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Abstract 

Metastable-State NH Photoacids and Organic Photo Carbon Monoxide Releasing 

Materials 

Aluthwatte Rallage Nawodi Madhusanka Abeyrathna 

Research Advisor, Yi Liao, Ph. D. 

The recently discovered metastable-state photoacids (mPAHs) can produce 

a large proton concentration with high efficiency and good reversibility upon 

irradiation with visible light with moderate intensity. Therefore, mPAHs can be 

conveniently incorporated in to different systems to control various proton-transfer 

processes. Recently, several applications of mPAHs have been demonstrated. 

However, none of the previously reported mPAHs can function at a pH 7.4. Thus, 

biological applications of mPAHs are limited.  In this work, mPAHs that can 

reversibly release a proton in PBS buffer (pH = 7.4) under visible light are designed 

and synthesized. NH-PAH-1 is the first of this type of photoacids. The design is 

based on the dual acid−base property and tautomerization of indazole. The activity 

of the proton released from the mPAH is demonstrated by protonation of an 

acridine dye both in solution and polymer.  Further, a pH pulse is photogenerated 
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using a NH-PAH-polymer at pH 7.4. This type of mPAH is promising to control 

proton transfer processes in physiological conditions and may find applications in 

biomedical areas.  

Protonated merocyanines (MEHs) are the mostly used mPAHs to control 

various chemical, material, and biological processes using visible light. 

Photoactivity, reversibility and stability of MEHs in aqueous and polymeric media 

have been a concern. In this work, a series of experiments investigating the 

photoactivity, reversibility and stability of MEHs in polymer films and stability in 

aqueous solution are demonstrated. The outcome of these experiments provides 

insight into most of the concerns regarding MEHs, when it comes to real 

applications. 

Design and synthesis of cyclic-α-diketone (DK) based organic carbon 

monoxide releasing molecules (CORMs) under visible light and an approach to 

generate a novel tissue engineered scaffold as a delivery system for CORMs in 

vascular tissue engineering is demonstrated. The results revealed that CORM-

loaded, electrospun poly(ε-caprolactone) based scaffolds can be photoactivated and 

release CO. The released CO can be monitored via fluorescence imaging 

techniques. This is the first use of a CORM for tissue engineering. 

These novel organic photoresponsive materials may provide a promising 

platform to investigate new applications to control chemical and biological 

processes using visible light.  
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Chapter 1 

Introduction 

1.1. Metastable-state photoacids (mPAHs) and their 

polymers. 

1.1.1. Photochromic organic molecules. 

 
Photochromism, a widely used phenomenon, induces changes in not only 

color, but also other properties.
1,2

 Photochromic molecules are important since their 

properties are controlled by light, which is a non-invasive and environmentally 

benign stimulus.  At the same time, it provides spatial and temporal control.
2
 

Photochromic compounds that show positive (direct) photochromism become 

colored upon irradiation under UV or sunlight. The majority of photochromic 

compounds show positive photochromism and have been applied in a wide area of 

research, such as energy storage, chemical sensing, light modulators, photo 

switches and controlling activity and conformation of biomolecules.
1,2

 

Photochromic molecules with negative (reverse) photochromism have attracted 

scientists because long-wavelength light can be used. They can be applied in 



 

2 
 

photochromic recording media, clothing or camouflage coatings or as 

photochromic labels in biological studies.
1 

Diarylethenes, azobenzenes and 

spiropyrans (Figure 1.1) are the most studied classes of organic photochromic 

materials with many applications due to their excellent performance.
2
. Some of the 

other commonly used photochromes are fulgides and spirooxazines (Figure 1.1).  

 
 

Figure 1.1. Examples for different classes of organic photochromic materials.
7,8,9 

The reduced utility of these classes of photochromes, especially in biomedical 

applications is mainly due to the requirement of UV light with high energy to 

induce the photochemical transformation. The best way to face this major challenge 

is to either synthetically modify these classes of photochromes or utilize 

photochromes with negative photochromism.
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1.1.2. Proton transfer process. 

The proton transfer process is one of the most common forms of chemical 

reactions in nature. This process involves transfer of a positively charged proton 

between a proton donor and a proton acceptor.  This process can be either 

intermolecular or intramolecular. The inherent reversibility of proton transfer 

reactions is prevalent in the ground electronic state of the donors and acceptors. 

The reversibility is achieved by the back transfer of protons, either by the back-

recombination of the removed proton or by a proton coming from the solution. It 

must be noted that the yield and the rate of the proton transfer reaction is highly 

depend on the environment.  For example, aqueous media with high dielectric 

constant helps to stabilize the charge and establish reaction coordinates with the 

transferred protons via hydrogen bond interactions.
4,5,6,7,8 

The achievement complete of control over the proton transfer process is 

important for chemical and biological applications. Optical control has been one of 

the most attractive methods to control the proton transfer process. Recently, the 

light controlled proton transfer is achieved via photoacids that produce highly 

acidic forms in the excited state. These types of molecules allow scientists to study 

transient pH changes and to achieve energetically unfavorable protonation 

reactions.
4,5,6,7,8, 
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1.1.3. Photoacids. 

A photoacid upon irradiation becomes a strong acid and then undergoes proton 

dissociation. These molecules provide spatial and temporal control of proton 

transfer, which is involved in many chemical processes, material properties and 

biological functions. Photoacids can have reversible or irreversible pathways in 

their mechanisms. Photoacid generators (PAGs), are generally irreversible. An 

example for PAGs is given in the Figure 1.2a.  But some molecules may have 

reversible pathways. PAGs form strong acids upon irradiation and are applied 

mainly as photo initiators in cationic polymerization.
9
 

         

Figure 1.2. Examples of a) a PAG, b) an ePAH and c) 2-hydroxyazobenzene. 

Studies on excited state photoacids (ePAHs), such as derivatives of 

naphthol (Figure 1.2b) have been carried out since the 1970’s. These photoacids 

release protons from a high acidity excited state. However, the recapturing of 
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protons or the reverse reaction is very fast (in order of nanoseconds to seconds). 

Thus, a significant increase in proton concentration cannot be achieved. This is a 

major drawback of ePAHs, when it comes to application purposes. Apart from 

PAGs and ePAHs, the Haberfield group and later the Jullien group demonstrated 

that a molecule like 2-hydroxyazobenzene can produce a 2-unit reversible pH 

change from pH 8 to pH 6, even though the photoacidity is still low, pKa is about 

7. 9 and the reverse reaction is fast (10s).
9
  

The proposed mechanism for an excited state photoacid is given in Figure 

1.3.  As illustrated in Figure 1.3(a), excited state PAH (PAH*) dissociates to form 

an excited photoacid anion (PA
-
*) and a proton (H

+
) upon irradiation. Generally, 

this photoinduced state has a very short life time. The short life time is preferred to 

study fast proton transfer processes. Even though, theoretically, the excited state 

pKa is low, it is difficult to acquire a high concentration of the high acidity state and 

even harder to release protons to induce further chemical processes due to the short 

half-life.
10,11,12

 



 

6 
 

 

Figure 1.3. Proposed mechanism for (a) ePAH and (b) mPAH. 

1.1.4. Metastable-state photoacids (mPAHs). 

Metastable-state photoacids, recently discovered by the Liao group, can 

efficiently and reversibly produce high proton concentration upon irradiation with 

visible light (LED or sun light).
10

 This work opened a door to a wide area of 

research and applications. Two new classes of mPAHs synthesized by our group 

(Figure 1.4 b and c), mainly consists of a protonated nucleophilic moiety (NuH) 

and an electron accepting moiety (EA). These two parts are connected through a 

bridge structure, a double bond. Thus, EA part can reversibly bond to the proton-

dissociated form of the NuH part, forming a closed-ring structure upon irradiation 

(Figure 1.4a). The photo-induced cis-trans isomerization of the double bond makes 

the nucleophilic reaction possible.
9, 10, 11 
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There is a distinct difference between ePAHs and mPAHs. ePAHs release 

protons from an excited state whereas mPAHs release protons from a metastable 

state, although both types are reversible.  Thus, unlike in ePAHs, the recapturing of 

protons or the reverse reaction is slow (in order of minute to hours) in mPAHs, 

which is detectable. The relatively slow reverse reaction allows a high local 

concentration of protons to be accumulated. In the proposed mechanism for 

reversible mPAHs (Figure 1.3b), the excited photoacid (PAH*) undergoes a second 

intramolecular photoreaction forming a metastable state (PA’H), which has a ring 

structure. It photo-dissociates reversibly to a photoacid anion (PA’
-
) and a proton 

(H
+
).  The acidity of the metastable state mainly depends on the basicity of the 

anion. By simply switching light on and off, the proton concentration or the pH can 

be controlled. This can be achieved by using a single light source and we do not 

have to use UV light, which makes it more biologically benign.
11,12
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Figure 1.4. (a) Design scheme for mPAHs, (b) photoreaction of merocyanine-type 

photoacids (c) photoreaction of TCF-type photoacids.  

The two main classes of mPAHs shown in Figure 1.4 (b, c), have a high 

acidity metastable-state with a long half-life. Upon moderate irradiation, these 

photoacids show a large pH change. PAH-1, the first merocyanine-type photoacid 

reported, consists of an EA part which is a zwitterionic indolinium moiety and NuH 

part, which is a phenol moiety. Even though merocyanine type photoacids are 

structurally similar to that of the photoproduct of photochromic spiropyrans, the 

functionality and the photoactivity of merocyanine-type photoacids (MEHs) are 

different. They show negative photochromism with good reversibility and high 

quantum yield.
9, 10
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Merocyanines are weakly basic and under acidic conditions they form the 

protonated (MEH) structure. However, even without the addition of an external 

acid, for PAH-1 in either aqueous or organic media, the MEH form is the most 

stable. Upon irradiation with visible light (470 nm LED light), MEH converts to the 

closed, acidic spiro-form (SPH). Then, the SPH form releases a proton forming a 

spiropyran (SP) form and thermally reverses back to the open form, MEH (Figure 

1.4b).  It was reported that PAH-1 can change the proton concentration of its 

solution over 100 times (pH from 5.5 to 3.5) upon irradiation with visible light. 

This pH change is sufficient to control properties of polymers, kill bacteria and 

catalyzing chemical reactions. Recently, several derivatives of PAH-1 photoacid 

have been designed and tested by different research groups in order to enhance the 

properties of MEHs and to further understand the mechanism for the photo 

reaction.
9,10,11

 

So far, two main tricyanofuran-type (TCF) photoacids have been 

synthesized and studied. In a mPAH, the EA moiety is not necessary be cationic or 

zwitterionic.  The TCF-1 molecule consists of trifluoromethyl-phenyl-

tricyanofuran (CF3PhTCF), which is a neutral EA moiety with a strong electron 

accepting ability and phenolic part as the NuH moiety (Figure 1.4c). The 

metastable state generated by TCF-1 upon irradiation with 470 nm LED light, has 

a high C-H acidity. It is due to the fact that CF3PhTCF carbanion is stabilized by 
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several electron withdrawing groups (EWG) in the photoproduct. It is reported that 

TCF-1 can change pH by 1 unit in a 0.1 mM solution of TCF-1 in 95% ethanol 

with a moderate light intensity. The quantum yield of TCF-1 molecule is reported 

to be as high as 0.24. The major drawback of this molecule is the difficulty in 

synthesis and characterization.
12

 Unlike TCF-1, the easily synthesizable TCF-2 

molecule, consists of TCF as the EA moiety, which is weaker than CF3PhTCF. It 

shows a low dark acidity (pKa is 11.2 in methanol) and photo acidity (pKa is 6.4 in 

methanol). It is an advantage to have low dark acidity to avoid proton transfer 

before irradiation. TCF-2 showed a large pH change upon irradiation, making it a 

promising molecule to develop photoresponsive materials.
13

 

1.1.5. Applications of metastable-state photoacids. 

mPAHs are a useful tool for developing photoresponsive materials and 

several applications in this field have been demonstrated. Our group first showed 

that the photo-induced proton concentration by PAH-1 is large enough to catalyze 

an esterification reaction and change the volume of a pH-sensitive polymer using 

visible light.
10

 Also, our group showed that mPAH can alter the conductivity of 

polyalniline
14

, control the release of a fragrant molecule from an acid-sensitive 

polymer
15

, kill multidrug-resistant bacteria
16

 and with TCF-type photoacids alter 

the colors of photochromic films.
13
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Several other research groups have been using these mPAHs for a wide area of 

applications. Boyer and coworkers recently demonstrated that PAH-1 photoacid 

can be used as an organocatalyst to control ring opening polymerization (ROP) 

using visible light.
17

 Further they showed that, PAH-1 can be used to conduct two 

orthogonal polymerizations, photo-ROP and PET-RAFT polymerizations, using a 

dual wavelength light.
17

 Elkema’s group reported PAH-1 catalyzed formation of a 

hydrazine gelator.
18

 Reversible protonation of functional materials has been 

demonstrated by several groups. Klajn and coworkers used PAH-1 to photo-control 

the self-assembly of gold nanoparticles.
19

 Additionally, these photoacids have been 

used as molecular switches
20

, in microbial fuel cells 
21

 and as cationic sensors 
22

. 

The second part of Chapter 1 introduces another photochemical system that can be 

used to control the release of biologically active species and convert a non-

conjugated species to a conjugated species using visible light. Its application in 

vascular tissue engineering is also discussed. This photochemical system is related 

to photo-retro-Diels-Alder (PrDA) reaction. It is a novel type of organic carbon 

monoxide releasing molecule (photo-CORM) developed by our group. The photo-

CORM releases CO under irradiation with visible light and simultaneously 

produces a fluorophore which allows one to detect the delivery and the extent of 

CO release.  
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1.2. Synthesis and incorporation of photo-carbon 

monoxide releasing molecules into electrospun scaffolds 

for vascular tissue engineering. 

―Reproduced from Nawodi Abeyrathna, Kenyatta Washington, Christopher 

Bashur and Yi Liao. Nonmetallic carbon monoxide releasing molecules (CORMs). 

Organic & Biomolecular Chemistry, 2017, DOI: 10.1039/C7OB01674C with 

permission from The Royal Society of Chemistry." 

1.2.1. Carbon monoxide, a gasotransmitter.  

Gasotransmitters are gases known as signaling molecules in biological 

pathways, for example, nitric oxide (NO), carbon monoxide (CO) and hydrogen 

sulfide (H2S). NO is a potent, naturally-occurring vasodilator and is currently used 

to treat neonatal patients with pulmonary hypertension.
23-25

 However, the beneficial 

effects of NO are more uncertain in adult patients.
24

 The establishment of the role 

of NO in vivo as a signaling molecule paved the pathway to investigate possible 

biological roles of CO.
25,27

  

All mammalian cells produce CO with heme as the main substrate, which is 

very important in regulating cell functions.
28

 CO is produced naturally during heme 

catabolism. When heme oxygenase (HO) degrades heme molecules in the body, 

Heme b is converted to biliverdin and Fe
2+

 and CO is released during this process. 
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When the cellular concentrations are considered, the rate and amount of CO 

production by HO-1 within the body is in nano molar levels.
25,28

 The production of 

CO plays a vital role in many physiological functions in the mammalian body, such 

as anti-inflammatory, anti-apoptic, anti-coagulative effects, anti-hypertensive, anti-

proliferation and cell protective effects.
25,27,29

  

Like NO, CO is another naturally-occurring vasodilator. It has been 

investigated in pre-clinical models, and is currently in a phase II clinical trial to 

treat pulmonary fibrosis in adult patients.
30

 One difference with CO is that it targets 

only transition metal (e.g., iron)- containing targets, unlike NO that interacts with a 

greater number of cellular targets.
31

 One potential benefit of CO over NO is that it 

is more effective in controlling vessel tone in oxidative stress environments,
32

 

which is expected initially after implantation into a diseased tissue environment. 

CO also has many additional impacts, including modulating calcium handling of 

pancreatic islet beta cells and inhalation of a controlled amount of CO were 

suggested to protect vital organs such as brain, liver, kidney and heart during organ 

transplantation and hypoxia.
29

 Thus, CO is necessary for normal biological function 

and its delivery can be used to treat diseased tissues. 

Most of the therapeutic applications of CO involve the anti-inflammatory 

properties of the molecule,
33-36

 with reversing pulmonary hypertension being one of 

the most studied.
37

 CO has the potential for cardiovascular medical applications. It 
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exerts vasorelaxant effects on different types of blood vessels within the 

cardiovascular system; it protects myocardial cells and isolated heart preparations 

from ischemia/reperfusion damage; it promotes angiogenesis; and it inhibits 

platelet aggregation.
38,39

 The inhibition of platelet aggregation is potentially 

important for preventing thrombosis and likely also occlusion in small-diameter 

grafts, and the promotion of angiogenesis is important for ischemic skin tissue.  

In the past decade, inhaled small-quantities of CO gas have been 

demonstrated in pre-clinical disease models to have therapeutic effects including 

reducing inflammatory and cardiovascular disorders.
40

 This clinical use of CO may 

seem surprising since high doses of CO are fatal. CO has been known as the silent 

killer due to its odorless, tasteless and colorless nature. At high concentrations, CO 

is considered to be toxic. The high affinity of CO for hemoglobin, reduces the 

availability of O2 in tissues causing death by asphyxiation. But low concentrations 

of CO are not acutely toxic to humans as long as less than 10 % of the hemoglobin 

is bound by CO.
25,27

 The Center for Disease Control describes two modes of action 

– the hypoxic one that that makes CO dangerous at high doses and the non-hypoxic 

one from endogenous CO that is important for tissue function.
40

 The use of 12% 

blood COHb in a previous Phase I clinical trial of inhaled CO, lies within this 

range, without any noted adverse events.
41

 But the levels in between high and low 

levels of carboxyhemoglobin (COHb) (i.e., 0.5-20% COHb) are not well 
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understood and require additional scientific inquiry.
40

 Further, this strongly 

demonstrates the importance of controlled dose and targeted release in organs and 

tissues.  

1.2.2. CO-releasing molecules (CORMs). 

The recent synthesis of CO-releasing molecules (CORMs), a group of 

compounds capable of releasing controlled quantities of CO in cellular systems, 

provides a promising delivery approach to reduce the safety concerns of systemic, 

inhaled CO gas. The potential to control the release of CO to a specific target is the 

major advantage of CORMs over gaseous CO as a therapeutic agent. CORMs must 

meet specific requirements such as chemical stability, solubility in aqueous media, 

low toxicity of both CORMs and their degradation products, and a triggered release 

mechanism.
29,42

 CORMs can be categorized based on either their chemical structure 

or the method of release. Several review articles have been published on general 

approaches of triggered CO release based on acidification, thermal release, ligand 

exchange (CORM-2), ligand substitution (CORM-3), enzymes (ET-CORM) and 

light (photo-CORM).
25,29
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1.2.3. Transition metal based CORMs. 

The majority of CORMs studied are based on transition metals such as 

essential trace elements (manganese, iron, cobalt) and non-physiological metals 

(ruthenium, tungsten, rhenium). Most of the recent review articles describe metal 

based CORMs.
25,29,43-47

 However, these CORMs are either insoluble in water or 

rapidly and uncontrollably release CO (t1/2 < 1 min) after interacting with biological 

fluids.
48

 Most of these CORMs are metal carbonyls that present a long-term health 

concern in the body, even though the CORMs themselves have shown relatively 

low cytotoxicity in vitro. 
25,29,43-46

 Figure 1.5 shows the most studied and 

commercially available transition metal based CORMs for different therapeutic 

applications; manganese decacarbonyl ([Mn2(CO)10], CORM-1), 

tricarbonyldichlororuthenium(II) dimer ([Ru(CO)3Cl2]2], CORM-2) and 

tricarbonylchloro(glycinato)ruthenium(II) ([Ru(CO)3Cl(glycinate)], CORM-3). 

One of the main advantages of transition metal based CORMs is that most of them 

show a high CO content compared to that of organic CORMs. Although CORM-1 

(71. 8 %), CORM-2 (32. 9 %) and CORM-3 (28. 6 %) have high CO contents, the 

disadvantages attached to these molecules as mentioned above makes them less 

favorable.
49
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Figure 1.5. Chemical structures for examples of transition metal based CORMs. 

1.2.4. Non-metallic organic CORMs. 

  Recently, organic molecules that release CO (Figure 1.6), opened a new 

gateway to address these challenges attached with transition metal based CORMs. 

Several organic CORMs with high solubility in aqueous solutions, low toxicity, 

reduced photo-products, and temporal control have been found and studied.
50

 Some 

of these organic CORMs show some limitations as well, such as multi-step 

synthetic routes that are not open to structural modifications, low yields and low 

solubility in aqueous solutions. As illustrated in Figure 1.6, organic CORMs such 

as methylene chloride,
50

 boranocarbonates (compound 1 in Figure 6),
51

 amine 

carboxyborane (compound 2),
52

 and bimolecular CORM (compound 3),
53

 do not 

require light to trigger the CO release. Out of these, compound 1 is commercially 

available as CORM-A1. It has a high CO content (27%) and releases CO in 

physiological conditions without any external stimuli.   
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Figure 1.6. Chemical structures for examples of nonmetallic CORMs without 

photoactivation and photo-organic CORMs. 

Photoactivation provides spatial and temporal control over CO release. 

Organic CORMs such as xanthene carboxylic acid (compound 4),
54

 meso-carboxy 

BODIPY (compound 5), 
55

 and hydroxyflavon derivatives (compound 6),
56

 are 

recently reported organic CORMs that release CO under irradiation (Figure 1.6). 

Previously, our research group developed a photo-organic CORM based on cyclic-

α-diketones (DK) that releases CO under visible light irradiation. It was reported 

that, these molecules showed low toxicity and can be monitored by fluorescence 

imaging, providing a promising tool to study biological functions of CO.
57
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1.2.5. Tissue engineered vascular grafts & delivery of 

CORMs for cardiovascular applications. 

In aqueous media, diketone based CORMs undergo hydration and form 

hydrates that are not photoactive. Thus, a hydrophobic carrier is required to protect 

CORMs from hydration and activate these CORMs to release CO under 

physiological conditions. In our previous study, Pluronic F127 micelles were used 

as the hydrophobic carrier, which have been widely used as drug carriers. However, 

these micelles can be washed away, and they do not result in complete CO Yield.
57

 

Fibrous scaffolds have the ability to overcome these limitations.  

The main idea of tissue engineering is to produce a fully functional tissue, 

which has the capability to mimic a native system by growing new tissues from 

cells and tissues. Tissue engineering is a promising approach to overcome the 

challenges of current and conventional organ or biomaterial transplantation.
58

 This 

approach involves the production of grafts and scaffolds. Scaffolds are designed to 

be degraded once the cells are deposited and organize new tissue. They behave 

similar to natural tissues and organs by allowing the growth, proliferation and 

infiltration of cells within a 3D environment. The greatest challenge would be to 

design scaffolds with high porosity and control the release kinetics of a desired 

molecule during tissue regeneration. Production of scaffolds with high 
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biodegradability with finely tuned degradation rates, biocompatible surfaces and 

degradation products and scaffolds that support cell adhesion and proliferation   are 

some of the other challenges in this field.
59

   

Scaffolds as a drug delivery system, promise a local-controlled delivery of the 

desired molecule, such as small molecular drugs, growth factors and bioactive 

molecules. Research on the delivery of nitric oxide, a gasotransmitter using 

vascular grafts have been reported in recent past.
60, 61

 Unlike NO, carbon monoxide 

(CO) has not been used often in vascular grafts. However, it is promising, since the 

method can provide protective effects by delivering directly to the smooth muscle 

and endothelium. Loading CORMs into scaffolds should overcome the limitations 

attached with controlled delivery to a localized target.  

1.3. Overview.  

The main concentration of the research reported in my dissertation is on organic 

photoresponsive materials. My work focuses on two main projects, metastable state 

photoacids for chemical and biological applications and carbon monoxide releasing 

molecules (CORMs) for vascular tissue engineering. These novel photoresponsive 

materials may provide a promising platform to investigate new applications to 

control chemical and biological processes using light.  
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My dissertation consists of six chapters. Chapter 1 provides a detailed 

introduction, and Chapters 2 to 5 describe the research carried out under the two 

main projects. Chapter 6 covers the detailed experimental details. 

In Chapter 2, development of a novel metastable-state photoacid that can 

reversibly release a proton in PBS buffer, upon irradiation with visible light is 

described. This type of molecule promises control of proton transfer processes that 

occur under physiological conditions and may find applications in the biomedical 

area. Further, this chapter discusses the synthesis and physiochemical properties of 

other derivatives of this class of photoacids and studies carried out by doping and 

linking these photoacids to polymers and hydrogels. A part of this chapter was 

published in the Journal of the American Chemical Society in August 2015 and it is 

reprinted in this dissertation.  

Chapters 3 and 4 reveal a series of experiments investigating the photoactivity, 

reversibility and stability of merocyanine-type photoacids in polymer films and 

stability in aqueous solution. These chapters provide an insight to most of the 

concerns on merocyanine-type photoacids, when it comes to real applications. This 

work was published in the Journal of Photochemistry and Photobiology A and the 

Journal of Physical Organic Chemistry in 2017 and is reprinted in the dissertation.  

In Chapter 5, we report design and synthesis of cyclic-α-diketone (DK) based 

organic carbonmonoxide releasing molecules (CORMs) under visible light and an 
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approach to generate a novel tissue engineered scaffold as a delivery system for 

CORMs in vascular tissue engineering. The results revealed that CORM-loaded, 

electrospun poly(ε-caprolactone) based scaffolds can be photoactivated and release 

CO. This is the first use of CORM for tissue engineering and a part of this work 

was published in Biomedical Materials journal in March 2016 and a review on the 

topic of non-metallic CORMs is published in the Journal of Organic and 

Biomolecular Chemistry in September 2017. Some parts of the published work are 

reprinted in the dissertation. 
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Chapter 2 

NH-Metastable-state photoacids (NH-PAHs) and 

their polymers. 

2.1. A reversible photoacid functioning in PBS buffer 

under visible light. 

―Reprinted with permission from Abeyrathna N., Liao Y. A Reversible Photoacid 

Functioning in PBS Buffer under Visible Light. Journal of the American Chemical 

Society, 2015, 137 (35), 11282-11284. Copyright @ 2015 American Chemical 

Society. 

Photoacids are molecules that transform into strong acids upon irradiation. 

They can be utilized for remote, spatial, and temporal control of proton 

concentration and proton transfer processes. The irreversible photoacid generators 

(PAGs) have been extensively studied as photo initiators for cationic 

polymerization and applied to photolithography.
1−5 

Excited-state photoacids have 

been studied since the 1970s and have been utilized to investigate fast proton-

transfer processes. 2-Hydroxyazobenzenes have also been utilized for photoinduced 

pH jump.
6  
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The recently discovered metastable-state photoacids (mPAHs) can produce 

a large proton concentration with high efficiency and good reversibility.
7-9 

In 

addition, visible light with moderate intensity, such as LED and sunlight, can be 

used to activate mPAHs. Therefore, mPAHs can be conveniently incorporated in 

different systems to control various proton-transfer processes. Several applications 

of mPAHs have been demonstrated recently, including control of acid-catalyzed 

reactions, volume change of hydrogels, polymer conductivity, bacteria killing, 

odorant release, and color change of materials.
7,10-13 

They have also been utilized to 

control supramolecular assemblies,
14 

molecular switches,
15 

microbial fuel cells,
16 

and cationic sensors.
17  

Given that proton transfer is involved in the mechanisms of many enzymes 

and abnormal cellular pH is related to many diseases including cancer, 

cardiovascular diseases, and Alzheimer’s disease, etc., mPAHs have a lot of 

potential in the biomedical area. However, the bioapplications of mPAHs are 

limited by the fact that none of the previously reported mPAHs works at a pH of 

7.4, which is the common physiological pH. In this work, a novel mPAH which 

functions in 1× PBS buffer (pH = 7.4) under visible light has been developed. 

mPAHs are generally designed by linking an electron-accepting moiety and 

a weakly acidic nucleophilic moiety with a double bond. Photoinduced trans−cis 

isomerization of the double bond allows a nucleophilic cyclization reaction to occur 
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between the two moieties, which generates a highly acidic metastable form.
7 

For 

example, compound PAH-1, which is the first mPAH reported and has been used in 

several applications, is shown in Scheme 2.1.  

 

Scheme 2.1. Structures of the mPAHs, PAH-1 and NH-PAH-1. 

2.1.1. Synthesis of NH-PAH-1 photoacid. 

In this work, a novel mPAH (NH-PAH-1 in Scheme 2.1) using indazole as the 

nucleophilic moiety was designed and synthesized. Both the EA and NuH moieties 

are different from PAH-1 (Scheme 2.1), which is the first reported and most 

commonly used mPAH. The synthetic route for the compound is shown in Scheme 

2.2. Heating a mixture of 1,3-propane sultone and 2-methyl-benzothiazole yielded 

compound C2-1, 2-methyl-1-(3 sulfonatepropyl)-benzothiazolium. Then, it was 

reacted with 1H-indazole-7-carbaldehyde in ethanol to yield NH-PAH-1 as an 

orange precipitate. A small amount of ammonium acetate was used as a catalyst in 

the second step to increase the yield. Given the photosensitivity, workup needs to 

be done in the dark. The detailed procedures are given in Chapter 6. The NH-PAH-

1 has a low solubility in water and alcohols, however can be dissolved in DMSO. 
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Scheme 2.2. Synthetic route for the compound NH-PAH-1. 

2.1.2. The photoreaction in PBS buffer solution. 

This type of mPAH is related to the photoreaction of spiropyrans, which has 

been utilized to control proton transfer.
18 

All the previously reported mPAHs have 

phenol derivatives as the nucleophilic moiety.
7,9 

Plain phenol has a pKa of 10. The 

pKa is lowered when it is linked to a strong electron-accepting moiety. Due to the 

acidity of the phenol moiety of the mPAHs, proton dissociation occurs at a pH of 

7.4 in the dark. The deprotonation also shifts the thermal equilibrium to the 

cyclized acidic form. Consequently, a large portion of the mPAHs release protons 

in the dark, which is the reason that none of the previously reported mPAHs can 

function at a pH of 7.4.  

Figure 2.1 (left) shows the UV−vis spectrum of PAH-1 in the PBS buffer. 

Approximately 83% of PAH-1 changed to the deprotonated ring-opening form 

(PA
−
) or cyclized form (PA′

−
) in the dark. The dark acidity of mPAH may be 

lowered by using a nucleophilic moiety with a weaker acidity than that of phenol. 
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However, in the mechanism of mPAH, the nucleophilic cyclization involves a 

proton transfer or a proton release.
7 

A low acidity of the nucleophilic moiety may 

retard the cyclization reaction. 

 

 

Figure 2.1. UV−vis spectrum of PAH-1 in PBS buffer in the dark (left) and that of 

NH-PAH-1 before (
___

) and after (---) irradiation. (PAH is the protonated form, 

PA
− 

is the deprotonated form of PAH, and PA′
− 

is the deprotonated cyclized acidic 

form.) 

Indazole is both a weak acid and a weak base. As described above, its 

acidity determines the dark acidity of the corresponding mPAH. The pKa of its NH 

acidity is 13.86,
19 

which is nearly 4 units higher than that of phenol. The 

photoinduced acidity of the corresponding mPAH is limited by its basicity since the 

proton released from the photogenerated acid can bind to the indazole moiety. 
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Therefore, the pKa of the photogenerated acid is close to that of the conjugate acid 

of indazole, which is 1.25. This pKa is more than 6 units lower than 7.4 and thus is 

enough for releasing essentially all the protons at this pH. Indazole has two 

tautomers, i.e., 1H-indazole and 2H-indazole. Although 1H tautomer is more stable 

than 2H tautomer, the energy difference is very small (15 kJ/mol).
20 

The 

photoinduced cyclization of NH-PAH-1 may occur without releasing a proton 

before the nucleophilic reaction since the 2H tautomer can act as a nucleophile 

(Scheme 2.3). 

 

Scheme 2.3. Proposed Mechanism of the Photoreaction of NH-PAH-1. 

To study the behavior of photoacid at a pH of 7.4, NH-PAH-1 was 

dissolved in a 1X PBS buffer containing 1% of DMSO. The UV−vis spectrum of 

the solution is shown in Figure 2.1(right). A strong absorption band with a λmax at 

422 nm (molar absorptivity 2.9 × 10
4 

L mol
−1

cm
−1

) was observed, which is 

assigned to the protonated photoacid (PAH). The λmax is close to that of PAH-1 
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(424 nm). The absorption of the deprotonated form (PA
−
) was studied using a pH 

jump experiment, which is described in the experimental section in Chapter 6. The 

λmax was determined to be 498 nm (Figure 2.2).  

 

Figure 2.2. UV-vis spectra of a solution of NH-PAH-1 before (solid line) and ~3s 

after (dotted line) addition of NaOH solution. 

Unlike the UV−vis spectrum of PAH-1 in PBS buffer, no absorption peak 

was observed at the λmax of the deprotonated form in the spectrum of NH-PAH-1 

(Figure 2.1). To confirm that the protonated form is predominant, a small volume 

of concentrated HCl was added to break the buffer and change the solution to be 

strongly acidic (pH ∼ 1). A previous study showed that the protonated form of 

mPAH is predominant in strongly acidic conditions.
8 

Therefore, comparing the 

amount of the protonated form in PBS buffer with that in the acidic solution allows 

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06218/suppl_file/ja5b06218_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06218/suppl_file/ja5b06218_si_001.pdf


 

39 
 

us to estimate the portion of the protonated form in PBS buffer. After acidification, 

no significant change of the absorbance was observed (after considering the volume 

change due to the addition of HCl solution), indicating that the protonated form is 

predominant. Therefore, NH-PAH-1 does not release its proton at a pH of 7.4 in 

the dark. 

2.1.3. The stability of NH-PAH-1 compound. 

The stability of NH-PAH-1 in PBS buffer was also studied by monitoring 

the decrease of the UV−vis absorption with time. Photoacid NH-PAH-1 was 

dissolved in PBS buffer (1% DMSO). The concentration was 4.4 × 10
-5

 M. UV-vis 

spectra were taken 1, 2, 3, and 24 hours after the preparation of the solution. The 

concentration of the compound was calculated from the absorbance at the λmax (422 

nm). As shown in Figure 2.3, these data were fitted to a first-order rate equation, 

and the half-life was calculated to be ∼48 h, which is long enough for some 

bioapplications. The experimental details are described in Chapter 6. 
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Figure 2.3. Data of the stability test fitted in to a 1
st
 Order rate equation. 

2.1.4. The photoactivity and reversibility of NH-PAH-1.  

The photoactivity of NH-PAH-1 was studied by irradiating a PBS solution 

(1% DMSO) of the compound using a 470 nm LED. The UV−vis spectrum 

obtained after 3 min irradiation is shown in Figure 2.1(right). The peak at 422 nm 

disappeared after irradiation, and multiple peaks between 350 and 250 nm 

appeared, which are assigned to the cyclized acidic form. Besides the 

disappearance of the peak at 422 nm, the most pronounced change is that the dip at 

284 nm in the spectrum before irradiation changed to a strong peak after irradiation. 

 After the light was turned off, the reformation of PAH was monitored using 

UV−vis spectroscopy (Figure 2.4). Since the reverse reaction in the PBS buffer is 

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06218/suppl_file/ja5b06218_si_001.pdf
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slow, we studied whether irradiation with UV light (254 and 365 nm) could 

accelerate the reverse reaction. We found that irradiating a solution of PA′H with 

365 nm light slowed down the reverse reaction because PAH also substantially 

absorbs at this wavelength (Figure 2.1). When 254 nm light was used, the UV−vis 

spectrum was different from that of PAH indicating a different photoreaction 

occurred. 

 

Figure 2.4. UV-vis absorption of NH-PAH-1 in PBS buffer with time after 

irradiation (the spectra were collected every 60 seconds after irradiation.  
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2.1.5. The study of photoreaction by proton NMR 

spectroscopy. 

The photoreaction was also studied by proton NMR analysis. A deuterated 

DMSO solution of NH-PAH-1 (∼3 mM) was irradiated for 10 min and then 

scanned by NMR. The obtained spectrum showed the expected photoproduct 

(PA′
−
) together with substantial amount of cis-PAH and small amount of trans-

PAH (Figures 2.5 and 2.6). Increasing the irradiation time did not change the 

spectrum, which indicates that the mixture observed, was due to the reverse 

reaction that occurred during the NMR measurement (∼8 min including time for 

setup and scan) rather than an uncompleted photo reaction. In fact, when the 

sample was kept in the dark for 30 min after irradiation, peaks for trans-PAH 

became predominant and very little cis-PAH and PA′
− 

can be observed. After 1 h, 

the spectrum became the same as that of the unirradiated sample except that the NH 

peak was broader than before and this could be due to the equillibrium. 

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06218/suppl_file/ja5b06218_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06218/suppl_file/ja5b06218_si_001.pdf
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Figure 2.5. Proton NMR of NH-PAH-1 before irradiation (For clarity’s sake, only 

the aromatic part is shown.) 

 

Figure 2.6. Proton NMR of NH-PAH-1 after irradiation showed a mixture of the 

photoproduct PA’H, cis-mPAH and trans-mPAH due to the reverse reaction. (The 

time between the end of irradiation and the end of NMR was about 8 min. Since the 

peaks of trans-mPAH have been assigned in Figure 2.5, they are marked with red 

bars in this figure).  
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2.1.6. The study of photoinduced pH change. 

To confirm that NH-PAH-1 indeed releases its proton upon irradiation, the 

photoinduced pH change of a solution of NH-PAH-1 in deionized water containing 

10% DMSO was studied. The concentration was about 0.1 mM, which is nearly the 

maximum concentration. The pH change was measured using both a pH meter and 

pH indicators. The pH of the solution was 6.0 in the dark. This pH is due to the 

acidity of deionized water but not the photoacid. To confirm this, the ground-state 

pKa was experimentally determined to be 10.1. (The experimental details are 

described in Chapter 6.). A 0.1 mM solution of NH-PAH-1 in pure water should 

result in a pH close to 7 instead of 6. Deionized water often has a pH ∼ 6 due to 

absorption of CO2. The solution of NH-PAH-1 was irradiated using a 470 nm LED 

light for 5 min. The pH after irradiation was 4.3, which was 1.7 units lower than the 

initial pH. After the irradiated solution was kept in the dark for 48 h, the pH 

returned to the original level. 

2.1.7. The determination of quantum yield of NH-PAH-1. 

The quantum yield of the photoreaction was measured by irradiating a 

solution of NH-PAH-1 in DMSO. The good solubility of NH-PAH-1 in DMSO 

allows a relatively high concentration to be used. Given that the quantum yield of 

PAH-1 was also measured in DMSO, the quantum yield of NH-PAH-1 in DMSO 
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can be compared with that of PAH-1. Solutions of NH-PAH-1 with concentrations 

near 0.06 mM (absorbance >1.5) were irradiated for 3 s using a 470 nm LED. The 

intensity of light was measured by an Apogee quantum meter. The photon flux was 

set to be ∼90 μmol·m
2
·s

−1 
by adjusting the distance between the sample and the 

LED. UV−vis spectra were quickly taken after irradiation. The amount of the 

reacted mPAH was calculated from the decrease of the UV−vis absorbance. The 

quantum yield was calculated to be as high as 0.73, which is higher than that of 

PAH-1 (∼0.30). 

2.1.8. The demonstration of the activity of proton released 

from NH-PAH-1. 

The activity of the proton released from the mPAH is demonstrated by 

protonation of an acridine dye (Figure 2.7). This acridine dye changes from orange 

to blue upon protonation, and its λmax changes from 440 to 604 nm.
13 

The 

protonated form has a pKa of 4.7. A solution of NH-PAH-1 (0.25 mM), and the dye 

(0.25 mM) in DMSO was irradiated for 5 min. The color of the solution changed 

from orange to dark green (Figure 2.7). Before irradiation, the UV−vis spectrum 

showed a strong absorption at 438 nm, which is an overlap of the absorption of 

NH-PAH-1 and the dye. After irradiation, this absorption decreased due to the 

photoreaction of the photoacid and the protonation of the dye. The protonated dye 
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showed a peak at 601 nm. The dark green color of the solution is a combination of 

blue and orange. The protonation was reversible. After 8 h, the absorption at 438 

nm recovered to 98% of the original level. 

 

Figure 2.7. UV−vis spectra (taken using a 1 mm cuvette) of a solution of NH-

PAH-1 and an acridine dye before (orange) and after (blue) irradiation (left) and 

the structures of the acridine dye and its protonated form (right). 

In summary, a novel NH-PAH-1 was designed and synthesized. The design 

is based on the dual acid−base property and tautomerization of indazole. It can 

keep the protonated form in PBS buffer and reversibly release its proton under 

visible light with a high quantum yield of 0.73. A moderate light intensity (10
2 

μmol·m
2
·s

−1
) is sufficient for the photoreaction. Reversible pH change of 1.7 units 

was demonstrated using a 0.1 mM aqueous solution. While the design is based on 

the dual acid−base property and tautomerization of indazole, the detailed 
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mechanism deserves further spectroscopic and theoretical study. This type of 

photoacid is promising for control of proton-transfer processes in physiological 

conditions and finding applications in biomedical areas. 

2.2. Derivatives of NH-Photoacids. 

With the success of the first NH-PAH-1 we decided to design and 

synthesize a series of derivatives of NH-PAH-1 as shown in Figure 2.8. NH-PAH-

1 was modified to improve the properties of the photoacids and understand the 

mechanism of the photoreaction.  

 

Figure 2.8. Derivatives of NH-PAH-1 photoacids. 

 

An electron donating group (EDG) on the indazole moiety lowers the dark 

acidity and may increase the photo-induced acidity change allowing these mPAHs 

to be used in basic media. EWGs substituted on the EA part of the mPAHs favor 
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the forward reaction and stabilize the high acidity state while EDGs will act in the 

opposite way.
7
 The main disadvantages of NH-PAH1 are low solubility in aqueous 

media and slow reverse reaction. Therefore, only EDGs were used to modify the 

indazole part and electron accepting part to reduce the dark acidity and increase the 

reverse reaction, respectively. In addition, the electron accepting benzothiazole 

moiety was replaced with thiazole and TCF moieties to study the relationship 

between structures and physicochemical properties. 

The respective NH-based photoacids were synthesized using similar 

methods to that of NH-PAH1 photoacid as described below. The detailed 

procedures for synthesis of each molecule in Figure 2.8 is given in Chapter 6. Their 

photo-physicochemical properties in solutions are discussed in detail in this section.  

2.2.1. Synthesis of compounds NH-PAH-2 and NH-PAH-

3. 

Both compounds, NH-PAH-2 and -3 have the indazole moiety that provides 

the active proton and it is linked to an EA moiety. In this case benzothiazole in 

NH-PAH-1 is replaced with thiazole and tricyanofuran (TCF) moieties 

respectively, via a double bond. In the first step towards the synthesis of NH-PAH-

2, 2-methyl-thiazolium salt (compound C2-2) was obtained by refluxing with 
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propane sultone, in high yield. The quaternization of thiazole increased the 

reactivity of thiazole towards the  nucleophile. 

The NH-PAH-2 was obtained via a Knoevenagal reaction and refluxing for 

a longer period of time, such as 3 days, increased the yield and the purity (Scheme 

2.4 (top). The synthesis of NH-PAH-3 was achieved by the reaction between TCF 

and 1H-indazole-7-carbaldehyde as shown in the scheme 2.4 (bottom) in relatively 

high yield and high purity.  

 

 

Scheme 2.4. Synthetic route for compounds NH-PAH-2 (top) and NH-PAH-3 

(bottom). 
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2.2.2. Photoreaction and reversibility of NH-PAH-2 and 

NH-PAH-3 in solution. 

A solution of NH-PAH-2 was prepared by dissolving the compound in a 

minimum amount of DMSO and then diluting with DI water. As shown in Figure 

2.9, UV-vis spectra were collected for the above solution after irradiation with 470 

nm LED light for 5 min and kept in dark for 20 min. Before irradiation, a strong 

peak at 396 nm, which was attributed to protonated PAH form, was observed and it 

was closer to the wavelength of PAH for NH-PAH-1 compound (λmax = 394 nm). 

Upon irradiation, 74 % of the mPAH was converted to the cyclized form absorbing 

at 290 nm (Figure 2.9). 

 

Figure 2.9.  UV-vis spectra for compound NH-PAH-2 in DI water before and after 

irradiation and kept in dark. 



 

51 
 

The higher solubility of NH-PAH-2 compared to NH-PAH-1, lead us to 

obtain a better UV-Vis spectrum with minimum amount of DMSO. But, the main 

disadvantage associated with NH-PAH-1 molecule is the slow thermal reverse 

reaction. The low reactivity of thiazolium moiety compared to benzothiazolium 

moiety towards the NuH was expected to increase the reverse reaction. However, as 

observed, the thermal reverse reaction for NH-PAH-2 was significantly slow, 

which stopped us from further testing this compound.  

In the TCF type mPAH, tricyanofuran (TCF), the EA moiety, is linked to a 

phenolic NuH via a double bond. As reported, this photoacid showed a low dark 

acidity and fast reverse reaction.  TCF is a moderately strong EA. The strong 

electron withdrawing ability encourages the nucleophilic moiety to attack the 

carbon near to TCF and form the cyclized structure. Also, the low dark acidity will 

avoid the proton transfer before irradiation.  The solubility of NH-PAH-3 in polar 

solvents is lower compared to NH-PAH-1. Hence about 10 % DMSO was used to 

prepare solutions for UV-vis spectroscopy. 
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Figure 2.10. UV-vis spectra for compound NH-PAH-3 in (a) MeOH, (b) DI water, 

and (c) PBS buffer, before and after irradiation and kept in dark. 

In methanol solution, a strong peak corresponding to the protonated  open 

form  was observed at 450 nm, which was red shifted compared to NH-PAH-1 and 

upon irradiation almost 100 % converted from the open form to the cyclized form 

at 309 nm. But after the light was turned off, the cyclized form did not convert back 
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to the open form (Figure 2.10a).  The reverse reaction was very slow. Irradiation 

with 254 nm light may help the reverse reaction, but this was never tested. Both in 

DI. water and PBS buffer solution, the prominent PAH peak was observed at 446 

nm and 450 nm respectively. But, it was observed that the cyclized PA’
- 
form at 

310 nm and deprotonated open PA
- 
form around 550 – 600 nm are present even 

before irradiation (Figure 2.10 b and c), suggesting that the compound NH-PAH-3 

releases protons in the dark. The reverse reaction is also significantly slow, hence 

further testing of the compound was not conducted.   

2.2.3. Synthesis of compound NH-PAH-4. 

 

 

Scheme 2.5. Synthetic route for compound NH-PAH-4. 
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The common reaction conditions such as methyl iodide with K2CO3 as the 

base or paraformaldehyde with NaBH4 as the base, were not successful for the 

synthesis of dimethylated amine substituted benzothiazole (Compound C2-3). 

Hence, a much stronger base, NaBH3CN, was used for the reductive alkylation with 

paraformaldehyde and the yield was as high as 98 %.
21

 Further, the desired 

photoacid NH-PAH-4 was obtained in high yield via general methods of 

synthesizing NH photoacids, which includes formation of a quaternary ammonium 

salt (compound C2-4), followed by the Knoevenagal condensation as shown in 

scheme 2.5.    

2.2.4. Photoreaction and reversibility of NH-PAH-4 in 

solution. 

The dimethylamino group acts as an electron donating group. The 

dimethylamino group at the para-position of the nitrogen cation in the EA moiety 

reduced the positive charge on nitrogen atom in the quaternary benzothazolium ion. 

It could also decrease the electron accepting ability. This could make it difficult to 

close the ring via the nucleophilic reaction. Hence, an electron donating group in 

the EA moiety may favor the reverse reaction and stabilize the open form. 
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Figure 2.11. UV-vis spectra for compound NH-PAH-4 in MeOH, before and after 

irradiation and kept in dark. 

As shown in Figure 2.11, for the compound NH-PAH-4 in methanol, a 

strong peak at 494 nm was observed, which corresponds to the PAH and a small 

peak observed around 410 nm may correspond to the cis form. The most important 

fact about this compound is that, the substitution with the dimethylamino group 

made the wavelength of PAH  red shift significantly, about 70 nm from that of NH-

PAH-1. This may be due to the increase in the conjugation length of the 

chromophoric system. The shift in the absorption to a longer wavelength lead us to 

use the 590 nm LED light, instead of 470 nm light to activate the photoreaction.  A 

small decrease in the PAH peak was observed upon irradiation and the peak 

reversed back rapidly. The same behavior was observed in DMSO solution, except 

the prominent peak shifted even longer to 503 nm. This study could lead us to 
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design NH-PAHs that can be activated by near-IR light, which is in the therapeutic 

window used for photodynamic therapy.    

2.2.5. Synthesis of compound NH-PAH-5.  

Although, the first step, which is the synthesis of 4-methoxyindazole 

(compound C2-5), was achieved easily 
22

 with a high yield, the next step towards 

the synthesis of compound C2-6, was very difficult. After several attempts using 

different types of formylation reactions such as the Vilsmeier reaction, the desired 

product, compound C2-6, was synthesized via the Duff reaction.
23

 But the yield is 

relatively low. In order to obtain the corresponding photoacid, the Knoevenagal 

reaction was carried out (Scheme 2.6). In NH-PAH-5, the nucleophilic moiety is 

substituted with a methoxy group para to the double bond. In this reaction, a 

precipitate was not formed, hence, the product obtained by evaporation of the 

solvent was used for UV-vis spectroscopic studies in methanol and DI water 

systems without further purification.   
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Scheme 2.6. Synthetic route for compound NH-PAH-5. 

2.2.6. Photoreaction of NH-PAH-5 in solution. 

The methoxy group is an electron donating group. An EDG lowers the dark 

acidity and increases the photo-induced acidity change allowing these mPAHs to be 

used in basic media. In the compound NH-PAH-5, the methoxy group is 

substituted at the para position to the double bond, which is linked to the electron 

withdrawing benzothazolium moiety. As reported, a fast reverse reaction, which 

corresponds to the fast trans-cis isomerization, can be achieved via this strong 

push-pull configuration.
12 
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Figure 2.12. UV-vis spectra for compound NH-PAH-5 in (a) MeOH, (b) DI water, 

and (c) DMSO, before and after irradiation and kept in dark. 

In a methanolic solution of compound NH-PAH-5, a prominent peak at 471 

nm was observed.  Upon irradiation about 55 % of PAH converted to PA’
-
 showing 

at 287 nm in the UV-vis spectrum and when the light was turned off, PA’
-
 

converted back to PAH at a very slow rate (Figure 2.12a).  On the other hand, as 

shown in Figure 2.12b, in DI water, the strong peak corresponding to PAH was at 
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455 nm and PA’
-
 at 285 nm was observed even before irradiation. Upon irradiation, 

about 65 % converted to the cyclized form, and in the dark after 10 min about 85 % 

converted back to PAH, which is a significantly faster reverse reaction than the 

standard NH-PAH-1. Further, a faster reverse reaction was observed in DMSO 

(Figure 2.12c), which is very significant, since most of the photoacids reported 

show significantly slow thermal reverse reaction in DMSO. 

2.2.7. Synthesis, photoactivity and reversibility of 

compound NH-PAH-6. 

As shown in scheme 2.7, the compound NH-PAH-6 was successfully 

synthesized with relatively high yields by following the general reaction conditions 

used for the synthesis of NH-PAHs. A detailed procedure is given in Chapter 6. 

The only modification is that the Knoevenagal condensation between the 

quaternary ammonium salt of 6-methoxy benzothiazole (compound C2-7) and 1H-

indazole-7-carbaldehyde was carried out for 2 days to increase the yield and the 

purity.  
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Scheme 2.7. Synthetic route for compound NH-PAH-6. 

An EDG, such as the methoxy group, is substituted at the 6 position, which 

is para to the nitrogen atom in the quaternary ammonium salt.  The strong electron 

donating ability of the methoxy group will reduce the positive charge on the 

nitrogen atom and hence decrease the ability to close the ring via nucleophilic 

reaction. In return, the methoxy group on the EA may favor the reverse reaction 

and decrease the rate of forward photoreaction. 

   The relatively low solubility of NH-PAH-6 lead us to use a minimum 

amount of DMSO to initially dissolve the compound. A methanol solution of 

compound NH-PAH-6 was irradiated with 470 nm LED light (Ex situ). The PAH 

peak at 437 nm decreased by 76.2 % upon irradiation and converted to the closed 

form at 341 nm as shown in Figure 2.13a. A solution of NH-PAH-6 in DMSO was 

irradiated with 470 nm LED light (Ex situ) and kept in dark for 10 min. Upon 

irradiation, the prominent peak at 441 nm decreased by 80 % upon irradiation and 

converted to the closed form at 334 nm (Figure 2.13b).  
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Figure 2.13. UV-vis spectra for compound NH-PAH-6 in (a) MeOH, (b) DMSO, 

and (c) DI water, before and after irradiation and kept in dark. 

As shown in Figure 2.13c, in DI water, after the irradiation with 470 nm 

LED light (Ex situ) and kept in the dark for 10 min, PAH peak at 428 nm decreased 

by 74.8 % upon irradiation and converted to the closed form at 343 nm. In contrast 

to a fast reverse reaction as expected, in different solvent systems, methanol, 
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DMSO and DI water, the thermal reverse rate was very low, even though the 

forward reaction is normal. 

A solution of NH-PAH-6 in methanol was irradiated with 470 nm LED 

light and the PAH peak at 437 nm decreased by 76.2 % upon irradiation and 

converted to the closed form at 341 nm. Interestingly, when the same solution was 

irradiated with 365 nm light, the cyclized form converted back to the open PAH 

form   by 66 %. Further irradiation for another 5 min did not change the 

absorbance, suggesting the photo-stationary state was reached.  Further, the same 

solution was irradiated with 470 nm LED light (Ex situ) and again irradiated with 

254 nm LED light for 5 min. Upon irradiation with 254 nm light, the conversion of 

72 % was achieved as shown in Figure 2.14a.  

The same behavior was observed in DMSO with a solution irradiated with 

470 nm LED light (Ex situ) for 5 min and again irradiated with 365 nm LED light 

for 5 min, upon irradiation with 365 nm light for 5 min, the PAH peak at 441 nm 

increased back to 56.5 %.  The same solution was irradiated with 470 nm LED light 

(Ex situ) and again irradiated with 254 nm LED light for 5 min and upon irradiation 

with 254 nm light, the peak at 441 nm increased back to 48.5 % (Figure 2.14b). 
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Figure 2.14. UV-vis spectra for compound NH-PAH-6 in (a) MeOH, (b) DMSO, 

and (c) DI water, before and after irradiation  with 470 nm, 254 nm and 365 nm. 

LED lights. 

  Further, as shown in Figure 2.14c, in a solution of NH-PAH-6 in DI. water 

(initially dissolved in the minimum amount of DMSO and MeOH) was irradiated 

with 470 nm LED light (Ex situ) for 5 min and again irradiated with 365 nm LED 

light for 5 min. Upon irradiation with 470 nm light, λmax at 428 nm decreased by 
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76.2 % and converted to the closed form (λmax = 343 nm). Upon irradiation with 

365 nm light for 5 min, the peak at 428 nm increased back to 70 %. Further 

irradiation for 5 min did not change the absorbance, suggesting the photostationary 

state was achieved. The same solution was irradiated with 470 nm LED light (Ex 

situ) and again irradiated with 254 nm LED light for 5 min. Upon irradiation with 

254 nm light, the peak at 428 nm increased back to 68 %. 

In PBS buffer solution, the PAH peak at 429 nm decreased by 94.5 % upon 

irradiation and the compound converted to the closed form at 328 nm. The thermal 

reverse reaction in dark is slightly faster compared to other solvents. 21% of PAH 

reversed back thermally, after being kept in dark for 10 min as shown in Figure 

2.15a.  

To study the reverse reaction upon irradiation in PBS buffer, as shown in 

Figure 2.15b, a solution of NH-PAH-6 was irradiated with 470 nm LED light (Ex 

situ) for 5 min and again irradiated with 365 nm LED light for 5 min. Upon 

irradiation with 365 nm light for 3 min, the peak at 429 nm increased back to 13 %. 

Further irradiation up to 5 min did not change the absorbance, suggesting the 

photostationary state was reached. The same solution was irradiated with 470 nm 

LED light (Ex situ) and again irradiated with 254 nm LED light for 3 min. Upon 

irradiation with 254 nm light, the peak at 441 nm increased back to 13 %. Further 

irradiation up to 5 min resulted in two new peaks suggesting that the longer 
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irradiation time may cause decomposition of the compound. The ability to control 

both the forward photoreaction and the backward thermal reaction using light made 

NH-PAH-6 a promising photoswitch and further studies will be done in the near 

future.  

 

Figure 2.15. UV-vis spectra for compound NH-PAH-6 in PBS buffer solution, 

before and after irradiation with 470 nm and (a) thermal reverse reaction (b) 

irradiation with 365 nm and 254 nm LED lights. 

In summary, five novel NH-PAH derivatives were designed and 

synthesized. The replacement of the EA moiety of NH-PAH-1 with thiazolium in 

NH-PAH-2, resulted in slow thermal reverse reaction in dark. Using TCF as the 

EA moiety in NH-PAH-3, could not increase the rate of the reverse reaction either. 

But the TCF EA moiety increased the λmax by 28 nm in PBS buffer solution. On the 

other hand, substitution of the benzothiazolium moiety (para to the positively 
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charged nitrogen atom) with the EDG dimethyl amino group (NH-PAH-4), shifted 

the λmax to longer wavelength by about 70 nm in methanol. But little reaction was 

observed under irradiation. The substitution of the nucleophilic moiety with a 

strong EDG, such as the methoxy group, para to the double bond (NH-PAH-5), 

lead to an increased thermal reverse reaction rate in both DI water and DMSO, 

even though a significant amount of deprotonation was observed even before 

irradiation. Finally, the substitution with a methoxy group at the EA moiety (NH-

PAH-6) resulted in a very slow thermal reverse reaction. However, it allowed the 

reverse reaction to be activated using UV light (254nm and 365 nm). The ability to 

control both the forward photoreaction and the backward reaction using light made 

NH-PAH-6 a promising photoswitch for future study.  

2.3. Photo-responsive polymer containing NH- PAHs. 

With the success of NH-PAH-1, we decided to develop photoresponsive 

polymer photoacids by either covalently linking NH-PAH-1 on to polymers or 

doping polymer films and hydrogels with the photoacid. Here, the main goal is to 

develop photoresponsive polymeric systems that function in physiological 

conditions and create a high local concentration of protons. With regard to the 

applications of the mPAHs, most of the work published has used photoacid 

solutions. Photoacid polymers, photoacids covalently linked with biomolecules and 
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solid materials containing photoacids will open a wide area of research work to be 

carried out in the future. Recently, mPAH with the phenolic group as the 

nucleophilic moiety, has been used in different polymeric systems. To name a few, 

photoinduced volume change of a photoacid doped hydrogel,
7
 photoinduced 

conductivity change of a polymer
10

, visible light activated calcium ion sensing 

photoacid polymer,
17

 and photoinduced spatial structuring of a supramolecular 

hydrogel
14

 have been reported by our group and other groups. 

The first part of the research work discussed here is regarding the synthesis 

and UV -visible spectroscopic studies of the derivatives of NH-PAH-1 modified 

for linking to polymers. The second part is mostly focused on the preparation of 

NH-PAH-doped films and hydrogels, and studies of their photo-physicochemical 

behavior in different media upon irradiation. Linking mPAHs to polymers could 

improve solubility, avoid leakage and improve compatibility in different media. 

Most importantly, the usage of a photoacid solution is no longer needed. Also, 

photoacid polymers will be able to create a localized proton concentration within 

and around the material.  

 

 



 

68 
 

2.3.1. Synthesis of NH-PAHs with different functional 

groups. 

The synthesis of several NH-PAHs (Figure 2.16b) with different functional 

groups was attempted in order to covalently link the photoacid to polymers. Even 

though the modification of 2-methyl -1- (3-sulfonatepropyl)-benzothiazolium ion 

can be achieved for all the compounds shown in the Figure 2.16 (detailed 

procedures are given in Chapter 6), the respective photoacids, NH-PAH-7(a to c) 

and 8 (a and b) were unable to be synthesized via Knoevenagel condensation 

reaction in ethanol with ammonium acetate as the catalyst. But the resulting 

solutions were subjected to UV-vis spectroscopic studies in order to find out 

whether the formation of the photoacid happens or not, or whether the outcome of 

the reaction is the formation of the closed form (PA’
-
).  
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Figure 2.16. (a) Scheme for the photoreaction of NH-PAH1, and (b) derivatives of 

NH- PAH1 with different functional groups. 

Synthesis of compounds NH-PAH-7d and 9 were successful in significant 

percent yield (63.2 % and 96.9 % respectively). Even though, the Knoevenagel 

reaction was carried out in ethanol for the synthesis of compound NH-PAH-7d, the 

same reaction must be done in ethylene glycol for the synthesis of compound NH-

PAH-9. This is due to the low solubility of the quaternary ammonium salt of 

acrylamido benzothiazole in ethanol. Detailed procedures with synthetic routes are 

included in Chapter 6.  One of the major challenges of NH-PAH-1 was the low 

solubility in polar solvents, including ethanol and methanol, which made it difficult 

to prepare smooth and transparent polymer films doped with NH-PAH-1 and fully 
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loaded photoacid hydrogels.  The modification of NH-PAH-1 with the azidomethyl 

group and acrylamido group increased the solubility of the photoacid in polar 

solvents and lead to photoacid doped polymer films and hydrogels with better 

compatibility. 

2.3.2. Photoactivity and reversibility of NH-PAH-7 (a to 

c) and NH-PAH-8 (a, b) in solution. 

The photoreaction of NH-PAH-1 as illustrated in Figure 2.16a, is discussed 

in detail in the earlier part of this chapter. Irradiation of a solution of NH-PAH-1 

with 470 nm LED light, converts the predominant protonated photoacid (open 

form, PAH) to the cyclized acidic form (PA’
-
) and after the light is switched off, 

the reformation of the protonated form can be observed. UV-vis spectra of 

compounds NH-PAH-7a, 7c and 8b in ethanol, revealed that the cyclized form 

(PA’
-
) of the corresponding photo acids were formed predominantly instead of the 

open form (PAH) as shown in Figure 2.17a.  
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Figure 2.17. UV-vis spectra of before and after irradiation with 470 nm LED light 

for 5 min and kept in dark for 5 min for (a) NH-PAH-7a in ethanol solution, (b) 

NH-PAH-7b in ethanol solution and (c) NH-PAH-8b in DMSO solution. 

The UV-vis spectrum of compound NH-PAH-7b in ethanol showed typical 

photoacid behavior upon irradiation. The opened form at around 470 nm was the 

major product and irradiation with 470 nm LED light for 5 min converted the open 

PAH form to the closed PA’
-
 form at around 290 nm. The thermal reverse reaction 
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after keeping it 5 min in dark, was significantly fast compared to that of the NH-

PAH-1 photoacid (Figure 2.17b). A similar photoreaction was observed for 

compound NH-PAH-8b in DMSO solution, but the thermal reverse reaction is very 

slow, which is not that different from the behavior of a regular photoacid in DMSO 

(Figure 2.17c). However, the NH-PAHs discussed above are not pure and difficult 

to synthesize. Thus, the results discussed here must be further verified.     

2.3.3. Photoreaction and reversibility of NH-PAH-7d in 

solution. 

 The photoreaction of compound NH-PAH-7d was studied in different 

solvent systems, such as ethanol, methanol, DI water, DMSO and in PBS buffer 

solution. The extinction coefficient of NH-PAH-7d was found to be around 28000 

M
-1

 cm
-1

. A solution of compound NH-PAH-7d in ethanol (0.037 mM), was 

irradiated with 470 nm light for 5 min from the top of the cuvette cell and the UV-

vis spectrum was taken. About 95 % of PAH (λmax = 438 nm) was converted to 

PA’
- 
after irradiation. Then, the same sample was kept in dark and spectra were 

collected every 10 min. About 25 % of PAH  recovered thermally after 1 h (Figure 
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2.18a).  

 

   

 

Figure 2.18. UV-vis spectra for photoinduced reversibility of NH-PAH-7d in (a) 

ethanol, (b) methanol, (c) DI water and (d) DMSO. 

In methanol (0.04 mM), about 90 % of PAH (λmax = 438 nm) was converted 

to PA’
-
 after irradiation and in dark and spectra were collected every 10 min. About 

35 % of PAH recovered thermally after 1 h (Figure 2.18b). In a solution of 
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compound NH-PAH-7d in DI water, after irradiation 30 % of MEH recovered 

thermally (Figure 2.18c). Like all metastable state photoacids, the thermal reverse 

reaction in DMSO as shown in Figure 2.18d, was significantly slow.  

To study the forward and backward reactions of NH-PAH-1 in polar 

solvents, a significant amount of DMSO (10 %) is needed due to the low solubility 

of the compound. Comparatively, the higher solubility of NH-PAH-7d, allowed us 

to study the forward and backward reactions in polar solvents with a usage of 

minimum amount of DMSO (about 1 %).  

To study the behavior of NH-PAH-7d at pH 7.4, the compound was 

dissolved in 1ⅹ PBS buffer by initially dissolving in a minimum amount of DMSO 

(˂ 1%), and the corresponding UV-visible spectrum is shown in Figure 2.19. A 

strong absorption peak at 426 nm was observed and it is assigned to be the 

protonated photoacid form (PAH). The absorption of PAH form did not change 

significantly upon the addition of a small drop of concentrated HCl (0.01 mL), 

confirming that the peak at 426 nm is the predominant form. The addition of HCl, 

makes the solution strongly acidic and it was previously reported that the 

protonated form of a mPAH is predominant under a strongly acidic condition.
24 

Hence, like NH-PAH-1, compound NH-PAH-7d in PBS buffer (pH 7.4) does not 

release protons into the solution before irradiation, suggesting the potential of 

future applicability to photocontrol pH in physiological conditions.   
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Figure 2.19. The UV-vis spectrum of NH-PAH-7d in PBS buffer, before and after 

irradiation and kept in dark after irradiation.  

To study the photoactivity of compound NH-PAH-7d, the same solution in 

PBS buffer was irradiated with 470 nm LED light for 5 min. In the UV-vis 

spectrum as shown in Figure 2.19, the PAH peak disappeared and a prominent peak 

at 317 nm and multiple peaks around 270 to 280 nm were observed. These peaks 

are assigned to be the deprotonated cyclized form (PA’
-
). About 95 % percent of 

PAH converted to PA’
-
 upon irradiation. The cyclized form converted back to the 

protonated form, after the light was turned off and the backward reaction is 

moderately fast. 75 % of PAH reversed back after 1 h in dark. 
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2.3.4. Photocontrol of proton transfer using NH-PAH-

7d in polymer film and hydrogel. 

One of the goals of developing mPAHs is to control proton transfer in 

organic materials, especially in this case, to photocontrol proton transfer under 

physiological conditions. Hence, the proton transfer between NH-PAH-7d and 

acridine dye (compound 1) was studied and the relatively high solubility of NH-

PAH-7d allowed us to test the proton transfer ability of the photoacid doped in to a 

polymer film and a hydrogel at pH 7.4, immersed in PBS buffer. 

 

Scheme 2.8. The reaction between NH-PAH-7d and acridine dye (compound 1) 

before and after irradiation with 470 nm LED light.  

To prepare polymer thin films, poly (2-hydroxyethyl methacrylate) 

(PHEMA), which is commercially available, was used. The hydroxyl groups in 

PHEMA, as the host polymer, provide an environment similar to that of an alcohol 

solution. PHEMA thin films containing 1 wt % of NH-PAH-7d and 0.1 wt % 

compound 1 were prepared using spin casting of a methanol solution of the three 

components on a glass substrate. A detailed procedure for the preparation of 
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polymer thin film doped with photoacid and acridine dye is given in the 

experimental section. The prepared films are transparent and homogeneous with a 

film thickness of 0.002 mm as shown in Figure 2.20A.   

 

Figure 2.20. The color change of the PHEMA film doped with NH-PAH-7d and 

compound 1, (A-B) immersed in PBS buffer for 20 min and (B-H) over three 

cycles of irradiation for 1 min and kept in dark for 10 min. 

The light yellow-green of the polymer film (Figure 2.20A), is due to some 

extent of proton transfer between the photoacid and the acridine dye without 

irradiation. But, when the film is immersed in PBS buffer solution for 20 min, it 

turned to an orange-yellow color (Figure 2.20B) because buffer solution converts 

protonated acridine dye back to deprotonated dye. Upon irradiation with 470 nm 

LED light for 1 min, the photoacids release protons and protonate the dye 

molecules (compound 2) as shown in scheme 2.8. Thus, a color change from 

yellow to bluish green is observed on the polymer film as shown in Figure 2.20B to 
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C. When the light was turned off and the sample was kept in the dark for 10 min, 

the color changed from green to yellow (Figure 2.20C to 20D), suggesting that the 

dye molecules are deprotonated. As shown in Figure 2.20B to 2.20H, over 3 cycles 

the color faded away because of the leakage of the dye and the photoacid to PBS 

buffer.  

 

Figure 2.21. The color change of the PHEMA film doped with NH-PAH-7d and 

compound 1, (A-B) immersed in PBS buffer for 20 min and (B-H) over three 

cycles of irradiation for 1 min and kept in dark for 10 min. 

A hydrogel prepared using N-isopropylacrylamide (NIPAAm) as the 

monomer and poly(ethyleneglycol) diacrylate (10 wt %) as the crosslinker was 

tested as the host polymeric matrix to study the proton transfer ability of NH-PAH-

7d in PBS buffer solution. The deatiled procedure of the hydrogel preparation is 

given in the experimental section.  The swelling behavior of the hydrogel was 
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studied in DI water and methanol. The original diameter of the hydrogel after 

preparation was 1.5 cm and that of a dried sample is about 0.9 cm. In DI. water, 0.1 

cm increase in diameter was observed after 1 h ( from 1.5 cm to 1.6 cm) and no 

change was observed overnight. The diameter of a dry sample increased by 0.3 cm 

in DI water after 30 min (0.9 cm to 1.2 cm). The diameter of a dried sample (0.9 

cm) in methanol, increased by 0.9 cm after 30 min and it was not changed 

overnight. This allowed us to come to the assumption that the pieces of hydrogel 

can  be loaded with the photoacid using a methanol solution. A dry piece of 

hydrogel (1 mm) was immersed in a clear orange-green color solution of NH-

PAH-7d (3.65 mM) and compound 1 (0.42 mM) in methanol for 2h. After the 

methanol was removed by evaporation, the photoacid-dye loaded hydrogel was 

then immersed in a PBS buffer solution for 20 min and then subjected to cycles of 

irradiation with 470 nm LED light for 1.5 min from the top and kept in dark for 10 

min inside the buffer solution. The same behavior of color change as with the 

above mentioned photoacid and acridine dye doped polymer thin film was 

observed. There was no volume change observed upon irradiation. But after 3 

cycles of irradiation and in dark, the color of acridine dye started to fade away. This 

must be due to the leakage of dye and the photoacid from the hydrogel. 
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2.3.5. Synthesis of NH-PAH-9 linked to poly (2-

hydroxyethyl methacrylate) polymer. 

Preparation of a polymer grafted with mPAHs has been tried recently. 

Chmbimuni-torres and coworkers synthesized a polymer with 10 % of a phenolic 

mPAH and 90 % methyl acrylate component.
24

 The photoacid was linked via a 

phenol-ester bond to the polymer and this bond can be hydrolyzed very easily. The 

phenolic part of the photoacid can quench the radical polymerization reaction, 

hence it is difficult to synthesize the photoacid-polymer.
24

 As shown in scheme 

2.9a, a co-worker in our group attempted to covalently link NH-PAH-7d via a 

copper catalyzed click reaction, to poly(2-hydroxyethyl) methacrylate grafted with 

an alkyne group (10 %).  But the reaction failed due to the formation of crosslinked 

gels instead of polymer. This may be due to either the covalent crosslinking 

between two alkyne groups in the copolymer or the non-covalent coordinative 

crosslinking between N groups of indazole moieties and Cu
2+

. Addition of 

hydrochloric acid helped the dissolving of the gel in methanol, indicating that the 

crosslinking was non-covalent crosslinking. However, the obtained photoacid 

polymer contained a very low percentage of NH-PAH-7d.  
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Scheme 2.9. Synthesis of (a) NH-PAH-7d-Polymer and (b) NH-PAH-9-Polymer. 

All of the above attempts lead us to synthesize compound NH-PAH-9, with 

an acryl amide group, in order to copolymerize with a desired monomer. The 2-

hydroxyethyl methacrylate was selected as the monomer since hydroxyl groups in 

the host polymer may provide an environment similar to that of an alcohol solution 

and accelerate the proton transfer. As shown in scheme 2.9b, the radical 

polymerization reaction between NH-PAH-9 (10 wt % of monomer) and 2- 

hydroxyethyl methacrylate monomer yielded the required photoacid-polymer. Even 

though, the reaction was successful, only 1.5 wt % of  the photoacid was covalently 

linked to the polymer. Several attempts to increase the percentage of photoacid 

linked to polymer were made, but none of them were successful. This may be due 

to the steric hindrance of the photoacid monomer preventing it from being 
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polymerized efficiently. Hence, we decided to go further and study the photo 

reaction of NH-PAH-9 in different solvent systems, NH-PAH-9-Polymer in PBS 

buffer solution, and a polymer thin film made of the photoacid-polymer, doped 

with acridine dye, immersed in a PBS buffer. 

2.3.6. Photoreaction and reversibility of NH-PAH-9 in 

solution. 

The extinction coefficient of NH-PAH-9 is 27000 M
-1

 cm
-1

. A solution of 

photoacid in methanol was irradiated with 470 nm light for 5 min and kept in dark 

for 10min and further for 1h. As shown in Figure 2.22a, the thermal reverse 

reaction is slow and similar to that of NH-PAH-7d. Also, the thermal reverse 

reaction is even slower in DMSO similar to all mPAHs (Figure 2.22b).  

A solution of NH-PAH-9 initially dissolved in 5 drops of DMSO and then 

diluted with 4 ml DI. water was subjected to UV-vis spectrophotometry to study 

the forward and backward reactions under irradiation and in dark respectively 

(Figure 2.22c). The solution was irradiated with 470 nm light for 5 min from the 

top of the cuvette cell and the UV-vis spectrum was taken. About 85 % of PAH 

(λmax = 446 nm) was converted to the cyclized form (PA’
-
) at 326 nm after 

irradiation. Then, the same sample was kept in dark and spectra were collected 

every 10 min. About 50 % was recovered thermally after 3 h.   



 

83 
 

 

                                                                              

 

Figure 2.22. Photoreaction of NH-PAH-9 in (a) MeOH, (b) DMSO, (c) DI water 

and (d) PBS buffer solution. 

To study the photoactivity of NH-PAH-9, in PBS buffer, the photoacid was 

initially dissolved in in 5 drops of DMSO (about 1.3 %) and irradiated with 470 nm 

LED light for 5 min from the top of the cuvette cell. In the UV-vis spectrum as 

shown Figure 2.22d, the PAH peak at 438 nm disappeared and a prominent peak at 



 

84 
 

323 nm, which was assigned to be the deprotonated cyclized form (PA’
-
), appeared. 

Almost 100 % percent of PAH converted to PA’
-
 upon irradiation. The cyclized 

form converted back to the protonated form after the light was turned off, and the 

backward reaction is relatively faster than compounds NH-PAH-1 and NH-PAH-

7d, because 95 % of PAH reversed back after 1 h in dark. 

2.3.7. Photoreaction of NH-PAH-9-polymer thin film in 

PBS buffer solution. 

NH-PAH-9-Polymer (0.025 g) was dissolved in 5 drops of DMSO and 

then diluted with 0.5 ml methanol. The photoacid-polymer solution was used to 

make two transparent orange color polymer films (2 cm × 2 cm) on a glass 

substrate by the drop coating method and the thickness of the film was 0.004 mm. 

A detailed method of preparation is given in the experimental section.  A piece of 

photoacid-polymer film (2.8 cm × 0.6 cm) with a thickness of 0.004 mm was 

immersed in PBS buffer solution in a cuvette cell (1 cm path length) at a tilted 

position and 30 cycles of UV-visible spectra were collected every 10 s upon 

irradiation with 470 nm light from the top. Upon irradiation, about 67 % of PAH is 

converted to PA’
-
.  The irradiated sample was kept in dark and UV-vis spectra were 

collected every 5 min for 10 cycles at first and then every 10 min for 12 cycles 

(Figure 2.23a). About 40 % of PAH is recovered after about 3 h (Figure 2.23b).  



 

85 
 

  

Figure 2.23. UV-vis spectra for NH-PAH-9-polymer film in PBS buffer solution, 

(a) irradiated with 470 nm LED light and spectra collected every 10 s and (b) 

spectra collected in dark over 3 h. 

2.3.8. Creation of pH pulse using compound 3-polymer doped with acridine 

dye.  

Two transparent light green acridine dye doped photoacid-polymer films 

were prepared using a solution of methanol containing 0.083 M of NH-PAH-9-

Polymer and acridine dye (10 wt % of photoacid), on 2 cm × 2 cm glass substrates 

using the drop coating method and the thickness of film was 0.005 mm. A detailed 

procedure is given in the experimental section in Chapter 6. The concentration of 

the photoacid in the thin film was about 0.1 M. Using this concentration avoided 

the proton transfer before irradiation and resulted in a significant color change upon 

irradiation.  
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A piece of the photoacid-polymer film (2.8 cm × 0.6 cm) was immersed in 

PBS buffer solution in a cuvette cell (1 cm) at a tilted position and was irradiated 

with 470 nm LED light from the top and spectra were collected at every 6 s over 6 

cycles. Upon irradiation, the PAH peak at 446 nm decreased and the peak at 610 

nm which corresponds to protonated acridine dye increased. During continued 

irradiation, at 30 s the peak at 610 nm started to decrease. (Figure 2.24a). This is a 

typical behavior for the photogeneration of a pH pulse upon continued irradiation. 

The absorbance of protonated acridine dye at 610 nm was plotted against the time 

of irradiation in seconds as shown in Figure 2.24b and it was concluded that a pH 

pulse with a period of about 2 min was created and the maximum pH change 

occurred at 30 s.  
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Figure 2.24. (a) UV-vis spectra collected every 6 s of continues irradiation with 

470 nm LED light in PBS buffer and (b) pH pulse created by plotting absorbance of 

acridine dye vs time of irradiation.  

Even though the pH pulse could be repeated for several cycles, it was 

observed that the absorbance of protonated acridine tend to decrease with number 

of cycles. This was mainly due to the protonation of the acridine dye increased its 

solubility, which resulted in the dye leaking out of the polymer. This problem can 

be overcome by covalently linking the acridine dye onto the host polymer. Another 

major concern regarding the usage of acridine dye as a proton acceptor molecule is 

that the trans-cis isomerization of the dye molecule upon irradiation, itself, makes it 

difficult to differentiate between the change in absorbance due to protonation and 

trans-cis isomerization. The double bond in the dye molecule can be replaced by a 

triple bond preventing the trans-cis isomerization upon irradiation. The slow 
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reverse reaction of the photoacid in the film is also attributed to poor 

reproducibility of the pH cycle.   
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Chapter 3 

Stability of merocyanine‐ type photoacids in 

aqueous solutions  

―Reprinted from Journal of Physical Organic Chemistry, 30 (8), Nawodi 

Abeyrathna and Yi Liao, Stability of merocyanine‐ type photoacids in aqueous 

solutions, e3664, Copyright (2016), with permission from John Wiley and Sons 

Ltd." 

 

3.1. Introduction. 

Merocyanine-type of photoacids are related to the photochromic spiropyran 

(SP), which has been extensively studied
2
 (Scheme 3.1). An SP undergoes a 

ring‐ opening reaction under ultraviolet (UV) light and transforms to a phenolate 

merocyanine (ME). An ME‐ type photoacid has an MEH structure. Under visible 

light, the MEH undergoes a cyclization reaction to form, formally, a protonated 

spiropyran, which is acidic and can release a proton. The acidic protonated 

spiropyran is metastable and thermally relaxes back to MEH in the dark (Scheme 

3.1).  
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Scheme 3.1. Photoreactions of a common spiropyran (top) and a 

merocyanine‐ type photoacid (bottom). ME indicates merocyanine; MEH, 

protonated merocyanine; SP, spiropyran; SPH, protonated spiropyran; UV, 

ultraviolet. 

Given that many of the applications, such as photo-controlled acid‐ catalyzed 

reactions, volume‐ change of hydrogels, polymer conductivity, bacteria killing, 

odorant release, and color change of materials,
2-6

 are under aqueous conditions, the 

stability of MEH in aqueous condition has been a major concern. Stafforst and 

Hilvert reported that MEs generated by irradiating SPs were hydrolyzed in aqueous 

solutions, but the reaction rate became very slow in 0.1% trifluoroacetic acid 

solution.
7
Andréasson and coworkers studied the decomposition reaction both 

experimentally and theoretically using quantum mechanical calculations.
8
 Their 

results suggested that the hydrolysis reaction was catalyzed by the phenolate anion 
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of ME and thus MEH should be stable. In this work, we studied the decomposition 

of MEH photoacids in aqueous solution and demonstrated an approach for 

improving their stability. In addition, the photostability of this type of photoacid 

was also studied. 

3.2. Results and discussion. 

PAH1 in Scheme 3.1 is the most studied metastable‐ state photoacid and 

has been used in many applications.
2-6,9-13

 Therefore, its decomposition in aqueous 

solutions was studied in this work. Previous work by Stafforst and Hilvert showed 

that the decomposition products of an ME, which was generated by irradiating an 

SP, were a salicylaldehyde and an indolinium.
7
 However, a ME‐ type photoacid 

such as PAH1 has a predominant MEH rather than ME form in water. Therefore, 

the decomposition products need to be investigated.  

In this work, an aqueous solution of PAH1 was kept in the dark for a 

month. Yellowish white precipitates were observed indicating that PAH1 

decomposed. If PAH1 decomposed in a similar way as that of an ME, a 

salicylaldehyde and a indolinium would form as shown in Figure 3.1. An 

ultraviolet‐ visible spectrum of the solution showed substantial decrease of 

absorption at 426 nm compared to the spectrum of the freshly prepared solution 

(Figure 3.2). The absorbance peaks matched that of salicylaldehyde and the 

indolinium (2 in Figure 3.1). To further confirm the existence of salicylaldehyde, a 



 

96 
 

drop of concentrated sodium hydroxide was added to the solution to convert 

salicylaldehyde to its anion. As expected, a strong absorption peak at 376 nm 

appeared, which was consistent with a standard solution of deprotonated 

salicylaldehyde. The yellowish white precipitate was collected and examined using 

liquid chromatography–mass spectrometry (LCMS). Liquid chromatography–mass 

spectrometry showed that the precipitate was mostly the indolinium (2 in Figure 

3.1) together with a small amount of PAH1. These results show that the 

decomposition reaction of MEH in water is also hydrolysis and the products of 

MEH are the corresponding salicylaldehyde and indolinium. 

 

Figure 3.1. Decomposition reaction of PAH1 and structures of PAOMe and 

PAH‐ 4OMe. ME indicates merocyanine; MEH, protonated merocyanine. 

Previous studies showed that the rate of the hydrolysis reaction depends on 

the pH of the solution.
7,8

 Therefore, hydrolysis of PAH1 in different pH buffers 
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was studied. We first studied the hydrolysis in a buffer with a pH of 5.4, which was 

chosen based on properties of PAH1. PAH1 has a pKa of approximately 7.5 in the 

dark and a maximum concentration of approximately 0.5 mM in water. The pH of a 

PAH1 solution at this concentration is about 5.4. A photoacid solution with a 

maximum concentration would theoretically result in a maximum pH drop upon 

irradiation and thus is of special interest. A buffer with a pH of 5.4 mimics the 

condition of a PAH1 solution at the maximum concentration. The decomposition 

rate of PAH1 was studied by monitoring the decrease of the UV‐ vis absorbance at 

424 nm over 3 hours. The concentrations were obtained by dividing the absorbance 

with the molar absorptivity of PAH1 (3.2 × 10
4
 L mol

−1
 cm 

−1
) and fitted to a first 

order kinetic equation (Figure 3.3). The rate constant was calculated to be 1.223 ± 

0.004 × 10
−5

 s
−1

, and the half‐ life is about 16 hours. This value is in the same order 

of magnitude as that of some MEs previously reported,
7,8

 which indicates that the 

decomposition must not be mainly due to the small amount of ME generated from 

the equilibrium between ME and MEH (Figure 3.1). As further confirmed in the 

latter sections, MEH does not need to change to ME to be hydrolyzed. When a 

buffer with a pH of 4 was used, the decomposition rate was substantially decreased 

to 7.16 ± 0.05 × 10
−7

 s
−1

 indicating that OH
−
 is involved in the reaction. Given that 

the hydrolysis reaction occurs at low pH and the rate is not proportional to the 

concentration of OH
−
, the role of OH

−
 is likely to be a catalyst but not a reactant. 
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Figure 3.2. UV‐ vis spectra of a freshly prepared and decomposed solution of 

PAH1 compared to that of salicylaldehyde and the indolinium (left), and the 

spectra of the decomposed solution after addition of a drop of NaOH solution and 

that of a salicylaldehyde solution after addition of a drop of NaOH solution (right). 

As described above, decomposition of MEH is complicated by the 

involvement of ME. Previous work by Andréasson and coworkers suggested that 

the hydrolysis reaction was catalyzed by the phenolate anion of ME and thus MEH 

should be stable.
8
 Therefore, it is important to know whether MEH is directly 

hydrolyzed or if MEH must change to ME before hydrolysis. To solve this 

problem, PAOMe (Figure 3.1) was designed and synthesized. 

 The synthetic route of PAOMe is shown in Scheme 3.2. Heating a mixture 

of 1,3-propane sultone and 2,3,3-trimethyindolinine yielded 3,3-dimethyl-1-(3-
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sulfonatepropyl)-indolium (compound C3-1), which was reacted with 2-

methoxybenzaldehyde in ethanol to yield PAOMe as an orange precipitate. A small 

amount of ammonium acetate can be used as a catalyst in the second step to 

increase the yield. Given the photosensitivity, workup needs to be done in the dark. 

The detailed procedures are given in Chapter 6. The photoacid PAOMe has a low 

solubility in water and alcohols but can be dissolved in DMSO. 

 

Scheme 3.2. Synthetic route for the synthesis of PAOMe. 

PAOMe has the same structure as PAH1 except that the OH group in 

PAH1 is substituted by an methoxy (OMe) group, which prevents the formation of 

ME. Decomposition of PAOMe was also tested in a pH 5.4 buffer, and the rate 

constant was obtained using the same method for PAH1 (Figure 3.3). The rate 

constant is 9.51 ± 0.05 × 10
−6

 s
−1

, which is close to that of PAH1 (1.223 ± 0.004 × 

10
−5

 s
−1

). This result confirms that ME is not necessary for the hydrolysis of 

ME‐ type photoacids. 
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Figure 3.3. First‐ order decomposition of PAH1, PAOMe, and PAH‐ 4OMe at 

pH 5.4. MEH indicates protonated merocyanine. 

PAOMe, which neither dissociates to ME nor cyclizes to SP, allows us to 

study the hydrolysis at a high pH. For comparison, PAH1 cannot be tested even at 

a pH close to 7 because it exists as an equilibrium of MEH, ME, and SP with only 

approximately 20% MEH at this pH.
14

 Prior work by Andréasson and coworkers 

shows that the mechanism of the hydrolysis of ME changes when pH is higher than 

9.
8
 The reactant changed from water for the pH below 9 to OH

− 
for the pH above 9. 

So, 9 is the highest pH value allowed for comparison with the test conducted at pH 

5.4. Therefore, decomposition of PAOMe was tested at pH 9. The rate constant 

obtained was 1.17 ± 0.01 × 10
−5

 s
−1

, which was only marginally higher than that of 

pH 5.4, although the concentration of OH
−
 was more than a thousand times higher. 
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This result confirms that OH
−
 functions as a catalyst but not a reactant. Based on 

the experimental results described above, the mechanism of the hydrolysis is 

proposed as in Figure 3.4. 

 

Figure 3.4. Proposed mechanism of the hydrolysis of a merocyanine‐ type 

photoacid. 

Understanding the mechanism of the decomposition makes it possible to 

improve the stability of ME‐ type photoacids. Given that hydrolysis occurs at the 

double bond and it is a nucleophilic reaction, increasing electron density on the 

double bond by introducing electron‐ donating groups conjugated to it could 

improve the stability. To test this hypothesis, PAH‐ 4OMe (Figure 3.1) was 

studied. PAH‐ 4OMe was previously used in a fragrant releasing material because 

of its fast reverse reaction rate.
6
 The OMe group is at the para‐ position of the 
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double bond and thus is electron‐ donating to it. As shown in Figure 3.3, the 

hydrolysis rate of PAH‐ 4OMe is 1.86 ± 0.03 × 10
−6

 s
−1

 in a pH 5.4 buffer, which 

is significantly lower than both PAH1 and PAOMe. The half‐ life is increased to 

4.2 days comparing to 16 hours for PAH1. 

 

Figure 3.5. Absorbance of a PAH1 solution at 424 nm during 100 cycles of 1 min 

irradiation (lower points) followed by 2 min in the dark (upper points). 

High photostability is required for reversible photoacids. It is known that 

SPs do not have high photostability partially because short‐ wavelength UV light is 

required for the reaction
15

 (Scheme 3.1). Merocyanine‐ type photoacids function 

under visible light and thus are expected to have better stability than SPs. The 

photostability of PAH1 was tested using a buffer solution with a pH of 4. As 

described above, at pH 4 the hydrolysis reaction is slow (k = 7.16 ± 0.05 × 10
−7

 s
−1

) 
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and the half‐ life is more than 11 days. So, the thermal decomposition can be 

ignored if the photostability test is conducted in a day. The photostability was 

tested by irradiating a solution of PAH1 at a pH of 4 using a 470 nm 

light‐ emitting diode (LED) light. The power of the light source was about 25 

mW/cm
2
. The solution was irradiated for 1 minute then kept in the dark for 2 

minutes. The UV‐ vis spectra of the solution, before irradiation, immediately after 

irradiation, and 2 minutes after irradiation, were collected and the concentration of 

the PAH1 was calculated from the absorbance at 424 nm. As shown in Figure 3.5 

in the first cycle, approximately 98% of PAH1 reacted after 1 minute irradiation. 

After 2 minutes in the dark, approximately 45% of PAH1 recovered because of the 

reverse reaction (Scheme 3.1). The cycle was conducted for 100 times with good 

reproducibility. After the last irradiation, the solution was kept in the dark for a 

day, which resulted in 95% recovery. This experiment showed that PAH1 has good 

photostability. 

3.3. Conclusion. 

Merocyanine‐ type photoacid slowly decomposes to an indolinium and a 

salicylaldehyde in aqueous solutions because of hydrolysis. The hydrolysis reaction 

is catalyzed by OH
−
, and thus, the photoacid is more stable at a lower pH. 

Protonated merocyanine can be hydrolyzed directly without changing to ME. 

Modifying PAH-1 with an electron donating methoxy group conjugated to the 



 

104 
 

double bond improves its stability. Photostability of PAH-1 was tested by 

conducting 100 irradiating/recovering cycles, and the photoacid showed good 

photostability in the test. 
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Chapter 4 

Photoactivity, reversibility, and stability of a 

merocyanine-type photoacid in polymer films 

―Reprinted from Journal of Photochemistry and Photobiology A: Chemistry, 332, 

Nawodi Abeyrathna and Yi Liao, Photoactivity, reversibility, and stability of a 

merocyanine-type photoacid in polymer films, 196-199, Copyright (2016), with 

permission from Elsevier B. V." 

 

A recently discovered merocyanine-type photoacid can reversibly change 

the proton concentration by a large magnitude using visible light.
1
 The applications 

of this type of photoacid in controlling proton transfer in chemical, material and 

biological processes has been reported over the past few years.
2-8

 This type of 

photoacid has a protonated merocyanine (MEH) structure (Scheme 4.1). It is 

related to the photochromic spiropyran (SP), which has been extensively studied.
9
 

A spiropyran undergoes a ring opening reaction under UV light and transforms to a 

phenolate merocyanine (ME). A merocyanine-type photoacid undergoes a 

cyclization reaction under visible light to form, formally, a protonated spiropyran 

(SPH), which is acidic and releases a proton. The acidic state is metastable and 

thermally relaxes back to MEH in the dark.  
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Scheme 4.1. Reversible photoreaction of a merocyanine-type photoacid. 

The merocyanine type photoacid is a useful tool for developing 

photoresponsive polymers and several applications in this field have been 

demonstrated. For example, Chumbimuni-Torres and coworkers utilized some 

merocyanine-type photoacids to develop ion-sensing polymer membranes.
5
 Maity 

et al. showed that the rate of formation and mechanical properties of a hydrogel can 

be controlled by photoinduced protonation using this type of photoacid.
3
 Our group 

showed that proton concentration generated by a merocyanine-type photoacid can 

change the volume of polyacrylamide hydrogel
1
, the conductivity of polyaniline

10
 

and the color of polymer films doped with pH indicators.
7
 Although properties of 

merocyanine-type photoacids in solutions have been reported previously
11

, their 

physicochemical properties in solid polymer materials have not been studied in 

detail. Understanding their behaviors in solid polymer materials is critical for 

developing photoresponsive materials based on these photoacids. This chapter 

reports our study on the photoactivity, reversibility, and stability of merocyanine-

type photoacids in polymer films. 



 

109 
 

In this work, polymer films doped with a photoacid (PAH-4-OMe in 

Scheme 4.1) are studied. PAH-4-OMe has been previously reported for the 

development of an odorant-releasing material.
6
 It is chosen for this study due to its 

relatively fast reverse reaction compared to the one without an OMe group. The 

reverse reaction of merocyanine-type photoacids in polymers is normally quite 

slow. Using PAH-4OMe allows us to study its reverse reaction as well as its 

photostability as described later. 

4.1. Preparation of PAH-4-OMe doped PHEM thin films. 

Thin films of the PAH-4-OMe was prepared by spin casting solutions of 

the photoacid and poly(hydroxyethyl methacrylate) (PHEM) on glass substrates. 

Poly(hydroxyethyl methacrylate) (PHEM) is a methacrylate polymer containing 

hydroxyl groups on flexible side chains, which mimic the environment of an 

alcohol and may assist proton transfer in the polymer. The weight ratio of the 

photoacid to PHEM was 2.5%. The resultant orange films were transparent and 

homogenous. They were very stable under ambient conditions and showed 

essentially the same photochemical properties after half a year. As shown in Figure 

4.1, the polymer films containing the photoacid changed color from orange to light 

yellow under irradiation, which is due to the photoinduced transformation from 
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MEH (orange) to SP (colorless). A detailed procedure for the preparation of PAH-

4-OMe doped PHEM thin films is given in the experimental section (Chapter 6). 

 

Figure 4.1. Photos of a polymer film containing the photoacid on a glass substrate 

(a) before and (b) after irradiation. 

4.2. Study of the photoreaction. 

The photoreaction of PAH-4-OMe in PHEM was monitored by UV-vis 

spectroscopy during irradiation. The polymer film on a glass substrate was kept in a 

tilted position, and the irradiation was perpendicular to the detecting beam (Figure 

4.2 right). The light source was a light emitting diode (LED) array with a 

wavelength at 470 nm. The light intensity on the film was measured by a quantum 
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meter and the photon flux was about 900 μmol m
2
 s

-1
 (23 mW cm

-2
). UV-vis 

spectra were collected every 6 s during irradiation (Figure 4.2 left).   

The MEH form of PAH-4-OMe has an absorption maximum (λmax) at 466 

nm in the polymer film. As shown in Figure 4.2, upon irradiation, absorbance at 

466 nm rapidly decreased in the first 6 second. Then the reduction of the 

absorbance quickly slowed down. After about 90 second, only marginal but still 

differentiable reduction was observed every 6 second. After 2 mins, the absorbance 

was reduced to about 66 % of the original level. A clear isosbestic point at 320 nm 

was observed.  

Although the photoreaction is formally a unimolecular reaction, the data 

obtained here cannot be fit to first order kinetic equations. The rate of the reverse 

reaction must be comparable to that of the photoreaction. The process is further 

complicated by proton diffusion from the photoacid to the polymer. The proton 

diffuses much slower in a polymer than in a protic solution. Upon irradiation, 

protons are released from the photoacid (SP form), which cannot diffuse quickly to 

the whole polymer. Therefore, a local concentration of protons was built up around 

SP. Previous work showed that the rate-limiting step of the reverse reaction is the 

recombination of SP and H
+
, and the reaction follows a 2

nd
 order kinetics.

11
 In a 

polymer, the concentration of the photoacid is high. In fact, 2.5 wt % is equal to 

approximately 60 mM comparing to ~0.5 mM commonly used for solution study. A 
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high concentration of the photoacid resulted in a high concentration of SP and H
+
 at 

the late stage of the photoreaction, which lead to a fast reverse reaction and slow 

overall reaction. In addition, the local concentration due to slow diffusion in the 

polymer could be higher or lower than the average value, resulting in complicated 

kinetics.    

 

Figure 4.2. UV-vis spectra of photoacid 2-polymer film upon irradiation with 470 

nm LED light source collected every 6 s (left) and change of absorbance of MEH 

upon irradiation (right).  

4.3. Study of the thermal reverse reaction. 

 The reverse reaction was studied by monitoring the recovery of the 

absorbance at 466 nm after irradiation. A photoacid-doped polymer film was 

irradiated with the 470 nm LED light source for 8 mins. Then UV-vis spectra were 

taken while the sample was kept in the dark. In the first 20 min, the sample was 
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scanned every min. (Figure 4.3) Since the reverse reaction became very slow after 

20 mins, the time interval was increased to 10 min, and after 10 scans it was further 

increased to one hour for the next 5 scans (Figure 4.3).  A rapid increase of the 

absorbance was observed within the first 20 min and the rate slowed down with 

time. Unlike the reverse reaction in solutions
11

, the data cannot be fitted into either 

a 1st order or 2nd order rate equation. We also tried to fit only the data in the first 

20 min to a 1st or 2nd order rate equation and did not succeed. Figure 4.3 (left) 

shows that 59 % of the MEH form recovered after 20 min, and it took 180 min for 

90% recovery. UV irradiation (254 nm and 300 nm) was used to increase the 

reverse reaction rate. However, the UV irradiated sample did not show a faster 

reverse process than that of a non-irradiated sample.  

 

Figure 4.3.  UV-vis spectra of PAH-4-OMe in PEHM film in the dark after 

irradiation (left) and change of absorbance at 466 nm after irradiation (right).   
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4.4. Reversibility of the photoacid in polymer films. 

The reversibility of the photoacid in polymer film was tested by repeated 

exposure to 470 nm irradiation. The sample was irradiated for 5 mins and then kept 

in the dark for 10 min for each cycle. The change of MEH was monitored by UV-

vis absorbance at 466 nm. (Figure 4.4 left and 4.5 left) After the first irradiation, 76 

% of MEH reacted. Keeping the sample in the dark for 10 min resulted in 42 % of 

the photoacid in the MEH form. In the following cycles, both the percentage of 

MEH after each irradiation and that after recovery in the dark slightly decreased 

with the number of cycles. After about 5 cycles, the percentage change for both 

irradiating and recovery processes stabilized to ~ 32 %. After the 10th irradiation, 

the sample was kept in the dark for 24 h and 95 % of MEH recovered. These results 

show that the photoacid has good reversibility and stability in the polymer film.   
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Figure 4.4. UV-vis absorption spectra of PAH-4-OMe in pHEMA film (left), and 

pHEMA film with 5% of ATFMS (right) at 466 nm under repeated irradiation and 

recovery in the dark. 

4.5. Enhancement of photo-switching of the photoacid in 

polymer film. 

For many applications related to photoswitching, a fast reverse process is 

required. As described above, keeping the sample in the dark for 10 min only 

resulted in 42 % of recovery. Slow proton diffusion in the polymer film is one of 

the major reasons for the slow reverse reactions. The reverse reaction needs protons 

to reform MEH. Although the initial rate for the reverse reaction could be fast due 

to a high local proton concentration, the overall rate is slow because the protons 

that have diffused in the polymer cannot move back quickly.  
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In order to prove this hypothesis and enhance the reaction rate, ammonium 

trifluoromethanesulfonate (ATFMS) was added. The ammonium cation of ATFMS 

can act as a proton donor for hydrogen bonds
12

, and the triflate anion can accept 

protons. In fact, ATFMS has been used as a cathode additive in fuel cell systems to 

improve the proton conductance.
13

 Also, other triflate salts have been used to 

increase proton and charge transfer in polyaniline.
14

 

 

Figure 4.5. Normalized absorbance of PAH-4-OMe in PHEM film (left, data 

corresponding to the UV-vis absorption spectra in Figure 4.4 left), and PHEM film 

with 5% of ATFMS (right) at 466 nm under repeated irradiation and recovery in 

the dark (right, data corresponding to the UV-vis absorption spectra in Figure 4.4 

right). 

5 wt% of ATFMS was added to the polymer film and the sample was 

subjected to 10 cycles of 5 min irradiation and 10 min in dark. As shown in Figure 

4.4 and 4.5 right, about 74 % of the absorbance for MEH was recovered after the 
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1st cycle comparing to 42 % for the sample without ATFMS. The change of the 

absorbance in the following cycles was about the same. After 10 cycles, the sample 

was kept in the dark for 24 h and about 94 % of MEH was recovered.  

4.6. Photostability of the photoacid in polymer film. 

Photostability of the photoacid in the polymer film with 5 wt% of ATFMS 

was evaluated by subjecting a sample to 100 cycles of 3-min irradiation and 5-min 

in the dark per cycle (Figure 4.6). As in the previous tests, the experiment was 

performed under ambient conditions without any special caution. After the film 

was tested for 50 cycles it was kept in the dark overnight (~16 h), at which point 92 

% of MEH was recovered. Then the next 50 cycles were performed. Similar 

behavior as the previous tests was observed. After 100 cycles, the sample was kept 

in the dark for 16 h, and 90% of MEH recovered, which indicates good 

photostability of the photoacid.   
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Figure 4.6. Absorbance of PAH-4-OMe in PHEM film with 5% of ATFMS 

subjecting a sample to 100 cycles of 3min irradiation and 5min in dark per cycle. 

In summary, photoreactions and stability of a merocyanine-type photoacid 

in poly (hydroxyethyl methacrylate) films have been investigated. The polymer 

films doped with the photoacid were found to be stable under ambient conditions 

after half a year. Kinetics is complicated for both the forward and backward process 

due to slow proton diffusion in the polymer. Improving proton transfer by addition 

of ATFMS enhances the reversibility. The photoacid-doped polymer showed good 

photostability during a test of 100 cycles of irradiation and recovery in the dark. 
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Chapter 5 

Synthesis and incorporation of photo-carbon 

monoxide releasing materials into electrospun 

scaffolds for vascular tissue engineering 

―Reproduced from Biomedical Materials, 11, Eden Michael, Nawodi Abeyrathna, 

Aatish V. Patel, Yi Liao and Chris A. Bashur, Incorporation of photo-carbon 

monoxide releasing materials into electrospun scaffolds for vascular tissue 

engineering, 025009, 23 March 2016. © 2016 IOP Publishing. Reproduced with 

permission. All rights reserved " 

5.1. Introduction. 

Carbon monoxide (CO) is a gasotransmitter that plays important roles in 

regulating cell functions and has shown therapeutic effects in clinical studies. Due 

to the inherent toxic nature of CO, it is critical to control the dose and site of CO 

release. CO releasing molecules (CORMs), which allow controlled release of CO in 

physiological conditions, have been intensively studied in the past decade. While 

most CORMs are metal complexes, several nonmetallic CORMs have also been 

developed and most of them were reported in recent years. Recently, organic 

molecules that release CO, opened a new gateway to address the challenges 

attached with transition metal based CORMs. Several organic CORMs with high 



 

123 
 

solubility in aqueous solutions, low toxicity, and reduced photo-products have been 

found and studied. Some of these organic CORMs show some limitations as well. 

For example, multi-step synthetic routes that are not open to structural 

modifications, low yields and low solubility in aqueous solutions create problems. 

1,2,3 

  In this study we synthesized two unsaturated cyclic α-diketone (DK) based 

photo organic CORMs, DK1 (9,10- dihydro-9,10-ethanoanthracene-11,12-dione) 

and DK3 [2,6-bis(octyloxy)-9,10-dihydro-9,10-ethanoanthracene-11,12-dione]. 

These CORMs release CO under visible light irradiation. At the same time, they 

produce a fluorophore, which allows a simple nondestructive method to monitor 

the photoreaction and CO release.  These CORMs are incorporated in to poly(ɛ-

caprolactone) (PCL) electrospun scaffolds to deliver CO to surrounding cells.  The 

results showed that the CORM-loaded scaffolds can be photoactivated by visible 

light (470 nm LED light) in both dry and cell culture conditions with no 

demonstrated cytotoxicity. We further demonstrated that the Rat SMC cells could 

attach, grow and express contractile smooth muscle cell markers on both activated 

CORM-loaded meshes and controls. This is the first use of a CORM for tissue 

engineering. PCL electrospun scaffold provides a hydrophobic environment to 

CORMs preventing hydration in cell culture conditions. DK3, a diketone based 

CORM with long hydrophobic chains, was synthesized and studied to further 
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prevent the hydration. Studies on tissue engineering aspects of DK3 are still under 

investigation and the outcome will be published in the near future.  

5.2. Experimental details. 

A detailed materials and methods section as appeared in the research publication on 

this work is included in Chapter 6. A detailed description of common experiments 

performed by both research groups are included in the experimental detail section 

of this chapter.  

5.2.1.  Synthesis of DK1. 

DK1, the unsaturated cyclic α-diketone was synthesized according to 

Scheme 5.1. The cyclic Diels-Alder adduct (compound C5-1) was formed by 

reacting anthracene with vinylene carbonate at a high temperature (150 °C). The 

resulting adduct was hydrolyzed using a 40 % NaOH solution, to obtain the 

dihydroxy product (compound C5-2). The final DK1 compound was obtained in 

high yield via Swern oxidation of the dihydroxy compound. 
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Scheme 5.1. Synthetic route of DK1. 

5.2.2. Synthesis of DK3. 

DK3, a diketone molecule with two long -OC8H17 side chains was prepared 

as shown in Scheme 5.2. First, 2,6- dihydroxyanthracene-9,10-dione was subjected 

to etherification with 1-bromooctane in the presence of potassium carbonate as the 

base. The resulting compound C5-3, was subjected to reduction using sodium 

borohydride to obtain an anthracene derivative with two long side chains 

(compound C5-4). Finally, DK3 was synthesized via three more steps, including a 

Diels-alder reaction (compound C5-5), hydrolysis (compound C5-6) and Swern 

oxidation (compound DK3) similar to the synthesis of DK1.  
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Scheme 5.2. Synthetic route for DK3. 

5.2.3. Preparation of CORM incorporated scaffolds. 

Poly(ε-caprolactone) (PCL) scaffolds with and without CORMs (DK1 and 

DK3) were prepared by Bashur’s group. PCL and PCL/DK1 solutions with 

concentrations of 16 % w/v and 19 % w/v) respectively, were electrospunned in 90 

% v/v chloroform/ dimethylformamide, with a 15 kV voltage gradient, 2 mL h
-1

 

flow rate, 22 gauge needle and 10 cm throw distance from the collector onto a 

laterally moving, slowly rotating drum (˂100 rpm) for 10 to 30 min. The above 

procedure is used to maintain a consistent thickness. These scaffolds were 

characterized using SEM. 
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5.2.4. Detection of CO release. 

CO release from dry and wetted scaffolds were studied. Scaffolds were 

sprayed with ethanol and immersed in phosphate buffered saline (PBS) at room 

temperature to obtain wetted scaffolds. Both dry and wetted scaffolds were 

irradiated with 470 nm LED light for activation. A 5 min break was provided for 

every 5 min of irradiation, in order to prevent continuous exposure to light. The 

photon flux of the 470 nm LED light source was approximately 1450 μmol 

photons/ m
2
s (or 37 mWcm

-2
 irradiance) and it was measured using a photon flux 

meter.  

The determination of CO release was carried out using two methods, an 

indirect method using a quantitative spectrophotometer analysis and a visual 

method using a confocal microscope. The confirmation of actual release of CO was 

performed using the myoglobin assay.  

5.2.5. The myoglobin assay. 

In a sealed round bottom flask, equine skeletal muscle myoglobin (2 mg ml
-

1
 in PBS) was degased using nitrogen gas for 30 min. Sodium dithionite (Na2S2O4) 

(24 mg mL
-1

 in PBS) was added to convert myoglobin (Mb) into deoxy myoglobin 

(deoxy-Mb). A 2 % w/w PCL/DK1 mesh was placed in a second sealed round 

bottom flask, degased for 10 min with nitrogen gas and irradiated for 10min at 470 
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nm for activation. After that, deoxy-Mb solution was added to the activated 

PCL/DK1 mesh via an air-tight syringe and the conversion of deoxy-Mb to carboxy 

myoglobin (Mb-CO) was measured using UV-vis absorption spectroscopy. The 

following equations were used for further calculations. The concentration of Mb-

CO was calculated using equations 1 and 2 and the theoretical amount of CO 

release was calculated using equation 3. Finally, the percent yield of Mb-CO was 

calculated.  

  1 

       2 

     3 

Where, [Mb] and [MbCO] are the concentrations of deoxy myoglobin and 

carboxy myoglobin respectively, A542 and Aiso are the absorbance values at 542 nm 

and isosbestic point (552 nm), ε is the extinction coefficient, (εd542/εiso = 0.836 and 

εCO542/εiso = 1.227), m is the mass of the total scaffold, wt% is DK1/PCL in scaffold 

and MWDK1 is the molecular weight of DK1.  

 



 

129 
 

5.2.6. Vascular cell culture, cell density and viability, 

fluorescence imaging for cell phenotype and quantitative 

real time (RT)-PCR analysis. 

All of the experiments, vascular cell culture, cell density and viability, 

fluorescence imaging for cell phenotype and quantitative real time (RT)-PCR 

analysis, were carried out by Bashur’s group in the Department of Biomedical 

Engineering at Florida Institute of Technology.  Hence, a detailed description of the 

experimental details is not mentioned here, however included in Chapter 6. The 

major outcomes of these experiments will be discussed in the results and discussion 

section. 

5.3. Results and discussion. 

Unsaturated cyclic α-diketones (DKs) are well-known to be able to release 

two CO molecules upon irradiation.
6 

DK1 has a high CO content of 24 wt %, 

which is the second highest among all the nonmetallic CORMs, only lower than 

CORM-A1 (27 wt %). Photodecarbonylation quantum yield, which determines the 

rate of CO release, is 0.02 at 395 nm.
6
 The major steps common for the synthesis of 

DK1 and DK3 and the photo reaction are shown in Scheme 5.3. Anthracene 

derivatives react with vinylene carbonate to form Diels–Alder adducts, which were 
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hydrolyzed in NaOH solution to yield the dihydroxy compounds. The dihydroxy 

compounds were oxidized to the corresponding DKs via Swern oxidation. Even 

though the synthesis of these two molecules is reported previously,
3
 we could not 

reproduce the same procedure. Hence, we modified the procedures and used several 

new synthetic approaches to obtain DK1 and DK3 in high yield (48 % and 50 % 

respectively).   

Scheme 5.3. Structures, synthesis and CO release reactions of unsaturated cyclic 

diketones (DKs).  

Although DKs quickly release CO in nonaqueous solutions under 

irradiation, a study showed that they cannot be used as CORMs in aqueous 

conditions due to hydration of the carbonyl group.
3
 The hydration is the reversible 

addition of water to DKs and is different from hydrolysis. To prevent DK 

hydration, previously our group showed that encapsulated DKs in Pluronic micelles 

can release CO in physiological conditions.
3
 This combination of inability to be 
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activated when hydrated and encapsulation to allow local activation may be 

advantageous. It would prevent activation if any CORM enters the blood stream 

and hopefully limit the CO binding to hemoglobin that is responsible for the 

hypoxic CO mechanism discussed earlier. Micelle encapsulation not only protected 

DKs from hydration, but also allowed the CORM-containing micelle to readily 

dissolve in water.  

There are concerns about non-localized delivery of CORM compounds. 

Drug delivery from tissue scaffolds has been investigated because of several 

benefits including spatial-controlled delivery of a drug or a biomolecule. Many 

small-molecule drugs, growth factors and other bioactive molecules have been 

released from implanted scaffolds to promote tissue growth or to modulate the 

inflammatory response. Scaffolds with NO-releasing grafts7,8 and metallic CORMs 

9
 have been reported. In this study, we incorporated DK-type CORMs in scaffolds 

for cardiovascular tissue applications.
2 

The DK-type CORM was mixed with 

biodegradable polycaprolactone and electrospun to fabricate a fibrous scaffold. The 

biological properties of the scaffold were evaluated. 

Further modifying DK1 with hydrophobic side chains to obtain DK3 will 

reduce the leakage of CORMs from scaffolds and reduce the hydration by 

decreasing the hydrophilicity and increasing the hydrophobicity. This will allow an 
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enhanced activation of DKs using visible light under physiological conditions. The 

studies of DK3 incorporated into scaffolds are still in progress. 

The absorption band of the n-π* transition of the DKs is between 400 nm 

and 550 nm. Irradiation at a wavelength in this range causes quick release of CO 

and production of anthracene derivatives 2. (Scheme 5.3) Unlike many polycyclic 

aromatic hydrocarbons, anthracene is not acutely toxic, carcinogenic, or mutagenic. 

DK3 and the corresponding anthracene derivatives showed no observable 

cytotoxicity up to 40 µM. Another advantage of this type of CORM is that 

anthracene derivatives, which are the side products of CO release, are fluorescent, 

while DKs are not. Therefore, this results in a theranostic compound where CO 

release in cells can be monitored by fluorescence imaging techniques.
3
  

5.3.1. Fabrication of DK1-loaded scaffolds and dry 

DK1 scaffold activation. 

DK1 loaded scaffolds were prepared by elctrospinning pure PCL and 

PCL/DK1 solutions with concentrations of 16 % w/v and 19 % w/v) respectively, 

in 90 % v/v chloroform/ dimethylformamide. SEM images of electrospun scaffolds 

produced from pure PCL (Figure 27A) and PCL/DK1 solutions (Figure 27 B) were 

analyzed to determine the average fiber diameter.  
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Figure 5.1. SEM images of eelctrospun scaffolds produced from (A) pure PCL and 

(B) PCL/DK1 soultions (solution concentrations were 16 % and 19 % w/v, 

respectively). Confocal images of PCL/DK1 scaffolds using a DAPI filter (C) 

before and (D) after activation with 470 nm LED light. 

Average fiber diameters were determined to be 2.09 ± 0.35 μm for pure 

PCL and and 1.84 ± 0.47 μm for PCL/DK1(2 % w/w) using the SEM images 

showed in Figure 5.1 (A, B). A higher solution concentration was used to prepare 

PCL/DK1 fiber and a similar fiber diameter as pure PCL was acheived. The small 

difference of 0.15 μm in fiber diameter may be due to the fact that diketones groups 

in DK1 increases the solution conductivity, which resulted in a decrease in fiber 
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diameter. After 5 min activation, the release of CO is verified by confocal images 

as shown in  Figure 5.1 (C, D). Fibers exhibted blue fluorescence under 365 nm 

and 405 nm excitation. 

 

Figure 5.2. (A) Excitation spectra with 450 nm fixed emission for PCL/DK1 

scaffolds before and after 5 min of activation. (B) Representative absorption spectra 

for myoglobin assays confirmed peaks for CO bound myoglobin after 5 min of 

activation. (C) Graph showing controlled increase in PCL/DK1 scaffold fluorescent 

intensity (350/450 nm) at every 15 s interval during activation. 

Further, the CO release was confirmed by collecting excitation spectra 

varying the excitation wavelength between 250 nm to 450 nm, with a 450 nm fixed 

emission. The three characteristic peaks for anthracene, ranging from 300 nm to 
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400 nm, were observed after 5 min activation, suggesting the release of CO (Figure 

5.2A). Also, the UV-vis absorption spectra collected before and after activation by 

myoglobin assay (Figure 5.2B) demonstrated the release of CO. About 92 % of the 

theoretical amount of CO released from the scaffold, bound myoglobin. Another 

important finding of this study is that the release of CO from electrospun PCL 

fibers can be controlled with activation time as shown in Figure 5.2 C, which was 

obtained by monitoring the development of fluorescent intensity at 15 s interval 

during activation. For the first 75 s, the intensity increased linearly with activation 

time and for the next 10 min, intensity approached a slower slope. The result 

suggests a delivery system that is capable to release therapeutic gases in controlled 

doses 

5.3.2. DK1 activation in cell culture conditions. 

The main goal of this project is to generate a novel tissue engineered 

scaffold, incorporated with nontoxic and photoactivatable CORMs, which can be 

used as a promising delivery system for vascular tissue engineering. Thus, it is 

important to study the release of CO under cell culture conditions, in which 

vascular grafts are developed. As previously reported by our group, DK-CORMs 

do not release CO under irradiation in PBS buffer solution due to the hydration of 

the carbonyl groups. In that study, Pluronic F127 micelle was used to prevent 
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hydration. In this study we decided to use PCL scaffolds to protect CORMs from 

hydration, since PCL is hydrophobic.  

 

Figure 5.3. Relative fluorescence (350/ 450 nm) for PCL/ DK1 scaffolds incubated 

in cell culture conditions and then activated for different lengths of time up to 60 

min. Shown are (A) shorter incubation times, including the not-incubated control, 

and (B) longer incubation times. Only positive error bars are shown. Graphs (C) 

and (D) show the results for the representative activation time of 30 min. Statistical 

differences are described in the text but not indicated in the figure due to its 

complexity. Activation and CO release from PCL/DK1 scaffolds occur within 60 

min of incubation in cell culture conditions.  
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Here, CO release under two cell culture conditions with different incubation 

times and activation times were studied. The results showed that there is a 

significant impact of incubation time on fluorescence signal generation. As shown 

in Figure 5.3(A, C), a significant activation of DK1-loaded scaffolds was allowed 

by the incubation up to 1h. For 30 min activation, the longer the incubation time, 

the lower the fluorescence observed. Even for shorter activation time, a similar 

trend was observed. DKI-loaded scaffolds showed a limited activation (Figures 5.3 

B, D) for longer incubation times (i.e. 1, 2, and 3 days). There was a small 

statistical difference among samples tested up to 10 min (p = 0.007) incubation 

time and no statistical difference for longer than 30 min incubation time.  

As shown in Figure 5.3, during the first 30 min of activation the intensity of 

fluorescence increased. Five minute breaks were taken during a total of 30 min 

activation to prevent continuous exposure to light.  The emission spectra in Figure 

5.4A for samples incubated for 30 min, show the intensity of the characteristic 

peaks for anthracene increased with increasing activation time. But for samples 

incubated for longer time (up to 3 days), there was no significant increase in 

intensity after 30 min of activation time (Figure 5.4B).  

The major outcome of these experiments is that a maximum release of CO 

can be achieved by 30 min total activation time. The half-life for CO release in cell 

culture is about 15 min under selected experimental conditions (e.g. light intensity) 
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and for dry samples it is about 7.5 min. This is comparable with the half-life range 

of 1 -30 min for metal based CORMs in aqueous media.
8
 The duration of CO 

release for photo-activated CORMs can be improved by varying the light intensity 

or by providing a limited and repeated release of CO doses over a long period of 

time.  

 

Figure 5.4. Representative excitation spectra with a 450 nm fixed emission for (A) 

shorter and (B) longer periods of incubation. These show increases in intensity of 

the anthracene peaks with activation time. 
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Like poly (α-hydroxy esters),
10

 electrospun fibers containing PCL have 

nanopores. These nanopores may allow penetration of some amount of water into 

the scaffolds and hydrate the CORMs. Hence, the equilibrium between the diketone 

that has to be activated and the hydrated form may cause a delay in releasing CO.
3
 

This may be the main reason for the longer time (about 6 h) required to activate 

wetted DK1-loaded scaffolds compared to dry scaffolds. Additionally, it was 

observed that when the incubation time increases, the CORM activation decreases, 

and this is more prevalent in culture media compared to saline solution. This is 

because the serum protein has the ability to change the wetting properties by 

adsorbing to the surface. In accordance with the results, it was found that the 

incubation time of 1 h or less provides the best time frame to obtain a good 

activation. In the future, scaffolds that can hold CORMs in the core of the 

hydrophobic polymer fibers, prepared using core shell electrospinning process, may 

be used to extend the activation time frame.
11

 

5.3.3. Cell viability with CORM and released CO. 

The toxicity of DK1 and its photodegradation products were assessed by 

two methods. In the first method, DK1 was added in the cell culture media 

exogenously and assessed on SMC-seeded coverslips at different concentrations. In 

the second method, SMC-seeded electrospun meshes were used. The first method 
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(Figure 5.5A) showed no pronounced cell toxicity for the concentrations used in the 

experiment. The highest concentration used was 100 μM, which is the maximum 

concentration that can be used since a higher concentration may degrade the 

scaffolds. This result is in accordance with the previous reports of the low toxicity 

of diketone based CORMs. The photo product, anthracene, is not acutely toxic and 

placed in Group D in US EPA classification for compounds that are not classifiable 

for human carcinogenicity. 
3, 12

   

 

Figure 5.5. Cell viability assessed through a DNA assay. Shown are (A) DK1 

added exogenously to SMC-seeded coverslips at different concentrations and (B) 

SMC-seeded electrospun meshes. The electrospun meshes included no DK1 (PCL), 

PCL/DK1 scaffolds without activation (DK1), and PCL/DK1 scaffolds activated 

for 30 min (ADK1). 

The second method (Figure 5.5B) showed that there were no significant 

statistical differences between all the control groups (pure PCL, PCL loaded with 

DK1-nonactivated and activated PCL/DK1). This suggests the ability of SMCs to 

be attached to the scaffold loaded with DK1 and remain viable after activation for 
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30 min. Overall, experiments showed that DK1, 470 nm LED light and the 

photoproduct anthracene are nontoxic. 

5.3.4. Cell phenotypic response to CORMs. 

 

Figure 5.6. PCR results for SMCs seeded on electrospun scaffolds with no DK1 

(PCL), PCL/DK1 scaffolds without activation (DK1), and PCL/CORM scaffolds 

activated for 30 min (ADK1). Shown are markers for (A) contractile and (B) 

activated SMCs. 

The phenotype of rat SMCs on activated scaffolds loaded with DK1 was 

determined using real time PCR (RT-PCR) and immunofluorescence assays (IF). 

The RT-PCR experiment (Figure 5.6) showed that three SMC markers used 

(contractile SMC markers, α-SMA and calponin and the activated SMC marker, 

thrombospondin) were expressed by the cells. Further, as shown in Figure 5.7, IF 

experiments showed that SMC markers were present after activation. 
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Figure 5.7. Immunofluorescence (IF) images showing SMC marker expression on 

elctrospun meshes. α-SMA is shown for (A) PCL, (B) PCL/DK1 not activated, and 

(C) PCL/DK1 activated for 30 min. The other markers are shown for PCL/DK1 (D, 

F) not activated and (E, G) activated. 

Three and four days after cell seeding and activation, phalloidin-labeling 

was used to study the cell morphology and organization of the actin cytoskeleton. 

This experiment showed that the SMCs were spread, elongated and that they 

consist of an organized cytoskeleton after a short culture time. (Figure 5.8) In the 

future, the culture period can be extended to demonstrate long term impact on the 

phenotype of cells and deposition of tissue.  
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Figure 5.8. Phalloidin-labeled images showing morphology of SMC on elctrospun 

meshes (A)–(C) 3 and (D)–(F) 4 days after seeding taken at 10X and 20X, 

respectively. Images are for (A) and (D) pure PCL, (B) and (E) non-activated 

PCL/DK1, and (C) and (F) activated PCL/DK1. 

The slow release of CO may result in a low concentration of CO in the media 

and it could limit the cellular response to DK1 loaded meshes after activation. The 

released CO is less likely to retain close to the cells and could quickly diffuse in the 

media, reducing the dose to the cells. This could be improved by increasing the 

amount of CORM loaded in the scaffolds, which results in a higher concentration 

of released CO. However, it is reported that a higher concentration of released CO 

may kill the cells.
13, 14

The rate of activation could be enhanced to increase the 

concentration of released CO in the media. This can be achieved by using a core 
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cell fiber structure which increases the hydrophobicity of the environment 

surrounding the CORM. 

5.4. Conclusion.  

In this study we successfully synthesized two unsaturated cyclic α-diketone 

(DK) based photo organic CORMs, DK1 and DK3. These CORMs release CO 

under visible light irradiation. At the same time, they produce a fluorophore, which 

allows a simple nondestructive method to monitor the photoreaction and CO 

release. DK1 was incorporated into poly(ɛ-caprolactone) (PCL) electrospun 

scaffolds to deliver CO to cells.  The results showed that the CORM-loaded 

scaffolds can be photoactivated by visible light (470 nm LED light) in both dry and 

cell culture conditions with no demonstrated cytotoxicity. We further demonstrated 

that the rat SMC cells could attach, grow and express contractile smooth muscle 

cell markers on both activated CORM-loaded meshes and controls. This is the first 

use of a CORM for tissue engineering. A PCL electrospun scaffold provides a 

hydrophobic environment for CORMs preventing hydration in cell culture 

conditions.  In conclusion, this study provided CORM-loaded electrospun scaffolds 

as a promising delivery system of CO for vascular tissue engineering. Further, 

DK3, a diketone based CORM with long hydrophobic chains, was synthesized and 

studied to further prevent the hydration.  
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Chapter 6 

Experimental Section 

6.1. Chapter 2: NH-PAH type metastable-state 

photoacids. 

Unless otherwise noted, reagents and solvents were commercially available 

and used as received without any further purification. Photoacids were synthesized 

following literature methods.
2,3

 Ultraviolet‐ visible spectra were obtained from a 

Varian Cary 60 Scan UV‐ Vis spectrophotometer. 
1
H NMR spectra were 

determined using a Bruker AV400 NMR spectrometer. Chemical shifts were 

reported in delta (δ) units, parts per million (ppm) downfield from 

tetramethylsilane. High resolution mass spectra were recorded on an Accu TOF 

mass spectrometer by positive ion electrospray ionization mode with Direct 

Analysis in Real Time (DART) as an ion source. The light sources for irradiation 

were 470 nm and 590 nm LED arrays with 120 LEDs purchased from 

www.theledman.com and a 254 nm and 365 nm Spectronics hand held UV-light 

(MODEL ENF- 280C). The polymer film thicknesses were measured using an 

http://www.theledman.com/
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iGaging (0-1", 0.00005‖) digital electronic micrometer with large display 

inch/metric. 

6.1.1. Synthesis of NH-PAH-1.  

 

Compound C2-1.  

The intermediate C2-1, was synthesized by heating a mixture of 2-

methylbenzothiazole (1.49 g, 0.01 mol, TCI) and propanesultone (1.22 g, 0.01 mol, 

Aldrich) in toluene at 90 
o
C for 5h under N2. A light yellow solid was obtained by 

filtration, washed with THF and dried in vacuo (1.28 g, 47 % yield).  

1
H NMR (400 MHz, d6-DMSO): δ = 8.43 (m, 2H), 7.88 (t, J = 8.2 Hz, 1H), 7.80 (t, 

J = 7.7 Hz, 1H), 4.92 (t, J = 8.0 Hz, 2H), 3.20 (S, 3H), 2.64 (t, J = 6.4 Hz, 2H), 2.16 

(m, 2H).  
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Compound NH-PAH-1. 

A mixture of C2-1 (0.147 g, 0.50 mmol) and 1-H-indazole-7-carbaldehyde 

(0.084 g, 0.58 mmol, J and W PharmLab) was refluxed in absolute ethanol (1 mL) 

in the presence of ~ 5 mg of ammonium acetate as the catalyst for 2 h. An orange 

solid was obtained by filtration, washed with cold ethanol and dried in vacuo 

(0.112 g, 56% yield). The product was pure enough for NMR and UV-vis analysis. 

An analytical sample was obtained by recrystallizing the product in ethanol. 

 
1
H NMR (400 MHz, d6-DMSO): δ = 13.99 (S, 1H), 8.67 (d, 1H, J = 15.8), 8.52 (d, 

1H, J = 8.1), 8.47 (d, 1H, J = 8.3), 8.35 (m, 3H), 8.12 (d, 1H, 7.9), 7.94 (t, 1H, 7.6), 

7.85 (t, 1H, 7.8), 7.38 (t, 1H, 7.6), 5.22 (t, 2H, J = 7.4), 2.75 (t, 2H, J = 5.9), 2.31 

(m, 2H). HRMS (ESI): m/z [M+1] Calcd for C19H18N3O3S2 400.0711, found 

400.3848.  

6.1.2. Stability test.   

Photoacid NH-PAH-1 was dissolved in PBS buffer (1% DMSO). The 

concentration was 4.4 × 10
-5

 M. UV-vis spectra were taken 1, 2, 3, and 24 hours 

after the preparation of the solution. The concentration of the compound was 

calculated from the absorbance at the λmax (422 nm). The data was fitted to a first-

order rate equation and the half-life was calculated to be 47.7 hour using the 

formula t = ln2/k.   
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6.1.3. Measurement of the ground state pKa of NH-

PAH-1.  

In this three-component equilibrium, the proton associated form is PAH and 

the proton dissociated forms are PA
-
 and PA’

-
 (the cyclized structure). So, Ka is 

defined as Ka = {([PA
-
] + [PA’

-
]) [H

+
]}/[PAH]. Since the total concentration is 

[Total] = [PAH]+[PA
-
]+[PA’

-
], the equation can be written as Ka={([Total]-[PAH]) 

[H
+
]}/[PAH]. When [PAH]=½[Total], Ka=[H

+
] and pKa =pH. Therefore, solutions 

of NH-PAH-1 in buffers with pH between 7.4 and 10.9 were tested. The 

concentration of PAH was calculated from the UV-vis absorbance. We found that 

at pH=10.1, the concentration of PAH is very close to half of the total 

concentration, so the ground state pKa was determined to be 10.1.  

6.1.4. UV-vis absorption of the deprotonated form 

(PA
-
).  

A solution of NH-PAH-1 in water containing 1% DMSO was added to a 

quartz cuvette. After a UV-vis scan, 2 drops of ~10 N NaOH solution were added 

to the cuvette. The resultant mixture was stirred with a Pasteur pipette for a couple 

of seconds and a UV-vis scan was taken quickly after that. A transient peak with a 
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λmax at 498 nm showed in the UV-vis spectrum, which was assigned to the 

deprotonated form PA
-
.  

6.1.5. Synthesis of NH-PAH-2. 

 

Compound C2-2.  

A mixture of thiazole (1.04 mmol, 0.300 g) with propane sultone (1.56 

mmol, 0.554 g) in a minimum amount of toluene were stirred overnight at 90 °C for 

3 days. The resulting white precipitate was further purified by washing with THF. 

(0.580 g, 82 % yield). 

1
H NMR (400 MHz, d6-DMSO): δ = 8.68 (s, 1H), 8.14 (d, 1H, J = 8.0 Hz), 7.03 (d, 

1H, J = 8.0 Hz), 4.04 (t, 2H, J = 8 Hz)), 3.65 (s, 6H), 2.86 (s, 3H), 2.37 (t, 2H, J = 8 

Hz), 1.62 (m, 2H).  

Compound NH-PAH-2. 

A mixture of compound C2-2 (0.19 mmol, 0.140 g) and 1H-indazole-7-

carbaldehyde (0.21 mmol, 0.108 g) was stirred overnight at 60 °C in a minimum 
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amount of methanol in the presence of ammonium acetate as the catalyst. The 

resulting yellow precipitate was washed with cold methanol. (0.153 g, 69 %).  

1
H NMR (400 MHz, d6-DMSO): δ = 13.77 (s, 1H), 8.44 (d, 1H, J = 4Hz), 8.37 (d, 

1H, J = 16.0 Hz), 8.25 (s, 1H), 8.21 (d, 1H, J = 4 Hz), 8.15 (d, 1H, J= 8 Hz), 8.04 

(d, 1H, J= 16 Hz), 7.99 (d, 1H, J= 8 Hz),7.28 (t, 1H, J = 8 Hz), 4.84 (t, 2H, J = 8 

Hz), 2.58 (t, 2H, J = 8 Hz), 2.20 (m, 2H). 

6.1.6. Synthesis of NH-PAH-3. 

 

Compound NH-PAH-3. 

2-(3-cyano-4,5,5-trimethylfuran-2(5H)-ylidene) malononitrile (0.36 mmol, 

0.072 g) dissolved in a minimum amount of dichloromethane and 1H-indazole-7-

carbaldehyde (0.39 mmol, 0.057 g) was stirred overnight at 60 °C in a minimum 

amount of ethanol in the presence of ammonium acetate as the catalyst. The 

resulting reddish precipitate was washed with cold ethanol and recrystallized with 

methanol to obtain the pure product. (0.061 g, 52 %).  
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1
H NMR (400 MHz, d6-DMSO): δ = 13.89 (s, 1H), 8.28 (s, 1H), 8.13 (d, 1H, J = 

16.0 Hz), 8.02 (d, 2H, J = 8 Hz), 7.36 (d, 1H, J= 16 Hz), 7.28 (t, 1H, J = 8 Hz), 1.90 

(s, 6H). 

6.1.7. Synthesis of NH-PAH-4. 

 

Compound C2-3. 

A mixture of 2-methyl-1,3-benzothiazole-6-ylamine (0.400 g, 2.44mmol), 

paraformaldehyde (0.372 g, 12.4 mmol) and acetic acid (5 %) in dry methanol (8 

ml) was stirred for 10 min and sodium cyanoborohydride (0.78 g, 12.4 mmol) was 

added portion wise. The mixture was stirred overnight at room temperature. After 

that the reaction mixture was diluted with ethyl acetate and washed with DI water. 
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Next the product was extracted with ethyl acetate and the collected organic layer 

was dried with anhydrous MgSO4, filtered and evaporated under vacuum. The 

crude product was subjected to column chromatography (hexane: ethylacetate, 5:1) 

to obtain a light-yellow solid. (0.463 g, 98 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.77 (d, 1H, J = 8.0 Hz), 7.09 (s, 1H), 6.93 (d, 

1H, J = 8.0 Hz), 3.00 (s, 6H), 2.76 (s, 3H).  

Compound C2-4. 

A mixture of compound C2-3 (1.04 mmol, 0.200 g) with propane sultone 

(1.56 mmol, 0.190 g) in a minimum amount of toluene was stirred overnight at 90 

°C. The resulting light yellow precipitate was further purified by washing with 

ethanol. (0.292 g, 89 % yield). 

1
H NMR (400 MHz, d6-DMSO): δ = 8.68 (s, 1H), 8.14 (d, 1H, J = 8.0 Hz), 7.03 (d, 

1H, J = 8.0 Hz), 4.04 (t, 2H, J = 8 Hz)), 3.65 (s, 6H), 2.86 (s, 3H), 2.37 (t, 2H, J = 8 

Hz), 1.62 (m, 2H).  

Compound NH-PAH-4.  

A mixture of compound C2-4 (0.19 mmol, 0.060 g) and 1H-indazole-7-

carbaldehyde (0.21 mmol, 0.030 g) was stirred overnight at 60 °C in a minimum 

amount of ethanol in the presence of ammonium acetate as the catalyst. The 

resulting dark purple precipitate was washed with cold ethanol. (0.047 g, 56 %).  
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1
H NMR (400 MHz, d6-DMSO): δ = 13.89 (s, 1H), 8.68 (s, 1H), 8.38 (d, 1H, J = 

16.0 Hz), 8.27 – 8.13 (m, 4H), 8.02 (t, 1H, J = 8 Hz), 7.58 (s, 1H), 7.30 (t, 1H, J = 8 

Hz), 5.11 (t, 2H, J = 8 Hz), 3.10 (s, 6H), 2.67 (t, 2H, J = 8 Hz) 2.27 (m, 2H). 

6.1.8. Synthesis of NH-PAH-5. 

 

Compound C2-5. 

Hydrazine hydrate (16.00 mmol, 0.928 g) was added in to 2-fluoro-6-

methoxybenzaldehyde (3.25 mmol, 0.500 g) in ethylene glycol (1.0 ml) and 

refluxed over night at 140 °C. Then the mixture was cooled down to room 
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temperature and poured into DI water. The pH was adjusted to 4-6 using acetic acid 

and extracted with ethyl acetate, dried with MgSO4 and evaporated. The resulting 

crude product was purified using column chromatography (hexane: ethyl acetate = 

5:3). (0.283 g, 59.0 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 8.17 (s, 1H), 7.33 (t, 1H, J = 8.0 Hz), 7.10 (d, 1H, 

J = 8.0 Hz), 6.50 (d, 1H, J = 8 Hz), 3.98 (s, 3H). 
13

C NMR (400 MHz, CDCl3) δ 

153.81, 141.79, 132.45, 128.45, 102.48, 99.90, 55.43; HRFABMS m/z calcd for 

C8H8N2O, (M+H) = 148.0637, found = 149.0923. 

Compound C2-6. 

A mixture of compound C2-5 (1.20 mmol, 0.177 g) and 

hexamethylenetetramine (5.98 mmol, 0.837 g) in trifluoroacetic acid (3.2 ml) was 

refluxed at 100 °C for 36 h. then the mixture was cooled to room temperature and 

poured onto ice.  The resulting crude product was purified using column 

chromatography (hexane: ethyl acetate = 5:3). (0.047 g, 22.0 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 10.00 (s, 1H), 8.19 (s, 1H), 7.82 (d, 1H, J = 8.0 

Hz), 6.63 (d, 1H, J = 8.0 Hz), 4.09 (s, 3H). 
13

C NMR (400 MHz, CDCl3) δ 153.81, 

141.79, 132.45, 128.45, 102.48, 99.90, 55. HRFABMS m/z calcd for C9H8N2, 

(M+H) = 176.0586, found = 177.0239. 
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Compound NH-PAH-5. 

A mixture of compound C2-6 (0.28 mmol, 0.050 g) and 2-methyl-1-(3-

sulfonatepropyl)-1,3-benzothiazolium (0.26 mmol, 0.071 g) was stirred overnight 

at 60 °C in a minimum amount of ethanol in the presence of ammonium acetate as 

the catalyst. The resulting precipitate was washed with cold ethanol to obtain an 

impure product. The product was subjected to UV-vis spectroscopic study. 

6.1.9. Synthesis of NH-PAH-6. 

 

Compound C2-7. 

A mixture of 6-methoxy-2-methyl-benzothiazole (0.64 mmol, 0.114 g) with 

propane sultone (1.06 mmol, 0.130 g) in a minimum amount of toluene was stirred 

at 90 °C for overnight. The resulting white precipitate was further purified by 

washing with THF. (0.101 g, 53 % yield). 

1
H NMR (400 MHz, DMSO): δ = 8.33 (d, 1H, J = 12.0 Hz), 7.97 (s, 1H), 7.47 (dd, 

1H, J = 8.0 Hz), 4.86 (t, 2H, J = 8 Hz)), 3.90 (s, 3H), 3.14 (s, 3H), 2.61 (t, 2H, J = 

8.0 Hz), 2.13 (m, 2H).  
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Compound NH-PAH-6. 

A mixture of compound C2-7 (0.17 mmol, 0.050 g) and 1H-

indazolebenzaldehyde (0.18 mmol, 0.026 g) was stirred overnight at 60 °C in a 

minimum amount of methanol in the presence of ammonium acetate as the catalyst. 

The resulting dark orange precipitate was washed with cold ethanol. (0.036 g, 51 

%).  

1
H NMR (400 MHz, d6-DMSO): δ = 13.92 (s, 1H), 8.54-8.32 (d, 1H, J = 16.0 Hz), 

8.35-8.32 (d, 1H, J = 12.0 Hz), 8.30-8.23 (m, 3H),8.07-8.04 (m, 2H), 7.50-7.47 (dd, 

1H, J = 8 Hz), 7.34-7.30 (t, 1H, J = 8 Hz), 5.16- 5.12 (t, 2H, J = 8 Hz),  3.95 (s, 

3H), 2.70-2.66 (t, 2H, J = 8 Hz), 2.24 (m, 2H). 

6.1.10. Synthesis of NH-PAH-7a. 

 

Compound C2-8. 

A mixture of 2-methyl-1,3-benzothiazole-6-carboxylic acid (1 mmol, 0.193 

g) with propane sultone (5.8 mmol, 0.708 g) in 1,2-dichlorobenzene (3 mL) was 
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stirred at 90 °C overnight. The resulting light pale precipitate was further purified 

by washing with acetone. Some amount of starting material was present. 

1
H NMR (400 MHz, d6-DMSO): δ = 9.05 (s, 1H), 8.50 (d, 1H, J = 8.0 Hz), 8.35 (d, 

1H, J = 8.0 Hz), 4.93 (t, 2H, J = 8 Hz)), 3.24 (s, 3H), 2.67 (t, 2H, J = 8.0 Hz), 2.18 

(m, 2H).  

Compound NH-PAH-7a. 

General Knoevenagal reaction between the compound C2-8 and 1H-

indazole-carbaldehyde was not successful.  

6.1.11. Synthesis of NH-PAH-7b. 

 

Compound C2-9. 

A mixture of 2,5-dimethylbenzothiazole (3.0 g, 18.4 mmol), N-

bromosuccinimide (3.3 g, 18.4 mmol) and AIBN (1.84 mmol, 0.3 g) in chloroform 

(62 ml) was refluxed at 80 °C for 1 h. The resulting solution was diluted with 

dichloromethane, washed with 10 % Na2S2O3, saturated NaHCO3 and dried over 
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Na2SO4. The crude product was subjected to column chromatography (hexane: 

ethyl acetate, 10:1) to obtain a white solid. (2.4 g, 55.8 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.95 (s, 1H), 7.79 (d, 1H, J = 8.0 Hz), 7.40 (d, 

1H, J = 8.0 Hz), 4.64 (s, 2H), 2.84 (s, 3H). 
13

C NMR (400 MHz, CDCl3) δ 168.07, 

153.61, 135.94, 135.78, 125.76, 122.7, 121.79, 33.48, 20.22. 

6.1.12. Synthesis of NH-PAH-7c.  

 

Compound C2-10. 

A mixture of 5-(bromomethane)-2-methylbenzothiazole (1.0 g, 4.13 mmol), 

thiourea (0.38 g, 4.96 mmol) in DMF (16 mL) was refluxed at 80 °C for overnight. 

The resulting mixture was washed with DI water, followed by brine and dried over 
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MgSO4. The crude product was subjected to column chromatography (hexane: 

EtOAc = 5:1 and MeOH) to obtain yellowish orange isothiouronium salt. The 

resulting product was diluted with methanol (3 mL) and refluxed in 2 M NaOH (10 

mL) at 90 °C for 1.5 h. The product was extracted with dichloromethane, washed 

with DI. water, brine and dried over MgSO4. The crude product was subjected to 

column chromatography (hexane: ethyl acetate, 5:1) to obtain a white solid. (0.25 

g, 44 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.79 (s, 1H), 7.78 (d, 1H, J = 8.0 Hz), 7.26 (d, 

1H, J = 8.0 Hz), 3.71 (s, 2H), 2.86 (s, 3H), 1.25 (s, 1H).  

Compound C2-11. 

A mixture of compound C2-10 (1 mmol, 0.195 g) with propane sultone (1 

mmol, 0.122 g) in a minimum amount of toluene was stirred at room temperature 

overnight. The resulting orange precipitate was further purified by washing with 

THF. (0.141 g, 89 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 8.42 (s, 1H), 8.37 (d, 1H, J = 8.0 Hz), 7.77 (d, 

1H, J = 8.0 Hz), 4.92 (t, 2H, J = 8 Hz)), 4.11 (s, 2H), 3.21 (s, 3H), 2.69 (t, 2H, J = 8 

Hz), 2.29 (s, 1H), 2.20 (m, 2H). 

Compound NH-PAH-7c: The reaction was not successful. 
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6.1.13. Synthesis of NH-PAH-7d. 

 

Compound C2-12. 

A mixture of 2,5-dimethylbenzothiazole (3.0 g, 18.4 mmol), N-

bromosuccinimide (3.3 g, 18.4 mmol) and AIBN (1.84 mmol, 0.3 g) in chloroform 

(62 mL) was refluxed at 80 °C for 1 h. The resulting solution was diluted with 

dichloromethane, washed with 10 % Na2S2O3, saturated NaHCO3 and dried over 

Na2SO4. The crude product was subjected to column chromatography (hexane: 

ethyl acetate, 10:1) to obtain a white solid. (2.4 g, 55.8 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.95 (s, 1H), 7.79 (d, 1H, J = 8.0 Hz), 7.40 (d, 

1H, J = 8.0 Hz), 4.64 (s, 2H), 2.84 (s, 3H). 
13

C NMR (400 MHz, CDCl3) δ 168.07, 

153.61, 135.94, 135.78, 125.76, 122.7, 121.79, 33.48, 20.22. 
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Compound C2-13. 

Sodium azide (1.95 mmol, 0.127 g) dissolved in DMSO (3 mL) was added 

to compound C2-12 and stirred for 24 h at room temperature. Next the reaction was 

quenched with DI water and let it cool down to room temperature. The solution was 

extracted with dichloromethane and the combined organic layers were washed with 

brine, dried over MgSO4 and solvent evaporated under vacuo. The resulting oily 

product was purified by silica gel column chromatography (hexane: ethyl acetate; 

10:1) to obtain a white solid. ((0.284 g, 92.7 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.90 (s, 1H), 7.84 (d, 1H, J = 8.0 Hz), 7.32 (d, 

1H, J = 8.0 Hz), 4.47 (s, 2H), 2.86 (s, 3H). 
13

C NMR (400 MHz, CDCl3) δ 168.10, 

153.65, 135.61, 135.56, 124.85, 122.67, 122.05, 121.84, 54.74, 20.22; HRFABMS 

m/z calcd for C9H8N4S, (M+H) = 204.0470, found = 205.2707. 

Compound C2-14. 

A mixture of compound C2-13 (0.49 mmol, 0.100 g) with propane sultone 

(0.85 mmol, 0.104 g) in a minimum amount of toluene were stirred at room 

temperature for 4 days. The resulting light yellow precipitate was further purified 

by washing with THF. (0.064 g, 40 % yield). 
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1
H NMR (400 MHz, d6-DMSO): δ = 8.47 (s, 1H), 8.43 (d, 1H, J = 8.0 Hz), 7.80 (d, 

1H, J = 8.0 Hz), 4.90 (t, 2H, J = 8 Hz)), 4.74 (s, 2H), 3.20 (s, 1H), 2.64 (t, 2H, J = 8 

Hz), 2.17 (m, 2H); HRFABMS m/z calcd for C9H8N4SO3 (M+H) = 326.0507, 

found = 327.0234. 

Compound NH-PAH-7d. 

A mixture of compound C2-14 (0.23 mmol, 0.076 g) and 1H-indazole-7-

carbaldehyde (0.25 mmol, 0.036 g) was stirred overnight in a minimum amount of 

ethanol in the presence of ammonium acetate as the catalyst. The resulting dark 

orange precipitate was washed with cold ethanol. (0.067 g, 63.3%).  

1
H NMR (400 MHz, d6-DMSO): δ = 13.96 (s, 1H), 8.63 (d, 1H, J = 16.0 Hz), 8.49 

(d, 1H, J = 8.0 Hz), 8.45 (s, 1H),8.35 (d, 1H, J = 4 Hz), 8.32 (d, 1H), 8.30 (s, 1H), 

8.07 (d, 1H, J = 8 Hz), 7.81 (d, 1H, J = 8 Hz), 7.33 (t, 1H, J = 8 Hz), 5.16 (t, 2H, J = 

8 Hz), 4.75 (s, 2H), 2.72 (t, 2H, J = 8 Hz) 2.27 (m, 2H). 
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6.1.14. Preparation of polymer thin film doped with 

NH-PAH-7d and acridine dye and photoinduced proton 

transfer in PBS buffer solution. 

NH-PAH-7d photoacid (0.001 g) was dissolved in 5 drops of DMSO and 

then diluted with 0. 5 mL methanol. Acridine dye (0.0001 g) was dissolved in 0.5 

mL methanol and added to photoacid solution. Next the mixture was added to 0.1 g 

of poly (2-hydroxyethylmethacrylate) dissolved in 1 mL methanol. The photoacid-

dye doped polymer solution was used to make two polymer films on a glass 

substrate by drop coating method. First the films were dried under air for 6 h and 

after that in a vacuum oven for overnight. Thickness of the film was 0.002 mm. 

Light yellow-green polymer film doped with photoacid and acridine dye 

was immersed in PBS buffer solution for 20 min and then subjected to cycles of 

irradiation from top with 470 nm LED light for 1 min and kept in dark for 10 min 

inside the buffer solution. 
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6.1.15. NIPAAm- PEGDA (10 %) hydrogel doped with 

NH-PAH-7d and acridine dye and photoinduced proton 

transfer in PBS buffer solution. 

6.1.15.1. Preparation of hydrogel. 

A hydrogel was prepared by the reaction of N-isopropylacrylamide (0.9 g) 

and poly(ethylene glycol) diacrylate (0.1 g, 10 %) in DI water (5 mL) in the 

presence of potassium persulfate (0.5 % wt) at room temperature under nitrogen for 

overnight. The resulted hydrogel was cut in to about 1 mm pieces and immersed in 

DI water for 24 h, by changing water every 4 h.  

6.1.15.2. Swelling behavior. 

In DI water, 0.3 cm increase in diameter was observed after 1 h and no 

change was observed overnight. In methanol, 0.9 cm increase in diameter was 

observed after 30 min and it was not changed overnight. Thus, methanol would be 

the best solvent to achieve a complete loading of hydrogel with the photoacid. 
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6.1.15.3. Preparation of hydrogel loaded with photoacid 

(NH-PAH-7d) and acridine dye and photoinduced proton 

transfer in PBS buffer solution. 

Photoacid NH-PAH-7d (0.005 g, 3.65 mM)) was dissolved in 10 drops of 

DMSO and diluted with 2 mL methanol. A solution of acridine dye (0.0005 g, 0.42 

mM)) dissolved in 1 mL methanol was added to the photoacid solution to obtain an 

orange-green clear solution. After that, a dry piece of hydrogel (0.9 cm) was 

immersed in the photoacid-dye solution for 2 h and air dried for 1 h.   

The dry photoacid-dye loaded hydrogel was immersed in PBS buffer 

solution for 20 min and then subjected to cycles of irradiation with 470 nm LED 

light for 1.5 min from top and kept in dark for 10 min inside the buffer solution. 

 

6.1.16. Synthesis of NH-PAH-8a and -8b. 
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Compound C2-15. 

5-bromomethyl-2-methylbenzothiazole (0.242 g, 1 mmol) and 4-pentynoic 

acid (0.098 g, 1 mmol) were dissolved in DMF and triethylamine (0.111 g, 1.1 

mmol) added drop wise. The mixture was refluxed at 80 °C for two days. The crude 

product was subjected to column chromatography (hexane: ethyl acetate, 5:1) to 

obtain the desired product. (0.112 g, 43 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.96 (s, 1H), 7.79 (d, 1H, J = 8.0 Hz), 7.34 (d, 

1H, J = 8.0 Hz), 5.27 (s, 2H), 2.88 (s, 1H), 2.84 (s, 3H), 2.63 (t, 2H, J = 8 Hz), 2.53 

(t, 2H, J = 8Hz). 

Compound C2-17. 

5-bromomethyl-2-methylbenzothiazole (0.242 g, 1 mmol) and 5-hexynoic 

acid (0.134 g, 1.2 mmol) were dissolved in DMF and 1, 1, 3, 3- tetramethyl-

guanidine (0.115 g, 1 mmol) added drop wise. The mixture was refluxed at 80 °C 

for overnight. The crude product was subjected to column chromatography 

(hexane: ethyl acetate, 5:1) to obtain the desired oily product. (0.58 g, 58 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.94 (s, 1H), 7.79 (d, 1H, J = 8.0 Hz), 7.33 (d, 

1H, J = 8.0 Hz), 5.24 (s, 2H), 2.83 (s, 3H), 2.52 (t, 2H, J = 8 Hz), 2.25 (t, 2H, J = 

8Hz), 1.98 (s, 1H) 1.87 (m, 2H, J = 8Hz). 
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Compound C2-18. 

A mixture of compound C2-17 (1 mmol, 0.271 g) with propane sultone (1 

mmol, 0.122 g) in a minimum amount of toluene were stirred at 90 °C for 

overnight. The resulting purple sticky precipitate was further purified by washing 

with THF. The crude product was subjected to column chromatography (DCM: 

methanol, 3:1) to obtain the desired oily product. (0.022 g, 10 % yield). 

1
H NMR (400 MHz, d6-DMSO): δ = 8.28 (s, 1H), 8.24 (d, 1H, J = 8.0 Hz), 7.63 (d, 

1H, J = 8.0 Hz), 5.17 (s, 2H), 4.73 (t, 2H, J = 8 Hz)), 3.05 (s, 3H), 2.65 (s, 1H), 

2.53 (t, 2H, J = 8 Hz), 2.42-2.31 (m, 6H), 2.08 (t, 2H, J = 8 Hz), 1.58 (m,2H, J = 8 

Hz). 
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6.1.17. Synthesis of NH-PAH-9. 

 

Compound C2-19. 

2-methyl-1,3-benzothiazole-6-ylamine (6.1 mmol, 1.0 g) was dissolved in 

dichloromethane (12 mL), dry triethylamine (6.7 mmol, 0.93 mL) was added and 

stirred for 5 min. Next, the mixture was cooled in an ice bath and acryloyl chloride 

(6.4 mmol/ 0.52 mL) was added drop wise. After that, the reaction mixture was 

stirred for 24 h at room temperature. Then the mixture was poured on to DI water, 

extracted with dichloromethane. The combined organic layers were dried with 

MgSO4 and solvent evaporated under vacuo.  The resulting yellow solid crude 
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product was purified by silica gel column chromatography (hexane: ethyl acetate; 

5:3) to obtain a light yellow solid. ((1.18 g, 88.8 % yield). 

1
H NMR (400 MHz, CDCl3): δ = 8.51 (s, 1H), 7.86 (d, 1H, J = 8.0 Hz), 7.56 (s, 

1H), 7.31 (dd, 1H, J = 8 Hz), 6.47 (d, 1H, J = 16 Hz), 6.28 (dd, 1H, J = 8 Hz), 5.80 

(d, 1H, J = 12 Hz), 2.82 (s, 3H). 
13

C NMR (400 MHz, CDCl3) δ 167.02, 163.57, 

149.63, 136.61, 131.28, 128.30, 122.44, 118.71, 112.54, 20.18; HRFABMS m/z 

calcd for C9H10N2SO, (M+H) = 218.0514, found = 219.0307. 

Compound C2-20. 

A mixture of compound C2-19 (1.8 mmol, 0.400 g) with propane sultone 

(2.8 mmol, 0.336 g) in a minimum amount of THF were stirred at 90 °C for 4 days. 

The resulting precipitate was further purified by washing with THF. (0.457 g, 73.3 

% yield). 

 
1
H NMR (400 MHz, d6-DMSO): δ = 10.71 (s, 1H), 8.96 (s, 1H), 8.38 (d, 1H, J = 

12 Hz), 7.86 (dd, 1H, J = 8 Hz), 6.46-6.53 (m, 1H), 6.35 (d, 1H, J = 16 Hz), 5.86 (d, 

1H, J = 8 Hz), 4.88 (t, 2H, J=8Hz), 3.16 (s, 1H), 2.63 (t, 2H, J=8Hz), 2.16 (m, 2H).  

Compound NH-PAH-9. 

Compound C2-20 (0.030 g, 0.09 mmol), 1H-indazole-7-benzaldehyde 

(0.015 g, 1.0 mmol) and catalytic amount of ammonium acetate were dissolved in 

ethyleneglycol (0.5 mL) and refluxed at 75 °C overnight. The excess solvent was 
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evaporated, and the resulting muddy orange precipitate was washed with THF and 

acetone to obtain dark reddish orange solid. (0.040 g, 96.9 %).  

1
H NMR (400 MHz, d6- DMSO): δ = 13.96 (s, 1H), 10.83 (s, 1H), 8.99 (s, 1H), 

8.56 (d, 1H, J = 16 Hz), 8.37 (d, 1H, J = 8 Hz), 8.31-8.24 (m, 3H), 8.06 (d, 1H, J = 

4 Hz), 7.87 ( d, 1H, J = 8 Hz), 7.32 (t, 1H, J = 8 Hz), 6.53 (dd, 1H, J = 8 Hz), 6.37 

(d, 1H, J = 16 Hz), 5.88 (d, 1H, J = 12 Hz), 5.14 (t, 2H, J=8Hz), 2.69 (t, 2H, 

J=8Hz), 2.09 (m, 2H). 

Compound NH-PAH-9 linked to poly (2-hydroxyethyl methacrylate): NH-

PAH-Polymer 

Compound NH-PAH-9 (0.020 g, 10 % wt) and 2-hydroxyethyl methacrylate 

(0.20 g) were reacted in methanol (0.8 mL) in the presence of AIBN (0.0016 g, 

0.75 % wt) as the initiator at 60 °C under nitrogen. The resulting viscous solution 

was washed with diethyl ether (3×) to obtain a light yellow solid (0.186 g, 1 % wt 

compound NH-PAH-9 linked to polymer).  

6.1.18. Preparation of NH-PAH-polymer thin film. 

Photoacid-polymer (0.025 g) was dissolved in 5 drops of DMSO and then 

diluted with 0. 5 mL methanol. The photoacid-polymer solution was used to make 

two transparent orange color polymer films (2 cm × 2 cm) on a glass substrate by 

the drop coating method. First the films were dried under air for 2 h, heated on a 
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hot plate at 70 °C for 5 min and dried in a vacuum oven overnight. Thickness of the 

film was 0.004 mm. 

6.1.19. Preparation of NH-PAH-polymer thin films 

doped with acridine dye.  

Photoacid-polymer (0.025 g) was dissolved in 5 drops of DMSO and then 

diluted with 0. 5 mL methanol. Acrydine dye (0.5 mg, 10 % wt
 
of photoacid) was 

dissolved in 0.2 mL methanol and added to a photoacid-polymer solution. The 

acridine dye doped photoacid-polymer solution was used to make two transparent 

light green-orange dye doped polymer films (2 cm × 2 cm) on a glass substrate by 

the drop coating method. First the films were dried under air for 2 h, heated on a 

hot plate at 70 °C for 5 min to completely remove solvents and dried in a vacuum 

oven overnight. Thickness of the film was 0.005 mm. 
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6.2. Chapter 3: Stability of merocyanine‐ type photoacids 

in aqueous solutions 

Unless otherwise noted, reagents and solvents were commercially available 

and used as received without any further purification. PAH1 and PAH‐ 4OMe 

were synthesized following literature methods.
1,2

 Ultraviolet‐ visible spectra were 

obtained from a Varian Cary 60 Scan UV‐ vis spectrophotometer. 
1
H NMR spectra 

were determined in deuterated dimethyl sulfoxide on a Bruker AV400 NMR 

spectrometer. Chemical shifts were reported in delta (δ) units, parts per million 

(ppm) downfield from tetramethylsilane. High resolution mass spectra were 

recorded on an Accu TOF mass spectrometer by positive ion electrospray 

ionization mode with Direct Analysis in Real Time (DART) as an ion source. The 

light sources for irradiation were 470 nm LED arrays with 120 LEDs purchased 

from www.theledman.com.  

 

 

 

 

 

 

http://www.theledman.com/
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6.2.1. Synthesis of PAOMe. 

 

Compound C3-1. 

A mixture of 2,3,3-trimethylindolenine (0.01 mol, 1.59 g) with propane 

sultone (0.01 mol, 1.22 g) in a minimum amount of toluene was stirred at 90 °C 

overnight. The resulting dark purple precipitate was further purified by washing 

with THF (2.5 g, 89 % yield). 

1
H NMR (500 MHz, d6- DMSO): δ = 8.04 (d, 1H, J = 7.0), 7.81 (d, 1H, J = 6.5), 

7.61 (m, 2H), 4.65(t,2H, J=8),2.82(s,3H),2.62(t,2H, J=6.5),2.14(m,2H),1.52 (s, 

6H). 

Compound PAOMe. 

A mixture of 2,3,3‐ trimethyl‐ 1‐ (3‐ sulfonatepropyl)‐ 3H-indolium 

(0.479 g, 1.8 mmol) and 2‐ methoxybenzaldehyde (0.417 g, 1.7 mmol) was 

refluxed at 60°C in absolute ethanol (1 mL) overnight. An orange solid was 

obtained by filtration, washed with ice‐ cold ethanol, and dried in vacuo (0.658 g, 

92% yield). The product was pure enough for NMR and UV‐ vis analysis.  
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1
H NMR (400 MHz, d6-DMSO): δ = 8.56 (d, 1H, J = 16.4), 8.34 (d, 1H, J = 7.2), 

8.06 (dd, 1H, J = 8.4), 7.93 (d, 1H, J = 16.4), 7.88 (dd, 1H, J = 8.5), 7.67‐ 7.63 (m, 

3H), 7.25 (d, 1H, J = 8.4), 7.15 (t, 1H, J = 7.5), 4.84 (t, 2H, J = 7.8), 4.02 (s, 3H), 

2.68 (t, 2H, J = 6.1), 2.19 (m, 2H), 1.79 (s, 6H). HRMS (electrospray ionization): 

m/z [M+1] calcd for C22H25NO4S (M+H), 400.1583; found, 400.1973. 

6.2.2. LCMS analysis of the decomposition products. 

A solution (2.6 mM) of PAH-1 was prepared by dissolving 10 mg of PAH-

1 in 10 mL water containing 20% ethanol, which was added to increase the 

solubility of the photoacid. The solution was purged with nitrogen and sealed in a 

valve. The sample was kept at room temperature for a month. A yellowish white 

precipitate was observed at the bottom of the valve, and it was collected by 

filtration. The decomposition product was subjected to LCMS analysis as described 

below. 

Samples were analyzed by a 1260 Infinity LC system (Agilent 

Technologies) with a Zorbax rapid resolution HTSB C18 2.1 × 50 mm‐ 1.8 μm 

reversed phase column (Agilent technologies) at 40°C using a 0.550 mL/min flow 

rate. Samples were eluted with a linear gradient from 100% water to 100% 

methanol over the course of 5 minutes. Detection was by monitoring at the 

scanning wavelength range of 190 to 400 nm. Mass spectra were obtained using an 

attached 6120 Qadrupole LCMS (Agilent Technologies) in atmospheric pressure 
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with ionization‐ positive electron spray (APCI‐ ES positive) model at 100‐ V 

fragment voltage, scanning masses between 100 and 1000 Da. 

Peaks corresponding to PAH1; m/z 386.1 [M+H]
+
, Rt = 2.7 minutes and 

2,3,3‐ trimethyl‐ 1‐  (3‐ sulfonatepropyl) 3H‐ indolium (C3-1); m/z 282.3 

[M+H]
+
 , Rt = 6.0 minutes were observed. 

6.2.3. Buffer preparation. 

The pH 4.0 buffer solution (55.6 mL) was prepared by mixing 0.2 M sodium 

acetate (10 mL) and 0.2 M acetic acid (45.6 mL) in 18:82 V/V ratio; pH 5.4 buffer 

solution (71.4 mL) was prepared by mixing 0.2 M sodium acetate (61.4 mL) and 

0.2 M acetic acid (10 mL) in 86:14 V/V ratio. 
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6.3. Chapter 4: Photoactivity, reversibility, and stability 

of a merocyanine-type photoacid in polymer films. 

6.3.1. Preparation of PAH-4-OMe doped PHEM thin 

films. 

Thin films of the PAH-4-OMe was prepared by spin casting solutions of the 

photoacid and poly(hydroxyethyl methacrylate) (PHEM) on glass substrates. 

Poly(hydroxyethyl methacrylate) (PHEM) is a methacrylate polymer containing 

hydroxyl groups on flexible side chains, which mimic the environment of an 

alcohol and may assist proton transfer in the polymer. The weight ratio of the 

photoacid to PHEM was 2.5%.  

Methanol solutions of the mixture (5 wt% in methanol) were casted on glass 

slides first at 500 rpm for 30 s then 1000 rpm for 1 min. The thin films samples 

were baked on a hot plate for 5 min at 70 °C, then kept under vacuum at room 

temperature for 3 days. The resultant orange films were transparent and 

homogenous. They were very stable under ambient conditions and showed 

essentially the same photochemical properties after half a year. As shown in Figure 

4.1, the polymer films containing the photoacid changed color from orange to light 
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yellow under irradiation, which is due to the photoinduced transformation from 

MEH (orange) to SP (colorless).  

6.3.2. UV-vis spectrophotometric study of 

photoreaction. 

The photoreaction of PAH-4-OMe in PHEM was monitored by UV-vis 

spectroscopy during irradiation. The polymer film on a glass substrate was kept in a 

tilted position, and the irradiation was perpendicular to the detecting beam (Figure 

4.2 right). The light source was a light emitting diode (LED) array with a 

wavelength at 470 nm. The light intensity on the film was measured by a quantum 

meter (Apogee Model MQ-200) and the photon flux was about 900 μmol m
2
 s

-1
 (23 

mW cm
-2

). UV-vis spectra were collected every 6 s during irradiation (Figure 4.2 

left).   
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6.4. Chapter 5: Synthesis and incorporation of photo-

carbon monoxide releasing materials into electrospun 

scaffolds for vascular tissue engineering. 

All disposables, chemicals and biological supplies were purchased from 

Fisher Scientific (Pittsburgh, PA) unless specified otherwise. PCL with inherent 

viscosity 1.0–1.3 dL g
−1

 in chloroform, was purchased from Lactel Absorbable 

Polymers (Pelham, Al). All antibodies were purchased from Abcam (Cambridge, 

MA) unless specified otherwise. All primers were purchased from Life 

Technologies (Grand Island, NY). 

6.4.1. Synthesis of DK1 and DK3. 
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Compound C5-1. 

A mixture of anthracene (1.0 g, 5.6 mmol) and vinylene carbonate (4.46 g, 

52 mmol) in dry xylene (12 mL) was refluxed at 150 °C for three days. Light 

brown crystals were formed upon cooling to room temperature. The resulting 

crystals were washed with hexane. (1.1 g, 74 % yield).  

1
H NMR (400 MHz, CDCl3): δ = 7.39 (m, 4H), 7.25 (m, 4H), 4.89 (s, 2H), 4.71 (s, 

2H).  

Compound C5-2.   

Compound C5-1 (1.1 g, 4.2 mmol) was added to 4 M NaOH aq. (20 mL) 

under N2 atmosphere and refluxed for 2 h at 90 °C. Then, the reaction mixture was 

cooled to room temperature and washed with DI water. The mixture was extracted 

with dichloromethane and the combined organic layers were washed with water 

and dried over Na2SO4. The solvent was removed under reduced pressure followed 

by the purification by silica gel column chromatography to get a white solid (0.742 

g, 75 % yield).  

1
H NMR (400 MHz, MeOD): δ = 7.29 (m, 4H), 7.13 (m, 4H), 4.32 (s, 2H), 3.97 (s, 

2H).  
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Compound DK1. 

Trifluoroacetic anhydride (1.2 mL) was added dropwise to a mixture of dry-

DMSO (0.7 mL) and dry-CH2Cl2 (43 mL) at -78 °C under N2 atmosphere. After 10 

min, the compound C5-2 (0.742 g, 3.1 mmol) dissolved in a minimum amount of 

dry CH2Cl2 was added dropwise to the above mixture. After stirring for 2 h, 

triethylamine (Et3N (4.3 mL) was added dropwise and stirring was continued for an 

additional 2 h. Next the temperature of the reaction mixture was allowed to rise up 

to 5 °C and the solution was poured into 2 M HCl. The aqueous layer was extracted 

with CH2Cl2 and the combined organic layers were washed with water, dried over 

Na2SO4, and removed in vacuo. The crude product was purified by silica gel 

column chromatography (hexane: ethyl acetate, 4:1) to get yellow solid (0.33 g, 48 

% yield). 

1
H NMR (400 MHz, CDCl3): δ = 7.47 (m, 4H), 7.39 (m, 4H), 5.00 (s, 2H). 

13
C 

NMR (400 MHz, CDCl3): δ = 183.74, 134.84, 129.41, 126.33, 60, 53.43.  
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Compound C5-3. 

2,6- dihydroxyanthracene-9,10-dione (2.5 g, 10.4 mmol) was dissolved in 

dry. DMF (50 mL) by sonication. 1-bromooctane (5.3 g, 27.5 mmol), dry K2CO3 

(7.12 g, 51.6 mmol) and a catalytic amount of NaI (0.078 g, 0.5 mmol) were added 

to the above solution and refluxed at 60 °C for 2 h under nitrogen. Next, the crude 

product was poured into ice cold 1 M HCl (100 mL) solution and extracted with 

dichloromethane. Combined organic layers were washed with DI water, dried over 

MgSO4 and solvent evaporated under vacuum pressure. The resulting crude product 

was subjected to column chromatography (hexane: dichloromethane, 5:4) to obtain 

a yellow solid. (4.3 g, 59.5% yield).  

1
H NMR (400 MHz, CDCl3): δ = 8.22-8.20 (d, 2H, J = 8.0 Hz), 7.69 (s, 2H), 7.22-

7.20 (d, 2H, J = 8.0 Hz), 4.13 (t, 4H, J = 8 Hz), 1.84 (m, 4H), 1.48 (m, 4H), 1.29 

(m, 16H), 0.89 (t, 6H, J = 8.0 Hz).  
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Compound C5-4. 

To a solution of compound C5-3 (0.464 g, 1.0 mmol) in dry isopropyl 

alcohol (14 mL), NaBH4 (0.756 g, 20 mmol) was added portion wise within 15 

minutes and the mixture was heated to reflux at 80°C for 27 h. Next, the mixture 

was cooled to   – 15 °C and the excess amount of NaBH4 was hydrolyzed by the 

careful addition of 1M HCl until the evolution of the gas stopped.  The mixture was 

extracted with dichloromethane, dried with Na2SO4 and solvent removed in vacuo. 

The crude product was purified by silica gel column chromatography (hexane: 

dichloromethane, 10:3) to get the yellow solid (0.288 g, 65 % yield).  

1
H NMR (400 MHz, CDCl3): δ = 8.17 (s, 2H), 7.84 – 7.81 (d, 2H, J = 12.0 Hz), 

7.15 -7.13 (m, 4H), 4.10 (t, 4H, J = 8 Hz), 1.87 (m, 4H), 1.52 (m, 4H), 1.31 (m, 

16H), 0.90 (t, 6H). 
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Compound C5-5. 

A mixture of compound C5-4 (0.2 g, 0.5 mmol) and vinylene carbonate (2 

mL) in dry xylene (3 mL) was refluxed at 150 °C for three days. The solvent was 

removed in vacuo and the crude product was purified by silica gel column 

chromatography (hexane: ethyl acetate, 5:1) to get a white solid (0.195 g, 82 % 

yield).  

1
H NMR (400 MHz, CDCl3): δ = 7.25 – 7.23 (d, 2H, J = 8.0 Hz), 6.91 (s, 2H), 6.72 

(m, 2H), 4.84 (s, 2H), 4.55 – 4.53 (d, 2H, J = 8 Hz), 3.91 (t, 4H, J = 8 Hz), 1.75 (m, 

4H), 1.54 (m, 4H), 1.42 (m, 4H), 1.28 (m, 16 H), 0.88 (m, 6H).  

Compound C5-6. 

Compound C5-5 (0.25 g, 4.8 mmol) in 1,4-dioxane (2.5 mL) was added to 4 

M NaOH aq. (2.5 mL) under N2 atmosphere and refluxed for 2 h, the reaction 

mixture was cooled to room temperature, and neutralized with 1 M HCl. The 

mixture was extracted with dichloromethane and the combined organic layers were 

washed with water and brine (a saturated solution of NaCl), dried over Na2SO4. 

The solvent was removed under reduced pressure followed by the purification by 

silica gel column chromatography to get a white solid (0.196 g, 82 % yield).  
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1
H NMR (400 MHz, CDCl3): δ = 7.25 – 7.16 (dd, 2H), 6.94 – 6.86 (d, 2H), 6.71 – 

6.63 (dd, 2H), 4.28 -4.26 (d, 2H, J = 8 Hz), 4.02 (s, 2H), 3.90 (m, 4H), 1.86 (s, 2H), 

1.74 (m, 4H), 1.42 (m, 4H), 1.27 (m, 16H), 0.88 (m, 6H).  

Compound DK3.  

Trifluoroacetic anhydride (4.5 mL, 32.5 mmol) was added dropwise to a 

mixture of dry DMSO (2.5 mL, 35.5 mmol) and dry CH2Cl2 (25 mL) at -78 °C 

under N2 atmosphere. After 10 min, the compound C5-6 (0.5 g, 1.0 mmol) 

dissolved in a minimum amount of CH2Cl2 was added dropwise to the above 

mixture. After stirring for 2 h, Et3N (10.0 mL, 73.5 mmol) was added dropwise, 

and stirring was continued for an additional 2 h. next the temperature of the 

reaction mixture was allowed to rise up to 5 °C and poured into 1 M HCl. The 

aqueous layer was extracted with CH2Cl2 and the combined organic layers were 

washed with water and brine, dried over Na2SO4, and removed in vacuo. The crude 

product was purified by silica gel column chromatography (hexane: ethyl acetate, 

6:1) to get a yellow solid (0.25 g, 50 % yield). 

1
H NMR (400 MHz, CDCl3):  δ = 7.34 – 7.32 (d, 2H, J = 8 Hz), 6.96 (s, 2H), 6.88 – 

6.86 (dd, 2H), 4.83 (s, 2H), 3.94 (t, 4H, 8 Hz), 1.76 (m, 4H), 1.43 (m, 4H), 1.28 (m, 

16H), 0.88 (m, 6H). 
13

C NMR (400 MHz, CDCl3) 183.91, 160.39, 136.66, 127.28, 

126.15, 115.52, 112.09, 68.41, 59.16, 31.80, 29.30, 29.22, 29.12, 25.99, 22.66, 

14.11.  
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6.4.2. Electrospinning. 

Electrospinning of PCL and PCL/CORM solutions was performed in 90% 

v/v chloroform / dimethyformamide. Solution concentrations of 16% w/v and 19% 

w/v were prepared for PCL and PCL/CORM, respectively. A higher solution 

concentration was needed for the PCL/CORM condition to produce the same fiber 

diameter. Electrospinning was performed with a 15 kV voltage gradient, 2 mL h
−1

 

flow rate, 22 gauge needle, and 10 cm throw distance from the collector. 

Electrospinning was performed for 10 to 30 min onto a slowly rotating drum (<100 

rpm) that was also moving laterally. This maintained a consistent thickness 

throughout the circumference and along the length of the drum. The resulting 

electrospun sheets were stored in the desiccator until further use. 

6.4.3. Characterization of electrospun scaffolds.  

Scaffold characterization was performed using images from scanning 

electron microscopy (SEM). For SEM, the electrospun scaffolds were cut into 

small pieces and mounted onto aluminum stubs. They were sputtercoated with gold 

and then imaged in a JEOL 6380LV SEM (Peabody, MA) with a working distance 

of 10 mm and operating at 15 kV. ImagePro Plus software (ImagePro
®

 Media 

Cybernetics, Bethesda, MD) was used to determine the average fiber diameter 
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6.4.4. Detection of CO release. 

CO release by both dry and wetted scaffolds was detected after activation 

with 470 nm light. The photon flux of the light source on the samples was 

approximately 1,450 μmol photons/m
2
/s (or 37 mW cm

−2
 irradiance), as measured 

with a photon flux meter (an Apogee quantum meter with separate sensor, Model 

MQ- 200). We have shown in a previous paper that the α-diketones undergo a 

reaction with light (470 nm) to release two CO molecules.
3
 The procedure was 

modified from our previous paper to allow testing of electrospun scaffolds. To wet 

the samples prior to activation, they were sprayed with ethanol and immersed in 

phosphate buffered saline (PBS) at room temperature. They were then activated 

with 470 nm light. After 5 min of activation, a 5 min break was provided to avoid 

continuous exposure to the light. The release of CO from the prepared PCL/ 

CORM scaffolds was then measured indirectly using a quantitative 

spectrophotometer method (SpectraMax M, Molecular Devices Sunnyvale, CA) 

and visually using a confocal microscope (Nikon Digital Eclipse C1, Nikon ezc1, 

Melville, NY). This indirect detection method was used in our previous study and 

was found to correlate with actual CO release. The actual release of CO was further 

confirmed in this study using a myoglobin assay. 
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The myoglobin assay using equine skeletal muscle myoglobin (Sigma 

Aldrich) was performed in sealed round bottom flasks. In one flask, a myoglobin 

solution (2 mg mL
−1

 in PBS) was degassed by nitrogen gas for 30 min, and mixed 

with Na2S2O4 (24 mg mL
−1

 in PBS) to convert the myoglobin solution into 

deoxyMb. In another flask, a 2% w/w CORM/PCL mesh was degassed by nitrogen 

gas for 10 min, follow by 10 min irradiation at 470 nm to activate the CORM 

compound. Next, the deoxy-Mb solution was transferred to CORM mesh 

containing flask by an air-tight syringe. Conversion of deoxy-Mb to Mb-CO was 

measured by UV-vis absorption spectroscopy. The deoxy-myoglobin fraction was 

calculated by using the following equation, as described by Haegawa et al.
4
 Deoxy-

Mb concentration was calculated from absorbance readings measured for the pure 

deoxy-Mb prior to mixing. The deoxy-Mb concentration was calculated as 

described in equation (2). The theoretical amount of CO that could be released from 

the scaffolds was calculated as described in equation (3). Finally, the percent Mb-

CO yield was calculated by the ratio of Mb-CO from the myoglobin assay to the 

theoretical CO that can be released. 

  1 

       2 
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     3 

Where A542 and Aiso are the absorbance values at 542 nm and 552 nm (i.e. the 

isosbestic point), [Mb] and [MbCO] are the concentrations of deoxy-Mb and 

MbCO, m is mass of the total scaffold, and wt% is CORM/PCL in scaffold. 

εd542/εiso is 0.836 and εCO542/εiso is 1.227 from Haegawa et al.
4
 

6.4.5. Vascular cell culture. 

Rat SMCs were isolated from abdominal aorta of healthy rats with 

Institutional Animal Care and Use Committees (IACUC) approval. The cells were 

expanded in Dulbecco’s modified eagle’s medium (DMEM) with 10% fetal bovine 

serum (FBS) and 1% antibiotics. Prior to seeding, the scaffolds were cut into small 

circles of 2 mm diameter and then ethylene oxide sterilized. The scaffolds were 

sprayed with ethanol and soaked in PBS. SMCs were seeded onto electrospun 

scaffolds and glass coverslips treated for cell culture (Fisher Scientific) at 7500 

cells cm
−2

. DNA assay, imaging of immunoflourecence and phalloidinlabeling, and 

PCR were then performed on the samples to characterize the cellular response. The 

length of culture is described below for each of the specific assays. 
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6.4.6. Cell density and viability. 

The viability of rat SMCs in response to the CORM compound was 

assessed using the DNA assay.
5
 Cells were seeded both on coverslips and 

electrospun scaffolds. For coverslips, they were seeded with SMCs and then 

different concentrations of the CORM compound (i.e. 0, 10, 40, and 100 μM) were 

immediately added to test the toxicity of the compound itself. After 3 days of 

incubation, the coverslips were washed with PBS, and then Pi-buffer added to 

prepare for the DNA assay. The DNA content is measured using a fluorometric 

assay based on the use of Hoechst dye, as described previously. The results were 

presented in terms of cell density (cells cm
−2

). 

For electrospun scaffolds, the SMCs were allowed to attach to the 

PCL/CORM scaffolds for 30 min, activated with 470 nm light for 30 min, and then 

allowed to grow in culture. The 30 min attachment time was chosen to optimize 

CORM activation, as described in the results section. The DNA assay was 

performed after 3 days of culture. The only difference from the coverslip samples is 

that the scaffolds were cut into very fine pieces and sonicated for 2 min. 

6.4.7. Fluorescence imaging for cell phenotype. 

Immunofluorescence (IF) images and phalloidinlabeled images of the actin 

cytoskeleton were used to characterize rat SMCs phenotype and morphology. The 



 

192 
 

scaffolds were fixed with 4% w/v EM-grade formaldehyde (Electron Microscopy 

Sciences, Hatfield, PA) for 10 min, permeabilized with 0.1% v/v Triton X-100 for 

10 min, and then blocked with 5% v/v goat serum. For IF imaging, we used 

primary antibodies for α-smooth muscle actin (α-SMA) (rabbit monoclonal, 1: 100 

dilution) to detect presence of contractile cells, thrombospondin (mouse 

monoclonal, 1: 100 dilution) to detect proliferative SMCs, and calponin (mouse 

monoclonal, 1: 100 dilutions) to detect contractile SMCs. The markers were then 

visualized with antirabbit or anti-mouse secondary antibodies conjugated to Alexa 

633 probes. The cell nuclei were visualized using 4, 6-diamino-2-phenylindole 

dihydrochloride (DAPI) that was contained in the mounting medium (Vectashield, 

Vector Labs, CA). For phalloidinlabeling, the cells were fixed as described above, 

and then stained with Alexa Fluor 488-phalloidin (Fisher scientific) for 20 min 

prior to mounting with the DAPI containing mounting media. 

Imaging was performed using a fluorescent microscope (Carl Zeiss 

Microscopy, Thornwood, NY) with a CoolSNAP MYO (Photometrics, Tucson, 

AZ) CCD camera. ImagePro
®

 (Media Cybernetics) software was used to acquire all 

images using a custom macro. The brightness and contrast were adjusted equally 

for all images including the negative control (i.e. no primary antibody). For 

phalloidin-labeling, background subtraction in AutoQuant software (Media 

Cybernetics, Rockville, MD) was also performed. 
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6.4.8. Quantitative real time (RT)-PCR analysis. 

Gene expression of cells seeded on PCL and PCL/ CORM scaffolds was 

determined using RT-PCR. Samples were cut into small pieces, transferred to 350 

μl of RLT buffer (Qiagen, Vanencia, CA), centrifuged at 12 000 g for 3 min, and 

then the supernatant was used for isolation. The rest of the isolation was performed 

using an RNeasy
®

 Mini Kit (Qiagen) according to the manufacturer’s instructions. 

RNA quantification was performed using a RiboGreen assay (Invitrogen, Grand 

Island, NY). Reverse transcription was performed with 20 ng of RNA using an 

iScript
®

 cDNA kit (Bio-Rad Laboratories, Hercules, CA) according to the 

manufacturer’s instructions. RT-PCR was then performed using Power SYBER
®

-

Green Master Mix (Life Technologies, Grand Island, NY) with a Bio-Rad MyIQ 

Real-Time PCR System (Bio-Rad Laboratories, Hercules, CA). Specific primers 

were included for activated and synthetic SMC markers. These included α-smooth 

muscle actin (Acta2), thrombospondin (Thb1), and calponin (Cnn1).
6
 18s 

ribosomal RNA (Rn18s) was used as a housekeeping gene.
7
 Gene expression was 

reported as 2
−∆∆Ct

 where Ct is the threshold cycle, after being analyzed using the 

comparative threshold cycle (∆∆Ct) method.
8
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6.4.9. Statistical analysis. 

All data are expressed as mean ± standard deviation except the PCR results 

that are presented as the mean ± standard error. Reproducibility was verified by 

replicating all studies with different cells and sets of electrospun conduits. Cell 

viability assays were replicated three times and the other assays were replicated 

twice. A total of n = 3 samples/condition/ replicate were used for all assays. 

Statistical analysis was performed with JMP software (JMP
®

 Statistical Discovery 

from SAS, Cary, NC). Significance difference was determined with oneway 

ANOVA using a posthoc Tukey test for multiple comparisons, and p < 0.05 was 

considered statistically significant. 
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6.5. NMR and mass spectroscopic data. 

6.5.1. Chapter 2. 
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6.5.2. Chapter 3. 

 

 

MS[1];8.446..8.486;-1.0*MS[1];8.346..8.374; / ESI+ / naw odi041116 

394 396 398 400 402
m/z 

0

1000

Area (1647)

398.2500396.1815 400.2154

 

 

 

 



 

207 
 

6.5.3. Chapter 5. 
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