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ABSTRACT
While crystalline metal–organic frameworks (MOFs) benefit from precise structural programmability, achieving comparable
control in amorphous MOFs (aMOFs) remains underexplored. Most reported aMOFs are obtained via top-down amorphization
of crystalline frameworks, whereas the limited bottom-up approaches typically rely on linker substitution-based assembly that
inherently restricts node-level functionalization.Here, we present a bottom-up strategy for constructing proton-conductive aMOFs
using sulfonate-rich metal–organic polyhedra (MOPs) as predesigned molecular building units. Discrete Rh-based MOPs with
accessible axial coordination sites are crosslinked with flexible ditopic linkers to form extended amorphous networks while
preserving intrinsic node functionality. Variation of linker identity modulates network connectivity, free volume, water stability,
and proton transport behavior. Retention of the sulfonate group from the MOP building units affords aMOFs with proton
conductivities of up to 4.8 mS cm−1 at 85◦C and 90% relative humidity, with a low activation energy of 0.20 eV, whereas the
sulfonate-free aMOF analog exhibits insulating behavior. These results establish a general strategy for the rational design of
functionally programmable aMOFs using chemically predefined building units.
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Introduction

he precise spatial organization of molecular building blocks
hrough coordination bonding underpins the development of
etal–organic frameworks (MOFs) and porous coordination
olymers (PCPs) [1–3]. This modular design strategy enables the
ational assembly of extended architectures by linking inorganic
odes with organic linkers into predictable, long-range networks.
hile framework topology is dictated by the coordination geom-
try of the constituent units, the local chemical environment can
e systematically tuned through the choice of metal centers and
inker functionalities [4, 5]. The use of predetermined secondary
his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
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building units (SBUs), synthesized prior to framework formation,
significantly expands the structural and chemical design space
of MOFs and PCPs [6]. Such versatile structural and chemical
control has established MOFs as a promising platform for a wide
range of applications, including gas storage and separation [7–
9], catalysis [10, 11], charge and ion transport [12–14], magnetism
[15, 16], and more.

In contrast, extending comparable levels of structural pro-
grammability and functional control to the emerging class
of amorphous MOFs (aMOFs) remains relatively underex-
plored [17]. The absence of long-range periodicity can impart
ommercial License, which permits use, distribution and reproduction in any
oses.
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FIGURE 1 Schematic representation of the bottom-up assembly of functionally programmable aMOFs. This modular approach utilizes Rh-based
MOPs as chemically designable nodes. Crosslinking occurs exclusively at open axial metal sites, ensuring that intrinsic node-bound functionalities are
retained within the resulting aMOFs.
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dvantageous properties, including enhanced processability,
road compositional compatibility, tunable optical responses,
nd, in some cases, improved ion mobility [18–24]. How-
ver, only a limited number of bottom-up synthetic strategies
ave been reported that employ predefined building blocks to
ationally introduce functionality into aMOFs [25–29]. These
xamples rely on direct coordination between metal ions or
xo-clusters and multitopic organic linkers, forming extended
morphous networks through metal–linker crosslinking in a
imilar manner to the predetermined SBUs of crystalline sys-
ems. For instance, zirconium-based aMOFs are synthesized via
inker exchange between acetate-capped Zr clusters and ditopic
icarboxylate linkers [28]. Such substitution-based approaches
nherently restrict node-level functionalization, as functional
roups initially associated with the metal building units are
isplaced during framework formation, limiting the extent to
hich functionality can be preprogrammed into the resulting
aterials.

ere, metal–organic polyhedra (MOPs) are introduced as chem-
cally designable and structurally complex building units to
vercome the design limitations of aMOFs. MOPs are discrete,
age-like architectures, some of which feature paddlewheel
etal nodes with accessible axial coordination sites, enabling
rosslinking to occur without disrupting intrinsic node-bound
unctionality (Figure 1) [30–36]. Using well-defined rhodium-
ased MOPs as molecular nodes, extended amorphous frame-
orks are constructed through post-assembly crosslinking with
lexible ditopic linkers. Crucially, this strategy preserves func-
ional groups embedded within the MOP building blocks,
llowing molecular-level properties to be directly transferred
o the resulting aMOFs. As demonstrated here using a sul-
onated Rh-based MOP, crosslinking with bis-pyridinyl and
is-imidazole linkers yields a series of amorphous frameworks
n which the MOP units are preserved, as confirmed by pair
istribution function analysis. Variations in proton conductivity
cross the resulting materials, including an aMOF constructed
rom functional-group-free MOP, highlight the roles of node-
ound functional groups, linker flexibility, and the spatial
eparation of acidic sites, underscoring the potential of MOP-
ased assembly as a platform for functionally programmable
MOFs.
of 10
2 Results and Discussion

2.1 Synthesis and Crystal Structure of
SO3RhMOP

The sulfonate-rich metal–organic polyhedral building unit
(SO3RhMOP) was synthesized by reacting rhodium(II) acetate
dimer with 5-sulfo-1,3-benzenedicarboxylic acid monosodium
salt (NaSO3bdcH2) in a mixed solvent of N,N-dimethylacetamide
(DMA) and water at 120◦C for 24 h (Figure 2A, see detailed
methods in the ESI). The resulting purple solution was left
to stand at room temperature for one month, during which
purple single crystals suitable for single-crystal X-ray diffraction
(SCXRD) analysis were obtained (Figure 2B). In this work,
SO3RhMOP was synthesized using the sodium salt NaSO3bdcH2
rather than the protonated ligand isophthalate-5-sulfonic acid
(HSO3bdcH2) in order to prevent undesired self-polymerization
into crystalline MOF, which potentially occurs when the sulfonic
groups are present in their protonated form [37, 38].

SCXRD analysis revealed that SO3RhMOP crystallizes in the
I4/m space group, the same space group as SO3RhMOP pre-
pared from HSO3bdcH2 [37], with two polyhedral molecules
per unit cell (Table S1 and Figure S1). Each discrete molecule
is composed of twelve Rh2 paddlewheel units interconnected
by twenty-four sodium 5-sulfo-1,3-benzenedicarboxylate ligands,
forming a cuboctahedral architecture (Figure 2C,D). The external
axial sites are occupied by DMA and water molecules, whereas
internal axial sites of all the Rh2 paddlewheels are coordinated by
dimethylamine (Me2NH) molecules, which are generated in situ
via hydrolysis of DMA under solvothermal reaction conditions.
These structural features are essentially the same as SO3RhMOP
prepared from HSO3bdcH2 [37].

Although the positions of Na+ cations could not be refined
crystallographically, their presence was confirmed by inductively
coupled plasma-optical emission spectroscopy (ICP-OES), which
indicated a Na+:Rh2+ ratio to be approximately 0.8:1 (Table S2).
Combined results from SCXRD and ICP-OES analyses establish
the chemical formula of the polyhedron in its single-crystal form
as H4.8Na19.2[Rh24(SO3bdc)24(Me2NH)12(H2O)4(DMA)8]. Charge
neutrality must be achieved by partial protonation of the –SO −
Small, 2026
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FIGURE 2 Crystal structure of SO3RhMOP. (A) The structure of the dirhodium paddlewheel and the sodium 5-sulfo-1,3-benzenedicarboxylate
ligands (NaSO3bdc)2−. (B) Optical microscopy image of the as-synthesized SO3RhMOP in the original solution. (C) The crystal structure and (D) packing
structure of SO3RhMOP. Rh, S, O, C, and N atoms are represented in green, yellow, red, gray, and light blue, respectively. H atoms are omitted for clarity.
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37], where protons are assumed to originate from the hydrolysis
f DMA. Compared to previously reported crystal structures of
24[Rh24(SO3-bdc)24(Me2NH)12(H2O)4(DMA)8], which contains
o Na+ cations, the unit cell volume observed in this study
s significantly larger. The former has a larger unit cell vol-
me than that of the latter at lower temperature (36919.9(4)
3 at 170 K versus 35930.3(7) Å3 at 200 K), which is consis-
ent with the incorporation of Na+ cations into the structure
Table S1).

e further synthesized SO3RhMOP powder on a larger scale
see detailed method in ESI). After washing the sample thor-
ughly with fresh DMA and acetone, subsequent drying at 85◦C
ielded a purple amorphous powder. The loss of crystallinity was
onfirmed by powder X-ray diffraction (PXRD, Figure S2). The
morphous nature of SO3RhMOP in the powder form is attributed
o its hygroscopicity and the inherently weak intermolecular
nteractions between discrete polyhedral units [39]. Notably, the
s-synthesized crystals also lose crystallinity upon removal from
heirmother liquor. Synchrotron pair distribution function (PDF)
nalysis revealed that the short- to intermediate-range structure
f amorphous SO3RhMOP closely resembles the simulated PDF
attern derived from the single-crystal model (Figures S3, S4).
urther discussion of the PDF analysis is provided in a later
ection. The overall composition of the bulk SO3RhMOP was
haracterized by 1H nuclear magnetic resonance (NMR) spec-
roscopy (Figures S5, S6) and thermogravimetric analysis (Figure
7 and Table S3).
mall, 2026
2.2 Synthesis of Crosslinked SO3RhMOP

To construct aMOFs, SO3RhMOPs were employed as sulfonate-
rich molecular building units and crosslinked via ditopic linkers.
Rh–Rh paddlewheel clusters in Rh-based MOPs are known to be
inert at their equatorial sites but readily exchange coordination
bonds at their axial positions, particularly with N-donor linkers
[40, 41]. Three flexible ditopic linkers, 1,4-bis[(1H-imidazol-1-
yl)methyl]benzene (BIX), 1,3-di(4-pyridyl)-propane (DPP), and
1,2-bis(4-pyridyl)ethane (DPE), were selected to promote the
formation of amorphous products (Figure 3A).

For the synthesis of aMOFs, SO3RhMOP and each ditopic linker
were first dissolved separately in DMF to afford clear solutions.
The SO3RhMOP-DMF solution was then added to the vigorously
stirring linker-DMF solution, producing red solutions containing
kinetically trapped species (Figure S8), inwhich each SO3RhMOP
is coordinated by the ditopic linker in amonodentate fashion [42].
Coordination of the linkers to SO3RhMOP inDMFwas confirmed
by the λmax shifts in the UV–vis spectra [33, 41]. The absorption
maximum at 551 nm, observed for SO3RhMOP, shifted to 528,
521, and 521 nm upon addition of 12 molar equivalents of BIX,
DPP, and DPE, respectively (Figure S9). Heating the solutions
to 120◦C for 24 h induced gelation. The gelation indicates that
crosslinking between MOP units occurs upon heating, driven
by the simultaneous dissociation of excess linkers and the
subsequent crosslinking of MOPs by the remaining coordinated
linkers (Figure S10) [43, 44]. The resulting gels were washed and
3 of 10
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FIGURE 3 (A) Schematic overview of the bottom-up synthesis of amorphous metal–organic frameworks (aMOFs) using metal–organic polyhedra
as building units. Optical images of the resulting aMOF constructed from the ditopic linkers 1,4-bis[(1H-imidazol-1-yl)methyl]benzene (BIX), 1,3-di(4-
pyridyl)propane (DPP), and 1,2-bis(4-pyridyl)ethane (DPE). Scale bar= 0.5 mm. (B) Donut-chart representation of the number of unique linkers (nlinker)
coordinated to each SO3RhMOP node (maximum = 12), derived from the 1H NMR spectra of the digested aMOFs (Figures S23–S33), along with
the corresponding calculated network branch functionality, f. The f value represents the average number of linkers (bridges) emanating from each
SO3RhMOP (junction) in the aMOF, assuming that each ditopic linker preferentially coordinates to two distinct SO3RhMOPs. Given the 12 exohedral
Rh coordination sites per SO3RhMOP, the theoretical maximum f value is 12, corresponding to full utilization of all sites to connect 12 neighboring
SO3RhMOP via 6 ditopic linkers per SO3RhMOP (see more detail in ESI Figure S34).
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hen dried at 80◦C for 24 h followed by 120◦C for an additional
4 h (see detailed method in ESI), affording dense solids with
mooth surfaces at both the macroscopic (Figure 3A) and micro-
copic (Figures S11–S16) scales. The samples are referred to as
MOF-BIX, aMOF-DPP, and aMOF-DPE, according to the linker
mployed during crosslinking. The amorphous nature of all
amples was confirmed by the broad, diffuse scattering features
bserved in their PXRD patterns (Figure S17). Thermogravimetric
nalysis under N2 showed an initial weight loss of 7.5–8.6
t% (Figures S18–S21), attributed to dehydration, followed by a
lateau indicating that the aMOFs are thermally stable up to at
east 225◦C. Differential scanning calorimetry (DSC, Figure S22)
of 10
measurements of all samples revealed no endothermic baseline
shift within the measurement temperature range, indicating
the absence of a detectable glass transition temperature and
supporting their classification as aMOFs [45].

2.3 Network Structure of aMOFs

1H NMR analysis of acid-digested aMOFs reveals that the aver-
age numbers of incorporated linkers per polyhedron (nlinker)
are 5.6, 9.5, and 9.6 for aMOF-BIX, aMOF-DPP, and aMOF-
DPE, respectively (Figure 3B; Figures S23–S33). Because each
Small, 2026
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O3RhMOP possesses 12 exohedral Rh sites available for linker
oordination, full saturation corresponds to nlinker = 12 (Figure
34). Locally, all three aMOFs consist of SO3RhMOP nodes that
unction as “junctions,” interconnected by ditopic linkers acting
s “bridges” through coordination bonds. The average number of
ridges emanating from each junction, and thereby connecting
he network, is defined as the network branch functionality, f [46,
7]. Assuming that each ditopic linker preferentially coordinates
o two distinct junctions, the f value can be estimated directly
rom the measured nlinker values (Figure 3B; Figure S34).

or aMOF-BIX, the f value is estimated to be 11.2, approaching the
heoretical maximum for this system (fmax = 12). This indicates
hat nearly all the exohedral Rh sites participate in bridging
nteractionswith unique SO3RhMOPneighbors, yielding a highly
rosslinked network. The f value observed for aMOF-BIX is
otably high relative to previously reported amorphous gels
r aerogels constructed from other Rh-based MOPs and BIX
inkers. For example, reacting 1-dodecyl-1H-imidazole-stabilized
Rh2(benzene-1,3-dicarboxylate)2]12 with BIX produces gels and
erogels with f values between 3.0 and 6.6 [48]. The f value for
MOF-BIX is comparable to the maximum connectivity achieved
or [Rh2(5-dodecoxybenzene-1,3-dicarboxylate)2]12, for which f
12 was reported under optimized synthesis conditions and

epending on the physical form of the product [33, 49].

oth aMOF-DPP and aMOF-DPE exhibit lower f values (5.0 and
.8, respectively) than aMOF-BIX. This reduction arises because
substantial fraction of the linkers coordinate to the SO3RhMOP
ode in a monodentate fashion, thereby decreasing the number
f bridging connections per node and consequently lowering the
values [49]. A plausible explanation for the difference between
MOF-BIX and aMOF-DPP/aMOF-DPE lies in the differing
asicities of their N-donor sites. During the crosslinking process,
IX, whose conjugate acid has a higher pKa than those of
PP and DPE, is more readily protonated. For reference, the
Ka values reported for 1-methylimidazole and 4-methylpyridine
re 7.20 and 6.02, respectively [50, 51]. Protonation facilitates
he temporary generation of additional vacant Rh sites, which
an subsequently be occupied by other BIX molecules already
oordinated to neighboring SO3RhMOP nodes. This equilibrium
the site-opening and re-coordination processes mediated by
rotons) promotes a higher degree of crosslinking in aMOF-BIX,
onsistent with its larger f value [49, 52].

.4 Short-Range Structure

etention of SO3RhMOP building units in amorphous aMOF
amples was characterized using synchrotron X-ray total scat-
ering combined with PDF analysis (Figure 4A,B) [53]. Fourier
ransformation of the total structure factor, S(Q), with application
f the Lorch modification yields the PDF, G(r), which provides
eal-space structural information by describing the probability
f finding atomic pairs at specific interatomic distances (Figures
35–S41) [54–56]. Assignment of the PDF features was supported
y comparison with the simulated PDF pattern and partial
DFs calculated from the single-crystal structure of SO3RhMOP
Figure S4). The observed PDF peaks can be grouped into four
istinct regions, as highlighted in Figure 4A and B. Region I
1.5–2.5 Å) corresponds to interatomic distances within the Rh2
mall, 2026
paddlewheel units. Region II (2.5–7.5 Å) comprises distances
between Rh atoms and portions of the coordinated linkers.
Region III (7.5–12 Å) covers distances between neighboring Rh2
paddlewheel units. Region IV (12–24 Å) represents correlations
within a single SO3RhMOP polyhedron [57]. The PDF features of
aMOF-BIX, aMOF-DPP, and aMOF-DPE closely resemble those
of SO3RhMOP, including retention of the Rh⋯Rh4 correlations
at interatomic distances of approximately 16–17 Å. Together with
the comparable Fourier transform infrared (FTIR, Figure S42)
spectra observed for SO3RhMOP and the corresponding aMOFs,
these results confirm that the SO3RhMOP building units remain
intact in all aMOFs [28]. This behavior contrasts with zeolitic
imidazolate framework glasses, where the melt-quenching pro-
cess induces short-range disorder arising from distortions of the
Zn[ligand]4 tetrahedral units [58]. At higher r values, the PDFs
become largely featureless due to signal damping originating
from the amorphous nature of the samples [59].

2.5 Free Volume of aMOFs

Changes in the average pore radius and free volume between
SO3RhMOP and the corresponding aMOFs with different linker
identities under ambient conditions, without sample activation,
weremonitored using positron annihilation lifetime spectroscopy
(PALS, Figure 5; Figure S43). The orthopositronium (o-Ps) life-
time (τ3) and its relative intensity (I3), corresponding to the
longest-lived component, are correlated with the average pore
radius and the relative number of free-volume cavities, respec-
tively [60]. The estimated pore radii (and corresponding τ3 values)
for SO3RhMOP, aMOF-BIX, aMOF-DPP, and aMOF-DPE are
0.282 nm (1.96 ns), 0.290 nm (2.04 ns), 0.271 nm (1.84 ns), and
0.275 nm (1.89 ns), respectively. The PALS-derived free-volume
parameters (τ33I3) are 20.7, 18.9, 14.1, and 15.5 ns3%, respectively.
Among the aMOF samples, these trends are consistent with the
N2 gas-accessible porosity data, indicating that the free volume
is strongly influenced by linker rigidity (see detail in ESI, Figure
S44). Considering that all samples are predominantly composed
of SO3RhMOP units, the comparatively higher free-volume
parameter observed for pristine SO3RhMOP likely originates
from external cavities formed by loosely packed SO3RhMOPunits
and incorporated interstitial water molecules [37, 61].

2.6 Water Stability and Proton Conductivity

The presence of a high density of hydrophilic moieties in
SO3RhMOP and the corresponding aMOFs, including sulfonate
groups and Na+ ions, motivated us to evaluate their pro-
ton conductivity [62, 63]. Previous studies have shown that
MOPs containing sulfonic acid groups exhibit promising proton
conductivities, reaching approximately 15 mS cm−1 at 85◦C and
90% relative humidity (RH), and up to 25 mS cm−1 at 95◦C [37].
Although high proton conductivity can be achieved with discrete
MOPs, their practical application is limited by their high water
solubility, which leads to a significant risk of dissolution upon
exposure to liquid water during condensation events [64].

Water stability was therefore assessed by immersing all materials
in deionizedwater at 25◦Cunder static conditions for twomonths
(Figure S45). SO3RhMOP remained solid without undergoing
5 of 10
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FIGURE 4 (A) Local coordination environment and pair-distance labeling in SO3RhMOP. Rh, S, O, and C atoms are represented in green, yellow,
red, and gray, respectively. H atoms and solvent molecules are omitted for clarity. (B) Experimental pair distribution functions (PDFs) of SO3RhMOP,
aMOF-BIX, aMOF-DPP, and aMOF-DPE. Peaks are grouped into four main regions, highlighted in (A). Peak labels are assigned based on partial PDFs
(Figure S4) simulated from crystal structures of SO3RhMOP. Additional S(Q) data and extended PDF data up to 40 Å are provided in Figures S35–S41 of
the ESI.

FIGURE 5 Pore radius of SO3RhMOP, aMOF-BIX, aMOF-DPP,
aMOF-DPE, and PALS parameter (τ33I3). These cavity sizes were derived
from the orthopositronium (o-Ps) lifetime component (τ3) obtained via
Positron Annihilation Lifetime Spectroscopy (PALS). See Figure S43 for
the PALS spectra and Table S4 for the complete parameters.
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eliquescence at 90% RH and 85◦C. However, upon direct contact
ith liquid water, it dissolved immediately and was completely
issolved within 2 h. Similarly, aMOF-DPP exhibited substantial
issolution and fully dissolved after 7 days. In contrast, no
isually detectable dissolution was observed for aMOF-BIX or
MOF-DPE over the two-month period. The water stability of
MOF-BIX and aMOF-DPE was further evaluated at elevated
emperature by immersing the samples in water at 70◦C for 24 h
Figure S46). Under these conditions, aMOF-DPE completely
issolved, indicating that the apparent water stability observed at
oom temperature is kinetically limited. In contrast, aMOF-BIX
emained stable, with no detectable dissolution observed by UV–
of 10
vis spectroscopy (Figure S47). This difference in water stability
correlates well with the pKa values of the linkers employed.

Based on their water stability at room temperature, aMOF-BIX
and aMOF-DPE were selected for further proton conductivity
evaluation under humidified conditions, in comparison with
pristine SO3RhMOP (Figure 6A). All samples were prepared
as pressed pellets from powder, and their proton conductivities
were measured using alternating-current (AC) impedance spec-
troscopy under a humidified atmosphere at 90% RH. Pristine
SO3RhMOPexhibits a proton conductivity of 2.0mS cm−1 at 30◦C,
which increases to 16.7 mS cm−1 as the temperature is raised
to 85◦C. The activation energy (Ea) for proton conduction was
determined to be 0.40 eV, which lies at the empirical boundary
commonly used to distinguish between the Grotthuss and vehicle
mechanisms [65–67, 13]. Notably, negligible conductivity was
observed at 100◦C under dry N2 atmosphere, indicating that
charge transport is predominantly mediated by incorporated
water [68]. Protonmigration is therefore likely to proceed via hop-
ping through a hydrogen-bonding network composed primarily
of water molecules, stabilized by interactions with hydrophilic
sulfonate groups and hydrated Na+ ions [69].

Crosslinking the proton-conductive moiety (in this case
SO3RhMOP) typically decreases conductivity dramatically,
often due to an increase in spatial separation and a decrease in
the degree of freedom in motion caused by crosslinking [70].
However, aMOF-DPE exhibits conductivity of 1.6 mS cm−1 at
30◦C, comparable to that of SO3RhMOP at 30◦C (Figure 6A). We
attribute this suppression of the negative impact of crosslinking
to the relatively small spatial separation of aMOF-DPE (Figure 5).
In addition, the presence of non-coordinated pyridyl groups on
the monodentate DPE linker, as suggested by the smaller f
value of aMOF-DPE, may provide additional hopping sites that
facilitate proton migration. The proton conductivity of aMOF-
DPE reaches 4.8 mS cm−1 at 85◦C with an Ea of 0.20 eV. The
benefit of crosslinking (enhanced water stability) is remarkable
in aMOF-DPE, considering the limited drop of conductivity
Small, 2026

ve C
om

m
ons L

icense



FIGURE 6 (A) Variable temperature proton conductivity at 90%
relative humidity (RH) of SO3RhMOP, aMOF-BIX, aMOF-DPE, and
HRhMOP. Nyquist plots are provided in Figures S48–S54. The activation
energy (Ea) values were calculated from Arrhenius plots (Figure S55).
Conductivity values are provided in Table S9. (B) Schematic illustration
of the contributions of node-bound functional groups to humidity-
dependent proton conductivity. Rh, S, O, and C atoms are represented in
green, yellow, red, and gray, respectively. H atoms and solvent molecules
are omitted for clarity.
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reati
nd lowered Ea compared to those of SO3RhMOP. Notably,
MOF-DPE retains its fine powder morphology without any
bservable swelling after 8 h under humidified conditions (90%
H and 85◦C, Figure S57).

he drop in conductivity is more prominent in aMOF-BIX.
MOF-BIX exhibits a proton conductivity of 0.016 mS cm−1 at
0◦C, increasing to 1.4 mS cm−1 at 85◦C with Ea of 0.76 eV
Figure 6A). The substantial decrease in proton conductivity,
ccompanied by an increase in Ea relative to SO3RhMOP, is
otentially attributed to the larger spatial separation between
ulfonate groups (Figure 5) and the restricted mobility imposed
y the relatively rigid BIX linker and the highly crosslinked
etwork (f = 11.2). In addition, aMOF-BIX shows lower water
ptake compared to aMOF-DPE. For example, aMOF-BIX con-
ains 26.3wt% H2O, which is lower than the 32.2 wt% observed
or aMOF-DPE under identical conditions (30◦C and 90% RH,
igure S58). The higher hydration level in aMOF-DPE is expected
o facilitate proton transport under humidified conditions [71].
onetheless, the conductivity of aMOF-BIX is comparably high
o the best value of the previously reported Zr-based aMOFs
ynthesized via bottom-up approaches, where water-mediated
roton conductivity is governed predominantly by the acidity of
mall, 2026
functional groups on the organic linkers (0.031 mS cm−1 at 30◦C
and 95% RH) [28]. The superior performance of aMOF-DPE and
aMOF-BIX suggests the advantage of the material design using
the node-bound functionality.

The importance of node-bound functionality is further high-
lighted by an analogous aMOF without a functional group. We
prepared this aMOF (hereafter aMOF-H-BIX) from a sulfonate-
free MOP [72], [Rh24(Hbdc)24] (hereafter HRhMOP) and the
ditopic BIX linker (see ESI Figures S59–S66 for detailed synthesis
and characterization). Notably, the proton conductivity of aMOF-
H-BIX (f = 5.5, see ESI) was below the instrumental limit,
effectively making it an insulator (Figure 6B; Figure S67). The
proton conductivity of discrete HRhMOP at 90% RH exhibited
values of 0.013 and 0.13 mS cm−1 at 30 and 85◦C, respectively,
which is lower than the values of aMOF-DPE and aMOF-
BIX throughout the measured temperature range. The observed
difference in conductivity demonstrates the effectiveness of our
bottom-up strategy, where we can preserve functional groups
embedded within the MOP building blocks.

Millimeter-scale, self-standing aMOF-BIX films can be fabricated
by reducing the thickness of the kinetically trapped solution
within an enclosed container during gelation without modifying
other synthesis parameters. This approach reduces the thickness
of the resulting cross-linked gel and, consequently, the final
aMOFmaterial after drying. For example, maintaining a solution
height of 4 mm yields aMOF-BIX films with a thickness of
approximately 11 µm(Figure S68). In contrast, aMOF-DPE ismore
difficult to process into large-area films (Figure S69), likely due
to its lower degree of cross-linking. Nevertheless, these results
indicate that film formation is feasible through geometric control
of the reaction medium. With further optimization of synthesis
conditions, particularly solution thickness and drying protocols,
the fabrication of application-ready, self-standing aMOF films is
achievable.

3 Conclusions

In conclusion, we have demonstrated a bottom-up approach to
amorphous metal–organic frameworks that decouples network
formation from node functionalization by employing sulfonate-
rich metal–organic polyhedra as molecular building units. This
strategy enables the preservation of well-defined Rh-based
MOP architectures within extended amorphous networks while
allowing modulation of network connectivity, free volume, and
transport properties through the choice of linkers. The resulting
aMOFs exhibit enhanced water stability relative to the discrete
MOPprecursor and display tunable proton conductivity governed
by linker flexibility, sulfonate spatial arrangement, and water-
mediated transport pathways. The aMOFs constructed from
sulfonated Rh-based MOPs exhibit proton conductivities exceed-
ing those of previously reported aMOFs from the bottom-up
approach, whereas aMOFs synthesized from functional-group-
free MOPs display insulating behavior. These results underscore
the important role of node-level functionality in amorphous
framework design. Additionally, dual-mode functionality can
be developed to enhance proton conductivity by introducing
functional groups in both the crosslinkers and the nodes.
More broadly, this work establishes MOP-based assembly as a
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