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ABSTRACT: A crystalline material with a two-dimen-
sional structure, termed metal—organic framework-901
(MOEF-901), was prepared using a strategy that combines
the chemistry of MOFs and covalent—organic frameworks
(COFs). This strategy involves in sifu generation of an
amine-functionalized titanium oxo cluster,
TigO4(OCH;)s(AB)s (AB = 4-aminobenzoate), which
was linked with benzene-1,4-dialdehyde using imine
condensation reactions, typical of COFs. The crystal
structure of MOF-901 is composed of hexagonal porous
layers that are likely stacked in staggered conformation
(hxl topology). This MOF represents the first example of
combining metal cluster chemistry with dynamic organic
covalent bond formation to give a new crystalline,
extended framework of titanium metal, which is rarely
used in MOFs. The incorporation of Ti(IV) units made
MOF-901 useful in the photocatalyzed polymerization of
methyl methacrylate (MMA). The resulting polyMMA
product was obtained with a high-number-average molar
mass (26 850 g mol ™) and low polydispersity index (1.6),
which in many respects are better than those achieved by
the commercially available photocatalyst (P-25 TiO,).
Additionally, the catalyst can be isolated, reused, and
recycled with no loss in performance.

n the chemistry of carboxylate metal—organic frameworks

(MOFs), the chelation of the carboxyl organic linker to
metal ions gives metal-carboxyl clusters, secondary building
units (SBUs), which act as anchors ensuring the overall
architectural stability of the MOF." Although many of these
SBUs are known as discrete clusters, it has been difficult to
directly use them as starting building blocks for MOFs.” The
main reason is the sensitivity of cluster formation to reaction
conditions and, in many cases, the incompatibility of such
conditions with those required for MOF synthesis and
crystallization.” This limitation has prevented access to the
vast, diverse, and well-developed cluster chemistry® and the
potential richness of properties they would provide to MOFs.
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In this contribution, we articulate a strategy for making discrete
metal clusters in situ that are appropriately functionalized to
affect imine-condensation reactions, commonly used in the
chemistry of covalent—organic frameworks (COFs).> We find
that the chemistry of cluster formation and COFs, when carried
out in sequence, overcome the challenge of synthetic
incompatibility.

Inspired by the chemistry of hexameric titanium oxo
clusters,” we reasoned that it is possible to functionalize a
known cluster with amine functionalized carboxyl ligands
(Scheme 1). Indeed, this allows the resulting cluster to be

Scheme 1. Synthetic Scheme Depicting the Generalized
Formation of a Discrete Hexameric Titanium Cluster, Which
Can Be Appropriately Functionalized with Amine Groups
To Affect Imine Condensation Reactions®
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“Atom colors: Tj, blue; C, black; O, red; R groups, pink; H atoms and
capping isopropoxide units are omitted for clarity.

linked together through imine condensation reactions. Initial
synthetic attempts were performed in a sequential, stepwise
manner, in which a discrete, isolated Ti(IV) cluster,
[TigO4(O'Pr)4(AB)s] (AB = 4-aminobenzoate; OPr =
isopropoxide), was first synthesized according to previous
reports.”* Based on reticular chemistry, this hexagonal building
block has six points-of-extension and when linked with a linear
linker would lead to an hxl layered topology.” Thus,
titanium(IV) isopropoxide [Ti(OPr),] and 4-aminobenzoic
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acid (H-AB) were reacted under solvothermal conditions in
isopropanol (see Supporting Information (SI), Section S2).
After successful synthesis and full characterization of the cluster,
exhaustive efforts were undertaken to form the corresponding
MOF upon reactions with benzene-1,4-dialdehyde (BDA).
However, due to the low solubility of the cluster in a variety of
solvents, only poorly crystalline powders or amorphous solids
were obtained. Accordingly, a one-pot synthetic approach, with
BDA present, was performed given the fact that the synthetic
conditions to form the hexameric [TigOq(OPr)s(AB),] were
found to be robust (Figure 1).
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Ti(O'Pr)4 (O'Pr = Isopropoxide)
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o
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TigOs(OCHz)eL3 (L = C20H14N2(COy)2)

TigOs(OCHz)s(AB)s

Figure 1. MOF-901 was synthesized by exploiting the robust
conditions used to form the discrete hexameric Ti(IV) oxo cluster.
In forming MOF-901, 4-aminobenzoic acid was judiciously chosen to
generate in situ amine-functionalized hexameric clusters, which were, in
turn, stitched together through imine-condensation reactions involving
benzene-1,4-dialdehyde (a). The crystal structure of MOF-901 is
projected along the c-axis (b) and a-axis (c). The discrete hexameric
cluster, now incorporated into an extended, crystalline structure, is
presented in the inset of (b). Atom colors: Ti, blue; C, black; O, red;
N, green; H, pink; and second layer, orange. Capping methoxide
moieties are removed for clarity.

A one-pot mixture containing Ti(O'Pr),, H-AB, and BDA in
methanol was solvothermally reacted in a sealed tube (N,
atmosphere) at 125 °C for 3 days to yield a yellow
microcrystalline MOF-901 (Figure 1). The microcrystalline
MOF-901 was subsequently washed with N,N-dimethylaceta-
mide prior to any further analysis in order to remove unreacted
starting material. It is noted that the formation of metal oxide
(TiO,) impurities is a real possibility when synthesizing Ti-
based MOFs; thus, a density separation was performed using
bromoform to ensure that the as-synthesized MOF-901 was
pure.® The resulting purified material was then activated at 130
°C for 24 h, under dynamic vacuum (1 mTorr), to remove
guest molecules residing within the pores (2.9 mg of activated
product collected, 33.9% yield based on Ti(OPr),; SI, Section
S3).

We initially examined the underlying structural features of
MOF-901 using Fourier transform infrared analysis (FT-IR) to
prove the imine formation and 'H nuclear magnetic resonance
(NMR) spectroscopy to gain a better understanding of the
cluster composition (SI, Sections S4 and SS). The formation of
the imine functionalities was clearly revealed in the FT-IR
spectrum of activated MOF-901. Specifically, the presence of

characteristic imine-derived C=N (vc_y = 16259 cm™') and
C—C=N-C (vc_c—n-c = 1199.7 cm™") stretching vibration
frequencies was observed whereas these frequencies were
absent in the FT-IR spectra of the isolated hexameric cluster
and starting materials. Furthermore, there was a notable
absence of the aldehyde-originating stretching band (vc—o =
1685 cm™") that would result from a partially reacted BDA. 'H
NMR spectroscopy on an acid-digested sample revealed a
singlet resonance at 3.5 ppm with an integrated value of 3
protons, which was attributed to the presence of methoxide
functionalities. Interestingly, there was no resonance observed
for isopropoxide leading to the conclusion that methoxide
moieties capped the hexameric cluster.

Structural elucidation of MOF-901 was carried out by
powder X-ray diffraction analysis (PXRD) using a synchrotron
radiation source (SI, Section S6). The experimental diffraction
patterns exhibited low-angle diffraction peaks with no evidence
of the starting materials or discrete clusters (Figure 2). The
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Figure 2. PXRD analysis of activated MOF-901 displaying the
experimental pattern (black), refined Pawley fitting (red), and
calculated pattern from the staggered structural model (blue). The
difference plot (green) and Bragg positions (pink) are also provided.

experimental pattern was then indexed in a primitive hexagonal
system (P65, No. 173) with unit cell parameters, a = 27.4037
and ¢ = 8.9403 A. Given the connectivity of the SBUs and
linkers and to understand the lattice packing of MOF-901,
structural models based on the hxl topology were generated
using Materials Studio 6.0 software. The proposed 2D structure
of MOF-901 was first modeled with two extreme possibilities of
stacking modes of the layers: (i) A stacking sequence with both
layers fully eclipsed (modeled in the trigonal space group P-3,
No. 147). A lower symmetry space group was utilized for this
model in order to avoid overlapping of the asymmetric units.
(ii) A staggered stacking sequence (modeled in the hexagonal
space group P6; No. 173). This model was generated by
translating every second layer along the (xy) plane by a/1/3 A
(where a = 27.2 A, the distance of two hexameric titanium
clusters on the same layer). The translation allowed the
hexameric titanium cluster of the second layer to be located in
the center of the triangular window generated from the first
layer (Figure 1). After a geometrical energy minimization of the
structural models, diffraction patterns were simulated and
compared with the experimental diffraction patterns obtained
for MOF-901; agreement was observed with the staggered
conformational model (Figure 2). A full profile Pawley fitting
was performed in order to achieve the final unit cell parameters
(a =27.2039(6) and ¢ = 8.7473(7) A) leading to satisfactory
agreement factors and acceptable profile differences. We note
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that the disappearance of some experimental peaks (most
notably, [2 —1 0] and [2 0 1]) was detected in comparison with
the simulated pattern from the staggered model. This is
anticipated, as MOF-901 is a layered structure, in which there is
a real possibility of an imperfect stacking sequence (inclined or
turbostratic disorder). Ultimately, the low data resolution
precluded the use of Rietveld refinement to fully assign the
stacking sequence. It is noted that this is often the case for the
related class of materials, COFs.>

The geometry of the proposed SBU in MOF-901 is
composed of a trigonal prismatic TisOy4 inner core, in which
the octahedral Ti atoms are divided evenly over two separate
triangular planes and bound to one another, in corner-sharing
fashion, through 6 y3-O atoms (Scheme 1). The inner core is
surrounded by six equatorial, planar, and chelating terminal AB
ligands. This arrangement affords the SBU with six points-of-
extension in the shape of a hexagon. Finally, capping the top
and bottom of the inner core are six methoxide moieties. When
linked together through imine condensation reactions with
BDA, the resulting extended structure contains triangular
windows, 14 A in width, and an interlayer spacing of ca. 3.47 A
(Figure 1). With respect to the topology, MOF-901 has one
vertex, represented by the TizO4(—CO,)s SBU, and one edge
(linker) leading to a 3° faced hxl topology.

To further support and formulate the character of MOF-901,
scanning electron microscopy (SEM), elemental microanalysis
(EA), thermogravimetric analysis (TGA), and N, adsorption
measurements were performed on an activated sample of
MOF-901 (SI, Sections S7—S9). Accordingly, SEM analysis
demonstrated a small particle size whose crystal morphology
was ambiguous due to aggregation of smaller crystallites, but
nevertheless appeared homogeneous in nature (S, Section S9).
In terms of chemical formulation of MOF-901, EA data
revealed the chemical formula of MOF-901 to be
TigOs(OCH,)¢L; (where L = C,0H;,N,(CO,),), Calcd: C,
51.46; H, 3.60; N, 5.00% and found: C, 51.10; H, 3.28; N,
5.23%, which is in line with the formula derived from the
proposed structure. TGA supported the derived chemical
formula as determined by EA as well as the high thermal
stability of the material (200 °C). Specifically, the TiO, residue
(32.3 wt %) was found to be close to the theoretical TiO, value
(28.6 wt %) that was calculated from the modeled crystal
structure. Furthermore, the weight loss percentage (67.7 wt %)
originated at 450 °C was attributed to, and consistent with, the
imine-formed organic linker and the capping methoxide
moieties (71.4 wt % based on the modeled structure). Finally,
the permanent porosity of MOF-901 was examined by N,
adsorption measurements at 77 K. The resulting Brunauer—
Emmett—Teller surface area of MOF-901 was calculated to be
550 m* ¢!, It is noted that this value is in agreement with the
theoretical specific surface area calculated for the staggered
model of MOF-901 (650 m* g”'; SI, Section S8).

Given the high likelihood of the new material’s photo-
responsiveness, based on the integration of Ti atoms within the
framework, we sought to analyze the photoactivity of MOF-901
(SI, Section S10). Accordingly, UV—vis diffuse reflectance
spectroscopy was performed, in which the absorption range
extended from 340 to 550 nm with the absorption maximum
located at 360 nm. As expected, from the yellow color of MOF-
901, this material absorbs light in the visible region. The
calculated band gap, based on the Tauc plot, was found to be
2.65 eV. This band gap is slightly larger than that calculated for
PCN-22 (1.93 eV)* and similar to Ti-MIL-125-NH, (2.6 eV).”

The charge transfer process, and thus the demonstration of
successful generation and separation of electron—hole pairs,
was analyzed by photoluminescence spectroscopy. Under laser
irradiation at 365 nm, MOF-901 exhibited a broad luminescent
band centered at 484 nm. Mott—Schottky measurements were
then performed to understand the conductivity and flat band
potential of MOF-901. The results indicated a negative slope
revealing the fact that MOF-901 can be described as a p-type
semiconductor with a flat band potential of 0.57 V vs Ag/
AgNO;.

Encouraged by these findings, we sought to demonstrate the
photocatalytic activity of MOF-901. We used MOF-901 as a
photocatalyst in the visible light mediated radical polymer-
ization of methyl methacrylate (MMA) with a co-initiator, ethyl
a-bromophenylacetate (SI, Section S11). Initially, we focused
on optimizing the catalyst loading, co-initiator quantity, and
reaction time. As shown in Table 1, a catalyst and co-initiator

Table 1. Photocatalyzed Polymerization of Methyl
Methacrylate (MMA) under Visible Light Irradiation

(o}

(@] (@) Me
EtO)S/Br + \()j\o/ O, Eto)‘\kins’
DMF, RT, Vis
Ph PhyZ~ome
catalyst yield M,
entry [mol %] [%] [gmol™] M,/M,
MOF-901° 0.034 87 26850 1.6
P-25 TiO,” 0.034 52 17 000 1.6
[TigO4(OPr)s(AB)]” 0.034 n.d. na. na.
MOF-901" 0.034 n.d. n.a. n.a.
Blank® 0 n.d. na. na.
MIL-125-NH," 0.034 n.d. na. na.
VNU-1¢ 0.034 n.d. n.a. n.a.
UiO-66-NH," 0.034 13 18 500 1.6

“Reaction conditions: MMA (2.0 M in N,N-dimethylformamide),
catalyst (0.034 mol %), and ethyl a-bromophenylacetate (0.61 mol %)
at rt with visible light from a compact fluorescent lamp (4U, 5§ W) for
18 h. PReaction performed in the absence of light irradiation.
“Reaction performed without catalyst. n.d. = not detected; n.a. = not
applicable; M, = number-average molar mass; M, = mass average
molar mass.

loading of 0.034 and 0.61 mol % (with respect to MMA),
respectively, and a reaction time of 18 h was found to be ideal.
The optimized conditions resulted in polymerization with a
high molecular weight of polyMMA (26 850 g mol™"'), high
yield (87%), and reasonable distribution, as indicated by a low
polydispersity index (PDI) of 1.6. Control experiments were
subsequently performed in order to assess the photocatalytic
activity of MOF-901. As expected, there was no observable
product when the discrete [TigO4(O'Pr)¢(AB)g] cluster was
used, nor in the absence of catalyst (i.e, blank sample) or
visible light.

MOF-901 clearly outperforms Degussa P-25 TiO, in
producing high molecular weight (M,) polyMMA product
(Table 1). Here, MOF-901 affords a polyMMA product whose
M, (26850 g mol™") was 1.5 times higher than that of the
commercially available Degussa P-25 TiO, (17000 g mol™).
Additionally, the gel permeation chromatogram (GPC) of the
polyMMA product is more uniform when MOF-901 is used,
owing to a higher degree of control over the polymerization
process. It is also noted that the activity of MOF-901 is higher
than previously reported photocatalysts employed in this
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reaction, especially with respect to the larger molecular weight
of the resulting polyMMA and lower PDI value achieved.'’ To
further demonstrate MOF-901’s high performance, compara-
tive experiments were performed using the ghotocatalysts MIL-
125-NH2,9 VNU-1,"" and UiO-66-NH2,1 who all possess
similar band gap energies as MOF-901. Interestingly, there was
no polyMMA product detected when VNU-1 and MIL-125-
NH, were employed as the photocatalyst (Table 1). On the
contrary, UiO-66-NH, was demonstrated to promote the
polymerization of MMA, albeit the polyMMA product was
achieved in significantly lower yield (13%) and molecular
weight (M, = 18 500 and 26 850 g mol™" for UiO-66-NH, and
MOF-901, respectively) than MOF-901 (Table 1).

The heterogeneous nature of MOF-901 was validated
through recycling experiments. Upon conclusion of the
reaction, MOF-901 was isolated by centrifugation and washed
several times with dichloromethane before regeneration under
vacuum (1 mTorr) (SI, Section S11). PXRD analysis of this
regenerated material revealed that the structure of MOF-901
was maintained. The photoinitiated polymerization reaction
was then performed again under identical conditions. The
activity of MOF-901 remained, without any loss of perform-
ance, over at least three consecutive cycles. Indeed, this
recyclability further demonstrates the outperformance of MOF-
901 versus other MOFs used for polymerization purposes.
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