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Abstract  

Developing Novel Synthetic Methods for Tailored Sensors and Functional Materials 

by 

Yvonne Jeannine Diaz 

The ability to access functional materials through affordable and facile synthetic 

methods has long been sought after for various research and commercial applications. Many 

innovative academic syntheses, although fundamentally interesting, cannot be adopted by 

industry due to complexity, cost, or incompatibility for scale-up. Therefore, this dissertation 

highlights the development of novel avenues to produce materials tailored for either 

colorimetric sensing or dispersion with an emphasis on developing accessible and inexpensive 

methods such that they can be readily adapted to industrial processes.  

A colorimetric sensor for amines is presented based on the facile reaction of activated 

furans with amines to form highly colored donor-acceptor Stenhouse adducts (DASAs). This 

synthetic method gives non-experts access to a more sensitive and selective detector from an 

inexpensive biomass precursor. Although the small molecule version of this detector was prone 

to leeching and was thus incompatible with most applications, incorporation into an oxa-

norbornene polymer backbone enhanced the stability of this sensor and expanded its potential 

uses, particularly in aqueous media. The utility of this system for commercial applications 

including food spoilage detection and chemical reaction monitoring is explored. 

Another area of industrial interest is the tailorability of poly(acrylic acid)s (PAA) for a 

number of applications including dispersants, coatings, and mineralization control where 

microstructure changes to these materials have been shown to produce dramatically different 

macroscopic properties.  A universal method to prepare well-defined PAAs with readily 
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interchangeable chain end chemistries is described. This new platform provides easier access 

to targeted PAA structures and facilitates future studies into the structure-property relationship 

of these versatile compounds. Additionally, this process may enable the creation of novel 

dispersants for improved paint formulations or other related fields.  

Industrial innovations often arise from developments in academic laboratories. 

However, translation of these developments into modern technology can be hindered by 

inaccessible chemistries or overly complex syntheses. This dissertation presents two synthetic 

strategies to access functional materials for a range of targeted applications, each with methods 

that can be readily applied in an industrial setting thus helping to expand the utility of novel 

academic syntheses for industrial use. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Materials Science 

The field of materials science combines the expertise from various scientific disciplines 

including chemistry, engineering, and physics to explore how the microstructures of materials 

translate to their overall macromolecular properties.1 This area brings together a vast variety 

of knowledge from these fields in order to provide a deeper understanding on how the structure 

and composition of a material can influence its properties and utility toward specific 

applications. This insight can then be leveraged to either modify the properties of materials or 

to create new materials with the goal of enhancing their effectiveness. Due to the 

interdisciplinary nature of this field, materials science can be useful for anything from the 

development of new paint formulations to the design of prosthetics and implants that are more 

compatible with the human body. In particular, this thesis will touch on how the study of 

materials chemistry can be leveraged to a) develop new materials for novel colorimetric 

sensors and b) provide increased functionality to existing poly(acrylic acid)s in order to tailor 

their use toward specific applications and provide a more thorough understanding into their 

structure-property relationship.  



Introduction  Chapter 1 

2 

1.2 Colorimetric Sensors 

1.2.1 Introduction to colorimetric sensors  

One application which has benefited from investigating the structure-property 

relationship of materials is the creation of colorimetric sensors. These detectors are coveted for 

their ability to quickly and efficiently respond to an outside stimulus with a change in color 

visible to the naked eye.2 This change can be either a “turn ON” detection, where a change 

from a colorless to a colored state is observed, or a “turn OFF” detection, which can consist of 

either a colored to colorless transition or colored to colored transformation (Figure 1.1). 

Common examples of colorimetric sensors include pH indicators,3 dyes for fingerprint 

Figure 1.1 Schematic representation of different types of colorimetric detection. a) “Turn ON” 

detection where an outside stimulus will trigger the transformation of a colorless state to one that is 

colored, b) “turn OFF” detection where a change from a colored to a colorless state is observed, or 

c) “turn OFF” detection in which one color is loss in favor of a second color.  
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analysis,4 and early pregnancy tests.5 These types of sensors provide a cheap and easy-to-use 

alternative to expert analytical techniques such as mass spectrometers or ultrasounds. 

However, most current colorimetric detectors sacrifice much of the sensitivity in exchange for 

affordability and ease of use. As such, there is a need to develop new colorimetric sensors that 

are readily available to non-experts while maintaining a high sensitivity.   

1.2.2 Popular methods for amine detection  

Amine detectors are desired for their versatile use in a wide variety of applications 

spanning chemical synthesis6, drug detection,7,8 and environmental monitoring for example.9–

17Among the most popular methods of detection for amines are those that track changes in 

resistivity and luminescence due to their increased sensitivity and selectivity over alternative 

methods. In early 2000, Grubbs, Lewis, and co-workers presented the construction of an 

“electronic nose” capable of a million-fold greater detection limits for amines than that of the 

human nose by utilizing an array of organic and inorganic conductors.18 More recent 

advancements to chemiresistive detectors have included Swager’s carbon nanotube and 

metalloporphyrin composites which were shown to provide sub-parts per million (ppm) 

sensitivities toward biogenic amines such as putrescine and cadaverine along with good 

stability of the detector when exposed to air or moisture.17 Analogous advancements to 

fluorescence-sensors, which have sought to access quicker and more sensitive detection, 

include the use of fluorescent nanotubes which lose their high fluorescence in the presence of 

amines down to parts per billion levels.12 However, while these methods have proven capable 



Introduction  Chapter 1 

4 

of significantly increasing the detection limits for amine sensors, they often require complex 

synthetic methods and are limited to the recognition of only volatile and primary amines.19  

1.2.3 The use of colorimetric sensors for the detection of amines  

In order to address the limitations to these classic detectors, there has been a growing 

interest into the use of colorimetric amine sensors due to their easier and more rapid detection 

capabilities in various media. Additionally, advances to colorimetric sensors have provided 

competitive sensitivities (<1 ppm) to chemiresistors and fluorescence-sensors. For example, 

the use of polyacrylonitrile nanofibers were utilized to create porous paper which responded 

to low ppm levels of ammonia vapor with a change in color from yellow to blue within 

minutes.20 One of the most notable illustrations to the capabilities of colorimetric sensors 

includes a colorimetric array introduced by Suslick and co-workers in 2005 that provided 

selective discrimination of amines within larger amine families, giving vast improvements to 

the selectivity of colorimetric sensors. This was achieved by utilizing a combination of modern 

digital imaging with pattern recognition techniques to obtain < 1 ppm detection limits.21 With 

these methods, quick identification and even quantification of specific analytes was possible 

(Figure 1.2);9 however, the need for specialized equipment in these methods and the restriction 

to the type of amine detection possible (volatile amines only), leaves room for improvement. 

Specifically, the creation of a sensor easily available to non-experts that also allows for the 

detection of amines beyond those in the vapor phase would greatly expand the utility of 

colorimetric amine detectors.     
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Figure 1.2 Some notable examples of improvements to colorimetric detectors include the use of 

colorimetric sensor arrays as demonstrated in this schematic diagram of an electronic-nose system. This 

figure was reproduced from Anal. Methods, 2014, 6, 6271-6277 (Reference #9) by permission of The 

Royal Society of Chemistry. CCC License Number 1000679-1. 
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1.2.4 Donor-Acceptor Stenhouse Adducts (DASA): creating new materials 

for improved detectors 

Figure 1.3 DASAs are a new class of organic photochromic molecules that can reversibly transform 

from a brightly colored “extended” isomer with a high extinction coefficient (ε = 1x105 M-1cm-1) to a 

“compact” and colorless isomer. Figure adapted with permission from J. Am. Chem. Soc., 2014, 136, 

8169–8172 (Reference #22) © 2014 American Chemical Society. 

 

Donor-Acceptor Stenhouse Adducts are a new class of photochromic molecules, 

capable of reversible transformation between two isomers with different absorption spectra 

when triggered by light, that were first introduced by Read de Alaniz and co-workers in 2014 

(Figure 1.3).22,23 Since their discovery, heavy investigation into the structure-property 

relationship of these compounds has resulted in a plethora of materials with applications 

spanning drug delivery and catalyst recycling to photopatterning of surfaces. Due to the 

favorable properties of these compounds, including their ease of preparation, high molar 

absorptivity, and tailored response to heat or chemical stimuli, DASAs have also grown in 

popularity for use in colorimetric sensors24 (a complete description into the current uses of 

DASAs as sensors is described in Chapters 2 and 3). In particular, it was discovered that the 

DASA photochromes would provide molar absorptivity values (ε = 1x105 M-1cm-1) that 

exceeded those of commonly used dyes such as Magic Blue (tris(4-bromophenyl)ammoniumyl 
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hexachloroantimonate, ε = 1x104 M-1cm-1) or Methylene Blue (methylthioninium chloride, ε = 

7x104 M-1cm-1) (Figure 1.4). This revealed an avenue to increase the selectivity and sensitivity 

of current detectors. Chapter 2 will explore the development of improved colorimetric amine 

detectors via the facile reaction of activated furans with amines to form the DASA with high 

extinction coefficients. Chapter 3 will then introduce the synthesis of novel activated furan 

and DASA polymer conjugates and discuss how these new materials were exploited to reveal 

methods of controlling the reactivity and stability of activated furans and DASAs in aqueous 

media. Furthermore, Chapter 3 will also explore the subsequent performance of these new 

materials as sensors.  

 

 

Figure 1.4 Comparing the absorbance of commonly used dyes such as Methylene Blue and Magic Blue 

to that of DASA at the same concentration, reveals a stronger absorbance in the visible range for the 

DASA. This demonstrates the capabilities of DASA to be used as a stronger dye in solution and on 

solid supports than popular examples. Credit for absorbance spectra: Ms. Serena Seshadri.  
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1.3 Poly(acrylic acid) (PAA) : A Versatile Water Soluble Polymer  

1.3.1 Exploring the structure-property relationship of PAA  

 

Figure 1.5 Synthesis of poly(acrylic acid) via two common routes a) direct polymerization of acrylic 

acid and b) polymerization of a protected acid followed by subsequent deprotection. Protected synthesis 

can allow for easier incorporation of functional groups. 

  

Research in materials science not only seeks to develop new materials but also 

contributes improvements to current technologies by providing a deeper understanding into the 

structure-property relationship of existing materials. The functionalization of PAA is one such 

example. PAA is a synthetic polymer of acrylic acid that is soluble in aqueous media due to 

the ionization of the carboxyl side chains (Figure 1.5). Various homopolymer and copolymer 

derivatives of PAA have resulted in materials useful in a wide variety of industrially relevant 

applications including coatings,25 dispersants,26 and mineralization control.27,28 For example, 

the ability of PAA to absorb and retain water allows the polymer to swell several times its own 
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weight thus increasing its utility as a superabsorbent polymer.29 Alternatively, PAA derivatives 

have been used to modify the properties of inorganic pigments, such as titanium dioxide, to 

achieve uniform dispersions in paint formulations (Figure 1.6).30,31 This versatility of different 

poly(acrylic acid) derivatives has resulted in an in-depth analysis of how properties such as 

polymer architecture, dispersity, and molecular weight will influence the performance of PAA 

towards these applications.25 One such characteristic of recent interest is the composition of 

the polymer end groups. Although preliminary investigation has revealed that the end group 

functionalization of PAA will have a direct effect on the utility of the polymer toward specific 

applications,32–34 a thorough investigation into the effects of end group chemistry would 

provide a more systematic understanding into the influence of these structural changes to the 

polymer characteristics. 

 

Figure 1.6 Poly(acrylic acid) derivatives can be used toward numerous applications including the 

dispersant of inorganic pigments such as titanium dioxide (TiO2). Figure reprinted with permission 

from J. Polym. Sci., Part A Polym. Chem, 2019, 57, 716–725 (Reference #30) © 2019 John Wiley & 

Sons, Inc. CCC License Number 4695011434918. 
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1.3.2 Common methods for polymerization 

Controlled chain-growth polymerization is a rapidly expanding field that has facilitated 

access to low dispersity materials with tailored chain-end functionality.35 As such, the research 

in this area has uncovered the high influence a polymer chain-end will have on the physical 

properties of a material. In particular, controlled radical polymerizations (CRP) including atom 

transfer radical polymerization (ATRP), reversible addition fragmentation chain transfer 

(RAFT) polymerization, and nitroxide mediated polymerization (NMP) remain the favored 

choices for polymer synthesis. This preference for CRP stems from the large monomer scope 

available, the mild reaction conditions, and reaction versatility. More specifically, the 

functional initiators or residual reactive terminal groups that result from these methods of 

polymerization, offer a wide selection for tailored functionality (Figure 1.7).  

 

Figure 1.7 Chemical functionality that result from the initiators and chain transfer agents of three main 

controlled radical polymerization methods. Figure reproduced with permission from J. Polym. Sci., 

Part A Polym. Chem, 2019, 57, 716–725 (Reference #30) © 2019 John Wiley & Sons, Inc. CCC 

License Number 4695020653131. 
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1.3.3 Overview of chain-end functionalization  

Among the techniques for chain-end modification, the most popular methods include 

post-polymerization functionalization of pre-existing chain ends, the use of functional 

initiators, and the use of reactive terminators as caps for growing polymer chains (Figure 1.8). 

In a recent review by Hawker and coworkers, established and emerging chain-end modification 

strategies for popular chain-growth processes, including ATRP, RAFT, and NMP were 

highlighted.35 Figure 1.9 demonstrates just a few of the functionalization possibilities for these 

techniques with a particular emphasis on ω-chain end modifications. From these controlled 

radical polymerizations, ATRP is reportedly the most versatile of methods due to the halide 

terminal group that remains after polymerization which provides an ideal route toward more 

Figure 1.8 Schematic representation of chain-end functionalization strategies available. 

a)  modification of an existing chain-end, b) use of a functional initiator and c) in situ termination of 

polymer with a reactive terminator. Figure adapted with permission from J. Polym. Sci., Part A Polym. 

Chem, 2019, 57, 716–725 (Reference #30) © 2019 John Wiley & Sons, Inc. CCC License Number 

4695020653131. 
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tailored functionality. Alternatively, although RAFT is capable of providing a larger monomer 

scope and greater tolerance to reaction conditions, such as aqueous, suspension, or emulsion 

synthesis, the chain-transfer agents required often introduce more challenging synthetic 

techniques or additional odors and color that must be further purified. Finally, NMP strategies 

also allow for the introduction of various end groups yet do not require the use of additional 

catalysts or initiators. While current modification techniques have enabled the synthesis of 

large libraries of polymeric materials with tailored chain-end functionality, further 

advancements to this area can offer a broader understanding into the influence of chain-end to 

the overall material properties.   
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1.3.4 Investigating the effect of chain-end on PAA characteristics 

Figure 1.9 Overview of some possible chain-end functional groups for the three main controlled radical 

polymerizations. Most research has focused on the introduction of ω-chain ends, yet functionalization 

of the α- end group is also possible through the use of appropriate initiators. Figure reprinted with 

permission from J. Polym. Sci., Part A Polym. Chem, 2019, 57, 716–725 (Reference #30)                           

© 2019 John Wiley & Sons, Inc. CCC License Number 4695020653131. 
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These controlled radical polymerization and polymer chain-end modification strategies 

have allowed for significant advancements toward the functionalization of poly(acrylic acid) 

for targeted applications. For instance, in 2010, Fellows and coworkers revealed that by simply 

modifying the initiator for the ATRP of tert-butyl acrylate to a variety of long and short chain 

alkyl groups followed by hydrolysis of the resulting polymer (see Figure 1.5, Protected 

Polymerization), they could access a number of α chain-end modified PAA structures with 

narrow polydispersities.36 This library of polymers revealed that PAAs possessing long chain 

alkyl groups could provide preferential formation of calcium oxalate crystals and thus proved 

more useful in industrial water system applications over their short-chain PAA counterparts. 

Similarly, RAFT polymerization techniques have provided access to various chain-transfer 

agents resulting in PAA libraries with diverse ω-chain end modifications.32 These strategies 

have effectively resulted in PAAs with various long and short chain alkyl and hydroxyl groups. 

However, in order to achieve a more complete understanding of how various end groups will 

affect the properties of PAA, a wider breadth of chain-end chemistries would need to be 

accessed. Chapter 4 will introduce a novel pathway to obtain tailored and well-defined PAA 

chain-ends with more versatile functional groups via a universal and scalable synthetic method. 

This synthesis provides a more user-friendly method to produce PAA derivatives with a wide 

variety of chain ends so that a more complete catalog of potential PAA additives can be 

screened for any given application. Also, by expanding the range of PAA chain-ends and 

simplifying the synthetic process to produce these polymers, the overall structure-property 

relationship between PAA chain-end chemistry and macroscale polymer behaviour can be 

further understood. 
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CHAPTER 2 

A VERSATILE AND HIGHLY 

SELECTIVE COLORIMETRIC SENSOR 

FOR DETECTION OF AMINES ҂ 

 

2.1 Abstract 

The utility of Meldrum’s activated furan (MAF) for the colorimetric detection of sub 

parts per million (ppm) levels of amines in solution, on 

solid supports, and as vapors is presented. MAF is 

synthesized in one step from inexpensive and 

commercially available starting materials and exhibits 

high selectivity for primary and secondary amines in the 

presence of competing nucleophiles. The reaction 

between activated furans and amines results in a distinct color change, discernable by the naked 

eye. Ultraviolet-visible (UV-vis) absorption spectroscopy was utilized to monitor reactions in 

                                                 
҂ Reproduced with permission: Y. J. Diaz, Z. A. Page, A. S. Knight, N. J. Treat, J. R. Hemmer, C. J. 

Hawker and J. Read de Alaniz, Chem. Eur. J., 2017, 23, 3562–3566. © John Wiley & Sons, Inc. CCC 

License Number 4695030584584.  
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solution and determine detection limits. Additionally, solutions of MAF were useful as stains 

for thin layer chromatography and for monitoring solid phase synthesis of peptides and 

peptidomimetics. Finally, MAF was used to detect volatile amines released from fish samples, 

demonstrating potential for food spoilage applications.  

2.2 Introduction 

The ability to selectively sense amine-containing molecules is pertinent to a variety of 

research and commercial applications, including chemical synthesis,1 drug detection,3,23 and 

environmental monitoring.5–12,24 Emerging methods that track changes in resistivity13,13,14 and 

luminescence7,15–17,23 have allowed increased sensitivity and selectivity with 

chemiresistors13,14,18 and fluoresence-sensors7,15,19–22 providing sub-ppm limits of detection. 

However these systems often require complex synthetic methods and the use of secondary 

equipment for amine identification. Additionally, the majority of these sensors are limited to 

detection of volatile and primary amines.  

In addressing the challenges with these techniques, colorimetric sensors are attractive 

alternatives due to their simple and rapid detection of amines in solution, as vapors, and on 

solid supports.25 Recent improvements have also provided competitive sensitivities 

(<1  ppm).11,26,27 For example, polyacrylonitrile nanofibers have been used for the visible 

detection of ammonia vapors of < 1 ppm.11,26 Suslick and coworkers have achieved < 1 ppm 

sensitivities by utilizing a combination of metalloporphyrins and pH acid/base indicators in 

colorimetric arrays with the additional benefit of merging modern digital imaging and pattern 

recognition techniques.27 Although advances to colorimetric sensors have allowed for the 
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identification and quantification of specific analytes, these methods often involve the use of 

specialized equipment and are restricted to the detection of volatile amines, limiting their use 

as a general amine colorimetric sensor.  Recent investigation into new negative photoswitches, 

termed donor acceptor Stenhouse adducts (DASA)s, revealed an avenue to increasing the 

versatility and selectivity of colorimetric detection of amines.28,29 The ring opening of activated 

furans with secondary amines is a rapid and efficient reaction that produces DASAs, which 

possess high molar absorptivity values (ελmax ≈ 105 M−1cm−1).30–32 The facile synthesis of 

activated furans from commercially available and inexpensive starting materials coupled with 

the high ε of the DASA product indicated the potential of activated furans as colorimetric 

sensors.31  

This chapter presents a simple methodology to monitor the presence of amines in 

solution, on solid supports, and as vapors that is available to non-experts (Scheme 2.1). These 

activated furan-based sensors combine the sensitivity of state-of-the-art detectors with the 

ability to distinguish various amines by the naked eye. In illustrating the utility of this novel 

system across different fields, applications including thin layer chromatography (TLC) 

staining, solid phase peptide/peptoid synthesis, and food spoilage detection were 

demonstrated.   

Scheme 2.1 General reaction for activated furan-based amine sensor. Activated furan (1) reacts with 

ammonia, or a primary or secondary amine to form a colored DASA (2) . Inset: Photographs of 

Meldrum’s activated furan in tetrahydrofuran (THF) (20 mM, left) and 5 min after the addtion of 

diethylamine (200 ppm, right). 
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2.3 Colorimetric Detection in Solution 

Activated furan-carbon acids (1) are rapidly synthesized by reacting  furfural (≈$2/kg), 

a derivative of non-edible biomass, with cyclic 1,3-dicarbonyl compounds on water.30,31 

Conveniently, both Meldrum’s acid activated furan (MAF, compound 3) and 1,3-dimethyl 

barbituric acid activated furan (BAF, compound 5) (Figure 2.1) precipitate out of the reaction 

mixture and can be isolated in near quantitative yields by filtration.31 Additionally, MAF and 

BAF have excellent stability under ambient conditions as well as when dissolved in non-

nucleophilic organic solvents (e.g., tetrahydrofuran and dichloromethane), as evidenced by 

monitoring the solution over time using nuclear magnetic resonance (NMR) spectroscopy 

Figure 2.1 General reaction with amines for a) MAF, 3, and b) BAF, 4 (photographs represent 

respective 20 mM solutions of MAF and BAF in THF). c) Reaction of MAF (red triangles and BAF 

(blue squares) with DEA (0.6 ppm). 
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(Figure S2.1). These activated furans then react rapidly with amines to produce highly colored 

and thermodynamically stable triene forms of DASAs (2).30–32 Although DASAs are light-

responsive dyes, basic “donors”, such as aliphatic amines, require a highly nonpolar matrix 

(e.g., toluene, hexanes) for photoswitching (color bleaching) to be observed, making them 

excellent candidates for amine sensing (Figure S2.2).32–34   

UV-Vis absorption spectroscopy was utilized to compare the optical properties and 

amine reactivities of MAF and BAF. For equimolar solutions (10 μM in THF) of the two 

activated furans, MAF solution was found to be colorless to the naked eye, while BAF solution 

was slightly yellow (Figure 2.1a, 2.1b). The near colorless initial MAF solutions are favorable 

for sensing applications, given the more distinguishable “turn-ON” of color that occurs upon 

amine exposure (Figure S2.3-S2.5). Introducing 0.6 ppm diethylamine (DEA) to MAF and 

BAF solutions (20 mM in THF), and monitoring the reactions in situ, revealed that MAF reacts 

~2 times faster (Figure 2.1c). Given the beneficial optical properties and faster response time 

of MAF based sensor, it was selected for in-depth investigation. Initially, the limit of detection 

by eye for DEA in a 20 mM solution of MAF (in THF) was found to be ~0.4 ppm after 1 h of 

exposure (Figure S2.6). Significantly, other secondary amines, primary amines, and ammonia 

were all found to form the characteristic pink color (λmax ≈ 532 nm), however, with varying 

reaction rates (Figure S2.7). After 5 min, the absorbance of 4 using DEA is 11-fold higher 

than the reaction with butylamine (1° amine), and 33-fold higher than the reaction with 
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ammonia (Figure 2.2). The same trend was observed for other 2° and 1° amines; 10 ppm of 

dimethylamine and piperidine (2° amines) resulted in pink color after 5 min, while 100 ppm 

of cadaverine (a common biogenic 1° amine35) was required to turn the solution pink within 

5 min (Figure S2.7). This difference in reaction rates and absorbance provides a pathway to 

distinguish between primary and secondary amines in solution. To establish selectivity for 

amines, the MAF solution was reacted with other nucleophiles, such as water, alcohols, thiols, 

Figure 2.2 Images of MAF solution (20 mM in THF) after reacting for 5 min with a) DEA (2° amine) 

b) butylamine (1° amine), and c) ammonia and d) absorption of MAF solutions at 532 nm (λmaxDASA) 

after reacting for 5 min with 200 ppm DEA (2° amine), butylamine (1° amine), and ammonia. *For 

DEA the absorption was measured by diluting the parent solution four fold given the high DASA molar 

absorptivity and high concentration that cannot accurately be measured with UV-Vis absorption. 
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and organophosphorus compounds (Figure 2.3). As expected only amines were found to be 

reactive with the MAF solution, highlighting the amine-selectivity.  

 

2.4 Colorimetric Detection on Solid Supports 

To showcase MAF as an amine-selective stain on solid supports, in particular for thin 

layer chromatography, a tryptamine-based synthetic sequence was monitored (Figure 2.4). 

TLC staining is one of the most common methods to track the progress of a chemical reaction 

and determine chromatographic purification conditions. Although the ability to rapidly 

distinguish different amine moieties by eye is beneficial for synthetic chemists, traditional 

stains, such as ninhydrin,36 often do not provide this distinction.  

Figure 2.3 Reaction of 20 mM Meldrum’s activated furan solution with 20 ppm of diethylamine, 

pyridine, decanethiol, methanol, and water. Selective detection of diethylamine (DEA) in the presence 

of representative 3 amine (pyridine), thiol (decanethiol), alcohol (methanol), and water.  

 



A Versatile and Highly Selective Colorimetric Sensor 

For Detection of Amines Chapter 2 

26 

Tryptamine derivatives are prevalent in the pharmaceutical industry and natural 

product synthesis, making them exemplary candidates for TLC staining with MAF. Four 

derivatives, possessing various aliphatic and/or conjugated amines, were synthesized from 

tryptamine (Figure S2.8), spotted onto silica TLC plates, and stained with MAF (20 mM in 

THF). After staining for < 1 min at room temperature, a wide range of vibrant colors became 

apparent, making it possible to clearly distinguish the different reaction stages by eye 

(Figure 2.4 and Figure S2.9). By comparison, the traditional and commercially available 

Ninhydrin stain could not provide this same level of detection (Figure 2.5 and Figure S2.10). 

To quantify the color difference between stained tryptamine derivatives, ΔE* values were 

determined following International Commission on Illumination (CIE) guidelines (See 

Section 2.7.4).37–39 All pairs had ΔE* values > 5, which is generally considered to be 

Figure 2.4 Tryptamine-based synthesis and TLC staining with MAF (20 mM in THF). Reagents and 

conditions: i) secondary amine. ii) methyl chloroformate, NaOH(aq):DCM (1:1), rt, > 95%. iii) Et3SiH, 

CF3COOH, 60 C, 48%. iv) LAH, THF, 60 C, > 95%. 
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distinguishable by eye (Figure S2.11).39–41 This supported that MAF stains are an effective 

method to distinguish between amine-containing compounds with subtle chemical differences. 

MAF solutions were further used to stain amine-functional resins found in solid phase 

synthesis of peptides and peptidomimetics. For modular solid phase synthesis, the quantitative 

conversion at each synthetic step is critical for obtaining the desired product.42 As such, stains 

have been developed to identify the presence of 1° and 2° amines.43–47 However, commonly 

used stains such as ninhydrin43 (a.k.a., Kaiser test) and chloranil,44 used for detection of 1° and 

2° amines respectively, are unstable and require the use of toxic reagents such as acetaldehyde 

and potassium cyanide. To highlight the ease of reaction monitoring with MAF, peptide and 

peptoid-functionalized resins were tested. A stable stock solution of MAF in THF (200 mM) 

was prepared and diluted tenfold into methanol prior to adding 2-3 drops to functionalized 

Figure 2.5 Comparison of Meldrum’s activated furan (20 mM THF) TLC stain to traditional Ninhydrin 

TLC stain 
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resins. For peptides (1° amines), exposure to MAF resulted in beads with a light pink color in 

5 min with heat (Figure 2.6a). For this, a test tube containing beads was dipped into a bath of 

boiling water, similar to the procedure used for the Kaiser test.43 However, unlike the Kaiser 

test, the MAF solution is capable of sensing 1° and 2° amines, allowing for the detection of all 

amino acids and many peptidomimetics (Figure S2.12). The addition of 2-3 drops of MAF 

solution to resin-bound peptoids, immediately turned the beads bright pink under ambient 

conditions (Figure 2.6b). These results confirmed that MAF stains are a simple and effective 

alternative to classic methods used to determine reaction completion in solid phase peptide and 

peptoid synthesis. 

Figure 2.6 a) General reaction between MAF and resin bound peptides/peptoids. b) Images of resin 

beads 5 min after adding 2-3 drops of a MAF solution (20 mM methanol) where 1 amine containing 

beads (peptides) turn pale pink after heating and 2 amine containing beads (peptoids) turn bright pink 

under ambient conditions. Control image represents resin beads (no amine) after heating for 5 min.  
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2.5 Colorimetric Detection in Vapor Phase 

Given the facile detection of amines in solution and on solid supports with MAF, we 

chose to investigate its utility to sense amine vapors. Detection of amine vapors is important 

for various applications, including food spoilage,4–7,18,48,49 where volatile amines such as 

dimethylamine (DMA) and ammonia are released from aging meat.35 To evaluate the 

sensitivity of this sensor toward volatile amines, MAF was exposed to known concentrations 

of amine vapors. First, nylon filter membranes were dipped into a 450 mM solution of MAF 

in THF, dried, and sealed in septa-capped scintillation vials. The MAF coated filters were then 

exposed to vapors of DMA and ammonia. After 5 min, the filters were removed from the vials 

and a digital image of the filter membrane was captured. Calculating E* for each image 

revealed that filter membrane exposed to 0.5 ppm of DMA and ammonia vapors is 

distinguishable (E* > 5)39–41 from the MAF coated reference (no amine exposure) 

(Figure 2.7). Although MAF has a similar limit of detection for both vapors, the relative 

change in color for the 2° amine provides E* values of 68 at 2 ppm DMA, as compared to 31 

at 50 ppm ammonia. The more pronounced color change for the secondary amine is consistent 

with prior observations made for amines in solution and on solid supports. This demonstrated 

the ability to use MAF coated nylon filters for quick and sensitive detection of volatile amines. 

To expand the utility of this sensor to applications in food spoilage, the release of 

volatile amines from two commercially important fish samples, cod and tilapia, was studied. 

Freshly thawed fish samples (~15 g) were sealed into separate glass jars containing five nylon 

filter membranes coated with MAF solutions in THF at concentrations ranging from 56 to 
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450 mM (see Figure S2.13 for experimental setup). As a control, an analogous setup was 

constructed with no added fish samples.  

The sensors were monitored over the course of 48 h with time lapse imaging 

(Figure 2.8). Interestingly, the cod sample resulted in a noticeable change in color after ~8 h, 

while the tilapia had a significantly delayed response, changing color after ~24 h (Figure 2.8). 

Ultimately, E* values of 60 and 38 were obtained for the cod and tilapia samples 

(respectively) after 48 h relative to the control sample, highlighting the very distinct color 

change for MAF samples upon exposure to volatile amines. These results show the potential 

applicability for this type of sensor in real-time monitoring of food spoilage. 

Figure 2.7 a) Images of nylon filters that correspond to data points from graphs b and c. Visual 

responses of MAF coated nylon filters after 5 min amine exposures to b) 0.3, 0.4, 0.5, 1, and 2 ppm 

DMA (red squares, detection limit of ~0.4 ppm) and c) 0.5, 1, 10, 50, and 100 ppm ammonia (blue 

circles, detection limit of ~0.5 ppm). 
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2.6 Conclusion 

Meldrum’s activated furan has been identified as a versatile and simple to use sensor 

for the selective detection of amines in solution, on solid supports, and in the vapor phase. 

With an amine detection limit < 1 ppm MAFs are among the most sensitive, all organic, 

colorimetric tests for amines, highlighting the capacity of activated furans to be used as simpler 

alternatives to state-of-the-art sensors. Further utility of activated furans for sensing in organic 

synthesis, drug detection, and food spoilage applications are currently under investigation. 

2.7 Experimental 

2.7.1 Materials and equipment 

All commercially obtained reagents were used without purification. Ammonia solution 

(0.5 M in THF) and Nylon-based filter paper (MAGNA) were purchased from Fisher-

Scientific. All other reagents and solvents were purchased from Sigma-Aldrich. Fish samples 

were purchased from Whole Foods Market and stored at -22 °C. Fish samples were then 

Figure 2.8 Change in color of MAF coated nylon filters over time in the presence of cod (blue 

diamonds), tilapia (green squares) and air only (black x’s, control) at room temperature.  
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allowed to thaw to room temperature before use. Broad spectrum handheld light was purchased 

from The Home Depot and used as is.  

UV-Vis spectroscopy was performed on a Shimadzu UV3600 UV-NIR Spectrometer. 

Analytical TLC was performed using commercial Whatman flexible TLC plates. 1H NMR 

spectra were recorded on a Varian 400 MHz spectrometer, using solvent signal for calibration. 

Time-lapse imaging was performed using a smartphone and the free application Lapse It.  

2.7.2 Activated furan synthesis  

Meldrum’s activated furan and barbituric acid activated furan were synthesized 

according to literature procedures.31,32 

2.7.3 Amine sensing in solution  

All sensing reactions were completed using a 20 mM solution of Meldrum’s acid 

activated furan in THF unless stated otherwise. Additionally, the following method was used 

to conduct detection of amines in solution:  

A 20 mM stock solution of Meldrum’s acid furan adduct in THF (A) was prepared 

through serial dilutions. This solution was left to equilibrate overnight. In addition, a 

1 L/1 mL stock solution of amine in THF (B) was prepared (higher accuracy of this solution 

can be achieved by preparing a solution with higher volume, i.e 15 L/15 mL). For highly 

volatile amines such as dimethylamine and ammonia, dilutions were prepared from a 

commercially obtained solution of amine in THF. Dimethylamine dilutions were prepared 

from a 2.0 M solution in THF and ammonia dilutions were prepared from a 0.5 M solution in 

THF. 
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Various amounts of (B) were added to a 2 mL solution of (A) in order to achieve each 

concentration of amine. For example, diethylamine has a molecular weight of 73.14 g/mol and 

density of 0.707 g/mL. To achieve 2 mL of a 10 ppm diethylamine solution, 25 L of (B) 

containing diethylamine was added to 1975 L of (A) to create a 122 M solution of 

diethylamine. Using molecular weight and density, this is found to be 10-5 g amine/g THF or 

10 ppm diethylamine. To reach even lower ppm values, serial dilutions of (B) were conducted. 

After 5 min, solutions were analyzed using a UV-Vis Spectrometer and an image of the 

reaction vial was obtained with a smartphone.  

2.7.4 Quantifying Color: International Commission on Illumination (CIE) 

Guidelines  

For this protocol, the software Adobe Photoshop was used to quantify colors in images 

using CIE guidelines with chromatic values L*a*b* representing lightness (L*) and color 

opponent red/green (a*) and yellow/blue (b*) dimensions (Figure 2.9). The distance between 

Figure 2.9 Visual representation of the color space utilized by CIE guidelines. 51 The distance between 

two colors in this space is defined as Delta E (ΔE*).  
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two chromatic values in color space, defined as Delta E (ΔE*), is a metric often used to 

differentiate two colors.37–39
 A ΔE* value > 5 is considered to be distinguishable by eye.39–41 

2.8 Supplemental Results 

2.8.1 Stability of sensor solution 

  

Figure S2.1 1H NMR spectra showing the stability of MAF solution over time: 20 mM Meldrum’s 

activated furan in deuterated THF-d8 at time = 0 (top blue spectrum) and time = 6 months (bottom, red 

spectrum). 1H NMR (400 MHz, THF-d8) δ 8.42 (d, J = 3.8 Hz, 1H), 8.20 (s, 1H), 8.03 (d, J = 1.4 Hz, 

1H), 6.83 – 6.77 (m, 1H), 1.70 (s, 6H). 
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2.8.2 Optical properties and reactivity of activated furan solution 

 

 

 

 

Figure S2.2 UV-Vis analysis of photostability of DASA product. Absorption of DASA product formed 

after reaction of 20 mM Meldrum’s activated furan solution with 20 ppm diethylamine and 24 h in 

dark, exposed to light from a broad spectrum handheld light, and under ambient conditions. 

 

Figure S2.3 Comparison of 10 M solutions in THF of Meldrum’s acid activated furan (red triangle) 

and barbituric acid activated furan (blue squares). 
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Figure S2.4 UV/Vis absorption of 20 mM solutions in THF of activated furans a) before addition of 

amine and b) 5 min after addition of ~10 ppm diethylamine. 

 

 

Figure S2.5 Pictorial representation of 20 mM solutions in THF of 1) barbituric acid activated furan 

and 2) Meldrum’s acid activated furan a) before and b) after reaction with ~10 ppm diethylamine for 

5 min. 
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Figure S2.6 Images from reaction with MAF (20 mM THF) and diethylamine after addition of amine 

at a) 5 min b) 1 h c) 24 h and d) expanded image of 0, 0.2, and 0.4 ppm at 1 h after addition of amine. 

Limit of detection by eye for diethylamine (2 amine) within 1 h is ~0.4 ppm. 
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a

Figure S2.7a Sensitivity measurements of amines 5 min after reaction with amine  
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Figure S2.7b Sensitivity measurements of amines 24 h after reaction with amine  

b
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2.8.3 Amine sensing on solid supports 

 

Figure S2.8 Synthetic scheme for tryptamine derivatives to be detected with MAF stain.50 

 

 

 

 

Figure S2.9 Comparison of TLC plates a) Spotted with tryptamine derivatives and no MAF stain b) 

Spotted with tryptamine derivatives and coated with MAF stain, < 1 min, room temp c) coated with 

MAF stain, no spots of tryptamine derivatives 
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Figure S2.10 Images of stains upon standing for 10 min a) Meldrum’s activated furan, no heating 

b) Ninhydrin, heat 

Figure S2.11 E* values for each TLC spot relative to each other 
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Figure S2.12 Images of a) commercial peptide functionalized resins and b) N-substituted glycine 

monomers after reaction with MAF (20 mM methanol). 
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2.8.4 Set up for food spoilage detection monitoring 

Prior to use, the frozen cod and tilapia samples were allowed to thaw at room 

temperature for 2-3 h. Filter paper substrates for sensing were prepared as stated above with 

MAF solutions at concentrations of 100 mg/mL (450 mM), 50 mg/mL (225 mM), 25 mg/mL 

(112 mM), and 12.5 mg/mL (56 mM). The substrates were attached to a glass jar as seen in 

Figure S2.13 and sealed in the presence of the cod and tilapia samples. A third jar, containing 

no fish, was used as a control. The substrates were monitored over the course of 48 h with time 

lapse imaging (Figure S2.13). Adobe Photoshop was then used to quantify the color of these 

sensors.  

Figure S2.13 a) Experimental set up for food spoilage detection and images of sensors after addition 

of fish samples at a) t = 16 seconds b) t = 23 h and c) t = 46 h 
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CHAPTER 3 

STABLE ACTIVATED FURAN AND 

DASA POLYMER CONJUGATES AS 

CHEMICAL AND THERMAL SENSORS ҂ 

 

3.1 Abstract 

The development and application 

of novel activated furan copolymers is 

reported. This platform provides a 

colorimetric method for sensing amines in 

aqueous media through the generation of a highly colored donor-acceptor Stenhouse adduct 

(DASA). The resulting DASA-polymer conjugates, which are obtained after amine sensing, 

are characterized to determine fundamental structure-property relationships for this emerging 

class of negative photochromic species. 

                                                 
҂
 Reproduced with permission from Q. Chen*, Y. J. Diaz*, M. C. Hawker, M. R. Martinez, Z. A. 

Page, S. X. Zhang, C. J. Hawker and J. Read de Alaniz, Macromolecules, 2019, 52, 4370–4375. 

 © 2019 American Chemical Society 

*These authors contributed equally. 
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3.2 Introduction 

Colorimetric sensors are coveted for their ability to quickly and efficiently respond to 

different stimuli such as pH, heat, or light with a change in color that is visible to the naked 

eye.1–5 To improve the stability and prevent leaching of such molecular sensors, a number of 

elegant strategies have been developed, including direct attachment to polymeric backbones.1–

3,6,7 This strategy of covalent attachment to a polymer support has proven useful in a wide span 

of applications including the detection of explosives,8,9 nerve agents,10,11 and heavy 

metals.1,6,12–14 In particular, there has been a growing interest in the chemistry of DASAs due 

to their ease of preparation, high molar absorptivity, and tailored response to heat or chemical 

stimuli. 12,15–17 DASA-based sensors leverage highly colored and thermodynamically stable 

triene-enol architectures based on amine “donor” and carbon acid “acceptor” end groups 

(Figure 3.1). Due to its chemical and physical properties, various derivatives of DASA have 

been utilized as photoswitches and colorimetric sensors.18 This chapter is intended to focus on 

the new and emerging uses of DASA for colorimetric sensing and the readers are referred to 

recent publications for a thorough review on its application for photoswitches.18–46 

 

Figure 3.1 General structure for donor-acceptor Stenhouse adduct (DASA) 
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Prior to the work presented in this chapter, three approaches were developed that take 

advantage of the highly colored form of DASA as a sensing platform (Figure 3.2). The Read 

de Alaniz group reported a thermally activated “turn-ON” sensor, where a hydroxyl-terminated 

polybutadiene (HTPB) matrix stabilizes the meta-stable and colorless cyclic derivative until 

friction from an impact facilitates a thermal transition to the open, colored triene structure 

(Figure 3.2a).16 Although this approach has been powerful for visualizing high strain-rate 

events without specialized equipment, it has been limited to HTPB based polymers, which are 

hydrophobic and rubbery. Such hydrophobic matrix facilitates the reversion from a colorless 

to colored form for the embedded DASA derivative in the solid state. Additionally, Lee and 

Wang independently developed a “turn-OFF” (colored to colorless) DASA-based polymer 

Figure 3.2 a) DASA based thermal sensing examined by our group, b) DASA based “Turn-OFF” 

chemo-sensors developed by Wang and Lee groups; polymers attached via DASA donor and c) “Turn-

ON” chemo-sensor, investigated by our group. Reagents and conditions: i) heat via high impact event, 

ii) nerve agent mimics (Lee) and metal ions (Wang), iii) amine.  
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chemical sensor for nerve agents12 and metal ions17 (Figure 3.2b). However, a “turn-OFF” 

color detection limits the sensitivity of these systems, and its non-reversible nature only allows 

for a single-use. In 2017, the Read de Alaniz and Hawker groups reported an alternative 

DASA-based sensing platform that allowed for “turn-ON” detection and enabled the sensing 

of amines (Figure 3.2c and Chapter 2).15 In this study, the colorimetric detection of sub-ppm 

levels of amines could be achieved when the activated furan is physically adsorbed onto a solid 

support. However, low surface robustness resulted in leaching of DASA molecules into 

solution and reduced the utility of this approach as an all-purpose sensor.  

This chapter describes the development of a versatile and scalable platform for 

controlling the reactivity and stability of activated furans and DASA groups in aqueous media 

and their subsequent performance as amine sensors. Key to these advances is the development 

of an easily tunable polymer matrix that provides efficient access to covalently bound 

conjugates for fundamental structure-property studies. Significantly, by modulating the 

polymer glass transition temperature (Tg) reversible switching of DASA isomers can be tuned 

over a broad range of temperatures, providing access to novel colorimetric thermal sensors 

using the same platform (Figure 3.3).   

Figure 3.3 A “Turn-ON” chemo and thermal sensor based on activated furan [p(AF)] and DASA 

[p(DASA)] polymer conjugates. 
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3.3 Synthesis of Functional Meldrum’s Acid Activated Furan 

Initial investigations focused on the synthesis and ring-opening metathesis 

polymerization (ROMP) of an activated furan monomer (NB-AF) that would allow for the 

facile incorporation of DASA acceptor units along the polymer backbone (Scheme 3.1). In 

examining common acceptors used in the synthesis of DASA adducts, our attention was drawn 

to activated furans derived from Meldrum’s acid (MAF). Although MAF systems were 

previously found to possess favorable optical properties and response times when used as a 

sensor (see Chapter 2),15 the lack of functional handle for covalent attachment to a monomer 

or polymer backbone restricted the utility of these building blocks. To address this limitation, 

a new carboxylic acid functionalized activated furan, 3, based on Meldrum’s acid was 

prepared. Synthesis of 1 on a 80+ gram scale employed malonic acid and ethyl levulinate as 

inexpensive starting materials.47,48 Treatment of 1 with sodium hydroxide followed by an 

acidic workup furnished 2 and finally Knoevenagel condensation with furfural led to the 

desired activated furan 3 in 85% yield over two steps. Steglich esterification of oxa-norbornene 

derivative 4 with the activated furan 3 then produced a Meldrum’s activated furan monomer 

(NB-AF). Importantly, carboxylic acid 3 and NB-AF were stable and could be stored at room 

Scheme 3.1 Synthetic scheme for oxa-norbornene Meldrum’s activated furan monomer (NB-AF)  
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temperature under ambient conditions with no observable degradation or instability over 

extended periods (> 1 year) (Figure S3.14 and S3.15). 

3.4 Early Studies – Activated Furan Polymerization Compatibility  

Two methods of covalent attachment were considered for the incorporation of NB-AF 

to a polymer backbone: a) direct polymerization, which provides a more straightforward 

synthetic route to functional polymers with control over molecular weight, composition, and 

architecture49 and b) post-polymerization functionalization, which is an attractive alternative 

for functional groups that are incompatible with polymerization techniques (Figure 3.4).50,51 

For instance, early studies by Dr. Zachariah A. Page and Mr. Michael R. Martinez from the 

Hawker group revealed that a DASA monomer was incompatible with free radical 

Figure 3.4 Schematic representation of methods for polymer functionalization. a) Direct 

polymerization of functional groups giving good control over polymer architecture, molecular weight, 

and dispersity and b) modification of an existing pendant group, here showing one example of hydroxyl 

pendent transformation to alternative functional group.  
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polymerization conditions, where the triene backbone of DASA quickly decomposed in the 

presence of free radicals. Similar assessments to the compatibility of the activated furan to free 

radical conditions also resulted in decomposition. However, with the oxa-norbornene NB-AF 

in hand, subsequent attempts at direct polymerization revealed that ROMP could be utilized to 

produce well-controlled activated furan polymers.   

3.5 Creating a Highly Tunable Sensor via Ring Opening Metathesis 

Polymerization 

The ROMP utilizing bispyridine ruthenium (Grubbs) initiator52 with oxa-norbornene 

monomers of various alkyl chain lengths was investigated (Scheme 3.2 ). The simplicity of 

this process coupled with the availability of NB-AF allows for a range of activated furan-based 

polymers to be prepared on gram scale. All polymers (5-12) were prepared based on an 

activated furan monomer incorporation of ~ 30 mol%. Significantly, 1H NMR spectroscopy 

revealed a product ratio of 7:3, in agreement with the feed ratio. Additionally, size exclusion 

chromatography (SEC) in chloroform revealed polystyrene equivalent molecular weights of 

~28 kg mol-1 with narrow distributions (Ð = 1.10). Differential scanning calorimetry (DSC) of 

the various compositions further reveals a systematic decrease in Tg, with increased length of 

the side chain. For example, copolymers prepared with butyl (6), hexyl (8), and octyl (10) oxa-

norbornene comonomers possessed decreasing Tgs of 104 °C, 83 °C, and 72 °C, respectively 

(See Section 3.12.4). The well-defined and tunable nature of the copolymers prepared, 

illustrate the controlled nature of the polymerization and the compatibility of the DASA-based 

acceptor NB-AF for ROMP procedures.      
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3.6 Facilitating Use of DASA Dyes for Sensors in Aqueous Media  

The detection of amine-containing compounds is attractive for various industrial and 

research applications including chemical synthesis53 and environmental monitoring.8,54–62 In 

particular, applications such as food spoilage and on-site water contamination benefit from the 

use of water as a “green” solvent for sensing.63–69 To date, the degradation and spontaneous 

cyclization of the colored, triene form of DASA adducts in water has limited their utility as 

aqueous sensors, while the inability to covalently attach the activated furan to solid supports 

has led to unacceptable levels of leaching.18 To demonstrate the utility of these activated furan 

polymers as a broad platform for sensing, a spin coated film of 12 was prepared on a pre-

cleaned cover glass slip to produce a transparent film (~1 μm). Note that alternative polymers 

5-11 produced similar films (Section 3.12.1). The thin film was then dipped into a solution of 

diethylamine (300 ppm in water) and a vibrant pink color, characteristic of the triene-enol form 

of DASA was observed (3 min at 75 °C, Figure 3.5a). It should be noted that at temperatures 

Scheme 3.2 Ring-opening metathesis copolymerization of NB-AF with oxa-norbornene derivatives of 

different chain lengths to produce polymeric activated furans (5-12). Ru = bispyridine ruthenium 

(Grubbs) initiator52. 

 



Stable Activated Furan and DASA Polymer Conjugates 
As Chemical and Thermal Sensors                                                                                           Chapter 3          

57 

lower than 75 °C, detection still proceeded albeit at a slower rate. Of particular note, the highly 

colored form of DASA did not show signs of discoloration or leaching into the aqueous 

solution, in stark contrast to non-covalently attached analogs (Figure 3.5b).18  The stability of 

this open form of DASA in water clearly demonstrates the importance of covalently attaching 

the activated furan moiety to the polymer backbone.  

Figure 3.5 a) General reaction for polymeric activated furan detection of amines. Poly (oxa-norbornene 

activated furan) (5-12) reacts with amine to form the colored polymeric DASA (13-20). Inset: 

Photograph of thin films of the polymeric activated furan 12 (left) and 3 min after exposure to 

diethylamine in water (300 ppm, 75 °C, right). b) Representative stability of amine sensor films over 

time after exposure to diethylamine in water (300 ppm). The polymeric activated furan presented in 

this dissertation provides improved stability over their non-covalently bound counterparts.  
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3.7 Sensitivity of Polymeric Activated Furan for Amine Detection 

To evaluate the sensitivity of our sensor toward aqueous amine solutions, films of 

activated furan polymer 11 were exposed to known concentrations of four representative amine 

solutions: a secondary alkyl amine (diethylamine), primary alkyl amine (n-butylamine), 

secondary aryl amine (indoline), and primary aryl amine (p-methoxyaniline). Polymer films 

wee first dipped into aqueous solutions of each amine (10 – 300 ppm) at 75 °C. After 3 min, 

Figure 3.6 a) Expanded view of UV-vis absorption response for polymer film 11 to aqueous amine 

solutions (10 – 100 ppm, 75 °C for 3 min) where dotted line outlines limit of detection (LOD) and 

b) images of corresponding thin films after exposure to aqueous solutions of diethylamine and indoline 

between 10 – 300 ppm (75 °C for 3 min) where dotted boxes display LOD. See Section 3.12.6 for 

images of thin films for alternative amines and for full absorbance spectra. LOD for diethylamine, 

indoline, n-butylamine, and p-methoxyaniline were found to be 20 ppm, 10 ppm, 20 ppm, and 100 ppm 

respectively.      
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the films were removed from the solution and the absorbance of each film was measured via 

UV-vis spectroscopy (Figure 3.6). The limit of detection for aqueous solutions of 

diethylamine, n-butylamine, indoline, and p-methoxyaniline were found to be 20 ppm, 

10 ppm, 20 ppm, and 100 ppm respectively. For images of films exposed to a range of primary 

and secondary alkyl and aryl amines see Figure S3.7- S3.12. This facile introduction of 

DASA-based acceptor units to solid supports/polymer films not only enables the “turn-ON” 

detection of amines in water, but also creates a nanoenvironment that allows for the intriguing 

possibility of using DASA photoswitches in water.  

3.8 Influence of Glass Transition Temperature (Tg) 

To evaluate the effect of the polymer Tg on the response time and sensitivity of this 

system, UV-vis absorption spectroscopy was used to monitor the color change of thin films 

upon exposure to aqueous solutions containing ppm levels of diethylamine. Individual spin 

cast films of activated furan polymers 6-12 were therefore prepared (see Section 3.12.1) and 

exposed to solutions of diethylamine in water (50 ppm at 50 °C) with the absorbance of each 

film (λmax = 540 nm) being determined after 30 min. A direct correlation between the Tg of the 

polymer and the response/sensitivity of the film was observed (Figure 3.7a). This trend may 

be due to the increasing flexibility of the polymer matrix that allows for the conversion of the 

activated furan into the highly colored DASA form (13-20). To support this observation, the 

change in sensitivity of the thin films to diethylamine was probed at temperatures above and 

below the Tg of the polymer matrix. Films of polymer 12 (Tg = 72 °C) were first dipped into 

aqueous solutions of diethylamine (50 ppm) at temperatures between 0 °C and 90 °C. After 3 
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min, the absorbance of the films (λmax = 540 nm) were determined by UV-vis spectroscopy 

(Figure 3.7b).  At temperatures below the Tg, the change in absorbance with 3 min of amine 

exposure is negligible. However, at temperatures above the polymer’s Tg, a rapid increase in 

absorbance was observed on exposure to aqueous solutions containing 50 ppm of diethylamine. 

These studies highlight the sensitivity and versatility of this polymeric platform coupled with 

the ability to tune the properties of activated furan-based polymers to enable detection over 

defined temperature ranges.  

Figure 3.7 a) Reaction of polymer films (6-12) with aqueous diethylamine solution (50 ppm, 50 °C, 

30 min) compared to the corresponding Tg of the polymer matrix and b) reaction of polymeric activated 

furan film 12 with aqueous solution of diethylamine (50 ppm, 3 min) at varying temperatures. An 

absorbance value ≥ 0.1 a.u. can be visible by the naked eye.  
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3.9 Polymeric Activated Furan as a Thermal Sensor 

The ability to efficiently tune the response as a function of Tg encouraged us to evaluate 

this platform as a thermal sensor. Temperature sensing is pertinent to a multitude of 

applications spanning body temperature regulators to explosive testing.6 Previous work 

published from the Read de Alaniz group demonstrated that 2nd generation DASA adducts can 

reversibly switch in a polymer matrix. In this example, light was used to convert the highly 

colored DASA form into the colorless, compact form, followed by heating to recover the 

highly colored form. Notably, glass transition temperature played an important role in the 

conversion rates, especially for the thermal recovery.36 Exploration into the photoswitching 

capabilities of a DASA compound covalently bounded to a poly(oxa-norbornene) backbone 

revealed similar results (Figure 3.8).  

Encouraged by these observations, we envisioned that the ability to tune the Tg of these 

ROMP-based activated furan polymers could be leveraged for thermal sensing applications.  

To investigate the utility of these materials as DASA based thermal sensors, polymer films 7, 

8, 9, and 11 were first exposed to indoline to obtain a range of 2nd generation, highly colored 

triene adducts (denoted 15, 16, 17, and 19 respectively). Specifically, reaction with this 

secondary aryl amine resulted in thin films with the characteristic blue color of 2nd generation 

systems (see Section 3.12.5). Upon irradiation, a near colorless film is obtained indicating the 

transformation of the DASA triene to the colorless cyclopentenone form (Figure 3.9b, labeled 

“initial”). Importantly, these colorless films were stable at lower temperatures (0 °C) for one 

month, in contrast to previously reported DASA-polymer conjugates.12,17,31,32,36 To test these 

ROMP-based DASA polymers as thermal sensors, each film was slowly heated from 50 to 



Stable Activated Furan and DASA Polymer Conjugates 
As Chemical and Thermal Sensors                                                                                           Chapter 3          

62 

100 °C (5 °C increments with holds for 3 min) followed by image analysis. To quantify the 

color difference between each film at various temperatures, ΔE* values were determined 

following International Commission on Illumination guidelines as previously described 

(Figure 3.9a).15 Significantly, polymers with lower Tgs underwent isomerization from the 

colorless cyclopentenone to the colored triene at lower temperatures than their higher Tg 

counterparts, where a ΔE* value = 20 was used as a benchmark value that indicates visual 

detection by eye is possible. For example, DASA films based on polymers 15, 16, 17, and 19 

Figure 3.8 a) Reaction scheme for photoswitching of a poly(oxa-norbornene) with pendant DASA 

compounds. When irradiated with light the polymer solution turns from blue to yellow. This is 

reversible upon introduction of heat to the solution. b) UV-vis spectra denoting the change in λmax for 

the polymer solution over time upon irradiation with light. c) As the polymer Tg increases, a longer 

period of irradiation is required for complete photoswitching.  
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(possessing decreasing Tg values of 90, 83, 75, and 65 °C respectively) required corresponding 

temperatures of 85, 80, 75, and 70 °C to reach ΔE* values = 20 (Figure 3.9, highlighted in 

blue). These results confirm the potential of the DASA films for use as stable and convenient 

thermal sensors with small differences (≥ 5 °C) in temperature exposure being detectable by 

the naked eye.  

 

Figure 3.9 a) Visual responses of bleached polymeric DASA films 15, 16, 17, and 19 to slow increase 

in temperatures (1.5 °C per min) and b) Images for corresponding films after exposure to different 

temperatures. Blue (bottom and left) and red (top and right) dotted lines indicate polymer films at Δ E* 

values = 20 and 30 respectively.  

 

3.10 Conclusion 

Activated furan based poly(oxa-norbornene)s were prepared by ROMP 

copolymerization and found to have significant utility as amine and thermal sensors through 

facile formation of donor-acceptor Stenhouse adducts. In addition, the covalent bonding to 

poly(oxa-norbornene) backbones permits the first example of water-compatible sensing with 

DASA dyes. By tailoring the comonomer, the photo/thermal reversibility of the DASA isomers 
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could be tuned and maintained in the polymer matrix, which was exploited for use in thermal 

sensing. Future mechanistic studies into the relationship between amine structure, polymer Tg, 

and sensor reactivity will provide an expanded insight into the structure/property link in 

activated furan and DASA polymeric systems. Additionally further development of this 

platform as a general use sensor and as a polymeric photoswitch is currently being investigated.  

3.11 Experimental 

3.11.1 Materials and equipment 

All commercial chemicals were obtained from Sigma Aldrich, TCI Europe or Fisher 

Scientific and, unless otherwise noted, all reagents were used as received without further 

purification. All polymers solutions were filtered through a 0.45 μm TEFLON SYR FILTER 

before spin coating. 

1H NMR and 13C NMR spectra were recorded on Varian spectrometers (600 MHz) and 

Varian spectrometers (150 MHz), respectively and were reported in ppm and determined with 

residual signals of the deuterated solvents (TMS, 0.00; CDCl3, 7.26; DMSO-d6, 2.50 for 

1H NMR and CDCl3, 77.0; DMSO-d6, 39.5 for 13C NMR). Differential scanning calorimetry 

measurements were carried out using Q2000 DSC V24.11 instrument from 30 °C to 150 °C at 

a heating rate of 20 °C/min and a cooling rate of 20 °C/min under an N2 flow of 50 mL/min. 

The GC-HRMS and ESI-HRMS analysis were performed on a Waters GCT Premier high 

resolution time-of-flight mass spectrometer. The UV-vis absorption spectra of solution and 

transparent polymer films were measured on an Agilent Technologies G1103A UV-

vis spectrophotometer. Size exclusion chromatography was performed at ambient temperature 

http://pubs.rsc.org/-/content/articlehtml/2013/tc/javascript:popupOBO('CMO:0000801','C3TC30769G')
http://pubs.rsc.org/-/content/articlehtml/2013/tc/javascript:popupOBO('CMO:0002232','C3TC30769G')
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using chloroform with 0.25% triethylamine as the mobile phase in a Waters 2695 separation 

module with a Waters 2414 refractive index detector. The hydroxy grown on cover glass used 

for spin-coating was grown by PSDP-UVT Pro Novascan Ozone Cleanser. Polymer film was 

prepared by spin-coating on a WS-400-6NPP-LITE Spin Processor. The film thickness of 

polymer film was measured by a Bruker DektakXT Stylus Profilometer. 

3.11.2 Quantification of color from images 

Description of protocol for quantification of color from images can be found in 

Section 2.7.4.  

3.11.3 Synthesis and characterization of monomers and polymers  

Synthesis of oxa-norbornene activated furan monomer (NB-AF) 

  

Ethyl 3-(2-methyl-4,6-dioxo-1,3-dioxan-2-yl)propanoate (1):47,48 Concentrated sulfuric acid 

(1ml) was added dropwise to a stirring mixture of malonic acid S1 (18.7 g, 180 mmol) and 

acetic anhydride (25.6  g, 24.15 ml, 251 mmol) in a 250 mL Erlenmeyer flask. To this, ethyl 

levulinate S2 (28.9 g, 28.44 ml, 200 mmol) was added dropwise at room temperature. This was 

then stirred at room temperature ~ 15 h. To this, a 10% brine: ethyl acetate mixture (100 ml) 

was added. The organic layer was then separated, washed (2 × 50 ml) with brine, and dried 

over magnesium sulfate. The combined organic layers were then concentrated via rotary 
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evaporation until a thick yellow/orange product is observed. The resulting oil can then be 

crystallized from a 1:3 mixture of ethanol and water to give the desired ester functionalized 

Meldrum’s acid 1 as a light yellow solid (32 - 40% yield).  1H NMR (600 MHz, CDCl3) δ 4.15 

(q, J = 7.1 Hz, 2 H), 3.75 (d, J = 20.6 Hz. 1H), 3.61 (d, J = 20.6 Hz. 1H), 2.52 (t, J = 7.3 Hz, 2 

H), 2.34 (t, J = 7.3 Hz, 2 H) 1.75 (s, 3H), 1.26 (t, J = 7.1 Hz, 3 H) ) ppm; 13C NMR (150 MHz, 

CDCl3) δ 172.0, 162.5, 106.8, 61.1, 36.4, 35.0, 28.1, 25.9, 14.1 ppm; HRMS (ES+) Exact mass 

cald. for C10H14O6 [M-H]-: 229.0713, found: 229.0718.  

 

3-(2-methyl-4,6-dioxo-1,3-dioxan-2-yl)propanoic acid (2): 1 M NaOH (aq, 25 mL) was 

added to 1 (18.1 g, 78.6 mmol) in an Erlenmeyer flask. The pH of the solution was found to be 

~ 6 with pH paper. To this suspension liquid, 18.5mL of 6 M NaOH (aq) was added dropwise. 

As the solid begins to dissolve, pH is increased to 12 ~ 14. Additional 6 M NaOH was stirred 

into the mixture until all solid was dissolved and solution maintained a pH of 12-14. This was 

then stirred for ~30 min assuring that pH was maintained at ~12-14. Then 3 M HCl (aq) was 

added slowly to achieve a pH ~2-3 during which time product was precipitated as a white solid. 

Crude product was collected via vacuum filtration and rinsed with 1 M HCl (aq) x 3, followed 

by a single rinse with DI water. The product was collected as a white solid with a little viscidity 

(15.0 g, 95%). 1H NMR (600 MHz, DMSO) δ 12.28 (s, 1 H), 4.20 (d, J = 20.5 Hz, 1 H), 3.82 

(d, J = 20.5 Hz, 1 H), 2.38 (t, J = 7.7 Hz, 2 H), 2.20 (t, J = 7.7 Hz, 2 H), 1.70 (s, 3 H) ppm; 13C 
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NMR (150 MHz, DMSO) δ 173.8, 164.3, 106.9, 37.2, 35.0, 28.2, 25.6 ppm; HRMS (ES+) 

Exact mass cald. for C8H10O6 [M-H]-: 201.0405, found: 201.0410. 

 

3-(5-(furan-2-ylmethylene)-2-methyl-4,6-dioxo-1,3-dioxan-2-yl)propanoic acid (3): 

Meldrum's carboxylic acid 2 (10 g, 42 mmol) was suspended in water (900 mL). To this, 

distilled furfural (5.3 g, 47 mmol) was added dropwise. Mixture turned yellow instantly. This 

was then left to stir ~15 h and then monitored by TLC (dichloromethane: methanol = 9:1). 

Once the starting material was consumed, the reaction was filtered to yield a yellow solid. 

Crude product was washed with water to afford product as a yellow solid. (80 - 90% yield).  

1H NMR (600 MHz, DMSO) δ 12.29 (s, 1 H), 8.32 (s, 1 H), 8.27 (d, J = 3.8 Hz, 1 H), 8.12 (s, 

1 H), 6.95 (m, 1 H), 2.42 (t, J = 7.2 Hz, 2 H), 2.22 (t, J = 7.2 Hz, 2 H), 1.69 (s, 3 H) ppm; 13C 

NMR (150 MHz, DMSO) δ 173.2, 162.3, 159.4, 151.9, 149.3, 139.4, 127.6, 115.5, 107.8, 

105.2,  34.5, 27.9, 25.2 ppm; HRMS (ES+) Exact mass cald. for C13H12O7 [M-H]-: 232.0510, 

found: 279.0495. 
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2-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)ethyl 3-(5-(furan-2-

ylmethylene)-2-methyl-4,6-dioxo-1,3-dioxan-2-yl)propanoate (NB-AF): 3 (1.79 g, 6.39 

mmol) and 46 (2.0 g, 9.56 mmol) were suspended in dry DCM (70 mL). Then 4- 

dimethylaminopyridine (DMAP) (47 mg, 0.32 mmol) in DCM (3 mL) was added to the 

solution which was then cooled to 0 °C. After, a suspension of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) (1.48 g, 9.56 mmol) in dry DCM (20 mL) was 

added dropwise to the reaction mixture. This solution was brought to room temperature and 

left to stir ~ 15 h until 3 was consumed and solution slightly brown. This organic solution was 

then extracted several times with water to remove starting material 4. Organic layer was then 

dried over magnesium sulfate and solvent was removed under reduced pressure to obtain a 

yellow solid. The product was further purified by column chromatography utilizing a mobile 

phase of ethyl acetate: hexanes (3:1) to yield a solid yellow product (60% yield). 1H NMR (600 

MHz, CDCl3) δ 8.45 (d, J = 3.8 Hz, 1 H), 7.85 (s, 1 H), 6.75 (d, J = 3.8 Hz, 1 H), 6.50 (s, 2 H), 

5.25 (s, 2 H), 4.24 (t, J = 5.2 Hz, 2 H), 3.75 (t, J = 5.2 Hz, 2 H), 2.87 (s, 1 H), 2.53 (t, J = 8.0 

Hz, 2 H), 2.30 (t, J = 8.0 Hz, 2 H) ppm; 13C NMR (150 MHz, CDCl3) δ 176.0, 150.5, 150.2, 

141.4, 136.5, 136.5, 128.2, 115.3, 105.0, 80.9, 61.0, 47.5, 37.7, 34.9, 28.0, 26.0 ppm; HRMS 

(ES+) Exact mass cald. for C23H22NO10 [M+Na]+: 494.1058, found: 494.1073. 
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Figure 3.10 1H NMR spectra of NB-AF. 

 

Figure 3.11 13C NMR spectra of NB-AF. 
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Synthesis of monomers S5- S12 

 

(3aR,4S,7R,7aS)-2-ethyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione 

(S5)70: 1-ethyl-1H-pyrrole-2,5-dione S3 (2 g, 16 mmol) and furan (10.88 g, 160 mmol) were 

added to a flame dried 250 mL reaction flask with condenser and stir bar under a N2 blanket. 

Toluene (110 mL) was then added to this and the solution was heated to 90 °C in an oil bath. 

This solution was mixed for ~ 15 h at which point no starting material was observed by 

1H NMR spectroscopy. Solution was then cooled to room temperature and concentrated via 

rotary evaporation to obtain a white solid. Re-crystallization in diethyl ether (100 mL) at -

20 °C, followed by vacuum filtration yields the product as a light yellow solid (2.47 g, 80%). 

1H NMR (400 MHz, CDCl3) δ 6.51 (s, 2 H), 5.27 (s, 2 H),  3.53 (q, J = 7.2 Hz, 3 H), 2.83 (s, 

2 H), 1.16 (t, J = 7.2 Hz, 2 H) ppm; 13C NMR (100 MHz, CDCl3) δ 176.0, 136.5, 80.9, 47.4, 

33.9, 12.9 ppm; HRMS (EI+) Exact mass cald. for C10H11NO3 [M-C4H4O]+: 125.0477, found: 

125.0480. 
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General method to synthesize S6-S12:71 Norbornene imide S472 (1g, 1 eq) was dissolved in 

acetonitrile (MeCN) (45 mL) in a 50 mL round bottom flask. To this solution, K2CO3 (1.675 

g, 2 eq) and 1-bromo-2-ethylhexane (1.29 mL, 1.2 eq) were added dropwise under N2. The 

solution was refluxed for 12 h. This was cooled to room temperature and then filtered under 

vacuum. MeCN was removed under rotary evaporation to obtain a liquid (S8 and S10) or 

solid (S6, S7, S9, S11 and S12) mixed crude product. Diethyl ether was used to dissolve the 

crude product and this was washed with brine (1:1) four times. The organic layer was then 

dried with anhydrous sodium sulfate then filtered. The organic solvent was removed by rotary 

evaporation. Then column chromatography with a mobile phase of EtOAc: hexane = 1:1 was 

used to obtain the corresponding product. Yield = 40 ~ 51%.  

(3aR,4S,7R,7aS)-2-butyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione 

(S6): 1H NMR (600 MHz, CDCl3) δ 6.48 (s, 2 H), 5.24 (t, J = 7.2 Hz, 2 H),  3.45 (t, J = 7.4 

Hz, 2 H), 2.80 (s, 2 H), 1.51 (m, 2 H), 1.27 (m, 2 H), 0.89 (t, J = 7.4 Hz, 2 H) ppm; 13C NMR 

(150 MHz, CDCl3) δ 176.3, 136.5, 80.9, 47.4, 38.8, 29.6, 19.9, 13.6 ppm; HRMS (EI+) Exact 

mass cald. for C12H15NO3 [M-C4H4O]+: 153.0788, found: 153.0790. 
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(3aR,4S,7R,7aS)-2-pentyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione 

(S7): 1H NMR (600 MHz, CDCl3) δ 6.49 (t, J = 0.9 Hz, 2 H),  5.24 (t, J = 0.9 Hz, 2 H), 3.63-

3.32 (m, 2H), 2.80 (s, 2 H), 1.53 (m, 2 H), 1.30 (m, 2 H), 1.24 (m, 2H), 0.85 (t, J = 7.2 Hz, 2 

H) ppm; 13C NMR (150 MHz, CDCl3) δ 176.3, 136.5, 80.9, 47.4, 39.0, 31.3, 27.5, 26.3, 22.4, 

13.9 ppm; HRMS (EI+) Exact mass cald. for C13H17NO3 [M-C4H4O]+: 167.0946, found: 

167.0947. 

 (3aR,4S,7R,7aS)-2-hexyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione 

(S8): 1H NMR (600 MHz, CDCl3) δ 6.49 (t, J = 0.9 Hz, 2 H),  5.24 (t, J = 0.9 Hz, 2 H), 3.47-

3.42 (m, 2H), 2.81 (s, 2 H), 1.54-1.52 (m, 2 H), 1.27-1.24 (m, 6 H), 0.86-0.84 (m, 3 H) ppm; 

13C NMR (150 MHz, CDCl3) δ 176.3, 136.5, 80.9, 47.4, 39.0, 28.8, 27.3, 22.2, 13.9 ppm; 

HRMS (EI+) Exact mass cald. for C14H19NO3 [M-C4H4O]+: 181.1103, found: 181.1101. 

(3aR,4S,7R,7aS)-2-heptyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione 

(S9): 1H NMR (600 MHz, CDCl3) δ 6.49 (s, 2 H),  5.24 (s, 2 H), 3.45-3.43 (m, 2H), 2.80 (s, 

2 H), 1.54-1.51 (m, 2 H), 1.26-1.21 (m, 9 H), 0.85 (t, J = 6.9 Hz, 3 H) ppm; 13C NMR 

(150 MHz, CDCl3) δ 176.3, 136.5, 80.9, 47.4, 39.0, 31.3, 27.5, 26.3, 22.4, 13.9 ppm; HRMS 

(EI+) Exact mass cald. for C15H21NO3 [M-C4H4O]+: 195.1259,  found: 195.1265. 

(3aR,4S,7R,7aS)-2-(2-ethylhexyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-

dione (S10): 1H NMR (600 MHz, CDCl3) δ 6.51 (s, 2 H),  5.26 (s, 2 H), 3.37 (d, J = 7.6 Hz, 

2 H), 2.82 (s, 2 H), 1.74 (m, 1H), 1.28-1.20 (m, 9H), 0.88-0.85 (m, 6H) ppm; 13C NMR 

(150 MHz, CDCl3) δ 176.5, 136.5, 80.9, 47.3, 42.8, 37.3, 30.1, 28.3, 23.5, 22.9, 14.0, 10.3 

ppm; HRMS (EI+) Exact mass cald. for C16H23NO3 [M-C4H4O]+ 209.1416, found: 209.1419. 
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(3aR,4S,7R,7aS)-2-dodecyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione 

(S11): 1H NMR (600 MHz, CDCl3) δ 6.51 (s, 2 H),  5.26 (s, 2 H), 3.47-3.44 (m, 2H), 2.82 (s, 

2 H), 1.30-1.24 (m, 20 H), 0.88 (t, J = 7.0 Hz, 3 H) ppm; 13C NMR (150 MHz, CDCl3) δ 

176.3, 136.5, 80.9, 47.4, 39.0, 31.9, 29.6, 29.5, 29.5, 29.3, 29.1, 27.6, 26.7, 22.7 ppm; HRMS 

(EI+) Exact mass cald. for C20H31NO3 [M-C4H4O]: 265.2042, found: 265.2042. 

(3aR,4S,7R,7aS)-2-hexadecyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-

dione (S12): 1H NMR (600 MHz, CDCl3) δ 6.51 (s, 2 H),  5.26 (s, 2 H), 3.46 (m, 2H), 2.82 

(s, 2 H), 1.31-1.24 (m, 28 H), 0.88 (t, J = 7.0 Hz, 3 H) ppm; 13C NMR (150 MHz, CDCl3) δ 

176.2, 136.5, 80.9, 47.4, 39.0, 31.9, 29.7, 29.7, 29.6, 29.6, 29.6, 29.5, 29.5, 29.3, 29.1, 27.6, 

26.7, 22.7, 14.1 ppm; HRMS (EI+) Exact mass cald. for C20H31NO3 [M-C4H4O]: 321.2668, 

found: 321.2677. 

Synthesis of co-polymers 5-12 

 

 

General method to synthesize 5-12: Within a N2 atmosphere glove box, NB-AF 

(225 mg) and each of S5-S12 (500 mg) were dissolved in dry DCM (2.5 mL) in a 1 dram vial. 

Meanwhile, a concentrated solution of bispyridine ruthenium catalyst52 (22 mg/ mL) in dry 
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DCM was also prepared in the glove box. Then 0.54 mL of DCM solution of ruthenium catalyst 

solution (11.9 mg) was rapidly added into the quickly stirring NB-AF solution. This solution 

was then stirred for an additional 30 min. Reaction was then removed from the glovebox and 

quenched with two drops of butenediol. This was then stirred for an additional 20 min. 

Reaction mixture was then added dropwise to quickly stirring, cold methanol and a light yellow 

solid was precipitated. Product was then collected via vacuum filtration. (Yield ≈ 89%). Ɖ = 

1.02 ~ 1.06. Mw = 41k ~ 78k. NB-AF wt% = 29 ~ 31% by 1H NMR spectroscopy. 

Figure 3.12 Representative example of 1H NMR spectra for activated furan polymer conjugates. NMR 

shown illustrates polymer 5.  
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3.12 Supplemental Results 

3.12.1 Polymer thin film preparation  

The polymers were first dissolved in dioxane (100 mg/mL), then filtered through a 

0.45 µm syringe filter. Meanwhile each glass substrate was precleaned via sonication in dilute 

cuvette cleaning solution (Hellmanex III purchased from Sigma-Aldrich), followed by 

deionized water, acetone, and finally isopropanol for 15 min each. Substrates were then dried 

under N2 and ozone treated (~ 10 min) (Figure S3.1a).  Each solution was then spin coated 

onto a precleaned glass substrate (~22 x 22 mm2) at 600 rpm to prepare films of 5-12 

(Figure S3.1b). Film thickness was determined to be approximately 1050 ~ 1300 nm using 

profilometry (Figure S3.2). These films could then be exposed to aqueous solutions of amine 

to produce thin films of the open isomer of DASA 13-20 (specific derivative varies depending 

on amine utilized) (Figure S3.1c) 

 

Figure S3.1 a) Schematic diagram of precleaning cover glasses and growing hydroxy films. b) 

Conditions for spin coating of polymer 5-12. c) Polymer films prepared by spin coating before and 

after detect amine in water.  
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Figure S3.2 Thickness of polymer films 5-12. 

 

3.12.2 Stability of small molecule activated furan and DASA in aqueous 

environment 

Small molecule activated furan and a small molecule donor acceptor Stenhouse adduct 

were dissolved in dioxane (23 mg / mL). Each small molecule was then drop cast onto a filter 

paper and dried under ambient conditions. The AF filter paper was then placed into a 

diethylamine aqueous solution (300 ppm) at 75 °C (Figure S3.3a). The DASA filter paper was 

put in aqueous solution at 75 °C (Figure S3.3b). 

It was observed that the AF filter paper initially developed a pink color indicating the 

formation of DASA on the filter paper as expected. However, after 1 min the film began exhibit 

discoloration. As previously shown, the pink color gradually disappears indicating the 

instability of the small molecule DASA compound in water. Similarly, when a small molecule 

DASA was introduced to an aqueous environment, it also instantly began to show the same 

discoloration and leaching as has been observed in the literature.18 
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Figure S3.3 a) Photos of AF on filter paper detecting diethylamine in water (300 ppm) at 75 °C with time. 

b) Photos of DASA on filter paper put in water at 75 °C with time. 

 

3.12.3 Leaching studies for small molecule DASA and AF versus polymeric 

activated furan 

In order to further verify the leaching of DASA into its aqueous environment, 

remaining aqueous solutions from Figure S3.3 were analyzed by 1H NMR and mass 

spectroscopy (Figure S3.4b and c). This was then compared to a coated filter paper with 

polymer 12 that was also introduced to an aqueous solution of diethylamine (300 ppm, 75 °C) 

(Figure S3.4a).  The residual aqueous solution from the coated film 12 after reaction with 

diethylamine did not show signs of leaching from the polymer film. In contrast, the residual 

aqueous solution from the AF coated filter paper demonstrated leaching and decomposition of 

the resulting DASA (Figure S3.4b). 1H NMR and mass spectroscopy revealed three 

compounds remaining in solution: 1) diethylamine 2) a Meldrum’s acid derivative formed from 
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decomposition of the activated furan with [M-H-] = 392.1, and 3) and unidentified side product 

with [M-H-] = 436.1. Additionally, the residual aqueous solution from the DASA coated 

revealed, as well-known in the literature, that a small molecule DASA will indeed leach into a 

water solution. Interestingly 1H NMR and mass spectroscopy of the residual aqueous solution 

determined that DASA will leach into the aqueous environment without apparent 

decomposition. However, as previously stated, the small molecule DASA will instantly begin 

to close irreversibly in water (Figure S3.4c). This indicated that polymer 12 film is more stable 

and applicable than a small molecule activated furan or DASA physically adopted on filter 

paper. 
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Figure S3.4 Leakage test in aqueous solution of amine sensors. 1H NMR of the residual substances in water of a) 

polymer 11 film and  b) AF filter paper after detecting diethylamine in water (300 ppm), and c) DASA filter paper 

put in water at 75 °C for 20 min. 
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3.12.4 Glass transition temperatures for co-polymers 6-12 

 

Figure S3.5 Representative DSC traces of 6-12 with heat/cool cycle run from 30 °C to 150 °C. Tgs were 

determined from the 2nd heat cycle onset point.  
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3.12.5 Temperature effect on amine detection 

 

Figure S3.6 UV-vis spectra of polymer 12 detecting diethylamine (50 ppm) in water over time at a) 

0 °C, b) 25 °C, c) 50 °C, d) 75 °C, e) 90 °C, respectively. f) Plot of absorption at λ= 540 nm of film 12 detecting 

diethylamine over time. 

Amine detection sensitivity increases with 12 as the temperature increases 

(Figure S3.6). This is most noticeable at temperatures above the Tg of polymer 12 (72 °C). We 

believe that at temperatures above the Tg the increased flexibility of the polymer matrix allows 

for easier/faster conversion of the activated furan to the open DASA form. It is worth noting 

that at high temperatures (> 90 °C) or at long reaction times at moderate temperatures (> 75 °C), 
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de-adhesion of the polymer from the film makes analysis by UV-vis challenging. Therefore 

5 min and 75 °C seems to be a suitable amine detecting condition for polymer 11 film. 

3.12.6 Amine detection scope of polymeric activated furan 

As expected, activated furan polymer film 11 (used as a representative example) was 

able to detect for various primary, secondary alkyl, and secondary aryl amines (Figure S3.7 

and S3.8). This included 1: methylamine, 2: 1-propylamine, 3: 1-butylamie, 4: 2-(4,5-

dihydrooxazol-2-yl)ethan-1-amine, 5: dimethylamine, 6: diethylamine, 7: dipropylamine, 8: 

dibutylamine, 9: pyrrolidine, 10: N-methylbutan-1-amine, 11: dibenzylamine, 12: indoline, 13: 

2-methylindoline, 14: 4-methoxy-N-methylaniline, 15: 1,2,3,4-tetrahydroquinoline, 16: 4-

methoxyaniline. For amines 1-12 an amine concentration of 50 ppm was used for detection 

and for 13-15 a slightly higher concentration (150 ppm) was required to achieve similar UV-

vis response.  

 

 

Figure S3.7 Photos of spin casted polymer film 11 after detecting different amines (see text above for 

full list of amines). 
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Figure S3.8 Normalized absorption spectra of 11 film (spin-coating) after detecting various amines 

(see text of section 3.12.6 for full list) in aqueous solution at 75 °C for 3 min. Absorption spectra for 

amines 1-16 correspond to pictures for 1-16 in Figure S3.7. 

 

3.12.7 Limit of detection for various amines with activated furan polymer 

film 

Four representative amines were chosen to determine the amine limit of detection of 

polymer 11 film, including secondary alkyl amine (diethylamine), primary alkyl amine (n-

butylamine), secondary aryl amine (indoline), and primary aryl amine (p-methoxyaniline).  

Each amine was measured three times. The limits of detection of activated furan polymer 11 

film for diethylamine, n-butylamine, indoline, and p-methoxyaniline are approximately 

10 ppm, 10 ppm, 10 ppm and 100 ppm, respectively (all λmax ≥ 0.05 a.u.).  
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Limit of detection for diethylamine  

 

 

 

 

 

 

 

 

 

 

Figure S3.9 UV-vis spectrum of polymer 11 film in different concentrations of diethylamine aqueous 

solution at 75 °C for 3 min. This test was repeated three times as (a), (b) and (c). (d) Plot of absorption 

of 11 vs. concentration of diethylamine (e) Photos of 11 detecting diethylamine of different 

concentration. The limit of detection for diethylamine in water of polymer 11 film is 20 ppm 

(λmax ≥ 0.06 a.u.).
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Limit of detection of polymer film 11 for n-butylamine  

 

 

 

 

 

 

 

 

 

 

Figure S3.10 UV-vis spectrum of polymer 11 film in different concentrations of n-butylamine aqueous 

solution at 75 °C for 3 min. This test was repeated three times as (a), (b) and (c). (d) Plot of absorption 

of 11 vs. concentration of n-butylamine. (e) Photos of 11 detecting n-butylamine of different 

concentrations. The limit of detection for n-butylamine in water of polymer 11 film is 10 ppm 

(λmax ≥ 0.06 a.u.).  
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Limit of detection of polymer film 11 for indoline 

 

Figure S3.11 UV-Vis spectrum of polymer 11 film in different concentrations of indoline aqueous 

solution at 75 °C for 3 min. This test was measured three times as (a), (b) and (c). (d) Plot of absorption 

of 11 with concentration of indoline with error bar. (e) Photos of 11 detecting indoline of different 

concentration. The limit of detection for indoline in water of polymer 11 film is 20 ppm 

(λmax ≥ 0.06 a.u.). 
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Limit of detection of polymer film 11 for p-methoxyaniline 

 

Figure S3.12 UV-vis spectrum of polymer 11 film in different concentration of p-methoxyaniline 

aqueous solution at 75 °C for 3 min. This test was measured three times as (a), (b) and (c). (d) Plot of 

absorption of 11 with concentration of p-methoxyaniline. (e) Photos of 11 detecting p-methoxyaniline 

of different concentration. The limit of detection for p-methoxyaniline in water of polymer 11 film is 

100 ppm (λmax ≥ 0.06 a.u.). 
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3.12.8 Stability of thermal sensor  

In order to determine the ideal storage temperature for activated furan polymeric films, 

polymer 18 was coated onto a glass slide. This was then exposed to 1500 ppm idoline to form 

a blue colored open DASA derivative. The colorless, closed isomer of DASA could then be 

obtained with irradiation. This film was then exposed to various temperatures (30 °C – 90 °C) 

and monitored over 60 min. Every 5 min, the absorbance of the polymer film was collected 

(Figure S3.13).  

At temperatures > 50 °C, the irradiated polymer film will gradually develop the blue 

color characteristic of the open DASA form over time. When maintained at room temperature 

(25 °C) to 40 °C, the colorless films were found to be stable up to 12 h. Finally, when the 

polymer films were stored within the freezer (approximately -20 °C) they were found to be 

stable for more than one month.   

 

Figure S3.13 Plot of absorption at 597 nm of polymer 18 film (after reaction with 1500 ppm indoline) 

in response to different temperatures over time. Inset: Photographs of irradiated indoline derivative of 

polymer 18 initially (left), at 90 °C after 10 min (middle), and at 30 °C after 60 min (right). 
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3.12.9 Stability of carboxylic acid activated furan 3 over time  

 

 

Figure S3.14 1H NMR spectroscopy comparison of 3 immediately after preparation (4/25/17) and after 

20 months under ambient conditions at room temperature (12/17/18). Compound shows no observable 

degradation after > 1.5yrs.  
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3.12.10 Stability of oxa-norbornene Meldrum’s activated furan (NF-AF) 

over time  

 

 

 

Figure S3.15 1H NMR spectroscopy comparison of NB-AF immediately after preparation (2/12/18) 

and after 10 months under ambient conditions at room temperature (12/13/18). Compound shows no 

observable degradation after 10 months.   
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CHAPTER 4 

A UNIVERSAL AND SCALABLE 

SYNTHESIS OF WELL-DEFINED 

POLY(ACRYLIC ACID)S WITH 

TAILORED CHAIN END CHEMISTRIES 

 

4.1 Abstract 

The synthesis of a low 

dispersity acrylate-terminated 

poly(tert-butyl acrylate) enables 

facile access to well-defined 

poly(acrylic acid)s (PAA) with tailorable chain end chemistries. This synthesis allows for the 

incorporation of both hydrophobic and highly charged ω-chain ends through a universal 

procedure while also allowing for the simple modification of the α-end group. A number of 

examples including a dodecyl and sulfonate-terminated poly(acrylic acid), each with low 

dispersity, were synthesized to demonstrate the tunability for this technique. A combination of 
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size exclusion chromatography (SEC), nuclear magnetic resonance (NMR), and matrix-

assisted laser desorption ionization time of flight mass (MALDI-ToF-MS) spectrometry were 

used to confirm full conversion of the end group along with the retention of a narrow molecular 

weight distribution. This tailorable and accessible procedure simplifies the synthetic process 

to produce well-defined PAAs with a wide variety of chain ends and will facilitate further 

studies into the structure-property relationship between PAA chain end chemistry and 

macroscale polymer behavior toward targeted applications.  

4.2 Introduction 

Poly (acrylic acid)s have found use in a wide variety of industrially relevant 

applications such as dispersants1, coatings,2 scale inhibition,3–5 and mineralization control.6,7 

Their versatility has led to the investigation of the critical relationship between PAA 

architecture, dispersity, and performance.8–11 In particular, it was discovered that for low 

molecular weight PAAs, the end-group functionalization had a direct influence on the utility 

of these polymers. For example, Cheung and Fellows separately revealed that by simply 

modifying the length and hydrophobicity of the PAA chain end, they could significantly vary 

the crystallization and scale inhibition of calcium oxalate for applications in industrial water 

systems.12,13 In addition, it was found that a precise control over the dispersity of these 

polymers was critical in controlling  characteristics such as viscosity and dispersion 

capability.14,15 Although a systematic analysis of the relationship between chain end 

composition and polymer properties would be beneficial for further analyzing the utility of 

PAAs for these applications, the ability to simply and affordably tailor end group 

functionalization of narrowly dispersed PAAs remains a fundamental challenge. 
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The field of controlled living radical polymerizations has contributed many 

advancements toward the modification of polymer chain ends.16 For example, Fellows and 

coworkers modified the initiator for the atom transfer radical polymerization (ATRP) of tert-

butyl acrylate followed by hydrolysis to access a number of α chain end modified PAA 

derivatives with narrow dispersities.17 Alternatively ω-end-group modifications of PAAs have 

been realized through the use of various chain-transfer agents throughout reversible-addition 

fragmentation chain-transfer (RAFT) polymerization.13 These strategies have been effective in 

providing chain end modified PAAs that include long or short alkyl chains and hydroxyl 

groups. However, in order to provide a more in-depth analysis of the effect of chain ends on 

the unique properties of PAA, a wider breath of specialized end groups needs to be accessed 

such as highly charged species.  

Herein, we introduce a universal method to access a library of PAA derivatives with 

more versatile chain end chemistries that allows for the easy combination of both α and ω-

chain end modification while maintaining low dispersity. Through the facile and scalable 

synthesis of an acrylate-terminated poly(tert-butyl acrylate) we provide a synthetic framework 

that allows for the incorporation of a wide range of alkyl or highly charged end groups to the 

poly(acrylic acid) backbone via thiol-Michael addition (thiol-ene “click”) (Scheme 4.1). Due 

to the nature of this transformation, a strict control over the molecular weight and dispersity of 

these compounds is also maintained. Hydrolysis with trifluoroacetic acid then produces the 

targeted PAAs without influence or cleavage of the modified chain end. These chain end 

modifications were all performed under ambient conditions without the necessity of inert gas 

or deoxygenation procedures. Furthermore, the high efficiency of the “click” reaction, allowed 
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for the use of minimal thiol equivalence (equiv.), thus increasing the overall affordability of 

this method and expanding its potential for industrial use.  

4.3 Synthesis of Bromine-Terminated PtBA 

The synthesis of bromine-terminated poly(tert-butyl acrylate) (PtBA) (1) was 

accomplished utilizing a slightly modified literature procedure18 for UV-light mediated ATRP 

to achieve high chain end fidelity. A tert-butyl α-bromoisobutyrate (tB-BiB) initiator was 

chosen to provide opportunity for further modification of the α-terminus since the hydrophobic 

tert-butyl moiety of both the initiation site and backbone are removed to give the acid form 

upon deprotection. However, alternative initiators can be used in order to provide additional 

Scheme 4.1 Schematic representation for the synthesis of ω chain end modified poly(acrylic acid)s 

from an acrylate-terminated poly(tert-butyl acrylate). 
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tunablity to the α-end group.12 A combination of 1H NMR and MALDI-ToF-MS were used to 

ensure quantitative functionalization with a single bromine ω-chain end (Figure S4.1-S4.4).  

4.4 Synthesis of Acrylate-Terminated PtBA 

Although bromine chain ends have previously been used to successfully introduce a 

wide variety of functional groups to poly(acrylate)s by SN2 substitution, an excess of the 

substituting reagent is often required to achieve full chain end conversion and is not ideal for 

various industrial applications.18 To address this, an acrylate-terminated PtBA (2) was prepared 

using commodity materials. This end group would more readily react with low equivalents of 

thiols through the highly efficient thiol-Michael addition (thiol-ene “click”) and subsequent 

hydrolysis could produce the targeted poly(acrylic acid) (4) with the desired chain end 

(Scheme 4.1). Displacement of the bromine chain end was facilitated by non-nucleophilic 

base, 1, 8- diazobicyclo [5.4.0]undec-7-ene (DBU), and this transformation can be 

accomplished over the course of 48 h in a common screw cap vial without the need for 

deoxygenation. Furthermore, this procedure would allow for the introduction of not only large 

hydrophobic chain ends to the PAA backbone, but also charged and hydrophilic species. 

Initial synthetic attempts for the acrylate-terminated PtBA were performed with a 1:1 

ratio of the DBU to acrylic acid according to literature procedures for PtBA macromonomers.8 

1H NMR showed complete disappearance of the proton next to the bromine end group 

(~4.12 ppm) which indicated complete substitution of the bromine with acrylic acid. However, 

further analysis of this modified structure by SEC and MALDI-ToF-MS revealed bimodal 

molecular weight distributions (Figure S4.42). Although the lower molar mass distribution 

aligned well with the expected size of the acrylate-terminated PtBA, the second distribution 
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possessed twice the molecular weight of the predicted structure, suggesting an unexpected 

chain-chain coupling. Ultimately, control over the ratio of DBU: acrylic acid was essential in 

preventing coupling reactions. In fact, a modified ratio of DBU: acrylic acid (5:10) was found 

to produce the acrylate-terminated PtBA (2) on 12+ gram scales with average yield recoveries 

of 70%. Higher reaction scales are possible, but would likely require further optimization in 

processing. 1H NMR comparison of bromine-terminated PtBA (1) to the acrylate modified 

product (2) demonstrated high conversion based on the shift of methine proton from 4.1 ppm 

(adjacent to bromine) to 4.6 ppm (Figure 4.1b, top, red and middle, green respectively). This 

is accompanied by the addition of three new proton peaks in the 5.5 – 6.5 ppm region, which 

are characteristic of the vinyl peaks for the acrylate chain end. More interestingly, under these 

conditions, SEC analysis reveals that low dispersity (Mn,SEC = 3800, Ð = 1.1) is maintained 

after the transformation from the bromine-terminated PtBA to the acrylate derivative 

(Figure 4.2a and 4.2b respectively). MALDI-ToF-MS confirms the primary molar 

distribution to be the addition of one tBA repeat unit (128 Da) per peak (Figure 4.3). 

Additionally, there is quantitative agreement between the observed and expected mass of the 

sodium adduct confirming the presence of a tert-butyl α-chain end and an acrylate ω-end group. 

A minor, secondary mass distribution was also observed and attributed to the cleavage of the 

tert-butyl group, which is typically detected during the ionization process of p(tBA) 

derivatives.18 This synthesis method provides a common route to PtBA with a variety of 

different chain ends (Scheme 4.1).  
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Figure 4.1 a) Synthetic scheme for the transformation of bromine-terminated PtBA to a sulfonate-

terminated PtBA and b) Comparison of the 1H NMR spectra for sulfonate-terminated PtBA and its 

bromine-terminated (top, red) and acrylate-terminated (middle, green) analogues. Similar spectra are 

obtained for each chain end of interest.  
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Figure 4.2 SEC comparison of an a) acrylate-terminated and b) bromine-terminated PtBA in 

comparison to the c) di-carboxylic acid analogue shows that a low molecular weight dispersity is 

maintained throughout all transformations. Similar comparisons are obtained for all chain end modified 

polymers. 
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Figure 4.3 a) MALDI-ToF-MS spectrum of PtBA initiated by tB-BiB and terminated with either 

bromine (top), acrylate (middle), or dodecyl (bottom). b) The expanded view of each spectrum 

highlights the mass loss  (9 Da) observed from the transformation of the bromine PtBA (top) to the 

acrylate PtBA (middle) and finally a large increase of mass (179 Da) that corresponds to the successful 

addition of a dodecyl chain end (bottom). Similar spectra are obtained for all unique chain ends.   
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4.5 Synthesis of Charged Chain End Modified PtBAs 

To demonstrate the efficiency of this method in providing hydrophilic and charged end 

group modified PtBAs, sodium 2-mercaptoethanesulfonate, 11-mercaptoundecylphosphonic 

acid, 3-mercaptopropionic acid and mercaptosuccinic acid were utilized for the Michael 

addition with acrylate-terminated PtBA. For these transformations, two equivalents of thiol 

were used to “click” a sulfonate, phosphonic acid, carboxylic acid, or di-carboxylic acid group 

respectively to the ω-chain end of the ptBA (Scheme 4.1). In the presence of triethylamine, 

the chain end modified PtBA can be obtained with up to 80% mass recovery with high chain 

end fidelity as determined by 1H NMR and MALDI-ToF-MS spectroscopy. From 1H NMR, a 

slight upfield shift of the methine peak from the acrylate chain end is observed (see 

Section 4.10 for full characterization). Additionally, the characteristic vinyl peaks of the 

acrylate chain end are replaced by several new peaks that correspond to the transformed 

functional group. An example of this conversion is illustrated for the sulfonate derivative 

where the small upfield shift from 4.90 to 4.84 ppm is observed for the methine signal 

(Figure 4.1). New proton peaks for the sulfonate end also appear from 3.19 - 2.58 ppm in lieu 

of the previous vinyl signals. Furthermore, SEC analysis was utilized to confirm that a low 

dispersion is maintained throughout all chain end modifications (Figure 4.2). A representative 

example of this characterization is demonstrated for the dicarboxylic acid derivative, showing 

that a monomodal peak is retained from the bromine-terminated PtBA (Figure 4.2a) 

throughout all modifications (Figure 4.2b and 4.2c). In order to confirm the purity for this 

series of chain end transformations, the Ellman’s test, which is sensitive to thiols, was 

conducted.19 No color change was observed when several drops of the Ellman’s test reagent 
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was added to a DMF solution of each polymer, demonstrating the absence of free thiol groups. 

Finally, MALDI-ToF-MS was used to confirm a high agreement between the expected mass 

for a PtBA initiated by tB-BiB and terminated with each charged species individually. Careful 

analysis of the isotropic pattern for each chain end modified polymer identified a full 

transformation from the acrylate-terminated PtBA to each of the sulfonate, phosphonic acid, 

carboxylic acid, or dicarboxylic acid ω-terminated PtBA derivatives respectively (See Section 

4.10 for full characterization).   

4.6 Synthesis of Dodecyl-Terminated PtBA 

The ability to introduce a hydrophobic chain end to a comparatively hydrophilic 

polymer, such as poly(acrylic acid), is desirable for a number of applications such as scale 

inhibition, dispersants, and surfactants.2 Direct SN2 reaction of thiols with bromine-terminated 

poly(acrylates)18 or the use of initiators with long alkyl chains for ATRP,12 either fail to 

incorporate highly charged species or require the use of increased amount of thiol. 

To demonstrate the efficiency of this new method, we chose to compare the synthesis 

of a dodecyl-terminated PtBA via SN2 transformation to our thiol-ene “click” procedure. While 

the SN2 transformation of bromine-terminated PtBA to dodecyl-terminated PtBA required ~10 

equivalents of both thiol and base, the thiol-ene “click” reaction from our procedure utilized 

only 2 equivalents of dodecanethiol and catalytic amounts of triethylamine (TEA) to produce 

PtBA with hydrophobic chain end (Figure S4.6-S4.10). 1H NMR comparison reveals the high 

chain end fidelity for each reaction where a shift of the methine proton near the bromine or 

acrylate end group respectively was observed (Figure S4.11 and S4.43). In the case of the 

thiol-ene “click” reaction, the vinyl peaks which are characteristic of the acrylate chain end 
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disappear with a corresponding appearance of new proton peaks for the dodecyl end-group 

(Figure S4.11). Furthermore, SEC characterization showed that polymers prepared via both 

methods possessed a narrow molar mass distribution (Figure S4.12 and S4.44). MALDI-ToF-

MS spectroscopy was further used to confirm the initial mass loss (9 Da) that is expected for 

the transformation of the bromine-terminated PtBA to the acrylate-terminated PtBA along with 

the large mass increase (179 Da) that is observed with the final incorporation of the dodecyl 

ω-chain end (Figure 4.3). This analysis served to confirm the near quantitative agreement of 

the expected and observed mass for a tB-BiB initiated and dodecyl-terminated PtBA.  

4.7 Synthesis of Chain End Modified PAA: From Hydrophobic to 

Charged Species  

With an efficient method for synthesis of the PtBA derivatives on hand, a simple 

deprotection of the t-butyl groups with trifluoroacetic acid (TFA) will produce the targeted 

PAA derivatives in > 95% yield (Figure 4.4a). This can be accomplished in a screw cap vial 

after an overnight reaction and the pure deprotected polymer can then be recovered from 

precipitation into hexanes. Full deprotection of the backbone and initiator can be confirmed by 

1H NMR in deuterated methanol where the methyl peak corresponding to the t-butyl groups 

disappears and the protons of the PtBA backbone shift (see Section 4.10 for full 

characterization). Furthermore, if deuterated TFA is added to the NMR sample, the residual 

water peak (~ 4.9 ppm) can be shifted downfield to reveal chain end peaks which are much 

more defined, confirming high chain end fidelity (Figure S4.40). Comparison of three 

representative PAA derivatives highlights this retention of end groups (Figure 4.4, see 
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Section 4.10 for full spectra). It is important to note that the unique chain end signals for each 

of these derivatives can still be identified after full deprotection, demonstrating that all chain 

ends remain intact.  

4.8 Conclusion 

A general method for the preparation of poly(acrylic acid)s with uniquely modified ω-

chain ends was introduced. This synthetic framework utilizes an acrylate-terminated poly(tert-

butyl acrylate) polymer to selectively “click” a variety of chain end species (from hydrophobic 

to hydrophilic and charged groups) to a narrowly disperse PtBA. A simple deprotection of the 

t-butyl groups on the backbone then produces a well-defined poly(acrylic acid) with distinctive 

chain end chemistries. The structural fidelity of these materials was verified through 1H NMR 

spectroscopy, SEC, and MALDI-ToF-MS. This transformation can be accomplished under 

ambient conditions and with limited thiol equivalence in multi-gram scales, thus expanding the 

Figure 4.4 a) General reaction scheme for the deprotection of the t-butyl groups to give the targeted 

PAA with modified end groups. b) Expanded view for the 1H NMR of three representative chain end 

modified PAAs. Spectra have been expanded to highlight the retention of chain end peaks (See 

Section 4.10 for full spectra).   
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utility of this process for industrial applications. Moreover, this method provides the tools 

necessary to access a greater range of modified poly(acrylic acid)s so that a more complete 

catalog of potential PAA derivatives can be screened for any given application.  

4.9 Experimental 

4.9.1 Materials and equipment 

All chemicals were used as received without further purification unless otherwise 

noted. Copper (II) bromide, trifluoroacetic acid (TFA), tert-butyl α-bromoisobutyrate, 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU), triethylamine (TEA), sodium 2-

mercaptoethanesulfonate, and 11-mercaptoundecylphosphonic acid were obtained from Sigma 

Aldrich. Tris[2-(dimethylamino)ethyl]amine (Me6-Tren), 1-dodecanethiol, acrylic acid, 3-

mercaptopropionic acid, and mercaptosuccinic acid were obtained from Fisher Scientific. Tert-

butyl acrylate (TBA) monomer was also received from Sigma Aldrich and passed through a 

column of basic alumina (~150 mesh, Brockmann I grade) prior to use in order to remove the 

inhibitor. 

Nuclear magnetic resonance spectra were recorded on a Varian spectrometer (600 

MHz) and were reported in δ units, parts per million (ppm) and determined with residual 

signals of the deuterated solvents (CDCl3, 7.26 ppm or MeOD, 3.31 ppm). Size exclusion 

chromatography (SEC) for molecular weight analysis, relative to linear polystyrene standards, 

was performed on a Waters e2695 separation module equipped with a Waters 2414 refractive 

index and 2996 photodiode array detector using THF as eluent at a flow rate of 0.3 mL/min. 

Fourier Transform Infrared (FT-IR) spectroscopy was measured on a Nicolet iS10 FT-IR 
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spectrometer equipped with a Smart Diamond ATR accessory in transmission mode for 

64 scans. Matrix-assisted laser desorption ionization time of flight mass spectrometry was 

conducted using a Bruker Microflex LRF MALDI-ToF-MS, equipped with a 60 Hz nitrogen 

laser at 337 nm. Solutions in DCM/ chloroform of dithranol were used as a matrix and 0.7 μL 

sample (10 μg/ mL) was applied to the target plate. Spectra were recorded in linear mode. 

4.10 Supplemental Results 

4.10.1 Bromine-terminated PtBA: synthesis and characterization 

General conditions for the polymerization of tert-butyl acrylate (tBA) utilizing photo induced ATRP 

Bromine-terminated PtBA was synthesized following a slightly modified literature 

protocol.18 Copper (II) bromide (CuBr2) (9.3 mg, 0.04 mmol, 0.02 equiv.) was suspended in 

2,2,2-trifluoroethanol (TFE) (10.0 mL) in a scintillation vial equipped with magnetic stir bar. 

Tris[2-(dimethylamino)ethyl]amine (Me6-Tren) (58.0 mg, 67 μL, 0.25 mmol, 0.12 equiv.) was 

then added to this heterogeneous mixture and sonicated until all copper was dissolved. Then 

filtered (passed through a short column of basic alumina) tBA (10.0 g, 11.4 mL, 78.0 mmol, 

37.5 equiv.) followed by tB-BiB (0.46 g, 0.39 mL, 2.08 mmol, 1.0 equiv.) were added to the 

vial before sealing the vial with a septum and purging with nitrogen for 15 min. Polymerization 

commenced upon exposure of the degassed reaction mixture to UV light. Samples were taken 

periodically and conversions were measured using 1H NMR spectroscopy. A degree of 

polymerization (DP) = 30 (~80% conversion) was obtained within 4 hr and the copper residue 

was removed via precipitation into cold, stirring methanol/ water (1:1). The product was then 

dried in a vacuum oven (final yield: 85%).  
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1H NMR (600 MHz, CDCl3, δ): 4.20 – 4.02 (m, CH2CHBr at terminal repeat unit), 2.38 

– 2.09 (m, CH2CH of backbone), 1.95 – 1.49 (m,m, aliphatic protons of backbone), 1.49 -1.27 

(tert-butyl protons of backbone and initiator), 1.11 – 1.05 (2 x CH3 of initiator). SEC (THF, 

RI, PS standard): Mn = 3800 g mol-1, Ɖ = 1.11. MALDI-ToF-MS: calc’d for C183H315BrNaO52, 

[M+Na]+ = 3449.3; observed = 3447.8. 

 

 

Scheme S4.1 Synthetic scheme for photo-initiated ATRP to make bromine-terminated PtBA starting 

material.   
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Figure S4.1 1H NMR of bromine-terminated PtBA (DP = 30) obtained via UV-mediated ATRP. 

Quantitative comparison of the methine proton a and the methyl hydrogens f indicate high chain end 

fidelity is achieved (f ~100%). 
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Figure S4.2 SEC trace of bromine-terminated PtBA (DP = 30, Mn, = 3800 g mol-1, Ð = 1.11). 

 

 

Figure S4.3 MALDI-ToF-MS distribution of bromine-terminated PtBA 
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Figure S4.4 An expanded view of the MALDI-ToF-MS spectrum shows an even spacing between 

peaks corresponding to one tBA repeat unit. Agreement between the expected and observed mass of 

the sodium adduct indicates an accurate assignment of the expected structure and chain ends. Note an 

additional set of polydisperse peaks is observed corresponding to loss of a tBA group during ionization. 

 

 

Figure S4.5 FT-IR analysis for bromine-terminated PtBA derivative showing a sharp signal 

corresponding to tBA groups.   
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4.10.2 Acrylate-terminated PtBA: synthesis and characterization 

Acrylate-terminated PtBA was synthesized following a modified literature procedure.8 

Bromine-terminated PtBA (6.0 g, 1.5 mmol, 1.0 equiv.) was dissolved in dimethylformamide 

(DMF) (12.0 mL) in a scintillation vial equipped with magnetic stir bar. To this, DBU (1.1 g, 

1.1 mL, 7.5 mmol, 5.0 equiv.) was added followed immediately by the slow and dropwise 

addition of acrylic acid while stirring ( 1.1 g, 1.0 mL, 15 mmol, 10.0 equiv.). This vial was 

sealed and the reaction was left to proceed for 48 h. The acrylic acid was then quenched by 

adding the entire reaction solution dropwise to 160.0 mL saturated sodium bicarbonate 

(aqueous) solution. To this, 160.0 mL ethyl acetate was added to dissolve the polymer. The 

two layers are allowed to separate. The organic layer is then extracted three more times. The 

first with 160.0 mL sodium bicarbonate solution, the second with 160.0 mL brine, and finally 

with 160.0 mL deionized water. Any emulsions are separated by adding brine to the mixture 

(final yield: 70%).  

1H NMR (600 MHz, CDCl3, δ): 6.50 – 5.80 (3 x vinyl proton at chain end), 4.95 – 4.83 

(CH2CH of terminal repeat unit), 2.43 – 2.00 (m, CH2CH of backbone), 2.00 – 1.49 (m, 

aliphatic protons of backbone), 1.49 – 1.29 (tert-butyl protons of backbone and initiator), 1.11 

– 1.05 (2 x CH3 of initiator). SEC(THF, RI, PS standard): Mn = 3800 g mol-1, Ɖ = 1.11. 

MALDI-ToF-MS: calc’d for C186H318NaO54, [M+Na]+ = 3441.4; observed = 3438.8. 
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Scheme S4.2 Reaction scheme for synthesis of acrylate-terminated PtBA. Precise control over acrylic 

acid: DBU ratio (10:5) is essential to prevent unwanted side reactions.  

 

 

 

 

Figure S4.6 1H NMR spectroscopy for the newly prepared acrylate-terminated PtBA demonstrates the 

formation of highly characteristic vinyl peaks from δ = 5.5 – 6.5 ppm along with a high chain end 

fidelity.  
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Figure S4.7 Size exclusion chromatography (THF) of acrylate-terminated PtBA displaying the 

retention of low dispersity material after transformation from the bromine-terminated starting material 

(DP = 30, Mn, = 3800 g mol-1, Ð = 1.11). 

 

 

Figure S4.8 MALDI-ToF-MS spectrum of PtBA initiated by tB-BiB and possessing an 

acrylate chain end. 
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Figure S4.9 Expanded view of the PtBA showing a major set of polydisperse peaks corresponding to 

acrylate chain end and one minor distribution corresponding to loss of a tert-butyl group. Close 

agreement between the expected and observed mass of the sodium adduct indicates an accurate 

assignment of the expected structure and chain ends. 

 

 

Figure S4.10 Comparison of acrylate-terminated PtBA (black) and acrylate-terminated PAA (red) by 

FT-IR shows the appearance of a broad OH peak signaling the deprotection of the tBA groups.  
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4.10.3 Dodecyl-terminated PAA: synthesis and characterization 

Acrylate-terminated PtBA (3.0 g, 0.75 mmol, 1.0 equiv.) was dissolved in 

dimethylformamide (DMF) (6.0 mL) in a scintillation vial equipped with magnetic stir bar. To 

this 1-dodecanethiol (304 mg, 0.36 mL, 1.5 mmol, 2.0 equiv.) and triethylamine (15.0 mg, 

21 μL, 0.15 mmol, 0.2 equiv.) were added. The vial was then sealed with a cap and the reaction 

was left to proceed overnight for approximately 15 h. The DMF and TEA were removed via 

rotary evaporation of a toluene: DMF (3:1) azeotrope. This crude product was then dissolved 

in TFA (3.0 mL) in a scintillation vial equipped with magnetic stir bar and sealed with a screw 

cap then allowed to react overnight, under a N2 purge, for approximately 15 h. The TFA was 

then evaporated via rotary evaporation and the crude product was dissolved in minimal THF 

before precipitating into cold, stirring hexanes. The product was then rinsed with cold hexanes 

and dried in vacuo (final yield: 82%).  

PtBA intermediate: 1H NMR (600, CDCl3, δ): 4.91 – 4.60 (CH2CH of terminal repeat 

unit), 2.83 – 2.70 (bt, COOCH2CH2 at chain end ), 2.70 – 2.55 (bt, COOCH2CH2 at chain end), 

2.55 – 2.45 (bt, SCH2(CH2)10CH3 at chain end), 2.43 – 2.00 (m, CH2CH of backbone), 2.00 – 

1.49 (m, aliphatic protons of backbone), 1.49 – 1.29 (tert-butyl protons of backbone and 

initiator), 1.29 – 1.19 ( SCH2(CH2)10CH3 at chain end), 1.11 – 1.05 (2 x CH3 of initiator), 0.90 

– 0.85 (bt CH3 of chain end). SEC (THF, RI, PS standard): Mn = 4200 g mol-1, Ɖ = 1.10. 

MALDI-ToF-MS: calc’d for C198H344O54S, [M]+ = 3620.5; observed = 3617.6. 
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PAA product: 1H NMR (600 MHz, MeOD + TFA-d, δ): 5.10 – 4.98 (CH2CH of 

terminal repeat unit), 2.80 – 2.55 (m,m,m, COOCH2CH2SCH2 at chain end), 2.55 – 2.30 (m, 

CH2CH of backbone), 2.10 – 1.32 (m, aliphatic protons of backbone), 1.32 – 1.20 (10 x CH2 

of chain end), 1.19 – 1.10 (2 x CH3 of initiator), 0.86 – 0.82 (m, CH3 of chain end).  

 

 

Figure S4.11 a) Reaction scheme for transformation of acrylate-terminated PtBA to a hydrophobic, 

dodecyl-terminated PtBA. b) 1H NMR spectroscopy for dodecyl-terminated PtBA showing < 5% 

acrylate-terminated starting material remaining (inset denoted a and h). 
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Figure S4.12 SEC (THF) trace after the transformation of the acrylate-terminated PtBA to the dodecyl-

terminated derivative. A low dispersity is maintained (DP = 30, Mn, = 4200 g mol-1, Ð = 1.10). 

 

 

 

Figure S4.13 MALDI-ToF-MS spectrum of PtBA initiated by tB-BiB and possessing a dodecyl chain 

end. 
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a: [M+Na]+ 

b: acrylate-terminated PtBA (< 5% by 1H NMR) 

Figure S4.14 Expanded view of the PtBA derivative showing a major set of polydisperse peaks 

corresponding to dodecyl chain end and three minor distributions corresponding to either loss of tert-

butyl group, PtBA with sodium adduct (labeled a), or the acrylate-terminated starting material 

(labeled b). NMR spectroscopy shows the remaining acrylate-terminated PtBA content to be < 5%. 

Agreement between the expected and observed mass of the sodium adduct indicates an accurate 

assignment of the expected structure and chain ends. 

    

 

 

 

Scheme S4.3 Reaction scheme for deprotection of PtBA terminated with hydrophobic dodecyl group 

with TFA to produce the targeted dodecyl-terminated PAA.  
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Figure S4.15 1H NMR spectroscopy for dodecyl-terminated PAA in deuterated methanol with added 

d-TFA. Addition of acid allows for full identification of chain ends.   

 

 

 

Figure S4.16 Comparison of dodecyl-terminated PtBA (black) and dodecyl-terminated PAA (red) by 

FT-IR shows the appearance of a broad OH peak and the disappearance of the sharp tBA peaks.   

 

4.10.4 Sulfonate-terminated PAA: synthesis and characterization 

Acrylate-terminated PtBA (3.5 g, 0.88 mmol, 1.0 equiv.) was dissolved in 

dimethylformamide (DMF) (7.0 mL) in a scintillation vial equipped with magnetic stir bar. To 

this, sodium 2-mercaptoethanesulfonate (290 mg, 1.76 mmol, 2.0 equiv.) and triethylamine 

(267 mg, 368 μL, 2.64 mmol, 3.0 equiv.) were added. The vial was then sealed with a screw 
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cap and the reaction was left to proceed overnight for approximately 15 h. The DMF and TEA 

were removed via rotary evaporation of a toluene: DMF (3:1) azeotrope. This crude product 

was then dissolved in minimal THF and then precipitated into stirring MeOH: H2O (1:1) to 

remove residual thiol. The resulting PtBA intermediate was then dissolved in TFA, (3.0 mL) 

in a scintillation vial equipped with magnetic stir bar and sealed with a screw cap then allowed 

to react overnight, under a N2 purge, for approximately 15 h. Finally, TFA was removed via 

rotary evaporation (final yield: 80%). 

PtBA intermediate: 1H NMR (600, CDCl3, δ): 4.91 – 4.74 (CH2CH of terminal repeat 

unit), 3.19 – 3.03 (m, SCH2CH2SO3 at chain end) 3.03 – 2.88 (m, COOCH2CH2 at chain end), 

2.88 – 2.75 (m, SCH2CH2SO3 at chain end), 2.75 – 2.58 (m, SCH2CH2SO3 at chain end), 2.43 

– 2.00 (m, CH2CH of backbone), 2.00 – 1.49 (m, aliphatic protons of backbone), 1.49 – 1.29 

(tert-butyl protons of backbone and initiator), 1.11 – 1.05 (2 x CH3 of initiator).  Note that SEC 

characterization was not completed due to incompatibility of charged chain end with SEC 

column. MALDI-ToF-MS: calc’d for C183H311NaO57S2, [M+Na]+ – t-butyl = 3676.5; observed 

= 3674.7.  

PAA product: 1H NMR (600 MHz, MeOD + TFA-d, δ): 5.10 – 4.98 (CH2CH of 

terminal repeat unit), 3.15 – 3.03 (m, CH2SO3 at chain end), 2.98 – 2.88 (m, COCH2CH2S  at 

chain end), 2.88 – 2.76 (COCH2CH2S  at chain end), 2.76 – 2.67 (SCH2CH2SO3 at chain end), 

2.66 – 2.30 (m, CH2CH of backbone), 2.10 – 1.32 (m, aliphatic protons of backbone), 1.19 – 

1.10 (2 x CH3 of initiator).  
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Figure S4.17 a) Reaction scheme for the controlled incorporation of a sulfonate chain end to PtBA 

backbone and b) 1H NMR spectroscopy for this transformation showing clear disappearance of the 

vinyl peaks for the acrylate-terminated starting material (inset denoted h) and evident, new proton peaks 

for the dodecyl derivative (labeled b and c-f).  
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Figure S4.18 MALDI-ToF-MS spectrum shows sulfonate-terminated and tB-BiB initiated PtBA. 

 

 

a) [M]+ 

b) [M+Na]+ 

 

Figure S4.19 Expanded view of the sulfonate-terminated PtBA shows an even spacing (128 Da) 

between peaks corresponding to addition of one tBA repeat unit per peak. Near quantitative agreement 

between the expected and observed mass of the sodium adduct with the loss of tert-butyl group indicates 

an accurate assignment of the expected structure and chain ends.  Alternative distributions include loss 

of t-Butyl group during ionization, the sulfonate-terminated product sans sodium ion (a), and the 

sodium adduct of the sulfonate-terminated PtBA (b).  
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Scheme S4.4 Reaction scheme for formation of sulfonate-terminated PAA via deprotection of PtBA 

derivative with TFA. 

 

 

 

Figure S4.20 1H NMR spectroscopy of sulfonate PAA derivative showing clearly defined chain end 

peaks. This confirms that chain end fidelity is maintained throughout deprotection of PtBA.   

 

 

 

Figure S4.21 FR-IR comparison of the sulfonate-terminated PtBA (black) with its deprotected PAA 

counterpart (red) reveals the appearance of a broad OH peak to signify deprotection of tBA groups.  

 



A Universal and Scalable Synthesis of Well-Defined 

Poly(acrylic acid)s With Tailored Chain End Chemistries Chapter 4 

130 

4.10.5 Phosphonic acid-terminated PAA: synthesis and characterization 

The synthesis and work up for this compound was identical to that of the dodecyl-

terminated PAA except that the substitution occurred with 2.0 equiv. of 11-

mercaptoundecylphosphonic acid and 3.0 equiv. of triethylamine rather than 2.0 equiv. of 1-

dodecanethiol and 0.2 equiv. of triethylamine (final yield: 75%).  

PtBA intermediate: 1H NMR (600, CDCl3, δ): 4.91 – 4.74 (CH2CH of terminal repeat 

unit), 2.83 – 2.43 (m, m, m, COOCH2CH2SCH2 at chain end), 2.43 – 2.00 (m, CH2CH of 

backbone), 2.00 – 1.49 (m, aliphatic protons of backbone and 6H at chain end), 1.49 – 1.29 

(tert-butyl protons of backbone and initiator), 1.29 – 1.19 (14H at chain end), 1.11 – 1.05 

(2 x CH3 of initiator). Note that SEC characterization was not completed due to incompatibility 

of chain end with SEC column. MALDI-ToF-MS: calc’d for C197H342Na2O57PS, [M+2Na-H]+ 

– t-butyl = 3673.5; observed = 3674.5. 

PAA product: 1H NMR (600 MHz, MeOD + TFA-d, δ): 5.12 – 5.00 (CH2CH at 

terminal repeat unit), 2.94 – 2.60 (m, m, m, COOCH2CH2SCH2 at chain end), 2.60 – 2.30 (m, 

CH2CH of backbone), 2.10 – 1.30 (m, aliphatic protons of backbone and 6H at chain end), 1.30 

– 1.20 (14H at chain end), 1.20 – 1.08 (2 x CH3 of initiator). 31P (600, MeOD, δ) 30.44 – 

26.18 (bs).  
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Figure S4.22 a) Synthesis of the phosphonic-terminated PtBA and b) 1H NMR spectrum showing loss 

of vinyl peaks for acrylate-terminated starting material (inset: upper blue trace) and providing evidence 

of phosphonic acid chain end creation (labeled a’ and b-d). 
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Figure S4.23 MALDI-ToF-MS spectrum of PtBA terminated with phosphonic acid and initiated with 

tB-BiB. 

 

 

 

 

 

 

 

 

 

 

 

 

 



A Universal and Scalable Synthesis of Well-Defined 

Poly(acrylic acid)s With Tailored Chain End Chemistries Chapter 4 

133 

 

a) [M+ 2Na -H]+: See below for di-sodium adduct observed 

 

b) [M+ 3Na - 2H]+ : See below for tri-sodium adduct observed 

 

Figure S4.24 Expanded view of MALDI-ToF-MS spectrum for the phosphonic acid-terminated PtBA. 

Near quantitative agreement between the expected and observed mass of the di-sodium adduct minus 

tert-butyl group indicates an accurate assignment of the expected structure and chain ends.  Additional 

distributions include the di-sodium adduct (a) as well as a tri-sodium adduct (b). 

 

 

 

Scheme S4.5 Reaction scheme for formation of phosphonic acid-terminated PAA via deprotection of 

PtBA derivative with TFA. 
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Figure S4.25 Purified 1H NMR spectroscopy for the full transformation of acrylate-terminated PtBA 

to phosphonic acid-terminated PAA. NMR is run in a mixture of deuterated methanol and deuterated 

TFA (d-TFA) for added clarity of chain ends.  

 

 

Figure S4.26 Analysis of 31P NMR spectrum shows a shift in phosphine signal and slight broadening 

from a) small molecule 11, mercaptoundecylphonic acid acid to b) phosphonic acid-terminated PAA 

as expected with covalent bonding of phosphine group to polymer chain end.  
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Figure S4.27: Highly charged species such as the phosphonic acid-terminated PtBA (black) and PAA 

(red) demonstrate a clear difference between the sharp tBA peaks and broad OH peaks respectively.  

 

4.10.6 Carboxylic acid-terminated PAA: synthesis and characterization 

The synthesis for the carboxylic acid-terminated PtBA intermediate for this compound 

was identical to that of the dodecyl-terminated PtBA intermediate (see synthesis of dodecyl-

terminated PAA) except that the transformation occurred with 3-mercaptopropionic acid rather 

than 1-dodecanethiol. The synthesis for the carboxylic acid-terminated PAA differed as 

follows. After an overnight reaction, the DMF and TEA were removed via rotary evaporation 

of a toluene: DMF (3:1) azeotrope. This crude product was then dissolved in a minimal amount 

of THF and precipitated into a cold, stirring 1:1 mixture of MeOH: H2O (4xs) to remove 

remaining thiol. The PtBA intermediate was then dissolved in TFA (3.0 mL) in a scintillation 

vial equipped with magnetic stir bar and sealed with a screw cap then allowed to react 

overnight, under a N2 purge, for approximately 15 h. The TFA was then evaporated via rotary 

evaporation (final yield: 55%).  

PtBA intermediate: 1H NMR (600, CDCl3, δ): 4.91 – 4.79 (CH2CH of terminal repeat 

unit), 3.00 – 2.52 (4 x CH2 peaks of the chain end), 2.43 – 2.00 (m, CH2CH of backbone), 2.00 
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– 1.49 (m, aliphatic protons of backbone), 1.49 – 1.29 (tert-butyl protons of backbone and 

initiator), 1.11 – 1.05 (2 x CH3 of initiator). SEC (THF, RI, PS standard): Mn = 3900 g mol-1, 

Ɖ = 1.11. MALDI-ToF-MS: calc’d for C189H324NaO56S, [M+Na]+ = 3547.6; observed = 

3546.5. 

PAA product: 1H NMR (600 MHz, MeOD + TFA-d, δ): 5.10 – 4.98 (CH2CH of 

terminal repeat unit), 2.84 – 2.57 (4 x CH2 peaks of the chain end), 2.55 – 2.15 (m, CH2CH of 

backbone), 2.10 – 1.48 (m, aliphatic protons of backbone), 1.19 – 1.13 (2 x CH3 of initiator). 

 

Figure S4.28 a) Transformation of acrylate-terminated PtBA to carboxylic acid-terminated product 

and b) 1H NMR displaying full loss of vinyl signals from acrylate starting material. The emergence of 

peaks corresponding to the new carboxylic acid end-group (a′ and b – e) is also observed. 
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Figure S4.29 Size exclusion chromatography for carboxylic acid-terminated PtBA demonstrates 

retention of low dispersity throughout transformation (DP = 30, Mn, = 3900 g mol-1, Ð = 1.11).  

 

 

Figure S4.30 MALDI-ToF-MS spectrum of PtBA initiated by tB-BiB and possessing a carboxylic acid 

chain end. 
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a) [M]+ 

b) [M]+ - t-butyl 

c) [M+Na]+ - t-buty 

Figure S4.31 Expanded view of the PtBA showing two major sets of polydisperse peaks corresponding 

to the PtBA with carboxylic acid end group and tB-BiB initiator with and without a sodium ion (a). 

Two minor peaks correlate to each adduct respectively with the loss of a tert-butyl group (denoted c 

and b respectively). Quantitative agreement between the expected and observed mass of the sodium 

adduct indicates an accurate assignment of the expected structure and chain ends. 

Scheme S4.6 Scheme for the acid deprotection of carboxylic acid-terminated PtBA to form the targeted 

PAA product.    
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Figure S4.32 1H NMR spectrum for the fully deprotected carboxylic acid-terminated PtBA (or the 

PAA). Unique peaks from chain end (a and c-e) remain fully visible. 

 

 

Figure S4.33 Comparison of carboxylic acid-terminated PtBA (black) and carboxylic acid-terminated 

PAA (red) by FT-IR shows the appearance of a broad OH peak and the disappearance of the sharp tBA 

peaks.   
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4.10.7 Dicarboxylic acid-terminated PAA: synthesis and characterization 

The synthesis for the dicarboxylic acid-terminated PtBA intermediate for this 

compound was identical to that of the dodecyl-terminated PtBA intermediate (see synthesis of 

dodecyl-terminated PAA except that the transformation occurred with mercaptosuccinic acid 

rather than 1-dodecanethiol. The synthesis for the PAA product differs as follows. After an 

overnight reaction, the DMF and TEA were removed via rotary evaporation of a toluene: DMF 

(3:1) azeotrope. This crude product was then dissolved in 80.0 mL ethyl acetate and extracted 

with brine 4xs. If further purification was required, then the product was re-dissolved in 

minimal THF and precipitated into 1:1 MeOH: H2O (2xs). This PtBA intermediate was then 

dissolved in TFA (3.0 mL) in a scintillation vial equipped with magnetic stir bar and sealed 

with a screw cap then allowed to react overnight, under a N2 purge, for approximately 15 h. 

Finally, TFA was removed via rotary evaporation (final yield: 65%). 

PtBA intermediate: 1H NMR (600, CDCl3, δ): 4.91 – 4.74 (CH2CH of terminal repeat 

unit), 3.85 – 3.63 (SCHCH2 of chain end), 3.13 – 2.63 (3 x CH2 peaks of the chain end), 2.53 

– 2.00 (m, CH2CH of backbone), 2.00 – 1.49 (m, aliphatic protons of backbone), 1.49 – 1.29 

(tert-butyl protons of backbone and initiator), 1.11 – 1.05 (2 x CH3 of initiator).  SEC (THF, 

RI, PS standard): Mn = 3800 g mol-1, Ɖ = 1.12. MALDI-ToF-MS: calc’d for C185H312O58S, 

[M]+ – t-butyl = 3417.9; observed = 3423.2. 

PAA product: 1H NMR (600 MHz, MeOD + TFA-d, δ): 5.09 – 4.97 (CH2CH of 

terminal repeat unit), 3.72 – 3.62 (CH2CH of chain end), 3.06 – 2.62 (3 x CH2 peaks of the 

chain end), 2.62 – 2.12 (m, CH2CH of backbone), 2.10 – 1.48 (m, aliphatic protons of 

backbone), 1.19 – 1.13 (2 x CH3 of initiator).  
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Figure S4.34 a) Reaction scheme for formation of a dicarboxylic acid-terminated PtBA and b) 
1H NMR spectrum for product displaying full conversion from acrylate-terminated starting material 

(inset upper, blue trace).  
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Figure S4.35 SEC trace of dicarboxylic acid-terminated PtBA (DP = 30, Mn, = 2800 g mol-1, Ð = 1.12). 

 

Figure S4.36 MALDI-ToF-MS distribution of dicarboxylic acid-terminated PtBA.  
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Figure S4.37 Expanded view of the dicarboxylic acid-terminated PtBA shows an even spacing between 

peaks corresponding to one tBA repeat unit. The main distribution observed corresponds to the 

dicarboxylic acid product with the loss of tert-butyl group during ionization.  

 

 

Scheme S4.7 Reaction scheme for the formation of dicarboxylic acid-terminated PAA via deprotection 

of tert-butyl groups with TFA.   

 

Figure S4.38 Full deprotection of the dicarboxylic acid PtBA along with complete retention of newly 

formed chain end is demonstrated by 1H NMR spectroscopy.  
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Figure S4.39 FR-IR comparison of the dicarboxylic acid-terminated PtBA (black) with its deprotected 

PAA counterpart (red) reveals the appearance of a broad OH peak to signify deprotection of tBA 

groups. 

 

4.10.8 Comparison of 1H NMR analysis with and without d-TFA treatment  

NMR analysis of PAA derivatives were originally performed in deuterated methanol. 

This allowed for only partial identification of chain ends post PtBA deprotection due to the 

overlap of the proton chain end signals with the H2O signal (Figure 40a). Addition of 

deuterated TFA (d-TFA) to the NMR sample sufficiently shifted the residual H2O peak 

downfield such that a proper analysis of all chain end peaks was possible (Figure 40b). The 

appearance of an additional peak at δ=3.86 ppm is identified as the formation of protonated 

methanol (see section 9). Furthermore, this treatment leaves the polymer unaffected as 

demonstrated by the quantitative agreement in polymer peak integration before and after acid 

treatment.     
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Figure S4.40 a) 1H NMR comparison for an acrylate-terminated PAA in only d-MeOH and b) after 

treatment with d-TFA. Acid treatment allows for full characterization of polymer end groups and 

leaves polymer unaffected.  

 



A Universal and Scalable Synthesis of Well-Defined 

Poly(acrylic acid)s With Tailored Chain End Chemistries Chapter 4 

146 

4.10.9 Control NMR of d-MeOH with d-TFA 

 

Figure S4.41 A downfield shift for the aqueous peak in the 1H NMR for d-MeOH is observed with the 

addition of d-TFA. An additional peak corresponding to protonated methanol can also be observed at 

δ=3.86 ppm.  
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4.10.10 Comparing synthesis of acrylate-terminated PtBA product under 

acidic and basic conditions.  

 

Figure S4.42 a) Reaction scheme for synthesis of acrylate-terminated PtBA, b) Matrix-assisted laser 

desorption ionization time of flight mass spectrometry of acrylate-terminated PtBA product showing a 

high molecular weight shoulder when 10 equivalents of base was utilized, and c) Size exclusion 

chromatography comparison of product when utilizing 10 equiv. of base (red trace) versus using only 

5 equiv. of base (green trace). SEC analysis also shows a high molecular weight shoulder appearing 

when a higher base equiv. is used.  
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4.10.11 Characterization for synthesis of dodecyl-terminated PtBA via SN2 

substitution  

 

 

 

Figure S4.43 a) Reaction scheme for synthesis of dodecyl-terminated PtBA via SN2 substitution of 

thiol to bromine-terminated PtBA and b) 1H NMR of dodecyl-terminated product showing a shift of 

methine peak from the bromine-terminated starting material (inset: blue, top spectra labeled a) to the 

shifted peak adjacent to the sulfur (labeled a’).  
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Figure S4.44 SEC trace after the transformation of the bromine-terminated PtBA to the dodecyl-

terminated derivative 
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APPENDIX A  

INVESTIGATING THE INFLUENCE OF 

CHAIN END ON DISPERSANT AND 

BIO-MINERALIZATION CONTROL 

 

A1 Introduction 

In Chapter 4, the utility of poly(acrylic acid)s (PAA) for an expansive range of 

industrially relevant applications including dispersants, scale inhibition, and mineralization 

control was introduced. In addition, it was discussed that small changes in the polymer’s 

architecture or dispersity were found to significantly influence their macromolecular properties 

and effectiveness toward these applications. Chapter 4 also described a synthetic method that 

facilitated the synthesis of tailored PAA derivatives with unique chain end chemistries. 

Appendix A describes initial studies on the utility of this new synthetic method to target high 

performance dispersants and bio-mineral crystallization control.  
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A2 The Influence of PAA Chain End on Dispersant Performance  

In paint and coating formulations, titanium dioxide (TiO2) is widely used due to its 

favorable physicochemical properties as a white pigment.1 For these applications, control over 

TiO2 aggregation is critical in producing suitable end-use properties including stability, 

opacity, and gloss. To obtain proper dispersion of these inorganic pigments, water soluble 

polymers, such as PAA, have been used.1–3  

Preliminary structure-property studies have revealed that microstructure changes to the 

PAA can directly influence the polymer’s effectiveness as a dispersant.4–6 An on-going 

collaboration between our group and Dow Chemical seeks to expand the current understanding 

on how control over polymer design can unlock coveted properties. Specifically, this 

collaboration aims to uncover how the chain end chemistry of PAA can influence the 

polymer’s utility as a dispersant for improved paint formulations.  

At UCSB, several PAA derivatives possessing a variety of chain end chemistries were 

synthesized via the facile universal synthesis presented in Chapter 4. Furthermore, several 

grams of each chain end modified PAA derivative were transferred to Dow Chemical and 

various field experiments are underway to discover how these polymers’ interactions with 

different metal surfaces differ from that of commercial formulations. This knowledge on the 

structure-performance relationship will then be applied to create more targeted PAA 

derivatives that will produce enhanced paint coating formulations.  
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A3 The Effect of PAA Chain End on the Morphology and Size of 

Hydroxyapatite Crystals 

While a study on the influence of the chain end on dispersant performance is being 

conducted at Dow, our group has concurrently performed similar assessments into the 

influence of the chain end on bio-mineral crystal formation.  

Hydroxyapatite (HA) nanocrystals are prevalent in a range of biological systems 

including human bones and teeth. It has been shown that the structure of these systems depends 

on the interaction of biological apatites with organic polymers such as collagen type I or 

amelogenin.7–10 Studies to replicate such systems have included the use of poly(acrylic acid) 

to produce HA crystals that more closely mimic the size and morphology of those observed in 

nature.11–14 These investigations have revealed that crystal structure control relies on the 

architecture12 and molecular weight11,13 of the PAA. In order to provide a more thorough 

understanding into the formation mechanism of HA crystals and the structure-property 

relationship of the PAA, we chose to specifically investigate the influence of PAA chain end 

on this bio-mineral crystallization. 

Several PAA derivatives with unique chain end chemistries were first prepared via the 

new synthetic method described in Chapter 4. HA crystals were then synthesized according 

to literature procedures12,14 in the presence of these PAA derivatives. Thermogravimetric 

analysis was used to demonstrate incorporation of polymer into each composite (Figure A.1). 

For a control sample with no polymer additive, a gradual mass loss of < 4% was observed up 

to 800 ̊ C. In contrast, composite materials that included PAA resulted in more mass loss below 

400 ˚C with an overall loss of < 6% up to 800 ˚C.  
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Figure A.1 Thermogravimetric analysis of HA crystals prepared a) in the absence of PAA (blue, top 

trace), b) with bromine-terminated PAA (red, middle trace), and c) with carboxylic acid-terminated 

PAA (green, bottom trace). 

Furthermore, crystal size and morphology for each composite were analyzed via 

transmission electron microscopy. For example, crystals prepared in the presence of a 

phosphonic acid-terminated PAA produced more plate-like crystallites while sharper, more 

needle-like structures were observed in those crystals prepared with sulfonate-terminated PAA 

(Figure A.2). Detailed characterization studies are underway to investigate if different 

structures can be produced by simply tuning the chain end of the PAA. 
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Figure A.2 Transmission electron microscopy comparison of HA crystals prepared with a) phosphonic 

acid-terminated PAA, that produces plate-like crystals and b) sulfonate-terminated PAA that produces 

more needle-like structures.  
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APPENDIX B  

TUNABLE VISIBLE AND NEAR 

INFRARED PHOTOSWITCHES҂ 

 

 

 

 

                                                 
҂ Reprinted with permission from J. R. Hemmer, S. O. Poelma, N. Treat, Z. A. Page, N. D. Dolinski, 

Y. J. Diaz, W. Tomlinson, K. D. Clark, J. P. Hooper, C. Hawker and J. Read De Alaniz, J. Am. Chem. 

Soc., 2016, 138, 13960–13966. 
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