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ABSTRACT: Manganese-containing MFI type Mn-ZSM-5 zeolite was synthesized by a facile one-step hydrothermal 
method using tetrapropylammonium hydroxide (TPAOH) and manganese (III)-acetylacetonate as organic template and 
manganese salts, respectively. A highly crystalline MFI zeolite structure was formed under pH=11 in 2 days, without the 
need for additional alkali metal cations. Direct evidence of the incorporation of Mn in the zeolite framework sites was 
observed by performing structure parameter refinements, and supported by data collected from other characterization 
techniques such as: IR, Raman, UV-Vis, TGA, N2-adsorption, SEM, TEM, EDAX, and XPS. The unique optical proper-
ties of Mn-ZSM-5 from UV-vis spectra show two absorption peaks at 250 nm and 500 nm. The absorption varies in dif-
ferent atmospheres accompanied by a color change of the materials due to oxygen evolution. Raman spectra show a 
significant and gradual red shift from 383 cm-1 to 372 cm-1 when the doping amount of Mn is increased from 0 % to 
2 %wt. This suggests a weakened zeolite structural unit induced by the Mn substitution. The catalytic activity was stud-
ied in both gas phase benzyl alcohol oxidation and toluene oxidation reactions with remarkable oxidative activity pre-
sented for the first time. These reactions result in a 55 % yield of benzaldehyde, and 65 % total conversion of toluene to 
carbon dioxide for the 2% Mn-ZSM-5. Temperature programmed reduction (TPR) using CO in He demonstrates two 
reduction peaks: between 300 oC~500 oC, and 500 oC~800 oC, respectively. The first reduction peak, due to manganese 
activated oxidation sites shifted from higher temperature to lower temperature and the peak intensity of CO2 rises when 
the dopant amount increases. For the first time, calculated photophysical properties of a model Mn(O-SiH3)4-  com-
pound, an Mn-embedded zeolite cluster, and model Mn oxides help to explain and interpret the diffuse reflectance 
spectroscopy of Mn-ZSM-5 zeolites. 

Introduction  

Transition metal (TM) doped zeolites have been 
widely studied due to their novel catalytic application 
in oxidation reactions, such as benzene oxidation to 
phenol, methane oxidation to methanol and catalytic 
decomposition of NO and N2O1. Among these doped 
zeolites, Cu and Fe containing ZSM-5 zeolites were 
given more attention because of their high activities 
due to the alpha-oxygen on the peroxo-bridged binu-
clear TM sites which were formed by activation under 
NOx or O22,3. A moderate temperature below 350 oC is 
needed to achieve the selective conversion from me-
thane to methanol or from NOx to N2. N2O is found to 
be the only species that could form alpha-O, rather 
than O2, which is the active site for selective oxidation. 
In addition, the transition metal is present not only as 
a surface active site, but also as a framework substi-
tuted site. Titanium containing MFI type microporous 

silicates (TS-1) were found to be good catalysts for 
mild epoxidation of olefins, hydroxylation of aromat-
ics, and oxidation of alcohols and amines, etc., using 
H2O2 as an oxidant4,5,6,7. Other transition metal doped 
MFI and MEL type zeolites, such as vanadium, iron, 
and chromium substituted in framework Si4+ in sili-
calite-1 (ZSM-5) and silicalite-2 (ZSM-11), have also 
been synthesized8,9,10. Most of these catalysts were ap-
plied in selective oxidation reactions with the use of 
H2O2 or TBHP as oxidants.  

Manganese oxides, particularly octahedral molecu-
lar sieves (OMS-2) have been extensively studied as 
superior oxidation catalysts in alcohol oxidation and 
as catalysts in volatile organic compounds (VOCs) de-
composition due to their high activity on account of 
mixed valent properties11. However, their thermal sta-
bility is not as good as traditional aluminosilicate zeo-
lites due to phase changes or poisoning by mois-
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ture11d,12.  Zeolites or aluminosilicates have been used 
in different applications, such as adsorption, ion-
exchange, and petro-refining because of their notable 
stability and adjustable acid sites of high activity13. 
Manganese substituted silicates have not been fully 
studied with respect to both their structure and cata-
lytic properties9,14,15. Direct evidence of the existence 
of Mn in the framework is still needed and only a few 
redox properties of manganese containing zeolite 
have been reported15. For preparation, a facile synthe-
sis method is needed to replace the present methods 
by using harsh acid hydro fluoride16, or recrystalliza-
tion of Mn(II)-exchanged magadiite17. Although a hy-
drothermal synthesis method has been reported using 
manganese acetate under a pH=13, a possible precipi-
tation problem may remain. In addition, the products 
formed have no redox sites based on CO adsorption of 
reduced and oxidized samples18.        

Here, we report a facile synthesis of a Mn contain-
ing MFI type zeolite, Mn-ZSM-5, by hydrothermal 
synthesis from a clear solution made with a manga-
nese organic precursor and silicates under mild condi-
tions at pH =11. Full characterization was performed 
by various spectroscopic techniques, including UV-vis, 
IR, Raman, and X-ray diffraction, SEM and TEM 
where direct evidence of framework manganese has 
been found (vide infra). The synthesized Mn-ZSM-5 
shows considerable activity as a catalyst in the con-
version of benzyl alcohol to benzaldehyde with 55 % 
yield, and toluene total oxidation to carbon dioxide 
with 65% conversion. Such a high activity of Mn-
ZSM-5 has been ascribed to the well isolated Mn spe-
cies as an excellent oxygen carrier and donor substi-
tuted in the zeolite framework and bonded to the sur-
face.  This is the first time a highly loaded Mn-ZSM-5 
has been synthesized in one step and found to be an 
appropriate catalyst in two different selective oxida-
tion processes.   The computational results presented 
here attempt to establish a correlation between the 
experimental UV-Vis of Mn-containing ZSM-5 zeolites 
and calculated spectra toward achieving a better un-
derstanding of the nature of Mn-ZSM-5 interactions. 

Experimental Section 

Synthesis of All Silica ZSM-5 Zeolites. All sili-
ca ZSM-5 zeolites were prepared as described else-
where19. In a typical synthesis, 25 g of tetraethylortho-
silicate (TEOS, Aldrich, 98%) was added dropwise to 
25 g distilled deionized water (DDW) with stirring for 
a half an hour, followed by adding 30 g TPAOH (Sig-
ma Aldrich, 1.0 M) aqueous solution  as a structure-
directing agent (SDA) dropwise using a burette. The 
well mixed solution (solution A) was stirred for 3 h, 
50 mL of which was measured and added into an au-
toclave with a Teflon liner. The charged autoclave was 
put into an oven held at 180 oC for a hydrothermal re-
action. The hydrothermal reaction could be per-
formed from two days to more than ten days to get 
well crystallized products; here we did all the synthe-
ses for 48 hours. After the reaction, the autoclave is 
cooled and the white products are collected, filtered 
and washed 5 times with DDW, dried over night at 

120 oC and calcined at 550 oC. The temperature for 
calcinations was increased using a ramp of 2 oC per 
minute from room temperature to 550 oC, then keep 
at 550 oC for 5 hours, in order to remove all the organ-
ic solvents and SDA. The final product is denoted as 
Si-ZSM-5, which stands for an all silica ZSM-5 with-
out any aluminum ions. 

Synthesis of Mn-ZSM-5 Zeolites. In a typical 
synthesis of Mn-ZSM-5, e.g. 2 wt% Mn-ZSM-5, 0.44 g 
manganese (III)-acetylacetonate (Sigma Aldrich) was 
fully dissolved in 20 mL ethanol (Pharmco Aaper, Ab-
solute). This solution was added dropwise into half of 
the afore-mentioned solution A before being placed 
into the autoclave and stirred for 3 hours  to obtain 
well dissolved manganese containing solution (solu-
tion B), which has a transparent red wine color. Fifty 
mL of the solution B was charged into the autoclave 
and the same hydrothermal treatment was performed 
as afore-mentioned. The products were filtered, and 
washed 5 times with DDW, dried and calcined. After 
being calcined, the products showed a pale pink color 
and are denoted as Mn-ZSM-5. All the synthesized 
ZSM-5 materials in this study are aluminum free with 
the goal of exploring only the effect of adding manga-
nese on the properties of these newly formed zeolites.  

Characterization 

Structure Analysis by X-ray Diffraction. XRD 
data were collected on a Rigaku UltimaIV instrument 
using CuKα radiation at a beam voltage of 40 kV and a 
45 mA beam current. 

Spectroscopic Studies by FT-IR, UV-Vis and 
Raman. FT-IR spectra were taken from pressed pel-
lets with KBr diluted zeolite samples on a Thermo Sci-
entific Nicolet 8700 spectrometer with a 4 cm-1 reso-
lution. CaF2 windows were used; dry N2 was purged 
into the cell and passed through to eliminate all the 
moisture and CO2 absorbed on the samples before 
each test. Diffuse-reflectance UV-Vis spectra were col-
lected using a Shimadzu UV-2450 UV-Vis spectropho-
tometer in a 200 nm ~ 800 nm range. For each test, a 
0.2 g solid sample was diluted by 2 g BaSO4. The Ra-
man spectra were taken on a Renishaw 2000 Raman 
microscope, which includes an optical microscope and 
a CCD camera for multichannel detection.   

Morphology (SEM, TEM). High resolution 
scanning electron microscope photographs were tak-
en on a Zeiss DSM 982 Gemini field-emission scan-
ning microscope (FESEM) to get morphological in-
formation. A high resolution transmission electron 
microscope (HRTEM) was used to characterize the 
crystallized structure and the morphology of the sam-
ples by using a JEOL 2010 instrument with an accel-
erating voltage of 200 kV.  

Elemental and Surface Analysis (EDXS, 
XPS). Elemental analysis was performed using a 
JEOL 2010 instrument equipped with energy disper-
sive X-ray spectroscopy (EDXS). Surface analysis was 
done on a PHI model 590 spectrometer with multi-
probes (ΦPhysical Electronics Industries Inc.), using 
Al-Ka radiation (λ= 1486.6 eV ) as the radiation 
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source. The powder samples were pressed on carbon 
tape mounted on adhesive copper tape stuck to a 
sample stage placed in the analysis chamber. 

N2 Adsorption/Desorption and Specific Sur-
face Area. The adsorption and desorption isotherms 
were measured on a Micrometritics ASAP 2010 in-
strument. Samples were pre-degassed at 300 oC for 6 
hours prior to each measurement in order to remove 
water and other adsorbed species. The isotherms of 
adsorption and desorption were measured at relative 
pressures (P/P0) from 0.001 to 0.995 and from 0.995 
to 0.001, respectively. 

Thermogravimetric Analysis (TGA). TGA was 
performed on Hi-Res TGA 2950 Thermogravimetric 
Analyzer in both N2 and O2 atmospheres. 

Temperature-Programmed Reduction (TPR). 
TPR mass spectrometry experiments were conducted 
using a Thermolyne 79300 model tube furnace 
equipped with an e-Vision + Residual Gas Analyzer 
MKS coupled with a quadruple mass selective detec-
tor. In a typical test, a 200 mg catalyst was loaded in 
the middle of a quartz tubular reactor, with quartz 
wool supports on both sides. Firstly, the catalyst was 
cleaned by flowing helium at a rate of 50 cm3 min-1 
(sccm) for one hour at 180 oC, and then cooled to 
room temperature. During the test, the catalyst was 
heating at 10 oC/min to 800 oC in a 3 % (V/V) CO -He 
mixture at a flow rate of 60 mL/min.       

Catalytic Test. Gas phase catalytic toluene oxida-
tion was used as a probe reaction to detect the oxida-
tion active sites of the Mn-containing zeolite. The re-
action was carried out in a quartz tubular fixed bed 
flow reactor (i.d., 4 mm) under atmospheric pressure. 
The reactor was put into an electric tubular furnace 
coupled with a controller to control the temperature, 
with a K-type thermocouple plugged into the catalyst 
bed. Typically, a 100 mg catalyst was packed in the 
middle of the reactor supported by glass wool at both 
sides. Before the reaction, the catalyst was pretreated 
by heating at 200 oC under a continuous UHP helium 
flow for 2 hours. The catalytic reaction was done by 
bubbling ultra zero grade air (21 vol % O2) as the reac-
tion gas into a 200 mL anhydrous toluene solution at 
a constant flow rate of 20 sccm controlled by a MKS 
mass flow controller. The reaction temperature varied 
from 100 oC to 420 oC. Sampling of the gas phase 
product was carried out at least 20 minutes after the 
temperature reached the desired value. The effluent 
gas products were passed through a cold trap (dry ice) 
before entering a SRI 8610C gas chromatography (GC) 
to analyze the gas components (O2, N2, CO, and CO2). 
Liquid products from the cold trap were extracted, 
dehydrated and analyzed by GC-Mass (HP 5890A, 
with an HP 5871 series mass detector). Under present 
reaction conditions, incomplete oxidation products 
were not found (Figure S1). Thus the conversion was 
calculated based on the O2 consumed during the oxi-
dation process by using the equation from our former 
paper20. 

The gas phase benzyl alcohol oxidation reaction was 
performed as another representative reaction. The re-
action was carried out in a homemade fixed bed flow 
system, which included a quartz reactor (L = 430 mm, 
i.d. = 10 mm) placed in a temperature controllable 
tubular furnace (Thermal Scientific, Lindberg Blue M). 
200 mg catalyst was loaded in the middle of the reac-
tor with glass wool and glass beads held on both sides. 
Before the reaction, the catalyst was activated under 
N2 and O2 flow (1:1.6,V/V) for two hours at a desired 
reaction temperature. The liquid benzyl alcohol was 
charged by a syringe pump at a rate of 0.02 mL/min, 
and passed through a constantly preheated steel tube 
(220 oC) to vaporize before it running into the reactor. 
The vaporized gas phase benzyl alcohol was continu-
ously transported by the gas flow (N2/O2, 1:1.6) 
through the catalyst, the effluents were collected by a 
cold trap (dry ice) and the gas phase was detected by 
on line SRI 8610C gas chromatography (GC) to detect 
any total oxidation products, mainly CO or CO2, and 
these products were only found when the reaction 
temperature increased above 350 oC. The liquid prod-
ucts were dehydrated by filtrated with MgSO4, and di-
luted with acetone (1 µl products : 1 mL acetone), for 
each sample, 1 µl 1-decane was added as internal 
standard, and analyzed by HP 5890 series II GC 
equipped with a MTX®-biodiesel TG w/Integra-
GapTM capillary column (14.0 m x 530 µm x 0.16 µm) 
with an FID detector. The yield was calculated based 
on the standard curve (Figure S5) made by analysis of 
benzyl alcohol and benzaldehyde mixtures of a con-
centration gradient (20 % ~100 %, mol/mol). 

Computational Details.  Calculations were per-
formed by utilizing the Gaussian21 and GAMESS22 
programs where the excitation energies were calculat-
ed using Time Dependent Density Functional 
Theory23. The hybrid B3LYP exchange functional24 
was employed throughout all the calculations. The 
choice of model systems is not easy, especially for 
ZSM-5 zeolites where the structure is quite complex. 
In these studies, the structure of Mn-ZSM-5 was rep-
resented by smaller model compounds to reduce the 
complexity and computational cost. The model com-
pounds were chosen to ensure that ligands attached to 
the Mn ion will affect the local environment of the Mn 
center to provide reasonable information about the 
experimental electronic spectra. The Mn - O bonding 
ligands that were used in the calculations include H3Si 
– O-, H3Si - O - SiH3, and H3Si - O - SiH2 - O - SiH3. 
Both four- and six- coordinate framework bonding 
sites were explored.  

In addition isolated model complexes of MnO4x- and 
MnO6x- were employed in an attempt to obtain infor-
mation about the possible existence of extra-
framework sites for Mn. In some cases, a complete op-
timization of the model cluster is performed, although 
this approach is fraught with uncertainty, because a 
framework Mn ion will be more constrained than in a 
cluster. In other situations, reasonable model geome-
tries are used to observe trends in the spectra. In the 
case of Mn oxides, no optimizations were performed, 
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and only fixed bond distances and angles based on 
experimental values were used. In all cases, if the 
model complex was charged, either positively or nega-
tively, then point charges of opposite sign were posi-
tioned around the model complex to provide a com-
pensating charge of equal magnitude and yielding 
charge neutrality.  For these calculations, the 
LANL2DZ basis set25 was used for the Mn atom, and 
the 6-31G(d) basis26 for all ligand atoms (H, O, or Si). 

 

Figure 1.  Model Mn(OSiH3)4-  compound with optimized 
geometric parameters. The atoms are colored with respect 
to atom type with Mn as violet, oxygen as red, silicon as 
light brown, and hydrogen as white. 

A limited validation of the cluster model was per-
formed by inserting a Mn ion into the metal-zeolite-
framework (MZF) and using hybrid quantum me-
chanics/molecular mechanics (QM/MM) to study 
electronic effects of the local framework surrounding 
the Mn ion.  The embedded-cluster approach employ-
ing a two-layer ONIOM27 system was used to obtain 
optimized geometries and excitations. In the present 
work, the electronic structure of an Mn ion plus four -
O-SiH2- ligands, as shown in Figure 1 are designated 
the primary structure (PS) and are treated quantum 
mechanically (QM). For these calculations, the TZVP 
basis28 and 6-31G(d) basis26 were used for the Mn at-
om and ligand atoms, respectively.  Twelve hydrogen 
link atoms were used to saturate dandling Si bonds 
between the PS and the secondary subsystem (SS). 
The remaining atoms of ZSM-5, i.e. the SS, are treated 
with molecular mechanics (MM) where UFF29 param-
eters are used. The embedded cluster model is shown 
in Figure 2. 

Results  

X-ray Diffraction (XRD). The XRD patterns in-
dicate the synthesized material is well crystallized, as 
shown in Figure 3. The narrow peak widths suggest a 
relatively large particle size, which is around 500 nm, 
as confirmed by FESEM and TEM. All of the peaks 
match the standard phase of ZSM-5 zeolite, whereas 
slight shifting of the peak to smaller angle was ob-
served for manganese containing materials, 0.5 %Mn-
ZSM-5 (0.02 degree) and 2 % Mn-ZSM-5 (0.06 degree) 

 

Figure 2. Embedded Mn-zeolite cluster 
Mn(OSiH2)4Si155O591.  It is important to emphasize that ter-
minal oxygen atoms were not capped which could have an 
influence on the overall structure of the cluster. 

compared with the all silica ZSM-5 zeolite, which im-
plies substitution of smaller tetrahedrally coordinated 
Si atoms (0.4 Å in crystal form) with heteroatoms Mn 
(II or III) which have a larger size (0.5~1.0 Å ) as ions 
in a crystalline environment yielding an increased lat-
tice parameter value. 

 

Figure 3. (A) Wide angle XRD patterns and (B) enlarged 
scale between 2 theta = 7.5 and 9.5 of (A), from bottom to 
top: Si-ZSM-5, 0.5 wt% Mn-ZSM-5, 1 wt% Mn-ZSM-5 and 2 
wt% Mn-ZSM-5. 

Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM). 
Figure 4 shows the typical morphologies of synthe-
sized Si-ZSM-5 and Mn containing ZSM-5 zeolite, 
which is composed of single crystals of intergrown   
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hexagonal platelets having an evenly distributed par-
ticle size between 300 nm and  500 nm. Each particle 
was proven to be a single crystal as determined by se-

lected area electron diffraction (SAED) patterns of 
TEM experiments taken at different crystalline orien-
tations (Figure 5). 

 

Figure 4. SEM images of Mn-ZSM-5 of different Mn contents, A, B (Si-ZSM-5), C, D, (0.5%) ; E, F(1%); G,H (2%)

 

Figure 5. Representative TEM images of 0.5 % Mn-ZSM-5, 
and corresponding SAED patterns. 

Surface Area, Porosity, and Energy Disper-
sive X-ray Spectroscopy (EDXS). N2 adsorption-
desorption isotherms are measured and show a typi-
cal micro-porous feature of such materials (Type I iso-
therm). The results summarized in Table 1 show the 
BET specific surface area remains similar in terms of 
increasing the Mn amount in the sample. Likewise, 
the micro pore volume matches well without display-
ing any drop for doped samples.  Therefore, the re-
sults reveal that the manganese in the Mn containing 
ZSM-5 material is well dispersed, either in the frame-
work or on the surface of the material, and the micro 
pores were not thus blocked.  

EDXS was used to analyze the concentration of each 
element in the bulk material. The Si to Mn molar ratio 
is of more interest. The experimental values of Si/Mn 
decrease with an increasing amount of Mn added in 
the initial synthesis solution.  The XPS values of Si / 
Mn are all lower than they were from the EDXS analy-
sis which means there is more surface manganese 
than in the bulk material. Considering different 
depths of both techniques in detecting elements con-
centration, XPS measures about 40 angstroms depth,  
whereas EDXS penetrates from tens of nanometers to 
hundred of nanometers. For the 0.5 % sample, the 
surface Si/Mn=98 which is only half as large as the 
nominal ratio of 183, indicating Mn accumulates on 
the surface. However, by increasing the Mn amount, 
this ratio decreases and is closer to the nominal value 
which could lead to an excellent substituted material. 
This is because homogeneous substitution happens 
throughout the material at a proper higher concentra-
tion, 2 wt% Mn in this case, and allows this material 
to potentially become an active catalyst.   

Raman Spectroscopy. Raman is a sensitive 
technique which can detect subtle phase information, 
e.g. framework metal sites in zeolite and extra-
framework species. Therefore, Raman was used to 
study the effect of adding manganese in the frame-
work of ZSM-5 zeolite with excitation laser beams of 
both 544 nm and 488 nm (Figure 6). A well resolved 
peak was observed between 372 cm-1 and 385 cm-1 for 
all the zeolite materials with or without manganese, 
which is ascribed to the characteristic vibrations of 
the Si-O bonds in the five-membered ring of the MFI 
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type unit structure. The position of this peak shifted 
to lower wave numbers (red shift) as the amount of 
manganese increased from 0% to 2 %, with a peak 
shift from 383 cm-1 to 375 cm-1 along with broadening 
and lower intensity. The other characteristic peak at 
803 cm-1 was also broadened along with weakened in-
tensity. There were new peaks at 560 cm-1 and 628cm-

1 showing up gradually as more manganese was added. 
The two most intensive broad peaks arose from the 
2% Mn added sample. These new peaks can be as-
signed to bending and symmetric stretching vibra-
tions of framework Mn-O-Si analogous to the Ti-O-Si 
vibration in the TS-1 zeolite5. Another plausible ex-
planation could be due to Mn-O symmetric stretching 
vibration from the extra manganese oxide phase (544 
cm-1, 648 cm-1) as previously reported30,31. Finally, a 
[Mn2O]2+ species is also possible.  Since a u-oxo-
bridged [Cu2O]2+ species is formed on the ZSM-5, 
having Raman bands at 456 cm-1 (symmetric) and  
870 cm-1 (antisymmetric) as reported by Smeets et 
al.32,33 

Table 1. Physiochemical Properties of Mn-ZSM-5 Ma-

terials  

Sam-
ples 

BET 
surface 
areaa 

[m2/g] 

 Volb. 

[cm3/g] 
EDXS 

Si/Mn                            

XPS  

Si/Mn 

Nomc.    Expd.  

All Si 316(26) 0.11 0 0 0 

0.5 %  323(9) 0.11 183.0 330.7 98.4 

1 %  318(14) 0.11 91.5 122.0 63.2 

2 %  325(17) 0.13 45.8 27.7e(168.6) 48.4 

[a] Standard deviation, [b] Micropore volume deter-
mined by t-plot method, [c] Nominal molar ratio of Si to 
Mn, [d] Experimental molar ratio of Si to Mn deter-
mined by EDXS, [e] Analysis performed on large aggre-
gation of particles. 

The spectra taken by 488 nm laser beam has con-
firmed the same shift and newly evolving bands ex-
cept for the 0.5 % Mn-ZSM-5, where impurities gave 
rise to fluorescence5 and prevented the observation of 
Raman spectra. Raman spectra of different particles 
for the 2% Mn-ZSM-5 sample were collected (Figure 
S2). Different relative peak intensities of 375 cm-1, 560 
cm-1 and 628 cm-1 were observed, indicating an im-
pure material since some of the manganese might be 
present in a separate phase. Moreover, the intensity of 
peaks between 550 cm-1 and 650 cm-1 was largely 
eliminated due to the reduced resonance effects in 
this area by using the λex=488 nm (Figure S3).  

Infrared Spectroscopy. Several characteristic 
vibration peaks of MFI-type zeolite material have 
been found in the infrared spectra (Figure 7). The well 
defined peaks reveal the good crystalline property of 
these materials. 

 

Figure 6. Raman spectra of Mn-ZSM-5 (all silica, 0.5 %, 1 % 
and 2 %), taken by (A) 544 nm and (B) 488 nm laser beam. 

 

Figure 7. FT-IR spectra of Mn-ZSM-5 (all silica, 0.5 %, 1 %, 
and 2 %). 

The absorption at 550 cm-1 is typically due to the 
pentasil framework variation and was used as a meas-
urement of the crystallinity of this type of material. 
The absorption peak at 800 cm-1 is due to Si-O-Si 
symmetric stretching, while absorption peaks at 1100 
cm-1 and 1230 cm-1 are assigned to asymmetric 
stretching of Si-O-Si, and are broadened when substi-
tution with Mn is increased. The absorption at around 
1000 cm-1 of Si-ZSM-5 does not appear due to largely 
diminished Si-OH groups caused by calcination and 
compression under high pressure during the sample 
preparation, and notably is not present for the Mn-
ZSM-5 materials either. This is rationalized for the 
same reason. However, this may also result from the 
substitution of OH group with manganese clusters on 
the surface34. 
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UV-Vis Spectroscopy The UV visible spectra are 
shown in Figure 8.  As the amount of manganese is 
increased, the absorption increases proportionally 
and the color of the synthesized material changes 
from white (no Mn) to pale pink (0.5 % and 1 % Mn-
ZSM-5), to dark pink (2% Mn-ZSM-5). Although the 
all silica ZSM-5 has no absorption in the 200~800 nm 
range, two absorption bands, at 250 nm and 520 nm, 
have been found for the Mn-containing zeolites. The 
250 nm absorption band lies in the UV range and is 
assigned to electron transfer from O2- to tetrahedral 
Mn3+, a framework doped Mn ion, with the tail of the 
band extending to 350 nm because of the extra-
framework Mn species present17. The broad absorp-
tion peak at 520 nm is attributed to d-d transition of 
either framework or extra-framework Mnq+ 35, or pos-
sibly surface associated Mn3+ 36 where similar absorb-
ance has been found and shown to have remarkable 
water oxidation activity37. 

 

Figure 8. UV-Vis spectra of Mn-ZSM-5 (all silica, 0.5 %, 1 %, 
and 2 %) and physically mixed 2 % MnO2 (>99%, Aldrich) 
with Si-ZSM-5. 

X-ray Photoelectron Spectroscopy (XPS). 
XPS was used to analyze both the surface concentra-
tion and binding energy of different elements present 
in the as-synthesized manganese containing zeolite 
materials (Figure 9). The O1s core level spectrum of Si-
ZSM-5 showed a main peak at 532.5 eV, which could 
be ascribed to the binding energy (BE) of  oxygen be-
longing to the Si-O bond and is increased to 533.1 eV 
in the 2 % Mn-ZSM-5 sample. Two additional peaks 
appear in 2 % Mn-substituted sample, one at 532.0 eV 
and the other at 529.9 eV. The BE at 529.9 eV peak 
could be ascribed to an oxygen which bonded to Mn, 
i.e. Mn=O. which have a BE around 529.8 eV 
(Mn(II)O), according to the binding energy data base 
of NIST. The peak at 532.0 eV could be assigned to an 
oxygen in a framework bonded Mn, i.e.  Mn-O-Si. For 
example, Ti doped in the framework of r-MnO2 mate-
rial was reported with a peak in the same position and 
ascribed to the Ti-O-Mn binding38. The O1s spectrum 
of the 1% Mn sample also showed the identical three 
distinct peaks, providing reasonable support for the 
same assignment of the three peaks at 533.8 eV, 531.4 
eV, and 529.9 eV, respectively. The Mn 2p core spec-
trum was obtained from the manganese containing 
samples (1% wt, and 2% wt), providing BEs for Mn 

2p3/2 and Mn 2p1/2 in these two samples (not shown). 
For the 1% sample, the binding energies are 643.2 eV 
and 654.7 eV, respectively, while those for the 2% 
sample are 642.1 eV and 653.5 eV. Although both of 
the BEs are higher than that for normal MnO2 because 
of the strong interaction between manganese and sili-
ca, similar results of increased BE have been reported 
in other manganese doped materials or manganese 
oxides present on the surface of supports31. 

 

Figure 9. XPS spectra of O 1s region:  (A) Si-ZSM-5; (B) 
0.5 % Mn-ZSM-5; (C) 1 % Mn-ZSM-5; (D) 2 % Mn-ZSM-5. 

Thermogravimetric Analysis (TGA). The TGA 
data in Figure 10 shows the Mn-containing ZSM-5 is 
as stable as the undoped material without substantial 
weight loss above 400 oC. Under N2, the main loss of 
weight for both the zeolites with and without manga-
nese occurs below 200 oC and is caused by loss of both 
physically adsorbed water and O2. The Mn-containing 
samples showed more apparent weight loss from 200 
oC to 400 oC, compared with the stable undoped one 
possibly due to the chemical decomposition of the wa-
ter and oxygen bonded to charge defective framework 
sites and surface Mn species. Further weight loss, al-
beit slight occurs from 400 oC to 700 oC, because O2 
evolves from the MnOx, and is proportional to the 
amount of doped manganese (Figure S4). 

The thermal stability of the synthesized 2% Mn-
ZSM-5 material and Si-ZSM-5 were also analyzed by 
TGA measurements in an O2 atmosphere. From room 
temperature to 430 oC; the weight loss of both materi-
als compares very well, and the loss is mainly from the 
adsorbed water. While from 430 oC to 800 oC, the 2% 
Mn-ZSM-5 showed an extra 0.2 % weight percent loss, 
when compared with Si-ZSM-5. Based on the 2% Mn 
loading, 0.2 % weight is 10 % of the Mn loaded, and 
this value is right in the line with the weight loss of 
MnO2 material because of oxygen evolution, when 
heated to 800 oC39. 
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 8

 

Figure 10. TGA analysis on Si-ZSM-5 and 2 % Mn-ZSM-5 
under N2 and O2 atmospheres. 

Catalytic Results : 1. Toluene Total Oxidation 
The catalytic properties of synthesized Mn-ZSM-5 
were tested for gas phase toluene total oxidation (Fig-
ure 11). Generally, the conversion increases when the 
temperature increases from 300 oC to 400 oC and 
above, especially for the Mn doped samples with high 
loading (1% and more) showing dramatically in-
creased activity. For example, at 400 oC the conver-
sion increases from 6 % to 65 % as the loading of Mn 
increases from 0.5 % to 2 % , while maintaining 100 % 
selectivity. This should be compared with a 2 % γ-
MnO2 physically mixed Si-ZSM-5, used as a reference, 
and shows only 8.8 % conversion under the same re-
action conditions. Given Si-ZSM-5 has only 3 % con-
version even at 420 oC, the considerable activity of the 
manganese containing ZSM-5 could be ascribed to the 
manganese activated oxygen vacancies as described in 
our previous research paper on manganese oxide oc-
tahedral molecular sieve (OMS-2) catalyzed VOC oxi-
dation40, plus the well dispersed active sites arising 
from the low dopant amount15,35. 

2. Gas Phase Benzyl-Alcohol Oxidation. Gas 
phase benzyl alcohol oxidation was selected as anoth-
er probe reaction (Table S1), which has been investi-
gated by using transition metal doped metal oxides 
(e.g., SiO2, TiO2) and ZSM-5 as catalysts41. For the Si-
ZSM-5 material in this study, a relatively low activity, 
7.9 % as also described in another study is ob-
served41a,41d. For the Mn added samples, the activity is 
improved to 23.3 % at 300 oC. When the temperature 
increases to 350 oC, the activity of the Mn-ZSM-5 
reaches as high as 55%, with a remarkable TOF=88 h-1. 
The evidence of the enhanced oxidative property by 
adding manganese is clearly shown and may be relat-
ed to the oxygen active sites bonding to the Mn, as re-
vealed from the absorption spectra.  

Temperature Programmed Reduction (TPR). 
CO-TPR was performed on the Si-ZSM-5 and Mn-
ZSM-5(0.5 %, 1 %, and 2 %) samples. The reduction 
profiles are shown in Figure 12. The reduction occurs 
only when the temperature exceeds 300 0C, further 
explaining the enhanced activities for toluene oxida-
tion in  

 
Figure 11. Catalytic activities of toluene total oxidation 
for Mn-ZSM-5 (all silica, 0.5 %, 1 %, and 2 %), and 
physically mixed 2 % MnO2 with Si-ZSM-5. 

the same temperature window. There are mainly two 
reduction peaks for all the Mn containing zeolites: one 
lies between 300 oC ~500 oC, while the other falls be-
tween 500 oC ~ 800 oC. However, for the sample with 
2 % Mn, there is a pronounced shift of the intense re-
duction peak to lower than 400 oC suggesting a better 
oxidation activity than other samples (Figure S6). The 
first reduction peak (alpha) is a result of the evolution 
of adsorbed oxygen on the defective sites. On the oth-
er hand, the beta reduction peak is due to the evolu-
tion of lattice oxygen, accompanied by a phase trans-
formation from Mn2O3 to Mn3O4, Mn3O4 to MnO, 
which is in agreement with the results from TGA. 
Nevertheless, the reduction peak of the 2% sample 
has the highest intensity, which is related to the 
amount of Mn in the sample, i.e, the higher the 
amount of Mn dopant, the higher the reduction inten-
sity (better oxidation activity). All silica ZSM-5 did not 
show any reduction activity based on the CO-TPR, 
which displays an almost flat line. The improvement 
of the oxidative activity is revealed by an increase of 
the reduction peak with temperature increase, push-
ing the front of the reduction curve forward into the 
lower temperature region as the amount of Mn in-
creases. The TPR results have confirmed the catalytic 
activity: 2 % > 1 % > 0.5 %> blank. 

Discussion  

Ion-Exchange Property and Hydrothermal 
Stability. The hydrothermal stability and ion-
exchange property was characterized by adding 0.2 g 
template free 2% Mn-ZSM-5 into 10 % NH4NO3 water 
solution, and refluxing for 24 hours at 100 oC. Both 
the structure and morphology do not change after the 
treatment, suggesting Mn-ZSM-5 is quite stable under 
steaming. The Si to Mn ratio does not increase, show-
ing the manganese might be in the zeolite framework 
and strongly bonded.  XRD, SEM and EDAX meas-
urements of the sample before and after ion-exchange 
are listed in supporting materials (Figures S7, S8, and 
S9). 
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Figure 12. CO-TPR profiles of Mn-ZSM-5 (all silica, 0.5 %, 
1 %, and 2 %). 

Auto-Reduction and Oxygen Evolution. Syn-
thesized 2% Mn-ZSM-5 was degassed under 400 oC in 
the Micromeritics ASAP 2010 for 6 hours. The UV-Vis 
spectra were taken before and after this operation. 
Based on Figure 13, the maximum absorption at both 
250 nm and 520 nm decreases considerably after de-
gassing and is accompanied by a color change from 
dark pink to pure white after degassing. When ex-
posed to air, the absorption is restored in 48 hours 
and is also observed from the color of the material re-
turning to dark pink (Figure S10). The same phenom-
enon has been found in other transition metal loaded 
zeolites1. This is the first report for Mn loaded ZSM-5 
zeolites. The auto-reduction might be due to the de-
hydration and desorption of O2 between the 
Mn3+(OH)x sites1. 

Oxygen evolution is also observed from TGA analy-
sis by comparing the results from N2 with those from 
O2. For the samples run under N2, the discrepancy of 
the TGA curves appears at 120 oC, and then develops 
into a major weight loss gap after 400 oC. However, 
for the samples tested under O2, there is no significant 
difference of weight loss until 430 oC. This unambigu-
ous result points to the observation that the difference 
should come from not only loss of water. Oxygen is 
evolving from the Mn-ZSM-5 samples, producing the 
gap at 120 oC. Since there is an excess of O2 for the O2-
TGA, that result could be balanced with depleted oxy-
gen from the Mn-ZSM-5, because equilibrium is 
quickly reached between the sample and the O2 at-
mosphere. Thus, the gap of the weight loss between 
pure Si-ZSM-5 and 2 % Mn-ZSM-5 is not observed. 
Nevertheless, under N2, there is no O2 in the atmos-
phere to replenish the depleted vacancy, and the oxy-
gen is released without being replenished. Most im-
portantly, the TGA results agree with our observation 
of the degassing process, and when the sample is acti-
vated in air or oxygen. The color change does not take 
place as in the degassing process due to unchanged 
bonding between Mn and oxygen. The color change of 
the material is relevant to the oxygen evolution, and 
may be due to the changing coordination of Mn when 
the coordinated Mn-O bond is broken, accompanied 
by novel photo-absorption properties and catalytic 

properties42. The introduction of Mn is crucial to 

 

Figure 13. UV-Vis absorption spectra of degassed 2 % Mn-
ZSM-5 after being exposed to air for different periods from 
0~72 hours along with the absorption of the initial sample 
before degassing. 

the production of oxidative sites  in order to maintain an 
evolution-replenishing process. 

Manganese Substituted in the Zeolite Struc-
ture. X-ray diffraction data for the synthesized Si-ZSM-
5 and Mn-containing ZSM-5 material show the mono-
clinic MFI zeolite structure, space group p21/n. The data 
are indexed according to a research paper by Artioli et 
al.43. The calculated crystal structure data are listed in 
Table 2. 

Table 2. XRD Lattice Constants a, b, c, and (alpha, beta, 

gamma) for Synthesized Mn-ZSM-5 Materials with a 

Monoclinic Structure.   

Sam-
ples  

a b c α β γ 

0 % 19.82
6675 

20.08
1666 

13.35
3065 

90.00
0000 

90.89
1998 

90.00
0000 0.5 %

%% 
19.82
6157 

20.08
1141 

13.35
2717 

90.00
0000 

90.89
1998 

90.00
0000 1 % 

Mn-
19.84
8636 

20.10
3909 

13.36
7856 

90.00
0000 

90.89
1998 

90.00
0000 2 % 

Mn-
19.910

94 
20.16
7170 

13.40
9921 

90.00
0000 

90.89
1998 

90.00
0000  

The size of unit cell increases gradually as the nominal 
amount of manganese increases (0.5 %~2 %) as reflected 
by the pronounced expansion of the a, b, and c values 
and unit cell volume (Figure S11). However, which of the 
0.5% sample are identical to the all silica sample proba-
bly due to the limited substitution the framework sites by 
using less dopants. Moreover, the beta value for all the 
synthesized materials is equal to 90.892, with alpha and 
gamma equal to 90 degrees which demonstrates a mono-
clinic crystal structure, rather than orthorhombic, where 
the alpha, beta, gamma values are all equal to 90 degrees. 
This result agrees with monoclinic lattice parameters 
published elsewhere43,44. In this case, diffraction peaks 
split between 8.7 and 9.0 degrees and are assigned to 
(020) and (200), respectively while the peak at around 
29.9 degrees was assigned to (053) and assumed to be a 
single peak. The doublets of the peak at 2θ =24.4 degrees 
are also typical monoclinic feature. This was further con-
firmed by matching the selected area electron diffraction 
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(SAED) patterns with a standard MFI type zeolite made 
by Artioli et al.43 , shown in Figure 14.  

 

Figure 14. Match of (A) standard diffraction pattern for 
monoclinic-MFI zeolite with (B) SAED pattern from exper-
iment (Figure 5 A, inset), both patterns orientated along the 
[010] plane 

The enlargement of unit cells could be explained by 
the substitution of Mn3+ in the tetrahedral framework 
of MFI zeolite, which involves an absorption at 250 
nm as a result of charge transfer from O2- to Mn3+ in 
tetrahedral coordination. On the other hand, no ab-
sorption occurred for either the non-Mn containing 
samples or the commercial manganese oxides which 
are octahedrally coordinated. Besides, there is broad 
absorption around 500 nm for all manganese contain-
ing samples, which is assigned to 6A1g to 4T2g crystal 
field transitions of Mn2+ as described in other Mn con-
taining zeolite materials35. This could be attributed to 
the Mn2+ species bonded on the surface of ZSM-5 and 
may explain the color of the material. The substitution 
of Mn in the ZSM-5 structure was also indicated by 
the shift of Raman peaks of the 5-membered ring vi-
brations of MFI type zeolite. A slight shift of the peak 
at 380 cm-1 to lower wave numbers means weakened 
Si-O bonds as the amount of Mn increases and with-
out showing extra peaks due to Mn-O vibrations until 
the amount of Mn increased to 2 wt%. The increasing 
absorption of UV-Visible light, the red shift of the 
Raman spectra, and the increase of lattice parameters, 
all provide strong evidence for the incorporation of 
Mn in the zeolite framework occurring during the syn-
thesis. 

Amorphous Manganese Species on the Sur-
face. Based on the X-ray diffraction data, there are no 
crystalline manganese oxides phases in all the man-
ganese containing materials, but clear evidence that 
extra Mn-containing phases exist on the surface is 
shown by UV-Vis, and Raman, as well as XPS. 

The broad UV-Vis absorption peak at 500 nm rep-
resents the possible existence of Mn2+ on the surface 
of Mn-ZSM-5 material. The same phenomenon has 
been observed for the Mn containing MCM-41 zeolite 
material prepared by a similar direct hydrothermal 
synthesis45. Nevertheless, the Raman spectroscopy 
provided direct evidence of the occurrence of MnOx 

species on the surface. The new peak centered at 560 
cm-1 was assigned to symmetric stretching of the Mn-
O-Si in the framework, whereas the band at 628 cm-1 
could be ascribed to surface manganese species from 

manganese substitution of surface bonded OH groups. 
Similar results have been reported for Mn-MCM-41 
and silica supported manganese oxides 31,45.  Raman 
spectra taken from different micrometer sized parti-
cles (assisted by high resolution microscopy) have 
shown a pronounced different relative intensity of 
multiple vibration bands which further confirms the 
inhomogeneous property of the high loading Mn-
ZSM-5 (2 %), probably caused by the unevenly dis-
tributed Mn surface bonding species.  Surface manga-
nese is also suggested by XPS results, as the assign-
ment of a deconvoluted peak at about 529.7~529.9 eV 
shows, with an increasing ratio from 2.92 % in the 
0.5 % Mn to 6.2 % in the 2 % Mn sample, and a com-
parable ratio  of 6.57 % in the 1% sample, when the to-
tal oxygen bonding is considered as a unit. 

Highly Selective Catalytic Properties. The re-
dox activity of the Mn-doped zeolites was studied by 
both catalytic gas phase benzyl alcohol oxidation and 
toluene total oxidation. The catalysts are active and 
selective for both reactions but in different tempera-
ture ranges. For the benzyl alcohol oxidation, the fea-
sible temperature range for catalytic activity is be-
tween 300 oC and 350 oC, in which the benzyl alcohol 
was selectively converted to benzaldehyde. Complete 
oxidation was found when the temperature increased 
to 400 oC by detecting abundant carbon dioxide in the 
gas phase products. More than 50 % yield was 
achieved at 350 0C with 80 % selectivity. The TOF 
number is as high as 88 h-1 by considering Mn as the 
only active sites (Supporting information). The total 
oxidation for benzyl alcohol which occurs at tempera-
tures higher than 350 0C is undesirable, but if applied 
as a catalyst for toluene conversion, then this process 
affords total oxidation. This assumption was realized 
by running the Mn containing ZSM-5 in a gas phase 
toluene oxidation system, with undoped Si-ZSM-5 as 
a blank and 2% MnO2 physically mixed blank as a 
control. The experimental results showed that the 
synthesized Mn-containing zeolite is much more ac-
tive than both the physically mixed sample and the 
blank. The 2 % Mn-ZSM-5 showed 65 % conversion 
and 100 % selectivity of carbon dioxide at 400 oC 
compared with the blank which had less than 1 % con-
version under the same conditions. The proportional 
increase in activity as a concomitant increase in the 
amount of Mn added provides validity for the redox 
activity of manganese introduced by one step synthe-
sis. 

Comparison of Experiments and Calcula-
tions. The performance of Mn-ZSM-5 doped zeolites 
depends strongly on the Mn environment.  The XRD 
data given above reveals that the unit cell volume in-
creases linearly with increasing Mn leading to the 
supposition of isomorphous substitution of Mn at tet-
rahedral framework sites.  Since Mn3+ is more in-
clined than Mn2+ to be substituted for Si4+, part of the 
manganese ions may be incorporated into the frame-
work of ZSM-5 preferentially as Mn3+.  On the other 
hand, it is also possible to have Mn species located at 
extra-framework positions as either Mn2+, Mn3+, or 
possibly Mn4+ ions. UV-Vis spectroscopy is one of the 
most useful tools to study the local of the Mnq+ envi-
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ronment where electronic spectra show various types 
of absorptions including d �d transitions on the 
manganese ion, ligand-to-metal charge transfer from 
the oxygen to the manganese,  LMCT,  (Mn3+  O2- � 
Mn2+ O-) transitions, and perhaps Ligand-Ligand (L 
� L) transitions. The wavelengths at which various 
transitions occur can be highly sensitive to the local 
environment of the Mn ion and can serve as a probe 
for determining the Mn coordination.  The experi-
mental UV-Vis absorption spectra shown in Figures 8 
and 13 are similar to those obtained previously in sev-
eral past experiments46.  

The results presented here aim to establish a corre-
lation between the experimental UV-Vis absorption 
spectra on Mn-containing samples and the calculated 
photophysical properties calculated using Time-
Dependent Density Functional Theory (TD-DFT). All 
the simulated spectra presented here are obtained 
with the SpecDis47 program using a lifetime broaden-
ing of Γ = 0.16  eV, i.e. full width at half maximum 
(fwhm). 

Structure of Model Mn(OSiH3)4- Compound 
and Embedded Mn-Zeolite Cluster. Optimized 
geometry parameters for the D2d  Mn(OSiH3)4 -      mod-
el compound and the embedded Mn-(O-SiH2 -)4, pri-
mary structure (PS), are given in Table 3. 

Table 3. Optimized Geometric Parameters for the 

Mn(OSiH3)4
-
 Model Compound and Embedded Mn-(O-

SiH2-)4
-
 Primary Structure (PS) of Mn-ZSM-5. 

                              Geometric Parameters 

                                  Mn(OSiH3)4-                 PS of Mn-ZSM-5 

   Mn-O       1.86 Å       1.86 Å 

   Si-O       1.63 Å       1.62 Å 

 O-Mn-O       1350       1070 

 O-Mn-Si       1360       1400 

 

Table 3 shows that the Mn-O and Si-O distances, as 
well as the O-Mn-Si angles, in both the Mn(OSiH3)4- 
model compound and Mn-(O-SiH2-)4 primary struc-
ture are in very good agreement. However, the O-Mn-
O angle is more open in the Mn(OSiH3)4- model com-
pound because there is a lack of constraining forces, 
and the UFF parameters used for Mn in the QM/MM 
calculation were defined for octahedral Mn2+  which 
would lead to smaller O-Mn-O angles. 

Spectra of Model Mn(OSiH3)4 –  Compound 
and Embedded Mn-zeolite Cluster. Simulated 
UV-Vis spectra for the model compound and the em-
bedded Mn-Zeolite cluster model are given for 
Mn(OSiH3)4 -  in Figure 15 which also provides a com-
parison of the calculated spectra for these two model 
compounds. The calculated UV-Vis spectrum of the 
Mn(OSiH3)4 -  model compound in Figure 15 is in good 
agreement with the experimental spectra given in 
Figures 8 and 13. These data show a peak at about 
500 nm which is a result of a Mn(d �d) transition, 
and is often attributed to surface MnOyx-  products 
which might also be present.   

 

Figure 15. Simulated UV-Vis spectra of the model  
Mn(OSiH3)4 -  compound and an Mn ion inserted into the 
zeolite  framework. 

However, it is possible that all peaks in the experi-
mental spectra come from framework Mn ions em-
bedded in a tetrahedral environment.  The peak 
shown at the shorter wavelength region, 300-450 nm 
is due to transitions that have both Mn(d � d) and 
Ligand (π � Mn(d) ) character to the wave function.  
Finally, the highest energy peak in the region of 200-
280 nm is the result of metal ligand charge transfer 
(MLCT) electronic transitions of the type, Mn3+ O2-  � 
Mn2+ O- . The low-energy peak in the 500 nm-600 nm 
range is missing from the spectrum of the Mn-
embedded zeolite cluster shown in Figure 15. The O-
Mn-O angle is more constrained to a smaller value in 
the Mn-embedded zeolite cluster compared to the 
Mn(OSiH3)4- model compound, caused both by the re-
straining effect of the surrounding zeolite framework 
and by the lack of UFF parameters for four-coordinate 
Mn3+. Thus, the interaction of O π orbitals with Mn d 
orbitals is attenuated as the O-Mn-O angle decreases 
causing the d orbital splitting to increase with a con-
comitant increase in d-d excitation energy. 

Calculated Spectra of Manganese Oxides. 
The existence of manganese oxide species on the sur-
face on Mn-ZSM-5 zeolites is a thorny problem that is 
difficult to understand clearly. As discussed earlier, 
the 500 nm absorption peak obtained with diffuse re-
flectance spectroscopy seems to indicate the presence 
of either  Mn2+ or Mn3+ on the surface of the Mn-ZSM-
5 material. However, the calculated electronic absorp-
tion spectrum of Mn(OSiH3)4- as a model for a frame-
work Mn ion does indeed have a transition energy in 
the 500 nm range.  Nevertheless, it may be also possi-
ble to have species containing Mn ions located at ex-
tra-framework positions which are capable of yielding 
a peak at 500 nm.  It becomes interesting to investi-
gate the absorption spectra of related model manga-
nese oxide anions to determine whether or not their 
existence is possible on the Mn-ZSM-5 surface. The 
calculated absorption spectra of six-coordinate 
MnO610- (Mn(II)) and MnO69- (Mn(III)) model com-
pounds are given in Figure 16. 
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Figure 16. Simulated UV-Vis spectra of the six-coordinate 
MnO610- , Mn(II) and MnO69- , Mn(III) model oxides. For 
the Mn2+ (d5) oxide, an Mn-O distance of 2.00 Å with Oh  
symmetry was used, while the Mn3+ (d4) oxide was tetrago-
nally distorted to D4h  symmetry,  having distances of Mn-
Oaxial   = 2.20 Å and Mn-Oequitorial  = 2.00 Å48. 

One striking feature of  the calculated spectra pre-
sented in Figure 16 is the absence of an absorption 
peak at 250 nm as shown in Figures 8 and 13 which 
demonstrates with reasonable certainty that the 250 
nm absorption feature is not due to six-coordinate 
surface oxides.  The peaks at 500-700 nm and 300 
nm have been also observed experimentally48b,49 and 
provide additional confidence in the calculated ab-
sorption spectra. Similar results were also obtained 
for high-oxidation state, four-coordinate manganese 
oxides. 

Conclusion 

In summary, we have shown a facile synthesis of 
Mn-containing high silica ZSM-5 zeolite in a single 
step with concomitant novel optical absorption and 
catalytic properties. The manganese substituted in the 
zeolite framework was proven by XRD refinements 
showing enlarged lattice parameters consistent with 
the increasing amounts of manganese. Multiple spec-
troscopic techniques IR, Raman and UV-visible ab-
sorption, as well as elemental analysis such as XPS 
and EDXS suggested the coexistence of both frame-
work Mn sites and a possible foreign phase, depend-
ing on the amount of dopants.  In addition, we per-
formed TD-DFT calculations on excited states to sim-
ulate the photophysical properties of Mn-containing 
zeolites for the first time by building model com-
pounds (e.g. H3Si−O–) in four- and six-fold coordina-
tion to Mn-O bonding; Mn containing clusters in zeo-
lites were also built, which considered crystal con-
straints practically. Simulated spectra correlate with 
the experimental UV-visible absorption reasonably 
well. Therefore, the validity of Mn-containing zeolites 
is strengthened from both experimental and theoreti-
cal aspects. Theoretical studies were also extended to 
simulate the absorption of manganese ions in four- 
and six-fold coordination. Absence of absorption for 
the six coordinated [Mn(II/III)O6]10-/9- species at 250 
nm suggest the validity of Mn3+ in tetrahedral frame-

work sites, yet their presence as surface species can-
not be ruled out due to  a strong absorption at 500 
nm( e.g. [Mn(II)O6]10-). The variable coordination of 
the Mn bonding with oxygen in the Mn-ZSM-5 
showed novel color changing properties with varying 
the oxygen atmosphere to an inert atmosphere. How-
ever, the system maintained a comparably stable oxi-
dative property by tentative oxygen depletion and re-
plenishing mechanism under oxygen as supported by 
TGA and TPR data. Finally, for the first time this Mn-
ZSM-5 has shown remarkable activity in catalyzing 
both benzyl alcohol oxidation and toluene oxidation. 
This combined experimental and modeling study 
opens up a new way to design and identify TM doped 
zeolites and provides solid evidence for potential ap-
plications in heterogeneous catalysis. 
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