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ABSTRACT 

Development of Versatile Synthetic Methods for Silicone Materials 

by 

Colton Allen D’Ambra 

 

Polymers containing a backbone of repeated Si–O bonds, referred to as siloxanes or 

silicones, are a ubiquitous class of materials due to their collection of unique properties. The 

exceptionally wide Si–O bond angle and high deformability of the backbone bonds results in 

a low glass transition temperature of –120 °C and a crystallization temperature below room 

temperature. Additionally, the high bond dissociation energy gives rise to decomposition 

temperatures above 300 °C and results in a chemically inert polymer. The combination of these 

features result in a massive temperature window while maintaining inert. With a market size 

of over $4 billion, polydimethylsiloxane (PDMS) is the most common siloxane and has been 

the subject of decades of research. These research and development efforts have led to the 

material being used in numerous environments ranging from cosmetics to aerospace.  

 The utility of PDMS arises from the sophisticated methods used to tune the polymer 

chemistry, which result in a range of properties appropriate for numerous different 

applications. Robust chemical reactions, like hydrosilylation, have led to an extremely broad 

scope of functional groups that can be synthetically bonded to the siloxane backbone. This 

same strategy has been used to attach polymers, polymerization initiators, or polymerizable 

moieties to the siloxane chain, leading to a broad scope of possible siloxane-based copolymer 

architectures. One architecture that is lacking in synthetic versatility, however, is graft 

copolymers with a siloxane backbone and polymeric grafts based on vinyl monomers. Chapter 
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2 of this dissertation outlines a methodology to synthesize graft copolymers with siloxane 

backbones using a combination of thiol–ene click chemistry and atom-transfer radical 

polymerization. Optimization of polymerization conditions enabled the synthesis of graft 

copolymers with a range of grafting densities and molecular weights > 5 MDa. Degradation of 

the siloxane backbone enabled characterization of the polymerized grafts, showcasing 

dispersities around 1.2 and molecular weights close to the targeted values.   

 In order to form a freestanding polymeric material, the siloxane must be crosslinked. 

The network architecture is an important parameter that can be manipulated to control the 

properties of the material. Additionally, novel functionality can be incorporated through the 

usage of a dynamic crosslinker. An example of such a material is Silly Putty, which is PDMS 

crosslinked through borosiloxane bonds. The method of synthesizing this material, however, 

has remained largely unchanged since the 1940s and remains a time and energy intensive 

process with limited tunabilty. In Chapter, 3 we demonstrate a novel methodology to 

synthesize polyborosiloxane networks using hydrosilylation in minutes. While the current 

state-of-the-art is limited to end-functionalized PDMS chains, our developed method gives 

access to backbone-functionalized PDMS starting materials, which drastically increases the 

degree of tunability over the final network properties.  

 In Chapter 4, we expand upon this method by synthesizing boronate esters containing 

varying functional groups to investigate the impact of the crosslinker chemical environment 

on the stress relaxation dynamics. We demonstrate an unprecedented level of control over the 

rate of stress relaxation for polyborosiloxane materials while maintaining a facile and robust 

crosslinking method.  
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 The newly developed methodologies for graft copolymers and functional polymeric 

networks will enable future investigations into the properties of these materials and their 

incorporation into complex composite systems to expand upon the current availability of 

silicone materials.  
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Chapter 1. An Introduction to Silicones 

 

1.1 A Brief History of Silicones 

Polymers containing repeating Si–O bonds, commonly referred to as silicones or siloxanes, 

are a ubiquitous class of polymer with numerous uses academically and industrially. The 

widespread use of silicones started in the 1930s when Corning Glass commercialized a silicone 

fluid used in aircrafts.1 Shortly after, the company commercialized a crosslinked silicone 

elastomer, leading to a rapid expansion of silicone technology. With an estimated market size 

of $4.5 billion in 2022, polydimethylsiloxane (PDMS) is by far the most commercially relevant 

siloxane.2 Characteristic properties of PDMS includes flexibility, chemical resistance, thermal 

stability, hydrophobicity, and water vapor permeability, leading to applications including 

lubricants,3–5 surfactants,6,7 coatings,8–11 medical implants,12,13 household appliances,14 

cosmetics,15 sealants,16–18 flexible electronics,19–21 electrical insulation,22,23 and microfluidic 

devices.24,25 

1.2 Origin of Anomalous Properties 

The siloxane backbone has numerous distinguishing features compared to C–C and C–O 

bonds that give rise to unique properties. The key difference is the siloxane bond itself. The 

bond lengths of Si–O and Si–C (1.63 Å and 1.90 Å, respectively) are longer than C–O and C–

C (1.426 Å and 1.53 Å, respectively).26 Si–O–Si bonds have a wider bond angle than that of 

carbon-based bonds (143° compared to 110°) and a higher deformability, being able to stretch 

to form a 180° bond along the Si–O–Si path.27,28 The combination of these features results in 

a highly flexible backbone that leads to an exceptionally low glass transition temperature (Tg) 
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for PDMS of –125 °C with a crystallization temperature of –50 °C. Furthermore, the Si–O 

bond is exceptionally strong with a bond dissociation energy of 450 kJ/mol, which is 

significantly higher than the value of 350 kJ/mol for C–C and C–O bonds. The higher bond 

dissociation energy results in exceptional thermal and chemical stability. Consequently, the 

combination of low Tg and high thermal stability results in a large temperature range that 

silicone materials can be used.29  

1.3 Industrial Scale Synthesis of Siloxanes 

Industrial scale synthesis of siloxane-based materials started in the 1940s with the 

establishment of the direct process by Eugene Rochow, depicted in Figure 1.1.1 This method 

effectively turns sand into siloxane.30 Elemental silicon is synthesized using SiO2 and carbon 

in an arc furnace then crushed and packed into a fluidized bed reactor. With a host of metals 

being added as promoters, chloromethane is fed through the reactor, producing predominantly 

dichlorodimethylsilane. Subsequent hydrolysis produces an 8 membered ring consisting of 4 

dimethylsiloxane units, commonly referred to as D4. A ring opening polymerization can then 

be performed using D4 and an end-capping siloxane dimer to produce a polymeric species.  

 

 

Figure 1.1. Rochow-Muller direct method to produce polymeric silicones industrially. 

1.4 Tunability in Properties of Silicones 
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Controlled variations in properties for silicones can be achieved through several different 

methods including the incorporation of functional groups, the synthesis of PDMS-based 

copolymers, and the variation in network properties. These three complementary methods 

enable precise control over the chemical, physical, and mechanical properties of siloxane-

based materials.  

1.4.1 Functional Groups 

While the most common siloxane, PDMS, contains methyl groups bonded to the silicon 

atoms, changes in this substituent can have drastic effects on the material properties. Since 

PDMS is chemically inert, functionalization of a methyl-terminated PDMS molecule is 

difficult. Figure 1.1 above introduces one method to incorporate a reactive handle onto a 

siloxane polymer: using a functionalized siloxane dimer as a chain-transfer agent leading to 

targeted functional groups on the chain-end of the polymer.31 Additionally, the aforementioned 

direct method to synthesize PDMS enables copolymerization by using cyclic monomers 

analogous to D4 to produce PDMS copolymers with the desired functional group, including 

phenyl, ethyl, vinyl, and hydride. Importantly, the PDMS chain undergoes rapid scrambling 

during the acid or base mediated polymerization, so despite being incorporated 4 repeat units 

at a time, these functional groups are randomly distributed throughout the polymer chain.32,33 

Addition of these comonomers have significant effects on the bulk and interfacial properties 

of the resulting siloxane material. For example, phenylmethylsiloxane repeat units can be 

incorporated to increase the viscosity, density, and index of refraction. The Tg also varies from 

–125 to –30 °C depending on the ratio of dimethylsiloxane to phenylmethylsiloxane 

monomers.34  
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Post-functionalization of siloxane copolymers is an additional strategy that enables the 

synthetic attachment of numerous functional groups.35–37 The development of hydrosilylation 

has been one of the most enabling technologies in the silicone industry. First reported in 1947 

by Leo Sommer,38 hydrosilylation is an addition reaction between an alkene and a 

hydridosilane. Development of the highly efficient Speier’s catalyst in 1957 prompted 

significant interest academically and industrially. The reaction enabled the facile 

functionalization of siloxane polymers with an incredibly broad chemical scope. As an 

example, the addition of fluorinated groups imparts enhanced anti-wetting, anti-icing, and 

solvent resistance leading to many automotive and aerospace applications.29 

1.4.2 Copolymers 

The covalent attachment of two polymers is a sophisticated strategy to overcome their 

innate immiscibility to achieve properties inaccessible to the individual homopolymers.  There 

are three predominant strategies used to synthesize complex macromolecular structures 

composed of PDMS and a separate polymer.39 The first strategy involves using PDMS as a 

polymeric substrate for attaching a separate macromolecule. The starting polymers involved 

in this method must have complementary chemical functionalities that enable efficient 

coupling reactions such as azide–alkyne click, thiol–ene click, and hydrosilylation. Hundreds 

of manuscripts have been devoted to hydrophilic PDMS copolymers synthesized through 

hydrosilylation of alkene-terminated poly(ethylene glycol) with applications as surface 

modifiers,40–44 surfactants,45,46 and in gas separation membranes.47  

Advancements in organic chemistry and polymerization techniques have enabled the 

synthesis of polymers directly from siloxanes with near limitless control over the monomer 

scope and resulting polymer architecture. Both uncontrolled and controlled radical 
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polymerization methods have been used to synthesize copolymers from vinyl monomers, and 

an excellent review from the Boutevin group in 2010 captured the breadth of techniques used 

to make these materials and their properties.48 In addition to radical polymerization methods, 

ring-opening polymerization techniques have been performed starting from PDMS 

macroinitiators to synthesize block copolymers with polyesters and polypeptides.49–51  

Functionalization of PDMS with a polymerizable end-group enables PDMS to act as a 

macromonomer to generate branched structures. Control over the degree of branching has 

significant effects on the rheological properties of the final material, so precise control over 

this feature is of utmost importance for tuning the material properties.52 Copolymerization of 

vinyl monomers with PDMS macromonomers has been successfully demonstrated to achieve 

good control over the composition of the resulting graft copolymer, achieving tunability in 

grafting density with comonomers of ethylene,53 styrene,54 vinyl alcohol,55 acrylates,56 and 

methacrylates.57  

Despite the numerous methods to synthesize PDMS-based block copolymers, one 

architecture that is severely lacking in synthetic versatility is graft copolymers with a PDMS 

backbone. While a few methods exist showcasing the synthesis of such polymers, the methods 

lack the ability to achieve high molecular weight grafts and high grafting densities. The three 

strategies described above are limited in the scope of synthesizable graft copolymers. Methods 

to attach polymers to a PDMS backbone struggle to reach high conversion at high grafting 

density due to steric hindrance. Additionally, polymerizing vinyl monomers using PDMS as a 

macroinitiator through radical polymerization methods is similarly limited. Radical coupling 

of propagating polymer chains is a difficult termination event to avoid, and the high number 

of polymer chains per backbone leads to gelation at a low degree of bimolecular termination. 
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Optimization of polymerization conditions to synthesize graft copolymers with very little 

bimolecular termination is necessary to impart versatility in the synthesis of such polymers.  

1.4.3 Network Parameters  

To prepare a freestanding silicone material, it must first be crosslinked. The two most 

common methods of crosslinking silicones industrially are hydrosilylation and condensation, 

though the number of methods reported academically is constantly increasing.58–62 Changes in 

the silicone network architecture have dramatic consequences on the resulting material 

properties, and control over this network architecture is critical for developing a material 

formulation appropriate for a particular application.63 Numerous interdependent parameters 

affect the properties of the final material including crosslink density, molecular weight between 

crosslinks, crosslinker functionality, stoichiometric ratio between complementary reactive 

functional groups, and network defects.64–66  

Novel properties can also be introduced to silicone networks through functional 

crosslinkers. Incorporation of dynamic motifs into a crosslinked network imparts self-healing 

and reprocessablity.67,68 One dynamic motif of particular importance for this dissertation is the 

exchange of borosiloxane bonds. Networks crosslinked with such bonds can experience rapid 

self-healing due to the exchange of B–O–Si bonds across an interface. This dynamic motif 

experiences numerous other modes of bond exchange in addition to the exchange of covalent 

bonds that give rise to novel frequency dependent properties where the material is viscous at 

low frequencies and is elastic at high frequencies. An excellent representation of a material 

with such a dynamic motif is Silly Putty. While the material started as a children’s toy, 

numerous manuscripts have reported the incorporation of polyborosiloxanes into composite 
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systems to develop self-healing double networks,69 remarkably sensitive pressure sensors,70 

and impact-resistant thermoplastic elastomers.71  

Despite being initially developed in the 1940’s, the synthesis of polyborosiloxane networks 

has remained largely unchanged and remains a time consuming and energy intensive 

process.72,73 Such networks are formed through the condensation of boric acid with hydroxy-

terminated PDMS, forming water as a byproduct, which must then be removed to prevent 

hydrolysis. A robust method to rapidly form polyborosiloxane networks at moderate 

temperatures would be a significant development that would greatly benefit the field.   

1.5 Outline of Dissertation 

Chapter 2 develops a methodology to synthesize graft copolymers with a PDMS backbone 

using a combination of two robust and versatile reactions: thiol–ene click and atom-transfer 

radical polymerization. Quantitative functionalization of commercially available, vinyl-

functionalized PDMS precursors with a tertiary bromide ATRP initiator was achieved for 

PDMS backbones containing 1 – 50 mol% vinyl-containing comonomers. Optimization of 

polymerization conditions to reduce bimolecular termination events enabled the synthesis of 

PDMS graft copolymers with high grafting density and molecular weights over 5 MDa. 

Subsequent degradation of the PDMS backbone with tetrabutylammonium fluoride enabled 

the isolation and characterization of the synthesized grafts, showcasing dispersity values 

around 1.2 and measured molecular weights similar to the target value. The developed 

synthetic platform will enable important future studies to investigate the influence of the 

flexible PDMS backbone on the rheological properties of the resulting graft copolymer. 

Additionally, the technique is applicable to other polymeric backbones and showcases the 



8 

ability to suppress gelation during the synthesis of graft copolymers with high grafting 

densities and targetable molecular weights through controlled radical polymerization methods.  

Chapter 3 establishes a novel synthetic protocol to synthesize polyborosiloxane networks 

through hydrosilylation. The strategy takes advantage of a commercially available crosslinker 

that contains vinyldimethylsiloxane moieties covalently bonded to a boron core. The 

borosiloxane-containing crosslinker enables network formation in 10 minutes at 90 °C, which 

is a remarkable improvement over condensation methods that take hours to days to fully 

crosslink. Step-strain rheological experiments capture the stress relaxation behavior of the 

network and confirmed that the materials closely reproduce the properties of previously 

reported polyborosiloxane materials. The versatility of hydrosilylation enables network 

formation through backbone-functionalized PDMS, whereas condensation is limited to end-

functionalized PDMS. Importantly, a decrease in sample-to-sample variation was observed for 

networks prepared with backbone-functionalized PDMS. A combination of static and dynamic 

crosslinkers was used to demonstrate control over the timescale of stress relaxation and 

imparted resistance to solvents. This synthetic procedure will enable the development of new 

polyborosiloxane-based crosslinked networks with unprecedented control over the properties 

and increased reproducibility while drastically reducing the time required to prepare the 

materials.  

Chapter 4 extends on the work in Chapter 3 by synthesizing novel borosiloxane 

crosslinkers based on boronic acids to increase the control over the rate of stress relaxation. 

Boronate ester crosslinkers with aliphatic and aromatic substituents were synthesized through 

the esterification of the appropriate boronic acid with dimethylvinylchlorosilane. Subsequent 

characterization of the crosslinkers confirmed the successful synthesis and purification of the 
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crosslinkers. Preliminary results showcase significantly increased tunability in the rate of stress 

relaxation depending on the functionality of the boronate ester crosslinker.  

1.6 References 

(1) Rochow, E. G.; Gilliam, W. F. Polymeric Methyl Silicon Oxides. J Am Chem Soc 

1941, 63 (3), 798–800.  

(2) Global Polydimethylsiloxane (PDMS) Industry; 2024. 

https://www.reportlinker.com/p06032564/Global-Polydimethylsiloxane-PDMS-

Industry.html?utm_source=GNW (accessed 2024-02-04). 

(3) Wang, Y.; Zhang, L.; Liu, A.; Wu, C.; Li, W. Tribological Performance of Silicone 

Oil Based Al2O3 Nano Lubricant for an Mg Alloy Subjected to Sliding at Elevated 

Temperatures. Tribol Int 2022, 175.  

(4) Brown, E. D. Methyl Alkyl Silicones. A New Class of Lubricants. A S L E 

Transactions 1966, 9 (1), 31–35. 

(5) Lonsky, P. Some Characteristics of Silicones Developed as Lubricants. Journal of 

Synthetic Lubrication 1985, 1 (4), 302–313. 

(6) Han, F.; Deng, Y. Y.; Zhou, Y. W.; Xu, B. C. Carbohydrate-Modified Silicone 

Surfactants. J Surfactants Deterg 2012, 15 (2), 123–129.  

(7) Zhu, S.; Miller, W. G.; Scriven, L. E.; Davis, H. T. Superspreading of Water-Silicone 

Surfactant on Hydrophobic Surfaces. Colloids Surf A Physicochem Eng Asp 1994, 90, 

63–78. 

(8) Li, G. J.; Wei, Y. Bin; Ren, R. M. Preparation of High-Temperature-Resistance 

Silicone Paints. Adv Mat Res 2012, 602–604, 1676–1679.  



10 

(9) Hinder, S. J.; Lowe, C.; Maxted, J. T.; Watts, J. F. Migration and Segregation 

Phenomena of a Silicone Additive in a Multilayer Organic Coating. Prog Org Coat 

2005, 54 (2), 104–112.  

(10) Bubat, A.; Scholz, W. Silicone Additives for Paints and Coatings. Chimia 2002, 56 

(5), 203. 

(11) Hu, P.; Xie, Q.; Ma, C.; Zhang, G. Silicone-Based Fouling-Release Coatings for 

Marine Antifouling. Langmuir 2020, 36 (9), 2170–2183.  

(12) Son, J.; Kim, C. S.; Yang, J. Comparison of Experimental Porous Silicone Implants 

and Porous Silicone Implants. Graefe’s Archive for Clinical and Experimental 

Ophthalmology 2012, 250 (6), 879–885. 

(13) Chao, A. H.; Garza, R.; Povoski, S. P. A Review of the Use of Silicone Implants in 

Breast Surgery. Expert Rev Med Devices 2016, 13 (2), 143–156.  

(14) Wang, D.; Klein, J.; Mejía, E. Catalytic Systems for the Cross‐Linking of 

Organosilicon Polymers. Chem Asian J 2017, 12 (11), 1180–1197.  

(15) Principles of Polymer Science and Technology in Cosmetics and Personal Care; 

Goddard, E. D., Gruber, J. V., Eds.; 1999. 

(16) Lu, Z.; Xu, L.; He, Y.; Zhou, J. One-Step Facile Route to Fabricate Functionalized 

Nano-Silica and Silicone Sealant Based Transparent Superhydrophobic Coating. Thin 

Solid Films 2019, 692, 137560.  

(17) Storozhenko, P. A.; Minas’yan, R. M.; Polivanov, A. N.; Nikitushkin, I. V.; 

Minas’yan, O. I. New Thermally Conductive Silicone Adhesive Sealants. Polymer 

Science, Series D 2017, 10 (3), 221–224.  



11 

(18) de Buyl, F. Silicone Sealants and Structural Adhesives. Int J Adhes Adhes 2001, 21 

(5), 411–422.  

(19) Blackburn, S. C.; O’Sullivan, O. T.; Hinkens, D.; Tapsak, M. Synthesis of High 

Refractive Index Silicone Materials Incorporating Aromatic Moieties with Adjacent 

Linkage Groups for Flexible Electronic Displays. Silicon 2016, 8 (4), 541–552.  

(20) Kamino, B. A.; Bender, T. P. The Use of Siloxanes, Silsesquioxanes, and Silicones in 

Organic Semiconducting Materials. Chem Soc Rev 2013, 42 (12), 5119.  

(21) Zhang, X.; Li, N.; Wang, G.; Zhang, C.; Zhang, Y.; Zeng, F.; Liu, H.; Yi, G.; Wang, 

Z. Research Status of Polysiloxane-Based Piezoresistive Flexible Human Electronic 

Sensors. RSC Adv 2023, 13 (24), 16693–16711.  

(22) Ansorge, S.; Schmuck, F.; Papailiou, K. Impact of Different Fillers and Filler 

Treatments on the Erosion Suppression Mechanism of Silicone Rubber for Use as 

Outdoor Insulation Material. IEEE Transactions on Dielectrics and Electrical 

Insulation 2015, 22 (2), 979–988.  

(23) Chen, W. J.; Zeng, X.; Lai, X.; Li, H.; Fang, W. Z.; Hou, F. Suppression Effect and 

Mechanism of Platinum and Nitrogen-Containing Silane on the Tracking and Erosion 

of Silicone Rubber for High-Voltage Insulation. ACS Appl Mater Interfaces 2016, 8 

(32), 21039–21045.  

(24) McDonald, J. C.; Duffy, D. C.; Anderson, J. R.; Chiu, D. T.; Wu, H.; Schueller, O. J. 

A.; Whitesides, G. M. Fabrication of Microfluidic Systems in Poly(Dimethylsiloxane). 

Electrophoresis 2000, 21 (1), 27–40.  

(25) Niculescu, A.-G.; Chircov, C.; Bîrcă, A. C.; Grumezescu, A. M. Fabrication and 

Applications of Microfluidic Devices: A Review. Int J Mol Sci 2021, 22 (4), 2011.  



12 

(26) Krumpfer, J. W.; McCarthy, T. J. Rediscovering Silicones: “Unreactive” Silicones 

React with Inorganic Surfaces. Langmuir 2011, 27 (18), 11514–11519.  

(27) Mark, J. E. Some Interesting Things about Polysiloxanes. Acc Chem Res 2004, 37 

(12), 946–953.  

(28) Mark, J. E. Overview of Siloxane Polymers. In Silicones and Silicone-Modified 

Materials; Clarson, S. J., Fitzgerald, J. J., Owen, M. J., Smith, S. D., Eds.; American 

Chemical Society: Washington D.C., 2000. 

(29) Liu, J.; Yao, Y.; Li, X.; Zhang, Z. Fabrication of Advanced Polydimethylsiloxane-

Based Functional Materials: Bulk Modifications and Surface Functionalizations. 

Chemical Engineering Journal 2021, 408, 127262.  

(30) Lewis, L. N. From Sand to Silicones: An Overview of the Chemistry of Silicones. In 

Silicones and Silicone-Modified Materials; Clarson, S. J., Fitzgerald John J., Owen, 

M. J., Smith, S. D., Eds.; American Chemical Society: Washington D.C., 2000. 

(31) Pang, Y.; Koh, J. J.; Li, Z.; He, C. Reactive Functionally Terminated 

Polyorganosiloxanes. In Silicon Containing Hybrid Copolymers; Wiley, 2020; pp 23–

61.  

(32) Zheng, P.; McCarthy, T. J. A Surprise from 1954: Siloxane Equilibration Is a Simple, 

Robust, and Obvious Polymer Self-Healing Mechanism. J Am Chem Soc 2012, 134 

(4), 2024–2027.  

(33) Kantor, S. W.; Grubb, W. T.; Osthoff, R. C. The Mechanism of the Acid- and Base-

Catalyzed Equilibration of Siloxanes. J Am Chem Soc 1954, 76 (20), 5190–5197.  

(34) Yilgör, E.; Yilgör, I. Silicone Containing Copolymers: Synthesis, Properties and 

Applications. Progress in Polymer Science. Elsevier Ltd 2014, pp 1165–1195.  



13 

(35) Marciniec, B. Functionalisation and Cross-Linking of Organosilicon Polymers. In 

Hydrosilylation; Marciniec, B., Ed.; Springer Netherlands: Dordrecht, 2009; pp 159–

189.  

(36) Sample, C. S.; Lee, S.-H.; Bates, M. W.; Ren, J. M.; Lawrence, J.; Lensch, V.; Gerbec, 

J. A.; Bates, C. M.; Li, S.; Hawker, C. J. Metal-Free Synthesis of Poly(Silyl Ether)s 

under Ambient Conditions. Macromolecules 2019, 52 (5), 1993–1999.  

(37) Brook, M. A. New Control Over Silicone Synthesis Using SiH Chemistry: TheௗPiers–

Rubinsztajn Reaction. Chemistry – A European Journal 2018, 24 (34), 8458–8469.  

(38) Sommer, L. H.; Pietrusza, E. W.; Whitmore, F. C. PEROXIDE-CATALYZED 

ADDITION OF TRICHLOROSILANE TO 1-OCTENE. J Am Chem Soc 1947, 69 (1), 

188–188.  

(39) Zaman, Q.; Zia, K. M.; Zuber, M.; Mabkhot, Y. N.; Almalki, F.; Hadda, T. Ben. A 

Comprehensive Review on Synthesis, Characterization, and Applications of 

Polydimethylsiloxane and Copolymers. International Journal of Plastics Technology 

2019, 23 (2), 261–282.  

(40) Yao, M.; Fang, J. Hydrophilic PEO-PDMS for Microfluidic Applications. Journal of 

Micromechanics and Microengineering 2012, 22 (2), 025012.  

(41) Hartmann, S.; Elsaesser, M. S.; Hüsing, N. Polysiloxane‐Based Block Copolymers as 

Structure‐Directing Agents in the Synthesis of Hierarchically Organized Silica 

Monoliths. Z Anorg Allg Chem 2014, 640 (3–4), 641–648.  

(42) Wong, I.; Ho, C.-M. Surface Molecular Property Modifications for 

Poly(Dimethylsiloxane) (PDMS) Based Microfluidic Devices. Microfluid 

Nanofluidics 2009, 7 (3), 291.  



14 

(43) Gökaltun, A.; Kang, Y. B.; Yarmush, M. L.; Usta, O. B.; Asatekin, A. Simple Surface 

Modification of Poly(Dimethylsiloxane) via Surface Segregating Smart Polymers for 

Biomicrofluidics. Sci Rep 2019, 9 (1), 7377.  

(44) Trantidou, T.; Elani, Y.; Parsons, E.; Ces, O. Hydrophilic Surface Modification of 

PDMS for Droplet Microfluidics Using a Simple, Quick, and Robust Method via PVA 

Deposition. Microsyst Nanoeng 2017, 3 (1), 16091.  

(45) Yang, J.; Wegner, G.; Koningsveld, R. Phase Behavior of Ethylene Oxide-

Dimethylsiloxane PEO-PDMS-PEO Triblock Copolymers with Water. Colloid Polym 

Sci 1992, 270 (11), 1080–1084.  

(46) Kunieda, H.; Uddin, Md. H.; Horii, M.; Furukawa, H.; Harashima, A. Effect of 

Hydrophilic- and Hydrophobic-Chain Lengths on the Phase Behavior of A−B-Type 

Silicone Surfactants in Water. J Phys Chem B 2001, 105 (23), 5419–5426.  

(47) Reijerkerk, S. R.; Knoef, M. H.; Nijmeijer, K.; Wessling, M. Poly(Ethylene Glycol) 

and Poly(Dimethyl Siloxane): Combining Their Advantages into Efficient CO2 Gas 

Separation Membranes. J Memb Sci 2010, 352 (1–2), 126–135.  

(48) Pouget, E.; Tonnar, J.; Lucas, P.; Lacroix-Desmazes, P.; Ganachaud, F.; Boutevin, B. 

Well-Architectured Poly(Dimethylsiloxane)-Containing Copolymers Obtained by 

Radical Chemistry. Chem Rev 2010, 110 (3), 1233–1277. 

(49) Lee, W. K. Synthesis of Polyester/Poly(Dimethylsiloxane)/Polyester Triblock 

Copolymers and Their Rearrangement under Water: Rearrangement of PDMS-

Containing Copolymers. Compos Interfaces 2006, 13 (2–3), 159–171.  

(50) Johnson, J. C.; Korley, L. T. J.; Tsige, M. Coarse-Grained Modeling of 

Peptidic/PDMS Triblock Morphology. J Phys Chem B 2014, 118 (47), 13718–13728.  



15 

(51) Papadopoulos, P.; Floudas, G.; Schnell, I.; Lieberwirth, I.; Nguyen, T. Q.; Klok, H.-A. 

Thermodynamic Confinement and α-Helix Persistence Length in Poly(γ-Benzyl-l-

Glutamate)-b-Poly(Dimethyl Siloxane)-b-Poly(γ-Benzyl-l-Glutamate) Triblock 

Copolymers. Biomacromolecules 2006, 7 (2), 618–626.  

(52) Haugan, I. N.; Maher, M. J.; Chang, A. B.; Lin, T. P.; Grubbs, R. H.; Hillmyer, M. A.; 

Bates, F. S. Consequences of Grafting Density on the Linear Viscoelastic Behavior of 

Graft Polymers. ACS Macro Lett 2018, 7 (5), 525–530. 

(53) Tian, B.; Zhang, X.; Fan, H. Synthesis of Polyethylene-g-Polydimethylsiloxane Graft 

Copolymers by Copolymerization of Ethylene with Polydimethylsiloxane 

Macromonomer. Eur Polym J 2019, 118, 578–585.  

(54) Wu, N.; Huang, L.; Zheng, A.; Xiao, H. Surface Properties of Block and Graft 

Polystyrene–Polydimethylsiloxane Copolymers. J Appl Polym Sci 2006, 99 (6), 2936–

2942.  

(55) Tezuka, Y.; Fukushima, A.; Matsui, S.; Imai, K. Surface Studies on Poly(Vinyl 

Alcohol)—Poly(Dimethylsiloxane) Graft Copolymers. J Colloid Interface Sci 1986, 

114 (1), 16–25.  

(56) Jin, L.; Tian, J.; Li, J.; Yan, X.; Qi, D. Investigation of the Water Barrier Properties of 

Graft Copolymer Latex Films of Acrylate and Poly(Dimethylsiloxane) 

Macromonomers Synthesized by RAFT Miniemulsion Polymerization. Eur Polym J 

2022, 168, 111107.  

(57) Shinoda, H.; Miller, P. J.; Matyjaszewski, K. Improving the Structural Control of 

Graft Copolymers by Combining ATRP with the Macromonomer Method. 

Macromolecules 2001, 34 (10), 3186–3194.  



16 

(58) Mukherjee, S.; Xie, R.; Reynolds, V. G.; Uchiyama, T.; Levi, A. E.; Valois, E.; Wang, 

H.; Chabinyc, M. L.; Bates, C. M. Universal Approach to Photo-Crosslink Bottlebrush 

Polymers. Macromolecules 2020, 53 (3), 1090–1097.  

(59) Choi, C.; Self, J. L.; Okayama, Y.; Levi, A. E.; Gerst, M.; Speros, J. C.; Hawker, C. J.; 

Read de Alaniz, J.; Bates, C. M. Light-Mediated Synthesis and Reprocessing of 

Dynamic Bottlebrush Elastomers under Ambient Conditions. J Am Chem Soc 2021, 

143 (26), 9866–9871.  

(60) Ye, J.; Jin, H.; Zu, Z.; Yu, B.; Xiang, H.; Zhang, M. Dynamic Crosslinked Silicones 

and Their Composites: A Review. Engineered Science 2023.  

(61) Li, S.; Zhang, J.; He, J.; Liu, W.; Wang, Y.; Huang, Z.; Pang, H.; Chen, Y. Functional 

PDMS Elastomers: Bulk Composites, Surface Engineering, and Precision Fabrication. 

Advanced Science 2023, 10 (34).  

(62) Hu, P.; Madsen, J.; Skov, A. L. One Reaction to Make Highly Stretchable or 

Extremely Soft Silicone Elastomers from Easily Available Materials. Nat Commun 

2022, 13 (1), 370.  

(63) Mazurek, P.; Vudayagiri, S.; Skov, A. L. How to Tailor Flexible Silicone Elastomers 

with Mechanical Integrity: A Tutorial Review. Chem Soc Rev 2019, 48 (6), 1448–

1464. 

(64) Beech, H. K.; Lin, T.-S.; Mochigase, H.; Olsen, B. D. Kinetic Model for Off-

Stoichiometric Cross-Linking Reactions of End-Linked Polymer Networks. 

Macromolecules 2023, 56 (23), 9410–9418.  



17 

(65) Rebello, N. J.; Beech, H. K.; Olsen, B. D. Adding the Effect of Topological Defects to 

the Flory–Rehner and Bray–Merrill Swelling Theories. ACS Macro Lett 2021, 10 (5), 

531–537.  

(66) Danielsen, S. P. O.; Beech, H. K.; Wang, S.; El-Zaatari, B. M.; Wang, X.; Sapir, L.; 

Ouchi, T.; Wang, Z.; Johnson, P. N.; Hu, Y.; Lundberg, D. J.; Stoychev, G.; Craig, S. 

L.; Johnson, J. A.; Kalow, J. A.; Olsen, B. D.; Rubinstein, M. Molecular 

Characterization of Polymer Networks. Chem Rev 2021, 121 (8), 5042–5092.  

(67) Ye, J.; Jin, H.; Zu, Z.; Yu, B.; Xiang, H.; Zhang, M. Dynamic Crosslinked Silicones 

and Their Composites: A Review. Engineered Science 2023.  

(68) Deriabin, K. V.; Filippova, S. S.; Islamova, R. M. Self-Healing Silicone Materials: 

Looking Back and Moving Forward. Biomimetics 2023, 8 (3), 286.  

(69) Chen, C.; Fei, H.-F.; Watkins, J. J.; Crosby, A. J. Soft Double-Network 

Polydimethylsiloxane: Fast Healing of Fracture Toughness. J Mater Chem A Mater 

2022, 10 (21), 11667–11675.  

(70) Boland, C. S.; Khan, U.; Ryan, G.; Barwich, S.; Charifou, R.; Harvey, A.; Backes, C.; 

Li, Z.; Ferreira, M. S.; Möbius, M. E.; Young, R. J.; Coleman, J. N. Sensitive 

Electromechanical Sensors Using Viscoelastic Graphene-Polymer Nanocomposites. 

Science (1979) 2016, 354 (6317), 1257–1260.  

(71) Zhao, Z.; Liu, F.; Yang, X.; Zhang, D.; Luan, S.; Xu, D.; Shi, T. Structure and Impact 

Properties of a Thermoplastic Elastomer/Silly Putty Blend. Polym Int 2022, 71 (3), 

328–337.  

(72) Liu, Z.; Picken, S. J.; Besseling, N. A. M. Polyborosiloxanes (PBSs), Synthetic 

Kinetics, and Characterization. Macromolecules 2014, 47 (14), 4531–4537.  



18 

(73) McGregor, R. R.; Warrick, E. Treating Dimethyl Silicone Polymer with Boric Oxide, 

1947. 

  

 

  



19 

Chapter 2. Versatile synthesis of siloxane-based graft copolymers with 

tunable grafting density1 

 

2.1 Introduction 

 Graft copolymers are a useful class of advanced materials with properties that can be 

precisely tuned by modifying the backbone and side chains.1–5 Numerous experimental and 

computational studies have yielded insights into how these design parameters influence 

material properties,6–11 leading to applications in viscosity modification,12,13 thermoplastic 

elastomers,14–19 photonics,20–22 pressure sensors,23 3D printing,24,25 and polymer composites.26–

28 

The development of this diverse range of graft-copolymer-based materials has been 

enabled by controlled polymerization techniques along with grafting-to,29–36 grafting-

through,37–40 or grafting-from41–50 methodologies to attach the requisite side chains. The 

grafting-from method, in combination with atom-transfer radical polymerization (ATRP), is of 

particular interest due to the broad range of vinyl-based side chains that can be synthesized 

from a single initiator-functionalized backbone. Key to this versatility is the compatibility and 

stability of the ATRP process towards siloxanes.51–55 The resulting graft copolymers with 

siloxane backbones are broadly desirable because of the unique properties imparted by flexible 

and thermally stable Si–O–Si bonds.56–58 

Several research groups have reported the synthesis of graft copolymers with siloxane 

backbones using controlled radical polymerization.59–61 However, these studies are limited to 

 
1  This chapter was originally published in Journal of Polymer Science. Reproduced with 
permission from Journal of Polymer Science 2024, 62, 1, 92-101. Copyright 2024, John Wiley 
and Sons.  
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low grafting densities and modest backbone molecular weights due to the prevalence of 

radical-coupling that leads to crosslinked gels.62 Despite these limitations, researchers have 

developed unique applications for graft copolymers with siloxane backbones including water-

repellant pigment dispersants and thermally stable liquid-crystalline polymers.63,64 A more 

versatile synthetic platform that provides access to a diverse range of PDMS graft copolymers 

with high molecular weights and tunable grafting densities would therefore provide unique 

access to libraries of PDMS-based materials for structure–property relationship studies, 

bridging the gap between linear block copolymers and polymeric bottlebrushes. 

Herein, we report the development of a versatile methodology for preparing PDMS-

based graft copolymer libraries with tunable molecular weights and grafting densities (Figure 

1). This strategy leverages robust thiol–ene click chemistry to quantitatively functionalize 

commercially available polydimethylsiloxane-co-polyvinylmethylsiloxane (PDMS-co-

PVMS) with thiol-containing ATRP initiators. Subsequent chain growth of methyl 

methacrylate (MMA) and styrene (S) was performed using copper(I)-catalyzed ATRP, 

yielding graft copolymers with tunable molecular weights and grafting densities as evidenced 

by selective degradation experiments. Numerous polyacrylate grafts were prepared using 

copper(II)-catalyzed, UV-light-induced ATRP to demonstrate the broad applicability of this 

approach to a wide variety of graft copolymers and polymerization conditions. This synthetic 

strategy enables the preparation of high molecular weight materials (>1 MDa) with versatility 

further illustrated through the co-incorporation of thiol mixtures during PDMS backbone 

functionalization. In summary, the methodology described herein provides access to an 

expanded library of PDMS-based graft copolymers and highlights the potential to readily 

manipulate material properties like solid state fluorescence.  
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Figure 2.1. General synthetic strategy for preparing siloxane-based macroinitiators and 

corresponding graft copolymers. 

 

2.2 Results and Discussion 

In designing a versatile synthetic strategy, PDMS-co-PVMS copolymers were selected 

as starting materials given the wide range of molecular weights and levels of backbone 

functionalization that are commercially available. PVMS content was determined using 1H 

NMR by comparing the integration values of the unique methyl resonances for 

dimethylsiloxane repeat units at δ = 0 – 0.3 ppm to the integration values for the distinct vinyl 

protons from vinylmethylsiloxane at δ = 5.7 – 6.1 ppm. For thiol–ene coupling, 2-

mercaptoethyl α‑bromoisobutyrate (HS–EBiB) was synthesized by acylation of bis(2-

hydroxyethyl)disulfide followed by reduction of the disulfide to give the desired thiol group 

(Figures 2.9–2.13). Quantitative functionalization was achieved for PDMS-co-PVMS 

copolymers ranging from 17 to 225 kDa and a wide range of grafting densities (1 – 50 mol% 

PVMS incorporation, Figure 2.13). For the initial library of PMMA graft copolymers, 

polymeric side chains were grown from the siloxane backbone through copper(I) ATRP using 

CuBr as the catalyst and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) as ligand 

in chlorobenzene. This reaction sequence afforded a range of samples denoted PDMSx-gy-

PMMAz where x refers to the PDMS backbone molecular weight (in Da), y represents the 
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number of grafts, and z corresponds to the average PMMA molecular weight per graft (in Da). 

Figure 2.2 demonstrates the successful synthesis of PDMS macroinitiator and subsequent 

MMA polymerization to produce PDMS28k-g35-PMMA20k.    

  Because highly branched macromolecules like PDMS28k-g35-PMMA20k have a 

significantly smaller hydrodynamic radius compared to linear analogues, 1H NMR 

spectroscopy proved to be more reliable than size-exclusion chromatography (conventional 

calibration) for estimating molecular weights. The introduction of PMMA-grafted arms was 

confirmed using 1H NMR spectroscopy (Figure 2.2) with diagnostic resonance of the methyl 

ester protons on MMA observed at δ = 3.6 ppm. Furthermore, the H atoms corresponding to –

CH2 and –CH3 units along the PMMA backbone are present at δ = 1.7 – 2.1 ppm and δ = 0.7 – 

1.1 ppm, respectively (Figure 2.14). To calculate the total PMMA molecular weight, the ratio 

of 1H NMR integration values for the methyl ester group from PMMA to the methyl groups 

along the siloxane backbone was calculated with the assumption that the molecular weight of 

the siloxane backbone remained constant. For the graft copolymer PDMS28k-g35-PMMA20k, 

the ratio of MMA to DMS protons was 8.5:1 which leads to a total calculated molecular weight 

of ~700 kDa. The side-chain molecular weight was determined assuming equivalent reactivity 

of each ATRP initiating unit, resulting in an average 20 kDa per PMMA grafted arm. 
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Figure 2.2. Representative 1H NMR characterization of PDMS28k-g35-PMMA20k synthesized 

from PDMS-co-PVMS with diagnostic protons highlighted. 

Size-exclusion-chromatography (SEC) with a differential refractive index (dRI) detector was 

used to investigate changes in nominal molecular weight and molar mass distribution upon 

functionalization of PDMS-co-PVMS with HS–EBiB and subsequent polymerization of 

MMA (Figure 2.3). After attaching the ATRP initiator, the peak shifts slightly to a higher 

elution time due to the addition of sterically bulky, polar substituents along the siloxane 

backbone that lead to a minor reduction in hydrodynamic volume. Upon polymerizing MMA, 

the SEC peak for the grafted product was observed at significantly lower retention time, 

confirming the successful grafting-from polymerization of MMA with minimal to no 

formation of linear chains (Figures 2.3 and 2.29 – 2.36).  
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Figure 2.3. SEC traces of PDMS-co-PVMS (28 kDa, 35 vinyl units) starting polymer, 

macroinitiator PDMS28k-g35-Br, and graft copolymer PDMS28k-g35-PMMA20k. The dRI signal 

for PDMS-co-PVMS and PDMS28k-g35-Br are inverted for better comparison.  

 

Radical–radical coupling that leads to crosslinking is a known challenge in grafting-

from strategies, frequently resulting in insoluble gels due to bimolecular termination of 

propagating polymer chains.65 This is especially significant for graft copolymers with a high 

number of initiation sites along the backbone where even minimal radical–radical coupling can 

form a network. For example, conditions based off previous work were only successful for low 

molecular weight copolymers with up to 35 grafts,66 and insoluble gels were obtained for 

samples having higher levels of backbone functionalization at conversions as low as 15%. To 

address this issue, polymerization conditions were optimized to minimize radical–radical 

coupling reactions at high grafting densities and molecular weights. Here, by lowering the 
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catalyst and monomer concentrations while increasing reaction temperature, higher 

conversions were achieved while avoiding gelation allowing for the synthesis of graft 

copolymers based on a wide variety of PDMS-co-PVMS starting polymers featuring both high 

molecular weights and degrees of backbone functionalization (Table 2.1).  

To further demonstrate the synthetic versatility of this strategy, styrene and acrylic 

monomers were also polymerized from the PDMS28k-g35-Br macroinitiator. As expected for 

styrene polymerization at 110 °C, a minor amount of autopolymerization leads to a small peak 

in the SEC chromatogram that corresponds with polystyrene homopolymer (Figure 2.37). 

Acrylates are readily polymerized via photoinitiated ATRP using copper(II) bromide as 

catalyst and an aliphatic tertiary amine (Me6Tren) ligand under 365 nm irradiation (Figure 

2.14). These conditions efficiently polymerize numerous acrylates67–69 with poly(methyl 

acrylate) (PMA), poly(oligoethyleneglycol acrylate) (POEGA), poly(isobornyl acrylate) 

(PiBA), and poly(tetrafluoroethyl acrylate) (PTFEA) successfully grown from the same PDMS 

macroinitiator, highlighting the ability to incorporate hydrophilic, hydrophobic, and 

fluorinated repeat units into PDMS-based graft copolymers (Figures 2.15 – 2.19). Notably, in 

contrast to MMA, acrylates can be polymerized to higher conversions ~70% without gelation, 

though the SEC traces showed increased homopolymerization (Figures 2.37 – 2.42).  

Table 2.1. Summary of synthesized grafts copolymers.  

Sample 
Siloxane 
Mn(kDa) 

Number of 
grafts[a]

 

Graft Mn

[a]
 

(kDa per graft) 

Total Mn

[a]
 

(kDa) 

PDMS17k-g2.3-PMMA20k 17 2.3 20 63 

PDMS17k-g2.3-PMMA41k 17 2.3 41 112 

PDMS23k-g3.3-PMMA15k 23 3.3 15 73 

PDMS28k-g35-PMMA20k 28 35 20 690 
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PDMS50k-g300-PMMA4k 50 300 4 1300 

PDMS50k-g300-PMMA14k 50 300 14 4000 

PDMS225k-g350-PMMA1k 225 350 1 680 

PDMS225k-g350-PMMA5k 225 350 5 2000 

PDMS225k-g350-PMMA17k 225 350 17 >5000 

PDMS225k-g350-PMMA68k 225 350 68 >5000 

PDMS28k-g35-PS23k 28 35 23 310 

PDMS28k-g35-PMA17k 28 35 17 600 

PDMS225k-g350-PMA22k 225 350 22 >5000 

PDMS225k-g350-PMA65k 225 350 65 >5000 

PDMS28k-g35-PiBA40k 28 35 40 1400 

PDMS28k-g35-PTFEA18k 28 35 18 630 

PDMS28k-g35-POEGA20k 28 35 20 720 

[a] Calculated based on 
1
H NMR. 

After demonstrating the versatility of preparing grafted macromolecules from ATRP-

functionalized PDMS backbones, thermal properties of the resulting copolymers were 

characterized via differential-scanning calorimetry (DSC) and thermal gravimetric analysis 

(TGA). In all cases, the DSC and TGA profiles were dominated by the vinyl grafts because 

they constitute most of the mass fraction for each material.70–72 For example, the DSC trace of 

macroinitiator PDMS28k-g35-Br shows a sharp decrease in heat flow around –110 °C 

corresponding to the glass-transition temperature (Tg) of PDMS (Figure 2.43). Following 

grafting, each copolymer displayed a Tg value corresponding to that expected for a 

homopolymer of the side chain with values ranging from ~110 °C for PMMA to –70 °C for 

POEGA. Note that these materials conceivably could still contain a Tg corresponding to PDMS 

that is just much weaker, broader, and difficult to detect due to the high weight percent of 
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acrylate. Additionally, POEGA grafted systems exhibited a cold crystallization at –45 °C and 

a melting peak at –5 °C (Figure 2.44).  

To verify the controlled nature of grafting-from polymerizations, graft copolymers 

were treated with tetrabutylammonium fluoride (TBAF) to selectively degrade the PDMS 

backbone. The resulting homopolymer side-chains were isolated by precipitation (for high 

molecular weights) or by washing with water for low-molecular-weight materials. Figure 2.4 

highlights degradation results for PDMS28k-g35-PMMA20k which illustrate minimal chain–

chain coupling during the ATRP process. The symmetrical SEC trace measured after 

degradation corresponds to a molecular weight of 24 kDa with a molar-mass dispersity of Ð = 

1.18 relative to poly(methyl methacrylate) standards. This compares favorably with the 

theoretical molecular weight of 20 kDa based on the original grafted copolymer and PDMS 

backbone. Likewise, most graft copolymers in this study contain side chains with actual 

molecular weights agreeing with theoretical values. Notably, these observations suggest that 

the bimodal character of some SEC traces after graft growth (e.g., Figures 2.29 – 2.30) 

originates from a confluence of dispersity in the number of arms per molecule and molar mass, 

not an uncontrolled graft polymerization process. Only at very high grafting density was 

deviation between the observed grafted and theoretical molecular weights detected, which may 

be due to incomplete initiation, although low dispersities were again observed (Figures 2.45 – 

2.57). These selective degradation studies support the well-controlled nature of the graft 

polymerization process with minimal radical–radical coupling even at high molecular weights 

and grafting densities. 
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Figure 2.4. (a) Selective backbone degradation of PDMS-based graft copolymers with TBAF 

permits characterization of the side chains after grafting-from polymerization. (b) SEC traces 

corresponding to PDMS28k-g35-PMMA20k and recovered PMMA24k with a measured number-

average molecular weight of 24 kDa (PMMA standards). 

 

Table 2.2. Molecular weight and dispersity of isolated grafted side-chains following 

degradation of the PDMS backbone with TBAF. 

 

Sample 
Calculated side-chain 

Mn (kDa)[a] 
Homopolymer 
Mn (kDa)[b] 

Ð 

PDMS17k-g2.3-PMMA21k 21 33 1.31 

PDMS28k-g35-PMMA20k 20 24 1.18 

PDMS50k-g300-PMMA4k 4 4 1.30 

PDMS50k-g300-PMMA14k 14 26 1.32 
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PDMS225k-g350-PMMA1k 1 3 1.31 

PDMS225k-g350-PMMA5k 5 8 1.39 

PDMS225k-g350-PMMA17k 17 21 1.17 

PDMS225k-g350-PMMA68k 68 67 1.36 

PDMS28k-g35-PS23k 23 25 1.20 

PDMS28k-g35-PMA17k 17 16 1.19 

PDMS225k-g350-PMA22k 22 20 1.15 

PDMS225k-g350-PMA65k 65 43 1.36 

PDMS28k-g35-PiBA40k 40 23 1.10 

[a] Calculated based on 
1
H NMR. 

[b] SEC molecular weights compared to linear PMMA standards for PMMA and to linear PS 
samples for PS, PMA, and PiBA. 
 

An advantage of this synthetic platform is the ability to introduce a mixture of 

functionalized and unfunctionalized thiols along the PDMS backbone. For example, grafting 

density was tuned by functionalizing a single parent PDMS-co-PVMS copolymer with 

mixtures of the thiol-functionalized ATRP initiator (HS–EBiB) and 1-dodecanethiol (DDSH) 

as a non-functional diluent. As illustrated in Figure 2.5, a library of materials with different 

grafting densities was achieved by changing the molar ratio of HS–EBiB to DDSH from 1:9 

to 1:4 and 2:3 during the thiol–ene coupling step. In this case, the starting PDMS-co-PVMS 

copolymer had a molecular weight of 225 kDa with an average of 350 vinyl functional groups 

along the backbone. 
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Figure 2.5. Synthesis of PDMS macroinitiator with a tunable number of ATRP initiation sites 

by varying the ratio of HS–EBiB to DDSH using the same starting PDMS-co-PVMS 

copolymer. 

For this library of materials, the ratio of substituents along the backbone was 

determined by 1H NMR spectroscopy (Figures 2.58 – 2.60) with the incorporation of 

functionalized and unfunctionalized thiols quantified by integrating the unique resonances at 

δ = 2.7 ppm and δ = 2.5 ppm corresponding to the two S–CH2 units of the ATRP initiator 

fragment and the two S–CH2 units of the dodecyl substituent, respectively (Figure 2.6). In all 

cases, the product composition corresponded closely with the feed ratio. Additionally, unique 

resonances at 4.3 ppm corresponding to the ATRP initiator are present and integrate to the 

expected values. By simply varying the relative ratio of EBiB and DDSH, three macroinitiators 

were synthesized from the same commercially available 225 kDa PDMS-co-PVMS polymer 

to produce macroinitiators with approximately 35, 80, and 140 ATRP initiation sites per chain 

(out of a possible 350 vinyl groups). As shown in Figure 2.61, the SEC traces of these 

macroinitiators exhibit a monotonic increase in retention time with increasing EBiB 

functionalization that is fully consistent with the shift described above for PDMS28k-g35-Br. 
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PMMA side chains with a target molecular weight of 20 kDa were grafted from each of the 

PDMS macroinitiators in this sequence using optimized ATRP conditions: 0.25:1 molar ratio 

of CuBr to PMDETA and a 4:1 volume ratio of chlorobenzene to monomer at 70 °C. After 

purification of the graft copolymers, 1H NMR spectroscopy was used to determine overall 

copolymer composition with molecular weights measured to be ~3 MDa, 1.6 MDa, and 840 

kDa based on 140, 80, and 35 grafted arms, respectively. As expected, the SEC traces in Figure 

2.7a show a decrease in retention time as the number of grafts increases due to the increase in 

overall molecular weight. The siloxane backbone was then selectively degraded using TBAF 

with the isolated grafted arms being analyzed by SEC (Figure 2.7b). Significantly, the grafted 

arms from the three different starting copolymers were shown to have monomodal molecular 

weight distributions with low dispersities of ~1.2 and similar molecular weights based on 

PMMA standards (~20 kDa). The similarity in growth profiles for the grafting process 

illustrates the ability to tune molecular weight and grafting density with vinyl-based grafts 

based on a commercially available, high molecular weight PDMS starting polymer.  
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Figure 2.6. 1H NMR spectra for PDMS macroinitiators with the thioether peaks of each 

substituent labeled and quantified to show the ratio of functional EBiB units to non-functional 

DDSH groups. The resulting macroinitiators have 140, 80, and 35 ATRP initiation groups 

along the backbone and were synthesized from the same starting materials by varying the ratio 

of thiols.   
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Figure 2.7. (a) SEC traces of graft copolymers with tunable grafting density and controlled 

molecular weights starting from the same commercially available vinyl siloxane. (b) 

Recovered linear PMMA grafts after selective degradation of the graft copolymer with 

TBAF. 

 To further highlight the ability to introduce different thiols, a mixture of EBiB and a 

thiol-containing fluorophore was attached to a PDMS backbone (Figure 2.8a). Due to the 

overlapping absorbance of 2,2-dimethoxy-2-phenylacetophenone (DMPA) and the 

fluorophore, the thiol–ene click reaction was performed under thermal conditions using 

azoisobutyronitrile (AIBN). A molar ratio of 95:5 HS–EBiB:7-mercapto-4-methylcoumain 

was employed during thiol–ene coupling with 1H NMR spectroscopy again confirming the 

incorporation of 4-methylcoumarin units (Figure 2.65). In this system, unique resonances of 

the methylcoumarin unit were observed for the thioether peak (δ = 3.1 ppm) as well as the 
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methyl unit (δ = 2.3 ppm) and aromatic group (δ = 6.2, 7.1, and 7.4 ppm). Based on the 

integration of these resonances and those from EBIB, the molar incorporation of fluorophore 

was calculated to be 4%, which compares favorably with the 5% feed ratio (Figure 2.66). 

Further verification of fluorophore incorporation was obtained by SEC analysis using a 

combination of photodiode array (PDA) and dRI detection (Figure 2.67), illustrating the 

consistent level of chromophore incorporation across the molecular weight distribution of the 

PDMS backbone (Figure 2.68).  

 

Figure 2.8. (a) Synthetic scheme for a graft copolymer with a siloxane backbone and an 

attached fluorophore with PMMA graft arms. (b) Light absorbance at 330 nm measured with 

an in-line PDA detector at the retention time corresponding to the peak dRI signal for a PDMS-

g-PMMA copolymer with and without a fluorophore. (c) Images of graft copolymers with and 

without a covalently attached fluorophore under visible light (top) and 254 nm light (bottom).  
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Growth of PMMA chains from the coumarin functionalized PDMS backbone was 

accomplished using a ratio of 0.25:1 CuBr to ATRP initiator and a 4:1 volume ratio of solvent 

to monomer at 70 °C. By 1H NMR analysis, the grafted copolymer was shown to have a total 

molecular weight of ~300 kDa with ~8 kDa PMMA grafted arms. Both PDA and dRI detectors 

attached to an SEC show a shift to lower retention time, corresponding to an increase in 

molecular weight (Figures 2.68 – 2.70). As expected, the graft PMMA-PDMS copolymer with 

covalently bound fluorescent coumarin along its backbone exhibits a strong absorbance at 330 

nm while the corresponding graft copolymer with no fluorophore incorporation shows no 

absorbance (Figure 2.8b) and a significant difference in solid-state fluorescence (Figure 2.8c).  

2.3 Conclusions 

In summary, a tunable synthetic platform was presented for the preparation of high 

molecular weight PDMS-g-PMMA graft copolymers from commercially available PDMS-co-

PVMS backbones. Numerous vinyl groups along the backbone were quantitatively 

functionalized with HS–EBiB using thiol–ene click chemistry followed by the polymerization 

of a wide range of vinyl monomers using ATRP. This allows grafted arms with good control 

over molecular weight and low dispersities to be prepared. Importantly, selective backbone 

degradation enabled the isolation and characterization of linear grafted arms, further 

highlighting the degree of control over the ATRP process and minimal radical–radical chain 

coupling even at high molecular weights and degrees of backbone functionalization. The 

versatility of this strategy was further exemplified using mixtures of thiols during the initial 

thiol–ene functionalization step. A combination of EBiB and dodecane thiol (DDSH) as a non-

functional thiol allowed for accurate control over the number of ATRP initiation sites per 

siloxane backbone and resulting grafting density from a common starting PDMS derivative. 
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Alternatively, a mixture of EBiB and thiol-functionalized fluorophore was used for the 

synthesis of multifunctional graft copolymers exhibiting solid-state fluorescence due to 

labeling of the PDMS backbone. Based on commercially available starting materials, the 

versatility and scalability of this synthetic strategy will enable future studies on graft 

copolymer systems with vinyl side-chains and flexible siloxane-based backbones.  

2.4 Materials and Methods 

2.4.1 Materials 

Methyl methacrylate (MMA, 99%, stabilized, Acros Organics), polystyrene (PS, 99%, 

stabilized, Acros Organics), methyl acrylate (MA, 99%, stabilized, Acros Organics), isobornyl 

acrylate (iBA, 99%, stabilized, Acros Organics), trifluoroethyl acrylate (TFEA, 99%, 

stabilized, TCI), oligoethyleneglycol acrylate (OEGA, Mn = 480 Da, 99%, stabilized, Acros 

Organics) were filtered through basic alumina to remove any inhibitor prior to use. Copper(I) 

bromide (CuBr, 98%, Sigma-Aldrich) was purified by washing in glacial acetic acid and rinsed 

with ethanol and diethyl ether then dried under vacuum prior to use. Azobisisobutyronitrile 

(AIBN, Sigma-Aldrich) was recrystallized from methanol, vacuum filtered, and dried under 

vacuum prior to use. N,N,N′,N′′,N′′‑Pentamethyldiethylenetriamine (PMDETA, TCI), α-

bromoisobuytryl bromide (BiBB, 98%, Sigma-Aldrich), 2-hydroxyethyl disulfide (technical 

grade, Sigma-Aldrich), 1-dodecanethiol (DDSH, 97%, Alfa Aesar), 7-mercapto-4-

methylcoumarin (97%, Sigma-Aldrich) tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP•HCl, Sigma-Aldrich), tetrabutylammonium fluoride solution (TBAF, 1 M in THF, 

Sigma-Aldrich), triethylamine (TEA, reagent grade, Fisher Scientific), chlorobenzene, 

methanol, dichloromethane (DCM), tetrahydrofuran (THF), ethanol, ethyl acetate, dimethyl 

sulfoxide (DMSO), and diethyl ether were used as received. 
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2.4.2 Characterization Methods 

Size-exclusion chromatography (SEC) was performed on a Waters Alliance HPLC system 

using two Tosoh TSKgel SuperHZM-N columns containing 3 µm crosslinked polystyrene 

beads and a Waters 2410 Differential Refractometer with chloroform with 0.25% triethylamine 

as the mobile phase at a 0.35 mL/min flow rate. Number and weight average molecular weights 

(Mn and Mw respectively) were calculated based on polystyrene standards to calculate 

dispersity (Ð), unless otherwise specified. 1H nuclear magnetic resonance (NMR) spectroscopy 

was performed on a Varian 600 MHz using a relaxation delay (d1) of 4.8 seconds. 13C NMR 

spectroscopy was performed on a Bruker 500 MHz with a d1 of 10 seconds.  

2.4.3 Synthetic Methods 

Synthesis of bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide following modified literature 

procedure73 

  

2-hydroxyethyl disulfide (3.8 g, 24.5 mmol, 1 eq) was dissolved into 30 mL DCM in a 

100 mL round bottom flask with a stir bar. Triethylamine (6.95 g, 68.7 mmol, 2.8 eq) was 

added to the solution. The solution was placed into an ice water bath and allowed to cool. 20 

mL DCM was mixed separately with BiBB (14.1 g, 61.3 mmol, 2.5 eq) and added dropwise 

via addition funnel (the addition funnel was capped with a rubber septum and pierced with a 

needle). The solution was kept at 0 °C until the BiBB was completely added and 30 minutes 

thereafter before removing the flask from the ice bath and allowing it to warm to room 

temperature while stirring overnight. The product was purified by gravity filtering off the salt 
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using a cotton ball placed in a funnel followed by a series of washes (50 mL of: water, 1 M 

HCl, saturated NaHCO3, water, brine). The organic layer was dried with MgSO4 and passed 

through a silica column with DCM as the mobile phase (Rf = 0.9). The solvent was removed 

in vacuo to recover a slightly yellow and hazy oil (6.45 g, 55% yield).  

1H NMR (600 MHz, CDCl3): δ. 4.42 (t, J = 6.6 Hz, 4H), 2.96 (t, J = 6.6 Hz, 4H), 1.92 (s, 12H). 

13C NMR (126 MHz, CDCl3): δ. 171.49, 63.54, 55.51, 36.77, 30.73. 

Indexed NMR spectra are shown in Figure 2.9 and Figure 2.10.  

 

Synthesis of mercaptoethyl α-bromoisobutyrate 

 

TCEP•HCl (2.4 g, 8.3 mmol, 1.5 eq) was dissolved in 70 mL of a 4:1 THF and water 

mixture in a 100 mL round bottom flask with a stir bar. Next bis[2-(2′-

bromoisobutyryloxy)ethyl]disulfide (2.5 g, 5.5 mmol, 1 eq) was added and the solution was 

sealed with a rubber septum and left to stir overnight. The THF was removed in vacuo. 20 mL 

of DI water was added, and the product was washed 4 times with 50 mL of DCM to extract the 

product. The DCM layers were combined and dried with MgSO4, and the solvent was removed 

under vacuum, resulting in a faintly yellow clear oil (2.2 grams, 82% yield).  

1H NMR (600 MHz, CDCl3): δ. 4.30 (t, J = 6.5 Hz, 4H), 2.79 (t, J = 8.6 Hz, 4H), 1.94 (s, 12H), 

1.57 (t, J = 8.6 1H). 

13C NMR (126 MHz, CDCl3): δ. 171.33, 67.00, 55.64, 30.72, 23.06. 
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Indexed NMR spectra are shown in Figure 2.11 and Figure 2.12.  

 

General procedure for ATRP initiator functionalization of PDMS-co-PVMS

 

The siloxane (VDT-731, 0.5 g, 18 µmmol polymer, 0.63 mmol vinyl groups) was 

dissolved into 8 mL of ethyl acetate in a 20 mL vial charged with a stir bar. HS–EBiB (0.28 g, 

1.25 mmol, 2 eq per vinyl) and DMPA (16 mg, 63 µmol, 0.1 eq per vinyl) were added. The 

solution was irradiated with 365 nm light for 2 hours, and then precipitated directly into 40 mL 

of room temperature methanol, centrifuged, and isolated, then dried under vacuum to recover 

a clear viscous oil (0.9 g, 70% yield).   

1H NMR (600 MHz, CDCl3): δ. 4.30 (t, 2H), 2.57 (dd, 2H), 2.50 (dd, 2H), 1.93 (s, 6H), 0.9 

(m, 2H), 0.05 – 0.12 (m, 63H). 

Indexed NMR spectrum is shown in Figure 2.11.  

 

General procedure for ATRP initiator and dodecane functionalization of PDMS-co-PVMS. 

Specific example corresponds to the synthesis of 10 mol% initiator and 90% diluent from VDT-

954 (225 kDa, 10 mol% vinyl, 350 vinyl groups) 
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The siloxane (1 g, 350 eq vinyl per 1 eq polymer, 4.4 µmol polymer, 1.5 mmol vinyl) 

was dissolved into 8 mL of ethyl acetate in a 20 mL vial charged with a stir bar. HS–EBiB 

(100 mg, 0.2 eq per vinyl, 0.44 mmol), DDSH (570 mg, 1.8 eq per vinyl, 2.8 mmol) and DMPA 

(80 mg, 0.2 eq per vinyl 0.31 mmol) were added. The solution was irradiated with 365 nm light 

for 2 hours and then precipitated into 40 mL of cold methanol. Subsequently, the recovered 

polymer was dissolved into 3 mL DCM and precipitated into 40 mL of a 1:1 mixture of room 

temperature acetone and methanol to remove DDSH since it has poor solubility in methanol. 

The material was then centrifuged, isolated, and dried under vacuum to recover a clear viscous 

oil (0.2 g, 20% yield). Low yield was due to partial solubility of polymer in the precipitation 

mixture.   

1H NMR (600 MHz, CDCl3): δ. 4.30 (t, 0.2 H), 2.78 (dd, 0.2 H), 2.66 (dd, 0.2 H), 2.57 (dd, 

1.8 H), 2.50 (dd, 1.8 H), 1.93 (s, 0.6 H), 1.55 (m, 0.6 H), 0.9 (m, 2H), 0.05 – 0.12 (m, 63H). 

Indexed NMR spectrum is shown in Figure 2.58.  

 

General procedure for ATRP reaction: Synthesis of PDMS28k-g35-PMMA20k 

 

 

To a 100 mL three neck flask charged with a stir bar was added ATRP macroinitiator 

(100 mg, 3.57 µmol polymer, 125 µmol total initiator, 1 eq), 6.6 mL chlorobenzene (1:1 

volume ratio to MMA), MMA (6.26 g, 62.5 mmol, 17500 eq, 500 eq per initiator), and 

PMDETA (22 mg, 125 µmol, 35 eq, 1 eq per initiator). The three neck flask was sealed with 

three rubber septa and degassed with nitrogen for 10 minutes followed by the rapid addition of 
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CuBr (18 mg, 125 µmol, 35 eq, 1 eq per initiator) (added by quickly removing the septum 

while maintaining a flow of nitrogen and quickly replacing the septum after addition). The 

solution was degassed for an additional 2 minutes then placed in an oil bath at 50 °C and 

reacted for two hours. The septum was removed to quench the reaction and the conversion was 

calculated to be 36% by comparing the 1H NMR integration values of the methoxy peaks of 

the MMA monomer and PMMA. The reaction was filtered through basic alumina to remove 

the catalyst and ligand then precipitated into methanol, and a white powder was collected and 

dried under vacuum.  

1H NMR (600 MHz, CDCl3): δ. 3.65 (s, 3 H), 1.74 – 2.07 (m, 2 H), 0.7 – 1.1 (m, 3 H), 0.05 – 

0.12 (m, 0.46H). Figure 2.14 shows the full spectrum 1H NMR spectrum. 

*If the above procedure resulted in a gel or significant high molecular weight shouldering 

via SEC, a 4:1 ratio of chlorobenzene to MMA was used along with 0.25 eq CuBr compared 

to 1 eq initiator. In Table 2.1, samples synthesized from 225 kDa and 50 kDa macroinitors 

used these conditions.  

 

Styrene was polymerized with the same procedure as above with a 1:1 ratio of 

monomer:solvent and a 1:1 ratio of catalyst:initiator at 110 °C. The NMR spectrum for the 

product is shown in Figure 2.15. 
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General procedure for ATRP reaction to polymerize acrylates: Synthesis of PDMS28k-g35-

PMA17k  

A stock solution was initially prepared to better control the addition of ligand and 

catalyst. A new stock solution was prepared the day that the reaction took place. To a 20 mL 

vial was added 2.4 mL TFE, 2.7 mg CuBr2, and 16.8 mg Me6Tren. The vial was sonicated for 

30 minutes to dissolve the CuBr2. To a separate 20 mL vial charged with a stir bar was added 

toluene (1.6 g), TFE (300 mg), MMA (2.3 g, 26.5 mmol, 15000 eq, 420 eq per initiator), and 

macroinitiator (50 mg, 1.8 µmol, 62.5 µmol initiator, 1 eq). Subsequently, 244 µL of the stock 

solution was added to the reaction vessel. The overall solution had a 1:1 volume ratio of 

monomer:solvent and 0.2 eq CuBr2 per initiator, 0.12 eq Me6Tren per initiator. The 20 mL vial 

reaction vessel was sealed with a septum and degassed with nitrogen for 15 minutes. Then, the 

reaction solution as placed under a UV light source and stirred for two hours, resulting in a 

final conversion of 44%. The reaction solution was precipitated directly into cold methanol (2 

centrifuge tubes with 40 mL each) then centrifuged and dried.    

The NMR spectra for each polymerized acrylate graft copolymer are shown in Figures 2.16 – 

2.19. 

 

General procedure for degrafting of PMMA from graft copolymer 
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Approximately 100 mg copolymer was dissolved into 3 mL THF followed by the 

addition of TBAF solution (2 eq per siloxane repeat unit). The solution was left to stir overnight 

at room temperature then precipitated into 20 mL of cold methanol. If the polymer was too low 

of a molecular weight (>5 kDa), it couldn’t be recovered via precipitation, so the solvent of the 

reaction solution as reduced under vacuum and redissolved in 3 mL ethyl acetate followed by 

a basic alumina plug, washed with 30 mL of 1 M NaOH, dried in MgSO4, and then the solvent 

was removed under vacuum.   

 For the copolymers with dodecane chains, a different washing procedure was used to 

purify the PMMA. The THF from the crude solution was removed in vacuo and the polymer 

was dissolved into 30 mL DMSO. This solution was washed 3 times with 50 mL of diethyl 

ether. The DMSO and ether layer would form a miscible solution in the separatory funnel when 

shaken but would separate into layers when poured into a beaker. The DMSO layer could then 

be separated from the ether layer. Next, the DMSO solution was diluted with 100 mL of ethyl 

acetate and washed with 30 mL of brine around 5 times to remove the DMSO. The ethyl acetate 

layer was dried with MgSO4. The volume was reduced to roughly 1 mL in vacuo before 

precipitation into 20 mL hexanes where the product was recovered as a white powder.  

1H NMR spectra for recovered homopolymers are shown in Figures 2.20 – 2.23. 

 

 

Procedure for synthesis of ATRP macroinitiator with covalently bound methylcoumarin 

moieties starting from PDMS-co-PVMS (VDT-731, 28 kDa, 35 grafts).  
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The siloxane (500 mg, 35 eq vinyl per 1 eq polymer, 18 µmol polymer, 630 µmol vinyl) 

was dissolved into 3 mL of ethyl acetate in a 20 mL vial charged with a stir bar. HS–EBiB 

(380 mg, 2.85 eq per vinyl, 1.8 mmol), 7-mercapto-4-methylcoumarin (18 mg, 0.15 eq per 

vinyl, 94 µmol) and AIBN (28 mg, 0.8 eq per vinyl, 500 µmol) were added. The solution was 

degassed with nitrogen for 10 minutes and then placed into an oil bath at 70 °C. Subsequently, 

the reaction solution was allowed to cool to room temperature, then was precipitated into 35 

mL cold methanol in a centrifuge tube. The supernatant was decanted, and the polymer was 

dissolved with 3 mL ethyl acetate then precipitated again into 35 mL cold methanol. This 

process was repeated once more for a total of three precipitations. The polymer solution was 

dissolved into 3 mL ethyl acetate to transfer to a vial and dried under vacuum. 220 mg polymer 

was recovered corresponding to a 33% yield.  

1H NMR (600 MHz, CDCl3): δ. 7.45 (d, 0.04 H), 7.08 – 7.16 (m, 0.08 H), 6.20 (s, 0.04 H), 

4.30 (t, 1.92 H), 3.04 (dd, 0.08 H), 2.57 (dd, 1.92 H), 2.50 (dd, 1.92 H), 2.38 (s, 0.12 H),  1.93 

(s, 5.76 H), 0.9 (m, 2H), 0.05 – 0.12 (m, 63H).  

Indexed NMR spectra are shown in Figure 2.65 and Figure 2.66.  

 

2.5 Characterization Data 

2.5.1 1H and 13C NMR spectra of small molecules and polymers 
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Figure 2.9. 1H NMR spectrum of bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide (CDCl3, 600 

MHz). 
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Figure 2.10. 13C NMR spectrum of bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide (CDCl3, 126 

MHz). 
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Figure 2.11. 1H NMR spectrum of mercaptoethyl α‑bromoisobutyrate (CDCl3, 600 MHz). 

 

  

 

Figure 2.12. 13C NMR spectrum of mercaptoethyl α-bromoisobutyrate disulfide (CDCl3, 126 

MHz). 
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Figure 2.13. 1H NMR of a representative PDMS-g-Br macroinitiator, corresponding to 

PDMS28k‑g35‑Br (CDCl3, 600 MHz). 
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Figure 2.14. 1H NMR of a representative PDMS-g-PMMA copolymer, corresponding to 

PDMS28k‑g35‑PMMA20k (CDCl3, 600 MHz). 
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Figure 2.15. 1H NMR of a representative PDMS-g-PS copolymer, corresponding to 

PDMS28k‑g35‑PS23k (CDCl3, 600 MHz). 
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Figure 2.16. 1H NMR of a representative PDMS-g-PMA copolymer, corresponding to 

PDMS28k‑g35‑PMA17k (CDCl3, 600 MHz). 
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Figure 2.17. 1H NMR of a representative PDMS-g-PiBA copolymer, corresponding to 

PDMS28k‑g35‑PiBA40k (CDCl3, 600 MHz). 
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Figure 2.18. 1H NMR of a representative PDMS-g-POEGA copolymer, corresponding to 

PDMS28k‑g35‑POEGA20k (CDCl3, 600 MHz). 
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Figure 2.19. 1H NMR of a representative PDMS-g-PTFEA copolymer, corresponding to 

PDMS28k‑g35‑PTFEA18k (CDCl3, 600 MHz). 
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Figure 2.20. Typical 1H NMR of PMMA recovered from TBAF degradation of PDMS-g-

PMMA copolymer. This sample is the product of degradation of PDMS28k‑g35‑PMMA20k 

(CDCl3, 600 MHz). 
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Figure 2.21. Typical 1H NMR of PMA recovered from TBAF degradation of PDMS-g-PMA 

copolymer. This sample is the product of degradation of PDMS28k‑g35‑PMA17k (CDCl3, 600 

MHz). 
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Figure 2.22. Typical 1H NMR of PS recovered from TBAF degradation of PDMS-g-PS 

copolymer. This sample is the product of degradation of PDMS28k‑g35‑PS23k (CDCl3, 600 

MHz). 
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Figure 2.23. Typical 1H NMR of PiBA recovered from TBAF degradation of PDMS-g-PiBA 

copolymer. This sample is the product of degradation of PDMS28k‑g35‑PiBA40k (CDCl3, 600 

MHz). 

 

 

 

 

 

2.5.2 SEC traces of the synthesized macroinitiators and graft copolymers listed in Table 

2.1 
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Figure 2.24. SEC trace of PDMS17k-g2.3-Br macroinitiator and commercial PDMS starting 

material (VDT-123). 
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Figure 2.25. SEC trace of PDMS23k-g3.3-Br macroinitiator and commercial PDMS starting 

material (VDT-127). 
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Figure 2.26. SEC trace of PDMS28k-g35-Br macroinitiator and commercial PDMS starting 

material (VDT-731). 

 

 

 

 

 

Figure 2.27. SEC trace of PDMS50k-g300-Br macroinitiator and commercial PDMS starting 

material (VDT-5035). 
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Figure 2.28. SEC trace of PDMS225k-g350-Br macroinitiator and commercial PDMS starting 

material (VDT-954). 
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Figure 2.29. SEC trace of PDMS17k-g2.3-PMMA20k graft copolymer. 

 

Figure 2.30. SEC trace of PDMS17k-g2.3-PMMA41k graft copolymer. 
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Figure 2.31. SEC trace of PDMS23k-g3.3-PMMA15k graft copolymer. 
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Figure 2.32. SEC trace of PDMS50k-g300-PMMA4k graft copolymer. 

 

 

 

Figure 2.33. SEC trace of PDMS50k-g300-PMMA14k graft copolymer. 
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Figure 2.34. SEC trace of PDMS225k-g350-PMMA1k graft copolymer. 
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Figure 2.35. SEC trace of PDMS225k-g350-PMMA5k graft copolymer. 

 

 

 

Figure 2.36. SEC trace of PDMS225k-g350-PMMA17k graft copolymer. 
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Figure 2.37. SEC trace of PDMS28k-g35-PS23k graft copolymer. 

 

Figure 2.38. SEC trace of PDMS28k-g35-PMA17k graft copolymer. 
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Figure 2.39. SEC trace of PDMS225k-g350-PMA22k graft copolymer. 

 

Figure 2.40. SEC trace of PDMS28k-g35-PiBA40k graft copolymer. 
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Figure 2.41. SEC trace of PDMS28k-g35-PTFEA18k graft copolymer. 
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Figure 2.42. SEC trace of PDMS28k-g35-POEGA20k graft copolymer. 

 

 

2.5.3 Thermal characterization of graft copolymers 
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Figure 2.43. DSC traces for the listed macroinitiator and graft copolymers with the labeled 

PDMS molecular weight, number of grafts, and molecular weight per graft calculated with 

NMR. Traces shown are the on the second heating cycle, heated at 10 °C per minute.  
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Figure 2.44. DSC trace for the listed graft copolymer with the labeled PDMS molecular 

weight, number of grafts, and molecular weight per graft calculated with NMR. Trace shown 

is the second heating cycle, heated at 10 °C per minute with the glass transition (Tg), cold 

crystallization exotherm (Tcc), and melting endotherm (Tm) labeled.  

 

Table 2.3. Glass transition values (Tg) for selected macroinitiator and synthesized copolymers.  

Sample Tg (°C) 

PDMS28k-g35-Br –110 

PDMS28k-g35-PMMA20k 115 

PDMS28k-g35-PS23k 100 
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PDMS28k-g35-PiBA29k 90 

PDMS28k-g35-PMA17k 10 

PDMS28k-g35-PTFEA18k –10 

PDMS28k-g35-POEGA20k –70 

 

 

2.5.4 SEC traces of the copolymers before and after treatment with TBAF corresponding 

to entries in Table 2.2 

 

 

 

Figure 2.45. SEC trace of PDMS17k-g2.3-PMMA21k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.46. SEC trace of PDMS28k-g35-PMMA20k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.47. SEC trace of PDMS50k-g300-PMMA3k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.48. SEC trace of PDMS50k-g300-PMMA14k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.49. SEC trace of PDMS225k-g350-PMMA1k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.50. SEC trace of PDMS225k-g350-PMMA5k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.51. SEC trace of PDMS225k-g350-PMMA17k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.52. SEC trace of recovered linear PMMA from degradation of the polymer 

PDMS225k-g350-PMMA68k. Graft copolymer trace is not shown because the polymer was too 

high molecular weight.   
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Figure 2.53. SEC trace of PDMS28k-g35-PS23k and the recovered linear PS after TBAF 

degradation of the graft copolymer. 
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Figure 2.54. SEC trace of PDMS28k-g35-PMA17k and the recovered linear PMA after TBAF 

degradation of the graft copolymer. 

 

Figure 2.55. SEC trace of PDMS225k-g350-PMA22k and the recovered linear PMA after TBAF 

degradation of the graft copolymer. 
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Figure 2.56. SEC trace of recovered linear PMA from degradation of the polymer PDMS225k-

g350-PMA65k. Graft copolymer trace is not shown because the polymer was too high molecular 

weight.   
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Figure 2.57. SEC trace of PDMS28k-g35-PiBA40k and the recovered linear PiBA after TBAF 

degradation of the graft copolymer. 
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2.5.5 Characterization of materials used to make copolymers with tunable grafting 

densities 

 

Figure 2.58. 1H NMR spectrum of PDMS225k-g35-Br with peaks used to calculate the ratio of 

incorporated initiator and diluent labeled.  
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Figure 2.59. 1H NMR spectrum of PDMS225k-g80-Br with peaks used to calculate the ratio of 

incorporated initiator and diluent labeled.  
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Figure 2.60. 1H NMR spectrum of PDMS225k-g140-Br with peaks used to calculate the ratio of 

incorporated initiator and diluent labeled.  
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Figure 2.61. SEC traces of PDMS-co-PVMS (VDT-954) and the resulting macroinitiators 

after attaching DDSH and HS–EBiB through thiol–ene click chemistry with varying ratios to 

achieve the targeted amount of initiation sites.  

 

 

Table 2.4. Dispersity and molecular weight of the graft copolymers synthesized with variable 

grafting density and the dispersity and molecular weight of the recovered linear PMMA. 

Copolymer molecular weights were calculated through 1H NMR, and homopolymer molecular 

weight were measured via SEC compared to PMMA standards. 

 

Sample 
Copolymer Mn 

(kDa) 

PMMA Mn 

(kDa) 
PMMA Ð 
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PDMS225k-g35-PMMA17k 2900 21 1.24 

PDMS225k-g80-PMMA16k 1600 23 1.23 

PDMS225k-g140-PMMA18k 840 26 1.15 

 

 

 

Figure 2.62. SEC trace of PDMS225k-g140-PMMA18k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.63. SEC trace of PDMS225k-g80-PMMA16k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer. 
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Figure 2.64. SEC trace of PDMS225k-g35-PMMA17k and the recovered linear PMMA after 

TBAF degradation of the graft copolymer 

 

 

 

2.5.6 Characterization of macroinitiator and graft copolymer with covalently attached 

fluorophore 
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Figure 2.65. NMR spectrum corresponding to PDMS28k-g35-Br with covalently bound 

methylcoumarin units. Diagnostic protons corresponding to methylcoumarin are highlighted.  
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Figure 2.66. Zoomed in 1H NMR spectrum corresponding to Figure S57. Highlighted peaks 

correspond to the signals used to quantify the incorporation of methylcoumarin.  
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Figure 2.67. SEC trace of macroinitiator with attached fluorophore with dRI (solid) signal and 

light absorbance at 330 nm from photodiode array detector (dashed).   
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Figure 2.68. 3D SEC light absorbance plots showing light absorbance versus retention time 

and wavelength for macroinitiator without fluorophore (left) and with fluorophore (right). 

 

Figure 2.69. SEC trace of graft copolymer, PDMS28k-g35-PMMA8k with attached fluorophore 

with dRI (solid) signal and light absorbance at 330 nm from photodiode array detector 

(dashed).   
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Figure 2.70. 3D SEC light absorbance plots showing light absorbance versus retention time 

and wavelength for graft copolymer without fluorophore (left) and with fluorophore (right). 
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Figure 2.71. SEC trace of fluorescent graft copolymer PDMS28k-g35-PMMA8k and the 

recovered linear PMMA8k after TBAF degradation of the graft copolymer. 
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Chapter 3. Facile preparation of tunable polyborosiloxane networks via 

hydrosilylation 

 

3.1 Introduction 

Polyborosiloxane networks are a class of crosslinked polymers containing Si–O–B 

bonds. Since their discovery in the 1940s, the unique combination of dynamic material 

properties and thermal stability has generated significant industrial and academic interest, 

including the commercialization of a polyborosiloxane system as Silly Putty.1,2 The useful 

viscoelasticity of polyborosiloxane networks arises from the dynamic character of borate ester 

(B–O) groups and the various mechanisms of exchange they undergo on different time scales, 

leading to frequency-dependent properties with control over a material flowing, bouncing, or 

breaking at different strain rates.3 Specifically, B–O covalent bonds can undergo 

rearrangement, which may occur through an associative or dissociative mechanism depending 

on the presence of water.4–10 In addition to covalent bond exchange, weaker intramolecular 

interactions also act as dynamic crosslinks in polyborosiloxane networks. Dative bonds form 

between the empty p orbital of boron atoms and the lone pair electrons of oxygen atoms along 
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the siloxane backbone. Residual water also results in partial hydrolysis of the B–O–Si bonds 

into B–OH groups that can then participate in additional hydrogen bonding.11,12 A combination 

of these numerous dynamic crosslinks and the chemical/thermal stability of the parent 

polydimethylsiloxane building blocks explains the potential for polyborosiloxane-based 

materials to find applications in shock-wave dissipators,13,14 impact-resistant composites,15,16 

insulation,17 fireproofing,18,19 coatings,20,21 flexible conductors,22–24 and magnetic gels,25 

among other areas of contemporary importance.   

Despite such widespread use, the synthesis of polyborosiloxane networks has remained 

largely unchanged since the 1940s. The first reports of polyborosiloxane synthesis involved 

treating methyl-terminated PDMS with boric acid at elevated temperatures to produce a 

viscoelastic material.1,2 Since then, most reported methods rely on the condensation of boric 

acid and telechelic, silanol-terminated PDMS.3,26–31 There remain significant challenges with 

this approach. Notably, the condensation reaction of Si–OH and B–OH generates byproducts 

including water that are deleterious to network integrity and, therefore, must be removed. 

Furthermore, boric acid is insoluble in PDMS, requiring high temperatures (>150 °C) to 

promote modest solubility. Alternatively, alcohol-based solvents may be used to dissolve boric 

acid into PDMS, but the solvent must then be removed through heat treatment. Both 

approaches require high temperature and long reaction times that cause chain-scission of the 

siloxane backbone, altering the final network structure and producing networks that are highly 

sensitive to preparation conditions.27  

A recently published, novel method for fabricating polyborosiloxane networks 

addresses these solubility problems and improves control over the resulting polymer network.32 

Inspired by Rubinsztajn’s 2014 report showcasing the dehydrocarbon condensation of 
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trimethyl borate and diphenylsilane in the presence of tris(pentafluorophenylborane) to form a 

borosiloxane bond and the corresponding alkane hydrocarbon,33 the Muzafarov group 

synthesized polyborosiloxane networks by reacting alkyl borates with hydride-terminated 

PDMS and copolymers containing hydromethylsiloxane repeat units via hydrogen 

elimination.32 In doing so, they demonstrated unprecedented control over network architecture. 

However, this chemistry is intolerant to oxygen and produces flammable gaseous byproducts, 

limiting its viability in the development of new materials.  

Inspired by the aforementioned challenges, we developed a robust synthetic platform 

for synthesizing polyborosiloxane networks that is simple, scalable, and tunable (Figure 3.1). 

The key ingredient in this method is the use of tris(dimethylvinylsilyl)borate as a 

crosslinker.This commercially available building block features both Si–O–B bonds and 

reactive alkene moieties that are amenable to hydrosilylation—a highly efficient addition 

reaction that proceeds rapidly in air.34 An additional benefit of crosslinking via hydrosilylation 

chemistry rather than condensation reactions is that unwanted byproducts are avoided and the 

initial solubility of the crosslinker in PDMS is significantly improved (vide infra). As shown 

below, this approach is amenable to a wide variety of PDMS starting materials having different 

molecular weights and architectures (Figure 3.1), as well as the co-incorporation of different 

crosslinkers to yield mixed dynamic–static networks. In summary, this versatile and simple 

synthetic strategy unlocks access to a diverse range of dynamic PDMS-based materials. 
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Figure 3.1. This work describes the efficient synthesis of polyborosiloxane networks by 

hydrosilylation chemistry, which is simple, efficient, and highly tunable in contrast to 

traditional condensation chemistry. 

3.2 Sample Preparation Procedure  

 After degassing the Si–H functional PDMS precursor under vacuum to remove any 

dissolved oxygen, tris(dimethylvinylsilyl)borate was added in a 1:1 ratio of Si–H:alkene units. 

Then, a solution of Karstedt’s catalyst inhibited with dimethyl fumarate was added such that 

the resulting reaction mixture contained 20 ppm Pt and 60 ppm dimethyl fumarate by mass 

(Figure 3.2). The mixture was poured into a container and heated at 90 °C for 10 minutes to 

form roughly 1.5 mm thick elastomers. Rheology discs with diameters of 25 mm were punched 

out at 140 °C and rapidly transferred to a rheometer. The temperature was chosen to minimize 

the impact of thermal expansion on the sample geometry during characterization. 
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Figure 3.2. Synthesis of a polyborosiloxane network using Si–H containing PDMS copolymer 

and tris(dimethylvinylsilyl)borate through hydrosilylation catalyzed by 20 ppm of platinum 

introduced through Karstedt’s catalyst inhibited with 60 ppm dimethyl fumarate with no added 

solvent. 

3.3 Rapid Mixing and Efficient Curing 

The efficient mixing and curing of polyborosiloxane networks synthesized by 

hydrosilylation is evident visually (Figure 3.3a) and quantitatively as measured by rheometry 

(Figure 3.3b). As an initial demonstration, silyl-hydride–terminated PDMS (5 kDa), 

tris(dimethylvinylsilyl)borate, Karstedt’s catalyst, and inhibitor (dimethyl fumarate) were 

mixed at room temperature, resulting in a transparent solution (Figure 3.3a, left).35 As 

expected, after loading this solution onto a 25 mm rheometer plate, the mixture is a flowable 

liquid, as evidenced by the storage modulus being less than the loss modulus (G′ < G″). 

Subsequent heating of the solution to 90 °C at a rate of approximately 30 °C/min yielded an 

immediate increase in G′ and solidification (G′ > G″) followed by a plateau in G′ and G″ within 

~2 minutes (Figure 3.3b). Such rapid and complete curing at a moderate temperature with 

hydrosilylation is a significant advantage over traditional condensation, which typically takes 
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hours to days at higher temperatures and may require the removal of solvent. As shown in 

Figure 3.3a (right), the resulting sample is transparent. Similar results were obtained for a 

variety of Si–H functional PDMS starting materials with varying molecular weights and Si–H 

groups either at the chain ends or distributed along the polymer backbone (Figure 3.9).  

 

 

Figure 3.3. Rapid and efficient curing of polyborosiloxane networks via hydrosilylation. (a) 

Photograph of 5 kDa telechelic Si–H functional PDMS mixed with 

tris(dimethylvinylsilyl)borate, Karstedt’s catalyst, and inhibitor (dimethyl fumarate) at room 

temperature followed by curing at 90 °C. (b) Oscillatory rheometry indicates fast and complete 

curing within minutes when heated from 25 °C to 90 °C at a rate of 60 °C/min. 

 

A key advantage of polyborosiloxane networks synthesized via hydrosilylation with 

tris(dimethylvinylsilyl)borate is synthetic choice. Other commercially available PDMS 
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prepolymers can be used to form dynamic networks. For example, fast and efficient curing 

analogous to Figure 3.3 was also observed with various copolymers consisting of monomers 

of dimethylsiloxane and hydromethylsiloxane, where multiple Si–H groups are statistically 

distributed along the polymer chain (summarized in Table 3.1). Significantly, 

tris(dimethylvinylsilyl)borate was miscible at all tested concentrations for every PDMS 

prepolymer tested. In all cases, transparent networks were formed with a 1:1 stoichiometry of 

Si–H groups to vinyl groups (Figure 3.9). 

Network formation was further confirmed through infrared and nuclear magnetic 

resonance spectroscopy as shown in Figure 3.4; note that these data are shown for formulations 

containing PDMS copolymer as a representative example. Infrared spectra (Figure 3.4a) 

highlight the disappearance of Si–H bond vibrations at 2250 cm–1, suggesting the 

hydrosilylation reaction reaches high conversion. Furthermore, both the crosslinker and the 

cured networks show vibrations at 1350 cm–1 as expected for Si–O–B bonds.36 These data 

further reinforced by 29Si NMR (Figure 3.4b): a distinct peak at δ = 0.8 ppm in the crosslinker 

shifts to δ = 13 ppm after the addition of PDMS Si–H units to the vinyl groups of the 

crosslinker. Peaks corresponding to Si–H bonds in the PDMS prepolymer that are present 

between δ = 35 – 39 ppm also disappear upon coupling. Small peaks in the vicinity of δ = 6.6 

ppm corresponding to the trimethylsilyl end groups are also visible in both the starting material 

and the product.  
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Figure 3.4. Efficient formation of polyborosiloxane networks containing a 20 kDa siloxane 

copolymer with 20 Si–H units as a representative example. (a) Fourier-transform infrared 

spectroscopy showing consumption of Si–H units from hydrosilylation and retention of Si–O–

B bonds in the cured network. (b) 29Si nuclear magnetic resonance spectroscopy showing shift 

in the Si–O–B moiety from hydrosilylation and consumption of Si–H units. Note that the 

crosslinker and copolymer NMR were collected in CDCl3, while the spectrum of the cured 

network was necessarily acquired in the solid state.  

3.4 Tunable Stress Relaxation 

To compare the viscoelastic properties of polyborosiloxane networks prepared via our 

novel synthetic method (hydrosilylation) and previous approaches (condensation), stress-

relaxation experiments were performed in triplicate on hydrosilylation samples prepared from: 

(i) a 5 kDa telechelic Si–functional PDMS, and (ii) a 6 kDa Si–functional PDMS copolymer 

with an average of 6 Si–H units.5,37 Step–strain measurements were collected over a range of 
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temperatures to capture the temperature-dependent stress-relaxation behavior (Figure 3.5a, 

3.5b). Note that the temperature range shown for the copolymer is higher than that of the 

telechelic material due to slower dynamics of the former. Experimental characteristic 

relaxation times (τ1/e) were determined as the time required for the relaxation modulus (G) to 

reach 0.37 of its original value.38 Our polyborosiloxane networks show an Arrhenius 

relationship between the rate of stress relaxation and temperature (T) as expected for dynamic 

covalent networks (Figure 3.5c).39 The average activation energy (Ea) of networks obtained 

from telechelic (48 ± 2 kJ/mol) and copolymer (41 ± 1 kJ/mol) precursors falls within the range 

previously reported for similar dynamic motifs (34 – 77 kJ/mol),5,28,37,40 indicating that our 

polyborosiloxanes have similar material properties to traditional systems with greatly 

enhanced synthetic availability. 
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Figure 3.5. Polyborosiloxanes synthesized via hydrosilylation are dynamic and undergo 

tunable stress relaxation based on the network architecture resulting from the use of different 

precursors (telechelic vs. copolymer). Decay of normalized modulus over time after applying 

a 1% step strain at varying temperatures for networks prepared from (a) 6 kDa Si–H functional 

PDMS copolymer with an average of 6 Si–H units per polymer chain and (b) 5 kDa telechelic 
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Si–H functional PDMS. (c) Arrhenius temperature dependence of the relaxation time measured 

via stress relaxation for both networks. Error bars represent standard deviations calculated from 

triplicate measurements samples. 

Comparing the error bars in Figure 3.5c, networks prepared from copolymer precursors 

showed significantly better reproducibility relative to those synthesized with telechelic PDMS. 

While the error in activation energy is small for both networks, variation in the Arrhenius 

prefactor for the telechelic systems is observed. This sample-to-sample variation may be due 

to chain end fidelity and differences in the number of Si–H bonds per molecule for the different 

PDMS precursors. The network connectivity, is significantly impacted by lower than ideal 

chain end fidelity (n = 2) resulting in network defects and potentially dramatic variability in 

mechanical properties with small changes in formulation or curing conditions. Conversely, the 

copolymer precursor has an average of 6 Si–H bonds per chain. Variation in the number of Si–

H bonds, therefore, have less of an effect on overall network connectivity, leading to improved 

reproducibility. We emphasize that the ability to use Si-H–containing PDMS copolymers as a 

starting material in the synthesis of polyborosiloxane networks is another distinguishing 

advantage of the hydrosilylation synthetic route, as analogous precursors with silanols 

distributed along the backbone (for traditional condensation networks) are not commercially 

available. 

Single and stretched exponential fits applied to the stress-relaxation data further suggest 

more homogeneous networks are generated from hydrosilylation compared to traditional 

condensation polymerization. Representative fits are shown in Figure 3.14. The data (Tables 

3.2 and 3.3) display good agreement between three different time constants—τ1/e, τexp, τKWW—

calculated via three different methods—experimental, single exponential fit, and stretched 
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exponential fit, respectively. For the networks prepared from a telechelic precursor, the 

stretched exponential model provides the best fit and β values near 1 (0.84 – 0.89), suggesting 

modest heterogeneity in the relaxation environment. In contrast, recent work from Porath and 

Evans37 on similar polyborosiloxane networks synthesized via condensation inferred β = 0.64 

– 0.83. The higher values of β and tighter range suggest PBS networks prepared via 

hydrosilylation are more homogeneous, likely due to the high conversion of the hydrosilylation 

reaction and the lack of deleterious water produced by condensation. Polyborosiloxane 

networks prepared from PDMS precursors of different molecular weights all yielded similar 

qualitative results, with differences in relaxation times related to architecture, the concentration 

of crosslinks, and network defectivity (Figure 3.15). 

3.5 Mixed Crosslinkers 

An additional advantage of hydrosilylation is the ability to introduce multiple, different 

crosslinking groups into the starting formation. This provides a simple mechanism to tune 

dynamics and mechanical properties through formulation analogous to other types of dynamic 

chemistry.4,41–44 As an illustrative  example, tetraallylsilane was selected as a co-crosslinker to 

improve the dimensional stability of polyborosiloxane networks by introducing static 

crosslinks in addition to dynamic crosslinks derived from tris(dimethylvinylsilyl)borate 

(Figure 3.6).  

 



120 

Figure 3.6. Hydrosilylation chemistry unlocks the ability to mix dynamic and static 

crosslinkers to produce mixed polyborosiloxane systems; tetraallylsilane is shown as a 

representative example of a static crosslinker. 

 

 The rate of stress relaxation in polyborosiloxanes containing mixed crosslinkers was 

found to be readily tunable based on the stoichiometric ratio between dynamic and static 

crosslinks (Figure 3.7). As the incorporation of static crosslinks increases, the rate of stress 

relaxation decreases due to a reduction in the number of exchangeable bonds. To visually 

showcase the different stress-relaxation dynamics, bear-shaped samples were created from 

different formulations and monitored over time under ambient conditions (Figure 3.7a). The 

incorporation of static crosslinks significantly slowed stress relaxation at room temperature. A 

fully dynamic material (0% static crosslinks) showed significant deformation after 6 days 

while the three samples with static crosslinks exhibited no such change. After 16 days, the 

sample with 30% static crosslinks started to show slight deformation that became more 

pronounced after 30 days. Even after this extended amount of time, samples with a higher 

loading of static crosslinker (70% and 100%) retained their original dimensions. The rheometry 

data in Figure 3.7b quantifies this behavior and highlights the pronounced effect static 

crosslinker has on the rate of stress relaxation, as depicted, at 140 °C; samples can be readily 

designed to fully relax (0% static) or undergo no relaxation (100% static) with intermediate 

behavior readily achieved by simply tuning the starting formulation, i.e. the relative ratio of 

static to dynamic crosslinker. 
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Figure 3.7. Mixtures of static and dynamic crosslinkers provide fine control over relaxation 

dynamics in polyborosiloxane networks. (a) Visual representation of changes in shape over 

time for networks prepared from 5 kDa telechelic PDMS with varied amounts of 

tris(dimethylvinylsilyl)borate as the dynamic crosslinker and tetraallylsilane as the static 

crosslinker. The listed composition corresponds to the percentage of crosslinks from 

tetraallylsilane relative to the total number of crosslinks. (b) Corresponding stress relaxation 

measurements performed at 140 °C. 
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 Typical polyborosiloxane networks are susceptible to hydrolysis and alcoholysis of Si–

O–B bonds, which can limit the applicability of these materials. For example, a common 

method to remove Silly Putty from clothing is the use of rubbing alcohol (isopropanol) to 

degrade the network. We postulated that introducing static crosslinks would also impart 

alcohol-based solvent resistance by stabilizing the network. To test this hypothesis, fish-shaped 

samples were prepared with different ratios of static and dynamic crosslinks (Figure 3.17), 

followed by soaking in methanol for four days (Figure 3.8). Significantly, the introduction of 

static crosslinks in both the telechelic- and copolymer-derived networks provides structural 

integrity that prevents complete dissolution after methanolysis of the borate ester bonds. 

Interestingly, networks prepared from telechelic PDMS materials required circa 60% of static 

crosslinks to remain intact, while analogous copolymer networks showed stability starting at 

20%. These findings are in qualitative agreement with a recent publication that developed 

theory to predict the changes in properties of dynamic networks as static crosslinks are 

incorporated. Specifically, Ramis et al. calculated the minimum fraction of static crosslinks 

required to form a fully percolating static network, finding that value depends on the 

functionality of the static crosslinker and starting polymer.45 For our materials, the 

functionality of the starting polymer increases from 2 for the telechelic network to ≈6 for the 

copolymer network, resulting in a drastic decrease in the fraction of static crosslinks required 

to stabilize the network. 
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Figure 3.8. Introduction of static crosslinker in the hydrosilylation formulation imparts 

structural stability in the presence of reactive solvent (as depicted: methanol) that disrupts 

borate ester crosslinks. Images show polyborosiloxane networks prepared from 5 kDa 

telechelic PDMS (top, blue)  with 2 Si–H units per polymer chain or 6 kDa PDMS copolymer 

(bottom,orange) containing an average of 6 Si–H units per polymer chain. Crosslinkers used 

were tris(dimethylvinylsilyl)borate (dynamic) and tetraallylsilane (static). The listed 

composition corresponds to the percentage of crosslinks from tetraallylsilane relative to the 

total number of crosslinks. The dishes were covered during evaluation to limit evaporation of 

methanol. 

 

3.6 Conclusions  

A novel method for preparing polyborosiloxane networks was developed to take advantage 

of commercially available starting materials and robust hydrosilylation chemistry. Key to this 

approach is the use of tris(dimethylvinylsilyl)borate as an efficient crosslinker for PDMS 

precursors that contain Si–H bonds. The placement of  Si–H groups at either the chain ends or 
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throughout a copolymer backbone leads to significantly different network structures and 

performace. The efficient nature of crosslinking via hydrosilylation was confirmed with 

rheometry, infrared spectroscopy, and 29Si nuclear magnetic resonance spectroscopy. 

Complete curing can be achieved in minutes at 90 °C, yielding dynamic networks that undergo 

tunable stress relaxation as a function of formulation and temperature. Importantly, the 

relaxation time and Arrhenius temperature dependence are consistent with literature 

polyborosiloxane-based materials that were synthesized by traditional condensation chemistry. 

In addition to efficient, low-temperature curing, an additional advantage of hydrosilylation is 

the ability to readily incorporate a mixture of static and dynamic crosslinks via formulation 

modifications to control relaxation dynamics and solvent resistance. In summary, 

hydrosilylation is a simple, powerful, and accessible synthetic platform for creating dynamic 

siloxane-based materials that we anticipate will be broadly useful throughout the materials 

community and beyond. 

3.7 Materials and Methods 

 All materials were used as received unless specified. Tris(dimethylvinylsilyl)borate 

and siloxane samples were purchased from Gelest Inc. unless otherwise specified. 

Tris(dimethylvinylsilyl)borate was stored over molecular sieves in a sealed vial with a nitrogen 

atmosphere. Acetonitrile, toluene, calcium hydride, lithium bis(trimethylsilyl)amide 

(LiHMDS, 1 M solution in hexnanes), chlorodimethylsilane, tetraallylsilane, Karstedt’s 

catalyst (2 wt% Pt in xylenes), dimethyl fumarate, and telechelic Si–H functional PDMS of 14 

kDa and 25 kDa were purchased from Millipore Sigma. Hexamethylcyclotrisiloxane (D3) was 

purchased from TCI and stirred in a suspension of calcium hydride overnight at 80 °C followed 

by sublimation and storage in dried THF under an argon atmosphere.  Telechelic Si–H 
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functional PDMS of 2 kDa and 8 kDa were synthesized following a previously reported 

method, detailed below.46 An inhibited catalyst solution was prepared by prepared by mixing 

1 mL Karstedt’s catalyst solution, 1 mL toluene, and 40 mg dimethyl fumarate (4 molar 

equivalents compared to Pt).   

 

Representative synthesis of H–PDMS–H  

 

An Si–H and Si–OH functional initiator was synthesized following a previously 

reported method.47 A 250 mL two neck round bottom flask equipped with a stir bar was flame 

dried and purged with argon. A 50 wt% solution of the initiator in hexanes (3.87 mL, 5 mmol) 

and 1 M LiHMDS in hexanes (5 mL, 5 mmol) were added and stirred under argon for 10 min 

at room temperature. Then, D3 in THF (1.9 M, 45.1 mL, 85 mmol) was added to initiate the 

polymerization. The reaction mixture was stirred at room temperature for 1 h followed by 

adding chlorodimethylsilane (1.6 mL, 15 mmol) to quench the polymerization. After stirring 

the quenched solution overnight, the organic solvent was removed under low pressure. 

Subsequently, hexanes was added to the crude reaction mixture. The mixture was washed with 

water, saturated NaHCO3, and brine. The combined organic layer was dried over MgSO4 and 

the organic solvent was removed under reduced pressure. The washed product was precipitated 

into acetonitrile three times then dried under vacuum to obtain a colorless oil. 
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3.7.1 Representative example of curing networks 

 To a 20 mL glass vial, 3 grams (0.6 mmol) of 5 kDa telechelic Si–H functional PDMS 

were added and degassed at 90 °C for at least 15 minutes. Next, 125 mg (0.4 mmol) of 

tris(dimethylvinylsilyl)borate, and 6 µL inhibited Karstedt’s catalyst solution were added to 

achieve a 1:1 stoichiometric ratio of Si–H to alkene functional groups and 20 ppm Pt. This 

mixture was vortexed for 1 minute and briefly degassed at room temperature to remove any 

air bubbles. The solution was poured into a polystyrene dish and heated at 90 °C for 10 minutes 

to obtain a solid and flexible elastomer. 

3.7.2 Representative example of curing shaped networks with dual crosslinkers 

 To prepare a 70 mol% static crosslinker sample, 3 grams (0.6 mmol) of degassed 5 kDa 

telechelic Si–functional PDMS, 38 mg (0.12 mmol) of tris(dimethylvinylsilyl)borate, 40 mg 

(0.21 mmol) of tetraallylsilane, and 6 µL inhibited Karstedt’s catalyst solution were added to 

achieve a 1:1 stoichiometric ratio of Si–H to alkene functional groups and 20 ppm Pt. This 

mixture was vortexed for 1 minute and briefly degassed at room temperature to remove any 

air bubbles. The solution was poured into a polystyrene dish and heated at 90 °C for 10 minutes 

to obtain a solid and flexible elastomer. Alternatively, the solution was poured into an Ecoflex 

mold and heated at 90 °C for 20 minutes to obtain a solid material. Molded samples were left 

on the benchtop to track their stress relaxation in an ambient atmosphere at room temperature.  

3.7.3 Methanolysis of polyborosiloxane networks 

Elastomers prepared in molded shapes were placed in a petri dish filled with methanol. The 

dishes were left on the benchtop, covered to limit solvent evaporation, and refilled when 

necessary. Images were taken to track the changes over time.  



127 

3.7.4 Swelling ratio and gel fraction measurements 

After curing the polyborosiloxane solution into elastomers, three ≈200 mg samples were 

prepared, weighed, and placed in separate, sealed vials containing n-heptane at room 

temperature. After 24 hours, the samples were removed from the vials, blotted dry, and the 

mass was measured. The swelling ratio was defined as the ratio between the swollen mass and 

the initial mass. Subsequently, the n-heptane was removed in vacuo from the vials, and the 

remaining mass corresponded to the sol portion of the elastomer. Additionally, the swollen 

elastomer samples were dried under vacuum to collect the gel portion of the elastomer. To 

minimize measurement error, the gel fraction was calculated based on both portions, resulting 

in two values per individual sample. Error bars represent standard deviations for each 

measurement.   

 

Table 3.1. Summary of Si–H-containing PDMS copolymers utilized during the study. Molar 

mass was provided by the supplier (Gelest), and the average number of Si–H units was 

measured via 1H NMR. 

Product 
Code 

Molecular 
weight (kDa) 

Average 
number of Si–H 

units 
HMS-071 2 2 
HMS-082 6 6 
HMS-053 20 20 
HMS-064 50 31 
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Figure 3.9. Representative image of rheology discs made from the listed starting polymer and 

tris(dimethylvinylsilyl) borate. Yellow tinge is due to Pt clusters precipitating from Karstedt’s 

catalyst during curing.  

3.8 Chemical Characterization 

 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

spectra were collected on a Nicolet is10 spectrometer with a diamond ATR accessory. All 

spectra were collected with 64 scans and a resolution of 4 cm–1 in absorbance mode, baseline 

corrected, and displayed in transmittance mode. Proton nuclear magnetic resonance (NMR) 

spectra were taken on a Varian Unity Inova AS600 600MHz at 25 °C with 16 scans and a 

relaxation delay (d1) of 15 seconds. Solution state 11B, 13C, and 29Si NMR spectra were taken 

on a Bruker Avance NEO 500 MHz at 25 °C. 11B spectra used a d1 value of 2 seconds and 64 

scans. 13C used a d1 value of 2 seconds and 256 scans. 29Si used a d1 value of 60 seconds and 

32 scans. Solid-state NMR (ssNMR) spectra were taken on a Bruker AVANCE500 WB with 

magic-angle spinning (MAS) of 14 kHz at 30° pulses. Samples were ground and placed into a 

4 mm Bruker zirconia rotor. 29Si ssNMR spectra were captured with a d1 of 30 seconds and 

4856 scans. 11B ssNMR spectra were captured with a d1 of 6 seconds and 12248 scans and 

background corrected.  
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3.9 Rheology 

In order to limit hydrolysis and oxygen permeation, rheology experiments were 

performed immediately after network fabrication.  25 mm discs were punched out of cured 

networks at 140 °C and immediately transferred onto the 25 mm stainless steel parallel plate 

within the environmental chamber of the rheometer and held at the same temperature. 

Rheology experiments were performed on a strain-controlled TA Instruments ARES-G2 

rheometer affixed with a forced convection oven in a nitrogen atmosphere.   

Stress relaxation experiments were performed by rapidly applying a 1% strain and 

monitoring the decay in measured stress over time. Three samples were measured to ensure 

consistency (Figures 3.10, 3.11, and 3.12). The applied strain was confirmed to be in the linear 

viscoelastic regime of each sample (Figure 3.13). For sample series requiring multiple 

temperatures, rheology experiments were performed from high to low temperature. Single 

(Equation 1) and stretched (Equation 2) exponential fits were applied to stress relaxation data 

measurements for a polyborosiloxane network prepared from a 5 kDa telechelic Si–H 

functional PDMS precursor. Representative fits are shown in Figure 3.14, and averaged values 

with standard deviations are shown in Tables 3.2 and 3.3. 
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Figure 3.10. Triplicate stress relaxation measurements for a polyborosiloxane network 

prepared from a 6 kDa Si–H functional PDMS copolymer with an average of 6 Si–H moieties 

per polymer chain. 

 

 

Figure 3.11. Triplicate stress relaxation measurements for a polyborosiloxane network 

prepared from a 5 kDa telechelic Si–H functional PDMS precursor. 

 

Figure 3.12. Triplicate stress relaxation measurements for a polyborosiloxane network 

prepared from a 5 kDa telechelic Si–H functional PDMS precursor with (a) 30% static 

crosslinks and (b) 70% static crosslinks. 
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Figure 3.13. Representative example of determining appropriate strain for stress relaxation 

experiments. 1% strain was used for all stress relaxation experiments. 
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Equation 3.1. Single exponential fitting equation. 
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Equation 3.2. Stretched exponential fitting equation, also known as the Kohlrausch–

Williams–Watts (KWW) equation. 
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Figure 3.14. Representative single and stretched exponential fits for stress relaxation 

measurements for a polyborosiloxane network prepared from a 5 kDa Si–H functional 

telechelic PDMS precursor. 

 

Table 3.32. Average stress relaxation times determined via experiment (τ1/e) and single 

(τexp) and stretched (τKWW) exponential fits for a polyborosiloxane network prepared from a 5 

kDa Si–H functional telechelic PDMS precursor.  

T (°C) Replicate τ1/e (s) τexp (s) τKWW (s) β 

140 
Replicate 1 51 50 53 0.86 
Replicate 2 280 270 270 0.94 
Replicate 3 19 19 19 0.89 

120 
Replicate 1 150 140 150 0.84 
Replicate 2 630 600 620 0.89 
Replicate 3 40 38 40 0.86 

100 
Replicate 1 330 320 340 0.84 
Replicate 2 1300 1300 1300 0.83 
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Replicate 3 85 80 85 0.84 

80 
Replicate 1 770 750 810 0.81 
Replicate 2 3200 3100 3200 0.87 
Replicate 3 200 200 210 0.84 

60 
Replicate 1 2200 2100 2200 0.83 
Replicate 2 8300 7900 8200 0.90 
Replicate 3 540 520 550 0.83 

40 
Replicate 1 5100 4700 5100 0.83 
Replicate 2 20000 19000 20000 0.88 
Replicate 3 1900 1800 1900 0.84 

 

Table 3.3. Average stress relaxation times determined via experiment (τ1/e) and single (τexp) 

and stretched (τKWW) exponential fits for a polyborosiloxane network prepared from a 6 kDa 

Si–H functional PDMS copolymer with an average of 6 Si–H moieties per polymer chain. 

T (°C) Replicate τ1/e (s) τexp (s) τKWW (s) β 

180 
Replicate 1 90 80 91 0.69 
Replicate 2 130 110 130 0.67 
Replicate 3 130 120 140 0.68 

160 
Replicate 1 130 100 120 0.69 
Replicate 2 130 110 130 0.65 
Replicate 3 140 120 140 0.65 

140 
Replicate 1 210 170 190 0.66 
Replicate 2 230 170 210 0.64 
Replicate 3 250 200 240 0.65 

120 
Replicate 1 420 320 380 0.65 
Replicate 2 430 310 380 0.63 
Replicate 3 470 340 410 0.64 

100 
Replicate 1 920 590 700 0.66 
Replicate 2 910 600 740 0.62 
Replicate 3 860 610 740 0.64 
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Figure 3.15. (a) Comparison of stress relaxation dynamics for polyborosiloxane networks 

made from telechelic Si–H functional PDMS at varying molecular weights. (b) Comparison of 

stress relaxation dynamics for polyborosiloxane networks made from Si–H functional PDMS 

copolymers of varying molecular weight and similar crosslink density.  

 

 

Figure 3.16. (a) Swelling ratio of polyborosiloxane networks prepared from 5 kDa telechelic 

Si–H functional PDMS precursor and 6 kDa Si–H functional PDMS copolymer precursor with 

an average of 6 Si–H moieties with the corresponding ratio of static crosslinks produced by 

tuning the ratio of tris(dimethylvinylsilyl)borate to tetraallylsilane. Swelling ratio is defined as 
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the swollen mass divided by the original mass after soaking in n-heptane for 24 hours. (b) 

Corresponding gel fractions. Samples with no measured value of swelling ratio and gel fraction 

completely dissolved.  

 

Figure 3.17. Fish-shaped crosslinked networks prepared from 5 kDa Si–H functional telechelic 

PDMS (top, blue) or 6 kDa Si–H functional PDMS copolymer (bottom,orange) containing an 

average of 6 Si–H moieties per polymer chain. Crosslinkers used were 

tris(dimethylvinylsilyl)borate (dynamic) and tetraallylsilane (static) with the listed 

compositions corresponding to the mole percentage of crosslinks coming from tetraallylsilane.    
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Chapter 4. Enahnced tunability in polyborosiloxane networks through 

functionalized boronate ester crosslinkers 

 

4.1 Introduction  

Dynamic polymer networks are a rapidly developing class of materials due to the broad 

range of mechanical properties that arise from the frequency dependent bond exchange. 

Whereas traditional thermosets, like crosslinked silicone networks,1 experience permanent 

damage, the incorporation of dynamic bonds into such a network allows for reprocessing and 

self-healing.2–7  One notable dynamic motif is the transesterification of B–O–Si bonds.8–10 

Polymer networks that contain these borosiloxane crosslinks undergo rapid bond exchange that 

leads to unique viscoelastic properties, resulting in a material that flows over time but feels 

solid and can dampen the force of a high speed impact.11–15 The most notable example of such 

a material is Silly Putty, which was developed in the 1940s by heating boric acid mixed into a 

polydimethylsiloxane (PDMS) fluid.16,17  

Our group recently detailed a synthetic method for the facile preparation of dynamic 

PDMS-based networks with a borosiloxane-containing crosslinker using hydrosilylation, but 

the tunability was severely limited. Stress relaxation dynamics were tuned through network 

architecture and through the addition of a static crosslinker. However, mechanical properties 

are strongly connected to network architecture, and incorporation of a static crosslinker can 

cause buildups of residual stress due to the non-exchangeable crosslinks.18 As such, a way to 

decouple the network architecture from the bond exchange dynamics would enable a 

significant increase in control over the resulting network properties.  
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Tunability in crosslinker chemistry has enabled significant advancements in the design 

of dynamic networks, leading to orders of magnitude of variability in the bond exchange 

timescales.19–22 The Evans group has demonstrated such a strategy in PDMS networks 

crosslinked through boronic acid derivatives.23 The authors synthesized a dimethylamine-

containing boronic acid crosslinker that demonstrated a four order of magnitude increase in 

characteristic relaxation time compared to p-phenylenediboronic acid due to the internal 

catalysis of the amine. However, the authors were unable to achieve intermediate rates of stress 

relaxation. Since these networks are crosslinked through the condensation of boronic acid with 

linear PDMS terminated with silanol moieties, the crosslinkers must necessarily be 

bifunctional boronic acid derivatives with four reactive sites, which significantly increases the 

synthetic burden associated with synthesizing a library of crosslinkers. 

Notably, the polyborosiloxane networks that were previously reported by our group 

can be formed from backbone-functionalized, Si–H containing PDMS. Since these PDMS 

substrates have numerous reactive sites, a difunctional boronic acid derivative can be used to 

form a crosslinked network. The prevalence of the Suzuki-Miyaura coupling reaction has led 

to the development and commercialization of numerous boronic acid derivatives with huge 

variability in functional groups. Taking advantage of such starting materials, we have 

synthesized a library of crosslinkers based on esterification of boronic acids where the 

substituents affect the electronic and steric environment surrounding the boron core, resulting 

in enhanced tunability in the rate of stress relaxation while retaining the convenience of 

hydrosilylation-based network formation.  
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4.2 Experimental 

4.2.1 General Crosslinker Synthesis  

 Boronic acids were dissolved in THF, and 2 equivalents of triethylamine were added 

to a round bottom flask. Subsequently, the reaction vessel was placed into an ice bath. 

Subsequently a 1.8 M solution of dimethylvinylchlorosilane in THF was added to an addition 

funnel. Notably, the addition funnel was open to air, not an inert gas. To prevent unwanted 

formation of HCl after the reaction, 1.95 equivalents of dimethylvinylchlorosilane were added 

to ensure complete consumption. The reagent solution was added at a rate of 1 drop per second, 

causing triethylammonium chloride to precipitate as a white solid. The reaction vessel was 

then removed from the ice bath and left to react for an additional 30 minutes. The reaction 

solution was filtered through a cotton plug to remove the salt, flushing with ether. The solvent 

volume was reduced in vacuo, causing more salt to precipitate. The concentrated crude solution 

was filtered through a 0.45 µm filter. Finally, the solution was distilled into a Schlenk flask 

stored under nitrogen. Upon purification of the synthesized crosslinkers, the structure and 

purities were confirmed through nuclear magnetic resonance spectroscopy (1H, 11B, 13C, and 

29Si), gas chromatography, and mass spectrometry. 
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Figure 4.1. Scheme for the synthesis of boronate esters starting from the depicted 

commercially available boronic acids to generate borosiloxane crosslinkers amenable to 

hydrosilylation.  

 

4.2.2 General Sample Preparation 

 The Si–H functional PDMS was degassed under high vacuum at 90 °C for 30 minutes 

to remove dissolved oxygen. Subsequently, the appropriate crosslinker was added to achieve 

a 1:1 ratio of Si–H:alkene units. A solution of Karstedt’s catalyst inhibited by dimethyl 

fumarate was added to achieve a Pt concentration of 60 ppm. The mixture was briefly vortexed 

to mix the components, then briefly degassed to remove air bubbles. The clear solution was 

then poured into a polystyrene dish and heated to 90 °C for 15 minutes to form an 

approximately 2 mm thick elastomer. The elastomers were then heated to 140 °C on a hot plate 

and 25 mm discs were punched out and transferred to a rheometer. Samples were punched out 

at elevated temperatures to prevent the discs from expanding beyond the rheometer platform 

when heated during experimentation.  

 

4.3 Results and Discussion 

 To introduce tunability into polyborosiloxane networks, vinyl-containing borosiloxane 

crosslinkers were synthesized through the esterification of commercially available boronic 

acids with dimethylvinylchlorosilane. To ensure the synthesis was successful and the products 

pure, 1H, 11B, 13C, and 29Si NMR were performed to obtain complementary information about 

the chemical environments of each nuclei (Figure 4.2). Three doublet of doublets between from 

5.7 – 6.4 ppm in 1H NMR and two singlet peaks in the 13C NMR spectra at 130 and 140 ppm 
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confirmed the presence of vinyl moieties in the final product. To ensure the successful 

esterification of the boronic acid core, 11B NMR was performed. After the reaction, the single 

peak shifted upfield due to the functionalization of boronic acid to a borosiloxane. The broad 

peak in the 11B spectra, however, couldn’t discern between the singly and doubly esterified 

species. As such, 29Si NMR was used to track the number of unique silicon atoms present in 

the final product. A single peak dominated each Si spectrum with a small impurity present in 

some of the products, showing that there the product was predominantly a species with a single 

unique silicon atom with 0% – 5% impurity, which likely corresponded to the hydrolyzed 

product. To measure the purity while minimizing prolonged exposure to moisture, gas 

chromatography (GC) was performed, which showed that the products are < 97% pure. The 

combination of these characterization methods confidently proves that the boronate ester 

crosslinkers were synthesized with high purity.  

 

Figure 4.2. NMR spectra probing the 1H, 11B, 13C, and 29Si nuclei for the drawn chemical 

structure as a representation of the synthesized crosslinkers. The highlighted regions 
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correspond to the labeled functional groups and the 11B and 29Si spectra show a single peak, 

illustrating the high purity of the product.  

 The steric and electronic environments were tuned through alkyl and aryl substituents 

on the boron core. Three linear aliphatic chains of differing lengths were chosen to alter the 

sterics. Phenylboronic acid and 4-methoxyphenylboronic acid were synthesized to investigate 

the electron-donating effect of the methoxy substituent on the crosslinker kinetics—synthetic 

efforts using strongly electron withdrawing groups proved difficult due to the instability of the 

product. Additionally, a Wulff-type boronate ester was synthesized using 2-2-(N,N-

dimethylamino(methyl))phenylboronic acid as the starting material. Wulff-type boronate 

esters have been shown to drastically increase the rate of transesterification and consequently 

the rate of stress relaxation when incorporated into dynamic polymer networks.24,25   

 One key element in the preparation of these networks is the solubility of the boronate 

crosslinkers in the polydimethylsiloxane matrix. While solvent could be used to ensure mixing, 

that solvent must then be removed after curing, a lengthy processing step that could cause 

sample-to-sample variation depending on the degree of solvent removal. Significantly, the 

synthesized crosslinkers are all liquids that proved to be miscible with the selected Si–H 

containing PDMS fluid without the need for added solvent.  

Hydrosilylation between the alkene-containing crosslinkers and the Si–H containing 

PDMS fluid was conducted to induce network formation. To enable comparison between 

formulations, a 6 kDa PDMS fluid with 6 Si–H substituents along the polymer backbone was 

used for each synthesized network. The formulations were designed to a 1:1 stoichiometric 

ratio between Si–H and alkene functional groups. Additionally, a solution of Karstedt’s 

catalyst inhibited by dimethyl fumarate was added such that the formulation contained 60 ppm 
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Pt. Consequently, the networks were bench stable for at least an hour but could react and form 

a solidified elastomeric network when heated for 15 minutes at 90 °C. Formulations prepared 

with each crosslinker cured into a solid elastomer (Figure 4.3) when heated in the presence of 

Karstedt’s catalyst. Interestingly, the network crosslinked with the Wulff-boronate crosslinker 

was significantly more pliable and moldable than the networks prepared with the 5 other 

crosslinkers, suggesting that the network relaxed stress remarkably fast.  

 

Figure 4.3. Chemical representation of the crosslinked network. The solid elastomeric films 

correspond to networks formed with the depicted R group.  

 

4.3.1 Tunable Stress Relaxation 

 Systematic variation in the stress relaxation behavior of the dynamic networks with 

varying functionality on the boronate ester core was quantified through step-strain rheological 

measurements. A rapid strain was applied to the elastomers and the decay in modulus was 
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measured over time (Figure 4.4a and 4.4b). Interestingly, the Wulff-boronate crosslinker had 

such rapid stress relaxation that a comparison to the other crosslinkers at the same temperature 

was not possible. A characteristic time constant, τ, was as the time taken for the normalized 

modulus to decay to a value of e–1 where e is the mathematical constant. Importantly, the τ 

values are temperature dependent and display an Arrhenius temperature dependence with an 

activation energy corresponding to the bond-exchange mechanism. As such, plotting inverse 

temperature versus the natural log of τ produces a line where the slope can be used to calculate 

the aforementioned activation energy (Figure 4.4c). The activation energy values for each 

tested crosslinker lies in the range of 35 – 55 kJ/mol, which is in the expected value based on 

previous literature.23,26  

 

Figure 4.4. Stress relaxation behavior at 20 °C (a) or 100 °C (b) for polyborosiloxane networks 

prepared from a 6 kDa PDMS copolymer with an average of 6 Si–H containing monomers per 

chain. The labeled R groups correspond to the functionality on the boronate crosslinker. (c) 

Linear dependence of ln(τ) versus inverse temperature shows Arrhenius behavior for each 

tested crosslinker, and the wide span of τ values showcase the broad range of stress relaxation 

dynamics. 
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As indicated in Figure 4.4, networks prepared from different crosslinkers displayed 

different stress relaxation behavior. The electron-withdrawing effect of the methoxy 

substituent did not significantly impact the stress relaxation dynamics. Interestingly, the 

incorporation of the N,N-dimethylamino methyl group on the phenyl moiety led to a 

remarkable increase in the stress relaxation dynamics due to the interaction between the 

nitrogen lone-pair electrons and the vacant p-orbital on the boron atoms, leading an internal 

catalytic effect. The crosslinker with the larger aliphatic chain displayed a counterintuitive 

increase in the rate of stress relaxation compared to the shorter aliphatic chain. This change 

could be due to the increase in the non-polar character of the crosslinker, which would lead to 

less repulsion between the crosslinker and the neighboring PDMS chains. Further 

investigations into this phenomenon are necessary to confirm this hypothesis, and a crosslinker 

with a branched aliphatic chain could help decouple the effects of sterics and polarity on the 

resulting stress relaxation behavior.  

The incorporation of the synthesized crosslinkers into polyborosiloxane networks 

demonstrates unprecedented tunability. The facile synthesis of the crosslinkers and the robust 

curing mechanism results in an approachable strategy to produce a variety of dynamic PDMS 

networks with a targeted rate of stress relaxation. This strategy enables new avenues of 

research and facile incorporation of these materials into novel composite systems.  

4.4 Conclusions 

 We have developed a synthetic platform to generate borosiloxane crosslinkers through 

the esterification of commercially available boronic acid derivatives using 

dimethylvinylchlorosilane. The vinyl-containing chlorosilane was chosen to impart a reactive 

functional handle that could be used to crosslink Si–H containing PDMS copolymers through 
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hydrosilylation. Commercially available boronic acids containing various functional groups 

were used to vary the electronic and steric environment of the resulting boronate ester 

crosslinker. Three aromatic and three aliphatic functional groups were chosen to investigate 

the effects of an electron-withdrawing substituent, internal catalysis, and steric hindrance on 

the stress relaxation dynamics of polyborosiloxane networks. The boronate esters were 

characterized through NMR spectroscopy to confirm the expected chemical environment of 

1H, 11B, 13C, and 29Si nuclei in the resulting products. Furthermore, gas chromatography was 

conducted to quantify the purity in the products and confirmed the synthesized products were 

> 95% pure. Subsequently, polyborosiloxane networks were prepared from a 6 kDa, Si–H 

containing PDMS copolymer with an average of 6 hydridosilane moieties per chain. 

Importantly, the crosslinkers were miscible with the PDMS fluid and the catalyst solution. The 

formulations rapidly crosslinked upon heating at 90 °C. Preliminary stress relaxation 

measurements showcase unprecedented tunability in polyborosiloxane dynamic networks, 

with the internally catalytic Wulff-boronate crosslinker showing the fastest rate of stress 

relaxation and the phenyl boronate and 4-methoxyphenyl boronate showing the slowest rates. 

4.5 Materials and Methods 

 All materials were used as received unless specified. All siloxane samples were 

purchased from Gelest Inc. Karstedt’s catalyst (2 wt% Pt in xylenes), dimethyl fumarate, 

toluene, tetrahydrofuran, dichloromethane, and dimethylvinylchlorosilane were purchased 

from Fisher Scientific. An inhibited catalyst solution (1 wt% Pt) was prepared by mixing 1 mL 

Karstedt’s catalyst solution, 1 mL toluene, and 40 mg dimethyl fumarate (4 molar equivalents 

compared to Pt).   

Synthesis of bis(dimethyl(vinyl)silyl) butylboronate  
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 To a 100 mL round bottom flask was added a stirbar, butylboronic acid (2.50 g, 24.5 

mmol, 1 eq), THF (50 mL), and triethylamine (4.96 g, 49.0 mmol, 2 eq). The flask was placed 

into an ice bath and stirred. An addition funnel was added to the flask and charged with THF 

(25 mL) and dimethyl(vinyl)chlorosilane (5.77 g, 47.8 mmol, 1.95 eq). The chlorosilane 

solution was added at a rate of 1 drop per second whereupon a white gas formed in the 

headspace of the flask and a white solid precipitated, indicating HCl and TEA•HCl formation, 

respectively. After adding the contents of the addition funnel, the flask was removed from the 

ice bath and left to react for an additional 10 minutes.* The salt was filtered through a piece of 

cotton plugged into a plastic funnel with diethyl ether being used to rinse the flask and funnel. 

The volume of solvent was reduced in vacuo and the crude mixture was filtered through a 

syringe plugged with a piece of cotton and a 0.45 µm filter on the end. The recovered solution 

was then distilled to recover a clear liquid with a boiling point of 75 °C at 340 mTorr (4.00 

grams, 62% yield). The product had a 98% purity via GC.  

*At this time, there was no visible HCl gas remaining. However, HCl gas released from 

the flask upon subsequent agitation during workup, so workup should be performed in fume 

hood to reduce the chances of exposure to the corrosive fumes.   

1H NMR (500 MHz, CD2Cl2): δ 6.15 (dd, J = 20.4, 14.9 Hz, 2H), 5.95 (dd, J = 14.8, 3.8 

Hz, 2H), 5.74 (dd, J = 20.4, 3.8 Hz, 2H), 1.37 – 1.19 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H), 0.66 (t, 

J = 7.5 Hz, 2H), 0.19 (s, 12H). 

11B NMR (160 MHz, CD2Cl2): δ 30.3. 

13C NMR (126 MHz, CD2Cl2): δ 138.87 , 131.77, 26.91, 25.24, 13.77, –0.62. 

29Si NMR (99 MHz, CD2Cl2): δ –0.86. 

Synthesis of bis(dimethyl(vinyl)silyl) hexylboronate  
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 To a 100 mL round bottom flask was added a stirbar, 1-hexylboronic acid (3.0 g, 23.1 

mmol, 1 eq), THF (60 mL), and triethylamine (4.67 g, 46 mmol, 2 eq). The flask was placed 

into an ice bath and stirred. An addition funnel was added to the flask and charged with THF 

(20 mL) and dimethyl(vinyl)chlorosilane (5.43 g, 45 mmol, 1.95 eq). The chlorosilane solution 

was added at a rate of 1 drop per second whereupon a white gas formed in the headspace of 

the flask and a white solid precipitated, indicating HCl and TEA•HCl formation, respectively. 

After adding the contents of the addition funnel, the flask was removed from the ice bath and 

left to react for an additional 10 minutes.* The salt was filtered through a piece of cotton 

plugged into a plastic funnel with diethyl ether being used to rinse the flask and funnel. The 

volume of solvent was reduced in vacuo and the crude mixture was filtered through a syringe 

plugged with a piece of cotton and a 0.45 µm filter on the end. The recovered solution was 

then distilled to recover a clear liquid with a boiling point of 80 °C at 180 mTorr with 95% 

purity via GC.   

*At this time, there was no visible HCl gas remaining. However, HCl gas released from 

the flask upon subsequent agitation during workup, so workup should be performed in fume 

hood to reduce the chances of exposure to the corrosive fumes.   

1H NMR (500 MHz, CD2Cl2) δ 6.15 (dd, J = 20.4, 14.9 Hz, 2H), 5.95 (dd, J = 14.8, 3.8 

Hz, 2H), 5.75 (dd, J = 20.4, 3.9 Hz, 2H), 1.41 – 1.15 (m, 8H), 0.87 (t, J = 6.9 Hz, 3H), 0.67 (t, 

J = 7.5 Hz, 2H), 0.19 (d, J = 1.1 Hz, 12H).11B NMR (160 MHz, CD2Cl2): δ. 30.3. 

11B NMR (160 MHz, CD2Cl2): δ 29.9. 

13C NMR (126 MHz, CD2Cl2): δ. 138.56 , 131.86, 32.16, 31.85, 24.63, 22.66, 13.89–0.61. 

29Si NMR (99 MHz, CD2Cl2): δ. –0.88. 
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Synthesis of bis(dimethyl(vinyl)silyl) decylboronate  

 To a 100 mL round bottom flask was added a stirbar, decylboronic acid (2.78 g, 14.9 

mmol, 1 eq), THF (60 mL), and triethylamine (3.51 g, 29.9 mmol, 2 eq). The flask was placed 

into an ice bath and stirred. An addition funnel was added to the flask and charged with THF 

(15 mL) and dimethyl(vinyl)chlorosilane (3.02 g, 29.1 mmol, 1.95 eq). The chlorosilane 

solution was added at a rate of 1 drop per second whereupon a white gas formed in the 

headspace of the flask and a white solid precipitated, indicating HCl and TEA•HCl formation, 

respectively. After adding the contents of the addition funnel, the flask was removed from the 

ice bath and left to react for an additional 10 minutes.* The salt was filtered through a piece of 

cotton plugged into a plastic funnel with diethyl ether being used to rinse the flask and funnel. 

The volume of solvent was reduced in vacuo and the crude mixture was filtered through a 

syringe plugged with a piece of cotton and a 0.45 µm filter on the end. The recovered solution 

was then distilled to recover a clear liquid with a boiling point of 115 °C at 150 mTorr (1.33 

grams, 26% yield). The product had a 97% purity via GC. 

*At this time, there was no visible HCl gas remaining. However, HCl gas released from 

the flask upon subsequent agitation during workup, so workup should be performed in fume 

hood to reduce the chances of exposure to the corrosive fumes.   

1H NMR (500 MHz, CD2Cl2) δ 6.21 (dd, J = 20.4, 14.9 Hz, 2H), 6.01 (dd, J = 14.9, 3.9 

Hz, 2H), 5.80 (dd, J = 20.4, 3.8 Hz, 2H), 1.48 – 1.19 (m, 16H), 0.93 (t, J = 6.8 Hz, 3H), 0.72 

(t, J = 7.6 Hz, 2H), 0.25 (s, 12H). 

11B NMR (160 MHz, CD2Cl2): δ 30.1. 

13C NMR (126 MHz, CD2Cl2): δ 138.56 , 131.86, 32.49, 31.94, 29.67. 29.60, 29.37, 24.67, 

22.70, 13.89, –0.61. 
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29Si NMR (99 MHz, CD2Cl2): δ –0.88. 

 

Synthesis of bis(dimethyl(vinyl)silyl) phenylboronate  

 To a 100 mL round bottom flask was added a stirbar, phenylboronic acid (2.78 g, 14.9 

mmol, 1 eq), DCM (60 mL), and triethylamine (3.51 g, 29.9 mmol, 2 eq). The flask was placed 

into an ice bath and stirred. An addition funnel was added to the flask and charged with DCM 

(15 mL) and dimethyl(vinyl)chlorosilane (3.02 g, 29.1 mmol, 1.95 eq). The chlorosilane 

solution was added at a rate of 1 drop per second whereupon a white gas formed in the 

headspace of the flask and a white solid precipitated, indicating HCl and triethylammonium 

chloride formation, respectively. After adding the contents of the addition funnel, the flask was 

removed from the ice bath and left to react for an additional 10 minutes.* The solution was 

washed with 50 mL DI water. The organic layer was collected and dried with MgSO4. The 

volume of solvent was removed in vacuo. The recovered solution was then distilled to recover 

a clear liquid with a boiling point of 65 °C at 150 mTorr (3.2 grams, 52% yield). The product 

had a 97% purity via GC. 

*At this time, there was no visible HCl gas remaining. However, HCl gas released from 

the flask upon subsequent agitation during workup, so workup should be performed in fume 

hood to reduce the chances of exposure to the corrosive fumes.   

1H NMR (500 MHz, CD2Cl2) δ 7.89 – 7.65 (m, 2H), 7.58 – 7.38 (m, 2H), 7.39 – 7.28 (m, 

1H), 6.28 (dd, J = 20.4, 14.9 Hz, 2H), 6.03 (dd, J = 14.9, 3.7 Hz, 2H), 5.85 (dd, J = 20.4, 3.7, 

1.7 Hz, 2H), 0.33 (d, J = 2.2 Hz, 12H). 

11B NMR (160 MHz, CD2Cl2): δ 25.3. 

13C NMR (126 MHz, CD2Cl2): δ 138.43, 135.17, 132.34, 130.56, 127.41, –0.20. 
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29Si NMR (99 MHz, CD2Cl2): δ –1.27. 

Synthesis of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate  

 To a 250 mL round bottom flask was added a stirbar, 4-methoxyphenylboronic acid 

(5.00 g, 32.9 mmol, 1 eq), THF (80 mL), and triethylamine (7.33 g, 65.8 mmol, 2 eq). The 

flask was placed into an ice bath and stirred. An addition funnel was added to the flask and 

charged with THF (20 mL) and dimethyl(vinyl)chlorosilane (7.74 g, 64.2 mmol, 1.95 eq). The 

chlorosilane solution was added at a rate of 1 drop per second whereupon a white gas formed 

in the headspace of the flask and a white solid precipitated, indicating HCl and TEA•HCl 

formation, respectively. After adding the contents of the addition funnel, the flask was removed 

from the ice bath and left to react for an additional 10 minutes.* The salt was filtered through 

a piece of cotton plugged into a plastic funnel with diethyl ether being used to rinse the flask 

and funnel. The volume of solvent was reduced in vacuo and the crude mixture was filtered 

through a syringe plugged with a piece of cotton and a 0.45 µm filter on the end. The recovered 

solution was then distilled to recover a clear liquid with a boiling point of 110 °C at 100 mTorr. 

The product had a 100% purity via GC. 

*At this time, there was no visible HCl gas remaining. However, HCl gas released from 

the flask upon subsequent agitation during workup, so workup should be performed in fume 

hood to reduce the chances of exposure to the corrosive fumes.   

1H NMR (500 MHz, CD2Cl2) δ 7.74 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 8.6 Hz, 2H), 6.30 

(dd, J = 20.4, 14.9 Hz, 2H), 6.05 (dd, J = 14.9, 3.7 Hz, 2H), 5.87 (dd, J = 20.4, 3.7 Hz, 2H), 

3.85 (s, 3H), 0.35 (s, 12H). 

11B NMR (160 MHz, CD2Cl2): δ 25.4. 
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13C NMR (126 MHz, CD2Cl2): δ 161.84, 138.60, 137.01, 132.21, 132.19, 112.88, 54.99, -

0.22. 

29Si NMR (99 MHz, CD2Cl2): δ –1.73. 

 

Synthesis of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl))phenylboronate  

 To a 250 mL round bottom flask was added a stirbar, 2-(N,N-

dimethylamino(methyl))phenylboronate (5.00 g, 27.9 mmol, 1 eq), DCM (150 mL), and 

triethylamine (5.6 g, 55.9 mmol, 2 eq). The flask was placed into an ice bath and stirred. An 

addition funnel was added to the flask and charged with THF (15 mL) and 

dimethyl(vinyl)chlorosilane (6.6 g, 54.5 mmol, 1.95 eq). The chlorosilane solution was added 

at a rate of 1 drop per second whereupon a white gas formed in the headspace of the flask and 

a white solid precipitated, indicating HCl and triethylammonium chloride formation, 

respectively. After adding the contents of the addition funnel, the flask was removed from the 

ice bath and left to react for an additional 10 minutes.* After adding the contents of the addition 

funnel, the flask was removed from the ice bath and left to react for an additional 10 minutes.* 

The solution was washed with 50 mL DI water. The organic layer was collected and dried with 

MgSO4. The volume of solvent was removed in vacuo. The recovered solution was then 

distilled to recover a clear liquid with a boiling point of 110 °C at 150 mTorr (1.33 grams, 26% 

yield). The product had a 100% purity via GC. 

*At this time, there was no visible HCl gas remaining. However, HCl gas released from 

the flask upon subsequent agitation during workup, so workup should be performed in fume 

hood to reduce the chances of exposure to the corrosive fumes.   
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1H NMR (500 MHz, CD2Cl2) δ 7.43 (dd, J = 6.2, 2.1 Hz, 1H), 7.19 (tt, J = 7.4, 5.9 Hz, 

2H), 7.10 – 6.91 (m, 1H), 6.12 (dd, J = 20.4, 14.8 Hz, 2H), 5.85 (dd, J = 14.8, 4.2 Hz, 2H), 

5.66 (dd, J = 20.4, 4.2 Hz, 2H), 3.78 (s, 2H), 2.43 (s, 6H), 0.06 (s, 12H). 

11B NMR (160 MHz, CD2Cl2): δ 7.52. 

13C NMR (126 MHz, CD2Cl2): δ 142.20, 140.00, 130.54, 127.11, 123.21, 65.03, 45.46, 

0.92. 

29Si NMR (99 MHz, CD2Cl2): δ –8.71. 

 

Representative example of curing networks 

 To a 20 mL glass vial, 1.5 grams (0.6 mmol, HMS-082) of 6 kDa Si–H functional 

PDMS copolymer were added and degassed at 90 °C and 100 mTorr for at least 15 minutes. 

Next, 125 mg (0.4 mmol) of tris(dimethylvinylsilyl)borate, and 6 µL inhibited Karstedt’s 

catalyst solution were added to achieve a 1:1 stoichiometric ratio of Si–H to alkene functional 

groups and 20 ppm Pt. This mixture was vortexed for 1 minute and briefly degassed at room 

temperature to remove any air bubbles. The solution was poured into a polystyrene dish and 

heated at 90 °C for 10 minutes to obtain a solid and flexible elastomer. 

 

4.5.1 Chemical Characterization 

 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

spectra were collected on a Nicolet is10 spectrometer with a diamond ATR accessory. All 

spectra were collected with 64 scans and a resolution of 4 cm–1 in absorbance mode, baseline 

corrected, and displayed in transmittance mode. Proton nuclear magnetic resonance (NMR) 

spectra were taken on a Varian Unity Inova AS600 600MHz at 25 °C with 16 scans and a 
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relaxation delay (d1) of 15 seconds. Solution state 11B, 13C, and 29Si NMR spectra were taken 

on a Bruker Avance NEO 500 MHz at 25 °C. 11B spectra used a d1 value of 2 seconds and 64 

scans. 13C used a d1 value of 2 seconds and 256 scans. 29Si used a d1 value of 60 seconds and 

32 scans.  

 

4.6 Characterization Data 

NMR spectra 

 

Figure 4.5. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD2Cl2, 500 MHz). 

 

Figure 4.6. 11B NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD2Cl2, 160 MHz). 



161 

 

Figure 4.7. 13C NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD2Cl2, 126 MHz). 

 

Figure 4.8. 29Si NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD2Cl2, 99 MHz). 
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Figure 4.9. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) hexylboronate (CD2Cl2, 500 MHz). 

 

Figure 4.10. 11B NMR spectrum of bis(dimethyl(vinyl)silyl hexylboronate (CD2Cl2, 160 

MHz). 

 

Figure 4.11. 13C NMR spectrum of bis(dimethyl(vinyl)silyl) hexylboronate (CD2Cl2, 126 

MHz). 
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Figure 4.12. 29Si NMR spectrum of bis(dimethyl(vinyl)silyl) hexylboronate (CD2Cl2, 99 

MHz). 

 

Figure 4.13. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Cl2, 500 

MHz). 
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Figure 4.14. 11B NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Cl2, 160 

MHz). 

 

Figure 4.15. 13C NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Cl2, 126 

MHz). 
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Figure 4.16. 29Si NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Cl2, 99 

MHz). 

 

Figure 4.17. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD2Cl2, 500 

MHz). 
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Figure 4.18. 13B NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD2Cl2, 160 

MHz). 

 

Figure 4.19. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD2Cl2, 126 

MHz). 
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Figure 4.20. 29Si NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD2Cl2, 99 

MHz). 

 

 

Figure 4.21. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate 

(CD2Cl2, 500 MHz). 
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Figure 4.22. 13B NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate 

(CD2Cl2, 160 MHz). 

 

Figure 4.23. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate 

(CD2Cl2, 126 MHz). 
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Figure 4.24. 29Si NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate (CD-

2Cl2, 99 MHz). 

 

Figure 4.25. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl)) 

phenylboronate (CD2Cl2, 500 MHz). 
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Figure 4.26. 13B NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl)) 

phenylboronate (CD2Cl2, 160 MHz). 

 

Figure 4.27. 1H NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl)) 

phenylboronate (CD2Cl2, 126 MHz). 
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Figure 4.28. 29Si NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl)) 

phenylboronate (CD2Cl2, 99 MHz). 

 

 

Figure 4.29. GC trace of bis(dimethyl(vinyl)silyl) butylboronate. 
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Figure 4.30. GC trace of bis(dimethyl(vinyl)silyl) decylboronate. 

 

Figure 4.31. GC trace of bis(dimethyl(vinyl)silyl) phenylboronate. 



173 

 

Figure 4.32. GC trace of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate. 

 

Figure 4.33. GC trace of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl)) 

phenylboronate. 
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Appendix A. Rapid and Selective Deposition of Patterned Thin Films on 

Heterogeneous Substrates via Spin Coating2 

 

 

A.1 Introduction 

An abundance of thin film patterning techniques — for example, optical lithography,1 

imprint lithography,2 and microcontact printing3 — underpin many types of contemporary 

technology ranging from microelectronics4 to tailored bio-surfaces.5 Frequently, three-

dimensional design targets require iterative thin film processing to create structures that cannot 

be formed in a single step.1, 6 The added complexity of overlay and alignment can create 

significant practical difficulties that amplify economic costs.7 In principle, these challenges 

could be alleviated by  self-aligned patterning, which uses existing chemical and/or 

topographic features to template subsequent layers.8 

A variety of strategies have been developed to achieve self-aligned patterning of 

inorganic and organic materials in thin films.9-12 Each involves manipulating selectivity during 

the deposition step by blocking or promoting film formation via interfacial engineering. One 

common approach leverages the preferential attachment of self-assembled monolayers 

(SAMs) to spatially control nucleation, growth, and/or wettability.13 For example, Bent and 

co-workers have exploited alkylphosphonic acid SAMs to protect copper (Cu) and induce area-

selective atomic layer deposition (AS-ALD) of inorganic oxides only on silicon dioxide 

(SiO2).14 SAMs can similarly influence the spatial distribution of polymer films through phase 

 
2  This Appendix was originally published in ACS Applied Materials and Interfaces. 
Reproduced with permission from ACS Applied Materials and Interfaces 2019, 11, 23, 21177–
21183. Copyright 2019, American Chemical Society. 
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separation,15-16 self-assembly,17 localized brush growth,18 and thermal dewetting.19-20 

Significantly, unlike inorganics, the majority of this past work on SAM-directed polymer thin 

film patterning placed SAMs on flat, homogeneous substrates, e.g., with microcontact 

printing.21 Developing similar capabilities to selectively pattern polymer thin films on 

heterogeneous (e.g., metal/dielectric) surfaces would provide fundamental insight that might 

someday be useful in technological applications. 

To address this opportunity, our attention was drawn to a technique known as spin 

dewetting, which results in the local segregation of polymers during spin coating and requires 

no post-processing or additional steps to generate patterns.22-23 Past work has highlighted the 

simplicity of spin dewetting in comparison to more complex patterning approaches.24 

Bhandaru at al. explored using topographic poly(dimethylsiloxane) substrates and 

demonstrated an impressive array of resulting polymer structures depending on pre-pattern 

dimensions and coating conditions.25-26 In addition, Lee et al. selectively deposited block 

copolymers on patterned surfaces via careful temperature control.27 Despite promise, there still 

remains significant uncertainty surrounding the design rules that govern spin dewetting as a 

function of material selection and processing. Here, we systematically investigate SAM-

promoted spin dewetting using homogeneous (SiO2) and heterogeneous (Cu/SiO2; TiN/SiO2) 

substrates that are relevant to the microelectronics industry. Significantly, incomplete SAM 

layers are sufficient to induce spin dewetting, resulting in selective polymer deposition on Cu 

and TiN lines under optimal conditions. 

A.2 Materials 

Anhydrous toluene, dioxane, methanol, octyltrichlorosilane (OTS), and 

octadecyltrichlorosilane (ODTS) were purchased from Sigma-Aldrich and used without 
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further purification. Butyltrichlorosilane (BTS) and dodecyltrichlorosilane (DDTS) were 

purchased from Gelest, Inc. and used without further purification. Cu and TiN stripes on SiO2 

wafers were patterned by standard photolithography using lift-off. 

A.3 General Methods 

A.3.1 Silane deposition on Cu/SiO2 and TiN/SiO2.  

Homogenous SiO2 and heterogeneous TiN/SiO2. Substrates (e.g. SiO2 and TiN/SiO2) were 

cleaned by sonication in acetone, isopropanol, and MilliQ® water for 3 minutes each, followed 

by UVO treatment in a Model 18 UVO cleaner (Jelight, USA) for 10 minutes. The substrates 

were immersed without stirring in 5 mM alkyltrichlorosilane solution in toluene for 5 minutes 

unless otherwise noted. The substrates were sonicated in toluene and acetone for 3 minutes 

each to remove excess silane. These conditions were adapted from literature procedures.28 

Water contact angle measurements indicate that silane preferentially covers TiN in the 

presence of SiO2 (Figure A.9).  

Heterogeneous Cu/SiO2. Substrates were sonicated in acetone, isopropanol, and MilliQ® 

water for 3 minutes each, treated with the same UVO cleaner for 10 minutes, and sonicated in 

acetic acid for 5 minutes and acetone for 3 minutes prior to immersion in 5 mM 

alkyltrichlorosilane solution in toluene for 5 minutes unless otherwise noted. The substrates 

were then sonicated in toluene for 3 minutes, acetone for 3 minutes, acetic acid for 5 minutes, 

and acetone for 3 minutes. 

A.3.2 Spin coating conditions 

A droplet of 15 μL polymer solution (e.g., 50 mg/mL of PS in toluene or PAA in 50/50 

vol% dioxane/methanol) was dispensed by a micropipette to fully cover the substrate and 



180 

immediately spun at 10,000 rpm for 60 s at a ramp rate of 3 s using a 6800 Spin Coater 

(Speciality Coating Systems, USA) unless otherwise described. 

A.3.3 Surface Characterization  

SIMS imaging was performed using a Camera IMS 7f system (Camera SAS, Gennevilliers, 

France) with a 15 keV caesium beam on an analytical area of 200 μm2 by monitoring 28Si and 

12C signals. About 100 images were taken over one spot and overlaid to generate the average 

image. Tapping mode (AFM) experiments were performed using a Multimode system (Veeco, 

USA) to investigate the surface. Measurements were conducted using commercial silicon 

cantilevers (resonant frequency: 190 kHz, force constant: 48 N/m, model: Tap190Al-G, 

NanoAndMore USA). Polymer film thickness on homogeneous surfaces was determined by 

an alpha-SE spectroscopic ellipsometer (J.A. Woollam Co.) or a DektakXT Stylus 

Profilometer (Bruker Corporation). Optical micrographs were captured with an Olympus 

BX51 optical microscope in reflectance mode. Contact angle measurements were performed 

using a ramé-hart Model 290 advanced goniometer. Deionized water was dispensed to measure 

static contact angles. Snapshots were taken immediately after deposition of the water droplets 

and analyzed by DROPimage Advanced. 

A.4 Results and Discussion 

A.4.1 Spin Dewetting on Homogeneous Surfaces 

Spin dewetting on partially formed SAMs was initially examined using homogeneous 

surfaces. As depicted in Figure A.1a, SiO2 substrates were submersed in alkyltrichlorosilane 

solutions and the surface silanol groups reacted for varying amounts of time (t) to control 

surface coverage. For example, using octyltrichlorosilane (OTS), an increase in the water 

contact angle with t (Figure A.1b) indicates a higher SAM coverage29 due to alkyl chain 
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hydrophobicity. Spin coating of polystyrene (PS) on these surfaces was then quantified by 

ellipsometry and optical microscopy and correlated with the water contact angle of the surface. 

Figure A.1b demonstrates a transition from spin wetting to spin dewetting on OTS-

functionalized SiO2. This reproducible transition is observed at a critical time (tc  1 min) well 

before the plateau in water contact angle (onset circa 4 min), suggesting that silanol 

functionalization is incomplete at shorter times. Analogous experiments with poly(acrylic 

acid) (PAA) spin coated from 50/50 vol% dioxane/methanol yield identical conclusions 

(Figure S2). Homogeneous SiO2 surfaces partially functionalized with OTS SAM thus induce 

spin dewetting of polar (PAA) and non-polar (PS) polymers. This behavior still persists after 

extended storage of the OTSSiO2 substrate (e.g., one year) under ambient conditions (Figure 

A.2), which illustrates the robustness of this surface functionalization process and the ability 

to control spin dewetting with incomplete grafting densities. As will be discussed below, the 

specific choice of alkyl group allows for further tuning of the critical deposition time tc by 

varying the hydrophobic SAM chemistry. 
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Figure A.1. (a) Illustration of homopolymer dewetting on homogeneous SiO2 functionalized 

with an alkylsilane self-assembled monolayer. Spin dewetting or lack thereof depends on the 

SAM deposition time t. (b) Water contact angle measurements as a function of OTS SAM 

deposition time (t). Spin coating PS on these OTS-functionalized surfaces (see Figure A.11) 

indicates spin dewetting occurs after a critical time tc  1 min that corresponds with incomplete 

SAM coverage. Spin coating conditions: PS, 21.5 kDa, 5 wt% in toluene at 10k rpm. 

 

 Having established that spin dewetting can be induced by incomplete SAMs, the role 

of spin coating conditions was systematically investigated. For these experiments, SiO2 

substrates were treated with OTS for 5 min prior to spin coating PS with varying molecular 

weights at different spin speeds and concentrations. Figure A.2a shows the film thickness as a 
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function of spin speed for 5 wt% solutions of PS in toluene on unfunctionalized SiO2 surfaces (open 

symbols). As expected, film thickness decreases monotonically with increasing spin speeds and 

lower solution viscosity (small molecular weight or solution concentration).30-31 In direct 

contrast, on OTSSiO2 surfaces (filled red symbols) complete dewetting is observed at low 

spin speeds with no polymer deposited (see also Figure A.10).32 Significantly, a sharp 

transition occurs at spin speeds of 4k rpm, termed ω *, after which continuous films are 

formed with thicknesses comparable to those on native SiO2 substrates and which follow the 

expected decreasing trend with increasing spin speeds. Similar abrupt transitions from spin 

dewetting to spin wetting are observed for increasing polymer concentration (2.3 wt%) 

(Figure A.2b) and polystyrene molecular weight (30 kDa) (Figure A.2c).  

 

Figure A.2. Abrupt transitions are observed in the spin dewetting of PS from OTSSiO2 as 

indicated by the film thickness dependence on (a) spin speed, (b) weight concentration, and (c) 

molecular weight. Note that the PS film thickness is nearly identical on SiO2 and OTSSiO2 

after the spin-dewetting transition in all cases. Spin coating conditions: (a) PS, 51.0 kDa, 5 

wt% in toluene at varying spin speeds from 2k to 10k rpm; (b) PS, 5 wt% in toluene at 5k rpm 

with varying molar mass; (c) PS, 51.0 kDa, in toluene at 5k rpm with varying weight 

concentration.  
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 We attribute this unique transition between spin dewetting and spin wetting on 

homogeneous surfaces to a competition between polymer dewetting and solvent evaporation. 

During the course of spin coating, surface hydrophobicity of the grafted alkylsilane in 

conjunction with centrifugal forces exerted on the fluid drive polymer dewetting. This behavior 

is opposed by solvent evaporation, which increases solution viscosity and reduces polymer 

chain mobility until eventual film vitrification. Lower spin speeds, molecular weight, and 

polymer concentration all favor dewetting before solidification. Our interpretation is further 

supported by estimates of solution viscosity using an empirical equation reported by Grishchuk 

and Estrin;33 the spin wetting to dewetting transitions observed herein for molecular weight 

and concentration occur around the same viscosity 0.584 mPa·s (Figure A.12). 

 Since dewetting during spin coating is driven by the unfavorable interfacial interactions 

between the substrate grafted with alkylsilane and the polymer solution, we hypothesized that 

tuning the SAM hydrophobicity should allow further control over spin dewetting. To 

investigate this possibility, SiO2 wafers were functionalized with alkyltrichlorosilane 

(Cl3SiCnH2n+1) of different chain lengths: BTS (butyltrichlorosilane, n = 4), OTS (n = 8), 

DDTS (dodecyltrichlorosilane, n = 12), and ODTS (octadecyltrichlorosilane, n = 18) (Figure 

A.3). Note that all SAMs were deposited for 5 minutes and there may be different tc and plateau 

times for each (Figure A.1). As expected, longer alkyl chains render the SiO2 surface more 

hydrophobic as evidenced by static water contact angle measurements (Figure A.13). 

Significantly, for the longest alkyl chain, ODTSSiO2 (n = 18), PS dewets across the entire 

range of accessible spin speeds (2k10k rpm), while decreasing the alkyl chain length from 

ODTS (n = 18) to DDTS (n = 12) and OTS (n = 8) results in well-defined transitions from spin 



185 

dewetting to spin wetting depending on the spin speed. This sharp transition ω* is observed at 

8.3k rpm for DDTS (n = 12) and 4.0k rpm for OTS (n = 8). Further decreasing the alkyl chain 

length to BTS (n = 4) results in the disappearance of a spin dewetting regime, with PS coating 

the surface across the entire range of tested spin speeds (2k – 10k rpm). The data in Figure A.3 

clearly indicate that the spin dewetting regime can be controlled by varying the chemistry of 

grafted SAMs. Increased hydrophobicity leads to a wider window for spin dewetting. 

 
Figure A.3. SAM hydrophobicity is correlated with the range of spin speeds over which spin 

dewetting occurs and the location of an abrupt transition ω*. Data correspond to film thickness 

of PS versus spin speed on SiO2 functionalized with alkyltrichlorosilanes (Cl3SiCnH2n+1, 5 
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min deposition time): BTS (butyltrichlorosilane, n = 4), OTS (n = 8), DDTS 

(dodecyltrichlorosilane, n = 12), and ODTS (octadecyltrichlorosilane, n = 18). Note that the 

silane deposition time in all cases was 5 min. Spin coating conditions: PS, 51.0 kDa, 5 wt% in 

toluene at varying spin speeds from 2k10k rpm. 

 

The versatility of SAM-induced spin dewetting was then demonstrated by extension to 

a wide range of other polymers. For example, a variety of glassy polymers spanning different 

polarities, including poly(acrylic acid) (PAA), poly(lactide) (PLA), poly(vinyl chloride) 

(PVC), poly(methyl methacrylate) (PMMA), and polt(tert-butyl acrylate) (PtBA) all exhibit a 

spin dewetting-to-wetting transition. Interestingly, the critical concentration at which this 

crossover occurs depends on polymer polarity (Figure A.14). This transition is also evident for 

rubbery polymers (at 25 C) such as poly(butadiene) and poly(ethylene oxide), with two 

important differences. The crossover from spin wetting to dewetting is not as sharp and in this 

intermediate zone the polymer partially dewets to form holes or droplets (Figure A.14). In 

addition, the structures formed in the intermediate regime are unpredictable and inconsistent. 

Finally, a wetting/dewetting transition is also evident for poly(methyl acrylate) bottlebrush 

polymers, indicating that the spin dewetting transition is not limited to linear polymers. The 

ubiquitous presence of a spin wetting/dewetting transition in all the materials described above 

suggests this is a general phenomenon that can be tuned through structural as well as processing 

factors. 
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A.4.2 Spin Dewetting on Heterogeneous Surfaces  

Having demonstrated spin dewetting on homogeneous substrates, heterogeneous 

surfaces were then investigated to probe the relationship between selectivity and SAM 

coverage. Equal linespace patterns of copper (Cu) or titanium nitride (TiN) on SiO2 were 

prepared by photolithography (Figures A.15A.16) with the deposition of Cu and TiN 

resulting in minimal topography (circa 5 nm) when compared to the lateral pitch (10 m). In 

examining the spin dewetting process on heterogeneous surfaces, two key steps were 

considered (Figure A.4): (1) preferential deposition of a SAM on select surfaces to promote 

local dewetting, and (2) selective deposition of polymer over other regions via subsequent spin 

coating. Based on the data presented in Figure A.3, OTS (n = 8) was chosen as a model for 

preliminary studies since it places ω* at a convenient spin speed. 

 

Figure A.4. Illustration of spin dewetting on heterogeneous surfaces. The preferential 

functionalization of SiO2 with a hydrophobic alkylsilane induces selective polymer deposition 

on the opposing material during spin coating. 
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As-fabricated Cu/SiO2 and TiN/SiO2 line-space patterns were therefore treated with 

OTS (n = 8) for different lengths of time (t). At times greater than tc > 1 min (c.f., homogeneous 

surfaces shown in Figure A.1), OTS induces spin dewetting of both poly(acrylic acid) (PAA) 

on Cu/OTSSiO2 and PS on TiN/OTSSiO2 to give spatial localization of the polymer film 

only on the Cu or TiN areas (Figure A.5). In contrast, below tc, PS and PAA solutions were 

observed to coat the entire substrate leading to a continuous film. This significant difference 

illustrates the role that partial SAM functionalization (with application time t > tc) plays in 

promoting spin dewetting on heterogeneous surfaces. Note the contrast with other selective 

deposition techniques that require much more uniform SAMs to achieve area selectivity, for 

example AS-ALD.14 
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Figure A.5. The critical SAM deposition time (tc) identified with homogeneous substrates also 

distinguishes spin wetting (t < tc) and spin dewetting (t > tc) regimes on heterogeneous surfaces. 

(a ,b) Optical micrographs of spun cast PAA films on Cu/SiO2 substrates treated with OTS for 

(a) t = 30 s < tc = 1 min, and (b) t = tc. (c, d) Optical micrographs of spun cast PS films on 

TiN/SiO2 substrates treated with OTS for (c) t = 30 s < tc = 1 min, and (d) t < tc. Spin coating 

conditions: PS, 21.5 kDa, 5 wt% in toluene at 10k rpm, and PAA, 20.5 kDa, 5 wt% in 50/50 

vol% dioxane/methanol at 10k rpm. 

 

To further probe film coverage on heterogeneous surfaces, patterns of PAA formed by 

spin dewetting on equal linespace patterns of Cu/OTSSiO2 (40 m pitch) were analyzed by 



190 

secondary ion mass spectrometry (SIMS). When compared to background and control samples, 

carbon signals for PAA films were only observed over areas corresponding to the underlying 

Cu lines, which indicates a high degree of pattern fidelity (Figure A.6 and A.17). Similarly, 

spin coating polystyrene on TiN/OTSSiO2 results in the deposition of polymer only on the 

patterned TiN areas as evidenced by SIMS analysis (Figure A.18). In both cases, deposition of 

the polymers also creates templated films that are observable by atomic force microscopy 

(AFM) (Figures S19S20). Collectively, these data indicate the spin dewetting process ― 

under optimal conditions ― is efficient at selectively coating heterogeneous substrates with no 

detectable deposition of polymers over regions that dewet. 

 

Figure A.6. SIMS chemical mapping reveals that spin dewet poly(acrylic acid) on 

Cu/OTSSiO2 exclusively covers Cu. (a) Cu/OTSSiO2 before polymer deposition. (b) PAA 

on Cu/OTSSiO2. Spin coating condition: PAA, 20.5 kDa, 5 wt% in 50/50 vol% 

dioxane/methanol at 10k rpm. 

 

To illustrate the broad applicability of this spin dewetting approach, selective 

deposition over different pitch sizes ranging from 10 to 40 µm was examined. Figure A.7 
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shows AFM data demonstrating the dependence of spin dewetting on pre-pattern dimensions 

for both PAA on Cu/OTSSiO2 and PS on TiN/OTSSiO2. In both cases, the height of 

resulting polymer features decreases with pitch (P), reaching approximately 30 nm for 5 m 

lines of Cu or TiN. Also note that there is some variability in the height profile of different 

lines at the same pitch on a given wafer. For example, the downward slope of PAA covering 

Cu at P = 40 m (Figure A.7b, left) can be more or less prominent, and the difference between 

PS spike height at the boundaries of TiN lines (Figure A.7d) varies on the order of 20 nm. 

 

Figure A.7. Polymer and surface chemistry influence film coverage after spin dewetting on 

heterogeneous surfaces. (a) Atomic force micrograph of PAA on Cu/OTSSiO2 (40 m), and 

(b) height profiles at three different pitches. (c) Atomic force micrograph of PS on 

TiN/OTSSiO2, and (d) height profiles at three different pitches. Spin coating conditions: PS, 
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21.5 kDa, 5 wt% in toluene at 10k rpm, and PAA, 20.5 kDa, 5 wt% in 50/50 vol% 

dioxane/methanol at 10k rpm. 

 

As is apparent in Figure A.7, there are also distinct differences between the morphology 

of spin dewet PAA and PS, a result that is consistently observed across replicate samples. PS 

tends to form spikes at the boundaries of TiN (and Cu, Figure A.21), while PAA features on 

Cu are more rounded. We speculate that a complicated interplay involving polymer, solvent, 

and surface interactions influences these results.34 Water contact angles indicate the native Cu 

surface is significantly more polar than TiN (Figure A.22), which would further explain (1) 

why PS (non-polar) coats Cu/OTSSiO2 (Figure A.21) with worse fidelity compared to 

TiN/OTSSiO2 (Figure A.7c), and (2) why PAA (polar) dewets from TiN (Figure A.23). As 

expected, the thickness of as-deposited material and to a lesser extent the shape of polymer 

features also depends on solution concentration (Figure A.24). However, we have not 

identified any processing conditions that circumvent the formation of U-shaped films with 

polystyrene on TiN, in contrast to a literature report by Wang et al. using polymer/polymer 

pre-patterns.35  

Based on the successful patterning of disparate polymeric thin films on TiN- and Cu-

based substrates, we expect that the general principle of spin dewetting will enable additional 

combinations of polymers and substrates to be rationally designed. This versatility will also 

prove critical for scaling the selective deposition of polymers to higher resolution pre-patterns. 

Preliminary data across 40, 20, and 10 m pitches indicate PS scales well on TiN (Figure 

A.7cd) but not Cu (Figure A.21). PAA exhibits the opposite trend (Figure A.7ab, Figure 
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A.23). These observations further support the aforementioned importance of surfacepolymer 

interactions36 in mediating effective spin dewetting. 

 

A.4.3 Comparison to Traditional Dewetting 

The kinetic arrest of polymer thin films during spin dewetting on heterogeneous 

substrates can generate unique structures that are otherwise inaccessible with traditional types 

of dewetting or self-assembly. Figure A.8 compares thermal dewetting on a TiN/OTSSiO2 

pattern starting from: (1) PS confined over the TiN via spin dewetting from toluene (Figure 

A.8b), and (2) a continuous film of PS formed using THF as the casting solvent (Figure A.8c). 

In both cases, thermal dewetting creates droplets (Figure A.8de) that are distinct from Figure 

A.7. We attribute the propensity of PS to thermally dewet from TiN (and Cu, Figure A.25) to 

the weak attractive forces mentioned above. In contrast, PAA still adheres to Cu at 170 C after 

one hour; further thermal annealing at 240 C results in a crosslinked film (Figure A.26) that 

remains essentially indistinguishable from the as-spin-dewet structure. One could envision 

exploiting this concept with other types of crosslinkers to immobilize various polymer 

chemistries using heat37 and/or light.38 Finally, solvent evaporation on tilted surfaces can 

produce interesting multi-scale dewetting patterns of polymer blends39 that exhibit 

macroscopic alignment; these too are different than the spin dewet structures described herein. 
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Figure A.8. Spin dewetting leads to non-equilibrium structures that are not necessarily 

accessible by thermal dewetting. Optical micrographs collected for: (a) TiN/OTSSiO2 prior 

to spin coating, (b) PS confined over TiN via spin dewetting, and (c) a continuous but rough 

film of PS formed via spin wetting using a different casting solvent. (d, e) Thermal dewetting 

at 170 °C for 1 hour of the (d) spin dewetting and (e) spin wetting films. All images were taken 

with the same light intensity and exposure time. Spin coating conditions: PS, 21.5 kDa, 5 wt% 

at 10k rpm in (b) toluene and (c) tetrahydrofuran. Thermal dewetting conditions: substrates 

with polymer films were annealed at 170 °C for 1 hr in high vacuum ( 4×108 Torr). The scale 

bar is valid for all micrographs. 
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A.5 Conclusions 

In summary, spin dewetting is a powerful technique for controlling polymer thin 

formation on homogeneous and heterogeneous surfaces using incomplete self-assembled 

monolayers to drive dewetting. The transition between complete wetting and dewetting for 

glassy polymers is sharp and depends on polymer chemistry, processing variables, and SAM 

selection. Using octyltrichlorosilane-functionalized SiO2, the selective deposition of 

polystyrene on TiN/SiO2 and poly(acrylic acid) on Cu/SiO2 was successfully demonstrated. 

Secondary ion mass spectrometry indicates clean dewetting over the SAM-functionalized 

region at the pitches tested (1040 m). The morphology of polymer spin dewet onto Cu or 

TiN significantly varies from rounded edges to spike-like boundary features. Under optimized 

processing conditions, spin dewetting generates structures that complement those available via 

other thermal dewetting or self-assembly techniques. We anticipate these results will prove 

enabling for applications that necessitate simple control over the spatial distribution of 

polymeric thin films. 

A.6 Material Details 

Table A.1. Characterization data of the polymers used herein. 

Polymer 
Sample 
ID 

Mn 
(kDa) 

Ð Source 

Polystyrene PS1 2.8 1.05 Polymer Source 
 PS2 8.0 1.10 Polymer Source 
 PS3 10.2 1.05 Polymer Source 
 PS4 21.5 1.05 Polymer Source 
 PS5 35.0 1.10 Sigma-Aldrich 
 PS6 51.0 1.10 Polymer Source 
 PS7 87.2 1.20 Synthesized40 

Poly(acrylic acid) PAA1 20.5 1.10 Synthesized41–42 
 PAA2 750 N.A. Sigma-Aldrich 

Poly(methyl 
methacrylate) 

PMMA 24.0 1.25 Polymer Source 

Poly(vinyl chloride) PVC 35.0 1.77 Sigma-Aldrich 
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Poly(tert-butyl 
acrylate) 

PtBA 12.0 1.16 Synthesized41 

 
A.7 Surface characterization 

SIMS imaging was performed using a Camera IMS 7f system (Camera SAS, Gennevilliers, 

France) with a 15 keV caesium beam on an analytical area of 200 μm2 by monitoring 28Si and 

12C signals. Tapping mode (AFM) experiments were performed using a Multimode system 

(Veeco, USA) to investigate the surface. Measurements were conducted using commercial 

silicon cantilevers (resonant frequency: 190 kHz, force constant: 48 N/m, model: Tap190Al-

G, NanoAndMore USA). Polymer film thickness on homogeneous surfaces was determined 

by an alpha-SE spectroscopic ellipsometer (J.A. Woollam Co.) or a DektakXT Stylus 

Profilometer (Bruker Corporation). Optical micrographs were captured with an Olympus 

BX51 optical microscope in reflectance mode. Contact angle measurements were performed 

using a ramé-hart Model 290 advanced goniometer. Deionized water was dispensed to measure 

static contact angle. Snapshots were taken immediately after deposition of the water droplets 

and analyzed by DROPmage Advanced. 
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Figure A.9. Selective deposition of OTS only on SiO2 (vs. TiN) as evidenced by water contact 

angles. (a) Illustration of the OTS treatment process. (b) Water contact angles monitored after 

each step. 
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Figure A.10. For OTS-treated SiO2, spin dewetting leads to complete dewetting; no polymer 

is deposited. Even after 1 year, OTS-treated SiO2 still induces spin dewetting. Optical 

micrographs of (a) SiO2 after 1 min OTS treatment, and subsequent spin coating of (b) PAA 

or (c) PS. (d) SiO2 after 5 min OTS treatment stored for 1 year under ambient conditions, and 

subsequent spin coating of (e) PAA or (f) PS. All images were collected with the same light 

intensity and exposure time. Film thicknesses were determined by ellipsometry, except a 

profilometer was used for (e) and (f). Spin coating conditions: PS, 21.5 kDa 5 wt% in toluene 

at 10k rpm; PAA, 20.5 kDa, 5 wt% in 50/50 vol% dioxane/methanol at 10k rpm. 
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Figure A.11. Spin dewetting of PS occurs after a critical OTS treatment time as indicated by 

the PS film thickness as a function of OTS treatment time. Spin coating conditions: PS, 21.5 

kDa, 5 wt% in toluene at 10k rpm. The data points correspond to the samples of Figure A.1b. 
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Figure A.12. Film thicknesses and dewetting conditions are comparable when varying (a) 

molecular weight and (b) weight concentration. The viscosity was calculated using the 

following empirical equation from Grishchuk and Estrin:43  

In μ0= –5.26 + ൫6.51×10-2 + 1.326 × 10-6M൯c + ൫1.52×10-3– 3.497 × 10-8M൯c2–൫4.309 × 

10-6– 3.022 × 10-10M൯c3 + (8280 + 458c – 15.55c2 + 0.255c3)(1/T – 0.0033)/8.31  

Where μ0 is the viscosity at zero shear rate, M is the weight-average molecular weight of 

polystyrene, c is the solution concentration (wt%), and T is absolute temperature (K).4 Note 

that this equation was developed for polystyrene with a weight average molecular weight from 

28 kDa to 780 kDa in toluene and is therefore an approximation for the samples used herein. 

The data points correspond to the samples of Figure A.2. 
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Figure A.13. Longer alkyl chains render the SiO2 surface more hydrophobic. Water contact 

angle measurements for butyltrichlorosilane (n = 4), octyltrichlorosilane (n = 8), 

dodecyltrichlorosilane (n = 12), and octadecyltrichlorosilane (n = 18) coated on a 

homogeneous SiO2 substrate for 5 minutes. 
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Figure A.14. Spin dewetting occurs with both glassy and rubbery polymers across a range of 

polarities. Step changes in polymer heights are shown in (a) glassy polymers: poly(acrylic acid) 

(PAA), poly(vinyl chloride) (PVC), poly(tert-butyl acrylate) (PtBA), and poly(methyl 

methacrylate) (PMMA). Vertical shifts were applied to improve clarity. (b) Rubbery polymers 

polybutadiene (PB) and poly(ethylene oxide) (PEO) exhibit a region between wetting and 

dewetting where droplets form as evidenced by optical micrographs. Error bars represent the 

standard deviation from three experiments. The optical images inserted in (b) are 12 μm x 12 

μm. Spin coating conditions: (a) PAA2: 750 kDa, 6k rpm, varying concentrations in methanol; 

PVC: 35 kDa, 4k rpm, varying concentration in methyl ethyl ketone; PtBA: 12 kDa, 5k rpm, 

varying concentration in toluene; PMMA: 24 kDa, 4k rpm, varying concentration in toluene; 

(b) PB: 93 kDa, 5k rpm, varying concentration in toluene; PEO: 36 kDa, 3k rpm, varying 

concentration in 1:1 ethanol and toluene mixture. 
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Figure A.15. AFM images of Cu/OTS–SiO2 with different underlying pre-pattern pitches: (a) 

40 μm, (b) 20 μm, and (c) 10 μm. (d), (e), and (f) are the corresponding height profiles of (a), 

(b), and (c), respectively. The y-axis scale in (d) is also valid for (e) and (f). 
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Figure A.16. AFM images of TiN/OTS–SiO2 with different underlying pre-pattern pitches: (a) 

40 μm, (b) 20 μm, and (c) 10 μm. (d), (e), and (f) are the corresponding height profiles of (a), 

(b), and (c), respectively. The y-axis scale in (d) is also valid for (e) and (f). 
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Figure A.17. Cu/SiO2 patterns made by photolithography exhibit no carbon signals as 

evidenced by SIMS chemical mapping.  

 

 
Figure A.18. SIMS chemical mapping reveals spin dewetting of polystyrene on 

TiN/OTSSiO2 exclusively covers TiN. (a) TiN/SiO2 as-fabricated by photolithography. (b) 

TiN/OTS–SiO2 after SAM deposition but before spin dewetting. (c) PS on TiN/OTS–SiO2 

after spin dewetting. The presence of carbon signals over TiN in the as-fabricated pattern is 

consistent with literature that indicates TiN can absorb carbon upon exposure to air.5 After spin 

dewetting, the exclusive presence of carbon on TiN stripes indicates no polymer deposited on 

OTS–SiO2. Together with the height change before and after spin coating (Figures A.7d and 

A.17), we conclude that polymer only coats TiN. Spin coating condition: PS4, 21.5 kDa 5 wt% 
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in toluene at 10k rpm. Also note that experimentally, the images represent an average over 

approximately 100 slices at different distances from the substrate. Carbon signals were in fact 

observed on SiO2 in Figure A.6b during some individual scans, but given the extremely thin 

nature of the SAM, this effect is washed out during averaging. 

 

Figure A.19. AFM images of PAA on Cu/OTS–SiO2 with different underlying pre-pattern 

pitches: (a) 40 μm, (b) 20 μm, and (c) 10 μm. All scale bars are 10 μm. Spin coating condition: 

PAA1, 20.5 kDa, 5 wt% in 50/50 vol% dioxane/methanol at 10k rpm. 

 

 
 

Figure A.20. PS films on TiN/OTS–SiO2 have better fidelity than those on Cu/OTS–SiO2. PS 

fully covers TiN with different underlying pre-pattern pitches: (a) 40 μm, (b) 20 μm, and (c) 

10 μm. Spin coating condition: PS4, 21.5 kDa 5 wt% in toluene at 10k rpm. 
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Figure A.21. PS films on Cu/OTS–SiO2 exhibit U shapes with worse coverage than those on 

TiN/OTS–SiO2 (Figure 7c) under the same spin dewetting processing conditions. (a) AFM 

image of PS on Cu/OTS–SiO2. (b) Height profile of the line cut; the green arrow corresponds 

to the edges of a Cu stripe, which is not covered by polymer. Spin coating condition: PS4, 21.5 

kDa 5 wt% in toluene at 10k rpm. 

 

 

 
Figure A.22. Water contact angles of (a) Cu and (b) TiN suggest a difference in native surface 

polarity. 
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Figure A.23. PAA completely dewets from TiN/OTSSiO2. Optical images of (a) 

TiN/OTSSiO2 and (b) PAA spin-dewet on TiN/OTSSiO2. Spin coating condition: PAA1, 

20.5 kDa, 5 wt% in 50/50 vol% dioxane/methanol at 10k rpm. 

 

 
Figure A.24. Changing spin coating solution concentration somewhat alters the shape of 

deposited films. (a) Increasing PS4 solution concentration to 20 wt% (c.f., 5 wt%, Figure 

A.7cd). (b) Decreasing PAA1 solution concentration to 1 wt% (c.f., 5 wt%, Figure A.7ab). 
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In contrast, the deposited film thickness changes significantly with concentration. For PS, the 

edge spike height increases from 80 nm (5 wt%) to 160 nm (20 wt%), while the center 

increases from 20 nm (5 wt%) to 75 nm (20 wt%). Similarly, for PAA, the average film 

thickness decreases from 70 nm (5 wt%) to 12 nm (1 wt%). 

 

 
Figure A.25. PS4 dewets from Cu upon thermal annealing. Optical micrographs (a) of an as-

cast PS film on Cu/OTS–SiO2, and (b) after annealing at 170 °C for 1 hr. 

 

 
Figure A.26. PAA1 crosslinks at 240 C on Cu/OTS–SiO2 and thereafter becomes insoluble 

in water. Optical images of (a) as-spin-dewet PAA, (b) crosslinked at 240 C for 1 hr, and (c) 

rinsed with water. 
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Appendix B. Multi-Wavelength Photodetectors Based on an Azobenzene 

Polymeric Ionic Liquid3 

 

B.1 Introduction 

 Organic photodetectors (OPDs) have a tunable wavelength response and are 

compatible with flexible/lightweight form factors.1–4 The chemical versatility of the organic 

semiconducting materials used to fabricate OPDs provides a wide range of accessible 

absorption profiles and physical properties that are important in various applications. For 

example, these materials can be deposited over large areas with solution-based methods (e.g., 

spin coating, inkjet printing, and roll-to-roll printing) and are processable under ambient (or 

convenient) conditions.2–6 

One strategy to create OPDs and other light responsive devices leverages molecular 

photoswitches (including spiropyran, azobenzene, and diarylethene), which remotely modify 

the properties of organic semiconductors in response to light.7–9 Among these photoswitches, 

azobenzenes have been widely studied due to their synthetic accessibility and stable cycling 

performance.10 Azobenzenes have been used to modulate the electrical properties of thin film 

transistors both under and after illumination when incorporated as the gate insulator or directly 

in the semiconductor layer.11–17 Generally, these effects are related to charge trapping11–15 or 

photomediated changes in the azobenzene dipole moment that accompanies cis–trans 

isomerization.16,17 

Despite the appeal of OPD devices containing organic semiconductors and 

 
3 This Appendix was originally published in ACS Applied Polymeric Materials. Reproduced 
with permission from ACS Applied Polymeric Materials 2021, 3, 10, 5125–5133. Copyright 
2021, American Chemical Society. 
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photoswitches, there are two major challenges associated with practical implementation. First, 

the wavelength range over which they respond to light is typically limited to a narrow region 

around the absorption profile of the two photoswitch states, e.g., trans- and cis-azobenzene. 

Second, there are often processing difficulties in forming thin film stacks containing organic 

semiconductors and light-responsive azobenzene-based materials because of their similar 

solubilities.16 Here, we overcome these limitations by exploiting azobenzene-containing 

polymeric ionic liquids (PILs) as efficient materials for multi-wavelength detection in OPDs 

when used as a gate layer with the semiconducting p-type polymer poly{(4,4-dihexadecyl-4H-

cyclopenta[1,2-b:5,4- b′]dithiophene-2,6-diyl)-alt-(2,3-difluoro-1,4-phenylene)} (PhF-2,3). 

PILs are advantageous as light-responsive gate materials because they exhibit good solubility 

in polar solvents, which allows for direct deposition via spin-coating onto less polar 

semiconducting conjugated polymers. Moreover, PILs retains the advantageous qualities of 

ionic liquids (ILs) such as good thermal stability and low volatility while providing tunable 

mechanical and physical properties through synthesis.18 Our photoswitch-based photodetector 

platform shows an increase in photocurrent over two-to-three orders of magnitude when 

exposed to different wavelengths of light, as well as an attenuated response across the visible 

spectrum. These multi-wavelength sensing capabilities expand the applicability of 

photoswitches and PILs in flexible, solution- processable devices for broadband light 

detection. 

B.2 Results and Discussions 

B.2.1 Design and Synthesis of a Photoresponsive PIL with Pendant Azobenzene Groups 

We sought to develop a PIL-containing photoswitch as a light-responsive unit with 

high solubility in orthogonal solvents to the organic semiconducting polymer PhF-2,3. PhF-2,3 
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is a donor–acceptor-type semiconducting polymer based on 4,4-dihexadecyl-4H-

cyclopenta[1,2- b:5,4]dithiophene (CDT) and 2,3-difluorophenylene (2,3-DFPh) that was 

chosen for its high hole mobility.19,20 The electron-withdrawing property of 2,3-DFPh is 

relatively weak in comparison with conventional acceptor units, which results in a higher-lying 

LUMO level that provides a sufficient energetic barrier for minimizing electron injection from 

gold, thereby facilitating unipolar hole transport in the semiconductor. 

For the light-responsive PIL layer, we designed a polymer with covalently-attached 

azobenzene units and, importantly, fixed charge groups that would solubilize the material in 

polar solvents for direct deposition onto PhF-2,3 (which is soluble in nonpolar solvents). 

Poly(ethylene oxide) was chosen as the PIL polymer backbone because it is a synthetically- 

accessible and soluble scaffold that has a low Tg to avoid aggregation of the azobenzene 

chromophore, which could lead to non-uniform and irreversible performance in devices.13,17 A 

poly(ethylene oxide) homopolymer with side chains containing neutral imidazoles (Tg = –20 

°C) was synthesized as the PIL precursor through a thiol–ene click reaction according to 

previously reported literature.21 Post-polymerization modification of this PIL precursor by 

partial quaternization of the imidazoles with 1-(4-(bromomethyl)phenyl)-2-phenyldiazene22 

yielded a photoresponsive azobenzene PIL (Figure B.1). This simple synthetic approach 

installs the charged imidazolium group and covalently-bound azobenzene in tandem with 

stoichiometric control over the level of functionalization. The extent of quaternization as 

measured by 1H NMR (details shown in Supporting Information) was 37 mol%, which agrees 

well with the target of 40 mol% azobenzene-IL incorporation. This concentration of PIL and 

azobenzene represents a suitable balance between ionicity for solubility without making the 

material too optically dense for effective light penetration.23,24 The bromide anion was then 
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exchanged for bis(trifluoromethanesulfonyl)imide (TFSI) (Figure B.12) via ion metathesis to 

form a PIL denoted Azo-PIL (Tg = –11 °C). The larger, more diffuse TFSI anion improves 

solubility in organic solvents and reduces the Tg compared to other possible PIL 

counterions.25,26 

 

Figure B.1. Synthesis of Azo-PIL via post-polymerization modification of poly(allyl glycidyl 

ether). (i) Light-mediated thiol–ene click with pendant alkenes initiated by 2,2-dimethoxy-2- 

phenylacetophenone (DMPA) in methanol over 2 hours at room temperature. (ii) Partial 

quaternization of imidazole side chains with 1-(4-(bromomethyl)phenyl)-2-phenyldiazene in 

1:1 methanol:acetonitrile at 100 °C for 15 hours. (iii) Ion exchange with lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) in 20% water in methanol at 50 °C for 18 hours.  

B.2.2 Fatigue resistant trans–cis isomerization 

Upon covalent attachment to Azo-PIL via side-chain imidazoles, the isomerization of 

azobenzene in the solid state was photochemically characterized by UV–vis spectroscopy. 

Azo-PIL in acetone was spin-coated onto quartz substrates to prepare 400 nm thin-film 
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samples. The penetration depth of light in a thin film can be calculated as l = α–1, where l is the 

penetration depth and α is the attenuation coefficient at a specific wavelength of light (Table 

B.1).27 At the wavelengths of interest for azobenzene (365 nm and 470 nm),10 the penetration 

depth is roughly 430 nm and 620 nm, respectively, based on 37% azobenzene in the PIL. Thus, 

at the film thicknesses used in UV–vis experiments, some incident light will be transmitted 

through the film. We first irradiated these samples with 365 nm light (80 mW cm–2) to induce 

trans-to-cis isomerization. In the UV–vis spectrum of Azo-PIL (Figure B.2), isomerization to 

the cis isomer corresponds with a decrease in the max at 323 nm, largely associated with the π 

→ π* transition of trans-azobenzene. The concomitant increase in max at 430 nm is related to 

the n → π* transition of cis-azobenzene, which was observed after 1 minute of irradiation with 

365 nm light. Subsequent irradiation with 470 nm light (200 mW cm–2) for 1 minute resulted 

in back isomerization from cis to trans. Prolonged irradiation with either 365 nm or 470 nm 

did not induce further changes in the UV–vis spectrum of Azo-PIL, indicating 1 minute of 

irradiation is sufficient to reach a photostationary state (PSS) (Figure 2.15 and Figure 2.16). 

The cis–trans ratio at the photostationary state was quantified by UV–vis spectroscopy and 1H 

NMR by extrapolating the trans and cis extinction coefficients (Table B.2 and Figure B.17).28 

Calculated by this method, the PSS corresponds with 67% cis under 365 nm light. Partially 

overlapping absorbances of the trans and cis states around 365 nm, which presumably results 

from the proximity of the azobenzene to an electron-withdrawing imidazolium, contributes to 

the modest cis content of the PSS;23 in comparison with other polymers that are covalently 

conjugated to an azobenzene unit, we observe a slightly lower percentage of cis isomer in Azo-

PIL at the PSS (typically ~89–95% cis form is observed after exposure to UV light).29–31 

However, the trans-to-cis ratio under UV light in Azo-PIL is consistent with the switching 
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efficiency of a previously reported small-molecule azobenzene ionic liquid.22 

Next, we performed cyclic irradiation UV–vis studies of the Azo-PIL under 365 nm 

and 470 nm light to mimic the irradiation conditions used in devices. Exposing Azo-PIL films 

to alternating 365 nm and 470 nm light demonstrates the excellent reversibility of the cis–trans 

isomerization with a negligible decay in performance (Figure B.2). Once deposited on the 

semiconducting polymer PhF-2,3, the Azo-PIL preserves its reversible isomerization 

characteristics with a decreased absorbance in the π ⟶ π* transition at 323 nm upon UV light 

irradiation and a return to the original UV–vis spectrum with visible light (Figure B.18). 

 

Figure B.2. UV–vis studies of Azo-PIL thin films were conducted on quartz. (a) Schematic 

of the irradiation setup (b) UV–vis spectra of thin-film Azo-PIL before (solid red trace) and 

after (dashed blue trace) exposure to 365 nm irradiation for 1 minute. (c) Fraction of the trans 
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azobenzene isomer during multiple irradiation cycles with UV (365 nm, 80 mW cm–2) and 

visible (470 nm, 200 mW cm–2) light.  

 

B.2.3 Multi-wavelength-stimulated increase in photocurrent driven by absorption of 

azobenzene 

With the reversible photochemical properties of Azo-PIL confirmed by UV–vis 

studies, both two- and three-terminal lateral organic bilayer photodetectors were fabricated to 

investigate the light-induced device response and associated molecular mechanism. Azo-PIL 

and PhF-2,3 were introduced as photoactive and semiconducting layers, respectively. Due to 

the orthogonal solubilities of Azo-PIL and PhF-2,3, Azo-PIL could be spin coated onto PhF- 

2,3 without the need for an intermediate layer (Figure B.3). Details about the fabrication 

methods for the devices are further described in Section B.4.5. 

 

 

Figure B.3. Schematic of the two-terminal photodetector device fabrication by spin-coating 

Azo-PIL directly onto the semiconducting polymer PhF-2,3 on a glass substrate (previously 
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passivated with n-decyltrichlorosilane (DTS)). 

 

The response produced in these bilayer devices under irradiation was studied by 

monitoring the drain current as a function of time under exposure to 365 nm and 470 nm light. 

When the photodetector was initially illuminated with 365 nm light (80 mW cm–2), a 600-fold 

increase over three orders of magnitude in drain current was observed with a rise-time of 10 

seconds (Figure B.4). After approximately a rise-time of 50 seconds, saturation at 99% of the 

final current was reached. Notably, a 90% relaxation of the current was observed within a fall-

time of 5 seconds when the 365 nm light was shut OFF, eventually resulting in a 99% decrease 

in current after a fall-time of 70 seconds in the dark. To test the response to light within a 

timespan of minutes, the device was subsequently irradiated with 470 nm light (200 mW cm–2), 

eliciting an increase over 2 orders of magnitude to the same maximum value in current. In the 

following irradiation cycles, the increase in current and decay with 470 nm is nearly identical 

to the response under 365 nm light. This fast ON–OFF performance is maintained upon 

repeated cycling between 365 nm and 470 nm light (Figure B.4a), performance that is within 

the range of14,15 or exceeds7,16 other photochromism-based devices. 

As the increase in current was shown to be consistent with multiple cycles of irradiation 

with 365 nm and 470 nm light, the sensitivity of the device was then examined by comparing 

the effect of incident power at 470 nm (0.3 and 200 mW cm–2) (Figure B.4b). Bias stress 

measurements of the two-terminal device under 470 nm at 0.3 mW cm–2 show an increase in 

current of approximately one order of magnitude, smaller than the 3 orders of magnitude 

increase observed under higher power (200 mW cm–2). Although the irradiation with our high- 

powered 470 nm LED (200 mW cm–2) is 670 times higher than that of the low-powered LED 
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(0.3 mW cm–2), the current increase observed is only 25 times larger. Additionally, a 

responsivity of 0.23 A W–1 and an external quantum efficiency (EQE) of 59% was calculated 

at this low-powered 470 nm, comparable to what is found in other planar heterojunction OPDs 

(Table B.1). This non-linear dependence on power density reveals the limits of the current 

increase and the sensitivity and performance of this device as an OPD. 

 

Figure B.4. Time-dependent current of the two-terminal device in response to (a) alternating 

UV (365 nm, 80 mW cm–2) and visible (470 nm, 200 mW cm–2) light, and (b) high (200 mW 

cm–2) and low (0.3 mW cm–2) power visible light.  

Encouraged by these results, we next sought to determine if the Azo-PIL device would 

be applicable as a broadband photodetector through exposure to different wavelengths of light 

beyond the Azo-PIL wavelengths of maximum absorption. We selected three wavelengths of 

light with three different photon fluxes. Specifically, the device response under 470 nm was 
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compared to 600 and 700 nm wavelengths, which are lower energy than the π → π* and n → 

π* transitions of trans-Azo-PIL and are near the absorption edge of PhF-2,3 (Figure B.5b). 

Bias stress measurements of the two-terminal photodetector under lower power 470 nm 

light (0.32 mW cm–2; 7.7×1014 photons s–1 cm–2) show an increase in current of approximately 

one order of magnitude (Figure B.5a). In comparison, the current increase under a 660 nm LED 

(2.1 mW cm–2; 6.9×1015 photons s– cm–2) is 37% of the current increase seen with 470 nm 

light, despite a higher photon flux. With 700 nm light (1.5 mW cm–2; 5.2×1015 photons s– cm– 

2), the increase in drain current under constant bias stress was 3% of the increase in current 

seen with 470 nm light (Figure B.5a). For all three wavelengths of light with differing photon 

fluxes, we see an increase in current, demonstrating the capability of this device to detect light 

of various wavelengths and corresponding energies. 

 

 

Figure B.5. (a) Time-dependent current of the two-terminal device under irradiation with three 

wavelengths of light. (b) UV–vis spectrum of trans-Azo-PIL and trans-Azo-PIL + PhF-2,3 on 

quartz with the wavelengths of irradiation from (a) highlighted. Figure 5b shows 470 nm has 

absorption from both Azo-PIL and PhF-2,3, whereas PhF-2,3 contributes to the majority of the 

absorption at 660 nm and 700 nm. 
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To evaluate if the increase in photocurrent was dependent on the concentration of trans 

or cis isomers in the Azo-PIL layer, the light-response of the bilayers was compared in 

the presence and absence of the trans → cis isomerization. A three-terminal device where the 

bilayer was formed on an SiO2 dielectric with a doped silicon bottom gate provided a means 

to modulate the number of carriers in Ph-2,3 at the SiO2 interface and into the bulk by 

application of a gate bias. Measurements were performed in the saturation regime (VD = –80 

V) of the device under irradiation with 365 nm and 470 nm light. The devices were first kept 

in the dark to ensure that the Azo-PIL layer was initially in the trans form. These three-terminal 

Azo-PIL devices were then irradiated with 365 or 470 nm light. Note that little trans → cis 

isomerization is observed when the Azo-PIL film in the trans form is illuminated with 470 nm 

LED light (Figure B.12). As expected from Figure B.4a, an increase in current at all voltages 

was observed with 365 nm light (Figure B.6). Notably, a similar shift in the transfer curve was 

observed with 470 nm illumination that corresponds with minimal trans → cis isomerization, 

presumably due to minor absorbance from the n → π* transition of trans-azobenzene. 

 

 

Figure B.6. Transfer characteristics of the three-terminal Azo-PIL device under dark 

conditions (trans form), after 365 nm irradiation (trans → cis isomerization), and after 470 nm 

irradiation (still in the trans form).  
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B.2.4 Mechanism 

The increase in current observed with UV light could be consistent with either the 

isomerization of azobenzene—which yields a change in dipole moment16,17—or a light- 

induced charge-transfer mechanism.11–15 With Azo-PIL, evidence suggests charge transfer 

between the Azo-PIL and PhF-2,3 semiconducting layers is responsible for the current 

increase. First, as shown above in Figure B.6, molecules that remain in the trans configuration 

still increase device current when illuminated. Second, a change in dipole driving the 

conductivity does not fully explain why the current increase is the same with both 365 nm and 

470 nm light sources; as shown in Figure B.2, Azo-PIL undergoes a reversible isomerization 

with 365 nm and 470 nm light. If the change in dipole controlled the increase in current, a cis-

trans isomerization would decrease the current as cis reverts back to trans if molecular dipole 

effects were at play, further supporting that charge-transfer is the mechanism in the Azo-PIL 

device. 

Our hypothesis of charge-transfer is further supported by the higher OFF current under 

365 and 470 nm light for the reverse scan of the transfer curve. Full current recovery was not 

observed during the reverse bias scans, which can be attributed to incomplete charge depletion 

in the bulk PhF-2,3 layer. The trapped charges in the PhF-2,3 layer are believed to keep the 

device ON during the reverse bias scan above 0 V, which indicates that charge transfer occurs 

at the Azo-PIL and PhF-2,3 interface. 

Furthermore, this device shows the largest increases in current for the wavelengths of 

light associated with Azo-PIL absorbance. As shown in Figure B.5, we observed a difference 

in the increase in photocurrent under 470 nm light, associated with the Azo-PIL, and that under 

660 nm and 700 nm light, outside of the Azo-PIL absorbance spectrum. Although the 
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respective photon fluxes of light with 660 nm (6.9×1015 photons s– cm–2) and 700 nm (5.2×1015 

photons s– cm–2) are larger than that of the 470 nm LED (7.7×1014 photons s– cm–2) used in 

this experiment, a smaller current increase was observed, resulting in smaller responsivities 

and EQEs at these longer wavelengths (Table B.3). Additionally, the PhF-2,3 absorbs at 660 

nm and 700 nm and shows a small amount of charge carriers generated compared to the 

wavelengths where Azo-PIL absorbs, implying formation of the exciton in the Azo-PIL layer 

(Table B.1). 

Finally, in the absence of the Azo-PIL layer, the device containing only PhF-2,3 shows 

minimal increases in current with irradiation of multiple wavelengths of light despite the fact 

that PhF-2,3 does show some absorbance at 470 nm, 660 nm, and 700 nm in the UV–vis 

spectrum19 (Figure B.20 and Figure B.21). Taken altogether, these results strongly support that 

the device response is driven by Azo-PIL absorption and subsequent charge transfer with the 

PhF-2,3 semiconductor. 

Frontier energy levels of PhF-2,3 and Azo-PIL were determined experimentally by 

cyclic voltammetry to further support the interfacial charge transfer mechanism (Figure B.21). 

The highest-occupied molecular orbital (HOMO) and lowest-unoccupied molecular orbital 

(LUMO) of Azo-PIL were calculated using a ferrocene reference (4.8 eV), yielding a HOMO 

energy of –5.3 eV and LUMO energy of –4.1 eV. We believe these HOMO and LUMO levels 

are due to the azobenzene units on the Azo-PIL as the corresponding oxidation and reduction 

peaks used for HOMO-LUMO determination are present in the Azo-PIL, but are absent from 

the unfunctionalized imidazole homopolymer (Figure B.22 and Figure B.23). The HOMO and 

LUMO energies of PhF-2,3 have previously been reported as –5.3 eV and –3.3 eV, 

respectively.19 With the similar HOMO levels of Azo-PIL and PhF-2,3 coupled with the fact 
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that PhF-2,3 does not absorb light at 365 nm,19 it is plausible that the generation of an exciton 

in the Azo-PIL layer would allow for hole transfer from the HOMO of Azo-PIL to the HOMO 

of PhF-2,3, thereby reducing azobenzene in the Azo-PIL layer and yielding holes in PhF-2,3 

(Figure B.7). This photoinduced interfacial hole transfer increases the hole current within the 

semiconductor, even with multiple wavelengths of light. In addition, the quick decay of current 

in the absence of light is consistent with recombination between carriers near the interface of 

the Azo-PIL and PhF-2,3 layers. This decay that begins as soon as the light is turned OFF 

contrasts with the behavior of past devices which exploit azobenzene charge transfer; typically, 

slow decay rates on the order of minutes to hours after UV irradiation are observed due to 

sluggish hole recombination between the semiconducting polymer and azobenzene additive, 

maintaining a metastable ON state.11,14,15 In the Azo-PIL device described here, the reduced 

azobenzene in the Azo-PIL layer can readily transfer an electron back to holes in PhF-2,3 

resulting in fast current decay. 

 

Figure B.7. Schematic of the charge transport mechanism as depicted with (a) an interfacial 
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diagram and (b) frontier energy levels. When the device is illuminated with either 365 nm or 

470 nm light, an electron in Azo-PIL is promoted from the low-lying doubly-occupied HOMO 

to the LUMO, generating excitons in the PIL layer (step 1). These excitons diffuse throughout 

the PIL gate layer to the interface (step 2, not depicted in 7b), stimulating electron transfer 

from the doubly-occupied HOMO of PhF-2,3 to the now singly-occupied HOMO of 

azobenzene and creating holes in the semiconducting layer (step 3). The generation of holes in 

the semiconducting PhF-2,3 layer then allows for the lateral flow of electrons (step 4, not 

depicted in 2.7b), resulting in an increase in current under multiple wavelengths of light.  

 

To further rationalize the interfacial charge transfer mechanism between Azo-PIL and 

PhF-2,3, measurements from two- and three-terminal devices were used to estimate the 

surface carrier number density. For the two-terminal device, a model for the charge-transfer 

mechanism was used, and the resulting estimated photo-generated carrier number density was 

compared to the carrier number density estimated for the three-terminal device. The agreement 

between these numbers would further support the proposed photo-induced interfacial charge 

transfer mechanism. 

For the two-terminal device, the expected charge carrier number density can be 

extracted from the observed current increase, assuming the current increase is solely due to 

photo- induced charge transfer at the interface of the two polymers. The photo-generated 

current of a two-terminal, lateral organic bilayer heterojunction photoconductor can be 

described by Equation B.1.32,33 

 

Equation B.1 𝐽photo = 𝑞𝑛(𝜇n + 𝜇p)𝐸 

where 𝑞 is the electric charge, 𝑛 is the charge carrier density, 𝐸 is the applied electric field, and 
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𝜇n and 𝜇p are the electron and hole mobilities, respectively, such that 𝜇p = 1.1 cm2 V– s 20 and 

𝜇p ≫ 𝜇𝑛. With a current increase of 0.44 µA, the surface photo-generated carrier number density 

is estimated to be 3 × 1011 carriers cm–2. To further validate the application of a two- terminal 

photoconductor model to our system, the carrier number density for the three-terminal device 

was estimated from the transfer curve in Figure B.6. If the values of carrier number density 

from the two-terminal photoconductor model and calculations based on data from the three-

terminal device match, this would support the hypothesis that the current increase is due to 

photoexcitation of the Azo-PIL followed by interfacial charge transfer. The capacitance of the 

gate (~4 pF) was estimated from the capacitance per unit area of 300 nm-thick Si (10.5 nF cm–

2) and the area of the channel (40 m × 1000 m). By assuming the applied voltage is equal 

to the shift in the threshold voltage (30 V), the accumulated charge was calculated to be 1.2 × 

10−10 coulombs. The carrier number density from the three-terminal device is estimated to be 

2 × 1012 carriers cm–2. A small difference in respective calculated carrier density values can be 

attributed to an overestimation of the hole mobility in the calculations pertaining to the two-

terminal device. This difference can also be due to limitations in exciton diffusion and 

deviations in the PIL photoluminescence efficiency from 100%, which is seen with both the 

two-terminal and three-terminal devices. As the value calculated for carrier density of the 

three-terminal device is within one order of magnitude to that of the two-terminal 

photoconductor model, this finding supports the proposed charge-transfer mechanism and the 

validity of using this model.33 Since the photoconductor model is applicable to this system, it 

can be used to estimate the charge carrier lifetime by extending Equation 2.1 as follows:33 

 

Equation 2.2    𝐽௣௛௢௧௢ = 𝑞𝜂𝜙
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where  is the photoluminescence efficiency,  is the photon flux per unit area, 𝐿 is the channel 

length, 𝑑 is the device thickness, 𝜏 is the carrier lifetime, and 𝑡n and 𝑡p are the transit times of 

electron and holes, respectively. With the known surface power density of both light sources 

at each wavelength, the device geometry, and the photon flux attenuated by the Azo- PIL layer, 

the carrier lifetime () of PhF-2,3 at both wavelengths was extracted and found to be in the 

microsecond range (details shown in Table B.1). These results assume the photoluminescence 

efficiency to be around 0.05, which is typical for organic semiconducting polymers.34–36 Along 

with the matching frontier energy levels, this analysis leads us to the conclusion that charge 

transfer occurs at the interface of the Azo-PIL and the PhF-2,3 and induces a current increase 

at operating wavelengths across the UV and visible spectrum.  

In comparison to other light-responsive devices made with azobenzene as a 

photoresponsive motif, the performance of the Azo-PIL device described here performs well 

in terms of minimal decay over multiple cycles and fast response times.11–17 Our report also 

explicitly shows that the trans → cis does not have a large effect on the interfacial charge- 

transfer capabilities of azobenzene as demonstrated by the same increase in current with both 

365 nm (trans → cis) and 470 nm (cis → trans) light excitation. In general, larger light-induced 

increases in current are observed with the azobenzene devices that report operation via charge 

transfer as opposed to a change in dipole, consistent with the 2–3 orders of magnitude increase 

in current observed herein.12,14–16 Although there are examples of larger increases in current, 

for example, over 6 orders of magnitude in devices that include azobenzene as a charge-trap, 

the application of a large negative gate voltage or irradiation with another wavelength of light 

was required to cause the current to return to its initial state.12,14,15 In contrast, our device shows 

an immediate decrease in current in the absence of a light source. However, both devices hold 
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importance in the application of photochromic devices, with previous literature examples more 

useful as writing/erasing photo-memory devices and the Azo-PIL device described here 

applicable as a light sensor. As a photodetector, our device senses longer wavelengths of light 

than are common in other photochromic devices.7 

B.3 Conclusions 

In conclusion, we have reported the fabrication of a photodetector which functions via 

charge transfer between an azobenzene PIL layer and a p-type semiconducting polymer. The 

Azo-PIL layer was designed to have complementary solubility to the semiconducting polymer, 

PhF-2,3, which facilitates device fabrication by spin coating. The Azo-PIL was shown to have 

a reversible trans → cis isomerization through UV–vis spectroscopy under 365 nm and 470 

nm irradiation. However, once incorporated into devices, an increase in current was observed 

with both wavelengths of light, indicating the response is surprisingly not due to the reversible 

trans → cis isomerization of azobenzene. Instead, we conclude that charge transfer occurs at 

the interface of the Azo-PIL and PhF-2,3 layers as evidenced by CV measurements and 

supporting calculations. This charge transfer mechanism results in a fast current response 

because the HOMO energy levels of Azo-PIL and PhF-2,3 are nearly equivalent. This report 

reinforces the importance of tailoring materials for contemporary applications, which can 

increase the processability and performance of advanced devices. 

B.4 Materials and Methods 

B.4.1 Materials 

Methanol, acetonitrile, carbon tetrachloride, acetic acid, ethanol, 2,2-dimethoxy-2- 

phenylacetophenone, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), nitrosobenzene 

(>97%), toluidine (99%), n-bromosuccinimide (99%, Alfa Aesar), benzoyl peroxide (with 25% 
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H2O, for synthesis), and carbon tetrachloride (anhydrous, >99.5%), were purchased from 

Sigma-Aldrich and Fisher Scientific and used as received. Benzoyl peroxide was recrystallized 

in ethanol before use. 

B.4.2 Instrumentation 

1H NMR spectra were recorded on a Varian Unity Inova 500 MHz or a Varian Unity 

Inova AS600 600 MHz spectrometer at a regulated temperature of 25 °C. 1H NMR chemical 

shifts were calibrated to the resonances of dimethylsulfoxide at δ = 2.50 ppm and MeOD at δ 

= 3.31 ppm. 19F NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400 

MHz with hexafluorobenzene as an internal standard at δ = –164.9 for calibration. UV–Vis 

spectra were recorded on an Agilent UV–Vis Spectrometer. To induce photochemical 

isomerizations, a 365 nm Thorlabs collimated LED lamp (80 mW/cm2), a 470 nm Thorlabs 

collimated LED lamp (0.2 W/cm2), a 660 nm Thorlabs fiber LED (2.1 mW/cm2), and a 700 nm 

Thorlabs fiber LED (1.5 mW/cm2) were used. Glass transition temperatures were measured on 

a PerkinElmer DSC 8000. Devices were tested in a nitrogen environment using a Keithley 

semiconductor parametric analyzer (model 4200-SCS). 

B.4.3 Synthesis 

Synthesis of 1-(4-(bromomethyl)phenyl)-2-phenyldiazene 

 

1-(4-(bromomethyl)phenyl)-2-phenyldiazene was synthesized in 2 steps from a previously 

published literature procedure.1 

Synthesis of Azo-PIL 
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Synthesis of alkene-functionalized PEG polymer 

The synthesis of the starting alkene-functionalized polymer was based on a previously 

published literature procedure.2 

 

Synthesis of imidazole-functionalized PEG polymer (Poly(im)) 

The starting homopolymer with alkene pendant groups (n = 120), a thiol-imidazole 

small molecule, DMPA, and MeOH were added to a 250 mL round bottom flask and capped 

with a rubber septum. The reaction mixture was sparged with N2 for 15 minutes before being 

exposed to 365 nm light to initiate the thiol–ene click reaction. After 2 hours of irradiation, the 

reaction mixture was exposed to air, and solvent was reduced with rotary evaporation. The 

resulting mixture was purified via dialysis (MW 10k) in MeOH over 48 hours and dried under 

high vacuum to yield a 100% imidazole-functionalized PAGE polymer (5.63 g, 85% yield). 

 

Synthesis of 37% azobenzene-PIL with bromide counterion 

Synthesis of PIL with azobenzene-imidazolium side chain Poly(im), 1-(4- 

(bromomethyl)phenyl)-2-phenyldiazene (0.4 eq), and 20 mL 1:1 MeOH:Acetonitrile were 

added to a 100 mL round bottom flask equipped with a stir bar. The flask was attached to a 
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findenser and refluxed at 97 °C overnight. After 15 hours, heating was stopped and the solvent 

was removed via rotary evaporation. The resulting crude material was dissolved in minimal 

MeOH and precipitated into 30 mL cold ether. The precipitation solution was centrifuged for 

2 minutes at 2000 rpm. The supernatant was decanted and the residual polymer was washed 

with minimal MeOH before being dried under high vacuum to recover the resulting red 

azobenzene PIL (1.29 g, 74% mass recovery). 

 

Ion exchange with LiTFSI to synthesize final Azo-PIL 

The azobenzene-imidazolium (Br–) PIL, LiTFSI, and a mixture of 8:2 MeOH:H2O were 

added to a 100 mL round bottom flask equipped with a stir bar. A reflux condenser was fitted 

to the round bottom flask and the reaction was stirred at 50 °C for 18 hours. The reaction 

mixture was then concentrated via rotary evaporation and precipitated into cold deionized H2O. 

The precipitation solution was centrifuged at 2000 rpm for 50 minutes. The supernatant was 

decanted and the residual polymer was washed with cold H2O before being dried under high 

vacuum to recover the resulting TFSI polymer (1.15 g, 97% mass recovery). 

B.4.4 Spin-coating for UV–vis spectroscopy 

Solutions of Azo-PIL (30 mg/mL) were dissolved in acetone for spin-coating onto 

solvent- cleaned quartz slides. Thin films on quartz were made with the following conditions: 

35 µL of solution, 2k rpm, and 1 minute of spin-coating. 

B.4.5 Device preparation 

Bottom-gate/bottom-contact two-terminal devices were fabricated on silica glass 

substrates with 300-nm-thick SiO2. Thermally evaporated gold contacts with a chromium 

adhesion layer were patterned on the substrates using standard lithography techniques in a 
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cleanroom. The patterned substrates were cleaned by sonication in acetone followed by 

isopropyl alcohol. Upon drying in an oven, the substrates were treated in a UV-O3 cleaner. 

Decyltrichlorosilane (DTS) was used to form a self-assembled monolayer (SAM) on the 

surface of the SiO2 substrate to reduce charge trapping at the semiconductor–dielectric 

interface. PhF-2,3 in chlorobenzene (35 µL, 5 mg/mL) and the photoresponsive Azo-PIL layer 

in methanol (35 µL, 30 mg/mL) were deposited on top of the semiconducting layer sequentially 

by spin coating. The resulting film thicknesses for PhF-2,3 and Azo-PIL were 100 nm and 440 

nm, respectively. The devices were then stored under vacuum overnight to remove trace 

solvent in the active layers. Prior to testing, all devices were kept in the dark so that the initial 

azobenzene layer would be mostly trans as shown by UV–vis of the polymeric azobenzene on 

the semiconducting polymer on quartz. 

B.4.6 Cyclic voltammetry 

Cyclic voltammetry (CV) was conducted using a standard three-electrode cell and a 

Biologic SP-300 potentiostat. Glassy carbon was used as the working electrode, Ag/Ag+ as the 

reference electrode, and platinum as the counter electrode. Ferrocene was used as an external 

reference. The measurements were performed at a scan rate of 100 mV/s in acetonitrile with 

tetrabutylammonium hexafluorophosphate (TBAF) (0.1M) as the supporting electrolyte. A 

solution of 100 μM Azo-PIL was prepared and degassed for 15 min with nitrogen prior the 

electrochemical measurement. 

B.4.7 Characterization 

1H NMR Spectra 
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Figure B.8. 1H NMR spectrum of starting PAGE-alkene polymer in DMSO-d6. 
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Figure B.9. 1H NMR spectrum of polymer after the click reaction in MeOD. 

 

Figure B.10. 1H NMR spectrum of azobenzene-PIL with a bromide anion in MeOD. 
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Figure B.11. 1H NMR spectrum of Azo-PIL (with a TFSI counterion) in MeOD. 
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Figure B.12. 19F of LiTFSI compared to azo-PIL in MeOD with hexafluorobenzene included 

as an internal standard (ẟ= –164.9 ppm). 

 

DSC Measurements 

For Tg measurements of Poly(im) and Azo-PIL in the dark (trans-azobenzene), the polymers 

were dried under vacuum at 10–8 Torr at 50 °C. 5–10 mg of each dried polymer sample was 

placed in respective aluminum hermetic pan. The sample of Poly(im) was subjected to 2 cycles 

of the following protocol: cooling at a rate of –20 °C/min from 25 ̊ C to –90 °C and then heating 

at a rate of 20 °C/min to 25 ˚C. The sample of Azo-PIL was subjected to 2 cycles of a similar 

protocol: cooling at a rate of –20 °C/min from 25 ˚C to –90 °C and then heating at a rate of 20 

°C/min to 90 ˚C. Tg measurements were recorded from the second cool/heat cycle. 
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Figure B.13. DSC trace of Poly(im). 

 

 

 

 

Figure B.14. DSC trace of final Azo-PIL polymer with 37% azobenzene-TFSI incorporation. 

Table B.1 Experimental parameters used to extract the product of the carrier transit time and 

photoluminescence efficiency. 
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Wavelength (nm) 365 nm 470 nm 600 nm 700 nm 

Photon energy (J) 5.4 × 10-19 4.2 × 10-19 3.0 × 10-19 2.8 × 10-19 

Power density 
(mW cm–2) 

80 200 2 1.5 

Incident photon flux 
(photons s–1 cm–2) 

1.47 × 1017 4.74 × 1017 6.86 × 1015 5.24 × 1015 

Absorption coefficienta 
(cm–1) 

9.34 × 103 1.61 × 103 50.0 42.2 

Attenuated photon flux 
(photons s–1 cm–2) 

9.75 × 1016 4.41 × 1017 6.84 × 1015 5.23 × 1015 

Percentage of light 
absorbed 

33 6.8 0.22 0.19 

Jphoto 

 (A cm–2) 
0.44 0.74 1.69 × 10-4 4.81 × 10-4 

ht  
(s) 

9.0 × 10-8 3.3 × 10-8 4.89 × 10-10 1.82 × 10-10 

aExtracted from the Azo-PIL film thickness of 440 nm using 𝛼 = 𝜀𝑐/log10𝑒. 
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B.4.8 UV–Vis Spectra (on quartz substrates) and calculation of extinction coefficients 

(𝜺) 

 

Figure B.15. UV–vis spectra of Azo-PIL initially (solid red trace) and after irradiation with 365 

nm light for 1 minute (solid blue trace) or 20 minutes at the photostationary state (PSS, dashed 

pink trace). 

 

Figure B.16. UV–vis spectra of the Azo-PIL initially (solid red trace), after irradiation with 365 

nm light for 20 minutes (dotted blue trace), and after irradiation with 470 nm light for 10 

minutes (dashed purple trace). 
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B.4.9 Calculation of 𝜺𝒕𝒓𝒂𝒏𝒔 and 𝜺𝒄𝒊𝒔 

Solution-based UV–Vis spectroscopy was used to extrapolate the extinction coefficient 

of the trans form (εtrans) and the extinction coefficient of the cis form (εcis). To find the εtrans, a 

series of solutions of the azo-PIL (10–5 M of azobenzene) were prepared and the absorbance 

measured by UV–Vis. Linear regression of the absorbance, A, was then plotted versus cl, the 

concentration of the solution multiplied by the path length, to calculate the extinction 

coefficient of the trans form by Beer’s law. 

To calculate the extinction coefficient of the cis form, we also used Beer’s law. (Eq. 

S1) A solution of azobenzene-PIL in MeOD (15 mg/mL) was stirred and irradiated with 365 nm 

LED (80 mW/cm2). At each time point, t, the extent of trans–cis isomerization was monitored 

via 1H NMR and diluted to 10–5 M of azobenzene in methanol for UV–Vis spectroscopy. The 

concentration of trans and cis azobenzene was calculated via the ratio of methylenes 

connecting the azobenzene to the imidazolium ring in the 1H NMR spectrum (Figure S10A, 

blue and pink squares). The absorbance at a particular wavelength λ represents a mixture of 

the cis and trans forms at each time, t. We monitored the absorbance at λ = 323 nm as a function 

of exposure to 365 nm irradiation and calculated 𝜀cis by linear regression of 𝐴/𝑙 – 𝑐trans𝜀trans 

vs. 𝑐cis. 
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Table 2.2 Extinction coefficients of Azo-PIL calculated by solution-based UV-vis 

spectroscopy measurements. 

Isomer of azobenzene Extinction coefficient (𝜺) at 323 nm [L mol–1 cm–1] 

trans 23000 

cis 2780 

 

 

 

 

Figure B.17. (a) 1H NMR of azobenzene PIL initially (at t = 0) and at t = 10 min of 365 nm 

light (UV) exposure, which was used to calculate the concentration of trans and cis. (b) 

Monitoring the changing absorbance at different time points under 365 nm LED irradiation. 
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Figure B.18. UV–vis spectra of Azo-PIL on PhF-2,3 (a) initially in the trans form (solid black 

trace) and then after 365 nm irradiation (dashed blue trace) and (b) in the same 365 nm 

irradiated state (dashed blue trace) and after an additional 1 minute exposure to 470 nm light 

(solid purple trace). 

 

 

 

Figure B.19. UV–Vis spectra of Azo-PIL in the trans form and then exposed to (a) 365 nm or 

(b) 470 nm light. 

 

Table B.3 Calculation of Responsivities and External Quantum Efficiency (EQE) based on 

various light sources used and corresponding photocurrents. 
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Light Source 
Power density 

 (W cm–2) 
Power (W) 

Photocurrent 
(A) 

Responsivity 
(A/W) 

External 
Quantum 
Efficiency 

(EQE) 

High power 365 nm 0.080 3.2 x 10–5 7.5x10–7 0.023 8% 

High power 470 nm 0.20 8 x 10–5 7.6x10–7 0.0095 2.5% 

Low power 470 nm 0.0030 1.2 x10–7 2.7x10–8 0.23 59% 

660 nm 0.0020 8.0x10–7 1.0x10–8 0.013 2.3% 

700 nm 0.0015 6.0x-10–7 8.0x10–10 0.0013 0.24% 

*Power calculated based on a channel area of 40 m × 1000 m 

B.4.10 Bias stress measurements 

In the absence of the Azo-PIL layer 

Control experiments were performed to see the influence of the PhF-2,3 semiconductor (no 

Azo-PIL) under light irradiation. 
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Figure B.20. Comparison of the time-dependent current at constant drain voltage VD = 1 V in 

response to 365 nm (80 mW cm–2) irradiation with the Azo-PIL–PhF-2,3 device (dotted blue 

trace) and only the PhF-2,3 semiconducting layer (solid black trace). 

 

Figure B.21. Time-dependent current with only PhF-2,3 semiconductor (no Azo-PIL) at 

constant VD=1V in response to one of the four light sources: 365 nm light (80 mW cm–2, solid 

black trace), 470 nm light (200 mW cm–2, dotted purple trace), 660 nm only (2.1 mW cm–2, 

solid red trace). 700 nm (1.5 mW cm–2, dashed pink trace). 
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B.4.11 Cyclic voltammograms 

 

 

Figure B.22. Cyclic voltammogram of Azo-PIL (0.1 M TBAF in acetonitrile). 

Figure B.23. Cyclic voltammogram of unfunctionalized Poly(im) (0.1 M TBAF in 

acetonitrile). 



251 

 

 

Figure B.24. Cyclic voltammagram of small-molecule Azo-Br (0.1 M TBAF in acetonitrile). 
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Appendix C. Silicone-based Polymer Blends: Enhancing Properties through 

Compatibilization4  

 

C.1. Introduction 

Blending polymers is a powerful technique to obtain materials with improved 

properties,1-4 often at a lower cost than the design of novel monomers and/or polymerization 

routes. Procedurally, blending typically takes place using common processing equipment such 

as twin-screw extruders, further reducing the financial investment associated with developing 

new materials. An additional advantage is that a wide range of properties can be obtained by 

simply changing the composition of blends, leading to considerable interest in a variety of real-

world applications. 

The exceptional properties of silicones5, like the chain flexibility imparted by the wide 

silicon-oxygen bond angle paired with high bond strength, are a key driver for investigating 

the preparation of polymer blends based on mixtures of silicones with a wide variety of organic 

polymers. These unique properties arise from the substantial dipolar character of Si–O–Si 

bonds situated along a polysiloxane backbone, coupled with an ability to readily control the 

organic substituents at each silicon atom.6 This versatile molecular design toolbox provides 

excellent tunability over surface properties, the glass transition temperature, flexibility, 

chemical resistance, and thermal/oxidative stability.7 Consequently, many polysiloxane-based 

materials have been manufactured in the form of fluids, resins, and as crosslinked elastomers 

for thousands of commercial products.8 

 
4 This Appendix was originally published in Journal of Polymer Science. Reproduced with 
permission from Journal of Polymer Science 2021, 59, 11, 2114–2128. Copyright 2021, John 
Wiley and Sons. 
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Although the unique nature of Si–O bonds gives rise to the enhanced properties of 

silicones, a major processing challenge lies in their immiscibility with other polymers.9 When 

incorporated into blends, macrophase separation usually yields undesirable mechanical 

properties, and while good dispersions can sometimes be obtained with careful control of 

mixing conditions, the resulting blends are often thermodynamically unstable and undergo 

further phase separation over time.10 Strategies to compatibilize polysiloxanes with organic 

polymers are therefore needed to develop novel, hybrid blends for advanced materials 

applications.  

In this report, we review state-of-the-art polysiloxane compatibilization strategies as 

divided into four categories: 1) block copolymer compatibilization, 2) reactive blending, 3) 

interpenetrating polymer networks, and 4) end-group functionalization. The impact of these 

different approaches will be discussed in terms of phase behavior and properties.   

C.2. Results and Discussion 

C.2.1. Block Copolymer Compatibilization  

The emulsification of immiscible polymer blends by the addition of an interfacial modifier 

can lead to controllable morphologies with good mechanical properties and thermal stability.11 

These modifiers, referred to as compatibilizers, are often block copolymers where each block 

is miscible with one of the blend components.12 Block copolymer compatibilizers typically 

segregate to the interface between immiscible homopolymers, resulting in increased interfacial 

adhesion, decreased interfacial tension and domain size, and minimal coalescence during 

subsequent processing (Figure C.1).13,14 Block copolymer additives that sufficiently reduce 

interfacial tension can also prevent brittle fracture due to debonding, allowing for toughening 

mechanisms such as shear yielding and crazing to occur while limiting crack propagation.14 
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This interfacial toughening effect can be enhanced if the molecular weight of the copolymer is 

high enough to form entanglements with the surrounding homopolymer matrix. 

 

Figure C.1. Depiction of interfacial broadening in an immiscible polymer blend of 

homopolymers A and B after compatibilization by an AB block copolymer. The block 

copolymer segregates to the interface and lowers the interfacial tension.  

 

Ternary blends of two homopolymers with copolymer compatibilizers are frequently 

studied systems in statistical physics. Various theories can be used to calculate equilibrium and 

non-equilibrium phase behavior, modes of phase separation, and diffusion processes,15 with 

significant experimental and theoretical work having been summarized in numerous in-depth 

reviews.16-18 Traditionally, block copolymers (BCPs) such as AB diblocks, ABA triblocks, or 

graft copolymers are used to manipulate the phase behavior of homopolymer blends as they 

segregate to A/B interfaces and suppress macroscopic phase separation.2 The resulting blend 

morphology is governed by experimental factors including molecular weights, composition, 

and processing conditions.19  

Useful insights regarding the miscibility and phase behavior of polymers can be 

inferred from the Flory–Huggins interaction parameter, , which captures the binary 

interactions between chemically dissimilar polymers.15 Theoretically,  reflects the enthalpy 

associated with mixing two dissimilar polymers (A and B) normalized by thermal energy, 
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where positive values indicate repulsion, which drives phase separation. In practice, Flory–

Huggins theory only accounts for the ideal combinatorial entropy of mixing with non-ideal 

entropy contributions collapsed into an effective  parameter which is modeled empirically as 

 = A/T + B, where T is absolute temperature and A and B are polymer specific parameters 

(note that additional terms with a higher-order temperature dependence can also be 

included).20-22 Polysiloxanes are generally incompatible with organic materials and silicone-

based BCPs are widely studied as strongly segregating, high- systems.23-26 Table C.1 provides 

a summary of  values found in the literature for BCPs with polydimethylsiloxane (PDMS) as 

the A block and various organic components as the B block. We also note that experimentally 

measured values of  can vary depending on the material system (e.g., blends vs. blocks) and 

measurement technique (e.g., scattering vs. rheology).27  

 

Table C.1. (T) interaction parameters for AB diblock copolymers, where A = PDMS. 

B Block (T)a) (298 K) Reference 

Poly(D,L-lactide) 
360/T + 

0.21 
1.42 28 

poly(3-hydroxystyrene) 
33.5/T + 

0.31 
0.42 29 

Poly(2-vinylpyridine) 
33.2/T + 

0.14 
0.26 30 

Poly(4-vinylpyridine) 
35.2/T + 

0.18b) 
0.30 30 
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Poly(methyl 

methacrylate) 

26.7/T + 

0.11 

20.8/T + 

0.11 

0.19 

0.18 
31 

Poly(ethylene oxide) 

19.3/T + 

0.14 

13.9/T + 

0.14 

0.20 

0.29 
32 

Polyethylene 
89.9/T – 

0.094 
0.21 33 

Polyisoprene 
43.6/T – 

0.011 

0.14 

0.19 
34,35 

Poly(ethylene−propylene) 
41.0/T – 

0.024 
0.12 33 

Polystyrene 
5.80/T + 

0.060 
0.076 31 

Poly(ethyl ethylene) 
25.2/T – 

0.021 
0.059 33 

a)Values normalized to a monomer reference volume, v0, of 118 Å3 unless specified 

otherwise. 

b) Reference volume not mentioned in source. 

c)Only value given, not equation for χ(T).  
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While the high- nature of polysiloxanes with organic polymers facilitates the 

development of small features in applications such as photolithography and patterning, strong 

segregation presents a challenge for blend compatibilization.8,31 Morse and coworkers have 

investigated the impact of adding pre-made BCPs to emulsify and stabilize PDMS droplets 

within an organic matrix.36 The compatibility and morphology of the resulting blends were 

estimated by interfacial tension measurements, transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), and calorimetry. Only minor amounts of a copolymer 

modifier, ranging from 0.01% to 5%, were required to compatibilize A/B blend interfaces. The 

addition of compatibilizer decreases the interfacial tension of a polymer blend until the A/B 

interface is saturated with BCP chains and the critical micellar concentration (CMC) is 

reached, beyond which BCP micelles lacking homopolymer begin to form and there is little 

change in bulk physical properties.  

Leibler developed a theory to describe the interface between immiscible polymers and 

to predict the interfacial tension in highly immiscible A/B/AB ternary blends.37 The theory 

models copolymer chains at the interface as brushes, with one brush in homopolymer A, the 

other brush in homopolymer B, and the interface separating the two brushes as a discrete plane. 

“Wet brush” and “dry brush” regimes are distinguished by the molecular weight ratio of a 

copolymer block relative to its homopolymer and the grafting density, σ, which is defined as 

the number of chains per unit area. A wet brush, where homopolymer chains intermingle with 

the copolymer, is obtained for small σ and relatively low homopolymer molecular weights 

relative to the block molecular weight. In contrast, a dry brush describes densely packed, highly 

extended copolymer interfaces where the brush resembles a neat block copolymer lamella. The 
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ability to distinguish these regimes is critical as interfacial adhesion is dependent on the degree 

of homopolymer penetration and entanglement with the block copolymer brush. 

Hu and coworkers explored this concept experimentally in immiscible polystyrene 

(PS), polydimethylsiloxane (PDMS), and poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) 

ternary blends (Figure C.2).38 The interfacial tension was measured using an automated drop 

tensiometer to evaluate the compatibilization as a function of diblock copolymer concentration 

and PDMS molecular weight. When a nearly symmetric PS-b-PDMS (Mn = 13 KDa, 50 wt% 

PS) was added into a PDMS homopolymer phase of a PS4K/PDMS4.5K blend, the interfacial 

tension decreased as the copolymer concentration increased. A reduction in interfacial tension 

of 82% was achieved at the CMC (0.002 wt.%), above which no further change was observed. 

These results follow Leibler’s theory for dry brush behavior and a calculated saturation 

concentration of 0.003 wt.%. In contrast, a ~70% reduction in interfacial tension was observed 

for a lower molecular weight PDMS blend (PS4K/PDMS1.6K) with a significantly higher CMC 

of 0.03%. In this case, the interfacial tension observed is larger than Leibler’s theory predicts 

for a dry brush, suggesting lower molecular weight PDMS chains penetrate the copolymer 

brush layer, leading to repulsive interactions between the PDMS/PS homopolymers that 

increase interfacial tension. Furthermore, a higher interfacial tension was observed when the 

PS-b-PDMS compatibilizer was first mixed into the PS phase, likely due to the formation of 

micelles with diffusion also limited by viscosity effects. 
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Figure C.2. Reduction of interfacial tension (γ) for PS/PDMS blends as a function of the mass 

concentration of a PS-b-PDMS copolymer additive (Φcop) formed at 180 °C. Adapted with 

permission.38 1995, American Chemical Society. 

 

In addition to the compatibilizer concentration, the phase behavior of ternary A/B/AB 

blends heavily depends on the composition of the AB diblock copolymer additive.39 Self-

consistent field theory (SCFT) calculations predict that the interfacial tension, γ, for 

homopolymer mixtures with equal degrees of polymerization and statistical segment lengths 

should extrapolate to zero in the limit of a symmetric block copolymer and vary quadratically 

around the minimum of fA = 0.5. To experimentally test these SCFT predictions, Chang and 

coworkers measured γ between polyisoprene (PI) and PDMS homopolymers mixed with a 

poly(isoprene-b-dimethylsiloxane) diblock copolymer using a spinning drop tensiometer 

(Figure C.3).35 Measurements were conducted on symmetric homopolymer mixtures with 
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PDMS copolymer volume fractions, fPDMS, ranging from 0.49 to 0.73. Mixtures containing 

nearly symmetric compatibilizers exhibited ultralow interfacial tension, up to three orders of 

magnitude less than observed for the homopolymer PI/PDMS interface. Optical microscopy 

and small-angle X-ray scattering (SAXS) confirmed that these symmetric mixtures form 

lamellar or bicontinuous microemulsion phases depending on the surfactant concentration. 

However, the equilibrium γ was found to be a discontinuous function of fPDMS, particularly 

between fPDMS = 0.60–0.63, where γ changes by an order of magnitude. Chang and coworkers 

concluded that the discrepancy with SCFT calculations may arise from the limiting rate at 

which micelles in the PDMS phase emulsify PI homopolymer chains as they approach the 

interface. 

 

Figure C.3. Reduction of interfacial tension (γ) between polyisoprene and PDMS through the 

addition of a poly(isoprene-b-dimethylsiloxane) copolymer. a) Experimental data was gathered 

from a spinning drop tensiometer by varying the copolymer volume fraction (fPDMS) and 

concentration (ϕc) and compared to Leibler’s theory and SCFT predictions, denoted by the 

solid line. b) Direct comparison of two different volume fractions shows a larger decrease in 
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interfacial tension for a symmetric copolymer. Adapted with permission.35 2007, American 

Chemical Society. 

 

The architecture of copolymer compatibilizers also strongly impacts the interfacial 

structure of macrophase-separated polymer blends. Both theoretical and experimental studies 

have shown that a diblock copolymer crosses the interface only once (Figure C.4).40-43 Notably, 

the number of interfacial crossings for blocky compatibilizers can be increased with multiblock 

copolymers,42 for example, a triblock copolymer can cross the interface twice, and a 

pentablock four times, creating multiple joints or “stitches” that improves interfacial adhesion. 

With low interfacial adhesion, brittle fracture can occur due to interfacial debonding, but when 

multiblock polymers are used as compatibilizers, the resulting blends are substantially 

tougher.14 A caveat to the use of complex copolymer architectures is often the limited 

improvement in properties due to their poor entanglement with linear homopolymer chains and 

micelle formation that constrains diffusion to the homopolymer–homopolymer interface.14 

The impact of compatibilizer architecture was also examined experimentally by Jorzik 

and Wolf, who measured the interfacial tension of poly(ethylene oxide) (PEO) blended with 

PDMS.43 They compared the reduction in interfacial tension of diblock, triblock, and 

bottlebrush PEO-b-PDMS copolymers as a function of concentration (Figure C.4).  
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Figure C.4. a) Arrangement of BCP compatibilizers with various architectures at an A/B 

interface. b) Interfacial tension of compatibilized PEO/PDMS blends for different copolymer 

architectures. Adapted with permission.43 1997, American Chemical Society.   

 

The efficiency of the additives with respect to the maximum reduction of γ follows the 

sequence triblock > “bottlebrush” > diblock. However, caution should be exercised in 

generalizing this trend since it does not appear that total molecular weight nor block molecular 

weight of the copolymers were controlled or varied systematically in the investigation. This 

presents an opportunity for further theoretical and experimental studies as the connectivity of 

blocks in the compatibilizer can play a decisive role in reducing interfacial tension. 

Furthermore, insights from architectures beyond classic diblock copolymers such as tapered 

block, gradient or protein-like copolymers that have yet to be studied in silicone blends may 

guide future compatibilizer design.44-46 
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C.2.2. Reactive Blending 

While copolymer modifiers have been shown to be an efficient means to lower the 

interfacial tension of blends, there are limitations related to cost, micelle formation and limited 

interfacial diffusion.  Reactive compatibilization, the in-situ formation of block or graft 

copolymers at the interface by coupling reactive polymers and that are miscible with at least 

one component of an immiscible polymer blend (Figure C.5), is an approach that circumvents 

some of these issues.4 Moreover, reactive polymers avoid the potentially costly and 

complicated synthesis of block copolymers.  

 

Figure C.5. Compatibilization of an immiscible A/B homopolymer blend by reactive 

compatibilization. Homopolymers containing reactive groups and/or reactive small molecules 

undergo in-situ coupling to form a block copolymer at the interface, which reduces interfacial 

tension.  

 

Polymers with reactive comonomers or chain-ends can be mixed or added to unreactive 

homopolymers they are miscible with to generate polymer blends with block copolymers at 

their interfaces. Coupling reactions between the reactive homopolymers must be rapid due to 

the short processing times (often < 5 minutes) and enough copolymer must be formed to 

sufficiently compatibilize the final blend.2,47 Thus, it is important to understand the yield of 

copolymer generated under specific processing conditions to design blends with specific 
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material properties. Multiple factors controlling copolymer generation at the interface have 

been investigated, including reaction kinetics, fluid dynamics during processing, and 

thermodynamic interactions between immiscible polymers.48-50 A key constraint of reactive 

compatibilization is reaction efficiency and kinetics. For efficient coupling, reactive species 

must be able to access phase boundaries and react in the melt during the short processing times 

associated with blending. The resulting covalent bond must also be sufficiently stable under 

the processing conditions, further limiting the range of potential functional groups. 

Additionally, unreacted functional groups left within the final blend can be prone to long term 

side reactions, causing significant material degradation and drifts in their properties.  Despite 

these challenges, reactive blending has been widely successful for the compatibilization of 

immiscible polymers and is used in a variety of commercial materials.51,52 

Maric and coworkers studied the in-situ formation of block copolymers with 

functionalized PDMS and PS bearing various amine (NH2)/anhydride (Anh), NH2/epoxy (Ep), 

and carboxylic acid (COOH)/Ep coupling partners using size exclusion chromatography (SEC) 

to probe copolymer formation and electron microscopy to determine the morphology.53 

Electron microscopy of the resulting blends showed a clear particle size dependence on the 

reactive functional groups (Figure C.6). As expected, non-functional PDMS/PS blends 

produced large PDMS droplets that coarsened rapidly after annealing. The PDMS-Ep/PS-NH2 

and PDMS-Ep/PS-COOH blends were also coarse and unstable at elevated temperatures. In 

contrast, after only 5 minutes of mixing, PDMS-Anh/PS-NH2 blends produced stable sub-

micron droplets (< 0.5 μm) of PDMS in PS. SEC revealed that the final PDMS-Anh/PS-NH2 

blend contained 3 wt.% block copolymer, which is sufficient to saturate the interface, whereas 

the non-stable blends did not show evidence of copolymer formation. Maric and coworkers 
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also noted that in-situ block copolymer formation was slower for the PDMS-Anh/PS-NH2 

blends compared to other Anh/NH2 systems in the literature. They speculated that this lower 

reactivity may be due to the sharper PDMS/PS interface caused by their poor miscibility 

leading to decreased chain mixing.  

 

Figure C.6. Compatibilization of PDMS and PS through reactive blending with functional 

end groups. Adapted with permission.53 2004, John Wiley and Sons. 

 

Expanding on this concept, Jones and coworkers examined the impact of the polymer 

backbone chemistry on Anh/NH2 reactions at the polymer–polymer interface to elucidate how 

 impacts the reactivity.50 (Figure C.7) The extent of interfacial reaction of anthracene labeled 

Anh-terminated poly(methyl methacrylate) (PMMA-Anh) or PS-Anh with a range of amine 

functional polymers was determined by annealing bilayer thin films and measuring the 

resulting copolymer concentration using SEC with ultraviolet light (UV), fluorescence and 

refractive index (RI) detectors . In addition, the interfacial roughness was characterized by 

atomic force microscopy. Two principal effects were observed with decreasing : an increase 
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in the rate and extent of reaction at long times, as well as greater interfacial roughening. 

PDMS/PS and PDMS/PMMA reactive films were found to have the lowest conversion due to 

a decreased interfacial volume in which reactions can occur. Furthermore, the maximum 

interfacial conversion was found to decrease for blends prepared with higher molecular weight 

PMMA components, likely due the lower concentration of functional groups limiting the 

amount of chains that react at the PDMS/PMMA interface. In addition, the stronger 

segregation, suppressed internal fluctuations and increased block copolymer asymmetry at 

higher PMMA molecular weights may be important.  

 

Figure C.7. a) Structure and χ values (at 175 °C) of PMMA-Anh with different amine-

terminated polymers. b) Interfacial conversion vs. time for reactive blends (at 200 °C) 

containing PMMA-Anh. c) Interfacial width for 12 and 31 kDa PMMA-Anh with a range of 

amine functional polymers. Adapted with permission.50 2003, American Chemical Society. 
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In addition to the Anh/NH2 reaction, there are a wide variety of other potential reactive 

blending chemistries for the modification of silicone-based materials based on commercially-

available polysiloxanes, including hydrosilylation, thiol–ene, and polycondensation.54 Of these 

reactions, only a subset has been reported for the in-situ formation of compatibilizers, primarily 

in the form of graft copolymers. Although graft compatibilizers allow for more “crossings” at 

the polymer–polymer interface, the location of functional groups impacts the coupling kinetics 

for reactive polymers due to potential steric hindrance from the polymer backbone.55 

Significantly, the effect of compatibilizer architecture, i.e., block vs. graft compatibilizers, 

remains an open question for reactive polymer blends and warrants further investigation.  

The promise of these studies is illustrated by the improved flow and impact toughness 

reported by Zhou and Osby for the modification of polycarbonate (PC) with a small amount of 

ultra-high molecular weight PDMS.56 By promoting transesterification between the 

polycarbonate backbone and hydroxyl-terminated PDMS, a novel PC/PDMS/PC-co-PDMS 

polymer blend was prepared with superior flow and excellent performance at low temperatures 

(Figure C.8). By carefully tuning the molecular weight of the base PC, the blend retained its 

impact toughness from room temperature down to as low as −40 °C. This change was attributed 

to the formation of a graft copolymer architecture through the incorporation of low-Tg PDMS 

chains, which reduced the ductile-to-brittle transition temperature of the final material. 

Analysis of the blend morphologies by electron microscopy revealed stable, sub-micron PDMS 

droplets dispersed within a polycarbonate matrix, with near optimum particle sizes between 

0.2 – 0.9 μm for good impact toughening. This observation is in stark contrast to nearly 

identical blends prepared with non-reactive PDMS, where coalescence and macroscopic phase 

separation resulted in large PDMS domains and poor mechanical performance.  
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Figure C.8. a) Reactive blending and morphology of PC with PDMS. b) Notched Izod impact 

toughness for a PC-PDMS copolymer, PC-PDMS reactive blend, and PC homopolymer at 

various temperatures. Adapted with permission.56 2010, Elsevier. 

 

In principle, many functionalization reactions are available to prepare polysiloxanes 

with an array of architectures and well-defined chain ends, including hydrosilylation, thiol–

ene, halogen substitution, and esterification.7 Although a variety of methods to modify 

polysiloxanes exist,50,53,54,56-60 the hydrosilylation of Si–H-containing PDMS is by far the most 

versatile, allowing for efficient coupling to olefins, carbonyl groups, and other 

functionalities.57 Indeed, this highly effective toolbox has enabled the development of various 

vulcanization strategies for the industrial production of silicone networks.51 Nevertheless, only 

a few papers have explored the reactive compatibilization of silicone–organic blends via 
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hydrosilylation chemistry. In 2012, Bonnet and coworkers reported the reactive blending of 

Si–H-terminated PDMS and poly(ethylene-co-vinyl acetate) (EVA) via metal-catalyzed 

carbonyl hydrosilylation (Figure C.9).58  The properties and morphology of the reactive 

EVA/PDMS blends could be tuned depending on the viscosity and stoichiometry of the 

homopolymer components. Specifically, a crosslinked material was obtained for low-viscosity 

PDMS with a high molar ratio of Si–H groups to vinyl acetate (VA) residues along the 

backbone of the EVA (Si-H/VA = 0.5). In contrast, a compatibilized blend was generated by 

increasing the PDMS/EVA viscosity ratio and decreasing the Si–H/VA ratio to 3.5×10–3, 

allowing for the in-situ formation of EVA-g-PDMS copolymers at the interface between 

immiscible homopolymers. In the absence of the Ru catalyst, no graft formation was observed, 

resulting in a coarse morphology with PDMS droplet sizes between 3–5 μm, compared to 0.5 

μm in reactive blends. This approach was later expanded to the reactive compatibilization of 

polyamide/PDMS blends through amide hydrosilylation, which showed similar trends.59 

 

Figure C.9. Morphology of reactive and non-reactive PDMS/EVA blends compatibilized 

through a metal-catalyzed carbonyl hydrosilylation reaction. Adapted with permission.58 2012, 

Elsevier. 
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The reactive compatibilization of silicones was also probed by Sun and coworkers by 

blending linear poly(dimethyl siloxane-co-vinylmethyl siloxane) chains, i.e. silicone rubber 

(SiR), and soluble styrene–butadiene rubber (SSBR) compatibilized by thiol–ene click 

chemistry (Figure C.10).60 A trifunctional thiol trimethylolpropane (TMPMP) was chosen to 

compatibilize SiR and SSBR via an in-situ interfacial coupling during the mixing process. 

Although SiR and SSBR are both vinyl functionalized and can undergo a thiol–ene click 

reaction with TMPMP, SSBR contains a significantly higher vinyl content and has a tendency 

to self-crosslink, inhibiting its coupling to SiR. Thus, a two-step process, where TMPMP was 

first reacted with SiR and then compounded with SSBR, was investigated to address the 

different reactivities. Blends prepared by a one-step process without TMPMP (referred to as 

blank) were also prepared for comparison. Both the one-step and two-step blends showed an 

increased tensile stiffness compared to the control. However, the tensile strength and 

elongation at break of the one-step blend decreased, indicating an increasing stress 

concentration from the tendency of TMPMP to internally crosslink the SSBR domains rather 

than coupling SSBR with SiR to form grafted/hyperbranched architectures. In contrast, the 

two-step process led to improved tensile strength and tensile modulus stemming from 

enhanced interfacial SiR and SSBR interactions. These results were supported by increased 

transparency and decreased SiR domain sizes within the two-step blends, characteristic of 

improved compatibilization. 
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Figure C.10. One-step and two-step process for forming SSBR/SiR reactive blends. Backside 

illuminated images of a control blend (without TMPMP) and a two-step SSBR/SiR blend. 

Mechanical properties are summarized in the table. Adapted with permission.60 2017, 

American Chemical Society. 

 

C.2.3. Interpenetrating Polymer Networks 

Unlike compatibilized blends that are thermodynamically stabilized using block 

copolymers, interpenetrating polymer networks (IPNs) are kinetically trapped structures 

containing two or more independently crosslinked networks.61 Miscible lower molecular 

weight components (oligomers or monomers) are combined and crosslinked and/or 

polymerized. This strategy forces the compatibilization of two immiscible polymers by rapidly 

crosslinking the growing chains, limiting phase separation to produce materials with enhanced 

properties.62,63 The domain size and degree of interpenetration are tunable depending on the 

blending process and the nature of the monomers/oligomers. For example, a simultaneous IPN 

can be prepared using orthogonal crosslinking reactions where the polymer components are 

crosslinked simultaneously to form both networks in a single step (Figure C.11a).64 

Alternatively, the formation of the first polymer network can be followed by swelling with an 
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additional reactive component and subsequent polymerization or crosslinking of the second 

network in a process typically referred to as sequential IPN formation (Figure C.11b).  

 

 

 

Figure C.11. a) Formation of an interpenetrating network by the simultaneous method starting 

from homopolymer A swollen with monomer B. The polymerization of polymer B is followed 

by orthogonally crosslinking both polymers. b) Formation of an interpenetrating network by a 

sequential strategy starting from a matrix of polymer A. Homopolymer A is initially 

crosslinked, followed by the addition of monomer B and its subsequent polymerization and 

crosslinking.  

 

The formation of silicone-containing IPNs is attractive for silicone blends due to the 

wide variety of available crosslinking methods including alcoholysis, vulcanization, radiation, 

and hydrosilylation.54 Careful control over the polymerization, crosslinking, and mixing during 

preparation prevents macroscopic phase separation, producing small domain sizes in otherwise 

incompatible polymer mixtures. In particular, the morphology and domain size of an IPN 

depends on the rate of phase separation and the crosslinking chemistry.64 Phase separation can 
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either occur by nucleation and growth, generating polymer droplets within a larger matrix, or 

by spinodal decomposition, which generally yields a bicontinuous structure with two 

interconnected domains. 

Turner and Cheng prepared PDMS–poly(methacrylic acid) (PMAA) IPN membranes 

using sequential monomer immersion. Pre-IPN films were first produced by mixing vinyl-

terminated PDMS with a multifunctional Si–H crosslinker, which was cured via 

hydrosilylation (Figure C.12).65 The crosslinked PDMS resin was then swollen in a 

methacrylic acid monomer solution containing triethylene glycol dimethacrylate as crosslinker 

and the IPN formed via free-radical polymerization upon exposure to UV radiation. 

Fluorescent labeling of the resulting PMAA domains by swelling in fluorescein enabled the 

direct visualization of the IPN morphology by laser scanning confocal microscopy. The 

morphology of these PDMS–PMAA sequential IPNs transitioned from a relatively 

homogeneous hydrogel near the glass surface to coarse phase separation and finally to a 

bicontinuous structure, indicative of spinodal decomposition, in the interior of the films. This 

change in film morphology was attributed to a concentration gradient created by monomer 

evaporation and substrate–surface thermodynamic effects. In contrast, the total immersion of 

pre-IPN films in a MAA solution ensured an even monomer concentration profile and 

produced a uniform bicontinuous morphology throughout the IPN. Interestingly, these 

homogeneous membranes were much more permeable to water-soluble compounds, with the 

dispersed hydrogels forming an impermeable layer at the air or glass–IPN interfaces. 
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Figure C.12. Sequential formation of a PDMS/MAA IPN and laser scanning confocal 

microscopy depth profile images of an IPN prepared on a glass substrate. Adapted with 

permission.65 2000, American Chemical Society. 

 

Although sequential strategies provide well-disperse IPNs with unique morphologies, 

they are often not very practical for industrial applications. An interesting alternative to the 

sequential approach is IPN formation via simultaneous polymerization processes.66 In these 

systems, the morphology depends on homopolymer incompatibility and the polymerization 

conditions, including mixing and the kinetics of each reaction.9 Issues such as co-solubility 

and relative hydrophobicity between the polymers are major constraints in IPN formation and 

are particularly evident when both hydrophobic and hydrophilic monomers are polymerized 

simultaneously. To circumvent these issues, Castellino and coworkers formed 

polydimethylsiloxane–poly(methacrylic acid-stat-hydroxyethyl methacrylate) (PDMS-

P(MAA-HEMA)) IPNs simultaneously from bicontinuous emulsion templates that were 
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stabilized with polymerizable silicone/ethylene-glycol-acrylate-functionalized surfactants 

(Figure C.13).67 This process provides a simpler one-step approach to form silicone IPNs with 

interpenetration at the nanoscale level. The phase behavior of these pre-IPN silicone 

microemulsions was evaluated using pseudo-ternary phase diagrams at different temperatures 

to identify compositional ranges for potential polymerization templates. Compositions with the 

desired morphology were then polymerized and crosslinked simultaneously to produce the 

final IPN. Confocal microscopy on samples swollen in aqueous sodium fluorescein confirmed 

that both phases were well distributed with domain sizes < 1 μm, although for systems with 

non-reactive surfactants the morphology was not uniform throughout the material. This non-

uniformity may be a result of changes in the template microemulsion phase behavior and 

domain size during polymerization. In contrast, the bulk microstructure of IPNs produced from 

reactive surfactants was more uniform with reduced domain size down to < 200 nm.   

 

Figure C.13. Simultaneous formation of a PDMS/MAA/HEMA IPN and phase behavior of 

pre-IPN microemulsion templates with reactive surfactants. Adapted with permission.67 2012, 

Springer Nature. 

 

Although orthogonal chemistries are typically used to crosslink each domain during 

IPN formation, additional chemical grafts between the two immiscible polymers can increase 
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the compatibility of the overall material. Meyer and coworkers explored this concept by 

synthesizing grafted and non-grafted IPNs based on PDMS and PMMA (Figure C.14).68 The 

IPNs were synthesized through an in-situ sequential strategy involving mixing dihydroxy-

terminated PDMS, MMA, azobisisobutyronitrile (AIBN), 1,1,1-trimethylol-propane 

trimethacrylate (TRIM) and either tetraethyl orthosilicate (TEOS) or trimethoxysilylpropyl 

methacrylate (TMSPM) as a crosslinker for the PDMS domains. The PDMS network was 

initially formed by adding tin(II) octanoate to catalyze the polycondensation crosslinking, 

followed by heating to 60 °C to initiate the copolymerization of the vinyl network. 

Interestingly, the grafted PDMS/PMMA IPNs (crosslinked by TMSPM) were more transparent 

when compared to their non-grafted analogs, indicative of a decreased PDMS domain size 

within the composite material. In addition, differential scanning calorimetry (DSC) showed 

little change in the glass transition temperatures of the PDMS and PMMA networks, 

supporting phase separation in the graft IPNs. The stress–strain behavior of full and graft IPNs 

demonstrated that grafting and crosslinking significantly improved the tensile modulus E while 

reducing elongation at break εu.  
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Figure C.14. In-situ sequential synthesis and light transmission percentage for full and grafted 

PDMS/MAA IPNs. Adapted with permission.68 1992, Elsevier. 

 

C.2.4 End-group Interaction 

Although the formation of stable polymer blends has primarily focused on the design 

of novel compatibilizers, several publications have demonstrated that interactions between 

chain ends can significantly impact interfacial properties.69,70 This approach can lead to 

increased miscibility by incorporating end groups that have repulsive interactions with both 

blend homopolymers (Figure C.15). This phenomenon is primarily observed with low 

molecular weight polymers as end-group effects are diluted with increasing degrees of 

polymerization.71  
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Figure C.15. Compatibilization of immiscible homopolymer A and B through end-group 

effects.  

 

While underexplored, a limited number of studies have shown significant end group 

effects on the miscibility of polysiloxanes with organic polymers.69-73 In one example, the 

Koberstein group measured the interfacial tension of end-functionalized PDMS blended with 

polybutadiene (PBD).69 For this study, the authors measured the interfacial tension between 

PBD blended with amine-terminated PDMS (PDMS-NH2) or methyl-terminated PDMS 

(PDMS-CH3). At molecular weights around 1300 Da, the interfacial tension of the PDMS-NH2 

blend was 20% lower than that of the PDMS-CH3 blend. However, at molecular weights 

around 19 kDa, the change in interfacial tension was only ~5%. Unexpectedly, PDMS-NH2 

did not exhibit significant interfacial activity, indicating the reduction in interfacial tension 

cannot be attributed to a surfactant effect, but instead to changes in bulk thermodynamic 

interactions. 

To understand this phenomenon, Qian et al. used a Flory–Huggins lattice model and 

molecular simulations to account for end group effects and their impact on the  interaction 

parameter.72  values of PDMS and poly(methylphenylsiloxane) (PMPS) blends were 
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calculated for trimethylsilyl- or silanol-terminated polymers. The results indicate end groups 

in low molecular weight blends (particularly for oligomers with less than 20 repeat units) 

significantly impact  and microphase separation, whereas end-group effects are 

inconsequential at higher molecular weights. Expanding on this study, Lee and coworkers 

measured the cloud point of low molecular weight blends of polyisoprene with PDMS-CH3, 

PDMS-COOH, and PDMS-NH2 (Figure C.16).73 For equivalent molecular weights, the cloud 

points of PI/PDMS-CH3, PI/PDMS-COOH, and PI/PDMS-NH2 dropped dramatically from 

250 °C for the methyl-terminated polymer to 190 °C for PDMS-COOH and 85 °C for PDMS-

NH2, scaling inversely with the polarity of the PDMS end group. In particular, the polymer 

chain end had profound effects on , with the largest decrease associated with terminal amine 

groups on PDMS. Chain ends having repulsive interactions with both homopolymers force the 

functionalized polymers to interact, leading to increased miscibility as evidenced by lower 

cloud points. The phase diagrams of these end-functional blends can be modeled by a modified 

Flory–Huggins–Staverman lattice approach that includes binary interaction theory and group 

additivity concepts that capture the effect of end groups on the enthalpy of mixing.  

 

Figure C.16. Experimental cloud point curves of non-reactive PI/PDMS blends with various 

chain ends. Adapted with permission.73 2001, Elsevier. 
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C.3. Conclusions and Future Work 

Advances in silicone chemistry have forged a remarkable toolbox for the preparation 

of novel block copolymers, reactive coupling systems, and functionalized materials. This 

increased availability and versatility has allowed researchers the opportunity to design and tune 

the stability, morphology, and mechanical properties of immiscible polymer blends. The 

compatibilization of these materials has been achieved through four well-established 

approaches, namely the addition of silicone–organic block copolymers, reactive blending, 

highly crosslinked interpenetrating polymer networks, and end-group effects in low molecular 

weight materials. With precise structural and functional group control, a wide array of silicone–

organic blends can now be achieved from previously immiscible polymers despite their strong 

phase separation.  

Although much progress has been made in the compatibilization of immiscible 

silicone–organic blends, several key areas are still poorly understood and would benefit from 

further theoretical and experimental studies. Most importantly, the impact of copolymer 

architecture on silicone-containing BCP additives needs more research despite noted 

architectural effects on the compatibilization and interfacial structure of immiscible polymer 

blends. Further studies are also required on reactive blending as it does only form copolymers 

at the interface. There is a caveat in that a large portion of the added reactive groups on the 

siloxane and organic polymers are left unreacted and will be prone to degradation, further 

material drift (potential long term side reactions) and potential hazards as would be in the case 

of residual SiH containing PDMS (hydrogen formation). The block copolymer approach, on 

the other hand, could be classified as a more inert approach but also will have its issues since 

reaching the same level of silicone/organic polymer dispersion will require more (mixing) 
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energy. Further fundamental studies exploring the effects of silicone-containing BCP 

architecture on the morphology and mechanical properties of blended polysiloxanes may allow 

these architecture effects to be more comprehensively evaluated. In addition, the impact of 

other block copolymer design concepts that are known to strongly influence the phase behavior 

of neat, non-blended materials—for example, conformational asymmetry—would provide an 

increased understanding of opportunities in blend compatibilization. Finally, the development 

of scalable, efficient, and cost-effective reactive systems that generate compatibilizers in situ 

will drastically aid in the commercialization of immiscible silicone–organic polymeric blends. 

We anticipate that polymeric silicone blends will continue to play a significant role in many 

areas of materials science with well-dispersed silicone–organic polymer blends being central 

to an increasing range of academic and industrial applications. 
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