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’ INTRODUCTION

Characterizing complex pore structures of porous materials
is critical to enabling novel applications in diverse fields such as
adsorption, separation, catalysis, and alternative energy-based
devices. Hence, the significant attention given to SBA-15, a
mesoporous silica known to contain mesopores andmicropores
with interconnectivity.1�14 Although templated mesoporous
silicas have been studied intensively by a number of groups,
little information is available regarding the size and shape of
micropores. Mesoporous silica materials are of general interest
as catalyst supports in heterogeneous catalysis because of their
high surface area (up to 1000 m2/g) and the ability to control
the “primary” mesopore size over the 30�300 Å range. Several
excellent reviews have been published covering the synthesis,
characterization, and applications of these materials for cata-
lysis, electronics, and nanotechnology.15�17 SBA-15 is a poly-
mer-templated mesoporous silica whose structure consists of
a 2D hexagonal array of cylindrical mesopores.1,3 In contrast
to the extensive efforts in the literature to characterize the
mesopores in SBA-15,8,10,18�21 very little information is cur-
rently available regarding the size and shape of micropores. In
accordance with IUPAC conventions, by micropores, we mean
pores of radius less than 20 Å, which we distinguish from the
larger pores, other than the primary mesopores, which are
referred to variously as complementary pores5 or the secondary
mesopore network. We focus here on characterizing the size
and shape of micropores and the spatial dependence of the pore

size distribution in the polymer templated, periodic, mesopor-
ous silica, SBA-15, for both practical and fundamental reasons.

Our interest in understanding the micropore structure and
the poor hydrothermal stability22 of SBA-15 arises in develop-
ment of catalysts for production of biofuels. Unlike conditions
in traditional petroleum refining where very little water is
present, biofuel processes such as fast pyrolysis and liquefaction
yield “bio-oils” with high water content. Pyrolysis oils typically
contain 15�30% water and hundreds of oxygen containing
compounds, including alcohols, aldehydes, ketones and car-
boxylic acids.23�29 In upgrading the bio-oil to fungible fuels
using hydrodeoxygenation catalysts, hydrothermal stability of
porous silica supports is a problem. The changes in the
structure and density profile surrounding the main mesopores
under a range of steam and liquid water treatments is described
elsewhere.22 We determined that treatment in liquid water at
115 �C and 1.7 bar increased the primary mesopore diameter by
>10% while decreasing the volume of both the secondary pore
network and the micropores. Experiments reported here were
carried out on both “as-prepared” and “modified” SBA-15 to
better define the structure of the micropores in both samples so
that the effect of these micropores on transport can be studied
in the future.
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ABSTRACT: Diffraction intensity analysis of small-angle neutron scattering measurements of
dry SBA-15 have been combined with nonlocal density functional theory (NLDFT) analysis of
nitrogen desorption isotherms to characterize the micropore, secondary mesopore, and primary
mesopore structure. The radial dependence of the scattering length density, which is sensitive to
isolated surface hydroxyls, can only be modeled if the NLDFT pore size distribution is
distributed relatively uniformly throughout the silica framework, not localized in a “corona”
around the primary mesopores. Contrast matching-small angle neutron scattering (CM-SANS)
measurements, using water, decane, tributylamine, cyclohexane, and isooctane as direct probes of
the size of micropores indicate that the smallest pores in SBA-15 have diameter between 5.7 and
6.2 Å. Correlation of the minimum pore size with the onset of the micropore size distribution
provides direct evidence that the shape of the smallest micropores is cylinderlike, which is
consistent with their being due to unraveling of the polymer template.
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Recently, we have investigated the turnover frequency of
cobalt Fischer�Tropsch synthesis catalysts in a series of
mesoporous silicas and found a strong correlation between
turnover frequency and pore diameter over the 2�13 nm
range.30 The decrease in effectiveness with decreasing pore
diameter is attributed to transport limitations.30 For ideal
cylindrical mesopores in this diameter range, we would not
expect transport to limit the activity; however, a zero length
column measurement for the effective diffusivity of heptane in
the polymer-templated mesoporous silica, SBA-15 varies from
1 � 10�10 to 1 � 10�9 cm2/s, which is several orders of
magnitude smaller than expected,31 even considering adsorption
and Knudsen diffusion in secondary mesopores with void frac-
tion 0.5. A high surface area is only useful if the reactants are able
to reach the active sites (typically a metal catalyst) within the
pores efficiently and if the products can be transported rapidly
back out of the pore network. Thus, it is important to better
understand the structure of not only the main mesopores, but
also other factors, such as the secondary mesopore network and
micropores, to determine how they affect the transport proper-
ties of small molecules within the pore structure, whether for use
as catalyst supports or as templates in synthesizing new nano-
structured materials.

Early in the characterization of SBA-15, evidence appeared
that the structure could not be modeled accurately as an array of
ideal cylindrical pores. First, the secondary mesopore network is
evident as a broad tail to smaller diameter than the mesopores in
the pore size distribution plots calculated from nitrogen adsorp-
tion isotherms using the BJH method.6�8,31,32 The volume of
these pores varies systematically with synthesis conditions,
particularly the temperature and duration of the precalcination
annealing.4,6�9,33 The conditions we have chosen are reported to
yield the minimum volume of micropores and maximum in-
tensity in the higher order diffraction peaks, indicating optimal
long-range ordering of the cylindrical pores.8 Second, compar-
ison plots, such as RS plots and t-plots, give strong evidence that
micropores comprise between 20 and 60% of the total intrawall
pore volume in SBA-15, depending on synthesis conditions.31

Comparison plots assume that the adsorbate�adsorbent inter-
actions are similar for the sample and the reference material for
which the reference isotherm was measured. They do not rely on
a geometric model of the pore shape, but consequently provide
no information about the size or shape of micropores. Both BJH
pore size distributions and comparison plots indicate that the
secondary pore network and micropores are significant in poly-
mer-templated mesoporous silicas and, in contrast, are normally
absent in surfactant templatedmesoporous silicas, such asMCM-
41.34 Third, low-pressure gas adsorption micropore analysis also
indicates the presence of micropores. Few studies have been
conducted in which micropore analysis has been done using
adsorption isotherm data in the low relative pressure region
(P/P0 < 1 � 10�3) for SBA-15. The BJH pore size distribution
for the entire pore range has been reported;6,35 however, because
the Kelvin equation is only valid for pores greater than 20 Å the
values of the micropore size cannot be justified theoretically. In
studies by Ojeda, et al.,35 and Ravikovitch and Neimark,36

nonlocal density functional theory analysis was limited to pore
sizes of 30 and 20 Å, respectively, although cylindrical isotherm
models for pore sizes down to 5 Å diameter have been reported
more recently and applied to KLE silicas with cagelike spheroidal
pores.37 The low pressure adsorption isotherm measurements
using argon at 77 K were also analyzed by van Grieken et al.,38

using the Saito-Foley (SF)method that assumes cylindrical shaped
pores. Fourthly, dynamical diffraction models used to fit the
relative intensity of the diffraction peaks, generally indicate that
the density of the framework surrounding the mesopores in SBA-
15 increases radially from the primary mesopore, which has been
envisioned as due to a corona of smaller pores18 extending into the
walls of the bulk silica matrix. Finally, by depositing platinum into
the pores of SBA-15 and then dissolving the silica framework,
electron microscope images reveal bundles of interconnected
platinum wires, rather than single nanowires.6,10 These results
provided further evidence that the array of primary mesopores are
interconnected through a network of secondary pores.6

There are two hypotheses regarding the origin of the micro-
pores in polymer templated mesoporous silicas. The first is that
during formation of micelles in the templating process, strands of
the PEO-PPO-PEO polymer occasionally unravel and extend
into the silica matrix.39�41 After the gel is annealed, dried, and
calcined, these strands are burned out leaving holes extending
from the mesopores into the silica framework, presumably with a
nominally cylindrical shape.2,8,18 Recent coarse-grained lattice
model simulations of the templating process are consistent with
this picture. The micropores created in a subsequent atomistic
Grand Canonical Ensemble Monte Carlo Simulation were
assumed to have a cylindrical shape with an arbitrary, Gaussian
pore size distribution.42 The geometric pore size distribution is
similar to experimental BJH pore size distributions. A second
hypothesis, proposed by Vradman et al.,21 is that micropores
arise because of stress fractures during the calcination process.
A considerable amount of data were reviewed showing that the
volume of micropores is proportional to the pore wall thickness,
which depends on many factors, including silica source, length of
EOn block, silica/template ratio, aging period and temperature,
pH, and presence of inorganic salt.21 They hypothesized that the
stress fractures are size-dependent; thus, because the walls of
MCM-41 are much thinner than those of SBA-15, MCM-41 is
micropore free. Although they do not explicitly describe the
geometry of themicropores, the stress fracture description would
seem to be more “slitlike” than “cylindrical” in shape. Thus, an
independent method of determining the size and shape of
micropores is needed.

Using contrast matching small angle neutron scattering
(CM-SANS) and molecules of differing size and shape we
demonstrate how to directly determine the size and shape of
micropores. Because hydrogen and deuterium have scattering
lengths of opposite sign in neutron scattering, the average
scattering length density of a mixture of a probe molecule and
its deuterated isotopologue can be matched to the scattering
length density of the silica matrix. If all pores are completely
accessible to the probe molecule, then coherent scattering will be
eliminated. However, if a molecule is too large to fit into some
pores, residual coherent scattering intensity will remain at the
contrast match point. If the spatial distribution of the secondary
pore network correlates with the hexagonal array of mesopores,
the coherent scattering will appear as Bragg diffraction peaks.

We report pore accessibility results using CM-SANS with the
probe molecules water (H2O/D2O), decane (C10H22/C10D22),
isooctane (C8H18/C8D18), cyclohexane (C6H12/C6D12), and
tributylamine (N(C4H9)3/N(C4D9)3) for both as-prepared and
modified SBA-15. We compare the results to nitrogen and argon
adsorption isotherms measured over the entire relative pressure
range from P/P0 = 1 � 10�6 to 0.995. We conclude from the
CM-SANS results that the micropore size distribution has an
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onset between 5.7 and 6.2 Å and that analysis of the nitrogen and
argon micropore isotherms yield a pore size distribution that
is consistent with the pore accessibility measurements if the
micropores are analyzed using a cylindrical pore shape. Qualita-
tively, pores that are slitlike in shape (e.g., using the Horwath�
Kawazoe model) lead to much smaller pore dimensions than for
cylinderlike pores (e.g., described by the Saito-Foley model)
which is not consistent with the CM-SANS results. This does not
preclude the presence of larger width, slit-shaped pores.

We analyzed the neutron diffraction peak intensities for the
dry powder and at contrast match. From the high sensitivity of
neutron scattering to hydrogen, present in surface hydroxyls, we
conclude that the pore size distribution and the void fraction
remains relatively constant throughout the silica framework,
which is a qualitatively different description from the corona
model obtained for SBA-15 when measured with SAXS in air.

’EXPERIMENTAL SECTION

Materials. SBA-15 was synthesized as reported by Luan, et al.43 Six
grams of the triblock-copolymer PEO-PPO-PEO (BASF Pluronic 123)
was dissolved in 11.4 g of water and 180 g of 2 M HCl with stirring. At a
temperature of 40 �C, 12.75 g of tetraethyl orthosilicate (Aldrich) was
added to the solution and was stirred for 24 h. The gel was sealed in a
polymer flask and heated to 100 �C for 48 h. After filtration and washing
with water, the recovered white solid product was air-dried at room
temperature for 24 h. The sample was then calcined in air by heating at
1 �C/min to 500 �C and held for 10 h.We refer to this as the “as-prepared”
SBA-15 material.

In a separate set of experiments, we determined a postcalcination
treatment that maximized the mesopore diameter and decreased the
secondary pore network volume, while the lattice structure remained
intact. In the optimal conditions, approximately 0.5 g of SBA-15 was
placed in 20 mL vials and the powder was fully immersed in H2O. The
sample vials were placed in a 300 mL batch reactor (Parr) containing
approximately 100 mL of water. A Parr series 4857 process controller
was used to maintain and record temperature and pressure. The samples
were heated to 115 �C for 3 h at a pressure of approximately 1.7 bar. The
powders were then vacuum filtered and dried at 110 �C for 2 h.
Nitrogen and Argon Adsorption. Nitrogen and argon porosi-

metry measurements were made on a Micromeritics ASAP 2020 instru-
ment to compare the total pore volume, pore size distribution, and surface
area of both the as-prepared andmodified SBA-15with previously reported
materials. The samples were degassed under vacuum at 200 �C for 8 h,
conditions that were shown in preliminary experiments to maximize the
BET surface area and ensure the sampleswere thoroughly dried. This degas
procedure is similar to degas procedures in the literature.19,31,32,44 Iso-
therms were measured from P/P0 < 2 � 10�5 to 0.995, spanning the
micro- and meso-pore range. Because the isotherm data was taken at very
low pressures, the free space was first measured using helium and then a
secondary degas was conducted on the analysis port of the instrument
under vacuum at 250 �C for 4 h to desorb the helium from themicropores.
The higher temperature of the secondary degas did not significantly change
the surface area of the SBA-15 and is also similar to conditions reported in
the literature.43,45�47Nitrogen isothermsweremeasured at 77K and argon
isotherms were measured at 87 K.

The specific surface area, pore volume and average pore diameter
were calculated using standard approaches. The BET specific surface
area48 was calculated using the adsorption branch of the nitrogen
sorption isotherm in the relative pressure range of 0.05�0.25 (P/P0)
and the total pore volume was recorded at P/Po = 0.995. The nonlocal
density functional theory (NLDFT) method36,49 was applied to the
desorption branch using the equilibrium kernel to obtain pore size

distributions from 750 Å mesopores down to micropores of 7 Å, below
which our nitrogen pore size distributions may not be reliable.50

Micropore analysis was done to gain qualitative insight regarding
the effect of pore shape on the micropore size distribution, using both
the Horvath�Kawazoe (HK) method51 for slit-shaped pores and the
Saito�Foley (SF) method52 for cylindrical pores with and without the
Cheng �Yang (CY) correction.53

For comparison to previous studies, we also provideRS plots and BJH
pore size distributions in the Supporting Information. The pore size
distributions were calculated from the adsorption branch of the nitrogen
sorption isotherm using the BJH method,54 based on the Kelvin
equation and the statistical film thickness curve reported by Kruk,
Jaroniec, and Sayari.34 Although in principle the desorption branch
should be used because it is in equilibrium,49,54�57 we used the BJH/KJS
method which correlates size from SAXS measurements on MCM-41
materials and an essentially empirical fit to the adsorption branch of the
hysteresis loop.34,44,58 The mesopore diameter was also calculated from
the onset of the hysteresis loop using the improved KJSmethod,59 which
resulted in a mesopore size very consistent with both NLDFT and the
diameter determined from SANS.
X-ray Diffraction. Data were obtained using a PANalytical X’Pert-

Pro X-ray diffractometer equipped with a Cu�KR anode. The source
optics utilized a fixed divergence slit, a parabolic mirror, and a hybrid
double bounce (2 � Ge(220)) monochromator to generate a parallel
beam at the sample surface. The collimation of the diffracted beam was
determined by a set of three Ge(220) single crystals, divergence slits, and
horizontal receiving slits.

The powder SBA-15 samples were suspended in isopropanol to
create a slurry, placed on 1 in. � 1 in. single-crystal quartz zero
background plates, and allowed to dry in air. X-ray diffraction scans were
taken from 0.3 to 3.0� with 0.02� step size and a counting time of
12 s per point. The (10), (11), and (20) diffraction peaks of SBA-15were
resolved in both samples.
Small-Angle Neutron Scattering. Initial neutron scattering

experiments were performed at the Low Energy Neutron Source
(LENS) at the University of Indiana and subsequent measurements
were made on beamline CG-2 at the High Flux Isotope Reactor (HFIR)
at Oak Ridge National Laboratory (ORNL). At CG-2, the neutron
wavelength was either 4.8 or 5.34 Å with a resolution of Δλ/λ = 0.12.
Transmission measurements were done with the detector 10 m from the
sample, while scattering measurements were conducted with 1.3 and 2m
configurations in the contrast matching experiments and using 1.3, 4,
and 12 m configurations for the dry powders. The data were corrected
for sample transmission, empty cell scattering, detector sensitivity and
background scattering using the SPICE data reduction macros (ORNL,
6/2/2009) for Igor (version 6.05A, WaveMetrics). Absolute calibration
was done using the Al-4 and Porosil A standards.60

To minimize water in the SBA-15 samples, they were degassed under
vacuum on the Micromeritics instrument for 8 h at 200 �C. The tubes
containing the dry SBA-15 powder were then transferred to a glovebox
where the powder was sealed in vials and packed for shipping. At ORNL,
the package was loaded into a glovebox, where the SBA-15 was transferred
into 1 mm quartz banjo cells (Hellma) under a helium atmosphere. To
confirm that our procedures eliminated residual water, degassed SBA-15
was also transferred into an environmental chamber for diffuse reflec-
tance infrared spectroscopy (DRIFTS) measurements (Praying Mantis,
Harrick Scientific). The spectra showed negligible water modes
(1670 cm�1) and an isolated hydroxyl (3747 cm�1) to silica phonon
(1870 cm�1) intensity ratio of 0.31, giving a specific surface area of
927 m2/g using the correlation of McCool et al.,61 which agreed well
with the SBA-15 surface area from BET analysis of that sample.

Hydrogen isotopologues of water, n-decane, cyclohexane, isooctane,
tributylamine, and D2O (100.0% D) were purchased from Acros
Organics (Spectrophotometric grade, g99%). Deuterated organic
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compounds, n-decane-d22 (98% D), cyclohexane-d12 (99.5% D), isooc-
tane-d18 (98% D), and tri-n-butyl-d27-amine (99% D) were purchased
from CDN Isotopes. Mixtures of deuterated and nondeuterated liquids
were preparedon the lab benchwith amicropipet (Socorex Swiss, 200μL),
sealed, and transferred to the drybox. Using syringes, the liquid mixtures
were injected into the banjo cells and the wetted SBA-15 cells were
wrapped in parafilm to minimize evaporation of isotopologue mixtures.
Survey scans were taken for at least five concentrations around the contrast
match point to pinpoint the experimental contrast minimum. A sample,
contrast matched to within(0.5%, was scanned for 2 h to improve signal-
to-noise. If a sample from the initial survey showednodetectable diffraction
intensity, then that sample was used for the 2 h scan.

’RESULTS

Nitrogen Adsorption. Pore size distributions (PSD) calcu-
lated using the NLDFT method from nitrogen desorption
isotherms for as-prepared and modified SBA-15 are shown in
Figure 1. The isotherms and PSD for as-prepared SBA-15 are
consistent with data reported previously.3,4,43 The sharpness of
the hysteresis loop in the isotherms implies a narrow dispersion
of mesopore size. The effect of the 115 �C water treatment is a
shift of the hysteresis loop to higher P/P0 and a corresponding
increase in mesopore diameter, DNLDFT, from 87.8 to 97.7 Å. In
addition, the lower portion of the isotherm shifts downward to
smaller adsorbed volume with modification, which results in a
decrease in the volume of smaller secondary mesopores (evident
in the pore size distribution e75 Å). The BET surface areas,
primary mesopore diameters and pore volumes determined from
the data in Figure 1 are summarized in Table 1. The increase in
primary mesopore volume with modification correlates with the

increase in pore diameter, whereas the decrease in volume of
secondary mesopores of size smaller than DNLDFT is consistent
with the shift of the isotherm to lower adsorbed amount upon
modification.
To accurately quantify the micropore, secondary mesopore, and

primarymesopore volumes, we integrated theNLDFTPSDover the
indicated ranges. The values from the RS plots for the as-prepared
and modified SBA-15 (see the Supporting Information) agree well
with theNLDFTmicropore values and the characteristics are similar
to those reported by Escax, et al.62 The micropore volume decreases
aftermodification (see Table 1). Using themicropore and secondary
mesopore volumes and the density of amorphous silica63�65 of
2.2 g cm�3, we estimate the total void fraction of the walls, ϕwall, of
approximately 55%, which compares well with similar data in the
literature.5,31 The silica mass density, determined from the contrast
match composition of the liquids (water, decane, isooctane, cyclo-
hexane, and tributylamine) in the SANS experiments was 2.18 (
0.11 g cm�3. Values as low as 1.95 g cm�3 for polymer templated
silicas have been reported, but use of this value would only decrease
the total wall void fraction of the as-prepared material to 51%.
The adsorption isotherms from micropore analysis of the as-

prepared and modified SBA-15 are given in the Supporting
Information. Because there has been some confusion66 as to
the ability of N2 micropore analysis to reliably determine
micropore size in zeolites, isotherms were measured with both
Ar at 87 K and N2 at 77 K (see the Supporting Information). The
isotherms, when displayed on a semilog scale, do not reveal any
inflections at low pressures, which are observed for monodis-
perse micropores such as zeolites. The lack of inflections implies
that the micropore size distribution must be relatively broad.
X-ray Diffraction. The XRD patterns, shown in Figure 2, of

the as-prepared and modified SBA-15 are consistent with data
reported previously by Zhoa et al.1 The presence of the higher
order (11) and (20) diffraction peaks is an indication of good
long-range order. Treatment of the SBA-15 at 115 �C in water
showed little change in the lattice spacing, as the peak positions
did not change significantly. The asymmetric shape of the peak is
due to axial divergence of the optics, not the sample, thus
quantitative values for lattice spacing, given in Table 2, were
determined using SANS diffraction data. The 11% increase in
primary mesopore diameter, as indicated from nitrogen sorption
data, and the essentially constant lattice spacing suggests a
compression of the silica wall structure.
Small-Angle Neutron Scattering. Figure 3A shows the

scattering curves over the 0.005�0.5 Å�1 range for the dry, as-
prepared SBA-15 in a helium atmosphere. Porod scattering
dominates in the 0.005�0.01 Å�1 range, with a characteristic
Q�4 dependence, as found by others.67 In the largeQ limit, where

Table 1. Primary Mesopore Diameter, BET Surface Areas, Pore Volumes, and Intrawall Void Fraction for As-Prepared and
Modified SBA-15

DNLDFT

(Å)

SABET

(m2/g)

micropore

volumea Vmicro
(cm3/g)

smaller secondary

mesopore volumea

VSec< (cm
3/g)

primary mesopore

volumea VMeso

(cm3/g)

larger secondary

mespore volumea

VSec> (cm
3/g)

total pore volume

P/P0= 0.995

VTotalP (cm
3/g)

intrawall void

fractionb ϕwall

as-

prepared

87.8 725 0.040 ( 0.002

<20 Å c

0.20 ( 0.01

(20�75 Å) c

0.61 ( 0.03

(75�100 Å)c
0.30 ( 0.02

(>100 Å) c

1.15 0.54

modified

97.7 549 0.009 ( 0.001

<20 Å c

0.13 ( 0.01

(20�85 Å) c

0.78 ( 0.06

(85�112 Å) c

0.39 ( 0.03

(>112 Å) c

1.31 0.53

aCalculated from NLDFT cumulative pore volumes over the indicated range of diameters. bVoid fraction within wall, ϕwall = (Vmicro + Vsec< + Vsec>)/
(1/~Fsio2 + Vmicro +Vsec< +Vsec>), using ~Fsio2 = 2.2g/cm3. cRange of pore diameters used in calculation of pore volume from NLDFT analysis.

Figure 1. NLDFT pore size distribution and nitrogen sorption iso-
therms (inset) for as-prepared SBA-15 and SBA-15 modified in water at
115 �C. Modification increases the primary mesopore diameter and
decreases the secondary pore volume.
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limQf∞IP(Q) = 2πΔF2SV/Q
4, we estimate a specific surface

area, SV, of 4.5� 105 m�1 using the SLD of silica, FSiO2
= 3.47�

10�6 Å�2. For a cylinder of length to radius ratio, χ = L/R, the
specific surface area, SV = 2(1 + χ)/χR, can only be satisfied for
χ = 1�10 and particle radii in the range of 5�10 μm, respec-
tively. This is consistent with reports of elongated rod structures
for SBA-15.1,67 The diffuse background, which remains at the
contrast match point, can be fit with a Lorentzian, ID(Q) = A/
(1 + ξ2Q2), where the correlation length, ξ, is 9 Å for the dry
powder and is similar for the contrast matched samples. Studies
on binary fluids in confined geometries have found that the
background S(Q) is Lorentzian when the fluid is a single phase
solution and a Lorentzian squared when phase separation
occurs.68,69 We suggest that the diffuse scattering arises from
density fluctuations in the amorphous silica,70 with the correla-
tion length indicating the size of domains in the pore walls. After
filling with a contrast matched liquid, the average scattering
length density is constant through the material, but the correla-
tion length may decrease due to molecular motion confined
within the smaller pore size distribution of the micropores in the
wall. Coherent scattering from the hexagonal array of primary
mesopores, with lattice constant 120 Å, results in the (10), (11),
and (20) Bragg diffraction peaks at 0.06, 0.104, and 0.12 Å�1,
respectively. Porod scattering from the micropores, with dia-
meters in the 5�20 Å range, would be constant up to ∼0.2 Å�1

and then decrease as Q�4 at larger Q, which is beyond the range
accessible at the HFIR CG-2 beamline.
The neutron diffraction peaks of the as-prepared and mod-

ified SBA-15 are shown in greater detail in Figure 3B. The
higher order peaks are not as well-resolved in the SANS data
compared to the XRD data, because of the wavelength spread in
the neutron beam. The relative changes in the diffraction peaks
imply distinct changes in the density profile in the silica frame-
work, which are discussed below and reported elsewhere.22 The
lattice constants and primary mesopore diameter, estimated
from diffraction peak intensity modeling, are shown in Table 2.

Note that the mesopore diameters agree well with those
estimated from porosimetry with the NLDFT36,49 and im-
proved BJH-KJS methods.59 The lattice constant did not
change appreciably, but the increase in pore diameter leads to
a decrease in the thickness of the wall from ∼29 to ∼24 Å,
suggesting some compaction of the silica wall structure.22

In the contrast matching experiments, the accessibility of the
micropores was probed with five different molecules of increas-
ing size and shape. For each probe molecule, we prepared at least
five cells, whose hydrogen isotopologue mole fraction spanned a
range of approximately (10% around the contrast match point,
for both as-prepared and modified SBA-15 powder. Typical
survey scans are shown in Figures 4 for decane (completely
accessible pores) and 5 for cyclohexane (small volume of
inaccessible pores) for the as-prepared materials; data for the
modified material was similar (see the Supporting Information).
The (10) peakwas fit with a Gaussian and a linear baseline (which
appears curved on a semilog plot) from 0.04 to 0.09 Å�1 by
constraining the center of the peak atQ = 0.06 Å�1 with a width of
0.0066 Å�1, as determined from the dry powder. Plots of the
diffraction peak intensity vs mole fraction of hydrogen agree well
with the expected parabolic dependence71 showing a minimum at
the contrast match point, as displayed in Figure 6, along with the
corresponding 2-h scan at the estimated contrast match condi-
tion. The peak amplitude and uncertainty for each molecule in

Table 2. Lattice Constant, a; Mesopore Diameter, DNS; and
Wall Thickness, w; from Neutron Diffraction

a (Å) DNS (Å) w (Å)

as-prepared 120.4 89.1�91.5 28.9�31.3

modified 119.6 95.7�97.6 22.1�23.9

Figure 2. X-ray diffraction intensity vs scattering vector,Q = 4πsin θ/λ,
(CuKRλ=1.54Å) of (A) as-prepared and (B)modified (water at 115 �C)
SBA-15 showing that the lattice spacing does not change significantly
and the presence of the higher order (20) and (11) peaks indicate good
long-range order.

Figure 3. Neutron diffraction (SANS) scattering curves, I(Q), vs Q =
4πsin θ/λ measured as dry powders under helium for (A) as-prepared,
combining measurements at sample�detector distances of 12 and 1.3 m,
and (B) diffraction peak region for bothmaterialsmeasured at 4m.Changes
in the relative intensity of the higher-order diffraction peaks indicate changes
in the radial density profiles around the periodic mesopore.
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both as-prepared and modified SBA-15 for all two-hour contrast
matched scans is summarized in Table 3. The level of the
incoherent background increased linearly with hydrogen content.
In the scattering curves at the contrast match, the Porod back-
ground was eliminated and the curves were fit with a sum of the
diffuse (Lorentzian) and incoherent (constant) backgrounds.
For water, decane, and tributylamine, in both as-prepared and

modified SBA-15 powder, the diffraction intensity decreased
below detection limits, whereas for cyclohexane and isooctane
there was significant intensity in the (10) peak remaining at the
contrast match point. For the smallest molecule, water, at the
contrast match point, diffraction was eliminated completely,
which implies that any micropores that are spatially correlated
with the periodic array of mesopores are larger than the water
molecules and are completely accessible. The alkane chains of
decane and tributylamine are flexible and approximately cylind-
rical in shape; these probes completely fill the micropores. By
contrast, cyclohexane and isooctane are significantly larger in
cross-sectional area and do not completely fill the micropores.

’DISCUSSION

Wefirst compare the evidence fromporosimetry andCM-SANS
regarding pore size and shape. Next, we analyze the neutron

diffraction intensities using a direct analysis and a model in-
corporating the NLDFT pore size distributions to determine the
radial dependence of the pore sizes. Finally, we give some critical
assessments of the contrast matching experiments.
Size and Shape of Micropores. It is now widely accepted

that the structure of SBA-15 is more complex than a hexagonal
array of ideal, cylindrical mesopores in an amorphous silica
matrix.5�8,10,14,19,33 Conversion of adsorption isotherms into
pore size distributions reveals a substantial volume of micro-
pores and secondary mesopores with diameters spanning the
entire range from 7 Å up to the onset of the primary mesopore
diameter. While the use of a cylindrical pore geometry is well-
justified for calculating the diameter of the mesopore, there is
no a priori justification for using a cylindrical model to analyze
the size of the secondary mesopores or the micropores, as has
been noted previously.36 Vradman, et al.21 suggest that the
micropores result from stress induced defects that occur in the
bulk matrix of the silica but they do not make any assumptions
regarding the size or shape of these stress fractures.
In the original work of Zhao et al.,1 the presence of micropores

was suggested, and several groups20,38,62,73 have published mea-
surements of RS or t-plots, similar to ours, demonstrating the
presence of micropores. The comparison plots show that there is

Figure 5. SANS scattering curves, I(Q), vs Q = 4πsin θ/λ, with λ =
5.35Å for as-prepared SBA-15 after injecting with cyclohexane-d0/
cyclohexane-d12 mixtures at the indicated volume fraction cyclohex-
ane-d0, to determine the contrast match point.

Figure 4. SANS scattering curves, I(Q), vsQ = 4πsinθ/λ, with λ = 4.85
Å for as-prepared SBA-15 after injecting with decane-d0/decane-d22
mixtures at the indicated volume fraction decane-d0, to determine the
contrast match point.
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a significantly greater volume of micropores in SBA-15 than in
the reference material. We emphasize that these comparison
plots rely on the assumption that the reference material is truly
nonporous and that the analysis yields no direct information on
the size or shape of the micropores. The NLDFT pore volume
analysis shows that the 115 �C1.7 bar treatment with liquid water
decreases the specific volume of both the micropores and
secondary mesopores, although the primary mesopore diameter
increases without any change in the lattice constant.

The micropore region of the nitrogen and argon adsorption
isotherms were analyzed using both the Saito�Foley (SF) cylind-
rical pore model and the Horvath�Kawazoe (HK) model for slit
shaped pores to gain qualitative insight regarding pore shape.
Although the NLDFT micropore analysis was terminated at 7 Å
because nitrogen adsorption in smaller micropores is unreliable,
the argon and nitrogen results are similar. The micropore size
distributions are shown in Figure 7. Qualitatively, we find that the
onsets of the distributions calculated from argon are consistent
with nitrogen. Furthermore, the stronger attractive forces on the
adsorbate within a cylindrical pore of a given diameter than those
in a slit of comparable width accounts for the shift of the cylindrical
model’s distribution to larger size. The SF analysis using a
cylindrical pore shape gave a minimum pore diameter of 5.5 Å,
whereas the HK model gave a minimum pore width of 3 Å.
Application of the Cheng�Yang correction53 did not significantly
change the distributions. However, the choice of interaction
parameter (rarely reported in literature) greatly impacts the PSD;
a slight change (2�) in this parameter can shift the micropore size
distribution by 4 Å or greater. The interaction parameters and
calibration data are given in the Supporting Information. Clearly,
the pore size distribution depends critically upon the geometry
assumed in the micropore analysis, and additional information is
needed to determine qualitatively whether the micropores are
more cylinder- or slitlike in shape.
The general consensus is that the origin of the micropores in

polymer templated mesoporous silica derives from stray polymer
chains that penetrate the sol�gel phase during templating,2,10,18

as evidenced by NMR measurements.10,39�41,44,74 One micro-
pore analysis was reported, in the 9�20 Å range, using argon
isotherms and the SF model;38 however, they make no clear
justification for the use of the SF-cylindrical geometry other than
the assumption the micropores are formed due to unraveling of
the template. The onset of their PSD occurs at about 9 Å, with a
peak at about 10 Å,38 which is larger than our results by about 4 Å.
The interaction parameter was not reported, thus it is possible
that the difference in the onset of the micropore distribution is
due to differences in this parameter. Ryoo, et al.,6 measured
nitrogen adsorption isotherms and report an onset of the
micropore distribution around 10 Å, calculated using the KJS
modification34 of the BJH method, although the BHJ method is
not theoretically justified in the micropore region.
Slit-shaped pores have not been fully considered within the

context of the microstructure of SBA-15, however, we consider
the possibility here that such pores might arise during the
annealing and calcination process or as a result of stresses during
drying of the framework. Vradman et al.21 have suggested that
micropores in SBA-15 walls can be considered as stress-induced
defects of the solid phase structure and that microporosity
depends on the ratio of wall thickness to pore diameter.

Table 3. Fitted Peak Amplitude for the Dry Powder and Imbibed with the Indicated Liquids at the Contrast Match Point for the
As-Prepared and Modified SBA-15, along with the Collision Diameter72

probe molecule collision diameter (Å) (10) peak amplitude as-prepared (cm�1) (10) peak amplitude modified (cm�1)

dry powder (in He) N/A 4.66 ( 0.05 4.47( 0.07

water 2.64 (0.0( 2.15)� 10�15 (0.0( 1.7)� 10�12

tributylamine 5.5 (1.6( 4.5)� 10�12 (0.0( 3.7)� 10�11

decane 5.7 (3.7( 4.7)� 10�3 (0.0( 9.7)� 10�11

cyclohexane 6.182 (4.7( 2.8)�10�3 (1.8( 0.2)� 10�2

isooctane 6.464 (6.1( 2.3)� 10�3 (1.6( 0.2)� 10�2

Figure 6. Left panel: Diffraction peak intensities plotted as a function of
the hydrogen isotopologue mole fraction for (A) water, (B) decane, (C)
cyclohexane, (D) isooctane, and (E) tributylamine mixtures. Right
panel: Two-hour scans of scattering curves, I(Q), vs Q = 4πsin θ/λ at
the contrast match point concentration, determined from the parabola
minimum.
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We have presented CM-SANS measurements, using a series of
probe molecules of increasing size and shape, to provide direct
evidence regarding the geometry and volume of micropores. At
the contrast match point for water, decane, and tributylamine, the
intensity in the diffraction peaks is eliminated completely. Strictly
speaking, for these probe molecules, any micro- and mesopores
whose spatial distribution correlates with the periodicity of the
lattice are accessible; to the extent that inaccessible pores are
uniformly distributed, they cannot contribute to the diffraction
peak, although they would contribute to Porod scattering begin-
ning at approximately Q≈ 0.4 Å, which was beyond the range of
scattering vectors accessible and would probably be masked by
the incoherent scattering background. However, as we will show
below, the SANS diffraction peak intensity indicates that the
micropores do vary spatially within the silica framework. For the
larger cross-sectional area probe molecules, cyclohexane and
isooctane, significant diffraction intensity remains at the contrast
match point, as indicated both from the scattering curves of the
contrast matched sample (Figure 6C,D) and the parabolic fits of

the intensity vs hydrogen isotopologue concentration in the
region of the minimum. To make direct comparison with the
onset of the micropore size distributions in Figure 7, we plot
the (10) diffraction peak intensity as a function of the size of the
probe molecule in Figure 8, using the collision diameter (aka
“kinetic diameter”75) determined from high-temperature gas-
phase viscosity measurements.72 The onset of the distribution
coincides quite closely with the pore size distributions in Figure 7
for cylindrical pores.
Spatial Variation of the Pore Size Distribution. We now

consider the radial distribution of the pore size distribution from
analysis of the diffraction peak intensity of the dry powder. There
is a general consensus that neither the ideal cylinder model
(Figure 9A) nor the Debye�Waller model (Figure 9B) can
account for the relatively large intensity in the (11) and (20)
peaks. It has been shown18 that the X-ray diffraction data is
consistent with models in which the density increases from the
mesopore into the bulkmatrix, but with the limited information of
two peak intensity ratios, it is difficult to distinguish between
various models, such as the uniform corona density (Figure 9C)
and linear ramp (Figure 9D) profiles. For SBA-15 samples that
were dried and handled with extreme care tominimize absorption
of water, the only one of these models that fit the relative
intensities in SANS is the uniform corona model, Figure 9C,
but with the surprising result that the scattering length density in
region 2 (i.e., for r1 < r < r2) was slightly greater than that in region
3 (i.e., for r > r2). In X-ray diffraction, the structure factor depends
essentially on the radial electron density profile; however, in
SANS the density profile, F(r) is interpreted as a scattering length
density that is calculated from the scattering lengths of the nuclei.
The F(r) obtained from fitting is shown in Figure 10A. Optimiza-
tion of r1, r2, and F2/F3, showed that the diffraction peak intensity
ratios of the dry powder, (I11dry)/ (I10dry) and (I20dry)/ (I10dry),
could only be fit within a narrow range of values of r1, (e.g.,
between 89.1 and 91.5 Å for as-prepared), but some compensa-
tion between the values of r2 and F2/F3 was possible. The range of

Figure 7. Pore size distributions for the as-prepared and modified SBA-15 calculated using the Saito-Foley (upper) and Horvath�Kawazoe (lower)
models from micropore adsorption isotherms measured with N2 at 77 K (left) and Ar at 87 K (right). The onset of the distribution is independent of
adsorbate but the size depends on the assumption made about the pore shape.

Figure 8. Residual intensity of (10) diffraction peak at the contrast
match point as a function of the collision diameter72 of probe molecule
showing that the smallest pores are between 5.7 and 6.2 Å.
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values of r1 that satisfied the constraints were used to calculate the
pore diameter, DNS = 2 r1, given in Table 2.
Because the scattering length density of hydrogen is nega-

tive, whereas that for silica is positive, SANS is highly sensitive
to the presence of hydrogen in the intrawall pore structure.
Although our DRIFTS measurements confirm surface hydro-
xyls and exclude the presence of significant amounts of water,
in theory, the decreasing scattering length density could be
due to either surface hydroxyls or water. In X-ray diffraction,
filling the deeper portion of the pores in the silica framework
with water will increase the electron density and could lead
to an electron density profile consistent with the models in
Figure 9C,D.
The decreasing scattering length density, F(r), as illu-

strated in Figure 10A, suggests that there must be a somewhat
larger proportion of smaller pores located at higher radii,
because they will have higher specific surface area and
hydroxyl volumetric density, assuming a surface hydroxyl
coverage of 5 nm�2 independent of pore size.76 We first fit
the diffraction peak intensity ratios using the nested cylind-
rical shell model of Zickler, et al.14 (Figure 9E), with F(r)
constrained by a parabolic dependence, and then developed a
model with radially varying pore size distributions and surface
hydroxyls, which we refer to hereafter as the radial-dependent

hydroxylated pore model, “RHP”, where cumulative pore size
distributions were constrained to satisfy the NLDFT pore
size distribution.
In order to compare the analytical and RHP models, the silica

framework was split into five densities with radial sections from
r1 = 43.9 Å (the mesopore wall) to r4 = 58.9 Å with Δr = 5 Å, as
illustrated in Figure 9E. The SANS diffraction peak intensity of
the dry powder, I(Q), is14

IðQ Þ ¼ KSðQ ÞjFðQ Þj2 ð1Þ

where K includes the incident beam flux, solid angle of the
detector, and the detector efficiency. The spherically averaged
structure factor, S(Q), is given by14

SðQ Þ ¼ 1
Q 2∑

hk
MhkShkðQ Þ ð2Þ

whereMh,k is the line multiplicity (M = 6 for the (10), (11) and
(20) peaks), 1/Q2 represents the Lorentz factor for a powder,
and Shk are δ functions at positions

Qhk ¼ 4π

a
ffiffiffi

3
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ hk
p

ð3Þ

Figure 9. Radial density profiles for SBA-15 and geometricmodels18 of the hexagonal array of lattice constant, a, indicating the average density projected
onto the basal plane in the mesopore, F1 (= 0 if empty) for r < r1 (white), an intermediate density corona, F2 for r1 < r < r2 (gray), and the bulklike silica,
F3 for r2 < r < a (black) for (A) ideal cylinder; (B) ideal cylinder and Debye�Waller effect; (C) uniform density corona; and (D) corona of linearly
increasing density. (E) The nested shell five density model14 used for calculation of the analytical and radially dependent hydroxylated pore (RHP)
models.
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where a is the lattice constant. The scattering amplitude, F(Q), is

FðQ Þ ¼
∑
N

i¼ 1
ðFi � Fi�1Þr2i ZðQriÞ

∑
N

i¼ 1
ðFi � Fi�1Þr2i

ð4Þ

where Fi is the scattering length density in the annulus beyond ri
and Z(Qri) = 2J1(Qri)/(Qri) where J1 is the first-order Bessel
function of the first kind.
The scattering intensity data could not be fit with F(r) as a

linear function. The solid black histogram in Figure 10B shows
the result of fitting the values of F(ri), constrained by a quadratic
dependence, to best fit the peak intensity ratios of the dry
powder, (I11)/(I10) = 0.0342 and (I20)/(I10) = 0.0420. For com-
parison, the dotted bar at FSiO2 = 3.47� 10�6 Å�2 illustrates the
scattering length density of solid amorphous silica (2.2 g/cm3)
and the dashed horizontal line at F = 1.60 � 10�6 Å�2 =
(1 � ϕ)FSiO2 corresponds to the scattering length density for
silica with uniform porosity and no surface hydroxyls. We suggest
that the difference between the fitted scattering length density
histogram and the dashed line is due to surface hydroxyls.
To construct the RHP model, the NLDFT pore size distribu-

tion was broken into pore diameter segments so that they could

be distributed among the annular regions, as illustrated in
Figure 10C. The average scattering length density of dry SBA-
15 in each annulus, i, is

FðriÞ ¼ ð1� ϕiÞFSiO2
þ

bH
5

nm2
SAðriÞ

Vi
ð5Þ

where ϕi is the void fraction due to pores and the hydroxyl
hydrogens are represented as being “in” a cylindrical pore
whose volume and diameter are specified by the pore size
distribution in Figure 1. The scattering length density of the
cylindrical pores is simply the number of hydroxyl hydrogens
divided by the volume of the pore, where bH is the scattering
length of hydrogen, SA(ri) is the total surface area and Vi is the
total pore volume of the pores in the annular region. The
surface area of the mesopores, ∼425 m2/g, is larger than the
surface area of the secondary pore network, ∼300 m2/g.
Apportioning the hydroxyl hydrogens of the mesopores to
the first annular region causes a substantial decrease in the
scattering length density in this region. The void fraction in
each annular region, ϕi, was calculated directly from the ratio of
the volume of pores and the volume of the annular region,
which add up to the total void fraction, ϕtotal, given in Table 1.
To a first approximation, distributing the pore size distribution

uniformly throughout the radial segments gave a close approx-
imation to the scattering length density distribution from the
quadratic fit. By a modest increase in the proportion of the
smallest pores into the larger radial regions, excellent agreement
with the analytical F(r) was easily obtained. The pore size
distributions in each radial segment are shown in Figure 10C,
which produced the shaded histogram shown in Figure 10B. The
corresponding specific surface areas and void fractions are shown
in Figure 10D,E. Notice that the void fraction is relatively
uniform, fluctuating by less than 6% from the 54% average void
fraction determined from the NLDFT analysis. The variation in
surface area, with its hydroxyl hydrogen content, dominates the
negative curvature of F(r). The decrease in F(r) at the surface of
the primary mesopore diameter is due to the hydroxyls on the
relatively large mesopore surface, whereas the decrease in F(r) at
larger radii are accounted for by increasing the proportion of
micropores in regions 3 and 4.
At the contrast match point for cyclohexane and isooctane, the

residual diffraction intensity in the (10) line, relative to that of the
dry powder, was of order (I10CM)/(I10) ≈ 1 � 10�3. Although
the higher order peaks were undetectable in the experimental
measurements, constraining the ratio of the higher order peaks to
be small compared to the residual (10) peak turns out to be a
strong condition on F(r). The difference, ΔF(r), between FCM-
(r) and FSiO2, that is required to achieve intensity ratios of
(I11CM)/(I10CM) < 1� 10�2 and (I20CM)/(I10CM) < 1� 10�2, is
shown in Figure 10F, where the values of FCM(ri) in the nested
cylinder model were constrained similarly to that for the dry
powder. Although the distribution is not unique, all solutions that
we found had the qualitative shape shown, with inaccessible
pores distributed throughout the silica wall. Distributions with
inaccessible pores only in the “corona” region near the mesopore
or only in the largest radial sections generally gave large
intensities in both the (10) and the higher order diffraction
peaks. The negative sign of ΔF(r) implies that the scattering
length density is slightly less than that of the silica matrix. If we
take ΔF(r) to be due to inaccessible pores in each radial section,

Figure 10. Spatial dependence of the scattering length density for dry
as-prepared SBA-15 analyzed using (A) the uniform corona model; (B)
an analytical fit and the radially dependent hydroxylated pore model,
which was calculated from (C) apportioning the NLDFT PSD into the
annular regions with corresponding (D) surface areas and (E) void
fractions. For the contrast match point, (F) the difference, ΔF(r), from
the silica matrix and (G) inaccessible pore volume for the analytical fit.
(H) Comparison of F(r) for the analytical fit and RHP models for a
probe molecule cutoff of 7.44 Å with FLiq = FSiO2

.
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then the volume of inaccessible pores can be estimated, as shown
in Figure 10G. Notice that the inaccessible pore volumes are on
the order of 1 � 10�4 cm3/g.
At the contrast-match point, the scattering length density in

each radial section of the RHP model is a volume-weighted sum
of the silica, the surface hydroxyl hydrogens on the surface of
cylindrical pores, and the contrast matched liquid of scattering
length density FLiq in the accessible void fraction of pores,
(ϕi � ϕinacc,i), where

FCMðriÞ ¼ ð1� ϕiÞFSiO2
þ

bH
5

nm2
SAðriÞ

Vi
þ ðϕi � ϕinacc, iÞFLiq

ð6Þ

The inaccessible void fraction, ϕinacc,i, was calculated as the
cumulative NLDFT pore volume up to the probe molecule’s
diameter. The RHP model with a cutoff diameter of 7.44 Å and
FLiq = FSiO2 is shown in Figure 10H. The scattering length
density is significantly lower than FSiO2 because of the hydroxyl
hydrogens on the pore walls. We find that the (10) diffraction
peak intensity goes through a minimum (contrast match) when
FLiq ≈ 0.99 FSiO2, which is similar to that found experimentally,
2.18/2.2 = 0.99. Qualitatively, the presence of the hydroxyl
hydrogens on the pore surface lowers the average scattering
length density of the silica matrix and requires a slightly lower
liquid scattering length density. Because the inaccessible pore
volume is determined only by the tail of the micropore region,
the shape of ΔF(r) placed a further constraint on the radial pore
size distributions shown in Figure 10C. Thus, the radial distribu-
tions of Figure 10C satisfy the diffraction intensities of the dry
powder (with F(r) shown in part B) as well as the diffraction
intensities measured at the contrast match (withΔF(r) shown in
part F). The calculated ΔF(r) and inaccessible pore volumes for
the RHP model are indistinguishable from the analytical fit
shown in parts F and G.
Critical Assessment of CM-SANS for Pore Size Analysis.

CM-SANS has been widely used to determine the size and shape
of mesostructures, particularly in polymer and colloid science
areas.77,78 In these applications, the structural information is
obtained from the on-set and power law dependence of the
coherent scattering contribution to I(Q). Because the upper
range of Q is on the order of 0.1 Å�1 before the incoherent
background dominates I(Q), the lower limit in the size of features
that can be determined from this dependence is much greater
than 10 Å.
In our approach, we have used probe molecules to quench the

coherent scattering intensity. We have taken advantage of the
mesoscale periodicity of the pores in SBA-15 to isolate the signal in
the coherent scattering function that is correlated with mesopores.
Any intensity remaining at the contrast match point implies that
the structure factor within the unit cell is not spatially uniform. In
addition to the (10) peak that we have analyzed, there is in
principle, additional information in the higher order diffraction
peak intensities. Shin et al.13 have explored the variation in the
structure factor for adsorption of surfactants on the mesopore wall
of SBA-15 and show that because of the behavior of the Bessel
functions, the sensitivity of the diffraction peak intensity has a
complex dependence on the geometric factors.
Based upon the models of Imperor-Clerc, et al.18 we antici-

pated finding significant intensity at the contrast match point in
the (10) and (11) peaks for large probe molecules. The absence

of residual intensity in the higher order peaks at the CM point for
cyclohexane and isooctane provide further support for a uniform
pore size distribution and relatively uniform void fraction
throughout the silica framework and argue against a “corona”
of smaller pores localized around the primarymesopores. Careful
reading of the Experimental Sections of most SAXS investiga-
tions of SBA-15 suggests that, in fact, either no degas procedure
was performed,18,79 no degas procedure was reported,5,12,80,81 or
the degas procedures that have been employed are significantly
less rigorous than in the corresponding nitrogen adsorption
isothermmeasurements.14,45 Thus, we propose that the apparent
increase in density in the “corona” region is an artifact in SAXS of
not fully degassing the materials.
Although the use of ordered mesoporous materials offers

particular advantages, we should note that pore accessibility
experiments have been performed on catalysts with nonperiodic
and polydisperse pore distributions.82 The difference between
the I(Q) curves for catalyst samples that have been coked and the
fully accessible catalysts filled with deuterated methanol at the
CM point shows a broad coherent scattering feature that con-
tains information about the size distribution of inaccessible
pores.82 The method of chord-length distributions applied to
mesoporous silica by Smarsly, et al.,45 offers a more general
approach to determining the PSD of the inaccessible pores.
In summary, we note that the relationship between coherent

scattering intensity of inaccessible pores at the contrast match
point may, in general, be a complicated function of the volume,
size distribution, shape, and spatial distribution of the pores.With
a relatively ideal, periodic mesoporous material, the method
provides powerful qualitative and quantitative insight into the
pore structure. A challenge in the technique is the need to
rigorously exclude water vapor from the samples, which would be
facilitated by having a dedicated vacuum system at the
beamline.83 The number of sample cells that need to be prepared
during the initial survey to find the contrast match point, on a
rather short measurement time scale due to the high flux of
modern neutron sources, results in a quite labor-intensive
experiment. The accuracy with which the contrast match point
can be determined is limited by inaccuracies in the densities of
the liquids and the statistical uncertainty in the parabolic fitting
process.

’CONCLUSION

Nitrogen and argon adsorption isotherms, over the full
micropore through saturation pressure regime, have been ana-
lyzed to determine the void fraction, the micropore, primary and
secondary pore volumes, and pore size distributions of mesopor-
ous SBA-15 “as-prepared” and a SBA-15material “modified”with
a mild pressure liquid water treatment that decreases the micro-
pore volume. We point out that our adsorption isotherm data,
which are similar to those obtained in previous studies, implies
that the silica framework has a void fraction of approximately
55%. The intensities of the higher order (11) and (20) diffraction
peaks in our XRD and SANS patterns show that the material has
good long-range order. However, our SANS intensity analysis is
not consistent with previous diffraction models that suggest a
“corona” of complementary pores localized around the primary
mesopores. We conclude that the secondary pore size distribu-
tion and void fraction varies only slightly throughout the silica
framework. The negative scattering length density of hydrogen
(in the form of surface hydroxyls) causes radial variation in the
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scattering length density that can be modeled only if the NLDFT
pore size distribution is distributed relatively uniformly through-
out the framework. We suggest that adsorbed water may have
accounted for an increasing (electron) density profile in SAXS
models of samples measured in air.

We have demonstrated that by using contrast matching small
angle neutron scattering (CM-SANS) with probe molecules
chosen with a range of sizes, the size of the smallest micropores
can be determined. The complete elimination of diffraction
intenstity at the contrast match point for water, decane and
tributylamine and small residual diffraction intensity for cyclo-
hexane and isooctane indicate that the onset of the micropore
size distribution occurs between 5.7 and 6.2 Å.

Despite extensive characterization of SBA-15 materials in the
past, little has been reported regarding the micropore size
distributions, and there is no direct evidence regarding the shape
of micropores. Cylindrical shaped pores have been suggested
from strands of the polymer template that extend into the silica
framework, while slit shaped pores might occur through stress
fracture mechanisms. Analysis of the micropore region of the
argon and nitrogen adsorption isotherms using the Horvath�
Kawazoe (slit shaped) pore model gives a minimum pore width
of 3.5 Å, whereas the Saito�Foley (cylindrical) pore model
predicts a minimum pore diameter of 5.5 Å. Correlation of the
micropore analysis with the CM-SANS results provides further
support that the smallest micropores are cylinder-like in nature.
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