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ABSTRACT 
 

Polysiloxane-based single-ion conductors containing different side groups and 

bulky ionic side chains have been discussed in this thesis.  

 Firstly, three borate monomers: lithium triphenylstyryl borate (B1), a variant with 

three ethylene oxides between the vinyl and the borate (B2) and a third with 

perfluorinated phenyl rings (B3) were synthesized and used to prepare polysiloxane 

ionomers based on cyclic carbonates via hydrosilylation.  B1 ion content variations show 

maximum 25 ºC conductivity at 8mol%, reflecting a tradeoff between carrier density and 

Tg increase.  Ethylene oxide spacers (B2) lower Tg, and increase dielectric constant, both 

raising conductivity.  Perfluorinating the four phenyl rings (B3) lowers the ion 

association energy, as anticipated by ab initio estimations.  This increases conductivity, a 

direct result of 3X higher measured carrier density.  The ~ 9 kJ/mol activation energy of 

simultaneously conducting ions is less than half that of ionomers with either sulfonate or 

bis(trifluoromethanesulfonyl) imide anions, suggesting that ionomers with weak-binding 

borate anions may provide a pathway to useful single-ion Li+ conductors, if their Tg can 

be lowered. 

Then two groups of novel non-volatile plasticizers containing pendant cyclic 

carbonates and short ethylene oxide chains have been successfully synthesized, as 

confirmed by 1H and 29Si NMR spectra. After mixing with polysiloxane-based ionomer, 

the resulting polymer electrolyte blends show improved conductivity. At room 

temperature the d. c. conductivity has been improved to between 10-4 to 10-5 S/cm. 

Electrode polarization in dielectric relaxation spectroscopy reveals that part of the 
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increased conductivity comes from lowering Tg, which raises the mobility of the 

conducting ions. The number density of simultaneously conducting ions is also boosted 

by the plasticizers, particularly for those containing more of the strongly solvating oligo-

(ethylene oxide). 

           Polysiloxane phosphonium single-ion conductors with ion contents ranging from 5 

to 22 mol% were synthesized via hydrosilylation reaction. The parent Br- anion was 

exchanged to F- or bis(trifuoromethanesulfonyl)imide (TFSI-).  Results of X-ray 

scattering experiments suggest the absence of ion aggregation in our phosphonium 

ionomers, which keeps glass transition temperatures (Tg) low. DSC Tg of the 

phosphonium ionomers are all below -70 oC, suggesting a weak dependence of Tg on 

both ion content and ion type; while conductivities weakly increase with ion content but 

exhibit a strong dependence on anion type. The highest conductivity at 30 oC, (2 x 10-5 

S/cm) was obtained for the TFSI anion and is attributed to its relatively delocalized 

negative charge and its large size, both weakening the interaction between TFSI and 

phosphonium cation.  

             The linear viscoelastic (LVE) properties of polysiloxane-based phosphonium-

containing ionomers with ion contents f = 0 to 0.22 have been studied. The master curves 

of those ionomers have been constructed with reduced frequency spanning 14 decades. 

The ionic association has been witnessed as a delayed polymer relaxation with increasing 

ion content, although there is no ion aggregate peak in X-ray scattering and LVE suggests 

only limited ionic associations with no ion clusters in our phosphonium ionomers. All 

observations are consistent with weak interchain ionic interactions determined by bulky 

weak-binding phosphonium salts. Ionomer LVE can be well fit by the KWW model on 
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short time scales and the sticky Rouse model on long time scales, which proves that the 

ion association lifetime in our ionomers is shorter than that of polymer chain relaxation, 

despite the fact that the chains are short.  



vi 
 

 

TABLE OF CONTENTS 

List of Figures .......................................................................................................................... viii 

List of Tables ........................................................................................................................... xii 

Acknowledgements .................................................................................................................. xiii 

Chapter 1 Introduction ............................................................................................................. 1 

1.1 Conducting salts in lithium-ion batteries ................................................................... 1 
1.1.1  LiPF6 and its derivatives ................................................................................. 2 
1.1.2 Lithium perchlorate, lithium tetrafluoroborate and lithium 

hexafluoroarsenate ............................................................................................ 4 
1.1.3  Lithium imide salts ......................................................................................... 5 
1.1.3.1  Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) .............................. 5 
1.1.3.2  Other lithium imide salts ............................................................................. 6 
1.1.4  Boron-containing conducting lithium salts ..................................................... 7 
1.1.4.1  Lithium chelatoborates ................................................................................ 8 
1.1.4.2 Lithium tetraalkyl or tetraaryl borate ........................................................... 10 
1.1.5  Lithium aluminates ......................................................................................... 11 
1.1.6 Imidazole-based lithium salts .......................................................................... 12 

1.2  Solid polymer electrolyte .......................................................................................... 12 
1.2.1 Single-Ion Conductors ..................................................................................... 15 
1.2.1.1 Carboxylate and sulfonate ............................................................................ 16 
1.2.1.2 Salts with bulky or steric alcohol groups ..................................................... 16 
1.2.1.3 Perfluorinated sulfonates .............................................................................. 17 
1.2.1.4 Imide or amide salts ..................................................................................... 17 
1.2.1.5 Borate and aluminate salts ............................................................................ 18 
1.2.1.6 Other salts ..................................................................................................... 19 

1.3   Gel Polymer Electrolytes .......................................................................................... 21 
1.3.1  Polymer host and liquid electrolyte in gel polymer electrolytes .................... 21 
1.3.2   Conductivity and stability of gel polymer electrolytes .................................. 22 
References ................................................................................................................ 24 

Chapter 2 Synthesis and Lithium Ion Conduction of Polysiloxane  Single-Ion Conductors 
Containing Novel Weak-Binding Borates ....................................................................... 29 

2.1 Introduction ................................................................................................................ 29 
2.2  Results and Discussion .............................................................................................. 34 

2.2.1 Synthesis and NMR ......................................................................................... 34 
2.2.2 Glass Transition Temperatures ........................................................................ 40 
2.2.3 Dielectric Constant and Ionic Conductivity .................................................... 40 

2.3 Conclusions and Outlook ........................................................................................... 45 
2.4 Experimental Section ................................................................................................. 46 

References ................................................................................................................ 51 

Chapter 3 Synthesis and Lithium Ion Conduction of Ionomer blends Containing 
Polysiloxane-based Single-ion Conductor and Non-Volatile Plasticizers ....................... 56 



vii 
 

 

3.1 Introduction ................................................................................................................ 56 
3.2 Result and discussion ................................................................................................. 58 
        3.2.1 Synthesis ......................................................................................................... 58 

3.2.2 Glass transition temperature ............................................................................ 62 
3.2.3  Ionic conductivities and dielectric properties ................................................. 64 

3.3   Conclusions: ............................................................................................................. 74 
3.4 Experimental .............................................................................................................. 75 

References ................................................................................................................ 83 

Chapter 4  Synthesis and Ion Conduction of Polysiloxane Phosphonium Ionomers ............... 86 

4.1 Introduction ................................................................................................................ 86 
4.2 Results and Discussion ............................................................................................... 88 

4.2.1 Synthesis and ion exchange ............................................................................. 88 
4.2.2 Glass transition temperature and thermal stability .......................................... 91 
4.2.3 Morphology ..................................................................................................... 93 
4.2.4 Conductivity .................................................................................................... 95 

4.3  Conclusions ............................................................................................................... 99 
4.4 Experimental .............................................................................................................. 100 
References ........................................................................................................................ 104 

Chapter 5 Linear Viscoelastic Properties of Ionomers with Bulky Phosphonium Cations ..... 107 

5.1 Introduction ................................................................................................................ 107 
5.2 Experimental .............................................................................................................. 109 

5.2.1 Material ........................................................................................................... 109 
5.2.2  LVE Measurements ........................................................................................ 110 

5.3 Theoretical Analysis .................................................................................................. 111 
5.3.1.1Relaxation spectrum ...................................................................................... 111 
5.3.2 Sticky Rouse model ......................................................................................... 112 

5.4 Results and Discussion ............................................................................................... 115 
5.4.1 Linear viscoelastic behavior ............................................................................ 115 
5.4.1.1 Overview ...................................................................................................... 115 
5.4.1.2  Tg effect and glassy modulus ....................................................................... 119 
5.4.1.3 Rubbery modulus ......................................................................................... 119 
5.4.1.4 Temperature dependence .............................................................................. 120 
5.4.2 Theoretical analysis ......................................................................................... 122 
5.4.2.1 Fit experimental data with sticky Rouse model ........................................... 122 
5.4.2.2 Glassy dynamics affected by the ionic interaction ....................................... 125 

5.5 Concluding Remarks .................................................................................................. 128 
References ........................................................................................................................ 129 

Chapter 6 Future work ............................................................................................................. 132 

6.1 Single-ion conductors for lithium-ion batteries ......................................................... 132 
6.2 The plasticizers composed of carbonate and ethylene oxide units ............................. 132 
6.3  Phosphonium containing ionomers for fluoride battery and alkaline fuel cell ......... 135 
6.4  Block copolymer containing polystyrene and poly(ethylene oxide) blocks ............. 135 
References ........................................................................................................................ 137 



viii 
 

 

LIST OF FIGURES 

Figure 1-1.  Structure of lithium perfluoroalkyl phosphates. .................................................. 4 

Figure 1-2.  Structure of lithium perfluoroalkyl phosphates.  Structure of lithium 
perfluoroalkyl phosphates Two possible mechanisms for aluminum corrosion in 
LiTFSI/Propylene carbonate electrolytes. (a) aluminum oxidizes to form adsorbed 
Al[N(CF3SO2)2]3 which ultimately desorbs from the suface. (b) the adsorbed Al 
[N(CF3SO2)2]3 undergose a second oxidation before desorption. .................................... 6 

Figure 1-3. Structures of novel lithium imide salts. ................................................................ 7 

Figure 1-4. Structures of lithium cheloatoborates. .................................................................. 8 

Figure 1-5. Structure of LiBOB crosslinked single-ion conductor. ........................................ 9 

Figure 1-6. Chemical structures of lithium tetraphenylborate and lithium ............................. 11 

Figure 1-7. Chemical structures of lithium aluminates. .......................................................... 11 

Figure 1-8. Chemical structures of imidazole-based  lithium salts. ........................................ 12 

Figure 1-9. Comparison of energy densities of different battery systems. ............................. 13 

Figure 1-10. Schematic illustration of lithium ion transport in polyether media. ................... 14 

Figure 1-11. Structures of modified PEO copolymers. ........................................................... 14 

Figure 1-12. Representive Structures of polyphosphazene and polysiloxane electrolytes. .... 15 

Figure 1-13. Structures of salts containing bulky alcohol anions. .......................................... 16 

Figure 1-14. Structures of perfluorinated sulfonates. .............................................................. 17 

Figure 1-15. Structures of amide and imide salts. ................................................................... 18 

Figure 1-16. Reprenstative structures of borate and aluminate salts. ...................................... 18 

Figure 1-17. Structure of sulfonyl dicyanomethide lithium salt. ............................................ 19 

Figure 1-18.  Conductivities of single-ion conductors as a function of Tg. ............................ 20 

Figure 1-19. Conductivity of LiPF6-EC-PC-PAN electrolyte (molar ratio 4:60:20:16) at 
25 . ................................................................................................................................. 23 

Figure 1-20.. Conductivity of LiPF6-EC-DMC-PAN gel polymer electrolytes 
with/without 6 wt% Al2O3 at 75 . ................................................................................. 23 

Figure 2-1. Electronic charge distribution in (a) tetraphenyl borate anion and (b) 
perfluorinated tetraphenyl borate anion, calculated by Gaussian 03 using the 



ix 
 

 

B3LYP/6-31+G* basis set.  Light green denotes a positive charge, red denotes a 
negative charge, with brighter red indicating stronger negative charge.  The boron in 
the center of these borate anions is positively charged.   The tetraphenyl borate anion 
has the negative charge distributed on the 24 carbons in the phenyl rings, 
particularly the ortho carbons (each with roughly -0.5e).  The perfluorinated 
tetraphenyl borate anion has the negative charge distributed on the 20 fluorines 
(roughly -0.3e each), with strong positive charge on boron (roughly +0.5e), the alpha 
carbons (roughly +0.7e) and the para carbons (roughly +0.8e).  The charge 
distributions impart strong dipoles to these anions (shown by arrows) of 16 Debye 
for tetraphenyl borate and 13 Debye for perfluorinated tetraphenyl borate. .................... 32 

Figure 2-2 Representative 1H NMR spectra of polysiloxane ionomers with (a) CECA and 
tetraphenyl borate (B1) as side chains (P-10, n /(n + m) = 0.1), (b) CECA and B2 as 
side chains (SP-2, n/(n+m) = 0.02), with inset showing the 11B NMR spectrum and 
(c) CECA and B3 as side chains (FSP-5, n/(n + m) = 0.05), with insets showing 11B 
and 19F NMR spectra (from left to right). ........................................................................ 37 

Figure 2-3. Temperature dependence of ionic conductivity for siloxane borate ionomers 
vs. T/Tg (and vs. 1000/T in the inset). The short EO spacer between the borate ion 
and the siloxane backbone raises the conductivity by lowering Tg. ................................. 42 

Figure 2-4. Temperature dependence of simultaneously conducting ion concentrations 
for three siloxane borate ionomers with borate fraction 5%. ........................................... 43 

Figure 2-5. Temperature dependence of ionic conductivity for P-10 and its blends with 
PEG600. ........................................................................................................................... 44 

Figure 3-1. Representative 1H NMR of copolymer plasticizer. .............................................. 59 

Figure 3-2. Tg of copolymer plasticizers and resulting blends (80 wt% of plasticizer and 
20 wt% of 14 mol% ionomer) as a function of CECA molar content in the 
plasticizers. ....................................................................................................................... 63 

Figure 3-3.  Temperature dependence of ionic conductivity for the 14 mol% borate 
ionomer and its blends with siloxane copolymer plasticizers that are 80 wt% 
plasticizer/20 wt% ionomer, (a) as a function of 1/T; (b) as a function of Tg/T. ............. 65 

Figure 3-4. Temperature dependence of conducting ion mobility for the 14 mol% borate 
ionomer and its blends with siloxane copolymer plasticizers that are 80 wt% 
plasticizer/20 wt% ionomer. ............................................................................................ 66 

Figure 3-5.  Temperature dependence of conducting ion concentration for the 14 mol% 
borate ionomer and its blends with siloxane copolymer plasticizers that are 80 wt% 
plasticizer/ 20 wt% ionomer............................................................................................. 68 

Figure 3-6.   Temperature dependence of ionic conductivity for the 49 mol% borate 
ionomer and its blends with oligomeric plasticizers and a mixture of propylene 
carbonate and ethylene carbonate (1:1) that are 80 wt% plasticizer/20 wt% ionomer. ... 69 



x 
 

 

Figure 3-7.  Temperature dependence of ion mobility for the 49 mol% borate ionomer 
and its blends with oligomeric plasticizers and a 1:1 mixture of propylene carbonate 
and ethylene carbonate that are 80 wt% plasticizer/20 wt% ionomer. ............................. 70 

Figure 3-8.  Temperature dependence of conducting ion concentration for the 49 mol% 
borate ionomer and its blends with oligomeric plasticizers and mixture of propylene 
carbonate and ethylene carbonate (1:1) that are 80 wt% plasticizer/20 wt% ionomer. ... 71 

Figure 3-9. Static dielectric constants of copolymer plasticizers, the 14 mol% borate 
ionomer and its blends with copolymer plasticizers that are 80 wt% plasticizer/20 
wt% ionomer as a function of temperature. For the pure ionomer, (black symbols), 
the data are not reasonable due to the high Tg making it difficult to prepare a good 
sample. ............................................................................................................................. 72 

Figure 3-10. Temperature dependence of static dielectric constants of oligomer 
plasticizers (filled symbols) and their blends with copolymer plasticizers (open 
symbols) that are 80 wt% plasticizer/20 wt% of the 49 mol% ionomer. ......................... 72 

Figure 3-11.  Static dielectric constants at 298 K of copolymer plasticizers (open 
symbols) and their blends (filled symbols) that are 20 wt % of the14 mol% borate 
ionomer (filled black square) as a function of cyclic carbonate (CECA) content f in 
the random copolymer. .................................................................................................... 73 

Figure 3-12.  1H NMR of 4-((3-(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-
one. Inset is 29Si NMR. .................................................................................................... 80 

Figure 3-13.  13C NMR of 4-((3-(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-
one. ................................................................................................................................... 80 

Figure 3-14.  1H NMR of OP-1. Inset is 29Si NMR ................................................................. 81 

Figure 3-15.  1H NMR of 4-((3-(diethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one. Inset 
is 29Si NMR. ..................................................................................................................... 82 

Figure 3-16.  1H NMR of OP-2. Inset is 29Si NMR. ................................................................ 82 

Figure 4-1.  Representative 1H NMR spectrum of the phosphonium ionomer with Br- 
anion (n / (n + m) = 0.05), with the inset showing the 31P NMR spectrum (top left). ..... 89 

Figure 4-2. TGA results of phosphonium monomer and ionomer with Br- anion. ................. 93 

Figure 4-3.  Small angle X-ray scattering of phosphonium ionomers with bromide anions 
and different ion content. ................................................................................................. 94 

Figure 4-4. Conductivity of phosphonium ionomers with different ion content as a 
function of temperature: (a) bromide counterion, (b) TFSI counterion, (c) fluoride 
counterion......................................................................................................................... 95 



xi 
 

 

Figure 4-5. Conductivities of phosphonium ionomers with different counterions having 
(n / (n + m) = 0.11) ion content. ....................................................................................... 96 

Figure 4-6. Conductivities of phosphonium ionomers as a function of the product of ωα2 
and Δε. .............................................................................................................................. 98 

Figure 5-1.   Master curves of storage and loss moduli, G'() and G"(), as functions of 
angular frequency  for phosphonium ionomers with different ionic contents at 
reference temperature Tr = . The solid curves represent theoretical fitting 
combining glassy modulus fitted by KWW model, and rubbery modulus fitted by 
sticky Rouse model. ......................................................................................................... 114 

Figure 5-2.   Shift factor aT with DSC Tg as the reference temperature for phosphonium 
ionomers with different ionic contents as indicated, plotted against TTg. The fact 
that these curves merge at low temperature indicates fragility is independent of ion 
content. ............................................................................................................................. 117 

Figure 5-3.  Master curves of storage and loss moduli, G'() and G"(), as functions of 
angular frequency for phosphonium ionomers with different ionic contents with 
DSC Tg as the reference temperature (listed in Table 5-1) with shift factor aT 
summarized in Figure 5-2. The inset shows zero-shear viscosity and recoverable 
compliance, 0 and Je, at the DSC Tg, as functions of ionic content f .............................. 118 

Figure 5-4. Linear relaxation modulus, G'(t), as functions of time t at reference 
temperature Tr = 75C. The solid curves represent theoretical fitting combining 
glassy modulus fitted by KWW model, and rubbery modulus fitted by sticky Rouse 
model. The symbols represent the same samples as in Figure 1. For the non-ionic 
polymer (black diamond), the dashed and dotted curves attached to the symbols 
represent the KWW fit (eq 5) of the glassy modulus and the Rouse model fit (eq 6) 
of the rubbery modulus, respectively. The inset shows the apparent molecular weight 
distribution obtained in GPC measurements, which has been incorporated into the 
Rouse model fit. ............................................................................................................... 121 

Figure 6-1.  Conductivities of single-ion conductors as a function of their Tgs. ..................... 133 

Figure 6-2.  Structures of proposed new plasticizers. ............................................................. 134 

Figure 6-3.  Structures of proposed new phosphonium salts. ................................................. 134 

Figure 6-4. SEM image of pure polystyrene-b-poly(ethylene oxide) with molecular 
weights of polystyrene block 40000 and poly(ethylene oxide) block 54000. .................. 136 

Figure 6-5.  Structures of proposed new block copolymers. y/(x+y) should be < 0.1. ........... 137 
 

 

 



xii 
 

 

LIST OF TABLES 

Table 1-1. Conventional lithium salts for lithium-ion batteries .............................................. 2 

Table 1-2. Polymer hosts in gel polymer electrolytes ............................................................. 21 

Table 1-3.. Physical properties of some organic solvents commonly used in lithium-ion 
batteries. Dielectric constant and density were measured at 25 oC. ................................. 22 

Table 2-1. Lithium Ion Pair and Positive Triple Ion Energies at 0 K in vacuum  (left two 
columns) and in polar polymers at 300 K (PEO middle two columns; CECA right 
two columns). ................................................................................................................... 31 

Table 2-2. Synthesis and Physical Properties of Polysiloxane Single-ion Conductors ........... 39 

Table 3-1. Compositions and glass transition temperatures of copolymer plasticizers and 
the resulting polymer single-ion conductor/plasticizer blends. ........................................ 61 

Table 3-2. Compositions and glass transition temperatures of oligomer plasticizers and 
the resulting polymer single-ion conductor/plasticizer blends. ........................................ 63 

Table 3-3.  Ion activation energy of 14 mol% borate ionomer and its blends with siloxane 
copolymer plasticizers that are 80 wt% plasticizer/20 wt% ionomer. ............................. 66 

Table 3-4. Viscosity of plasticizers measured at 21 ............................................................ 67 

Table 4-1. Physical properties of phosphonium ionomers ...................................................... 90 

Table 4-2. Ion properties of different anions with 11 mol% ion content. ............................... 97 

Table 5-1. DSC Tg and parameters determined in WLF analysis. ........................................... 113 

Table 5-2.  Fitting parameters in sticky Rouse model ............................................................. 124 
 

 

 

 

 

 

 



xiii 
 

 

ACKNOWLEDGEMENTS 
 

I have learned a lot from Professor Ralph Colby though. I still feel there are much more I 

should have learned. Dr. Colby’s diligence on research and teaching sets a perfect target for me, 

which I would try my best through my whole life to reach. I sincerely appreciate that Dr. Colby 

has saved my dream to be a scientist when I was totally disappointed and maybe desperate in the 

beginning of my graduate study at Penn State. I feel so lucky having him always standing behind 

me during the past years. I wish that would be forever. 

I would like to thank my committee members Dr. James Runt, Dr. Harry Allcock and Dr. 

Mike Hickner for their time. I want to specially thank Dr. Runt for his constructive suggestions 

and always being so kindly to me. Many thanks to Dr. U Hyeok Choi, Lalitha Ganapatibhotla and 

Mike O’Reilly from UPenn for their help in dielectric, DSC and morphology test. Especially I 

want to thank Dr. Quan Chen. He appeared in this lab magically, when I seriously needed help. I 

learned many things from him and it’s a pleasant experience to collaborate with him. 

I also want to acknowledge the useful discussion, interesting conversation and good time 

I had with Dr. Wenjuan Liu, Dr. Shih-Wa Wang, Dr. Jinguo Zhang, Dr. Jingling Yan, Dr. Min 

Zhang, Dr. Xuepei Yuan, Dr. Kevin Masser, Lizhu Wang, Yong He, Hanqing Zhao and my group 

members: Jinghan Wang, Huai Suen Shiau and Shushan Gong. 

I still can remember the happy time I had with Greg Hogshead. I want to wish him the 

best and thank him for his strong belief in my research ability, which is one of the powers driving 

me forward along this research career path. Thanks to Jason Claude and Phillips Williams for 

their help in my career. It’s so nice to have them as good buddies at PSU. 

It’s impossible to accomplish all I have right now without the strong, unselfish and 

endless support from my parents Zhenming, Xiuzhen and my sister Yiwei. I can always find the 

most important things I need from them. 



xiv 
 

 

   To my wonderful wife Weihua and my lovely daughter Shirley 



 

 

Chapter 1  
 

Introduction 

        Polymer electrolytes including ionomers and polymer/salt mixtures have found 

many applications in membranes for water purification and fuel cells; packaging 

material; coatings; adhesive and catalysts for chemical reactions.1,2 Recently this class of 

material has received extensive attention in the lithium-ion battery field due to increasing 

safety standard for high energy storage devices.3-12 

 

1.1 Conducting salts in lithium-ion batteries 

         Different lithium salts and different polymers have been explored as liquid and 

polymer electrolytes for lithium-ion batteries. The electrolytes used in lithium-ion 

batteries are expected to have the following properties: 13, 14 

1) High thermal and chemical stability ( inert to solvent, Al current collector, 

cathode) 

2) Exhibit high lithium mobility and thus high conductivity in the system 

3) Be able to form stable solid electrolyte interface (SEI) layer on electrodes  

4) Low toxicity towards the environment 
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So far none of the electrolytes have met all the requirements. The research on the 

conducting salts is challenging and this section is divided into subsections discussing 

various lithium salts.  

1.1.1  LiPF6 and its derivatives 

 LiPF6 is the most successful salt in the industry and has been widely applied in 

lithium-ion batteries because it is the best overall.  The comparison of LiPF6 with other 

common conducting lithium salts as shown below indicates that LiPF6 is not the best in 

terms of any single comparison.15, 16  

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

Dissociation constant: LiBF4 < LiClO4 < LiPF6 < LiAsF6 < LiTFSI 

 
Table 1-1. Conventional lithium salts for lithium-ion batteries13 

 

     salt Tm/  
Tdecomposition /  
in solution 

Conductivity/ mS/cma             problem 

    LiBF4 293 (d)       >100             4.9   Low conductivity 
   LiPF6 200 (d)       ~80            10.7      Hydrolysis 
   LiAsF6    340       >100            11.1      Toxicity 
   LiClO4   236       >100            8.4       Explosive 
  LiTFSI   236       >360             9 Al corrosion and cost 

a. 1M in EC/DMC at 25  

        LiPF6 can passivate the Al current collector and form a low-resistance solid 

electrolyte interface (SEI) layer on the anode. The SEI layer was studied by Eshkenazi et 

al17 with XPS and the results suggested that a major component of the SEI is LiF. 
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         LiAsF6 has been very popular in research labs as a promising candidate for lithium-

ion battery. Its conductivity is slightly higher than that of LiPF6. It has very good 

solubility in low dielectric-constant solvents such as diethyl carbonate and dimethyl 

carbonate. It stays stable at both cathode and anode. The stability of anions has been 

given as follows: CF3SO3 < ClO4 < TFSI < BF4 < PF6 < AsF6.
19 Nevertheless, the 

reduction products, AsF3 and As are highly toxic and that’s a big concern to the health of 

customers.25-27  

1.1.3  Lithium imide salts 

1.1.3.1  Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) 

 Among lithium imide salts, the most studied one is lithium 

bis(trifluoromethanesulfonyl) imide (LiTFSI). It was invented by Foropoulos and 

DesMarteau28 in 1984 and was later commercialized by 3 M. Due to the greatly 

delocalized negative charge over the imide anion by two trifluoromethanesulfonyl 

groups, it has the highest dissociation constant. It is found to have high thermal stability 

(> 360 )29 and high oxidation potential 4.3 V vs. Li/Li+ in EC/DEC (1:1) solution,30 

better than most of common salts except for LiAsF6. LiTFSI is compatible with many 

low dielectric constant solvents and polymer systems, and its conductivity is comparable 

to or better than other common salts.   

 LiTFSI had been a perfect candidate to replace LiPF6 in lithium-ion battery 

industry until it was found that it can corrode the Al current collector.31, 32 The possible 

mechanism of this process has been proposed in Figure 1-2. 33 Although there have been 
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oxalyl difluoroborate (LiODFB) made by Zhang et al53,54 demonstrates greatly improved 

solubility in linear carbonate and less sensitivity to moisture, due to replacement of two 

B-O bonds with B-F bonds. Andrew et al55. used the phosphinate group to partially 

replace the oxalate group. The borate salts they made were claimed to have high air and 

moisture stability with an extra perk — fire retardant property owing to the phosphinate 

group. 

1.1.4.2 Lithium tetraalkyl or tetraaryl borate 

         Due to the fact that the B-C bond is more hydrolysis resistant than the B-O bond, 

tetraalkyl and tetraaryl borates have been tested in lithium ion batteries. The DFT 

calculations conducted in our lab56 suggest that with four surrounding phenyl groups, the 

negative charge of borate anion is greatly delocalized (Figure 1-6). Actually B atoms of 

all borate anions carry positive charge. Therefore the interaction between tetraphenyl 

borate anions and lithium cations is much weaker than that of normal salts. As a result, 

they are expected to generate high conductivity. When perfluoro tetraphenyl groups are 

used, the negative charge is further delocalized. Kida et al.57 tested LiB(C6F5)4 in a 

secondary lithium battery and found the battery they prepared exhibits better charge-

discharge cycle performance, especially at high temperature, compared to the batteries 

containing conventional lithium salts such as LiPF6 and LiBF4. 
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2. Improved safety because they are non-volatile  

3. Possibly able to prevent  lithium dendrites from growing 

4. Super energy density compared to other type of batteries (Figure 1-9), due to the 

reason that the separator can potentially be very thin. 

 

Figure 1-9. Comparison of energy densities of different battery systems.9 

         

         The main component of most solid polymer electrolytes is ether-based polymer. 

Polyethylene oxide/salt mixtures are the first system studied as solid polymer electrolyte 

in lithium-ion battery.66-69 It is found that ether-based polymers can form crown ether like 

structures when coordinating with the lithium cation. In this case, PEO has the best 

structure to solvate and transport lithium ions compared to other ether-based polymers 

such as PPO and PTMO.70 It is proved that lithium ion transportation in solid polymer 

electrolytes happens mostly in the amorphous region and it is coupled to polymer chain 

segmental motion (as in Figure 1-10). So the crystallization of high molecular weight 
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1.2.1.6 Other salts 

       Salts with other function groups which can generate extensively negative-charge-

distribution structures have been proposed, such as lithium sulfonyl dicyanomethide in 

Figure 1-1792. 

 
Figure 1-17. Structure of sulfonyl dicyanomethide lithium salt. 

       

        The resulting perfluorinated ionomer with above salt exhibits reasonable 

conductivity (>10-4  S/cm with DMSO as plasticizer), excellent electrochemical stability 

(> 4.5 V) and long cycle and storage life, which suggests a new direction for next 

generation of polymer electrolyte in lithium-ion batteries. 

        The relationship between Tg and conductivities of some single-ion conductors is 

summarized in Figure 1-18. It is obvious that conductivity increases as Tg decreases, that 

is ion mobility greatly affect the conductivity. When Tg is lower than 220K, the 

conductivity levels off. This may suggest that the Tg effect on conductivities of ionomers 

has reached its limit at ~220 K. 
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Figure 1-18.  Conductivities of single-ion conductors as a function of Tg. 

 

     The aforementioned solid polymer electrolytes are still suffering from overall lower 

room temperature conductivities (normally 10-6 to 10-5 S/cm) than those of liquid 

electrolytes.   PEO has been found to be miscible with LiI, LiCl, LiSCN, LiClO4, 

LiCF3SO3, LiBF4, and LiTFSI.5, 65  A PEO-containing copolymer with polymer favorable 

salt LiTFSI can show conductivity close to 10-4 S/cm, which is still below the standard 

for practical application65. The stability of the ether bond is another concern. It is reported 

that the oxidative decomposition potential of the ether group is well below 4 V.13 In 

addition, when assembled in a battery cell, the interfacial impedance arising from 
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Chapter 2  
 

Synthesis and Lithium Ion Conduction of Polysiloxane  
Single-Ion Conductors Containing Novel Weak-Binding Borates 

2.1 Introduction 

        Polymer electrolytes are of great interest as energy materials in energy storage and 

conversion devices, such as lithium ion batteries, fuel cells, solar cells, supercapacitors 

and actuators. Salt-in-polymer systems have been extensively studied using various 

polymeric matrices and salts.1-3  Single-ion conductors that have anions covalently 

bonded to polymers are generally accepted to have advantages over polymer/salt 

mixtures for application in lithium-ion batteries; unity transference number and the 

absence of detrimental anion polarization.4,5 Unfortunately, low conductivity of current 

single-ion conductors hinders their practical application.  Herein this problem is 

considered with a fresh approach – Can quantum chemistry calculations of ion interaction 

energies guide rational single-ion conductor design? 

Polysiloxane-based ionomers are promising polymer electrolyte candidates, owing 

to their highly flexible backbone imparting low glass transition temperature (Tg). 

Nagaoka, et al.6 introduced dimethyl siloxane groups into a predominantly poly(ethylene 

oxide) (PEO) backbone via polycondensation. The highest conductivity observed was 1.5 

x 10-4 S/cm for a polymer/salt system at 25 ºC with Tg near -80 ºC. Different complex 

systems of alkali metal salts and polysiloxane-based ionomers were explored afterwards. 

Inspired by Walden’s rule that electrolyte conductivity is inversely proportional to 

viscosity,7 West and co-workers 8 developed a series of low viscosity polymers based on 
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polysiloxane oligomers and PEO oligomers (typically 2 to 7 repeat units). After mixing 

with salt, the highest conductivities of the mixtures, of order 3 x 10-3 S/cm, are high 

enough for practical application.2, 5 To prepare polysiloxane-based single-ion conductors, 

novel anions such as di-t-butyl phenolate, naphtholate, hexafluoropropanolate, 9 

CF3SO2N
-CH2CH2 

10 and CH2CH2CF2CF2OCF2CF2SO3
- 11 anions have been fastened to 

polysiloxane backbones. The conductivities of those single-ion conductors are still of 

order 10-5 S/cm at 25 oC, 10X lower than the minimum practical requirement for single-

ion conductors.12  Fujinami et al.13 synthesized single-ion conductors based on 

siloxyaluminate, having conductivity as high as 10-4 S/cm at 25 oC, with Tg = -53 ºC. 

This is the highest ionic conductivity reported for a single-ion solvent-free conductor that 

is a free standing film and is considered the benchmark.  

Like aluminum, boron has much lower electronegativity than sulfur or nitrogen. As 

a result, borate anions are more inclined to delocalize charge. Different borate salts have 

been studied as key components of polymer electrolytes, e.g., lithium 

bis(oxaloto)borate,14 tetraphenyl borate,15-17 tetrabutyl borate16 and other borates with 

novel structure.18  Of particular interest is tetraphenyl borate (LiBPh4). LiBPh4 had been 

extensively studied as an electrolyte in 1965 by Bhattacharyya and coworkers19. Later 

Klemann et al.20 proposed its application in batteries with alkali metal anodes. According 

to the hard-soft acid-base principles suggested by Pearson,21 Li+ is one of the hardest 

cations and BPh4
- is one of the softest anions.22  The ion dissociation energy of LiBPh4 is 

similar to that of LiN(SO2CF3)2 as shown by our ab initio calculations,23 and much lower 

than that of LiClO4,
24 which can be attributed to the four benzene rings around boron 

greatly delocalizing the negative charge. Besner et al.15 compared BPh4
- and N(SO2CF3)2

-
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, and their results demonstrated that BPh4
- has greater polarizability, resulting in low ion-

dipole stabilization energy. The lattice energies of tetraphenyl borate salts are relatively 

low and they have little tendency to form contact pairs. In addition, the extreme size 

difference between anion and lithium cation makes the simplest ion aggregate (the 

quadrupole; two ion pairs antiparallel to each other) difficult to form. Replacing the H 

atoms of BPh4
- with F atoms is predicted to soften the interactions with Li+, lower the ion 

pair energy by 20% and positive triple ion energy by 40%, as summarized in Table 1. 

Kida et al.25 explored LiB(C6F5)4 as the electrolyte in a secondary lithium battery and 

found the battery they prepared exhibits superior charge-discharge cycle performance, 

especially at elevated temperature, compared to batteries containing conventional lithium 

salts such as LiPF6 and LiBF4.  This was attributed to the absence of weak B-F or P-F 

bonds in LiB(C6F5)4.  Moreover, the primary decomposition products of LiB(C6H5)4 are 

benzene and phenol26. So most probably LiB(C6F5)4 will generate C6F5H and C6F5OH 

which are far less corrosive than the HF produced on decomposition of either PF6 or BF4. 

 

Table 2-1. Lithium Ion Pair and Positive Triple Ion Energies at 0 K in vacuum 23 (left 
two columns) and in polar polymers at 300 K (PEO middle two columns; CECA right 
two columns). 
 
anion Epair 

(kJ/mol) 21 

Etriple+ 

(kJ/mol) 21 

Epair/εPEO 

(kJ/mol) a 

Etriple+/εPEO 

(kJ/mol) a 

Epair/εCECA 

(kJ/mol) b 

Etriple+/εCECA 

(kJ/mol) b 

C2H5SO3
- 656 893 94 128 12.6 17.2 

C2F5SO3
- 584 778 83 111 11.2 15.0 

(C6H5)SO3
- 641 892 92 127 12.3 17.2 

(C6F5)SO3
- 604 819 86 117 11.6 15.8 

(C6H5)4B
- 539 860 77 123 10.4 16.5 

(C6F5)4B
- 448 611 64 87 8.6 11.8 
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a. Calculated for PEO-ionomers 28-31 using the 300 K dielectric constant of PEO εPEO = 7. 

b. Calculated for CECA-ionomers relevant to this paper using the 300 K dielectric 

constant of the siloxane-CECA homopolymer 33, 34 εCECA = 52. 

 

 

 

Figure 2-1. Electronic charge distribution in (a) tetraphenyl borate anion and (b) 

perfluorinated tetraphenyl borate anion, calculated by Gaussian 03 using the B3LYP/6-

31+G* basis set.  Light green denotes a positive charge, red denotes a negative charge, 

with brighter red indicating stronger negative charge.  The boron in the center of these 

borate anions is positively charged.   The tetraphenyl borate anion has the negative 

charge distributed on the 24 carbons in the phenyl rings, particularly the ortho carbons 

(each with roughly -0.5e).  The perfluorinated tetraphenyl borate anion has the negative 

charge distributed on the 20 fluorines (roughly -0.3e each), with strong positive charge on 

boron (roughly +0.5e), the alpha carbons (roughly +0.7e) and the para carbons (roughly 

+0.8e).  The charge distributions impart strong dipoles to these anions (shown by arrows) 

of 16 Debye for tetraphenyl borate and 13 Debye for perfluorinated tetraphenyl borate. 

  

Many single-ion conductors of Li+ in the literature are based on a polymer that is 

primarily PEO9-11, 27-31 and since the dielectric constant of PEO εPEO = 7 at 300 K, two 
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columns of Table 2-1 estimate the ion pair energy and positive triple ion energy in such 

PEO-ionomers by dividing the 0 K/vacuum energies by εPEO = 7 (since ε is in the 

denominator of the Coulomb energy).  While reasonably polar for a polymer, this 

dielectric constant is too small for construction of a good single-ion conductor.  Cyclic 

carbonates have higher dielectric constant;32 ethylene carbonate εEC = 90 at 40 ºC and 

propylene carbonate εPC = 65 at 25 ºC.  Both are fine examples of the classical 1/T 

Onsager temperature dependence of dielectric constant of polar liquids, with magnitudes 

well-anticipated by the dipoles calculated at 0 K in ab initio (see Supporting Information 

Figure S1).  Siloxane polymers with highly polar cyclic [(allyloxy) methyl] ethylene ester 

carbonic acid (CECA) side chains have been reported to have 300 K dielectric constant33, 

34 as high as εCECA = 52 and selecting this base-polymer dielectric constant allows us to 

divide the 0 K/vacuum energies by εCECA = 52 for the last two columns in Table2-1.  This 

results in significantly reduced ion interactions, suggesting such ionomers might be 

superb single-ion conductors of Li+.  BPh4
- and its perfluorinated counterpart have 

interesting charge distributions revealed by Gaussian 03, shown and discussed in Figure 

2-1.   

Motivated by the low ion interaction energies for  CECA-borate copolymers 

denoted in red in Table 2-1, in this paper the synthesis of polysiloxane-based single-ion 

conductors with cyclic carbonates and three different lithium tetraphenyl borates as side 

chains are reported. The ionomers with ethylene oxide (EO) spacers display higher 

conductivities and dielectric constants compared to PEO-based sulfonate ionomers 

previously reported by our group.28-31  Comparison of ionomers with different ionic 

groups but similar ion molar content indicates that ionomers containing 



34 

 

perfluorotetraphenyl borate salts have 3 times higher conducting ion concentration, 

consistent with the 40% lower triple ion energy in Table 1, since the 20 F atoms strongly 

delocalize the charge (Figure 2-1b). 

2.2  Results and Discussion 

2.2.1 Synthesis and NMR 

                                                                                                                                                                    

                                                                                                                                            B1 

Scheme 2-1. Synthesis of lithium triphenylstyrylborate (B1). 
 

The synthesis schemes of weak-binding borate salts and resulting single-ion 

conductors are shown in Schemes 1-4.  Lithium styryltriphenylborate (B1) was 

synthesized according to Scheme 2-1.35  Due to the low water solubility of lithium 

carbonate, the final reaction yield is lower than 50%. To improve the yield, BuLi was 

used during the synthesis of lithium triphenyl(4-((2-(2-vinyloxy)ethoxy) 

ethoxy)methyl)phenyl)borate (B2, Scheme 2). B2 is extremely hygroscopic so that 

handling of B2 requires a glove box. 

 

Br

Mg/THF

MgBr

BPh3/THF
B

Li2CO3/H2O
Li
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Scheme 2-2. Synthesis of lithium triphenyl(4-((2-(2-vinyloxy)ethoxy)ethoxy)methyl) 
phenyl) borate (B2). 
 

         Previously, efforts to incorporate ionic groups onto a polysiloxane backbone have 

focused on converting functional groups to ionic groups after the hydrosilylation 

reaction.9,11  Directly attaching ionic groups by hydrosilylation has rarely been reported. 

The reason may be ascribed to the concern of side reactions caused by salts and their 

trace water contaminants. In this paper, we successfully attached monomers containing 

weak-binding salts B1, B2 and B3 (see Figure 2-2 for structures) to the polysiloxane 

backbone via hydrosilylation reaction, which provided a straightforward and efficient 

way to produce polysiloxane-based ionomers. 

          The steric effect of the bulky styryltriphenyl group lead us to prepare triphenyl(4-

((2-(2-vinyloxy) ethoxy)ethoxy)methyl)phenyl)borate (B2, Scheme 2-2) and 

tris(perfluorophenyl)(2,3,5,6-tetrafluoro-4-(2-(2-(vinyloxy)ethoxy)ethoxy)phenyl)borate 

(B3, Scheme 2-3). The EO groups between the borate and the polysiloxane backbone are 

expected to reduce the steric effect of the tetraphenyl group and lower Tg. 

Br
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B

Li
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Scheme 2-3. Synthesis of lithium tris(perfluorophenyl)(2,3,5,6-tetrafluoro-4-(2-(2-
(vinyloxy) ethoxy) ethoxy)phenyl) borate (B3). 
 

        The single-ion conductors were synthesized from polymethylhydrosiloxane (PMHS), 

cyclic [(allyloxy) methyl] ethylene ester carbonic acid (CECA) and borates (B1, B2 and 

B3) by hydrosilylation (Scheme 4). Representative 1H, 11B and 19F NMR spectra and 

chemical structures of the ionomers discussed in this paper are shown in Figure 2-2 

(Supporting Information contains such spectra for the borate monomers and seven 

ionomers in Figures S2-6 and for the CECA monomer and siloxane homopolymer in 

Figure S7).  The disappearance of peaks belonging to the vinyl group in the region from 5 

to 7 ppm, and appearance of new peaks at 0.6, 0.9, 1.6 and 2.5 ppm which can be 

assigned to ethylene groups bonded to silicon atoms, confirm the success of the reaction.  
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Figure 2-2 Representative 1H NMR spectra of polysiloxane ionomers with (a) CECA and 
tetraphenyl borate (B1) as side chains (P-10, n /(n + m) = 0.1), (b) CECA and B2 as side 
chains (SP-2, n/(n+m) = 0.02), with inset showing the 11B NMR spectrum and (c) CECA 
and B3 as side chains (FSP-5, n/(n + m) = 0.05), with insets showing 11B and 19F NMR 
spectra (from left to right). 
 

         The chemical shift of borate (B2) in 11B NMR spectrum is -6.42 ppm, close to the 

literature reports for (C6H5)4BK (-6.7 ppm) and (C6H5)4BNa (-6.4 ppm).36 B3’s boron 

NMR chemical shift moves downfield (to -3.68 ppm) due to the electron-withdrawing 

effect of the fluorine atoms. 19F NMR results of B3 are -136.2 ppm (o-C6F5), -142.8 ppm 

(o-C6F4), -159.3 ppm (m-C6F4), -163.8 ppm (p-C6F5), -167.6 ppm (m-C6F5), partially 

agreeing with the  literature report of KB(C6F5)4 
37, (-133.2 (ο-C6F5), -164.6 (p-C6F5), -

168.6 (m-C6F5)). The nearly identical 11B NMR chemical shift (-6.44 ppm, Figure 2-2b 

and -5.6 ppm, Figure 2-2c) and 19F NMR chemical shift (-134.2 ppm (o-C6F5), -142.4 

ppm (o-C6F4), -158.5 ppm (m-C6F4), -165.4 ppm (p-C6F5),  -168.7 ppm (m-C6F5), Figure 
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2-2c) of the borate groups after hydrosilylation prove that the borate groups are intact on 

our ionomers. 

 

  

Scheme 2-4. Synthesis of comb polysiloxanes with CECA and B1, (B2, or B3 anions) as 
side chains. 
 

      The borate fractions of the single-ion conductors are calculated by the following 

equation:    Borate Fraction /19 / /19 / 2P P C  , here P is the integrated area of peaks 

belonging to phenyl groups and C is the integrated area of the methylene group between 
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the carbonate and polysiloxane backbone (peak a in Figure 2-2a and 2b).  For FSP-5, the 

borate fraction was calculated by h/(h+a), here h and a are the integrated areas of peaks h 

at 0.9 ppm and a at 0.55 ppm (Figure 2-2c). The compositions of carbonate/borate 

polysiloxane ionomers synthesized are summarized in Table 2-2. Here we should point 

out that our borate fraction is only the ratio of borate content to the sum of the borate and 

CECA contents. During the reaction, a portion of Si-H groups reacted with trace water 

instead of the vinyl monomer, which complicated the analysis of the final product. 

Overall, the ratio of Si-H groups consumed by this side reaction is always less than 30%. 

The real borate content per Si-Me group is smaller. 

Table 2-2. Synthesis and Physical Properties of Polysiloxane Single-ion Conductors 

 Anion 

Borate Fraction
[borate] 100%

[borate] [CECA]


 Feed         NMR 

Tg (ºC) 
Total ion 

concentration 
p0 (nm-3) 

εs 

(at 25 

ºC) 

Conductivity 
at 25 ºC 
(S/cm) 

P-5 B1 5.5             5 -11 0.076 43 10-7.7 

P-8 B1 8.4             8 -6 0.12 39 10-7.1 

P-10 B1 9.7          10 10 0.15 40 10-8.2 

P-14 B1 18.5         14 30 0.21 38 a 10-11 

SP-2 B2 2.7             2 -17 0.024 61 10-7.0 

SP-5 B2 6.7            5 -15 0.060 49 10-7.2 

FSP-5 B3 7.6             5 -16 0.042 53 10-6.9

CECA  

Homopolymer 
none 0 -30 0 52 N/A 

  a. measured at 35 ºC 
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2.2.2 Glass Transition Temperatures 

         Ionomer Tg generally increases with ion content.38  As shown in Table 2-2, Tg 

increases roughly 4K/mol% lithium borate, roughly half the slope of Li-PEO-sulfonate 

ionomers,31 owing to the weaker binding borate anions. Comparing Tg of P-5, SP-5 and 

FSP-5, having similar ion content, demonstrates that EO spacers between the borate and 

polysiloxane backbone in SP-5 and FSP-5 lower Tg by 4-5 K. Ether oxygens solvate Li+ 

and discourage ion aggregates, reducing physical crosslinking and hence lowering Tg. 

2.2.3 Dielectric Constant and Ionic Conductivity 

         The purpose of attaching the polar carbonate group (CECA) to the polysiloxane 

backbone is to increase the dielectric constant, which weakens ionic interactions and may 

allow more counterions to participate in conduction. At the same time, carbonate 

functional groups are expected to solvate Li+ ions, as PEO does. In Table 2-2, the CECA 

homopolymer exhibits much higher dielectric constant compared to that of pure 

polysiloxane.34 Ionomers with some of the carbonate groups replaced by lithium borates 

(P-5, 8, 10 and 14) exhibit slightly lower dielectric constant. This is an unexpected result, 

as ion pairs have large dipoles that dramatically increase the dielectric constant of 

properly solvated ionomers.28-30, 39 This might be explained by microphase separation, 

induced by incompatibility of the aromatic borate and CECA.  If correct, that suggests a 

need to design some favorable interaction between the polar neutral monomer and the 

anionic monomer.  When short EO spacers are placed between the polymer backbone and 

functional groups, the conductivity is boosted. Moreover, the dielectric constant increases 
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to become comparable to, or slightly higher than, the CECA homopolymer. Indeed, 

comparing siloxane homopolymers with vinyl carbonate versus CECA side chains,34 the 

25 ºC dielectric constant is found to be more than twice as large with CECA, due to the 

flexible EO spacer imparting less hindrance to motion of the large dipole. 

Figure 2-3 displays the dc ionic conductivity as a function of T/Tg and the inset 

shows conductivity vs. 1000/T.  The conductivity of 10-11 S/cm at Tg is typical of Li 

single-ion conductors.  The highest 25 ºC conductivity obtained is 10-6.9 S/cm in Table 2-

2 for the ionomer with perfluorophenyl borate anions. This disappointing result is 

comparable to the results reported previously by our group 28-31 for PEO-based sulfonate 

ionomers.  For ionomers without ethylene oxide (EO) spacers, the conductivities show a 

maximum value when ion content is around 8%, easily explained by the conduction 

mechanism proposed in the literature.1,27-30, 39-40   The conducting species are most likely 

triple ions of Li+BPh4
-Li+. Ion ‘hopping’ is required for ion transport, whereby a triple ion 

moves by segmental motion and exchanges its extra Li+ with a nearby ion pair. The ion 

mobility not only depends on polymer chain segmental motion, but also on the potential 

barriers, Ehop, that cations must overcome to move.3  At low ion concentration, as ion 

content increases, Ehop decreases due to overlapping segmental exploration volumes of 

neighboring ion pairs, and conductivity increases. Increasing ion content further leads to 

more ion aggregation, higher Tg, and lower conductivity.  

EO spacers between the borate anion and the polymer backbone provide more 

freedom for ionic side chains to respond to the external electric field, resulting in higher 

dielectric constant and conductivity (see Table 2-2). The ionomer SP-2, with the lowest 

total ion content, has the highest static dielectric constant (61) at 25 ºC. Additionally, EO 
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spacers can assist in dissociating ion aggregates, lowering Tg, and boosting the mobility 

of the conducting ions.  When H atoms on the phenyl groups of the B2 borate are 

replaced by F atoms to give B3, the borate’s charge is even more delocalized and ionic 

interactions are further softened, boosting carrier concentration. Figure 2-4 compares 

electrode polarization analysis results28, 29 of three of our single-ion conductors, 

containing the three different borates at similar ion content (~5%). The ionomer with the 

perfluoroborate anion exhibits > 3X higher simultaneously conducting ion concentration 

compared to the other two ionomers.  For each ionomer, the conducting ion content 

shows Arrhenius temperature dependence:  exp /p p E RT   
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Figure 2-3. Temperature dependence of ionic conductivity for siloxane borate ionomers 

vs. T/Tg (and vs. 1000/T in the inset). The short EO spacer between the borate ion and the 

siloxane backbone raises the conductivity by lowering Tg. 
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Figure 2-4. Temperature dependence of simultaneously conducting ion concentrations 

for three siloxane borate ionomers with borate fraction 5%.  

 

The value of p∞/po (po is the calculated total ion concentration of the ionomer in 

Table 2-2) of ionomer FSP-5 is 0.12, compared to 0.012 and 0.05 for P-5 and SP-5, 

respectively. This indicates that the ionomer with the perfluoroborate has the largest 

portion of ions participating in conduction, as anticipated by the ab initio calculations 

presented in Table 1. The Arrhenius temperature dependence of the conducting ion 

concentration in Figure 2-4 shows activation energy in the range of 7 to 10 kJ/mol, much 

lower than single-ion conductors containing either sulfonate groups (18 – 22 kJ/mol) 28, 29 

or bis(trifluoromethanesulfonyl) imide groups (17 – 20 kJ/mol) 41 that have recently been 
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used to construct lithium single-ion conductors.42-44  This substantially lower activation 

energy suggests that our borate anions have enormous potential for ion conduction, if Tg 

can be kept low. 
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Figure 2-5. Temperature dependence of ionic conductivity for P-10 and its blends with 

PEG600. 

 

   When normalized by Tg, the conductivity far above Tg actually increases strongly 

with ion content (Figure 2-3), suggesting that high ion contents would be beneficial for 

single-ion conductors, if Tg can be kept low. At high ion content, 10-4 S/cm requires T = 

1.5Tg, meaning that Tg= –70 ºC is needed to achieve 10-4 S/cm at room temperature. Such 

has been realized in polymer/salt mixtures3e, 6 but remains a challenge for single-ion 

conductors, without addition of polar solvent to solvate ions and lower Tg. 
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   Figure 2-5 displays the conductivities of blends of the styryl triphenyl borate 

ionomer P-10 with different weight percents (13, 25, 34, 54, and 70 wt%) of polyethylene 

glycol (PEG600) oligomer with Mn = 600.  The ambient conductivities were greatly 

improved, from 10-8 to 10-5 S/cm, by plasticizing with PEG600.  This is partly a direct 

result of lowering the Tg but also the ether oxygens of PEG600 seem to help solvate Li+. 

The full report of how PEG600 affects the number density, activation energy and 

mobility of the simultaneously conducting ions and the dielectric constant, will be 

detailed in a forthcoming publication.  

2.3 Conclusions and Outlook 

       Polysiloxane-based single-ion conductors containing novel borates and cyclic 

carbonate side chains were directly synthesized via one-pot hydrosilylation reaction. 1H, 

19F and 11B NMR spectra before and after hydrosilylation reactions prove that the borate 

anions are attached intact to the polysiloxane. This approach allows us to directly 

synthesize polar ionomers with bulky weak-binding anions.  

       The ionomers exhibit relatively high conducting ion content and low activation 

energy. At similar ion content (~5%), the ionomer with perfluorinated borate has the 

lowest Tg and the highest conductivity. In Figure 2-4, this ionomer displays the highest 

intercept, suggesting more ions participate in conduction. Therefore, if Tg is kept low by 

some clever means, dielectric constant should increase, potentially allowing orders of 

magnitude increase in conductivity because more ions will participate in conduction.  All 

of our experimental results are consistent with expectations from our ab initio 
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calculations, strongly suggesting that such can be utilized to design single-ion conductors 

to transport ions. 

        The conductivities of the borate-containing ionomers are still relatively low, which 

is likely due to the relatively high Tg of these ionomers. Further improvement in the 

conductivity is expected when either incorporating PEO side chains on the polymer 

backbone or short poly(ethylene glycol) (PEG) oligomer as plasticizer. Our preliminary 

results 45 show that after mixing borate-containing polymers (P-10) with PEG-600, the 

conductivity was boosted by over 1000X.  

2.4 Experimental Section 

Materials. Diethyl carbonate, potassium carbonate, 4-bromostyrene, 2-(2-

(vinyloxy)ethoxy)ethanol, diethyl carbonate, potassium carbonate, 3-(allyloxy)-l,2-

propane diol, 1-bromo-4-(bromomethyl) benzene, 1-bromo-pentafluorobenzene, 

tris(pentafluorophenyl)boron, magnesium, triphenylboron, toluene and anhydrous 

acetonitrile were purchased from VWR and used without further purification. Platinum 

divinyltetramethyldisiloxane complex (Pt[dvs]) (3% in xylene) catalyst, sodium hydride 

(60% in mineral oil) and polymethylhydrosiloxane (PMHS, Mn = 1700 - 3200) were  

purchased from Aldrich and used as received. Tetrahydrofuran (THF) from EMD 

Chemicals was refluxed over sodium metal before use. 

 Characterization. 1H, 13C and 11B NMR spectra were recorded on a Bruker AM 

300M spectrometer. Glass transition temperatures (Tg) were determined using a TA Q100 

differential scanning calorimeter (DSC) with 10 K/min heating and cooling rates. For 
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dielectric and conductometric measurements, samples were sandwiched between two 

polished brass electrodes with 50 μm silica spacers placed on top of the sample under < 1 

mTorr vacuum at 80 °C for at least 24 h. The sandwiched samples were positioned in a 

Novocontrol GmbH Concept 40 broadband dielectric spectrometer and the dielectric 

permittivity and conductivity were measured using an AC voltage amplitude of 0.1 V and 

10-2 – 107 Hz frequency range.  Each sample was annealed in the Novocontrol at 120 °C 

in a heated stream of dry nitrogen for 1 hour prior to measurements to drive off any 

moisture picked up during loading of these hygroscopic materials. Data were collected in 

isothermal frequency sweeps from 120 °C to near Tg.  

Cyclic [(allyloxy) methyl] ethylene ester carbonic acid (CECA). CECA was 

prepared according to the method by Zhu et al.33 Potassium carbonate (3 g, 21.7 mmol) 

was added to a mixture of 3-(allyloxy)-propane-1, 2-diol (92.475 g, 0.1875 mol) and 

diethyl carbonate (24.75 g, 0.1875 mol).  After stirring at 120 °C for 24h, the mixture was 

filtered to isolate the solid.  The residue was purified by Kügelrohr distillation to isolate 

the pure product as a colorless liquid (23.7 g, 80%). 1H NMR (in CDCl3), δ(ppm) 5.87 

(m, 1H, C=CH), 5.25 (d, 1H, cis H of CH2=C), 5.14 (d, 1H, trans H of CH2=C), 4.86 (m, 

1H, CCH(C)O), 4.38-4.55(m, 2H, CH2C), 4.06 (m, 2H, OCH2C=C), 3.60-3.74 (m, 2H, 

OCCH2O). 

Lithium triphenylstyryl borate (B1).  B1 was synthesized via a modified 

literature method35 (Scheme 2-1).  To a pre-degassed three-neck flask equipped with 

addition funnel and septa, were added magnesium (0.4774 g) and 20 mL THF. 

BrCH2CH2Br (0.1 mL) was added to the mixture to initiate the reaction. 5 minutes later, 

under protection of argon, 4-bromostyrene (3.71 g) in 20 mL dry THF was added through 
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an addition funnel. The temperature of the reaction mixture was maintained under 20 ºC. 

2 hours later, this Grignard reagent solution was transferred into a solution of triphenyl 

boron (2.4664 g) in 40 mL THF. The entire mixture was allowed to stir at room 

temperature for 2 hours. Then the reaction solution was poured into 100 mL of saturated 

lithium carbonate aqueous solution. Ethyl acetate was used to extract the aqueous phase 

(40 mL x 3). The organic phases were combined and condensed. Recrystallization from 

diethyl ether yields B1 as a white powder (1.8g, 52%).  1H NMR (in d6-acetone), δ(ppm) 

5.09 (d, 1H, trans H of = CH2), 5.65 (d, 1H, cis H of = CH2), 6.78 (m, 1H, CH=), 6.95 (t, 

3H, p- C6H5), 7.1 (m, 6H, m-C6H5), 7.2 (d, 2H, m-C4H4), 7.38 (m, 8H, o-C4H4 and o-

C6H5); 
11B NMR (in d6-acetone) shows a single peak at δ = -6.44 ppm. 

Lithium triphenyl(4-((2-(2-vinyloxy)ethoxy)ethoxy)methyl)phenyl)borate 

(B2). To a mixture of NaH (1.44g, 60% in mineral oil) dispersed in 20 mL dry THF was 

added 2-(2-(vinyloxy)ethoxy)ethanol (4.047 g) at 0 ºC via addition funnel. The mixture 

was stirred for 3 hours before being transferred into a solution of 1-bromo-4-

(bromomethyl)benzene (7.42 g) in 20 mL dry THF. The mixture was allowed to react 

overnight to complete the reaction. The solvent was evaporated and the residue was 

purified by column chromatography on SiO2 with hexane/ethyl acetate (10:1 to 7:1) to 

obtain M1 as a colorless liquid (8g, 89%). 1H NMR (in d6-acetone), δ(ppm) 7.52 (d, 2H, 

o-C6H4), 7.36 (d, 2H, m-C6H4), 6.51(m, 1H, CH=), 4.549 (s, 2H, CH2C6H4), 4.19(d, cis H 

of = CH2), 3.96 (d, trans H of = CH2), 3.8-3.6 (m, 8H, OCH2CH2O); 13C NMR (in d6-

acetone), δ(ppm) 152.4 (CH=), 138, 131, 129,7, 120.1 (c-Br), 86 (=CH2), 72.1, 70.8, 70, 

69.8, 67.9. 
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      A solution of M1 (5.7g, 0.019 mol) in 20 mL THF was cooled to -78 ºC by dry 

ice/acetone. 8.1 mL BuLi (2.5 M) in hexane solution was added dropwise into the 

mixture over 30 minutes. The mixture was stirred at -78 ºC for another hour before the 

solution of triphenyl boron (4.47g, 0.019mol) in 20 mL THF was added. The reaction 

mixture was allowed to warm up to room temperature while stirring overnight to 

complete the reaction. The mixture was dried by vacuum distillation and anhydrous 

pentane (20mL x 3) was used to wash the yellow residue. The upper pentane solution was 

removed by syringe and the yellow residue was further dried in a vacuum oven at 50 ºC 

for 24 hours to yield B2 as an ivory-white powder (9.49g). (1H NMR (in d6-acetone), 

δ(ppm) 7.35 (m, 8H, o-C4H4 and o-C6H5), 7.05 (d, 2H, m-C4H4), 6.93 (m, 6H, m-C6H5), 

6.82 (t, 3H, p-C6H5), 6.51(m, 1H, CH=), 4.43 (s, 2H, CH2C6H4), 4.22(d, cis H of = CH2), 

3.96 (d, trans H of = CH2), 3.8-3.6 (m,8H, OCH2CH2O); 13C NMR (in d6-acetone), 

δ(ppm) 165 (m, C-B), 152.4 (CH=), 136, 132, 126, 120.1, 86.4 (CH2=), 74.3, 70.8, 70, 

69.7, 67.8; 11B NMR (in d6-acetone), shows a single peak at δ = -6.42 ppm; see Figures 

S3, S5 and S6. 

 

Lithium tris(perfluorophenyl)(2,3,5,6-tetrafluoro-4-(2-(2-(vinyloxy)ethoxy) 

ethoxy) phenyl) borate (B3). To a mixture of NaH (1.5470g, 60 % in mineral oil) 

dispersed in 20 mL dry THF was added 2-(2-(vinyloxy)ethoxy)ethanol (4.2098 g) at 0 ºC 

via addition funnel. The mixture was stirred for 3 hours before being transferred into a 

solution of 1-bromo-pentafluorobenzene (5.7376 g) in 20 mL dry THF. The mixture was 

allowed to react overnight to complete the reaction. The solution was condensed and the 

residue was purified by column chromatography on SiO2 with ethyl acetate in hexane 
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(0% to 8%) as eluent to obtain M2 as a colorless liquid (5g, 72%). 1H NMR (in d6-

acetone), δ(ppm) 6.46 (m, 1H, CH=), 4.465 (s, 2H, CH2OC6F4) 4.16 (d, cis H of = CH2), 

3.94 (d, trans H of = CH2), 3.85-3.671 (t, 3H, OCH2CH2OCH2); 
13C NMR (in d6-

acetone), δ(ppm) 152.4 (CH=), 140-143 (C-F), 92.5 (C-Br), 86 (=CH2), 74.72 – 67.73 

(CH2CH2O); 19F NMR (in d6-acetone), δ(ppm) -137.51 (d, 2F, o-C6F4), -156.75 (d, m-

C6F4).  

     A solution of M2 (3.74g, 0.01 mol) in 20 mL diethyl ether was cooled to -78 ºC by dry 

ice/acetone. 7.2 mL BuLi (1.6 M) in hexane solution was added dropwise to the mixture 

over 30 minutes. The mixture was stirred at -78 ºC for another hour before the solution of 

tris(pentafluorophenyl)borane (4.87g, 0.0095mol) in 20 mL diethyl ether was added. The 

reaction mixture was allowed to warm up to room temperature while stirring overnight to 

complete the reaction. The mixture was dried by vacuum distillation and anhydrous 

pentane (20mL x 3) was used to wash the yellow residue. The upper pentane solution was 

removed by syringe and the lower yellow phase was further dried in a vacuum oven at 50 

ºC for 24 hours to give B3 as a yellow powder (2.2g, 25%). 1H NMR (in d6-acetone), 

δ(ppm) 6.46 (m, 1H, CH=), 4.40 (s, 2H, CH2OC6F4) 4.15 (d, cis H of = CH2), 3.93 (d, 

trans H of = CH2), 3.83-3.61 (t, 3H, OCH2CH2OCH2); 
11B NMR (in d6-acetone), shows a 

single peak at δ = -3.68 ppm; see Figures S4 and S5; 19F NMR (in d6-acetone), δ(ppm) -

136.2 (d, 6F, o-C6F5), -142.8 (d, 2F, o-C6F4), -159.3 (d, 2F, m-C6F4), -163.8 (m, 3F, p-

C6F5), -167.6 (m, 6F, m-C6F5). Fluorine NMR indicated that there were ~ 20% unreacted 

starting materials left. Due to the difficulty of purification, the salt B3 was used without 

further purification. 
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General procedure for synthesis of single-ion conductors. PMHS was added into a 

pre-dried flask equipped with a condenser. The desired amount of CECA and borate salt 

monomers were charged into the flask followed by 10 mL anhydrous CH3CN and 0.2 mL 

Pt catalyst. The reaction mixture was stirred at 90 ºC. The completion of the reaction was 

judged by 1H NMR. The mixture was condensed and the residue was dissolved in THF 

and precipitated in water 3 times. Then the polymer was dissolved in acetone and 

precipitated in toluene 3 times as well. Afterwards, the product was dried in a vacuum 

oven at 80 ºC for 24 hours. The final product is in dark color due to ppm level residual Pt 

catalyst. It is difficult to completely remove the catalyst possibly as a result of the strong 

interaction between Pt and ionomer. The exact feeding ratios of the reactants for each 

ionomer can be found in Table 2-2. Representative 1H and 11B NMR spectra are shown in 

Figure 2-2; all others are in support information Figures S2-S5. Thermogravimetric 

Analysis at 10K.min in nitrogen suggests these ionomers are stable to at least 180 oC. 
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Chapter 3 
 

 

Synthesis and Lithium Ion Conduction of Ionomer blends Containing    

        Polysiloxane-based Single-ion Conductor and Non-Volatile Plasticizers 

3.1 Introduction 

       Polymer electrolytes as energy materials are of great interest for lithium-ion battery, 

fuel cell, solar cell and actuator applications, due to the inherent polymeric merits, e. g. 

mechanical strength and ease of processing to make thin film membranes. Among 

different types of polymer electrolytes, single-ion conductors with one type of ion 

covalently bonded to the polymer backbone have recently attracted much attention, 

owing to the advantages of unity lithium ion transference number and elimination of 

detrimental anion polarization.1, 2 

   Our group recently reported novel borate-containing single-ion conductors.3 The 

ionomers containing tetraphenyl borate salts or derivatives are proved to have so far the 

lowest conducting ion activation energy; while the low conductivity due to high Tg and 

low ion mobility hinders their practical application. The ionic groups attached to the 

polymer backbone apparently slow down the segmental motion of the polymer.4  In 

polymer electrolytes, ion motion is usually coupled to polymer chain segmental motion. 5-

7  Consequently plasticizers are useful for lowering Tg and improving ion mobility.  
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   Different approaches have been tested to improve the conductivity of polymer 

electrolytes such as addition of nanoparticles8-10 and utilization of plasticizers.11-13  When 

mixing with single-ion conductors, plasticizers can solvate Li+ and transport with this 

small cation, significantly weakening ionic interactions and lowering Tg. Poly(ethylene 

glycol) has proved to be an efficient ion conduction promoter due to the electron donor 

ability of ether oxygen atoms, forming specific interaction with lithium ion and breaking 

ion aggregates.14  In industry, mixtures of different carbonates have been used as 

plasticizers partly due to a combination of strong solvation and high dielectric constant, 

therefore promoting ion dissociation. However safety issues caused by evaporation and 

leakage of those small-molecule carbonates prompt scientists to pursue non-volatile 

alternates.  In our group15, a non-volatile plasticizer, polyethylene glycol (PEG) with 

number-average molecular weight of 600, has been shown to greatly enhance 

conductivity of cyclic carbonate-based single-ion conductors; while crystallization of the 

PEG oligomers around room temperature led to an abrupt drop in conductivity at lower 

temperatures, if more than ~40 wt% PEG is added. Poly(ethylene glycol) oligomers have 

also proven to be efficient plasticizers by many other groups.16-20 

    This paper explores non-volatile oligomers with ether-oxygens (lower Tg, lower 

polarity and stronger solvation) and cyclic carbonates (higher Tg, higher polarity and 

some solvation) as plasticizers. The resulting polymer single-ion conductors blended with 

these plasticizers exhibit improved conductivity. Furthermore, no conduction loss due to 

crystallization was observed, allowing a wider temperature range for application. 

Analysis of electrode polarization of these plasticized single-ion conductors allows 
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quantification of the enhanced mobility (arising from lower Tg) and enhanced population 

of conducting ions and dielectric constant (from ion solvation and increased polarity). 

 

3.2 Result and discussion 

3.2.1 Synthesis 

       The siloxane homopolymers with PEO3 side chains (CP-0) and cyclic carbonate side 

chains (CP-100) and copolymer plasticizers( CP-19, 33, 45, 80) were synthesized by 

hydrosilylation using a method described in ref. 3 (Scheme 3-1). The compositions of the 

copolymer plasticizers shown in Table 3-1 were determined by the integrated areas of 1H 

NMR peaks in Figure 3-1:                     	
⁄ 	 ⁄
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Scheme 3-1.  Synthesis of siloxane  copolymer plasticizers CP-(19, 33, 60, 80). 



59 

 

         As seen in Table 1, the molecular weight of these siloxane oligomers are slightly 

larger than 10000.  To achieve lower viscosity and maintain low vapor pressure, five 

plasticizers with 300 < Mn < 700 were also synthesized. 

         The oligomer plasticizer 1 (OP-1) was synthesized by condensation reaction with 

triethyl amine as acid scavenger (Scheme 3-2). The resulting product (OP-1) has Si-OR 

bonds which make OP-1 moisture sensitive.  

         During the first attempt to synthesize of OP-2 and OP-3 (Scheme 3-3), platinum 

catalyst which works for most of hydrosilylation reactions gave nearly no reaction.  Rh 

catalyst suggested by Hartwig et al.21 exhibited better catalyzing capability. The 

hydrosilylation for the second SiH didn’t start until all the first SiH groups were 

consumed, which has been confirmed by 1H NMR.          

     

Figure 3-1. Representative 1H NMR of copolymer plasticizer. 
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Scheme 3-2. Synthesis of oligomer plasticizer OP-1. 

O O

O

O

Si
H H

+

O O

O

O

Si
H

O
O

n

Si
O

O
Si

n
O

O O

O

O

O O

O
n=2 or 3

C6H6/ r.t.

Rh catalyst

r.t. Rh catalyst

 

 

Scheme 3-3. Synthesis of oligomer plasticizer OP-2 and OP-3. 
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Table 3-1. Compositions and glass transition temperatures of copolymer plasticizers and 

the resulting polymer single-ion conductor/plasticizer blends. 

CP-0 CP-19 CP-31 CP-57 CP-80 CP-100 

          fa 0 18.4 29.8 56.5 79.6 100 

         fb 0 19.5 32.4 58.8 79.9 100 

Molecular weightc 12400 12000 11700 11200 10700 10200 

Tg of pure polar  
copolymer (K) 

193 205 210 226 234 243 

Tg of pure ionomer (K) 
(14mol% of borate) 

301 

Tg of blends with 20 wt% 
ionomer (K) 

N/A 210 217 227 238 251 

a. Calculated by the method using the integrated area of peaks a and d: 

 	
⁄ 	 ⁄

/
. 

b. Calculated by the method using the integrated area of peaks n and d: 
         	

	 /
. 

c. Number-average Mw, calculated by the composition f, assuming  

number-average DP=36. 

     

    The synthesis of OP-4 (Scheme 3-4) is straightforward. The reaction was not possible 

to stop at the monosubstitution state, even with excess dihydrosilane. Plasticizer OP-5 

provides a material with ester linkages and no silicon (Scheme 3-5). 
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Scheme 3-4. Synthesis of oligomer plasticizer OP-4. 
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Scheme 3-5. Synthesis of oligomer plasticizer OP-5. 

 

3.2.2 Glass transition temperature 

The Tgs of copolymer plasticizers and their blends were calculated by the Fox 

equation 
∅

	
1 ∅

	
	

	
  , and 

compared with DSC data in Figure 2. Glass transition temperatures (Tg) of copolymer 

plasticizers (with Φionomer = 0) increase with increasing polar carbonate group content 

f.  The copolymer Tg data are above the Fox prediction which might indicate favorable 

interaction between PEO and cyclic carbonate (CECA) units. The 20 wt% ionomer/80 

wt% plasticizer blends prepared by mixing with single-ion conductors synthesized in our 

group display higher Tg than plain plasticizers, because the ionomer has significantly 

higher Tg =301 K.  The blend Tg data are below Fox equation prediction, providing the 

first indication that the copolymer plasticizers are breaking the ion aggregates present in 

the pure ionomer.  

    The five oligomeric plasticizers show Tg similar to the copolymer plasticizer with f ≈ 

0.5, all with 213 ≤ Tg ≤ 219 K. These oligomers were blended with 20 wt% of 49 mol% 

borate ionomer resulting in mixtures with 225 ≤ Tg ≤ 230 K. 
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Figure 3-2. Tg of copolymer plasticizers and resulting blends (80 wt% of plasticizer and 

20 wt% of 14 mol% ionomer) as a function of CECA molar content in the plasticizers. 

 

 
Table 3-2. Compositions and glass transition temperatures of oligomer plasticizers and 

the resulting polymer single-ion conductor/plasticizer blends. 

 
 

 
OP-1 OP-2 OP-3 OP-4 OP-5 

Molecular Weight 626 695 651 450 334 

Tg of pure oligomer (K) 213 213 214 219 216 

Tg of pure ionomer (K) (49 mol%, borate) No Tg detected in a range of 240 to 473 K 

Tg of blends with 20 wt% ionomer (K) 230 225 228 230 226 
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3.2.3  Ionic conductivities and dielectric properties 

Electrode Polarization happens when mobile conducting species respond to 

external electric field and migrate to electrodes, resulting in build-up internal electric 

field, increased dielectric constant and decreased conductivity. Utilization of a physical 

model to analyze electrode polarization (EP) has been developed and practiced in our 

group for single-ion conductors above Tg.
22  In this mode, the loss tangent curves 

associated with electrode polarization are fit to the following Debye equation 

                                  
2

tan .
1

EP

EP


  




      

Then the number density of simultaneously conducting ions p  and their mobility 

  can be determined from the time scale for electrode polarization EP  and the time scale 

for diffusive ion motion   
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wherein 2
0/(4 )B sl e kT   is the Bjerrum length, L  is the spacing between 

electrodes, k  is the Boltzmann constant, and T  is absolute temperature. 
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              (a)                                                                    (b)   

Figure 3-3.  Temperature dependence of ionic conductivity for the 14 mol% borate 

ionomer and its blends with siloxane copolymer plasticizers that are 80 wt% 

plasticizer/20 wt% ionomer, (a) as a function of 1/T; (b) as a function of Tg/T. 

      

Blends of single-ion conductors with copolymer plasticizers demonstrate much 

higher conductivity than the neat ionomer (10-6 S/cm vs 10-11 S/cm at room temperature) 

(Figure 3-3). This enhanced conductivity is partly from lowering Tg (reflected in 

mobility Figure 3-4) and partly from solvation (reflected in the number density of 

simultaneous charge carriers Figure 3-5).     

           Electrode polarization (EP) analysis indicates that (Figure 3-4) at high 

temperature, the higher the polar carbonate group contents, the faster the ion mobility. 

When temperature is lower than 10 oC, the order is reversed because ion mobility of 

polymer electrolytes is coupled to polymer chain segmental motion (Tg). Therefore more 

polar groups with stronger dipole-dipole interaction lead to slower ion mobility at low 

temperatures due to higher Tg.  
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Figure 3-4. Temperature dependence of conducting ion mobility for the 14 mol% borate 

ionomer and its blends with siloxane copolymer plasticizers that are 80 wt% 

plasticizer/20 wt% ionomer. 

 

Table 3-3.  Ion activation energy of 14 mol% borate ionomer and its blends with siloxane 

copolymer plasticizers that are 80 wt% plasticizer/20 wt% ionomer. 

 

 
Neat 

ionomer 
CP-0 
blend 

CP-19 
blend 

CP-31 
blend 

CP-57 
blend 

CP-80 
blend 

CP-100 
blend 

Ea 
(kJ/mol) 

21.7 20.2 20.2 10.1 9.8 11.8 9.5 

 

          

     Figure 3-5 shows the temperature dependence of the number density of 

simultaneously conducting Li+ from the EP analysis.  The pure ionomer (black squares) 

and its blend with CP-100 (grey hexagons) have very low conducting ion content, with 
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intercepts (at infinite temperature) that suggest most ions are trapped and not contributing 

to conduction because the borate anions microphase separate from the cyclic carbonate 

side chains.  Incorporating just 20 wt% PEO3 (CP-80, blue diamonds) raises the 

population of simultaneous conductors by roughly a factor of 10, compared with CP-100, 

suggesting that ether oxygens are better at breaking up the ion aggregates than cyclic 

carbonates. The activation energies obtained from the slopes in Figure 5 are summarized 

in Table 3-3. The neat ionomer and its blends with copolymers having f < 0.2 (CP-0 and 

CP-19) have roughly twice the activation energy that the blends with higher carbonate 

content copolymers ( f  > 0.3) display. This suggests that while ether oxygens are needed 

to break up the ion aggregates, cyclic carbonates are lowering the activation energy of the 

conducting ions, presumably because they are significantly more polar. 

 

Table 3-4. Viscosity of plasticizers measured at 21 . 

 
CP-0 CP-19 CP-31 CP-57 CP-

80 
CP 
100 

OP-1 OP-2 OP-3 OP-4 OP-5 PEG
600 

Viscosit
y 
(Pa.s) 
21  

.70 .83 .39 .21 4.8 8.6 .18 .51 .87 .30 .22 .19 

CECA 
content 
wt % 

16 29 55 76 100 51 46 49 67 52a 0 

a. Carbonate content  
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Figure 3-5.  Temperature dependence of conducting ion concentration for the 14 mol% 

borate ionomer and its blends with siloxane copolymer plasticizers that are 80 wt% 

plasticizer/ 20 wt% ionomer. 

 

         The highest conductivity at room temperature for 20 wt% ionomer blends with 

copolymer plasticizers is around 10-6 S/cm.  It is lower than those of the blends with PEG 

600 having similar ion content, which can be explained by Walden’s rule 24 that 

electrolyte conductivity is inversely proportional to electrolyte viscosity. This has been 

validated by the viscosity value of those plasticizers in Table 4.  The viscosities of 

copolymers with Mn > 10K are significantly higher than those of oligomeric plasticizers. 

The conductivities of polymer single-ion conductor blends with low viscosity oligomer 

plasticizers have been boosted to as high as 10-5 S/cm (Figure 3-6) around room 

temperature. The highest conductivity was achieved by the OP-1 blend, which has the 

most flexible structure, and thus lowest viscosity.  The correlation of conductivity with 
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plasticizer viscosity instead of Tg suggests that the smaller plasticizers travel with the Li+ 

counterions (at least partly) as they conduct, diminishing the connection between ion 

conductivity and segmental motion and weakening the temperature dependence of 

conducting ion mobility. 
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Figure 3-6.   Temperature dependence of ionic conductivity for the 49 mol% borate 

ionomer and its blends with oligomeric plasticizers and a mixture of propylene carbonate 

and ethylene carbonate (1:1) that are 80 wt% plasticizer/20 wt% ionomer. 

 

 Compared with blends of copolymer plasticizers, the blends of oligomeric 

plasticizers show similar conducting ion content and ion mobility across the whole 

temperature range. For comparison, this same 49 mol% borate ionomer was blended with 

a 1: 1 mixture of propylene carbonate : ethylene carbonate, displaying a large increase in 

conductivity (at room temperature from 5 x10-5 to 4x10-4 S/cm, Figure 3-6) with a weak 
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temperature dependence.  The conducting ion content of this blend with small molecule 

carbonates is similar to those of blends with oligomeric plasticizers, which may suggest 

that ion solvation has reached its limit with all of these plasticizers (Figure 3-88). 

Therefore the very high ion mobility imparted by the small molecule carbonates, ~ 5x10-3 

cm2/Vs (Figure 3-7) that is surprisingly insensitive to temperature, accounts for the high 

conductivity with these small molecule plasticizers and has a markedly weaker 

temperature dependence because the solvating small carbonates can fully move with the 

Li cation, decoupling its dependence on polymer segmental motion. 
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Figure 3-7.  Temperature dependence of ion mobility for the 49 mol% borate ionomer 

and its blends with oligomeric plasticizers and a 1:1 mixture of propylene carbonate and 

ethylene carbonate that are 80 wt% plasticizer/20 wt% ionomer. 
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Figure 3-8.  Temperature dependence of conducting ion concentration for the 49 mol% 

borate ionomer and its blends with oligomeric plasticizers and mixture of propylene 

carbonate and ethylene carbonate (1:1) that are 80 wt% plasticizer/20 wt% ionomer. 
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Figure 3-9. Static dielectric constants of copolymer plasticizers, the 14 mol% borate 

ionomer and its blends with copolymer plasticizers that are 80 wt% plasticizer/20 wt% 

ionomer as a function of temperature. For the pure ionomer, (black symbols), the data are 

not reasonable due to the high Tg making it difficult to prepare a good sample. 

       

          

 

Figure 3-10.   Temperature dependence of static dielectric constants of oligomer 

plasticizers (filled symbols) and their blends with copolymer plasticizers (open symbols) 

that are 80 wt% plasticizer/20 wt% of the 49 mol% ionomer. 

 

      The static dielectric constant data obtained through EP analysis indicate that (Figure 

3-9) the copolymers with higher polar group content have higher dielectric constant (CP-

100 > CP-80 > CP-57 > CP-31 > CP-19 >CP-0). When blended with single-ion 
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conductors, the ionic groups enhance the dielectric constant. The five oligomeric 

plasticizers (Figure 3-10) show an even stronger enhancement of dielectric constant on 

blending with the ionomer, suggesting that these smaller molecules are better at breaking 

up the ion aggregates. 
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Figure 3-11.   Static dielectric constants at 298 K of copolymer plasticizers (open 

symbols) and their blends (filled symbols) that are 20 wt % of the14 mol% borate 

ionomer (filled black square) as a function of cyclic carbonate (CECA) content f in the 

random copolymer. 

 

      The 300 K static dielectric constants of copolymer plasticizers and blends have been 

plotted in Figure 3-11 as a function of carbonate content in the copolymer f.  The data 

can be fit very well with an empirical blending rule, shown as the solid curve in Figure 3-

3-11. 
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    εCP-0 = 5 is the static dielectric constant of the PEO3 siloxane homopolymer. εCP-100 = 

43 is the static dielectric constant of the cyclic carbonate siloxane homopolymer. The 

blends show εs above the pure copolymers, indicating contributions from the ionomers. 

3.3   Conclusions: 

         We synthesized two groups of non-volatile plasticizers composed of highly polar 

cyclic carbonate and short ethylene oxide chains. Polymer single-ion conductor blends 

containing those plasticizers and borate ionomers have room temperature conductivity 

varying from 10-7 to 10-5 S/cm, always a great enhancement compared to the neat 

ionomer. The plasticizers lower Tg allowing enhanced mobility and boost simultaneously 

conducting ion content by Li+ solvation. Those blends are potential candidates as 

precursors to make gel polymer electrolytes for lithium-ion rechargeable battery 

separators, however they are not nearly as good as the benchmark plasticizer: EC:PC 

(1:1) because those small molecules can travel with the lithium ion and decouple its 

motion from the segmental motion of the polymer. 

        The analysis supports that conductivities of polymer electrolytes are determined by 

both viscosity and structures of the plasticizers. So the future research should be focused 

on reducing the viscosity of oligomer plasticizer and at the same time keeping its non-

volatile character. 
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3.4 Experimental  

Materials. Dichloromethane, diethyl carbonate, chlorodimethylsilane, NEt3, 

tetraethylene glycol, potassium carbonate, 2-(2-vinyloxy) ethoxy) ethanol, diethyl 

carbonate, toluene and anhydrous acetonitrile were purchased from VWR and used 

without further purification. Platinum divinyltetramethyldisiloxane complex (Pt[dvs]) 

(3% in xylene) catalyst, diethyldihydrosilane, tri(ethylene glycol) divinyl ether, 

di(ethylene glycol) divinyl ether, RhCl(PPh3)3 and polymethylhydrosiloxane (PMHS, Mn 

= 1700 - 3200) were  purchased from Aldrich and used as received. Tetrahydrofuran 

(THF) from EMD Chemicals was refluxed over sodium metal before use. The 

polysiloxane-based ionomer was prepared by the method reported in ref. 3 with ion 

content s of either 14 mol% or 49 mol%. 

 

Characterization. 1H, 13C and 29Si NMR spectra were recorded on a Bruker AM 300M 

spectrometer. Glass transition temperatures (Tg) were determined using a TA Q100 

differential scanning calorimeter (DSC) with 10 K/min heating and cooling rates. For 

dielectric and conductometric measurements, samples were sandwiched between two 

polished brass electrodes with 50 μm silica spacers placed on top of the sample under < 1 

mTorr vacuum at 80 °C for at least 24 h. The sandwiched samples were positioned in a 

Novocontrol GmbH Concept 40 broadband dielectric spectrometer and the dielectric 

permittivity and conductivity were measured using an AC voltage amplitude of 0.1 V and 

10-2 – 107 Hz frequency range.  Each sample was annealed in the Novocontrol at 120 °C 

in a heated stream of dry nitrogen for 1 hour prior to measurements to drive off any 
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moisture picked up during loading of these hygroscopic materials. Data were collected in 

isothermal frequency sweeps from 120 °C to near Tg.  

Cyclic [(allyloxy) methyl] ethylene ester carbonic acid (CECA). CECA was 

prepared according to the method reported in ref. 3. Potassium carbonate (3 g, 21.7 

mmol) was added to a mixture of 3-(allyloxy)-propane-1, 2-diol (92.475 g, 0.1875 mol) 

and diethyl carbonate (24.75 g, 0.1875 mol).  After stirring at 120 °C for 24h, the mixture 

was filtered to isolate the solid.  The residue was purified by Kügelrohr distillation to 

isolate the pure product as a colorless liquid (23.7 g, 80%). 1H NMR (in CDCl3), δ(ppm) 

5.87 (m, 1H, C=CH), 5.25 (d, 1H, cis H of CH2=C), 5.14 (d, 1H, trans H of CH2=C), 4.86 

(m, 1H, CCH(C)O), 4.38-4.55(m, 2H, CH2C), 4.06 (m, 2H, OCH2C=C), 3.60-3.74 (m, 

2H, OCCH2O). 

Tri(ethylene glycol) allyl methyl ether (Vinyl PEO3). Vinyl PEO3 was prepared 

according to literature method. To a mixture of NaH (1.44g, 60% in mineral oil) 

dispersed in 20 mL dry THF was added solution of tri(ethylene glycol) methyl ether (4.7 

mL, 0.03 mol) in 150mL of THF dropwise at ice-bath temperature. The mixture was 

stirred for 3 hours before being transferred into a solution of allyl bromide (3.58g, 

0.03mol) in 20 mL dry THF. The mixture was allowed to react overnight to complete the 

reaction. The reaction was quenched by ice water and extracted by ethyl acetate (20 mL 

x3). The organic phases were combined and condensed by rotavap. The yellowish liquid 

was then purified by vacuum distillation to yield 5.5 g (90%). 1H NMR (d, 2H), 3.65–

3.45 (m, 12H), 3.30 (s, 3H)1H NMR (in d6-acetone), δ(pap) 5.85(m, 1H, CH=), 5.2 (s, (d, 

cist H of = CH2), 5.1 (d, trans H of = CH2), 3.95 (d, 2H, C=CCH2), 3.8-3.6 (m, 8H, 

OCH2CH2O), 3.35 (s, CH3). 
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General procedure for synthesis of polymer plasticizers CP-(0, 19 31, 57, 80, 

100).  PMHS was added into a pre-dried flask equipped with a condenser. The desired 

amount of CECA and vinyl PEO3 were charged into the flask followed by 20 mL 

anhydrous CH3CN and 0.2 mL Pt catalyst. The reaction mixture was stirred at 70 ºC. The 

completion of the reaction was judged by 1H NMR. The reaction time is in the range of 2 

days to 1 week. The mixture was condensed and the residue was dissolved in toluene and 

precipitated in hexane 3 times. Afterwards, the product was dried in a vacuum oven at 80 

ºC for 24 hours.25 

4,4'-(6,6,21,21-tetramethyl-2,7,10,13,16,19,25-heptaoxa-6,21-disilahexacosane 

-1,26-diyl)bis  (1,3-dioxolan-2-one) (OP-1) CECA (10.86g, 0.068mol), anhydrous 

CH3CN (20mL) and chlorodimethylsilane (7.67g, 0.081mol) were added into a pre-dried 

flask. The mixture was cooled by icebath before 0.3 ml Pt catalyst was charged. The 

mixture was allowed to react overnight to complete the reaction. The solvent was 

evaporated and the residue was vacuum distilled to obtain 4-((3-

(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one as a colorless liquid (15.2g, 

89%). 1H NMR (in d6-acetone), δ(ppm) 4.95 (m, 1H, CCH(C)O), 4.4-4.6(m, 2H, CH2C), 

3.75 (m, 2H, CCH2OCH2CH2H2), 3.55 (m, 2H, OCH2CH2CH2), 1.7 (m, 2H, 

OCH2CH2CH2), 0.9 (m, 2H, OCH2CH2CH2), 0.35 (m. CH3); 
29Si NMR (in d6-acetone) 

33 (s); (Figure 3-12) 13C NMR (in d6-acetone), δ(ppm) 160, 75.1, 74.8, 74, 73.2, 23, 15, 

0.2. (Figure 3-13) 

     4-((3-(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one (8.7g, 0.034 mol) was 

added dropwise into the mixture of NEt3 (7.5g), tetraethylene glycol (6.67g, 0.034mol) 

and 20 mL dry THF over 30 minutes. The reaction mixture was allowed to stir overnight 
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to complete the reaction. The mixture was filtered to remove solid. The liquid was 

condensed by rotavap and further dried by vacuum oven to yield OP-1 as brown liquid 

(13g). 1H NMR (in d6-acetone), 4.95 (m, 1H, CCH(C)O), 4.4-4.6(m, 2H, CH2C), 3.75 

(m, 2H, CCH2OCH2CH2H2), 3.63 (s, 16 H, OCH2CH2O) 3.55 (m, 2H, OCH2CH2CH2), 

1.7 (m, 2H, OCH2CH2CH2), 0.9 (m, 2H, OCH2CH2CH2), 0.35 (m. CH3); 
29Si NMR (in 

d6-acetone) 17.57 (s). (Figure 3-14) 

 
4,4'-(6,6,22,22-tetraethyl-2,9,12,15,19,26-hexaoxa-6,22-disilaheptacosane-

1,27-diyl)bis(1,3-dioxolan-2-one) (OP-2) Diethyldihydrosilane (7.2g, 0.082 mol), 

CECA (8.4g, 0.053 mol) and 10 mL benzene were added into flask followed by 0.1g Rh 

catalyst. The mixture was stirred at room temperature overnight to complete the reaction. 

The solvent was evaporated and the residue was vacuum distilled to afford 4-((3-

(diethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one as colorless liquid (20g, 100%). 1H 

NMR (in d6-acetone), 4.95 (m, 1H, CCH(C)O), 4.4-4.6(m, 2H, CH2C), 3.45 to 3.8 (m, 

5H, CCH2OCH2CH2CH2, OCH2CH2CH2 and SiH), 1.64 (m, 4H, OCH2CH2CH2Si), 1 (m, 

6H, OCH2CH2CH2 and SiCH2), 0.67 (m, 6H, CH3); 
29Si NMR (in d6-acetone) -1.38 (s). 

(Figure 3-15) 

4-((3-(diethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one (5g, 0.02 mol) and 

tri(ethylene glycol) divinyl ether (2g, 0.01mol) were mixed followed by 0.1g Rh catalyst. 

The mixture was stirred at room temperature overnight to complete the reaction. The 

solvent was evaporated and the residue was washed by heptanes to afford product as 

brown liquid (7g). 1H NMR (in d6-acetone), 4.95 (m, 1H, CCH(C)O), 4.4-4.6(m, 2H, 

CH2C), 3.45 to 3.8 (m, 12H, CCH2OCH2CH2CH2, OCH2CH2CH2 and OCH2CH2O), 1.64 
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(m, 4H, OCH2CH2CH2Si), 1 (m, 6H, OCH2CH2CH2 and SiCH2), 0.67 (m, 6H, CH3); 
29Si 

NMR (in d6-acetone) 5.25 (s). (Figure 3-16) 

 

4,4'-(6,6,20,20-tetraethyl-2,9,13,17,24-pentaoxa-6,20-disilapentacosane-1,25-

diyl)bis(1,3-dioxolan-2-one) (OP-3). The same procedure as synthesis of OP-2 was used 

with di(ethylene glycol) divinyl ether as linker. 1H NMR (in d6-acetone), 4.95 (m, 1H, 

CCH(C)O), 4.4-4.6(m, 2H, CH2C), 3.45 to 3.8 (m, 10H, CCH2OCH2CH2CH2, 

OCH2CH2CH2 and OCH2CH2O), 1.64 (m, 4H, OCH2CH2CH2Si), 1 (m, 6H, 

OCH2CH2CH2 and SiCH2), 0.67 (m, 6H, CH3) (Figure 3-17) 

 
Sample Preparation.  Polysiloxane-based ionomer and plasticizers were 

weighted into 10 mL vials to make final product contain 20 wt% ionomer.  The mixtures 

were dissolved by acetone to give a homogenous solution.  The solvent was evaporated 

by rotavap and the residue was further dried in a vacuum oven overnight at 80 °C before 

testing. 

Viscosity Measurement. Linear viscoelastic measurements were conducted with 

Advanced Rheometric Expansion System (ARES, Rheometric Scientific). Parallel plates 

with diameters of 25mm, were utilized to conduct dynamic frequency sweeps at room 

temperature (21 oC). Strain lower than 10% were applied and confirmed to be in the 

linear response region.  
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Figure 3-12.  1H NMR of 4-((3-(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-

one. Inset is 29Si NMR. 

 

 

Figure 3-13.  13C NMR of 4-((3-(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-

one. 
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Figure 3-14.  1H NMR of OP-1. Inset is 29Si NMR 



82 

 

 

Figure 3-15.  1H NMR of 4-((3-(diethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one. Inset 

is 29Si NMR. 

 

 

Figure 3-16.  1H NMR of OP-2. Inset is 29Si NMR. 
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Figure 3-17. 1H NMR of OP-3. 
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Chapter 4 
 

Synthesis and Ion Conduction of Polysiloxane Phosphonium Ionomers 

4.1 Introduction 

      Anion exchange ionomers (AEI) have been widely used in many areas, such as water 

purification, antimicrobial agents, desalination and alkaline fuel cell membranes.1-4   

Recently, potential applications of AEI in the energy storage and conversion areas have 

prompted the study of ion conduction in AEI.1, 5-7 Ammonium salts were the first cations 

investigated in hydroxide exchange fuel cell membranes.1, 8 However due to the issues of 

poor chemical and thermal stabilities of ammonium salts, alternate salts such as 

phosphonium and imidazolium have attracted increasing attention.3, 5, 6, 9 

         Phosphorus has empty 3d orbital and is more inclined to delocalize charge than 

nitrogen.10 The lower electronegativity of P (2.06) than N (3.07) relative to C (2.5) makes 

positive P of phosphonium be shielded by negative carbons, leading to less interaction 

between phosphonium cation and anion. Phosphonium salts naturally have weaker ionic 

interaction and possible higher stability and conductivity. Moreover, phosphorus-

containing materials have proven to be fire-retardant.11   It was found that phosphonium 

salts synthesized from tributylphosphine, or phosphines with longer alkyl groups, are 

ionic liquids.12 Gu, et al.5 prepared hydroxide exchange membranes for fuel cells with a 

phosphonium-based ionomer. The membrane possesses superior conductivity and 

chemical stability. Zhou and Blumstein13 compared phosphonium and ammonium salts 
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having nearly identical structures and concluded that the phosphonium salts had better 

thermal and chemical stability. Long and coworkers 14 have synthesized a series of 

copolymers and polyurethane ionomers based on phosphonium salts. The resulting 

ionomers were reported stable above 300 oC.  

        Polysiloxane-based ionomers are one of the promising ion conducting candidates 

owing to their highly flexible backbone that lowers Tg, as well as the versatility of ions 

and polar side groups which can be attached to the polysiloxane backbone via 

hydrosilylation reactions. Polyanionic polysiloxane-based ionomers have been studied 

extensively as lithium conductors.15-18 Our group19 recently attached bulky 

tetraphenylborate anions to a polysiloxane backbone to synthesize a series of novel 

ionomers with very low activation energy for the conducting ions. Polysiloxane ionomers 

with side chains incorporating ammonium salts have been reported20-23 and a conductivity 

as high as 10-5 S/cm has been reported for the I־ anion. 

       Herein, we report the synthesis of allyltributylphosphonium bromide monomer and 

resulting phosphonium-containing ionomers with ion contents varying from 5 to 22mol% 

and different counter anions (F, Br, and bis(trifluoromethanesulfonyl)imide (TFSI)). The 

ionomers with TFSI show the highest conductivity and X-ray scattering results of those 

ionomers indicate no ion aggregation in these weak-binding phosphonium ionomers. The 

phosphonium ionomers with F- anion display conductivity as high as 10-6 S/cm, which 

makes our phosphonium ionomers potential electrolyte separators the novel fluoride-ion 

battery24. 
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4.2 Results and Discussion 

4.2.1 Synthesis and ion exchange 
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Scheme 4-1. Synthesis of tri(ethylene glycol) allyl methyl ether (PEO3), 

allyltributylphosphonium bromide (ATPB) and ionomers P-Br-5(8, 11, 22). 

       

          Scheme 4-1 shows the synthesis of the monomers and ionomers. No solvent was 

involved in the synthesis of allyltributylphosphonium bromide (ATPB). The 

allyltributylphosphonium bromide was prepared under “dry” conditions with very good 

yield (90%), which provides an economical and facile avenue for the preparation of 

phosphonium-based ionic liquids. The polymer synthesis reaction was monitored by 

proton NMR spectroscopy and completion of the reaction was confirmed when there was 

no further change of the integrated area of the peak at ~ 4.7 ppm, which is assigned to the 
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Si-H group. The compositions of these phosphonium ionomers were determined by the 

ratio of the integrated areas of the peaks at 0.6 ppm and 2.6 ppm assigned to 

SiCH2CH2CH2O and PCH2CH2CH2CH3 respectively (Figure 4-1). The 31P NMR 

spectrum of the monomer ATPB shifts downfield from -32ppm for tributylphosphine 25 

to around 35 ppm, consistent with the literature.13c After the hydrosilylation reaction, the 

31P NMR spectra of the ionomers (see Figure S3, in supporting information) display a 

single peak at 35.4 ppm, nearly identical to that of the ATPB monomer, suggesting intact 

phosphonium salts after the chemical reaction.  

 

 

Figure 4-1.  Representative 1H NMR spectrum of the phosphonium ionomer with Br- 

anion (n / (n + m) = 0.05), with the inset showing the 31P NMR spectrum (top left). 
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       Aqueous solutions of PSPE-Br-5(8, 11, 22) are cloudy and colloid-like. When the Br 

anions were replaced by TFSI, the solutions turned more turbid. This is partially 

consistent with Ye and Elabd’s observation26  that imidazolium ionomers with bromide 

anions are water soluble, while the same ionomers with TFSI anions are insoluble in 

water. This phenomenon results from the combined effects of large hydrophobic butyl 

groups, weaker ionic interaction between phosphonium and TFSI, and the water 

miscibility imparted by PEO side groups.   

     When Br- is replaced by F-, it was found that the ionomers with high ionic content 

(>11 mol%) were unstable in aqueous solution for a long time. Some ionic groups were 

lost as confirmed by proton NMR spectra (see table 1), which might be explained by the 

strong nucleophilicity of the fluoride anion. The phosphonium ionomers can be 

completely decomposed by OH- in aqueous solution due to the fact that polysiloxane is 

unstable in strong base condition. 

             

Table 4-1. Physical properties of phosphonium ionomers 

 Anion 
Composition 

Ion Content  
(1020 cm-3) 

DSC Tg (
oC) 

Conductivity 
(μ S/cm, @ 
30 oC) 

n m Theoretical 
prediction a 

NMR b 

PSPE_Br_5  

 

Br 

 

5 95 1.15 1.15 -75 0.56 

PSPE_Br_8 8 92 1.83 1.83 -75 0.75 

PSPE_Br_11 11 89 2.28 2.28 -74 0.68 

PSPE_Br_22 22 78 4.41 4.41 -74 1.44 

PSPE_TFSI_5  5 95 1.16 1.16         -74 10.9 
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PSPE_TFSI_8 TFSI 8 92 1.83 1.83         -73 31.2 

PSPE_TFSI 
_11 

1 89 2.28 2.28         -70 21.2 

PSPE_F_5 

F 

5 95 1.16 1.16         -80 0.19 

PSPE_F_8 8 92 1.83 1.83        -79 0.2 

PSPE_F_11 11 89 2.28 2.1        -79 0.17 

PSPE_F_22 22 78 4.41 1.2       -73 0.74 

a. Values are based on the analysis of NMR results of ionomers with Br- as the 
counter ion. For ionomers with different counter ions, the ion contents are 
assumed to be the same. 

b. Values calculated from NMR were determined by the ratio of integrated area of 
the peaks at 0.6 ppm and 2.6 ppm.  

  

4.2.2 Glass transition temperature and thermal stability 

 Table 4 - 1 shows DSC Tgs of the phosphonium ionomers with different anions and 

varying ion content. For each anionic counterion, as ion content increases, Tg stays 

almost the same within experiment uncertainty. Chen, et al14c observed the same behavior 

for their phosphonium ionomers with ion contents up to 21%. As will be shown in the 

next section, this is very likely a consequence of negligible ion aggregation in our 

ionomers, thus no limitation of chain segmental motion by physical ionic crosslinkings. 

    It was reported26 that when counter anions were exchanged from bromide to TFSI, 

Tg of imidazolium ionomers decreased substantially, owing to a plasticizing effect of 

TFSI and much weaker ionic interactions between TFSI and imidazolium. It is worth to 

point out that, when ion content is lower than 11%, at the same ion content, our 

phosphonium ionomers with TFSI counterions exhibit similar Tg but superior 
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conductivity to the ionomers containing Br or F anions. The backbone of our 

phosphonium ionomers is polysiloxane, the most flexible polymer chain, which endows 

our ionomers with lower Tgs than typical ionomers having C-C backbones. The low-Tg 

character of polysiloxane may weaken the plasticizer effect of larger anions. On the other 

hand, the PEO side chains attached to the polysiloxane backbone can efficiently break up 

ion aggregation of not only TFSI salts but also Br or F salts. Consequently, Tgs of those 

abovementioned phosphonium ionomers are quite close.   We have recently shown that 

the molar volume of the side group (including the counterion) controls the Tg of this 

class of ionomer,27 although here the PEO side chains attached to the polysiloxane 

backbone also play some role in making these phosphonium ionomers have Tg 

insensitive to counterion and ion content.    

   Thermal stability of phosphonium ionomers (Figure 4-2) studied by TGA exhibits 

similar behavior to the phosphonium ionomers reported by Long14 et al. There is no 

significant weight loss at temperature up to 300 oC in TGA at 10 K/min, regardless of 

counterion. After dielectric spectroscopy measurement, with over one hour at 120 oC, 

these ionomers maintain thermal stability. 
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Figure 4-2. TGA results of phosphonium monomer and ionomer with Br- anion. 
 
        

4.2.3 Morphology 

 Typical ionomer small angle X-ray scattering (SAXS) patterns show evidence of 

ionic aggregation in the q range of 0.5 – 5 nm-1.28 Long, et al14 studied the morphology of 

several types of phosphonium ionomers. For random copolymer ionomers, wide-angle X-

ray diffraction (WAXD) and SAXS experimental data didn’t give clear proof of ion 

aggregation existing in their ionomers.  For block copolymer and polyurethane 

phosphonium ionomers, the characteristic peaks of block and polyurethane structure 

obscure the peaks due to ion aggregation. As to our phosphonium ionomers, three 

characteristic X-ray scattering features were observed. The peaks at ~14 and 8 nm-1 are 

amorphous halos from PEO-side chain and siloxane backbone spacing repectively.29 The 
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peaks at ~3.7 nm-1 (Figure 4-3), corresponding to a d-spacing of 1.8 nm, are due to 

microphase separation of PEO oligomer side chains from polysiloxane backbones. There 

are no peaks assigned to ion aggregation observed but those peaks would only occur at 

lower q where there are effects of residual catalyst. This may be attributed to the bulky 

phosphonium cations and ion solvation by the PEO side chains, explaining why Tg 

remains low in our phosphonium ionomers through the whole ion content range. 
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Figure 4-3.  Small angle X-ray scattering of phosphonium ionomers with bromide anions 

and different ion content. 
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4.2.4 Conductivity 
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Figure 4-4. Conductivity of phosphonium ionomers with different ion content as a 

function of temperature: (a) bromide counterion, (b) TFSI counterion, (c) fluoride 

counterion. 

        

      Ionic conductivity of the phosphonium single-ion conductors with different ion 

contents are shown in Figure 4-4. The ionomers show a weak dependence on ion content. 

It is well known that ion conduction in polymers is usually coupled to chain segmental 

motion.30 As discussed in previous section, when phosphonium salts concentration 

increases from 5 to 22%, Tg barely changes (see Table 1-1). Therefore the conductivities 
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of ionomer with Br and F as counterions show abnormal behavior when normalized by 

Tg (not shown). Instead of falling on one curve, the ionomer with highest ion content 

exhibits highest conductivity, which means ion content dominates conductivity for our 

phosphonium-containing ionomers. 

      The conductivities of phosphonium ionomers with F- mobile anions increase with ion 

content up to the highest ion content studied with target of 22 mole% phosphonium and 

actual p0 = 1.2 x 1020 cm-3 from NMR. The conductivity is as high as 10-6 S/cm at room 

temperature. It is a promising material towards the potential application as a separator for 

the fluoride-ion battery.   

           

2.5 3.0 3.5 4.0 4.5 5.0
10-13

10-11

10-9

10-7

10-5

10-3

 

 D
C
 (

S
/c

m
)

1000/T (K-1)

 PSPE_TFSI_11
 PSPE_Br_11
 PSPE_F_11

 

Figure 4-5. Conductivities of phosphonium ionomers with different counterions having 

(n / (n + m) = 0.11) ion content. 
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       Conductivities of phosphonium ionomers with the same ion content but different 

anion species are shown in Figure 4-5. The conductivities of those ionomers increase 

with increasing counterion size: F < Br < TFSI. Ye, et al.26 studied imidazolium-based 

polymerized ionic liquid and found conductivity of ionomers with TFSI anion was 

greater than those of ionomers with PF6 or BF4 anions. They attributed the difference to 

not only the size effect but also greater negative charge distribution and flexibility of 

TFSI anion.31, 32  Our electrode polarization (EP) analysis gives conducting ion activation 

energies (Ea) for these counterions summarized in Table 2-2. The lowest Ea of TFSI 

containing phosphonium ionomer is consistent with its highest conductivity, which might 

suggest that Ea is the key factor deciding conductivity in our low-Tg phosphonium 

ionomers.  

                 

Table 4-2. Ion properties of different anions with 11 mol% ion content.   

Ionomer PSPE_11_TFSI PSPE_11_Br PSPE_11_F 

Ea [kJ/mol] 9.4 14.2 18.3 

Ion Size (Ǻ3)  347 32 10 

Ion Pair 
Energy[kJ/mol] 

284 369 481 

 

        

         In a single dielectric relaxation spectrum experimental sweep for our phosphonium 

ionomers, the EP process and α relaxation cannot be fully covered in the same window. 

EP analysis indicates that the derivative spectra of εʺ only exhibit one peak which is 

assigned to α2. Figure 4-6 shows that our phosphonium ionomers follow the Barton-
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Nakajima-Namikawa (BNN) relation’s prediction, that ionic conductivity is proportional 

to the product of ion motion peak relaxation frequency and the strength of that relaxation 

ωα2·Δε.  As Choi, et al.33 and Fragiadakis, et al.34 suggested, this means the ionic 

segmental relaxation controls ionic conductivity, as expected. 
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Figure 4-6. Conductivities of phosphonium ionomers as a function of the product of ωα2 

and Δε. 
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4.3  Conclusions 

           Allyltributylphosphonium bromide has been successfully synthesized under 

solvent-free condition and those phosphonium salts with vinyl PEO3 have been attached 

to polysiloxane backbone as side chains to produce single-ion conductors. Ion exchange 

has been applied to replace Br- with different anions (F- or TFSI-). The ionomers with F- 

counterion seem stable in water (when ion content < 11 mol%) or at 120 oC with all water 

removed. OH- anion has been tested and it was found that the ionomer with OH- 

counterions is not stable in water (under basic condition).  It is not clear at this time 

whether the stability in base is from the phosphonium being unstable or just the siloxane 

backbone. 

     The phosphonium ionomers we synthesized exhibit weak ion content dependence of 

Tg and conductivity with each counterion (F-, Br-, TFSI-). The reason has been attributed 

to the inherent flexibility of the polysiloxane backbone, the cation solvation ability of 

PEO side chains and the electronic structure of the phosphonium cation. The weak 

electronegativity of P makes the α-carbon bear –e/5 charge that partially shields the 

strongly positive P from anionic counterions.10a  

X-ray scattering indicates no ion aggregation in any of the phosphonium ionomers and 

this helps to keep Tg low. The conductivities of phosphonium ionomers are enhanced by 

increasing anion size. The ionomers with TFSI show the highest conductivity across the 

whole temperature range owing to the largest size of TFSI and weakest ionic interactions 

between TFSI and phosphonium.  
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4.4 Experimental 

Materials.  Allylbromide, diethyl ether, toluene, dichloromethane, ethyl acetate 

and anhydrous acetonitrile were purchased from VWR and used without further 

purification. Sodium hydride (60% in mineral oil), tri(ethylene glycol) methyl ether , 

Platinum divinyltetramethyldisiloxane complex (Pt[dvs]) (3% in xylene) catalyst, 

tributylphosphine and polymethylhydrosiloxane (PMHS, Mn = 1700 - 3200) were  

purchased from Aldrich and used as received. Tetrahydrofuran (THF) from EMD 

Chemicals was refluxed over sodium metal before use. 

 Characterization. 1H and 31P NMR spectra were recorded on a Bruker AM 

300M spectrometer. Glass transition temperatures (Tg) were determined using a TA 

Q100 differential scanning calorimeter (DSC) with 10 K/min heating and cooling rates. 

For dielectric and conductometric measurements, samples were sandwiched between two 

polished brass electrodes with 50 μm silica spacers placed on top of the sample under < 1 

mTorr vacuum at 80 °C for at least 24 h. The sandwiched samples were positioned in a 

Novocontrol GmbH Concept 40 broadband dielectric spectrometer and the dielectric 

permittivity and conductivity were measured using an AC voltage amplitude of 0.1 V and 

10-2 – 107 Hz frequency range.  Each sample was annealed in the Novocontrol at 120 °C 

in a heated stream of dry nitrogen for 1 hour prior to measurements to drive off any 

moisture picked up during loading of these hygroscopic materials. Data were collected in 

isothermal frequency sweeps from 120 °C to near Tg.  

 A physical model of electrode polarization (EP) makes it possible to separate 

ionic conductivity into the number density of simultaneously conducting ions and their 
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mobility, as has recently been done for other single-ion conductors above Tg.  Electrode 

polarization occurs at low frequencies, where the transporting ions have sufficient time to 

polarize at the blocking electrodes during the cycle.  That polarization manifests itself in 

(1) an increase in the effective capacitance of the cell (increasing the dielectric constant) 

and (2) a decrease in the in-phase part of the conductivity, as the polarizing ions reduce 

the field experienced by the transporting ions.   

      The time scale for conduction is the time where counterion motion becomes diffusive 

0 .s

DC


 



      (1) 

      At low frequencies the conducting ions start to polarize at the electrodes and fully 

polarize at the electrode polarization time scale 

0 ,EP
EP

DC

 



      (2) 

   wherein EP  is the (considerably larger) effective permittivity after electrode 

polarization is complete.  The Macdonald and Coelho model treats electrode polarization 

as a simple Debye relaxation with loss tangent 

2
tan .

1
EP

EP


  




     (3) 

     In practice, the loss tangent associated with electrode polarization is fit to Eq. 3 to 

determine the electrode polarization time EP  and the conductivity time  .  The 

Macdonald and Coelho model then determines the number density of simultaneously 

conducting ions p  and their mobility   from EP  and   
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2
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4 EP

eL

kT



       (5) 

   wherein 2
0/(4 )B sl e kT   is the Bjerrum length, L  is the spacing between electrodes, 

k  is the Boltzmann constant, and T  is absolute temperature. 

 

          SAXS data was collected using a Molecular Metrology pin hole camera instrument 

with a copper k-alpha radiation source (λ=1.5418 angstrom) and a two dimension 

multiwire detector. The sample-to-detector distances are 1.5 meter and 0.5 meter. 

Samples are dried and loaded into boron-rich glass capillaries, and furthered dried under 

vacuum at 80oC overnight before flame sealed. Specimen count time is 2.5 hours for 

each sample. Background scattering from an empty capillary is subtracted from the 

scattering data of the samples. 

      

Synthesis of tri(ethylene glycol) allyl methyl ether (PEO3): PEO3 was 

synthesized followed the report of Zhang  et al. 35 To a mixture of NaH (1.44g, 60% in 

mineral oil) dispersed in 20 mL dry THF was added solution of tri(ethylene glycol) 

methyl ether (4.7 mL, 0.03 mol) in 150mL of THF dropwise at ice-bath temperature. The 

mixture was stirred for 3 hours before being transferred into a solution of allyl bromide 

(3.58g, 0.03mol) in 20 mL dry THF. The mixture was allowed to react overnight to 

complete the reaction. The produced NaBr was vacuum filtrated and the volatiles were 

removed by rotovap. The yellowish liquid was then purified by vacuum distillation to 

yield 5.5 g (90%). 1H NMR (d, 2H), 3.65–3.45 (m, 12H), 3.30 (s, 3H)1H NMR (in d6-
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acetone), δ(pap) 5.85(m, 1H, CH=), 5.2 (s, (d, cist H of = CH2), 5.1 (d, trans H of = CH2), 

3.95 (d, 2H, C=C-CH2), 3.8-3.6 (m, 8H, OCH2CH2O), 3.35 (s, CH3). 

Synthesis of allyltributylphosphonium bromide (ATPB): To a pre-degassed three-

neck flask were added allylbromide (3.58g, 30 mmol) and tributylphosphine(3.6 g, 

16mmol). The entire mixture was allowed to stir at room temperature for 10 hours before 

being diluted with diethyl ether (50 mL). The mixture was filtered and the solid was 

washed by diethyl ether to afford product as white powder (5g, 87%).  1H NMR (in d6-

acetone), δ(ppm) 0.96 (t, 9H, -CH3), 1.51 (m, 6H, -CH2-), 1.73 (m, 6H, -CH2-), 2.57 (m, 

6H, CH2P), 3.64 (q, 2 H, CH2-CH=CH2, 5.41 (dd, 1H, trans H of = CH2), 5.65 (dd, 1H, 

cis H of = CH2), 5.95 (m, 1H, CH=); 31P NMR (d6-acetone) δ (ppm) 35.5 (s). 

General procedure of synthesis of ionomers: PMHS was added into a pre-dried 

flask equipped with a condenser. The desired amount of ATPB and vinyl PEO3 were 

charged into the flask followed by 20 mL anhydrous CH3CN and several drops of Pt 

catalyst solution. The reaction mixture was stirred at 90 ºC. The completion of the 

reaction was judged by 1H NMR. The mixture was condensed and the residue was 

redissolved in DI water and dialyzed against ultrapure water. Afterwards, the ionomers 

with Br- were dried in a vacuum oven at 80 ºC for 24 hours. The ionomers with TFSI- 

were prepared by dialysis with much excess LiTFSI salts against DI water. The ionomers 

with F- and OH- were prepared by passing an aqueous solution through a column packed 

with anion exchange resin. 
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Chapter 5 
 

Linear Viscoelastic Properties of Ionomers with Bulky Phosphonium Cations 

5.1 Introduction 

       Ionomers generally contain relatively small percentage of ionic groups (less 

than 15 mol %) distributed along their backbones. Ionomers have been known to have 

some characteristics of “thermoplastic elastomers” materials for decades due to the 

thermally reversible networks formed by ion associations. The structure and dynamics of 

ionomers are more complicated than those of their non-ionic counterparts because of the 

electrostatic interaction between the ionic groups. 1-6 Ionomers with anionic groups 

covalently bonded to the polymer backbone (polyanions), such as sulfonate and 

carboxylate, have been extensively studied in the last four decades. 1, 7 For these 

ionomers, increase of ion content leads to structural changes, e.g., microscopic ion 

aggregation as suggested from X-ray scattering measurements. As a result, ionomers 

exhibit different dynamic behavior compared to their non-ionic counterparts, e.g. delayed 

terminal relaxation, two distinct Tgs, appearance of a second rubbery plateau, and 

thermoplasticity attributed to the long lifetime ionic associations serving as the thermally 

reversible crosslinks. Ionomers with cationic groups (e.g., ammonium7, quaternized 

pyridine8, imidazolium9 and phosphonium10) attached to the backbone (polycations) 

exhibit similar structural and dynamic features as polyanions. Nevertheless, polycation 
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ionomers are of particular interest recently owing to their potential applications such as 

water purification, antimicrobial agents, and alkaline fuel cell membranes.  

       To understand the structural and dynamic behavior of ionomers, different 

morphology models have been proposed, such as hard-sphere model11, core-shell model12 

and the EHM model13 by Eisenberg, Hird and Moore, which might be the most successful 

at explaining experimental observations. Many models have been proposed to explain 

and predict dynamic behavior of ionomers as well. A simple sticky reptation model by 

Leibler, Rubinstein and Colby14 appears to describe well the viscoelastic behavior 

affected by specific reversible interchain interactions such as hydrogen bonding15, 16 and 

ionic interactions17, 18. In this model, the groups subjected to interactions are regarded as 

stickers, which limit polymer chain motion on length scales larger than the sticker-sticker 

distance. The dynamics could become more complicated if the chains are entangled as 

well, due to the varied conditions depending on relative characteristic lengths and life 

times for the two types of constraints, i.e., stickers and entanglements. In this paper we 

report LVE for polymer chains and ionomers that are short and non-entangled, which are 

much simpler. 

        In our previous study, 19 a group of novel phosphonium-containing polysiloxane-

based ionomers have been synthesized. The physical properties, morphology and 

dielectric properties of those phosphonium ionomers support an argument that interaction 

between phosphonium cation and counterion is very weak. Consequently the weak 

interchain interaction keeps Tg low, even when ion content is high. This study focuses on 

linear viscoelastic (LVE) properties of these phosphonium ionomers.  The results 

demonstrate the delayed relaxation seen in other ionomers, but also a significant 
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broadening of the glassy mode distribution as ion content increases, which is believed to 

be the outcome of enhanced of cooperative motion of polymer segments due to increased 

ionic interaction. A sticky Rouse model has been developed that describes our LVE data 

very well. 

5.2 Experimental  

5.2.1 Material 
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 Polysiloxane-based phosphonium ionomers were synthesized by hydrosilylation 

reaction in our lab. The synthesis details could be found in our previous paper.19 The 

phosphonium ionomers are extensively dialyzed by deionized water thoroughly before 

drying in a vacuum oven at 80 ºC overnight. The ion content f, defined as the molar 

fraction of Si with an attached ionic group, has been determined by proton nuclear 

magnetic resonance (1H-NMR).  Molecular weight distribution (MWD) of the non-ionic 

sample having f = 0 is determined by gel permeation chromatography (GPC) with 

tetrahydrofuran (THF) as eluent solvent and columns calibrated using standard 
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monodispersed polystyrene. Differential scanning calorimetry (DSC) Tg of the ionomer 

samples were reported previously19 and are listed in Table 1.   

 

5.2.2  LVE Measurements 

        Linear viscoelastic measurements were conducted with an Advanced Rheometric 

Expansion System (ARES, Rheometric Scientific). Parallel plates with diameters of 

25mm, 8mm, and 3mm were utilized. The 3mm plate is chosen for measuring glassy 

modulus to avoid instrument compliance (which manifests for the 8mm plate in 

measuring |G*|  107Pa). Nevertheless, the 3mm plates are vulnerable to boundary effect 

and thermal expansion incompatibility. In relation to this point, the measurement with 

3mm plates was started at T identical to the lowest T at which the 8mm plate is still valid, 

to confirm the reproducibility of measurements with different plates and precisely 

determine the geometry constant of the 3mm plates. T was decreased slowly (less than 

5K change each time) and the gap was adjusted by following a change of normal force. A 

small compressional force was applied at T close to Tg to ensure a good adhesion to the 

plates. The oscillatory strain amplitude was kept small ( 0.1) to ensure linear response to 

storage and loss moduli, G'() and G"(), measured as functions of angular frequency in 

a frequency range of 10-2 rad/s    102 rad/s.   
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5.3 Theoretical Analysis 

5.3.1.1Relaxation spectrum 

      The shear stress relaxation modulus of any viscoelastic liquid in the time domain can 

be expressed as a generalized Maxwell model: 20  

       (1) 

where gq and q are the amplitude and characteristic time of the q-th mode. The 

corresponding storage and loss moduli, G'() and G"(), in the frequency domain can be 

expressed using the same set of gq and q as: 

;    (2) 

At low frequency  << 1, where 1 is the characteristic time of the slowest relaxation 

mode, we have 2q
2 << 1 in the denominator of eq 2 and accordingly the terminal tails, 

G' ()  2 and G' ()  . The zero-shear viscosity can be obtained as: 

0  gq q
q1
  lim

0

G"( )


        (3) 

Similarly, the steady-state recoverable compliance Je  r/, with r and  being the 

recoverable strain after removing a stress of , can also be determined from the terminal 

tails as: 

   Je 
gq q

2

q1


gq q
q1
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0
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       It is well known that the glassy relaxation modulus, GG (t), can usually be well fit 

phenomenologically by a stretched exponential model known as Kohlrausch-Williams-

Watts (KWW) model, although the molecular origin of this model is still debated.21, 22 

Gg (t)  Gg,0 exp  t /KWW          (5) 

5.3.2 Sticky Rouse model 

       In a longer time scale, the localized monomeric motion has been accumulated and 

the polymer chain can be regarded as composed of internally equilibrated flexible Rouse 

segments.20, 23 For varied polymer species, the elementary Rouse segments determined in 

rheo-optical measurements have a size comparable to Kuhn segments.20, 21 The Rouse 

relaxation modulus can be written in terms of Rouse modes as: 20, 26, 27 

GR (t) 
wiRT

Mii
 exp(tp2 / 0Ni

2 )
p1

Ni

                                                         (6) 

       Here, we consider a distribution of molecular weight: wi is the weight fraction of i-th 

component and Mi is the molecular weight of the i-th component. Ni = Mi/m0 is the 

number of elementary Rouse segments and 0Ni
2 is the Rouse relaxation time of i-th 

chain, where m0 and 0 are the molecular weight and characteristic time of the elementary 

Rouse segment, respectively. For ionomers, the lower Rouse modes should be delayed if 

the association lifetime s  exp (Es/kBT) is considerably longer than the Rouse time of 

the chain between ionic groups, where Es is the association energy and kB the Boltzmann 

constant.14 We define the Rouse segment between two-nearby ionic groups (or one ionic 

group and its nearby chain end) as a sticky Rouse segment having molecular weight ms. 
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Then, the i-th chain has a number of sticky Rouse segments Ns,i = Mi/ms. We further 

define the delay ratio between a sticky Rouse segment and its corresponding “unstuck” 

Rouse segment as r = s/nS
20, where s is association lifetime and nS = Ni / Ns, i is the 

number of elementary segments per sticky Rouse segment, making nS
20 the Rouse time 

of the segment without stickers. The relaxation modulus incorporating a delay due to 

ionic dissociation can be written as, 14 

Gs (t) 
wiRT

Mii
 exp(tp2 / 0N i

2 )
pNs,i

Ni

  exp(tp2 / sNs,i
2 )

p1

Ns,i













  (7) 

      Obviously, eq 7 can be regarded as equivalent to eq 6 in the limit of r = 1. The fast 

Rouse modes (Ns,i < p < Ni) are not affected by the associations while the slower Rouse 

modes (1 < P < Ns, i) are each delayed by the same delay ratio rwhich increases with 

ion content. 

 

Table 5-1. DSC Tg and parameters determined in WLF analysis.  

------------------------------------------------------------------ 

f C1 C2 (K) T0 (K) Tg (K) m 

0 10.4 36.0 157 193 56 

0.05 11.0 45.0 153 198 48 

0.08 11.0 45.0 153 198 48 

0.11 12.2 44.0 155 199 55 

0.22 13.1 46.0 156 202 58 
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5.4 Results and Discussion 

 

5.4.1 Linear viscoelastic behavior 

5.4.1.1 Overview 

       Figure 5-1 shows the storage and loss moduli, G'() and G"(), measured as 

functions of  for all ionomer samples having ionic content f = 0-0.22 multiplied by Tr/T 

and reduced at reference temperature Tr = 75C, which is close to (within  5C) the 

thermally determined Tg of all the ionomer samples (cf. Table 1-1). The solid curves are 

theoretical fits as explained later in more detail. 

       Generally ions tend to aggregate in low-dielectric-constant media and it is ion 

aggregation that influences dynamic properties. When each ion association is formed by 

only a few ion pairs, often termed multiplet1, there is no detectable microphase separation 

in X-ray Scattering measurements. As the number of ion pairs forming ion associations 

increases, clusters form and microphase separate. So there is a critical ion concentration 

beyond which ion clusters form. As a result, a second rubbery plateau, extra loss tanδ 

peak and Gʺ peak may be observed. Eisenberg and Navratil28 studied poly (styrene-co-

sodium methacrylate) and found the critical ion concentration was 6 mol%. Wu and 

Weiss29 decided that 2.4 mol% was the critical ion concentration for copolymers of 

styrene and vinylphosphonate. As to the phosphonium ionomers studied in this paper, 

with ion content up to 22 mol%, no rubbery plateau is observed. The morphology data 

reported in our previous paper19 for the phosphonium ionomers suggests only modest ion 
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association (multiplets) with no clustering of ions and this is consistent with the LVE 

results presented here.  

       It is surprising to find that time-temperature superposition (tTs) works well for our 

phosphonium ionomers through the whole ion concentration range from f = 0 to 0.22, 

with the shift factors summarized in Figure 5-2 (The difference between the temperature 

dependence of glassy and rubbery modulus, 30, 31 is insufficient to lead to clear thermo-

rheological complexity in the glassy-rubbery transition region.). One characteristic 

feature of microphase-separated ionomers is the failure of tTs.1, 2 Therefore successful 

application of tTs to our ionomers confirms that there is no microphase separation of 

ionic clusters, in our phosphonium ionomers. Eisenberg et al.28 found that time-

temperature superposition was reestablished at high temperature for microphase-

separated polystyrene-based ionomers. Once the ion association lifetime 0.01   s, all 

LVE at frequency 100   rad/s have tTs work at higher temperature as all observed 

dynamics are controlled by the association lifetime.  

      In Figure 5-1, it is noted that all the ionomer samples and the nonionic polymer 

exhibit glassy modulus with very similar amplitude at high . This feature is different 

from the results of Weiss et al 32, in which glassy modulus for lightly sulfonated 

polystyrene is independent of ion concentration and counterion type but about 40% 

higher than that of nonionic polystyrene. The glassy relaxation is followed by a Rouse 

like relaxation until the terminal relaxation at low , characterized by terminal tails G' 

()  2 and G" ()  . With an increase of ionic content, the mode distributions of the 

glassy relaxation become broader and the terminal relaxations are further delayed. For the 
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5.4.1.2  Tg effect and glassy modulus 

      In principle, the delay of glassy relaxation caused by increasing Tg can be normalized 

through comparing different samples at their DSC Tg (cf. Table 5-1). This point is tested 

in Figure 5-3, where G'() and G"() of all the samples in Figure 5-1 are compared at 

their DSC Tg. It is noted that at Tg, the glassy G"() peaks for all these samples locate at 

almost the same frequency of 100 rad/s, in accordance with the natural expectation20 that 

the glassy relaxation can be normalized by Tg. Nevertheless, it is noted that the mode 

distribution of glassy moduli are very similar for samples having f  0.08, but broadens 

significantly as f is further increased, reflected in smaller KWW β in Table 5-2. A 

molecular interpretation of this crossover is proposed later in section 5.4.2.2. 

5.4.1.3 Rubbery modulus 

      In Figure 5-3, the rubbery moduli of the ionomer samples are more delayed with 

increasing ionic content even if compared at Tg. To quantify this delay,  as well as a 

change of relaxation mode distribution for terminal relaxation, we evaluate zero-shear 

viscosity 0 and recoverable compliance Je from viscoelastic terminal tails as shown in 

solid lines attached to G* at low  by utilizing eqs 3 and 4.  0 (circle symbols) and Je 

(square symbols) are plotted against f in the inset of Figure 5-2. It is noted that 0 is very 

similar for f = 0 and 0.05 at their Tg, which increases if f is further increased.  In contrast, 

Je is quite insensitive to ionic content for low f (=0, 0.05, and 0.08) samples, and is 

reduced slightly for samples having f = 0.11 and 0.22. The similar Je reflects a similar 
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viscoelastic mode distribution for these samples, which is not surprising since all the 

ionomer samples are synthesized by incorporating ionic (phosphonium) and nonionic 

(ethylene glycol) groups onto the same polysiloxane backbone.  

5.4.1.4 Temperature dependence 

       The shift factors aT for LVE with DSC Tg as the reference temperature are plotted 

against T – Tg in Figure 5-2.  In Figure 5-2, we note that the temperature dependence is 

very similar for f = 0.05 and 0.08, and becomes stronger for f = 0.11 and 0.22. These 

plots are well fit by Williams-Landel-Ferry (WLF) equations shown in the solid curves,16, 

23 

         (8) 

The fitting parameters C1 and C2 allow us to calculate the Vogel temperature T0 = Tg – C2 

and fragility m =  C1Tg/C2. The values of C1, C2, T0, and m are listed in Table 5-1, along 

with DSC Tg is also added for comparison. C1 is inversely proportional to fg, the 

fractional free volume at Tg, and C2  fg/αf, where αf is thermal expansion coefficient 

above Tg. C1 increases as ion content increases, meaning fg decreases, which is a 

consequence of stronger interchain interaction; while C2 stays almost the same, which 

contradicts the reports by Eisenberg28 and Weiss32.  It is also noted that either Tg or T0 is 

similar for all the ionic samples (differences within 5C), and Tg – T0  45C can be 

consistently determined, in consistence with nearly constant fragility m = 53 ± 5. One 

possible reason is the bulky phosphonium-containing cationic groups, which sterically 

logaT 
C1(T Tg )

C2 T Tg
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5.4.2 Theoretical analysis 

 

5.4.2.1 Fit experimental data with sticky Rouse model 

       To analyze the experimental data in more detail, we attempt to fit linear viscoelastic 

modulus with the theory explained in eqs 5-7 in the time domain. For this purpose, we 

first express G'() and G"() in Figure 2 in terms of relaxation spectrum [gq, q], where a 

set of q are chosen having small logarithmic span of  = log [q/q-1] = 0.2. A set of gq 

are determined through ~20s iterations until the deviation between calculated (cf. eq 2) 

and experimental G*() are within  10%, roughly the size of symbols in Figure 5-2.  

      From [gq, q] thus-determined, the linear stress relaxation modulus G(t) of the 

ionomer samples are calculated from eq 1, shown as symbols in Figure 5-4.  As an 

example, the fitting results for glassy and rubbery modulus of the non-ionic counterpart 

are shown in dashed and dotted curves in Figure 5-4, respectively. The glassy modulus 

was fit to eq 5, where GG,0 is found to be slightly larger than the modulus measured at the 

highest frequency, KWW and  are two fitting parameters giving the best fit for G*() at 

high  The fitting of rubbery modulus with eq 7, on the other hand, includes two fitting 

parameters in short time/length scale, i.e., 0 and m0 corresponding to characteristic time 

and molecular weight of the elementary Rouse segment. In fact, m0 and 0 can be 

estimated from the specific modulus and frequency where the glassy-rubbery transition is 

observed. In the long time/length scale, the calculation of rubbery modulus (cf. eq 7) 

requires knowledge of MWD. For this purpose, the MWD function for apparent 



123 

 

molecular weight, , determined in GPC for non-ionic counterpart is shown in the 

inset of Figure 5-4, which shows a broad peak. From the MWD function, the number and 

weight average molecular weights are evaluated as: Mw = = 19200 

and Mn = = 7600, which gives polydispersity index of Mw/Mn = 2.5. We 

should note that  determined by utilizing PS as standards is a relative molecular 

weight instead of a real molecular weight. For the rubbery part of G' and G" of non-ionic 

counterpart, we found that a choice of  =  gives the most satisfactory 

fitting (dotted curve). 

      For ionomer samples, the fit of glassy modulus is similar to that of the non-ionic 

counterpart, which includes three parameters GG,0, KWW, and , with GG,0 being very 

close to that of the non-ionic polymer(cf. Table 5-2 where all these fitting parameters are 

summarized). The rubbery modulus, on the other hand, includes two parameters in short 

length/time scale, m0 and 0, where m0 (= 300) is chosen as being identical to that of the 

non-ionic counterpart (cf. Table 5-2). For long length/time scales, the molecular weight 

of the i-th component is slightly larger than because the monomer with 

incorporated ionic phosphonium group has larger M than that with incorporated non-ionic 

PEO group. Then, we can use = 1+f (rM 1) to represent the molecular 

weight of the ionic samples, where rM is the ratio of molecular weights between ionic and 

non-ionic monomers.  
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Table 5-2.  Fitting parameters in sticky Rouse model 

------------------------------------------------------------------------------------------------------- 

   f      Gg (Pa)    KWW (s)        max (s)             m0   0  (s)                 0/max    

   0 8.13108 4.1710-5      5.9110-5   0.35    300 3.3110-3    5.6101    

0.05 7.24108 7.9410-4     1.1310-3     0.35    300 6.3110-2    5.6101  

0.08 7.94108 7.9410-4    1.1310-3    0.35    300 1.5810-1    1.4102  

0.11 1.02109 1.7810-3     2.5210-3    0.25    300   2.24        8.9102  

0.22 1.15109 5.8910-4    1.0510-3    0.12     300      -  - 

  

      In the data fit, it is noted that the factor r = 1 gives satisfactory prediction of the 

experimental result. This feature suggests that ionic aggregation (or quadropole) delay 

due to ionic association does not initiate from the sticky Rouse segment between ionic 

groups as defined earlier, but from some smaller motional unit not considered in the 

molecular picture of the sticky Rouse model. One possible explanation is the motion of 

Rouse segments in between the ionic groups, in particular those segments nearby the 

ionic groups, is also restricted somehow due to the ionic groups quenched in the ionic 

cluster. Those restricted Rouse segments need to wait for the dissociation of the ionic 

groups to relax. The number m0 = 300 possibly allows an estimation of number density of 

those restricted Rouse segments. A more detailed molecular picture corresponding to this 

restricted region is considered as an interesting future work.    

       In summary, the linear viscoelastic modulus of the phosphonium ionomer samples 

can be well reproduced through combination of glassy and rubbery modulus, the latter 
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introducing no extra delay from intrinsic Rouse to sticky Rouse, i.e., r = 1 for f = 0, 0.05, 

0.08, and 0.11. One possible reason is the bulky phosphonium-containing cationic group, 

which prevents formation of long life time/stable association having s  exp(Es/kBT) 

considerably longer than the Rouse time between ionic groups. 37 

        One special case is the ionomer sample with f = 0.22: The linear viscoelastic 

modulus shows a broad relaxation process and a glassy-rubbery transition is not clearly 

observed. For this relaxation process, we could even successfully reproduced the whole 

relaxation process with a single KWW equation having very low  = 0.12. In related to 

this point, it is noted that a same  = 0.35 was chosen for samples having f = 0, 0.05, and 

0.08, which reduces to  = 0.25 for f = 0.11 and further to  = 0.12 for f = 0.22. This 

result suggests that the glassy dynamics may experience a percolation threshold between f 

= 0.08 and 0.11. This result is in accordance with an abrupt change of temperature 

dependence from f = 0.08 to 0.11 (cf. Figure 5-3). Physics behind these observations is 

discussed in below. The fitting curves in Figure 5-4 are numerically converted into 

frequency domain and shown as curves in Figure 5-1, which agree well with G' and G" 

data directly obtained in viscoelastic measurements.    

5.4.2.2 Glassy dynamics affected by the ionic interaction 

      It is well accepted that the  value in the KWW model reflects the degree of 

cooperative motion,21, 22 which strongly correlated to fragility for varied glassy liquids.21 

Following this reported correlation:21  = (minfm)/s with two parameters minf = 250 and s 
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= 320, we expected  ~ 0.6 for ionomer samples with m ~ 50 in this study. Obviously, 

our samples with high ionic content exhibit considerably lower  than this expectation.  

      For the non-ionic counterpart, on one hand, the backbone and associated side chains 

have different chemical structures. We may regard the backbone as comparable to 

polydimethylsiloxane having Tg ≈  120°C, which is considerably anti-plasticized by the 

side chains (polyethylene oxide have Tg ≈  60°C) to give Tg ≈  80°C. Then, the broad 

viscoelastic mode distribution, as indicated by  = 0.35, may reflect a local concentration 

fluctuation due to chemical/frictional contrast between the backbone and the side chains. 

The same  = 0.35 is also applicable for ionomers having f = 0.05 and 0.08, but is smaller 

for samples having f = 0.11 ( = 0.25) and 0.22 ( = 0.12). With these higher ion content 

ionomers, there is a significant third slower source of ffiction involving ions that 

broadens the glassy relaxation greatly.  

     If we take a cooperative motion picture in a glassy liquid, we may express the glassy 

modulus in terms of a distribution of cooperative clusters of n motional units with 

relaxation time n:
35 

      (9) 

where P(n) is the distribution function of number n motional units in a cooperative 

cluster. It is obvious that a change of distribution function would lead to a change of 

viscoelastic mode distribution.  

         A mode distribution of GG(t) can be more straightforwardly obtained as distribution 

of relaxation time if a relationship between n and n is available. For example, if we allow 

a scaling law n ~ n3 and the cluster size distribution in a power-law manner,  

GG (t)  P(n)exp(t / n0



 )dn
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P(n) ~ n-exp(n/S),  where  is the Fisher exponent and S the number of particles in the 

largest cluster, we would finally be able to obtain P(n)dn ~ n
1/3exp[-(n/)1/3]dn by 

taking Fisher exponent  = 2 applicable for glassy liquids. This distribution function 

gives a mode distribution of GG(t) that can be fit to the KWW equation (eq 5) with  = 

0.33.38 Thus,  = 0.35 for f = 0.05 and 0.08 samples and  = 0.25 for f = 0.11 sample are 

still explainable under the molecular picture established for common glass formers 

without consideration of ionic interaction. However,  = 0.12 for f = 0.22 is definitely not 

expected for the common glass formers,21 suggesting that  f = 0.22 requires more 

cooperative motion of glassy segments and leads to an extremely broad relaxation mode 

distribution. This point is next discussed in terms of overlapping of polarizability volume. 

       In general, the polarizability volume Vp can be defined as polarizability  divided by 

a constant 4 so that the Vp has the unit of volume. Vp can be regarded as the volume 

over which ionic groups influence their suroundings.  

       The polarizability of the sample is governed by orientation of ion pairs, which 

appears to be the case for various ionomers. The average of the dipole moment of ion 

pairs can be written as <> = 2E/3kT and the polarizability volume can be written as:39 

                                 Vp 
2

120kBT
      (10) 

        DFT calculation at 0K in vacuum shows that dipole moment of tri-tert-butyl 

phosphine bromide is  = 12.32 Debye. Inserting this value into eq 10 we estimated Vp = 

1.89nm3 for phosphonium ionomers in this study at T = -75C, a temperature close to Tg 

of those samples.  In addition, we calculate multiply of VP and number density of ionic 
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groups, VpP0 = 0.21, 0.22, 0.45, and 0.91 for samples having f = 0.05, 0.08, 0.11, and 

0.22, respectively. Obviously, VpP0 characterizes a degree of overlapping of polarizability 

volume in space. The value of VpP0 = 1 at fc = 0.25 specifies a threshold above which the 

electrostatic interaction becomes significant, which probably boosts a cooperative motion 

of glassy segments thereby leading to the extraordinarily low  β value of 0.12 observed at 

f = 0.22. 

5.5 Concluding Remarks 

        This study examines the linear viscoelastic behavior of polysiloxane ionomers with 

bulky cationic phosphonium-containing groups attached to the main backbone. The 

ionomers exhibit typical Rouse-like terminal relaxation profile with no hint of 

entanglement effects. The relaxation of the ionomers is retarded by the interchain ionic 

interaction. The extent of delay increases with increasing ion content. 

      Due to the strong steric hindrance and resulting weak ion-dipole interaction, the 

phosphonium groups appears to stay in a slightly associated manner with life time of ion 

association shorter than that of polymer chain relaxation, leading to an absence of plateau 

associated to the dissociation of ionic groups. Time-temperature superposition works 

very well with ion concentrations f = 0 to 0.22 molar ratio, consistent with no microphase 

separation of  ion clusters. 

        The linear viscoelastic moduli in a wide frequency range have been well fitted by a 

simple model combining KWW-type glassy relaxation and Rouse-type rubbery 

relaxation. No extra delay due to ionic association is necessary to reproduce the 
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experimental results, which is consistent with the non-detectable associated structure 

revealed in our previous study.  

        The glassy dynamics exhibit a clear crossover behavior, as suggested from a change 

of glassy mode distribution as well as the temperature dependence. This crossover is 

attributed to the overlapping of cooperative region surrounding ionic groups, which 

boosts the cooperative motion of glassy segments. Following this molecular assignment, 

the estimated cooperative length is similar to Kuhn length of the main backbone and side 

chains.  
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                                                        Chapter 6  

                                                           Future work 

6.1 Single-ion conductors for lithium-ion batteries 

 Figure 6-1 shows the summary of conductivities of single-ion conductors as a 

function of respective Tg with our borate ionomers by larger size of symbols. The blends 

of borate ionomers with non-volatile plasticizers give the results near the best. But 

overall, the conductivities of the single-ion conductors discussed here are still lower than 

expected, although the value has been continuously pushed forward by different 

approaches. Our current results indicate that plasticizer is indispensable component in 

polymer electrolyte to generate gel polymer electrolyte. As we have found that the 

conductivity of gel polymer electrolyte greatly depends on the structure, composition and 

viscosity of the plasticizer. Therefore the future work should focus on exploring new 

plasticizers 

6.2 The plasticizers composed of carbonate and ethylene oxide units 

       This is an extension of chapter 3. In chapter 3, the oligomer plasticizers have two 

carbonate groups on both ends of the molecules. It seems that, due to the interaction 

between carbonates, two carbonate groups per molecule may limit the mobility of the 

plasticizer, and thus low conductivity. Therefore the content of polar group in future 
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plasticizers should perhaps be reduced. The chemical structures shown in Figure 6-2 are 

for the target new plasticizers. These new plasticizers contain ion solvation groups: 

carbonate and ethylene oxide. Short instead of long PEG chain should be used to avoid 

crystallization and high viscosity. In the meantime, we want to keep its non-volatile 

property. Therefore carbonate group is attached to one end. Different length of EO units 

should be tested and compared to find the optimum composition 
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Figure 6-1.  Conductivities of single-ion conductors as a function of their Tgs. 

The large green diamonds are the borate ionomers discussed in Ch. 2 and the largergree 

open diamonds are the plasticized borate ionomers discussed in Chp. 3, indicating that 
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the weak-binding borate ionomers are superior to other Li single-ion conductors in the 

literatures for 25 oC conductivity at the same Tg. 
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Figure 6-2.  Structures of proposed new plasticizers. 
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Figure 6-3  Structures of proposed new phosphonium salts. 
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6.3  Phosphonium containing ionomers for fluoride battery and alkaline fuel cell 

      The structures shown in Figure 6-3 are the interesting phosphonium salts for the 

future work. We have finished the synthesis of new phosphonium salts a and b. The 

stability of new phosphonium salts compared to the phosphonium salt discussed in 

chapter 4 has been greatly improved. Especially for the new salt b, it stays intact in 1 M 

NaOH aqueous solution for over 1 month as proved by 31P NMR spectra. The reason can 

be attributed to the steric effect as suggested by Gu, et al1. As to new phosphonium salt c, 

with P completely surrounded by phenyl groups, the stability and conductivity shall be 

further improved. 

6.4  Block copolymer containing polystyrene and poly(ethylene oxide) blocks 

        Block copolymers composed of polystyrene and poly(ethylene oxide) (PEO) blocks have 

been extensively studied2, 3. PEO can be either on the main chain2 or grafted as side chain.3 One 

of the advantages of the block copolymer is forming a very regular structure. The morphology of 

the complex of block copolymers and lithium salt has been reported as shown below. Lamellar 

structure was observed, as expected for nearly symmetric diblock copolymers.  

        The polystyrene blocks provided reasonable modulus ~ 108 Pa; while the PEO phase formed 

an ion conduction channel when LiTFSI salt is added. The room temperature conductivity is low 

(< 10-6 S/cm) due to the crystallinity of the high molecular weight  PEO block but the 

conductivity at 80 C is > 10-4 S/cm with amorphous PEO.  
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Figure 6-5.  Structures of proposed new block copolymers. y/(x+y) should be < 0.1. 
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