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Exploration of a Standing Mesochannel System with
Antimatter/Matter Atomic Probes**
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Kazuyuki Kuroda, and Allen P. Mills Jr.
Since the discovery of mesoporous materials through the

self-organization of surfactants,[1–4] a huge number of meso-

porous materials with various morphologies including powders,

monoliths, spheres, rods, fibers, and films have been reported.

Continuous mesoporous silica films with high transparency,
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regularly ordered mesoporous structures, and high surface

areas have attracted broad interest because of their wide

applicability in optics and electronics.[5–9] Controlling the

alignment of mesochannels in 2D hexagonally ordered

mesoporous films is of technological interest because of their

applications ranging from ultrahigh-density magnetic record-

ing media to sensitive gas sensors and separation technologies.

This attractive pore system can be used as next-generation

hosts for numerous molecular and cluster-based catalysts,[10]

for selective sequestration of contaminants[11] and chromato-

graphy,[12] for the stabilization of conducting nanoscale

wires,[13–15] as a matrix for carbon casting,[16] and for novel

drug-delivery systems.[17,18] The transport of guest molecules

in the channels is of importance for successful preparation or

for the functionality of the materials. However, no techniques

have been available to track the particle trajectories inside such

standing mesochannel systems. A recently developed new

technique using molecular probes[19] cannot address this

problem because it only gives horizontal information.

Mesoporous structures are commonly characterized with

X-ray diffraction,[20–22] electron microscopy methods,[23,24] gas

sorption techniques,[25] pulsed-field gradient NMR spectro-

scopy,[26] and neutron scattering.[27] Fluorescence correlation

spectroscopy was recently applied to study diffusion in meso-

porous films,[19] and individual trajectories were obtained.

However, this technique only gives information on the particle

trajectories parallel to the film substrate. On the other hand, a

quantitative measurement of the accessibility towards the

outside of a recently developed magnetically induced standing

2D hexagonal mesoporous film would provide important

information on the fabrication of a patterned recording

medium, which would be a promising candidate for the next

generation of perpendicular recording media beyond 1 Tbit

inch�2, highly sensitive chemical sensors, and separation

membranes for molecules that are too large to process with

crystalline zeolite molecular sieves.

In this paper, depth-profiled positronium time-of-flight

(Ps-TOF) spectroscopy[28–30] serves to provide the accessibility

of standing 2D hexagonal mesoporous film for the first time.

Such mesochannels form a passage allowing positronium

atoms (Fig. 1d) to diffuse and escape into vacuum. Ps-TOF

measures the time between when Ps was generated in the

mesoporous silica and when Ps escaped from the surface of the

film. The results give a detailed picture of the structure and

connectivity for different depths and different mesopore

systems. Similar to a molecular technique developed by
H & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 4728–4733
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Figure 1. a) Schematic layout of the experimental setup. b) The principle of Ps-TOF measure-
ment. c) The conceptual view of three different mesoporous films: standing 2D hexagonal, lying
2D hexagonal, and 3D hexagonal mesoporous films. d) The conceptual view of depth profiling
and Ps diffusion in three different mesoporous films: standing 2D hexagonal, lying 2D hexagonal,
and 3D hexagonal mesoporous films.
Kirstein et al.,[19] Ps atoms directly leave the inner pore system

of the host. An advantage of this technique—contrary to the

molecular technique—is that vertical accessibility of the pore

system can be obtained by tracking Ps atoms that diffuse out of

the sample. This is difficult to measure with the molecular

technique because the thickness of the sample, which is usually

hundreds of monometers, is too thin to track single molecules

by fluorescence microscopy techniques. Positronium annihila-

tion lifetime spectroscopy (PALS)[31–35] has been widely applied

to study mesoporous silica. However, the use of the lifetime of

positronium can be limited for measuring the pore size and it is
Adv. Mater. 2008, 20, 4728–4733 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA,
therefore difficult to establish pore connec-

tivity and accessibility.

The mesoporous silica film with perpendi-

cular mesochannels was prepared by applying

a magnetic field of 12 T (Fig. 2).[36] The

conventional u–2u X-ray diffraction (XRD)

profile of the mesoporous silica film shows

one broad peak,[36] while that of a meso-

porous silica film without a magnetic field

shows two peaks corresponding to (10) and

(20) diffractions of ordered 2D-hexagonal

structure (Fig. 2d). The intensity of (10)

diffraction is decreased dramatically by

applying a high magnetic field. With u–2u

XRD measurements, only structural infor-

mation parallel to substrate can be

obtained.[37] Therefore, the intensity

decrease strongly suggests that the orienta-

tion of the mesochannels in the film was

induced along the direction perpendicular

to the substrate. In some domains, meso-

channels were inclined at about 408–708 to

the substrate, while the mesochannels were

aligned completely perpendicularly to the

substrate in other domains of the inner parts

of the film (Fig. 2e). The mesostructure of

this sample has already been confirmed by

cross-sectional transmission electron micro-

scopy (TEM) images in our previous

study.[38] Figure 2f shows a top-surface

scanning electron microscopy (SEM) image

of the mesoporous silica film without mag-

netic field. All the 2D mesochannels are

oriented parallel to the surface of the film,

showing several types of morphologies, such

as S-, Y-, and swirl-shapes.[39] Note that it is

difficult to judge the true size of the domains

of mesoporous crystals in lying 2D hexagonal

mesoporous film. Furthermore, TEM and

SEM images give no information about the

real connectivity of the pores for molecules

diffusing in them. A nitrogen adsorption-

desorption isotherm of the calcined film

synthesized under 12 T was characteristic of

mesoporous materials. The Brunauer-
Emmett-Teller (BET) surface area was about 840 m2 g�1.

The presence of both mesopores (9.0 nm) and micropores

(below 3 nm) was observable. The density was 0.62 g cm�3.

These values were similar to those of the film synthesized

under 0 or 12 T, which is the same phenomenon as the CTAB

system.[40] Such microporosity has been observed for meso-

porous materials prepared by block-copolymers such as

P123,[41] and thus provide the space for Ps (0.5 nm in diameter)

molecular movement. The 3D hexagonal mesoporous film was

prepared by spin-coating according to a previous study.[38]

The diameter of spherical mesopores and the BET surface
Weinheim www.advmat.de 4729
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Figure 2. a) Schematic view of the experimental setup of preparation of mesoporous silica films
under a magnetic field of 12 T which is generated by a hybrid magnet. b) The enlarged image near
the film. c) The chemical structure of the surfactant. d) u–2u scanning XRD profiles of the calcined
films synthesized under 0 (top) and 12 Tesla (bottom). Top-surface SEM image of the calcined film
synthesized under 0 T (e) and 12 T (f).
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area are 5.4 nm and 523 m2 g�1, respectively. The density was

1.13 g cm�3.

The Ps-TOF was measured at the Slow Positron Facility,

High Energy Accelerator Research Organization.[42] The

facility consists of a 50 MeV linac, an assembly of slow

positron generator, a slow positron transport line, and an

experimental station. For the TOF measurements, the sample

is bombarded with a slow positron beam (Fig. 1a). The time

interval between the linac signal and the detection of the

gamma ray from the emitted Ps self-annihilation is measured.

In the present experiment, a lead collimator was placed to

reduce the annihilation gamma rays from the sample region to

detect only the decay events from self-annihilation of Ps in the
www.advmat.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
view of the scintillation counters through a

4.5 mm lead slit, as shown in Figure 1b.

Ps-TOF accurately provides the time bet-

ween when Ps is generated in the porous

silica and when Ps escapes from the surface

of the sample and arrives at the position of

the slit (Fig. 1b) by measuring the time

between the initial burst (a sum of fast Ps

decay events) and o-Ps decay events. If the

o-Ps diffusion time is longer than its lifetime

of 10–100 ns (depending on the diameter of

the mesochannels), it decays in the sample

and cannot be detected by the counters.

Beam-based Ps-TOF possesses the parti-

cular advantage of being capable of depth-

profiling very thin films. The positron-

implantation depth can be controlled pre-

cisely to a resolution of up to 10 nm by

changing the positron implantation energy.

We used depth-profiled Ps-TOF spectro-

scopy to explore the vertical accessibility

and connectivity of standing and lying 2D

hexagonal mesochannel systems of the

mesoporous silica film in comparison refer-

ence to that of a 3D hexagonal system

(Fig. 1c and 1d).

We performed a Ps-TOF measurement

experiment at the downstream end of the

beam line. The pulse heights, the annihila-

tion gamma rays, and the time when

annihilation events occur are recorded by

a digital oscilloscope (LeCroy Wavepro

960). A pulse fed from the linac triggered

the start. The scintillator was 600 mm in

diameter and 10 mm thick and was coupled

on opposite sides to a photomultiplier tube

(HAMAMATSU H 1949) through a Lucite

light guide (Fig. 1a). The vacuum level in the

sample chamber was kept at 10�8–10�9 Torr

(1 Torr¼ 133 Pa) throughout the experi-

ment. The sample bias can be varied in the

range of 0–9 keV by changing the electric

potential of the sample by using a retarding
element (RET). The energy of the slow positron beam is 5 keV.

The beam size was 1 cm in diameter. The beam intensity

and the pulse width were 2� 105 positrons/pulse and 22 ns,

respectively.

Figure 3a shows the Ps-TOF spectrum of the lying 2D

hexagonal mesoporous film for the sample position, z¼ 0 mm

(the distance between the slit and the sample position). In this

case, we directly observe o-Ps annihilations in the pores. The

spectrum curve will have a characteristic lifetime, which is the

same as the lifetime of the Ps in the pores. This turns out to

be 106 ns, which is exactly the same value as found in previous

measurements on porous materials of similar characteristics,

i.e., having 9 nm pores.[43] Figure 3b shows the Ps-TOF
Adv. Mater. 2008, 20, 4728–4733
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Figure 3. a) Ps-TOF spectrum from the lying 2D hexagonal mesoporous film for the sample
position, z¼ 0mm (the distance between the slit and the sample position). The time t was set to
zero at the early peak. The counts for t< 0 are associated with gamma rays and neutrons from the
bremsstrahlung pair production target. b) The Ps-TOF spectrum for the different sample
positions, z¼ 45mm and z¼ 60mm. Ps-TOF spectra for various positron impact energies,
0.5 keV, 1.0 keV, and 1.5 keV for c) standing and d) lying 2D hexagonal films, respectively. The
distance between the sample and the detector slit is 45mm. e) A ratio of the Ps yield from the
samples to total decay events as a function of the positron implantation depth. f) Double
logarithmic plots of the mean square vertical displacement d2?

� �
versus Ps diffusion time t.
spectrum for the different sample positions, z¼ 45 mm and

z¼ 60 mm. The positron impact energy is 500 eV. All the data

were normalized to the event number (100 000 events). The

early peak in Figure 3 is a sum of fast Ps decay events, which

essentially represents the time when Ps atoms are produced in

the film. The width of the peak is determined by the linac pulse

width. This peak does not provide information on the
Adv. Mater. 2008, 20, 4728–4733 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
nanoporous structure and is neglected in

the following discussion. The time was set to

zero at the maximum of this peak. When the

positrons are implanted into the mesoporous

film using an implantation energy of 500 eV,

they find themselves in porous silica, which

forms positronium efficiently. This Ps will

essentially be emitted instantaneously com-

pared to the relevant times of flight, which are

90 ns for z¼ 45 mm and 105 ns for z¼ 60 mm,

thus leading to the small delayed peak at the

position of the vertical bar in Figure 3b. We

can assume that the pores at the surface of the

film are half opened (Fig. 1d). This is

easily understood, because the velocity

of the emitted positronium, 15 mm/15 ns¼
108 cm s�1 (EPs¼ 3 eV) is characteristic of the

Ps negative affinity for amorphous silica as

reported by Sferlazzo et al.[44]

Figure 3c and 3d show the Ps-TOF spectra

for various positron impact energies, 0.5 keV,

1.0 keV, and 1.5 keV for standing and lying

2D hexagonal films, respectively. The dis-

tance between the sample and the detector

slit is 45 mm. Figure 3e shows the ratio of the

Ps yield from the samples to total decay

events as a function of positron implantation

depth. This plot was extracted from Figure 3c

and 3d. The ratio was calculated by

RPs¼ (NPs150–500 ns� k)/(NPs � k), where NPs

is the number of total decay events,NPs150–500 ns

the number of decay events integrated over

the region from 150 ns to 500 ns, and k a

background constant. The variations in Ps

yield reflect the sample structure. As shown

in Figure 3e, at 0.5 keV, the fractions of the Ps

yield from 2D and 3D hexagonal films are

almost the same. This is probably because the

first layer of mesopores at the top surface is

open on all samples (Fig. 1d), as confirmed by

high-resolution scanning electron microscopy

(HR-SEM). Above 1 keV the Ps forms

copiously in the mesopores and escapes

through either mesopores or micropores in

the pore walls. Our picture is as follows: a) in

the standing 2D hexagonal mesoporous film,

Ps escapes mostly through mesopores, and

b) in the lying 2D and 3D hexagonal samples

Ps escapes through micropores. However, the
micropores themselves do not lead to significant Ps emission at

higher implantation energies because the micropore density is

low, leading to a large difference in the Ps emission rate

between standing and lying 2D mesochannel systems.

The different diffusive behavior can also be visualized by

plotting the mean square vertical displacement d2
?

� �
of the Ps

atoms as a function of Ps diffusion time t (Fig. 3f).[45] The
, Weinheim www.advmat.de 4731
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vertical displacement d? was computed from the positron

stopping power and the density of the sample (0.62 g cm�3 for

the 2D hexagonal and 1.13 g cm�3 for the 3D hexagonal

sample). The Ps diffusion time is defined as –ln(FPs � t), where

FPs is the fraction of the Ps emitted from the sample surface and

t is the characteristic Ps lifetime. Assuming regular Brownian

motion according to the Einstein-Smoluchowski relation,

d2
� �

¼ 2 nDt[46], with n¼ 1, 2 or 3 corresponding to one-,

two- or three-dimensional diffusion, respectively. The diffu-

sion coefficient D can be extracted from the vertical intercepts

of double logarithmic plots of d2
� �

versus t. Figure 3f (red and

blue lines) shows clearly that a big difference exists between

standing and lying 2D hexagonal mesoporous films. This can be

explained by the difference in vertical accessibility of these

films. The diffusion coefficients differ by an order of magnitude

between two different alignments in mesochannel systems,

standing and lying. A dark green dotted line (Fig. 3f) for the 3D

hexagonal film is also shown. In a typical synthesis using P123

surfactant, hexagonal, cubic, and lamellar mesostructures are

produced. In this study we investigated how the positronium

time-of-flight spectrum is affected in different mesostructural

phases. It is difficult for us to use a sample with a lamellar

structure as a reference, because mesopores disappear when

they are calcinated. Therefore, we used the cubic structure as

reference. Because the pore/pore wall ratio in the 3D

hexagonal film is smaller than that in the 2D hexagonal film,

Ps diffuses slower in 3D hexagonal film than in 2D hexagonal

film. An interesting observation for the 2D hexagonal

mesochannel system is that the plots for this system are

almost linear, while that for a 3D hexagonal system bends

towards a horizontal asymptote as the implantation depth

becomes deeper. A horizontal asymptote for a 3D hexagonal

system is characteristic of diffusion in confined regions, which

in our case are the domain explored by Ps. The domain size of

this 3D hexagonal system, extracted from the horizontal

asymptote is a few hundred nanometers, which is consistent

with the size of the domain extracted from a direct HR-SEM

observation of a 3D hexagonal film of similar characteris-

tics.[35] On the other hand, the linear plots for 2D hexagonal

films show that clear domains cannot be observed in 2D

hexagonal samples. This domainless structure has also been

confirmed by a direct HR-SEM observation of a 2D hexagonal

film.[36] The diffusivities given above confirm that there are no

clear domains in a magnetically induced standing 2D

hexagonal mesochannel system.

We have shown how tracking Ps by Ps-TOF techniques can

be used to study anisotropic mesoporous systems. We

measured the Ps-TOF for several mesochannel systems with

the standing and lying 2D hexagonal and 3D hexagonal

systems in order to investigate the vertical connectivity and

accessibility of the mesochannels to the outside, and we

showed that the diffusion coefficient of the standing 2D

hexagonal film is an order of magnitude bigger than the lying

2D and 3D hexagonal films. Whereas molecular probe

methods are restricted to horizontal exploration parallel to

the substrate, we can use depth-profiled Ps-TOF spectroscopy
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
to investigate the vertical structure. These data provide direct

information about nanometer-scale connectivity and accessi-

bility of the channels, and the structural domains within the

porous sample. We anticipate that standing 2D hexagonal

mesochannel systems will become a candidate for next-

generation host materials. The methodology for exploring

the vertical structure of anisotropic mesochannel systems has

been established. The method is also applicable to exploring

nonartificial nanostructural materials, such as the nanostruc-

ture of terrestrial magmatic products or meteorites.
Experimental

Materials: Tetraethoxysilane ((C2H5O)4Si, TEOS, purity >99.0%)
as Si source was purchased from Kishida Chemical Co. Polyethylene
oxide-polypropylene oxide-polyethylene oxide triblock copolymers of
EO20-PO70-EO20 (Pluronic P123) was purchased from Aldrich
Chemical Co. Ethanol (C2H5OH) and hydrochloric acid (HCl) were
purchased from Junsei Chemical Co. and Kanto Chemical Co.,
respectively.

Preparation of Mesoporous Silica Films: The P123-based precursor
solution was prepared according to previous reports [33] TEOS (5.2 g),
ethanol (6 g), and diluted HCl (pH 2) solution (2.7 g) were mixed. After
stirring for 20 min, P123 (1.38 g) and ethanol (4 g) were added and
stirred for 3 h. Total molar ratio is 16.6 TEOS/0.158 P123/0.0180 HCl/
145 C2H5OH/100 �H2O. The precursor solution was cast onto a glass
substrate. Then, the substrate was immediately put into the conductive
magnet within a few seconds. The film was dried for 1 h at room
temperature under high magnetic field (12 Tesla) perpendicular to the
substrates. After drying, the as-prepared film was calcined at 400 8C for
4 h at the heating rate of 1 8C min�1.

Characterization: The u–2u XRD profiles in the lower diffraction
angles were measured by a Mac Science M03XHF22 diffractometer
with Mn-filtered Fe Ka radiation (40 kV, 20 mA) at a scanning rate of
0.58 min�1. The cross-sectional slices of film, less than 100 nm in
thickness, were prepared by using an ultramicrotome. TEM images
were acquired by a JEOL JEM-2010 transmission electron microscope
using an accelerating voltage of 200 kV. The HR-SEM images without
any metal coating were obtained with a Hitachi S-5500 scanning
electron microscope using an accelerating voltage of 20 kV. Nitrogen
adsorption and desorption isotherms were obtained using an Auto-
sorb-1 instrument (Quantachrome Instruments, Inc) at 77 K. The
calcined mesoporous silica film was heated at 120 8C for 3 h prior to
measurement.
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