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ABSTRACT 

 

STUDY OF HIERARCHY AND PORE ARCHITECHTURE OF POROUS MATERIALS 

Poroshat Taheri, PhD 

University of Texas at Arlington, 2020 

 

Supervising Professor: Peter Kroll 

Research to design, synthesize, and characterize porous materials is a rapidly growing field due to 

porous materials’ potential use in a wide range of applications. For any application, insights into 

the structure formation parameters and properties relating to those parameters are highly desired.  

This thesis deals with the combination of two classes of materials, aerogels and polymer-derived 

ceramics. Polymer Derived Ceramics (PDCs) are processed using liquid-based, hydrocarbon 

polymeric precursors at lower temperature, followed by heat treatments at higher temperature. 

Silicon oxycarbide (SiCO) is one type of PDC.  Various types and ranges of porosity can be 

introduced into SiCO when using sol-gel methods of synthesis.   These adaptations can be 

exploited for different applications such as gas separation membranes, environmental remediation, 

or lithium-ion storage. Such porous SiCO aerogels are the focus of this study.  
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The choice of precursors. synthesis conditions, and post-synthesis processing influence 

unique physical and chemical properties of the final SiCO ceramics by introducing specific 

microstructure, porosity, content of free carbon, and specific surface are. This report of the research 

consists of three sections: effect of synthesis conditions on porosity, the interdependence of the 

assessment of microstructure and the techniques utilized for evaluating it, and the  role of precursor 

role on the composition of SiCO and the resulting microstructure.  In the first section we 

investigate the effect of the synthesis solvent, as one of the important synthesis conditions, and its 

systematic correlation with Hansen Solubility Parameters (HSP) with the resulting SiCO 

microstructure. In the second section, we apply different methods for characterizing porosity, 

highlighting a recently developed technique known as Differential Hysteresis Scanning (DHS) to 

quantify hierarchical connectivity in two SiCO aerogels.   This technique contrasts strikingly the 

structures obtained from two different solvents used in the synthesis, and characterizes their 

respective changes on pyrolysis to 1000 °C. Finally, we study a novel crosslinking agent as a 

substitute for DVB to explore the possibility of new microstructures, functionalities, and different 

chemical compositions of the SiCO ceramics before and following calcination. 
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CHAPTER I: INTRODUCTION 

1. 1.1 

1.1 Porous Materials 

Porous materials exist in nature abundantly. They play significant roles in human biology, being 

integral to the structure of bone tissue and in skin, allowing us to balance our body temperature. 

Porous materials are also important in areas such as chemistry,1 materials engineering,2 the oil 

industry,3 and geology.4 As a standard, the International Union of Pure and Applied Chemistry 

(IUPAC), states that a material can be defined as porous “…when it contains pores, i.e. cavities, 

channels or interstices, which are deeper than they are wide.”5 

Porous materials can arise in different ways. In one pathway, particles may bond together 

weakly to form a loosely consistent secondary particle called an aggregate.1, 6  Aggregates can then 

consolidate to form agglomerates. The empty spaces/voids among aggregates may have different 

geometries as illustrated in Figure 1-1.  

 

a)  
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b)                                                      

 

Figure 1-1. Different types of aggregates generating pores: a) spherical particles; b) plate- like 

particles. 

 

Some materials may also be porous by virtue of their crystal structure. Zeolites,7 metal organic 

frameworks (MOFs),8 and covalent organic frameworks (COFs)9 all contain cavities naturally 

arising within their crystal structure and therefore belong in this category. 

Finally, pores can be generated by selective removal of elements from an original, non-

porous structure. For example, chemical etching and thermal decomposition are common methods 

of generating pores in some materials, including silicon oxycarbide.10   

IUPAC classifies pores according to their accessibility to an external fluid.10 Different 

morphologies of pores are shown in Figure 1-2. Closed pores (a) are completely isolated and are 

not connected to the exterior surface of the material. This type of pore therefore cannot participate 

in gas sorption. Pores that do have continuous access to the external surface are called open pores 

and may either be open at one end only, in which case they are subcategorized as blind pores (b 

and f), or they are open from both ends, in which case they are subcategorized as through pores (c, 

d, and e, all of which are connected in a network). The roughness of an external surface (g) is 

considered porous only when it contains irregularities that are deeper than they are wide.  

A separate categorization of pores is based on their shape: cylindrical (c, e, and f in Figure 

1-2, and I in Figure 1-3), bottleneck (b in Figure 1-2, and III in Figure 1-3), slit ( II in Figure 1-3), 

or wedge (d in Figure 1-2, and IV in Figure 1-3). 
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Figure 1-2. Schematic cross-section of a porous solid. (a) Closed pore, (b) & (c) Open blind 

pores (open only at one end), (d) through pores, and (e) surface roughness. Figure adopted from 

Raquel et al. 1994.11 

 

 

 

 

 

 

Figure 1-3. Different pore shapes: I) cylindrical, II) slit, III) bottleneck, IV) wedge. 

 

1.2 Quantification of Porous Systems 

Porous systems are quantitatively described by porosity, specific surface area, and size. 
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1.2.1 Porosity 

Porosity is defined as a fraction (ɛ): 

ɛ =
𝑉p

𝑉
                                                                                                                                          (1-1)                                                  

where Vp is the cumulative total volume of pores within the sample and V is the apparent volume 

of the sample (volume without interparticle voids). The measured value of porosity can vary 

depending on the method used to determine volumes Vp using gas sorption, mercury intrusion, 

radiation scattering etc. and 𝑉 via helium pycnometer (true density measurement) or 

bulk/geometry density measurement.10 It can also depend on the size of the probe, i.e., the 

adsorbate molecule size, wavelength of radiation, etc.  

 

1.2.2 Specific Surface Area 

Specific surface area (SSA) is defined as the area of solid surface available to fluid adsorption per 

unit mass of material. Like porosity, its measured value also depends on the method that is used 

and on the size of the probe. In addition, different mathematical models are used for interpretation 

of raw data to calculate the SSA of a material. The Brunauer-Emmett-Teller (BET) model is the 

most common and is critically dependent on identification of the completion of the monolayer,12 

while other empirical models include the t-method13 and the as-method.14-15 

 

1.2.3 Pore Size 

IUPAC classifies pores according to their physical size: pores having widths less than 2 nm are 

called micropores, those having widths between 2 and 50 nm are called mesopores, and those 
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having widths larger than 50 nm are called macropores.16-17 However, the precise shape of a pore 

can render it impossible to classify according to one single characteristic dimension. Pore shapes 

are most often highly irregular (Figure 1-2). Moreover, pores of different sizes can exist within an 

interconnected network. Therefore, different models allowing for pore geometries with varying 

degrees of connectivity have been established,17 and pore size distributions are estimated based on 

the pore geometry assumed within the applied model (e.g., cylindrical, bottleneck, slit-shaped, 

etc.). A selection of these models is escribed in Section 1.4.  

 

1.3 Adsorption and Desorption 

Adsorption is the accumulation of molecules, atoms, or ions in the vicinity of an interface. In  

fluid/solid systems, adsorption takes place in the vicinity of the solid surface and outside the solid 

structure (called the ‘interfacial layer’ or ‘adsorption space’).18 Adsorbate is the material in the 

adsorbed state, while the adsorptive is the same component in the fluid phase. Desorption is the 

opposite of adsorption, i.e., the loss of fluid from the same region. Depending on their  size and 

geometry, porous materials can exhibit hysteresis, in which the amount of fluid accumulated on a 

porous surface at some equilibrium pressure depends on the direction from which that equilibrium 

pressure was approached.18-19 Hysteresis is identified as the lack of coincidence of the adsorption 

and desorption branches of the isotherm. This is generally attributed to the effects of pore 

condensation and surface tension at constricted geometries and is described in greater detail in 

Section 1.3.2. 
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1.3.1 Chemisorption and Physisorption  

Chemical adsorption, or chemisorption, occurs when the interactions between the solid phase and 

fluid phase form chemical bonds. This type of adsorption is necessarily limited to a monolayer 

given a finite number of reactive sites being present on a solid surface. A chemisorbed molecule 

undergoes either a reaction or dissociation process upon desorption, thus losing its original 

identity. The energy (which is associated with enthalpy of adsorption, ΔH(ads)) of chemisorption 

is equivalent to the energy associated with the exchange of chemical bonds, just as in conventional 

chemical reactions. Similarly, some activation energy must often be overcome to achieve 

chemisorption that depends on the temperature of the system. 

On the other hand, physical adsorption, or physisorption, occurs when the interactions 

between the solid phase and fluid phase are constituted by physical forces such as van der Waals 

forces. The species interacting with the solid surface retains its identity upon adsorption. With 

increasing pressure, physisorption generally results in a multilayer since the attractive force of the 

solid surface can extend beyond one or more layers of adsorbed fluid. Physisorption is always an 

exothermic process, and the adsorption energy generally is not much larger than the energy of 

condensation of the adsorptive.20 The experiments expounded upon in this work exclusively regard 

physisorption processes. 

 

1.3.2 Adsorption-Desorption Isotherms 

In a given gas-solid system, the amount, 𝑛𝑎, of gas adsorbed by mass, 𝑚𝑠, of solid is dependent 

on the temperature, 𝑇, and equilibrium pressure, 𝑝, of the system:  
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𝑛𝑎

𝑚𝑠 = 𝑓(𝑝, 𝑇)                                                                                                                                (1-2) 

If the gas is held at a constant T below the critical temperature, the equation (1-2) becomes 

𝑛𝑎

𝑚𝑠 = 𝑓 (
𝑝

𝑝0
)

𝑇
                                                                                                                               (1-3) 

where 𝑝0 is the saturation pressure of the adsorptive at temperature 𝑇. Equation 1-3 represents the 

adsorption isotherm of the system, the functional form of which can be experimentally obtained 

and presented in graphical form.5  

Various characteristic shapes of experimental adsorption isotherms have been recorded in 

the literature for many different gas–solid systems. Useful preliminary information can be inferred 

about the pore structure of the adsorbent by simple inspection of these shapes, even before any 

precise calculations have been applied. IUPAC has classified isotherm shapes into eight groups, 

illustrated in Figure 1-4.21  
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Figure 1-4. Classification of physisorption isotherms. Adopted from Thommes et al. 2015.18  

 

Microporous solids (where the pore widths are smaller than 2 nm) and narrow mesopores (where 

the pore widths are smaller than 2.5 nm) which have most of their surface area contained within 

pores instead of on their external surface exhibit reversible Type I isotherms. This type of isotherm 

is concave down to the  
𝑝

𝑝0
  axis, and the adsorption amount approaches a limit determined by the 

accessible micropore volume. Strong adsorbent-adsorbate interactions cause increase in the 

adsorption energy within these very narrow micropores allowing them to have high uptake at very 
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low 
𝑝

𝑝0
. Once they are filled at very low relative pressures, the amount adsorbed does not increase 

at higher 
𝑝

𝑝0
 as there is very little external surface area available; hence, there is a plateau in the 

isotherm. Type I(a) isotherms arise in materials having mainly narrow micropores of width less 

than 1 nm while Type I(b) isotherms arise in materials with relatively wider micropores or narrow 

mesopores. Activated carbons and molecular sieve zeolites as well as some porous oxides exhibit 

reversible Type I isotherms.18, 20  

Most gases on nonporous or macroporous adsorbents yield reversible Type II isotherms. 

The Type II shape is the result of unrestricted monolayer and multilayer adsorption all the way up 

to 
𝑝

𝑝0
 = 1. When the equilibrium pressure equals to the saturation vapor pressure, the adsorbed layer 

becomes a bulk liquid or solid. This type of isotherm also features a segment concave to the  
𝑝

𝑝0
  

axis at the low end which transitions into a nearly linear segment. Point B (concave curve down) 

in Figure 1-3 denotes this transition point, which is where formation of a monolayer nears 

completion and formation of a multilayer begins. The sharpness of Point B reflects how much 

overlap there is of monolayer and multilayer formation, with greater sharpness indicating less 

overlap. The thickness of the adsorbed multilayer then usually increases without limit as 
𝑝

𝑝0
  

approaches 1. Porous clays, pigments, or cements usually exhibit reversible Type II isotherms.18, 

20 

In the case of Type III isotherms, there is no Point B transition as in Type II, indicating that 

there is no identifiable point at which monolayer formation completes. This occurs on nonporous 

or macroporous solids when their interactions with the adsorbate are weak, and the adsorbed 

molecules therefore cluster around the most favorable sites on the surface. Nitrogen adsorption on 
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polyethylenes exhibits this type of isotherm.16 The amount adsorbed is finite as 
𝑝

𝑝0
  approaches 1.18, 

20  

Type IV isotherms occur in mesoporous materials. Both adsorbent-adsorbate interactions 

as well as adsorbate-adsorbate interactions in a condensed state within mesopores determine the 

shape of this type of isotherm. Type IV takes the same path as Type II during initial monolayer 

and multilayer formation on the mesopore walls, and this eventually gives way to pore 

condensation, whereby a gas condenses into a geometrically stabilized liquid-like phase inside of 

a pore despite being below the saturation pressure, 𝑝0, of the bulk liquid. Typically, there is a final 

saturation plateau in the isotherm with variable length depending on maximum size of pores 

(unless, of course, there are any significant free flat zones). Oxide gels (e.g., SiO2, TiO2, and ZrO2), 

and silica and alumina molecular sieves exhibit this type of isotherm.18, 20 

There are two subcategories of Type IV isotherms. In the case of a Type IV(a) isotherm, 

capillary condensation within specific pore geometries causes hysteresis. For hysteresis to occur, 

pores must exceed a certain critical width that is a function of temperature. As an example, 

adsorption of N2 at 77 K, or of Ar at 87 K, within cylindrical pores will show hysteresis if those 

pores are wider than 4 nm.22 Type IV(b) isotherms are observed in materials with mesopores 

smaller than 4 nm in width that are conical, with the tapered end being closed, or cylindrical in 

shape. Although capillary condensation still occurs within such pores, it does not result in 

hysteresis.18, 20 

Type V isotherm takes the same path as Type III at low 
𝑝

𝑝0
 due to relatively weak adsorbent–

adsorbate interactions, but at higher 
𝑝

𝑝0
  pores are filled by molecular clustering. The different 
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between Type III and this type of isotherm is that Type V mostly is associated with adsorption in 

mesoporous adsorbents, where condensation of the adsorbate (formation of bulk liquid) in the 

porous structure is possible. Water adsorption on hydrophobic microporous and mesoporous 

adsorbents typically exhibits Type V isotherms.18, 20 

 The reversible Type VI isotherm is step-like due to layer-by-layer adsorption on a highly 

uniform nonporous surface. The height of each step is proportional to the capacity of each adsorbed 

layer. The sharpness of each step, like Point B in Type II, indicates the level of overlap between 

formation of one layer and the next one. Adsorption of Ar or Kr at low temperature on graphitized 

carbon black yields this type of isotherm.18, 20 

 

1.3.3 Hysteresis 

Hysteresis loops appear in the multilayer stage of physisorption in isotherms. They are generally 

associated with capillary condensation and/or network effects. IUPAC has classified hysteresis 

shapes into five groups, illustrated in Figure 1-5.21 

 

Figure 1-5. Classification of hysteresis. Adopted from Thommes et al. 2015.18  
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The Type H1 loop (Figure 1-5) is found in materials with a narrow range of uniform mesopores. 

Usually, capillary condensation is the main reason of the hysteresis. In general, hysteresis loops of 

Type IV(a) are attributable to capillary condensation in the mesopore regime where the capillary 

window is of more variable dimension.23 The H1-Type hysteresis can be ascribed best to materials 

whose porosity consists of a narrow range of mesopores where the neck of these pores is only 

slightly narrowed as for instance in templated silicas (e.g. MCM-41, MCM-48, SBA-15), some 

controlled pore glasses and ordered, mesoporous carbons(depending on 
𝑝

𝑝0
  ).18   

Hysteresis loops of Type H2 are given by more complex pore structures in which network 

effects are dominant. Type H2 has two sub-groups (Figure 1-5). Pore-blocking/percolation in a 

narrow range of pore necks or to cavitation-induced evaporation causes a very steep desorption 

branch in H2(a) loops as it can be observed in the hysteresis of many silica gels, some porous 

glasses (e.g., vycor), and ordered mesoporous materials (e.g., SBA-16 and KIT-5 silicas). 

Hysteresis of Type H2(b) appears in the isotherm of materials consisting of a greater differential 

in neck and pore size distributions. In applications this can result in not only a network or 

percolation effect, where transverse transport can be enhanced,24 but also pore-blocking and, with 

processing such as annealing, cavitation or collapse.23 This type of hysteresis loops has been 

observed in analyses of meso-cellular silica foams and certain mesoporous ordered silicas after 

hydrothermal treatment.18   

Type H3 loop has two distinctive features as it is illustrated in Figure 1-5. One is that the 

adsorption branch resembles a Type II isotherm, and the other one is that the lower limit of the 

desorption branch has a characteristic desorption shoulder. Examples of this type of hysteresis 

loops have been observed with non-rigid aggregates of plate-like particles (e.g. clays) as well as 
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materials which their pore network consists of macropores that cannot be filled completely with 

pore condensate.18   

The H4 loop has also two distinctive features. One is that the adsorption branch resembles 

a Type I isotherm, and the other one is that the lower limit of the desorption branch associated with 

the filling/desorption of micropores like Type II isotherm (Figure 1-5). This type can be observed 

often in the analyses of crystals of zeolites, some mesoporous zeolites, and micro-mesoporous 

carbons. 18   

Type H5 loop is typically uncommon (Figure 1-5).  It has a distinctive form attributed to 

certain pore structures containing both open and partially blocked mesopores (e.g. plugged 

hexagonal templated silicas).18   

 

1.4 Pore Size Distributions 

IUPAC categorizes pores based on their sizes into 3 classes: micropores, mesopores, and 

micropores.  

 

1.4.1 Micropores  

In the micropore size range, various semi-empirical methods exist for estimating pore size 

distributions (PSDs), such as Horvath and Kawazoe (the HK method),25 Saito and Foley,26 and 

Cheng and Yang,27 all of which typically underestimate actual pore sizes.23, 28 A more accurate 

approach is based on the fundamental statistical mechanics of adsorption and phase behavior of 

fluids confined within well-defined pore structures. Density functional theory (DFT)22 as well as 
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Monte Carlo simulation (MC)29 are two well-known approaches to PSD analysis over the complete 

micropore range.  

 

1.4.2 Mesopores 

For many years, mesopore size distributions were analyzed primarily using the Kelvin 

equation.30 The  Kelvin equation describes the impact of curvature of a gas-liquid interface on the 

observed equilibrium vapor pressure of that liquid, in contrast with that liquid’s equilibrium vapor 

pressure without any curvature. The Kelvin equation, which relates the change in Gibbs free energy 

of the liquid as a consequence of its curved surface to the corresponding change in its vapor,  is 

𝑟𝑘 =
2𝑣𝑚 𝛾

𝑅𝑇𝑙𝑛
𝑝

𝑝0

                                                                                                                                  (1-4) 

where rk is the radius of curvature of the gas-liquid interface for a geometry of circular cross 

section perfectly wetting the confining solid, vm is the molar volume of the gas phase, γ is the 

surface tension of the gas-liquid interface, R is the ideal gas constant, T is temperature, 𝑝 is the 

observed vapor pressure, and 𝑝0 is the saturated vapor pressure of the liquid when there is no 

curvature. Within confined pore radius rk, this relationship necessitates that condensation will 

occur at sub-p0 pressure. In the case of contact angle, θ, at the liquid-pore wall interface between 

0 and π, condensation occurs when rp = rkcosθ. Pore radius, rp, can therefore be determined by 

observing the pressure at which early condensation occurs.  

Since condensation typically occurs after an adsorbed layer has already formed on pore 

walls, it is necessary to also account for the thickness of this adsorbed film (Figure 1-6). Barrett, 

https://en.wikipedia.org/wiki/Saturated_vapour_pressure
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Joyner, and Halenda (BJH)31 proposed a modified Kelvin equation for the special case of 

cylindrical pore geometry,  

𝑟𝑝 =  𝑟𝑘𝑐𝑜𝑠𝜃 +  𝑡𝑎                                                                                                                      (1-5) 

where ta is the thickness of the adsorbed film. If the contact angle is assumed to be zero: 

𝑟𝑝 =  𝑟𝑘 +  𝑡𝑎                                                                                                                              (1-6)  

                                      

Figure 1-6. Relation between the Kelvin radius rk and the pore radius rp in a cylindrical 

mesopore. Adopted from Rouquerol et al. 199928     

                            

Various methods have been developed to evaluate 𝑡𝑎 as a function of relative pressure. The most 

common method, known as the “t-method,” was proposed by de Boer.32 In this method an 

adsorption amount as a function of relative pressure is first determined on certain well-defined 

nonporous solids, resulting in a “standard isotherm” or “t-curve” that is independent of the nature 

of the adsorbent. The adsorption amount is then converted to a thickness. For example, in the case 

of N2,
31  
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𝑡𝑎[𝑛𝑚] = 0.1 √
13.99

0.034−0.4343𝑙𝑛
𝑝

𝑝0

                                                                                                 (1-7) 

It is worthwhile to mention that the standard t-curve is not satisfactory for measurement of ta inside 

narrow mesopores with rp < 10 nm,33-35 as the film curvature and enhanced wall attractions are not 

properly considered in those instances. Similarly, the Kelvin equation cannot be applied accurately 

within the same size range to determine rk. Several studies showed that the BJH method 

underestimated the size of narrow mesopores for these reasons.21-22, 36  One solution is to treat 

narrow mesopores in the same way as micropores by applying the semi-empirical and molecular 

simulation-based methods mentioned in Section 1.4.1. These can be used to simulate the isotherms 

of both micropore and mesopore systems, including hysteresis.22, 37 In reverse, useful information 

can thus be obtained from both the adsorption and desorption branches of an observed hysteresis 

loop by deconvolving it into component theoretical loops contributed by specific pore shapes and 

sizes. A commercial DFT software, developed and released by Micromeritics, is available for 

determining PSDs of different adsorbent-adsorbate systems and pore geometries (e.g., cylindrical, 

slit, or hybrid).  

 

1.4.3 Macropores 

The conventional method for characterization of macroporous materials (up to 400 µm pore size) 

is Mercury Intrusion Porosimetry (MIP).38 This method uses a pressurized chamber to force 

mercury into pores.  Mercury fills the larger pores first, followed by smaller pores as pressure 

increases.  However, mercury can cause several safety and environmental issues. Therefore, other 
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techniques can be used such as Electron microscopy (TEM or SEM), Computerized X-ray 

Tomography (CT), Magnetic Resonance Imaging (MRI), or liquid permeametry.11  

 

1.5 Porous Gel Formation 

A gel consists of a three-dimensional porous solid network where the pores are filled with another 

substance, usually a liquid. IUPAC defines a gel as a “Non-fluid colloidal network or polymer 

network that is expanded throughout its whole volume by a fluid”.39 Polymeric gels can have a 

distinctive set of properties, such as swelling and aging, that will be described in Sections 1.7 and 

2.5. The solid network formation can be prepared through different routes that are described in this 

section. If the fluid is evacuated from the network by drying, a porous solid with cavities and 

channels will be produced. These pores may be regularly or irregularly arranged, and the physical 

properties of the resulting porous solid is influenced by the shape and size of the pores. These 

porous materials can be categorized according to the technique used to remove the pore fluid. The 

various drying techniques will be discussed in Section 1.7.  

 

1.5.1 Sol-Gel Process  

The sol-gel process is considered a conventional method to produce three-dimensional gel 

networks historically using silicate materials (Figure 1-7) as well as metal oxides.40  Sol-gel 

mechanism typically includes nucleation, particle growth and ripening steps, which their gel 

particle size are controlled through different steps of well-manipulated chemical reactions and the 

kinetics of those reactions.41-42 Metals are less electronegative than silicon. Therefore, they are 

more susceptible to nucleophilic attack.43 The process starts with dissolution of molecular 
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precursors. They form a colloidal solution known as a sol. Afterward, sol particles react to form 

the gel network, either by aggregation under certain conditions or via chemical condensation 

reaction. Condensation reaction is a class of organic addition reactions that produce small molecule 

byproducts such as water, ammonia, ethanol, or acetic acid.  

 

Figure 1-7. Hydrolysis of tetraethyl orthosilicate (TEOS) under acidic conditions and formation 

of SiO2.
44 
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The result of this process will be an irregular, three-dimensional, branched gel network.  

 

1.5.2 Epoxide-Initiated Gelation 

In epoxide-initiated gelation, the formation of metal oxides from metal salt precursors and water 

initiate a proton scavenger, usually an organic epoxide.45 .Consequently, the pH increases, causing 

the formation of metal hydroxides and in the next step to the metal oxides like sol-gel route. This 

is useful to produce gels of many metal oxides, whose alkoxides may be hardly available.45-46 

 

1.5.3 Gelation via Hydrosilylation Reaction 

This reaction typically happens in the presence of an organometallic catalyst. The precursors are 

organic compounds with unsaturated bonds onto which Si-H bonds are added to form a three-

dimensional network. Alkenes, alkynes, aldehydes, and ketones can be used as a precursor for this 

reaction.47 This addition happens through a mechanism known as the Chalk-Harrod mechanism,48 

shown in Figure 1-8. 
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Figure 1-8. The Chalk-Harrod mechanism. [Pt] refers to an organoplatinum coordination 

complex. Adopted from Sakaki et al.1999.48 

 

As a catalyst, organoplatinum has been used for hydrosilylation.49 For example, Karstedt's catalyst, 

shown in Figure 1-9, has been well studied and is used widely in industry for hydrosilylation 

reactions.47, 50  
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Figure 1-9. Karstedt's catalyst.50  

 

1.6 Drying of Gels  

Evaporation of the liquid phase from a wet gel by drying happens in two stages. In the first stage, 

as evaporation occurs, the gel deforms by shrinking, which squeezes additional liquid from the 

inside of the gel body to its surface, which is known as the syneresis process.51 This stage of the 

drying process is critical to the final porosity of the dry gel. The shrinking is due to formation of a 

meniscus within the gel’s pores, which creates high magnitude negative (relative to ambient) 

capillary pressure within the liquid phase, that in turn places compressive stress on the gel network. 

In the case of a cylindrical pore, capillary pressure, Pc, is described by the Young–Laplace 

equation,6  

𝑃𝑐 =
2𝛾𝑐𝑜𝑠𝜃

𝑟𝑝
                                                                                                                                (1-7) 

Pc can be decomposed into a sum of radial and axial components 𝑃𝑟 and 𝑃𝑎, shown graphically in 

Figure 1-10:  

𝑃𝑟 = 𝛾 sin 𝜃                                                                                                                                 (1-8) 

𝑃𝑎 = 𝛾 cos 𝜃                                                                                                                                 (1-9)                
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Figure 1-10. Radial and axial pressures acting on the cylindrical pore wall. 

 

 

The second stage of evaporation starts when OH groups at the inner surface of the gel become 

close enough because of the initial shrinkage to react with each other. At this point, the network 

becomes increasingly stiffer, inhibiting further shrinkage and deformation of the gel.52  

Most gels consist of a network of different sized pores filled with liquid. In larger pores, 

because they empty faster than smaller ones during evaporation, the meniscus of the liquid recedes 

faster because the vapor pressure in the liquid phase with the pore with the larger meniscus is 

higher. Therefore, walls between pores of different size, such as in Figure 1-11, are subject to 

uneven stress, which causes cracks in the dried gel.   
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Figure 1-11. At the same pressure, the curvature of all menisci in the pores is the same. The 

larger pores empty first, which creates an uneven stress in pores of different size during drying. 

Adopted from Hüsing and Schubert 1998.53 

 

1.7 Different Types of Gels 

Methods have been studied to conserve the pore structure of gels to avoid or minimize pore 

shrinkage. Dry gels can be categorized based on the method by which they are dried, some of 

which are introduced in this section.  

 

 

 



 

24 

 

 

Figure 1-12. General scheme for gel formation by sol-gel process and some typical variable 

parameters as well as drying techniques, which produce different types dried gels. Adopted from 

Hüsing and Schubert 1998.53 
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1.7.1 Xerogels 

A xerogel is formed by pure evaporative drying of a wet gel. The capillary forces lead to large 

shrinkage as well as near destruction of the initially uniform gel body.45 54 

 

1.7.2 Aerogels 

Aerogels are lightweight, highly porous solids. They were first invented by S. S. Kistler in 1932, 

who defined them as “gels in which liquid has been replaced by air, with 

very moderate shrinkage of the solid network.”55 Since then, the term aerogel has been defined in 

the literature in different ways. IUPAC defines aerogel as “gels comprised of a microporous solid 

in which the dispersed phase is a gas.”39 However, there are some examples of microporous 

materials like zeolites that are not aerogels. Hüsing and Schubert also described aerogels broadly 

as “materials in which the typical structure of the pores and the network is largely maintained 

(which is not always the case for supercritical drying) while the pore liquid of a gel is replaced by 

air.”53 Leventis defined the term “aerogel” more precisely as “an open non-fluid colloidal network 

or polymer network that is expanded throughout its whole volume by a gas, and is formed by the 

removal of all swelling agents from a gel without substantial volume reduction or network 

compaction.”56  

From all definitions mentioned above one can conclude that aerogels are derived from wet 

gels where the pore-filling solvent is removed in a way that preserves the porous skeletal 

framework of the wet-gel with minimum volume shrinkage. 
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1.7.2.1 Supercritical Drying 

To remove the pore liquid without developing a meniscus inside the pores that applies stress to the 

pore walls (when the contact angle is not zero), the liquid can be brought to a supercritical state 

where there are no gas-liquid interfaces in the pores during drying. To reach the pressure and 

temperature required to achieve a supercritical state, the wet gel is placed in an autoclave and either 

covered with the same solvent that composes the gel or washed with a different solvent. After the 

autoclave is closed, the temperature is slowly increased until the critical point of the solvent is 

surpassed. The supercritical state is held for a period of time to ensure all pore fluid equilibrates. 

The fluid is then purged, while still above the critical temperature, until ambient pressure is 

reached. Finally, the autoclave is cooled to room temperature while still open, replacing the fluid 

that occupied the pores of the gel with air. Supercritical drying has two variations depending on 

the supercritical fluid that is used.  

 

1.7.2.1.1 Drying in Organic Solvents 

When the solvent used for drying is the same as that used for making the wet gel, the method is 

also known as “Hot” drying.53 Generally, the solvents used for making wet gels can be brought to 

supercritical condition. Table 1-1 shows the critical constants for some conventional solvents. 

 

Solvent Tc (K) Pc (bar) 

Acetone 508.15 47 

Ethanol 516.15 63 

Methanol 513.15 79 

2-Propanol 508.15 47 
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Water 647.15 221 

Table 1-1. The critical constants for some conventional solvents. 

 

However, since solvents are typically flammable or toxic, they can be especially dangerous at 

supercritical condition. Supercritical water is highly reactive and can dissolve some metal oxides. 

There is also the risk of rearrangement within the gel network at high temperatures. It is typical 

used for drying hydrogels as water is not flammable or toxic.  

 

1.7.2.1.2 Drying in Carbon Dioxide Solvent 

In contrast with hot drying, the other supercritical drying method is known as “Cold” drying, which 

is frequently used to overcome the drawbacks associated with hot drying.53  

 

Solvent Tc (K) Pc (bar) 

Carbon dioxide 304.15 73 

Table 1-2. The critical constants for carbon dioxide. 
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Figure 1-13. The Temperature-Pressure phase diagram of CO2.
57  

 

As shown in Table 1-2 and Figure 1-13, CO2 has more moderate critical constants compared to 

organic solvents or water. To utilize this property for drying, the gel liquid is first exchanged with 

several washes of liquid CO2 after inserting the sample into an autoclave. Once CO2 has fully 

replaced the pore liquid, temperature and pressure of the autoclave are adjusted to values above 

the critical conditions. Finally, CO2 is removed while in a supercritical phase by controlled 

pressure release.  

This method also has some limitations. For example, some solvents are not miscible with 

liquid CO2, the most prominent example being water. To solve this problem, an intermediate liquid 
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exchange step can be introduced first using a liquid solvent that is miscible with both the starting 

solvent and with CO2. Another disadvantage of cold drying is that it is more time consuming. 

Diffusion of carbon dioxide into the gel controls the time required for exchanging the original pore 

liquid, which in turn depends on the dimensions of the gel body.  

 

1.7.3 Ambient Dry Gels (Ambigels) 

Supercritical drying is costly and requires equipment such as an autoclave. It can be also a 

dangerous procedure. Therefore, supercritical drying is not an appealing technique for industrial 

scale processing, and ways to dry aerogels at ambient conditions have been investigated. Gels that 

are dried in ambient conditions are known as ambigels.   

  The overall strategy behind ambient drying methods is to modify the gel system to create 

some combination of minimizing shrinkage in the first place and making shrinkage reversible. As 

described in Section 1.6, shrinkage is caused by capillary pressure, which is proportional to surface 

tension γ. Manipulating γ by solvent exchange or chemically modifying the gel surface can 

therefore reduce the compressive stress that acts on the gel during drying and again manipulating 

contact angle.  In addition, shrinkage is generally irreversible on account of surface OH groups 

that attract each other once the gel walls have contracted. By replacing surface OH groups with 

alternative chemical terminations, some reversibility of shrinkage can be attained by a 

phenomenon that is referred to as the “spring-back effect.” 52, 54 As an example, Smith et al.52 and 

Prakash et al.54 prepared silicon-based ambigels via solvent exchange and surface modification. 

For solvent exchange, water was substituted with a mixture of isopropyl alcohol and n-hexane. 
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The hydroxylated surface (Si-OH) of the inorganic gel was derivatized with organosilanes, 

for example trimethylchlorosilane, through standard silylation routes to Si-O-SiR3. Because 

organosilyl-terminated surfaces do not participate in condensation reactions or hydrogen bonding, 

the shrinkage that occurred during drying was rendered reversible, and the gel subsequently 

expanded back to almost its original size as proven by environmental scanning electron 

microscopy (ESEM) snapshots.54 Besides solvent exchange, reduction of surface tension at the 

liquid-pore wall interface can also be accomplished with drying control chemical additives 

(DCCAs). For example, formamide (NH2CHO) and glycerol (C3H8O3) have been reported to be 

used to generate a wide range of sizes and shapes of dried gel monoliths of SiO2, Li2O-SiO2, Na2O-

SiO2, and Na2-B2O3-SiO2.
58-59 Different routes to generate xerogel, ambigel and aerogel are 

illustrated in Figure 1-14.  

 

Figure 1-14. Different ways to produce xerogel, ambigel and aerogel. Adopted from Rolison et 

al. 2001.60  
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1.7.4 Freeze Dry Gels (Cryogels)  

Another way to avoid meniscus formation during drying is to adjust the temperature and pressure 

of the system to instead create a rigid solid-gas interface. In other words, the pore liquid can be 

solidified and then sublimed, instead of evaporated, from the pores.40, 61-62 This can require an 

extended aging period to stabilize the gel network, exchange of the gel solvent for another with a 

low expansion coefficient and a high sublimation pressure, or addition of salts to reach lower 

freezing temperatures.53   

 

1.8 Polymer Derived Ceramics (PDCs) 

The transformation of polymer to ceramic was a revolution in ceramic science and technology. 

The production of ceramics from polymeric precursors was first reported in 1960s by Ainger and 

Herbert,63 as well as Chantrell and Popper.64 After a decade, Verbeek reported the first practical 

transformation of organosilicon polymer into ceramic fibers composed of a homogeneous mixture 

of silicon carbide and silicon nitride.65 Yajima66 as well as Fritz67 published a procedure for 

synthesizing a polycarbosilane that could be melt-spun to produce SiC fibers after pyrolysis. The 

chemical composition of these ceramics is derived from inorganic and organic components of the 

polymeric precursor.  

Using PDCs for manufacturing ceramics provides different advantages. For one, the object 

can be processed and shaped at low temperature. Conventional polymer forming techniques also 

can be applied such as extrusion, injection molding, coating from solvent, Polymer Infiltration 
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Pyrolysis (PIP), or resin transfer molding.68 Once formed, they can then be converted to ceramic 

components by addition of heat. Another advantage is that the PDC approach is free of burdens 

such as the need for sintering additives and technical application limitations associated with 

traditional ceramic manufacturing.68  Moreover, PDCs’ thermo-mechanical properties with respect 

to creep, oxidation, crystallization, and phase separation are in general enhanced compared to 

traditionally-made ceramics.68 They can also have ternary compositions (i.e., containing three 

elements) that cannot be easily obtained with other processing methods. For example, C or N 

cannot be dissolved into binary Si3N4 or SiC compositions to form ternary SiCN compositions, 

and C or O cannot be dissolved into binary SiO2 or SiC to form SiCO ceramics. SiCN and SiCO 

compositions can only be synthesized using PDC routes.  

PDCs are polyorganosilicon compounds. A simplified formula of an organosilicon 

polymer that can be used as a precursor for the synthesis of ceramics is shown in Figure 1-15, 

where -Si-X- makes up the polymer backbone, and R1 and R2 are organic functional groups . Si-

based polymers are classified according to the identity of X. Chemical and thermal stability, 

solubility, and electronic, rheological, and optical properties of each class of polymer depend on 

R1 and R2, and by changing them suitable properties can be achieved.  

  

Figure 1-15. The simplified formula of an organosilicon polymer. X= Si is polyorganosilanes, X 

= CH2 is polyorganocarbosilanes, X = O is polyorganosiloxanes, X = NH is polyorganosilazanes, 

and X = [N=C=N] is polyorganosilylcarbodiimides. Adopted from Colombo 2010.68 
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The general classes of organosilicon polymers used as precursors for making PDCs include 

polycarbosilanes, polycarbosiloxanes, polysiloxanes, polysilazanes, polysilylcarbodiimides, 

polyborosiloxanes, polyborosilanes, polyborosilazanes, polysilsesquiazanes, and 

polysilsesquicarbodiimides. Figure 1-16 diagrams the typical classes of organosilicon polymers 

used as precursors for ceramics. Silicon carbide (SiC), silicon oxycarbide (SiCO), and silicon 

carbonitride (SiCN) are some of the ceramics that can result from annealing of organosilicon 

polymers at high temperature.68-69  
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Figure 1-16. General classification of organosilicon polymers. Adopted from Colombo 2010.68 

 

Transformation of a silicon-based polymer to a ceramic happens through controlled thermal 

decomposition. The resulting nano-structured ceramics are influenced not only by the chemistry 

and architecture of the precursor polymer but also by the processing route and annealing 

parameters such as heating rate, reactivity of the annealing atmosphere, and dwell time. 

Transformation of polymer precursors as a function of temperature is show in Figure 1-17.  

 

Figure 1-17. Polymer-to-ceramic transformation. Adopted from Ionescu and Riedel 2012.69 
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Figure 1-18. Polymer-to-Ceramic Conversion. Adopted from Colombo 2010.68 

 

1.9 Porous Polymer Derived Ceramics 

Porous ceramics have played important roles in various engineering applications. Highly porous 

ceramics can be manufactured in different shapes such as foams, honeycombs, fibers mats, etc. 

There are numerous applications in various fields, including as filters, catalyst supports, supports 

for space mirrors,  biomedical devices, kiln furniture, reinforcement for metal matrix composites, 

bioreactors, thermal protection systems, components in solid oxide fuel cells, lightweight 

sandwich structures, and heat exchangers.70 Hence, production of highly porous ceramic 

components that can be used in a wide range of applications  requires well-controlled and diverse 

processing strategies. Suitability for such applications is driven by the chemical composition of 

the porous scaffold materials and their porosity characteristics, such as specific surface area (SSA), 
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pore size distribution (PSD), and interconnectivity. Figure 1-19 shows different types of porous 

structure of PDCs. 

 

Figure 1-19. Scanning Electron Microscope (SEM) micrographs of: (a,b) a porous SiBOC foam 

annealed at 1400 °C, (c,d) porous SiC/C annealed at 1500 °C, (e) the open-cell structure and (f) 

the structure of a SiCSi3N4 foam produced from PS/Si3N4 (80/20 wt%) after pyrolysis at 900 

°C. Adopted from Vakifahmetoglu et al. 2016.71 

 

1.9.1 Processing Routes 

Processing of PDCs offers unique advantages. Conventional plastic forming techniques such as 

injection molding, extrusion, resin transfer molding, melt spinning, etc., can be applied, generally 

at low cost, to pre-ceramic polymers.68, 72 Imparting porosity to the polymer prior to annealing can 

be accomplished by many different processes, including sacrificial templating, blowing, etching, 

freeze casting, emulsion formation, spinning, and gel formation coupled with different drying 

techniques (yielding xerogels, aerogels, ambigels, or cryogels).71 
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1.9.2 Applications  

Porous ceramics have high specific surface area, low density, low thermal conductivity, low 

dielectric constant, high permeability, and good resistance to chemical attack.68 This combination 

of excellent physical and chemical properties makes them critical for many applications. 

Historically, they have been used on the U.S Space Shuttle for providing thermal protection by 

producing composites obtained from SiCO and Nicalon.73 Porous ceramic filters that remove 

particles at high temperature and pressure have efficiencies higher than scrubbers, cyclones, or 

electrostatic precipitators in terms of particle sizes removed per unit particle.74 They can be used 

for recovery of CH4 from mines, removal of CO2 and H2S from natural gas, and recovery of H2 in 

petroleum refining. Since they have outstanding resistance to chemical attack at high temperatures, 

porous ceramics have been employed as filters for different molten metals including super alloys 

such as cast aluminum, iron, steel, and some nonferrous metals.74-76 They also can be employed as 

support materials for advanced catalysts operating at high temperature and under harsh mechanical 

and chemical conditions.68, 77  In the biomedical field, unique characteristics of porous ceramics 

have led to their use as implant support materials. In that instance, the material surface 

characteristics such as porosity have a direct influence on growth and proliferation of cells on the 

support materials.71 Highly porous silicon oxycarbide glasses are potential candidates for use as 

drug delivery carriers. A study by Tamayo et al. shows that it is possible to adjust the adsorption 

and release properties of the silicon oxycarbide by surface modification.78 Metallic ions such as  

Ca2+, Mg2+, and Ag+ can be incorporated into the PDCs’ network structure, which impart 

antibacterial properties and bioactive behavior.79 Finally, porous ceramics are used as anode 

material in lithium ion batteries.80 
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1.9.3 Thesis Objectives and Overview 

The overall objective of this thesis is to investigate the porosity of materials, their connectivity 

types in a porous network, and correlating the materials’ different pore characteristics to the effects 

of synthesis conditions and precursor role on the microstructure and the composition of the 

materials. This is achieved through various studies:  

i) The effect of solubility and swelling of the SiCO wet gels synthesized in different 

solvents and processed in different solvents and different mixtures was studied. The 

basic principle “like-dissolve-like” was first applied to investigate the solubility 

parameters of the polymeric precursor used for preparing the aerogels. Subsequently, 

the solubility rules were applied to predict swelling degree of wet gels in different 

solvents and their mixtures.  

ii) A quantitative analysis on the geometry and hierarchical structure of the SiCO aerogels 

was investigated to achieve an insight on the role of the synthesis solvent on the pore 

architecture. The relation between the mesopore structure and hysteresis behavior was 

examined. These measurements were coupled with an advanced modeling framework 

based on nonlocal Density Function Theory (non-local DFT). (25) 

iii) A novel crosslinking agent for forming the aerogel network was introduced and its 

effects on the aerogel’s microstructure and functionality were studied. 
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CHAPTER II: EFFECT OF SOLVENT ON 

POROSITY 

 

This chapter starts with an introduction to silicon oxycarbide ceramic, particularly in the aerogel 

form, which is the porous material of the study. Subsequently, the experimental methods to 

produce porous silicon oxycarbide pre-ceramic and ceramic aerogels are described. Some details 

about the required the reagents and equipment to obtain these aerogels, the reagents as well as the 

study’s characterization techniques are explained. Finally, the of solubility/swelling of polymeric 

SiCO wet gels in different solvents and solvents’ mixtures are discussed. 
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2.1 Silicon Oxycarbide  

Among organosilicon polymers that mentioned in the Section 1-8, a significant research amount 

has been devoted to studying poly(organosiloxanes) which produce silicon oxycarbide (SiCO) 

ceramic after the heat treatment (Figure 1-15).This type of ceramic is stable at high temperatures, 

tolerant of oxidative and corrosive environments, and can have different properties like electrical 

conductivity and piezoresistivity.68, 81-83  

SiCO can be obtained by annealing either polysiloxanes, polysilsesquioxanes, or 

polycarbosiloxanes.68  The annealing procedure consists of different stages of mass loss, 

depending on the chemical composition and side groups within the polymer. Typically, up to 400 

°C, no significant decomposition occurs. Most of the mass loss happens in the temperature range 

of 400 °C - 800 °C, due to the release of cyclic siloxane species as well as hydrocarbons like 

methane, ethane, ethylene, and styrene.84-85  As gaseous species leave the material, they can create 

significant porosity inside the material so long as there is not simultaneous collapse. Above 800 

°C, the only mass loss is from residual hydrogen and free radical reactions and viscous flow start 

to destroy pore surfaces that they were created at the previous stage.84-86 Approximately at the 

temperature range of 800 °C – 1100 °C the material consists of an amorphous SiCO matrix. In this 

matrix Si is tetrahedrally bonded to either O or C forming SiOxC4-x bonds, plus a carbon phase that 

is called free carbon.87-88 The elemental composition of the SiCO can be written as SixOyCz , which 

can be plotted on a ternary elemental diagram (Figure 2-1).89-90 The elemental diagram can be also 

used for an estimation the possible phases of SiCO.91 The composition of SiCO has no free carbon 

on the line between SiO2 and SiC, then the resulting SiCO material and it is composed of 

amorphous SiCO phase (the purple volume).92 Therefore, composition of SiCO has a portion of 
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free carbon in the space among the tie lines, which is favored for technologically significant SiCO 

ceramics.  

 

Figure 2-1. SiCO elemental diagram. The binary stable thermodynamic phases (SiO2 and SiC) at 

high temperatures are indicated by red circles. The composition of the stoichiometric SiCO 

glasses (SiCxO2(1-x)) are on the SiC–SiO2 line indicated by orange arrows. The purple  volume 

indicates compositions of SiCO glasses that are well-studied and reported in the literature. 

Adopted from Lu 2015.90  

 

Different models of SiCO system and attempts to simulate the pyrolysis of preceramic polymer 

into SiCO have been studied. At the inception  of this study  Kroll modelled a low-density porous 

structure of α-SiCO embedding a triple-chain of carbon atoms taken from a graphite sheet structure 

to study the “free carbon” phase in silicon oxycarbide glasses.93 However, hydrogen was not 

involved in the model and it has been known that hydrogen  is present since experimentally it  
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continues to be released at high pyrolysis temperatures (>1200 °C). Recently, Ponomarev, van 

Duin, and Kroll modelled the conversion of polymethylhydrosiloxane (PMHS) crosslinked with 

divinylbenzene (DVB) to SiCO by heat treatment process.94 They observed formation of graphene 

segregations embedded in an amorphous oxycarbide matrix.  

 

Figure 2-2. Pyrolysis of polysiloxanes into SiCO ceramics using Reactive Force Field 

simulation. Reproduced from Ponomarev et al.94 

 

2.1.1 Porous Silicon Oxycarbide 

Porous SiCO has unique properties, such as being stable at high temperature and resistant to 

oxidation in harsh environments, , that they make it a promising material in several applications. 

Some of these applications are anodes in lithium ion batteries, thermal barriers, filtration, and 

catalyst supports.72, 90 There are different routes to introduce porosity into  SiCO systems. It can 

be introduced into a system during the fabrication process, network formation on crosslinking with 

a polymeric precursor, and during or after pyrolysis. This diversity of choices results in a high 
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degree of control of the size (micro, meso, or macropore) and distribution of pores. Different 

morphologies of SiCO have been successfully fabricated, such as aerogels,95-96 foams,72, 97or 

fibers98-99 based on the demands of different fields. Techniques, such as freeze casting, foaming, 

and sacrificial templating can be used during crosslinking of the preceramic polymer or during 

annealing and after phase separation decomposition of one polymer in a polymer, can be used to 

create porosity ranging from micropores to macropores.72, 86, 90, 100-103  Selectively etching the 

material using hydrofluoric acid (HF) after annealing also can be applied, which remains  some of 

SiCO, SiC, and carbon phases.104-105 The etching method can produce pore sizes ranging between 

micropores and mesopores, and is dependent on several processing parameters such as annealing 

temperature and the SiCO composition.106-108  

 

2.2 Fabrication 

Fabrication of polymer derived SiCO ceramics involves three steps. The first step is the 

crosslinking of the polymer precursor. Next step is the polymer-to-ceramic conversion. Finally, 

the last step is the phase formation that occurs at high temperature.  

 

2.2.1 Shaping and Crosslinking 

The polymer precursors can be either liquid or solid. The liquid polymers must be able to crosslink 

(i.e., they have functional groups that can form a network or they can react with an external 

crosslinking agent).  The solids must be able to melt and be cured. If they cannot melt, they should 

be soluble in a solvent. The liquid precursors can be fabricated into the desired via conventional 

plastic forming technologies, such as casting, drawing, injection molding, and infiltration.68 
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Historically, SiCO is synthesized through sol-gel processing  that was described in the Section 

1.5.1  via hydrolysis and condensation of molecular precursors such as tetraethyl orthosilicate.87, 

92, 109 Another recently developed route is through the hydrosilylation reaction, which was 

discussed in the Section 1.5.3. The key factors of pore formation at the network formation stage 

are the degree of dilution, polymer interactions with the solvent, choice of the crosslinking agent 

(in case that the precursor polymer does not have the functional groups to form the network),  and 

degree of crosslinking, which can depend on time and the temperature of the reaction. In this thesis 

the effect of polymer interactions with the solvent as well as the choice of the crosslinking agent 

on pore formation and the pore structure will be discussed in Section 2.5 and Chapter III.  

 

2.2.2 Polymer-to-Ceramic Conversion 

Pores in micro and meso sizes are formed during the SiCO precursor transformation from the 

polymeric to the ceramic phase due to the evaporation of low molecular weight molecules and 

oligomers.90 .These pores present in the porous structure up to 600 °C.90  However, these pores are 

dramatically reduced their sizes or they completely collapse during the annealing procedure at 

higher temperatures. The porosity elimination at higher temperature than 600 °C  causes a 

significant shrinkage and densifies SiCO systems regardless of its precursors’ composition.86 

 

2.2.3 Phase Formation at Higher Temperature 

Starting around 1400 °C, carbothermal reduction reaction happens between SiCO and free carbon 

mixture, which converts the mixture to a SiC ceramic. Therefore, porous SiC can be generated. By 
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adjusting the annealing temperature at this stage the porosity of the porous SiC ceramics can be 

controlled within a range of 32–64%. 90 

 

2.3 Fabrication Equipment Supplies 

Fabrication equipment supplies can vary depending on the application of the final porous SiCO 

material and the pore architecture that is targeted. Among mentioned morphologies of SiCO 

ceramics in the Section 2.1.1, the SiCO aerogel is the focus of this study. Therefore, here we 

discussed those supplies that we applied in this thesis work.  

  

2.3.1 Parr Digestion Vessel 

Most gel formation reactions that have been studies in this thesis require temperatures that 

increases the crosslinking rate of the polymer network formation but simultaneously they are above 

the 1-atmosphere boiling temperature of the synthesis solvents. To solve the evaporation problem 

digestion vessels are applied to keep the solvent liquid during the crosslinking and formation of 

the gel. The digestion vessel must tolerate the pressure inside and the reaction temperature as well 

as being non-reactive with any of the chemicals used. Parr digestion vessels (Parr Instrument 

Company) are chosen to be used in this thesis. They have chrome plated bronze jacket to provide 

the mechanical strength required for closing the system. Additionally, they have an inner 

chemically inert PTFE (polytetrafluoroethylene) liner and a sealing cap provided with a spring, 

which can release any unpredicted high pressure build up. The model that has been used for all gel 

formation of this work was a Parr Digestion Vessel 4749, with an inner cup capacity of 23 mL, a 
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maximum temperature allowed of 250 °C and a maximum pressure of 125 bar, which is shown in 

the Figure 2-3. 

 

 

Figure 2-3. Different parts of Parr digestion vessels made by Parr Instrument Company (top), 

chrome plated bronze jacket and PTFE digestion vessel with a sealing cap (bottom). 
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2.3.2 Autoclave  

As it was mentioned in the Section 1.7.2.1 an autoclave is needed to remove residual solvent 

contained in the pores and the solvent must be substituted with liquid CO2 through multiple 

washing before bringing the CO2 above its critical point and remove it as a supercritical fluid. The 

autoclave should withstand the high pressure (100 -120 bar) and its temperature can be precisely 

controlled. Therefore, a custom autoclave was built by the University of Texas Arlington Physics’ 

workshop using the schematics,110 ideas and solutions from professor G.D.Sorarù,111 in University 

of Trento in Italy. The autoclave, shown in Figure 2-4, has two glass windows, which enable 

looking inside the chamber for liquid level evaluations as well as monitoring samples behavior 

during all the liquid exchange steps and drying. The autoclave is designed in the way that its 

temperature can be adjusted by a device connecting it to a thermostatic water bath (purchased from 

NESLAB). So, the temperature of the autoclave chamber can be adjusted to be as low as 1 or 2 °C 

for filling it with liquid CO2 and as high as 45 or 50 °C to bring the whole system above the critical 

temperature of CO2. It is worthy to mention that the autoclave has no pump connected to the system 

and, in absence of other external factors, the equilibrium pressure would be quickly reached on 

both the branches of the system. So, by adjusting the temperature of the autoclave below room 

temperature a stable pressure difference between the CO2 source (which is at room temperature) 

and the autoclave can be created, deriving the flow of liquid CO2 from the tank to the chamber in 

each exchange step. 
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Figure 2-4. The thermostatic water bath (left), the autoclave (right). 

 

2.3.3 Furnace 

A thermal treatment in an inert environment such as N2 or Ar, in air, or any other environments 

such as H2 can be done in a high temperature furnace. Tubular furnaces are designed to control the 

atmosphere inside the tube, so often they are used for this kind of treatments. Within this work 

thesis a tubular furnace (purchased from ATS Applied Test System, 3110 series) with maximum 

temperature of 1200 °C equipped with a quartz tube with 50 mm outer diameter, 44 mm inner 

diameter, and 1000 mm length (MTI Corporation), a water cooled sealing flange for 50 mm 

diameter tube(MTI Corporation), polyurethane tube (12 mm x 8 mm) for water chiller (MTI 

Corporation), and high temperature silicone rubbers O-ring 50 mm diameter (MTI Corporation) 

was applied as it is shown in Figure 2-5.  
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Figure 2-5. Th tubular furnace (top) and its temperature control system (bottom). 

 

2.4 Chemical Reagents 

Chemical reagents also can vary depending on the application of the final porous SiCO material 

and the pore architecture as well as the specific chemistry that are targeted. Here we discussed 

those supplies that we applied in this thesis work.   
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2.4.1 Polymethylhydrosiloxane  

Polymethylhydrosiloxane (PMHS), or polyhydridomethylsiloxane (PHMS) in some studies,112-113 

in is a transparent liquid silicone oil possessing low viscosity and widely used as mild reducing 

agent to transfer hydrides to metal complexes in organic chemistry.114 Some properties of PMHS 

are reported in table 2-1, collected from various datasheet from reference literature, Sigma-

Aldrich, and Alfa Aesar.115-116 The polymer used in this thesis work was purchased from Sigma-

Aldrich and possessed an average Mn ~1,700-3,200, viscosity of 12-45 cP, and density of 1.006 

g/mL at 25 °C. It has a linear structure and does not any crosslinking functional group to form a 

network through the aging process. Therefore, it must be modified to be crosslinked prior 

annealing to be used as a pre-ceramic. There are two typical ways of modification reported in 

literature. As it is shown in Figure 2-6, PMHS has Si-H group. A first method is converting part 

of the Si-H moiety to Si-OH, so Si-OH groups can then go through condensation reactions and 

produce oxygen bridges.117 Another route, first reported by Y. Blum,118-119 is to use the Si-H bonds 

to crosslink and functionalize the polymer with a vinyl bearing moiety in another siloxane polymer 

or a small molecule that has a unsaturated bond enable to do hydrosilylation reaction described in 

Section 1.5.3. The later route was used in this thesis work and the small molecule with unsaturated 

moiety was divinylbenzene (DVB). Depending on the amount of DVB used, SiCO ceramic after 

annealing procedure yield different amount of free carbon content.119 The FT-IR of PMHS is 

shown in the Figure 2-7.   
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Table 2-1. Physical properties of PMHS. 

 

Figure 2-6. Structural formula of PMHS. 

 

 

Polymethylhydrosiloxane 

Appearance Transparent 

Density 1.006 g/mL at 25 °C 

Viscosity 12-45 cPs 

Flash Point 204 °C 

Moisture sensitivity/absorption  Slightly moisture sensitive 

Storage Cool and dry place, no special requirements 
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Figure 2-7. FT-IR spectrum of PMHS.  

 

2.4.2 Crosslinking Agents 

As it was noted before, PMHS can make a preceramic network by means of hydrosilylation 

reaction. This type of addition reaction is can be efficiently catalyzed by Pt compounds and it is 

free of by-products, allowing the curing of the pre-ceramic PMHS and the crosslinking agent at 
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low-to-mild temperature (RT to 200°C). In this work, two crosslinking agents, divinylbenzene and 

divinylthiophene, were used. 

 

2.4.2.1 Divinylbenzene 

Divinylbenzene (DVB), shown in the Figure 2-8, consists of an aromatic ring with two vinyl 

groups in ortho, meta, or para positions. The DVB used in this work was purchased from Sigma 

Aldrich. It is a technical grade and it is a combination of meta and para isomers. It is a colorless 

transparent liquid with a sharp odor. Although it contains 1% of polymerization inhibitor this bottle 

must be stored in a cold place (2-8 °C).  The FT-IR spectrum of DVB is reported in Figure 2-9 and 

confirms the structure is the mixture of o- and m- disubstituted benzene.  

 

Figure 2-8. Structural formula of DVB. 
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Figure 2-9. FT-IR spectrum of DVB.  

 

2.4.2.2 Divinylthiophene 

2,5 divinylthiophene, shown in the Figure 2-10, was prepared via a collaboration with Dr. Junha 

Jeon at University of Texas Arlington. This molecule is a sulfur-containing unsaturated five-

member ring with two-fold vinyl donor.  It is a yellow or orange transparent liquid. It should be 



 

55 

 

stored in an inert or vacuum dry place. Also, it should be used in 2-3 days after synthesis because 

it can go through self-polymerization. 

 

Figure 2-10. 2,5-Divinylthiophene. 
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Figure 2-11. FT-IR spectrum of DVT. 

 

2.4.3 Catalyst 

1,3-divinyl-1,1,3,3-tetramethyldisiloxane, known as Karstedt's catalyst, is a powerful catalyst to 

conduct a hydrosilylation reaction. It was described in the Section 1.5.3 and shown in the Figure 

1-8 previously. It consists of a Pt (0) organometallic compound in which the platinum atoms are 
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coordinated with the vinyl groups. It should be kept in an inert or vacuum dry place. It can be 

dissolved in most of organic non-polar solvents. It was purchased from Sigma-Aldrich in a xylene 

solution containing 2% of Pt.  

 

2.5 Solvent Choice and Solvent Effects 

The precursors and the synthesis conditions can introduce specific physical and chemical 

properties to the final SiCO ceramics by introducing specific microstructure, porosity, the content 

of free carbon, and specific functionality. One of the important synthesis conditions is the solvent 

and its interaction with the preceramic polymer.  

 

2.5.1 Solubility Rules 

The basic principle “like-dissolve-like” is a qualitive way to predict the solute and solvent 

interactions. For example, alcohols such as ethanol dissolve in water as they are polar molecules 

with ability to have hydrogen bonds with water whereas oils like vegetable oils do not dissolve in 

water as they are nonpolar and aprotic. However, there is a degree of solubility among alcohols in 

water. Ethanol is completely miscible in water whereas butanol solubility is not easy, and octanol 

is insoluble in water.  Measuring the solubility of a substance in a solvent quantitatively is essential 

for industries such as paint and coating. There have been many methods to correlate a substance 

solubility in a solvent.  
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2.5.1.1 Hildebrand Solubility Parameter 

A quantitative method for measuring solubility of materials in different solvents was pioneered 

last century by Hildebrand120 and Scatchard,121 clearly in a more recent text. 122 Hildebrand used 

the term “solubility parameter” for the first time to describe the miscibility behaviors of nonpolar 

regular solutions, and correlated solubility with the “cohesive properties” of the solvents. This 

empirical approach presumes, among other idealized assumptions, that there is no change in 

volume on mixing, and that the cohesive energy of the mixture is the geometric mean of that of 

the pure components. These and other limitations, e.g., the absence of effects of second nearest 

neighbors, have been discussed by Hildebrand contemporaries.120, 123  From thermodynamics, the 

Gibbs free energy change on mixing, ∆𝐺𝑚, is dependent on the enthalpy change, ∆𝐻𝑚, and the 

entropy change, ∆𝑆𝑚, on mixing are related by equation 2-1: 

 ∆𝐺𝑚 =  ∆𝐻𝑚 − 𝑇∆𝑆𝑚                                                                                                                (2-1) 

Mixing occurs spontaneously when the free energy change is negative. The dissolution of 

polymeric macromolecules s accompanied by a slight increase in entropy (almost zero change). 

Therefore, enthalpy becomes the only key factor in determining the sign of the Gibbs free energy 

change. Hildebrand et al., approximate  the enthalpy of mixing by the equation 2-2, where 𝑉𝑚𝑖𝑥 is 

the volume of the mixture, ∆𝐸𝑖
𝑣 is the energy of vaporization of species i, 𝑉𝑖  is the molar volume, 

and ∅𝑖  is the molar volume fraction of i in the mixture: 

Δ𝐻𝑚 = 𝑉𝑚𝑖𝑥[(
∆𝐸1

𝑣

𝑉1
)1/2 − (

∆𝐸2
𝑣

𝑉2
)1/2)]2∅1∅2                                             (2-2) 

The cohesive energy, 𝐸, is the energy required to break all intermolecular forces. When 𝐸 divided 

per unit volume the value for cohesive energy density, CED, is obtained as it is described in the 

equation 2-3: 
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𝐶𝐸𝐷 =  
𝐸

𝑉
 = 

[∆𝐻𝑣𝑎𝑝−𝑅𝑇]

𝑉
                                                                                                                 (2-3) 

Hildebrand defined the solubility parameter, 𝛿, as the square root of cohesive energy density 

described in the equation 2-4: 

𝛿 = (
𝐸

𝑉
)

1

2                                                                                                                                       (2-4) 

So, the equation 2-2 can be rewritten as the equation 2-5: 

Δ𝐻𝑚 = 𝑉𝑚𝑖𝑥[(𝛿1 − 𝛿2)]2∅1∅2                                                                                                   (2-5) 

For ∆𝐺𝑚 ≤ 0 in the equation 2-1, the heat of mixing, Δ𝐻𝑚 , must be smaller than the entropic term, 

𝑇∆𝑆𝑚. Therefore, the difference in solubility parameters, (𝛿1 − 𝛿2) , must remain small. 

 

2.5.1.2 Hansen Solubility Parameters 

As suggested, while the Hildebrand parameters provide numerical estimates of the degree of 

interaction between the liquid components in certain mixtures, a major shortcoming is the 

restriction to regular solutions, which do not include molecules with  polar and hydrogen-bonding 

interactions. Hansen in 1967 extended the Hildebrand concept to repair this deficiency.  He 

proposed breaking the cohesive energy into three constituent parts:  dispersion (𝐷), polar (𝑃), and 

hydrogen-bonding (𝐻) interactions.124 This sort of decomposition of solvation interactions for 

mixtures has been used widely, perhaps first by spectroscopists,125 and probably most prolifically 

by analytical chemists.126      Hansen’s definition is described in equation 2-6: 

𝐸 =  𝐸𝐷 + 𝐸𝑃 + 𝐸𝐻                                                                                                                    (2-6) 

Dividing this equation by the molar volume gives the square of the total Hildebrand’s solubility 

parameter as the sum of the squares of the Hansen components as it is written as the equation 2-7: 
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𝐸

𝑉
=  

𝐸𝐷

𝑉
+  

𝐸𝑃

𝑉
+

𝐸𝐻

𝑉
                                                                                                                       (2-7) 

By knowing the definition of 𝛿 from the equation 2-4, the equation 2-7 can rewrite as the equation 

2-8: 

𝛿2 =  𝛿𝐷
2 +  𝛿𝑃

2
 + 𝛿𝐻

2
                                                                                                              (2-8) 

These three parameters can be measured experimentally such that solubility distance, 𝑅𝑎 , can be 

calculated for any solute−solvent combination as it is written as the equation 2-9:  

(𝑅𝑎
2) = 4 (𝛿𝐷2 − 𝛿𝐷1)2 + (𝛿𝑃2 − 𝛿𝑃1)2 + (𝛿𝐻2 − 𝛿𝐻1)2                                                       (2-9) 

To maximize solute interactions, one must choose a solvent, which minimizes this distance. The 

factor of “4” of the dispersion term is predicted by the Prigogine corresponding states theory of 

solutions127 when the geometric mean is used to estimate the interaction in mixtures of dissimilar 

molecules. Also, it has been found to be convenient to plot solubility data as a sphere. Therefore, 

any solute has a sphere in three-dimensional Hansen space, with dispersion, polar, and hydrogen 

bonding forces as the three axes, in which all the good solvents for the solute exist inside the sphere 

while all the poor solvents are excluded from the sphere. The three component values for Hansen 

Solubility Parameters (HSP) are well-studied for many conventional solvents. So, each solvent is 

represented by a point in a Hansen three-dimensional space. The solubility of a solute in some of 

the solvents with known values can be measured and the solubility results can be recorded. At 

some point the solute will phase separate with some solvents, which defines a boundary on that 

line. By collecting the solubility data of various solvents, a sphere can be fit in which all the soluble 

solvents (points) are within the sphere while all the insoluble solvents are outside of it. The center 

of this sphere is then the three-dimensional solubility parameter of the solute with the radius of the 

sphere defined as the radius of interaction, 𝑅0. Comparing the solubility distance, 𝑅𝑎, and the 
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radius of interaction, 𝑅0, defines how far solute and solvent are in a solubility space. Dividing the 

solubility distance by the radius of interaction results the “relative energy distance” (RED), which 

determines the solute-solvent compatibility quantitatively in the equation 2-10: 

𝑅𝐸𝐷 =  
𝑅𝑎

𝑅0
                                                                                                                                  (2-10) 

If the RED is 0, then the solubility parameters of the solute and the solvent are exactly matched, 

and there is no energy difference between two. If the RED is less than 1, then the solute and the 

solvent are compatible, and they interact with each other. A value at or close to 1 is a boundary 

condition and above 1the solute cannot be dissolved in that solvent. For the solvents with RED 

values between 0 and 1 higher values indicate lower affinities. Thus, if there are two solvents 

existing in the solute’s Hansen sphere with RED values between 0 and 1 the “good” solvent will 

be the one that has lower value of RED whereas the “bad” solvent will be the one that has higher 

value of RED.  While simplistic and burdened by some of the same approximations of the original 

analysis, this approach has provided a consistently good and practical guide for relative polymer-

solvent interactions, except for pathologic cases with more exotic interactions.  For example, it can 

be problematic with the temperature dependence of mixing, and solvent specific effects that 

involve solvent exclusion.  

 

2.6 Polymer Swelling and Hansen Solubility Parameters 

Polymers, that they have been vulcanized and formed a network by crosslinking, swell in contact 

with a given solvent. Previous studies show that it is possible to correlate different degrees of 

swelling in corresponding crosslinked polymer with the HSP based on total solubility of the 

polymer before crosslinking.124, 128 Hence, the solvents that dissolve the polymers before 
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crosslinking are also those that swell the crosslinked polymers most. Likewise, larger differences 

in HSP between solvent and polymer led to lesser degrees of swelling. 

 

2.6.1 Hansen Solubility Parameters of PMHS 

The SiCO aerogels synthesized with the same precursors but obtained in different solvents show 

different porosity values.95 This mechanism involves 3 steps: 

1- Crosslinking of the monomers in solution forming oligomers. 

2- Precipitation of the crosslinked polymeric nuclei. 

3- Particles’ aggregation and growing toward the final gel structure.  

Unfortunately, no solubility parameters exist of the PMHS-DVB system in the literature. In this 

thesis work we investigate the Hansen solubility parameters (HSP) for polymethylhydrosiloxane 

(PMHS) a polymer used for the synthesis of silicon oxycarbide ceramic aerogels. For explaining 

the interaction strength between a solvent and a polymer HSP theory was applied in this study. 

This theory defines three parameters (δD, δP, δH,) providing a quantitative measure characterizing 

the energy density associated with these interactions described in the Section 2.5.1.2. Methyl-

terminated PMHS (Mn = 1700-3200, CAS# 63148-57-2) was purchased from Sigma-Aldrich. The 

polymer was first immersed in 23 solvents listed in Table 2-2 in the way that 10 mL of each solvent 

was placed into a 20 mL vial and then 1 mL of PMHS was added to the solvent. The vials are 

shown in the Figure 2-12. Each mixture stirred for 7 days to eliminate any kinetic effects. Then 

the solubility of the polymer in each solvent was observed and recorded. The degree of solubility 

was estimated with a coarse “solubility-rating” in the way that rating of “Soluble” corresponded 

to a dissolved state and rating of “Insoluble” represented an insoluble state. HSPs of PMHS was 
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then determined by least-square approaches using the known HSP of solvents and the software 

package HSPiP (version number 4.1.03, published by Charles M. Hansen in 2016). 

 

Figure 2-12. A collection of 23 solvents were prepared for the solubility test of PMHS.  

Molecular sieves were added to the vials of solvents to absorb moisture. 

 

Solvent δD (MPa1/2) δP  (MPa1/2) δH (MPa1/2) Solubility 

Acetone 15.5 10.4 7 Soluble 

1-Bromopropane 16.4 7.9 4.8 Soluble 

Butyric anhydride 15.8 10.3 4.5 Soluble 

ϒ-Butyrolactone 18 16.6 7.4 Insoluble 

Cyclohexane 17.2 1 2 Soluble 

Di-n-Butyl ether 15.2 3.4 3.2 Soluble 

3,4-Dichlorotoluene 19.8 9.8 2.5 Soluble 

m-Dichlorobenzene 19.2 5.1 2.7 Soluble 

Diethyl ether 14.5 2.9 4.6 Soluble 

Dimethyl carbonate 15.5 8.6 9.7 Insoluble 
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1,4-Dioxane 17.5 1.8 9 Soluble 

Glycerol  17.4 11.3 27.2 Insoluble 

n-Hexane 14.9 0 0 Soluble 

Isopentane 13.8 0 0 Soluble 

Mesitylene 18 0.6 0.6 Soluble 

Methyl Cyclohexane 16 9 5.1 Soluble 

Pentane 114.5 0 0 Soluble 

1,1,2,2-Tetrachloroethane 18.8 5.1 5.3 Soluble 

Tetrachloroethylene 18.3 5.7 0 Soluble 

Tetrahydrofuran 16.8 5.7 8 Soluble 

Toluene 18 1.4 2 Soluble 

1,1,1-Trichloroethane 16.8 4.3 2 Soluble 

p-Xylene 17.8 1 3.1 Soluble 

Table 2-2. Solubility of PMHS precursor in 23 solvents. 
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Subsequently, the data were inserted to the HSPiP program to calculate the Hansen solubility 

parameters for PMHS as it is shown in the Figure 2-13.                                  

 

Figure 2-13. Program interface for calculation of the HSP values of the PMHS. 

 

The program interface for the calculation of the HSP values of the PMHS precursor based on the 

solubility demonstrated that the HSP values are δD= 16.75, δP = 4.87, and δH = 1.96 MPa1/2. 
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Polydimethylsiloxane has a similar structure to PMHS and different studies Hansen solubility 

parameters of polydimethylsiloxane (PDMS) have been applied to predict PMHS and solvents’ 

interactions so far.129-130 Comparing those values demonstrated that PDMS and PMHS have similar 

dispersion values whereas polar solubility parameter δP of PMHS is larger than PDMS due to lack 

of symmetry of two methyl groups attached to Si in the backbone of PDMS.  δH value of the 

hydroxy terminated PDMS is also larger than δH of PMHS because of hydroxy group available in 

the PDMS probably contributed to the hydrogen bonding solubility parameter. The comparison of 

the Hansen parameters between PMHS and PDMS is listed in the Table 2-3. 

 

 

 

 

Table 2-3. Comparison between Hansen solubility parameters of PDMS and PMHS 

 

2.7 Effect of Solubility/Swelling PMHS-DVB Wet Gels 

We further used the HSP values of PMHS to predict swelling degree of aerogels made of PMHS 

and DVB using acetone and cyclohexane and compared them to the experimental data. Two 

mixtures were prepared with 1:2 mass ratios of PHMS and DVB. Subsequently, 85 % volume of 

acetone was added to the one mixture and 85 % volume of cyclohexane was added to the other 

one inside two separate Parr digestion vessels. After these mixtures stirred for 5 minutes, 10 µL of 

Karstedt's catalyst was added to each vessel. Then the vessels were located inside two separate 

pressure reactors to crosslink at 150 °C for 3 hours in an oven. Afterward, the wet gels were 

Polymer δD (MPa1/2) δP  (MPa1/2) δH (MPa1/2) Terminal group 

PDMS 16.86 0.12 8.60 Hydroxy  

PMHS 16.75 4.87 1.96 Methyl 
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extracted from the vessels. First, the wet gels were washed 5 times with the same solvent that they 

were synthesized to wash off the catalysts and unreacted materials. The diameter and height of 

each wet gel was measured for each wash. Next, three solvent mixtures of acetone and cyclohexane 

(25:75, 50:50, 75:50 volume ratio) were prepared. Each wet gel was immersed in each of these 

mixtures and washed until the measurement of diameter and height of each wet gel remained 

constant. The volume of each gel in each of these solvent mixtures was plotted and the 

swelling/shrinkage behavior of each gel was observed as it is illustrated in the Figure 2-14 and 

listed in the Table 2-4. Consequently, based on Hansen solubility parameters the 

swelling/shrinkage PMHS in acetone, cyclohexane and the binary solvent mixtures were 

calculated. This data set was compared to the volume change in the solvents. 

 

  

 Figure 2-14. Volume change of the wet gels synthesized in cyclohexane and acetone in different 

volume percentage of acetone and relation of the swelling/shrinkage of the gels with Hansen 

solubility parameter. 

 

Gel synthesized in cyclohexane 

Gel synthesized in acetone 

Hansen value   
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Table 2-4. Calculation and prediction of the swelling/shrinkage PMHS in acetone, cyclohexane 

and the binary solvent mixtures based on Hansen solubility. 

 

Based on the observation the wet gel synthesized in the cyclohexane swelled more that the gel 

synthesized in acetone. The comparison was aligned with the experimental results. However, the 

wet gels behavior at 25:75 vol% ratio of acetone was not aligned Hansen values and prediction, 

and this could be because acetone and cyclohexane mixture behave non-ideal and form an 

azeotrope as well.  It is worthy to mention that the swelling of the individual particles have not 

determined, which can be done by Dynamic Light Scattering technique (DLS) to show the 

consistency with the gel matrix.  The study might help resolve the inconsistency in the data at low 

acetone concentrations. 

 

2.8 Conclusion 

The reagents, the experimental methods, and the equipment for obtaining produce porous silicon 

oxycarbide pre-ceramic and ceramic were described.  The gels are obtained in highly diluted 

conditions via hydrosilylation reaction of PMHS bearing Si-H groups and cross-linking it with 

carbon-carbon double bonds of DVB. Polymer aerogels are obtained after solvent exchange with 

liquid CO2 and subsequent supercritical drying.  

Cyclohexane 16.8 0.0 0.2 8.4 

Acetone: Cyclohexane (25:75) 16.5 2.6 1.9 7.2 

Acetone: Cyclohexane (50:50) 16.2 5.2 3.6 7.3 

Acetone: Cyclohexane (75:25) 15.8 7.8 5.3 8.7 

Acetone 15.5 10.4 7.0 10.8 
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Solubility of PMHS in various solvents was quantitatively investigated via Hansen 

Solubility Parameters rules for the first time. Also, the swelling/shrinkage of PMHS-DVB aerogel 

in acetone, cyclohexane and the binary solvent mixtures were predicted based on Hansen solubility 

parameters and compared to the experimental data. The comparison suggested that the 

experimental data follows HSP prediction of swelling behavior of PMHS-DVB aerogel in solvents 

and the solvent mixtures except at 25:75 vol% ratio of acetone. This could be due to non-ideal 

behavior the solvents mixture and formation of the azeotrope between cyclohexane and acetone. 
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ABSTRACT 

We perform Differential Hysteresis Scanning (DHS) Porosimetry of amorphous silicon oxycarbide 

aerogels to quantify hierarchical connectivity in these porous materials. We contrast high-

resolution argon sorption scanning isotherms of samples obtained through a non-templated 

synthesis using different solvents, and characterize respective changes after calcination at 1000 

°C. The multi-scan DHS data sets are analyzed through non-negative least-squares deconvolution 

using a kernel of theoretically derived isotherms for a selection of hierarchical geometries using 

non-local density functional theory (NL-DFT). We obtain two-dimensional contour plots that 

characterize mesopores according to the ratio between pore diameter and its connecting window. 

Combined information from DHS and complementary BET and BJH approaches reveals one 

system with monomodal distribution both in pore diameters and in window diameters. Hence, this 
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amorphous material exhibits a uniformity usually only observed for crystalline systems. We 

demonstrate that DHS analysis provides quantitative data analyzing the hierarchical structure of 

mesoporous materials and unlocks pathways towards tailored materials with control of surface 

heterogeneity, localization, and sequential accessibility – even for amorphous systems. 

 

 1. Introduction 

Quantitative assessment of gas sorption using simple gases has matured from its beginnings in the 

early 1900’s to become a conventional technique for investigating surface heterogeneity, structural 

morphology and thermodynamics of porous materials.132-133 This technology has been applied 

effectively for studies of materials with both meso- (~ 2-50 nm) and micro- (< ~ 2nm) pores. 

Correspondences between characteristics of gas sorption isotherms and pore morphologies have 

been analyzed and systematized in IUPAC conventions.23, 134 Based on phenomenological models 

and adsorbed volumes, surface areas can be established. On condensation of gas at higher 

pressures, the behavior of the adsorbed fluid provides information regarding pore volumes from 

which pore sizes, geometries and connectivity can be inferred. Staple methods to characterize 

meso-porous systems include Brunauer–Emmett–Teller (BET) analysis for calculation of specific 

surface area (SSA) and surface energetics,12 and Barrett-Joyner-Halenda (BJH) analysis for 

determining distributions of average pore volumes and sizes.31  Early refinements of these 

approaches were contributed by statistical thermodynamic interpretation of, and calorimetric data 

on, adsorption energetics,133, 135-138 estimations of the adsorbed thickness of multilayer films,139-141 
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improved understanding of ordering in condensed phases,142-143 and appreciation of the detailed 

structural information from observations of capillary condensation and adsorption hysteresis.144  

More recently, with improvements in computational modeling and the convergence of 

results from density functional, molecular dynamics and Monte Carlo methods, statistical 

mechanical approaches have successfully investigated the influences of ever more complicated 

pore architectures, pore dimensionality, surface heterogeneity and molecular interactions in 

systems undergoing class 1 film growth.145-146   Modeling of both structure and thermodynamics 

of porous materials of greater complexity has improved interpretations of experimental 

evaluations.147-150  Non-local density functional theory (NLDFT) is an efficient statistical 

thermodynamic approach for analyzing the population density of a system of molecules interacting 

with a surface.151-155  It has been used to describe the gradual buildup, and loss of solid-packing-

like ordering, of multilayers in film formation and condensation as originally depicted in the BET 

model of adsorption. This method has become an efficient tool for analyzing and interpreting 

porous structures.37, 150, 156  Complementary theoretical and experimental studies of well-

characterized, highly ordered, templated materials, such as M41S,157 have validated this theoretical 

foundation of gas sorption used for pore characterization.158  

Cavities in a material can attain a variety of shapes and sizes, narrowly or broadly 

distributed, having a hierarchy of interconnectivity all influenced by the chemistry of the material 

and its preparation. Often contrasting and complementary structures are generated, dependent on 

whether the synthesis is a bottom-up arrangements of coalescing particles, i.e. the structural 

building blocks, or a top-down removal of fragments from an existing structure.159 Cavities may 

be linked to each other creating an intrinsic network of pores. These structural features, combined 
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with different surface heterogeneity, can impact adsorption and desorption differently. In 

particular, hysteresis in gas sorption data indicates the presence of constrictions that regulate 

desorption from larger interconnected cavities, under control of the pore hierarchy.159-162 There are 

few techniques to map the hierarchy of porous materials. X-ray tomography can be used for 

studying macroporous systems with a resolution of about 1 μm.163-165 Transmission electron 

microscopy (TEM) is applied for ordered microporous materials such as zeolites and can reach a 

resolution of ~1 nm.166-167  Early approaches of analyzing hysteresis loops observed in gas sorption 

focused on uniformly sized mesoporous systems.168-171 In recent studies the Differential Hysteresis 

Scanning (DHS) technique was developed by one of us and applied to study pore hierarchy in 

crystalline faujasites.149-150   

 

Fig. 1 Schematized sequence of filling and emptying of complex pores accompanying the 

sequential differential hysteresis scans (DHS).  

 



 

74 

 

The DHS technique is a rigorous analysis of the hysteresis loops and subloops observed when 

scanning the adsorption and desorption branches of an isotherm.  Scanning isotherms may be 

obtained by several methods. The DHS technique analyses the hysteresis subloops formed by 

sequential increasing partial saturation of the pore network.  An example of hysteresis subloops is 

illustrated in Fig. 1.  The technique uses the difference between increasing levels of saturation 

from the component scans as input for the modelling.  The systematic filling and emptying of the 

pores of the partially saturated network is suggested by the sequential numbering of the individual 

scans in Figure 1. The desorption branch of the isotherm is controlled by the dimension of the 

entrance to a pore, herein referred to as the window.  The adsorption branch is influenced by the 

dimension of the larger cavity, referred to as the pore size.  The DHS technique utilizes adsorption 

and desorption branches of the scans to establish the nature and relative distribution of the 

controlling windows and their connected pores.  NLDFT models are employed to calculate the 

changes in pore size distributions required for modeling accurately the isotherm scans measured 

experimentally. 

 

In this study we apply the DHS technique, which provides a modeling framework for 

analysis of different pore geometries, to address for the first time with this technique the structural 

heterogeneity in silicon oxycarbide disordered aerogels. With this method quantitative assessment 

of the distribution of pore sizes and geometries, and their morphological changes on calcination, 

have been determined for these heterogeneous hierarchical systems.  

Silicon oxycarbide (SiCO) is a versatile material with modifiable functional properties 

dependent on synthesis and processing.68, 172-173 Porous SiCO materials have been fabricated 
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through a variety of methods and their diverse applications explored,68, 90 including as membranes 

for gas separation,76 as macroporous hydrophobic fibers for environmental remediation,174 and as 

anodes for lithium ion storage.175 SiCO aerogels are synthesized from polymers or molecular 

precursors, have been processed with various heat treatments at elevated temperatures, and 

resulting porosities have been characterized.112, 176-179 For further development of these porous 

materials in more demanding applications - e.g., for drug delivery,180-182 separations,76 and catalyst 

support183 -  knowledge and control of their pore hierarchy will be required. Here in this paper, we 

deliver new insight into the pore architecture of SiCO aerogels using a combination of both 

conventional gas sorption and Differential Hysteresis Scanning (DHS). 

 

2. Preparation/Synthesis 

2.1   Synthetic procedures 

 

We synthesized SiCO aerogels by cross-linking polymethylhydrosiloxane (PMHS) with 

divinylbenzene (DVB) in excess solvent, either cyclohexane or acetone, via 

hydrosilylation.177 PMHS (MW~1900, CAS: 63148-57-2), DVB (technical grade, 80%, 

CAS: 1321-74-0) and the Karstedt's catalyst (platinum divinylmethylsiloxane complex), 

~2% in xylene (CAS: 68478-92-2) were purchased from Sigma-Aldrich, Saint Louis, MO, 

USA. Acetone (CAS: 67-64-1) was bought from Macron Fine Chemicals, VWR, Radnor, 

PA, USA, and cyclohexane (CAS: 110-82-7) was acquired from Fisher Scientific, USA. 

We prepared a solution of a 1:2 mixture (by mass) of PMHS and DVB in 85% (by volume) 

of either cyclohexane or acetone as solvents. We added 10 µL of Karstedt's catalyst to each 
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mixture, transferred it into a pressure reactor, and placed it in an oven at 150 °C for 6 hours, 

a temperature above the 1 atm boiling point of the solvent. Thereafter, the sample was 

gently removed from the reactor vessel and soaked repetitively for 6 hours, washing five 

times in the solvent used for the synthesis, adequate for removing all the catalyst and 

terminating the reaction. 

In the next step, the sample was transferred carefully into a cylindrical CO2-reactor of in-

house design. There are two glass windows at either end to permit visual inspection, useful 

for observing and controlling solvent exchange with liquid CO2 and for monitoring the 

supercritical drying process. Each gel was washed with liquid CO2 at 4 ◦C twice per day for 

a total of 10 solvent exchanges. Subsequently, the final step of the drying process was 

performed over a 10-hour period by slowly increasing the temperature to 45 ◦C at a pressure 

of 100 - 110 bar. After supercritical drying in a CO2-reactor we recovered polymeric 

aerogels (pa). The polymeric aerogel (pa) synthesized in cyclohexane was labelled pa-c 

and the polymeric aerogel (pa) synthesized in acetone was labelled pa-a. Extracting the 

solvent in the supercritical dryer led to shrinkage of the samples. Therefore, the height and 

diameter of the (almost) cylindrical pa-c and pa-a aerogels were measured before and after 

supercritical drying using a graph paper. Bulk densities of samples were calculated using 

measured volume and mass of pa-c and pa-a. The linear shrinkage was 37% for pa-c and 

18% for pa-a after supercritical drying. Their bulk densities were 0.7 g cm-3 for pa-c 

whereas 0.3 g cm-3 for pa-a respectively, a ratio comparable to the inverse of their ratio of 

total pore volumes.  
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Subsequent annealing to 1000°C in flowing nitrogen transformed these polymeric aerogels into 

their ceramic aerogel analogs (ca). The ramp from room temperature to 400 °C used a heating rate 

of 5 °C min-1, and then temperature was kept for 2 hours at 400 °C. Thereafter, the sample was 

heated from 400 °C to 1000 °C with a heating rate of 5 °C min-1, after which temperature was held 

at 1000 °C for 4 hours. The furnace was then switched off and samples allowed cooling to room 

temperature. The ceramic aerogel (ca) synthesized in cyclohexane was labeled ca-c and the 

ceramic aerogel (ca) synthesized in acetone was labeled ca-a. We have chosen this system 

because, while dense SiCO ceramics synthesized from polymeric PMHS-DVB are well-known 

and well-characterized,68, 86, 178 their pore morphology, and attributes controlling it, remain to be 

fully elucidated.177, 184-185 

 

2.2   Scanning Electron Microscopy (SEM) 

We characterized the pre-ceramic aerogels using Scanning Electron Microscopy (Hitachi 

S-4800 II FE SEM) by looking at fracture surfaces of pa-c, pa-a, ca-c, and ca-a. Due to 

the low electrical conductivity of the pa-c and pa-a sample, they were coated with silver 

(CrC-100 Sputtering System) (Plasma Sciences Inc, Ooltewah, TN). For particle size 

determination we used ImageJ software.186 In the SEM image 145 pixels correspond to 1 

m. For estimating average particle size, we measured the diameters of for 25 particles with 

distinct boundaries in each SEM image. 
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2.3   Porosity 

 

Nitrogen (at 77 K) and argon (at 87 K) sorption characteristics were measured using a 

Micromeritics ASAP 2020 porosimeter. We applied the Brunauer–Emmett–Teller (BET) 

analysis for calculating specific surface area (SSA),12 and Barrett-Joyner-Halenda (BJH) 

procedure using desorption branch of the isotherms to estimate their pore size distribution 

(PSD).31 The total pore volume (TPV) was taken directly from the maximum of the 

isotherm. BJH pore size distribution can be unreliable for pores lower than 6 nm.187 

Therefore, the pore size distribution graphs have the lower limit of 6 nm. All isotherms 

shown in Figures 5 and 6 are classified as Type IV (a) according to IUPAC.18 

 

2.4   Differential Hysteresis Scanning (DHS) 

 
We carried out Differential Hysteresis Scanning (DHS) measurements by high-resolution 

argon sorption on the pre-ceramic pa-a and pa-c as well as annealed ca-a and ca-c using 

Micromeritics ASAP 2020. Scanning isotherms were acquired by incrementally increasing 

the partial saturation of the sample followed by a high-resolution desorption (Figure 5). In 

total, 14 scans for each sample were collected. The pressure table for each sample was 

designed individually based on the maximum quantity of gas adsorbed at a P/P0 of 0.98 so 

that 14 scans were adequate to cover the whole hysteresis region uniformly. A completed 

DHS experiment of a single sample took approximately 4 days. The distribution of pore 

window sizes and pore diameters as well as incremental pore volumes were calculated by 

the system software using non-negative least-squares (NNLS) deconvolution of the 
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scanning and differential isotherms based on the weightings from a kernel of model 

adsorption isotherms generated from the Tarazona version of the NLDFT with specific 

Lennard−Jones solid− fluid (sf) and fluid−fluid (ff) parameters for the sample material.153 

Here, three basic types of mesopores are considered according to the relative diameter of 

the window: pyramidal (dpore > 2 nm, dwin > dpore), constricted (dwin > 2 nm, dwin < dpore), 

and occluded (dwin < 1 nm, dwin < dpore /10). That the domains for the DHS contour plots 

may not extend to these limits reflects the size of the hysteresis loops under investigation. 

 

3.   Results and Discussion 

3.1   SEM Analysis: Network’s Constituent Colloidal Particles 

The polymeric aerogels (Fig. 2, top) appear milky white in color while, with reduction occurring 

on annealing, the ceramic aerogels turn black (Fig. 2, bottom).  
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Fig. 2 Pictures of polymeric (top) and ceramic (bottom) SiCO aerogels. pa-a (right) and pa-c 

(left) are shown from top and side angle. ca-a (right) and ca-c (left) as received after annealing at 

1000 °C in nitrogen. 

The SEM micrographs in Fig. 3 show that microstructures of the polymeric aerogels consist of 

almost spherical colloidal particles. Particles in the annealed ceramics, pa-c’s, are fused closely 

together without significant space between the individual particles. In contrast, packing of spheres 

ca-c ca-a

pa-aca-a
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in pa-a is less dense, with more open spaces and large cavities visible between individual and 

paired or fused spheres. We determined an average particle size of 160 ± 26 nm and 200 ± 31 nm 

for pa-c and pa-a, respectively. After annealing, the ca particles have coalesced, and while it is 

possible to identify large holes in the surface, it is impossible to differentiate individual particles. 

Note that the resolution of the electron micrographs does not allow examination of the 

mesoporosity in the aerogels.  

 

Fig. 3 SEM micrographs of pre-ceramic polymeric aerogels prepared in acetone pa-a (right, top), 

and prepared in cyclohexane pa-c (left, top); the annealed ceramic resulting from the aerogel 

prepared in acetone, ca-a (right, bottom), and the ceramic prepared in cyclohexane ca-c (left, 

bottom) at 30K resolution. 
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3.2   BET and BJH Analysis of Isotherms 

Gas sorption isotherms for polymeric and ceramic aerogels obtained using nitrogen and argon are 

shown in Fig. 4a, eight isotherms in all. Previous porosity studies of  SiCO used nitrogen as sorbent 

gas.177, 185 For each of the four samples, a comparison between the Ar and N2 sorption data is 

provided, illustrating the consistency between adsorbates, and thereby relating our observations to 

the previous work. Fig. 4b provides the Barrett-Joyner-Halenda (BJH) pore size distributions 

derived from the desorption branches of the isotherms,31 the desorption illustrating the greater 

contrasts since differences in pore interconnectivity augments the size distinctions. We note that 

BJH pore size distributions can be unreliable for pores diameters smaller than 6 nm,187 and other 

approaches exist to characterize smaller pores (e.g. DFT and Horvath-Kawazoe methods).25, 153-

154, 188  Pore sizes observed here for both adsorption and desorption are above this limit, however, 

and BJH analysis is expected to be reliable.  

 

Fig. 4 Isotherms and BJH pore size distributions of pa-c, pa-a, ca-c, and ca-a. a: nitrogen 

sorption (continuous line) and argon sorption (dash line) isotherms of pa-c, pa-a, ca-c, and ca-a. 
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b: BJH pore size distributions of the nitrogen desorption (continuous line) and argon desorption 

(dash line) of the pa-c, pa-a, ca-c, and ca-a. Note, the pore width spans 6 to 100 nm, appropriate 

for the BJH analysis of these samples. 

 

Total pore volumes and shapes of sorption isotherms of aerogels synthesized in cyclohexane are 

clearly different from those synthesized in acetone, regardless of adsorbate used or whether the 

sample was annealed or not. While all isotherms of Fig. 4a indicate a modest level of micropores 

and are characterized as Type IV(a) according to IUPAC nomenclature,23 the broader hysteresis 

loop in the cyclohexane-derived aerogels differentiates them as Type H2(b), while the narrow, 

more vertical loop for aerogels synthesized in acetone accord most consistently with Type H1. In 

general, hysteresis loops of Type IV(a) are attributable to capillary condensation in the mesopore 

regime where the capillary window is of more variable dimension.23 The H1-Type hysteresis can 

be ascribed best to materials whose porosity consists of a narrow range of mesopores where the 

neck of these pores is only slightly narrowed. Hysteresis of Type H2(b) appears in the isotherm of 

materials consisting of a greater differential in neck and pore size distributions. In applications this 

can result in not only a network or percolation effect, where transverse transport can be enhanced,24 

but also pore-blocking and, with processing such as annealing, cavitation or collapse.23 We observe 

that isotherms of both pa-c and pa-a exhibit an open-ended hysteresis loop at about p/p0 ≈ 0.22. 

This may be attributable to micropore windows connected to mesopores, effectively producing 

transient pore blocking with slower diffusion kinetics, but perhaps more likely the open loop may 

be the consequence of the temperature- and window-dependent capillary evaporation from a 

receding meniscus (cf. SI).189  Similar behavior has been observed in shale hydrocarbons,190 which 

show low-pressure hysteresis (LPH).191 The open-ended isotherms of pa-c and pa-a were observed 
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in a previous study from our group.185  In contrast, both hysteresis loops of ca-c and ca-a isotherms 

are closed by p/p0 ≈ 0.5, presumably because the micropores collapsed during annealing. 

Comparing the influence of solvent on the isotherms for the polymeric aerogels, we find 

that the total quantity of gas (either N2 or Ar) adsorbed by pa-a is three times larger than by pa-c. 

This reflects, shown in Table 1, the larger total pore volume in pa-a (~1.8 cm3 g-1) in comparison 

to pa-c (~ 0.6 cm3 g-1), or alternatively the considerably lower density of pa-a. The changes in the 

BET “C” parameter support both greater amount of surface organic component in the polymeric 

aerogel, which apparently is not altered appreciably by the different solvents, and its loss on 

annealing.192-194  The argon adsorption suggests there may be less organic lost by the aerogel 

prepared in acetone, surprising since its pores are larger than aerogel prepared in cyclohexane. The 

average SSA of pa-a (~ 439 m2g-1), which is attained consistently for both nitrogen and argon 

sorption data, is approximately twice as large as the SSA of pa-c (~ 218 m2 g-1).  

Clearly, the hysteresis distorts the pore size distribution as portrayed in Fig. 4b. For the 

classical model and from the experimental values in Table1, the ratios of pore volumes to pore 

areas, averaged over both adsorbates, would suggest the radii of the larger pores in pa-a could be 

expected to be only about 1.4 times those of pa-c, consistent with the area of pa-a being about 

twice that of pa-c.  However, the ratio of the most probable pore radii indicated by the BJH analysis 

in Figure 3B is greater than 3. The BJH analysis of the hysteresis here overemphasizes the amount 

of the smaller pores in pa-c. So, while the trends for smaller size pores in the aerogels synthesized 

in cyclohexane, observed in the isotherms, are borne out, the quantitation is in question. This will 

be addressed further below when discussing the results of the DHS. Similar trends are observed 

when contrasting the data of the ceramic aerogels produced by annealing the samples from the 
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different solvents. The isotherms and hysteresis loops of ca-a and ca-c show consistent and 

proportional reductions in their properties: the amounts of adsorbed gas, pore sizes and 

distributions, total pore volumes and SSA’s are reported in Table 1.  Here, also, the ratios indicate 

the BJH analysis overestimates the ratio of pore radii of ca-a to ca-c, though the disparity  

is slightly reduced. 

 

 

 

 

 

 

 

 

 

 

 

Table 1 BET-determined specific surface area (SSA) was computed from the adsorption at 

monolayer coverage, the value of Qm converted from cm3g-1 at STP. The BET-determined 

unitless “C” parameter, computed from the isotherm transform, is a measure of 

adsorbate/adsorbent interaction. The total pore volume (TPV) was established from the 

maximum in the gas adsorption isotherm, assuming the fluid at P/P0 of 1 is all liquid. These 

values for the SiCO aerogels were established from adsorption of nitrogen (at 77 K) and argon 

(at 87 K). The approximate bulk density in the last column is provided for comparison.  Because 

of the fragility of ca-a and ca-c, their bulk densities were not evaluated.  

Sample 

SSA 

N
2
 

(m2 g-1) 

SSA 

Ar 

(m2 g-1) 

BET C 

N
2
 

BET C 

Ar 

TPV 

N
2
 

(cm3 g-1) 

TPV 

Ar 

(cm3 g-1) 

ρ 

(bulk) 

(g cm-

3) 

pa-c 219 217 47.1 29.0 0.61 0.57 0.7 

ca-c 95 100 148.7 112.6 0.22 0.27 - 

pa-a 414 463 47.3 28.0 1.7 1.7 0.3 

ca-a 132 116 146.8 76.3 0.58 0.58 - 
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3.3   Isotherm Scanning and DHS Analysis 

Four sets of multiple high-resolution argon sorption isotherms are shown in Fig. 5 a-d. Each set of 

scans constitutes the Differential Hysteresis Scanning (DHS) experimental measurements for the 

sample indicated, decomposing each isotherm into fourteen component scans, the current 

maximum for the software. Each set serves as input for the DHS analysis, which employs a non-

negative least-squares (NNLS) routine to carry out its deconvolution. The measured isotherm is 

effectively treated as a composite response for a collection of pores with a variety of geometries, 

such as suggested in Fig. 1. 

The results of the DHS analysis may then be used to  distinguish three core geometric classes of 

mesopores according to the relative dimensions of their pores and windows (bottlenecks): (i) non-

restrictive pyramidal pores with a window size equivalent to or larger than the pore size (dwin ≥ 

dpore), (ii) constricted pores with a window smaller than the pore size (dwin < dpore and dwin is of 

mesopore dimension), and (iii) a third type, a special case of constricted pores, with essentially 

occluded pores in which a micropore window is much smaller than the pore size (dwin ≪ dpore, dwin 

< 2 nm). The relation between the diameter of the pore (dpore) and diameter of its connected window 

(dwin) for the aerogels is plotted in two-dimensional (2D) contour plots in Figure 6. White lines 

segregate the 2D plane into regions corresponding to pyramidal, constricted, and occluded 

mesopores. As illustrated, sets of pores with the same ratio of pore to window diameters follow 

diagonals, and those sets of ratios defining the three types of regions occupy the designated areas. 

The region designating the pyramidal pores complies with a functional description in that, for large 
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pores with window diameters slightly narrower than the pores, their desorption will be little 

constrained by the modest narrowing. 

 

Fig. 5 DHS Ar sorption at 87 K; a. on pa-c; b. on pa-a; c. on ca-c; and d. on ca-a. The fourteen 

sorption scans for each sample are the input data for the corresponding DHS analysis provided in 

Fig. 6.   

The software distinguishes three core geometric classes of mesopores according to the relative 

dimensions of their pores and windows (bottlenecks): (i) non-restrictive pyramidal pores with a 
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window size larger than the pore size (dwin > dpore), (ii) constricted pores with a window smaller 

than the pore size (dwin < dpore), and (iii) a third type, a special case of constricted pores, with 

essentially occluded pores in which a micropore window is much smaller than the pore size (dwin 

≪ dpore, dwin < 1 nm). The relation between the diameter of the pore (dpore) and diameter of its 

connected window (dwin) for the aerogels is plotted in two-dimensional (2D) contour plots in 

Figure 5. White lines segregate the 2D plane into regions corresponding to pyramidal, constricted, 

and occluded mesopores. As illustrated, sets of pores with the same ratio of pore to window 

diameters follow diagonals, and those sets of ratios defining the three types of regions occupy the 

designated areas. The region designating the pyramidal pores complies with a functional 

description in that, for large pores with window diameters slightly narrower than the pores, their 

desorption will be little constrained by the modest narrowing.  
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Fig. 6 Two-dimensional (2D) contour plots characterizing the relation between the diameter of 

the pore and that of its connected window derived via DHS from Ar sorption at 87 K. Polymeric 

aerogels are in the top row, pa-c (a), pa-a (b), and ceramic aerogels in the bottom row, ca-c (c) 

and ca-a (d). The color scale of each sample is normalized to its total mesopore volume. White 

lines split the 2D plane to into pyramidal (Pyr), constricted (Con), and occluded (Occ) mesopore 

areas.  

 

Fig. 6 exhibits a striking difference between the relative pore and window diameters for the 

aerogels synthesized in cyclohexane before and after annealing, pa-c (Fig. 6a) and ca-c (Fig. 6c). 

Simply, before the annealing there is a bimodal distribution of pore sizes, at approximately a 2:1 

ratio of pore sizes, each with approximately the same window dimension. After annealing the 

smaller pores have disappeared while the larger ones have remained about the same size, and the 

a b

c d
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window area contracted to just 36% of the original size. In detail, for pa-c prior to annealing we 

observe two strong maxima (indicated by red color) and three minor maxima, the latter in sum are 

but a small fraction of pores. One of the strong maxima is centered at a pore diameter of 41.4 nm 

with a pore window size of 13.2 nm, and the other, slightly less pronounced one, centered at 21.6 

nm with a pore window size of 14.6 nm. Therefore, the DHS analysis reveals essentially a bimodal 

distribution of pore sizes. We emphasize that this bimodal distribution in pore size is not resolved 

in the BJH analysis of the original isotherm. Moreover, the DHS-derived pore diameters of 41.4 

and 21.6 nm are appreciably larger than indicated by the peak at 12 nm found in the distribution 

derived from BJH analysis (see Fig. 4b). We had noted previously that quantitation of BJH pore 

sizes for pa-c is in question, as is common when hysteresis is significant –– and the DHS data 

provides insight into this BJH overestimation of smaller pores. Analyzing the two strong maxima 

further, we find that the ratio of pore window diameter to pore diameter for the larger pores is 0.32, 

while that ratio for the smaller pores is 0.68. Hence, larger pores are considerably more restricted 

than smaller pores. Consequently, in Figure 5 the cohort with the larger pores is located further 

from the white diagonal, which represents the boundary between the constricted and pyramidal 

geometry.  

DHS analysis of ca-c, the ceramic counterpart of pa-c annealed at 1000 °C, indicates just 

one strong maximum with average pore diameter of 43.2 nm and a pore window size of 9.1 nm. 

Thus, while the pore diameter for the larger pores changed only insignificantly, both the central 

window diameter and its range of diameters decreased considerably. The average window sizes 

were reduced from 14.6 nm to 9.1 by 30 %, the range in sizes from 5.8 nm to 3.3 nm even stronger, 

by 43%.  The most surprising and notable change upon annealing, however, is the complete 
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“disappearance” of smaller pores. Because it is not clear whether these pores have collapsed 

completely or are just sufficiently occluded that there is effectively no adsorption, this effect is 

under current investigation.  But clearly, the more vulnerable to collapse were those of smaller 

size. 

The bimodal distribution itself is of interest since it has been reported to occur in analogous 

systems of tightly packed spheres, there for sol-gel systems. 19, 195-198  The occurrence has been 

attributed to intra- and inter-particulate pores.  If that be the case here, it seems highly unlikely 

that both populations of pores should have windows of such similar size, unless they are in some 

way connected.  Supposing that they are connected, then either the large pores or the small pores 

would be connected first to the window.  Since, however, the small pores collapse on annealing, 

yet the large pores are still accessible, the only possibility is that the window is connected to the 

large pores first, that in turn are connected to the smaller pores.  This picture is consistent with the 

synthetic procedure in which the particles grow, then agglomerate, with just a window opening 

onto the larger interparticle spaces, which in turn are connected to the intraparticle pores. As 

discussed further in the Supporting Information the pa-c samples before annealing appear to have 

a monomodal window distribution with a bimodal pore size distribution and following annealing 

monomodal window and pore distributions [cf. §1.3 Supporting Information]. 

In contrast to results obtained for the samples synthesized in cyclohexane, yet consistent 

with material having Type H1 isotherms that increase abruptly at high pressures, those synthesized 

in acetone, pa-a and ca-a, exhibit distributions skewed to large pore diameters. These sizes, 

anticipated from the BJH analysis in Fig. 4b, are in fact so large that the pore sizes appear to lie 

outside the range of the DHS analysis. There appears to be little evidence for constricted 
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geometries since most of the distributions lie on or near the line of equal pore and window 

dimensions. This is consistent with the observation of a large total pore volume, with 

correspondingly low density, and with the very narrow hysteresis loop.  DHS analysis of ca-a 

shown in Fig. 6d does suggest, however, that annealing the sample may be generating some level 

of constriction.  

A quantitative breakdown of the amount of the different types of pore geometries for the 

four materials investigated is provided in Table 2. The amount of each of these three types of pore 

are quantified in terms of adsorbed volume, in cm3g-1 STP. The total mesopore volume of pores 

analyzed by the DHS composite hysteresis loop is the sum of these three types of mesopores. For 

each of the samples the predominant pore type is constricted. The most porous and least dense 

sample, pa-a, has the greatest volume of constricted mesopores. Approximately 56% of that 

volume is retained in ca-a obtained after annealing. The denser sample, pa-c produced in 

cyclohexane, has only 30% of the total mesopore volume of pa-a. This sample shows a remarkable 

loss in mesoporosity after annealing, with the major type of mesopore losing 92% of its volume. 

These quantitative evaluations reflect the observations based on the graphical analysis described 

above. [cf. §1.2 Supporting Information]. 
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Sample % Pyr  % Con  % Occ 

pa-c 2.7 26.3 1.2 

ca-c 0.4 2.0 0.2 

pa-a 27.8 69.1 3.1 

ca-a 10.7 38.4 4.7 

Table 2. The percent of each pore type for all four preparations, quantified by the DHS software 

for each sample. The data are normalized to the total volume of porosity of pa-a, set to 100%. 

This provides an estimate of the relative amount of each type of mesopore across the set of 

samples. SI provides more detail. 

 

4. Conclusions 

To our knowledge, this investigation is the first application of Differential Hysteresis Scanning 

(DHS) porosimetry to assess pore geometry and connectivity in an amorphous aerogel. We have 

illustrated how DHS augments and complements the structural information from electron 

microscopy and more classical porosimetry, providing a fuller description of the range of 

prevailing structures and their hierarchical interconnections. The technology, in conjunction with 

other assessments, reveals the significant changes occurring in pore and surface characteristics 

resulting from modification of the kinetics and thermodynamics associated with the synthetic 

procedure and subsequent processing. Knowledge of the hierarchical structure can assist 

significantly in meeting the design requirements for diverse applications, notably in control of 

surface heterogeneity, localization, and sequential accessibility. Specifically, we have illustrated 
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how a simple change in solvent in the synthesis of an aerogel can result in a system with 

monomodal distribution both in pore diameters and in window diameters. Such uniformity is 

characteristic for crystalline systems, and is shown here to occur even in a non-crystalline 

amorphous aerogel. Materials of this kind will exhibit homogeneous conditions and confinement 

for molecules and should be valuable in applications ranging from catalysis to drug delivery. 
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Supporting Information 

Differential Hysteresis Scanning of Non-Templated Monomodal Amorphous Aerogels  

Poroshat Taheri, John C. Lang, Jeffrey Kenvin and Peter Kroll131 

Additional Observations 

1.1    Hysteresis Loop Non-Closure 

One of the features common to these unannealed SiCO materials (pa’s) and their preparation, is 

their open-ended hysteresis loops, characterized in the Porosity portion of the Results section.  

There it was observed that the adsorption and desorption arms of the isotherm did not merge, even 

at a P/P0 of 0.22.144  A frequent explanation of this effect is entrapment of adsorbate in micropores 

or ultra-micropores.145, 189  Here, for the four evaluations, with both nitrogen and argon as 

adsorbates, the t-plot assessment of microporosity showed negative intercepts and negligible 

microporosity.  Another explanation for non-closure has been surface effects that slow the rate of 

adsorbate evaporation and equilibration.  We explored this possibility by redetermining the 

nitrogen isotherm for pa-a, whose absolute difference in specific volumes was greater, using 

parameters that slowed the rate of data acquisition.  The isotherm is shown in SI-Figure 1.  
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SI-Figure 1.  Nitrogen isotherm for pa-a, to be compared with the more rapidly acquired single 

isotherm in Figure 3A (solid line). 

 

Both the equilibration intervals and equilibration delay times were increased significantly for this 

evaluation and the screen shot of these settings as specified in the ASAP 2020 system software as 

are shown in SI-Figure 2.  

 

 

 

SI-Figure 2.  Screen shot of the Equilibration 

window as it was specified under the Analysis 

Conditions in the ASAP 2020 software for the 

reanalysis of sample pa-a. 
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The isotherms shown in Fig. 3A and SI-Figure 1 are essentially indistinguishable.  The non-closure 

was evaluated by selecting three points in the plateau regions for each isotherm, averaging the 

differences in specific volumes between the two arms of the isotherms, and evaluating their 

differences with a t-test that indicated there was only a 3% chance that the two isotherms are 

different.  

We concluded that, at least by this measure, the kinetics of desorption were not the likely source 

of non-closure. 

There are several other sources of non-closure, which as we indicated are common in this family 

of materials.  From the BET C values listed in Table 1 it is readily apparent for the annealed 

ceramic samples, where there is complete closure, that significant increases in C have accompanied 

the annealing.  Such  transformations of surface energy could well influence the wetting 

behavior.145  Abundant literature suggests this might well influence the openness between the two 

arms of the isotherm.133   Additionally, it is well-known that annealing, while not melting the 

ceramic, can lead to “ripening” of the particles, an effect that will remove inherent roughness of 

the particulate aggregates. Both local energetics and wetting can be influenced, again with 

potential impact on the hysteresis closure.199  Assessing surface roughness can be routinely 

investigated using scattering techniques,200 and the characteristic evolution of structure 

accompanying sintering of porous xerogels serves as an example.201-202 

These effects are topics of continuing research. 
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1.2    Relative Volumes 

Simply, to distinguish the difference between the absolute shape-attributed specific volumes from 

the measurement from the relative values normalized with respect to the total pore  pa-a provided 

in Table 2, we have included here in SI-Table 1 the Specific Volumes (in cm3 g-1 STP) reported 

by the DHS software, and in the last column their sum, the basis for the normalization. 

 

 

 

SI-Table 1.  Specific pore volumes attributed to the characteristic pore geometries for the four Si-

CO’s. 

Sample 

Specific  

Volume 

Pyr  

(cm3 g-1) 

Specific 

 Volume 

Con  

(cm3 g-1) 

Specific  

Volume 

Occ 

(cm3 g-1) 

Sum 

pa-c 0.048 0.472 0.022 0.542 

ca-c 0.024 0.122 0.013 0.159 

pa-a 0.274 0.682 0.031 0.987 

ca-a 0.144 0.517 0.063 0.724 
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1.3    Pore Morphologies and Organization 

In the discussion at the end of §3.3, following Figure 5, the appearance of the contour plots for 

sample pa-c led to the supposition that this bimodal distribution of pore geometries might be 

occurring through windows of the same size, and this could be interpreted to indicate both pore 

sizes share the same window.  For clarification of the implications of this conjecture we have 

included a few figures to suggest constraints this might impose on the organization of the pores in 

the constituent particles, such as those reported in Figure 3.  These organizational constraints are 

imposed by the observation that after annealing the larger pores are still accessible to adsorbate.  

The next figure, SI-Figure 3, provides colored representations of the two pore size distributions, 

simplified as blue for the large pores, and red for the smaller pores. The gray sheet represents the 

surface of the particles where the windows are located.  

  

 

 

 

 

SI-Figure 3.  Schematic representation of the pores comprising 

the bimodal distributions, with the larger blue pores having a 

diameter dL, which in Figure 5 is centered at about 40 nm, and 

the smaller red pores having a diameter dS, which in Figure 5 is 

centered at about 20 nm.  In the Figure to the left the pore 

window with diameter designated dW, which in Figure 5 is 

about 10 nm, is indicated to open onto only one size of pore. 
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The color coding in the second figure, SI-Figure 4, provides some suggestions of possible 

arrangements of the pores if the conjecture of a shared window is appropriate.  In SI-Figures 4a 

and b there are three distinct regions: the outer surface s, the location of the window, a corona for 

the first layer, and a core.  In both representations only one pore size occurs in an entire region.  In 

4a the corona is the large pore and the core the small pore; in 4b the sequence is reversed.  In SI-

Figure 4c, both large and small pores are occurring in both the corona and the core, hence the 

blended color.  But even here there are constraints from the results following annealing and 

collapse of the small pores.  To discuss these, one such acceptable organization is proposed in SI-

Figure 4d. 

 

 

 

 

 

 

 

 

 

 

SI-Figure 4.  Figures a-c are representations of the distinct particles shown in the SEMS of 

Figure 2.  The “spheres” have an octant cut from the solid so that the composition of the interior 

can be explored.  Possible arrangements are discussed in the following text.  Figures a and b 

define three zones, s is the surface, 1 the outer region just inside the surface, and 2 the core inner 

d b a c 
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region.  Figure d, based on the two pore types shown in SI-Figure 3, is simply suggestive of one 

arrangement, one with intersecting pores that would be consistent with the pattern of Figure c, 

with a uniform consistent pattern of pores throughout the interior of the particle.  Here, as in SI-

Figure 3, the windows are expected to be located on the surface of the particle. 

 

Here we define these different types of configurations symbolically to facilitate discussion. Figures 

a and b in SI-Figure 4 are complementary, each have two Serial zones of segregated pores.  In 

Figure a, the larger pores are restricted to the outer zone and the smaller, to the inner zone.  This 

is configuration S-1 with likelihood assigned as F1.  In Figure b, the arrangement is reversed with 

the smaller pores restricted to the outer zone. This is configuration S-2 with likelihood F2.   Given 

the observation that on annealing the smaller pores are envisioned to collapse yet leave the large 

pores still accessible, arrangement b seems highly unlikely, whereas arrangement a seems quite 

acceptable, i.e., F1 >> F2. 

This brings us to arrangement c, the “homogeneous”, single-zone depiction encompassing both 

large and small pores.  Because of the number of possibilities that are consistent with such a 

uniformity we have summarized these in SI-Table 2. 

SI-Table 2.  Potential arrangements of large and small pores in the “homogeneous” region 

depicted in SI-Figure 4c.  For the Parallel Configuration, Zones 1 and 2 correspond to their 

location in SI-Figures 4a and b that is as corona and core respectively, or for Figure c simply the 

sequential organization.  For the Intersecting Configuration, Longitudinal and Transverse refer to 

paths nominally perpendicular to the surface or between two perpendicular pores , respectively.  

The transverse direction is suggested by the orientation of the smaller pore illustrated in SI-

Figure 4d.  The likelihood of these arrangements is suggested.  
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Configuration Window Zone 1 Zone 2 Likelihood 

Parallel (P-1) 

WS dS dS 

F3 

WL dL dL 

     

Intersecting  Longitudinal Transverse  

I-1 WS dS dL F4 

I-2 WL dL dS F5 

I-3 WL dL dL & dS F6 

 

From the arguments discussed above, F2 and F4 are highly unlikely, whereas conversely, F1, F5, 

and F6 would appear to be more likely.  While the parallel configuration is possible, such 

segregation during synthesis seems improbable.  The ranking appears to be F2 & F4 < F3 < F1 < F5 

<  F6.  The latter two are ranked simply based on the expectation that some of the intersecting 

crosslinks need not be exclusively the small pores.   

By enumerating the network connectivity195 taken to only a single tier of hierarchy for a simple 

bimodal distribution of pore sizes it is also clear why there might be little expected change in pore 

volume for  the distribution of the larger pores.  First, as suggested in Figure SI-4d, let there be 

just two types of pores, those connected to the surface (Ps) and those interconnecting two pores 

(Pc).  For those connected to the surface, there are two options based on size, Ps(L) and Ps(S).  For 
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the connections, there are three options, Ps(L), Ps(S) and Ps(O), where the latter indicates no 

interconnection. From assessing the assortment of Ps pairs and the variety of Pc interconnections, 

there are only nine sets of these primary pore types.  Neglecting the differences in pore areas and 

volumes of these different types of pores, there are twenty-four appearances of pore locations.  

However, only one of the twelve affecting the large pores would reduce adsorption resulting from 

complete occlusion and collapse of the small pores. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

104 

 

 

 

CHAPTER IV: NOVEL SULFUR-

CONTAINING CROSS-LININKG AGENT 

FOR SI-BASED PRECERAMIC 

POLYMERS 

 

Poroshat Taheri, Bokka Apparoa, Parham Asgari, Junha Jeon, John C. Lang, Renzo Campostrini, 

Gian Domenico Sorarù and Peter Kroll  

Published in: Macromolecular Chemistry and Physics (2020)203  

 

Novel sulfur-containing cross-linking agent for Si-based preceramic polymers  

Keywords: aerogel, hydrosilylation, sulfur, crosslinking agent 

Abstract 

Cross-linking polymethylhydrosiloxane (PMHS) with divinylthiophene (DVT) via hydrosilylation 

in highly dilute conditions and subsequent supercritical drying in CO2 yields a polymeric aerogel 

containing aromatic sulfur integrally and uniformly distributed throughout the monolith.  Fourier-
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Transform Infrared (FT-IR) spectroscopy indicates almost complete consumption of vinyl groups 

and Si-H bonds in the product. Both FT-IR and Raman spectroscopic analyses support loss of 

conjugation of vinyl groups with the retained double bonds of the thiophene ring. Scanning 

Electron Microscopy (SEM) indicates a condensed colloidal structure with characteristic 

particulate diameters of about 165 nm. SEM coupled with Energy Dispersive X-Ray Spectroscopy 

(EDS) elemental mapping indicates that sulfur is distributed homogeneously in the polymeric 

aerogel. Porosimetry of the mesoporous aerogel indicates the effective average pore diameters are 

about 12 nm. Thermogravimetric Analysis (TGA) establishes greater thermal stability of the 

PMHS-DVT product than pure unreacted component. TGA coupled with Mass Spectrometric 

(TG-MS) identification of the volatiles released during pyrolysis has been used to characterize 

chemical processes occurring during calcination. The analysis suggests the identity of the bonds 

cleaved in the release of sulfur from the cross-linked polymer. Sulfur is driven from the system as 

thiophene and its derivatives. Recorded mass spectra support the hypothesis that cross-linking 

DVT bridges between PMHS chains in the polymeric aerogel, and that this results in a more 

thermally stable monolith.  

 

Introduction 

Catalytic hydrosilylation is one of the most important, efficient, and well-established reactions 

leading to organosilanes through addition of a Si-H bond across unsaturated bonds.204-209 It is one 

of several approaches pursued in the polymer-to-ceramic conversion, for example, to cross-link 

and transform polysiloxanes into silicon oxycarbide (SiCO) ceramics106, 210-213 Depending on 

processing, different morphologies of the ceramic, e.g., bulk,214-215 foams,216 and aerogels213 can 
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be obtained. In particular, silicon oxycarbide aerogels are synthesized by a three-step sequence 

involving formation of a colloidal suspension, precipitation of the particles to form a colloidal gel, 

and super-critical drying (SCD).217-218 Aerogels display many interesting properties including low 

bulk density (0.003–0.8 g/cm3)219 and high porosity with void fractions ranging from 80–99.8%, 

53 all of which have made them appealing for applications.68, 220-221 

Polymethylhydrosiloxane (PMHS, 1) is a commercially available and inexpensive 

precursor that can be used in ceramic synthesis117 (Scheme 1).  Crosslinking to form a three-

dimensional network prior to pyrolysis is requisite for stabilizing polymer-derived ceramics 

(PDCs). One approach is to transform Si-H moieties into Si-OH’s that can undergo condensation 

concomitant with formation of a three-dimensional network.117 In this study, a hydrosilylative 

cross-link method exploiting PMHS and olefins was used.214, 222 While a variety of vinyl 

containing cross-linkers have been exploited previously, for example, divinylbenzene (DVB),213-

214 2,4,6,8-tetravinylcyclotetrasiloxane (TMTV),213 1,3,5,7-tetramethyl-1,3,5,7-

tetravinylcycletetrasiloxane (D4Vi),210-211, 223  and vinyl terminated polydimethylsiloxane 

(PDMS),86 the application of  a sulfur-containing, two-fold vinyl donor, divinylthiophene, (DVT) 

(2) has not been investigated. In this report, we describe synthesis of the new polymeric PMHS-

DVT (3) aerogel through cross-linking of PMHS (1) with divinylthiophene (DVT) (2) and 

subsequent supercritical drying, and its response to pyrolysis. 
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Scheme 1. Proposed hydrosilylation reaction between PMHS (1) and DVT (2) forming cross-

linked PMHS-DVT (3) at room temperature. At higher temperatures (here depicted for 545 °C, 

see text), thermal decomposition occurs yielding multiple derived thiophene compounds (see 

Table 1). 

 

Experimental Section 

Synthesis of 2,5-divinylthiophene:[224] A flame-dried 100 mL round-bottom flask equipped with a 

stir bar was charged with 2,5-dibromothiophene (12 mmol, 2.9 g), palladium(II) chloride (0.16 

mmol, 28 mg), potassium vinyltrifluoroborate (9.6 mmol, 1.3 g), and triphenylphosphine (.48 

mmol, 126 mg).  After the flask was purged with nitrogen for 30 min, dry, distilled tetrahydrofuran 

(36 mL, 0.3 M) was added to the mixture via a 50 mL glass syringe, and was stirred for 30 min.  

Cesium carbonate (60 mmol, 19.5 g) was added to the mixture and the flask was sealed with a 

septum. Degassed DI water (2.4 mL) was added to the mixture, and the reaction mixture was 

warmed to 85 °C (bath temperature) for 24 h. The progress of the reaction was monitored by GC-

MS spectrometry. The reaction mixture was diluted with dichloromethane and rinsed with water. 

The organic phase was evaporated and concentrated under reduced pressure, and the divinyl 

thiophene purified with medium pressure liquid chromatography (MPLC).  The MPLC was run 
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using hand-packed columns of silica gel (20−45 μm, spherical, 70 Å pore size), an HPLC pump, 

a differential refractive index detector, and a mobile phase of hexanes.  The purification yielded 

divinylthiophene at a 60% yield (0.98 g). 

Preparation of the aerogel: Polymethylhydrosiloxane (MW~1900, CAS: 63148-57-2) was 

purchased from Sigma-Aldrich and used as received. We prepared a mixture of PMHS and DVT 

adding 0.25 g PMHS and 0.5 g DVT in 90 vol% of acetone (Macron Fine Chemicals (CAS: 67-

64-1)). These parameters yield approximately a 1:2 ratio of Si–H groups and vinyl (Vy) moieties. 

After stirring for 5 min, we added 10 L of Karstedt's catalyst[225] (platinum divinylmethylsiloxane 

complex, ~2% in xylene (CAS: 68478-92-2); Sigma Aldrich) to the solution. The solution was 

stirred at room temperature for 2 days, after which its viscosity had changed noticeably, indicating 

that the solution was close to its gelation point. The stirrer was removed, and the solution was left 

standing. On the third day, the solution had transformed completely into a yellow transparent wet 

gel (Figure 1, left). The wet gel was washed with acetone 5 times. Subsequently, the gel was 

transferred into a home-built CO2-reactor and washed 10 times with liquid CO2. In every wash, 

the chamber was filled with fresh CO2 and left standing for 6 hours for solvents to exchange. 

Finally, supercritical CO2 was removed on lowering the pressure, leaving a dried aerogel (Figure 

1, right). The mass of the wet gel was 2.14 g from which 0.23 g of dried aerogel was isolated. The 

aerogel was transferred to a sealed vial, which was stored in a vacuum desiccator. 
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Figure 1. PMHS-DVT yellow wet gel obtained after 3 days, shown as a band at the bottom of the 

inverted vial (left) and the dark brown, fragile polymeric aerogel particles obtained after 

supercritical removal of CO2 (right).  

 

FT-IR spectroscopy: The FTIR measurements were made on a Bruker Alpha FTIR Spectrometer, 

using an Eco-Attenuated Total Reflection (ATR) cell equipped with a high refractive index Ge 

crystal, cleaned with acetone between runs.  We investigated about 2-3 mg of DVT, 2-3 mg of 

PMHS-DVT product, and 1-2 drops of PMHS, serially. To obtain the spectra at a resolution of 4 

cm-1, 32 scans were taken with the interferometer mirror speed of 2.8 mm/s, and a room 

temperature stabilized detector (DLATGS) covering mid-infrared regions in the range of 650 – 

4000 cm-1 were used. OPUS software (Bruker Inc.) was used for processing the experimental 

spectra. 

Raman spectroscopy: About 0.5 g of DVT was placed inside the Thermo Fisher Scientific DXR 

Raman microscope. We selected 780 nm laser source with the laser power set at 10 mW on the 

sample. The reported accumulated spectra were obtained from 20 serial acquisitions, with a time 

of 10 seconds per acquisition. Raman spectra were collected over a spectral range of 50–3500 
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cm−1. We used OMNIC 8 software (Thermo Fisher Scientific Inc.) for processing the experimental 

Raman spectrum of DVT.  

Thermogravimetric analysis: A first TGA was carried out on a Shimadzu TGA-51 

Thermogravimetric Analyzer. 3 mg of DVT, 7.5 mg of pure and uncross-linked PMHS, and 7 mg 

of polymeric PMHS-DVT aerogel, separately, were heated at 5 °C/ min from room temperature to 

900 °C in a platinum pan under nitrogen atmosphere. 

Combined Thermogravimetric & MS analysis:  Additional Thermogravimetric (TGA) and 

Differential Thermal Analyses (DTA) were performed on a LabSys Setaram thermobalance, 

operating in the range 20-1000 °C. Measurements were carried out following purging the 

thermobalance furnace with He (99.999% purity) at a constant flow of 120 cm3·min-1, measured 

at 20 °C and 0.1 MPa by means of a Matheson mass flow controller. We poured 15.4 mg of course 

powders into an alumina crucible (volume 0.1 cm3) and used a standard amount of -Al2O3 (21.8 

mg) as a reference. For this thermal analysis we applied a more rapid heating rate of 10 °C/min. 

The volatiles were analyzed using a VG TRIO-1 quadrupole mass spectrometer detector (QMD). 

The furnace of the thermobalance was connected with the ionization chamber of the mass-

spectrometer through a customized transfer line made with an empty and deactivated-silica 

capillary-column (0.32 mm internal diameter, 13.5 m length) enveloped in a thermostatic jacket 

heated at 140 °C. During the thermal analyses, an appropriate fraction of the purging He flux, 

sampled the headspace a few millimeters above the sample-crucible, was continuously withdrawn 

and analyzed. Electron impact mass spectra (70 eV) of positively charged fragment ions were 

recorded with frequency of 1 scan s-1 in the 5–400 Da range (ionization chamber temperature 180 
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°C). MS data provided both the total ion current (TIC) and the single contributions of any m/z ion 

current (IC) as a function of time. Since temperature increased linearly with time, this analysis 

provided the mass spectra as a function of temperature. H2 evolution was not recorded by MS due 

to the low sensitivity for m/z below 4. 

SEM characterization: We selected a single piece of the aerogel, about 1 mm in each dimension, 

and mounted it on carbon tape adherent to an aluminum sample holder. Due to the low electrical 

conductivity of the sample, we coated it with silver (CrC-100 Sputtering System) (Plasma Sciences 

Inc, Ooltewah, TN). Microstructures and surface morphologies were examined in a scanning 

electron microscope (SEM) (Hitachi S-4800 II FE SEM) with an electron beam voltage of 20 kV 

and current of 15 µA. We used the ImageJ[226] software to screen samples and measured 40 

individual particles in SEM micrographs. 

EDS characterization: Elemental analysis of PMHS-DVT aerogel was performed by Energy 

Dispersive Spectroscopy in conjunction with Scanning Electron Microscope (Hitachi S-3000N 

Variable Pressure SEM). The sample was ground with mortar and pestle to a fine powder that was 

placed on the sample holder without coating. Elemental mapping at the microstructural level was 

performed at 1000 magnitude and 20.0 kV acceleration voltage and 15 A emission current. EDS 

compositional mapping was performed within 60 min with the image resolution of 512 pixels by 

384 pixels and map resolution of 256 pixels by 192 pixels and map pixel size of 0.26 m. 

Porosity: Nitrogen adsorption-desorption isotherms were measured at the boiling point of 

nitrogen, approximately 77 K, using a Micromeritics ASAP 2020 porosimeter. The sample of 

PMHS-DVT aerogel (Figure 1) was placed into a sample tube and degassed at 90 °C for 24 hours. 
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Nitrogen specific surface area was derived from a BET (Brunauer, Emmet, and Teller)[12] analysis 

of adsorption in the linear p/p0 range of about 0.05-0.30. The specific surface area, pore volume, 

and pore size distributions of the aerogel were determined using Barrett-Joyner-Halenda (BJH)[31] 

analysis of the desorption branch of the isotherm in the p/p0 range from about 0.95 to 0.25. 

 

Results and Discussion 

FT-IR and Raman Spectroscopy  

Figure 2 shows FT-IR vibrational spectra of reactants, PMHS and DVT, and of the polymeric 

aerogel received after supercritical drying. PMHS displays characteristic Si-H (2162 cm-1) and Si-

CH3 (1259 cm-1 ) stretching vibrations.[227] DVT shows strong peaks at 3044 and 3087 cm-1 that 

are characteristic for C-H vibrations of conjugated, (sp2-like) C atoms, i.e., as conjugated vinyl 

groups of slightly diminished frequencies.[228]  NMR data can be found in the BioRad database, 

[229] but we did not find precedence of FT-IR of DVT in the literature. However, reported FT-IR 

spectra of thiophene or polythiophene show that the thiophene ring’s characteristic absorption 

peaks such as bending vibration of in-plane C=C-H exist in both DVT and PMHS-DVT at 1409 

and 1466 cm−1 peaks[230]. 

Comparing the FT-IR spectra of reactants with that of the product we notice major changes. 

First, the C-H vibrational characteristics for vinyl groups[228] (wave numbers above 3000 cm-1) 

vanished, while those bands just below 3000 cm-1, as typical for aliphatic C-H vibration, remained. 

Second, the strong Si-H peak (2157 cm-1) almost completely disappeared. These two observations 

provide major support for the successful olefin hydrosilylation reaction of 1 with 2, in which the 

Si-H functional group reacts with the C=C bond. The residual, small yet noticeable, Si-H peak 
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indicates a minor amount of unreacted Si-H moieties in the product. Third, two peaks located at 

1409 and 1475 cm-1 in the spectrum of DVT represent C=C-H [“sp2-like”] in-plane bending modes 

of double bonds of both vinyl groups and the thiophene ring.[230] The FT-IR spectrum of the 

PMHS-DVT aerogel product, on the other side, exhibits only a single peak at 1466 cm-1 

representing these C=C-H in-plane bending modes. This mode also appears at 1469 cm-1 in the 

Raman spectrum[231] and implies that the cross-linking was accompanied by the loss of the vinyl 

groups of 2, and only double bonds related to the thiophene ring retained their active C=C-H in-

plane bending modes. These are slightly shifted towards higher frequencies due to the loss of 

conjugation (blue shift effect[228]). 

 

Figure 2. FT-IR spectra of PMHS, DVT, and PMHS-DVT (left) and Raman spectrum of PMHS-

DVT (right).  [Be nice to have the Raman of thiophene & DVT … there should be a diagnostic 

sulfur shifted peak around 400-500 cm-1.] 
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Scanning Electron Microscopy / Energy Dispersive X-Ray Spectroscopy  

We further characterized the dried polymeric aerogel using Scanning Electron Microscopy (SEM) 

combined with Energy Dispersive X-Ray Spectroscopy (EDS). Electron micrographs at different 

magnification are shown in Figure 3. The aerogel microstructure can be described as a loose 

agglomeration of spheroidal nanoparticles whose average size is 165 ± 22 nm. 
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Figure 3. SEM micrographs of polymeric PMHS-DVT aerogel at different resolutions. 

 

Elemental analysis performed using EDS is shown in Figure 4. The result confirms the presence 

of sulfur in the product. The semi-quantitative analysis of EDS has some limitations for light 

elements (Z<11) located in complex matrices where correction factors must be applied.[232] Taking 

these factors into account, we obtain a value of 1.8:1 for the atomic ratio of Si to S. For an ideal 

PMHS-DVT (3) polymer, when each DVT bridges between two Si (double-anchored), the nominal 

value is 2:1. A lower ratio may occur, if some DVT units are only single-anchored to Si. Figure 5 

shows elemental mapping analysis within the EDS. Within the resolution of the method (pixel size 

of 0.26 m) we find no clustering of sulfur, but uniform distribution of sulfur throughout the 

sample.  
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Figure 4. EDS analysis of polymeric PMHS-DVT aerogel. 
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Figure 5. EDS compositional mapping of polymeric PMHS-DVT aerogel. The individual pixels 

correspond to areas with a width of 0.26 m length.   

 

Porosity Analysis 

The nitrogen adsorption-desorption isotherm at 77 K of the polymeric PMHS-DVT aerogel is 

shown in Figure 6 (left). The shape of the isotherm corresponds to a Type V of the IUPAC 

classification,[18] consistent with relatively weak adsorbent-adsorbate interactions and the initial 

clustering of adsorbed molecules with one another at nucleation sites on the surface of a nonporous 

or macroporous solid.  These sites gradually thicken until a multilayer film of liquid forms, filling 

the relatively few small pores.  As p/po increases above 0.3 the larger pores with greater 

polydispersity fill until the entire surface is covered with a liquid layer as p/po
 approaches 1.   In 

contrast, many other polysiloxane aerogels display isotherms of Type IV,176, 213, 233-234] with greater 

adsorption to the solid and smaller pores.  

The desorption arm of the hysteresis curve shown in Figure 6 corresponds to the generic 

type H2b shape,[18] characteristic of pores having a distribution of sizes and geometries  (e.g., small 

necks and wide bodies with substantial variation of diameters, such as those observed in silica gels 

and modelled mathematically[18]). Observed pore-sizes, deduced from the desorption branch of the 

isotherm, range between 5 and 25 nm with a maximum at 15 nm (Figure 6). The BET specific 

surface area (SSA) of the product is 43 m2/g, and corresponds with the predominance of 

mesopores, 2-50 nm in diameter, and low porosity.  This is significantly smaller than SSA’s found 

of other polymeric siloxane aerogels, for which values between 100 and 1000 m2/g are reported, 
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and depends on nanoparticle size, packing, and pore characteristics, such as size and density. 213, 

220, 235]. The total pore volume (TPV) is only 0.23 cm3/g, and the average pore diameter is 12 nm.  

  

Figure 6. Nitrogen sorption isotherms (left) and pore size distribution (right) of PMHS-DVT 

following supercritical drying. 

 

Thermogravimetric Analysis 

The initial TG characterization of the polymeric PMHS-DVT aerogel is shown in Figure 7. For 

comparison, we have included TG results for both reactants, PMHS and DVT, obtained through 

similar experiments. The cross-linked polymeric aerogel underwent a total mass loss of only 34% 

after heating to 900 °C. This is less than either pure PMHS (40.5%) or pure DVT (91.2%). 

Assuming a simple mixture of unreacted PMHS and DVT in mass ratio 1:2, a mass loss of about 

74% might be expected for a simple mixture of unreacted components. Derivatives of the mass 

loss curves are included in Figure 7. For the polymeric aerogel, the derivative indicates a range of 
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high mass loss from 380 °C to 520 °C with a maximum at 450 °C. This behavior is characteristic 

for PMHS cross-linked with either tetramethyl-tetravinyl-cyclotetrasiloxane (TMTV) or 1,3,5-

triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione (TTT). 176, 236] In comparison to the derivatives of 

mass loss for pure DVT and PMHS with maxima at 404 °C and 402 °C, respectively, the polymeric 

PMHS-DVT aerogel shows greater thermal stability with mass loss shifted by 50 °C towards 

higher temperatures. This indicated the thermal stability of the PMHS-DVT aerogel is enhanced 

by its cross-linking network.  

 

Figure 7. TGA analysis of reactants (DVT, PMHS and polymeric PMHS-DVT aerogel product 

from the room temperature to 900 °C using a heating rate of 5 °C/min. Solid lines are for the TG 

signal (left ordinate) of pure DVT (indicated by square symbol), pure PMHS (diamond), and 
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polymeric PMHS-DVT aerogel (circle). The derivatives (right ordinate) of each TG curve are 

shown as well for pure DVT (dotted line; square symbol), pure PMHS (dashed line; diamond), 

and polymeric PMHS-DVT aerogel (dashed-dotted; circle). 

 

Thermogravimetric Analysis coupled with Mass Spectroscopy of evolved 

gases (TG-MS) 

In a second thermogravimetric analysis, we recorded TG together with simultaneous Mass 

Spectrometry (TG-MS) to analyze the evolved gas-phase during the polymer-to-ceramic 

transformation of the polymeric PHMS-DVT aerogel in detail. TG and its derivative, DTG, signals 

as well as Total Ion Current (TIC) are shown in Figure 8. The TG curve shows a total weight loss 

of 37% (room temperature up to 1000 °C), which agrees with the earlier analysis obtained using 

different TG equipment. The progressive and continuous mass loss is largest between 300 and 700 

°C, with the DTG signal showing two pronounced minima at 417 and 487 °C. This is not 

inconsistent with the initial TG experiment, given that in this study we used a higher heating rate, 

10 °C/min versus 5 °C/min used previously. The TIC signal indicates four overlapping thermal-

decomposition events centered at 157, 396, 545, and 697 °C.  
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Figure 8. Total Ion Current (TIC) as a function of pyrolysis temperature (top) and TG/DTG 

curves recorded during pyrolysis of the PMHS/DVT aerogel (bottom). 

 

The first thermogravimetric event occurs in the temperature range between 80 and 230 °C and can 

be attributed to an evolution of H2O and, to lesser amount, organic compounds with low molecular 

mass. The release of water is readily monitored by the curve of its molecular ion current (IC 

m/z=18) (see graph for m/z=18 in Figure 9, lowest frame on the left, and lowest curve on the right). 

Appearance of loosely bound water, evolving with peak at 157 °C, is likely a consequence of 

preparation and handling of the polymeric aerogel. Si–H moieties present in the PMHS polymer 
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can undergo oxidation with atmospheric moisture in the presence of metal catalyst to afford silanol 

(Si-OH).[237] Such silanol groups will condense in the early stages of annealing and release H2O. 

Probably, the small organic counterpart is introduced in the system through the Pt catalyst solution. 

Skipping the second and third thermogravimetric events for a moment, we found that the 

fourth and last thermogravimetric events, approximately in a range of 610 to 840 °C, originated 

from the release of methane only (see graph for m/z=16 in Figure 9, right). Indeed, in this 

temperature range, Si–CH3 and any residual Si–H moieties can react to yield new Si–CH2–Si 

bridges and gaseous CH4 and H2..
238-241] As stated in the method section, H2 evolution is not 

monitored by the MS due to the low sensitivity of our equipment for m/z signals below 4. 

The second decomposition step is associated to the broad peak in the TIC between 230 °C 

and 450 °C range with a maximum at 396 °C. The mass spectrum recorded at 396 °C reveals a 

vast array of m/z signals up to 98 Da, with more intense signals (in decreasing order) at 28, 18, 15, 

16, 44, 45, 27, 43, 29, 39, 75, and 97 Da (Figure S2). A more detailed characterization will require 

additional gas-chromatographic separation of the gaseous mixture.[238] We infer, however, that the 

most abundant gaseous species are methyl units and lower molecular weight hydrocarbons derived 

from thermal decomposition of the cross-linking agent DVT rather than from the methyl siloxane 

(PMHS) counterpart.  For one, it is well known that Si–O siloxane networks are quite stable at 

those temperatures.[238, 242] Secondly, species such as silane or methyl-derived silanes with m/z 

=46, 60, 74, 88 yield pronounced signals at m/z = 31, 45, 73 and 73, respectively. This was 

characterized previously through the isotopic tail of Si-atoms.[238] Since those were not present in 

the recorded MS spectra at the temperature, we can exclude that Si-based species evolved at this 

stage.  The very small amounts for fragments at and above 75 Da could be thiophene-derived. 
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The third decomposition event, which is the most intense one in the TIC plot, occurred 

between 450 and 610 °C. An extensive analysis is provided in the Supporting Information. The 

mass spectra recoded in this interval are, once again, very complex and exhibit numerous signals 

(see Figure S2, Supporting Information). At 545 °C, the most intense signals in the range below 

80 Da indicate release of methane (m/z=16,15,14) and ethene (m/z=28,27,26). These stand out 

above a sequence of peaks already present in the second TIC event between 350 and 450 °C, albeit 

these appear here with lower intensity. A group of signals with mass up to 140 Da and high 

intensity complements this MS spectra (Figure 9). This part of the mass spectrum is the object of 

the following discussion.  

  

Figure 9. Left: Mass spectra recorded during TG-MS analysis of the PHMS/DVT aerogel at 

selected temperatures. Right: Total Ion Current and Ion Current curves of representative ions 

used to monitor the release of water (m/z=18), unidentified low molecular weight organic 

fragments (m/z=44 and m/z=75), double anchored thiophene species (m/z=97 and m/z=111), and 

methane (m/z=16). 
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During polymerization, the cross-linking agent DVT anchors to siloxane chains by reaction of its 

vinyl groups, as shown in Scheme 1. The hydrosilylation reaction between PMHS and DVT yields 

formation of ethylene bridges. Decomposition of these bridges occurs during the third thermal 

event and involves any one of the three single bonds: Si–CH2–CH2–C(thiophene). Depending on 

where the scission happens, different species will evolve. A mass spectrum recorded at 545 °C is 

shown in Figure 9. We identified several thiophene-derived species by considering signals 

attributed to molecular ions and their related ionic fragments, and corresponding chemical species. 

These are listed in Table 1. Note that the table contains fragmentation products arising from DVT 

doubly anchored with PMHS as well as DVT with a single anchor to PMHS. The relative 

intensities of the fragments allow us to estimate the proportion of these doubly bonding modes of 

DVT relative to siloxane. We found that more than 80% of the initial DVT molecules are doubly 

anchored to siloxane chains acting as cross-linker within the polymeric aerogel. Only a minor 

fraction of the DVT is singly bonded. In the latter case, molecules evolving during the thermal 

decomposition still bear the vinyl group. Among the molecular fragments we also observed 

significant amounts of methane and ethene together with minor ethane in mass spectra taken at 

545 °C. Development of these light hydrocarbons predominantly emerges from decomposition of 

ethylene bridges between PMHS and DVT. Further details of the analysis are given in the 

Supporting Information.  

Table 1. Compounds identified in the mass spectra recorded at 545 °C during TG-MS analysis 

arising from the thermal decomposition of the DVT molecule double- or single-anchored to the 

PMHS chains.  
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compound molecular 

weight 

most intense 

ion (full-scale) 

in its pure 

mass spectra 

relative 

abundance in 

recorded 

mass spectra, 

% 

CAS number of 

species*** 

species arising from DVT double-anchored with 

PMHS 

87 *  

2,5-diethyl thiophene 140 125 16 * 5069-23-8 

2-ethyl-5-methyl 

thiophene 

126 111 31 * 40323-88-4 

2,5-dimethyl 

thiophene 

112 111 17 * 638-02-8 

2-methyl thiophene 98 97 17 * 554-14-3 

thiophene 84 84 6 * 110-02-1 

species arising from DVT single-anchored with 

PMHS 

13 *  

2-ethyl-5-vinyl 

thiophene 

138 123 1 *  

2-methyl-5-vinyl 

thiophene 

124 123 7 *  

2- vinyl thiophene   5 * 1918-82-7 

species arising from C atoms evolving from partial 

decomposition of PMHS-DVT ethylene bridges  

  

methane 16 16 60 ** 74-82-8 

ethene 28 28 27 ** 74-85-1 

ethane 30 28 13 ** 74-84-0 

* relative % value calculated only among different thiophene-derived species 

** relative % value calculated only among different light hydrocarbons  
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*** species with mass spectra of pure substance available in the literature243  

 

Conclusion  

We have demonstrated synthesis of a novel polysiloxane aerogel through hydrosilylation of PMHS 

and DVT under highly diluted conditions. To the best of our knowledge, this is the first time that 

a sulfur containing heterocycle is used to cross-link polysiloxanes and to prepare polymeric 

siloxane-based aerogels.  In this reaction, divinylthiophene reacts with polymethylhydrosiloxane 

to yield a cross-linked polymer. Crosslinking is supported by disappearance of FT-IR bands 

characteristic of vinyl groups and through fragmentation adducts observed by TB-MS. Under 

highly dilute conditions the hydrosilylation reaction provided a wet gel, which was dried in 

supercritical CO2 leading to a polymeric aerogel.   The microstructure of the product shows 

coalesced nanoparticles with diameters of about 165 nm, with sulfur being distributed 

homogeneously in the aerogel.  Nitrogen isotherms show substantial hysteresis between absorption 

and desorption branches, and porosimetry yields a pore size distribution between 5 and 25 nm with 

a maximum at 12 nm.  Thermogravimetric Analysis of the aerogel indicates its thermal stability is 

higher than any of its pure constituents, and comparable to other, non-sulfur bearing, linkers.  Gas 

phase analysis by TG-MS of the volatiles released during annealing suggests the doubly anchored 

DVT bridges between PMHS chains dominate the singly attached adduct. Sulfur ultimately 

disappears during annealing as the thiophene derivatives are released from the degrading aerogel. 

We believe this new DVT-PMHS compound may be useful for preparation of novel sulfur-

containing polymer-derived aerogels (PDC-aerogels), with an array of possible applications. 
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Thermogravimetric Analysis coupled with Mass Spectroscopy of evolved 

gases (TG-MS) 

First thermal-degradation-event 

As shown in Figure 9 (in main body of the paper), water is released following a bimodal trend with 

maxima centered at 151 and 315 °C respectively, as has been observed in titanium-oxide or silicon-

oxide matrices obtained via sol-gel synthesis.241, 244-247 It is well known that the relative increase 

in activation energy of similar processes can be inferred from the dependence of their conversions 

on temperature. In our TG-MS measurements we usually refer to the top-peak temperature of the 

TIC-curve, or better the IC-curve of suitable m/z ions, in order to obtain the relative activation 

energies referred to a specific thermal event. For the methyl-derived silica gel studies, by assessing 

the shift of the of top-peak temperature of the m/z=18 IC curves the inferred activation energy 

value indicate that in the first event (which falls in the range of 100-150 °C) is more probably 

attributed to the release of water molecule chemically absorbed on the inorganic matrix (Eact.en. ≈ 
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15-20 kJ/mol): Si−O−H···OH2  →   Si−O−H  +  H2O(g). The later events instead belong to a 

temperature range of 200-350 °C, which is consistent with the course of a solid-state chemical-

reaction (Eact.en. ≈ 60-70 kJ/mol), such as the condensation of vicinal silanol groups along the 

siloxane chains:241 Si−O−H··+  H−O−Si  →   Si−O−Si  +  H2O(g) . 

 

Fourth thermal-degradation-event 

In our previous study on a silica matrix obtained from methyl derived silicon alkoxides, we usually 

observed methane release in a temperature interval around the 700 °C for the incipient evolution.   

Small amounts, of methyl-silanes and light methyl siloxane oligomers also have been observed. 

All these species arise from the restructuring of the siloxane chains by bond exchange between 

Si−O and Si−CH3 bonds.238, 240 In the present case with the DVT cross-linked polymeric aerogel, 

no further restructuring of its siloxane chains appear to occur following elimination of the DVT-

counterparts, in contrast with the final release around the 695 °C of the silylated methyl groups 

observed previously. Indeed, at this stage only the gas-phase evolution of CH4, H2 are detected, 

while in the residual solid a partial introduction of C-atoms (forming a new SiOC structure) or a 

segregated free C-phase may occur. 

 

Third thermal degradation event; i.e.: decomposition and fragmentation 

pathways of DVT cross-linker. 

In the absence of TG-GC-MS analysis that could provide chromatographic separation of the 

different molecular species concurrently evolved in the gas phase at 545 °C from the thermal 
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decomposition of the cross-linking agent, the attempt to identify these compounds relies on the 

mass spectral evidence and its interpretation, which is based on our understanding of the origin of 

the ion fragments generated by the electron impact ionization. As described in Scheme 1 (main 

body), we hypothesized that DVT reacts with the PMHS polymer to form a diethylene bridge. In 

the temperature range of the third thermal decomposition event, the intrinsic stability of the 

thiophene aromatic-ring conserves its integrity, while the site of degradation focuses on the 

cleavage of the single-bonds of the ethylene bridge. Taking this into account, we considered the 

variety of compounds that may arise from different locations of ethylene bond cleavage. We 

searched for mass spectra of these species in the available data bases in order to understand their 

primary and sequential fragmentation pathways. For each species, the relative intensity of their 

molecular ions and of their main fragment ions were calculated. Scheme 2 summarizes these 

pathways for the most important ions and ion fragments generated by the ionization of these 

thiophene-derived species.  

Scheme 2. Fragmentation pathways of the primary thiophene derived molecular species 

generated at 545 °C whose ionization products were detected in the mass spectra. For each 

species their molecular ion [MI] and their main intense fragment ions [FI] are reported followed 

by their m/z value and relative intensity. 

 

#1.  2,5-diethyl thiophene 
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#2.  2-ethyl-5-methyl 

thiophene 

 

#3.  2,5-dimethyl thiophene 

 

#4.  2-methyl 

thiophene 
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#5.  2-ethenyl thiophene (or 2-vinyl thiophene) 
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#6.  Thiophene 

 

 



 

136 

 

 

 

 

Through comparison of the mass spectra of these molecular ions and understanding of their relative 

stability, the following simple considerations can be drawn about the fragmentation pathways for 

the parent species. 

• Saturated alkyl radicals bonded to the thiophene ring became less stable with increased C-C chain 

length.  

• The electron impact leads to the preferential cleavage of the C-C bond between the first and 

second C-atoms of the alkyl chain, yielding to the formation of a fragment ion with a methylene 

carbocation group, where the positive charge can be distributed inside the entire aromatic ring by 

mesomeric effect (as described by four limit resonance formulas).  
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• In thiophene compounds bearing only a single alkyl group (in C2 position, e.g., #4 and #5) this 

fragment-ion became the most stable and intense one (the full-scale ion in the mass spectra), 

followed by the molecular ions with a relative intensity usually lower than 35 %. These are the 

only two significant ions present in the mass spectra of these molecules. 

• Only for the 2-methyl thiophene, #4, is there cleavage of the usually stronger H−C bond in the 

methyl group, instead of the C−C in longer alkyl chains.  This leads to a higher presence of the 

molecule ion (m/z=98), which reaches 56% intensity of the full-scale methylene-thiophene cation 

(m/z=97).  

A different fragmentation pattern is shown for 2-ethenyl-thiophene, #5, where the double 

bond of the vinyl group is in resonance with the aromatic ring. In this case the molecular ion 

becomes the most stable and intense ion in the mass spectra (at full-scale). The second most intense 

ion is formed by the loss of a neutral CS molecule from the molecular ions. The third most intense 

ion is due to the loss of an H-atom from the molecular one, probably that bonded to the first carbon 

atom of the vinyl group, where the formation of a positive charge could lead to the formation of a 

new double bond with the C(2) of the thiophene ring. This fact also permits the delocalization of 

the positive charge inside the aromatic ring. The least abundant ion is generated by the release, 

again from the molecular ion, of a neutral ethene molecule of from the vinyl group. 

The mass spectra of 2,5-dimethyl-thiophene, #3, mimics the behavior of the 2-methyl-

thiophene, #4. The full-scale ion corresponds to the loss of a H-atom from one of the methyl group 

leading to an initial methylene carbon-cation (of m/z=111). When this positive charge is 

delocalized (by resonance effect) inside the aromatic ring up to the carbon atom bearing the second 

methyl group, by an H-atom transfer from this methyl group to the charged one a neutral methylene 
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release could yield the third more intense ion (m/z=97) present in the mass spectra of this 

compound.  

A similar pathway is also observed for 2,5-diethyl-thiophene, #1. As discussed before, the 

easier cleavage of the C−C bond inside the ethyl group (instead of the C−H) leads to greater 

abundance of the methylene carbocation (m/z=125). This fact leads to the lower intensity shown 

by the molecular parent (m/z=140). When the positive charge is considered to reach the symmetric 

carbon that bears the second ethyl group a release of a neutral ethene molecule (by an 1,3 H transfer 

from the last methyl carbon to the C-ion of the ring) a new secondary ion (m/z=97) could be formed 

although in low intensity. In this chemical species a new different fragmentation pathway is 

observed. Probably due to the less stable presence of the longer alkyl group the direct release of 

the entire ethyl group is observed with the formation of a positive charge on the carbon of the ring 

(m/z=111). Due to the free rotation of the single C−C bonds on the remaining ethyl group, present 

in the symmetric position in the ring, the methyl transfer from the ethyl group to the starting 

carbon-ion is reasonably hypothesized, so a new structural isomer is formed. Now this new 

methylene carbocation can delocalize its charge by resonance inside the entire aromatic ring, 

conferring a quite a good stability to this ion. Moreover, when this positive charge is considered 

again reaching the carbon atom bearing the transferred methyl group a further release of a 

hydrogen atom from this methyl group can lead to the formation of a second methylene group 

bonded to the ring, yielding a molecular radical-ion characterized by three alternate double bonds 

with an even mass value (m/z=110). Moreover, this secondary ion shows an intensity close to the 

one of its precursors. Indeed, in all these other alkyl-derived thiophene-species the direct cleavage 

of the alkyl group from the C-atom of the ring in not significantly observed.  
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The mass spectra of 2-ethyl-5-methyl-thiophene, #2, is attributable to the parent ion and 

only one derived ionic specie.  The full-scale ion arises from the cleavage of the C−C bond inside 

the ethyl group; the loss of the methyl group leads to a methylene cation which charge can be 

distributed inside the aromatic ring yielding the ion at m/z=111. The molecular ion (m/z=126) is 

the only other significant ion, with an intensity of 39%.  

We were unable to record mass spectra of the other two hypothesized species: 2-ethenyl-

5-ethyl-thiophene (m/z=138) and 2-ethenyl-5-methyl-thiophene (m/z=124). For these two species, 

we assumed that the ionization pattern consists in the presence of their molecular ion and the 

common fragmentation ion (of m/z=123) arising respectively from the loss of the methyl in the 

ethyl group or of an H-atom in the methyl group. This assumption was made considering the 

intrinsic behavior shown in the mass spectra of the three species methyl-ethyl, #2, and ethenyl-

thiophene, #5. 

In order to identify the thiophene-derived species released during the third thermal event 

and those detected in the mass spectra recorded at 545°C the adopted criterion and the relative data 

processing is summarized in the following points.  

• The mass spectra recorded at the maximum of the third TIC peak (at 545 °C) were carefully 

analyzed by measuring the relative heights of all the detected m/z signals.  

• The presence of the molecular ion of each of these hypothesizes thiophene-compounds was 

searched among the signals recorded in the 545 °C mass spectra starting, one after the other, from 

the specie with the highest molecular mass.  

• When the presence of a thiophene-derived specie was revealed, finding its molecular ion, taking 

into account the relative intensities of all its fragment-ions (as firstly calculated in the mass spectra 
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of its pure substance) the contribution of all its ions were subtracted from the heights of these m/z 

signals in the 545 °C mass spectra. So, the presence of each compound was deleted from those of 

the other (remaining) species.  

• An acceptable qualitative description of the total picture of evolved thiophene-derived species 

was obtained when the higher molecular weight portion of the-processed 545 °C mass spectra was 

reset based on the analysis of the m/z signals in the 84-140 range. 

An estimate of the relative percentage presence of the thiophene-derived species was then 

calculated as described below.  

• For each species from the measured height of the m/z signal corresponding to its molecular ion 

the corresponding height of its full-scale ion was calculated (knowing the relative intensities of the 

ions inside the mass spectra of the pure substance). 

• From the sum of all the full-scale ions of all the identified species their relative percentage 

presence, in the evolve mixture, were deduced. Indeed, in this approach it was assumed that all the 

species are ionized, by electron impact, with the same efficiency. This last assumption is, at least 

in part, justified by the high value of the electron impact energy (70 eV) used in recording the TG-

MS analysis. 

Table 1 (main body) summarizes the detected and identified thiophene-derived molecules. 

It also estimates the relative percentage present. These species were subdivided into two groups. 

The first, the species still bearing a vinyl group, is considered arising from DVT molecules that 

were only mono anchored to the PMHS siloxane chains. All the others bearing one or two saturated 

alkyl radicals (ethyl or methyl groups) together with the thiophene, are considered arising from 

DVT molecules that were double anchored to the siloxane chains. These last, that behaved as 
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concrete cross-linker inside the polymer aerogels, have been detected in a higher presence (around 

87 %). The consistency of this thermal-decomposition interpretation is also supported by the 

relevant presence of the kind and amounts of CH4, CH2=CH2 and CH3−CH3 also detected in the 

545 °C mass spectra. 

As briefly described in the previous text, during the thermal release of DVT counterparts 

from the siloxane chains, depending on which of the ethylene bonds is broken and how many C-

atoms remain effectively attached to the thiophene-ring in the released compounds, the remaining 

C-atoms of the bridge are available to yield simple light-weight hydrocarbons. In fact, these 

“available-C-atoms” could easily react with the hydrogen radicals, also produced at this stage of 

the thermal decomposition.238 

Similar to what has been described for the qualitative and semi-quantitative determination 

of the derived thiophene species, the mass spectra of these three hydrocarbons and their 

corresponding signals present in the 545 °C mass spectra were processed in an analogous manner. 

The relative percentages of these hydrocarbons also are reported in Table1. By comparing the 

heights of the full-scale ions of these light-hydrocarbons and those of the derived thiophene 

species, which molecular structure allowed the release of C-atoms prone to form hydrocarbons, a 

coherent correlation was found. At this temperature (545 °C), the 94 % of these “free-available” 

C-atoms seems to be employed in the formation of the detected light-hydrocarbons (in particular 

yielding the 60 % of methane, the 27 % of ethene and the 13 % of ethane, respectively) and only 

about 4 % would be available to yield a segregated graphite-phase. 
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Figure S2. Top: Mass spectra recorded during TG-MS analysis of the PHMS/DVT aerogel at 

396°C (5 < m/z < 90) and at 545°C (5 < m/z < 140). Bottom: TIC together with IC curves of 

released species arising from thermal decomposition of the thiophene cross-linking agent 

recorded during pyrolysis of the PHMS/DVT aerogel. 
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CHAPTER V: CONCLUSION 

 

5.1 Effect of Solvents on Porosity of Aerogels  

Using the synthesis solvent as a pore generating factor for modifying and controlling the porosity 

of silica aerogels is well documented in the literature.248-250 There are also studies on the solvent 

effect on the pore structure of polymeric aerogels such as polyimide aerogels251-252 or cellulose 

aerogels.253  

In the chapter II the of solubility/swelling of the polymeric SiCO wet gels in different 

solvents and solvents’ mixtures were discussed. The observations could be almost rationalized and 

predicted via HSP theory. Consequently, in the chapter III the effect of the solvent choice of the 

porous structure SiCO aerogels after the drying process was investigated.   

5.1.1 Effect of Good and Bad Solvents of Porosity of SiCO Aerogels 

Studies of the SiCO aerogels suggest that selected solvents have an important role on their pore 

structure at both polymeric and ceramic stages. Soraru et al. studied polymeric and ceramic SiCO 

aerogels  synthesized by using the same precursors but in different solvents.112  They used these 

different porous structures generated by the solvents’ choice to measure the lithium 

charge/discharge capacity in each aerogel for Li ion storage applications.112 Their study 

demonstrated that the selected synthesis solvents, acetone and cyclohexane, influence the 
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morphology of the final polymeric and ceramic aerogels. Kroll et al. also investigated the impact 

of solvents on the microstructure of SiCO aerogels made by the same PMHS-DVB precursor 

selecting more choices of synthesis solvent as it is shown in Figure 3-1.96 The study showed that 

the interaction between the solvents and the precursor polymer is major factors governing pore 

formation of these PMHS-DVB polymer aerogels. Therefore, different pore size distributions were 

resulted from the porous structures generated with different synthesis solvents as it is shown in the 

Figure 3-2. Also, these interactions can be rationalized by using Hansen’s approach to solubility 

of PMHS-DVB polymeric gel in the selected solvents.  

 

 

 

 

 

 

 

 

 

Figure 5-1. Microstructures of PMHS-DVB polymeric aerogels in various solvents. Adopted from 

Aguirre-Medel et al. 201896 

Acetone 

Cyclohexane THF 

n-Hexane 
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Figure 5-2. BJH pore size distribution of PMHS-DVB polymeric aerogels in various solvents. 

Adopted from Aguirre-Medel et al. 201896 

 

The isotherms of PMHS-DVB aerogels synthesized in cyclohexane, THF, acetone, and n-Hexane 

can be categorized Type IV based on the IUPAC isotherm categorization described in the Section 

1.3.2. However, these aerogels hysteresis types (also, the IUPAC hysteresis categorization is 

described in the Section 1.3.2) were different from each other. The hysteresis type of aerogels 

synthesized in cyclohexane and THF is categorized as H2b hysteresis whereas, the hysteresis type 

of PMHS-DVB aerogels synthesized in acetone and n-Hexane is categorized as H1. Also, BJH 

pore size distribution of PMHS-DVB aerogels synthesized in cyclohexane and THF have smaller 

range between 1-10 nm with their peaks around 8 nm, whereas BJH pore size distribution of 

PMHS-DVB aerogels synthesized in acetone and n-Hexane have broader range between 1-100 nm 

with their peaks located at bigger size mesopores around 50 nm (Figure 3-2). It is worthy to 
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mention that cyclohexane and THF exhibited linear shrinkage of over 30%, while samples 

synthesized in acetone and n-hexane contract only about 25%.96  

 

 

 

 

 

Species δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) RED 

PMHS 16.75 4.87 1.96 0 

Cyclohexane 17.2 1 2 0.503 

THF 16.8 5.7 8 0.772 

Acetone 15.5 10.4 7 0.998 

n-Hexane 14.9 0 0 0.813 

Table 5-1. Hansen parameters of PMHS and the chosen solvents and their “relative energy 

distance” (RED) to PMHS.   

Comparing HSP of the polymer and the selected solvents (Table 5-1) demonstrates that 

cyclohexane and THF are “good” solvents and acetone,  

and n-hexane are “bad” solvents for PMHS polymer.  

Figure 5-3 provides a model for pore formation with swelled polymers. It is assumed that 

the size of precipitating microgel particles, which is known as “radius of gyration”, depends only 

on the polymer itself and is independent of the solvent used. So, the characteristic size of the 

microgel particles is the same no matter whether acetone, cyclohexane, n-hexane, or THF as 

solvent. Since a good solvent causes a high degree of swelling, the volume content of a “good” 

solvent, or in another word the better swelling agent, within a gel particle is larger than that of a 

“bad” solvent. If the solvent is removed, the microgel particles will shrink, and the higher the 
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degree of swelling is expected to cause the higher the shrinkage of the particles. Since the wet gel 

is formed by coalesced colloidal particles, the smallest particles, which originated from the better 

swelling agent, build up the structure with smallest average pore diameter. This conclusion agrees 

with the observed BJH pore size distribution of the studied aerogels.96  
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Figure 3-3. Illustration of colloidal particle formation, which they are the building blocks of final 

aerogel. Solvent molecules are shown in red; polymer strands are shown as black lines. Adopted 

from Aguirre-Medel et al. 201896 
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5.1.2 Pore Morphology of SiCO Aerogels 

As it was mentioned in the previous chapter all PMHS-DVB isotherms show hysteresis. All types 

of hysteresis were also described in the Section 1.3.3. PMHS-DVB aerogels synthesized in 

cyclohexane and THF is categorized as Type H2b hysteresis whereas, the hysteresis of PMHS-

DVB aerogels synthesized in acetone and n-Hexane is categorized as Type H1.96 As it was 

described in the Section 1.3.3, H1 type hysteresis attributes to narrow range of uniform mesopores 

and mostly cylindrical shape or networks of ink-bottle pores where the width of the neck (or 

window) size distribution is like the width of the pore size distribution.  The Type H2(b) loop is 

also associated with large differential in neck and pore size distribution, which their connection to 

each other forms the geometry of bottle neck shape pores.21 Different types of hysteresis and the 

geometries attributed to these types are illustrated in Figure 5-4. 
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Figure 5-4. Different types of hysteresis based on IUPAC categorization. Adopted from Thommes 

et al. 201521 

Therefore, it can be concluded that good solvents for PMHS-DVB aerogels generate bottle neck 

shape pores with large differential in and pore size distribution whereas bad solvents mostly 

cylindrical shape pores qualitatively. However, there no study in the literature demonstrating a 

quantitative analysis on the geometry and hierarchical structure of pores on SiCO at its polymeric 

or ceramic stages.  

 

5.2 Investigation of the Hierarchy of Porous Materials 

There are few techniques to study the hierarchy of porous materials. X-ray tomography can be 

used for studying macroporous systems with a resolution of about 1 μm.163-165 Transmission 

electron microscopy (TEM) is applied for ordered microporous materials such as zeolites and can 

reach a resolution of ~1 nm.166-167  Early approaches of analyzing hysteresis loops observed in gas 

sorption focused on uniformly sized mesoporous systems.168-171 

 

5.2.1 Differential Hysteresis Scanning Technique 

Improvements in computational modeling have enabled scientists to study complex porous 

structures applying density functional, molecular dynamics and Monte Carlo methods, and 

statistical mechanical approaches.  The influences of ever more complicated pore architectures, 

pore dimensionality, surface heterogeneity, and molecular interactions in different porous systems 

have facilitated by using the computational modeling techniques.145-146   Modeling of both structure 

and thermodynamics of porous materials with complex architectures has improved interpretations 
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of experimental evaluations.147-150  Non-local density functional theory (NLDFT) is an efficient 

statistical mechanic approach for analyzing the population density of a system of molecules 

interacting with pore walls.151-155  Therefore, the adsorbent molecules behaviors such as the gradual 

buildup, and loss of solid-packing-like ordering, of multilayers in film formation, and condensation 

can be described by using these models. This approach has become an efficient tool for analyzing 

and interpreting porous structures.37, 150, 156  Complementary theoretical and experimental studies 

of well-characterized, highly ordered, templated materials, such as M41S,157 have validated this 

theoretical foundation of gas sorption used for pore characterization.158  

In recent studies, the Differential Hysteresis Scanning (DHS) technique, which is coupled with an 

advanced modeling framework based on NLDFT, was developed by Kenvin et al.254 and applied 

to study pore hierarchy in crystalline faujasites.149-150  In this method the hysteresis of a Ar or N2 

isotherm is scanned completely. The scanning isotherm is acquired by partial saturation of the pore 

structure followed by a high-resolution desorption measurement, successively 

increasing/decreasing the pore saturation in a known amount of  
𝑝

𝑝0
  increment/decrement in each 

step. The incremental change in pore volume is subsequently calculated in stepwise cycles of 

partial saturation and complete emptying across the entire region of hysteretic part of in the 

isotherm in the way that the end of each adsorption branch outlines the largest diameter of saturated 

mesopores. This method Determines and categorizes pores based on their connectivity. The 

connectivity types are defined according to the relative diameter of the window to the diameter of 

mesopore body; pyramidal (pyr, dmeso > 2 nm, dwin > dmeso), constricted (con, dwin > 2 nm, dwin < 

dmeso), and occluded (occ, dwin < 1 nm, dwin << dmeso) mesopores. Different pore types and sizes 

manifest different subloop shapes shown in the Figure 5-5. NLDFT models for different pore types 
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based of their connectivity have been generated. They are then fitted and applied to the data 

resulted from the scanned subloops to extract the size distribution of saturated mesopores.  The 

results then are shown in a 2D contour plot of the mesopore diameter with respect to the window 

size (Figure 5-13). As it was discussed this method was applied to study the porous structure of 

PMHS-DVB aerogels synthesized in acetone and cyclohexane in the chapter III. 

 

Figure 5-5. Different pore types and sizes manifest different subloop shapes in the DHS method. 

The pyramidal connectivity type of pores in hierarchically organized zeolite (HOZ) manifests 

subloop shapes of the scanned isotherm at the left. The occluded/constricted connectivity type of 

pores in Zeolite Socony Mobil-5 (ZSM-5) manifests subloop shapes of the scanned isotherm at the 

right.255-256  

 

5.3 Future Investigation 

As it was stated in the section 5.1.1 of this chapter the PMHS-DVB aerogels synthesized in THF 

and n-Hexane were also prepared in our group by Aguirre-Medel et al. Their pore morphologies 

will be studied by DHS technique as well. Our current BJH data provides only a view into pore 

window sizes, while DHS can reveal in addition the diameter of pores behind the window (not 
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captured by BJH). Thus, while BJH delivers a one-dimensional “projection” of window sizes, 

DHS provides a two-dimensional image of pore geometry distributions and clarifies distortions 

BJH can generate when there are pores of different sizes and connectivity. 

Other porous systems (including common porous materials used frequently in industry 

such as SBA-15) can be also investigated by DHS. For applications, different pore hierarchies 

have their own advantages. Tailoring accessibility to a porous host is key in materials’ 

applications such as catalysts carriers254, 257 and drug delivery agents181. 
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