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Several polynuclear transition-metal complexes, including our own dinuclear di-¢-oxo manganese compound
[H,O(terpy)Mn™(u-O),Mn" (terpy)H,O](NO3); (1, terpy = 2,2":6’,2"-terpyridine), have been reported to be
homogeneous catalysts for water oxidation. This paper reports the covalent attachment of 1 onto nanoparticulate
TiO, surfaces using a robust chromophoric linker L. L, a phenylterpy ligand attached to a 3-phenyl-
acetylacetonate anchoring moiety via an amide bond, absorbs visible light and leads to photoinduced interfacial
electron transfer into the TiO, conduction band. We characterize the electronic and structural properties of
the 1-L—TiO, assemblies by using a combination of methods, including computational modeling and
UV—visible, IR, and EPR spectroscopies. We show that the Mn(II,IV) state of 1 can be reversibly advanced
to the Mn(IV,IV) state by visible-light photoexcitation of 1—L—TiO, nanoparticles (NPs) and recombines
back to the Mn(IIL,IV) state in the dark, in the absence of electron scavengers. Our findings also indicate that
a high degree of crystallinity of the TiO, NPs is essential for promoting photooxidation of the adsorbates by
photoinduced charge separation when the TiO, NPs serve as electron acceptors in artificial photosynthetic
assemblies. The reported results are particularly relevant to the development of photocatalytic devices for
oxidation chemistry based on inexpensive materials (e.g., TiO, and Mn complexes) that are robust under

aqueous and oxidative conditions.

1. Introduction

The development of inexpensive photocatalytic materials for
solar light-powered water oxidation would allow the sustainable
production of green chemical fuel (H;) from water. This has
been a long-standing goal of photoelectrochemistry research
since the first report of water photolysis on TiO, electrodes more
than three decades ago.! The outstanding challenge is the design
and assembly of molecular components that could efficiently
absorb visible light and transfer the harvested energy to catalytic
complexes for water oxidation into O,, protons, and electrons,
as in eq 1.2

2H,0 — O, + 4H" + 4e” (1)

The protons and electrons extracted from water could then react
to produce H,, as in eq 2.

2H" +2¢" —H, )

The resulting process would mimic natural photosynthesis where
light is converted into chemical fuel by coupling photosensitizers
with water-oxidation catalysts.>~> This paper reports the func-
tionalization of TiO, nanoparticles (NPs) with a water-oxidation
catalyst, [H,O(terpy)Mn(u-O),Mn" (terpy)H,O](NO3); (1, terpy
=2,2":6",2"-terpyridine), using light-harvesting organic linkers
that are robust to aqueous and oxidative conditions. The results
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are particularly relevant to the development of photocatalytic
devices for oxidation chemistry because 1 is a strong oxidant
when advanced to the Mn(IV,IV) state and TiO, NPs are
excellent electron acceptors® as extensively applied in dye-
sensitized solar cells.” Nanoparticulate TiO, materials are
promising building blocks for artificial synthetic assemblies
largely due to the fact that TiO, NPs can form robust nanoporous
thin films and that the electrons in the TiO, conduction band
are capable of reducing protons to Hy.%?

Transition-metal complexes are known for their capacity to
store multiple redox equivalents and to catalyze high-energy,
small-molecule reactions such as water oxidation or CO,
reduction.'®"!" A variety of homogeneous'>!* and heterogeneous'*
water-oxidation catalysts based on transition metals have been
developed, including complexes of Ru,>~ '8 Mn,'*~2* [r,>~28 and
Co.%% In Nature, water oxidation is catalyzed by the Mn,Ca
inorganic unit embedded in the D1 protein subunit of photo-
system I1.3"32 In recent studies, we have focused on the structure
of the MnyCa complex and on the catalytic mechanism of
multielectron water oxidation and oxygen evolution in photo-
system II at the molecular level.*73¢ In addition, we have
developed!®™? and analyzed®’ biomimetic Mn complexes,
including the di-u-oxo manganese dimer 1 that is capable of
chemically oxidizing water when activated with a primary
oxidant such as oxone (2KHSOs*KHSO,*K,SO,). Once coupled
to electron acceptor surfaces, such complexes could accumulate
redox equivalents and subsequently catalyze water oxidation.
Thus, it is important to study attachment schemes for coupling
these molecular catalysts to electron acceptors as artificial
photosynthetic assemblies for solar water splitting. In the same
vein, Mallouk, Moore, and co-workers recently prepared a
water-splitting assembly by attaching a heterogeneous iridium
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oxide catalyst to TiO,, using a derivatized [Ru(bpy);]*" complex
(bpy = 2,2’-bipyridine) as a chromophoric linker, and demon-
strated visible-light water splitting in the presence of a small
applied voltage.*®

By mimicking the photoinduced charge separation of natural
photosynthesis, molecular and supramolecular model systems
can provide important inspirations for practical solar fuel
production.’* Hammarstrom, Styring, and co-workers prepared
molecular assemblies coupling Mn complexes with the [Ru(b-
py)s]*t photosensitizer and demonstrated light-induced electron
transfer in their molecular assemblies.*’ For example, they
synthesized a linked donor—[Ru(bpy)s]**—acceptor triad using
a Mn(ILII) dimer and naphthalenediimide as the electron donor
and acceptor, respectively.*! Light-induced manganese oxidation
and long-lived charge separation was observed in the resulting
molecular triad.*! These researchers also reported the formation
of a Mn(IILIV) dimer following light-induced accumulative
electron transfer from the Mn(ILII) dimer to the photooxidized
Ru center using a Co™ complex as the electron acceptor.*>*

A few studies have investigated the photochemical and
catalytic properties of oxomanganese complexes immobilized
on solid supports. Weare et al. synthesized a nanostructured
assembly in which a di-u-oxo manganese dimer [(bpy),Mn"™(z-
0),Mn"(bpy),](NOs); was coupled to a single Cr¥! charge-
transfer chromophore in the channels of nanoporous silica.**
They demonstrated that visible light-induced electron transfer
from the Mn™(4-0),Mn" core to Cr¥! led to the formation of
Mn"Y(u-0),Mn" and Cr¥.** Yagi et al. deposited complex 1 on
clay materials and observed catalytic oxygen evolution using
Ce*" as the single-electron oxidant.*~*’ In recent work, we have
investigated the direct deposition of complex 1 onto TiO, NPs,
substituting one of its water ligands by the TiO, NP.*® We found
that 1 binds to near amorphous TiO, but dimerizes to form
Mn(IV) tetramers on surfaces of well-crystallized TiO, NPs.*8
The Mn(IV) tetramers attached to TiO, oxidize water and form
0O, when activated with Ce*" as the primary one-electron
oxidant.*®

In this study, we build upon our earlier work¥™>° by
investigating whether complex 1 can be stabilized on surfaces
of near-amorphous and well-crystallized TiO, NPs when co-
valently attached with linkers that form robust adsorbates even
under aqueous and oxidative conditions.”® We synthesize a
derivative of complex 1 on the surfaces of TiO, NPs in situ by
first attaching the precursor Mn(II) monomers to an anchoring
ligand attached to TiO, NPs and then assembling the mixed-
valent Mn™(4-O),Mn" unit by treatment with KMnO,. The
resulting surface complex is characterized by combining
UV —visible, IR, and EPR spectroscopies with computational
modeling. We observe the reversible advancement of the mixed-
valent di-u-oxo Mn(IILIV) state to the Mn(IV,IV) state by
photoexcitation and interfacial electron injection into the
conduction band of TiO,.

2. Experimental Procedures

All reagents and solvents were purchased from Aldrich and
used without further purification. Milli-Q water was used to
make all of the aqueous solutions.

2.1. Materials Synthesis. 2.1.1. Synthesis of TiO, Nano-
particles. A commercially available TiO, sample, Degussa P25,
was used as received from Evonik. The P25 TiO, is well
crystallized and consists of ~85% anatase and ~15% rutile
(Figure S1 in the Supporting Information). Using titanium(I'V)
isopropoxide as the Ti precursor, a near-amorphous TiO,
material (denoted “D70") was synthesized in dichloromethane

J. Phys. Chem. B, Vol. 114, No. 45, 2010 14215

@) ®

Figure 1. Structures of (A) the synthetic organic linker L and (B)
Mn!'-L—TiO,.

by a modified solvothermal method as previously described.*®
Further characterization shows that D70 contains the anatase
phase with a relatively low degree of crystallinity (Figure S1
in the Supporting Information) and small particle sizes (Figure
S2 in the Supporting Information).*® The specific surface areas
of P25 and D70 NPs were determined to be 50 and 310 m?g,
respectively.*®

2.1.2. Sensitization of TiO, Nanoparticles with an Organic
Linker. The synthetic organic linker L is a phenylterpyridine
ligand attached to 3-phenyl-acetylacetonate via an amide bond
(see Figure 1A) which was synthesized as previously de-
scribed.”® Surface sensitization of TiO, NPs was done by stirring
500 mg of TiO, NPs in a 50 mL solution of 1 mM L in
dichloromethane at room temperature for 18 h.>° The sensitized
TiO, NPs were then washed with dichloromethane and were
collected by solvent evaporation (denoted “L—TiO,”).

2.1.3. Synthesis of the Mn"(u-0),Mn'" Complex on
L—TiO0,. In this study, KMnO,4 was used as the oxidant in order
to assemble the mixed-valent Mn"(x-O),Mn"V complex onto
TiO, NPs via the organic linker L. In a typical synthesis, 20
mg of L—TiO, was washed with water before mixing with 3
mL of 2 mM MnCl,. The resulting mixture was stirred at room
temperature for 2 h and was then washed with water to remove
the excess MnCl,, leading to the formation of a surface
manganese complex, Mn"=L—TiO, (see Figure 1B).*® The
surface complex was then mixed with 2 mL of 2 mM KMnO,
and stirred at room temperature under dark conditions. The
liquid phase extracted from the reaction mixture after 18 h
remained purple, indicating KMnO, used in the reaction was
in excess. The thus obtained functionalized TiO, NPs were
recovered and thoroughly washed with water by centrifugation
(all done under dark conditions). As discussed below, this
procedure led to the formation of the mixed-valent Mn™(y-
0),Mn! complex on TiO, NPs via the linker L. The final
product is denoted “1—L—TiO,”.

2.1.4. Direct Deposition of 1 on TiO, Nanoparticles. Fol-
lowing the method of Chen et al.,’' the precursor of complex
1, Mn'(terpy)Cl,, was obtained by reaction of terpy with an
excess of MnCl,. To directly deposit complex 1 on TiO,, 2.4
umol of Mn"(terpy)Cl, was mixed with 20 mg of TiO; in 3
mL of water before adding 1 mL of 2 mM KMnO, at room
temperature. The resulting mixture was stirred at room tem-
perature for 90 min before recovering and thoroughly washing
the functionalized TiO, NPs by centrifugation. As discussed
below, this procedure led to the formation of the mixed-valent
Mn"(4-0),Mn" complex on near-amorphous TiO, NPs. The
thus functionalized TiO, materials are denoted “1—TiO,”.
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2.2. Materials Characterization. 2.2.1. EPR Spectroscopy.
Perpendicular-mode EPR spectra were recorded on an X-band
Bruker Biospin/ELEXSYS E500 spectrometer equipped with
an SHQ cavity and an Oxford ESR-900 liquid helium cryostat.
All spectra were collected on water-dispersed samples in 5 mm
OD quartz EPR tubes. The samples were subjected to N, purge
and were frozen in liquid N, prior to recording spectra at 7 K.
A Fiber-Lite Series 180 illuminator (Dolan-Jenner Industries,
Inc., intensity 60 mW/cm?) equipped with a fiber optic light
guide, which only transmits light with wavelengths greater than
425 nm (see Figure S3 in the Supporting Information), was used
as the visible-light source in photochemical studies.

2.2.2. Infrared Spectroscopy. Attenuated total reflection
(ATR) infrared spectra were recorded on a Nicolet 6700 infrared
spectrometer. In ATR experiments, sensitized TiO, NPs were
dispersed in water and deposited on a ZnSe crystal. Prior to
collecting infrared spectra, the TiO, NPs on the ZnSe crystal
were dried in air at room temperature. Typically, 128 scans were
performed for each spectrum with a spectral resolution of 2
cm™L

2.2.3. UV—Visible Spectroscopy. Bare and functionalized
TiO, NPs were dispersed in 1 mL of H,O and transferred to
microscopic slides, forming thin films after drying at room
temperature. The optical spectra of thus prepared thin films were
collected on a Varian Cary 3 spectrophotometer in diffuse
reflectance geometry. The background spectrum of a blank
microscope slide was always subtracted.

2.2.4. Elemental Analysis. The amount of linker L on TiO,
NPs was measured on a Costech ECS 4010 elemental analyzer
(Costech Analytical Technologies, Valencia, CA) coupled to a
ThermoFinnigan DeltaPLUS Advantage stable isotope mass
spectrometer (Thermo Scientific, Boca Raton, FL), with both
controlled by the Thermo’s Isodat 2.0 software.*® In a typical
run, a dried TiO, powder sample was sealed in a tin capsule
and loaded into the autosampler. Control experiments were done
using pure TiO, materials, and the results were calibrated with
the house standard (standard cocoa powder, 4.15% N; 48.7%
C). The output of the elemental analyzer, N, and CO, from N
and C on TiO, surfaces, was sampled by the mass spectrometer.

3. Computational Analysis

3.1. Structural Models. Precursor structural models of TiO,
anatase NPs were obtained by DFT geometry optimization from
the crystal structure of bulk anatase (Figure S4 in the Supporting
Information). Model nanoparticles, composed of compound 1
attached onto the surface (101) of TiO, anatase, were described
by 32 [TiO;] units with dimensions 1.0 nm x 1.5 nm x 3.1
nm along the [—101], [010], and [101] directions, respectively.
Periodic boundary conditions were imposed with a vacuum
spacer between slabs, making the interaction between distinct
surfaces in the infinitely periodic model system negligible. The
surface dangling bonds were saturated with capping hydrogen
atoms, in order to quench the formation of surface states and
avoid unphysical low coordination numbers. The DFT geometry
relaxation was performed by using the Vienna Ab-initio Simula-
tion Package (VASP/VAMP),>? implementing the PW91/GGA
approximation in plane-wave basis ultrasoft Vanderbilt pseudo-
potentials to describe the ionic interactions. A wave function
cutoff of 400 eV was used in all calculations as well as a single
Gamma point k-point sampling due to the large size of the
supercell. The Kohn—Sham (KS) Hamiltonian was projected
onto a plane-wave basis set, and high-efficiency iterative
methods were implemented to obtain the KS eigenstates and
eigenvalues. Self-consistency was accelerated by means of
efficient charge density mixing schemes.
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Having obtained models of TiO, anatase NPs, we constructed
structural models of L—TiO, slabs with dimensions of 32 A x
15A x6A composed of 105 [TiO,] units, and two units of
the linker L covalently attached on the 101 surface. The model
slabs were capped with terminal OH fragments, and the
geometry was optimized by energy minimization at the PW91/
GGA level of theory, using plane-waves and ultrasoft Vanderbilt
pseudopotentials as applied for the precursor structural models
of bare TiO, NPs.

3.2. QM/MM Hybrid Models. QM/MM structural models
of 1-L—TiO, were built from the optimized L—TiO, model
and the optimized geometry of compound 1 obtained by
geometry optimization at the DFT/B3LYP level of theory
(Figure S5 in the Supporting Information, left), using the X-ray
atomic coordinates obtained from the Cambridge Crystal-
lographic Data Center (CCDC) with reference code FIQFIU as
the initial guess configuration.'"” The QM layer of the DFT-
QM/MM model of 1-L~—TiO, includes the Mn'(x-O),Mn'"
unit, the two water molecules ligated to Mn, the two terpyridine
ligands, and the amide and phenyl groups of the linkers (see
Figure 1). The rest of the system comprises the MM layer. The
boundary between the QM and MM layers is defined, according
to the standard link-hydrogen atom scheme implemented in
Gaussian 03,7 by cutting the covalent bonds linking the phenyl
and acetylacetonate (acac) groups and completing the covalen-
cies with frontier hydrogen atoms.

A combination of basis sets is applied to optimize the
efficiency of DFT-QM/MM calculations. The lacvp basis set
for Mn ions considers nonrelativistic electron—core potentials,
the 6-31G* basis set for bridging O*>~ ions includes polarization
functions on u-oxo bridging oxides, and the 6-31G basis set is
applied to the rest of the atoms in the QM layer. Such a
combination of basis sets has been validated through extensive
benchmark calculations on high-valent manganese complexes.*’

QM/MM computations of 1—L—TiO, could only be ef-
ficiently performed, according to the ONIOM-EE level of
theory, after obtaining high-quality initial-guess states for the
QM layer. These correspond to spin-electronic states of the
cluster of Mn ions obtained according to the ligand field theory
as implemented in Jaguar 5.5. Once the initial state was properly
defined, the combined approach exploited important capabilities
of ONIOM as implemented in Gaussian 03,> including both
the link-hydrogen atom scheme for efficient and flexible
definitions of QM layers and the possibility of modeling open-
shell systems by performing unrestricted DFT (e.g., UB3LYP)
calculations in a variety of spin-electronic states.

Fully relaxed DFT-QM/MM molecular structures were ob-
tained at the ONIOM (UHF B3LYP/lacvp,6-31G(d),6-31G:UFF)
level of theory by geometry optimization of the complete
structural models subject to the constraint of fixed configuration
of the TiO, surface and acac linker as obtained with the GGA
plane wave optimization. A typical optimization procedure
involved both the QM preparation of the initial spin-electronic
state associated with the QM layer, and the subsequent QM/
MM geometry relaxation. The optimization process preserves
the purity of the initial state whenever the state is compatible
with the geometry of the Mn cluster and the specific arrangement
of ligands, and no other spin states of similar energy are found
along the optimization process. The spin-electronic states
obtained at this level of theory typically involve antiferromag-
netic couplings between manganese centers. The couplings
define broken-symmetry (BS) states, providing multiconfigu-
rational character to the electronic states.” >’
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Figure 2. EPR spectra of (a) 1-L—P25 and (b) 1-L—D70. The
spectra were collected in the dark at 7 K.

4. Results and Discussion

4.1. EPR Studies of Oxomanganese Complexes on TiO,
Surfaces. Both well-crystallized and near-amorphous TiO, NPs
can be functionalized with the synthetic organic linker L by
reflux in dichloromethane. We have previously demonstrated
that®® (i) functionalization with L effectively extends the
absorption edges of TiO, NPs to the visible-light region, (ii)
the functionalization is robust under aqueous and oxidative
conditions, and (iii) ultrafast interfacial electron injection from
the linker to TiO, occurs on a subpicosecond time scale upon
visible-light excitation.

The terpy moiety in L (Figure 1A) allows further derivati-
zation of TiO, surfaces with transition-metal complexes such
as those of manganese. In order to assemble complex 1 on TiO,
NPs through the organic linker, a surface Mn?*" complex
(Mn"—L~—TiO,, Figure 1B) was first prepared by stirring
L—TiO; in a solution of Mn>" at room temperature.”® Further
characterization indicated the coordination of Mn(Il) to the terpy
ligand on TiO, surfaces (Figure S6 in the Supporting Informa-
tion). More surface Mn(II) was supported on the near-amorphous
TiO, material (D70) than the well-crystallized P25, likely due
to the relatively high surface area of D70.

In our study, Mn"™—L—TiO, was mixed with KMnQy, at room
temperature in order to assemble Mn™(x-O),Mn'V units on
TiO, through the linker L. The resulting materials, denoted
1-L—TiO,, were thoroughly washed with water and collected
by centrifugation in the dark prior to measuring the EPR spectra
shown in Figure 2. The characteristic 16-line EPR signal from
the mixed-valent Mn(III,LIV) state is seen for both 1—L—P25
and 1-L—D70. The 16-line EPR signal originates from the
hyperfine coupling between an S = 1/2 electron spin and two
nonequivalent *Mn nuclei.”® Under the same experimental
conditions, the mixture of Mn"—L—P25 and KMnOj prior to
washing with water was also examined with EPR spectroscopy.
A 16-line EPR signal nearly identical to that shown in Figure
2a was observed, indicating the Mn™(x-O),Mn" units were
successfully attached to the surfaces of P25 NPs.

In EPR experiments, the same amount of TiO, materials was
always used to collect spectra under the same conditions. This
allows a quantitative comparison between different samples.
Although a larger number of surface Mn(II) was supported on
D70 than P25 through the linker L. (Figure S6 in the Supporting
Information), the amount of Mn(III,LIV) dimer 1 immobilized
on D70 through L is slightly less than that on P25 because the
16-line EPR signal of 1—L—P25 is more intense than
1-L—D70 (Figure 2). It should be pointed out that some Mn(II)
remained on the TiO, surfaces after reacting Mn'~L—TiO, with
KMnO, because a broad surface-bound Mn(II) signal centered
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Figure 3. EPR spectra of (a) 1—P25, (b) 1—D70, and (c) isolated 1 in
water prepared by the reaction between Mn''(terpy)Cl, and KMnO,.
Resonances corresponding to organic radicals and Ti** (lattice-trapped
electrons in TiO,) are labeled. The spectra were collected in the dark
at 7 K.

at ¢ = 2.0 (see Figure S6 in the Supporting Information) was
present in the EPR spectra shown in Figure 2, especially in the
spectrum of 1—L—D70. This indicates that not all of the
Mn""—-L—TiO, was converted into 1-L—TiO, by the KMnO,
treatment.

Further EPR studies were done to confirm that the Mn™(u-
0),Mn" units were immobilized on TiO, NPs via the synthetic
linker L after the KMnO, treatment. The mixed-valent Mn(II-
LLIV) dimer 1 was deposited directly onto the surfaces of TiO,
NPs following an in situ synthesis and was investigated with
EPR spectroscopy. In the in situ synthesis, complex 1 was
prepared from its precursor, Mn'(terpy)Cl,, in the presence of
TiO, NPs using KMnO; as the oxidant. On the surfaces of near-
amorphous D70 NPs, complex 1 was stabilized via an oxo
bridge (Mn—O—Ti), formed upon substitution of a water ligand
by a TiO, NP (see Figure S5 in the Supporting Information,
right).*® This is clearly evidenced by the 16-line EPR spectra
shown in Figure 3. The hyperfine coupling tensors for Mn™
and Mn" nuclei are significantly smaller for 1-D70 (Figure
3b) than isolated 1 (Figure 3c), which was synthesized by the
KMnO, method in the absence of TiO, NPs. Obviously,
substituting one of its water ligands by a TiO, NP altered the
Mn!Y coordination environment and subsequently the hyperfine
coupling tensors of complex 1.48

The characteristic 16-line signal is barely resolved with
relatively low intensity in the EPR spectrum of 1-P25 (Figure
3a) prepared by mixing Mn'[(terpy)Cl, with KMnO, in the
presence of P25 NPs. This implies that complex 1 containing
the Mn"(4-0),Mn'" unit cannot be directly deposited on well-
crystallized P25 by substituting one water ligand with a P25
NP. The dimerization of complex 1 likely occurred on P25 NP
surfaces, forming an EPR-silent Mn(IV) tetramer.*

On the basis of the above observations, we concluded that
the intense 16-line EPR signal of 1-L—P25 shown in Figure
2a originates from Mn™(x-0),Mn!" units immobilized on P25
NPs via the synthetic linker L. This is also true for 1-L—D70
because an altered 16-line EPR signal would be seen for
complex 1 directly deposited on D70 (Figure 3b). Instead, the
hyperfine coupling tensors for Mn' and Mn'V derived from the
16-line spectrum of 1—L—D70 (Figure 2b) are identical to those
of isolated complex 1 (Figure 3c) and 1-L—P25 (Figure 2a).
This confirms that Mn™(x-O),Mn!" units were immobilized on
D70 NPs via L.

Comparative EPR studies and elemental analysis were done
in order to estimate the amount of complex 1 attached to TiO,
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NPs through the linker L. In the EPR experiments, function-
alized TiO, NPs were dispersed in H,O, forming heterogeneous
suspensions. Therefore, it was difficult to accurately quantify
the amounts of Mn™(x-0),Mn" units in 1-L—TiO, samples
by using a calibration curve of homogeneous complex 1. Instead,
the 16-line EPR signal of 1-L—D70 was quantitatively
compared to that of 1-D70, in which the loading of complex
1 was determined by elemental analysis to be 12 umol/g of
D70 NPs. Because the 16-line EPR signal of 1-L—D70 has
similar intensity to that of 1—D70 (Figure S7 in the Supporting
Information), we estimate that the loadings of complex 1 in the
two samples are about the same. This implies that the loading
of complex 1 in 1—L—P25 is slightly greater than 12 umol/g
of P25 NPs because the 16-line EPR signal of 1-L—P25 is
more intense than 1-L—D70 (Figure 2).

The amounts of linker L attached to TiO, NPs were also
determined by elemental analysis using L—TiO, samples.
Although D70 has a larger surface area than P25, the amounts
of linker L. on both P25 and D70 NPs were determined to be
~34 umol/g of TiO,. Assuming all of the linker molecules were
coordinated to Mn(II) in Mn"'—L—TiO,, the elemental analysis
data suggest that ~70% of Mn"—L—TiO, was converted to
1-L—TiO, after the treatment with KMnO, (considering two
Mn"—L moieties are needed to assemble one 1—L unit on TiO,,
as explained in the next paragraph). This is consistent with the
EPR spectra shown in Figure 2, indicating that not all of the
Mn"—-L—TiO, was converted into 1-L—TiO, by the KMnO,
treatment.

It has been shown that complex 1 containing the
Mn"™(4-0),Mn'" unit can be synthesized from its precursor,
Mn'(terpy)Cl,, using oxone as the oxidant.’! However,
attempts to synthesize 1-L—TiO, by using oxone as the
oxidant were unsuccessful (Figure S8 in the Supporting
Information). We propose an “elbow” structure as the most
probable configuration of our synthesized 1—L—TiO, materi-
als (Figure 4 and section 4.2). This can explain the inability
of oxone to assemble complex 1 on L—TiO,. As can be seen
from Figure 4, the bending of amide bonds is necessary for
the assembly of one Mn™(-0),Mn'" unit on the TiO, surface
through two linker molecules. Likely, the amide bonds were
cleaved by hydrolysis while attempting to assemble complex
1 in the acidic oxone solutions.

4.2. Computational Analysis and Spectroscopic Studies
of 1-L—TiO,. Computational analysis and further spectroscopic
studies were carried out to further investigate the ‘“elbow”
structure of 1—L—TiO, (Figure 4). The electronic states of the
structural models, fully relaxed at the ONIOM QM/MM level
of theory, involve antiferromagnetic couplings between man-
ganese centers. The resulting optimized structures are analyzed
and evaluated not only on the basis of the total energy of the
system but also as compared to structural, electronic, and
mechanistic features that should be consistent with experimental
data. Several orientations of the ligands were analyzed. When
the terpy rings are parallel to the TiO, surface, the terpy system
suffers significant distortion. However, when they are arranged
perpendicular to the surface, they keep more closely their
isolated structure. The low deformation of the ligand system of
1 is confirmed by the EPR data, which show that the isolated
(Figure 3c) and linked systems (Figure 2) have almost identical
hyperfine coupling tensors. The linkers can be attached at two
different positions, one on the same Ti-alignment plane (non-
shifted configuration), attached to two Ti atoms 20.97 A apart,
and the other in two different Ti-alignment planes (shifted
configuration), attached to Ti atoms 21.20 A apart (Figure 5).

Li et al.

H
2(\ A M
H “ AR N
>l —Mn“'—(/ =0
0=

H,

Figure 4. (top) A proposed configuration of 1—L—TiO,. (bottom) The
relaxed configuration of compound 1 and linker L attached onto the
surface of a TiO, NP optimized at the DFT-QM/MM level. Atoms in
the surface complex are represented by sticks of different colors: H
(silver), O (red), N (blue), C (light green), Mn (purple).

Linkers on
different planes

Figure 5. Transverse point of view (left, nonshifted; right, shifted) of
the relaxed configuration of complex 1 and linker L attached onto the
surface of a TiO, NP (see Figure 4). Atoms in the surface complex are
represented by spheres of different colors and sizes: H (silver), O (red),
N (blue), C (light green), Mn (purple). The QM region is depicted as
balls and sticks and the MM region as sticks.

QM/MM energetic analysis shows that the energy difference
between both configurations is less than 1 kcal/mol.

The structural and electronic analysis of our QM and DFT-
QM/MM models indicate that our 1—L—TiO, assembly likely
has the nonshifted configuration. As can be seen from the
calculated data listed in Table 1, the Mn—ligand distances in
isolated complex 1 are very close to those in 1—L—TiO, having
the nonshifted configuration. In the shifted configuration, the
Mn'"V—oxo (Table 1, second row) and Mn'"Y—N (fourth row)
distances are significantly greater than the corresponding
distances in isolated complex 1; the EPR signal of this “shifted”
1-L—TiO, would be significantly different from that of isolated
complex 1. As discussed earlier, the hyperfine coupling tensors
for Mn™ and Mn" derived from the 16-line spectrum of
1-L—TiO, (Figure 2) are identical to those of isolated complex



Reversible Visible-Light Photooxidation

TABLE 1: Calculated Mn—Ligand Distances of Isolated
Complex 1, 1-TiO,, and 1-L—TiO,

atom—atom distance (A)

1-L-TiO,
atom pair ~ complex 1 1-TiO, nonshifted shifted
Mn"'-Oxo 1.83,1.91 1.82,1.82 1.84,191 1.81,1.83
Mn“V-Oxo 1.73,1.77 1.77,1.84, 1.75,1.76 1.81,1.82
1.82
Mn"'—-N 2.06, 2.21, 2.19,2.28, 2.04,2.21, 2.15,227,
221 2.41 2.33 2.42
Mn"V—N 2.00,2.03, 2.02,2.06, 2.03,1.99, 2.26,2.15,
2.03 2.06 2.05 2.33
Mn"'-OH, 2.22 2.11 2.15 2.12
MnV—-OH, 2.15 2.10 2.15

1 (Figure 3c). Therefore, the nonshifted configuration (Figure
5, left) represents a better description of our 1—L—TiO,
assembly. In addition, the nonshifted configuration causes
negligible variation to the spin densities of the Mn centers; the
calculated values change from 3.83 au (Mn™) and 2.57 au
(Mn"Y) for isolated compound 1 to 3.84 au (Mn'") and 2.61 au
(Mn") in nonshifted 1—L—TiO,, respectively. The correspond-
ing values were calculated to be 3.81 au (Mn'™) and 2.81 au
(MnYY) for the shifted configuration.

The attachment of 1 directly to TiO, NPs does not signifi-
cantly affect the spin density of the Mn centers; the spin densities
are estimated to be 3.88 au (Mn'") and 2.53 au (Mn'").®®
Structural rearrangements are more significant in 1—L—TiO..
For example, one of the terpy ligands exhibits a slight distortion
upon immobilization of complex 1 on TiO,, leading to a
pronounced increase in the Mn'"—N distances (Table 1, third
row). By comparison with the isolated form of complex 1, the
direct attachment of the complex to the TiO, surface relaxes
the Mn™—(u-oxo) distances (Table 1, second row) and stabilizes
the Mn!V center.*® The resulting structural rearrangements lead
to a distorted 16-line EPR spectrum of 1—D70 with altered
hyperfine coupling tensors (Figure 3b).

Characterization with ATR-IR spectroscopy also supports the
“elbow” structure. In ATR experiments, the infrared spectra of
Mn'"—L—P25 before and after KMnO, treatment were taken at
room temperature. The ATR-IR spectra and the corresponding
difference spectra obtained are presented in Figure 6. As can
be seen from the difference spectra, a broad absorption around
1390 cm™! appeared after treating Mn"—L—P25 with a solution
of KMnO,. Because the amide bonds in Mn""'—L—P25 (Figure
1B) and 1—L—P25 (Figure 4) have trans and cis configurations,
respectively, we obtained simulated IR spectra of diphenyl

1390

Absorbance (a.u.)

(a)

I/,/ ®

©
1300 1400 1500 1600 1700 1800
Wavenumber (cm'')

Figure 6. ATR-IR spectra of (a) 1-L—P25 and (b) Mn'—L—P25.
Spectrum ¢ shows the difference between spectra a and b.
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Figure 7. UV—visible spectra of (a) 1-L—P25, (b) Mn"'—L—P25,

and (c) bare P25 NPs.

amides to show spectroscopic differences between the two
configurations. In the simulated IR spectra (Figure S9 in the
Supporting Information), the absorption peak featuring N—H
stretching between 1350 and 1400 cm™! becomes much more
intense when the diphenyl amide molecule changes from the
trans configuration to cis. Thus, we attribute the appearance of
the absorption around 1390 cm™!' (N—H stretching) in the
difference spectrum (Figure 6¢) to the formation of the “elbow”
amide bond in a cis configuration in 1—-L—P25.

The optical absorption features of surface Mn complexes after
drying at room temperature are shown in Figure 7. While bare
P25 does not absorb much visible light (Figure 7c), function-
alized Mn""—L—P25 has significant absorption between 400 and
650 nm (Figure 7b). After treating Mn'=L—P25 with KMnO,,
the resulting 1—L—P25 has a broad absorption in the visible-
light region, as shown in Figure 7a. This broad absorption
contains contribution from the Mn™(u-O),Mn' core (around
550 and 650 nm).>!

4.3. Photochemical Properties of Oxomanganese Com-
plexes on TiO, Surfaces. The photochemical behavior of
1—L—TiO, materials was studied with low-temperature EPR
spectroscopy. In photochemical studies, EPR spectra were
collected in the dark and under illumination with visible light
having wavelengths greater than 425 nm. Difference spectra
were obtained by subtracting the dark spectra from the corre-
sponding ones under light. Upon visible-light illumination, the
intensity of 16-line EPR signals characteristic of Mn'™(u-
0),Mn" units in 1—L—TiO, decreased significantly. As can
be seen from the difference spectra shown in Figure 8A, the
decrease in the 16-line signal intensity was observed for both
1-L—P25 and 1-L—D70. Quantitative analysis indicates the
intensities of 16-line EPR signals decreased by 19 and 7% for
1-L—P25 and 1-L—D70 within 1 min, respectively. Prolonged
visible-light irradiation at 7 K did not cause any further change
in the 16-line EPR signals.

A light-minus-dark difference EPR spectrum was also ob-
tained for 1—D70 under the same experimental conditions. No
appreciable change of the 16-line EPR signal of 1-D70 (see
Figure 3b) was observed under visible-light illumination.
Therefore, we conclude that the 19% change in the EPR signal
of 1—L—P25 is due to the oxidation of the Mn(IIL,IV) state to
the Mn(IV,IV) state upon visible-light irradiation. The photo-
oxidation of Mn"—L—P25 to Mn"—L—P25 has been previously
investigated.*® In Mn""—L—P25, the photooxidation was initiated
by photoexcited charge separation in L followed by the
oxidation of Mn(II) and electron injection into P25 NPs.>® The
visible-light oxidation of Mn™(x-0),Mn" to Mn'"Y(x-O),Mn'"
in 1-L—P25 likely followed the same mechanism. A dynamic
equilibrium may exist between the Mn(IIL,LIV) and Mn(IV,IV)
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Figure 8. Difference EPR spectra of (a) 1—L—P25 and (b) 1-L—D70.
Left panel (A): light-minus-dark EPR spectra. Right panel (B): post-
illumination dark minus pre-illumination dark EPR spectra. Resonances
corresponding to organic radicals and TiO, lattice-trapped electrons
(Ti**") are labeled. The spectra were collected at 7 K.

states in 1—L—P25 under visible light and can explain the
observation that prolonged illumination at 7 K did not cause
further change in the 16-line EPR signal of 1—-L—P25. In the
dynamic equilibrium, photoinduced charge separation competes
with charge recombination, resulting in a steady-state concentra-
tion of Mn"(u-0),Mn" (~19% on P25, assuming no Mn(IV,IV)
state was formed during the KMnO, treatment).

Visible-light illumination also led to the formation of organic
radicals in both 1—L—P25 and 1-L—D70, as indicated by the
corresponding EPR signals shown in Figure 8. An EPR signal
characteristic of Ti*" (TiO, lattice-trapped electrons) can also
be resolved from the spectrum of 1—L—P25. Equation 3
summarizes the changes shown in the light-minus-dark differ-
ence EPR spectrum of 1—L—P25, including the decrease in the
16-line signal and the formation of a Ti*" signal.

Mn"'(u-0),Mn" + Ti*" — Mn" (u-0),Mn"" + Ti*"
3)

Unlike the 16-line EPR signal, both the organic radical and
the trapped electron signals in the EPR spectrum of 1—L—P25
kept increasing with prolonged irradiation until reaching
maximal intensities after 15 min. No lattice-trapped electron
signal was seen in the difference spectrum 1-L—D70 (Figure
8b). This is consistent with the near-amorphous nature of D70
NPs (Figure S1 in the Supporting Information), in which
electrons are preferentially trapped in surface defect sites and
are associated with a broad EPR signal much less intense than
the lattice-trapped Ti** signal.>

Further EPR studies show that the photoxidation of Mn™(x-
0),Mn"Y in 1-L—TiO; is completely reversible at 7 K. After
illuminating the samples in the EPR cavity for 15 min, the light
was turned off to allow dark recovery and subsequent collection
of post-illumination dark EPR spectra. Difference spectra shown
in Figure 8B were obtained by subtracting the pre-illumination
dark spectra from the corresponding post-illumination dark
spectra. The difference spectra shown in Figure 8B suggest a
negligible change in the 16-line EPR signals, indicating that
the photooxidation of Mn™(x-O),Mn" units in 1—L—TiO, is
reversible.

On near-amorphous D70 NPs, the steady-state concentration
of Mn"(u-0),Mn'Y was determined to be 7%, in contrast with
19% on well-crystallized P25. This comparison highlights the
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role of crystallinity of TiO, materials in promoting the photo-
induced charge separation and inhibiting charge recombination
in our synthesized 1—L—TiO, assemblies. In crystalline TiO,
materials such as P25, deep traps (e.g., lattice Ti*") allow
effective electron trapping (Ti*" + e~ — Ti*").3 In near-
amorphous TiO, NPs such as D70, the vast amount of surface
defects provides abundant shallow trapping sites for electrons.
However, electrons in these shallow surface traps have much
shorter lifetimes than in the lattice trapping sites.’’ In our study,
Ti** sites in P25 lattices enabled effective electron trapping,
which in turn promoted charge separation in 1—L—P25. Because
the photogenerated electrons were more effectively trapped in
P25 than in D70, a higher steady-state concentration of Mn'Y (u-
0),Mn" was achieved in 1—L—P25 than in 1-L—D70 (Figure
8A).

The two sharp signals corresponding to organic radicals and
trapped electrons in the EPR spectra of 1-L—P25 (Figure 8a)
were also observed in the light-minus-dark difference spectrum
of L-P25 (Figure S10 in the Supporting Information). Therefore,
a significant portion of the organic radicals and the trapped
electrons in 1—L—P25 originated from charge separation
involving free linker molecules that did not assemble a
Mn(IIL,IV) dimer after the KMnO, treatment (~30% according
to elemental analysis data). Because of the existence of such
“free” light-harvesting linker molecules, the source of the
electrons for the dark-recovery mechanism of the 16-line EPR
signal of 1-L—P25 (eq 4) is unclear based on the EPR results.

Mn" (u-0),Mn" + ¢~ — Mn"'(u-0),Mn" (4

In addition to dark recovery of the Mn(II,IV) species by charge
recombination of Mn'V(u-0),Mn'Y and trapped lattice electrons,
it is possible that some of the Mn"™(u-O),Mn" units in
1-L—P25 were reduced to the Mn(IIL,IV) state by oxidizing
free linker molecules, which would account for the increase in
the EPR signal from organic radicals and some dark-stable
electrons trapped in the lattice sites on P25 NPs after the visible-
light illumination was turned off. In 1-L—D70, the surface-
trapped electrons recombined with Mn™(x-O),Mn'" in the dark,
leading to the complete recovery of the 16-line EPR signal of
Mn'(4-O),Mn"Y.

5. Conclusions

We have successfully assembled the 1-L—TiO, system based
on our own water-oxidation catalyst [H,O(terpy)Mn™(z-
0),Mn"(terpy)H,O](NO3); (1, terpy = 2,2":6",2”-terpyridine)
attached to TiO, nanoparticles by using a synthetic organic linker
L that consists of a phenylterpyridine ligand attached to
3-phenyl-acetylacetonate via an amide bond. The three com-
ponents of the resulting molecular assembly, including 1, L,
and TiO,, serve as the electron donor, the light-harvesting
chromophoric linker, and the electron acceptor, respectively.
To the best of our knowledge, the reported results demonstrate
for the first time the feasibility of covalently attaching a high-
valent oxomanganese water-oxidation catalyst to TiO, as well
as the feasibility of reversibly advancing its oxidation state by
photoexcitation with visible light. These findings are particularly
relevant to the development of photocatalytic assemblies for
oxidation chemistry based on inexpensive materials (e.g., TiO,
and Mn complexes) that are robust under aqueous and oxidative
conditions.

We have demonstrated that the mixed-valent Mn(IILIV) state
of the water-oxidation catalyst 1 is readily formed upon KMnO,
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treatment of TiO, NPs functionalized with Mn(II) precursor
monomers, as spectroscopically manifested by the characteristic
16-line EPR signal of the Mn™(x-O),Mn!" inorganic core and
the appearance of the 1390 cm™! (N—H stretching) band in the
ATR-IR spectrum, supporting the “elbow” structure predicted
by our computational models. These spectroscopic and com-
putational results indicate that the resulting immobilization of
the oxomanganese catalysts on TiO, NPs require negligible
structural and electronic rearrangements of the water-oxidation
catalyst.

Consistent with our earlier study of TiO, NPs functionalized
with the precursor Mn(II) monomer,*® we conclude that the
functionalization of TiO, surfaces by covalent attachment of
the Mn dimer is robust under aqueous and oxidative conditions.
In fact, the resulting 1—L—TiO, NPs are thoroughly washed
with water by centrifugation, after treatment with KMnOy, for
18 h, before spectroscopic examination.

We conclude that the oxidation state of the Mn™(x-0),Mn'"
inorganic core in 1—L—TiO, can be advanced to the Mn" (-
0),Mn"V state by photoactivation with visible light, as mani-
fested by the light-minus-dark EPR difference spectrum. These
results are consistent with our earlier study of the precursor
Mn(II) monomer,*® where we demonstrated that the oxidation
state of the Mn(II) center can be advanced to the Mn(III) state
by visible-light excitation, leading to ultrafast interfacial electron
injection from the linker to TiO,.

Finally, we showed that visible-light oxidation of the mixed-
valent Mn(IILIV) catalyst led to a higher steady-state concentra-
tion of Mn"(1-0),Mn'"Y on well-crystallized TiO, than on near-
amorphous TiO, NPs. Therefore, we conclude that a high degree
of crystallinity of the TiO, NPs is essential for promoting
photoinduced charge separation when the TiO, NPs serve as
electron acceptors in artificial photosynthetic assemblies.
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