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Abstract

Mesoporous silica was loaded with nanoparticulate MnS via a simple post-synthesis treatment. The mesoporous material that still

contained surfactant was passivated to prevent MnS formation at the surface. The surfactant was extracted and a novel manganese

ethylxanthate was used to impregnate the pore network. This precursor thermally decomposes to yield MnS particles that are smaller or

equal to the pore size. The particles exhibit all three common polymorphs. The passivation treatment is most effective at lower loadings

because at the highest loadings (SiO2:MnS molar ratio of 6:1) large particles (450 nm) form at the exterior of the mesoporous particles.

The integrity of the mesoporous network is maintained through the preparation and high order is maintained. The MnS particles exhibit

unexpected ferromagnetism at low temperatures. Strong luminescence of these samples is observed and this suggests that they may have a

range of important application areas.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The constrained growth of metal and semiconductor
nanoparticles and nanowires within the nanoscale channels
of mesoporous silica materials [1] has been keenly
researched. Ordered mesoporous materials are ideal
templates because of their uniform pore size, highly
periodic structures, dense pore packing as well as high
chemical and thermal stability. Thus, these ‘nanomolds’
confer the ability to control nanoparticulate size, shape and
organization. In Cork we have pioneered the use of these
materials to form semiconductor and other inorganic
nanowires [2–4]. Several studies have explored the pre-
paration of metal sulfides using mesoporous silica powder/
film templates including CdS [5], ZnS [6] and PbS [7]. Shi
e front matter r 2007 Elsevier Inc. All rights reserved.
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et al. [8] have reviewed a range of methods for the
incorporation of sulfide materials into ordered mesoporous
materials.
Sulfides are an important class of semiconductors.

Manganese sulfide (MnS) has a number of potential
applications based on its magnetic properties and wide
bandgap energy (3.2 eV) [9]. It may have importance as a
dilute magnetic semiconductor [10], in solar cells [11] and
various other applications [12]. Importantly, luminescent
properties of nanocrystalline MnS in silica xerogels have
been demonstrated [13]. In all of these applications, control
of particle size, shape and crystallography is of strict
importance and, thus, the synthesis of the MnS is critical.
Various preparation methodologies have been used includ-
ing chemical bath deposition [14], solvothermal routes [15]
and molecular beam epitaxy (MBE) [16]. In order to
produce well-defined MnS materials, we have adapted
a mesoporous silica templating route coupled to the use
of novel xanthate precursors (as previously developed for
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ZnS preparation [17]). These single source metal sulfide
precursors are attractive as they are air-stable, suitable for
the synthesis of a wide range of metal sulfides and should
facilitate high yields and stoichiometric control. The results
presented here demonstrate the practicality of this synthesis
strategy.
2. Experimental

2.1. Sample preparation

All chemicals MnCl2 � 4H2O, N,N,N0-tetramethylenedia-
mine (TMEDA), potassium O-ethylxanthate [K(Xan)],
tetraethoxysilane (TEOS), trimethylchlorosilane (TMCS)
and solvents were supplied by Aldrich Chemical Co. and
used as-received. The PluronicTM non-ionic polyethylene
oxide–polypropylene oxide–polyethylene oxide triblock
copolymer (EO20PO69EO20) was used as the structural
directing agent (SDA) in mesoporous silica formation.
Manganese ethylxanthate (Mn[(S2COEt)2]TMEDA) was
synthesized by a method modified from Cusack et al. [18].
TMEDA (0.58 g, 5mmol, 0.75ml) was added to an
aqueous solution of MnCl2 � 4H2O (0.990 g, 5mmol) while
stirring. An aqueous solution of K(Xan) (1.60 g, 10mmol)
was added drop wise to this mixture and stirred for 30min.
The solid was recovered by filtration and washed copiously
with water before being dried under vacuum for 12 h. The
manganese ethylxanthate product was confirmed by
elemental analysis (within 0.1wt%), infra-red spectroscopy
and 1H NMR spectroscopy. Following characterization,
the Mn[(S2COEt)2]TMEDA was dispersed in 30ml of dry
tetrahydrofuran (THF) while stirring under nitrogen.

The synthesis of P123 templated mesoporous silica
(meso-SiO2) was adapted from a previously described
method [1]. 4.0 g P123 in 120ml of 2M HCl and 30ml H2O
was stirred for 30min. The mixture was subsequently
placed in a water bath and heated to 40 1C. 11.3 g of TEOS
was added. The solution was stirred at this temperature for
24 h; after this period, it was placed in an oven (60 1C) for 5
days. This permits the silica to reproduce the surfactant
network. The material was recovered after drying and the
P123 SDA was not removed. The as-recovered samples
were treated by immersion in TMCS which selectively
passivated the external surface (pores are not available
because of the presence of surfactant). The surfactant
template was then removed by solvent extraction to expose
untreated pore wall surface area. The functionalized meso-
porous material (0.25g) was then added to about 100ml of
THF. To this mixture, the Mn[(S2COEt)2]TMEDA–THF
solution was added and heated at the reflux temperature
for 24 h. After this time, the product was recovered by
filtration and dried under vacuum for 12 h. The composite
sample was then heated in a nitrogen atmosphere to 450 1C
at a ramp rate of 2 1Cmin�1 for 12 h. The procedure
was repeated using various loadings of the ethylxanthate
precursor.
2.2. Characterization methods

Microanalyses were recorded on an Exeter Analytical
Inc. CE444 CHN elemental analyzer. 1H nuclear magnetic
resonance spectroscopy (NMR) data were obtained in
CDCl3 solution at ambient temperature using a Bruker-
Arance 300 spectrometer with TMS as an internal
standard. Diffuse reflection Fourier transform infra-red
spectroscopy (DRIFTS) data sets were recorded on a Bio-
Rad Digilab FTS-3000 in the region 4000–500 cm�1. High
and Low angle XRD measurements were performed with a
Philips X’Pert diffractometer using CuKa radiation with an
anode current of 40mA and an accelerating current of
40 kVN2 adsorption–desorption experiments were per-
formed using a Micromeritics Gemini 2375 volumetric
analyzer. The samples were pretreated at 200 1C for 4 h,
and the specific surface area of the samples was determined
using the Brunauer–Emmett–Teller (BET) method. The
pore volume and pore size distribution were derived from
the desorption profiles of the isotherms using the Barrett–
Joyner–Halanda (BJH) method. The transmission electron
microscopy (TEM) micrographs were collected using a
JEOL JEM-200 FX microscope operated at 200 kV. The
sample was dispersed in absolute ethanol, sonicated and
dropped onto copper grids coated with a holey carbon film.
Magnetization measurements were performed using a
commercial SQUID (superconductor quantum interference
device) magnetometer (MPMS XL, Quantum Design) at
temperatures between 1.8 and 370K and in fields up to
30 kOe. Fluorescence spectra were recorded on a Perkin-
Elmer LS 50B spectrophotometer following sonication of
the samples in absolute ethanol.
3. Results and discussion

Thermogravimetric analysis shows strong weight loss on
heating consistent with the conversion of the manganese
ethylxanthate to MnS. Confirmation of this can be seen in
DRIFTS spectra shown in Fig. 1. The starting material
[Mn(S2COEt)2TMEDA] shows three strong bands in the
region 1190–1035 cm�1 which are characteristic of xanthate
complexes [18]. More specifically these bands are due to
vibrations from n(C–S), n(Et–O) and n(C–O). A band at
2900 cm�1 is representative of n(C–H). The characteristic
frequency of n(C–N) is present at 1460 cm�1. Bands present
around 2800–3000 cm�1 represent O–H related vibrations
from H2O in the air. Mn presence was confirmed by EDX
measurements. Preparation of the MnS-loaded meso-SiO2

is accompanied by a loss of all the xanthate related
features. Broad bands present at �3000–3500 cm�1 and
�1630 cm�1 are attributed to the stretching vibration of
hydroxyl and water at the silica surface, respectively [19].
A Si–C stretching mode is also seen at 830 cm�1 and this
can be assigned to the presence of Si–CH3 groups
suggesting that the silylation treatment of the silica surface
was effective.
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Fig. 1. DRIFTS spectra of (A) MnS xanthate complex as-prepared and

(B) the MnS-loaded meso-SiO2 material after calcinations.
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Fig. 2. Low angle XRD patterns of meso-SiO2 at various preparation

stages: (A) as synthesized, (B) TMCS passivated and (C) passivated

sample after surfactant extraction. (D)–(G) XRD of calcined MnS–meso-

SiO2 with a SiO2:MnS precursor molar ratios of (D) 50:1, (E) 25:1, (F) 8:1

and (G) 6:1. Expanded data are shown to reveal the (1 1 0) and (2 0 0)

reflections.

Table 1

Physiochemical characteristics of calcined meso-SiO2 and MnS–meso-SiO2 ma

Molar ratio SiO2:MnS Surface area (cm3/g) Pore volume (cm3/g) Po

N 477 0.62 66

50 845 0.83 67

25 718 0.69 67

8 642 0.65 67

6 441 0.45 67

Pore diameter derived from adsorption data. Wall thicknesses calculated by: u
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Fig. 2 shows the low angle XRD patterns of each
preparation stage for functionalized meso-SiO2, and of the
MnS impregnated samples. All samples display three low
angle reflections labeled as (1 0 0), (1 1 0) and (2 0 0) and are
readily assigned to the P123 hexagonally packed pore
arrangements [1]. It is clear from the data that a well-
ordered pore arrangement is maintained even at the highest
levels of doping used here (molar ratio of SiO2:MnS of 6:1).
Note that an increase in peak intensity is observed and
shown explicitly in Fig. 2(A) and (B) due to the partial
removal of the surfactant phase in the reflux conditions
used. This is due to the increased X-ray scattering contrast
between the pores and the walls. Between the data sets (C)
and (G) in Fig. 2 there is a progressive decrease in the
reflection intensity as the MnS content increases. This is
consistent with pore filling because of the reduction in the
X-ray scattering contrast between the pores and the walls
of the mesoporous material [7]. The important crystal
parameters of the calcined materials are detailed in Table 1.
It can be seen that inclusion of MnS occurs with a decrease
of the unit cell parameter. This is possibly due to the MnS
promoting increased silicate condensation during the
calcination process.
Fig. 3 shows the nitrogen adsorption–desorption iso-

therms for the pretreated meso-SiO2 and the MnS-loaded
samples. All the isotherms are of IUPAC type IV and
clearly demonstrate the mesoporous nature of the materi-
als. The effect of MnS noted in XRD data can also be seen
in the increase in the pore volume and surface area between
the unloaded and loaded sample and it is suggested this is
due to promotion of the removal of the last traces of
surfactant. Thereafter, as the MnS content increases there
is a progressive decrease in surface area and pore volume.
This is in strong agreement with the assertion that MnS is
being formed within the pore network. Note also that the
pore diameter does not vary (within experimental error)
with Mn content (apart from a small increase between
unloaded and loaded materials due to surfactant removal
as outlined above).
On close inspection of Fig. 3, it can be seen that the

isotherms show shape changes as a function of loading. As
the MnS content increases, the isotherm can be seen to be
stepped and consists of a combination of two individual
adsorption processes. This is indicative of the loading
producing two different pore sizes. Similar effects have
terials

re diameter (Å) d spacing (Å) Unit cell (Å) Wall thickness (Å)

.1 99.91 115.36 49.26

.7 94.46 109.07 41.37

.7 90.36 104.33 36.63

.5 91.41 105.56 38.06

.7 91.18 105.28 37.58

nit cell�pore diameter (unit cell=2� d(10)O3).
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Fig. 3. Top: Nitrogen adsorption–desorption isotherms of (a) unloaded

meso-SiO2 and MnS–meso-SiO2 samples with a SiO2:precursor molar

ratios of (b) 50, (c) 25, (d) 8 and (e) 6. Figs. 1 and 2 indicate two different

adsorption processes that occur for the MnS-loaded samples. Bottom:

Isotherm derived pore volume versus pore diameter plots of the same

samples.

L. Barry et al. / Journal of Solid State Chemistry 180 (2007) 3443–34493446
been seen experimentally for silica blocking of pores [20]
and has been studied theoretically [21]. This is shown
explicitly in Fig. 3 using BJH data from the desorption
data (since this is more sensitive than adsorption data to
degree of pore filling). Two distinct pore sizes of 3.5 and
5 nm are explicitly shown; as the MnS content increases,
there is a commensurate decrease of the large pore size
feature and increase in the small pore size feature. It is
concluded that the 5 nm diameters are consistent with open
pores with no MnS present while the 3.5 nm pores contain
discrete MnS nanoparticles around 1.5 nm in diameter.

The retention of good hexagonal pore ordering of the
silica and the presence of MnS particles can be demon-
strated using TEM. Typical data are shown in Fig. 4. In
Fig. 4A TEM micrographs of the meso-SiO2 following
surfactant extraction show the presence of an extended
pore system. The pores are essentially straight and show
only faint signs of internal materials which are presumably
remaining surfactant. The average pore diameter is
measured at about 7 nm, in good agreement with nitrogen
adsorption–desorption data. On MnS incorporation (Fig.
4B) the pores become grayer and accumulation of small
particles can be seen. At the highest loadings, the internal
MnS particles can be seen readily as well as external (to the
particle) MnS deposits that appear at these high contents
and are much larger (450 nm) than the internal particles
(1–5 nm). In Fig. 4C these large particles are indicated by
the arrows and clearly these are formed at the surface of
the meso-SiO2 particles. That these only appear at high
loadings suggests that the silylation treatment to preferen-
tially place material inside the pores was successful. EDX
confirms the presence of MnS. Cu (support grid), Si and
O features can also be seen. Comparison of signal heights
to an MnS standard confirms the stoichiometry as
Mn:S ¼ 1:1.
As might be imagined for small particles that are limited

in size by the pore diameter, XRD data result in
diffractograms with broad features and high background.
The profile is complex but features (as shown in Fig. 5) can
be readily assigned to the rock salt (a-phase, JCPDS card
number 72-1534), zinc blende (b-phase, JCPD card number
88-2223) and wurtzite (g-phase, JCPDS card number 40-
1289) polymorphs of the MnS structure. The silica matrix
plays a role in determining the phase exhibited as similar
treatment of the ethylxanthate produces larger (200 nm
particles) of pure zinc blende structure (inset in Fig. 5).
This is probably related to the pore structure limiting
particulate growth and particle size can determine the
relative stability of polymorphic structures [22]. Simple
Scherrer analysis is problematical because of the contribu-
tion from different polymorphs and experimentally peak
widths vary from 1.051 to 1.51 2y. The MnS crystallite size
is estimated to be between 3.5 and 5.1 nm, i.e. smaller or
equal to the pore diameter. These data suggest that the
particle size has been limited by the pore diameter.
The MnS-loaded meso-SiO2 samples show interesting

magnetic properties. These properties are briefly described
here but detailed analysis is beyond the scope of the present
paper. All three polymorphs of MnS are reported as
antiferromagnetic with a Nèel temperature in the range
75–150K [23]. In order to investigate the magnetic
properties of these nanodimensioned particles confined
within a mesoporous template, measurements were per-
formed using a magnetometer. Fig. 6 shows the zero-field-
cooled (ZFC) and field-cooled (FC) magnetization curves
in the range of 0–300K obtained for an MnS–SiO2 sample
with a SiO2:MnS molar ratio of 6:1. Similar data were
recorded at lower loadings but are not shown here for
clarity. The ZFC plot displays a clear peak at 42K due to
transition between ferromagnetic and superparamagnetic
behavior. The peak occurs at a temperature know as the
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Fig. 4. TEMmicrographs of unloaded (A) and MnS-loaded (B and C) mesoporous matrices. The SiO2:MnS precursor molar ratios of (B) 50:1 and (C) 6:1

are shown. Typical EDX spectrum indicating the presence of MnS is shown in (D). The insets of (A) and (B) are magnifications of the data for illustrative

purposes.
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Fig. 5. High angle XRD pattern of MnS (Mn:SiO2 molar ratio of 8:1)

incorporated meso-SiO2 sample. The inset shows data from manganese

ethylxanthate after similar thermal treatment.

Fig. 6. (’) Zero-field-cooled (ZFC) and (K) field-cooled (FC) magne-

tization versus temperature plots for an MnS–SiO2 sample at an external

magnetic field of 500Oe.

L. Barry et al. / Journal of Solid State Chemistry 180 (2007) 3443–3449 3447
blocking temperature, Tb (42K). This is the first time such
behavior has been seen for nanoscale MnS particles. The
transition occurs when the thermal energy becomes greater
than the barrier height for magnetization reversal and these
observations suggest the materials contain a ferromagnetic
component. This weak ferromagnetic component is prob-
ably due to ferromagnetic ordering of excess surface spins
that become more important at the dimensions observed
here [24]. As can be seen here the net magnetization
increases with decreasing temperature. This is because
thermal fluctuations decrease with decreasing temperature
and the spins can align with the applied field [25]. If the
inter-particulate magnetic coupling was strong the interac-
tion would be such to stabilize the spins in their original
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conformation thus overcoming low temperature alignment
with the magnetic field (although other explanations are
possible this seems the most likely to us). Further evidence
of the lack of inter-particle coupling is observed by
examining the temperature occurrence of the blocking
temperature. A low blocking temperature (42K) suggests a
lack of coupling to suppress thermal fluctuations of the
magnetic spins. The FC and ZFC curves overlap at high
temperatures and begin to separate �44K, indicating the
blocking temperature of the largest particles. The closeness
of the Tb to the temperature where the ZFC and FC curves
separate indicates the presence of nanoparticles with a
narrow size distribution [26] as is also suggested by the
narrow widths of the BJH plots shown in Fig. 3.

The presence of the ferromagnetic phase in these samples
is more explicitly shown in the magnetic hysteresis loops
shown in Fig. 7. It is clear that data recorded at 25 and
35K illustrate profiles typical of weak ferromagnetic
behavior. Above the blocking temperature, the ferromag-
netic component is lost as seen by the hysteresis curves
recorded at 50K and the material displays a paramagnetic
behavior. The nature of the dominant paramagnetic
behavior at 10K can also be clearly seen in the data
provided.

The MnS-loaded meso-SiO2 materials show strong
photoluminescence. Typical data (sample has a SiO2:MnS
molar ratio of 25:1) is shown in Fig. 8 but all doped
materials behave similarly. The feature at 583 nm can be
assigned directly to the 4T1-

6A1 transition in Mn2+ [13].
Previous authors have shown strong Mn2+ luminescence in
silica sol–gels co-doped with CaS and MnS but to our
knowledge this is the first observation of strong lumines-
cence in singly doped silica systems.
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4. Conclusions

This paper presents evidence that xanthate-based pre-
cursors are useful for the synthesis of sulfides. In this
approach, the methods have been extended to the inclusion
of sulfides into mesoporous materials. The use of a
silylating agent to passivate the exterior surface and thus
promote precursor decomposition within the pores was
effective at all but the highest loadings. This allows well-
dispersed particles to be formed without exterior pore
blocking. This passivation method may prove to be a useful
method for the synthesis of advanced catalysts. The pores
within the mesoporous matrix appear to prevent particle
agglomeration enabling a small particle size to be main-
tained through a 450 1C heating cycle. There is no
indication of pore collapse during the loading process or
on subsequent calcination. The particles have interesting
magnetic properties. MnS particles in the silica matrix
show weak ferromagnetic properties around 35K. This
effect is related to small nanoparticulate size. The particles
within the pores appear to be only weakly magnetically
coupled. It is clear from these studies that the magnetic
properties of nanoparticles are difficult to predict and
require extensive study.

In contrast to previous authors [13], we report strong
emission from these materials and suggest that mesoporous
silica is much more effective than simple sol–gel materials
in enhancing luminescence. The ease of preparation of
these materials and the nature of the luminescence
demands that potential applications of these samples
should be explored.
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