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Abstract

Polyhedral Oligomeric Silsesquioxanes (POSS) represent a class of organic-inorganic

hybrid nanomaterials characterized by a rigid siloxane cage accommodating 8 to 12

attachment sites for diverse organic substituents. This structural versatility renders

POSS highly promising for applications necessitating synergistic interactions between

the central cage and functional groups, such as greenhouse gas separation, polymer ad-

ditives, and liquid-liquid separation. The adsorption strength and selectivity of POSS

in these applications are intricately linked to specific combinations of substituents and

cage types, as evidenced by prior studies. However, existing predictive models based on

structural changes and solubility have limited applicability, encompassing only a fraction

of POSS cage-substituent permutations. Given the multitude of attachment sites per

POSS structure, experimental exploration of all possible configurations remains exceed-

ingly challenging. Here, we present a comprehensive investigation spanning various size

scales to elucidate the adsorption mechanisms of POSS functionalized with hydrocarbon

and heteroatom-containing substituents across different cage sizes.

Our gas-phase Density Functional Theory (DFT) investigation revealed that Ph and

Dms substituents consistently reduce cage size, while larger substituents induce distor-

tions in cage shape, resulting in significant variations in Si-O bond lengths within the

same cage. This shape distortion effect is consistently observed across both hydrocarbon-

based and heteroatom-containing substituents. Theoretical analyses of electronic prop-

erties highlight the electrostatic nature of the cage cavity and substituents, characterized

by localized HOMO/LUMO states. Attachment of Ph substituents shifts both HOMO

and LUMO towards the Ph rings, identifying Ph as the primary site for electrostatic-

driven adsorption. Substituents containing heteroatoms (4�6�� Dms, Meta, Acrylo, Gly,

Pap, Epoxy, Tfp, -SiOH) exhibit preferential interaction of polar adsorbates with the

substituent’s HOMO. Increasing cage size correlates with shorter Si-O bonds and greater

shape distortion, deviating from perfect symmetry. Theoretical dipole moments and

polarizabilities indicate a non-polar character across all cage sizes, with larger cages

enhancing adsorption towards polarizable or non-polar adsorbates via induced-dipole

interactions.

Using implicit solvation quantum mechanical methods, we explored various POSS-

liquid systems to investigate their electrostatic and non-electrostatic contributions in

the adsorption of volatile organic compounds (VOCs) and water. To address the ex-

tensive design flexibility of POSS structures, we developed a predictive model to antic-

ipate the liquid-liquid separation efficiency of 14×106 unstudied POSS variants. Our

model demonstrated robust performance by accurately predicting electrostatic, non-

electrostatic, and solvation energy values for these variants, eliminating the time and

ii



iii

cost associated with traditional SMD methods. These energy assessments effectively

elucidated liquid-liquid separation selectivity through derivation of a universal indicator

based on log P partition coefficients.

To explore the interactions of POSS with gaseous adsorbates (CO2, H2O, and CH4),

we utilized DFT and wavefunction analysis tools to identify key factors influencing ad-

sorption strength. Our research underscores that all substituted POSS variants exhibit

enhanced selectivity towards CO2, attributed to stronger adsorption compared to CH4.

Adsorption predominantly occurs through an exohedral pathway due to the limited space

within the cage cavity for accommodating CO2, H2O, and CH4. Endohedral adsorption

of H2O requires a minimum cage size of T10, while CO2 necessitates at least T12. In

alkyl-substituted T8-POSS, adsorption involves interactions with both the cage and sub-

stituents. Comparing substituted T8-POSS with unsubstituted POSS, we observed that

the Oc substituent minimally enhances CO2/CH4 selectivity due to its affinity for CH4,

unlike aromatic or heteroatom-containing substituents. Conversely, within the T7-POSS

series, the Oc substituent demonstrates higher CO2/CH4 selectivity compared to shorter

Bu substituents, attributed to increased nucleophilicity at the gas adsorption site from

the larger electron-donating alkyl substituent. Heteroatom-containing substituents are

promising candidates to enhance CO2/CH4 adsorption activity by selectively suppress-

ing CH4 adsorption while promoting CO2 adsorption through electrostatic non-covalent

interactions. However, this may also increase hydrophilicity, potentially competing with

CO2 for adsorption on heteroatom-containing substituents.

Due to higher H2O adsorption strength compared to CO2 in all substituted POSS

(except Acrylo-substituted), understanding their adsorption in CO2/CH4/H2O mixtures

is crucial. We conducted Molecular Dynamic (MD) simulations of POSS films with var-

ious surface functionalities to explore whether CO2/CH4 selectivity can be maintained

in the presence of H2O. Despite no previous MD studies on POSS separation, our simu-

lations, enabled by advanced computational methods, investigated ternary gas mixtures

in POSS membranes with up to 1200 molecules—significantly surpassing prior limits

of 20 POSS molecules. Our findings demonstrate that all POSS maintain greater CO2

selectivity over CH4, even with water present, aligning with DFT-calculated adsorption

strengths. We observed that adsorption selectivity is not solely governed by adsorption

strength but also by permeability and porosity, which increase with cage size. T8-POSS

is recommended for precise CO2/CH4 selectivity control, mitigating the cage size effect

that could otherwise compromise selectivity for all gas types. Moreover, MD simulations

revealed enhanced gas permeability as cage size increased from T8-POSS to T10-POSS,

boosting adsorption capacities for CO2 and CH4, albeit potentially reducing CO2/CH4

selectivity. Nonetheless, all studied systems exhibited robust gas capture abilities in

ternary gas mixtures.
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Chapter 1

Introduction

1.1 Building Blocks of POSS

Polyhedral Oligomeric Silsesquioxanes (POSS) is a subclass of silsesquioxane organic-

inorganic hybrid nanomaterials. The structure of POSS consists of siloxane cages with

R substituents attached to each corner. These compounds can be represented by the

chemical formula (RSiO1•5)= (where n = 8, 10, 12; R = H, alkyl, aryl), forming a family

of three-dimensional organosilicon compounds that contain siloxane Si{O{Si moieties.

Combining a rigid central cage and multifunctional R organic substituents at the periph-

ery makes them customizable adsorbent materials. From the perspective of adsorbent

sustainability, proper selection of R substituents is crucial to prevent the impairment of

adsorbent performance and stability caused by nanoparticle aggregation [1].

Figure 1.1: Classi�cations of silsesquioxanes.

1
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1.1.1 Historical Background of POSS

1.1.1.1 Classical Synthesis Route of POSS

The technologies for producing POSS began in 1948 by Barry and Gilkey [2] using hy-

drolytic condensation of trifunctional silanes (RSiX3, where X= Cl, OCH 3 and OC2H5).

This synthesis method is then continually investigated by a large number of researchers

to optimize and control the production yield of silsesquioxanes [3{6]. POSS molecules

are often classi�ed based on their geometry and degree of condensation. Fully con-

densed or closed-cage POSS molecules are among the most common types available in

the market [7]. As the name suggests, they are formed through complete condensa-

tion of hydrolyzed silanes. The cage type of POSS products, which may yield either

a higher proportion of closed-cage structures (indicating complete condensation) or a

higher proportion of open-cage structures (indicating partial condensation), depends on

the speci�c reaction conditions employed [8]. The products of a complete condensation

of R-substituted silanes is typically a mixture of T 8, T10 and T12 POSS, whereas the

incomplete condensation can yield ladder-type/random-type silsesquioxanes. Closed-

cage POSS (4•6•–T8, T10, T12) and opened-cage T7-POSS are often highly desired due

to their remarkable thermomechanical stability and modi�able peripheral substituents.

Compared to ladder-type silesquioxanes, the caged-type POSS showed a more robust

adsorption capacity as a wastewater treatment adsorbent [9]. It is therefore desirable to

employ caged-type POSS as adsorbent materials. However, achieving a higher yield of a

closed-cage type of POSS has been a signi�cant challenge in the industry. The primary

obstacle is the tendency of trifunctional silanes to produce POSS with varying cage sizes

[10]. To address this challenge, several synthesis approaches have been proposed to fa-

vor the formation of closed-cage POSS (T8, T10, T12) and opened-cage T7-POSS, rather

than random/ladder-type POSS with limited applications. These approaches include

controlling the type of R substituents [11], solvents [12], the molar ratio of reactants

[13], and types of silane precursors [14].

For certain applications where a speci�c cage type is desired to obtain a uniform

porosity, Keneko [15] proposed the manipulation of reaction temperature and solvent

evaporation time to favor the formation of T 10 POSS. Lower temperature and solvent

evaporation time are found to favor the formation of T8, compared to the T10 types [15].

Performing the hydrolytic condensation in a more non-polar solvent favors the formation
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of T10 compared to T8 [16]. Moreover, research has found that increasing solvent polarity

can favor the yield of T8-POSS in the product mixture of T 8, T10, and T12-POSS [17].

Isolating a speci�c form of POSS has also been proposed to obtain POSS with a speci�c

closed-cage type. One e�ective method for separating T8 from a mixture containing

T8, T10, and T12 is based on their di�ering solubility in solvents. It has been reported

that larger cage sizes of T10-POSS and T12-POSS exhibit greater solubility in organic

solvents compared to T8-POSS. Consequently, T8 can be separated from T10-POSS and

T12-POSS through liquid chromatography using a mixture of di�erent solvents [18].

With knowledge of the solubility of POSS across di�erent substituent combinations, we

are con�dent that POSS separation via liquid extraction can be accomplished. When a

greater yield of T10-POSS is desired, methods to convert T8-POSS into its corresponding

T10-POSS have also been proposed [19]. Interestingly, the formed closed-cage POSS of

T8, T10, and T12 POSS can be converted under base-catalyzed rearrangement [20].

Figure 1.2: Synthesis route of mono-substituted closed-cage POSS.
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1.1.1.2 Synthesis of Multi-substituted POSS from Commercialized POSS

For applications that bene�t from various R substituents, mono-substituted POSS, pro-

duced by the method shown in Fig. 1.2, is often insu�cient. Many applications re-

quire the advantages provided by di�erent types of substituents. In this thesis, \mono-

substituted POSS" refers to POSS with only one type of substituent, while \di-substituted"

refers to two types of substituents, \tri-substituted" to three types, and so on. Multi-

substituted closed-cage POSS can be prepared through hydrolytic condensations of more

than one silane type. Although the number of researchers preparing multi-substituted

POSS using functional silanes is still growing [21], the majority prefer using POSS pre-

cursors. This approach involves utilizing commercialized POSS and performing struc-

tural modi�cations to attach the desired substituents. This method for designing novel

multi-substituted POSS has garnered signi�cant attention in separation technologies

since 2000. This trend has been primarily driven by the commercialization of POSS

by Hybrid Plastics [22, 23], which enables researchers to modify the POSS cage with

a wide variety of substituents tailored to speci�c adsorption selectivities. One preva-

lent approach for functionalizing POSS entails replacing the hydrogen atoms of com-

mercially available H-substituted POSS through hydrosilation. This involves replac-

ing the H atoms or dimethylsilane (Dms) group at the cage corners of POSS with

desired substituents from nucleophilic reagents carrying those substituents (see Fig.

1.3). The resulting functional POSS can accommodate various types of R substituents,

determined by the available reaction sites for selective hydrosilylation [24{26]. Since

then, considerable attention has been directed towards incorporating POSS into poly-

meric matrices to enhance various �lm properties, including thermal stability [27, 28],

stimuli-responsiveness [29{33], transparency [34], mechanical stability [35{37], wettabil-

ity [38, 39], and selective adsorbability [40{43].

Apart from the method illustrated in Fig. 1.3, studies have also proposed using com-

mercialized vinyl-substituted POSS to synthesize POSS with desired substituent types.

Similarly, the location of the -CH=CH 2 groups on the cage corners of POSS precursors

determines the preferred attachment sites for the R' substituents [44]. With the presence

of a vinyl group, it enables the functionalization of alkene-containing molecules carrying

the desired substituents. This method has been used in preparing arti�cial bond tissues

[45], phase-change material [46], ion adsorbent [47{49], and gas adsorbents [50{52].
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Figure 1.3: Synthesis route of disubstituted and trisubstituted POSS by hydrosilyla-
tion of commercially available H-, Dms- or Vinyl- substituted T 8-POSS.

As shown in Fig. 1.4, the T7-POSS, which carries three reactive -SiOH groups

which can be functionalized with silanes to form multi-substituted T 7-POSS [53]. It

can also act as a crosslinking point for other functional materials to achieve superior

adsorption properties. When porosity is required, it can also be converted into multi-

substituted T 8-POSS [42]. The main di�erence between these two methods lies in the

quantity of desired substituents to be attached. Therefore, developing a prediction

model that estimates the amount of desired substituents favorable for speci�c adsorption

applications is crucial. This ensures a rational or data-driven molecular design of POSS

based on desired properties such as water repellency, adsorption characteristics, porosity,

and thermomechanical strength before synthesis [5, 53{65].



6

Figure 1.4: Synthesis route of functional POSS from commercialized T7-POSS.

In cases where 
exibility is required to achieve certain shapes of POSS-based coat-

ing, the multisubstituted opened-cage POSS is prepared using the T7 opened-cage POSS

becomes the right choice [42, 66]. Based on Imoto et al. [67], the substituted T7-POSS

showed excellent thermomechanical strength that could be comparable to its correspond-

ing T8-POSS form. Therefore, the T7-POSS can be used to achieve good membrane 
ex-

ibility without sacri�cing the thermal stability rendered by a closed-cage POSS. With

this method, the resulting POSS-polymer composites showed liquid-like physical prop-

erties with superior properties [68]. When comparing POSS-polymer composites with

di�erent cage sizes (T8 and T7), Ye et al. [69] observed negligible di�erences in the ther-

momechanical strength of POSS-based membranes. Although Ye's study suggested that

cage size plays a minimal role in governing POSS-liquid interactions, it is too early to

conclude that cage size has no impact. Other research indicates cage size can in
uence

the morphological characteristics of POSS-polymer composites. For instance, in 2023,

Lin et al. [70] found that POSS-polymer composites with substituted T12-POSS exhib-

ited the greatest dispersibility, followed by those with T8 and T10 [70]. Up to this point,

it is hypothesized that both substituent and cage have roles in governing the interaction

of POSS with the polymer or solvent matrix in the membrane. Therefore, it is essential

to include POSS with di�erent cage sizes to enhance the applicability of the developed

prediction model in designing novel T8-, T10-, and T12-POSS.
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1.2 Background of POSS Studied

In this study, we include 16 distinct substituted POSS, with sizes ranging from 52 to

220 atoms. Our investigation is restricted to known POSS structures (see Fig. 1.6)

with readily accessible substituents to ensure a robust foundation for validation before

developing methods for novel POSS derivatives. These substituents encompass a va-

riety of characteristics, including hydrophilic, hydrophobic, reactive, and non-reactive

properties, allowing for a broader range of POSS variants in the design of POSS ad-

sorbent molecules. Only commercially available POSS are selected for this study to

enable experimental validation of our theoretical results while developing prediction

strategies. Throughout this thesis, we use the notation of AGBH-T Ģ H-POSS to delin-

eate POSS structures, where x and y denote the quantities of speci�c substituent types

and T Ģ H represents the cage size (G¸ H = 8, 10, 12). The range of substituents to

be explored include methyl (Me), isobutyl (Bu), isooctyl (Oc), phenyl (Ph), tri
uo-

ropropyl (Tfp), aminopropyl (Amp), methacryloyloxypropyl (Meta), acryloyloxypropyl

(Acrylo), phenylaminopropyl (Pap), epoxycyclohexyl ethyl (Epoxy), glycidyloxypropyl

(Gly), and dimethylsilane (Dms). For instance, the designation Amp7Gly1-T8-POSS

denotes a POSS variant featuring seven Amp substituents and one Gly substituent at-

taching to a T8-POSS cage (see Table 1.1). In cases where all the Si corners are attached

to the H atom, they exist as Hm-Tn-POSS and have been named unsubstituted POSS

in earlier studies. While substituted T8 structures are more extensively studied in the

development of adsorbent materials, this thesis also includes T10 and T12 structures (see

Fig. 1.6). It is important to note that the T 12-POSS cage exists in several isomers with

varying symmetries. Among these, we have selected the one with D23 symmetry, as it

has been demonstrated to be the most stable and preferred con�guration both theoreti-

cally and experimentally [71{73]. By investigating the interaction properties in
uenced

by substituents and cage sizes, this thesis aims to develop novel strategies to support

the future development of POSS variants with various substituents and cage sizes. An

in-depth understanding of the interplay between substituents and cages on adsorption

properties can lead to the establishment of predictable strategies, enabling the practical

design of POSS-based adsorbents. In Subsections 1.2.1 and 1.2.2, we provide a brief

background on the substituents and cage sizes to be studied, focusing on POSS-based

composites for gas and liquid separations.
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Figure 1.5: Illustration of chemical structures of substituted POSS in this work.
(a) Octa(methyl)-POSS , (b) Octa(isobutyl)-POSS, (c) Octa(isooctyl)-POSS, (d)
Octa(phenyl)-POSS, (e) Octa(methacryloxypropyl)-POSS, (f) Octa(dimethylsilane)-
POSS, (g) Octa(acryloxypropyl)-POSS, (h) Octa(3-glycidyloxypropyl)-POSS, (i)
Octa(phenylaminopropyl)-POSS, (j) Mono(aminopropyl)-hepta(isobutyl)-POSS, (k)
Octa(epoxycyclohexylethyl)-POSS, (l) Trisilanol hepta(isobutyl)-POSS, (m) Trisilanol
hepta(isoctyl)-POSS, (n) Trisilanol hepta(phenyl)-POSS, (o) Deca(tri
uoropropyl)-

POSS, (p) Dodeca(phenyl)-POSS.
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Table 1.1: Names, abbreviations, and chemical formulas of substituted POSS studied
in this project.

POSS Name Abbreviation Chemical Formula

Octa(methyl)-POSS Me8-T8-POSS (CH3)8(Si8O12)
Octa(isobutyl)-POSS Bu8-T8-POSS (8-C4H9)8(Si8O12)
Octa(isooctyl)-POSS Oc8-T8-POSS (8-C8H17)8(Si8O12)
Octa(phenyl)-POSS Ph8-T8-POSS (C6H5)8(Si8O12)
Octa(methacryloxypropyl)-

POSS

Meta8-T8-POSS (H2C=C(CH 3)COO(C3H6))8(Si8O12)

Octa(dimethylsilane)-

POSS

Dms8-T8-POSS (H(CH3)2SiO)8(Si8O12)

Octa(acryloxypropyl)-

POSS

Acrylo8-T8-POSS (H2C=CCOO(C 3H6)8(Si8O12)

Octa(3-

glycidyloxypropyl)-POSS

Gly8-T8-POSS (CH2OCHCH2O(C3H6)8)(Si8O12)

Octa(N-

Phenylaminopropyl)-

POSS

Pap8-T8-POSS (C6H5NH(C3H6))8(Si8O12)

Octa(epoxycyclohexyl

ethyl)-POSS

Epoxy8-T8-POSS (OC6H9C2H4)8(Si8O12)

Mono(aminopropyl)-

hepta(isobutyl)-POSS

Amp1Bu7-T8-

POSS

(NH2C3H6)(8-C4H9)7(Si8O12)

Trisilanol hepta(isobutyl)-

POSS

Bu7-T7-POSS (8-C4H9)7(Si7O9)(OH) 3

Trisilanol hepta(isooctyl)-

POSS

Oc7-T7-POSS (8-C8H17)7(Si7O9)(OH) 3

Trisilanol hepta(phenyl)-

POSS

Ph7-T7-POSS (C6H5)7(Si7O9)(OH) 3

Deca(tri
uoropropyl)-

POSS

Tfp 10-T10-POSS (CF3C3H7)(Si10O15)

Dodeca(phenyl)-POSS Ph12-T12-POSS (C6H5)12(Si12O18)
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Figure 1.6: Illustration of chemical structures of unsubstituted POSS in this work.
(a) H8-T8-POSS, (b) H10-T10-POSS, (c) H12-T12-POSS.

1.2.1 Applications in Liquid Adsorption

One of the most attractive features of POSS is its ability to be designed in a way that

allows each substituent, with its unique chemical nature, to work synergistically. Sig-

ni�cant attention has been devoted to identifying the optimal substituent types, which

contribute to the e�ective adsorption of liquid pollutants (Fig. 1.7). The dispersibility

and solubility of POSS within a polymer matrix play a critical role in in
uencing the

liquid and gas adsorption properties of POSS-polymer composites. Kucuk [74] and Ki-

noshita [75] showed that e�ective dispersibility of POSS nanoadsorbents within the host

matrix led to enhanced adsorption performance, attributable to increased accessibility

of adsorption sites for liquid and gaseous adsorbates. Through the strategic selection of

substituents favoring POSS solubility in alcoholic solvents, Zhang and colleagues intro-

duced amphiphilic POSS variants. These variants enhance the adsorption of alcoholic

solvents and facilitate subsequent catalytic treatment [76].

Of all the studied substituents, Amp is the most extensively examined type in

wastewater treatment applications (4•6•–dye-water separation [77, 78], ethanol-water

separation [79]) Amp1Bu7-T8-POSS, containing both hydrophilic and hydrophobic sub-

stituents, exhibits an amphiphilic nature. This allows the dye adsorbate to adsorb onto

the -NH2 group while the remaining hydrophobic substituents repel water, resulting in

the e�cient removal of ions from water [80, 81]. A similar adsorption mechanism is

observed on Amp1Bu7-T8-POSS when the adsorbates are VOCs [82]. The hydropho-

bic substituents are essential for ensuring the anti-fouling properties of the wastewater

treatment membrane and achieving e�cient wastewater treatment operations. When

higher hydrophobicity is required, Bu substituents can be replaced with more signi�cant
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types, such as Oc substituents [83]. This is evident from the increasing dispersibil-

ity of POSS as the alkyl substituents increase in size from MeŸ Bu Ÿ Oc, indicating

greater hydrophobicity with larger alkyl groups [84, 85]. The dispersibility can be fur-

ther increased by extending the chain length of alkyl substituents from C8 to C18 [86].

However, longer alkyl substituents may cause steric hindrance, preventing the adsorbate

from accessing the -NH2 group on the Amp substituents, thus limiting its e�ectiveness

as an adsorbent. Additionally, some studies have utilized Acrylo8-T8-POSS for fabri-

cating dye-water separation membranes [87]. Combining hydrophilic (Acrylo [88], Meta

[89, 90]) and hydrophobic substituents (4•6•–alkyl, phenyl) has also shown great promise

for use in liquid chromatography separation columns. The oil-water separation mem-

brane formed by these combinations has demonstrated durability and stability even in

harsh environments [91, 92]. Apart from the above example, the combination of hy-

drophilic Pap and Gly substituents has been used to separate a diverse range of small

adsorbates (4•6•–ketones, amino acids) [93]. It is suggested that the solvent-dependent

electronic properties of POSS adsorbents contribute to their varied experimental liquid

adsorption selectivities, regardless of the size of the adsorbate molecule [90].

Given the signi�cant impact that changing a single substituent or cage type has on

adsorption properties, it is essential to understand the e�ect of each cage/substituent

component on adsorption [94, 95]. A comparison of Bu7Gly1-T8-POSS and Gly8-T8-

POSS [96] showed di�erent dispersibility in the polymer matrix, leading to di�erent

thermal stability. Recall that the dispersibility and adsorption properties are corre-

lated in the literature; as mentioned earlier, these �ndings suggest that altering just

one type of substituent leads to varying adsorption properties. As POSS nanoadsor-

bents do not exhibit discrete fragmental structures, studying the in
uence of individual

substituent or cage structures is impossible with experiments. Theoretical and computa-

tional approaches are then essential to overcoming experimental limitations. Ultimately,

a predictive approach can be developed to guide the selection of substituents and cage

structures for the formation of POSS liquid adsorbents. This approach also facilitates

the choice of solvent for solvent extraction, enabling the recycling of POSS adsorbents

after the adsorption process [97{99].

In addition to dye molecules, removing Volatile Organic Solvents (VOCs) from in-

dustrial liquid waste is also a key target for POSS-polymer separation composites. The

relative solubilities of other adsorbent materials in two di�erent immiscible liquids serve
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as a good indicator of their liquid-liquid separation selectivities [100]. These parameters

are commonly expressed as water-VOC partition coe�cients (log%), which are helpful

in estimating the adsorbent's removal strength towards VOCs in water-VOC mixtures

[101]. Building upon these �ndings, researchers believed that the separation performance

of POSS-based membranes could be improved by selecting substituents that favor the

dispersibility of POSS in the host matrix with a similar chemical nature. For example,

an adsorbent soluble in non-polar VOCs is well-known for its excellent ability to remove

non-polar liquid pollutants from water. Due to the lack of partition coe�cient data for

POSS adsorbents, their solubility in VOCs is used to estimate the separation selectivity

in solvent-water mixtures. As previously mentioned, alkyl substituents improve POSS

solubility in non-polar matrices, thereby enhancing its e�cacy in removing oily pollu-

tants from water [102, 103]. Tajikawa [104] demonstrated that Ph substituents resulted

in superior oil-water separation compared to Bu substituents. This suggests aromatic

Ph substituents enhance POSS non-polarity more e�ectively than non-aromatic alkyl

substituents. In the presence of -SiOH groups, POSS exhibits higher hydrophilicity

than Ph substituents. Consequently, Ph7-T7-POSS exhibits a selective interaction with

ethanol over toluene, indicating a more excellent adsorption selectivity towards polar

VOCs [105]. Up to this point, it is much more straightforward to know that the mech-

anism or governing factors of POSS-solvent interaction remain an open question due

to the lack of theoretical data on the POSS. Even in investigations of well-established

materials, values (4•6•–polarizability [106, 107], molecular size [108], polarity [109{112],

atomic charges [113]) of both solute and solvent molecules are equally essential to explore

the solute-solvent and solute-solvent interaction systematically.

Moreover, it is also crucial to ensure that the selected POSS disperses well in the

polymer to achieve high absorption capacity, attributed to the accessible adsorption sites

[114]. Among the studied substituents, Ph substituents are the most frequently reported

type concerning solubility in previous studies. The experimental solubility and water

contact angle measurements, as reported by Mahbub [115] and Herrero [116], revealed

a hydrophobicity trend among Ph8-T8-POSS, Ph10-T10-POSS, and Ph12-T12-POSS. A

similar trend is observed with Amp-substituted T 8-POSS and T10-POSS, where the

larger cage variants show lower solubility in polar water solvent [18]. These �ndings

may be attributed to the combined in
uence of a larger cage size and a higher number

of substituents. When the removal of polar VOCs is required, the presence of -SiOH
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groups is shown to enhance the POSS solubility in polar VOCs. Unlike Ph8-T8-POSS,

Ph7-T7-POSS features both hydrophobic Ph substituents and hydrophilic -SiOH groups,

making it suitable for separating alcoholic VOCs from water [105]. While recent exper-

iments have demonstrated that Ph and Tfp substituents can enhance the adsorption of

POSS towards non-polar VOCs [117, 118], they still leave unanswered questions regard-

ing the extent to which these substituents can adsorb non-polar solvents. Again, the

precise impact of cage size on solubility remains an area yet to be explored. The varying

solubility of Ph-substituted POSS in THF, chloroform, and =-hexane further underscores

the necessity for a more comprehensive approach to predict substituent-dependent sol-

ubility across a range of VOCs accurately [119].

1.2.2 Applications in Gas Adsorption

Tailoring the substituents of POSS is undoubtedly one of the most promising strate-

gies for enhancing the gas adsorption capabilities of a separation material. Functional

substituents, including heteroatoms, enhance gas uptake by serving as binding sites for

gaseous adsorbates. Unlike liquid separation applications, where the e�ect of cage size

is rarely reported, the cage of POSS may play a signi�cant role in controlling gas sep-

aration behavior. For instance, Low et al. [120] and Ahmad [121] fabricated a CO2

adsorbents using Amp1Bu7-T8-POSS. They suggested that the -NH2 group primarily

attracts CO2 molecules, while the T8-POSS cage provides a transport pathway to accel-

erate separation e�ciency. Similarly, the CO 2 adsorbent prepared by Shen et al. [122]

demonstrated enhanced CO2 separation ability using Ph substituents with a T 8-POSS

cage. According to Li et al. [123], the Gly-substituted T8POSS demonstrated higher

CO2 adsorption on the POSS cage itself rather than on the substituents. These authors

suggested that the increased porosity provided by the POSS cage and the CO2-philic

substituents play a signi�cant role in CO 2 adsorption. Therefore, higher CO2 adsorp-

tion is expected for substituted POSS compared to substituted silsesquioxane networks,

despite having similar CO2-philic functional groups [124]. To the best of our knowledge,

no reports speci�cally discuss the CO2 capture ability for POSS cage sizes of T8, T8,

and T12. However, studies involving other gas molecules (atomic oxygen [125] hydrogen

[126], water [127]) support the idea that cage size may in
uence gas adsorption behavior.

Hence, it is also hypothesized that the CO2 transport can be accelerated by increasing

the cage size beyond T8-POSS. To fabricate a separation membrane in which porosity
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is not necessary, employing T7-POSS with CO2-philic -SiOH groups can lead to supe-

rior CO2 separation performance [128]. Additionally, considering Dms substituents may

enhance CO2 adsorption strength due to their higher CO2 solubility [129].

We drew inspiration from recent experiments suggesting that both -NH2 and Ph

functional groups could be binding sites for CO2 [130, 131]. Their studies indicated that

the interaction between the N atom of the Amp substituent and the C atom of CO2

drives the binding. When both functional groups are present on a particular substituent,

quantifying the adsorption strength of these functional groups becomes challenging with

experiments. Additionally, research has shown that substituted amines (4•6•–R2NH,

R3N) can attract CO 2 in POSS-polymer composites [132, 133]. It is then bene�cial to

computationally determine the CO2 binding strength of these functional groups, with

Pap, Amp, and Ph substituents as representatives in this thesis.

In various organic-inorganic adsorbent materials, the presence of water molecules can

diminish the separation performance of polymer membranes in CO2 separation applica-

tions, including CO2 capture and natural gas puri�cation, where water serves as a minor

component of greenhouse gases [134, 135]. Demirtas [129] and Zhao [124] emphasize the

signi�cance of this factor, especially for hydrophilic substituents, given the positive cor-

relation between hydrophilicity and CO2-philicity. These observations underscore the

necessity of understanding the electronic properties of POSS through theoretical meth-

ods. Before proceeding to Section 1.3, Figure 1.7 summarizes the contributing factors

reported in the development of POSS nanoadsorbents.

Figure 1.7: Cause-consequence chart of POSS adsorbents.
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