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Probing the High-Pressure Densification of Amorphous Silica Nanomaterials 
using SBA-15: an Investigation into the Paradoxical Nature of the First Sharp 
Diffraction Peak

Abstract

The densification and X-ray scattering of mesoporous silica (SBA-15) were measured 
simultaneously under gigapascal (GPa) pressures. The results are compared to 
previous work on amorphous silica (aSiO2) and demonstrate the feasibility of measuring 
the densification of aSiO2 nanomaterials with small angle X-ray scattering (SAXS) in-situ 
in a diamond anvil cell. Compared to fused silica, the position of the SBA-15 first sharp 
diffraction peak (FSDP) is 7 times more sensitive to pressure and has a transition in its 
pressure dependance at a lower pressure (~2 GPa vs. ~13 GPa). SBA-15 has two 
densification regimes, low-density amorphous and high-density amorphous, which have 
equations of state comparable to low-density amorphous and high-density amorphous 
fused silica. The transition between these two regimes occurs at a lower pressure than 
for fused silica (~1.5 GPa vs. ~13 GPa). The results suggest that there is no direct 
relationship between the FSDP position and the aSiO2 density during compression.

Keywords: Amorphous Silica, Mesoporous Silica, Diamond Anvil Cell, First Sharp 
Diffraction Peak, Equation of State, Small Angle X-ray Scattering

Highlights

 SBA-15, a type of nanoscale aSiO2, is hydrostatically compressed up to ~5 GPa.
 Equation of state and microstructural changes are probed in-situ using SAXS and 

WAXS.
 SBA-15 transitions from a low-density amorphous to a high-density amorphous 

EOS at low pressure and density.
 SBA-15’s First Sharp Diffraction Peak is more pressure sensitive than other 

amorphous silica polyamorphs.
 aSiO2 bulk modulus is shown to not be coupled with the FSDP pressure-

sensitivity.

Inspec Classification Codes

A60, A90

1.0 Introduction

2

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53



Amorphous silica (aSiO2) is the archetypal model material for high pressure glass 
studies due to its ubiquity, chemical simplicity, and relevance to both geological and 
industrial systems. Current high pressure (>1 GPa) studies on aSiO2 focus on melt-
derived polyamorphs, e.g. fused silica, densified fused silica, and vitreous silica. 
However, aSiO2 consists of a much wider family of polyamorphs. One important subset 
is mesoporous silicas, commonly used for catalysis and environmental adsorption due 
to their high surface area. This work studies the high-pressure behavior of the periodic 
mesoporous silica SBA-15 using a diamond anvil cell (DAC) and in-situ X-ray scattering.

The molecular structure of aSiO2 is a polymerized three-dimensional (3D) network of 
SiO4 tetrahedra [1]. Short-range order, at length scales below ~2 Å, comes from bonding 
within these tetrahedra. The tetrahedra interconnect through bridging oxygens, forming 
a continuous network characterized by ring structures of various sizes [2]. The rings, 
while not regularly shaped, are all of fairly similar structure [3,4]. This regularity gives 
rise to structural ordering at intermediate length scales (~5 – 50 Å), referred to as 
intermediate range order (IRO) [1]. The microstructures comprising the IRO include 
rings, network cages formed by multiple rings, and hypothesized structures such as 
pseudo-Bragg planes [5]. The IRO structures are reflected in diffraction features such as 
the first sharp diffraction peak (FSDP).

The FSDP is a common, but largely qualitative, measure of change in the IRO with 
spatial correlations between  ~4 – 10 Å [5]. Many theories have been proposed 
regarding its structural origins, and there is significant controversy over which (if any) 
are correct [4–9]. Its position, intensity, and width are all highly sensitive to pressure 
[10–12]. The main structural differences between aSiO2 polyamorphs lie in the IRO, 
making the FSDP a useful marker for comparisons between them [13–15].

Amorphous-amorphous microstructural transitions are common during compression of 
glasses. These transitions are typically denoted by changes in density, i.e. going from a 
low-density amorphous (LDA) regime to a high-density amorphous (HDA) regime. The 
LDA and HDA mechanical properties and atomic structure can differ significantly, just as 
for crystalline polymorphs. The compressive behavior of both regimes can be quantified 
using equations of state (EOS), which describe the relationship between pressure and 
volume. Although most amorphous-amorphous transitions involve changing atomic 
coordination numbers, aSiO2 is a special case that can have a stable HDA state at 
pressures below those required to increase the coordination number [16,17].

We investigate SBA-15 under hydrostatic compression at room temperature (cold 
compression) up to ~5 GPa and under uniaxial (non-hydrostatic) compression up to 
~1.2 GPa using a diamond anvil cell (DAC) and in-situ synchrotron X-ray scattering. 
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SBA-15 is one of the most studied mesoporous silicas and is synthesized by molding a 
TEOS-based silicate gel around a surfactant template [18–21]. The gel is then heated to 
perform a condensation reaction and to burn out any remaining surfactants. After 
heating almost all organic groups are eliminated (except for a large number of hydroxyl 
defects) [22]. The resulting material is a glass powder composed of few-micron sized, 
elongated particles (aka grains). Each particle is a highly porous form of aSiO2. The 
pore structure is dominated by ~10 nm diameter mesopores that form a two-dimensional 
(2D) hexagonal array (P6mm mesolattice), with nanoscale aSiO2 walls surrounding them 
(Fig. 1) [23]. Embedded within the aSiO2 walls is a significant volume of both 
complementary pores forming “holes” between the primary mesopores and of 
micropores surrounding the mesopores in a “corona” [24–27]. It was previously found 
that ~53% of the porosity volume in SBA-15 comes from the primary, ordered 
mesopores, and the remaining ~47% comes from the complementary pores and 
micropores [25]. Thus, SBA-15 has a high degree of interconnectivity between the 
mesopores via irregular nano-scale channels. Despite micron-scale particle diameters, 
SBA-15 is a nanoscale material due to its high surface area to volume ratio and few-
nanometer thin walls.

[Insert Figure 1 here]

The aSiO2 in the walls of SBA-15 shares a similar microstructure with fused silica, 
largely because the IRO structure must be similar for glasses of the same chemistry due 
to similar intertetrahedral ring sizes/shapes, cation nearest neighbor distances, and 
intertetrahedral bond angles. Both SBA-15 and fused silica have a fully polymerized bulk 
intertetrahedral network (see SI Section 1.5), identical Si-O bond angles and distances, 
and similar O-O and Si-Si nearest neighbor distances [5,15,28]. However, SBA-15 also 
has several microstructural differences with fused silica due to its larger skeletal density, 
different synthesis route, and nanoscale dimensions. SBA-15 has a higher proportion of 
Q2 and Q3 species due to its large surface area (for further details, see SI Section 1.5), 
and of small 3- and 4-membered intertetrahedral rings [29]. The SBA-15 FSDP peak 
typically has a weaker intensity, a larger full width half maximum (FWHM), and a higher 
momentum transfer, q, position than fused silica [15,22,30,31]. Differences in their IROs 
are observed (via the pair distribution function) beyond a correlation length of ~3.5 Å 
[28].

Previous studies of mesoporous silicas using DACs have reported significantly different 
bulk moduli (ranging from 5 – 47 GPa), likely attributable to disparities in pressure 
conditions (either hydrostatic or quasi-hydrostatic) [32–34]. These previous studies 
lacked the densification datapoint density and signal-to-noise ratio to rigorously model a 
pressure dependent EOS. In addition to mesoporous silicas, fumed silica nanoparticles 
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have also been studied with DACs. Fumed silica is another aSiO2 nanomaterial made 
from a reactive Si precursor and in many ways is similar to SBA-15: due to its high 
surface area fumed silica has a higher proportion of Q2 and Q3 species [35] and more 
3- and 4-membered rings [29,36,37] than fused silica. However, fumed silica’s density, 
ambient pressure FSDP position, and IRO (via the pair distribution function) are all 
dissimilar to SBA-15 and more like that of fused silica [13,37]. Notably, the FSDP of 
fumed silica [13] exhibits greater sensitivity to pressure than that of fused silica or 
almost any other type of aSiO2 [16,38].

2.0 Materials and methods

2.1 Materials and material property measurements

SBA-15 was purchased from ACS Materials (synthesized via the hydrothermal method 
with Pluronic 123 as the surfactant template and TEOS as the silicon source, then 
calcined in air at 550°C for 6 hours). The material properties at ambient pressure (1 
atm) and room temperature were studied using the following techniques: 29Si MAS NMR 
(Bruker 500 MHz AVANCE) was used to measure the Q species and degree of 
polymerization. A nitrogen gas adsorption analyzer (Micrometric 3Flex Adsorption 
Analyzer) was used to measure the specific surface area, pore volume, and mesopore 
diameter. Helium pycnometry (Anton Paar Ultrapyc 5000 Micro) was used to measure 
the SBA-15 skeletal density. The tapping method was used to measure bulk powder 
density. Further details on material property measurements and a table of results are 
given in SI Section 1.

2.2 X-ray scattering measurements

Small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) 
measurements were carried out at Argonne National Laboratory’s Advanced Photon 
Source (APS) at HP-CAT (beamline 16-ID-D) using 20 keV monochromatic X-rays 
(λ=0.6199 Å). Pt and Rh KB mirrors removed higher energy harmonics and focused the 
x-ray beam to ~25 × 25 μm (FWHM) at the sample position and ~500 × 500 μm (FWHM) 
at the SAXS detector position. All WAXS and SAXS data were measured in-situ in the 
diamond anvil cell (DAC).

The DAC delivered hydrostatic and uniaxial pressures for sample compression [39]. The 
hydrostatic measurements used a pressure-transmitting medium (PTM) of 4:1 methanol 
ethanol (hydrostatic up to 10 GPa [40]) and the non-hydrostatic (uniaxial) measurements 
used ambient air. The DAC was a symmetric design using type II diamonds, 300 μm 
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diameter culets, and a stainless-steel gasket. The sample chamber was ~100 μm in 
diameter and ~100 – 250 μm thick (at ambient conditions).

WAXS data was collected on a Pilatus 100K detector, offset to let the SAXS beam pass, 
and located ~170 mm from the sample to capture a momentum transfer of 1.4 < q < 4.0 
Å-1 with azimuthal coverage of ~40 – 120°. WAXS data was calibrated using a gold 
standard and radially integrated to 1D WAXS patterns using DIOPTAS [41]. Reported 
WAXS and SAXS intensities are not on an absolute scale but are self-consistent across 
our measurements.

SAXS data was collected using a MAR345 detector (345 mm diameter active area) 
located ~3050 mm from the sample. To minimize air scattering, the SAXS beam was 
passed through an He-filled container with X-ray transparent windows: a 50 μm thick 
mica window upstream and a 17 μm thick Kapton window downstream. A beam stop 
immediately upstream of the Kapton window shielded the detector from the direct beam 
and intense low-q scattering. Due to limitations in the dynamic range of the MAR345 
detector, SAXS data was collected in two measurements with overlapping q ranges. The 
low-q configuration used a 2 mm diameter tungsten rod for the beam stop and 
measured data between 0.0025 < q < 0.05 Å-1. The high-q configuration used the 
tungsten rod and a U.S. dime (17.91 mm diameter 91.7 wt% Cu, 8.3 wt% Ni) for the 
beam stop and measured data between 0.03 < q < 0.5 Å-1. Artifacts from intense 
diamond scattering limited the useful low-q range to q > 0.0045 Å-1. Background 
measurements through a fully assembled DAC without a sample or PTM were used to 
quantify instrument specific scattering signals. The background limited the useful high-q 
range to q < 0.15 Å-1. SAXS data was calibrated using diffraction from a silver behenate 
standard. 1D SAXS patterns, in arbitrary units of intensity, were calculated by applying a 
dark field correction and subtracting the instrument specific scattering from the detector 
images, radially integrating the corrected images, and scaling the high- and low-q 
measurements to each other in the overlap region.

For fitting SAXS and WAXS data, the systematic error σ I in Poisson counting statistics 
(intensity I) was estimated σ I=√ I+(0.05∗I ) and factored into fits as weight=1/σ I

2. 
All fitting used least squares regression (trust-region method) in MATLAB with intensity 
weights factored into the fits. The error in fitted parameters was taken as half of the 95% 
confidence interval, equivalent to one standard deviation.

3.0 Theory and modelling for hydrostatic compression
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3.1 SAXS modelling

Modelling the small angle scattering of SBA-15 is well-established and previous 
investigators have used models of varying degrees of complexity [25,42–44]. The 
hydrostatic SBA-15 SAXS data was fit using a simple model focused on capturing the 
behavior of the ordered peaks. Modelling used four separate contributions: diffraction 
peaks from the ordered mesopore lattice (mesolattice), a Guinier-Porod contribution, a 
low-q power law, and an instrument background:

I (q )=Iordered (q )+ IGuinier−Porod (q )+ IPower Law (q )+ Ibackground (1)

Iordered(q) comes from the mesolattice structure of SBA-15, which consists of long, 
cylindrical pores arranged in a 2D hexagonal mesolattice [21]. This contribution is 
modeled by five pseudo-Voigt peaks (area-normalized so that the intensity equals the 
area under the peak) with locations in q determined by the five lowest order hk 
reflections of a 2D hexagonal mesolattice (P6mm) [43]. IGuinier−Porod(q) uses 
Hammouda’s model to represent diffuse scattering from the nanometer-scale pore walls 
[45]. We used a cylindrical form factor for the Guinier-Porod contribution and fixed the 
Porod exponent at -4. The low-q scattering was modeled using a power law, 
IPower Law (q )=C∗qα, where C is a constant and α, the scattering exponent, is fixed to -4. 
The low-q scattering likely arises from the surfaces of the largest scattering structures in 
the sample, which in SBA-15 is the micron-sized particles [25,42]. The instrument 
background was modeled as constant.

SI Section 2.1 shows a representative SBA-15 SAXS fit broken out into its components.

3.2 WAXS Modelling

WAXS fitting used a simple model focused on capturing the behavior of the FSDP and 
gold diffraction peak. The model used five separate contributions as shown in Eq. (2): a 
power law scattering contribution for the low-q scattering, a flat instrument background, 
a Gaussian peak representing the gold diffraction (111) reflection, and two Gaussian 
peaks making up the FSDP (representing the high-q and low-q components).

I (q )=IPower Law (q )+ IGold (q )+ IFSDP ,High−q (q )+ IFSDP ,Low−q (q )+ Ibackground (2)

The power law low-q scattering behavior is also found in previous WAXS measurements 
of mesoporous silica [15]. This contribution likely arises from density fluctuations in the 
aSiO2 walls. The diffraction peak is from gold particles added to the SBA-15 powder as 
a hydrostatic pressure probe (see next section). The FSDP is modelled using two peaks 
based on the primary features of the data. Only the low-q peak (the highest-intensity, 
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principal component) was used to monitor FSDP position, FWHM, and intensity (as is 
common to most aSiO2 studies).

SI Section 2.2 shows a representative SBA-15 WAXS fit broken out into its components.

3.3 Hydrostatic Pressure

The hydrostatic pressure exerted on the aSiO2 walls of SBA-15 was calculated from the 
gold unit cell volume, determined from the (111) diffraction reflection, using a third-order 
Birch-Murnaghan EOS [46,47] and the parameters given in Anderson et al [48]. The 
systematic error in pressure was estimated at ~0.1 GPa, peak fitting errors were 
comparatively negligible (~2 orders of magnitude smaller).

This calculation assumes that the pressure exerted by the PTM on the aSiO2 pore walls 
is hydrostatic and equivalent to that on the gold particles. For this to be true, the PTM 
must fully penetrate the pores. A previous study, using contrast-matched small angle 
neutron scattering (CM-SANS), showed that isooctane almost entirely penetrates the 
pore volume in SBA-15 (~10-4 cm3/g void volume remaining) [25]. Smaller molecules like 
n-decane (cross-sectional diameter ~4.9 Å [49]) completely fill all pores leaving no 
measurable void volume. n-decane is larger than methanol or ethanol (cross sectional 
diameters of ~3.8 Å and ~4.4 Å respectively), indicating our PTM should fully occupy the 
pore space in SBA-15.

During SBA-15 hydrostatic compression, we assume that a fully pore-penetrating 
hydrostatic PTM (1) remains hydrostatic and pressure-equilibrated to the external PTM 
when inside nanoscale-sized pores, (2) stabilizes the pores against collapse so that 
porosity does not significantly affect SBA-15’s compressibility, and (3) does not itself 
have a significant effect on SBA-15’s compressibility. This implies that the DAC 
compresses only the SBA-15 skeletal structure, so the measured compressibility of the 
mesolattice reflects that of aSiO2 alone without PTM or porosity contributions. See 
Appendix A for a detailed defense of these assumptions.

3.4 Volumetric Compression and Densification

Volumetric compression of the aSiO2 walls is calculated V norm=a3/a0
3, where 

V norm=V /V 0 is the volume normalized to its ambient pressure value, a is the 
compressed 2D hexagonal mesolattice parameter, and a0 is the ambient mesolattice 
parameter (see SI Section 2.3 for derivation). However, mesolattice diffraction does not 
directly measure aSiO2 wall width and the 2D mesolattice lacks c-direction data for 
volume calculations (Fig. 1b). We estimate aSiO2 volumetric compression by assuming: 
(1) the contraction, i.e. linear strain, of the aSiO2 wall thickness is the same as that of 
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the mesolattice parameter, and (2) linear strain is the same in all crystallographic 
directions (including the c-direction) at any given hydrostatic pressure.

Both assumptions hold if SBA-15 undergoes linear isotropic compression, where a 
hydrostatic PTM distributes pressure equally in all directions resulting in uniform strains 
in all directions for isotropic materials. Assuming linear isotropic compression is 
common for hydrostatic compression of bulk aSiO2 [50]. Given that all bulk polyamorphs 
of aSiO2 are isotropic, it is likely that SBA-15 – which is microstructurally similar to fused 
silica – is also isotropic. While isotropic compression is straightforward for the a- and b-
directions, it is more complex for the c-direction due to mesopore vertical alignment (Fig. 
1). Nonetheless, we approximate linear isotropic compression for the c-direction 
because (a) the bulk material’s isotropy is more relevant than particle shape anisotropy 
during hydrostatic compression, and (b) the hydrostatic environment for SBA-15 should 
be uniform due to long equilibration times and complete PTM pore penetration.

3.5 EOS modelling

SBA-15 densification during hydrostatic compression was modelled using an EOS 
transition between a low- and a high-pressure densification regime. Both regimes are 
modeled using third-order Birch-Murnaghan EOSs [46,47,51]. A third-order Birch-
Murnaghan EOS describes the change in Vnorm under compressive pressures using two 
parameters K0 and K’0, the bulk modulus at ambient pressure and the first derivative of 
the bulk modulus at ambient pressure respectively. At a transition density, defined as the 
coordinate where the low- and high-pressure EOSs intersect, the model instantaneously 
transitions from following the low-pressure EOS to following the high-pressure EOS. 
This model was chosen for its simplicity and does not imply the order of the transition 
mechanism. 

The simple EOS transition model has fitting parameters ρ0,Low-P, K0,Low-P and K’0,Low-P for 
describing the low-pressure regime, and ρ0,High-P, K0,High-P and K’0,High-P for describing the 
high-pressure regime. Errors for fitted parameters were defined the same as for SAXS 
and WAXS. Fits were weighted using σV norm

, propagated from the hexagonal mesolattice 
parameter fitting errors.

Models with transitions between multiple EOSs are commonly used to describe phase 
or microstructural transitions in oxide glasses [16,52]. A detailed description of the 
equations and calculations for the simple EOS transition model is given in SI Section 
2.4.

4.0 Results for hydrostatic compression
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4.1 Small Angle X-ray Scattering

[Insert Figure 2 here]

Figure 2 shows SAXS data and corresponding fits for the hydrostatic compression of 
SBA-15 [53]. At ambient pressure, the ordered SBA-15 mesopores give rise to a series 
of diffraction peaks including higher order reflections. This signifies a high degree of 
order between the mesopores. The SAXS data at 0 GPa match a P6mm space group 
(2D hexagonal) with mesolattice parameter a0 = 118.9 Å, in agreement with previous 
literature [21,24,25,42]. Under applied hydrostatic pressure, the peaks shift to higher q, 
decrease in intensity, and become broader, indicating a shrinking mesolattice and 
increasing mesolattice disorder (Fig. 3). The mesolattice peaks match a P6mm space 
group across the full pressure range.

Figure 3 displays the integrated peak intensity and FWHM of the low-q peak as a 
function of hydrostatic pressure. At ~3 – 4 GPa there is an inflection in both the peak 
intensity and FWHM. Decreasing peak intensity and increasing FWHM signify more 
disorder.

The Guinier-Porod scattering contribution could be fit using a range of different inputs 
(i.e. no unique solution), thus necessitating simplifying approximations. The form factor 
was estimated as cylinders (dimensionality=2) based on goodness of fit and rough 
agreement with the shape of the aSiO2 skeletal structure. The Porod exponent was 
estimated as -4 corresponding to smooth surfaces. This fit Rcylinder ≈ 9 Å, in general 
agreement with scattering structure sizes from previous studies [25,42]. Uncertainty in 
Rcylinder precluded determination of its pressure sensitivity. Previous studies used 
spherical form factors, so a different source of density fluctuations may be dominating 
the diffuse scattering in our sample. The fitted scattering structures are too large to arise 
from microporosity but similar in scale to the SBA-15 aSiO2 pore walls, suggesting that 
they themselves are the source of the diffuse scattering.

The low-q power law region, which corresponds to the micron-sized SBA-15 particles, fit 
well across the full range of pressures with the estimated power law exponent α = -4. 
This corresponds to smooth particle surfaces and agrees with previous studies [25,42].

[Insert Figure 3 here]

4.2 Wide Angle X-ray Scattering

[Insert Figure 4 here]
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Figure 4 shows WAXS data and corresponding fits for SBA-15 under hydrostatic 
compression [53]. The main WAXS feature for SBA-15 is the FSDP. At ambient 
pressure, SBA-15’s FSDP is at q = 1.69 ± 0.01 Å-1. This is much higher than for fused or 
vitreous silica (q = 1.52 Å-1) [16,38,54,55], consistent with previous studies showing that 
SBA-15’s FSDP is higher in q, significantly broader, and lower-intensity [15,22]. Under 
increasing hydrostatic pressure, the FSDP position shifts to higher q values and 
transitions to a less pressure-sensitive regime (Fig. 5). This is consistent with the real-
space structures in the IRO that give rise to the FSDP getting smaller and less 
compressible with increasing pressure. The behavior of the minor component of the 
FSDP is described in SI Section 6. Throughout the entire compression measurement 
there are no signs of any crystalline SiO2 contributions or pressure-induced 
crystallization, which would have caused diffraction signals in the measured q range. 
The vertical feature near q ≈ 2.6 Å-1 is the gold (111) diffraction reflection, used to 
measure pressure inside the chamber.

The relationship between SBA-15’s ambient pressure FSDP position and its skeletal 
density (ρ = 2.42 ± 0.02 g/cm3) aligns closely with the trends observed by Tan and Arndt 
[56] and Salmon et al [2] for bulk aSiO2 polymorphs (see SI Section 4). These previous 
studies demonstrate a linear relationship between the ambient FSDP position and 
ambient density. Therefore, the high q FSDP position of SBA-15 at ambient pressure is 
likely due to its higher skeletal density (not its ring size distribution, as has been 
previously suggested [4,15]). This suggests that the FSDP of SBA-15 shares a common 
origin with that of fused silica and that the materials have closely related microstructures.

Figure 5 shows the integrated peak intensity and FWHM of the low-q FSDP component 
as a function of hydrostatic pressure. The intensity initially increases, and then starts to 
decrease after an inflection point at ~3 GPa. The brief period (< ~3 GPa) where the 
intensity of the low-q component is increasing signals an increase in the number of 
FSDP scattering structures, which in turn suggests an increase in the amount of order in 
the aSiO2 IRO. The inflection point occurs at approximately the same pressure as the 
changes in the SAXS peaks shown in Figure 3. The FWHM increases (largely 
monotonically) over the measured pressure range, indicating increasing disorder.

[Insert Figure 5 here]

5.0 Discussion

5.1 Evidence for direct, hydrostatic compression of the aSiO2 skeletal structure
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[Insert Figure 6 here]

During hydrostatic compression of SBA-15, SAXS measurements of mesolattice 
contraction likely reflect the densification of the aSiO2 skeletal structure (i.e. walls) 
without contributions from porosity or the pressure transmitting medium (PTM). As 
evidence, we first compare the hydrostatic compression of SBA-15 against the 
hydrostatic compression of fused silica.

Figure 6 compares the densification of SBA-15 under hydrostatic compression against 
the hydrostatic densification of fused silica and the uniaxial (non-hydrostatic) 
densification of SBA-15. Methods for fitting the uniaxial SBA-15 data are detailed in SI 
Section 5, along with representative uniaxial WAXS and SAXS fits and a waterfall plot of 
the fitted uniaxial SAXS data.

Figure 6 shows that the compressibility of hydrostatic SBA-15 closely matches that of 
fused silica. A linear fit of the three lowest-pressure points gives an initial bulk modulus 
for SBA-15 of ~35 GPa, aligning well with that of fused silica (~37 GPa) [50]. Because 
nanoscale materials in hydrostatic compression typically exhibit moduli within ~30% of 
their bulk equivalents [57–60], this suggests the DAC directly compresses the aSiO2 
walls and that alternative densification contributions are not significant.

Comparing the hydrostatic versus uniaxial (non-hydrostatic) compression of SBA-15 
evidences the stabilization of pores against collapse by a penetrating PTM. The 
ambient-pressure mesolattice parameter of the uniaxial measurement (which was 
measured in air), a0 = 119.1 Å, matches that of the hydrostatic case. This suggests there 
was no crushing of the SBA-15 pores during the initial DAC setup or mesolattice strain 
caused by the pore-penetrating PTM. Figure 6 shows that uniaxially compressed SBA-
15 is more compressible, with an initial pseudo bulk modulus of ~2.2 ± 0.2 GPa. This is 
more than an order of magnitude lower than hydrostatic SBA-15 and agrees with the 
expected reduced modulus, ~1 GPa, from un-stabilized porosity (via the Mackenzie 
equation, see SI Section 5.5) [61]. The uniaxial compression experiment illustrates how 
our hydrostatic sample compressibility would change if the pores were not stabilized.

During uniaxial compression, both the SAXS peaks and the WAXS gold diffraction peak 
become asymmetric as soon as significant non-hydrostatic force was applied (SI Figure 
12). As the pores collapsed, uniaxial SAXS peaks lost their intensity, widened, and 
reduced to only two discernable peaks. During hydrostatic compression these problems 
are absent, suggesting hydrostatic conditions were maintained.

5.2 First Sharp Diffraction Peak

[Insert Figure 7 here]
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Figure 7 shows the FSDP position as a function of hydrostatic pressure for SBA-15 and 
several other aSiO2 polyamorphs. The behavior of the fused silica FSDP position with 
pressure is used as the main benchmark for our SBA-15 results. At low pressures, the 
fused silica FSDP position has a high rate of change with pressure (dqFSDP/dP) and an 
approximately linear relationship to pressure. This is followed by a transition at ~12 – 15 
GPa to a high-pressure regime which is also approximately linear, has a smaller 
dqFSDP/dP, and extends to ~40 GPa [10,38]. The low-pressure FSDP regime with large 
dqFSDP/dP coincides with a high rate of rearrangement for the intertetrahedral bonding 
(and thus changes to the IRO) and minor changes to Si-O intratetrahedral bonds 
[38,62]. The high-pressure FSDP regime with smaller dqFSDP/dP coincides with less 
rearrangement of the intertetrahedral bonding indicating stiffer IRO structures and major 
changes to the intratetrahedral bonds [38] (because > ~16 GPa the main compression 
mechanism is the Si coordination change [10,38,63]). SBA-15 has an FSDP transition 
from high dqFSDP/dP to low dqFSDP/dP like fused silica (from now on just referred to as an 
FSDP transition), but at a much lower pressure of ~0.5 – 3 GPa (Fig. 5). Importantly, for 
both fused silica and SBA-15 the FSDP transition happens at approximately the same 
pressure as the LDA-to-HDA EOS transition (described in the next section), suggesting 
a shared mechanism. 

Other polyamorphs of aSiO2 in Figure 7, densified fused silica [16] and fused silica with 
dissolved helium [54], have only low dqFSDP/dP regimes (and no FSDP transitions) likely 
due to their significantly reduced interstitial void space, which makes structures within 
the IRO less compressible.

Another aSiO2 polymorph in Figure 7, fumed silica, is notable for having a larger 
dqFSDP/dP than fused silica [13]. This highly pressure-sensitive fumed silica regime 
continues until ~6 GPa, where it likely starts having an FSDP transition. Similar to the 
fused silica low-pressure, large dqFSDP/dP regime, this fumed silica regime was shown to 
be concurrent with a high rate of decrease in Si-O-Si angles (i.e. rearrangement of IRO 
structures) and minimal change to Si-O bond lengths and angles [13].

Like for fused silica, SBA-15 has an FSDP transition from a low-pressure regime with 
large dqFSDP/dP to a high-pressure regime with smaller dqFSDP/dP (Fig. 5). However, 
Figure 7 shows that SBA-15’s dqFSDP/dP is exceptionally large compared to that of fused 
silica and all other aSiO2 polymorphs shown in Fig. 7. At low pressures (i.e., less than 
~0.75 GPa) SBA-15’s dqFSDP/dP, ~0.24 Å-1∙GPa-1, is seven times larger than that of fused 
silica’s low-pressure regime, ~0.03 Å-1∙GPa-1, and three times that of fumed silica, ~0.07 
Å-1∙GPa-1. In this highly pressure-dependent FSDP regime, it is likely that the IRO is 
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rapidly rearranging while the short-range order remains largely unchanged, like for fused 
silica and fumed silica. After its FSDP transition, SBA-15’s dqFSDP/dP decreases by 
almost an order of magnitude to ~0.03 Å-1∙GPa-1 (Fig. 5) which is close to the dqFSDP/dP 
of the fused silica low-pressure regime. This is larger than the dqFSDP/dP of either the 
fused silica high-pressure regime or densified fused silica (both ~0.01 Å-1∙GPa-1) and 
much larger than the dqFSDP/dP of fused silica with dissolved helium (~0.004 Å-1∙GPa-1). It 
is likely that the IRO is rearranging more slowly in the SBA-15 high-pressure, small 
dqFSDP/dP regime and that the intertetrahedral network has become less compressible, 
like for after the FSDP transition in fused silica.

While both SBA-15 and fumed silica have FSDP positions that start out with larger 
dqFSDP/dP than fused silica, there are still significant differences in their FSDP behavior. 
The ambient pressure FSDP position for SBA-15 is higher than for fumed silica 
nanoparticles, so the real-space structures in the IRO which give rise to the FSDP are 
smaller in SBA-15 than in fumed silica. The fumed silica FSDP position versus pressure 
slope is linear, like fused silica, up to ~6 GPa. The SBA-15 FSDP position pressure-
dependence is not linear throughout most of the compression measurement.

5.3 Volumetric Compression and Equation of State

[Insert Figure 8 here]

The hydrostatic, volumetric compression of SBA-15 is compared to different aSiO2 
polyamorphs in Figure 8. The behavior of fused silica is used to benchmark our SBA-15 
results. At moderate pressures up to ~15 GPa, where fused silica is entirely tetrahedrally 
coordinated [10,17,38,63], the compression of fused silica can be mostly described 
using two EOSs: an LDA-type EOS and an HDA-type EOS. The LDA-type EOS 
corresponds to fused silica at pressures below ~7 GPa [50,64], and the HDA-type EOS 
corresponds to densified fused silica [16]. During a continuous compression experiment 
(i.e. when the pressure is monotonically increased up to the maximum pressure) up to 
~15 GPa, fused silica undergoes a transition at ~11-15 GPa from an LDA EOS to an 
HDA EOS [16,64].

Fused silica exhibits an LDA-type EOS within the compression range shown in Figure 8, 
for which the dominant densification mechanism is the rearrangement of the IRO 
structures (bending and rotation of the bridging oxygen bonds) resulting in the reduction 
of interstitial voids [16,54]. Meanwhile the short range order, i.e. the SiO4 tetrahedra, is 
minimally affected [10,38]. During compression of fused silica in the HDA regime, the 
intertetrahedral bonds are already strained [3] and the interstitial void space greatly 
reduced [16], making the IRO structures and intertetrahedral network less compressible.
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Densified fused silica [16] and fused silica with dissolved helium [54] do not have 
strongly pressure-dependent FSDP regimes or LDA-type EOS regimes (Fig. 8). These 
materials don’t have an LDA-type EOS regime because they already have significantly 
reduced interstitial void space and, in the case of densified fused silica, strained 
intertetrahedral bonds.

Figure 8 shows the fit of the EOS transition model to the densification of SBA-15. The 
model accurately replicates the behavior of SBA-15. See Supporting Information for a 
detailed description of the fitting process (SI Sections 3.1 and 3.2) and comparisons of 
several fitting iterations with fitting errors (SI Section 3.3).

To constrain the EOS transition model fit shown in Figure 8, K’0 was fixed at 4 for both 
the low- and high-pressure EOSs and ρ0 was fixed to the measured value of 2.42 g/cm3 
for the low-pressure EOS (see SI section 1.3 for pycnometry measurement). Note that 
fixing K’0 = 4 is equivalent to a second-order Birch-Murnaghan EOS. Fitting obtained 
bulk moduli values of K0 = 35.1 ± 0.6 GPa for the low-pressure EOS, and K0 = 62.5 ± 2.4 
GPa and ρ0 = 2.459 ± 0.004 g/cm3 for the high-pressure EOS, corresponding to a 
transition point at PTransition = 1.5 ± 0.4 GPa and ρTransition = 2.516 ± 0.021 g/cm3. Note that 
the density error from model fits reflects the error for percent densification, not for the 
actual density values for ρ0 and ρTransition.

Good fits with the EOS transition model could also be attained by fixing the bulk moduli 
of the low- and high-pressure EOS regimes to literature values of LDA fused silica [65] 
and densified fused silica [16] (SI Section 3.3). In addition, we investigated a modified 
EOS transition model where the instantaneous EOS transition is replaced with a 
transition zone in which the bulk modulus gradually switches between the two regimes 
(see SI Section 2.5 for detailed description). The modified EOS transition model fit the 
data with very low error and suggests SBA-15 could have a graded EOS transition 
spanning a pressure range of ~0.4 – 2.6 GPa (SI Section 3.3). This pressure range 
agrees with the error range of the transition pressure from the simple EOS- transition 
model.

Thus, all the variations of the EOS transition model fit the SBA-15 compression data 
with similar physically reasonable values. The EOS transition model fits all indicate that 
(1) the SBA-15 compression data is consistent with a transition between two separate 
EOSs, (2) the bulk modulus for the low-pressure EOS is close to that of LDA fused 
silica, (3) the bulk modulus for the high-pressure EOS is close to that of HDA fused 
silica, (4) the transition between the low- and high-pressure EOSs takes place at ~1 – 2 
GPa, and (5) the ambient pressure density of the high-pressure EOS is approximately 
2.46 ± 0.01 g/cm3.
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Several alternative types of EOS models were also tested to fit SBA-15 densification: a 
third-order Birch-Murnaghan EOS [46,47], a fourth-order Birch-Murnaghan EOS [46,47], 
and a model approximating the elastic anomaly in fused silica (SI Section 2.6). However, 
none of the alternative models could fit the SBA-15 densification data when constrained 
to physically realistic values, showing that they do not reflect the underlying 
compression mechanisms (Appendix B).

The SBA-15 low-pressure EOS likely corresponds to an LDA regime and the high-
pressure EOS to an HDA regime, with the transition indicating an amorphous-
amorphous microstructural transition. The bulk moduli for the SBA-15 low- and high-
pressure EOSs are very close to the LDA and HDA bulk moduli for fused silica, a closely 
related aSiO2 polyamorph. With regards to other possible explanations for a 
discontinuous EOS: There are no crystalline diffraction peaks, indicating no pressure-
induced crystallization. There are no indications of pore collapse during hydrostatic 
compression (Section 5.1 and Appendix A). The poor fit of the model approximating the 
elastic anomaly to the data (Appendix B) and the higher proportion of small rings in 
SBA-15 (which reduces the proportion of six-membered rings supposedly responsible 
for the elastic anomaly [66]) suggest it is unlikely that the transition stems from a 
mechanism similar to the fused silica elastic anomaly. There is no WAXS peak 
appearing at ~3 Å-1 during compression which would indicate sixfold coordinated Si [10], 
nor does the oxygen packing factor get large enough to suggest an increase in Si 
coordination number would be favorable [17]. There is no significant adsorption strain 
caused by the PTM (Section 5.1). Lastly, there are no compressibility changes caused 
by penetration of the PTM into bulk aSiO2 interstitial voids. Methanol and ethanol have 
been shown to be insoluble into bulk aSiO2 up to 10 GPa [54], and even a smaller 
molecule like argon cannot penetrate into bulk aSiO2 or silica zeolites up to at least 8 
GPa [60,67]. Thus, it is assumed for the remainder of the paper that the SBA-15 EOS 
transition is an LDA-to-HDA transition.

The LDA-to-HDA EOS transition for SBA-15 takes place at much lower pressure than in 
fused silica (~1.5 versus ~13 GPa). The only similar behavior previously observed was 
in fumed silica nanoparticles, where the onset of permanent densification takes place at 
a much lower pressure than for fused silica [68]. Permanent densification is likely related 
to the fused silica LDA-to-HDA transition [16]. The SBA-15 LDA-to-HDA EOS transition 
also occurs at a smaller densification ratio than for fused silica (~3.5% versus ~41%) 
and at a lower density (~2.51 versus ~3.12 g/cm3) [16].

5.4 Relationship between FSDP and EOS
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For both SBA-15 and fused silica, the pressure ranges for the EOS transition and the 
FSDP transition coincide. This suggests that the transition mechanisms are linked. 
Previous studies on oxide glasses, like GeO2 and aluminosilicates, also found FSDP 
transitions co-located with EOS transitions and asserted a similar connection [52,69]. 
Notably, the current study demonstrates that altering the structure of a glass system 
(e.g., using a different aSiO2 polyamorph) causes the pressure of both the FSDP and 
EOS transitions to shift in tandem.

Assuming the EOS transition pressures of SBA-15 (~1 – 2 GPa) and fused silica (~12 – 
14 GPa) indicate their LDA-to-HDA transitions, the transitions occur at similar FSDP 
position ranges (q ≈ 1.90 – 1.98 Å-1 and q ≈ 1.92 – 1.98 Å-1 respectively) [16]. This 
suggests that during cold compression the EOS transition may occur at a critical FSDP 
position for all aSiO2 polyamorphs, possibly because the IRO structures and FSDP are 
closely related among all aSiO2 polymorphs.

The correlation in transition pressures for FSDP and bulk aSiO2 compression are 
unsurprising. The rearrangement of the intertetrahedral network is the dominant 
compression mechanism for LDA fused silica, and a significant mechanism for HDA 
fused silica [16]. The rearrangement of the intertetrahedral network is also the primary 
driver of change in the IRO. Because change in the FSDP signifies change happening in 
the IRO, one would expect that aSiO2 compression is closely correlated with the FSDP 
behavior.

Despite this connection, comparison of Figures 7 and 8 reveals that the rate of change 
of the FSDP position with pressure, dqFSDP/dP, is not indicative of the aSiO2 bulk 
modulus. Figure 7 shows that dqFSDP/dP is much larger for SBA-15 than for fused silica. 
If we assume that the FSDP in both materials manifests from the same real-space 
structures in the IRO - as evidenced by both materials following the same ambient 
pressure FSDP position versus density trend - then the difference in dqFSDP/dP must be 
due to the FSDP structures rearranging at a higher rate in SBA-15 than in fused silica. 
Figure 8 shows that SBA-15 and fused silica have approximately the same bulk 
modulus, especially for the LDA EOS. Thus, the FSDP structures rearrange at a higher 
rate in SBA-15 than in fused silica, but both materials densify at the same rate. This 
suggests that, during cold compression, the rearrangement of the FSDP structures does 
not significantly affect the density of aSiO2 and thus there is no direct correlation 
between the FSDP position and the bulk modulus in aSiO2. This finding is consistent 
with recent research indicating that the collapse of intertetrahedral rings significantly 
contributes to aSiO2 densification, and the FSDP is uncorrelated to the size or collapse 
of these rings [2].
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This finding has two important implications. First, if intertetrahedral ring collapse is 
indeed a major contributor to densification, then the discrepancy between the pressure 
dependence of the FSDP position and the bulk modulus is further evidence that the 
FSDP does not originate from these rings. This inference challenges ring size-based 
models for the origin of the FSDP [4,7] and supports alternative models based on IRO 
structures with minimal densification impact. Second, the densification of aSiO2 cannot 
be monitored using the FSDP position. Although dFSDP (FSDP correlation length 
d=2π /qFSDP) decreases much faster than bulk aSiO2 densifies which indicates the 
FSDP position cannot directly measure densification [56], it has remained a common 
assumption that dqFSDP/dP qualitatively reflects the glass densification rate. This is 
because both FSDP positional changes and densification of LDA aSiO2 are strongly 
correlated with the rearrangement of the IRO. This assumption is inconsistent with the 
current results.

The inflection region for the intensity and FWHM of the SBA-15 SAXS peaks and FSDP 
(~3 – 4 GPa, Fig. 3 and 5) may signify a change in the compression mechanism. 
Because the inflections occur at higher pressures than the FSDP or EOS transitions, the 
change in compression mechanism would be unrelated to those transitions. Regardless, 
inflection regions occurring at the same pressure for both SAXS and WAXS peaks is 
further evidence of a correlation between the FSDP and bulk material compression.

5.5 Comparing the Equation of State and Density of SBA-15 with Fused Silica

Previous literature has found that the ambient compressibility of aSiO2 is closely tied to 
its ambient density [70], so that fused silica and its partially densified counterparts all 
follow the same density versus bulk modulus trend. In the current work, SBA-15 is 
shown to significantly deviate from this trend. The SBA-15 LDA regime has an ambient 
density of 2.42 g/cm3, which would correspond to a bulk modulus of K0 ≈ 42.5 GPa 
according to previous literature [70]. However, this modulus is inconsistent with our SBA-
15 LDA compression data, which has approximately the same bulk modulus as LDA 
fused silica (2.20 g/cm3). Similarly, the SBA-15 HDA EOS has an effective ambient 
density of ~2.46 g/cm3 and a bulk modulus close to a highly densified fused silica (2.67 
g/cm3) [16], which is inconsistent with the expected bulk modulus of K ≈ 46.4 GPa 
according to the previous literature [70]. Thus, it is likely that the compressibilities of 
different types of aSiO2 materials have different correlations with their ambient densities.

This is a somewhat surprising result in that SBA-15 and fused silica follow the same 
ambient-pressure FSDP vs density trend (SI Section 4) and have closely related 
microstructures. While it is possible that the differences in compressibility vs. density 
between SBA-15 and fused silica arise from minor changes in the ring size distribution 

18

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611



or other IRO features, the difference is most likely due to the nanoscale nature of SBA-
15. Previously, it was found from FTIR that the Si-O-Si bonds in nanoscale fumed silica 
are more flexible than compared to fused silica, have a slightly shifted stretching band, 
and their bond angles change more under applied pressure [37,71]. This suggests that, 
in general, nanoscale aSiO2 particles may have a more flexible intertetrahedral network 
with different Si-O-Si bond responses to pressure and density.

5.6 First Sharp Diffraction Peak pressure sensitivity and LDA-to-HDA transition at 
low pressure

It is challenging to determine the underlying cause of the extreme FSDP pressure-
sensitivity (i.e. very high dqFSDP/dP) and the shift of the LDA-to-HDA EOS transition to 
lower pressures for SBA-15 compared to fused silica. Uchino et al attributed the lower 
LDA-to-HDA transition pressure of fumed silica to a smaller bulk modulus by using 
dqFSDP/dP as a proxy for the bulk modulus [13]. However, we showed that dqFSDP/dP is 
not indicative of the bulk modulus, and that nanoscale LDA aSiO2 has a similar bulk 
modulus to fused silica. The FSDP pressure-sensitivity and EOS transition shift are also 
not likely due to differences in chemistry or the IRO between SBA-15 and fused silica. 
Uchino et al found that high-temperature calcined fumed silica nanoparticles - which has 
an IRO similar to fused silica and should have much fewer hydroxyl impurities [37] - also 
had higher FSDP pressure-sensitivity than fused silica [13]. In addition, the levels of 
hydroxyl impurities in SBA-15 are relatively small and almost totally segregated to the 
external and pore surfaces (see SI Section 1.5).

The FSDP pressure-sensitivity is most likely due to the few-nanometer thin walls of 
SBA-15. As discussed in the previous section, the flexibility of Si-O-Si bonds in aSiO2 is 
likely enhanced in nanoscale particles. The increased flexibility of these bonds could 
allow the intertetrahedral network to rearrange more under the same amount of 
pressure, which would also make the FSDP more sensitive to pressure. This hypothesis 
is evidenced by comparing the compressibility of bulk aSiO2 against the pseudo-
compressibility of the FSDP for different aSiO2 polyamorphs (Appendix C). Polyamorphs 
which likely have stiffer intertetrahedral networks have smaller compressibility 
differences between the bulk and the FSDP.

The lower-pressure EOS transition is also most likely due to the nanoscale nature of 
SBA-15. Studies on crystalline nanoparticles commonly find that nanoparticle size 
changes the pressure at which a phase transition occurs [59,72–74]. The lower EOS 
transition pressure may be explained by the interfacial free energy penalty between an 
HDA nucleus and the LDA volumetric phase (analogous to crystalline nanoparticles 
[72]). The magnitude of this energy penalty is proportional to the interfacial area 
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between the original phase and the nucleated phase. In bulk materials the interfacial 
area is assumed to be the entire surface area of the spherical nucleus. However, in 
SBA-15 the thin walls (~2 – 3 nm) result in part of the nucleus bordering the pore 
surface and the reduced interfacial area between HDA and LDA phases decreases the 
free energy penalty. Additionally, enhanced Si-O-Si bond flexibility could reduce the 
misfit strain energy and the interfacial energy per unit area between the HDA and LDA 
phases [72]. Overall, the decreased interfacial energy lowers the nucleation energy 
barrier and facilitates a microstructural transition at lower pressure. The HDA 
microstructural transition would lead to a stiffer network and thus decrease the pressure 
sensitivity of the FSDP. 

Further research on nanoscale aSiO2 polyamorphs is necessary to test these 
hypotheses for the increased FSDP pressure-sensitivity and the lower LDA-to-HDA 
transition pressure in SBA-15 and fumed silica.

6.0 Conclusion

The densification and FSDP of SBA-15 under GPa pressures was measured by SAXS 
and WAXS in-situ in a diamond anvil cell. The EOS of SBA-15 has an LDA-to-HDA 
transition like fused silica, but at much lower pressures. The pressure dependence of 
the FSDP position for SBA-15 was higher than for fused silica and similar to fumed silica 
nanoparticles.

This study indicates that (1) the FSDP transition in aSiO2 materials signals the onset of 
the LDA-to-HDA EOS transition, (2) there is no direct relationship between the rate of 
change of the FSDP position with pressure and the aSiO2 bulk modulus, (3) the 
compressibility of aSiO2 materials is not necessarily a function of their ambient density, 
and (4) at ambient pressure, the skeletal density and FSDP position of SBA-15 map 
onto the same linear relationship observed for other aSiO2 polyamorphs. Additionally, we 
hypothesize a critical range for dFSDP common to all aSiO2 polyamorphs at which the 
EOS LDA-to-HDA transition occurs.

Glossary

aSiO2: amorphous silica dioxide.

SBA-15: a periodic mesoporous material where the bulk/wall material is aSiO2.
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TEOS: tetraethyl orthosilicate, an organic silicate that is used as a precursor for silicon 
dioxide.

IRO: Intermediate Range Order, encompassing the ordering arising from intertetrahedral 
bonding between the SiO4 units on length scales between ~5 – 50 Å.

FSDP: First Sharp Diffraction Peak, a common and important feature in the WAXS/XRD 
spectrum of oxide glasses (as well as other amorphous materials) which arises due to 
intermediate range ordering.

SAXS: Small Angle X-ray Scattering, a scattering technique used for detecting features 
in the size range of nanometers to tens of nanometers, typically covering a q range 
between ~0.01 – 0.5 Å-1.

WAXS: Wide-Angle X-ray Scattering (WAXS), a scattering technique used to probe 
ordering on the atomic length scale. Very similar to X-ray Diffraction

EOS: Equation of State, describes the relationship between pressure and volume.

LDA/HDA: Low Density Amorphous and High Density Amorphous, commonly used to 
denote a microstructural change in an amorphous material.

DAC: Diamond Anvil Cell, a scientific apparatus used to create extreme hydrostatic 
pressures >1 GPa.

PTM: Pressure Transmitting Medium, the fluid that surrounds the SBA-15 sample and 
fills the DAC sample chamber, and which can transmit the pressure from the DAC to the 
sample hydrostatically.
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Appendix A: Discussion of the Hydrostatic Pressure and Stabilizing Effects inside 
Mesopores Filled by a Pore-Penetrating PTM

During hydrostatic compression of SBA-15, we assume that the PTM (1) remains 
hydrostatic and pressure-equilibrated to the external PTM when inside nanoscale-sized 
pores, (2) stabilizes the pores against collapse, and (3) does not itself have any 
significant effect on the particles’ compressibility.

Regarding assumption (1), problems that could prevent this include pore blockages or 
nanoscale confinement effects that would cause major deviations from bulk liquid 
behavior. First, pore blockages could trap the PTM in pockets or prevent the PTM from 
flowing freely into, out of, and through the pores and thus equilibrating with the 
surrounding environment. However, the SBA-15 porosity is highly interconnected, the 
mesopores are relatively large, and the PTM likely fully permeates all available pore 
space. This suggests any pore blockages or constrictions in SBA-15 are likely negligible. 
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Second, interactions between the PTM molecules and the pore walls can, especially for 
nanoscale pores, cause a difference of pressure inside vs outside of the pores 
(“capillary pressure”). Prior studies on small-molecule hydrocarbons in nanoscale pores 
show capillary pressures of ~0.1 MPa for molecules similar to our PTM [75]. This is 
several orders of magnitude below our systematic error for pressure. Lastly, deviations 
from hydrostatic behavior may arise if the pore size alters the PTM liquid “structure”. But 
with ~95 Å mesopores and ~4 Å PTM molecules, adsorption layers should be minimal 
relative to pore volume [76]. Thus, the liquid “structure” inside the pores is likely almost 
the same as externally, especially considering the nearly ideal mixing behavior of 
methanol and ethanol.

Regarding assumption (2), if the porosity within the SBA-15 particles collapses then the 
compressibility of the mesolattice will greatly decrease [61]. However, if the PTM has 
fully penetrated the pores and is applying pressure hydrostatically, then the pores will 
not collapse and instead shrink at a rate proportional to the aSiO2 walls (i.e. linear 
isotropic compression). Numerous high-pressure compression studies have confirmed 
this stabilization effect. For example, research on pressured-induced amorphization 
(PIA, a type of pore collapse occurring in nanoporous crystalline materials [77]) found 
for zeolites and MOFs that use of a pore-penetrating PTM eliminated (or greatly 
delayed) signs of PIA and pore collapse [60,78].

Regarding assumption (3), the only effect of the PTM on the compressibility of the SBA-
15 mesolattice should be pore stabilization. The compressibility of the PTM itself should 
not affect our measurements. First, while trapped pockets of PTM could affect the 
mesolattice compressibility, as discussed above the PTM is unlikely to be trapped by 
pore blockages and can flow freely in and out of the SBA-15 structure. Second, 
pressure-induced pore emptying (squeeze-out) is ruled out because it causes a 
reduction in compressibility with pressure, opposite to our observations [79]. Third, 
external pressures can sometimes force significantly more liquid molecules into a pore 
space than at ambient pressure (“hyperfilling”), changing the porous material’s 
compressibility [80]. However, this requires dominant pore/constriction dimensions 
similar in size to the PTM molecules and is typically accompanied by increases in the 
mesolattice size. Almost the entirety of SBA-15 porosity is at least several nanometers 
in diameter - the large majority more than 8 nanometers in diameter [25] - and the SBA-
15 mesolattice does not expand upon uptake of or compression in the PTM.

Previous experiments have directly shown that pore-penetrating PTMs have no effect on 
the compressibility of nanoporous solids (other than stabilizing pores against collapse). 
The hydrostatic compressibility of brewsterite - a zeolite highly resistant to pore collapse 
and PIA – was shown to be the same when compressed in either a non-penetrating 
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PTM or a pore-penetrating PTM [81]. Its compression was completely unaffected by the 
PTM inside its nanoscale pores. Similarly, previous work has shown that compressing 
the same zeolites in different pore-penetrating PTMs results in no compressibility 
differences [60]. The PTMs had significantly different sizes and intermolecular 
interactions, such that one would expect a difference between the two if nanoscale 
confinement effects were affecting the compression experiments. 

Appendix B: Fitting Alternative EOS Models to SBA-15 Densification

Three alternative EOS models were tested: a third-order Birch-Murnaghan EOS, a 
fourth-order Birch-Murnaghan EOS, and a model approximating the elastic anomaly in 
fused silica. The authors note that models involving more than one EOS transition were 
ruled out due to their unnecessary complexity. Also, trying other generalized EOSs than 
Birch-Murnaghan would not significantly change the fits because under 5 GPa all the 
generalized EOS formalisms are very similar [51].

Third-order Birch-Murnaghan EOS:

Initially, the SBA-15 compression data was fit using a single third-order Birch-
Murnaghan EOS [46,47] with K0 = 28.9 ± 1.3 GPa and K’0 = 19.8 ± 2.3. However, such a 
large K’0 is unphysical. A survey of previous literature studying single-phase EOSs for a 
range of materials like SBA-15 including crystalline oxides, metal and oxide glasses, 
nanoparticles, and mesostructured materials, showed that K’0 is typically close to 4 and 
always less than 10 (SI Section 3.1). We found that the SBA-15 data simply cannot be fit 
with K’0 ≤ 10 GPa. The unusually large K’0 in this fit is most likely due to a material 
transition happening during compression. For example, gold and PbS nanoparticles that 
fit to a similar K’0 were shown to be undergoing a phase transition, meaning the large K’0 

was compensating for an improper single-phase EOS model fit to multi-phase data 
[82,83]. 

Fourth-Order Birch-Murnaghan EOS:

The fourth-order Birch-Murnaghan EOS [46,47] adds the second derivative of K with 
respect to pressure at 0 GPa (K’’0) as another fitting parameter. This gives it more 
freedom to fit unusual data. However, this model also cannot reproduce the SBA-15 data 
when K’0 and K’’0 are constrained to physically reasonable values. A survey of previous 
literature found that K’’0 is typically less than 1 GPa-1 and always less than ~3 GPa-1 (SI 
Section 3.1). In the fourth-order Birch-Murnaghan fits that properly fit the SBA-15 data, if 
K’0 was limited to physically reasonable values then K’’0 fit to >10 GPa-1. Alternatively, if 
K’’0 was limited to physically reasonable values then K’0 fit to >10 GPa-1.
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EOS Model Approximating the Fused Silica Elastic Anomaly:

Attempts to fit the model approximating the elastic anomaly in fused silica (SI Section 
2.6) tested whether a similar phenomenon was taking place in SBA-15. First, we 
attempted to replicate the SBA-15 data using this model with similar bulk modulus 
behavior as fused silica (K0 = 37 GPa, K’Low-P = -5, K’High-P = 3.5 [50,65]) but with the 
elastic anomaly transition PTransition moved to lower or higher pressures. This method 
cannot replicate the SBA-15 behavior. Similarly, when all the fitting parameters for this 
model are allowed to vary it is unable to fit the SBA-15 compression data while K’Low-P 
and K’High-P are constrained to physically realistic values. Furthermore, the behavior of 
the bulk modulus K(P) tries to converge with that from the unphysical third-order Birch-
Murnaghan fit. This shows that a sudden change in K’ is an especially bad explanation 
for the SBA-15 EOS data. Thus, the SBA-15 EOS transition is likely mechanistically 
dissimilar to the elastic anomaly in fused silica. This is further supported by the fact that 
the FSDP transition is correlated to the EOS transition, which is not seen for the elastic 
anomaly but commonly observed for LDA-to-HDA transitions.

Appendix C

The position of the FSDP can be converted to a length scale d using d=(2π )/qFSDP, 
and if we assume that this length scale corresponds to a spherical scattering structure 
then we can calculate an “FSDP cell” volume using V FSDP∝d

3 and 
V FSDP ,normalized=d

3/d0
3 where d0 is the FSDP length scale at ambient pressure [56]. The 

normalized FSDP cell volume can be compared against the normalized bulk aSiO2 
volume to compare the “densification” of the FSDP cell with the densification of the bulk.

Figure C.1 compares the volumetric compression of the bulk aSiO2 against the 
volumetric compression of the FSDP cell for several aSiO2 polyamorphs. The figure 
shows that polyamorphs with stiffer intertetrahedral networks have more similar bulk and 
FSDP cell compressibilities. Fused silica with dissolved helium [54], which likely has the 
stiffest intertetrahedral network due to the “pinning” effect of interstitial helium, has 
almost no compressibility difference between the bulk and the FSDP cell. Densified 
fused silica [16], which has a stiffened intertetrahedral network due to reduced interstitial 
void space, has a small compressibility difference between the bulk and the FSDP cell. 
Fused silica, which does not have any mechanism to stiffen its intertetrahedral network, 
has a large compressibility difference between the bulk and the FSDP cell. SBA-15, 
which likely has increased Si-O-Si bond flexibility due to its nanoscale walls (as 
discussed in Section 5.5), has the largest compressibility difference between the bulk 
and the FSDP cell.

[Insert Figure C.1 near here]
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Figure Captions

Figure 1: (a) Schematic of SBA-15 honeycomb structure. Cylindrical mesopores are 
arranged within an aSiO2 matrix which forms thin walls between the them. Although 
schematically shown as smooth and solid, the aSiO2 walls are rough and have a high 
intrawall void fraction [25]. The primary mesopores have diameters of 9.8 nm and the 
minimum wall thickness is ~2.1 nm. (b) The hexagonal P6mm mesolattice in SBA-15. 
Each vertical line represents the center of a mesopore. Crystallographic directions are 
shown as red vectors. Because the lattice is 2D, the lattice parameter in the c-direction 
is essentially infinite. For a P6mm lattice, the parameters in the a- and b-crystallographic 
directions are equivalent (11.9 nm).

Figure 2: Hydrostatic compression of SBA-15 measured using SAXS. Black lines are 
SAXS data, red dashed lines are model fits to the data. Data is offset for clarity. The 
vertical light red line illustrates the shift in the low-q peak with pressure.

Figure 3: SBA-15 mesopore lattice parameter α calculated from the q positions of the 
SAXS diffraction peaks (black diamonds), and SAXS (10) reflection integrated peak 
intensity (red circles) and FWHM (blue squares) for hydrostatically compressed SBA-15 
as a function of pressure. At ~3 – 4 GPa there is an inflection in the pressure 
dependence of the intensity and FWHM, but not for the lattice parameter. Vertical error 
bars are shown, but mostly smaller than the datapoints. Representative errors in 
pressure are shown on the final symbol of each dataset.

Figure 4: XRD data of SBA-15 under hydrostatic compression. Black lines are XRD 
data, red dashed lines are model fits to the data. Porod and constant background 
components have been subtracted and the data is shifted vertically for clarity. The 
vertical feature near q ≈ 2.6 Å-1 is the gold (111) reflection. The oscillation occurring in 
all datasets around q ≈ 2 Å-1 is a detector masking artifact. The vertical light red line 
illustrates the shift in the FSDP with pressure.

Figure 5: Position (black diamonds), Integrated peak intensity (red circles) and FWHM 
(blue squares) of the low-q component of the FSDP peak for SBA-15 during hydrostatic 
compression. At ~3 GPa there is an inflection point in the intensity. Vertical error bars 
are shown, but mostly smaller than the symbols. Representative errors in pressure are 
shown on the final symbol of each dataset.

Figure 6: Comparison of the hydrostatic compression behaviors of SBA-15 with and 
without a hydrostatic PTM. Fused silica [50] is shown as a benchmark for comparison. 
Points without visible vertical error bars have errors smaller than their symbols. 
Representative errors in pressure are shown on the final symbol of each SBA-15 
dataset.
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Figure 7: Pressure dependence of the FSDP position for different types of amorphous 
silica [13,16,38,54,55,84,85]. Dotted lines approximate the fused silica low- and high-
pressure FSDP regimes. Below ~4 GPa, SBA-15’s FSDP position shows a stronger 
pressure dependence than any previously studied aSiO2 polyamorph. Fumed silica is 
the only other polyamorph to have an FSDP position with a stronger pressure 
dependence than fused silica. The SBA-15 FSDP undergoes a transition from strong-to-
weak pressure dependence by ~3 GPa, analogous to the FSDP behavior of fused silica 
at ~13 GPa. After the transition, the FSDP pressure dependence is comparable to stiff 
aSiO2 polyamorphs like fully densified aSiO2. All points represent compression data 
except for the unfilled red squares which correspond to decompression of densified 
fused silica. SBA-15 datapoints with FSDP position errorbars smaller than their symbols 
have σFSDP ≈ 0.002 Å-1.

Figure 8: The densification of different polyamorphs of amorphous silica, plotted as a 
function of normalized volume [16,50,54]. Filled points represent compression, and 
unfilled points represent decompression. The different compression behaviors can be 
separated into two major groups: LDA-type behavior and HDA-type behavior. SBA-15 is 
shown to transition from LDA- to HDA-type behavior at ~2 GPa. SBA-15 datapoints with 
volume errorbars smaller than their symbols have σV/V0 ≈ 0.0015.

Figure C.1: Comparison between the volumetric compression of the bulk material and 
the FSDP cell for fused silica with dissolved helium [54], densified fused silica [16], 
fused silica [50,86], and SBA-15 (this work). Filled circles represent the compression of 
bulk aSiO2, lines with squares represent the compression of the FSDP cell.
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