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Abstract. Materials with macroporous architecture were prepared in a template-free system using linear oligo(phenylsilsesquioxanes) (Ph-LPSQ), obtained in a two-step, one-pot, acid/base sol-gel method. The spontaneous self-assembly of
silsesquioxane chains is governed by !-! interactions between side substituents and facilitated by the backbone rigidity of
the polymer. The porous structure of the material can be changed on adjusting the processing conditions (concentration of
Ph-LPSQ solution, the ratio solvent/nonsolvent and rate of stirring during precipitation). Ph-LPSQ oligomers can be also
used for modification of silica particles and preparation of interesting macro-mesoporous materials of narrow pore size.
Morphology and properties of the polymer and self-assembled particles were characterized by nuclear magnetic resonance
(NMR) and Fourier transform infrared (FTIR) spectroscopies, wide angle X-ray scattering (WAXS), scanning electron
microscopy SEM, mercury intrusion porosimetry, fluorescence spectroscopy and dynamic light scattering.
Keywords: molecular engineering, ladder phenylsilsesquioxanes, sol-gel, self-assembly, micropspheres

1. Introduction

Nano- and microstructured polymeric materials of
well-defined composition, morphology and function
are of general scientific importance and technological interest. For example, solid or hollow polymeric
spheres can be applied for controlled storage and
release, in catalysis, as photonic crystals and templates to macroporous materials [1]. Several types of
mesoporous silica [2] have also found many technological applications due to their morphological
characteristics [3–6]. Monolithic silica or silsesquioxane gels with hierarchical well-defined macropores
and shape-controlled mesopores exhibit low or no
shrinkage during drying. They attract large interest
in separation techniques, in catalysis, micro- and
optoelectronics (e.g. chromatographic stationary
phases for HPLC and UPLC flexible aerogels, superhydrophobic materials, insulating coatings, biomedical entrapment materials) [7].

Macroporous structure of silica monoliths can be
generated in the course of hydrolytic polycondensation of alkoxysilanes, due to coexisting phase separation and gelation phenomena [8]. Macroporous
materials were also obtained by aggregation and
gelation of PEG-stabilized silica particles [9] or in
silicone oil dispersions [10]. Macroporous poly
(methylsilsesquioxanes) (MSQ) were prepared by
micellar nanoscale templating combined with polymerization-induced phase microseparation [11, 12]
in a two-step process of all-acidic hydrolytic polycondensation [13] or using an acid/base two step
processing method [7, 14]. Macro-mesoporous silica materials can also be prepared by dual templating using supramolecular systems [15–17]. However, to our best knowledge there are no reports on
macroporous structures based on poly(phenylsilsesquioxanes). Such materials would be of special interest owing to their low polarity and possible
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interactions with biological systems. However, the
literature reports concern poly(phenylsilsesquioxane) microparticles obtained in a modified Stöber
route [18, 19] emulsion polymerization [20], a template-free two-step acid–base catalyzed sol–gel
process [21, 22] and base catalyzed oil-in-water
emulsion polycondensation [19]. Phenylsilsesquioxane particles of ‘core-shell’ structure show both
thermoplastic and thermosetting properties [23, 24].
Ladder-like polysilsesquioxanes structurally differ
from polyhedral oligomeric silsesquioxanes (POSS)
and random silsesquioxane networks (Figure 2).
They gain a growing interest due to their unique physiochemical properties (good solubility, film-forming properties, morphological-stability, excellent
thermochemical resistance) [25–27]. Poly(phenylsilsesquioxanes) show high thermal stability (degradation onset temperatures about 793 K in air) and
good mechanical properties [28]. For most of the
poly(phenylsilsesquioxanes), the characteristic ten-

Figure 1. Spherical particles obtained by self-assembly of
oligomeric Ph-LPSQ (polymer concentration in
CH2Cl2 = 50 mg/cm3, hexane/CH2Cl2 v/v = 1000,
the insert contains a TEM micrograph of the
formed microspheres)

sile strength value is in the range of 20–40 MPa and
the elongation 3–20% [29]. They are less hard and
brittle than poly(methylsilsesquioxanes) [30]. It was
found that rheological properties of organic polymer blends (strain hardening/softening under
dynamic shear and uniaxial elongation) can change
on addition of Ph-LPSQ [31].
The application of poly(phenylsilsesquioxane)based materials encompasses membranes [32], interlayer dielectrics [33], protective coating films in
electronics [34] optical devices [35] and thermostable
superhydrophobic coatings [36]. Poly(phenylsilsesquioxane)-derived materials were also used as
pre-ceramic precursors for hierarchically porous
silicon oxycarbide-derived carbons for supercapacitor electrodes [37] and low dielectric constant porous
matrix [38]. Composite materials based on PhLPSQ include well-defined inorganic–organic hybrid
block copolymers of enhanced thermal properties
[39], materials of improved the elongation at break,
flexural strength and flame-retardancy [40], fibers
[41]. Other applications include their use in carbon
fiber/ceramic matrix composites [42], and also drug
delivery [43].
We have found that linear oligosilsesquioxanes bearing side phenyl groups (Ph-LPSQ) can self-assemble and form spherical nano- and microstructures in
template-free systems (Figure 1). Such microparticles
made of Ph-LPSQ oligomers can be used for preparation of mesoporous materials and also for modification of silica microspheres. Morphology and properties of the self-assembled objects were studied
using SEM microscopy, mercury intrusion porosimetry, fluorometry and dynamic light scattering.
Formation of macropores in the reported system,
conversely to MSQ monoliths, is not governed by
polymerization-induced phase separation. Instead, a

Figure 2. Various structural types of silsesquioxane polymers and oligomers
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spontaneous self-assembly of oligomeric silsesquioxanes takes place, owing to !-! interactions between
side substituents and the backbone rigidity. It is
known that !–! aromatic interactions can play an
important role in the organization of Ph-LPSQ systems (including their crystallization [44, 45] and
co-crystalization [46]). !–! templating with ladderlike Ph-LPSQ was also used for controlled, onedimensional (linear) chain growth in the sol–gel
polymerization of phenyltrimethoxysilane [47].
It is expected that such structured particles could
possibly find an application as precursors to ceramic
silicon-oxycarbide microspheres with high C/Si
ratio, macroporous templates and chromatographic
stationary phases.

2. Experimental section
2.1. Materials and methods
2.1.1. Reagents
Triethoxyphenylsilane (98%, Aldrich, Poznan,
Poland), tetraethylorthosilicate (TEOS, 98%,
Aldrich, Poznan, Poland), hydrochloric acid (aqueous solution 35–38 wt%, POCh, Gliwice, Poland)
and ammonium hydroxide aqueous solution (25 wt%,
POCh, Gliwice, Poland) were used as received.
Model linear Ph-LPSQ of regular structure was prepared as earlier reported [48]. Solvents were purified according to literature procedures [49].
2.1.2. Instrumentation
Solid-state 13C and 29Si CPMAS NMR spectra were
recorded on an AV-400 Bruker spectrometer (Billerica, MA, USA) at 59.627 MHz. The peak positions
were referenced to the signal of Q8M8 (trimethylsilyl ester of cubic octameric silicate) as standard.
Wide-angle X-ray scattering (WAXS) measurements were performed using source of CuK" radiation (Philips), operating at 30 kV and 50 mA X-ray
beam. The diffraction patterns were recorded in the
2# range from 3 to 45° and are presented as functions of the scattering vector d, where d = 1/s; s =
2sin(!2#/360)/0.154, where 2# is the scattering angle.
Typical time of acquisition was 30 sec. The samples
were prepared as powder and were irradiated at the
incident angle ("i) of 0.05°.
Mass spectrometric measurements (MALDI-TOF)
were recorded on a Voyager-Elite (PerSeptive Biosystems, Framingham, MS, USA) time-of-flight
instrument equipped with a pulsed N2 laser (337 nm,
4-ns pulse width) and time-delayed extraction ion

source. An accelerating voltage of 20 kV was applied.
Mass spectra were recorded in the linear positive
ion mode using 1,8-dihydroxy-9-anthracenone (ditranol, DT) as the matrix and LiCl, KO(O)CCF 3 or
AgO(O)CCF3 as cationization agents. For size exclusion chromatography (SEC) an Agilent 1100 series
chromatograph (Agilent, Santa Clara, CA, USA) composed of degasser, pump, and autosampler was used.
Two PL Gel 5 µm MIXED-C columns (7.8$300 mm)
were employed in a series (temperature 300 K). RI
(OPTILAB T-rex, Wyatt, Santa Barbara, CA, USA)
and MALLS (% = 682 nm, DAWN HEOS, II, Wyatt,
Santa Barbara, CA, USA) were used as detectors.
The mobile phase was dichloromethane at a flow
rate of 0.8 cm3/min. Samples (concentration of
polymers: 7 mg/cm3) were dissolved in CH2Cl2 and
passed through 0.2 µm pore size SRP membrane filters. Injection volumes of the sample solutions were
100 µL. Molecular masses were derived from a calibration curve based on polystyrene standards and
Astra 4.90.07 software was used to treat the data.
Phase transitions of polymers were studied by differential scanning calorimetry (DSC) technique
[DuPont 2000 thermal analysis system (TA Instruments, New Castle, DE, USA)]. Thermograms were
taken for samples (sealed in aluminium pans)
quenched from the amorphous phase (room temperature) and then heated (10 K/min) from 273 to 523 K.
The sample was kept at 523 K for 3 min to erase any
thermal history. Subsequently, it was cooled to 273 K
and heated again to 523 K. Thermogravimetric analysis (TGA) was performed using a Hi-Res TGA 2950
Thermogravimetric Analyzer (TA Instruments, New
Castle, DE, USA). The analysis was performed under
nitrogen from room temperature to 1173 K. The heating rate was 10 K/min.
Diameters of microspheres and micelles formed during the precipitation in nonsolvents were measured
at 298 K using a Zetasizer Nano ZEN3600, (Malvern,
UK) equipped with a quartz cell. Fluorescence spectra of Ph-LPSQ (in solution and as a suspension)
were recorded at room temperature by means of a
Horiba Jobin Yvon, Fluorolog-3 spectrofluorometer
(Kyoto, Japan) using indicated excitation wavelengths.
Diameters and shape of the precipitated particles
were determined by analysis of scanning electron
microscopy (SEM) microphotographs. Microstructured samples were dispersed in hexanes and placed
on a silicon wafer. They were left for drying at room
986
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temperature. SEM images were taken with a JEOL
JSH 5500 LV scanning electron microscope (Tokyo,
Japan) in high-vacuum mode at the accelerated voltage of 10 kV. Samples were sputter coated with a fine
gold layer, about 20 nm thick using ion coating JEOL
JFC 1200 apparatus (Tokyo, Japan). For Transmission Electron Microscopy (TEM) analysis [micrographs were taken with Tesla BS 512 with YAG camera (TESLA, Czechoslovakia)] a small drop of not
stained dispersion of micelles in a non-solvent was
deposited on a copper grid.
Macropore intrusion volumes and macropore size
distributions were measured by mercury intrusion
porosimetry on an AutoPore 9220 (Micromeritics
Instruments, Norcross, GA, USA) over a pressure
range of 4136.8 Pa – 345 MPa and analyzed using the
Washburn equation. Before the analysis, all samples were dried [Memmert 200 dryer (Memmert
GmbH, Germany)] to constant weight at 308 K for
at least 24 h to remove air, and directly measured
thereafter.
Nitrogen sorption data were collected with a Micromeritics ASAP 2020 instrument (Micromeritics
Instruments, Norcross, GA, USA). Before each nitrogen adsorption–desorption measurement, the samples were degassed at ambient temperature overnight
and directly measured thereafter. The isotherms
were measured at liquid nitrogen temperature. Specific surface area and pore size distributions were
determined using, respectively, the BET (BrunauerEmmett-Teller) and the BJH (Barrett-Joyner-Halenda) model.

2.2. Synthesis
2.2.1 Preparation of Ph-LPSQ by
polycondensation of oligomeric silanols
pre-formed by acidic hydrolysis of
PhSi(OEt)3
Hydrochloric acid was added drop-wise to a stirred
mixture of PhSi(OEt)3 and deionised H2O. The mixture was left at a given temperature with stirring for
a given time (Table 1). The reaction mixture became
transparent, indicating complete hydrolysis of
alkoxysilyl groups. NH4OHaq was then added dropwise with stirring to the obtained sol. The reaction
mixture was allowed to solidify at a given temperature for a given time. The polymeric product was
dissolved in a small amount of CH2Cl2 and precipitated into large volumes of MeOH. Precipitation was

repeated trice and polymer fractions differing by
their molar mass and molar mass distribution were
separated.
13
C NMR; & [ppm]: 134.8, 131.0, 130.3, 127.8 (Ph)
29
Si NMR; & [ppm]: –62 [PhSi(OH)2O1/2] (T1), –70
[PhSi(OH)O2/2] (T2), –79 (PhSiO3/2) (T3).
2.2.2. Formation of micelles and structured
materials in nonsolvents
Ph-LPSQ (Mw(MALLS) = 2500, Mw/Mn = 1.3) was
dissolved in dry dichlorometane at a given concentration, and added drop-wise to a stirred nonsolvent
(hexanes or EtOH). The microstructured precipitate
was filtered and washed with a copious volume of
the nonsolvent, then dried to constant weight at room
temperature in a vacuum desiccator.
Samples for DLS experiments were prepared using
a solution of Ph-LPSQ in CH2Cl2 filtered through
0.2 µm PTFE membrane. A given volume was added
with stirring (1000 rpm) to the nonsolvent and immediately transferred to a quartz cuvette and placed in
the sample compartment of Zetasizer Nano
ZEN3600.
2.2.3. Preparation of Ph-LPSQ-SiO2 composites
by condensation of oligomeric Ph-LPSQ
onto silica microspheres
Silica microspheres were obtained following the
procedure: ethanol (54 cm3), NH4OH (2.6 cm3
26 wt%) and H2O (1.0 cm3) were mixed and heated
at 323 K for 30 minutes. Tetraethoxysilane (1.9 g,
0.009 mol) was added slowly dropwise to the solution stirred at 1000 rpm and the resulting mixture
was heated at 323 K for 24 h. The mixture becomes
turbid after about 5 minutes due to the formation of
SiO2 particles (' = 0.2–0.5 µm by SEM).
Ph-LPSQ (0.19 g; Mw(MALLS) = 2500, Mw/Mn =
1.3) was dissolved in 4 cm3 of CH2Cl2 and added
drop-wise to the suspension over 10 minutes. The
mixture was heated at 323 K for 24 hours and then
admixed with 15 cm3 of dry toluene and refluxed at
383 K for 8 hours using a Dean-Stark apparatus. The
volume of the reaction mixture was reduced by
70% and the residue was precipitated by addition to
hexanes (100 cm3). It was dried to a constant weight
(0.7 g), then dissolved in CH2Cl2 (14 cm3) (a turbid
solution was formed) and precipitated again in
hexanes (1400 cm3).
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3. Results and discussion
3.1. Synthesis, structure and physiochemical
properties of Ph-LPSQ

Polymeric Ph-LPSQs were prepared by one-pot, twostep, acid-base catalyzed hydrolytic polycondensation of phenyltriethoxysilane carried out in bulk. The
method does not yield highly cross-linked resins but
soluble polymeric materials, which can be explained
on the basis of two different mechanisms that can
occur during a sol-gel process, depending on pH of
the reaction mixture [50]. Rapid protonation of ethoxide groups is the first step in acid catalysed hydrolysis of PhSi(OEt)3, which makes it more susceptible
to hydrolysis. Under such conditions the hydrolysis
of alkoxy groups is nearly complete before the beginning of the condensation of silanols (Figure 3). Primary silanols become preferentially protonated and
thus more prone to nucleophilic attack. Unprotonated silanols present in the reaction mixture operate as basic species and react with their protonated
counterparts yielding siloxane bonds. Basicity of
silanol groups decreases with increasing number of
siloxane bonds at the respective silicon atom. Therefore, under acidic conditions monomeric species tend
to react with oligomers of the least degree of condensation. Consequently, linear or weakly branched
structures are mostly formed. Secondary silanols
are activatied for condensation in alkaline conditions, by deprotonation of SiOH groups and formation of silanolate anions. These strong nucleophiles
tend to deprotonate most acidic silanols in the oligomeric chain (the side ones). The preferential activation of side silanols in linear oligomers in the twostep, acid-base catalyzed sol-gel process, as well as
steric and electronic factors caused by side phenyl
groups, result in formation of Ph-LPSQ of ladderlike structure. Obviously, the silsesquioxane backbone of the obtained products is statistically more
branched than that prepared by stepwise coupling
polycondensation method [48]. The influence of
synthetic conditions ([SiOEt]0/[H2O]0, [NH4OH]0/

[SiOEt]0, time and temperature of the process at
constant [HCl]0/[SiOEt]0 = 2.2·10–4) on the structure of product was studied (Table 1). Polymers of
Mw(MALLS) 2500–23000 u. were obtained. Their
purification by precipitation into MeOH allowed for
fractionation of oligomers by their molecular mass.
MALDI TOF spectroscopy was applied to elucidate
the structure of Ph-LPSQ obtained with the two-step
method (Figures 4 and 5). Tentative assignment of
peaks in MALDI-TOF spectra (Figure 4) suggests
that the oligomers can indeed be linear. Species containing completely condensed PhSiO2/2 units and
additionally incompletely condensed groups
[PhSiO2/2(OH) and PhSiO1/2(OH)2] dominate in the
mixture. Oligosilsesquioxanes of low molecular mass
(m/z < 1000 u) can fold and form cage-like architectures [51, 52]. However, only a very small number
of the obtained Ph-LPSQ species can be assigned to
cyclic structures (along their linear-branched counterparts) which can be attributed to the synthetic
method (polycondensation in bulk). Only those, that
can correspond to incompletely closed silsesqioxane cages [(T3)8(T2)2 and (T3)10(T2)2; m/z 1316.9 u
and 1575.0 u] are more abundant. Microstructural
analysis of oligo(phenylsilsesquioxanes) obtained
under various reaction conditions (Figure 5) proved
the propensity of the system to form linear oligomers
at low temperatures, with high amount of H2O and
at increased time of condensation under acidic conditions. Branched species are more easily formed at
higher temperatures.
Regularity of the structure of Ph-LPSQ chains cannot be proved by a MALDI spectrum alone. Wide
angle X-ray diffraction (WAXS) data collected for
the prepared materials (Figure 6) were compared with
the diffraction pattern of cis-isotactic Ph-LPSQ
obtained following the reported stepwise coupling
polycondensation procedure [48]. WAXS diffractograms of both amorphous polymers are almost
identical and suggest the presence of ladder segments (d1). However, there are discernible differ-

Figure 3. Preparation of Ph-LPSQ by two-step, acid-base catalyzed hydrolytic polycondensation of PhSi(OEt)3
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1
2
3
4
5
6

(T3)12(T2)3Li+
(T3)11(T2)3(T1)1Li+
(T3)10(T2)3(T1)2+
(T3)9(T2)3(T1)3+
(T3)8(T2)3(T1)4+
(T3)7(T2)5(T1)3Li+

7
8
9
10
11
12

(T3)14(T2)4Li+
(T3)12(T2)4Li+
(T3)10(T2)6Li+
(T3)10(T2)6Li2+
(T3)8(T2)8Li2+
(T3)6(T2)10Li2+

13
14
15
16
17
18

1+(T3)2
2+(T3)2
3+(T3)2
4+(T3)2
5+(T3)2
6+(T3)2

19
20
21
22
23
24

7+(T3)2
8+(T3)2
9+(T3)2
10+(T3)2
11+(T3)2
12+(T3)2

Figure 4. MALDI TOF spectrum (DT, Li+) of Ph-LPSQ [sample 1a, Mw(MALLS) = 2500, Mw/Mn = 1.3 (Table 1)]
Table 1. Reaction conditions applied for the synthesis of Ph-LPSQ ([HCl]0/[SiOEt]0 = 2.2·10–4, [NH4OH]0/[SiOEt]0 =
1.7·10–3, temperature of the post-condensation treatment T3 = 333 K, time of the post-condensation treatment
t3 =8 h)
No.

[SiOEt]0
[H2O]0

T1
[K]

0.833
0.833
0.833
0.833
0.335
0.334
0.333
0.329
1.674
1.116
0.837
0.833
0.833
0.833
0.833

294
294
294
294
303
303
303
303
303
303
303
318
318
318
318

t1
[h]

T2
[K]

t2a
[min]

t2b
[h]

1*
2
3
4
5
6*
7
8
9
10
11
12
13
14
15
16

3
18.5
27
42.5
48
48
48
48
24
24
24
2
4
6
24

338
338
338
338
303
303
303
303
303
303
303
318
318
318
318

1
1
1
1
1
1
1
1
1400
160
30
15
15
15
15

6
6
6
6
24
24
24
24
24
24
24
24
24
24
24

* – large scale synthesis
T1 – temperature of the acidic hydrolysis and oligomerization
t1 – time of the acidic hydrolysis and oligomerization
T2 – temperature of the basic condensation
t2a – time of formation of turbidity in the mixture
t2b – time of basic condensation
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fraction
1a
1b
1c
1d
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Y
[%]
58
3
6
31
61
61
48
52
58
61
58
51
52
56
56
70
71
69
78

Mn RI

PDI RI

1000
1300
2000
2100
3400
3400
3700
2900
2800
2800
2900
2900
1200
3100
1050
1700
1400
2200
1100

1.6
1.4
1.4
1.4
2.2
2.1
1.9
1.9
2.1
2.1
2.1
2.0
1.9
1.8
1.8
3.9
3.9
3.8
4.9

Mw
PDI
MALLS MALLS
2 500
1.3
3200
1.2
4 500
1.2
5 000
1.2
13 000
2.1
12 000
1.9
11 400
1.7
8 300
1.8
11 000
1.8
11 000
1.8
11 000
1.6
10 400
1.6
3 100
1.3
9 500
1.3
2 900
1.2
18 500
2.1
15 700
2.0
22 800
2.2
15 700
2.3
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Figure 6. WAXS diffractograms of Ph-LPSQ (a) sample 1a
and (b) model linear Ph-LPSQ
Figure 5. Microstructure (MALDI-TOF, DT, Ag+) of PhLPSQ prepared under different experimental conditions (a) 1d, (b) 6, (c) 2 (Table 1)

ences pointing to defects in the structure of sol-gel
product (an additional, diffuse diffraction peak at
about 0.77 nm and a decrease of the width of ladder
segment d1 owing to less regular arrangement of
siloxane bonds in the polymer backbone). 29Si NMR
CPMAS traces (Figure 7) clearly show an incomplete
condensation of Ph-LPSQ (a broad peak at –70 ppm
corresponds to silanolated silsesquioxane groups
T2, that were revealed by MALDI-TOF, along with
all-siloxane condensed silsesquioxane units T 3 at
–79 ppm). Vibrational spectra can be also very useful for the characterization of ladder silsesquioxanes.

Theoretical studies [53] have proved that stretching
vibrations of siloxane bonds in ladder LPSQ are represented by two peaks at about 1150 (ring-asym) and
1050 cm–1 (ring-sym). The more organized species,
the more defined and separate Si–O–Si peaks should
be. FTIR data (Figure 7) recorded for the obtained
Ph-LPSQ are coherent with the theory. The structure of poly(phenylsilsesquioxanes) was found to
be, typically for sol-gel reactions, dependent on the
ratio [SiOEt]/[H2O] and the reaction temperature.
Thermal characteristics of the prepared Ph-LPSQ
were obtained using DSC and TGA techniques. The
polymers are amorphous and phase transitions that
could possibly stem from their rigid structure were
not recorded. Devitrification was not observed for

Figure 7. 29Si CPMAS NMR of Ph-LPSQ (sample 5, Table 1) and FTIR spectra (insert) of Ph-LPSQ sample 1a (solid line)
and model linear Ph-LPSQ (dot line)
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Ph-LPSQ of Mw > 5000). Double chain silsesquioxane backbone surrounded by phenyl groups is rigid
(a certain amount of branching in Ph-LPSQ can
additionally hinder the polymer mobility) and the
Tg effect can be difficult to notice. However, less
branched oligomers of low molecular mass (Mw <
3000) exhibit a glass transition at 360 K (Figure 8).
An endothermic change in a similar temperature
range was observed for cross-linked poly(phenysilsesquioxane) particles obtained by a two-step acidbase catalysed sol-gel process [21, 22, 54]. Tg transition was not sensitive to the thermal treatment during
DSC analysis. The reported value also did not change
after an attempt to increase the cross-linking density
by thermal condensation and azeotropic distillation
of water with toluene.
The mechanism of thermal degradation of the
obtained Ph-LPSQ was studied under an inert and
oxidative atmosphere. The material was found to be
thermally stable under both conditions (Figure 8).
The main decomposition process in N2 takes place at
833 K, irrespectively of the molecular mass. Minor
transitions occur at 763 K (only for samples of low
Mw) and 953 K. Residue left in N2 at 1173 K (71%) is
larger than the calculated one (41%), which suggests entrapment of carbon in the structure during the
process [55]. TGA traces in N2 show also a small
increase of sample weight above 1073 K that can be
related to the formation of silicon nitride in the
process of carbothermal reduction of Si–O structures in the residue [56, 57]. Two step (833 and 923 K)
thermooxidative decomposition of Ph-LPSQ in air
by release of benzene and combustion of the organic

Figure 8. Thermal behavior of Ph-LPSQ of high and low
Mw in N2 (solid lines) and in air (dashed lines)
(TGA, 10 K/min) (a) Mw(MALLS) 5000, Mw/Mn =
1.2, (b) Mw(MALLS) 2500, Mw/Mn = 1.3. The
insert presents DSC traces (10 K/min, 2nd heating) of Ph-LPSQ of high and low Mw.

part results in the formation of silica (residue of 46%,
calculated 46.5%). An analogous thermal behavior
was reported for octahedral phenylsilsesquioxane,
both in N2 and air [55].

3.2. Dynamic light scattering studies of
Ph-LPSQ micelles
The size and structure of nanometric objects formed
during precipitation of Ph-LPSQ [sample 1a,
Mw(MALLS) = 2500, Mw/Mn = 1.3] into a nonsolvent were studied using dynamic light scattering.
Their time- and concentration-dependent behavior
was monitored. The results demonstrate that Z-average diameter of nano-micelles and nano-spheres
increases with the increasing concentration of oligomer solution and high concentration favours the formation of larger aggregates. The studies showed that
in the case of a nonpolar nonsolvent (hexanes) the
size of micelles reproducibly depends on the ratio
between the polymer, solvent and nonsolvent (Figure 9). Micelles of about 200 nm, that were formed
at low concentrations of Ph-LPSQ (a < 4 mg/cm3),
tend to adsorb hexanes and swell slowly with time
in a linear mode. At larger concentrations of PhLPSQ, the micelles tend to rapidly increase (a =
5 mg/cm3) and then precipitate (a > 5 mg/cm3),
which effectively decrease the amount of the polymer in suspension and leads to the formation of residual micelles of smaller size. An increase in the
amount of hexanes caused formation of larger objects
(Figure 10a) due to increased hydrostatic pressure.
It augments the solvent flux through the wall of a
micelle and destabilizes the system. Polar protic
solvents (EtOH) rapidly swell the micelles, especially

Figure 9. The behavior of Ph-LPSQ micelles in hexanes (a –
concentration of Ph-LPSQ in CH2Cl2 [mg/cm3],
b – volume ratio: hexanes/CH2Cl2 [cm3/cm3])
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Figure 10. The effect of the amount of hexanes (a) and ethanol (b) on the change of size of micelles of Ph-LPSQ

at low polymer concentrations (Figure 10b). That
low stability can be attributed to hydrogen bonding
interactions between alcohol molecules and residual hydrophilic silanol moieties in the material.
The literature reports evidence similar phenomena,
leading to the formation of spherical structures with
a random-coil backbone conformation, for oligomers
with large aromatic [58, 59], dendritic [60] or amphiphilic [61, 62] side groups. Analogously, rigid rod–
flexible coil block copolymers can self-assemble in
selective solvents into specific nanostructures with
morphology governed by the geometric disparity
between the rod and coil segments and anisotropic
interactions between rod blocks (formation of liquid crystalline or crystalline structures) [63, 64]. The
process described herein is not typical, since microparticles are formed by rigid molecules with relatively small side substituents. The possible mechanism of micellization of Ph-LPSQ seems to resemble the one proposed for self-assembly of oligoacrylates bearing sterically hindered 1,10-bi-2-naphthalene side groups interacting through !–! stacking [58,
59]. The micelle walls are made of densely packed
molecular chains and the affinity among side groups
helps in the formation of nanometer-scale spheres
with minimum free energy. The structure of the forming micelles is stabilized by !-! inter- and intramolecular interactions between phenyl groups that belong
to the neighboring silsesquioxane chains. Such !-!
conjugation in rigid segments can affect remarkably
optical properties of the formed vesicles which can
display e.g. switchable optical characteristics by
external triggers [65].

3.3. Fluorescence of Ph-LPSQ
Chromophoric side groups can offer a good way to
study polymer dynamics and structure, providing
there are appropriate and effective interactions
between aromatic molecules [66, 67]. Hindered rotation about siloxane bonds in the double silsesquioxane chain of poly(phenylsilsesquioxanes) [48] prevents its folding and coil aggregation in solution
that could result in fluorescence quenching. Fluorescence studies were thus carried out at room temperature for the prepared Ph-LPSQ (sample 1a,
Table 1) both in solution and as micelles suspended
in hexanes.
Emission spectra were recorded at %ex = 260 nm
(Figure 11). Ph-LPSQ dissolved in dichloromethane

Figure 11. Emission fluorescence spectra (%ex = 260 nm)
and IE/IM ratio plotted against the time of experiment (insert) for (a) Ph-LPSQ dissolved in
dichloromethane (polymer concentration a =
0.18 mg/cm3); or (b) suspended as micelles (a =
0.18 mg/cm3; hexanes/CH2Cl2 v/v = 20/1)
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show a weak emission peak of the single (monomeric) phenyl group (286 nm) and much stronger
one for an excimer of sandwich geometry (331 nm).
Samples of micellar structure exhibit a negligible blue
shift (3 nm for both monomer and excimer), which
can be caused by the change in solvent composition
in the studied system. Fluorescence of micelles is
stable over the experiment timescale. IE/IM ratio for
dissolved polymers is bigger than that for micelles
(Figure 11, insert) which can be caused by fluorescence quenching due to the aggregation effect and
increase of local concentration of phenyl groups in
micelles.
Interesting effects were noted on increasing %ex with
energies close to the monomer emission (%ex = 280
and 290 nm) (Figure 12a). For the studied polymers
the shape of emission bands at higher excitation
wavelengths is different for microsuspension and the
solution. In solution excitation at 280 and 290 nm
give similar fluorescence profiles with quenched
dimeric excimers (331 nm) and exposed small emission peaks. Possible ways leading to the emissions
at wavelengths longer than that of an excimer nearest to the excitation wavelength include energy transfer and formation of excited multimers by interaction of an excited single phenyl with surrounding
phenyl groups. Both paths require large density of
phenyl aggregates of proper geometry to produce
noticeable emissions. Polystyrene can be to some
extent regarded as a model system for the studied PhLPSQ. It was found that formation of intramolecular excimers in polystyrenes of diverse structure
and various sequence length of phenyl groups occurs
primarily by interactions between vicinal chromo-

phores in the polymer chain [68] and depends upon
the polymer molecular weight [69].
The analogous emission profile for Ph-LPSQ in
suspension is different and changes with %ex (Figure 12b). Fluorescence quenching at %ex = 280 nm is
less efficient than that in the solution. Intense
Rayleigh scattering peaks can be observed, with
maxima depending on the excitation wavelength,
which points to the presence of defined particles in
the studied mixture.

3.4. Morphology of self-assembled structures
Owing to the backbone rigidity and !-! interactions
between side substituents, oligomeric Ph-LPSQ can
self-assemble spontaneously in template-free systems and form symmetrical, nonporous, nano- and
microstructures (' < 1 µm) in nonsolvents (polar
protic alcohols and nonpolar nonprotic alkanes).
Molecular mass is the restricting factor and only PhLPSQ oligomers of Mw < 3000 formed suspensions
on precipitation into a nonsolvent from their concentrated solutions in CH2Cl2. The stability of suspensions and the shape of particles that aggregated
and precipitated under the studied conditions varied
depending on the concentration ratio between PhLPSQ, solvent and non-solvent (Table 2). Spherical
micelles are always formed in the initial stages of the
process. It was proven by the structure of the sample presented on Figure 1, that was prepared in a
small scale and under specific conditions (concentration of Ph-LPSQ in CH2Cl2 = 50 mg/cm3, volume
ratio hexanes/CH2Cl2 = 1000 cm3/cm3). Under more
concentrated conditions the micelles tend to stick to
each other and collapse into particles of irregular

Figure 12. Fluorescence [not normalized spectra registered at %ex = 260 (green), 280 (violet) and 290 nm (blue)] of PhLPSQ (a) in solution in CH2Cl2 (a = 0.18 mg/cm3) and (b) as a micro-suspension (a = 0.18 mg/cm3;
hexanes/CH2Cl2 v/v = 20/1)
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Table 2. Conditions applied for the preparation of microstructured Ph-LPSQ in a template free system
Sample
1-A
1-B
Polymer [g]
1.0
1.0
1000
200
a [mg/cm3]
100
100
b [cm3/cm3]
Rotation [rpm]
1000
1000
a – concentration of Ph-LPSQ in CH2Cl2
b – volume ratio: hexanes/CH2Cl2

1-C
1.0
50
100
1000

1-D
1.0
500
50
1000

1-E
1.0
330
33
1000

shape. The residual particles dispersed in non-solvent have spherical shapes.
The shape, size of microspheres and material distribution within the micelles were analyzed using scanning and transmission electron microscopy. TEM
micrographs of precipitated Ph-LPSQ microspheres
(not stained) show both isolated and aggregated units
of spherical shape (diameters ranging from 50–
200 nm) and dense internal packing. SEM images
show that the obtained materials contain irregular but
rather monodisperse particles. However, morphology
of aggregated structures (Figure 13) varies depending on the oligomer precipitation conditions. The
materials prepared with larger amounts of Ph-LPSQ
(1-A and 1-D) have monolithic porous structure.
Sample 1-D contains also a share of separated particles, which suggest formation of monoliths by aggregation and collapse of micelles. Other specimens
display irregular particles, and their size differs
with the quantity of polymer used (e.g. samples 1-F
and 1-D). The rate of rotation in the system plays an
important role for the particle shape. The lower the
rate the more regular particles were formed (samples 1-F and 1-G).

1-F
0.10
100
50
1000

1-G
0.10
100
50
500

1-H
0.05
50
50
1000

1-I
0.025
25
50
1000

1-J
1.0
50
100
1000

porous structure of the structured assemblies
(Table 3). Specific surface area and pore size distributions of selected samples (1-A, 1-D, 1-E) were calculated using, respectively, the Brunauer-EmmettTeller (BET) and Barrett-Joyner-Halenda (BJH)
methods (Table 3). Nitrogen sorption data show that
all samples exhibit low surface area (<7 m2/g) due to
the presence of pores of average diameter in the range
7–13 nm. However, their number is low and adsorption isotherms (Figure 14a) do not exhibit hysteresis
loop typically associated with capillary condensation
in mesoporous materials. Mercury intrusion was also
used to characterize the obtained materials. The
method is more suitable for macroporous samples
and it can provide information about porosity in a
wide pore range (<4 nm to 0.4 mm). The estimated
porosity (Table 3) is larger than 60% for all specimens but their total pore area is moderate (between
27 and 70 m2/g; average pore diameter 85–600 nm),
depending on precipitation parameters. The comparison of the ratio of macropores/mesopores in the
total porosity of the sample (Table 3) shows that the
samples containing higher ratio of mesopores exhibit
higher surface areas. However, if the general porosity of the sample is low (monolithic samples 1-A and
1-D) then their total surface area is low.
A significant difference concerning the average pore
diameter can be observed between materials of irregular micellar structure and porous monoliths. A

3.5. Porosity measurements
A study was carried out to find a correlation between
system parameters [polymer concentration (a) and
the ratio of solvent and nonsolvent (b)] and the
Table 3. Nitrogen adsorption and Hg intrusion data summary
Method
N2 adsorption

Hg intrusion

Sample
a [mg/cm3]
BET surface area [m2/g]
BJH adsorption average pore diameter (4V/A) [nm]
BJH desorption average pore diameter (4V/A) [nm]
total pore area [m2/g]
average pore diameter (4V/A) [µm]
bulk density [g/cm3]
apparent (skeletal) density [g/cm3]
porosity [%]
macropores [%]
mesopores [%]

a – concentration of Ph-LPSQ in CH2Cl2
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1-A
1000
1.53
13.16
8.99
69.95
0.085
0.43
1.16
63.14
54.05
9.09

1-D
500
2.52
11.82
7.79
60.39
0.155
0.29
0.90
67.89
62.92
4.97

1-E
330
6.19
7.10
6.64
27.36
0.595
0.19
0.84
77.41
76.68
0.73

1-B
200
–
–
–
27.09
0.557
0.20
0.78
74.56
74.34
0.22

1-C
50
–
–
–
64.40
0.266
0.20
1.20
83.68
80.35
3.33

1-J
50
–
–
–
162.74
0.103
0.21
1.39
85.30
70.88
14.42
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Figure 13. Scanning micrographs of samples a) 1-B, b) 1-C, c) 1-D, d) 1-E, e) 1-F, f) 1-G, g) 1-H, h) 1-I
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change of cumulative Hg intrusion volume in different ranges of pore diameters can be observed in
the studied materials (Figure 14b). Two types of
porosity, corresponding to SEM micrographs, can
also be distinguished. All samples were evacuated
to remove air and residual moisture from the pore
system and mercury penetrates first all inter-particle voids and largest pores to reach a plateau intrusion at about 10 µm. Comparing to porous monoliths 1-A and 1-D, the increase of intrusion volume in
samples 1-B, 1-C and 1-E suggests formation of large
macropores as the micelles are linked on precipitation. Sample 1-D, that contains a larger share of
micellar structures than 1-A, exhibits additional intrusion slope for pores of ' about 1 µm. Both, 1-A and
1-D exhibit also a small increase of the volume of
intruded Hg at about 20 nm that can be related to the
size of pores detected by nitrogen adsorption. Cumulative pore area analysis (Figure 14b) shows that in
samples 1-A and 1-D it is due only to small pores
(' < 50 nm).
Species 1-B, 1-C and 1-E display multimodal pore
size distribution. Apart from macrovoids patterned
on linking of the precipitating micelles, pores of '
about 1 µm and smaller (15 and 25 nm) are also
formed during the process. Their size depends on the
precipitation conditions. It suggests that such pores
can be due to inter-granular voids formed by primary particles [70]. Sample 1-C, prepared with the
lowest concentration of polymer solution and large
volume of the nonpolar solvent have quite peculiar
Hg intrusion characteristics. The presence of such a
large amount of small pores (' < 100 nm) along

with the macropores can be possibly related to the
formation of empty vessels during the precipitation.
Such objects can collapse more easily.

3.6. Formation of porous silica-silsesquioxane
hybrid materials using Ph-LPSQ
Oligomeric Ph-LPSQ was also used for the modification of silica particles prepared in Stöber process.
Materials of irregular structure (Figure 15) with
particle surface covered with fine microfilaments
were obtained using the precipitation procedure.
Mercury intrusion data indicate that the material 1-J
is porous (Figure 16), but its structure differs from
the previously discussed macroporous samples. The
pores are smaller (average ' about 20–30 nm) but
much more regular. The ratio mesopores/macropores, surface area and sample porosity are highest
among the studies samples (Table 3) while the sample bulk density is comparable to that of macroporous materials (1-B, 1-C, 1-E).

Figure 15. SEM micrograph Ph-LPSQ-SiO2 hybrid (1-J)

Figure 14. Porosity analysis of the structured Ph-LPSQ materials (a) N2 adsorption isotherms for samples 1-A (red), 1D (blue) and 1-E (green), (b) pore size distribution and cumulative pore area estimated by mercury intrusion
porosimetry
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