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Ferrocene-functionalized covalent
organic framework exceeding the ultimate
hydrogen storage targets: a first-
principles multiscale computational study
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The development of efficient hydrogen storage materials is crucial for advancing the hydrogen
economy and meeting the U.S. Department of Energy’s targets of 6.5 wt% and 50 g L ' for automotive
applications. We present a computational study of ferrocene-functionalized covalent organic
frameworks (COFs) for hydrogen storage. Following the Multi-binding Sites United in Covalent-
Organic Framework (MSUCOF) approach, we introduce MSUCOF-4-FeCp, designed by
incorporating ferrocene (FeCp,) moieties into IRCOF-102. Notably, it achieves exceptional
performance with total gravimetric and volumetric uptakes of 18.0 wt% and 72.6 gL' at 298 K and
700 bar. The material exhibits optimal binding energies (15-20 kJ-mol~") ensuring both high total
uptake and a high working capacity. This work establishes ferrocene functionalization as a cost-

effective alternative to precious metal incorporation in COFs.

The urgent need for sustainable energy solutions positions hydrogen as a
promising clean energy carrier, capable of addressing both energy security
and environmental concerns associated with the dependence on fossil fuels.
However, the widespread adoption of hydrogen as a transportation fuel
faces significant challenges, particularly in developing safe, efficient, and
cost-effective storage systems. The U.S. Department of Energy (DOE) has
established ambitious targets for hydrogen storage in light-duty vehicles:
6.5 wt% gravimetric capacity and 50 gL' volumetric capacity, with the
overarching goal of reducing clean hydrogen costs to $1 per kilogram by
2031

Covalent organic frameworks (COFs) have emerged as particularly
promising candidates for hydrogen storage applications due to their high
surface areas, tunable pore structures, and composition primarily of light
elements’. Unlike their metal-organic framework (MOF) counterparts,
COFs offer the advantage of lower framework density while maintaining
structural integrity and thermal stability. The crystalline nature of COFs
allows for precise control over the size and functionality of pores, allowing
rational design approaches to optimize their hydrogen uptake properties™’.

Recent advances in COF chemistry have demonstrated that hydrogen
storage performance can be significantly enhanced through strategic incor-
poration of functional groups and heteroatoms®. The introduction of open
metal sites and polarizing groups has been shown to strengthen van der Waals
(VAW) interactions with hydrogen molecules, thus improving binding

enthalpies and storage capacities®. First-principles studies have likewise
shown that functionalizing nanoporous frameworks with light or transition
metals, for example Li-functionalized MOFs and metal-cluster frameworks,
markedly enhances reversible hydrogen uptake'">. However, achieving the
optimal balance between gravimetric and volumetric performance remains a
central challenge, as strategies to increase volumetric uptake often lead to
increased framework density and reduced gravimetric capacity’.

Metallocenes represent a unique class of organometallic compounds
characterized by their distinctive “sandwich” structure, where a central
metal atom is coordinated to two cyclic organic ligands. The discovery of
ferrocene in 1951 by Kealy and Pauson' revolutionized organometallic
chemistry and earned its structural elucidators, Geoffrey Wilkinson'® and
Ernst Otto Fischer'’, the 1973 Nobel Prize in Chemistry". Ferrocene
(Fe(r® — C5Hs),) exhibits remarkable thermal stability (stable to 400 °C),
chemical inertness, and well-defined electrochemical properties with a
reversible Fe**/Fe** redox couple at +0.4 V vs. SCE'. In ferrocene, the iron
center is sandwiched between two cyclopentadienyl (Cp) rings: aromatic,
planar five-membered carbocyclic anions (C;H; ) that each bind the metal
in a pentahapto () fashion through all five carbon atoms, an arrangement
responsible for the complex’s well-defined geometry and exceptional
stability.

The electronic structure of ferrocene, governed by the 18-electron rule,
provides multiple potential binding sites for small molecules; these binding
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Fig. 1 | Leading porous-material hydrogen-storage performance benchmarked
against the U.S. Department of Energy (DOE) light-duty-vehicle targets’. All
points are total H, uptake at 298 K and 100 bar; only room-temperature (293-298 K)
data are included, and the 100 bar ceiling matches the literature, which over-
whelmingly reports isotherms up to <100 bar. a Volumetric and b gravimetric
uptake versus publication year, and ¢ volumetric versus gravimetric uptake (the
storage-density trade-off). Marker shape encodes data type (filled circles,

Date of Publication

Uptake (g L71)

computational GCMC/DFT; open squares, experimental); a light blue cross marks
our prior MSUCOF study”' and an orange plus marks the present work. Gray tie-
lines link each experimental point to an independent GCMC simulation of the same
material, and identical colors denote a common source; all plotted values and
references are listed in SI Table $4******"7!, At 298 K and 100 bar, MSUCOF-4-FeCp
reaches 51.6 g L' and 13.5 wt%, the only material here to exceed both DOE Ultimate
targets (50 g L' and 6.5 wt%) simultaneously.

sites have been exploited across various porous materials. Ferrocene-
functionalized MOFs have already been synthesized, utilizing the redox-
active iron center to enable photocatalytic reduction of CO, with enhanced
electron transfer capabilities'”’. Similarly, microporous polymers containing
ferrocene demonstrate improved storage of CO, through the synergistic
effects of microporosity and metal-ligand interactions™. Analogously,
superior hydrogen storage performance has also been reported for
ferrocene-derived porous carbons.

The versatility of ferrocene extends beyond simple gas adsorption: it
fundamentally alters electronic density distributions, spatial arrangements,
and coordination environments within composite materials, thereby
modulating catalytic activity for HER/OER reactions™. In hypercrosslinked
polymers, ferrocene incorporation achieves enhanced H, adsorption
through a dual mechanism; the abundant micropores provide high surface
area, while Fe centers offer strong binding sites via Coulombic Fe-H,
interactions and favorable spin states™. Theoretical studies reveal that low-
spin Fe** centers, as found in ferrocene, can achieve up to a fourfold
enhancement in H, loading compared to high-spin configurations™.

The iron center can engage in direct coordination interactions, while
the cyclopentadienyl rings contribute 7-electron density for additional
binding modes. This dual-site accessibility makes ferrocene an attractive
candidate for gas storage applications because it can potentially interact with
multiple hydrogen molecules simultaneously without compromising
structural integrity.

Previous studies have shown that iron-containing binding sites can
achieve hydrogen binding energies in the optimal range of 15-25 kJ-mol ",
sufficient for room-temperature storage while allowing facile desorption™.
The key advantage of ferrocene over other iron-containing species lies in its
exceptional stability and well-defined coordination environment, which
should maintain consistent binding properties throughout storage-
desorption cycles.

The incorporation of transition metals into COF structures has been
demonstrated to enhance hydrogen storage performance through enhanced
adsorbate-framework interactions’. However, most successful approaches
have relied on expensive precious metals, such as platinum and palladium,
limiting practical implementation™. Iron-based systems offer a compelling
alternative that combines favorable electronic properties with abundant
availability and low cost. Iron costs on the order of $0.1 per kilogram, several

orders of magnitude less than platinum (tens of thousands of dollars per
kilogram) at the time of writing™.

In the search for a room temperature storage material, researchers
often report gravimetric uptake (wt%) up to 100 bar, as this metric prior-
itizes maximum energy density with minimal added weight. The evolution
of this field is exemplified in Fig. 1. Early efforts produced materials with
exceptional volumetric capacity (Fig. 1a). The subsequent shift toward
prioritizing gravimetric performance has driven exponential improvements
among leading MOFs and COFs (Fig. 1b), yet this optimization often comes
at the expense of volumetric performance. This inherent trade-off is illu-
strated in Fig. 1c: the most successful materials to date approach either the
DOE volumetric or gravimetric target, but not simultaneously both. For
example, both taps-COF-1*" and tapa-COF-1** successfully exceed the
6.5 wt% (ultimate gravimetric target) yet achieve less than 20% of the DOE
ultimate volumetric target of 50 g L.

Strong binding sites that enhance volumetric capacity typically require
heavy metal centers or dense framework designs that penalize gravimetric
metrics. Our ferrocene functionalization strategy circumvents this limita-
tion by introducing highly effective binding sites with minimal mass con-
tribution, enabling MSUCOF-4-FeCp to achieve both volumetric and
gravimetric targets; a milestone that, to the best of our knowledge, no other
porous framework has been reported to reach at room temperature without
cryogenic cooling or a temperature swing (Fig. 1).

IRCOF-102 was selected as the baseline framework for ferrocene
functionalization due to its robust three-dimensional boroxine-linked
topology. As an isoreticular (IR) extension”” of COF-102,” IRCOF-102
maintains the same tetrahedral node geometry and boroxine chemistry
while incorporating extended biphenyl linkers in place of single phenyl
units. The framework, constructed from tetrakis(4-borono-[1,1’-biphenyl]-
4-yl)methane (Linker 1), provides larger pores and higher surface area than
the parent structure while preserving the synthetic accessibility and stability
of COF-102.

Our design strategy employs tetrakis(4-(4-boronoinden-7-yl)phenyl)
methane (Linker 2), where the fused cyclopentadienyl ring provides the
coordination environment for the formation of ferrocene while the boronic
acid at the 4-position enables the condensation of boroxine. This 4,7-sub-
stitution maintains a para relationship preserving the linear geometry cri-
tical for framework assembly. The framework is designated MSUCOF-4-
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Fig. 2 | Schematic illustration of framework synthesis and post-synthetic
metallation. a (Top left) Representative metallocene formation reaction,

FeCl, 4 Cp + NaCp — NaCl + FeCp + HCI. b (Top right) Boroxine condensation
of tetrakis(4'-borono-[1, 1’-biphenyl]-4-yl)methane (Linker 1) to form IRCOF-102.
¢ (Bottom) Boroxine ring formation of tetrakis(4-(4-boronoinden-7-yl)phenyl)

methane (Linker 2) to yield MSUCOF-4, a modified variant of IRCOF-102 in which
biphenyl units are replaced by indene moieties; the cyclopentadienyl (Cp) portion of
the indene linker is highlighted in light blue. Subsequent post-synthetic metallocene
formation affords the metalated framework MSUCOF-4-FeCp. Atom colors: Fe
(orange), B (pink), O (red), and C (black).

FeCp instead of MSUCOF-4-FeCp, as a Cp ring is integrated within Linker
2, with only the second Cp ring and the Fe center added post-synthetically.

Ferrocene units are located within tritopic pore regions, where three
framework struts converge around each boroxine linkage (Fig. 2). These
tritopic arrangements create cooperative binding environments that
enhance binding energies without reaching chemisorption,” with ferrocene
moieties providing multiple binding sites (Fe centers and Cp rings) for
complementary hydrogen interactions.

The preferred synthetic route involves the condensation of Linker 2 to
form MSUCOF-4, followed by post-synthetic metallation with FeCl, and
NaCp to produce MSUCOF-4-FeCp. This approach enables comprehensive
characterization before metallation and avoids the potential coordination of
iron with boroxine-forming groups during synthesis. The transformation
proceeds through the deprotonation of the cyclopentadiene ring already in
MSUCOF-4 to generate Cp, which coordinates with Fe?" and an additional
Cp~ (from NaCp) to form the ferrocene unit without sterically hindering
pore accessibility. The post-synthetic strategy offers superior control over
framework formation and metal incorporation™.

Because the metalation reagents (FeCl, and NaCp) are themselves
moisture-sensitive and are handled under the strictly anhydrous, inert
conditions standard for metallocene formation, the hydrolytically labile
boroxine network is not exposed to the aqueous conditions that drive its
degradation, and post-synthetic metalation is by now a well-established
route for both metal-organic and COFs***. Should the boroxine framework
nonetheless prove insufficiently robust to the metalation conditions, the
ferrocene functionalization is transferable to hydrolytically more stable
isoreticular linkages, since the Fe-H, interaction responsible for the
enhanced uptake does not depend on the linkage chemistry.

Results and discussion

Structural properties and design validation

Incorporation of ferrocene into the IRCOF-102 framework results in
MSUCOF-4-FeCp, which has well-defined structural properties that sup-
port high hydrogen storage performance. As shown in Table 1, MSUCOF-
4-FeCp maintains a high surface area of 4780 m’g ™' while achieving a
balanced pore volume of 2.55cm’ g™ and a void fraction of 0.84. The
framework density of 0.33 gcm ™ is significantly lower than the precious
metal-functionalized variants, contributing to enhanced gravimetric per-
formance. For comparison, structural and uptake results for MSUCOF-(1-
3) from our previous work’" are included. Surface areas and pore volumes
were determined using a hydrogen-sized probe rolling across the VAW
surface of each framework (Fig. S1; see Supplementary Note 1 for details)

Pristine COFs often suffer from poor binding energies at room-
temperature. Strategies to address this limitation include functionalization,
such as incorporating ferrocene onto the ligands. Not only does this strategy
inject strong binding sites throughout the pore, it does so without an
excessive binding strength that can compromise the working capacity (see
the “Binding energy analysis and mechanisms” section).

It is important to note that MSUCOF-4 incorporates one cyclo-
pentadienyl ring as an extended variant of the linkers present in IRCOF-102,
yet it lacks the complete Fe(r*-CsHs) moiety found in MSUCOF-4-FeCp.
This partial functionalization accounts for the intermediate geometric
properties observed: MSUCOF-4 shows reduced surface area (4840 vs
5680 m*g"), pore volume (4.14 vs 5.11 cm’ g "), and void fraction (0.88 vs
0.90) compared to pristine IRCOF-102. However, as shown in subsequent
sections, MSUCOF-4 still exhibits hydrogen storage performance com-
parable to IRCOF-102 despite these geometric differences. This indicates
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that the exceptional performance of MSUCOF-4-FeCp is primarily due to
the ferrocene complex-hydrogen interactions rather than purely geometric
factors.

Electronic structure calculations

The electronic properties of the pristine IRCOF-102 and functionalized
MSUCOF-4-FeCp were studied and visualized by calculating the band
structure and the density of states (Fig. 3). For these calculations, we
follow the methods described for the periodic framework calculations in
the Methods. These calculations were performed using spin unrestricted
DFT, allowing o and f3 orbitals to vary to capture any potential magnetic
ordering. These MSUCOF-4 and IRCOF-102 families of materials fol-
low the I-43d space group (No. 220); accordingly the reciprocal space
was sampled in the high symmetry path I-H-N-I'-P-H|P-N as deter-
mined by SeeKPath to capture the relevant band dispersion®. The atom-
projected density of states will reveal the atomic contributions at fron-
tier bands.

Table 1 | Comparison of geometric properties of selected
MSUCOFs

COF name Surface area  Pore volume  Void Density
(m?g7) (cm®g™) fraction (gecm™)
MSUCOF-1 5060 5.06 0.91 0.18
MSUCOF- 2890 2.09 0.88 0.42
1-PtCl,
MSUCOF- 3770 0.94 0.73 0.78
3-CoCl
MSUCOF- 2190 0.55 0.72 1.31
3-PtClI
IRCOF-102 5680 5.11 0.90 0.18
MSUCOF-4 4840 414 0.88 0.22
MSUCOF- 4780 2.55 0.84 0.33
4-FeCp
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These results show expected trends for porous materials. In both
materials, many of the bands exhibit minimal band dispersion (flat bands
with no spin asymmetry); the valence-band edge of MSUCOEF-4-FeCp, for
instance, disperses by only about 3 meV across the Brillouin zone. This
flatness is a real-space localization effect rather than a signature of an
engineered flat-band lattice: the boroxine nodes and aromatic struts are
joined by long covalent bridges spanning the large pores, so the orbital
overlap between neighboring building units, and hence the inter-unit
transfer integral that sets the band width, is negligible, leaving the frontier
states essentially molecular and fragment-localized. The large cubic I-43d
cell folds many of these molecular-like levels into closely spaced bands,
increasing their number without flattening them, while ferrocene functio-
nalization adds a second, sharper localization at the valence-band edge,
where the mutually isolated metallocene units provide no Fe-Fe pathway
across the cell.

Additionally, IRCOF-102 displays a band gap large enough to classify it
as an insulator (E, = 4.10 eV), which is consistent with its composition of
light main-group elements (C, B, O) engaged in saturated covalent bonding.
MSUCOF-4-FeCp acts as a functionalized variant with Fe(r’-CsHs),
additions in tritopic regions within the pore. By adding this moiety,
MSUCOF-4-FeCp experiences a more narrow band gap of E, = 3.02eV
(notably 410 nm in the visible light range), enhancing its potential for
electronic and catalytic applications.

Analysis of the HOMO and LUMO character of MSUCOF-4-FeCp
reveals that the valence band edge is predominantly Fe-centered, with
contributions from Fe(d) and C(p) orbitals of the cyclopentadienyl rings.
Meanwhile, the conduction band edge is localized on an organic framework,
primarily C(p,d), with minor contributions from B(p), Fe(d), and H(p). This
spatial separation of frontier orbitals is indicative of metal-to-ligand charge
transfer, suggesting that photoexcitation would generate oxidized Fe centers
and reduced organic sites. These charge-separated states are favorable for
both photocatalysis and electrocatalysis, as is common with ferrocene-based
systems. These localized redox-active sites are typical of molecular catalysts
embedded in porous frameworks and do not preclude efficient catalysis,
where electron transfer occurs at discrete metal centers rather than through
band-like transport.
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Fig. 3 | Electronic structure of MSUCOF-4-FeCp and IRCOF-102. Band structure (left) and density of states (right) are shown for a MSUCOF-4-FeCp and b IRCOF-102.
Both materials exhibit flat bands typical of porous materials. Functionalization in MSUCOF-4-FeCp narrows the band gap, enhancing the potential for electronic or catalytic

applications.
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Fig. 4 | Comparison of total gravimetric and volumetric hydrogen uptake at
298 K for the MSUCOF-4 family against top-performing MSUCOF variants.
Gravimetric uptake is shown in (a, b) and volumetric uptake in (¢, d). Log-log plots

Pressure (Bar)

(a, ¢) provide detail in the low-pressure region, while linear plots (b, d) show high-
pressure behavior. MSUCOF-4-FeCp demonstrates superior performance across all
pressure ranges.

Hydrogen storage performance

The hydrogen storage performance of MSUCOF-4-FeCp demonstrates
exceptional promise in meeting DOE targets. Figure 4 presents both
gravimetric and volumetric uptake isotherms at 298 K, showing that
MSUCOF-4-FeCp achieves a total hydrogen uptake of 18.0 wt% and
72.6 gL ™" at 700 bar. This performance represents a significant improve-
ment over the parent IRCOF-102, and the gravimetric uptake is approxi-
mately 3.5 times higher than that of the denser MSUCOF-3-PtCl variant.
We chose to measure up to these pressures because 700 bar (70 MPa) is the
established commercial standard for onboard hydrogen storage: the Toyota
Mirai stores 5.6 kg H, in three 70 MPa carbon-fiber-reinforced tanks (EPA
range up to 402 mi, 647 km) and the Hyundai NEXO stores 6.3 kg H, in
three 70 MPa tanks (up to 380 mi, 611 km), both fueled to the SAE ]J2601
70 MPa protocol”’.

Three complementary uptake metrics are reported throughout this
work. Total (absolute) uptake, #*, counts all H, molecules held within the
framework. Excess uptake subtracts the amount of bulk H, that would
occupy the accessible pore volume at the same temperature and pressure,
nee = pibs Viore p},’,‘;lk, and most closely reflects what gravimetric
adsorption experiments measure; the accessible volume is computed with
a 1445 A probe (half the H, kinetic diameter), with inaccessible pore
regions excluded (see “Methods” and Supplementary Note 1). Net uptake
applies the stricter correction of the full unit-cell volume,
nhet = s v p}_}‘zﬂk, so that a positive value indicates a storage
advantage, at the material level, over an empty pressure vessel of identical
volume. Bulk H, densities p}_’l‘z’lk are taken from the NIST Chemistry
WebBook™.

Total uptake therefore sets an upper bound, excess an intermediate
(pore-referenced) measure, and net the most conservative material-level
benchmark (it still references the crystallographic unit cell, not a packed
storage system); we report all three to avoid the ambiguity that arises when
only one is quoted (see Supplementary Note 4).

Working capacity (WC)—defined as the amount of hydrogen that can
be practically delivered between high storage pressure (700 bar) and rough
delivery pressure (5 bar)—is a critical heuristic to approximate realistic
delivery that can be obtained in a reasonable time frame. Unlike MSUCOF-
3-PtCl, which detrimentally locks hydrogen even at low pressures,
MSUCOF-4-FeCp maintains a balanced adsorption profile that ensures a
higher WC.

The log-log total uptake plots (Fig. 4a, c) best capture low pressure
adsorption behavior, where the linear response reflects the Henry regime in
which uptake scales proportionally with pressure. Sub-linear behavior
develops as saturation effects emerge, ultimately reaching a plateau that is
characteristic of Langmuir-like saturation. In contrast, the linear plots (Fig.
4b, d) better resolve high pressure behavior. These complementary repre-
sentations reveal distinct material characteristics: strong adsorbents such as
MSUCOE-3-PtCl dominate at low pressure, but also saturate earlier.

In terms of volumetric uptake (Fig. 4b), MSUCOF-4-FeCp retains less
H, at low pressures than MSUCOE-3-PtCl, but still more than the first-row
transition metal (TM) chelation complexes of MSUCOF-3-TMCI. How-
ever, the linear volumetric uptake plot (Fig. 4d) reveals that MSUCOF-4-
FeCp approaches the energy density of MSUCOEF-3-PtCl at high pressures.
This balance is critical for volumetric working capacities (WC,): MSUCOF-
4-FeCp achieves 52.2 gL', surpassing all previous variants of MSUCOF-
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Fig. 5 | Comparison of net volumetric and gravimetric uptake at 298 K for the
MSUCOF-4 family against top-performing MSUCOF variants. a Net volumetric
and b net gravimetric uptake versus pressure; each curve peaks at its optimal storage
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pressure, and the bare frameworks (MSUCOF-4 and IRCOF-102) fall below zero at
high pressure. MSUCOF-4-FeCp achieves the highest net gravimetric uptake, and a
net volumetric uptake second only to the denser MSUCOEF-3-PtClL.

Table 2 | Working capacity performance metrics for select
MSUCOF variants at 298 K

Material Popt wWC, WC,
(bar) (wt%) (gL

MSUCOF-1-PtCl, 169 8.71 414
MSUCOF-3-CoCl 139 5.22 443
MSUCOF-3-MnCl 139 5.20 431
MSUCOF-3-NiCl 130 4.95 M7
MSUCOF-3-PdClI 139 4.20 427
MSUCOF-3-PtCI 75 2.29 32.6
IRCOF-102 3 15.4 32.4
MSUCOF-4 26 13.2 32.4
MSUCOF-4-FeCp 145 12.2 52.2
DOE Targets

2025 - 5.5 40.0
Ultimate = 6.5 50.0

Popt denotes the optimal pressure at which net uptake is maximized, WC4 and WC, represent
gravimetric and volumetric working capacities (700 bar to 5 bar), respectively.
Bold indicates MSUCOF-4-FeCp, the framework introduced in this work.

1-3 (32.6-44.3gL™") by accumulating substantial H, at high pressures
without detrimentally locking it in low pressures. Despite its exceptional
total volumetric uptake, MSUCOF-3-PtCl hinders its own WC, to
32.6 g L™ precisely for this reason.

The spacious unit cell inherited from IRCOF-102 (roughly 4x the
volume of MSUCOEF-3) reduces the density of the framework, allowing
MSUCOEF-4-FeCp to achieve its high volumetric performance without
sacrificing its gravimetric uptake. Gravimetric uptake increases from 5.8 wt
% at 5 bar to 18.0 wt% at 700 bar, yielding a gravimetric working capacity
(WGC,) of 122wt%. The low-density MSUCOF-2 family achieves
11.4-18.9wt% WC, but suffers from poor volumetric performance
(33.2-38.7 g L"), while the pristine IRCOF-102 (15.4 wt%, 32.4 g L™") clo-
sely matches the pristine MSUCOF-1 (15.2 wt%, 32.4 g L~ "). Thus, among
porous frameworks reported at room temperature, MSUCOF-4-FeCp
uniquely satisfies both DOE ultimate targets (6.5 wt% and 50 g L") at room
temperature.

The net uptake metric provides another crucial performance indicator
by comparing the porous material with compressed bulk hydrogen under
identical conditions. Positive net uptake values indicate that the

incorporation of the porous material provides a storage advantage over
simple compression, while negative values suggest that the added weight
and volume of the material actually reduce overall storage efficiency. Excess
uptake isotherms, which apply a less stringent correction using only the
accessible pore volume, are provided in Fig. S3.

The net uptake plot (Fig. 5) reveals peaks at optimal pressures (Pop)
that reflect the interplay between binding strength and saturation behavior.
MSUCOF-4-FeCp achieves P,y =145 bar; substantially higher than
MSUCOF-3-PtCl (P =75 bar), which saturates prematurely due to its
stronger binding and smaller pores, yet comparable to the dense first-row
TM variants of MSUCOEF-3 (P = 130-139 bar). Crucially, MSUCOF-4-
FeCp maintains positive net uptake across a broad pressure range, validating
that the enhanced ferrocene binding interactions more than compensate for
the framework’s mass and volume even at 700 bar. These metrics are
summarized in Table 2. Based on this WC, several variants of MSUCOF
achieve either the 2025 DOE gravimetric or volumetric target, but among
them MSUCOF-4-FeCp remains the only reported framework to satisfy
both ultimate targets (6.5 wt% and 50 g L™").

Binding energy analysis and mechanisms
Analysis of isosteric heat of adsorption (Q) shows that MSUCOF-4-FeCp
has a heterogeneous, loading-dependent binding-energy distribution cen-
tered in the intermediate physisorption regime (Fig. 6), a range well-suited
for room-temperature storage that balances adsorption strength against
release at the delivery pressure rather than representing a single optimal
value. Interestingly, the binding energy profile is similar to that of MSU-
COF-3-CoCl, a material that we previously recognized for its superior WC.
Moderate binding strengths (7-20kJ-mol™") allow efficient hydrogen
adsorption at high pressures without locking hydrogen into the structure.
The physisorption-to-chemisorption transition is gradual; the 20 kJ-mol ™"
line marks the onset of chemisorption rather than full dissociative chemi-
sorption, which requires substantially higher binding energies.

From the GCMC simulations, we can derive a probability distribution
P(E) that illustrates the proportions of adsorbed H, molecules experiencing
interaction energy E at thermodynamic equilibrium. This distribution
satisfies the normalization condition:

/_OOP(E)dEzl

o0

O

In Eq. (1), the negative integration limits are associated with energies
that correspond to attractive interactions, while any interaction greater than
zero is repulsive. The isosteric heat of adsorption is directly tied to the
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ensemble-averaged interaction energy through:

%=—m=—/ E. P(E)dE @

o0

This relationship (Eq. (2)) shows that Q represents the mean of the
energy distribution. Note the negative sign that converts the interaction
energy to a positive heat of adsorption, following the standard reporting
convention. Then it follows that the variance of the distribution can be
calculated with the following.

o’ = / ” (E — (E))* - P(E) dE 3)

Equation (3) quantifies the diversity of binding sites within the fra-
mework. A larger variance indicates a broader range of binding environ-
ments, which can be advantageous for maintaining adsorption across
various pressure levels.

The analysis of the energy distribution shed light on the binding
mechanisms within select MSUCOFs (Fig. 7). At 1 bar, the distribution
shows a primary broad peak with a long tail towards 0, indicating that the
majority of initial interactions occur at favorable primary binding sites,
while few stragglers permeate the pore and interact at weaker sites. At higher
pressures, there is a clear right shift of both the overall average binding
strength (Qy) and the average of each individual site (;) as they begin to
saturate. When secondary peaks appear as shoulders on the primary dis-
tribution, accurate quantification requires a method to de-convolute the

isolated individual contributions. Each peak i is fitted with an asymmetric
(skewed) Gaussian function:

A;exp (— (Ezjygi) ) forE<y,

P(E) = (4)

A, exp (— E ?‘)2) for E>

20k

where A; is the amplitude, y; is the center (mean energy), and o7 ; and oy ; are
the widths left and right, respectively. This asymmetric form captures the
characteristic skewness of the interaction energy distributions. All peaks are
fitted simultaneously using a composite model to avoid double-counting in
overlapping regions while preserving an accurate determination of
individual binding site energies. In Eq. (5), N is the number of peaks.

N
P(E)= P(E) ©)
i=1

The average energy for each de-convoluted peak is given by its fitted
Gaussian mean y;:

<E)pea.k,i = U (6)

This approach provides site-specific energies that are more accurate
than simple numerical integration over peak boundaries, which can be
biased by overlapping contributions from adjacent peaks. The fraction of H,
molecules that experience energies within the peak i is shown in Eq. (7). The
individual Gaussian component P(E) is integrated throughout the energy
range and normalized by the total area under P(E) to determine the fraction
of molecules that experience that particular binding mode.

5 PAE)dE

fpeak,i - ffooo P(E) dE (7)

At 1 bar, the main peak for MSUCOF-4-FeCp, which is centered
around —18.8 kJ-mol ™" (—4.5 kcal-mol ™), highlights the dominant Fe-H,
interaction. Any unusual features at weaker binding energies likely stem
from any of the following: geometries that are sterically constrained; shiel-
ded H,-H, interactions; compounded effects at key overlapped regimes
amongst tritopic regions; or interactions with the cyclopentadienyl rings.

When pressure increases to 700 bar, the distribution shows two distinct
peaks at —13.2 and —7.7 kJ-mol ' (—3.2 and —1.8 kcal-mol "), which relate
to different binding environments within the ferrocene coordination sphere.
The predominant broad peak at —13.2 kJ-mol™" likely corresponds to
coordination with the low-spin Fe*" center in ferrocene, which theoretical
studies have shown provides enhanced H, binding compared to high-spin
configurations™. Likewise, the sharp peak at —7.7 kJ-mol ™" can be partially
attributed to previously mentioned weaker binding regimes that serve as a
backup when the primary binding modes saturate.

As pressure evolves, P(E) shows a sequential occupation of binding
sites based on their relative affinities. At low pressures, mainly the strongest
sites (leftmost region of P(E)) are populated, resulting in higher average
binding energies. As pressure increases and strong sites saturate, weaker
sites begin to dominate, shifting the distribution toward less negative
energies and reducing the ensemble-averaged Q.

This sequential picture, previously inferred from the binding energies
alone, is substantiated directly. By decomposing the real GCMC snapshots
into the first and second ferrocene solvation shells, the non-ferrocene fra-
mework motifs, and the open pore (Supplementary Note 7, Figs. S6-58), we
find that the first shell supplies the dominant strong-binding population at
every pressure ((E) = —16 to —18 k]-mol ; 78% of adsorbed H, at 1 bar and
still 47% at 700 bar), while the growth of the weaker feature reflects the
progressive filling of the second shell and the open pore as the first shell
saturates. The second ferrocene shell remains more strongly bound than the
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Fig. 7 | Ridge plot of H, interaction energy distributions at 1, 17.1, and 700 bar.
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chemisorption (>20 kJ-mol ) and physisorption (<7 kJ-mol ") regimes.

bulk-like pore population throughout, whereas the few non-ferrocene fra-
mework sites contribute only a few percent of the population at comparably
weak energies (=—9 kJ-mol™"); both the adsorbed density and the binding
strength therefore remain dominated by the iron centers rather than the
linkers across the full pressure range.

From the definition of Qy = —(E) in Eq. (2), the response of the binding
energy upon loading follows directly:

Q. __om ®

on on
where n represents the hydrogen load. For heterogeneous adsorbents pos-
sessing a distribution of binding site energies, adsorption should proceed
sequentially: the strongest sites populate first, followed by progressively
weaker sites as loading increases. Consequently, (E) shifts towards less
negative values with increasing n. In contrast, homogeneous adsorbents
with uniform binding sites remain constant regardless of loading.

0Q, [ <0
on | ~0

(heterogeneous)

(C)

(homogeneous)

This negative slope is characteristic of heterogeneous adsorbents and is
observed for the most promising MSUCOF materials in Fig. 6b. MSUCOF-
4-FeCp maintains a constant negative slope across a wide range of uptakes/
loading, which indicates that it maintains a distribution of binding sites
rather than uniform interactions. In contrast, MSUCOF-4 and IRCOF-102
are flat, suggesting that H, is mainly bulk filling within the pores. MSUCOF-
1-PtCl, is an interesting case where beyond 15 g L™ it quickly flattens as it
approaches saturation.

A summary breakdown of the values and statistics in Fig. 7 is shown in
Table 3 (a more detailed breakdown can be found in Table S6). The dual-
peak behavior at high pressures supports the idea of a multi-binding site
mechanism, which is key to the exceptional storage capacity of MSUCOF-4-
FeCp. Integration of individual peaks reveals that the majority (83%) of
adsorbed H, still interact with Fe centers at 700 bar, while the remaining
fraction (17%) engages with weaker framework sites. Hydrogen density
fields visualizing the spatial distribution of adsorbed H, at 1, 10, and 30 bar
confirm that ferrocene sites serve as primary adsorption centers (Fig. S5).
This strong preference for metal coordination demonstrates the critical role
of ferrocene centers in achieving high storage densities. In the case of
MSUCOE-1-PtCl,, up to three peaks are observed: one, primary binding
site; two, secondary or shielded binding sites; and three, a bulk filled
interaction near 0 kJ-mol " as the previous two saturate.

Practical considerations

Beyond the cost advantages mentioned earlier in the Introduction, ferrocene
functionalization brings additional practical benefits for large-scale imple-
mentation. Iron is among the most abundant elements in the Earth’s crust,
with global reserves exceeding 800 billion metric tonnes of crude ore, while
platinum-group metals are scarce and geographically concentrated, with
production dominated by South Africa and Russia”’. This abundance makes
iron-based systems less susceptible to supply chain disruptions and price
volatility that affect precious metal-dependent technologies.

MSUCOF-4-FeCp outperforms both pristine COFs and other metal-
functionalized variants, while offering significant economic and strategic
benefits. The total gravimetric uptake of 18.0 wt% significantly exceeds the
DOE target of 6.5wt%, while the total volumetric uptake of 72.6 gL'
exceeds the target of 50 gL ™". More importantly, balanced performance
metrics ensure a high WC at the material level.

The stable and well-defined nature of ferrocene, along with its
demonstrated thermal stability up to 400°C, suggests excellent cycling sta-
bility for pressure swing adsorption applications. It should be noted that
these computational results represent idealized conditions: perfect crystal-
linity without defects, vacancies, or residual solvent molecules; experimental
performance may deviate accordingly.

To probe the principal material engineering concerns, we per-
formed NPT molecular dynamics simulations. Under uniform external
pressure in vacuum the empty framework buckles reversibly above
approximately 375 to 400 bar; with H, present, however, the adsorbed
gas pressurizes the pore walls from within and braces the lattice, so that
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Table 3| Energy distribution statistics for hydrogen adsorption
derived from GCMC simulations at 298 K

Material P (E) Qs o Peaks
bar kJ-mol~" kJ-mol~* kJ-mol~* N
Low pressure
MSUCOF-1-PtCl, 1 —17.08 17.08 5.18 2
MSUCOF-3-CoCl 1 —13.96 13.96 2.89 1
MSUCOF-3-MnCl 1 —13.68 13.68 3.02 1
MSUCOF-3-NiCl 1 —14.89 14.89 3.36 1
MSUCOF-3-PdClI 1 —10.81 10.81 2.74 1
MSUCOF-3-PtCl 1 —24.58 24.53 4.81 1
MSUCOF-4-FeCp 1 —17.51 17.51 4.79 1
Intermediate pressure
MSUCOF-1-PtCl, 17.1 —-12.97 12.97 6.68 3
MSUCOF-3-CoCl 17.1 —13.25 13.25 3.28 2
MSUCOF-3-MnCl 17.1 -12.95 12.95 3.39 1
MSUCOF-3-NiCl 17.1 —13.83 13.83 3.78 1
MSUCOF-3-PdCl 171 —10.52 10.52 2.91 1
MSUCOF-3-PtCI 171 —22.16 22.16 5.58 1
MSUCOF-4-FeCp 171 —14.99 14.99 5.20 1
High pressure
MSUCOF-1-PtCl, 700 —6.59 6.59 6.15 1
MSUCOF-3-CoCl 700 —11.62 11.62 3.98 2
MSUCOF-3-MnCl 700 —-11.13 11.13 4.13 2
MSUCOF-3-NiCl 700 —11.60 11.60 4.63 2
MSUCOF-3-PdClI 700 -9.36 9.36 3.55 2
MSUCOF-3-PtCl 700 —19.49 19.49 6.16 2
MSUCOF-4-FeCp 700 —-12.32 12.32 5.52 2

N denotes the number of resolved peaks.

the loaded framework remains mechanically stable through 700 bar,
with no collapse and a cell volume that drifts by less than 1.5% over the
trajectory (Fig. 8 and Supplementary Note 9). Upon loading, the fra-
mework expands by about 4% relative to its unloaded 1 bar volume; a
rigid-framework GCMC holds the cell fixed and so does not capture this
modest swelling, slightly and conservatively underestimating uptake by
at most this amount.

Fast refueling also releases the heat of adsorption: the worst-case
adiabatic excursion, with zero heat removal, is about +267 K, but at realistic
automotive fill rates the projected rise falls to roughly 140 K for a 3-min fill
and 100K for a 5-min fill, and lower still with active cooling, remaining
within the framework’s verified-stable range (to at least 600 K, Supple-
mentary Note 10).

Equally important, the DOE targets are defined at the system level,
whereas the capacities reported here are material-level (single-crystal) upper
bounds: bed packing density, binder and container mass, dead and void
volume, and the balance-of-plant for high-pressure operation will lower the
deployed system capacity below these crystallographic values. Repeated
adsorption-desorption and thermal cycling were not simulated explicitly;
framework cycling durability is inferred from the single-load stability above
and the reversibility of the empty-framework deformation, while repeated
fast-fill thermal cycling is itself a separate fatigue consideration for the tank
liner and composite overwrap. A full system-level evaluation, including
packing, thermal-management hardware, and cycling qualification, lies
beyond the scope of this material-screening study. Thus, experimental
synthesis, optimization, and long-term performance validation are essential
for future work.

We have demonstrated through comprehensive first-principles mul-
tiscale computational simulations that ferrocene-functionalized COFs
represent a promising new class of hydrogen storage materials. MSUCOF-
4-FeCp achieves exceptional performance metrics with total gravimetric
and volumetric hydrogen uptakes of 18.0 wt% and 72.6 g L™" at 298 K and
700 bar, substantially exceeding DOE targets. More critically, the working
capacities of 12.2 wt% (WC,) and 52.2 ¢ L' (WC,) demonstrate that
MSUCOE-4-FeCp is the only porous crystalline framework reported, to our
knowledge, to meet both DOE ultimate targets at room temperature,
without cryogenic cooling or a temperature swing (Fig. 1).

These remain material-level results obtained under idealized, defect-
free conditions, and realizing them in a deployed system raises the system-
level requirements detailed above.

Energy distribution analysis from GCMC simulations reveals that iron
coordination, the cyclopentadienyl ring, and tritopic region compounded
interactions provide multiple hydrogen binding sites while maintaining
moderate binding energies. This approach offers significant economic
advantages over precious metal alternatives. The stable and well-defined
nature of ferrocene suggests excellent cycling stability.

Beyond hydrogen storage, the ferrocene-narrowed band gap and its
metal-to-ligand charge-transfer character suggest applications in photo-
catalysis and electrocatalysis.

This work establishes ferrocene functionalization as a viable strategy
for enhancing the hydrogen storage performance in COFs and provides a
foundation for future experimental validation. The computational frame-
work developed here can be extended to explore other metallocene systems
and optimize material properties for specific applications.

Methods

Quantum mechanical calculations

Density functional theory (DFT) calculations were performed to determine
the electronic structure, binding properties, and optimal geometries of
ferrocene-functionalized fragments and the complete MSUCOF-4-FeCp
framework. Workflow automation for CRYSTAL23 calculations was
managed using our MACE (Mendoza Automated CRYSTAL Engine)
python package,” an open-source framework for automating CRYSTAL
quantum chemistry workflows that include input generation, queue man-
agement, and error recovery. MACE is freely available to enable other
researchers to easily adopt and extend these computational workflows.

Fragment calculations were performed using CRYSTAL23**' with the
MO06 functional” and the pob-TZVP-rev2 basis set” employing spin-
polarized treatment with an extra-large integration grid*. The M06 func-
tional was selected for its balanced performance in reproducing thermo-
chemistry and non-covalent interactions”. Geometry optimizations
employed convergence criteria of 2.72 x 10! eV for SCF energy, 1.54 x
1072 eV A" for RMS forces, and 6.35 x 10~° A for RMS atomic displace-
ments, with I-point only Monkhorst-Pack sampling of the 500 A supercell.
These thresholds are round values in the program’s native atomic units (an
SCF energy of 10™'* Hartree, an RMS gradient of 3 x 10~° Hartree/Bohr, and
an RMS displacement of 1.2 x 10~* Bohr), an order of magnitude tighter
than the CRYSTAL23 defaults.

Full periodic calculations used CRYSTAL23 with HSE06-D3*** pro-
viding accurate treatment of electronic properties such as band gap, band
structure, and density of states”’. Comprehensive geometric optimizations
for atomic positions and lattice parameters used identical convergence
criteria as for the fragment calculations described above with Monkhorst-
Pack I'-centered grids. Notably, ferrocene units adopt eclipsed Cp con-
formations within the framework, contrary to the staggered preference of
isolated molecules, because of spatial constraints and electronic interactions
with neighboring struts. The framework-imposed eclipsed conformation
was used for the periodic calculations, while the fragment force-field
training set included both the eclipsed and staggered conformers to ensure
transferability. The optimized fractional coordinates and lattice parameters
for IRCOF-102, MSUCOF-4, and MSUCOEF-4-FeCp are reported in Sup-
plementary Note 2.
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Surface area and pore volume

Surface areas and pore volumes were calculated using the Atom Volumes &
Surfaces tool in Materials Studio™. The VAW surface is constructed by
rolling a spherical probe across the framework atoms, where the probe
radius is defined by the adsorbate of interest. For hydrogen storage appli-
cations, a probe radius of 1.445 A was used, corresponding to half the kinetic
diameter of H, (2.89 A). This approach provides a consistent basis for
comparing geometric properties across the IRCOF-102, MSUCOF-4, and
MSUCOE-4-FeCp frameworks.

Force field development and validation
Quantum mechanics-derived force fields were developed following our
previous methodology’' employing a Morse potential (Eq. (10))*'™ for H,-
ferrocene interactions:
Ca(r—r N2
UY™ (ry) = Dyl(1 — e )" — 1] (10)
The initial H, binding configurations were identified using the
Adsorption Locator tool in Materials Studio,” which uses Monte Carlo
sampling to locate energetically favorable adsorption sites; a random

selection spanning various H, distances and orientations relative to the
ferrocene center was extracted for quantum-mechanical refinement. Frag-
ment calculations for these configurations followed the quantum-
mechanical protocol described above, with vibrational frequency analysis
confirming the absence of imaginary frequencies and providing zero-point
energy (ZPE) and vibrational enthalpy (AHY;) corrections. Binding
enthalpies were computed as

AHZind = AHZinkerJer - AHzinker - AH?—IZ’ (11)

where each AH’ is the sum of the electronic energy, the ZPE, and the
vibrational-enthalpy correction. The parameters (Do, «, 7o) were fitted to
DFT binding energy curves using GULP,” sampling multiple Hydrogen
configurations (Hc) around eclipsed and staggered variants of ferrocene.
Representative training configurations are shown in Fig. S2. A least-squares
fitting procedure achieved a mean absolute error of 1.82kJ-mol™" and a
mean bias error of —0.66 kJ-mol ™" across the test configurations, both below
the thermal energy (RT = 2.48 kJ-mol ') at 298 K (Fig. 9). A sensitivity
analysis shows that this residual error does not affect the conclusions: even
after propagating the worst-case over-binding through the full isotherm, the
WC of MSUCOF-4-FeCp still exceeds both DOE ultimate targets with
99.999% confidence, as the systematic bias would have to exceed
3.5kJ-mol, roughly five times the observed 0.66 kJ-mol’, before this
result is in doubt (Supplementary Note 3).

The optimized parameters shown in Table 4 reveal distinctive binding
characteristics for the ferrocene iron center. The H,-Fe interaction exhibits a
notably deep potential well (D, = 1.987 kcal - mol ") combined with a small
width parameter (a = 0.466 A™"), indicating diffuse and extended interac-
tion. This combination produces a broad, attractive potential that facilitates
hydrogen capture while maintaining reversibility. In contrast, the chelation
complex FeCl, of our prior study exhibited drastically different electronic
environment (Do =1.092kcal-mol™, a=1.180A7", r,=3.155A), with
weaker, shorter-range binding despite greater metal accessibility”'. Notably,
the cyclopentadienyl rings geometrically constrain the Fe center of ferro-
cene, yet donate substantial 77-electron density which, in addition to its low
spin electronic configuration, creates an electron-rich environment that
strengthens Coulombic interaction with the H, quadrupole moment.
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Table 4 | Morse potential parameters for H-ferrocene
interactions derived from DFT calculations

Interaction D, (kcal-mol™) a(A) ro (A)
H,>-C 0.101 1.924 3.120
Hy-H 0.001 1.849 3.247
H,-Fe 1.987 0.466 2.476

Grand Canonical Monte Carlo simulations

Hydrogen storage isotherms were calculated using Grand Canonical Monte
Carlo (GCMC) simulations implemented in Materials Studio™ at 298 K and
1-700 bar. The Metropolis algorithm used translation, rotation, insertion,
deletion, and regrowth moves in a 2:1:1:1:0.1 ratio. Equilibrium was
achieved after 1,000,000 steps, followed by 3,000,000 production steps to
average uptake and isosteric heat of the ensemble (Qy).

Equation of state
To convert between fugacity (used in GCMC simulations) and pressure (for
experimental comparison), the VAW equation of state was employed:*

(12)

where fis the fugacity, Pis the pressure, T'is the temperature (298 K), Ris the
gas constant, and a=0.2476 L’ barmol> and b=0.02661 Lmol ™" are
empirical parameters for hydrogen. In our previous work, we showed that
this formulation showed only 0.735% difference from Peng-Robinson at
700 bar’",

Molecular dynamics

Framework stability was assessed with constant-stress, constant-
temperature (NPT) molecular-dynamics simulations using the UFF4-
MOF force field® (Nosé thermostat, Parrinello-Rahman barostat, 1 fs
timestep, 10° steps, 1 ns). For the mechanical-stability tests at 298 K, two
scenarios were compared: the empty framework under a uniform external
hydrostatic pressure imposed in vacuum, and the H,-loaded framework,
initialized from GCMC-equilibrated snapshots so that the H, pressure is
exerted from within and around the pores, as in real operation. Each
pressure is an independent NPT run initialized from the relaxed (zero-
pressure) framework rather than a decompressed high-pressure structure.
Because GCMC-equilibrated H, configurations were generated only at
discrete pressures, the loaded runs use the nearest available snapshots (the
4.6 and 5.7 bar runs bracket the nominal 5 bar delivery pressure, and the 92
and 113 bar runs represent the intermediate ~100 bar point). Thermal
stability was probed with NPT-MD temperature ladders for the empty
framework (1 bar, 298 to 600 K) and the H,-loaded framework (700 bar, 250
to 600 K), with the 250 and 600 K loaded runs extended to 7 ns. All struc-
tural comparisons are referenced to the MD-equilibrated framework
at 1 bar.

Hydrogen density and binding-site analysis

Hydrogen density fields were generated using the Sorption module in
Materials Studio,” in which the local H, density at each grid point is cal-
culated by averaging the count of sorbates over the associated volume ele-
ment during the GCMC sampling. To resolve where hydrogen binds relative
to the ferrocene units, the adsorbed H, configurations from the 298 K
GCMC ensembles were folded into the local frame of a single ferrocene
using its molecular symmetry, and each adsorbed molecule was assigned to
the first or second ferrocene solvation shell, to the non-ferrocene framework
motifs (boroxine nodes, tetrahedral carbon centers, and phenyl rings), or to
the open pore.

Energy distribution analysis

The interaction-energy distributions from the GCMC ensembles were
deconvoluted into binding-mode contributions by fitting asymmetric
Gaussian functions, and the population fraction of each peak was
obtained by numerical integration of the distribution within its energy
boundaries.

Data availability

The optimized crystal structures of IRCOF-102, MSUCOF-4, and
MSUCOEF-4-FeCp are provided as crystallographic files in the Supple-
mentary Information, and the GCMC uptake isotherms, energy-
distribution statistics, and fitted force-field parameters are reported in the
main text and Supplementary Information. Any additional data that sup-
port the findings of this study are available from the corresponding author
on reasonable request.

Code availability

The custom post-processing and analysis scripts used to produce the figures
and derived quantities reported here are available from the corresponding
author on reasonable request. The simulation software used (BIOVIA
Materials Studio, CRYSTAL, and GULP) is described in the Methods.
Additionally, the MACE (Mendoza Automated CRYSTAL Engine) package
used to automate the DFT calculations is openly available”.
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