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Introduction

The development of inexpensive materials that might serve as
catalysts for the oxidation of water to O, has been the goal of
Biological systems responsible for
photosynthesis accomplish this task by use of a tetranuclear

many investigations.' "'

RSCPublishing

Water oxidation catalysis via immobilization of the
dimanganese complex [Mn,(u-0),Cl(p-O,CCH5)-
(bpy)2(H>0)I(NOs), onto silicat

Evan M. W. Rumberger,®® Hyun S. Ahn,2® Alexis T. Bell**® and T. Don Tilley*®®

Adsorption of a dinuclear p-oxo bridged Mn complex onto mesoporous silica was observed when SBA15
was treated with an acetonitrile solution of [Mn,(p-O),Cl(u-O,CCHs3)(H,0)(bpy),](NOs), (1). This complex
was immobilized via the displacement of NO3™ into solution, and characterization by spectroscopic
(DRIFTS and DRUV-vis) and magnetic data indicates that the intact dication is electrostatically bound to
the silica surface. Loadings of up to 4.1% by weight of [Mn(p-0)>Cl(u-O>CCHs)(H>0)(bpy),]** were
achieved. TEM images of the grafted material revealed retention of the mesoporous structure of SBA15,
and no clusters of manganese greater than ca. 10 nm were observed. The SBA15-supported dimanga-
nese complex functions as a catalyst for the oxidation of H,O with (NH,),Ce(NOs)g as stoichiometric
oxidant. In contrast, homogenous aqueous solutions of 1 do not evolve oxygen upon treatment with
(NH4)>Ce(NOs3)g. Labeling studies with H,'80 confirm that the oxygen formed in this catalysis is derived
from water. Monitoring the O, evolution allowed determination of an initial rate for the catalysis (TOF; =
1.1 x 1073 s7"). These studies also reveal a first order dependence on manganese surface concentration,
and a zero order rate dependence for (NH;)Ce(NOs)s. Spectroscopic investigations were employed to
investigate the difference in activities between dissolved and supported dimanganese complexes.

water oxidation at PSIL,** and these range from dinuclear to
tetranuclear clusters. However, only a few have been reported
to exhibit activity for water oxidation catalysis.>>*’ More
recently, inorganic molecular analogues of the active site of
PSI], including a calcium atom in the p-oxo bridged cluster, has
been synthesized by Agapie and coworkers."**® However, the

p-oxo bridged manganese center as the oxygen-evolving
complex (OEC) in photosystem II (PSII).">° The OEC catalyzes
the four-electron oxidation of water to molecular oxygen
according to eqn (1).

2H,0 — O, + 4H™ + 4e” (1)

The mechanism by which PSII carries out this process is
complex and not yet fully understood,*”>* but it is believed
that a highly oxidized state of the cluster is directly involved in
water oxidation. Numerous model complexes have been syn-
thesized to help elucidate the reaction pathways governing
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catalytic activity of these compounds is yet to be determined.

A convenient screening method for evaluation of catalytic
activity for water oxidation involves addition of a Ce(wv) salt in
the presence of water.*® Such Ce(1v) species (typically, (NH,),-
Ce(NO3)e) serve as outer-sphere oxidants for potential catalytic
species. The observation of oxygen evolution for a Ce(v)-
promoted oxidation of water was first reported for manganese
catalysts by Kaneko et al, for the dinuclear complexes
[(bpy):Mn™0,Mn"(bpy),]*" and [(phen),Mn™0,Mn"(phen),**.*®
These complexes exhibited very low activities, about 0.8 turn-
overs after 4 h, perhaps due to the lack of an open coordi-
nation site for water. Kaneko et al. observed that [Mn"™(salen)-
H,0](Cl0,) decomposed in the presence of Ce(v) to yield an
insoluble material which evolved oxygen in aqueous solu-
tions.*” Crabtree, Brudvig and coworkers have studied oxygen-
evolving processes involving the mixed-valent dinuclear
complex [(H,O)(terpy)Mn"0,Mn"(terpy)(H,0)]>*, using NaOCl
or KHSO; as the oxygen atom donors.?”*® For these reactions,
a reactive Mn=0 intermediate was invoked.*’

This journal is © The Royal Society of Chemistry 2013
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Interestingly, Yagi and Narita®® reported catalytic evolution
of O, from the same manganese complex, after it was
adsorbed onto Kaolin clay and treated with (NH,),Ce(NOs)s.
Isotopic '®0 labeling studies showed that the evolved O, was
unambiguously derived from H,O. No oxygen evolution was
observed for homogeneous aqueous solutions of this complex.
The catalyst structure; however, did not appear to survive the
adsorption and the mixed-valent Mn(iv)-Mn(u) complex was
found to oxidize upon immobilization to form a Mn(wv) species
of unknown composition. In a subsequent study, Yagi and co-
workers investigated the reactivity of the same complex after
adsorption onto mica.?® Catalytic O, evolution was again
observed but the identity of the catalyst after adsorption was
not established. Recent work by Spiccia and coworkers has
demonstrated a similar phenomenon, that spatial confine-
ment of Mn(u) precursors in the channels of Nafion generated
small manganese oxide particles, surface sites of which
resemble the active site of PSIL*' Thus, whereas several
immobilized manganese catalysts derived from molecular pre-
cursors lack thorough characterization, immobilization
appears to offer a promising design element for water oxi-
dation catalysis, especially given the fact that it is employed in
nature.

This investigation was designed to probe the influence of
immobilization on the catalytic activity of manganese com-
plexes towards water oxidation. The targeted molecule is the
dinuclear Mn(v) complex [Mn,(p-O),Cl(p-O,CCH;3)(H,O)(bpy).]-
(NOs), (1), first reported by Christou and coworkers.*® This
complex seemed to possess several properties of interest,
including the relatively high oxidation state (Mn""Mn") and
the Mn,(p-O), fragment in common with the active site of PSII.
Such a d*/d* core should be relatively inert toward ligand sub-
stitution, and this could contribute to catalyst stability. In
addition, the acetate bridge was expected to help stabilize the
Mn,O, fragment. Finally, the presence of an aquo ligand
seemed essential for redox processes that could cycle through
Mn-OH, to Mn—0 transformations.

(NO3)2

M

To our knowledge, there are no literature reports of a
thoroughly characterized Mn complex that retains its structure
after immobilization onto a heterogeneous solid support, and
exhibits activity for water oxidation. Here we report the results
of a study in which the dinuclear p-oxo bridged Mn complex 1
was supported onto mesoporous SBA15 silica. Characterization
of the supported complex by a number of techniques indicates
that immobilization occurs by an ion-exchange reaction result-
ing in electrostatic binding of the cation of 1 to the silica
surface. Silica-supported 1 revealed modest catalysis for water

This journal is © The Royal Society of Chemistry 2013
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oxidation, although 1 is inactive in homogenous aqueous solu-
tion under analogous conditions.

Results
Synthesis and characterization of Mn,-SBA15 (2)

The catalyst adsorption onto silica was accomplished by stir-
ring an acetonitrile solution of 1 with the suspended support
material at room temperature for 16 h. Over this time, the
green-brown color of 1 dissipates from solution, as the insolu-
ble SBA15 takes on this same color. The grafting of complex 1
onto SBA15 was monitored by UV-visible spectroscopy (Fig. 1).
The UV-visible spectrum of 1 in acetonitrile solution exhibited
three important features. A sharp intense peak was observed at
~200 nm and was assigned to the NO;~ counter ion of
complex 1 based on observation of a similar peak in the spec-
trum of a solution of NaNO;. A medium intensity peak was
observed at 300 nm. This absorption was assigned to the bpy
ligand based on comparison with the spectrum of a solution
of bpy. A broad, medium intensity absorption, typically seen in
Mn(v) oxo-bridged dimers,”®>” was observed in the
300-500 nm region and was assigned to a [Mn,0,]*" LMCT. A
relatively low intensity absorption, also attributed to a
[Mn,0,]* LMCT,”"** was observed at 650 nm.

Acetonitrile solutions of 1 were found to obey the Beer-
Lambert law (by monitoring the concentration dependence of
the peak at 300 nm). A comparison of the UV-visible spectrum
of a 0.96 mM acetonitrile solution of 1 (15 mL pregraft solu-
tion) with that obtained by mixing this solution with a 15 mL
acetonitrile slurry of SBA15 (postgraft solution) revealed that
the peak at 300 nm lost intensity after the mixture had been
stirred for 16 h. The loss in intensity at 300 nm corresponds to
adsorption of 73% of the starting complex 1 onto the SBA15.
Notably, this grafting procedure did not result in a significant
loss of NO;~ from solution (by UV-vis spectroscopy), indicating

DRUV-vis Mn; - SBA15

(1), CH3CN solution

—_——

500 600 700 800

(1), pregraft CH;CN solution

intensity (a. u.)

(1), postgraft CH3CN solution

DRUV-vis Mn; - SBA15

150 250 350 450 550
wavelength (nm)
Fig. 1 UV-visible spectrum (top trace) of a CH3CN solution of complex 1. Solu-
tion UV-visible (middle trace) of a CH3CN solution of complex 1 16 h after being

added to a CH3CN slurry of SBA15. Diffuse reflectance spectra (bottom trace) of
Mn,-SBA15 (2). The inset is a magnification of the 500-800 nm region.
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that only the cationic species [Mn,(p-O),Cl(p-O,CCH;3)(H,0)-
(bpy),]** is absorbed onto SBA15. Manganese weight loadings
were determined by Mn ICP analysis of the isolated materials.
Materials with different [Mn,(u-0),Cl(1-O,CCH;)(H,0)(bpy),]**
weight loadings (0.58-4.14%) were synthesized by varying the
concentration of 1 in the acetonitrile pregraft solution. The
maximum loading of 4.14% corresponds to a surface coverage
of 0.05 molecules of [Mn,(p-0),Cl(-0,CCH;)(H,0)(bpy),]** per
square nanometer of SBA15 surface area. For comparison, the
SBA15 (BET surface area 684 m> g™ ') initially possessed an OH
coverage of 1.7 nm™>.

Diffuse reflectance UV-vis (DRUV-vis) spectra (Fig. 1, lower
trace) collected for Mn,-SBA15 corroborated the assertion that
complex 1 was adsorbed onto the SBA15 as [Mn,(p-O),Cl-
(1-0,CCH;)(H,0)(bpy),]**. The absorbance at 200 nm attribu-
ted to the NO;~ is absent in the DRUV-vis spectrum collected
for the Mn,-SBA15; however, the other UV active chromophore
(at 300 nm) of the [Mn,(u-0),Cl(p-0,CCH,)(H,0)(bpy),]*" unit
were observed for the immobilized complex.

TEM images of Mn,-SBA15 (2) were collected to determine
whether or not nanometer-scale particles of MnO,, or another
type of Mn-based cluster, was present on the support after
grafting (Fig. S1T). TEM images confirmed that the hexagonal
pore structure of the SBA15 remained intact after the grafting
of 1 and that Mn-containing nanoparticles >ca. 10 nm did not
form in the pores of the support. Low-angle PXRD experiments
verified that the mesoporous SBA15 structure persisted
through the grafting procedure. An intense peak observed at
260 = 0.97° is assigned to (001) reflections resulting from the
long range hexagonal pore structure of SBA15. Crystalline
manganese oxides were not observed in wide-angle PXRD
measurements. Adsorption of complex 1 onto SBA15 had a
minimal effect on both the surface area and pore volume dis-
tribution of the material (Fig. S21). Isotherms of IUPAC classifi-
cation type IV were observed for the Mn,-SBA15 material. The
narrow pore size distribution of the SBA15 (Fig. S2,T inset)
remained essentially unperturbed after complex 1 was
adsorbed.

DRIFTS spectra of Mn,-SBA15 (2) present additional evi-
dence that 1 had adsorbed onto SBA15 as [Mn,(p-O),Cl-
(1-0,CCH,)(H,0)(bpy),]*". The peak assignments given in
Fig. 2 were made with reference to literature values, and to
spectra for the isolated complex.”® The difference spectrum
derived from spectra of SBA15 and Mn,-SBA15 clearly exhibits
bands corresponding to the acetate and bpy ligands of 1. This
spectrum does not contain peaks for NO;~, indicating that
this species is not present on the surface. In addition, loss of
intensity for the absorbances corresponding to isolated Si-OH
(3745 cm™") and hydrogen bonded Si-OH (2800-3700 cm ™)
groups of SBA15 (not shown in Fig. 2) indicates that 1 grafts
onto the silica surface by cation exchange of [Mn,(p-O),Cl-
(1-0,CCH;)(H,0)(bpy),]** with silanol protons.

Several lines of evidence indicate that complex 1 interacts
with the surface of silica via a cation-exchange reaction which
leads to electrostatic binding of the intact [Mn,(p-0),Cl-
(1-0,CCH;)(H,0)(bpy),]** to the surface (Scheme 1). This is
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Fig. 2 DRIFTS spectra (a) of SBA15 before treatment with an acetonitrile solu-
tion of complex 1. DRIFTS spectra (b) of SBA15 after treatment with an aceto-
nitrile solution of complex 1. Transmission FT-IR (spectrum d) of a KBr pelletized
sample of complex 1. DRIFTS (c) difference spectra of Mn,-SBA15 (2) and
SBA15. See the text for a discussion of the peak assignments.
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Scheme 1 Grafting of 1 on SBA-15.

also supported by chemical tests that verified the presence of
Cl™ in Mn,-SBA15 (2) (see Experimental section). However, the
data described above does not indicate whether or not the
Mn,(p-0O), dinuclear core of this dication remains intact after
cation exchange. The presence of this Mn,(u-O), fragment
should be reflected in the magnetic properties of the sup-
ported complex.

Magnetic properties of supported [Mn,(p-0),Cl(p-O,CCH;)-
(H,0)(bpy).]"*

The magnetic properties of the unsupported precursor 1 were
reported by Christou and coworkers.*® The observed antiferro-
magnetic exchange®® interactions propagate through the brid-
ging oxo and acetate ligands that link the two Mn(w) (S = 3/2)
nuclei within the Mn,(p-O), dinuclear core. Fig. S3f shows
variable-temperature DC magnetic susceptibility data collected

This journal is © The Royal Society of Chemistry 2013
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for Mn,-SBA15 in the temperature range of 100-300 K with an
applied field of 1 T. The diamagnetic contribution of SBA15
was measured and subtracted from the Mn,-SBA15 suscepti-
bilities to yield paramagnetic quantities for the supported
complex. The measured properties are listed in Table S1.T The
temperature dependence of the magnetic susceptibility for 2 is
antiferromagnetic as indicated by the decrease in the magnetic
moment, y\ 7, with decreasing temperature. The room temp-
erature magnetic moment (2.2 cm® K mol™') of the Mn,-
SBA15 material is the same as that of the precursor complex 1
and is much lower than that expected for two non-interacting
Mn(v) ions (7.5 em® K mol™). The agreement of the room
temperature magnetic moment of Mn,-SBA15 and the pre-
cursor complex 1 strongly suggests that the complex remains
intact upon grafting, but this data does not exclude the pres-
ence of closely related dimeric Mn(iv) complexes exhibiting
similar magnetic behavior.

The data for y\T versus temperature were least squares-fit to
a theoretical model in order to ascertain the magnitude of the
magnetic exchange interaction. The exchange interactions
were represented with an isotropic spin Hamiltonian with
theoretical susceptibilities calculated from a least-squares fit
of the experimental data to the Van Vleck equation (see ESIT
for details). The results of the analysis are listed in Table S1.T
The g- and J-values measured for Mn,-SBA15 are in good agree-
ment with those observed for the precursor complex 1.
However, the J-value (=29 cm™") obtained for the Mn,-SBA15 is
slightly less negative than what was seen for complex 1
(=36 em™). This deviation is likely the result of a small distor-
tion in the [Mn,0,]*" moiety. It is possible that the interaction
of the [Mn,(p-0),Cl(p-0,CCH;)(H,0)(bpy),]*" unit with a
surface bound siloxide or hydrogen bonded silanol could
change the Mn-O-Mn angle enough to sufficiently account for
this minor difference in the J-value. Despite this small differ-
ence, it is important to emphasize that a value of J = —29 ecm™"
falls within the expected range of values for Mn,0, type com-
plexes in which both Mn atoms are in the 4+ oxidation state.”®

Oxygen evolution studies

A 0.0078 g sample of Mn,-SBA15 (2) was treated with 1.5 mL of
a 200 mM solution of (NH,),Ce(NO;)s, and the resulting evol-
ution of O, was monitored with a Clark electrode (Fig. 3). The
water used for this experiment had previously been sparged
with N, for 30 min. Oxygen evolution was monitored until the
oxygen concentration reached about 80% of its saturation level
in solution. Near the O, saturation level, the electrode
response data became erratic, presumably because of O,
bubble formation at the membrane of the Clark electrode. At a
reaction time of 6.8 min, the yield of oxygen was 75% (based
on catalyst loading), which represented 78% of the oxygen sat-
uration level. The turnover frequency (TOF) reached a
maximum at 30 s, with a value of 4.5 x 10~ s', and then
slowly declined over the following 7 min to a value of
1.5 x 107° s7%, After 2 h, aliquots of the reaction solution did
not contain MnO,” or leached complex 1, as indicated by
UV-visible spectroscopy. For comparison, a similar experiment

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Oxygen evolution of Mn,-SBA15 (squares), and complex 1 (diamond) in
200 mM Ce(v) water solution (1.5 mL).

with analogous conditions was conducted with an aqueous
solution of 1 and (NH,),Ce(NO3)s. As shown in Fig. 3, this
solution did not evolve oxygen over the course of 7 min. Thus,
the adsorption of 1 onto a SBA15 solid support is necessary for
the stabilization or activation of 1 as a catalyst for water oxi-
dation. Catalytic water oxidation was observed when a 0.206 g
portion of Mn,-SBA15 was treated with 8 mL of a 200 mM solu-
tion of (NH,),Ce(NO3)s and allowed to stir for 16 h at room
temperature. After this time, 1.5 mL of O,, which corresponds
to 4.4 turnovers, had evolved.

The surface concentration of 1 on SBA-15 was varied from
1.64-3.93 wt% in order to investigate whether surface-immobi-
lized complex 1 is operating in a single-site fashion or collec-
tively with other sites through surface migration and/or
agglomeration. Fig. 4 shows that the TOF observed was similar
for all surface manganese loadings, and this indicates that the
Mn,-SBA15 catalysts are operating in a “single site” mode, with
independently functioning catalytic surface sites.
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T
om

0.0008 -

Turnover Frequency (s™)
g
T

g

1 1 1 1

1 2 3 4 5 6
Loading of (1) in SBA-15 (wt%)

Fig. 4 Water oxidation TOF plotted against surface concentration of complex 1
in 200 mM Ce(v) water solution (1.5 mL).
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Table 1 Summary of the isotopic compositions of evolved oxygen in '80-label-
ing experiments

H,'®0-H,0

VIV % %0, %00 20, D150%
Measured 102 +2.6 83.7+3.8 13.4+3.3 25+0.6 9.6+2.2
evolved O,
Statistical 80.5+2.1 18.4+0.5 1.0+0.03 10.2+2.6
distribution

130-labeling studies

To establish the source of oxygen in the oxygen evolution
experiments, "0 labeled H,O was used and the gas evolved
was analyzed by mass spectrometry. A dinitrogen-purged flask
was charged with 0.1607 g of 2 along with a 10.2% H,"*0-H,0
v/v enriched 200 mM (NH,),Ce(NO;)s solution at 23 °C. After
allowing this solution to stir for 16 h, gas samples (0.75 mL)
were collected from the headspace (10 mL) and then injected
into a mass spectrometer for isotope analysis, by monitoring
peaks at m/z = 32 (*°0,), 34 (*°0"®0), and 36 (**0,). The find-
ings are summarized in Table 1. For 10.2% H,'®*0-H,0 v/v
enriched water, the total isotopic fraction (&;40) of the evolved
O, (D130 = 9.6 * 2.2) matched that of the starting water solvent
(150 = 10.2), indicating that water was the sole source of the
evolved O,. Control experiments using unlabeled H,O and
ambient laboratory “air” samples did not produce m/z = 34 or
36 peaks quantifiable above the baseline.

Kinetic studies

Initial rates of O, evolution were measured to determine the
reaction orders of cerium oxidant and Mn, catalyst. Measure-
ments of the kinetics of O, evolution were monitored at 23 °C
using a Clark electrode. The reaction order in catalyst was
determined by measuring the O, evolution rates under con-
ditions for which the Ce(iv) concentrations were held constant
while varying the [Mn,(j-0),Cl(u-O,CCH3)(H,0)(bpy),]*" cata-
lyst loadings. The reaction order in Ce(iv) was determined by
varying the concentration of Ce(v) (2-524 equiv. relative to
moles of [Mn,(p-0),Cl(p-0,CCH;)(H,0)(bpy),]*") and monitor-
ing the O, evolution rate for a given catalyst loading. As
depicted in Fig. 5, initial rates (r, mol g~ s™) of O, evolution
exhibit a linear response with respect to catalyst loading
(measured for 0.5-4.1 wt% [Mny(u-0),Cl(p-O,CCH;)(H,0)-
(bpy)o]*"), indicating a first-order dependence of the Mn,-sup-
ported dimer for water oxidation. The plot of log ry versus the
log of catalyst concentration gave a straight line with a slope of
1 (inset, Fig. 5), verifying the first order dependence on Mn
catalyst concentration. On the other hand, cerium exhibited a
zero-order dependence, as illustrated in Fig. 6. These exper-
iments provided the empirical rate law, rate = k,,s[Mn,], where
kops =1.1x 1073 571,

Stability of 1 in water

Aqueous solutions of complex 1 were observed to change color
rapidly from brownish green to red within a few minutes of
their preparation. A similar situation was not, however,

12242 | Dalton Trans., 2013, 42, 12238-12247
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Fig. 5 Initial rate of O, evolution plotted versus molar quantity of Mn, catalyst.
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(v) concentration. The same material with a catalyst loading of 3.52 wt%
[l\/InZOZCI(OZCCH3)(bpy)(HZO)]2+ was used in each measurement.

observed for acetonitrile solutions of 1. Therefore, it was of
interest to examine the stability of 1 in aqueous solutions in
the absence of an oxidizing reagent. This effort was further
motivated by a study by Baffert and coworkers,* in which it
was observed that aqueous solutions (pH = 4-5, 0.1 M
KO3SCF;) of [Mn""",0,(terpy),(OH,),]** decomposed upon
electrochemical oxidation, via rapid deprotonation and con-
densation to a tetramanganese complex (eqn (2)). The process
was monitored by UV-visible spectroscopy, which showed that
conversion of aquo to oxo ligands is accompanied by for-
mation of a linear oxo, Mn"V-O-Mn" bridge giving rise to a
broad absorption between 400 and 500 nm.>’

This journal is © The Royal Society of Chemistry 2013
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2 [(H20)(terpy)Mn"(u-O);Mn" (terpy)(H,0)J**

- 2e-
2 [(H20)(terpy)Mn"(1-0);Mn" (terpy)(H.0)I**

- 2H+, - H,0

[(H20)(terpy);Mn" (1-0);Mn" (u-O)Mn"(11-0);Mn" (terpy),(H,0)]°*
(2)

Fig. 7a shows the growth of an absorbance between 375 nm
and 550 nm for an unbuffered, aqueous solution of 1 (107° M)
over the course of 1 h. This behavior closely follows that
observed by Baffert and coworkers for 0.1 M KO;SCF; aqueous
solutions of [(H,O)(terpy)Mn"YO,Mn"(terpy)(H,O)]**. Thus, it
appears that the coordinated water ligand of 1 is readily con-
verted to a p-oxo tetra manganese complex in solution. The
latter complex could not be isolated, but a DRIFTS spectrum of
the material that precipitates from aqueous solutions of 1 con-
tains a band at 808 cm™" (Fig. S47), assigned as a linear p-oxo
Mn"V-O-Mn" bridging stretch based on numerous literature
precedents and "®0 labeling studies.®* 7>

Consistent with this chemistry, the observed transform-
ations are pH sensitive, as determined by monitoring buffered
solutions of 1 by UV-vis spectroscopy, and the decomposition
is more rapid under more basic conditions. Fig. 7b illustrates
the spectra collected for complex 1 (10™® M) in a pH = 9.6
sodium carbonate/sodium bicarbonate buffered solution. An
immediate color change to red was observed for complex 1 dis-
solved in this basic solution. Within 12 min of the initial UV-
visible scan, a band had grown in the region of 375-550 nm
that was equivalent in intensity to that seen after 36 min in
the unbuffered solution. The UV-visible spectra of an acetic
acid/sodium acetate buffered solution (pH = 4.5) of 1 exhibited
no evidence for decomposition over 60 min, as seen in Fig. 7c.
Aqueous solutions of 1 were found to be acidic; an 8 mM
aqueous solution of 1 had a measured pH of 2.3. This solution
was titrated with a 50 mM solution of NaOH to determine the
equivalence point. It was found that three mols of the NaOH
titrant per one mol of complex 1 were required to reach the
equivalence point. Two acidic protons of 1 might originate
from the coordinated aquo ligand, while a third might come
from a protonated p-O ligand. The proposed decomposition of
1 in aqueous solution is illustrated in eqn (3).
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It is noteworthy that the coordinated water ligand of
complex 1 appears to be replaced by a bridging linear oxo
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Fig. 7 UV-visible spectra collected for a 107® M solutions of complex 1 for (a)
unbuffered solution, (b) a pH = 9.6 buffered solution, and a (c) acetic acid/
sodium acetate pH = 4.5 buffered solution. Measurements were performed at
12-minute intervals.

ligand in the aqueous decomposition product. Such a complex
should not be active as a water oxidation catalyst, since it pos-
sesses no binding site for water. It would then follow that if
complex 1 is to catalyze water oxidation via an intermediate
having a M=0 moiety, then the oxo ligand resulting from suc-
cessive deprotonations of the coordinated water must be stabil-
ized against deactivating dimerization reactions. Indeed, when
the presumably tetrameric manganese species isolated from
the aqueous solution of 1 was subjected to water oxidation
conditions, no oxygen evolution was observed. Surface immo-
bilization of the tetrameric species onto SBA-15 also resulted
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in an inactive catalyst, further suggesting that the loss of the
coordinated water ligand and subsequent dimerization is a
decomposition pathway that prevents water oxidation catalysis.

Stability of Mn,-SBA15 (2) in water

The stability of Mn,-SBA15 (2) in water was also examined. A
0.010 g portion of 2 was dispersed in 1 mL of water. The result-
ing greenish brown slurry was allowed to stand undisturbed at
room temperature for 24 h in a sealed vial. After 24 h, there
was no observable color change of the slurry. The slurry was
then allowed to air dry at room temperature over a period of
16 h. Fig. S5T illustrates the DRUV-visible spectrum of 2
recorded before (trace labeled (a) in Fig. S51) and after the
water exposure (trace labeled (b) in Fig. S51). As can be seen in
Fig. S5,T all of the UV-vis features observed for the dry Mn,-
SBA15 material, including the [Mn,0,]*" LMCT at 650 nm,
persist after water exposure. The acetate and bpy ligands are
still observed in DRIFTS spectra collected for Mn,-SBA15 after
the water-exposure.

Stability of Mn,-SBA15 (2) when treated with Ce(1v) solutions

Fig. S61 compares the diffuse reflectance spectrum of Mn,-
SBA15 with that of a Mn,-SBA15 sample that was treated with a
200 mM solution of (NH,),Ce(NO3)s for 16 h. The treated cata-
lyst was washed five times with 20 mL of distilled water and air
dried before the spectrum was recorded. As shown in Fig. S6,T
this treatment gives rise to a significant, broad absorbance in
the region between 350 and 700 nm. This new peak could be
due to new species possessing linear Mn-O-Mn linkages, and/
or adsorbed Ce(iv) oxidant which also exhibits a strong absorp-
tion in this region.®”®" It is likely that the cationic dimeric
catalyst is displaced from the surface by the large excess of
Ce(wv) or Ce(m) in solution, but Mn decomposition products
may also reabsorb onto the silica support. Thus, the modest
number of turnovers observed (4.4) can be attributed to cat-
ionic exchange of the grafted complex with Ce(ur) or Ce(wv) into
solution, and the accompanying catalyst decomposition.

Discussion

The results presented above demonstrate that the dimanga-
nese complex 1 is readily adsorbed onto the mesoporous
SBAL15 silica support. Vibrational and electronic spectroscopies
show that the adsorption process involves immobilization of
the intact cation of 1, [Mn,(p-0),Cl(1-O,CCH3)(H,0)(bpy).]*,
onto the silica surface. While the magnetic data suggests a
small difference between the structures of the supported and
unsupported dication, the bulk of the evidence indicates that
the dication is largely unperturbed upon immobilization onto
silica, and that the interaction with the surface is primarily
electrostatic. This immobilization stabilizes the dication
toward dimerization/oligomerization processes, and this is
perhaps the reason why the heterogeneous material, Mn,-
SBA15 (2), catalyzes water oxidation whereas homogeneous
solutions of 1 do not.
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This study suggests that immobilization may be a key
requirement for the development of active catalysts for water
oxidation. Indeed, nature employs this strategy in the OEC of
PSII, in which the manganese cluster involved in water split-
ting is immobilized in a membrane. This effect of immobiliz-
ation on water oxidation catalysis has also been reported
by Yagi and Narita for the dimanganese species
[Mn,(p-0),(terpy),(OH,),]*", although the exact nature of
the resulting surface-bound catalyst has not yet been
determined.”®*® The observed chemistry of 1 and
[Mn,(p-0),(terpy),(OH,),]*" in aqueous solution®® provides a
reasonable explanation for this requirement. A water molecule
that is coordinated to the metal center of a catalyst will not
function as a bridging ligand. However, the water oxidation
process likely transforms the aquo ligand into hydroxo
(M-OH), and then oxo (M=O0), ligands that may greatly prefer
a bridging environment (M-OH-M or M-O-M). Thus, manga-
nese catalysts are rapidly deactivated in solution. It seems
clear that immobilization represents a potentially useful strat-
egy for catalyst synthesis that may allow examination of
structure-activity relationships for a wide range of manganese-
based water oxidation catalysts. The study described here indi-
cates that electrostatic binding of the catalyst to silica is
insufficient for providing a long-lived, active catalyst, since the
operating conditions employed led to competing decompo-
sition (and probable leaching) of the catalyst.

The limited number of published kinetic studies for the
Ce(wv) oxidation of water with Mn-based catalysts prevents a
broad comparison of catalyst activities with Mn,-SBA15 (2).
The most detailed study available for comparison is the
report of Yagi and Narita, who examined the activity of
[Mn,(p-0),(terpy),(OH,),]** immobilized on mica and kaolin.>®
For these catalysts, the rate of O, evolution was found to have
a second-order dependence on catalyst loading. The authors
proposed a bimolecular process whereby an intermolecular
coupling of two Mn'=O moieties constitute the O-O bond-
forming step. The activity of Mn,-SBA15 compares favorably to
the catalyst examined by Yagi and Narita, having a rate con-
stant approximately twice as large (kops = 1.1 x 107> s™* for 2
Vs, kops = 0.48 x 107° 57" for [Mn,(p-O),(terpy),(OH,),](NO;);
adsorbed on mica under optimal catalyst loading conditions).

A possible mechanism for water oxidation, as catalyzed by
Mn,-SBA15 (2), is proposed in Scheme 2. Step A involves oxi-
dation of the surface bound dication of 1, which results in loss
of protons from the coordinated water ligand and formation of
an oxidized Mn dimer. If not for immobilization, the latter
species would likely agglomerate via formation of additional
Mn-O-Mn linkages. The oxidation of Mn,-SBA15 (2) must
occur rapidly to be consistent with the observed zero-order
dependence on the (NH,),Ce(NO;), concentration.

The oxidized Mn complex resulting from step A is described
with two resonance structures, one involving a Mn(v)=0O oxo
species and the other described as a Mn(iv) oxyl radical. A con-
tribution from the latter structure is suggested by theoretical
studies, which proposes that this type of structure may form
via oxidative deprotonation of the manganese complex
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Scheme 2 Proposed water oxidation cycle by 1 on SBA-15.
[(H,0)(terpy)Mn"VO,Mn"(terpy)(H,O)]**.*>"**  These calcu-

lations also suggest that the high oxidation state manganese
oxo complex may be nucleophilically attacked by a water mole-
cule (or hydroxide anion), via a hydrogen-bonded transition
state, to produce a hydroperoxy intermediate (steps B, C).
Similar transition states have been proposed for catalase
mimics based on Mn dimeric complexes.®>*® A water mole-
cule, as opposed to hydroxide, is the preferred nucleophile
given the acidic reaction conditions used in the oxygen evolu-
tion experiments (pH < 1). Step D involves the elimination of
oxygen with formation of a reduced, hydroxo-bridged di-
manganese center, which would then be oxidized to complete
the catalytic cycle.

Conclusions

The immobilization of [Mn,(j1-0),Cl(u-O,CCH;)(bpy)(H,0)]**
onto silica leads to an active catalyst for water oxidation The
exact nature of the catalytically active species has not been
firmly established, but spectroscopy, kinetic data and loading
studies suggest that the active sites are independent Mn, units
that are structurally similar to the dicationic complex. Further-
more, deactivation of this system seems to be associated with
the formation of p-OH and p-O linkages resulting from water
activation. While no spectroscopic evidence for an active
Mn=O species was obtained in this study, the aqueous
decomposition products observed by the UV-vis experiments
indicate that a coordinated H,O ligand at manganese is a
necessary ingredient for water oxidation to proceed. In this
particular system, spectroscopic monitoring of the functioning
active site is complicated by the competing condensation of
dimanganese species on the surface, which is made possible
by the mode of immobilization (electrostatic binding).

Experimental section
General

All reactions were performed under an inert atmosphere using
standard Schlenk techniques. Acetonitrile was distilled from
phosphorous pentoxide and stored under a dry nitrogen
atmosphere. The dinuclear Mn complex, [Mn,(p-0),Cl-
(p-0,CCH;)(H,0)(bpy),](NO3), (1), was synthesized using a

This journal is © The Royal Society of Chemistry 2013
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published procedure and its purity was verified by elemental
analysis and FT-IR spectroscopy.” Solution UV-vis spectra
were collected with HP 8452A Series 3000 and Varian Cary 300
series spectrophotometers. Solution UV-vis spectra were col-
lected with acetonitrile as the solvent. FT-IR spectra were col-
lected on Nicolet 300 and Mattson Instruments Galaxy 3000
series spectrometers equipped with a Pike Technologies
EasyDiff diffuse reflectance accessory. Magnesium oxide and
potassium bromide were used as white standards for diffuse
reflectance UV-vis and DRIFTS measurements, respectively.
Magnetic measurements were performed on a Quantum
Design MPMS-7 magnetometer equipment with a 7 Tesla
superconducting magnet. Diamagnetic contributions from the
sample holder were subtracted from the collected data. Surface
area measurements were performed by the BET method as
implemented by a Quantachrome Autosorb-1 surface area ana-
lyzer. SBA15 surface hydroxyl group densities were measured
by an NMR titration method®” using Mg(CH,Ph),(THF),;
reported values correspond to an average of two results, which
always agreed to within 15%. TEM data were collected with a
Tecnai G2 20 transmission electron microscope (FEI) at 200 kV
beam acceleration. Samples for TEM studies were prepared by
deposition of a hexane suspension of the catalyst material
onto carbon-coated copper obtained from Ted Pella, Inc.
Oxygen evolution was monitored at 23 °C using a YSI 5331
Clark style electrode. A MKS Minilab mass spectrometer was
used for isotope analysis. Head space gas samples (typically
0.75 mL) were collected with a gas tight syringe and injected
into a 110 °C He flow which was sampled by the mass spectro-
meter. It was assumed that the response factors for '*0-con-
taining fragments were identical to those of the corresponding
1%0-containing fragments. Stock solutions of 99.0% *0 H,'®0
were purchased from Cambridge Isotope Laboratories, Inc.
ICP elemental analysis (manganese) was performed by Gal-
braith Laboratories, Inc. and on a Perkin-Elmer ICP-OES
Optima 7000 DV at the college of chemistry facility at the Uni-
versity of California, Berkeley.

Materials

The mesoporous silica, SBA15, was synthesized using a litera-
ture method.®® The calcined material was dried under a
dynamic vacuum while being heated to 250 °C for 16 h. The
dried material was stored under a dry N, atmosphere. The
surface area and average pore radius of the SBA15 were
measured with BET N, sorption and were found to be 684 m* g™
and 25 A respectively. The hydroxyl group concentration was

determined to be 1.7 OH nm 2.

Mn,-SBA15 (2)

In a typical preparation, the following procedure was used. A
25 mL acetonitrile slurry of SBA15 (1.16 g) was treated with a
deep brown/green acetonitrile solution (25 mL) of
[Mn,(1-0),Cl(1-0,CCH,)(H,0)(bpy),](NO), (1) (0.050 g) under
a dry N, atmosphere, resulting in a slow bleaching of the solu-
tion while the color of the complex (green) was transferred to
the SBA15. The resulting material was isolated by filtration
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after allowing the slurry to stir for 16 hours. The Mn,-
SBA15 material was thoroughly washed three times (3 x 15 mL)
with acetonitrile. The resultant green/brown material, Mn,-
SBA15 (2), was dried at 60 °C for 16 h under a dynamic
vacuum.

Chloride test

To a 20 mL solution made from 10 mL of concentrated nitric
acid and 10 mL of water was added 0.0204 g of the Mn,-
SBA15 material. The yellow turbid solution was allowed to stir
for 2 hours, followed by filtration through a glass frit. A 10 mL
water solution containing 0.5 g of silver nitrate was slowly
added over a period of 5 minutes. A milky precipitate of silver
chloride was immediately observed. A control experiment with
SBA15 did not yield a silver chloride precipitate.
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