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ABSTRACT 

 

Atmospheric icing, the process by which supercooled water droplets freeze upon 

contact with a surface, has proven to be devasting when not controlled or prevented.  

Currently, the solution for addressing this problem is the use of deicing fluids, which are 

toxic and inefficient, leading to the development of intrinsically anti-icing materials to 

focus on prevention rather than response after manifestation.  Amphiphilic polymer 

coatings have been of particular interest as they are capable of presenting complex nano- 

and microscopic heterogeneities for inhibition of ice formation, which is not a typical 

approach toward anti-icing technologies.  We have previously synthesized crosslinked 

networks comprised of hyperbranched fluoropolymers (HBFP) and poly(ethylene 

glycol) (PEG), which demonstrated superb anti-biofouling capabilities credited to their 

amphiphilic morphology, nanoscopic surface topography and dynamic surface 

reorganization.  Through the tuning of the amphiphilicity and thermo-responsive 

molecular ordering of this crosslinked hyperbranched network, we expand the 

application of these materials by exploiting their characteristics for development of 

robust, dynamic, anti-icing coatings for aerospace applications. 

An array of films was synthesized by varying the PEG crosslinker to study the 

effect of hydrophilic:hydrophobic component ratios on the thermal, mechanical and 

surface properties.  Differential scanning calorimetry (DSC) data show significant 

reductions in the water melting transition temperatures (-5 °C and -27 °C for free and 

bound water, respectively).  The novel application of this system displays the expansion 
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and diversity of a well-established coating that demonstrates unique water confinement 

and sequestration behaviors with the ability to reorganize at the surface.  Due to its great 

potential as an anti-icing coating, additional investigations and chemical manipulation of 

the binary system led to the integration of a thermally-dynamic molecule, a liquid 

crystalline (LC) moiety.  A library of LC systems was developed in order to probe the 

effects that size, mesophase and topology would have on the water depression efficiency 

of these materials.  An LC monomer was incorporated into the polymer during 

polymerization in order to enhance the dynamic reorganization of the system during 

changes in temperature and wetting.  The results suggest that the unique LC-HBFP 

system is a viable option as a dynamic coating for extreme environments.   
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Anti-icing and Deicing Methods 

Atmospheric icing is a problem that has plagued the aviation industry since the 

inception of airplanes as a mode of general transportation.  Aircraft icing is an 

accumulation of water droplets that freeze on an aircrafts’ exterior surface, within the 

induction system and/or within the instrumentation, compromising flight safety and 

costing the aviation industry time and money.
1-4

  These negative consequences present 

themselves in the form of poor aircraft performance and efficiency, extended holdover 

times and high unforeseen costs when not addressed.
1
  As little as 0.03 inches of ice can 

adversely alter the shape and roughness of the aircraft, particulary the surface of the 

wings, which can result in a decrease in lift by 25% and an increase in drag during 

takeoff.
1, 5

  The results of this added weight include increased fuel uptake, decreased 

thrust and possible accidents during takeoff.
5
 

Currently, the commercial solution for combating the issue involves the 

application of deicing fluids, which are primarily composed of propylene glycol and 

ethylene glycol, through spraying the heated glycol/water fluid mixture over the entire 

aircraft.
6
  This process, is inherently costly, time-consuming and damaging to the 

environment, partly due to the toxicity of the fluids and their inefficiency.
6, 7

  Breaking 

the entire process down, the extent of detail and cost involved can be illustrated.  The 

deicing fluids, costing ca. $10 per gallon, need to be heated and mixed with water prior 
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to use and amounts required vary depending on icing intensity and aircraft size.  For a 

mid-size jet, this cost can range from $300 with light icing to $10,000 for moderate 

icing. 
4, 8

  Additionally, the fluid must be sprayed from a deicing truck, which can cost 

ca. $250,000.
4
  Since current deicing methods can only address moderate levels of icing, 

based on the Federal Aviation Administration’s (FAA) current icing intensity definitions 

(Table 1), and cannot successfully alleviate severe levels of icing, it is clear that there is 

a need for new technology to address this significant challenge. 

 

Table 1.1.  The Federal Subcommittee on Meteorological Services version of airframe 

icing reporting adopted in 1968.
8
 

TRACE Ice becomes perceptible.  The rate of accumulation is slightly greater than the rate of 

sublimation.  It is not hazardous even though deicing/anti-icing equipment is not 

utilized, unless encountered for an extended period of time – over 1 hour. 

LIGHT The rate of accumulation may create a problem if flight is prolonged in this 

environment (over 1 hour).  Occasional use of deicing/anti-icing equipment 

removes/prevents accumulation.  It does not present a problem if the deicing/anti-icing 

equipment is used. 

MODERATE The rate of accumulation is such that even short encounters become potentially 

hazardous and the use of deicing/anti-icing equipment or flight diversion is necessary. 

SEVERE The rate of accumulation is such that deicing/anti-icing equipment fails to reduce or 

control the hazard.  Immediate flight diversion is necessary. 

 

Recent efforts toward the generation of anti-icing systems have resulted in many 

different technologies for the prevention of ice manifestation and ease of removal, 

including superhydrophobic coatings,
9-23

 liquid crystalline polymers
24-26

 and while not 

covered within the scope of this dissertation, antifreeze(glyco) proteins.
27-29

  

Superhydrophobicity gained popularity from surfaces in nature such as lotus leaves
30, 31

 

and water strider legs.
32

  This superhydrophobic property is a result of low surface 
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energy and a rough microscopic topography.
31

  The coorelation between 

superhydrophobicity and ice-repellency was first observed by Saito et al., where results 

from the development of a resin, composed of poly(tetrafluoroethylene) and 

poly(vinylidene) fluoride, compared water contact angle, free surface energy and ice 

adhesion strength.
33

  Since this research, superhydrophobic surfaces have been prepared 

through a variety of mechanical and chemical methods, but thus far, only a few have 

demonstrated anti-icing character.
10, 17, 34

 

Around the time Saito el al. related superhydrophobicity and ice-repellency, 

liquid crystalline polymers (LCPs) were gaining attention for their potential as protective 

coatings.
24

  Though there are several characteristics that make LCPs desirable toward 

coating applications, the major setback for the success of LCP materials has been the 

difficulties in processing.
24

  While each system offers its own merits and weaknesses, it 

was hypothesized that the employment of various chemistries would result in a highly 

complex, robust coating with varying degrees of dynamic character that would exhibit 

unique surface characteristics including low surface energy,
9, 12-16, 18, 19, 22, 35

 wide-range 

of thermal stability
24-26, 36

 and low adhesion,
37-39

 which would inhibit the organization of 

water into ice crystals, thus eradicating the deicing problem by preventing ice formation. 

 

1.2 Hyperbranched Fluoropolymers 

The Wooley laboratory has a long-standing reputation for synthesizing complex, 

amphiphilic hyperbranched fluoropolymer poly(ethylene glycol) crosslinked networks, 

primarily for use as anti-biofouling materials.
40-44

  While research has resulted in three 
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generations of hyperbranched fluoropolymers (HBFP) with different structural features 

and synthesized through a variety of synthetic methods, key similarities within each 

generation included the incorporation of a fluorinated hydrophobic component 

crosslinked with a hydrophilic moiety, resulting in a highly branched, amphiphilic 

polymer coating.
40, 45

  Specifically, the third generation of HBFP (HBFP
(III)

) introduced 

hydrophilic character with the addition of tri(ethylene glycol) (TEG) units into the 

polymer framework, which had resulted in significant changes on the material properties 

including lower glass transition (Tg) values and thermal degradation temperatures when 

compared to the two previous generations, HBFP
(I)

 and HBFP
(II)

.
45

  Additionally, 

HBFP
(III)

 was synthesized as a homopolymer, HBFP
(III)

-a (Figure 1.1), and a copolymer, 

HBFP
(III)

-b (Figure 1.2), by atom transfer radical self-condensing vinyl polymerization 

(ATR-SCVP) or copolymerization (ATR-SCVCP).  By systematically varying the 

hydrophobic:hydrophilic components, an array of amphiphilic crosslinked networks 

were prepared for evaluation of thermal, mechanical and surface properties, specifically 

towards anti-biofouling assessment, which showed low barnacle cyprid settlement and 

high release of diatoms and sporelings.
41

  Additionally, coatings with distinct 

topographical, compositional and morphological features were obtained through 

tailoring of the type and amount of crosslinker, showing increase resistance to protein 

adsorption than a commercially-available anti-bioufouling standard.
43

 

 



 

5 

 

 

Figure 1.1.  Structure of HBFP
(III)

-a (homopolymer). 

 

 

Figure 1.2.  Structure of HBFP
(III)

-b (copolymer). 

 

1.3 Liquid Crystalline Polymers 

Liquid cystalline polymers are macromolecular systems that dynamically order 

when subjected to an increase in solution concentration (lyotropic) or a decrease in 

temperature (thermotropic).
26

  LCPs are composed of fundamental units known as 

mesogens that are usually attached to a flexible spacer resulting in mesogenic units.  The 

mesogens induce structural order while the flexible spacer increases fluidity resulting in 
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unique polymers with unconventional properties.
26, 46

  Generally, LCPs are found with 

two main types of architectures (Figure 1.3): main-chain (MC), where the mesogen 

composes the backbone of the polymer, and side-chain (SC), where the mesogen is 

attached to the polymer backbone by a flexible spacer.  While MC-LCPs have been 

implemented in several technologies requiring high strength and semiconducting 

applications,
47-53

 the difficulties in processing as well as elevated transition temperatures 

of these materials have steered research efforts toward SC-LCPs.  The incorporation of 

thermotropic mesogenic units through the use of a side-chain allows for easier 

preparation and eliminates many difficulties in processing, such as rigidity issues 

responsible for poor solvent solubility at room temperature, which is required to extract 

LC properties from lytotropic systems.
24, 26, 46

 

 

 

Figure 1.3.  Schematic illustrations of main-chain LCP and side-chain LCP 

architectures.  
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This new generation of thermotropic LCPs as coatings was proposed partly due 

to the materials’ ability to possess properties of each individual component and also 

display new features, but primarily, because LCP materials have shown remarkable 

coating properties including thermal resistance, environmental resistance to weathering 

and chemicals, low permeability and a low coefficient of linear thermal expansion.
24-26, 

36, 54-56
  Several research groups have demonstrated an increase in general coating 

properties including hardness, flexibility and adhesion with the addition of an LC 

moiety, over non LC-containing polymers.
25, 37-39, 57, 58

  Athawale and coworkers 

observed comparable adhesion and shorter drying times for their LC acrylic copolymer 

coatings when compared to the parent acrylic copolymers.
37, 57

  They notably mentioned 

that the LC acrylic copolymer coatings also demonstrated an increase in hardness while 

maintaining comparable flexibility to the non LC-containing coatings.
37, 57

  Additionally, 

the LC acrylic copolymer coatings showed visual stability after submersion in acid, 

alkali and water for 24 h.
37, 57

  Gähde et al. recognized that by using LC polyurethanes, 

they could effectively adhere the film to a steel substrate and hinder the penetration of 

water to the interface.
36

  Van der Wielen and coworkers also showed suitable coating 

adhesion to polar substrates including metals.
39

  We hypothesize that by enhancing the 

hydrophobicity of LCP coatings through integration into amphiphilic hyperbranched 

fluoropolymers, we combine all the advantageous features of superhydrophobic surfaces 

and LCPs into one superior coating. 
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1.4 Scope of Dissertation 

This dissertation focuses on the design, development and investigation of 

dynamic, complex, amphiphilic fluoropolymer poly(ethylene glycol) crosslinked 

networks as materials for use in environmentally-extreme conditions, primarily as anti-

icing coatings for aerospace applications.  Studies began with the investigation of our 

well-established binary system (Chapter II).  This topographically, morphologically and 

compositionally complex system was then expanded by the incorporation of an LC 

monomer, to probe the effects this thermally-dynamic component would have on the 

polymer and subsequent coatings (Chapter III).  After obtaining an understanding of the 

dynamic character that the LC moiety lended to the polymer matrix, the impact of a 

variety of LC comonomers and polymer topology was explored in different aqueous 

environments (Chapter IV). 

In Chapter II, we investigated a previously crosslinked network, comprised of 

HBFP
(III)

 and poly (ethylene glycol) (PEG), that displayed noteable anti-biofouling 

characteristics credited to its low surface energy, amphiphilic morphology, nanoscopic 

surface topography and dynamic surface reorganization.  It was hypothesized that these 

complex nano- and microscopic heterogeneitic features could be extracted to inhibit ice 

formation and subsequently, depress the freezing/melting temperature of water.  

Through the tuning of the amphiphilicity, low surface energy and thermo-responsive 

molecular ordering, we studied the effect on thermal, mechanical and surface properties.  

Differential scanning calorimetry (DSC) studies revealed two melting transition 

temperatures attributed to the bound water within the HBFP
(III)

-PEG matrix and the free 
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water on the surface of the coating.  Data from DSC and Fourier transform infrared 

(FTIR) spectroscopy, provided insight into the behavior of the crosslinked networks and 

a further understanding of the interaction between water and the binary system.  

Additionally, through modification of the drop-casting solvent, a lower Tm was obtained, 

which was accredited to the higher mobility and greater reactivity the solvent provided 

to the system.  Overall, the depression of the freezing/melting temperature of water 

extended the utility for these crosslinked networks as potential anti-icing materials. 

With the success of the binary system, in Chapter III, the polymer was expanded 

to integrate a thermally-dynamic molecule, a mesogenic unit, for the purpose of lending 

liquid crystalline properties to the crosslinked network.  A series of amphiphilic 

networks was synthesized through the variation of the polymer molecular weights and 

the hydrophilic:hydrophobic component ratios.  These innovative materials showed a 

remarkable reduction in the free water melting transition temperature, measured by DSC, 

and an increase in water contact angle for dry and water-swollen systems resulting in a 

more hydrophobic surface.  As the water contact angle increased, the water uptake % 

also increased.  These results were attributed to the added ordering parameter from the 

incorporation of the LC comonomer.  The high degree of ordering also generated a 

unique coating topography visualized via polarized optical microscopy (POM) and 3D 

optical microscopy, while maintaining an overall macroscopic homogeneity.  The ability 

for the polymer matrix to retain key features, such as the sequestration and confinement 

of water molecules, impart an additional dynamic character during temperature change, 
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and enhance the depression of waters’ freezing point supports our claim to use these 

materials as protective coatings in extreme environments. 

With an understanding of how liquid crystalline properties affected our 

amphiphilic crosslinked networks, Chapter IV explored the influence of different LC 

comonomers and polymer architecture on the overall performance and efficiency of the 

coatings.  Through variation of the LC comonomers and hydrophilic:hydrophobic 

component ratios, several arrays were synthesized and underwent a variety of analyses to 

investigate differences in melting transition temperatures, water absorption, gross 

wettability and solution stability in an assortment of aqueous media.  These materials 

demonstrated an unprecendented reduction in the free water melting transition 

temperature across the hyperbranched and linear versions.  All polymer networks 

displayed a remarkable % water uptake, while retaining an overall hydrophobic surface.  

Additionally, LC characteristics were preserved in the hyperbranched polymer networks 

as seen by POM, and showed great promise in salt-water aqueous environments and 

cold-weather conditions. 
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CHAPTER II  

INVESTIGATION OF INTRICATE, AMPHIPHILIC CROSSLINKED 

HYPERBRANCHED FLUOROPOLYMERS AS ANTI-ICING COATINGS FOR 

EXTREME ENVIRONMENTS
1
 

 

2.1 Overview 

Atmospheric icing, the process where supercooled water droplets freeze upon 

contact with a surface, has proven to be devastating when not controlled or prevented.  

Examples that endanger human safety include power line outages,
59, 60

 malfunctioning of 

wind turbines,
61, 62

 and crashes on roads and runways.
2, 3

  Aside from compromising 

flight safety, icing is costly to remove and time consuming for the aviation industry.
1, 25

  

The primary reason for this cost is aircraft icing that can accumulate in aircraft induction 

systems and instrumentation, which negatively impacts performance and efficiency, and 

adds consequential factors, such as extended holdover times and unforeseen costs when 

not addressed.
1
  The current reactive approach for addressing aircraft icing is the use of 

deicing fluids, which are toxic and inefficient.
7
  The commercial deicing process 

involves the use of these fluids (primarily propylene glycol or ethylene glycol) that must 

first be heated, prior to their use, in conjunction with water.
6
  Several laboratories have 

responded to these issues with materials that have a foundation in prevention and, 

                                                 

1
Reprinted (adapted) with permission from “Investigation of intricate, amphiphilic crosslinked 

hyperbranched fluoropolymers as anti-icing coatings for extreme environments” by Jennifer S. Zigmond, 

Kevin A. Pollack, Sarah Smedley, Jeffery E. Raymond, Lauren A. Link, Adriana Pavía-Sanders, Michael 

A. Hickner and Karen L. Wooley, J. Polym. Sci. A Polym. Chem. 2016, 54 (2), 238-244.  Copyright 2015 

by John Wiley and Sons. 
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therefore, present a proactive approach to address icing before manifestation through the 

use of intrinsically anti-icing materials.  Materials that are currently being investigated as 

anti-icing coatings include superhydrophobic surfaces
9, 12, 18, 21-23

 and antifreeze 

proteins.
29

  Superhydrophobic surfaces have been generated through a variety of 

methods: mechanical and chemical etching followed by the application of a thin film that 

is typically fluoropolymer-based,
9, 12, 15, 16

 or by utilizing unmodified surfaces that are 

cast with a polymer coating.
11, 17, 21, 23

  Of the superhydrophobic surfaces synthesized 

thus far, anti-icing character has only been demonstrated in a few of these systems.
17, 23

  

Though superhydrophobic surfaces display great potential as anti-wetting agents, they 

suffer from high cost, extensive preparation procedures and long times when using 

surface etching to pre-treat surfaces and ease of damage (since they are typically 

monolayers).  Additionally, Farhadi and coworkers observed an increase in ice adhesion 

strength when superhydrophobic samples were maintained in air for periods of time at 

temperatures ca. 0 °C, concluding that these systems are limited to low humidity 

atmospheres because they lose their anti-icing efficiency with increased  condensation 

rates.
12

 

In contrast to the generation of superhydrophobic surfaces,
9, 11, 12, 15-17, 21, 23, 34

 

which avoid wetting and limit water and ice adhesion to substrates, as a typical approach 

toward anti-icing coatings technologies, we have investigated amphiphilic polymer 

coatings that present complex nano- and microscopic heterogeneities for inhibition of ice 

formation in extreme environments.  Previously, crosslinked networks comprised of 

hyperbranched fluoropolymers (HBFP) and poly(ethylene glycol) (PEG) were designed, 
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synthesized, and shown to exhibit superb anti-biofouling capabilities against marine 

organisms, credited to their low surface energy, combination of fluoropolymer and PEG 

compositions, amphiphilic morphology, nanoscopic surface topography and dynamic 

surface reorganization.
41

  As an extension to the anti-biofouling behavior, it was 

hypothesized that the PEG-water interactions that lead to the organization of water 

molecules and contribute to resistance of protein adsorption
63-67

 could be used as a 

water-sorbed phase within and on the surface of HBFP-PEG bulk samples to prevent 

icing.
68, 69

  In the current work, surface phenomena and water melting point depression 

and hydrogen bonding variation resulting from water confinement were further 

evaluated toward the development of HBFP-PEG-based anti-icing materials for marine, 

aerospace and other extreme environment applications. 

Through the tuning of the amphiphilicity, low surface energy and thermo-

responsive molecular ordering of this crosslinked hyperbranched network, the 

application of these materials was expanded by exploiting their characteristics for the 

development of robust, dynamic, anti-icing coatings.  These materials were produced 

with the purpose of inhibiting the crystalline organization of water molecules, and 

subsequently, preventing the formation of ice by increasing the complexity of the 

amphiphilic surface topography and advancing the molecular ordering of the 

heterogeneous assemblies, with focus on the molecular interactions that occur between 

water and the polymer materials at the surface and within the bulk.  Initial differential 

scanning calorimetry (DSC) data showed that these materials exhibit inhibition of ice 

formation, as determined from reductions in the water melting transition temperatures 
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(freezing point depressions).  Therefore, an array of films was synthesized varying the 

PEG crosslinker content to study the effect of PEG-to-HBFP ratio on the thermal, 

mechanical and surface properties, as well as the overall anti-icing efficiency of these 

materials.  The advances of these materials are discussed in terms of the formulations, 

the structure-function relationships driving the empirically-derived water melting 

transition temperatures, and the final effects on the water phases at the surfaces. 

 

2.2 Experimental Section 

2.2.1 Materials 

 Reagents and starting materials were purchased from Sigma-Aldrich, Acros and 

VWR and used as received unless otherwise noted.  2,3,4,5,6-Pentafluorostyrene (PFS) 

was purchased from Apollo Scientific (U.K.) and purified by passing through a neutral 

alumina column to remove the inhibitor prior to use. 

2.2.2 Instrumentation 

 Nuclear magnetic resonance spectroscopy.  
1
H, 

13
C and 

19
F nuclear magnetic 

resonance (NMR) spectroscopies were recorded on a Varian Inova 300 spectrometer.  

Spectra were analyzed using the solvent signal as an internal reference. 

Gel permeation chromatography.  The polymer molecular weight and 

molecular weight distribution were determined by gel permeation chromatography 

(GPC) performed on a Waters 1515 HPLC pump (Waters Chomatography, Inc.) 

equipped with a 2414 differential refractometer (Waters, Inc.), a PD2020 dual-angle (15° 

and 90°) light scattering detector (Precision Detectors, Inc.) and a four-column series of 
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PL gel columns (Polymer Laboratories, Inc.): 5 μm Guard (50 x 7.5 mm), 5 μm Mixed C 

(300 x 7.5 mm), 5 μm 10
4
 Å (300 x 7.5 mm) and 5 μm 500 Å (300 x 7.5 mm).  Polymer 

solutions were prepared at a known concentration (3-6 mg/mL) and an injection volume 

of 200 μL was used.  The system was equilibrated at 40 °C in THF, which served as the 

polymer solvent and eluent (flow rate set to 1.00 mL min
-1

).  The differential 

refractometer was calibrated with Polymer Laboratories, Inc. polystyrene standards (300 

to 467 000 Da).  Data collection and analysis were performed using the Breeze (version 

3.30, Waters, Inc.) software. 

Water uptake studies.  Water uptake studies were performed on prepared films 

that underwent two soakings in deionized water.  The first was to remove excess residual 

PEG and was followed by drying under N2.  Dried films were weighed and then 

submerged in deionized water for 24 h.  The wet films were removed and lightly patted 

with a Kimwipe to remove any free surface water and subsequently weighed. 

Fourier-transform infrared spectroscopy.  Infrared spectra were obtained on a 

Shimadzu IR Prestige attenuated total reflectance Fourier-transform infrared 

spectrometer (ATR-FTIR).  Spectra were analyzed using IRsolution software. 

Elemental analysis.  Elemental analysis was performed at Midwest Microlab, 

LLC (Indianapolis, IN). 

Thermal analysis.  Differential scanning calorimetry (DSC) studies were 

performed on a Mettler Toledo DSC822 (Mettler Toledo, Inc.) with a heating rate of 5 

°C/min.  Traces were analyzed using STAR
e
 Evaluation software (version 10.00d, 
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Mettler Toledo, Inc.) and the Tm was taken at the onset threshold upon the average of the 

second and third heating scans.   

Dynamic mechanical analysis.  Mechanical analysis was performed on a 

Mettler Toledo TT-DMA.  All measurements were taken in compression with a 

frequency of 1.0 Hz, a dynamic force of 1 N, and a static-dynamic force ratio of 1.5.  

The temperature scans were performed at a ramp rate of 3 °C/min with a 10s sampling 

interval. 

Static surface contact angle.  Water contact angles were measured as static 

contact angles using the sessile drop technique with an Attension Theta optical 

tensiometer (Biolin Scientific).  Drops were fitted with a Young-Laplace formula to 

calculate the static contact angle in the Theta software (Biolin Scientific). 

Confocal microscopy.  Confocal microscopy images were taken on a full 

spectral Olympus FV-1000 laser scanning confocal microscope operating with a 405/488 

nm diode laser and fluorescence collection selected by a wide band monochromator 

from 435 to 535 nm. 

2.2.3 Synthesis 

4-[Oxy(tri(ethylene glycol))]-2,3,5,6-tetra-fluorostyrene (1).  To a 1000 mL 

three-neck round bottom flask equipped with a magnetic stir bar and addition funnel 

suspended in an ice bath, sodium hydride (60 wt % dispersion in mineral oil, 4.94 g, 124 

mmol) was added followed by dropwise addition of THF (230 mL).  A solution of 

triethylene glycol (42.0 mL, 309 mmol) and THF (43.0 mL) was added dropwise to the 

stirring solution.  Upon completion, a solution of 2,3,4,5,6-pentafluorostyrene (PFS) 
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(14.2 mL, 20.0 g, 103 mmol) and THF (15.0 mL) was added dropwise.  The solution 

was allowed to warm to room temperature and stir under N2 for 16 hours.  The reaction 

was concentrated, and the crude product was washed three times against deionized 

water.  The organic phase was dried over sodium sulfate, filtered and concentrated in 

vacuo to afford a pale yellow oil.  Further purification by silica gel flash chromatography 

using a gradient of hexanes to ethyl acetate as eluent afforded 1 as a clear, colorless oil 

in 67% yield (22.0 g).  
1
H NMR (300 MHz, CDCl3, ppm): δ 6.60 (dd, J = 18 Hz and 12 

Hz, 1H, H2C=CH-R), 6.00 (d, J = 18 Hz, 1H, H(H)C=CH-R (trans)), 5.61 (d, J = 12 Hz, 

1H, H(H)C=CH-R (cis)), 4.36 (t, J = 4.5 Hz, 2H, TFS-O-CH2-CH2-OR), 3.82 (t, J = 4.5 

Hz, 2H, R’-O-CH2-CH2-OH), and 3.75-3.55 (m, 8H, TFS-O-CH2-CH2-O-CH2-CH2-O-

CH2-CH2-OH).  
13

C NMR (75 MHz, CDCl3, ppm): δ 146.6, 143.3, 142.8, 139.4, 136.3, 

122.2, 122.0, 110.8, 74.1, 70.8, 70.7, 70.2, 68.8 and 64.9.  
19

F NMR (282 MHz, CDCl3, 

ppm): δ -145 (m, 2F, ortho-F to -CH=CH2) and -158 (m, 2F, meta-F to –CH=CH2).  IR: 

3600 – 3200, 3050 – 2750, 1680 – 1590, 1550 – 1390, 1360, 1290, 1250, 1200 – 1000, 

960, 940, 880, 850 cm
-1

.  HRMS m/z calculated for C14H16O4F4 [M+H]
+
 325.11 Da, 

found 325.1063. 

4-[Oxy(tri(ethylene glycol))bromoisopropionyl] -2,3,5,6-tetrafluorostyrene 

(2).  To a 1000 mL two-neck round bottom flask equipped with a magnetic stir bar and 

addition funnel suspended in an ice bath, a solution of 1 (10.0 g, 30.8 mmol), 

triethylamine (16.0 mL, 111 mmol) and THF (235 mL) was added.  A solution of 2-

bromopropionyl bromide (3.90 mL, 37.0 mmol) and THF (20.0 mL) was added 

dropwise.  The solution was allowed to warm to room temperature and stir under N2 for 
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14 hours.  The reaction was concentrated, and crude product was washed three times 

against brine.  The organic phase was dried over sodium sulfate, filtered and 

concentrated in vacuo to afford a pale yellow oil.  Further purification by silica gel flash 

chromatography using a gradient of hexanes to ethyl acetate as eluent afforded 2 as a 

clear, pale yellow oil in 59% yield (8.40 g).  
1
H NMR (300 MHz, CDCl3, ppm): δ 6.61 

(dd, J = 18 Hz and 12 Hz, 1H, H2C=CH-R), 6.02 (d, J = 18 Hz, 1H, H(H)C=CH-R 

(trans)), 5.62 (d, J = 12 Hz, 1H, H(H)C=CH-R (cis)), 4.39 (q, J = 6.9 Hz, 1H, R-

C(H)(Br)CH3), 4.37 (t, J = 4.8 Hz, 2H, TFS-O-CH2-CH2-OR), 4.31 (t, J = 4.8 Hz, 2H, 

R-O-CH2-CH2-O(O)C-R’), 3.83 (t, J = 4.8 Hz, 2H, TFS-O-CH2-CH2-OR), 3.75-3.60 (m, 

6H, R-O-CH2-CH2-O-CH2-CH2-O(O)C-R’) and 1.81 (d, J = 6.9 Hz, 3H, R-

C(H)(Br)CH3).  
13

C NMR (75 MHz, CDCl3, ppm): δ 170.9, 146.6, 143.3, 142.8, 139.3, 

136.3, 122.2, 122.0, 110.8, 74.1, 70.8, 70.6, 70.1, 68.8, 64.6, 55.6 and 30.5.  
19

F NMR 

(282 MHz, CDCl3, ppm): δ -145 (m, 2F, ortho-F to –CH=CH2) and -158 (m, 2F, meta-F 

to –CH=CH2).  IR: 3070 – 2750, 1740, 1640, 1550 – 1310, 1220, 1190 – 1000, 965, 935, 

855, 760, 675 cm
-1

.  HRMS m/z calculated for C17H19O5F4Br [M+H]
+
 459.02 Da, found 

459.0430. 

Hyperbranched fluoropolymer (HBFP
(III)

, w/67 mol% PFS) (3).  To a flame-

dried 10 mL schlenk flash equipped with a magnetic stir bar, a solution of 2 (2.00 g, 4.36 

mmol), PFS (1.20 mL, 1.70 g, 8.71 mmol), 2,2’-bipyridine (150 mg, 0.96 mmol) and 

anisole (5 mL) was added.  The solution was deoxygenated via freeze-pump-thaw (x3) 

upon adding CuBr (62.5 mg, 0.44 mmol).  An additional two deoxygenation cycles were 

performed, and the vessel was backfilled with N2 then placed in a preheated oil bath (65 
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°C) and allowed to proceed for 16 hours.  The polymerization was quenched by opening 

the flask to air and submerging the flask in liquid nitrogen.  Copper was removed by 

elution through an aluminum oxide plug, and the polymer was obtained after three 

precipitations in cold hexanes to afford a white powder of 3 in quantitative yield (2.79 

g).  Mn
GPC

 = 46900 Da, Mw/Mn = 1.66.  Tg = 60 °C.  Td: 361 – 433 °C, 57% mass loss at 

500 °C.  
1
H NMR (300 MHz, CDCl3, ppm): δ 4.45 – 4.20 (br, m, TFS-O-CH2-CH2-OR 

and R-O-CH2-CH2-O(O)C-R’), 3.90 – 3.60 (br, m, TFS-O-CH2-CH2-O-CH2-CH2-O-

CH2-OR), 2.80 – 1.50 (br, m, CH2-CH(R)- backbone), 1.30 – 0.85 (br, m, C-CH3).  
13

C 

NMR (75 MHz, CDCl3, ppm): δ 176.6, 144.7, 140.7, 137.6, 122.2, 114.7, 74.3, 70.8-

70.0, 68.8, 63.6, 41.7-32.1, 30.7-29.7, 24.7.  
19

F NMR (282 MHz, CDCl3, ppm): δ -143 

(br, m, ortho-F (PFS) and ortho-F (TFS)), -156 (br, m, para-F (PFS) and meta-F 

(TFS)), -161 (br, m, meta-F (PFS)).  IR: 3050 – 2790, 1740, 1645, 1575 – 1400, 1360, 

1320 – 1190, 1185 – 1010, 955, 860, 785 – 710 cm
-1

.  Anal. calcd. for 

C1874H1132F946Br34: C, 48.03; H, 2.43; F, 38.35; Br, 5.80%.  Found: C, 48.22; H, 3.01; F, 

30.68; Br, 10.10%. 

General procedure for the preparation of HBFP
(III)

-PEG crosslinked 

networks.  To a scintillation vial, bis(3-aminopropyl) terminated PEG (30.0 mg, 0.02 

mmol) and THF (0.75 mL) were added and stirred until homogeneous ca. 10 min.  To 

the solution, 3 (30.0 mg, 0.006 mmol) and N,N-diisopropylethylamine (DIPEA) (21.0 

μL) were added and allowed to stir for 30 min.  The solution was drop cast onto pre-cut 

aluminum squares or 40 μL aluminum DSC pans.  A period of ca. 1 hour allowed for the 

excess solvent to evaporate and afford a pre-gel that was cured at 110 °C for 45 min 
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under N2 atmosphere.  IR: 3030 – 2750, 1730, 1650, 1545 – 1400, 1320 – 1010, 980, 

955, 900 – 780 and 730 cm
-1

.  Tg = -53 °C.  Tm = 30 °C.  Td: 246 – 434 °C, 64% mass 

loss at 500 °C.  Subsequent films were prepared in the same manner by varying the wt% 

PEG, calculated as w/w% of the total mass to afford a total of 9 formulations. 

 

2.3 Results and Discussion 

 The amphiphilic HBFP
(III)

-PEG networks were composed of a hydrophobic, low 

surface energy third generation hyperbranched fluorocopolymer,
40

 crosslinked with 

diamino poly(ethylene glycol), a hydrophilic, water soluble moiety, and were fully 

hydrated in liquid water.  The amphiphilic networks were prepared and characterized as 

previously described
40

 through nucleophilic substitution between the amino chain ends 

of bis(3-aminopropyl) terminated PEG (Mn = 1500 Da) and the benzylic bromide and 

bromoacetyl functionalities of the hyperbranched fluorocopolymer, HBFP
(III)

-b, (Mn = 47 

kDa) upon casting from tetrahydrofuran (THF) solution into 40 μL aluminum DSC pans 

or pre-cut, aluminum squares (Scheme 2.1).  The coated pans and squares were cured at 

110 °C for 45 minutes under an inert atmosphere.  The stoichiometries of the HBFP
(III)

 

and PEG were varied to produce an array of coatings for evaluation of compositional 

effects on the thermal, mechanical and surface properties.  To take advantage of the 
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Scheme 2.1.  Preparation of HBFP
(III)

-PEG crosslinked networks, where the mass ratios 

of HBFP
(III)

-b:diamino PEG were 5:2, 2:1, 3:2, 1:1, 2:3, 1:2, and 2:5, corresponding to 

molar ratios x:y of 1:12, 1:18, 1:22, 1:35, 1:47, 1:63, and 1:78. 

 

complex surface topography, the films were fully hydrated in liquid water to experience 

the dynamic reorganization.  Water uptake studies were performed to determine the 

amount of water required to fully hydrate each film, which ranged from 6.6 to 73.7 wt % 

water for the lowest to highest PEG wt % within the networks (Table 2.1). 

 

Table 2.1.  Wt % H2O uptake of HBFP
(III)

–PEG coatings. 
 Mass ratio HBFP

(III)
-b to PEG (wt %) 

 HBFP
(III)

 5:2 2:1 3:2 1:1 2:3 1:2 2:5 PEG 

Wt % H2O 6.6 16.9 27.9 29.1 42.5 17.5 42.5 67.0 73.7 

 

For the DSC studies of anti-icing performance, 200 wt % water was added to 

each sample, so the films would be fully hydrated in the presence of excess free water.  

The calorimetric properties of the seven HBFP
(III)

-PEG networks and two control 

samples of neat HBFP
(III)

 and PEG were investigated from (-50 °C to 20 °C) over three 

cycles, in both heating and cooling modes.  The freezing point measurements upon 

cooling exhibited high degrees of variability (Table 2.2) and, therefore, were considered 
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unreliable.  In contrast, the heating cycles provided consistent water melting temperature 

measurements within a given sample composition.  DSC data showed two melting 

transition temperatures, one in the ca. -25 °C range, and another at ca. 0 °C for the hybid 

HBFP
(III)

-PEG systems, whereas each neat polymer sample exhibited only a single Tm 

transition.  The lower temperature transition is attributed to the Tm of the bound water 

within the HBFP
(III)

-PEG matrix and the transition around 0 °C is the melting of the free 

  

Table 2.2.  Average onset crystalline temperature (Tc) for the array of HBFP
(III)

–PEG 

coatings and HBFP
(III)

 and PEG control samples, each with 200 wt % water. 
 Mass ratio HBFP

(III)
-b to PEG (wt %) 

 HBFP
(III)

 5:2 2:1 3:2 1:1 2:3 1:2 2:5 PEG 

Avg. Tc  

Onset (°C) 

-22.2 ± 

1.4 

-17.4 ± 

1.2 

-18.4 ± 

1.5 

-19.3 ± 

0.8 

-16.8 ± 

0.8 

-18.4 ± 

0.7 

-19.5 ± 

0.0 

-18.0 ± 

1.2 

-17.9 ± 

1.0 

 

water on the surface.
70

  Although melting transition temperature measurements provide 

for an observation of a maximum temperature as an upper limit of anti-icing behavior, 

the results from both the bound- and free-water melting transitions clearly indicate that 

the binary system depresses the freezing point of water (Table 2.3).  From the data, some 

relationships can be drawn between both types of melting curves and the ratio of PEG.  

As the wt % PEG increased, the Tm of bound water increased, suggesting that the water 

molecules became less confined and more bulk-like.  In contrast, the Tm of free water 

decreased and approached the Tm observed in the presence of neat PEG, suggesting a 

higher proportion of surface-active PEG with increasing PEG wt %.  This indirect 

relationship between the bound water Tm and free water Tm suggests that by tuning one 
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melting transition, the other will alter in a predictable manner, and the optimized 

coincident anti-icing behavior can be tuned at an intermediate stoichiometry. 

 

Table 2.3.  Average onset melting temperatures (Tm) for the array of HBFP
(III)

–PEG 

coatings and HBFP
(III)

 and PEG control samples, each with 200 wt % water. 

 
Mass ratio HBFP

(III)
-b to PEG (wt %) 

HBFP
(III)

 5:2 2:1 3:2 1:1 2:3 1:2 2:5 PEG 

Avg. H2O Tm onset (°C) 

Bound 

-3.1 ± 0.0 
-1.6 ± 

0.0 

-25.5 ± 

0.1 

-27.0 ± 

0.0 

-26.5 ± 

0.1 

-25.8 ± 

0.0 

-25.7 ± 

0.0 

-25.5 ± 

0.0 -10.4 ± 

1.3 
Free 

-1.5 ± 

0.1 

-1.6 ± 

0.1 

-2.9 ± 

0.1 

-3.5 ± 

0.0 

-4.4 ± 

0.0 

-4.6 ± 

0.0 

 

The interaction between water and the binary system was explored further using 

Fourier transform infrared (FTIR) spectroscopy.  The shifts of the water OD stretch 

absorbance signals for two samples were studied, relative to the absorbance for neat 

deuterated water; one with relatively high PEG content (2:5) and one with relatively low 

content (5:2).  The relative humidity was adjusted by flowing a 5 mol % D2O in H2O (to 

form predominantly HOD in H2O) solution through the FTIR flow cell.
71

  The samples 

experienced a blue shift in comparison to bulk water (2509 cm
-1

) as a function of 

hydration.  The hypothesis is that this shift is due to water molecules being confined by 

the polymer matrix, e.g. the hydrophilic PEG domains are sequestering water as 

previously observed.
41, 68

  The OD peak was deconvoluted to extract the populations of 

water in the two different microenvironments, free and bound, using a method that has 

been discussed previously (Figure 2.1).
72

  The percentages correspond with the DSC 
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measurements, as the amount of PEG in the sample increased, so did the amount of free 

water.  The 5:2 sample contained 12.3% free water while the 2:5 sample contained 

30.5% bulk-like water. 

 

Figure 2.1.  Deconvolution of OD peak stretch vibration of (A) 5:2 HBFP
(III)

-PEG and 

(B) 2:5 HBFP
(III)

-PEG used to extract percentages of water in either the free or the bound 

state. 

 

The same two formulations (2:5 and 5:2) and the sample with the lowest 

variation in Tm based on DSC (2:3) in the dry state were subjected to dynamic 

mechanical analysis (DMA) under compression to observe their viscoelastic behaviors 

as a function of temperature (Figure 2.2).  At low temperatures, where the semi-

crystalline PEG domains are expected to act as reinforcing fillers, the formulations with 

higher PEG content (2:3 and 2:5) exhibited greater storage modulus values compared to 

the formulation in which PEG was the minority phase (5:2).  The 2:3 and 2:5 

formulations also expressed a rapid drop in modulus at ca. -40 °C corresponding to the 

glass transition of the PEG domains.  All three formulations expressed a drop in modulus 
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between 20 and 60 °C corresponding to the glass transition of the HBFP
(III)

.  At high 

temperatures, where PEG is expected to act as long flexible chains, decrease the 

crosslink density, and soften the network, the modulus was lower for formulations with 

higher PEG wt %.  The storage moduli of formulations above 60 °C remained constant 

or slightly increased, which is characteristic of crosslinked networks, where this rubbery 

modulus plateau is proportional to the crosslink density of the network.  As expected, the 

crosslink density decreased as the weight fraction of PEG in the network increased.   

 

 

Figure 2.2.  Dynamic mechanical analysis results, compressive storage modulus (left) 

and tan δ (right) as a function of temperature.  See Table 2.4 for detailed values at 

various temperatures. 

 

Similar to the behavior observed in previously reported HBFP-PEG networks, when 

PEG was in its semi-crystalline phase, increasing the PEG content enhanced the 

mechanical properties of the network, but when PEG was in its rubbery phase, due to 

increased temperature or water content, increasing the PEG content reduced the 
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mechanical performance of the network.
40, 69

  The tan δ behavior was used to investigate 

the phase transitions and homogeneity of the three formulations.  The tan δmax 

(maximum tan δ values) of the 2:5, 2:3, and 5:2 formulations were observed at 31, 38, 

and 67 °C, respectively, and correspond to glass transitions of the networks.  The 2:5 

formulation, containing the highest weight fraction of PEG, also expressed a second 

minor tan δ peak at -26 °C, which can be attributed to the glass transition of a second 

PEG-rich phase within the 2:5 formulation (Table 2.4). 

 

Table 2.4.  Temperatures at which tan δ peak values occur and storage modulus at 

various temperatures.  
a
Corresponds to the minor tan δ peak. 

HBFP
(III)

:PEG 
Tan δmax 

(°C) 

E' at -50 °C 

(MPa) 

E' at -10 °C 

(MPa) 

E' at 25 °C 

(MPa) 

E' at 100 °C 

(MPa) 

2:5 -26
a
, 31 62 21 8.0 0.34 

2:3 38 107 64 46 7.6 

5:2 67 36 33 32 11 

 

To investigate the mechanical performance in an environment close to that would 

be experienced in the field, the 2:3 formulation was subjected to in situ submersion 

DMA in deionized water at 10 °C and the storage modulus was measured over 18 h 

(Figure 2.3).  There was an initial rapid increase in modulus from 16 to 50 MPa within 

the first 30 min, an effect of the sudden decrease in temperature from room temperature 

to 10 °C.  The modulus continued to increase by 13 MPa over the following 17 h, in 

response to the water, resulting in a net response to submersion of ΔE' = 47 MPa.  As the 

network became fully saturated, the PEG domains absorbed water and caused the 



 

27 

 

amorphous HBFP-rich domains to rigidify, increasing the overall stiffness of the 

material. 

 

 

Figure 2.3.  Compressive storage modulus of the 2:3 formulation as a function of 

submersion time in deionized water at 10 °C.  Data was fit to a dual-exponential decay 

function (R2 = 0.994), total change in modulus was +47 Mpa, calculated average lifetime 

based on exponential fit was 7.5 h. 

 

To determine whether film morphology could be altered to induce greater water 

Tm depression, the solvent used during the crosslinking step, tetrahydrofuran, was 

changed to a comparable, aprotic solvent, methylene chloride (DCM); for testing of this 

premise, the 2:3 HBFP
(III)

-PEG network was chosen for consistency.  Films were 

prepared in the same manner as previously described with a modification of addition of 

various amounts of DCM with THF for casting to produce a second array of films.  

Overall, the Tm’s of free and bound water were lower, and lower concentrations of THF 

corresponded with a lower water Tm (Table 2.5).  In other words, the Tm values for the 
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bound and free water within the 100 volume % DCM sample were lower than the Tm 

values of the 100 volume % THF film (Figure 2.4). 

 

Table 2.5.  Average onset melting temperature (Tm) for solvent array of HBFP
(III)

–PEG 

coatings with 200 wt % water. 
Avg. Tm onset 

(°C) 
Volume percentage of THF 

 100% 75% 50% 40% 25% 20% 0% 

Bound 
-25.8 ± 

0.0 

-26.9 ± 

0.0 

-26.9 ± 

0.1 

-26.9 ± 

0.0 

-26.8 ± 

0.0 

-27.0 ± 

0.0 

-27.1 ± 

0.0 

Free -3.5 ± 0.0 -3.3 ± 0.1 -4.1 ± 0.1 -3.6 ± 0.1 -3.9 ± 0.1 -4.5 ± 0.1 -4.5 ± 0.1 

 

 

Figure 2.4.  DSC heating traces of 2:3 HBFP
(III)

-PEG film dropcasted from 100 vol % 

DCM (solid) and 100 vol % THF (dash), over the temperature ranges of the (A) bound 

water and (B) free water melting transitions with neat water (dot) as a reference. 
 

This trend was explored further with the use of FTIR to study the different 

evaporation rates of the two solvents (Figure 2.5).  A 2:3 HBFP
(III)

-PEG formulation 

composed of equivalent volumetric amounts of THF and DCM was directly cast onto the 
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FTIR crystal and monitored every 15 seconds for 1 minute.  From the CH2 alkyl stretch 

(2970 cm
-1

) and C-O ether stretch (1060 cm
-1

) of THF, it was observed that THF was no 

longer present within the film after 30 seconds following casting.  However, the C-Cl 

stretch (730 cm
-1

) of DCM was still apparent at 60 seconds, suggesting that DCM is the 

predominant solvent present during the annealing of the films.  Additionally, the 

HBFP
(III)

 and PEG were visually more soluble in DCM than THF, suggesting there is 

higher mobility and greater reactivity within the system with DCM as the solvent. 

 

 
Figure 2.5.  FTIR spectra of 2:3 HBFP

(III)
-PEG film composed of 1:1 volumetric 

amounts of DCM and THF. 

 

To assess the gross wettability of this array of samples, water contact angle 

measurements were performed on the dry films at different time intervals.  The general 

measurement procedure involved placing a film on the stage and dropping one- 1.0 μL 

sessile drop on the film.  Measurements were taken at 0, 10, 30 and 60 seconds for each 

film (Table 2.6).  The reduction of contact angle over time indicates a strong effect by 
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the hydrophilic PEG, driving molecular reorganization events as water is sorbed into the 

films.  A more interesting result was observed at 0 seconds, with a decrease in the water 

contact angle as the concentration of THF decreased.  This effect can also be observed in 

Table 2.1 with the 0 volume % THF formulation exhibiting the lowest free water Tm.  

Due to the fact that these are dry films, the lower initial contact angle suggests a higher 

proportion of PEG-rich surface composition and/or a shorter surface reorganization time 

for the DCM dominant films.  To explore these PEG and HFBP domains further, 

 

Table 2.6.  Summary of static water contact angle measurements of dry binary systems 

cast from varying amounts of DCM and THF. 
 t = 0 s t = 10 s t = 30 s t = 60 s 

100 vol % THF 63° ± 4 45° ± 5 40° ± 6 38° ± 4 

75 vol % THF 63° ± 3 51° ± 8 46° ± 7 43° ± 6 

50 vol % THF 63 ° ± 2 54° ± 4 45° ± 6 37° ± 5 

40 vol % THF 65° ± 5 49° ± 11 48° ± 9 45° ± 9 

25 vol % THF 61° ± 7 49° ± 11 40° ± 7 33° ± 5 

20 vol % THF 58° ± 2 42° ± 2 35° ± 3 32° ± 1 

0 vol % THF 52° ± 4 37° ± 2 36° ± 7 35° ± 4 

 

confocal microscopy measurements were performed utilizing the autofluorescence of the 

HBFP
(III)

.  Using two films, 2:3 annealed from THF and 2:3 annealed from DCM, large 

differences in domain sizes were observed (Figure 2.6).  For the DCM film, large PEG-

rich domains can be observed surrounded by smaller, nonuniform PEG-rich domains.  

However, in the THF film, the PEG-rich domains are more evenly distributed 

throughout the film.  These measurements aid in understanding the difference in water 

contact angle measurements between the two systems, annealed in DCM or THF.  There 
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is initially higher water adsorption/absorption in the DCM films due to the large PEG 

domains present, leading to observation of lower water contact angles.  In contrast, in the 

THF-produced films, the water is more evenly dispersed throughout the film, leading to 

the initially higher contact angle.  Over time, the water fully equilibrates throughout the 

materials resulting in the minor difference in contact angle measurements at 60 seconds. 

 

 

Figure 2.6.  Confocal microscopy image of 2:3 HBFP
(III)

-PEG film cast from (A) 100 

vol % DCM and (B) 100 vol % THF. 

 

2.4 Conclusions 

 In summary, we have demonstrated unique anti-icing characteristics for an 

established HBFP
(III)

-PEG crosslinked network, which expands the utility for these 

materials and extends anti-icing materials concepts to include  complex, heterogeneous 

amphiphilic materials.  Through DSC studies, the binary system has shown great 

A B 
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potential as an anti-icing coating due to the film’s ability to depress the freezing/melting 

temperature of water.  Additionally, by tuning the weight percentage of PEG and the 

drop casting solvent, greater effects on the organization of water and potential anti-icing 

ability can be achieved.  All of the studies performed have demonstrated common 

behaviors of this system including confinement of water molecules by the polymer 

matrix, sequestration of water by the hydrophilic PEG domains and dynamic surface 

reorganization upon full hydration.  DMA analyses alluded to the mechanical 

performance of the films in the dry state, where the PEG domains behave as crystallites, 

and the wet state, where PEG domains are soft and water-absorbing, making them prime 

candidates for engineering materials in anti-icing applications.  An interesting result that 

presented itself is the difference in maximum hydration achieved through direct and 

indirect contact with water, which should be further explored due to the presence of 

humidity in most regions. 
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CHAPTER III  

DYNAMIC ANTI-ICING COATINGS: COMPLEX, AMPHIPHILIC 

HYPERBRANCHED FLUOROPOLYMER POLY(ETHYLENE GLYCOL) 

CROSSLINKED NETWORKS WITH AN INTEGRATED LIQUID CRYSTALLINE 

COMONOMER
2
 

 

3.1 Overview 

 The discovery of liquid crystals occurred over a century ago; however, the 

development of liquid crystalline polymers (LCPs) from such molecules has only been 

investigated over the past few decades.  Advancements in the field of LCPs have 

resulted in materials with unique properties that possess not only the characteristics of 

each individual component, but also display completely new features that make them 

applicable in a variety of technologies.
46-48, 73-77

  In general, main-chain LCPs are 

commonly used in semiconducting applications
47, 48

 or for materials requiring high 

strength, such as Kevlar®, whereas side-chain LCPs are often employed for electro-

optical devices
46

 or light-driven applications.
76, 77

  However, due to the challenges in 

processing main-chain LCPs and their elevated transition temperatures, research efforts 

have mostly focused on side-chain LCPs.  New applications have been discovered, as 

scientists have begun self-assembling these unique materials  as side-chains within a 

                                                 

2
Reprinted (adapted) with permission from “Dynamic Anti-icing Coatings: Complex, amphiphilic 

hyperbranched fluoropolymer poly(ethylene glycol) cross-linked networks with an integrated liquid 

crystalline comonomer” by Jennifer S. Zigmond, Adriana Pavía-Sanders, Joel D. Russell and Karen L. 

Wooley, Chem. Mater. 2016.  Copyright 2016 by American Chemical Society. 
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variety of polymers, through non-covalent
78-85

 and covalent interactions.
86, 87

  Non-

covalent interactions have been extensively studied recently; for instance, Kato et al.
81, 

82, 88
 have investigated the incorporation of LCPs through hydrogen bonding interactions 

for the production of biopolymers, which allow these dynamic structures to respond to 

external stimuli.  Nevertheless, although the non-covalent systems are of high interest, 

covalent incorporation of LC mesogens has the greatest potential for long-term retention 

of the LC components under challenging conditions. 

The question of whether thermotropic LCPs could be integrated into the field of 

coatings was first proposed near the turn of the 21
st
 century, due to their thermal 

resistance, environmental resistance to weathering and chemicals, and a low coefficient 

of linear thermal expansion.
24, 26, 36

  Recent research and development advances have 

focused on general coating properties, such as adhesion, hardness and flexibility.
25, 37-39, 

57
  For instance, Athawale and coworkers observed comparable adhesion and flexibility 

between LC acrylic copolymers and conventional acrylic copolymers; moreover, they 

also observed an improvement in pencil hardness for the copolymers containing an LC 

moiety.
37

  Additionally, Yoshida et al. recognized an enhancemnet in impact resistance 

and elongation without compromising material hardness, among polymers with LC side 

groups when compared to those without LC monomers.
38

  Guerriero and coworkers 

studied the use of thermotropic main-chain LCPs against commercially-available LCPs 

as protective coatings for aerospace applications and showed increased adhesion as well 

as an increase in wear and impact resistance.
25

  Overall, thermotropic LCPs have 

demonstrated a great potential in coatings applications and should be further explored as 
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there has been little activity in the area over the last decade.  Herein, we present a 

crosslinked network as a protective coating that is designed for anti-icing applications by 

incorporating an LC moiety in our binary, amphiphilic hyperbranched polymer system.
40

 

The success of the binary HBFP
(III)

-PEG system, initially as a compositionally-, 

topographically- and morphologically-complex coating that exhibited anti-biofouling 

properties
41

 and more recently its unique anti-icing characteristics,
89

 has led to additional 

investigations and chemical manipulations with the goal of enhancing the dynamic 

complexity of these materials.  These previously-synthesized networks exhibit low 

surface energy, a nanoscopic surface topography, and dynamic surface reorganization 

when water-swollen, leading to unique properties that have been shown to reduce 

fouling by marine organisms and depress the freezing/melting point of water.
41, 89

  Since 

the binary system presents complex nano and microscopic heterogeneities, it was 

important to investigate the addition of a thermally-dynamic molecule, such as a LC 

comonomer to create a multi-step environmentally stimuli-responsive material.  The 

expanded amphiphilic HBFP
(III)

-PEG incorporates a mesogenic unit into the polymer 

system for the purpose of adding a dynamic ordering effect that is typically found in 

liquid crystalline polymers.
46

  It was hypothesized that the incorporated mesogenic unit 

would have a favorable effect on the properties of the polymer by adding LC motions, 

triggered by a change in temperature, that enhance ice formation resistance and dynamic 

surface reorganization versatility, thereby expanding the venue of applications for this 

system, without discarding the key features of the original binary HBFP
(III)

-PEG system. 
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3.2 Experimental Section 

3.2.1 Materials 

Reagents and starting materials were purchased from Sigma-Aldrich, Acros and 

VWR and used as received unless otherwise noted.  2,3,4,5,6-Pentafluorostyrene (PFS) 

was purchased from Apollo Scientific (U.K.).  Monomers were purified by passing 

through a neutral alumina column to remove the inhibitor prior to use. 

3.2.2 Instrumentation 

Nuclear magnetic resonance spectroscopy and mass spectrometry.  Small 

molecules, monomers and polymers were characterized by 
1
H and 

13
C nuclear magnetic 

resonance (NMR) spectroscopies using a Varian Inova 300 spectrometer.  Fluorinated 

compounds were also characterized by 
19

F NMR spectroscopy using a Varian Inova 300 

spectrometer.  Spectra were analyzed using the solvent signal as an internal reference.  

High resolution mass spectrometry (HRMS) for the small molecules was conducted on 

an Applied Biosystems PE SCIEX QSTAR. 

Size exclusion chromatography.  The polymer molecular weight and molecular 

weight distribution were determined by size exclusion chromatography (SEC) performed 

on a Waters 1515 HPLC pump (Waters Chomatography, Inc.) equipped with a 2414 

differential refractometer (Waters, Inc.), a PD2020 dual-angle (15° and 90°) light 

scattering detector (Precision Detectors, Inc.) and a four-column series of PL gel 

columns (Polymer Laboratories, Inc.):  5 μm Guard (50 x 7.5 mm), 5 μm Mixed C (300 

x 7.5 mm), 5 μm 10
4
 Å (300 x 7.5 mm) and 5 μm 500 Å (300 x 7.5 mm).  Polymer 

solutions were prepared at a known concentration (3-6 mg/mL) and an injection volume 
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of 200 μL was used.  The system was equilibrated at 40 °C in THF, which served as the 

polymer solvent and eluent (flow rate set to 1.00 mL min
-1

).  The differential 

refractometer was calibrated with Polymer Laboratories, Inc. polystyrene standards (300 

to 467,000 Da).  Data collection and analysis were performed using Breeze (version 

3.30, Waters, Inc.) software. 

Fourier-transform infrared spectroscopy.  Infrared spectra were obtained on a 

Shimadzu IR Prestige attenuated total reflectance Fourier-transform infrared 

spectrometer (ATR-FTIR).  Spectra were analyzed using IRsolution software. 

Elemental analysis.  Elemental analysis of the polymers was performed at 

Midwest Microlab, LLC (Indianapolis, IN). 

Thermal analysis.  Differential scanning calorimetry (DSC) studies were 

performed on a Mettler Toledo DSC822 (Mettler Toledo, Inc.) with a heating rate of 5 

°C/min and a cooling rate of 2 °C/min.  Traces were analyzed using STAR
e
 Evaluation 

software (version 10.00d, Mettler Toledo, Inc.) and the Tm was taken at the onset 

threshold upon the average of the second and third heating scans.  Thermogravimetric 

analysis was performed under Ar atmosphere using a Mettler-Toledo model TGA/DSC 1 

STAR
e
 system, with a heating rate of 10 °C/min.  Measurements were analyzed using 

STAR
e
 Evaluation software (version 10.00d, Mettler Toledo, Inc.). 

Static surface contact angle.  Water contact angles were measured as static 

contact angles using the sessile drop technique with an Attension Theta optical 

tensiometer (Biolin Scientific).  Drops were fitted with a Young-Laplace formula to 

calculate the static contact angle in the Theta software (Biolin Scientific). 
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Water uptake studies.  Water uptake studies were performed on prepared films 

that underwent two soakings in deionized water.  The first was to remove excess residual 

PEG and was followed by drying under vacuum at 35 °C for 16 h.  Dried films were 

weighed and then submerged in deionized water for 24 h.  The wet films were removed 

and lightly patted with a Kimwipe to remove any free surface water and subsequently 

weighed. 

X-ray diffraction.  X-ray diffraction (XRD) patterns were obtained on a Bruker 

D8 Advanced Power X-ray diffractometer with Cu-Kα incident radiation (λ = 1.5418 Å).  

Scans were taken in increments of 0.05 between 2ϴ of 3 and 40 at a scan speed of 1 s
-1

.  

The temperature rate was 0.08 °C/s. 

Polarized optical microscopy.  Polarized optical micrographs were collected 

using an Olympus BX60 optical microscope and cross polarizers at 20x or 50x 

magnification in conjunction with a Mettler FP80 Hot Stage.  The heating rate was 5 

°C/min and the cooling rate was 2 °C/min. 

Infrared microscopy.  A Thermo Scientific Nicolet iN10 Infrared Microscope 

was used to collect 300 x 200 micrometer surface scans.  The system was operated in 

cooled reflection mode with a 20 x 20 micrometer aperture and 64 scans.  The 

background was taken of the glass substrate the films were cast onto in order to remove 

the rotational and vibrational frequency signals associated with the glass. 

3D optical microscopy.  3D optical micrographs were collected using a Bruker 

Contour GT-K Optical Profiler at 20x magnification. 
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3.2.3 Synthesis 

6-(1,1’-biphenyl]-4-yloxy)hexan-1-ol (1).  To a flame dried 100 mL Schlenk 

flask equipped with a magnetic stir bar, potassium carbonate (12.2 g, 88.1 mmol) and a 

trace amount of potassium iodide (198 mg, 1.22 mmol) were dried under reduced 

pressure for 1.5 h.  A solution of 4-phenylphenol (5.06 g, 29.4 mmol) in dry DMF (41.0 

mL) was added and allowed to stir at room temperature for 1 h.  A solution of 6-chloro-

1-hexanol (4.00 mL, 29.4 mmol) was added dropwise and the reaction was placed in a 

preheated oil bath (70 °C) for 16 h.  Unreacted solid was filtered off and the remaining 

solution was washed against deionized water, sodium bicarbonate solution and brine.  

The organic phase was dried over sodium sulfate, filtered and concentrated in vacuo to 

afford an off-white powder.  The crude product was purified by recrystallization using a 

1:1 hexanes:ethyl acetate solution to afford the mesogen as a translucent solid in 72% 

yield (5.69 g).  Tm = 80 and 97 °C.  TGA in Ar:  278 - 361 °C, 99% mass loss; 0.7% 

mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm): δ 7.54 (m, 4H, meta-H  

to –O-CH2-R and 2’-H to Ar-O-CH2-R), 7.42 (m, 2H, 3’-H to Ar-O-CH2-R), 7.30 (m, 

1H, 4’-H to Ar-O-CH2-R), 6.97 (m, 2H, ortho-H to -O-CH2-R), 4.01 (t, J = 6.5 Hz, 2H, 

Ar-O-CH2-R), 3.68 (t, J = 6 Hz, 2H, R-CH2-OH), 1.83 (quintet, J = 6.8 Hz, 2H, Ar-O-

CH2-CH2-R), 1.69-1.39 (m, 6H, R-CH2-CH2-CH2-CH2-OH) and 1.34 (s, 1H, R-OH).  

13
C NMR (75 MHz, CDCl3, ppm): δ 158.7, 140.9, 133.6, 128.7, 128.1, 126.7, 126.6, 

114.8, 67.9, 62.9, 32.7, 29.3, 26.0 and 25.6.  GC/MS m/z calculated for C18H22O2 

[M+TMS] 342.36 Da, found 342.10 Da.  FTIR (ATR):  3310, 3080 - 3010, 2180 - 1665, 
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1605, 1520, 1475, 1400, 1245, 1190, 1120, 1070, 1035, 995, 915, 835, 755, 715, 685 cm
-

1
. 

6-([1,1’-biphenyl]-4-yloxy)hexyl acrylate (2).  To a flame dried 200 mL 

Schlenk flask equipped with a magnetic stir bar and suspended in an ice bath, a solution 

of 1 (4.00 g, 14.8 mmol) and triethylamine (2.50 mL, 17.8 mmol) in dry THF (82.0 mL) 

was added.  A solution of acryloyl chloride (1.80 mL, 22.2 mmol) in dry THF (6.00 mL) 

was added dropwise and the reaction was allowed to stir at 0 °C for 2 h and then at room 

temperature for an additional 12 h.  The reaction mixture was concentrated, dissolved in 

chloroform and washed against deionized water, sodium bicarbonate solution and brine.  

The organic phase was dried over sodium sulfate, filtered and concentrated in vacuo to 

afford a white solid in 86% yield (4.11 g).  Tm = 41°C.  TGA in Ar:  353 - 432 °C, 94% 

mass loss; 5% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  δ 7.53 (m, 

4H, meta-H to -O-CH2-R and 2’-H to Ar-O-CH2-R), 7.41 (m, 2H, 3’-H to Ar-O-CH2-R), 

7.32 (m, 1H, 4’-H to Ar-O-CH2-R), 6.98 (m, 2H, ortho-H to -O-CH2-R), 6.40 (d, J = 17 

Hz, 1H, H(H)C=CH-R (trans)), 6.12 (dd, J = 17 Hz and 10 Hz, 1H, H2C=CH-R), 5.82 

(d, J = 10 Hz, 1H, H(H)C=CH-R (cis)), 4.18 (t, J = 6 Hz, 2H, R-CH2-O(O)C-R’), 4.00 

(t, J = 6.5 Hz- 2H, Ar-O-CH2-R) and 1.89 - 1.41 (m, 8H, R-CH2-CH2-CH2-CH2-CH2-

O(O)C-R’).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 166.3, 158.6, 140.9, 133.6, 130.6, 

128.7, 128.6, 128.1, 126.7, 126.6, 114.8, 67.9, 64.6, 29.2, 28.6 and 25.8.  GC/MS m/z 

calculated for C21H24O3 [M] 324.17 Da, found 324.11 Da.  FTIR (ATR):  3105 – 3005, 

2190 – 1845, 1710, 1605, 1520, 1485, 1405, 1295, 1195, 995, 825, 760, 695 cm
-1

. 
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4-[Oxy(tri(ethylene glycol))bromoisopropionyl]-2,3,5,6-tetrafluorostyrene 

(3).  Compound 3 was prepared according to a previously reported method.
89

  Briefly, to 

a 1000 mL two-neck round bottom flask equipped with a magnetic stir bar and addition 

funnel suspended in an ice bath, a solution of 4-[oxy(tri(ethylene glycol))]-2,3,5,6-

tetrafluorostyrene (10.0 g, 30.8 mmol), triethylamine (16.0 mL, 111 mmol) in THF (235 

mL) was added.  A solution of 2-bromopropionyl bromide (3.90 mL, 37.0 mmol) in THF 

(20.0 mL) was added dropwise.  The solution was allowed to warm to room temperature 

and stir under N2 for 14 h.  The reaction was concentrated, and crude product was 

washed three times against brine.  The organic phase was dried over sodium sulfate, 

filtered, and concentrated in vacuo to afford a pale yellow oil.  Further purification by 

silica gel flash chromatography using a gradient of hexanes:ethyl acetate as eluent 

afforded 3 as a clear, pale yellow oil in 59% yield (8.40 g).  TGA in Ar:  248 - 327 °C, 

20% mass loss, 327 – 430 °C, 58% mass loss; 19% mass remaining at 500 °C.  
1
H NMR 

(300 MHz, CDCl3, ppm):  δ 6.61 (dd, J = 18 Hz and 12 Hz, 1H, H2C=CH-R), 6.02 (d, J 

= 18 Hz, 1H, H(H)C=CH-R (trans)), 5.62 (d, J = 12 Hz, 1H, H(H)C=CH-R (cis)), 4.39 

(q, J = 6.9 Hz, 1H, R-C(H)(Br)CH3), 4.37 (t, J = 4.8 Hz, 2H, TFS-O-CH2-CH2-OR), 

4.31 (t, J = 4.8 Hz, 2H, R-O-CH2-CH2-O(O)C-R’), 3.83 (t, J = 4.8 Hz, 2H, TFS-O-CH2-

CH2-OR), 3.75-3.60 (m, 6H, R-O-CH2-CH2-O-CH2-CH2-O(O)C-R’) and 1.81 (d, J = 

6.9 Hz, 3H, R-C(H)(Br)CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.9, 146.6, 143.3, 

142.8, 139.3, 136.3, 122.2, 122.0, 110.8, 74.1, 70.8, 70.6, 70.1, 68.8, 64.6, 55.6 and 30.5.  

19
F NMR (282 MHz, CDCl3, ppm):  δ -145 (m, 2F, ortho-F to -CH=CH2) and -158 (m, 

2F, meta-F to -CH=CH2).  ESIHRMS m/z calculated for C17H19O5F4Br [M+H]
+
 459.02 
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Da, found 459.0430.  FTIR (ATR):  3070 - 2750, 1740, 1640, 1485, 1450, 1405, 1335, 

1225, 1120, 1080, 965, 935, 855, 760, 675 cm
-1

. 

4-[Oxy(tri(ethylene glycol))azidoisopropionyl] -2,3,5,6-tetrafluorostyrene (4).  

To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, sodium azide 

(212 mg, 3.27 mmol) was added and dried under reduced pressure for 10 min.  A 

solution of 3 (1.02 g, 2.18 mmol) in dry DMF (2.50 mL) was added and the solution was 

allowed to stir at room temperature for 48 h.  The reaction was concentrated, dissolved 

in DCM and washed two times against deionized water and two times with brine.  The 

organic phase was dried over sodium sulfate, filtered and concentrated in vacuo to afford 

a dark yellow oil in 74% yield (675 mg).  TGA in Ar:  161 - 310 °C, 14% mass loss, 310 

– 405 °C, 45% mass loss; 34% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, 

ppm):  δ 6.62 (dd, J = 18 Hz and 12 Hz, 1H, H2C=CH-R), 6.03 (d, J = 18 Hz, 1H, 

H(H)C=CH-R (trans)), 5.64 (d, J = 12 Hz, 1H, H(H)C=CH-R (cis)), 4.36 (t, J = 4.5 Hz, 

2H, TFS-O-CH2-CH2-OR), 4.32 (t, J = 4.8 Hz, 2H, R-O-CH2-CH2-O(O)C-R’), 3.97 (q, J 

= 6.9 Hz, 1H, R-C(H)(N3)CH3), 3.82 (t, J = 4.5 Hz, 2H, TFS-O-CH2-CH2-OR), 3.75-

3.61 (m, 6H, R-O-CH2-CH2-O-CH2-CH2-O(O)C-R’) and 1.47 (d, J = 6.9 Hz, 3H, 

R-C(H)(N3)CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.9, 146.6, 143.3, 142.8, 

139.3, 136.3, 122.2, 122.0, 110.8, 74.1, 70.8, 70.6, 70.1, 68.8, 64.6, 57.2 and 16.8.  
19

F 

NMR (282 MHz, CDCl3, ppm):  δ -145 (m, 2F, ortho-F to –CH=CH2) and -158 (m, 2F, 

meta-F to -CH=CH2).  ESIHRMS m/z calculated for C17H19O5F4N3 [M+H]
+
 422.34 Da, 

found 422.1238 Da.  FTIR (ATR):  3050 – 2755, 2110, 1745, 1645, 1500, 1485, 1450, 

1425, 1405, 1380, 1350, 1250, 1190, 1115, 1075, 1030, 965, 935, 855 cm
-1

. 
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Prop-2-yn-1-yl 2-(dodecylthiocarbonothioyl thio)-2-methylpropanoic acid 

(5).  To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, 

2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (1.00 g, 2.74 mmol) and 4-

(dimethylamino)pyridine (69.0 mg, 0.55 mmol) were added and dried under reduced 

pressure for 30 mins.  A solution of N,N’ – dicyclohexylcarbodiimide (0.68 g, 3.29 

mmol) in dry DCM (8.50 mL) was added.  A solution of propargyl alcohol (0.56 mL, 

9.60 mmol) in dry DCM (8.50 mL) was added dropwise and the reaction was allowed to 

stir overnight at room temperature.  The solid was filtered off and the organic phase was 

washed three times against a sodium bisulfate solution and a sodium bicarbonate 

solution.  The organic phase was dried over sodium sulfate, filtered and concentrated in 

vacuo to afford a dark yellow solid in 58% yield (641 mg).  Tm =  11 and 20 °C.  TGA in 

Ar:  196 - 254 °C, 31% mass loss, 254 – 331 °C, 55% mass loss; 8% mass remaining at 

500 °C.  
1
H NMR (300 MHz, CDCl3, ppm): δ  4.70 (d, J = 2.4 Hz, 2H, HC≡CH2-OR), 

3.27 (t, J = 7.5 Hz, 2H, R-S(S)S-CH2-R’), 2.46 (t, J = 2.4 Hz, 1H, HC≡CH2-OR), 1.71 

(s, 6H, R-O(O)C-C(CH3)(CH3)-S(S)S-R’), 1.69 – 1.60 (m, 2H, R-S(S)S-CH2-CH2-R’), 

1.34 – 1.22 (m, 18H, R-S(S)S-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH3) and 0.88 (t, J = 6.9 Hz, 3H, R-CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 221.1, 

172.3, 77.3, 75.1, 55.6, 53.3, 37.0, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 28.9, 27.8, 25.2, 

22.7 and 14.1.  ESIHRMS m/z calculated for C20H34O2S3 [M+H]
+
 403.17 Da, found 

403.1797 Da.  FTIR (ATR):  3300, 3030 - 2765, 2125, 1740, 1465, 1385, 1365, 1245, 

1150, 1120, 1065, 1010, 990,  815, 745, 715, 670, 630 cm
-1

. 
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Macro ‘click’ chain transfer monomer (6).  To a flame dried 10 mL Schlenk 

flask equipped with a magnetic stir bar, a solution of 4 (565 mg, 1.34 mmol), 5 (479 mg, 

1.19 mmol) and N,N,N’N”,N”-pentamethyldiethylenetriamine (50.0 mg, 0.29 mmol) in 

dry DMF (8.00 mL) was added.  A solution of Cu(I)Br (58.0 mg, 0.41 mmol) dissolved 

in dry DMF (0.50 mL) was added and the reaction was allowed to stir for 30 h at room 

temperature.  Copper was removed by elution through an aluminum oxide plug and the 

product was obtained after drying in vacuo to afford a dark brown oil in 94% yield (924 

mg).  Tg = 34 °C.  TGA in Ar:  229 - 280 °C, 18% mass loss, 280 – 394 °C, 62% mass 

loss; 16% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  δ 7.77 (s, 1H, 

R-C(H)(CH3)-N3C2H-R’), 6.62 (dd, J = 18 Hz and 12 Hz, 1H, H2C=CH-R), 6.02 (d, J = 

18 Hz, 1H, H(H)C=CH-R (trans)), 5.66 (d, J = 12 Hz, 1H, H(H)C=CH-R (cis)), 5.48 (q, 

J = 7.5 Hz, 1H, R-C(H)(CH3)-N3C2H-R’), 5.26 (d, J = 5.4 Hz, 2H, R-N3C2H-CH2-

O(O)C-R’), 4.37 (t, J = 4.5 Hz, 2H, TFS-O-CH2-CH2-OR), 4.32 (t, J = 4.8 Hz, 2H, R-O-

CH2-CH2-O(O)C—C(H)(CH3)-N3C2H-R’), 3.82 (t, J = 4.5 Hz, 2H, TFS-O-CH2-CH2-

OR), 3.72 – 3.58 (m, 6H, R-O-CH2-CH2-O-CH2-CH2-O(O)C—C(H)(CH3)-N3C2H-R’), 

3.22, (t, J = 7.5 Hz, 2H, R-S(S)S-CH2-R’), 1.84 (d, J = 7.5 Hz, 3H, R-C(H)(CH3)-

N3C2H-R’) 1.70 – 1.56 (m, 8H, R-O(O)C-C(CH3)(CH3)-S(S)S-CH2-CH2-R’), 1.31 – 

1.23 (m, 18H, R-S(S)S-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3) 

and 0.87 (t, J = 6.6 Hz, 3H, R-CH3).  
13

C (75 MHz, CDCl3, ppm):  δ 221.1, 172.9, 169.1, 

146.6, 143.3, 142.8, 142.6, 139.3, 136.3, 123.4, 122.2, 122.0, 110.8, 74.2, 70.9, 70.6, 

70.3, 68.7, 65.2, 59.1, 58.2, 55.9, 37.0, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 28.9, 27.8, 

25.2, 22.7, 18.3 and 14.1.  
19

F NMR (282 MHz, CDCl3, ppm):  δ 145 (m, 2F, ortho-F to 
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–CH=CH2) and -158 (m, 2F meta-F to -CH=CH2).  ESIHRMS m/z calculated for 

C36H63O7F4N3S3 [M+H]
+
 825.02 Da, found 825.3180 Da.  FTIR (ATR):  3050 - 2700, 

1740, 1680, 1485, 1385, 1250, 1150, 1120, 1075, 965, 940, 865, 815, 720, 655 cm
-1

. 

Liquid crystalline hyperbranched fluoropolymer (LC20-HBFP30), (7).  To a 

flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, a solution of 2 (885 

mg, 2.74 mmol), 3 (1.26 g, 2.74 mmol), 6 (74.0 mg, 0.09 mmol) and 

azobisisobutyronitrile (3.00 mg, 0.02 mmol) in dry DMF (8.00 mL) was added.  The 

solution was deoxygenated via freeze-pump-thaw (x3) then placed in a preheated oil 

bath (70 °C) and allowed to react for 27 h.  The polymerization was quenched by 

opening the flask to air and submerging the flask in liquid nitrogen.  Polymer was 

obtained after two precipitations in cold diethyl ether to afford a yellow viscous oil in 

38% yield (721 mg).  Mn
GPC

 = 19 kDa, Mw/Mn.= 1.44.  Tg = 85 °C.  TGA in Ar:  283 - 

359 °C, 31% mass loss, 359 - 446 °C, 43% mass loss; 22% mass remaining at 500 °C.  

1
H NMR (300 MHz, CDCl3, ppm): δ  7.58 – 7.29 (br, m, meta-H to –O-CH2-R and 

2’-H, 3’-H and 4’-H to Ar-O-CH2-R), 7.00 – 6.85 (br, m, ortho-H to –O-CH2-R), 4.47 – 

4.14 (br, m, Ar-R-CH2-O(O)C-R’ and TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-

O(O)C-R’), 4.03 - 3.88 (br, m, Ar-O-CH2-R), 3.85 - 3.55 (br, m, TFS-O-CH2-CH2-O-

CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 2.62 (br, m, CH2-CH(R)- backbone), 2.10 – 

1.05 (br, m, R-CH2-CH2-CH2-CH2-CH2-O(O)C-R’ and C-CH3).  
13

C NMR (75 MHz, 

CDCl3, ppm):  δ 170.2, 160.0, 158.2, 146.7, 142.5, 140.7, 139.1, 136.0, 133.5, 128.7, 

128.0, 126.7, 114.7, 74.3, 70.7, 69.9, 68.7, 68.1, 67.8, 65.0, 64.4, 40.0, 34.7, 30.3, 29.1, 

28.3, 25.7, 21.6, 16.9 and 14.3.  
19

F NMR (282 MHz, CDCl3, ppm):  δ -143 (br, m, 
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ortho-F (TFS)) and -157 (br, m, meta-F (TFS)).  Elem. Anal. Calcd. for 

C862H1028S3N3F124Br30: C, 53.09; H, 5.31; S, 0.49; N, 0.22; F, 12.08; Br, 12.29%.  Found: 

C, 55.17; H, 4.94; S, 0.78; N, 0.21; F, 11.12; Br, 7.63%.  FTIR (ATR):  3030 – 2800, 

1730, 1650, 1610, 1490, 1460, 1365, 1245, 1120, 960, 830, 765, 695 cm
-1

. 

Liquid crystalline hyperbranched fluoropolymer (LC10-HBFP15), (8).  To a 

flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, a solution of 2 (445 

mg, 1.37 mmol), 3 (696 mg, 1.37 mmol), 6 (70.0 mg, 0.09 mmol) and 

azobisisobutyronitrile (3.00 mg, 0.02 mmol) in dry DMF (5.00 mL) was added.  The 

solution was deoxygenated via freeze-pump-thaw (x3) then placed in a preheated oil 

bath (70 °C) and allowed to react for 25 h.  The polymerization was quenched by 

opening the flask to air and submerging the flask in liquid nitrogen.  Polymer was 

obtained after two precipitations in cold diethyl ether to afford a yellow viscous oil in 

71% yield (745 mg).  Mn
GPC

 = 15 kDa, Mw/Mn.= 1.44.  Tg = 80 and 124 °C.  TGA in Ar:  

255 - 354 °C, 37% mass loss, 354 – 415 °C, 23% mass loss, 415 – 437 °C, 11% mass 

loss; 25% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  δ 7.58 – 7.29 

(br, m, meta-H to –O-CH2-R and 2’-H, 3’-H and 4’-H to Ar-O-CH2-R), 7.00 – 6.85 (br, 

m, ortho-H to –O-CH2-R), 4.47 - 4.14 (br, m, Ar-R-CH2-O(O)C-R’ and TFS-O-CH2-

CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 4.03 – 3.88 (br, m, Ar-O-CH2-R), 3.85 – 3.55 

(br, m, TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 2.62 (br, m, CH2-

CH(R)- backbone), 2.10 - 1.05 (br, m, R-CH2-CH2-CH2-CH2-CH2-O(O)C-R’ and 

C-CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.2, 160.0, 158.2, 146.7, 142.5, 140.7, 

139.1, 136.0, 133.5, 128.7, 128.0, 126.7, 114.7, 74.3, 70.7, 69.9, 68.7, 68.1, 67.8, 65.0, 
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64.4, 40.0, 34.7, 30.3, 29.1, 28.3, 25.7, 21.6, 16.9 and 14.3.  
19

F NMR (282 MHz, 

CDCl3, ppm): δ  -143 (br, m, ortho-F (TFS)) and -157 (br, m, meta-F (TFS)).  Elem. 

Anal. Calcd. for C502H608S3N3F64Br15: C, 54.81; H, 5.57; S, 0.87; N, 0.38; F, 11.05; Br, 

10.09%.  Found: C, 54.91; H, 5.35; S, 0.96; N, 0.65; F, 11.21; Br, 10.74%.  FTIR 

(ATR):  3030 – 2800, 1730, 1650, 1610, 1490, 1460, 1365, 1245, 1120, 960, 830, 765, 

695 cm
-1

. 

Liquid crystalline hyperbranched fluoropolymer (LC3-HBFP5), (9).  To a 

flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, a solution of 2 (248 

mg, 0.76 mmol), 3 (362 mg, 0.76 mmol), 6 (125 mg, 0.15 mmol) and 

azobisisobutyronitrile (5.50 mg, 0.03 mmol) in dry DMF (5.20 mL) was added.  The 

solution was deoxygenated via freeze-pump-thaw (x3) then placed in a preheated oil 

bath (70 °C) and allowed to react for 23 h.  The polymerization was quenched by 

opening the flask to air and submerging the flask in liquid nitrogen.  Polymer was 

obtained after two precipitations in cold diethyl ether to afford a yellow viscous oil in 

53% yield (347 mg).  Mn
GPC

 = 5.2 kDa, Mw/Mn.= 1.54.  Tg = 91 and 124 °C.  TGA in Ar:  

258 - 366 °C, 26% mass loss, 366 – 434 °C, 21% mass loss; 53% mass remaining at 500 

°C.  
1
H NMR (300 MHz, CDCl3, ppm): δ  7.58 – 7.29 (br, m, meta-H to –O-CH2-R and 

2’-H, 3’-H and 4’-H to Ar-O-CH2-R), 7.00 – 6.85 (br, m, ortho-H to –O-CH2-R), 

4.47 - 4.14 (br, m, Ar-R-CH2-O(O)C-R’ and TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-

CH2-O(O)C-R’), 4.03 – 3.88 (br, m, Ar-O-CH2-R), 3.85 – 3.55 (br, m, TFS-O-CH2-

CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 2.62 (br, m, CH2-CH(R)- backbone), 

2.10 - 1.05 (br, m, R-CH2-CH2-CH2-CH2-CH2-O(O)C-R’ and C-CH3).  
13

C NMR (75 
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MHz, CDCl3, ppm): δ  170.2, 160.0, 158.2, 146.7, 142.5, 140.7, 139.1, 136.0, 133.5, 

128.7, 128.0, 126.7, 114.7, 74.3, 70.7, 69.9, 68.7, 68.1, 67.8, 65.0, 64.4, 40.0, 34.7, 30.3, 

29.1, 28.3, 25.7, 21.6, 16.9 and 14.3.  
19

F NMR (282 MHz, CDCl3, ppm):  δ -143 (br, m, 

ortho-F (TFS)) and -157 (br, m, meta-F (TFS)).  Elem. Anal. Calcd. for 

C206H244S3N3F24Br5: C, 55.76; H, 5.54; S, 2.17; N, 0.95; F, 10.28; Br, 9.00%. found: C, 

59.76; H, 6.16; S, 1.70 N, 1.19; F, 7.79; Br, 5.00%.  FTIR (ATR):  3030 – 2800, 1730, 

1650, 1610, 1490, 1460, 1365, 1245, 1120, 960, 830, 765, 695 cm
-1

. 

General procedure for the preparation of LC-HBFP-PEG crosslinked 

networks.  To a scintillation vial, bis(3-aminopropyl) terminated PEG (20.0 mg, 0.013 

mmol) and THF (0.50 mL) were added and stirred until homogeneous (~10 min).  To the 

solution, 7 (20.0 mg, 0.001 mmol) and N,N-diisopropylethylamine (DIPEA) (9.50 μL) 

were added and allowed to stir for 30 min.  The solution was drop cast onto circular 

glass microscope cover slips or 40 μL aluminum DSC pans.  A period of about 1 h 

allowed for the excess solvent to evaporate and afford a pre-gel that was cured at 110 °C 

for 45 min under N2 atmosphere.  Tg = 5 °C.  Tm = 27 and 36 °C.  TGA in Ar:  252 - 350 

°C, 20% mass loss, 350 – 433 °C, 43% mass loss; 33% mass remaining at 500 °C.  FTIR 

(ATR):  3690 – 3225, 1730, 1650, 1610, 1490, 1450, 1350, 1245, 1095, 955, 835, 765, 

695 cm
-1

.  Subsequent films were prepared in the same manner by varying the wt % PEG 

, calculated as w/w % of the total mass to afford a total of eight formulations within the 

series.  The same procedure was followed for the preparation of films from 8 and 9 to 

afford two additional series with a total of 16 formulations. 
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3.3 Results and Discussion 

For comparison purposes, it was important to design the new LC-HBFP polymer 

to resemble the original third generation HBFP in topology, notably, a hyperbranched 

network with the ability to undergo crosslinking after polymerization.  This requirement 

led to the development of a unique chain transfer monomer (CTM) via click chemistry 

from which the chosen LC monomer, as well as the initiating monomer, or inimer, which 

was previously used in the preparation of HBFP
(III)

-b, would undergo polymerization.  

The LC monomer selected for incorporation into the HBFP system is well-known, and 

has been synthesized and characterized by other laboratories.
90-92

  Briefly, the LC 

monomer (Scheme 3.1) was achieved from a two-step reaction starting with the 

synthesis of the mesogenic unit 1 through a nucleophilic substitution of 4-phenylphenol 

with 6-chloro-1-hexanol, in the presence of an excess of potassium carbonate.  The 

subsequent step involved the esterification of the remaining alcohol group by reaction 

with acryloyl chloride to afford 2.  The starting materials used for the synthesis of the 

CTM were an azide-functionalized monomer, which was achieved by reacting 3 

(Scheme 3.2) with sodium azide, and a modified chain-transfer agent (CTA) 5, prepared 

from the esterification of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid with 

propargyl alcohol.  The final CTM 6 was generated through an azide-alkyne Huisgen 

cycloaddition between 4 and 5 in the presence of Cu(I)Br.  To probe the effect of 

polymer size, three LC-HBFP polymers 7-9, varying in molecular weight, were 

synthesized through reversible-addition fragmentation chain-transfer (RAFT) 
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copolymerization of the LC monomer and inimer from the unique macro ‘click’ CTM 

(Scheme 3.3). 

 

 

Scheme 3.1.  Synthesis of mesogenic unit 1 and LC monomer 2. 

 

 

Scheme 3.2.  Synthesis of the azide-functionalized monomer 4, the alkyne-

functionalized CTA 5, and the  macro ‘click’ chain transfer monomer 6. 

 

Amphiphilic networks were prepared using a previously described method
40

 

through nucleophilic substitution between the amino chain ends of bis(3-aminopropyl) 

terminated PEG (Mn = 1500 Da) and the bromoacetyl functionality of the hyperbranched 

LC fluorocopolymer, upon casting from tetrahydrofuran (THF) solution into 40 μL 

aluminum DSC pans or onto glass microscope cover slips, followed by a thermal cure at 

110 °C for 45 min under inert atmosphere. 
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Scheme 3.3.  Synthesis of LC-HBFP polymer and preparation of LC-HBFP crosslinked 

networks where the molar ratios x:y correspond to 3:5, 10:15, and 20:30. 

 

To impart liquid crystalline character to the polymer matrix, a mesogenic unit 

was incorporated in the form of a comonomer during polymerization.  In order to 

determine the types of mesophases and the temperatures at which these mesophases 

formed, a combination of differential scanning calorimetry (DSC),
58, 90, 91, 93-102

 polarized 

optical microscopy (POM) and x-ray diffraction (XRD) were used to characterize and 

identify the types of liquid crystalline phases of the mesogenic unit and its corresponding 

monomer.  From DSC, two melting transitions were observed for the mesogenic unit 

upon heating, at 84 °C and 100 °C (Figure 3.1). Using POM, several mesophases were 

observed, including crystalline, smectic and isotropic.  Interestingly, while the enthalpy 

≡
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change at 84 °C was quite noticeable in the DSC trace, no visible phase change was 

observed through POM until 94 °C.  Jaglowski and coworkers observed a similar trend 

with their poly[((6-(4-phenylphenoxy)hexyl)oxy)-(trifluoroethoxy)phos-phazene] where 

DSC recorded two endotherms (i.e. 103 °C and 133 °C) and birefringence was not 

observed by POM until a higher temperature (i.e. 114 °C).
98

  In the XRD data, sharp, 

structured peaks were observed at room temperature, indicating an ordered, crystalline 

 

 

Figure 3.1.  Differential scanning calorimetry trace of mesogenic unit 1 during 2
nd

 

heating (solid) and cooling (dash) cycles. 

 

structure.  As the sample was heated, there was a shift to lower angle at 70 °C, 

suggesting the formation of a smectic phase.  We observed a decrease in intensity of the 

peaks, as well as broadening beginning at 80 °C, indicating a loss of order, which 

continued until a complete amorphous halo was observed at 110 °C (Figure 3.2).  From 
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POM, these phase changes could be identified and attributed to crystalline-smectic-

isotropic transitions (Figure 3.3). 

 

 

Figure 3.2.  X-ray diffractogram of mesogenic unit 1 at different temperatures during 

heating. 

 

 

Figure 3.3.  Polarized optical microscopy images of mesogenic unit 1 at 94 °C, 103 °C 

and 104 °C (left to right), each collected during heating. 

 

The monomer displayed similar phase changes, but at much lower temperatures.  

From DSC, only one monomeric melting transition was observed, at 41 °C (Figure 3.4).  
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With the use of POM, greater insight was provided showing a change from a crystalline-

to-smectic phase occurring around 52 °C, followed shortly by a smectic-to-isotropic 

phase change at 55 °C (Figure 3.5). The diffractogram from XRD, again, showed an  

 

 

Figure 3.4.  Differential scanning calorimetry trace of LC monomer 2 during 2
nd

 heating 

(solid) and cooling (dash) cycles. 

 

 

Figure 3.5.  Polarized optical microscopy images of LC monomer 2 at 52 °C, 54 °C and 

55 °C (left to right), each collected during heating. 

 

ordered, crystalline structure at room temperature with increasing disorder as the 

temperature increased until only a prominent amorphous halo was observed at 60 °C 
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(Figure 3.6).  After polymerization, the characteristics of the LC moiety were still 

observed in optical microscopy from the distributed microscopic areas of birefringence 

(Figure 3.7).  Phase transitions were observed in crosslinked films as well, but due to the 

lower limitations of the heating stage, POM images were only taken while heating above 

30 °C, where only one transition was observed.  However from DSC experiments, it is 

known that the crosslinked films undergo a melting transition just below 30 °C. 

 

 

Figure 3.6.  X-ray diffractogram of LC monomer 2 at different temperatures during 

heating. 
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Figure 3.7.  Polarized optical microscopy images of mesogenic unit (left), LC monomer 

(middle) and neat LC-HBFP (right) at 30 °C. 

 

The stoichiometries of the LC-HBFP and PEG were varied to produce an array of 

coatings for evaluation of compositional effects on the thermal, surface, and wettability 

properties.  As shown previously in our laboratory, the ability of the HBFP-PEG system 

to uptake water has a large influence on the dynamic reorganization of the system, 

including structural and topological impacts.
40, 41, 89

  Interestingly, the new LC-HBFP-

PEG system absorbed significantly (i.e. 3 times) more water than did the binary system 

(Figure 3.8).  A possible explanation for the large difference in water uptake can be 

attributed to the packing arrangement from the addition of the liquid crystalline 

comonomer.
93, 103

  Lupinacci and coworkers revealed, through models, that the flexibility 

in the hexamethylene spacer group can allow the biphenyl segment to bend backwards 

toward the polymer chain, resulting in stacks of biphenyl groups.
93

  An alternative 

explanation is provided by hydrogen bonding interactions, where the additional oxygen 

atoms from the LC comonomer allow for higher numbers of favorable interactions 

between water and the polymer matrix.
104

  Similar characteristics were identified 

between all three polymer arrays, including a direct relationship between the wt % of 

PEG and H2O uptake.  It is important to note that the formulations composed of higher 

25 μm100 μm 50 μm
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than 30 wt % PEG content from the [3, 5] LC-HBFP system disintegrated during 

submersion and, therefore, full hydration could not be determined.  Due to these results, 

the [3, 5] system was not investigated in further experiments. 

 

 

Figure 3.8.  Wt % H2O uptake of the three series of LC-HBFP-PEG coatings as a 

function of formulation with the binary system (black) as a reference. 

 

Due to the increase in water uptake of the LC-HBFP-PEG system, 300 wt % 

water was added to each sample, previously cast and annealed in 40 μL aluminum DSC 

pans, for DSC studies so the films would be fully hydrated in the presence of excess free 

water.  Anti-icing performance was assessed from the calorimetric properties of the 

seven LC-HBFP-PEG networks from the two different molecular weight polymers and 

control samples of neat LC-HBFP and PEG, totaling 17 samples.  The networks were 

investigated from -50 to 20 °C, over three cycles, in both heating and cooling modes.  

Analysis was performed according to previous experiments, where the melting transition 
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temperature of water provided an upper limit of anti-icing behavior and was used to 

assess whether the films could depress the freezing point of water.
89

  As in the binary 

system, two water melting transitions (Tm) were observed, corresponding to the bound 

water within the crosslinked network and the free water on the surface of the coating.
70, 

89
  Additionally, similar trends between the wt % PEG and the Tm of free water were also 

observed; as the wt % PEG increased, the Tm of free water decreased and approached the 

Tm observed in the presence of neat PEG (Table 3.1).  Within the two different molecular 

weight polymers, as polymer size increased, the formulations with higher wt % PEG had 

lower Tm values.  While bound water did not vary noticeably across the two polymers, 

the Tm did increase as wt % PEG increased.  Interestingly, by increasing the wt % PEG 

in the [20, 30] system, a comparable Tm between the 2:5 formulation with neat PEG was 

achieved, indicating that the addition of the LC moiety had a greater positive effect on 

the freezing point depression of water in a larger molecular weight polymer. 

 

Table 3.1.  Average free water onset melting temperatures (Tm) for the array of [10, 15] 

and [20, 30] LC-HBFP-PEG systems and LC-HBFP and PEG control samples, each with 

300 wt % water. 

System 

Mass ratio LC-HBFP to PEG (wt %) 

LC-

HBFP 
5:2 2:1 3:2 1:1 2:3 1:2 2:5 PEG 

Avg. free H2O Tm onset (°C) 

[10, 15] 
-1.8 ± 

0.1 

-2.1 ± 

0.1 

-4.2 ± 

0.0 

-5.3 ± 

0.2 

-2.2 ± 

0.1 

-6.0 ± 

0.1 

-7.4 ± 

0.1 

-6.7 ± 

0.3 

-10.4 ± 

1.3 

[20, 30] 
-1.7 ± 

0.1 

-2.0 ± 

0.1 

-3.4 ± 

0.0 

-4.3 ± 

0.3 

-5.9 ± 

0.2 

-6.6 ± 

0.2 

-8.1 ± 

0.5 

-9.9 ± 

0.1 

-10.4 ± 

1.3 
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To assess gross wettability, water contact angle measurements were performed 

on dry and water-swollen films cast on glass (Table 3.2).  Swollen films were submerged 

in deionized water for 24 h before measurements.  Using a 3 μL sessile drop, 

measurements were taken for each film at three different locations on the film.  In 

general, water contact angles for the dry coatings were higher than the binary system, 

which was attributed to the addition of the more hydrophobic biphenyl segments 

provided by the LC comonomer.  Overall, as the wt % PEG increased, the water contact 

angle decreased for the dry and swollen films in the [10, 15] system, indicating a strong 

effect by the PEG.  However, the [20, 30] system revealed more interesting results, 

showing a steady increase in water contact angle followed by a sudden decrease when 

there was more than 65 wt % PEG in the dry films (Figure 3.9). 

 

Table 3.2.  Summary of static water contact angle measurements of [10, 15] and [20, 30] 

LC-HBFP-PEG systems in dry and water swollen states.  *Indicates contact angle was 

too small to be measured. 

System 

Mass ratio LC-HBFP to PEG (wt %) 

LC-HBFP 5:2 2:1 3:2 1:1 2:3 1:2 2:5 

Static Water Contact Angle 

[1
0

, 
1

5
] Dry 104 ± 2° 101 ± 6° 91 ± 7° 85 ± 14° 

84 ± 

11° 
83 ± 8° 

78 ± 

2° 
61 ± 6° 

Swollen 102 ± 3° 92 ± 4° 59 ± 5° 28 ± 4° * * * * 

[2
0

, 
3

0
] 

Dry 111 ± 2° 100 ± 1° 111 ± 4° 112 ± 5° 
122 ± 

3° 

124 ± 

11° 

84 ± 

8° 

66 ± 

10° 

Swollen 110 ± 1° 57 ± 1° 71 ± 1° 48 ± 5° 28 ± 1° * * * 
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Figure 3.9.  Average static water contact angles of the array of (A) [10, 15] LC-HBFP-

PEG system and (B) [20, 30] LC-HBFP-PEG system in dry and swollen states. 

 

Due to this unexpected behavior, additional contact angle measurements were 

performed on the dry [20, 30] system, where measurements were recorded every 5 s for 

a period of 3 min (Figure 3.10).  In general, all formulations showed a decrease in 

contact angle, over time, and formulations with analogous wt % PEG showed similar 

trends overall.  Additionally, the majority of formulations reached equilibria within the 3 

min time period.  Swollen films showed comparable trends to their corresponding dry 

system, where the water contact angle on the [10, 15] system decreased as the wt % PEG 

increased, and the [20, 30] system experienced an increase in contact angle before 

decreasing with respect to wt % PEG.  Notably, contact angle was measurable for 

swollen films with up to 50 wt % PEG in the [20, 30] system and only up to 40 wt % 

PEG in the [10, 15] system.  For the [10, 15] system, the reduction in water contact angle 

correlated with an increase in water uptake, until the system became saturated at ca. 3:2; 

the 3:2 and 1:1 formulations had comparable percentages of water uptake (i.e.  177% 
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and 169%, respectively).  The [20, 30] system with higher than 50 wt % PEG did not 

have a measurable swollen contact angle and showed greater than 200 % water uptake. 

 

 

Figure 3.10.  Average static water contact angles of the array of dry [20, 30] LC-HBFP-

PEG system with respect to time. 

 

Macroscopic phase segregation and film homogeneity was investigated by 

infrared microscopy on dry coatings to verify a proportionate distribution of LC 

character across the surface of the coatings and assess the macroscopic homogeneity.  A 

total of twelve scans per film were performed to encompass an area of 300 μm x 200 

µm.  Although some signal saturation can be observed on the reflection mode scans, the 

chemical compositions of these films do not show macroscopic segregation of the 

components (Figure 3.11). 
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Figure 3.11.  Infrared spectra (left) and corresponding microscopy images (right) of area 

scanned, outlined in red, of 1:1 LC-HBFP-PEG coating for (A) [10, 15] system and (B) 

[20, 30] system. 

 

To understand morphology and topography, 3D optical microscopy was utilized 

as a non-contact surface metrology technique.  Dry [20, 30] films cast onto glass 

microscope cover slips were placed on the sample stage and by using white light 

interferometry, a sample area of 300 μm x 250 μm was scanned using a 20x 

magnification objective.  In general, microscopic features were evident across all 

samples with a visible decrease in ordered structures as the wt % PEG increased (Figure 

3.12).  In the neat LC-HBFP sample, sharp peaks with a height of approximately 400 nm 

A

B



 

63 

 

dominated the surface.  These data suggest that a high degree of ordering, attributed by 

the liquid crystalline comonomer, was retained after polymerization, which agreed with 

POM images taken at 30 °C.  Once crosslinked with PEG, these sharp, structured peaks 

were no longer obvious on the surface, but were replaced by smaller, rounded features, 

with an overall topography that was also visible in POM images.  As we progressed  

 

 

Figure 3.12.  POM* and 3D optical microscopy images (2D and 3D views) of dry 

coatings from the [20, 30] LC-HBFP-PEG system with Sa roughness values.  *The area 

imaged in POM does not correlate to the same area scanned in 3D optical microscopy. 

 

0.00 0.10 0.20 0.30 

mm

0.00

0.10

0.20

0.24

m
m

-0.3 

0.0 

0.2 

0.4 

0.6 

μ
m

0.079

0.158

0.236

0.315 mm

0.236 mm

0.640 μm

0.280 μm

0.00 0.10 0.20 0.30 

mm

0.00

0.10

0.20

0.24

m
m

-1.2 

0.0 

0.5 

1.0 

1.5

μ
m

-0.5 

0.00 0.10 0.20 0.30 

mm

0.00

0.10

0.20

0.24

m
m

-8

-5 

0

5

8

μ
m

0.00 0.10 0.20 0.30 

mm

0.00

0.10

0.20

0.24

m
m

-30

-20 

0

5

15

μ
m

10

-5

-10 

-15 

-25 

0.079

0.158

0.236

0.315 mm

0.236 mm

1.521 μm

1.169 μm

0.079

0.158

0.236

0.315 mm

0.236 mm

7.850 μm

8.207 μm

0.079

0.158

0.236

0.315 mm

0.236 mm

5.671 μm

30.426 μm

50 μm

0.00

mm

0.10 0.300.20

0.00

0.10

0.20

0.24

m
m

50 μm

0.00

mm

0.10 0.300.20

0.00

0.10

0.20

0.24

m
m

50 μm

0.00

mm

0.10 0.300.20

0.00

0.10

0.20

0.24

m
m

50 μm

0.00

mm

0.10 0.300.20

0.00

0.10

0.20

0.24

m
m

Neat LC-HBFP

5:2

1:1

2:5

Sa: 0.067 μm

Sa: 0.232 μm

Sa: 1.362 μm

Sa: 4.144 μm

POM 2D View 3D View



 

64 

 

across the array toward higher wt % PEG, these surface features continued to decrease in 

size, but subsequently, increased the surface area roughness (Sa).  This trend in 

increasing surface roughness with increasing wt % PEG was also observed in previous 

investigations of the binary system, as well as the ternary system.
41, 43

  Measurements of 

water-swollen coatings were also taken, but due to the increased water uptake causing 

large distortions in the coatings, accurate measurements were only obtained for the neat 

LC-HBFP and the 5:2 formulations (Figure 3.13).  Both water-swollen coatings 

exhibited a higher surface area roughness as well as a loss of structured features 

compared to the dry coatings. 

 

 

Figure 3.13.  3D optical microscopy images of [20, 30] LC-HBFP-PEG system (neat 

LC-HBFP and 5:2) dry and water-swollen coatings with surface area roughness (Sa) 

values. 

 

Sa: 0.697 μm Sa: 1.714 μm

Water-swollen

Neat LC-HBFP 5:2

Sa: 0.067 μm Sa: 0.232 μm

0.079
0.158

0.236

0.315 mm

0.236 mm

1.521 μm

1.169 μm

0.079

0.158

0.236

0.315 mm

0.236 mm

0.640 μm

0.280 μm

Dry

0.079
0.158

0.236
0.315 mm

0.236 mm

8.616 μm

2.010 μm

0.079

0.158
0.236

0.315 mm

0.236 mm

6.762 μm

5.648 μm



 

65 

 

3.4 Conclusions 

In summary, we have demonstrated the successful incorporation of an LC moiety 

to enhance the ordering and dynamic character of amphiphilic crosslinked polymer 

networks.  Through DSC studies, the new LC-HBFP-PEG system has shown 

improvement (-9.9 °C) over the binary system (-4.6 °C) to depress the freezing/melting 

temperature of water, by tuning the molecular weight and weight percentage of PEG.  

Additionally, the liquid crystalline comonomer has positively increased the water contact 

angle in dry and water-swollen states resulting in a more hydrophobic surface while 

maintaining an overall macroscopic homogeneous coating.  Surprisingly, as the water 

contact angle increased, the water uptake % also increased.  These results have been 

attributed to the added ordering parameter contributed by the LC comonomer, which was 

observed by polarized and 3D optical microscopy measurements.  The ability for the 

polymer matrix to coincidently sequester and confine water molecules, while also being 

able to undergo dynamic reorganization and result in depression of water freezing point 

offers interesting potential for these materials as protective coatings in aeronautic, 

aquatic and other extreme environment applications. 
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CHAPTER IV  

AMPHIPHILIC CROSSLINKED LIQUID CRYSTALLINE FLUOROPOLYMER-

POLY(ETHYLENE GLYCOL) COATINGS FOR APPLICATION IN 

CHALLENGING CONDITIONS: COMPARATIVE STUDY BETWEEN DIFFERENT 

LIQUID CRYSTALLINE COMONOMERS AND POLYMER ARCHITECTURES 

 

4.1 Overview 

 The use of liquid crystalline polymers (LCPs) for coating technologies has 

gained attention, due to their environmental chemical and weather resistance, wide 

thermal range and fracture toughness.
24-26, 36

  In extreme environments, such as icing, 

marine fouling and continuous wetting conditions, where a robust, sustainable coating is 

a priority, long-term retention of properties is essential.  Through the use of amphiphilic 

polymer coatings, several groups have demonstrated success in the field of anti-

biofouling or reducing protein adhesion.
41, 43, 105-107

  Recently, Hwang and coworkers 

synthesized and investigated the protein adsorption of random, amphiphilic copolymer 

films composed of polystyrene (PS), poly(ethylene glycol) methacrylate (PEGMA) and 

poly(hydroxyethyl) methacrylate (PHEMA), and demonstrated that polymers containing 

EGMA and HEMA exhibited enhanced anti-biofouling properties over those composed 

of PS.
106

  Additionally, the PS-PEGMA materials had the lowest fluorescence intensities 

of adsorbed BSA, in comparison to the PS, PS-PHEMA and PS-PEGMA-PHEMA.
106

  

Segalman and coworkers functionalized an amphiphilic diblock copolymer of PS and 

poly(ethylene oxide) (PEO) with peptoids, and studied the attachment of zoospores and 
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adhesion strength of sporelings.
107

  They concluded the coatings provided superior anti-

fouling properties compared to a glass and a PDMS standard, and through modification 

of peptoid length, were able to obtain a higher percentage of sporeling removal.
107

  

Genzer et al. demonstrated effective minimization of protein fouling with their 

amphiphilic coatings formed from fluorinated PHEMA brushes.
105

  Several groups have 

shown that the incorporation of liquid crystalline polymers results in an increase in 

general coating properties, such as flexibility, hardness and adhesion, over polymers that 

did not contain an LC moiety.
25, 37-39

  It was hypothesized that by combining amphiphilic 

polymer coatings and liquid crystalline polymers, a dynamic, robust crosslinked coating 

with enhanced properties could be obtained for use in environmentally challenging 

conditions.  Our laboratory recently incorporated a liquid crystalline (LC) comonomer, 

composed of a rigid biphenyl segment, into amphiphilic hyperbranched fluoropolymer 

(HBFP) crosslinked networks to yield dynamic coatings with topographical, 

morphological and compositional complexities.
108

  Prior to LC integration, the HBFP-

PEG binary system was shown to reduce fouling in marine environments and depress the 

freezing/melting point of water by ca. -5 °C, credited to the dynamic complexity, low 

surface energy and nanoscopic surface topography of water-swollen coatings.
40, 41, 89

  

The addition of the thermally-dynamic LC molecule resulted in a further depression of 

the freezing point of water (ca. -10 °C) over the binary system.
108

  Additionally, there 

was an increase in water contact angle values in the dry and water-swollen states, as well 

as a three-fold increase in percent water uptake.  Due to the success of the original 

LC(biphenyl)-HBFP-PEG system, it is important to understand the impact of different 



 

69 

 

LC comonomers and explore the effect of polymer topology on the performance of the 

coating, not only towards anti-icing applications, but also anti-biofouling and other 

wetting venues. 

With this objective, two additional monomers, 6-phenoxyhexyl acrylate 

(LC(phenol)) and 6-((4’-cyano-[1,1’-biphenyl]4-yl)oxy)hexyl acrylate (LC(cyano)), 

were chosen for incorporation into the amphiphilic fluoropolymer, either with a linear 

(L) or hyperbranched (HB) architecture.  The LC(cyano) monomer is well-known and 

has been extensively studied over the last several decades, toward a variety of 

applications;
109-117

 however, investigation of LC monomers composed of a single 

aromatic ring, like the LC(phenol), has been explored less.
118-124

  For comparison 

purposes, the original LC(biphenyl)-HBFP was used as a baseline system. 

 

4.2 Experimental Section 

4.2.1 Materials 

 Reagents and starting materials were purchased from Sigma-Aldrich, Acros and 

VWR and used as received unless otherwise noted.  2,3,4,5,6-Pentafluorostyrene (PFS) 

was purchased from Apollo Scientific (U.K.).  Monomers were purified by passing 

through a neutral alumina column to remove the inhibitor prior to use. 

4.2.2 Instrumentation 

 Nuclear magnetic resonance spectroscopy and mass spectrometry.  Small 

molecules, monomers and polymers were characterized by 
1
H and 

13
C nuclear magnetic 

resonance (NMR) spectroscopies using a Varian Inova 300 spectrometer.  Fluorinated 



 

70 

 

compounds were also characterized by 
19

F NMR spectroscopy using a Varian Inova 300 

spectrometer.  Spectra were analyzed using the solvent signal as an internal reference.  

High resolution mass spectrometry (HRMS) for the small molecules was conducted on 

an Applied Biosystems PE SCIEX QSTAR. 

Size exclusion chromatography.  The polymer molecular weight and molecular 

weight distribution were determined by size exclusion chromatography (SEC) performed 

on a Waters 1515 HPLC pump (Waters Chomatography, Inc.) equipped with a 2414 

differential refractometer (Waters, Inc.), a PD2020 dual-angle (15° and 90°) light 

scattering detector (Precision Detectors, Inc.) and a four-column series of PL gel 

columns (Polymer Laboratories, Inc.):  5 μm Guard (50 x 7.5 mm), 5 μm Mixed C (300 

x 7.5 mm), 5 μm 10
4
 Å (300 x 7.5 mm) and 5 μm 500 Å (300 x 7.5 mm).  Polymer 

solutions were prepared at a known concentration (3-6 mg/mL) and an injection volume 

of 200 μL was used.  The system was equilibrated at 40 °C in THF, which served as the 

polymer solvent and eluent (flow rate set to 1.00 mL min
-1

).  The differential 

refractometer was calibrated with Polymer Laboratories, Inc. polystyrene standards (300 

to 467,000 Da).  Data collection and analysis were performed using Breeze (version 

3.30, Waters, Inc.) software. 

Fourier-transform infrared spectroscopy.  Infrared spectra were obtained on a 

Shimadzu IR Prestige attenuated total reflectance Fourier-transform infrared 

spectrometer (ATR-FTIR).  Spectra were analyzed using IRsolution software. 

Elemental Analysis.  Elemental analysis of the polymers was performed at Midwest 

Microlab, LLC (Indianapolis, IN). 
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Thermal analysis.  Differential scanning calorimetry (DSC) studies were 

performed on a Mettler Toledo DSC822 (Mettler Toledo, Inc.) with a heating rate of 5 

°C/min and a cooling rate of 2 °C/min.  Traces were analyzed using STAR
e
 Evaluation 

software (version 10.00d, Mettler Toledo, Inc.) and the Tm was taken at the onset 

threshold upon the average of the second and third heating scans.  Thermogravimetric 

analysis was performed under Ar atmosphere using a Mettler-Toledo model TGA/DSC 1 

STAR
e
 system, with a heating rate of 10 °C/min.  Measurements were analyzed using 

STAR
e
 Evaluation software (version 10.00d, Mettler Toledo, Inc.). 

Static surface contact angle.  Water contact angles were measured as static 

contact angles using the sessile drop technique with an Attension Theta optical 

tensiometer (Biolin Scientific).  Drops were fitted with a Young-Laplace formula to 

calculate the static contact angle in the Theta software (Biolin Scientific). 

Water uptake studies.  Water uptake studies were performed on prepared films 

that underwent two soakings in deionized water.  The first was to remove excess residual 

PEG and was followed by drying under vacuum at 35 °C for 16 h.  Dried films were 

weighed and then submerged in deionized water for 24 h.  The wet films were removed 

and lightly patted with a Kimwipe to remove any free surface water and subsequently 

weighed. 

X-ray diffraction.  X-ray diffraction (XRD) patterns were obtained on a Bruker 

D8 Advanced Power X-ray diffractometer with Cu-Kα incident radiation (λ = 1.5418 Å).  

Scans were taken in increments of 0.05 between 2ϴ of 3 and 40 at a scan speed of 1 s
-1

.  

The heating and cooling rate was 0.08 °C/s. 
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Polarized optical microscopy.  Polarized optical micrographs were collected 

using an Olympus BX60 optical microscope and cross polarizers at 10x or 20x 

magnification in conjunction with a Mettler FP80 Hot Stage.  The heating rate was 5 

°C/min and the cooling rate was 2 °C/min. 

3D optical microscopy.  3D optical micrographs were collected using a Bruker 

Contour GT-K Optical Profiler at 20x magnification. 

Solution stability studies.  Solution stability studies were performed on prepared 

films previously annealed in 5-mL shell vials.  Samples were submerged in 2 mL of an 

aqueous media (deionized water, brine or acidic water), capped and placed in a shaker at 

37 °C for 24 h.  Upon removal, samples were allowed to sit at room temperature for 30 

mins before solvent was removed via syringe and needle.  Samples that were submerged 

in brine or acidic water were also rinsed with deionized water (ca. ~1 mL).  A Kimwipe 

was used to remove any free surface water and samples were subsequently weighed.  

Samples were allowed to dry in a vacuum oven at 30 °C for 20 h and weighed.  The 

acidic water was a buffer solution prepared from acetic acid and sodium acetate with a 

pH of 5 – 6 to represent acid rain. 

4.2.3 Synthesis 

6-(1,1’-biphenyl]-4-yloxy)hexan-1-ol (1).  To a flame dried 100 mL Schlenk 

flask equipped with a magnetic stir bar, potassium carbonate (12.2 g, 88.1 mmol) and a 

trace amount of potassium iodide (198 mg, 1.22 mmol) were dried under reduced 

pressure for 1.5 h.  A solution of 4-phenylphenol (5.06 g, 29.4 mmol) in dry DMF (41.0 

mL) was added and allowed to stir at room temperature for 1 h.  A solution of 6-chloro-
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1-hexanol (4.00 mL, 29.4 mmol) was added dropwise and the reaction was placed in a 

preheated oil bath (70 °C) for 16 h.  Unreacted solid was filtered off and the remaining 

solution was washed against deionized water, sodium bicarbonate solution and brine.  

The organic phase was dried over sodium sulfate, filtered and concentrated in vacuo to 

afford an off-white powder.  The crude product was purified by recrystallization using a 

1:1 hexanes:ethyl acetate solution to afford the mesogen as a translucent solid in 72% 

yield (5.69 g).  Tm = 80 and 97 °C.  TGA in Ar:  278 - 361 °C, 99% mass loss; 0.7% 

mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm): δ 7.54 (m, 4H, meta-H  

to –O-CH2-R and 2’-H to Ar-O-CH2-R), 7.42 (m, 2H, 3’-H to Ar-O-CH2-R), 7.30 (m, 

1H, 4’-H to Ar-O-CH2-R), 6.97 (m, 2H, ortho-H to -O-CH2-R), 4.01 (t, J = 6.5 Hz, 2H, 

Ar-O-CH2-R), 3.68 (t, J = 6.0 Hz, 2H, R-CH2-OH), 1.83 (quintet, J = 6.8 Hz, 2H, Ar-O-

CH2-CH2-R), 1.69-1.39 (m, 6H, R-CH2-CH2-CH2-CH2-OH) and 1.34 (s, 1H, R-OH).  

13
C NMR (75 MHz, CDCl3, ppm): δ 158.7, 140.9, 133.6, 128.7, 128.1, 126.7, 126.6, 

114.8, 67.9, 62.9, 32.7, 29.3, 26.0 and 25.6.  GC/MS m/z calculated for C18H22O2 

[M+TMS] 342.36 Da, found 342.10 Da.  FTIR (ATR):  3310, 3080 - 3010, 2180 - 1665, 

1605, 1520, 1475, 1400, 1245, 1190, 1120, 1070, 1035, 995, 915, 835, 755, 715, 685 cm
-

1
. 

6-([1,1’-biphenyl]-4-yloxy)hexyl acrylate (2).  To a flame dried 200 mL 

Schlenk flask equipped with a magnetic stir bar and suspended in an ice bath, a solution 

of 1 (4.00 g, 14.8 mmol) and triethylamine (2.50 mL, 17.8 mmol) in dry THF (82.0 mL) 

was added.  A solution of acryloyl chloride (1.80 mL, 22.2 mmol) in dry THF (6.00 mL) 

was added dropwise and the reaction was allowed to stir at 0 °C for 2 h and then at room 
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temperature for an additional 12 h.  The reaction mixture was concentrated, dissolved in 

chloroform and washed against deionized water, sodium bicarbonate solution and brine.  

The organic phase was dried over sodium sulfate, filtered and concentrated in vacuo to 

afford a white solid in 86% yield (4.11 g).  Tm = 41°C.  TGA in Ar:  353 - 432 °C, 94% 

mass loss; 5% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  δ 7.53 (m, 

4H, meta-H to -O-CH2-R and 2’-H to Ar-O-CH2-R), 7.41 (m, 2H, 3’-H to Ar-O-CH2-R), 

7.32 (m, 1H, 4’-H to Ar-O-CH2-R), 6.98 (m, 2H, ortho-H to -O-CH2-R), 6.40 (d, J = 17 

Hz, 1H, H(H)C=CH-R (trans)), 6.12 (dd, J = 17 Hz and 10 Hz, 1H, H2C=CH-R), 5.82 

(d, J = 10 Hz, 1H, H(H)C=CH-R (cis)), 4.18 (t, J = 6.0 Hz, 2H, R-CH2-O(O)C-R’), 4.00 

(t, J = 6.5 Hz- 2H, Ar-O-CH2-R) and 1.89 - 1.41 (m, 8H, R-CH2-CH2-CH2-CH2-CH2-

O(O)C-R’).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 166.3, 158.6, 140.9, 133.6, 130.6, 

128.7, 128.6, 128.1, 126.7, 126.6, 114.8, 67.9, 64.6, 29.2, 28.6 and 25.8.  GC/MS m/z 

calculated for C21H24O3 [M] 324.17 Da, found 324.11 Da.  FTIR (ATR):  3105 – 3005, 

2190 – 1845, 1710, 1605, 1520, 1485, 1405, 1295, 1195, 995, 825, 760, 695 cm
-1

. 

6-phenoxyhexan-1-ol (3).  To a flame dried 200 mL Schlenk flask equipped 

with a magnetic stir bar, potassium carbonate (44.1 g, 319 mmol) and a trace amount of 

potassium iodide (743 mg, 4.43 mmol) were dried under reduced pressure for 2 hours.  

A solution of phenol (10.1 g, 106 mmol) in dry DMF (74.0 mL) was added and allowed 

to stir at room temperature for 1.5 hours.  A solution of 6-chloro-1-hexanol (10.0 mL, 

75.0 mmol) was added dropwise and the reaction was placed in a preheated oil bath (70 

°C) for 16 hours.  Unreacted solid was filtered off and the remaining solution was 

washed against deionized water, sodium bicarbonate solution and brine.  The organic 
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phase was dried over sodium sulfate, filtered and concentrated in vacuo to afford an 

offwhite powder.  Further purification by silica gel flash chromatography using a 

gradient of hexanes to ethyl acetate as eluent afforded 3 as a translucent solid in 72% 

yield (10.5 g).  Tm = 21 °C.  TGA in Ar:  191 – 261 °C, 53% mass loss, 261 – 348 °C, 

24% mass loss, 348 – 362 °C, 15% mass loss; 6% mass remaining at 500 °C.  
1
H NMR 

(300 MHz, CDCl3, ppm):  δ 7.22 (m, 2H, meta-H  to –O-CH2-R), 6.88 (m, 3H, ortho-H 

and para-H to –O-CH2-R), 3.93 (t, J = 6.6 Hz, 2H, Ar-O-CH2-R), 3.63 (t, J = 6.5 Hz, 

2H, R-CH2-OH), 2.31 (s, 1H, R-OH), 1.77 (quintet, J = 6.8 Hz, 2H, Ar-O-CH2-CH2-R), 

1.58 (quintet, J = 6.8 Hz, 2H, R-CH2-CH2-OH) and 1.53 – 1.35 (m, 4H, R-CH2-CH2-

CH2-CH2-OH).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 159.1, 129.5, 120.6, 114.5, 67.8, 

62.8, 62.9, 32.7, 29.3, 26.7 and 25.6.  ESIHRMS m/z calculated for C12H18O2 [M+H]
+
 

195.27 Da, found 195.1450.  FTIR (ATR):  3310, 3080 – 3010, 2940, 2860, 1600, 1585, 

1495, 1475, 1440, 1420, 1395, 1375, 1295, 1245, 1170, 1155, 1120, 1105, 1075, 1060, 

1030, 1005, 990, 960, 915, 885, 835, 810, 750, 695, 610 cm
-1

. 

6-phenoxyhexyl acrylate (4).  To a flame dried 200 mL Schlenk flask equipped 

with a magnetic stir bar and suspended in an ice bath, a solution of 3 (5.01 g, 25.7 mmol) 

and triethylamine (4.40 mL, 30.9 mmol) in dry THF (102 mL) was added.  A solution of 

acryloyl chloride (3.20 mL, 38.6 mmol) in dry THF (8.00 mL) was added dropwise and 

the reaction was allowed to stir at 0 °C for 1 hour and then at room temperature for an 

additional 12 hours.  The reaction mixture was concentrated, dissolved in chloroform 

and washed against deionized water, sodium bicarbonate solution and brine.  The 

organic phase was dried over sodium sulfate, filtered and concentrated in vacuo to afford 
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a yellow liquid in 58% yield (3.70 g).  Tg = 13 °C.  TGA in Ar:  204 – 294 °C, 62% mass 

loss, 294 – 375 °C, 6% mass loss, 375 – 428 °C, 29% mass loss; 2% mass remaining at 

500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  δ 7.27 (m, 2H, meta-H  to –O-CH2-R), 6.90 

(m, 3H, ortho-H and para-H to –O-CH2-R), 6.41 (d, J = 17 Hz, 1H, H(H)C=CH-R 

(trans)), 6.13 (dd, J = 17 Hz and 10 Hz, 1H, H2C=CH-R), 5.82 (d, J = 10 Hz, 1H, 

H(H)C=CH-R (cis)), 4.17 (t, J = 6.6 Hz, 2H, R-CH2-O(O)C-R’), 3.96 (t, J = 6.3 Hz, 2H, 

Ar-O-CH2-R), 1.85 – 1.67 (m, 4H, RO-CH2-CH2-CH2-CH2-CH2-CH2-OH) and 1.57 – 

1.39 (m, 4H, RO-CH2-CH2-CH2-CH2-CH2-CH2-OH).  
13

C NMR (75 MHz, CDCl3, 

ppm):  δ 166.2, 159.0, 130.4, 129.3, 128.5, 120.4, 114.4, 67.5, 64.5, 29.1, 28.5 and 25.7.  

ESIHRMS m/z calculated for C15H20O3 [M+Li]
+
 255.32 Da, found 256.3113.  FTIR 

(ATR):  3105 - 3035, 2940, 2860, 1720, 1635, 1620, 1600, 1585, 1495, 1470, 1405, 

1295, 1270, 1240, 1185, 1055, 1035, 985, 885, 810, 755, 690, 665 cm
-1

. 

4’-((6-hydroxyhexyl)oxy)-[1,1’-biphenyl]-4-carbonitrile (5).  To a flame dried 

200 mL Schlenk flask equipped with a magnetic stir bar, potassium carbonate (21.2 g, 

154 mmol) and a trace amount of potassium iodide (358 mg, 2.13 mmol) were dried 

under reduced pressure for 2 hours.  A solution of 4-cyano-4’-hydroxybiphenyl (10.0 g, 

51.2 mmol) in dry DMF (74.0 mL) was added and allowed to stir at room temperature 

for 1.5 hours.  A solution of 6-chloro-1-hexanol (7.00 mL, 51.2 mmol) was added 

dropwise and the reaction was placed in a preheated oil bath (70 °C) for 16 hours.  

Unreacted solid was filtered off and the remaining solution was washed against 

deionized water, sodium bicarbonate solution and brine.  The organic phase was dried 

over sodium sulfate, filtered and concentrated in vacuo to afford an offwhite powder.  
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The crude product was purified by recrystallization using a 1:1 hexanes:ethyl acetate 

solution to afford the 5 as a translucent solid in 83% yield (12.5 g).  Tm = 88 and 110 °C.  

TGA in Ar:  324 – 409 °C, 95% mass loss; 5% mass remaining at 500 °C.  
1
H NMR 

(300 MHz, CDCl3, ppm):  δ 7.67 (m, 4H, meta-H  to –O-CH2-R and 2’-H to Ar-O-CH2-

R), 7.53 (m, 2H, 3’-H to Ar-O-CH2-R), 6.99 (m, 2H, ortho-H to -O-CH2-R), 4.02 (t, J = 

6.5 Hz, 2H, Ar-O-CH2-R), 3.68 (t, J = 6.5 Hz, 2H, R-CH2-OH), 1.84 (quintet, J = 7.0 

Hz, 2H, Ar-O-CH2-CH2-R), 1.63 (quintet, J = 6.8 Hz, 2H, R-CH2-CH2-OH), 1.56 – 1.42 

(m, 4H, R-CH2-CH2-CH2-CH2-OH) and 1.25 (s, 1H, R-OH).  
13

C NMR (75 MHz, 

CDCl3, ppm):  δ 159.7, 145.3, 133.0, 128.4, 128.3, 127.1, 119.2, 115.1, 110.0, 68.0, 

62.9, 32.7, 29.2, 25.9 and 25.6.  ESIHRMS m/z calculated for C19H21O2N [M+H]
+
 

295.39 Da, found 295.1070.  FTIR (ATR):  3325, 2980 – 2790, 2225, 1600, 1580, 1525, 

1490, 1470, 1425, 1390, 1315, 1290, 1270, 1250, 1215, 1180, 1135. 1115, 1060, 1025, 

1005, 980, 910, 850, 825, 805, 775, 760, 730, 715, 685 cm
-1

. 

6-((4’-cyano-[1,1’-biphenyl]4-yl)oxy)hexyl acrylate (6).  To a flame dried 200 

mL Schlenk flask equipped with a magnetic stir bar and suspended in an ice bath, a 

solution of 5 (5.00 g, 16.9 mmol) and triethylamine (3.00 mL, 20.3 mmol) in dry THF 

(103 mL) was added.  A solution of acryloyl chloride (2.10 mL, 25.4 mmol) in dry THF 

(7.00 mL) was added dropwise and the reaction was allowed to stir at 0 °C for 1 hour 

and then at room temperature for an additional 12 hours.  The reaction mixture was 

concentrated, dissolved in chloroform and washed against deionized water, sodium 

bicarbonate solution and brine.  The organic phase was dried over sodium sulfate, 

filtered and concentrated in vacuo to afford a pale yellow solid in 84% yield (4.95 g).  Tm 



 

78 

 

= 60°C.  TGA in Ar:  367 – 449 °C, 88% mass loss; 10% mass remaining at 500 °C.  
1
H 

NMR (300 MHz, CDCl3, ppm):  δ 7.66 (m, 4H, meta-H  to –O-CH2-R and 2’-H to Ar-

O-CH2-R), 7.53 (m, 2H, m, 2H, 3’-H to Ar-O-CH2-R), 6.99 (m, 2H, ortho-H to -O-CH2-

R), 6.41 (d, J = 17 Hz, 1H, H(H)C=CH-R (trans)), 6.13 (dd, J = 17 Hz and 10 Hz, 1H, 

H2C=CH-R), 5.82 (d, J = 10 Hz, 1H, H(H)C=CH-R (cis)), 4.18 (t, J = 6.8 Hz, 2H, 

R-CH2-O(O)C-R’), 4.01 (t, J = 6.3 Hz, 2H, Ar-O-CH2-R), 1.88 – 1.68 (m, 4H, RO-CH2-

CH2-CH2-CH2-CH2-CH2-OH) and 1.52 – 1.42 (m, 4H, RO-CH2-CH2-CH2-CH2-CH2-

CH2-OH).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 166.3, 159.7, 145.2, 132.5, 131.3, 

130.5, 128.5, 128.3, 127.0, 119.1, 115.0, 110.0, 77.2, 67.9, 64.5, 29.1, 28.5 and 25.7.  

ESIHRMS m/z calculated for C22H23O3N [M+H]
+
 349.42 Da, found 350.1840 Da.  FTIR 

(ATR):  2960 – 2865, 2225, 1715, 1635, 1600, 1520, 1495, 1475, 1400, 1380, 1290, 

1245, 1195, 1180, 1115, 1075, 1040, 1025, 1005, 995, 975, 890, 850, 820, 730, 670, 

660, 630 cm
-1

. 

4-[Oxy(tri(ethylene glycol))bromoisopropionyl] -2,3,5,6-tetrafluorostyrene 

(7).  Compound 7 was prepared according to a previously reported method.
89

  Briefly, to 

a 1000 mL two-neck round bottom flask equipped with a magnetic stir bar and addition 

funnel suspended in an ice bath, a solution of 4-[oxy(tri(ethylene glycol))]-2,3,5,6-

tetrafluorostyrene (10.0 g, 30.8 mmol), triethylamine (16.0 mL, 111 mmol) in THF (235 

mL) was added.  A solution of 2-bromopropionyl bromide (3.90 mL, 37.0 mmol) in THF 

(20.0 mL) was added dropwise.  The solution was allowed to warm to room temperature 

and stir under N2 for 14 h.  The reaction was concentrated, and crude product was 

washed three times against brine.  The organic phase was dried over sodium sulfate, 
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filtered, and concentrated in vacuo to afford a pale yellow oil.  Further purification by 

silica gel flash chromatography using a gradient of hexanes:ethyl acetate as eluent 

afforded 7 as a clear, pale yellow oil in 59% yield (8.40 g).  TGA in Ar:  248 - 327 °C, 

20% mass loss, 327 – 430 °C, 58% mass loss; 19% mass remaining at 500 °C.  
1
H NMR 

(300 MHz, CDCl3, ppm):  δ 6.61 (dd, J = 18 Hz and 12 Hz, 1H, H2C=CH-R), 6.02 (d, J 

= 18 Hz, 1H, H(H)C=CH-R (trans)), 5.62 (d, J = 12 Hz, 1H, H(H)C=CH-R (cis)), 4.39 

(q, J = 6.9 Hz, 1H, R-C(H)(Br)CH3), 4.37 (t, J = 4.8 Hz, 2H, TFS-O-CH2-CH2-OR), 

4.31 (t, J = 4.8 Hz, 2H, R-O-CH2-CH2-O(O)C-R’), 3.83 (t, J = 4.8 Hz, 2H, TFS-O-CH2-

CH2-OR), 3.75-3.60 (m, 6H, R-O-CH2-CH2-O-CH2-CH2-O(O)C-R’) and 1.81 (d, J = 

6.9 Hz, 3H, R-C(H)(Br)CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.9, 146.6, 143.3, 

142.8, 139.3, 136.3, 122.2, 122.0, 110.8, 74.1, 70.8, 70.6, 70.1, 68.8, 64.6, 55.6 and 30.5.  

19
F NMR (282 MHz, CDCl3, ppm):  δ -145 (m, 2F, ortho-F to -CH=CH2) and -158 (m, 

2F, meta-F to -CH=CH2).  ESIHRMS m/z calculated for C17H19O5F4Br [M+H]
+
 459.02 

Da, found 459.0430.  FTIR (ATR):  3070 - 2750, 1740, 1640, 1485, 1450, 1405, 1335, 

1225, 1120, 1080, 965, 935, 855, 760, 675 cm
-1

.  

4-[Oxy(tri(ethylene glycol))azidoisopropionyl] -2,3,5,6-tetrafluorostyrene (8).  

To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, sodium azide 

(212 mg, 3.27 mmol) was added and dried under reduced pressure for 10 min.  A 

solution of 7 (1.02 g, 2.18 mmol) in dry DMF (2.50 mL) was added and the solution was 

allowed to stir at room temperature for 48 h.  The reaction was concentrated, dissolved 

in DCM and washed two times against deionized water and two times with brine.  The 

organic phase was dried over sodium sulfate, filtered and concentrated in vacuo to afford 
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a dark yellow oil in 74% yield (675 mg).  TGA in Ar:  161 - 310 °C, 14% mass loss, 310 

– 405 °C, 45% mass loss; 34% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, 

ppm):  δ 6.62 (dd, J = 18 Hz and 12 Hz, 1H, H2C=CH-R), 6.03 (d, J = 18 Hz, 1H, 

H(H)C=CH-R (trans)), 5.64 (d, J = 12 Hz, 1H, H(H)C=CH-R (cis)), 4.36 (t, J = 4.5 Hz, 

2H, TFS-O-CH2-CH2-OR), 4.32 (t, J = 4.8 Hz, 2H, R-O-CH2-CH2-O(O)C-R’), 3.97 (q, J 

= 6.9 Hz, 1H, R-C(H)(N3)CH3), 3.82 (t, J = 4.5 Hz, 2H, TFS-O-CH2-CH2-OR), 3.75-

3.61 (m, 6H, R-O-CH2-CH2-O-CH2-CH2-O(O)C-R’) and 1.47 (d, J = 6.9 Hz, 3H, 

R-C(H)(N3)CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.9, 146.6, 143.3, 142.8, 

139.3, 136.3, 122.2, 122.0, 110.8, 74.1, 70.8, 70.6, 70.1, 68.8, 64.6, 57.2 and 16.8.  
19

F 

NMR (282 MHz, CDCl3, ppm):  δ -145 (m, 2F, ortho-F to –CH=CH2) and -158 (m, 2F, 

meta-F to -CH=CH2).  ESIHRMS m/z calculated for C17H19O5F4N3 [M+H]
+
 422.34 Da, 

found 422.1238 Da.  FTIR (ATR):  3050 – 2755, 2110, 1745, 1645, 1500, 1485, 1450, 

1425, 1405, 1380, 1350, 1250, 1190, 1115, 1075, 1030, 965, 935, 855 cm
-1

. 

Prop-2-yn-1-yl 2-(dodecylthiocarbonothioyl thio)-2-methylpropanoic acid 

(9).  To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, 

2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (1.00 g, 2.74 mmol) and 4-

(dimethylamino)pyridine (69.0 mg, 0.55 mmol) were added and dried under reduced 

pressure for 30 mins.  A solution of N,N’ – dicyclohexylcarbodiimide (0.68 g, 3.29 

mmol) in dry DCM (8.50 mL) was added.  A solution of propargyl alcohol (0.56 mL, 

9.60 mmol) in dry DCM (8.50 mL) was added dropwise and the reaction was allowed to 

stir overnight at room temperature.  The solid was filtered off and the organic phase was 

washed three times against a sodium bisulfate solution and a sodium bicarbonate 
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solution.  The organic phase was dried over sodium sulfate, filtered and concentrated in 

vacuo to afford a dark yellow solid in 58% yield (641 mg).  Tm =  11 and 20 °C.  TGA in 

Ar:  196 - 254 °C, 31% mass loss, 254 – 331 °C, 55% mass loss; 8% mass remaining at 

500 °C.  
1
H NMR (300 MHz, CDCl3, ppm): δ  4.70 (d, J = 2.4 Hz, 2H, HC≡CH2-OR), 

3.27 (t, J = 7.5 Hz, 2H, R-S(S)S-CH2-R’), 2.46 (t, J = 2.4 Hz, 1H, HC≡CH2-OR), 1.71 

(s, 6H, R-O(O)C-C(CH3)(CH3)-S(S)S-R’), 1.69 – 1.60 (m, 2H, R-S(S)S-CH2-CH2-R’), 

1.34 – 1.22 (m, 18H, R-S(S)S-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH3) and 0.88 (t, J = 6.9 Hz, 3H, R-CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 221.1, 

172.3, 77.3, 75.1, 55.6, 53.3, 37.0, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 28.9, 27.8, 25.2, 

22.7 and 14.1.  ESIHRMS m/z calculated for C20H34O2S3 [M+H]
+
 403.17 Da, found 

403.1797 Da.  FTIR (ATR):  3300, 3030 - 2765, 2125, 1740, 1465, 1385, 1365, 1245, 

1150, 1120, 1065, 1010, 990,  815, 745, 715, 670, 630 cm
-1

. 

Macro ‘click’ chain transfer monomer (10).  To a flame dried 10 mL Schlenk 

flask equipped with a magnetic stir bar, a solution of 8 (565 mg, 1.34 mmol), 9 (479 mg, 

1.19 mmol) and N,N,N’N”,N”-pentamethyldiethylenetriamine (50.0 mg, 0.29 mmol) in 

dry DMF (8.00 mL) was added.  A solution of Cu(I)Br (58.0 mg, 0.41 mmol) dissolved 

in dry DMF (0.50 mL) was added and the reaction was allowed to stir for 30 h at room 

temperature.  Copper was removed by elution through an aluminum oxide plug and the 

product was obtained after drying in vacuo to afford a dark brown oil in 94% yield (924 

mg).  Tg = 34 °C.  TGA in Ar:  229 - 280 °C, 18% mass loss, 280 – 394 °C, 62% mass 

loss; 16% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  δ 7.77 (s, 1H, 

R-C(H)(CH3)-N3C2H-R’), 6.62 (dd, J = 18 Hz and 12 Hz, 1H, H2C=CH-R), 6.02 (d, J = 
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18 Hz, 1H, H(H)C=CH-R (trans)), 5.66 (d, J = 12 Hz, 1H, H(H)C=CH-R (cis)), 5.48 (q, 

J = 7.5 Hz, 1H, R-C(H)(CH3)-N3C2H-R’), 5.26 (d, J = 5.4 Hz, 2H, R-N3C2H-CH2-

O(O)C-R’), 4.37 (t, J = 4.5 Hz, 2H, TFS-O-CH2-CH2-OR), 4.32 (t, J = 4.8 Hz, 2H, R-O-

CH2-CH2-O(O)C—C(H)(CH3)-N3C2H-R’), 3.82 (t, J = 4.5 Hz, 2H, TFS-O-CH2-CH2-

OR), 3.72 – 3.58 (m, 6H, R-O-CH2-CH2-O-CH2-CH2-O(O)C—C(H)(CH3)-N3C2H-R’), 

3.22, (t, J = 7.5 Hz, 2H, R-S(S)S-CH2-R’), 1.84 (d, J = 7.5 Hz, 3H, R-C(H)(CH3)-

N3C2H-R’) 1.70 – 1.56 (m, 8H, R-O(O)C-C(CH3)(CH3)-S(S)S-CH2-CH2-R’), 1.31 – 

1.23 (m, 18H, R-S(S)S-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3) 

and 0.87 (t, J = 6.6 Hz, 3H, R-CH3).  
13

C (75 MHz, CDCl3, ppm):  δ 221.1, 172.9, 169.1, 

146.6, 143.3, 142.8, 142.6, 139.3, 136.3, 123.4, 122.2, 122.0, 110.8, 74.2, 70.9, 70.6, 

70.3, 68.7, 65.2, 59.1, 58.2, 55.9, 37.0, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 28.9, 27.8, 

25.2, 22.7, 18.3 and 14.1.  
19

F NMR (282 MHz, CDCl3, ppm):  δ 145 (m, 2F, ortho-F to 

–CH=CH2) and -158 (m, 2F meta-F to -CH=CH2).  ESIHRMS m/z calculated for 

C36H63O7F4N3S3 [M+H]
+
 825.02 Da, found 825.3180 Da.  FTIR (ATR):  3050 - 2700, 

1740, 1680, 1485, 1385, 1250, 1150, 1120, 1075, 965, 940, 865, 815, 720, 655 cm
-1

. 

Liquid crystalline hyperbranched fluoropolymer (LC(biphenyl)20-HBFP30), 

(11).  To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, a solution 

of 2 (885 mg, 2.74 mmol), 7 (1.26 g, 2.74 mmol), 10 (74.0 mg, 0.09 mmol) and 

azobisisobutyronitrile (3.00 mg, 0.02 mmol) in dry DMF (8.00 mL) was added.  The 

solution was deoxygenated via freeze-pump-thaw cycles (x3) then placed in a preheated 

oil bath (70 °C) and allowed to react for 27 h.  The polymerization was quenched by 

opening the flask to air and submerging the flask in liquid nitrogen.  Polymer was 
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obtained after two precipitations in cold diethyl ether to afford a yellow viscous oil in 

38% yield (721 mg).  Mn
GPC

 = 19 kDa, Mw/Mn.= 1.44.  Tg = 85 °C.  TGA in Ar:  283 - 

359 °C, 31% mass loss, 359 - 446 °C, 43% mass loss; 22% mass remaining at 500 °C.  

1
H NMR (300 MHz, CDCl3, ppm):  δ 7.58 – 7.29 (br, m, meta-H to –O-CH2-R and 

2’-H, 3’-H and 4’-H to Ar-O-CH2-R), 7.00 – 6.85 (br, m, ortho-H to –O-CH2-R), 4.47 – 

4.14 (br, m, Ar-R-CH2-O(O)C-R’ and TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-

O(O)C-R’), 4.03 - 3.88 (br, m, Ar-O-CH2-R), 3.85 - 3.55 (br, m, TFS-O-CH2-CH2-O-

CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 2.62 (br, m, CH2-CH(R)- backbone), 2.10 – 

1.05 (br, m, R-CH2-CH2-CH2-CH2-CH2-O(O)C-R’ and C-CH3).  
13

C NMR (75 MHz, 

CDCl3, ppm):  δ 170.2, 160.0, 158.2, 146.7, 142.5, 140.7, 139.1, 136.0, 133.5, 128.7, 

128.0, 126.7, 114.7, 74.3, 70.7, 69.9, 68.7, 68.1, 67.8, 65.0, 64.4, 40.0, 34.7, 30.3, 29.1, 

28.3, 25.7, 21.6, 16.9 and 14.3.  
19

F NMR (282 MHz, CDCl3, ppm):  δ -143 (br, m, 

ortho-F (TFS)) and -157 (br, m, meta-F (TFS)).  Elem. Anal. Calcd. for 

C862H1028S3N3F124Br30: C, 53.09; H, 5.31; S, 0.49; N, 0.22; F, 12.08; Br, 12.29%.  Found: 

C, 55.17; H, 4.94; S, 0.78; N, 0.21; F, 11.12; Br, 7.63%.  FTIR (ATR):  3030 – 2800, 

1730, 1650, 1610, 1490, 1460, 1365, 1245, 1120, 960, 830, 765, 695 cm
-1

. 

Liquid crystalline linear fluoropolymer (LC(biphenyl)20-LFP30), (12).  To a 

flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, a solution of 2 (894 

mg, 2.74 mmol), 7 (1.26 g, 2.74 mmol), 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (33.0 mg, 0.09 mmol) and azobisisobutyronitrile (3.00 mg, 0.02 

mmol) in dry DMF (9.00 mL) was added.  The solution was deoxygenated via freeze-

pump-thaw cycles (x3) then placed in a preheated oil bath (70 °C) and allowed to react 
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for 21 hours.  The polymerization was quenched by opening the flask to air and 

submerging the flask in liquid nitrogen.  Polymer was obtained after two precipitations 

in cold diethyl ether to afford a yellow viscous oil in 50% yield (1.04 g).  Mn
GPC

 = 23 

kDa, Mw/Mn.= 1.17.  Tg = -27 °C.  TGA in Ar:  288 – 331 °C, 26% mass loss, 331 – 444 

°C, 53% mass loss; 19% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  

δ 7.58 – 7.27 (br, m, meta-H to –O-CH2-R and 2’-H, 3’-H and 4’-H to Ar-O-CH2-R), 

6.99 – 6.84 (br, m, ortho-H to –O-CH2-R), 4.47 – 4.15 (br, m, Ar-R-CH2-O(O)C-R’ and 

TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 4.03 - 3.86 (br, m, Ar-O-CH2-

R), 3.81 - 3.55 (br, m, TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 

2.62 (br, m, CH2-CH(R)- backbone), 2.10 – 1.17 (br, m, R-CH2-CH2-CH2-CH2-CH2-

O(O)C-R’ and C-CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.2, 159.9, 158.6, 147.0, 

142.4, 140.7, 139.1, 136.1, 133.4, 128.7, 128.0, 126.6, 114.7, 77.2, 74.2, 70.6, 69.9, 

68.7, 68.1, 68.0, 67.8, 65.0, 64.4, 40.0, 30.3, 29.1, 28.4, 25.6, 21.6, and 16.9.  
19

F NMR 

(282 MHz, CDCl3, ppm):  δ -143 (br, m, ortho-F (TFS)) and -157 (br, m, meta-F 

(TFS)).Elem. Anal. Calcd. for C1094H1249S3F120Br30: C, 57.16; H, 5.48; S, 0.42; F, 9.92; 

Br, 10.43%.  Found: C, 57.31; H, 5.58; S, 0.49; F, 9.59; Br, 7.64%.  FTIR (ATR):  3100 

– 2795, 1730, 1650, 1610, 1490, 1450, 1330, 1245, 1155, 1065, 960, 835, 765, 720, 695 

cm
-1

. 

Liquid crystalline (phenol) hyperbranched fluoropolymer (LC(phenol)20-

HBFP30), (13).  To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, 

a solution of 4 (681 mg, 2.74 mmol), 7 (1.26 g, 2.74 mmol), 10 (75.3 mg, 0.09 mmol) 

and azobisisobutyronitrile (3.30 mg, 0.02 mmol) in dry DMF (8.00 mL) was added.  The 
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solution was deoxygenated via freeze-pump-thaw cycles (x3) then placed in a preheated 

oil bath (70 °C) and allowed to react for 26 hours.  The polymerization was quenched by 

opening the flask to air and submerging the flask in liquid nitrogen.  Polymer was 

obtained after two precipitations in cold diethyl ether to afford a yellow viscous oil in 

45% yield (855 mg).  Mn
GPC

 = 39 kDa, Mw/Mn.= 1.35.  Tg = -42 °C.  TGA in Ar:  285 – 

332 °C , 30% mass loss, 332 – 441 °C, 47% mass loss; 21% mass remaining at 500 °C.  

1
H NMR (300 MHz, CDCl3, ppm):  δ 7.33 – 7.20 (br, m, meta-H to –O-CH2-R), 6.95 – 

6.82 (br, m, ortho-H and para-H to –O-CH2-R), 4.49 – 4.13 (br, m, Ar-R-CH2-O(O)C-

R’ and TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 4.03 - 3.54 (br, m, Ar-O-

CH2-R and TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 2.62 (br, m, 

CH2-CH(R)- backbone), 2.10 – 1.04 (br, m, R-CH2-CH2-CH2-CH2-CH2-O(O)C-R’ and 

C-CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.1, 159.9, 159.0, 146.8, 143.0, 139.4, 

136.2, 129.4, 120.5, 114.4, 74.3, 70.7, 70.0, 68.8, 68.1, 67.6, 65.0, 64.4, 39.9, 29.1, 28.3, 

25.7, 21.6 and 16.9.  
19

F NMR (282 MHz, CDCl3, ppm):  δ -143 (br, m, ortho-F (TFS)) 

and -157 (br, m, meta-F (TFS)).  Elem. Anal. Calcd. for C1852H2330S12N12F184Br42: C, 

57.08; H, 6.03; S, 0.99; N, 0.43; F, 8.97; Br, 8.61%.  Found: C, 52.46; H, 5.31; S, 0.75; 

N, 0.31; F, 9.67; Br, 8.62%.  FTIR (ATR):  3095 – 2765, 1730, 1650, 1600, 1490, 1450, 

1330, 1240, 1125, 1030, 955, 880, 860, 755, 690 cm
-1

. 

Liquid crystalline (phenol) linear fluoropolymer (LC(phenol)20-LFP30), (14).  

To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, a solution of 4 

(459 mg, 1.83 mmol), 7 (852 mg, 1.83 mmol), 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (22.2 mg, 0.06 mmol) and azobisisobutyronitrile (2.20 mg, 0.01 
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mmol) in dry DMF (7.00 mL) was added.  The solution was deoxygenated via freeze-

pump-thaw cycles (x3) then placed in a preheated oil bath (70 °C) and allowed to react 

for 23 hours.  The polymerization was quenched by opening the flask to air and 

submerging the flask in liquid nitrogen.  Polymer was obtained after two precipitations 

in cold diethyl ether to afford a yellow viscous oil in 34% yield (404 mg).  Mn
GPC

 = 30 

kDa, Mw/Mn.= 1.12.  Tg = -38 °C.  TGA in Ar:  259 – 322 °C, 2% mass loss, 322 – 439 

°C, 46% mass loss; 29% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, ppm):  

δ 7.30 – 7.20 (br, m, meta-H to –O-CH2-R), 6.95 – 6.82 (br, m, ortho-H and para-H to –

O-CH2-R), 4.49 – 4.14 (br, m, Ar-R-CH2-O(O)C-R’ and TFS-O-CH2-CH2-O-CH2-CH2-

O-CH2-CH2-O(O)C-R’), 4.01 – 3.85 (br, m, Ar-O-CH2-R), 3.84 - 3.54 (br, m, TFS-O-

CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 2.62 (br, m, CH2-CH(R)- 

backbone), 2.18 – 1.09 (br, m, R-CH2-CH2-CH2-CH2-CH2-O(O)C-R’ and C-CH3).  
13

C 

NMR (75 MHz, CDCl3, ppm):  δ 170.2, 159.9, 159.0, 146.8, 142.5, 139.0, 136.0, 129.4, 

120.5, 114.4, 74.3, 70.6, 69.9, 68.8, 68.1, 67.6, 65.0, 64.4, 40.0, 32.4, 29.1, 28.2, 25.6, 

21.6 and 16.7.  
19

F NMR (282 MHz, CDCl3, ppm):  δ -143 (br, m, ortho-F (TFS)) and -

157 (br, m, meta-F (TFS)).  Elem. Anal. Calcd. for C842H1022S3F120Br30: C, 52.26; H, 

5.32; S, 0.50; F, 11.78; Br, 12.39%.  Found: C, 52.15; H, 5.35; S, 0.54; F, 11.69; Br, 

12.35%.  FTIR (ATR):  3050 – 2795, 1730, 1650, 1600, 1490, 1450, 1330, 1245, 1120, 

1035, 960, 880, 860, 755, 690 cm
-1

. 

Liquid crystalline (cyano) hyperbranched fluoropolymer (LC(cyano)20-

HBFP30), (15).  To a flame dried 25 mL Schlenk flask equipped with a magnetic stir bar, 

a solution of 6 (958 mg, 2.74 mmol), 7 (1.26 g, 2.74 mmol), 10 (76.5 mg, 0.09 mmol) 
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and azobisisobutyronitrile (3.50 mg, 0.02 mmol) in dry DMF (10.0 mL) was added.  The 

solution was deoxygenated via freeze-pump-thaw cycles (x3) then placed in a preheated 

oil bath (70 °C) and allowed to react for 24 hours.  The polymerization was quenched by 

opening the flask to air and submerging the flask in liquid nitrogen.  Polymer was 

obtained after two precipitations in cold diethyl ether to afford a yellow viscous oil in 

46% yield (968 mg).  Mn
GPC

 = 41 kDa, Mw/Mn.= 1.50.  Tg = -2 °C.  TGA in Ar:  337 – 

424 °C, 64% mass loss; 31% mass remaining at 500 °C.  
1
H NMR (300 MHz, CDCl3, 

ppm):  δ 7.77 – 7.40 (br, m, meta-H to –O-CH2-R and 2’-H and 3’-H to Ar-O-CH2-R), 

7.04 – 6.84 (br, m, ortho-H to –O-CH2-R), 4.40 – 4.14 (br, m, Ar-R-CH2-O(O)C-R’ and 

TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 4.08 - 3.87 (br, m, Ar-O-CH2-

R), 3.84 - 3.50 (br, m, TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 2.85 – 

2.62 (br, m, CH2-CH(R)- backbone), 2.40 – 1.13 (br, m, R-CH2-CH2-CH2-CH2-CH2-

O(O)C-R’ and C-CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 174.0, 159.7, 146.8, 145.0, 

142.4, 139.1, 136.0, 132.5, 131.2, 128.3, 127.0, 119.1, 115.0, 110.1, 77.2, 74.2, 72.6, 

70.7, 70.2, 69.8, 67.9, 64.7, 61.5, 41.5, 29.1, 28.3, 25.7 and 23.9.  
19

F NMR (282 MHz, 

CDCl3, ppm):  δ -144 (br, m, ortho-F (TFS)) and -157 (br, m, meta-F (TFS)).  Elem. 

Anal. Calcd. for C2035H2240S12N57F196Br45: C, 59.40; H, 5.49; S, 0.94; N, 1.94; F, 9.05; 

Br, 8.74%.  Found: C, 60.39; H, 5.53; S, 0.71; N, 1.85; F, 9.45%.  FTIR (ATR):  3020 – 

2795, 2225, 1730, 1650, 1600, 1490, 1450, 1395, 1360, 1290, 1245, 1180, 1115, 1065, 

960, 885, 820, 660 cm
-1

. 

Liquid crystalline (cyano) linear fluoropolymer (LC(cyano)20-LFP30), (16).  

To a flame dried 10 mL Schlenk flask equipped with a magnetic stir bar, a solution of 6 
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(642 mg, 1.83 mmol), 7 (840 mg, 1.83 mmol), 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (22.2 mg, 0.06 mmol) and azobisisobutyronitrile (2.30 mg, 0.01 

mmol) in dry DMF (7.00 mL) was added.  The solution was deoxygenated via freeze-

pump-thaw cycles (x3) then placed in a preheated oil bath (70 °C) and allowed to react 

for 22 hours.  The polymerization was quenched by opening the flask to air and 

submerging the flask in liquid nitrogen.  Polymer was obtained after two precipitations 

in cold diethyl ether to afford a yellow viscous oil in 54% yield (728 mg).  Mn
GPC

 = 28 

kDa, Mw/Mn.= 1.18.  Tg = -21 °C, Tm = 45 °C.  TGA in Ar:  279 – 339 °C, 31% mass 

loss, 339 – 437 °C, 35% mass loss; 30% mass remaining at 500 °C.  
1
H NMR (300 MHz, 

CDCl3, ppm):  δ 7.73 – 7.42 (br, m, meta-H to –O-CH2-R and 2’-H and 3’-H to Ar-O-

CH2-R), 7.01 – 6.87 (br, m, ortho-H to –O-CH2-R), 4.46 – 4.13 (br, m, Ar-R-CH2-

O(O)C-R’ and TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O(O)C-R’), 4.05 - 3.87 (br, 

m, Ar-O-CH2-R), 3.83 - 3.54 (br, m, TFS-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-

O(O)C-R’), 2.85 – 2.62 (br, m, CH2-CH(R)- backbone), 2.15 – 1.14 (br, m, R-CH2-CH2-

CH2-CH2-CH2-O(O)C-R’ and C-CH3).  
13

C NMR (75 MHz, CDCl3, ppm):  δ 170.2, 

160.0, 159.6, 147.0, 145.1, 142.5, 139.2, 136.0, 132.5, 131.2, 128.3, 127.0, 125.5, 119.0, 

115.0, 110.1, 77.2, 74.2, 70.7, 70.0, 68.7, 68.1, 67.9, 64.9, 64.4, 39.9, 30.3, 29.4, 29.1, 

28.3, 25.7, 21.6 and 16.9.  
19

F NMR (282 MHz, CDCl3, ppm):  δ -144 (br, m, ortho-F 

(TFS)) and -157 (br, m, meta-F (TFS)).  Elem. Anal. Calcd. for C1033H1130S3N23F120Br30: 

C, 56.40; H, 5.18; S, 0.44; N, 1.46; F, 10.36; Br, 10.90%.  Found: C, 56.42; H, 5.28; S, 

0.56; N, 1.38; F, 10.21; Br, 10.42%.  FTIR (ATR):  3025 – 2795, 2225, 1730, 1650, 

1600, 1490, 1450, 1365, 1290, 1245, 1115, 1070, 1030, 960, 855, 820, 660 cm
-1

. 
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General procedure for the preparation of LC-FP-PEG crosslinked 

networks.   To a scintillation vial, bis(3-aminopropyl) terminated PEG (20.0 mg, 0.013 

mmol) and THF (0.50 mL) were added and stirred until homogeneous (~10 min).  To the 

solution, 11 (20.0 mg, 0.001 mmol) and N,N-diisopropylethylamine (DIPEA) (9.50 μL) 

were added and allowed to stir for 30 min.  The solution was drop cast onto circular 

glass microscope cover slips or 40 μL aluminum DSC pans.  A period of about 1 h 

allowed for the excess solvent to evaporate and afford a pre-gel that was cured at 110 °C 

for 45 min under N2 atmosphere.  Tg = 5 °C.  Tm = 27 and 36 °C.  TGA in Ar:  252 - 350 

°C, 20% mass loss, 350 – 433 °C, 43% mass loss; 33% mass remaining at 500 °C.  FTIR 

(ATR):  3690 – 3225, 1730, 1650, 1610, 1490, 1450, 1350, 1245, 1095, 955, 835, 765, 

695 cm
-1

.  Subsequent films were prepared in the same manner by varying the wt % PEG

, calculated as w/w % of the total mass to afford a total of eight formulations within the 

series.  The same procedure was followed for the preparation of films from 12 - 16 to 

afford five additional series with a total of 24 formulations. 

4.3 Results and Discussion 

The LC monomers were synthesized and characterized by previously-reported 

methods.
82, 125, 126

  Briefly, the LC monomers were obtained through a two-step reaction,

starting with the synthesis of the mesogenic unit via nucleophilic substitution with 6-

chloro-1-hexanol in the presence of excess potassium carbonate.  The subsequent step 

involved the esterification of the remaining alcohol by reaction with acryloyl chloride to 

afford the desired LC monomer.  All polymers were synthesized through reversible 



 

90 

 

addition-fragmentation chain-transfer (RAFT) copolymerization of the LC monomer and 

inimer using either the macro ‘click’ chain-transfer monomer (CTM) for hyperbranched 

versions, or 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid for linear analogs 

(Scheme 4.1). 

 

 

Scheme 4.1.  Synthesis of LC(R)-HBFP and LC(R)-LFP polymers, where R signifies the 

type liquid crystalline monomer and the molar ratio x:y corresponds to 40:60. 

 

The liquid crystalline character of the mesogenic units and corresponding 

monomers was investigated through the combination of differential scanning calorimetry 

(DSC), x-ray diffraction (XRD) and polarized optical microscopy (POM).  Similar to the 

LC(biphenyl) mesogenic unit and monomer, LC(cyano) exhibited two melting 

transitions observed by DSC, 88 and 110 °C, for the mesogenic unit and one melting 
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transition at 60 °C for its corresponding acrylate monomer.  Analogous transitions were 

also displayed in XRD (Figure 4.1) and POM. 

 

 

Figure 4.1.  X-ray diffractograms of (A) LC(cyano) mesogen and (B) LC(cyano) 

monomer at different temperatures during heating. 

 

Interestingly, POM images of the mesogenic unit showed fan-like shapes during 

the heating and cooling cycles, whereas the monomer only showed these structures upon 

cooling (Figure 4.2).  Additionally, the original crystalline phase was not observed on 

cooling back to 30 °C, suggesting a longer time-span of the liquid crystalline phase.  Due 

to the low transition temperatures of the LC(phenol) mesogenic unit and corresponding 

monomer, and the lower temperature limitations of the heating stage used in POM and 

XRD, the phase transitions were not captured.  However DSC measurements showed a 

single melting transition for the mesogenic unit at 21 °C and a glass transition of 13 °C 

for the acrylate monomer. 
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Figure 4.2.  Polarized optical microscopy images of (A) LC(cyano) mesogen and (B) 

LC(cyano) monomer at various temperatures during heating (top) and cooling (bottom). 

 

Amphiphilic networks were generated using a previously described method
40, 89

 

through nucleophilic substitution between the amino chain ends of bis(3-aminopropyl) 

terminated PEG (Mn = 1500 Da) and the bromoacetyl functionalities of the LC 

fluorocopolymers (LC-FP), either LC(R)-HBFP or LC(R)-LFP, upon casting from a 

tetrahydrofuran (THF) solution onto glass microscope cover slips or into 40 μL 

aluminum DSC pans, followed by a thermal cure at 110 °C for 45 min under inert 

atmosphere (Scheme 4.2).  The stoichiometries of the LC-FP and PEG were varied to 
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produce an array (neat LC-FP, 5:2, 1:1, 2:5, LC-FP:PEG mass ratios) of coatings for 

each  of the six systems, giving a total of twenty-four variations that allowed for 

evaluation of the compositional and topological effects on surface, thermal and 

wettability properties. 

 

 

Scheme 4.2.  Preparation of LC-FP-PEG crosslinked networks from PEG and either the 

LC(R)-HBFP or LC(R)-LFP polymers. 

 

Water uptake experiments revealed similar results to the LC(biphenyl)-HBFP 

system including an increase in water wt % uptake as PEG wt % increased.  While 

LC(biphenyl)-HBFP and LC(phenol)-HBFP exhibited similar water absorption 

capabilities compared to their linear versions, LC(cyano)-HBFP and LC(cyano)-LFP 

displayed no commonalities once crosslinked with PEG (Figure 4.3).  Interesting, the 
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coatings formed from hyperbranched FPs displayed lower water uptake compared to all 

of the linear LC-FP systems and even the binary system.
89

 

 

 

Figure 4.3.  Water uptake (wt %) of the LC-HBFP-PEG and LC-LFP-PEG coatings as a 

function of formulation with the original LC(biphenyl)-HBFP (black) as a reference. 

 

Due to the varying water uptake of each LC-FP system, the wt % of water added 

to each sample for DSC studies, within an array, ranged from 50 – 550%, to ensure the 

films would be fully hydrated in the presence of excess free water.  Anti-icing 

performance was assessed from the calorimetric properties of three formulations from 

each of the five new LC-FP-PEG networks (the data for the biphenyl HBFP system were 

reported previously
108

) and control samples of neat LC-FP and PEG, totaling twenty-one 

samples.  All networks were investigated from -50 °C to 20 °C, over three cycles, in 

both heating and cooling modes and the melting transition temperature of water was 

used to assess whether the films could depress the freezing point of water.
89
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melting transitions (Tm) were observed for each coating, corresponding to the bound 

water within the crosslinked network and the free water on the surface of the coating.
70, 

89
  All LC-FP-PEG networks showed a decrease in free water Tm as wt % PEG increased 

(Figure 4.4).  Networks containing less than 50 wt % PEG had a lower free water Tm 

than the LC(biphenyl)-HBFP system.  However, within the 2:5 formulation, only the 

LC(cyano)-HBFP and LC(biphenyl)-LFP systems displayed a lower free water Tm than 

the LC(biphenyl)-HBFP system.  In general, hyperbranched versions showed lower free 

water Tm values than their linear analogs, with the exception of LC(biphenyl)-LFP 

(Table 4.1).  It is important to note that all the 2:5 formulations and the 1:1 of 

LC(biphenyl)-LFP achieved comparable free water Tm values to neat PEG, -10.4 ± 1.4 

°C.  For bound water, with the exception of the LC(cyano) system, all other networks 

showed an increase in Tm with wt % PEG.  No overall trend in Tm with respect to wt % 

PEG was observed for the LC(cyano) networks, due to variability of each formulation.  

The decrease in free water Tm with increasing PEG is explained by an increasing PEG 

concentration for interaction with the surface water, whereas the increase in bound water 

Tm with increasing PEG is due to the water becoming less confined and increasingly 

bulk-like. 
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Figure 4.4.  Average (A) free water and (B) bound water onset melting temperature (Tm) 

for the LC-LFP-PEG and LC-HBFP-PEG coatings, in terms of formulation. 

 

 

Table 4.1.  Average onset melting temperatures (Tm) for the arrays of LC-HBFP-PEG 

and LC-LFP-PEG coatings, each with 50 – 550 wt % water, with LC(biphenyl)-HBFP* 

as a reference. 

System 

Mass ratio LC-FP to PEG (wt %) 

Neat polymer 5:2 1:1 2:5 

Avg. H
2
O T

m
 onset (°C) 

Bound Free Bound Free Bound Free Bound Free 

LC 

(biphenyl) 

HBFP* -1.7 ± 0.1 
-29.2 ± 

0.1 

-2.0 ± 

0.1 

-28.3 ± 

0.1 

-5.9 ± 

0.2 

-27.0 ± 

0.0 

-9.9 ± 

0.1 

LFP -0.7 ± 0.0 
-29.6 ± 

0.4 

-3.6 ± 

0.3 

-28.0 ± 

0.0 

-8.8 ± 

0.2 

-27.4 ± 

0.1 

-11.0 ± 

0.1 

LC 

(phenol) 

HBFP -0.6 ± 0.0 
-28.8 ± 

0.0 

-3.0 ± 

0.5 

-28.2 ± 

0.1 

-7.3 ± 

0.1 

-27.4 ± 

0.1 

-9.7 ± 

0.3 

LFP -0.7 ± 0.0 -1.1 ± 0.0 
-28.0 ± 

0.0 
-6.4 ± 0.1 

-28.6 ± 

0.0 

-8.3 ± 

0.4 

LC 

(cyano) 

HBFP -1.7 ± 0.1 
-25.6 

± 0.1 

-7.8 ± 

0.0 

-25.3 ± 

0.1 

-7.6 ± 

0.2 

-26.2 ± 

0.4 

-10.2 ± 

0.6 

LFP -1.0 ± 0.1 
-22.3 

± 0.1 

-3.7 ± 

0.0 

-28.1 ± 

0.2 

-6.6 ± 

0.6 

-27.8 ± 

0.2 

-9.4 ± 

0.4 
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Gross wettability was assessed through water contact angle measurements 

performed on dry and water-swollen films cast on glass.  In general, across the five neat 

LC-FP samples, comparable water contact angles were observed for dry and water-

swollen films (Table 4.2).  However, differences became apparent once crosslinked with 

PEG, where linear analogs had larger dry and water-swollen contact angles than the 

hyperbranched versions at higher wt % PEG (> 50%).  Majority of networks showed a 

decrease in water contact angle from dry to water-swollen and as wt % PEG increased.   

 

Table 4.2.  Average static water contact angles of the LC-LFP-PEG and LC-HBFP-PEG 

systems in dry and water-swollen states. 

System 

Mass ratio LC-FP to PEG (wt %) 

Neat polymer 5:2 1:1 2:5 

Static Water Contact Angle 

Dry Swollen Dry Swollen Dry Swollen Dry Swollen 

LC 

(biphenyl) 

HBFP 111 ± 2° 110 ± 0° 100 ± 1° 57 ± 0° 122 ± 3° 28 ± 1° 66 ± 10° * 

LFP 111 ± 2° 104 ± 1° 109 ± 2° 96 ± 3° 101 ± 4° 64 ± 4° 90 ± 9° 111 ± 26° 

LC 

(phenol) 

HBFP 113 ± 1° 108 ± 6° 111 ± 7° 89 ± 8° 106 ± 4° 101 ± 6° 94 ± 10° 64 ± 13° 

LFP 113 ± 3° 105 ± 6° 105 ± 3° 57 ± 9° 82 ± 3° 86 ± 7° 98 ± 2° 76 ± 8° 

LC 

(cyano) 

HBFP 102 ± 2° 102 ± 2° 104 ± 3° 42 ± 13° 88 ± 7° 44 ± 9° 22 ± 2° 19 ± 4° 

LFP 108 ± 4° 109 ± 4° 94 ± 4° 103 ± 6° 88 ± 5° 77 ± 14° 94 ± 4° 84 ± 4° 

 

Additional contact angle measurements were performed on dry coatings, where 

measurements were recorded every 5 s for a period of 3 min (Figure 4.5).  Overall, 

formulations showed a decrease in contact angle, over time.  From an exponential decay 

fit, the rate of change in contact angle was calculated, which showed a faster rate for the 

hyperbranched LC-FPs compared to the linear LC-FPs, with the exception of the 
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LC(biphenyl) (Table 4.3).  While there was no correlation between the calculated rate 

and the contact angle values (dry or water-swollen), faster rates did correspond to lower 

free water Tm values observed in DSC measurements.  

 

 

Figure 4.5.  Average static water contact angles (with respect to time) of dry coatings 

for neat LC-FP (black), 5:2 (red), 1:1 (blue) and 2:5 (cyan), of each LC-FP-PEG system.  

Data was fit to an exponential decay function. 
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Table 4.3.  Rate of change in contact angle for the arrays of LC-HBFP-PEG and LC-

LFP-PEG coatings calculated from an exponential decay function.  *Indicates rate could 

not be calculated. 

System 

Mass ratio LC-FP to PEG (wt %) 

Neat polymer 5:2 1:1 2:5 Average 

Rate of Change in Contact Angle 

LC(biphenyl) 

HBFP 0.004 0.023 0.016 0.041 0.021 

LFP 0.007 0.041 0.027 0.126 0.050 

LC(phenol) 

HBFP 0.014 0.022 0.054 0.022 0.028 

LFP 0.035 0.039 0.012 0.007 0.023 

LC(cyano) 

HBFP 0.057 0.034 0.049 * 0.047 

LFP 0.004 0.028 0.001 0.017 0.012 

 

Macroscopic phase segregation and morphology was investigated by polarized 

optical microscopy (POM) and 3D optical microscopy.  The POM images for each 

formulation of the hyperbranched networks were quite different from those of the linear 

analogs.  One obvious difference was the lack of birefringence in the linear systems 

(Figure 4.6), suggesting the linear nature of the polymer impacted the alignment of the 

LC component within the crosslinked network.  Topographies within each formulation 

were similar, where circular features were evident for the 5:2 and 1:1 samples, and 

elongated, ridge-like features were observed for the 2:5 formulations.  The neat 

hyperbranched FPs showed ordered structures and as the wt % PEG increased, the 
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systems became more disordered, where birefringence was spread throughout the sample 

area (Figure 4.7 and 4.8). 

 

 

Figure 4.6.  POM images of dry coatings for the LC(biphenyl)-HBFP crosslinked 

networks (left) and POM* and 3D optical microscopy images (2D view) for the 

LC(biphenyl)-LFP crosslinked networks.  *The area imaged in POM does not correlate 

to the same area scanned in 3D optical microscopy. 
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Figure 4.7.  POM* and 3D optical microscopy images (2D view) images of dry coatings 

for the LC(phenol)-HBFP crosslinked networks and POM images for the LC(phenol)-

LFP crosslinked networks (right).  *The area imaged in POM does not correlate to the 

same area scanned in 3D optical microscopy. 
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Figure 4.8.  POM* and 3D optical microscopy images (2D view) images of dry coatings 

for the LC(cyano)-HBFP crosslinked networks and POM images for the LC(cyano)-LFP 

crosslinked networks (right).  *The area imaged in POM does not correlate to the same 

area scanned in 3D optical microscopy. 
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LC(biphenyl)-LFP, for topological comparison to LC(biphenyl)-HBFP, and only the 

hyperbranched versions of LC(phenol) and LC(cyano) were investigated due to a lack of 

birefringence in the linear analogs.  Overall, POM and 3D optical microscopy showed 

similar topographical features, corroborating these findings.  Additionally, the 

hyperbranched systems showed an increase in roughness (Ra) as the wt % PEG 

increased, whereas the LC(biphenyl)-LFP 5:2 and 1:1 formulations had comparable 

roughness values (Figure 4.9). 

 

 

Figure 4.9.  3D optical microscopy images of LC(biphenyl)-LFP-PEG, LC(phenol)-

HBFP-PEG and LC(cyano)-HBFP-PEG coatings with roughness (Ra) values. 

 

Since the incorporation of an LC moiety resulted in an increased water contact 

angle in dry and water-swollen coatings, as well as a further depression of the 

freezing/melting point of water, it was important to test the viability of the coating in 
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Therefore, solution stability studies were performed on the three LC-FP-PEG 

hyperbranched systems since they visually retained LC character, as observed by POM.  

In these studies, films were directly drop-cast and annealed in 5 mL shell vials, where 

samples were immersed by either deionized water, brine or an acidic (pH 5.4) buffer 

solution.  Within each polymer network, four formulations were investigated, in 

triplicate, for each aqueous solution, totaling 108 samples, over 1 week.  Most of the 

formulations in each polymer system reached equilibrium at 3 days, regardless of the 

solution (Figure 4.10).  Other commonalities included the neat and 5:2 formulations 

retained more than 50% of their initial mass, an increase in wt % PEG resulted in greater 

mass loss and the majority of the 2:5 formulations disintegrated within the time period of 

this test.  A possible explanation for the increased mass loss and disintegration of PEG-

rich formulations is the excess of unreacted diamine-functionalized PEG or PEG that 

had only reacted at one chain terminus.  This may result in an increase in the water 

solubility of the polymer and/or lack of crosslinks, which would cause instability of the 

network.  Among the hyperbranched networks, the LC(phenol)-HBFP system retained 

more mass across the four formulations in the presence of each solution.  Looking at 

individual solutions, the brine resulted in a reduced mass loss for the three polymer 

networks, suggesting these crosslinked networks would be most stable in a salt water 

environment.  PEG has been known to undergo a salting-out effect, in high salt 

concentrations, which results in an increased solvent surface tension, decreased 

solubility, stronger hydrophobic interactions and a reduced size in solution.
127-130

  This 
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effect may cause the networks to be more resistant to solubilization by the surrounding 

solution, providing an explanation for their stability in brine. 

 

 

Figure 4.10.  Solution stability studies in deionized water (DI), brine and acidic water 

for the LC(biphenyl)-HBFP, LC(phenol)-HBFP and LC(cyano)-HBFP crosslinked 

networks showing percentage of mass remaining over 1-week. 
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4.4 Conclusions 

 In summary, we have demonstrated that the incorporation of phenol-, cyano- or 

biphenyl LC moieties into either linear or hyperbranched amphiphilic fluoropolymers 

and their crosslinked networks with PEG leads to interesting compositional and 

topological influences on the properties of the materials and on water in contact with the 

materials.  Overall, coatings formed from hyperbranched FPs visually retained LC 

character in the dry state, as seen in POM.  In contrast, the linear analogs did not.  In 

evaluation of the ability of these materials to serve as anti-icing coatings, it was observed 

that both the phenol- and cyano-containing LC comonomers result in further depression 

of the freezing/melting temperature of water compared to the original LC(biphenyl)-

HBFP-PEG system, which is within the range of neat PEG.  However, the greatest 

influence on the water melting transition temperature was the percentage of PEG 

incorporated into the composition.  The percentage of water taken up into the systems 

also increased within the PEG wt %.  The topology of the fluoropolymer had little 

impact on water uptake, except in the case of the LC(cyano) mesogen-containing 

materials, where the hyperbranched version exhibited the lowest water uptake (<50 

wt%) and the linear analog gave the highest (>500 wt% water uptake).  The dynamic 

restructuring within the materials during water uptake was observed as reductions in the 

water contact angle for water swollen vs. dry state coatings.  Evaluation of water contact 

angle vs. time indicated that a faster rate of change directly correlated to a lower free 

water Tm value, measured by DSC, and the LC(biphenyl)-linear fluoropolymer system 

underwent the most rapid change.  From solution stability studies, the hyperbranched 
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crosslinked networks demonstrated superior stability in a salt-saturated media vs. 

deionized or acidic aqueous solutions, suggesting their promise as protective coatings in 

marine or biological environments.  Taken together, the findings from these studies 

indicate that crosslinked networks that contain a complex mixture of liquid crystalline, 

hydrophilic, hydrophobic, linear and hyperbranched components exhibit diverse 

behaviors that may be of value in extreme environments, as may be encountered in 

coatings used in nautical, aeronautical or medical applications, among others. 
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CHAPTER V  

CONCLUSIONS  

 

This body of work has focused on the design, development and investigation of 

dynamic, amphiphilic crosslinked hyperbranched fluoropolymer coatings for application 

in extreme environments; notably, as anti-icing coatings in the aviation and defense 

industries.  Promising anti-icing performance was observed with the incorporation of a 

liquid crystalline moiety into the hyperbranched fluoropolymers, promoting the 

expansion of the original HBFP
(III)

-PEG system into additional technologies beyond 

anti-biofouling to encompass the wide field of protective coatings.  Additionally, the 

multi-responsive dynamic character of these coatings has provided a foundation for the 

production of new systems that can be tailored for a specific environment and 

application. 

The original binary HBFP
(III)

-PEG was explored for its potential to inhibit the 

formation of ice by taking advantage of the compositional, topographical and 

morphological complexities that had been previously established from prior anti-

biofouling investigations.  DSC studies provided an accurate means to study the anti-

icing character of the coatings and revealed two well-defined melting transitions, one 

corresponding to bound water and the other to free water.  Through the variation of 

hydrophobic:hydrophilic component ratios, the materials demonstrated that by tuning 

one melting transition, the other would alter in a predictable manner.  Additionally, by 

adjusting the drop-casting solvent, greater effects on the organization of water molecules 
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were observed.  In addition to DSC, the combination of multiple techniques including 

FTIR, water contact angle and DMA provided an understanding of common behaviors 

within the system such as confinement of water molecules by the polymer matrix and 

sequestration of the hydrophilic PEG resulting in a dynamic surface reorganization upon 

full hydration.  Due to these unique characteristics, the concept of anti-icing systems was 

extended to include complex, heterogeneous amphiphilic materials. 

Since anti-icing character was clearly demonstrated in the binary HBFP
(III)

-PEG 

system, it was important to expand the system in an attempt to further enhance its ability 

to prevent the organization of water molecules.  Chapter III incorporated a dynamic 

mesogenic unit, found in liquid crystalline polymers, to provide favorable anti-icing 

properties to the hyperbranched fluoropolymers.  During the development of this project, 

numerous attempts were made to find an appropriate, feasible route for incorporating the 

mesogenic unit.  Due to the limitations of ATRP and the need for a model reaction to 

guide the inclusion of the liquid crystalline functionality, a novel chain-transfer 

monomer (CTM) was synthesized.  With this unique CTM in hand, liquid crystalline 

hyperbranched fluoropolymers were successfully synthesized via RAFT in a variety of 

molecular weights, which subsequently led to the generation of a series of crosslinked 

coatings.  As predicted, integration of the liquid crystalline comonomer resulted in a 

further depression of water’s melting temperature by a surprising, 5 °C improvement 

over the original HBFP
(III)

-PEG binary system.  Additionally, the enhanced hydrophobic 

character of the mesogenic unit led to increased contact angles in the dry and water-

swollen states and interestingly an increased absorption of water.  The ordering 



 

110 

 

parameter lended by the LC comonomer was observed in polarized optical microscopy 

(POM) and 3D optical microscopy, which showed in a proportionate distribution of LC 

character across the film while maintaining a macroscopic homogeneous surface. 

With the successful incorporation of LC character into the amphiphilic 

hyperbranched crosslinked coatings by establishment of synthetic methodology, and the 

achievement of lower melting transition temperatures for water, the fundamentals of the 

material and behavior of the system were further explored in Chapter IV.  Through 

variation of LC comonomer and polymer topology, five additional polymers were 

synthesized with either linear or hyperbranched architectures.  DSC experiments 

demonstrated that by varying the LC comonomer, a further depression of water’s 

freezing/melting temperature was achievable.  Water uptake studies and contact angle 

showed an increased water absorption while maintaining increased contact angles in dry 

and water-swollen states.  From POM images, only the hyperbranched systems visually 

retained LC character, and 3D optical microscopy revealed similar topographical 

features of coatings formed from all hyperbranched systems as observed in the original 

LC-HBFP-PEG system.  Finally, solution stability studies demonstrated the stability of 

the coatings in salt water conditions in addition to cold weather environments observed 

from DSC experiments, broadening the application of these materials for use in 

aeronautic, aquatic and other challenging, continuous wetting environments. 

In all, this dissertation facilitates the evolution of anti-icing materials and 

protective coatings.  This body of work demonstrated an alternative application in anti-

icing for the well-established anti-biofouling HBFP
(III)

-PEG binary coatings alluding to a 
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wide range of possibilities for these previously-synthesized, complex materials.  

Additionally, the knowledge gained from the inclusion of a dynamic, temperature-

responsive liquid crystalline moiety will aid in optimization and enhancement of the next 

generation of coatings.  While the fundamental investigations of crosslinked liquid 

crystalline hyperbranched fluoropolymers, including synthetic methodology, led to 

promising results for anti-icing applications, further investigations and optimization can 

be performed. 

Currently, the largest concerns for the generation of these coatings are the 

application method and high-temperature annealing requirement.  Drop-casting is not a 

feasible method for applying this material to large surface areas (e.g. airplane wings or 

ship decks/hulls) and thus requiring a spray-casting procedure.  However, the type of 

casting method alters the surface features of the coating, and therefore, these materials 

will need to undergo further analysis to understand how anti-icing performance may be 

affected.  Related to casting method, the use of an organic solvent will need to be either 

eliminated or substituted with an environmentally-benign solvent.  Additionally, 

different temperatures should be investigated to determine if crosslinked networks can 

be achieved at a lower temperature, preferably near room temperature, to avoid energy-

intensive high-temperature thermal annealing. 

A future generation of coatings will need to involve cost-effective materials that 

are amenable to scale-up.  The liquid crystalline hyperbranched fluoropolymers 

described in this dissertation are not facile or cost-effective for commercial production.  

While the unique chain-transfer monomer allows for a hyperbranched network via 
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RAFT polymerization, it requires multiple steps to be synthesized and the use of an 

expensive pentafluorostyrene monomer.  Fortunately, the production of the LC monomer 

only requires two steps, is cost-effective and can be obtained within high yield.  Future 

generations of amphiphilic, crosslinked liquid crystalline hyperbranched networks will 

need to incorporate a low cost hydrophobic substituent capable of generating 

morphologically, topographically and compositionally complex materials once 

crosslinked with a hydrophilic moiety.  Overall, this dissertation provides fundamental 

knowledge on structure-function relationships, water-polymer interactions and 

contributes to the advancement of liquid crystalline polymers and anti-icing materials.  

The combination of complex properties such as water sequestration and confinement, 

dynamic reorganization upon full hydration and thermally-responsive dynamic character 

will impact how future protective coatings are designed, characterized and tested. 
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APPENDIX A  

RESULTS FROM INVESTIGATIONS INTO OTHER HYPERBRANCHED 

FLUOROPOLYMER SYSTEMS AND FLUORINATED LIQUID CRYSTALLINE 

MONOMERS 

 

A.1 HBFP
(III)

-a Homopolymer 

 

Table A.1.  Average onset melting temperatures (Tm) for the array of HBFP
(III)

-a-PEG 

coatings and HBFP
(III)

 and PEG control samples, each with 200 wt % water. 

 
Mass ratio HBFP

(III)
-a to PEG (wt %) 

HBFP
(III)

 5:2 2:1 3:2 1:1 2:3 1:2 2:5 PEG 

Avg. H2O Tm onset (°C) 

Bound 
-0.6 ± 

0.0 

-3.6 ± 

0.1 

-3.6 ± 

0.1 

-3.3 ± 

0.2 

-28.1 ± 

0.1 

-27.8 ± 

0.0 

-29.0 ± 

0.5 

-27.8 ± 

0.0 -10.4 ± 

1.3 
Free 

-4.0 ± 

0.7 

-4.9 ± 

0.2 

-4.6 ± 

0.1 

-4.6 ± 

0.0 

 

A.2 HBFP-PEG-PDMS Ternary System 

 

Table A.2.  Wt % H2O uptake of HBFP-PEG-PDMS coatings. 

H2O uptake (wt %) 
Mass ratio PDMS to HBFP

(III)
-b (wt %) 

25 50 75 

Mass ratio PEG to  

HBFP
(III)

-b (wt %) 

0 2% 7% 13% 

25 101% 40% 117% 

50 79% 154% 99% 

75 166% 103% 93% 
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Figure A.1.  Average static water contact angles of HBFP-PEG-PDMS dry coatings in 

relation to (A) wt % PEG/wt % PDMS and (B) wt % PDMS/wt % PEG. 

 

 

Figure A.2.  Average static water contact angles of HBFP-PEG-PDMS dry coatings 

represented as (A) 3D scatter plot and (B) contour map. 
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Table A.3.  Average free water onset melting temperatures (Tm) for the array of HBFP-

PEG-PDMS ternary system, each with 200 wt % water. 

Avg. free H2O Tm onset (°C) 
Mass ratio PDMS to HBFP

(III)
-b (wt %) 

25 50 75 

Mass ratio PEG to  

HBFP
(III)

-b (wt %) 

0 -1.2 ± 0.0 -1.3 ± 0.0 -2.3 ± 0.2 

25 -2.5 ± 0.0 -2.1 ± 0.0 -2.6 ± 0.1 

50 -3.1 ± 0.3 -2.8 ± 0.1 -2.6 ± 0.1 

75 -4.0 ± 0.4 -3.7 ± 0.1 -3.2 ± 0.1 

 

 
Figure A.3.  Average free water onset melting temperatures (Tm) for the array of HBFP-

PEG-PDMS ternary system, each with 200 wt % water, represented as (A) 3D bar graph 

and (B) contour map. 

 

Table A.4.  Average bound water onset melting temperatures (Tm) for the array of 

HBFP-PEG-PDMS ternary system, each with 200 wt % water.  *Indicates no transition 

was observed. 

Avg. bound H2O Tm onset (°C) 
Mass ratio PDMS to HBFP

(III)
-b (wt %) 

25 50 75 

Mass ratio PEG to  

HBFP
(III)

-b (wt %) 

0 * * * 

25 -23.3 ± 0.0 -23.5 ± 0.1 -23.8 ± 0.1 

50 -23.9 ± 0.2 -23.8 ± 0.0 -23.5 ± 0.0 

75 -23.5 ± 0.3 -23.5 ± 0.0 -23.5 ± 0.0 
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A.3 Alternative Fluorinated Liquid Crystalline Monomers 

 

 

Scheme A.1.  Synthesis of mesogenic units and fluorinated LC monomers with yields. 


