zeolites synthesized with CTAB in a dry gel
conversion method. Sakthivel, in particular, found that when
relatively high amounts of CTAB were used, the resulting
zeolite suffered from diminished textural properties and a
further increase of the CTAB concentration completely
suppressed zeolite crystallization.29

Further characterization of the optimum mesoporous sample
(CTAB/Ti = 0.3, hereafter referred to as meso-MIL-125) was
crystalline MIL-125 was evidenced by its diffraction pattern
(Figure S5, Supporting Information). Moreover, no diffractions
that could be assigned to BDC or CTAB were observed. SEM
and TEM images are shown in Figure 5 (additional TEM
images are shown in Figure S6, Supporting Information). SEM
images revealed the meso-MIL-125 sample was mostly
composed of large (>40 μm) agglomerations of small (<50

nm) nanoparticles, which created a sponge-like morphology
wherein the interparticle mesopore voids could clearly be seen
as the darker spots on the aggregated structure. TEM images
further confirmed what was seen in the SEM images showing
large agglomerations of small nanoparticles. Moreover, by
focusing on a thin portion of the sample, the higher resolution
in TEM enabled imaging of the individual mesopore voids
(dashed circles) between nanoparticles. These mesopore voids
were nonuniform and in the same size range as that calculated
from N2 physisorption data. To validate that this mesoporosity
was permanent, the MOF was placed under mechanical stress.
During the synthesis of meso-MIL-125, the as-synthesized
powders were subjected to six cycles of centrifugation at 2000
rpm prior to characterization. These centrifugation cycles
induced significant mechanical stress on the material, which
indicated the mesoporosity was permanent, even upon the
application of physical stress. To further test this conclusion,
the meso-MIL-125 material was also subjected to sonication in
methanol prior to both N2 physisorption and TEM analysis and
still exhibited similar textural properties (before sonication:
SAtotal = 975 m2 g−1, Vtotal = 0.906 cm3 g−1, SAmeso = 152 m2 g−1,
and Vmeso = 0.612 cm3 g−1 and after sonication: SAtotal = 1033
m2 g−1, Vtotal = 0.928 cm3 g−1, SAmeso = 169 m2 g−1, and Vmeso =
0.650 cm3 g−1). The slight increase in textural properties after
sonication can be attributed to further washing of free organic
molecules.
TGA analysis (Figure S7, Supporting Information) in air

revealed that meso-MIL-125 exhibited two major weight loss
regions at the same temperatures as its microporous analogues,
indicating that the addition of mesopores did not negatively
impact the MOF’s thermal stability. The first weight loss region
occurred in the range of 25−200 °C and was attributed to the
evacuation of guest molecules from the pores; the second
weight loss region, which began at ∼300 °C, was due to the
degradation of the MOF framework.3 Ti wt % was calculated
from TGA data (and confirmed by ICP-OES) by assuming the
MOFs were completely combusted to yield TiO2. Furthermore,
it was determined that meso-MIL-125 generally contained
∼21−23% Ti by weight, which was similar to its microporous
analogues. The actual Ti wt % was slightly lower than the
theoretical value (at 24.5%), which could be attributed to the
presence of guest molecules trapped in the pores of the MOF.
UV−vis data were then used to investigate the possibility of
TiO2 domains present in the materials. MIL-125 has been
shown to absorb UV light with an absorption edge of 350 nm4,
while that of TiO2 is 400 nm.37 The solvothermal, VAC, and
meso-MIL-125 samples all displayed absorption edges at 350
nm in UV−vis spectroscopy (Figure S8, Supporting Informa-
tion), indicating the lack of TiO2 domains.
We then performed CTAB concentration studies in a

solvothermal method in an attempt to add mesoporosity to
MIL-125. As the CTAB amount was increased, only a minor
increase in mesopore surface area (from 20 to 36 m2 g−1) and
volume (from 0.04 to 0.15 cm3 g−1) was observed at CTAB/Ti
= 0.6 (Figure S9, Supporting Information). Additionally, a plot
of the differential volume as a function of pore size did not
show any noticeable peaks, indicating a lack of uniform
mesopores (Figure S10, Supporting Information). Further-
more, as CTAB was increased past CTAB/Ti = 0.6, both
mesopore and total pore properties decreased, likely due to
high concentrations of CTAB once again disrupting MOF
formation. This was confirmed in an additional synthesis in
which a high CTAB/Ti = 5 ratio was used and no MOF

Figure 5. (a) SEM and (b) TEM images of the hierarchically porous
meso-MIL-125. Dashed circles in the TEM image highlight the
locations of mesopores.
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formation occurred. These results suggested that synthesis in
the VAC method did not proceed through a simple
solvothermal mechanism.
Experimental synthesis results in conjunction with a search of

the relevant literature enabled us to propose a mechanism of
MOF formation (Scheme 1). In the VAC method, a solid
precursor powder is initially formed when the organic ligand
(BDC) and the surfactant (CTAB) are mixed in a small
amount of MeOH. Upon addition of Ti(O-iPr)4, this solution
undergoes a sudden and dramatic increase in solution viscosity,
which indicates strong chemical interactions are taking place
(Scheme S1, Supporting Information). Multiple interactions
(individual or combinations thereof) could be occurring, and a
much more in-depth study is needed to unambiguously
determine the identity of these. But we can surmise that
these interactions would first result from the formation of
metal−organic oligomers of titanium methoxide and titanium
isopropoxide.38 Additionally, there could be exchange of
alkoxide ligands with the carboxylate ligands of BDC forming
MOF precursors.39 Finally, the surfactant molecules could cap
the MOF precursors. This interaction has been seen in both
zeolite and MOF syntheses in which surfactants have been used
to cap crystals and modulate crystal growth.27−34 Furthermore,
DBT oxidation was attempted with a meso-MIL-125 catalyst
prior to surfactant removal. No catalysis occurred indicating
that the external active sites were blocked by the CTAB capping
the MOF particles. Afterward, the solvent (MeOH) is removed
under vacuum, embedding the prepolymerized metal−organic
oligomers in place in an organic/inorganic matrix composed of
the surfactant. This process has been suggested by both Naik et
al.27,28 and Sakthivel et al.29 during synthesis of zeolites by

surfactant modulated dry gel conversion methods. This
embedding process is crucial to the synthesis because it
immobilizes the MOF precursors in a confined environment
during VAC, preventing the formation of large crystals and
allowing for the production of mesoporous aggregates of small
particles. This was corroborated by an additional synthetic
experiment in which MOF precursors were directly mixed and
subjected to VAC without an embedding stage (e.g., methanol
mixing and removal). The resulting MOF displayed inferior
pore properties and no interparticle mesoporosity. When the
precursor-embedded matrix is correctly formed and subjected
to VAC, the solvent (DMF/MeOH) is vaporized and
condensed on the solid precursor powder allowing for
solvent/precursor interaction. Due to the high concentration
of well-mixed reactants, the MOF precursors undergo fast
crystallization as seen in zeolite synthesis by similar
methods.40,41 This physical phenomenon is also crucial to the
synthesis of the mesoporous MOF because dissolution of the
embedded matrix in a solvent during a solvothermal process
resulted in a microporous MOF but failed to yield interparticle
mesoporosity, which indicated the need to retain the confined
environment present in a VAC synthesis. As an additional
check, we also synthesized MIL-125 solvothermally with the
addition of CTAB and citric acid as a cooperative template
following reported methods. Again, the resulting MOF was not
mesoporous, which further highlighted the need for the VAC
method when synthesizing mesoporous MIL-125.
To demonstrate the benefits of mesoporosity, we tested the

optimum meso-MIL-125 material along with both solv-micro-
MIL-125 and VAC-micro-MIL-125 for catalytic activity in the
oxidation of DBT by tert-butyl hydroperoxide and the results

Scheme 1. Schematic Representation of Mesoporous MIL-125 Formation
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are shown in Figure 6 and summarized in Table 1. It should be
noted here that DBT is initially oxidized to its corresponding

sulfoxide and subsequently oxidized to the corresponding
sulfone through a series reaction. In this work, only the sulfone
was detected via both GC-FID and GC-MS. Apparent reaction
rate constants were determined by fitting experimental data to a
pseudo-first-order model. As noted previously and shown in
Figure 6, DBT is a heterocyclic, aromatic, sulfur containing
compound that is too bulky to fit into the micropores of MIL-
125.9 Thus, the addition of interparticle mesoporosity in the
MIL-125 structure large enough to accommodate DBT should
have a significant effect on catalysis by allowing access to more
active sites. The solv-micro-MIL-125 sample exhibited a similar
rate constant (kapp = 11.8 × 10−3 min−1) to its microporous
VAC analogue (kapp = 11.6 × 10−3 min−1), which was attributed
to the similar surface areas of the two samples. The meso-MIL-
125 sample, however, displayed significantly increased activity
(kapp = 22.9 × 10−3 min−1) despite having a lower total surface
area than both microporous samples. Furthermore, the meso-
MIL-125 material retained its high activity and crystalline MOF
structure upon subsequent recycle reactions (Figures S11 and
S12, Supporting Information). These recycle results indicated
the VAC method of synthesis with CTAB provided a
reproducible catalytic activity enhancement compared to the
microporous MOF.
It is widely believed that catalytic oxidation of DBT using Ti

materials proceeds through unsaturated Ti metal centers.42,43

Therefore, the enhancement in catalytic activity exhibited by
meso-MIL-125 could be attributed to two sources: (1) the
addition of mesopores, which exposed a relatively higher
amount of unsaturated metal sites that were accessible to the
bulky DBT molecule but were unavailable or inaccessible in the
microporous analogues or (2) the presence of newly formed
and alternative active Ti surface sites. If the surface of each
material (microporous or mesoporous) is truly comprised of
the same type of unsaturated Ti species as catalytically active
sites, the initial reaction rates normalized on accessible catalytic
surface area, which includes external and interparticle
mesoporous surface areas, should be equal for all materials.
As expected, the normalized initial reaction rates for all

materials were nearly identical (Table 1, ∼22.0 × 10−7 molDBT
min−1 m2

accessible) indicating the VAC method for introducing
mesoporosity did not alter the nature of the catalytic sites but
instead provided enhanced accessibility to active sites.
To further investigate this claim, we performed adsorption

studies and used this data to calculate heats of adsorption for all
materials. The heat of adsorption is an indicator of the strength
of interaction between an adsorbate and an adsorbent and
could be used to glean insight about the energetics of a catalytic
mechanism. Moreover, multiple studies have shown that
organosulfur compounds can adsorb to coordinatively unsatu-
rated metal sites in MOFs.44,45 Thiophene is an organosulfur
compound that is similar in structure to DBT except it does not
contain the two fused phenyl side rings. Rather, it is a five-
membered heterocyclic aromatic sulfur compound with a
kinetic diameter of 4.6 Å, which allows it to fit into the
micropores of MIL-125.46 The heats of adsorption of thiophene
on the MIL-125 samples were determined via a TGA/DSC
experiment (see the Experimental Section for details). In this
experiment, N2 was bubbled through thiophene (bp = 84 °C)
and over the samples which were kept isothermal at 90 °C,
while heat flow and weight were monitored as a function of
adsorption time. The heats of adsorption of thiophene on the
MIL-125 samples as a function of coverage is shown in Figure
7. All three samples showed similar heats of adsorption

(average ΔHads = −48.5 ± 1.4 kJ mol−1) for coverages between
0.1 and 0.8. While these results cannot be used to identify the
different types of active sites present, they can, however, be
used to suggest that the active sites in the MIL-125 samples
were all energetically equivalent.47 This adsorption study
further corroborates the claim that the meso-MIL-125 does
not contain a new type of active site, but rather the addition of
interparticle mesoporosity was responsible for the increase in
activity seen in the DBT oxidation reaction due to enhanced
accessibility. Of additional note, the meso-MIL-125 sample also
had a larger capacity for thiophene adsorption (0.65 molthiophene
molTi

−1) than the microporous solvothermal and VAC samples
(0.53 and 0.55 molthiophene molTi

−1, respectively). Because the
microporous samples have higher total surface areas than the
mesoporous sample, these results suggest that the mesoporous
sample actually contained a higher density of active sites than
the microporous materials. These additional active sites are
likely located on both the external surface and inside the
interparticle mesopores where the unit cells of the MIL-125

Figure 6. Fitting of experimental data to a pseudo-first-order rate
model in the oxidation of DBT for (blue ●) solv-micro-MIL-125, (red
▲) VAC-micro-MIL-125, and (black ■) meso-MIL-125. Reaction
conditions: 88 μmol Ti metal centers, 21.9 g of decane, 0.5 g of
dodecane, 0.065 g of DBT (500 ppmw sulfur), TBHP in a 10:1
TBHP:DBT molar ratio, 80 °C reaction temperature.

Figure 7. Heats of adsorption of thiophene for (blue ●) solv-micro-
MIL-125, (red ▲) VAC-micro-MIL-125, and (black ■) meso-MIL-
125. For clarity, fluctuations in data at low coverage (<0.03) and high
coverage (>0.95) were excluded in the plot.
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crystals are truncated leading to the formation of unsaturated
metal centers.

4. CONCLUSION
In summary, the first example of MIL-125 synthesized using a
vapor-assisted crystallization method was demonstrated. The
VAC-synthesized MIL-125 showed similar properties to a
solvothermally synthesized analogue. The VAC method could
then be adapted to add interparticle mesoporosity to MIL-125
through the use of a surfactant (CTAB). The surfactant likely
acted as a capping agent creating confined local environments
of MOF precursors, which then crystallized and formed
mesoporous aggregates of nanosized MOF particles. This
synthetic method marked a significant achievement because it
allowed for the synthesis of hierarchical microporous/
mesoporous MIL-125 without the use of a chelating agent.
Moreover, the importance of the VAC method was emphasized
because the addition of mesoporosity could not be easily
accomplished using typical solvothermal methods. Catalytic
tests in the oxidation of an aromatic sulfur compound (DBT)
demonstrated the hierarchical MIL-125 displayed a marked
enhancement in activity over its microporous analogues.
Normalization of initial reaction rates on accessible surface
area in conjunction with thiophene studies indicated that the
enhancement in catalytic activity was due to the addition of
mesoporosity rather than the formation of different active sites.
Furthermore, thiophene adsorption studies suggested that the
surfactant modified VAC method could lead to exposure of
additional active sites resulting in higher measured catalytic
activities.
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