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Abstract Polyhedral oligomeric silsesquioxanes (POSS) are unique nanoscale com-
pounds that play a very important role in nanotechnology and materials science.
The three-dimensional hybrid molecular clusters can form a range of well-defined
supramolecular structures, owing to their intrinsic ability for aggregation. The orga-
nization of POSS in the solid state provides a non-covalent “crystalline template”
approach. Understanding the mechanisms behind the cooperative interactions in
POSS-based materials allows for the tailored performance of the building blocks and
is essential for the development of novel hierarchical hybrid materials. Numerous
reports have been published on various aspects of POSS chemistry and technology.
This chapter presents an overview of selected contributions to the field of POSS-
based nanostructured materials and the phenomena operating at the nanolevel in the
truly beautiful world of the self-assembling polyhedra.
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1 Introduction

Polyhedral oligomeric silsesquioxanes (POSS) are structurally well-defined, three-
dimensional hybrid molecular clusters with a rigid inorganic nanocore surrounded by
organic groups that can be modified to achieve the desired physicochemical proper-
ties. The term silsesquioxane describes their characteristic stoichiometry, where each
silicon atom (sil-) is bonded to one-and-a-half oxygen (-sesquiox-) and to a hydro-
carbon moiety (-ane). Octasilsesquioxane (RgSigOj,, Tg) is POSS molecule, with
quasi-spherical geometry of the siloxane core (Scheme 1). Species with spherosilox-
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Scheme 1 Molecular structure of octahedral silsesquioxanes TgRg and dimethylsiloxyspherosilox-
anes QgMRg

ane cage (Si0y4/;)g surrounded by functionalized dimethylsiloxy groups (OSiMe;R)
(QgMRyg) also belong to the family of POSS compounds.

Over the last two decades, POSS have received an exceptional attention in macro-
molecular science and nanoengineering as building blocks for the synthesis of var-
ious organic—inorganic hybrids. Apart from their high symmetry and nanosize of
the chemically robust framework, POSS are non-toxic and biocompatible. POSS
show also excellent thermal characteristics [1], ultralow dielectric constant [2] and
extraordinary oxygen plasma etching resistance [3, 4]. Well-defined structural fea-
tures and tailor-made physicochemical properties make POSS ideal nanofillers for
polymer composites [, 6]. They can be blended into polymer matrices, grafted as side
chains or acting as cross-linking sites. Their incorporation improves physicochemi-
cal properties of the material and its processing (glass transition temperature, thermal
stability, mechanical performance) [7-13]. POSS can also influence the crystalline
morphology of polymers facilitating or hindering the crystallization process [14, 15].
Polyhedral silsesquioxanes have been also used for the synthesis of more advanced
materials such as light-driven artificial enzymes [16], biomaterials for tissue engi-
neering [17], biocomposites [18], optical sensors [19] or scaffolds for controllable
3D m-conjugated luminophores [20].

Hierarchical structures are present in a range of POSS-based advanced materials,
including amphiphilic macromolecules, nanoparticles and liquid crystals [21-24].
The structure of POSS and most POSS-derived shape amphiphiles is accurate with-
out polydispersity. As a result, hierarchical nanoassemblies can be obtained with
sharp interfaces between different domains and low defect density. It makes POSS
ideal elemental building blocks for the preparation of diverse inorganic—organic
hybrid materials by the bottom-up approach. Self-assembly is one of the methods
most frequently used to obtain ordered structures. Non-covalent interactions such
as intermolecular hydrogen bonding, m—m stacking and hydrophobic interactions
are typically used as driving forces in the construction process. Understanding the
phenomena directing the molecular packing of POSS is crucial for the effective
design and control of hierarchical structures as well as physicochemical properties
of POSS-based hybrid materials.



Self-assembly of POSS-Containing Materials 47

2 POSS Crystal Packing and Hierarchical Structures
in the Solid State

The ability of POSS for self-assembling and formation of well-defined superstruc-
tures in solid state should be reviewed in the context of their morphology. Silsesquiox-
anes can be easily functionalized, and the respective synthetic methods for their
preparation have been recently reviewed [25-31]. The nature of the organic periph-
ery affects the molecular packing of POSS as well as their characteristic mesomorphic
behaviour [32, 33]. The highest symmetry arrangement for octahedral silsesquiox-
anes with functional groups in each octant of Cartesian space would be the one with
side substituents pointing away from the vertices of the core. In fact, the preferred
way of organization and packing morphology of POSS molecules depend on several
factors. The most important one is the type, size and structure of the organic sub-
stituents [34]. The way of side group distribution around the silsesquioxane core,
closest distances and contacts between arms in the same molecular cage as well as
other neighbouring cages can play a significantrole in self-assembled systems. Mono-
functional POSS (TgRg) bearing the same organic groups at each of silicon atoms
and multifunctional (bifunctional or heterofunctional) POSS (TgRg_,R’;) with more
than one type of organic substituents can form completely different supramolecular
assemblies.

2.1 Monofunctional POSS

A range of crystal-packing types and polymorphic forms have been described for
silsesquioxanes bearing the same type of organic groups at each of silicon atoms.
Majority of solid TgRg crystallize in the triclinic space group P-1; nevertheless,
monoclinic, tetragonal and rhombohedral structures have been also reported. X-ray
diffraction studies revealed that TgRg with relatively small alkyl or aryl substituents
have molecular symmetry close to octahedral (Oh), and their packing patterns are
governed by the inorganic core [35-39]. Such species can be treated as spheres that
are arranged hexagonally in the crystal structure in ABCA sequence [38, 40—42].
In such a pattern, molecules in one layer lie above the interstitial spaces in adjacent
layers. The tiniest POSS molecules of TgHg pack most closely in the trigonal R-
3 C3) crystal lattice [43, 44]. Organic substituents at silicon atoms prevent such
close packing. Characteristic diffraction peaks in a single-crystal X-ray spectrum of
an octahedral silsesquioxane appear at 26 values corresponding to overall dimension
of the molecules, body diagonal of the silsesquioxane cage [(1-11) plane, ~5.4 A]
and the distance between its opposite faces [(300) plane, ~3.1 A] [25, 45]. The
diffraction patterns of TgRg with R =Me, Ph, vinyl or allyl suggest that the average
value of the length of Si—O bonds in silsesquioxane cages is independent of the nature
of the organic substituent [46]. Polymorphism phenomenon, which is the ability of
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chemical compounds to exist in more than one crystalline structure, was observed
for many POSS [39, 47-50].

TgRg molecules bearing elongated side groups at the inorganic core exhibit a
“rod-like” uniaxial symmetry [39, 47, 51-53]. In most cases symmetrical, radial
arrangement of side substituents around the silsesquioxane cube is unfavourable for
efficient packing in the crystal structure. Long side chains are much better accom-
modated if aligned orthogonally to the two opposite faces of the inorganic cube.
Despite the rod-like structure and the arrangement in solid state similar to that of
mesogenic groups along b-axis in liquid crystals, rod-like POSS do not belong to
the class of smectic/nematic compounds. Side substituents control the type of pack-
ing of POSS in the crystal lattice. Tg(n-C,Hy,+1)s (n =7, 8-14, 16, 18) are crys-
talline solids at room temperature owing to the intermolecular interactions and van
der Waals attraction forces between n-alkyl chains [39, 47, 51-53]. The molecules
are stacked in a lamellar or bilayer arrangement in triclinic (P-1) crystals. Similar
structures are formed by n-alkanes C,Hy,.> (n(even) =6-26) [54]. The same type
of solid-state packing (triclinic, P-1) was found for POSS with hetero-organic side
groups, €.g. Tg(CHzCHQCHzSH)g [55, 56], Tg(CHzCHQCHzCl)g [57, 58] and Tg(3-
paramethoxyphenylpropyl)s [39]. Molecules of Tg(CH,CH,CH,SH)g are addition-
ally bound by weak S—H-S hydrogen bonds [56].

Side alkyl groups in rod-like Tg(n-alkyl)g also crystallize in conformations similar
to those characteristics for n-alkanes. Some POSS bearing n-alkyl groups are also
polymorphic. The most efficiently packed crystal lattice is formed when alkyl chains
are stacked parallel to each other in low-energy trans zigzag conformation. In some
cases [e.g. Ts(n-alkyl)s, n =4, 6], the alkyl arms can be distorted away from the
molecular axis and interdigitated between the layers [47]. Molecular packing of Tg(n-
CsHj)s is quite unique. Side arms are spaced radially out of the core, giving rise to a
“disc-like” arrangement of molecules in two-dimensional columnar structures [47].
A similar structure can be induced under appropriate crystallization conditions for
otherwise rod-like Tg(n-C7H;s)g [47]. In the case of POSS with longer side chains
[Tg(n-CgH,7) and Tg(n-CoH»1)], an adjustment of molecules in the crystal network
is required in order to obtain the most compact structure [47]. Side alkyl chains do not
interdigitate but are tilted to the basal plane of POSS cages and aligned antiparallel
to each other with respect to the layers that are separated by well-defined gaps.

Interestingly, despite all similarities, the hierarchical structures and packing mor-
phologies of octasilsesquioxanes TgRg and dimethylsiloxyspherosiloxanes QsMRg
can differ significantly. It was found that the type of packing can be strongly
altered if the size of the inorganic core increased. Moreover, flexible siloxane linkers
(-OSiMe;-) between alkyl groups and siloxane cages allow for greater mobility of
side arms and larger distance between the free chain ends. It results in lower melting
temperatures (7T,,) of QsMRg compared to their TgRg analogues. The effect seems
to be more pronounced for species with small organic substituents. For example,
ideally symmetric molecules of TgMeg form rhombohedral crystals (space group R-
3) [59] but those of only slightly larger Ts(OMe)g are triclinic (space group P1-C;)
[35, 60], while both TgHg [43] and QsMHg [35, 37, 61] crystallize within trigonal-
rhombohedral lattices (space group R-3). Interactions between substituents in Qg MRg
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with long alkyl groups are more important than the increased mobility of side arms
due to the presence of flexible dimethylsiloxane linker. Consequently, they govern
the crystal packing of such molecules. For example, side alkyl arms of Tg(n-C;gH37)s
and QgM(n-CsH37)s point away in parallel way from the polyhedral core [51]. Both
molecules are of rod-like shape, but crystals of QsMRg are more compact due to the
interdigitation of long alkyl chains. Dimethylsiloxyspherosiloxanes octasubstituted
with R =—(CH,;),S(CH;),(CF,),CF; (n =5, 7) and their TgRg analogues also belong
to the same crystal group (triclinic P1) [37, 62].

The type of packing defines the course of melting of Tg(n-C,Hy,,+1)s. Melting tem-
peratures are higher for species with longer side chains [36, 47, 53]. It can be ascribed
to a larger extent of intermolecular interactions and more efficient packing. Yet, the
increase in T'y, exhibits an odd—even number effect due to the differences in packing
geometry (parallelograms or trapezoids) and efficiency of intermolecular contacts,
analogously to n-alkanes [54]. However, contrary to n-alkanes, Ts(n-C,Ha,41)s (n
=4-11) did not show the odd—even effect in their experimentally (X-ray diffrac-
tion) estimated densities. The crystal density decreases on augmenting the length of
side chains [47]. The effect was attributed to the separation of organic fraction by
inorganic cubes and more efficient interdigitation of shorter side arms. For the same
reason, the type of crystal packing determines thermal stability of Tg(n-C,Ho,41)s
[36, 47] and QgM(n-C,H,,.,1)s (linear, n =3-8; and branched, n =5-7) [37].

It was also found that melting temperatures of some rod-like POSS grafted with
heterorganic side groups [56, 63] are higher than T',, of their n-alkyl analogues [53].
The effect was explained by strengthening the interactions between side chains due
to the formation of hydrogen bonds.

2.2 Heterofunctional POSS

There are various synthetic pathways available for the preparation of heterofunctional
POSS bearing more than one type of organic substituents at silicon atoms. Most
reports published to date are focussed on octahedral silsesquioxanes of the TgR7R’
type [29], sometimes named “monofunctional” due to the fact that only one of eight
organic groups can be chemically modified.

Development of a synthetic procedure that would result in the desired heterofunc-
tional silsesquioxanes is not an easy task. Co-hydrolysis of two different trifunctional
organosilanes (RSiX3, X =Cl, OR’) typically results in complicated, statistical mix-
tures of products [64]. TgR7R’ are most often prepared in reactions of substitution
or addition to one of eight reactive corner groups on the silsesquioxane core or by
corner-capping of truncated trisilanol POSS [T7R7(OH)s]. The latter procedure pro-
vides molecules of defined structure [65]. The majority of POSS obtained by the
corner-capping strategy have seven chemically inert groups (e.g. Ph, i-Bu, i-Oct)
and only one functional substituent that can be used for further modifications. How-
ever, the functionalization of the remnant organic moieties (if possible) leads to
more elaborated systems. Ts(CH=CH,)s is an ideal molecule for the preparation of
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Scheme 2 Molecular structure of an asymmetric gemini surfactant (R = tert-butyl mercaptoacetate)
[71]

such multifunctional products via “one corner” modification of the silsesquioxanes
[66]. Procedures for anisotropic functionalization of Tg(CH=CH,)g through reaction
with triflic acid [30] or via thiol-ene chemistry [31] were developed. The result-
ing TgR7R’ amphiphiles contain chemically distinct segments (e.g. hydrophilic and
hydrophobic) connected via a covalent chemical bond. The products were used for
the synthesis of various unsymmetrical macromolecules, such as shape amphiphiles
based on polymer-tethered POSS [67-69], or asymmetric giant gemini surfactants
(AGGS) of complex macromolecular structures (Scheme 2) [70-72]. The strate-
gies for the preparation of such giant species can involve both “grafting-from” and
“grafting-onto” procedures [22].
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Other octafunctional POSS can be also selectively functionalized by monosub-
stitution at one of silicon atoms. For example, giant surfactants with acryloxyl-
functionalized silsesquioxane heads were constructed from commercially available
POSS and polystyrene. The head was subsequently functionalized with bulky lig-
ands via thiol-Michael and thiol-ene addition of 2-mercaptoethanol, 1H,1H,2H,2H-
perfluoro-1-decanethiol, 1-thio-B-D-glucose tetraacetate and 2-naphthalenethiol
[73]. TsH; monofunctionalized with a side group bearing azobenzene moiety was
prepared by hydrosilylation of 4-butyl-4’-allyloxyazobenzene with TgHg [74]. It was
found that the bulky POSS ligands played an important role in the formation of cylin-
drical assemblies that were transformed into a mesostructured silica-like film. The
trans—cis photoisomerization of azobenzene groups upon UV irradiation was also
facilitated in the hybrid molecules.

Grafting of multiple functional groups onto POSS in two consecutive thiol-ene
reactions resulted in a mixture of regioisomers (para-, meta-, ortho-) of bis-adducts
that could be separated by flash column chromatography and isolated at synthetically
useful quantities [31, 75, 76]. They were transformed into giant surfactants by the
attachment of polystyrene chains [77]. Evidence was found for the influence of
the tethering positions on the contributions of the system free energy (interfacial
energy, head-to-head interactions and entropic energy of the tails). Upon increasing
the temperature, the order—order transitions from lamellae to double gyroids were
noted in the metaisomer, and from double gyroids to hexagonal cylinders in the
orthoisomer (Fig. 1). It was observed that the order—disorder transition temperatures
decreased in the order of ortho-, meta- and para-isomers.

POSS with cubic symmetry seem to be ideal candidates for the preparation of well-
defined, bifunctional Janus-type “nanobricks”. The term “Janus particle” (named
after the two-faced Roman god of beginning and ending) was used for the first time
by Pierre-Gilles de Gennes to define dissymmetric nanoscale objects with two dis-
tinct sides [78]. The structural directionality of each single particle results in unique
physicochemical properties and is exceptionally promising for applications in nano-
engineering, sensing, optical imaging and catalysis [ 79]. The synthesis of structurally
well-defined and monodispersed Janus POSS is extremely challenging. Preparation
of such molecules has been attempted from “half-cage” cyclic tetrasiloxanetetraol
precursors [80—82]. However, the pioneering synthetic routes led to rather complex
statistical mixtures of multifunctional cubes.

Recently, two reports have been published on the synthesis of true Janus POSS
with a two-face substitution of silicon atoms in the inorganic core (Scheme 3).
A structurally well-defined Janus nanocube of two chemically distinct opposed
faces was obtained via symmetry controlled multiclick CuAAC functionalization
of Tg(CH,CH,CH,N3)g with a conformationally constrained tetra-alkyne having
an appropriate geometry and spatial orientation of the C=C bonds [83]. Another
nanometre-scale Janus silsesquioxane was synthesized through the cross-coupling
of a “half-cube” cyclic sodium siloxanolate with another “half-cage” cyclic fluo-
rosiloxane [84]. The structure of the isolated compound (triclinic, space group P-1)
was confirmed by X-ray crystallography.
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Fig. 1 Packing schemes of giant surfactant regioisomers with two PS chains and hydroxyl-
functionalized POSS head, and variable temperature TEM images of microtomed samples and
the corresponding diffraction patterns obtained from fast Fourier transformation of the images for a
LAM phase of paraisomer at 353 K (the zoom-in view and the molecular packing model); b LAM
phase of metaisomer at 353 K (left), and DG phase (right) of metaisomer at 393 K; ¢ DG phase
(left) of orthoisomer at 353 K and HEX phase (right) at 413 K. Adapted with permission from [77].
Copyright 2018 American Chemical Society
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(b)

Scheme 3 Structure of octahedral “Janus” silsesquioxanes a 1,3,5,7-tetraazidopropyl-9,11,13,15-
tetratriazolyl-calixarene-pentacyclo-[9.5.1.13,9.15,15.17,13]-octasiloxane [83] and b 1,3,5,7-
tetraphenyl-9,11,13,15-tetraisobutyl-pentacyclo-[9.5.1.13,9.15,15.17,13]-octasiloxane [84]

3 Mesomorphic Behaviour of POSS Crystals

Thermally induced packing polymorphism due to the conversion from a metastable
to a stable crystal structure can be observed for a range of polyhedral silsesquiox-
anes. It is an exceptionally important phenomenon that can be used for the design
of self-assembled hierarchical systems based on crystal structures formed by POSS.
The major solid-liquid phase transition of melting/crystallization can be accompa-
nied for some octahedral silsesquioxanes by specific transformations in the solid
state, involving changes of their crystal structure. For example, Tg(n-Pr)g can exist
in two forms: hexagonal (space group R3) above 272 K and triclinic (space group
P1) below 272 K [42]. Three different crystal structures varying in unit cell dimen-
sions, the space group and the conformation of cyclohexyl rings were observed
for Ts(cyclohexyl)s (P-1 triclinic, R3 rhombohedral and P4/n tetragonal) [39]. The
packing morphology and thermal behaviour of some aryl-substituted POSS are also
dictated by molecular interactions between the side groups [85]. For example, two
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crystal structures [triclinic (P1 or P-1) and monoclinic (space group P2/m or Pm)]
were found for TgPhg [42].

The phenomena can be caused by increased molecular motions within the crys-
tallites involving rotations in side groups or by a minor structural reordering of alkyl
chain arms (without changes in the long-range order of the molecules). Compounds
that exhibit such behaviour are known in organic chemistry as “plastic crystals”
[86]. They interact weakly in the solid state and can be dynamically disordered with
respect to the orientational degrees of freedom, e.g. by jump diffusion between a
restricted number of possible orientations [87]. The term “rotor phase” or “rotatory
phase” is also used if rotation of molecules is involved in the process. Classic plastic
crystals are most frequently of globular shape, which provides little steric hindrance
for reorientation and free tumbling about points of 3D crystal lattices.

Octahedral silsesquioxanes of spherical shape [e.g. Ts(Me)g, Tg(Et)s and Tg(i-
Bu)g] are capable of free tumbling about their axes of symmetry which give rise
to solid—solid state transitions that can be detected by a range of analytic methods
(X-ray crystallography, calorimetry, Raman spectrometry and solid-state NMR spec-
troscopy). It was found that triclinic crystals of Tg(i-Bu)g undergo transformation
into symmetric rhombohedral structures on heating via transitional formation of a
monoclinic crystal cell [88, 89]. The phase transition involves fast and cooperative
rotation of CH3 units in i-Bu groups, as was shown by solid-state NMR experiments
and Raman analysis [89]. The rotation helps POSS molecules to adopt a spheroid-
like shape compatible with D3h symmetry and to fit into a rhombohedral lattice of
R-3m space group.

Tg(CH=CH,)g exists as a mixture of conformers with a small energy differ-
ence [90]. Vinyl groups at the silica core are fairly unhindered, and the methylene
groups can rotate between three minimum-energy positions. It results in a change
of crystal structure from triclinic (P-1) characteristic at T <233 K [91] to hexag-
onal (space group R-3) at T >233 K, leading also to the expansion of unit cell
volume, which is characteristic to phase transitions of first order [90, 92-94]. Ther-
mal solid—solid phase rearrangements were also noted for Tg(n-Pr)g [42], TsEts and
Tg(CDCH,D)g [95]. Four different crystal phases were observed at different temper-
atures for Tg(CDCH;,D)g [95]. The largest change in packing symmetry was noted
at 257 K (AH =47 J/mol K) leading to the transition from asymmetric triclinic
(space group P-1) to a highly symmetric rhombohedral unit cell (space group R-3).
It involved also the expansion of the cell volume and a decrease in the number of
molecules per unit. The motions of side groups in Tg(CDCH,D)g became increas-
ingly anisotropic if the temperature was lowered past the transition point, as indicated
by solid-state '"H NMR spectroscopy [95]. A similar phenomenon was observed for
TgEtg (at 253 K, AH =28 J/mol K) [95]. The transition from triclinic to a closely
packed hexagonal (space group R-3) arrangement of molecules in the crystal struc-
ture was observed as well for Tg(n-Pr)g (272 K) [42], Tg(i-Bu)g (330 K) [89] and
Tg(CH,CH,CH,Cl)g (~400 K) [94]. Thermal characteristics of other TgRg systems
bearing heteroatoms in their side alkyl chains (e.g. Tg(CH,CH,CH,SH)g [56] and
octa(3-decanamidopropyl)-silsesquioxane [63]) suggest analogous behaviour. Sur-
prisingly, plastic crystal phase transitions were not detected for TgsMeg, Tg(i-Pr)g nor
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Tg(n-Bu)g [42]. However, neutron powder diffraction studies indicated a strongly
temperature-dependent rotational dynamics of methyl groups in the crystal of TsMeg
[96]. The results exhibited different average lengths and vibrational energies of C—H
bonds in methyl groups. Two methyl groups with shorter C—H bond lengths are sit-
uated the hexagonal c-axis and have Cj site symmetry, while the other six methyls
(not placed on symmetry axes or planes) are of C; site symmetry.

Rod-like polyhedral silsesquioxanes of elongated structure do not meet the criteria
of classic “plastic crystals”. Despite of this, POSS grafted with long n-alkyl groups
(both Tg(n-alkyl)s [47, 51, 53, 95] and QsMs(n-alkyl)s [37] derivatives) can exhibit
specific solid—solid phase transitions in solid state due to increased mobility of their
side chains. Thermally induced structural reordering can involve segmental motions
including kinking and chain twisting out of the plane. Such mesomorphic transitions
are usually of a small consequence. Most often only reversible change of unit cell size
isobserved, and the long-range crystal structure is not affected [53]. In the case of their
QgM;(n-CigHs7)g counterparts, no evidence of a thermally induced solid—solid phase
transition was found despite a reversible lattice expansion before melting [51]. Such
a solid-state behaviour can be ascribed to the presence of the flexible OSiMe, spacers
between the inorganic core and the alkyl chains. Nevertheless, QsMMeg, QsMHg and
QgMVig of spherical shape behave as plastic crystals and show endothermic rotor
phase transitions at low temperatures [35].

Multitechnique (DSC, DRS, PALS, NMR and POM) variable temperature studies
have been carried out to explain the differences in the “plastic crystal” behaviour
between spherical and rod-like octahedral silsesquioxanes [94]. Tg(CH=CH,;)s
and Tg(CH,CH,CH,Cl)s were chosen as the respective models (Scheme 4). The
pattern of multiple phase transitions in Tg(CH,CH,CH,Cl)g can be also found
for other POSS, such as Tg(CH,CH,CH,SH)g, but in the case of the octa(3-
chloropropyl)silsesquioxanes they are well separated. It enabled much more precise
analysis of their nature. It was found that both POSS undergo reversible thermally
induced phase transitions in the solid state (Fig. 2) due to increased dynamics of the
side groups. The mechanisms leading to the best position of molecules in most sym-
metrical crystal lattices vary for the species of different symmetry (Scheme 5). In the
case of spherical Tg(CH=CH,)g, the thermal energy was used to increase dynamics
of side groups. The single phase transition observed at 233 K is of first order. It leads
to a change in the permittivity due to a-type structural relaxation (Fig. 3), as well as
expansion of the crystal lattice and thermochromism of the material.

The respective low-temperature transition (at 250 K) for rod-like
Tg(CH,CH,CH,Cl)g involved a unique negative thermal expansion of crystals
and their self-actuation. The effect is opposite to that observed for Tg(CH=CH,)s;
nevertheless, both observed lattice expansion and contraction are of first order, as
indicated by the respective changes of heat capacity. High-temperature transitions
(350400 K) of Tg(CH,CH,CH,Cl)g are of a completely different nature. The
increased mobility of side groups at elevated temperatures resulted in a gradual
change of crystal structure and formation of a highly symmetric system. The
observed transitions are of second order, as suggested by the gradual increase in
ACp in the corresponding temperature range. The complex behaviour was reflected
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Scheme 4 Molecules of spherical [Tg(CH=CH)3] and rod-like [Tg(CH,CH,;CH,Cl)g]
octasilsesquioxanes
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Fig. 2 DSC studies (heating and cooling runs) of phase transitions and changes of heat capacity
(ACp) recorded for a Ts(CH=CH3)g and b Tg(CH,CH;CH,Cl)g ([94]—reproduced by permission
of the PCCP Owner Societies)

in unusual changes in the capacitance (Fig. 3) and fractional free volume of the mate-
rial. The relaxation process due to the increased dynamics of 3-chloropropyl groups
has a linear temperature dependency with low activation energy. The observed
phenomena are important for molecular engineering of POSS-based well-defined
hybrid materials capable of thermally induced structural transformations. Transla-
tion in solid state of rod-like molecules of POSS bearing reactive functions in their
side alkyl chains can be of exceptional synthetic value, for example in POSS-based
flexible networks of cooperative structural transformability via entropy-based subnet
sliding.
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4 Advanced Hybrid Materials Based on POSS
Self-assembling Phenomena

Single molecules of polyhedral silsesquioxanes can be regarded as organic—inor-
ganic hybrid materials at the molecular level [24]. POSS molecules have been also
successfully incorporated into a range of well-defined hybrid nanoarchitectures. The
tendency to crystallize and formation of ordered nanostructures make POSS potential
supramolecular “recognition elements” and crystalline templates in more complex
systems. A wide range of nanotechnologies that were influenced by the phenomenon
of the controlled self-assembly of silsesquioxane templates include preparation of
nanoparticles of noble metals, quantum dots, complexes with DNA, metal-organic
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Scheme 6 Structural comparison of a typical small-molecule surfactant (sodium dodecyl sul-
phate); b giant hybrid surfactant with POSS head; and ¢ typical amphiphilic diblock copolymer.
Reprinted with permission from [100]. Copyright 2018 American Chemical Society

frameworks and materials for optoelectronics. They are discussed in the following
part of the text.

4.1 Surfactants

Unsymmetrical multifunctional POSS (TgR7R’) are of exceptional interest for a wide
range of supramolecular systems, including amphiphilic moieties and surfactants
[23, 97]. POSS of different geometrical and chemical symmetries with inorganic
silsesquioxane heads monotethered with organic alkyl tails can form well-defined
hierarchical structures. Adjustment of the length and branching of alkyl chains allows
to tune intermolecular forces and molecular packing [98, 99]. Nanoscale arrangement
of such building blocks in solid state is very important for materials engineering. Sur-
factants and block copolymers are capable of generating various thermodynamically
stable micellar structures (spheres, cylinders and vesicles) in dilute solutions. Pack-
ing of such amphiphilic molecules depends on the equilibrium interfacial area of the
ionic (hydrophilic) head at the critical micelle concentration (Scheme 6) [100]. Their
self-assembly behaviours and the type of micellar structure are also determined by
structural parameters (the size and chemical structures of immiscible parts and the
overall size of molecule) and physical characteristics of experimental environments
(solvent, concentration, pH value, temperature, additives) [22].
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Scheme 7 “Head-to-head” interdigitated bilayer of amphiphilic POSS [102]

Molecular dynamics simulations revealed that attractive electrostatic POSS—
POSS interactions in TgH7(n-C;H,s) consisting of a silsesquioxane head and a
single hydrophobic tail are responsible for association and clustering of inorganic
cages [101]. Formation of a bilayer structure with sharp boundaries (‘“head-to-head”,
Scheme 7) is the preferred assembly mode for such molecules [98, 99, 101]. Even
POSS with a relatively short organic tail at one corner of the cube can act as
amphiphilic molecules of uniform molecular weight. To some extent, the order can
be preserved even in the molten state since melting starts within the organic domain,
prior to the decay of the inorganic lattice. The morphology at the nanometre scale
and thermal properties can be changed with the length and number of branching in
the side chains due to a minor structural reordering (rotation or translation) [98, 99].
Hydrophobicity of the organic tail is not a prerequisite for the organization of TgR7R’
in solid state and at the interphase. The structure of such arrays can be controlled also
by other factors. Tg(i-Bu); tethered with a hydrophilic organic tail terminated with
imidazole group formed vesicles in water and well-defined interdigitated bilayer
nanosheets in organic solvents due to the amphiphilic nature of the molecules in
conjunction with hydrogen bonding from the carbamate groups [102].

Shape has been increasingly recognized as an important factor for the self-
assembly of POSS derivatives. Diverse and complex structures can be created by
an appropriate manipulation of the shape anisotropy of building blocks. Interesting
effects were noted for amphiphilic POSS with long polymeric tails that enable a
unique “bottom-up” strategy for the preparation of 2D nanostructures. The molecu-
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lar geometry and enthalpy/entropy balance direct the organization of such species.
Reduction of free energy guided by geometry (overall molecular shape) and proper-
ties (amphiphilic interactions) of those asymmetric molecules are the driving forces.
It was observed that the hierarchical structures formed by giant surfactants, com-
posed of various functionalized POSS heads tethered with polystyrene (PS) tails, are
highly sensitive to the molecular topology. For example, grafting two PS tails to a
POSS head shifted the boundaries between different ordered phases and altered the
packing configurations of POSS, compared to the analogue with a single PS chain
of equal molecular weight [104]. Two tri-armed organic—inorganic hybrids based on
carboxylic acid-functionalized POSS with/without PS linkers self-assembled into
hollow spherical nanostructures in water/organic mixed solvents [103].

Two completely different mechanisms and driving forces operate in the self-
assembly process depending on the shape of macromolecules (Fig. 4). In the pres-
ence of PS linkers, the hybrid species resemble surfactants and form bilayer vesi-
cles in a process driven by hydrophobic interactions. Single-layered, vesicle-like
“blackberry”-type structures were obtained without polystyrene linkers. It was found
that their formation was mediated by electrostatic interactions, with hybrids behav-
ing like hydrophilic macroions. The alteration of the assembly size in response to
the change of the solvent polarity was different for the two species. A remark-
able sensitivity of highly ordered self-assembled structures to molecular topology
was observed for giant surfactants composed of various functionalized POSS heads
tethered with one or two polystyrene tails. It facilitated the engineering of vari-
ous nanophase-separated structures with sub-10 nm features [104]. The boundaries
between different ordered phases could be shifted to adjust the packing of POSS.
It led to reduction of the self-assembled nanodomains. Their morphology depended
also on the molecular details of functional groups on the silsesquioxane cages.

Asymmetric giant “bolaform-like” surfactants composed of PS chain end-capped
with two different POSS [hydrophobic Tg(i-Bu); and hydrophilic derivatives of
Tg(CH=CH,)7 with added thioglycerol] were able to form a range of structures in
solid state, including hexagonally packed cylinders (Hex), double gyroids (DG),
lamellae and body-centred cubic spheres (BCC) [105]. The morphology type
depended on the compatibility between organic—inorganic segments, the length of PS
linkers and the volume fraction of the hydrophilic domain. Hydrophilic POSS were
phase-separated from the PS domains, whereas hydrophobic Ts(i-Bu); were associ-
ated within the polymer matrix. However, favourable interactions between Tg(i-Bu);
governed their crystallization in the mixed phase if geometry of the confinement was
appropriate. The crystalline packing within the self-assembled lamellae resulted in
even higher phase separation. However, for other three phases with curved inter-
faces (DG, Hex and BCC), the polystyrene matrix and Tg(i-Bu); were completely
miscible and amorphous. Further POSS-PS phase separation took place on flat inter-
faces. Various highly ordered mesophases were also produced by the self-assembly
of other conjugates of hydrophilic POSS tethered with hydrophobic polystyrene tails
[106]. The nanophase separation between the heads and tails leads to the formation
of Frank—Kasper (F-K) and quasi-crystal phases of ordered spheroids. Increasing the
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Fig. 4 Structures formed by tri-PS-POSS and tri-POSS hybrids without PS linkers—giant sur-
factant vs macroion; a) AFM images and height profiles of collapsed assemblies after solvent
evaporation corresponding to models of the double-layer vesicle and blackberry structure. Adapted
with permission from [103]. Copyright 2018 American Chemical Society

number of tails from one to four shifted compositional phase boundaries and stabi-
lized F-K and quasi-crystal phases in regions typical to simple spheroidal micelles.

Polymeric chains of different chemical structure can be used as tails in the POSS-
based surfactants. It allows for the formation of novel hybrid materials of specific
properties and applicative potential. Giant linear and star-like surfactants with omni-
phobic perfluorinated POSS heads tethered onto the end point or junction point
of diblock polystyrene-b-poly(ethylene oxide) (PS-b-PEO) copolymer (with fixed
length of the PEO block) were capable of forming different ordered phases and
phase transitions on changing the molecular weight of the PS block [107]. Vary-
ing shape anisotropy of block POSS-PEO copolymers (Scheme 8) was shown to
have an effect on the melting (T,) and recrystallization (7';) temperatures of both
the PEO and POSS layers as well as on the crystallinity of the PEO layer [108].
The crystallization of PEO drives the block copolymers to self-assemble into large
nanothick sheets with one PEO crystalline layer sandwiched by two POSS layers.
A decrease in Ty, and T, as well as disruption of the crystalline PEO layer and
an increase in T, of the POSS layer were observed with increasing number of
POSS. Formation of unique hierarchical assemblies was observed for giant rod-like
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Scheme 8 Chemical structures of shape-anisotropic block copolymers consisting of POSS and
PEO chains. Reprinted with permission from [108]. Copyright 2018 American Chemical Society

amphiphiles with perfluorinated Ts[CH,CH,(CF,);CF;]; heads and PEO or PS tails
[109]. Due to the specific molecular geometry, the species did not interdigitate but
were hexagonally packed within double-layered lamellae. The lamellae morphology
in such systems depends on the structure of polymeric tails. The presence of elec-
tronegative fluorine atoms influenced melting properties of TgR7R’ [R = (CH,),CF;;
R’ =CHzs; (CH»),CeHs; (CH,),CF3; (CH,)»(CF»),CF3 (n =5,7,9); CH,CH(CF3),;
(CH,)30OCF(CF3),] [110]. It can be explained by the strong interactions between
fluorine and silicon atoms of neighbouring silsesquioxane cages, which results in a
tighter packing. Spontaneous formation of concentric lamellae was observed for self-
assembling giant surfactants consisting of Tg(CH,CH,SCH,CH,(CF,);CF3); heads
and flexible polymer tails [111]. Species having a single PS tail (POSS-PS), two
different PS and PEO tails (PS-POSS-PEO) and a block copolymer tail (POSS-PS-
b-PEO) were studied. Owing to the asymmetrical sizes of the head and tail blocks and
the rectangular molecular interface between them, the giant surfactants can assume
a truncated-wedge-like molecular shape. Their nucleation and growth during phase
separation induced smooth morphological curvature during the self-assembly pro-
cess, which resulted in the formation of curved and concentric lamellae.

Diblock amphiphilic copolymers with Tg(i-Bu); side groups grafted on only one
block of [PHEMAPOSS-b-P(DMAEMA-co-CMA)] formed spherical micelles in
water. The POSS core was thus surrounded by stimuli-responsive shells sensitive to
changes of pH and redox potential [112]. The shells could be cross-linked by pho-
todimerization of coumarin moieties (CMA). The subsequent etching of silsesquiox-
ane structures with hydrofluoric acid left hollow polymeric capsules, suitable for the
delivery of active agents in photodynamic therapy.

Evaporation-induced self-assembly of Tg(OEt);(n-alkyl) (n = 16, 18, 20) resulted
in the formation of two-dimensional hexagonal columnar mesophases (p6mm). The
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phenomenon was used for the preparation of organic—inorganic hybrids with well-
ordered mesostructures and pore diameters governed by the size of n-alkyl groups.
It was also shown that Tg(OEt)g(n-alkyl), species with two alkyl chains randomly
distributed about the silsesquioxane core could generate only lamellar structures
[113]. This behaviour was attributed to the increase in space occupied by the head
group and to the development of mesophases with higher curvature.

Telechelic macromolecules of two different POSS units symmetrically linked
by hydrophilic organic spacers (‘“dumbbell-shaped”) can also form unique struc-
tures on self-assembling in bulk. A specific phase separation was observed
for amphlphlhc Tg(i-Bu)7-(CHQ)3NHC(O)CH2S(CH2)2-T3(CH2CH2$CH2COOH)7
[114]. The interlayer hydrogen bonding between carboxyl groups helped to the
formation of a specific 3D crystal built of stacked 2D layers. Partial neutral-
ization of -COOH groups with TBAOH broke the interlayer hydrogen bonds
that were replaced by competitive electrostatic repulsive interactions. It resulted
in the formation of 2D nanoplates. It was also shown that introduction of
an excessive number of charges associated with one Tg(CH,CH,SCH,COOH);
end group prevented completely the lateral growth of crystals. Dumbbell-shaped
hybrids, terminated with two POSS molecules and containing poly(tert-butyl
acrylate) linkers of three different molecular weights, formed different struc-
tures in aqueous solution at pH 8.5 depending on the length of the spacer
[115]. The self-assembly of the shorter species resulted in ellipsoidal aggre-
gates with a moderately uniform size, whereas the hybrids with the longest
polyacrylate chain self-assembled into aggregates with a broad size distribution.
Tg(i-Bu)7-X-Tg(R"); (X—phthalic anhydride derivative, R"=CH,CH,SCH,COOH,
CH,CH,SCH,;CH,0H or CH,CH,SCH,CH,C¢F,3) formed bilayer head-to-head
structures that were organized subsequently into a 3D orthorhombic lattice within
a Pna2, symmetry group [116]. The formation of the ordered structure was associ-
ated with an endothermic transition of first order observed at 455 K. It was also
demonstrated that the type of highly ordered supramolecular lattices (including
a Frank—Kasper A15 phase) in amphiphilic systems built of Tg(i-Bu); and polar
Tg(R"); depended on the number of hydrophobic silsesquioxane ligands [117].

4.2 Hybrid POM-POSS Clusters and Related Structures

Supramolecular phase ordering of asymmetrical dumbbell-shaped nanoparticles of
polyoxometalate—organic—POSS (POM-POSS) is quite unique. Such species of
Janus-type characteristics (molecular Janus nanoparticles—MJPs) are derivatives
of crystalline POSS [typically hydrophobic Tg(i-Bu);] and polyoxometalates of
a Wells—Dawson type {[P,W5V30¢](n-BusN)g} [118, 119] or a Lindqvist type
{MogOsN(n-BuyN), } [114]. Synergistic self-assembly and nanoscale phase sep-
aration of POM- and POSS-containing zones is the thermodynamic driving force
for the formation of hierarchical nanostructures [118]. POM-POSS self-assemble
into 2D nanocrystals with double layers of crystalline POSS sandwiched between
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Fig. 5 Sheet-to-ribbon transitions due to the change in packing mode of POM-POSS clusters.
Adapted with permission from [120]. Copyright 2018 American Chemical Society

two layers of inorganic species (Fig. 6). The dissimilar rigid clusters at molecule
periphery form a brick-like packing in the solid state. The flexible linkers between
POSS and POM provide a certain degree of freedom for an appropriate configuration
adjustment. The thickness of double layers is controlled by separate crystallization
of the nanoparticles. Other factors, such as solvent polarity, number of counterions
and size of construction blocks, can change the crystallization mode of clusters of
the same type and alter the nanoscale phase separation between incompatible parts
[119].

The amphiphilic features of MJPs enable the co-clusters to self-assemble into
diverse nanoaggregates in the liquid phase (micelles, vesicles, nanosheets and
nanoribbons) by tuning the polarity of solvent used [ 120]. It was found that during the
self-assembly process in solution, the increase in packing order causes the vesicle-to-
sheet transition, whereas the change in packing mode results in the sheet-to-ribbon
transitions (Fig. 5). In media of higher polarity, the co-cluster self-assembled into
small bilayer vesicles in which a POM layer was sandwiched by the two POSS layers.
The vesicle size increased with decreasing polarity of the solvent to break at ¢ ~6.1
and then finally convert into flat bilayer nanosheets at ¢ ~5.6. These changes are due
the increasing packing order of the POM clusters that augments the bilayer rigidity.
In solvents of low polarity (¢ >5.3), long nanoribbons were formed in which the
POM-POSS co-clusters were arranged according to a fishbone-shape model with
maximized electrostatic interactions between the POM blocks.

MIJPs made of covalently linked a-Keggin-type polyoxometalate nanoclusters
and Tg(i-Bu);(CH,CH,CH,NH,) self-assembled to form diverse nanostructures
driven by secondary interactions among the building blocks and solvents via tun-
ing molecular topology and solvent polarity [121]. Colloidal nanoparticles with
nanophase-separated internal lamellar structures were formed initially in highly
polar solvents (acetonitrile/water mixtures). Upon ageing, they turned gradually
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into 1D nanobelt crystals. Stacked crystalline lamellae were dominant in less polar
methanol/chloroform solutions. When Tg(i-Bu); heads were replaced with non-
crystallizable Tg(cyclohexyl-SCH,CH,) groups, then colloidal spheres were also
formed, but then failed to evolve further into crystalline nanobelts. Isolated two-
dimensional nanosheets were obtained in less polar solvents. The nanosheets were
composed of two inner crystalline layers of Keggin POM covered by two monolayers
of disordered POSS (amorphous phase). Self-assembly of clusters with two Tg(i-Bu);
heads was hardly sensitive to solvent polarity and was dominated by the crystalliza-
tion of silsesquioxane cages that formed the crystalline inner bilayer, sandwiched by
two outer layers of Keggin POM clusters (Fig. 6).

Analogous phenomena directed the type of supramolecular structures formed by
derivatives of POSS and [60] fullerene (C60) [114]. Proper matching of the size of
components at both ends of such dumbbell macromolecules is very important. Two-
dimensional layer could be formed only if two Tg(i-Bu); residues were attached
to one C60. Species having only one Tg(i-Bu); molecule tethered to C60 were too
imbalanced in their size and did not crystallize [114]. Another asymmetric giant
amphiphile composed of one [60] fullerene covalently linked with two Tg(i-Bu);
moieties formed objects of the so-called one-and-half-layered structure [122]. The
compositional asymmetry between C60 and Tg(i-Bu); led to a “sandwich-layered”
molecular packing, where a single layer of C60 was sandwiched between double
Tg(i-Bu); layers. Within these layers, the molecules further organized into crystalline
arrays. This packing scheme repeated along the c-axis formed a 3D orthorhombic
lattice (Pnnm symmetry group).

4.3 3D Nanonetworks

Highly symmetric structures of octafunctional POSS can be exceptionally useful for
the development of 3D hierarchical structures. Octahedral silsesquioxanes can be
regarded not only as a platform for blending organic and inorganic modules at the
molecular scale but also as building blocks or functional knots for the preparation
of well-organized 3D networks. A range of advanced materials can be formed with
POSS linked by covalent, supramolecular and coordinative bonds.

4.3.1 Well-Ordered Polymeric Networks

Organic—inorganic meso/macroporous covalent networks were obtained with POSS
via a facile template-free strategy exploiting Schiff base chemistry [123]. The
materials resulting from the combination of Tg(CH,CH,CH,;NH,)s with tereph-
thalic aldehyde were used as stabilizing supports for a palladium catalyst due to
the presence of N-containing functionalities, large porosities and high BET sur-
face areas. The resulting heterogeneous and recyclable catalyst of high activity and
turnover frequency was employed in Suzuki—Miyaura reactions. Schiff base chem-
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istry was also used for the preparation of a cross-linked silsesquioxane nanohybrid
with Tg(CH,CH,CH,NH;*Cl™)g and glutaraldehyde as a dual cross-linking bridge
[124]. Block-like irregular nanoparticles with specific surface area of 42.8 m?/g were
formed. The cross-linked nanohybrid was used as a solid-phase adsorbent for selec-
tive adsorption of acidic dyes (such as methyl orange) in aqueous solutions. Elec-
trostatic interactions are the driving force for the adsorption (maximum adsorption
capacity of 237.5 mg/g). The process was spontaneous and exothermic. The adsorbed
molecules could be efficiently recovered using a methanolic solution of NaOH. The
reusable adsorbent can be applied for wastewater treatment in dye industry.
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A well-defined covalently linked microporous organic—inorganic nanohybrid
framework was obtained with p-iodio-octaphenylsilsesquioxane by a Yamamoto-
type of Ullmann cross-coupling [125]. This strategy provides an approach for con-
structing a wide variety of functionalized zeolite-like porous organic frameworks.
Formation of well-ordered networks consisting of truncated octahedra [B-cages com-
pared with Linde type A zeolite (LTA)] and truncated cuboctahedra (a-cages com-
pared with LTA) with diameters of about 2 nm was confirmed by NMR spectroscopy
and nitrogen adsorption. The inorganic silsesquioxane cubes were linearly linked
by biphenyls, which led to the formation of micropores with the narrow pore size
distribution and BET surface area of 283 m?/g. The network was thermally stable up
to 670 K in air and efficiently adsorbed benzene and water.

A cross-linked and thermostable fluorinated POSS-based network was prepared
by thermal polymerization of trifluorovinyl ether groups (Scheme 9) [126]. The
hybrid polymer network shows 5 wt% loss at ~610 K. It is transparent, of low water
uptake, of low dielectric constant under both dry and wet conditions (<2.56) and of
low dissipation factor (<3.1 x 107?) in a wide range of frequencies from 40 Hz to
30 MHz. Such high-performance dielectric materials are suitable for microelectronics
and fabrication of high-frequency printed circuit boards or integrated circuits.

POSS-based poly(ionic liquid)-like cationic networks of tuneable mesoporosities
(surface area>900 m?/g) were formed with Tg(CH,Cl)g and rigid N-heterocyclic
cross-linkers (4,4’-bpy) [127]. When Tg(CH,CH,CH,Cl)g with more flexible chloro-
propyl groups was used as the monomer, then the obtained material had a very low
surface area (7 m?/g). It indicates the importance of the rigidity of POSS for the
generation of ordered structures. The resulting networks were applied as the sup-
ports for loading POM PMo;V,040°>~ (PMoV) as guest species through the anion-
exchange process. The POSS—POM hybrid was used as efficient heterogeneous cata-
lysts for H,O,-mediated oxidation of cyclohexane and aerobic oxidation of benzene.
Hyperbranched polymeric networks of adjustable hydrophilic—hydrophobic proper-
ties were also prepared by controlled cross-linking of Ts(CH=CH,);(CH,CH,OH)
followed by grafting PEG chains to residual vinyl groups [128]. The polymers exhib-
ited a characteristic transition from micelle to vesicle in aqueous solutions.

Self-assembly of ordered nanoscale POSS superstructures was evidenced in
semicrystalline covalently cross-linked nanocomposites of polyhedral silsesquiox-
ane and poly-(e-caprolactone) (POSS—PCL) [129]. Asymmetrical triblock copoly-
mers with a single POSS moiety centred between two PCL chains were used for the
formation of a shape memory network (Fig. 7). Both crystalline reflections of the PCL
orthorhombic phase and POSS rhombohedral phase were shown if PCL was termi-
nated with OH groups. It indicates independent crystallization due to microphase sep-
aration. Consequently, two long period spacings—one associated with POSS (long
period of 66 A) and the other associated with PCL lamellar nanophase (long period of
151 A)—were shown in SAXS diffractograms. The nanostructure was dominated by
crystallization of POSS. Coordination via hydrogen bonding between the inert corner
isobutyl groups of POSS and the end groups of PCL diols facilitated crystallization
of PCL chains. End-capping of PCL with acrylate groups was required for cross-
linking but greatly reduced the crystalline order of POSS. End-capping prevented
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Scheme 9 Synthesis of a POSS-based network by thermal polymerization of trifluorovinyl ether
groups. Adapted with permission from [126]. Copyright 2018 American Chemical Society

also the coordination between POSS and PCL, thus freeing the poly-(e-caprolactone)
chains for fold crystallization of the orthorhombic phase. Despite the architectural
constraints, cross-linking with tetrathiol molecules supressed the crystallization of
PCL, but did not hinder completely the formation of a superstructure in the material.
POSS crystals embedded in amorphous PCL matrix were segregated as crystalline
clusters organized as a highly ordered cubic phase.
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of cubic superstructure for the POSS—PCL network. Adapted with permission from [129]. Copyright
2018 American Chemical Society

Polycarboxyl octaphenylsilsesquioxanes Tg(C¢HsCOOH)s were used as
nanofillers and macromolecular cross-linkers to cure diglycidyl ether of bisphe-
nol A (DGEBA) with formation of ester bonds [130]. The network structures of
the obtained inorganic—organic polymer nanocomposites and cross-linking densities
were modulated by varying the amount of Tg(C¢HsCOOH)g. The cured samples of
POSS/DGEBA were transparent, and a homogeneous dispersion of POSS within
the DGEBA matrix was evidenced. The silsesquioxane molecules opened up the
organic segments between two cross-linking nodes, leading to an increase in the
intersegmental distance. Consequently, the segmental mobility increased, resulting
in decreased mechanical modulus and improved toughness of the networks.
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4.3.2 Hydrogen-Bonded 3D Networks

Three-dimensional supramolecular assemblies and special type networks can be
constructed by controlled assembly of well-defined POSS building blocks via
hydrogen bonds. For example, octakis[N-(6-aminopyridin-2-yl)-undecanamide-10-
dimethylsiloxy]-silsesquioxanes (POSS-C11-Py), self-assembled through hydrogen
bonds, formed a physically cross-linked polymer-like structure with good mechani-
cal properties [131]. POSS-C11-Py was transformed into a supramolecular ionomer
(HCl-doped POSS-C11-Py) with both quadruple hydrogen-bonding and ionic side
arms [132]. The obtained network could be fabricated into films with hierarchical
microphase separation. HCl-doped POSS-C11-Py exhibited high proton conductiv-
ity and can be used for the preparation of proton-exchange membranes.

POSS bearing residues of carboxylic acids are interesting building blocks due
to the propensity of —-COOH groups to the formation of stable dimers. A mix-
ture of octa[2-(p-carboxyphenyl)ethyl] and octa[2-(4-carboxy-1,1’-biphenyl)ethyl]
silsesquioxanes assembled to form an ordered hybrid two-component network
[133]. Networks of complementary hydrogen bonds were also obtained with
QsMs(CH,CH,—CcH4OH)g bearing side phenol groups by blending with reac-
tive diblock copolymers, such as poly(styrene-b-2-vinylpyridine) (PS-b-P2VP),
poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) and poly(styrene-b-methyl methacry-
late) (PS-b-PMMA) [134].

The strength of the formed hydrogen bonds was found to be the key feature
affecting the morphologies of the hierarchical structures (lamellae, cylinders,
body-centred cubic spheres, disordered). Formation of a lamellar phase of ther-
moreversible characteristics was reported for supramolecular networks with
blocks of octakis(vinylbenzylthymine-siloxy)silsesquioxane (OBT-POSS) and
octakis[(vinylbenzyltriazolyl)methyladenine-siloxy]silsesquioxane ~ (OBA-POSS)
linked by intermolecular complementary hydrogen bonds between adenine and
thymine residues [135].

Tetrakis(nicotinoxymethyl)methane =~ (TNMM) and  octakis[dimethyl(4-
hydroxyphenethyl)siloxy]-silsesquioxane (OP-POSS) were used as tetrahedral
and cubic building blocks for the preparation of thermally reversible, 3D hydrogen-
bonded transparent network [136]. FTIR spectroscopy provided clear evidence for
the formation of intermolecular hydrogen bonds between the OP-POSS and TNMM
units. The blend of 40 wt% TNMM in OP-POSS exhibited a single glass transition
temperature at 310 K, which is a compromise between Tg of OP-POSS (~293 K)
and the melting temperature of TNMM (~340 K), and indicated the low degree of
local intermolecular thermal motions.

Self-assembled supramolecular structures were generated in mixtures of
multidiamidopyridine-functionalized POSS (MD-POSS) and both mono- and bis-
uracil (U)-functionalized poly(ethylene glycols) (U-PEG and U-PEG-U) due to
the formation of strong complementary multiple hydrogen bonds between the
diaminopyridine groups and uracil moieties [137]. The polymer-like supramolec-
ular materials exhibited improved thermal properties upon increasing the content of
MD-POSS. The interactions of uracils with MD-POSS hindered completely crys-
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tallization of PEG-U. TEM imaging indicated that the interactions in the symmetric
U-PEG-U systems were stronger and their structures were relatively more ordered.

Hydrogen-bonded silsesquioxane networks can be applied as advanced mate-
rials in biomedicine. For example, Ts[CH,CH,CH,N(CH,CH(OH)CH,0H),]s
(POSS-AH) was used for the preparation of pH-responsive aggregates with natural
polysacharide hyaluronic acid that can be applied as cell immune barriers, drug and
gene delivery systems and chemical sensors [138]. Smart self-healing hydrogels were
developed using self-assembled colloidal micelles of POSS-AH and poly(acrylic
acid) (PAA) [139]. The micelles could be cross-linked in situ by hydrogen-bonding
and ionic interactions between POSS-AH and PAA chains, as well as by covalent
bonds linking PAA and bis(N,N’-methylene-bis-acrylamide). The ratio of reversible
physical bonds vs chemical cross-links determined the mechanical properties of the
hydrogels.

Supramolecular association of molecules bearing silanol (Si-OH) groups is inter-
esting not only because of the formation of hierarchical architectures due to hydrogen
bonding. Such systems can be also cross-linked by covalent siloxane linkages gener-
ated by the condensation of silanol moieties. The procedure provides a soft-chemical
approach to well-defined silica-like materials with molecularly designed structures.
Supramolecular lamellar crystals were prepared by hydrogen bond-directed assem-
bly of QsMOH;g with silanol groups [140]. The anisotropic 2D assembly of cubic
POSS is different from the 3D assembly of organosilanol-modified cage siloxanes.
Drying and thermal treatment induced solid-state polycondensation towards the
formation of ordered siloxane networks. Hybrid networks that were synthesized
using cage silsesquioxanes bearing diphenylsilanol groups were less ordered due
to the steric hindrance provided by bulky diphenylsilyl moieties [141]. A range of
hydrogen-bonded 3D crystalline porous materials were also made of POSS with
eight organosilanol groups Tg(CH=CHC¢H4SiR,OH)g (R=i-Pr, Ph) [142]. Selec-
tive inclusion of hydrocarbons into large cavities of the obtained hydrogen-bonding
networks with adjustable porosity was shown, depending on the pore size. Hydro-
carbons such as hexane and heptane were included in the open frameworks without
interpenetration of one network into another. Perpendicular stacking of the benzene
cluster as a guest hydrocarbon in the pores of Tg(CH=CHCgH4Si(i-Pr),OH)g and
Tg(CH=CHC¢H,4SiPh,OH)g was also found (Scheme 10).

4.3.3 Metal-Organic Frameworks and Metal Complexes Forming
Hierarchical Structures

A range of non-covalent ligand—metal interactions between organic moieties and
transition metal centres have been used for the preparation of metal-organic frame-
works (MOF) [143-147]. The main advantage of such structures is their dynamic
nature. They can be sensitive to various external stimuli (e.g. temperature, pH, light,
solvents, concentration, ultrasound), which gives the material an ability to alter its
response. Moreover, modification of the metal ion or the structure of ligands can be
used to tune the electrochemical, magnetic or optical responses. The formation of
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Scheme 10 Supramolecular 3D frameworks made of hydrogen-bonded POSS a
Tg(CH=CHC¢H4Si(i-Pr);OH)s and b Tg(CH=CHCgH4SiPh,OH)gs with included solvent
molecules. Reprinted with permission from [142]. Copyright 2018 American Chemical Society

such long-range ordered/crystalline structures and extended networks requires the
use of appropriate ligands with shape and functionality suitable for the coordinative
ligation.

Octafunctional POSS can be successfully used as 3D ligands for the prepara-
tion of MOF. Rigidity of the inorganic cube used as a scaffold, as well as the
presence of appropriate reactive groups at each silicon vertex, can increase effec-
tively the symmetry of such hybrid networks and the concentration of doped
metal cations. For example, metallo-supramolecular hybrid networks were obtained
using Ts[CH,CH,CH,NHC(O)CH,CH,COOH];g coordinated to copper ions [148]
or terpyridine-functionalized POSS coordinated to Co(II) or Cu(II) [149]. The lat-
ter exhibited electrochromism during the cyclic voltammetry measurements, which
makes them good candidates for electronic, optoelectronic and photovoltaic applica-
tions. The properties can be adjusted by the type of substituents at pyridine groups.
The formed stable terpyridine metal complexes are completely reversible, and addi-
tion of a strong competitive ligand (HEDTA-Na3) led to an efficient decomplexation.
POSS decorated with eight terpyridine moieties were also used for the formation of
3D extended supramolecular structures by assembly with two different metal ions
(Zn>* and Fe”) (Fig. 8) [150]. TEM investigations further evidenced the tendency
of 4metal @O-POSS to form a 3D organization with an irregular porous structure.
The capability of the organic—inorganic hybrid network to trap solvent molecules
was verified. Studies carried out with '"H NMR as well as absorption and emission
spectroscopy have shown that under selected conditions stable gels could be formed
at room temperature. The gels were stable under ambient conditions.

The unique porous structure, large surface area and high pore volume make MOF
especially attractive for catalysis, gas storage and separation or drug delivery [151].
They can be tailored for targeted chemical interactions but can also lose their crys-
tallinity and pore ordering upon exposure to chemical compounds. Water can easily
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Fig. 8 a Structure of POSS bearing a single and eight terpyridine groups; b photograph of 4Zn@0O-
POSS gel without and with UV irradiation at 366 nm; ¢ UV-Vis absorption spectra of M-POSS in
CH,Cl, (1 x 1075 M) upon titration with Zn(OTf), in EtOH (1.3 x 10~3 M) (the inset: normalized
absorption changes at 340 nm (M) and the normalized emission intensity changes at 360 (@) and
420 nm (A); d emission spectra of M-POSS in CH,Cl, upon titration with Zn(CF3S0O3),. Adapted
with permission from [150] Copyright 2018 American Chemical Society

penetrate the pores and destroy the structure of some MOF by hydrolysis or replace-
ment of ligands coordinated to metal centres. For example, porous MOF of copper
trimesate [Cu3(BTC),, HKUST-1] had large surface areas, high pore volume, rela-
tively high chemical stability and good lability of coordinated solvents (including
molecules of water) in the pores of the framework. The removal of coordinated
water molecules from the Cu3;(BTC), structure opens coordinatively unsaturated
sites which is crucial for catalytic applications but detrimental for the stability of
MOF. It is thus important to protect the structure of activated MOF against humidity,
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retaining at the same time unhindered access of reagents to the inner parts of the
network. Suitable POSS can be used for the purpose. For example, the stability of
copper trimesate against moisture was enhanced by selective functionalization of the
Cu sites on the outer surface of MOF with Tg(i-octyl);(CH,CH,CH,NH,) [152].
The protection of the surface of activated MOF against moisture was attributed to
the hydrophobic nature of the long aliphatic chains. The same POSS were used
for modification of other MOFs [low-symmetry thombohedral MOF-74(Ni and Co)
and high-symmetry cubic MIL-100(Fe)] [152]. The crystallinity of the MOF was
intact during the modification, and the change of the mesoporous volume of MIL-
100 was negligible due to the fact that the windows of MIL-100 are too small to
let the POSS into the network. All the modified MOFs were hydrophobic, and Tg(i-
octyl);(CH,CH,CH;,NH,) successfully protected the outer metal sites on the surface.

In spite of not being formally MOF or MOF-related structures, some metal—
POSS complexes can form unique hierarchical architectures. Their appropriate self-
assembly can be used for the development of novel materials. For example, plat-
inum(II) polypyridine complexes of d8 square-planar configuration exhibit interest-
ing spectroscopic and luminescent properties due to Pt---Pt and w—m interactions.
The characteristics can be changed by altering the molecular association and forma-
tion of metallogels or liquid crystals [153—155]. An alkynylplatinum(II) terpyridine
complex functionalized with Ts(CH=CH,); groups exhibited solvent-induced self-
association behaviour [156]. The obtained nanostructures were capable of “rings to
rods” morphological transformations in media of different polarity due to the sta-
bilization of Pt---Pt and w—m stacking as well as hydrophobic interactions between
POSS moieties. Crystal-packing diagrams suggest a head-to-tail configuration for
the dimeric structure. Other alkynylplatinum(II) terpyridine complexes functional-
ized with POSS exhibited multistage morphological transformations from spheres
to nanoplates in response to solvent change through the interplay of hydrophilic,
hydrophobic, Pt---Pt and w—m stacking interactions [157]. The intermolecular forces
can be adjusted by appropriate structural modifications. If charged moieties were
incorporated in the system, then drastic colour changes were observed in response
to aggregation—disaggregation induced by changes in solvent polarity. The morpho-
logical transformations are associated with changes of spectroscopic characteristics
and the complexes can be used as functional materials with sensing or imaging
capabilities.

Functionalized POSS can be also complexed with lanthanide ions. Emission inten-
sities of bare lanthanide ions Ln3* are typically weak. Sensitization with organic
ligands (the so-called antenna effect) can be a way to solve the problem. The use of
POSS ensures uniform distribution of Ln** and prevents their aggregation at high
concentrations. Hybrid luminescent complexes of Eu** and Tb** of highly saturated
colour and good thermal stability were obtained with POSS dendrimers decorated
with B-diketone moieties and incorporated in PMMA matrix [158]. Photo- and ther-
mally stable complexes of Tb** and POSS bearing eight benzoic acid moieties also
exhibited enhanced luminescent properties [ 159]. High luminescence combined with
good stability and processability make those hybrid materials interesting candidates
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for luminescent probes in bioassays, UV sensors, flat-panel displays, laser materials,
optoelectronic devices as well as for crystal engineering.

4.4 Templating with POSS

Nanosized POSS, substituted on every corner of the inorganic cages with side groups
acting as recognition units, are very interesting assembly motives. Formation of
a “crystalline template” leading to controlled self-assembly of nanoparticles can
be achieved by crystallization of POSS. It can be induced by intermolecular non-
covalent interactions (hydrogen bonding, acid/base proton transfer and specific elec-
trostatic forces) and allows for the formation of well-ordered hierarchical structures.
Various self-assembling POSS has been applied as stabilizing templates for the prepa-
ration of metal nanoparticles, quantum dots and carbon dots. Owing to the presence
of siloxane framework, POSS can be also used as sacrificial templates in porous
materials.

4.4.1 Stabilizing Templates for Metal Nanoparticles

Nanoparticles (NPs) of noble metals (Au, Ag, Pd) exhibit unique physicochemical
and electronic properties, different than those of bulk metal or metal atoms, due to
the quantum size effect, high superficial surface areas and confinement of electronic
states [160]. That is why, for example, nanocomposites containing Au NPs can act
as ferromagnetics at room temperature despite the diamagnetic character of bulk
gold [161]. Those peculiar properties make them very attractive for applications in
advanced technologies, including optoelectronics, catalysis, sensing and biomedicine
[162]. For example, palladium NPs of stable hierarchical structures are attractive for
catalysis and hydrogen storage. Well-defined nanoparticles of silver can be applied as
plasmonic devices, in photovoltaics, catalysis and for surface-enhanced Raman scat-
tering (SERS) sensors. NPs of gold have high molar absorptivity in the visible region,
but their aggregation results in colour changes due to mutually induced dipoles that
depend on interparticle distance and aggregate size. The phenomenon can be applied
in sensing systems. Bare metal nanoparticles can be prepared by employing various
chemical methods (reduction of metal salts in solution) and physical techniques (laser
ablation, resistive evaporation in vacuum, mechanic subdivision of metallic aggre-
gates). However, undesired and uncontrolled aggregation and formation of droplets
instead of well-dispersed films makes difficult preparation and use of such NPs in
the condensed phase. It was found that the size and surface functionality of NPs of
noble metals can be finely tuned using POSS as stabilizing templates.
Nanoparticles of gold can be stabilized via electrostatic interactions [163—166].
It was shown that pH-responsive Au NPs can be formed spontaneously on mixing
Tg(CH,CH,CH,NH;*Cl ™)z and tetrachloroauric acid under basic conditions [164].
Under the applied conditions, the amino groups reduce cations of Au(III) to Au(0) and
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interact with the surface of Au NPs. The size of particle aggregates can be controlled
by changing the molar ratio of Ts(CH,CH,CH,NH}Cl ) to Au NPs [165]. The
affinity of Au NPs to organic solvents was modified via Michael addition of the
aminopropyl groups on POSS to methyl acrylate. Ts(CH,CH,CH,NH3;C17)g was
also used for the preparation of nanocomposites containing well-separated Au NPs.
Amide bonds were formed in situ between the POSS moieties and COOH groups
on the surface of gold primed with 11-mercaptoundecanoic acid [166, 167]. The
phenomenon of electrostatic self-assembly allowed for the increase in interparticle
spacing upon assembly with POSS. Modulation of the surface plasmon resonance
band of Au NPs can be achieved in this way. A shift to higher wavelengths in solution
and shift to lower wavelengths in the solid-state were observed as a result of different
particle—particle dipolar interactions [167].

Sodium hydroxide was used to hydrolyse partially siloxane bonds of the adsorbed
Ts(CH,CH,CH,NH3Cl ) to generate SiO~ species, which additionally stabilized
Au NPs via electrostatic interparticle repulsion and hindered their aggregation [164].
The particles were pH-responsive, since addition of hydrochloric acid generated
NH;" ions that interacted with SiO~, inducing reaggregation of NPs. It was also
shown that Ts(CH,CH,CH,NH}Cl ™)z can help to the formation of well-dispersed
homogenous NPs of silver, grown in a biphasic system on the interface between
graphene oxide (GO) and AgNOj solution [168]. The obtained Ag NPs—POSS/GO
nanocomposite can be used for electrochemical sensing of nitroaromatic compounds.

POSS bearing amine groups were also used as capping agents in the reductive
growth of Pd nanocrystallites [169—171]. Studies on primary Pd NPs and their sec-
ondary aggregates suggest that the reductive growth of nanocrystallites can depend
on the structure of POSS [169]. Uniform secondary Pd aggregates were obtained
providing the POSS ligand was functionalized with amine groups in the hydrochlo-
ride form [Ts(CH,CH,CH,NH}Cl™)g]. The morphology of Pd core—shell NPs was
determined by the ratio of self-interaction potentials of the ligands to their interac-
tion with solvent. A correlation was found in Pd/POSS systems between sufficiently
slow ligand diffusion kinetics of the reactive species and the growth rate of metal
crystallites. Rapid diffusion of Pd prenucleating clusters was slowed by relatively
slow-moving hydrochloride POSS ligands. It left time for reduction of NPs and their
growth into nanocrystals. Pd nucleation does not seem to be preceded by formation
of observable self-assembled POSS templates. DFT simulations suggested that the
slow diffusion would result in regular spherical morphology of the aggregates, pos-
sibly due to the shift of the particle condensation equilibrium towards dissolution.
More rapidly diffusing POSS ligands induced random structures and low solubility
of nanoparticles after the syntheses.

Tg(CH,CH,CH,NH3Cl ™) was used as well for stabilization and cross-linking
of bimetallic microporous colloidal NPs made of Pd and Au [172]. The hybrid
nanocomposites were generated by electrostatic interactions between Au NPs
coated with 11-mercaptoundecanoic acid and aggregates of Pd capped with
Ts(CH,CH,CH,NH3C1™)s. The procedure resulted in precipitating of NPs of ran-
dom shape. Stable colloids of spherical aggregates of Pd NPs coated with Au NPs can
be obtained in a two-step process by reduction of palladium acetate in the presence of
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Tg(CHQCHZCHzNchr)g as a rigid template [171]. Bimetallic platinum—bismuth
nanoparticles (Pt-BiNPs, 60% Bi) of blackberry-like morphology were prepared with
Ts(CH,CH,CH,NH3 Cl™)g that played the role of both the morphology control agent
and the carrier of electrocatalyst with corrosion resistance [173]. Their electrocat-
alytic activity (electro-oxidation of formic acid for fuel cell applications), effective
CO tolerance and durability were enhanced with respect to commercial catalysts.

It was already mentioned that the surface of noble metals can be easily modified by
chemisorption of thiols and sulphur-containing species. Several thiol-functionalized
POSS were also used as protective ligands to stabilize NPs of Au, Pd or Ag in
solution or as templates for their incorporation into thin films. POSS can also pro-
vide a synergistic effect for the surface coverage due to the presence of multianchor
sites and hydrophobic interactions between POSS and the surface. For example,
molecules of Tg(i-Bu)7;(CH,CH,CH,SH) were applied as protective groups for the
preparation of hybrid POSS-coated Au NPs of high stability in solid state [174].
Plate-like morphology of the POSS crystals led to the formation of a unique fern-like
microstructure with hybrid POSS—Au NPs on its surface. Removal of the silsesquiox-
ane templates resulted in sintering of nanosized Au islands. Au NPs covered with
Tg(i-Bu)7(CH,CH,CH,SH) were also used for the preparation of polymer nanocom-
posites [161]. The particles were blended with poly(n-butyl methacrylate) randomly
decorated with Tg(i-Bu); in the side chains. The increased compatibility between
both components improved miscibility of Au NPs and the polymer matrix. The dis-
tribution of Au NPs was governed by interactions between POSS ligands grafted on
the polymer chains and those adsorbed on the surface of gold.

Palladium NPs capped with POSS were prepared by ligand exchange of acetate
groups on Pd(OAc), with 1-dodecanthiol and Ts(i-Bu);(CH,CH,CH,SH), followed
by a thermal work-up [175]. High affinity of Pd to thiols led to the formation of cores
composed of disordered aggregates. Nanosized storage vessels for Pd(0) atoms with
transportation channels in the shell could be formed in this way. The nanoclusters
were successfully employed as the catalytic system in a model Mizoroki—Heck cou-
pling reaction.

Cubic silsesquioxanes not only can stabilize nanoclusters of noble metals, but
also can provide reactive groups for chemical modification of the formed NPs shells.
Diaminopyridine-functionalized octasilsesquioxanes (POSS-DAP) and thymine-
functionalized gold nanoparticles (Thy—Au) formed well-defined and well-dispersed
spherical aggregates on mixing due to the combined hydrogen-bond recognition
and aggregation/crystallization of POSS moieties [176]. DAP units interact with
Thy—Au nanoparticles through complementary three-point hydrogen bonds, and
POSS nanoparticles were packed uniformly into larger nanocrystals. It was found
that side-to-side rather than the face-to-face POSS—POSS packing was preferred. The
same three-point hydrogen-bonding recognition motives were used for modification
of gold surface covered with thymine-terminated self-assembled monolayers with
DAP-functionalized POSS [177]. Hybrid inorganic—organic films were formed in this
way showing that both chemical and physical nature of surfaces can be engineered
by orthogonal deposition of POSS.
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Fig. 9 Plasmonic response of Ag NPs coated with Azo—POSS matrix of adjustable refractive index.
Reprinted with permission from [179]. Copyright 2018 American Chemical Society

The self-assembly process controlled by crystallization kinetics of POSS was
employed for the preparation of hierarchical Ag NPs/POSS hybrids of branched
morphology using Ts(CH=CH;)g and Ts(cyclohexyl)s [178]. Well-defined and stable
Ag structures, which were left after the treatment on a hot plate at 523 K for 30 min
in air, exhibited excellent SERS performance with high enhancement factors.

Hybrid POSS with azobenzene moieties in their side chains (Azo-POSS) were
used as a stable photoactive coating for light-induced plasmonic modulations of
embedded Ag nanostructures [179]. The refractive index of Azo—POSS conjugate
could be altered owing to the trans—cis photoisomerization of azobenzene groups
on irradiation with UV light (380 nm) (Fig. 9). The reversible changes resulted in
6 nm hypsochromic plasmonic shift in the plasmonic band of the embedded Ag NPs.
Moreover, a polarization-dependent variation in reflectance was observed in the total
internal refraction (TIR) regime.

POSS with polymeric chains grafted onto silsesquioxane cores were also used
for the modification of the surface of noble metals. Hybrid polymer brushes with
poly(ethylene glycol) (PEG) chains tethered to POSS via linkers containing thiolate
moieties were chemisorbed on the surface of gold [180]. PEG-functionalized POSS
were used to coat charged Au NPs of various shapes to aid their transfer into organic
solvents [181]. Macromolecules built of thermoresponsive PNIPAM arms grafted to
octahedral silsesquioxane core (POSS-g-PNIPAM) were explored as stabilizers for
colloidal Au NPs [182]. Hybrid thermosensitive Au NPs were obtained. Their lower
critical solution temperature (LCST) was decreased compared to POSS-g-PNIPAM.

A green solid-state synthetic method was implemented for the fabrication of POSS
supported N-heterocyclic carbenes/imidazolium salts of palladium(II) complexes
and well-dispersed Pd NPs of a very small size [183]. The prepared homogeneous
and recyclable nanocatalyst was highly efficient in Suzuki—Miyaura cross-coupling
reactions. The imidazolium moiety on POSS played a key role in the solubility of
the catalyst.

Iron oxide nanoparticles can be used for many biological applications, includ-
ing MRI contrast agents, magnetic separation or localization and thermal abla-
tion. However, the effective use of magnetic nanoparticles depends on their size
and composition, physical properties and surface chemistry capable of promot-
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ing specific interactions with target biomolecules. Various octafunctional POSS
were applied for preparation of well-dispersed metal oxide nanoparticles, biocom-
patible and transferable into aqueous solutions. For example, magnetic nanoparti-
cles were prepared by exchange of the primary surface monolayer using anionic
octa(tetramethylammonium)-POSS (SiO4 /2)87NMe4Jr (Fig. 10) [184]. They had
excellent stability within biologically relevant pH ranges and salt concentrations
and interacted with proteins via surface charge complementarity.

Interesting conjugated structures comprised of y-Fe,O3 nanoparticles and PbSe
nanocrystal quantum dots (NQDs) were prepared with the use of 2-aminoethanethiol
and (SiO4 /2)8_NMe4+ hydrate [185]. Hydrogen bonds that were formed between
water-soluble nanoparticles, PbSe NQDs functionalized with amine groups and -
Fe, O3 NPs stabilized with POSS, allowed for hierarchical coupling and the formation
of structurally conjugated fluorescing and magnetic nanoparticles. It was found that
the hydrogen bonding occurred via the formation of a pseudo-ring, in which the
NH;* group was hydrogen bonded to the lone pairs of the siloxane oxygen in POSS
and the O~ of the hydrate POSS was hydrogen bonded to one of the CH, groups
in 2-aminoethanethiol (Scheme 11). The unique system can be used for biomedical
applications such as biosensing, detection of cancer cells and drug delivery.

An amphiphilic star-shaped hybrid copolymer constructed of POSS core and
poly(e-caprolactone) arms terminated with B-cyclodextrin moieties assembled into
hybrid micelles with hydrophobic POSS—PCL chain encapsulating Fe;O4 nanopar-
ticles [186]. Good adsorption capacity of the hybrid micelles was shown in removal
of bisphenol A from aqueous solutions due to the host—guest interactions with
B-CD. The clusters were separated by an external magnetic field, which can be
exploited for environmental protection. Tg[CH,CH,CH,NHCH,CH,CH,Si(OEt);3]g
was anchored on the surface of Fe;O4 nanomagnetics [187]. The resulting hybrid
was employed as a magnetic nanocatalyst for high-yield synthesis of pyrans.

4.4.2 Stabilizing Templates for Quantum Dots

Colloidal quantum dots (QDs) are nanometric semiconductor particles of specific
optical and electronic properties which can change as a function of both size and
shape [188]. Because of their high photochemical stability, tuneable bandgap, high
molar extinction coefficients, multiple exciton generation and strong light absorption,
QDs are of wide interest and applicative potential for the preparation of transistors,
LEDs, lasers, solar cells, quantum computing, bioimaging or inkjet printed semicon-
ductors. The ability to control the structure of QDs is critical for the understanding
of their collective properties and for the development of new materials and devices.
Unfortunately, the undesired surface trap defects on QDs, induced by the dangling
bonds of unsaturated atoms, are almost inevitable. They can cause low electron injec-
tion efficiency and high charge recombination in both the interior of QDs and at the
interface with electrolyte. It limits severely the application of QDs in photovoltaics.
Therefore, it is highly desirable to passivate surface defects on QDs. The trapping
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Fig. 10 Magnetic nanoparticles stabilized with (SiO4 /2)8_NMe4+: a passive ligand exchange of
the surface monolayer resulting in water-soluble nanoparticles; b TEM images of the primary
magnetic nanoparticles (in hexanes) and the modified with POSS (in water). The insets show the
transfer of particles from non-polar to polar solvent after the exchange (scale bar =20 nm). Reprinted

with permission from [184]. Copyright 2018 American Chemical Society

states can be efficiently suppressed by coating core QDs with small molecular lig-
ands. POSS can also serve for the purpose as high-performance surface modification
agents that can play an important role in the spatial stability. The bulky inorganic
cage-like core of POSS makes them ideal steric stabilizers. It results in the forma-
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Scheme 11 Structure of a ~1.3 nm
pseudo-ring made of AL
hydrogen bonds between 7 Y
PbSe NQDs with grafted ’

2-aminoethanethiol and
y-Fe, O3 NPs stabilized with
POSS. Reprinted with
permission from [185].
Copyright 2018 American
Chemical Society

Bonding

tion of an inorganic shell around the core QDs (core/shell structure). POSS can also
provide QDs with useful functionalities.

The presence of Tg(i-Bu);(CH,CH,CH,SH) on the surface of CdSe QDs
improved the photoelectric current, reduced the surface defects and increased the sys-
tem stability [189]. The modified wurtzite phase QDs of variable sizes capped with
POSS (Fig. 11) had desirable light-emission characteristics including photolumines-
cence quantum efficiencies and fluorescence lifetimes. They were used as efficient
photosensitizers for TiO, nanotube (TNT) electron acceptor arrays. The silsesquiox-
ane shell allows for the access of small electrolyte ions and electron transport from the
surface of QDs. The Tg(i-Bu);(CH,CH,CH,SH)/CdSe QDs/TNT system exhibited
better performance than the conventionally stabilized QDs. The prospective appli-
cations of such materials include memory devices, solar cells and semiconductor
chalcogenide aerogels. It was also shown that simultaneous use of SH-POSS along-
side two other ligands (mercaptosuccinic acid and D-cysteine) favourably reduced
the cytotoxicity of CdTe QDs [190].

Well-defined aggregates of QDs with chemical cross-linkers offer desirable collec-
tive properties that cannot be found in the individual constituents. The effect depends
on the size and nature of the components, the interparticle spacing and their hier-
archical organization. Non-covalent assembly is a critical strategy to regulate both
spacing and structure. Spherical nanohybrids made of Tg(CH,CH,CH,NH3*Cl™)g
and Mn-doped ZnS QDs capped with 3-mercaptopropionic acid, spontaneously self-
assembled in aqueous solutions and were used for quantitative detection of DNA
[191]. It was shown that negatively charged phosphate groups in DNA double helix
competed with negatively charged QDs in the formation of stable complexes with
Tg(CH,CH,CH,NH;*Cl™)s. Molecules of Tg(CH,CH,CH,NH;*Cl " )g were also
used as capping agents to decrease surface defect density of CdTe QDs and to
increase their power conversion efficiency (PCE) [192]. The current density and
PCE of solar cells made of the POSS modified species was improved with respect to
their analogues with bare CdTe QDs.
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Fig. 11 a Chemical structure of Tg(i-Bu);(CH,CH,CH,SH) and b schematic drawing of a CdSe
QD capped with the POSS ligands; ¢ the photoluminescence colour change of the POSS-CdSe
QDs under a UV lamp during the growth; d HRTEM image of POSS-CdSe QDs. Adapted with
permission from [189]. Copyright 2018 American Chemical Society

Carbon quantum dots (CDs) are nanosize carbon particles (<10 nm in size) of
strong and tuneable fluorescence emission properties [193]. They can be used in
biomedicine, optoelectronics, catalysis and sensing. The surface of CDs, charac-
teristically covered with reactive COOH or OH groups, can be chemically modified
and passivated with various organic, polymeric, inorganic or biological materials. By
surface passivation, the fluorescence properties as well as physical properties of CDs
(including dispersibility in various solvents) can be adjusted. CDs were functional-
ized with Tg(i-Bu)7(CH,CH,CH,NH>) to make them superhydrophobic and enhance
their photoluminescence and thermal stability [194]. The obtained nanohybrids can
be applied as composite fillers, fluorescent liquid marbles and solid-state fluorescent
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Fig. 12 a UV-Vis spectra and b fluorescence spectra for the bare CDs and POSS functionalized
carbon dots (Cds/POSS) [the inset picture of bare CDs and CDs/POSS under visible (a/c) and UV
(b/d) light]. Reprinted with permission from [195]. Copyright 2018 American Chemical Society

sensors. Tg(CH,CH,CH,NH;3*Cl7)g was used as a passivation agent for CDs via
formation of amide bonds with carboxylic groups on the surface of CDs [195]. The
obtained CDs/POSS were dispersed in aqueous media. In addition to the character-
istic features of carbon dots, they exhibited photoluminescence with quantum yield
of 24% (Fig. 12), resistance to photobleaching and excellent photoluminescence sta-
bility in the presence of biological samples. Both the photoluminescent emission
wavelength and the fluorescence intensity depend closely on the size of CDs. The
hybrid CDs/POSS can be used for multicolour imaging in biological systems, as
it was demonstrated with HeLa cells and MCF-7 cells. Water-soluble molecules of
(SiO4 /2)8_NMe4+ were applied as a solid matrix for embedding water-soluble N,S-
co-doped carbon dots [196]. Highly efficient solid-state luminophores with strong
deep blue emission and a very high photoluminescence quantum yield (60%) were
obtained.

4.4.3 Sacrifice Templates for Microporous Carbon Supercapacitors

Nanostructured carbon materials, such as graphene, graphene oxide, carbon nan-
otubes and fullerenes, have been considered promising candidates for a wide range of
applications including organic electronics, supercapacitors, semiconductor devices
and energy-storage materials [197]. Carbonization of organic precursors in the pres-
ence of various templates allows for the replication of the latter in the structure of the
final product [198]. The characteristics of templated mesoporous carbons depend
both on the employed carbon precursors and the template. The pore size and its
distribution are of major importance in determining the performance of porous car-
bons used as electrode materials of supercapacitors. The maximum electrochemical
double-layer (EDL) capacitance is delivered by microporous carbons of monodis-
perse pore size that matches the size of the desolvated/bare electrolyte ions. The
presence of hierarchically interconnected pores or combination of interconnected
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micro-/mesopores is an important parameter that can improve the electrochemical
efficiency of carbon materials.

The physical and chemical functionalization of the carbon nanomaterials with
POSS towards the development of novel hybrid nanostructures was very effective.
POSS building blocks can be applied simultaneously as a carbon source and as
sacrifice templates for generation of microporous carbons of hierarchical structure.
Chemically cross-linked SixOy cage clusters embedded in N-doped carbon were
prepared by thermal treatment of Tg(CH,CH,CH,NH3*Cl17)g in an inert environ-
ment [199]. Nanoscale Si-rich clusters distributed in a lighter matrix of N-doped
carbon were formed at 1173 K due to chemical cross-linking and carbonization of
the side chains of POSS. The material exhibited stable and high cycling, as well as
rate capacity when used as a lithium-ion battery anode. The results can be ascribed
to the “island—sea” morphology for the “clusters-in-carbon” hybrid structure that
enhances interfacial interactions and facilitates charge conduction. Moreover, the
small size of clusters with less compact Si—O active sites allow for smooth and com-
plete lithium insertion/extraction. Such electrochemical properties are promising for
energy-storage devices.

Molecules of TgPhg were used for the preparation of well-defined microporous
carbon nanospheres [200-202]. The synthetic process included cross-linking of
organic components and induced phase separation. It was followed by carboniza-
tion and subsequent removal of monodispersed silica domains [200]. The obtained
porous material had large specific surface area, as well as excellent adsorption and
supercapacitance properties. Ultrasmall Si particles were embedded in carbon matrix
with this simple Si-carbon integration strategy. The downsizing of silicon parti-
cles in conductive carbon matrix of porous structure enhanced lithium-ion stor-
age performance of Si-based anode [201]. Friedel-Crafts cross-linking of TgPhg
shells resulted in the formation of continuous polymeric nanospheres with inorganic
nanosilica wrapped in. The cross-linked nanospheres were converted into porous
carbon matrix after high-temperature carbonization treatment and magnesiothermic
reduction. Silsesquioxane cages (1.0 nm) were reduced and transformed into ultra-
small Si particles (4-10 nm).

A covalent bond-induced surface-confined cross-linking of TgPhg was used to
construct 1D coaxial microporous carbon composites of the core made of carbon nan-
otubes (CNT) enveloped by microporous carbon shells (“CNT @micro-C on Fig. 13)
[202]. The POSS building blocks were attached to the surface of acylated CNT. A
cross-linked layer was formed with the thickness tailored from 6 to 20 nm. It was
transformed into a microporous coating after carbonization of TgPhg and etching
of the inorganic cages (BET surface area of about 570-1300 m?/g). The obtained
CNT @micro-C combined the structural advantages of CNT and microporous car-
bon (large surface area, high electrical conductivity, fast ion transfer speed and short
ion transfer distance). CNT serves as electron motion pathway, and the 3D stacked
microporous tube accelerates ion transfer rate and shortens ion transfer distance.
As a consequence CNT@micro-C revealed superior supercapacitive performance
(capacitance retention up to 86%) and can be used as an electrode material.
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Fig. 13 Preparation and capacitive performance of 1D coaxial microporous carbon composite in the
process of surface-confined cross-linking of TgPhg on the surface of CNT. Adapted with permission
from [202]. Copyright 2018 American Chemical Society

Hierarchically porous carbon structures of high specific surface area
(>2000 m?/g), large pore volume and very good power performance were also
formed by self-assembling of Tg(C¢HsNH;)g in the presence of block copolymers
(Pluronic F127 and Pluronic F108) [203]. The block copolymer-assisted method
combined the molecular-scale templating effect of POSS and good compatibility
between aminophenyl groups and the block copolymers. Highly ordered mesopores
(~4 nm) were formed due to soft templating by Pluronics. Two-dimensional hexago-
nal (p6 m) or body-centred cubic (Im3 m) mesopore arrangement could be obtained
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by adjusting the composition of block copolymers. The presence of POSS template
resulted in uniform micropores of ~1 nm diameter in the walls between mesopores.
The mesopores facilitated fast transport of ions to fine micropores. Specific capac-
itance of the porous carbons after ~4 wt% nitrogen doping reached ~160 F/g in an
ionic liquid electrolyte and ~210 F/g in 1 M H,SOy aq.

4.5 POSS-Containing Hybrid Materials for Optoelectronics

POSS are suitable platforms for the preparation of high-performance materials of
unique optoelectronic properties. Incorporation of POSS into organic matrices is
of significant interest because of their distinct hybrid nanostructures, confined size
effect and physical properties [204, 205]. The inorganic core does not show any
significant optical properties and electronic conjugation. The small silica-like cage
acts as a nanoparticle filler, and the organic substituents increase their compatibil-
ity with organic compounds. The rigid silsesquioxane core not only reinforces the
mechanical properties of materials, but also acts as a isolating barrier because of its
low thermal conductivity and small dielectric constant. The so-called nanoporous
low-j materials of low electric constant are of high demand in microelectronics.
They can be prepared by introducing air-filled voids into the bulk. The presence of
closed nanopores, homogeneously distributed in the matrix, is required to preserve
the electric and mechanical properties. It was found that dielectric constant of poly-
imide nanocomposites with grafted methacrylate (MA) side chains containing POSS
can be tuned by varying the molar ratio of the grafted MA-POSS in the copolymer
[206, 207]. POSS molecules formed crystalline nanoaggregates that could act as
an isolating barrier. Materials of dielectric constants close to 2.2 were achieved if
PI-g-PMA-POSS contained 23.5 mol% MA-POSS.

The enhancement of the optoelectronic performance is important for the develop-
ment of organic light-emitting diodes (OLEDs), liquid crystal displays, AIE-based
sensors and biodevices or electrochromic devices. Excessive m—m stacking in many
organic luminescent materials causes a significant drop in their quantum yield in
the solid state. The undesirable behaviour can be suppressed by generation of 3D
structures with POSS scaffolds. The change of the crystal lattice leads to aggregation-
induced emission (AIE) effects [208]. Analogously, POSS can disrupt conjugated
polymer packing in electrochromic materials. It facilitates free ion movement and
creates more accessible sites for the redox reactions.

4.5.1 Luminescent Materials

Derivatives of pyrene (Py) show characteristic large Stokes shift, strong absorbance,
high quantum yield and good photochemical stability [209, 210]. The emission of
monomeric pyrenes can be found in the ultraviolet part of the electromagnetic spec-
trum (380 nm), while the excimer emissions are in the range of 450-500 nm. Those
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properties can be of advantage in light harvesting systems, especially if the energy
is transferred from pyrene excimers to spectrally suitable acceptors. An efficient
antenna system should have a very high molar extinction coefficient, excellent pho-
tostability and ability to transfer the energy. However, many hydrophobic organic
luminophores (especially planar polycyclic aromatics) are efficient light emitters
only when molecularly dissolved or dispersed in good solvents. In solid state, they
require the presence of separators that would simultaneously prevent the excessive
stacking and direct the luminophores in the solid state into their most perfect orga-
nization. Pyrene derivatives, due to their high quantum yield and strong affinity with
various analytes, are widely used as fluorescent probes to study dynamics and con-
formational changes of polymers and biomacromolecules [211]. However, it is hard
to prepare thin fluorescent Py films that would exhibit strong excimer emission in the
solid state. In spite of pure excimer fluorescence of pyrene crystals, the spin-coated
thin films of pyrene and its derivatives frequently exhibit weak or no excimer emis-
sions due to the random packing of pyrene rings as a result of rapid evaporation of
solvent during the coating process. Moreover, if the films are to be used as sensors,
then Py rings should not be aggregated too tightly in order to allow for diffusion
of analytes. The use of POSS substituted pyrenes can be a good solution to both
problems. Simulation of electronic structures of TgPhg indicated that the highest
occupied molecular orbitals (HOMOs) as well as the lowest unoccupied molecular
orbitals (LUMOs) were localized on phenyl side groups [212]. It means that star-
shaped organic luminescent dyes grafted on 3D POSS molecules can be less prone to
self-quenching and have improved quantum efficiencies in photoluminescence and
electroluminescence.

Indeed, the results obtained with several POSS-Py systems show the desired
effect. For example, a supramolecular star-like, blue-light electroluminescent mate-
rial with 4-uracilbutyl-1-methylpyrene units linked to the silsesquioxane core via a
triple hydrogen-bonding array (U-Py/ODAP-POSS) exhibits strong and stable fluo-
rescence emission and high quantum efficiency even at high temperatures (423 K)
[213]. Good solution processing of U-Py/ODAP-POSS allowed for the preparation of
an electroluminescence device of higher maximum brightness and higher luminance
efficiency than those of the parent pyrene derivative. An organic—inorganic light-
emitting material based on POSS grafted with dipyronecarbazol moieties (POS-
S-DPCz) is an effective chromophore with substantially improved fluorescence-
colour purity and quantum yield compared to control DPCz without incorporated
POSS [214]. The introduction of POSS within the chromophore matrix promoted
the formation of 3D hierarchical nanostructures. POSS-DPCz exhibited excellent
optoelectronic properties and high thermal stability, solution processability, good
film-forming ability and efficient control of POSS dispersion. Photoluminescence
and electrochemical analyses indicated, both in solution and in the thin films, that
POSS cages effectively suppressed aggregation and enhanced the colour stability of
DPCz. Spin-coated thin films of ester of 1-pyrenebutyric acid and Tg(i-Bu); bear-
ing a single 1-(2,3-propanediol)propoxy chain (PBPOSS) exhibited strong excimer
emissions at 475 nm when excited at 350 nm [215]. Spectroscopic studies indicated
that the crystallization of silsesquioxane moieties in the films induced the formation
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of pyrenyl excimers. A very fast fluorescence quenching was observed upon expo-
sure to the vapours of nitroaromatic compounds. An eight triphenylamino-pyrenyl
substituted POSS was designed as a highly sensitive and efficient sensing material of
3D symmetrical spatial conformation, high area-to-volume ratio, high molar extinc-
tion coefficient, multiple exciton transfer path and energy level suitable to detection
of nitrate ester explosives [216].

Hybrid pyrene—silsesquioxane molecules with two pyrene rings anchored to a sin-
gle inorganic core via flexible ether bonds (BPy-POSS of “butterfly-like” structure)
were designed in order to enrich the fraction of intrinsic intramolecular pyrene dimers
on the surface of ordered thin films made of Tg(i-Bu)7 [217]. Silsesquioxane moieties
act as crystalline templates through POSS—POSS recognition and direct assembling
of Py groups. The emission spectra of BPy-POSS in dichloromethane contained a
large share of intramolecular and intermolecular excimers. The result was attributed
to the easy rotation of two adjacent ether bonds and the 77 interactions of aromatic
rings that facilitate the formation of pyrenyl dimers or aggregates. The fluorescence
quenching was observed upon exposure to the vapours of nitrobenzene.

Interesting results were obtained with Tg(CH=CH-Py)g that exhibits enhanced
fluorescence emission from pyrene—pyrene excimers. It was used for the prepara-
tion of solution processable emitting materials for OLEDS [218]. It was also shown
that such hybrid systems can act as effective fluoride ion sensors in solutions with
a m—m* fluorescence enhancement or quenching, depending on the polarity of the
solvent used [219]. The fluorine anion was pulled into the confined space of the
silsesquioxane cage owing to electrostatic interactions with electron-deficient sili-
con atoms. The F~ ion occupies the central position within the cage, which resulted
in a slight compression of the silsesquioxane framework [220, 221]. Tg(CH=CH-
Py)g exhibited a significant fluorescence of pyrene—pyrene through space excimers
in DMSO, while 7—* fluorescence emission of monomeric pyrenes was dominant
in THFE. Fluoride encapsulation in high polarity solvents such as DMSO resulted
in increase in the distance between Py groups and diminished the pyrene—pyrene
fluorescence but enhanced 7 — * fluorescence emission. In THF, the POSS-F~ com-
plex exhibited a significant excimer emission. The 7—z* effect was quenched and
a colour change from light yellow to deep orange was observed as a result of the
postulated formation of a charge-transfer (CT) complex among the pyrenyl rings.

Perylene diimide (PDI) is structurally related to pyrene (Fig. 14). Derivatives
of PDI have attracted a significant attention as organic semiconductors due to
their chemical and photochemical stabilities, as well as high extinction coefficients.
The ordered supramolecular structures of perylene derivatives can be also applied
as organic electronic devices, such as light-emitting diodes, photovoltaic devices,
organic field effect transistors or electron transfer cascades. The self-assembling abil-
ities of PDI and formation of one-dimensional nanostructures due to w— interactions
enable efficient long-range charge migration and increase the electrical conductivity.
However, the extended -7 stacking can cause solution-processing problems as well
as a significant drop of fluorescence quantum yield in concentrated solutions and in
the solid state.
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Fig. 14 a Optical microscopy image of single-crystalline nanobelts of POSS—PDI-POSS hybrid;
b AFM image and a line-scan profile of the flat top of single-crystalline nanobelts and ¢ TEM
bright-field image of a single-crystal nanobelt; d molecular packing in the crystal lattice. Adapted
with permission from [223]. Copyright 2018 American Chemical Society

Sterically hindered substituents, such as POSS, grafted at imide positions or bay
regions of PDI can help to overcome these drawbacks and supress the undesirable
effects. Microwave condensation of Tg(i-Bu);(CH,CH,CH,NH;) with a range of
mono- and bis-anhydrides yielded the corresponding POSS imide derivatives includ-
ing bis-phthalic POSS imide, bis-naphthalic POSS imide and bis-perylene POSS
imide [222]. The latter displayed particularly strong fluorescence, with quantum
yield approaching unity, while the photoluminescence of naphthyl bis/monoimide
analogues was only very weak. The X-ray crystal structure of bis-perylene POSS
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imide indicated good separation of perylene moieties. PDIs with bulky POSS sub-
stituents exhibited a unique supramolecular structure with a discrete dimer packing
scheme, which can enhance fluorescence quantum yield in the solid state. Uniform
and ultralong crystalline nanobelts with dimensions of 0.2 mm x 1 pm x 50 nm were
self-assembled directly by slow evaporation of THF solutions containing symmetric
POSS-PDI-POSS hybrids with rigid 1,4-phenylene linkers between the perylene
moiety and side Tg(i-Bu); groups [223]. The steric hindrance of POSS makes it dif-
ficult to achieve a continuous stacking of PDIs. Instead, the molecules dimerized to
maximize the w— interactions and then packed as interdigitating building blocks.
Crystal structure consists of six dimers as one supramolecular motif in one triclinic
unit cell. It can account for anisotropic crystal growth and the nanobelts formation.
Similar phenomena were noted for POSS-PDI-POSS with Tg(i-Bu); covalently
attached to the PDI linker via flexible spacers [208]. The macromolecules formed
ultralong crystalline microbelts with a length of several hundred micrometres. In the
first step, the molecules formed dimeric structures (both in solution and in the solid
state) that become building blocks of a monoclinic crystal lattice. Quantum yields
of 100% (in solution) and 17.5% (in the solid state) were observed. The material
was applied as a high-performance colorimetric and ratiometric fluorescent probe
for rapid detection of fluoride anions.

However, the presence of bulky groups in PDI molecules does not inevitably
promote the improvement of fluorescence quantum yields in the solid state. The self-
aggregation behaviour of a series of symmetric PDI bisimide derivatives with bulky
Tg(i-Bu)7 groups at imide nitrogens and bearing also side groups at the bay positions
of the PDI spacer was studied [224]. The presence of POSS did not have large effects
on the spectroscopic properties of PDIs in solution but changed the packing structure
of the molecules and their emission in the solid state. It was found that fluorescence
quantum yield in the solid state was determined by the type of packing structure. Most
of the studied molecules were packed in a “face-to-face” mode, but with different
longitudinal displacement. “J”-type interactions between the neighbouring molecules
and improved quantum yields were observed if the longitudinal displacement was
large. Small positional shifts resulted in “H”-type interactions and poor quantum
yields.

Unsymmetrical hybrid PDI-POSS derivatives are well soluble in common organic
solvents and show typical absorption and emission features of the perylene diimide
fragment in solution, with a quantum efficiency close to unity [225]. The electronic
absorption spectra of both, spin-coated films and powders, indicated a reduced flu-
orophore aggregation and significant quantum yield efficiencies (QY up to 70%)
owing to the effect of POSS. Unsymmetrical POSS—PDI derivatives were also used
for the preparation of more elaborated macromolecules and sensing systems. An
amphiphilic fluorescent polymer of controlled molecular weight and low polydis-
persity, containing PDI and POSS, was synthesized by grafting perylene anhydride
with Tg(iBu)7(CH,CH,CH,;NH;) and 2-bromoisobutyryl bromide to produce an
ATRP macroinitiator for the radical polymerization of N-isopropylacrylamide [226].
Self-assembly of the resulting amphiphilic macromolecules was studied in aqueous
solutions. It was found that the hybrid nanoparticles exhibited attractive high red
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Scheme 12 Thermoresponsive micelles formed by self-assembled POSS—PDI-PNIPAM macro-
molecules. Reprinted with permission from [226]. Copyright 2018 American Chemical Society

fluorescence at 645 nm due to the incorporation of bulky POSS moieties. The fluo-
rescence intensity of the self-assembled hybrids could be tuned due to the presence
of thermoresponsive PNIPAM coronas (Scheme 12).

POSS were also applied as scaffolds for the preparation of other thermally stable
solid-state emissive materials [20]. POSS decorated with rigid linear 7 -conjugated
luminophores at each of eight vertices of silsesquioxane core formed intermolec-
ular excimers in dilute solutions. However, the intrinsic luminescent properties
of the monomer could be recovered if bulky alkyl chains were introduced to the
luminophores. Similar optical properties were observed in the solid state, regardless
the increase in steric hindrance. The preservation of electronic states and the lack
of non-specific intermolecular interactions in the condensed state were attributed to
the presence of rigid 3D inorganic scaffolds and the specific radial distribution of
luminophores around the silica cubes. It was also demonstrated that the POSS-based
hybrids exhibited bright blue emission beyond 473 K in the open air, which is interest-
ing for advanced electroluminescent devices, displays and sensors. Hard-sphere-like
aromatic polyamide dendrimers with POSS cores were synthesized up to the sixth
generation using the divergent approach [227]. The intrinsic viscosities of the den-
drimers reach the maxima at the fifth generation and have squashed sphere shapes
on mica substrates even for the sixth generation. The shells of high-generation den-
drimers are rigid owing to the restricted molecular motion of the crowded peripheral
units. More intensive fluorescence emission was observed on increasing the genera-
tion number of dendrimers terminated with trifluoroacetamide groups, which points
to the role of the constrained terminals in the enhancement of photoluminescence.

4.5.2 Liquid Crystals

Polyhedral silsesquioxane cores were also used for the preparation of disc-like or
rod-like species of true liquid crystalline (LC) properties. The packing mode and the
type of mesophase in such POSS-LC systems depends generally on side mesogens
tethered to the inorganic core and their propensity towards formation of mesomorphic
phases [228, 229]. However, despite the pseudo-spherical geometry of the core,
molecules of POSS bearing long rigid mesogens typically are of cylindrical or rod-
like shape and tend to form lamellar enantiotropic smectic A and smectic C phases
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Scheme 13 Distribution of side groups with respect to the inorganic core in lamellar enantiotropic
smectic A and smectic C phases formed by POSS grafted with long rigid mesogens [242]

on heating (Scheme 13) [230-233]. The clearing point of the smectic C to smectic
A transition and Tg were lowered in the case of dendritic species, compared to the
linear mesogens. The specific molecular topology can also play a very important role
in the formation of supramolecular LC self-assemblies [234-241].

POSS octasubstituted with 4’-undecyloxybiphenyl-4-yl-4-octyloxy-2-(pent-4-
en-1-yloxy)benzoate groups could form both nematic and hexagonal columnar
mesophases [243]. Biaxial domains (cybotactic clusters) made of tilted layers, with
spacing between layers determined by the length of the rigid part of the meso-
genic unit, were observed in each of them in a wide temperature range. Such hybrid
molecules can be used in organic optoelectronic devices or employed as sensitive
fluorescent probes for detection of metal cations, acids, gases or explosives.

Unfortunately symmetrical silsesquioxanes can easily aggregate in organic LC
media, which can result in undesired light scattering by macroscopic particles. Such
systems must consist of completely separated phases to be effective. Formation of
hierarchically ordered structures by hybrid heterofunctional TgR7R’ makes them
interesting candidates for the application in LC devices with vertical alignment (VA).
POSS increase thermal stability of such systems. The required phase separation was
obtained with Tg(i-Bu); monosubstituted with cyanobiphenyl group [244]. At high
temperatures, they form an induced smectic phase and closely packed layered struc-
tures on mixing with 4-cyano-4’-heptyloxybiphenyl [245]. The molecules dispersed



Self-assembly of POSS-Containing Materials 93

in a nematic LC medium gradually diffuse to form a perfectly separated VA layer
[244]. It was also found that LC hybrid materials of enhanced nonlinear optical char-
acteristics [246]. and physicochemical properties [247] can be obtained if POSS are
grafted with appropriate side groups that help their dispersion in LC media. Mixing
POSS functionalized with azobenzene mesogens with anematic LC matrix resulted in
functional hybrid nanocomposites exhibiting reversible dynamic holographic prop-
erties [246]. They were capable of rapid, light-induced changes of refractive index
due to conformational isomerization of azobenzene units.

Rigid polymers side-jacketed with mesogen groups and POSS can exhibit LC
properties due to competitive self-assembling and separation of organic and inorganic
phases [248, 249]. For example, rigid poly(terephthalates) with side-grafted POSS
can act as rod-like supramolecular mesogens at high temperatures and form hexago-
nal columnar nanophase (2D Colh) [249]. At low temperatures, the hexagonal order
is disrupted by crystallization of POSS. The separate self-assembling of organic and
inorganic parts results in the formation of an inclusion complex [coexisting columnar
nematic LC phase (Colh) and rhombohedral crystalline (KR) phase]. Interconvert-
ing LC phases [crystal (Cr) formed by POSS, coexisting Cr and hexagonal columnar
(Colh) phase, and pure Colh phase] were also thermally induced in mesogen-jacketed
poly(norbornenes) with side POSS groups [248]. Materials exhibiting chiral nematic
phases can be useful in LC displays and electro-optical switches. POSS have been
also used as cores for grafting various mesogens including simple molecules [250]
and polymeric liquid crystals [251].

Interesting hierarchical structures were obtained with POSS functionalized with
discotic side groups. Polyhedral silsesquioxanes bound to discotic triphenylene
(TPE) molecules can form unique hierarchical structures owing to the separation of
inorganic and organic phases and the tendency of both POSS and TPE to form well-
organized mesophases. A unique hierarchical structure was formed by molecules
of octafunctional Tg(TPE)g having peripheral alkyl chain arms of two lengths (Cs
and Cj,) (Scheme 14). It was ascribed to the incompatibility between POSS and the
hydrocarbon parts, favourable interactions among peripheral mesogens and decrease
in entropy due to deformation of the silsesquioxane core [252]. The molecular topol-
ogy was extremely important for the supramolecular self-assembly of the star-shaped
supermolecules. It was found that the morphology and thermal characteristics of LC
mesophases generated by such molecules depend on the length of spacers between
POSS and TPE. Species with Cs arms were amorphous, but those with C;, side
chains could self-assemble into hierarchical mesophases. It was a result of the bal-
ance between microphase segregation and competition between interactions among
peripheral mesogens and decreased entropy owing to the deformation of POSS core.
A column-within-column superhexagonal columnar phase was formed by species
with C, linkers between POSS and TPE. Molecules with Cg spacers have an alter-
nating POSS-TPE lamellar morphology with a rectangular columnar symmetry. An
oblique columnar phase with inverted columnar morphology with four TPE columns
arranged into a supercolumn within the POSS/alkyl chain matrix was found for the
most separated hybrids with Cjq linkers.
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Scheme 14 Chemical
structures of hybrid star
molecules of Tg(TPE)g and
schematic representation of
their supramolecular
self-assembly in the solid
state (2D unit cells drawn in
dotted lines). Adapted with
permission from [252].
Copyright 2018 American
Chemical Society
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Nanophase separation between crystalline lamellae of heterofunctional POSS
and liquid crystalline organic moieties was observed both for an asymmetric disc-
cube dyad derivative of 2-hydroxy-3,6,7,-10,11-pentakis-(pentyloxy)-triphenylene
and Tg(i-Bu); linked by a flexible C;; organic spacer (Scheme 15) and for 1:1 physical
blend of POSS and TPE (Fig. 15) [253]. Tg(i-Bu); groups were stacked into an ABCA
four-layer lamellar rhombohedral crystal (space group R-3m) characteristic to the
parent POSS. True columnar mesophases were not obtained. The silsesquioxane
assemblies were sandwiched between LC bilayers comprised of TPE molecules.
In the physical blend, POSS and TPE formed the outer layers with triphenylenes
interdigitating in the rhombohedral crystal structure. TPE molecules were oriented
parallel to the lamellar normal. The arrangement is similar to homeotropic nematic

discotic structures.
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O(CHz)sH

Scheme 15 Polyhedral silsesquioxane Tg(i-Bu)7 bound to the molecule of discotic triphenylene
[253]
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Fig. 15 Schematic representations of self-assembly at room temperature of a POSS-TPE (POSS
ABCA stacked into a four-layer lamellar crystal and TPE discs formed staggered bilayer) and b
1:1 physical blend of POSS and TPE (interdigitating); ¢ bright-field TEM micrographs of POSS-
TPE; d TEM micrograph of 1:1 blend of POSS-TPE:POSS. Adapted with permission from [253].
Copyright 2018 American Chemical Society
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Scheme 16 Tg(i-Bu); grafted with hexa-peri-hexabenzocoronene [257]

Tetraphenylethylene can also act as a sensitive fluorescent probe to monitor the
self-assembly of POSS molecules. Two nanohybrid dendrimers that were synthesized
by grafting tetraphenylethene units onto QsM(CH=CH,)s exhibited aggregation-
induced emission (AIE) and high fluorescence quantum efficiencies in both dilute
solutions and in the solid state [254]. They were also much more thermally stable than
the parent tetraphenylethylene compounds. The emissions of nanoaggregates could
be quenched by picric acid or Ru** ions, which suggests their possible use as highly
sensitive chemosensors for explosives and metal ions. Incorporation of Schiff bases
furnished the hybrid POSS nanoparticles with pH-responsiveness [255]. Rapid fluo-
rescence quenching was observed under acidic conditions. It was also observed that
Tg(i-Bu); monomodified with tetraphenylene groups exhibited monomer emission
in organic solvents as well as AIE emission in THF/water [256]. Samples prepared
separately from THF and THF/water had different hierarchical nanostructures. The
flexible spacers between the organic moieties and POSS controlled the lamellar self-
assembly and supressed the aggregation of luminophores.

POSS-based derivatives with the silica core grafted with hexa-peri-
hexabenzocoronene (HBC) moieties (Scheme 16) are closely related to the POSS-
TPE systems. It was found that POSS-HBC hybrids can form various complex
self-assembled nanostructures, depending on the POSS content and topology of the
molecule [257].

At ambient temperature, structures of low order were observed for molecules of a
single Tg(i-Bu); linked to HBC, and of long-range hierarchical structures for larger
species. The transition temperature increased with the POSS content. Species with
two POSS molecules formed a supramolecular structure with a monoclinic unit cell
coexisting with KR crystalline phase made of silsesquioxane moieties. HBC core
surrounded with six POSS exhibited two order-to-order transitions (Colh coexisting
with KR to Colh and Colh-to-BCC) but remained ordered within the experimen-
tal temperature range. It should be stressed that the complex BCC phase is quite
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unique for a system built of rigid nanoparticles. The effect of the linker on the self-
assembling properties of POSS-HBC dyads was investigated [258]. Hierarchically
ordered monodisperse structures were obtained with high molecular precision that
played an important role in self-assembling. Spacers that were too long or too short
could not balance the competition between POSS and HBC moieties, which made
them unable to form highly ordered structures at low temperatures. HBC-C3—-POSS
dyad with the most suitable spacer consisting of three methylene units generated
highly ordered orthorhombic structures. At high temperatures, 2D Colh structure was
governed by the length of the flexible spacer between POSS and side HBC groups.
All dyads (except the one with the longest spacer) produced hexagonal columnar 2D
Colh structures at high temperatures.

4.5.3 POSS-Based Ionic Liquids

Tonic liquids (ILs) are non-volatile salts with unique physicochemical characteristics
and melting temperature below 373 K. They have attracted considerable interest due
to high ionic conductivity, high polarity, negligible vapour pressure, high thermal
stability, non-flammability, high density, high heat capacity and wide electrochemical
stability window. Due to the ability to dissolve a wide range of organic and ionic
compounds, they can be also used as “green” solvents in conventional and catalytic
reactions and separation—purification processes.

Several reports have suggested that POSS-based IL can be used as no-leaking,
high-performance electrolytes [259-265]. The observed increased interest in applica-
tion of POSS as ILs can be attributed to their unique 3D structure that can strengthen
ion transportation abilities, high rigidity and thermostability, as well as the presence
of functional substituents on the silica cores. The highly symmetric structure of POSS
contributes to the suppression of the molecular mobility of ion salts and results in the
formation of regular structures, leading to thermally stable, thermotropic IL crystals.
It was shown that the temperature range in which hybrid POSS-ILs with various
alkyl chain lengths exist in LC phase is enlarged because of the stabilizing effect
of the inorganic core [260]. These well-ordered ionic moieties should be able to
work as efficient cation carriers and scaffolds for ordering cations, as well as exhibit
enhanced optical and magnetic properties. Thermally stable thermotropic IL crystals
can be also used in electronic devices. The LC phase of the POSS-tethered ion salts
was maintained until decomposition (no clearance point during heating).

The so-called room temperature ionic liquids were obtained with POSS [259,
261]. After tethering to the cubic core, the ion pairs are isolated and distributed in a
star shape, which increase the exclusion volume, disrupt the aggregation of ion pairs
and lead to decrease in T,. The products are transparent and colourless, and those
of high number of ionic pairs melt below 298 K. It can be attributed to the smaller
enthalpy and entropy of fusion of POSS-IL [262]. It was also shown that tethering
the ionic arms to the inorganic core led to the enhancement of hydrogen-bonding
capability, as indicated by respective chemical shifts in 'H NMR spectra.
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The structural features of POSS can contribute more than its rigidity to the
enhancement of thermal stabilities of POSS-based ILs. A large number of ion pairs
tethered to POSS is essential to increase the temperature of their decomposition,
but it is not the only factor that determines the thermostability. Comparative studies
on polyanionic POSS with imidazolium cations tethered to the silsesquioxane core
(POSS-Im) and the respective counterpart salts of single side chains revealed that
the respective values of decomposition temperature (74) for POSS derivatives with
6 and 8 ionic pairs were higher than those of single-arm species and the parent POSS
core. In contrast, POSS-Im2 and POSS-Im4 showed lower T4 (even than the single
chain ion pairs).

Studies on the behaviour of ionic POSS in solution explained the macroion—
counterion interactions [263]. Both positively and negatively charged POSS-IL with
identical charges and similar sizes self-assembled into blackberry-type supramolec-
ular structures in water/acetone mixtures. The phenomenon was found to be charge-
regulated and driven by the counterion-mediated attraction. The size of blackberry
structures increased upon increasing the acetone content. Negatively charged POSS
self-assembled in polar solvents and formed less ordered supramolecular structures
than the positively charged POSS. Those discrepancies were ascribed to different
counterions and ionic domains of positively and negatively charged macroions, ionic
strength in solution and the water-bridged hydrogen bonding between the monomers.

Tonic liquids of tuneable properties have found numerous applications in materials
science (e.g. electrolytes for actuators, lithium batteries and fuel cells). Replacing
liquid-state electrolytes with solid-state electrolytes can also improve the durabil-
ity of dye-sensitized solar cells (DSSCs). Amorphous ionic conductors in the elas-
tomeric state at the operating temperature of solar cells ensure good pore filling and
improve the photovoltaic performance due to increased interfacial contact between
the electrolyte and the TiO; film. Efficient amorphous ionic conductors for solid-state
DSSCs were prepared by linking Tgs(CH,CH,CH,Cl)g to imidazolium iodides with
propyl and allyl groups (7', respectively at 278 and 279 K) [264]. Binary solid-state
electrolytes were prepared by blending the ionic conductors and appropriate amount
of iodine without any other additives. Good power conversion efficiency (6.29%)
has been achieved with good long-term stability using an organic dye as the sen-
sitizer. Stronger intermolecular 7—7m stacking interactions between the allyl groups
and imidazolium rings are responsible for the higher conductivity and slower charge
recombination than those observed for the propyl counterpart.

Cross-linking and solution extraction of ionic POSS was used for fabrica-
tion of inorganic—organic hybrid ionogels and scaffolds with well-defined meso-
pores (Scheme 17) [265]. High-performance ionogels with superior performance as
lithium-ion batteries, excellent electrochemical stability and unique ion conduction
behaviour were fabricated through cross-linking of functional groups on silsesquiox-
ane cores and various cationic tertiary amines. The extraction of liquid components
left hybrid scaffolds with well-defined, interconnected porous structure and cova-
lently tethered ionic groups in local environment. The products were used as recy-
clable, heterogeneous catalysts for the CO;-catalysed cycloaddition of epoxides.
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Scheme 17 Cross-linking of ionic POSS for the preparation of hybrid mesoporous ionogels.
Adapted with permission from [265]. Copyright 2018 American Chemical Society

Three-dimensional hybrid species having POSS inorganic cores enveloped by
coronas made of grafted organic macromolecules can assemble in solution into large-
scale structures similar to multidendrimer aggregates with POSS-rich domains sur-
rounded by POSS-poor domains [266]. The flexible chains of polymers attached
to POSS tend to adjust their conformation in response to changes of the envi-
ronment. When dissolved, such systems become more compact and deformed on
increasing the concentration of the solution. POSS-poly(N-isopropylacrylamide)
(PNIPAm)—poly(2-hydroxyethyl methacrylate) (PHEMA) copolymers were found
to be dual-responsive to temperature and pH [267]. Similar pH-responsiveness was
noted for imidazole-terminated POSS-poly(amidoamine) dendrimers of first and sec-
ond generation [268]. The effect is structure dependent and the recorded pKa values
decreased for larger species owing to electrostatic repulsions between neighbour-
ing polar groups. Such hybrid systems can be used as functional smart materials
for, e.g. encapsulation and controlled release of various cargo molecules. Ordered
nanonetworks of ionic branched macromolecules, e.g. POSS-poly(amidoamine)
(PAMAM) dendrimers of first and second generation terminated with imidazolium
bromide residues [269], can be used as solid conductive materials. Formation of
well-organized domains combined with segmental mobility of side chains facilitates
charge transport in such hybrid polyelectrolytes. Existence of ionic domains for
charge transport was confirmed with WAXS for thin films of PAMAM-POSS-PFg
macromolecules of first and second generation [269].

Maximum ionic conductivity at 324 K was recorded for the POSS-core dendrimer
of lower generation and smaller concentration of lithium ions. The observed VFT-
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type behaviour indicated that segmental motions may contribute to long-range charge
transport.

Hybrid amphiphilic POSS-IL of low T, and good thermal stability were also
prepared from Tg(CH,CH,CH,SH)g and 1-allyl-3-methylimidazolium salts through
the photochemical thiol-ene reaction. They self-assembled into perfect vesicles with
“yolk—shell” structures, in which the anions formed the “shell” and POSS cages
aggregated to form the “yolk” [270]. Water-soluble ionic dendrimers were prepared
with Tg(CH=CH,)s via subsequent thiol-ene addition and Menschutkin reaction
[271]. The products can be modified via click chemistry and were also used for
host—guest encapsulation of dyes, exhibiting an ultrahigh loading capability due to
the regular structure and relatively big cavities.

4.6 Supramolecular Bioactive POSS Nanoassemblies

Molecular self-assembly plays an important role in biology and underlies the forma-
tion of a wide variety of natural biological structures with high level of precision and
complexity. Nanotechnology aspires to create artificial materials, with hierarchical
structures and tailored properties, exploiting principles that can be found in nature.
Polyhedral silsesquioxanes have found application in biomedicine, drug delivery
and diagnostics [272, 273]. Moreover, a broad range of bioinspired POSS-based
hybrid systems was developed, including molecular recognition techniques based on
peptides and DNA. POSS-based cargo peptide delivery system can be used for drug
targeting and labelling in human cells [274]. Organic—inorganic hybrids, able to inter-
act with poly(amino acids) via hydrogen bonds and exhibit smart pH-responsive and
thermoresponsive properties, were made of water-soluble silsesquioxane nanoparti-
cles with side tertiary amine moieties [275, 276]. It was also suggested that struc-
tures formed by POSS—polypeptide and POSS—-DNA hybrids can be used in organic
microelectronics (integrated circuit materials) [277, 278].

4.6.1 Polypeptides

Polypeptides are short chain macromolecules built of several amino acid monomers
linked by amide bonds. They are closely related to proteins and can form hierarchi-
cally ordered structures (a-helices and p-sheets) stabilized by intra and intermolec-
ular hydrogen bonds both in the solid state and in solutions [279]. The importance
of peptides as self-assembling building blocks for the construction of nanobiomate-
rials is well known [280-282]. They offer a great diversity of biochemical proper-
ties (specificity, intrinsic bioactivity, biodegradability) and physical features (small
size, conformation) and can be used as excellent structural units for the bottom-up
fabrication of complex nanobiomaterials. Synthesis of poly(peptide-b-non-peptide)
(rod/coil) block copolymers containing well-defined and rigid polypeptide segments
has received a considerable attention due to their unique self-assembly behaviour and
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well-designed 3D architectures that can mimic biological activity of more complex
proteins.

POSS can be used for the preparation of block polypeptides of various molecular
architectures (linear block, side grafted or of star shape). The hybrid silsesquioxane
moieties attached to polypeptides can prevent uncontrolled aggregation of peptide
nanoribbons and enhance a-helical conformation of the biomolecules in the solid
state [273, 283, 284]. The hierarchical self-assembly via intramolecular hydrogen
bonding between siloxane bonds and polypeptides or m—m interactions can play a
significant role in the process. POSS—polypeptide copolymers exhibit a significant
stability of a-helical conformation and superior thermal properties.

Various nanostructures featuring aggregated POSS and polypeptides in a-helical
or P-sheet conformations can be obtained on adjusting the structure of macro-
molecules. Linear chains of poly(y-propargyl-L-glutamate)-g-POSS copolymers
(PPLG-g-POSS) were packed in the solid state as hexagonal cylinders featuring
a-helical conformations and POSS aggregates [285]. Their block analogues with
y-benzyl-L-glutamate segments (PBLG-b-POSS) tend to form bilayer-like nanos-
tructures (Fig. 16) [286, 287]. Incorporation of cube silsesquioxanes at the core of
well-defined star PBLG-b-POSS copolymers also enhanced formation of a-helical
structures [283]. The star-shaped macromolecules exhibited larger conformational
stability than linear PBLG, which resulted in the change of liquid crystal ordering
and alignment of PBLG chains in the solid state.

Hierarchical self-assembly of the organic—inorganic hybrid triblock copolymers
polystyrene-b-poly(y-propargyl-L-glutamate-g-POSS) [PS-b-(PPLG-g-POSS)] also
resulted in the formation of cylindrical structures due to microphase separation in
the diblock part of copolymers [277]. Grafting of POSS units onto side chains of
PPLG enhanced the a-helical conformation in the solid state, induced hexagonal
lattice packing and increased the thermal stability of a-helical secondary structures
of polypeptide segments. Combination of PBLG segments with amyloidogenic short
peptide (LVF) tethered to Tg(i-Bu); yielded a wide variety of hierarchical nanostruc-
tures [288]. Owing to w—m aromatic interactions between side chain phenyl groups
in PBLG, the hybrid conjugate formed 2D hexagonal cylinders comprised of 18/5
a-helices. Removal of the side chain benzyl groups from the conjugate produced
a pH-sensitive amphiphilic anionic homopolymers. The conjugate assembled into
various spherical to square-shaped morphologies in aqueous media, depending on
the ratio of hydrophobic/hydrophilic segments as well as the content of POSS.

4.6.2 DNA Complexes

Negatively charged double-stranded DNA is a unique biomacromolecule of helical
conformation and long persistent length, capable of genetic information storage. It
can be also used in catalysis, bioinformatics and for gene transfection. Efficient trans-
fer to the cell and into the cell nuclei is the main challenge for transfection agents
in gene therapy, in particular for plasmid DNA (pDNA) delivery. Understanding the
structure—function relationship of cationic lipid-based gene transfection and mor-
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Fig. 16 a Intramolecular hydrogen-bonding interaction in POSS-b-PBLG copolymer, b schematic
presentation of the nanoribbon formed in the network structure of the toluene gel of POSS-b-PBLG
and its ¢ SAXS and WAXS (inset) profiles. Adapted with permission from [287]. Copyright 2018
American Chemical Society

phology of the formed mesophase is crucial for the preparation of efficient carriers.
The equilibrium morphology of lipoplexes is determined by the free energy balance
among surface charge density, spontaneous curvature of the lipids and elastic prop-
erties of the lipid bilayers. Thermodynamically, the complexation is driven by the
electrostatic interaction between negatively charged DNA and positively charged
cationic lipids and the release of small-molecule counterions. Moreover, the trans-
fection mechanism based on the polyplex interaction with the cellular membrane
depends on the polymer architecture. Various cationic polymers show promising
features as transfection vesicles that are able to enter cells by endocytosis and can
be dissociated to release DNA for gene expression [289]. The polyplex dissocia-
tion is governed by the polymer chemistry and biodegradability. Several important
reports have been published on superior gene transfection abilities of POSS—DNA
polyplexes [290-292]. They can be also used as carriers of drugs into malfunctioning
cells [293].
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(1011)
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Fig. 17 Bright-field TEM micrographs of the DNA—-imidazolium POSS complex having a the
inverted hexagonal and b the lamellar phases; ¢ representation of the DNA inverted hexagonal
phase (red cylinders) and POSS crystal orientations (top bars) and d parallel and hexagonally
aligned DNA cylinders and ABCA four-layer POSS lamellar crystals in the interstitials. Adopted
with permission from [294]. Copyright 2018 American Chemical Society

POSS-based imidazolium salt was used as a cubic cationic lipid complexed with
double-stranded DNA, and the mesophase self-assembly behaviour of the hybrid
was studied [278]. Formation of an inverted hexagonal columnar (Hﬁ) phase for
the DNA-POSS-imidazolium salt complex above the melting point of POSS crys-
tals was observed. The effect is a consequence of the induced negative spontaneous
curvature of species made of bulky hydrophobic POSS tails and hydrophilic imida-
zolium head. Various self-assembled phase morphologies were obtained depending
on the competition between the lamellar crystallization and the negative spontaneous
curvature of cationic POSS-imidazolium lipids [294]. A lamellar phase was gener-
ated when the crystallization was relatively slow (e.g. isothermal crystallization at
403 K predominated by crystallization of POSS molecules), but if it was rapid (e.g.
sample quenched to 273 K), then an inverted hexagonal phase was obtained with
POSS lamellar crystals grown in the interstitials of DNA cylinders. In the latter
case, the lipid negative curvature predominated the self-assembly process (Fig. 17).
The double-stranded DNA retained the B-form helical conformation in the inverted
hexagonal phase, whereas in the lamellar phase the helical conformation was largely
destroyed, possibly due to the ionic complexation of POSS crystals at both sides of
the DNA double strand.
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POSS can be used for preparation of biosensors due to the formation of specific
supramolecular assemblies. Cationic POSS were successfully applied as very sen-
sitive probes for the detection of DNA by resonance light scattering [295]. It was
shown that the electrostatic interactions of cationic POSS and DNA enhance the RLS
signal.

Nucleoside triphosphates play crucial roles in a wide variety of biological events
such as nucleic acid synthesis (building blocks for DNA and RNA), signal transduc-
tion, metabolism and enzymatic reactions. Precise POSS-based recognition system
for triphosphates can be used for the construction of biosensors and biotechnological
tools for monitoring biorelated reactions. Selective molecular recognition for nucle-
oside triphosphates, adenosine triphosphate (ATP), uridine triphosphate (UTP) and
cytidine triphosphate (CTP), was observed inside the ligand-modified water-soluble
hybrid gels composed of POSS [296]. It was found that the ligands inside the gels
could form a stable complex only with the target nucleoside triphosphate that was
able to participate in the complementary pattern of hydrogen bonds. A similar pro-
cedure with the affinity enhancement and the precise recognition of the hydrogen
bond patterns was applied for the selective encapsulation of guanosine triphosphate
(GTP) into POSS-based water-soluble polymers via the complex formation with the
naphthyridine derivatives.

4.7 Self-assembly of POSS at the Interface

The investigation of silsesquioxane molecules contained at interfaces can be crit-
ical for the advancement in materials science and development of surface-based
technologies. The results obtained in solution are not always useful for practical
applications that often require immobilization of functional molecules at surfaces or
interfaces (fabrication of sensors or functionalization of high-surface area materi-
als). Solid and liquid surfaces are fundamentally different in many aspects including
energy state, motional freedoms and adsorption of molecules. Consequently, they
allow for the investigation of different properties of molecules. The lower dynamic-
ity of the solid surface is advantageous for high-resolution observations. Motions of
molecules on solid surfaces are often restricted. On the other hand, liquid surfaces
(such as the air—water interface) are flexible and dynamic, with rapid diffusion of
molecular components leading to mixing and rearrangements. The dynamic nature of
liquid interfaces enables flexible control of nanostructures and molecular functions.

The surface behaviour of functionalized POSS is interesting from the point of
view of the interfacial assembly process. It is also of importance regarding ultrathin
film technologies and fast and sensitive signal transmission over short-time intervals.
Very little is known about the morphologies that develop within 2D monolayers of
POSS molecules. The comparative discussion of the properties of POSS positioned
at solid or liquid surfaces included in the following sections.
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4.7.1 Langmuir-Blodgett Films

General tendency of POSS for aggregation can be an obstacle for the preparation of
well-organized thin films using typical methods such as spin coating. Deposition of
POSS-based coatings as a result of specific interactions with the substrates [161, 170,
297] or by layer-by-layer deposition [298] is an exception. Langmuir—Blodgett (LB)
technique can be at least a partial solution to the problem. The method exploits the
phenomenon of particle self-assembly upon compression at the air—water interface
and is a unique tool for inducing highly ordered layered structures with well-defined,
molecular-level precision [299]. Molecules in such thin films are ordered in a quasi-
smectic way. LB technique made a significant contribution to physical chemistry,
nanotechnology and surface science. The general observations concerning Lang-
muir films can be applied to other coating technologies. Thin-film formation at the
air—water interface by silicon containing polymeric materials is well known [300].
Polyhedral silsesquioxanes is another class of surface-active materials that can be
used alone for the preparation of LB films or embedded as nanofillers in polysilox-
ane monolayers [300]. The rigid structure of POSS derivatives results in a more
traditional Langmuir film behaviour.

Symmetrical TgRg with short hydrophobic alkyl chains [e.g. Tg(i-Bu)g] do not
form thin films at the air—water interface, despite their ability for crystallization
due to interactions between side groups. Such POSS can be assembled into uni-
form Langmuir—Blodgett or Langmuir—Schaefer films only after cleaving one of
siloxane bonds, which transform the molecules into amphiphilic species [301-304].
The open-cage T;(i-Bu);OHj3 is amphiphilic and formed Langmuir films, whereas
its closed-cage analogue—Tg(i-Bu)s—formed only heterogeneous films at all sur-
face concentrations. It was also shown that in contrast to trisilanolisobutyl-POSS,
trisilanolcyclohexyl-POSS formed intricate structures in the collapse state, including
rod-like domains at very high I7. These phenomena were attributed to dimerization
of trisilanol POSS. It was also shown that molecules of amphiphilic open-cage T (i-
Bu);0Hj; form a 2D rugged monolayers on the surface of water, which undergo a
counter-intuitive reversible crystallization [305]. The in-plane interparticle correla-
tion peaks, characteristic of a 2D system, were replaced during the transition by
intense localized spots. The finding was explained with a model that assumed crys-
talline periodic stacking of the T;(i-Bu);0OH3 dimers, relaxing upon decompression
to retain the initial monolayer state.

Amphiphilic POSS can be also obtained by modification of the open-cage trisi-
lanol POSS precursors. The effect of the kind of functional groups (polyether and
fluoroalkyl) bound to two different open-cage POSS molecules not bearing silanol
groups was studied regarding the formation of Langmuir monolayers [306]. Both
derivatives were able to form insoluble Langmuir films at the air—water interface.
They could be transferred onto quartz plates and changed wetting properties of the
substrates. It was shown that structure and properties of the prepared monolayers
(i.e. packing density, orientation of the molecules, stability, electric surface poten-
tial) depended on the chemical structure of the side groups grafted onto POSS core.
The behaviour of TgRg at the interface can change on increase in the length of side
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Scheme 18 Arrangement of Tg(i-Bu)7R’ at the air-water interface. Reprinted with permission
from [308]. Copyright 2018 American Chemical Society

chains. All fluorocarbon POSS admixed with silica nanoparticles were able to form a
hydrophobic LB film (condensed and rigid due to the incorporation of silica) [307]. It
was observed that fluorinated POSS dispersed silica nanoparticles and prevented their
aggregation. It was also found that the character of only one out of eight functional
groups can have a great influence on the behaviour of POSS at the air—water interface.
The Langmuir-Blodgett technique was applied for Tg(i-Bu);R’ with hydrophilic het-
erorganic functional group R’ (Scheme 18) [308]. Bifunctional amphiphilic POSS
formed more easily well-organized films at the air—water interface.

However, it is not always the case and T(i-Bu);(CH,CH,CH,SH) could
form only 2D aggregates and multilayer films [308]. Analogously, amphiphilic
POSS bearing two hetero-organic groups: T(i-Oct)s(CH,CH,CH,SH), and T(i-
Oct)4[CH,CH;,(CF,)¢CF3],(CH,CH,CH,SH), aggregated at the air—water interface
[309]. Quite surprisingly, symmetric TgRg with side groups containing heteroatoms
easily formed Langmuir-Blodgett films. For example, a permeable but highly
stable and reproducible Langmuir layer was obtained with Tg(CH,CH,CH,SH)g
[309]. The film could be transferred to a range of solid supports. Octakis[{2-
(3,4-epoxycyclohexyl)ethyl }-dimethylsilyloxy]-octasilsesquioxanes of Qg MRg type
were assembled into a homogeneous monolayer that underwent a stepwise collapse
with time [310]. It was found that the monolayer behaviour is totally different from
that of typical amphiphiles. The IT—A isotherm and equilibrium elasticity suggested
formation of a liquid expanded monolayer. After the collapse, films of multilayer
morphology were formed. Stepwise transitions from flake-like domains, then star-
like structures, and finally aggregation into aring network were observed. The formed
unusual multilayer morphology is a consequence of side group reorganization, fol-
lowed by a progressive decrease in the distance between the inorganic cores.

The importance of the balance between hydrophilic and hydrophobic parts for
the stability of a Langmuir film was shown for two series of organic-functionalized
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core—shell silsesquioxane derivatives (POSS-M)p-(x/y) with various compositions of
hydrophobic and hydrophilic terminal groups. The studies were carried out in the bulk
state and within mono- and multilayered Langmuir films at the air—water interface as
well as on solid surfaces [311]. A mixture of silsesquioxanes (POSS-M) composed
of polyhedra, incompletely condensed POSS species, ladder-type structures, linear
structures, and all other possible combinations, was used. The two series of (POSS-
M),.x/yy molecules were different in the hydrophobic-hydrophilic balance of their
peripheral groups (x and y referring to the molar per cent of -OCONH—-C;gH35 tails
and —OH for (POSS-M);_(y) and the ratio of -OCONH-C3H3; tails and ~OCO-
CsH4COOH terminal groups for (POSS-M);_(yy). The unit cell dimensions of the
crystalline phase suggested the molecular packing with interdigitated peripheral tails
of POSS cores. However, in the bulk state the presence of aromatic rings in (POSS-
M),_(xy) series resulted in the crystal structure of lower symmetry than that of the
(POSS-M)/.(xy). The molecules that contained a sufficient amount of -OCONH-
C,gHj37 tails exhibited double endothermic transition that was attributed to inde-
pendent melting of alkyl chains, followed by the disassembly of the unit cells of
(POSS-M) cores. The surface morphologies for the various hydrophobic-hydrophilic
combinations at low surface pressure (0.5 mN/m) were found to be similar to those
observed for the classical amphiphilic star polymers. However, at higher surface
pressure (5 mN/m), a uniform monolayer was formed for POSS-M compounds with
lower content of hydrophilic groups. The variation of terminal group composition led
to diverse morphologies that ranged from one-dimensional and curved domains for
low hydrophobic content to planar aggregates with increasing amount of hydrophobic
alkyl chains. The surface morphologies resembled the two-phase solid-liquid state,
typically observed for alkyl-containing hyperbranched systems. All hydrophilic-hy-
drophobic (POSS-M),_(.,) aggregated into uniform monolayer films at high sur-
face pressure. The formation of multilayered structures was observed for (POSS-
M), _s0/50) with equal content of hydrophilic and hydrophobic groups (Fig. 18). The
absence of hydrophobic segments in a fully hydroxylated (POSS-M);_(o100) com-
promised the ability to form a stable monolayer.

POSS have been also used as components of more elaborated systems aggre-
gated at the air—water interface. Binary mixtures of cholesterol and octakis[{2-
(3,4-epoxycyclohexyl) etyl }dimethylsilyloxy]octasilsesquioxane (OE-POSS) were
compressed into Langmuir films [312]. The presence of two collapse points on the
obtained isotherms was their most characteristic feature. The first point occured at
similar surface pressures for all compositions, and it was attributed to the collapse of
less-stable OE-POSS. The second one corresponded to the collapse of the cholesterol
part. True mixed and homogenous films were not obtained, but phase separation and
formation of microdomains of each component in the matrix of the other one was
observed due to the differences in the molecular structure. Squeezing out less-stable
OE-POSS molecules co-spread with cholesterol from the monolayer was noted after
exceeding the collapse surface pressure of pure silsesquioxane. The system can be
regarded as a simplified biomembrane model. The lack of the interactions between
OE-POSS and biomembrane components represented by cholesterol suggests that
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Fig. 18 a Multilayered LB film composed of amphiphilic silsesquioxane cores with alternating
hydrophilic and hydrophobic peripheral groups; b (POSS-M).(50/50) and ¢ (POSS-M)»_(50/50) With
the alkyl chains stretched vertically, away from the hydrophilic surface; d AFM images of LB
multilayers deposited at surface pressure of 10 mN/m; e plot of effective thickness vs number of
layers for LB films of (POSS-M);.¢s0/50) and (POSS-M),.(50/50). Adapted with permission from
[311]. Copyright 2018 American Chemical Society

such membranes would fluidize in the presence of functionalized POSS, which can
be important for biomedical applications.

Aggregation behaviour of three star-shaped fluoropolymers containing POSS
cores and grafted with side chains [POSS-(PMMA-b-PTFEMA )g, POSS-(PTFEMA-
b-PMMA )g and POSS-(PTFEMA-b-PMPEGMA )] was investigated at the air—water
interface [313]. It was found that the surface pressure—mean molecular area isotherms
exhibited four different regions. A pseudo-plateau corresponding to a “pancake-to-
brush” transition was observed. The process of the relaxation of the monolayer was
found to be related to the fast adsorption—desorption exchange of molecules and
polymer segments on the surface and slow reconformation of the adsorbed macro-
molecules inside the adsorption layer. A variety of morphologies were observed
for the LB films prepared at the air—water interface at different surface pressures,
depending on the structure of the star-shaped copolymers.



Self-assembly of POSS-Containing Materials 109
4.7.2 Exfoliation of Silicate Clays

The well-defined structural features and tailor-made physicochemical properties,
that can be tuned to enhance interfacial interactions, make POSS ideal nanofillers for
polymer composites. Self-assembling phenomena strongly influence the behaviour
of both small silsesquioxane molecules blended into polymers as well as tethered
to polymer chains that can form crystalline domains in the organic matrix [5, 6,
314-316]. The aggregation or crystallization of POSS moieties used as nanofillers
in polymeric systems as well as the interphase interactions can play a prominent role
determining viscosity, melt elasticity and flammability of polymer nanocomposites.

However, POSS can be used not only as specialty nanofillers in polymer matrices,
but they can also modify other materials used as additives in polymer composites.
The self-assembling ability of POSS was used for intercalation of natural mineral
clays, such as montmorillonite (MMT) [317]. Due to the special layered structure,
adhesion, ion-exchange capacity and organic adsorption behaviour, MMT is fre-
quently used in polymer composites to improve their chemical, physical, mechan-
ical and thermal properties. Such polymer/clay nanocomposites have a wide range
of applications as structural, coating and packaging materials. MMT is expandable
and allows for intercalation the interlayer space with surfactant molecules up to the
saturation limit. The surfactant concentration, dimensions as well as packing den-
sity determine the morphology of modified clays. POSS of TgsR7R’ type, because of
their large molecular dimension, high thermal stability, biocompatibility, recyclabil-
ity and poor flammability, were found to be good substitutes for alkyl ammonium
tallow salts and ‘onium ions in clay modification [318-321]. The rigid and cubic-
shaped POSS can be absorbed into the clay galleries, but they cannot be arranged as
flexibly as chain surfactants in the interlayer space. Once a double layer of POSS is
assembled, then the d-spacing in expanded MMT is defined. The incorporation into
the clay interlayer spacing results in the formation of “silicate clay” with a sandwich
structure (Scheme 19). The interlayer spacing in composites with POSS intercalated
into clay galleries is increased, and their thermo-oxidative stability is enhanced.

The chemistry and texture of POSS intercalated clays have been investigated
for POSS bearing different functional groups that could interact with MMT. Amine-
functionalized POSS can be intercalated into the layered clay via the onium exchange
reaction. High concentration of POSS is not a prerequisite for the increase in the
interlayer spacing. It was found that interlayer space of MMT modified with Tg(i-
Oct)(CH,CH,CH;NH;) was strongly dependent on the arrangement of POSS sur-
factant but less dependent on the POSS concentration [322, 323]. However, it is not
always the case. Other reports on MMT-Tg(i-Oct)(CH,CH,CH,;NH;) complexes
with a large interlayer distance and specific surface area were synthesized via ion-
exchange reaction followed by freeze-drying treatment [324]. It was observed that
the morphology of the POSS-MMT can depend on the POSS concentration, but
also on pH of the suspension and the drying procedure. The tensile properties of
the composites of POSS-MMT and poly(butylene terephthalate) were extensively
improved as compared to the pristine PBT, due to the homogeneous dispersion of
POSS-MMT in the polymer matrix (formation of a clay network).
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Scheme 19 Intercalation of mineral clays with POSS surfactants [5]

Clays modified with imidazolium-based surfactants are more thermally stable
than those intercalated with their ammonium-based analogues. POSS-imidazolium
derivatives were used as an organic modifier for MMT [325]. It was found that the
self-assembled crystalline POSS domains are present in the clay interlayers but the
solvent can change the efficiency of the ion-exchange reaction. The d-spacing of the
exchanged clay is large (3.6 nm), accommodating a bilayer structure of the POSS-
imidazolium molecules, even at low surfactant loading levels. It was observed that
the structure and rigidity of the linker between the POSS and the cationic part inter-
acting with MMT can be of significant importance. The packing structures of two
types of POSS-imidazolium surfactants with different molecular rigidity intercalated
in the intergalleries of MMT results in a bilayer packing structure with long axes
of molecules largely tilted with respect to the basal plane [326]. The more flexible
POSS-imidazolium cation formed a 2D ordered structure in the clay intergalleries,
while the structure of layers formed by the rigid one were disordered (Scheme 20).
Furthermore, the clay modified with the rigid surfactant exhibited increased inter-
layer d-spacings on reducing the surfactant loading. Formation of a more extended
conformation of the POSS surfactant was postulated. The clay modified with the
rigid POSS, despite the low organic content and disordered packing structure, has
better thermal and thermo-oxidative stability than the more flexible one.

A range of interesting nanocomposites can be obtained using POSS-MMT
hybrids. For example, nanocomposites of polylactide (PLA) reinforced with
MMT modified with Tg(i-Bu)(CH,CH,CH;NH,) were manufactured through melt-
compounding [327]. It was found that the melt crystallization rates of the nanocom-
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Scheme 20 Organization of rigid and flexible POSS in the interlayer galleries of MMT [326]

posite were enhanced remarkably in comparison with the neat PLA. The overall
melt crystallization of PLA/POSS-MMT nanocomposites was found to be dom-
inated by the heterogeneous nucleation and 3D spherulite growth. The isothermal
crystallization analysis based on the Avrami model indicated higher spherulite nucle-
ation density of PLA/POSS-MMT nanocomposites but identical spherulite growth
rates (regardless of POSS-MMT content). It was also found that the crystalline mor-
phological features of PLA were not influenced by the presence of POSS-MMT.

Poly(ethylene terephthalate) (PET)/montmorillonite nanocomposites were pre-
pared on addition of a very small amount of T7Ph7(OH); as a functional molecular
spacer enhancing the degree of clay dispersion [328]. The trisilanol POSS was able
to draw molecules of monomeric bis(2-hydroxyethyl) terephthalate into clay inter-
galleries, which allowed for their in situ polymerization between platelets of MMT.
Moreover, T;Ph;(OH); reacted with PET, further facilitating clay delamination and
reinforcing the mechanical properties of the polymer due to the higher degree of
flow-induced clay orientation.

MMT pretreated with a propargyl-containing primary intercalator was exfoliated
into layers or sheets of nanoparticles through Huisgen [2 + 3] cycloaddition of singly
or multiply azido-functionalized POSS to the propargyl derivative [329].

5 Conclusions and Perspectives

Polyhedral silsesquioxanes are nanoscale hybrid building blocks that can be used
in template-free processes leading to the formation of nano- and micro-objects via
“bottom-up” strategies. Formation of hierarchical superstructures by those unique
self-assembling molecules plays an increasingly important role in materials sci-
ence. Specific molecular packing and aggregation in the solid state are efficient tools
enabling the control of morphology of POSS-derived hybrid materials, modulation
of their physicochemical characteristics and performance.

Hierarchical structures formed by POSS can be used in applications related
to energy, adsorption, separation and catalysis. Nanotechnologies exploiting self-
organization of polyhedral silsesquioxanes and their crystallization patterns afford
for the preparation of metal nanoparticles and quantum dots that can be used for high-
resolution printing of defect-free microcircuits. Supramolecular materials based on
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POSS can be also applied as surfactants, cargo vessels and templates. Understanding
the cooperation and complementarity in POSS-based materials is essential for the
design of such advanced systems. Precise control of the self-assembling process is
the key factor for tailored organization of POSS.
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