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A large manganese-doped polyoxotitanate nanocluster, Ti;4sMnO;4(OH),(OEt),s, has been synthesized
under solvothermal conditions. Its structure is similar to previously reported Ti17024(OiPr)20, but lacks
5-fold coordinated Ti atoms which are potential binding sites for photosensitizer molecules. The Mn atom
is located at the center of the Keggin structure with Ti-O bond length indicative of Mn*', a conclusion con-
firmed by NEXAFS measurements. Solid-state band gap measurements of the complex show a significant
decrease compared with undoped polyoxotitanate nanoclusters and anatase, indicating the potential of

Mn-doping for visible light photocatalysis.
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INTRODUCTION

During the past decades, titanium dioxide (TiO,) has
been extensively investigated because of its capacity for
photocatalytic degradation of organic pollutants in water or
air as a result of the photo-induced generation of electron-
hole pairs.' In particular the anatase polymorph has been
widely used as a photocatalyst. However, because of its rel-
atively large band gap of ~3.2 keV its photo-activity is lim-
ited to exposures by ultraviolet (UV) light.>” To reduce the
band gap attention has focused on modifying the energy
levels by doping.*” In 2002, K. Asai et al. reported a theo-
retical calculation of an assembly of rutile unit cells doped
with 3d transition metals (3dTM) (V, Cr, Mn, Fe, Co and
Ni) and showed that the band gap was significantly af-
fected.’ The calculations indicated that as the atomic num-
ber of the 3dTM dopant increases, localized levels of the
dopant atoms shift to lower energies, and enter the band
gap in the case of Cr, Mn and Fe. To provide experimental
support we have continued our earlier work on polyoxo-
titanate nanoclusters™®'® by synthesizing nanoclusters
doped with Mn. We report here the synthesis, structure and
properties of the nanocluster Ti;4sMnO;4(OH),(OEt),s,
which is the largest Ti/Mn polyoxotitanate reported so far.®

EXPERIMENTAL

Synthesis. All chemicals and solvent were obtained from
commercial sources and used as received: Titanium(I'V) ethoxide
(99+ %) was purchased from Alfa Aesar; manganese(IlI) acetate
dihydrate (97%) from Aldrich Chem. Co.; and ethanol (200 proof,

anhydrous, > 99.5%) from SIGMA-ALDRICH. All compounds
containing titanium were stored and handled in a glove-box under
a nitrogen atmosphere.

Synthesis of Ti;sMnO4(OH),(OEt),s: To a Teflon-lined
Parr bomb with a capacity of 23 mL were added titanium(I'V)
ethoxide (1.09 g, 4.77 mmol), manganese(I1l) acetate dihydrate
(0.07 g, 0.25 mmol) and ethanol (5.0 mL) in a glove-box. After
the mixture was stirred for about 5 minutes, the bomb was sealed,
then placed in a 150 °C oven for 66 hours. Subsequent cooling to
room temperature yielded pale-yellow block crystals of
Ti;4sMnO4(OH),(OEt)s. They were collected by filtration,
washed with ethanol and dried in the glove-box. Yield: 22.7 mg
(4.0% based on Mn). The overall reaction is summarized in

Scheme I.

Scheme T Reaction on synthesis of
Ti;4MnO4(OH),(OEt),5 under solvother-
mal conditions

150 °C

T(OEt)y + Mn(CH;CO0)y'2H;0 + EtOH —= =

Tiy4MnO44(OH),(OEt)5g
Characterization of the product

Energy Dispersive Spectroscopy. The EDS (energy-dis-
persive X-ray spectroscopy) spectrum of Ti;sMnO14(OH),(OEt),s
is shown in Fig. 1. The resulting atomic ratio of Ti:Mn is found as
14.38:1, which, given the large relative uncertainty of 25% (1o,
see the text in Fig. 1) in the Mn content, agrees within the experi-
mental uncertainty with the value 14:1 ratio from the crystal
structure. The EDS result is in agreement with the observed MnO

bond length as discussed in the next section.
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X-Ray Crystallography. Data on Ti;sMnO14(OH),(OEt)yg
were collected on a 0.18 x 0.19 x 0.26 mm crystal at 90 K on a
Bruker SMART APEXII CCD diffractometer with a Bruker TXS
microfocus rotating anode (MoK, radiation, A = 0.71073 A),
equipped with Helios Optics and an Oxford Cryosystems nitrogen
flow apparatus. Data integration down to 0.82 A resolution was
carried out using SAINT V'7.68"" with reflection spot size optimi-
zation. Absorption corrections were made with the program
SADABS. The structure was solved by direct methods and refined
by least-squares against F° using SHELXS-97 and SHELXL-97."
Non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were placed in geometrically idealized positions and con-
strained to ride on their parent atoms. Analysis of the data pro-
gram PLATON'*'* indicated the presence of merohedral
twinning. The resulting twin law (0 1 0/1 00/0 0 -1) was applied
with the TWIN/BASF combination of SHELX. The twin ratio
corresponded to 28.86(5)% contribution of the minor twin com-
ponent. Crystal data as well as details of data collection and re-
finement of the structure are listed in Table 1. Full details can be
found in CCDC-930833, which can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html or deposit@
ccdc.cam.uk (the Cambridge Crystallographic Data Center, 12
Union Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223-336-
033).

X-ray absorption spectroscopy. XANES spectra at the Mn
absorption edge were collected at beamline 15-ID at the Ad-
vanced Photon Source (APS). The result indicate that the absorp-
tion edge is below the monochromator limit of 6.2 keV for both
the title complex and the reference compound MnBr,, compared
with a value of 6.542 keV for Mn(acetate);. The assignment of the
Mn?" valence is in agreement with the crystallographically deter-

mined M-O bond lengths, as discussed in the following section.

RESULTS AND DISCUSSIONS
Crystal structure

Ti;4MnO14(OH),(OEt),s crystallizes in the tetragonal
space group I4. The crystal structure is shown in Fig. 2a.
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Fig. 1. EDS spectrum of Tij4MnO14(OH)2(OEt)2s.
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Table 1. Crystal data and structure refinement of

Ti;sMnO4(OH)»(OEt)5

Compound Ti;4MnO4(OH),(OEt)yg
Crystal pale-yellow block
Crystal system Tetragonal
Space group 1-4

a (R) 14.0240(6)
b(A) 14.0240(6)
c(A) 23.8386(11)
V(A% 4688.4(4)

VA 2

Density (g cm™) 1.589
1(Mog,) (mm™) 1.332

F(000) 2322

0 range (°) 1.71 ~ 28.31
Reflections collected 46261
Independent reflections 5850

R1 (%) (I> 205 (1) 1.65

®R2 (%) (I> 20 (1)) 4.54

R1 (%) (All data) 1.67

®R2 (%) (All data) 4.56

S 1.028

APrax ! Apmin(e A7) 0.232/-0.192
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The complex is located on the 4-fold inversion center with
Y4 of the molecule in the asymmetric unit. The Ti;sMnOy4
core is similar to the Ti;7044 core of the Ti17024(OiPr)20
cluster,”'® except that two of the five-coordinated Ti atoms
are missing and one Ti is replaced by Mn, whereas the other
five-coordinated Ti atoms of Ti;;MnO4(OH),(OEt),g are
octahedrally coordinated (Fig. 3b). The Mn atom is tetra-
hedrally coordinated to four oxygen atoms, with a single
unique Mn-O bond length of 2.057(2) A, which is typical

for Mn2+, as is the tetrahedral coordination for a d° transi-

Fig. 2. (a)

Perspective view of the
Ti14aMnO14(OH)2(OEt)s cluster. Atom color
codes: Ti, purple; Mn, cyan; O, red; C, grey; H,
light grey. (b) Structural overlay of the
Ti14MnO44 core in Ti14M1’1015(OH)(OEt)28 and
the Ti]7044 core in Ti17024(OiPr)20. Ti14MnO44,
cyan; Ti17044, red.
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Table 2. Average Mn-O distance for different Mn valencies'’

Valency Average distance (A)
Mn** 2.100
Mn** 1.915
Mn* 1.915
Mn’* 1.588

tion metal atom. '
Spectroscopy

Optical diffuse-reflection spectra of the crystalline
solids Ti;4;MnO4(OH),(OEt),5 and commercial anatase
TiO, were measured at room temperature. The absorption
(a/S) data were calculated from the reflectance using the
Kubelka—Munk function.'® The resulting energy band gaps
(Eonset) obtained by extrapolation of the linear portion of the
absorption edges are 2.64 ¢V for Ti;;MnO14(OH),(OEt)yg
(Fig. 4a) and 3.19 eV for anatase (Fig. 4b). It is noticeable
that the value of energy band gap of the doped cluster
Ti;sMnO14(OH),(OEt)45 is red-shifted 0.55 eV with respect
to that of commercial anatase and smaller than that of the
undoped Til7 nanoparticle.’
Band Structure Calculation

The band structure of the complex (Fig. 5) was calcu-
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Fig. 3. (a) The Ti14Mn oxocluster in
Ti14Mn014(OH)2(OEt)23. The Mn-O bond
length is indicated. (b) The Ti;7044 core of
Ti17024(OiPr)20 with the Ticenter-O bond dis-

tances.
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Fig. 4. Solid state optical diffuse-reflection spectra of
T114MnO4(OH)»(OEt),3 and commercial ana-
tase derived from diffuse reflectance data
(room temperature).
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Fig. 5. Calculated band
T1;4MnO14(OH)2(OEt)2s.

structure of

lated with Gaussian09'® using the B3LYP functional®® and
6-31G basis sets.”’ Mn”" has been treated as a sextet high-
spin configuration in the calculation.”” The resulting a- and
B-orbital density of states are depicted in the figure. Com-
pared with the calculated band gaps of other small poly-
oxotitanate clusters® and of anatase the band gap is signifi-
cantly reduced by the manganese doping, in agreement
with the spectroscopic measurements discussed above. The
most likely transition corresponding to the 2.64 eV value
observed spectroscopically is from the oxygen orbitals in
the valence band to the lowest Ti orbitals in the conduction
band which are separated by ~ 2.5 eV in the band structure
diagram.

CONCLUSIONS

We conclude that doping of the Ti/O nanoparticle
with manganese leads to a significant reduction of the band
gap, indicating the potential of Mn doping to increase the
use of visible light in photocatalysis by semiconductor
nanoparticles. The current study is part of a larger project
to synthesize bare and sensitized polyoxotitanate nanopar-
ticles and investigate their structures and photo-physical

properties.** !’
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