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ABSTRACT                                                                                             .                                                                                                      

Three series of well-defined polyhedral oligomeric silsesquioxane (POSS) based hybrid polymers 

have been successfully synthesized by reversible deactivation radical polymerization (RDRP), 

namely atom transfer radical polymerization (ATRP) and nitroxide mediated radical 

polymerization (NMP) for potential biomedical applications.  

In first series, POSS-PGMA tadpole shaped amphiphilic hybrid polymers of different 

molecular weights having polyhedral oligomeric silsesquioxane (POSS) nanocage as the 

hydrophobic head and poly(glycerol methacrylate) (PGMA) as the hydrophilic tail (POSS-PGMA) 

have been synthesized via atom transfer radical polymerization (ATRP). Synthesis of POSS-

PGMA was obtained in two steps, (1) first POSS-poly(solketal methacrylate) was obtained by 

ATRP of solketal methacrylate (the precursor monomer for GMA) using bromo functionalized 

aminopropylIsobutyl POSS as initiator and  CuCl/N,N,N,N,N-pentamethyldiethylenetriamine as 

the catalyst system. In the second step, the obtained POSS-PSMA was transformed into 

amphiphilic POSS-PGMA by acid hydrolysis. The successful transformation was verified by 1H 

NMR and FTIR spectroscopy. Finally, the solution behaviors of these polymers were studied in 

aqueous medium using laser light scattering and fluorescence spectroscopy. The CAC was found 

to increase with increasing the PGMA chain length. The large hydrodynamic size of the self-

assembled structures, as determined by the laser light scattering data, however, suggests that the 

aggregates are not of typical core-shell type micelles 

Second series consists of Poly(POSS-methacrylate-co-styrene)-b-Poly(acryloyl 

morpholine)x P(POSS-MA-co-S)x-b-P(ACM)y  block copolymers which differs in chain length of 

polyacryloyl morpholine blocks. For the synthesis of P(POSS-MA-co-S)x-b-P(ACM)y block 

copolymers, bulky methacryloisobutyl-polyhedral oligomeric silsesquioxane (POSS-MA) was 

first polymerized by nitroxide-mediated radical polymerization (NMP) at 110 oC using 10 mol % 

styrene as comonomer and BlocBuilder as the NMP initiator. The synthesized P(POSS-MA-co-

S)x with a molecular weight of ~8000 g/ mol and dispersity Ð = 1.2 was extended with N-acryloyl 

morpholine (ACM) via NMP to obtain amphiphilic hybrid P(POSS-MA-co-S)x-b-P(ACM)y block 

copolymers, where the subscript “y” represents the degree of polymerization of (ACM) block (182 

< x < 695). The size exclusion chromatography (SEC) of the synthesized diblock copolymers 
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reveals the presence of some dead chains in P(POSS-MA-co-S)x macroinitiator. Kinetic 

investigations reveal first-order kinetics for the polymerization of ACM using P(POSSMA-co-S)x 

as the macroinitiator under NMP conditions. The kinetic and SEC data confirms the controlled 

nature of the NMP of ACM. Being amphiphilic, the synthesized P(POSS-MA-co-S)x-b-P(ACM)y 

block copolymers self-assembled in aqueous solution as revealed by the fluorescence spectroscopy 

and dynamic light scattering studies. 

Third series consists of (PEG5k-b-P(MA-POSS)x diblock copolymers (3.7 < x < 21) 

obtained via ATRP with two objective (1) to study the effect of POSS nanocage on the 

crystallization of poly(ethylene glycole) chains in the synthesized block copolymers and (2) to 

study the layer/film formation behaviours of the block copolymers at air / water interface. The 

result obtained with various techeniques shows that POSS nanocages could hinder chain mobility 

and hence the crytallization of PEG chains in the block copolymers.  

The attachment of POSS to poly(ethylene glycole) chain results in the formation of a very 

stable film on the water surface, however AFM, Brewster angle microscopy (BAM) and infrared 

reflection absorption spectroscopy investigations revealed a significant increase in film thickness 

with increase in surface pressure that is attributed to multilayer formation by the POSS nanogages 

on the water surface. Moreover crystallization of POSS cages of the block copolymers was also 

observed on the water surface upon several compressions and expansions.  

For potential biomedical applications, several of synthesized hybrid polymers were 

investigated for their pore / channel activity in a lipid bilayer (a model membrane that serves as a 

good model for biomembrane). Only highly amphiphilic (PEG5k-b-P(MA-POSS)3.7 and P(POSS-

MA-co-S)8-b-P(ACM)695 with relatively small POSS content were found to have the ability to 

penetrate the model lipid bilayer membrane generating pores/channels. The synthesized POSS 

based hybrid polymers can also find potential applications in water treatment as P(POSS-MA-co-

S)8-b-P(ACM)695 modified PVDF membranes revealed enhanced hydrophilicity, water flux 

efficiency and antifouling properties. 
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                                                                                                Chapter 1 

 

INTRODUCTION 

1.1 Silsesquioxanes  

Silsesquioxanes represent a class of organosilicon materials having an empirical formula RSiO3/2, 

where R represents an alkyl or aryl group or a simple hydrogen atom. Depending upon the number 

of oxygen atoms around the Si atom, Si compounds are named as M, D, T, and Q, where M stands 

for mono, D for di, T for the tri, and Q for quaternary oxygen atoms around Si. Silsesquioxanes 

fall in T-type and form ladder, cage or three-dimensional structures as shown in Figure 1.1. 

 

Figure 1.1: Structures of different types of silsesquioxanes. 
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The first oligomeric silsesquioxane was isolated by Scott in 1946 from the thermolysis of 

polymeric products obtained from cohydrolysis of dimethyl chlorosilane and methyl 

trichlorosilane [1]. Currently, the acid or base-catalyzed condensation of alkyl trichlorosilane is 

the easiest technique to achieve organosilsesquioxanes [2]. Typically, the hydrolysis of 

chlorosilanes is followed by condensation as depicted in Scheme 1.1[2].  

 

Scheme 1.1:  Basic reaction scheme for the synthesis of silsesquioxanes. 

RSiCl3 + 3H2O RSi(OH)3 + 3HCl

3RSi(OH)3

Catalyst
3RSiO3/2 + 1.5 H2O

RSi(OH)3 + RSiCl3 RSiO3/2
3HCl+

Catalyst

Hydrolysis

Condensation

Condensation
 

The Ladder-type polysilsesquioxanes show higher thermal stability and higher resistance to high 

temperature oxidation [3]. They also have higher gas permeability and good insulating properties. 

However, for the last two decades, much interest has been shown in the specific cage-like 

structures, the so-called polyhedral oligomeric silsesquioxane (POSS). The Cubic POSS (T8) can 

be obtained either by direct hydrolysis and condensation of alkyl trichlorosilane or by a corner 

capping reaction of non-fully condensed POSS (T7) with alkyl trichlorosilane having a 

polymerizable group [4]. 

1.2 Cubic Polyhedral Oligomeric Silsesquioxane (POSS) and its Nanohybrids 

The cubic polyhedral oligomeric silsesquioxane (POSS) represents the smallest possible particle 

of molecular silica because of its dimensions in the range of 1-3 nm, having a cage-shaped structure 

and a general chemical formula of (RSiO1.5)n, n ≥ 6, where R could be hydrogen atom/organic 

group, such as alkyl, aryl, vinyl, acrylate, epoxide group, to name a few [5-11]. The POSS 

derivatives are considered as the true inorganic/organic hybrids, consisting of an inner inorganic 

core of (SiO1.5)n surrounded by an organic shell that may constitute reactive or unreactive organic 

moieties, or a mixture of the two, depending upon the intended applications as shown in Figure 

1.2. 
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Figure 1.2: Chemical structure of various commercially available POSS cages, X is the reactive           

                    group and R is the organic peripheral group. Y represent the site of attachment. 

The organic shell plays important role in enhancing favorable interactions between the 

inorganic POSS core and organic systems, either via simple secondary bonding in physical 

blending or via chemical integration. The introduction of POSS moiety into polymeric material 

can dramatically improve its mechanical properties (e.g. strength, modulus, rigidity), reduces its 

flammability and heat evolution during processing [4, 11-32]. For example, to improve their 

physical, mechanical, and thermal properties, POSS has been incorporated into many thermosets 

such as imides [21, 33], epoxies [34, 35], urethanes, and other thermoset resins [14, 36]. Similarly, 

POSS has also been added into a number of thermoplastics such as polyethene [37-40], 

polyacrylates [41-43], polystyrene [16, 44], polypropylene [28], and polyoxalines [45, 46]. The 

POSS nanocages also affect solid-state/viscoelastic properties of the hybrid materials when 

provided with a suitable spacer between the POSS nanocage and the polymer backbone in POSS 

based hybrid polymers [47]. Generally, the POSS cage, directly attached to the polymer backbone, 

creates a hindrance to chain relaxation which leads to the higher glass transition temperature of the 

resultant hybrid material. However, recently, Floudas’s research group has shown that a suitable 

flexible spacer between the POSS cage and polymer backbone, results in a decrease in glass 

transition temperature and hence generates softer hybrid materials as compared with their 

counterpart without the POSS cage, additionally, the properties could be tuned with varying length 

of the spacer [47]. 
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In addition to the application of POSS mentioned above, recent investigations in the field 

of nanoscience and nanotechnology have revealed great potentials for POSS as promising 

materials for future nanomedicine [48]. The unique structure, size, superior properties, 

biocompatibility, non-toxicity, and cytocompatibility make POSS a suitable candidate for 

biomedical applications [19, 49-52]. POSS based materials have shown great potentials in various 

biomedical application, such as drug delivery devices [51, 52], dental composites [53], biosensors 

[54], tissue engineering products [55, 56], to name a few [57, 58]. As an example, Seifalian et al. 

[59, 60] have developed POSS based composites with poly(carbonate urea)urethane that has 

exhibited unique properties for applications at the blood-biomaterials interface, [61] and currently 

being used for the fabrication and manufacture of various medical devices including microvascular 

scaffolds for organ tissue (including liver), muscle, cartilage, and breast implants. Several reports 

have appeared in recent literature, which demonstrate great potential of POSS based nanomaterials 

in nanomedicines. Tanaka et al. [52] have reported an enhanced ability for entrapment of guest 

molecules, without loss of affinity, thus increasing water solubility of the guest molecules by 

dendrimers when POSS was incorporated as the central core. Amphiphilic hybrid nanoparticles 

having hydrophobic POSS as the core and hydrophilic poly(vinyl alcohol) (PVA) as the shell have 

been found to release a model drug (anticancer drug; Paclitaxel) in a controlled manner [62]. As a 

result of improved properties due to POSS incorporation, these amphiphilic hybrid nanoparticles 

have great potential as carriers for peptides, drugs, and DNA [63]. In a recent report, a new 

nanodrug-delivery system based on ploy(L-glutamic acid) dendrimers having POSS as the central 

core has shown promising results for the targeted delivery of anticancer (doxorubicin) drug [64]. 

The POSS based core-shell hybrid nanosystems, due to their size, compact structure, are capable 

of travelling within the body to carry the drug to target areas inside the tissues [65].The so-called 

“reversible deactivation radical polymerization” (RDRP) techniques offer an innovative pathway 

for the fabrication of well-defined POSS-based nanohybrid materials with tailored properties and 

applications. As an example, Pyun et al. [66] reported their pioneering work on well-defined linear 

and star-block polymers by atom transfer radical polymerization (ATRP) of POSS macromonomer 

(methacrylate-POSS). Since then, many studies have been reported on the application of various 

RDRP techniques for the design of new well-defined POSS based hybrid copolymers [67, 68]. But 

recently, there has been a growing interest in the incorporation of POSS nanocage into amphiphilic 

macromolecular structures. Thus, several fascinating studies have been carried out by various 



 

5 
 

research groups on the development of new synthetic protocols for their synthesis, self-assembly 

behavior in aqueous solutions with some unusual properties, and new applications. 

1.3 Reversible Deactivation Radical Polymerization (RDRP) 

Conventional free radical polymerization has been in practice for the preparation of many 

commodity polymers for a long time. However, in conventional free radical polymerization, there 

is no control over the polymerization process in terms of molecular weight, polydispersity, chain-

end functionality, and inability to be applied for the synthesis of block copolymers. Therefore, the 

advent of RDRP opened a new avenue for the synthesis of well define (co)polymers with 

controlled molecular weight, chain-end functionality, narrow polydispersity with the capability to 

achieve (co)polymers of various architectures [69]. For a long time, control over free radical 

polymerization at par with living anionic polymerization was considered impossible because of 

the termination reaction between the two active free radicals [70]. Although, ‘living’ radical 

polymerization cannot be realized in the true sense [71], yet the development of RDRP is a great 

revolution in the field of polymer science that offered a new affordable and facile route to polymers 

having controlled molecular weight, comparatively lower polydispersity (Mw/Mn < 1.2), and 

precise molecular architecture in terms of chain topology (linear, combs, stars, brushes, etc) 

composition (block, alternating, graft, gradient copolymers) and functionalities. Under suitable 

reaction conditions, the proportion of dead polymer chains could be sufficiently small (1 to 10 mol 

%) which would not affect the designed architecture [70]. RDRP is a “Controlled” chain-growth 

polymerization - propagated by free radicals that are deactivated reversibly, establishing a dynamic 

equilibrium between the propagating active chain radicals and the deactivated dormant species. 

The establishment of the dynamic equilibrium in RDRP can be accomplished in two ways. One 

approach involves the formation of dormant species by reversible deactivation of the propagating 

radical that can be reactivated either spontaneously as in stable radical-mediated polymerization 

(with organometallic species or aminoxyl radicals) [72] or by a catalyst system as in ATRP [73]. 

The second approach involves the degenerate transfer between dormant species and propagating 

radicals, reversible addition-fragmentation chain-transfer polymerization (RAFT) [74], or iodine 

transfer radical polymerization, ITRP [75] are typical examples of degenerative transfer radical 

polymerization.RDRP is the most rapidly developing area of polymer chemistry because it is a 

multipurpose synthetic tool that enables the design and fabrication of new and novel well-defined 
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(co)polymers with precise molecular weight, chain-end functionality, architecture, and materials 

for application in various advanced technologies. ATRP, RAFT, and NMP are the most employed 

RDRP techniques to achieve well-defined (co)polymers under less stringent experimental 

conditions as compared with the anionic polymerization technique. Each technique has its 

advantages and limitations but in the current study, we have employed ATRP and NMP as our 

man tools, therefore, a brief description of the two methods is given here.  

1.3.1 Atom Transfer Radical Polymerization (ATRP) 

ATRP is a transition metal mediated living radical polymerization which involves the deactivation 

of the free radical by reversible transfer of atom (usually halogen atom) or group catalyzed by 

transition metal complexes. As the name indicates the reversible atom transfer is the most 

important step in ATRP that leads to the formation of well-defined polymer chains. ATRP was 

independently discovered by Krzysttof Matyjazewsky, Mitsuo Sawamoto, and Jin-Shan Wang in 

1995 [73, 76].  

1.3.1.1 Mechanism 

As depicted in Scheme 1.2, ATRP is governed by the dynamic equilibrium established between 

the propagating radicals and dormant species, especially in the form of alkyl halides (RX) or 

macromolecular species (Pn-X). Transition metal in its lower oxidation state (Mn) acts as an 

activator and in a higher oxidation state (Mn+1) as the deactivator of the propagating radical. The 

dormant species (RX, Pn-X) is periodically activated by the transition metal complex (with 

transition metal in its lower oxidation state) forming growing radicals (Pn
.) that start to add 

monomer. The growing chains either terminate by reacting with each other or deactivated by the 

deactivator regenerating the dormant Pn-X species. The chances of termination are kept minimum 

at a given instant as during the polymerization most of the species exist in a dormant state with a 

very small concentration of the growing radical chains. The most commonly used transition metal 

system is (Cu(I)/L and X−Cu(II)/L). However, other metals including Ru, Mo, Fe, Os, etc.) have 

also been explored [77]. 
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Scheme 1.2: Mechanism of ATRP. 

 

The rate of ATRP depends on the rate constant of propagation, the concentration of growing 

radicals, and the concentration of monomers. The concentration of propagating radical depends on 

the ATRP equilibrium constant (KATRP), the concentration of inactive species, activator, and 

deactivator as shown in Equation 1. 

 

The nature of ligand, monomer, and dormant species along with reaction conditions (temperature, 

solvent, pressure) strongly affect the rate constants of activation, (kact) and deactivation (kdeact) and 

hence their ratio, KATRP [78-81].  

1.3.1.2 Components of ATRP 

ATRP system constitutes an initiator having a transferable halogen atom, monomer, catalyst 

system, and solvent.  

1.3.1.2.1 Monomers 

Several styrenes, methacrylates, acrylates, acrylonitrile, methacrylamide, and acrylamides have 

been successfully polymerized by ATRP [82, 83]. Different monomers have different atom 

(1) 
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transfer equilibrium constant even under the same reaction conditions. In the absence of any side 

reaction other than termination, the value of the ATRP equilibrium constant (Keq = kact/kdeact) 

determines the rate of ATRP. A very small value of equilibrium constant shows that ATRP may 

not occur or with deadly slow speed. In contrast, a large value of the equilibrium constant will 

cause rapid chain termination due to the high concentration of free radicals. Each monomer has its 

own inherent radical propagation capability. Thus, for a specific monomer, the concentration of 

propagating radicals and the rate of activation must be adjusted for better control over 

polymerization. However, since ATRP is a catalyst dependent process, the overall equilibrium 

depends not only on the concentration of radical and dormant species but can also be adjusted by 

the catalyst added.  

1.3.1.2.2 Initiator 

Generally, various alkyl halides (RX) are used as an initiator in normal ATRP and the rate of 

polymerization is the first order for the initiator concentration. In addition to the generation of free 

radicals that initiate polymerization, the concentration of the initiator also determines the number 

of polymer chains. If initiation is fast and chain termination or transfer is negligible, then the 

number of growing polymer chains is equal to the initial initiator concentration. Knowing the 

concentration of monomer and initiator and the monomer conversion (p) into the polymer, the 

average degree of polymerization can be calculated: 

                                               DP =   
[monomer]

[initiator]
. 𝑝 

To obtain a well-defined polymer of narrow disparity, the halide group must be reversibly 

transferred rapidly and selectively between the growing chains and transition metal complex. Thus, 

when the X group is chlorine or bromine the polymerization is well controlled for almost all 

monomers. Iodine works well for acrylate polymerization in Cu-catalyzed ATRP [84] and has also 

been reported to be successful in ATRP of styrene with rhenium and ruthenium-based systems [85, 

86]. Polyhalogenated compounds like, CCl4 and CHCl3 and compounds having weak R-X bonds 

like S-X, O-X and N-X can also be used as ATRP initiators [87]. 

1.5.1.2.3 Catalyst  

ATRP is a catalyst-based polymerization process. The catalyst has a key role in the success of 

ATRP since it determines the dynamics of exchange between the active and dormant species and 
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the position of atom transfer equilibrium. Transition metals used as catalyst in ATRP must follow 

some pre-requisites. First, it must have two easily accessible oxidation states separated by one 

electron. Second, the metal center must have enough affinity for halogen. Third, the coordination 

sphere of the metal should be expandable upon oxidation to accommodate a halogen atom. Fourth, 

the metal has a relatively strong bond with ligands. The most used transition metal catalyst system 

is (CuI/L and X−CuII/L). However, many other transition metals, such as Ru, Mo, Fe, Os, etc. 

have also been successfully employed in ATRP [77]. The nitrogen-based ligands for Cu catalyst 

affect the rate constant of Cu mediated ATRP polymerization. For Cu mediated ATRP the order 

of Cu complex activity for ligands is tetradentate (cyclic and bridged) > tetradentate (open-

branched) > tetradentate (cyclic) > tetradentate (open chain) > tridentate > bidentate ligands [78]. 

Similarly, the nature of nitrogen atoms in ligands influences the activity of the Cu complexes and 

follows the order of pyridine ˃ aliphatic amine ˃ imine.  Typical examples of the ligands used in 

ATRP include bipyridine, N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA), and 

1,1,4,7,10,10- hexamethyltriethylenetetramine (HMTETA), b Tris(2-(dimethylamino)ethyl)amine 

(Me6TREN), to name a few [78]. 

1.5.1.2.4 Solvent  

The selection of an appropriate solvent is very important for a well-controlled ATRP. Although 

ATRP of some monomers can be carried out in bulk in the case where the polymer is not soluble 

in monomers, the solvent is required. Various solvents such as benzene, toluene, DMF, THF, 

anisole, diphenyl ether, water, alcohol, and many others have been reported for ATRP of different 

monomers. In selecting a solvent for ATRP, two factors should be considered, first, the transfer to 

the solvent should be minimal, second, the interaction between solvent and catalyst. Some solvents 

such as carboxylic acid and phosphine poison the catalyst in copper-based ATRP [88], while some 

solvents assist side reaction that reduces the efficiency of ATRP.  

1.3.1.2.5 Effect of Temperature  

The rate of ATRP increases with an increase in temperature due to an increase in both radical 

propagating rate constant and atom transfer equilibrium constant. Enough activation energy at a 

higher temperature for radical propagation than termination favor, higher kp / kt value, and better 

control. The solubility of the catalyst increases with an increase in temperature. However, the 

possibility for catalyst deactivation also increases at higher temperature [89, 90]. Moreover, 
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chances for other side reactions (like chain transfer) also become more prominent at elevated 

temperatures [91, 92].  

1.3.2 Nitroxide Mediated Radical Polymerization (NMP) 

Nitroxide-mediated radical polymerization also known as aminoxyl radical-mediated 

polymerization is another type of RDRP technique introduced in the early 1980s [93]. Unlike 

ATRP, NMP is conceptually a simpler technique, the propagating radicals are reversibly  

Scheme 1.3: Mechanism of nitroxide-mediated radical polymerization. 

 

 

deactivated by reacting with a stable nitroxide radical as outlined in Scheme 1.3. Polymerization 

proceeds through active radicals, which are in equilibrium with dormant species. The dormant 

species are generated by the formation of a covalent bond between polymer free radical and 

nitroxide free radical. Side termination reactions are reduced by the preferential reaction of 

monomers with polymer free radicals (propagation) and the formation of dormant species. NMP, 

being the chief example of stable radical-mediated polymerization, follow this mechanism, where 

the propagating polymer radicals are deactivated by reacting with stable radicals [94]. 
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Homolytic breaking of C-ON bond at elevated temperature results in the formation of 

carbon-centered radical that predominantly follows one of the two major reaction routes, (a) 

recombination with a nitroxide radical to generate a dormant species having alkoxyamine end 

group or (b) react with the alkene group of monomer to extend the growing chain by one repeating 

unit as shown in Scheme 1.3. Termination of polymerization by coupling of polymer radicals is 

limited due to the fast reaction rate of polymer radical with nitroxide radical and suitable 

manipulation of free nitroxide concentration while enough availability of monomers favors 

polymerization.   

1.3.2.1 Nitroxide and Alkoxyamines 

Nitroxide radicals are organic species containing an aminoxyl group with an unpaired electron 

delocalized over a π N-O three-electron bond. The aminoxyl fragment is thus considered as an 

average of two mesomeric structures (NO• and N+•O-), which is the basis of nitroxide stabilization 

[95]. NMP can be initiated both from a mono-component and bicomponent system. In 

bicomponent initiating system, a combination of a conventional radical initiator, such as 2, 2-

azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO) and free nitroxide is used for initiation 

[96] while in monocomponent system the preformed alkoxyamines are used. Initially, the NMP 

was introduced in a bicomponent system, where 2,2,6,6-tetramethylpiperidinyl-1-oxyl nitroxide 

(TEMPO) (Figure 1.3) was used as a nitroxide radical. However, TEMPO was limited only to 

styrene and its derivatives and required high temperature (125 oC-145 oC) with long polymerization 

time. To overcome these problems, many other nitroxides were developed for the successful NMP 

of a variety of monomers. The main problem with TEMPO was the lower dissociation constant of 

the corresponding alkoxyamine. It was observed that many factors, such as polarity, steric, and 

electronic effect govern the homolysis of alkoxyamine [97]. Many changes in the nature of the 

alkyl groups attached to the carbon at the α-position to the aminoxyl function were then 

investigated. A prominent increase in the polymerization rate was observed by substituting ethyl 

groups instead of methyl at 2 and 6 positions in TEMPO. At the same time attention was also paid 

to open chain or acyclic nitroxide and it was demonstrated that open chain nitroxides, having 

hydrogen at the -position of the aminoxyl group, could be stable without undergoing 

disproportionation if steric hindrance was high enough. This led to the development of β-

phosphorylated N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide called SG1 
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or DEPN and 2,2,5-trimethyl-4-phenyl-3- azahexane-3-oxyl nitroxide (TIPNO). These two 

nitroxides were found to be the most potent and versatile nitroxides used in NMP, as they could 

successfully polymerize a wide range of monomers (styrene, dienes, acrylates, etc) [98-100]. 

Currently, several new nitroxides have been developed with the purpose to increase the range of 

monomers that could be polymerized in a controlled fashion by NMP [101-107]. Likewise, several 

new alkoxyamines have also been developed, which act as an efficient initiator for several 

monomers for the synthesis of polymers of different architectures [108-112]. Moreover, to lower 

the polymerization temperature and to minimize thermally induced side reactions, light-activated 

alkoxyamine nitroxide systems have also been developed [113-118]. Although these systems have 

shown success in the polymerization of acrylates, styrene, and methacrylate derivatives, but 

unfortunately none of these was found as successful as a thermal system in terms of livingness and 

control.   

 

Figure 1.3: The most commonly used nitroxides in NMP. 

1.3.2.2 Relationship of NMP to Other RDRP Methods 

The limitation (such as slower polymerization kinetics, high polymerization temperature, inability 

to control the polymerization of methacrylates, and problems associated with the synthesis of 

nitroxide and alkoxyamine) of NMP has played an important role in preventing its widespread use, 

and perhaps this may be considered an important factor that leads to the search and development 

of other RDRP techniques (ATRP and RAFT). Both ATRP and RAFT offer relatively faster 

polymerization and lower polymerization temperature and capable of polymerizing a wide range 

of monomers under the same initiating system. Moreover, neither ATRP nor RAFT, requires the 

synthesis of challenging nitroxide and alkoxyamine initiators, because many alkyl halides for 
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ATRP and thiocarbonyl chain transfer agents for RAFT are commercially available. The acrylate 

type of monomers cannot be polymerized successfully by NMP due to degradation at high 

temperatures. Similarly, methacrylates can be polymerized in a controlled way by ATRP and 

RAFT but not by NMP due to some inherent problems associated with NMP [119].  

Despite several inherent limitations, NMP still has some advantages over ATRP and 

RAFT. For example, NMP is the simplest and easiest method for the synthesis of polystyrene 

having a narrow molecular weight distribution. NMP is preferred over ATRP in systems where 

the monomer being polymerized is interacting with a metal catalyst or polymers being prepared 

must not have contaminations of trace metals (polymer used in metal sensitive electronics and 

applications). Moreover, the initiation of NMP is simpler than ATRP and the polymer requires no 

purification. In contrast to RAFT, NMP does not require the use of an unpleasant sulfur compound. 

While the end group stability and influence on the polymer properties is the issue with all RDRP 

polymerization methods. However, the development of new strategies for the removal of end 

groups after the completion of polymerization has overcome this problem to some extent in all 

RDRP techniques [120-124].The controlled polymerization of 1,3-dienes is an additional 

superiority of NMP over ATRP and RAFT and it was considered for a long time to be the only 

RDRP method for the preparation of homo and block copolymers of 1,3-dienes. However, with 

the advent of new RAFT agents, now1,3-dienes can be successfully polymerized by RAFT as well 

[125-129]. 

Most of the Content in the next part of this chapter  is reproduced from my review article entitled  

“Water-soluble polyhedral oligomeric silsesquioxane based amphiphilic hybrid polymers: 

Synthesis, self-assembly, and applications” published in  

European Polymer Journal [130]. 

 

1.4 POSS-Based Macroamphiphiles 

POSS nanocage is typically a strongly hydrophobic entity and its integration into amphiphilic 

macromolecular architecture has been a fascinating area of research activity with many interesting 

studies ranging from academic research to practical applications. 
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1.4.1 POSS Containing Amphiphilic Telechelics and Hemitelechelics 

The term “telechelic”, which originated from the Greek words “tele” (far) and “chele” (crab claw), 

was introduced to polymer science in 1960 to define polymers or oligomers having active 

functionalities at both ends of the chain [131]. Such type of polymers or oligomers can be used as 

chain extenders and crosslinkers [131-133]. Linear polymer chains having only one reactive group 

at one end were recognized as “hemitelechelic” or “monochelic”. Progress in novel synthetic 

routes for polymerization has now made it easy to design the desired shaped polymers having 

different topological architectures, such as star-shaped, branched, or dendritic polymers with 

terminal functionalities [134-138]. These polymers are named as polytelechelic or multi-

telechelics. Moreover, the end groups may be reactive or unreactive and organic or inorganic [132, 

139]. 

1.4.1.1 Hemitelechelics/Tadpole Shaped POSS Based Hybrid Amphiphiles 

POSS cage with one active functionality (other than the vinyl type moiety) has mostly been used 

to produce various kinds of POSS based amphiphilic telechelic hybrid polymers by various 

techniques, including the so-called RDRP techniques and their combined approach with various 

coupling chemistries [45, 140-144]. Zhang et al. [145] synthesized tadpole-shaped POSS-

poly(acrylic acid) (POSS-PAA) by RAFT polymerization of t-butyl acrylate to prepare POSS-

poly(t-butyl acrylate) (POSS-PtBA) in the presence of AIBN as a free radical initiator and 

employing a POSS containing chain transfer agent (CTA) (Figure 1.4). On hydrolysis, in the 

presence of trifluoroacetic acid (TFA), the POSS-PtBA was transformed into POSS-PAA. While 

employing the POSS-CTA, the authors observed a well-controlled RAFT polymerization of t-BA 

with low polydispersity indices (PDI < 1.4). A short induction period was, however, observed at 

the start of the reaction due to the slow fragmentation of the intermediate radical species [144]. 
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Figure 1.4:  Synthesis of POSS-poly (acrylic acid) (POSS-PAA) via RAFT polymerization and  

acid hydrolysis. (Adapted with permission from Zhang et al [145]. Copyright 2009   

American Chemical Society) 

The self-assembly behavior of the synthesized POSS-PAA, investigated through transmission 

electron microscopy (TEM) and static/dynamic light scattering (SLS/DLS), revealed the formation 

of aggregates in water with a wide range of particle size distribution, ranging from 15 to 42 nm 

(Figure 1.5(a)) with a non-uniform density of the aggregates (Figure 1.5(c)). Aggregates size was 

not quite dependent of PAA chain length, however, due to the presence of PAA, the pH of the 

medium was found to control the self-assembly process in aqueous solutions (schematically shown 

in Figure 1.5). The SLS data revealed a rather very large aggregation number for the self-

assembled structures, Nagg = 480 and 550 was calculated, respectively, for POSS-PAA35 and 

POSS-PAA60, (the subscript to PAA represent the degree of polymerization of PAA in the 

respective POSS-PAA) which led the authors to assume that the POSS nanocages are distributed 

in the aggregates rather than forming a well-defined core-shell structures. 
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Figure 1.5: TEM micrographs of various magnifications (a) 1μm, (b) 200 nm, (c) 50 nm) of POSS 

-PAA60 aggregates formed in aqueous solution at pH 8.5. The lower image is the    

schematic representation of pH-dependent self-assembly process of POSS-PAA in 

aqueous solution. (Adapted with permission from Zhang et al [145]. Copyright 2009 

American Chemical Society). 

Hemitelechelic POSS containing hybrid polymers of amphiphilic nature, where poly(N-isopropyl 

acrylamide) (PNIPAAm) is attached to heptaphenyl POSS was reported by Zheng et al [146] via 

ATRP. The resultant polymers were of relatively broad molecular weight distributions; however, 

unimodal molar mass distribution suggests the living nature of polymerization. Self-assembly of 

POSS-PNIPAAm in thin films was investigated by atomic force microscopy (AFM), which 

revealed pH-separated heterogeneous morphologies, an indication of the immiscibility of the 

POSS cages with the PNIPAAm. For samples with shorter PNIPAAm chains, the POSS cages 

formed spherical domains of approximately 200 nm in size, dispersed in the PNIPAAm matrix, 

while in samples with longer PNIPAAm chains (small POSS percentage), the formation of 

microdomains could not be seen, and rather a nanophase separated morphology was observed. In 

an aqueous solution, amphiphilic POSS-PNIPAAm could self-assemble into micelle-like spherical 

nano-objects consisting of PNIPAAm corona and POSS core, where tens of POSS cages 

aggregated as witnessed by TEM. DLS results proved that the size of micelle-like nano-objects in 

solution decreases with the increasing chain length of PNIPAAm, owing to an increase in 

interaction between water molecules and long chains of hydrophilic PNIPAAm, which keep these 
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nano-objects stable in a smaller size. UV-visible spectroscopy results showed a decrease in lower 

critical solution temperature (LCST) of the POSS-PNIPAAm with an increase in POSS content in 

the hybrid polymer. The authors attributed these behaviors to the fact that the POSS core of the 

aggregates exerts constraint on the macromolecular conformation alteration of the PNIPAAm in 

coronas during the coil to globule transition, which was more prominent for POSS-PNIPAAm 

having shorter chains of PNIPAAm due to steric hindrance of bulky POSS nanocages. One of the 

earliest works on POSS based amphiphile was reported on PEO functionalized POSS 

hemitelechelic amphiphile, synthesized by hydrosilylation [147]. The hemitelechelic hybrid 

amphiphile could form micellar structures in aqueous solution with a CMC value in the range of 

6x10-4 mol/L.  

A metal responsive organic/inorganic hemitelechelic surfactant was reported by Chen et al 

[148] by amidation of amino-functionalized POSS by treating with maleic anhydride (MA) and 

subsequent esterification reactions (Figure 1.6). POSS-NH2 was first treated with MA and 

subsequently with PEG in the presence of p-toluene sulfonic acid (TSA) in 1,4-dioxane to afford 

POSS-MA-PEG. Finally, POSS-MA-PEG was treated with dipicolinic acid (DPA) under the same 

experimental conditions to afford POSS-MA-PEG-DPA through the second esterification. The 

authors confirmed the structure of both the POSS-MA-PEG and POSS-MA-PEG-DPA by 1HNMR 

spectroscopy. 

 

Figure 1.6: Synthesis of POSS-maleic acid poly(ethylene glycol)-dipicolinic acid (POSS-MA- 

PEG-DPA) via amidation and esterification reactions. (Adapted from Chen et al 

[148]. Copyright (2013) with permission from Elsevier). 
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Interestingly, the POSS-MA-PEG-DPA self-assembled into spherical core-corona type micelles, 

with an average diameter of ≈ 200 nm in aqueous solution, consisting of a core of hydrophobic 

POSS cages with a cavity at the center as well, and shell of hydrophilic PEG. Due to two 

coordination sites on each dipicolinic acid-functionalized PEG chain, the micelle size and 

morphology could be modulated by varying the polymer concentration in the presence of Zn2+ ions 

in solution. The micelles formed by POSS-MA-PEG-DPA in the presence of Zn2+ ions in solution 

exhibited more thermal and dynamic stability in the aqueous solution, due to metal-ligand 

coordination interactions. Due to its ability to coordinate with metals, the POSS-MA-PEG-DPA 

could find applications in areas such as metal related detectors and drug carrier systems. More 

interestingly, POSS-MA-PEG-DPA and POSS-MA-PEG also showed the formation of reverse 

micelles in toluene with an average diameter of approximately 30 nm. 

The groups of Zhang and Cheng devised another strategy “grafting to” and post 

functionalization to achieve amphiphilic POSS-based functional hemitelechelic hybrids [149]. 

Heptavinyl POSS-alkyne was first condensed with PEO-N3 via a copper-catalyzed ‘click’ reaction. 

Subsequently, the seven vinyl groups on POSS were transformed into hexyl moieties by post 

functionalization of the achieved heptavinyl POSS-PEO by exploiting the ‘thiol-ene’ type ‘click’ 

approach by treating with 1-hexanethiol in THF. This is an important development that could offer 

a new avenue for the development of novel POSS based amphiphilic hybrids equipped with diverse 

functionalities that could impart unique properties and new applications. Thus, the same group 

also synthesized XPOSS-PEG, wherein X represents various functional moieties integrated into 

the POSS head, including carboxylic acid, dihydroxyl, and monohydroxyl groups. Additionally, 

they also synthesized POSS-based amphiphiles with hydrophilic POSS and a hydrophobic tail, 

such as XPOSS-PS, (where PS represents polystyrene) with X being the seven carboxylic acid, 

dihydroxyl, or monohydroxyl groups attached to the POSS head. The same two research groups 

previously reported the synthesis and self-assembly of a giant surfactant based on hydrophobic PS 

tail and carboxylic acid-functionalized POSS head, synthesized via a slightly different 

methodology [150]. PS was synthesized via anionic polymerization, followed by hydrosilylation, 

to get hydrosilyl-terminated PS, and finally, thiol-ene-type ‘click’ reaction with an excess of 

ocatvinyl POSS as shown in Figure 1.7. After several tedious purification steps, the authors were 

able to separate monofunctionalized VPOSS-PS, where V represents seven vinyl groups on POSS 

head. As discussed above, the vinyl functionality was transformed into carboxylic acid via ‘thiol-
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ene’ type reaction to afford polystyrene-(carboxylic acid-functionalized POSS) (PS-POSS) 

(Figure 1.7). The self-assembly of the giant amphiphile was investigated in various mixtures of 

water with different common solvents, such as 1,4-dioxane and N, N-dimethyl formamide (DMF). 

The TEM and cryo-TEM images shown in Figure 1.8 revealed, in contrast to the small molar mass 

surfactants, identical morphologies, and sizes of the formed self-assembled structures. This was 

attributed to the high glass transition temperature of the PS segments, thus keeping the morphology 

of the structures fixed. The TEM images show a transformation of aggregate morphology from 

vesicles to worm-like cylinders and then to spheres as the ionization of the carboxylic acid group 

increased. This observation was directly linked with the change in APOSS-APOSS interactions in 

the aggregates as a result of variation of the degree of dissociation of carboxylic acid groups on 

the POSS head. Further, the PS tail was found highly stretched in the core of PS-APOSS micelles, 

where the core radii increased from vesicle to sphere through cylinder, completely against the 

traditional PS-b-PAA block copolymer system [151, 152]. The authors attributed it to the strong 

APOSS-APOSS interaction and conformational rigidity of APOSS head groups which induced PS 

chain stretching to achieve the minimum overall free energy. 

 

Figure 1.7: Synthesis of PS-(carboxylic acid-functionalized POSS) by a combined approach of 

anionic polymerization, hydrosilylation, and ‘thiol-ene’ type ‘click’ reaction. 

(Adapted with permission from Yu et al [150]. Copyright 2010 American Chemical 

Society). 
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Figure 1.8: TEM(a-c) and cryo-TEM(d-f) images of PS-APOSS micelles in solution with an initial 

concentration of 0.8 wt % and a final water content of 50 wt % for different common 

solvents: 1,4-dioxane; (a, d) DMF;(b, e) DMF/NaOH; (c, f). Scale bars = 80 nm. 

(Adapted with permission from Yu et al [150]. Copyright 2010 American Chemical 

Society). 

Further extending their work, Zhang, Cheng, and their colleagues reported the so-called “nano-

diamond-ring-like” giant surfactant consisting of dihydroxyl functionalized POSS as hydrophilic 

and cyclic polystyrene as the hydrophobic tail (POSS-CPS) as well as more novel type of giant 

surfactants, such as, “patchy giant surfactant”, “necklace-like”, “giant lipid”, “multitailed”, 

“hybrid giant surfactant”, “giant bola-form surfactant”, “giant Gemini surfactant”, and 

“multiheaded” type giant surfactants via a series of ‘click’ type reactions [153, 154]. These giant 

surfactants have been found to self-assemble in bulk, thin-film, and solution. The self-assembly 

behavior is sensitive to the chemistry of hydrophilic functionality on POSS cage, polymer 

topology, and composition, which offer various possibilities of nanostructure engineering in self-

assembly formation by the giant surfactants [154]. 

1.4.1.2 POSS Containing Amphiphilic Ditelechelics (Telechelics) 

Zhang et al [142] synthesized POSS-PAA-POSS by the combination of ATRP and “click” reaction 

as given in Figure 1.9.  

As discussed earlier, in aqueous solution, POSS-PAA formed large spherical aggregates, 

without typical core-corona morphology; in contrast, however, POSS-PAA-POSS telechelics 

formed ellipsoidal aggregates as depicted in TEM micrographs shown in Figure 1.10. 
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Figure 1.9: Synthesis of POSS-PAA-POSS by a combined approach of ATRP and ‘Click’  

reaction. (Adapted with permission from Zhang et al [142]. Copyright 2011 American     

Chemical Society). 

The higher magnification in Figure 1.10(d) reflects an inhomogeneous density inside the ellipsoid, 

with apparently dark domains composed of POSS nanocages dispersed in the PAA matrix. The 

formation of ellipsoidal aggregates was attributed to the tendency of POSS molecules to form 

layered crystal structures in samples with relatively higher POSS content. Thus, the formation of 

spherical aggregates in the aqueous solution was observed by the sample with lower POSS content 

(longer PAA chains) (POSS-PAA140-POSS) (Figure 1.10(b)). In other words, fine-tuning of self-

assembly could be achieved by varying the POSS content in the telechelic amphiphiles. 

 

Figure 1.10: TEM images of self-assembled aggregates of POSS-PAA-POSS in water after  

transferring to TEM grids  from a concentration = 1.0 mg/mL at pH 8.5 (a) POSS-

PAA40-POSS, (b) POSS-PAA140-POSS, and (c,d) POSS-PAA82-POSS. Scale bars = 

200 nm (a-c), 20 nm (d). (Adapted with permission from Zhang et al [142]. 

Copyright 2011 American Chemical Society). 
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Wang et al [155] integrated fluorinated POSS (hepta (3,3,3-trifluoropropyl) POSS) into 

ditelechelic amphiphiles with PNIPAAm through a combined approach of RAFT and copper-

catalyzed “click” reaction. In thin, spin-coated films, the POSS-PNIPAAm-POSS formed 

microphase-separated morphologies with spherical domains of POSS dispersed in PNIPAAm 

matrix. The size of the POSS domains decreased with an increase in PNIPAAm chain length. 

However, interestingly, when dispersed in the aqueous solution, the POSS-PNIPAAm-POSS 

formed physical hydrogel rather than aggregates, which was attributed to the cross-linking sites 

due to POSS nanodomains in the aqueous medium. These physical hydrogels exhibited typical 

temperature-dependent volume-phase transition behavior, however, the most important aspect of 

these hybrid hydrogels was that they had a much faster response (in terms of swelling/deswelling) 

to change in temperature as compared with the physical hydrogel of unmodified PNIPAAm. The 

same research group also reported POSS and PEO based telechelics (POSS-PEO-POSS) via 

Huisgen 1,3-dipolar cycloaddition between α,ω-dialkynyl-terminated PEO, and N3-POSS [156]. 

However, the authors did not carry out investigations on their solution properties. However, similar 

telechelics, reported by Zhang et al [157]. (Figure 1.11) could form ellipsoidal aggregates in the 

aqueous medium similar to those formed by telechelic POSS-PAA [142]. 

 

 

 

 

 

 

Figure 1.11: Synthesis of POSS-PEO-POSS via ‘Click chemistry. (Adapted from Zhang et al  

         [157]. Copyright (2011) with permission from Elsevier). 

Using dibutyltin dilaurate (DBTDL) as a catalyst and THF as the solvent, Kim et al [158] 

effectively established a urethane linkage between the diol groups of PEG and monoisocyanate 

group on POSS for the synthesis of POSS-PEO-POSS (Figure 1.12). 
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Figure 1.12: Synthesis of POSS-PEO-POSS. (Adapted with permission from Kim et al [158].  

          Copyright 2002 American Chemical Society). 

Associative behaviors in the solution of POSS-PEG-POSS with different PEG chain lengths were 

studied through capillary viscometry revealing a polyelectrolyte-like behavior [159]. Further, 

hybrid nanofibers were also achieved by electrospinning of blend solutions of POSS-PEG-POSS 

with poly(vinyl alcohol) (PVA) [160]. 

In addition to the efficient ‘click’ reactions, other techniques have also been exploited to 

achieve amphiphilic POSS based telechelic macromolecules. Wei et al [161]. prepared telechelic 

POSS-poly(styrene-ran-sodium styrene sulfonate)-POSS (POSS-PSS-POSS) by a combination of 

end-capping of anionically synthesized living polystyrene chains with a monofunctional POSS-

Cl, followed by mild sulfonation of styrene segments (Figure1.13). When dispersed in water, 

POSS-PSS-POSS could form self-assembled micelles having an inner core of hydrophobic POSS 

surrounded by an outer shell of hydrophilic PSS loops, as revealed by various techniques, 

including TEM, AFM, DLS/SLS (Figure 1.14). However, with an increase in the concentration of 

POSS-PSS-POSS, the smaller micelles transformed into supermicellar hollow structures, also 

observed for some other triblock copolymers where a hydrophilic block separates two hydrophobic 

blocks [162, 163]. The formation of supermicellar structures was ascribed to the increased 

entanglements of hydrophilic loops of PSS of different smaller micelles with one another as 

schematically shown in Figure 1.14. The bridging of the smaller micelles starts even at very low 

polymer concentration due to the strong tendency of POSS towards aggregation, which could be 

useful for potential applications as rheology modifiers in consumer care products.  
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Figure 1.13: Synthesis of ditelechelic POSS-PSS-POSS via anionic polymerization and  

sulfonation. (Adapted with permission from Wei et al [161]. Copyright 2011    

American Chemical Society). 

 

 

 

 

Figure 1.14: Schematic representation of different types of micelles of POSS-PSS-POSS in water  

and AFM micrograph (10 x 10 μm) (obtained from 10 mg/mL aqueous solution) of 

the supermicellar structures. (Adapted with permission from Wei et al [161]. 

Copyright 2011 American Chemical Society). 

1.4.2 POSS Containing Amphiphilic Block Copolymers 

Unlike, end-functionalized POSS containing amphiphilic hybrids, there are only a few reports on 

the POSS containing amphiphilic block copolymers and their self-assembly. The group of He 

reported PEO and MA-POSS containing di- and triblock copolymers via ATRP (PEO-b-P(MA-

POSS, and P(MA-POSS)-b-PEO-b-P(MA-POSS)) and their self-assembly in aqueous solution 
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[163, 164]. The synthesis scheme is outlined in Figure 1.15. The block copolymers could self-

assemble into classical micelles upon dispersion in water. The hydrodynamic size and the 

aggregation number of the micelles varied with changing POSS content in the block copolymer. 

The triblock copolymers with terminal hydrophobic P(MA-POSS) segments formed flower-like 

micelles with some chain ends freely dangling in the water, which led to the formation of 

intermicellar network and viscoelastic gel at concentrations <9 wt.%. Furthermore, the self-

assembly and gelation process could be tuned by adding POSS molecules to the aqueous solution 

of the block copolymers [164]. Zheng et al [165] reported the synthesis of PEO-b-P(MA-POSS)-

b-PNIPAAm amphiphilic triblock copolymers via sequential ATRP of MA-POSS and NIPAAm. 

The obtained block copolymers were of relatively higher polydispersity (PDI> 1.4), which was 

attributed to the decreased reactivity of the bulky POSS macromonomer. In bulk, the DSC data 

revealed microphase separation in the synthesized PEO-b-P(MA-POSS)-b-PNIPAAm, while in 

aqueous solution, block copolymers displayed the lower critical solution temperature (LCST) 

behavior. The LCSTs for all the samples were found to be higher as compared with that of pure 

PNIPAAm (~ 32 oC). The LCST increased with an increase in PEO or P(MA-POSS) content in 

the copolymers.  

 

Figure 1.15: Synthesis of POSS containing amphiphilic di- and triblock copolymers with PEO 

by ATRP. (Adapted with permission from Hussain et al [163]. Copyright 2010 

American Chemical Society). 

The self-assembly in the aqueous solution revealed the formation of spherical micelles with POSS 

forming the core and PEO and PNIPAAm constituting the hybrid corona. The micelle size 
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decreased with an increase in PNIPAAm chain length. Due to the thermoresponsive nature of the 

PNIPAAm, the micelle size could be controlled by temperature variations. Xu et al [166]. 

synthesized, via RAFT polymerization, POSS containing pH-sensitive hybrid amphiphilic block 

copolymers, namely, poly(MA-POSS)-b-poly(4-vinyl pyridine)(P(MA-POSS)-b-P4VP) and 

poly(MA-POSS)-b-polystyrene-b-poly(4-vinyl pyridine) (P(M-POSS)-b-PS-b-P4VP) as shown in 

Figure 1.16. Due to amphiphilic nature, all the synthesized hybrid block copolymers could self-

assemble into aggregates in aqueous solutions. Due to the pH-sensitive P4VP segments, the 

micelle size could be tuned with pH of the medium, at lower pH the size of the aggregates initially 

decreased with rise in pH but then increased with further increase in pH of the medium (Figure 

1.17). The authors attributed this trend to the pH sensitivity of P4VP block, which undergoes 

contraction and extension due to protonation and deprotonation of pyridine segments under 

different pH conditions. 

 

Figure 1.16: Synthesis of poly(MA-POSS)-b-poly(4-vinylpyridine) and poly(MA-POSS)-b- 

polystyrene-b-poly(4-vinylpyridine) via RAFT polymerization. (Adapted from Xu 

et al [166]. Copyright (2013) with permission from Elsevier). 
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Figure 1.17: Schematic presentation of the aggregation behavior of poly(MA-POSS)-b-poly(4- 

vinylpyridine) and poly(MA-POSS)-b-polystyrene-b-poly(4-vinylpyridine) as a 

function of pH. (Adapted from Xu et al [166]. Copyright (2013) with permission 

from Elsevier). 

Yang et al [167] reported the synthesis of P(MA-POSS)-b-PAA and P(MA-POSS)-b-P(AA-co-

St), where PAA and St represent poly(acrylic acid) and styrene segments of the block copolymers, 

via RAFT polymerization as presented in Figure 1.18. The conversion of t-BA segments into PAA 

was achieved by acid hydrolysis using trifluoroacetic acid. 1H-NMR data revealed the nearly 

gradient distribution of styrene monomers along the chain length of the second block. 

 

Figure 1.18: Synthesis of P(MA-POSS)-b-PAA and P(MA-POSS)-b-P(AA-co-St), where PAA  

and St represent poly(acrylic acid) and styrene segments of the block copolymers, 

via RAFT polymerization and selective hydrolysis. (Adapted from Yang et al [167]. 

Copyright (2012) with permission from John Wiley & Sons). 
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The CMC of P(MA-POSS)-b-P(AA-co-St) was estimated using the fluorescence 

spectrophotometry and found to be in the range of ~ 0.002 mg/mL. While the P(MA-POSS)-b-

PAA formed regular spherical micelles in the aqueous solution as revealed by TEM micrographs. 

In contrast, P(MA-POSS)-b-P(AA-co-St) formed irregularly shaped onion-like (consecutive dark 

and bright circle ripples) nanoparticles with broad size distribution (ranging from 68 to 512 nm). 

The driving force for the formation of onion-like nanostructures was the nanophase separation in 

P(MA-POSS)-b-P(AA-co-St) in the aqueous solution. In the onion-like nanoaggregates, the 

P(MA-POSS) constitutes the dark rings, while P(AA-co-St) forms the bright water-swollen rings. 

The block length, PAA, and styrene content influenced the morphology of the self-assembled 

structures in aqueous solution and the formation of various morphologies was observed, such as 

“spheres-dispersed”, where, the P(AA-co-St) organized into spheres dispersed in P(MA-POSS) 

matrix. The presence of St in P(AA-co-St) affected the overall hydrophilicity of the block, thus, 

the composition of P(AA-co-St) dictated the self-assembly behaviors of P(MA-POSS)-b-P(AA-

co-St) in the aqueous medium; the formation of core-shell micelles and disordered particles was 

observed for t-BA/St molar feed ratio 20/1 and 5/1), respectively. In most of the previous studies 

on POSS containing block copolymers, the DP of POSS segments remained low which was 

assigned to steric hindrance due to the bulky POSS nanocage based macromonomer. To overcome 

this problem, Hong et al [168] recently devised a strategy of increasing the spacer length between 

the POSS cage and the polymerizable moiety in the POSS-based macromonomer which led to 

achieving a significantly higher DP of POSS segments, as high as 45 via RAFT polymerization. 

They prepared amphiphilic P(MA-POSS)-b-PMAA (PMAA is poly(methacrylic acid)). The POSS 

based macromonomer, with longer spacer, was synthesized by treating aminoisobutyl POSS with 

2-(methacryloyloxy)ethyl succinyl chloride in THF in the presence of trimethylamine at room 

temperature. The synthesis of the block copolymers via RAFT polymerization is outlined in Figure 

1.19. 
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Figure 1.19: Synthesis of P(MA-POSS)-b-PMAA block copolymers via RAFT polymerization  

(Adapted with permission from Hong et al [168]. (Copyright 2014 American 

Chemical Society). 

High DP of POSS segments did not prevent self-assembly of P(MA-POSS)-b-PMAA in aqueous 

solution, and it was observed that the length of the hydrophilic block control morphology of the 

resulting aggregates in aqueous solution. Thus, P(MA-POSS)45-b-PMAA523 could form typical 

core-shell spherical micelles with POSS segments forming the micelle core and the PMAA 

constituting the shell. The sample with a much longer PMAA block; P(MA-POSS)45-b-PMAA1173, 

formed irregular aggregates with non-uniform density, while the block copolymer with very short 

PMAA segments; P(MA-POSS)45-b-PMAA308 self-assembled into dendritic cylindrical 

nanostructures. The schematic presentation of the self-assembly by P(MA-POSS)-b-PMAA of 

various compositions is depicted in Figure 1.20. Employing a similar strategy the same group also 

reported amphiphilic POSS containing poly(N, N-dimethylamino ethyl methacrylate) diblock 

copolymers, (P(MA-POSS)-b-PDMAEMA)), which could self-assemble into several different 

kinds of interesting nanostructures ranging from irregular aggregates, typical core-shell micelles, 

‘pearl-necklace-liked’ structures to large compound vesicles [169]. Similarly, a few groups also 
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reported POSS based random block copolymers with a brief study on their self-assembly in the 

aqueous medium [170-172]. 

 

Figure 1.20: Self-assembly behavior of P(MA-POSS)-b-PMAA in water as a function of DP of  

the PMAA segments in the block copolymer. (Adapted with permission from Hong 

et al [168]. Copyright 2014 American Chemical Society). 

1.4.3 Star-Shaped POSS Containing Amphiphilic Hybrid Polymers 

As the name indicates, in a star-shaped polymer several chains radiate from a central core. Two 

methods are generally used for the preparation of star-shaped polymers (i) ‘grafting from’ and (ii) 

‘grafting to’ technique [173, 174]. Both of these methods can also be effectively used for the 

preparation of star-shaped POSS containing hybrid polymers from a multifunctional POSS 

nanocage [175-178]. Owing to their unique properties and potential applications in different fields 

several research groups have reported different types of water-soluble POSS containing star-

shaped hybrid polymers. Alkynyl-poly(L-lactide), and Alkynyl-poly(ethylene oxide) were 

attached to octaazido-POSS through ‘click’ chemistry by Yuan et al [179] to afford homo- and 

heteroarm star-shaped hybrid copolymers with POSS core. Alkynyl PEO and alkynyl PLLA were 

first prepared by treating PEO-OH and PLLA-OH with propargyl 3-carboxylic-propanoate and 

then treated with POSS-(N3)8 as shown in Figure 1.21 to achieve (PLLA)8-x-POSS-(PEO)x 

heteroarm star-shaped polymers. 
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Figure 1.21: Synthesis of heteroarm star-shaped hybrid polymers with POSS core via ‘click’  

chemistry. (Adapted from Yuan et al [179] Copyright (2013) with permission from     

John Wiley & Sons). 

The TEM and DLS confirmed their self-assembly into spherical micelles, with the size of the 

micelles, as expected, was dependent upon the length of the PEO chains. In the case of heteroarm, 

the core of the micelle is composed of both the POSS and PLLA chains. The same group also 

reported the synthesis and dynamic supramolecular self-assembly of POSS-(PEO)8 with α-

cyclodextrin (α-CD) molecules [180]. The synthesized POSS-(PEO)8 self-assembled into spherical 

nanoaggregates in the aqueous solution which progressively transformed into deformed spheres, 

cylinders, and sheets with the addition of various amounts of α-CD to the solution, because of 

inclusion complexation of POSS-(PEO)8 and α-CD molecules as shown, schematically, in Figure 

1.22. The morphological changes in self-assembly could be reversed by extracting α-CD molecules 

from PEO chains of POSS-(PEO)8 aggregates either through the addition of different amounts of 

phenol or increasing the solution temperature. The change in self-assembly behavior, with the 

addition α-CD, was explained in terms of supramolecular self-assembly between PEO and α-CD 

and increased hydrophobicity under such conditions. 
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Figure 1.22: A schematic picture of reversible morphological changes of the aggregates obtained  

from POSS-(PEO)8 by the addition and extraction of α-CD through dynamic 

supramolecular self-assembly (Adapted from Yuan et al [180] Copyright (2013) with 

permission from Elsevier). 

Pu et al [181, 182] recently reported amphiphilic star-shaped block copolymers with POSS as core 

and poly(benzyl L-aspartate)-b-poly(ethylene glycol) (PBLA-b-PEG) as the arms by employing 

the ‘grafting to’ technique. The star-shaped POSS [PBLA-b-PEG]8 could self-assemble into 

micelles in water. The chain length of PBLA block greatly affected the CMC, for example, with 

doubling the PBLA chain length, CMC varied from 13 to 2.1 μg mL-1. The authors also explored 

the drug loading efficiency and release ability of the micelles and found that the drug loading 

efficiency increases with the increase in PBLA block length. The POSS [PBLA-b-PEG]8 was 

found to be non-toxic with potential application as an anticancer drug carrier. The POSS[PBLA-

b-PEG]8 was further transformed into POSS[poly(L-aspartate)-b-PEG]8 via simple chemistry. The 

obtained star-shaped POSS[poly(L-aspartate)-b-PEG]8 could form pH-sensitive spherical micelles 

in the aqueous solution. The anticancer drug, doxorubicin, was used as a model drug to investigate 

the drug loading and release efficiency of the micelles formed by POSS[poly(L-aspartate)-b-

PEG]8. The drug-loaded pH-sensitive micelles were found to exhibit good anticancer activity. 

Like the ‘grafting to’ method, there are several reports on the preparation of star-shaped 

amphiphilic POSS containing hybrid copolymers via the “grafting from” technique [183-188]. As 

an example, Ni et al [187] employed a combined approach of ring-opening polymerization (ROP) 

and ATRP to synthesize POSS containing water-soluble star-shaped block copolymers, namely, 

poly(ɛ-caprolactone-b-N-isopropyl acrylamide) with POSS as the core (POSS[(CL)-b-

(NIPAAm)]32). As shown in Figure 1.23, the hydroxyl functionalized POSS was employed as an 
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initiator to polymerize ɛ-caprolactone by ROP, followed by the transformation of terminal 

hydroxyl groups into an ATRP initiator for ATR polymerization of NIPAAm to achieve the 

desired POSS[(CL)-b-(NIPAAm)]32. Due to amphiphilic nature, POSS[(CL)-b-(NIPAAm)]32 

could form spherical micelles in the size range of 145-160 nm, in the aqueous solution. A 

comparative study with pure block copolymers showed that this shape regularity of micelles could 

be due to the unique structure of POSS nanocage. 

 

Figure 1.23: Synthetic of POSS [PCL-b-NIPAM]32 via combination of ROP and ATRP. (Adapted  

         with permission from Ni et al [187]. Copyright 2010 American Chemical Society). 

Recently, Zhang et al [189] reported more complicated Penta-telechelic POSS containing 

amphiphilic star-shaped polymers, with D-glucose as the core and PAA chains with terminal POSS 

cages as the arms, (Glu-[PAA-POSS]5), by a combined approach of ATRP and ‘click’ chemistry. 

Penta-telechelic Glu-[PAA-POSS]5 exhibited an interesting type of self-assembling behavior in 

aqueous solution and formed giant capsules as revealed in TEM images (Figure 1.24) rather than 

classical aggregates. The chain length of PAA had a profound effect on the capsule formation, 

thus, more prominent capsules were observed with higher DP of PAA (Figure 1.24 c, f). 
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Figure 1.24: TEM images of Glu-[PAA-POSS]5 aggregates in the water at pH 8.5, with the degree  

of polymerization of PAA 218(a, d), 418(b, e) and 630 (c, f) (Adapted from Zhang et 

al [189]. Copyright (2014) with permission from John Wiley & Sons). 

1.5 Applications of POSS-Based Amphiphiles 

POSS molecules functionalized with different moieties have been incorporated into different 

polymeric matrices with improved physical and chemical properties extending its applications in 

various fields ranging from high-performance to flame-resistant materials. However, in the last 

decade or so, serious attention was devoted to the amphiphilic POSS containing hybrid polymers.  

1.5.1 Biomedical Applications 

The unique nanoarchitecture, enhanced properties, biocompatibility, non-toxicity, and 

cytocompatibility make the POSS cage a prime candidate for potential biomedical applications 

[48-50]. 

1.5.1.1 Drug Delivery 

Several investigations have been carried out to explore the potential applications of POSS based 

amphiphilic hybrids in nanomedicines. Pu et al [181, 182] evaluated the drug carrier efficiency 

and anticancer activity of micelles formed by star-shaped POSS[PBLA-b-PEG]8 and 

POSS[poly(L-aspartate)-b-PEG]8. To insert pH sensitivity to the drug release mechanism, 1-(3-

Aminopropyl) imidazole was integrated into the pendant groups of poly(L-aspartate) segments. 

The pH-sensitive micelles loaded with an anticancer drug (DOX) were able to release more than 

90% of the loaded drug within 48 hours at the desired acidic pH. Yuan et al [64] demonstrated 
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star-shaped poly(L-glutamic acid) dendrimers with POSS cage as the core, as an efficient 

anticancer drug, namely, DOX; carrier. Ni et al [187] studied the self-assembled micelles formed 

by star-shaped POSS[(CL)-b-(NIPAM)]32 in the aqueous medium as a potential carrier for 

ibuprofen, where an enhanced drug loading efficiency was observed with an increase in micelle 

core diameter. Kim et al [190] explored self-assembled core-shell nanostructures formed in the 

aqueous solution by POSS-PEG-POSS as a potential insulin carrier. Insulin release test confirmed 

that POSS-PEG-POSS core-shell nanostructures provide good protection to insulin at gastric pH 

for 2 hours and easily released at intestinal pH (pH 6-7), thus, recommending these core-shell 

nanostructures as potential carrier for insulin.  

1.5.1.2 Gene Therapy 

Besides drug delivery, gene therapy is another important field of clinical practice, thus, gene 

delivery has become a growing research area. Literature showed that some research groups have 

explored the role of POSS based amphiphilic hybrid polymers in gene delivery with very good 

properties as vectors [191-193]. For example, star-shaped poly(L-lycine) dendrimers [192] having 

POSS as the core was used in gene delivery with enhanced efficiency and low cytotoxicity than 

the linear poly (L-lycine). A cationic polymer, based on POSS and PDMAEMA, synthesized by 

ATRP of DMAEMA while using POSS based ATRP initiator was employed for gene delivery 

[194]. Interestingly, these polymers were found to self-assemble in the aqueous solution with the 

ability to encapsulate hydrophobic anticancer drugs (paclitaxel) within the hydrophobic core. The 

drug-loaded POSS-based aggregates were found to offer superior gene transfection efficiency in 

human breast cancer cells as compared with the empty polyplexes (no drug-loaded). 

1.5.2. Energy Devices (As Solid-State Polyelectrolytes in Lithium-Ion Batteries) 

Due to unique features, such as non-volatility, high mechanical, chemical, and electrochemical 

stability, POSS containing amphiphilic hybrid polymers have drawn interest for application as 

solid-state polyelectrolytes in lithium-ion batteries. Wunder et al [195-198] made a great 

contribution in this field by developing POSS-PEG derivatives as polymer electrolytes (PEs) for 

potential applications in lithium-ion batteries. The developed POSS-PEG based PEs were 

completely amorphous when the PEG chain was short (DP ≤ 6) because of the rich concentration 

of rigid POSS and when mixed with a lithium salt they exhibited high ionic conductivities (10-4S 

cm-1) at room temperature and approximately 10-6 S cm-1even at -20 oC [195]. These PEs were 
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viscous liquids at room temperature, therefore, for practical applications as a solid-state electrolyte, 

blending with rigid polymer matrices was carried out [196, 198]. The same group also investigated 

electrochemical properties of mixtures of hydrophilic POSS-PEG8 (the subscript to PEG represents 

its DP) and incompletely condensed POSS cage, equipped with seven phenyl groups and three 

BF3Li moieties (POSS-benzyl7(BF3Li)3) for application as PE in lithium-ion batteries, where at 30 

oC the POSS-PEG8/POSS-benzyl7(BF3Li)3 showed 17 times higher conductivity than that of 

POSS-PEG8/LiBF4 [199]. Similarly, a further increase in conductivity was observed with an 

increase in temperature up to 90 oC. Kim et al [200] used PEG functionalized POSS as a plasticizer 

to enhance the ionic mobility of composite electrolytes consisting of star-shaped polymers (POSS-

PEG), lithium salt with various compositions, and PEGs of various chain lengths. The obtained 

composite electrolytes exhibited high dimensional stability, high ionic mobility, high discharge 

competence, and ionic conductivity three times more than that of PEs without the star-shaped 

POSS-PEG. Several other reports have also been reported on POSS based amphiphilic hybrid 

polyelectrolytes with enhanced ionic conductivity due to the inclusion of POSS nanocages [201, 

202]. Shim et al. also observed higher ionic conductivity. Recently, Polu and his coworkers[203] 

further expanded the role of POSS in Lithium-ion batteries by preparing nanocomposite solid-state 

polyelectrolytes based on PEO and POSS(PEG)8 (with an average degree of polymerization of 

each PEG chain was 13.3) hybrid star polymers. The FTIR spectroscopy revealed the complexation 

between PEO and lithium salt (LiN(-SO2CF3)2). The authors studied their mechanical, thermal, 

and ionic conductance properties. A decrease in the degree of crystallinity and an increase in 

young’s modulus was observed with the addition of POSS-PEG. The enhanced ionic conductivity 

with increasing POSS-PEG content was attributed to the plasticization effect of PEG arms of the 

POSS(PEG)8 that led to improved local relaxation and segmental motion of the PEO chains. 

Application of POSS based amphiphilic hybrids has also been explored as proton conducting 

electrolytes [204]. 

1.6 Aims and Objectives 

The current study aimed to synthesize well-defined POSS-based macroamphiphiles with various 

hydrophilic segments via the so-called RDRP techniques for potential biomedical applications.  

The objectives were: 



 

37 
 

1. To optimize the reaction conditions, investigate the kinetic behavior, and self-assembly in 

the aqueous medium.  

2. To evaluate the influence of POSS cages on the crystallization behavior of the PEG 

segments in bulk.  

3. To understand the behavior of the selected hybrid macroamphiphilies in thin films on the 

water surface.  

4. To investigate the prospect of crystallization of POSS cages of the macroamphiphiles in 

thin films on the water surface and how various parameters would influence the 

crystallization process.  

5. To evaluate the synthesized samples for potential biomedical applications by investigating 

their interaction with model lipid bilayer membranes.  

6. To apply the achieved hybrids as filler for enhanced hydrophilicity and antifouling 

character of the poly(vinylidene fluoride) (PVDF) membranes for potential application in 

water treatment. 

1.7 Plane of Work  

The present work was planned as under  

1. To synthesize POSS based water soluble hybrid block copolymers via ATRP and NMP. 

2. To characterize all these hybrid polymers via GPC and 1H-NMR spectroscopy for 

structural confirmation.  

3. To study the aggregation behaviors of the synthesized block copolymers in aqueous 

medium in term of their critical micellization concentration (CMC) and hydrodynamic radii 

(Rh) via fluorescence spectroscopy and laser light scattering respectively. 

4. To study the behavior of the selected hybrid block copolymers in thin films on the water 

surface.  

5. To study the crystallization of POSS cages of the hybrid polymers in thin films on the water 

surface and how various parameters will influence the crystallization process 

6. To evaluate the synthesized hybrid polymers for biomedical applications via interaction 

with model membrane and for water purification via PVDF membrane modification. 
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                                                                                                                                   Chapter 2 

Materials and Methods 

First part of this chapter deals with description of materials and method used in this work regarding 

synthesis and characterization. Similarly basic concepts of the techniques used in this work is also 

briefly discussed while last part consist of experimental work done for the synthesis of POSS based 

hybrid polymers.  

2.1 Materials 

Methacrylic acid (≥97 %), benzoyl chloride (≥97%), 2,2-Dimethyl-4-hydroxymethyl-1,3-

dioxolane (Solketal, 97%), Hydroquinone (99.8%) Basic alumina (Brockmann, type 1, 150 mesh), 

sodium sulfate, potassium bisulfate (≥99%), calcium hydride (90–95%, reagent grade), 4-acryloyl 

morpholine (ACM, 97%, inhibited with 1000 ppm MEHQ) and poly(ethylene glycol)methyl ether 

(PEG5k, Mn = 5000 g/mol)  all of these were obtained from Sigma-Aldrich. 4-acryloyl morpholine 

was purified by passing through a column packed with basic alumina along with 5% wt. calcium 

hydride before use. Aminopropylisobutyl POSS and Methacryloisobutyl POSS was purchased 

from Hybrid Plastic and used as it received. Sodium bicarbonate (≥99.7%, ACP Chemicals), 

toluene (≥98.5% certified ACS, Fisher Scientific), hexane (≥98.5% certified ACS, Fisher 

Scientific), methanol (≥98.5% certified ACS, Fisher Scientific), acetone (≥98.5% certified ACS, 

Fisher Scientific) and tetrahydrofuran (>99.9%, HPLC grade, Fisher Scientific), 2-([tert-butyl[1-

(diethoxyphosphoryl)-2,2 dimethyl propyl]amino]oxy)-2-methyl propanoic acid (BlocBuilder) 

(99%, Arkema) were used as received. Trimethylamine and dichloromethane were obtained from 

Rriedal-Ddehaen. CuCl (99%) and N,N,N′,N″,N″ pentamethyldiethylenetriamine (98%) were 

purchased from International Laboratories. Trimethylamine was used after drying by distillation 

in the presence of KOH and CaH2.  

2.2 Basic Concepts of the Techniques Used For Characterizations 

2.2.1 Gel Permeation Chromatography  

Molecular weight distribution is an important parameter for the confirmation of efficiency of 

polymerization reaction. Unimodolar distribution of molecular weight indicates the control nature 
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of polymerization. It is the Gel permeation chromatography (GPC) that is use for molecular weight 

and molecular weight distribution of polymers. GPC was introduced in 1955 by Lathe and 

Ruthven.  

Gel permeation chromatography separates molecules of analyte on the bases of their size 

or hydrodynamic volume. This makes GPC different from other separation techniques which 

depend upon chemical or physical interactions to separate analytes. Separation occurs through the 

use of porous materials packed in a column. 

The smaller analytes can enter the pores more easily and therefore spend more time in these 

pores, increasing their retention time. These smaller molecules therefore will elute last. On the 

other hand , larger analytes spend little time in the pores and are eluted quickly. Column used for 

separation works for a limited range of molecular weights and therefore the size of the pores for 

the packing of column should be selected according to the sort of molecular weight of analytes to 

be separated. Weight obtained via GPC is not an exact of the molecules but is a reference weight 

and reference materials (standard) are used. 

2.2.2 Fluorescence Spectroscopy 

Fluorescence spectroscopy is a type electromagnetic spectroscopy that analyze the fluorescence of 

a sample. It is also known as spectrofluorometry or fluorimetry. Its general principles involves the 

use of a beam of light, usually ultraviolet light, that excites the electrons in molecules and causes 

them to emit light; typically, but not necessarily, visible light. It can be consider as complementary 

technique to absorption spectroscopy.  

For atomic species, the process of fluorescence is similar, however, since atomic species 

do not have vibrational energy levels, therefore wavelength of the emitted photons is often the 

same as the incident radiation. This process of re-emitting the absorbed photon is called resonance 

fluorescence and is related to atomic species, however it is sometimes seen in molecular 

fluorescence as well. 

In a general fluorescence emission measurement, the excitation wavelength is fixed and 

the detection wavelength varies, while in a fluorescence excitation/absorption measurement the 

excitation wavelength is varied across a region of interest while keeping the detection wavelength 

fixed. An emission map is measured by recording the emission spectra resulting from a range of 

excitation wavelengths and combining them all together.  

https://en.wikipedia.org/wiki/Hydrodynamic_radius
https://en.wikipedia.org/wiki/Ultraviolet_light
https://en.wikipedia.org/wiki/Molecules
https://en.wikipedia.org/wiki/Visible_light
https://en.wikipedia.org/wiki/Absorption_spectroscopy
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2.2.3 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy also known as magnetic resonance spectroscopy (MRS) 

or NMR spectroscopy is a spectroscopic technique to detect local magnetic fields around atomic 

nuclei. In this technique radiation of radio frequency is used for excitation of nuclei. The sample 

is subjected to an external magnetic field and the NMR signal is produced by the nuclei when 

magenetic fields of Radio wave become in resonance with that of magnetic field of the excited 

nuclei. The intramolecular magnetic field around an atom in a molecule changes the resonance 

frequency, thus giving access to details of the electronic structure of a molecule and its individual 

functional groups.  

The basic principle of NMR involves three steps: 

1. The polarization (orientation) of the magnetic nuclear spins in an applied/external, constant 

magnetic field (B0). 

2. The perturbation of this alliance of the nuclear spins by a weak oscillating magnetic field, 

normally called as a radio-frequency pulse. 

3. Analysis of the electromagnetic waves produced by the nuclei of the sample as a result of 

this perturbation. 

NMR spectroscopy can be used for protein detection in biochemistry. It also provides detailed 

information about the structure of the molecule, reaction state, dynamics, and chemical 

environment of molecules. The most common types of NMR are proton and carbon-13 

NMR spectroscopy, however it is applicable to all known elements that contains nuclei 

possessing spin. 

2.2.4 Fourier-Transform Infrared Spectroscopy 

This spectroscopic technique is used to obtain an infrared spectrum of absorption or emission of a 

solid, liquid or gas. In this technique, infra-red radiations are allowed to pass through the sample 

and the instrument measures how much of the light is absorbed, and repeat for each different 

wavelength.  

An FTIR spectrometer simultaneously collects high-resolution spectral data over a wide 

spectral range. This spectroscopic technique provides information about the structure of molecules 

https://en.wikipedia.org/wiki/Spectroscopy
https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Proton_NMR
https://en.wikipedia.org/wiki/Carbon-13_NMR
https://en.wikipedia.org/wiki/Carbon-13_NMR
https://en.wikipedia.org/wiki/Spin_(physics)
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in terms of functional groups. There are two region of IR spectroscopy, frequency region and finger 

print region. Advantage of this technique is that no two molecules have the same finger print 

spectra.  

2.2.5 Dynamic Laser Light Scattering (DLLS) 

Dynamic light scattering is a technique which can used to determine the size and distribution 

profiles of particles of the same material in a solution or small particles in suspension. 

Laser light scattering measures particle size distributions by measuring the angular variation in 

intensity of light scattered as a laser beam passes through the solution. Angle of scattering is 

inversely related to particle size. Large particles scatter light at small angles relative to the laser 

beam and small particles scatter light at large angles. 

2.2.6 X-Ray Diffraction. 

X-ray diffraction analysis is a technique used in materials science to determine the crystallographic 

structure of a material. X-ray diffraction works by treating a material with incident X-rays and 

then measuring the intensities and scattering angles of the X-rays that leave the material. Sharp 

peaks of diffracted light indicate the crystalline nature of the materials while crystallinity decreases 

with broadness of diffracted light signals.  

2.3 Characterizations 

Size Exclusion Chromatography (SEC) was used for the determination of number average 

molecular weight, Mn, and polydispersity index (PDI) of the synthesized copolymers. All such type 

measurements were conducted by SEC (Waters Breeze HPLC system). The SEC was equipped 

with RI (2414) detector, a guard column, and two Waters Styragel HR columns. PMMA standards 

were used for the column calibration in THF at 40 oC. HPLC grade THF was used as mobile phase 

with a flow rate of 0.3 mL min-1 at 40 oC. 1H-NMR spectra were recorded in d-chloroform and d-

DMSO on Varian Mercury and Bruker spectrometer, operating at 300 MHz and 500 MHz. 

Dynamic Laser Light Scattering studies were conducted on Malvern Zetasizer Nano ZS, which 

works on the principle of dynamic laser light scattering, was used to investigate the hydrodynamic 

particle size of the aggregates formed by the synthesized hybrids amphiphiles. All the 

measurements were carried out at a fixed scattering angle of 90o at room temperature. For each 

reading, the solution of known concentration was first stabilized overnight and then filtered 
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through a Millipore filter having 0.45µm pore size. For all readings, approximately 2.5 mL was 

added to the cell and five scans were recorded for each sample. The Fourier transform infrared 

spectroscopy (FTIR) experiments were performed in transmission mode with a Vector 22 (Bruker 

OptikGmbH, Germany) spectrometer. The spectra were acquired with a resolution of 4 cm−1 with 

64 scans in the wavenumber range of 4000 to 400 cm−1. The differential scanning calorimetry 

(DSC) analysis was conducted on a DSC model 823e of Mettler-Toledo Switzerland. All the scans 

were recorded from -50 oC to 100 oC for all the samples at 10 oC/min heating and cooling rate in 

the presence of nitrogen. Two cycles were recorded; in the first scan, the sample was heated from 

-50 oC to 100 oC at 10 oC/min, and then after a delay of 5 min the sample was cooled from 100 oC 

to -50 oC at the same rate. Similarly, the second cycle was also recorded by following the same 

protocol. Thermal Gravimetric Analysis (TGA) was carried out on the TGA/SDTA model 851e 

from Mettler-Toledo Switzerland. All the analyses were carried out in the presence of nitrogen 

atmosphere in a temperature range from room temperature to 700 oC with a heating rate of 10 oC 

/min. The polarized optical microscopy experiments were carried out on a polarized optical 

microscope (Nikon) coupled with a Linkam hot stage. Generally, a small amount of the sample 

was heated above the melting temperature of the PEG (80 oC) between the glass slides on the hot 

stage, connected with the microscope, and waited at this temperature for a short time (5 minutes) 

to remove any previous thermal history. Cooling of the sample then proceeded at 30 K/min to a 

pre-selected crystallization temperature. The subsequent spherulite appearance was observed 

between the intersected polarizers. The temperature-dependent Wide-angle X-ray scattering 

measurements (WAXS) were carried out on a Retro-F laboratory setup (SAXSLAB, 

Massachusetts). All the measurements were recorded in transmission mode in the temperature 

range of 20-90°C with a 10 K/min rate. First, the sample was placed in an aluminum holder that 

was directly fixed on the Linkam surface for the measurements. The instrument was provided with 

a microfocus X-ray source (AXO Dresden GmbH, Germany) and with an ASTIX multilayer X-

ray optic (AXO Dresden GmbH, Germany) as monochromator, to provide CuKα radiation (= 

0.154 nm). A PILATUS3 R 300K (Dectris Ltd., Switzerland) detector with a sample-to-detector 

distance of 82.1707 and 432.1707 mm was used to record the assimilated two-dimensional 

scattering patterns. 
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2.3.2 Langmuir Trough Measurements 

The surface pressure, π vs. mean molecular area, mmA isotherms of the diblock copolymers were 

measured using a Langmuir trough (Riegler & Kirstein, Germany). The trough has a maximum 

available surface area of 26,212 mm2 and is equipped with two symmetrical movable barriers as 

well as a Wilhelmy plate made from filter paper. The trough was covered with a closed plexiglass 

box to maintain a stable atmosphere and the temperature of the subphase was maintained at 20 °C 

by a circulating water bath. The subphase used for the experiments was prepared from deionized 

water (TKA GenPure Labor & Reinstwassertechnik Christian Wiesenack, Jena, Germany) with a 

conductivity of < 0.056 μS cm−1. Before the experiments, the subphase purity was checked by 

measuring the surface pressure at maximum surface compression (π < 0.15 mN m−1). To obtain 

the π-mmA isotherms, the block copolymer solutions (concentration 1–2 mg ml−1) were prepared 

in HPLC grade chloroform and spread on the subphase using a digital microsyringe (Hamilton). 

After waiting 20 min for evaporation of the chloroform, the surface was compressed to record the 

π-mmA isotherm. The compression speed used for all of the experiments was 100 

Å2·molecule−1·min−1, except for the BAM experiments where a slower compression rate of 50 

Å2·molecule−1·min−1 was used for better imaging conditions [205]. 

2.3.3 Langmuir-Blodgett Film Transfer 

A piece of circularly shaped mica (d = 10 mm) was cleaved from the middle and hooked to the 

substrate holder of the transferring unit from KSV (Helsinki, Finland) for preparation of the 

Langmuir-Blodgett (LB) film. During the transfer, the surface pressure was kept constant. The 

transfer pressures were set to 8 mN m−1 and 25 mN m−1, respectively. The substrate was vertically 

fixed to the holder and immersed in the subphase (around 7 mm). Afterward, the block copolymer 

solution was spread on the water surface, and after waiting for chloroform evaporation, the film 

was compressed to the required transfer pressure. After achieving the required surface pressure, 

the submerged mica substrate was automatically pulled upward with a speed of 0.1 mm min−1 

which resulted in the block copolymer being transferred to the substrate. Furthermore, the transfer 

was confirmed by surface analysis of the mica substrate using AFM instrument and the transfer 

efficiency was realized from the transfer ratio (TR) as calculated from reference [206]. The TR 

value (≈ 1.05) is close to the unity for both cases. The fabricated LB film was dried at room 

temperature in a desiccator and stored in a sealed box for later measurements. 
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2.3.4 Brewster Angle Microscopy 

To monitor the Langmuir film during compression, a Brewster angle microscope (NFT Mini BAM, 

Nano-film technology, Valley View, USA) was used. The instrument has a lateral resolution of ≈ 

20 μm, with a field of view of 4.8 ×6.4 mm2. The Langmuir trough used for this experiment has a 

maximum surface area of 14,800 mm2. The images were captured using the software WinTV 

(Hauppauge, USA). 

2.3.5 Atomic Force Microscopy 

The atomic force microscopy (AFM) images of the LB films were acquired in tapping mode using 

a Multimode 8 AFM (Bruker, Santa Barbara, USA) and a standard silicon cantilever (NSC15, 

Mikromash, Ore, USA) with a resonance frequency of 325 kHz and a spring constant of 40 N m−1. 

Drive amplitude of ≈ 18 mV, set point of 330–380 mV, and a scan rate of 1 Hz was used. The 

captured AFM images were processed by Gwyddion software. 

2.3.6 Infrared Reflection-Absorption Spectroscopy 

The infrared reflection-absorption spectroscopy (IRRAS) experiments were performed using a 

Bruker Vector 70 FTIR spectrometer equipped with a liquid nitrogen-cooled mercury-cadmium-

telluride (MCT) detector and an A511 reflection unit (Bruker Optics, Germany). The setup was 

placed over two troughs such as a sample trough (Riegler & Kirstein, Germany) of 30 × 6 cm2 and 

a circular reference trough (d = 6 cm). The sample trough contained a Wilhelmy pressure sensor 

made of filter paper and two movable barriers to permit film compression. The monolayer was 

prepared in this trough. The circular reference trough was used only to measure the spectrum of 

the bare water surface. Both troughs were connected to a water reservoir to maintain the same 

height level by an automated pumping system. The temperature of the subphase was maintained 

at 20 °C by a circulating water bath. Furthermore, the troughs were covered with a closed 

plexiglass box to keep a stable atmosphere. The IRRA spectra were obtained by shining both 

troughs with an s-polarized IR beam at a particular angle of incidence φ relative to the surface 

normal. The reflectance-absorbance (RA) spectra were calculated using the relation RA = − 

log10(R/R0), where R and R0 represent the IR reflectivity of the sample and the reference trough, 

respectively. The spectra were repeatedly recorded in the sequence: one reference spectrum (R0) 

followed by 5 sample spectra (R), while the Langmuir film was continuously compressed with a 

small compression rate of 25 Å2 molecule−1 min−1. The spectra were recorded with an s-polarized 
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IR beam at a 60° angle of incident. The resolution, the scanner speed, and the number of scans in 

all experiments were 4 cm−1, 160 kHz, and 1000, respectively. A zero-filling factor of two was 

applied before the Fourier transformation of the averaged interferograms resulting in a nominal 

spectral resolution of 2 cm−1. 

2.3.7 Fluorescence Spectroscopy 

The fluorescence probe method was used to investigate critical micelle concentration (CMC) of 

the synthesized hybrid polymers in the aqueous medium, using pyrene as the fluorescent probe. 

All the fluorescence spectra were recorded on a Varian Cary Eclipse fluorescence 

spectrofluorometer, where both the excitation and emission bandwidths were fixed at 3 nm. The 

polymer solution of known concentration was first prepared in a 0.5 µM solution of pyrene. The 

same solution was further diluted for the next measurement by adding a known amount of 0.5 µM 

pyrene solution. Thus, pyrene concentration remained constant in all samples and the polymer 

concentration was varied. Similarly, all these solutions were shaken and equilibrated for enough 

time at ambient temperature before measurements. The excitation wavelength was fixed at 340 nm 

and emission spectra were recorded in the range of 350 to 550 nm.  

For tadpole-shaped POSS-PGMA, solutions having a different concentration of the polymer and 

same concentration of pyrene were obtained by first adding a predetermined amount of pyrene in 

acetone to different vials, followed by acetone evaporation, and then a specific amount of POSS-

PGMA in the aqueous solution of different concentrations was added to the vials. Finally, Pyrene 

concentration was fixed at 0.5 µM in all the vials. All these solutions were then equilibrated at 

ambient temperature for enough time. The ratio of peak intensities at 384 nm (I3) and 373 nm (I1) 

of the emission spectra were plotted as a function of polymer concentration for the estimation of 

the CMC. The abrupt change in the I3/I1 versus polymer concentration was considered as CMC of 

the polymer solution. 

2.4 Experimental Section 

2.4.1 Synthesis of POSS-Poly(glycerol methacrylate) by ATRP 

POSS-poly(glycerol methacrylate) was not obtained by direct polymerization of glycerol 

methacrylate via ATRP. But it was achieved by a multistep process which includes the synthesis 
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of solketal methacrylate, POSS initiator, and POSS-poly(solketal methacrylate) hybrid polymers. 

Here we will discuss the detail of all these steps. 

2.4.1.1 Synthesis of Solketal Methacrylate 

(2,2-dimethyl-1,3-dioxolan-4-yl)methyl methacrylate, also known as solketal methacrylate, was 

synthesized in a two-step reaction. In the first step, Methacryloyl chloride was prepared according 

to a reported method [207] by the chlorination of methacrylic acid using benzoyl chloride as the 

chlorinating agent. For this purpose, a mixture of methacrylic acid and benzoyl chloride (1:2 molar 

ratio) was distilled at rapid speed in the presence of hydroquinone as inhibitors. However, during 

the distillation process, hydroquinone was added to both reacting and receiving flask, and distillate 

(methacryloyl chloride) was collected below 130 oC. To remove the inhibitor and traces of 

methacrylic acid formed by reverse reaction or passed during distillation, the distillate was 

redistilled and pure methacryloyl chloride of light yellow color was collected at 97 to 100 oC and 

was stored below 5 oC.  

Scheme 2.1: Synthesis of methacryloyl chloride. 

 

In the second step, a solution of 30 mL of the freshly prepared methacryloyl chloride in 50 mL 

dichloromethane (DCM) was added dropwise to an ice-cold two neck round bottom flask 

containing a solution of solketal (50 g) and trimethylamine (60 g) in 120 mL DCM under nitrogen 

atmosphere. The formation of white precipitates (triethylammonium chloride) confirmed the 

condensation reaction, however, for maximum conversion, the reaction was allowed to continue 

under constant stirring for approximately 20 h. at room temperature. The reaction mixture was 

further diluted with DCM and filtered to remove triethylammonium chloride. The solvent was 

evaporated by a rotary evaporator. Unreacted solketal and methacrylic acid were removed by 

washing the crude product first two times with deionized water and 5% NaHCO3 solution. The 

product was further washed two times with 5% NaCl solution and solketal methacrylate was 

obtained as a yellowish liquid after drying overnight under vacuum at 25 oC with 54 % yield. The 
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synthesis of solketal methacrylate and its purity was confirmed by 1H-NMR as shown in the 

“Results and Discussion” chapter. 

2.4.1.2 Transformation of AminopropylIsobutyl POSS into ATRP Initiator 

Bromo functionalized POSS was obtained by the bromination of AminopropylIsobutyl POSS. In 

a typical experiment, a two neck round bottom flask fitted with a septum was charged with 60 mL 

dried THF, 10 g (11.43 mmol) aminopropylIsobutyl POSS and 2.38 mL (17.16 mmol) 

triethylamine. The reaction flask was kept in an ice/water mixture followed by the dropwise 

addition of a known amount of α-bromoisobutyryl bromide solution in THF. The temperature was 

allowed to rise to room temperature and the reaction continued for 24 h. The reaction mixture was 

filtered to remove triethylammonium bromide salt. The solution was concentrated by evaporating 

most of the solvent by rotary evaporator and the product was washed three times with ethanol for 

the removal of unreacted α-bromoisobutyryl bromide. Finally, the POSS based ATRP initiator was 

recovered as a white powder after drying in a vacuum oven at 40 oC overnight. The yield of the 

reaction was 85%. 

2.4.1.3 Synthesis of POSS-Poly(solketal methacrylate) by ATRP 

The synthesized POSS initiator was employed for the ATRP polymerization of solketal 

methacrylate. In a typical experiment, 0.2 g of POSS initiator, 3.9 g solketal methacrylate, and 67 

mg of PMDETA were dissolved in 4 mL THF in a 25 mL two neck round bottom flask equipped 

with a magnetic stirrer. The flask was tightly sealed with a rubber septum and placed in ice water. 

The solution was bubbled with argon for at least 30 min for the removal of oxygen from the 

reaction flask. Finally, CuCl (0.019 g) was added, followed by bubbling with argon for a few more 

minutes. The polymerization was carried out at 40 oC for 1 h under continuous stirring. The 

reaction was stopped by exposing the reaction mixture to air and addition of THF. The color of the 

reaction mixture changed from green to blue that confirms the conversion of CuCl to CuCl2. The 

blue coloration of the copper catalyst was removed by passing the reaction solution through an 

alumina (basic) column. The solution was concentrated by rotary evaporator followed by 

precipitation in an excess of cold hexane three times. The POSS-PSMA as a white powder was 

recovered after drying under vacuum overnight at 40 oC. The whole reaction scheme is outlined in 

(Scheme 2.2). Using the same reaction conditions, a series of five POSS-PSMA tadpole-shaped 
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hybrid polymers of different molecular weights were synthesized by varying the monomer and 

initiator ratio. 

2.4.1.4 Transformation of POSS-PSMA into POSS-PGMA 

The transformation of POSS-PSMA into amphiphilic POSS-PGMA was carried out by hydrolysis 

under acidic conditions. In a typical procedure, 1 g of POSS-PSMA was dissolved in 40 mL ice-

cold THF, followed by dropwise addition of 10 mL 1N HCl under continuous stirring. The reaction 

continued for 24 h at room temperature. As the reaction proceeded the solution turned steadily 

transparent. The solvent was removed by rotary evaporator, followed by dissolution in methanol 

and precipitation in an excess of cold hexane (two times) and ethyl acetate. Finally, the POSS-

PGMA was recovered as a white powder after drying in a vacuum overnight at 40 oC.  

2.4.2 Synthesis of Poly(MA-POSS-co-styrene)-b-Poly(acryloyl morpholine) Diblock             

         Copolymers by NMP 

Synthesis of Poly(MA-POSS-co-styrene)-b-Poly(acryloyl morpholine) diblock copolymers was 

accomplished in two steps, first MA-POSS was copolymerized in 10 mole % of styrene and then 

the same Poly(MA-POSS-co-styrene) copolymer was extended with acryloyl morpholine under 

the same reaction conditions for the synthesis of  P(MA-POSS-co-styrene)-b-P(acryloyl 

morpholine) diblock copolymers. However, before the synthesis of diblock copolymers, different 

monomers were tested as co-monomer for copolymerization of MA-POSS by NMP, and styrene 

was selected as the best commoner for NMP polymerization of MA-POSS. 
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Scheme 2.2: Reaction scheme showing different steps involved in the synthesis of POSS-PGMA. 

 

2.4.2.1 Selection of Co-monomer and Optimization of Molar Ratio of the Co-monomer 

First, NMP was employed for the homopolymerization of MA-POSS but the reaction was found 

uncontrolled (Ð > 3.0) with < 10 % yield after 8 h. After that, we took the support of a co-monomer 

for the polymerization of MA-POSS by NMP. For this purpose, three monomers, namely acryloyl 

morpholine, styrene, and acrylonitrile were tested as co-monomers under the same experimental 

conditions for the polymerization of MA-POSS. Using toluene as solvent and BlocBuilder as the 

initiator, the NMP of MA-POSS was proceeded separately for 1 h in the presence of 10 mole% of 

the three different co-monomers at 110 oC. In each case, the target molecular weight of the 

copolymer was set to 40 kg mol-1. After 1 h of the reaction, the final product was characterized by 

SEC. The SEC data (Results and Discussion section) suggests that styrene as the co-monomer 
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could be more efficient to successfully polymerize MA-POSS by NMP. After selecting styrene as 

the co-monomer for NMP polymerization of MA-POSS, the effect of the molar ratio of the co-

monomer was also studied by changing the molar ratio of styrene in the initial monomer feed (5 

mole %, 10 mole % 15 mole %, and 20 mole %) under the same polymerization conditions. It was 

observed that the reaction lose control when 5 mole % of styrene was used as co-monomer. Besides 

polydispersity, a great decrease in yield was also observed at 5 mole % of styrene. However, the 

reaction was found quite control with 10 mole % of co-monomer with satisfactory yield. On the 

other hand, an increase in yield was observed at 15 and 20 mole % of styrene with the same 

dispersity as obtained with 10 mole %. Similarly, NMP polymerization of POSS was also studied 

at 100 and 120 oC using 10 mole % of styrene and toluene as solvent. The polymerization was 

found deadly slow at 100 oC and lose control at 120 oC.  

2.4.2.2 NMP of POSS-MA with Styrene as the Co-monomer 

After selecting styrene as the co-monomer and its appropriate molar ratio (10 mole %), the NMP 

of MA-POSS was studied in detail. The NMP of MA-POSS along with 10 mole % styrene was 

carried out at 110 oC in 50 wt. % toluene solution using BlocBuilder as the initiator. In a typical 

reaction, 0.3 g (0.78 mmol) BlocBuilder was added to a three-neck 50 mL round bottom flask 

along with 10 g (7.8 mmol) MA-POSS and 0.12 g (1.15 mmol) styrene. The same flask was also 

provided with 10.5 g of toluene. The reactor was sealed with a rubber septum having the 

thermocouple placed in the solution and connected to a temperature controller. The reaction 

mixture was purged with ultra-pure nitrogen for 20 min before raising the temperature to 110 oC 

at a heating rate of 6-7 oC/min. The reaction starting time was considered when the target 

temperature was reached. For kinetic analysis, about 0.1 mL aliquot was taken out every 10 min. 

for 1 h. and was analyzed with SEC. The regular shift of polymer peak toward high molecular 

weight (Figure 3.15a shown in result and discussion section) confirmed the successful synthesis 

of P(MA-POSS-co-S) via NMP polymerization. The reaction was stopped by placing the reactor 

in ice-cold water. The unreacted MA-POSS was removed by precipitating the reaction mixture in 

an excess of acetone. The precipitation process was repeated three times to ensure the complete 

removal of unreacted MA-POSS. The product was isolated as a white powder (4.3g) which was 

recovered after drying in a vacuum oven overnight at room temperature. 
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2.4.2.3 Synthesis of Poly(MA-POSS-co-styrene)-b-Poly(acryloyl morpholine) Diblock  

Copolymers 

To check the chain end fidelity of the synthesized P(MA-POSS-co-S) copolymer chains and to 

achieve diblock copolymers, chain extension was carried out with water-soluble ACM under 

similar NMP conditions as discussed above for the MA-POSS polymerization. In one of the 

experiments, 0.6 g (0.086 mmol) macro-initiator (P(MA-POSS-co-S)), 2.4 g (0.017 mmol) ACM, 

and 3 g toluene were added to a three-neck 10 mL round bottom flask. The mixture was purged 

with nitrogen for 30 min and then the temperature was raised to 110 oC. A slow flow of nitrogen 

gas over the reaction mixture was kept for the whole span of the experiment. About 0.1 mL sample 

was taken periodically and was analyzed with SEC and 1H-NMR spectroscopy for the reaction 

progress. The reaction was stopped when the reaction mixture became very viscous and unable to 

stir any further. The crude diblock copolymer was first precipitated two times in methanol to 

remove the unreacted ACM and then precipitated two times in a 40 % hexane/methanol mixture 

to remove the dead macroinitiator. Moreover, the hexane/methanol ratio was adjusted according 

to the nature of the polymers.  The final product was obtained as a white powder (1.22g) after 

drying in a vacuum oven overnight at 40 oC. The whole reaction scheme is outlined in Scheme 2.3. 

A series of P(MA-POSS-co-styrene)-b-P(acryloyl morpholine) diblock copolymers having the 

same P(MA-POSS-co-styrene) block and different P(acryloyl morpholine) were obtained by 

varying initiator/monomer ratio under the same reaction conditions.  

2.4.3 Preparation of P(MA-POSS-co-S)8-b-P(ACM)695/PVDF Membranes 

The flat membranes were fabricated by a simple solution casting method. For all the membranes 

0.5 g (total dry weight of both) of PVDF and P(MA-POSS-co-S)8-b-P(ACM)695 were dissolved in 

7 mL DMF at 60 °C in a beaker to prepare the cast solution. The solution was then transferred to 

a circular glass of 3.5 cm diameter and was left for 5 h at room temperature to allow the complete 

release of air bubbles. The solvent was removed by placing it at 60 °C for 12 h. Glass having a 

semi-dried membrane was immersed into distilled water at 25 °C and the membrane was peeled 

from the glass plate. After peeling the membrane was rinsed with water and then stored in wet 

conditions before use. 
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Scheme 2.3: Different steps involved in the synthesis of P(POSS-co-St)-b-p(NAM) diblock  

          copolymers by NMP. 

 

2.4.3.1 Water permeation of PVDF/ P(MA-POSS-co-S)8-b-P(ACM)695 membranes 

Water permeation properties of PVDF/ P(MA-POSS-co-S)-b-P(ACM)695 membranes were 

evaluated by measuring the flux of pure water across the membrane. However dynamic antifouling 

properties of the membranes were obtained by measuring the flux of pure water and flux of BSA 

solution across the same membrane under the same conditions for a specific duration. Both the 

flux of pure water and BSA solution was measured with the help of homemade assembly, where 

pure water and BSA solution was forced to permeate through the membrane at a transmembrane 

pressure of 0.1 MPa.  

2.4.3.2 Protein Adsorption of PVDF/ P(MA-POSS-co-S)8-b-P(ACM)695 Membranes  

The antifouling properties of PVDF/ P(MA-POSS-co-S)8-b-P(ACM)695 membranes were 

evaluated through the characterization of dynamic antifouling properties (as discussed above) and 

static protein adsorption. BSA (Bovine serum albumin) solution was selected as a test protein to 
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study the adsorption of protein on the membrane surface. For static protein adsorption 

measurement, the membrane samples were cut into small pieces (1.5 cm × 1.5 cm) and incubated 

in BSA (0.5 mg/mL) solution at 25 °C for 24 h. The pH of the BSA solution was maintained as 

neutral (7 ± 0.1).  After 24h., membrane samples were taken out and the amount of adsorbed  

 

 

protein (Q) was calculated by the following formula.  Where Co is the concentration of BSA 

solution before the addition of membrane samples and C is the concentrations of BSA solution 

after 24h having membrane samples. V is the volume of BSA solution and S is the adsorption area 

of the membrane sample. Co and C were obtained by a UV Spectrophotometer (UV-1601, 

Shimadzu, Japan) at 280 nm. 

2.4.4 Synthesis of PEG5k-b-P(MA-POSS)x Diblock Copolymer by ATRP 

Synthesis of well-defined PEG-b-P(MA-POSS)x diblock copolymers with ‘x’ ranging from 4 to 

21 units were obtained in two separate steps. (1) Transformation of PEG5k into monofunctional 

ATRP macroinitiator and (2) ATRP polymerization of MA-POSS using PEG monofunctional 

macroinitiator. 

2.4.4.1 Transformation of PEG5k into Macroinitiator 

The transformation of PEG5k into monofunctional ATRP macroinitiator was carried out by treating 

with -bromoisobutyryl bromide as described below: Briefly, in a two-neck round bottom flask, 

equipped with a magnetic stirrer bar, were taken 15 g of PEG5k (0.2 mmol), 2 mL triethylamine 

(0.3 mmol), and 100 mL toluene. The flask was fitted with a rubber septum and the solution was 

cooled with ice/salt mixture before the dropwise addition of the -bromoisobutyryl bromide (1 

mL). The temperature was allowed to rise to room temperature and the reaction was allowed to 

continue under continuous stirring overnight. The solution was filtered to remove 

triethylammonium bromide salt from the product. The solution was concentrated by rotary 

evaporator and precipitated in an excess of chilled n-hexane three times. The product was 

recovered after drying overnight under vacuum at 50 oC. The reaction is outlined in Scheme 2.4. 
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Scheme 2.4: Transformation of PEG5k into ATRP macorinitiator and subsequent chain extension  

          with MA-POSS under ATRP conditions. 

 

 

2.4.4.2 Synthesis of PEG5k-b-P(MA-POSS) by ATRP 

In a typical reaction, appropriate amounts of the synthesized PEG5k macroinitiator, MA-POSS, 

and toluene were charged to a 25 mL two-neck round bottom flask, fitted with magnetic stirrer bar 

and rubber septum. The solution was bubbled with argon for approximately 30 min. to remove 

oxygen from the reaction mixture, followed by the addition of PMDETA ligand and CuCl. The 

solution was once again bubbled with argon for another 10 min. The reaction was carried out at 90 

oC for 6 h. The reaction was stopped by transferring the reaction flask to cold water, diluting with 

THF, and stirring in the open air. The copper was removed by passing the solution mixture through 

the alumina column. To remove the unreacted MA-POSS, particularly, samples with higher POSS 

content, the concentrated reaction solution was poured into an excess of chilled n-hexane and 

centrifuged at 4500 rpm. A series of PEG5k-b-P(MA-POSS) diblock copolymers that differ in 

chain length of P(MA-POSS) block were synthesized under the same reaction conditions by 

changing monomer and initiator ratio.  The reaction scheme is outlined in Scheme 2.4. 
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                                                                                                                  Chapter 3 

Results and Discussions 

This chapter consist of 5 sub parts (A, B, C, D and E) where part A and B deals with the synthesis 

and self assembly of POSS-PGMA and P(MA-POSS-co-S)x-b-P(ACM)y  respectively. Part C deals 

with the synthesis of PEG5k-b-P(MA-POSS)x diblock copolymers and the effect of POSS nano 

cages on crystallization behaviors of PEG5k. Part D deals with film formation behaviors of PEG5k-

b-P(MA-POSS)x on water surface and crystallization of POSS nano cages of PEG5k-b-P(MA-

POSS)x block copolymers on water surface. Finally part E deals with interaction of the synthesized 

POSS based block copolymers with model lipid membrane for biomedical application and 

modification of PVDF membranes for water purification. 

Part-A 

POSS-PGMA Hybrid Macroamphiphiles 

Part-A is heavily reproduced from Asad Ullah et al. Amphiphilic Tadpole-Shaped POSS-

Poly(glycerol methacrylate) Hybrid Polymers: Synthesis and Self-Assembly. Journal of Polymer 

Research (2019) 26: 4 

Polyhedral oligomeric silsesquioxane (POSS) nanocage is a unique three-dimensional well-

defined molecular entity with a size in the range of 1-3 nm in diameter and a general formula 

(RSiO1.5)n, n ≥ 6, where R represents active (equipped with amino, hydroxyl, or other 

functionalities) or inactive (such as isobutyl) organic group or a mixture of both or simply 

hydrogen atoms attached to the POSS cage [1, 3, 208-212]. POSS derivatives reflect the true form 

of nanoscale hybrids, which consist of an inner inorganic core constituted of silicon and oxygen 

atoms embedded in an organic shell. These peripheral organic moieties are vital for the facile 

processability and incorporation of the inorganic POSS cage, both physically and chemically, into 

organic media for the design and fabrication of POSS based hybrid materials with enhanced 

properties and applications [19, 213-216]. Thus, several POSS based organic/inorganic 

nanocomposites with enhanced mechanical, reduced flammability, and oxidation resistant [217], 
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fluorescence sensors [218], photoresist materials [219], drug and gene delivery systems [181, 182, 

194], biomaterials [175, 220] have been reported.  

Herein, we discuss a new series of tadpole-shaped amphiphilic hybrid POSS-poly(glycerol 

methacrylate) (POSS-PGMA) achieved via by ATRP. As compared with the PAA, PEG, or 

DMAEMA, the PGMA has more appeal for these kinds of materials, because, in addition to its 

many biomedical applications, the many hydroxyl groups of PGMA could be conveniently 

conjugated with bioactive/drug molecules. The GMA is a water-soluble monomer of commercial 

interest. The PGMA based hydrogels have already been studied for many years [221]. Because of 

its better hydrophilicity, PGMA has replaced the less hydrophilic 2-hydroxyethyl methacrylate 

(HEMA) in many products including hydrogels, drug delivery, soft contact lenses, and other 

medical applications [222, 223]. Moreover, it has also been reported as material for ultra-filtration 

barriers mimicking the performance of natural membranes in kidneys [224]. 

The commercially available amino-functionalized POSS cage (aminopropylIsobutyl 

POSS) was transformed into monofunctional POSS-based ATRP initiator. The POSS-PGMA was 

achieved in two steps; first POSS-poly(solketal methacrylate) (POSS-PSMA) was achieved under 

typical ATRP conditions. In the second step, the obtained POSS-PSMA was converted into POSS-

PGMA by acid hydrolysis. Finally, the self-assembly behavior in aqueous solution was studied 

through fluorescence spectroscopy and dynamic light scattering.   

 3.1 Synthesis of POSS-PGMA Hybrid Polymers 

Although a few reports are available on the direct ATRP of GMA [225-228], the high polarity of 

the monomer and the resulting polymers make it necessary to use a polar solvent, which affects 

the catalytic activity of the catalyst used in ATRP [229]. Moreover, the commercial GMA also 

contains 1,3-dihydroxy propyl methacrylate as an impurity that leads to statistical copolymers 

instead of homopolymers or block copolymers [230]. Further, the polar nature of GMA and the 

non-polar nature of POSS could not allow the direct ATRP of GMA in the current study. Therefore, 

to achieve the desired amphiphilic hybrid tadpole-shaped POSS-PGMA the protected form of 

GMA, i.e., solketal methacrylate (SMA) that could be conveniently polymerized under normal 

ATRP conditions, was employed. 
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The synthesis of SMA was carried out by coupling reaction of solketal and methacryloyl 

chloride in the presence of trimethylamine as detailed in the Experimental section. The successful 

synthesis of the SMA was confirmed by 1H NMR spectroscopy as depicted in Figure 3.1, where 

all the characteristic signals of the SMA could be identified [231]. The absence of signals 

corresponding to methylene protons of the precursor methacrylic acid in close vicinity of the 

methylene protons of SMA confirms the synthesis of a clean product. 

 

Figure 3.1: 1H NMR spectrum (chloroform-d, 300 MHz) of the synthesized solketal methacrylate. 

The monofunctional POSS based ATRP initiator was achieved by treating 

aminopropylheptaisobutyl POSS with 2-bromoisobutyrylbromide (Scheme 2.2 in Experimental 

section). Figure 3.2 shows the 1H NMR spectrum of the synthesized monofunctional POSS based 

macroinitiator, where, in addition to the characteristic signals from the isobutyl protons of POSS 

signal b and a at δ ~ 0.93 ppm and δ ̴ 0.61 ppm, respective from ((-CH3) and (-CH2-)), the signals 

e corresponding to the methyl protons of the initiator moiety attached to the POSS cage could be 

seen at δ ~1.94 ppm. This confirms the successful transformation of the POSS into monofunctional 

POSS based ATRP initiator. Further, the signals c that originates from the -CH2- protons of the 

propyl group, attached to the POSS cage, could be seen at δ ̴ 1.82 ppm. By comparing the 

integration areas of signals b and e, it can be concluded that more than 90 % functionalization of 

the POSS cage has been achieved. 
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The synthesized POSS based initiator was used as initiator for the ATRP of solketal 

methacrylate using CuCl/PMDETA as the catalyst system. A series of well-defined POSS-PSMA 

tadpole-shaped hybrid polymers of different molecular weights (see Table 3.1) is synthesized. The 

structure of the synthesized hybrid polymers before hydrolysis was characterized by 1H NMR and 

FT-IR spectroscopy and size exclusion chromatography. 

 

 
 

Figure 3.2: 1H NMR spectrum (chloroform-d, 300 MHz) of the synthesized POSS based ATRP 

         initiator. 

Figures 3.3 is the representative 1H NMR spectrum of POSS-PSMA tadpole shape hybrid polymer 

measured in chloroform-d. In addition to the typical signals of the POSS cage protons as mentioned 

earlier, the signals from the PSMA block could be seen at δ ~3.5-4.5 ppm (peaks f, g, h), δ ~ 1.4 

ppm, (peak d) δ ~ 0.9 ppm, (peak c) and δ ~ 1.75 ppm (peak e) corresponding to acetonide ring, 

acetonide methyl, and the methacrylate backbone, respectively.  
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Figure 3.3: 1H NMR spectrum of POSS-PSMA53 (chloroform-d, 300 MHz). 

The presence of 1H NMR signals both from the POSS cage and the PSMA segment and the absence 

of peaks from the SMA monomer indicates the successful synthesis of the intended POSS-PSMA 

hybrid polymer. Further, from the 1H NMR spectra of the hybrid polymers, the degree of 

polymerization of the PSMA was also calculated by comparing the integration areas of POSS 

methylene protons (peak a at δ ~ 0.57 ppm) and acetonide ring protons (peak f, g, h at δ ~ 3.6-4.5 

ppm). The molecular weight was calculated as:  

 �̅�𝑛 = 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 +  (𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑛𝑜𝑚𝑒𝑟)𝐷𝑃̅̅ ̅̅
𝑛 and the data are 

tabulated in Table 3.1. 

Further characterization of the synthesized hybrid polymers was carried out with size 

exclusion chromatography and the data are depicted in Figure 3.4. The SEC traces, recorded in 

THF as a mobile phase, of all the synthesized POSS-PSMA reveal a monomodal molecular weight 

distribution (Figure 3.4) with relatively lower polydispersity indices (PDI) (
�̅�𝑤

�̅�𝑛
 , where  �̅�𝑤 and 

�̅�𝑛 represents, respectively, the weight average and number average molar mass of the polymer) 

(Table 3.1) suggesting the well-controlled nature of the ATRP and the synthesis of well-defined 

tadpole shaped POSS-PSMA hybrid polymers. A series of well-defined POSS-PSMA hybrid 

polymers of different molar masses were achieved by varying the initiator to monomer ratio  
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Figure 3.4: SEC chromatograms of the synthesized POSS-PSMA hybrid polymers. The order of  

the sample from 1 to 5 is the same as given in Table 3.1. Where 1, 2, 3, 4, 5 represent 

POSS-PSMA tadpole shape hybrid polymers having 29, 53, 63, 81, and 125 unites of 

SMA respectively as given in Table 3.1.  

(Table 3.1). The Mn values obtained from the 1H NMR spectroscopy are slightly higher, 

particularly for the highest molecular POSS-PSMA sample (Table 3.1) that could partially be 

because PMMA was used as a standard for SEC column calibration. Both polymers of the same 

molar masses may possess different hydrodynamic volumes in THF due to the bulky acetonide 

ring. Large differences in polymer molar masses obtained from 1H NMR and SEC measurements  

Table 3.1: Experimental parameters and the characterization data of the synthesized polymers  

      from 1H NMR spectroscopy and SEC.  

   

Sample ID [M]/[I] Temp 

(oC) 

Time 

(min) 

Conversion     

(%) 

Mn 1 x 103 

Kg/mol 

(1H-NMR) 

Mn 1 x 103 

Kg/mol 

(SEC) 

PDI 

POSS-PSMA29       60:1   40   50       52    6.9       7.5 1.22 

POSS-PSMA53      90:1   40   60       57   11.6       13.2 1.16 

POSS-PSMA63      100:1   40   60       54   13.7       16.6 1.30 

POSS-PSMA81      130:1   50   50       61   17.2       19.0 1.46 

POSS-PSMA125      160:1   40    80       72   26.0        35.0 1.36 
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under similar situations have also been reported by other groups [229, 232]. The ATRP of SMA 

was also carried out at 50 oC, where a higher conversion was achieved in less time, however, the 

PDI was relatively higher as compared with other samples that were synthesized at 40 oC (see 

Table 3.1). This suggests that lower temperatures should be preferred for the ATRP of SMA under 

the given conditions to achieve good control and well-defined polymers. Figures 3.5(A) depicts 

the kinetic plot for the ATRP of SMA in 50 % mixture with THF (v/v) at 40 oC using POSS 

initiator. The initiator, monomer, catalyst, and ligand were in molar ratios 1:150:1:1. The plot of 

ln(([M]o/[M]) vs. time reveals an almost linear behavior up to 20 min. reaction time (~ 55 % 

conversion) indicating that the concentration of the propagating chain radicals remains almost 

constant, however, a deviation from the linearity beyond that might indicate the loss of propagating 

radicals to irreversible terminations. The data indicate that the ATRP of SMA under the given 

experimental conditions is quite fast, nevertheless, controlled. Figure 3.5(B) depicts the molar 

mass evolution and PDI vs. monomer conversion. The linear increase in molar mass and 

decreasing PDI values with an increase in conversion further confirms the controlled nature of the 

SMA polymerization. 

 

Figure 3.5: (A) Semi logarithmic plot of ln([M]o/[M]) vs. time for ATRP of solketal methacrylate  

at 40 oC, (B) Evolution of molar mass (Mn (g/mol)) and polydispersity indexes as 

function monomer conversion. With [I]:[M]:[Cu]:{PMDETA] = 1:150:1:1. The 

reaction was carried out at 40 oC in THF with 50% (v/v) SMA concentration (v/v). 
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To transform the achieved POSS-PSMA into amphiphilic hybrid tadpole-shaped polymers, 

namely POSS-Poly(glycerol methacrylate) (POSS-PGMA), the acetonide ring of the PSMA was 

hydrolyzed by treating with 1N HCl in THF for 24 h at room temperature. The transformation was 

confirmed by 1H NMR and FTIR spectroscopy. Figure 3.6 depicts the representative 1H NMR 

spectrum of the POSS-PGMA in DMSO-d. It is evident that the peak of acetonide methyl protons 

has completely disappeared after hydrolysis and new signals corresponding to hydroxyl groups 

appeared in the region at δ ~4.5-4.9 ppm. Moreover, the existence of peaks a and b from the 

isobutyl corner groups of the POSS cage signifies that the POSS cage has retained its integrity 

during the hydrolysis. 

 

Figure 3.6: 1H NMR spectrum of POSS-PGMA53 (DMSO-d, 500 MHz). 

Further evidence of the successful conversion of POSS-PSMA into POSS-PGMA came from the 

FTIR spectroscopy as depicted in Figure 3.7. After hydrolysis (peak 7), a prominent band of OH 

stretching appeared at 3000-3750 cm-1 due to diol functionality. Also, the peak corresponding to 

deformation vibration of geminal methyl groups (C(CH3)2) of the acetonide ring at 1372-1382 cm-

1 (peak 3) vanished after hydrolysis. A decrease in methyl (-CH3) asymmetrical stretching band at 

2988 cm-1 appeared accordingly. After hydrolysis, the carbonyl stretching band (peak 2) shifted 
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from 1733 cm-1 to lower frequency 1728 cm-1. This shift in frequency arises due to hydrogen 

bonding between carbonyl and diol groups in the POSS-PGMA [233, 234]. Similarly, the 

disappearance of bands at 513 cm-1 and 842 cm-1 (peak 6 and peak 5) corresponding to the 

acetonide ring also suggests the successful transformation. Moreover, the presence of peak 4 

corresponding to Si-O-Si stretching vibration of the POSS cage before and after hydrolysis 

indicates that the POSS cage has retained its structural integrity. 

 

Figure 3.7:  FTIR spectrum of POSS-PSMA81 before (a) and after hydrolysis (b). 

3.1.1 Self-Assembly of POSS-PGMA in Aqueous Solution  

The self-assembly behavior of the synthesized POSS-PGMA amphiphilic hybrid polymers in 

aqueous medium was investigated by fluorescence spectroscopy and dynamic light scattering 

studies. Fluorescence spectroscopy is an important technique that can detect the formation of 

aggregates by the amphiphilic copolymers in aqueous solution using pyrene as the fluorescent 

probe. The transfer of pyrene from the polar aqueous medium to the non-polar environment could 

be monitored by measuring the ratio of the first and third vibronic peak intensities (I1/I3) of the 

pyrene emission spectrum [235, 236]. A decrease in this ratio is indicative of the decreased polarity 

of the medium. Figure 3.8 depicts the emission spectra of pyrene recorded in aqueous solutions of 

fixed pyrene concentration and varying copolymer concentration (POSS-PGMA63), where the 

increase in the intensity of the emission peaks with increasing copolymer concentration is a clear 

indication of the formation of the aggregates by the copolymer with a hydrophobic core. To find 

out the critical aggregation concentration (CAC), the vibronic peak intensity ratios; I3/I1, in the 
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pyrene emission spectrum, were plotted as a function of the logarithm of copolymer concentration 

as depicted in Figure 3.9 (a-d) for various samples. The CAC value was determined from the 

inflection point of the fitting lines, as shown in the figures, that represents the minimum copolymer 

concentration necessary for the aggregate formation in aqueous medium. For all the investigated 

samples, the data reveal a clear indication of the aggregate formation with an increase in CAC with 

increasing length of the PGMA tail.   

 

Figure 3.8: Fluorescence emission spectra of 0.5µM pyrene recorded in different concentrations  

              of POSS-P(GMA)63. 

The hydrodynamic particle size (Rh) was determined by DLS measurements above the CAC. 

Figure 3.10(II) depicts the hydrodynamic particle size data, measured at room temperature, for 

POSS-PGMA53 and POSS-PGMA63, indicating the formation of particles of Rh ~177 nm and ~ 74 

nm, respectively, with a monomodal particle size distribution. The particle size appears to be quite 

large as compared with the typical polymer core-shell type micelles formed in aqueous solutions. 

Further, the particle size decreases with increasing the length of the PGMA tail. The decrease in 

particle size with increasing PGMA length is also evident from the particle size data depicted in 

Figure 3.10(I) for POSS-PGMA81 and POSS-PGMA125, measured at higher polymer concentration 

(1 mg/mL), where the particle size further decreased to 67 nm and 22 nm, respectively. These data 

indicate that the POSS-PGMA hybrid polymers self-assemble into nanoaggregates in aqueous 

solution. Previously, Zheng’s group [146] has reported a similar decrease in particle size in the 
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aqueous medium with increasing the hydrophilic tail length for tadpole-shaped POSS-PNIPAAm 

that was attributed to the hydrophobic/hydrophilic balance, which can be modulated by tuning the 

length of the hydrophilic PNIPAAm tail. 

 

     

     

Figure 3.9: Plots of I3/I1 vs log of concentration for different POSS-PGMA amphiphiles. (a,     

          POSS-PSMA53), (b, POSS-PSMA63), (c, POSS-PSMA81), (d, POSS-PSMA125). 

They assumed the nanoaggregates (Rh in the range of 50 to 80 nm) to be micelle-like aggregates 

with many POSS cages that constitute the micelle core and the PNIPAAm forming the corona of 

the micelles. On the contrary, Zhang et al. [145, 157] observed the formation of nanoaggregates 
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by tadpole-shaped amphiphilic POSS-poly(acrylic acid) and POSS-poly(ethylene oxide), 

however, in both the cases, the nanoaggregates were not of typical micelle like core-shell 

aggregates. The contour length (weighted average) of the PGMA blocks, estimated by multiplying 

the degree of polymerization of PGMA tail (derived from 1H-NMR measurements) by the PDI of 

the respective sample (from SEC (Table 3.1)) and 0.2546 nm (the length of a monomeric vinyl 

unit [157, 237] was found to be in the range from ~ 15 nm to 44 nm. Except for POSS-PGMA125, 

the contour length of the PGMA chains is much smaller than the observed sizes of the 

nanoaggregates formed by these polymers in aqueous medium. Therefore, it can be assumed that 

the observed nanoaggregates are multimolecular aggregates with no typical core-shell type 

structure.  

    

Figure 3.10: Hydrodynamic radii distribution (I) for 1mg/mL (a) POSS-P(PGMA)125 [22nm] and  

(b) POSS-P(GMA)81 [67nm]. (II) For 0.5mg/mL (a) POSS-P(PGMA)63 [74nm] and 

(b)POSS-P(GMA)53 [177nm] at room temperature. 

To visualize the aggregates formed by POSS-PGMA in aqueous solution, a drop of the aqueous 

solution was deposited on a silicon chip and after solvent evaporation, SEM analysis was carried 

out. Figure 3.11 depicts the SEM micrographs for POSS-PGMA125 (a), and POSS-PGMA81. By 

comparing the two micrographs, it is evident that both the samples could form self-assembled 

nanoaggregates in aqueous solution and that the apparent average particle size of the aggregates 

formed by POSS-PGMA81 is much larger as compared with the aggregates formed by POSS-

PGMA125. This observation reinforces the DLS data of these samples on hydrodynamic particle 

size measurements in aqueous solutions as discussed above.  
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.  

Figure 3.11: SEM images of the self-assembled nanoaggregates formed by (A) POSS-PGMA125  

and (B) POSS-PGMA81, after transferring the 1 mg/mL aqueous solution to the   

silicon chip. 
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Part-B 

 

Poly(MAPOSS-co-styrene)-b-Poly(N-acryloyl morpholine) block copolymers 

via Nitroxide Mediated Radical Polymerization 

Part-B is heavily reproduced from Asad Ullah et al. Nitroxide-mediated radical polymerization 

of methacryloisobutyl POSS and its block copolymers with poly(N-acryloylmorpholine). Journal 

of Polymer Science 2020, 58, 428–437 

 

 

This part deals with the synthesis of Poly(MA-POSS-co-styrene)-b-Poly(N-acryloylmorpholine) 

block copolymer with a focus on two main objectives, (1) to open the gateway of nitroxide 

mediated polymerization for POSS polymerization and (2) to obtained POSS based amphiphilic 

hybrid amphiphiles by NMP. 

POSS has received significant attention from a diverse spectrum of researchers, ranging 

from the material science and engineering to biomedical fields due to its stable and rigid nanocage-

like well-defined structure, and its convenient assimilation into various types of hybrid 

nanostructures. Integration of the POSS cage into organic polymers either via chemical bonding 

or physical blending significantly improves mechanical strength, thermal stability, and reduces 

flammability [4, 11-19, 21-24, 26, 28, 130, 238]. The hydrophobic and biocompatible nature of 

POSS makes it a suitable candidate for biomaterials in potential biomedical and pharmaceutical 

applications [64, 181, 182, 187, 239]. 

The literature review indicates that RAFT and especially ATRP has overcome almost all 

the synthesis-related issues in the homopolymerization of MA-POSS, but researchers still face 

some serious problems in the synthesis of POSS-based block copolymers with nitrogen containing 

monomers. For example, the chain extension via ATRP from a P(MA-POSS) macroinitiator with 

nitrogen-based monomers for a second or third block requires very special and expensive ligands 

for Cu catalyst [240], which makes the reaction industrially less viable. Similarly, it was noticed 

that the controlled polymerization of MA-POSS occurs at relatively lower rates and requires longer 

times for higher conversion. Similarly, the RAFT agents commonly employed are unstable after a 
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long period and begin to emit a pungent odor due to the slow and continued degradation of the 

dithio group from the chain transfer agent [241]. 

Despite the several inherent limitations, such as slow polymerization kinetics, high 

polymerization temperature, inability to easily control the polymerization of methacrylate 

monomers, and problems associated with the synthesis of nitroxide and alkoxyamine, nitroxide 

mediated radical polymerization (NMP) still has some advantages over other RDRP methods, such 

as monomer compatibility, simplicity, and polymer purity (little post-polymerization purification 

required). NMP, even though it is the oldest among all the available RDRP techniques [242, 243], 

there is still no reports available regarding the synthesis of POSS-based hybrid polymers via NMP, 

let alone their block copolymers. To exercise these advantages of NMP and overcome the problems 

associated with other RDRP methods in the synthesis of POSS-based hybrid polymers, and to 

provide an alternate option for the synthesis of well-defined POSS-based hybrid (co)polymers of 

different compositions and architectures, here, we report for the first time the NMP of bulky 

isobutyl substituted POSS methacrylate using a low molar fraction of styrene ~ 0.10 as 

comonomer. The livingness of the achieved P(MA-POSS) polymers was tested by chain extension 

with nitrogen containing acryloylmorpholine (ACM) by NMP at 110 oC that afforded well-defined 

amphiphilic hybrid P(MA-POSS-co-S)-b-P(ACM) block copolymers. ACM is a cyclic acrylamide 

with good solubility in water and organic solvents, good biocompatibility, and superabsorbent 

material in many specialized application areas. For example, for many years N-acryloylmorpholine 

was used in the synthesis of cross-linked networks for gel phase synthesis of peptides [244, 245], 

as polymeric support for gel chromatography [246], semipermeable membrane for plasma 

separation, and capillary electrophoresis [247]. Thus, the purpose was not only to ascertain the 

chain end-fidelity but also to afford well-defined amphiphilic hybrid diblock copolymers, P(MA-

POSS-co-styrene)-b-poly(acryloylmorpholine). Finally, the achieved hybrid block copolymers, 

being amphiphilic in nature, were tested for their self-assembly behavior in nanoaggregates when 

dispersed in an aqueous medium.  

3.2 Synthesis of Poly(MAPOSS-co-styrene)-b-Poly(N-acryloylmorpholine) Block  

      Copolymers via Nitroxide Mediated Radical Polymerization 

Though NMP is the oldest among all the controlled radical polymerization techniques [242, 243], 

it is still challenging to polymerize methacrylate monomers. This is further exacerbated if the 
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monomer is particularly sterically hindered. The challenge in polymerizing methacrylates by NMP 

arises due to the slow recombination of alkoxyamine radical with the growing radical that leads to 

lower control and poorly defined polymers [248-250]. Changes to alkoxyamine structure have 

been attempted to minimize side reactions like -H abstraction with some moderate success 

although efficient cross-over to different monomer blocks (i.e. methacrylate to styrenic) has only 

recently been demonstrated [251]. With the commercially available alkoxyamine BlocBuilder, two 

alternate strategies could be adopted. The first is the addition of a small excess of alkoxyamine 

radical that reduces the probability of irreversible termination by capping the growing radicals 

[241].  Second, the use of a low mole fraction of a comonomer that is readily controllable by NMP 

(e.g. Styrene, acrylonitrile) will result in the probability of the chain terminated by the controlling 

comonomer thereby staying longer in the dormant state [252-254]. MA-POSS is a bulky 

methacrylate type monomer and its homopolymerization by NMP seems not feasible and to the 

best of our knowledge, therefore, there is no report on the NMP of MA-POSS. In the present work, 

we applied NMP for the first time to successfully polymerize MA-POSS using a low mole fraction 

of styrene as co-monomer at 110 oC using BlocBuilder as the initiator. Initially, trial experiments 

were carried out for the selection of the comonomer for the NMP of MA-POSS. Under similar 

experimental conditions, 10 mole % styrene, acryloyl morpholine and acrylonitrile in the initial 

monomer mixture were separately employed as the comonomer with MA-POSS using BlocBuilder 

as the NMP initiator. For acrylonitrile, the reaction seems to be relative slower with < 30% 

monomer conversion after 1 h and with no further change in conversion even after 5 h of the 

reaction, suggesting that most if not all the comonomer was consumed and that no more is available 

for controlling MA-POSS. For styrene and acryloyl morpholine, under similar conditions, the  
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Figure 3.12: SEC chromatograms of P(MA-POSS) copolymers with the respective comonomer  

after 1 h reaction time. All the reactions were conducted in 50 wt % toluene solution 

at 110 oC. 

 monomer conversion was recorded ~ 40 % with narrower molecular weight distribution (Ð = 

1.32) for S controlling comonomer compared to the case with ACM controlling comonomer (Ð = 

1.44) as depicted in Figure 3.12 (SEC traces recorded after 1 h reaction time). Thus, styrene was 

selected as the comonomer for the NMP of MA-POSS for further study. 

Besides, the higher polymerization temperature that can be used when styrene was 

employed as the comonomer for the NMP of MA-POSS allowed for more rapid polymerization 

without an effect on the molecular weight distribution. The lower polymerization temperature used 

for the other two monomers, especially acrylonitrile, is necessary as its high volatility may result 

in its loss from the reaction media (although we attempted to minimize this with the cooling 

condenser). The loss of acrylonitrile would provide a mixture richer in MA-POSS increasing the 

probability of irreversible termination reactions. Further, the effect of the molar ratio of styrene in 

the reaction mixture was also evaluated. With 5 mole % S, higher Đ, and lower polymer yield was 

found. An increase in yield was observed by using 15 and 20 mole% S as the controlling 

comonomer with almost the same Đ to that when 10 mole% S was used. Similarly, the NMP of 

MA-POSS was also studied at 100 oC using 10 mole% styrene as the controlling comonomer and 

toluene as solvent. The polymerization was found deadly slow (< 10 % yield after 5 h) at 100 oC 

without any improvement in molecular weight distribution. Thus, for optimum polymerization 

conditions, the molar ratio of MA-POSS and styrene was kept 90:10. Figure (3.13 a) depicts SEC 
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traces of P(MA-POSS-co-S) as a function of polymerization time achieved under the optimized 

NMP conditions (10 mole% S as the comonomer, BlocBuilder as the initiator, toluene as 

solvent,110 oC).  

 
     

Figure 3.13: (a) SEC chromatograms of P(MA-POSS-co-S) copolymer (initial % mole fraction of  

styrene in the feed = fS,0 = 10%) recorded in THF from samples taken at different     

time intervals. The polymerization conditions were 110 oC in 50 wt% toluene.  

 

A systematic shift in SEC chromatograms toward lower elution time (higher molecular weight) 

with time could be seen in Figure 3.13 that indicates the progress of the reaction. The SEC traces 

of the polymer samples are monomodal and the Ð remained low (< 1.28) throughout the reaction 

that strongly suggests the controlled nature of the NMP polymerization of MA-POSS. The 

unreacted MA-POSS from the crude product was removed by precipitation in an excess of acetone 

at least three times to ensure the complete removal of all the unreacted MA-POSS. That was 

confirmed by the absence of the peak that corresponds to the unreacted MA-POSS in the SEC 

trace of the purified sample depicted in Figure 3.13. Moreover, the molecular weight obtained 

from the SEC data was used for calculating the degree of polymerization of the MA-POSS segment 

in P(MA-POSS-co-S) and was estimated to be 8. Although in the present case the conversion is 

not very high, but if we compare the reaction speed and polydispersity of the synthesized polymer 

with other RDRP methods, then NMP appears as a convenient method for the polymerization of 

MA-POSS that could afford well-defined POSS based (co)polymers. For example, Raus et al. 

[255] comprehensively studied the ATRP homo polymerization of MA-POSS. In one of the 
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studies, the ATRP for the homopolymerization of MA-POSS was conducted at 60 oC for 24 h 

using different catalyst systems. The conversion was found > 70% in all the cases and the 

maximum Mn = 13700 g/mol could be achieved (SEC data) with polydispersity exceeding 1.3 in 

some cases. Similarly, they also succeeded in achieving high molecular weight P(MA-POSS) 

homopolymers (Mn = 114600 g/mol, SEC data) under the same reaction condition by extending 

the reaction time to 48 h. Here it is noteworthy to mention that long reaction time decreases the 

industrial importance of a chemical reaction. 

  Figure 3.14 shows the 1H-NMR spectrum of the purified P(MA-POSS-co-S), where signals 

a and b, respectively, appearing at δ ~ 0.6 ppm and δ ~ 0.95 ppm correspond to methylene (-CH2-

) protons directly attached to the Si atom of the POSS cage and methyl protons of the i-butyl groups 

attached to the POSS cage, while the signal c at δ ~ 1.7 ppm corresponds to the methine protons 

of the i-butyl groups.  

 

Figure 3.14: 1H-NMR spectrum of the purified P(MA-POSS-co-S) copolymer recorded in  

          chloroform-d. 

The incorporation of styrene into the copolymer structure could be confirmed by the detection of 

the aromatic proton signal at δ ~ 7.1 ppm. The molar composition of the prepared copolymer, 

P(MA-POSS-co-S) was estimated by comparing the integrated areas of the aromatic proton signals 

and signal a from the POSS segments and it was found to be almost the same as that of the feed 

molar composition. In conclusion, the monomodal molecular weight distribution and relatively 

lower Đ and the presence of POSS and aromatic signals in the 1H-NMR spectrum suggests the 
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successful polymerization of the MA-POSS by NMP using styrene controlling comonomer. 

Further, in the 1H-NMR spectrum, shown in Figure 3.14, no vinyl proton signals attributed to the 

monomer could be detected, which suggests that the product is free from the unreacted MA-POSS 

and that the adopted purification procedure resulted in complete removal of the unreacted 

monomer from the sample.  

To confirm the chain-end fidelity of the achieved P(MA-POSS-co-S) copolymer, chain 

extension experiments were carried out with acryloyl morpholine (ACM) that not only confirmed 

the living nature of the achieved P(MA-POSS-co-S) copolymer chains but also afforded 

amphiphilic hybrid P(MA-POSS-co-S)-b-P(ACM) diblock copolymers.  

As discussed earlier, acryloyl morpholine is a cyclic acrylamide with good solubility in 

water and organic solvents, good biocompatibility, and can be used as a superabsorbent material 

in special application areas. Thus, its combination with the POSS segments could lead to novel 

materials for potential biomedical applications. The progress of the NMP of acryloyl morpholine 

with P(MA-POSS-co-S) as the macroinitiator was monitored by 1H-NMR spectroscopy. The 

monomer conversion of ACM was calculated by comparing the integration areas of vinylic protons 

of unreacted ACM (δ~ 5.5-6.3 ppm) with methylene protons of POSS (δ ~ 0.65 ppm) of the 

macroinitiator (Figure 3.15. The semi-logarithmic kinetic plots given in Figure 3.16 suggest that 

the NMP of ACM using the synthesized P(MA-POSS-co-S) as the macroinitiator follows the first 

order kinetics. The same reaction seems to be very slow when carried out at 100 oC as indicated 

by the series b in Figure 3.16 and with relatively higher Đ (Table 3.2, Sample B).  
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Figure 3.15: 1H-NMR spectrum of P(MA-POSS-co-S)-b-P(ACM) diblock copolymer before  

purification, recorded in chloroform-d. Initial [I]/[M] is 1:180 (labeled as (a) in Table 

3.2 ) 

 

Figure 3.16: Semi logarithmic kinetic plots of the NMP of acryloyl morpholine at 110 oC in 50  

wt % toluene solution, using the synthesized P(MA-POSS-co-S) as the  

macroinitiator. Series b shows the kinetic data of the same reaction carried out at 100 
oC. See Table 3.2 for the experimental parameters indicating the conditions for the 

other series (a, c, d and e). 
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Table 3.2: Experimental parameters and 1H-NMR and SEC data of P(MA-POSS-co-S) and P(MA- 

      POSS-co-S)-b-P(ACM)x. 

 

Sample ID [M]/[I] Temp 

(oC) 

Time 

(min) 

Conversion 

(%) 

Mn 1 x 103 

kg/mol 

(1H-NMR) 

Mn 1 x 103 

kg/mol 

(SEC) 

PDI 

P(POSS-

MA-co-S)x 

  15:1   110   60     62       ----       7.9 1.23 

A   180:1   110   30     78      33.6         25 1.35 

B   350:1   100   60     32      37.7         35 1.54 

C   350:1   110   30     66      79.1         46 1.50 

D   450:1   110   40     73      102.4         49 1.62 

E   500:1   110   60     75      106.1         53.5 1.55 

 

Figure 3.17 depicts SEC traces of the unpurified and the respective purified block copolymer 

sample along with the SEC profile of the macroinitiator. The SEC trace of the unpurified block 

copolymer clearly shows a shoulder at higher elution time that could be attributed to the presence 

of dead macroinitiator chains in the sample. However, when unreacted P(MA-POSS-co-S) was 

removed from the formed diblock copolymer by precipitating the crude diblock copolymer in 

methanol at least two times followed by precipitation in hexane/methanol mixture (with varying 

composition depending upon the composition of the block copolymer), also at least two times. The 

absence of any shoulder (that corresponds to the unreacted macroinitiaor) in SEC trace confirms 

the complete removal of the unreacted P(MA-POSS-co-S) from the formed diblock copolymer. 

Figure 3.18 depicts the SEC traces of all the block copolymers after purification, where the 

monomodal molecular weight distribution and the absence of any shoulder due to the unreacted 

macroinitiator chains could be observed. The SEC traces shift to lower elution time with increase 

in molar mass of the sample.  
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Figure 3.17: SEC chromatograms of P(MA-POSS-co-S) macroinitiator, crude P(MA-POSS-co- 

          S)-b-P(AMC)x and purified P(MA-POSS-co-S)-b-P(AMC)x diblock copolymers. 

 

Figure 3.18: SEC Chromatograms of all the synthesized P(MA-POSS-co-S)-b-P(ACM) diblock  

                      copolymers after purification. The codes from a to e represents the   respective     

                      samples listed in Table 3.2. 

The characteristic data of all the synthesized and purified block copolymers of various 

compositions are given in Table 3.2. Figure 3.19 is the representative 1H-NMR spectrum of the 

synthesized amphiphilic hybrid P(MA-POSS-co-S)-b-P(ACM) diblock copolymer. In addition to 

the signals of the P(MA-POSS) segments as discussed above, the characteristic signals of the 

P(ACM) block could be seen in the range of δ ~ 3 - 4 ppm (signal 2, and 3 that correspond to 

methylene protons of morpholine ring) and at δ ~ 2.5 ppm (signal 1 that corresponds to methine 
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backbone proton). The degree of polymerization of P(ACM) block was calculated by comparing 

integral areas of signals 1 at δ ~ 2.2-2.7 ppm with signal a at δ ~ 0.6 ppm of the P(MA-POSS) 

segments and molecular weights of the block copolymers were calculated as:  

Mn = M.Wt of p(MA-POSS-co-S) + D.P x M.Wt of acryloyl morpholine 

The data are tabulated in Table 3.2. The Mn values calculated from 1H-NMR spectrum was found 

to be higher than those obtained from SEC data (Table 3.2). This difference could partially be due 

to the use of PMMA as standards for SEC column calibration (e.g. polymers of the same degree 

of polymerization may possess different hydrodynamic volumes in THF). Significant 

discrepancies in polymer molecular weight obtained from 1H NMR spectroscopy and SEC 

measurements under similar situations have also been reported by other groups [229, 232, 256]. 

Still, by employing NMP of ACM by using the synthesized P(MA-POSS-co-S) as the 

macroinitiator, well-defined amphiphilic hybrid P(MA-POSS-co-S)-b-P(ACM) diblock 

copolymers were achieved (Table 3.2). 

 

 

 

 

 

 

 

 

 

Figure 3.19: 1H-NMR spectrum of P(MA-POSS-co-S)-b-P(ACM)210 diblock copolymer, recorded  

          in chloroform-d. 
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Because of the amphiphilic nature of the synthesized P(MA-POSS-co-S)-b-P(ACM) diblock 

copolymers; the P(ACM) segment being water soluble at ambient temperature and P(POSS-MA-

co-S) being the hydrophobic segment, their self-assembly behavior in aqueous medium was also 

studied. The critical micelle concentration (CMC) was first estimated by fluorescence 

spectroscopy with pyrene as the fluorescence probe. Figure (3.20a) depicts a set of emission 

spectra of [0.5 µM] pyrene in aqueous solution with varying block copolymer (P(MA-POSS-co-

S)-b-P(ACM)504) concentration. The CMC of the corresponding block copolymer was determined 

from the plot of the ratio of I3/I1 versus the logarithm of block copolymer concentration. The 

intersection of the two tangents was defined as the CMC as shown in Figure 3.20(b,c,d,e,f). The 

CMC of the synthesized block copolymers with fixed hydrophobic block length and varying length 

of the hydrophilic P(ACM)x block were determined and the data are given in Table 3.3 The CMC 

of the block copolymers could be tuned by changing the hydrophilic/hydrophobic balance, thus, 

the lowest CMC (0.002 mg/mL) was observed for block copolymer with the shortest P(NAM)182 

segment among all the synthesized block copolymers, while the highest CMC ~ 0.7 mg/mL was 

found for the block copolymer with longest P(ACM)695 block as given in Table 3.3. Although 

P(ACM) is considered a strongly hydrophilic polymer, the lower CMCs of the block copolymers 

suggest that POSS nanocages have sufficiently altered the solution behavior of the block 

copolymers. This is supported by other observations of block copolymers in aqueous solution 

where the CMC decreased with increased hydrophobicity of the short hydrophobic block [257]. 

Further, the hydrodynamic size of the particle formed by the synthesized hybrid amphiphilic 

P(MA-POSS-co-S)-b-P(ACM)x block copolymer in aqueous medium was also estimated by 

dynamic light scattering. Figure 3.21 shows hydrodynamic radii (Rh) of the self-assembled 

nanostructures formed by different diblock copolymers at ambient temperature at concentration 

well-above their respective CMC. A unimodal particle size distribution with hydrodynamic radius, 

Rh = 117 nm, 104 nm, and 94 nm was recorded for the aggregates formed, respectively by P(MA-

POSS-co-S)-b-P(ACM)504, P(MA-POSS-co-S)-b-P(ACM)675, P(MA-POSS-co-S)-b- P(ACM)695. 

It is evident that with a fixed length of the hydrophobic segment the particle size decreases with 

increasing the hydrophilic segment length. This can be justified by the packing parameter theory 

[258]. Xiao et al [259] have observed similar behavior for the micellization of a series of 

poly(methyl methacrylate)-b-poly[2-(dimethylamino)ethyl methacrylate] diblock copolymers 

with fixed hydrophobic chain length and varying the hydrophilic segment length in aqueous 
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Figure 3.20: (a) Emission spectra of pyrene in aqueous solution having different concentration  

of p(MA-POSS-co-S)-b-p(ACM)504 diblock copolymers and a fixed concentration 

of pyrene. Plot of I3/I1 vs. log of concentration for diblock copolymers having 182 

(b), 210 (c), 504 (d), 669 (e), 695 (f) units of ACM. 
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Table. 3.3: Critical micelle concentration and hydrodynamic particle size data of different  

       P(MA-POSS-co-S)-b-P(ACM)x block copolymers. 

         Sample ID CMC (mg/mL) Rh(nm) 

P(MA-POSS-co-S)8-b-P(ACM)182      0.002 144 & 284 

P(MA-POSS-co-S)8-b-P(ACM)210      0.007 107 & 234 

P(MA-POSS-co-S)8-b-P(ACM)504       0.06 117 

P(MA-POSS-co-S)8-b-P(ACM)669       0.2 104 

P(MA-POSS-co-S)8-b-P(ACM)695        0.7 94 

 

 

Figure 3.21: Hydrodynamic radius, Rh of the aggregates formed by P(MA-POSS-co-S)-b- 

P(ACM)x diblock copolymers, with x = 504 (a), 669 (b), and 695 (c), respectively 

(copolymer concentration = 1 mg /mL). 

solution, where the micelle size was observed to decrease with increasing the hydrophilic chain 

length. This was attributed to the formation of the larger hydrophilic head group in the micellar 

corona that induces the formation of smaller aggregates in aqueous solution. However, in 

amphiphilic block copolymers with other hydrophilic polymers, such as poly(vinyl alcohol) [260] 

and poly(ethylene oxide) [261], with fixed hydrophobic chain length, the particle size increases 

with increasing hydrophilic chain length, probably, because of better solvation due to H-bonding 

in aqueous medium [260]. 
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Part-C 

PEG5k-b-P(MA-POSS)x Diblock Copolymers 

Part-C is mostly reproduced from Asad Ullah et al. Effect of polyhedral oligomeric 

silsesquioxane nanocage on the crystallization behavior of PEG5k-b-P(MA-POSS) 

 diblock copolymers achieved via atom transfer radical polymerization, 

 Polymer Crystallization. 2019; e10058 

 

Part-C deals with the synthesis, characterization, and effect of POSS nanocages on crystallization 

of PEG chains of PEG5k-b-P(MA-POSS)x diblock copolymers achieved via ATRP. 

3.3 Synthesis of PEG5k-b-P(MA-POSS)x Diblock Copolymers by ATRP 

A series of well-defined PEG5k-b-P(MA-POSS)x diblock copolymers, having 4 to 21 units of MA-

POSS, were synthesized by ATRP. The PEG5k based macroinitiator was employed for the 

polymerization of MA-POSS in toluene at 90 oC under typical ATRP conditions (Scheme 2.4 in 

experimental section). The obtained block copolymers of various compositions were successfully 

achieved and thoroughly characterized by 1H-NMR spectroscopy and size exclusion 

chromatography (SEC). Figure 3.22 depicts a representative 1H-NMR spectrum of the synthesized 

PEG-b-P(MA-POSS)x block copolymer. The characteristic signals of PEG main chain ether (-

CH2-CH2-O-) and terminal methoxy (CH3O-) protons could be seen at δ ~ 3.6 ppm (peak a) and δ 

~ 3.4 ppm (peak b), while the incorporation of P(MA-POSS) segments into the block copolymer 

structure could be confirmed by the presence of signals at δ ~ 1.9 ppm (peak c), δ ~ 0.9 ppm (peak 

d), and δ ~ 0.6 ppm (peak e and f), respectively, from methine, methyl, and methylene protons of 

the P(POSS-MA) segments of the block copolymer. These results demonstrate the successful 

synthesis of the desired PEG5k-b-P(MA-POSS)x hybrid diblock copolymers. The degree of 

polymerization of P(MA-POSS) block in the respective block copolymer was calculated by 

comparing the integration area of peak a of PEG5k and peak e and f combined or peak d of P(MA-

POSS) block and the data are tabulated in Table 3.4 
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Figure 3.22: 1H-NMR spectrum of PEG5k-b-P(MA-POSS)x (chloroform-d, 300 MHz).  

The absence of signals from the unreacted monomer (vinyl protons) in the 1H-NMR spectrum of 

the block copolymer depicted in Figure 3.22 suggests that a clean product has been successfully 

achieved. Further evidence of the successful synthesis came from the SEC data. The representative 

SEC traces of PEG5k macroinitiator and the respective PEG5k-b-P(MA-POSS)x block copolymers 

are depicted in Figure 3.23. A significant peak shift towards lower elution volume after chain 

extension with MA-POSS is a clear indication of the attachment of P(MA-POSS) segments to the 

PEG5k macroinitiator. The monomodal molecular weight distribution and lower polydispersity 

indices of the synthesized block copolymers as given in Table 3.4 signifies that the synthesis of 

well-defined block copolymers has been successfully achieved. 
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Table 3.4: Molecular weight data from SEC and 1H-NMR of the synthesized PEG5k-b-P(MA- 

                  POSS)x diblock copolymers. 

     Sample ID      Mn (
1H-NMR)    Mn (SEC) PDI 

     PEG Initiator          5200      8100 1.1 

   PEG-P(MA-POSS)3.7          8700      9500 1.3 

   PEG-P(MA-POSS)5.5          10400      11300 1.2 

   PEG-P(MA-POSS)7          11800     11600 1.2 

   PEG-P(MA-POSS)15          19400     13000 1.2 

   PEG-P(MA-POSS)21          25000     15500 1.2 

 

 

Figure 3.23: SEC profiles of (from right to left) PEG5k macroinitiator, PEG-b-P(MA-POSS)3.7,  

          PEG-b-P(MA-POSS)5.5, PEG-b-P(MA-POSS)15, and PEG-b-P(MA-POSS)21. 

3.3.1 Effect of POSS nanocages on the Crystallization Behavior of PEG 

To investigate the effect of POSS nanocage on the crystallization and melting behavior of PEG in 

the block copolymers, differential scanning calorimetry (DSC) was carried out. Figure 3.24 depicts 

the DSC heating (a) and cooling (b) thermogram of the synthesized block copolymers, recorded at 

a heating/cooling rate of 10 oC/min. For comparison purposes, the thermogram of PEG5k  

homopolymer is also included. For PEG5k homopolymer, the strong endothermic peak with a peak 
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maximum at ~ 65 oC represents the melting of the PEG crystals. The secondary minor melting 

peak for PEG5k in the heating cycle is an indication of the limited fractionation [262]. The DSC 

data of the synthesized block copolymers reveal a depression in the melting temperature of the 

PEG5k after chain extension with P(MA-POSS) segments. However, after the initial depression in 

melting point from the 65 oC for PEG5k homopolymer to ~ 56 oC for PEG5k-b-P(MA-POSS)3.7 

there is no systematic trend with an increase in POSS content. As an example, for PEG-b-P(MA-

POSS)21 and PEG-b-P(MA-POSS)7 the Tm ~ 50 oC was recorded for both these samples. In 

addition, the melting peaks have broadened and poorly defined suggesting the formation of smaller 

and imperfect crystals with broader size distribution. That could be due to the hindrance in chain 

mobility due to the covalently connected bulky P(MA-POSS) segments in the block copolymers. 

A similar hindrance to crystallization is also evident in the cooling cycles depicted in Figure 

3.24(b), where, in comparison to the PEG5k homopolymer, a significant supercooling is needed for 

PEG crystallization. Quantitatively, the area of the melting peak in the DSC thermogram represents 

the enthalpy of fusion (ΔHf) that denotes the amount of the crystallinity present in the investigated 

semicrystalline polymer sample. If the enthalpy of fusion of the respective fully crystalline 

polymer (ΔHo
f) is known, the degree of crystallinity of an unknown (co)polymer sample can be 

determined as follows: 

 𝑋𝑐 =  
∆𝐻𝑓

∆𝐻𝑓
𝑜⁄  

where, for the current system, the ∆𝐻𝑓
𝑜 , is the enthalpy of fusion of perfect PEG crystals that can 

be calculated from ∆𝐻𝑓
𝑜 = 175 + 0.65𝑇𝑚 − 2.53 × 10−3𝑇𝑚

2 , with 𝑇𝑚 as the melting temperature 

of the sample [263]. The crystallinity of pure PEG5k is 0.92 (92%); however, after attachment with 

POSS segments, the crystallinity decreases significantly. The crystallinity of the synthesized block 

copolymers depends on the PEG content in the block copolymer. Thus, the crystallinity decreased 

from almost 50 % in PEG5k-b-P(MA-POSS)3.7 to 6.5% in PEG5k-b-P(MA-POSS)21. This shows a 

strong influence of the POSS segments on the crystallizability of the PEG chains in the block 

copolymers. These observations agree with those reported in the literature for PEO based block 

copolymers [264]. As an example, Siegwart et al [265] found that in PMMA-b-PEO-b-PMMA 

triblock copolymers, the crystallinity of PEO increases with PEO content. Also, a decrease in 

crystallinity of the PEO has been observed in triblock copolymers, where the central PEO is 
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attached to poly(perfluorohexylethyl methacrylate) [262]. More recently, Ulbricht and his group 

have reported the crystallization behavior of PEO-b-PMMA based diblock copolymers, where the 

molar mass of PEO was 5000 g/mol [264].  The wt.% of the PMMA segments ranged from 68 to 

94%.                                                                 

 

 

 

 

 

 

 

Figure 3.24: DSC curves of PEG5k and the respective PEG5k-b-P(MA-POSS) block copolymers  

(a) heating curves show melting temperature (b) Cooling curves show crystallization 

temperature. The heating and cooling rate was 10 °C/min. 

They observed a complete suppression of the PEO crystallization in the block copolymers due to 

the restricted molecular mobility, high glass transition temperature of the PMMA as compared 

with the melting temperature of the PEO, and too small PEO domains to self-assemble into 

crystalline structures. In the current system, the DSC data does not indicate the complete 

suppression of the crystallization and still exhibit the characteristic PEO melting peak and hence 

nucleation and growth of PEO crystals, however, they are dramatically suppressed and very broad; 

indicating the formation of imperfect crystalline morphology by PEG in the block copolymers 

because of the restricted molecular mobility. To visualize the influence of the POSS segments on 

the crystallization behavior of the block copolymers, polarized optical microscopy was carried out. 

Figure 3.25 depicts the polarized light optical micrograph of PEG5k and PEG-b-P(MA-POSS)3.7, 

crystallizing from the melt at a preselected crystallization temperature. Figure 3.25(a) depicts the 

formation of a typical spherulite of larger size by PEG5k homopolymer when crystallized from the 

melt, however, for PEG5k-b-P(MA-POSS)3.7, Figure 3.25(b) depicts a completely different 
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spherulite morphology, where many small and spherical shaped spherulites with no typical Maltese 

structure, are formed. The appearance of the smaller spherulites is a manifestation of the formation 

of smaller and imperfect crystal lamellae by the PEG5k chains in the block copolymers as compared 

with the PEG5k homopolymer. This reinforces the DSC observation, as discussed earlier, where a 

depression in melting point and broadening of the melting peak was assigned to the formation of 

the smaller and broad size distribution of PEG crystals in the block copolymer samples. However, 

no visible spherulite formation could be observed for the block copolymers with higher POSS 

content. To find out the effect of POSS segments on the rate of PEG5k crystallization in block 

copolymer, the rate of the spherulite growth was calculated by measuring the size (radius) of the 

spherulite as a function of time under various isothermal crystallization conditions as depicted for 

PEG5k homopolymer and the PEG5k-b-P(MA-POSS)3.7 in Figure 3.26 (a) and (b), respectively. The 

slope of each plot represents the rate of PEG crystallization at the respective crystallization 

temperature (Tc). In both cases, the rate of crystallization increases with decreasing the Tc. 

 

Figure 3.25: Polarized light micrograph of (a) pure PEG5k and (b) PEG5k-b-P(MA-POSS)3.7.  
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Figure 3.26: Spherulite radii as a function of time at various crystallization temperatures for (a)  

PEG5k homopolymer and (b) PEG5k-b-P(MA-POSS)3.7. (c) The calculated spherulite 

growth rates as a function of crystallization temperature for PEG5k homopolymer 

and PEG5k-b-P(MA-POSS)3.7. 

For a given sample, the rate of crystallization depends upon T = Tm-Tc, the greater the difference 

between the Tm and Tc, the higher will be the rate of crystallization. The growth rate of PEG5k 

homopolymer spherulite is 0.1 cm/sec at Tc = 46 oC, which should increase on decreasing the Tc. 

In contrast, however, it reduced to 0.0025 cm/sec at Tc = 40 oC in PEG5k-b-P(MA-POSS)3.7 block 

copolymer. Thus, the covalent attachment of PEG5k with bulky POSS segments restricts 

profoundly the chain mobility that leads to a reduced rate of crystallization of the PEG5k chains in 

block copolymer as compared to PEG5k homopolymer. 
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Figure 3.27: Wide-angle X-ray diffraction profiles of PEG5k and the respective PEG5k-b-P(MA- 

          POSS)x diblock copolymers. 

Figure 3.27 depicts the wide-angle X-ray diffractograms (WAXD) of PEG5k and the respective 

PEG5k-b-P(MA-POSS)x block copolymers. The WAXD profile of PEG5k displays the 

characteristic sharp reflection peaks at 219.2o (index 120) and 2 = 23.3o (indices 112 and 

032) and others that correspond well to the monoclinic crystal structure of PEG [266]. The sharp 

reflections are an indication of the highly crystalline structure of the PEG5k homopolymer. The 

WAXD profile of PEG5k-b-P(MA-POSS)7 exhibits the characteristic crystalline reflections at 

2 8.3o, 11.1o, and 9.3o that are associated with a rhombohedral crystal structure of POSS 

molecules[266-268]. However, in contrast to the PEG5k homopolymer, in block copolymers, the 

PEG5k crystalline peaks have diminished in intensity and broadened; an indication of the reduced 

PEG5k crystallinity in block copolymer. For higher POSS content, the crystalline peaks of PEG5k 

are replaced by a broad amorphous halo (see WAXD profiles of the PEG5k-b-P(MA-POSS)15 and 

PEG5k-b-P(MA-POSS)21) in Figure 3.27). This indicates that in block copolymers, the PEG forms 

an amorphous phase, while the POSS segments form crystalline domain. 
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Figure 3.28: Temperature-dependent WAXD profiles of PEG5k and PEG5k-b-P(MA-POSS)7. 

Temperature dependent WAXD experiments were also carried out and the data are depicted in 

Figure 3.28 for PEG5k and PEG5k-b-P(MA-POSS)7. For PEG5k, the crystalline peaks transform 

into a broad amorphous halo in the temperature range from 50 oC to 60 oC, indicating the loss of 

ordered crystalline lamellar structure into a disordered amorphous phase on melting. For PEG5k-

b-P(MA-PS)7, the only visible weak PEG5k crystalline peak (2 = 23.3o) disappears on melting of 

the PEG crystals in the temperature range from 40 oC to 50 oC.  While the crystalline domains of 

the POSS segments retain their structural integrity during this heat treatment. Further, the 

depression in PEG melting temperature in the block copolymer as compared with the PEG5k 

homopolymer is also evident from Figure 3.28. For block copolymers with higher POSS content, 

as described above, no PEG5k crystalline reflections were visible, and hence no temperature-

dependent phase changes could be detected.  
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Figure 3.29: Temperature-dependent SAXS profiles of PEG5k homopolymer and PEG5k-b-P(MA- 

          POSS)7. 

The block copolymers, particularly with higher POSS content, appear to be phase-separated into 

amorphous PEG and crystalline POSS domains. For further insights into the phase separation, 

small angle X-ray scattering (SAXS) experiments were performed. Figure 3.29 depicts the 

temperature dependent SAXS profiles of the PEG5k and the PEG5k-b-P(MA-POSS)7. The lower 

temperature PEG5k SAXS profiles display higher order reflections with relative peaks positions 

q/q*= 1, 2, 3, and 4 where q* and q, respectively, represent the peak maximum of the first peak 

and the respective reflection. The relative peak positions, thus, represent the formation of well-

defined lamellar crystalline morphology by the PEG5k homopolymer. However, in the respective 

block copolymers, the SAXS profiles do not reveal any ordered structure morphology of the block 

copolymer (data only for PEG5k-b- P(MA-POSS)7 is shown in Figure 3.29). The peak shoulder, 

indicated by the arrow in Figure 3.29 for PEG5k-b-P(MA-POSS)7, represents the crystalline 

reflection from the PEG lamellae, which disappear upon heating due to the melting of the PEG 

crystals. From the WAXS and SAXS profiles, it can be argued that the block copolymer exists in 

a disordered state with amorphous PEG phase and the randomly dispersed POSS crystalline 
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domains. The temperature dependent SAXS profiles of the PEG5k reveal the melting and 

recrystallization of PEG chains from the melt, respectively, in heating and cooling cycles as 

manifested by the disappearance and reappearance of the crystalline lamellar reflections (only 

heating cycle is shown in Figure 3.29). On the contrary, no phase changes in the SAXS profile for 

the block copolymer, particularly with higher POSS content, could be observed during the entire 

heating and cooling cycle and on the time scale of the experiment that could be attributed to the 

restriction to the chain mobility due to the existence of the crystalline POSS domains in the block 

copolymers.  

To investigate the influence of POSS segments on the thermal stability of the block 

copolymers, thermal gravimetric analysis (TGA) was carried out. Figure 3.30 shows the TGA and 

the respective differential thermal analysis (DTA) traces of the PEG5k homopolymer and the 

respective PEG5k-b-P(MA-POSS)x block copolymers under nitrogen environment.  The data 

indicate that the PEG and the block copolymers predominantly follow a one-step degradation 

process. Moreover, the char residue has increased for the block copolymers as compared with the 

PEG5k homopolymer; an indication of the POSS inclusion into the block copolymer structure. The 

block copolymers, however, start degradation at slightly lower temperature as compared with the 

PEG5k homopolymer. The DTA curves suggest that the inclusion of POSS segments does not 

enhance the thermal stability of the block copolymers. The initial weight loss in the block 

copolymers could be attributed to the partial weight loss due to the organic isobutyl corner groups 

attached to the POSS cage [269, 270]. The bond dissociation energy of Si-C (318 kJ/mol) bond is 

less than both the C-C (345 kJ/mol) and Si-O (451 kJ/mol) bonds [269]. The degradation of the 

PEO is known to proceed in one step via the random scission of the main chain C-O, C-C bonds 

[271-273].  
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Figure 3.30: TGA curves of PEG5k and the respective PEG5k-b-P(MA-POSS)x block copolymers,  

recorded in nitrogen environment (a). The respective differential thermal analysis 

(DTA) traces (b). 
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Part-D 

Molecular Arrangement of POSS-Based Macroamphiphilies in Monolayer at 

the Air/Water Interface 

Part-D is mostly reproduced from Nazmul Hasan & Asad Ullah et al. Langmuir film formation 

of amphiphilic hybrid block copolymers based on poly(ethylene glycol) and  

poly(methacrylo polyhedraloligomeric silsesquioxane) Colloid and  

Polymer Science (2019) 297:1149–1159 

 

Poly(ethylene glycol) (PEG) is a hydrophilic polymer, nevertheless, it can form a Langmuir 

monolayer at the air/water interface when the molar mass exceeds 1000 gmol1 [140, 274]. This 

is due to the fact that the (-CH2-CH2-O-) repeat unit of the PEG is amphiphilic in nature where the 

two CH2 groups offer hydrophobicity while the oxygen atom can form hydrogen bonds with water 

molecules [140, 274]. The surface pressure vs mean molecular area (πmmA) isotherm for the PEG 

Langmuir film suggests a liquid expanded phase at lower surface pressure followed by a pancake 

conformation with compression and finally the film collapse in the pseudo-plateau region, i.e. 

dissolution of the PEG chain into the water subphase [275-277]. However, because of its good 

water solubility in bulk, the collapse surface pressure usually does not exceed   10 mNm1. 

Most recently, the salting out effect was exploited by adding certain salts, such as K2CO3 to the 

subphase that not only led to the formation of a very stable film (up to   30 mNm1) but also to 

unusual self-organization and PEG crystallization on the water surface [205, 275]. In contrast to 

PEG homopolymer, many fundamental studies have also been reported concerning the behavior 

of PEG based amphiphilic block copolymers at the air/water interface [276, 278-280]. They exhibit 

different interfacial behavior compared to the PEG homopolymer. Previously, the focus has been 

on organic/organic block copolymers where the lengths of the hydrophilic and hydrophobic blocks 

were varied [281, 282]. However, no attention has been paid to the behavior of organic/inorganic 

hybrid amphiphilic block copolymers of PEG at the air water/interface. Block copolymers of PEG 

and a block containing polyhedral oligomeric silsesquioxane (POSS) nanocages can be considered 

as a typical example.  
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Several reports have appeared in the literature on the self-organization of POSS cages in thin films, 

including Langmuir films at the air/water interface and Langmuir-Blodgett (LB) films [283-293]. 

The POSS cages have a strong tendency of aggregation in thin films and the most effective tool to 

prevent that is to introduce the amphiphilic character to POSS. As an example, Paczesny et al. 

[292] investigated four unsymmetrical POSS cage derivatives with seven hydrophobic and one 

hydrophilic moiety (mercapto, glycerol, maleamic acid, or amino group) attached at the cage 

corner. The mercapto-POSS derivative was found to form aggregates and multilayer films on the 

water surface and complex nanostructures in LB films. The incompletely condensed trisilanol 

derivative of POSS with three unbonded hydroxyl groups forms a stable monolayer at the air/water 

interface with a rod-like multilayered morphology in the high surface pressure regime [294, 295]. 

Mitsuishi et al. [283] reported the formation of ultra-thin LB films with a homogeneous 

distribution of the POSS cages by amphiphilic copolymers of N-dodecylacrylamide and a 

heptaphenyl-POSS containing comonomer. Lee et al. reported the interfacial behavior of telechelic 

POSS-PEG-POSS amphiphiles, with varying molar mass of the PEG chain ranging from 1 to 10 

kgmol1, at the air/water interface [140]. The PEG chain was forced to submerge into the water 

subphase upon compression on the Langmuir trough while the POSS cages formed a closely 

packed film on the water surface at higher surface pressures. The POSS containing amphiphilic 

block copolymers could have potential implications for the design and fabrication of hybrid 

nanoscale building blocks in thin films. The tuning of nanostructure formation by varying the 

composition of the amphiphilic hybrid copolymers could lead to a better understanding and the 

construction of the tailored nanobuilding blocks.  

Herein, the molecular arrangement of amphiphilic PEG5k-b-P(MA-POSS)x hybrid diblock 

copolymers, where the subscript 5k represents the molar mass of the PEG chain (5kgmol1), 

corresponds to average degree of polymerization  113 and the degree of polymerization of the 

methacrylo-POSS (MA-POSS) segments varied from 4 to 21, in thin films at the air/water interface 

and in LB films is discussed. The πmmA isotherms have been measured coupled with Brewster 

angle microscopy (BAM), and infrared reflection absorption spectroscopy (IRRAS). This leads to 

a better understanding of the molecular arrangements of the block copolymer segments in 

Langmuir films and the phase transitions during compression. Langmuir Blodgett (LB) films were 

also fabricated at various surface pressures during compression to interpret some of the 
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observations made in the πmmA isotherms and to visualize the nanostructure morphology in thin 

films on a solid substrate by atomic force microscopy (AFM) Also, the crystallization behavior of 

POSS nanocages on the water surface in thin film has been explored.   

3.3.2 Surface Pressure (π) - Mean Molecular Area (mmA) Isotherms 

The surface pressure vs mean molecular area (π-mmA) isotherm that reveals various phases and 

phase transitions corresponding to different molecular conformations in Langmuir films on the 

water surface is recorded by measuring π during compression as a function of mmA. Figure 

3.31depicts the π-mmA isotherm of PEG5k homopolymer and the respective PEG-b-P(MA-

POSS)x diblock copolymers. For PEG5k, the π-mmA isotherm depicts the typical PEG behavior 

on the water surface, starting with the liquid expanded state at lower surface pressure (low surface 

coverage), followed by the pancake region (where PEG chains lie in flattened conformation to 

maximize contact with the water surface) and then a pseudo-plateau - no further change in surface 

pressure upon film compression occurs. The pseudo-plateau is an indication of the removal of PEG 

chains from the water surface because of their dissolution into the water subphase during 

compression [205, 275, 296, 297]. The onset of the plateau is the surface pressure above which the 

PEG chains cannot retain their flattened conformation on the water surface; thus, they assume 

more and more extended conformation and penetrate the water bulk. The pseudo-plateau for PEG5k 

homopolymer was observed at ≈ 8 mNm−1 (indicated by 1 in Figure 3.31) in the current study; 

however, this may vary depending on the molar mass of the PEG employed [140]. The limiting 

pancake area, Ao, calculated from the extrapolation of the tangent of the pancake region to π =0 

mNm−1, is estimated ≈ 4400 Å2, corresponding to an area of (4400 Å2 / 113) ≈ 39 Å2 per ethylene 

oxide (EO) unit, which is close to the previously reported values of 40–48 Å2 per EO unit for PEG 

homopolymers [279, 280]. 

After chain extension of PEG5k with MA-POSS segments in PEG5k-b-P(MA-POSS)x block 

copolymers, the behavior at the air/water interface changes drastically as depicted in Figure 3.31 

for the corresponding diblock copolymers, where the π-mmA isotherms of all the investigated 

block copolymer films reveal several pseudo-plateaus (indicated by the numbers 1 to 5) during 

compression. For PEG5k-b-P(MA-POSS)4 (with the smallest number of MA-POSS segments), the 

isotherm depicts a relatively well-defined pseudo-plateau 2 at ≈10 mN m−1 that is attributed to the 
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Figure 3.31: π-mmA isotherm of PEG5k and the respective PEG5k-b-P(MA-POSS)x diblock  

copolymers measured at 20 °C with a compression speed of 100 

Å2·molecule−1·min−1. The inset shows a zoom of the PEG5k-b-P(MA-POSS)21 

isotherm. The letter ‘a’ and the arrows indicate the π values where observations with 

BAM and LB film transfer were carried out, respectively. The bold black lines on 

the isotherms represent the range of the IRRAS experiments for the respective film. 

The numbers denoted as 1, 2, 3, 4, and 5 guide the eyes to the plateaus of the 

respective isotherm. The dotted lines indicate some characteristic areas A0 to A4 of 

the isotherm. 

dissolution of the PEG5k chains upon compression. Upon further compression, a sharp increase in 

surface pressure appears with negligible change in the mmA that can be assigned to the 

accumulation of MA-POSS segments on the water surface resulting in a compact film formation. 

This was also verified by a significant increase in the intensity of Si–O–Si (1108 cm−1) band of 

POSS cages in IRRAS spectra during compression of the film after the plateau region (Figure 

3.37b). The film is stable up to more than the recorded π ≈ 50 mN m−1. The limiting brush area for 

the block copolymers increases with increasing the P(MA-POSS) content in the block copolymer. 

In the brush regime, at π ≈ 22 mN m−1, a small deflection 3 can also be seen which transforms into 
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a more prominent pseudo-plateau 4 in the isotherm of the PEG5k-b-P(MA-POSS)21 block 

copolymer.  

It should be noted that the increase of π with reducing mmA is trivial [298-300]; 

nevertheless, the plateaus for the block copolymers are indicative for phase transitions [279, 296]. 

As an example, in our recent study on the behavior of poly(isobutylene) (PIB) with small terminal 

PEO segments (symmetric PEO3-PIB85-PEO3 and non-symmetric PEO3-PIB85-PEO12, where the 

subscript represents the respective degrees of polymerization), a change in the slope of the 

isotherm in the brush regime was observed that was attributed to a phase transition involving 

removal of the smaller PEO3 segments from the water surface [296]. A similar deflection in the 

brush regime of the Langmuir isotherm of PFMA-b-PEO-b-PFMA triblock copolymers (PFMA 

represents poly(perfluorohexyl ethyl methacrylate)) with higher PFMA content was observed, 

which was attributed to the rearrangement of the PFMA segments at the air/water interface [278]. 

To clarify the phase transition in the current study, the area occupied by the repeat unit of the 

diblock copolymer chain at different surface pressures was calculated. Figure 3.31 depicts that the 

initial increase in surface pressure starts at ≈4600 Å2 (A1) for PEG5k-b-P(MA-POSS)4. This 

corresponds to 40 Å2 per EO unit, suggesting that the area occupied by the POSS-MA segments 

at the interface is negligible. One of the reasons for this could be the relatively small size of the 

P(MA-POSS)4 block in this block copolymer. However, similar behavior has also been observed 

for PEG-based amphiphilic block copolymers with relatively long hydrophobic segments [279, 

281]. Additionally, the limiting area A2 is estimated as ≈ 615 Å2 by drawing a tangent of the 

isotherm to zero surface pressure (dotted line) that corresponds to the cross-sectional area of ≈ 4 

MA-POSS units [140, 301]. Since the diblock copolymer also contains the same number of POSS-

MA units, it can, therefore, be argued that at this mmA, all PEG segments of the block copolymer 

must be submerged into the subphase with the air/water interface predominantly occupied by MA-

POSS segments. For PEG5k-b-P(MA-POSS)21 (block copolymer with the highest POSS content), 

the plateau that corresponds to the dissolution of the PEG chains could no longer be observed, 

indicating that the PEG chains have already submerged into the water subphase and that the 

interface is predominantly populated by the MA-POSS segments even at low surface pressure. 

Therefore, the initial increase of the surface pressure that started at ≈ 3700 Å2 (indicated by A3) 

can be attributed to the area of ≈ 21 POSS units [140, 301], followed by two pseudo-plateaus at 17 

mN m−1 4 and 44 mN m−1 5. The area A4 ≈ 912 Å2 after plateau 4 corresponds to the cross-sectional 
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area of ≈ 5 POSS units, indicating that several layers of the MA-POSS units have formed during 

the film compression up to this point in the isotherm. To support this statement, BAM microscopy 

is employed to monitor the water surface, especially plateau regions 4 and 5 during film 

compression. BAM is an important tool to monitor the water surface during the π-mmA experiment 

on a Langmuir trough to visualize the formation of film domains on the water surface during 

compression [281, 302-304].  

The Langmuir films of the PEG5k-b-P(MA-POSS)4 and PEG5k-b-P(MA-POSS)21 were 

monitored with BAM during the compression from π ≈ 0 mN m−1 to π ≈ 48 mN m−1 and the 

captured images are depicted in figure 3.32 and 3.33. The BAM images, depicted in Figure 3.32, 

do not provide any evidence of domain formation for both the copolymers. This indicates that no 

significant change in refractive indices takes place during compression in the investigated region 

of the isotherm and hence no change in contrast of the BAM images could be detected [304]. The 

observation also inferred the homogeneity of the Langmuir film. However, for the PEG5k-b-P(MA-

POSS)21 copolymer, at the 2nd plateau region 5 (see Figure 3.31), the appearance of strips to the 

compressional direction, (indicated by the yellow arrow) offers evidence of the film collapse 

(Figure 3.33 (right)). The strips might be composed of several layers of PEG and P(MA-POSS) 

blocks. A similar BAM observation has also been reported for the POSS-PEG1k-POSS telechelics, 

where the observed strips were assigned to the film collapse followed by multilayer formation of 

POSS units [140]. The pseudo-plateau 4 that started at ≈ 18 mN m−1, however, could not be 

explained based on BAM observation. Therefore, several LB films were fabricated before and 

after the plateau 4 region and examined by AFM for changes in surface morphology and thickness. 

Figure 3.34 depicts AFM images of the LB film of PEG5k-b-P(MA-POSS)21 transferred at π ≈8 

mN m−1. The LB film transferred before the pseudo-plateau region 4 (see arrows in Fig. 3.31) 

shows a very compact and smooth surface morphology with a few holes in it. The maximum film 

thickness could be measured as ≈ 0.70 nm. 
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Figure 3.32: BAM images of PEG5k-b-P(MA-POSS)3.7 (left) and PEG5k-b-P(MA-POSS)21 (right)  

captured during film compression on the Langmuir trough at selected π values (a) 8 

mNm1 (b) 18 mNm1 and (c) 25 mNm1. 
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Figure 3.33: BAM image of PEG5k-b-P(MA-POSS)3.7 (left) and PEG5k-b-P(MA-POSS)21 (right)  

captured during film compression on the Langmuir trough at π value of 45 mN m−1 

(indicated by a in Figure 3.31). The yellow arrow indicates the strips created because 

of film collapse. 

The value is slightly smaller than the maximum height value (i.e., ≈ 0.95 nm) of i-butyl MA-POSS 

part, but, in the range of amorphous PEG Langmuir film, which is typically ≈ (0.6–0.7 nm) in the 

pancake region [275]. Now, looking to the phase image as shown in Figure 3.34c reveals no phase 

difference (except the holes within the film), indicating a uniform and homogeneous surface 

morphology of the film with no distinct PEG and P(MA-POSS) phases. The morphology suggested 

a non-crystalline film where the stiffer POSS cage might be incorporated in the PEG layer that 

generates a smoother surface morphology with no change in image brightness. It should be noted 

that the crystalline thin film of PEG shows a rough surface of lamella [305] and the stiffer region 

in the AFM phase image appeared brighter than the softer region due to a positive phase shift 

[304]. The non crystallinity of the film arises due to the hydrated nature of the PEG chain in LB 

film as well as their high affinity to the mica substrate which prevents aggregation and chain 

folding necessary for crystallization [306, 307].   
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Figure 3.34: AFM measurements of the LB films of PEG5k-b-P(MA-POSS)21 transferred at π ≈  

8 mNm−1 (a) height image and (b), (c) corresponding to height profile and phase 

image. 

Figure 3.35a depicts the LB film transferred after the plateau 4 region at 25 mN m−1 revealing a 

completely different surface morphology and film thickness. A two-layers film can be seen from 

the surface. The bottom layer indicated by the blue arrow has an average film thickness value of ≈ 

1 nm. The brighter part indicates the upper layer (red arrow) has an average thickness of ≈ 1.7 nm. 

The overall film thickness varies from ≈ 0.70 nm to ≈ 2.7 nm (Fig. 3.37b), suggesting a multilayer 

layer formation. However, because of strong anchoring force at the interface due to long 

hydrophilic PEG chains on the water surface, this does not lead to the true film collapse. Also, no 

visible strips in BAM images that are typically associated with the film collapse could be observed 

at π = 25 mN m−1 (Figure 3.34 right). The ultimate film collapse happened at π ≈ 44 mN m−1, where 

the strips associated with the film collapse, could be seen in BAM images (Figure 3.33 right). Now 

looking to Figure 3.35b, a very rough surface, i.e., inhomogeneous line profiles, with lots of 

elevated spike-like structures can be seen. 
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Figure 3.35: AFM measurements of the LB films of PEG5k-b-P(MA-POSS)21 transferred at π ≈  

25 mN m−1 (a), height image (the arrows indicate different layers of the film) and (b),     

(c) corresponding height profile and phase image, respectively. 

The bright nanostructures in the phase image (Figure 3.35c) and the elevated spike-like structures 

could be due to the MA-POSS segments, while the PEG blocks because of their high affinity for 

the mica surface are assumed to attain a flattened confirmation on the mica surface without 

aggregation or crystallization [306]. It should be noted that the POSS molecule has a very strong 

tendency for self-aggregation and crystallization into two-dimensional lamellar nanocrystals [37, 

308]. Finally, from the changes in surface morphology during compression, it can be argued that 

phase transition or aggregation processes take place in the plateau 4 regime. 

Infrared reflection absorption spectroscopy (IRRAS) is a powerful tool for studying the 

Langmuir film directly at the air/water interface. IRRAS has been reported widely for investigating 

small amphiphiles as well as polymers at the water surface [309-317]. IRRAS is based on the 

principle that when s-polarized infrared radiation impinges onto a Langmuir film at the air/water 

interface, a small fraction of the light is reflected by the film. The IRRAS signals are recorded as 
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a plot of reflectance-absorbance (RA) vs wavenumber, where RA is defined as −log10(R/Ro), where 

R is the reflectivity of the Langmuir film covered surface and Ro is the reflectivity of the pure 

water surface. In this study, IRRAS is employed to scan plateau region 4 of the isotherm of PEG5k-

b-P(MA-POSS)21 for any phase transition. Figure 3.36a shows the IRRA spectra acquired during 

the film compression from π ≈4 mN m−1 (black) to ≈ 28 mN m−1 (green) to cover plateau region 

4. The spectra reveal bands originating from vibrations of the water subphase, PEG, and MA-

POSS segments of the block copolymer. The positive peaks (a) and (i) are due to the stretching 

and bending vibration, respectively, of the water molecules in the subphase. These bands are 

visible in the spectra due to the difference in reflectivity of the bare water surface and polymer 

populated water surface. Therefore, the reflectance absorbance of these bands increases with the 

thickness of the interfacial polymer film. All the negative bands in the spectra (b) to (h) and (j) to 

(k) are due to the polymer chains on the water surface [282]. It is obvious that upon compression, 

the reflectance-absorbance of OH band from water and the negative bands from the polymer film 

increases in its absolute values as expected since the surface concentration of the constituents 

increases upon reducing mmA [313]. To support the statement made above that plateau 4 could be 

due to the formation of several layers of MA-POSS segments on the water surface, the reflectance-

absorbance changes of the ν(Si–O–Si) (j) and ν(OH) (a) band with compression were recorded and 

the data are depicted in Figure 3.36b. The data reveal a significant change in the reflectance-

absorbance of the ν(Si–O–Si) and ν(OH) bands in plateau regime (18–25 mN m−1), which is strong 

evidence of the increase in POSS concentration on the surface as well as the increase of film 

thickness in the plateau 4 regime [281]. This observation is also in agreement with the AFM images 

shown in Figures. 3.34 and 3.35 and the mmA calculation of the MA-POSS segments in Figure 

3.31. 
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Figure 3.36: (a) IRRA spectra of PEG5k-b-P(MA-POSS)21 recorded during continuous  

compression from π ≈ 4 mN m−1 (black) to 28 mN m−1 (green). The insets show 

zooms of the selected bands. The assignment of the bands are as follows: (a) ν(OH), 

(b) νas(CH2), (c) νs(CH2), (d) δs(CH2), (e) ω(CH2), (f) ω(CH2), (g) ω(CH2), (h) 

ν(CC), (i) δ(OH), (j) ν(Si–O–Si), and (k) ν(CO)[281, 318-320]. (b) Integral area of 

the IRRA band of Si–O–Si at 1108 cm−1 and OH at 3400 cm−1 as a function of surface 

pressure. (c) Comparison of the IRRA (black to green) and the FTIR (red) spectrum 

of PEG5k-b-P(MA-POSS)21, the dotted lines are drawn to guide the eyes. The FTIR 

spectrum (red) of PEG5k-b-P(MA-POSS)21 was acquired in a transmission mode 

using a KBr disc. 

 



 

106 
 

 

 

Figure 3.37: (a) IRRAS spectra of PEG5k-b-P(MA-POSS)3.7 recorded with a continuous  

compression from a surface pressure of  6 mN/m (black) to 28 mN/m (green), the 

inset shows the zoom of the selected bands. The assignment of the bands are a: 

ν(OH), b: νas(CH2), c: νs(CH2), d: δs(CH2), e: ω(CH2), f: ω(CH2), g: ω(CH2), h: 

ν(CC), i: δ(OH), j: ν(Si-O-Si), and k: ν(CO). (b) Integral area of the IRRA band of 

Si-O-Si at 1108 cm1 during compression in the IRRAS experiment. [Inserted in 

support of Figure 3.31 for discussion on the π-mmA Isotherm of PEG5k-b-P(MA-

POSS)3.7, discussed earlier] 

Furthermore, the band position of the IRRA spectra has also been compared with that of the FTIR 

spectrum of the block copolymer in bulk as shown in Figure 3.36c, where the position of the IRRA 

bands matches with the position of the corresponding bands in the FTIR spectrum with a slight 

shift in the νas(CH) and νas(Si–O–Si) vibration bands, respectively, from 2957 cm−1 and 1105 cm−1 

to 2954 cm−1 and 1108 cm−1. Since most of the band positions of the IRRA spectra at π ≈ 28 

mNm−1 overlap with the corresponding bands of the FTIR spectrum of the bulk sample, it can be 

assumed that the Langmuir film preserves the conformations of the bulk phase. It should be noted 

that the higher wavenumbers of symmetric and antisymmetric CH bands (i.e., higher than ≈ 2919  
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Figure 3.38: π-mmA isotherm along with the schematic presentation of the processes that occur  

during the compression of the Langmuir film of PEG5k-b-P(MA-POSS)21 on the 

water surface. The letters (a to d) are indicative of the π value of the isotherm related 

to the scheme. 

cm−1, νas(CH2)) and ≈ 2850 cm−1, νs(CH2)) are indicative of fluid-like film phase with high content 

of gauche conformations as reported for polymers and small amphiphilic molecules containing 

long-chain CH2 units [302, 312]. Since the investigated copolymers contain small chain CH2 unit, 

therefore, to understand the ordering behavior (i.e., crystallization) of the block copolymer with a 

direct comparison of the CH band position is hardly possible; however, it could be possible by 

employing the GI-WAXS measurements [275]. Figure 3.38 schematically summarizes all the 

observations for Langmuir film formed by PEG5k-b-P(MA-POSS)21 during compression. 

3.3.3 Crystallization of POSS Nanocages on the Water Surface  

The POSS nanocages are strongly hydrophobic and were found to self-aggregate into multilayer 

structures on the water surface during compression of the Langmuir film formed by the 

investigated PEG5k-b-P(MA-POSS)x block copolymers. As discussed above that the POSS cage 

has a very strong tendency for self-aggregation and crystallization into two-dimensional lamellar 

nanocrystals [37, 308], therefore, the crystallization of POSS cages of the PEG5k-b-P(MA-POSS)x 

on the water surface in thin Langmuir film was also explored by BAM. As discussed earlier, the 

BAM observation did not reveal any evidence for POSS crystallization on the water surface during  
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PEG5k-b-P(MA-POSS)4,                 PEG5k-b-P(MA-POSS)7,                      PEG5k-b-P(MA-POSS)21 

     

Figure 3.39: BAM images of PEG5k-b-P(MA-POSS)x with various POSS content, recorded after  

                      several compressions-expansions of Langmuir film. 

compression. However, to our surprise, when the collapsed Langmuir film was allowed to expand, 

based on the POSS content in the copolymer, the formation of various structures was observed. As 

depicted in Figure 3.39, for PEG5k-b-P(MA-POSS)4 (block copolymer with the lowest POSS 

content) no morphological changes or formation of any structures could be observed when the 

collapsed film was expanded. For PEG5k-b-P(MA-POSS)7 the expansion of the collapsed film 

resulted in the formation of broken strips or disordered bands-like structures. However, the most 

distinct and unique well-defined band-like structures with sharp edges were formed by the block 

copolymer with the highest POSS content; PEG5k-b-P(MA-POSS)21. These bands are assumed to 

be self-aggregated structures constituted of crystallized POSS cages. Thus, from this preliminary 

observation, it can be concluded that provided the sufficient surface concentration, the POSS 

nanocages of the block copolymers could be forced to organize into well-defined large crystalline 

structures in thin films on the water surface. In other samples, with relatively lower POSS content, 

probably, there are not enough POSS cages on the water surface to self-assemble into crystalline 

domains. 

To evaluate the influence of an additive at the air/water interface on the crystallization 

behavior of POSS cages, mixed films with various compositions of a lipid; DPhPC (1,2-

diphytanoyl-sn-glycero-3-phosphocholine), and PEG5k-b-P(MA-POSS)21 were studied and the 
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BAM images are depicted in Figure 3.40.  This particular lipid was chosen as it does not crystallize 

in Langmuir films and remains fluid throughout the compression.      

      

 

Figure 3.40: BAM images of PEG5k-b-P(MA-POSS)21 in the presence of DPhPC, recorded after  

          several compressions-expansions of the mixed Langmuir film. 

The data reveal that the presence of lipid significantly affects the crystallization of POSS cages on 

the water surface. By comparing with the neat PEG5k-b-P(MA-POSS)21 (Figure 3.39), the change 

in size/thickness of the crystals and morphology is an indication that the lipid hinders the self-

organization of the POSS cages into crystalline domains. With increasing the lipid mole fraction, 

the size, and the thickness of the POSS crystals diminishes, and finally no crystallization could be 

observed at lipid = 0.98 mole fraction. 

0.6 mole fraction lipid 0.8 mole fraction lipid 

0.98 mole fraction lipid 
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Figure 3.41 depicts the -mmA isotherms of the lipid/ PEG5k-b-P(MA-POSS)21 mixed film with 

various molar composition. By comparing with the -mmA isotherms of pure PEG5k-b-P(MA-

POSS)21 (Figure 3.31) a noticeable shift to the higher molecular area (film expansion) could be 

observed after the introduction of the lipid molecules. The lipid molecules do not seem to squeeze 

out from the mixed film during compression, thus, creating a barrier in the self-organization of the 

POSS cages into well-defined crystalline morphology. 

 

Figure 3.41: -mmA isotherms of mixed lipid/ PEG5k-b-P(MA-POSS)21 films of various  

          Compositions. 
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Part-E 

Interaction With Lipid Bilayers and Modification of PVDF Membrane 

The amphiphilic character of amphiphilic block copolymers makes them a fascinating class of 

materials with great potential for biomedical and pharmaceutical applications. In particular, 

healing and recovery of damaged cell membranes, drug delivery devices, where micelles formed 

by the amphiphilic block copolymer delivers the pharmaceutical ingredient loaded in the micelle 

core and enhances the cellular uptake once in contact with the target cell membrane [321, 322]. 

Amphiphilic macromolecules are known to interact with the cell membrane via the hydrocarbon 

segment altering the membrane structure and properties. Depending on the nature, composition, 

and relative lengths of the hydrophilic and hydrophobic blocks, the interaction can lead either to 

the attachment at the interface or penetration into the hydrophobic core of the membrane. The 

interaction may lead to various consequences, such as membrane permeability, fluidity, or 

integrity/stability [323]. Therefore, several amphiphilic block copolymers with different 

chemistries have been explored for their effects on the lipid bilayer membranes for fundamental 

understanding and potential applications [324-327]. 

Herein, we have explored the synthesized POSS containing macroamphiphiles; namely 

PEG5k-b-P(MA-POSS)x and P(MA-POSS-co-S)-b-P(ACM)x for their interaction with lipid bilayer 

- a model membrane that mimics the true cell membrane.  

3.4 Interaction of Block Copolymers with Lipid Bilayer Model Membrane 

The effect of POSS based macroamphiphiles on the permeability of ions across lipid bilayer 

membrane was studied by measuring transmembrane current in the presence and absence of the 

block copolymers under voltage-clamp conditions (Schematically shown in Figure 3.42). The 

bilayer membrane was formed from PLE – Polar Lipid Extract from E.coli (contains negatively 

charged lipids). The working buffer for electrophysiological measurements was 50 mM HEPES 

(N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid); a zwitterionic sulfonic acid buffering 

agent; commonly used in cell culture due to its ability to maintain physiological pH condition 

despite changes in CO2 concentration) pH 7.5, 1M KCl, symmetric from both sides of the 

membrane. The block copolymer in THF (2 g/l in THF) (5 ml) was prepared. Then, 5 mL of water 
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was added dropwise with continuous stirring. The THF was slowly evaporated by a rotary 

evaporator with slowly decreasing pressure.  

 

Figure 3.42: A schematic representation of the setup used for membrane interaction study of the  

          hybrid macroamphiphiles. 

All the synthesized block copolymers PEG5k-b-P(MA-POSS)x and P(MA-POSS-co-S)-b-

P(ACM)x were evaluated for their interaction with lipid bilayer membrane (channel activity) in 

term of their effect on the transmembrane conductivity, however, only those macroamphiphiles 

with very low POSS content - highly hydrophilic - namely PEG5k-b-P(MA-POSS)3.7 and P(MA-

POSS-co-S)-b-P(ACM)695 have shown membrane channel activity. In the absence of block 

copolymers, no cross-membrane current was recorded. Current flow was observed when the block 

copolymer (PEG5k-b-P(MA-POSS)3.7 concentration reached 0.09 mg/L (below this concentration 

no current flow could be observed). The data are depicted in Figure 3.43 shows slow pores 

formation kinetics for PEG5k-b-P(MA-POSS)3.7 because only one current spike was observed after 

130 seconds. However, the number of pores/channels increased with time. Moreover, a linear 

relationship between current and voltage was observed as shown in (Figure 3.44) representing the 

stability of pores/channels. 
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Figure 3.43: Representative current signal data recorded in the presence of 0.09 mg/mL PEG5k-b- 

          P(MA-POSS)3.7 at (a)+75 mV and (b) +50 mV. 

 

 

 

 

  

 

 

 

 

 

Figure 3.44: Plot of current vs voltage for 0.09 mg/mL solution of PEG5k-b-P(MA-POSS)3.7. 
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P(MA-POSS-co-S)-b-P(ACM)695 has also exhibited membrane channel activity, but it required ~ 

29 mg/mL as the minimum block copolymer concentration for channel activity (in comparison 

0.09 mg/mL was the minimum concentration required for channel activity in case of PEG5k-b-

P(MA-POSS)3.7). Figure 3.45 depicts the representative data for P(MA-POSS-co-S)-b-P(ACM)695 

block copolymer recorded at 87 mg/mL block copolymer concentration. Surprisingly, both the 

samples generated approximately the same single channel conductivity (14 pS for PEG5k-b-P(MA-

POSS)3.7  and 15 pS for P(MA-POSS-co-S)-b-P(ACM)695 (see Figure 3.44 and Figure 3.46 

respectively)) These are very preliminary observations and much more work is needed to fully 

understand the underlying mechanism for the channel activity by the POSS cages and the effect of 

the block copolymer composition and chemistry, nevertheless, it can be concluded that 

composition of the block copolymer and the relative lengths of the hydrophobic POSS segments 

and the hydrophilic segments play a key role in determining the pore/channel activity of the 

macroamphiphiles and hence their potential biomedical applications.  

 

 

Figure 3.45: Representative current signal data recorded in the presence of 87 mg/mL P(MA- 

          POSS-co-S)-b-P(ACM)695 at (a) +25 mV and (b) +75 mV.  
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Figure 3.46: Plot of current vs voltage for 87mg/mL solution of P(MA-POSS-co-S)-b-P(ACM)695. 

3.5 PVDF Membrane Modification for Enhanced Hydrophilicity and Water Flux 

P(MA-POSS-co-S)8-b-P(ACM)695 was used to improve the hydrophilicity and antifouling 

properties of a hydrophobic PVDF membrane. Composite membranes of PVDF / P(MA-POSS-

co-S)8-b-P(ACM)695 were fabricated by solution casting method.  

Protein adsorption is an easy and reliable tool to investigate the antifouling property of 

membranes.  BSA is a commercially available and water-soluble protein and can be used for 

protein adsorption experiments on the membrane. Normally when BSA solution is filtrated through 

a membrane, the flux reduces with filtration time due to the membrane fouling. In the present work 

antifouling properties of the modified membranes were evaluated by the Jb/Jw value of the 

membranes, where Jb is the flux of BSA solution and Jw is the flux of pure water. Generally, a 

higher value of Jb/Jw, indicates better antifouling properties [328]. Figure 3.47 (a) shows Jb/Jw 

values of the blend membranes. It is obvious that for all the membranes, the value of Jb/Jw is smaller 

than 100 %, indicating that the flux of BSA solution is lower than the flux of pure water due to 

fouling behaviors of BSA. However, the values of Jb/Jw of the blend membrane increases with the 

increase of P(MA-POSS-co-S)8-b-P(ACM)695 in blend membranes, indicating that the addition of 

the P(MA-POSS-co-S)8-b-P(ACM)695 has improved the permeation capability of the membrane 

due to enhanced hydrophilicity and porosity. Similarly, the increase in Jb/Jw value with the increase 
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of P(MA-POSS-co-S)8-b-P(ACM)695 in blend membranes also suggests that P(MA-POSS-co-S)8-

b-P(ACM)695 provides better antifouling properties for the membranes. The enhanced antifouling 

properties arise due to improved hydrophilicity of the membranes. Antifouling properties of the 

blend membranes were also confirmed by directly measuring the adsorbed amount (detail is 

available in the Experimental section). Figure 3.47 (b) shows that the adsorption of BSA on the 

membrane decreases with increasing the content of P(MA-POSS-co-S)8-b-P(ACM)695. Under the 

same experimental conditions, 64.7 % decrease in BSA adsorption was observed by a membrane 

with composition: 15 % P(MA-POSS-co-S)8-b-P(ACM)695 and 85 % PVDF by weight as 

represented by M3 in Figure 3.47. This decline in adsorption attribute to the hydrophilic nature of 

blend membranes.  The data are summarized in Table 3.5. 

 

 

Figure 3.47: (a) Water permeation (flux) of PVDF (Mo) and block copolymer modified PVDF  

membranes (b) BSA adsorption of PVDF (Mo) and block copolymer modified PVDF 

membranes.  
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Table 3.5: Summary of the Experimental Results on Water-Flux, and Protein Adsorption of pure  

      and modified PVDF membranes. 

Membrane P(POSS-co-S)-b-P(ACM)695  (wt %) 

 

   Jb/Jw BSA adsorption       

(μg/cm2) 

  Mo                             0    0.45            17 

  M1                             5    0.53            14 

  M2                            10    0.61             8 

  M3                            15    0.76             6 
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                                                                                                                                   Chapter 4 

4.1 Conclusions  

Three series of well-defined POSS-based water soluble hybrid polymers were successfully 

synthesized by reversible deactivation radical polymerization (RDRP), namely atom transfer 

radical polymerization and nitroxide mediated radical polymerization (NMP).  

First series consists of tadpole shaped POSS-Poly(glycerol methacrylate) (POSS-PGMA) 

of different compositions that were obtained in two steps, first POSS-PSMA was achieved by 

ATRP of solketal methacylate at 40 oC using bromo functionalized POSS as initiator and then 

hydrolysis of POSS-PSMA yield POSS-PGMA.  Tadpole-shaped POSS-PGMA were found to 

self-assemble in aqueous medium into nanoaggregates. The hydrodynamic particle size of the 

aggregates decreased with increasing the degree of polymerization of PGMA.   

Second series consists of p(POSS-MA-co-styrene)x-b-poly(acryloyl  morpholine)y which 

were obtained by NMP in a two steps process. In first step successful NMP polymerization of 

POSS was carried out using styrene as controlling comonomer and blocbuilder as initiator. In 

second step P(POSS-MA-co-S)x was extended with N-acryloylmorpholine under the same NMP 

condition for the synthesis of p(POSS-MA-co-styrene)8-b-poly(acryloyl  morpholine)y hybrid 

block copolymers. Being amphiphilic, the synthesized P(POSS-MA-co-S)-b-P(ACM)x block 

copolymers self-assembled in aqueous solution as revealed by the fluorescence spectroscopy and 

dynamic light scattering studies. 

Third series consists of (PEG5k-b-P(MA-POSS)x diblock copolymers (3.7 < x < 21) 

obtained via ATRP with two objective (1) to study the effect of POSS nanocage on the 

crystallization of poly(ethylene glycole) chains in the synthesized block copolymers and (2) to 

study the layer/film formation behaviours of the block copolymers at air / water interface. 

  POSS nanocages of PEG5k-b-p(POSS-MA)x  has reduced the crystallization ability of PEG 

chains due hindrance of PEG chain mobility after extension with bulky POSS. 

PEG5k-b-p(POSS-MA)x  form a stable layer/film on the surface of water  that passes through 

various phase transitions during compression. The POSS cages of PEG5k-b-p(POSS-MA)x having 

high POSS content, have shown  crystallization on the water surface, attributing to its hydrophobic 
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nature. However, in the mixed film with lipid, crystallization was disrupted, and with very high 

lipid content, no POSS crystallization was observed on the water surface.  

Only highly amphiphilic PEG103-b-P(POSS-MA)3.7, and P(POSS-MA-co-S)8-b-P(ACM)695  were 

found active to penetrate the model lipid bilayer membrane generating pores/channels for potential 

biomedical applications. 

Significant increase in hydrophilicity, water-flux efficiency, and antifouling properties of PVDF 

membranes were observed after modification with P(POSS-MA-co-S)8-b-P(ACM)695  . 

4.2 Future perspectives 

As only highly hydrophilic POSS based hybrid polymers were found active for interaction with 

model lipid membrane, thus for onward study we may enhance the hydrophilicity of these 

polymers either by increasing hydrophilic part of the already used monomers/polymers or using 

other hydrophilic monomers. 
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