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In this study, we report for the first time rhodium porphyrins as single-site catalysts for the hydrolytic
dehydrogenation of ammonia borane (AB), overcoming the traditional role of porphyrin-based materials
as stabilizing supports for metal nanoparticles. Rhodium complexes were synthesized by reaction of
RhClz-3H,O with four free-base porphyrins. To explore homogenous conditions, we chose two
cationic (TMPyP_H, and TMAP_H,) and one anionic (TSP_H,) water-soluble core, whereas water-in-
soluble neutral TAP_H, was used as a heterogeneous catalysis. Rhodium porphyrins were fully
characterized by UV-vis, ATR-FTIR and NMR spectroscopy, and the content of rhodium was estimated
by ICP-MS. Considerably, all the investigated rhodium porphyrins catalyze effectively the hydrolytic
dehydrogenation of ammonia borane at 303 K and 1 atm, with varying efficiency. Anionic TSP_Rh
showed the best performance (70.7% H, yield in 9 min, TOF = 15.72 x 10° h™Y), whereas the two cat-
ionic catalysts differed in activity and yield (TMPyP_Rh: 68.7% H, yield in 7 min, TOF = 3.41 x 10°
h™% TMAP_Rh: 57.5% H, yield in 21 min, TOF = 11.50 x 10°% h7™). The stability tests pointed out a
progressive deactivation of ionic rhodium porphyrins, mainly due to the reaction environment. Indeed,
its impact is likely greater on water-soluble complexes, as suggested by a detailed spectroscopic
investigation performed on the homogeneous catalysts after use. Conversely, the performances of
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heterogeneous TAP_Rh remained stable over seven successive runs, although the catalyst exhibited
lower activity (65.4% H, yield in 28 min, TOF = 3.65 x 10° h™Y). These results strongly demonstrate
the efficiency of Rh-based porphyrins as homogeneous and heterogeneous catalysts for the ultra-

rsc.li/dalton pure hydrogen production from ammonia borane.

unwanted byproducts, which limit its application. Solvolysis in

1 Introduction

(cc)

Fossil fuels have long been the primary energy source world-
wide, but their combustion releases hazardous pollutants, con-
tributing to environmental degradation and energy crises. This
urgency has driven the search for sustainable and clean energy
alternatives, with hydrogen emerging as a promising energy
carrier due to its high energy density and near-zero
emissions."? Efficient and safe hydrogen storage is crucial for
its practical application, with chemical hydrogen storage being
a viable solution, particularly for portable and vehicular appli-
cations.” Among the various hydrogen storage materials,
ammonia borane (AB) stands out for its high gravimetric
hydrogen capacity and stability. However, its thermal
decomposition requires high temperatures and generates
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protic solvents, such as water (hydrolysis) and methanol
(methanolysis), provides a more efficient hydrogen release
pathway.”” In particular, hydrolysis in the presence of a suit-
able catalyst facilitates hydrogen generation under mild con-
ditions. The catalytic hydrolysis reaction of ammonia borane
can be represented as follows:

NH;BH; + 2H,0 — NH, " + BO,™ + 3H, (g)

Avariety of transition metals have been explored as catalysts
for AB solvolysis, with noble metals such as Pt,* Rh,” Ru,'® and
Pd,'" as well as non-precious metals like Co,* Ni,"* Cu,** and
Fe'® being the most commonly employed. Among such metals,
rhodium has attracted particular attention due to its remark-
able catalytic activity. The pioneering study by Ramachandran
and coworkers'® first reported the catalytic methanolysis of AB
using RhCl;, paving the way for extensive research on
rhodium-based catalysts. Following this, numerous studies
have focused on rhodium nanoparticles supported on various
materials to enhance catalytic performance for hydrogen evol-
ution from AB methanolysis."”® More recently, rhodium-
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based catalysts have also been extensively investigated for AB
hydrolysis under mild conditions, demonstrating exceptional
efficiency in facilitating hydrogen release at room
temperature.®?°

Beyond the use of nanoparticles, researchers have explored
various strategies to enhance catalytic efficiency by incorporat-
ing metal catalysts into structured frameworks. Among these,
porphyrin-based materials have gained significant attention as
versatile platforms for metal immobilization. Metal porphyrin-
based porous polymers have been synthesized using a solvent-
knitting hyper-crosslinked polymer method with tetraphenyl-
porphyrin (TPP) as a building block.”" These materials exhibit
a highly porous structure with ultra-micropores and continu-
ous mesopores, facilitating efficient dispersion of Pd nano-
particles. The resulting Pd-N, coordination sites have demon-
strated excellent catalytic performance for both AB methanoly-
sis and the hydrogenation of aromatic nitro compounds under
mild conditions.? Similarly, highly dispersed tetra-(p-hydroxy-
phenyl)porphyrin (THPP)-stabilized Rh, Ru, and Pt nano-
particles have been successfully synthesized for the first time,
exhibiting outstanding activity in catalyzing AB hydrolysis for
hydrogen evolution.?> Additionally, hollow framework
materials have emerged as promising candidates due to their
large surface area, adjustable pore structures, and enhanced
mass transport properties. A notable example is the nitrogen-
rich hollow porphyrin framework (H-POF), synthesized using
SiO, as a hard template, which enables the confinement of
ultrafine Ni nanoparticles via ultrasonic impregnation and
reduction. The resulting Ni/H-POF catalyst has demonstrated
extraordinary efficiency in promoting the methanolysis of
NaBH,, further highlighting the versatility of porphyrin-based
frameworks for hydrogen generation applications.>® These
advances in porphyrin-based catalysts underscore their poten-
tial as robust and tunable platforms for metal immobilization,
offering new pathways for optimizing catalytic performance in
AB decomposition.

Indeed, porphyrins have generally emerged as highly prom-
ising materials in sustainable energy applications due to their
unique electronic properties and catalytic versatility. These
macrocyclic organic compounds, with their extended
n-electron conjugation, have been widely studied in fields such
as catalysis,”"** optoelectronics,”*™® photovoltaics,>*' and
artificial photosynthesis.*** Their structural flexibility, com-
bined with their ability to mediate charge transfer and energy
conversion, makes them valuable tools for advancing hydrogen
storage and generation technologies by AB hydrolytic
dehydrogenation.

Over the last few decades rhodium porphyrins have become
archetypal organometallic scaffolds because they are easy to
prepare and their oxidation states can be tuned with remark-
able precision.?® Early work showed that Rh(u) porphyrins,
obtained by straightforward metalation of free-base macro-
cycles, behave as strong electrophiles, mediating sp>-C-H
alkylation and anti-Markovnikov alkene hydration. Reduction
with hydrogen or hydride reagents**° converts these Rh(i)
species into square-planar, nucleophilic Rh() complexes,
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which in turn serve as gateways to Rh(u) metalloradicals. The
latter are normally isolated as Rh-Rh dimers, but can persist
as monomeric radicals when bulky meso- or p-substituents
block dimerization. Equipped with a half-filled d,. orbital, Rh
(1) porphyrins display striking radical chemistry: they split H,,
cleave otherwise inert sp® C-H bonds, and even open
unstrained p-C-C bonds through rare termolecular transition
states. Pioneering studies by Chan and co-workers have since
extended these reactivities to catalytic C-C scission and to the
hydration of alkenes and alkynes,***' underscoring that the
full catalytic potential of Rh-porphyrins is only beginning to
be realized.

Structurally, the rigid, near-planar porphyrin ring offers a
highly aromatic, inward-oriented N, pocket that locks
rhodium into square-planar, square-pyramidal, or octahedral
environments depending on its oxidation state. Steric loading
at the meso or f positions (e.g., mesityl groups) puckers the
macrocycle and sterically “shields” the metal, slowing ligand
exchange yet stabilizing monomeric Rh(u) radicals. Conversely,
less hindered macrocycles such as tetraphenylporphyrin (TPP)
grant easier access to metal-centered substitution and favour
Rh-Rh dimer formation. The resulting platform stabilizes
Rh(1), Rh(u), and Rh(m) equally well, enabling a broad palette
of redox-driven transformations.

Catalytically, rhodium porphyrins first drew attention in
reductive chemistry when Aoyama and co-workers showed that
Rh(m) porphyrins catalyze the NaBH,/O, reduction of ketones
via borane transfer, one of the earliest demonstrations of met-
alloporphyrins promoting borane chemistry under aerobic
conditions.*? Yet, despite this precedent and the extensive C-
H/C-C activation chemistry just described, rhodium porphyr-
ins have scarcely been explored for hydrogen generation. To
date, only Rh-porphyrin-stabilized nanocomposites, rather
than single-site molecular complexes, have been evaluated for
ammonia-borane (NH;BH;) hydrolysis, giving modest turnover
frequencies (ca. 214 mol H, mol™" min").*>* Single-site
rhodium porphyrins as homogeneous or heterogeneous cata-
lysts for AB hydrolysis therefore remains an open and promis-
ing frontier.

Building upon this background, we present the first
example of ammonia borane hydrolysis catalyzed by four dis-
tinct rhodium porphyrin complexes, employed as single-site
catalysts in both homogeneous and heterogeneous systems
(Chart 1).

For homogeneous catalysis, we focused on three water-
soluble ionic porphyrins: two cationic derivatives, 5,10,15,20-
Tetrakis(4-trimethylammoniophenyl)porphyrin (TMAP_H,)
and 5,10,15,20-(tetra-N-methyl-4-pyridyl)porphyrin
(TMPyP_H,), along with the anionic 5,10,15,20-(tetra-4-sulfo-
natophenyl)porphyrin (TSP_H,). The choice of these porphyr-
ins allowed us to investigate how their different charge distri-
butions and electronic properties may affect the catalytic
efficiency. For heterogeneous catalysis, we employed the
neutral 5,10,15,20-(tetra-4-aminophenyl)porphyrin (TAP_H,),
which, due to its water-insolubility, provides a stable and reco-
verable catalytic system.

This journal is © The Royal Society of Chemistry 2026
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Chart 1 Molecular structures of the investigated porphyrins.

2 Results and discussion

2.1 Rh(m) porphyrin complexes: synthesis and spectroscopic
characterization

All rhodium catalysts were easily and readily obtained by meta-
lation of the selected free-base porphyrins. While the cationic
TMAP_H, and TMPyP_H,, along with the neutral TAP_H,,
were sourced commercially, the anionic porphyrin TSP_H, was
synthesized following a modified literature procedure,****
from commercially available TPP_H,. The porphyrin was com-
bined with concentrated H,SO, to form a thick paste, which
was heated at 140 °C for 6 h and then allowed to cool to room
temperature overnight. Ice-cold water was added slowly, preci-
pitating a green solid that was separated from the acidic super-
natant by centrifugation. The precipitate was washed three
times with water, dissolved in methanol to give a dark-green
solution, and treated dropwise with 7 N methanolic NH; until
a red solid formed. Filtration and thorough methanol washing
afforded [TSP_H,]*"-4NH," in 93% yield.

Several methods have been developed to optimize the
coordination of various porphyrin cores with rhodium ions,
resulting in stable and functional metal-ligand complexes.*>*®
Key factors such as solvent choice, reaction conditions, and
stoichiometry have been extensively studied to maximize yield
and product purity. Among the tested solvents, dimethyl-
formamide (DMF) is considered the most effective for facilitat-
ing metalation.*>***® Herein, a solution of RhCl;-3H,0 (2.0
equivalents) in DMF was refluxed for 30 minutes until a yellow-
ish solution was obtained. The appropriate free-base porphyrin
(1.0 equivalent) dissolved in ethanol was then added dropwise,
and the reaction mixture was refluxed for an additional
24 hours. After completion of the reaction, the solvents were

This journal is © The Royal Society of Chemistry 2026
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evaporated under reduced pressure. The water-soluble ionic
porphyrins were first purified by passing the residues through
alumina with aqueous NaOH (pH about 10) while TAP_Rh
with DMF. Then the crude products were further purified by
Celite plug filtration with proper solvents. Finally, TMPyP_Rh
and TAP_Rh were recovered as solid by filtration from their
acetone dispersion, while the hygroscopic TSP_Rh and
TMAP_Rh derivatives were finally obtained by freezing the
aqueous filtrate followed by lyophilization.

Reaction progress was followed by "H NMR, changes in the
UV-visible and ATR-FTIR spectra, and fluorescence quenching.
Characterizing rhodium porphyrins, particularly the ionic
derivatives, is non-trivial: once metalated, these macrocycles
become markedly less soluble than their free-base analogues;
the rhodium center can exhibit various oxidation states and
adopt an octahedral structure with two axial ligands whose
identity depends strongly on medium and conditions; and
ionic substituents make spectroscopic measurements sensitive
to ionic strength, counter-ions, and solution pH. When DMF is
used for metalation at elevated temperature it can decompose,
supplying dimethylamine that binds axially to the newly
formed rhodium porphyrin.**™*° In water, however, the axial
sites are labile and are rapidly replaced by solvent to give bis-
aquo or, at higher pH, hydroxo species.>® All thodium com-
plexes were analyzed by "H NMR in appropriate deuterated sol-
vents (THF-dg for TAP_Rh and D,O for the water-soluble ionic
derivatives). In every case the characteristic inner N-H reso-
nance at ~—3 ppm vanished, while new upfield signals corres-
ponding to axially bound solvent appeared, confirming suc-
cessful metalation. Reaction progress was also checked by
thin-layer chromatography, using C18 reverse-phase TLC with
EtOH/H,0 for the water-soluble complexes, and silica-gel TLC
with DCM/MeOH for the insoluble TAP_Rh analogue. Relative
to the free-base porphyrins, the rhodium complexes showed
altered Ry values and complete fluorescence quenching,
further verifying that the metalation was complete.

To further confirm the coordination of rhodium in the
cavity of the porphyrins, ATR-FTIR was employed (Fig. 1).

Due to the complex nature of the molecules, a detailed
interpretation of the IR spectrum is challenging. In any case,
some valuable insights into the N-H absorption regions were
provided, i.e. at wavenumbers > 3000 cm ™" for stretching and
1650-1580 cm ™" for bending. A sharp peak around 1419 cm™*
and a medium band at 1595 cm™' are assigned to N-H
bending and C-N stretching vibrations, respectively. These
signals overlap with the C=C stretching vibrations of the
phenyl ring and are influenced by the presence of the
metal.***° The presence of an N-H bond in the starting por-
phyrins is confirmed by the IR band observed in the
3300-3400 cm™' region, corresponding to N-H stretching
vibration. Notably, rhodium porphyrins do not exhibit any N-
H stretching absorption, which is present in the metal-free
porphyrin.>! This band was monitored to track the insertion of
rhodium into the porphyrin core. Additionally, a broad,
medium-intensity peak at 3436 cm™" can also be attributed to
the overlapping O-H stretching vibration of absorbed water.
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Fig. 1 Synopsis of the FTIR-ATR spectra of free-base and Rh(in) porphyrins.

This effect is particularly relevant due to hygroscopic nature of
the catalyst, especially in the presence of sulfonated and
ammonium groups in anionic and cationic porphyrins.**°>
Upon complexation, a medium-intensity absorption at
560 cm™" appears in the IR spectrum, which is attributed to
the Rh-C stretching vibration, further confirming the coordi-
nation of rhodium.”*>*

Another tool to track porphyrin complexation is UV-Vis
absorption spectroscopy which offers valuable information on
metal coordination, structural changes, and the aggregation
behavior of the derivatives.”>** To assess the effect of metala-
tion, we compared the UV-Vis absorption spectra of the free-
base porphyrins with those of their corresponding Rh(i) com-
plexes (Fig. 2 and Fig. S1-S7). For the ionic species, spectra
were recorded in water across a concentration range of 1.0 x
107 to 5.0 x 1077 M to evaluate adherence to the Lambert-
Beer law (Fig. S1-S6). In contrast, the spectra of the neutral
TAP_H, and TAP_Rh were measured in THF; however, due to
the limited solubility of TAP_Rh in this solvent, a full multi-
concentration analysis was not feasible. A summary of the
experimental results is provided in Table 1.

The UV-Vis absorption patterns of all porphyrins are in
accordance with the “four orbital model” proposed by
Gouterman.’*”> Free-base porphyrins show one intense (&
10° M~ cm™) B band at 410-430 nm and four weaker (e
10°-10* M~* em™) Q bands at higher energies (500-660 nm).

All the bands are assigned to HOMO-LUMO a,,(nt),a,() —
ey(n*) porphyrin-ring-based electronic transitions.>® The B
band arises from a S, — S, transition, whereas the Q bands are
due to Sy — S; ones. The lowering of the number of Q bands

~
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Table 1 Synopsis of the experimental UV-Vis data

Bband Bband Q band Q bands
Compound Ama, (Nm) loge  Amax (nm) loge
TMPyP_H, 422 531 518, 554, 584, 638 4.14, 3.70, 3.77, 3.07
TMPyP_Rh 417 5.21 529, 562 4.13, 3.40
TMAP_H, 412 5.63 514, 550, 579, 634 4.22,3.74, 3.79, 3.46
TMAP_Rh 415 5.12 527,560 4.13, 3.32
TSP_H, 413 5.56 516, 550, 580, 633 4.03, 3.76, 3.73, 3.59
TSP_Rh 424 4.73 534, 566 (sh) 3.86
TAP H, 430 5.42 524, 568, 662 4.22, 4.07, 3.88
TAP_ Rh 437 542, 585

with the disappearance of those above 580 nm proves the
coordination of Rh(ui) to the pyrrolic nitrogen atoms, which
increases the molecular symmetry from D}, to D4,. Moreover,
complexation induces a decrease of the intensity of the absorp-
tion bands as confirmed by the diminished molar absorption
coefficient of metal-porphyrins.

While UV-Vis absorption readily confirms complexation at
first glance, a more detailed analysis can also provide valuable
insights into additional aspects of the system. Rhodium com-
plexation generally induces a hypsochromic (blue) shift in the
B bands of porphyrins. However, in the presence of strongly
coordinating solvents such as pyridine or DMF, a bathochro-
mic (red) shift in the absorption spectrum may occur
instead.>® Additionally, the aggregation behavior of porphyrins
can significantly influence their spectral features: the for-
mation of H-aggregates (head-to-head arrangement) typically
leads to a blue shift of the B bands, whereas J-aggregates
(head-to-tail) result in a red shift of the same transitions.

500 600 700

wavelength / nm wavelength / nm

wavelength / nm

wavelength / nm

Fig. 2 Normalized UV-Vis absorption spectra of free-base and Rh(in) porphyrins investigated in this work. Insets show an enlargement of the Q

band zone.
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The spectroscopic comparison of ionic porphyrins and the
neutral one in diluted solution deserves a separate discussion.
The UV-Vis spectra of the water-soluble porphyrins TMAP,
TMPyP, and TSP, both in their free-base and metalated forms,
were recorded in dilute aqueous solution at pH 7. Under these
conditions, it is well established that the predominant
rhodium-porphyrin species in solution are bis-aquo com-
plexes, as supported by numerous literature reports,®”*° thus
any influence from variations in coordinated solvents can be
ruled out for these species. However, in a previous study,
Golovina and Vasil’ev demonstrated that while the cationic
rhodium complexes TMAP_Rh and TMPyP_Rh remain mono-
meric in aqueous solution, the anionic TSP_Rh tends to
dimerize, forming a head-to-tail aggregate.>® Accordingly, the
absorption spectrum of TMPyP_Rh shows a sharper and blue-
shifted B-band relative to its free-base counterpart, consistent
with rhodium complexation occurring in a monomeric form.
In the case of TMAP_Rh, the B-band is nearly superimposable
with that of TMAP_H,, exhibiting only slight broadening and a
modest red shift, suggesting the complex predominantly exists
as a monomer, with a minor contribution from J-aggregates.
In contrast, the spectrum of TSP_Rh displays a significantly
broadened and red-shifted B-band compared to its free-base
analogue, indicating a higher degree of aggregation, likely due
to head-to-tail dimer formation. Similar to TSP_Rh, the com-
plexation of the water-insoluble TAP_H, results in an absorp-
tion spectrum in dilute THF characterized by a broadened and
red-shifted B-band, consistent with the formation of
J-aggregates, an expected outcome for a molecule with such
limited solubility in most solvents.

2.2 Catalytic tests

Following confirmation of successful metalation, the rhodium
content in each complex was quantified by ICP-MS analysis
(Table 2). This step is essential to accurately normalize the
catalytic performance of the catalysts based on their actual
rhodium loading.

The selected rhodium porphyrin complexes were used as
catalysts in the hydrolysis of ammonia borane. Firstly, the pre-
cursor employed to metalate the porphyrins (RhCl;-3H,0) was
tested at the same reaction conditions, to exclude its role in
the catalytic activity and underlying the importance of the por-
phyrin core. Fig. S7 shows the kinetic profile of this specie.
Indeed, after an initial considerable activity, it poisons reach-
ing the plateau after only 37 seconds (H, yield of 14%).
Specifically, the three ionic, water-soluble porphyrins
(TMPyP_Rh, TMAP_Rh, and TSP_Rh) were chosen for evalu-

Table 2 H, yield, end of the reaction time and TOF for the different
catalysts tested in the hydrolytic AB decomposition

Catalyst Yield H,/%  Time/min TOF/h™' 10°  %Rh (ICP)

TMPyP_Rh  68.7 7 3.41 10.30 + 0.08
TMAP_Rh  57.5 21 11.50 4.80 +0.12
TSP_Rh 70.7 9 15.72 11.80 + 0.41
TAP_Rh 65.4 28 3.65 12.70 + 0.64

This journal is © The Royal Society of Chemistry 2026
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ation as homogeneous catalysts, while the neutral TAP_Rh
complex was prepared and applied as a heterogeneous catalyst,
enabling a comparative study of their catalytic performances
across different environments.

The materials were tested in a batch reactor under mild
reaction conditions (303 and 1 atm). The hydrogen evolution
was monitored by the Men On the Moon kit, measuring the
partial pressure of the products evolved.

The kinetic profiles were collected until the end of the reac-
tion, indicated by a pressure plateau. Fig. 3 shows the time
evolution of H, production normalised on the initial moles of
AB (nH,/nAB,) for the homogeneous catalysts, i.e. TMPyP_Rh,
TMAP_Rh and TSP_Rh. It is worth noting that none of the cat-
alysts evaluated produces the maximum theoretical equiva-
lents of H,, likely due to the incomplete decomposition of
ammonia borane. The anionic porphyrin, TSP_Rh, showed the
best catalytic performance, with a TOF of 15.72 x 10° h™" and a
70.7% hydrogen yield in only 9 minutes (Table 2). The two cat-
ionic catalysts showed a very different catalytic behaviour.
Indeed, TMPyP_Rh reached a 68.7% H, yield in 7 minutes
after almost one minute of activation time, which can be
observed from the sigmoidal shape and the relatively low TOF
(3.41 x 10° h™") (Fig. 3 and Table 2). It is worth mentioning
that using TMPyP_Rh a sigmoidal shape was observed in the
first run. This kinetic profile, described by a Finke-Watzky
kinetic model,*”*® is typically indicative of a transformation or
reconstruction within the active phase, evolving from a meta-
stable to a more stable state. Recently, we demonstrated that
this stable active phase is not necessarily the reduced metal.
In that study, we showed that the support itself undergoes
reduction, thereby altering the electronic and redox properties
of the active phase.”® Moving from TMPyP_Rh to TMAP_Rh
porphyrin the activity largely increases with a hydrogen pro-
ductivity of 11.50 x 10° h™", but giving a lower H, yield (57.5%)
in a longer time, 21 minutes. It is important to highlight that,
despite variations in their catalytic performance, all the syn-
thesized rhodium porphyrin complexes function effectively as
single-site catalysts for ammonia borane hydrolysis. To the
best of our knowledge, these represent the first reported
examples of rhodium porphyrins applied directly to this trans-
formation. Another important parameter to establish the
overall performance and applicability of a catalyst is its stabi-
lity over numerous reaction runs. Indeed, we performed recycl-
ability tests over all the different employed systems by adding
the same amount of ammonia borane after the end of the reac-
tion, without separating the catalyst from the reaction environ-
ment. So, after reaching the pressure plateau the system was
open and closed. After the equilibrium was reached, 400 pL of
a 1 M ammonia borane aqueous solution was injected at once
and the reaction profile was monitored.

Starting from the best performing porphyrin, TSP_Rh, in
Fig. 3, we could observe a gradual deactivation in terms of
activity over the five consecutive runs performed, while the H,
selectivity remains almost constant. TMPyP_Rh and TMAP_Rh
showed a similar behaviour in terms of TOF, but an increase
in the H, yield was observed over all the stability runs.
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Fig. 3 Kinetic profiles and reusability tests of the homogeneous porphyrins for ammonia borane hydrolysis. All tests were performed at least three

times at 303 K and 1400 rpm using a 7.4 x 10~2 M AB solution.

To implement the poor stability of homogeneous rhodium
porphyrins in ammonia borane dehydrogenation, the neutral
TAP_Rh porphyrin, functioning as a heterogeneous catalyst in
aqueous environment, was employed (Fig. 4). This complex
achieved a hydrogen yield of 65.4% within 28 minutes, corres-
ponding to a TOF of 3.65 x 10° h™",

As expected, the stability tests conducted under hetero-
geneous conditions with TAP_Rh yielded markedly different
results compared with the homogeneous porphyrins. Although

25

20 +
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c —run 1
} = =run 2
10T == =run3
== =run4
05+ run 5
run 6

run7
0.0 +

0 5 10 15 20 25 30 35 40 45 50
t/ min
Fig. 4 Kinetic profiles of the TAP_Rh for ammonia borane hydrolysis.

All tests were performed at least three times at 303 K and 1400 rpm
using a 7.4 x 1072 M AB solution.

Dalton Trans.

the catalyst exhibited lower activity during the initial run, its
performance remained consistent over seven successive cycles,
with a gradual increase in hydrogen production yield observed
across the repeated tests (Fig. 4). These differences can be
attributed to the aqueous reaction environment, which likely
has a greater impact on the water-soluble ionic porphyrins
than on their neutral counterparts. It is important to consider
that during the catalytic process, the pH of the solution gradu-
ally increases, passing from 5 to 10, as a result of the for-
mation of the weakly basic BO,™ species generated from the
decomposition of ammonia borane, affecting especially the
homogeneous catalysts and leading to different results in
terms of activity and stability.

2.3 Spectroscopic investigation of the catalysts after use

To better understand the influence of the aqueous environ-
ment on the water-soluble ionic catalysts, a comprehensive
spectroscopic study was conducted on the best performing
homogeneous catalyst, i.e. TSP_Rh. This included monitoring
changes in the UV-Vis absorption profiles of the rhodium por-
phyrins following the first catalytic cycle, as well as under
varying pH conditions.

Additionally, the catalysts were subjected to hydrogenation
treatments, either by exposure to H, gas (under 2 bar for
2 hours) or by reaction with NaBH,, and the resulting spectral
changes were analyzed and compared. To further assess poten-

This journal is © The Royal Society of Chemistry 2026
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tial changes in axial coordination and evaluate all the different
ligands that can interact with the catalysts and ionic strength
during catalysis, NaBO, was also introduced into the solution
and its effects on the absorption spectra were evaluated. First,
we recorded the absorption spectra of the aqueous reaction
mixtures of TSP_Rh after the first catalytic run, both in de-
ionized water (pH 7) and in ammonium buffer solution (pH
10), and compared them with the spectrum of the catalyst in
water prior to catalysis (Fig. 5). Notably, following the catalytic
run, the spectrum of TSP_Rh in deionized water (pH 7) exhibi-
ted significant changes compared to the pre-catalysis profile
(Fig. 5a). The B-band became markedly sharper and showed a
hypsochromic shift of approximately 10 nm. Additionally, the
Q-band region underwent substantial modification: whereas
only a single Q-band at 535 nm was visible before catalysis,
two distinct Q-bands appeared after the reaction, including a
new band at 600 nm with intensity comparable to that at
535 nm. However, when the post-catalysis TSP_Rh sample is
diluted in ammonium buffer at pH 10, the spectral profile
undergoes broadening and a red shift of the B-band, along
with a simplification of the Q-band region. The resulting spec-
trum closely resembles that of TSP_Rh prior to catalysis,
except for two additional low-intensity Q-bands barely percep-
tible at 570 and 613 nm. The sharp and blue-shifted B-band
observed in the spectrum after catalysis at pH 7 indicates that
the active species during the first catalytic run likely exists in a
monomeric form. The emergence of a second, intense Q-band
at 600 nm suggests that the rhodium center is no longer
strictly confined to a square-planar geometry, but instead
adopts a “sitting-atop” (SAT) configuration.®®®! This distortion
is likely due to the coordination of a strongly interacting axial
ligand, which slightly displaces the rhodium center out of the
porphyrin plane. However, we cannot exclude the possibility
that the observed spectral features arise from the formation of
a catalytic intermediate in a reduced Rh(1) oxidation state,
such as [TSP_Rh'(H,0)]’", potentially adopting a square-pyra-
midal, five-coordinate geometry. Alternatively, the formation of
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a hydride species like [TSP_Rh(H)(H,0)]*~ could also account
for the observed asymmetry, as it would disrupt the molecular
symmetry of the complex. However, this active species appears
to be stable only under neutral or mildly basic conditions. As
the basicity increases, such as after multiple catalytic cycles, it
likely transforms into a less active and less soluble aggregated
form. This is supported by the observed decline in catalytic
activity over successive runs, the broadening of the B-band in
the absorption spectrum at pH 10, and the visible formation
of a precipitate in the reaction medium during the stability
tests.

To rule out the possibility that the observed spectral
changes are due to the formation of hydroxo species (such as
the mono-hydroxo complex [TSP_Rh™(H,O)(OH )]*~ or the
dihydroxo complex [TSP_Rh™(OH™),]’") under basic con-
ditions, we also recorded the absorption spectra of the
rhodium complex before catalysis in both pH 7 and pH 10
aqueous solutions. The resulting spectra were completely
superimposable (Fig. S9), indicating that neither the conver-
sion from the bis-aqua complex [TSP_Rh™(H,0),]*” at pH 7 to
the hydroxo forms at pH 10 produces any significant spectral
differences.

Wayland et al. demonstrated that low oxidation state
species such as [TSP_Rh'(H,0)]>~ or [TSP_Rh(H)(H,0)]*" can
be generated by reducing the bis-aquo Rh(m) complex using
hydrogen gas or a chemical reductant like NaBH,.>® Based on
this, the TSP_Rh complex was subjected to reduction either by
exposure to pressurized hydrogen for 2 hours or by treatment
with NaBH,.

The resulting absorption spectra were recorded under
acidic (acetic acid/acetate buffer 0.1 M), neutral, and basic
(ammonium buffer 0.1 M) conditions and subsequently com-
pared (Fig. S10). In all cases, the spectra were nearly identical
to that of the post-catalysis complex at pH 10, displaying the
same additional low-intensity Q-bands at 570 and 613 nm.
Therefore, we can reasonably conclude that the active species
formed during the first catalytic cycle is not identical to the

a b c
‘o [——TSP_Rh [—— TMPyP_Rh
,04 N TSP_Rh post_cat (pH7) 1,04 —— TMPyP_Rh post_cat 1,0 H —— TMAP_Rh
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Fig. 5 UV-Vis spectra of (a) TSP-Rh, (b) TMPyP_Rh and (c) TMAP_Rh before and after the first catalytic run, varying the pH and after addition of

NaBH,.
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reduced forms generated by treatment with hydrogen or
NaBH,. Instead, it appears that the complex gradually converts
into the reduced species as the basicity of the solution
increases. By exclusion, we propose that the active species is a
transient intermediate, likely formed in situ during the course
of the ammonia borane hydrolysis reaction, and not readily
accessible through direct chemical reduction. Additional
experiments were carried out by recording the absorption
spectra of TSP_Rh in an aqueous solution of NaBO, (0.1 M) to
evaluate any effects induced by the increasing concentration of
BO,” during catalysis (Fig. S10). The resulting spectrum was
nearly identical to that of the catalyst in pure water, showing
only a slight bathochromic shift (approximately 3 nm) across
all bands. This minor shift is likely attributed to the increased
ionic strength of the solution rather than a direct interaction
between the BO,  anion and the rhodium center.

A similar spectroscopic investigation was conducted for the
TMAP_Rh and TMPyP_Rh catalysts (Fig. 5b and c). In both
cases, the emergence of an additional intense Q-band around
600 nm was observed after the first catalytic run. However,
unlike TSP_Rh, the cationic porphyrins remain in monomeric
form under all tested conditions, with no noticeable broaden-
ing of the absorption bands at basic pH. Notably, the slower
reduction kinetics of TMAP_Rh upon reaction with NaBH,
enabled us to track the evolution of its spectral features over
time (Fig. S11). Five minutes after NaBH, addition, the B-band
showed a marked hypsochromic shift, and the Q-region dis-
played multiple prominent bands at 500, 533, 570, and
603 nm. From 15 minutes to 60 minutes, the spectrum pro-
gressively evolved into the profile observed following the first
catalytic run. These observations strongly support the for-
mation of a transient active intermediate during the reaction,
which is difficult to isolate, but can be spectroscopically cap-
tured during its evolution.

Numerous mechanisms for ammonia borane hydrolysis
have been proposed in literature, primarily involving sup-
ported metal catalysts. However, to the best of our knowledge,
no mechanistic studies have been reported to date for AB
hydrolysis catalyzed by rhodium-porphyrin as single-site com-
plexes. While we cannot rule out the involvement of rhodium-
based intermediates in lower oxidation states (such as Rh(i),
rhodium hydride (Rh-H), or even Rh(u)) and acknowledge that
a more detailed investigation is required, we tentatively
propose hereafter a preliminary mechanism aligned with exist-
ing studies. This mechanism involves the formation of an
active intermediate complex between the rhodium porphyrin
and ammonia borane, which then facilitates AB hydrolysis by
promoting its decomposition through a coordinated activation
pathway (Scheme 1).

3 Experimental

TAP_H, and 5,10,15,20-(tetraphenyl)porphyrin (TPP_H,) for
the synthesis of TSP_H, were puchased from Porphychem,
whereas TMAP_H,, RhCl;-3H,0 and ammonia borane (AB,

Dalton Trans.
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H3N-BH; HO-BH,  (HO)BH

QHZ : +H,0 B : QH
<Rh, *AB - Rh, MO Rh, Q Rnh. MR Rrh, .o,
OH, OH, :zH OH -H OH -H; OH

- 4

Scheme 1 Proposed mechanism for hydrogen evolution from hydro-
lytic dehydrogenation of ammonia borane.

NH;BHj3;, 90%)from Merck. TSP_H, was prepared optimizing a
literature method.**** UV-Vis electronic absorption spectra of
ionic porphyrins, both free-base and metal complexes, were
recorded at room temperature in H,O while tetrahydrofuran
(THF) was used for TAP_H, and TAP_Rh using a Shimadzu
UV3600 spectrophotometer and quartz cuvettes with 1 cm
optical path length. "H-NMR spectra were recorded on a Bruker
Avance DRX-400 in D,0 or THF-dg (Cambridge Isotope
Laboratories, Inc.). ATR-FTIR spectra were acquired on a
PerkinElmer Frontier instrument equipped with an ATR acces-
sory with a diamond/ZnSe crystal. The IR spectra were collected
in the range 4000-400 cm™". Lyophilization was carried out on a
Freeze Dryer CoolSafe 55-4 (LABOGENE). ICP-MS analyses were
performed on an Agilent 7850 ICP-MS, using for calibration an
Agilent IMS-103 calibration standard. Elemental analysis was
carried out with a PerkinElmer CHN 2400 instrument.

The hydrolytic dehydrogenation of AB was performed in a
27 mL two-necked round bottom flask at a constant reaction
temperature of 303 K. Hydrogen evolution was followed by
using the Man On the Moon X104 kit, monitoring the partial
pressure of the released product.®*®* Usually, the selected
amount of catalysts (AB/Rh molar ratio 1000/1) is added to the
reactor containing 5.0 mL of distilled water and the desired
temperature is reached. This was connected with a switchable
three-way valve through a Torion screw. Then, the valve was
switched to the pressure transducer which is connected via
wireless to the software recording the kinetic profile online.
When the equilibrium was reached indicated by a stable
pressure value, 0.4 mmol of AB were injected and stirred at
1400 rpm, starting the reaction. The kinetic profiles were col-
lected until the reaction end, indicated by the pressure plateau
and collecting 0.5 points per s. To confirm the reproducibility
of the experiments, catalytic tests were repeated at least three
times. The turnover frequency (TOF) was calculated as the
slope of the initial kinetic profile (between 0 and 1.5 minutes)
normalized for the employed moles of metal (based on ICP
results).

4 Conclusions

In the present work we developed the first examples of
rhodium porphyrins as single-site catalysts for the hydrolytic
dehydrogenation of ammonia borane in aqueous media under
mild conditions. We considered three ionic water-soluble por-
phyrins (anionic TSP_H,; cationic TMPyP_H, and TMAP_H,)
for homogeneous catalysis, and one water-insoluble neutral
core (TAP_H,) to explore heterogeneous conditions. We pre-

This journal is © The Royal Society of Chemistry 2026
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pared the corresponding rhodium complexes by reaction of
the free-bases with RhCl;-3H,0, and we fully characterized
them by UV-Vis, ATR-FTIR and NMR spectroscopies. The metal
loading was measured by ICP-MS. Then, we tested our catalysts
in a batch reactor at 303 K and 1 atm.

Considerably, all the investigated rhodium porphyrins cata-
lyzed ammonia borane hydrolysis efficiently, with some differ-
ences in their performances. The best results were achieved by
anionic TSP_Rh, which led to high values of H, yield and TOF
in a few min. On the other hand, the two cationic catalysts
showed lower H, yields and TOFs. In particular, TMAP_Rh
appeared more active than TMPyP_Rh, but produced a lower
H, yield in a longer time. We performed stability tests on the
three ionic complexes, which pointed out an increasing de-
activation of the catalysts. Conversely, the performance of
heterogeneous TAP_Rh catalyst remained consistent over seven
successive cycles with a gradual increase in H, production
yield across the repeated tests, despite the lower activity dis-
played during the initial run.

To delve deeper into the understanding of the catalytic be-
havior of our ionic rhodium porphyrins in an aqueous
environment, we conducted a comprehensive spectroscopic
investigation on TSP_Rh after the first catalytic cycle, as well as
on pristine TSP_Rh varying pH, exposing it to gaseous H,, or
adding NaBH, or NaBO,. The UV-Vis absorption profiles
strongly suggested the presence of an active species gradually
formed in situ during the first catalytic run, which cannot be
generated by direct reaction of pristine TSP_Rh with H,,
NaBH, or NaBO,. This active species is likely a monomeric
form of the catalyst, with the rhodium center in a sitting atop
configuration due to axial ligand coordination, as also sup-
ported by the similar spectroscopic investigation on TMAP_Rh
and TMPyP_Rh. This study paves the way to the use of Rh por-
phyrins in hydrogen production from ammonia borane.
Further investigations will be performed in the near future to
further optimize the catalyst and to have insight into the deep
understanding of the whole reaction mechanism.
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