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ABSTRACT 

Commercial lithium ion batteries use liquid electrolytes because of their high ionic 

conductivity (>10
-3

 S/cm) over a broad range of temperatures, high dielectric constant, 

and good electrochemical stability with the electrodes (mainly the cathode). The 

disadvantages of their use in lithium ion batteries are that they react violently with 

lithium metal, have special packing needs, and have low lithium ion transference 

numbers (tLi
+
 = 0.2-0.3). These limitations prevent them from being used in high energy 

and power applications such as in hybrid electric vehicles (HEVs), plug in electric 

vehicles (EVs) and energy storage on the grid. Solid polymer electrolytes (SPEs) will be 

good choice for replacing liquid electrolytes in lithium/lithium ion batteries because of 

their increased safety and ease of processability. However, SPEs suffer from RT low 

ionic conductivity and transference numbers. 

There have been many approaches to increase the ionic conductivity in solid polymer 

electrolytes. These have focused on decreasing the crystallinity in the most studied 

polymer electrolyte, polyethylene oxide (PEO), on finding methods to promote directed 

ion transport, and on the development of single ion conductors, where the anions are 

immobile and only the Li
+
 ions migrate (i.e. tLi

+
 = 1). But these attempts have not yet 

achieved the goal of replacing liquid electrolytes with solid polymer electrolytes in 

lithium ion batteries. 

In order to increase ionic conductivity and lithium ion transference numbers in solid 

polymer electrolytes, I have focused on the development of multi-ionic lithium salts. 

These salts have very large anions, and thus are expected to have low tanion
-
 and high tLi

+ 

transference numbers. In order to make the anions dissociative, structures similar to those 
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formed for mono-ionic salts, e.g. LiBF4 and lithium imides have been synthesized. Some 

of the multi-ionic salts have Janus-like structures and therefore can self-assemble in polar 

media. Further, it is possible that these salts may not form non-conductive ion pairs and 

less conductive ion triplets.  

First, we have prepared nanocomposite electrolytes from mixtures of two polyoctahedral 

silsesquioxanes (POSS) nanomaterials, each with a SiO1.5 core and eight side groups. 

POSS-PEG8 has eight polyethylene glycol side chains that have low glass transition (Tg) 

and melt (Tm) temperatures and POSS-phenyl7(BF3Li)3 is a Janus-like POSS with 

hydrophobic phenyl groups and –Si-O-BF3Li ionic groups clustered on one side of the 

SiO1.5 cube. The electron-withdrawing POSS cage and BF3 groups enable easy 

dissociation of the Li
+
. In the presence of polar POSS-PEG8, the hydrophobic phenyl 

rings of POSS-phenyl7(BF3Li)3 aggregate and crystallize, forming a biphasic 

morphology, in which the phenyl rings form the structural phase and the POSS-PEG8 

forms the conductive phase. The -Si-O-BF3
-
 Li

+
 groups of POSS-phenyl7(BF3Li)3 are 

oriented towards the polar POSS-PEG8 phase and dissociate so that the Li
+
 cations are 

solvated by the POSS-PEG8. The nonvolatile nanocomposite electrolytes are viscous 

liquids that do not flow under their own weight. POSS-PEG8/POSS-phenyl7(BF3Li)3 at 

O/Li = 16/1 has a conductivity,  = 2.5 x 10
-4

 S/cm at 30
o
C, 17 x greater than POSS-

PEG8/LiBF4, and a low activation energy (Ea ~ 3-4 kJ/mol); = 1.6 x 10
-3

 S/cm at 90
o
C 

and 1.5 x 10
-5

 S/cm at 10
o
C. The lithium ion transference number was tLi

+
 = 0.50 ± 0.01, 

due to reduced mobility of the large, bulky anion and the system exhibited low interfacial 

resistance that stabilized after 3 days (both at 80
o
C).  
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Secondly, solid polymer electrolytes have been prepared from the same salt, POSS-

phenyl7(BF3Li)3 and polyethylene oxide (PEO). These exhibit high ambient temperature 

conductivity, 4 x 10
-4

 S/cm, and transference number, tLi+ = 0.6. A two-phase 

morphology is proposed in which the hydrophobic phenyl groups cluster and crystallize, 

and the three –BF3
-
 form an anionic pocket, with the Li

+
 ions solvated by the PEO phase. 

The high ionic conductivity results from interfacial migration of Li
+
 ions loosely bonded 

to three –BF3
-
 anions and the ether oxygens of PEO. Physical crosslinks formed between 

PEO/Li
+
 chains and the POSS clusters account for the solid structure of the amorphous 

PEO matrix. The solid polymer electrolyte has an electrochemical stability window of 4.6 

V and excellent interfacial stability with lithium metal.  

In order to further enhance the ionic conductivity of solid polymer electrolytes, we have 

made two improvements. First, we have used so called half cube structures, T4-POSS, 

that contain 4 phenyl groups on one side of a Si-O- ring, and 4 ionic groups on the other 

side, and so are true Janus structures. They contain a 4/4 ratio of phenyl/ionic groups, 

unlike the previous structures that contain 7 phenyl groups/3 ionic groups. At the same 

O/Li ratio, the ionic conductivity of [PhOSi(OLi)]4 with POSS-PEG8 is higher than 

POSS-phenyl7Li3 because of more Li
+
 dissociation in the former case. Second, we have 

increased the dissociation of the lithium salts by replacing the Si-O-BF3Li groups with 

Si-(C3H4NLiSO2CF3)4. Both T4-POSS-(C3H4NLiSO2CF3)4 and POSS-

(C3H4NLiSO2CF3)8 have been synthesized and characterized, with some preliminary 

conductivity data obtained. 
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CHAPTER 1 

BASIC ELECTROCHEMISTRY AND ELECTROCHEMICAL IMPEDANCE 

Introduction 

          An electrochemical cell is a device which converts chemical energy into electric 

energy or vice versa. Electrochemical cells can be classified into two types, 1) Galvanic 

cells, in which chemical energy is converted into electric energy (equivalent to battery 

discharge) 2) electrolytic cells, in which electric energy is converted into chemical energy 

(equivalent to battery charge). An electrochemical cell consists of three components, a 

positive electrode, a negative electrode and an ionically conductive and electronically 

insulating liquid, solid or gel type electrolyte that separates them. (Details of the 

electrolytes will be discussed in following chapters).  

       A typical lithium ion battery, shown schematically in Figure 1-1, contains a cathode, 

anode, electrolyte and current collectors (Cu on cathode side and Al on anode side). In a 

lithium ion battery made up of graphite (LiC6) as the anode (negative electrode) and 

LiFePO4 as the cathode (positive electrode), the oxidation reaction takes place at the 

cathode during charging, LiFePO4 → Li
+ 

+ FePO4
-
 + e

- 
, while reduction reaction takes 

place during discharging, Li
+
+ FePO4

-
 + e

-  
 → LiFePO4. At the anode, reduction takes 

place during charging, Li
+ 

+6C+ e
- 

→ LiC6 , while oxidation takes place during 

discharging, LiC6 → Li
+ 

+6C+ e
- 
.[1, 2] 
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Figure 1-1. A typical lithium ion battery shown schematically with its 

components: anode, cathode, electrolyte and current collectors[3] 

 

 

        The driving force for these electrochemical reactions is the difference in 

chemical potential (Δµ) of the ionic species present in the two different electrodes 

in the cell. This is equals to the difference in standard free energy of the reactants 

and products (ΔG).  

ΔG = Δµ 

         The equilibrium cell voltage (Ecell, rev) or electromotive force (emf) of the 

cell can be obtained from the Gibbs free energy change of the reactions. 

Ecell,rev = - ΔG/nF =    - Δµ/nF 

           where n is number of electrons involved in the reaction, F is Faraday constant (= 

           96500 coulombs per mol). 
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          In the above LiC6 /LiFePO4 lithium ion battery, the standard reduction 

potentials are -3.5V and 0.7V respectively compared with the standard hydrogen 

electrode (H2/H
+
). The overall cell voltage is E= - (-3.5-0.7) = 4.2V [2] 

 The chemical potential depends on the activity (a) or concentration of the ionic 

species: 

µ = µo+ RT lna 

where µo is standard chemical potential, R is the universal gas constant (8.314 

J/(mol*K)) and T is the absolute temperature (in Kelvin). 

The difference in chemical potential of the two electrodes is given by  

µ+ - µ- = RT ln(a+/a-) 

          The Nernst equation can be obtained by relating the cell voltage to the 

activity under equilibrium conditions: 

E = - (RT/nF) ln(a+/a-) 

  The reversible cell voltage depends on the temperature because entropy changes 

with temperature  

∂E/∂T = ΔS /nF. 

So far we have discussed the reversible cell voltage with no current flow and it 

represents the maximum theoretical energy of the cell. In an electrochemical cell, 

when a current (I) starts flowing through an external circuit, losses like charge 

transfer polarization, concentration polarization and ohmic drop occur, which 

ultimately lead to over-potentials.  These terms are defined below: 
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    Charge transfer polarization: This arises at the electrode electrolyte interface. 

The cell voltage is reduced by charge transfer polarization developed at the 

cathode and anode: 

E= Eo- (η+ + η-)ct 

Here η+ is the over potential at the cathode and η- is the over potential at the anode 

due to charge transfer polarization. 

      Concentration polarization: Concentration polarization arises because of the 

difference in the concentration of the reactants and products at the electrode 

electrolyte interface and bulk of the electrolyte that is due to the limitation of 

mass transport or diffusion of ions. The cell voltage is reduced by the 

concentration polarization at the cathode and anode:  

E= Eo - (η+ + η-)mt 

Here η+ is over potential at the cathode and η- is over potential at the anode due to 

concentration polarization. 

       Ohmic potential loss: When a current is flowing through an external circuit, 

the electron current in the outer circuit should be balanced by ionic current 

between the two electrodes. Ohmic potential loss arises because of the internal 

impedance of the cell, which is sum of the impedances of electrolyte, electrodes, 

electrode and electrolyte interface and current collectors. The overpotential is 

directly proportional to the applied current I, given by IR where R is electrolytic 

resistance. The cell voltage (Ecell) is reduced by the internal electrolytic resistance,  
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Ecell = Eo - IR 

By combining charge transfer polarization, concentration polarization and ohmic 

drop together the final cell voltage differs from the maximum cell voltage and is 

given by: 

E= Eo- (η+ + η-)ct - (η+ + η-)mt-IR 

The effect of over-potentials as a function of the current can be explained with the 

help of the Figure 1-2. At low currents, charge transfer polarization resistance is 

dominant, ohmic drop increases linearly with increasing current and is most 

important at medium currents. The effect of mass transport is dominant at high 

currents. 

 

          Figure 1-2. Cell polarization as a function of current [4] 
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In real lithium batteries, current distribution depends on nature of materials used 

for anode, cathode and electrolyte and associated with electrochemical processes. 

         In order to have a better understanding of electrode and electrolyte 

compatibility, we need to study the energy diagram of a lithium ion battery. 

Figure 1-3 is a schematic of the relative electron energies of the cathode, anode 

and electrolyte. The chemical potentials and work functions of the cathode and 

anode are µc, φc and µa, Φa, respectively. Eg is the energy difference between the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO), also called the electrochemical window of the electrolyte, and 

Voc is the open circuit voltage between the cathode and anode. A passivation layer 

is required between the electrodes and electrolyte if the chemical potentials of the 

electrodes do not match the electrochemical window of the electrolyte.  In order 

to achieve a stable thermodynamic system between the cathode, anode and 

electrolyte Voc = µA- µc ≤ Eg, which means that a passivating solid electrode 

interface layer at the electrode electrolyte interface gives kinetic stability if the 

difference Voc-Eg is not too large. Most electrolytes satisfy the HOMO 

requirement, since their cathodic stability limit is greater than 4.5V, whereas the 

LUMO of the electrolyte is close to 1V, which lies above the chemical potential 

of the anode and reduces electrolyte. This means that there is continuous reaction 

between the electrode and electrolyte that consumes lithium and forms a thin layer 

on the anode, which in turns increases the interfacial impedance, and thus 

capacity fade occurs. From the energy diagram, the SEI clearly widens the 

stability window of the electrolyte especially on the anode side, which in turn 
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decreases the reduction of the electrolyte because the anode chemical potential 

lies below the stability window of the electrolyte. The stability of the SEI layer 

affects performance of the overall battery in terms of safety and fast charging etc. 

During fast charging, there might be enough lithium plating on the SEI resulting 

in lithium dendrite growth and shorting of the cell leads to safety hazards. [5, 6] 

 

 

      Figure 1-3. Schematic energy diagram of a lithium ion battery [6]                                                  

          Important characteristics of batteries are their energy and power densities. 

The ideal battery should have both higher energy density as well as higher power 

density but unfortunately the batteries with higher energy densities are not good in 

terms of high power densities, for example Lithium ion batteries. Similarly 

batteries with good power densities are not good in terms of energy density, for 
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example lead- acid batteries. The energy density is defined as the amount of 

energy stored per unit mass of the material (specific energy density) or per unit 

volume (volume density), where the associated units are: 

specific energy density (ΛVoc) (Wh/kg): voltage (Voc) * amphere-hour 

(Ah) ⁄ kilogram 

volume density (Wh/L): voltage (v) * amphere-hour (Ah) ⁄ liter. 

      Power density (W/m
3
): It is defined as the amount of power (the rate of energy 

transfer) per unit volume. 

          In order to develop high energy density(ΛVoc) batteries, the work function 

between the anode and cathode should be as high as possible (because the product 

ΛVoc increases with increasing Voc, where Λ is the capacity (Ah/g)), and the 

electrochemical window (Eg) of the electrolyte should be high to enable operation 

at these voltages.[5, 6] 

Electrochemical Impedance spectroscopy (EIS) 

          Electrochemical impedance spectroscopy (EIS) is an electrochemical 

technique in which a sinusoidal electrochemical perturbation (potential or current) 

is applied to an electrochemical cell and the potential or current response through 

the cell is measured. In general electrochemical impedance (Z) is measured by 

applying an AC potential (E) to an electrochemical cell and measuring the current 

(I) through the cell. EIS uses small excitation signals, usually 1 to 10 mv, so that 
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the cell’s response is pseudo linear and current response to a sinusoidal potential 

is also a sinusoid at the same frequency but shifted in phase. 

        As shown in Figure 1-4, when an excitation signal is applied Et = Eo sin 

(ωt), where Et is the excitation signal at time t, Eo is the amplitude of the signal 

and ω is the radial frequency, the current response is given by It = Io sin (ωt+φ) 

where It  is the current response at time t with phase shift φ and amplitude Io . 

 

 

 

 

 

 

 

 

      Figure 1-4. Sinusoidal current response to a sinusoidal voltage in a linear system    

              The impedance (Z) of the system is  
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By applying Euler’s relationship, the final impedance of the system can be 

expressed as  

 

 

              Where | Z | is the amplitude given by  

 

           and the phase angle φ is given by  

 

In the above expression the impedance is expressed as both the real and imaginary 

components. If the real part is plotted on the x-axis and the imaginary part on the 

y-axis, a Nyquist plot, as shown in Figure 1-5, is formed. In this plot, the 

impedance can be represented as a vector of length | Z |, and the angle between 

the x- axis and vector is called phase angle (φ). The major disadvantage of 

Nyquist plots is the lack of frequency information with respect to impedance data 

points. However, as shown in Figure 1-5, low frequency data is on the right and 

high frequency is on the left sides of the plot.  
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                           Figure 1-5. Nyquist plot with impedance vector  

In order to show frequency along with impedance information, data is often 

represented as a Bode plot (Figure 1-6) where log frequency is on the x-axis, with 

| Z | and phase shifts on the y- axis.   
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Figure 1-6. Bode plot 

         Usually EIS data is analyzed by equivalent electric circuit fitting and most of the 

elements in the model for equivalent circuit fitting are electrical elements such as 

resistors, capacitors and inductors etc. These circuit elements have physical meanings 

derived from the electrochemical system measured when EIS data is modeled. For 

example, most circuit fitting models contain a resistor, which is equivalent to the solution 

resistance. It is important to have a basic understanding of the circuit elements used 

commonly in equivalent circuit fitting. The following table contains circuit elements, 

their current voltage relationships and their impedance. 

Table 1-1. Current voltage characteristics of the three components with impedance 

Component                 Symbol                    current vs voltage                         Impedance  

Resistor                                              V= IR                          Z = R 

Capacitor                                          I = C dV/dt                            Z=1/jωC 

Inductor                                         V= L dI/dt                             Z= jωL 

 

From the above table, the impedance of the resistor does not have frequency term 

(it is independent of frequency) and it only has a real impedance component, i.e. 

the current through a resistor is in phase with the voltage across the resistor. The 

impedance equation of a capacitor contains an inverse frequency term, so the 
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impedance decreases with an increase in frequency. The impedance of an inductor 

increases with increase in frequency. Under steady state conditions (dV/dt = 0), 

the resistor voltage is directly proportional to current, the capacitor is equivalent 

to an open circuit (since I=0) and the inductor is equivalent to a short circuit.  

        In general, more than one circuit element is required to represent EIS data 

and these can be arranged in series or parallel. If the circuit elements are in series 

the impedance contribution is additive (Figure 1-7), while if the circuit elements 

are in parallel, the impedance contribution is inverse additive (Figure 1-8). 

 

Figure 1-7. Impedances in series Zeq = Z1+ Z2 + Z3 

 

Figure 1-8. Impedances in parallel 1/Zeq = 1/Z1+ 1/Z2 + 1/Z3 

     Impedance and resistance increase when resistors are connected in series, 

while because of the inverse relation between capacitance and resistance, 

impedance increases and capacitance decreases when capacitors connected in 
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series, whereas impedance and resistance decrease and capacitance increases 

when connected in parallel. 

Equivalent Circuit Fitting 

       Electrochemical impedance can be analyzed with the help of equivalent 

circuit fitting. Equivalent circuits capacitors and inductors consisting of only 

Voigt elements (a resistor and capacitor connected in parallel) such as resistors, 

are based on assumptions such as smooth electrodes with uniform surfaces and 

also electrode surface reactions with single valued time constants.  However, 

these assumptions are usually not valid because of the heterogeneous nature of the 

electrodes, which have grain boundaries, surface roughness, porosity and non-

uniform current distribution etc. All these factors lead to the development of 

multiple time constants and frequency dispersion, modeled with the help of a 

constant phase element (CPE). CPEs do not have any real physical meaning but 

are used to provide best fits to the depressed semicircles in Nyquist plots. The 

impedance of a constant phase element is given by  

Z = (1/Y0) (jω)
-α

 

where Y0 and α are constants and independent of frequency. Y0 is the CPE 

coefficient and it is proportional to active area of the electrodes. If α = 1, the CPE 

behaves as capacitor; if α = 0, the CPE behaves as resistor; If α = -1, the CPE 

behaves as inductor and if α = ½, the CPE behaves as Warburg impedance, which 

is the impedance due to diffusion through a planar electrode.  
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Figure 1-9 is a Nyquist plot for an electrochemical system, referred to as a 

Randles cell, in which there is both charge transfer and diffusion control. The 

corresponding equivalent circuit is shown in Figure 1-10. In the Nyquist plot, the 

high frequency intercept (close to 0 ohm) corresponds to Rs (the bulk resistance), 

Rct is the charge transfer resistance at the electrode/electrolyte interface and Cdl is 

the capacitance. At low frequencies, the Warburg impedance is higher than at 

high frequencies since ions diffuse longer distances. All these parameters can be 

obtained by equivalent circuit fitting data from the Nyquist plot.                   

 

                 

 

                        Figure 1-9. Nyquist diagram with kinetic and charge transfer control 
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  Figure 1-10. Randles cell :Equivalent circuit with mixed kinetic and charge transfer  

   control 

         In order to fit EIS data to an equivalent circuit model, one should have knowledge 

of a cell’s physical characteristics, otherwise there is the possibility of modeling the EIS 

data to a model that is not at all relevant to the actual physical characteristics of the cell. 

In equivalent circuit fitting, each of the parameters of the model should originate from 

physical properties of the cell and contribute to the best possible match to the measured 

impedance. There are many ways to get a best fit to the data, such as non-linear least 

square fitting, multiple models and Kramers-Kroing analysis, but the illustration of these 

methods is beyond the scope of my thesis. 
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CHAPTER 2 

OVERVIEW OF THE LITHIUM ION BATTERY 

Introduction 

       The continuous depletion of non-renewable fossil fuels, political and environmental 

issues such as CO2 emissions force us to think about alternative and green energy sources 

such as solar, hydroelectric, thermal and wind energy. But these energy sources are 

intermittent, so electrical energy storage devices such as batteries are important to store 

electricity generated from these intermittent sources in the form of chemical energy, so 

that they can be delivered when needed. 

          Lithium ion batteries (LIBs) offer the highest energy density, and surpass other 

battery technologies for consumer electronics and portable power tool applications. This 

special role is associated with the unique qualities of lithium metal - lithium is the lightest 

(equivalent weight of 6.94 g/mol, and specific gravity of 0.53 g/cm
3
) and most 

electropositive (-3.04V relative to standard hydrogen electrode) metal. These 

characteristic properties make the energy density of LIBs higher than other battery 

technologies. Figure 2-1 compares different battery technologies in terms of their energy 

density (Wh/L) (also referred to as volumetric energy density) and specific density (also 

referred to as gravimetric energy density) (Wh/kg). The ideal battery should be as small 

and light as possible with high volumetric and specific energy density. From Figure 2-1, 

conventional batteries are in the lower left corner (which means heavy and bulky) and 

lithium ion batteries are opposite i.e. top right corner (which means light and small). This 

means that LIBs offer higher energy density than other battery technologies. But the 
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energy density of lithium ion batteries is still a few orders of magnitude less than required 

for electric vehicles and grid storage. The present LIB technology took almost three 

decades to fully develop and meet the demands of the consumer electronic market. Will 

Li-ion batteries be able to meet the future energy requirements for electric transportation 

and grid storage? 

                             

                

Figure 2-1. Energy density (Wh/L) vs. Specific density (Wh/kg) for a series of batteries 

[1] 

 

          The full lithium ion battery consists of an anode (negative electrode), cathode 

(positive electrode) and electrolyte, which conducts Li
+
 ions between the anode and 

cathode, and spatially separates the anode and cathode (Figure 2-2). The anode and 

cathode are intercalation materials, which intercalate and deintercalate Li
+
 upon charging 
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and discharging. During charging, which is a non-spontaneous process, the lithium 

intercalates into the anode, electrons flow from the cathode to the anode, and meet Li
+
 at 

the anode to maintain charge neutrality. On discharging, which is a spontaneous process, 

Li
+
 intercalates into the cathode and electrons flow in the external circuit to power the 

device and meet Li
+
 ions at the cathode to maintain charge neutrality. The energy density 

and efficiency of the battery depends on how well these processes occur at the cell level 

but in reality there are lot of hindrances that decrease the achieved energy density and 

efficiency from the theoretical values (please refer to over potentials in Chapter 1). 

 

 

Figure 2-2 Schematic representation of LIB charging and discharging circuit diagram 
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         There have been ongoing efforts to improve the performance of LIBs to meet the 

energy storage requirements for electric vehicles, grid storage and other applications. 

These efforts are development of new and advanced electrode materials with increased 

capacity, extended voltage range and longer lifetime as well as electrolytes with high 

conductivity and stability towards the electrodes. There has also been the development of 

special processing techniques to obtain microstructures and morphologies that enhance 

the performance of the battery. 

Overview Of The Electrodes (Anode And Cathode) 

       In 1972 Whittingham Stanley developed the world’s first half lithium ion battery 

with TiS2 as the positive electrode (a layered intercalation electrode, well studied at that 

time), lithium metal as the anode and dioxane with LiClO4 as the electrolyte. Even 

though it is a half lithium ion battery, it had many advantages over lithium primary 

batteries in terms of safety, cycling and rechargeability. Meanwhile, several other 

chalcogenides and sulfides were also developed to be used as positive electrodes in 

lithium ion batteries, but all these had low cell voltages of less than 2.5 V versus lithium 

metal [2-8]. The advantage of lithium metal as anode was higher energy density, but it 

reacts violently with the electrolyte and unevenly plates lithium. This leads to explosions 

of the exothermic reactions and dendrite formation that shorts the cell. (Figure 2-3a) 
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Figure 2-3. (a) Representation of rechargeable lithium metal battery (represents dendrite 

growth at Li surface obtained from in-situ SEM) [9]   (b) Representation of lithium-ion 

cell (from [2]) 

 

     To solve the problems associated with lithium metal, researchers were trying to 

replace Li
o
 with intercalation materials for the anode. In the year 1980s, at Bell labs, 

researchers developed a reversible intercalation of lithium into graphite as the anode 

(LiC6). The advantages of graphite (LiC6) anodes are that the surface area and 

morphology do not change substantially with repeated cycling and charging[10, 11]. But 

the disadvantage is low lithium ion storage capacity 380 mAh/g versus 3800 mAh/g for 

lithium metal.  

       Many other anodes have been investigated that enhance properties such as capacity 

(amount of stored Li
o
), safety, cyclability (by reversibly inserting/de-inserting Li with no 

change in dimensions), voltage range and the formation of a good passivation layer (or 

elimination of the need for one). The passivation layer which forms by the reaction of 

lithium with electrolytes and electrode materials, consumes lithium (decreasing capacity) 

but can prevent continuous reaction with the anode by providing a barrier layer that only 

allows diffusion of lithium ions. 
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      The intercalation anode material Li4Ti5O12 (LTO) exhibits highly reversible Li 

insertion with no strain to a stoichiometry of Li6–7Ti5O12 with energy density around 150- 

160 mAh/g at 1.5 V vs Li [12] (compared with graphite 0.1 V vs Li)  (see figure 2-4 and 

2-5 for different voltage profiles). The disadvantage of this anode when compared with 

graphite is low capacity and high voltage (∆V= difference between cathode and anode is 

minimum) which means batteries with LTO anodes have low energy density. But this 

material is fast and has a high redox potential, which is higher than most aprotic 

electrolyte solvents. Therefore, no passivation occurs and LTO does not need passivation 

of the surface to maintain electrode stability, which enables longer cycle life of the 

battery. Based on the advantages of this material, nano powders can be used, which 

makes fast cycling and increases low temperature performance [13].  

 

 

Figure 2-4. Voltage profiles of electrode (anode and cathode ) materials in lithium half 

cells  
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      The compromise between safety and energy density motivated researchers to look for 

intercalation materials Sn and Si which can be lithiated up to 4.4 Li per atom with 

specific energy densities Sn (1000 mAh/g ) and Si (3000 mAh/g). The main disadvantage 

of these materials is volume changes of nearly 300% upon lithiation [14]. Even though 

these anodes are electrochemically reversible, because of the volume changes upon 

lithiation, they lose integrity of the active mass, which leads to capacity fade and 

decreased cycle life. In addition lithiation occurs at low potentials so surface films are 

formed on the electrodes due to reduction of electrolyte solutions. Surface passivation 

films are important because these inhibit the further reduction of the electrolyte solution. 

There have been ongoing efforts to solve volume expansion issues of these materials such 

as special processing techniques to obtain desired microstructures and morphologies. For 

example, use of nano-materials of Si or Sn accommodates mechanical strains due to 

volume changes upon lithiation [15]. In the recent years there have been two important 

advances in this direction (see figure 5). 

1) Silicon nanowires in carpet or brush type morphology accommodate the volume 

change on Li-Si lithiation and demonstrated highly reversible cycling [16]. 

2)  The nature of the binder used in this composite electrode is very important. It has 

been found that carboxymethylcellulose (CMC) is the best binder for Si 

electrodes [17]. 
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Figure 2-5. Silicon anodes for lithium ion batteries.  (a) Silicon film as anode. (b) 

Vertically aligned Si-nano rods as anodes prepared by CVD. (c) CMC binder for 

composite Si anode. 

 

     In parallel to the anode development, there has been much attention to cathode 

development because energy density of the battery depends on the cathode since it is the 

source for lithium ions in LIBs. Researchers in this field have achieved significant 

advancement in developing high voltage, high capacity, safer and cheaper cathode 

materials. 

       The presence of lithium in ionic form rather than in metallic form solves dendrite 

issue in lithium ion cells (see Figure 2-3b). To compensate the increase in potential of 

the negative electrode high potential cathodes are required and emphasis has shifted from 

the layered type transition metal disulphides to layered-or three-dimensional-type 

transition- metal oxides because M-O bonds are more ionic than M-S bonds, thus having 

higher insertion potential[18]. In 1971 John Goodenough demonstrated a 4V battery with 

LiCoO2 as a cathode and Li metal as anode. LiCoO2 has an average potential 3.6 V with 

Li/Li
+
 in carbon and an energy density around 140mAh/g. 
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        In 1985 Akira Yoshino demonstrated world’s first Li-ion battery with LiCoO2 as 

cathode and a carbon based anode instead of metallic lithium, which is also called a 

rocking chair battery, where Li ions shuttle between two intercalation materials (anode 

and cathode). This drastically solved most of the safety issues concerning anode 

materials. Soon after, in 1991, Sony released the first commercial Li-ion battery with 

LiCoO2/graphite with average potential 3.6 V, which is three times higher than alkaline 

cells, with an energy density of 120-150 Wh/kg, and is now found in most portable 

electronic devices [19]. 

         In addition to LiCoO2, other layered oxide materials such as LiNO2, LiMnO2 and 

Li(Ni1/3Mn1/3Co1/3)O2 (NMC) have been investigated.  Each of them has their own 

advantages and disadvantages, e.g. capacity vs voltage window (Figure 2-6). For 

example LiNO2 is thought to be better than LiCoO2 in terms of specific capacity but 

expectations were dismissed soon after realizing the fact that LiNO2 reacts with organic 

electrolytes and the LixNO2 structure  collapses[20]. NMC has high energy density 220 

mAh/g with 4.2V and 1 kWh/kg, and is the best suitable cathode material for high energy 

density applications [8, 21, 22] 
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Figure 2-6. Voltage versus capacity for various cathode and anode materials (from [2]) 

          In 1997 Akshaya Padhi from John Goodenough’s group at the University of Texas 

at Austin demonstrated that olivine LiFePO4 as a possible cathode material in lithium ion 

batteries [23]. The main advantage of LiFePO4 is the more abundant, less expensive Fe 

replaces the rarer, more expensive and toxic Co. It has a discharge potential around 3.45 

V versus Li/Li
+
, a theoretical capacity around 170 mAh/g and thus gravimetric energy 

density is around 584 Wh/kg which is slightly higher than LiCoO2. However, pure 

LiFePO4 behaves almost like an insulator (with a conductivity ~ 10
-9

 S/cm) so that there 

is not good electron transfer to the current collectors. The capacity (as a function of Li in 

the LiFePO4) as a function of cell voltage is shown in Figure 2-7. 
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Figure 2-7. Discharge and charge curves vs. lithium for LiFePO4 (from [23] ) 

        Recent efforts to increase the electrochemical properties of LiFePO4 include carbon 

coating, decreasing the particle size and keeping particle size distributions small [24-28]. 

Reduced Li-ion distances between particles and carbon coating increases the electronic 

conductivity and allows full charge and discharge at high C rates. The low cost, 

environment friendliness and long cycle life make LiFePO4 a promising material for next 

generation cathodes despite the lower energy compared with existing cathodes (for 

example LiCoO2). 
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Overview Of The Electrolyte 

 

          There has been extensive research on electrodes (mainly cathode) because they 

determine the energy density of the battery.  On the other hand, electrolytes, which have 

remained the same for decades, are also important components of the battery, and 

determine power density, time stability and safety of the battery because the electrolyte is 

responsible for the nature of the interface between electrodes. 

         Lithium electrolytes are broadly classified into non-aqueous, with lithium salts 

dissolved in organic solvents and aqueous, with lithium salts dissolved in protic solvents. 

Aqueous electrolytes have higher conductivity than non-aqueous electrolytes, are less 

expensive, are environmentally friendly etc., but cannot be used in lithium ion batteries 

because they react violently with the active nature of strongly reducing anodes and 

strongly oxidizing cathodes (transition metal based oxides). In particular, they react with 

lithium metal and produce LiOH and H2 [7, 29-32].  Non-aqueous electrolytes have other 

advantages such as large electrochemical stability windows (up to 5 V versus Li/Li
+
), can 

be liquid over a broad temperature range (see Figure 2-8. temperature range for different 

applications), and have better compatibility with electrodes used in lithium ion batteries. 
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                     Figure 2-8. Temperature windows of various applications  

       Solid polymers (Figure 2-9a), polymer gels (Figure 2-9b), and carbonate solvents, 

which are retained in the pores of inert polyethylene or polypropylene separators (Figure 

2-9c), ionic liquids etc. come under the category of non-aqueous electrolytes. Non-

aqueous electrolytes must meet certain requirements to be used in lithium ion batteries, as 

follows [2, 33, 34]. 

1. High ionic conductivity, at least 10 mS/cm over a broad range of temperature (-20 

o
C to 60 

o
C); different applications need different temperature ranges of 

electrolytes (Figure 2-6). 



 

31 
 

2. Good thermal stability over the operated range of temperature (-20 
o
C to 60 

o
C ) 

3. Large electrochemical stability window (> 5V) to be used with high voltage 

cathodes. 

4. Good mechanical properties for ease of manufacturing and enhanced safety (for 

liquid electrolytes, an inert, e.g. polyethylene or polypropylene separator is used 

to soak up the electrolyte). 

5. Low cost 

6. Non-toxic  

7. Safety (high flash point)  

 

Figure 2-9. Schematic representation of  a) solid polymer electrolyte b) gel electrolyte c) 

poly olefin membrane in which liquid electrolyte is present[2]. 

 

         In order to meet the basic requirements of the battery electrolyte, an ideal 

electrolyte solvent and salt should meet certain minimum criteria [35]. 

Electrolyte Solvent: 
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1) It should have high dielectric constant to dissolve a sufficient concentration of the 

salt. 

2) The viscosity of the solvent should be low so that facile ion transport occurs. 

3) It should be inert towards battery components especially anode and cathode. 

4) It should have high flash point, non-toxic and be economical. 

Electrolyte Solute (Lithium Salt): 

1) The salt should dissolve, dissociate in the non-aqueous media and, be able to be 

solvated by low dielectric constant solvents, solvate the ions and also have high 

mobility in the media. 

2) The anion should be inert to electrolyte solvent and also stable towards oxidative 

decomposition at the cathode. 

3) Both the cation and anion should be stable towards the components of the cell, 

e.g. separator, current collectors etc. 

4) The dissociated salt should be stable within the operating temperature range and 

voltage window of the battery.  

Carbonate Based Electrolytes:  

Carbonate based solvents are currently used in commercial LIBs. In this class of 

electrolytes, lithium salt is dissolved in the mixtures of solvents (ethylene carbonate (EC), 

dimethyl carbonate (DMC), diethyl carbonate (DEC), propylene carbonate (PC) etc), 

whose structures and physical properties are presented in Table 2-1. A single solvent 

cannot meet the diverse and often contradicting requirements (as we discussed above) for 

electrolytes in the battery applications. For example, ethylene carbonate and PC have 
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high dielectric constants but unfavorably high viscosities, and so must be mixed with 

lower viscosity solvents that have lower dielectric constants.  

Table 2-1. Structure and properties of carbonate solvents 

Solvent Structure  Tm / 
o
C Tb / 

o
C η/cP 

25
o
C 

ε  

25
o
C 

Tf/ 
o
C 

EC 

 

36.4 248 1.90  

At 40 
o
C 

89.78 160 

DMC 

 

4.6 91 0.59 

At 20 
o
C 

3.107 18 

DEC 

 

-74.3 126 0.75 2.805 31 

PC 

 

-48.8 242 2.53 64.92 132 

 

The available choice of lithium salts for electrolytes are much less than the wide 

spectrum of solvents that could be possibly used in lithium ion batteries because 

solubility issues of these salts in low dielectric media. In general, salts with low 

dissociation energies are required. There has been extensive research on possible salts to 

be used in lithium ion battery electrolytes. The few promising salts are LiPF6, LiBF4, 

LiAsF6 and Li imide. Ionic conductivity studies by Webber and Ue showed that these 

salts dissociate very well in low dielectric media, but their large anion size results in high 

solution viscosity: 

            Average ion mobility: LiBF4 > LiClO4 >LiPF6 > LiAsF6  > LiIm 

Dissociation constant: LiBF4 < LiClO4 <LiPF6 < LiAsF6 < LiIm 
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         Because of these contradicting properties, ionic conductivity is a comprise between 

ion dissociation and solution viscosity [36, 37]. Well balanced properties are achieved for 

LiPF6, which has a high ionic conductivity (10 mS/cm) at RT. 

           In addition to the above advantageous properties, other combinations of well-

balanced properties make LiPF6 the salt chosen for use in commercial LIBs. These well-

balanced properties include resistance to oxidation at the cathode (up to 5.1V) and 

passivation of the Al substrate at high potentials [38, 39]. The major disadvantages of 

LiPF6 for use in LIBs are: (i) the P-F bond is labile to hydrolysis when even small 

quantities of moisture are present; and (ii) corrosive products are produced even at low 

temperatures of 70 °C; by contrast, dry LiPF6 loses 50% of its weight only at >200 °C 

[38].  

          LiBF4 has advantages when compared with other salts in terms of thermal stability, 

low toxicity, good cathodic stability (up to 5V), and high ion mobility, but because of its 

low dissociation constant, it has moderate ionic conductivity. Recently it has been 

discovered that LiBF4 has improved performance compared with LiPF6 at elevated 

temperatures (up to 50 °C) and also surprisingly at low temperatures [40-43]. Lithium 

Bis(trifluoromethanesulfonyl)imide (LiIm) is a promising new salt in LIBs. The 

dissociation of LiTFSI is higher than that of the other lithium salts because of the strong 

electron withdrawing nature of the triflic groups and the conjugation between the lone 

pair electrons on nitrogen, so that the formal negative charge on the anion is well 

delocalized as shown in resonance structures (Figure 2-10). Li Imide has an ionic 

conductivity comparable to LiPF6, is thermally stable, melts at 236 °C without 

decomposition (which is rare among lithium salts) and does not decompose until 360 °C. 
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It also forms a stable passivation layer on lithium and graphitic anodes, which results in 

good cycling and improved performance [36, 44-46]. 

 

 

 

Figure 2-10. Resonance structures of Imide anion  

         Another lithium salt, LiBOB has slightly lower conductivity 8 mS/cm but thermal 

stability up to > 300 °C. It also passivates an Al substrate at high potentials which is used 

as the current collector and graphitic anode helps to improve overall cycling of the 

lithium ion battery.  

          LIBs operate in a wide voltage window (at the anode (0 V vs.Li) and cathode 

(typically > 4.2V vs. Li). These potentials require wide electrochemical stability windows 

for the electrolytes, which requires the use of non-aqueous solvents. While these 

requirements are usually met for the solvents/salts at the cathode, none of the non-
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aqueous solvents are stable at the anode. During the first charge of the Li-ion battery, the 

electrolyte undergoes irreversible reduction at the lithium or graphitic anode and forms a 

passivation layer comprising inorganic and organic electrolyte decomposition products. 

This passivation layer imparts kinetic stability to the electrolyte from further reaction of 

the electrolyte with the electrode and allows the passage of the Li-ions during cycling. In 

the case of graphitic carbon as the anode, this passivation layer is known as the solid 

electrolyte interface (SEI). This SEI also helps further from the co-intercalation of the 

electrolyte with the anode and hence helps to prevent from exploitation of the graphite 

electrode [47, 48]. Formation of the SEI consumes lithium irreversibly, which can be 

clearly seen in the loss of capacity in the first charging/discharging cycle. 

        Battery performance depends on the stability and performance of the SEI. Thus, the 

parameters and properties of SEI are important and have been extensively investigated. 

One of the contributing parameters for the formation of a good SEI is the selection of the 

electrolyte because the SEI composition and contents are dependant on electrolyte 

composition. The use of EC and EMC in the electrolyte have been shown to form better 

passivating layers on the electrode; this is because these solvents form insoluble 

dissociated substances (in the electrolyte) on the electrode thereby having better SEI 

stability [49, 50]. Additives (< 10%) are also used in the electrolyte along with the salt 

and solvent to ensure the formation of a better passivation layer and thus reduce the 

irreversible capacity loss at extreme temperatures. Vinylene carbonate is used as an 

additive in commercial LIBs.  
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Ionic Liquids: 

     Ionic liquids (ILs) are another class of non-aqueous liquid electrolytes. By definition 

ILs are molten solids with melting temperature below 100 
o
C and some of them are 

liquids at RT, and are referred to as room temperature ionic liquids (RTILs). The low 

melting temperature of ILs and RTIL is due to the structure of the cations and anions. 

The anions are bulky and flexible, with charge delocalization, the cations have 

dissymmetry, resulting in weak interactions between the anions and cations. There has 

been great interest in ILs as possible electrolytes in the lithium ion batteries because they 

have very low vapor pressure (nonflammable and non-volatile), good thermal stability (> 

250 
o
C) , have good RT ionic conductivity, wide electrochemical stability windows, and 

high solubility for metal salts. The main drawback of ILs is their high viscosity, much 

higher (ranging from10 to 50 mPa*s) viscosity than carbonate solvents, leading to issues 

such as wetting of the electrodes etc. [51-55]. 

        The physical chemical properties of RTILs depend on the size of the cation, but 

mainly the alkyl chain length of the anion. With increased size of the cation and length of 

the alkyl group, viscosity increases and conductivity decreases. Another drawback of 

RTILs in lithium batteries is anode compatibility- most RTILs are reduced at potentials 

greater than 0 V which makes bad passivation layers on the anode, leads to poor cycling 

efficiency and cycle life of the battery. Recently, it has been shown that some of the 

physical chemical properties, conductivity and electrochemical windows can be tuned by 

combining methyl-butyl-pyrrolidinium (PYR14), bis (trifluoromethane sulfonyl) imide 

(TFSI), and polyethylene glycol dimethyl ether (PEGDME) [56, 57]. 
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Solid Electrolytes 

There are several advantages to solid electrolytes for lithium battery applications, which 

include their increased safety, elimination of the need for liquid electrolyte containment. 

The most investigated solid electrolytes are those made from inorganic ceramics or 

organic polymers, but lithium conductive inorganic/organic hybrids have also been 

considered. Ceramics tend to be brittle but in general have achieved higher ionic 

conductivities, and can be used to high temperatures, while polymer electrolytes are more 

flexible, are more easily processed, but have lower ionic conductivities. Solid polymer 

electrolytes (SPE), which are flexible, have yet to achieve RT ionic conductivities greater 

than ~10 
-4

 S/cm. Key problems that remain for the use of solid electrolytes in an all 

solid-state Li batteries (in addition to the general concerns of stability windows, 

compatibility with solvents when used in air or liquid flow through cathodes) are 

improvements in room temperature ionic conductivities, increased charge/discharge rates, 

and the maintenance of good electrode/electrolyte contact during the volume changes that 

occur in the electrodes during repeated charge/discharge cycles. Further, it is preferable 

that most or all of the charge is carried by the cations in order to avoid polarization 

effects in the batteries[58]. 

Ceramics Electrolytes: 

Ionic conduction in solids occurs due to atomic disorder in crystal structures. In solid ion 

conductors, both vacancy and interstitial defects are present, conduction occurs through 

the movement of these point defects, the creation and/or movement which requires 
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energy, so the conductivity increases with increase in temperature. During the movement 

of ions in the lattice, there is ionic interaction between lattice and mobile ions, so the 

conductivity inversely proportional to activation enthalpy of these interactions and also 

mobility is correlated to the ion size. The conductivity is higher for an optimum ion size 

that is neither too small nor large. The conductivity of multivalent ions is lower compared 

with univalent ions because of larger size and charge, which leads to increases in the 

activation enthalpy. 

      The most investigated solid electrolytes developed so far have monovalent ions such 

as Li
+
, Na

+
 and K

+
. LISICON (an acronym for LIthium Super Ionic CONductor)-type 

electrolytes, for which a typical representative is Li14ZnGe4O16, has a room temperature 

conductivity of 10
-7

 S/cm and 0.125 S/cm at 300 
o
C. These electrolytes react violently 

with lithium metal and CO2 in the atmosphere, and conductivity decreases with time. 

Thio- LISICON-type electrolytes have higher conductivities than LISICON for several 

reasons: (i) the radius of S
2-

 is larger than O
2-

, which helps to improve the size of the Li
+
 

pathway in the lattice; (ii) S
2- 

has better polarizability than O
2- 

, which weakens the 

interaction of lithium ions with the anions in the lattice. A series of Thio-LISICONs were 

synthesized with high ionic conductivities and good electrochemical properties. For 

example, Li3.25Ge0.25P0.75S4 has a conductivity of 2.2×10
-3

 S/cm at room temperature, 

negligible electronic conductivity, and good electrochemical stability with the electrodes. 

Another thio-LISICON type electrolyte, Li10GeP2S12 was demonstrated to be a Li ion 

super conductor with ionic conductivity of  12mS/cm, good electrochemical stability with 

electrodes and wide electrochemical stability window (> 5V) [59-61]. 

 

http://en.wikipedia.org/wiki/Lithium
http://en.wikipedia.org/wiki/Superionic_conductor
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Recently garnet type electrolytes have been extensively studied as electrolytes in all solid 

state lithium batteries because of their high ionic conductivity and excellent stability with 

lithium metal. The general formula of garnet type electrolytes is Li5La3M2O12 (M =Ta, 

Nb). Among the materials investigated in this type, Li6BaLa2Ta2O12 has ionic 

conductivity 4×10
-5

 S/cm at 22 
o
C and also has very low grain boundary resistance. 

Another inorganic electrolyte with ionic conductivity of the order of 10
-3

 S/cm are 

lithium-lanthanum-titanates, perovskite structures (ABO3), with the general formula, 

Li3xLa(2/3)-x(1/3)-2x TiO3 (LLTO, 0 < x < 0.16). The advantages of LLTO electrolytes are: 

(i) single ion lithium conductivity; (ii) negligible electronic conductivity; (iii) stability 

against electrodes (> 7V); (iv) stability in dry and hydrated atmospheres; (v) stability 

over a broad range of temperature. The main disadvantages of these electrolytes are: (i) 

low grain boundary conductivity (< 10
-5

 S/cm ) and (ii) instability against Li metal 

anodes [61]. Recently effective sintering improved grain boundary issues to improve the 

overall conductivity [62].  

       NASICON (acronym for sodium (Na) Super Ionic CONductor) is another inorganic 

solid electrolyte with the general formula LiA2(PO4)3 ( A= Ti, Zr, Ge, Hf).  In these type 

of electrolytes, systems with Ti exhibit the highest Li
+ 

ionic conductivity because ionic 

radius of Li
+
 matching with the skeleton of the frame work. The partial substitution of 

Al
3+

  in the place of Ti
4+

 further increases the conductivity. The room temperature 

conductivity of Li1.3Al0.3Ti1.7(PO4)3 is ×10
-3

 S/cm. These electrolytes are pretty stable 

towards air and water, have wide electrochemical stability window (>6V) but reacts 

violently with lithium has hindered them using in all solid state batteries [60].  

 

http://en.wikipedia.org/wiki/Superionic_conductor
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There have been ongoing efforts to increase the room temperature ionic conductivity of 

ceramic electrolytes and also how to create a solid electrolyte interphase between lithium 

metal and the ceramic electrolytes [63, 64]. 

Polymer Electrolytes: 

Polymers such as polyethylene oxide (PEO) have been extensively investigated for use as 

solid polymer electrolytes. Polymers have advantages over ceramic/inorganic solid 

electrolytes since they can be more easily processed and can form self-standing, light, 

flexible films. For polymer electrolytes such as PEO, two factors inhibit ion mobility. 

Ions are believed to migrate predominantly in the amorphous phase, so that crystallinity 

decreases the conductivity. In addition, the mobility of the cations is believed to be 

coupled to the backbone motions of the chain, which have a helical structure, and where 

the polymer chain segments repeatedly create new coordination sites into which the Li
+ 

ions migrate. These motions can be described by free volume or WLF behavior and will 

be a strong function of the glass transition temperature (where motions become infinitely 

slow) so that cation mobility will be severely restricted as Tg is approached.  

      However, it has also been shown that organization or alignment of the polymer chains 

can provide pathways for ion transport along and between the chains and increase ion 

migration[65, 66]. Unlike motion in the amorphous phase, the hopping sites for Li
+
 

would pre-exist and not have to await random thermal fluctuations to create new sites. 

This was the case for polymers with ethylene oxide units in the main chain and alkyl side 

chains. These organized into layered smectic liquid crystals, with the salts of Li, Na and 

Mg complexed to the two dimensional helical backbone of the polyether backbone 
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separated by the hydrocarbon layers; the conductivity was highest for the most organized 

structures[67, 68]. Stretched PEO/LiI exhibited higher ionic conductivity compared with 

unstretched films, supporting the theory that the main ion transport occurs along the PEO 

helical axis[69]. 

        The most organized structure is the crystalline state, which can be formed for 

PEO/LiX (X = anion) at discrete compositions, in contrast with amorphous PEO/LiX, 

which can be formed over a wide composition range. Ionic conductivity in amorphous 

PEO/LiX (X = anion) was typically highest for polymer/salt electrolytes that form a 

crystalline 6:1 (ether O/Li
+
) complex, motivating the interest in determining the 

analogous crystal structure. Crystal structures of PEO6:LiAsF6, PEO6:LiFF6
 

and 

PEO6:LiSbF6 (O/Li = 6/1) were found to be very different from structures formed from 

the 4:1[70], 3:1[71] and 1:1[72] complexes. The crystal structures of the complexes 

determined the levels of conductivity. Higher levels of conductivity were found in 

complexes of -PEO6:LiXF6 (X = P, As, Sb), in which the Li
+
 ions reside in continuous 

(1D) channels formed by the PEO (MW ~ 1000 g/mol) chains and coordinated only by 

ether oxygens, than in -PEO6:LiXF6 [73-76]. The Li
+
 ions were contained within tunnels 

formed by pairs of interlocking, non-helical PEO chains, coordinated by five ether 

oxygens, with the anions residing between the columns, not coordinated to the Li
+
 ions, 

so that there are no contact ion pairs[73] [74].  

        Ionic conductivity in the crystalline phases of 6:1 crystals of PEO6:LiPF6, 

PEO6:LiAsF6 and PEO6:LiSbF6 formed with low molecular weight methoxy end-capped 

PEO (Mw = 1,000, 1500 and 2000 g/mol, below the entanglement molecular weight of 

3,200 g/mol[77]), was greater by ~ 1 order of magnitude than for an equivalent 
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amorphous material of PEO6:LiSbF6 (formed using Mw = 100,000 g/mol) above Tg, and 

had an activation energy of ~ 1 eV[58] [75]. Further the ionic conductivity was 

dominated by the cations, whereas both cations and anions are mobile in the amorphous 

phase[58].  While the conductivities of the crystalline complexes were low (~ 10
-7

 S/cm 

at RT ), they could be increased by 1 - 2 orders of magnitude by isovalent[78] or 

aliovalent (ions of different charge)[79] doping the crystal lattice (with the isovalent 

N(SO2CF3)2
-
 or aliovalent SiF6

2-
 anions), by using solid solutions of mixed SbF6

-
/AsF6

-
 

anions[80], or by producing disorder within the crystallites by using PEO with a broad 

polydispersity index (but low MW ~ 1000g/mol) to introduce chain ends that impart 

mobility[81]. Crystalline polymer electrolytes containing Na
+
, K

+
 and Rb

+
 have different 

structures than the 6:1 O/Li complex, but also have high ionic conductivities[82]. 

Plastic Crystals: 

Ion conductive solids such as molecular or ionic plastic crystals[83, 84] have long-range 

order but short range disorder, which typically originates from rotational motions of the 

molecules (and the phases are sometimes referred to as rotator phases), have been 

investigated as lithium[85-87] and proton ion[88] conductors. Plastic crystals have a state 

of coupling intermediate between that of polymers, where the conductivity is coupled to 

backbone motions of the chain and ceramic conductors such as lithium titanium 

phosphate, which have fast transport of lithium ions in a static matrix. They have a three-

dimensional lattice but translational motion of some fraction of the components, which 

permits the material to flow under stress[84]. This property can be an advantage in 

lithium ion batteries where volume expansion/shrinkage of cathode and anode materials 

occurs. Both molecular[89-93] and organic and lithium doped ionic plastic crystals[85, 
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94] [95]  have been investigated. More recently, a plastic crystal has been formed within 

the framework of a crystalline porous material[96]. The creation of defects in the lattice 

of the plastic crystalline salt by doping with small amounts of a lithium salt, so that Li
+
 

occupied sites previously occupied by the organic cations, was suggested to be the reason 

for the large gain in ionic conductivity by enhancement of the solid state 

diffusion/conduction[94]. Recently an alternate explanation has been proposed, where 

some of the uncoordinated anions instead become coordinated to the Li
+
 cations forming 

a low melting mixed-salt phase, or a eutectic composition with such a phase[97]. If the 

mixed salt phases, suggested to be liquids or supercooled liquids residing at the grain 

boundaries, are present in small amounts, are well dispersed within the plastic crystalline 

salt, and reach a percolation threshold, they will have higher conductivity than the 

surrounding matrix[97]. 

Soft Solid Electrolytes Of Small Organic Molecule/LiX: 

More recently, there has been interest in “soft” solid electrolytes consisting of low 

molecular weight organic ligands coordinated with salts such as LiX (X= anion)[98, 99] 

[100]. These materials are malleable and flexible, but also highly crystalline. Small 

organic molecule/LiX salts were initially considered as models for ion transport in 

PEO/LiX electrolytes and so the crystalline phases of dimethyl ethers (glymes), 

CH3O(CH2CH2O)nCH3/LiX, analogues of PEO, where n = number of ethylene oxide 

repeat units = 1 to 12, and X
-
 = anion = CF3SO3

-
, BF4

-
, ClO4

-
, AsF6

-
, BPh4

-
 (Ph = phenyl), 

TFSI
-
 (bis(trifluoromethanesulfonyl)imide), BETI

-
 (bis(perfluoroethanesulfonyl)imide), 

the most common anions used in PEO/LiX solid polymer electrolytes[101-105], as well 

as LiI, LiBr and LiNO3[106] were the first ones studied.  Some glyme/LiX complexes 
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were subsequently investigated for use themselves as soft solid electrolytes. Every glyme 

forms unique crystal structures at stoichiometric EO/LiX ratios (EO = ethylene oxide). 

The crystal structures of the complexes, which were different than those for PEO/LiX 

crystals, determined the levels of conductivity, with 1D tunnels for Li
+
 ion migration 

favoring higher conductivities and lithium ion transport numbers (tLi
+
).  

For (CH3O(CH2CH2O)4CH3)0.5:LiBF4, at 30 
o
C, conductivities approaching → 10

-5
 

S/cm, a lithium ion transport number (tLi
+
)  tLi

+
 = 0.65 and an activation energy, Ea = 76 

kJ/mol were measured[98]. For [CH3O(CH2CH2O)n = 3,4]:LiAsF6 ,   ~ 10
-6

 at RT[99]. 

However, only [CH3O(CH2CH2O)3]:LiAsF6 had tunnels for Li
+ 

ion migration, and there 

was weaker binding of the anion in the [CH3O(CH2CH2O)4]:LiAsF6 complex, so that tLi
+
 

= 0.8, Ea = 55 kJ/mol for  [CH3O(CH2CH2O)3]:LiAsF6 while tLi
+
 =  0.1, Ea = 68 kJ/mol 

for [CH3O(CH2CH2O)4]:LiAsF6 [99]. For higher molecular weight glymes, 

[CH3O(CH2CH2O)n = 8-12]:LiAsF6, the Li
+
 are coordinated to either six ether oxygens or 

five ether oxygens and a AsF6
-
 anion, but there are no facile pathways for Li

+
 ion 

migration and there are larger distances between anions than in the 

[CH3O(CH2CH2O)3,4]:LiAsF6 glyme complexes, so that conductivities (< 10
-6

 S/cm at RT 

) and  tLi
+
 < 0.3, are low[107]. A trilithium compound, Li3[B(C6H4O2)[O(CH2CH2O)3-

CH3]2][N(SO2CF3)2]2, self-assembles into a structure in which one of the Li
+
 ions holds 

the component molecules in a stacked arrangement forming a thermally stable 1-D ionic 

conduction path for the other two carrier Li
+ 

ions, with RT conductivitiy of ~ 10
-6

 S/cm 

at 30 
o
C[100].  

The conductivities of various electrolytes as a function of temperature are shown in 

Figure 2-11. 
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Figure 2-11.  The conductivities of various electrolytes as a function of temperature[59] 
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CHAPTER 3 

SOLID POLYMER ELECTROLYTES 

Introduction 

There have been many approaches to increase the ionic conductivity in solid polymer 

electrolytes. These have focused on decreasing the crystallinity in the most studied 

polymer electrolyte, polyethylene oxide (PEO), on finding methods to promote directed 

ion transport, and on the development of single ion conductors, where the anions are 

immobile and only the Li
+
 migrate (i.e. tLi

+
 = 1). This chapter focuses on the key 

parameters in electrolyte optimization, mechanism of Li
+ 

conduction in PEO-based solid 

polymer electrolytes, PEO/LiX crystalline, amorphous polymorphs, research attempts to 

decrease of crystallinity in PEO-based solid polymer electrolytes and the concept of 

single ion conductors and its advantages and disadvantages. Finally, the motivation for 

the development of solid polymer electrolytes using engineered materials, in particular, 

lithium salts in which the anions are large and bulky, with low tanion
-
 and high tLi

+
, or with 

Janus structures that help in self-assembly, will be discussed. 

Key Parameters In Electrolyte Optimization 

Thermal Properties And Chemical Stability: 

Thermal properties and chemical stability of the electrolytes are very important in lithium 

battery performance and safety. Differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) are used to carry out thermal analysis of the 

electrolytes [1, 2]. DSC measures differential heat flow between the sample and reference 
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(inert material), and thereby measures heats of transition (H), used to measure Hmelting 

and Hcrystallization,  and heat capacities (Cp), used to measure glass transition temperatures, 

Tg. The temperature range of the instruments are between sub ambient temperatures 

(around -120 
o
C)  to 700 

o
C. It is important to obtain the glass transition (Tg), melt 

temperature (Tm), degree of crystallization and if applicable other transitions because all 

these are directly related to the performance of the electrolyte. TGA is used to measure 

thermal stability and oxidative processes associated with the electrolyte. The TGA 

provides information in the form of thermograms, which are weight loss profiles as the 

sample is heated (or sample residual mass remaining at the particular temperature), and 

can be the result of solvent loss, decomposition or oxidation processes. The thermograms 

can be obtained isothermally, at different heating rates and under different atmospheres, 

i.e. inert (Ar, N2) or reactive (air, O2)). An inert atmosphere is typically used in 

investigations of thermal stability and a reactive atmosphere is used to investigate for 

oxidative processes. DSC can also be carried out under different heating rates. Details of 

the conditions used for TGA and DSC runs for each experiment are given in Chapters 4 

and 5. 

Ion Transport Number: 

The ion transport number, also called the transference number, of a Li
+ is defined as the 

fraction of total current carried by Li
+
.  By convention, the sum of tLi

+ and ta
- is equal to 1, 

where ta
- is fraction of current carried by the anion. Since only the Li

+
 is electroactive, 

ideally 100% of the current should be carried by the Li
+
 ions in lithium batteries. 

However, there is typically transport of both Li
+
 ions and anions, but energy consumed 

by this process is wasted[3]. Since anions are not reduced/oxidized at the electrodes as 
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are the Li
+
 ions, some Li

+
 have to follow the anions to balance the charge, in order to 

keep environment neutral. As a result, a salt concentration gradient develops across the 

cell. Once the concentration gradient starts to develop, an opposite process starts to takes 

place that tends to equalize the salt concentration in the electrolyte. Since optimally the 

anions are immobile, an important parameter to optimize in solid polymer electrolytes is 

the lithium ion transference number. The most common method for measuring the 

transference number of polymer electrolytes was developed by Bruce et.al. (ac/dc 

method)[4]. (Details in Chapters 4 and 5). 

Electrochemical Stability:  

In the design of the new electrolytes for lithium batteries other electrochemical properties 

must be considered besides ionic conductivity, which include good electrochemical 

stability and compatibility with the electrodes. These properties are measured by 

considering parameters such as the Li/electrolyte interfacial resistance, the 

electrochemical stability window and the electrolyte behavior during battery cycling 

tests. When the electrolyte is in contact with the anode (lithium or graphite), a passivation 

layer is formed that is referred to as the solid electrolyte interface (SEI) (Details in 

Chapters 2,4 and 5). Interfacial resistance is measured by the physical evolution of the 

SEI formed at the electrode using electrochemical impedance spectroscopy (EIS). 

(Details in Chapters 4 and 5). EIS is also used to measure the in situ interfacial 

resistance at the electrodes during battery tests. Electrochemical stability can be measured 

by estimating the reduction and oxidation potential limits with respect to a defined couple 

of electrodes (for example: stainless steel as working and Lithium as counter and 

reference). The reductive breakdown potential of the salt anion or solvent is important 
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because it affects the formation of the passivation layer (SEI) at the interface. The 

potential window or stability window of the electrolyte is measured by linear sweep or 

cyclic voltammetry (Details in Chapters 4 and 5). 

Previous Research On Solid Polymer Electrolytes 

Mechanism Of Li
+ 

Conduction In PEO-based Solid Polymer Electrolytes: 

The mechanism of ion conduction in polymer electrolytes is still not fully resolved in 

amorphous systems. Except in the case of P(EO)6LiAsF6[5], conductivity is higher in the 

amorphous regions of PEO/LiX, X = anion. Crystalline polymorphs of PEO/LiX with 

fixed ether oxygen/Li ratios have higher melt temperatures than and can co-exist with 

pure PEO crystallites. Since the same compositions can often be prepared as an 

amorphous or crystalline material, and it has been shown that there can be similarity in 

the local environment of the crystalline and melt phases, the structures of the PEO/LiX 

crystals can be used to understand the location of Li
+
 ions and anions with respect to the 

PEO coils in the amorphous phases[6, 7].  

PEO/LiX Crystalline Polymorphs: 

Phase diagrams and crystal structures have been obtained for PEO/LiX as a function of 

stoichiometry for anions such as I
-
, ClO4

-
,
 
CF3SO3

-
, AsF6

- 
[8] [9], and N(CF3SO2)2

-
 (= 

TFSI)
 
[10]. The melt temperatures (Tm) that have been reported are P(EO)6,3,2,1LiClO4 

(Tm ~ 50-185 
o
C, increasing with decreasing O/Li)[8, 11], P(EO)3LiCF3SO3 (Tm = 

173
o
C)[11], and P(EO)6,3,2/LiN(CF3SO2)2 (Tm = 50-100 

o
C, increasing with decreasing 

O/Li)[11]. At comparable O/Li, the PEO/LiN(CF3SO2)2 has the lowest Tm, the result of 

the large unit cell for PEO/LiN(SO2CF3)2. It was suggested that this structure, if 
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preserved in the amorphous phase could partially account for the high conductivity of 

PEO/LiN(SO2CF3)2. 

In the crystal structures of PEO/LiX salt complexes such as P(EO)3/LiCF3SO3 and 

PEO/LiN(SO2CF3)2, the PEO chains adopt a helical conformation, with trans 

conformations for the C-O bonds and alternating gauche or gauche minus conformations 

for the C-C bonds to form the helix[12, 13]. The Li
+
 ions have a coordination number of 

five, three with consecutive ether oxygens in the helix, and the other two with the anions. 

In the case of P(EO)3/LiCF3SO3, the Li
+
 ion forms bonds with two adjacent CF3SO3

-
 

groups, while each CF3SO3
-
 bridges two Li

+
; the PEO chains and CF3SO3

-
 are parallel 

and intertwined, with no interchain PEO links, forming a columnar structure[12].  In the 

case of LiN(SO2CF3)2, one oxygen from one of the two SO2 groups of two N(SO2CF3)2
-
 

complexes with a Li
+
,  and the other SO2 group of the same imide complexes with an 

adjacent Li
+
, forming a continuous –Li

+
 

…
O-S-O 

…
Li

+
 sequence[13]. In both cases, the 

PEO chains do not interact with neighboring chains and form, with the associated anions 

(CF3SO3
-
 or 

 
N(SO2CF3)2

-
) and cations, an isolated, infinitely long coordination complex, 

with the N(SO2CF3)2
-
  extending further into the interstitial space[13].   

For amorphous (PEO)3/LiCF3SO3, it was concluded that the majority of ionic species was 

[LiCF3SO3]
+
, present as an extended ionic chain, as in the crystal; the crystalline state 

structure was retained above the melt temperature with only a loss of register (long-range 

order) between the polymer chains[14]. For amorphous P(EO7.5)LiN(SO2CF3)2, neutron 

diffraction (with isotopic substitution) showed that the Li
+
 cation was bonded on average 

to 5 ether oxygens belonging to pairs of PEO coils, which interlocked to form cylinders 

arranged in a 2D dense packing arrangement, with the N(SO2CF3)2
-
 anion occupying 
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spaces between them, little ion-pair formation, and independent migration of the anions 

and cations[15].  

Amorphous PEO/LiX: 

In the amorphous phase, which has a low glass transition temperature (Tg, = -60 
o
C), the 

electronegative ether oxygens solvate the Li
+
 ions, raising Tg. Here, Li

+
 mobility is often 

associated with backbone segmental motions of the PEO. MD simulations have shown  

that Li
+
 transport arises from a combination of sub diffusive motion along the PEO chains 

and faster intersegmental hops, without which the lithium diffusion coefficient would be 

identical that of the PEO chains[16]. Dynamics of ion transport and polymer motion on 

the microsecond to second time scale, as probed by NMR line shapes and spin-lattice 

relaxation times, showed that Li
+
 followed the segmental motions of chain segments, 

while anions such as ClO4
-
, BF4

-
 and AsF6

-
 moved independently[17]. Quasi-elastic 

neutron scattering (QENS) data, which probes shorter (picoseconds) time scales, showed 

that segmental mobility in the amorphous phase was slowed down with added salt for 

LiI[18], LiClO4[19], LiN(SO2CF3)2[19] and LiN(SO2C2F5)2[20].  

Two types of relaxation processes were observed by quasi-elastic neutron scattering data.  

One was a slow relaxation process with translational character (commonly observed in 

polymer melts). The other was a faster relaxation process that could be fit by first one, 

but later two (when longer time scales were accessed)[7] (for LiClO4) or two (for LiTFSI 

and LiBETI) fast relaxation processes with rotational character, unique to polymer 

electrolytes, and reflecting conformational fluctuations of chain segments (i.e. dihedral-

angle relaxations modeled by computer simulations[21]). These have been interpreted as 
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arising from the breaking and reformation of transient crosslinks between the Li
+
 and 

PEO[6] [19]. An alternative explanation has been suggested in which the two fast 

relaxation processes were attributed to segmental mobility of PEO and restricted rotation 

of protons around the Li
+
 ions. The later motion was consistent with the motion of 

cylindrical structures observed by small angle neutron scattering (SANS), which 

consisted of bundles of two PEO chains wrapped around Li
+
 with an O/Li = 6/1[7], with 

radii equal to that of the crystal structure[22]. 

Decrease Of Crystallinity In PEO-based Solid Polymer Electrolytes: 

Attempts to decrease crystallization in PEO have included crosslinking (which raises Tg), 

copolymerization with other polymers and the use of low molecular weight polyethylene 

glycols (PEGs) as copolymers or pendant groups attached to other backbone polymers 

(see reviews[23, 24]). In some cases, this results in separation into a structural and a 

conductive phase[25]. A commercial product under development by Seeo, Inc. consists of 

di- and tri- block copolymers based on styrene and PEO/Li salts with conductivities at 90 

o
C of 1 x 10

-5
 S/cm[26]. Addition of nanoparticle fillers such ceramic ZrO2, SiO2, 

Al2O3[27, 28], chitin[29], polyphosphazine[30] and mesoporous silica to PEO were 

suggested to decrease crystallinity and thus enhance room temperature conductivities. 

However, recent results, at least for Al2O3 nanoparticles and LiClO4, show increases in 

conductivity only for the eutectic composition (ether oxygen to lithium ratio, O/Li = 

10/1)[22]. Neutron scattering of an amorphous copolymer trihydroxy poly(ethylene 

oxide-co-propylene oxide) and LiClO4 indicated that conductivity increases observed in 

composite polymer electrolytes (with TiO2)[31] were not the result of enhanced polymer 

dynamics[32], and that an immobilized polymer layer (~ 5 vol% polymer, ~ 4-5 nm 
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thick) was formed around the filler particles, but that the bulk dynamics were largely 

unaffected[32]. In all cases, a continuous inorganic network does not form with the 

addition of the nanoparticles, and without PEO crystallites to act as crosslink sites, these 

materials remain viscous liquids with low ionic conductivities.  

Type Of Li Salt/Single Ion Conductors: 

The type of salt used in lithium ion batteries is another critical factor in determining the 

electrolyte conductivity. In order to promote high conductivity in electrolytes, lithium salts must 

have weak interactions between the anions and cations so that they dissociate when dissolved, 

and do not easily reform multiplets, which either do not conduct or have low mobilities. Lithium 

salts for battery applications[33], the most common of which are LiPF6, LiBF4, LiCF3SO3 (Li-

triflate), LiN(CF3SO2)3 (LiTFSI), LiAsF6, and LiClO4, must operate under anhydrous conditions 

and thus be soluble and dissociate in low dielectric organic liquid or solid media. Since Li
+
 has a 

small ionic radius, most successful Li salts have anions with electron withdrawing groups 

(weakening the bond with Li
+
) and delocalized negative charge (stabilizing the 

anion)[33]. New lithium salts such as aromatic and nonaromatic (e.g. lithium 

bis(oxalato)borate,  LiBOB) Li borates have also been developed. Salts with small anions 

(e.g. LiPF6, LiBF4, LiCF3SO3) aggregate extensively in solid polymer electrolytes with 

ion pair formation increasing with both salt concentration and temperature (due to 

entropic effects)[34], while large anions (e.g. LiN(CF3SO2)2) have larger populations of 

free anions and Li
+ [16]

. Large flexible anions have also been suggested to act as 

plasticizers, increasing conductivity[35]. In all cases, there is only a single Li
+
 cation 

associated with anions of increasing complexity. 
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In order for more of the charge to be carried by the electroactive Li
+
, and to avoid anion 

recombination with Li
+
, anion receptors such as boron[36-38], calixarene[39], and 

calixpyrrole[40-42] compounds, or combinations of anion traps and inorganic fillers[43] 

have been employed. While this does result in higher Li
+
 transport numbers, tLi

+
, 

conductivity in these systems dramatically decreases. Alternatively, single ion conductors 

(SICs) in which there are many pendant anions along a polymer backbone (so that the 

anion is immobile) have been investigated. SICs are often copolymers of PEO, contain 

side chain polyethylene glycols (PEGs) with lithium acrylates[44, 45], or are blends of 

PEO and poly(lithium 4-styrenesulfonate) (PLSS)[46]. SICs have even lower RT ionic 

conductivities (< 10
-6 

S/cm), but have tLi
+ →1, so that in principle all of the conductivity, 

although low, originates from the migration of the electroactive lithium species, and 

concentration gradients, which result in low voltage upon discharge, do not develop[47, 

48].  

These results indicate that low mobility of anions does not ensure high mobility of the Li 

cations, and suggests that there is a need to consider the morphology of SPEs and the 

mechanism of ion transport to enhance both  and tLi
+.  

New Approaches To The Development Of Solid Polymer Electrolytes 

In order to increase ionic conductivity and lithium ion transference numbers in solid 

polymer electrolytes, I have focused on the development of multi-ionic lithium salts. 

These salts have very large anions, and thus are expected to have low tanion
-
 and high tLi

+ 

transference numbers. In order to make the anions dissociative, structures similar to those 

formed for mono-ionic salts, e.g. LiBF4 and lithium imides have been synthesized. Some 
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of the multi-ionic salts have Janus-like structures and therefore can self-assemble in polar 

media. Further, it is possible that these salts may not form non-conductive ion pairs and 

less conductive ion triplets. Optimization of the conductivity for these salts is presented 

in POSS-PEG (Chapter 4) and in PEO (Chapter 5), as well as their electrochemical 

characterization.  
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CHAPTER 4 

POLYOCTAHEDRAL SILSESQUIOXANE-NANOPARTICLE ELECTROLYTES 

FOR LITHIUM BATTERIES: POSS-LITHIUM SALTS AND POSS-PEGS 

 

Introduction 

Electrical energy storage systems are currently used for powering portable electronic 

devices (phones, laptops), but are increasingly required for future large battery 

applications such as plug-in hybrid vehicles/electric vehicles and for the storage of 

energy generated by wind, sun and nuclear fusion[1]. Since rechargeable (secondary) 

lithium and lithium ion batteries have among the highest energy storage capabilites, there 

has been extensive research to improve their energy density, power density and safety, 

since risks increase with the size of the energy-storage device[1]. Failure mechanisms 

and safety hazards in lithium and lithium ion batteries arise due to the development of 

shorts after many charge/discharge cycles between the anode and cathode as the result of 

lithium dendrite formation (when lithium metal is used), and to the presence of both a 

combustible material and an oxidizing agent, which can result runaway reactions and 

fires or explosions[2, 3].  

There is a continual compromise between the high conductivity that can be achieved 

using flammable liquid electrolytes, with the associated safety concerns, and the 

improved safety (no leakage, reduced dendrite growth) and mechanical properties 

achieved with solid polymer electrolyes (SPEs), which have the drawback of reduced 

conductivity and charge/discharge rates[4-6]. There have been many attempts to increase 

the conductivity of SPEs, in particular to achieve high room temperature (RT) 
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conductivities. The most investigated SPE, poly(ethylene oxide) (PEO), has poor 

conductivity, especially below the melt temperature (ca 65 
o
C) and slow charge/discharge 

rates, since conduction occurs through a mechanism that is associated with the slow 

dynamics of polymer backbone motions rather than the diffusion of ions through a 

liquid[6].  Further, the lithium ion transference number is low (0.2-0.4) [7], with the 

higher numbers achieved by addition of ceramic nanoparticles[8, 9], which can lead to 

concentration polarization that limits the power delivery of the battery[10].  

       Attempts to increase conductivity have included the addition of inorganic 

nanoparticles[8, 11]. Lower glass transition temperatures (Tgs) can lead to increased 

conductivities, so side chain PEGs have been coupled to many backbone polymers[6]. 

Lastly, there have been many attempts to synthesize so-called single ion conductors, 

where the anion is tethered to the polymer chain, thus avoiding concentration polarization 

effects. However, this approach often depresses the overall electrolyte conductivity, 

while increasing tLi
+
 to values approaching 1[12]. 

       Recent attempts to increase RT conductivity of liquid electrolytes while decreasing 

their volatility have included the development/use of ionic liquids (ILs), which have Tms 

below ca 100 
o
C, ultralow vapor pressure, high thermal stability, wide redox windows 

and high RT conductivity[13]. However, similar to other liquid electrolytes, ILs but did 

not suppress dendrite growth and had low Li
+
 transference numbers (0.05)[14]. Tethering 

of ionic liquids (ILs) to zirconia nanoparticles was proposed to mitigate the deficiencies 

of ILs, and improve their mechanical properties[15]. These IL-nanoscale ionic materials 

(IL-NIMS) doped with lithium bis(trifluoromethylsulfonyl) imide (LiTFSI) salt exhibited 

redox stabilities of 4.3V, thermal stabilities greater than 400 
o
C, Li transference numbers 



 

72 
 

of 0.35, long-term interfacial stability (using a lithium anode) and RT conductivities of ~ 

10
-4

 S/cm[15]. Recently, RT-ILs synthesized from polyoctahedral silsesquioxane 

(POSS)-octacarboxy anions (POSS-COO
-
)8 and the imidazolium cation have been 

reported[16]. POSS are hybrid inorganic/organic nanoparticles with a SiO1.5 silicon-

oxygen framework and eight attached organic moieties.  Other approaches to increase RT 

conductivities of liquid electrolytes include the synthesis of colloidal silica (SiO2) (or 

other inorganic) nanoparticles to which PEG oligomers were grafted, referred to as 

nanoscale organic hybrid materials (NOHMs)[17] and POSS with eight attached PEG 

side chains (POSS-PEG)8[18-20]. The NOHMS and POSS-PEG8 electrolytes were 

nonvolatile, exhibited RT conductivities of ca 10
-4 

S/cm upon addition of low molecular 

weight lithium salts and had high thermal stabilities (to ca 400 
o
C); the NOHMs had large 

electrochemical stability windows (0.5 V to 5 V vs Li).  

        There is thus a need to develop nonflammable electrolytes with both high 

conductivities and high tLi
+
 that can be used with separators, incorporated into polymers 

as gels, or as the polymer electrolytes themselves. In general, the factors that increase 

conductivity are lower Tgs and larger and more stable anions, so that Li
+
 can more easily 

dissociate. There is evidence that in block copolymers, where one block provides the 

conduction path and one provides the structural component, the microphase separated 

morphology can be engineered to enhance conductivity. In particular, increased salt 

dissociation can occur if the anions and cations are partitioned between the two 

phases[21, 22], highlighting the impact of nanoscale morphology on the electrolyte 

performance.  
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           Here we present a new nanoparticle system composed of mixtures of POSS-PEG8 

and POSS-Li salt functionalized nanoparticles, for use as electrolytes in lithium batteries. 

POSS-PEG8, a polyoctahedral silsesquioxane functionalized with eight PEG, –

(CH2CH2O)m-, chains (m ~ 13.3) is shown in Figure 4-1. The other component in the 

system, a newly synthesized multi-ionic lithium salt, POSS-phenyl7(BF3Li)3, made by 

reaction of POSS-benzyl7Li3 with BF3(OC2H5)2 (Figure 4-1), has Janus-like properties, 

with one end predominantly hydrophobic and the other end ionic in character.  It has 

recently been suggested that bifunctionalized polyoctahedral silsesquioxanes can provide 

Janus-like behavior, since side arms with similar functionality or properties (e.g. 

hydrophobicity, polarity) are statistically likely to segregate to opposite sides of a 

cubically symmetric POSS during synthesis[23]. Since these POSS have cubic symmetry, 

there will be one face where three or four of the same group will be found[23], and where 

during synthesis, ordering of side chains has been observed experimentally[24, 25]. In the 

current investigation, the electrochemical properties and morphology of mixtures of 

hydrophilic POSS-PEG8 with the Janus-like POSS-phenyl7(BF3Li)3 were investigated. 

EXPERIMENTAL 

Materials 

         Trilithium-1,3,5,7,9,11,14-heptaphenyltricyclo [7.3.3.1(5,110] heptasiloxaneendo-

3,7,14 trisilanolate (product number SO1457), also known as trisilanolphenyl POSS 

lithium salt (C42H35Li3O12Si7,   MW = 949.15 g/mol, soluble in methylene chloride), and 

polyethylene glycol POSS (product number PG1190), with a chemical formula 

(C2m+3H4m+7Om+1)n(SiO1.5)n and n = 8, 10, 12 and m ~ 13.3 and MW = 5576.6 (for n = 8), 

were gifts from Hybrid Plastics (Hattiesburg, MS). Their chemical structures (Figure 4-
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1) will be referred to as POSS-phenyl7Li3 and POSS-PEG8. Dichloromethane (CH2Cl2), 

acetonitrile (CH3CN), deuterated acetonitrile (CD3CN), trifluoride diethyl etherate, 

BF3(OC2H5)2 LiBF4, tetrahydrofuran (THF) and polystyrene (PS) (MW = 80,000 g/mole) 

were obtained from Sigma-Aldrich (St. Louis, MO). PS-b-PEO (PS: 384,000 g/mol; 

PEO: 8,000 g/mol) was purchased from Polymer Source, Inc. (Montreal, Quebec). Before 

use, dichloromethane was passed through two columns of neutral alumina, and stored 

over molecular sieves in an MBRAUN Lab Master 130 (MBRAUN USA, Stratham, NH) 

glove box purged with argon. 

Synthesis Of POSS-phenyl7(BF3Li)3 

          POSS-phenyl7Li3 (Figure 4-1) was dried in a vacuum oven at 80
o
C for 34 hours 

and then dissolved in dry dichloromethane. A stoichiometrically equivalent amount of 

BF3(OC2H5)2 was added to the POSS-benzyl7Li3 in an argon atmosphere at 25
o
C. The 

reaction mixture was stirred for an hour. A white powder was observed to settle at the 

bottom of the reaction mixture. The powder was filtered and washed four times with a 

large excess of dichloromethane and dried in a vacuum oven at 80
o
C for 24 hours. The 

resultant powder was hydroscopic, and was stored in the glove box under an argon 

atmosphere. 

      

 

 

 

POSS-PEG8 
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        POSS-phenyl7Li3                      POSS-phenyl7(BF3Li)3. 

Figure 4-1. Structures of POSS-PEG8, POSS-phenyl7Li3 and POSS-phenyl7(BF3Li)3. 

 

          In order to help with the F-NMR and FTIR characterization of the product, and to 

determine if all three lithiums on the POSS-phenyl7Li3 could be substituted with -BF3Li, 

the same reaction was carried out with 1/3 and 2/3 stoichiometry (i.e. just enough 

BF3(OC2H5)2 to react with 1 and 2 of the lithiums), as well as a stoichiometric excess of 

BF3(OC2H5)2. 

Preparation of mixtures of POSS-PEG8 with POSS-phenyl7(BF3Li)3, POSS-phenyl7Li3 

and LiBF4. 

POSS-PEG8 with POSS-phenyl7Li3 was prepared by dissolution of dried (90 
o
C, 2 days, 

vacuum) POSS-phenyl7Li3 in anhydrous dichloromethane, followed by addition of a 

calculated amount of the POSS-phenyl7Li3 dichloromethane solution to dried (90 
o
C, 2 

days, vacuum) POSS-PEG8 and removal of the dichloromethane at 60 
o
C under vacuum 
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for 24 hours. The amount of added salt was based on the number of – (CH2CH2O)n-CH3 

in POSS-PEG8.     

POSS-PEG8 with POSS-phenyl7(BF3Li)3 was prepared by physically mixing dry (90 
o
C, 

2 days, vacuum) POSS-phenyl7(BF3Li)3 with dry ( 90 
o
C, 2 days, vacuum) POSS-PEG8 

.The mixture was stirred in an argon atmosphere at 100 
o
C until a slurry formed. The 

slurry was reheated in a vacuum oven overnight. A sample (O/Li = 16/1) prepared by 

codissolution of POSS-PEG and POSS-phenyl7(BF3Li)3 in acetonitrile had the same 

conductivity after evaporation of the solvent as samples prepared without solvent. SPEs 

were formed by codissolution of polystyrene (PS), PS(384,000)-b-PEO(8,000), POSS-

PEG8 with POSS-phenyl7(BF3Li)3 in toluene, followed by solvent evaporation. 

POSS-PEG8 with LiBF4 was prepared by physically mixing dry (70 
o
C, 1 day, vacuum) 

LiBF4 with dry (90 
o
C, 2 days, vacuum) POSS-PEG8.The mixture was stirred at 80 

o
C in 

argon atmosphere until a homogeneous mixture formed. The mixture was reheated in 

vacuum oven overnight.  

Characterization 

Calorimetry: Differential scanning calorimetry (DSC), using a TA Instruments Hi-Res 

DSC 2920 (TA Instruments, New Castle, DE) at 10
0
C /min under N2, was used to 

measure phase transition temperatures. Data are reported for the second heating cycles. 

Thermogravimetric analysis (TGA) data, to determine degradation temperatures of the 

components and mixtures, was obtained on a TA instrument Hi-Res TGA 2950 (TA 

Instruments, New Castle, DE) with a ramp rate of 10°C/min. Samples of approximately 

10-15 mg were placed in the sample pans and heated from ambient temperature to 800°C. 

Nitrogen was used as a purge gas at a flow rate of 60 mL/min. 
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Spectroscopy: Fourier transform infrared spectroscopy (FTIR) of the POSS-

benzyl7(BF3Li)3 and POSS-benzyl7Li3 were obtained by attenuated total reflection 

(ATR), with 200 scans and a resolution of 4 cm
-1

 using a  Nicolet 580 research FTIR with 

a Specac
TM

 Golden gate ATR accessory (diamond lens) equipped with an MCT detector. 

19
F NMR spectra were obtained on a 400 MHz Bruker Biospin AVANCE 400    

(Billerica, MA) using trichlorofluoromethane as the internal calibration solvent. CD3CN 

and CD2Cl2 were used as the solvents for POSS-phenyl7(BF3Li)3 and POSS-phenyl7Li3, 

respectively. 
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 Figure 4-2. FTIR spectra (bottom) of POSS-phenyl7Li3 and POSS-phenyl7(BF3Li)3 

showing appearance of the –Si-O-BF3Li groups after treatment with 

BF3(OC2H5)2; 
19

F NMR spectra (top) of POSS-phenyl7(BF3Li)3. 

 

       High resolution mass spectroscopy (HRMS) data were acquired on a Waters 

(Milford, MA) LC-TOF mass spectrometer (model LCT-XE Premier) using electrospray 

ionization in positive or negative mode, depending upon the analyte. The sample was 

prepared in 100% methanol and introduced using flow injection through a Waters 

Alliance separation module 2695 into a mobile phase of 100% methanol (flow rate of 

0.25 mL/minute). Leucine enkephalin (Waters) was used as an internal reference (2 

ng/uL in 1:1 V/V acetonitrile/water mixed in equal parts with 1% acetic acid in 1:1 V/V 

acetonitrile/water) and introduced by infusion. Data analysis was performed using the 

automated Waters software and the mass calculated from the molecular ion formula 

(CxHyOzNa). 

  Electrochemical testing: Ionic conductivities were measured by AC impedance 

spectroscopy using a Schlumberger HF Frequency Response Analyzer (model SI 1255) 

in combination with a PAR model 273A EG&G Princeton Applied Research (Oak Ridge, 

TN) potentiostat/galvanostat in the frequency range from 0.01 to 100 kHz. Control of the 

equipment was through Z-Plot electrochemical software (Scribner Associates, Inc., 

Southern Pines, NC). Temperature dependent conductivities were obtained in an 

electrochemical cell using stainless steel blocking electrodes with (for LiBF4) or without 

(for POSS-phenyl7Li3 and POSS-phenyl7(BF3Li)3) a polypropylene (PP) separator 

(Celgard® 2400 25μm Microporous Monolayer Membrane, PP, Celgard, Charlotte, NC).  

         Conductivity data were obtained from the impedance spectra, which were slanted 

lines at high temperature/conductivities, and consisted of depressed semicircles at higher 
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frequencies and slanted lines at lower frequencies at low temperatures/conductivities. The 

resistance (R) was obtained from the intercept of the slanted line extrapolated to the real 

axis of plots of the imaginary (Z′′) vs. real  (Z′) components of the impedance spectra. 

The specific ionic conductivity (σ) was obtained from σ = t/AR, where R is the resistance 

(Ω), A = area (1 cm
2
) of the stainless steel electrodes, and t = thickness of the film (cm), 

which was 25μm for POSS-PEG8/LiBF4 and 0.3mm for POSS-PEG8/POSS-

phenyl7(BF3Li)3 and POSS-PEG8/POSS-phenyl7Li3. 

           For POSS-PEG8/POSS-phenyl7(BF3Li)3 and POSS-PEG8/POSS-phenyl7Li3, the 

electrolyte was kept directly between the stainless steel electrodes, constrained using a 

0.3mm thick Teflon O-ring (1 cm
2
 enclosed area). The cell was annealed overnight at 90 

o
C in a gas chromatograph (GC) oven, checked for leaks (very rare), followed by 

temperature dependent conductivity runs, and rechecked for leaks following the runs. 

Conductivity measurements were first made on the cooling cycle. The sample was then 

reheated and conductivity measurements obtained, confirming that the heating and 

cooling cycles had the same values of σ. At each temperature, the sample was 

equilibrated for about 30 minutes, until the resistance measurements responded to small 

(~1
0
C) temperature perturbations. The resistances measured on the heating and cooling 

cycles were very close. Below room temperature, the GC oven was cooled with dry ice, 

and the conductivity data were obtained on the heating cycle.  

          Lithium ion transport numbers and interfacial resistance values were obtained 

using the same cell as that for ionic conductivities but with symmetric nonblocking 

lithium electrodes (0.38 mm thick). Interfacial stability was investigated by measuring 

the time-dependent impedance at 80 
o
C under open circuit potential. The lithium ion 
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transference number (tLi
+
), the fraction of the charge carried by the cations, was also 

measured at 80 
o
C and calculated using[26, 27]:  

 

tLi
+
 = Iss(∆V – IoRo)/Io(∆V - IsRss)   Equation 1 

 

A DC pulse (∆V) of 50 mV was used to polarize the cell, and the initial current, Io, and 

final, steady state, Iss, values measured. Impedance spectra were measured initially and at 

steady state to obtain the resistances Ro and Rss, respectively, at 80 
o
C. 

RESULTS AND DISCUSSION 

     The motivation for preparing mixtures of POSS functionalized nanoparticles, in this 

case POSS-PEG and POSS-Li salts, was that both components had desirable 

characteristics that could contribute to enhanced electrochemical and mechanical 

properties for the composite electrolyte. POSS-PEG8 has a large number of chain ends 

that increase the free volume, and the short chain length of the arms results in a decreased 

Tm of close to 0 
o
C[18], significantly less than that of high molecular weight PEO (ca 65 

o
C). At high temperatures ( > ca 60 

o
C), conductivities of POSS-PEG8/LiBF4, as well as 

POSS-PEG8 with other lithium salts (LiClO4, LiN(CF3CF2SO2)2, LiN(CF3SO2)2, 

LiCF3SO3, LiPF6, LiAsF6)[19], were  comparable to those observed for linear PEG 

(molecular weight = 500 g/mol) and high molecular weight PEO with the same Li 

salts[28], indicating that there is the same conduction mechanism for PEO and POSS-

PEG8, namely one in which Li
+
 mobility is coupled to backbone motions of the chains. 

However, at low temperatures, the conductivity of POSS-PEG8/Li salt is significantly 
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higher than for PEO/Li salt since crystallization is reduced or eliminated in the former 

case.   

        The motivation for the synthesis and use of the Li salt POSS-phenyl7(BF3Li)3, were 

three-fold. First, it was suspected that not all of the Li
+
 in the commercially available 

POSS-phenyl7Li3 would dissociate, or be very soluble in typical (ethylene carbonate, 

diethyl carbonate, dimethylecarbonate, EC/DEC/DMC) aprotic solvents used in lithium 

ion rechargeable batteries. Therefore, a reaction for the conversion of COO-Li
+
 to 

COOBF3Li
+
, namely complex formation through addition of the Lewis acid boron 

trifluoride (BF3),  was attempted on POSS-phenyl7Li3  in order to convert Si-O
-
Li

+ 
to the 

more dissociative Si-O-BF3
-
Li

+
.
 

 This approach, namely the direct addition of 

stoichiometric amounts of BF3 to polymer gel electrolytes, has been used successfully on 

Li carboxylates[29-31]. Addition of BF3 was also suggested to form a passivation layer 

on the lithium electrode that inhibited reaction between lithium and the solvent[29], 

helped form protective layers that slowed down the growth of highly resistive 

interfaces[30], and slightly improved the electrochemical stability of PEO/ poly(lithium 

carboxylate)s[32]. 

     Second, the proposed POSS-phenyl7(BF3Li)3 compound is the precursor of Janus-like 

POSS Li salts, with one end of the molecule very hydrophobic, due to the seven benzyl 

groups, and the other end highly ionic, due to the three Si-O-BF3
-
Li

+
. As shown in Figure 

4-1, this material is not a true Janus particle, since the -BF3Li are separated by phenyl 

groups. However, true Janus structures can be formed with incompletely condensed half 

phenyl and half sodium salts[33], and it has recently been suggested that bifunctionalized 

polyoctahedral silsesquioxanes can provide Janus-like behavior, since side arms with 
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similar functionality or properties (e.g. hydrophobicity, polarity) are statistically likely 

and they have been observed to segregate to opposite sides of a cubically symmetric 

POSS during synthesis[23-25]. Thus, although POSS-phenyl7(BF3Li)3 is not a true Janus 

structure, it’s behavior in mixed nanocomposite systems can demonstrate whether this 

approach is viable for nanocomposite electrolytes. 

        Lastly, the POSS-phenyl7(BF3Li)3 is a large, bulky anion, with an electron-

withdrawing SiO1.5 cage, which might be expected to enhance the lithium ion 

transference number. 

         Here, we hypothesized that mixtures of Janus-like POSS-phenyl7(BF3Li)3 and polar 

POSS-PEG8 would form a phase separated morphology in which the phenyl groups 

segregated together and contained the dissociated Si-O-BF3
- 
anion. The Li

+ 
cations could 

then be solvated in the polar POSS-PEG8 phase. Since the nanocomposite electrolyte was 

expected to be nonvolatile, it could be used by itself or eventually incorporated into a 

polymer, either by blending or copolymerization, to yield a solid polymer electrolyte. 

       The first step towards this goal was the modification of the precursor salt, POSS-

benzyl7Li3, to form POSS-phenyl7(BF3Li)3. Unlike POSS-phenyl7Li3, the final product 

was soluble in polar solvents, indicating enhanced dissociation of the Li
+
. The reverse, 

namely the weak dissociation of POSS-phenyl7Li3 was evidenced by its solubility in 

nonpolar solvents, due to the seven aromatic benzene rings. A table of solubilities for 

POSS-PEG8, POSS-phenyl7Li3 and POSS-phenyl7(BF3Li)3 is give in Supplementary 

Material, Table 4-1.  FTIR data, Figure 4-2, show both POSS-phenyl7Li3 and POSS-

phenyl7(BF3Li)3 in the spectral region 1200 to 1900 cm
-1

. The vibration at 1637.8 cm
-1

 

dominates the spectrum of the POSS-phenyl7(BF3Li)3, but is absent for POSS-phenyl7Li3. 
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It is attributed to a Si-O-BF3-Li asymmetric stretching mode, in analogy with similar 

results observed for the 1640 cm
−1

 vibration that has been identified as the asymmetric 

stretching vibration of COOBF3-Li[22, 30]. 

         In order to determine how many of the Si-O-Li groups reacted with the 

BF3(OC2H5)2 to form Si-O-BF3Li, we analyzed samples synthesized with an amount of 

etherate necessary for the substitution of 1, 2 and 3 of the Si-O-Li groups. Samples 

prepared with 3 equivalents were directly soluble in acetonitrile, but those prepared with 

1 and 2 equivalents were not. However, after extensive rinsing with dichloromethane, the 

material was soluble in acetonitrile. These results indicated that the POSS lithium salts 

with 1 or 2 equivalents were mostly removed with dichloromethane. NMR data of the 

rinsed material (Figure 4-2) show a major peak at 152.05 ppm, which we attribute to the 

POSS-phenyl7(BF3Li)3, and a smaller peak at 151.95 attributed to POSS-

phenyl7Li(BF3Li)2. No NMR peaks from the BF3(OC2H5)2 (151.35 ppm) were observed. 

LC-MS data, in which only a single solvent (methanol) was used, showed the parent ions 

of both POSS-phenyl7(BF3Li)3 and POSS-phenyl7(BF3Li)2(Li), at 1151.2 and 1077.2, 

respectively. We did not try and separate this mixture, but the same batch of sample 

(which we will still refer to as POSS-phenyl7(BF3Li)3) was used for all subsequent 

experiments. Addition of excess BF3(OC2H5)2 always yielded a mixture of POSS-

phenyl7(BF3Li)3 and POSS-phenyl7(BF3Li)2, with the former the dominant species. 

       Calorimetric and conductivity data were obtained for mixtures of POSS-

phenyl7(BF3Li)3 and POSS-PEG8 and compared with similar mixtures of POSS-

phenyl7Li3/POSS-PEG8 and LiBF4/POSS-PEG8 as a function of O/Li. A summary of all 

the calorimetric and conductivity data (90, 30 and 10 
o
C) is presented in Table 4-1. DSC 
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data can elucidate the degree of Li
+
 dissociation for the electrolytes, since complexation 

of Li
+
 with ethylene oxide (EO) units suppresses Tm and raises Tg.  

 

 

Figure 4-3. (top) DSC scans (second heating cycle) of POSS-PEG8 and mixtures of 

POSS-phenyl7(BF3Li)3)/POSS-PEG8, LiBF4/POSS-PEG8 and (POSS-

phenyl7Li3)/POSS-PEG8 at O/Li = 16/1. Tg and Tm are indicated by 

arrows; (bottom) Tg versus O/Li for POSS-phenyl7(BF3Li)3/POSS-PEG8,  

LiBF4/POSS-PEG6 and (POSS-phenyl7Li3)/POSS-PEG8. 
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        DSC data, shown for electrolytes prepared with O/Li = 16/1, and plots of the glass 

transition temperature (Tg) versus O/Li (Figure 4-3) for POSS-phenyl7(BF3Li)3/POSS-

PEG8, LiBF4/POSS-PEG8 and POSS-phenyl7Li3/POSS-PEG8, highlight the effects of the 

type of salt and O/Li on Tg. The results demonstrate clearly the increased dissociation of 

the Li
+
 in the POSS-phenyl7(BF3Li)3/POSS-PEG8 compared with LiBF4/POSS-PEG8 and 

POSS-phenyl7Li3/POSS-PEG8. The POSS-PEG8 has a low Tg = -81 
o
C as observed 

previously,[18] and there is a melt at Tm = -2 
o
C

1
. Addition of salt decreases the enthalpy 

(∆Hm) of the melting transition, i.e. decreases the percent crystallinity, in the order ∆Hm 

(POSS-phenyl7(BF3Li)3/POSS-PEG8)  <  ∆Hm (LiBF4/POSS-PEG8) < ∆Hm (POSS-

phenyl7Li3/POSS-PEG8) (Figure 4-3 top), and increases Tg in the order, Tg (POSS-

phenyl7(BF3Li)3/POSS-PEG8) > Tg(LiBF4/POSS-PEG8) > Tg (POSS-phenyl7Li3/POSS-

PEG8) for all O/Li (Figure 4-3 bottom, Table 4-1). These trends support the view that 

more Li
+
 ions dissociate for POSS-phenyl7(BF3Li)3/POSS-PEG8: the ions complex with 

the ether oxygens of PEG increasing Tg and inhibiting crystallization. Further, as 

expected, Tg increases as O/Li decreases for POSS-phenyl7(BF3Li)3/POSS-PEG8, 

LiBF4/POSS-PEG8 and POSS-phenyl7Li3/POSS-PEG8: in all cases, more Li
+
 are 

available for complexation with POSS-PEG8. 

         Conductivity plots for POSS-phenyl7(BF3Li)3/POSS-PEG8 as a function of O/Li 

ratio are presented in Figure 4-4. Since the highest conductivity was measured for O/Li = 

16/1, the conductivity data for the other two electrolytes, LiBF4/POSS-PEG8 and POSS-

                                                           
1 The values of Tg and Tm more closely match a POSS-PEG8 cage with 8 rather than 13.3 

ethylene oxide units, but the disorder of the mixed arm lengths may decrease Tg and Tm
18

. 
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phenyl7Li3/POSS-PEG8 at O/Li = 16/1 are shown for comparison. Consistent with the 

lack of crystallinity in any of the samples above 10 
o
C (Table 4-1, Figure 4-3), there are 

no discontinuities in the plots due to the onset of crystallization, as is typically observed 

for PEO at ca 60
o
C.  

        The conductivity of the POSS-phenyl7(BF3Li)3/POSS-PEG8 electrolyte is greater by 

a factor of 17 compared with LiBF4/POSS-PEG8 and by ca 50 compared with POSS-

phenyl7Li3/POSS-PEG8 at 30
o
C (O/Li= 16/1) over the whole temperature range; the 

conductivity measured for the LiBF4/POSS-PEG8 is comparable to that observed 

previously[19]. The conductivities of the LiBF4/POSS-PEG8 and POSS-

phenyl7Li3/POSS-PEG8 are lower than those of the POSS-phenyl7(BF3Li)3/POSS-PEG8 

despite the lower values of Tg for LiBF4/POSS-PEG8 and POSS-phenyl7Li3/POSS-PEG8 

at comparable O/Li ratios (Figures 4-3, 4-4, Table 4-1). This again indicates that the low 

Tgs reflect fewer dissociated Li
+
 ions that can complex with the ether oxygens of the 

POSS-PEG8. Although we did not measure the viscosity of these samples, the electrolytes 

prepared with LiBF4 were always liquids (viscous) that flowed under their own weight. 

By contrast, the POSS-phenyl7(BF3Li)3/ POSS-PEG8 and POSS-phenyl7Li3/POSS-PEG8 

did not flow under their own weight, and the POSS-phenyl7(BF3Li)3 was stiffer than the 

POSS-PEG8/POSS-phenyl7Li3. This suggests, as discussed below, that the morphology of 

the electrolytes is determined by the association of the phenyl rings of POSS. 

         The increase in conductivity of one or two powers of ten brought about by 

replacement of -Si-O-Li by -Si-O-BF3Li is similar to that observed in polymer electrolyte 

gels[30, 31] and in blends of PEO with poly(lithium carboxylate)s[32, 34], in which -

COOLi was replaced by -COO BF3Li.  In the latter case, the increased conductivity 
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compared with the Li carboxylates was attributed to the formation of a coordinate bond 

between the oxygen atom and boron atom so that the lithium cations were separated from 

carboxylic acid anions, facilitating salt dissociation[29]. The ionic conductivity of solid 

polymer electrolytes composed of poly(ethylene oxide) (PEO) and poly(lithium 

carboxylate)s were enhanced by one or two orders of magnitude upon addition of 

BF3(OC2H5)2, for the same reason, namely that the dissociation of the Li
+ 

and the 

carboxylate anion was promoted by complexation with BF3[32]; conversion of COO
-
Li

+
 

to COOBF3
-
Li

+
 in block copolymer SICs with BF3 also resulted in increased Li

+
 

dissociation[22].  

         In the current investigation, the large increase in conductivity was achieved not only 

at high temperatures, but also at temperatures of 10 
o
C, since the POSS-phenyl7(BF3Li)3 

suppressed crystallization in the POSS-PEO8. Further, the order of magnitude increase in 

conductivity for systems prepared with -Si-O-BF3Li compared with LiBF4 strongly 

implicates anion stabilization, which permits greater dissociation of the Li
+
.  

 

All of the conductivity plots exhibited Vogel–Tammann–Fulcher (VTF) behavior, 

for which 

 

σ = A T
-1/2

 exp[-Ea/kB(T-To)],   Equation 2 

 

suggesting that the Li
+
 transport is coupled to the segmental relaxation of the POSS-

PEG8, and that the POSS-PEG8 therefore behaves like a polymer matrix. The 

decomposition temperature (Td) for POSS-PEG8 (388 
o
C) was in the range observed for 
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high molecular weight PEO in N2[35, 36], consistent with the idea that the aggregate of 

PEG chains behaved similarly to PEO.  In this equation A is a preexponential factor 

proportional to the number of charge carriers, Ea   is the pseudoactivation energy for ionic 

conductivity and To is a reference temperature at which the free volume disappears 

(approximately Tg − 50°C) so that molecular motion is frozen out (i.e. the relaxation 

times in the polymer electrolyte become infinite). The activation energies and values of A 

calculated from the VTF equation (Equation 2), using experimental Tgs, are presented in 

Table 4-1.  

          Ea varied from 2.8 to 4.7 kJ/mol (average ca 3.8 ± 0.5 kJ/mol) for all the samples. 

The lowest value of Ea (2.8 kJ/mol) was obtained for POSS-phenyl7(BF3Li)3/POSS-PEG8 

(O/Li = 16/1), which also exhibited the highest conductivity. These values are typical for 

liquid (3-6 kJ/mol)[37-39], including low molecular weight PEG, electrolytes (5-7 

kJ/mol)[40-42], but not for polymer-gel[43] or high molecular weight PEO-based 

polymer electrolytes (20- 75 kJ/mol)[44-46], or ones with PEG side chains[47] or PEG 

blocks[48] (8-13 kJ/mol). We previously obtained values of ca 12 kJ/mol for POSS-PEG8 

with various lithium salts[20], and the lower values now measured may result from the 

longer, but more disordered PEG side-chains. 

            Values of A calculated from the VTF equation, using experimental Tgs (Table 4-

1) increase in the order A (POSS-phenyl7(BF3Li)3/POSS-PEG8) > A (LiBF4/POSS-PEG8) 

>> A (POSS-phenyl7Li3/POSS-PEG8), indicating that dissociation of the Li
+
 is greatest 

for the POSS-phenyl7(BF3Li)3 and very weak for the  POSS-benzyl7Li3,  in agreement 

with both the DSC and σ data. A was highest for POSS-phenyl7(BF3Li)3/POSS-PEG8 

(O/Li = 16/1), which also exhibited the highest conductivity. 
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Figure 4-4. (top) Log(conductivity, ) versus 1000/T for  POSS-

phenyl7(BF3Li)3/POSS-PEG8 as a function of O/Li ratio, and for 

LiBF4/POSS-PEG8 and POSS-phenyl7Li3/POSS-PEG8 at O/Li = 16/1; 

(bottom) conductivity (, S/cm) versus O/Li for POSS-

phenyl7(BF3Li)3/POSS-PEG8, LiBF4/POSS-PEG8 and POSS-

phenyl7Li3/POSS-PEG8 at 30 
o
C. Dotted lines for O/Li = 6/1 indicate that 

 cannot be measured for these materials at 30 
o
C. 
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             In order to further understand the conductivity trends for the electrolyte of 

interest, POSS-phenyl7(BF3Li)3, conductivities (eg at 30 
o
C) can be compared as a 

function of O/Li (Figure 4-4 bottom, Table 4-1). It should be noted that the conductivity 

first increases with decreasing O/Li ratio, as more Li
+
s are introduced, as expected. A 

maximum is reached at O/Li = 16/1, followed by a decrease with decreasing O/Li ratio. 

Since Tg also increases with decreasing O/Li ratio, this maxima is often explained as a 

competition between two affects, namely an increase in charge carriers and a decrease in 

mobility with decreasing O/Li ratio. An interesting feature in the data is that the 

conductivity then begins to increase again with decreasing O/Li ratio, despite the increase 

in Tg, and then drops again; at O/Li = 6/1 σ measurements cannot be made at RT. In fact 

the conductivity is only half as high at O/Li = 8/1 as at is at 16/1. The maximum at O/Li 

= 8/1 suggests that it is possible to further increase the number density of the mobile ion 

species in this system. Two maxima have previously been observed in other amorphous 

PEO based systems[49, 50]. We speculate that the second maximum in conductivity at 

O/Li = 8/1 arises due to the structure of the POSS-phenyl7(BF3Li)3: (i) it has a large 

anion to stabilize the negative charge[51]; (ii) the Janus-like nature orients the molecule 

so that the –Si-O-BF3
-
 groups point towards the POSS-PEG8; and (iii) the phenyl groups 

cluster and prevent formation of triplets.  

         The subsequent decrease in conductivity (at O/Li = 6/1) is due to both the increase 

in Tg and to a proposed two-phase morphology for this system: there is a structural phase 

that consists of clustered of phenyl groups with Si-O-BF3
- 
anions, and a conductive phase 

that consists of POSS-PEG8 with associated Li
+
 cations, as presented schematically in 

Figure 4-5. We attribute the precipitous drop in conductivity at O/Li = 6/1 (σ cannot be 
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measured below 70 
o
C) to the elimination of a conductive path for the POSS-PEG8 phase 

as the phenyl groups crystallize. If it is assumed that the densities of the POSS-

phenyl7(BF3Li)3 and POSS-PEG8 are similar, then a system in which the Li
+
/POSS-PEG8 

forms one phase and the POSS-phenyl7(BF3)3
3-

 forms the second phase would be 

expected to be co-continuous phases approximately at a 50/50 weight ratio. This would 

occur at ca O/Li = 8/1 to 6/1. Thus for the O/Li = 6/1, only the POSS-phenyl7(BF3)3
3-

 

would be continuous. The Li
+
/POSS-PEG8 would form non-connected microphase 

separated domains within this structure, resulting in low ionic conductivities.  

 

 

Figure 4-5. Schematic of two phase structure of POSS-phenyl7(BF3Li)3/POSS-PEG8: 

(i) one phase is clustered phenyl groups with POSS-phenyl7(BF3)3
3-

 anions 

oriented outward; (ii) other phase is POSS-PEG8 with solvated Li
+
. Inset 

shows schematic of phase boundary. 

 

           Evidence of two phases, which we associate with clustering of the phenyl portion 

of the POSS-phenyl7(BF3)
3-

 is seen both visually and by DSC. At a temperature above ca 

80 
o
C, the electrolyte is clear and transparent, but becomes opaque at room temperature. 

This change in appearance coincides with what appears very much like a crystallization 

transition with a crystallization temperature (Tc) between 30 and 70 
o
C (Figure 4-6) and 
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a crystallization enthalpy of 47.5 J/g. Modulated DSC confirmed that this was in fact 

crystallization and not a Tg. The transition was observed when freshly prepared POSS-

phenyl7(BF3Li)3/POSS-PEG8 (at 90 
o
C) was directly placed in the DSC, heated quickly to 

120 
o
C and then cooled. When reheated to 90 

o
C, it took ca 3 h before the system again 

looked transparent; the exotherm then appeared on the subsequent cooling cycle. 

 

 

Figure 4-6. DSC cooling cycle (5 
o
C/min) of POSS-phenyl7(BF3Li)3/POSS-PEG8 

(O/Li = 16/1) showing crystallization exotherm (from clustering of phenyl 

groups of POSS-phenyl7(BF3)3
-3

), not PEO crystallization, and Tg from 

POSS-PEG8 solvated with Li
+
. 

 

           The assignment of these transitions (to clustering of the phenyl portions of the 

POSS-phenyl7(BF3)
3-

 is done since they did not occur for the POSS-PEG8/LiBF4 and in 

analogy with similar clustering of POSS in incompatible POSS/polymer systems such as 

polyurethane-POSS[52], ABA triblock copolymers[53] and  polyethylene (PE)-POSS 

copolymers[54, 55]. For the PE-POSS systems, both components were crystalline, and so 

exhibited two crystallization peaks below Tm of the PE; however in the melt (above Tm of 
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PE), there were POSS domains. Replacement of semicrystalline PE with the amorphous, 

low Tg polybutadiene allowed better mobility of the POSS (since crystallization of PE 

was not a competitive process) and therefore better self-assembly of two-dimensional 

POSS domains[56]. No DSC transitions (to 400 
o
C) were associated with the POSS 

crystals observed by WAXs and SAXs[56]. It was shown in ethylene-propylene-

silsesquioxane elastomers that the restraints of covalent attachment of incompatible 

POSS (with phenyl groups) permitted only 2-D organization, with the crystallites acting 

as cross-link sites; mixing of compatible POSS (with isobutyl and ethyl groups) resulted 

is dispersion of the POSS[57]. In the case of POSS-PEG telechelic copolymers (with 

POSS moieties attached to both ends of PEO), an order-disorder transition was observed; 

at low temperature, there were two crystalline domains (PEO and POSS), at higher 

temperature, the material was rubbery due to POSS crosslinking, and at yet higher 

temperature, the material exhibited viscous liquid-like behavior[58].  

 

In the current investigation, both components, PEG8-POSS and POSS-

phenyl7(BF3Li)3 were amorphous, the former a viscous liquid and the latter an amorphous 

solid, possibly due to the use of a sample composed of predominantly POSS-

phenyl7(BF3Li)3, but some POSS-phenyl7(BF3Li)2Li. Further, here the PEG8-POSS and 

POSS-phenyl7(BF3Li)3 existed as separate nanoparticles, and were not covalently linked 

as in the above systems. However, the interactions between the phenyl groups in POSS-

phenyl7(BF3Li)3 were not sufficiently strong to form a solid structure, only a very viscous 

liquid that did not flow under its own weight.  
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            The larger anion (POSS-phenyl7(BF3)3
-3

) compared with BF4
-
 suggests that more 

of the charge should be carried by the Li
+
 for the POSS-phenyl7(BF3Li)3 system. Figure 

4-7 shows an example of the time dependent decrease in current (I) that occurred after a 

DC polarization pulse of 50 mV, and the Cole-Cole impedance spectra obtained initially 

(Io) and at the steady state (Iss) value, for POSS-PEG8/POSS-phenyl7(BF3Li)3 with O/Li = 

16/1, at 80 
o
C. The measurements were performed after the establishment of a stable solid 

electrolyte interface (SEI layer). The value of the lithium ion transference number 

obtained from this data (Equation 1) was tLi
+
 = 0.50 ± 0.01, where the standard deviation 

was obtained from three measurements.  

 

Figure 4-7. Variation of current (I) with time during polarization of a Li
o
/ POSS-

phenyl7(BF3Li)3/POSS-PEG8 (O/Li = 16/1)/Li
o
 cell at 80 

o
C, with an applied potential 

difference of 10 mV. Inset shows Cole-Cole plots taken initially (Io) and when the current 

had reached the steady state value (Iss). 
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           The interfacial properties of the lithium anode in contact with the POSS-

phenyl7(BF3Li)3/POSS-PEG8 were measured from Cole-Cole impedance spectra, 

obtained using lithium electrodes. The plots, measured under open circuit conditions, for 

the nanocomposite that exhibited the highest ionic conductivity (O/Li = 16/1) are shown 

in Figure 4-8 left as a function of storage time. The diameters of the spectra, which are 

semicircles with a slanted line at low frequency, increase with storage time, and finally 

stabilize. The intercept at high frequency has been modeled as the ohmic resistance of the 

cell, due mainly to the electrolyte resistance (Rbulk), and does not change with storage 

time (13 Ω). The low frequency intercept, taken as the value of the slanted line 

extraplolated to the R’ axis, increases with storage time and stabilizes after ~ 3 days 

(Figure 4-8 right) to a value of ~ 550 Ω. The diameter of the semicircle has 

contributions from both the resistance of the passivation film (Rpassivation),  first observed 

in solid polymer electrolytes for PEO/LiCF3SO3[59], and the charge-transfer resistance 

(RCT)[27]; RCT can also occur as a smaller (sometimes poorly resolved) semicircle at 

lower frequency[60]. The stabilization of this resistance suggests that the film formed at 

the polymer electrolyte interface has good passivation characteristics, as has been 

observed upon addition of ceramic nanofillers to PEO[9]. 

              In order determine if a solid could be formed, we added polystyrene (PS) or PS-

b-PEO (to compatibilize the POSS-PEG8 and the PS). Addition of PS or PS-b-PEO, 

under conditions in which the Li
+
/POSS-PEG8 was the minor phase (O/Li = 8/1) did form 

a non-conductive solid, in which the Tg was the same as for POSS-

phenyl7(BF3Li)3/POSS-PEG8. This strongly suggested that there were non-connected 

pockets of the conductive phase, with the phenyl groups associating with the PS and the 
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Si-O-BF3
-
 pointing towards the Li

+
/POSS-PEG8 phase. Addition of small amounts of 

PEO, or PEO itself could be used to form a SPE without PEO crystallization (using this 

POSS-phenyl7(BF3Li)3 salt). The conductivities and transference numbers of systems 

with PEO or PEO/POSS-PEG8 were σ > 1 x 10
-4

 and tLi
+
 > 0.5, respectively, and will be 

reported separately. 

 

 

Figure 4-8. (left) Select impedance (Cole-Cole) plots of a Li
o
/ POSS-

phenyl7(BF3Li)3/POSS-PEG8 (O/Li = 16/1)/Li
o
 cell (open circuit potential) 

as a function of storage time at 80 
o
C; (right) Interfacial resistance as a 

function of storage time at 80 
o
C. 

 

The thermal degradation of the electrolytes was investigated by TGA, with the 

results shown in Figure 4-9 for the separate materials and their mixtures. The calculated 

weight loss for the C, H versus Si, O and Li components agreed reasonably well with the 

experimental results. For POSS-PEG8, the maximum rate of weight loss was at 388 
o
C, 

but the sample degrades over a broad temperature range. This degradation temperature is 

in the range of the degradation temperatures observed for high molecular weight PEO in 

N2, consistent with the idea that the aggregate of chains behave similarly to PEO.  
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Figure 4-9. (bottom) Deriviative weight loss (dTGA) plots for POSS-PEG8, POSS-

phenyl7Li3 and POSS-phenyl7(BF3Li)3; (top) dTGA plots for mixtures of 

POSS-PEG8 with POSS-phenyl7(BF3Li)3, LiBF4 and POSS-phenyl7Li3, at 

O/Li = 16/1. 

 

 

Previous work for POSS-PEG8 with m = 2, 3 and 6 suggests that degradation temperature 

increases are enhanced for ethylene oxide segments close to the SiO1.5 cage[36], and PEO 

segments directly adsorbed onto SiO2 nanoparticles exhibited higher Tds[35]. For the 

POSS-phenyl7(BF3Li)3, there were two distinct narrow weight loss steps, one with a 
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maximum rate of weight loss at 123 
o
C, and the other with a maximum rate of weight loss 

at 286.5 
o
C. The first can be attributed to the loss of the BF3 and the second to 

degradation of the organic phenyl groups. In the O/Li = 16/1 composite electrolytes, the 

degradation is composed approximately of the contributions of the two components. For 

the POSS-PEG8/POSS-phenyl7(BF3Li)3, the main degradation peak for the composite 

was narrow and coincided with the degradation of the POSS-phenyl7(BF3Li)3 (288 
o
C), 

with a smaller peak at the same position as pure POSS-PEG8 (360 
o
C).  

           In the case of POSS-PEG8/POSS-benzyl7Li3 and POSS-PEG8/ POSS-

phenyl7(BF3Li)3, the  material remaining in the TGA pan is a black char, while for the  

POSS-PEG8/LiBF4, the material was not charred. This indicates that, as previously 

reported for metal containing POSS[61, 62], POSS-phenyl7(BF3Li)3 and POSS-

PEG8/POSS-phenyl7Li3 may have fire retardant properties. Incorporation of POSS has 

been shown to enhance thermal and oxidative stability, as well as flammability resistance, 

largely due to the inorganic SiO1.5 core[63]. In general, the greater the amount of 

POSS[64], and the better dispersed the nanoparticle filler [65, 66] the greater the 

capability of reducing the peak heat release rate (HRR) and time to ignition (TI). The 

improved fire retardancy and oxidative stability of POSS are brought about by two 

primary mechanisms: (i) they have reduced volatility (exhibit no appreciable vapor 

pressures) due to their high molar mass and they also reduce the volatilization of the 

organic monomer/polymer components and (ii) they form oxidatively stable, 

nonpermeable inorganic surface chars which are fire resistant and passivate surfaces[67].  

Inorganic salts generally reduce the thermal stability of PEO in an inert atmosphere but 

protect the polymer against thermal oxidation[68]. 
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CONCLUSIONS 

Hybrid polyoctahedral silsesquioxane (POSS)-based electrolyes have been prepared from 

POSS-PEG8 and POSS-phenyl7(BF3Li)3. The latter were synthesized by reaction of 

POSS-phenyl7Li3 with BF3(OC2H5)2. The resulting salt had a stable, electron 

withdrawing anion that enabled facile dissociation of the Li cation. The Li
+
 was solvated 

by the ethylene oxide units of POSS-PEG8, raising Tg and improving conductivity of the 

nanomaterial compared with POSS-phenyl7Li3 and LiBF4 at the same O/Li ratios. The 

lithium ion transference number, tLi
+
 was 0.50 ± 0.01, due to reduced mobility of the 

large bulky anion. Of importance was that the increased tLi
+
 occurred simultaneously with 

enhanced conductivity, which may be associated with the proposed morphology. This 

was associated with the Janus-like behavior of the POSS-phenyl7(BF3Li)3, with one end 

ionic and the remainder hydrophobic due to the attached phenyl groups. The phenyl 

groups interacted and associated into hydrophobic clusters as evidenced by a 

crystallization exotherm. The proposed morphology of these nanomaterials was one in 

which there were both hydrophobic domains consisting of phenyl rich POSS, with the -

Si-O-BF3
-
 pointing towards the hydrophilic POSS-PEG8 domains that solvated the Li

+
 

cation. While the POSS-PEG8/POSS-phenyl7(BF3Li)3 mixtures were still only very 

viscous materials that did not flow under their own weight, addition of small amounts of 

high molecular weight PEO yielded solid materials with comparable conductivities. 
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Table 4-1. Glass Transition Temperatures (Tg), Melt Temperatures (Tm) and Conductivity () of POSS-phenyl7(BF3Li)3, POSS-

phenyl7Li3 and LiBF4 in POSS-PEG8 as a function of O/Li, molarity (M)  at 10, 30 and 90 
o
C, and parameters (Ea, A) of fit to VTF 

equation 

 O/Li M 

moles  

Li
+
/L 

Tg 

o
C 

Tm 

o
C 

 

S/cm 

Ea 

kJ/mole 

A 

     90 
o
C 30 

o
C 10 

o
C   

POSS-PEG8   -81 -2.0      

POSS-

phenyl7(BF3Li)3 

20/1 0.95 -46.5  8.21 x 10
-4 

1.04 x 10
-4

 1.62 x 10
-5

 3.4 3.3 

 18/1 1.1 -44.4  1.09 x 10
-3 

1.00 x 10
-4

 1.85 x 10
-5

 3.6 5.7 

 16/1 1.2 -39.1  1.61 x 10
-3 

2.50 x 10
-4

 5.52 x 10
-5

 2.8 3.1 

 14/1 1.4 -38.4  7.14 x 10
-4 

3.97 x 10
-5

 4.20 x 10
-6

 4.1 9.4 



 

107 
 

Table 4-1. Continued 

 12/1 1.6 -37.7  6.46 x 10
-4 

1.51 x 10
-5

 1.95 x 10
-6

 4.7 22.0 

 10/1 1.9 -35.3  7.16 x 10
-4 

3.57 x 10
-5

 4.44 x 10
-6

 4.0 9.7 

 8/1 2.4 -30.0  1.27 x 10
-3

 1.03 x 10
-4

 2.3 x 10
-5

 2.9 3.2 

 6/1 3.2 -8.0  
a
5.25 x 10

-6
     

LiBF4 16/1 1.2 -63.6  1.08 x 10
-4 

1.50 x 10
-5

 5.92 x 10
-6

 4.3 0.33 

 12/1 1.6 -53.0  1.00 x 10
-4

 8.09 x 10
-6

 1.87 x 10
-6

 4.3 1.1 

 8/1 2.4 -48.3  1.85 x 10
-4

 1.76 x 10
-6

 2.46 x 10
-6

 4.0 1.7 

 6/1 3.2 -38.9  
b
8.57 x 10

-6
     

POSS-phenyl7Li3 16/1 1.2 -73.0 -7.8 2.20 x 10
-5

 2.98 x 10
-6

 9.06 x 10
-7

 4.3 0.1 

 12/1 1.6 -70.0 -5.3 1.29 x 10
-5

 2.43 x 10
-6

 8.45 x 10
-7

 3.8 0.05 

 8/1 2.4 -67.0  3.58 x 10
-5

 9.63 x 10
-6

 2.16 x 10
-6

 3.5 0.09 

 6/1 3.2 -62.0  6.70 x 10
-6

 6.31 x 10
-7

  --  
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CHAPTER 5 

SELF-ASSEMBLED JANUS-LIKE MULTI-IONIC LITHIUM SALTS FORM NANO-

STRUCTURED SOLID POLYMER ELECTROLYTES WITH HIGH IONIC 

CONDUCTIVITY AND LI
+
 ION TRANSFERENCE NUMBER 

 

Introduction 

There is strong demand for the development of safe, high capacity electrical energy 

storage devices such as lithium/lithium ion batteries for use in electric vehicles and for 

storage of energy generated by wind, solar and other fluctuating sources. This has 

motivated the development of solid polymer electrolytes (SPEs) that are compatible with 

lithium metal, and thus could utilize its high specific capacity (3860 mA h g
-1

). Solid 

polymer electrolytes, of which the most investigated has been polyethylene oxide (PEO), 

are flexible compared with inorganic solid electrolytes, and do not suffer from safety 

issues such as leakage, shorts due to dendrite formation, and explosions due to volatile 

solvents in the liquid electrolytes currently used in lithium ion batteries; further, they 

have longer cycle life due to the slower migration of degradation products to reactive 

centers in the electrodes in solid compared with liquid electrolytes. SPEs are critical 

components on the anode side in cathode flow batteries[1, 2]. However, SPEs have lower 

ambient temperature ionic conductivities, σ, (σ  < 10-5 S/cm ) than either liquid or gel 

electrolytes[3]. Single ion conductors, in which the anion is immobile, have even lower 

RT ionic conductivities (< 10
-6 

S/cm), but have lithium ion transference numbers, tLi
+
, the 

fraction of the charge carried by Li
+
, that approach 1, so that in principle all of the 
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conductivity, although low, originates from the migration of the electroactive lithium 

species and minimizes polarization effects[4, 5]. By contrast, lithium ion transference 

numbers for PEO electrolytes with mono-ionic lithium salts (LiX), where X is the anion, 

are typically tLi
+
 = 0.2 - 0.3[6-8].  

 

Previous attempts to improve conductivity (σ), interfacial and transport properties of PEO 

have included the addition of plasticizers[9], which yield materials with poor mechanical 

properties. and nanoparticle fillers such ceramic ZrO2, SiO2[10], Al2O3[11, 12], chitin[8] 

and polyphosphazine[13], for which comprehensive evaluation showed minimal 

improvement in conductivity[14]. Conduction in PEO based electrolytes occurs 

predominantly in the amorphous phase[15], but amorphous PEO, even with added salt or 

fillers, is a (very) viscous liquid. Thus, preparation of SPEs/SICs from PEO has consisted 

of crosslinking polyethylene glycol[16], or engineering a two phase morphology in which 

there is both a structural and a conductive phase[17-23], either through block copolymers, 

or polymers with pendant oligomeric polyethylene glycols. 

Here we propose an alternative approach to engineering solid polymer electrolytes with 

good mechanical stability as well as high ionic conductivities, which is based on 

dissolution of a polyoctahedral silsesquioxane (POSS) multi-ionic salt, POSS-

phenyl7(BF3Li)3 (Figure 5-1), with a high density of anion sites and Janus-like 

properties, in a polar matrix. Bi-functional, Janus Stöber SiO2, in which one side of the 

150 nm nanoparticles were hydrophobically modified, have previously been investigated 

in “soggy sand” electrolytes (inorganic particles wet by liquid electrolyte)[24]. The 

synthesis and characterization of POSS-phenyl7(BF3Li)3  has been previously 
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described[25]. The three Si-O-BF3
-
 groups form an anionic “pocket” on one side and the 

phenyl groups form a hydrophobic domain on the opposite side of the POSS-

phenyl7(BF3Li)3. The motivation for the new approach came from previous studies of 

POSS-phenyl7(BF3Li)3 and POSS octafunctionalized with polyethylene glycol, POSS-

PEG8, which had only short PEG segments that crystallized/melted below 0 
o
C[25]. The 

POSS-phenyl7(BF3Li)3/POSS-PEG8 electrolytes exhibited a crystallization exotherm 

above 50 
o
C, which we attributed to aggregation of the phenyl groups of POSS-

phenyl7(BF3Li)3. However, these electrolytes remained viscous liquids unless the amount 

of added POSS-phenyl7(BF3Li)3 resulted in a nonconductive material. We noted that 

increased amounts of POSS-phenyl7(BF3Li)3 increased Tg, indicating that more Li
+
 

dissociated as the salt concentration increased. The drop in conductivity with increased 

POSS-phenyl7(BF3Li)3 was related to the morphology of the blend: the PEG phase was 

no longer continuous. Similarly, addition of a nonconductive polymer such as 

polystyrene (PS) or PS-b-PEO solidified the matrix, and conductivity decreased as the 

result of formation of inclusions of a conductive POSS-PEG8 phase in a continuous 

nonconductive matrix.  

Therefore, here we adopted the opposite approach, and investigated whether dissociated 

POSS-phenyl7(BF3
-
)3  would act as crosslink sites in high molecular weight PEO (600K), 

in which Li
+  

ions were solvated. To this end, blends composed of varying oxygen/lithium 

(O/Li) ratios were prepared and characterized by thermodynamic, spectroscopic and 

electrochemical methods, with a view to determine whether it was possible to develop 

nanocomposites that had both good mechanical and electrochemical properties. In 

particular, since conduction in PEO based electrolytes occurs in the amorphous phase, the 
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goal was to investigate the possibility of reducing or eliminating PEO crystallinity while 

maintaining a true solid morphology. 

 

      

Figure 5-1. Two views of POSS-phenyl7(BF3
-
)3 showing Janus-like properties and 

pocket formed by three –Si-O-BF3
-
 groups. (●) grey: phenyl rings and Si; (●) red: 

oxygen; (o) white: fluorine; (●) yellow : boron; (●) orange: Li ions (randomly placed). 

 

Experimental 

Materials: 

 Trisilanolphenyl POSS lithium salt (C42H35Li3OO12Si7 MW = 949.15 g/mol), POSS- 

phenyl7Li3, was a gift from Hybrid plastics (Hattiesburg, MS). Polyethylene oxide (Mn 

=600K), acetonitrile (CH3CN), dichloromethane and lithium ribbon (0.75 mm x 19 mm) 

were obtained from Sigma Aldrich (St.Louis, MO). Before use CH3CN was passed 

through two columns of neutral alumina and stored over molecular sieves in an 

MBRAUN Lab Master 130 glove box purged with argon.  

Synthesis of POSS-phenyl7(BF3Li)3:  
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POSS- phenyl7(BF3Li)3 was synthesized and   characterized as described previously[25]. 

Briefly, stoichiometrically equivalent amounts of BF3(OC2H5)2 were added to dry (80 

o
C/34 h/vacuum) POSS-phenyl7Li3 in an argon atmosphere at 25

o
C and stirred for 1 h. 

The reaction product, POSS-phenyl7(BF3Li)3, was filtered and washed four times with a 

large excess of dichloromethane and dried (80
o
C/vacuum/24 h).  

Preparation of Separators of PEO (600K) and POSS-phenyl7(BF3Li)3:  

Calculated amounts, based on O/Li ratios (only ether oxygens considered), of separate 

solutions of dry (65 
o
C/2 days/vacuum) POSS- phenyl7(BF3Li)3 and dry (65 

o
C/2 

days/vacuum) PEO in anhydrous acetonitrile, were mixed and stirred for 6 h, followed by 

slow removal of the acetonitrile (90 
o
C/30 h/vacuum). When ~ half the solvent was 

evaporated (70 
o
C), 100-150 µm thick, 1 cm

2
 area films were prepared by adding the 

solution drop-wise on a Teflon sheet with a 1 cm
2 

Teflon O-ring (300µm). The films were 

stored in a glove box at ambient temperature for 36 h and then dried (90 
o
C/16 

h/vacuum). 

Characterization 

Differential scanning calorimetry (DSC) scans were made on a TA Instruments Hi-Res 

DSC 2920 at 10
0
C /min under N2. Transmission electron microscope (TEM) images were 

obtained on a JEOL JEM 1400 EM with an operating voltage of 80 KeV, and equipped 

with energy dispersive X- ray analysis (EDX). Aliquots of POSS- 

phenyl7(BF3Li)3/PEO(600K) in anhydrous acetonitrile were placed on PELCO extra open 

area, center marked, 400 mesh, 3.0mm O.D., copper grids (Ted Pella, Inc., Redding, CA) 

and air-dried overnight. Images were captured using a Gatan Ultraacan 1000 CCD 

Camera (2K x 2K pixels). Image capture (Gatan DualVision 300 (1k), side-entry cooled 

CCD camera, or a Gatan Outer SCAN 1000 CCD Camera), processing, and analysis were 
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performed with Gatan Digital Micrograph software. Wide angle x-ray scattering (WAXS) 

data was obtained using a Bruker AXS D8 Discover x- ray diffractometer. 

 

All electrochemical characterization was done with a Schlumberger HF Frequency 

Response Analyzer (model SI 1255) in combination with an EG&G Princeton Applied 

research (PAR model 273A) potentiostat/galvanostat in the frequency range from 0.01 to 

100kHz. Control of the equipment was through Z-Plot and CorrWare software 

electrochemical software (Scribner Associates, Inc.). Temperature dependent ionic 

conductivities were measured by AC impedance spectroscopy with the POSS- 

phenyl7(BF3Li)3/PEO(600K) SPEs sandwiched between two 1 cm
2
 stainless steel 

blocking electrodes, and thermostatted in the oven of a gas chromatograph (GC), or using 

dry ice at below ambient temperatures; the cell was annealed overnight at 90
o
C, and 

conductivity measurements are reported on the second heating scan. The Cole-Cole plots 

at low temperature (T < 0 
o
C) were depressed semicircles with a slanted line at low 

frequency (equivalent circuit: electrode resistance is in series with a parallel combination 

of electrolyte resistance and capacitance), and at higher temperature (T > 10 
o
C) were 

slanted straight lines, intercepting the real axis on the high frequency side (equivalent 

circuit: the electrolyte resistance is in series with the electrode capacitance). Electrolyte 

conductivities were obtained from the intercepts (resistances, R) of the slanted lines with 

the real axis, using σ = l/RA, where l is the thickness of the electrolyte film and A = area 

of film = 1 cm
2
.  

Interfacial stability and lithium ion transport numbers were obtained using the same cell 

but with symmetric nonblocking lithium electrodes, both at 80 
o
C. The interfacial 
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resistance was measured under open circuit potential. The lithium ion transference 

number was obtained using the modified d.c./a.c., steady-state current method, which 

contains corrections for slow diffusion coefficients of the ionic species, slow electrode 

kinetics and passivation films formed on the electrodes[26]: 

tLi
+ = Iss(V – IoRo)/Io(V - IsRss) 

or the same but multiplied by Rss/Ro (however, Rss ~ Ro)[27]. 

A DC pulse (∆V) of 10 mV was used to polarize the cell, and the initial current, Io, and 

resistance, Ro and final, steady state, Iss, Rss values measured. Io originates from the 

migration of both the anions and cations, while Iss is due to the migration of only the 

cations. Linear sweep voltammetry was used to determine the electrochemical stability 

window of the electrolyte using a stainless steel working electrode and a lithium counter 

electrode, and the voltage was swept from 2.6 to 7.0 V at a rate of 1 mV/s. Data was fit to 

the appropriate equivalent circuits using CorrView and ZView software. 

Results and Discussion 

The POSS-phenyl7(BF3Li)3/PEO(600K) films prepared with O/Li = 8/1, 10/1, 12/1, 14/1 

and 16/1 were all hard solids both at room temperature and at ~ 100 
o
C and will 

henceforth be referred to as solid polymer electrolytes (SPEs); a picture of the solid O/Li 

= 14/1 sample at 80 
o
C is shown in Figure 5-2A.

 
 Since Tm of PEO(600K) is 65 

o
C, the 

solid morphology, at least above 65 
o
C, cannot be attributed to PEO crystallites. PEO 

above Tm is a viscous liquid, since the glass transition temperature, Tg, even in the 

presence of lithium salt, is < 0 
o
C.  Differential scanning calorimetry (DSC) data for 

POSS-phenyl7(BF3Li)3/PEO(600K) as a function of decreasing O/Li ratio (Figure 5-2A) 

show several trends: (i) the percent crystallinity decreases; (ii) the glass transition, Tg, at 
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low temperature increases; and (iii) a new, higher temperature, Tg appears. The percent 

crystallinity, obtained from the melt enthalpy of PEO(600K), ∆Hm, (normalized for the 

amount of PEO(600K) in the samples), is very low, even for the SPE with the highest 

O/Li (16/1) ratio. The melt temperatures, Tm, are also reduced compared with neat 

PEO(600), indicating poorly formed crystallites, that only shorter segments of the chain 

participate in crystallization, or freezing point depression due to dissolved salt[28].  

The increase in the low temperature Tg with increased Li
+
 concentration (i.e. decreasing 

O/Li) has been observed previously, and originates from the solvation of increasing 

numbers of lithium ions by the ether oxygens of PEO(600K), which stiffens the chains 

and bridges neighboring ethylene oxide segments, reducing their mobility. What is 

unusual is the appearance of a high temperature Tg as more POSS-phenyl7(BF3Li)3 is 

added to the SPEs, which also coincides with the disappearance of the melt endotherm. 

For the O/Li = 8/1 composition, this high Tg transition is particularly prominent. As 

discussed below, we believe that this is due to the SPE morphology. 
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Figure 5-2. (A)  Differential Scanning Calorimetry runs (second heating cycle) of POSS-

phenyl7(BF3Li)3/PEO(600K) solid polymer electrolytes as a function of  O/Li ratio; 

percent crystallinity based on a value of 188 J/g for PEO, values normalized for % PEO 

in sample; photograph of POSS-phenyl7(BF3Li)3/PEO(600K) solid polymer electrolyte at 

~ 80 
o
C at O/Li = 14/1; (B) WAXS data of neat PEO(600K) and POSS-

phenyl7(BF3Li)3/PEO(600K) with O/Li = 14/1 and 10/1.  

 

Confirmation that samples without melting endotherms had minimal or no crystallinity is 

provided by wide angle x-ray scattering (WAXS) data (Figure 5-2B) for SPEs with O/Li 

= 14/1 and 10/1, where no PEO(600) crystalline peaks are observed. Thus, for these 

SPEs, the solid structure even at room temperature does not originate from PEO 

crystallites. Evidence for crystallization of the phenyl groups of POSS-phenyl7(BF3Li)3, 

observed previously in an amorphous POSS-PEG8 matrix by a crystallization 

exotherm[25], is provided by the WAXS scattering data (Figure 5-2B), in which sharp 

peaks characteristic of many POSS nanomaterials[29] are prominent; the complex pattern 

is associated with more asymmetric POSS such as trisilanolphenyl-POSS 

(C42H38O12Si7)[30]. The major reflections at 2θ = 11.3
o
 and 12.18

o
, corresponding to d 

spacings of 7.8 and 7.25 Ǻ, are almost identical to those observed for the POSS 

cyclopentyl-norbornyl monomer[29]. However, the low angle peak seen for POSS 

cyclopentyl-norbornyl monomers and many other POSS monomers at 

2

Ǻis not observed, and this may be due to the formation of two rather 

than three dimensional crystal lattices. Two dimensional POSS lattices have been 

proposed for random polyethylene-POSS[31] and rubbery polybutadiene-POSS 

copolymers[32]. In these cases, the spatial constraints imposed by the covalent 

attachment of the POSS side groups to the polymer backbones inhibited three-
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dimensional crystallization. For POSS-phenyl7(BF3Li)3/PEO(600K), although there is no 

covalent bonding to restrict three dimensional crystallization, the minimum energy 

configuration may be one in which the anions, which repel each other, are separated by 

intervening PEO chains (with solvated Li
+
), as shown schematically in Figure 5-3A. 

However, a lamellar morphology, as observed in poybutadiene-POSS copolymers by 

small angle x-ray scattering data (SAXS)[32], does not develop, as confirmed by SAXS 

(not shown) and TEM images.  

Spherical structures with a distribution of diameters between ~ 5- 20 nm are observed in 

the TEM, as shown for the O/Li = 14/1 (Figure 5-3B and C) and 10/1 (Figure 5-3D) 

POSS-phenyl7(BF3Li)3/PEO(600K) and which increase in density with decreased O/Li 

ratio (i.e. more POSS-phenyl7(BF3Li)3). The POSS-phenyl7(BF3Li)3 has dimensions on 

the order of ~ 1 nm, and thus cannot account for the larger spherical domains. In regions 

of the TEM grid where the specimen was more dilute (Figure 5-3B) there are clusters of 

POSS within the spherical domains, as suggested in the proposed morphology (Figure 5-

3A). Elemental analysis (Supplementary Information) indicates that the Si from POSS 

was present in the POSS-phenyl7(BF3Li)3 spherical aggregates and not at all, or much 

less, in the smooth surrounding phase.  



 

118 
 

         

 

 

 

Figure 5-3. (POSS-phenyl7(BF3Li)3/PEO(600K) solid polymer electrolyte: (A) Schematic 

of phenyl crystallization and proposed two-phase structure, not to scale; TEM images 

with (B) O/Li = 14/1 (in diluted region near edges of TEM image); (C) O/Li = 14/1 (in 

bulk of sample); (D) O/Li = 10/1 (in bulk of sample). 

 

The picture that emerges for the morphology of the POSS-phenyl7(BF3Li)3/PEO(600K) is 

similar to the two-phase morphology suggested previously for POSS-
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phenyl7(BF3Li)3/POSS-PEG8. For these multi-ionic Janus-like lithium salts, the phenyl 

groups of the POSS-phenyl7(BF3Li)3 crystallize, with the ionic –BF3
- 

 groups oriented 

towards the polar PEO(600K) phase, where the electronegative ether oxygens solvate the 

dissociated Li
+
 ions. In both cases, the morphology is determined under conditions where 

there is initially solvent present; the mobility imparted by the solvent allows the phase 

separation process to proceed easily. For the POSS-phenyl7(BF3Li)3/POSS-PEG8, heating 

the samples to high temperatures (~ 100 
o
/~2h) disrupts the aggregates, so that 

crystallization occurs on cooling, as observed by differential scanning calorimetry[25]. 

However, for POSS-phenyl7(BF3Li)3/PEO(600K), this was not possible, either due to the 

higher viscosity expected for the polymer melt at 100 
o
C and/

 
or the increased stability of 

the aggregates. In fact, the samples remain hard solids at this temperature, and only form 

a viscoelastic rubbery solid above ~ 120 
o
C. Hydrophobic domain crystallization has also 

been observed in polymer electrolytes consisting of heptadecane functionalized 

poly(ethylene oxide) (PEO) methacrylate and lithium methacrylate[33]. 

The proposed structure has interesting ramifications that might explain the high ionic 

conductivities () and transference numbers (tLi
+
) observed for the POSS-

phenyl7(BF3Li)3/PEO(600K). Conductivity data is shown for samples with O/Li = 10/1, 

12/1, 14/1 and 16/1 (Figure 5-4A), and tLi
+
 for O/Li = 14/1 (Figure 5-4B). Conductivities 

> 10
-3

 S/cm are observed above 65 
o
C for these solid polymer electrolytes, while below 

65 
o
C, the order of conductivity is σ(8/1) << σ(10/1) ~ σ(12/1) < σ(14/1) > σ(16/1).  For 

POSS-phenyl7(BF3Li)3/PEO(600K) films with O/Li = 10/1, 12/1, 14/1, σ > 1 x 10
-4

 S/cm 

at 20 
o
C. The highest ambient temperature conductivity achieved was 4 x 10

-4
 for the 

O/Li = 14/1 composition. The lower conductivity for O/Li = 16/1 (compared with the 
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O/Li = 14/1, 12/1and 10/1) is due to the higher PEO crystalline fraction for this sample. 

The highest conductivity achieved was in fact higher than that of the POSS-

phenyl7(BF3Li)3/POSS-PEG8 system[25]. Previous investigations also indicated that 

conductivity increases in two phase morphologies for higher molecular weight PEOs[22, 

23]. The lithium ion transference number, measured by the Bruce method[26] as 

described previously[25], was tLi
+
 = 0.6. 

 

 

 

 

 

Figure 5-4. (A) Log (conductivity, σ) versus 1000/T for POSS-

phenyl7(BF3Li)3/PEO(600K) as a function of  O/Li ratio; (B) Variation of current (I) with 

time during polarization of a Li
o
/ POSS-phenyl7(BF3Li)3/PEO(600K) (O/Li = 14/1)/Li

o
 

cell at 80 
o
C, with an applied potential difference of 10 mV. Inset shows Cole-Cole plots 

taken initially (Io) and when the current had reached the steady state value (Iss). 

 

The proposed structure (Figure 5-3A) suggests reasons for the enhanced conductivity 

observed in these systems, which involve: (i) suppression of ion pair formation; (ii) 
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loosely coordinated Li
+ 

in the interfacial regions; (iii) a facile pathway for Li
+
 ion 

migration; and (iv) a mechanism for crosslink formation and suppression of PEO 

crystallization. The bonding arrangements between Li
+
, PEO and - Si-O-BF3

-
 discussed 

below are presented in Figure 5-5. 

In liquid and solid polymer electrolytes, ion pairs (Li
+
X

-
) or charged triplets (X

-
Li

+
X

-
 or 

Li
+
X

-
Li

+
), where X

-
 is an anion, decrease ionic conductivity by charge neutralization or 

by reducing ion mobility (due to the larger masses of the triplets). For the multi-ionic 

POSS-phenyl7(BF3
-
)3 (Li

+
)3 salt, the situation is quite different. Unlike anions on LiX 

salts or flexible single ion conductors, the center of negative charge for the three Si-O-

BF3
-
 anions on each POSS-phenyl7(BF3Li)3 remains in the same position with respect to 

each other (although the O-B bond can rotate). This has the following ramifications: (i) It 

is more difficult for anions on different POSS-phenyl7(BF3Li)3 molecules to bridge a 

single Li
+ 

ion, since there will still be two negative charges on each molecule; this means 

that ion triplets of the form:  molecule1-(BF3
-
)3 

… 
Li

+ ... 
(
-
F3B)3-molecule2, where the POSS 

are opposite or adjacent to each other, are unlikely. Recent studies of a single ion 

conductor block copolymer also showed that ionic cross-links –SO3
-
 

...
 Li

+ … -
O3S-- 

slowed-down relaxation times [34], suggesting that these intermolecular ionic cross-links 

(or cross-links from parts of the chain far apart from each other) do not provide 

conductive pathways for Li
+
 ion migration, and instead decrease mobility; (ii) In the case 

of Li
+
X

-
Li

+
 triplets, two Li

+ 
ions would be associated with a single X

-
, in this case - Si-O-

BF3
-
. However, it is unlikely that two Li

+
 ions would be associated with a single - Si-O-

BF3
-
 on the same POSS salt, since a site on an adjacent - Si-O-BF3

-
 group on the same 

molecule would be energetically favored; (iii) The POSS-phenyl7(BF3Li)3 multi-ionic 
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lithium salts are also expected to reduce formation of nonconductive ion pairs -Si-O-BF3
-

Li
+ 

. 
 
The POSS cage and BF3 groups are both electron withdrawing, and the minimum 

energy arrangement might favor the Li
+
 loosely coordinated to all three Si-O-BF3

-
. 

 

 

 

Figure 5-5. Proposed interactions between POSS-phenyl7(BF3
-
)3, Li

+ 
and PEO, assuming 

a coordination of 5 for the Li
+
. In the spherical crystallite regions (presented 

schematically), each POSS-phenyl7(BF3
-
)3 can form 1, 2 or 3 coordination sites to Li

+
, 

with the remainder formed by the ether oxygens of PEO: (i) this can form a conductive 

pathway in the interfacial region with 3 sites loosely coordinated to the three negative 

charges on each POSS-phenyl7(BF3
-
)3 and the remainder with the ether oxygens; (ii) the 

three negative charges on each POSS-phenyl7(BF3
-
)3 = (A

-
) prevent formation of A

-
 Li

+
 

A
-
; (iii) between the spherical crystallites the Li

+
 can be coordinated by 5 ether oxygens; 

(iv) if this chain bridges two clusters, the chain can become taut, decreasing 

crystallization. 
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Therefore, what interactions are most likely? In the case of crystalline[35, 36] and 

amorphous[37] PEO/LiX complexes, Li
+
 ions have a coordination number of five, with 

some combination of ether oxygens and anions. Here, we propose that the Li
+
 ion can be 

solvated wholly by the PEO or that one to three of the sites are -Si-O-BF3
-
 anions with 

the remainder coordinated to –(CH2CH2O)- ether oxygens (Figure 5-5). This suggests 

two interesting possibilities: (i) a low energy pathway for Li
+
 migration occurs at the 

POSS-phenyl7(BF3
-
)3/PEO(600K)Li

+
 interface. When two or three of the -Si-O-BF3

-
 sites 

are on the same POSS-phenyl7(BF3Li)3, with the remaining coordination formed by Li
+
 --

- OCH2CH2, the Li
+
 will be further from each site, and thus weaker, than if a contact pair 

(i.e. ion pair) was formed. The loosely coordinated Li
+
 between the crystalline POSS-

phenyl7(BF3Li)3 may provide a low energy pathway for Li
+
 migration along the contours 

of the aggregates; and (ii) bridges of the form: molecule1-Si-O-BF3
-
 --- Li

+
 --- OCH2CH2 

---CH2CH2O --- (
-
F3B)-O-Si -molecule2 can connect the spherical aggregates (Figure 5-

5) and thus act as physical crosslink sites in the PEO matrix; this effect was precluded for 

the low molecular weights and short PEG arm lengths of POSS-phenyl7(BF3Li)3/POSS-

PEG8 previously investigated[25]. With increased POSS-phenyl7(BF3Li)3, for example 

for O/Li = 8/1, the PEO(600K) connects many aggregates, the chains become 

increasingly taut, crystallization is eliminated and the “tie chains” between the aggregates 

have reduced mobility and thus higher Tgs. Physical crosslink sites have been previously 

suggested for ethylene–propylene–silsesquioxane thermoplastic elastomers[38], but result 

in a solid for the POSS-phenyl7(BF3
-
)3/PEO(600K)Li

+
. 
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The results from the addition of LiBF4 

support the above interpretation. As 

shown in Figure 5-6, addition of LiBF4 

to a system originally at an O/Li = 14/1 

ratio, obtained using only POSS-

phenyl7(BF3Li)3, so that the O/Li 

decreased to 10/1, resulted in 

conductivity decreases with respect to 

both POSS-phenyl7(BF3Li)3/PEO(600K), 

O/Li = 14/1 and 10/1. Similar results 

were obtained when LiBF4 was added to 

make electrolytes with final ratios of 

O/Li = 8/1. Thus, it is not possible to 

increase conductivity through addition of Li
+
 ions using mono-ionic salts in these 

systems. In both cases, there was no PEO crystallinity. What is of interest in comparing 

the low conductivity of POSS-phenyl7(BF3Li)3/PEO(600K) prepared at O/Li = 14/1, but 

with added LiBF4 so that O/Li = 10/1, and the much higher conductivity of POSS-

phenyl7(BF3Li)3/PEO(600K) at O/Li = 10/1 is that the values of Tg are almost identical, -

32 
o
C and – 33

o
C, respectively. Thus, the more than an order of magnitude increase in 

room temperature conductivity of POSS-phenyl7(BF3Li)3/PEO(600K), O/Li = 10/1, 

despite similar Tgs, suggests that bulk molecular dynamics of the PEO chains, as 

reflected in the Tg values is not the major reason for the differences in conductivity 

between the solid polymer electrolytes with and without added LiBF4. Rather, these 

Figure 5-6. Temperature dependent conductivity 

of solid polymer electrolytes made from POSS-

benzyl7(BF3Li)3/PEO(600K) at O/Li = 14/1 (Tg 

= -32 
o
C), and the same electrolyte with added 

LiBF4 so that O/Li = 10/1 (Tg = -35 
o
C), and 

POSS-benzyl7(BF3Li)3/PEO(600K) at O/Li = 

10/1 (Tg = -33 oC). 
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results indicate that one reason for the high conductivities observed in the POSS-

phenyl7(BF3Li)3/PEO(600K) solid polymer electrolytes is the prevention of anion pairs 

and triplets. Addition of Li
+
 and BF4

-
 ions can result in the formation of triplets of the 

type molecule1-(BF3
-
)3 

... 
Li

+ … -
F4B, “capping” the anion clusters, as well as forming BF4

-

…
 Li

+ ... -
F4B triplets and Li

+
BF4

- 
ion pairs, thereby reducing conductivity, as observed.  

Lastly, the solid polymer electrolytes displayed neither Arrhenius nor Vogel-Tamman-

Fulcher (VTF) behavior (Supplementary Information). This suggests that Li
+
 ion 

migration does not occur by diffusive motions or motions coupled to back bone 

segmental dynamics, but rather occurs via interfacial Li
+
 ion migration, or mixed VTF 

and interfacial dynamics. Interface effects have previously been invoked to account for 

anomalously high conductivities in polymer electrolytes. It has been suggested that 

addition of nanoparticles[8, 11-13] increases ionic conductivity not only by reducing 

PEO crystallinity but also by increasing Li
+
 migration in the interfacial regions. Despite 

lack of increased PEO segmental mobility in the case of PEO/LiClO4/γ-Al2O3 compared 

with PEO/LiClO4, enhanced ionic conductivity was suggested to be attributable to 

increased nanoparticle/cation or nanoparticle/anion interactions; alternatively, the 

nanoparticle surface was suggested to stabilize a highly conductive polymer 

conformation[39], e.g. the O/Li = 6/1 crystal, where decoupling of ion and polymer 

mobility was demonstrated[40]. Solid polymer electrolytes in which microphase 

separation occurs between a conductive, PEO based, and a ionizable methacrylate phase 

that contained the anions, also have higher (by 2 orders of magnitude) Li
+
 transport 

properties than when the two segments coexisted in one phase[19]. In the case of 

P(EO)6LiAsF6 formed with PEO(3200), which is below the entanglement molecular 
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weight for PEO[41], the crystal phase had higher conductivity than the amorphous phase, 

although at higher PEO molecular weights, the lack of continuity (registry) of the highly 

conductive cylindrical crystalline regions between the anode and the cathode lead to poor 

overall conductivity[42]. It has been suggested that for the isostructural crystals 

P(EO)6/LiPF6[43],  P(EO)6/LiAsF6[40] and P(EO)6/LiSbF6, double non-helical chains 

interlock to form a highly aligned cylinder, forming tunnels in which the Li
+
 ions reside, 

and are not coordinated by the anions that are on the exterior of the tunnels[42, 43]. This 

structure, which facilitates Li
+
 ion transport, is believed to persist to some extent in the 

amorphous phase for these salts and also for P(EO)6/LiTFSI[44]. 

Lastly, the current work bears some similarity to the concept of heterogeneous doping, in 

which adsorption of one ion onto an insulating surface increases salt dissociation and thus 

conductivity at the interface of the conductor and oxide[45]. This interfacial conduction 

mechanism[45], which dominates the conduction at a high density of interfaces[46], has 

been used to explain enhanced conductivities in “soggy sand electrolytes”[47]. In the 

current investigation, the small size of the POSS-phenyl7(BF3Li)3 and its aggregates 

generates a very large interfacial area. 

For the proposed morphology, the mobility of the anions should be reduced. This occurs 

both as the result of its increased mass (compared with low molecular weight anions of 

lithium salts) and the function of the POSS-phenyl7(BF3
-
)3 anions as crosslink sites. The 

reduced anion mobility should then result in a high lithium ion transference number. The 

value of tLi
+
 = 0.6 is in fact higher than that measured in the POSS-PEG8 electrolyte (tLi

+
 

= 0.5). We suggest that the increase in tLi
+
 (and thus the decrease in the anion 

transference number) is due to the decrease in mobility of PEO(600K) as the result of the 
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physical crosslinks and/or the increase in viscosity of PEO(600K) compared with POSS-

PEG8. However, the lithium ion transport number is not that of a single ion conductor 

(tLi
+
 → 1). As observed in the TEM images, the larger clusters, which we have attributed 

to multilamellar vesicle structures composed of POSS-phenyl7(BF3
-
)3 anions and 

PEO/Li
+
, can still move in the surrounding viscous PEO(600K)/Li

+
 matrix. The value of 

tLi
+
 = 0.6 is in the range observed upon addition of nanoparticles to PEO[8, 11], for PEO 

intercalated into lithium exchanged nanoclays[48-51] or when polyanionic salts[[52] are 

used. Other self-assembled nanostructured block copolymers (e.g. PEO-b-PMMA-ran-

PMAALi)[15] [53] and siloxyaluminate polymers with PEG side chains[31] also 

exhibited enhanced tLi
+
  (0.7 – 0.9). However, in these systems, the high values of tLi

+
 are 

accompanied by low values of conductivity, indicating that although the anions or anion 

complexes become immobile, the mobility of the cation does not improve[54]. In 

contrast, the increase in tLi
+
 for POSS-phenyl7(BF3Li)3/PEO(600K) is not obtained at the 

expense of a decrease in conductivity. 

The electrochemical characteristics of the POSS-phenyl7(BF3Li)3/PEO(600K) solid 

polymer electrolytes are promising. In order to use electrolyte materials in lithium or 

lithium ion batteries, a wide electrochemical stability window and good interfacial 

properties are required, since lithium battery electrode chemistries operate at high 

voltages, and thus stability windows beyond the working voltage window of the 

electrodes prevent electrolyte side reactions and degradation. Linear sweep voltammetry 

showed that the electrochemical stability window of POSS-phenyl7(BF3Li)3/PEO(600K) 

(O/Li =14/1) occurred at 4.6V (Figure 5-7A), similar to another new lithium salt 

containing 2 Li, Li2B12F9H3.[55], and the interfacial stability with respect to lithium 
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(Figure 5-7B) was good. The impedance spectra are skewed semicircles, in which the 

intercept at high frequency, typically modeled as the ohmic resistance of the cell due to 

the electrolyte resistance (RE), does not change (51 Ω). The diameter of the semicircle, 

which first increases and then decreases with storage time, has contributions from both 

the resistance of the passivation film (RSEI) and the charge-transfer resistance (RCT)[56]. 

The resistance stabilizes after ~ 300 h to a value only ~ 25% higher than its original low 

value of 500 Ω, indicating that the solid electrolyte interface (SEI) layer formed with the 

POSS-phenyl7(BF3Li)3/PEO(600K) has good passivation characteristics. After 

dismantling the cell, the lithium metal was still shiny. These preliminary encouraging 

electrochemical studies need to be followed by future full cell testing (in order to 

determine if there are any unwanted reactions with cathode materials), cycle 

performance, and long term capacity fade measurements, since anion decomposition at 

the cathode has been identified as a major cause for capacity fade in PEO-based 

batteries[57]. 
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Figure 5-7.  Electrochemical stability: (A) Linear sweep voltammetry (1 mV/s) of a 

stainless steel/POSS-phenyl7(BF3Li)3/PEO(600K) (O/Li = 14/1)/Li
o
 cell at 40

o
C; (B) 

Select impedance (Cole-Cole) plots of a Li
o
/ POSS-phenyl7(BF3Li)3/PEO(600K) (O/Li = 

14/1)/Li
o
 cell (open circuit potential) as a function of storage time at 80 

o
C, and circuit 

used to fit data; dark line shows fits to the data using equivalent circuit; (C) time 

dependence of the interfacial (RSEI), charge-transfer (RCT) and electrolyte (RE) resistance 

as a function of storage time at 80 
o
C; CSEI is the capacitance for the SEI and CPECT is a 

constant phase element used to take into account the distribution of relaxation times or 

the non-uniform distribution of current due to rough nature of electrodes. 

Conclusions 

In conclusion, the self-assembly of POSS-phenyl7(BF3Li)3 in PEO(600K) resulted in the 

formation of a solid polymer electrolyte (SPE) with both high ambient temperature 

conductivity (~ 4 x 10
-4

 S/cm) and high lithium ion transport number (tLi
+
 = 0.6). The 

POSS-phenyl7(BF3Li)3 has electron withdrawing POSS and BF3 groups that foster Li
+
 

ion dissociation and a unique architecture that inhibits ion pair or triplet formation due to 

the cluster of three anion Si-O- BF3
-
 sites. In the SPE, a two-phase morphology is 

developed by a novel route. During solution casting from a common solvent, the phenyl 

groups of the Janus-like POSS-phenyl7(BF3Li)3 crystallize with the Si-O-BF3Li groups 

pointing towards the PEO phase. The nanometer diameter spheres observed by 

transmission electron microscopy (TEM), suggest the morphology shown schematically 

in Figure 5-3. The Si-O-BF3Li groups dissociate into Si-O-BF3
-
 and Li

+
, and the Li

+
 ions

 

are then solvated by the PEO phase. We propose that the interfacial region forms a low 

energy pathway for Li
+
 ion migration, with the Li

+
 ions loosely coordinated to the three 

Si-O-BF3
-
 sites, and the remainder to the ether oxygens of PEO. The solid structure is 

formed by physical cross-link sites between the spherical aggregates and the matrix 

PEO/Li
+
 chains, not by PEO crystallization. The physical, not chemical nature of the 

crosslinking has advantages in battery manufacture. The solid polymer electrolytes are 
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solution cast, and thus can be incorporated into cathode materials and bonded with the 

electrolyte. The excellent electrochemical stability window (4.6 V) and interfacial 

stability with lithium makes these solid polymer electrolytes promising candidates for 

lithium battery applications. While not optimized, the current work provides a basis for 

engineering solid polymer electrolytes with high conductivities and transference numbers 

by a new process of self-assembly. 

 

Supporting Information 

 

 

 



 

131 
 

 

Figure 5-8. (top) VTF and (bottom) Arrhenius plots for activation energies of POSS-

phenyl7(BF3Li)3/PEO as a function of O/Li ratio 
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CHAPTER 6 

MULTI-IONIC LITHIUM SALTS  

Introduction 

The motivation for the proposed research is to design lithium salt/solid matrix systems 

that may:  (i) provide directed pathways for lithium ion migration; (ii) decrease Li
+
/anion 

ion pairs and ion triplets, which reduce ion mobility and thus ionic conductivity; and (iii) 

have high lithium ion transference numbers (tLi
+
) as the result of large anions with low 

mobility.  

Transport in SPEs occurs by a different mechanism than that in liquid electrolytes, as 

indicated by molecular dynamic simulations. Most simulations ion transport in SPEs 

involve ethylene oxide units, -(CH2CH2O)-, in the form of linear chains[1-4], as block 

copolymers, blends[5] or as pendent (side) groups on comb-branch [6-9]  or star 

polymers. In liquids, i.e.carbonate solvents, the Li
+
 ion moves by both “vehicular” 

diffusion, i.e. with its solvation shell, in which its residence time is 1 ns, and by 

“structural diffusion,” i.e. by exchange of the solvent shell[10]. Li
+
 in Li

+
/pentaglyme 

complexes  have residence times of 50ns and migration is almost exclusively by 

vehicular diffusion[10]. As the chains get longer, there is essentially no vehicular 

diffusion (center of mass motion only occurs during flow in polymers), and residence 

times increase. Thus in PEO Li
+
 ion migration is strongly coupled to chain segmental 

motions, described by Rouse dynamics[11, 12], where migration occurs along the chain 

in 1D diffusion paths, and also between chains, where inter-chain jumps occur on the 

time scale of ~ 100 ns[13]. In simulations the Li
+
 cation is believed to be coordinated by 

an average of six ether oxygens[4, 14]. As the salt concentration increases, the strong 
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binding between Li
+
 and ether oxygen, possibly forming effective cross-link sites, 

reduces chain dynamics and results in decreased conductivity[4]. 

Since anion motion is not directly coupled to the PEO chain, and thus moves faster than 

Li
+
, SPEs based on PEO have low lithium ion transference numbers. This problem was 

addressed by the synthesis of single ion conductors (SICs), in which pendant anions are 

attached to the polymer backbone, and thus do not move. SICs are often copolymers of 

PEO, contain side chain polyethylene glycols (PEGs) with lithium acrylates[15, 16] or  

poly (4 styrenesulfonyl)(trifluoromethanesulfonyl)imide anions[17], block copolymers of 

PEO and pendant anions (on glassy backbones)[18], or are blends of PEO and polyanions 

such as poly(lithium 4-styrenesulfonate) (PLSS)[19, 20] or poly(4-

styrenesulfonyl(trifluoromethylsulfonyl)imide) (PSTFSI)[20]. In SICs tLi
+
 →1, so that in 

principle all of the conductivity originates from the migration of the electroactive lithium 

species, and concentration gradients, which result in low voltage upon discharge, do not 

develop[21, 22].  However, these SICs have always resulted in low RT (<10
-6 

S/cm) 

ionic conductivities for the SPEs. Molecular dynamics simulations suggest that since Li
+
 

can be coordinated both to ether oxygens and the anions, the slow dynamics of the 

tethered anions decreases the rate of interchain Li
+
 hops, decreasing conductivity[23].  

More recently, pendant triflate anions and PEG moieties have been attached to SiO2 

anaoparticles, and conductivities of 10
-5

 S/cm and tNa
+
 ~ 1 have been achieved with Na

+
 

cations [24]. The anionic imide RSO2
(-)

SO3CF3 are more dissociative than sulfonates due 

to their extended delocalization and were found to be 10 x more conductive than SICs 

with pendant sulfonate anions[20]. 
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Here, we have used even smaller inorganic cores, namely SiO1.5 POSS structures, to 

attach pendant anions. We expect that these materials, with either eight (full cubes) or 

four pendant anions (T4-POSS half cubes) will have large tLi
+
, and will become more 

conductive as the type of pendant anion changes from Si-O-Li to Si--(C3H6NLiSO2CF3)8. 

We have also chosen to investigate these multi-ionic lithium salts with the view that these 

might decrease the formation of ion pairs and multiplets. Further, some of these multi-

ionic salts were engineered to be “Janus” or “Janus-like” nanoparticles, with hydrophobic 

and ionic faces, so that they might self-assemble in polar media to form ion channels for 

directed ion migration. The self-assembly of well-defined nanometer scale building 

blocks allows design of materials with unique properties. The introduction of specific 

functionalities can affect the self-assembly as well as the final global macroscopic 

properties of the assembled building blocks. 

Full POSS Cubes 

The commercial full POSS cubes with potential for this purpose are shown in Figure 6-1.   

 

 

 

A B C 
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Figure 6-1. Commerical POSS with octafunctionalized with 8 groups of: (A) silanes 

(OctaSilane-POSS, C16H56O20Si16, FW =1017.99, SH1310); (B) vinyls 

(OctaVinyldimethylsilys-POSS, C32H72O20Si16, FW = 1226.27 g/mol, OL1163); (C) 

vinyls (OctaVinyl-POSS, cage mixture, (CH2CH)n(SiO1.5)n, FW = 791.31 g/mol for n = 

8), OL1170). (D) amines (N-phenylaminopropyl POSS cage mixture AM0281, 

(C9H12N)n(SiO1.5)n, n = 8, 10, 12, FW 1490.28 g/mol for n = 8 ); (E) amines (OctaAmino-

POSS, no longer sold). 

 

 

         In the case of -Si-H and –CH2-CH=CH2, a hydrosilylation reaction can be used to 

form a Si-C bond to attach (in this case) groups that can subsequently be made ionic. The 

-Si-CH=CH2 will similarly undergo a hydrosilylation reaction. We selected to use (A), 

which was then reacted with R–CH2-CH=CH2, as shown in reaction Scheme 1, with 

details of the synthesis following. 

 

D E 
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Reaction Scheme 1.  

Synthesis of allyltrifluoromethylsulfonamide (1)  

Triflicanhydride (18 mmol) was added dropwise under an argon atmosphere to the 

solution of allylamine (1.0 g, 17.5 mmol) and trimethylamine (2.0 g, 20 mmol) in dry 

CH2Cl2 (40 ml) at -40 °C. To this 5.0 g of triflic anhydride (18 mmol) was added 

dropwise under a nitrogen atmosphere. The resultant solution was stirred for 4 h at room 

temperature, and volatiles were removed under reduced pressure. The viscous portion 

was dissolved in 30 mL of 4 M NaOH and washed with CH2Cl2 (3 ×25 mL). The 

aqueous portion was collected and then neutralized with HCl. The mixture was extracted 

with CH2Cl2 (3×30 mL). The organic extracts were then dried over Na2SO4 and filtered. 
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The liquid product was isolated by the removal of CH2Cl2 under vacuum. The product 

was confirmed with 
1
H NMR (1) (400 MHz, CD3CN) δ 6.75 (s, 1H), 6.01 – 5.79 (m, 1H), 

5.28 (dddd, J = 29.5, 10.3, 2.8, 1.5 Hz, 2H) and 
19

F NMR (376 MHz, CD3CN) δ -77.56 

(s). NMR spectra are shown in Appendix 1. The NH vibration at 3315 cm
-1

  is observed 

in the product (Figure 6-2). 

Hydrosilyation of allyltrifluoromethylsulfonamide (2)  

1.30 grams (1.01mmol) of octasilane POSS (Figure 6-1 A) was dissolved in 12 ml 

toluene. To this 60 µl of Pt(0) catalyst was added at 50 
o
C. To the resultant solution, 8 

equivalents (1.60 grams, 8.09 mmol) of allyltrifluoromethylsulfonamide in 6 ml toluene 

was added drop wise. The solution was stirred at 75 
o
C for 24-26 hours. The reaction was 

monitored with the help of TLC and after confirmation that no starting material 

(allyltrifluoromethylsulfonamide) was present, toluene was evaporated in a rotary 

evaporator to obtain the viscous crude product. The viscous crude was purified by 

column chromatography with 30% ethyl acetate in hexane. The solvent was evaporated 

under reduced pressure to afford pure product and codistilled with CHCl3 (3 times) to 

remove traces of ethylacetate. The product was confirmed with 
1
H NMR (400 MHz, 

CD3CN) δ 3.04 (t, J = 7.0 Hz, 1H), 1.78 (dt, J = 5.0, 2.5 Hz, 1H), 1.53 – 1.31 (m, 1H), 

0.46 (dd, J = 10.2, 6.9 Hz, 1H), 0.09 – -0.11 (m, 3H), 
19

F NMR (376 MHz, CD3CN) δ -

77.30 (s) (Appendix 1) and FT-IR(3315 cm
-1

). The FTIR peaks of the Si-H (Figure 6-

2A) of octasilane-POSS disappeared after the hydrosilylation reaction with 

allyltrifluoromethylsulfonamide (Figure 6-2C), while the amine (N-H) of the 

allyltrifluoromethylsulfonamide (Figure 6-2B) appears in the product (Figure 6-2C) as 

do new CH2 groups resulting from the disappearance of the allyl groups (Figure 6-2C). 
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The octasilane-POSS has sharp x-ray diffraction peaks (Figure 6-3A). The product (2) 

was a viscous liquid, with some short-range structure, as evidenced by the broad x-ray 

diffraction peaks (Figure 6-3B).  

Conversion of (2) to (3). 

1.452 grams of (2) was dissolved in 10 ml THF at -20 
o
C. To this solution, 8.1 

equivalents (2.0 ml) of n-butylLi was added drop wise. The solution was stirred for 12 

hours at RT. The volatiles were removed in high vacuum and the white precipitate solid 

was washed with excess pentane (3 X) to remove any excess n-butyl Li. The white 

precipitate was filtered off and dried in vacuum at 70 
o
C for 16-18 hours to remove 

residual solvent (THF). Product (3) was confirmed with 
1
H NMR (400 MHz, CD3CN) δ 

3.59 (dd, J = 7.9, 5.4 Hz, 1H), 3.01 (t, J = 7.0 Hz, 6H), 1.89 (dt, J = 5.0, 2.5 Hz, 9H), 1.50 

(ddd, J = 14.1, 12.1, 7.1 Hz, 7H), 0.57 – 0.41 (m, 6H), 0.07 (s, 14H), -0.00 (s, 13H).
 19

F 

NMR (376 MHz, CD3CN) δ -75.46 – -77.87 (m) (Appendix 1) and FT-IR(3315 cm
-1

 

peak was absent) data. After reaction with n-BuLi, the NH peaks disappear (Figure 6-

2D). When the POSS-(C3H6NLiSO2CF3)8 was dissolved in water, LiOH crystals formed, 

confirming the Li substitution. The X-ray diffraction pattern of the solid (Figure 6-3C) 

was more like its precursor, the liquid POSS-(C3H6NHSO2CF3)8, than the crystalline 

mono-ionic bis(trifluoromethylsulfonyl) imide, LiTFSI (Figure 6-3D) .  
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Figure 6-2. FTIR data of starting materials (A) octasilane-POSS and (B) allyl 

trifluoromethysulfonamide; and the products of (C) the hydrosilylation of octasilane-

POSS and allyl trifluoromethysulfonamide to form POSS-(C3H6NHSO2CF3)8; and (D) 

after reaction with n-BuLi to form the lithium salt, POSS-(C3H6NLiSO2CF3)8. 

 

Si-H 

NH 

CH3 

CH2 

A 

B 

C 

D 
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Figure 6-3. Powder X-ray diffraction data of (A) Octasilane-POSS; (B) after 

hydrosilylation reaction with allyl trifluoromethysulfonamide to form POSS-

(C3H6NHSO2CF3)8; (C) after reaction with n-BuLi to form the lithium salt, POSS-

(C3H6NLiSO2CF3)8; and (D) commercial lithium bis(trifluoromethylsulfonyl) imide 

LiTFSI. 

 

 

TGA and DTGA data (Figure 6-4) for the starting materials and products show that the 

original crystalline octasilane-POSS, which has weak intermolecular interactions, 

probably sublimes at T ~ 250 
o
C, while the crystalline bis(trifluoromethylsulfonyl) imide, 

which can have hydrogen-bonding interactions, degrades at the highest temperature (Td = 

A 

B 

C 

D 
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425 
o
C). The substituted POSS (both POSS-(C3H6NHSO2CF3)8 and POSS-

(C3H6NLiSO2CF3)8) have degradation temperatures between these two extremes. The 

liquid POSS-(C3H6NHSO2CF3)8, which can form hydrogen bonds, has a higher Td than 

the solid POSS-(C3H6NLiSO2CF3)8, which cannot form these bonds, but the Li results in 

a larger residual mass.  
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Figure 6-4. TGA (top) and DTGA (bottom) data for the starting materials, octasilane-

POSS, after hydrosilylation reaction with allyl trifluoromethysulfonamide to form POSS-

(C3H6NHSO2CF3)8, after reaction with n-BuLi to form the lithium salt, POSS-

(C3H6NLiSO2CF3)8 and commercial lithium bis(trifluoromethylsulfonyl) imide. 

 

 

Half Cubes 

For the half cubes, there are 4 phenyl groups on one side attached to a Si-O- ring, and on 

the other side there are 4 Si-OH, 4 Si-O-Li or 4 Si-H, as shown in Figure 6-5, which will 

be referred to as 4mer-OH, 4mer-OLi and 4mer- SiH. The 4mer OH = cis-(1,3,5,7-

tetrahydroxy)-1,3,5,7-tetraphenylcyclooctasiloxane = cis-cis-cis-[(C6H5)4Si4O4(OH)4] = 

PhSi4O4(OH)4 = sym-cis cyclic tetramer tetraphenylsilsesquioxanetetraol (T4OH). 

Similarly, the 4mer-OLi = cis-(1,3,5,7-tetraOLi)-1,3,5,7-tetraphenylcyclooctasiloxane = 

cis-cis-cis-[(C6H5)4Si4O4(OLi)4] = PhSi4O4(OLi)4. The 4mer-SiH = cis-(1,3,5,7-

tetrasilane)-1,3,5,7-tetraphenylcyclooctasiloxane = cis-cis-cis-[(C6H5)4Si4O4(H)4] = 

PhSi4O4(H)4. The Si-OH, Si-OLi and Si-H groups enable different chemistries for the 
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attachment of more dissociative lithium salts. In particular, the Si-OLi groups were 

reacted with BF3-THF or BF3 etherate in expectation of forming Si-OBF3Li. 

Unfortunately, LiBF4 was formed instead. The SiOH and be reacted with allyl bromide 

(CH2=CHCH2Br), to form Si-O-CH2CH=CH2.In this case, the hydrosilylation reaction is 

carried out with R-Si-H compounds. It is also possible to react with R-S-H compounds to 

form Si-O-CH2CH2CH2SR. We did not explore these reactions. 

 

       Figure 6-5. Structures of 4mer-OLi, 4mer-OH and 4 mer-Si-H 

 

The reaction scheme to form the lithium imide is shown in Scheme II, with the 

experimental details following. 
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Reaction Scheme II 

Synthesis of allyltrifluoromethylsulfonamide (1)  

Same as for full cube (see above). 

Hydrosilyation ofallyltrifluoromethylsulfonamide(2)  

To a solution of 1.11 grams (2.23 mmol) of 4mer Si-H  in 12 ml of toluene, 30 µl of Pt(0) 

catalyst was added at 50 
o
C followed by  the solution of 

allyltrifluoromethylsulfonamide(1) (1.7 grams, 8.94mmol) of in 5 ml toluene, added drop 

wise. The resulting solution was stirred at 75 
o
C for 17-19 hours. The reaction was 

monitored by TLC (40% ethyl acetate in hexane Rf = 0.5) for the disappearance of 

reactants, after which toluene was evaporated under vacuum. The viscous crude was 

purified by column chromatography and the product was collected at 30 to 35% of ethyl 
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acetate in hexane. The solvent was evaporated under reduced pressure and codistilled  

with CHCl3 (3times) to remove traces of ethyl acetate. The product, T4-POSS-

(C3H6NHSO2CF3)8, was confirmed with 
1
H NMR (400 MHz, CD3CN) δ 7.21 – 7.04 (m, 

1H), 7.00 – 6.82 (m, 1H), 2.92 (t, J = 7.2 Hz, 1H), 1.73 (dt, J = 5.0, 2.5 Hz, 1H), 1.44 – 

1.25 (m, 1H), 0.39 (d, J = 17.3 Hz, 1H).
 19

F NMR (376 MHz, CD3CN) δ -77.35 (s) 

(Appendix 1) and FT-IR(3315 cm
-1

) data. The FTIR data (Figure 6-6) show the 

disappearance of the SiH, the appearance of the NH and appearance of the CH2 groups 

during the hydrosilylation reaction.  

The product was initially a viscous liquid, but with time (in refrigerator) it crystallized. 

Both single crystal (Figure 6-7, Appendix 2) and powder x-ray diffraction data were 

obtained (Figure 6-8). The generated powder pattern from the single crystal data agreed 

well with the experimental powder pattern (Figure 6-8B and C). 
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Figure 6-6. FTIR data of starting materials (A) T4 tetrasilane-POSS and (B) allyl 

trifluoromethysulfonamide; and the products of (C) the hydrosilylation of T4 tetrasilane-

POSS and allyl trifluoromethysulfonamide to form T4-POSS-(C3H6NHSO2CF3)4; and 

(D) after reaction with n-BuLi to form the lithium salt, T4-POSS-(C3H6NLiSO2CF3)4. 

 

 

Conversion of (2) to (3).  

1.7 grams of (2) was dissolved in 13 ml THF at -20 
o
C. To this solution, 4.1 equivalents 

(2.4 ml) of n-butylLi was added drop wise. The solution was stirred for 12 hours at RT. 

The volatiles were removed in high vacuum and washed the white precipitate solid with 

excess pentane (3 X) to remove any excess n-butyl Li. The white precipitate was filtered 
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 C 

D 

SiH 
CH3 

NH 

CH2 



 

152 
 

off and dried in vacuum at 70 
o
C for 16-18 hours to remove residual solvent (THF). 

Product (3) was confirmed with 
1
H NMR (400 MHz, CD3CN) δ 7.76 – 7.04 (m, 1H), 

2.96 (s, 1H), 1.89 (dt, J = 5.0, 2.5 Hz, 1H), 1.49 (ddd, J = 14.4, 12.3, 7.4 Hz, 1H), 0.57 – 

0.37 (m, 1H); 
19

F NMR (376 MHz, CD3CN) δ -74.66 – -78.30 (m) (Appendix 1) and FT-

IR (3315 cm
-1 

peak was absent). The FTIR data (Figure 6-6) shows the disappearance of 

the NH group upon Li substitution. When the T4-POSS-(C3H6NLiSO2CF3)8 was 

dissolved in water, LiOH crystals formed, confirming the Li substitution. T4-POSS-

(C3H6NLiSO2CF3)8 was a solid. The powder pattern (Figure 6-8) was obtained, which 

appeared disordered, and we have not as yet formed single crystals. 

 

 

Figure 6-7. Single crystal structure of T4-POSS-

(C3H6NHSO2CF3)8,Si8S4O16N4F12C48H72, presented as a thermal ellipsoid plot. Ellipsoids 
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are shown at 30% probability.  C atoms are shown as ball and stick models.  C-H 

hydrogen atoms are omitted for clarity. 

 

 

 

Figure 6-8A. Powder X-ray diffraction data of (A) T4-tetrasilane-POSS; (B) after 

hydrosilylation reaction with allyl trifluoromethysulfonamide to form T4-POSS-

(C3H6NHSO2CF3)4; (C) after reaction with n-BuLi to form the lithium salt, T4-POSS-

(C3H6NLiSO2CF3)4; and (D) commercial lithium bis(trifluoromethylsulfonyl) imide. 

Figure 6-8B. Powder X-ray diffraction data of (A) T4-POSS-(C3H6NHSO2CF3)4 powder 

pattern generated from single crystal data compared with (B) T4-POSS-

(C3H6NLiSO2CF3)4 powder pattern. 

 

 

TGA and DTGA data (Figure 6-9) show similar trends as the full cubes.  The low molar 

mass, ionic lithium bis(trifluoromethylsulfonyl) imide, LiTFSI degrades at the highest 

temperature, and the T4-POSS-(C3H6NLiSO2CF3)4 has the highest residual mass. The 

closeness of the initial Td for T4-tetrasilane-POSS, T4-POSS-(C3H6NHSO2CF3)4, and 

A B 
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T4-POSS-(C3H6NLiSO2CF3)4 suggest that the ionic groups are not as well packed as for 

LiTFSI, and packing may be determined by the phenyl groups. 
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Figure 6-9. TGA (top) and DTGA (bottom) data for the starting materials, T4-tetrasilane-

POSS, after hydrosilylation reaction with allyl trifluoromethysulfonamide to form T4-

POSS-(C3H6NHSO2CF3)4, after reaction with n-BuLi to form the lithium salt, T4-POSS-

(C3H6NLiSO2CF3)4 and commercial lithium bis(trifluoromethylsulfonyl) imide. 

 

 

Precursor Multi-Ionic Lithium Salts 

As discussed above, the multi-ionic salts were developed to increase ionic conductivity 

and lithium ion transference numbers for use in SPEs. Before the lithium imide versions 

of the POSS or T4-POSS were synthesized, the Si-OLi versions were investigated. In 

addition, the conductivities of the multi-ionic salts were also studied in EC/DMC/DEC, 

although the ultimate goal is to incorporate them into PEO matrices, or matrices 

composed of polydimethylsiloxane (PDMSO) with pendant PEG groups. The expectation 

is that the T4-POSS, with half phenyl and half ionic groups will self-assemble, with the 

phenyl groups forming hydrophobic clusters and the ionic groups oriented so that the Li
+
 

ions dissociate into the polar matrix. In addition, in a polymer matrix, the effects of 

viscosity on conductivity between the low molar mass mono-ionic and high molar mass 

multi-ionic lithium salts are expected to be decreased. 

The first multi-ionic salt investigated was the T4-POSS-(OLi)4. Single crystals of this 

multi-ionic salt were obtained from both DMSO (Figure 6-10 and Appendix 3) and 

DMF (see below Appendix 4).  
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Figure 6-10. Thermal ellipsoid plot of C48H40Li8O16Si8 [(CH3)2SO]7 = T4-POSS-(OLi)4 

DMSO solvate. Ellipsoids shown at 30% probability.  C atoms are shown as wireframe 

models. S and O atoms in DMSO are shown as ball and stick models.  C-H hydrogen 

atoms are omitted for clarity.  

The crystal structure is orthorhombic, space group P n a 21, with cell constants of a = 

22.3145(9) Å, b = 14.8336(6) Å, c = 24.6042(10) Å, 







and 

a volume = 8144.1(6) Å
3
. It consists of 2 molecules of T4-POSS-(OLi)4, 7 molecules of 

DMSO, and has a formula weight of 1699.93 g/mol. 

In this crystal structure, there is no center of symmetry. There is one Li that is 3-

coordinate (trig planar) to oxygen atoms, while the other Li atoms are all 4-coordinate 

(distorted tetrahedral) to oxygen atoms.  The oxygens from the T4-POSS are all from Si-

O-Li. The DMSO’s can be bridging or terminal. In particular: Li1: bridges two POSS 

oxides (O9 and O18) and is coordinated to two DMSOs (one of which is bridging).  Li2: 

is bridging three oxides (O6, O9 and O11) and has a terminally coordinated DMSO.  Li3: 

is bridging three oxides (O3, O6 and O11) and is coordinated to a bridging DMSO.  Li4: 
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is coordinated to the two POSS oxides (O3 and O15) and two DMSOs (one of which is 

bridging).  Li5: is ligated to one POSS oxide (O17) and two DMSO molecules (one of 

which is bridging). Li6: is ligated to three POSS oxides (O8, O17 and O18) and a 

bridging DMSO. Li7: is coordinated to three POSS oxides (O3, O8, O15) and a bridging 

DMSO.  Li8: is unique in that it only coordinates to POSS oxides (O8, O9, O11, O18). 

The experimental powder pattern of the C48H40Li8O16Si8 [(CH3)2SO]7 = T4-POSS-(OLi)4 

DMSO solvate (Figure 6-11) is reasonably well approximated by the generated pattern 

from the single crystal. 
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Figure 6-11. Experimental powder x-ray diffraction patterns and those generated from the 

single crystal data for the C48H40Li8O16Si8 [(CH3)2SO]7 = T4-POSS-(OLi)4 DMSO 

solvate. 

TEM images were obtained (Figure 6-12) that showed the expected rectangular shape for 

orthorhombic crystals. 

   

Figure 6-12. TEM images of T4-POSS-(OLi)4 DMSO solvate, C48H40Li8O16Si8 

[(CH3)2SO]7, single crystals and EXAS trace showing Si. 

 

The single crystal structure of the T4-POSS-(OLi)4 DMF solvate (Figure 6-13 and 

Appendix 4) is triclinic, space group P-1, with a center of inversion symmetry, with cell 

constants of a = 13.081(7) Å, b = 13.318(7) Å, c = 14.997(7) Å, α = 112.313(8)°, β = 

98.006(11)°, γ = 98.282(11)°, volume = 2338.(2) Å
3
 and Z = 2. The FW = 942.00 g/mol 

for the chemical formula C39H55Li4N5O13Si4. 

All of the Li metal centers are 4-coordinate (distorted tetrahedrals), and when coordinated 

to the POSS, do so at the Si-O-Li oxygens.  Li1: coordinates to three POSS oxides (O1, 
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O2 and O4) and coordinates to a terminal DMF.  Li2: coordinates to three POSS oxides 

(O2, O3, and O4) and a terminal DMF.  Li3: only coordinates to POSS oxides (O1, O3, 

O4 and O4*).  Li4: coordinates to two POSS oxides (O1 and O3) and two terminal 

DMFs. 

 

Figure 6-13. Thermal ellipsoid plot of C48H40Li8O16Si8 [(CH3)2NCHO]8 ∙ [DMF]2. = T4-

POSS-(OLi)4-DMF solvate. Ellipsoids are shown at 30% probability.  C atoms are shown 

as wireframe models..  C-H hydrogen atoms are omitted for clarity.  Only POSS core and 

Li atoms are labeled.  Co-crystallized solvent DMF labelling is removed for clarity. 

 

The powder pattern of C48H40Li8O16Si8 [(CH3)2NCHO]8 ∙ [DMF]2. = T4-POSS-(OLi)4-

DMF solvate reasonably matched that generated from the single crystal data (Figure 6-

14). 
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Figure 6-14. Experimental powder x-ray diffraction patterns and those generated from the 

single crystal data for the C48H40Li8O16Si8 [(CH3)2NCHO]8 ∙ [DMF]2. = T4-POSS-(OLi)4-

DMF solvate. 

Unfortunately, TEM images showed amorphous, not crystalline material, probably as the 

result of the drying procedure. 

Several cyclotetrasiloxanetetrols have previously been synthesized, e.g. with phenyl[25, 

26], isopropyl[27, 28], cyclopentyl[29] and other[30] organic groups (by the hydrolysis 

of trichlorosilanes) or methyl[31] (by reaction of tetrapoassium 

tetramethylcyclotetrasiloxanolate with acetic acid). Single crystal XRD data from 

PhSi4O4(OH)4 samples crystallized from diethyl ether (that were clear when hydrated 
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with diethyl ether) showed a strongly hydrogen bonded dimer, in which each Ph-Si-OH 

formed three intermolecular hydrogen bonds with a second (crystallographically related) 

Ph-Si-OH and a fourth hydrogen bond to ether[26]. The ether is only loosely associated 

and can be removed by drying in vacuo (25 
o
C, 1 Torr) forming a fine white powder.  The 

symmetry of the crystal is triclinic, space group, P1[26] (the same as our Li salt). The 

XRD of 1,3,5,7-tetramethyl-1,3,5,7 tetrahydroxycyclotetrasiloxane, cis-[MeSi4O4(OH)4, 

contains no solvate molecules, and where the molecules are assembled by the O-H ∙∙∙O 

bonds into a double layer with a hydrophobic coating of methyl groups[31]. 

Conductivity Data 

Preliminary temperature dependent conductivity data are shown in Figures 6-15 for the 

mono-ionic LiImide (LiTFSI) and the POSS-(C3H6NLiSO2CF3)8 in EC/DMC/DEC. 

 

 

 

 

      

Li triflate 

 CF3SO3Li 

  

 Molecular Weight 156.01 

  
 

Li Imide, Li TFSI 

Bis(trifluoromethane)sulfonimide 

lithium salt 

 Linear 

Formula CF3SO2NLiSO2CF3 

  

 Molecular Weight 287.09 
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Both LiTFSI and POSS-(C3H6NLiSO2CF3)8 have maximum ionic conductivities at 1 M 

Li
+
 in EC/DMC/DEC, but the conductivity of the LiTFSI is a factor of 10 greater than the 

POSS-(C3H6NLiSO2CF3)8. One possible reason for this difference is that for mono-ionic 

salts in carbonate solvents, tLi
+
 is ~ 0.2, so that much of the current is due to the anion. 

However, for POSS-(C3H6NLiSO2CF3)8, we expect this trend to be reversed due to the 

large size of the anion. Lithium ion transference measurements will confirm this 

possibility. In addition, the anion on POSS-(C3H6NLiSO2CF3)8 is not quite the same as 

for LiTFSI, since there is only 1 (not 2) electron withdrawing groups, more similar to Li 

triflate. The conductivity of Li triflate is less than that of Li TFSI in carbonate based 

solvents. Last, the viscosity of the 1 M POSS-(C3H6NLiSO2CF3)8 may be different that 

the LiTFSI, which will also be investigated.  

Figure 6-16 compares the maximum measured conductivities of POSS-

(C3H6NLiSO2CF3)8 (1M) LiBF4 (1.25 M)) and T4-POSS-Li (1.25M) all in 

EC/DMC/DEC. Here, the POSS-(C3H6NLiSO2CF3)8 has a conductivity lower than that 

for LiBF4, but only by 8 %, since LiBF4 is less conductive than LiTFSI. The lowest 

conductivity is for T4-POSS-Li, since it is the least dissociative and has the greatest 

viscosity (due to the exposed phenyl groups). It goes in less readily to EC/DMC/DEC 

(needs to be heated briefly to 40 
o
C) than POSS-(C3H6NLiSO2CF3)8, which dissolves w/o 

heat. The POSS-(C3H6NLiSO2CF3)8 also goes into POSS-PEG than the T4-POSS-Li, and 

is less viscous. 
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Figure 6-15. Temperature and concentration dependent conductivity data for LiImide 

(LiTFSI) and POSS-(C3H6NLiSO2CF3)8 in EC/DMC/DEC 
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Figure 6-16. Temperature and concentration dependent conductivity of POSS-

(C3H6NLiSO2CF3)8 compared with 1.25 M LiBF4 (maximum conductivity for this salt) 

and T4-POSS-Li (maximum conductivity for this salt), all in EC/DMC/DEC. 

The conductivity of the T4-POSS-Li was compared with a mono-ionic lithium salt, LiBF4 

in EC/DMC/DEC (Figures 6-17), where there is a 10x decrease for the T4- POSS-Li 

compared with LiBF4, and both achieve the highest conductivity at 1.25 M Li
+
. In POSS-

PEG8 (Figure 6-18), there is only a 3x-5x decrease for the T4- POSS-Li compared with 

LiBF4, when the highest ionic conductivities for each are compared. However, the 

highest ionic conductivities occurs at O/Li = 18/1 for T4- POSS-Li in POSS-PEG and at 

O/Li = 8/1 for LiBF4 in POSS-PEG. These results suggest that in the more viscous 

POSS-PEG, the effects of salt on viscosity become a less important contribution to the 
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ionic conductivity. Conductivity maxima at O/Li =10/1 have previously been observed in 

PEO based electrolytes[32] and attributed to the competing effects of increased number 

of charge carriers and decreased chain dynamics (i.e. increased viscosity)[4]. Although 

the T4- POSS-Li is not very dissociative, we expect that more of the ionic conductivity 

can be attributed to the Li
+
 due to the large size and low mobility of the anion. Note 

conductivities for T4- POSS-Li were not obtained at higher T because cell leaks at high 

temperatures. 

 

Figure 6-17. Temperature and concentration dependent conductivity of T4-POSS-Li and 

LiBF4 in EC/DMC/DEC 
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Figure 6-18. Temperature and concentration dependent conductivity of T4-POSS-Li and 

LiBF4 in POSS-PEG8 

The lack of dissociation in Li
+
 in T4-POSS-Li/POSS-PEG compared with LiBF4/POSS-

PEG can be seen in the DSC scans (Figures 6-19 and 6-20). There is very little change in 

Tg, although there is a decrease in crystallinity, as a function of T4-POSS-Li 

concentration. Tg increases ~ 15 
o
C

 
from ~ -82 

o
C for POSS-PEG to ~ -68 

o
C for all O/Li 

compositions.  By contrast, Tg increases as a function of O/Li ratio for LiBF4/POSS-PEG 

and for O/Li < 16/1 crystallization is completely suppressed. At comparable O/Li ratios, 

particularly high ones (O/Li = 8/1 and 6/1) there is a ~ 15-25 
o
C increase in Tg compared 

with LiBF4 and a complete suppression of crystallinity for the LiBF4/POSS-PEG. These 

results suggest that the dissolution of the T4-POSS-Li disrupts crystallinity, but that the 

fraction of Li
+
 ion does not change with T4-POSS-Li concentration. Whether the T4-

POSS-Li exists as an undissociated molecule or as a complex consisting of a dimer 

stabilized by the POSS-PEG is not known.   
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Figure 6-19. DSC traces of T4-POSS-Li/POSS-PEG electrolytes as a function of O/Li 

ratio. 

 

Composition  Glass transition (Tg) 

22/1 POSS-PEG8+4merLi -69 
o
C 

20/1  -68 
o
C 

18/1  -68 
o
C 

16/1 -65 
o
C 

14/1  -64 
o
C 

12/1 -69 
o
C 

10/1 -68 
o
C 

8/1 -65 
o
C 

6/1 -65 
o
C 
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Figure 6-20. DSC traces of LiBF4/POSS-PEG electrolytes as a function of O/Li ratio 

Composition  Glass transition (Tg) 

POSS-PEG8 -81.78 
o
C 

16/1 POSS-PEG8 +LiBF4 -63.6 
o
C 

12/1 POSS-PEG8 +LiBF4 -59.46
 o
C 

8/1 POSS-PEG8 +LiBF4 -50.34 
o
C 

6/1 POSS-PEG8 +LiBF4 -39.61 
o
C 

 

T4-POSS-PEG 
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The symmetric nature of the T4-POSS-Li solvates, with the Li ions located in a plane 

between two T4-POSS-Li, and the stacking of the phenyl groups, as indicated by the x-

ray data, suggests that it may be possible to mix T4-POSS-Li, and preferably T4-POSS-

(C3H6NLiSO2CF3)4, with T4-POSS-PEG, to make ion channels of Li
+
 solvated by 

ethylene oxide units surrounded by phenyl walls. 

With a view towards this goal, we have synthesized T4-POSS-PEG from T4-tetrasilane-

POSS and commercially available CH2=CHCH2(OCH2CH2)nOCH3 (Clariant, 

POLGLYKOL AM 450,  CAS 27252-80-8, average molecular weight 450 g/mol, so n ~ 

8-10).  

T4-POSS-(C3H6NLiSO2CF3)4 and T4-POSS-PEG in equimolar ratios of phenyl groups. 

This resulted in a O/Li = 5/1 assuming n = 9.25 (after subtracting CH2=CHCH2 and 

dividing by 44).These two were mixed using ACN cosolvent, stirred in argon atmosphere 

and evaporated ACN under reduced pressure. The resulted mixture was dried in vacuum 

at 70
o
C to remove traces of ACN. 

The DSC trace of this material and T4-POSS-PEG mixed with T4-POSS-

(C3H6NLiSO2CF3)4, show an increase in Tg from -74.25 
o
C to -31.66 

o
C, and a complete 

suppression of crystallinity.  
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Figure 6-21. DSC traces (2
nd

 scans) for T-4-POSS-PEG and T4-POSS-

(C3H6NLiSO2CF3)4/ T4-POSS-PEG at equimolar phenyl, where O/Li = 5/1 
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APPENDIX A 

NMR DATA 

Figure A1. H
1
 NMR data of Allyltriflorosulfonamide  
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Figure A2. F
19

 NMR data of Allyltriflorosulfonamide 
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Figure A3. H
1
 NMR of T4-POSS-(C3H6NHSO2CF3)4 
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Figure A4. F
19

 NMR of T4-POSS-(C3H6NHSO2CF3)4 
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Figure A5. H
1
 NMR of T4-POSS-(C3H6NLiSO2CF3)4 
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Figure A6. F
19

 NMR of T4-POSS-(C3H6NLiSO2CF3)4 
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Figure A7. H
1
 NMR of POSS-(C3H6NHSO2CF3)8 
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Figure A8. F
19

 NMR of POSS-(C3H6NHSO2CF3)8 
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Figure A9. NMR of POSS-(C3H6NLiSO2CF3)8 
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Figure A10. F
19

 NMR of POSS-(C3H6NHSO2CF3)8 
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Figure A11. H
1
 NMR Overlap of reaction scheme 1 
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Figure A12. F
19

 NMR of reaction scheme 1 
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Figure A13. Zoom version of F
19

 NMR of reaction scheme 1 
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Figure A14. Overlap of H
1
 NMR of reaction scheme 2 
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Figure A15. Overlap of F
19

 NMR of reaction scheme 2 
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Figure A16. Overlap of F
19

 NMR of reaction scheme 2 
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APPENDIX B 

X-RAY DATA ON SI8S4O16N4F12C48H72  =  4MER LIIMIDE  = T4-POSS-

(C3H6NHSO2CF3)4 

 

Figure B1. Thermal ellipsoid plot of Si8S4O16N4F12C48H72. Ellipsoids shown at 30% 

probability.  C atoms are shown as ball and stick models.  C-H hydrogen atoms are 

omitted for clarity. 

A specimen of C48H72F12N4O16S4Si8, approximate dimensions 0.070 mm x 0.190 mm x 

0.335 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured. The total exposure time was 9.81 hours. The frames were integrated with 

the Bruker SAINT software package using a narrow-frame algorithm. The integration of 

the data using a triclinic unit cell yielded a total of 28461 reflections to a maximum θ 

angle of 23.26° (0.90 Å resolution), of which 10298 were independent (average 
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redundancy 2.764, completeness = 99.8%, Rint = 4.51%, Rsig = 5.83%) and 7086 

(68.81%) were greater than 2σ(F
2
).The final cell constants of a = 11.371(3) Å, b = 

16.642(4) Å, c = 19.433(5) Å, α = 89.699(14)°, β = 85.466(5)°, γ = 78.305(4)°, volume = 

3589.6(15) Å
3
, are based upon the refinement of the XYZ-centroids of 5984 reflections 

above 20 σ(I) with 4.841° < 2θ < 47.90°.Data were corrected for absorption effects using 

the multi-scan method (SADABS). The ratio of minimum to maximum apparent 

transmission was 0.877. The calculated minimum and maximum transmission 

coefficients (based on crystal size) are 0.6541 and 0.7456. 

The structure was solved and refined using the Bruker SHELXTL Software Package, 

using the space group P -1, with Z = 2 for the formula unit, C48H72F12N4O16S4Si8.The 

final anisotropic full-matrix least-squares refinement on F
2
 with 837 variables converged 

at R1 = 7.59%, for the observed data and wR2 = 21.85% for all data. The goodness-of-fit 

was 1.047. The largest peak in the final difference electron density synthesis was 1.279 e
-

/Å
3
 and the largest hole was -0.656 e

-
/Å

3
 with an RMS deviation of 0.094 e

-
/Å

3
. On the 

basis of the final model, the calculated density was 1.427 g/cm
3
 and F(000), 1600 e

-
. 

Table B1. Crystal data for T4-POSS-(C3H6NHSO2CF3)4 

Identification code 2250POSSNHSO2CF3 

Chemical formula C48H72F12N4O16S4Si8 

Formula weight 1542.05 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 
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Table B1 Continued  

Crystal size 0.070 x 0.190 x 0.335 mm 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 11.371(3) Å α = 89.699(14)° 

 

b = 16.642(4) Å β = 85.466(5)° 

 

c = 19.433(5) Å γ = 78.305(4)° 

Volume 3589.6(15) Å
3
 

 

Z 2 

Density (calculated) 1.427 g/cm
3
 

Absorption coefficient 0.358 mm
-1

 

F(000) 1600 

 

Table B2. Data collection and structure refinement for T4-POSS-(C3H6NHSO2CF3)4 

 

Theta range for data 

collection 

1.05 to 23.26° 

Index ranges -12<=h<=12, -18<=k<=18, -21<=l<=20 

Reflections collected 28461 

Independent reflections 10298 [R(int) = 0.0451] 
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Table B2 Continued 

Coverage of 

independent reflections 

99.8% 

Absorption correction multi-scan 

Max. and min. 

transmission 

0.7456 and 0.6541 

Structure solution 

technique 

direct methods 

Structure solution 

program 

SHELXS-97 (Sheldrick, 2008) 

Refinement method Full-matrix least-squares on F
2
 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized Σ w(Fo
2
 - Fc

2
)
2
 

Data / restraints / 

parameters 

10298 / 1 / 837 

Goodness-of-fit on F
2
 1.047 

Final R indices 7086 data; I>2σ(I) 

R1 = 0.0759, wR2 = 

0.1930 

 

all data 

R1 = 0.1137, wR2 = 

0.2185 

Weighting scheme w=1/[σ
2
(Fo

2
)+(0.1054P)

2
+11.3886P] 
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Table B2 Continued  

where P=(Fo
2
+2Fc

2
)/3 

Largest diff. peak and 

hole 

1.279 and -0.656 eÅ
-3

 

R.M.S. deviation from 

mean 

0.094 eÅ
-3

 

 

 

Table B3. Atomic coordinates and equivalent isotropic atomic displacement parameters 

(Å
2
) for T4-POSS-(C3H6NHSO2CF3)4 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

 

 
x/a y/b z/c U(eq) 

Si1 0.98127(13) 0.50725(9) 0.19917(8) 0.0256(4) 

Si2 0.26405(13) 0.27975(9) 0.21293(8) 0.0261(4) 

Si3 0.25769(13) 0.47165(9) 0.22065(8) 0.0255(4) 

Si4 0.98215(13) 0.31816(10) 0.21570(8) 0.0259(4) 

Si5 0.25556(14) 0.55882(10) 0.36171(9) 0.0322(4) 

S8 0.85666(17) 0.95471(12) 0.43717(10) 0.0525(5) 

Si7 0.76059(16) 0.57556(12) 0.30161(10) 0.0443(5) 
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Table B3 Continued 

Si8 0.93383(16) 0.27465(11) 0.36764(9) 0.0388(5) 

Si9 0.44290(17) 0.22955(12) 0.32155(11) 0.0480(5) 

C11 0.9396(5) 0.5616(4) 0.1186(3) 0.0333(14) 

C12 0.8789(5) 0.5285(4) 0.0700(3) 0.0411(16) 

C16 0.9701(6) 0.6378(4) 0.1048(4) 0.0486(19) 

C14 0.8782(6) 0.6463(6) 0.9989(4) 0.067(3) 

C13 0.8464(6) 0.5720(5) 0.0109(4) 0.055(2) 

C15 0.9401(6) 0.6808(5) 0.0448(4) 0.063(2) 

C21 0.3372(5) 0.2263(3) 0.1333(3) 0.0275(13) 

C25 0.4568(5) 0.2209(4) 0.0246(3) 0.0383(15) 

C26 0.4016(5) 0.2627(4) 0.0830(3) 0.0311(14) 

C23 0.3833(7) 0.1037(4) 0.0599(4) 0.059(2) 

C24 0.4482(6) 0.1414(4) 0.0134(4) 0.0477(18) 

C22 0.3290(6) 0.1450(4) 0.1198(4) 0.0508(19) 

C31 0.3557(5) 0.5129(3) 0.1546(3) 0.0304(14) 

C32 0.4768(5) 0.4768(4) 0.1444(4) 0.0432(17) 

C34 0.5110(7) 0.5742(5) 0.0583(4) 0.055(2) 

C33 0.5542(6) 0.5068(5) 0.0960(4) 0.0525(19) 

C36 

 

0.3151(6) 0.5788(4) 0.1142(3) 0.0434(17) 
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Table B3 Continued     

C35 0.3917(6) 0.6104(4) 0.0666(4) 0.0519(19) 

C41 0.9140(5) 0.2631(4) 0.1528(3) 0.0303(14) 

C42 0.7955(6) 0.2938(5) 0.1378(4) 0.058(2) 

C44 0.7970(7) 0.1827(6) 0.0626(4) 0.062(2) 

C46 0.9719(7) 0.1929(5) 0.1194(4) 0.0543(19) 

C45 0.9140(8) 0.1512(5) 0.0735(5) 0.073(3) 

C83A 0.7395(7) 0.2530(6) 0.0932(5) 0.070(2) 

O3 0.2819(3) 0.3735(2) 0.2105(2) 0.0319(10) 

O2 0.1186(3) 0.5117(2) 0.2109(2) 0.0284(9) 

O1 0.9684(3) 0.4131(2) 0.1922(2) 0.0320(9) 

O4 0.1223(3) 0.2764(2) 0.2186(2) 0.0289(9) 

O5 0.8994(3) 0.5502(2) 0.2654(2) 0.0334(10) 

O6 0.2885(3) 0.4919(2) 0.2971(2) 0.0321(9) 

O7 0.9140(3) 0.3144(2) 0.2911(2) 0.0339(10) 

O8 0.3190(4) 0.2359(3) 0.2804(2) 0.0387(10) 

C84 0.8840(6) 0.8448(5) 0.4202(4) 0.0475(18) 

C83 0.9519(10) 0.0200(5) 0.3252(4) 0.077(3) 

N8 0.9616(6) 0.9867(4) 0.3944(3) 0.0604(17) 

O81 

 

0.8741(5) 0.9587(3) 0.5082(3) 0.0661(15) 
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Table B3 Continued     

O82 0.7454(5) 0.9840(4) 0.4116(3) 0.0796(18) 

F81 0.9919(3) 0.8098(2) 0.4373(2) 0.0562(11) 

F83 0.8781(4) 0.8294(3) 0.3541(2) 0.0696(13) 

F82 0.8039(4) 0.8112(3) 0.4572(3) 0.0746(14) 

C71 0.6946(8) 0.6796(5) 0.2691(5) 0.080(3) 

C72 0.6487(8) 0.6819(5) 0.1987(5) 0.079(3) 

C73 0.6084(9) 0.7709(7) 0.1720(6) 0.111(4) 

N7 0.7143(8) 0.8044(6) 0.1607(4) 0.101(3) 

S7 0.7269(2) 0.89014(18) 0.20254(13) 0.0818(7) 

O71 0.6550(6) 0.9046(6) 0.2640(3) 0.119(3) 

O72 0.8509(7) 0.8828(6) 0.2017(5) 0.141(3) 

C51 0.2402(6) 0.6654(4) 0.3276(4) 0.0439(17) 

C53 0.1245(6) 0.7845(4) 0.2621(4) 0.0471(17) 

C52 0.1368(6) 0.6956(4) 0.2828(4) 0.0445(17) 

C54 0.1698(9) 0.9370(5) 0.1403(5) 0.068(2) 

N5 0.2267(5) 0.8015(4) 0.2202(3) 0.0535(16) 

S5 0.2260(2) 0.82616(12) 0.14143(11) 0.0626(6) 

O52 0.3467(6) 0.8193(4) 0.1132(3) 0.094(2) 

O51 

 

0.1409(6) 0.7934(4) 0.1094(3) 

0.085(2) 
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F53 0.2360(6) 0.9736(3) 0.1792(3) 0.1044(19) 

F52 0.0592(5) 0.9565(3) 0.1672(3) 0.0939(17) 

F51 0.1753(6) 0.9653(3) 0.0774(3) 0.1031(19) 

C91 0.4854(7) 0.1206(5) 0.3474(5) 0.065(2) 

C92 0.3881(7) 0.0955(5) 0.3915(5) 0.067(2) 

C94 0.4459(8) 0.8032(5) 0.4382(4) 0.059(2) 

C93 0.4196(9) 0.0073(6) 0.4198(5) 0.088(3) 

S9 0.3746(2) 0.86882(13) 0.37055(12) 0.0653(6) 

O92 0.4134(5) 0.8251(3) 0.3089(3) 0.0661(15) 

O91 0.2551(6) 0.8852(4) 0.3937(3) 0.094(2) 

F93 0.4228(5) 0.7307(3) 0.4390(3) 0.0788(14) 

F92 0.5656(5) 0.7946(3) 0.4274(3) 0.0908(17) 

F91 0.4141(5) 0.8387(3) 0.4998(3) 0.0948(17) 

C8A 0.3804(6) 0.5400(4) 0.4191(3) 0.0456(17) 

C5A 0.4053(7) 0.3008(4) 0.3966(4) 0.060(2) 

C7A 0.1146(6) 0.5459(5) 0.4104(4) 0.0512(18) 

C6A 0.5651(7) 0.2565(6) 0.2621(5) 0.081(3) 

C3A 0.0530(7) 0.3165(6) 0.4054(4) 0.071(3) 

C4A 

 

0.7908(7) 0.3059(7) 0.4218(4) 0.077(3) 
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C2A 0.7686(7) 0.5840(6) 0.3952(4) 0.067(2) 

C1A 0.6784(6) 0.4956(5) 0.2791(4) 0.064(2) 

N9 0.4416(8) 0.9478(4) 0.3669(4) 0.088(2) 

C81 0.9889(9) 0.1603(6) 0.3572(4) 0.079(3) 

C82 0.9073(11) 0.1148(6) 0.3270(5) 0.093(3) 

F71 0.5567(9) 0.9737(5) 0.1424(5) 0.167(4) 

F72 0.6894(13) 0.0418(5) 0.1746(5) 0.231(6) 

F73 0.7262(11) 0.9654(6) 0.0855(4) 0.178(5) 

C74 0.6835(17) 0.9730(8) 0.1449(8) 0.127(5) 

 

Table B4. Bond lengths (Å) for T4-POSS-(C3H6NHSO2CF3)4 

 

Si1-O5 1.609(4) Si1-O1 1.611(4) 

Si1-O2 1.613(4) Si1-C11 1.850(6) 

Si2-O8 1.604(4) Si2-O3 1.613(4) 

Si2-O4 1.619(4) Si2-C21 1.841(6) 

Si3-O6 1.606(4) Si3-O3 1.611(4) 

Si3-O2 

 

1.612(4) Si3-C31 

1.854(6) 
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Si4-O7 1.609(4) Si4-O4 1.610(4) 

Si4-O1 1.622(4) Si4-C41 1.839(6) 

Si5-O6 1.651(4) Si5-C7A 1.847(7) 

Si5-C8A 1.851(6) Si5-C51 1.870(7) 

S8-O82 1.390(6) S8-O81 1.414(5) 

S8-N8 1.579(7) S8-C84 1.820(8) 

Si7-O5 1.649(4) Si7-C2A 1.836(8) 

Si7-C1A 1.848(8) Si7-C71 1.870(8) 

Si8-O7 1.639(4) Si8-C3A 1.845(8) 

Si8-C4A 1.848(8) Si8-C81 1.886(10) 

Si9-O8 1.659(4) Si9-C5A 1.853(8) 

Si9-C91 1.856(8) Si9-C6A 1.861(9) 

C11-C12 1.390(9) C11-C16 1.400(9) 

C12-C13 1.389(9) C16-C15 1.395(10) 

C14-C13 1.370(11) C14-C15 1.373(12) 

C21-C26 1.386(8) C21-C22 1.402(9) 

C25-C24 1.367(9) C25-C26 1.371(8) 

C23-C24 1.353(10) C23-C22 1.390(10) 

C31-C36 

 

1.370(9) C31-C32 1.386(8) 
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C32-C33 1.396(9) C34-C33 1.365(10) 

C34-C35 1.366(10) C36-C35 1.394(9) 

C41-C46 1.360(9) C41-C42 1.394(9) 

C42-C83A 1.375(10) C44-C83A 1.336(11) 

C44-C45 1.360(11) C46-C45 1.413(10) 

C84-F81 1.314(7) C84-F83 1.320(8) 

C84-F82 1.326(8) C83-N8 1.456(10) 

C83-C82 1.556(12) C71-C72 1.499(11) 

C72-C73 1.558(13) C73-N7 1.427(8) 

N7-S7 1.683(10) S7-O71 1.386(6) 

S7-O72 1.389(7) S7-C74 1.787(14) 

C51-C52 1.520(9) C53-N5 1.441(9) 

C53-C52 1.514(9) C54-F52 1.300(10) 

C54-F51 1.309(10) C54-F53 1.336(10) 

C54-S5 1.827(9) N5-S5 1.584(6) 

S5-O51 1.391(6) S5-O52 1.420(6) 

C91-C92 1.472(11) C92-C93 1.547(12) 

C94-F93 

 

 

1.285(8) C94-F91 1.329(9) 
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C94-F92 1.339(9) C94-S9 1.836(8) 

C93-N9 1.403(12) S9-O91 1.370(7) 

S9-O92 1.398(6) S9-N9 1.646(8) 

C81-C82 1.469(12) F71-C74 1.444(17) 

F72-C74 1.300(13) F73-C74 1.214(17) 

 

Table B5. Bond angles (°) for T4-POSS-(C3H6NHSO2CF3)4 

 

O5-Si1-O1 110.4(2) O5-Si1-O2 106.8(2) 

O1-Si1-O2 110.2(2) O5-Si1-C11 111.7(2) 

O1-Si1-C11 109.1(3) O2-Si1-C11 108.6(2) 

O8-Si2-O3 109.8(2) O8-Si2-O4 106.8(2) 

O3-Si2-O4 110.7(2) O8-Si2-C21 111.6(2) 

O3-Si2-C21 108.8(2) O4-Si2-C21 109.1(2) 

O6-Si3-O3 108.7(2) O6-Si3-O2 109.3(2) 

O3-Si3-O2 110.4(2) O6-Si3-C31 110.9(2) 

O3-Si3-C31 108.1(2) O2-Si3-C31 109.4(2) 

O7-Si4-O4 

 

109.0(2) O7-Si4-O1 109.5(2) 
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O4-Si4-O1 110.1(2) O7-Si4-C41 109.7(2) 

O4-Si4-C41 109.9(2) O1-Si4-C41 108.6(2) 

O6-Si5-C7A 109.6(3) O6-Si5-C8A 108.7(3) 

C7A-Si5-C8A 109.7(3) O6-Si5-C51 109.8(3) 

C7A-Si5-C51 110.6(3) C8A-Si5-C51 108.5(3) 

O82-S8-O81 122.1(4) O82-S8-N8 112.0(4) 

O81-S8-N8 108.7(3) O82-S8-C84 103.7(3) 

O81-S8-C84 102.8(3) N8-S8-C84 105.8(3) 

O5-Si7-C2A 108.1(3) O5-Si7-C1A 108.1(3) 

C2A-Si7-C1A 112.0(4) O5-Si7-C71 106.8(4) 

C2A-Si7-C71 108.0(4) C1A-Si7-C71 113.5(4) 

O7-Si8-C3A 108.6(3) O7-Si8-C4A 107.8(3) 

C3A-Si8-C4A 109.4(4) O7-Si8-C81 108.5(3) 

C3A-Si8-C81 107.6(4) C4A-Si8-C81 114.8(4) 

O8-Si9-C5A 107.5(3) O8-Si9-C91 105.6(3) 

C5A-Si9-C91 112.6(4) O8-Si9-C6A 109.8(3) 

C5A-Si9-C6A 111.4(4) C91-Si9-C6A 109.7(4) 

C12-C11-C16 118.1(6) C12-C11-Si1 121.8(5) 

C16-C11-Si1 

 

120.1(5) C13-C12C11 120.2(7) 
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C15-C16-C11 121.9(7) C13-C14-C15 121.8(7) 

C14-C13-C12 120.1(7) C14-C15-C16 117.9(7) 

C26-C21-C22 115.8(6) C26-C21-Si2 123.3(4) 

C22-C21-Si2 120.9(5) C24-C25-C26 120.7(6) 

C25-C26-C21 122.0(6) C24-C23-C22 120.0(7) 

C23-C24-C25 119.7(6) C23-C22-C21 121.7(6) 

C36-C31-C32 116.8(6) C36-C31-Si3 123.4(5) 

C32-C31-Si3 119.8(5) C31-C32-C33 121.7(6) 

C33-C34-C35 119.8(7) C34-C33-C32 119.8(6) 

C31-C36-C35 122.2(6) C34-C35-C36 119.7(7) 

C46-C41-C42 116.8(6) C46-C41-Si4 124.1(5) 

C42-C41-Si4 119.1(5) C83A-C42-C41 121.1(7) 

C83A-C44-C45 120.5(7) C41-C46-C45 121.9(7) 

C44-C45-C46 118.6(8) C44-C83A-C42 121.1(7) 

Si3-O3-Si2 161.7(3) Si3-O2-Si1 153.5(3) 

Si1-O1-Si4 155.5(3) Si4-O4-Si2 152.3(3) 

Si1-O5-Si7 

 

 

 

144.6(3) Si3-O6-Si5 144.7(3) 
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Si4-O7-Si8 142.0(3) Si2-O8-Si9 137.6(3) 

F81-C84-F83 108.2(6) F81-C84-F82 108.1(6) 

F83-C84-F82 109.1(6) F81-C84-S8 110.0(5) 

F83-C84-S8 111.0(5) F82-C84-S8 110.3(5) 

N8-C83-C82 111.5(7) C83-N8-S8 123.7(6) 

C72-C71-Si7 116.0(6) C71-C72-C73 112.8(8) 

N7-C73-C72 107.1(8) C73-N7-S7 120.8(8) 

O71-S7-O72 120.6(5) O71-S7-N7 113.8(5) 

O72-S7-N7 102.5(6) O71-S7-C74 109.3(7) 

O72-S7-C74 103.1(7) N7-S7-C74 106.2(5) 

C52-C51-Si5 117.1(5) N5-C53-C52 114.0(6) 

C53-C52-C51 113.8(5) F52-C54-F51 109.0(8) 

F52-C54-F53 106.8(7) F51-C54-F53 109.4(7) 

F52-C54-S5 111.2(6) F51-C54-S5 111.2(6) 

F53-C54-S5 109.0(7) C53-N5-S5 124.9(5) 

O51-S5-O52 123.1(4) O51-S5-N5 110.7(3) 

O52-S5-N5 108.9(4) O51-S5-C54 104.6(5) 

O52-S5-C54 101.7(4) N5-S5-C54 106.1(4) 

C92-C91-Si9 

 

111.4(6) C91-C92-C93 114.8(7) 
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F93-C94-F91 109.6(7) F93-C94-F92 107.1(7) 

F91-C94-F92 107.1(6) F93-C94-S9 113.7(5) 

F91-C94-S9 110.4(6) F92-C94-S9 108.7(5) 

N9-C93-C92 112.1(8) O91-S9-O92 120.4(4) 

O91-S9-N9 116.1(4) O92-S9-N9 105.4(4) 

O91-S9-C94 103.3(4) O92-S9-C94 105.1(4) 

N9-S9-C94 105.0(4) C93-N9-S9 121.1(8) 

C82-C81-Si8 116.4(7) C81-C82-C83 114.5(9) 

F73-C74-F72 114.6(14) F73-C74-F71 105.8(12) 

F72-C74-F71 105.8(14) F73-C74-S7 118.1(12) 

F72-C74-S7 109.4(10) F71-C74-S7 101.4(10) 

 

Table B6. Torsion angles (°) for T4-POSS-(C3H6NHSO2CF3)4 

 

O5-Si1-C11-C12 -107.6(5) O1-Si1-C11-C12 14.7(6) 

O2-Si1-C11-C12 

 

 

 

 

134.8(5) O5-Si1-C11-C16 72.9(5) 
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O1-Si1-C11-C16 -164.8(5) O2-Si1-C11-C16 -44.6(6) 

C16-C11-C12-C13 -2.1(9) Si1-C11-C12-C13 178.4(5) 

C12-C11-C16-C15 0.7(10) Si1-C11-C16-C15 -179.8(5) 

C15-C14-C13-C12 -1.3(11) C11-C12-C13-C14 2.5(10) 

C13-C14-C15-C16 -0.2(12) C11-C16-C15-C14 0.5(11) 

O8-Si2-C21-C26 -118.0(5) O3-Si2-C21-C26 3.2(5) 

O4-Si2-C21-C26 124.2(5) O8-Si2-C21-C22 62.7(5) 

O3-Si2-C21-C22 -176.0(5) O4-Si2-C21-C22 -55.1(5) 

C24-C25-C26-C21 1.2(9) C22-C21-C26-C25 -1.8(8) 

Si2-C21-C26-C25 178.9(5) C22-C23-C24-C25 -2.1(11) 

C26-C25-C24-C23 0.8(10) C24-C23-C22-C21 1.5(12) 

C26-C21-C22-C23 0.5(10) Si2-C21-C22-C23 179.8(6) 

O6-Si3-C31-C36 -108.6(5) O3-Si3-C31-C36 132.3(5) 

O2-Si3-C31-C36 12.1(6) O6-Si3-C31-C32 71.1(5) 

O3-Si3-C31-C32 -48.0(5) O2-Si3-C31-C32 -168.3(5) 

C36-C31-C32-C33 0.8(9) Si3-C31-C32-C33 -178.9(5) 

C35-C34-C33-C32 -2.0(11) C31-C32-C33-C34 1.2(11) 

C32-C31-C36-C35 -2.0(10) Si3-C31-C36-C35 177.6(5) 

C33-C34-C35-C36 0.8(11) C31-C36-C35-C34 1.3(11) 

O7-Si4-C41-C46 -113.9(6) O4-Si4-C41-C46 5.9(6) 
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O1-Si4-C41-C46 126.4(6) O7-Si4-C41-C42 65.8(6) 

O4-Si4-C41-C42 -174.4(5) O1-Si4-C41-C42 -53.9(6) 

C46-C41-C42-C83A 2.2(11) Si4-C41-C42-C83A -177.6(6) 

C42-C41-C46-C45 -2.1(11) Si4-C41-C46-C45 177.6(6) 

C83A-C44-C45-C46 2.1(14) C41-C46-C45-C44 0.0(13) 

C45-C44-C83A-C42 -2.1(14) C41-C42-C83A-C44 -0.1(13) 

O6-Si3-O3-Si2 82.2(9) O2-Si3-O3-Si2 -37.7(10) 

C31-Si3-O3-Si2 -157.3(9) O8-Si2-O3-Si3 -92.6(9) 

O4-Si2-O3-Si3 25.0(10) C21-Si2-O3-Si3 145.0(9) 

O6-Si3-O2-Si1 -114.3(6) O3-Si3-O2-Si1 5.3(7) 

C31-Si3-O2-Si1 124.1(6) O5-Si1-O2-Si3 119.0(6) 

O1-Si1-O2-Si3 -0.9(7) C11-Si1-O2-Si3 -120.3(6) 

O5-Si1-O1-Si4 -64.7(7) O2-Si1-O1-Si4 53.1(7) 

C11-Si1-O1-Si4 172.2(6) O7-Si4-O1-Si1 57.3(7) 

O4-Si4-O1-Si1 -62.6(7) C41-Si4-O1-Si1 177.1(6) 

O7-Si4-O4-Si2 -115.9(6) O1-Si4-O4-Si2 4.3(7) 

C41-Si4-O4-Si2 123.8(6) O8-Si2-O4-Si4 131.1(6) 

O3-Si2-O4-Si4 11.6(7) C21-Si2-O4-Si4 -108.1(6) 

O1-Si1-O5-Si7 -60.1(5) O2-Si1-O5-Si7 -179.9(4) 

C11-Si1-O5-Si7 61.5(5) C2A-Si7-O5-Si1 155.4(5) 
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C1A-Si7-O5-Si1 34.0(6) C71-Si7-O5-Si1 -88.6(5) 

O3-Si3-O6-Si5 -150.4(4) O2-Si3-O6-Si5 -29.8(5) 

C31-Si3-O6-Si5 90.9(5) C7A-Si5-O6-Si3 78.4(5) 

C8A-Si5-O6-Si3 -161.8(5) C51-Si5-O6-Si3 -43.2(5) 

O4-Si4-O7-Si8 -8.9(5) O1-Si4-O7-Si8 -129.4(4) 

C41-Si4-O7-Si8 111.5(5) C3A-Si8-O7-Si4 63.5(6) 

C4A-Si8-O7-Si4 -178.1(5) C81-Si8-O7-Si4 -53.2(6) 

O3-Si2-O8-Si9 -44.7(5) O4-Si2-O8-Si9 -164.8(4) 

C21-Si2-O8-Si9 76.0(5) C5A-Si9-O8-Si2 100.9(5) 

C91-Si9-O8-Si2 -138.6(5) C6A-Si9-O8-Si2 -20.4(6) 

O82-S8-C84-F81 175.2(5) O81-S8-C84-F81 -56.7(6) 

N8-S8-C84-F81 57.2(6) O82-S8-C84-F83 55.5(6) 

O81-S8-C84-F83 -176.4(5) N8-S8-C84-F83 -62.5(5) 

O82-S8-C84-F82 -65.6(6) O81-S8-C84-F82 62.5(5) 

N8-S8-C84-F82 176.4(5) C82-C83-N8-S8 91.9(9) 

O82-S8-N8-C83 -18.4(7) O81-S8-N8-C83 -156.3(6) 

C84-S8-N8-C83 93.9(6) O5-Si7-C71-C72 80.4(8) 

C2A-Si7-C71-C72 -163.5(7) C1A-Si7-C71-C72 -38.7(9) 

Si7-C71-C72-C73 -173.6(7) C71-C72-C73-N7 67.4(11) 
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C72-C73-N7-S7 

-121.1(8) C73-N7-S7-O71 23.9(9) 

C73-N7-S7-O72 155.8(8) C73-N7-S7-C74 -96.4(10) 

O6-Si5-C51-C52 65.3(6) C7A-Si5-C51-C52 -55.7(6) 

C8A-Si5-C51-C52 -176.1(5) N5-C53-C52-C51 62.9(8) 

Si5-C51-C52-C53 175.3(5) C52-C53-N5-S5 111.5(6) 

C53-N5-S5-O51 -28.2(7) C53-N5-S5-O52 -166.5(6) 

C53-N5-S5-C54 84.7(7) F52-C54-S5-O51 53.3(8) 

F51-C54-S5-O51 -68.4(8) F53-C54-S5-O51 170.8(6) 

F52-C54-S5-O52 -177.6(7) F51-C54-S5-O52 60.7(8) 

F53-C54-S5-O52 -60.1(7) F52-C54-S5-N5 -63.8(8) 

F51-C54-S5-N5 174.5(6) F53-C54-S5-N5 53.7(7) 

O8-Si9-C91-C92 -58.6(6) C5A-Si9-C91-C92 58.5(7) 

C6A-Si9-C91-C92 -176.8(6) Si9-C91-C92-C93 -175.8(6) 

C91-C92-C93-N9 -63.8(11) F93-C94-S9-O91 71.3(7) 

F91-C94-S9-O91 -52.3(6) F92-C94-S9-O91 -169.5(6) 

F93-C94-S9-O92 -55.7(7) F91-C94-S9-O92 -179.4(6) 

F92-C94-S9-O92 63.5(6) F93-C94-S9-N9 -166.7(6) 

F91-C94-S9-N9 69.7(7) F92-C94-S9-N9 -47.4(7) 

C92-C93-N9-S9 -130.0(7) O91-S9-N9-C93 41.6(8) 

O92-S9-N9-C93 177.6(7) C94-S9-N9-C93 -71.7(8) 
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O7-Si8-C81-C82 

-62.0(7) C3A-Si8-C81-C82 -179.4(7) 

C4A-Si8-C81-C82 58.6(8) Si8-C81-C82-C83 -175.1(6) 

N8-C83-C82-C81 63.0(12) O71-S7-C74-F73 -170.5(12) 

O72-S7-C74-F73 60.0(14) N7-S7-C74-F73 -47.4(14) 

O71-S7-C74-F72 55.9(15) O72-S7-C74-F72 -73.5(14) 

N7-S7-C74-F72 179.0(12) O71-S7-C74-F71 -55.5(9) 

O72-S7-C74-F71 175.0(8) N7-S7-C74-F71 67.6(10) 
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Table B7. Anisotropic atomic displacement parameters (Å
2
) for T4-POSS-

(C3H6NHSO2CF3)4 

The anisotropic atomic displacement factor exponent takes the form: -2π
2
[ h

2
 a

*2
 U11 + 

... + 2 h k a
*
 b

*
 U12 ]  

 

 
U11 U22 U33 U23 U13 U12 

Si1 0.0191(8) 0.0298(9) 0.0279(9) 0.0078(7) -0.0041(6) -0.0043(6) 

Si2 0.0198(8) 0.0289(9) 0.0303(9) 0.0040(7) -0.0084(7) -0.0042(6) 

Si3 0.0198(8) 0.0283(9) 0.0291(9) -0.0009(7) -0.0037(6) -0.0056(6) 

Si4 0.0203(8) 0.0326(9) 0.0265(9) 0.0073(7) -0.0043(6) -0.0082(7) 

Si5 0.0293(9) 0.0371(10) 0.0296(10) -0.0013(7) -0.0052(7) -0.0042(7) 

S8 0.0544(12) 0.0515(11) 0.0466(12) -0.0012(9) -0.0092(9) 0.0032(9) 

Si7 0.0294(10) 0.0525(12) 0.0435(12) 0.0019(9) 0.0007(8) 0.0082(8) 

Si8 0.0421(10) 0.0498(11) 0.0279(10) 0.0078(8) -0.0043(8) -0.0168(9) 

Si9 0.0445(11) 0.0442(11) 0.0568(13) 0.0072(9) 

-

0.0315(10) 

-0.0021(9) 

C11 0.022(3) 0.044(4) 0.033(4) 0.012(3) -0.002(3) -0.005(3) 

C12 0.019(3) 0.068(5) 0.035(4) 0.009(3) 0.000(3) -0.005(3) 

C16 0.033(4) 0.058(5) 0.056(5) 0.030(4) -0.016(3) -0.010(3) 

C14 0.027(4) 0.117(7) 0.051(5) 0.043(5) -0.002(3) -0.002(4) 
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Table B7 

Continued 

C13 0.022(3) 0.108(7) 0.036(4) 0.012(4) -0.004(3) -0.012(4) 

C15 0.039(4) 0.078(6) 0.075(6) 0.048(5) -0.013(4) -0.014(4) 

C21 0.021(3) 0.029(3) 0.033(3) 0.005(3) -0.008(2) -0.002(2) 

C25 0.032(3) 0.046(4) 0.038(4) -0.005(3) 0.001(3) -0.014(3) 

C26 0.028(3) 0.035(3) 0.034(4) -0.004(3) -0.009(3) -0.012(3) 

C23 0.072(5) 0.032(4) 0.070(6) -0.014(4) 0.006(4) -0.009(4) 

C24 0.041(4) 0.054(5) 0.046(4) -0.012(4) 0.005(3) -0.007(3) 

C22 0.052(4) 0.035(4) 0.063(5) 0.002(4) 0.015(4) -0.011(3) 

C31 0.029(3) 0.031(3) 0.036(4) -0.009(3) -0.003(3) -0.016(3) 

C32 0.025(3) 0.053(4) 0.057(5) 0.009(3) -0.009(3) -0.017(3) 

C34 0.050(5) 0.054(5) 0.061(5) -0.005(4) 0.017(4) -0.022(4) 

C33 0.023(3) 0.065(5) 0.072(5) -0.001(4) 0.001(3) -0.015(3) 

C36 0.039(4) 0.041(4) 0.046(4) 0.000(3) 0.011(3) -0.005(3) 

C35 0.052(5) 0.047(4) 0.053(5) 0.006(4) 0.017(4) -0.011(3) 

C41 0.031(3) 0.038(4) 0.026(3) 0.011(3) -0.005(3) -0.014(3) 

C42 0.039(4) 0.065(5) 0.074(6) -0.011(4) -0.015(4) -0.012(4) 

C44 0.065(5) 0.082(6) 0.053(5) 0.002(4) -0.028(4) -0.036(5) 

C46 0.049(4) 0.060(5) 0.055(5) -0.003(4) -0.023(4) -0.007(4) 

C45 0.081(6) 0.068(6) 0.073(6) -0.022(5) -0.026(5) -0.011(5) 
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Table B7 

Continued 

C83A 0.045(5) 0.089(7) 0.085(6) -0.013(5) -0.028(4) -0.025(5) 

O3 0.020(2) 0.031(2) 0.044(3) 0.0038(19) 0.0025(18) 0.0052(17) 

O2 0.020(2) 0.029(2) 0.038(2) 0.0049(18) 0.0074(17) 0.0058(16) 

O1 0.024(2) 0.038(2) 0.037(2) 0.0069(19) 0.0093(18) 0.0118(18) 

O4 0.019(2) 0.035(2) 0.034(2) 0.0057(18) 0.0048(17) 0.0080(17) 

O5 0.024(2) 0.041(2) 0.033(2) 0.0037(19) 0.0028(17) 0.0008(18) 

O6 0.031(2) 0.031(2) 0.033(2) 0.0016(18) 0.0101(18) 0.0012(17) 

O7 0.022(2) 0.048(3) 0.031(2) 0.0081(19) 0.0016(17) 0.0065(18) 

O8 0.037(2) 0.047(3) 0.033(2) 0.006(2) 0.0147(19) -0.005(2) 

C84 0.033(4) 0.066(5) 0.044(5) 0.000(4) -0.011(3) -0.007(3) 

C83 0.133(8) 0.056(5) 0.044(5) 0.003(4) -0.022(5) -0.017(5) 

N8 0.072(4) 0.059(4) 0.053(4) 0.008(3) -0.015(3) -0.015(3) 

O81 0.080(4) 0.076(4) 0.042(3) -0.010(3) -0.005(3) -0.015(3) 

O82 0.079(4) 0.085(4) 0.064(4) -0.001(3) -0.021(3) 0.016(3) 

F81 0.044(2) 0.059(3) 0.062(3) 0.009(2) -0.009(2) 0.0006(19) 

F83 0.072(3) 0.073(3) 0.062(3) -0.020(2) -0.020(2) -0.004(2) 

F82 0.054(3) 0.076(3) 0.099(4) 0.006(3) 0.004(3) -0.028(2) 

C71 0.080(6) 0.075(6) 0.068(6) -0.013(5) -0.024(5) 0.031(5) 

C72 0.079(6) 0.065(6) 0.089(7) -0.019(5) -0.041(5) 0.010(5) 
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Table B7 

Continued 

C73 0.074(7) 0.170(12) 0.075(7) 0.019(7) -0.023(6) 0.015(7) 

N7 0.085(6) 0.134(8) 0.068(6) 0.010(5) -0.001(5) 0.011(5) 

S7 0.0743(16) 0.117(2) 0.0610(16) 0.0114(14) 

-

0.0222(12) 

-

0.0298(14) 

O71 0.092(5) 0.220(9) 0.049(4) -0.026(5) 0.018(4) -0.048(5) 

O72 0.073(5) 0.216(10) 0.139(8) 0.022(7) -0.034(5) -0.028(5) 

C51 0.045(4) 0.041(4) 0.045(4) -0.012(3) -0.004(3) -0.005(3) 

C53 0.053(4) 0.045(4) 0.041(4) -0.004(3) -0.007(3) -0.003(3) 

C52 0.046(4) 0.038(4) 0.048(4) -0.003(3) -0.009(3) -0.005(3) 

C54 0.089(7) 0.053(5) 0.062(6) -0.005(5) 0.019(5) -0.024(5) 

N5 0.049(4) 0.067(4) 0.042(4) -0.002(3) -0.004(3) -0.006(3) 

S5 0.0892(16) 0.0474(11) 0.0461(12) 0.0017(9) 0.0064(11) 0.0065(10) 

O52 0.100(5) 0.089(5) 0.078(5) 0.002(4) 0.044(4) 0.000(4) 

O51 0.136(6) 0.098(5) 0.042(3) 0.015(3) -0.039(3) -0.064(4) 

F53 0.138(5) 0.075(4) 0.109(5) -0.007(3) 0.012(4) -0.050(4) 

F52 0.096(4) 0.066(3) 0.104(4) 0.004(3) 0.017(3) 0.012(3) 

F51 0.146(5) 0.067(3) 0.088(4) 0.038(3) 0.004(4) -0.008(3) 

C91 0.062(5) 0.058(5) 0.072(6) 0.003(4) -0.031(4) 0.002(4) 

C92 0.062(5) 0.058(5) 0.081(6) 0.008(4) -0.023(5) -0.004(4) 
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Table B7 

Continued 

C94 0.071(6) 0.058(5) 0.058(6) 0.006(4) -0.022(4) -0.028(4) 

C93 0.087(7) 0.082(7) 0.093(8) 0.009(6) -0.023(6) -0.003(5) 

S9 0.0775(16) 0.0532(12) 0.0667(15) 

-

0.0060(11) 

-

0.0338(12) 

-

0.0055(11) 

O92 0.079(4) 0.067(4) 0.056(4) -0.006(3) -0.026(3) -0.017(3) 

O91 0.095(5) 0.102(5) 0.071(4) -0.037(4) -0.030(4) 0.020(4) 

F93 0.106(4) 0.058(3) 0.082(4) 0.011(2) -0.034(3) -0.029(3) 

F92 0.080(4) 0.100(4) 0.103(4) 0.030(3) -0.049(3) -0.028(3) 

F91 0.141(5) 0.087(4) 0.055(3) -0.008(3) -0.036(3) -0.009(3) 

C8A 0.045(4) 0.050(4) 0.043(4) -0.005(3) -0.013(3) -0.008(3) 

C5A 0.074(5) 0.036(4) 0.074(6) -0.001(4) -0.045(4) -0.003(4) 

C7A 0.045(4) 0.068(5) 0.043(4) -0.001(4) 0.002(3) -0.017(4) 

C6A 0.045(5) 0.102(7) 0.103(8) 0.023(6) -0.034(5) -0.020(5) 

C3A 0.061(5) 0.122(8) 0.041(5) 0.004(5) -0.008(4) -0.041(5) 

C4A 0.050(5) 0.149(9) 0.037(5) 0.009(5) 0.007(4) -0.033(5) 

C2A 0.041(4) 0.096(6) 0.055(5) -0.012(5) 0.011(4) 0.000(4) 

C1A 0.033(4) 0.095(6) 0.061(5) -0.001(5) 0.006(4) -0.010(4) 

N9 0.140(7) 0.055(4) 0.064(5) 0.002(4) -0.032(5) 0.000(4) 

C81 0.101(7) 0.097(7) 0.050(5) 0.040(5) -0.030(5) -0.038(6) 
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Table B7 

Continued 

C82 0.148(10) 0.085(7) 0.063(6) 0.033(5) -0.042(6) -0.055(7) 

F71 0.183(8) 0.132(6) 0.167(8) -0.019(5) -0.098(7) 0.047(6) 

F72 0.50(2) 0.102(6) 0.126(7) 0.005(5) -0.065(9) -0.131(9) 

F73 0.331(14) 0.186(8) 0.050(4) 0.019(5) -0.013(6) -0.134(9) 

C74 0.181(15) 0.085(9) 0.124(13) -0.012(8) -0.062(11) -0.028(9) 
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Table B8. Hydrogen atomic coordinates and isotropic atomic displacement parameters 

(Å
2
) for T4-POSS-(C3H6NHSO2CF3)4 

 
x/a y/b z/c U(eq) 

H12 -0.1405 0.4761 0.0772 0.049 

H16 0.0124 0.6608 0.1373 0.058 

H14 -0.1432 0.6748 -0.0422 0.08 

H13 -0.1979 0.5502 -0.0213 0.067 

H15 -0.0382 0.7322 0.0359 0.076 

H25 0.5016 0.2476 -0.0083 0.046 

H26 0.4077 0.3183 0.0891 0.037 

H23 0.3748 0.0491 0.0515 0.071 

H24 0.4876 0.1128 -0.0269 0.057 

H22 0.2853 0.1174 0.1526 0.061 

H32 0.5080 0.4304 0.1711 0.052 

H34 0.5639 0.5959 0.0263 0.066 

H33 0.6366 0.4803 0.0894 0.063 

H36 0.2320 0.6039 0.1188 0.052 

H35 0.3610 0.6570 0.0401 0.062 

H42 -0.2473 0.3438 0.1588 0.07 

H44 -0.2441 0.1545 0.0330 0.075 

H46 

 

0.0536 0.1712 0.1272 0.065 
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Table B8 Continued  

H45 -0.0441 0.1022 0.0506 0.088 

H83A -0.3414 0.2751 0.0838 0.084 

H83B -0.1051 -0.0056 0.3011 0.093 

H83C 0.0316 0.0061 0.2988 0.093 

H8 0.0299 -0.0157 0.4136 0.072 

H71A -0.3727 0.7054 0.3023 0.096 

H71B -0.2432 0.7135 0.2685 0.096 

H72A -0.4205 0.6539 0.2002 0.095 

H72B -0.2871 0.6512 0.1658 0.095 

H73A -0.4311 0.7702 0.1285 0.133 

H73B -0.4493 0.8044 0.2067 0.133 

H7 -0.2263 0.7799 0.1315 0.121 

H51A 0.2314 0.7036 0.3675 0.053 

H51B 0.3163 0.6691 0.3005 0.053 

H53A 0.0518 0.8005 0.2363 0.056 

H53B 0.1122 0.8191 0.3044 0.056 

H52A 0.1489 0.6610 0.2406 0.053 

H52B 0.0607 0.6884 0.3082 0.053 

H5 

 

0.2947 0.7979 0.2399 0.064 
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Table B8 Continued 

H91A 0.5038 0.0853 0.3056 0.077 

H91B 0.5591 0.1130 0.3727 0.077 

H92A 0.3166 0.1001 0.3647 0.081 

H92B 0.3657 0.1343 0.4311 0.081 

H93A 0.4919 0.0018 0.4460 0.106 

H93B 0.3521 -0.0025 0.4520 0.106 

H8AA 0.3911 0.4838 0.4364 0.068 

H8AB 0.3614 0.5788 0.4581 0.068 

H8AC 0.4549 0.5475 0.3933 0.068 

H5AA 0.3714 0.3561 0.3808 0.091 

H5AB 0.4784 0.3020 0.4198 0.091 

H5AC 0.3461 0.2822 0.4290 0.091 

H7AA 0.0509 0.5493 0.3787 0.077 

H7AB 0.0906 0.5893 0.4457 0.077 

H7AC 0.1274 0.4923 0.4328 0.077 

H6AA 0.5702 0.2265 0.2183 0.121 

H6AB 0.6420 0.2415 0.2831 0.121 

H6AC 0.5475 0.3156 0.2535 0.121 

H3AA 0.1301 0.2967 0.3786 0.107 

H3AB 0.0593 0.2983 0.4533 0.107 
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H3AC 0.0329 0.3766 0.4044 0.107 

H4AA -0.2303 0.3659 0.4254 0.116 

H4AB -0.1998 0.2828 0.4680 0.116 

H4AC -0.2733 0.2856 0.4009 0.116 

H2AA -0.1915 0.5310 0.4129 0.1 

H2AB -0.3130 0.5995 0.4178 0.1 

H2AC -0.1854 0.6259 0.4049 0.1 

H1AA -0.3161 0.4887 0.2288 0.096 

H1AB -0.4064 0.5120 0.2964 0.096 

H1AC -0.2860 0.4436 0.3001 0.096 

H9 0.4920 -0.0471 0.3311 0.105 

H81A 0.0659 0.1504 0.3280 0.095 

H81B 0.0064 0.1372 0.4032 0.095 

H82A -0.1045 0.1339 0.2792 0.111 

H82B -0.1721 0.1280 0.3537 0.111 
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APPENDIX C 

X-RAY DATA ON C48H40LI8O16SI8 [(CH3)2SO]7 = T4-POSS-(OLI)4-DMSO SOLVATE 

 

Figure C1. Thermal ellipsoid plot of C48H40Li8O16Si8 [(CH3)2SO]7 = T4-POSS-(OLi)4-

DMSO solvate. Ellipsoids shown at 30% probability.  C atoms are shown as wireframe 

models. S and O atoms in DMSO are shown as ball and stick models.  C-H hydrogen 

atoms are omitted for clarity.  

 

A specimen of C62H82Li8O23S7Si8, approximate dimensions 0.100 mm x 0.180 mm x 

0.250 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured. The integration of the data using an orthorhombic unit cell yielded a total 
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of 117293 reflections to a maximum θ angle of 28.08° (0.76 Å resolution), of which 

19556 were independent (average redundancy 5.998, completeness = 99.1%, Rint = 

5.65%, Rsig = 4.42%) and 16438 (84.06%) were greater than 2σ(F
2
).The final cell 

constants of a = 22.3145(9) Å, b = 14.8336(6) Å, c = 24.6042(10) Å, volume = 8144.1(6) 

Å
3
, are based upon the refinement of the XYZ-centroids of reflections above 20 σ(I).The 

calculated minimum and maximum transmission coefficients (based on crystal size) are 

0.6862 and 0.7456. 

 

The structure was solved and refined using the Bruker SHELXTL Software Package, 

using the space group P n a 21, with Z = 4 for the formula unit, C62H82Li8O23S7Si8.The 

final anisotropic full-matrix least-squares refinement on F
2
 with 1002 variables 

converged at R1 = 5.23%, for the observed data and wR2 = 13.65% for all data. The 

goodness-of-fit was 1.025. The largest peak in the final difference electron density 

synthesis was 1.532 e
-
/Å

3
 and the largest hole was -1.522 e

-
/Å

3
 with an RMS deviation of 

0.085 e
-
/Å

3
. On the basis of the final model, the calculated density was 1.386 g/cm

3
 and 

F(000), 3544 e
-
. 

 

Table C1. Sample and crystal data for T4-POSS-(OLi)4-DMSO  

Identification code 2149SiOPhLiDMSO 

Chemical formula C62H82Li8O23S7Si8 

Formula weight 1699.93 g/mol 

Temperature 99(2) K 
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Table C1 Continued  

Wavelength 

Table C1 Continued 

0.71073 Å 

Crystal size 0.100 x 0.180 x 0.250 mm 

Crystal system orthorhombic 

Space group P n a 21 

Unit cell dimensions a = 22.3145(9) Å α = 90° 

 

b = 14.8336(6) Å β = 90° 

 

c = 24.6042(10) Å γ = 90° 

Volume 8144.1(6) Å
3
 

 

Z 4 

Density (calculated) 1.386 g/cm
3
 

Absorption coefficient 0.380 mm
-1

 

F(000) 3544 

 

Table C2. Data collection and structure refinement for T4-POSS-(OLi)4-DMSO 

Theta range for data 

collection 

1.60 to 28.08° 

Index ranges -24<=h<=29, -19<=k<=19, -32<=l<=32 

Temperature 

 

117293 
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Table C2 Continued  

Independent 

reflections 

 

Table C2 Continued 

19556 [R(int) = 0.0565] 

Max. and min. 

transmission 

0.7456 and 0.6862 

Structure solution 

technique 

direct methods 

Structure solution 

program 

SHELXS-97 (Sheldrick, 2008) 

Refinement method Full-matrix least-squares on F
2
 

Refinement program SHELXL-2013 (Sheldrick, 2013) 

Function minimized Σ w(Fo
2
 - Fc

2
)
2
 

Data / restraints / 

parameters 

19556 / 2 / 1002 

Goodness-of-fit on F
2
 1.025 

Δ/σmax 0.001 

Final R indices 

16438 data; 

I>2σ(I) 

R1 = 0.0523, wR2 = 

0.1262 

 

 

all data 

R1 = 0.0688, wR2 = 

0.1365 
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Table C2 Continued 

 

Weighting scheme 

w=1/[σ
2
(Fo

2
)+(0.0631P)

2
+13.4996P] 

where P=(Fo
2
+2Fc

2
)/3 

Absolute structure 

parameter 

0.2(0) 

Largest diff. peak and 

hole 

1.532 and -1.522 eÅ
-3

 

R.M.S. deviation from 

mean 

0.085 eÅ
-3

 

 

Table C3. Atomic coordinates and equivalent isotropic atomic displacement 

parameters (Å
2
) for T4-POSS-(OLi)4-DMSO.  

 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

 
x/a y/b z/c U(eq) 

Si1 0.79042(6) 0.68574(9) 0.45257(6) 0.0125(3) 

Si2 0.85936(7) 0.53392(10) 0.50716(6) 0.0165(3) 

Si3 0.90973(6) 0.47973(10) 0.39481(6) 0.0150(3) 

Si4 0.83513(6) 0.63497(9) 0.34378(6) 0.0121(3) 

Si5 0.71113(6) 0.30040(9) 0.29787(6) 0.0149(3) 

Si6 0.64447(6) 0.45133(10) 0.24096(6) 0.0137(3) 
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Table C3 Continued 

Si7 0.59353(6) 0.51122(9) 0.34894(6) 0.0123(3) 

Si8 0.66203(6) 0.36203(9) 0.40488(6) 0.0131(3) 

S1 0.86332(7) 0.43281(13) 0.18422(7) 0.0329(4) 

S2 0.53577(6) 0.74347(10) 0.48485(6) 0.0220(3) 

S3 0.94121(9) 0.19347(14) 0.28869(9) 0.0242(5) 

S3A 0.9696(3) 0.2427(4) 0.2608(3) 0.0439(17) 

S4 0.63386(7) 0.56890(12) 0.56295(7) 0.0304(4) 

S7 0.65541(10) 0.81946(14) 0.28545(9) 0.0275(6) 

S7A 0.67025(18) 0.7797(2) 0.33591(15) 0.0135(9) 

O1 0.85518(18) 0.4568(3) 0.24363(18) 0.0240(9) 

O2 0.59360(18) 0.7264(3) 0.45471(18) 0.0269(9) 

O3 0.77080(16) 0.3569(2) 0.30559(16) 0.0178(8) 

O4 0.66277(16) 0.3465(2) 0.25574(16) 0.0159(8) 

O5 0.67791(17) 0.2874(2) 0.35732(15) 0.0161(8) 

O6 0.70022(16) 0.5163(2) 0.24107(15) 0.0156(7) 

O7 0.59209(16) 0.4842(2) 0.28451(15) 0.0154(7) 

O8 0.71774(16) 0.4266(2) 0.41712(16) 0.0143(7) 

O9 0.64402(15) 0.5836(2) 0.36178(14) 0.0139(7) 

O10 0.60319(16) 0.4183(2) 0.38391(16) 0.0161(8) 

O11 0.77664(16) 0.5796(2) 0.32778(15) 0.0150(7) 
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Table C3 Continued 

O12 0.81975(17) 0.7082(2) 0.39268(15) 0.0148(7) 

O13 0.89078(16) 0.5750(2) 0.36661(15) 0.0145(7) 

O14 0.90362(18) 0.4914(3) 0.46088(17) 0.0242(9) 

O15 0.87247(17) 0.3979(3) 0.37196(18) 0.0239(9) 

O16 0.84258(16) 0.6383(2) 0.49037(16) 0.0167(8) 

O17 0.80194(18) 0.4722(3) 0.51593(16) 0.0207(8) 

O18 0.73285(15) 0.6235(2) 0.44719(14) 0.0129(7) 

O19 0.64370(19) 0.5374(3) 0.50574(18) 0.0256(9) 

O20 0.6797(2) 0.7328(3) 0.2673(3) 0.0501(15) 

O21 0.8415(5) 0.2648(5) 0.5545(3) 0.103(3) 

O22 0.9068(2) 0.2707(3) 0.2650(2) 0.0380(11) 

O23 0.80408(19) 0.2781(3) 0.4391(2) 0.0341(10) 

Li1 0.6475(5) 0.6302(7) 0.4373(4) 0.023(2) 

Li2 0.6975(4) 0.6120(6) 0.2946(4) 0.0182(17) 

Li3 0.7732(4) 0.4813(6) 0.2773(4) 0.0186(19) 

Li4 0.8571(4) 0.3603(7) 0.3005(5) 0.026(2) 

Li5 0.8103(7) 0.3487(8) 0.5026(6) 0.055(4) 

Li6 0.7294(4) 0.5017(6) 0.4793(4) 0.0187(19) 

Li7 0.7892(4) 0.3766(7) 0.3827(4) 0.026(2) 

Li8 0.7232(4) 0.5462(6) 0.3839(4) 0.0180(17) 
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Table C3 Continued 

C11 0.7740(2) 0.7969(3) 0.4856(2) 0.0148(10) 

C12 0.7200(3) 0.8415(4) 0.4789(2) 0.0228(12) 

C11A 0.5935(4) 0.8015(7) 0.3271(4) 0.065(3) 

C12A 0.7087(5) 0.8623(10) 0.3360(4) 0.091(4) 

C13 0.7094(3) 0.9270(4) 0.5009(3) 0.0297(14) 

C14 0.7539(3) 0.9683(4) 0.5309(3) 0.0304(15) 

C15 0.8076(3) 0.9263(4) 0.5395(3) 0.0289(14) 

C16 0.8181(3) 0.8408(4) 0.5171(2) 0.0231(12) 

C21 0.9076(2) 0.5409(4) 0.5700(2) 0.0229(12) 

C22 0.9426(3) 0.4689(5) 0.5850(3) 0.0353(16) 

C23 0.9779(3) 0.4710(7) 0.6324(3) 0.050(2) 

C24 0.9779(3) 0.5464(7) 0.6644(3) 0.054(3) 

C25 0.9435(3) 0.6197(7) 0.6499(3) 0.050(2) 

C26 0.9087(3) 0.6168(5) 0.6033(3) 0.0333(15) 

C31 0.9918(2) 0.4662(4) 0.3811(3) 0.0192(11) 

C32 0.0133(3) 0.4743(4) 0.3273(3) 0.0232(12) 

C33 0.0724(3) 0.4582(5) 0.3150(3) 0.0330(15) 

C34 0.1122(3) 0.4314(5) 0.3554(3) 0.0361(16) 

C35 0.0929(3) 0.4233(4) 0.4081(3) 0.0342(16) 

C36 0.0326(3) 0.4406(4) 0.4210(3) 0.0234(12) 
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C41 0.8677(2) 0.6955(3) 0.2836(2) 0.0152(10) 

C42 0.8314(3) 0.7408(4) 0.2457(2) 0.0229(12) 

C43 0.8558(3) 0.7840(5) 0.2006(3) 0.0314(14) 

C44 0.9182(3) 0.7834(5) 0.1929(3) 0.0330(15) 

C45 0.9543(3) 0.7374(5) 0.2289(3) 0.0318(15) 

C46 0.9292(3) 0.6940(4) 0.2741(2) 0.0224(12) 

C51 0.7263(3) 0.1860(4) 0.2681(2) 0.0203(11) 

C52 0.7783(3) 0.1389(5) 0.2809(4) 0.045(2) 

C53 0.7907(3) 0.0543(5) 0.2587(4) 0.047(2) 

C54 0.7515(3) 0.0157(4) 0.2236(3) 0.0415(19) 

C55 0.7001(4) 0.0610(5) 0.2090(3) 0.0438(19) 

C56 0.6884(3) 0.1456(4) 0.2305(3) 0.0303(15) 

C61 0.6007(2) 0.4474(4) 0.1757(2) 0.0175(11) 

C62 0.5913(3) 0.3685(5) 0.1460(3) 0.0284(14) 

C63 0.5542(3) 0.3685(6) 0.1007(3) 0.0384(18) 

C64 0.5268(3) 0.4449(6) 0.0830(3) 0.0366(17) 

C65 0.5360(3) 0.5256(5) 0.1111(3) 0.0339(15) 

C66 0.5714(3) 0.5258(4) 0.1578(3) 0.0253(12) 

C71 0.5150(2) 0.5453(3) 0.3661(2) 0.0149(10) 

C72 0.4749(3) 0.5766(4) 0.3264(2) 0.0202(11) 
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C73 0.4161(2) 0.6006(4) 0.3400(3) 0.0217(12) 

C74 0.3971(2) 0.5944(4) 0.3931(3) 0.0246(13) 

C75 0.4357(3) 0.5643(4) 0.4334(3) 0.0250(13) 

C76 0.4945(2) 0.5395(4) 0.4195(2) 0.0179(11) 

C81 0.6345(2) 0.2990(3) 0.4657(2) 0.0158(11) 

C82 0.5739(3) 0.3020(5) 0.4801(3) 0.0296(14) 

C83 0.5519(3) 0.2542(5) 0.5245(3) 0.0346(15) 

C84 0.5899(3) 0.2047(5) 0.5563(3) 0.0347(16) 

C85 0.6494(3) 0.2013(5) 0.5427(3) 0.0405(18) 

C86 0.6721(3) 0.2481(5) 0.4980(3) 0.0343(16) 

C101 0.8400(5) 0.5311(5) 0.1494(4) 0.065(3) 

C102 0.8027(4) 0.3618(5) 0.1659(3) 0.0400(17) 

C201 0.5495(3) 0.8437(5) 0.5236(3) 0.0408(17) 

C202 0.4851(3) 0.7907(4) 0.4365(3) 0.0297(14) 

C301 0.9599(3) 0.1221(5) 0.2348(3) 0.0410(17) 

C302 0.0134(4) 0.2304(6) 0.3071(4) 0.057(2) 

C401 0.7010(4) 0.6238(5) 0.5844(3) 0.0415(18) 

C402 0.6408(4) 0.4687(5) 0.6027(3) 0.048(2) 

S6 

 

0.85385(12) 0.25259(16) 0.61233(9) 0.0614(6) 
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S5 0.84442(9) 0.21100(13) 0.41014(10) 0.0466(5) 

C502 0.9147(4) 0.2129(8) 0.4436(5) 0.079(4) 

C501 0.8177(5) 0.1199(13) 0.4394(7) 0.161(9) 

C602 0.8026(4) 0.1622(5) 0.6352(4) 0.053(2) 

C601 0.8111(4) 0.3250(12) 0.6378(5) 0.143(8) 

 

Table C4. Bond lengths (Å) for T4-POSS-(OLi)4-DMSO 

Si1-O18 1.588(4) Si1-O12 1.646(4) 

Si1-O16 1.648(4) Si1-C11 1.875(5) 

Si1-Li8 3.064(9) Si1-Li6 3.121(9) 

Si2-O17 1.590(4) Si2-O14 1.634(4) 

Si2-O16 1.645(4) Si2-C21 1.887(6) 

Si2-Li5 2.959(13) Si2-Li6 3.017(10) 

Si3-O15 1.575(4) Si3-O13 1.630(4) 

Si3-O14 1.641(4) Si3-C31 1.872(6) 

Si3-Li7 3.109(10) Si3-Li4 3.146(11) 

Si4-O11 1.592(4) Si4-O13 1.628(4) 

Si4-O12 

 

1.656(4) Si4-C41 1.879(5) 
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Table C4 Continued  

Si4-Li8 2.990(9) Si4-Li3 3.128(9) 

Si5-O3 1.585(4) Si5-O4 1.645(4) 

Si5-O5 1.651(4) Si5-C51 1.879(6) 

Si5-Li7 2.944(10) Si5-Li3 3.063(9) 

Si6-O6 1.574(4) Si6-O4 1.648(4) 

Si6-O7 1.659(4) Si6-C61 1.879(6) 

Si6-Li2 2.970(9) Si6-Li3 3.041(9) 

Si7-O9 1.589(4) Si7-O7 1.636(4) 

Si7-O10 1.639(4) Si7-C71 1.872(5) 

Si7-Li1 3.049(10) Si7-Li8 3.064(9) 

Si7-Li2 3.067(9) Si8-O8 1.598(4) 

Si8-O10 1.639(4) Si8-O5 1.649(4) 

Si8-C81 1.868(6) Si8-Li7 2.898(9) 

Si8-Li8 3.097(9) Si8-Li6 3.147(9) 

S1-O1 1.516(5) S1-C101 1.770(8) 

S1-C102 1.773(8) S2-O2 1.510(4) 

S2-C202 1.785(7) S2-C201 1.793(7) 

S3-O22 1.497(5) S3-C301 1.747(7) 

S3-C302 1.761(9) S3A-O22 1.465(7) 

S3A-C301 1.911(10) S4-O19 1.499(5) 
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S4-C401 1.786(8) S4-C402 1.787(7) 

S7-O20 1.465(5) S7-C11A 1.742(8) 

S7-C12A 1.835(10) S7A-C12A 1.496(15) 

S7A-C11A 1.757(9) S7A-O20 1.838(7) 

S7A-Li2 2.755(9) O1-Li4 2.003(11) 

O1-Li3 2.041(10) O2-Li1 1.914(11) 

O3-Li4 1.929(11) O3-Li7 1.962(11) 

O3-Li3 1.974(10) O6-Li3 1.927(10) 

O6-Li2 1.937(10) O8-Li6 1.910(10) 

O8-Li7 1.952(10) O8-Li8 1.957(9) 

O9-Li8 1.931(9) O9-Li1 1.985(11) 

O9-Li2 2.082(10) O11-Li8 1.890(10) 

O11-Li3 1.917(10) O11-Li2 2.004(9) 

O15-Li4 1.875(12) O15-Li7 1.903(10) 

O17-Li5 1.870(13) O17-Li6 1.903(10) 

O18-Li1 1.923(11) O18-Li8 1.946(9) 

O18-Li6 1.973(10) O19-Li6 2.089(10) 

O19-Li1 2.176(11) O20-Li2 1.955(10) 

O21-S6 1.461(7) O21-Li5 1.913(15) 

O22-Li4 1.940(11) O23-S5 1.520(5) 
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O23-Li5 1.886(15) O23-Li7 2.043(12) 

Li1-Li8 2.478(13) Li1-Li6 2.836(14) 

Li2-Li8 2.472(13) Li2-Li3 2.606(12) 

Li3-Li4 2.656(13) Li3-Li8 3.008(13) 

Li3-Li7 3.044(15) Li4-Li7 2.537(15) 

Li5-Li6 2.956(16) Li5-Li7 3.018(18) 

Li6-Li8 2.442(13) Li6-Li7 3.297(13) 

Li7-S5 2.830(10) Li7-Li8 2.914(13) 

C11-C12 1.384(8) C11-C16 1.411(8) 

C12-C13 1.400(8) C13-C14 1.381(9) 

C14-C15 1.367(9) C15-C16 1.403(8) 

C21-C22 1.375(9) C21-C26 1.392(9) 

C22-C23 1.408(10) C23-C24 1.368(13) 

C24-C25 1.380(13) C25-C26 1.386(10) 

C31-C36 1.391(8) C31-C32 1.413(8) 

C32-C33 1.375(9) C33-C34 1.391(10) 

C34-C35 1.371(11) C35-C36 1.406(8) 

C41-C46 1.391(8) C41-C42 1.407(8) 

C42-C43 1.391(8) C43-C44 1.405(10) 

C44-C45 1.379(10) C45-C46 1.404(9) 
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C51-C56 1.390(9) C51-C52 1.391(9) 

C52-C53 1.397(10) C53-C54 1.358(11) 

C54-C55 1.377(11) C55-C56 1.386(9) 

C61-C62 1.395(8) C61-C66 1.406(8) 

C62-C63 1.391(9) C63-C64 1.359(11) 

C64-C65 1.398(11) C65-C66 1.394(9) 

C71-C76 1.396(8) C71-C72 1.403(8) 

C72-C73 1.401(8) C73-C74 1.375(9) 

C74-C75 1.387(9) C75-C76 1.405(8) 

C81-C86 1.380(8) C81-C82 1.399(8) 

C82-C83 1.391(9) C83-C84 1.368(10) 

C84-C85 1.370(10) C85-C86 1.396(9) 

S6-C601 1.567(14) S6-C602 1.850(8) 

S5-C501 1.643(15) S5-C502 1.771(10) 
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Table C5. Bond angles (°) for T4-POSS-(OLi)4-DMSO 

O18-Si1-O12 111.4(2) O18-Si1-O16 111.7(2) 

O12-Si1-O16 108.1(2) O18-Si1-C11 112.9(2) 

O12-Si1-C11 106.8(2) O16-Si1-C11 105.6(2) 

O18-Si1-Li8 33.4(2) O12-Si1-Li8 80.6(2) 

O16-Si1-Li8 111.6(2) C11-Si1-Li8 137.6(2) 

O18-Si1-Li6 32.4(2) O12-Si1-Li6 122.6(2) 

O16-Si1-Li6 79.4(2) C11-Si1-Li6 126.4(2) 

Li8-Si1-Li6 46.5(2) O17-Si2-O14 111.1(2) 

O17-Si2-O16 113.1(2) O14-Si2-O16 109.0(2) 

O17-Si2-C21 112.3(2) O14-Si2-C21 104.3(2) 

O16-Si2-C21 106.5(3) O17-Si2-Li5 34.1(4) 

O14-Si2-Li5 80.7(4) O16-Si2-Li5 141.3(3) 

C21-Si2-Li5 107.0(3) O17-Si2-Li6 33.4(2) 

O14-Si2-Li6 111.2(2) O16-Si2-Li6 82.7(2) 

C21-Si2-Li6 138.0(3) Li5-Si2-Li6 59.3(3) 

O15-Si3-O13 112.3(2) O15-Si3-O14 113.0(2) 

O13-Si3-O14 108.0(2) O15-Si3-C31 111.7(2) 

O13-Si3-C31 105.7(2) O14-Si3-C31 105.7(2) 

O15-Si3-Li7 29.5(2) O13-Si3-Li7 99.3(2) 

O14-Si3-Li7 94.3(2) C31-Si3-Li7 140.9(2) 
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O15-Si3-Li4 26.6(3) O13-Si3-Li4 94.4(2) 

O14-Si3-Li4 139.4(3) C31-Si3-Li4 99.9(3) 

Li7-Si3-Li4 47.8(3) O11-Si4-O13 115.4(2) 

O11-Si4-O12 110.4(2) O13-Si4-O12 105.4(2) 

O11-Si4-C41 111.6(2) O13-Si4-C41 103.8(2) 

O12-Si4-C41 109.9(2) O11-Si4-Li8 33.9(2) 

O13-Si4-Li8 106.4(2) O12-Si4-Li8 82.9(2) 

C41-Si4-Li8 142.5(2) O11-Si4-Li3 29.8(2) 

O13-Si4-Li3 96.9(2) O12-Si4-Li3 140.0(2) 

C41-Si4-Li3 96.1(2) Li8-Si4-Li3 58.8(2) 

O3-Si5-O4 114.0(2) O3-Si5-O5 109.4(2) 

O4-Si5-O5 108.2(2) O3-Si5-C51 111.9(2) 

O4-Si5-C51 104.4(2) O5-Si5-C51 108.7(2) 

O3-Si5-Li7 38.3(2) O4-Si5-Li7 132.5(2) 

O5-Si5-Li7 71.5(2) C51-Si5-Li7 121.1(3) 

O3-Si5-Li3 34.6(2) O4-Si5-Li3 80.1(2) 

O5-Si5-Li3 116.9(2) C51-Si5-Li3 130.2(2) 

Li7-Si5-Li3 60.9(3) O6-Si6-O4 112.4(2) 

O6-Si6-O7 112.1(2) O4-Si6-O7 108.0(2) 

O6-Si6-C61 115.5(2) O4-Si6-C61 106.7(2) 
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O7-Si6-C61 101.2(2) O6-Si6-Li2 36.2(2) 

O4-Si6-Li2 124.1(2) O7-Si6-Li2 76.0(2) 

C61-Si6-Li2 127.7(3) O6-Si6-Li3 33.2(2) 

O4-Si6-Li3 80.8(2) O7-Si6-Li3 115.6(2) 

C61-Si6-Li3 138.2(3) Li2-Si6-Li3 51.4(2) 

O9-Si7-O7 111.9(2) O9-Si7-O10 111.77(19) 

O7-Si7-O10 107.8(2) O9-Si7-C71 115.9(2) 

O7-Si7-C71 105.4(2) O10-Si7-C71 103.4(2) 

O9-Si7-Li1 35.6(2) O7-Si7-Li1 147.3(2) 

O10-Si7-Li1 93.4(2) C71-Si7-Li1 93.0(3) 

O9-Si7-Li8 32.8(2) O7-Si7-Li8 109.4(2) 

O10-Si7-Li8 82.6(2) C71-Si7-Li8 140.9(2) 

Li1-Si7-Li8 47.8(3) O9-Si7-Li2 38.8(2) 

O7-Si7-Li2 73.3(2) O10-Si7-Li2 122.6(2) 

C71-Si7-Li2 132.5(2) Li1-Si7-Li2 74.3(3) 

Li8-Si7-Li2 47.6(2) O8-Si8-O10 112.15(19) 

O8-Si8-O5 111.6(2) O10-Si8-O5 106.9(2) 

O8-Si8-C81 113.9(2) O10-Si8-C81 104.1(2) 

O5-Si8-C81 107.7(2) O8-Si8-Li7 39.5(2) 

O10-Si8-Li7 133.4(3) O5-Si8-Li7 72.9(2) 
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C81-Si8-Li7 120.7(3) O8-Si8-Li8 32.8(2) 

O10-Si8-Li8 81.5(2) O5-Si8-Li8 112.2(2) 

C81-Si8-Li8 136.0(2) Li7-Si8-Li8 58.1(3) 

O8-Si8-Li6 28.8(2) O10-Si8-Li6 103.3(2) 

O5-Si8-Li6 138.7(2) C81-Si8-Li6 91.2(2) 

Li7-Si8-Li6 66.0(3) Li8-Si8-Li6 46.0(2) 

O1-S1-C101 103.8(4) O1-S1-C102 107.1(3) 

C101-S1-C102 98.2(4) O2-S2-C202 106.3(3) 

O2-S2-C201 104.7(3) C202-S2-C201 97.9(4) 

O22-S3-C301 106.9(3) O22-S3-C302 109.3(4) 

C301-S3-C302 99.5(4) O22-S3A-C301 100.5(5) 

O19-S4-C401 107.3(3) O19-S4-C402 104.0(4) 

C401-S4-C402 98.3(4) O20-S7-C11A 109.8(4) 

O20-S7-C12A 105.7(5) C11A-S7-C12A 99.7(5) 

C12A-S7A-C11A 114.1(6) C12A-S7A-O20 104.2(4) 

C11A-S7A- 

O20 

93.9(4) 

C12A-S7A- 

 

Li2 

127.9(5) 

C11A-S7A-Li2 109.7(5) O20-S7A-Li2 45.1(3) 

S1-O1-Li4 120.3(4) S1-O1-Li3 122.7(4) 
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Li4-O1-Li3 82.1(4) S2-O2-Li1 140.5(4) 

Si5-O3-Li4 147.6(4) Si5-O3-Li7 111.7(4) 

Li4-O3-Li7 81.4(5) Si5-O3-Li3 118.3(3) 

Li4-O3-Li3 85.8(4) Li7-O3-Li3 101.3(4) 

Si5-O4-Si6 133.9(2) Si8-O5-Si5 130.3(2) 

Si6-O6-Li3 120.2(4) Si6-O6-Li2 115.2(3) 

Li3-O6-Li2 84.8(4) Si7-O7-Si6 133.2(2) 

Si8-O8-Li6 127.3(4) Si8-O8-Li7 109.0(3) 

Li6-O8-Li7 117.2(4) Si8-O8-Li8 120.9(3) 

Li6-O8-Li8 78.3(4) Li7-O8-Li8 96.4(4) 

Si7-O9-Li8 120.7(3) Si7-O9-Li1 116.7(4) 

Li8-O9-Li1 78.5(4) Si7-O9-Li2 112.7(3) 

Li8-O9-Li2 75.9(4) Li1-O9-Li2 130.6(4) 

Si7-O10-Si8 134.4(2) Si4-O11-Li8 118.2(3) 

Si4-O11-Li3 125.8(3) Li8-O11-Li3 104.4(4) 

Si4-O11-Li2 134.4(3) Li8-O11-Li2 78.8(4) 

Li3-O11-Li2 83.3(4) Si1-O12-Si4 126.9(2) 

Si4-O13-Si3 145.0(2) Si2-O14-Si3 141.4(3) 

Si3-O15-Li4 131.3(4) Si3-O15-Li7 126.4(4) 

Li4-O15-Li7 84.3(5) Si2-O16-Si1 134.8(2) 
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Table C5 Continued  

Si2-O17-Li5 117.4(6) Si2-O17-Li6 119.2(3) 

Li5-O17-Li6 103.2(6) Si1-O18-Li1 141.4(4) 

Si1-O18-Li8 119.9(3) Li1-O18-Li8 79.7(4) 

Si1-O18-Li6 122.0(3) Li1-O18-Li6 93.4(4) 

Li8-O18-Li6 77.1(4) S4-O19-Li6 120.4(4) 

S4-O19-Li1 122.3(4) Li6-O19-Li1 83.3(4) 

S7-O20-Li2 140.8(5) S7A-O20-Li2 93.1(4) 

S6-O21-Li5 143.0(7) S3A-O22-Li4 140.7(5) 

S3-O22-Li4 130.0(5) S5-O23-Li5 135.1(6) 

S5-O23-Li7 104.2(4) Li5-O23-Li7 100.3(5) 

O2-Li1-O18 129.3(5) O2-Li1-O9 116.4(6) 

O18-Li1-O9 98.0(5) O2-Li1-O19 105.9(5) 

O18-Li1-O19 84.7(4) O9-Li1-O19 120.2(5) 

O2-Li1-Li8 157.2(6) O18-Li1-Li8 50.6(3) 

O9-Li1-Li8 49.8(3) O19-Li1-Li8 96.8(4) 

O2-Li1-Li6 145.6(6) O18-Li1-Li6 44.0(3) 

O9-Li1-Li6 97.6(4) O19-Li1-Li6 47.0(3) 

Li8-Li1-Li6 54.2(3) O2-Li1-Si7 110.0(4) 

O18-Li1-Si7 116.8(4) O9-Li1-Si7 27.75(18) 

O19-Li1-Si7 99.8(4) Li8-Li1-Si7 66.4(3) 
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Table C5 Continued  

Li6-Li1-Si7 97.2(3) O6-Li2-O20 116.4(5) 

O6-Li2-O11 94.2(4) O20-Li2-O11 122.6(5) 

O6-Li2-O9 114.2(4) O20-Li2-O9 110.0(4) 

O11-Li2-O9 97.7(4) O6-Li2-Li8 107.9(4) 

O20-Li2-Li8 135.7(5) O11-Li2-Li8 48.6(3) 

O9-Li2-Li8 49.3(3) O6-Li2-Li3 47.4(3) 

O20-Li2-Li3 139.2(5) O11-Li2-Li3 47.0(3) 

O9-Li2-Li3 110.6(4) Li8-Li2-Li3 72.6(4) 

O6-Li2-S7A 156.8(5) O20-Li2-S7A 41.8(3) 

O11-Li2-S7A 105.1(4) O9-Li2-S7A 76.3(3) 

Li8-Li2-S7A 94.6(4) Li3-Li2-S7A 151.1(4) 

O6-Li2-Si6 28.66(17) O20-Li2-Si6 120.1(4) 

O11-Li2-Si6 109.9(3) O9-Li2-Si6 87.8(3) 

Li8-Li2-Si6 99.8(3) Li3-Li2-Si6 65.7(3) 

S7A-Li2-Si6 143.2(3) O6-Li2-Si7 87.9(3) 

O20-Li2-Si7 116.3(4) O11-Li2-Si7 111.8(4) 

O9-Li2-Si7 28.55(15) Li8-Li2-Si7 66.2(3) 

Li3-Li2-Si7 101.5(3) S7A-Li2-Si7 96.4(3) 

Si6-Li2-Si7 60.07(16) O11-Li3-O6 97.4(4) 

O11-Li3-O3 118.9(5) O6-Li3-O3 113.1(5) 
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Table C5 Continued  

O11-Li3-O1 111.2(5) O6-Li3-O1 128.2(5) 

O3-Li3-O1 90.0(4) O11-Li3-Li2 49.8(3) 

O6-Li3-Li2 47.8(3) O3-Li3-Li2 128.3(5) 

O1-Li3-Li2 141.3(5) O11-Li3-Li4 110.2(5) 

O6-Li3-Li4 151.3(5) O3-Li3-Li4 46.4(3) 

O1-Li3-Li4 48.3(3) Li2-Li3-Li4 157.5(5) 

O11-Li3-Li8 37.5(3) O6-Li3-Li8 90.2(4) 

O3-Li3-Li8 88.9(4) O1-Li3-Li8 138.0(4) 

Li2-Li3-Li8 51.6(3) Li4-Li3-Li8 106.8(4) 

O11-Li3-Si6 109.9(4) O6-Li3-Si6 26.57(17) 

O3-Li3-Si6 86.6(3) O1-Li3-Si6 134.6(4) 

Li2-Li3-Si6 62.9(3) Li4-Li3-Si6 129.0(4) 

Li8-Li3-Si6 87.3(3) O11-Li3-Li7 80.3(4) 

O6-Li3-Li7 129.1(5) O3-Li3-Li7 39.2(3) 

O1-Li3-Li7 98.6(4) Li2-Li3-Li7 108.4(4) 

Li4-Li3-Li7 52.3(3) Li8-Li3-Li7 57.6(3) 

Si6-Li3-Li7 106.6(3) O11-Li3-Si5 125.2(4) 

O6-Li3-Si5 86.0(3) O3-Li3-Si5 27.09(17) 

O1-Li3-Si5 108.4(4) Li2-Li3-Si5 109.4(4) 

Li4-Li3-Si5 72.0(3) Li8-Li3-Si5 88.2(3) 
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Table C5 Continued  

Si6-Li3-Si5 59.55(17) Li7-Li3-Si5 57.6(3) 

O11-Li3-Si4 24.36(17) O6-Li3-Si4 114.8(4) 

O3-Li3-Si4 120.6(4) O1-Li3-Si4 86.9(3) 

Li2-Li3-Si4 70.0(3) Li4-Li3-Si4 93.9(4) 

Li8-Li3-Si4 58.3(2) Si6-Li3-Si4 132.7(3) 

Li7-Li3-Si4 82.8(3) Si5-Li3-Si4 138.7(3) 

O15-Li4-O3 97.5(5) O15-Li4-O22 121.4(6) 

O3-Li4-O22 125.6(6) O15-Li4-O1 116.5(5) 

O3-Li4-O1 92.5(5) O22-Li4-O1 100.7(5) 

O15-Li4-Li7 48.3(4) O3-Li4-Li7 49.9(4) 

O22-Li4-Li7 140.0(6) O1-Li4-Li7 118.4(5) 

O15-Li4-Li3 97.5(5) O3-Li4-Li3 47.8(3) 

O22-Li4-Li3 140.3(6) O1-Li4-Li3 49.5(3) 

Li7-Li4-Li3 71.7(4) O15-Li4-Si3 22.09(19) 

O3-Li4-Si3 109.9(4) O22-Li4-Si3 120.3(4) 

O1-Li4-Si3 96.9(4) Li7-Li4-Si3 65.3(3) 

Li3-Li4-Si3 92.4(4) O17-Li5-O23 132.9(8) 

O17-Li5-O21 123.8(8) O23-Li5-O21 102.6(6) 

O17-Li5-Li6 38.8(4) O23-Li5-Li6 102.7(6) 

O21-Li5-Li6 148.3(8) O17-Li5-Si2 28.5(3) 
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Table C5 Continued  

O23-Li5-Si2 125.0(7) O21-Li5-Si2 116.4(7) 

Li6-Li5-Si2 61.3(3) O17-Li5-Li7 91.2(5) 

O23-Li5-Li7 41.8(4) O21-Li5-Li7 143.0(7) 

Li6-Li5-Li7 67.0(4) Si2-Li5-Li7 88.1(4) 

O17-Li6-O8 111.2(5) O17-Li6-O18 111.5(5) 

O8-Li6-O18 102.6(5) O17-Li6-O19 133.6(5) 

O8-Li6-O19 105.8(5) O18-Li6-O19 85.9(4) 

O17-Li6-Li8 124.4(5) O8-Li6-Li8 51.7(3) 

O18-Li6-Li8 51.0(3) O19-Li6-Li8 100.3(4) 

O17-Li6-Li1 151.1(5) O8-Li6-Li1 90.7(4) 

O18-Li6-Li1 42.6(3) O19-Li6-Li1 49.7(3) 

Li8-Li6-Li1 55.4(4) O17-Li6-Li5 38.0(3) 

O8-Li6-Li5 78.0(4) O18-Li6-Li5 139.2(5) 

O19-Li6-Li5 133.9(5) Li8-Li6-Li5 115.4(5) 

Li1-Li6-Li5 168.7(5) O17-Li6-Si2 27.37(18) 

O8-Li6-Si2 113.9(4) O18-Li6-Si2 84.8(3) 

O19-Li6-Si2 140.3(4) Li8-Li6-Si2 103.3(4) 

Li1-Li6-Si2 126.6(4) Li5-Li6-Si2 59.4(3) 

O17-Li6-Si1 86.0(3) O8-Li6-Si1 113.7(4) 

O18-Li6-Si1 25.55(17) O19-Li6-Si1 104.1(3) 
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Table C5 Continued  

Li8-Li6-Si1 65.5(3) Li1-Li6-Si1 67.4(3) 

Li5-Li6-Si1 116.5(4) Si2-Li6-Si1 59.35(17) 

O17-Li6-Si8 122.0(4) O8-Li6-Si8 23.80(18) 

O18-Li6-Si8 112.9(4) O19-Li6-Si8 84.9(3) 

Li8-Li6-Si8 65.9(3) Li1-Li6-Si8 85.6(3) 

Li5-Li6-Si8 84.2(4) Si2-Li6-Si8 134.1(3) 

Si1-Li6-Si8 131.4(3) O17-Li6-Li7 82.4(4) 

O8-Li6-Li7 31.8(3) O18-Li6-Li7 102.2(4) 

O19-Li6-Li7 137.5(4) Li8-Li6-Li7 58.8(3) 

Li1-Li6-Li7 112.1(4) Li5-Li6-Li7 57.4(4) 

Si2-Li6-Li7 82.2(3) Si1-Li6-Li7 99.4(3) 

Si8-Li6-Li7 53.4(2) O15-Li7-O8 142.6(6) 

O15-Li7-O3 95.5(5) O8-Li7-O3 107.8(5) 

O15-Li7-O23 93.1(4) O8-Li7-O23 96.3(5) 

O3-Li7-O23 125.8(5) O15-Li7-Li4 47.4(3) 

O8-Li7-Li4 150.4(6) O3-Li7-Li4 48.8(3) 

O23-Li7-Li4 112.1(5) O15-Li7-S5 75.6(3) 

O8-Li7-S5 125.6(5) O3-Li7-S5 101.1(4) 

O23-Li7-S5 31.4(2) Li4-Li7-S5 81.2(4) 

O15-Li7-Si8 174.0(5) O8-Li7-Si8 31.42(18) 
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Table C5 Continued  

O3-Li7-Si8 88.1(3) O23-Li7-Si8 88.7(4) 

Li4-Li7-Si8 136.7(4) S5-Li7-Si8 108.5(3) 

O15-Li7-Li8 110.6(5) O8-Li7-Li8 41.9(3) 

O3-Li7-Li8 91.9(4) O23-Li7-Li8 133.8(5) 

Li4-Li7-Li8 113.1(5) S5-Li7-Li8 165.1(4) 

Si8-Li7-Li8 64.4(3) O15-Li7-Si5 122.9(5) 

O8-Li7-Si5 88.3(3) O3-Li7-Si5 30.00(18) 

O23-Li7-Si5 107.7(4) Li4-Li7-Si5 75.6(3) 

S5-Li7-Si5 95.4(3) Si8-Li7-Si5 61.68(19) 

Li8-Li7-Si5 92.3(3) O15-Li7-Li5 90.3(5) 

O8-Li7-Li5 75.8(5) O3-Li7-Li5 163.3(6) 

O23-Li7-Li5 37.9(3) Li4-Li7-Li5 132.3(5) 

S5-Li7-Li5 65.1(3) Si8-Li7-Li5 87.6(4) 

Li8-Li7-Li5 100.8(4) Si5-Li7-Li5 137.2(5) 

O15-Li7-Li3 85.0(4) O8-Li7-Li3 94.6(4) 

O3-Li7-Li3 39.5(3) O23-Li7-Li3 164.4(5) 

Li4-Li7-Li3 56.0(4) S5-Li7-Li3 134.2(4) 

Si8-Li7-Li3 94.8(3) Li8-Li7-Li3 60.6(3) 

Si5-Li7-Li3 61.5(3) Li5-Li7-Li3 157.2(5) 

O15-Li7-Si3 24.07(19) O8-Li7-Si3 118.6(4) 
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Table C5 Continued 

O3-Li7-Si3 110.3(4) O23-Li7-Si3 98.4(4) 

Li4-Li7-Si3 66.9(3) S5-Li7-Si3 91.6(3) 

Si8-Li7-Si3 150.0(4) Li8-Li7-Si3 90.6(3) 

Si5-Li7-Si3 140.3(4) Li5-Li7-Si3 80.7(4) 

Li3-Li7-Si3 86.1(3) O11-Li8-O9 107.2(4) 

O11-Li8-O18 111.1(5) O9-Li8-O18 99.0(4) 

O11-Li8-O8 125.7(5) O9-Li8-O8 108.7(4) 

O18-Li8-O8 101.9(4) O11-Li8-Li6 137.5(5) 

O9-Li8-Li6 113.6(5) O18-Li8-Li6 52.0(3) 

O8-Li8-Li6 50.0(3) O11-Li8-Li2 52.7(3) 

O9-Li8-Li2 54.8(3) O18-Li8-Li2 120.3(5) 

O8-Li8-Li2 135.6(5) Li6-Li8-Li2 166.9(5) 

O11-Li8-Li1 133.3(5) O9-Li8-Li1 51.7(3) 

O18-Li8-Li1 49.8(3) O8-Li8-Li1 101.0(4) 

Li6-Li8-Li1 70.4(4) Li2-Li8-Li1 96.6(4) 

O11-Li8-Li7 84.3(4) O9-Li8-Li7 135.1(4) 

O18-Li8-Li7 117.5(4) O8-Li8-Li7 41.7(3) 

Li6-Li8-Li7 75.4(4) Li2-Li8-Li7 116.7(4) 

Li1-Li8-Li7 141.6(5) O11-Li8-Si4 27.99(18) 

O9-Li8-Si4 123.0(4) O18-Li8-Si4 85.0(3) 
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Table C5 Continued 

O8-Li8-Si4 126.1(4) Li6-Li8-Si4 112.9(4) 

Li2-Li8-Si4 74.1(3) Li1-Li8-Si4 121.5(4) 

Li7-Li8-Si4 87.4(3) O11-Li8-Li3 38.1(3) 

O9-Li8-Li3 100.7(4) O18-Li8-Li3 147.7(4) 

O8-Li8-Li3 95.6(4) Li6-Li8-Li3 137.0(5) 

Li2-Li8-Li3 55.8(3) Li1-Li8-Li3 151.2(5) 

Li7-Li8-Li3 61.8(3) Si4-Li8-Li3 62.9(2) 

O11-Li8-Si7 115.8(4) O9-Li8-Si7 26.48(17) 

O18-Li8-Si7 115.4(4) O8-Li8-Si7 84.5(3) 

Li6-Li8-Si7 106.1(4) Li2-Li8-Si7 66.3(3) 

Li1-Li8-Si7 65.8(3) Li7-Li8-Si7 109.2(3) 

Si4-Li8-Si7 140.4(3) Li3-Li8-Si7 92.9(3) 

O11-Li8-Si1 85.2(3) O9-Li8-Si1 114.1(4) 

O18-Li8-Si1 26.69(17) O8-Li8-Si1 114.4(4) 

Li6-Li8-Si1 68.0(3) Li2-Li8-Si1 109.7(4) 

Li1-Li8-Si1 72.6(3) Li7-Li8-Si1 110.0(3) 

Si4-Li8-Si1 58.39(16) Li3-Li8-Si1 121.0(3) 

Si7-Li8-Si1 137.0(3) C12-C11-C16 116.9(5) 

C12-C11-Si1 122.6(4) C16-C11-Si1 120.5(4) 

C11-C12-C13 122.3(6) C14-C13-C12 119.2(6) 
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Table C5 Continued 

C15-C14-C13 120.7(6) C14-C15-C16 119.8(6) 

C15-C16-C11 121.1(6) C22-C21-C26 117.4(6) 

C22-C21-Si2 120.1(5) C26-C21-Si2 122.5(5) 

C21-C22-C23 121.6(7) C24-C23-C22 119.7(7) 

C23-C24-C25 119.7(7) C24-C25-C26 120.1(8) 

C25-C26-C21 121.5(7) C36-C31-C32 117.4(5) 

C36-C31-Si3 122.9(5) C32-C31-Si3 119.5(4) 

C33-C32-C31 121.3(6) C32-C33-C34 120.2(6) 

C35-C34-C33 120.1(6) C34-C35-C36 119.8(6) 

C31-C36-C35 121.2(6) C46-C41-C42 117.7(5) 

C46-C41-Si4 120.3(4) C42-C41-Si4 121.9(4) 

C43-C42-C41 121.5(6) C42-C43-C44 119.6(6) 

C45-C44-C43 119.7(6) C44-C45-C46 120.1(6) 

C41-C46-C45 121.3(6) C56-C51-C52 116.3(6) 

C56-C51-Si5 122.6(5) C52-C51-Si5 121.0(5) 

C51-C52-C53 121.9(7) C54-C53-C52 120.0(7) 

C53-C54-C55 119.9(6) C54-C55-C56 119.9(7) 

C55-C56-C51 122.0(7) C62-C61-C66 117.3(5) 

C62-C61-Si6 123.5(5) C66-C61-Si6 119.0(4) 

C63-C62-C61 120.7(7) C64-C63-C62 121.7(7) 
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Table C5 Continued 

C63-C64-C65 119.3(6) C66-C65-C64 119.6(6) 

C65-C66-C61 121.4(6) C76-C71-C72 117.8(5) 

C76-C71-Si7 120.2(4) C72-C71-Si7 122.0(4) 

C73-C72-C71 121.1(6) C74-C73-C72 119.9(5) 

C73-C74-C75 120.6(5) C74-C75-C76 119.4(6) 

C71-C76-C75 121.3(5) C86-C81-C82 117.3(6) 

C86-C81-Si8 122.4(4) C82-C81-Si8 120.4(4) 

C83-C82-C81 121.6(6) C84-C83-C82 120.3(6) 

C83-C84-C85 118.8(6) C84-C85-C86 121.7(7) 

C81-C86-C85 120.4(6) O21-S6-C601 101.0(5) 

O21-S6-C602 105.6(5) C601-S6-C602 90.0(6) 

O23-S5-C501 96.8(6) O23-S5-C502 107.2(5) 

C501-S5-C502 97.5(7) O23-S5-Li7 44.4(3) 

C501-S5-Li7 131.4(5) C502-S5-Li7 118.9(5) 
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Table C6. Torsion angles (°) for T4-POSS-(OLi)4-DMSO 

C101-S1-O1-Li4 165.9(5) C102-S1-O1-Li4 62.7(5) 

C101-S1-O1-Li3 65.2(6) C102-S1-O1-Li3 -38.0(5) 

C202-S2-O2-Li1 -122.2(7) C201-S2-O2-Li1 134.8(7) 

O4-Si5-O3-Li4 -122.0(8) O5-Si5-O3-Li4 116.7(8) 

C51-Si5-O3-Li4 -3.8(8) Li7-Si5-O3-Li4 109.1(9) 

Li3-Si5-O3-Li4 -133.9(9) O4-Si5-O3-Li7 128.9(4) 

O5-Si5-O3-Li7 7.6(4) C51-Si5-O3-Li7 -112.9(4) 

Li3-Si5-O3-Li7 117.1(6) O4-Si5-O3-Li3 11.9(5) 

O5-Si5-O3-Li3 -109.4(4) C51-Si5-O3-Li3 130.0(4) 

Li7-Si5-O3-Li3 -117.1(6) O3-Si5-O4-Si6 -33.9(4) 

O5-Si5-O4-Si6 88.1(4) C51-Si5-O4-Si6 -156.3(3) 

Li7-Si5-O4-Si6 6.9(5) Li3-Si5-O4-Si6 -27.1(4) 

O6-Si6-O4-Si5 37.3(4) O7-Si6-O4-Si5 -86.9(4) 

C61-Si6-O4-Si5 165.0(3) Li2-Si6-O4-Si5 -1.9(5) 

Li3-Si6-O4-Si5 27.2(4) O8-Si8-O5-Si5 -46.2(4) 

O10-Si8-O5-Si5 76.8(3) C81-Si8-O5-Si5 -171.9(3) 

Li7-Si8-O5-Si5 -54.3(3) Li8-Si8-O5-Si5 -10.7(4) 

Li6-Si8-O5-Si5 -58.6(5) O3-Si5-O5-Si8 48.7(4) 

O4-Si5-O5-Si8 -76.0(3) C51-Si5-O5-Si8 171.2(3) 

Li7-Si5-O5-Si8 53.7(3) Li3-Si5-O5-Si8 11.9(4) 
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Table C6 Continued  

 

O4-Si6-O6-Li3 -18.4(5) O7-Si6-O6-Li3 103.5(4) 

C61-Si6-O6-Li3 -141.3(4) Li2-Si6-O6-Li3 99.1(5) 

O4-Si6-O6-Li2 -117.5(4) O7-Si6-O6-Li2 4.4(4) 

C61-Si6-O6-Li2 119.6(4) Li3-Si6-O6-Li2 -99.1(5) 

O9-Si7-O7-Si6 50.8(4) O10-Si7-O7-Si6 -72.5(4) 

C71-Si7-O7-Si6 177.6(3) Li1-Si7-O7-Si6 55.5(6) 

Li8-Si7-O7-Si6 15.7(4) Li2-Si7-O7-Si6 47.2(3) 

O6-Si6-O7-Si7 -51.1(4) O4-Si6-O7-Si7 73.3(4) 

C61-Si6-O7-Si7 -174.8(3) Li2-Si6-O7-Si7 -48.4(3) 

Li3-Si6-O7-Si7 -14.9(4) O10-Si8-O8-Li6 77.1(5) 

O5-Si8-O8-Li6 -163.0(4) C81-Si8-O8-Li6 -40.8(5) 

Li7-Si8-O8-Li6 -150.7(6) Li8-Si8-O8-Li6 99.2(6) 

O10-Si8-O8-Li7 -132.2(4) O5-Si8-O8-Li7 -12.2(4) 

C81-Si8-O8-Li7 109.9(4) Li8-Si8-O8-Li7 -110.1(6) 

Li6-Si8-O8-Li7 150.7(6) O10-Si8-O8-Li8 -22.1(4) 

O5-Si8-O8-Li8 97.9(4) C81-Si8-O8-Li8 -140.0(4) 

Li7-Si8-O8-Li8 110.1(6) Li6-Si8-O8-Li8 -99.2(6) 

O7-Si7-O9-Li8 -92.2(4) O10-Si7-O9-Li8 28.8(4) 

C71-Si7-O9-Li8 146.9(4) Li1-Si7-O9-Li8 92.2(5) 
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Li2-Si7-O9-Li8 -86.7(5) O7-Si7-O9-Li1 175.6(4) 

O10-Si7-O9-Li1 -63.4(4) C71-Si7-O9-Li1 54.7(4) 

Li8-Si7-O9-Li1 -92.2(5) Li2-Si7-O9-Li1 -178.9(5) 

O7-Si7-O9-Li2 -5.5(4) O10-Si7-O9-Li2 115.5(3) 

C71-Si7-O9-Li2 -126.4(3) Li1-Si7-O9-Li2 178.9(5) 

Li8-Si7-O9-Li2 86.7(5) O9-Si7-O10-Si8 -34.8(4) 

O7-Si7-O10-Si8 88.5(4) C71-Si7-O10-Si8 -160.2(3) 

Li1-Si7-O10-Si8 -66.2(4) Li8-Si7-O10-Si8 -19.5(4) 

Li2-Si7-O10-Si8 7.4(5) O8-Si8-O10-Si7 31.3(4) 

O5-Si8-O10-Si7 -91.4(4) 

C81-Si8-O10- 

Si7 

154.8(3) 

Li7-Si8-O10-Si7 -9.2(5) Li8-Si8-O10-Si7 19.4(4) 

Li6-Si8-O10-Si7 60.2(4) O13-Si4-O11-Li8 81.5(4) 

O12-Si4-O11-Li8 -37.8(4) C41-Si4-O11-Li8 -160.3(4) 

Li3-Si4-O11-Li8 137.3(6) O13-Si4-O11-Li3 -55.7(5) 

O12-Si4-O11-Li3 -175.1(4) C41-Si4-O11-Li3 62.5(5) 

Li8-Si4-O11-Li3 -137.3(6) O13-Si4-O11-Li2 -176.0(5) 

O12-Si4-O11-Li2 64.6(5) C41-Si4-O11-Li2 -57.9(5) 

Li8-Si4-O11-Li2 102.4(6) Li3-Si4-O11-Li2 -120.3(7) 

O18-Si1-O12-Si4 -48.6(4) O16-Si1-O12-Si4 74.5(3) 
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C11-Si1-O12-Si4 -172.3(3) Li8-Si1-O12-Si4 -35.3(3) 

Li6-Si1-O12-Si4 -14.2(4) O11-Si4-O12-Si1 56.2(3) 

O13-Si4-O12-Si1 -69.1(3) C41-Si4-O12-Si1 179.7(3) 

Li8-Si4-O12-Si1 36.0(3) Li3-Si4-O12-Si1 52.3(5) 

O11-Si4-O13-Si3 -22.1(5) O12-Si4-O13-Si3 99.9(4) 

C41-Si4-O13-Si3 -144.6(4) Li8-Si4-O13-Si3 12.9(5) 

Li3-Si4-O13-Si3 -46.6(5) O15-Si3-O13-Si4 38.6(5) 

O14-Si3-O13-Si4 -86.7(5) C31-Si3-O13-Si4 160.6(4) 

Li7-Si3-O13-Si4 11.0(5) Li4-Si3-O13-Si4 59.0(5) 

O17-Si2-O14-Si3 76.0(5) O16-Si2-O14-Si3 -49.3(5) 

C21-Si2-O14-Si3 -162.7(5) Li5-Si2-O14-Si3 91.9(5) 

Li6-Si2-O14-Si3 40.1(5) 

O15-Si3-O14- 

 

Si2 

-82.1(5) 

O13-Si3-O14-Si2 42.8(5) C31-Si3-O14-Si2 155.5(4) 

Li7-Si3-O14-Si2 -58.5(5) Li4-Si3-O14-Si2 -77.5(6) 

O13-Si3-O15-Li4 50.8(5) O14-Si3-O15-Li4 173.3(5) 

C31-Si3-O15-Li4 -67.7(5) Li7-Si3-O15-Li4 119.0(7) 

O13-Si3-O15-Li7 -68.2(5) O14-Si3-O15-Li7 54.2(5) 

C31-Si3-O15-Li7 173.3(5) Li4-Si3-O15-Li7 -119.0(7) 
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O17-Si2-O16-Si1 -36.7(4) O14-Si2-O16-Si1 87.4(4) 

C21-Si2-O16-Si1 -160.6(3) Li5-Si2-O16-Si1 -11.7(7) 

Li6-Si2-O16-Si1 -22.6(4) O18-Si1-O16-Si2 23.9(4) 

O12-Si1-O16-Si2 -99.0(4) C11-Si1-O16-Si2 147.0(3) 

Li8-Si1-O16-Si2 -12.1(4) Li6-Si1-O16-Si2 22.0(4) 

O14-Si2-O17-Li5 28.9(6) O16-Si2-O17-Li5 151.8(6) 

C21-Si2-O17-Li5 -87.6(6) Li6-Si2-O17-Li5 125.7(7) 

O14-Si2-O17-Li6 -96.8(4) O16-Si2-O17-Li6 26.1(5) 

C21-Si2-O17-Li6 146.7(4) Li5-Si2-O17-Li6 -125.7(7) 

O12-Si1-O18-Li1 -88.6(6) O16-Si1-O18-Li1 150.4(6) 

C11-Si1-O18-Li1 31.6(7) Li8-Si1-O18-Li1 -112.9(7) 

Li6-Si1-O18-Li1 153.9(8) O12-Si1-O18-Li8 24.4(4) 

O16-Si1-O18-Li8 -96.6(4) C11-Si1-O18-Li8 144.5(4) 

Li6-Si1-O18-Li8 -93.2(5) O12-Si1-O18-Li6 117.6(4) 

O16-Si1-O18-Li6 -3.4(4) 

C11-Si1-O18- 

 

Li6 

-122.3(4) 

Li8-Si1-O18-Li6 93.2(5) C401-S4-O19-Li6 30.3(5) 

C402-S4-O19-Li6 -73.2(5) C401-S4-O19-Li1 -71.9(5) 

C402-S4-O19-Li1 -175.4(5) C11A-S7-O20-S7A -60.3(4) 
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C12A-S7-O20-S7A 46.4(5) C11A-S7-O20-Li2 -41.8(8) 

C12A-S7-O20-Li2 64.9(8) C12A-S7A-O20-S7 -61.8(5) 

C11A-S7A-O20-S7 54.3(4) Li2-S7A-O20-S7 168.4(4) 

C12A-S7A-O20-Li2 129.9(5) C11A-S7A-O20-Li2 -114.0(5) 

C301-S3A-O22-S3 55.8(4) C301-S3A-O22-Li4 160.3(7) 

C301-S3-O22-S3A -68.5(5) C302-S3-O22-S3A 38.3(6) 

C301-S3-O22-Li4 164.6(6) C302-S3-O22-Li4 -88.6(7) 

Si3-O15-Li4-O3 -126.0(4) Li7-O15-Li4-O3 9.0(5) 

Si3-O15-Li4-O22 93.8(7) Li7-O15-Li4-O22 -131.2(7) 

Si3-O15-Li4-O1 -29.4(8) Li7-O15-Li4-O1 105.6(6) 

Si3-O15-Li4-Li7 -135.0(5) Si3-O15-Li4-Li3 -77.7(5) 

Li7-O15-Li4-Li3 57.3(5) Li7-O15-Li4-Si3 135.0(5) 

Si2-O17-Li5-O23 -85.9(12) Li6-O17-Li5-O23 47.4(13) 

Si2-O17-Li5-O21 83.5(11) Li6-O17-Li5-O21 -143.2(10) 

Si2-O17-Li5-Li6 -133.3(6) Li6-O17-Li5-Si2 133.3(6) 

Si2-O17-Li5-Li7 -83.8(5) Li6-O17-Li5-Li7 49.5(6) 

S5-O23-Li5-O17 125.6(10) Li7-O23-Li5-O17 3.1(13) 

S5-O23-Li5-O21    

 

 

-45.4(11) Li7-O23-Li5-O21 -167.9(7) 
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S5-O23-Li5-Li6 153.8(4) Li7-O23-Li5-Li6 31.4(6) 

S5-O23-Li5-Si2 90.1(8) Li7-O23-Li5-Si2 -32.4(9) 

S5-O23-Li5-Li7 122.4(7) Si4-O11-Li8-O9 129.2(4) 

Li3-O11-Li8-O9 -85.4(5) Li2-O11-Li8-O9 -5.5(4) 

Si4-O11-Li8-O18 22.0(6) Li3-O11-Li8-O18 167.4(4) 

Li2-O11-Li8-O18 -112.6(5) Si4-O11-Li8-O8 -101.3(6) 

Li3-O11-Li8-O8 44.1(7) Li2-O11-Li8-O8 124.0(6) 

Si4-O11-Li8-Li6 -34.2(8) Li3-O11-Li8-Li6 111.2(7) 

Li2-O11-Li8-Li6 -168.8(8) Si4-O11-Li8-Li2 134.7(4) 

Li3-O11-Li8-Li2 -80.0(4) Si4-O11-Li8-Li1 76.0(7) 

Li3-O11-Li8-Li1 -138.6(7) Li2-O11-Li8-Li1 -58.6(7) 

Si4-O11-Li8-Li7 -95.3(3) Li3-O11-Li8-Li7 50.1(4) 

Li2-O11-Li8-Li7 130.1(4) Li3-O11-Li8-Si4 145.4(5) 

Li2-O11-Li8-Si4 -134.7(4) Si4-O11-Li8-Li3 -145.4(5) 

Li2-O11-Li8-Li3 80.0(4) Si4-O11-Li8-Si7 156.2(3) 

Li3-O11-Li8-Si7 -58.4(5) Li2-O11-Li8-Si7 21.5(4) 

Si4-O11-Li8-Si1 15.4(4) Li3-O11-Li8-Si1 160.8(3) 

Li2-O11-Li8-Si1 -119.2(3) O18-Si1-C11-C12 -33.6(5) 

O12-Si1-C11-C12 89.1(5) O16-Si1-C11-C12 -156.0(5) 

Li8-Si1-C11-C12 -5.4(7) Li6-Si1-C11-C12 -67.9(6) 
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O18-Si1-C11-C16 149.0(4) 

O12-Si1-C11- 

 

C16 

-88.3(5) 

O16-Si1-C11-C16 26.6(5) Li8-Si1-C11-C16 177.3(4) 

Li6-Si1-C11-C16 114.8(5) C16-C11-C12-C13 1.5(9) 

Si1-C11-C12-C13 -175.9(5) O20-S7-C11A-S7A 68.4(4) 

C12A-S7-C11A-S7A -42.4(5) C12A-S7A-C11A-S7 63.2(5) 

O20-S7A-C11A-S7 -44.3(3) Li2-S7A-C11A-S7 -87.7(4) 

C11A-S7A-C12A-S7 -56.2(4) O20-S7A-C12A-S7 44.8(3) 

Li2-S7A-C12A-S7 88.4(5) O20-S7-C12A-S7A -63.0(4) 

C11A-S7-C12A-S7A 50.9(5) C11-C12-C13-C14 -0.7(10) 

C12-C13-C14-C15 -0.5(10) C13-C14-C15-C16 0.8(11) 

C14-C15-C16-C11 0.1(10) C12-C11-C16-C15 -1.2(9) 

Si1-C11-C16-C15 176.3(5) O17-Si2-C21-C22 74.3(5) 

O14-Si2-C21-C22 -46.1(5) O16-Si2-C21-C22 -161.4(5) 

Li5-Si2-C21-C22 38.4(6) Li6-Si2-C21-C22 101.1(6) 

O17-Si2-C21-C26 -104.6(5) O14-Si2-C21-C26 135.0(5) 

O16-Si2-C21-C26 19.8(6) Li5-Si2-C21-C26 -140.5(6) 

Li6-Si2-C21-C26 -77.7(6) C26-C21-C22-C23 0.6(10) 

Si2-C21-C22-C23 -178.3(6) C21-C22-C23-C24 -0.4(12) 



 

261 
 

Table C6 Continued  

C22-C23-C24-C25 -0.1(13) C23-C24-C25-C26 0.4(13) 

C24-C25-C26-C21 -0.2(12) C22-C21-C26-C25 -0.3(10) 

Si2-C21-C26-C25 178.6(6) O15-Si3-C31-C36 -103.8(5) 

O13-Si3-C31-C36 133.8(5) 

O14-Si3-C31- 

 

C36 

19.5(5) 

Li7-Si3-C31-C36 -98.6(6) Li4-Si3-C31-C36 -128.7(5) 

O15-Si3-C31-C32 70.5(5) O13-Si3-C31-C32 -51.9(5) 

O14-Si3-C31-C32 -166.2(4) Li7-Si3-C31-C32 75.7(6) 

Li4-Si3-C31-C32 45.6(5) C36-C31-C32-C33 -0.5(9) 

Si3-C31-C32-C33 -175.1(5) C31-C32-C33-C34 1.5(10) 

C32-C33-C34-C35 -1.8(11) C33-C34-C35-C36 1.1(10) 

C32-C31-C36-C35 -0.2(9) Si3-C31-C36-C35 174.2(5) 

C34-C35-C36-C31 -0.1(10) O11-Si4-C41-C46 -135.5(4) 

O13-Si4-C41-C46 -10.6(5) O12-Si4-C41-C46 101.7(5) 

Li8-Si4-C41-C46 -153.6(4) Li3-Si4-C41-C46 -109.2(5) 

O11-Si4-C41-C42 42.2(5) O13-Si4-C41-C42 167.1(4) 

O12-Si4-C41-C42 -80.6(5) Li8-Si4-C41-C42 24.2(7) 

Li3-Si4-C41-C42 68.5(5) C46-C41-C42-C43 -1.0(9) 

Si4-C41-C42-C43 -178.7(5) C41-C42-C43-C44 -0.7(10) 
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C42-C43-C44-C45 2.2(11) C43-C44-C45-C46 -2.1(11) 

C42-C41-C46-C45 1.1(9) Si4-C41-C46-C45 178.9(5) 

C44-C45-C46-C41 0.4(10) O3-Si5-C51-C56 -142.2(5) 

O4-Si5-C51-C56 -18.5(6) O5-Si5-C51-C56 96.8(6) 

Li7-Si5-C51-C56 176.0(5) Li3-Si5-C51-C56 -107.5(6) 

O3-Si5-C51-C52 34.4(7) O4-Si5-C51-C52 158.2(6) 

O5-Si5-C51-C52 -86.5(6) 

Li7-Si5-C51- 

 

C52 

-7.4(7) 

Li3-Si5-C51-C52 69.1(7) C56-C51-C52-C53 -2.4(12) 

Si5-C51-C52-C53 -179.3(7) C51-C52-C53-C54 0.2(14) 

C52-C53-C54-C55 1.3(13) C53-C54-C55-C56 -0.4(13) 

C54-C55-C56-C51 -2.0(12) C52-C51-C56-C55 3.3(11) 

Si5-C51-C56-C55 -179.9(6) O6-Si6-C61-C62 121.7(5) 

O4-Si6-C61-C62 -4.1(5) O7-Si6-C61-C62 -117.0(5) 

Li2-Si6-C61-C62 162.1(5) Li3-Si6-C61-C62 90.7(6) 

O6-Si6-C61-C66 -63.9(5) O4-Si6-C61-C66 170.2(4) 

O7-Si6-C61-C66 57.4(5) Li2-Si6-C61-C66 -23.5(6) 

Li3-Si6-C61-C66 -94.9(5) C66-C61-C62-C63 -0.2(9) 

Si6-C61-C62-C63 174.3(5) C61-C62-C63-C64 1.4(10) 
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C62-C63-C64-C65 -0.1(11) C63-C64-C65-C66 -2.3(10) 

C64-C65-C66-C61 3.5(10) C62-C61-C66-C65 -2.2(9) 

Si6-C61-C66-C65 -176.9(5) O9-Si7-C71-C76 -80.1(5) 

O7-Si7-C71-C76 155.5(4) O10-Si7-C71-C76 42.5(5) 

Li1-Si7-C71-C76 -51.8(5) Li8-Si7-C71-C76 -52.2(6) 

Li2-Si7-C71-C76 -123.2(4) O9-Si7-C71-C72 100.1(5) 

O7-Si7-C71-C72 -24.2(5) O10-Si7-C71-C72 -137.2(4) 

Li1-Si7-C71-C72 128.5(5) Li8-Si7-C71-C72 128.1(5) 

Li2-Si7-C71-C72 57.1(6) C76-C71-C72-C73 -0.6(8) 

Si7-C71-C72-C73 179.1(4) 

C71-C72-C73- 

 

C74 

0.7(8) 

C72-C73-C74-C75 -0.1(8) C73-C74-C75-C76 -0.5(8) 

C72-C71-C76-C75 -0.1(8) Si7-C71-C76-C75 -179.8(4) 

C74-C75-C76-C71 0.6(8) O8-Si8-C81-C86 -52.5(6) 

O10-Si8-C81-C86 -174.9(5) O5-Si8-C81-C86 71.8(6) 

Li7-Si8-C81-C86 -8.4(6) Li8-Si8-C81-C86 -82.7(6) 

Li6-Si8-C81-C86 -70.9(5) O8-Si8-C81-C82 127.6(5) 

O10-Si8-C81-C82 5.2(5) O5-Si8-C81-C82 -108.1(5) 

Li7-Si8-C81-C82 171.7(5) Li8-Si8-C81-C82 97.4(6) 



 

264 
 

Table C6 Continued  

Li6-Si8-C81-C82 109.2(5) C86-C81-C82-C83 -1.3(10) 

Si8-C81-C82-C83 178.6(5) C81-C82-C83-C84 1.8(11) 

C82-C83-C84-C85 -1.7(12) C83-C84-C85-C86 1.2(12) 

C82-C81-C86-C85 0.7(10) Si8-C81-C86-C85 -179.2(6) 

C84-C85-C86-C81 -0.7(12) O22-S3-C301-S3A 59.3(4) 

C302-S3-C301-S3A -54.4(5) Li5-O21-S6-C601 20.8(15) 

Li5-O21-S6-C602 113.9(13) Li5-O23-S5-C501 92.9(10) 

Li7-O23-S5-C501 -146.0(7) Li5-O23-S5-C502 -7.1(8) 

Li7-O23-S5-C502 113.9(5) Li5-O23-S5-Li7 -121.1(8) 
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Table C7. Anisotropic atomic displacement parameters (Å
2
) for T4-POSS-(OLi)4-DMSO 

 

The anisotropic atomic displacement factor exponent takes the form: -2π
2
[ h

2
 a

*2
 U11 + ... 

+ 2 h k a
*
 b

*
 U12 ]  

 
U11 U22 U33 U23 U13 U12 

Si1 0.0108(6) 0.0121(6) 0.0147(6) -0.0010(5) 0.0007(5) -0.0014(5) 

Si2 0.0133(7) 0.0217(7) 0.0145(7) 0.0050(5) 0.0015(6) 0.0020(6) 

Si3 0.0107(7) 0.0151(7) 0.0194(7) 0.0023(5) -0.0010(5) 0.0001(5) 

Si4 0.0111(7) 0.0115(6) 0.0137(7) 0.0004(5) -0.0003(5) -0.0007(5) 

Si5 0.0106(6) 0.0118(6) 0.0223(7) -0.0026(5) -0.0001(5) -0.0001(5) 

Si6 0.0096(6) 0.0156(7) 0.0159(7) -0.0027(5) -0.0018(5) -0.0003(5) 

Si7 0.0078(6) 0.0133(6) 0.0158(6) -0.0015(5) -0.0004(5) 0.0010(5) 

Si8 0.0103(7) 0.0120(6) 0.0171(7) 0.0002(5) -0.0012(5) -0.0004(5) 

S1 0.0247(8) 0.0405(9) 0.0335(9) -0.0008(7) 0.0113(7) -0.0021(7) 

S2 0.0164(6) 0.0231(7) 0.0264(7) -0.0002(6) 0.0054(6) 0.0019(5) 

S3 0.0213(10) 0.0238(10) 0.0275(10) 0.0005(8) 0.0036(8) 0.0078(8) 

S3A 0.024(3) 0.041(3) 0.066(4) 0.025(3) 0.019(3) 0.014(2) 

S4 0.0265(8) 0.0351(8) 0.0296(9) 0.0081(7) 0.0082(6) 0.0049(7) 

S7 0.0330(12) 0.0192(10) 0.0304(11) 0.0063(8) 0.0075(9) 0.0072(9) 

S7A 0.0174(19) 0.0075(16) 0.0157(19) 0.0002(13) 0.0036(14) 0.0001(14) 

O1 0.0148(19) 0.026(2) 0.031(2) 0.0032(18) 0.0022(17) 0.0006(16) 

O2 0.0162(19) 0.027(2) 0.038(2) -0.0091(18) 0.0081(17) 0.0029(16) 
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O3 0.0118(17) 0.0136(17) 0.028(2) -0.0027(15) -0.0025(15) 0.0001(14) 

O4 0.0121(18) 0.0140(17) 0.0218(19) -0.0019(14) -0.0009(14) -0.0019(14) 

O5 0.0125(18) 0.0142(17) 0.022(2) -0.0011(14) 0.0006(15) -0.0015(15) 

O6 0.0121(17) 0.0160(17) 0.0186(18) -0.0002(15) -0.0018(14) 0.0005(14) 

O7 0.0112(16) 0.0201(18) 0.0150(17) -0.0019(14) 0.0005(14) 0.0024(14) 

O8 0.0110(17) 0.0108(16) 0.0211(19) -0.0007(14) -0.0025(14) 0.0005(13) 

O9 0.0111(17) 0.0135(16) 0.0173(17) -0.0012(13) -0.0007(13) 0.0000(13) 

O10 0.0099(17) 0.0141(17) 0.024(2) 0.0006(15) -0.0027(15) -0.0022(14) 

O11 0.0098(17) 0.0195(18) 0.0157(18) -0.0032(14) -0.0028(14) -0.0014(14) 

O12 0.0164(18) 0.0123(16) 0.0159(18) -0.0024(14) 0.0027(15) -0.0019(14) 

O13 0.0110(17) 0.0147(17) 0.0178(18) 0.0024(14) 0.0002(14) -0.0010(14) 

O14 0.023(2) 0.031(2) 0.0192(19) 0.0046(16) 0.0022(16) 0.0114(18) 

O15 0.0150(19) 0.0177(19) 0.039(2) 0.0029(17) -0.0063(17) -0.0005(16) 

O16 0.0125(18) 0.0196(18) 0.0179(18) 0.0015(15) -0.0003(14) 0.0003(14) 

O17 0.021(2) 0.0212(19) 0.0196(19) 0.0067(15) -0.0047(15) -0.0053(16) 

O18 0.0105(16) 0.0135(16) 0.0147(17) -0.0003(13) 0.0007(13) -0.0008(13) 

O19 0.022(2) 0.026(2) 0.029(2) 0.0061(17) 0.0047(18) -0.0027(18) 

O20 0.027(2) 0.020(2) 0.103(5) 0.003(3) 0.023(3) 0.0041(19) 

O21 0.205(10) 0.047(4) 0.058(4) 0.021(3) -0.024(5) 0.010(5) 

O22 0.025(2) 0.030(2) 0.059(3) -0.002(2) -0.001(2) 0.017(2) 
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O23 0.023(2) 0.031(2) 0.048(3) 0.002(2) 0.000(2) 0.0059(19) 

Li1 0.019(5) 0.019(5) 0.030(5) -0.007(4) 0.003(4) -0.002(4) 

Li2 0.011(4) 0.013(4) 0.030(5) -0.001(3) -0.002(3) 0.001(3) 

Li3 0.011(4) 0.017(4) 0.027(5) -0.006(4) -0.004(4) 0.001(3) 

Li4 0.016(5) 0.023(5) 0.040(6) 0.001(4) -0.001(4) 0.003(4) 

Li5 0.076(10) 0.020(6) 0.069(9) 0.006(6) -0.015(8) -0.002(6) 

Li6 0.017(4) 0.016(4) 0.023(5) -0.003(4) 0.003(4) -0.003(4) 

Li7 0.015(4) 0.029(5) 0.034(5) -0.009(4) 0.000(4) -0.001(4) 

Li8 0.015(4) 0.018(4) 0.021(4) 0.000(3) 0.001(3) 0.000(3) 

C11 0.016(3) 0.013(2) 0.015(2) 0.0003(19) 0.003(2) -0.0003(19) 

C12 0.022(3) 0.019(3) 0.027(3) -0.004(2) 0.000(2) -0.003(2) 

C11A 0.041(5) 0.099(7) 0.056(5) 0.037(5) 0.028(4) 0.035(5) 

C12A 0.061(6) 0.172(13) 0.042(5) -0.042(7) -0.018(4) 0.037(7) 

C13 0.024(3) 0.020(3) 0.046(4) -0.007(3) 0.004(3) 0.002(2) 

C14 0.029(3) 0.023(3) 0.039(4) -0.017(3) 0.009(3) -0.007(3) 

C15 0.023(3) 0.031(3) 0.032(3) -0.015(3) 0.000(3) -0.007(3) 

C16 0.021(3) 0.024(3) 0.025(3) -0.007(2) 0.003(2) -0.005(2) 

C21 0.012(2) 0.041(3) 0.016(3) 0.005(2) 0.004(2) -0.003(2) 

C22 0.029(3) 0.050(4) 0.027(3) 0.009(3) -0.002(3) 0.012(3) 

C23 0.027(4) 0.094(7) 0.030(4) 0.012(4) -0.006(3) 0.020(4) 
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C24 0.022(4) 0.122(8) 0.018(3) 0.001(4) -0.005(3) 0.022(4) 

C25 0.025(4) 0.099(7) 0.027(4) -0.016(4) -0.002(3) 0.012(4) 

C26 0.022(3) 0.056(4) 0.021(3) -0.004(3) -0.001(3) 0.005(3) 

C31 0.012(2) 0.016(2) 0.030(3) -0.002(2) -0.001(2) 0.003(2) 

C32 0.018(3) 0.026(3) 0.026(3) 0.000(2) 0.001(2) 0.002(2) 

C33 0.024(3) 0.039(4) 0.035(3) -0.004(3) 0.010(3) 0.003(3) 

C34 0.016(3) 0.041(4) 0.052(4) -0.008(3) 0.008(3) 0.007(3) 

C35 0.019(3) 0.027(3) 0.057(4) -0.007(3) -0.013(3) 0.009(2) 

C36 0.019(3) 0.025(3) 0.026(3) -0.003(2) -0.004(2) 0.002(2) 

C41 0.018(3) 0.011(2) 0.017(3) 0.0005(18) 0.002(2) -0.001(2) 

C42 0.020(3) 0.026(3) 0.023(3) 0.005(2) 0.001(2) -0.001(2) 

C43 0.037(4) 0.033(3) 0.025(3) 0.012(3) -0.003(3) 0.001(3) 

C44 0.037(4) 0.037(4) 0.025(3) 0.008(3) 0.011(3) -0.008(3) 

C45 0.024(3) 0.034(3) 0.037(4) 0.004(3) 0.011(3) 0.002(3) 

C46 0.021(3) 0.020(3) 0.027(3) 0.003(2) 0.006(2) 0.003(2) 

C51 0.016(3) 0.016(2) 0.028(3) -0.003(2) 0.007(2) -0.003(2) 

C52 0.025(3) 0.027(3) 0.082(6) -0.015(4) -0.020(4) 0.009(3) 

C53 0.026(4) 0.028(4) 0.086(6) -0.012(4) -0.005(4) 0.010(3) 

C54 0.046(4) 0.016(3) 0.063(5) -0.014(3) 0.017(4) 0.000(3) 

C55 0.049(5) 0.031(4) 0.052(5) -0.020(3) -0.004(4) 0.002(3) 
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C56 0.035(4) 0.019(3) 0.037(4) -0.011(2) -0.006(3) 0.004(3) 

C61 0.008(2) 0.028(3) 0.016(3) -0.004(2) 0.0017(19) -0.001(2) 

C62 0.015(3) 0.041(4) 0.030(3) -0.012(3) -0.002(2) 0.003(3) 

C63 0.020(3) 0.063(5) 0.032(4) -0.026(3) -0.002(3) -0.003(3) 

C64 0.013(3) 0.076(5) 0.020(3) -0.011(3) -0.001(2) 0.001(3) 

C65 0.024(3) 0.048(4) 0.030(3) 0.006(3) -0.004(3) 0.006(3) 

C66 0.023(3) 0.028(3) 0.024(3) 0.000(2) -0.006(2) 0.000(2) 

C71 0.014(2) 0.013(2) 0.018(2) -0.0033(19) 0.000(2) -0.0004(19) 

C72 0.018(3) 0.017(3) 0.026(3) 0.001(2) -0.001(2) 0.003(2) 

C73 0.015(3) 0.016(2) 0.034(3) 0.000(2) -0.006(2) 0.001(2) 

C74 0.010(2) 0.017(3) 0.046(4) -0.006(2) 0.003(2) 0.002(2) 

C75 0.024(3) 0.019(3) 0.032(3) -0.006(2) 0.009(2) 0.001(2) 

C76 0.011(2) 0.019(2) 0.024(3) -0.002(2) 0.003(2) 0.001(2) 

C81 0.016(3) 0.015(2) 0.017(3) -0.0023(19) -0.001(2) -0.004(2) 

C82 0.020(3) 0.039(4) 0.030(3) 0.008(3) 0.003(3) 0.002(3) 

C83 0.028(3) 0.043(4) 0.033(3) 0.008(3) 0.014(3) -0.001(3) 

C84 0.041(4) 0.039(4) 0.024(3) 0.013(3) 0.008(3) -0.001(3) 

C85 0.037(4) 0.049(4) 0.036(4) 0.025(3) -0.002(3) 0.000(3) 

C86 0.023(3) 0.043(4) 0.037(4) 0.016(3) 0.000(3) -0.003(3) 

C101 0.122(9) 0.033(4) 0.038(4) 0.018(3) -0.022(5) -0.024(5) 
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C102 0.049(5) 0.036(4) 0.035(4) -0.009(3) 0.006(3) -0.010(3) 

C201 0.030(4) 0.041(4) 0.052(4) -0.025(3) 0.010(3) 0.001(3) 

C202 0.023(3) 0.025(3) 0.042(4) 0.003(3) 0.000(3) 0.005(2) 

C301 0.041(4) 0.036(4) 0.047(4) -0.006(3) 0.004(3) 0.013(3) 

C302 0.041(4) 0.043(5) 0.088(7) -0.019(4) -0.020(4) 0.012(4) 

C401 0.056(5) 0.039(4) 0.030(4) -0.003(3) 0.007(3) -0.009(4) 

C402 0.060(5) 0.043(4) 0.041(4) 0.020(3) -0.001(4) -0.006(4) 

S6 0.0833(16) 0.0438(11) 0.0570(15) -0.0056(11) -0.0052(11) 0.0141(12) 

S5 0.0342(10) 0.0343(9) 0.0713(14) 0.0079(9) 0.0074(9) 0.0079(8) 

C502 0.036(5) 0.114(9) 0.087(8) 0.037(7) 0.007(5) 0.029(5) 

C501 0.056(7) 0.24(2) 0.184(16) 0.138(16) 0.069(9) 0.059(10) 

C602 0.055(5) 0.040(4) 0.064(5) 0.020(4) -0.025(4) -0.014(4) 

C601 0.026(5) 0.33(2) 0.077(7) 0.108(11) 0.025(5) 0.036(8) 
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Table C8. Hydrogen atomic coordinates and isotropic atomic displacement parameters 

(Å
2
) for T4-POSS-(OLi)4-DMSO 

 

 
x/a y/b z/c U(eq) 

H12 0.6891 0.8130 0.4587 0.027 

H11D 0.5713 0.7445 0.3274 0.098 

H11E 0.5871 0.8321 0.2923 0.098 

H11F 0.5792 0.8400 0.3568 0.098 

H11A 0.5602 0.7780 0.3053 0.098 

H11B 0.5815 0.8585 0.3441 0.098 

H11C 0.6038 0.7577 0.3555 0.098 

H12D 0.7507 0.8449 0.3409 0.137 

H12E 0.6964 0.9020 0.3658 0.137 

H12F 0.7041 0.8941 0.3013 0.137 

H12A 0.7470 0.8757 0.3183 0.137 

H12B 0.7149 0.8167 0.3643 0.137 

H12C 0.6927 0.9174 0.3525 0.137 

H13 0.6720 0.9563 0.4953 0.036 

H14 0.7472 1.0266 0.5457 0.037 

H15 0.8378 0.9549 0.5606 0.035 

H16 0.8554 0.8118 0.5233 0.028 

H22 0.9430 0.4164 0.5629 0.042 
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H23 1.0016 0.4203 0.6422 0.06 

H24 1.0016 0.5482 0.6965 0.065 

H25 0.9436 0.6724 0.6719 0.06 

H26 0.8851 0.6677 0.5938 0.04 

H32 0.9865 0.4912 0.2992 0.028 

H33 1.0862 0.4654 0.2787 0.04 

H34 1.1528 0.4187 0.3465 0.043 

H35 1.1202 0.4060 0.4358 0.041 

H36 1.0195 0.4347 0.4575 0.028 

H42 0.7892 0.7420 0.2510 0.028 

H43 0.8304 0.8137 0.1753 0.038 

H44 0.9354 0.8144 0.1629 0.04 

H45 0.9964 0.7352 0.2231 0.038 

H46 0.9546 0.6629 0.2988 0.027 

H52 0.8062 0.1651 0.3054 0.054 

H53 0.8266 0.0236 0.2683 0.056 

H54 0.7594 -0.0424 0.2090 0.05 

H55 0.6727 0.0344 0.1842 0.053 

H56 0.6534 0.1769 0.2191 0.036 

H62 0.6105 0.3143 0.1569 0.034 
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H63 0.5478 0.3137 0.0815 0.046 

H64 0.5016 0.4435 0.0519 0.044 

H65 0.5183 0.5799 0.0985 0.041 

H66 0.5757 0.5800 0.1779 0.03 

H72 0.4879 0.5817 0.2898 0.024 

H73 0.3893 0.6211 0.3127 0.026 

H74 0.3572 0.6108 0.4022 0.029 

H75 0.4225 0.5606 0.4700 0.03 

H76 0.5208 0.5184 0.4471 0.021 

H82 0.5470 0.3374 0.4591 0.036 

H83 0.5103 0.2560 0.5328 0.042 

H84 0.5753 0.1733 0.5873 0.042 

H85 0.6759 0.1661 0.5642 0.049 

H86 0.7136 0.2450 0.4898 0.041 

H10A 0.8632 0.5829 0.1623 0.097 

H10B 0.7973 0.5416 0.1562 0.097 

H10C 0.8466 0.5232 0.1103 0.097 

H10D 0.7649 0.3899 0.1770 0.06 

H10E 0.8070 0.3034 0.1841 0.06 

H10F 0.8026 0.3529 0.1264 0.06 
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H20A 0.5628 0.8920 0.4992 0.061 

H20B 0.5807 0.8318 0.5507 0.061 

H20C 0.5126 0.8622 0.5420 0.061 

H20D 0.4783 0.7474 0.4071 0.045 

H20E 0.5022 0.8462 0.4215 0.045 

H20F 0.4469 0.8043 0.4544 0.045 

H30G 0.9317 0.1217 0.2043 0.062 

H30H 0.9443 0.0840 0.2642 0.062 

H30I 0.9988 0.0987 0.2228 0.062 

H30A 0.9234 0.0956 0.2196 0.062 

H30B 0.9862 0.0739 0.2481 0.062 

H30C 0.9807 0.1567 0.2066 0.062 

H30J 1.0108 0.2908 0.3231 0.086 

H30K 1.0390 0.2325 0.2747 0.086 

H30L 1.0306 0.1886 0.3337 0.086 

H30D 1.0104 0.2726 0.3377 0.086 

H30E 1.0322 0.2608 0.2761 0.086 

H30F 1.0378 0.1785 0.3178 0.086 

H40A 0.7000 0.6326 0.6239 0.062 

H40B 0.7043 0.6825 0.5663 0.062 
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H40C 0.7357 0.5865 0.5748 0.062 

H40D 0.6798 0.4406 0.5956 0.072 

H40E 0.6088 0.4265 0.5930 0.072 

H40F 0.6378 0.4840 0.6414 0.072 

H50A 0.9085 0.2144 0.4830 0.118 

H50B 0.9371 0.2666 0.4323 0.118 

H50C 0.9375 0.1587 0.4339 0.118 

H50D 0.7770 0.1084 0.4262 0.241 

H50E 0.8169 0.1286 0.4789 0.241 

H50F 0.8434 0.0683 0.4306 0.241 

H60A 0.8153 0.1046 0.6195 0.08 

H60B 0.7617 0.1759 0.6232 0.08 

H60C 0.8036 0.1581 0.6749 0.08 

H60D 0.7810 0.3429 0.6109 0.215 

H60E 0.8346 0.3779 0.6487 0.215 

H60F 0.7911 0.2995 0.6698 0.215 
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APPENDIX D 

X-RAY DATA ON C48H40LI8O16SI8 [(CH3)2NCHO]8 ∙ [DMF]2 

 

Figure D1. Thermal ellipsoid plot of C48H40Li8O16Si8 [(CH3)2NCHO]8 ∙ [DMF]2.  

Ellipsoids shown at 30% probability.  C atoms are shown as wireframe models..  C-H 

hydrogen atoms are omitted for clarity.  Only POSS core and Li atoms are labeled.  Co-

crystallized solvent DMF is removed for clarity. 

A specimen of C39H55Li4N5O13Si4, approximate dimensions 0.116 mm x 0.219 mm x 

0.261 mm, was used for the X-ray crystallographic analysis.The X-ray intensity data 

were measured. The integration of the data using a triclinic unit cell yielded a total of 

14198 reflections to a maximum θ angle of 26.95° (0.78 Å resolution), of which 14198 

were independent (average redundancy 1.000, completeness = 100.0%, Rsig = 5.02%) and 

11322 (79.74%) were greater than 2σ(F
2
).The final cell constants of a = 13.081(7) Å, b = 

13.318(7) Å, c = 14.997(7) Å, α = 112.313(8)°, β = 98.006(11)°, γ = 98.282(11)°, volume 
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= 2338.(2) Å
3
, are based upon the refinement of the XYZ-centroids of reflections above 

20 σ(I).The calculated minimum and maximum transmission coefficients (based on 

crystal size) are 0.6870 and 0.7450. 

 

The structure was solved and refined using the Bruker SHELXTL Software Package, 

using the space group P -1, with Z = 2 for the formula unit, C39H55Li4N5O13Si4.The final 

anisotropic full-matrix least-squares refinement on F
2
 with 615 variables converged at R1 

= 4.94%, for the observed data and wR2 = 13.08% for all data. The goodness-of-fit was 

1.033. The largest peak in the final difference electron density synthesis was 0.659 e
-
/Å

3
 

and the largest hole was -0.390 e
-
/Å

3
 with an RMS deviation of 0.072 e

-
/Å

3
. On the basis 

of the final model, the calculated density was 1.338 g/cm
3
 and F(000), 992 e

-
. 

Table D1. Sample and crystal data for POSSLiDMF.  

Identification code 1705SiOPHLiDMF 

Chemical formula C39H55Li4N5O13Si4 

Formula weight 942.00 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.116 x 0.219 x 0.261 mm 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 13.081(7) Å α = 112.313(8)° 
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Table D1 Continued  

 

b = 13.318(7) Å β = 98.006(11)° 

 

c = 14.997(7) Å γ = 98.282(11)° 

Volume 2338.(2) Å
3
 

 

Z 2 

Density (calculated) 1.338 g/cm
3
 

Absorption coefficient 0.193 mm
-1

 

F(000) 992 

 

Table D2. Data collection and structure refinement for 

POSSLiDMF.  

 

Theta range for data 

collection 

1.50 to 26.95° 

Index ranges -16<=h<=16, -16<=k<=14, -19<=l<=14 

Reflections collected 14198 

Max. and min. 

transmission 

0.7450 and 0.6870 

Structure solution 

technique 

direct methods 

Structure solution 

program 

SHELXS-97 (Sheldrick, 2008) 
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Refinement method Full-matrix least-squares on F
2
 

Refinement program SHELXL-2013 (Sheldrick, 2013) 

Function minimized Σ w(Fo
2
 - Fc

2
)
2
 

Data / restraints / 

parameters 

14198 / 0 / 615 

Goodness-of-fit on F
2
 1.033 

Δ/σmax 0.001 

Final R indices 

11322 data; 

I>2σ(I) 

R1 = 0.0494, wR2 = 

0.1176 

 

all data 

R1 = 0.0712, wR2 = 

0.1308 

Weighting scheme 

w=1/[σ
2
(Fo

2
)+(0.0605P)

2
+1.8934P] 

where P=(Fo
2
+2Fc

2
)/3 

Largest diff. peak and 

hole 

0.659 and -0.390 eÅ
-3

 

R.M.S. deviation from 

mean 

0.072 eÅ
-3

 

 

 

 



 

280 
 

Table D3. Atomic coordinates and 

equivalent isotropic atomic displacement 

parameters (Å
2
) for POSSLiDMF.  

U(eq) is defined as one third of the trace of 

the orthogonalized Uij tensor.  

 
x/a y/b z/c U(eq) 

Si1 0.01223(6) 0.40329(7) 0.74712(6) 0.01321(18) 

Si2 0.77836(6) 0.38770(7) 0.73826(6) 0.01395(18) 

Si3 0.78444(6) 0.26826(7) 0.87453(6) 0.01255(17) 

Si4 0.01989(6) 0.28551(7) 0.88554(6) 0.01189(17) 

O1 0.04680(14) 0.52491(16) 0.83257(14) 0.0139(4) 

O2 0.79169(15) 0.50663(16) 0.82324(14) 0.0154(4) 

O3 0.79807(14) 0.37688(16) 0.97302(14) 0.0136(4) 

O4 0.05353(14) 0.39772(16) 0.98454(14) 0.0128(4) 

O10 0.88674(15) 0.37118(17) 0.69675(15) 0.0169(5) 

O20 0.74693(15) 0.28775(17) 0.77448(15) 0.0167(5) 

O30 0.89629(15) 0.22601(16) 0.86841(15) 0.0152(4) 

O40 0.03596(15) 0.30968(17) 0.78857(15) 0.0148(4) 

O101 0.92255(17) 0.72486(19) 0.83490(18) 0.0282(5) 

O102 0.67883(17) 0.58869(19) 0.00267(17) 0.0266(5) 

O301 0.69966(18) 0.4723(2) 0.17027(18) 0.0366(6) 

O401 0.7778(2) 0.2783(2) 0.16321(19) 0.0363(6) 
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Li1 0.9292(4) 0.5977(4) 0.8708(4) 0.0203(11) 

Li2 0.7884(4) 0.5158(4) 0.9523(4) 0.0192(11) 

Li3 0.0643(4) 0.5390(4) 0.9645(4) 0.0164(10) 

Li4 0.8017(4) 0.3936(5) 0.1119(4) 0.0224(12) 

C11 0.0811(2) 0.3805(3) 0.6421(2) 0.0156(6) 

C12 0.1231(3) 0.2877(3) 0.6014(2) 0.0265(8) 

C13 0.1744(3) 0.2727(3) 0.5236(3) 0.0319(8) 

C14 0.1844(3) 0.3513(3) 0.4850(3) 0.0302(8) 

C15 0.1422(3) 0.4440(3) 0.5231(3) 0.0354(9) 

C16 0.0908(3) 0.4573(3) 0.6001(2) 0.0260(7) 

C21 0.6768(2) 0.3597(3) 0.6265(2) 0.0180(6) 

C22 0.6061(3) 0.2591(3) 0.5716(3) 0.0308(8) 

C23 0.5356(3) 0.2424(4) 0.4863(3) 0.0471(11) 

C24 0.5349(3) 0.3266(4) 0.4558(3) 0.0478(12) 

C25 0.6037(3) 0.4276(4) 0.5080(3) 0.0392(10) 

C26 0.6731(2) 0.4432(3) 0.5924(2) 0.0249(7) 

C31 0.6811(2) 0.1479(2) 0.8614(2) 0.0143(6) 

C32 0.6828(2) 0.1052(3) 0.9330(2) 0.0200(7) 

C33 0.6024(3) 0.0202(3) 0.9254(3) 0.0275(8) 
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C34 0.5191(2) 0.9754(3) 0.8453(3) 0.0239(7) 

C35 0.5155(2) 0.0143(3) 0.7727(2) 0.0226(7) 

C36 0.5960(2) 0.1006(3) 0.7812(2) 0.0191(7) 

C41 0.1000(2) 0.1797(2) 0.8833(2) 0.0157(6) 

C42 0.1687(3) 0.1526(3) 0.8193(3) 0.0272(8) 

C43 0.2316(3) 0.0777(3) 0.8185(3) 0.0349(9) 

C44 0.2265(3) 0.0259(3) 0.8816(3) 0.0335(9) 

C45 0.1603(3) 0.0501(3) 0.9459(3) 0.0359(9) 

C46 0.0971(3) 0.1256(3) 0.9461(3) 0.0274(8) 

C101 0.8341(3) 0.7335(3) 0.8010(2) 0.0244(7) 

C102 0.8967(3) 0.9119(3) 0.7977(4) 0.0513(12) 

C103 0.7092(3) 0.8195(4) 0.7374(3) 0.0463(11) 

C201 0.6407(3) 0.6448(3) 0.9654(3) 0.0328(9) 

C202 0.5152(3) 0.7499(4) 0.9333(4) 0.0614(15) 

C203 0.4918(3) 0.6560(3) 0.0433(3) 0.0378(9) 

C301 0.6838(3) 0.5659(4) 0.2010(3) 0.0360(9) 

C302 0.5494(4) 0.5271(4) 0.2852(4) 0.0622(14) 

C303 0.6013(4) 0.7151(4) 0.2912(3) 0.0527(12) 

C401 0.8443(3) 0.2691(3) 0.2195(3) 0.0403(10) 

C402 0.9203(4) 0.2310(4) 0.3546(4) 0.0638(14) 
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C403 0.7321(3) 0.2395(4) 0.3256(3) 0.0509(11) 

N101 0.8146(2) 0.8188(2) 0.7812(2) 0.0294(7) 

N201 0.5522(2) 0.6799(2) 0.9780(2) 0.0330(7) 

N301 0.6132(2) 0.6003(3) 0.2548(2) 0.0343(7) 

N401 0.8299(2) 0.2482(2) 0.2987(2) 0.0328(7) 

N1S 0.2185(5) 0.9693(3) 0.4672(3) 0.0803(16) 

C2S 0.3233(9) 0.0061(6) 0.4958(7) 0.162(5) 

O1S 0.4033(12) 0.0290(8) 0.5531(14) 0.098(6) 

C1S 0.1965(16) 0.932(2) 0.5274(12) 0.137(9) 

O1SA 0.3393(16) 0.0239(9) 0.6032(9) 0.113(7) 

C1SA 0.122(2) 0.9617(18) 0.5277(12) 0.137(10) 

C3S 0.1687(5) 0.9395(5) 0.3692(4) 0.0695(15) 
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Table D4. Bond lengths (Å) for 

POSSLiDMF.  

Si1-O1 1.588(2) Si1-O10 1.629(2) 

Si1-O40 1.638(2) Si1-C11 1.870(3) 

Si1-Li3 2.986(5) Si1-Li1 3.008(5) 

Si1-Li4 3.168(6) Si2-O2 1.578(2) 

Si2-O10 1.636(2) Si2-O20 1.640(2) 

Si2-C21 1.864(3) Si2-Li1 2.961(5) 

Si2-Li2 2.982(6) Si3-O3 1.592(2) 

Si3-O20 1.639(2) Si3-O30 1.644(2) 

Si3-C31 1.870(3) Si3-Li3 2.972(5) 

Si3-Li2 3.041(6) Si4-O4 1.605(2) 

Si4-O30 1.634(2) Si4-O40 1.638(2) 

Si4-C41 1.866(3) Si4-Li3 3.029(5) 

Si4-Li3 3.056(5) O1-Li3 1.893(6) 

O1-Li1 1.972(5) O1-Li4 2.008(6) 

O2-Li1 1.890(6) O2-Li2 1.900(6) 

O3-Li3 1.878(5) O3-Li4 2.002(6) 

O3-Li2 2.007(6) O4-Li3 1.971(5) 

O4-Li3 2.003(6) O4-Li2 2.106(6) 

O4-Li1 2.127(6) O101-C101 1.236(4) 

O101-Li1 1.971(6) O102-C201 1.211(4) 
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O102-Li2 1.927(5) O301-C301 1.214(5) 

O301-Li4 1.918(6) O401-C401 1.179(5) 

O401-Li4 1.967(6) Li1-O4 2.127(6) 

Li1-Li3 2.501(7) Li1-Li2 2.672(7) 

Li1-C101 2.762(6) Li1-Li4 3.475(7) 

Li2-O4 2.106(5) Li2-Li3 2.495(7) 

Li2-C201 2.744(6) Li2-Li4 3.367(8) 

Li3-O3 1.878(5) Li3-O4 1.971(5) 

Li3-Li3 2.424(10) Li3-Li4 2.466(7) 

Li3-Li2 2.495(7) Li3-Si3 2.972(5) 

Li3-Si4 3.029(5) Li4-O1 2.008(6) 

Li4-Li3 2.466(7) Li4-C401 2.775(7) 

Li4-Si1 3.168(6) Li4-Li1 3.475(7) 

C11-C12 1.385(4) C11-C16 1.390(4) 

C12-C13 1.391(4) C13-C14 1.374(5) 

C14-C15 1.380(5) C15-C16 1.383(4) 

C21-C22 1.387(5) C21-C26 1.393(4) 

C22-C23 1.389(5) C23-C24 1.365(6) 

C24-C25 1.373(6) C25-C26 1.377(5) 

C31-C36 1.391(4) C31-C32 1.392(4) 
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C32-C33 1.387(4) C33-C34 1.376(5) 

C34-C35 1.369(5) C35-C36 1.396(4) 

C41-C46 1.388(4) C41-C42 1.389(4) 

C42-C43 1.379(4) C43-C44 1.369(5) 

C44-C45 1.366(5) C45-C46 1.390(5) 

C101-N101 1.328(4) C102-N101 1.435(5) 

C103-N101 1.445(4) C201-N201 1.320(4) 

C202-N201 1.437(5) C203-N201 1.437(5) 

C301-N301 1.328(4) C302-N301 1.436(5) 

C303-N301 1.455(5) C401-N401 1.351(5) 

C402-N401 1.450(5) C403-N401 1.396(5) 

N1S-C1S 1.236(16) N1S-C2S 1.336(11) 

N1S-C3S 1.399(6) N1S-C1SA 1.67(2) 

C2S-O1S 1.177(12) C2S-O1SA 1.515(18) 

C2S-C1S 2.02(2) 
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Table D5. Bond angles (°) for POSSLiDMF.  

O1-Si1-O10 112.23(11) O1-Si1-O40 111.27(12) 

O10-Si1-O40 107.51(11) O1-Si1-C11 114.65(12) 

O10-Si1-C11 104.91(12) O40-Si1-C11 105.73(12) 

O1-Si1-Li3 34.11(12) O10-Si1-Li3 114.54(12) 

O40-Si1-Li3 78.87(13) C11-Si1-Li3 136.93(14) 

O1-Si1-Li1 36.47(12) O10-Si1-Li1 76.15(12) 

O40-Si1-Li1 119.72(13) C11-Si1-Li1 132.18(15) 

Li3-Si1-Li1 49.33(14) O1-Si1-Li4 32.07(12) 

O10-Si1-Li4 142.58(13) O40-Si1-Li4 100.30(13) 

C11-Si1-Li4 90.70(14) Li3-Si1-Li4 47.13(13) 

Li1-Si1-Li4 68.41(14) O2-Si2-O10 112.03(11) 

O2-Si2-O20 112.34(12) O10-Si2-O20 106.93(11) 

O2-Si2-C21 113.67(13) O10-Si2-C21 103.97(12) 

O20-Si2-C21 107.32(13) O2-Si2-Li1 34.70(12) 

O10-Si2-Li1 77.58(13) O20-Si2-Li1 121.27(14) 

C21-Si2-Li1 128.87(15) O2-Si2-Li2 34.30(12) 

O10-Si2-Li2 120.58(12) O20-Si2-Li2 78.34(13) 

C21-Si2-Li2 131.62(14) Li1-Si2-Li2 53.43(14) 

O3-Si3-O20 112.91(12) O3-Si3-O30 110.39(11) 

O20-Si3-O30 108.00(11) O3-Si3-C31 114.57(12) 
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Table D5 Continued 

O20-Si3-C31 103.41(12) O30-Si3-C31 107.09(12) 

O3-Si3-Li3 34.05(12) O20-Si3-Li3 114.43(13) 

O30-Si3-Li3 78.36(12) C31-Si3-Li3 138.12(14) 

O3-Si3-Li2 36.81(12) O20-Si3-Li2 76.49(12) 

O30-Si3-Li2 119.35(12) C31-Si3-Li2 131.33(13) 

Li3-Si3-Li2 49.01(14) O4-Si4-O30 110.92(10) 

O4-Si4-O40 111.47(12) O30-Si4-O40 108.49(11) 

O4-Si4-C41 114.29(12) O30-Si4-C41 107.07(12) 

O40-Si4-C41 104.22(12) O4-Si4-Li3 35.99(11) 

O30-Si4-Li3 76.67(12) O40-Si4-Li3 114.30(13) 

C41-Si4-Li3 137.99(14) O4-Si4-Li3 36.31(12) 

O30-Si4-Li3 114.79(12) O40-Si4-Li3 76.62(12) 

C41-Si4-Li3 135.54(13) Li3-Si4-Li3 46.94(17) 

Si1-O1-Li3 117.83(19) Si1-O1-Li1 114.93(19) 

Li3-O1-Li1 80.6(2) Si1-O1-Li4 123.11(19) 

Li3-O1-Li4 78.3(2) Li1-O1-Li4 121.6(2) 

Si2-O2-Li1 116.93(19) Si2-O2-Li2 117.8(2) 

Li1-O2-Li2 89.6(2) Si3-O3-Li3 117.60(18) 

Si3-O3-Li4 130.3(2) Li3-O3-Li4 78.8(2) 

Si3-O3-Li2 114.81(19) Li3-O3-Li2 79.8(2) 
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Li4-O3-Li2 114.2(2) Si4-O4-Li3 115.42(18) 

Si4-O4-Li3 115.37(18) Li3-O4-Li3 75.2(2) 

Si4-O4-Li2 123.11(17) Li3-O4-Li2 121.1(2) 

Li3-O4-Li2 74.7(2) Si4-O4-Li1 124.11(18) 

Li3-O4-Li1 75.1(2) Li3-O4-Li1 120.2(2) 

Li2-O4-Li1 78.3(2) Si1-O10-Si2 134.98(14) 

Si3-O20-Si2 134.92(14) Si4-O30-Si3 135.37(14) 

Si1-O40-Si4 136.19(13) C101-O101-Li1 117.1(3) 

C201-O102-Li2 120.3(3) C301-O301-Li4 139.5(3) 

C401-O401-Li4 121.8(3) O2-Li1-O101 106.0(3) 

O2-Li1-O1 116.8(3) O101-Li1-O1 113.9(3) 

O2-Li1-O4 95.6(2) O101-Li1-O4 126.2(3) 

O1-Li1-O4 97.8(2) O2-Li1-Li3 117.2(3) 

O101-Li1-Li3 136.8(3) O1-Li1-Li3 48.31(17) 

O4-Li1-Li3 49.60(17) O2-Li1-Li2 45.32(17) 

O101-Li1-Li2 125.3(3) O1-Li1-Li2 120.6(3) 

O4-Li1-Li2 50.53(17) Li3-Li1-Li2 86.6(2) 

O2-Li1-C101 82.7(2) O101-Li1-C101 23.49(11) 

O1-Li1-C101 130.1(3) O4-Li1-C101 127.1(2) 

Li3-Li1-C101 159.2(3) Li2-Li1-C101 105.8(2) 
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O2-Li1-Si2 28.37(10) O101-Li1-Si2 115.5(2) 

O1-Li1-Si2 89.12(19) O4-Li1-Si2 106.7(2) 

Li3-Li1-Si2 104.3(2) Li2-Li1-Si2 63.70(17) 

C101-Li1-Si2 96.25(18) O2-Li1-Si1 88.8(2) 

O101-Li1-Si1 121.0(2) O1-Li1-Si1 28.60(10) 

O4-Li1-Si1 107.8(2) Li3-Li1-Si1 64.86(16) 

Li2-Li1-Si1 105.8(2) C101-Li1-Si1 124.9(2) 

Si2-Li1-Si1 60.72(11) O2-Li1-Li4 146.0(3) 

O101-Li1-Li4 98.3(2) O1-Li1-Li4 29.47(14) 

O4-Li1-Li4 88.78(19) Li3-Li1-Li4 45.19(16) 

Li2-Li1-Li4 131.8(2) C101-Li1-Li4 120.8(2) 

Si2-Li1-Li4 118.60(18) Si1-Li1-Li4 57.97(12) 

O2-Li2-O102 111.1(3) O2-Li2-O3 116.0(3) 

O102-Li2-O3 115.7(3) O2-Li2-O4 96.0(2) 

O102-Li2-O4 117.8(3) O3-Li2-O4 98.5(2) 

O2-Li2-Li3 117.3(3) O102-Li2-Li3 131.0(3) 

O3-Li2-Li3 47.80(17) O4-Li2-Li3 50.76(17) 

O2-Li2-Li1 45.04(17) O102-Li2-Li1 123.4(3) 

O3-Li2-Li1 120.7(2) O4-Li2-Li1 51.21(17) 

Li3-Li2-Li1 87.7(2) O2-Li2-C201 89.7(2) 
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O102-Li2-C201 22.41(12) O3-Li2-C201 135.0(2) 

O4-Li2-C201 115.9(2) Li3-Li2-C201 149.3(3) 

Li1-Li2-C201 103.7(2) O2-Li2-Si2 27.91(11) 

O102-Li2-Si2 123.6(2) O3-Li2-Si2 88.58(19) 

O4-Li2-Si2 106.55(19) Li3-Li2-Si2 103.6(2) 

Li1-Li2-Si2 62.87(16) C201-Li2-Si2 106.98(19) 

O2-Li2-Si3 88.1(2) O102-Li2-Si3 127.1(2) 

O3-Li2-Si3 28.38(10) O4-Li2-Si3 108.01(19) 

Li3-Li2-Si3 64.05(17) Li1-Li2-Si3 105.3(2) 

C201-Li2-Si3 136.0(2) Si2-Li2-Si3 60.37(11) 

O2-Li2-Li4 148.7(3) O102-Li2-Li4 93.0(2) 

O3-Li2-Li4 32.84(14) O4-Li2-Li4 89.7(2) 

Li3-Li2-Li4 46.89(17) Li1-Li2-Li4 134.6(2) 

C201-Li2-Li4 115.4(2) Si2-Li2-Li4 121.4(2) 

Si3-Li2-Li4 61.03(14) O3-Li3-O1 105.6(2) 

O3-Li3-O4 117.3(3) O1-Li3-O4 106.2(3) 

O3-Li3-O4 106.8(3) O1-Li3-O4 116.6(3) 

O4-Li3-O4 104.8(2) O3-Li3-Li3 127.7(4) 

O1-Li3-Li3 126.6(4) O4-Li3-Li3 53.02(19) 

O4-Li3-Li3 51.8(2) O3-Li3-Li4 52.82(19) 
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O1-Li3-Li4 52.89(19) O4-Li3-Li4 130.5(3) 

O4-Li3-Li4 124.6(3) Li3-Li3-Li4 176.3(4) 

O3-Li3-Li2 52.37(18) O1-Li3-Li2 123.9(3) 

O4-Li3-Li2 129.9(3) O4-Li3-Li2 54.53(18) 

Li3-Li3-Li2 92.4(3) Li4-Li3-Li2 85.5(2) 

O3-Li3-Li1 124.1(3) O1-Li3-Li1 51.06(18) 

O4-Li3-Li1 55.26(18) O4-Li3-Li1 129.0(3) 

Li3-Li3-Li1 93.3(3) Li4-Li3-Li1 88.8(2) 

Li2-Li3-Li1 174.2(3) O3-Li3-Si3 28.35(10) 

O1-Li3-Si3 120.4(2) O4-Li3-Si3 89.23(19) 

O4-Li3-Si3 113.8(2) Li3-Li3-Si3 108.8(3) 

Li4-Li3-Si3 73.17(18) Li2-Li3-Si3 66.94(18) 

Li1-Li3-Si3 112.3(2) O3-Li3-Si1 119.9(2) 

O1-Li3-Si1 28.06(10) O4-Li3-Si1 113.4(2) 

O4-Li3-Si1 88.69(18) Li3-Li3-Si1 107.7(3) 

Li4-Li3-Si1 70.33(18) Li2-Li3-Si1 111.1(2) 

Li1-Li3-Si1 65.81(18) Si3-Li3-Si1 143.46(18) 

O3-Li3-Si4 88.92(19) O1-Li3-Si4 120.4(2) 

O4-Li3-Si4 28.59(10) O4-Li3-Si4 113.2(2) 

Li3-Li3-Si4 67.1(2) Li4-Li3-Si4 116.5(2) 
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Li2-Li3-Si4 110.8(2) Li1-Li3-Si4 72.70(18) 

Si3-Li3-Si4 60.68(10) Si1-Li3-Si4 137.92(18) 

O3-Li3-Si4 120.3(2) O1-Li3-Si4 88.38(19) 

O4-Li3-Si4 113.2(2) O4-Li3-Si4 28.32(10) 

Li3-Li3-Si4 65.9(2) Li4-Li3-Si4 110.5(2) 

Li2-Li3-Si4 71.41(18) Li1-Li3-Si4 109.9(2) 

Si3-Li3-Si4 137.80(18) Si1-Li3-Si4 60.40(10) 

Si4-Li3-Si4 133.06(17) O301-Li4-O401 95.8(3) 

O301-Li4-O3 113.1(3) O401-Li4-O3 129.4(3) 

O301-Li4-O1 115.3(3) O401-Li4-O1 107.2(3) 

O3-Li4-O1 97.0(2) O301-Li4-Li3 125.7(3) 

O401-Li4-Li3 137.0(3) O3-Li4-Li3 48.34(17) 

O1-Li4-Li3 48.76(18) O301-Li4-C401 104.5(2) 

O401-Li4-C401 21.16(12) O3-Li4-C401 136.2(3) 

O1-Li4-C401 86.1(2) Li3-Li4-C401 121.7(2) 

O301-Li4-Si1 90.5(2) O401-Li4-Si1 112.2(2) 

O3-Li4-Si1 108.3(2) O1-Li4-Si1 24.83(10) 

Li3-Li4-Si1 62.54(17) C401-Li4-Si1 92.56(18) 

O301-Li4-Li2 88.5(2) O401-Li4-Li2 159.6(3) 

O3-Li4-Li2 32.94(14) O1-Li4-Li2 88.8(2) 
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Li3-Li4-Li2 47.61(18) C401-Li4-Li2 167.0(2) 

Si1-Li4-Li2 87.67(17) O301-Li4-Li1 143.9(3) 

O401-Li4-Li1 94.6(2) O3-Li4-Li1 85.75(19) 

O1-Li4-Li1 28.90(13) Li3-Li4-Li1 46.03(17) 

C401-Li4-Li1 76.20(17) Si1-Li4-Li1 53.62(12) 

Li2-Li4-Li1 93.64(18) C12-C11-C16 116.8(3) 

C12-C11-Si1 122.8(2) C16-C11-Si1 120.4(2) 

C11-C12-C13 121.8(3) C14-C13-C12 119.9(3) 

C13-C14-C15 119.7(3) C14-C15-C16 119.7(3) 

C15-C16-C11 122.1(3) C22-C21-C26 116.7(3) 

C22-C21-Si2 124.6(3) C26-C21-Si2 118.7(2) 

C21-C22-C23 121.5(4) C24-C23-C22 119.7(4) 

C23-C24-C25 120.7(4) C24-C25-C26 119.1(4) 

C25-C26-C21 122.3(3) C36-C31-C32 117.0(3) 

C36-C31-Si3 120.9(2) C32-C31-Si3 122.0(2) 

C33-C32-C31 121.6(3) C34-C33-C32 120.0(3) 

C35-C34-C33 120.0(3) C34-C35-C36 119.7(3) 

C31-C36-C35 121.6(3) C46-C41-C42 115.9(3) 

C46-C41-Si4 122.8(2) C42-C41-Si4 121.3(2) 

C43-C42-C41 122.5(3) C44-C43-C42 119.9(3) 
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C45-C44-C43 119.7(3) C44-C45-C46 120.0(3) 

C41-C46-C45 122.0(3) O101-C101-N101 124.8(3) 

O101-C101-Li1 39.45(19) N101-C101-Li1 163.6(3) 

O102-C201-N201 126.4(3) O102-C201-Li2 37.34(19) 

N201-C201-Li2 160.6(3) O301-C301-N301 125.4(4) 

O401-C401-N401 125.6(4) O401-C401-Li4 37.0(2) 

N401-C401-Li4 146.3(3) C101-N101-C102 122.2(3) 

C101-N101-C103 121.0(3) C102-N101-C103 116.7(3) 

C201-N201-C203 121.0(3) C201-N201-C202 122.3(3) 

C203-N201-C202 116.5(3) C301-N301-C302 121.3(4) 

C301-N301-C303 121.9(3) C302-N301-C303 116.7(3) 

C401-N401-C403 122.7(3) C401-N401-C402 117.2(4) 

C403-N401-C402 120.1(4) C1S-N1S-C2S 103.1(11) 

C1S-N1S-C3S 130.5(11) C2S-N1S-C3S 120.1(7) 

C2S-N1S-C1SA 133.4(10) C3S-N1S-C1SA 106.1(9) 

O1S-C2S-N1S 151.6(17) N1S-C2S-O1SA 100.7(13) 

O1S-C2S-C1S 115.3(14) N1S-C2S-C1S 36.7(6) 

N1S-C1S-C2S 40.2(7) 
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Table D6. Torsion angles (°) for POSSLiDMF.  

O10-Si1-O1-Li3 101.3(2) O40-Si1-O1-Li3 -19.2(2) 

C11-Si1-O1-Li3 -139.1(2) Li1-Si1-O1-Li3 92.4(3) 

Li4-Si1-O1-Li3 -94.1(3) O10-Si1-O1-Li1 8.9(2) 

O40-Si1-O1-Li1 -111.6(2) C11-Si1-O1-Li1 128.5(2) 

Li3-Si1-O1-Li1 -92.4(3) Li4-Si1-O1-Li1 173.5(3) 

O10-Si1-O1-Li4 -164.5(2) O40-Si1-O1-Li4 74.9(2) 

C11-Si1-O1-Li4 -45.0(3) Li3-Si1-O1-Li4 94.1(3) 

Li1-Si1-O1-Li4 -173.5(3) O10-Si2-O2-Li1 -7.3(3) 

O20-Si2-O2-Li1 113.1(2) C21-Si2-O2-Li1 -124.8(2) 

Li2-Si2-O2-Li1 105.1(3) O10-Si2-O2-Li2 -112.4(2) 

O20-Si2-O2-Li2 8.0(2) C21-Si2-O2-Li2 130.1(2) 

Li1-Si2-O2-Li2 -105.1(3) O20-Si3-O3-Li3 -100.2(2) 

O30-Si3-O3-Li3 20.8(2) C31-Si3-O3-Li3 141.8(2) 

Li2-Si3-O3-Li3 -91.3(3) O20-Si3-O3-Li4 160.8(2) 

O30-Si3-O3-Li4 -78.2(2) C31-Si3-O3-Li4 42.8(3) 

Li3-Si3-O3-Li4 -99.0(3) Li2-Si3-O3-Li4 169.7(3) 

O20-Si3-O3-Li2 -8.9(2) O30-Si3-O3-Li2 112.08(19) 

C31-Si3-O3-Li2 -126.9(2) Li3-Si3-O3-Li2 91.3(3) 

O30-Si4-O4-Li3 -18.8(2) O40-Si4-O4-Li3 102.2(2) 

C41-Si4-O4-Li3 -140.0(2) Li3-Si4-O4-Li3 84.9(3) 
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Table D6 Continued 

O30-Si4-O4-Li3 -103.8(2) O40-Si4-O4-Li3 17.2(2) 

C41-Si4-O4-Li3 135.1(2) Li3-Si4-O4-Li3 -84.9(3) 

O30-Si4-O4-Li2 168.5(2) O40-Si4-O4-Li2 -70.5(2) 

C41-Si4-O4-Li2 47.3(2) Li3-Si4-O4-Li2 -172.7(3) 

Li3-Si4-O4-Li2 -87.7(3) O30-Si4-O4-Li1 70.0(2) 

O40-Si4-O4-Li1 -169.04(19) C41-Si4-O4-Li1 -51.2(2) 

Li3-Si4-O4-Li1 88.8(3) Li3-Si4-O4-Li1 173.7(3) 

O1-Si1-O10-Si2 -42.8(2) O40-Si1-O10-Si2 79.9(2) 

C11-Si1-O10-Si2 -167.89(19) Li3-Si1-O10-Si2 -5.6(2) 

Li1-Si1-O10-Si2 -37.34(19) Li4-Si1-O10-Si2 -56.3(3) 

O2-Si2-O10-Si1 42.0(2) O20-Si2-O10-Si1 -81.4(2) 

C21-Si2-O10-Si1 165.20(19) Li1-Si2-O10-Si1 37.80(19) 

Li2-Si2-O10-Si1 4.8(3) O3-Si3-O20-Si2 41.5(2) 

O30-Si3-O20-Si2 -80.8(2) C31-Si3-O20-Si2 165.90(18) 

Li3-Si3-O20-Si2 4.3(2) Li2-Si3-O20-Si2 36.0(2) 

O2-Si2-O20-Si3 -41.2(2) O10-Si2-O20-Si3 82.1(2) 

C21-Si2-O20-Si3 -166.81(18) Li1-Si2-O20-Si3 -3.4(2) 

Li2-Si2-O20-Si3 -36.6(2) O4-Si4-O30-Si3 45.6(2) 

O40-Si4-O30-Si3 -77.1(2) C41-Si4-O30-Si3 170.92(18) 

Li3-Si4-O30-Si3 34.36(19) Li3-Si4-O30-Si3 6.3(2) 
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Table D6 Continued 

O3-Si3-O30-Si4 -46.6(2) O20-Si3-O30-Si4 77.3(2) 

C31-Si3-O30-Si4 -171.91(18) Li3-Si3-O30-Si4 -34.86(19) 

Li2-Si3-O30-Si4 -7.0(2) O1-Si1-O40-Si4 44.0(2) 

O10-Si1-O40-Si4 -79.2(2) C11-Si1-O40-Si4 169.09(18) 

Li3-Si1-O40-Si4 33.20(19) Li1-Si1-O40-Si4 4.5(2) 

Li4-Si1-O40-Si4 75.4(2) O4-Si4-O40-Si1 -43.0(2) 

O30-Si4-O40-Si1 79.4(2) C41-Si4-O40-Si1 -166.80(18) 

Li3-Si4-O40-Si1 -4.0(2) Li3-Si4-O40-Si1 -32.64(19) 

Si2-O2-Li1-O101 114.5(2) Li2-O2-Li1-O101 -124.2(3) 

Si2-O2-Li1-O1 -13.7(4) Li2-O2-Li1-O1 107.7(3) 

Si2-O2-Li1-O4 -115.32(19) Li2-O2-Li1-O4 6.0(2) 

Si2-O2-Li1-Li3 -68.3(3) Li2-O2-Li1-Li3 53.0(3) 

Si2-O2-Li1-Li2 -121.3(2) Si2-O2-Li1-C101 117.88(16) 

Li2-O2-Li1-C101 -120.8(2) Li2-O2-Li1-Si2 121.3(2) 

Si2-O2-Li1-Si1 -7.6(2) Li2-O2-Li1-Si1 113.8(2) 

Si2-O2-Li1-Li4 -19.2(5) Li2-O2-Li1-Li4 102.1(5) 

Si2-O2-Li2-O102 -122.7(2) Li1-O2-Li2-O102 116.7(3) 

Si2-O2-Li2-O3 12.1(3) Li1-O2-Li2-O3 -108.5(3) 

Si2-O2-Li2-O4 114.51(19) Li1-O2-Li2-O4 -6.1(2) 

Si2-O2-Li2-Li3 65.9(3) Li1-O2-Li2-Li3 -54.6(3) 
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Table D6 Continued 

Si2-O2-Li2-Li1 120.6(2) Si2-O2-Li2-C201 -129.45(16) 

Li1-O2-Li2-C201 110.0(2) Li1-O2-Li2-Si2 -120.6(2) 

Si2-O2-Li2-Si3 6.6(2) Li1-O2-Li2-Si3 -113.98(19) 

Si2-O2-Li2-Li4 15.2(6) Li1-O2-Li2-Li4 -105.4(5) 

Si1-O1-Li3-O3 125.1(2) Li1-O1-Li3-O3 -121.6(3) 

Li4-O1-Li3-O3 3.7(2) Si1-O1-Li3-O4 -109.6(2) 

Li1-O1-Li3-O4 3.7(2) Li4-O1-Li3-O4 128.9(3) 

Si1-O1-Li3-O4 6.7(3) Li1-O1-Li3-O4 120.1(3) 

Li4-O1-Li3-O4 -114.7(3) Si1-O1-Li3-Li3 -54.0(5) 

Li1-O1-Li3-Li3 59.4(4) Li4-O1-Li3-Li3 -175.4(5) 

Si1-O1-Li3-Li4 121.5(2) Li1-O1-Li3-Li4 -125.2(2) 

Si1-O1-Li3-Li2 70.3(3) Li1-O1-Li3-Li2 -176.4(3) 

Li4-O1-Li3-Li2 -51.2(3) Si1-O1-Li3-Li1 -113.3(2) 

Li4-O1-Li3-Li1 125.2(2) Si1-O1-Li3-Si3 151.51(16) 

Li1-O1-Li3-Si3 -95.2(3) Li4-O1-Li3-Si3 30.1(2) 

Li1-O1-Li3-Si1 113.3(2) Li4-O1-Li3-Si1 -121.5(2) 

Si1-O1-Li3-Si4 -136.77(18) Li1-O1-Li3-Si4 -23.4(2) 

Li4-O1-Li3-Si4 101.8(3) Si1-O1-Li3-Si4 4.07(19) 

Li1-O1-Li3-Si4 117.39(19) Li4-O1-Li3-Si4 -117.39(19) 

O1-Si1-C11-C12 134.1(3) O10-Si1-C11-C12 -102.3(3) 
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Table D6 Continued 

O40-Si1-C11-C12 11.2(3) Li3-Si1-C11-C12 101.6(3) 

Li1-Si1-C11-C12 173.0(2) Li4-Si1-C11-C12 112.1(3) 

O1-Si1-C11-C16 -46.9(3) O10-Si1-C11-C16 76.7(3) 

O40-Si1-C11-C16 -169.8(2) Li3-Si1-C11-C16 -79.4(3) 

Li1-Si1-C11-C16 -8.0(3) Li4-Si1-C11-C16 -68.9(3) 

C16-C11-C12-C13 1.2(5) Si1-C11-C12-C13 -179.7(3) 

C11-C12-C13-C14 0.0(5) C12-C13-C14-C15 -0.9(6) 

C13-C14-C15-C16 0.5(6) C14-C15-C16-C11 0.8(6) 

C12-C11-C16-C15 -1.6(5) Si1-C11-C16-C15 179.3(3) 

O2-Si2-C21-C22 -140.0(3) O10-Si2-C21-C22 98.0(3) 

O20-Si2-C21-C22 -15.1(3) Li1-Si2-C21-C22 -176.9(3) 

Li2-Si2-C21-C22 -104.8(3) O2-Si2-C21-C26 42.7(3) 

O10-Si2-C21-C26 -79.3(3) O20-Si2-C21-C26 167.6(2) 

Li1-Si2-C21-C26 5.8(3) Li2-Si2-C21-C26 77.9(3) 

C26-C21-C22-C23 0.4(5) Si2-C21-C22-C23 -177.0(3) 

C21-C22-C23-C24 -0.5(6) C22-C23-C24-C25 0.5(6) 

C23-C24-C25-C26 -0.6(6) C24-C25-C26-C21 0.6(5) 

C22-C21-C26-C25 -0.5(5) Si2-C21-C26-C25 177.1(3) 

O3-Si3-C31-C36 121.1(2) O20-Si3-C31-C36 -2.2(3) 

O30-Si3-C31-C36 -116.2(2) Li3-Si3-C31-C36 152.3(2) 
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Table D6 Continued 

Li2-Si3-C31-C36 81.4(3) O3-Si3-C31-C32 -55.7(3) 

O20-Si3-C31-C32 -179.0(2) O30-Si3-C31-C32 67.1(3) 

Li3-Si3-C31-C32 -24.4(3) Li2-Si3-C31-C32 -95.3(3) 

C36-C31-C32-C33 -0.8(4) Si3-C31-C32-C33 176.1(3) 

C31-C32-C33-C34 0.6(5) C32-C33-C34-C35 0.3(5) 

C33-C34-C35-C36 -1.0(5) C32-C31-C36-C35 0.1(4) 

Si3-C31-C36-C35 -176.8(2) C34-C35-C36-C31 0.8(5) 

O4-Si4-C41-C46 66.6(3) O30-Si4-C41-C46 -56.6(3) 

O40-Si4-C41-C46 -171.5(3) Li3-Si4-C41-C46 32.2(4) 

Li3-Si4-C41-C46 103.3(3) O4-Si4-C41-C42 -111.7(3) 

O30-Si4-C41-C42 125.0(3) O40-Si4-C41-C42 10.2(3) 

Li3-Si4-C41-C42 -146.1(3) Li3-Si4-C41-C42 -75.1(3) 

C46-C41-C42-C43 -0.8(5) Si4-C41-C42-C43 177.6(3) 

C41-C42-C43-C44 0.9(6) C42-C43-C44-C45 -1.0(6) 

C43-C44-C45-C46 1.0(6) C42-C41-C46-C45 0.9(5) 

Si4-C41-C46-C45 -177.5(3) C44-C45-C46-C41 -1.0(5) 

Li1-O101-C101-N101 173.9(3) Li2-O102-C201-N201 165.0(4) 

Li4-O301-C301-N301 -167.1(4) Li4-O401-C401-N401 138.6(4) 

O101-C101-N101-C102 -0.1(6) Li1-C101-N101-C102 13.7(11) 

O101-C101-N101-C103 177.2(3) Li1-C101-N101-C103 -169.0(8) 
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Table D6 Continued 

O102-C201-N201-C203 2.2(6) Li2-C201-N201-C203 30.5(11) 

O102-C201-N201-C202 177.6(4) Li2-C201-N201-C202 -154.1(8) 

O301-C301-N301-C302 2.1(6) O301-C301-N301-C303 178.2(4) 

O401-C401-N401-C403 -2.8(6) Li4-C401-N401-C403 43.1(7) 

O401-C401-N401-C402 175.2(4) Li4-C401-N401-C402 -138.9(5) 

C1S-N1S-C2S-O1S -11.(2) C3S-N1S-C2S-O1S -166.3(17) 

C1SA-N1S-C2S-O1S 22.(2) C1S-N1S-C2S-O1SA -23.5(14) 

C3S-N1S-C2S-O1SA -178.6(6) C1SA-N1S-C2S-O1SA 9.7(15) 

C3S-N1S-C2S-C1S -155.1(14) C1SA-N1S-C2S-C1S 33.1(17) 

C3S-N1S-C1S-C2S 151.4(16) C1SA-N1S-C1S-C2S -143.1(17) 
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Table D7. Anisotropic atomic displacement parameters (Å
2
) 

for POSSLiDMF. 

The anisotropic atomic displacement factor exponent takes the 

form: -2π
2
[ h

2
 a

*2
 U11 + ... + 2 h k a

*
 b

*
 U12 ]  

 
U11 U22 U33 U23 U13 U12 

Si1 0.0124(4) 0.0156(4) 0.0135(4) 0.0065(3) 0.0056(3) 0.0045(3) 

Si2 0.0118(4) 0.0161(4) 0.0147(4) 0.0072(4) 0.0023(3) 0.0033(3) 

Si3 0.0111(4) 0.0118(4) 0.0151(4) 0.0057(3) 0.0038(3) 0.0020(3) 

Si4 0.0107(4) 0.0115(4) 0.0142(4) 0.0052(3) 0.0035(3) 0.0036(3) 

O1 0.0126(9) 0.0167(11) 0.0138(10) 0.0070(9) 0.0037(8) 0.0041(8) 

O2 0.0132(9) 0.0172(11) 0.0174(11) 0.0084(9) 0.0035(8) 0.0042(8) 

O3 0.0117(9) 0.0147(11) 0.0159(11) 0.0071(9) 0.0040(8) 0.0037(8) 

O4 0.0109(9) 0.0137(10) 0.0154(11) 0.0063(9) 0.0044(8) 0.0050(8) 

O10 0.0145(10) 0.0200(11) 0.0158(11) 0.0061(9) 0.0032(8) 0.0055(9) 

O20 0.0160(10) 0.0171(11) 0.0163(11) 0.0071(10) 0.0014(9) 0.0021(9) 

O30 0.0135(10) 0.0128(11) 0.0189(11) 0.0056(9) 0.0044(8) 0.0031(8) 

O40 0.0144(10) 0.0156(11) 0.0157(11) 0.0061(9) 0.0062(8) 0.0056(8) 

O101 0.0264(12) 0.0259(13) 0.0383(14) 0.0188(12) 0.0070(11) 0.0080(10) 

O102 0.0226(11) 0.0264(13) 0.0373(14) 0.0138(12) 0.0159(10) 0.0135(10) 

O301 0.0238(12) 0.0507(18) 0.0262(14) 0.0026(13) 0.0067(11) 0.0167(12) 

O401 0.0444(16) 0.0312(15) 0.0305(15) 0.0151(13) 0.0032(13) -0.0031(12) 

Li1 0.016(2) 0.019(3) 0.027(3) 0.009(2) 0.006(2) 0.009(2) 
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Li2 0.018(2) 0.023(3) 0.021(3) 0.011(2) 0.008(2) 0.008(2) 

Li3 0.015(2) 0.017(3) 0.016(3) 0.005(2) 0.005(2) 0.002(2) 

Li4 0.020(3) 0.024(3) 0.024(3) 0.010(2) 0.007(2) 0.005(2) 

C11 0.0128(14) 0.0197(16) 0.0130(15) 0.0056(13) 0.0041(12) 0.0006(12) 

C12 0.0327(18) 0.031(2) 0.0221(18) 0.0124(16) 0.0117(15) 0.0148(15) 

C13 0.038(2) 0.037(2) 0.0253(19) 0.0096(17) 0.0175(16) 0.0218(17) 

C14 0.0325(19) 0.035(2) 0.0246(19) 0.0100(17) 0.0184(16) 0.0060(16) 

C15 0.053(2) 0.028(2) 0.031(2) 0.0154(17) 0.0215(18) 0.0038(17) 

C16 0.0387(19) 0.0188(17) 0.0226(18) 0.0072(15) 0.0153(15) 0.0079(15) 

C21 0.0131(14) 0.0265(18) 0.0156(16) 0.0085(14) 0.0042(12) 0.0068(12) 

C22 0.0290(18) 0.036(2) 0.0224(18) 0.0095(17) 0.0030(15) -0.0009(16) 

C23 0.030(2) 0.065(3) 0.027(2) 0.011(2) -0.0046(17) -0.013(2) 

C24 0.0256(19) 0.092(4) 0.030(2) 0.037(2) -0.0023(17) 0.001(2) 

C25 0.0287(19) 0.069(3) 0.038(2) 0.038(2) 0.0100(17) 0.017(2) 

C26 0.0207(16) 0.038(2) 0.0221(18) 0.0170(16) 0.0062(14) 0.0088(15) 

C31 0.0130(13) 0.0106(14) 0.0193(16) 0.0035(13) 0.0071(12) 0.0059(11) 

C32 0.0174(15) 0.0190(17) 0.0215(17) 0.0074(14) 0.0024(13) 0.0018(13) 

C33 0.0273(17) 0.0265(19) 0.0291(19) 0.0147(16) 0.0058(15) -0.0023(14) 

C34 0.0165(15) 0.0193(17) 0.034(2) 0.0105(15) 0.0081(14) -0.0032(13) 

C35 0.0128(14) 0.0205(17) 0.0285(19) 0.0059(15) 0.0006(13) 0.0006(12) 

Table D7 Continued 
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C36 0.0194(15) 0.0180(16) 0.0221(17) 0.0105(14) 0.0038(13) 0.0046(13) 

C41 0.0132(14) 0.0112(15) 0.0180(16) 0.0019(13) 0.0002(12) 0.0024(11) 

C42 0.0259(17) 0.0283(19) 0.033(2) 0.0140(17) 0.0116(15) 0.0146(15) 

C43 0.0325(19) 0.033(2) 0.040(2) 0.0082(18) 0.0124(17) 0.0226(17) 

C44 0.038(2) 0.0235(19) 0.031(2) 0.0016(17) -0.0021(16) 0.0197(16) 

C45 0.052(2) 0.029(2) 0.031(2) 0.0145(18) 0.0036(18) 0.0202(18) 

C46 0.0333(18) 0.0263(19) 0.0275(19) 0.0119(16) 0.0102(15) 0.0152(15) 

C101 0.0265(17) 0.0248(18) 0.0234(18) 0.0082(15) 0.0109(14) 0.0090(14) 

C102 0.048(2) 0.039(3) 0.077(3) 0.034(2) 0.009(2) 0.013(2) 

C103 0.041(2) 0.059(3) 0.037(2) 0.015(2) 0.0007(19) 0.029(2) 

C201 0.0242(17) 0.035(2) 0.053(2) 0.026(2) 0.0208(17) 0.0110(16) 

C202 0.034(2) 0.058(3) 0.127(5) 0.067(3) 0.027(3) 0.024(2) 

C203 0.0228(18) 0.049(3) 0.039(2) 0.010(2) 0.0145(16) 0.0128(17) 

C301 0.0270(18) 0.047(3) 0.026(2) 0.0050(18) 0.0067(15) 0.0089(17) 

C302 0.080(3) 0.068(3) 0.073(3) 0.040(3) 0.058(3) 0.047(3) 

C303 0.065(3) 0.049(3) 0.048(3) 0.013(2) 0.027(2) 0.028(2) 

C401 0.032(2) 0.033(2) 0.050(3) 0.012(2) 0.013(2) -0.0008(17) 

C402 0.045(3) 0.064(3) 0.085(4) 0.042(3) -0.005(3) 0.004(2) 

C403 0.043(2) 0.051(3) 0.051(3) 0.015(2) 0.016(2) -0.002(2) 

N101 0.0336(16) 0.0283(17) 0.0267(16) 0.0095(14) 0.0037(13) 0.0150(13) 
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N201 0.0231(14) 0.0251(16) 0.058(2) 0.0211(16) 0.0165(14) 0.0097(12) 

N301 0.0345(16) 0.043(2) 0.0309(17) 0.0142(15) 0.0161(14) 0.0185(14) 

N401 0.0372(17) 0.0258(17) 0.0314(17) 0.0128(14) -0.0027(14) 0.0017(13) 

N1S 0.133(5) 0.043(3) 0.044(3) 0.023(2) -0.026(3) -0.015(3) 

C2S 0.200(10) 0.052(4) 0.151(9) -0.013(5) -0.088(8) 0.052(6) 

O1S 0.120(10) 0.049(5) 0.097(11) 0.015(6) -0.020(8) 0.015(6) 

C1S 0.087(12) 0.31(3) 0.083(11) 0.131(16) 0.044(9) 0.072(16) 

O1SA 0.165(15) 0.084(7) 0.057(7) 0.008(5) -0.035(8) 0.039(8) 

C1SA 0.16(2) 0.150(17) 0.086(11) 0.059(11) 0.038(13) -0.034(15) 

C3S 0.102(5) 0.064(4) 0.040(3) 0.018(3) 0.011(3) 0.024(3) 
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Table D8. Hydrogen atomic coordinates and isotropic atomic displacement parameters 

(Å
2
) for POSSLiDMF.  

 
x/a y/b z/c U(eq) 

H12A 1.1166 0.2327 0.6274 0.032 

H13A 1.2025 0.2082 0.4971 0.038 

H14A 1.2203 0.3419 0.4325 0.036 

H15A 1.1483 0.4984 0.4965 0.043 

H16A 1.0613 0.5210 0.6252 0.031 

H22A 0.6058 0.2002 0.5927 0.037 

H23A 0.4882 0.1726 0.4495 0.057 

H24A 0.4862 0.3154 0.3978 0.057 

H25A 0.6034 0.4858 0.4861 0.047 

H26A 0.7202 0.5133 0.6286 0.03 

H32A 0.7403 0.1349 0.9884 0.024 

H33A 0.6050 -0.0070 0.9756 0.033 

H34A 0.4639 -0.0825 0.8403 0.029 

H35A 0.4585 -0.0174 0.7169 0.027 

H36A 0.5924 0.1278 0.7310 0.023 

H42A 1.1725 0.1869 0.7743 0.033 

H43A 1.2783 0.0621 0.7742 0.042 

H44A 1.2689 -0.0265 0.8806 0.04 

H45A 1.1573 0.0153 0.9906 0.043 
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H46A 1.0506 0.1407 0.9906 0.033 

H10A 0.7759 0.6748 0.7883 0.029 

H10B 0.9643 0.9020 0.8269 0.077 

H10C 0.8805 0.9803 0.8428 0.077 

H10D 0.9014 0.9168 0.7348 0.077 

H10E 0.6603 0.7519 0.7288 0.069 

H10F 0.7090 0.8224 0.6730 0.069 

H10G 0.6868 0.8848 0.7806 0.069 

H20A 0.6782 0.6657 0.9231 0.039 

H20B 0.5628 0.7616 0.8914 0.092 

H20C 0.5139 0.8217 0.9850 0.092 

H20D 0.4438 0.7142 0.8931 0.092 

H20E 0.5248 0.6091 1.0702 0.057 

H20F 0.4196 0.6170 1.0068 0.057 

H20G 0.4899 0.7257 1.0974 0.057 

H30G 0.7254 0.6189 1.1852 0.043 

H30A 0.5644 0.4527 1.2569 0.093 

H30B 0.4745 0.5232 1.2620 0.093 

H30C 0.5657 0.5554 1.3573 0.093 

H30D 0.6479 0.7567 1.2654 0.079 



 

309 
 

Table D8 Continued 

H30E 0.6203 0.7487 1.3634 0.079 

H30F 0.5278 0.7171 1.2692 0.079 

H40G 0.9141 0.2772 1.2081 0.048 

H40A 0.9818 0.2390 1.3253 0.096 

H40B 0.9046 0.1562 1.3533 0.096 

H40C 0.9357 0.2863 1.4230 0.096 

H40D 0.6799 0.2526 1.2800 0.076 

H40E 0.7386 0.2948 1.3928 0.076 

H40F 0.7092 0.1648 1.3230 0.076 

H2SA 0.3434 1.0218 0.4432 0.194 

H1SA 0.2567 0.9575 0.5833 0.206 

H1SB 0.1805 0.8502 0.4957 0.206 

H1SC 0.1347 0.9570 0.5509 0.206 

H1SD 0.1526 0.9877 0.5982 0.205 

H1SE 0.0830 0.8845 0.5023 0.205 

H1SF 0.0738 1.0085 0.5184 0.205 

H3SA 0.2159 0.9720 0.3373 0.104 

H3SB 0.1033 0.9673 0.3677 0.104 

H3SC 0.1519 0.8584 0.3341 0.104 

H3SD 0.251(9) 0.949(9) 0.330(8) 0.104 
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H3SE 0.080(9) 0.984(10) 0.377(8) 0.104 

H3SF 0.082(9) 0.924(10) 0.414(9) 0.104 
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