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ABSTRACT: Biology sustains itself by converting solar energy in a
series of reactions between light harvesting components, electron
transfer pathways, and redox-active centers. As an artificial system
mimicking such solar energy conversion, porous chalcogenide
aerogels (chalcogels) encompass the above components into a
common architecture. We present here the ability to tune the redox
properties of chalcogel frameworks containing biological Fe,S,
clusters. We have investigated the effects of [Sn,S,,,,]* linking
blocks ([SnS,]*", [Sn,Ss]*, [Sn,S;0]*7) on the electrochemical and
electrocatalytic properties of the chalcogels, as well as on the
photophysical properties of incorporated light-harvesting dyes,
tris (2,2/-bipyridyl)ruthenium(1I) (Ru(bpy);>*). The various thio-
stannate linking blocks do not alter significantly the chalcogel
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surface area (90—310 m*/g) or the local environment around the Fe,S, clusters as indicated by *’Fe Mdssbauer spectroscopy.
However, the varying charge density of the linking blocks greatly affects the reduction potential of the Fe,S, cluster and the
electronic interaction between the clusters. We find that when the Fe,S, clusters are bridged with the adamantane [Sn,S;o]*"
linking blocks, the electrochemical reduction of CS, and the photochemical production of hydrogen are enhanced. The ability to
tune the redox properties of biomimetic chalcogels presents a novel avenue to control the function of multifunctional chalcogels
for a wide range of electrochemical or photochemical processes relevant to solar fuels.

B INTRODUCTION

The motivation to develop alternative energy sources that are
clean, abundant and renewable has directed great attention to
understanding the science and mimicking the function of
natural photosynthesis.' * Natural photosynthesis has con-
verted solar energy to stored chemical energy to maintain the
diversity of living organisms for more than 3 billion years.>~”
An intense research effort is focused on simplifying natural
photosynthesis while integrating the core reaction centers in a
common structural system to achieve similar results to those
found in nature.®"* For example, the chemistry of cubane
Fe,S, clusters, which are ubiquitous in nature, has developed
into a mature research area with various analogous inorganic
and organometallic molecules."®™>* In nature, Fe,S, clusters are
involved in redox processes such as photosynthesis, nitrogen
fixation, and respiration,” and frequently found in both
electron pathways and in active sites of metalloen-
zy'mes.w’zo’zs_28 They are electron carriers in some enzymes
such as ferredoxin, hydrogenase, and nitrogenase, and compose
active sites in others including sulfite reductase, [FeFe]
hydrogenase, and acetyl coenzyme A synthase.””**™*' In
natural enzymes, the active Fe,S, clusters are often coordinated
in highly evolved systems with complex biochemical pathways
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to perform their catalytic and electron-transferring func-
tions, 16:27,32,33

To simplify the complicated biological assemblies, various
analogue molecules have been developed and some synthetic
clusters have shown catalytic capability in a designed environ-
ment,>* ™" including the ability to produce hydrogen photo-
chemically.*® Expanding to other iron sulfur molecules, many
reports have been also published on diiron analogue molecules
concerning hydrogen-producing ability.**~** Though many of
these molecules have been shown to catalyze hydrogen
production from water, in general the catalytic function of
these synthetic molecules is deactivated by the presence of
oxygen and the undesirable products of water-splitting
reaction.’***’ An emerging strategy for increasing the long-
term stability of the catalysts is to embed them into a larger
framework, mimicking the catalytic sites in natural enzymes.
We have sought the incorporation of Fe,S, clusters in a larger
structure as a promising approach to stabilize them and protect
them from deactivating side reactions.
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Table 1. Synthetic Parameters and the Empirical Formula of Chalcogels before and after Functionalization with Ru(bpy);Cl,,
and after Washing with Pure Ethanol, Calculated by the Elemental Amounts Determined by EDS Spectroscopy

aerogel ITS-cgl ([SnS,])
[Fe,S,] (mmol) 0.125
[Sn,S,..2]*" (mmol) 0.1

Na, Py [Fe,S,]17[SnS,],
Ru; s [Fe4S4] 1.4[Sns4]2C11.6
Ru1‘4[Fe4S4] 1,4[51'154]201,0

Observed Empirical Formula
After functionalization
After wash

“P: represents the Ph,P cation.

ITS-cg2 ([Sn,Ss])
0.1
0.1
Na, ,P; 1[Fe,S4]15[SnS6],
Ru,; [Fe454] 15 [Sn,S6] 2Clis
Ru, 5[Fe,S,]15[Sn,861,Cl

ITS-cg3 ([Sn,S;0])
0.1
0.1
D, 4[FesS,15.1[8,810]
Ru 3[Fe,S,]50(n,810],Cls
Ru; 3[FeyS,4]30[Sn4810]:Cly 7

We have recently introduced a new class of porous
chalcogenide aerogels, called chalcogels, that can be function-
alized with biomimetic functionalities.**** These chalcogels are
functionalized with light harvesting components, electron
transfer pathwagfs, and redox-active centers all into one
suprastructure.**>° These biomimetic chalcogels utilize
redox-active [Fe,S,]*" cluster units linked by [Sn,S¢]* building
blocks to form polymeric extended structures. This new type of
chalcogels has been shown to reduce protons electrocatalyti-
cally and photochemically with retained redox activity of the
Fe,S, cluster.

In an effort to control the electrochemical properties of the
multifunctional chalcogels, we explore the tunability of our
biomimetic chalcogels for a wider range of reactions relevant to
solar fuels. It is especially challenging to adjust the redox
properties of the Fe,S, cluster both electrochemically and
photochemically in a solid state system such as the chalcogel
environment. Broadening the family of biomimetic chalcogels,
here we studied a series of high surface area materials using the
[SnS,]*", [Sn,S¢]*™ and [Sn,S;o]*” (referred to as the
[Sn,Sn,,,,]*" series) building blocks. We show that it is
possible to control the relevant electrochemical redox potential
of the Fe,S, clusters by varying n and as a result enhance the
light to hydrogen conversion capability shown by the dye-
functionalized chalcogels, {[Fe,S,].[Sn,Sn,, +Z]y[Ru(bpy)3]Z}.

B RESULTS AND DISCUSSION

The biomimetic chalcogels are chemically integrated materials
that bring redox-catalytic active components close to light-
harvesting photoredox components, which can facilitate
electrochemical and photochemical reduction of various
substrates.** 3 Our relatively facile bottom-up synthetic
method enables the variation of components that could be
integrated into the system. This flexibility of chalcogel systems
opens up the possibility of tuning the electrochemical and
photochemical parameters of the biomimetic chalcogels tailored
to the various light-driven reactions related to the solar fuel
productions. Here, we show that the control of electrochemical
energies of the Fe,S, cluster can be easily achieved by utilizing
the synthetic flexibility of the chalcogel system and by varying
the size of the linking blocks. Previously we described
multifunctional porous chalcogels based on [Sn,S¢]*~ as linking
blocks of Fe,S, cubane clusters, referring to them here as ITS-
cg2. Here we expand the family of iron sulfur tin sulfide
chalcogels (ITS-cg) with two additional thiostannate linking
blocks. The linking units newly introduced here are the
tetrahedral cluster [SnS,]*” (ITS-cgl) and adamantane cluster
[Sn,S;0]*” (ITS-cg3). Other than molecular size, the key
property difference between these three anions is the charge
density which varies as [SnS,]*™ > [Sn,S4]*™ > [Sn,S,,]*". This
trend defines the ligating ability of the thiostannate clusters to
the Fe atoms of the Fe,S, cluster and the degree of charge
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transfer to it. Furthermore, based on a simple packing argument
the chalcogels featuring the small sized building blocks of
[SnS,]*" should have Fe,S, clusters in closer average spatial
proximity to one another compared to the chalcogels
containing the significantly larger [Sn,S;,]*" units. Here we
study the effects of these linking blocks on the properties of
chalcogels with Fe,S, cubane centers.

The chalcogels were synthesized in a similar manner (Table
1) as ITS-cg2 with the aim to create anionic porous networks
using the metathesis reaction as suggested by the equation:

{[Fe4S4C14:| }2_ + [SnnSZn+2]4_
- {[Fe4s4]x [Snn82n+2]y Fo+ yCr

The metathesis reaction between the tin sulfide precursor
(Na,SnS,-14H,0 for 1TS-cgl, ((CH;CH,),N),Sn,S,, for ITS-
cg3) and iron sulfide ((Ph,P),Fe,S,Cl,)""'® precursor results
in polymerization that produces a porous solid gel as shown in
Figure 1. The terminal chloride ligands on the iron sulfur

Figure 1. (A) Image of the sliced typical ITS-cg sample. (B) SEM
image showing porous nature of ITS-cg sample. (C) TEM image
showing porous and nonperiodic structure of ITS-cg sample. Inset is
selected area e-beam diffraction showing only diffuse scattering.

cubane cluster are replaced by the sulfur atoms from the
anionic tin sulfide clusters in the metathesis reaction (Scheme
1). In addition, the mononuclear and binuclear thiostannate
anions potentially have the ability to chelate to a single Fe atom
which previously has been shown to significantly raise its redox
potential.>" Both ITS-cgl and ITS-cg3 display spongy, porous
structures under electron microscopy and appear amorphous in
TEM image and capillary X-ray diffraction experiments
(Figures 1B,C, and 2A).

The resulting chalcogel network is negatively charged overall,
balanced by the counter-cations of the precursors such as
Ph,P*, Na*, or [(CH;CH,),N]*. Elemental analysis of the
chalcogels supports the existence of these counter-cations
(Table 1, Figure 2B). The simple ion exchange reaction with
Cs" ions displaces the counter-cations of the precursors (Ph,P*
and [(CH;CH,),N]*) confirming the role of counter-cations as
charge balancers in ITS-cg3 (Table 2, Figure 2C). Though the
elements from [(CH,CH,),N]* cannot be detected under
SEM/EDS, its existence is expected and might explain the
excess amount of Cs* compared to the amount of P detected
before the ion exchange. This ability to undergo simple ion
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Scheme 1. Assembly of [Fe,S,]**/[Sn,S;,]* (ITS-cg3) and Funct
of Ru(bpy),** (TEA represents (CH,CH,),N)
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Figure 2. (A) Powder XRD patterns of ITS-cg1,2 and 3, illustrating the absence of an extended lattice structure for all three chalcogel samples. The

rising background intensity at higher diffraction angles is due to the X-ray fl

uorescence of iron in the samples. (B and C) Typical EDS spectrum of

ITS-cg3 before (B) and after ion exchange with CsCl (C) showing displacement of counter cations by Cs*. (D) Nitrogen adsorption/desorption
isotherm at 77K of chalcogels, exhibiting the mixture of meso and macro pore distribution. (E) UV—vis spectra of chalcogel solutions after thiol
extrusion experiment, reflecting the absorption of the extruded [Fe,S,(SPh,)]*~ anion in all chalcogels.

Table 2. The Empirical Formula, Calculated from the
Atomic % Obtained from Elemental Analysis, of ITS-cg3
before and after Ion Exchange with CsCl

observed empirical formula before after

Pyy [Fe454] 31 [sn4slo]2 Csgs [Fe4S4] 25[Sn4S10]5

exchange is a key property because it enables the easy
incorporation of light harvesting dye, tris(2,2’-bipyridyl)-
ruthenium(II) (Ru(bpy);**), into the chalcogel framework,
which will be discussed in detail later.

The porous high surface area structures of the chalcogels are
characterized with a mixture of macropores and mesopores,
exhibiting Type IIb behavior from the nitrogen adsorption
isotherms regardless of linking unit (Figure 2D). The estimated
surface areas of the aerogels range from 90 to 310 m?/ g for
both ITS-cgl and 3 similar to those of ITS-cg2.*®
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The incorporated Fe,S, cluster inside the chalcogels were
detected by UV-—visible spectroscopy after thiol extrusion
experiments, a well-established method of detecting Fe,S,
clusters in their native proteins.>> When the excess thiophenol
reacts with the chalcogels in N,N’-dimethylformamide, the thiol
extrudes the Fe,S, cluster from the chalcogel framework,
resulting in a brown/black uniform solution. The uniform
solution from both ITS-cgl and 3 shows the maximum
absorption around 455 nm matching well with the well-known
characteristic peak of [Fe,S,(SPh),]*” (Figure 2E).!718

The zero-field Fe Mossbauer spectra also confirm the
incorporation of the Fe,S, cluster in the chalcogels for all
linking units. The samples ITS-cgl and ITS-cg3 show similar
Méssbauer spectra at 77 K (Figure 3A,B) where the two very
closely spaced quadrupole doublets (shown as green and red
colored components) suggest a high degree of equivalence
among the Fe centers of the clusters in the chalcogels. The
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Figure 3. "Fe Mossbauer spectra of ITS-cgl (A) and ITS-cg3 (B) recorded at different temperatures. (C) ''*Sn Mossbauer spectra of the two
samples recorded at 77 K. Experimental data are denoted with points and their deconvolution with the relative components (colored continuous

lines explained in the text) is also shown in each spectrum.

Table 3. Mossbauer Data for ITS-cg Series, Isolated Analogous Polycrystalline Fe,S, Complex, and Native Fe,S, Bearing

Enzyme
TRe 19,
sample T (K) & (mm/s)? A E, (mm/s) 5 (mm/s)® AE, (mm/s) area (%)
ITS-cgl 77 0.44 1.26 1.06 0.26 76
0.46 0.74 0.86 1.58 24
ITS-cg3 77 0.45 121 1.42 0.05 33
0.47 0.72 1.64 1.89 67
ITS-cg2” 40 0.49 1.07
0.47 0.66
(NBu,),[Fe,S,(SR),]¢ 100 045 111
0.4S5 0.85
Ferredoxin from Clostridium pasteurianum® 77 0.44 1.08

“Relative to a-Fe at 300 K. Relative to BaSnO; at 77 K. “Reference 48. ¥Reference 54. “Reference 55.

isomer shifts (6) of the two doublets along with quadrupole
splitting parameters match well with previous MGossbauer
studies both on isolated, synthetic analogues of Fe,S, cluster
and on native Fe,S, cluster bearing proteins (Table 3). The
similar & values are attributed to the same bonding and
structure of chalcogels even with different linking units.
Therefore, the local environments around the Fe,S, core
structure remain uniform in the chalcogels.

At 10 K, the zero-field Mdssbauer spectra of both ITS-cgl
and ITS-cg3 show magnetic splitting similar to ITS-cg2*®
(Figure 3A,B). The magnetic splitting at lower temperature
seems to be a general characteristic of the biomimetic chalcogel
samples, as a consequence of the close spatial proximity of the
Fe,S, units in the [Fe,S,],[Sn,S,,,,], assemblies that results in
strong intercubane cluster magnetic coupling. Interestingly, the
overall size and charge density of the [Sn,S,,,,]*  linking
blocks seems to scale with the strength of the magnetic
coupling experienced between the Fe,S, cubanes in the
[Fe,S,],[Sn,Sy,42], framework. For the ITS-cg3 chalcogel,
which contains the larger sized [Sn,S;o]*” linking blocks, the
Fe,S, cores are spaced on average farther apart. The hyperfine
magnetic fields (Bhf) of the two main magnetic components
(indicated with blue and cyan colors in Figure 3B) acquire
values of 40.2 and 14.8 T, respectively. The spreading of By,
(ABhf) for these two components reaches 7.2 and 13.0 T,
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respectively. The corresponding values at 10 K for the ITS-cgl
chalcogel, which contains the smaller sized [SnS,]* units are
45.2 and 45.8 T for Bjsand 4.6 and 4.6 T for ABy In addition,
a nonmagnetic (Bhf = 0) quadrupole split part is detected at the
center of the 10 K spectrum of the ITS-cg3 sample (green and
red colored components in Figure 3B), while the correspond-
ing center of the 10 K spectrum for the ITS-cgl sample
contains a magnetically split component (magenta colored in
Figure 3A) with Bj;=15.8 T and ABj;= 152 T. The higher B,
and lower ABj; values found for the 10 K spectral components
of ITS-cgl relative to those of ITS-cg3 denote stronger
magnetic coupling between the iron ions of the Fe,S, cubanes
in ITS-cgl. This result is a consequence of the enhanced
mutual spatial proximity of the Fe,S, cubanes in the ITS-cgl
chalcogel relative to the ITS-cg3 chalcogel. Although these
results give only a qualitative view of the magnetic couplings
between the Fe,S, units (complete Mdssbauer spectra analysis
and details for the nature of these couplings is to be reported
soon), they certainly reflect an important trend of increasing
average Fe,S,/Fe,S, separation with increasing size of [Sn,-
Syu2)* linking blocks which act as spacers in these chalcogels.

The effect of linking blocks is also observed in the zero-field
"19Sn Mossbauer spectra of the ITS-cgl and ITS-cg3 collected
at 77 K, providing information on the state of the Sn ions. The
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Figure 4. (A) CVs of chalcogels scanned at 60 mV/s; showing redox activity in ITS-cg samples and more anodic reduction potential from ITS-cgl to
ITS-cg3. Pt:Sn,S,, represents a control gel where Pt** replace Fe,S, centers. (B and C) CVs of ITS-cg with lutidinium chloride (B) and CS, (C) as

substrates dissolved in solution with scan rate of 60 mV/s.

analysis of each spectrum was done using two components, one
with low AEq (I, violet colored in Figure 3C) and one with
high AE, (I, orange colored in Figure 3C) values. The &
values for all components are characteristic for Sn*" ion as
expected for the nature of these ions in the [Sn,S,,,,]*" linking
blocks (Table 3).*>* The AE values of component II is
higher in the ITS-cg3 than in the ITS-cgl, with higher relative
absorption area as well (Figure 3C, Table 3). These results
suggest that in the chalcogels the Sn*' ions are held in two
different environments, one of which (component II) is more
distorted than the other (component I). Thus ITS-cg3
chalcogel appears to contain a larger number of Sn*" ions in
the distorted environment than ITS-cgl chalcogel. This could
result from the larger number of Sn and S ions accommodated
in the [Sn,S,,,,]*" linking blocks for ITS-cg3, which
consequently distort their coordination environment to a
higher degree than in ITS-cgl.

The trend observed in the ’Fe Mossbauer spectra regarding
the magnetic coupling of the Fe,S, units suggests that the
framework of [Fe,S,],[Sn,S,,4,], in ITS-cgl are more “dense”
and “symmetric” than in ITS-cg3. The latter should contain on
average wider spaces defined by the Fe,S, and [Sn,S;o]*"
linking blocks and is consistent with the ability for ITS-cg3
to fit a larger number of light harvesting Ru(bpy),*" molecules
(Table 1), facilitating the photochemical proton reduction
experiments (vide infra). The *’Fe and ''*Sn Mdssbauer spectra
suggest that the structure and nature of the Fe,S, units is not
affected by the difference in the [Sn,S,,,,]*” building blocks;
however, their average proximity is dictated by the size of the
thiostannate anions.

The incorporated Fe,S, units retain their redox activity when
the chalcogels are examined with cyclic voltammetry (CV).
Using the ITS-cgl, 2, and 3 samples, a CV sweep of potential in
the reductive direction shows an initial current wave,
corresponding to [Fe484]2*/ * core cluster reduction, near
1000, 870, and 750 mV (vs Ag/AgCl), respectively (Figure
4A). These are associated with cluster reductions and indicate
that the clusters are redox switchable. The varying electron
densities of the redox-inactive thiostannate units could explain
the systematic shifting in reduction potential of the Fe,S,
centers. As the charge density of [Sn,S,,,,]*” decreases from
ITS-cgl to 3, due to increasing size, the reduction potential
shifts more anodically. The decreased electron density of
[Sn,S10]* could make it the least electron-donating group,
which results in a more positive Fe,S, reduction potential
compared to [SnS,]*". The CV redox trends are consistent
with the MGossbauer spectroscopy results which suggest that
intercluster interactions in the Fe,S,—Sn,S,,,, network are the
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strongest in ITS-cgl ([SnS,]* units) and the weakest in ITS-
cg3 ([Sn,S1o]* units).

The redox activity of the Fe,S, clusters retained in the
chalcogel structure combined with the chalcogel’s high porosity
allows for electrocatalytic action. The ITS-cg2 has already been
shown to act as an electrocatalyst showing a large increase in
the reduction current while anodically shifting the reduction
potential when lutidinium ions or carbon disulfide are used.*®
When the linking units are [SnS,]*” or [Sn,S;]*", the
chalcogels exhibit different electrocatalytic ability that correlates
with their charge density.

In the case of electrochemical reduction of the protons of the
lutidinium cations in acetonitrile, all chalcogels exhibit a
lowering of the overpotential. The ITS-cgl shows the most
current increase (~20-fold) in addition to the anodic shift in
reduction potential (~100 mV) compared to the one observed
with the absence of chalcogels on the electrode (Figure 4B).
This current increase is much greater than the ~6-fold and ~3-
fold current increase observed with ITS-cg2 and 3,
respectively.*®

For the reduction of CS,, both ITS-cg2 and 3 produce
increased current by ~2-fold compared to ITS-cgl or a bare
electrode. In addition, all chalcogels shift the reduction
potential to less negative values (Figure 4C). The larger the
thiostannate anion, the greater the anodic shift in reduction
potential: ~500 mV for ITS-cg3, ~230 mV for ITS-cg2 and
~120 mV for ITS-cgl (Figure 4C). Therefore, ITS-cg3 reduces
the CS, at the lowest potential. These electrochemical
experiments not only suggest that the chalcogels could be
effective electrocatalysts but also can be tuned for suitable
substrates relevant to solar fuels.

As mentioned earlier, the existence of the counter cations
(Na*, Ph,P*, or [(CH;CH,),N]") in the chalcogel framework
enables ion exchange and provides a facile route to introducing
cationic functional groups. This includes the light harvesting
molecule Ru(bpy);**(Scheme 1). The presence of Ru(bpy),**
in ITS-cgl and 3 and was confirmed by FTIR spectroscopy and
EDS analysis (Supporting Information, Figure S4, Table 1).

The interaction between excited Ru(bpy);>* and the anionic
network structure was explored by transient absorption
spectroscopy (TA). For these experiments, the functionalized
chalcogels were sonicated in o-dichlorobenzene to give a slurry
paste, which was then spuncast onto a glass slide to give a thin
film of the chalcogels. All ITS-cg samples, and Ru(bpy);** in
solution show the ground state bleaching of Ru(bpy;)** at 470
nm (Supporting Information, Figure SS). However, the lifetime
of the Ru(bpy);** excited state at 470 nm is clearly shorter in
the ITS-cg series (11—28 ns) than in solution (225 ns)

dx.doi.org/10.1021/ja311310k | J. Am. Chem. Soc. 2013, 135, 2330-2337
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(Supporting Information, Figure SS). As we reported
previously, chalcogels functionalized with Ru(bpy),**, but
lacking the Fe,S, center, exhibit an emissive feature at 620
nm and lack the rapid decay at 460 nm.*® The emissive feature
at 620 nm is only present in Ru(bpy);>* solutions and in the
gels lacking Fe,S, center, but is not observed in the ITS-cg
series of samples (Supporting Information, Figure SS).
Therefore, the rapid decay at 470 nm combined with the
absence of the 620 nm feature in the ITS-cg series, imply that a
different deactivation pathway is possible, presumably involving
the Fe,S, centers.*® In addition, the ground state bleaching lives
longer in ITS-cg3 than in ITS-cgl and 2, suggesting the charge-
separated-state is more favored in ITS-cg3 sample (Figure S).

b
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0 200

Figure S. Normalized nanosecond transient absorption at 470 nm of
ITS-cg series. The ground state bleaching is the longest in ITS-cg3,
indicating a longer charge-separated state in the sample.

The electrochemical and photophysical experiments, suggest
that an oxidative quenching of the excited Ru(bpy);>* by the
Fe,S, clusters is most favored by ITS-cg3 and least favored by
ITS-cgl. This leads to the proposed energy level diagram of
ITS-cg series and Ru(bpy);, shown in Figure 6 where the
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ITS-CE2 -0.87 me— -0.96
ITS-cg3 -0.75 w—
—— 0.5
—t— 0.0
—— 0.5
—— ] 0
Ru+2+
1.16

Figure 6. Proposed energy diagram for the Ru(bpy);** in the ITS-cg
series. The energy gradient between [Fe,S,]*/!* and Ru(bpy),**/>**
increases from ITS-cgl to 3.

greatest driving force for energy transfer is with the ITS-cg3.
On the contrary, the quenching of excited Ru(bpy)," in the
oxidative pathway could be limited in ITS-cgl, and the
reductive pathway is rather preferred, contributing to the
feature at S0S nm at the TA spectra (Supporting Information,
Figure SS). The observed results are consistent with significant
oxidative quenching of Ru(bpy),*" by the Fe,S, cluster in ITS-
cg2 and 3 and limited quenching in ITS-cgl.

The calculated free energy for the photodriven electron
transfer from the photogenerated metal-to-ligand charge-

2335

transfer state of Ru(bpy),*" to the Fe,S, cluster also supports
the oxidative pathway. Using the simplified Weller equation,>
ITS-cg3 has a greater free energy change for this process (AG=
—210 meV) than ITS-cg2 (AG= —90 meV), favoring the
oxidative quenching of Ru(bpy);**. Acknowledging the
Coulombic attraction between the negatively charged ITS-cg
framework and the cationic Ru(bpy),**, we expect this complex
to lie in close proximity to an Fe,S, cluster and therefore the
electron transfer between the two is viable (Scheme 2).

Scheme 2. Photochemical Response of ITS-cg3

T sh s
< TN, B
> 2 hv S
Light ~a ] 2+ e —S
harvesting 1 N Fe
center N—<pgi-
Ru s
N N
S
-5n
S s 5
| s
5 Sn s Lsn—5
s—Ry 4

s 5
Redox-active
center

Photochemical proton reduction experiments were per-
formed on the complete ITS-cg series using similar condition
as in the previous study.*® The functionalized chalcogels were
placed in an acetonitrile/water (80:20 v/v) solution containing
unbalanced molar ratio of lutidinium chloride (S0 mM) to
sodium ascorbate (10 mM) in order to avoid consuming the
lutidinium ions in a possible acid—base reaction with the
ascorbate. To help prevent the displacement of the Ru(bpy),**
by the lutidinium ions on the surface of the chalcogels we
added an excess of Ru(bpy);** (5 mM) into the solvent. After
irradiation with a xenon lamp (4 > 300 nm) continuously, H,
gas was detected by gas chromatography for all chalcogel
samples. The amount of H, gradually increased over 48 h of
illumination and held constant up to the sixth day of
illumination (Figure 7). The amount of H, evolved seems to
reach the “saturation” point after 100 h when the oxygen level
in the vial is great enough to deactivate some of Fe,S, centers
(Supporting Information, Figure S6). The chalcogel itself did
not seem to degrade even after 2 weeks of experiment and did
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Figure 7. Hydrogen evolution for a variety of chalcogels and
conditions. Pt:Sn,S,, represents a control chalcogel where Pt**
replaces the [Fe,S,]** cluster in the structure. The volume of H,
evolved is normalized to the dry mass of the chalcogels.
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not show any color change, which typically is seen as a sign of
oxidation of the Fe,S, clusters. When the chalcogel was kept in
dark for a week and then illuminated, the chalcogel started
producing hydrogen, which illustrates the stability of our
chalcogels in the system. Presumably atmospheric oxygen
gradually enters the system (while some hydrogen leaks out)
due to the limitations in the experiment apparatus used.
Nevertheless, the amount of H, gas generated by each chalcogel
corresponds to the trend observed in the reduction potentials
of [Fe,S,]*"/*. ITS-cg3 generated the greatest amount of
hydrogen (~4-fold increase compared to ITS-cgl) consistent
with the most anodic reduction potential of [Fe,S,]**/* (Figure
7). On the contrary, ITS-cgl produced the least amount of H,.
A longer lifetime of the charge-separated state implied by a
longer lived ground state bleaching in ITS-cg3, could contribute
to a more efficient electron transfer between the light
harvesting system and the redox center in this sample. As
proposed by the energy level diagram in Figure 6, the Fe,S,
clusters in ITS-cg3 can oxidize the excited Ru(bpy);** more
effectively than ITS-cgl and 2, and therefore, reduce protons to
hydrogen most efficiently (Scheme 2).

Although the overall hydrogen evolution is still small, the
enhancement is achieved relatively easily by controlling the
bridging of the Fe,S, clusters through the different thiostannate
linking units. While controlling the ability of the cluster to be
reduced electrochemically and photochemically is challenging
in the solid-state, the ITS-cg series shows that control can be
accomplished in a bottom-up assembly process using a series of
thiostannate building blocks with systematically varying the
anionic charge density.

B CONCLUSION

The ITS-cg series of biomimetic chalcogels presents a novel
and simple avenue to tailor the electrochemical and photo-
chemical properties of biomimetic chalcogels for desired solar
energy conversion reactions. The [SnS,]*” and [Sn,S;o]*"
building blocks make highly porous frameworks with the
Fe,S, clusters stably incorporated. These thiostannate anions
result in different bonding interactions with the Fe,S, clusters
in the chalcogel structure, affecting the redox activity and
modulating its interaction with the excited state of the light
harvesting antennae. The tuning ability of these building blocks
affects both the quenching of the excited states of the light
harvesting antennae and the charge-separated states between
the Fe,S, cluster and antennae, leading to an enhancement in
photochemical hydrogen production.

The thiostannate blocks do not alter the local environment
around one Fe,S, cluster unit; however, their different electron
densities affect the charge density on the clusters and the inter-
cluster interactions, resulting in different reduction potentials of
the clusters. These building blocks provide a path to control the
electrochemical properties of these chalcogels and can enhance
the electrocatalytic and photochemical activity, as seen in the
reduction of lutidinium hydrochloride ion, carbon disulfide and
protons. The ability to tune the properties of biomimetic
chalcogels in a self-assembling polymeric porous system is an
important advance in the synthesis of multifunctional materials
suitable for a wide range of electrochemical or photodriven
catalytic processes involved in solar energy utilization.
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© Supporting Information

Detailed synthesis procedures, experimental procedures, and
characterization techniques of chalcogels are presented. The
characterization of the precursors and chalcogels (EDS, XRD
pattern, UV/vis spectra or Mossbauer spectra) of precursors
and chalcogels, FTIR spectra of dye-functionalized gels, and
nanosecond transient absorption spectra are included. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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