
INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Cite this: Inorg. Chem. Front., 2024,
11, 2876

Received 17th February 2024,
Accepted 15th April 2024

DOI: 10.1039/d4qi00436a

rsc.li/frontiers-inorganic

A chelating coordination modulation method for
the synthesis of Ti-MOF single crystals†

Hui-Zi Li,a,b Shangda Li, a Fei Wang *a and Jian Zhang *a

Even though titanium-based metal–organic frameworks (Ti-MOFs) are promising as efficient photocata-

lysts, the high reactivity of titanium ions makes the synthesis and structure determination of new Ti-MOFs

quite challenging. In this study, we propose a chelating coordination modulation (CCM) method for the

synthesis of Ti-MOF single crystals by using molecules with chelating coordination groups as the modu-

lator. Thanks to this method, three Ti-MOFs (FIR-117–119) have been obtained and their structures were

determined by single crystal X-ray diffraction (SCXRD), validating the universality of this approach. By cap-

turing the intermediate and determining its single crystal structure, the role of the modulator in the

growth of Ti-MOF single crystals is clarified: the use of a chelating coordination molecule as the modu-

lator and a competitive ligand slows down the reaction rate by forming Ti–modulator key intermediates,

which balance the formation of Ti-MOFs and growth of single crystals. Furthermore, FIR-119 exhibits

excellent photocatalytic performance under visible light due to its good light absorption ability with a

narrow bandgap. These results highlight the potential of the chelating coordination modulation method

in the synthesis of new photoactive Ti-MOFs and their single crystals.

Introduction

Metal–organic frameworks (MOFs) have been extensively
researched for gas separation and storage owing to their
unique pore structure and high surface areas.1–7 Recently, they
have emerged as promising photocatalysts that combine the
merits of molecular catalysts and heterogeneous systems,
showing potential as alternatives to traditional photocatalysts
like TiO2.

8 Among MOFs, titanium-based metal–organic frame-
works (Ti-MOFs) have garnered special attention due to their
excellent photocatalytic activity.9–21 Nevertheless, the scarcity
of Ti-MOFs has limited the research in this area, with the
focus mainly on two Ti-MOFs (MIL-125 and MIL-125-NH2)
reported over ten years ago.22–24 Therefore, there is an urgent
need to synthesize new Ti-MOFs.

The main challenge in synthesizing new Ti-MOFs lies in the
high activity and uncontrollable reactivity of Ti4+ ions,25 which
lead to the formation of various byproducts, including TiO2,

titanium-oxo clusters (TOCs),26,27 and even unidentified
species. The mixing of different species in most cases presents
significant difficulties in structure determination and perform-
ance study. Regarding the structure determination of com-
pounds, powder XRD combined with theoretical calculations
can be employed for pure-phase Ti-MOFs,14,16,28–32 whereas it
becomes ineffective for mixed phases containing different
species. Another method, namely the electron diffraction
method using a cryo-electron microscope can also be used to
determine the structure of some micro- and nano-sized micro-
crystalline Ti-MOFs.33,34 However, it should be noted that most
MOFs are unstable under electron beam irradiation, making
the application of this method very demanding for materials.35

Additionally, this instrument is expensive and not widely avail-
able. In comparison, single crystal XRD analysis remains the
most popular and universal method used to determine the
structure of substances at present. It is well-known that synthe-
sizing single crystals is an important means to separate and
purify different substances. Therefore, the synthesis of Ti-MOF
single crystals not only allows for easy determination of the
structure via single crystal XRD, but also realizes the separ-
ation and purification of Ti-MOFs, which is of great signifi-
cance in research and practical applications. However, the
uncontrollable reaction kinetics leads to a mismatch between
the formation of Ti-MOFs and the growth of single crystals,
making the synthesis of Ti-MOFs suitable for single crystal
XRD measurement more challenging.
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In 2014, Zhang and coworkers36 synthesized Ti-MOF
(NTU-9) single crystals based on the 2,5-dihydroxyterephtha-
lic acid (H4DOBDC) ligand by using acetic acid as the
solvent. While Serre’s group synthesized the intergrown crys-
tals of MIL-167 from the same reactants in a diethyl-
formamide (DEF)/methanol mixed solvent.37 Subsequently,
Martí-Gastaldo constructed a Ti-MOF (MUV-11) in a di-
methylformamide(DMF)/acetic acid mixed solvent using a
chelating ligand, 1,4-phenylhydroxamic acid (p-H2bdh).

38

These results suggest that monocarboxylic acids like acetic
acid may play the role of a modulator in the formation of Ti-
MOF single crystals, similar to that in the coordination
modulation method of zirconium-based MOFs (Zr-MOFs).39

In 2015, Zhou and coworkers40 further developed this
method for the synthesis of Ti-MOFs. The reaction of the
hexameric titanium-oxo cluster precursor (Ti6) and the por-
phyrin carboxylic acid (TCPP) ligand with benzoic acid as a
modulator gave single crystals of PCN-22. PCN-22 contained
a new Ti7 cluster which was supposed to be rearranged from
the original Ti6 cluster. Subsequently, using similar methods,
different research groups successively synthesized single crys-
tals of several Ti-MOFs, such as Ti-TBP,41 Ti3-BPDC,

42

DGIST-1,43 and FIR-125.17 However, the successful examples
based on this method are extremely limited, and the influ-
ence of the modulator on single crystal formation is poorly
understood. In addition, compared with the original tita-
nium-oxo cluster precursor, the Ti-based secondary building
units (SBUs) in these Ti-MOFs changed without exception.44

This change highlights the uncontrollability of this Ti-MOF
synthesis method and emphasizes the importance of devel-
oping new alternative synthesis strategies.

In this work, we propose a chelating coordination modu-
lation (CCM) method for the synthesis of Ti-MOF single crys-
tals. Inspired by the syntheses of NTU-9 and MIL-167, we
chose the self-assembly of Ti and 2,5-dihydroxyterephthalic
acid (H4DOBDC) as the model system and employed various
molecules with chelating coordination groups as modulators.
Thanks to this method, we successfully obtained three Ti-
MOFs, namely FIR-117, FIR-118, and FIR-119 (FIR = Fujian
Institute Research), and their structures were determined
using single crystal X-ray diffraction (SCXRD). By capturing the
intermediate and determining its single crystal structure, we
clarify the role of the modulator in the growth of Ti-MOF
single crystals. Initially, the four coordinated alcohols on Ti
(iOPr)4 are replaced by three modulators in the form of chela-
tion coordination, transforming the unstable tetrahedral con-
figuration of the Ti center into a stable octahedral configur-
ation. Subsequently, the coordinated modulator is replaced by
bridging ligands to form a framework. The core aspect of this
method lies in using chelating coordination molecules as the
modulator and a competitive ligand, which slows down the
reaction rate by forming Ti–modulator intermediates, thereby
achieving a balance between the formation of Ti-MOFs and
growth of single crystals. Furthermore, FIR-119 exhibits excel-
lent photocatalytic performance under visible light due to its
good light absorption ability with a narrow bandgap.

Results and discussion

NTU-9 is a typical mononuclear Ti-MOF with a 2D honeycomb-
type (hcb) layer.36 The single crystal structural analysis of
NTU-9 reveals that a chelating ligand (L) such as DODBC tends
to chelate with Ti ions to form a mononuclear TiL3 subunit
(SBU). In comparison with Ti-MOFs based on Ti-oxo cluster
SBUs, its simple coordination mode provides certain advan-
tages in the rational design and prediction of the structure of
Ti-MOFs. In addition, this coordination mode also inhibits the
excessive hydrolysis of Ti4+ ions, which could otherwise form
complex titanium oxide clusters and other by-products. But
things are not that simple. Serre and coworkers synthesized a
3D Ti-MOF (MIL-167) with a similar coordination mode and
linkage, using the same reactants but only changing the
solvent to diethylformamide (DEF) instead of acetic acid.37

The as-synthesized MIL-167 formed intergrown crystallites
with a large crystal size, which prevented its structure determi-
nation by SCXRD. As a result, its structure was determined
using the PXRD method.

Based on the above analysis, we chose Ti(OiPr)4 as the Ti
source and H4DOBDC as the ligand to explore the feasibility of
synthesizing new Ti-MOF single crystals. The initial attempt
using DEF and acetic acid as a mixed solvent resulted in the
formation of intergrown crystals of MIL-167. Therefore, it is
speculated that the reaction speed is too fast, which is not con-
ducive to the growth of single crystals. Considering the strong
chelating coordination ability of the DOBDC ligand, we further
introduced molecules with chelating coordination groups as
modulators and competitive ligands. The results showed that
the addition of the modulator effectively improved the crystalli-
nity of the Ti-MOF.

High-quality Ti-MOF single crystals of FIR-117 and FIR-118
were synthesized using salicylic acid and squaric acid as
modulators, respectively (details in the Synthesis section).
SCXRD analyses reveal that both FIR-117 and FIR-118 crystal-
lize in the triclinic P1̄ space group but have different unit cell
parameters (Table S1†). In both compounds, the Ti center is
octahedrally coordinated by three different DOBDC ligands in
the chelating mode (Fig. S1a†). Taking FIR-117 as an example,
the bond length between Ti and the phenolic hydroxyl group O
(denoted as OAr) is approximately 1.87 Å while the bond length
between Ti and the carboxylate group O (denoted as OCO2

) is
∼2.01 Å, both of which are close to those of NTU-9 and other
reported TOCs.45

All the DOBDC ligands act as bridging ligands, while two
types of ligands link Ti atoms to form an S-shaped 1D chain,
which is then connected by the third ligand to form a wave-
like 2D layer with a twisted hcb topology (Fig. 1a) in FIR-117.
In comparison, in FIR-118, two kinds of DOBDC ligands link
Ti atoms to form a zigzag 1D chain, which is connected by the
third one to form a coplanar 2D layer with a twisted hcb topo-
logy (Fig. 1b).

These wave-like layers in FIR-117 stack in an AA manner
along the a-axis. [NH2(C2H5)2]

+ cations from the decompo-
sition of DEF act as counterions and are located between these
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layers (Fig. 1c). One [NH2(C2H5)2]
+ cation links two DOBDC

ligands of two adjacent layers through strong hydrogen bond
interactions (N⋯O distances are 2.720 and 2.849 Å) (Fig. 1e
and S1b†). Therefore, adjacent layers are connected by
[NH2(C2H5)2]

+ cations to form a 3D hydrogen-bonded frame-
work. As for FIR-118, the coplanar layers are also stacked in an
AA manner along the a-axis, and the space between these
layers is filled by ([NH2(C2H5)2]

+) cations (Fig. 1d). In FIR-118,
two [NH2(C2H5)2]

+ cations link two DOBDC ligands of two
adjacent layers through strong hydrogen bond interactions
(N⋯O distances are 2.720 and 2.849 Å) (Fig. 1f and S1e†). The
presence of multiple hydrogen bond interactions in FIR-118 is
expected to endow it with good stability.

To better compare these two hydrogen-bonded frameworks,
topological analysis was performed. In FIR-117, the DOBDC
ligands with H-bond interactions act as 4-connected nodes,
while others serve as linkers. Each Ti atom can be considered
a 3-connected node (Fig. S1b and S1c†). The entire framework
can be simplified as a 3,4-connected tfo topology (Fig. 1g).
Similarly, the framework of FIR-118 can be simplified as a 3,4-

connected tfc topology (Fig. 1h and S1e†). The topological
results clearly showed that the coplanar layers vertically
connect ligands (dashed pink line) through hydrogen bonds to
form a 3D network of FIR-118, while the wave-like layer con-
nected ligands by staggered hydrogen bonds to form a 3D
network of FIR-117.

Encouraged by these results, we expanded our investigation
to explore the feasibility of using other organic compounds
containing chelating groups as modulators. In addition to the
above-mentioned salicylic acid and squaric acid, we further
examined other compounds containing O, O′ chelating groups,
S, O chelating groups, and N, O chelating groups. The results
showed that these alternative compounds can also be utilized
as modulators to successfully synthesize Ti-MOF single crys-
tals. The specific experimental results are summarized in
Table 1.

In particular, by using thiosalicylic acid as a modulator, we
successfully synthesized single crystals of FIR-119. SCXRD ana-
lysis reveals that FIR-119 crystallized in the cubic I4̄3d space
group (Table S1†) and is isostructural to MIL-167. However, its
volume is ca. 13.5% smaller than that of MIL-167.

In FIR-119, each Ti center is also octahedrally coordinated
by three different DOBDC ligands in a chelating mode. The Ti-
OAr and Ti-OCO2

bond lengths are 1.88 and 1.98 Å (Table S2†),
falling within a reasonable range. Three DOBDC ligands coor-
dinate with one Ti center to form a fan-type Ti(DOBDC)3 unit
and two chiral Ti(DOBDC)3 units with Λ (Fig. 2a) and Δ
(Fig. 2b) configurations coexisting in the same structure. A
pair of Δ and Λ units are slightly staggered along the same
direction (Fig. 2c and d). The Ti⋯Ti distance between adjacent
units is 9.45 Å, which is larger than the Ti⋯Ti distances con-
nected by DOBDC ligands (8.46 Å).

In FIR-119, all Λ-Ti(DOBDC)3 units link each other to form
a 3D framework (Fig. 2e) with a chiral srs topology (Fig. 2f).
Similarly, all Δ-Ti(DOBDC)3 units connect with each other to
form the opposite chiral 3D framework. The interpenetration
(2-fold) of opposite chiral frameworks results in the crystalliza-
tion in the nonchiral space group. It is deduced that the dis-
ordered [NH2(C2H5)2]

+ cations decomposed from DEF serve as
counterions to balance the charge. This deduction is further
supported by 1H NMR and 13C NMR results (Fig. S2 and S3†).

From the above discussion, it can be seen that the success-
ful syntheses of FIR-117–119 single crystals benefit from the

Fig. 1 The structural comparison between FIR-117 and FIR-118. (a)
View of the wave-like 2D layer of FIR-117 along the a-axis; (b) view of
the coplanar 2D layer of FIR-118 along the a-axis; (c) view of the packing
mode of the layers along the c-axis in FIR-117; (d) view of the packing
mode of the layers along the c-axis in FIR-118; (e) the hydrogen-bond
interactions between the [NH2(C2H5)2]

+ cations and DOBDC ligands in
FIR-117; (f ) the hydrogen-bond interactions between the [NH2(C2H5)2]

+

cations and DOBDC ligands in FIR-118; (g) the simplified 3,4-connected
tfo topology of FIR-117; (h) the simplified 3,4-connected tfc topology of
FIR-118.

Table 1 Ti-MOF single-crystals synthesized using different modulators

Modulator Ti-MOF

FIR-117

FIR-118

FIR-119

Research Article Inorganic Chemistry Frontiers
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addition of compounds with chelating coordination groups.
Previous reports have indicated that introducing proline as a
modulator helps to improve the quality of Zr-MOF single crys-
tals.46 In a series of comparative experiments, it was observed
that both the carboxyl group and the N-heteroatom play impor-
tant roles in the synthesis of Zr-MOF single crystals, but the
specific roles are not yet clear.

Therefore, in order to clarify the roles of the modulators, we
conducted comparative experiments. Previous experiments
demonstrated that FIR-117 was obtained through a one-pot
reaction of Ti(OiPr)4, salicylic acid and H4DOBDC.
Interestingly, when the reaction time was shortened or the
temperature was lowered, a Ti(salicylate)3 complex was
obtained, suggesting that the Ti(salicylate)3 complex may serve
as an intermediate in the formation of FIR-117. Additionally,
the reaction of Ti(OiPr)4 with salicylic acid in the absence of
H4DOBDC also resulted in the formation of the Ti(salicylate)3
complex. Furthermore, using the Ti(salicylate)3 complex as the
Ti source and reacting it with the DOBDC ligand, FIR-117
single crystals could also be obtained. Therefore, we deduced
that the Ti(salicylate)3 complex was the intermediate involved
in the synthesis of FIR-117.

Based on these results, we propose a possible mechanism
for the chelating coordination modulation (CCM) method to
synthesize Ti-MOF single crystals (Fig. 3). First, in the presence

of a large amount of chelating coordination modulators, tetra-
hedrally coordinated Ti(OiPr)4 with high reactivity reacts
rapidly with modulators to form a more stable Ti(modulator)3
intermediate. The formation of these Ti(modulator)3 inter-
mediates helps to inhibit the excessive hydrolysis of Ti4+ ions.
Subsequently, DOBDC ligands with a similar coordination
ability gradually replace the modulators on Ti in a controllable
manner to form the final framework. The controllability is
mainly reflected in the relatively reversible substitution reac-
tion between the DOBDC ligand and the modulator, which
slows down the formation of the framework and matches the
growth speed of single crystals, thus realizing the synthesis of
high-quality Ti-MOF single crystals.

The outcomes of our study illustrate that the chelating
coordination modulation (CCM) method proves to be a highly
effective approach for synthesizing single crystals of Ti-MOFs.
The key aspect of the CCM method involves the use of mole-
cules with chelating coordination groups as modulators,
which play a crucial role in controlling the crystal growth
process. Through the application of this method, we success-
fully synthesized high-quality Ti-MOF single crystals
(FIR-117–119) and determined their structures using single
crystal X-ray diffraction (SCXRD). The significance of the
modulators in the growth of Ti-MOF single crystals was eluci-
dated by capturing the intermediate species and determining
their single crystal structures. Specifically, the modulators
form stable mononuclear structures through chelating coordi-
nation with titanium ions, effectively inhibiting unwanted side
reactions. This controllability ensures the successful synthesis
of Ti-MOFs with desired structures and large-size single crystal
growth. Our findings demonstrated the broad applicability of
the CCM approach in synthesizing Ti-MOF single crystals with
diverse structures and properties. This versatility opens up new
possibilities for tailoring the properties of Ti-MOFs to suit
specific applications. With the successful synthesis of Ti-MOF
single crystals using various modulators, we anticipate that the
CCM method holds promise for the rational design and syn-
thesis of other metal–organic frameworks.

The powder XRD (PXRD) pattern of the as-synthesized
crystal samples shows that most of the main peaks are well

Fig. 2 The chiral Ti(DOBDC)3 units with Λ (a) and Δ configurations (b)
in FIR-119; a pair of Δ and Λ units slightly staggered (c) along the same
direction (d), with the Ti⋯Ti distance (9.45 Å) marked with a dashed
green line; (e) the interpenetrated 3D framework of FIR-119; (f ) the sim-
plified 2-fold interpenetrated srs topology.

Fig. 3 Possible mechanism of the chelating coordination modulation
(CCM) method to synthesize Ti-MOF single crystals.
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consistent with the simulated patterns derived from SCXRD
data, which confirmed the phase purity of FIR-117, FIR-118
and FIR-119 (Fig. S5, S6† and 4a). The thermogravimetric ana-
lysis results of FIR-117 and FIR-118 showed structural stability
below 200 °C (Fig. S7 and S8†). Meanwhile, thermogravimetric
analysis showed that the framework of FIR-119 can be stable at
approximately 300 °C (Fig. S9†). Additionally, the solvent stabi-
lity of FIR-119 was also evaluated. Powder XRD measurements
demonstrated that FIR-119 remained stable after soaking in
common solvents such as water, various alcohols, ethyl acetate
(EA), acetonitrile (CH3CN), amides, toluene, dichloromethane
and chloroform at room temperature for 24 hours (Fig. 4a).
Compared to that of the DOBDC ligand, the diffuse reflectance
UV-Vis spectrum of FIR-117, 118 and 119 showed a broad
absorption band in the visible light range. The calculated
bandgaps of DOBDC and FIR-117–119 from the Tauc plot are
2.67, 1.90, 1.86 and 1.95 eV (Fig. 4b, S10, S11 and S12†).
FIR-117–119 show a lower bandgap mainly due to ligand-to-
metal charge transfer (LMCT) from the DOBDC ligand to high-
valence titanium ions. The photocurrent profile of FIR-119
indicates that it is photoactive under visible light illumination
(λ > 420 nm, Fig. 4c). The EDS spectrum and XPS spectrum of
FIR-119 (Fig. S13 and S14a†) further confirm the presence of
the elements titanium (Ti), nitrogen (N), oxygen (O), and
carbon (C). The XPS Ti 2p region of FIR-119 shows two peaks
with binding energies of 458.91 eV (Ti 2p3/2) and 464.71 eV (Ti
2p1/2), respectively, confirming that the valence state of Ti is +4
(Fig. S14b†). The electron paramagnetic resonance (EPR) test
results showed that FIR-119 can produce 1O2 under visible
light irradiation with 4-oxo-2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) as the trapping agent (Fig. 4d). Therefore, FIR-119

should be a very promising photocatalyst, especially in the
area of aerobic catalytic reactions.

Due to its excellent stability, effective visible light absorp-
tion capability, and notable photoactivity, this mononuclear
Ti-MOF is anticipated to emerge as a novel type of visible light
catalyst. The cross-dehydrogenation coupling (CDC) reaction,
facilitated by visible light, represents a strategy for directly acti-
vating C–H bonds and establishing C–C bonds from uncompli-
cated compounds.47 This reaction harnesses renewable energy,
obviating the need for pre-functionalization of reactants,
thereby synergistically promoting a green synthesis pathway.
Consequently, we selected a representative aerobic CDC reac-
tion involving N-phenyltetrahydroisoquinolines (A) and diethyl
phosphite (B) to investigate the photocatalytic efficacy of
FIR-119 (Table 2). When FIR-119 serves as a catalyst under
visible light irradiation, the reaction yields 41% of product C
(entry 3, Table 2 and Fig. S15†). The experimental findings
further confirm FIR-119’s commendable visible light and cata-
lytic activity in CDC reactions. After 24 hours of CDC reaction,
PXRD results (Fig. S16†) validate FIR-119’s robust stability. As
shown in Table 2, control experiments underscore the indis-
pensability of both light and MOF photocatalysts in this
typical CDC reaction. Under visible light conditions, devoid of
a catalyst, product formation is nearly imperceptible. Likewise,
in the absence of the FIR-119 catalyst, no product formation is
observed under dark conditions (entry 2, Table 2).

Conclusions

In conclusion, we have developed the chelating coordination
modulation (CCM) method, employing molecules with chelat-
ing coordination groups as modulators, for the synthesis of Ti-
MOFs. Our study showcases the versatility and effectiveness of
the chelating coordination modulation method as a controlled
synthesis tool for obtaining high-quality Ti-MOF single crystals
with tailored properties. The insights gained from this
research can pave the way for the development of novel func-
tional materials and advanced catalysts for various appli-

Fig. 4 (a) Powder XRD patterns of FIR-119 treated with different sol-
vents for 24 h. (b) UV-vis diffuse reflectance spectra of FIR-119 (Tauc
plot of FIR-119 derived from UV-Vis diffuse reflectance spectra). (c)
Photocurrent of FIR-119 under visible light periodic illumination (λ >
420 nm). (d) EPR spectrum of FIR-119 in DMSO under visible light
irradiation with a Xe lamp with TEMPO as the trapping agent.

Table 2 Photocatalytic results of FIR-119 for aerobic CDC reactions
under different conditionsa

Entry Catalyst Light source Yield

1 None Visible light (λ > 420 nm) Trace
2 FIR-119 Without light Trace
3 FIR-119 Visible light (λ > 420 nm) 41%

a Reaction conditions: substrate A (0.2 mmol), diethyl phosphite B
(0.24 mmol), and catalyst FIR-119 (10 mg) in 2 mL DMSO exposed to
air under different conditions (light source and catalyst) at room temp-
erature for 24 h.
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cations, including in the field of visible light photocatalysis
and beyond.
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