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James O'Shea,b Christian J. Doonan, a Neil R. Champness *bc

and Christopher J. Sumby *a

Mn(diimine)(CO)3X (X = halide) complexes are critical components of chromophores, photo- and

electrocatalysts, and photoactive CO-releasing molecules (photoCORMs). While these entities have been

incorporated into metal–organic frameworks (MOFs), a detailed understanding of the photochemical

and chemical processes that occur in a permanently porous support is lacking. Here we site-isolate and

study the photochemistry of a Mn(diimine)(CO)3Br moiety anchored within a permanently porous MOF

support, allowing for not only the photo-liberation of CO from the metal but also its escape from the

MOF crystals. In addition, the high crystallinity and structural flexibility of the MOF allows crystallographic

snapshots of the photolysis products to be obtained. We report these photo-crystallographic studies in

the presence of coordinating solvents, THF and acetonitrile, showing the changing coordination

environment of the Mn species as CO loss proceeds. Using time resolved experiments, we report

complementary spectroscopic studies of the photolysis chemistry and characterize the final photolysis

product as a possible Mn(II) entity. These studies inform the chemistry that occurs in MOF-based

photoCORMs and where these moieties are employed as catalysts.
Introduction

The Mn(diimine)(CO)3X (X = halide) family of complexes, and
their Re analogues, have been widely studied1 as catalysts for
both electro- and photocatalytic CO2 reduction,2–6 as light
absorbing components in solar cells,7 biological probes8,9 and
photoactive CO-releasing molecules (photo-CORMs).10–12

Central to the performance of the M(diimine)(CO)3X complexes
in these processes is the ability to labilise, or retain CO, as
required. For example, photocatalytic CO2 reduction necessi-
tates the liberation of vacant coordinating sites to facilitate
reaction of CO2,5,13 and while CO delivery by photo-CORMs is
triggered by irradiation, an understanding of their stability and
the timing and extent of CO release is needed to assess
toxicity.10 Additionally, coordinatively unsaturated sites, gener-
ated by CO loss, possess interesting reactivity, including the
Advanced Nanomaterials, The University

istopher.sumby@adelaide.edu.au

ingham, Nottingham, UK

rmingham, Birmingham, UK. E-mail: n.

tion (ESI) available: Additional
troscopy, additional SCXRD data and
and 2219973–2219974. For ESI and
ther electronic format see DOI:

the Royal Society of Chemistry
possibility for CH activation and catalysis.14 Thus, further
insight into the chemistry of these entities will expand the
potential for new applications.

A strategy for studying photo-CORMs is to tether, or embed,
the CO-bearing species within an isolating matrix such as
a crystalline metal–organic framework (MOF).15–18 MOFs are
periodic structures comprised of metal nodes connected by
organic links19 that can form an open framework environment in
which reactive species can be site isolated and studied. For
example, we have used the exible MOF, [Mn3L2L

′] (MnMOF-1,
where L = bis-(4-carboxyphenyl-3,5-dimethylpyrazolyl)methane)
to study transformations of a Rh(I) dicarbonyl complex,20

observed site selective “click” reactions,21 and examined funda-
mental reaction processes,22,23 including for M(diimine)(CO)3X
complexes.24 In these, and examples reported by others,15,25–29 the
MOF structure acts as a rigid matrix preventing the recombina-
tion reactions of intermediate species. Furthermore, MOFs can
provide a unique chemical environment that can be tailored to
mimic the gas phase, or a solution phase, in which the quantity
and type of solvent can be carefully controlled.30 Finally, MnMOF-
1 in particular possesses a degree of structural exibility that
allows chemical reactions to occur without signicantly
damaging the crystal. This can provide denitive assessment of
the localized structure of the metal centre by single crystal X-ray
diffraction (SCXRD) before and aer reaction.

Despite comprehensive studies of the photophysics and
photochemistry of M(diimine)(CO)3X complexes being
Chem. Sci., 2023, 14, 9409–9417 | 9409
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undertaken,1,31,32 how they behave supported within a solid-
state matrix has only received limited attention. Blake et al.
investigated the nature of the excited states and the formation
of reactive intermediates for Re(diimine)(CO)3Cl and
Mn(diimine)(CO)3X (X = Br, Cl) species by hosting the photo-
active unit within a close-packed MOF (Fig. 1a).33 In the
conned environment of this MOF (which is constructed from
different Mn nodes), CO cannot be lost from the
M(diimine)(CO)3X moiety and rearrangement from the fac to
mer isomer was observed by SCXRD following photolysis and
recombination. Follow-up contributions34,35 used spectroscopy
to conrm the role of DMF solvent molecules trapped in the
pores binding to the dicarbonyl intermediate and also exam-
ined the same photoactive unit in a MOF with a redox active
node. In the latter example, photoinduced electron transfer was
observed between the Re(diimine)(CO)3Cl unit and the Cu(II)
node.35

Studies of CO release from a Mn(diimine)(CO)3Br unit
appended within an open porous framework have also been
conducted.36,37 Diring et al. appended the same Mn carbonyl
species within the pores of UiO-67-bpy (where bpy = 2,2′-
bipyridine dicarboxylate) and showed light induced delivery
and cellular uptake of CO, amounting to near quantitative
release of framework sequestered CO (Fig. 1b).36 Further work in
the same group used the Mn(diimine)(CO)3X units as nodes to
produce amorphous mesoporous coordination polymers.37 Due
Fig. 1 Representations of (a) prior art interrogating the photochem-
istry of M(diimine)(CO)3X in a MOF (note the Cl− ligand shifts from an
axial to equatorial site upon photolysis but is not quantitative and this
leads to disorder) and (b) applying it to generate a MOF-based pho-
toCORM. Herein, (c) we probe the chemistry of M(diimine)(CO)3X
photolysis in a permanently porous MOF, providing crystallographic
snapshots of the photolysis process.

9410 | Chem. Sci., 2023, 14, 9409–9417
to the small particle sizes of UiO-67-bpy and the amorphous
nature of the coordination polymers, no denitive studies of the
structure of the Mn intermediates generated during photolysis
were reported. Owing to their importance as electro- and pho-
tocatalysts, Mn(diimine)(CO)3X units have been introduced into
a range of other solid supports, including Periodic Mesoporous
Organosilicas (PMOs).38 In these environments, spectroscopic
detection of the mer isomer and a radical anion species,
[Mn+(bpyPMOc−)(CO)3] was made possible by persistent site-
isolation, a property shared with MOFs. Again, due to a lack
of long-range structural order, no crystallographic structural
data was reported.

Herein we use the exible MOF platform provided by
MnMOF-1 to site isolate and undertake photochemical inves-
tigations of a Mn(diimine)(CO)3Br moiety anchored within
aMOF (Fig. 1c). The system studied here is permanently porous,
allowing not only the photo-liberation of CO ligands but their
escape from the MOF crystals in the presence of different pore-
lling solvents. Moreover, the single crystal-to-single crystal
(SCSC) transformations, enabled by the structural exibility of
the MOF support, allows crystallographic snapshots of the
photolysis products to be obtained. We report these photo-
crystallographic studies in the presence of weakly and moder-
ately strong coordinating solvents, THF and acetonitrile,
showing the changing coordination environment of the Mn
species as CO loss proceeds. Allied with these experiments we
report spectroscopic studies of the photolysis chemistry and
characterize the nal photolysis product as a Mn(II) entity.

Results and discussion
Synthesis and structure of MnMOF-1$[Mn(CO)3Br]

We have previously reported the quantitative metalation of
MnMOF-1 with Mn(CO)5Br, to give MnMOF-1$[Mn(CO)3X]Y (X
= solvent and Y = Br, or X= Br).21,24 The structure of MnMOF-1,
formulated as [Mn3L2L

′], is comprised of Mn(II) trinuclear nodes
coordinated to L (Fig. 2a), where in L all the donors are coor-
dinated to the Mn framework nodes but L′ is coordinated solely
through the carboxylate donors, thus providing a vacant bis-
pyrazole site for metalation post-synthetically. This bis-
pyrazole site is connected by a methylene hinge, which
imparts remarkable exibility while allowing maintenance of
single crystallinity during post-synthetic metalation and
subsequent chemical transformations. Formation of MnMOF-
1$[Mn(CO)3Br] was achieved by treating the MOF with
Mn(CO)5Br in ethanol at 50 °C to give MnMOF-1$[Mn(CO)3(-
EtOH)Br].21 This initial species is charge separated, with the
bromide anion residing in the MOF pore and the Mn(I) ion
coordinated to the bidentate MOF ligand, three carbonyl
ligands and a solvent molecule. Exchanging the solvent for
a comparatively poorly coordinating one such as THF converts
this to the neutral complex, MnMOF-1$[Mn(CO)3Br], with the
bromide anion replacing the solvent molecule.24

IR spectroscopy shed further light on this chemistry. The
parent tricarbonyl complex MnMOF-1$[Mn(CO)3Br] exhibits
three strong absorbance bands in the infrared, at approximately
2020, 1945, 1890 cm−1, with the positions of those bands
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Details of the structure of MnMOF-1$[Mn(CO)3Br] and the bulk photolysis experiments. (a) The structure of MnMOF-1$[Mn(CO)3Br],
highlighting the coordination environment of the Mn(CO)3Br entity, (b) the key IR modes, and (c) the solid-state UV-visible spectra of MnMOF-1$
[Mn(CO)3Br] before and after photolysis. (d) IR spectra of the solid sample before and after photolysis and (e) bulk photolysis of a sample of
MnMOF-1$[Mn(CO)3Br] measured by a residual gas analyser showing the CO is released from the MOF powder upon irradiation. (f) A visual
representation of the photolysis process conducted in solvent under a N2 atmosphere. When crystals are photolysed in solution the CO release is
notably retarded.
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varying slightly depending on the solvent and coordination
environment (whether Br− or solvent is coordinated).24 These
absorbance bands correspond to the A′ and A′′ symmetric
stretches and A′ asymmetric stretch of the fac-tricarbonyl
complex (Fig. 2b).39 Irradiation of a THF solvated sample of
MnMOF-1$[Mn(CO)3Br], dried under a ow of nitrogen gas to
give a free owing powder, with visible or UV light in an
ambient atmosphere causes these bands to disappear, demon-
strating that all three carbonyl ligands permanently dissociate
from the Mn(I) centre under photolysis (Fig. 2d). Release of CO
from a dried sample of MnMOF-1$[Mn(CO)3Br] under irradia-
tion was also followed by residual gas analysis mass spectros-
copy (RGA-MS), monitoring the m/z 28 peak (Fig. 2e). Initially,
the sample was monitored in the dark to assess the stability of
the carbonyl complex. No CO was detected at m/z 28 in the dark
and so the sample was irradiated with UV light. An immediate,
sharp increase in the m/z 28 peak was observed, which
continued to increase for a period (13 min) before plateauing
(the slow decrease over the remaining timescale of the experi-
ment is due to sampling of the reaction headspace). Notably, no
ongoing gradual increase in CO concentration was observed, as
might be expected if CO gas trapped in MOF crystals was being
slowly released. Thus, it can be concluded that the CO gas is not
© 2023 The Author(s). Published by the Royal Society of Chemistry
trapped in the MOF crystals but is released readily into the
reaction cell.
Matrix isolated IR spectroscopy of MnMOF-1$[Mn(CO)3Br]

To elucidate the steps involved in this photodissociation reac-
tion, matrix isolated infrared spectroscopy was employed. In
this technique the MOF sample, which was solvated with THF,
was dried under a ow of nitrogen gas, and incorporated into
a salt (NaCl or KBr) disk. The sample was placed in an IR cell
under vacuum (approx. 10−6 mbar) and the photolysis reaction
was then examined at room (296 K) and low temperature (190 K)
(Fig. 3a and b). Photolysis with a xenon lamp (UV) at room
temperature under vacuum elicited changes in the sample very
similar to those observed for the bulk sample under ambient
conditions, with the gradual disappearance of the three fac-
tricarbonyl peaks. This process is much slower than that
observed under ambient atmosphere or in the RGA experiment
due to the retarding effects of the matrix. Notably, the appear-
ance of new peaks at 1816, 1857 and 2005 cm−1 suggests the
formation of new dicarbonyl and possibly monocarbonyl
species. The peak that grows at 2131 cm−1 is due to CO gas
being trapped in the matrix.40,41 Of more interest are the spectra
collected at 190 K, which very clearly show the formation of
Chem. Sci., 2023, 14, 9409–9417 | 9411
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Fig. 3 Details of the matrix isolated IR spectroscopy of MnMOF[Mn(CO)3Br] conducted at (a) room temperature and (b) 190 K showing the
disappearance of the starting Mn(CO)3Br species and, in the experiment conducted at 190 K formation of a dicarbonyl intermediate. (c) A
photocrystallography experiment conducted on MnMOF[Mn(CO)3Br] showing the modelled coordination environment that forms under
photolysis and the associated electron density maps from individual data collections at 30, 50, 90 and 120 minutes.
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a signicant new peak at 1830 cm−1 (Fig. 3b), suggesting the
formation of a single manganese di-carbonyl species. Kinetic
analysis of the fac-tricarbonyl peaks reveal that the peak at
1947 cm−1 decreases at a slower rate than the other two peaks,
indicating the presence of a second peak forming beneath it.
The shiing of the new carbonyl stretches to lower wave-
numbers indicates the formation of a complex with greater p
back-bonding, consistent with the formation of dicarbonyl (and
possibly monocarbonyl) complexes with an additional coordi-
nated solvent molecule(s). This observation contrasts with
a previously studied MOF system,33 where the close-packed
nature of the structure favours fac–mer isomerisation and
prevents CO loss.

Photocrystallographic studies of MnMOF-1$
[Mn(CO)3Br](THF) and MnMOF-1$[Mn(CO)3(MeCN)]Br

Given that the photolysis process proceeds via a series of
intermediates, in situ photocrystallography experiments were
undertaken to structurally characterise these species. These
studies were conducted on a single crystal of the THF solvated
sample MnMOF-1$[Mn(CO)3Br](THF), with multiple data
collections on the same crystal following specied periods of
irradiation. The experiment was conducted with irradiation
from a LED light source (visible; as noted, the broadMLCT band
is at 373 nm) at 270 K and data collections at 100 or 150 K, with
the crystal slowly warmed and then cooled between each cycle of
irradiation and collection. Initially the structure of the MOF-
bound complex shows the fac-[Mn(CO)3Br] entity. Due to the
asymmetry of the bis-pyrazole conformation, one axial site is
more hindered than the other due to the proximity of the
9412 | Chem. Sci., 2023, 14, 9409–9417
methylene bridge. In this case the Br− ligand resides on the less
hindered axial site, adjacent to the methylene bridge (Fig. 3c).
Aer 30 min of irradiation, a change in the Mn coordination
sphere is evident. The axial Br and CO ligands remain largely
unaffected, but the equatorial sites are now disordered between
CO and THF ligands, rened to ca. 50% occupancies. This is
consistent with the matrix isolated IR results, which show that
a dicarbonyl complex is initially formed at low temperature;
here, the presence of a mirror plane means that the dicarbonyl
species is disordered over both equatorial positions in the
crystal structure. Aer 50 min of photolysis, further changes to
the coordination sphere are evident with two THF molecules
coordinated to the equatorial positions (occupancy xed to that
of the primary Mn centre). This change is accompanied by
disorder of the Mn centre itself and the Br− ligand over the two
axial positions of the main Mn centre; these changes hinder
further modelling of the structure. Electron density associated
with the axial Br ligand also masks the presence, or absence, of
a possible coordinated CO ligand. Disorder of the Br ligand over
both axial positions at this step suggests some dissociation of
the third CO axial ligand; however, whether it was released
completely or recombined to form an isomer could not be
conrmed. As photolysis progresses, this species may become
a monocarbonyl complex or Mn complex without coordinated
CO. Further photolysis did not modify the structure. It is
notable that in the late-stage photolysis structures, the occu-
pancy of the original manganese atom position decreases and
the second position becomes more occupied (from ca. 60 : 40 at
50 min to 40 : 60 at 120 min).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Changes in coordination environment as monitored by
changes in the CO stretching bands progressing from the starting
material (black spectrum) to the CO loss product (red) and then giving
the product (blue) with the CO stretches at higher wavenumbers,
consistent with a Mn(II) complex. The bands at ca. 2000 and 1935 cm−1

are present at all stages. (b) Proposed steps involved in CO photolysis
of Mn(CO)3Br to give the colourless CO loss product (red) via inter-
mediate di and monocarbonyl species. After photolysis, re-exposure
of the sample to CO gives a proposed Mn(II) species with one or more
bound CO ligands (blue), possibly through introduction of an adven-
titious oxidant.
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Suspecting that the steric bulk of THF might preclude
formation of a proposed fully substituted MnMOF-1$
[Mn(THF)3Br] photoproduct, we instead pursued photo-
crystallography experiments using acetonitrile solvated crystals.
Acetonitrile (MeCN), in contrast to THF, has a higher dielectric
constant (3 = 37.5 vs. 3 = 7.58)42 and a greater coordinating
ability; thus the initial manganese carbonyl complex is charge
separated, with the anion residing in the pore of the MOF. The
structure is similar to that observed for the analogous PhCN
system.24 AnMeCNmolecule is coordinated in the axial position
(in the site anti to the methylene group) of the Mn(I), giving an
initial fac-Mn(CO)3(NCMe) arrangement. During photolysis of
this sample, a stronger, broad spectrum UV light was used to
accelerate the photocrystallographic experiments, and the
crystal was not warmed and cooled between collections to
minimise crystal damage during the experiment (data collected
at 100 K). Aer 10 min of photolysis a similar intermediate was
formed as for THF (ESI, Fig. S8†). The equatorial positions of
this photogenerated species contained disordered carbonyl and
acetonitrile ligands with the occupancies rened to 25% and
75% respectively. As with the previous THF containing example,
the axial ligands initially remain unchanged (although some
axial CO loss cannot be discounted). Aer 20 min of irradiation
the equatorial positions were occupied by MeCN ligands with
100% occupancy. The two axial positions which were initially
occupied by the third CO ligand and a coordinated MeCN
showed that whilst the axial MeCN remains coordinated, the
axial CO was partially replaced by bromide (modelled at 25%
and 33% respectively), as the third CO is released and replaced
by the free bromide anion from the pore. Attempts to model the
axial substituents to give the expected overall 100% occupancy
resulted in over-assignment of the electron density. As with the
THF solvated analogue, further irradiation did not fully resolve
the identity of the nal photoproduct. The structure became too
disordered to model and the electron density at the Mn centre
decreased, suggesting signicant disorder or partial dissocia-
tion of Mn from the bis-pyrazole binding site (see ESI Section
S1† for details of a leaching experiment that shows this is
minimal for the THF species but slightly more pronounced for
the MeCN solvated complex). Despite these limitations, photo-
crystallography experiments, where the photolysis is conducted
in situ, allowed us to capture snapshots of key intermediates in
the photo-dissociation reactions of Mn(CO)3X in the presence of
two different solvents. However, the structural identity of the
nal species, observed by spectroscopy in the bulk phase
experiments, and likely corresponding to the loss of all three
carbonyl ligands, could not be determined due to poor crystal
quality and disorder.
Attempted identication of the nal photoproduct

To characterise the product following loss of all three carbonyl
ligands, a custom-made IR cell was built to perform the
photolysis reaction under a controlled atmosphere.43 The
photolysis of MnMOF-1$[Mn(CO)3Br] was performed under
vacuum for 2 min and monitored by IR spectroscopy. Once the
CO bands had disappeared, the cell was placed under a CO
© 2023 The Author(s). Published by the Royal Society of Chemistry
atmosphere at 1 bar. Aer 30 minutes of CO exposure, IR
spectroscopy revealed the formation of new CO bands (2057,
2049, and 2041 cm−1) at higher wavenumbers than those of the
parent complex (2027, 1951 and 1892 cm−1; Fig. 4a). This new
manganese carbonyl complex failed to respond to irradiation
with visible light, but irradiation with UV light (365 nm) caused
bleaching of the new carbonyl bands. We considered a number
of possibilities for the product, including Mn(CO)5Br (requiring
displacement of the Mn from the NN binding site)44 or
a potential bound [Mn(CO)4]Br45 complex, but both these
species have a CO band above 2120 cm−1. We can also rule out
a [Mn(CO)3(solvent)]Br species based on prior work.24

Given the shi in the CO bands to higher wavenumbers in
this species, we tentatively postulated that a mixture of mono-
carbonyl or potentially dicarbonyl Mn(II) photoproducts46,47 was
being formed upon exposure to CO, with oxidation caused by an
Chem. Sci., 2023, 14, 9409–9417 | 9413
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adventitious oxidant. The IR bands are consistent with a less
electron rich metal centre.1 In an attempt to examine the
potential oxidation state change, X-ray photoelectron spectros-
copy (XPS) was employed to characterise the oxidation states of
the Mn centre pre- and post-photolysis, as described in ESI
Section S6.†48 The XPS data conrms that both MnMOF
[Mn(CO)3X]Y pre- and post-photolysis samples contain both
Mn(II) and Mn(I) components. However, there was no measur-
able difference in the Mn spectra aer photolysis, suggesting
that in the vacuum environment of the XPS experiment (no
adventitious oxidant) no oxidation state change occurred upon
decarbonylation. A peak at ca. 635.5 eV was indicative of the
presence of Mn(I) in both MOF samples (see ESI† for tabulated
XPS data). Overall, the XPS data showed that the photolysis of
MnMOF[Mn(CO)3X]Y under the inert, high vacuum conditions
of the experiment does not lead to oxidation state changes for
the Mn-species present.

To summarise the combined data (Fig. 4b), when photolysis
of the MOF-bound Mn(CO)3Br moiety is undertaken in the
presence or absence of solvent, stepwise CO loss occurs to give
rst a dicarbonyl species (loss of one equatorial CO), then the
monocarbonyl species (loss of second equatorial CO), before all
CO ligands are lost. Solvent clearly occupies both equatorial
binding sites generated by CO loss but scrambling of the Br
position and additional disorder prevents the identication of
the expected sixth donor once the nal CO ligand is lost. The
resulting CO loss product can be treated with CO (1 bar) but
does not recover the MnMOF[Mn(CO)3Br] starting material
with, depending on the treatment, the Mn centre having
appeared to undergo reaction with some adventitious oxidant
due to the lack of stabilising CO ligands. Oxidation of Mn(I)
photoCORMs to give a Mn(II) species has been observed previ-
ously upon complete decarbonylation.49 Finally, the species
formed from treatment of the photoproduct with CO, is resis-
tant to CO photolysis under visible light but does bleach under
UV irradiation.

Conclusions

In this paper we demonstrate that there are signicant differ-
ences in the photochemistry of a Mn(diimine)(CO)3X (X =

halide or solvent) moiety when it is bound in a porous, as
opposed to close-packed, MOF support; CO loss occurs in the
former but in the close-packed structure isomerization occurs.
While Mn(diimine)(CO)3X complexes have been widely studied
as components of molecular and extended solid-state photo-
CORMs, limited insight into the steps and outcomes of the
decarbonylation reactions has been provided. To achieve these
insights, a highly crystalline MOF support, which can undergo
complex single crystal-to-single crystal transformations, is crit-
ical. Here, taking advantage of such a platform, the photolysis
of a Mn(diimine)(CO)3X moiety is shown to proceed via loss of
the equatorial CO ligands, which in a solvated MOF crystal are
progressively replaced by solvent molecules. Complete CO loss
(from the remaining axial site) ensues, as shown spectroscopi-
cally, but this is accompanied by increasing disorder of the
coordination environment that prevents ready characterization
9414 | Chem. Sci., 2023, 14, 9409–9417
by SCXRD. It also appears, in the presence of adventitious
oxidants but not an inert vacuum environment, the Mn(I) centre
is oxidized to form a Mn(II) complex, demonstrated by re-
exposure to CO that leads to CO stretching bands at higher
wavenumbers with respect to the starting complex and a very
different response to visible light irradiation. This result has
obvious implications for solid-state photoCORMs or use of
these materials as safe CO generating materials, as the
Mn(diimine)(CO)3X moiety cannot be regenerated. These
observations also lead to questions about the stability of porous
photocatalysts containing these Mn(diimine)(CO)3X moieties,
which are typically exposed to UV and visible light for operation.
Experimental
General experimental

All chemicals were obtained from commercial sources and used
as received unless otherwise stated. Dry solvents were distilled
(acetonitrile over calcium hydride, THF over sodium/
benzophenone and ethanol over magnesium) and degassed
with argon before use. The ligand L (L = bis(4-carbonxyphenyl-
3,5-dimethylpyrazolyl) methane),50 MnMOF-1,20 and solvent
exchanged forms of MnMOF-1$[Mn(CO)3X]Y (where X= Br or, X
= solvent and Y = Br)21,24 were prepared by previously reported
methods. MnMOF-1$[Mn(CO)3X]Y was stored in the dark and
handled with minimal exposure to light.
Photolysis experiments and spectroscopy

Bulk photolysis was performed on 20–30 mg of sample in 5 mL
of dry solvent, under constant ow of argon with an LEDlenser
M14 400 lm visible torch. The sample and torch were wrapped
in foil and the vial was agitated every 10 min to ensure even
irradiation.

Solid state UV/vis spectra were obtained on a Cary 5000 UV/
vis/NIR spectrophotometer with a Harrick Praying Mantis
diffuse reectance spectroscopy attachment on samples
distributed in KBr.

Room temperature infrared (IR) spectra were collected on
a PerkinElmer Spectrum Two spectrophotometer, with the
sample dispersed between two NaCl disks inside a custom built
sealed stainless-steel cell with NaCl windows, which allows for
the sample to be placed under vacuum or a pressure of gas (see
ESI† for further details). Samples were placed under vacuum for
analysis. Samples exposed to CO were placed under vacuum,
then 1 bar CO added before placed under vacuum again for
analysis.

CO release from a solid MnMOF sample before and during
photolysis was monitored using a small volume (3.26 cm3)
stainless steel batch reactor tted with a sapphire window for
irradiation by a UV curing lamp. A pulse nozzle tted to the cell
is coupled to a residual gas analyser (RGA) which enables real
time analysis of the reaction progression as a small portion of
the head space is pulsed into the RGA at low pressure (2 × 10−6

Torr). The head space was monitored for a dried sample of
MnMOF[Mn(CO)3Br] before and during irradiation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Matrix isolated IR spectra were collected on a Thermo
Nicolet Avatar 360 spectrophotometer with the sample
dispersed in dry NaCl or KBr. MnMOF[Mn(CO)3X]. Y samples (2
mg) were incorporated into nely ground salt (KBr or NaCl)
which had been dried in an oven at 100 °C for 2 days (200 mg),
then pressed into a 9 × 0.5 mm disk under 6 tonnes of pressure
in the dark. The disk was then placed into the sample chamber.
The disk was placed into a copper cell with a lead gasket and
CaF2 windows, which was sealed and placed inside a vacuum
shroud, before being cooled to the analysis temperature.
Photolysis was performed with a Philips HPK medium pressure
125 W mercury arc lamp.

Single crystal X-ray diffraction (SCXRD)

Data for MnMOF[Mn(CO)3Br]$THF was collected on the MX1
beamline at the Australian Synchrotron51 and processed using
XDS (l = 0.7108).52 Single crystals were mounted in Paratone-N
oil on a nylon loop. An initial structure was collected at 100 K,
the crystal was then warmed to 270 K under N2 cryostream. A
Ledlenser M14 visible LED torch was then positioned approx.
10 cm from the sample and turned on, the crystal was rotated
periodically to ensure even irradiation. Aer 30 minutes of
irradiation the sample was cooled to 150 K under irradiation,
aer-which the torch was removed, and a full sphere of data was
collected. Following data collection, the crystal was warmed to
270 K and irradiated using the same procedure described above.
This process of data-collection and irradiation was performed
on the same single crystal for a total of 2 h of irradiation time,
giving 4 structures at 30, 50, 90 and 120 minute irradiation
times.

Data for MnMOF[Mn(CO)3MeCN]Br was collected on the i19
beamline at Diamond Light Source at 100K53 and processed
using Xia2 soware.54 Single crystals were mounted in Fomblin
on a MiTeGen micromount. Irradiation was carried out at 100 K
with a 3 W 365 nm LED in 10 min bursts.

Ntot reections were merged to N unique (Rint quoted) aer
a multi-scan absorption correction and the structures were
solved by direct methods using SHELXS55,56 or SHELXT57 and
rened by full-matrix least-squares by SHELXL, interfaced
through XSeed58,59 or Olex2.60 Unless stated otherwise, all non-
hydrogen atoms were rened anisotropically and hydrogen
atoms were included as invariants at geometrically estimated
positions. The BYPASS routine in Olex2 61 or the SQUEEZE
routine of PLATON62 was used to subtract electron density
corresponding to disordered solvent molecules where stated.
Pertinent results are given in the text, while additional rene-
ment details for each structure, thermal ellipsoid plots, and
tables of crystallography data and renement parameters are in
the ESI.† CrystalMakerX and ShelXle were used to produce the
gures. Fobs maps were produced at a resolution of 1.00 e per Å3.

Powder X-ray diffraction (PXRD)

PXRD data was collected on a Bruker Advance D8 diffractometer
equipped with a capillary stage and using Cu Ka radiation (l =

1.5418 Å), or on a Bruker Endeavour D4 diffractometer using Co
Ka radiation (l = 1.789 Å).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX)

SEM/EDX was performed on a FEI Quanta 450 high resolution,
eld emission scanning electron microscopy with an Oxford
Ultim Max large area SDD EDS detector or a Philips XL30 eld
emission scanning electron microscope with an Oxford X-Max
SDD EDS detector. EDX spectra were processed with Oxford
Aztec soware. Data was collected on at least three crystals or
areas of the SEM image.
Manganese leaching experiment

MnMOF[Mn(CO)3Br]$THF [6 mg] was dried under argon, then
photolyzed for 2 h under a ow of argon. Dry THF and CoCl2-
$10H2O (1 mg) was added and le overnight. The MOF was then
washed with THF (×3), dried and analysed by SEM/EDX. The
same procedure was followed for the acetonitrile solvated
sample, MnMOF[Mn(CO)3MeCN]Br, with THF replaced by
MeCN. Unphotolysed control samples were prepared by soaking
the MnMOF[Mn(CO)3X]. Y (THF or MeCN solvated) (6 mg) with
CoCl2$10H2O (1 mg) in the dark overnight, before washing
them (×3) and drying them for EDX analysis.
X-ray photoelectron spectroscopy (XPS)

Samples were prepared by drying to a free-owing powder under
a ow of N2 gas, then placed on an adhesive carbon tab on the
sample holder. The sample was placed as quickly as possible
into the Specs NAP-XPS instrument which was evacuated down
to a pressure of 1 × 10−9 mbar. For all samples, low energy
electron ood gun was used to neutralise any charging of the
semi-insulating samples.
Data availability

Information and data supporting this article have been uploa-
ded as part of the ESI† and additional data is available from the
authors on reasonable request. Crystallographic data have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC 2219155–2219159 and 2219973–2219974).
Author contributions

The project was conceived and supervised by CJS, NRC, and
CJD. RJY and MTH contributed equally to the overall experi-
mental aims of the study. The synthesis of materials and other
experimental studies were conducted by RJY and MTH with
help for specic experiments as follows. LW aided some IR
spectroscopic experiments and JH and JO conducted XPS
measurements. The initial dra of the manuscript was written
by RJY, CJS and NRC. All authors discussed the results and
contributed to the nal preparation of the manuscript.
Conflicts of interest

There are no conicts to declare.
Chem. Sci., 2023, 14, 9409–9417 | 9415

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc03553k


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
sr

pn
a 

20
23

. D
ow

nl
oa

de
d 

on
 0

6.
02

.2
02

6 
22

:2
9:

08
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Acknowledgements

C. J. S. and C. J. D. gratefully acknowledge the Australian
Research Council for funding (DP190101402). N. R. C. gratefully
acknowledges support from the UK Engineering and Physical
Sciences Research Council (EP/S002995/2). Signicant aspects
of this research were undertaken on the MX1 beamline at the
Australian Synchrotron, Australia, which are part of ANSTO, or
the i19 beamline at Diamond Light Source, UK.
Notes and references

1 J. J. Turner, M. W. George, M. Poliakoff and R. N. Perutz,
Chem. Soc. Rev., 2022, 51, 5300–5329.

2 T. Nakajima, Y. Tamaki, K. Ueno, E. Kato, T. Nishikawa,
K. Ohkubo, Y. Yamazaki, T. Morimoto and O. Ishitani, J.
Am. Chem. Soc., 2016, 138, 13818–13821.

3 E. Portenkirchner, K. Oppelt, D. A. M. Egbe, G. Knör and
N. S. Sariçiçi, Nanomater. Energy, 2013, 2, 134–147.

4 R. Huang, Y. Peng, C. Wang, Z. Shi and W. Lin, Eur. J. Inorg.
Chem., 2016, 2016, 4358–4362.

5 H. Fei, M. D. Sampson, Y. Lee, C. P. Kubiak and S. M. Cohen,
Inorg. Chem., 2015, 54, 6821–6828.

6 B. Siritanaratkul, C. Eagle and A. J. Cowan, Acc. Chem. Res.,
2022, 55, 955–965.

7 H. Gao, R. Yu, Z. Ma, Y. Gong, B. Zhao, Q. Lv and Z. Tan, J.
Polym. Sci., 2022, 60, 865–916.

8 Z. Lam, K. Voon Kong, M. Olivo and W. Kee Leong, Analyst,
2016, 141, 1569–1586.

9 K. Schindler and F. Zobi, Chimia, 2021, 75, 837–844.
10 M. Knauert, S. Vangala, M. Haslip and P. J. Lee, Oxid. Med.

Cell. Longevity, 2013, 2013, 1–11.
11 M. A. Wright and J. A. Wright, Dalton Trans., 2016, 45, 6801–

6811.
12 M. N. Pinto and P. K. Mascharak, J. Photochem. Photobiol., C,

2020, 42, 100341.
13 M. R. Madsen, J. B. Jakobsen, M. H. Rønne, H. Liang,

H. C. D. Hammershøj, P. Nørby, S. U. Pedersen,
T. Skrydstrup and K. Daasbjerg, Organometallics, 2020, 39,
1480–1490.

14 J. A. Labinger and J. E. Bercaw, Nature, 2002, 417, 507–514.
15 R. J. Young, M. T. Huxley, E. Pardo, N. R. Champness,

C. J. Sumby and C. J. Doonan, Chem. Sci., 2020, 4031–4050.
16 J. Albalad, C. J. Sumby, D. Maspoch and C. J. Doonan,

CrystEngComm, 2021, 23, 2185–2195.
17 J. Liu, T. A. Goetjen, Q. Wang, J. G. Knapp, M. C. Wasson,

Y. Yang, Z. H. Syed, M. Delferro, J. M. Notestein,
O. K. Farha and J. T. Hupp, Chem. Soc. Rev., 2022, 51,
1045–1097.

18 S. Liu, Y. Qiu, Y. Liu, W. Zhang, Z. Dai, D. Srivastava,
A. Kumar, Y. Pan and J. Liu, New J. Chem., 2022, 46,
13818–13837.

19 H. Furukawa, K. E. Cordova, M. O'Keeffe and O. M. Yaghi,
Science, 2013, 341, 1230444.

20 W. M. Bloch, A. Burgun, C. J. Coghlan, R. Lee, M. L. Coote,
C. J. Doonan and C. J. Sumby, Nat. Chem., 2014, 6, 906–912.
9416 | Chem. Sci., 2023, 14, 9409–9417
21 M. T. Huxley, A. Burgun, H. Ghodrati, C. J. Coghlan,
A. Lemieux, N. R. Champness, D. M. Huang, C. J. Doonan
and C. J. Sumby, J. Am. Chem. Soc., 2018, 140, 6416–6425.

22 A. Burgun, C. J. Coghlan, D. M. Huang, W. Chen, S. Horike,
S. Kitagawa, J. F. Alvino, G. F. Metha, C. J. Sumby and
C. J. Doonan, Angew. Chem., Int. Ed., 2017, 56, 8412–8416.

23 R. A. Peralta, M. T. Huxley, J. D. Evans, T. Fallon, H. Cao,
M. He, X. S. Zhao, S. Agnoli, C. J. Sumby and C. J. Doonan,
J. Am. Chem. Soc., 2020, 142, 13533–13543.

24 M. T. Huxley, R. J. Young, W. M. Bloch, N. R. Champness,
C. J. Sumby and C. J. Doonan, Organometallics, 2019, 38,
3412–3418.

25 J. Juan-Alcañiz, J. Gascon and F. Kapteijn, J. Mater. Chem.,
2012, 22, 10102–10119.

26 T. Drake, P. Ji and W. Lin, Acc. Chem. Res., 2018, 51, 2129–
2138.

27 M. I. Gonzalez, E. D. Bloch, J. A. Mason, S. J. Teat and
J. R. Long, Inorg. Chem., 2015, 54, 2995–3005.

28 S. G. Dunning, J. E. I. Reynolds, K. M. Walsh, D. J. Kristek,
V. M. Lynch, P. Kunal and S. M. Humphrey,
Organometallics, 2019, 38, 3406–3411.

29 R. E. Sikma, N. Katyal, S.-K. Lee, J. W. Fryer, C. G. Romero,
S. K. Emslie, E. L. Taylor, V. M. Lynch, J.-S. Chang,
G. Henkelman and S. M. Humphrey, J. Am. Chem. Soc.,
2021, 143, 13710–13720.

30 Y. Inokuma and M. Fujita, Bull. Chem. Soc. Jpn., 2014, 87,
1161–1176.

31 A. Sinopoli, N. T. La Porte, J. F. Martinez, M. R. Wasielewski
and M. Sohail, Coord. Chem. Rev., 2018, 365, 60–74.

32 M. A. Wright and J. A. Wright, Dalton Trans., 2016, 45, 6801–
6811.

33 A. J. Blake, N. R. Champness, T. L. Easun, D. R. Allan,
H. Nowell, M. W. George, J. Jia and X. Z. Sun, Nat. Chem.,
2010, 2, 688–694.

34 T. L. Easun, J. Jia, J. A. Calladine, D. L. Blackmore,
C. S. Stapleton, K. Q. Vuong, N. R. Champness and
M. W. George, Inorg. Chem., 2014, 53, 2606–2612.

35 T. L. Easun, J. Jia, T. J. Reade, X. Z. Sun, E. S. Davies,
A. J. Blake, M. W. George and N. R. Champness, Chem.
Sci., 2014, 5, 539–544.
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