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We present a facile route for the synthesis of sub-micron reaction time and the unreacted monomer and lovecntdr weight
sized hollow and multiporous organosilica spheres, which is €0re material was extracted with ethanol. Figuredgpicts the
b on an oil-in-water emulsion and merely uses one hollow organosilica spheres with an average ouiameterD,, of

oraanosilica precursor - bhenvl trimethoxvsilane - that serves 616 nm (standard deviatioor = 22 nm) and a size distribution
9 P pheny y_ ) ; (a/D,) of 0.036. The average shell thickness of the &atparticles,
as monomer, precursor for a surface active species and oil

t,, was 107 nni. Most of the shells were dented. After 3 hours
phase. reaction time and subsequent extraction with ethame obtained
hollow particles with a,, of 630 nm, a size distribution of 0.027
Sub-micron sized hollow and multiporous spheres applied to and at,, of 139 nm (Figure 1b). In this case, the shellsthuf
realize specific functional properties in coatirgsbulk materials. particles were not dented. After 5 hours reactioref we observed
Examples for the utilisation of hollow particlesealow refractive the formation of particles with @, of 546 nm and a size
index quarter wavelength anti-reflective coatifigaaterials with a gjstribution of 0.038 (Figure 1c). The particlesdha distinct outer
low thermal conductivity for advanced thermal irgigdn’ and shell of a significantly higher density than theesavhich comprises
coatings or materials that scatter UV or visibighti* Multiporous multiple pores in the size range of 10 to 200 nigufes 1d and le
particles are typically applied for advanced fiitsa processe$as show the X-ray diffractogram and FT-IR spectrumpessively, of
support for heterogeneous catalystand for encapsulation andthe particles formed after 1 hour reaction timee Félatively sharp
release of active agerfisin most cases, the properties of thgeak in the X-ray diffractogram at 7.8nd the broad peak at 18.2
functional coatings or bulk materials comprisinglltw spheres confirm the presence of phenylsilsesquioxane(s)thie particle
directly depend on the outer diameter of the sphext the size of ghe||® They represent the chain to chain and intrachaitances of
the void. Yet efficient synthesis routes that argable for scale up 1 21 nm and 0.49 nm, respectivélyin the FT-IR spectrum, the OH
and stringent control of the size distribution, theer diameter, and fynctionality is represented by the absorption @183 cnit. The
the void size remain a challenge. _ peaks in the region between 1200'cand 1000 ci correspond to
, Here we present a facile route for the synthesisulif-  gj.0.gj stretching vibrations. The distinct absamptmaximum at
micron sized hollow organosilica spheres, whichbased on an oil- 1128 ¢ is indicative for the presence of the so-called0 T1
in-water emulsion and merely uses one organospiGCUrSor — phenylsilsesquioxarie. ' The X-ray diffractogram and FT-IR
phenyl trimethoxysilane (Ph-TMS} that serves as monomerspectrum of the particles formed after 5 h readtioe are similar to
precursor for a surface active species and oil @ha$is route the diffractogram and spectrum of the particlesmied after 1 h

allows independent tailoring of outer diameter avmid size. reaction time indicating a similar composition bétphenylsiloxane
Additionally, we demonstrate that through additafrinert solvents material (see ESI).

to the oil phase, we can apply the same synthesite rfor the
production of sub-micron sized, multiporous spheres

For the synthesis of sub-micron sized hollow sphene
added Ph-TMS directly to an agueous ammonia solwfqH 11 at
60°C (volume ratio oil:water = 1:118). We performed #yathesis
in a standard emulsion reactor (see ESI) and obdeemulsion
formation after 3 to 6 minutes reaction time. Hallspheres resulted
when the hydrolytic conversion of Ph-TMS was stappfter 1 hour

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1



RSC Advances Page 2 of 5
COMMUNICATION Journal Name

70 A
60 -
50 A
-
30 A

20 -
10 -

[FT [mN/m]

0 10 20 30
Reaction Time [min]

3000

2000 -

1000

Figure 2. Evolution of the interfacial tension.
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The IFT sharply drops to a final value of 29 mi in the first 5

0 . T T minutes of the experiment, which explains the rapitulsion
5 10 15 20 formation. In the course of the pendant drop expenit, we also

observed the formation of a shell on the outsidinefdroplet.

The particles formed after 1 and 3 hours reactiore
display a similaD,, (616 and 630 nm, respectively), a narrow sizr.
distribution (0.036 vs. 0.027) and differ only withspect td,, (107
vs. 139 nm). Cryo-TEM analysis of the particles asted with
ethanol after 1 hour reaction time indicated thia¢ tparticles
collapsed during drying (Figure 3) and that thetslén the particle
shells were not formed during the extraction preces
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Figure 1. SEM images of particles formed after 1 (a), 3 4hyl 5
hours (c) reaction time and subsequent extractiin @hanol; (d)
X-ray diffractogram and (e) FT-IR spectrum of thetisées formed
after 1 h (for the assignment of all main absomgiin the FT-IR
spectrum, see ESI).

Since after 3 to 6 minutes, emulsion formation osdn

the reaction mixture consisting merely of aqueonmsnania of 1 Figure 3. Cryo-TEM image of hollow particles after 1 hourctan

11 and Ph-TMS, a surface active species derived Rb-TMS must time. The particles lie on a copper grid coverethva carbon film

form. To confirm this, we performed pendant droperments with holes. This film is visible in the backgrounéithe image.

analysing the change in shape of a droplet of asgiesnmonia

(pH=11) in a 1:1 volume mixture of Ph-TMS and tolugfee more In order to mechanically stabilize the particlestva shell

details, see ESI). The evolution of the dropletpghan this thickness of 107 nm or less, we added tetraethgtosilicate

experiment directly relates to the evolution of therfacial tension (TEOS) postulating that this would increase thesigrin the silica

(IFT, Figure 2). shell. Through substitution of 10 vol-% Ph-TMS bgQS keeping
all other reaction parameters constant, we obtaiiwdidw particles
with a D,, of 427 nm and &, of 96 nm after 1 hour reaction time
(Figure 4). These particles displayed no dents.il&imesults were
obtained with tetramethyl orthosilicate (see E8Idisadvantage of
this method, however, was the increase in sizeaildision from
about 0.04 to 0.17.

The particles formed after 5 hours reaction timeehaD,,

of 546 nm and a narrow size distribution, both Eintio the particles
formed after 1 and 3 hours. In contrast to theiglag formed after 1

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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substitution of 50 vol-% Ph-TMS with toluene, weepared
multiporous organosilica particles with an averageer diameter
D,, of 493 nm and a narrow size distribution (0.07uFe 6).
Through XRD and FT-IR analysis, we confirmed the enes of
phenylsilsesquioxane(s). The composition is similay the
composition of the hollow and multiporous spheresspnted above
(see ESI). The pores in these particles were snthié® 10 nm and
homogeneously distributed. Similar results wereated with o-
xylene, mesitylene, 1,2-dichlorobenzene and cyclahe (see ESI).
Our observations confirm earlier reports from Hatal?
and Wangget al®® indicating that the shell growth proceeds from the
outside of the particle inwards and that, consetiyieb,, is fixed in

an early stage of the reaction (see Figure 7).
and 3 hours, however, these particles have a ¢t@iecomprises

multiple pores instead of a single large void.

Systematic variation db,, was achieved through variation | :::;ir:;mn’O
of the volume ratio oil to water keeping all otmeaction parameters
constant (1 hour reaction time). Increase of tHame ratio from the
standard 1:118 to 1:39 resulted in an increasB,nfrom 616 to
1020 nm whilst retaining a narrow size distributi@@055, Figure Figure 7. Schematic representation of the formation mecharoé
5a). Thet,, of these particles was 171 nm. Decrease of thenwel the hollow and multiporous particles in the proaedwithout inert
ratio from 1:118 to 1:236 resulted in particleshnit smalleD,, of solvent.
445 nm and a narrow size distribution (0.083, Fégbip). Thet,, of
these particles was 95 nm. Hence, the resulting structures are kineticallytled,
i.e. by the growth dynamics. Initially a organosilicartier is formed
between the water and oil phase which may caus¢ gvadients in
pH and concentration of water and Ph-TMS. Consequestigll
thickness and core size can be tuned by changagetiction time.
Furthermore, local gradients inHpwill cause changes in the
mechanism for the organosilica segregatibRelative variations of
the nucleation and growth rates can explain thendbion of the
sponge like pore structure in the core of the plagiafter reaching a
specific shell thickness. Only recently, Noordukizenberget al.
have demonstrated the extraordinary extent of strakccontrol that
can be achieved in silica deposition by local pHations?®

Addition of an inert solvent to the oil phase, mwsly
affects the transport of water molecules insidediaplets and
evolution of local pi-gradients substantially. It prevents the
formation of a barrier at the surface of the orgdlinea droplets,
that retards the hydrolysis inside the droplet. tipie
nucleation yields the homogeneous multiporous 8&irec
throughout the entire particle.

Figure 4. Particles obtained through substitution of 10 %olPh-
TMS with TEOS (1 hour reaction time).

Figure 5. Particles obtained with a volume ratio oil to waté1:39
(a) and 1:236 (b) (particles are crushed beforéysisq

Conclusions

We have identified a facile route for the synthesfishollow
and multiporous organosilica spheres. This routeolires
merely one organosilica precursor, Ph-TMS, thatvveseras
monomer, precursor for a surface active speciesodnuhase.
We have progressed beyond the work from Hatal!? and
Wanget al*® by providing quantitative information on the tim:

Figure 6. Multiporous organosilica particles obtained ttgiu needed to f_orm the _surface active §peC|§s andtiiegih of the
substitution of 50 vol-% Ph-TMS with toluene (1 hoaction surface active species formed during this prodesghermore,
time), observed using TEM (a) and STEM (b). we demonstrated for the first time that this sytithapproach
can yield hollow particles of different sizes wahnarrow size
Through addition of inert solvents to the oil phaghilst keeping all distribution, and well-defined multiporous sphereshich

other reaction parameters constant ((eaction t_im& bour), we significantly broadens the scope for potential agpions. Both
managed to synthesize sub-micron sized multipospieres. By
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A synthesis yielding hollow and multiporous spheres with stringent control over outer diameter, size
distribution and void size is presented.



