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ABSTRACT 

SEPARATION AND CHARACTERIZATION OF CLOSED FUNCTIONALIZED 

DOUBLE-DECKER SHAPED SILSESQUIOXANES 

 

By 

David Felipe Vogelsang Suarez 

Stoichiometric reaction of tetrasilanol octaphenyl double-decker shaped silsesquioxanes 

(DDSQ-(Ph)8(OH)4) with difunctional dichlorosilanes (R1R2SiCl2) provided a new class of 

model hybrid organic-inorganic compounds. These model compounds (DDSQ-2(R1R2)) have 

a dimensionally well-defined closed inorganic Si-O core, eight phenyl groups for thermo-

oxidative stability and compatibility to aromatic organics, and well-specified R1 and R2 for 

possible further chemical reactions. However, these compounds contain cis and trans 

conformations about the DDSQ if R1 and R2 are different. 

Separation of cis and trans isomers by liquid chromatography was proposed as the 

alternative technique to the more tedious fractional crystallization for isolation of pure 

compounds. It was found polar nature of the R group enables the separation by adsorption 

chromatography. In contrast, partition chromatography allows separation of isomers of a larger 

solubility difference. Results of HPLC also provided quantitative measure of the isomer ratio 

in a cis and trans DDSQ-2(R1R2) mixture with deviations better than ±5%. In contrast, the 

current quantification of the isomer ratio by 29Si-NMR has been reported to have ±10% 

deviation from the real value. 

HPLC separation was extended to analyze resolution of the elution for DDSQ mixtures 

with polarity differences. Reaction of DDSQ-(Ph)8(OH)4 with R1R2SiCl2 and (CH3)SiCl3 

mixture followed by hydrolysis, lead to a mixture of DDSQ compounds with zero, one, and 

two hydroxyl groups. Good separation of the three expected products was made by LC. 



Characterization by NMR and mass-spectroscopy allowed identification of each separated product. 

An asymmetric structure about the DDSQ core with one hydroxyl group (DDSQ-

(R1R2)((CH3)(OH)) was obtained.  

Scale-up of HPLC separation for the mixture containing zero, one, and two hydroxyl groups 

was simulated in ASPEN chromatography. Linear adsorption isotherm parameters were obtained 

by frontal analysis. A correlation between HPLC stationary phase adsorption parameters and 

preparative stationary phase LC adsorption parameters was obtained. These parameters permitted 

satisfactory prediction of the column efficiency, the resolution of the elution, and total collection 

time in a column separation verified with a 5g-scale. In the scale of preparative-LC, fractions 

collected were of high purity as verified by 29Si NMR. Additionally, for DDSQ-2(R1OH) a highly 

cis concentrated fraction and a nearly-pure trans fraction were also successfully isolated. 

DSC experiments were performed for nearly-pure cis and trans DDSQ-2(R1R2), and for 

DDSQ-2(R1R2) mixtures of varying cis-to-trans compositions. R1 was fixed as methyl, and for R2 

aryl groups were selected. It was found trans isomer had a higher melting temperature than cis 

isomer and as the size of R2 increases the melting temperatures of nearly-pure isomers decrease. 

Interestingly, cis and trans structures are not miscible in the solid state and form binary eutectic. 

Binary cis and trans eutectic temperature and composition can be predicted using the ideal binary 

assumption.  
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1. Introduction 

1.1 Hybrid organic-inorganic silsesquioxanes: model molecules 

Polyhedral oligomeric silsesquioxanes (POSS) are organic-inorganic hybrid materials 

with a Si-O core surrounded by an organic corona having the common structure (RSiO1.5)n. 

Partially condensed POSS has been functionalized to study properties of hybrid structures in 

diverse fields including chemistry, engineering, materials science, or medicine.1–5 The most 

studied partially condensed POSS has the structure (RSiO1.5)7(OH)3 (Figure 1-1a), 

Condensation of this structure by corner-capping with functionalized trichlorosilanes or 

alkoxysilanes allow the use of these sructures as model molecules with specific 

functionalization in vicinal silanols.6–8 

Recently, tetrasilanol octaphenyl double-decker shaped silsesquioxanes DDSQ-

(Ph)8(OH)4 (Figure 1-1b) was developed by Yoshida et al., and further improved by 

Kawakami et al.9–12 These are oligomeric structures with the formula (PhSiO1.5)8(O0.5H)4. 

The molecule has an inner Si-O core conformed by two silsesquioxane rings interconnected 

by two oxygens in opposite edges. The remaining two edges are open, leaving four hydroxyl 

groups. The core is surrounded by eight phenyl rings bonded to each Si atom. The listed 

characteristics make DDSQ-(Ph)8(OH)4 a model molecule to understand hybrid organic-

inorganic systems with the benefit of specific number of functionalities in specific sites of 

the nanostructure. 

https://paperpile.com/c/QisXr9/AlTr+JTi5+LnT7+yfNf+yQti
https://paperpile.com/c/QisXr9/1VwV+jCm5+rbLp
https://paperpile.com/c/QisXr9/ERh7+WySp+8dy8+NQzw
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Figure 1-1. Partially condensed oligomeric silsesquioxanes used as model molecules. 

1.2 Synthesis of octaphenyl double-decker shaped silsesquioxane 

Precursor of DDSQ-(Ph)8(OH)4 is a tetrasodium salt (DDSQ-(Ph)8(ONa)4). This salt has 

been synthesized by reaction of phenyl(trimethoxy)silane with 0.7 equivalents of sodium 

hydroxide and 1.1 equivalents of water using isobutanol as solvent under reflux for 4h followed 

by stirring for 15h at room temperature as observed in Scheme 1-1.9,11 Alternative production of 

DDSQ-(Ph)8(ONa)4 has been achieved by cleaving fully condensed octaphenyl POSS.12 This 

process was performed with 4 equivalents of sodium hydroxide and 2 equivalents of water using 

isopropanol under reflux or isobutanol at 90°C as seen in Scheme 1-2. 

 

Scheme 1-1. Synthesis of DDSQ-(Ph)8(ONa)4 from phenytrimethoxysilane 

https://paperpile.com/c/QisXr9/ERh7+8dy8
https://paperpile.com/c/QisXr9/NQzw
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Scheme 1-2. Cleaving of POSS to synthesize DDSQ-(Ph)8(ONa)4 

DDSQ-(Ph)8(ONa)4 may be very unstable and further acid treatment is done to achieve 

the more stable DDSQ-(Ph)8(OH)4 (1). This molecule is commercially available and 

different reactions can be performed with the silanol groups to add specific functionalities.4–

28 

1.3 Side-capping of DDSQ-(Ph)8(OH)4  

The reaction between 1 and difunctional dichlorosilanes produced a closed DDSQ 

structure that will be label in this document as DDSQ-2(R1R2). This reaction, described in 

Scheme 1-3, results in unavoidable production of cis and trans isomers when R1 is different 

than R2. Examples of DDSQ-2(R1R2) have been widely reported in current literature.4,11,13–17 

Applications for DDSQ-2(R1R2) have been mainly explored in polymer synthesis because 

the nanostructures become part of the polymer backbone. Polymers containing DDSQ-

2(R1R2) are known for their low dielectric constants, hydrophobic properties and high 

degradation temperatures.18–28   

Few works have isolated cis and trans isomers. Separation has been performed by 

fractional crystallization (FC).4,13,14,17 FC could be limited by small differences in solubility 

limits between cis and trans DDSQ-2(R1R2). As an example, the work from Walczak et al. 

was able to isolate only a fraction of the trans isomer of DDSQ-2((CH3)(H)). Separation of 

https://paperpile.com/c/QisXr9/t1E9+AIyV+uG71+bxKA+KDnU+y7BV+UC0v+9ARi+4t1O+TjFy+r4PB
https://paperpile.com/c/QisXr9/t1E9+AIyV+uG71+bxKA+KDnU+y7BV+UC0v+9ARi+4t1O+TjFy+r4PB
https://paperpile.com/c/QisXr9/8dy8+jTqi+EaTr+uIXZ+yfNf+FqbG+qg8r
https://paperpile.com/c/QisXr9/t1E9+AIyV+uG71+bxKA+KDnU+y7BV+UC0v+9ARi+4t1O+TjFy+r4PB
https://paperpile.com/c/QisXr9/qg8r+jTqi+EaTr+yfNf
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the individual isomers is a very interesting topic because structural differences between cis and 

trans DDSQ-2(R1R2) isomers can affect other properties like melting temperatures between 

isomers as reported by Schoen, and Moore et al. (Table 1-1).15,27 In the study developed by 

Hoque et al., melting temperature differences were reported in polymers synthesized with pure 

cis, pure trans, and a 1:1 cis-to-trans mixture of DDSQ-2((isobutyl)(OH)). Separation in this 

work was performed by FC obtaining cis-to-trans ratios of 2:8 in the precipitated crystals and 8:2 

in the solution. This particular study as well as the work developed by Schoen purified the 

enriched fractions by liquid chromatography.14,17  

 

Scheme 1-3. Synthesis of closed DDSQ or DDSQ-2(R1R2) 

Table 1-1. Differences in melting temperature for cis and trans isomers for selected systems.15,27 

Compound 
cis melting temperature 

°C 

trans melting temperature 

°C 

DDSQ-2((p-C6H4NH2)(CH3)) 275 311 

DDSQ-2((p-C6H4C2C6H5)(CH3)) 261 304 

 

 

https://paperpile.com/c/QisXr9/uIXZ+TjFy
https://paperpile.com/c/QisXr9/qg8r+EaTr
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1.4 Separation techniques used for separation of DDSQ-2(R1R2) systems 

1.4.1 Fractional crystallization 

FC is a separation technique that is based on differences in the solubility limit between 

molecules.29 FC can be performed by dissolving the analyte in a common good solvent and 

then adding an amount of a poor solvent to crystallize the analyte with the lower solubility 

limit. An alternative FC is performed by solubilizing the analyte in the minimum amount 

possible of good solvent and further crystallization by temperature reduction.14,29–33  FC is 

usually considered a cost-effective separation. The main inconvenients of this technique are 

long operation times, requirement of high purity in the sample, as well as impossibility for 

separation in binary mixtures that may co-crystallize at some specific compositions.30,33 

After separation the solvent mixture must be evaporated and, if possible, the solvent can be 

recycled. A diagram describing the crystallization process can be observed in Figure 1-2.  

 

Figure 1-2. Fractional crystallization diagram 

https://paperpile.com/c/QisXr9/5zHv
https://paperpile.com/c/QisXr9/EaTr+5zHv+mdcP+ihgA+ZzDm+NjKZ
https://paperpile.com/c/QisXr9/mdcP+NjKZ
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1.4.2 Liquid chromatography 

Based on the definition provided by Snyder, liquid chromatography or LC is a process in 

which a liquid mobile phase has contact with a stationary phase. 34 The stationary phase is all the 

non-moving material in the packed-bed. A mixture of analytes has a specific equilibrium 

distribution between the two phases. This equilibrium determines the migration rate through the 

packed-bed. Differences in rates between analytes separate the mixture between their analytes as 

described in Figure 1-3.34–37 Different classifications for liquid chromatography have been 

formulated. Modern classification is listed in Table 1-2. For this work, adsorption and partition 

chromatography will be discussed. 

 

Figure 1-3. Separation by liquid chromatography. t0 column with stationary phase and wet with 

mobile phase; t1 mixture injected on the packed bed; t2 migration of analytes with different 

elution rates; t3, t4 and t5 elution of separated components in different times. 

https://paperpile.com/c/QisXr9/fvFh+JxAF+HrkF+zVrl
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Table 1-2. Chromatography classification, adapted from Snyder et al. 2013.36,37 

Class Example 

Adsorption chromatography Liquid chromatography 

(Columnar method) 

Gas-solid chromatography 

Partition chromatography Liquid-liquid partition 

chromatography 

Paper chromatography 

Thin layer chromatography 

Reverse phase partition 

chromatography 

Ion exchange 

chromatography 

Cation exchange 

Anion exchange 

Inorganic exchange 

Liquid ion chromatography 

Exclusion chromatography Gel-permeation 

Ion exclusion 

Molecular sieve 

Electrochromatography Zone electrophoresis 

Boundary layer method 

Curtain chromatography 

Capillary electrophoresis 

 

1.4.2.1 Partition and adsorption chromatography 

In partition chromatography the separation process is produced by differences between 

the solubilities of the components in the mobile and stationary phases.38 In this process a 

stagnant layer of solvent is located in the packed bed surface. Depending the chemical 

composition in the surface, the stagnant layer has different properties compared with the 

mobile phase. The separation is given by the partition coefficient for an analyte between the 

two liquid phases.37,39,40 Usually partition chromatography is subdivided between normal 

phase and reverse phase, these are defined as a high polar stationary phase and low polar 

mobile phase, and a low polar stationary phase and high polar mobile phase respectively. 

For liquid adsorption chromatography the separation is given by adsorption of an 

analyte in the stationary phase displacing a previously adsorbed molecule from the mobile 

https://paperpile.com/c/QisXr9/HrkF+zVrl
https://paperpile.com/c/QisXr9/XlXa
https://paperpile.com/c/QisXr9/zVrl+Uhpq+tpBf
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phase. Then desorption of the analyte happens when another molecule of the mobile phase or 

other analyte displace the already adsorbed analyte.35,41 Differences in the adsorption isotherms 

for each analyte in a mixture define the elution rate for each component. Liquid chromatography 

(LC) has been used for separations in every imaginable field in science requiring a separation 

step.42–52 

1.4.3 Scale of separation 

Separation can be performed for analytical or processing purposes.35 Analytical 

chromatography is usually developed in small densely packed columns with injections of diluted 

samples usually measured in microliters. high performance liquid chromatography (HPLC) was 

an improvement over regular liquid chromatography mainly because the use of high pressures to 

elute the analytes through densely packed columns, allowing reduction in particle sizes and 

enhancing the resolution of the elution between analytes. Recently ultra-high performance liquid 

chromatography (UPLC) devices were developed to withstand larger pressures than HPLC 

allowing better resolution in analytes with similar elution rates. Several detectors have been 

implemented in these systems including UV, light scattering, mass spectroscopy, IR, flame 

ionization among others. These detectors allowed elucidation and quantification of the 

analytes.35,36 

Other analytical separation technique highly used only for elucidation of analytes is thin 

layer chromatography. In this, an adsorbent material is located as a layer over a supporting layer. 

The adsorbent is usually coated with an indicator that emits green at 254 nm under UV light. The 

mixture is spotted close to the bottom of the layer and the latter one is placed in a container with 

low amount of solvent that is going to migrate by capillary effect to the top of the layer. Along 

this migration, the analyte is separated in spots along the layer. These spots covered the indicator 

https://paperpile.com/c/QisXr9/JxAF+zQNg
https://paperpile.com/c/QisXr9/w85W+u4xm+nzPw+jlQl+xDaS+Qrt7+b1Ap+izT0+rULA+fEKN+8yGM
https://paperpile.com/c/QisXr9/JxAF
https://paperpile.com/c/QisXr9/HrkF+JxAF
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looking as a black spot when evaluated under UV light. If the analyte does not have 

chromophores, staining solutions allow finding the location of the analyte in the layer.35 

Large scale chromatography separation is usually done in simulated moving beds for 

continuous separation of binary mixtures.53–55 For mixtures containing three or more 

analytes, a second separation cycle or larger number of columns in the simulated bed may be 

required. However, large batches of complex mixtures can be separated in large scale using 

a single packed column working in batches. This process is referred as preparative liquid 

chromatography.36,55–57   

1.4.4 Modeling and separation efficiency 

Modeling of separation in liquid chromatography columns requires acquisition or 

estimation of the following parameters: adsorption isotherms, mass transfer coefficient, flow 

rate, and column geometry57,58. Other parameters may be required depending the complexity 

required in the separation. Adsorption isotherms can be linear or the types I, II, or III as seen 

in Figure 1-4. Further details about modelling are provided in chapter 4 inside this 

document. 

 

Figure 1-4. Peak shape associated to the adsorption isotherm a) type I, b) type II, and c) type III, 

adapted from Fornstedt et al., 2013.57 

https://paperpile.com/c/QisXr9/JxAF
https://paperpile.com/c/QisXr9/vOpz+ds6b+XRJG
https://paperpile.com/c/QisXr9/HrkF+VvRX+72BA+XRJG
https://paperpile.com/c/QisXr9/AAR3+72BA
https://paperpile.com/c/QisXr9/72BA
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Analysis of separation is usually performed calculating the column efficiency. This model 

assumes that a column with a length (L) is divided in a certain number of theoretical plates (N). 

Each theoretical plate has the exact same height (H). Value of H can be theoretically calculated 

by the Van-Deemter equation which is a contributive model based on column path, axial 

dispersion, and mass transfer terms. Experimentally, the elution profile in the chromatogram can 

be interpreted as a Gaussian-shaped peak. With the previous analogy, expressions based on the 

standard deviation and the variance of a normal distribution plot were proposed to calculate N 

(Equation 1-1). Similar analogy between two normal distribution was developed to calculate the 

resolution of the elution (Rs) (Equation 1-2) in which Rs=1.5 is the threshold value to fully 

separate two analytes. In the listed equations, tr is the retention time for an analyte and W is the 

peak width at the baseline. This is measured between the tangent lines as seen in Figure 1-5.36,37 

𝑁 = 16 (
𝑡𝑟

𝑊
)

2

  Equation 1-1 

𝑅𝑠 =
𝑊𝑖+𝑊𝑖+1

𝑡𝑟 (1+1)−𝑡𝑟 (𝑖)
  Equation 1-2 

 

Figure 1-5. Retention time and peak width calculation in the baseline of a gaussian-like elution 

peak. 
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1.1 Motivation 

DDSQ-2(R1R2) molecules, defined previously, have been used as model molecules and 

building blocks for synthesis of linear hybrid polymers.17–19,21–25,28,59–62 Resultant materials 

have enhanced hydrophobicity, reduced dielectric constant, and usually increase in thermal 

properties without sacrifice in mechanical properties. DDSQ have been applied in minor 

proportion to other applications such as amphiphilic molecules,63 support for heterogenous 

catalysts,64,65 and nanostructure in composites.66 But many others are not yet explored. 

Most of the studies reported, use the product as synthesized knowing that this is a 

mixture of cis and trans isomers.18,21–25,59,60 Production of these isomers is unavoidable. It 

has been reported that the use of one of the isomers in synthesis of polymers results in 

properties with different magnitudes respect to the polymer synthesized with the produced 

mixture or synthesized with the other isomer.17 So far, the only method used for separation 

of these mixtures is fractional crystallization, this tool allowed separation of cis and trans 

mixtures with different solubility limits.4,14,17 However, when the solubility limits are very 

close, separation is no longer achievable. Besides, to isolate nearly-pure isomers three or 

more fractional crystallization cycles are required. 

1.2 Research goal 

This dissertation has the objective of present liquid chromatography as an alternative 

technique for separation of mixtures containing different varieties of DDSQ-2(R1R2). This 

study was developed by shuffling functional groups in DDSQ-2(R1R2) and analyzing the 

effect of these changes in elution times. This approach allowed production of a variety of 

unique molecules with potential use for engineering applications not reported previously. 

 

https://paperpile.com/c/QisXr9/jSkNH+UC0v+9ARi+bxKA+KDnU+y7BV+nDb4s+y97FM+qg8r+AIyV+t1E9+6zacF+r4PB
https://paperpile.com/c/QisXr9/dkC7s
https://paperpile.com/c/QisXr9/vELzA+Z6GwM
https://paperpile.com/c/QisXr9/jIHKV
https://paperpile.com/c/QisXr9/jSkNH+UC0v+9ARi+bxKA+y7BV+KDnU+nDb4s+t1E9
https://paperpile.com/c/QisXr9/qg8r
https://paperpile.com/c/QisXr9/qg8r+EaTr+yfNf
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1.3 Research idea 

Liquid chromatography is a liquid adsorption separation technique which takes advantage of 

differences in polarity or other interactions with a stationary phase to elute in different times the 

analytes in a mixture.36,55 Knowing that the R1 and R2 groups depends of the bridging 

chlorosilane, polarity can be added to the molecule making feasible the separation of mixtures 

based on differences in adsorption energies. This idea was evaluated for separation of cis and 

trans DDSQ-2(R1R2) isomers containing polar groups, and by separating DDSQ-2(R1R2) 

mixtures with different number of a particular polar group. 

Simulation of separation process was studied by development of adsorption isotherms based 

on frontal analysis by high performance liquid chromatography (HPLC). These results allowed 

scaling up the process to separate mixtures by preparative chromatography column. Thermal 

behavior of selected isomers of interest was analyzed after isolation by liquid chromatography or 

by fractional crystallization and quantification by HPLC. 

This research highlights the use of liquid chromatography as a chemical engineering unitary 

operation to achieve high analyte purities. 

1.4 Dissertation summary 

in Chapter 2 is described the use of HPLC as a tool for separate and characterize ratios 

between cis and trans isomers of DDSQ functionalized with polar moieties. Along Chapter 3, 

HPLC was tested for characterization of DDSQ mixtures with different polarities, synthesis of 

the mixtures, separation and quantification by HPLC, and isolation of compounds including an 

asymmetric structure by preparative LC. Chapter 4 discussed the simulation for separation of 

DDSQ mixtures with different number of hydroxyl groups by ASPEN chromatography in order 

to scale-up to preparative LC. Finally, the analysis of melting behavior for cis and trans mixtures 

https://paperpile.com/c/QisXr9/HrkF+XRJG
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was developed to highlight the benefits of separation achieving eutectic compositions. 

Findings of this study are described in Chapter 5. 
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CHAPTER 2. 

 

HPLC CHARACTERIZATION OF CIS AND TRANS MIXTURES OF DOUBLE-

DECKER SHAPED SILSESQUIOXANES 

 

 

Keywords: Double-decker shaped silsesquioxane (DDSQ), Polarity, cis and trans isomers, 

separation, HPLC. 

 

This chapter was submitted as a research paper to Silicon journal  
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2 HPLC characterization of cis and trans mixtures of double-decker shaped 

silsesquioxanes 

2.1 Introduction 

Functionalized double-decker shaped silsesquioxanes (DDSQ) have been used as the 

building block in polymerization to obtain inorganic-organic hybrid polymers with enhanced 

dielectric constant, glass transition temperatures, melting temperatures, among other properties 

of engineering interest.1–73 DDSQ are usually synthesized from the condensation reaction 

between the commercially available DDSQ-(Ph)8(OH)4 (1) and (R1)(R2)-dichlorosilanes in the 

presence of triethylamine as seen in Scheme 2-1. If R1 is different than R2, the condensed 

DDSQ structures have unavoidable cis and trans isomerism67, 71, 74–81. These isomers represent 

as the product, cis and trans, show in Scheme 2-1. 

 
Scheme 2-1. Condensation reaction of DDSQ-(Ph)8(OH)4 (1) with 2 molar equivalent of 

R1R2SiCl2. The resultant product contains cis and trans isomers DDSQ-2((R1)(R2)). 

These isomers are different in their physical properties such as crystal structure, melting 

temperature, recrystallization behavior, solubility, etc.71 It was also reported that a polymer 

https://paperpile.com/c/nD4irU/jP50+l7d7+vpMW+cLpt+VxmR+UWIJ+ANKw
https://paperpile.com/c/N3HHOV/eQOhX+tlom3+AgX6p+nla8E+J9KYI+CpNKq+s7g6+f6ig
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made from all cis isomers have a significantly different melting temperature as compared with the 

same polymer composed of all trans isomer74. Quantification of the cis-trans ratio in a mixture is 

often based on 29Si-NMR. However, the 29Si-NMR requires a large amount of functionalized 

DDSQ and requires a long scan time to reduce the signal-to-noise ratio needed for the analysis. To 

avoid these complications, 2D NMR was used to identify distinctive peaks in the 1H-NMR between 

cis and trans isomers in DDSQ samples with aniline and methyl in the R1 and R2 positions.75 The 

drawback of this procedure is the need to identify characteristic peaks for each moiety, which will 

be different depending on the R1 and R2 used.  

Fractional crystallization is the most common method used to obtain nearly-pure cis, and 

nearly-pure trans DDSQ isomers.71-72,74-75 The separation is based on the solubility differences of 

cis and trans isomers in a specific solvent.76 After the fractional crystallization, a liquid 

chromatography rectification process is often needed to yield a higher isomeric purity.71,73–77 

Recently, DDSQ-(Ph)8(OH)4 was condensed with methyltrichlorosilane followed by a hydrolysis 

reaction producing a mixture of DDSQ cages including cis and trans isomers functionalized with 

hydroxyl groups. It was found that cis and trans isomers may be separated by a preparatory silica 

column and fractions quantified by HPLC.74,78,81  

In this work, HPLC was reported as an alternative technique to quantify the cis-to-trans ratio 

of DDSQ isomers after the capping reaction and/or separations. The wide availability of HPLC as 

compared to NMR facility makes this quantification method more readily adoptable. Furthermore, 

the principle of HPLC separation is mainly based on polarity differences between components. 

Hence, different polar groups may be bonded to DDSQ which increases the number of molecules 

that can be quantified. In the following, several different mixtures of cis and trans compounds are 

presented and demonstrated a broad applicability of HPLC for the quantification analysis. 

https://paperpile.com/c/N3HHOV/AgX6p
https://paperpile.com/c/N3HHOV/tlom3+AgX6p+J9KYI+nla8E+eQOhX+lXBu7
https://paperpile.com/c/N3HHOV/laa3
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2.2 Experimental 

2.2.1 Materials 

All commercially available chemicals were used as received unless otherwise indicated. 

(C6H5)8Si8O10(OH)4 5,11,14,17-Tetra(hydro)octaphenyltetracyclo[7.3.3.(3,7)] 

octasilsesquioxane DDSQ-(Ph)8(OH)4  was purchased from Hybrid Plastics (Hattiesburg, MS). 

3-[Bis(trimethylsilyl)amino]phenylmagnesium chloride [(CH3)3Si]2NC6H4MgCl 1M in THF 

solution (m-PhA(TMS)2-MgCl); Vinyltrichlorosilane (C2H3)SiCl3; isopropyltrichlorosilane 

(C3H7)SiCl3; isobutyltrichlorosilane (C4H9)SiCl3; and 3-cyanopropylmethyldichlorosilane 

(C3H6CN)(CH3)SiCl2 were purchased from Gelest. Methyltrichlorosilane (CH3)SiCl3, 

phenyltrichlorosilane (C6H5)SiCl3, deuterated chloroform with 1 vol % tetramethylsilane 

(CDCl3-1%TMS) were purchased from Sigma-Aldrich. Triethylamine (Et3N) was purchased 

from Avantor and distilled over calcium hydride before use. DDSQ bridged with 

(methyl)(para-aniline)dichlorosilane, (methyl)(meta-aniline)dichlorosilane, (isobutyl)(meta-

aniline)dichlorosilane, and (cyclohexyl)(meta-aniline)dichlorosilane moiety were synthesized 

for our research group and reported in a previous study.71 Tetrahydrofuran (THF) was refluxed 

over sodium/benzophenone and distilled. Reagent grade dichloromethane (DCM) and n-

hexanes were degassed with helium for HPLC experiments. The previously listed solvents 

were purchased from Sigma. Si-gel P-60 was obtained from Silicycle. 1H, 13C, and 29Si were 

recorded on 500 MHz NMR spectrometers. 

2.2.2 Synthesis of (methyl)(meta-Bis(trimethylsilyl)amino]phenyl)dichlorosilane 

A 250 mL round bottom flask containing a magnet stirrer under N2 was sealed with a 

rubber septum and submerged in an acetone-dry ice bath. 50 mL of THF and 24.0 mmol (4.0 

mL) of isobutyltrichlorosilane were injected respectively to the setup. 20 mmol (20.0 mL) of 
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m-PhA(TMS)2-MgCl was added dropwise for 10 minutes. The ice bath was removed upon 

completion of the addition, and the solution was stirred overnight until it became a clear 

yellowish liquid. Volatiles were distilled under N2 in an oil bath at 90 °C; a second distillation was 

done under vacuum to collect the expected product as a clear pale-yellow liquid. Spectral 

information are provided in the Appendix I. 

2.2.3 General synthetic procedure 

DDSQ-2(R1R2) was synthesized following a previously reported method.75,80,81 In a 250 mL 

flask purged with dry N2 for 15 minutes, DDSQ-(Ph)8(OH)4 (1) (2 g, 1.87 mmol, 1 equiv) was 

dissolved in THF (60 mL) at room temperature. (R1)(R2)SiCl2 (3.74 mmol, 2 equiv) was added to 

the solution followed by Et3N (1.04 mL, 7.48 mmol, 4 equiv) under vigorous stirring. The addition 

of triethylamine took about 5 minutes in total, a cloudy suspension was formed and continue stirred 

for 4 additional hours. The solution was then filtered through a fine fritted-funnel-filter to remove 

the solid triethylamine hydrochloride. The solution was dried in a rotary evaporator and then 

passed through a silica-gel column using DCM as a solvent. These cleaning step allowed 

hydrolysis of Si-Cl bond in cages synthesized with trichlorosilanes. The volatiles were removed 

from the resulting solution and further dried at 0.4 mbar and 50 °C for 12 hours to afford DDSQ-

2(R1R2) as a white powder. The structures studied in this work are listed in Figure 2-1. NMR 

spectra for cis and trans isomer mixtures are provided in the Appendix I. 

https://paperpile.com/c/N3HHOV/nla8E+JMwPb
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Figure 2-1. DDSQ-2(R1R2) isomers studied in this work. (2) DDSQ-2((para-aniline)(methyl)), 

(3) DDSQ-2((meta-aniline)(methyl)), (4) DDSQ-2((meta-aniline)(isobutyl)), (5) DDSQ-2((meta-

aniline)(cyclohexyl)), (6) DDSQ-2((hydroxyl)(methyl)), (7) DDSQ-2((hydroxyl)(vinyl)), (8) 

DDSQ-2((hydroxyl)(isopropyl)), (9) DDSQ-2((hydroxyl)(isobutyl)), (10) DDSQ-

2((hydroxyl)(phenyl)), (11) DDSQ-2((cyanopropyl)(methyl)). 

2.2.4 Analytical methods 

2.2.4.1 Preparatory separation of cis and trans isomers 

Liquid chromatography was performed to separate cis and trans isomers in 2, 3, and 11, 

and those hydrolyzed structures synthesized with trichlorosilanes in 6 to 10 with a procedure 
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previously described.76,78,81 A glass preparatory chromatography column, 60 cm in length and 4 

cm internal diameter, with 500 mL round top reservoir was packed with 60 grams of Si-gel 

resulting with packing height of about 40 cm. DCM was then flushed through the packed bed under 

pressure generated by a dry N2 stream. Wetting of the packed bed was complete until no air 

bubbles, or dry space was observed. A concentrated solution of DDSQ isomeric mixture in DCM 

(5 mL, 0.2 g/mL) was gently injected from the top of the wet Si-gel bed and moved into the packed 

bed until no solution was observed above the packed bed. The column was then gently charged 

with an additional 500 mL of DCM and flushed using the N2 stream with an average flow rate of 

10 mL/min. Fractions of 5 mL were collected at the bottom of the column until the DCM reached 

the top of the bed. Each fraction was injected in 5 cm TLC plates of Si-gel supported in aluminum. 

TLC was evaluated with DCM and then analyzed under a 245 nm UV-lamp. Similar fractions were 

combined and dried for further experiments. The retardation factor (Rf) in Equation 2-1 was used 

as a measure of the separation efficiency after the preparatory LC experiments. 

𝑅𝑓 =
𝑇𝑜𝑡𝑎𝑙 𝑇𝐿𝐶 𝑙𝑒𝑛𝑔𝑡ℎ

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑏𝑦 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑛
  (Equation 2-1) 

2.2.4.2 UV-VIS spectroscopy 

Wavelength sweep readings were developed for isolated isomers 2 to 5 with DCM as the 

solvent. Individual isomers were solubilized forming master batches of 0.2 mg/mL. Then, the 

solutions were diluted reaching lower concentrations in progressive steps until a value close to 

0.02 mg/mL. All readings were contrasted against a DCM blank 

2.2.4.3 Analysis and quantification of isomers by HPLC 

All HPLC experiments were performed using an Agilent 1100 HPLC equipped with a UV 

detector. The columns selected for this work were Supelco LiChrospher® Si-60 for adsorption 

chromatography and ZORBAX® CN column for partition normal phase chromatography 

https://paperpile.com/c/N3HHOV/AgX6p+laa3
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(pHPLC). DCM was used as the mobile phase for the adsorption chromatography. Different 

ratios of DCM:hexanes ranging from pure dichloromethane to 70% hexane were used as 

mobile phase for pHPLC. Solvents were degassed using Helium for a minimum of 15 minutes 

prior to all HPLC experiments. A flow rate of 1 mL/min at a giving a constant pressure of 32 

bars was used. The temperature was set in 25 oC, and the injection volume was 5 μL. The UV 

detector was emitting at 254 nm. Once the elution was finished, a blank sample containing 

mobile phase was injected and flushed trough the column for verification of the baseline and 

to confirm complete elution of the previous injection. 

Standard plate theory of chromatography was used for quantitative analysis of separation.82 

Two different methods were used to evaluate the separation resolution based on peak width 

(Wn) and full width at half height of the peak (Wn@0.5) show in Equation 2-2 and Equation 2-

3, respectively.  The retention time (tr) is the elution time at the peak maximum. Values of tr, 

Wn, and Wn@0.5 were calculated using the Agilent chemstation software. The theoretical plate 

number (N) or column efficiency based on Gaussian distribution was calculated using 

Equation 2-4. 

𝑅𝑆 =
(𝑡𝑟2−𝑡𝑟1)

0.5(𝑊1+𝑊2)
  (Equation 2-2) 

𝑅𝑆 0.5 =
1.18(𝑡𝑟2−𝑡𝑟1)

0.5(𝑊1@0.5+𝑊2@0.5)
  (Equation 2-3) 

𝑁 = 16 (
𝑡𝑟

𝑊
)

2

   (Equation 2-4) 

 

2.3 Results and Discussion 

2.3.1 Separation of cis and trans isomers 

Two spots were observed by TLC for structures 2 to 5 and for 11. These two spots indicate 

the presence of cis and trans isomers; their corresponding retardation factors are listed in Table 

https://paperpile.com/c/N3HHOV/gXke6


23 

 

2-1. The cis and trans isomers were separated by a preparatory LC, and the isolated fraction was 

evaluated using 29Si-NMR show in Figure 2-2. The spectra obtained for the second fraction was 

assigned to trans isomers; the spectra obtained for the second fraction was assigned to cis isomers. 

A previous report from our research group describes the peak assignments in detail.76 Mass balance 

for the material injected in the column resulted in 75% recovery in two main fractions after elution. 

This result is comparable with a previous report for separation of DDSQ mixtures by LC.81 

The difference in elution times between cis and trans isomers is related with the orientation of 

the polar moieties. For cis isomers, both polar groups are pointing at the same direction. This 

configuration slows the elution rate due to possible stronger adsorption. For trans isomers, polar 

groups are pointing at the opposite direction. Here, only one of the polar groups is attracted to the 

stationary phase surface increasing the elution rate. A similar relation between positions isomers 

was reported for small molecules.83 

Table 2-1. TLC retardation factors, Rf, with dichloromethane as mobile phase for 2 DDSQ-2((p-

aniline)(methyl)), 3 DDSQ-2((m-aniline)(methyl)), 4 DDSQ-2((m-aniline)(isobutyl)), 5 DDSQ-

2((m-aniline)(cyclohexyl)), and 11 DDSQ-2((cyanopropyl)(methyl)). 

Compounds Rf trans Rf cis 

2 0.28 0.14 

3 0.43 0.28 

4 0.66 0.44 

5 0.77 0.51 

11 0.86 0.73 
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Figure 2-2. 29Si NMR for cis and trans isomers after separation of 3. (a) trans isomer, 

corresponding to the first spot in TLC; (b) cis isomer, corresponding to the second spot in TLC. 

2.3.2 UV absorbance intensity of positional isomers of phenylamine  

UV detectors are highly employed in organic chemistry due to its lower concentration limit 

compared with other class of detection devices. In this work, HPLC detection and 

quantification was developed by UV. However, other class of detectors with less definition 

such as refractive index (RI), or with higher resolution like mass spectroscopy can also be used 

to detect and quantify ratios between cis and trans DDSQ molecules. Cis and trans isomers for 

molecules 2 to 5 show a maximum absorbance at 254 nm which is associated with the 

chromophores in the phenyl rings.84 However, at the same concentrations, absorbance values 

for meta molecules are lower when compare to the absorbance values for para isomers. It was 

determined that the slope of absorbance versus concentration for all para isomers is twice as 

that of meta isomers show in Figure 2-3. This result agrees with previous reports for isomers 

of positional phenylamine.82 However, there are no differences in the slope of the absorbance 

https://paperpile.com/c/N3HHOV/5Ze7
https://paperpile.com/c/N3HHOV/70pq8
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versus concentration curve between cis and trans isomer. This result implies for the case of 

separation by HPLC with a UV detector, the UV absorbance for cis and trans isomers can be 

directly correlated to their ratio without concentration correction. In addition, there is no effect on 

the absorbance values when different R groups were evaluated, as the main contribution to the UV 

intensity is the eight phenyl groups surrounding the DDSQ, and not the anilines attached to the Si-

O core. 

 
Figure 2-3. UV absorbance results at λ = 254 nm. Open symbols are for trans isomers, and filled 

symbols are for cis isomers. ● DDSQ-2((p-aniline)(methyl)) 2; ▲ DDSQ-2((m-aniline)(methyl)) 

3; ▪ DDSQ-2((m-aniline)(isobutyl)) 4; ♦ DDSQ-2((m-aniline)(cyclohexyl)) 5. The red dashed 

line represents the linear trend of all the para samples, and the straight blue line is the linear 

trend for the meta samples. The slope of para was determined to be two times the slope for meta. 

2.3.3  Analysis by HPLC of isomeric mixtures and individual isomers. 

2.3.3.1 pHPLC of 2 and 3 

HPLC evaluation by pHPLC in silica column bonded with cyano (CN) moieties show a single 

broad peak for the cis-trans mixture of 3 while two peaks were clearly observed for the cis-trans 

mixture of 2 using DCM as the mobile phase. By modifying the mobile phase with the addition of 

hexanes to DCM, the polarity of the mobile phase was reduced; this change increased the retention 
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time in each peak. The observed effect can be interpreted as a preference of the molecules to 

be adsorbed in the polar stagnant layer, causing a reduction in the mass transfer between the 

stagnant layer and the mobile phase. An additional effect of addition of hexanes is the 

enhancement of Rs as seen in Figure 2-4. The RS value is based on peak analogy to normal 

distribution and it is an indicative of the separation efficiency. Less than 1% overlapping 

between two normal distributions has been defined as 6σ or RS = 1.5. RS calculated with Eq. 2 

was improved from 0.77 when only DCM was flushed as the mobile phase to 1.93 when the 

mobile phase was modified to a 7:3 volumetric ratio of DCM:hexanes. For mobile phase 

containing less than 10% of hexane, evaluation of peak widths (W) was difficult due to a 

pronounced overlap. This resulted in a significant error on the calculated value of Rs. 

Alternatively, resultion of elution based on Equation 3 may be used for these highly 

overlapped peaks. Results of the resolution were tabulated in Table 2-2. 

  
Figure 2-4. Effect of dichloromethane/hexane mobile phase ratios in normal phase pHPLC for 

cis-trans of 2 and 3. The percentual value indicated represents the volume percentage of hexanes 

in the mobile phase. 
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Table 2-2. Comparison of the resolution obtained using equations 2 and 3 in cis-trans of 2 

Hexane % v/v in 

DCM:Hexane solution 
0 2 5 10 20 30 50 70 

Rs 0.77 1.73 1.63 1.64 1.58 1.68 1.81 1.93 

Rs0.5 0.36 0.99 0.90 1.03 1.02 1.09 1.04 1.04 

 

2.3.3.2 pHPLC accuracy verification  

HPLC experiments were performed for quantification of ratios between cis 2 and trans 2 

isomers mixed from isolated samples. Five mixtures with different cis and trans ratios described 

in Table 2-3 were diluted in DCM. The solutions were injected to pHPLC and eluted with a mobile 

phase with 1:1 volumetric ratio of DCM:hexanes to achieve optimal Rs. The mixtures with known 

ratios of isomers were evaluated with the use of a UV detector attached to the HPLC. Eluted 

chromatograms observed in Figure 2-5 match with the known ratio of isomers in the mixtures. 

This result indicates that quantification by HPCL-UV is possible and the standard deviations are 

lower than 5% as refer in Table 2-3. 

 

Figure 2-5. Quantitative analysis of cis-trans mixtures of DDSQ-2((p-aniline)(methyl)) by 

pHPLC. The individual isomers were first isolated and then mixed to a known ratio for 

comparison against the area under each peak. The weighted precent of isolated isomers in 

mixtures was indicated next to each curve. 
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Table 2-3. Comparison between cis and trans percentages of 2 calculated by weighting nearly-

pure cis and nearly-pure trans and calculated from the area under the peaks in the 

chromatograms presented in Figure 2-5. The standard deviation was calculated based on the 

known percentage and the area percentage for each isomer. 

% Weighted 

cis 

% Weighted 

trans 

% Area 

cis 

% Area 

trans 

Standard deviation 

cis (%) 

Standard deviation 

trans (%) 

27 73 25 75 1.5 1.5 

41 59 44 56 2.3 2.3 

55 45 58 41 2.1 2.1 

69 31 74 26 3.3 3.4 

83 17 86 14 1.9 1.9 

2.3.4 Separation by adsorption chromatography 

For adsorption chromatography, pure DCM was chosen to activate the Si-OH surface in 

the stationary phase of the column83 Different than pHPLC, adsorption chromatography 

allowed the separation of meta-aniline isomers. Resolution of elution between cis 2 and trans 

2 isomers and between cis 3 and trans 3 isomers are much higher in adsorption 

chromatography than pHPLC. Using DCM as the mobile phase, resolution of elution has a 

value of 6 or higher. In addition, as shown in Table 2-4, the retention time is high. To reduce 

tr, 2% acetonitrile was added to the mobile phase. This change also decreases Rs to an optimal 

value of 1.5. Like pHPLC, it was observed that in adsorption chromatography trans isomers 

migrate faster than cis isomers as could be seen from the retention times presented in Table 

2-4. 

 

 

https://paperpile.com/c/N3HHOV/TqEIN
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Table 2-4. Retention time (tr), peak width (W), and plate number (N) after separation by 

adsorption HPLC with DCM as the mobile phase; Retention time (trAcN) after separation by 

adsorption HPLC with a mobile phase composed by DCM:acetonitrile in the volumetric ratio 

98:2. 

Compound tr (min) W (min) N trAcN (min) 

trans 2 32.1 3.0 1831.8 7.6 

cis 2 60.5 5.0 2342.5 11.4 

trans 3 43.7 4.4 1578.2 8.5 

cis 3 66.4 5.6 2249.4 14.7 

trans 4 23.3 2.3 1642.0 - 

cis 4 47.5 4.7 1634.2 - 

trans 5 20.0 3.0 711.1 - 

cis 5 41.9 6.3 707.7 - 

 

DDSQ with meta-aniline moieties has higher retention times compared with para-aniline. 

The reason for this retention time difference is not apparent. However, from crystallographic data, 

amine groups in DDSQ with meta aniline are pointing to the same direction, and it is possible the 

amine moiety is more exposed than in the para position71, 85. 

The number of theoretical plates (N) is a measure of the peak broadening in HPLC.  in the 

column for cis 3 and trans 3 isomers, resulted in higher values compared with the N value for cis 

4 and trans 4 and for cis 5 and trans 5 as seen in Table 2-3. It is remarkable that the non-polar 

group attached to the D-Si affects the column efficiency. From the data collected in Table 2-3, the 

column was more efficient resolving 2 and 3 containing methyl group as R2; followed by 4 with 

isobutyl as R2 moiety; and lastly, the lower efficiency was attributed to 5 which has the bulkier 

cyclohexane group in the R2 position. Comparison of N between cis and trans in evaluated 

molecules does not show a recognizable trend. N for cis of 2 and 3 is larger than N for trans of 2 

and 3. In this case, N of cis was favored by tr and not by W. However, when tr was lower for 4 and 
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5, W had a bigger effect in the calculation of N ending with slightly better N values for trans 

compared against cis.   

2.3.5 Effect of R2 groups in retention times 

It was observed that the size of organic groups attached to the DDSQ core influences the 

retention times. For R1 is meta-aniline, the retention time increases as the size of R2 decreases, 

tr(R
2=methyl) > tr(R

2=isobutyl) > tr(R
2=cyclohexyl). When the polar group was changed from 

meta-aniline to hydroxyl, the retention time was also observed to be affected by the size of R2 

group. Similar to meta-anilines, the bulkier group was related to a lower retention time show 

in Figure 2-6. However, for R2 was phenyl, the retention time was higher as compared to R2 

was isobutyl. This result suggests the isobutyl moiety has a higher steric effect than phenyl, 

which reduces the overall adsorption between the adsorption site and the hydroxyl group 

attached to the DDSQ core. Integration of DDSQ-2((OH)(R)) after synthesis by 29Si-NMR 

results in a mixture with approximately 50% cis and 50% trans isomers. After separation by 

HPLC the calculation of the area of each peak in the chromatogram resulted in 50% ± 1.6% of 

the total area verifying the results obtained previously for DDSQ bonded to para-aniline. 

Integrations can be observed in the Appendix I. 
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Figure 2-6. Retention times for cis and trans DDSQ-2((hydroxyl)(R2)). (a) R2: methyl 6; (b) R2: 

vinyl 7; (c) R2: isopropyl 8; (d) R2: isobutyl 9; and (e) R2: phenyl 10. 

2.3.6 Effect of polar groups (R1) in tr 

DDSQ-(Ph)8(OH)4 was functionalized with different polar groups, para-aniline; hydroxyl; or 

cyanoproproyl, and their separation characteristics evaluated using adsorption chromatography. It 

was found that the retention time for trans 2 (p-aniline) was five times longer than the retention 

times for trans 6 (hydroxyl) and trans 11 (cyanopropyl). The retention time was ten times higher 

for cis moeity of p-aniline than hydroxyl (cis 6) and cyanopropyl (cis 11) as seen in Table 2-5.    

Table 2-5. Retention time for DDSQ functionalized with methyl and different polar groups. R 

stands for para-aniline 2, hydroxyl 6, and cyanopropyl 11. 

DDSQ-2((R)(methyl)) tr trans (min) tr cis (min) 

R: para-aniline (2)  32.19 61.08 

R: hydroxyl (6) 6.31 7.03 

R: cyanopropyl (11) 5.31 6.23 
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The retention time differences between 6 and 2 could be related to the location of the polar 

groups. For DDSQ-2((para-aniline)(methyl)), the amine moiety is extended away from the 

core of the DDSQ by a phenyl ring to avoid the steric hindrance from the eight phenyl groups 

surrounding the core. The steric effect weakens the absorption to the stationary phase, which 

resulted in a significant decrease in retention time. Even it is generally recognized OH has 

stronger adsorption than NH2.  

For both 2 and 11, the polar group is not directly attached to the core. However, a difference 

in the retention time was still observed. This result can be justified based on the hydrogen 

bonding. For 2, the oxygen atom from the silanol at the stationary phase and the nitrogen atom 

from 2 can act as hydrogen acceptors; and both have hydrogen donors. For 11, the cyano group 

can act only as the acceptor and forms a weaker hydrogen bonding with the stationary phase 

as compared with 2.  

2.4 Conclusions 

This work confirmed that separation of DDSQ cis/trans isomer mixtures by liquid 

chromatography and quantification by HPLC is possible as the primary separation technique. 

Evaluation of isomers by NMR and HPLC showed that the isomer expected after separation 

was present in percentages better than 90% purity. It was observed that the position of the 

amine group in the aniline affected the UV absorbance values at the same concentration. 

However, no concentration effect was found in absorbances between cis and trans isomers. 

This enables one to determine the cis/trans ratio in a mixture directly from the UV detector 

signal of an HPLC experiment. 

Separation by normal phase partition chromatography was distinguished as a technique for 

identification and quantification of cis and trans DDSQ-2((p-aniline)(methyl)). This 



33 

 

chromatography mode does not permit separation of the meta isomers. Adsorption 

chromatography using silica as stationary phase was a better separation technique allowing 

optimal resolution of the elution for every case studied in this work. 

The moiety next to the polar group has a steric effect that affects the adsorption. Bulkier groups 

reduced the adsorption energy and in consequence the retention time. However, the elution order 

is not changed by the adjacent groups it means that for DDSQ functionalized cages, the trans 

isomers will always elute first. Polarity in the DDSQ is a crucial factor for allowance the separation 

process. In addition, the strength of hydrogen bonding affected by the sterics of the surrounding 

groups significantly influnced the elution time.  
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CHAPTER 3. 

 

SEPARATION OF ASYMMETRICALLY CAPPED DOUBLE-DECKER 

SILSESQUIOXANES MIXTURES 
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3 Separation of asymmetrically capped double-decker silsesquioxanes mixtures 

3.1 Introduction 

Functionalized double-decker silsesquioxanes, DDSQs, are building blocks for diverse 

applications such as polymer chain modifiers.86–90 Polymer chains modified with DDSQ can 

obtain low dielectric constant, enhanced hydrophobicity, and elevated degradation 

temperature.88,89,91,92 These materials are derived from the tetrasilanol double-decker 

silsesquioxane or DDSQ-(Ph)8(OH)4 (1). This compound is composed of two cyclic syn-cis-

1,3,5,7-tetraoltetraphenyltetrasilsesquioxane bridged by two oxygens and can be functionalized 

by a side-capping reaction with dichlorosilanes, Scheme 3-1,  to produce DDSQs that are the 

building blocks in many polymer applications.89,92–94 

 

Scheme 3-1. Side capping of DDSQ-(Ph)8(OH)4 (1) with a dichlorosilane.  

Side-capping with a dichlorosilane that has two distinct R-groups results in symmetric cis 

and trans isomers.93,94 The products are symmetric because both sides are capped with the same 

capping agent. Separation of these cis and trans isomers using fractional crystallization (FC) has 

been reported.90,93,94 FC is a technique that allows separation based on solubility differences 

between two or more analytes in a solution.95 For example, cis and trans-DDSQ side-capped with 

4-(dichloro(methyl)silyl)aniline were separated with high purity when the initial ratio between cis 

and trans isomers was different than 50 % to 50 % cis:trans using THF as the good solvent and 

hexane as the poor solvent.8 DDSQ side-capped with isobutyl trichlorosilane was first separated 

https://paperpile.com/c/drPaP0/BH6TU+vZwQm+VTjae+UsVEw+PHqRc
https://paperpile.com/c/drPaP0/VTjae+kRUxQ+RltEn+UsVEw
https://paperpile.com/c/drPaP0/RltEn+zZa7s+UsVEw+wElpg
https://paperpile.com/c/drPaP0/zZa7s+wElpg
https://paperpile.com/c/drPaP0/zZa7s+PHqRc+wElpg
https://paperpile.com/c/drPaP0/WRAIA
https://paperpile.com/c/drPaP0/zZa7s
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using FC, and then subsequently polymerized using mostly a single isomer type was 

studied.90 Also, separation of mostly trans isomer from the mixture obtained after side-

capping of DDSQ-(Ph)8(OH)4 with methyldichlorosilane was done using FC.94 However, 

Schoen et al. and Hoque et al. reported that further purification via liquid chromatography 

(LC) was needed, which for polar DDSQ isomers is a separation technique with superior 

resolution in comparison to FC.90,93 

LC is a technique that allows isolation of individual molecular compounds even 

with a partial overlap in retention times.96–98 For many applications, this technique is faster 

than FC;99 furthermore, industrially LC is less expensive despite the differences in initial 

cost. LC is based mainly on interactions between analytes, stationary phase, and mobile 

phase.96,100 Among the many LC operation modes, normal phase (NP) and reverse phase 

(RP) have been widely used.101–104 Separation for both NP and RP depend on polarity 

differences between the analytes. However, in NP analytes interact with a polar stationary 

phase and a low polar mobile phase.96 Despite the advantages of LC, there are no reports 

for the separation of DDSQ compounds using LC except for further purification after FC. 

 

Scheme 3-2. Side capping of DDSQ-(Ph)8(OH)4 (1) with two chlorosilanes. 

https://paperpile.com/c/drPaP0/wElpg
https://paperpile.com/c/drPaP0/zZa7s+PHqRc
https://paperpile.com/c/drPaP0/evBVc+NTGXP+COArk
https://paperpile.com/c/drPaP0/sZxRi
https://paperpile.com/c/drPaP0/evBVc+YailK
https://paperpile.com/c/drPaP0/6JQlt+dcpwe+92vCl+1BokK
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The use of LC to isolate a DDSQ compound with asymmetric functionalities, ie the AB 

compound in Scheme 3-2, is proposed as an engineering solution to expand the field of application 

for functionalized DDSQs. In this work DDSQ-(Ph)8(OH)4 was side-capped with two different 

chlorosilanes which would produce a mixture 3 products, AA, AB, and BB. These DDSQ products 

have zero, one, and two hydroxyl groups after hydrolysis, and are separable by NP due to their 

polarity differences. Synthetic procedures, separation technique, and identification of the new AB 

compounds will be described in the following sections. 

3.2 Experimental 

3.2.1 General information 

All commercially available chemicals were used as received unless otherwise indicated. 

(C6H5)8Si8O10(OH)4 5,11,14,17-Tetra(hydro)octaphenyltetracyclo[7.3.3.-33,7]octasilsesquioxane 

or DDSQ-(Ph)8(OH)4 was purchased from Hybrid Plastics. Dimethyldichlorosilane (CH3)2SiCl2, 

vinylmethyldichlorosilane (CH3)(C2H3)SiCl2, methyldichlorosilane (CH3)HSiCl2, and 3-

chloropropylmethyldichlorosilane (CH3)(C3H6Cl)SiCl2 were purchased from Gelest. 

Methyltrichlorosilane (CH3)SiCl3 was purchased from Sigma-Aldrich. Triethylamine (Et3N) was 

purchased from Avantor and distilled over calcium hydride before use.  Deuterated chloroform 

with 1vol.% of tetramethylsilane CDCl3-TMS and deuterated acetone acetone-D6 were purchased 

from Cambridge isotopes laboratories. Tetrahydrofuran (THF) was refluxed over 

sodium/benzophenone ketyl and distilled. Reagent grade dichloromethane (DCM) and n-hexanes 

were degassed with helium for HPLC experiments. The previously listed solvents were purchased 

from Avantor. Si-gel P-60 was obtained from Silicycle. 1H, 13C, and 29Si were recorded on 500 

MHz NMR spectrometers. 
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3.2.2 General procedures  

3.2.2.1 General procedure A: synthesis of symmetric DDSQ 

DDSQ-2((CH3)(R)) was synthesized following the reaction 1-1 shown in Scheme 

3-1. In a 250 mL flask purged with dry N2 for 15 minutes, DDSQ-(Ph)8(OH)4 (1) (2 g, 1.87 

mmol, 1 equiv) was dissolved in THF (60 mL) at room temperature. Dichlorosilane or 

trichlorosilane (3.74 mmol, 2 equiv.) was added to the DDSQ-(Ph)8(OH)4 solution. Et3N 

(1.04 mL, 7.48 mmol, 4 equiv.) was added dropwise to the stirring solution. The addition 

of triethylamine took 5 minutes in total; a cloudy white suspension was formed and stirred 

for 4 hours. The solution was then filtered through a fine fritted-funnel-filter to remove the 

solid triethylamine hydrochloride. The solution was dried in a rotary evaporator and then 

passed through a silica-gel column using DCM as the solvent. The volatiles was removed 

from the resulting solution and further dried at 0.4 mbar and 50 °C for 12 hours to afford 

DDSQ-2((CH3)(R)) as a white powder. It should be noted the reported spectra are of the 

cis/trans mixtures. Full experimental details and product characterization are in the 

Appendix A and I respectivelly.  

3.2.2.2 General procedure B: synthesis of DDSQ symmetric and asymmetric mixtures 

The synthesis of DDSQ mixture was done following the Scheme 3-2. In a 250 mL 

flask purged with dry N2 for 15 minutes, DDSQ-(Ph)8(OH)4 (1) (2g, 1.87 mmol) was 

dissolved in THF (60 mL) at room temperature. (CH3)(R)SiCl2 (1.87 mmol, 1 equiv.) and 

(CH3)SiCl3 (1.87 mmol, 0.24 mL, 1 equiv.) were added to the DDSQ-(Ph)8(OH)4 solution 

and stirred for 5 minutes.Et3N (1.04 mL, 7.48 mmol, 4 equiv.) was added dropwise to the 

stirring solution. The addition of triethylamine took 5 minutes in total which created a 

cloudy white suspension which was stirred continuously for additional four hours. After, 
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the solution was filtered through a fine fritted-funnel-filter to remove the solid triethylamine 

hydrochloride. Volatiles was removed from the resulting solution which produced a white powder. 

This powder was a mixture of three products as shown in Scheme 3-2. The powder was dissolved 

in a minimum amount of DCM and passed through a silica-gel column using DCM as the solvent. 

The silica column hydrolyzed the chlorosilanes into silanols which were isolated. The three 

separated products were dried at 0.4 mbar and 50 °C for 12 hours. Full experimental details and 

product characterization are in the Appendix A and I respectivelly. 

3.2.3 Separation of DDSQ mixtures by LC 

A glass preparatory chromatography column with 500 mL round top reservoir (L = 60 cm, 

D = 4 cm) was packed with Si-gel (60 g, H = 40cm). DCM was flushed through the packed bed 

under pressure generated by a dry N2 stream. The packed bed wetting was stopped until no air 

bubbles, and dry spaces were observed. A concentrated solution of DDSQ mixture in DCM (5 mL, 

0.2 g/mL) was gently injected from the top of the wetted Si-gel bed and moved into the packed 

bed until no solution was above the packed bed. The column was then gently charged with 500 

mL of DCM and then flushed using the N2 stream with an average flow rate of 10 mL/min. 

Fractions of 5 mL were collected in the bottom of the column until the DCM reached the top of 

the bed. Each fraction was injected in 5 cm TLC plates of Si-gel supported in Aluminum. TLC 

was evaluated with DCM and then analyzed under a 245 nm UV-lamp. The graphic description of 

the TLC separation is shown in the Appendix C. 

3.2.4 Characterization of DDSQ materials. 

Identification of components and their ratios in the mixture, as well as the fractions 

separated by LC, were done using an Agilent 1110 HPLC system. The samples were first dissolved 

in DCM and 5 mL injected into a Supelcosil column (L = 250 mm, ID = 4 mm) and separated at 1 
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mL/min with DCM as the mobile phase. The components were detected in a UV detector 

at 245 nm. Mixtures and separated samples were evaluated by NMR taking advantage of 

the three nuclei of the molecules: 1H, 13C, and 29Si. Dry samples (0.2 g) were dissolved in 

0.6 mL of CDCl3-1%TMS and placed in a Variant UNITY Innova 600 at 589 MHz for 1H, 

and 119.16 MHz for 29Si. Fractions were also characterized by mass spectroscopy in a 

Waters Xevo G2-XS. The ionization was performed by atmospheric pressure chemical 

ionization (APCI) using acetonitrile as solvent. 

3.3 Results and Discussion 

3.3.1 Separation by LC 

To obtain asymmetric DDSQ, a dichlorosilane (R(CH3)SiCl2, A) and 

methyltrichlorosilane (CH3SiCl3, B) were added to DDSQ-(Ph)8(OH)4 (1) as is shown in 

Scheme 3-3. In addition to the desired AB product, two symmetric byproducts are obtained 

(AA and BB). This is because the two reactive sides of DDSQ-(Ph)8(OH)4 are 7 Å apart; 

thus after capping one side, there is no additional selectivity toward either capping agent 

A or B. Assuming the capping rate is independent of chlorosilane used, the probability to 

bond any chlorosilane to one of the sides is ½ and the probability of the same type of 

chlorosilane capping the second side is ½. This indicates that probability to synthesize AA 

or BB is 25% for each, and the probability to synthesize AB is ½ or 50% when equimolar 

amounts of A and B react with DDSQ-(Ph)8(OH)4 which provides an expected isomer ratio 

of 25:50:25 AA:AB:BB. However, by using methyltrichlorosilane as the B capping agent, 

the mixture of products will have zero, one and two chloro moieties. During the workup, 

hydrolysis of the resulting chlorine atom occurs readily leaving zero, one, and two silanols; 

thus, the final products contain a varying number of silanol groups and separation can be 
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achieved based on polarity. With silica-gel used as the stationary phase, compound BB, with two 

silanol groups, migrates slower than compounds AB1-4 which in turn migrate slower than 

compounds AA1-4. This technique allows separation of the product mixtures as long as R on the 

A capping agent is non-polar. This is demonstrated by the retardation factor (Rf) on TLC. A Rf of 

0.74 for BB, 0.83 for AB1-4 and 0.93 for AA1-4 was calculated. These Rf values were independent 

of the R moiety used in the synthesis.  

 
Scheme 3-3. Proposed synthesis to obtain a mixture of AA, AB, and BB. 

 

3.3.2 HPLC Identification 

Chromatograms for independently synthesized AA1-4 exhibit a single peak at tr = 2.6 min 

as shown in Figure 3-1(a-d). This finding agrees with TLC results, where R does not have an 

apparent effect on retention times. Two peaks (tr = 18 min, tr = 23 min) were observed for BB as 

shown in Figure 3-1e. These peaks correspond to the trans/cis configurations. This behavior was 

reported previously in the separation of DDSQ cages side-capped with phenylamines.93 

Chromatograms for reactions following Scheme 3-3 have four peaks (tr = 2.6 min, tr = 6.5 min, tr 

= 18 min, tr = 23 min) as seen in Figure 3-1f-i.  Products AA1-4 and BB are present in the reaction 

mixtures as confirmed by the retention times for independently synthesized compounds (see SI for 

experimental details). Excitingly, the peak at 6.5 min indicates the presence of asymmetric DDSQs 

AB1-4. To date, no literature in the separation of systems with similar DDSQs has been reported. 

Nevertheless, previous work in the separation of relatively large or bulky molecules by HPLC 
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using a Si-gel stationary phase were developed for polyols and polymers with a varying 

number of hydroxyl groups.105,106  

 

 
Figure 3-1. Chromatograms for products of pure (C6H5)8Si10O14(CH3)2(R)2 obtained following 

Scheme 3-1(a-e). Chromatograms for mixtures of (C6H5)8Si10O14(CH3)2(R)2, 

(C6H5)8Si10O14(CH3)2(R)(OH), and (C6H5)8Si10O14(CH3)2(OH)2 following synthesis proposed in 

Scheme 3-2. The absorbance in the region between 15 and 30 minutes is zoomed for reader 

convenience (f-i). The second fraction separated by LC corresponding to 

(C6H5)8Si10O14(CH3)2(R)(OH) (j-m). 

The peaks observed in HPLC chromatograms were sufficiently resolved, so the 

relative ratio of the three compounds was evaluated. Since each compound has the same 

number of chromophores, UV was used for quantification. The results are shown in Table 

3-1. As discussed above, we expected a statistical ratio of 25:50:25 for AA:AB:BB; 

however, significant variations were observed in the HPLC ratios. These variations were 

usually favoring capping of the chlorosilane with lower steric hindrance. The smallest 

chlorosilane in this work was methyldichlorosilane, when this competed with 

https://paperpile.com/c/drPaP0/k1u7z+ax2pS
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methyltrichlorosilane the highest yield of AA was produced. On the other hand, the bulkiest 

chlorosilane explored in this work was chloropropyl-methyldichlorosilane, when this 

competed against methyltrichlorosilane the lowest yield of AA was obtained. Overall, the results 

in Table 3-1 show that as the sterics of the A dichlorosilane increase the amount of AA product 

decreases. This indicates that the rate of side-capping is significantly affected by the sterics of the 

capping agent.  

 

Table 3-1. The calculated ratio of products in DDSQ mixtures after separation by HPLC. 

R AA (%) AB (%) BB (%) 

H 42.0 38.8 19.2 

CH3 32.3 48.1 19.6 

CHCH2 27.6 50.9 21.5 

CH2CH2CH2Cl 15.3 39.7 45.0 

 

To verify this, two capping agents, (CH3)2SiCl2 and (Ph)2SiCl2, with distinct steric profiles 

were selected and reacted with DDSQ-(Ph)8(OH)4, Scheme 3-4. These reactions were followed by 

1H-NMR and 29Si-NMR. It was found that DDSQ-(Ph)8(OH)4 was completely converted to 

DDSQ-2(CH3)2 before 59 seconds when the first 1H NMR was collected. However, full capping 

of DDSQ-(Ph)8(OH)4 with diphenyldichlorosilane took between 36 minutes and 100 minutes to 

complete; thus, conclusively demonstrating that the sterics of the chlorosilanes significantly affect 

the rate of the capping reaction.  
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Scheme 3-4. Side-capping of DDSQ-(Ph)8(OH)4 with chlorosilanes having moieties with 

different sterics, 100% conversion time for capping with (CH3)2SiCl2 less than 1 minute, 100% 

conversion time for capping with (C6H5)SiCl2 higher than 36 minutes. 

An unfortunate byproduct of the non-statistical ratios is that in cases where there is 

a significant difference in sterics between the A and B capping agent, the ratio of desired 

AB product suffered. For example, in the first and last entry of Table 3-1, ~10% loss of 

AB product was observed. To see if this shortcoming could be overcome, we varied the 

ratios of H(CH3)SiCl2:(CH3)SiCl3 from 1.5:0.5 to 0.5:1.5. The HPLC ratios and the mass 

percentages after separation by liquid chromatography are summarized in Table 3-2. In 

every case, HPLC ratios match closely with the isolated masses from LC. The data in Table 

3-2 indicates a preference towards the formation of DDSQ capped in both sides with 

methyldichlorosilane just as in Table 3-1. However, this is mitigated when an excess of 

methyltrichlorosilane is used. Excitingly, close to the expected probability of 25:50:25 is 

obtained when a ratio of 0.8:1.2 was used. 
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Table 3-2. Mass fraction analysis of products (in precent) after DDSQ mixtures synthesis with 

different ratios of methyldichlorosilane and methyltrichlorosilane. *HPLC column is calculated 

based on HPLC peak analysis and Mass column is calculated based on analytic balance 

measurement after separation by preparatory liquid chromatography Mass. 

H(CH3)SiCl2 

: (CH3)SiCl3 

AA1 (%) AB1 (%) BB (%) 

*HPLC  *Mass *HPLC *Mass *HPLC *Mass 

1.5 : 0.5 64.1 65.1 26.7 27.9 9.2 7.0 

1.2 : 0.8 49.5 42.3 37.1 45.4 13.4 12.3 

1 : 1 42.0 45.2 38.8 32.5 19.2 22.2 

0.8 : 1.2 36.6 24.3 44.9 50.7 18.5 25 

0.5 : 1.5 6.4 6.0 28.9 30.0 64.7 64.0 

 

3.4 Conclusions 

When two different chlorosilanes compete for capping sites on DDSQ-(Ph)8(OH)4, 

mixtures of AA, AB, and BB are produced. The separation of these products was possible because 

a varied number of hydroxyl groups are present in each molecule. HPLC, a valid method to 

quantify the ratios of products, showed deviations from the expected statistical ratio of 25:50:25 

AA:AB:BB. These deviations are due to the rate of side-capping being significantly affected by 

the sterics of the capping agent. In some cases, this deviation adversely affected the amount of 

desired AB product produced. This was overcome by changing the ratios of the capping agents 

such that the more sterically hindered capping agent was in excess. Overall, our technique provides 

a route to AB DDSQ systems with an average yield of 30%. This can be further optimized by 

modifying the ratio between chlorosilanes or modifying the reaction conditions. Isolation of AB 

DDSQ is a step forward to reach block copolymers linked by a single asymmetric DDSQ. Present 

research efforts are focused on finding a direct synthesis of difunctional DDSQ and exploring the 

properties of DDSQ based block copolymers. 
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CHAPTER 4. 

 

PREDICTIVE LIQUID CHROMATOGRAPHY SEPARATION FOR MIXTURES OF 

FUNCTIONALIZED DOUBLE DECKER SILSESQUIOXANES BASED ON HPLC 

CHROMATOGRAMS 

 

 

Keywords: Asymmetric double-decker silsesquioxane, Adsorption isotherms, HPLC, Preparatory 

liquid chromatography, Chromatogram simulation. 
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4 Predictive liquid chromatography separation for mixtures of functionalized double 

decker silsesquioxanes based on HPLC chromatograms 

4.1 Introduction 

Functionalized DDSQ structures can be obtained by reacting tetrasilanol octaphenyl double-

decker shaped silsesquioxane (DDSQ-(Ph)8(OH)4) 1 with functional chlorosilanes.107–120 When 

two equivalent of difunctional dichlorosilanes (R1R2SiCl2) are used, generally a closed structure 

(DDSQ-2(R1R2)) is obtained.109,111,120–122 DDSQ-2(R1R2) has been explored for different 

applications such as amphiphilic molecules in Langmuir-Blodgett films,123 ionic liquids,111 or 

support for heterogeneous catalyst.124,125 In addition, there are numerous studies using DDSQ-

2(R1R2) in hybrid inorganic-organic polymers as the resultant hybrid polymers will contain the 

nanostructure as a part of the chain backbone.111,116,118,119,126–129 These hybrid polymers have 

shown enhanced hydrophobic properties,116,118,127 low dielectric constants,118,128,130 and improved 

thermo-oxidative stability without sacrifice of their mechanical performance.117–119,126 

From chapter 3, a mixture of DDSQ structures functionalized with zero, one, and two 

hydroxyl groups was produced.131 These mixtures were made by side-capping DDSQ-

(Ph)8(OH)4 with 1 mol equivalent of (CH3)(R)SiCl2 and 1 mol equivalent of methyl-

trichlorosilane (CH3)SiCl3 followed by hydrolysis as depicted in Scheme 4-1.131  

https://paperpile.com/c/5K72Vg/mAfn+G19i+SUVn+Grnw+zbcj+yau5+oex7+VqV3+Kdbs+UOpd+NR1x+wW7N
https://paperpile.com/c/5K72Vg/G19i+wW7N+SUVn+otHf+T2Rd
https://paperpile.com/c/5K72Vg/nLhR
https://paperpile.com/c/5K72Vg/Alta+l1h4
https://paperpile.com/c/5K72Vg/NR1x+SUVn+UOpd+VqV3+GRPa+twi2+O0Ux+8hsx
https://paperpile.com/c/5K72Vg/VqV3+UOpd+twi2
https://paperpile.com/c/5K72Vg/UOpd+O0Ux+2L68
https://paperpile.com/c/5K72Vg/Kdbs+UOpd+NR1x+GRPa
https://paperpile.com/c/5K72Vg/G2Ti
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Scheme 4-1. Capping of DDSQ-(Ph)8(OH)4 with two different chlorosilanes proposed in chapter 

3 

The structure with a single hydroxyl group (DDSQ-(CH3R2)(CH3OH))was recognized 

as an asymmetric structure. Separation of this asymmetric structure from the mixture was 

achieved with optimal resolution of the elution by the use of adsorption HPLC.131  

In this chapter the asymmetric structure is denoted with the general formula (DDSQ-

(R1R2)(R3OH)). To further explore engineering applications of asymmetric DDSQ 

structures, development of large-scale separation methodology to remove the symmetric 

byproducts is required. Scaling up adsorption HPLC separations to preparative liquid 

chromatography (LC) requires the use of a different stationary phase. This change usually 

represents large void volumes, high injection volume, and high concentrated injections, 

among other factors which may end-up decreasing the resolution of the elution.132,133 The 

scope of this work was to simulate the separation of DDSQ-(R1R2)(R3OH) from the mixture 

by HPLC. In modeling the HPLC column, breakthrough curves were performed by HPLC 

and analysis of the elution front permit obtention of the adsorption isotherm parameters for 

each compound in the mixture. Once the simulation converges with experimental 

https://paperpile.com/c/5K72Vg/SHbh+bSwH
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chromatograms, extrapolation of the adsorption parameters can then be used to predict the 

collection time needed in a large-scale preparative chromatography separation. This 

prediction allows a proper column configuration to achieve separations with resolutions of the 

elution large enough to isolate nearly-pure asymmetrical compound. 

4.2 Experimental 

4.2.1 Materials 

All commercially available chemicals were used as received unless otherwise indicated. 

(C6H5)8Si8O10(OH)4 5,11,14,17-Tetra(hydro)octaphenyltetracyclo[7.3.3.-33,7]octasilsesquioxane   

or DDSQ-(Ph)8(OH)4  was purchased from Hybrid Plastics. Dimethyldichlorosilane (CH3)2SiCl2, 

methyl trichlorosilane (CH3)SiCl3, vinyl trichlorosilane (CH2CH)SiCl3, isobutyl trichlorosilane 

((CH3)2CHCH2)SiCl3, and deuterated chloroform with 1%vol tetramethylsilane (CDCl3-

1%TMS) were purchased from Sigma-Aldrich and from Gelest. Triethylamine (Et3N) was 

purchased from Avantor. Tetrahydrofuran (THF) was dried passing through the alumina 

adsorbent column. Reagent grade dichloromethane (DCM) was degassed with helium for HPLC 

experiments. The previously listed solvents were purchased from Sigma. Si-gel P-60 was 

obtained from Silicycle. 1H, 13C, and 29Si were recorded on 500 MHz NMR spectrometers. 

4.2.2 Methods 

4.2.2.1 Synthesis of DDSQ individual products 

DDSQ-2((CH3)2) 2 and DDSQ-2((CH3)(OH)) 4a were synthesized following Scheme 4-2. 

In a 500 mL flask purged with dry N2 for fifteen minutes, DDSQ-(Ph)8(OH)4 1 (10 g, 9.35 mmol, 

1 equiv.) was dissolved in THF (200 mL) at room temperature. Dimethyldichlorosilane or 

methyl trichlorosilane (18.7 mmol, 2 equiv.) was added to the DDSQ-(Ph)8(OH)4 1 solution. 

Et3N (37.4 mmol, 4 equiv.) was added dropwise for a period of about 5 minutes to the stirring 
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solution; a cloudy white suspension was formed and continue to stir for additional four 

hours at room temperature. The solution was then filtered through a fine fritted-funnel-filter 

to remove the solid triethylamine hydrochloride. The volatiles were removed using a rotary 

evaporator. The sample was then solubilized in a minimum volume of DCM and then passed 

through a short silica-gel plug using DCM as a solvent to clean the sample and hydrolyze 

when methyl trichlorosilane was used. The volatiles were removed from the resulting 

solution and further dried at 0.4 mbar and 50 °C for 12 hours to afford 2 or 4a as white 

powders. Spectral information can be found in the Appendix I.  

 

Scheme 4-2. Synthesis of functionalized DDSQ-2(R1)(R2). For compound 2: R1 and R2 are CH3; 

for compound 4a: R1 is CH3, and R2 is Cl which is hydrolyzed after the reaction to form 

hydroxyl (OH) 

4.2.2.2 Synthesis of DDSQ mixtures 

The synthesis of DDSQ mixtures with zero, one, and two hydroxyl groups was 

performed following Scheme 4-3 using a procedure previously described.114 Synthesis of a 

mixture containing 2, 3a, and 4a (or mixture A) is described as an example. To a 500 mL 

flask purged with dry N2 for 15 minutes, 1 (10 g, 9.34 mmol) was added and dissolved in 

THF (200 mL) at room temperature. Dimethyldichlorosilane (9.34 mmol, 1.14 mL, 1 equiv.) 

and methyl trichlorosilane (9.34 mmol, 1.10 mL, 1 equiv.) were added to the solution 

containing 1 and stirred for five minutes. Et3N (37.4 mmol, 5.22 mL, 4 equiv.) was added in 
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1 mL installments to the stirring solution. A cloudy white suspension was formed and stirred 

continuously for additional four hours. The solution was filtered through a fine fritted-

funnel-filter to remove the solid triethylamine hydrochloride. Volatiles were removed from the 

resulting solution which produced a white powder.  The powder was dissolved in a minimum 

amount of DCM and hydrolyzed after addition of 50 mL of water and one hour of stirring. The 

organic phase was isolated, washed with brine, and then dried with magnesium sulfate. The 

volatiles were evaporated ending with the mixture A as a white powder. Nearly-pure 3a was then 

isolated from the mixture A using LC. The same procedure was repeated replacing methyl 

trichlorosilane for vinyl trichlorosilane to produce the mixture B (2, 3b, and 4b), and for isobutyl 

trichlorosilane to produce the mixture C (2, 3c, and 4c). Spectral information for 3a, 3b, and 3c 

cages can be seen in the Appendix I. 

 

Scheme 4-3. Synthesis of mixtures containing DDSQ-2(CH3)2 2, DDSQ-(CH3)2(R)(OH) 3, and 

DDSQ-2((R)(OH)) 4, where R is methyl (CH3), vinyl (CHCH2), or isobutyl (CH2CH(CH3)2). 



52 

 

4.2.2.3 Breakthrough curves 

Breakthrough curves were generated in an Agilent 1100 HPLC system with a dual 

pump using a Lichrospher-Si60 column with an inner radius (r) of 0.23 cm and a length (Hb) 

of 25 cm. Analytes were detected with an UV-detector at 245 nm. Each compound was first 

solubilized in DCM with varying concentrations listed in Table 4-1. The solution was 

pumped through pump A at a flow rate (Fv) of 1 mL/min for 10 min.; pure DCM was then 

pumped from pump B for 40 min with the same Fv for complete elution. 

Table 4-1. Solutions prepared for obtention of breakthrough curves. Concentrations of 4a are for 

a 1:1 mixture of cis and trans isomers. 

Compound 
Concentration (C) (g/L) 

1 2 3 4 5 6 7 8 

2 0.10 0.18 0.30 0.40 1.06 1.60 2.20 - 

3a 0.09 0.19 0.33 0.57 0.98 1.83 2.82 6.25 

4a 0.14 0.25 0.50 1.20 2.40 3.90 7.00 - 

 

Adsorption isotherms were calculated using Equation 4-1,134 where the hold-up time 

(t0) in the column used was found experimentally as 2.0 min. The extra column time (text) 

was calculated based on the channels from the HPLC redirection valve to the beginning of 

the column, and from the end of the column to the detector. For our HPLC, the value of text 

was found to be 0.7 min. experimentally. The shock time (ts) was picked from the 

chromatogram as the half-time of the front located between the baseline and the beginning 

of the plateau after the detection of DDSQ compounds. 

𝑞𝑣 =
𝐶𝐹𝑉(𝑡𝑠−𝑡0−𝑡𝑒𝑥𝑡)

𝜋𝐻𝑏𝑟2−𝐹𝑉𝑡0
  Equation 4-1 
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The experimental adsorption isotherm was fitted to the linear isotherm model, Equation 4-2. 

𝑞𝑣 = 𝐼𝑃1 ∗ 𝐶 + 𝐼𝑃2  Equation 4-2 

where IP1 and IP2 are isotherm parameters and IP2 was fitted to be zero for all cases here.  

4.2.3 HPLC and preparative LC chromatograms 

HPLC experiments were configured using DCM as the mobile phase. The solvent was 

degassed with Helium before pumping to the column. The flow rate was set to be 1 mL/min for 

all samples, which gave a constant pressure of 34 bars, the temperature was set as 25 °C, the 

injection volume was 10 μL, and the UV detector was set at 254 nm. The number of theoretical 

plates (N) or column efficiency was calculated with the tangent line method in Equation 4-3. 

For HPLC, retention time (tr) and peak width at the baseline (W) were calculated using the 

Agilent Chemstation software.135 For preparative LC tr and W were calculated manually from the 

plots. Resolution of the elution (Rs) was obtained using Equation 4-4. 

𝑁 = 16 (
𝑡𝑟

𝑊
)

2

   Equation 4-3 

𝑅𝑠 =
2(𝑊(𝑖)+𝑊(𝑖+1))

(𝑡𝑟(𝑖+1)−𝑡𝑟(𝑖))
  Equation 4-4 

Preparative LC was performed to scale-up the results obtained from HPLC experiments. 

Two different columns were prepared in the following general methodology. DCM was added to 

dry silica bed inside a glass column. The formed slurry was shaken to remove most air bubbles. 

Then, the wet bed was flushed with DCM under pressure generated by a dry N2 stream. The 

flushing process was stopped until the flow was constant in the column outlet, meaning that air 

was mostly removed from the column. Void fraction was calculated based on the volume 

required to elute an injection of toluene through the column at the average flow rate. A 

https://paperpile.com/c/5K72Vg/CxTa
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concentrated solution of DDSQ mixture dissolved in DCM was gently injected in the top of 

the wet Si-gel bed. The injection was flushed until no solution was observed above the 

packed bed. The column was then gently charged with DCM and the column pressurized by 

the N2 stream to elute the analytes. Fractions were collected in the bottom of the column 

until remaining DCM reached the top of the bed. The concentration in each fraction was 

obtained by evaporation of the solvent and weighing the solid mass or by HPLC peak areas 

compared against a standard reference. Elution times in the preparative separation for 

mixtures A and B were calculated based on the relation between the volume of each fraction 

and the average flow rate. For the separation of mixture C, the flow rate for every collected 

fraction was recorded to analyze the effect of flow rate gradients in the simulation results. 

Dimensions of the columns and parameters for the separations performed can be observed in 

Table 4-2. 

Table 4-2. Preparative column dimensions and operational parameters 

Column Preparative 1 Preparative 2 Preparative 3 

Mixture A (2, 3a, 4a) B (2, 3b, 4b) C (2, 3c, 4c) 

Composition (2:3:4) 32:49:19 42:47:11 40:45:14 

Height (Hb) cm 34 43 43 

Radius (r) cm 1.7 3.4 3.4 

Void fraction 0.7 0.6 0.6 

Flow rate (mL/min) 25 54 

19 to 87 for 10.4 min 

87 to 103 for 13.0 min 

54 to finish 

Mixture weight (g) 2 4 4 

Volume injected (mL) 15 46 46 
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4.2.4 Chromatogram simulation 

ASPEN chromatography V10 was used to simulate the separation process in HPLC as well 

as in preparative LC. A batch process was drawn starting with an inlet controlling the mobile 

phase and the injection. This stream was connected to a packed column, and the column was 

further connected to an outlet stream. To start the modeling, trace-liquid was assumed for the 

column operation because the density of the liquid along the column is considered to be a 

constant. Other two assumptions in the mass balance are: (1) no changes in flow rate (Fv); and 

(2) no additional reaction occur during the separation process. After these assumptions, the 

resultant mass balance can be observed in Equation 4-5. 

𝜀𝑖𝐸𝑧𝑖
𝜕2𝐶𝑖

𝜕𝑧2 = 𝑣𝐿
𝜕𝐶𝑖

𝜕𝑧
+ 𝜀𝑡

𝜕𝐶𝑖

𝜕𝑡
+ (1 − 𝜀𝑡)𝐽𝑖  Equation 4-5 

εt is the total void fraction which is a function of the interparticle void fraction εi and the 

intraparticle void fraction εp which is neglected here. Ci is the concentration of i molecule at a 

given time and position, and Ji is the mass transfer flux. Ezi stands for the axial dispersion 

coefficient. Ezi was calculated based on the theoretical column number of plates (N) described in 

Equation 4-6, where Hb is the packed bed height. 

𝐸𝑧𝑖 =
𝑣𝐿𝐻𝑏

2𝑁𝑝𝜀𝑖
  Equation 4-6 

Linear lumped resistance assumption was made to obtain an expression for Ji (Equation 4-

7). Under this assumption, the mass transfer driving force for component i is a linear function of 

the liquid phase concentration.136 In Equation 4-7, qi* represents a reference value for 

component i adsorbed. The mass transfer coefficient MTC was estimated by ASPEN assuming 

0.005 cm2/min as standard value for molecular diffusivity in liquids. 

https://paperpile.com/c/5K72Vg/V3JZ
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𝐽𝑖 =
𝑑𝑞𝑖

𝑑𝑡
= 𝑀𝑇𝐶(𝑞𝑖

∗ − 𝑞𝑖)  Equation 4-7 

The system was divided into 500 nodes and further solved by finite differences using 

the quadratic upwind differencing scheme. 

4.3 Results and Discussion 

4.3.1 Breakthrough curves and calculated adsorption isotherms 

Breakthrough curves were obtained for 2, 3a, and 4a as observed in Figure 4-1. For 2, 

the shock times were the same for all concentrations studied. This occurs as 2 is a molecule 

without silanol groups and its adsorption to the stationary phase is limited. Breakthrough 

curves for 3a showed a slight decrease in ts when the concentrations were increased. The 

highly polar 4a exhibited a larger reduction in ts as the concentration increases. Two fronts 

were observed for 4a corresponding to trans-4a and cis-4a. ts was identified for each one of 

the fronts in 4a breakthrough curves. This observation enables the calculation for the 

adsorption behavior of each isomer and the prediction of cis and trans separation in the 

chromatogram simulation. The plateau region for concentrations higher than 10 g/L was 

above the detection limit. As a result, there was a breakdown of linearity between 

absorbance and concentration. This implies possible errors in the identification of ts in the 

half concentration of the front. In addition, samples at a concentration above 10 g/L had a 

tendency to form crystals within the HPLC pump pistons and block the flow in the column. 
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Figure 4-1.  Breakthrough curves for a) 2 in low concentrations, b) 2 in high concentrations, c) 

3a in low concentrations, d) 3a in high concentrations, e) 4a in low concentrations, and f) 4a in 

high concentrations. ts was calculated from the half-concentration in the curve front. 

Experimental results for adsorption equilibrium followed a linear trend. Therefore, the 

isotherms were fitted with high accuracy into a linear adsorption isotherm model. Adsorption 

equilibrium data calculated using Equation 4-1 and fitting of the data in the linear Equation 4-2 

is observed in Figure 4-2. The experimental IP1 parameters calculated for HPLC separation for 
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the components of mixture A were tabulated and shown in Table 4-3. Some of the effects 

for high concentrations in the chromatogram such as peak tailing or maximum adsorption 

capacity were not studied as DDSQ breakthrough curves cannot be obtained at high 

concentrations. 

  

Figure 4-2. Experimental adsorption isotherms and linear fitting for: 2 black squares ■, 3a green 

circles ●, trans-4a blue triangles ▲, and cis-4a red diamonds ♦. a) full experimental points; b) 

low concentration points. Color graph can be obtained in the digital version of this document. 

4.3.2 Simulation results and parameter fitting 

Based on the linear behavior of the adsorption isotherms for the components in mixture 

A. It was hypothesized that isotherms for mixtures B and C could also be linear. The 

isotherm parameter IP1 for each component in the mixture A was plotted against the 

retention time correspondent to each peak seen in Figure 4-3. 
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Figure 4-3. Linear behavior between the retention times (tr) in HPLC and the linear isotherm 

parameter IP1 obtained from FA for mixture A. 

The relation between IP1 and tr for mixture A was linear. For instance, Equation 4-8 was 

calculated making a linear fitting. Equation 4-8 was used for calculation of the HPLC IP1 

parameters (IP1HPLC) for the components in the mixture B and in the mixture C. These 

parameters can be observed in Table 3. This approximation was made taking into account the 

similarity of components in the mixtures, as well as the fact that differences in retention times 

between 4a, 4b, and 4c are mainly affected by the organic group adjacent to the hydroxyl 

group.137 The IP1HPLC values obtained were feed into the model, and the HPLC chromatograms 

for mixture A, mixture B and for mixture C were simulated as seen in Figure 4-4. 

𝐼𝑃1𝐻𝑃𝐿𝐶 = 0.2901𝑡𝑟 − 0.2983  Equation 4-8 
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Table 4-3. Linear adsorption isotherm parameter (IP1) values obtained experimentally and 

calculated values. 

Compound IP1 

Experimental 

IP1 for HPLC column 

calculated from Equation 8 

IP1 for preparative column 

calculated from Equation 9 

2 0.3753 0.3767 0.0645 

3a 0.7940 0.7968 1.6288 

trans-4a  1.9850 1.9816 6.0937 

cis-4a  2.1822 2.1844 6.8329 

3b - 0.6899 1.2385 

trans-4b - 1.3026 3.5354 

cis-4b - 1.5248 4.3684 

3c - 0.5986 0.8963 

trans-4c  - 0.9373 2.1660 

cis-4c - 1.1351 2.9077 

 

 

Figure 4-4. Curves in red represent the chromatograms obtained by HPLC. Curves in dotted blue 

lines represent the simulated chromatograms for a) mixture A, b) mixture B, c) mixture C. 

4.3.3 Extrapolation of HPLC parameters to preparative column 

The stationary phase in the HPLC column is composed by 5 μm non-porous spherical 

silica particles densely packed in the column with void fraction around 0.1. On the other 

hand, the preparative column has silica as a stationary phase with particle size averaging 60 

μm, not homogeneous particle shape, porous particles, and once packed in the column the 
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void fraction can be higher than 0.5. Consequently, HPLC and preparative LC have different 

adsorption isotherm parameters. A glass column packed with Silicycle P-60 silica was 

prepared for separation of 2 g of the mixture A to obtain the preparatory LC parameters. 

Fractions of 9.5 mL were collected and every fraction dried and weighed to elaborate the 

experimental chromatogram observed in Figure 4-5a. 

 

Figure 4-5. Curves in red represent the chromatograms obtained by preparative liquid 

chromatography. Curves in dotted blue lines represent the simulated chromatograms for a) 

mixture A, b) mixture B, c) mixture C. 

Separation for mixture A was simulated by guessing the IP1values in the model. The graph 

of IP1 against tr in the preparative column followed a linear behavior like the one observed in the 

HPLC column. IP1 parameters from the HPLC column were correlated with IP1 parameters from 

the preparative column. Obtaining the linear correlation observed in Figure 4-6 as well as in 

Equation 4-9. 
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Figure 4-6. The relation between IP1 obtained from HPLC (IP1HPLC) and IP1 obtained from 

Preparative column (IP1prep) 

𝐼𝑃1𝑝𝑟𝑒𝑝 = 3.7488𝐼𝑃1𝐻𝑃𝐿𝐶 − 1.3477  Equation 4-9. 

A preparative column was packed for separation of 5 g of mixture B, and 5 g of mixture 

C to test the predictive model for columns with Silicycle P-60 silica. Simulation for 

separation of mixture B resulted in an accurate prediction for collection times for every 

compound. However, retention times were just acceptably predicted. The experimental 

preparative chromatogram and the simulated chromatogram were compared and shown in 

Figure 4-5b. Analysis of each fraction was performed by HPLC and can be observed in the 

Appendix G. Separation of mixture C was performed as followed: first, the flow rate was 

increased from 19 mL/min to 87 mL/min in a lapse of 10.4 min.; from 87 mL/min to 103 

mL/min for 13 min.; and then suddenly dropped to 54 mL/min for the remaining 

experiment. Experimental ramps were reposted in the Appendix G. The separation using 

flow rate gradients was simulated and the results obtained are in acceptable fitting with the 
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experiment as seen in Figure 4-5c. In average, 85% of the initial weight was recovered after the 

separation process. 

Prediction of separation between cis and trans molecules of 4 indicates that is possible to 

collect fractions enriched with the cis isomers and fractions enriched with the trans isomers. The 

predicted results agree with the experimental results showing that effectively cis and trans 

isomers of the DDSQ with two hydroxyl groups can be partially separated using DCM as the 

mobile phase. Previously separation of trans and cis DDSQ cages capped with isobutyl 

trichlorosilane was achieved in a silica column with toluene as mobile phase.17 Enriched 

fractions of cis-4b trans-4b cis-4c and trans-4c can be observed in the HPLC analysis for 

preparative separations presented in the Appendix G. 

4.3.4 Efficiency for preparative columns 

Analysis of the column efficiency by Equation 4-3 was used to estimate the dispersion 

coefficient by ASPEN chromatography. Table 4-4 contains the calculated column efficiencies 

for preparative-1, preparative-2, and HPLC. For compound 2, the difference in N values between 

preparative-1 and preparative-2 columns is mainly attributed to the larger diameter and length of 

preparative-2, larger column diameters generally reduce the injection height, decreasing the 

initial dispersion in the column. On the other hand, longer columns have a higher number of 

theoretical plates. The calculated efficiency for separation of 4b was half of 4a and 4c in HPLC 

due to overlapping of elution peaks. As seen in Table 4-4, the values of N for the preparative 

column are one order of magnitude smaller than the N for HPLC. Calculation of N for 

preparative columns has the same trend as the N calculated by HPLC. 

  

https://paperpile.com/c/iXocmt/7NWl
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Table 4-4. Column efficiency (N) calculated from Equation 3 for HPLC and preparative 

columns. * Value calculated as an individual component. 

Compound N preparative-1 N preparative-2 N HPLC 

2 261 603 7178 

3a 191 - 2235 

3b - 430 2359 

3c - - 2635 

trans-4a 
105* 

- 1936 

cis-4a - 1694 

trans-4b - 212 697 

cis-4b - 217 853 

trans-4c - - 1427 

cis-4c - - 1117 

In Table 4-5, values of resolution of the elution (Rs) calculated with Equation 4-4 are 

tabulated. Rs between 2 and 3, and between 3 and 4 were higher than the optimal value, Rs-

optimal=1.5, in HPLC as well as in preparative LC. These Rs values indicate that every analyte 

was eluted with high purity. In addition, further improvement may be made to reduce the 

separation time. Calculations of Rs for HPLC between cis and trans isomers of 4 resulted in 

values larger or close to the optimal value for 4a, and for 4c. However, for the mixture B 

separation of trans-4b and cis-4b has Rs value enough to recognize the components but very 

low to achieve an optimal resolution between the peaks. This behavior indicates that polarity 

difference between cis and trans isomers of 4b is lower than the difference of polarity for 

isomers of 4a and 4c. For preparative LC separations, Rs between cis and trans isomers of 4 

was not possible to measure because both isomers were overlapped. Different solvents and 

column lengths may be explored to achieve Rs values close to 1.5 between trans-4-and cis-4 

peaks. 
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Table 4-5. Resolution of the elution between analytes in each mixture after separation by HPLC 

and preparative LC. 

Rs between compounds Rs by HPLC Rs by Preparative LC 

2 and 3a 7.1 2.1 

2 and 3b 5.5 3.1 

2 and 3c 4.3 1.8 

3a and trans-4a 7.4 2.0 

3b and trans-4b 3.9 2.9 

3c and trans-4c 3.4 1.7 

trans-4a and cis-4 1.5 - 

trans-4b and cis-4b 0.8 0.2 

trans-4c and cis-4c 1.3 - 

 

4.4 Conclusion 

Separation by LC was performed for a mixture of double-decker shaped silsesquioxanes 

functionalized with zero, one, and two hydroxyl groups. The presence of the polar group allowed 

different retention times for the mixtures evaluated included the trans and the cis isomers for the 

nanostructure functionalized with two hydroxyl groups. It was determined that adsorption of the 

non-polar compound was neglectable because it migrates through the column without being 

retained. 

Linear adsorption isotherms were identified for the structures dissolved in DCM. Highly 

concentrated solutions were not studied due to problems with the pump pistons and proximity to 

the detector limit. However, evaluation of larger concentrations may allow visualization of 

Langmuir type of isotherms. Nevertheless, linearity is an advantage for scale up the separation 

process into a preparative column working in batch operations. HPLC was used to predict linear 

adsorption isotherm parameters that were further extrapolated to find adsorption isotherm 
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parameters for commercially available silicas. These parameters allowed the prediction of 

collection intervals in large-scale columns. 

Separations performed experimentally with the simulated parameters are accurate in the 

baseline of the chromatogram. But the peak shapes may require another type of isotherms 

predictive of tailing or perhaps competition. Other types of separation using this commercial 

stationary phase can be simulated with the adsorption parameters found in this work. In 

summary, this work proposes a simple predictive methodology for scale-up HPLC 

separations of side-capped octaphenyl double-decker shaped silsesquioxanes by the use of 

commercially available silica.  
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CHAPTER 5. 

 

PHASE BEHAVIOR OF CIS-TRANS MIXTURES OF DOUBLE-DECKER SHAPED 

SILSESQUIOXANES FOR PROCESSABILITY ENHANCEMENT 

 

 

Keywords: Double-decker shaped silsesquioxanes, melting temperature suppression, binary cis 

and trans eutectic composition, phase diagram. 
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5 Phase behavior of cis-trans mixtures of double-decker shaped silsesquioxanes for 

processability enhancement 

5.1 Introduction  

Functionalized double-decker shaped silsesquioxane (DDSQ-2(R1R2)), and corner 

capped cubic shaped silsesquioxanes (POSS-R1) (Figure 5-1) are cage-like silsesquioxanes 

with a dimensionally well-defined inorganic core, inert organic groups around the core 

which provides compatibility with the surround organic matter of interest, and exact 

specified reactive organic sites.138,139 These structures have become model compounds to 

investigate effects of nanostructured inorganic additives on polymer properties.140-144 

Applications of both DDSQ-2(R1R2) and POSS-R1 nanostructures have been explored 

extensively.138,140-142,145,146-167 When used in organic polymers, the hybrid characteristics 

provide enhanced oxidation temperature, improved hydrophobicity, and low dielectric 

constant.147-151,156,166,168-173 Recent research extended the use of DDSQ-2(R1R2) and POSS-

R1 as supports to reduce the amount of packed bed required in heterogenous 

catalysts.142,147,174-177 Other applications for POSS-R1 include improved ionic liquid 

performance and its thermal stability,171,178-180 microstructure modifier to improve 

mechanical performance of metallic alloys,162 superhydrophobicity in coatings,164,181-183 

monomer for increased thermal and mechanical performance of thermosetting polymers, 184-

187 and use in pharmaceutical applications.182,188-191 
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Figure 5-1. Structure of cis/trans-DDSQ-2(R1R2) and POSS-R1 where R are inert organic 

moieties and R1 and R2 are active functional groups. 

Incorporation of POSS-R1 or DDSQ-2(R1R2) without the use of solvents is an 

environmentally friendly method to integrate these cage-like silsesquioxanes into organic 

polymers and has been achieved by melting the nanostructures.165,169,192,193 In our prior work on 

POSS-(phenylethynylphthalimide) where the surrounding R moieties were phenyl or isobutyl, it 

was observed that hepta-phenyl POSS-(phenylethynylphthalimide) did not melt; however, the 

isobutyl system could be melt-processed with organic oligomeric phenylethynylphthalimide to 

form thermosets.169 Interestingly, it was found that octa-phenyl DDSQ-

2((phenylethynylphthalimide)(methyl)), which is structurally similar to hepta-phenyl POSS-

(phenylethynylphthalimide), resulted in a material that exhibited melt characteristics.169,194 It was 

hypothesized that melting of DDSQ-2(R1R2) was caused by higher entropy as compared to 

POSS-R1 because the as-synthesized DDSQ-2(R1R2) products contain cis and trans isomers 

about the inorganic core as shown in Scheme 5-1.144,145,192,195-197,198-201  
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Scheme 5-1. Condensation of 1 with two equivalents of organo-dichlorosilanes 

Separation of cis and trans DDSQ-2(R1R2) isomers using fractional crystallization (FC), 

and/or liquid chromatography (LC) has been achieved,145,199 and it has been demonstrated 

that polymers synthesized from mostly cis isomers exhibit different thermal characteristics 

than the same polymer made with mostly trans isomers.145 In this work we investigate the 

effect of bulkiness of an aryl group in the R1 position in DDSQ-2((methyl)(R1)) on the 

melting temperature of the cis or trans isomers. In addition, this work focused on a more 

systematic understanding of the melting behavior of DDSQ compounds with varying cis to 

trans ratios. Results from the differential scanning calorimetry (DSC) were used to construct 

the upper portion of the cis-trans binary phase diagram. The resulting binary phase diagram 

can be used to tailor a specified cis to trans ratio for optimizing the condition needed for 

melt mixing with organic polymers. 
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5.2 Experimental 

5.2.1 Materials 

All commercially available chemicals were used as received unless otherwise indicated. 

(C6H5)8Si8O10(OH)4 5,11,14,17-tetra(hydro)octaphenyltetracyclo[7.3.3.-33,7]octasilsesquioxane  

(DDSQ-(Ph)8(OH)4) 1 was purchased from Hybrid Plastics. Methyltrichlorosilane, 4-

[bis(trimethylsilyl)amino]phenyl(bromo)magnesium, 4-bromoiodobenzene, phenylacetylene, 

phenylmethyldichlorosilane, Pd(PPh3)2Cl2, CuI, activated magnesium turnings, CDCl3 with 1% 

TMS, dichloromethane (DCM), hexanes, ethyl acetate, and THF were all purchased from 

commercial sources and used directly unless specified. THF was refluxed over 

sodium/benzophenone ketyl and distilled. 

5.2.2  Synthetic procedures 

5.2.2.1 Synthesis of dichloro(methyl)(4-(phenylamine(bis(trimethylsilyl))))silane 

  
Scheme 5-2. Synthesis of dichloro(methyl)(4-(phenylamine(bis(trimethylsilyl))))silane 

Under an N2 atmosphere, a solution of 0.5 M 4-[bis(trimethylsilyl)amino]phenyl(bromo)-

magnesium in THF (30 mL, 15 mmol) was injected dropwise into a flask containing a solution of 

freshly distilled THF (10 mL) and 18 mmol of methyltrichlorosilane (1.2 equiv, 2.11 mL) that 

was cooled by an ice bath (Scheme 5-2). This mixture was allowed to warm to room-temperature 

and then stir for 24 h after which a clear yellow-pale solution was observed. At the end of the 

reaction, the excess THF and MeSiCl3 were removed by distillation under N2 in an oil bath at 90 
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°C. The product was then distilled at 120 °C under 0.1 mmHg vacuum producing a clear 

yellow liquid (3.95 g, 11.26 mmol, 75 % yield). The spectra match previously reported 

data.195,199 

1H NMR (500 MHz, CDCl3) δ: 7.58 (m, 2H), 7.01 (m, 2H), 1.02 (s, 3H, CH3), 0.10 (s, 

18H, TMS). 29Si NMR (99 MHz, CDCl3) δ 18.89 (1Si), 5.12 (2Si). 

5.2.2.2 Synthesis of 1-bromo-4-(phenylethynyl)benzene 

 
Scheme 5-3. Synthesis of 1-bromo-4-(phenylethynyl)benzene 

This procedure was adapted from previous literature and described in Scheme 5-3.198,201 

To a 500 mL round bottom flask was added 4-bromoiodobenzene (100 g, 353 mol, 1 equiv.), 

Pd(PPh3)2Cl2 (0.2481 g, 0.353 mmol, 0.1 mol %), CuI (0.0673 g, 0.353 mmol, 0.1 mol %), 

and a stir bar. The flask was sealed with a rubber septum and flushed with nitrogen then 300 

mL freshly distilled THF was added. Triethylamine (54.3 mL, 0.389 mol, 1.1 equiv.) was 

distilled over CaH2 and added to the reaction mixture. Finally, phenylacetylene (42.7 mL, 

0.389 mol, 1.1 equiv.) was added dropwise to the reaction mixture. The reaction solution 

eventually turned a brown color with a white precipitate. The white precipitate is likely 

Et3NI. The reaction was allowed to stir for 12 hours at room temperature. At the end of the 

reaction, the solvent was removed, and the resulting solid was extracted with DCM/H2O. 

The solid from the organic layer was then purified by silica column chromatography 
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(hexanes) to afford 87.25 g of a white flaky solid (96% yield) with NMR matching previous 

literature.202 

1H NMR (500 MHz, CDCl3) δ 7.57 – 7.53 (m, 2H), 7.52 – 7.48 (m, 2H), 7.44 – 7.39 (m, 

2H), 7.39 – 7.35 (m, 3H).  13C NMR (126 MHz, CDCl3) δ 133.04, 132.52, 131.62 (d, J = 2.3 Hz), 

128.53, 128.42, 122.92, 122.49, 122.25, 90.53, 88.34. 

5.2.2.3 Synthesis of dichloro(methyl)(4-(phenylethynyl)phenyl)silane 

 
Scheme 5-4. Synthesis of dichloro(methyl)(4-(phenylethynyl)phenyl)silane. 

Following Scheme 5-4, to a 250 mL round bottom flask were added Mg0 turnings (2.08 g, 

0.085 mol, 1.1 equiv.) and a stir bar. The Mg0 turnings were stirred under vacuum for 2 hours 

after which the flask was put under an N2 atmosphere. 1-bromo-4-(phenylethynyl)benzene (20 g, 

0.077 mol, 1 equiv.) was dissolved in 80 mL freshly distilled THF and injected into the flask 

containing the Mg0 turnings. This mixture was allowed to stir for 12 h after which a green 

solution was observed. An aliquot of the solution was dissolved in methanol, and a GC/MS 

showed only one peak with a mass of 178 suggesting full Grignard formation was achieved. In a 

500 mL round bottom flask equipped with a stir bar under an N2 atmosphere, MeSiCl3 (10 mL, 

0.085 mol, 1.1 equiv.) was placed in 40 mL THF. The MeSiCl3 was freshly distilled over CaH2. 

The Grignard solution was cannula transferred dropwise into the 500 mL flask containing 

MeSiCl3. The cannula transfer took approximately 45 minutes. The reaction mixture was allowed 

to stir for 24 h at which time GC-MS showed full conversion. It should be noted that the initial 
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color of the solution was clear colorless which turned first yellow, then green and finally a 

yellow-orange color. At the end of the reaction, the excess THF and MeSiCl3 were removed 

leaving behind a yellow powder. Fresh hexanes (~300 mL) were added to the powder 

creating a slurry. This slurry was filtered through a medium fritted funnel with the use of 

hexanes (~200 mL) to aid transfer and wash the solid on the frit. The solvent from the 

filtrate was removed producing a yellow solid which was dried under vacuum overnight at 

room temperature. Once dry, the solid was subjected to sublimation at 70 °C under 0.01 torr. 

It should be noted after the first batch a crystalline product has collected the temperature of 

the sublimation was raised to 95 °C. Dichloro(methyl)(4-(phenylethynyl)phenyl)silane was 

collected as white crystals (12.1 g, 53% yield) with a melting point of 78 °C. 

1H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.65 – 7.58 (m, 2H), 7.58 – 7.53 

(m, 2H), 7.37 (dd, J = 4.8, 1.9 Hz, 3H), 1.05 (s, 3H).13C NMR (126 MHz, CDCl3) δ 133.20, 

132.98, 131.75, 131.24, 128.70, 128.43, 126.72, 122.78, 91.64, 88.69, 5.52. 29Si NMR (99 

MHz, CDCl3) δ 18.39. 

5.2.3 Capping of DDSQ-(Ph)8(OH)4 

DDSQ-2((Me)(R)) where R = para-phenylamine (PA) 2, para-(phenylethynyl)phenyl 

(PEP) 3, and for phenyl (Ph) 4 were synthesized following Scheme 5-1 and are shown in 

Figure 5-2. A 250 mL flask was charged with DDSQ-(Ph)8(OH)4 (1) (2.0 g, 1.87 mmol, 1 

equiv) and a stir bar then purged with dry N2 for 15 minutes followed by the addition of 

THF (60 mL) at room-temperature.  To the solution was added Cl2Si(Me)(R) (3.74 mmol, 2 

equiv)  followed by dropwise addition of Et3N (1.04 mL, 7.48 mmol, 4 equiv). The addition 

of triethylamine took 5 minutes in total, and a cloudy white suspension was formed. The 

reaction mixture was stirred for 4 hours. The solution was then filtered through a fine fritted-
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funnel-filter to remove the solid triethylamine hydrochloride. The solution was dried by rotary 

evaporation to afford cis-to-trans mixtures of DDSQ-2((Me)(R)) as a white powder. Compound 

2 was obtained after deprotection of the trimethylsilyl groups using previously reported methods 

of methanol acidified with acetic acid and further evaporation of the volatiles.195,199 

These reactions generated two geometrical arrangements for Me and R. When both moieties 

are facing in the same directions, they are referred to cis isomers, and when they are facing in 

opposite directions, they are identified as trans isomers. The structures synthesized under this 

procedure are listed in Figure 5-2. 

 

Figure 5-2. Structures synthesized and studied in this work. 
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5.2.4 Analytical methods 

1H, 13C, and 29Si NMR spectroscopy were used to identify synthesized products. The 

cis-to-trans ratio of all samples investigated was first estimated using 29Si NMR. Detailed 

quantification for the cis-to-trans ratio in 2 was performed based on 1H NMR using a 2-D 

NMR technique previously described195. 

In general, separation of isomers was by fractional crystallization (FC) with THF as a 

good solvent and hexanes as a poor solvent using a procedure specified elsewhere14. Several 

cycles of fractional crystallization were needed for required isomer purity. Isolated isomers 

were crystallized by slow evaporation of THF and crystals obtained were mounted on a 

nylon loop with paratone oil and analyzed on a Bruker APEX-II CCD diffractometer. The 

crystal was kept at a constant temperature of 173 K during data collection. 

Thermal behavior of isomers with purities superior to 95%, or nearly pure isomers, and 

mixtures of cis and trans isomers was studied by DSC Q2000 equipped with a mechanical 

cooling accessory. Typically, the temperature range of investigation was from 50 °C to 350 

°C with a constant heating rate of 10 °C/min. 

5.3 Results and discussion 

5.3.1  Separation and identification of nearly-pure isomers 

Nearly-pure trans and enriched cis DDSQ-2((Me)(R)) isomers can be obtained by 

fractional crystallization;199 however, the ease of isolating nearly-pure cis or trans isomers 

varied depending on the R-group. In general, the as-synthesized DDSQ-2((Me)(R)) mixtures 

were dissolved in THF, and addition of hexanes resulted in crystallization and precipitation 

of the trans isomers. This in turn enriched the solution with the cis isomer.  The isolation 

process was repeated until sufficiently isomerically pure compounds were obtained. 
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Isolation of nearly-pure cis and trans isomers by FC was easily achieved for 3. However, 

separation of the cis and trans isomers of 4 required multiple recrystallizations. The nearly-

pure trans-4 was obtained in the first cycle with this technique, but further removal of trans from 

the mother liquor could not be achieved after a threshold of 75 wt% cis and 25 wt% trans was 

reached. Unfortunately, further purification via LC was unable to increase the cis isomer ratio 

due to non-polar R groups in 4.197,203 Trans isomers were isolated by FC for 2. Due to the polar 

nature of phenylamines in 2, liquid chromatography proved effective for the isolation of nearly-

pure cis fraction.147,151 The isolated isomers were analyzed by 29Si NMR, as seen in Figure 3. 

Analysis by HPLC can be observed in the Appendix G. 

 

Figure 5-3. 
29Si NMR peaks representing the nearly-pure isomers after separation; a) cis-2, b) 

trans-2, c) cis-3, d) trans-3, e) 75% cis-4, and f) trans-4. 
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Isolated isomers were crystallized by slow evaporation of THF to form single crystals needed 

for crystallographic analysis. We obtained crystallographic data for each compound; however, it 

should be noted that cis/trans-2 and cis/trans-3 were previously reported.201,204 Data from these 

crystal structures are shown in Table 5-1. Crystalline packing density for the cis isomer is less 

than for the trans isomer and packing density was reduced as the size of R group in DDSQ-

2((Me)(R)) increases. 

Table 5-1. Crystallization of individual isomers 

Compound 
Density 

(g/cm3) 

Crystal 

system 

Space 

group 

Unit cell axes 

dimension (Å) 
Unit Cell inclination 

angles (°) 

cis-2 1.366 Triclinic P 1 (2) 

a 13.77 α 87.11 

b 17.50 β 79.16 

c 27.50 γ 87.39 

trans-2 1.390 Monoclinic P 21/n (14) 

a 10.05 α 90.00 

b 43.57 β 91.66 

c 14.59 γ 90.00 

cis-3 1.321 Triclinic P 1 (2) 

a 14.44 α 85.92 

b 14.90 β 74.70 

c 18.54 γ 79.89 

trans-3 1.341 Triclinic P 1 (2) 

a 10.77 α 91.39 

b 13.45 β 108.68 

c 13.61 γ 91.69 

trans-4 1.382 Triclinic P 1 (2) 

a 9.90 α 65.65 

b 13.51 β 71.77 

c 14.03 γ 69.54 

 

5.3.2 Thermal behavior of nearly-pure isomers 

Melting behavior as expressed in DSC trace for pure compounds is usually observed as 

a single sharp endothermic peak in which the onset temperature (Tonset) is very similar to the 

peak temperature (Tpeak). This was observed for cis-2, trans-2, and trans-3 indicating the 

purity of these samples was >95% based on the difference between Tonset and Tpeak and the 

29Si NMR spectra shown in Figure 5-3. However, for cis-3 and trans-4 approximately 6 °C 

difference in Tonset and Tpeak was large enough to indicate these compounds may not be as 
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pure as suggested by 29Si NMR. In fact a first small endo peak with an onset temperature near 

267 °C was observed for DSC trace of nearly-pure trans-4. Melting temperatures (Tm) calculated 

from the Tonset in the endo peak were higher for trans isomers than for cis isomers as seen in 

Table 5-2. The calculated entropy at melting (ΔSm) for trans isomers is higher than cis isomers. 

This suggests the solid state of the trans isomer is more ordered than that of the cis isomer. From 

Table 5-2, it was observed that the size of the R group could affect the value of Tm. Larger R has 

a lower value of Tm. The Tm reduction is most likely related to the packing density as reported in 

Table 5-1. 

Table 5-2. Experimental values obtained from nearly-pure cis and trans DDSQ-2((Me)(R)) by 

DSC. ΔSm= ΔHm/Tm 

Compound Tpeak (°C) Tm (°C) ΔHm (kJ/mol) ΔSm (J/mol K) 

cis-2 278 276 37.8 69 

trans-2 313 311 54.6 94 

cis-3 270 263 46.7 87 

trans-3 303 300 63.7 128 

trans-4 321 314 58.9 99 

 

5.3.3 Phase behavior of cis-trans binary mixtures 

Knowing that evaluated isomers have different crystal structures we hypothesized that they 

may be immiscible in the solid state. Hence, it is possible for a mixture with a specified cis-to-

trans ratio to exhibit eutectic transition. From the thermal analysis results for individual isomers, 

solid-liquid phase diagrams were calculated from the Schröder-van Laar equation (Equation 5-

1),205 where xi is the mole fraction of the isomer i in the mixture, ΔHmi is the heat of fusion of the 

pure compound i, R is the gas constant, T is variable temperature, and Tmi is the melting 
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temperature of compound i. Ideal behavior in the phase equilibrium was assumed, such that 

the activity coefficient (γi) value was set to 1. Mixtures with near-eutectic compositions 

based on the calculated phase diagrams were prepared from the previously isolated isomers.  

𝑙𝑛(𝑥𝑖 , 𝛾𝑖) =
∆𝐻𝑚𝑖

𝑅𝑇
(1 −

𝑇

𝑇𝑚𝑖
)  Equation 5-1. 

Analysis of DSC curves for different cis to trans ratios was done based on the standard 

methodology used in the analysis of binary metallic alloys206. Here, the onset temperature of 

the lowest endo peak is denoted as the eutectic temperature (TE), and the peak temperature 

of the highest endo peak is the liquidus temperature (TL). 

5.3.3.1 Solid-liquid phase equilibrium of DDSQ-2((Me)(PA)) 2 

Binary mixtures of 2 were prepared using the FC method by gradual removal of trans 

isomers and their compositions reported within were estimated by NMR. Most DSC traces 

of 2 have two endo peaks corresponding to eutectic and liquidus transition (Figure 5-4a). It 

was observed the value of TL decreases as the amount of cis isomer increases in the mixture 

up to the eutectic composition. When xtrans in the mixture reaches a value of 0.33, only one 

peak was resolved. The onset temperature of this DSC trace is very similar to the onset of 

the first endo peak in DSC traces for up 0.7 of xtrans as shown in Figure 5-4a. This Tonset 

represents a near-eutectic composition. Below the eutectic point, where xtrans = 0.20, the 

melting endotherm appears to be very broad and is representative of two overlapping 

melting endotherms. Tonset in the first endo peak agrees with the previously described 

eutectic temperature. For xtrans = 0.50 three endothermic transitions can be observed; it is 

hypothesized that cocrystal behavior was formed possibly by interactions between amine 

moieties. Experimental onset temperatures and liquidus temperatures were plotted, and a 
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solid-liquid binary phase diagram of varying cis-to-trans ratios was constructed as shown in 

Error! Reference source not found.b. The experimental results are relatively close to the 

ideal eutectic as described by Equation 5-1.  

   

Figure 5-4. a) DSC curves for compound 2. Every curve was normalized for better identification 

of peaks. The reported xtrans was estimated using NMR. b) Binary phase diagram for structure 2. 

Green dots (●) are the onset temperatures of the first endothermic transition in DSC trace. Blue 

squares (■) represent the peak temperature of the highest endothermic transition. The solid line 

represents the ideal eutectic as calculated using Equation 5-1; dashed line (---) represents the 

calculated eutectic temperature TE which matches the transition temperature observed using a 

sample with the predicted eutectic composition. Phase I: L(cis + trans); Phase II: L(cis + trans) + Scis; 

Phase III: L(cis + trans) + Strans; Phase IV: Scis + Strans. 

   

5.3.3.2 Solid-liquid phase equilibrium of DDSQ-2((Me)(PEP)) 3 

Phenylamine was replace with a larger non-polar PEP group to reduce possible polar 

interactions. Nearly-pure cis-3 and nearly-pure trans-3 were separated and their purities analyzed 

by 29Si-NMR and HPLC using a hypercarb® column and ethyl acetate as mobile phase. The 

nearly-pure isomers were physically mixed, solubilized in THF and dried using a dynamic 

vacuum. Three mixtures were prepared with xtrans = 0.3, 0.5, and 0.7. DSC traces for nearly-pure 
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isomers and their binary mixtures can be observed in Figure 5-5a. The trace for xtrans = 0.3 

has a single peak relatively sharp. In contrast, traces for xtrans = 0.5 and 0.7 have two endo 

peaks. For these traces, Tliquidus was decreased as the fraction of cis isomer increased in the 

sample. Tonset in the first endotherm transition for xtrans = 0.5 and 0.7 is similar to that of 

xtrans = 0.3. This result is distinguishing for eutectic temperature. Tonset of nearly-pure cis is 

higher than Tonset of xtrans = 0.3 confirming the existence of a eutectic composition close to 

xtrans = 0.3. The calculated phase diagram is close to the collected data indicating proximity 

to ideal eutectic behavior for compound 3. In Figure 5-5b are plotted the eutectic 

temperature and liquidus temperature for each mixture as well as the solid-liquid phase 

diagram. DSC traces for nearly-pure cis and nearly-pure trans in Figure 5-5a are similar to 

the same traces reported in a prior study201. However, the DSC trace for xtrans = 0.5 is 

inconsistent between this work and the work reported by Moore et al. as they overlooked the 

existence of the eutectic reaction.  

  

Figure 5-5. a) DSC curves for compound 3. Every curve was normalized for better identification 

of peaks. b) Binary phase diagram for structure 3. Green dots (●) are the onset temperatures of 

the first endothermic transition in DSC trace. Blue squares (■) represent the peak temperature of 

the highest endothermic transition. The solid line represents the ideal eutectic as calculated using 

Equation 5-1; dashed line (---) represents the calculated eutectic temperature TE.. Phase I: L(cis + 

trans); Phase II: L(cis + trans) + Scis; Phase III: L(cis + trans) + Strans; Phase IV: Scis + Strans. 
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5.3.4 Solid-liquid phase equilibrium of DDSQ-2((Me)(Ph)) 4 

Structure 4 was analyzed to reveal the phase behavior of a DDSQ structure with the smallest 

aryl group possible. After synthesis of 4, trans isomers were progressively removed by FC. DSC 

trace for xtrans = 0.33 resulted in a single peak. Two endotherms were identified in all others 

including nearly-pure trans-4. Tliquidus steadily decreased as the fraction of cis isomer increased 

up to xtrans = 0.33. Tonset of the first endo peak has similar value as the Tonset for the single peak 

observed in xtrans = 0.33, which represents the eutectic temperature (Figure 5-6a). For xtrans = 

0.25, its DSC trace has a main peak and a shoulder. The first main peak has a Tonset similar to the 

eutectic temperature. The shoulder located between 275 °C and 285 °C is the Tliquidus for the 

excess cis isomer-rich phase in the mixture. Pure cis-4 was never isolated despite several 

crystallization attempts. It is believed that samples with compositions of cis isomers larger than 

75% may be forming co-crystals making further removal of trans-4 very difficult. The phase 

diagram in Figure 5-6b is near to the ideal for the hypereutectic trans-rich portion. The 

experimentally near-eutectic composition (xtrans=0.33) is extracted by fitting with the calculated 

trace for trans-4. The eutectic composition cannot be calculated due to the lack of available 

nearly-pure cis-4.  
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Figure 5-6. a) DSC curves for compound 4. Every curve was normalized for better identification 

of peaks. b) Partial binary phase diagram for structure 4. Green dots (●) are the onset 

temperatures of the first endothermic transition in DSC trace. Blue squares (■) represent the peak 

temperature of the highest endothermic transition. The solid line represents the ideal solid-liquid 

equilibrium, light blue dashed line (---) represents the experimental eutectic temperature TE. For 

nearly-pure trans-4 are depicted the nearly-eutectic temperature from the first endo peak(●), the 

onset temperature from the second endo peak(■), and the peak temperature from the second endo 

peak (■). Phase I: L(cis + trans); Phase II: L(cis + trans) + Scis; Phase III: L(cis + trans) + Strans; Phase IV: 

Scis + Strans. 

 

5.4 Conclusions 

Eutectic temperatures were observed for the DDSQ-2((Me)(R)) mixtures studied in this 

work. The eutectic composition was generally located near xtrans = 0.3. Excitingly, the 

eutectic temperature was on average 50 °C lower than the melting temperature of nearly-

pure trans isomers. DSC traces for the composition obtained after reaction (xtrans = 0.5) have 

liquidus temperatures 20 °C larger than the temperatures in the eutectic composition. This 

result indicates that liquid processing of materials containing DDSQ-2((Me)(R)) is milder 

from a temperature perspective if a near-eutectic composition is used for such process. 

Onset temperature in the endothermic transition for nearly-pure and for nearly-eutectic 

composition is inversely proportional to the size of the R group. This result indicates that 

selection of high steric R groups will result in lower melting temperatures for the nearly-
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pure isomers, as well as at the eutectic transition. These data allow users to tune the melting 

temperature of the materials by either adjusting the sterics in the system or by adjusting the 

ratio of cis-to-trans isomers.  
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CHAPTER 6. 

 

SIGNIFICANCE AND PERSPECTIVES 
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6 Significance and perspectives 

6.1 Significance 

This research provides a new technique for separation of DDSQ mixtures. The most 

significant findings are listed in the following bullets.  

• Using adsorption HPLC, cis and trans DDSQ isomers were resolved with optimal resolution 

of the elution by adjusting the solvent quality. Chromatograms obtained leaded to well defined 

peaks allowing quantitative analysis. Mixtures of isomers prepared from nearly-pure cis and 

nearly-pure trans were analyzed by HPLC; the ratio between the peak areas matched with the 

weighted ratio. Therefore, for the first time we were able to use HPLC for quantification of 

ratios in DDSQ isomeric mixtures. 

• Mixtures containing DDSQ bonded with zero, one, and two hydroxyl groups were separated 

by HPLC using adsorption chromatography. It is believed that silanol groups in DDSQ 

structures are interacting with the silanol groups in the stationary phase. In consequence, 

DDSQ without hydroxyl groups migrates faster than DDSQ with a single hydroxyl group. 

Also, DDSQ with two hydroxyl groups eluted in longer times. Also, this was separated 

between cis and trans isomers confirming our previous finding. Exact quantification of the 

mixtures was performed by HPLC. The resultant ratio favors functionalization of DDSQ 

capped with the less bulk chlorosilane. A major finding in this research was the isolation for 

the first time of an asymmetric DDSQ. 

• Linear adsorption isotherm parameters for the model mixture containing different number of 

hydroxyl groups in an analytical Si-HPLC column were obtained experimentally by frontal 

analysis of breakthrough curves. It was observed that the relation between the retention times 

and the adsorption isotherm parameters for the DDSQ in the mixture was linear. Thanks to this 
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linearity, adsorption parameters were extrapolated to preparative-LC packed with a 

commercial type of silica. Simulation in ASPEN chromatography was performed with the 

obtained parameters to estimate collection times in large-scale separations. Simulations 

predicted accurately the collection times to isolate highly-pure asymmetric DDSQ. The 

simulation was then validated by preparative-LC. This is the first time that DDSQ mixtures 

with different functionalities are separated in preparative-scale. 

• DDSQ functionalized with para-phenylethynyl phenyl was separated easily between cis and 

trans by fractional crystallization. This was not the case for DDSQ functionalized with para-

phenylamine or with phenyl. However, LC offered a solution for isolation of nearly-pure cis 

and trans fractions in the polar para-phenylamine DDSQ. Crystal structures showed that cis 

and trans isomers of DDSQ bonded to large groups have larger configuration differences and 

for instance larger solubility differences between them. Melting temperature differences were 

identified between nearly-pure cis and nearly-pure trans isomers and these differences are 

proportional to the structure density. Evaluation of mixtures with compositions about xtrans = 

0.3 resulted in a single endotherm with low onset temperature compare with the nearly-pure 

isomers. This was recognized as the eutectic composition. In conclusion, cis and trans isomers 

are not miscible in the solid state and they obey the ideal mixing rule in the liquid state showing 

a eutectic composition. Besides, the size of the aryl moiety is inversely proportional to the 

melting temperature of pure isomers, and the eutectic temperature of binary isomeric mixtures.  

6.2 Perspectives 

• From a separation perspective it is proposed to evaluate other stationary phases for separation 

of isomer systems containing non-polar molecules. Separation of isomers and ternary mixtures 

of non-polar DDSQ compounds was achieved along this research with the use of a hypercarb 
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column when and aryl group was present in the structure. I think the use of partition 

chromatography using columns bonded with C30 could allow the separation of non-polar 

DDSQ isomers bonded with alkyl groups. 

• Beyond separation, it is possible the synthesis of asymmetric DDSQ structures by a direct 

chemistry route. Currently, efforts to synthesize this material has been made in our research 

group using boron-siloxane bonds following a route consisting in protection, capping, 

deprotection, and second capping. This route has showed positive results but there are 

challenges related with premature deprotection caused by the capping solvents and reagents 

that should be perfected. I consider that other routes such as immobilization in solid-carbon 

substrates should be explored to achieve improved yields and reduce loss of starting material.  

• Better understanding of DDSQ chemistry such as the effects of metals and solvents in the 

stability of the structures is suggested. Several reports in reported washed with methanol, but 

it is possible that byproducts of that washing could be harmful for the structures. Condensation 

of DDSQ-(Ph)8(OH)4 could be done with other solvents as we are currently exploring with 

DCM, as well as with other bases different than Et3N. Along this research SOP for 

functionalization using THF and Et3N was elaborated. Nevertheless, a paper describing the 

possible outcomes for DDSQ structures under different treatments will be highly appreciated 

for synthetic and training purposes. Finally, the identification of rate constants for DDSQ 

capping will be helpful to reduce reaction times in functionalization under THF considering 

the reactivity differences between chlorosilanes. 

• Siloxane bonds to condense DDSQ structures can be done with chlorosilanes and 

methylallyloxysilanes. Silanes and other alkoxysilanes could be potentially used for capping. 
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These groups are less reactive and for instance more cleaning techniques could be done to 

avoid several issues related with the synthesis and isolation of chlorosilanes. 

• DDSQ structures surrounded by other groups different than phenyl will allow better 

compatibility with organic compounds that are not constituted by aryl groups. From a material 

science perspective, synthesis of these DDSQ can broad the application spectrum for new 

materials and composites.  

• Perspectives for asymmetric DDSQ structures are related with configuration of the functional 

groups to develop diverse grafting chemistry. I see these structures as modular building blocks 

with up to four connections for addition of different modules. 

• Finally, solid-liquid behavior between binary or ternary mixtures of DDSQ structures closed 

with different groups could generate better understanding about miscibility in the liquid or in 

the solid phase. This knowledge is helpful for synthesis of DDSQ molecules that could serve 

as melting point depressors based on their chemical structure. Also, studies of ternary mixtures 

including an asymmetric structure allow understanding the effect of DDSQ as compatibilizers 

between two otherwise immiscible structures.   
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APPENDIX A. 

 

 

SYNTHETIC PROCEDURES 
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A. Synthetic procedures 

General Procedure A. 

In a 250 mL flask purged with dry N2 for 15 minutes, DDSQ-(Ph)8(OH)4 (1) (2 g, 1.87 

mmol, 1 equiv) was dissolved in THF (60 mL) at room temperature. Dichlorosilane or 

trichlorosilane (3.74 mmol, 2 equiv.) was added to the DDSQ-(Ph)8(OH)4 solution. Et3N (1.04 mL, 

7.48 mmol, 4 equiv.) was added dropwise to the stirring solution. The addition of triethylamine 

took 5 minutes in total; a cloudy white suspension was formed and stirred for 4 hours. The solution 

was then filtered through a fine fritted-funnel-filter to remove the solid triethylamine 

hydrochloride. The solution was dried in a rotary evaporator and then passed through a silica-gel 

column using DCM as the solvent. The volatiles was removed from the resulting solution and 

further dried at 0.4 mbar and 50 °C for 12 hours to afford DDSQ-2((CH3)(R)) as a white powder. 

It should be noted the reported spectra are of the cis/trans mixtures. 
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Synthesis of (C6H5)8Si10O14(CH3)2(H)2  7,17-dimethyl-7,17-dihydro-1,3,5,9,11,13,15,1-

octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound AA1) 

 

 

Scheme A-1. Synthesis of DDSQ-2((methyl)(hydro)) 

Compound AA1 was synthesized using the general procedure A with (CH3)(H)SiCl2 

(3.74 mmol, 0.39 mL, 2 equiv). This provided 1.78 g (82% yield) of compound AA1 as a 

white powder.   

1H NMR (500 MHz, CDCl3): 𝜹H 0.37 (6H), 5.03 (2H), 7.16-7.56 (40H). 

13C NMR (125 MHz, CDCl3): 𝜹C 134.27, 134.11, 134.07, 134.04, 133.94, 131.60, 

130.83, 130.76, 130.70, 130.52, 130.43, 130.41, 127.86, 127.70, 127.67, 127.64, 0.67. 

29Si NMR (99 MHz, CDCl3): 𝜹Si -32.77 (2Si), -77.81 (4Si), -79.09 (cis, 1Si), -79.30 

(trans, 2Si), -79.50 (cis, 1Si). 
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Synthesis of (C6H5)8Si10O14(CH3)2(CH3)2  7,7,17,17-tetramethyl-1,3,5,9,11,13,15,1-

octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound AA2) 

 

 

Scheme A-2. Synthesis of DDSQ-2(methyl)2 

Compound AA2 was synthesized using the general procedure A with (CH3)2SiCl2 (3.74 

mmol, 0.46 mL, 2 equiv). This provided 1.72 g (78% yield) of compound AA2 as a white 

powder.   

1H NMR (500 MHz, CDCl3): 𝜹H 0.39 (12H), 7.16-7.56 (40H). 

13C NMR (125 MHz, CDCl3): 𝜹C 134.30, 134.10, 133.98, 132.17, 131.13, 130.37, 127.83, 

127.68, 0.61. 

29Si NMR (99 MHz, CDCl3): 𝜹Si -16.52 (2Si), -78.57 (4Si), -79.56 (4Si). 

 

  



96 

 

Synthesis of (C6H5)8Si10O14(CH3)2(CHCH2)2 7,17-dimethyl-7,17-divinyl-1,3,5,9,11,13,15,1-

octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound AA3) 

 

 

Scheme A-3. Synthesis of DDSQ-2((methyl)(vinyl)) 

Compound AA3 was synthesized using the general procedure A with 

(CH3)(CHCH2)SiCl2 (3.74 mmol, 0.48 mL, 2 equiv). This provided 2.00 g (88% yield) of 

compound AA3 as a white powder.   

1H NMR (500 MHz, CDCl3): 𝜹H 0.37 (6H), 5.91-6.01 (4H), 6.12-6.19 (2H) 7.16-7.56 

(40H). 

13C NMR (125 MHz, CDCl3): 𝜹C 135.07, 134.33, 133.96, 133.95, 133.94, 133.84, 

131.80, 130.90, 130.87, 130.84, 130.25, 130.21, 130.17, -1.26. 

29Si NMR (99 MHz, CDCl3): 𝜹Si-31.39 (2Si), -78.37 (4Si), -79.55 (4Si)  

29Si NMR (99 MHz, Acetone-D6): 𝜹Si -31.08 (2Si), -78.07 (4Si), -79.26 (cis, 1Si), -

79.30 (trans, 2Si), -79.35 (cis, 1Si). 
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Synthesis of (C6H5)8Si10O14(CH3)2(CH2CH2CH2Cl)2 7,17-dimethyl-7,17-chloropropyl-

1,3,5,9,11,13,15,1-octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound 

AA4) 

 

Scheme A-4. Synthesis of DDSQ-2((methyl)(3-propyl chloride)) 

Compound AA4 was synthesized using the general procedure A with (CH3)(C3H6Cl)SiCl2 

(3.74 mmol, 0.59 mL, 2 equiv). This provided 1.86 g (76% yield) of compound AA4 as a white 

powder.   

1H NMR (500 MHz, CDCl3): 𝜹H 0.31 (6H), 0.83-0.86 (4H), 1.83-1.89 (4H) 3.37-3.40 (4H), 

7.18-7.54 (40H). 

13C NMR (125 MHz, CDCl3): 𝜹C 134.29, 134.13, 134.11, 134.09, 134.07, 134.05, 133.92, 

131.82, 130.94, 130.85, 130.77, 130.52, 130.50, 130.47, 127.92, 127.76, 47.50, 26.41, 14.42, -

0.84 (d, J = 1.4 Hz). 

29Si NMR (99 MHz, CDCl3): 𝜹Si -18.29 (2Si), -78.46 (4Si), -79.37 (cis, 1Si), -79.41 (trans, 

2Si), -79.46 (cis, 1Si). 
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Synthesis of (C6H5)8Si10O14(CH3)2(OH)2 7,17-dimethyl-7,17-diol-1,3,5,9,11,13,15,1-

octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound BB) 

 

Scheme A-5. Synthesis of DDSQ-2((methyl)(hydroxyl)) 

Compound BB was synthesized using the general procedure A with (CH3)SiCl3 (3.74 

mmol, 0.49 mL, 2 equiv). This provided 1.58 g (71% yield) of compound BB as a white 

powder.   

1H NMR (500 MHz, CDCl3): 𝜹H 0.35 (6H), 7.16-7.57 (40H). 

13C NMR (125 MHz, CDCl3): 𝜹C 134.09, 134.05, 134.01, 133.96, 131.37, 130.67, 

130.61, 130.59, 130.55, 130.53, 127.89, 127.76, 127.73, 127.71, -3.84. 

29Si NMR (99 MHz, CDCl3): 𝜹Si -53.99 (2Si), -78.59 (4Si), -79.03 (cis, 1Si), -79.14 

(trans, 2Si), -79.24 (cis, 1Si). 
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General procedure B 

In a 250 mL flask purged with dry N2 for 15 minutes, DDSQ-(Ph)8(OH)4 (1) (2g, 1.87 mmol) 

was dissolved in THF (60 mL) at room temperature. (CH3)(R)SiCl2 (1.87 mmol, 1 equiv.) and 

(CH3)SiCl3 (1.87 mmol, 0.24 mL, 1 equiv.) were added to the DDSQ-(Ph)8(OH)4 solution and 

stirred for 5 minutes.Et3N (1.04 mL, 7.48 mmol, 4 equiv.) was added dropwise to the stirring 

solution. The addition of triethylamine took 5 minutes in total which created a cloudy white 

suspension which was stirred continuously for additional four hours. After, the solution was 

filtered through a fine fritted-funnel-filter to remove the solid triethylamine hydrochloride. 

Volatiles was removed from the resulting solution which produced a white powder. The powder 

was dissolved in a minimum amount of DCM and passed through a silica-gel column using DCM 

as the solvent. The silica column hydrolyzed the chlorosilanes into silanols which were isolated. 

The three separated products were dried at 0.4 mbar and 50 °C for 12 hours. 
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Synthesis of (C6H5)8Si10O14(CH3)(OH)(CH3)(H) 7,17-dimethyl-7-hydro-17-ol-1,3,5,9,11,13,15,1-

octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound AB1) 

 

 

Scheme A-6. Synthesis of DDSQ-(methyl)(hydro)(methyl)(hydroxyl) 

Compound AB1 was synthesized using the general procedure B with (CH3)(H)SiCl2 

(1.87 mmol, 0.19 mL, 1 equiv). This procedure produced compounds AA1, AB1, and BB 

(1.66 g, 80% yield) in a ratio of 42:39:19 respectively. Compound AB1 was isolated as a 

white powder (0.65 g, 31% yield).   

1H NMR (500 MHz, CDCl3): 𝜹H 0.35 (3H), 0.37 (3H), 4.99 (1H) 7.16-7.58 (40H) 

13C NMR (125 MHz, CDCl3): 𝜹C 134.08, 134.05, 134.04, 134.01, 133.95, 133.92, 

131.52, 131.42, 130.73, 130.68, 130.67, 130.62, 130.55, 130.52, 130.47, 130.45, 127.86, 

127.85, 127.71, 127.69, 127.68, 127.66, 0.64, -3.86 (d, J = 1.4 Hz). 

29Si NMR (99 MHz, CDCl3): 𝜹Si -32.71 (1Si), -54.02 (1Si), -77.60 (2Si), -78.78 (2Si), -

79.06 (1Si), -79.15 (1Si), -79.26 (1Si), -79.36 (1Si). 

MS (APCI) m/z  [M+H]+: calculated 1169.07 found 1169.06 
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Synthesis of (C6H5)8Si10O14(CH3)(OH)(CH3)(CH3) 7,7,17-dimethyl-17-ol-1,3,5,9,11,13,15,1-

octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound AB2) 

 

Scheme A-7. DDSQ-(methyl)2(methyl)(hydroxyl) 

Compound AB2 was synthesized using the general procedure for DDSQ symmetric and 

asymmetric mixtures using (CH3)(CH3)SiCl2 (1.87 mmol, 0.23 mL, 1 equiv). This procedure 

produced compounds AA2, AB2, and BB (1.67 g, 79% yield) in a ratio of 32:48:20 respectively. 

Compound AB2 was isolated as a white powder (0.80 g, 38% yield).  

1H NMR (500 MHz, CDCl3): 𝜹H 0.32 (6H), 0.35 (3H), 7.14-7.46 (40H) 

13C NMR (125 MHz, CDCl3): 𝜹C 134.17, 134.13, 134.08, 134.02, 132.11, 131.60, 130.97, 

130.92, 130.63, 130.54, 130.51, 127.95, 127.93, 127.80, 127.78, 0.67, -3.72. 

29Si NMR (99 MHz, CDCl3): 𝜹Si -16.35 (1Si), -54.07 (1Si), -78.45 (2Si), -78.64 (2Si), -

79.26 (2Si), -79.36 (2Si). 

MS (APCI) m/z  [M+H]+: calculated 1183.08 found 1183.07 
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Synthesis of (C6H5)8Si10O14(CH3)(OH)(CH3)(CHCH2) 7,17-dimethyl-7-vinyl-17-ol-

1,3,5,9,11,13,15,1-octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound 

AB3) 

 

 

Scheme A-8. DDSQ-(methyl)(vinyl)(methyl)(hydroxyl) 

Compound AB3 was synthesized using the general procedure for DDSQ symmetric and 

asymmetric mixtures using (CH3)(CHCH2)SiCl2 (1.87 mmol, 0.24 mL, 1 equiv). This 

procedure produced compounds AA3, AB3, and BB (1.43 g, 64% yield) in a ratio of 

28:51:21 respectively. Compound AB3 was isolated as a white powder (0.73 g, 33% yield).  

1H NMR (500 MHz, CDCl3): 𝜹H 0.35 (3H), 0.37 (3H), 5.91-6.02 (2H), 6.12-6.19 (1H), 

7.16-7.58 (40H) 

13C NMR (125 MHz, CDCl3): 𝜹C 135.12, 134.49, 134.06 (d, J = 1.4 Hz), 134.03 (d, J = 

1.6 Hz), 133.95, 133.94, 131.80, 131.46, 130.83, 130.79, 130.73, 130.71, 130.51, 130.42, 

127.83, 127.79, 127.69, 127.67, 127.64, 127.62, -1.16, -3.88. 

29Si NMR (99 MHz, CDCl3): 𝜹HSi -31.29 (1Si), -54.03 (1Si), -78.32 (2Si), -78.67 (2Si), 

-79.30 (2Si), -79.42 (2Si). 

29Si NMR (99 MHz, Acetone-D6): 𝜹Si -31.10 (1Si), -55.65 (1Si), -78.04 (2Si), -78.86 

(2Si), -79.19 (1Si), -79.24 (1Si), -79.35 (1Si), -79.40 (1Si). 

MS (APCI) m/z  [M+H]+: calculated 1195.08 found 1195.09 
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Synthesis of (C6H5)8Si10O14(CH3)(OH)(CH2CH2CH2Cl)(CH3) 7,17-dimethyl-7-chloropropyl-17-

ol-1,3,5,9,11,13,15,1-octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane (Compound 

AB4) 

 

 

Scheme A-9. DDSQ-(methyl)(3-propyl chloride)(methyl)(hydroxyl) 

Compound AB4 was synthesized using the general procedure for DDSQ symmetric and 

asymmetric mixtures using (CH3)(C3H6Cl)SiCl2 (1.87 mmol, 0.29 mL, 1 equiv). This procedure 

produced compounds AA4, AB4, and BB (1.23 g, 62% yield) in a ratio of 15:40:45 respectively. 

Compound AB4 was isolated as a white powder (0.47 g 20% yield).  

1H NMR (500 MHz, CDCl3): 𝜹H 0.33 (3H), 0.35 (3H), 0.83-0.86 (2H), 1.84-1.89 (2H), 3.37-

3.39 (2H), 7.16-7.58 (40H) 

13C NMR (125 MHz, CDCl3): 𝜹C 134.16, 134.14, 134.12, 134.10, 134.06, 133.97, 131.84, 

131.50, 130.88, 130.82, 130.78, 130.73, 130.66, 130.61, 130.58, 127.99, 127.97, 127.84, 127.83, 

127.82, 127.80, 47.54, 26.47, 14.47, -0.78, -3.74. 

29Si NMR (99 MHz, CDCl3): 𝜹Si -18.14 (1Si), -54.08 (1Si), -78.36 (2Si), -78.65 (2Si), -

79.16 (1Si), -79.22 (1Si), -79.27 (1Si), -79.32 (1Si). 

MS (APCI) m/z [M+H]+: calculated 1245.08 found 1245.08 
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General procedure for synthesis of (C6H5)8Si10O14(CH3)(OH)(CH3)(H) 7,17-dimethyl-7-hydro-

17-ol-1,3,5,9,11,13,15,1-octaphenylhexacyclo[9.13.11,9 .13,15 .15,13 .111,19 ]decasiloxane 

(Compound AB1) varying the chlorosilanes equivalents 

 

 

Scheme A-10. DDSQ-(methyl)(hydro)(methyl)(hydroxyl) varying equivalents 

Compound AB1 was synthesized using the general procedure B varying the mol 

equivalents for (CH3)(H)SiCl2 between 0.5, 0.8, 1.0, 1.2, and 1.5 equiv. (CH3)SiCl3 was 

added to complete 2 equiv. of chlorosilanes. This procedure produced compounds AA1, 

AB1, and BB in different ratios. Compound AB1 was isolated in the four cases as a white 

powder.   

1H NMR (500 MHz, CDCl3): 𝜹H 0.35 (3H), 0.37 (3H), 4.99 (1H) 7.16-7.58 (40H) 

13C NMR (125 MHz, CDCl3): 𝜹C 134.08, 134.05, 134.04, 134.01, 133.95, 133.92, 

131.52, 131.42, 130.73, 130.68, 130.67, 130.62, 130.55, 130.52, 130.47, 130.45, 127.86, 

127.85, 127.71, 127.69, 127.68, 127.66, 0.64, -3.86 (d, J = 1.4 Hz). 

29Si NMR (99 MHz, CDCl3): 𝜹Si -32.71 (1Si), -54.02 (1Si), -77.60 (2Si), -78.78 (2Si), -

79.06 (1Si), -79.15 (1Si), -79.26 (1Si), -79.36 (1Si). 

MS (APCI) m/z  [M+H]+: calculated 1169.07 found 1169.06 
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APPENDIX B. 

 

 

PERCENTAGES AFTER SEPARATION OF MIXTURES WITH ZERO, ONE, AND 

TWO HYDROXYL GROUPS 
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B. Percentages after separation of mixtures with zero, one, and two hydroxyl groups 

 

Table B-1. Isolated yield after column for components in the ternary mixture 

H(CH3)SiCl2 : 

(CH3)SiCl3 

AA1 (%) AB1 (%) BB (%) 

HPLC Mass HPLC Mass HPLC Mass 

1.5 : 0.5 64.1 65.1 26.7 27.9 9.2 7.0 

1.2 : 0.8 49.5 42.3 37.1 45.4 13.4 12.3 

1 : 1 42.0 45.2 38.8 32.5 19.2 22.2 

0.8 : 1.2 36.6 24.3 44.9 50.7 18.5 25 

0.5 : 1.5 6.4 6.0 28.9 30.0 64.7 64.0 
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APPENDIX C. 

 

 

TLC FOR SEPARATION OF DDSQ MIXTURE WITH EACH SEPARATED 

FRACTION 
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C. TLC for separation of DDSQ mixture with each separated fraction 

 

 

Figure C-1. TLC after separation of ternary DDSQ mixture 
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APPENDIX D. 

 

 

STRUCTURAL ANALYSIS OF AB1-D BY 29Si-NMR AND MASS SPECTROSCOPY 
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D. Structural analysis of AB1-D by 29Si-NMR and mass spectroscopy 

Structural Analysis for asymmetric compounds 

The 29Si-NMR for 3 (C6H5)8Si10O14(CH3)2(R)(OH) have eight peaks. Each Si atom was 

numbered in Figure 2 for reader clarity. Si#1 bonded to R was expected to be between -10 

and -40 ppm this peak is typical for silicas linked to two oxygens and two carbons. Si#2 

bonded to hydroxyl group was expected to be between -50 and -60 ppm. This is a common 

value for silicon atoms connected to one carbon and three oxygens, being one of them a 

hydroxyl group. Assuming there is a cis and a trans configuration, six peaks between -70 and 

-80 ppm were expected for the eight Si atoms forming the DDSQ corners. One of this peaks 

was assigned to two silicon atoms Si#3 in proximity to the edge capped with (CH3)(R)SiCl2. 

The other peak was assigned to two silicon atoms Si#4 in proximity to the edge capped with 

(CH3)SiCl3. The remaining four peaks were assigned to the four silicas Si#5a, Si#5b, Si#6a, 

and Si#6b in the corners exposed to four different environments. First peak for the 

environment containing R and OH (Si#5a, cis), a second peak for the environment having two 

CH3 groups (Si#5b cis), a third peak for the environment involving R and CH3 (Si#6a trans) 

and a fourth peak for OH and CH3 (Si#6b trans) in the same environment. Exact molecular 

mass was determined using the mass spectroscopy for each (C6H5)8Si10O14(CH3)2(R)(OH). 

The theoretical mass matched with the exact mass found in the spectrum when one unit was 

subtracted from the experimental value due to the presence of a proton ionizing the molecule. 

LC could not separate a mixture of cages synthesized following the general procedure B 

with R as H and 3-chloropropylmethyldichlorosilane instead of the methyltrichlorosilane. The 

resultant product after the column resulted in one single spot by TLC. 1H-NMR, 13C-NMR, 

and 29Si-NMR were used to analyze the product. 29Si-NMR spectra showed extra peaks in the 
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region between -77 ppm and -80 ppm plus the peaks for products AA1 and AA4. The region 

between 0 ppm and -40 ppm have two peaks near the -18 ppm region and two peaks near the 

-32 ppm region. Two of the four mentioned peaks are the characteristic peaks for the Si atom 

capped at the edges of products AA1 and BB. The two other peaks suggest the presence of an extra 

product possibly a DDSQ cage with hydrogen and methyl to one side, and 3-chloropropyl and 

methyl to the other side. 

 

Figure D-1. 29Si-NMR and mass spectrums obtained after characterization of DDSQ-

(methyl)(R)(methyl)(hydroxyl) products obtained as the second fraction of the separation by LC 

of DDSQ mixtures. a) R = hydrogen, b) R = methyl, c) R = vinyl, d) R = 3-propyl chloride. 
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APPENDIX E. 

 

 

STRUCTURAL ANALYSIS OF A NON - POLAR MIXTURE BY 29Si NMR 
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E. Structural analysis of a non - polar mixture by 29Si NMR 

 

Analysis of a non-polar ternary mixture 

 

Figure E-1. 1H (a), 13C (b), and 29Si-NMR (c), for non-polar mixture of DDSQ-

2((methyl)(hydro)) AA1, DDSQ-2(methyl)(3-propyl chloride) AA4, and DDSQ-

(methyl)(hydro)(methyl)(3-propyl chloride) A1A4 synthesized from Cl2Si(H)(CH3) and 

Cl2Si(CH2CH2CH2Cl)(CH3). 
29Si-NMR is compared against pure AA1 and pure AA4 obtained 

following general procedure B. This mixture is not separable by the methods employed in this 

work due to lack of polar moieties in the functionalized DDSQ. 
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APPENDIX F. 

 

 

KINETIC ANALYSIS OF DDSQ-(PH)8(OH)4 SIDE-CAPPED WITH 

DICHLOROSILANES WITH DIFFERENT STERIC GROUPS 
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F. Kinetic analysis of DDSQ-(Ph)8(OH)4 side-capped with dichlorosilanes with 

different steric groups 

 

Conversion of DDSQ-(Ph)8(OH)4 to DDSQ-2(Ph)2 analyzed by 1H NMR at different times 

 

Figure F-1. Conversion of DDSQ-(Ph)8(OH)4 to DDSQ-2(Ph)2 in different times analyzed by 
1H-NMR (500 MHz, CDCl3) after quench with MeOH: a = DDSQ-(Ph)8(OH)4, b = Ph2SiCl2, c = 

0.67 min , d = 1.35 min, e = 2.03 min, f = 4.63 min, g = 6.85 min, h = 10.83 min, i = 20 min, j = 

36 min, k = 100 min 
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Conversion of DDSQ-(Ph)8(OH)4 to DDSQ-2(Ph)2 analyzed by 29Si NMR at different times  

 

Figure F-2. Conversion of DDSQ-(Ph)8(OH)4 to DDSQ-2(Ph)2 at different times analyzed by 
29Si-NMR (99 MHz, CDCl3) after quench with MeOH and solvents evaporation (times in 

minutes): a=DDSQ-(Ph)8(OH)4, b = 0.67 min, c = 2.03 min, d = 6.85 min, e = 100 min, f = 

DDSQ-2(Ph)2 completed after 4 hours reaction 
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Conversion of DDSQ-(Ph)8(OH)4 to DDSQ-2(Me)2 analyzed by 1H NMR at different times 

 

Figure F-3. Conversion of DDSQ-(Ph)8(OH)4 to AA1 or DDSQ-2(Me)2 in different times 

analyzed by 1H-NMR (500 MHz, CDCl3) after quench with MeOH. Times in minutes: a = 0 only 

DDSQ-(Ph)8(OH)4, b = 0.98 min, c = 100 min. 
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Conversion of DDSQ-(Ph)8(OH)4 to DDSQ-2(Me)2 analyzed by 29Si NMR at different times 

 

Figure F-4. Time conversion of DDSQ-(Ph)8(OH)4 to AA1 or DDSQ-2(Me)2 analyzed by 29Si-

NMR (99 MHz, CDCl3) after quench with MeOH and solvents evaporation: a=DDSQ-

(Ph)8(OH)4, b = 0.98 min, c = 100 min. 
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Reaction kinetics for the reaction DDSQ-(Ph)8(OH)4 + A2SiCl2 + B2SiCl2 → DDSQ-A4 + 

DDSQ-A2B2 + DDSQ-B4 

Kinetics were modeled to analyze how much deviated were the experimental results from 

the theoretical results. Experiments run with less than 2 equivalents of a single chlorosilane 

behaves as theoretically predicted. However, (CH3)SiCl3 competing with R’RSiCl2 resulted in an 

unexpected ratio. 

Model 1: single chlorosilane 

Model developed for prediction of ratios when less than two equivalents of chlorosilanes 

react with tetrahydroxyl octaphenyl double decker-shaped silsesquioxane 

 

Scheme F-1. DDSQ(OH)4 capping reactions generated for model 1 

Rates: 

−𝑟1 (𝑂𝐻4) = 𝑘1𝐶𝑂𝐻4𝐶𝑆𝑖𝐶𝑙 

−𝑟2 (𝐹𝐶) = 𝑘2𝐶𝑂𝐻2𝐶𝑆𝑖𝐶𝑙 

Rate laws 
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−𝑟1 (𝑂𝐻4) = −𝑟1 (𝑆𝑖𝐶𝑙) = 𝑟1 (𝑂𝐻2) 

−𝑟2 (𝑂𝐻2) = −𝑟2 (𝑆𝑖𝐶𝑙) = 𝑟2 (𝐹𝐶) 

Material balance for batch reactor 

𝑑𝐶𝑆𝑖𝐶𝑙

𝑑𝑡
= 𝑟1 (𝑆𝑖𝐶𝑙) + 𝑟2 (𝑆𝑖𝐶𝑙) 

𝑑𝐶𝑂𝐻4

𝑑𝑡
= 𝑟1 (𝑂𝐻4) 

𝑑𝐶𝑂𝐻2

𝑑𝑡
= 𝑟1 (𝑂𝐻2) + 𝑟2 (𝑂𝐻2) 

𝑑𝐶𝐹𝐶

𝑑𝑡
= 𝑟2 (𝐹𝐶) 

Rate constant simplification (this step is required because the constants are unknown) 

𝑛 =
𝑘2

𝑘1
 

Replacing rates in the mol balance 

𝑑𝐶𝑆𝑖𝐶𝑙

𝑑𝑡
= −𝑘1𝐶𝑂𝐻4𝐶𝑆𝑖𝐶𝑙 − 𝑛𝑘1𝐶𝑂𝐻2𝐶𝑆𝑖𝐶𝑙 

𝑑𝐶𝑂𝐻4

𝑑𝑡
= −𝑘1𝐶𝑂𝐻4𝐶𝑆𝑖𝐶𝑙 

𝑑𝐶𝑂𝐻2

𝑑𝑡
= 𝑘1𝐶𝑂𝐻4𝐶𝑆𝑖𝐶𝑙 − 𝑛𝑘1𝐶𝑂𝐻2𝐶𝑆𝑖𝐶𝑙 

𝑑𝐶𝐹𝐶

𝑑𝑡
= 𝑛𝑘1𝐶𝑂𝐻2𝐶𝑆𝑖𝐶𝑙 

Initial conditions for the case using 1 equivalent of chlorosilane 
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𝑡 = 0 ;  𝐶𝑆𝑖𝐶𝑙 = 0.036
𝑚𝑚𝑜𝑙

𝑚𝑙
 ;  𝐶𝑂𝐻4 = 0.036

𝑚𝑚𝑜𝑙

𝑚𝑙
 ;  𝐶𝑂𝐻2 = 0

𝑚𝑚𝑜𝑙

𝑚𝑙
 ; 𝐶𝐹𝐶 = 0

𝑚𝑚𝑜𝑙

𝑚𝑙
 

MATLAB code specifying model equations 

function f = moles(t, C) 

%Derivative system for DDSQ functionalization 

%   Concentrationn (mol) balance for Reactions DDSQ(OH)4 + R2SiCl2 

%   -->DDSQR2(OH)2 and DDSQR2(OH)2 + R2SiCl2 --> DDSQR4. Reaction rates 

%   were replaced in the balance.  

%   C(1) stands for Concentration of OH4 

%   C(2) stands for Concentration of SiCl 

%   C(3) stands for Concentration of OH2 

%   C(4) stands for Concentration of FC 

k1=1; %ml/(mmol*t) arbitrarily selected 

n=1; % n=1 means that first capping is equally fast as second capping 

f(1,1)=-k1*C(1)*C(2); 

f(2,1)=-k1*C(1)*C(2)-n*k1*C(3)*C(2); 

f(3,1)=k1*C(1)*C(2)-n*k1*C(3)*C(2); 

f(4,1)=n*k1*C(3)*C(2); 

end 

MATLAB code solving the model 

[tv, Cv]=ode45('moles',[0 100],[0.36 0.36 0 0]); 

%Derivative system for DDSQ functionalization 

%   Concentrationn (mol) balance for Reactions (OH)4 + SiCl 

%   -->(OH)2 and (OH)2 + SiCl2 --> FC. Reaction rates 

%   were replaced in the balance.  

%   C(1) stands for Concentration of OH4 

%   C(2) stands for Concentration of SiCl 

%   C(3) stands for Concentration of OH2 

%   C(4) stands for Concentration of FC 

plot(tv,Cv(:,1),'r') 

hold on 

plot(tv,Cv(:,2),'g') 

plot(tv,Cv(:,3),'b') 

plot(tv,Cv(:,4),'c') 

hold off 

title ('DDSQ(OH)2 kinetic model') 

ylabel('Concentration (mmol/ml)') 

xlabel('time (s)') 

legend('DDSQ(OH)4','A2SiCl2','DDSQ(OH)2','DDSQA4') 
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Figure F-5. Fractions of DDSQ(OH)4 (grey line), DDSQ-2(R1R2) (blue line), and DDSQ(OH)2 

(orange line) obtained from model 1 after evaluation with different equivalents of chlorosilane.  
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Model 2: two chlorosilanes 

Model developed for prediction of ratios when a mixture of two different chlorosilanes react 

with tetrahydroxyl octaphenyl double decker-shaped silsesquioxane 

 

Scheme F-2. DDSQ(OH)4 Capping reactions generated for model 2 

 



124 

 

Rates: 

−𝑟1 (𝑂𝐻4) = 𝑘1𝐶𝑂𝐻4𝐶𝐴 

−𝑟2 (𝐴𝐴) = 𝑘2𝐶𝐴𝑂𝐻2𝐶𝐴 

−𝑟3 (𝑂𝐻4) = 𝑘3𝐶𝑂𝐻4𝐶𝐵 

−𝑟4 (𝐵𝐵) = 𝑘4𝐶𝐵𝑂𝐻2𝐶𝐵 

−𝑟5 (𝐴𝐵) = 𝑘5𝐶𝐴𝑂𝐻2𝐶𝐵 

−𝑟6 (𝐴𝐵) = 𝑘6𝐶𝐵𝑂𝐻2𝐶𝐴 

Rate laws 

−𝑟1 (𝑂𝐻4) = −𝑟1 (𝐴) = 𝑟1 (𝐴𝑂𝐻2) 

−𝑟2 (𝐴𝑂𝐻2) = −𝑟2 (𝐴) = 𝑟2 (𝐴𝐴) 

−𝑟3 (𝑂𝐻4) = −𝑟3 (𝐵) = 𝑟3 (𝐵𝑂𝐻2) 

−𝑟4 (𝐵𝑂𝐻2) = −𝑟4 (𝐵) = 𝑟4 (𝐵𝐵) 

−𝑟5 (𝐴𝑂𝐻2) = −𝑟5 (𝐵) = 𝑟5 (𝐴𝐵) 

−𝑟6 (𝐵𝑂𝐻2) = −𝑟6 (𝐴) = 𝑟6 (𝐴𝐵) 

Material balance for batch reactor 

𝑑𝐶𝑂𝐻4

𝑑𝑡
= 𝑟1 (𝑂𝐻4) + 𝑟3 (𝑂𝐻4) 

𝑑𝐶𝐴𝑂𝐻2

𝑑𝑡
= 𝑟1 (𝐴𝑂𝐻2) + 𝑟2 (𝐴𝑂𝐻2) + 𝑟5 (𝐴𝑂𝐻2) 
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𝑑𝐶𝐵𝑂𝐻2

𝑑𝑡
= 𝑟3 (𝐵𝑂𝐻2) + 𝑟4 (𝐵𝑂𝐻2) + 𝑟6 (𝐵𝑂𝐻2) 

𝑑𝐶𝐴𝐴

𝑑𝑡
= 𝑟2 (𝐴𝐴) 

𝑑𝐶𝐵𝐵

𝑑𝑡
= 𝑟2 (𝐵𝐵) 

𝑑𝐶𝐴𝐵

𝑑𝑡
= 𝑟5 (𝐴𝐵) + 𝑟6 (𝐴𝐵) 

𝑑𝐶𝐴

𝑑𝑡
= 𝑟1 (𝐴) + 𝑟2 (𝐴) + 𝑟6 (𝐴) 

𝑑𝐶𝐵

𝑑𝑡
= 𝑟3 (𝐵) + 𝑟4 (𝐵) + 𝑟5 (𝐵) 

Replacing rates in material balances 

𝑑𝐶𝑂𝐻4

𝑑𝑡
= 𝑘1𝐶𝑂𝐻4𝐶𝐴 − 𝑘3𝐶𝑂𝐻4𝐶𝐵 

𝑑𝐶𝐴𝑂𝐻2

𝑑𝑡
= 𝑘1𝐶𝑂𝐻4𝐶𝐴 − 𝑘2𝐶𝐴𝑂𝐻2𝐶𝐴 − 𝑘5𝐶𝐴𝑂𝐻2𝐶𝐵 

𝑑𝐶𝐵𝑂𝐻2

𝑑𝑡
= 𝑘3𝐶𝑂𝐻4𝐶𝐵 − 𝑘4𝐶𝐵𝑂𝐻2𝐶𝐵 − 𝑘6𝐶𝐵𝑂𝐻2𝐶𝐴 

𝑑𝐶𝐴𝐴

𝑑𝑡
= 𝑘2𝐶𝐴𝑂𝐻2𝐶𝐴 

𝑑𝐶𝐵𝐵

𝑑𝑡
= 𝑘4𝐶𝐵𝑂𝐻2𝐶𝐵 

𝑑𝐶𝐴𝐵

𝑑𝑡
= 𝑘5𝐶𝐴𝑂𝐻2𝐶𝐵 + 𝑘6𝐶𝐵𝑂𝐻2𝐶𝐴 
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𝑑𝐶𝐴

𝑑𝑡
= −𝑘1𝐶𝑂𝐻4𝐶𝐴 − 𝑘2𝐶𝐴𝑂𝐻2𝐶𝐴 − 𝑘6𝐶𝐵𝑂𝐻2𝐶𝐴 

𝑑𝐶𝐵

𝑑𝑡
= −𝑘3𝐶𝑂𝐻4𝐶𝐵 − 𝑘4𝐶𝐵𝑂𝐻2𝐶𝐵 − 𝑘5𝐶𝐴𝑂𝐻2𝐶𝐵 

Constants assumptions 

First capping and second capping are similar 

𝑘1 =
𝑘2

𝑛
 

𝑘3 =
𝑘4

𝑚
 

Reactions for A are faster than reactions for B 

𝑘1 = 𝑝𝑘3 

Capping rate of A in BOH2 is equal to second capping rate of A in AOH2 

𝑘2 = 𝑘5 

Capping rate of B in AOH2 is equal to second capping rate of B in BOH2 

𝑘4 = 𝑘6 

Reorganizing all constants in function of k1 

𝑘2 = 𝑛𝑘1 ;  𝑘3 =
𝑘1

𝑝
 ; 𝑘4 =

𝑚

𝑝
𝑘1 ;  𝑘5 = 𝑛𝑘1 ; 𝑘6 =

𝑚

𝑝
𝑘1 

If first capping with A is no different than second capping with A, and if first capping 

with B is no different than second capping with B, then: 
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𝑛 = 𝑚 = 1 

Capping rate depend of A and B species, the factor p indicates that reaction of A is p times 

faster than reaction of B 

Initial conditions for the case using 1 equivalent of A and 1 equivalent of B 

𝑡 = 0 ;  𝐶𝐴 = 1
𝑚𝑚𝑜𝑙

𝑚𝑙
 ; 𝐶𝐵 = 1

𝑚𝑚𝑜𝑙

𝑚𝑙
 ;   𝐶𝑂𝐻4 = 1

𝑚𝑚𝑜𝑙

𝑚𝑙
 ; 𝐶𝐴𝑂𝐻2 = 0

𝑚𝑚𝑜𝑙

𝑚𝑙
 ;  

𝐶𝐵𝑂𝐻2 = 0
𝑚𝑚𝑜𝑙

𝑚𝑙
 ;   𝐶𝐴𝐴 = 0

𝑚𝑚𝑜𝑙

𝑚𝑙
 ;   𝐶𝐵𝐵 = 0

𝑚𝑚𝑜𝑙

𝑚𝑙
 ;   𝐶𝐴𝐵 = 0

𝑚𝑚𝑜𝑙

𝑚𝑙
 

MATLAB code specifying model equations 

function f = AB(t, C) 

%Derivative system for DDSQ functionalization 

%   Reaction rates were replaced in the balance.  

%   C(1) stands for Concentration of OH4 

%   C(2) stands for Concentration of A2OH2 

%   C(3) stands for Concentration of B2OH2 

%   C(4) stands for Concentration of AA 

%   C(5) stands for Concentration of BB 

%   C(6) stands for Concentration of AB 

%   C(7) stands for Concentration of A 

%   C(8) stands for Concentration of B 

k1=1000; %ml/(mmol*t) 

n=1; 

m=1; 

p=100; %   Assuming A is 100 times faster than B 

k2=k1*n; 

k3=k1/p; 

k4=k3*m; 

k5=k4; 

k6=k2; 

f(1,1)=-k1*C(1)*C(7)-k3*C(1)*C(8); 

f(2,1)=k1*C(1)*C(7)-k2*C(2)*C(7)-k5*C(2)*C(8); 

f(3,1)=k3*C(1)*C(8)-k4*C(3)*C(8)-k6*C(3)*C(7); 

f(4,1)=k2*C(2)*C(7); 

f(5,1)=k4*C(3)*C(8); 

f(6,1)=k5*C(2)*C(8)+k6*C(3)*C(7); 

f(7,1)=-k1*C(1)*C(7)-k2*C(2)*C(7)-k6*C(3)*C(7); 
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f(8,1)=-k3*C(1)*C(8)-k4*C(3)*C(8)-k5*C(2)*C(8); 

end 

MATLAB code solving the model 

[tv, Cv]=ode45('AB',[0 50],[1 0 0 0 0 0 1 1]); % DDSQ AOH2 BOH2 AA BB AB A B 

plot(tv,Cv(:,1),'r') 

hold on 

plot(tv,Cv(:,4),'g') 

plot(tv,Cv(:,5),'b') 

plot(tv,Cv(:,6),'c') 

plot(tv,Cv(:,7),'m') 

plot(tv,Cv(:,8),'p') 

plot(tv,Cv(:,2),'o') 

plot(tv,Cv(:,3),'k') 

hold off 

title ('AB kinetic model') 

ylabel('Concentration (mmol/ml)') 

xlabel('time (s)') 

legend('OH4','AA','BB','AB','A','B','AOH2','BOH2') 

 

 

Figure F-6. Fractions of DDSQ-(B)4 or BB (grey line), DDSQ-(A)4 or AA (blue line), and 

DDSQ-(A2B2) or AB (orange line) obtained from model 2 after evaluation with different 

equivalents of A and completion to two equivalents with B assuming A and B are equally 

reactive.  
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Figure F-7. Fractions of DDSQ-(B)4 or BB (grey line), DDSQ-(A)4 or AA (blue line), and 

DDSQ-(A2B2) or AB (orange line) obtained from model 2 after evaluation with different 

equivalents of A and completion to two equivalents with B assuming A is ten times faster than B 

(p = 10). 
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Model 3: two chlorosilanes with byproducts condensed by triethylamine 

Model developed for prediction of ratios when a mixture of two different chlorosilanes 

react with tetrahydroxyl octaphenyl double decker-shaped silsesquioxane. Also, condensation 

generated by triethylamine was included in this model. 

Reactions proposed and brief explanation: 

Formation of a complex between chlorosilanes and triethylamine. Formation of this 

complex has been described in literature and only happen between one molecule of 

chlorosilane and one molecule of triethylamine. Triethylamine can be also consumed by HCl 

product of the rection between chlorosilanes and DDSQ-(Ph)8(OH)4. It is assumed that these 

reactions proceed extremely fast compared with the other reactions in this model. Also it is 

assumed that k16 = k17 = k18 

 

Scheme F-3. Formation of triethylamine complex with chlorinated species 

Reaction between the chlorosilane complex with DDSQ tetraol or diol, this 

condensation produces triethylamine hydrochloride. In here, it is assumed that the remaining 

Cl in the chlorosilane reacts instantaneously with the remaining hydroxyl forming HCl. In 

here, the capping made by A is faster than the capping made by B. k1 > k2, k1 = k3 = k6, and 

k2 = k4 = k5 
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Scheme F-4. Capping of DDSQ(OH)4 with chlorosilane triethylamine complex. 

So far, the reactions observed do not differ from model 2. Now a series of complexities 

involving byproducts will be discussed and at some extend allow understanding of yields and 

ratios obtained after reaction. It is known that triethylamine may act as a catalyst for 

condensation of silanols. Remarkably, from the published paper it was recognized that the 

reaction rate between chlorosilane and DDSQ tetrasilanol depends from the chlorosilane 

bulkiness. Also, it was described that a chlorosilane form complex with a single triethylamine. 

Based on the previous descriptions it may be inferred that if the capping reaction rate is low, free 

triethylamine can remain in solution generating condensation between silanols. These 

condensation rates are slower than the chlorosilanes capping rates. k7 << k1, k7 < k2, and k7 = k8 

= k9 = k10 
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Scheme F-5. Formation of byproducts from condensation reactions in DDSQ(OH)4 catalyzed by 

triethylamine. 

It is highly possible that a chlorosilane complex may react with structures condensed in 

one side by triethylamine. For these k11 = k1 and k12 = k2 

 

Scheme F-6. Functionalization of POSS(OH)2 with dichlorosilanes as other possible side 

reactions. 

Other reactions such as polycondensation of chlorosilanes generated by the produced 

water were considered but not used due to extensive simulation times. For these extra 

reactions it was assumed that the products of the condensation between two chlorosilanes 

end up as a chlorinated polymer chain (Cl-Poly-Cl) and these chains are assumed as a single 

specie that is consuming chlorosilanes if there is water present. Based on these reactions it is 
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believed that the amount of DDSQ-B4 and the amount of DDSQ-A2B2 should be lower than the 

value reported for the simulation without this set of byproducts. 

 

Scheme F-7. Production of polysiloxanes promoted by water production in DDSQ(OH)4 

condensation. These reactions were not yet included in the model but they are highly likely based 

on multiple peaks observed by 29Si-NMR in the D-Si region  

Rates: 

−𝑟16 (𝐴2𝑆𝑖𝐶𝑙2) = 𝑘16𝐶𝐸𝑡3𝑁𝐶𝐴2𝑆𝑖𝐶𝑙2
 

−𝑟17 (𝐵2𝑆𝑖𝐶𝑙2) = 𝑘17𝐶𝐸𝑡3𝑁𝐶𝐵2𝑆𝑖𝐶𝑙2
 

𝑟18 (𝐸𝑡3𝑁𝐻𝐶𝑙) = 𝑘18𝐶𝐸𝑡3𝑁𝐶𝐻𝐶𝑙 

−𝑟1 (𝐷𝐷𝑆𝑄(𝑂𝐻)4) = 𝑘1𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

−𝑟2 (𝐷𝐷𝑆𝑄(𝑂𝐻)4) = 𝑘2𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑟3 (𝐷𝐷𝑆𝑄𝐴4) = 𝑘3𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑟4 (𝐷𝐷𝑆𝑄𝐵4) = 𝑘4𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑟5 (𝐷𝐷𝑆𝑄𝐴2𝐵2) = 𝑘5𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 
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𝑟6 (𝐷𝐷𝑆𝑄𝐴2𝐵2) = 𝑘6𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

−𝑟7 (𝐷𝐷𝑆𝑄(𝑂𝐻)4) = 𝑘7𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4
𝐶𝐸𝑡3𝑁 

−𝑟8 (𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = 𝑘8𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐸𝑡3𝑁 

−𝑟9 (𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = 𝑘9𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐸𝑡3𝑁 

−𝑟10 (𝑃𝑂𝑆𝑆(𝑂𝐻)2) = 𝑘10𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐸𝑡3𝑁 

𝑟11 (𝑃𝑂𝑆𝑆𝐴2) = 𝑘11𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑟12 (𝑃𝑂𝑆𝑆𝐵2) = 𝑘12𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

Rate laws 

−𝑟1 (𝐷𝐷𝑆𝑄(𝑂𝐻)4) = −𝑟1 (𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) = 𝑟1 (𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = 𝑟1 (𝐻𝐶𝑙) = 𝑟1 (𝐸𝑡3𝑁𝐻𝐶𝑙) 

−𝑟2 (𝐷𝐷𝑆𝑄(𝑂𝐻)4) = −𝑟2 (𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) = 𝑟2 (𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = 𝑟2 (𝐻𝐶𝑙) = 𝑟2 (𝐸𝑡3𝑁𝐻𝐶𝑙) 

𝑟3 (𝐷𝐷𝑆𝑄𝐴4) = 𝑟3 (𝐻𝐶𝑙) = 𝑟3 (𝐸𝑡3𝑁𝐻𝐶𝑙) = −𝑟3 (𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = −𝑟3 (𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) 

𝑟4 (𝐷𝐷𝑆𝑄𝐵4) = 𝑟4 (𝐻𝐶𝑙) = 𝑟4 (𝐸𝑡3𝑁𝐻𝐶𝑙) = −𝑟4 (𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = −𝑟4 (𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) 

𝑟5 (𝐷𝐷𝑆𝑄𝐴2𝐵2) = 𝑟5 (𝐻𝐶𝑙) = 𝑟5 (𝐸𝑡3𝑁𝐻𝐶𝑙) = −𝑟5 (𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = −𝑟5 (𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) 

𝑟6 (𝐷𝐷𝑆𝑄𝐴2𝐵2) = 𝑟6 (𝐻𝐶𝑙) = 𝑟6 (𝐸𝑡3𝑁𝐻𝐶𝑙) = −𝑟6 (𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = −𝑟6 (𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) 

−𝑟7 (𝐷𝐷𝑆𝑄(𝑂𝐻)4) = −𝑟7 (𝐸𝑡3𝑁) = 𝑟7 (𝑃𝑂𝑆𝑆(𝑂𝐻)2) = 𝑟7 (𝐸𝑡3𝑁) = 𝑟2 (𝐻2𝑂) 

−𝑟8 (𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = −𝑟8 (𝐸𝑡3𝑁) = 𝑟8 (𝑃𝑂𝑆𝑆𝐴2) = 𝑟8 (𝐸𝑡3𝑁) = 𝑟8 (𝐻2𝑂) 

−𝑟9 (𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2) = −𝑟9 (𝐸𝑡3𝑁) = 𝑟9 (𝑃𝑂𝑆𝑆𝐵2) = 𝑟9 (𝐸𝑡3𝑁) = 𝑟9 (𝐻2𝑂) 
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𝑟10 (𝑃𝑂𝑆𝑆) = 𝑟10 (𝐸𝑡3𝑁) = 𝑟10 (𝐻2𝑂) = −𝑟10 (𝑃𝑂𝑆𝑆(𝑂𝐻)2) = −𝑟10 (𝐸𝑡3𝑁) 

−𝑟11 (𝑃𝑂𝑆𝑆(𝑂𝐻)2) = −𝑟11 (𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) = 𝑟11 (𝐻𝐶𝑙) = 𝑟11 (𝑃𝑂𝑆𝑆𝐴2) = 𝑟11 (𝐸𝑡3𝑁𝐻𝐶𝑙) 

−𝑟12 (𝑃𝑂𝑆𝑆(𝑂𝐻)2) = −𝑟12 (𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) = 𝑟12 (𝐻𝐶𝑙) = 𝑟12 (𝑃𝑂𝑆𝑆𝐵2) = 𝑟12 (𝐸𝑡3𝑁𝐻𝐶𝑙) 

−𝑟16 (𝐴2𝑆𝑖𝐶𝑙2) = −𝑟16 (𝐸𝑡3𝑁) = 𝑟16 (𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) 

−𝑟17 (𝐵2𝑆𝑖𝐶𝑙2) = −𝑟17 (𝐸𝑡3𝑁) = 𝑟17 (𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁) 

𝑟18 (𝐸𝑡3𝑁𝐻𝐶𝑙) = −𝑟18 (𝐻𝐶𝑙) = −𝑟18 (𝐸𝑡3𝑁) 

Material balance for batch reactor 

𝑑𝐶𝐴2𝑆𝑖𝐶𝑙2

𝑑𝑡
= 𝑟16 

𝑑𝐶𝐵2𝑆𝑖𝐶𝑙2

𝑑𝑡
= 𝑟17  

𝑑𝐶𝐸𝑡3𝑁

𝑑𝑡
= 𝑟16 + 𝑟17 + 𝑟18 

𝑑𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝑑𝑡
= 𝑟1 + 𝑟2 + 𝑟7 

𝑑𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝑑𝑡
= 𝑟1 + 𝑟3 + 𝑟6 + 𝑟8 

𝑑𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝑑𝑡
= 𝑟2 + 𝑟4 + 𝑟5 + 𝑟9 

𝑑𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

𝑑𝑡
= 𝑟1 + 𝑟3 + 𝑟5 + 𝑟11 + 𝑟16 

𝑑𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

𝑑𝑡
= 𝑟2 + 𝑟4 + 𝑟6 + 𝑟12 + 𝑟17 
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𝑑𝐶𝐷𝐷𝑆𝑄𝐴4

𝑑𝑡
= 𝑟3 

𝑑𝐶𝐷𝐷𝑆𝑄𝐵4

𝑑𝑡
= 𝑟4 

𝑑𝐶𝐷𝐷𝑆𝑄𝐴2𝐵2

𝑑𝑡
= 𝑟5 + 𝑟6 

𝑑𝐶𝐻𝐶𝑙

𝑑𝑡
= 𝑟1 + 𝑟2 + 𝑟3 + 𝑟4 + 𝑟5 + 𝑟6 + 𝑟11 + 𝑟12 + 𝑟18 

𝑑𝐶𝐸𝑡3𝑁𝐻𝐶𝑙

𝑑𝑡
= 𝑟1 + 𝑟2 + 𝑟3 + 𝑟4 + 𝑟5 + 𝑟6 + 𝑟11 + 𝑟12 + 𝑟18 

𝑑𝐶𝐻2𝑂

𝑑𝑡
= 𝑟7 + 𝑟8 + 𝑟9 + 𝑟10 

𝑑𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝑑𝑡
= 𝑟7 + 𝑟10 + 𝑟11 + 𝑟12 

𝑑𝐶𝑃𝑂𝑆𝑆𝐴2

𝑑𝑡
= 𝑟8 + 𝑟11 

𝑑𝐶𝑃𝑂𝑆𝑆𝐵2

𝑑𝑡
= 𝑟9 + 𝑟12 

𝑑𝐶𝑃𝑂𝑆𝑆

𝑑𝑡
= 𝑟10 

Replacing rates in material balances 

𝑑𝐶𝐴2𝑆𝑖𝐶𝑙2

𝑑𝑡
= 𝑘16𝐶𝐸𝑡3𝑁𝐶𝐴2𝑆𝑖𝐶𝑙2

 

𝑑𝐶𝐵2𝑆𝑖𝐶𝑙2

𝑑𝑡
= 𝑘17𝐶𝐸𝑡3𝑁𝐶𝐵2𝑆𝑖𝐶𝑙2
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𝑑𝐶𝐸𝑡3𝑁

𝑑𝑡
= 𝑘16𝐶𝐸𝑡3𝑁𝐶𝐴2𝑆𝑖𝐶𝑙2

+ 𝑘17𝐶𝐸𝑡3𝑁𝐶𝐵2𝑆𝑖𝐶𝑙2
+ 𝑘18𝐶𝐸𝑡3𝑁𝐶𝐻𝐶𝑙 

𝑑𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝑑𝑡
= 𝑘1𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘2𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘7𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐸𝑡3𝑁 

𝑑𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝑑𝑡
= 𝑘1𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘3𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘6𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘8𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐸𝑡3𝑁 

𝑑𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝑑𝑡
= 𝑘2𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘4𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘5𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘9𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐸𝑡3𝑁 

𝑑𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

𝑑𝑡
= 𝑘1𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘3𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘5𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘11𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘16𝐶𝐸𝑡3𝑁𝐶𝐴2𝑆𝑖𝐶𝑙2
 

𝑑𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

𝑑𝑡
= 𝑘2𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘4𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘6𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘12𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘17𝐶𝐸𝑡3𝑁𝐶𝐵2𝑆𝑖𝐶𝑙2
 

𝑑𝐶𝐷𝐷𝑆𝑄𝐴4

𝑑𝑡
= 𝑘3𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑑𝐶𝐷𝐷𝑆𝑄𝐵4

𝑑𝑡
= 𝑘4𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑑𝐶𝐷𝐷𝑆𝑄𝐴2𝐵2

𝑑𝑡
= 𝑘5𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘6𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 
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𝑑𝐶𝐻𝐶𝑙

𝑑𝑡
= 𝑘1𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘2𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘3𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘4𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘5𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘6𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘11𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘12𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘18𝐶𝐸𝑡3𝑁𝐶𝐻𝐶𝑙 

𝑑𝐶𝐸𝑡3𝑁𝐻𝐶𝑙

𝑑𝑡
= 𝑘1𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘2𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘3𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘4𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘5𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘6𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘11𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘12𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 + 𝑘18𝐶𝐸𝑡3𝑁𝐶𝐻𝐶𝑙 

𝑑𝐶𝐻2𝑂

𝑑𝑡
= 𝑘7𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐸𝑡3𝑁 + 𝑘8𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2
𝐶𝐸𝑡3𝑁 + 𝑘9𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐸𝑡3𝑁

+ 𝑘10𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐸𝑡3𝑁 

𝑑𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝑑𝑡
= 𝑘7𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

𝐶𝐸𝑡3𝑁 + 𝑘10𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐸𝑡3𝑁 + 𝑘11𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁

+ 𝑘12𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑑𝐶𝑃𝑂𝑆𝑆𝐴2

𝑑𝑡
= 𝑘8𝐶𝐴2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐸𝑡3𝑁 + 𝑘11𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐴2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑑𝐶𝑃𝑂𝑆𝑆𝐵2

𝑑𝑡
= 𝑘9𝐶𝐵2𝐷𝐷𝑆𝑄(𝑂𝐻)2

𝐶𝐸𝑡3𝑁 + 𝑘12𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2
𝐶𝐵2𝑆𝑖𝐶𝑙2𝐸𝑡3𝑁 

𝑑𝐶𝑃𝑂𝑆𝑆

𝑑𝑡
= 𝑘10𝐶𝑃𝑂𝑆𝑆(𝑂𝐻)2

𝐶𝐸𝑡3𝑁 

Reorganizing all constants to write them in function of k1 
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𝑘2 = 𝑘4 = 𝑘6 = 𝑘12 =
𝑘1

𝑛
 

𝑘3 = 𝑘5 = 𝑘11 = 𝑘1 

𝑘7 = 𝑘8 = 𝑘9 = 𝑘10 =
𝑘1

𝑝
 

𝑘16 = 𝑚 ∗ 𝑘1 

𝑘17 = 𝑜 ∗ 𝑘1 

𝑘18 = 𝑞 ∗ 𝑘1 

These constants were described previously. To satisfy the assumptions made for this model 

the values of m, n, o, p, and q must be higher than 1 

Initial conditions for the case using 1 equivalent of A chlorosilane and 1 equivalent of B 

chlorosilane 

𝑡 = 0 ;  𝐶𝐴2𝑆𝑖𝐶𝑙2
= 1

𝑚𝑚𝑜𝑙

𝑚𝑙
 ;  𝐶𝐵2𝑆𝑖𝐶𝑙2

= 1
𝑚𝑚𝑜𝑙

𝑚𝑙
 ;  𝐶𝐷𝐷𝑆𝑄(𝑂𝐻)4

= 1
𝑚𝑚𝑜𝑙

𝑚𝑙
 ;  𝐶𝐸𝑡3𝑁 = 4

𝑚𝑚𝑜𝑙

𝑚𝑙
   

Concentrations for intermediate and final products were set to zero. 

MATLAB code specifying model equations 

function f = AB_w_Et3N(t, C) 

%Derivative system for DDSQ functionalization 

%   Concentrationn (mol) balance for Reactions DDSQ(OH)4 + R2SiCl2 

%   -->DDSQR2(OH)2 and DDSQR2(OH)2 + R2SiCl2 --> DDSQR4. Reaction rates 

%   were replaced in the balance.  

%   C(1) stands for Concentration of DDSQ(OH)4 

%   C(2) stands for Concentration of DDSQA2(OH)2 

%   C(3) stands for Concentration of DDSQB2(OH)2 

%   C(4) stands for Concentration of A2SiCl2Et3N 

%   C(5) stands for Concentration of B2SiCl2Et3N 

%   C(6) stands for Concentration of DDSQA4 

%   C(7) stands for Concentration of DDSQB4 

%   C(8) stands for Concentration of DDSQA2B2 
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%   C(9) stands for Concentration of HCl 

%   C(10) stands for Concentration of HClEt3N 

%   C(11) stands for Concentration of H2O 

%   C(12) stands for Concentration of POSS(OH)2 

%   C(13) stands for Concentration of POSSA 

%   C(14) stands for Concentration of POSSB 

%   C(15) stands for Concentration of POSS 

%   C(16) stands for Concentration of A2SiCl2 

%   C(17) stands for Concentration of B2SiCl2 

%   C(18) stands for Concentration of Et3N 

  

k1=100; %ml/(mmol*t) 

n=100; %if n>1, A capping faster than B capping 

m=10; %Et3N to Chlorosilane A complex formation 

o=10; %Et3N to Chlorosilane B complex formation 

p=1000; %Condensation promoted by Et3N in DDSQ(OH)n species  

q=1000; %Formation of the Et3NHCl salt, assumed to be super-fast 

k2=k1/n; 

k3=k1; 

k4=k2; 

k5=k1; 

k6=k2; 

k7=k1/p; 

k8=k7; 

k9=k7; 

k10=k7; 

k11=k1; 

k12=k2; 

k16=m*k1; 

k17=o*k1; 

k18=q*k1; 

  

f(1,1)=-k1*C(1)*C(4)-k2*C(1)*C(5)-k7*C(1)*C(18); 

f(2,1)=k1*C(1)*C(4)-k3*C(2)*C(4)-k6*C(2)*C(5)-k8*C(2)*C(18); 

f(3,1)=k2*C(1)*C(5)-k4*C(3)*C(5)-k5*C(3)*C(4)-k9*C(3)*C(18); 

f(4,1)=k16*C(18)*C(16)-k1*C(1)*C(4)-k3*C(2)*C(4)-k5*C(3)*C(4)-

k11*C(12)*C(4); 

f(5,1)=k17*C(18)*C(17)-k2*C(1)*C(5)-k4*C(3)*C(5)-k6*C(2)*C(5)-

k12*C(12)*C(5); 

f(6,1)=k3*C(2)*C(4); 

f(7,1)=k4*C(3)*C(5); 

f(8,1)=k5*C(3)*C(4)+k6*C(2)*C(5); 

f(9,1)=-

k18*C(18)*C(9)+k1*C(1)*C(4)+k2*C(1)*C(5)+k3*C(2)*C(4)+k4*C(3)*C(5)+k5*C(3)

*C(4)+k6*C(2)*C(5)+k11*C(12)*C(4)+k12*C(12)*C(5); 

f(10,1)=k18*C(18)*C(9)+k1*C(1)*C(4)+k2*C(1)*C(5)+k3*C(2)*C(4)+k4*C(3)*

C(5)+k5*C(3)*C(4)+k6*C(2)*C(5)+k11*C(12)*C(4)+k12*C(12)*C(5); 

f(11,1)=k7*C(1)*C(18)+k8*C(2)*C(18)+k9*C(3)*C(18)+k10*C(12)*C(18); 

f(12,1)=k7*C(1)*C(18)-k10*C(12)*C(18)-k11*C(12)*C(4)-k12*C(12)*C(5); 

f(13,1)=k8*C(2)*C(18)+k11*C(12)*C(4); 

f(14,1)=k9*C(3)*C(18)+k12*C(12)*C(5); 

f(15,1)=k10*C(12)*C(18); 

f(16,1)=-k16*C(18)*C(16); 

f(17,1)=-k17*C(18)*C(17); 

f(18,1)=-k16*C(18)*C(16)-k17*C(18)*C(17)-k18*C(18)*C(9); 

end 
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Solver for model 3 

[tv, Cv]=ode45('AB_w_Et3N',[0 100],[1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 4]); 

% [OH4 AOH2 BOH2 AEt3N BEt3N A4 B4 AB HCl Et3NHCl H20 POSSOH2 POSSA POSSB 

POSS ASi BSi Et3N] 

plot(tv,Cv(:,1),'-s','color',1/255*[255 0 

0],'MarkerSize',4,'MarkerEdgeColor',1/255*[255 0 

0],'MarkerFaceColor',1/255*[255 0 0],'MarkerIndices',1:50000:length(Cv)) 

hold on 

plot(tv,Cv(:,6),'-*','color',1/255*[255 0 

255],'MarkerSize',4,'MarkerEdgeColor',1/255*[255 0 

255],'MarkerFaceColor',1/255*[255 0 255],'MarkerIndices',1:50000:length(Cv)) 

plot(tv,Cv(:,7),'-x','color',1/255*[154 0 

255],'MarkerSize',4,'MarkerEdgeColor',1/255*[154 0 

255],'MarkerFaceColor',1/255*[154 0 255],'MarkerIndices',1:50000:length(Cv)) 

plot(tv,Cv(:,8),'-d','color',1/255*[0 0 

255],'MarkerSize',4,'MarkerEdgeColor',1/255*[0 0 

255],'MarkerFaceColor',1/255*[0 0 255],'MarkerIndices',1:50000:length(Cv)) 

plot(tv,Cv(:,13),'-p','color',1/255*[0 255 

255],'MarkerSize',4,'MarkerEdgeColor',1/255*[0 255 

255],'MarkerFaceColor',1/255*[0 255 255],'MarkerIndices',1:50000:length(Cv)) 

plot(tv,Cv(:,14),'-h','color',1/255*[0 255 

0],'MarkerSize',4,'MarkerEdgeColor',1/255*[0 255 

0],'MarkerFaceColor',1/255*[0 255 0],'MarkerIndices',1:50000:length(Cv)) 

plot(tv,Cv(:,15),'-+','color',1/255*[0 0 

0],'MarkerSize',4,'MarkerEdgeColor',1/255*[0 0 0],'MarkerFaceColor',1/255*[0 

0 0],'MarkerIndices',1:50000:length(Cv)) 

plot(tv,Cv(:,11),'-o','color',1/255*[67 142 

58],'MarkerSize',4,'MarkerEdgeColor',1/255*[67 142 

58],'MarkerFaceColor',1/255*[67 142 58],'MarkerIndices',1:50000:length(Cv)) 

hold off 

title ('DDSQA2B2 kinetic model') 

ylabel('Concentration (mmol/ml)') 

xlabel('time (s)') 

legend('DDSQ(OH)4','DDSQA4','DDSQB4','DDSQA2B2','POSSA','POSSB','POSS','H2

0') 

 

Results for the proposed model 

For the case in which the reaction rate of chlorosilane A is higher than the rate of the B 

chlorosilane and using the m, n, o, p, and q constants as described in the Matlab code. 
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Figure F-8. Modelling of functionalization of DDSQ(OH)4 with two different chlorosilanes 

including the formation of byproducts. The kinetic constants are not real values but related to k1 

based on experimental observations. 

  

From this plot it can be observed how production of DDSQ-A4 is favored compared to 

that of DDSQ-B4. It is also remarkable that under the conditions modeled byproducts add a 

total of 0.1 mmol/ml. It should be noticed that this result was obtained assuming that 

condensation caused by triethylamine is 1000 times slower than capping of the A chlorosilane 

and 10 times slower than capping of the B chlorosilane. These assumptions were made based 

on experimental observations.  
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Figure F-9. Evolution of triethylamine, triethylamine complexes, and water production in the 

DDSQ-(OH)4 functionalization. 

The behavior of chlorosilanes and triethylamine showed fast consumption of both pure 

chlorosilanes to form the complex with triethylamine. However, triethylamine and the complex 

from the chlorosilane B cannot react anymore and end up as byproducts after synthesis. It is 

believed that these must react with water to produced siloxane polymers or cycles. Experimentally 

once the reaction is finished, filtered, and dried it is possible to watch HCl smoke once DCM is 

added to dissolve the material.  

It is possible to infer that the model may be predicting the reaction byproducts, and at some 

extent explaining the reaction yield as well as the ratios between DDSQ-A4, DDSQ-A2B2, and 

DDSQ-B4 quantified experimentally after column. The products condensed by Et3N were not 

identified experimentally because these may be stuck in the column stationary phase. 
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APPENDIX G. 

 

 

LC AND FC SEPARATIONS ANALYZED BY HPLC 

  



145 

 

G. LC and FC separations analyzed by HPLC 

Fraction analysis for separation of mixture B by HPLC 

Chromatograms processed by HPLC for each fraction collected along the preparatory 

column for mixture B containing 2 DDSQ-2((CH3)2), 3b DDSQ-2((CHCH2)(CH3)), and 4b 

DDSQ-2((CHCH2)(OH)). The flow rate was variable, and fractions of 19 mL were collected. At 

59 min fractions were rich in trans-4b. Final fractions were cis-4b rich fraction. 
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HPLC flow rate profile for preparatory column separating mixture C 

 

Figure G-1. Flow rate ramps for preparative column under non-constant flow rate. 

Dots in this graph are experimentally measured flow rates. Each point is defined as the lapse of 

time for completion of 19 mL. Points below 25 mL/min represent reservoir refilling times when 

the pressure was relieved to add more solvent. Linear flow rate ranging 52 to 56 mL/min was 

obtained only when the pressure was reduced. 
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Fraction analysis for separation of mixture C by HPLC 

Chromatograms processed by HPLC for each fraction collected along the preparatory 

column for mixture IB containing the molecules 2 DDSQ-2((CH3)2), 3c DDSQ-

2((CH2CH(CH3)2)(CH3)), and 4c DDSQ-2((CH2CH(CH3)2)(OH)). The flow rate was 

variable, and fractions of 19 mL were collected. From 32 min to 37 min fractions were rich 

in trans-4c. Final fraction was a fraction rich in cis-4c.

 

0.0E+0

5.0E+1

0 1 2 3 4 5 6

15.3 min

0.0E+0

2.0E+2

0 1 2 3 4 5 6

15.6 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

15.8 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

16.0 min

0.0E+0

1.0E+3

0 1 2 3 4 5 6

16.3 min

0.0E+0

1.0E+3

0 1 2 3 4 5 6

16.5 min

0.0E+0

1.0E+3

0 1 2 3 4 5 6

16.7 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

16.9 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

17.1 min

0.0E+0

2.0E+2

0 1 2 3 4 5 6

17.3 min

0.0E+0

1.0E+2

0 1 2 3 4 5 6

17.5 min

0.0E+0

1.0E+2

0 1 2 3 4 5 6

17.7 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

17.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

18.1 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

18.3 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

18.5 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

18.6 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

18.9 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

19.0 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

19.2 min

0.0E+0

1.0E+1

0 1 2 3 4 5 6

19.4 min

0.0E+0

1.0E+1

0 1 2 3 4 5 6

19.6 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

19.8 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

20.0 min



149 

 

 

 

0.0E+0

1.0E+2

0 1 2 3 4 5 6

20.2 min

0.0E+0

2.0E+2

0 1 2 3 4 5 6

20.4 min

0.0E+0

2.0E+2

0 1 2 3 4 5 6

20.5 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

20.7 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

20.9 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

21.1 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

21,3 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

21.5 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

21.7 min

0.0E+0

5.0E+2

0 1 2 3 4 5 6

21.9 min

0.0E+0

2.0E+2

0 1 2 3 4 5 6

22.1 min

0.0E+0

2.0E+2

0 1 2 3 4 5 6

22.3 min

0.0E+0

2.0E+2

0 1 2 3 4 5 6

22.7 min

0.0E+0

1.0E+2

0 1 2 3 4 5 6

23.1 min

0.0E+0

1.0E+2

0 1 2 3 4 5 6

23.3 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

23.5 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

23.7 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

24.2 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

24.6 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

24.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

25.2 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

25.5 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

25.9 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

26.2 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

26.5 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

26.8 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

27.1 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

27.5 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

27.8 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

28.1 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

28.5 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

28.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

29.1 min



150 

 

 

0.0E+0

5.0E+1

0 1 2 3 4 5 6

29.5 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

29.8 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

30.1 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

30.4 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

30.8 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

31.1 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

31.5 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

31.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

32.2 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

32.6 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

32.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

33.3 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

33.6 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

34.0 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

34.3 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

34.4 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

34.7 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

34.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

35.2 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

35.4 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

35.6 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

35.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

36.1 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

36.4 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

36.6 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

36.9 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

37.1 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

37.4 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

37.7 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

38 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

39 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

40 min

0.0E+0

5.0E+1

0 1 2 3 4 5 6

41.3 min



151 

 

 

 

 

0.0E+0

5.0E+1

0 1 2 3 4 5 6

41.5 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

41.9 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

42.2 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

42.4 min

0.0E+0

2.0E+1

0 1 2 3 4 5 6

42.7 min

0.0E+0

1.0E+1

0 1 2 3 4 5 6

43.0 min

0.0E+0

1.0E+1

0 1 2 3 4 5 6

43.2 min

0.0E+0

5.0E+0

0 1 2 3 4 5 6

43.5 min



152 

 

Purity analysis after FC of cis and trans DDSQ-2((Me)(PEP)) 3 by HPLC 

Samples evaluated in a hypercarb® column of 10 cm length and 0.46 cm internal 

diameter. Ethyl acetate was used as mobile phase with a flow rate of 0.4 ml/min. The eluent 

was analyzed by a UV detector 

 

Figure G-2. 50% trans and 50% cis mixture of DDSQ-2((methyl)(para-phenylethynyl 

phenyl))after hypercarb column  

 

Figure G-3. Mostly trans isomer of DDSQ-2((methyl)(para-phenylethynyl phenyl))after 

hypercarb column 

 

Figure G-4. Mostly cis isomer of DDSQ-2((methyl)(para-phenylethynyl phenyl))after hypercarb 

column 
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Separation of a non-polar ternary mixture 

Samples evaluated in a hypercarb® column of 10 cm length and 0.46 cm internal diameter. 

Ethyl acetate was used as mobile phase with a flow rate of 0.4 ml/min. The eluent was analyzed 

by a UV detector 

 

Scheme G-1. Synthesis of a ternary non-polar mixture with diphenyldichlorosilane and 

dimethyldichlorosilane. 

 

Figure G-5. Possible separation of the ternary mixture described in Scheme G-1. Synthesis of a 

ternary non-polar mixture with diphenyldichlorosilane and dimethyldichlorosilane.Scheme G-1 

using 98:2 DCM:Acetonitrile as mobile phase. Blue line represents the chromatogram with a 
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DCM injection; yellow line is the chromatogram for a mixture of tetramethyl DDSQ and 

tetraphenyl DDSQ. Red line represents the chromatogram for the ternary mixture.  
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APPENDIX H. 

 

 

SUMMARIZED EUTECTIC AND LIQUIDUS COMPOSITIONS 
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H. Summarized eutectic and liquidus compositions 

Summarized onset and liquidus temperatures in DSC traces 

Table H-1. Eutectic temperature (TE) and liquidus temperatures (TL) for binary cis-to-trans 

mixtures of compound 2. 

xtrans TE (°C) TL (°C) 

0 - 275 

0.1 - 272 

0.2 247 263 

0.3 256 - 

0.5 248 272 

0.6 245 296 

0.7 246 302 

0.8 - 305 

0.9 - 309 

≈ 1 - 310 

 

Table H-2. Eutectic temperature (TE) and liquidus temperatures (TL) for binary cis-to-trans 

mixtures of compound 3. 

xtrans TE (°C) TL (°C) 

≈ 0 - 263 

0.3 256 - 

0.5 257 270 

0.7 245 284 

≈ 1 - 301 

 

Table H-3. Eutectic temperature (TE) and liquidus temperatures (TL) for binary cis-to-trans 

mixtures of compound 4.  

xtrans TE (°C) TL (°C) 

0.25 269 280 ± 5 

0.33 269 - 

0.5 259 295 

0.6 262 312 

0.9 269 316 

≈ 1 269 320 

 

Analysis of the experimental eutectic temperatures shows that TE for 2 and 3 is 14 °C 

lower than TE for 4. However, the eutectic composition is similar for the three cases studied 
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in this work. It was observed that the TE for 3 is 26 °C lower than the liquidus temperature of the 

as synthesized mixture (xtrans = 0.5), for 2 the difference is 20 °C, and for 4 the difference is 14 

°C. These results suggest that the use of large aryl groups decreased the melting temperature of 

pure components and had a pronounced effect decreasing the eutectic temperature. 
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APPENDIX I. 

 

 

NMR SPECTRA FOR COMPONENTS SYNTHESIZED AND SEPARATED IN THIS 

WORK 
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I. NMR spectra for components synthesized and separated in this work 

(Isobutyl)(para-aniline(trimethylsilyl))dichlorosilane 

META-BUTHYL_S2PUL_01

26 24 22 20 18 16 14 12 10 8 6 4 2 0 -2 -4

Chemical Shift (ppm)

TMS

5
.1

5

1
8

.3
5

 

Figure I-1. 29Si-NMR (CDCl3, 99 MHz) for (isobutyl)(para-

aniline(trimethylsilyl))dichlorosilane 
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Figure I-2. 1H-NMR (CDCl3, 500 MHz) for (isobutyl)(para-

aniline(trimethylsilyl))dichlorosilane 
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DDSQ-2((methyl)(para-aniline)) 
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Figure I-3. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((methyl)(para-aniline)) 
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Figure I-4. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((methyl)(para-aniline)) 
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DDSQ-2((methyl)(meta-aniline)) 
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Figure I-5. 29Si-NMR (CDCl3, 99 MHz) DDSQ-2((methyl)(meta-aniline)) 
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Figure I-6. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((methyl)(meta-aniline)) 
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DDSQ-2((isobutyl)(meta-aniline)) 
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Figure I-7. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((isobutyl)(meta-aniline)) 

ISOBUT_CORRECTED_BASE_MATERIAL_PROTON_01

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0

Chemical Shift (ppm)  

Figure I-8. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((isobutyl)(meta-aniline)) 
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DDQS-((cyclohexyl)(meta-aniline)) 
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Figure I-9. 29Si-NMR (CDCl3, 99 MHz) for DDQS-((cyclohexyl)(meta-aniline)) 
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Figure I-10. 1H-NMR (CDCl3, 500 MHz) for DDQS-((cyclohexyl)(meta-aniline)) 
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DDSQ-2((methyl)(hydroxyl)) 
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Figure I-11. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((methyl)(hydroxyl)) 
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Figure I-12. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((methyl)(hydroxyl)) 
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DDSQ-2((vinyl)(hydroxyl)) 

29Si-NMR (CDCl3, 99 MHz) 

DFV-3-189-DDSQVI2OH2_S2PUL_01

0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 -80 -85

Chemical Shift (ppm)

-7
9

.2
7

-7
9

.2
1-7

8
.4

5

-6
9

.8
5

 

DFV-3-189-DDSQVI2OH2_S2PUL_01

-77.9 -78.0 -78.1 -78.2 -78.3 -78.4 -78.5 -78.6 -78.7 -78.8 -78.9 -79.0 -79.1 -79.2 -79.3 -79.4 -79.5 -79.6 -79.7 -79.8

Chemical Shift (ppm)
-7

9
.2

7

-7
9

.2
1

-7
9

.1
3

-7
8

.4
5

 

Figure I-13. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((vinyl)(hydroxyl)) 
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Figure I-14. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((vinyl)(hydroxyl)) 
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DDSQ-2((isopropyl)(hydroxyl)) 
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Figure I-15. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((isopropyl)(hydroxyl)) 
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Figure I-16. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((isopropyl)(hydroxyl)) 

 

  



167 

 

DDSQ-2((isobutyl)(hydroxyl)) 
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Figure I-17. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((isobutyl)(hydroxyl)) 
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Figure I-18. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((isobutyl)(hydroxyl)) 

  



168 

 

DDSQ-2((phenyl)(hydroxyl)) 
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Figure I-19. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((phenyl)(hydroxyl)) 
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Figure I-20. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((phenyl)(hydroxyl)) 
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DDSQ-2((methyl)(propyl-cyanide)) 
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Figure I-21. 29Si-NMR (CDCl3, 99 MHz) for DDSQ-2((methyl)(propyl-cyanide)) 
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Figure I-22. 1H-NMR (CDCl3, 500 MHz) for DDSQ-2((methyl)(propyl-cyanide)) 
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DDSQ-2((methyl)(hydro)) 

 

Figure I-23. 1H-NMR (500 MHz, CDCl3) for DDSQ-2((methyl)(hydro)) 
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Figure I-24. 13C-NMR (125 MHz, CDCl3) for DDSQ-2((methyl)(hydro)) 
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Figure I-25. 29Si-NMR (99 MHz, CDCl3) for DDSQ-2((methyl)(hydro)) 
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DDSQ-2(methyl)2 

 

Figure I-26. 1H-NMR (500 MHz, CDCl3) for DDSQ-2(methyl)2 
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Figure I-27. 13C-NMR (125 MHz, CDCl3) for DDSQ-2(methyl)2 
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Figure I-28. 29Si-NMR (99 MHz, CDCl3) for DDSQ-2(methyl)2 
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DDSQ-2((methyl)(vinyl)) 

 

Figure I-29. 1H-NMR (500 MHz, CDCl3) for DDSQ-2((methyl)(vinyl)) 
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Figure I-30. 13C-NMR (125 MHz, CDCl3) for DDSQ-2((methyl)(vinyl)) 
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Figure I-31. 29Si-NMR (99 MHz, CDCl3) for DDSQ-2((methyl)(vinyl)) 
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Figure I-32. 29Si-NMR (99 MHz, Acetone-D6) for DDSQ-2((methyl)(vinyl)) 
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DDSQ-2(methyl)(3-propyl-chloride) 

 

Figure I-33. 1H-NMR (500 MHz, CDCl3) for DDSQ-2(methyl)(3-propyl-chloride) 
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Figure I-34. 13C-NMR (125 MHz, CDCl3) for DDSQ-2(methyl)(3-propyl-chloride) 
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Figure I-35. 29Si-NMR (99 MHz, CDCl3) for DDSQ-2(methyl)(3-propyl-chloride) 
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DDSQ-2((methyl)(hydroxyl)) 

 

Figure I-36. 1H-NMR (500 MHz, CDCl3) for DDSQ-2((methyl)(hydroxyl)) 
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Figure I-37. 13C-NMR (125 MHz, CDCl3) for DDSQ-2((methyl)(hydroxyl)) 
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Figure I-38. 29Si-NMR (99 MHz, CDCl3) for DDSQ-2((methyl)(hydroxyl)) hydrolyzed by 

column chromatography 
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Figure I-39. 29Si-NMR (99 MHz, CDCl3) for DDSQ-2((methyl)(hydroxyl)) hydrolyzed with 

acidified H2O 
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DDSQ-(methyl)(hydro)(methyl)(hydroxyl) 

 

Figure I-40. 1H-NMR (500 MHz, CDCl3) for DDSQ-(methyl)(hydro)(methyl)(hydroxyl) 
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Figure I-41. 13C-NMR (125 MHz, CDCl3) for DDSQ-(methyl)(hydro)(methyl)(hydroxyl) 
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Figure I-42. 29Si-NMR (99 MHz, CDCl3) for DDSQ-(methyl)(hydro)(methyl)(hydroxyl) 
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DDSQ-(methyl)2(methyl)(hydroxyl) 

 

Figure I-43. 1H-NMR (500 MHz, CDCl3) for DDSQ-(methyl)2(methyl)(hydroxyl) 
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Figure I-44. 13C-NMR (125 MHz, CDCl3) for DDSQ-(methyl)2(methyl)(hydroxyl) 
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Figure I-45. 29Si-NMR (99 MHz, CDCl3) for DDSQ-(methyl)2(methyl)(hydroxyl) 
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DDSQ-(methyl)(vinyl)(methyl)(hydroxyl) 

 

Figure I-46. 1H-NMR (500 MHz, CDCl3) for DDSQ-(methyl)(vinyl)(methyl)(hydroxyl) 
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Figure I-47. 13C-NMR (125 MHz, CDCl3) for DDSQ-(methyl)(vinyl)(methyl)(hydroxyl) 
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Figure I-48. 29Si-NMR (99 MHz, CDCl3) for DDSQ-(methyl)(vinyl)(methyl)(hydroxyl) 
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Figure I-49. 29Si-NMR (99 MHz, Acetone-D6) for DDSQ-(methyl)(vinyl)(methyl)(hydroxyl) 
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DDSQ-(methyl)(3-propyl-chloride)(methyl)(hydroxyl) 

 

Figure I-50. 1H-NMR (500 MHz, CDCl3) for DDSQ-(methyl)(3-propyl-

chloride)(methyl)(hydroxyl) 
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Figure I-51. 13C-NMR (125 MHz, CDCl3) for DDSQ-(methyl)(3-propyl-

chloride)(methyl)(hydroxyl) 
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Figure I-52. 29Si-NMR (99 MHz, CDCl3) for DDSQ-(methyl)(3-propyl-

chloride)(methyl)(hydroxyl) 
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Figure I-53. 1H-NMR (500 MHz, CDCl3) for DDSQ-(methyl)2(vinyl)(hydroxyl) 
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Figure I-54. 13C-NMR (125 MHz, CDCl3) for DDSQ-(methyl)2(vinyl)(hydroxyl) 
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Figure I-55. 29Si-NMR (99 MHz, CDCl3) for DDSQ-(methyl)2(vinyl)(hydroxyl) 
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DDSQ-(methyl)2(isobutyl)(hydroxyl) 
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Figure I-56. 1H-NMR (500 MHz, CDCl3) for DDSQ-(methyl)2(isobutyl)(hydroxyl) 
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Figure I-57. 13C-NMR (125 MHz, CDCl3) for DDSQ-(methyl)2(isobutyl)(hydroxyl) 
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Figure I-58. 29Si-NMR (99 MHz, CDCl3) for DDSQ-(methyl)2(isobutyl)(hydroxyl) 
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(Methyl)(para-aniline(trimethylsilyl))dichlorosilane 
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Figure I-59. 1H NMR (500 MHz, CDCl3) for (methyl)(para-

aniline(trimethylsilyl))dichlorosilane 
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Figure I-60. 13C NMR (125 MHz, CDCl3) for (methyl)(para-

aniline(trimethylsilyl))dichlorosilane 
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Figure I-61. 29Si NMR (99 MHz, CDCl3) for (methyl)(para-aniline(trimethylsilyl))dichlorosilane 
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Figure I-62. 1H NMR (500 MHz, CDCl3) for 1,4-Bromophenylethynylbenzene 
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Chemical Shift (ppm)  

Figure I-63. 13C NMR (125 MHz, CDCl3) for 1,4-Bromophenylethynylbenzene 
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1,4-(Phenylethynyl)phenyl methyldichlorosilane 
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Figure I-64. 1H NMR (500 MHz, CDCl3) for 1,4-(Phenylethynyl)phenyl methyldichlorosilane 
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Figure I-65. 13C NMR (125 MHz, CDCl3) for 1,4-(Phenylethynyl)phenyl methyldichlorosilane 
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Figure I-66. 29Si NMR (99 MHz, CDCl3) for 1,4-(Phenylethynyl)phenyl methyldichlorosilane 
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DDSQ-2((methyl)(para-phenylethynyl phenyl)) 
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Figure I-67. 1H NMR (500 MHz, CDCl3) for DDSQ-2((methyl)(para-phenylethynyl phenyl)) 
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Chemical Shift (ppm)  

Figure I-68. 13C NMR (125 MHz, CDCl3) for DDSQ-2((methyl)(para-phenylethynyl phenyl)) 
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Figure I-69. 29Si NMR (99 MHz, CDCl3) for DDSQ-2((methyl)(para-phenylethynyl phenyl)) 
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DDSQ-2((methyl)(phenyl)) 
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Figure I-70. 1H NMR (500 MHz, CDCl3) for DDSQ-2((methyl)(phenyl)) 
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Figure I-71. 13C NMR (125 MHz, CDCl3) for DDSQ-2((methyl)(phenyl)) 
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Figure I-72. 29Si NMR (99 MHz, CDCl3) for DDSQ-2((methyl)(phenyl)) 
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CRYSTALLOGRAPHIC INFORMATION 
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J. Crystallographic information 

cis-DDSQ-2((methyl)(para-phenylamine)) 

 
Figure J-1. Molecular structure of cis-DDSQ-2((methyl)(para-phenylamine)). White = H, Red = 

0, Gray = C, Yellow = Si, Blue = N 
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Figure J-2. Packing structure for cis-DDSQ-2((methyl)(para-phenylamine)) 
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trans-DDSQ-2((methyl)(para-phenylamine)) 

 
Figure J-3. Molecular structure of trans-DDSQ-2((methyl)(para-phenylamine)). White = H, Red 

= 0, Gray = C, Yellow = Si, Blue = N 
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Figure J-4. Packing structure for trans-DDSQ-2((methyl)(para-phenylamine)) 

 

  



211 

 

cis-DDSQ-2((methyl)(para-phenylethynyl phenyl)) 

 
Figure J-5. Molecular structure of cis-DDSQ-2((methyl)(para-phenylethynyl phenyl)) White = 

H, Red = 0, Gray = C, Yellow = Si, Blue = N 
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Figure J-6. Packing structure for cis-DDSQ-2((methyl)(para-phenylethynyl phenyl)) 
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trans-DDSQ-2((methyl)(para-phenylethynyl phenyl)) 

 
Figure J-7. Molecular structure of trans-DDSQ-2((methyl)(para-phenylethynyl phenyl)) White 

= H, Red = 0, Gray = C, Yellow = Si, Blue = N 
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Figure J-8. Packing structure for trans-DDSQ-2((methyl)(para-phenylethynyl phenyl)) 
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trans-DDSQ-2((methyl)(phenyl)) 

 
Figure J-9. Molecular structure of trans-DDSQ-2((methyl)(phenyl)) White = H, Red = 0, Gray 

= C, Yellow = Si, Blue = N 

 

 



216 

 

 

Figure J-10. Packing structure for trans-DDSQ-2((methyl)(phenyl)) 
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