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Metal-Hydrogen-Pi-Bonded Organic Frameworks 
Jie Zhua‡, Laura Samperisib‡, Mark Kalaja, Jerika A. Chionga, Jake B. Baileya, Zhiyin Zhanga, Chung-Jui 
Yua, R. Eric Sikmaa, Xiaodong Zoub, Seth M. Cohenb, Zhehao Huangb*, F. Akif Tezcanb*

We report the synthesis and characterization of a new series of permanently porous, three-dimensional metal-organic 
frameworks (MOFs), M-HAF-2 (M = Fe, Ga, or In), constructed from tetratopic, hydroxamate-based, chelating linkers. The 
structure of M-HAF-2 was determined by three-dimensional electron diffraction (3D ED), revealing a unique interpenetrated 
hcb-a net topology. This unusual topology is enabled by the presence of free hydroxamic acid groups, which lead to the 
formation of a diverse network of cooperative interactions comprising metal-hydroxamate coordination interactions at 
single metal nodes, staggered π–π interactions between linkers, and H-bonding interactions between metal-coordinated 
and free hydroxamate groups. Such extensive, multimodal interconnectivity is reminiscent of the complex, noncovalent 
interaction networks of proteins and endows M-HAF-2 frameworks with high thermal and chemical stability and allows them 
to readily undergo postsynthetic metal ion exchange (PSE) between trivalent metal ions. We demonstrate that M-HAF-2 can 
serve as versatile porous materials for ionic separations, aided by one-dimensional channels lined by continuously π-stacked 
aromatic groups and H-bonding hydroxamate functionalities. As an addition to the small group of hydroxamic acid-based 
MOFs, M-HAF-2 represents a structural merger between MOFs and hydrogen-bonded organic frameworks (HOFs) and 
illustrates the utility of non-canonical metal-coordinating functionalities in the discovery of new bonding and topological 
patterns in reticular materials.

Introduction
Metal-organic frameworks (MOFs) are crystalline porous 
materials constructed from inorganic nodes and organic 
linkers.1, 2 According to the Cambridge Crystallographic Data 
Centre (CCDC), more than 70,000 MOF structures3 have been 
reported with applications proposed in gas storage and 
separation,4-7 biomedical imaging and drug delivery,8, 9 
molecular sensing,10, 11 and catalysis.12-14 To date, most MOFs 
have relied on the combination of carboxylate- or azole-based 
linkers and polynuclear metal clusters as secondary building 
units (SBUs)15, such as MOF-5,16 and the MIL (Material Institute 
Lavoisier),17, 18 UiO (University of Oslo),19 NU (Northwestern 
University),20 and PCN (porous coordination network)21 series. 
Expanding upon the existing repertoire of MOF topologies may 
engender new emergent properties within these reticular 
materials.22, 23 Exciting possibilities to create new materials with 
different functions including selective gas adsorption for 
chemical separations24, 25 or introducing catalytic sites.26 
      Despite the central role of chelating groups in synthetic 
inorganic chemistry, linkers with multidentate functionalities 
are sparingly employed for MOF construction. This is likely due 

the fact that chelating linkers tend to yield SBUs with low 
connectivity, in addition to the possibility that their relatively 
slower metal exchange kinetics (compared to carboxylates or 
azoles) may hinder the formation of crystalline frameworks. Yet, 
given the remarkable structural and functional/electronic 
diversity of metal-chelate coordination complexes27, 28, the use 
of chelating motifs in MOF construction represents a potentially 
powerful strategy for the discovery of MOFs with new 
structures/topologies and chemical/physical properties.29-36

      Accordingly, we have begun to explore organic linkers 
bearing hydroxamate chelating motifs in MOF construction. 
Hydroxamates are hard, Lewis basic, bidentate ligands that 
form exceptionally stable coordination complexes with 
transition metal ions such as Fe3+, Ga3+ and Al3+,37 as 
demonstrated by bacterial siderophores.38-40 Unlike carboxylate 
groups, hydroxamates allow asymmetric binding modes with 
metal ions and favor the formation of single metal nodes over 
polynuclear SBUs. To date, only four MOFs41-44 containing 
hydroxamate ligands have been reported, with only two41, 42 
having 3D framework structures.
       Previously, we reported the first Fe-hydroxamate-based 
MOF (Fe-HAF-1), using biphenyl tetrahydroxamic acid (H4BPTH) 
as the linker and a single Fe3+ center as the node (Fig. 1).42 The1, 
3 positioning of the hydroxamic groups on the phenyl rings 
coupled with the octahedral Fe-tris-hydroxamate coordination 
gave rise to the formation of tetrahedral, four-iron-six-linker 
clusters (as first reported by Raymond and colleagues)45 as 
supramolecular SBUs which were interconnected to yield the 
desired cubic, 3D framework structure. Despite featuring single-
metal nodes, Fe-HAF-1 was found to display exceptional 
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chemical stability maintaining crystallinity in aqueous solutions 
at pH 1-14, as well as in the presence of coordinating solvents. 
       In the current study, we set out to investigate whether we 
could extend the pore and aperture size of Fe-HAF-1 and 
expand the library of hydroxamate-based MOFs. Toward this 
end, we synthesized a longer linker (terphenyl tetrahydroxamic 
acid, H4TPTH). However, instead of the expected isoreticular 
expansion of Fe-HAF-1, we obtained a new series of MOFs, 
denoted as M-HAF-2 (M = Fe, Ga, In), which possess an unusual 
interpenetrated hcb-a net topology, wherein the tetratopic 
linkers (H4TPTH) are two-connected and act as ditopic linkers 
with two remaining uncoordinated hydroxamate groups (Fig. 1). 
Interestingly, the uncoordinated hydroxamic acid groups form 
intermolecular hydrogen bonds (H-bonds) with metal-
coordinated hydroxamate groups within the framework that 
are further buttressed by extensive π–π interactions. Compared 
to Fe-HAF-1, which is only supported by coordination bonds, the 
synergy between three different types of interactions (metal 
coordination, π–π, and H-bonding) results in a porous 
framework material that is both chemically and physically 

stable, retains its crystallinity after activation, and can be 
prepared de novo using different hard metal ions or readily 
undergo postsynthetic metal exchange (PSE). It is worth noting 
that the combination of two different types of interactions is 
commonly seen in porous frameworks. For example, the 
combination of metal-coordination with π–π interactions is 
often observed in the interpenetrated MOFs46, and the co-
existence of H-bonding and π–π interactions is a key feature in 
most HOFs47-51, and some MOFs52, 53 with free functional groups 
involved in H-bonding in addition to metal coordination. 
However, to the best of our knowledge, the combination of 
three different types of interactions in M-HAF-2 in a cooperative 
way is unprecedented. With its unusually intricate network of 
non-covalent interactions, Fe-HAF-2 represents an 
amalgamation of MOFs and H-bonded organic frameworks 
(HOFs), utilizing all of the same interactions for structural 
stabilization found in proteins. In general, our study illustrates 
the benefits of expanding the toolkit of metal coordinating 
functionalities for the discovery of new structure/bonding 
modalities in MOF design. 

Results and discussion
Synthesis and Structure of M-HAF-2.

      All members of the M-HAF-2 library were synthesized by 
combining the H4TPTH linker with the appropriate trivalent 
metal salt (FeCl3, GaCl3 or InBr3) in a mixture of DEF and ACN at 
elevated temperature (60-100 °C). All three M-HAF-2 species 
were isolated as microcrystals (≤2 μm wide and ≤20 μm long) 
with a hexagonal rod-like morphology (Fig. S2) that was quite 
distinct from the cube-shaped Fe-HAF-1 crystals. These 
observations suggested that M-HAF-2 were likely not 
isoreticular with Fe-HAF-1. Indeed, 3D ED and powder X-ray 
diffraction (PXRD) analysis of Fe-HAF-2, Ga-HAF-2, and In-HAF-
2 frameworks, which were determined to be isostructural, 
indicated a trigonal space group (Fig. S3, S4 and Fig. 2a). The 
porosities of M-HAF-2 frameworks were investigated by N2 

Fig. 1 Assembly of BPTH or TPTH with 3-connected SBUs lead to tbo net 
(Fe-HAF-1) or hcb-a net (Fe-HAF-2).

Fig. 1 Assembly of BPTH or TPTH with 3-
connected SBUs lead to tbo net (Fe-HAF-1) or 
hcb-a net (Fe-HAF-2).

Fig. 2 a) PXRD patterns of Fe-HAF-2, Ga-HAF-2, and In-HAF-2. b) N2 sorption isotherms of Fe-HAF-2 and Ga-HAF-2 measured at 77 K.
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adsorption measurements at 77 K. As shown in Fig. 2b, the N2 
sorption of Fe-HAF-2 and Ga-HAF-2 exhibited a reversible type I 
behavior, and the calculated BET surface areas were 647 m2/g 

and 501 m2/g, respectively. Despite In-HAF-2 being isostructural 
with Fe-HAF-2 and Ga-HAF-2, In-HAF-2 exhibited negligible N2 
uptake at 77 K, suggestive of reduced stability during the  
activation steps (Fig. S5).
       M-HAF-2 crystals were too small for single-crystal X-ray 
diffraction experiments. 3D electron diffraction (ED) methods, 
especially the continous rotation electron diffraction (cRED) 
protocol, has shown to be powerful for studying MOF 
microcrystals.54, 55 We applied cRED to determine the atomic 
structure of Fe-HAF-2. The 3D reciprocal space reconstructed 
from the cRED data shows that Fe-HAF-2 crystallizes in a trigonal 
space group of P c1 (No.165), with the unit cell parameters of 3
a =18.20 Å, and c = 16.17 Å (Fig. S3), which were further refined 
to a = 18.263(2) Å and c = 16.177(2) Å against PXRD data by 
using Pawley fitting (Table S1). The structure was solved ab 
initio by a dual-space method, with all non-hydrogen atoms 
located directly. The structure model was subsequently refined 
against cRED data (Fig. 3), which converged to an R1 value of 
0.209 for 612 reflections with Fo > 4(Fo) and 0.3285 for all 
1634 reflections (Table S2). Pawley fitting of the PXRD pattern 
with the unit cell determined by cRED captures all observed 
diffraction peaks (Fig. S4), confirming the phase-pure nature of 
the materials synthesized.

Fig. 3 a) The reconstructed 3D reciprocal lattice of Fe-HAF-2 viewing along 
the [100] plane. Scattering rings generated from ice can be observed in the 
background. The inset is the TEM image of the crystal showing a rod-like 
morphology. b) Structural model of Fe-HAF-2 viewed along the [001] 
direction. c) Structural model of Fe-HAF-2 viewed along [100] direction. Even 
layers (N, N+2, N+4) highlighted by orange boxes and odd layers (N+1, N+3, 
N+5) highlighted by purple dashed lines.

Fig. 4 Overview of the different bonding interactions within Fe-HAF-2. a) Cooperative interactions including intralayer metal-ligand coordination interactions (orange) in the N 
and N+2 layers and interlayer H-bonding (red dashed lines) between N and N+2 layers. b) π–π interactions (purple) and H-bonding (purple dashed lines) between layer N+1 
and layers N and N+2. c) Cooperative interactions within the 3D framework. Within each SBUs, there are nine intermolecular hydrogen bonds (red and purple dashed lines) 
that extend to form a continuous 1D network along the c axis. 
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        The structure of Fe-HAF-2 is built by Fe3+ cations and 
H2TPTH2- hydroxamate groups, whereby each Fe3+ cation is 
coordinated by three hydroxamate groups as a single node in 
an octahedral geometry. Interestingly, only two of the four 
hydroxamate/hydroxamic acid groups in each linker are 
observed to participate in Fe3+ coordination to form 2D 
hexagonal layers (Fig. 3b); these 2D layers are tightly 
interpenetrated along the c-axis as shown in Fig. 3c. As viewed 
down the c axis, the 3D framework is composed of double-
walled hexagonal pores with an accessible pore diameter of 16 
Å (Fig. 3b). The composition of Fe-HAF-2 framework is 
Fe2(H2TPTH)3.
     To describe the Fe-HAF-2 structure in more detail, it is useful 
to consider the framework as being composed of even- (N, N+2, 
N+4…) and odd-numbered (N+1, N+3, N+5...) hexagonal layers 
(Fig.s 3 and 4). Each even (or odd) layer has the height of a single 
H4TPTH linker and is formed in the bc plane, wherein the linkers 
are interconnected by coordination between Fe3+ ions and two 
hydroxamate groups on each linker (Fig. 4a). Consecutive even- 
(or odd-) numbered layers are joined by three pairs of H-bonds 
(N ⋯O = 2.6 Å and O ⋯O = 2.6 Å) between metal-coordinated 
and free hydroxamic acid groups. The intralayer metal-linker 
interactions and the interlayer H-bonding interactions thus 
generate a continuously bonded 3D framework. The sum of 
both types of interactions are essential, as H-bonding 
interactions on their own would likely not be sufficiently stable 
as a permanently porous MOF (due to the presumed weakness 
of H-bonding interactions).
      An inspection of the Fe-HAF-2 structure shows that the 
adjacent even-numbered layers (N and N+2 in Fig. 4b) are also 
connected to one another by an odd-numbered layer (N+1 in 
Fig. 4b) that spans the N-to-N+2 interface. This interpenetration 
by the N+1 layer is stabilized by a combination of non-covalent 
interactions: first, the terminal phenyl groups of each linker in 
the N+1 layer form π-π interactions (highlighted in purple in Fig. 
4b) with the terminal phenyl groups in the N and N+2 layers. 
These interactions yield a continuous, staggered π-stacking 
pattern directed along the c axis, creating a double wall that 
surrounds the hexagonal pores. Second, the two free 
hydroxamic acid groups in each linker in the N+1 layer form 

additional H-bonds with the metal-coordinated hydroxamate 
groups in the N and N+2 layers while the metal-coordinated 
hydroxamate groups in the same linker are H-bonded to free 
hydroxamate groups in the N and N+2 layers (N ⋯O = 3.2 Å) (Fig. 
4b). In combination, the π-π and the H-bonding interactions 
afford a cooperative network of non-covalent bonds of 
remarkably high density along the c axis (Fig. 4c). In fact, each 
Fe-tris-hydroxamate node (or SBU) is involved in a total of nine 
H-bonds to the surrounding free hydroxamic acid groups 
through the participation of six coordinated oxygen atoms and 
three uncoordinated nitrogen atoms from the three 
hydroxamate groups (Fig. 4c). To the best of our knowledge, this 
is the first observation of an SBU-templated H-bonding network 
within MOFs, which involves all twelve heteroatoms on each 
TPTH linker. Although there are MOFs featuring free carboxylic 
acid groups that participate in secondary H-bonds, these 
interactions are limited in terms of their valency and not crucial 
for the overall stability of the framework.52 Ultimately, the 
increased “bite angle” of hydroxamic acid and its elevated pKa 
compared to the carboxylic acid group is responsible for its 
ability to participate in more extensive H-bonding interactions.

Comparison of the Fe-HAF-2 and Fe-HAF-1 Structures.

      With the detailed structure of Fe-HAF-2 in hand, we can 
attempt to rationalize why it is not isoreticular with its cubic 
predecessor Fe-HAF-1, which is formed exclusively through 
bidentate Fe-hydroxamate coordination bonds between BPTH 
linkers. Given that both Fe-HAF-1 and Fe-HAF-2 are obtained 
under similar solvothermal synthesis conditions, they likely 
both represent thermodynamic products that minimize the 
total free energy of bonds formed in the lattice. It then follows 
that the total aggregate free energy of π-π and H-bonding 
interactions in Fe-HAF-2 must be more favorable than the total 
free energy of Fe3+-hydroxamate interactions that are foregone 
(two per TPTH linker) by not forming a cubic lattice. On a per-
linker basis, the new bonds made in Fe-HAF-2 compared to Fe-
HAF-1 amount to one phenyl-phenyl π-π stacking interaction 
(two total aromatic π-π interactions shared by two linkers) and 
six H-bonds (twelve total unique H-bonds shared with an 

Fig. 5 a) In situ temperature-dependent PXRD patterns of Fe-HAF-2 from 25–175°C. b) PXRD patterns of Fe-HAF-2 after exposure to different aqueous solutions. 
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adjacent linker), which must overcome the loss of two bidentate 
Fe3+-hydroxamate bonds. Metal-coordination interactions (41–
125 kJ/mol)56 (particularly those of Fe-hydroxamate chelates) 
are found to be considerably stronger than a similar number of 
π-π (<10 kJ/mol)57 and H-bonding interactions (4–8 kJ/mol)58. 
Thus, the inability of TPTH to form an isoreticular cubic lattice 
as BPTH appears to defy conventional intuition. In the absence 
of an accurate knowledge on the energetic contributions of 
individual metal coordination and non-covalent bonds, 
particularly in the context of an extended 3D lattice, we ascribe 
the thermodynamic favorability of the trigonal Fe-HAF-2 lattice 
to the extensive cooperativity/synergy between the π-π and H-
bonding interactions (Fig. 4c).
      The converse question of why BPTH does not form an 
isoreticular, trigonal lattice as TPTH is easier to explain. BPTH 
can theoretically form the same layered, 3D arrangement 
shown in Fig. 4a (obtained through H-bonding between N and 
N+2 layers). Yet, the biphenyl linker is not sufficiently long to 
span across the adjacent even numbered layers to enable 
interpenetration through π-π and H-bonding interactions, 
which renders the metal-only interconnected cubic lattice the 
most thermodynamically favorable option.

Stability of M-HAF-2.

       We next examined how the unusual bonding network of M-
HAF-2 affected its physical and chemical stability, particularly in 
aqueous environments. The thermal stability of M-HAF-2 was 
evaluated by TGA and in situ variable temperature PXRD. The 
TGA curves displayed no significant weight loss up to 200 °C for 
all three samples (Fig. S6). The PXRD patterns (Fig. 5a and Fig. 
S7) indicated that M-HAF-2 frameworks retained their 
crystallinity up to at least 175 °C (the instrument limit), which is 
consistent with the TGA results. Notably, M-HAF-2 also 
demonstrated excellent chemical stability in a wide range of 
aqueous solutions and pH values. As shown in Fig. 5b, Fe-HAF-2 
remained crystalline under both highly acidic conditions (pH 1) 
and basic conditions (pH 13). Compared to Fe-HAF-1, Fe-HAF-2 

was found to be slightly less stable under basic conditions 
compared to Fe-HAF-1 (which is stable even in 5 M NaOH); we 
attribute this to the deprotonation of the free hydroxamic acid 
groups and the resulting loss of H-bonding interactions. 
Conversely, Fe-HAF-2 maintained its crystalline structure even 
after immersion into 6 M HNO3, 9 M H2SO4, 6 M HCl, and 6 M 
acetic acid (Fig. 5b), consistent with the retention of the H-
bonding network. The chemical stability of Fe-HAF-2 compares 
very favorably to the other chemically stable Fe-based MOFs 
such as Fe-HAF-1,MIL-10059, PCN-25060, and PCN-600.61 Ga-
HAF-2 and In-HAF-2 were found to be less chemically stable 
than Fe-HAF-2, likely owing to the reduced stabilities of Ga3+- 
and In3+-tris-hydroxamates nodes, but both frameworks 
maintained crystallinity after soaking in aqueous solutions from 
pH 2 to 11 for at least 1 week (Fig. S8). These experiments 
illustrate the high thermal and chemical stability of M-HAF-2 in 
a range of aqueous environments, suggesting that these 
materials are chemically robust for potential applications such 
as aqueous chemical separations or gas adsorption.

Dye uptake of Fe-HAF-2.

     The aqueous stability of M-HAF-2, coupled with the presence 
of non-metal-bound hydroxamate groups, suggested that these 
MOFs could be well-suited for ionic separations. Zeta potential 
measurements on Fe-HAF-2 yielded an isoelectric point (pI) of 
5.3 (Fig. S9). Above pH 5.3, Fe-HAF-2 becomes negatively 
charged, indicating that it should have favorable interactions 
with cationic guest molecules. We chose two cationic organic 
dyes (Methylene Blue (MB+), Lauth’s Violet (LV+)), one neutral 
dye (neutral red (NR)), and two anionic organic dyes (Orange G 
(OG2-) and Acid Orange 6 (AO6-)) to test the uptake selectivity 
and capacity of Fe-HAF-2. The sizes of all these dyes are smaller 
than the diameter of hexagonal pore channels to eliminate any 
steric limitations for uptake (Fig. S10). As shown in Fig. 6 and 
S11-12, the cationic species (LV+ and MLB+) were sequestered 
rapidly (within 5 min) by Fe-HAF-2, evidenced by the decrease 
in the absorbance of the solution, while both anionic dyes (OG2- 
and AO6-) remained in solution. The neutral dye (NR) was also 

Fig. 6 Dye uptake experiments using a) 10 ppm of MB+, b) 10 ppm of OG2- and MB+ in 20 mL H2O in the presence of 5 mg Fe-HAF-2 over 10 min, monitored by UV-visible 
spectroscopy.
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taken up by Fe-HAF-2, but the process was considerably slower 
(30 min) compared to the cationic species (Fig. S13). The slower 
rate of NR uptake can be attributed to its diffusion-limited 
uptake via π–π interactions between NR and the framework, 
whereas the cationic dye uptake is driven by both electrostatic 
interactions and π–π stacking. The selectivity of Fe-HAF-2 to 
bind cationic dyes over anionic and neutral dyes was further 
investigated by competition experiments. In a solution of 
equimolar (0.025 mmol) mixed dyes (MB+ and OG2-), the Fe-
HAF-2 selectively removed more than 95% of the cationic dye 
(MB+) from the solution within 10 min while the anionic dye 
(OG2-) remains the same concentration (Fig. 4b). After dye 
uptake, the Fe-HAF-2 retained its crystallinity as indicated by 
PXRD measurements (Fig. S14). Interestingly, Fe-HAF-2 
sequestered 99% of the cationic dyes (LV+ and MB+) from 
solution within 10 min, far more rapidly than Fe-HAF-1 and most 
other reported anionic frameworks.53, 62 To further explore the 
adsorption kinetics in Fe-HAF-2, the pseudo-second-order 
kinetic model63 was used to fit the adsorption of MB+ over time 
with different initial concentrations (Fig. S15). The linear form 
of the equation is:

                                                                                   (1)
𝑡
𝑞𝑡

=  
1
ℎ + 

1
𝑞𝑒

𝑡

with
                                                                                         (2)ℎ =  𝑘2 𝑞2

𝑒
     where h is the initial sorption rate; t is the adsorption time 
(s),  and  are the amount of dye adsorbed at equilibrium and 𝑞𝑒 𝑞𝑡

at time t respectively (mg·g ̶1), and  is the rate constant for 𝑘2

pseudo-second-order adsorption (g·mg–1·s–1).  𝑘2 =
𝑠𝑙𝑜𝑝𝑒2

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

when the  is plotted against t. The calculated kinetic constants  
𝑡
𝑞𝑡

( ) and initial sorption rate (h) are summarized in Table S2. The 𝑘2

pseudo second-order model showed a good fit with 
experimental data (R2 >0.99) across a series of initial dye 
concentrations from 10–40 ppm (Fig. S15). The values of  𝑞𝑒,𝑐𝑎𝑙

are also consistent with the experimental values of . This 𝑞𝑒

finding suggests that the adsorption kinetics indeed followed 
the pseudo second-order model. The equilibrium adsorption 
capacity ( ) increased with increasing the initial 𝑞𝑒,𝑐𝑎𝑙

concentration of MB+, attributed to the relatively strong driving 
force of the concentration gradient at high initial 
concentrations. Additionally, the values decreased from 𝑘2 
4.38×10-3 to 7.746×10-5 g·mg-1·s-1 with the increase of initial dye 
concentrations from 10 ppm to 40 ppm, which can be ascribed 
to the lower competition for the adsorption surface sites at 
lower concentration. Compared with Fe-HAF-1, the presence of 
hydrogen bonding network in Fe-HAF-2 enables the pH 
dependent rapid uptake of cationic dyes that offer new 
potential for pH-dependent chemical separations in porous 
materials. 

Postsynthetic Metal Exchange of M-HAF-2.

     The presence of uncoordinated hydroxamate groups led us 
to examine if they could be modified postsynthetically with 
metal ions (e.g., additional Fe3+, lanthanide cations) at room 
temperature. However, PXRD and cRED showed that the 
structure of the M-HAF-2 samples remained the same even 
after prolonged treatment with excess metal ions. This indicates 
the uncoordinated hydroxamate groups are inert to metal 
coordination (Fig. S16 and S17) because they are tightly 
sequestered within the cooperative H-bonding framework.

Given the high stability of M-HAF-2, we next considered if 
the coordinated hydroxamate groups/existing metal nodes in 
these frameworks can undergo PSE. The PSE of metal centers at 
SBUs in MOFs is a powerful approach for expanding the scope 
and functionality of these materials64-67. Metal-exchange 
reactions typically are kinetically and thermodynamically 
controlled by the stability constants of the substituting cations 
and the strength of the metal-ligand coordination interaction at 
the inorganic node. To date, most examples of MOFs have 
focused on labile SBUs containing soft metal ions that are 
amenable to transmetalation because they are more prone to 
hydrolysis and metal replacement.68-71 In contrast, robust MOFs 
with SBUs featuring strong metal binding affinities are less likely 
to undergo metal exchange at the node and can induce the 
undesired formation of an oxide coating.72 Interestingly, we 
found that despite the high chemical and thermal stability of M-
HAF-2, the metals in the MOFs are still labile enough to undergo 
transmetalation while preserving the overall structure and 
crystallinity. 
      We first tested the transmetalation of In-HAF-2 in the 
presence of Ga3+ via the PSE approach. This was done by 
immersing In-HAF-2 in a DEF solution containing GaCl3 at 80 °C 
for 48 h, followed by multiple wash steps using fresh DEF and 
acetone to remove the excess metal ions. We observed a color 
change (from white to ivory) of the bulk powder samples as 
shown in Fig. 7b. In addition to the observed color change, we 
further characterized the bulk MOF samples by ICP-MS, SEM, 
and PXRD. PXRD revealed that the frameworks (In-HAF-2) 
maintained high crystallinity with no changes in the lattice 
symmetry (Fig. 7a) after metal exchange with Ga3+. SEM images 
indicated that the MOF powder retained its rod-shaped 

Table 1. Extents of transmetalation of In-HAF-2 based on the ICP-MS of digested 
MOF samples after PSE upon addition of different amounts of GaCl3

Sample Metal 
ratio

Normalized 
metal ratio 

after 
digestion 

for ICP-MS

Empirical 
formula of 

MOF 
based on 
ICP-MS

Calculated 
extent of 

transmetalation 
in In-HAF-2

In/Ga-1 In : 
Ga = 
1:1

1: 1.2 In0.94Ga1.06 
(TPTH)3

53.8%

In/Ga-2 In :Ga 
= 

1:2.5

1: 2.3 In0.61Ga1.39 
(TPTH)3

69.7%

In/Ga-3 In : 
Ga = 
1:5

1: 3.4 In0.46Ga1.54 
(TPTH)3

77.1%

In/Ga-4 In : 
Ga = 
1:10

1:14.8 In0.13Ga1.87 

(TPTH)3

93.5%
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morphology for all the tested samples (Fig.s 7c, d). As shown in 
Table 1, the ICP-MS of digested MOF samples after PSE indicate 
that transmetalation efficiency depends on the metal ratio of In 
and Ga in reaction, as higher Ga3+:In3+ ratios enabled greater 
degrees of transmetalation. The metal exchange percentage of 
In/Ga MOF samples varied from 53.8% to 93.5% as the Ga:In 
metal ratio increased from 1:1 to 10:1 during PSE. It is important 
to note that the ICP-MS data only reflect the absolute metal 
concentration in bulk powders, the distribution of metals within 
individual crystallites requires further study. Moreover, the N2 
sorption of In/Ga-4 after PSE showed a BET surface area of 65 
m2/g (Fig. S18), which is larger than the parent framework (In-
HAF-2) and smaller than Ga-HAF-2, further confirming the 
incomplete transmetalation and potentially reduced stability of 
In/Ga-4 during the activation process compared with Ga-HAF-2. 
The In-HAF-2 was also observed to undergo exchange upon 
treatment with FeCl3 in a concentration-dependent manner 
without losing the crystalline structure and rod-shaped 
morphology of the microcrystals (Fig. S19). Significant color 
change (from white to orange) of the bulk powders was 
observed (Fig. S19) and the extent of metal exchange was 60%, 
76%, 89%, and 89% for MOF samples prepared with In/Fe metal 
ratios of 1:1, 1:2.5, 1:5 and 1:10, respectively (summarized in 
Table S3). N2 adsorption measurements of In/Fe-4 revealed a 
BET surface area of 97 m2/g (Fig. S20). Similarly, the 
transmetalation of Ga-HAF-2 with Fe3+ was also possible 
(summarized in Table S4), but the framework was found to lose 
crystallinity at high Fe/Ga ratios (Fig. S21). It is worth noting that 
the incomplete transmetalation has been commonly observed 

in other mixed-metal-MOF systems using PSE strategy.73 These 
results demonstrate that M-HAF-2 can undergo facile metal 
PSE, which stems from their robust non-covalent bonding 
frameworks that help maintain the lattice structure during 
metal substitution reactions. M-HAF-2 also represents one of 
the few MOFs that can undergo PSE metathesis between 
trivalent metal ions.69, 74

Conclusions
      In summary, we have developed a new series of 
hydroxamate-based MOFs, M-HAF-2 (M = Fe, Ga, In), by using a 
tetratopic hydroxamate-based linker, H4TPTH. The M-HAF-2 
frameworks are formed through a highly cooperative, protein-
like network of metal-linker coordination, π–π, and H-bonding 
interactions. The interplay between these interactions is 
manifested by an unusual topology of interpenetrated hcb-a 
net, instead of the originally expected isoreticular expansion of 
Fe-HAF-1. The M-HAF-2 MOFs exhibits high thermal and 
chemical stability in a range of aqueous environments and 
demonstrates Fighighly selective and rapid uptake of dye 
molecules in a charge-selective fashion. Moreover, the 
synergistic effect of three different types of interactions within 
M-HAF-2 gives rise to a highly robust bonding framework that 
enables facile metal PSE at the single-metal nodes without 
structural collapse. Overall, our study shows the great utility of 
new, non-canonical metal-coordinating functionalities such as 
the hydroxamic acid in the discovery of new bonding and 
topological patterns in MOFs.
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