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ABSTRACT: Precise control over phase, topology, and reactivity in metal−
organic frameworks (MOFs) is critical for translating chemical responsiveness
into predictable function. Disulfide-linked coordination networks are
attractive flexible materials, yet their strong sensitivity to synthesis conditions
has hindered mechanistic understanding of how the structure governs
reactivity. Here, we achieve phase control in a zinc disulfide MOF system by
tuning solvent coordination and water activity, enabling access to a
microcrystalline open-pore structure (Zn-MOF-α) and a dense, topologically
distinct isomer (Zn-MOF-β) from the same disulfide linker. Microcrystal
electron diffraction (MicroED) studies determined both structures directly
from micro- and nanocrystalline particles, revealing distinct secondary
building units (SBUs), connectivity, and pore architecture. Systematic solvent studies identify water as a driver of α → β
transformation, while the reverse transformation (β → α) is accessible in solutions of N,N-dimethylformamide in water (DMF/
H2O). Time-resolved experiments reveal a clear time and solvent dependence between the α- and β-phases, supporting distinct
assembly pathways. By correlating topology, morphology, Brunauer−Emmett−Teller (BET), thermal gravimetric analysis (TGA),
and spectroscopic signatures including electron paramagnetic resonance (EPR), we show that the open α-framework provides higher
sulfur-centered radical populations and lower thermal robustness relative to the dense β-phase. Together, these results provide
design rules for predictable phase outcomes and topology-dependent disulfide activation in flexible MOFs, enabling rational control
of structure−function relationships in responsive porous materials.
KEYWORDS: metal−organic frameworks (MOFs), disulfide, reversible isomerization, phase selection,
mirco-electron diffraction (MicroED), powder X-ray diffraction (PXRD), electron paramagnetic resonance (EPR)

■ INTRODUCTION
Metal−organic frameworks (MOFs), a subclass of coordina-
tion polymers, are a highly tunable class of crystalline porous
materials generated through the self-assembly of metal ions or
metal ion SBUs and organic linkers.1,2 Their low density and
high surface areas make them well-suited for applications in
filtration,3 catalysis,4 and water harvesting.3−5 Traditionally,
rigid organic ligands have enabled the development of
isoreticular MOF families with predictable pore architec-
tures.6,7 While this rigidity affords structural predictability, it
also constrains the accessible design space and limits
opportunities for adaptive or switchable function. More
recently, flexible linkers have been employed to incorporate
stimuli-responsive conformational changes,8−10 including
reversible pore deformation (“breathing” or “gating”) that
can enhance molecular separations11,12 and drug delivery.13

Linker flexibility enables multiple accessible architectures
within a single chemical system, suggesting that structurally

distinct yet isolatable MOFs can be obtained through
controlled assembly conditions rather than changes in
molecular composition. Among flexible ligands, disulfide-
based ligands are particularly attractive due to their redox
activity and structural analogy to disulfide bonds in proteins.14

Elevated glutathione (GSH) concentrations within the tumor
microenvironment can cleave disulfide bonds, motivating the
development of disulfide-containing MOFs as redox-responsive
scaffolds.15−17 Despite this promise, the influence of frame-
work topology and phase on disulfide activity remains
underexplored. While disulfide-bridged MOFs frequently
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display isomerism and topological diversity,18 direct exper-
imental isolation and structural characterization of multiple
disulfide-linked MOF isomers from a single linker system
remain rare. Such framework isomers can exhibit dramatically
different pore environments, stability, and functional behavior
despite being constructed from the same building blocks,
highlighting the importance of understanding solvent-directed
assembly pathways in flexible MOF systems.19

Establishing topology-dependent structure−property rela-
tionships in microcrystalline framework materials requires
methods capable of resolving atomic connectivity from crystals
well below the size threshold of conventional of single crystal
X-ray diffraction (SXRD). Microcrystal electron diffraction
(MicroED) addresses this limitation by enabling structure
determination from crystals orders of magnitude smaller than
those accessible by SXRD.20−22 Accessing and stabilizing such
microcrystalline frameworks, however, requires deliberate
control over nucleation, growth, and assembly pathways.
This interplay between synthetic control and structure
determination provides a foundation for understanding how
solvent-directed assembly governs framework topology, phase
selection, and emergent material properties.
In this work, we employ mild, solvothermal conditions to

access disulfide-bridged zinc MOFs as microcrystalline
powders. Using aqueous ethanol (EtOH) as a more environ-
mentally friendly alternative to conventional coordinating
solvents,23,24 we isolate the previously reported25 framework
HI-103 (herein Zn-MOF-α) alongside a second, structurally
distinct phase (Zn-MOF-β) obtained through modulation of
water content (Figure 1). MicroED enables structural
elucidation of both phases, providing a foundation to examine
how solvent composition directs phase selection and frame-
work topology. We further demonstrate that solvent environ-
ment governs stability and interconversion of these isomers,
revealing a reversible relationship between the open (α) and
collapsed (β) frameworks. By correlating structural features
with spectroscopic, thermal and absorption measurements, we
establish connections between framework topology, porosity,
and disulfide activation. Overall, this work demonstrates how
control of solvent compositions enables structural precision
and tunable activity in disulfide-linked MOFs, establishing a

generalizable pathway for accessing responsive frameworks
through greener solvent systems.

■ SYNTHESIS

4,4�-Dithiodibenzoic Acid (4-DBA)

The synthesis of 4,4′-dithiodibenzoic acid (4-DBA) was
adapted from a previously reported procedure.26 4-Mercapto-
benzoic acid (1.60 g, 10.4 mmol) was dissolved in absolute
ethanol (150 mL) to afford a clear yellow solution. A saturated
solution of I2 in ethanol (10 mL) was added dropwise,
resulting in the formation of a white precipitate. Dropwise
addition was continued until a persistent dark coloration was
observed, at which point further addition was stopped. The
reaction mixture was stirred at room temperature for an
additional 2 h to ensure consumption of the thiol precursors.
The resulting solid were collected by vacuum filtration, washed
with ethanol until the filtrate ran clear, and dried under high
vacuum overnight to afford the product as a white powder
(1.38 g, 87% yield). 1H NMR (700 MHz, DMSO-d6) δ (ppm):
13.05 (s, 2H, −COOH), 7.93 (d, 4H, Ar−H), 7.64 (d, 4H,
Ar−H) (Figure S1). FTIR (ATR, cm−1): 3367−2235 (br, O−
H stretch), 1676 (s, C�O stretch) (Figure S14)
Zn-MOF-�, [Zn3(�3-O)2(4-DB)2]

4-DBA (152 mg, 1.0 eq.) and Zn(CH3COO)2 (anhydrous, 254
mg, 2.8 eq.) was combined in a 250 mL round-bottom flask.
The solids were suspended in 95% ethanol in water (100 mL)
and sonicated in a bath sonicator for 30 min (see the
Supporting Information). The mixture was then heated to 70
°C and left undisturbed for 6 h. The resulting white solid was
isolated by vacuum filtration, air-dried and analyzed by PXRD.
Isolated yield: 165 mg, 80% (based on 4-DBA), calculated for
the as-synthesized formula unit Zn3(μ3-O)2(4-DB)2.
Zn-MOF-�, [Zn(�2-O)(4-DB)1/2]

To obtain the β-isomer, the synthesis described above was
repeated, substituting the 95% ethanol with 80% ethanol,
prepared by diluting absolute ethanol with deionized water.
Isolated yield: 209 mg, 93% (based on 4-DBA), calculated
from the as-synthesized formula unit [Zn(μ2-O)(4-DB)1/2].

Figure 1. Reaction scheme illustrating the self-assembly of 4,4′-dithiodibenzoic acid (4-DBA) with Zn(CH3COO)2 to afford two isomers, Zn-
MOF-α and Zn-MOF-β. The β-phase can be obtained either via postsynthetic collapse of the α-phase or directly from reactions carried out in
ethanol/H2O mixtures with a higher water content (70−90% EtOH in H2O). Conversely, the α-phase can be regenerated by heating Zn-MOF-β in
DMF/H2O followed by removal of DMF under vacuum.
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Figure 2. (a) Powder X-ray diffraction (PXRD) data comparing experimental and simulated patterns for Zn-MOF-β (top) and Zn-MOF-α
(bottom). Characteristic reflections are labeled with their corresponding hkl indices to highlight phase-specific features. The good agreement
between simulated and experimental patterns confirms the formation of the respective isomers. (b) Crystal structures of the β (top) and α
(bottom) isomers viewed along the a-axis, with representative hkl planes indicated. (c) SEM (left) and TEM (right) images of both isomers,
showing their distinct morphologies (scale bars shown).
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Zn-MOF-� → Zn-MOF-�

Samples identified by PXRD as containing mixed isomers were
converted to pure Zn-MOF-β by refluxing the solids in 80%
ethanol in water for 10 h. The β-phase was obtained upon
isolation and drying under vacuum (>1 mbar) for 120 h.
Zn-MOF-� → Zn-MOF-�

Phase pure Zn-MOF-β (0.110 g) was suspended in a 9:1
DMF: H2O solution (20 mL) and heated (100 °C) for 12 h.

Solids were isolated via centrifugation. Zn-MOF-α was
obtained after heating obtained solids (80 °C) under vacuum
(>1 mbar) for 120 h.
Microcrystal Electron Diffraction (MicroED) and 3D
Electron Diffraction (3DED)

For MicroED analysis, a small amount of powder (∼ 1 mg)
was crushed between two glass slides to make crystals small
enough for MicroED/3DED. A 3 mm diameter lacey carbon

Figure 3. (a) Structures of Zn-MOF-β (top) and Zn-MOF-α (bottom), with the disulfide bond highlighted in yellow. Both isomers exhibit CS−SC
dihedral angles close to 90°. (b) Coordination environments of the β (top) and α (bottom) isomers, with Zn (blue) and O (red) atoms colored for
clarity. All zinc centers (Zn-1 and Zn-2) in β adopt tetrahedral geometries, whereas α contains one octahedral zinc center (Zn-3) flanked by
tetrahedral zinc centers (Zn-1 and Zn-2). (c) Raman spectral comparison, labeled peaks correspond to the ν(S−S) and νs(COO−) stretching
modes. (d) FT-IR spectra of both isomers, with alcohol and carboxylate stretching modes labeled. (e) Comparison of wide-scan XPS spectra, with
characteristic elemental peaks indicated. (f) High-resolution S 2p XPS spectra. The α-isomer exhibits an additional component, suggesting the
presence of free thiol species under ambient conditions.
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transmission electron microscopy (TEM) grid was swept
through the material. The grid was secured in a JEOL high-tilt
(∼160° of tilt) specimen holder at room temperature. The
specimen holder was inserted into a Rigaku XtaLAB Synergy-
ED electron diffractometer equipped with a HyPix-ED
detector that is optimized for MicroED/3DED data collection.
The XtaLAB Synergy-ED uses a 200 kV electron gun with a
lanthanum hexaboride crystal as the electron emitter and
produces an electron wavelength of 0.0251 Å.20,21 Diffraction
data sets were collected using a 100-μm selected area aperture.
All instrument operations and data processing are run by
Rigaku CrysAlisPro software.27 Data sets were typically
collected on multiple crystals to find the best data set on a
single crystal; however, sometimes data sets were merged to
increase both completeness and redundancy. All structures
were solved via intrinsic phasing methods using ShelXT and
refined using Least Squares minimization in ShelXL within the
Olex2 graphical user interface.28,29 All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included in
the model at geometrically calculated positions, distance
adjusted with neutronhdist command and refined using a
riding model.30

■ RESULTS AND DISCUSSION

Analysis of the Crystallographic Structure from MicroED
MicroED was employed to resolve the crystal structures of
both isomers directly from microcrystalline powders, enabling
atomic level comparison in the particle size regime relevant to
functional studies. The crystallographic data for Zn-MOF-α
and Zn-MOF-β have been deposited with the Cambridge
Crystallographic Data Centre (CCDC 2553421 and 2553422,
respectively). Zn-MOF-α crystallizes in the P-1 space group
with the formula [Zn3(μ3-O)2(4-DB)2] (Tables S1 and S3 and
Figures S5−S7). The α-phase contains a trinuclear Zn3(μ3-O)
cluster, in which an oxo ligand (O−) bridges all three Zn
centers, with two deprotonated 4,4′-dithiodibenzoic acid (4-
DB) linkers coordinating around the cluster. The resulting
framework adopts a triclinic lattice (a = 6.2018(6) Å, b =
12.8563(9) Å, c = 13.1081(13) Å; α = 63.296(8)°, β =
79.643(9)°, γ = 88.544(8)°) and contains pronounced void
regions with zigzag channels between coordination chains
(Figure 2b and Figures S8 and S9). This arrangement is
consistent with an expanded, open-pore framework topology
previously reported for HI-103.25 However, unlike HI-103, our
synthetic conditions causes in a DMF free pore environment.
In contrast, Zn-MOF-β crystallizes in the monoclinic P21

space group with formula [Zn(μ2-O)(4-DB)1/2] (Tables S1
and S2 and Figures S2−S4). The structure is composed of
dinuclear Zn2O SBUs bridged by 4-DB linkers and exhibits
unit cell parameters a = 5.8616(3) Å, b = 9.8146(7) Å, c =
27.014(3) Å, β = 92.065(6)°. Unlike the α-phase, Zn-MOF-β
adopts a densely packed architecture consisting of tightly
packed sheets arranged in a herringbone fashion, resulting in a
denser structure and loss of the zigzag channels observed in
Zn-MOF-α (Figure 2b and Figures S8 and S9). Together,
these MicroED structures establish that solvent control allows
for the access of both open pore HI-103 (α-phase), and a
topologically distinct collapsed isomer (β-phase).
Phase Identification by PXRD
Powder X-ray diffraction (PXRD) was used to distinguish the
two isomers and assess phase purity across synthetic
conditions.31 Zn-MOF-α exhibits two overlapping reflections

at 7.5° and 7.9° 2θ, corresponding to the (001), (010) and
(011) planes associated with the trinuclear zinc cluster (Figure
2a,b). In contrast, Zn-MOF-β displays characteristic intense
reflections at 6.3° and 13.1° 2θ, assigned to the (002) and
(004) planes, which bisect the disulfide and zinc coordination
environment respectively. In all cases, experimental PXRD
patterns are in excellent agreement with the simulated patterns
derived from MicroED structures, confirming phase assign-
ments and long-range crystallinity (Figure 2a,b).
Morphology and Topology Analysis

Scanning and transmission electron microscopy (SEM/TEM)
were used to assess the relationship between framework
structure and particle morphology. Zn-MOF-α forms flower-
like aggregates composed of radially intergrown nanosheets,
whereas Zn-MOF-β crystallizes as thin hexagonal platelets,
reflecting their divergent assembly pathways (Figure 2c,and
Figures S10 and S11). High-resolution TEM images reveal
lattice fringes in both materials, confirming that the observed
particles are crystalline at the nanoscale. These images support
that the SEM-observed morphologies correspond to ordered
framework domains rather than amorphous aggregation
(Figure 2c and Figures S12 and S13).
To rationalize these morphological differences, the frame-

work topologies were analyzed using ToposPro.32 In its
valence-bonded representation, Zn-MOF-α forms an uncom-
mon 3,4,4,6-connected net, where Zn3(μ3-O)2 clusters act as
SBUs bridged by disulfide linkers to generate a 6-connected
lattice with square channels (Figure S44 and Table S10). In
contrast, topological reduction of Zn-MOF-β yields a pcu-like
net arising from its Zn2O SBUs and herringbone packing
arrangement (Figure S45 and Table S11).
Vibrational Spectroscopy

Raman and Fourier-transform Infrared (FT-IR) spectroscopy
were used to compare the local binding environments and
linker conformations in both frameworks. Zn-MOF-α and Zn-
MOF-β exhibit a distinct ν(S−S) stretching mode at 538 cm−1,
consistent with intact aromatic disulfide linkages (Figure 3c
and Figures S18 and S19).33 Despite Raman sensitivity to
conformational changes, the similar disulfide dihedral angles in
Zn-MOF-α and Zn-MOF- β (χ(CS-SC) = 87.6° and 80.6°
respectively, (Figure 3a) are too similar to produce distinguish-
able S−S vibrational shifts. More pronounced differences
appear in the carboxylate region, which is absent from the
Raman spectra of free 4-DBA (Figure S17). The α-phase
exhibits a triplet at 1413 cm−1, whereas the β-phase displays a
single band at 1429 cm−1, both assigned to the symmetric
carboxylate stretch νs(COO−).34 The splitting observed in Zn-
MOF-α reflects carboxylate coordination to zinc centers in
multiple local environments, whereas the uniform tetrahedral
coordination in Zn-MOF-β produces a single vibrational
feature (Figure 3b,c).34

The FT-IR spectra further support these distinctions.
Asymmetric carboxylate stretches νas(COO−) appear as sharp
peaks at 1587 and 1549 cm−1 in the α-phase but are shifted to
1580 and 1532 cm−1 in the β-phase (Figure 3d). This shift is
attributed to a more uniform and constrained Zn−O bonding
environment in the collapsed framework, with Zn−O bond
distances of 2.077 and 2.040 Å, compared to the broader
distribution observed in Zn-MOF-α (2.119, 2.104, 1.899, and
1.912 Å; Figure S9). The corresponding Δ(νas− νs) values (Δ
= 153 cm−1 for α, 130 cm−1 for β) fall within the expected
range for bridging carboxylate coordination, in agreement with
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crystallographic data.35 A sharp ν(O−H) stretch at 3463 cm−1

is observed exclusively in the β-phase, whereas the α-phase
displays a broader O−H feature. The absence of sp3C-H
stretches of similar magnitudes in either spectrum rules out
residual ethanol as the source, suggesting that these bands arise
from terminal hydroxyl groups at surface or edge coordination
sites. The sharper feature in Zn-MOF-β likely reflects a more
uniform coordination environment in the denser framework.34

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to examine
elemental composition and sulfur chemical environments in
both isomers. Survey spectra confirm the presence of Zn, O, C
and S in both materials (Figure 3e). High-resolution spectra
indicate the same Zn(II) oxidation state in both frameworks
(Figure S20). Subtle differences emerge in the S 2p region.
Both isomers display S 2p3/2 doublets at 164.4/163.4 eV (α-
phase) and 164.6/163.4 eV (β-phase) (purple curves, Figure
3f) characteristic of disulfide species.36,37 Notably, an addi-
tional doublet (165.7/165.1 eV) is observed exclusively in the
α-phase. These additional peaks may qualitatively be evidence
for a minor, distinct sulfur environment in the α-phase. The
absence of this feature in the β-phase suggests differences in
the local chemical environment or accessibility of sulfur sites
between the two isomers, although further spectroscopic
investigation would be required for definitive identification.

Solvent and Water-Controlled Isomer Formation

Both isomers (Zn-MOF-α and Zn-MOF-β) were initially
accessed via solvothermal reactions of 4-DBA with zinc acetate
in aqueous ethanol, yielding white microcrystalline powders.
Despite similar reaction conditions, the synthesis exhibited
poor reproducibility, yielding phase-pure α, phase-pure β, or
mixtures of both, as confirmed by PXRD (Figure S25). The
frequent occurrence of mixed-phase products prompted an
investigation into water content and its role in directing phase
formation. Recently, studies using Zn-based MOFs have shown
that lowering water access (e.g., by using nominally anhydrous
Zn(OTf)2) suppresses formation of the oxo-centered Zn4O
SBU and instead favors an alternative nonoxo phase, whereas
increasing water above a critical threshold restores the oxo-
containing framework and ultimately drives additional water-
derived phases at still higher concentrations.38

To evaluate the role of water, reactions were carried out with
systematically varied EtOH/H2O ratios (see the Supporting
Information). PXRD analysis revealed a clear dependence of
phase selection on water concentration (Figure 4c). Reactions
conducted in anhydrous EtOH yielded an unidentified phase
distinct from both α and β, indicating that water is required to
access either framework. At moderate water concentrations
(90−60% EtOH), Zn-MOF-β formed selectively, while higher
water content (<60% EtOH) produced an additional
unidentified phase marked by a new peak at 6.8° 2θ. Notably,

Figure 4. (a) PXRD patterns showing conversion of mixed-phase solids to Zn-MOF-β upon refluxing in 95% EtOH; disappearance of the
diagnostic doublet after 72 h confirms full transformation. (b) Stacked PXRD patterns tracking reversible isomerization of the β-phase under reflux
in 9:1 DMF:H2O, followed by recovery of the β-phase under subsequent reflux in 80% EtOH. (c) Heat map generated from PXRD patterns of
solids obtained at varying EtOH concentrations in water. (d) Heat map generated from PXRD patterns of solids produced at different DMF
concentrations in H2O.
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Zn-MOF-α was never observed under any aqueous ethanol
conditions, indicating that it is inaccessible in the presence of
water over these reaction timescales.
Because Zn-MOF-α could not be accessed in aqueous

ethanol, DMF was examined as a coordinating cosolvent to
probe whether alternative solvent conditions could stabilize
this phase. Reactions conducted in EtOH containing 10−90%
DMF reproducibly yielded phase pure Zn-MOF-α under all
conditions tested (Figure S37, see the Supporting Informa-
tion). To further explore solvent effects, additional reactions
were conducted in DMF/H2O mixtures (0−100% DMF; see
the Supporting Information). In this system the α-phase was
selectively formed over a broad DMF range (100−30%, Figure
4d). Below 30% DMF, the same unidentified phased observed
in aqueous ethanol re-emerged (Figure 4d). This behavior
suggests that DMF stabilizes open coordination environments
during framework assembly, thereby suppressing water-
induced structural transformation.39,40 Collectively, these
results demonstrate that solvent coordination plays a decisive
role in isomer selection, with water�in the absence of strongly
coordinating solvents�favoring formation of the denser β-
phase and DMF enabling stabilization of the α-phase.41,42

Isomer Transformations

The solvent-dependent formation of α, β and mixed-phase
products prompted investigation of the relationship between
the two isomers. These observations raised the question of
whether the phases arise independently or are interconvertible
under solvent control. To monitor crystallite formation, time-
resolved synthesis in aqueous ethanol (90% and 95%; see the
Supporting Information) coupled with ex situ PXRD was
employed, revealing a common intermediate phase immedi-
ately following sonication (Figures S26 and S27). After 1 h at
70 °C, phase evolution diverged with 95% EtOH yielding Zn-
MOF-α, and 90% EtOH yielding Zn-MOF-β. Even under
conditions of elevated temperature and extended reaction
times in 95% ethanol (Figures S28 and S29), the α phase
remained the dominant product. These results do not support
a simple sequential relationship between the two phases and
instead indicate that solvent composition directs distinct
crystallization pathways leading to separate frameworks.
To evaluate interconversion, mixed-phase samples were

refluxed in aqueous ethanol, resulting in a progressive decrease
of α-phase reflections with concurrent growth of β-phase
reflections (Figure 4a and the Supporting Information). In
contrast, refluxing in anhydrous ethanol produced no
detectable structural changes (Figure S36). Increasing water

Figure 5. (a) Thermogravimetric analysis (TGA) profiles of Zn-MOF-α (left) and Zn-MOF-β (right) collected at a heating rate of 5 °C min−1

under a nitrogen atmosphere. The first derivative of the mass loss (% mass °C−1) is overlaid to highlight major decomposition events. (b) X-band
EPR spectra of Zn-MOF-α (left) and Zn-MOF-β (right) before and during constant UV irradiation (140−400 nm). All spectra are plotted on the
same intensity scale to enable direct comparison between isomers.
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content, including soaking in pure water accelerated the α → β
transformation ultimately yielding phase-pure Zn-MOF-β
(Figures S30 and S31), establishing water as the driving
factor. Following this transformation with 1H NMR digestion
yielded differing linker concentrations (Figures S39−S41 and
Tables S6−S8) consistent with the frameworks having different
unit cells.
In our system, the open-pore (α-phase) contains an oxo-

bridged Zn3 motif that is not found in the β-phase. Our results
suggest that this bridging oxo-motif is accessible under limited
water content but becomes destabilized as water content
increases. Elevated water activity may facilitate hydrolytic
reorganization of this metastable oxo environment, driving the
transition into the denser β-isomer. Thus, having established
the α → β transformation, the reverse process was investigated.
Heating Zn-MOF-β in pure DMF yielded no change (Figure
S32). However, DMF/H2O mixtures restored the open-pore
α-phase, as indicated by PXRD reflections at 7.2°, 7.6° and
8.1° 2θ (Figure 4band Figure S33). Under these conditions,
water acts as a source of oxo-ligand, enabling transformation of
the coordination environment, with DMF likely integrated into
the pores (Figures S34, S42, and S43 and Tables S6 and S9).
Subsequent reflux in aqueous ethanol (80%) converts the
material back to the β-phase (Figure 4b), completing a
reversible cycle.
Influence of Framework Topology on Disulfide Activation

With solvent influence on framework formation established
and both isomers confirmed to retain intact disulfide bonds, we
next examined how differences in framework topology and
crystal packing influenced structure properties. As Zn-MOF-α
and Zn-MOF-β contain distinct pore architecture and packing
motifs, we estimated the isomers encompass differences in
pore accessibility, and disulfide behavior.43 Due to its open
pore structure, the porosity of Zn-MOF-α was quantified first
using BET analysis (see the Supporting Information). Zn-
MOF-α exhibits a low N2 accessible surface area of 13.4 m2 g−1

at 77 K, consistent with other reported behavior for flexible
disulfide-linked MOFs.12 This limited N2 uptake prompted the
use of CO2 adsorption at 298K, which can be better suited for
probing microporous systems.44 Using CO2, a higher apparent
surface area of 67.8 m2 g−1 was obtained. This could suggest
restricted pore apertures and framework flexibility, which limit
access to the internal surface area under cryogenic N2
conditions.45 Geometric analysis further supports this behav-
ior, yielding a calculated geometric surface area of 44.1 Å2 per
unit cell, a pore-limiting diameter of 5.11 Å, and a maximum
pore diameter of 6.09 Å (Figure S21). Surprisingly, the more
densely packed β-phase exhibited a comparable N2-accessible
surface area (13.73 m2 g−1 at 77 K), despite its more limited
pore accessibility (Figure S22).
Framework topology is also expected to influence thermal

robustness.46 Periodic DFT geometry optimizations of both
structures revealed lattice energies of −1.51 × 106 kJ mol−1 and
−3.53 × 106 kJ mol−1 for the α and β phase respectively. The
lower calculated lattice energy of Zn-MOF-β�along with its
higher calculated crystallographic density (2.00 vs 1.52 g cm−3)
suggest greater thermal stability relative to the open-pore
framework (Figure S46, see the Supporting Information).
Thermogravimetric analysis (TGA) was performed to validate
these computations. The TGA curves reveal broadly similar
decomposition profiles for both isomers, with major mass loss
events centered near 450 °C, attributed to degradation of the

aromatic disulfide linker (Figure 5a). Notably, Zn-MOF-α
shows an earlier onset of mass loss beginning at 201 °C,
whereas Zn-MOF-β remains stable at higher temperatures,
exhibiting an initial mass loss at 314 °C (Figure 5a).
Additionally, Zn-MOF-α displays a small mass-loss event
around 50 °C that is absent in Zn-MOF-β. This feature is
attributed to weakly bound guest molecules or residual solvent
housed within the pores of the more open framework.9

Collectively, these observations indicate that denser packing
and reduced void space of Zn-MOF-β suggest enhanced
thermal stability relative to Zn-MOF-α.
Given the similar high-temperature decomposition behavior

of both isomers and the established α → β transformation, we
investigated whether prolonged heating above 200 °C could
induce a solid-state α → β transformation. However, heating
under these conditions resulted in loss of crystallinity without
formation of either isomer, as confirmed by PXRD (Figure
S38). These results further indicate that the α ↔ β
transformations are solvent-mediated rather than a thermal
solid-state process.
As disulfide activation can proceed via homolytic pathways

without net electron transfer, we focus here on the accessibility
and activation propensity of the S−S bond rather than formal
redox chemistry.47 To directly probe how framework topology
influences disulfide activity, both isomers were examined by
electron paramagnetic resonance (EPR) spectroscopy. Solid-
state EPR spectra of Zn-MOF-α, Zn-MOF-β, and the free
disulfide linker (4-DBA) were collected at room temperature
(298 K) under identical acquisition conditions to enable direct
comparison of signal intensities (see the Supporting
Information). Without external stimuli, all samples exhibited
similar spectral features, dominated by a resonance near 3508
G with an isotropic g-value (giso) of 2.007−2.008 (Figure 5b
and Figures S23 and Tables S4 and S5). These values are
consistent with previously reported aryl sulfur-centered
radicals,48,49 indicating the presence of a low-level population
of sulfur-centered radicals consistent with reversible, homolytic
activation of the disulfide bond under ambient conditions.
Upon in situ UV irradiation (140−400 nm), both isomers and
4-DBA exhibited an increase in signal intensity, while giso
values remained unchanged (2.007 for Zn-MOF-β and 2.008
for Zn-MOF-α and 4-DBA). The invariance of giso confirms
that irradiation increases the population of sulfur-centered
radicals rather than the generation of new radical species.
Importantly, the magnitude of signal enhancement was
consistently greater for Zn-MOF-α than Zn-MOF-β under
identical acquisition conditions (Figure 5b). This difference in
signal intensity indicates that the disulfide bonds in the open
α-framework are more readily activated under photochemical
stimulation, consistent with increased accessibility as a function
of framework topology.
Taken together, the EPR and TGA results demonstrate that

while both isomers retain intact disulfide bonds, their spatial
arrangement dictates both the thermal stability and the
accessibility of the disulfide bond toward homolytic activation.
The open topology of Zn-MOF-α facilitates higher sulfur-
centered radical populations but at the cost of reduced thermal
stability, whereas the collapsed Zn-MOF-β framework exhibits
enhanced thermal robustness and attenuated disulfide activity.
We emphasize that these observations do not imply net
reduction or cleavage of the disulfide linkage under the
conditions studied but rather reflect topology-dependent
structure-properties.
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■ CONCLUSIONS
This study demonstrates that disulfide-linked MOFs provide a
uniquely responsive platform in which framework topology,
morphology, and disulfide activity are tightly coupled and
synthetically accessible. Using flexible, disulfide-linked ligands,
multiple MOF isomers can be accessed within a single
chemical system, consistent with the idea that flexibility
expands the structural design space while still yielding discrete,
isolatable frameworks. Two distinct isomers arising from the
same disulfide-bearing linker were isolated and characterized
through systematic variation of solvent identity, water activity,
and reaction conditions. These phases emerge from divergent
assembly pathways and present markedly different morpholo-
gies (α as flower-like nanosheet aggregates; β as hexagonal
platelets), underscoring how modest changes in synthesis
conditions can navigate a broader landscape of accessible
structures for flexible linkers.
This work demonstrates that deliberate control of solvent

coordination and water activity provides a powerful synthetic
strategy for achieving structural precision in disulfide-linked
MOFs and isolating distinct framework isomers. Beyond
expanding the accessible MOF landscape, our results show
that controlled phase transitions can be harnessed. EtOH/H2O
mixtures with elevated water content favor formation of the
dense β-phase and accelerate the α → β transformation,
whereas coordinating solvents such as DMF bias assembly
toward the α-framework. Ex situ PXRD experiments reveal that
the β-phase can reopen under heating in DMF/H2O, and
subsequently revert to β in EtOH/H2O, demonstrating
reversibility of the α ↔ β isomerization. These observations
support a solvent-mediated disassembly/reassembly mecha-
nism in which coordination environment and water activity
direct framework topology.
Importantly, these phases exhibit distinct structure−

property−reactivity relationships: the open α-framework
displays greater sulfur-centered radical response under UV
irradiation, whereas the dense β-framework is more thermally
robust with attenuated disulfide activation. To our knowledge,
this work represents the first demonstration of deliberate phase
control in a disulfide-based MOF system directly elucidated by
MicroED, enabling atomic-level structure−function correla-
tions across distinct framework phases. Overall, this study
supports a broader view that flexible linkers may yield a larger
number of isolatable MOFs than typically assumed, and that
controllable interconversion between phases can serve as a
strategy for designing responsive porous materials with tunable
structure and reactivity.
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