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ABSTRACT: Dihydrogen (H,) production from sunlight
should become one of the most important energy production
means in the future. To reach this goal, low-cost and efficient
photocatalysts still need to be discovered. Here we show that
red near-IR luminescent metal cluster anions, once combined
with pyrene-containing cations, are able to photocatalytically
produce molecular hydrogen from water. The pyrene moieties
act simultaneously as energy transmitters and as supra-
molecular linkers between the cluster anions and graphene.
This association results in a hybrid material combining the
emission abilities of pyrene and cluster moieties with the
electronic conduction efficiency of graphene. Hydrogen
evolution reaction (HER) studies show that this association

oxidized

induces a significant increase of H, production compared to that produced separately by clusters or graphene. Considering the
versatility of the strategy described to design this photocatalytic hybrid material, transition-metal clusters are promising
candidates to develop new, environmentally friendly, and low-cost photocatalysts for HER.

Bl INTRODUCTION

Transition-metal clusters are molecular compounds that
contain several metal atoms linked by metal-metal bonds.'
With their exact and defined composition, they can be
classified as intermediates between transition-metal coordina-
tion complexes and metal nanoparticles. Their specificity,
compared to coordination complexes, is the delocalization of
electrons involved in the metal-metal bonds on the whole
metallic architecture. Because those are not confined on one
metal center, transition-metal clusters display intermediate
behavior between atoms and bulk metals and, in particular,
show unique magnetic, optical, or catalytic properties.””'? Yet,
octahedral transition-metal cluster compounds based on a
molybdenum, tungsten, or rhenium scaffold (Scheme 1a) are
particularly attractive in the design of functional hybrid
nanomaterials with potential applications in optoelec-
tronic,u_lé lighting,17 theranostic,"® ™! or photoc:altalysisé’7’9’22
applications. Because molybdenum or tungsten elements are
cheap and abundant, cluster-based compounds constitute
promising alternatives to costly iridium(III)-, platinum(II)-,
or rare-earth-containing luminophores or nonenvironmentally
friendly lead hybrid perovskites or cadmium-containing
quantum dots. They are synthesized as A,[MX'sX%] ternary
alkali salts (A = alkali, x = 2—4; X' = inner ligand, usually

v ACS Publications  © xxxx American Chemical Society

halogen or chalcogen atoms; X* = apical halogen ligand) using
solid-state chemistry techniques. The resulting powders or
crystals behave like ceramics. That is probably the reason why,
despite their outstanding functionalities, their use and studies
were circumvented to a small community of scientists who,
only around 20 years ago, opened Pandora’s box of their
integration into functional materials and nanocomposites””**
via solution chemistry. Because octahedral transition-metal
clusters form an integral part of nanoscience and were
integrated into functional hybrid materials by various
approaches by either direct integration or, after apical ligand
exchange, cationic metathesis or host—guest complex-
ation.”>%* Among the metal cluster units, the [MgI's(per-
fluoroalkylate)*;]>~ and [MI's(perfluorobenzoate)*]*~ (M =
Mo, W) cluster anions are the most emissive, with emission
properties depending on the pK, values of the carboxylic
acids.”” ™ Recently, they were used to develop theranostic
tools,>” lighting devices,'” or oxygen sensors,>® but, surpris-
ingly, their catalytic abilities have been scarcely explored so far.
Yet, their excellent abilities to emit light combined with their
isotropic architecture, i.e., the presence of six metal atoms

Received: August 21, 2019

DOI: 10.1021/acs.inorgchem.9b02529
Inorg. Chem. XXXX, XXX, XXX—XXX

AN


pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.9b02529
mfeliz
Resaltado

mfeliz
Resaltado

mfeliz
Resaltado

mfeliz
Resaltado


Inorganic Chemistry

Scheme 1. Schematic Representation of the Cluster Compound Precursor and Organic Imidazolium Salts Synthesized for
These Studies (a) and the Hybrids Py,Mo and Im,Mo That Will Be Further Grafted onto Graphene Surfaces (b)
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71 arranged orthogonally, which could all play the role of catalytic
72 center, prefigure good opportunities in photocatalysis for this
73 family of compounds. In this work, we investigate the
74 photocatalytic abilities of a [Mogl's(OCOC,F)%]*™ anion,”
75 in one of the most emblematic reactions in the field of
76 renewable energy: the production of hydrogen by water
77 splitting using sunlight.””™* In this field, it is still very
78 challenging to develop low-cost, but efficient enough, photo-
79 catalysts that can be further scaled up for industrial
80 applications.’”**™>* Currently, most researches are directed
81 toward the use of earth-abundant transition-metal materials
82 and hybrid systems supported on graphene.*”**™>* The
83 potential of transition-metal complex-based photocatalysts to
84 replace conventional inorganic materials was recently re-
gs ported.”” Still, many challenges should be faced before
86 graphene-metal cluster nanocomposites become photocatalysts
87 to address environmental and energy-related issues, for
g8 instance, in terms of the photostability and activity.”>" In
89 fact, it is well-known that graphene, because of its zero-band-
90 gap semiconducting properties due to its extended conjugated
91 system, possesses a high conductivity and electron mobility
92 that favor charge separation and electron transport. Therefore,
93 supporting photocatalysts on graphene usually prevents the
94 direct recombination of the hole—electron pair formed during

light excitation and, as a result, facilitates photogenerated 95
electron transfer, leading to an enhanced H, photocatalytic 96
performance compared to neat photocatalysts. Hence, several 97
photocatalysts, such as TiO, nanoparticles, CdQ_(Q = S, Se) 9s
quantum dots, MoS,, or, more recently, metal clusters, were 99
supported on raphene oxide (GO) or reduced graphene oxide 100
(RGO).*>%*~ 101

Here we report on the synthesis, characterization, and 102
photophysical properties of bright-red near-IR (NIR)-emitting 103
octahedral molybdenum cluster complexes bearing functional 104
organic countercations able to form a supramolecular adduct 105
with graphene. The properties of the most promising candidate 106
in terms of surface coverage were further investigated, in 107
particular the photocatalytic efficiency in the hydrogen 108
evolution reaction (HER) from water. 109

B RESULTS AND DISCUSSION 110

Designing the Linker for the Anchoring of a i
Transition-Metal Cluster on the Graphene Sheet: The 112
Supramolecular Way. It is now recognized that 113
[M¢X'sX?*]*>~ emission properties are related to the pK, value 114
of their apical ligands and that the most efficient emitters 115
possess apical 1§ands linked to metal atoms via an acetate 116
function.®%? Hence, the integrity of the 117

—

—
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[Mogl's(OCOC,Fs)*]*™ anion should be preserved within the
photocatalytic system to preserve its outstanding ability to emit
light. In earlier studies, we observed that the covalent grafting
of metal clusters on the surface of GO sheets limited
accessibility to the cluster active sites for catalytic reactions.”
Moreover, the graphene covalent functionalization alters the
sp” structure of its lattice, which results in defects and a loss of
electronic properties. Therefore, the apical ligand-exchange
approach, which allows the covalent grafting of the
polymetallic anion onto any type of surface," "% has to be
discarded. The noncovalent functionalization of graphene
preserves its outstanding structural and electronic properties
along with the simultaneous deposition of new chemical
groups on the surface and leads to enhanced dispersibility and
catalytic reactivity of the hybrid material. For these reasons,
using noncovalent interactions to link both protagonists
appears to be the most profitable way to take advantage of
their properties. In fact, noncovalent functionalization of
graphene or GO has been extensively studied to bind
fluorophores or functional organic or inorganic species onto
their surface.”>’°""* This technique should lead to hybrid
materials that combine the best of each of the individual
component properties. Hence, using supramolecular inter-
actions to maintain the cluster anion on the graphene surface
seems to be the more appropriate method to maximize the
cluster effect during catalytic reactions.

The adsorption of polycyclic aromatic hydrocarbons and
ionic liquids based on imidazolium cations onto graphene
nanosheets has recently been investigated.””’* In the case of
pyrene, its affinity to graphene is dominated by #—x
interactions, whereas in the case of ionic liquids, these and
other noncovalent interactions, such as C—H:x, N---z, or
ion---m interactions, take place in the adsorption of
imidazolium cations and their associated counteranions on
the graphene surface.”*”® Recently, Coskun and co-workers
have shown that bifunctional pyrene—imidazolium molecules
can interact with RGO through 7—7 and cation—7 interactions
simultaneously with ionic liquid solvent molecules.”® In this
context, as depicted in Scheme 1la, we decided to synthesize an
imidazolium cation bearing a pyrene group, noted as Py* (1-
methyl-3-[4-(pyren-1-yl)butyl]-1H-imidazol-3-ium), to coun-
ter the anionic charge of the metal cluster unit. Photoactive
cluster units bearing planar aromatic molecules can add light-
harvesting,”” energy-transfer (ET), and charge-transfer features
to graphene. The N-methylimidazolium-funtionalized pyrene
counterions should play a dual role: (i) to act as antenna and
promote ET to the luminescent {MogI's}** cluster core and (ii)
to assist cluster immobilization on graphene surfaces by
noncovalent interactions. To observe the benefit of the pyrene
group on its functional ability to be adsorbed on the graphene
surface, we also functionalized the cluster anion with
imidazolium cations bearing a long alkyl chain, noted as Im*
(1-methyl-3-nonyl-1H-imidazol-3-ium).

Synthesis and Characterization of the Py,Mo, Im,Mo,
and Py,Mo@Gene Materials. The cationic metathesis
between the Cs,[Mogl'i(OCOC,F;)%] (Cs,Mo) compound
and the PyBr or ImBr salts affords quantitatively the Py,Mo
and Im,Mo complexes, respectively, as highlighted in Scheme
1b. The Py,Mo and Im,Mo cluster compounds were
characterized by 'H and 'F NMR spectroscopy, and
electrospray ionization mass spectrometry (ESI-MS) in order
to confirm the complexes’ identity and purity (see the
Experimental Section and Supporting Information for charac-

terization details). The structure of the Py,Mo complex was
further confirmed by single-crystal X-ray diffraction (XRD) on
suitable crystals obtained by the slow evaporation of a complex
containing an acetone/toluene (1:1) solution (see the
Supporting Information).

The adsorption capacities of Py,Mo and Im,Mo by
noncovalent interactions on the graphene surface, resulting
in Py,Mo@Gene and Im,Mo@Gene hybrid nanomaterials,
respectively (Scheme 1c), were investigated. The correspond-
ing adsorption densities (q.) and adsorption isotherms were
also determined (Figure S3). The maximum adsorption
capacity observed for Py,Mo at equilibrium is 0.3827 mmol

of Py,Mo/g of graphene. Considering the surface area of 193

graphene (474 m*/g), the calculated cluster density deposited
on the graphene surface is 0.0008 mmol/m” The maximum 9e
determined for Py,Mo is less than that reported for pyrene, "
which is probably due to the high steric hindrance of the
hybrid complex and the fact that two pyrene moieties are
surrounding one metal cluster unit. The adsorption isotherms
for both complexes show a linear fitting, in agreement with the
Langmuir isotherms, with ca. 15% increment of the adsorption
capacities for Py,Mo versus Im,Mo. These results support the
relevant role of pyrene in reinforcing noncovalent cluster
immobilization on the graphene surfaces despite its bulkiness
compared to the Im" cation. Hence, because the pyrene-
containing cation is the one that provides the best surface
coverage, only the hybrid cluster compound Py,Mo and its
adduct with graphene were further investigated. Py,Mo@Gene
was thus obtained by mixing Py,Mo and graphene in
dichloromethane at room temperature. The solid nanomaterial
was isolated by filtration and washed with dichloromethane
and diethyl ether, followed by vacuum drying.

The morphology of the Py,Mo@Gene material was
characterized by high-resolution transmission electron micros-
copy (HR-TEM). HR-TEM analyses of the Py,Mo@Gene
material shows a heterogeneous distribution of 2—3 nm
molybdenum cluster aggregates onto a few-layer graphene
support (Figure S4). The z—z and cation—x interactions
between the pyrene-functionalized imidazolium cations and
graphene allow the hybrid system to self-assemble strongly,
and these interactions also lead to the entrapment of cluster
molecules between graphene layers, resulting in the formation
of a 3D network structure. In addition, the cluster anion—x
interactions are not discarded in the adsorptive interactions.”®
The energy-dispersive X-ray spectroscopy and scanning

transmission electron microscopy (EDS/STEM) analysis of 226

the hybrid material confirms the presence of molybdenum,
iodine, and fluorine atoms (Figure S5).

The Py,Mo@Gene nanomaterial was further characterized
by Fourier transform infrared (FT-IR), Raman, and photo-
physical-based techniques. The IR spectra registered for the
Py,Mo@Gene, Py,Mo, and graphene materials (Figure 1a)
shows that there is no shift of the Py,Mo and graphene peaks
after cluster immobilization. The IR spectrum of the Py,Mo@
Gene solid contains most of the characteristic peaks of the
Py,Mo complex. The bands at 1580 and 1628 cm™" of the
graphenic materials are assigned to the C=C vibrations of the
sp* carbon atoms and H—O—H vibrations of adsorbed water
molecules, respectively. The Raman spectra of Py,Mo,
graphene, and the hybrid nanomaterial have been acquired in
the solid state upon 325 nm laser irradiation (Figure 1b). The
Raman bands between 150 and 500 cm™ expected for the
{MogXis}* (X = halogen) cluster core complexes are not
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Figure 1. (a) FT-IR (KBr) spectra of Py,Mo@Gene (red line),
Py,Mo (blue line), and graphene (black line). The Py,Mo and
graphene bands are highlighted. b) Raman spectra of Py,Mo@Gene
(red line), Py,Mo (blue line), and graphene (black line). The inset
shows the characteristic pyrene and graphene bands.

detectable, and only fluorescence has been obtained under 514
and 785 nm laser conditions.”*”” The Py,Mo@Gene spectrum
contains a very intense band at 1580 cm™ (G band)
characteristic of the graphene aromatic rings—sp” carbon
atoms vibration.*® A wide band with a lower intensity appears
at 1394 cm ™" and includes a pyrene group Raman shift and the
D band of graphene support. Two additional low-intensity
bands characteristic of the pyrene functionality appear at 1236
and 1621 cm™.%"*? The graphenic 2D band (2848 cm™") does
not show any displacement after cluster immobilization.
Photophysical Properties of the Py,Mo and Py,Mo@
Gene Materials. The photophysical properties of Py,Mo
were investigated in solution and compared to those of the
PyBr and Cs,Mo precursors. The Py,Mo absorption spectrum
shows the strongly pyrene-absorbing bands centered at 325 nm
(Figure 2) associated with the Sy — S, transition, by analogy
with similar systems.**~** The low absorption band intensity at
403 nm is associated with a metal-to-metal charge-transfer
(*MMCT) transition within the {Mogli;}** cluster core.”>
This band is also observed in the Cs,Mo compound (Figure
S6), which also shows absorption bands centered at 334 and
295 nm characteristic of the molybdenum-to-ligand cluster
transitions. The appearance of these UV bands implies that
there is a cluster contribution in the pyrene absorption region
of the Py,Mo cluster compound (see the PyBr absorption
spectrum in Figure S6 for a comparison). The emission
spectrum of Py,Mo in deaerated solution is presented in
Figure 2. Upon excitation (A, = 310—375 nm), two emission
bands appear in the red and blue regions of the spectrum. The
vibrational structure of the pyrene observed in the steady-state
fluorescence spectrum appears to be a mirror image of the
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Figure 2. Absorption (black line) and emission (red line) spectra of
Py,Mo in a deaerated solution (4, = 345 nm). Inset: AQY versus
excitation wavelength.

absorption spectrum. This fluorescence takes place from the S;
state and is due to a rapid internal conversion from the S, state
to the S, state upon excitation into the most intense pyrene
absorption band centered at 345 nm.*” Despite the presence of
two pyrene units per Py,Mo, the excimer emission from
pyrene at ca. 500 nm is not observed. This highlights the lack
of intra- and intermolecular pyrene—pyrene interactions, taking
into consideration the high dilution conditions (107°—107°
M). A low-intensity band with a maximum localized at 675 nm,
attributed to the molybdenum cluster core emission, is also
detected. This emission band shows a bathochromic shift with
respect to the emission wavelength (650 nm) measured in
N,N-dimethylformamide (DMF), also reported for Cs,Mo in
the solid state.”> The disappearance of this band by bubbling
O, into the Py,Mo-containing solution confirms the oxygen
quenching of the cluster unit phosphorescence. The absolute
quantum yield (AQY) of Py,Mo was measured exciting the
sample every 5 nm from 355 up to 430 nm. The AQY
decreases from 0.18 to 0.12, and from 355 to 380 nm is when
the pyrene emission is visible. This value stabilizes around 0.1
when the cluster is the only emitter. The {Mogl's}** cluster
core bearing perfluoroalkylcarboxylates presents one of the
highest quantum yield values among the octahedral {MX's}**
(M = Mo, W, Re; Li = halogen, chalcogen) cluster complexes,
and quantum yields of 1 and 0.59 in solution were reported for
(nBuyN),[Moglg(OOCCF;)4] and (nBu,N),[Mogl,-
(OOCC;F; )], respectively,’®' while we recently reported
an AQY value of 0.49 in deaerated acetone for Cs,Mo."”
Therefore, the Py,Mo AQY value is lower than that calculated
for its precursor Cs,Mo. In a first attempt, this observation can
be explained as follows: the metal cluster red emission at 675
nm is subject to a partial ET mechanism associated with
intermolecular interactions between the pyrene and molybde-
num cluster. This ET is partly due to the spectral overlap
between the emission band of the pyrene moiety and the
absorption band of the molybdenum cluster. A triplet—triplet
state equilibrium between the triplet state of pyrene and that of
the cluster could then be envisioned. This equilibrium would
favor nonradiative relaxation of the excited states (vide infra).
Figure 3 presents the evolution of the emission intensity
maximum value of both entities versus excitation wavelength
from 310 nm up to 390 nm and the excitation map for
excitations ranging from 355 up to 500 nm. The optimal
wavelength to observe the pyrene emission is, as expected,
around its maximum of absorption. Meanwhile, a band
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Figure 3. (a) Evolution of Py,Mo emission maxima at 375 and 675
nm upon excitation. (b) Emission versus excitation map of Py,Mo
(the emission intensity increases from dark blue to red).

followed by a slight intensity decrease can be observed
between 340 and 360 nm for the molybdenum cluster, in
agreement with the maximum absorption of the pyrene group.
This disruption in the emission evolution trend is followed by
an increase when the cluster is the only species to absorb (see
Figure S7 for the corresponding emission spectra). Then, the
cluster emission slowly decreases because of its absorption
lowering up to 500 nm. To assess in a first attempt that an
effective transfer exists between the pyrene moieties and
anionic cluster unit, emission spectra of solutions containing
Py,Mo or Cs,Mo at the same concentration were recorded
upon a 345 nm excitation. The increase of the cluster emission
intensity by approximately 30% is in good accordance with the
pyrene-to-molybdenum cluster ET (Figure S8). The presence
of pyrene emission signals indicates that ET from the pyrene-
containing cation to the cluster core is not quantitative. Such
nonquantitative ET was also recently evidenced in a solution
for assemblies gathering blue-emissive triphenylene-containing
imidazolium cations and red-NIR-emissive [ReSesCNg]*™
anions.*® This shows that a short and covalent link between
the pyrene and cluster unit is mandatory to observe a full ET
between the two entities and thus enhancement of its emission
efficiency.”” We also monitored the emission signal of a
solution containing initially Cs,Mo, to which a small aliquot of
a PyBr solution was added (see Figure S9 for the emission
spectra). We observed an increase of the molybdenum cluster
complex red emission in the presence of PyBr. The rise of the
emission of Cs,Mo in the presence of PyBr is again in favor of
a pyrene-to-cluster ET. To further characterize this partial ET,
time-dependent emission and absorption properties were
investigated by time-correlated luminescence spectroscopy
and transient absorption (TA) spectroscopy.

Time-resolved luminescence was also acquired at different
excitation wavelengths. Emission lifetimes were extracted by
fitting the experimental emission decay curves. The goodness
of fits were judged by looking at the y* value and shape of the
residual distribution. The phosphorescence lifetime for Py,Mo

(188 S, Aexc = 345 nm in DMF) corresponds to the lifetime of
the emissive {Mogl's}-localized triplet states and is similar to
those reported for other carboxylate [MogI's(OOC-R)s]*™ (R
= CF;, 182 us; R = n-C4F, 303 us) complexes in
acetonitrile.””*" The higher emission lifetime of Cs,Mo (228
US, Aoy = 345 nm) suggests that the emission decay is faster for
the Py,Mo complex, associated with any kind of counterion—
cluster interaction.”” This decrease in the lifetime and the
slight bathochromic shift of the cluster emission maximum
when Cs" is replaced by Py* could be due to electronic
stabilization of the cluster excited state by the pyrene—
imidazolium counterion.””~"> The decrease of the pyrene
fluorescence lifetime from PyBr to Py,Mo (200 and 164 ns,
respectively, with A, = 340 nm; see Figure S10 for the
fluorescence decay profiles) confirms this partial interaction.
The TA spectra of the PyBr and Py,Mo compounds are

presented inFigure 4a. For PyBr, the spectrum shows the
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Figure 4. (a) TA (S us after pulse) and (b) temporal profiles of
Py,Mo (red) and PyBr (black) acquired under argon in DMF.

characteristic TAs of the pyrene-group triplet states of the
functionalized imidazolium cation, which appear as two
maxima centered at ca. 420 and 500 nm.”* These triplet states
are confirmed by quenching experiments with O, (Figure
S11). At low absorption times, a negative band corresponding
to the emission of the pyrene-group singlet state (Figure
S12a,c) appears between 350 and 450 nm. The Py,Mo and
Cs,Mo TA spectra acquired upon 355 nm excitation are very
similar and show a broad absorption band with one maximum
centered at ca. 520 and S50 nm, respectively (see Figure S12
for the TA spectrum of Cs,Mo).

The temporal profiles acquired at S50 nm (Figure S13)
show that the absorption lifetime of the triplet state for Py,Mo
is faster than that for Cs,Mo, in agreement with the different
lifetimes stated above. Both absorptions are sensitive to O,,
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Inorganic Chemistry

indicating their triplet-state nature, as previously shown by
steady-state luminescence experiments (Figure S11b,d).

The absorption temporal profiles measured for PyBr and
Py,Mo indicate that the pyrene-group triplet-state absorption
at 420 nm involves a fast decay in the Py,Mo compound, in
contrast to the profile measured for PyBr (Figure 4b). This
result confirms ET from the pyrene group of the imidazolium-
functionalized cation excited state to the molybdenum cluster
anion. Deactivation of the pyrene-group triplet state by the
cluster core was confirmed by monitoring the decrease of the
pyrene-group triplet state (420 nm) with the sequential
addition of small volumes of a stock solution of Cs,Mo to a
solution of PyBr (see Figure S15 for temporal profiles). We
propose two possible reaction paths in the ET mechanism
within the Py,Mo complex, by taking the energy positioning of
cluster orbitals, calculated from the absorption and redox data
of [Mogl's(OCOGC,F;)%]*™ (see section IV for details about
calculations) and the pyrene orbitals.****~%° In both paths, the
increase of the cluster unit phosphorescence at 675 nm could
be attributed to a combination of ET and intersystem crossing
(ISC) processes, ensuring that the energy migrates from the
pyrene group and the {Mogl's}*"-cluster-core-localized singlet
excited states to the *MMCT state of the cluster unit. Upon
excitation in the UV region, regarding the first mechanism
proposed (blue line, Scheme 2), the pyrene group S, excited

Scheme 2. Energy Diagram of the Possible Reaction Paths
Based on the Photophysical Properties of Py,Mo (ET =
Energy Transfer; ISC = Intersystem Crossing)”

E (eV)

$1(Py)

154 ET
ISC
T/(Py) T;(Mog)

-3.5+ ET
454
55+

So(Py) So(Mog) So(Mog)

“Energy scale relative to a vacuum.

state transfers the absorbed energy to the molybdenum cluster
S, excited state, and the remaining energy is lost by
fluorescence relaxation. The S, cluster state goes forward to
an ISC to the T, state of the {MogI';}** cluster core. In a
second mechanism (red line, Scheme 2), the excited state of
the pyrene group of the imidazolium-functionalized counterion
evolves to an ISC to its T triplet state, which transfers some
energy to the emissive cluster-localized triplet state. We
consider that the contribution of the reaction path referring to
the S;(Py)-to-T;(Py) ISC transition in the global mechanism
is minor because of the low amount of pyrene-group triplet
state formed. Thus, the preferred path corresponds to the
S,(Py)-to-S;(Mog) ET transition, in agreement with previous
studies realized on the [Mogl's(OCO-pyrene)?]*~ complex for
which an intramolecular ET takes place quantitatively.®®
Additionally, taking into account the energy positions of
T,(Py) (—3.1 eV) and T;(Mog) (—3.4 €V) as well as the low
lifetime detected by TA, a triplet—triplet equilibrium can be
discarded. Therefore, the reaction path referring to the S,(Py)-
to-T;(Py) ISC transition can be considered to be less probable

because of the low amount of pyrene-group triplet-state
formation.

Interactions between Py,Mo and Graphene in
Py,Mo@GeneS. The electronic interactions between Py,Mo
and graphene were evidenced by steady-state and time-
resolved photoluminescence spectroscopies. In the steady-
state regime, adding aliquots of a single- and few-layer-
thickness graphene suspension in DMF to a DMF solution
containing the Py,Mo complex (. = 375 nm) leads to a
progressive decrease of the pyrene and {MogI's}** cluster core
emission bands (see Figure S15a for emission spectra). This
quenching of the Py,Mo photoluminescence characterizes a
nonradiative ET from Py,Mo to the adjacent graphene surface,
although photoluminescence of the graphene layers is
negligible.”” The time-resolved luminescence spectra (Figure
S15b) confirm ET from the pyrene-localized excited states to
the 7 system of graphene because the pyrene-group lifetime
decreases with increasing graphene concentration. The
emission decay profiles could be fitted with a double-

exponential function, which indicates dynamic quenching of 4s3

the pyrene-group excited states. Two lifetime components
appear for each decay curve: one in the scale of the pyrene

454
455

lifetime and a faster one associated with the presence of 4s6

graphene. The relative ponderation of both components

487

evolves upon the addition of graphene. In fact, the weight of 4s8
the pyrene component changes from 32% after the addition of 459

125 uL of graphene to 14% with 850 uL of graphene
suspension. These observations are also consistent with ET
from Py,Mo to graphene.”® Moreover, steady-state and
lifetime fluorescence quenching studies with graphene revealed
deviation from linearity in the Stern—Volmer plots (Figure
S16), indicating a collective effect of static and dynamic
quenching. This could be explained considering the initial
complex formation between the pyrene derivative compound
and the graphene layers at the ground state, together with the
collisional quenching of the remaining excited states of the
pyrene units. The interaction between the Py,Mo complex and
the graphene support in the Py,Mo@Gene nanomaterial was
also studied by TA. The absorption spectrum of the hybrid
material (Figure S17) is dominated by a broad-band
absorption characteristic of graphene, which is attributed to
the formation of delocalized electron and hole pairs along the
nanostructure.””'”’ The TA of the Py,Mo@Gene hybrid
exhibits the pyrene emission band with a maximum at 400 nm
and a small absorption band at 540 nm assigned to the triplet
state of the molybdenum cluster. The low intensity of the
molybdenum band and the short lifetimes (Figure S)

0,20

AOD (a.u.)

Time (us)

Figure S. Absorption temporal profiles of Py,Mo@Gene (0.5 mg/
mL, black line) and Py,Mo (blue line) monitored at 580 nm after 355
nm laser excitation of a N,-purged dichloromethane solution.
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481 associated with the temporal profiles of the Py,Mo@Gene
482 material confirm the quenching of the excited state of the
483 molybdenum cluster by the graphene support, and suggest that
484 any ET takes place also from the cluster complex to the
485 graphene support.”® Therefore, this photoinduced charge
486 transfer from the Py,Mo complex to the graphene layer
487 produces a synergetic effect, favoring the charge-separation
488 process after irradiation and enhancing the photocatalytic
489 conversion as we describe below.

490 Photocatalytic HER Studies. A comparative photo-
491 catalytic activity study of the Py,Mo@Gene, Py,Mo and
492 graphene materials for molecular hydrogen generation from
493 water was performed in a water/acetone (50:4S, v/v) mixture
494 in the presence of triethylamine (TEA; $% v/v) under UV—vis
495 irradiation. Irradiations were carried out, with continuous
496 stirring, using a cylindrical Pyrex reactor and a fiber-optic
497 xenon light source (800—200 nm emission output, 1000 W/
498 m*). The evolution of photoreactions was monitored over time
499 by means of gas chromatography. After 6 h of irradiation,
soo dihydrogen (H,) was the only gas generated, and the
so1 performance of the catalysts was evaluated in terms of H,
502 yield. The H, yields (pmol of H,/g of catalysts) with respect to
503 time using the three photocatalysts are illustrated in Figure 6.

N w

a o

o o
L !

200
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100 t
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o
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T T T T T

4 5 6
Time (h)

Amount of Hy evolution (umol-grcat'1)
o
N
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Figure 6. HER (umol of H,/g of catalysts) versus time plot by using
Py,Mo@Gene (black line), Py,Mo (blue line), PyBr (green line),
PyBr/Gene (pink line) and graphene (red line) catalysts. Py,Mo,
PyBr, and PyBr/Gene were used in amounts equal to that of
Py,Mo@Gene.

The nanosized Py,Mo@Gene composite exhibits higher H, so4
production in the photocatalytic reaction than the Py,Mo and sos
graphene counterparts, resulting in an increase of the sos
photocatalytic activities by 280%. After 6 h of irradiation, the so7
hydrogen formation rates by using Py,Mo@Gene, Py,Mo, and sos
graphene catalysts were 49, 18, and S pmol of H,/g of s09
catalysts/h, respectively. The reaction rate of the hybrid sio
nanomaterial is in the range of that reported for other MoS,/ s
graphene catalytic systems in photochemical conditions (Table s12
§3), although other complex systems are more efficient.'”" ~'%* 513
The catalytic activity of Py,Mo@Gene is comparable to that si4
reported for some TiO,-, CdS-, and C;N,/graphene nanoma- sis
terials in the absence of platinum as the cocatalyst. 516

The small amount of hydrogen generated by neat graphene s17
can be ascribed to the production of active catalytic species by s1s
aging the graphene materials under photochemical condi- si9
tions.'> The turnover numbers calculated with respect to the s20
Py,Mo cluster for the Py,Mo@Gene and Py,Mo samples were s21
found to be 0.96 and 0.34, respectively. The turnover s
frequency (TOF) with respect to atomic molybdenum for s23
Py,Mo@Gene corresponds to 7 X 107 s™'. This is of the s24
same order of magnitude as the TOF values that we observed s2s
for the (TBA),MosBri@GO composite for photocatalytic s
HER in similar conditions, whereas the TOF for Py,Mo (3 X 527
1075 h™") is 2 orders of magnitude lower than that reported for s2s
the (TBA),MogBr'sF%s complex.” The reaction rates for the s29
Py,Mo@Gene nanomaterial and Py,Mo complex are nearly s30
constant, and no induction period appears, in contrast to the s31
(TBA),MogBr'sF% catalyst. This suggests that the integrity of s32
the Py,Mo species is maintained under reaction conditions. 533
After three reuse experiments of Py,Mo@Gene, the s34
morphology of the nanomaterial remains intact (Figure S18), s3s
with 10% (w/w) molybdenum leaching after each experiment. s36
Control experiments were carried out and show that Im,Mo/ s37
Gene, Cs,Mo/Gene, and PyBr/Gene composites are less s38
active than the Py,Mo@Gene hybrid and that H, production s39
is attributed to the molybdenum clusters (Figures 6 and S24). s40
We detect a slight increase of the activity of Im,Mo/Gene with s41
respect to Cs,Mo/Gene (Figure S24), which could be s4
attributed to a better contact of Im,Mo to the graphene s43
surface promoted by the imidazolium counterions. 544

—
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Figure 7. Representation of the photoexcited electron transfer and hydrogen evolution over the Py,Mo@Gene photocatalyst with the assistance of

TEA under light irradiation.
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These results confirm that Py,Mo acts as both the
photosensitizer and catalyst for H, production under UV—vis
irradiation, similar to the (TBA),MogBr'sF% photocatalyst.
Enhancement of the reaction yields provided by the graphene-
supported cluster is due to intimate contact between the
Py,Mo catalyst and graphene and to the superior conductivity
of graphene because it acts as an efficient electron acceptor and
transporter between the immobilized cluster active species
(Figure 7). This is in agreement with work reported on the
dye-sensitized graphene-based photocatalyts.””'*®

B CONCLUSIONS

We show in this work that red-NIR-emissive octahedral
transition-metal clusters can be easily associated to graphene
nanosheets using noncovalent interactions. To do so, organic
linkers made of an imidazolium head and either a long alkyl
chain or a pyrene group were specifically designed to interact
with the anionic cluster and graphene surface simultaneously.
Adsorption studies demonstrated that the pyrene-containing
cation was the most efficient one to bind the anionic cluster on
the graphene surface. The components’ association was
demonstrated by several techniques such as HR-TEM, EDX
analyses, and FT-IR and Raman spectroscopies. Photophysical
studies of the Py,Mo hybrid complex in solution evidenced a
partial ET between the pyrene-containing cations and anionic
cluster unit. Taking into account the low amount of pyrene-
group triplet state produced during light excitation, we suspect
that this ET is more likely to involve the S,(Py)-to-S,(Mo)
transition, followed by an ISC to the T;(Mog) state rather than
a transfer from the T,(Py) to T,(Mog) states.

Once supported on graphene, Py,Mo transfers its energy to
the graphene surface, which, in turn, conducts electrons to the
catalytic active sites for hydrogen generation. Photocatalytic
HER production in water studies has demonstrated the
potential of such hybrids in the generation of hydrogen. In
fact, the H, production efficiency of Py,Mo increases by a
factor of 2.8 once grafted onto the graphene surface.
Improvement of the H, production activity is attributed to
the synergetic effect between graphene and the hybrid cluster
complex because graphene facilitates the charge-separation
activity and enhances ET and electron transfer of the cluster
photocatalyst. In addition, the extended aromatic lattice and, as
a consequence, the excellent electronic conduction of graphene
sheets are preserved during the grafting of Py,Mo thanks to
the use of noncovalent interactions to maintain the assembly.
Hence, this supramolecular strategy opens up wide perspec-
tives in terms of research prospects to design the most efficient
anionic clusters/graphene hybrids for H, production.

B EXPERIMENTAL SECTION

Reagents and Solvents. Graphite, triethylamine (TEA), diethyl
ether, methanol, acetone (ACS analytical grade), dichloromethane
(Chromasolv for high-performance liquid chromatography), and
anhydrous N,N-dimethylformamide (DMF) were obtained from
commercial resources (Sigma-Aldrich and Scharlau). Graphene
nanoplatelet aggregates (surface area 500 m?/g) were purchased
from Strem. The Cs,Mogl's(0,CC,Fs)% (Cs,Mo) precursor was
prepared by following reported procedures.’® The 1-methyl-3-[4-
(pyren-1-yl)butyl]-1H-imidazol-3-ium bromide (PyBr) salt was
prepared in a two-step reaction from 2-pyrenebutanol,'"” as described
in the literature.'®® Dichloromethane and diethyl ether were dried and
deoxygenated by passing these solvents through commercial columns
of copper oxide, followed by alumina under nitrogen.

Synthesis of the Materials. Preparation of the Py,Mo
Complex. To an acetone solution of Cs,Mo was added a solution
of PyBr in methanol under argon. The mixture was magnetically
stirred for 48 h in the dark and then filtered through a Celite pad. The
orange solution was then evaporated to yield a red-orange powder. 'H
NMR (400 MHz, acetone-dg): § 1.96 (m, 2H, —CH,—), 1.77 (m, 2H,
—CH,-), 3.81 (s, 3H, CH;N), 4.25 (t, 2H, J = 7.1 Hz, —CH,N), 7.67
(t, 1H, J = 1.7 Hz, —-NCHCHN-), 7.77 (t, 1H, J = 1.7 Hgz,
—NCHCHN-), 8.36-7.95 (m, 9H, C,,), 9.08 (s, 1H, CH,
—NCHN-). YF NMR (376 MHz, acetone-dy): 6 —83 (3F), —120
(2F). ESI-MS (CH,CN): m/z 1284.3 [M*7], 339.5 [M*].

Synthesis of 1-Methyl-3-nonylimidazolium Bromide (ImBr). 1-N-
Methylimidazole (1.03 g, 12.5 mmol) and 1-bromononane (3.33 g, 15
mmol) were mixed with S0 mL of CHCI;. The mixture was stirred
under reflux for 15 h. After evaporation of the solvent under vacuum,
the obtained colorless oil was washed three times with 50 mL of a
cyclohexane/ethyl actetate mixture (1:1). The oil was recovered via a
separation funnel and dried under vacuum to yield the desired
compound (yield: 67%). "H NMR (400 MHz, acetone-dy): § 0.79 (t,
3H, CH;), 1.25—1.16 (m, 14H, (CH,),), 1.84 (m, 2H, —CH,CH,N),
4.10 (s, 3H, CH;N), 425 (t, 2H, —CH,N), 7.45 (1H, s,
—NCHCHN-), 7.65 (1H, s, —NCHCHN-), 1024 (1H, s,
—NCHN-). ESI-MS (CH,CN): m/z 223.4 [M"].

628

Preparation of the Im;Mo Complex. To an acetone solution of 629

Cs,Mo was added a solution of ImBr in methanol under argon. The
mixture was magnetically stirred for 48 h in the dark and then was
filtered through a Celite pad. The orange solution was then
evaporated to yield a red-orange powder. 'H NMR (400 MHz,
acetone-dg): 5 0.88 (t, 3H, CH,), 1.37—1.28 (m, 14H, (CH,),), 1.98
(m, 2H, —CH,CH,N), 4.11 (s, 3H, CH,N), 4.41 (t, 2H, —CH,N),
7.77 (1H, s, —-NCHCHN-), 7.83 (1H, s, -NCHCHN-), 9.15 (1H,
s, —~NCHN-). ’F NMR (acetone-dq): 56 —83 (3F), —120 (2F). ESI-
MS (CH,CN): m/z 1284.3 [M>], 223.4 [M"].
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638

Preparation of the Py,Mo@Gene Nanocomposite. An excess of 639

Py,Mo (22 mg, 0.007 mmol) was added to a graphene suspension
(15 mg in 60 mL of dried dichloromethane) in a Schlenk flask under
argon. The mixture was sonicated with an ultrasound source (400 W,
Branson ultrasonic bath) for 1 h and magnetically stirred for 24 h.
The solid product was separated from the solution by filtration under
vacuum, washed several times with dichloromethane and diethyl
ether, and dried under vacuum to provide 25 mg of a black product
identified as the Py,Mo@Gene nanocomposite. This material was
stored in a desiccator. The amount of molybdenum present in the
sample (1.74%, w/w) was determined by inductively coupled proton
analysis of the liquid phase after treatment of the solid with aqua regia.
This material was characterized by XRD, HR-TEM, EDS/STEM, IR,
and Raman techniques.
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