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ABSTRACT

We report a significant advance in thermally insulating transparent materials: silica-based monoliths with controlled porosity which
exhibit the transparency of windows in combination with a thermal conductivity comparable to aerogels.

The lack of transparent, thermally insulating windows leads to substantial heat loss in commercial and residential buildings, which accounts for

∼4.2% of primary US energy consumption annually. The present study provides a potential solution to this problem by demonstrating that ambiently

dried silica aerogel monoliths, i.e., ambigels, can simultaneously achieve high optical transparency and low thermal conductivity without super-

critical drying. A combination of tetraethoxysilane, methyltriethoxysilane, and post-gelation surface modification precursors were used to synthesize

ambiently dried materials with varying pore fractions and pore sizes. By controlling the synthesis and processing conditions, 0.5–3 mm thick mes-

oporous monoliths with transmittance >95% and a thermal conductivity of 0.04 W/(m K) were produced. A narrow pore size distribution, <15 nm, led

to the excellent transparency and low haze, while porosity in excess of 80% resulted in low thermal conductivity. A thermal transport model con-

sidering fractal dimension and phonon-boundary scattering is proposed to explain the low effective thermal conductivity measured. This work offers

new insights into the design of transparent, energy saving windows.
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Introduction
According to the US Department of Energy, heating, ventila-

tion, and air conditioning systems in commercial and residential
buildings accounted for 14% of primary US energy consump-
tion in 2013.1 About 30% of that energy, or 4.1 quadrillion
BTU annually, was wasted as heat lost through the buildings’
windows.2 Although double-pane window technology with
improved insulation exists, single-pane windows are still used
in 41% of US homes.3 This low adoption rate is due to the
high initial costs of multi-pane window designs and the priority
of maintaining a clear, unobstructed view of the world outside.
Considering the fact that 66 million US homes have at least 10
windows and that windows are an essential component of build-
ing functionality, the development of thermally insulating win-
dowswould play a considerable role in theUS energy conservation
efforts.3 Such insulating window panels could either be used to
retrofit standard single-pane windows or be part of a multi-pane
design.4,5 Moreover, the development of optically clear and ther-
mally insulatingmaterials could also be beneficial to solar thermal
processes from solar water heaters to solar thermal power plants
to improve the receiver efficiency.6–8

The synthesis of optically transparent monoliths with low
thermal conductivity has been elusive. Silica aerogels are well-
known for their low effective thermal conductivity.9 Due to
their large porosities in excess of 95%, silica aerogels achieve
an effective thermal conductivity as low as 0.013 W/(m K) at
ambient pressure and temperature,10 lower than that of air or
argon and that of insulation materials such as polyurethane
and phenolic foams.10–12 However, achieving transparent silica
aerogels is difficult due to the large pores (>50 nm) that typi-
cally result from supercritical drying, resulting in relatively
large values of haze. The lack of optical clarity has limited aero-
gels primarily to skylights, where optical clarity is not crucial.5,9

In addition to the established goals of keeping the pore size
small and narrow while maintaining large porosity, another way
to concurrently engineer both thermal and optical properties in
monolithic aerogels is to optimize the microstructure. The
silica aerogel microstructure and the accompanying thermal
properties have been modeled using fractal analysis and

percolation theory.13,14 The mass fractal dimensionD describes
how the solid massM is distributed in a porous material of char-
acteristic dimension L according to14

M / LD. (1)

Thus, a linear chain has a mass fractal dimension of D = 1,
indicating that mass is distributed only in one dimension,
while a flat surface and a cube have mass fractal dimensions of
D = 2 and 3, respectively, as the mass of these structures scales
with the square and the cube of their size.15 Non-integer mass
fractal dimensions indicate deviations from ideal 1D, 2D, or
3D structures such that an irregular, porous, structure is formed
by a mixture of dimensionality. In addition to the mass fractal
dimension, the surface fractal dimension Ds describes surface
irregularity such that Ds = 2 for a smooth surface and Ds = 3
for a largely inhomogeneous surface with self-similarity in its
roughness. The fractal dimensionality of porous materials can
be calculated from N2 porosimetry.16,17

Several reported models relate the fractal dimension of a
given material to its thermal properties. Early work on the
dynamics of fractal structures studied the presence of fractons,
short-length-scale, high-frequency vibrational excitations in
fractal networks and the relation of the fracton dimension to
the microstructure.18–22 Emmerling and Fricke13 showed that
the influence of fractal structures on heat transport can be pre-
dicted by the relationship between the effective thermal conduc-
tivity κeff and the effective density ρeff of a silica aerogel given by,

3
b
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where β is the ratio of the effective specific heat capacity of the
silica aerogel to the specific heat capacity of vitreous silica, α is
the scaling factor, while ρs is the density of silica glass and κs is
the thermal conductivity of the silica skeleton. In previous stud-
ies, β was found to be ∼1.3 for silica aerogels and ∼1.1 for silica
ambigel monoliths.23,24 Here, the scaling factor α is related to
the mass fractal dimensionD of the silica aerogel according to13

a = 1
2

5−D
3−D

( )
. (3)

In supercritically dried silica aerogels, both surface and mass
fractal dimensions are controlled by a broad pore size distribu-
tion ranging from 1 to 100 nm resulting in the self-similarity
of pore structure over multiple orders of magnitude.25

Consequently, silica aerogels have a small mass fractal dimen-
sion D of 1.5–2 as the presence of large pores creates an open
structure with loosely branched silica chains.16 By contrast,
materials with a more tortuous silica backbone have little self-
similarity in pore structure overmany length scales giving a frac-
tal dimension D close to 3 with a highly condensed and
branched network structure.13

In considering thermal transport, Eqs. (2) and (3) indicate
that for a given porosity, materials with a large mass fractal
dimension D should achieve a lower effective thermal

DISCUSSION POINTS
• Monolithic, ambiently dried aerogels offer a low-cost alternative to
traditional aerogels and could enable energy-efficient retrofitting of
existing single-pane window designs.

• Controlling nanoscale porosity and its pore size distribution
overcomes the optical scattering that limits the transparency of
conventional, supercritically dried aerogels.

• The relationship between fractality and thermal conductivity
provides an alternate means of designing materials for next-
generation thermal insulation materials.
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conductivity thanmaterials with a small mass fractal dimension.
In addition, it is well established that narrowing the pore size
distribution and achieving small pores in silica aerogels will
reduce volumetric optical scattering, resulting in increased vis-
ible transmittance and reduced haze, where the latter represents
the percentage of light transmitted at high scattering angles.26

Thus, microstructural properties such as pore size and fractal-
ity, defined as self-similarity over different length scales, can
be used to purposefully design mesoporous materials to have
both low thermal conductivity and high optical transparency.

The above analysis provides a roadmap for achieving ther-
mally insulating optical materials with the transparency of a
standard window and the thermal insulation properties of an
opaque aerogel. To the best of our knowledge, such properties
have yet to be reported in the literature. A number of aerogel
studies have demonstrated low thermal conductivity but only
in partially transparent monolithic aerogels.27–29 Supercritically
dried silica aerogels for solar thermal receivers exhibited transmit-
tance >90%, but measured thermal conductivity was not
reported.7,30 Nanoparticle synthesis approaches seem to produce
transparent monoliths with controlled pore size (<5 nm), but with
porosities of ∼50%, low thermal conductivity is not expected.31

Recently, our group reported the synthesis of mesoporous silica
monoliths, thicker than 1 mm, from an aqueous suspension of
silica nanoparticles.31 These materials had excellent optical
transmission (>90%) across the visible spectrum. However, their
porosity of ∼50% resulted in a thermal conductivity above
0.10 W/(m K). Such values are comparable to polymers such as
polytetrafluoroethylene and polycarbonate and are nearly an
order of magnitude higher than the typical thermal conductivity
achieved by silica aerogels.32,33

The present paper uses an entirely different synthetic
approach from the aqueous nanoparticle suspension route.
Here, a sol–gel derived silica network is dried under ambient
conditions from a nonpolar, high vapor pressure solvent. The
synthesis was developed specifically to achieve nanoscale-sized
pores, a narrow pore size distribution, and porosity greater than
80% while maintaining the mechanical integrity of the silica
monolith. By minimizing the surface tension on the silica net-
work during solvent removal, it is possible to limit capillary
forces and produce a smaller pore size than in aerogels and a
larger fraction of porosity than in xerogels (see Supplementary
Information for further details).34–36 This route also enables us
to organically modify the mesoporous silica to further increase
porosity without compromising the narrow pore size distribution.
The resulting materials achieve an optical transmission >90%
with thermal conductivity values comparable to those of aerogels.
We also show that a key consideration in designing thesematerials
is to understand the role of fractal architecture in creating trans-
parent and thermally insulating porous materials.

Results and discussion
The three types of silica and organosilica ambigel monoliths

investigated in this study differed by the nature of the precursor

and the use of surface treatments. Specific synthesis details are
provided in the "Experimental procedure" section.Within each
type of synthesized ambigel samples, various ratios of solvents
and additives were used in order to examine the robustness of
the synthesis procedure and the pore architectures that develop.
The silica and organosilica ambigel materials synthesized in this
study are listed in Table 1 and are named by the precursor(s)
used and a number denoting the specified ratio of solvents
and additives. The first category of samples uses tetraethoxysi-
lane (TEOS) as the silica precursor and resulted in inorganic,
ambiently dried, monolithic silica with ∼50% porosity (defined
as TEOS1–TEOS5 ambigel sample compositions in Table 1).
Although ambient drying with nonpolar solvents can signifi-
cantly reduce the capillary pressure exerted by the solvent on
the porewalls (see Supplemental Information), the ambigel pro-
cess does not completely eliminate capillary forces and gel
shrinkage. Thus, the synthesis of large, crack-free mesoporous
silica slabs becomes even more challenging with increasing
gel thickness. Here, we used formamide, a polar, protic solvent,
to strengthen the silica framework during the aging and drying
stages. When added to the silica sol, formamide stabilizes [Si
(OR)x(OH)y]n units by hydrogen bonding and promotes cross-
linking by acting as a base, increasing the pH of the sol and,
in turn, increasing the rate of condensation.37–39 As a result,
gelation occurred faster and the resulting silica gel was stronger
due to increased gel crosslinking.40 The as-synthesizedmesopo-
rous ambigel slabs (W × L ×H = 4 cm × 5 cm × 0.05 cm) were
able to withstand as much as 50% volume shrinkage during
the ambient drying process without cracking. This combination
of (i) ambient drying with nonpolar solvents and (ii) network
strengthening with formamide was a key to synthesizing large
crack-free mesoporous silica monoliths.

In order to achieve thermal conductivities comparable to
those of aerogels, a porosity greater than 50% is required. For
this reason, we used organic surface modification to limit gel
shrinkage and crosslinking in the drying stage. In the second
type of samples produced,methyltriethoxysilane (MTES) served
as a co-precursor with TEOS enabling the addition of surface
methyl groups to the silica matrix. These compositions are
defined as TEOS1:MTES and TEOS2:MTES organosilica sam-
ples in Table 1. In order to augment the quantity of methyl
groups on the silica surface and thereby further increase the
porosity, TEOS–MTES co-precursor gels were subjected to post-
gelation surface treatments using trimethylchlorosilane
(TMCS), phenyldimethylchlorosilane (PhCS), or triethylchloro-
silane (TECS) in n-heptane. These organosilica ambigel sam-
ples, made using two slightly different sol compositions, are
referred to as TEOS1:MTES:0.5TMCS, TEOS1:MTES:2.0PhCS,
andTEOS1:MTES:2.0TECS in Table 1where the number preced-
ing the precursor (TMCS, PhCS, and TECS) indicates the vol% in
n-heptane. Table 1 highlights the wide range of porosities and
morphologies in the synthesized silica and organosilica ambigel
monoliths caused by the changing sol composition, surface treat-
ment, and drying method. These three groups of inorganic and
organically modified silica ambigel samples (TEOS, TEOS:
MTES, and post-gelation surface-treated TEOS:MTES) provide
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Table 1. Structural, optical, and thermal properties of the different ambigel and aerogel monoliths synthesized in this study.

Samplea
Drying
solvent Heat treatment

Moles TEOS: MTES:
EtOH:H2O:
Formamide

Thickness
(mm)

Vol%
porosity

Total pore
volume
(cm3/g)

Mesopore
Vol.

(cm3/g)

Micropore
Vol.

(cm3/g)
Pore

width (nm)

Specific
surface

area (m2/g) Tvis (%)b hvis (%)b κeff (W/(m K)

TEOS1 Ambient
cyclohexane

500 °C for 24 h 1:0:2:4:1 0.46 51 0.45 0.43 0.02 3.3 700 96.9 2.2 0.26 ± 0.07c

TEOS2 1:0:2:4:2 0.51 50 0.42 0.40 0.02 3.3 630 98.0 1.4 0.25 ± 0.03

TEOS3 1:0:3:4:½ 0.49 45 0.30 0.24 0.06 2.7 520 91.2 16.1 0.22 ± 0.05

TEOS4 1:0:2:8:½ 0.50 48 0.59 0.45 0.14 2.4 1000 92.5 12.7 0.23 ± 0.07

TEOS5 1:0:1:4:1 0.52 43 0.35 0.31 0.04 3.3 570 94.6 2.6 0.36 ± 0.08

TEOS1:MTES 500 °C for 5 h 1.5:1:6.25:6.25:5 0.66 74 1.13 1.13 0.00 6.4 920 98.5 1.4 0.04 ± 0.02d

TEOS1:MTES:THK Ambient n-heptane none 2.50 – – – – – – 95.6 1.7 –

TEOS2:MTES 500 °C for 5 h 3:1:10:14:8 0.52 64 0.71 0.68 0.02 5.1 820 97.8 1.1 0.07 ± 0.02d

TEOS1:
MTES:0.5TMCS

1.5:1:6.25:6.25:5 1.01 81 2.30 – – 8.2 1100 97.6 1.9 0.040 ±
0.003e

TEOS1:
MTES:2.0PhCS

Ambient n-heptane none 1.05 85 2.28 – – 11.0 1000 95.4 5.1 0.038 ±
0.003e

TEOS1:
MTES:2.0TECS

1.5:1:6.25:6.25:5
1:0:2:4:1

1.07 86 2.56 – – 7.5 1300 97.0 2.4 0.037 ±
0.003e

aThe nomenclature of samples identifies the silane precursor(s) used. The number following TEOS indicates a particular sol recipe and the number preceding a post-gelation surface modifying precursor (TMCS, PhCS,
and TECS) indicate the vol% in n-heptane used for the treatment.
bRange from 400 to 700 nm wavelength light where Tvis and Hvis are the visible transmittance and haze (see Supplemental Experimental Procedures).
cAverage κ of 10 measurements on 5 separate samples.
dAverage κ of 10 measurements on 2 separate samples.
eMeasured using the guarded hot plate method instead of TDTR.
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a variety of silica architectures in which to investigate trends in
optical and thermal properties. Figure 1 shows photographs of
representative (a) TEOS1, (b) TEOS1:MTES, and (c) post-
gelation treated TEOS1:MTES:0.5TMCS silica ambigel mono-
liths. The photographs indicate the excellent optical clarity of
the 0.5–1.5 mm thick TEOS1 (pores <10 nm), TEOS1:MTES
(pores <15 nm), and TEOS1:MTES:0.5TMCS (pores <50 nm)
ambigel slabs. Figure 1(d) shows that even a 2.5 mm thick
TEOS1:MTES ambigel monolith was highly transparent despite
its larger thickness.

Mesoporous structure of silica ambigels

N2 porosimetry measurements reveal that increasing the
methyl content of the ambigels leads to larger pore size and a
broader pore size distribution. Figure 2(a) compares the N2

adsorption–desorption isotherms of the TEOS1, TEOS1:
MTES, and TEOS1:MTES:0.5TMCS ambigel samples. The
adsorption isotherms of TEOS1 and TEOS1:MTES ambigel
samples are a combination of Type I(b) and Type IV(a) iso-
therms with an H2(b) hysteresis loop.41,42 A Type I(b) isotherm
indicates the presence of large micropores or small mesopores
(i.e., pores with width close to 2 nm), while Type IV(a) denotes

the presence of mesopores (variable pore width of 2–50 nm).
The H2(b) hysteresis loop is representative of a complex pore
structure made of interconnected pores with different pore
sizes that results in partial pore blocking of N2 during desorp-
tion. This complex mesoscale pore structure is typical of silica
prepared using an acid-catalyzed or acid–base-catalyzed sol–
gel synthesis.38 Indeed, the TEOS1 ambigel sample had small
volumes of micropores in addition to large volumes of meso-
pores (see Table 1). Although the TEOS1:MTES ambigel sam-
ple did not have any micropores, it had small mesopores with
widths close to 2 nm that still resulted in a combination of
microporous and mesoporous isotherms. On the other hand,
the TEOS1:MTES:0.5TMCS ambigel sample exhibited a similar
isotherm [Fig. 2(a)] and hysteresis to those observed for TEOS1
and TEOS1:MTES silica ambigel samples but with the added
effects of a Type II isotherm seen at relative pressure P/Po
approaching 1. This observation suggests the presence of macro-
pores in addition to small and large mesopores as reported for
other surface-modified silica aerogel and ambigels.43–45 The
micro and mesopore volumes could not be reliably calculated
for the TEOS1:MTES:0.5TMCS ambigel sample (or the other
post-gelation surface-treated ambigel samples) due to the

Figure 1. Photographs of (a) a 1.5 mm thick TEOS1 ambigel sample and 0.5–0.7 mm thick, (b) TEOS1:MTES ambigel sample, and (c) TEOS1:MTES:0.5TMCS
ambigel sample. (d) A photograph of a 2.5 mm thick TEOS1:MTES ambigel sample. Yellow arrows indicate the edge of each monolith.
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presence of larger pores whose contribution is difficult to decon-
volute from that of the mesopores within the isotherms.

The sol composition and drying technique had significant
effects on pore structure. The TEOS1:MTES ambigel sample
was prepared and dried similarly to the TEOS1 ambigel sample
but, because of incorporation of methyl groups from the MTES
precursor, the TEOS1:MTES ambigel slab exhibited higher
porosity (74% vs. 51%) after drying and calcination. Post-gela-
tion surface modification of TEOS1:MTES slabs with 0.5 vol%
TMCS resulted in a gel having increased methyl concentration
and an organosilica monolith with an even higher porosity
(81%). The methyl content in each ambigel sample was mea-
sured by thermogravimetric analysis (TGA) (Supplementary
Fig. S1). The results demonstrated that the co-precursor sol
used to make the TEOS1:MTES and TEOS2:MTES ambigel
samples resulted in ∼2–4 wt% methyl content in the organosil-
ica samples. Adding a post-gelation surface treatment achieved
the desired effects of increasing the surface methyl content to
∼10–14 wt% (Table 2). The methyl modification of the
TEOS1:MTES and TEOS1:MTES:0.5TMCS organosilica sam-
ples can also be observed in the Fourier transform infrared spec-
troscopy (FTIR) C–H peaks, most notably at ∼2960, ∼1360,
∼1280, and ∼940 cm−1 (Fig. 3).40,46,47 Peaks and associated
vibrations in the FTIR spectra of TEOS1, TEOS1:MTES, and
TEOS1:MTES:0.5TMCS silica and organosilica monoliths are
identified in Supplementary Table S1.

The increase in porosity with increasing methyl concentra-
tion can be attributed to the so-called “spring back effect”
observed in organically modified mesoporous silica.25 The
spring back effect results from the smaller number of reactive

hydroxyl groups on the silica surface due to the substitution of
hydroxyl groups by organic groups.48 As a result, there are
fewer hydroxyl groups on the silica surface to form new siloxane

Figure 2. (a) N2 adsorption–desorption isotherms measured at –196°C, highlighting the increasing quantity adsorbed at increasing relative pressures from
TEOS1 to TEOS1:MTES to TEOS1:MTES:0.5TMCS silica ambigel samples. This behavior suggests an increasing pore size and vol% porosity with increasing methyl
content in the three ambigels. This trend can also be observed in the corresponding pore size distributions (b) showing an increase in average pore size and width
of pore size distribution with increasing methyl content (see Tables 1 and 2).

Table 2. Weight % methyl and surface fractal dimensions of silica ambigels.

Sample Wt% methyl contenta Dsb

TEOS1 0 2.6

TEOS2 0 2.6

TEOS3 0 2.7

TEOS4 0 2.7

TEOS5 0 2.8

TEOS1:MTES 3.9 2.5

TEOS2:MTES 2.3 2.6

TEOS1:MTES:0.5TMCS 9.6 2.2

TEOS1:MTES:2.0PhCS 14.0 2.3

TEOS1:MTES:2.0TECS 10.3 2.4

aDs calculated from N2 porosimetry isotherm.
bCalculated from TGA.
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bonds (Si–O–Si) with adjacent surface hydroxyl groups that
would otherwise stiffen the gel when it undergoes shrinkage.
In addition, there is evidence that the spring back effect

influences the pore size distribution. Figure 2(b) shows that the
average pore size increased with increasing methyl content as
TEOS1 (no methyl), TEOS1:MTES, and TEOS1:MTES:0.5TMCS
ambigel samples (Tables 1 and 2) had an average pore size of
3.3, 6.4, and 8.2 nm, respectively. The transmission electron
microscopy (TEM) images (Fig. 4) confirm that TEOS1:MTES
and TEOS1:MTES:0.5TMCS organosilica samples had larger
pores than the TEOS1 silica. Overall, the present results suggest
that a higher quantity of methyl groups on the silica surface
enables a greater spring back effect due to the reduction of
drying-induced crosslinking. In this way, methyl modification
enables the synthesis of ambigel monoliths with large pore con-
tent, which leads to a lower thermal conductivity.

The variation in mesopore structure with methyl modifica-
tion and drying process can also be observed in the calculated
fractal dimension. The surface fractal dimensions Ds of all syn-
thesized samples were determined using Frenkel–Halsey–Hill
analysis of N2 adsorption porosimetry (Table 2).17 In fractal
structures, the surface fractal dimension can generally be
assumed to be equal to the mass fractal dimension D and can
provide a sufficient estimate of the fractal nanoscale architec-
ture.39 A comparison of the fractal dimensions in Table 2 sug-
gests that the TEOS and TEOS–MTES ambigel monoliths (Ds

= 2.5–2.8) resulted in nanoscale structures that have more con-
densed and branched silica networks than those of traditional
silica aerogels (D = 1.5–2.0) due to the <15 nm pores and nar-
row pore size distribution.16 The post-gelation surface-treated
TEOS–MTES ambigel monoliths resulted in a surface fractal
dimension ofDs = 2.2–2.4, between those of traditional aerogels
and of the TEOS and TEOS–MTES ambigel monoliths. This
intermediate surface fractal dimension is consistent with the
intermediate pore size and pore size distribution of the post-
gelation surface-treated ambigel samples compared with those
of the TEOS–MTES ambigel samples with lower methyl content
and of traditional silica aerogels. Thus, the calculated surface
fractal dimensionality of the presented silica and organosilica
ambigel samples demonstrates that ambient drying and methyl
modification can create more branched and tortuous networks
than observed in supercritically dried silica aerogels.

Figure 3. FTIR spectra of the inorganic TEOS1 silica ambigel and the methyl
modified silica TEOS1:MTES and TEOS1:MTES:0.5TMCS silica ambigel
samples (Table 1). The surface methyl modification can be seen in the C–H
peaks at ∼2960, ∼1360, ∼1280, and ∼940 cm−1 of the TEOS1:MTES and
TEOS1:MTES:0.5TMCS ambigel samples, which are not present in the TEOS1
ambigel sample spectra. The Si–OH content at ∼3400 cm−1 in the TEOS1:
MTES:0.5TMCS ambigel sample is due to unreacted silane still present as this
sample is not heat treated before measurements. See Supplementary Fig. S1
for TGA spectra showing water loss and, when applicable, organic loss of the
TEOS1, TEOS1:MTES, and TEOS1:MTES:0.5TMCS ambigel samples. The methyl
content for each gel as determined by TGA is summarized in Table 2.

Figure 4. TEM image of powdered silica ambigel samples (a) TEOS1 with <10 nm pores, (b) TEOS1:MTES with <15 nm pores, and (c) TEOS1:MTES:0.5TMCS with
<50 nm pores, showing the increasing pore size with increasing methyl content on the silica ambigel surface (see Table 2).
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Decreased light scattering by small pores with narrow size
distribution in silica ambigels

The synthesized ambigel monoliths characterized by rela-
tively small and narrow pore size distributions provide excellent
materials for visible light transmission (Fig. 1). Figure 5 shows
the spectral transmittance and haze of representative samples of
the three different types of ambigel samples between 400 and
800 nm (see Table 1 for sample thickness). Haze measurements
are not frequently reported, and the measurement method is
detailed in the Supplemental Experimental Procedure. As com-
monly seen in blue-tinted and opaque aerogel specimens, pores
greater than 20–25 nm in diameter cause larger haze at shorter
wavelengths due to Rayleigh scattering.9,27–29,49 The TEOS1:
MTES:0.5TMCS ambigel samples featured this phenomenon
with decreasing transmittance and haze increasing to 4.1% at
wavelengths approaching 400 nm, giving the samples a slightly
blue tint. On the other hand, the TEOS1 and TEOS1:MTES
ambigel samples displayed transmittance greater than 95%
and haze below 3.1% and 2.0%, respectively, throughout the
visible range. The observed transparency of these samples can
be attributed to engineering a small and narrow pore size distri-
bution with pores less than 15 nm in diameter. This microstruc-
ture is similar to that observed by Strobach et al.7 in silica
aerogels with pores <20 nm in diameter also displaying high

degrees of optical transmittance (>90%). The excellent optical
clarity of the TEOS1 (pores <10 nm) and TEOS1:MTES
(pores <15 nm) ambigel samples compared with the blue-tinted
TEOS1:MTES:0.5TMCS ambigel (pores <50 nm) sample is
demonstrated in the photographs of Fig. 1. It should be noted
that the ambigel monoliths discussed in the current study are
not inherently limited by thickness as samples more than
2 mm thick have been synthesized and exhibit excellent trans-
parency to visible light [see Fig. 1(d)]. The optical quality of
ambigels is described in more detail through the measurement
of the color rendering index (CRI), reported in the
Supplementary Information. In all cases, the CRI systematically
corresponded to excellent color rendering.

Reduced thermal conductivity from increased fractal dimension
and size effects

Traditional silica aerogel studies have proven that increasing
porosity is the main approach for reaching low thermal conduc-
tivity, provided that porosity remains less than 95%, as above
which radiative effects begin to dominate.50 Considering the
relation between fractal dimension, porosity, and thermal con-
ductivity expressed in Eqs. (2) and (3), increasing porosity is
not the only method in which to reduce the effective thermal
conductivity of a porous solid.31 The variations in porosity
and pore size of the ambiently dried samples can lead to varia-
tions in branching and tortuosity of the silica backbone and,
therefore, affect the ambigel fractal architecture. In order to
gain insight into this effect, the effective thermal conductivity
of the ambigel samples synthesized was measured either by
the time-domain thermoreflectance (TDTR) method at room
temperature under vacuum or by the guarded hot place method
at room temperature in ambient air. The guarded hot plate
method was used to measure the thermal conductivity of the
high organic content samples that were not stable to the pulsed
laser used for TDTR. Both measurement methods are described
in detail in the Supplemental Experimental Procedure. The
effective thermal conductivity κeff measured for each ambigel
sample is summarized in Table 1. Values range from 0.36 to
0.04 W/(m K). The latter is only two times higher than a com-
mercial aerogel.33

One convenient method for visualizing the thermal conduc-
tivity of silica as a function of porosity is to consider the influ-
ence of the fractal structure.51,52 In Fig. 6, the effective
thermal conductivity, κeff, vs. the solid volume fraction of silica,
f = ρeff/ρs, is plotted on a log–log scale for multiple silica and
organosilica samples of compositions denoted in Table 1.
Given the fractal dimensions calculated from N2 porosimetry
(Table 2), silica and organosilica ambigels presented here and
aerogels from the literature can be split into three groups: (i)
D≈ 1.5−2 (ii) D≈ 2.2−2.4, and (iii) D≈ 2.5−2.8. For the
ambigel and aerogel samples in these subgroups, the power
law expressed in Eq. (2) is used as an alternative method to cal-
culate the fractal dimension by Eq. (3). The fitted curves of Eq.
(2) are also plotted in Fig. 6 and provide a visual guide for the
relation between fractal dimension, thermal conductivity, and

Figure 5. Transmittance and haze of monolithic SiO2 TEOS1, TEOS1:MTES,
and TEOS1:MTES:0.5TMCS ambigel monoliths, emphasizing the transparency
across the visible spectrum. The <15 nm pore size of TEOS1 and TEOS1:MTES
result in <3.1% haze at all visible wavelengths, while the larger pores in
TEOS1:MTES:0.5TMCS ambigel result in an increase in haze and a decrease in
transmittance approaching 400 nm. While all silica ambigel samples are
transparent compared with traditionally translucent aerogels,49,50 the larger
pore TEOS1:MTES:0.5TMCS ambigel sample has a slightly blue tint as seen in
the photographs of gels in Fig. 1.
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solid volume fraction of silica. By incorporating dense silica
glass ( f = 100)53 and Vycor glass ( f = 70)54 in all power-law fit-
tings to Eq. (2), this means that the trends for the different frac-
tal dimensions cover the entire range of silica volume fraction f.
Also, because β is close to unity in the calculation of f, it has
been assumed that the 3/β term in Eq. (2) is constant (the
change in the power-law fitting term α is <5% with literature β
values23,24 included in the fitting). For comparison, the thermal
conductivity of silica ambigel and aerogel samples reported in
the literature are included in Fig. 6, but are not included in
the power-law fittings.43,45

Figure 6 indicates that traditional aerogels reported in the lit-
erature follow a power law with α = 1.5.55,56 Thesematerials fea-
tured a porosity created by large pores (>50 nm) with a broad
pore size distribution and mass fractal dimensionD = 2, accord-
ing to Eq. (3). In contrast, the ambigel samples TEOS1–TEOS5
and TEOS1:MTES–TEOS2:MTES, with Ds = 2.5–2.8, had
porosity characterized by small pores and narrow pore size dis-
tribution (<15 nm). The associated power-law fitting of these

ambigel samples yielded a scaling factor of α = 2.8 correspond-
ing to a mass fractal dimension D = 2.6. This greater value of D
compared with traditional silica aerogels suggests that the ambi-
gels characterized by a small and narrow pore size distribution
achieved high degrees of tortuosity and branching in the silica
backbone. Mesoporous silica ambigels with a similar pore struc-
ture (mean pore diameter of 3–7 nm) synthesized by Wei et al.45

also fell along this power-law curve. These results establish that
for a given porosity, the decrease in thermal conductivityobserved
in mesoporous silica monoliths can be attributed to a more con-
densed mesoporous structure and associated with an increase in
fractal dimension compared with traditional silica aerogels.

Interestingly, the post-gelation surface-treated organosilica
gels, Ds = 2.2–2.4, followed an intermediate trend between
that of ambigel samples with high fractal dimension and that
of the traditional aerogels featuring low fractal dimension.
The power-law fit of TEOS1:MTES:0.5TMCS, TEOS1:
MTES:2.0PhCS, and TEOS1:MTES:2.0TECS organosilica sam-
ples yielded α = 1.9 corresponding toD = 2.3. Thus, the value of
D = 2.3 from Eq. (3) indicates that the post-gelation surface-
treated ambigel samples have a less condensed and branched
pore network (15–30 nm) than the TEOS and TEOS:MTES
ambigel samples but a more condensed and branched pore net-
work than a typical aerogel with pore size >50 nm in diameter.57

Mesoporous organosilica aerogels with a similar average pore
diameter synthesized from a TEOS–MTES co-precursor sol43

also fell along the α = 1.9 trendline. Thus, for fractal mesopo-
rous materials, a larger fractal dimension is desirable in order
to achieve a lower thermal conductivity for a given porosity.
In the current study, the surface fractal dimension Ds obtained
from the Frenkel–Halsey–Hill method closely matched, within
±0.2, the mass fractal dimension D calculated from the thermal
conductivity vs. f trendlines, supporting the power-law fit of
Eqs. (2) and (3) and the relation to the fractal dimension of
the silica ambigel monoliths.

From a physical standpoint, the reduction in thermal con-
ductivity of ambigel samples with fractal architecture can also
be understood through phonon-boundary scattering effects
between the silica or organosilica nanoparticles. Although silica
and organosilica gels are amorphous, concepts of phonon scat-
tering and thermal elastic wave propagation can be loosely
applied to obtain physical insight regarding the effects of nano-
sized domains on thermal transport.58 In nanoporousmaterials,
phonon-boundary scattering and a “bottleneck” effect in ther-
mal transport were modeled and experimentally shown to pro-
duce larger solid thermal resistances with smaller neck
regions.58,59 The neck is defined as the region of solid material
that connects two adjacent and connected pores. In amorphous
mesoporous silica, a smaller average pore size can generally be
associated with a smaller average silica neck thickness for a
given porosity. This leads to stronger phonon-boundary scatter-
ing and a reduction in thermal conductivity. Thus, the fact that
the lower porosity material, TEOS1:MTES (74% porosity), has a
comparable thermal conductivity to TEOS1:MTES:0.5TMCS
(81% porosity) can be the result of phonon bottlenecks created
by the organosilica backbone architecture.

Figure 6. Thermal conductivity κ as a function of solid volume fraction f (in
%) for TEOS1–5 and TEOS1:MTES, TEOS2:MTES ambigel samples, and
post-gelation surface-treated TEOS1:MTES:2.0TECS, TEOS1:MTES:2.0PhCS,
and TEOS1:MTES:0.5TMCS ambigel samples (colored circles). The power-law
fit κ∝ fα gives α, the scaling factor, which can be inserted into Eq. (3) to
calculate fractal dimension D. The power-law fit giving α = 1.5 includes silica
aerogels from the literature55,56 and fused silica glass55, α = 1.9 includes
post-gelation surface-treated ambigel samples, Vycor, and silica glass and α
= 2.8 includes TEOS:MTES and TEOS ambigel samples, Vycor, and silica
glass.43,45,53 The corresponding calculated mass fractal dimension D is shown
alongside the three trend lines, indicating that a larger mass fractal
dimension gives a lower thermal conductivity for a given porosity. Ambigels
from the literature with various pore morphologies are included for
comparison.43,45,55,56
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Practical applications for these silica ambigel samples as
thermally insulating windows can be determined through eval-
uation of the ambigel U-value, defined as thermal transmit-
tance. The details of this calculation and its implications for
energy saving are presented in the Supplementary
Information. Although the present samples are processed at
the lab-scale, the synthesis is inherently scalable to window-
sized panes as any desired mold shape and size can be used
for gelation. It is also possible to increase the processing
rate by heating the silica ambigel samples during ageing and
by flowing air around the samples during drying, thus offering
the promise of achieving realistic industrial manufacturing
times.

Conclusion
The present study has established the physical, chemical, and

processing requirements to synthesize mesoporous silica and
organosilica monoliths that possess the transparency of win-
dows in combination with a thermal conductivity comparable
to that of aerogels. Using sol–gel processing and careful control
of the drying process, ambiently dried silica aerogels can be syn-
thesized as 0.5–3 mm thick optically transparent monoliths
with transmittance >95% and a thermal conductivity of
0.04 W/(m K). The optical transparency was achieved by main-
taining the pore size below 15 nm.Organic surfacemodification
by either adding an MTES co-precursor in the sol or post-
gelation surface modification enables the synthesis of ambigels
with porosity levels as high as 86%. A high porosity is the key to
obtaining the exceptionally low thermal conductivity.
Furthermore, the present study demonstrated the influence of
fractal architecture and pore morphology on thermal conductiv-
ity. The results reveal that a higher dimension fractal structure
and a small silica neck thickness are desirable for decreasing the
thermal conductivity of porous silica and organosilica mono-
liths. Thus, the highly branched and condensed fractal struc-
tures of the ambiently dried aerogels provide a significant step
forward in the design of thermally insulating transparent
materials.

Experimental procedure

Ambigel/aerogel synthesis

Silica ambigel monoliths were synthesized using a sol–gel
approach based on a method reported by Harreld et al.34 but
modified to achieve transparent, crack-free silica ambigel
slabs with small pore size and narrow pore size distribution.
The procedures for two different ambigel syntheses are outlined
below. Calcination times and temperatures were determined
from TGA. In all ambigels which undergo heat treatment, an
isotropic (∼3%) volume reduction in size was observed after
heat treatment. Five TEOS1, two TEOS1:MTES, and two
TEOS2:MTES ambigels were synthesized to verify repeatability
of the processes (Table 1). All samples were stored in a vacuum
desiccator when not in use.

TEOS1–TEOS5 ambigel monoliths

First, a sol of tetraethyoxysilane (TEOS) (Sigma-Aldrich),
deionized water, ethanol, formamide (Sigma-Aldrich), and
concentrated HCl (Sigma-Aldrich) in different proportions
were stirred for 2 h. Table 1 summarizes the molar ratios of
TEOS:H2O:ethanol:formamide for TEOS1–TEOS5 composi-
tions, while the molar ratio of H2O:HCl was kept constant at
4:3.8 × 10-2. After stirring, the liquid sols were cast into a
10 cm × 10 cm × 1 mm plastic cassette where they were aged
for ∼1 week. They were then removed from the cassettes and
submerged in ethanol to clear the pores of all other solvents.
Next, an acetone exchange was repeated four times in 24 h. The
acetone was exchanged with cyclohexane, four times in 24 h,
to form the TEOS silica ambigels. Ambigels were dried at
ambient temperature and pressure by draining the solvent and
allowing slow evaporation of the pore solvent in a sealed con-
tainer over ∼1 week. The resulting ∼0.5 mm thick ambigel
monoliths were calcined in air at 500 °C for 24 h at a ramp
rate of 1 °C/min to remove any residual solvent and unreacted
precursors.

TEOS:MTES ambigel monoliths

A second set of ambigel recipes was prepared in the same
manner as the TEOS1–TEOS5 samples by using MTES
(Sigma-Aldrich) as a co-precursor with TEOS. The molar ratios
of MTES:TEOS:H2O:ethanol:formamide are presented in
Table 1 while H2O:HCl kept constant and equal to 4:3.8 ×
10−2. These samples were both acid and base catalyzed to
reduce the gelation time. The HCl catalyst was added dropwise,
and the sol was stirred for 1 h before adding 2MNH4OH at a vol-
ume ratio of 6 ml base to 17 ml sol. The resulting mixture was
stirred for 2 h. After stirring, the liquid sols were cast into a
10 cm × 10 cm × 1 mm plastic cassette, or into a 5 mm deep,
3 cm diameter Petri dish for thick samples, where they were
aged for ∼1 week. They were then removed from the cassettes
and submerged in ethanol. Then, the ethanol was exchanged
with acetone after 24 h. The acetone was exchanged with
n-heptane four times in 24 h. The latter was used instead of
cyclohexane as it further reduces capillary forces due to its
lower surface tension.34 The resulting ambigel samples were
dried at ambient temperature and pressure by draining the sol-
vent and allowing slow evaporation of the pore solvent in a
sealed container over ∼1 week. The resulting ambigel slabs
were calcined in air at 500 °C for 5 h at a ramp rate of 1 °C/
min to remove any residual solvent and unreacted precursors.
A thicker sample of the same recipe, TEOS1:MTES:THK, was
prepared in an identical manner except for having a thicker
mold and was not heat treated after drying.

Post-gelation surface-treated TEOS1:MTES and TEOS2:MTES
ambigel monoliths

The synthesis of post-gelation surface-treated ambigel mono-
liths started with the same procedure as described for TEOS:
MTES samples. Initially, the TEOS:MTES sol was mixed and
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allowed to gel. Then, the gel was submerged in an ethanol bath
for 30 min followed by submerging in an n-heptane bath for 30
min. Then, the gel was treated with different surface modifying
solutions of chlorosilanes including (i) 0.5 vol% TMCS, (ii) 2.0
vol% PhCS, or (iii) 2.0 vol% TECS in n-heptane, for 30 min fol-
lowed by a 30 min ethanol wash. For post-gelation surface-
treated samples, the second number in the naming convention
is the volume percent of the subsequent precursor in solvent.
The surface modifying treatment was repeated twice. Finally,
the gel was rewashed in pure n-heptane and dried ambiently
in an n-heptane rich atmosphere. No post processing heat treat-
ment was performed.

Information about structural, optical, and thermal character-
ization methods can be found in the Supplemental
Experimental Procedure.

Supplementary material
To view supplementary material for this article, please visit

https://doi.org/10.1557/mre.2020.40.
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