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Abstract: We report a new hydroxamate-based yttrium MOF,
named MOF-419 [Y(HCOO)(BDH)], with rod-SBUs. The
compound was synthesized employing chelating construc-
tion of benzene-1,4-hydroxamate (BDH2� ) linkers, and the
use of formic acid as the modulator was found to be crucial
for the formation of rod-shaped SBUs. MOF-419 shows
permanent porosity and has a BET surface area of 1130 m2/g.

Its hydrophobic pore environment and gas sorption proper-
ties were demonstrated through the combination of single
crystal X-ray diffraction and nitrogen, carbon dioxide, and
water sorption experiments. We envision that these results
will aid the study and understanding of rod MOFs with
chelating linkages.
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Metal-organic frameworks (MOFs) consisting of rod-like
metal-containing secondary building units (SBUs) are known
to exhibit favorable sorption properties.[1] They also have
exceptional chemical stability, particularly towards water,
which is attributed to the steric shielding of the metal ions by
the linkages.[2] In addition, the channels within the framework
enclosed by the rod packings are highly open, allowing for the
free and fast movement of guest molecules.[3] Due to these
attractive features, rod MOFs are generally considered to be
more desirable candidates compared to MOFs constructed
from other SBUs (i.e., discrete metal clusters), making them
promising and durable materials for applications such as
catalysis,[4] gas separation,[5] sensing,[6] pollutant removal,[7]
and water harvesting.[2a,8] One well-known example of a rod
MOF is the state-of-art water-harvesting material MOF-303
[Al(OH)(PZDC), where PZDC2� is 1H-pyrazole-3,5-dicarbox-
ylate], which exhibits impressive hydrolytic stability and fast
kinetics during cycling.[1c,9] While it is important to discover
and study the novel rod MOFs for various applications,
synthesizing these materials remains challenging due to the
lack of a general guiding principle and the tendency for linkers
to inhibit the formation of chains through complex polydentate
chelating mechanisms.[10] Additionally, the majority of linker
functionalities in rod-like SBUs are limited to carboxylates,
with some less common examples including phosphonates,
azolates, and mixed functionalities.[1a] As a result, the variety
of rod MOFs remains to be expanded through the development
of new types of linkage.

It has been recently discovered that linkers containing
hydroxamate groups can be used to construct MOFs.[11] Known
for their strong bonding with metals, these chelating linkers
are expected to enhance the stability and diversity of extended
structures, as they are sterically unencumbered with a linking
pattern similar to commonly used carboxylate linkers, but

have different coordination bonding strength and geometry.
Furthermore, the presence of an � NH group on the hydrox-
amate linker may increase the hydrophilicity of the pore
environment and provide an additional adsorption site for
guest molecules. However, this field in reticular chemistry is
still underdeveloped, and only a few hydroxamate MOFs with
discrete metal clustered-based SBUs have been reported.[11a–d]
To date, rod MOFs remain largely unexplored because of
difficulties in obtaining crystals and making frameworks with
permanent porosity.[12] By using the benzene-1,4-hydroxamic
acid (H2BDH) linker (Scheme 1), which is structurally similar
to the abundant benzene-1,4-dicarboxylate (H2BDC) linker
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Scheme 1. Structure of carboxylate-based H2BDC linker (left) and
hydroxamate-based H2BDH linker (right).
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commonly used in the synthesis of rod MOFs,[1a] in combina-
tion with a suitable structural-directing modulator (HCOOH),
we aim to overcome these challenges and successfully
synthesize hydroxamate-based rod MOFs.

Herein, we report the first Y-hydroxamate framework,
MOF-419 [Y(HCOO)(BDH)], and its structural and sorption
properties. We synthesized this rod-MOF through a solvother-
mal reaction of Y(NO3)3 ·6H2O and H2BDH in N, N-dimeth-
ylformamide (DMF) with formic acid as the modulator,
resulting in the formation of light-pink needle-shaped crystals
after 90 min at 100 °C (Figure S1, Supporting information).
Alternatively, MOF-419 crystals can be synthesized using a
green synthesis procedure with H2O as solvent under similar
synthesis condition (Section S2, Supporting information).

Single crystal X-ray diffraction studies showed that MOF-
419 crystals have I4122 space group with unit cell parameters
of a=17.2055(1) Å and c=15.7079(1) Å. Its rod-like SBU
consists of edge-sharing YO8 polyhedra, each in the form of a
trigonal dodecahedron, connected by hydroxamates and
carboxylates from terminal formates (Figure 1a and Section
S3, Supporting information). The Y centers are bound to four
hydroxamate groups from four linkers, where two hydrox-
amates are bidentate and the remaining two are monodentate.
The Y coordination sphere is completed with oxygen from two
formates bridging two Y3+ ions (Figure 1b). The BDH linkers
are bonded to four polyhedrons from two chains (Figure 1c,
Figure S2, and Figure S3, Supporting information). This leads
to a 3D framework supporting square-shaped 1D channels of
around 9 Å (Figure 1d). In terms of topology, the underlying
net of MOF-419 is described as a snp rod net in which the
points of extension are defined by the carbon atoms on the
hydroxamate units.[1a,13]

It should be acknowledged that current strategies to obtain
rod-MOFs remain limited. In addition to a previously
demonstrated approach utilizing vicinal dicarboxylates as the
linker,[14] the successful synthesis of rod MOF-419 represents a
new strategy involving a hydroxamate linker and modulator.
As depicted in Figure 1b, an important observation is the
distinctive binding behavior of the organic linker. While the 5-
member ring exhibits favorable chelation, the 4-member ring
does not, resulting in carboxylates acting as bridging units
rather than chelating units. Intriguingly, the hydroxamate acts
as both chelating and bridging units. We attribute the
formation of rod-SBUs in this case to the precise mixture of
only bridging (formate) units and chelating-bridging (hydrox-
amate) units. It is worth noting that without the use of formate,
no MOF product was obtained under identical conditions.

With the crystal structure elucidated by SXRD, the phase
purity of prepared MOF-419 was confirmed by comparing the
experimental powder X-ray diffraction (PXRD) pattern with
the simulated pattern based on SXRD data (Figure 2a). We
observed that after activation, both MOF-419 samples
prepared via hydrothermal synthesis and DMF-based synthesis
displayed high crystallinity in their PXRD patterns, in addition
to having a good agreement with the simulations. This
indicates that the same pure phase of MOF-419 was obtained

using different solvents (Figure S4, Supporting information).
We used SEM primarily to examine if the activated MOF-419
sample has homogeneous morphology and particle sizes within
the same batch (Figure S12 and Figure S13, Supporting
Information). The result showed that only needle-shaped
crystallites were found with little variation in particle size.

To probe the composition of MOF-419, the activated
samples were subject to NMR spectroscopy and elemental
analysis (EA). The results showed that no impurity was
presented and that DMF or other solvents were removed from
the activated MOF (Table S1 and Figure S7, Supporting
information). Remarkably, the hydroxamate linker BDH2� and
formate ligand HCOO� were found to present in a 1 :1 ratio,
which is in agreement with the chemical formula Y-
(BDH)(HCOO) derived from the single-crystal structure.
These findings indicate that the use of formic acid as the
modulator is the key to obtaining this rod MOF, whose SBU
was otherwise structurally unachievable without the formate
ligand. This approach may be a useful strategy for constructing
other hydroxamate-based MOFs with rod-like SBUs.

To investigate the chemical stability of MOF-419, the
crystals were placed in a wide range of acidic and basic
aqueous solutions at room temperature for 7 days. The PXRD
data showed that the crystallinity did not change within the pH
range of 3–13, suggesting the retention of integrity of the
crystal structure under these conditions (Figure 2b). This is
likely due to the chelating nature of the hydroxamate linker
and the steric shielding of metal ions under rod SBUs. In
addition, the thermal stability of MOF-419 was investigated
by thermogravimetric analysis (Figure S8 and Figure S9,
Supporting information). The results show that the overall
performance of MOF-419 in terms of chemical and thermal
stability is similar to other reported hydroxamate-based
MOFs.[11]

The porosity of MOF-419 was probed using nitrogen
sorption analysis measured at 77 K (Figure 2c). Notably, it
exhibited a typical type IV isotherm with a pronounced
adsorption-desorption hysteresis loop between P/P0=0.2 and
0.7, likely due to the flexibility in the bonding between the
hydroxamate group and the rod-SBU (Figure S2, Supporting
information). The surface area was calculated to be 1130 m2/g
from the Brunauer-Emmett-Teller (BET) model by fitting the
selected adsorption points that met the consistency criteria for
the BET theory (Figure S10, Supporting information). The
pore size distribution of MOF-419 was derived by fitting the
nonlinear density functional theory (NLDFT) model to the
collected nitrogen isotherm and the total pore volume was
determined to be 0.36 cm3/g (Figure S11, Supporting informa-
tion). A consistent homogeneous pore diameter of 1.1 nm
from the analysis was found, which is in agreement with the
0.9 nm diameter determined from the crystal structure. The
slight deviation between the two methods could be due to the
presence of solvent molecules or the non-rigid nature of MOF-
419.

The adsorption properties of MOF-419 were further
investigated through other gases (Figure 1c). Its CO2 sorption
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Figure 1. (a) Single crystal X-ray structure of MOF-419 constructed from the infinite rod-like secondary building units and chelating organic
liniker H2BDH with an underlying snp topology. (b) Coordination environment of secondary builiding units in MOF-419. Each yitrrium atom is
eight-coordinated and bonded to oxygen atoms from the hydroxamate groups and formate ligands. (c) The secondary building units are
bridged by H2BDH linkers in the middle to form a 3D structure supporting a 1D pore system. (d) The channel viewed along the c axis. Color
code: Y, blue; O, pink; N, green; C, gray. Hydrogen atoms are omitted for clarity.
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measured at 298 K showed a reversible type-I isotherm and a
modest gravimetric uptake of 3.65 mmol ·g� 1 of CO2 at 1 atm
(16.1 wt %). Similarly, its water isotherm at 298 K revealed a
maximum water uptake of 5.0 wt %, which is consistent with
the observation that the sample showed no significant weight
gain when stored under ambient conditions. This can be
interpreted by the hydrophobic and non-polar pore environ-
ment of MOF-419. While the pore size of this MOF is
approximately 1.1 nm as determined from crystallographic
data, the 1D pore system within the channels lacks primary
adsorption sites that have a strong affinity for carbon dioxide
and water molecules.[15] Specifically, in terms of water
sorption, compared to previously reported state-of-art water
harvesting rod MOFs,[2a,8a,b,9b,16] MOF-419 has hydroxamate
groups (� CONHOH) and formate ligands (HCOO) in place of
carboxylic groups (� COOH) and bridging hydroxy groups
(� OH), respectively, which are considered binding sites for
water molecules. As suggested by the crystal structure of
MOF-419 (Figure 1d), potential primary adsorption sites such
as � NH and � COO are not easily accessible by those water
molecules passing through the channel, as their geometry
relation is unlike the one of hydrophilic atoms and hydroxyl
groups in water harvesting MOFs such as MOF-303. Addition-
ally, the more hydrophobic phenyl rings dominate the back-
bone of the framework, which leads to a low ratio between the
accessible hydrophilic sites and hydrophobic sites in MOF-
419. Consequently, they together discourage the residence of
the very first water molecules in the pore to form small water
aggregated seeds and making hydrogen bonds. As for the
carbon dioxide molecules, despite MOF-419’s high surface
area and large pore opening, both the metal sites and polar
atoms in this MOF are less accessible, resulting in weaker
dipole-dipole interactions between CO2 and MOF backbone
and hindering the uptake of CO2.
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Figure 2. (a) PXRD patterns of as-synthesized and fully washed
MOF-419. The simulated patterns at the bottom were generated
using single crystal structure of MOF-419. (b) PXRD patterns of
MOF-419 after exposure to aqueous solutions of different pH for
7 days. (c) Adsorption-desorption isotherms of nitrogen, carbon
dioxide, and water vapor on MOF-419 at a measurement temper-
ature of 77 K for nitrogen and 298 K for carbon dioxide and water
vapor.
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