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Abstract: The paper summarizes progress in synthesis of polysiloxane microspheres, as well as in prep-
aration of their functional and ceramic derivatives. Synthesis of microcapsules with polysiloxane shells 
is also discussed. Structure and most important properties of the microparticles are analyzed. Presented 
routes used for formulation of microspheres include preparation the particles by a sol-gel process from 
the functional (e.g., containing vinyl groups alkoxysilanes) and by cross-linking of polyhydrosiloxanes 
with low molar mass or oligomeric divinyl compounds (in many instances also polysiloxanes). The mini-
review describes also synthesis of polysiloxanes from polyhydrosiloxanes and divinyl compounds in 
a process involving hydrolysis of ≡SiH groups to ≡SiOH silanols and their dehydrocondensation, carried 
out in dispersed systems. Synthesis of modifi ed polysiloxane microspheres yielding the particles with 
controlled hydrophobic/hydrophilic balance [presence of the hydrophobic (CH3)3Si– or ≡SiOCH(CH3)2 
and hydrophilic siloxane groups] is discussed. Preparation of the functionalized particles with epoxy, 
amine, and vinyl groups is presented. The paper describes modifi cation of the routes of synthesis of the 
polysiloxane particles was yielding hybrid particles with the core-shell structure, in which polysilox-
anes constitute the particles’ cores or shells. In the latt er case, the particles had the structure of polysi-
loxane microcapsules containing encapsulated inorganic or organic material. Preparation of composed 
microspheres, which in addition to polysiloxane contain a signifi cant fraction of organic material is 
described. The paper depicts polysiloxane microspheres as an att ractive preceramic material. Selected 
applications of polysiloxane based particles as carriers of catalysts, optical diff users and phase-change 
microspheres are discussed.
Keywords: polysiloxane microspheres, polysiloxane microcapsules, functionalized microparticles, syn-
thesis of polysiloxane microparticles, carriers of catalysts, phase-change materials, preceramic materials.

Polisiloksanowe mikrokapsułki, mikrosfery i ich pochodne
Streszczenie: Przedstawiono rozwój syntezy polisiloksanowych mikrosfer i ich funkcjonalnych oraz 
ceramicznych pochodnych. Omówiono syntezę mikrokapsułek z polisiloksanową otoczką, analizowa-
no strukturę i najważniejsze ich właściwości. Opisano metody wykorzystane do formowania mikrosfer, 
obejmujące wytwarzanie mikrosfer w procesach zol-żel z komponentów funkcjonalnych (np. alkoksy-
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silanów zawierających grupy winylowe), sieciowania polihydrosilanów oraz o małej masie molowej lub 
oligomerycznych substratów diwinylowych (w większości wypadków także polisiloksanów). Poniższy 
mini przegląd literatury dotyczy także syntezy polisiloksanów z polihydrosiloksanów i komponentów 
diwinylowych w procesie hydrolizy grup ≡SiH do ≡SiOH i następnej ich dehydrokondensacji w dys-
persji wodnej. Syntetyzowanie modyfikowanych mikrosfer polisiloksanowych umożliwia otrzymanie 
cząsteczek o kontrolowanym bilansie hydrofilowo-hydrofobowym [obecność grup hydrofobowych 
(CH3)3Si– lub ≡SiOCH(CH3)2 i hydrofilowych grup siloksanowych]. Omówiono wytwarzanie cząsteczek 
zawierających epoksydowe, aminowe i winylowe grupy funkcyjne. Opisano modyfikacje metod synte-
zy polisiloksanowych cząsteczek, prowadzące do cząsteczek hybrydowych o strukturze rdzeń-otoczka, 
w których polisiloksany tworzą otoczkę lub rdzeń, a także syntezę polisiloksanowych mikrokapsułek 
zawierających enkapsulowany organiczny bądź nieorganiczny materiał. W artykule przedstawiono poli-
siloksanowe mikrosfery jako atrakcyjny preceramiczny materiał o potencjalnym zastosowaniu w cha-
rakterze nośników katalizatorów, dyfuzorów optycznych i zmiennofazowych mikrosfer.
Słowa kluczowe: polisiloksanowe mikrosfery, polisiloksanowe mikrokapsuły, sfunkcjonalizowa-
ne  mikrocząsteczki, synteza polisiloksanowych mikrocząsteczek, nośniki katalizatorów, materiały 
zmienno fazowe, materiały preceramiczne.

Polysiloxanes attract attention of many researchers. 
This interest is due to several important properties of 
polymers, which belong to the above-mentioned class. 
In particular, polysiloxanes are physiologically neutral, 
resistant to water and water vapors, to oxygen, are per-
meable by gasses, their mechanical properties could be 
controlled, their properties make them suitable for var-
ious applications [1–11]. Polysiloxanes are used as seal-
ants, coatings (including antifouling coatings), medical 
implants, components in electronics, ceramic precursors, 
and many others [12–18]. Polysiloxanes are used very of-
ten as bulk materials, which, like many other polymers, 
only after the properly chosen processing are converted 
into final products. 

In recent years, however, there is noticed a growing 
interest in polysiloxane and polysiloxane related mate-
rials shaped into nanoparticles, microparticles and mi-
crocapsules. The reason of the above-mentioned interest 
is due to a quite large specific surface (Ssp) of materials, 
which consists of microparticles. For example, in the case 
of spherical non-porous microspheres the specific surface 
can be expressed by a simple formula: 

 6
Dd

Ssp �
=  (1)

where: d and D – density and diameter of micro-
spheres, respectively. Taking into account that density of 
polysiloxane is 0.965 g/cm3, the specific surface of non-
-porous microspheres with D = 1 μm should be 6.2 m2/g. 
Obviously, the specific surface of porous microparticles 
could be even by 2–3 orders of magnitude larger. Thus, 
the polysiloxane microspheres and their modified deriva-
tives are good candidates for carriers of active substances 
(various catalysts, enzymes, compounds and nanoparti-
cles with antimicrobial activity). Moreover, the polysilox-
ane microspheres with tailored surface properties could 
be used as well dispersible fillers modifying mechani-
cal, thermal, optical and other properties of various poly-

mers. Ceramized polysiloxane microspheres are excellent 
candidates for preparation of the stress-free ceramics. 

Composite materials containing the microcapsules 
with polysiloxane shells and phase change cores are suit-
able for fabrication of products ensuring thermal control 
in packaging, clothes, and construction applications.

The minireview provides information on recent prog-
ress in synthesis/preparation and determination of prop-
erties of polysiloxane and polysiloxane derived micropar-
ticles and on their selected applications.

SYNTHESIS OF POLYSILOXANE MICROSPHERES

Sol-gel method – from silica to polysiloxane 
microspheres

The first and still often used syntheses of polysilox-
ane microspheres are based on reactions similar to those 
responsible for synthesis of nanosilica by the Stöber 
method [19]. Starting materials for Stöber syntheses are 
tetraalkoxysilanes. The process is carried out in the pres-
ence of ammonia used as a catalyst and consists of the 
hydrolysis of alkoxysilane (Scheme A) and condensation 
polymerization depicted in Scheme B.

Scheme A. Hydrolysis of alkoxysilane

The products of condensation shown in Scheme B are 
further hydrolyzed and prone to subsequent condensa-
tion reactions forming a network containing ≡SiOSi≡ and 
≡SiOC≡ as well as some ≡SiOH groups, which remain un-
reacted being hidden in defects of the structure of the 
relatively rigid network (see Scheme C).
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The above described process yields uniform spherical 
particles with diameters ranging from 30 nm to 2 μm 
[19, 20]. Diameters of synthesized particles and possible 
presence of particle aggregates depend on concentration 
and chemical structure of tetraalkoxysilanes, catalysts 
(e.g., ammonia or NaOH), pH, and temperature [21–28]. 
Nowadays the original Stöber method is optimized for 

the high yield mass production of silica particles with 
controlled size and porosity.

Tetraethoxysilane (TEOS) is the most often used sub-
strate for synthesis of silica particles by the Stöber meth-
od. Syntheses in which at least some part of TEOS were 
replaced with alkyltrialkoxysilanes yield hybrid micro-
spheres containing structural elements: of silica and of 
the cross-linked siloxane [29–33]. Chemical structure of 
such microspheres is shown in Scheme D.

The presence of large alkyl substituents leads to defects 
in silica structure. Presence of unreacted ≡SiOH groups 
is also possible in the network. 

Microspheres by cross-linking, carried out in 
emulsion, of polydimethylsiloxane related copolymer 
containing hydromethylsiloxane constitutional units 
and terminated with vinyl end-groups at both ends 

Microspheres composed of cross-linked polydimethyl-
siloxane could be prepared also by cross-linking of linear 
polysiloxanes equipped with needed reactive groups (e.g., 
vinyl and hydromethylsiloxane) [34]. The synthesis of the 

Scheme B. Condensation of alkoxysilanes containing –OH groups

Scheme C. Cross-linked polysiloxane containing hydroxyl 
groups

Scheme D. Chemical structures in cross-linked alkyltrialk-
oxysilanes

Scheme E. Cross-linking of polysiloxanes containing hydro-
methylsilane and vinyl groups
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microspheres was performed in an emulsion of function-
alized polydimethylsiloxane diluted with chloroform. The 
process consists in mixing the above-mentioned solution 
with solution of platinum catalyst, and emulsifying this 
mixture in water solution of poly(vinyl alcohol) (1.5 % wt/v). 
The cross-linking proceeds in droplets of polymer solution. 
The reaction is carried out for 8 h at 45 °C with continuous 

stirring with the rate in a range from 500 to 700 rpm. The 
process of cross-linking is outlined in Scheme E.

It is worth noting that the diameter of produced micro-
spheres is a function of the concentration of polymer in 
the feed and of the rate of stirring. Diameters of micro-
spheres increased with the increasing concentration of 
polymer in chloroform solution (see Fig. 1). Apparently, 
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Fig. 1. Diameters of cross-linked polysiloxane microspheres as 
a function of the concentration of polysiloxane with vinyl and 
hydromethylsiloxane end-groups in chloroform solution (based 
on Ref. [34])

Scheme F. Reactions involved in synthesis of cross-linked polysiloxane microspheres from linear polysiloxanes with some hydro-
methyl groups

450 500 550 600 650 700 750
Stirring rate, rpm

200

150

100

50

250

300

D
ia

m
et

er
,

m�

Fig. 2. Diameters of cross-linked polysiloxane microspheres as 
a function of stirring rate during synthesis (based on Ref. [34])
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the more concentrated and thus, more viscous polymer 
solution yielded the larger droplets. It should be also not-
ed that the higher rate of stirring leads to the smaller mi-
crospheres (see Fig. 2). Evidently, the faster is the stirring 
the more efficiently dispersed is the polymer solution.

The process allowed synthesis of the cross-linked 
polydimethylsiloxane microspheres with diameters in a 
range from 90 to about 220 μm. The microspheres, after 
modification of their surfaces, were used as fillers tough-
ening the epoxy resins. 

Microspheres by cross-linking of polyhydromethyl-
siloxane with 1,3-divinyltetramethyldisiloxane

Cross-linked polydimethylsiloxane microspheres 
with functional ≡SiOH and ≡Si–CH=CH2 groups were 
synthesized by the catalytic [Pt(0) Karstedt catalyst] hy-
drosilylation, hydrolysis and dehydrocondensation reac-
tions involving polyhydromethylsiloxane (PHMS) and 
1,3-divinyltetramethyldisiloxane (DVTMDS) [35]. The 
reactions contributing to formation of the microspheres 
are depicted in Scheme F.

The process included two stages, which did not dif-
fer with respect to chemical reactions but to the physical 
state of the polymerizing system (see Fig. 3). 

In a typical synthesis, during the first step the cross-
-linking of a mixture of PHMS and DVTMDS (mass ra-
tio 4.45 : 1.00) dissolved in chloroform (concentration of 
reagents 58 % wt/v) initiated with the Karstedt catalyst 
[3.4 · 10-5 wt % of Pt(0) with respect to siloxane reagents] was 
carried out at 45 °C, with stirring for 9 min, i.e., before ge-

lation started. In a separate experiments it was found that 
in the above-described system the gelation begins 13 min 
after the onset of reaction. Then, the mixture containing 
the partially cross-linked polysiloxane was homogenized 
(7500 rpm) in water solution of poly(vinyl alcohol) (preheat-
ed to 45 °C, proportion of the organic/polysiloxane phase 
to water was 4.2 % v/v) and the reaction was continued for 
48 h. Thereafter, the microspheres were isolated by centri-
fuging, purified by several times repeated washing with 
water, isolation by centrifugation and, eventually, lyophi-
lized. Diameters of obtained microspheres were in a range 
from 3.2 to 15.1 μm, depending on concentration/propor-
tion of reagents and the rate of stirring [35].

29Si and 13C MAS NMR spectra revealed that micro-
spheres contained the structural units shown in Table 1.

The above-mentioned NMR data combined with IR ab-
sorption signals (cm-1 at max) of the following linkages: 
776 Si–C (str), 841 Si–C (rock), 906 Si–OH (str), 1029, 1106, 
1139 Si–O (str), 1276 CH3 (sym def), 1416 CH3 (asym def), 
2175 Si–H (str), 2916, 2972 C–H (str), 3430 O–H (str), fully 
support the following structure of polymer in the micro-
spheres (see Scheme G).

Integration of signal intensities in the NMR spectra al-
lowed determination of the fractions of the initial ≡SiH 
groups converted during synthesis into the ≡SiO– and 

PHMS
+

DVTMDS
Pt(0) Karstedt

Initial
cross-linking

at high concentration
of the substrates

Unreacted substrates

Linear chains with pending
substituents containing vinyl groups

Emulsification
and continuation
of cross-linking
in polymer droplets

Synthesis of cross-linked
microspheres and diluted suspension

Fig. 3. Preparation of cross-linked polysiloxane microspheres by 
cross-linking polyhydromethylsiloxane with 1,3-divinyltetra-
methylsiloxane (based on data from Ref. [35])

T a b l e  1.  Structural units in cross-linked polysiloxane micro-
spheres and relevant signals in 29Si and 13C MAS NMR spectra 
(based on data from Ref. [35])

Structural unit δ, ppm
13C MAS NMR

CH3 -3.2, -0.2, +0.9
CH2 +9.1, +11.5

29Si MAS NMR
CH3Si(OSi)3 -66.6

CH3Si(OH)(OSi)2 -56.5
CH3Si(H)(OSi)2 -36.8

CH3Si(CH2)(OSi)2 -20.3
(CH3)2Si(CH2)(OSi) and 

(CH3)3SiO +8.0

Scheme G. Chemical structure of polysiloxane microspheres 
produced from polysiloxanes with some hydromethyl groups
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≡SiC≡ and those remaining unreacted (as ≡SiH). Example 
fractions of these groups are shown in Fig. 4.

Plots in Fig. 4 reveal importance of the primary cross-
-linking in concentrated solution. Samples A and B were 
obtained without and with initial cross-linking in con-
centrated solution (carried out for 9 min). The first cross-
-linking step in high concentration of reagents assures 
high conversion of ≡SiH groups and their involvement in 
formation of the network.

SEM microphotograph shown in Fig. 5 shows that in-
deed, the product is in the form of spherical particles.

MODIFICATION OF POLYSILOXANE 
MICROSPHERES

Functionalization of cross-linked polysiloxane 
microspheres

Cross-linked polysiloxane microspheres obtained 
in the process involving polyhydromethylsiloxane and 
1,3-divinyltetramethyldisiloxane (earlier described) con-
tain the high fraction of ≡SiOH groups produced by hy-
drolysis of ≡SiH groups in polyhydromethylsiloxane 
(from 20 to 67 % of the primary SiH groups) [35]. These 
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Fig. 4. Fractions of structural elements in the cross-linked poly-
siloxane microspheres (based on data from Ref. [35]); sample A 
was obtained without initial cross-linking in concentrated solu-
tion, sample B with the initial cross-linking carried out for 9 min

Fig. 5. SEM microphotograph of the cross-linked polysiloxane 
microspheres

T a b l e  2.  Structural units in functionalized cross-linked poly-
siloxane microspheres and relevant signals in 29Si and 13C MAS 
NMR spectra (based on data from Ref. [35])

Structural unit δ, ppm

Microspheres functionalized with (3-aminopropyl)-
triethoxysilane
13C MAS NMR

CH3Si -2.4

CH2Si, CH3CH2O +9.7

CH2CH2CH2 +27.5

CH2N +45.15

CH3CH2O +50.1

29Si MAS NMR

CH3Si(OSi)3 -66.8

CH3Si(OH)(OSi)2 -58.4

CH3Si(CH2)(OSi)2 -20.6

(CH3)2Si(CH2)(OSi) 
and (CH3)3SiO +8.5

Microspheres functionalized with (3-glycidyloxypropyl)-
trimethoxysilane

13C MAS NMR

CH3Si -3.4

CH2Si +8.7

29Si MAS NMR

CH3Si(OSi)3 -67.3

CH3Si(OH)(OSi)2 -58.1

CH3Si(CH2)(OSi)2 -21.75

(CH3)2Si(CH2)(OSi) and 
(CH3)3SiO +7.9

Microspheres functionalized with dimethylvinylchlorosilane
13C MAS NMR

CH3Si -0.1, +0.1

CH2Si +9.3

CH2=CH +132.1

CH2=CH +139.0

29Si MAS NMR

CH3Si(OSi)3 -66.7

CH3Si(OH)(OSi)2 -57.2

CH3Si(H)(OSi)2 -36.7

CH3Si(CH2)(OSi)2 -21.5

(CH3)Si(CH=CH2)(OSi)2 -3.1

(CH3)2Si(CH2)(OSi) and 
(CH3)3SiO +8.3
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groups could be used for further functionalization of 
the microspheres. Functionalization was carried out in 
reaction of the microspheres with alkylalkoxy or alkyl-
chlorosilanes, in which alkyl substituents were bear-
ing amine, epoxy, and vinyl groups: (3-aminopropyl)-
triethoxysilane, (3-glycidyloxypropyl)trimethoxysilane 
and dimethylvinylchlorosilane [35]. The reactions were 
carried out in toluene [for (3-aminopropyl)triethoxy silane 
and (3-glycidyloxypropyl)trimethoxysilane] or, in dichlo-
romethane containing N(CH2CH3)3 added as proton scav-
enger for dimethylvinylchlorosilane. The functionaliza-
tion was monitored by 13C and 29Si MAS (magic angle 
spinning) NMR spectroscopy. Structures of observed 
groups and positions of their relevant signals in the NMR 
spectra are shown in Table 2.

Efficiency of functionalization is shown in Table 3.

The microspheres with ammonium cations were ob-
tained by reacting their ≡SiOH groups with functional 
chlorosilanes, for example, with N-[3-(dimethylchlorosilyl)-
propyl]-imidazole hydrochloride or with 3-chloropropyl-
methyldichlorosilane. In the latter case the chloropropyl 
groups attached to the microspheres are subjected to fur-
ther reaction with n-octyldimethylamine [36].

Cross-linked polysiloxane microspheres with tailored 
hydrophilicity

Microspheres synthesized by cross-linking polyhydro-
methylsiloxane in emulsion (see earlier text) contain a sig-
nificant amount of ≡SiOH groups making them hydro-
philic. Tailoring of hydrophilic/hydrophobic balance of the 
microspheres could be controlled either during synthesis in 
emulsion, which is carried out in presence of iso-propanol, 
or by post-modification of microspheres containing ≡SiOH 
groups [35, 37]. In the first case, dehydrocondensation in-
volving ≡SiH groups of polyhydromethylsiloxane and iso-
-propanol leads to formation of the ≡Si–OCH(CH3)2 groups 
whereas, in the latter, in reaction of ≡SiOH and ClSi(CH3)3 
the hydrophobic ≡Si–O–Si(CH3)3 groups are formed.

Hydrophobic/hydrophilic balance of the microspheres 
was determined using Rose Bengal as a probe. Rose Ben-
gal, a fluorescent dye, being more efficiently adsorbed on 
hydrophobic surfaces is often used for this purpose [38, 39].

Hydrophobicity of microspheres with certain frac-
tions of ≡SiOH groups replaced by ≡Si–O–CH(CH3)2 or  
≡Si–O–Si(CH3)3 groups increased in the following or-
der: not modified microspheres(0) < 13 % of ≡SiOH 
 replaced with ≡Si–O–CH(CH3)2 < 42 % of ≡SiOH  replaced 
with ≡Si–O–CH(CH3)2 < 15 % ≡SiOH replaced by 
≡Si–O–Si(CH3)3 [38].

SELECTED APPLICATIONS OF CROSS-LINKED 
POLYSILOXANE MICROSPHERES

Cross-linked polysiloxane microspheres as 
preceramic materials

It is well known that pyrolysis of organosilicon poly-
mers (e.g., polysiloxanes, polysilsesquioxanes, polycar-
bosiloxanes, and polycarbosilanes) carried out in air 
yields ceramic materials rich in SiO2 and in oxycarbide 
phases [40]. These materials have very good thermal, 
chemical and mechanical properties. They withstand 
temperatures up to 1500 °C. However, the ceramization 
process is inevitably accompanied with evolution of vola-
tile products and loss of volume (linear shrinkage from 
20 to 30 %). Significant shrinkage leads to distortion of 
shape and mechanical stress resulting in the unwanted 
cracks. The above-mentioned problem could be alleviat-
ed by filling the preceramic matrix with passive fillers, 
which do not change their volume on heating. The best 
candidates for this purpose are the ceramic silicon oxy-
carbide particles, because their thermal expansion coef-
ficient matches that of the ceramics formed by heating of 
the preceramic matrix. Preferably, the fillers should have a 
regular shape, e.g. spherical, making their packing easier. 
Recently, fabrication of ceramic silicon oxycarbide (SiOC) 
microspheres was reported [41]. The SiOC microspheres 
were obtained by ceramization of the cross-linked poly-
silane microspheres, synthesis of which was described 
earlier of this paper. Detailed description of the process 
was given in Ref. [41]. Samples of the preceramic micro-
spheres were heated in argon atmosphere from room to 
the predetermined high temperatures. The heating rate 
was 10 °C/min from room to the selected 400, 700 and 
1000 °C maximum temperatures. In the latter case, the 
ceramic material was obtained. The samples were kept at 
the maximum temperatures for 1 hour. Then, the heating 
was switched off and the samples were cooled down to 
the room temperature in flowing argon. 

It is worth noting that after heating the microspheres re-
tained their spherical shape and were free of cracks (Fig. 6). 

Chemical structure of preceramic microspheres and 
microspheres fabricated by the ceramization process 
were determined by 29Si MAS NMR [41]. Mol fractions of 
various silicon-containing units present in these micro-
spheres are shown in Figs. 7 and 8.

The microspheres heated at 400 °C remained white and 
they contained the same chemical groups as the pristine 

T a b l e  3.  Efficiency of functionalization of the cross-linked 
polysiloxane microspheres (based on data from Ref. [35])

Modifying silane (M) M/SiOH M attached
mol %

Fraction of 
SiOH involved 

in binding 
alkoxysilane

mol %
(3-Aminopropyl)-
triethoxysilane 1.79 – 62

(3-Glycidyloxypropyl)-
trimethoxysilane 0.67 99 –

Dimethylvinyl-
chlorosilane 3.45 8.7 –
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polysiloxane microspheres (see Fig. 7). However, it should 
be noted that heating at 400 °C led to significant reduc-
tion of the fraction of CH3(HO)SiO and increase of the 
CH3SiO1.5 of units, which is due to dehydrocondensation 
reaction (last reaction in Scheme F).

Heating at 700 °C and 1000 °C yielded brownish and 
black microspheres, respectively, which suggests forma-
tion of the free carbon. Indeed, combination of elemen-
tal analysis and 29Si MAS NMR data obtained during the 
above-mentioned and more recent studies revealed that in 
addition to siloxane and silicon oxycarbide units the par-
ticles contain free carbon in amount up to 20 wt % [41, 42].

Cross-linked polysiloxane microspheres as solid 
supports for adsorption of proteins and carriers of 
covalently immobilized platinum and palladium 
catalysts

The cross-linked polysiloxane microspheres with tai-
lored surface properties could be used for fabrication of 
functional microparticles. Microspheres with adsorbed and 
covalently immobilized immunoglobulins and other pro-
teins are useful components of diagnostic kits and devices 
 [43–47]. Recent studies revealed that γ-globulins could be 
efficiently adsorbed onto the hydrophobized microspheres 
(see earlier text) yielding particles with surface concentra-
tion of adsorbed protein up to 16 mg/m2 [36, 37].

Polysiloxane microspheres were tested also as car-
riers of platinum [Pt(0), Pt(II)] and palladium [Pd(II)/
Pd(0)] catalysts [48–51]. The systems (polysiloxane 
microspheres)-Pt(0) and -Pt(II) were used as catalysts of 
the hydrosilylation of phenylacetylene and hydrogena-
tion of cinnamaldehyde [49]. The palladium catalyst im-
mobilized on the polysiloxane microspheres was used for 
carbonylative Suzuki-Miyaura cross-coupling of aryl io-
dides with phenylboronic acids [50, 51].

In the case of immobilization of the platinum cata-
lysts the microspheres were first functionalized by the 
reaction of –OH groups of the microspheres with N-(2-
-aminoethyl)-3-aminopropylmethyldimethoxysilane. 
Thereafter, they were converted to the microsphere-cata-
lyst system in reaction with K2PtCl4. Platinum II attached 
to the polysiloxane microspheres was reduced to Pt(0) in 
reaction with NaBH4. Palladium catalyst was obtained by 
functionalization of the polysiloxane microspheres with 
(3-aminopropyl)triethoxysilane and subsequent immo-
bilization of Pd(II) in reaction with PdCl2(MeCN)2 [51]. 
It has been shown that at the conditions of the Suzuki- 
-Miyaura cross-coupling reactions part of the immobi-
lized Pt(II) is converted into Pt(0) containing clusters.

Phase-change microcapsules with cross-linked 
polysiloxane shells

Chemical reactions involved in synthesis of polysilox-
ane microspheres by cross-linking of polyhydromethyl-
siloxane with 1,3-divinyltetramethyldisiloxane could be 
used also for fabrication of microcapsules with cross- 
-linked polysiloxane shells. The phase-change microcap-
sules with paraffin (n-eicosane) cores were synthesized 
using this approach [52]. The process did consist of three 
stages. During the first one the cross-linking of polyhy-

100 m�

Fig. 6. SEM microphotograph of the microspheres obtained from 
the cross-linked particles heated at 700 °C 
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Fig. 7. Chemical structure of the polysiloxane microsphe-
res  obtained by cross-linking polyhydromethylsiloxane with 
1,3-divinyltetramethylsiloxane (based on data from Ref. [41])

Fig. 8. Chemical structure of the microspheres obtained from the 
cross-linked particles heated at 700 °C 
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dromethylsiloxane (PHMS) with 1,3-divinyltetramethyl-
disiloxane (DVTMDS) was carried out in THF, using the 
Karstedt Pt(0) complex as a catalyst. The reaction was car-
ried out at 45 °C until the solution became viscous, but 
did not form yet the macroscopic gel. At this stage the re-
acting solution of polyhydromethylsiloxane and 1,3-divi-
nyltetramethyldisiloxane was mixed with solution of 
 n-eicosane in iso-propanol and the reaction was contin-
ued at 45 °C for 5 more minutes. Thereafter, the mixture 
was added to water containing poly(vinyl alcohol) (reac-
tion mixture : water = 0.8 : 1 v/v), homogenized and di-
luted with six-fold excess of water containing poly(vinyl 
alcohol). Then, the reaction was continued for 70 hours, 
with stirring, at 45 °C. Eventually, the formed microcap-
sules were isolated by sedimentation and several times 
were washed with fresh portions of water. SEM micro-
photograph of the microcapsules is shown in Fig. 9.

Depending on proportions of used reagents the mi-
crospheres with diameters from 5.9 to 22.9 μm were ob-
tained. Phase change temperatures (melting and crystal-
lization of n-eicosane in the microspheres) were in the 
range 35–42 °C and 34–22 °C, respectively; the heat of 
melting was up to 160 J/g.

CONCLUSIONS

Cross-linking of polyhydromethylsiloxane with 
1,3-divinyltetramethyldisiloxane, carried out in emul-
sion, did open a simple and convenient way for synthe-
sis of the library of microspheres and microcapsules. The 
library contains soft polysiloxane microspheres with con-
trolled hydrophobic/hydrophilic balance, varied porosity, 
particles with amine, epoxide and vinyl functions as well 
as hard ceramic microspheres. 

Post-synthesis modification of the pristine cross-linked 
polysiloxane microspheres containing ≡SiH and ≡SiOH 
functions during their reactions with alkoxy- or chlorosi-
lanes bearing various functional groups, allows for syn-
thesis of functionalized microparticles. These particles 
were used as carriers of proteins as well as platinum and 
palladium catalysts. The cross-linked polysiloxane mi-
crospheres could be converted to the silicon oxycarbide 

ceramic microspheres – potential fillers for fabrication of 
ceramic materials. 

The method, similar to those used for synthesis of 
cross-linked polysiloxane microspheres allowed obtain-
ing microcapsules loaded with n-eicosane. The microcap-
sules were suitable for application as phase-change mate-
rials appropriate for maintaining temperature within the 
range from 22 °C to 42 °C.  

The financial support from NCN grant 2013/11/B/ST5/01615 
is highly appreciated.

REFERENCES

[1] Dvornic P.R.: “Silicon containing polymers” (Eds. 
Jones R.G., Ando W., Chojnowski J.), Kluwer Aca-
demic Publishers, Dordrecht, The Netherlands 2000, 
pp. 185–211.

[2] Owen M.J.: “Silicon containing polymers” (Eds. 
Jones R.G., Ando W., Chojnowski J.), Kluwer Aca-
demic Publishers, Dordrecht, The Netherlands 2000, 
pp. 213–231.

[3] Jones R.G.: “Silicon containing polymers” (Eds. Jones 
R.G., Ando W., Chojnowski J.), Kluwer Academic 
Publishers, Dordrecht, The Netherlands 2000, pp. 
233–243.

[4] Pergal M.V., Nestorov J., Tovilović G. et al.: Journal of 
Biomedical Materials Research Part A 2014, 102A, 3951.

 http://dx.doi.org/10.1002/jbm.a.35071
[5] Woods C.A., Bentley S.A., Fonn D.: Ophthalmic and 

Physiological Optics 2016, 36, 643.
 http://dx.doi.org/10.1111/opo.12318
[6] Chen H., Wu X., Duan H. et al.: ACS Applied Materials 

& Interfaces 2009, 1, 2134.
 http://dx.doi.org/10.1021/am900262j
[7] Hao X., Jeffery J.L., Le T.P.T. et al.: Biomaterials 2012, 33, 

5659. http://dx.doi.org/10.1016/j.biomaterials.2012.04.052
[8] Lin Ch.-H., Cho H.-L., Yeh Y.-H. et al.: Colloids and 

Surfaces B: Biointerfaces 2015, 136, 735.
 http://dx.doi.org/10.1016/j.colsurfb.2015.10.006
[9] Chamerski K., Lesniak M., Sitarz M. et al.: Spectrochi-

mica Acta Part A: Molecular and Biomolecular Spectros-
copy 2016, 167, 96.

 http://dx.doi.org/10.1016/j.saa.2016.05.036
[10] Lee S.E., Kim S.R., Park M.: International Journal of 

Ophthalmology 2015, 8, 1037.
 http://dx.doi.org/10.1155/2017/5131764
[11] Dastjerdi R., Noorian S.A.: Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 2014, 452, 25.
 http://dx.doi.org/10.1016/j.colsurfa.2014.03.063
[12] Donskoi A.A., Baritko N.V.: Polymer Science Series C 

2007, 49, 182.
 http://dx.doi.org/10.1134/S181123820702018X
[13] Yin Y., Zhang Y., Chen X. et al.: Polymer Engineering & 

Science 2011, 51, 1033.
 http://dx.doi.org/10.1002/pen.21917

50 m�

Fig. 9. Microcapsules with cross-linked polysiloxane shells and 
n-eicosane cores

http://dx.doi.org/10.1002/jbm.a.35071
http://dx.doi.org/10.1111/opo.12318
http://dx.doi.org/10.1021/am900262j
http://dx.doi.org/10.1016/j.biomaterials.2012.04.052
http://dx.doi.org/10.1016/j.colsurfb.2015.10.006
http://dx.doi.org/10.1016/j.saa.2016.05.036
http://dx.doi.org/10.1155/2017/5131764
http://dx.doi.org/10.1016/j.colsurfa.2014.03.063
http://dx.doi.org/10.1134/S181123820702018X
http://dx.doi.org/10.1002/pen.21917


508 POLIMERY 2017, 62, nr 7–8

[14] Abe Y., Gunji T.: Progress in Polymer Science 2004, 29, 149. 
http://dx.doi.org/10.1016/j.progpolymsci.2003.08.003

[15] Yu M., Liu F., Du F.: Progress in Organic Coatings 2016, 
94, 34. http://dx.doi.org/10.1016/j.porgcoat.2016.01.016

[16] Planes M., Brand J., Lewandowski S. et al.: ACS Ap-
plied Materials & Interfaces 2016, 8, 28 030.

 http://dx.doi.org/10.1021/acsami.6b09043
[17] Majumdar P., Crowley E., Htet M. et al.: ACS Combi-

natorial Science 2011, 13, 298.
 http://dx.doi.org/10.1021/co200004m
[18] Yu B., Kang S.-Y., Akthakul A. et al.: Nature Materials 

2016, 15, 911.
 http://dx.doi.org/10.1038/nmat4635
[19] Stöber W., Fink A., Bohn E.: Journal of Colloid Interface 

Science 1968, 26, 62.
 http://dx.doi.org/10.1016/0021-9797(68)90272-5
[20] Wang X.-D., Shen Z.-X., Sang T. et al.: Journal of Colloid 

Interface Science 2010, 341, 23.
 http://dx.doi.org/10.1016/j.jcis.2009.09.018
[21] van Helden A.K., Jansen J.W., Vrij A.: Journal of Colloid 

Interface Science 1981, 81, 354.
 http://dx.doi.org/10.1016/0021-9797(81)90417-3
[22] Bogush G.H., Tracy M.A., Zukoski C.F.: Journal of 

Non-Crystalline Solids 1988, 104, 95.
 http://dx.doi.org/10.1016/0022-3093(88)90187-1
[23] van Blaaderen A., Kentgens A.P.M.: Journal of Non-

-Crystalline Solids 1992, 149, 161.
 http://dx.doi.org/10.1016/0022-3093(92)90064-Q
[24] Dingsøyr E., Christy A.A.: Progress in Colloid and 

Polymer Science 2001, 116, 67.
 http://dx.doi.org/10.1007/3-540-44941-8_11
[25] Ibrahim I.A.M., Zikry A.F.F., Sharaf M.A.: Journal of 

American Science 2010, 6, 985.
[26] Plumeré N., Ruff A., Speiser B. et al.: Journal of Colloid 

Interface Science 2012, 368, 208.
 http://dx.doi.org/10.1016/j.jcis.2011.10.070
[27] Bazula P.A., Arnal P.M., Galeano C. et al.: Microporous 

and Mesoporous Materials 2014, 200, 317.
 http://dx.doi.org/10.1016/j.micromeso.2014.07.051
[28] Hyde E.D.E.R., Seyfaee A., Neville F., Moreno-Ata-

nasio R.: Industrial & Engineering Chemistry Research 
2016, 55, 8891.

 http://dx.doi.org/10.1021/acs.iecr.6b01839
[29] He J., Nebioglu A., Zhengang Zong Z. et al.: Macromo-

lecular Chemistry and Physics 2005, 206, 732.
 http://dx.doi.org/10.1002/macp.200400391
[30] Lee Y.-G., Park J.-H., Oh C. et al.: Langmuir 2007, 23, 

10 875. http://dx.doi.org/10.1021/la702462b
[31] He J., Zhou L., Soucek M.D. et al.: Journal of Applied 

Polymer Science 2007, 105, 2376.
 http://dx.doi.org/10.1002/app.25709
[32] Takeda Y., Komori Y., Yoshitake H.: Colloids and Sur-

faces A: Physicochemical and Engineering Aspects 2013, 
422, 68. http://dx.doi.org/10.1016/j.colsurfa.2013.01.024

[33] Barrera E.G., Livotto P.R., dos Santos J.H.Z.: Powder 
Technology 2016, 301, 486.

 http://dx.doi.org/10.1016/j.powtec.2016.04.025

[34] Roy P.K., Iqbal N., Kumar D., Rajagopal Ch.: Journal 
of Polymer Research 2014, 21, 348. 

 http://dx.doi.org/10.1007/s10965-013-0348-5
[35] Fortuniak W., Chojnowski J., Slomkowski S. et al.: 

Polymer 2013, 54, 3156.
 http://dx.doi.org/10.1016/j.polymer.2013.04.017
[36] Mizerska U., Fortuniak W., Pospiech P., Chojnowski 

J., Slomkowski S.: Journal of Inorganic and Organome-
tallic Polymers and Materials 2015, 25, 507.

 http://dx.doi.org/10.1007/s10904-015-0209-2
[37] Mizerska U., Fortuniak W., Pospiech P. et al.: Polymers 

for Advanced Technologies 2015, 26, 855.
 http://dx.doi.org/10.1002/pat.3494
[38] Sahoo S.K., Panyam J., Prabha S., Labhasetwar V.: 

Journal of Controlled Release 2002, 82, 105.
 http://dx.doi.org/10.1016/S0168-3659(02)00127-X
[39] Francis L., Meng D., Knowles J. et al.: International 

Journal of Molecular Sciences 2011, 12, 4294.
 http://dx.doi.org/10.3390/ijms12074294
[40] Colombo P.: Journal of the American Ceramic Society 

2010, 93, 1805.
 http://dx.doi.org/10.1111/jace.12708
[41] Fortuniak W., Chojnowski J., Slomkowski S. et al.: 

Materials Chemistry and Physics 2015, 155, 83.
 http://dx.doi.org/10.1016/j.matchemphys.2015.02.002
[42] Fortuniak W., Pospiech P., Mizerska U. et al.: Ceramics 

International 2016, 42, 11 654.
 http://dx.doi.org/10.1016/j.ceramint.2016.04.073
[43] Slomkowski S.: Progress in Polymer Science 1998, 23, 

815. http://dx.doi.org/10.1016/S0079-6700(97)00053-1
[44] Basinska T., Wisniewska M., Chmiela M.: Macromo-

lecular Bioscience 2005, 5, 70.
 http://dx.doi.org/10.1002/mabi.200400112
[45] Basinska T., Slomkowski S.: Chemical Papers 2012, 66, 

352. http://dx.doi.org/10.2478/s11696-011-0122-2
[46] Christopher-Hennings J., Araujo K.P.C., Souza C.J.H. 

et al.: Journal of Veterinary Diagnostic Investigation 2013, 
25, 671. http://dx.doi.org/10.1177/1040638713507256

[47] Dworak A., Slomkowski S., Basinska T. et al.: Polimery 
2013, 58, 641.

 http://dx.doi.org/10.14314/polimery.2013.641
[48] Pospiech P., Chojnowski J., Mizerska U. et al.: Applied 

Organometallic Chemistry 2016, 30, 399. 
 http://dx.doi.org/10.1002/aoc.3446
[49] Pospiech P., Chojnowski J., Mizerska U., Cempura G.: 

Journal of Molecular Catalysis A: Chemical 2016, 424, 
402. http://dx.doi.org/10.1016/j.molcata.2016.09.016

[50] Zawartka W., Pospiech P., Cypryk M., Trzeciak A.M.: 
Journal of Molecular Catalysis A: Chemical 2015, 407, 
230. http://dx.doi.org/10.1016/j.molcata.2015.07.002

[51] Zawartka W., Pospiech P., Cypryk M., Trzeciak A.M.: 
Journal of Molecular Catalysis A: Chemical 2016, 417, 76.

 http://dx.doi.org/10.1016/j.molcata.2016.03.017
[52] Fortuniak W., Slomkowski S., Chojnowski J. et al.: 

Colloid and Polymer Science 2013, 291, 725. 
 http://dx.doi.org/10.1007/s00396-012-2782-z

Received 29 III 2017.

http://dx.doi.org/10.1016/j.progpolymsci.2003.08.003
http://dx.doi.org/10.1016/j.porgcoat.2016.01.016
http://dx.doi.org/10.1021/acsami.6b09043
http://dx.doi.org/10.1021/co200004m
http://dx.doi.org/10.1038/nmat4635
http://dx.doi.org/10.1016/0021-9797(68)90272-5
http://dx.doi.org/10.1016/j.jcis.2009.09.018
http://dx.doi.org/10.1016/0021-9797(81)90417-3
http://dx.doi.org/10.1016/0022-3093(88)90187-1
http://dx.doi.org/10.1016/0022-3093(92)90064-Q
http://dx.doi.org/10.1007/3-540-44941-8_11
http://dx.doi.org/10.1016/j.jcis.2011.10.070
http://dx.doi.org/10.1016/j.micromeso.2014.07.051
http://dx.doi.org/10.1021/acs.iecr.6b01839
http://dx.doi.org/10.1002/macp.200400391
http://dx.doi.org/10.1021/la702462b
http://dx.doi.org/10.1002/app.25709
http://dx.doi.org/10.1016/j.colsurfa.2013.01.024
http://dx.doi.org/10.1016/j.powtec.2016.04.025
http://dx.doi.org/10.1007/s10965-013-0348-5
http://dx.doi.org/10.1016/j.polymer.2013.04.017
http://dx.doi.org/10.1007/s10904-015-0209-2
http://dx.doi.org/10.1002/pat.3494
http://dx.doi.org/10.1016/S0168-3659(02)00127-X
http://dx.doi.org/10.3390/ijms12074294
http://dx.doi.org/10.1111/jace.12708
http://dx.doi.org/10.1016/j.matchemphys.2015.02.002
http://dx.doi.org/10.1016/j.ceramint.2016.04.073
http://dx.doi.org/10.1016/S0079-6700(97)00053-1
http://dx.doi.org/10.1002/mabi.200400112
http://dx.doi.org/10.2478/s11696-011-0122-2
http://dx.doi.org/10.1177/1040638713507256
http://dx.doi.org/10.14314/polimery.2013.641
http://dx.doi.org/10.1002/aoc.3446
http://dx.doi.org/10.1016/j.molcata.2016.09.016
http://dx.doi.org/10.1016/j.molcata.2015.07.002
http://dx.doi.org/10.1016/j.molcata.2016.03.017
http://dx.doi.org/10.1007/s00396-012-2782-z

