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The incorporation of functionalized core–shell polymer nano-

particles in a silica network, by the sol–gel process, yields a

structure stiff enough to withstand capillary pressure upon

subcritical drying. The resulting hybrid aerogels are machinable

monoliths, stable under atmospheric conditions, and have

improved mechanical performance. These combined properties

make them strong candidates for insulation in high value

applications.

The future of thermal and acoustic insulation is linked to the

production of superior insulators at lower cost. The most common

(mineral wools and expanded polymers) are low priced, but do

not meet the demanding energetic and environmental require-

ments of modern industry. However, a new class of insulators

(silica aerogels) is slowly entering the market, so far only for high

technology applications.1 They are non-flammable with the

additional advantages of being extremely light (densities in the

range 3–500 kg m23) and having excellent thermal and

acoustic properties (thermal conductivity in the range 0.01–

0.02 W m21 K21 and acoustic impedance 103–106 kg m22 s21).2

These materials comply with the current demands for energy

saving and noise reduction. They also satisfy the most severe

standards of transportation industries, namely automotive,

aeronautic, shipbuilding, railway, and even aerospace. Once the

production costs are substantially reduced and their mechanical

properties improved, aerogels could become the insulators of

the future.

The present work represents a breakthrough in this field,

proposing a new insulating material: a hydrophobic inorganic–

organic nanostructured aerogel with improved mechanical pro-

perties. Hybrid inorganic–organic materials are very promising in

this field since their physical, chemical and mechanical properties

usually gain from the synergy between those of the individual

components.3 Different strategies have been proposed to avoid

phase separation or precipitation within the gel, and leaching of

the organic component during the solvent removal.4

The production of silica aerogels involves the synthesis and

drying of a wet gel. The amorphous inorganic network is usually

synthesised by hydrolytic polycondensation of silicon alkoxides

[Si(OR)4] at low temperatures, in an organic co-solvent, with acid

or basic catalysis, and may be described by the following chemical

equations:5

ROð Þ3Si�OR z H2O ROð Þ3Si�OH z ROH (1)

ROð Þ3Si�OH z RO� Si ORð Þ3
ROð Þ3Si�O� Si ORð Þ3 z ROH

(2)

ROð Þ3Si�OH z HO� Si ORð Þ3
ROð Þ3Þ3 z H2O

(3)

The gel thus obtained is a nanoporous silica network, which

may yield an aerogel by an adequate drying process that preserves

the pore structure, usually a supercritical extraction of the solvent.6

Our group has previously succeeded in preparing monolithic

silica aerogels, with densities as low as 370 kg m23 and tailored

nanopore size distribution, by drying under subcritical conditions

to reduce processing costs and hazards.7,8 Like supercritical

aerogels, the main limitations to these materials were their fragility

and the possibility of undergoing fatigue when submitted to cycles

of mechanical efforts.

In the present communication we report on how these

drawbacks were overcome by co-hydrolysing the inorganic

precursor with functionalized impact modifier polymer nanopar-

ticles (PNP). These are cross-linked core–shell particles, containing

a trimethoxysilyl-modified poly(butyl methacrylate) shell and a

poly(butyl methacrylate-co-butyl acrylate) core, which participate

in the sol–gel process, as exemplified by the following equations

(R9 stands for H or CH3, and R stands for H or C2H5):

PNP� Si OR0ð Þ3 z H2O

PNP�Si OR0ð Þ2 OHð Þz R0OH
(4)

PNP� Si(OR0)2(OH) z (RO)3Si�OH

PNP� Si(OR0)23 z H2O
(5)

Cross-linking stabilizes the PNP particles to be dispersed in the

sol–gel organic medium. The functional (hydrolysable) trimethoxy-

silyl groups allow binding of the nanoparticles to the growing silica

network (eqn (5)). The nanoparticles are formed of low Tg

polymers in both the core and the shell, which contributes to the

improvement of the mechanical properties of the hybrid aerogel. A

schematic representation of the nanostructured hybrid material is

shown in Scheme 1.

The core–shell polymer particles were synthesised by a two-stage

emulsion polymerization technique. In the first stage, cross-linked

seed particles (with an average diameter of 49 nm) were synthesised

by batch emulsion polymerization, from co-polymerization of
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n-butyl methacrylate (BMA, Aldrich, 99%) and n-butyl acrylate

(BA, Aldrich, 99%), with ethylene glycol dimethacrylate (EGDMA,

Aldrich, 98%) as cross-linker. A glass reactor equipped with a

condenser and a mechanical stirrer was filled with 95 wt% water,

4.5 wt% BMA, 0.4 wt% BA and 0.1 wt% EGDMA. This mixture

was emulsified with 0.4 wt% sodium dodecyl sulfate (SDS, Acros,

99%), and initiated with 0.1 wt% potassium persulfate (KPS,

Acros, 99.99%). It was then purged with N2 for 2 h, and heated to

353 K for an additional 2 h period. In the second stage, the seeds

were used to prepare cross-linked polymer nanoparticles (with an

average diameter of 94 nm), with size and composition controlled

by semi-continuous emulsion polymerization, with monomer and

initiator fed under starving conditions.9 Two mixtures (one organic

and one aqueous) were independently added to the seed dispersion

(purged with N2) over 8 h, at constant rate, under stirring. The

organic phase contained BMA, 3-(trimethoxysilyl)propyl metha-

crylate (TMS-PMA, Aldrich, 98%) and EGDMA. The aqueous

phase contained SDS, KPS and phosphate buffer, used to

maintain pH = 7 (by adding equivalent quantities of dihydrogen

phosphate and dihydrogen carbonate, typically 0.1 g of each per

100 g of water). The reaction mixture (46 wt% of seed dispersion,

20 wt% BMA, 5.5 wt% TMS-PMA, 1 wt% EGDMA, 0.4 wt%

SDS, 0.03 wt% KPS and ca. 27 wt% water containing phosphate

buffer) was stirred at 353 K for an additional 2 h period, before

cooling to room temperature. This procedure yielded a 30 wt%

solid stable dispersion of cross-linked core–shell particles with a

trimethoxysilyl modified poly(butyl methacrylate) shell and a

poly(butyl methacrylate-co-butyl acrylate) core (TMS-PNP). The

hydrodynamic diameters of the PNPs were obtained by dynamic

light scattering, using a system from Brookhaven Instruments

equipped with a He–Ne laser (632.8 nm, 35 mW, Spectra Physics,

model 127), a goniometer (BI-200SM), an APD detector, and an

autocorrelator (BI-2030AT). The autocorrelation functions were

analysed with both Laplace inversion (CONTIN) and a sum of

exponential functions (Expsam V3.0) included in the BI-ZP

Brookhaven software package.

The hybrid aerogels were synthesised by a two-step acid/base

catalysed co-hydrolysis/co-condensation of TEOS (Alpha

Products, 98%) and TMS-PNP in 2-propanol (2-PrOH,

Riedel-de Haën, p.a.). The reaction mixture was acidified with

hydrochloric acid (HCl, Merck, p.a.), placed in a sealed container,

heated at 333 K and stirred for 1 h. The homogeneous sol was

then neutralised with ammonia (NH4OH, Merck, p.a.) to

promote gelation. The fresh alcogels were aged at 333 K, in

sealed containers, for 48 h: the first 24 h in the mother liquor and

the last in an ageing medium containing water, TEOS and

2-PrOH, in the proportions used in the initial mixture. The aged

alcogels were washed with 2-PrOH, and subcritically dried, at

333 K, in a quasi-saturated solvent atmosphere, until negligible

weight loss. Hybrid silica/TMS-PNP aerogels with different

polymer contents (roughly estimated assuming full conversion of

TEOS into SiO2) were prepared, using TEOS : H2O : 2-PrOH :

HCl : NH4OH molar ratios of 1 : 4 : 9.2 : 7.0 6 1023 : 7.0 6 1023,

and TMS-PNP wt% in the range from 0.1 to 50%. No phase

separation was observed in any of the preparation steps.

The properties of the resulting hybrid aerogels were compared

to those of an inorganic SiO2 sample prepared under the same

catalysis conditions and following the same procedure.7 The total

volume shrinkage upon drying varied from 80% (inorganic

sample) to y70% (hybrids containing up to 3 wt% PN). As

shown in Fig. 1, after drying, the transparent wet gels became

either translucent (inorganic sample) or opaque (hybrid ones, even

for very low polymer contents). Clearly, the presence of TMS-PNP

in the aerogel structure increases the scattering, which may result

from a modification of the pore network and/or from the

scattering of the polymer particles.

The morphologies of fracture surfaces of the aerogels (observed

by scanning electron microscopy in a Hitachi S4100-1, operating at

25 kV) reveal that the incorporation of the TMS-PNP, even at low

content, imparts a change in the silica particle morphology (Fig. 2).

All the samples show a bicontinuous distribution of inter-

connected particles and macropores, but it is clear that 0.5 wt%

TMS-PNP is sufficient to confer a drastic change to the aerogel’s

microstructure: it becomes more three-dimensional, with a more

uniform distribution of fewer and smaller macropores. Further

modifications induced in the hybrid microstructure by increasing

PNP content are not observable at this length-scale. Apparently,

the polymer nanoparticles condition the growth process of the

inorganic network, irrespective of their content: probably due to

TMS surface groups being more reactive than TEOS, PNP act as

nucleation centres and a more branched, granular-like, silica

structure develops.

The pore morphology was analysed by N2 adsorption–

desorption isotherms at 77 K, with 10 s equilibration times, using

a Micromeritics ASAP 2000. The samples were previously slowly

degassed under vacuum (at 293 K for 24 h, and at 273 K for a

further 24 h) to remove adsorbed compounds without causing

Scheme 1 Hybrid silica/polymer aerogel.

Fig. 1 Photographs of slices of a pure silica and an hybrid aerogel with

0.5 wt% TMS-PNP.

2196 | J. Mater. Chem., 2007, 17, 2195–2198 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
e 

T
ec

ni
ca

 d
e 

L
is

bo
a 

(U
T

L
) 

on
 0

3 
O

ct
ob

er
 2

01
2

Pu
bl

is
he

d 
on

 0
3 

M
ay

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
36

31
K

View Online

http://dx.doi.org/10.1039/b703631k


partial densification of the material. The isotherms (Fig. 3) remain

type IV over the entire range of polymer content, and show type

H1 hysteresis loops, usually associated with capillary condensation

in a uniform distribution of cylindrical mesopores.10

However, the adsorption branch becomes steeper with increas-

ing PNP content, resulting in narrower hysteresis, which points to

a more homogeneously defined mesopore shape. The plateau

observed at high relative pressure (p/p0) points to the existence of

two distinct evolution trends: for low polymer contents (up to

y3 wt%), the total pore volume of the hybrid samples increases

above that of the corresponding inorganic aerogel; higher polymer

contents result in a decrease of the total pore volume, eventually

reaching values below that of the inorganic sample (40 wt% TMS-

PNP content, not shown). In fact, for TMS-PNP contents between

0 and 3 wt%, the envelope density, re, of the aerogels (determined

by dry-flow pycnometry with a Micromeritics GeoPyc 1360)

decreases from 420 to 357 kg m23 with the increase of polymer

content. This decrease reflects an increase in the percentage

porosity, Pr, from 80 to 83% (calculated as 100 6 (1 2 re/rs),

taking the skeletal density, rs, as 2100 kg m23).11 Simultaneously,

there is an increase of the average mesopore diameter (from 8.4 to

11.5 nm), estimated by application of the Barrett–Joyner–Halenda

(BJH) method to the N2 desorption isotherm.12 On the other hand,

the specific surface area, SBET, inferred from the N2 sorption

isotherms by a Brunauer–Emmett–Teller (BET) analysis of the

amount of gas adsorbed at 0.05 , p/p0 , 0.3, using an N2 cross-

sectional area of 16.2 Å2,12 decreases with increasing TMS-PNP

content up to 3 wt%, from 936 to 766 m2 g21.

From the above results, it is noticeable that all the synthesised

aerogels possess a hierarchical bimodal pore structure, containing

mesopores within the individual particles, and macropores in the

interstitial voids between them. The presence of TMS-PNP,

irrespective of its content, seems to promote homogeneity in the

aerogel’s pore network, in both the macro- and mesopore ranges.

The slight decrease in density achieved by synthesising the aerogels

with a small amount of TMS-PNP (up to y3 wt%) is not due to

an increase in macroporosity (which seems to decrease), but rather

to the increase in the average dimensions of the mesopores, whose

shape distribution becomes more homogeneous.

The diffuse reflectance infrared spectra (collected in a Mattson

RS1 with 4 cm21 resolution) of the inorganic aerogel and the

hybrid containing 3 wt% TMS-PNP are compared in Fig. 4.

Both spectra present the typical features of a sol–gel silica

network.13 The overlapping of the nasSiOSi band in the two spectra

indicates that the silica structure is not significantly altered by the

presence of the polymer. The absence of dHOH (adsorbed water)

and the low relative intensities of the silanol related bands suggest

an extensively condensed silica network and reveal that the

aerogels produced by this procedure (even the inorganic) are very

poorly hydrophilic, and thus stable under atmospheric conditions.

Finally, the changes induced in the mechanical behaviour of the

silica aerogels by incorporation of TMS-PNP were evaluated by

unidirectional compression tests of cylindrical specimens of the

hybrid aerogels, at 1.7 6 1025 m s21 constant crosshead speed (in

a Shimadzu AG-5000). The stress–strain (s–e) curves obtained for

the pure silica and the 3 wt% hybrid aerogels are compared

in Fig. 5.

Fig. 3 N2 Adsorption–desorption isotherms (at 77 K) of pure silica and

selected hybrid aerogels with different TMS-PNP contents.

Fig. 4 DRIFT spectra of the pure silica and the 3 wt% TMS-PNP

hybrid aerogels, normalized to the most intense band (at y1100 cm21).

Fig. 2 Cross-sectional SEM photomicrographs of pure silica and

selected hybrid aerogels with different TMS-PNP contents.
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Both curves present the typical features of brittle, cellular

materials. The low-strain region corresponds to the reversible

bending of the cell walls, and the region with average lower slope

relates to their buckling. The serrations along the compression

curve result from successive fracture of the cell walls. The region

corresponding to general buckling and densification, where a slope

re-increase would be observed, is absent.14

The brittle behaviour of the silica aerogel remains upon the

introduction of TMS-PNP. However, even low polymer content

promotes a clear improvement in the mechanical properties of the

material: the Young’s modulus (E) increases from 28 to 44 MPa,

the maximum compression strength (smax) and the corresponding

strain (e‘‘max’’) increase from 0.92 to 4.24 MPa and from 5.1 to

14.4%, respectively. Moreover, this improvement is noticeable

from the stress–strain curves: the hybrid aerogel is able to absorb a

much higher energy (roughly the area under the s–e curve) up to

the maximum compression strength.

In conclusion, a new highly porous, hydrophobic, inorganic–

organic nanostructured material, of low density and good

mechanical properties, was successfully produced under subcritical

conditions. This hybrid aerogel takes advantage of the synergy

between organic and inorganic properties to improve the

mechanical behavior of pure inorganic aerogels, while still

preserving their unique properties. Its production is environmen-

tally benign, with no significant hazardous by-products, since the

reactions and drying take place in mild conditions (low tempera-

ture, atmospheric pressure and aqueous environment). In addition,

no health or environmental hazards are associated with its use and

disposal, since it is completely non-toxic and non-flammable.

Furthermore, the developed method is a green chemistry process

that avoids the expensive steps of the current technologies. These

superior nano-hybrid aerogels may well be the answer to a low

cost-high performance compromise in insulation.
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