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We report the synthesis of photoactive carbon monoxide-releasing
coordination polymer particles through the assembly of Mn(l)
carbonyl complexes with bis(imidazole) ligands. The use of Mn(l)
carbonyl complexes as metallic nodes in the coordination network
avoids the potential for aggregation-induced self-quenching,
favouring their use in solid-state.

The discovery of the biological role of carbon monoxide (CO) as
a gasotransmitter and its beneficial physiological effects in
multiple processes such as vasodilation, anti-inflammation,
antiproliferation and anti-apoptosis have opened an era of
research devoted to using CO as a therapeutic drug.22 However,
gaseous CO is also known for its lethal toxicity especially when
itisaccumulated in the lungs at a high concentration. Therefore,
the feasibility of using CO as a therapeutic drug relies on the
ability to control its release to targeted tissues, organs and
blood vessels. In this context, materials that are able to store
CO in the solid state and liberate it upon an external stimulus
are highly pursued.? Light is a suitable trigger to release CO
because it enables control of the location, dosage and rate of
CO release. Accordingly, photoactive CO-releasing materials
(photoCORMASs) have been extensively studied.? The two main
current strategies to synthesise photoCORMAs are the surface
functionalization of photoactive CO-donor molecules on
inorganic>7  and and the
encapsulation of such photoactive CO-donor molecules within
the cavities of porous materials.11-14
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Figure 1. Illustration of the current strategies to immobilize photoactive CO-releasing
complexes in coordination networks.

Herein, we report a novel strategy based on using a
photoactive CO-releasing complex, in this case, a manganese(l)
carbonyl complex, as a metallic node in the synthesis of
amorphous coordination polymers. To this end, we polymerized
Mn(l) carbonyl complexes through the coordination bond
formation with bis(imidazole) ligands to vyield amorphous
coordination networks as CO-releasing coordination particles
(CORPs). Spectroscopic characterization of the CORPs show that
the integrity of the photoactive Mn(CO); moiety is maintained
upon polymerization. Furthermore, the photo-triggered CO
releasing studies performed in the solid-state reveal that the
Mn(CO)s centres remain active within the amorphous networks.
Finally, we tune the CO-releasing performance of CORPs
through and molecular-scale modifications by
downsizing the coordination particles and enhancing the inter-
Mn(CO)s distance, respectively.

Our strategy to incorporate a photoactive CO-releasing
moiety as a building block in the synthesis of coordination
polymer particles entails the use of manganese carbonyl
complexes as metallic nodes and bis(imidazole) molecules as
linkers (Figure 1). This synthetic strategy benefits from the
inherent photo-triggered CO releasing property of the
manganese carbonyl complexes and the relatively strong N-Mn
coordinate bond.15-18 As a bridging ligand, we initially chose 1,4-
bis(imidazol-1-ylmethyl)benzene (bix) because its flexibility
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Figure 2. (a) Coordination polymerization reaction to yield CORP-1 in the form of micrometric spherical particles (right). (b) Coordination reaction to yield the model compound

related to CORP-1 in the form of a crystalline molecular complex (right). The Br~ ion that balances the charge for the compounds is omitted from the schemes.

facilitates the formation of amorphous coordination particles.1®
Thus, BrMn(CO)s (36.5 mM) was reacted with 1.5 mol. eq. of bix
(54.5 mM) in acetone at 652C for 12 hours to yield a colloidal
suspension. The yellow solid was recovered by centrifugation
and analysed by scanning electron microscopy (SEM): spherical
particles with an average size of 3 um (Figure 2a). This material
is hereafter named as a CORP-1 (CORP = CO-releasing
coordination particle).

The amorphous state of CORP-1 hinders the elucidation of
its structural features at atomic level by conventional X-ray
diffraction techniques. To overcome such limitations, one can
employ X-ray absorption and pair distribution function (PDF)
analysis to infer the electronic state and the local structure of
the metal ions involved in the coordination network,
respectively. Such techniques become even more powerful
when the acquired spectra of the amorphous networks can be
compared to a related crystalline compound used as a
reference. Therefore, we synthesised a crystalline model
compound related to CORP-1 by replacing the bidentate bix
linker by the monodentate 1-benzylimidazole (BIm) ligand in
the reaction with BrMn(CO)s (Figure 2b). This reaction yielded a
discrete molecular complex with formula [(BIm)sMn(CO)s]Br
(Model_BIm) as determined by single-crystal X-ray diffraction
(Figure 2b). Thus, the reaction between BrMn(CO)s and Bim
proceeds through the expected ligand exchange reaction, in
which one Br- and two CO are replaced by three BIm molecules.
The imidazole ligands coordinate to Mn(l) in a facial
configuration and the released Br anion acts as a counter-ion to
balance the positive charge of the Mn(l) complex.

Next, we employed the spectroscopic characterization of
Model_BIm as a reference to elucidate the local structure of
CORP-1. FT-IR analysis of Model_BIm and CORP-1 show similar
CO stretching vibrations at 2030 and 1907 cm %, which confirms
the presence of Mn(l) coordinated by CO ligands in CORP-1
(Figure S1). Solid-state UV-Vis diffuse reflectance spectroscopy
revealed that the crystalline model compound and CORP-1 have
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a broad MLCT band in the 350 — 500 nm region, ascribed to a
metal-to-ligand charge transfer (MLCT) transition band, from
the manganese centres to the imidazole ligands (Figure S2).

To further establish the coordination environment of the
Mn(l) in CORP-1, we measured X-ray absorption
spectroscopy and compared the spectrum with that of
Model_BIm. As observed in Figure 3a, the spectrum of CORP-1
is fully coincident with the one obtained for Model_BIm, which
indicates the similarity of both compounds in their oxidation
state and the coordination environment of the Mn(l) ions. PDF
measurements performed on CORP-1 further supported the
presence of Mn(l)-imidazole coordination bonds, as a peak at
the distance corresponding to the Mn(l)-N bond is observed at
2.07 A. The peak at 1.8 A also suggests the presence of Mn(l)-
CO coordination in the CORP-1 network (Figure S4). Taken
together, the spectroscopic data for CORP-1 and Model_BIm
indicate that the manganese-carbonyl complex in both
compounds share the same coordination environment, local
structure and oxidation state. Therefore, the coordination
network of CORP-1 can be described as a 3-connected Mn(CO)3
node bridged by bix linkers to give rise to a compound with the
following formula [Mn(bix)1.5(CO)3],Brn.

Once the structure of CORP-1 was elucidated, its CO-
releasing capabilities were studied. First, we confirmed that
CORP-1 does not release CO in the absence of light even when
it is incubated in PBS buffered aqueous media for one day
(Figure S5). Next, the photo-triggered CO release from CORP-1
in the solid-state was studied by infrared and UV-Vis
spectroscopies. The IR spectrum of the sample subsequent to
irradiation (UV light, 370 nm, 3.7 mW cm 1) showed a significant
decrease of the CO stretching vibration bands (Figure S6).
Similarly, the MLCT absorption band at 350 — 500 nm
progressively vanished under the same light exposure (Figure
S7). On the other hand, Model_BIm did not display any
spectroscopic changes upon light irradiation in the solid-state
and only showed photo-triggered CO release in solution (Figure

ions
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S8). The amount of CO released as a function of the irradiation
time was quantified by a customized in-line CO detector (Figure
S9). Immediately after irradiating CORP-1 in the solid-state with
UV light, it started releasing CO with a steady increase, reaching
a saturation limit at ca. 1 mol CO per manganese ion (1.66 mmol
CO/g of CORP-1), which translates into an average photo-
release efficiency of 32 % (Figure 3b). In contrast, the molecular
complex Model_BIm only released 0.23 mmol of CO per
manganese ion after irradiation of a sample in the solid-state,
which indicates that the photo-release efficiency of this
compound in the solid-state is only 8% (Figure 3b).
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Figure 3. (a) EXAFS spectroscopic data of CPRP-1 and its related model compound,
Model_BIm. (b) Time-dependent CO-release profile for CORP-1 and Model_BIm in the
solid-state.

The improved photo-triggered CO-release properties of
CORP-1 with respect to Model_BIm must be attributed to the
network structure of the former because the local structure of
the photoactive Min(l) complex is the same in both compounds.
Specifically, we propose that the spatial segregation of the
photoactive Mn(CO); centres within the coordination network
inhibits aggregation-induced quenching and enables them to
release CO upon irradiation.’®> However, for the photo-triggered
CO release process to be efficient, light irradiation must be able
to reach the photoactive centres located within the network
and the released CO must be able to exit the network to the
environment. Considering these two aspects, we reasoned that
the performance of CORP-1 could be improved by elongating
the inter-Mn(CO)s distance and by reducing the size of the
colloidal particles. Increasing the inter-Mn(CO); distance would
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lead to the formation of less dense networks with minimized
self-aggregation induced quenching, while downsizing the
particles would enable greater light penetration of the particles.
The combination of these effects should increase the photo-
efficiency of the reaction and facilitate the diffusion of CO
through the network.

Figure 4. FESEM images of (a) CORP-1_small and (b) CORP-2_small.

Reducing the particle size of CORP-1 was approached by
studying the effect of reactant concentration on the final size of
CORP-1. These screening experiments revealed that the size of
the CORP-1 particles decreased with the initial concertation of
BrMn(CO)s and bix. Thus, when BrMn(CO)s and bix were reacted
at a concentration of 9 mM and 13.8 mM, respectively, in
acetone at 659C, colloidal particles of an average size of 200 nm
were obtained (Figure 4a). These particles are hereafter named
as CORP-1_small. The spectroscopic characterization
performed on CORP-1_small, which includes FT-IR
spectroscopy, X-ray adsorption and PDF analysis, confirmed
that the structure of CORP-1_small is the same as CORP-1
(Figure S10 — S12). This characterization confirms that the
miniaturization of the CORP-1 particles does not affect the local
structure and electronic configuration of its constituents.

Next, we tuned the molecular scale structure of CORP-1
through ligand design. We used an extended version of the bix
ligand, namely 4,4’-bis(imidazol-1-ylmethyl)biphenyl (hereafter
named bpBix) as a bridging ligand between the Mn(CO)3; nodes
with the aim of increasing their spatial segregation. The reaction
of bpBix (13.8 mM) and BrMn(CO)s (9 mM) in acetone at 652C
yielded a colloidal suspension composed of spherical particles
of ca. 200 nm, hereafter named as CORP-2_small (Figure 4b).
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The spectroscopic characterization of CORP-2_small confirmed
that the structure of the Mn(CO)s nodes is equivalent to the one
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Figure 5. Time-dependent CO-release profile for CORP-1_small (black), CORP-1_large
(blue) and CORP-2_small (green)

observed for CORP-1 and CORP-1_small (Figure S13 — S16).

The solid-state photo-triggered CO-releasing properties of
CORP-1, CORP-1_small and CORP-2_small are presented in
Figure 5. The CO releasing profile of the three samples highlights
the impact of miniaturization on the kinetics of the solid-state
CO release from the CORP-1 network as evidenced from the
comparison of CORP-1 and CORP-1_small. Whereas CORP-1
releases half of the total CO released after 58 min of irradiation
time, CORP-1_small releases the same percentage of CO after
only 16 min of irradiation time. These results can be ascribed to
the higher proportion of Mn(CO)s; moieties on the surface of
CORP-1_small when compared to CORP-1. However, the higher
percentage of surface exposed photoactive centres does not
translate into a significant increase of the total amount of CO
released after the full irradiation time. This result can be
ascribed to the fact that that the light penetration in CORP-1
and CORP-1 is similar and therefore the same number of
photoactive centres are excited making the overall photo
efficiency for both types of samples very similar. The
comparison of CORP-1_small and CORP-2_small shed light on
the impact of the molecular scale structural features of the
coordination network. Both structures share a very similar CO-
releasing curve at the early stages of the CO-releasing
experiment. However, while the CO-release kinetics from CORP-
1_small decelerates after exposing it to light for approximately
1 hour, CORP-2_small shows a steady linear increase of released
CO after 1 hour of irradiation time. While the burst initial
release of CO from CORP-1_small and CORP-2_small can be
attributed to the activity of the surface Mn(CO)s centres, the
linearly sustained CO release at long irradiation times observed
in the case of CORP-2_small might be ascribed to the
performance of the inner Mn(CO)3; moieties. This phenomenon
translates into a higher photo efficiency of CORP-2_small (44%)
over CORP-1_small (38%). Therefore, we postulate that
increasing the segregation between the metallic centres in the
coordination network does not only limit the extent of
aggregation-induced quenching but also makes the network
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less dense, which facilitates CO release from the inner core of
the particle.

In conclusion, we have shown that the photoactive complex
Mn(CO)s can be employed as a metallic node in coordination
networks and that through this approach they become
responsive upon light irradiation in solid-state. Therefore, the
results presented here open the way to the design of new
amorphous CORMAs with high payloads of CO and increased
processability.
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