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Abstract 
 

Metastable-State Photoacids and Polymers with High Photoacidity 

                                              by Thaaer Khalil  

Major Advisor: Yi Liao, Ph.D.  

In recent years, metastable-state photoacids (mPAH) have been utilized to control 

various chemical processes using visible light and have found many applications in 

materials, energy, and biomedical areas. An introduction of metastable state 

photoacid is given in Chapter 1. 

            In chapter 2, to clearly understand the relationship between the structures 

and the physicochemical properties of mPAHs, a series of mPAHs were designed 

and synthesized. The reversibility, stability, reverse reaction rate, and photoreaction 

of the mPAHs were studied in detail using UV/VIS spectroscopy. The results 

demonstrated that the electron-withdrawing groups on the electron-accepting 

moiety enhance the overall photoreaction and stability of closed-ring form, while 

the electron-donating group increase reversibility and decrease photoreaction. 

            In Chapter 3, a facile synthesis of merocyanine photoacid polymers without 

using any protecting group is described. The polymers showed good photoactivity, 
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high photoacidity, and were soluble in various solvents. Reversible patterning has 

been demonstrated using a thin film of the polymer doped with methyl orange.  

             In Chapter 4, a novel mPAH with strong C-H acidity was described. The 

pKa of its photoacidic state was experimentally determined and compared to a 

commonly used mPAH. The photoacid showed low dark acidity and large pKa 

change when irradiated by visible-light. The pKa for the photoinduced C-H acidity 

is 4.8 units lower than that for the O-H acidity in the dark. These features together 

with its easy preparation make it promise for the development of photoresponsive 

materials based on proton transfer. Proton transfer between the photoacid and 

proton acceptors with different pKas in solutions and polymer films was studied. 

The photoacid showed superior properties in polymer films comparing to a 

commonly used mPAH. Photochromic films with various color changes were 

demonstrated as an example of potential application. 

             In the work described in Chapter 5, a series of mPAHs were designed and 

synthesized, where chlorine was introduced to increase in the solubility and 

photoacidity of indazol mPAH. Other works for increasing the activating 

wavelength of the photosensitive molecules, photo release, and proton acceptors are 

also described in this chapter. 
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Chapter 1 

Introduction 

1.1 Metastable-state photoacid  

             Photoacids are the molecules that can be converted to relatively strong acids 

upon absorption of light. They are used for remote, spatial and temporal control of many 

protons transfer processes as well as proton concentration [1,2]. Photoacids can be 

divided into three types according to their properties. Irreversible photoacids, which are 

usually called photoacid generators (PAGs), can generate high concentration of strong 

acids upon irradiation; however, the photoreaction is irreversible. Triphenylsulfonium 

triflate, one of the typical examples of PAGs, can irreversibly release 

trifluoromethanesulfonic acid (Figure 1) upon irradiation [3,4].  PAGs have been 

extensively studied as photo initiators for cationic polymerization and applied to 

photolithography [5,6].  

 

Figure 1- Photoacid generator triphenylsulfonium triflate. 

            Excited-state photoacids have been studied since 1970. They are molecules that 

can reversibly produce high-acidity excited states, for example, derivatives of naphthol 
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(Figure 2). Drawbacks of this type of photoacid is that the excited state lifetime is too 

short to induce a significant increase in the proton concentration. As a result, it is hard to 

use excited-state photoacids to control a process that needs a considerable proton 

concentration. [7,8].  

 

Figure 2- Excited-state photoacid 9-phenylfluorene. 

              Metastable-state photoacid (mPAH) is a molecule that can generate a high 

proton concentration with high efficiency and good reversibility. Over the past few years, 

this type of photoacid has attracted more attention for several reasons. It can be activated 

it by visible light with moderate intensity such as LED and sunlight; the acidic state has a 

long lifetime in comparison with the excited state photoacid; can change pH around two 

units reversibly [9]. A metastable-state photoacid consists of two major parts: an 

electron-accepting moiety (EA) and a weakly acidic nucleophilic moiety (NuH). These 

two parts are linked by a double bond [10]. MPAHs have been used in a wide range of 

applications including volume change hydrogels, control of acid-catalyzed reactions, 

color change of materials, odorant release, and killing bacteria.  
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Figure 3- The photoreaction of a metastable-state photoacid. 

1.2 Applications of metastable-state photoacid  

           Proton transfer is one of the most common processes in nature. A proton transfer 

process can be remotely, temporally, and spatially controlled with light [11]. Metastable-

state photoacids (mPAH) is one of the promising materials for improving photo-

controllable systems due to high induced proton concentration, fast and efficient 

photoreactions, excellent reversibility and visible-light activatability. In the last few 

years, numerous applications of metastable-state photoacid have been published. The 

photoacids were used as catalysts to form and break bonds, control ion-exchange 

processes, protonate the materials to change their properties, and improve photo-energy 

transformation efficiency [12].  

        Our group studied the esterification between ethanol and acetic acid in the presence 

of an mPAH under visible light irradiation. The reaction was stopped by turning off the 

light because protons returned to the initial state in the dark [8].  

      Alaniz's group developed a merocyanine photoacid by introducing a t-butyl group on 

the nucleophilic moiety (NuH), which improves both solubility in organic solvents and 
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switching kinetics. The photoacid was used to achieve temporal control over ring-

opening polymerization of ɛ-caprolactone in dichloromethane with light. [13].  

 

Figure 4- Ring-opening polymerization of ɛ-caprolactone by photoacid under visible 

light. 

         Van Esch, Eelkema, and coworkers employed metastable-state photoacid (mPAH) 

and visible light as a catalyst to prepare a hydrazone gelator by reacting an aldehyde with 

a hydrazide.  Self-assembly of a supramolecular hydrogel was spatially controlled by 

visible light in the reaction. When the reaction mixture was irradiated through a mask, 

micrometer patterns of dense gel fibers were generated.  Reversibility of the photoacid is 

crucial for patterning, which occurred in a solution because (mPAH) produced a localized 

concentration of protons upon irradiation that catalyzed the formation of the gelator [14].  

         Severin's group demonstrated that the mix of a metastable-state photoacid (mPAH) 

with metallasupramolecular assemblies in solutions makes the systems photo-responsive. 

After irradiation for a specific time with visible light, protons move from mPAH to the 

ligand; therefore, it leads to disassembly of the metal-ligand structure.  In the dark, the re-

complexation process occurred. Noteworthy, the same alterations could happen by the 

addition of acids and bases. The use of light does not produce an accumulation of salts 

and changes the composition of complex structure. Light is utilized with good spatial and 

OH

OO PAH, 470 nm
r.t O OH
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temporal control. Photoinduced de-complexation of the ligands was demonstrated for six 

various metallasupramolecular assemblies containing Pd+2, Pt+2, or Ru+2 complexes and 

bridging polypyridyl ligands. The methodology permits releasing guest molecules by 

metastable-state photoacid (mPAH) and light [15]. 

 

Figure 5- Reversible disassembly of the pyridyl ligands with an mPAH 

photocatalyst. 

         The proton transfer plays a significant role to alter the ionic and hydrogen bonding 

between molecules and change the properties. Metastable-state photoacids have also been 

utilized to photocontrol of ionic and hydrogen bonds involving carboxylate anions. 

Carboxylate anion, one of the most common proton acceptors, has been used because 

carboxylic acids have pKa values between 4 and 5.  The carboxylate anion could be 

readily protonated by merocyanine photoacid since it can drop the pH around two units 

from 5.5 to 3.5. Our group demonstrated that reversible formation and dissolution of a 

polymer nanoparticle could be controlled by visible light in the presence of metastable-

state photoacids. The polymer nanoparticle was prepared by noncovalent crosslinking of 

polyvinyl pyridine with a copolymer of acrylic acid. Crosslinking occurred because of 

hydrogen bonding between the carboxylic acids and pyridinyl groups of the polymers and 
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it has the nature of an ionic bond because of the acidity and basicity of two groups. Under 

irradiation, protons transfer from the photoacid to the pyridine group; thereby, the 

hydrogen bonding and ionic bonding between two polymers are destroyed and result in 

the dissolution of the nanoparticle. Turning on and off a light was used to control cycles 

of dissolution and formation. [16]  

 

Figure 6- Decrosslinking of the polyvinyl pyridine and a co- polymer of acrylic acid 

by photo-protonation. 

          The pyridyl group is another frequently utilized proton acceptor. Aprahamian’s 

group reported that the efficient and rapid reversible modulation of a hydrazone switch 

could be controlled by visible light using metastable-state photoacid. The intramolecular 

hydrogen bond formed between NH on hydrazone and pyridinyl group led to locking the 

molecular configuration.  Under irradiation, the pyridinyl group was protonated by the 

protons from photoacid, which destroyed the intramolecular hydrogen bond between two 

groups, causing rotation of the hydrazone group to another side of the molecule and 
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created a new intramolecular hydrogen bond with a carbonyl group. Noteworthy, the 

configuration of molecular switches could be repeatedly changed successfully and 

efficiently by photoinduced protons without adding acid and base [17].  

 

Figure 7- Photo-controlled switch of the hydrazone by photo-induced protons. 

           Improving solar energy conversion efficiency is essential for promoting renewable 

energy. Li's group showed that coupling photoacid with chloroplasts causes a great 

improvement of photophosphorylation. The photoacid-entrapping chloroplasts generated 

around 3.9 times more ATP than the natural chloroplasts since the photo-induced proton 

concentration stimulated ATPase to create more ATP. Besides, the photo-irradiated 

photoacid did not have a severe impact on the intrinsic photoreaction of the chloroplasts. 

These results confirmed metastable-state photoacid can assist solar energy conversion of 

green plants [18]. 

1.3 Photo-responsive polymers  

             Stimuli-responsive materials or smart polymers are able to significantly change 

in their properties like shape, colors, solubility, transparency, and conductivity upon 
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small changes in their environments [10]. Over the last decades, smart polymers have 

attracted much attention in drug delivery, bio-separation, tissue engineering, and 

biosensor design [20]. A number of factors has been used to stimulate the materials such 

as electrical, ionic strength, light, pH and temperature. Light has been widely utilized as a 

stimulus because it can be remotely and precisely controlled, readily switched and 

facilely focused on certain areas [21].  Polymers that undergo an alteration in their 

properties in response to light are called photo-responsive polymers [22]. Usually, these 

polymers contain a photo-response functional group (chromophore) in the polymer chain 

[23].  

             The chromophore is divided into two types:  irreversible and reversible. The 

irreversible chromophores have the possibility of 100% photoconversion; they are 

generally applied to photo-degradable materials. Depending on the place in the chain 

where the irreversible chromophore has been incorporated, various light-induced 

molecular processes can take place: activation of catalysts, charge generation, formation 

of active groups, depolymerization, and chain shortening [24, 25]. Reversible 

chromophores are called molecular switches, which undergo a reversible 

photoisomerization.  Photo-responsive polymers containing azobenzene, which 

undergoes trans-cis isomerization upon UV irradiation, have been widely studied. The cis 

isomer converted back to the initial state either photochemically or thermally [26, 27]. 

            In the last few years, metastable state photoacid polymers have attracted great 

attention. The photoacids were integrated with other materials. As a result, novel 
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materials with photo-switchable functions were created. Photoacids have been doped in 

polymer films for the development of sensors [28,29] and photochromic materials [30, 

31]. Our group demonstrated the decrease in the volume of a hydrogel of poly (acrylic 

acid-co-acrylamide) in an aqueous solution of a metastable state photoacid by visible-

light irradiation. Since protonation of the carboxylic group leads to a decrease in the 

repulsion between the carboxylic anions in the hydrogel [32].  Moreover, our group 

developed a polymeric material that can release fragrance under irradiation with visible 

light and quickly stop releasing after the turning off the light [33].   

 
 

Figure 8- Photoinduced volume change of a hydrogel. 

            Landfester’s group developed a novel photoacid polymer consisting of the 

thermoresponsive N-isopropylacrylamide and photoresponsive photoacid monomer. The 

integration of both monomers together resulted in the formation of a polymer that 

responds to two external stimuli, temperature and light. Modified polymers were shown 

to be highly soluble in water, and photoacid were more active under a lower critical 
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solution temperature. However, when the temperature was increased above lower critical 

solution temperature, the photoacid became deactivated [34]. 

         Chumbimuni-Torres’s group used a modified metastable-state photoacid polymer 

and a calcium ionophore to make a membrane sensor to detect calcium cations in solution 

with photoirradiation.  Before irradiation, the sensing membrane prevents calcium cations 

from penetrating it because of hydrophobicity.  After irradiation, the concentration of 

protons increased and diffused from the membrane to the solution; as a result, cations 

penetrated the membrane to balance the charge. Hence, the calcium cations can be 

selectively detected by the calcium ionophore in the membrane. Notably, the sensing 

membrane can be used repeatedly because the photoacid was reversible [29].  
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Chapter 2 

Tuning the Switchability of Metastable State Photoacids 

2.1 Introduction  

         Metastable-state photoacid (mPAHs) is a type of molecules that can reversibly 

release a large number of protons upon irradiation and can be utilized in the processes of 

intermolecular proton transfer [1-3]. Metastable-state photoacids consist of two major 

parts: an electron-accepting moiety (EA) and a weakly acidic nucleophilic moiety (NuH). 

A double bond links these two parts [4]. Upon exposure to the visible light, mPAHs 

changes from am merocyanine (MEH) open-ring structure, to a close-ring spiropyran 

(SP) [5]. The isomerization of the merocyanine form to the spiropyran form leads to the 

release of protons to the surrounding solvent. Moreover, the MEH-to-SP conversion 

coincides with a color alteration to colorless because the conjugation breaks between the 

two moieties [6]. After stopping the irradiation, the spiropyran isomer gradually returns 

to the merocyanine isomer. All of the processes occur at room temperature, which means 

the proton transfer processes can be easily controlled by turning a light on and off 

without using other types of energy such as heating and UV-light for the process [7].  

           In recent year, metastable-state photoacids have attracted considerable attention 

because they have distinct properties such as high-efficiency photoreaction large pKa 

change, and excellent reversibility [4, 8]. Metastable-state photoacids have been used in a 

wide range of applications including catalyzing reactions [9], bacterial killing [10], 
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changing the volume of a hydrogel [11], fragrance release [12], supramolecular 

assemblies [13], waste management of reactions [14].  

The substituents on the structure of a photoacid play crucial roles in the change of the 

physicochemical properties of the compounds. Hence, an appropriate choice of 

substituents is necessary to achieve the desired features of metastable-state photoacids 

[15]. The introduction of a strong electron-withdrawing group such as NO2 on the phenol 

ring has been reported to increase the dark acidity, blue-shift the absorption wavelength, 

and lead to a mixture of MEH and SP forms in the dark. As a result, strong electron-

withdrawing groups on the NuH moiety are undesirable for the metastable state photoacid 

[1]. In this work, we designed and synthesized a series of the photoacid compounds with 

electron-donating groups and moderate electron-withdrawing group on the electron-

accepting moiety (EA) and only electron-donating groups on the nucleophilic moiety 

(NuH). Besides, the effects of substitution on the properties of the metastable state 

photoacid such as reversibility, stability, and reverse reaction rate were investigated. 

2.2 Results and Discussion  

            A clear relationship between the structure of metastable state photoacid and 

physicochemical properties is necessary to develop suitable metastable state photoacid 

for different applications. The present study is mainly focused on the two different types 

of the NuH moiety, i.e. phenol derivatives and indazole. Methoxy and diphenylamine 

groups were introduced on the phenol ring at the para-position of the double bond while 

indazol was not modified.  On the other hand, three electron-accepting moieties including 
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tricyanofuran (TCF), benzothiazolium and indolinium were studied. The ester and 

methoxy groups were introduced on the indolinium while only the methoxy group was 

introduced on the benzothiazolium ring.  Tricyanofuran (TCF) was used without 

modification.  

          The photoacid compounds were synthesized by following a literature procedure 

(chapter 5). Photoacid derivatives are shown in Figure 9. Their chemical structures were 

confirmed by 1H NMR spectra. Most of the obtained compounds were investigated in 

methanol solution because the compounds exhibited a high solubility in methanol. The 

compounds 6, 7, and 10 did not show solubility in methanol; therefore, they were studied 

in DMSO. 
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Figure 9- Metastable-state photoacids with various substituents. 

         Compound 1 is one of the most investigated mPAHs. In the present work, 

compound 1 was picked as a reference for comparing with other mPAHs. Before 

irradiation, a solution of mPAH 1 showed a strong absorbance band at 440 nm in the 
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visible light range with a molar absorption coefficient of 3.1 × 104 M-1 cm-1. Upon 

exposure to the visible light, the trans-cis isomerization of the double bond occurred, 

followed by a nucleophilic reaction between the two moieties, which forms a spiropyran 

after proton dissociation. Thereby, the merocyanine isomer band at 440 nm diminished 

and the spiropyran isomer band at 300 nm raised as shown in Figure 10. 

 

 

 
 

 

 

 

 

 

Figure 10- UV-Vis spectra of photoacid 1in methanol. 

      The absorption band at 300 nm is a strong evidence for the ring closing. After the 

irradiation was stopped, the absorbance band of the merocyanine gradually increased 

while spiropyran isomer band decreased. The kinetics of the reverse reaction was 

investigated by monitoring the reformation of the merocyanine. The absorption spectra 

were collected every three minutes. The kinetic data of the reverse reaction were fitted to 
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a first-order rate equation, and the rate constant was calculated to be 3.0 × 10-4 s-1 as can 

be seen in Figure 11. 

Figure 11- Data of the reversibility fitted into a first order rate equation. 

        The solution of compound 2 exhibited a characteristic absorption band at 445 nm, 

with a molar absorption coefficient of 2.0 × 104 M-1 cm-1. The introduction of the 

methoxy group on the indolinium side at the para position to the nitrogen atom led to an 

increase in the reverse reaction rate as well as a small red-shift in the absorption peak 

around 5 nm relative to compound 1 due to the small resonance effect. Moreover, the 

UV/Vis spectrum of compound 2 showed that the photoreaction was not complete even 

after longtime irradiation possibly because the methoxy group on the (EA) side lowered 

the positive charge on the nitrogen atom and thus reduced the efficiency of the 

photoreaction for ring closing. 
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Figure 12- UV-Vis spectra of photoacid 2 in methanol. 

        On the other hand, the reverse reaction of the compound 2 was faster than that of the 

compound 1. About 90% of the spiropyran converted back to the merocyanine within an 

hour, while for compound 1 the conversion was about 77% in an hour. The absorption 

spectra were collected every two minutes. The kinetic data were fitted to a first-order rate 

equation, and the rate constant was calculated to be 6.0 × 10-4 s-1 as can be seen in Figure 

13. 
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Figure 13- Data of the reversibility fitted into a first order rate equation. 

          The introduction of the ester group on the indolinium also resulted in a red-shift in 

the absorbance peak. The UV-Vis spectra of compound 3 displayed intense absorption at 

450 nm. The molar absorptivity of compound 3 at 450 nm was 3.2 × 104 M-1 cm-1. Upon 

irradiation, the absorption peak at 450 nm vanished, which means all the merocyanine 

turned into spiropyran, as shown in Figure 14. 
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Figure 14- UV-Vis spectra of photoacid 3 in methanol. 

       As a matter of fact, the electron-withdrawing group destabilized the cationic 

indolinium, and increased its electrophilicity, which made the ring closing reaction more 

efficient and the spiropyran form more stable. Therefore, the electron-withdrawing group 

made a reverse reaction much slower than that of compound 2. The same solution was 

irradiated with UV light 365 nm for five minutes to speed up the reverse reaction rate. 

However, UV light 365 nm did not speed up the reverse reaction because the 

merocyanine form can also absorb UV light at this wavelength.  For the kinetic study, the 

UV-Vis spectra of compound 3 were recorded every 10 minutes after the irradiation was 

stopped. The kinetic data of the reverse reaction were fitted to a first-order rate equation, 

and the rate constant was calculated to be 1.0 × 10-5 s-1 as can be seen in Figure 15. 
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Figure 15- Data of the reversibility fitted into a first order rate equation. 

        Photoacid compounds 4 and 5 have electron-donating groups on the phenol side at 

the para-position of the double bond. Compound 4 with a strong electron-donating 

methoxy group showed a significant red-shift in the absorbance band at 471 nm, as 

shown in Figure 16. The molar absorptivity of the compound 4 at 471 nm was 3.2 × 104 

M-1 cm-1. 
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Figure 16- UV-Vis spectra of photoacid 4 in methanol. 

 

       Although compounds 4 and 2 have the same electron-donating group, compound 4 

exhibited a more red-shifted absorbance band than compound 2. Also, the reverse 

reaction of compound 4 was faster than compound 2. Enhancing the push-pull electron by 

the methoxy group can remarkably increase the rate of cis-trans isomerization. The study 

by UV-Vis absorption of compounds 4 showed that reverse reaction was very fast, 

whereas 90% of spiropyran returned back to the initial state within three minutes after 

stopping the light irradiation. The absorbance spectra were recorded every 6 seconds. The 

kinetic data of the reverse reaction were fitted to a first-order rate equation, and the rate 

constant was calculated to be 1.4 × 10-2 s-1 as can be seen in Figure 17. 
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Figure 17- Data of the reversibility fitted into a first order rate equation. 

Compound 5 was substituted with diphenylamine group, which is a very strong electron-

donating group. It also extends the conjugation a little. The basicity of triaryl amine is 

very low so it does not act as a base. The UV−Vis spectra of the compound showed a 

more red-shifted absorbance with λmax at 550 nm, as shown in Figure 18 due to its strong 

push-pull electron structure. The molar absorption coefficient was 3.9 × 104 M-1 cm-1. 

The photoreaction of this photoacid was activated by 525 nm LED light. Upon 

irradiation, the absorbance band at 550 nm dropped a little without the appearance of the 

spiropyran peak. Even after increasing the irradiation time, compound 5 could not 

undergo further photoreaction. Compound 5 was examined in DMSO solution in order to 

confirm the photoreaction because DMSO reduces the reverse reaction more than 

methanol.  After irradiation, the UV-Vis spectrum displayed the same result as in the 
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methanol solvent. The results confirmed that compound 5 does not undergo the 

photoreaction even in DMSO solution. 

 

Figure 18- UV-Vis spectra of photoacid 5 in methanol. 

         The second type of photoacid includes compound 6 and 7. This type of photoacid 

was designed by linking benzothiazolium as the electron-accepting moiety with 1H-

Indazole-7-carbaldehyde as the nucleophilic moiety through a double bond. As 

mentioned above, these compounds have a low solubility in methanol, and thus the 

reversibility study was performed in DMSO. Before irradiation, the UV−Vis spectrum of 

compound 6 in DMSO exhibited a strong absorption band at 434 nm, as shown in Figure 

19 with a molar absorption coefficient 2.9 × 104 M-1 cm-1. Upon irradiation with visible 

light for three minutes, the absorbance peak at 434 nm disappeared, and a new peak at 

332 nm appeared. The new peak at 332 nm was a good sign that the photoreaction of this 

photoacid occurred. 
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Figure 19- UV-Vis spectra of photoacid 6 in DMSO. 

After stopping the irradiation, the reverse reaction was monitored by the increase of the 

absorbance peak at 434 nm with time. The UV−Vis spectrum showed very slow 

reversibility, where only 68% of the close form return to open form within eight hours. 

As a result, the absorbance spectra were recorded every fifteen minutes. The kinetic data 

of the reverse reaction were fitted to a first-order rate equation, and the rate constant was 

calculated to be 6.0 × 10-4 s-1 as can be seen in Figure 20. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

270 320 370 420 470 520 570 620

Ab
s

Wavelength (nm)

Before irradiation After  irradiation



 

 

28 

Figure 20- Data of the reversibility fitted into a first order rate equation. 

    To study the effect of substituents, a methoxy group was introduced into compound 7 

on the benzothiazolium at the para position to the nitrogen atom. Before irradiation, the 

DMSO solution of photoacid 7 has an absorbance peak at 439 nm, as shown in Figure 21, 

with a molar absorption coefficient 1.8 × 104 M-1 cm-1. Upon irradiation for three 

minutes, the absorbance peak at 439 nm decreased 81% rather than disappearing; even 

upon irradiation for a longer time, the absorbance peak did not vanish. 
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Figure 21- UV-Vis spectra of photoacid 7 in DMSO. 

        Further, its reverse reaction rate found very slow. Interestingly, the properties of 

both compounds 6 and 7 were found to be nearly identical. After collection of the 

absorbance spectra every ten minutes, the kinetic data were fitted to a first-order rate 

equation, and the rate constant was calculated to be 2.0 × 10-5 s-1 as can be seen in Figure 

22. 
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Figure 22- Data of the reversibility fitted into a first order rate equation. 

          UV irradiation at 365 nm and 254 nm were used to accelerate the reverse reaction 

of compound 7.  The solution was irradiated with 470 nm LED light for three minutes to 

corroborate that open-ring form molecules were closed. After irradiation with UV light 

365 nm for three minutes, the UV-Vis spectrum of compound 7 displayed an increase in 

the absorbance peak at 439 nm as shown in Figure 23 about 31 %, and the spectrum 

showed the decrease of the absorption of the closed form.  After an additional five 

minutes, the solution was irradiated with the same UV light. Nevertheless, the absorbance 

peak did not observe any change, suggesting that the reverse reaction reached a photo-

stationary state. In the same way, UV light 254 nm was used to increase the reverse 

reaction; however, the reverse reaction did not increase more than that of non-irradiation.  
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Figure 23- UV-Vis spectra of photoacids 7 in DMSO before and after irradiation 

with UV light 365 nm and 254 nm. 

         In principle, using different types of EA and/or NuH in mPAHs results in 

significant changes in their physicochemical properties. The electron-accepting moiety of 

indazole photoacid was changed to tricyanofuran (TCF) and indolinium. As a result, the 

electron-accepting moiety of compound 8 became stronger than that of photoacid 6 and 7 

and the nucleophilic moiety of compound 9 more active than that of merocyanine 

photoacid. Before irradiation, methanol solution of the compound 8 and 9 showed a 

strong absorbance band at 451nm and 458 nm as shown in Figure 24 and 25 with a molar 

absorption coefficient =3.0 × 104 M-1 cm-1 and 1.4 × 104 M1 cm-1, respectively. The 

absorption bands of both compounds vanished after irradiation, suggesting that the open 

ring form turned into closed ring form. Noteworthy, when the irradiation was stopped, the 

cyclic structure did not change back to the initial state. The results confirmed that the 
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change of the structures increased the efficiency of the photoreaction of compounds and 

the stability of closed ring form. 

 
Figure 24- UV-Vis spectra of photoacid 8 in methanol. 

 
Figure 25- UV-Vis spectra of photoacid 9 in methanol. 

        On the other hand, when phenol was used instead of indazole as the nucleophilic 

moiety to link with benzothiazolium, DMSO solution of the compound 10 showed an 
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absorbance band at 420 nm as shown in Figure 26 with a molar absorption coefficient 2.3 

× 104 M-1 cm-1 before irradiation. Upon irradiation, the absorbance band at 420 nm 

decreased around 72 % without showing a closed form peak. The absorbance band 

returned to the original state within four minutes after stopping the irradiation. The 

changes in the absorbance band after irradiation may be due to trans-cis 

photoisomerization, not photoreaction. To prove that, one drop of Et3N was added to the 

sample. The absorbance band at 420 nm dropped, and two peaks appeared, the first peak 

at 300 nm for the closed form and the second at 606 nm for the deprotonated form. The 

results confirm that compound 10 does not undergo photoreaction due to both moieties 

being less active than that of other photoacids. 

 

Figure 26- UV-Vis spectra of photoacid 10 in DMSO. 

         Besides, 1H-Indazole was linked with tricyanofuran (TCF) and indolinium at its 3 

position instead of 7 position. The UV−Vis spectra of compound 11 showed a strong 
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absorbance band at 442 nm, as shown in Figure 27. The molar absorption coefficient was 

2.3 × 104 M-1 cm-1. Upon irradiation, the absorbance band at 442 nm disappeared and 

appeared the spiropyran peak at 290 nm. It is remarkable that the reverse reaction of 

compounds 11 was very fast, where 100% of spiropyran returned to the initial state 

within a couple of minutes after stopping the light irradiation.  

 

Figure 27- UV-Vis spectra of photoacid 11 in methanol. 

 

The absorbance spectra were collected every six second, the kinetic data were fitted to a 

first-order rate equation, and the rate constant was calculated to be 2.9 × 10-2 s-1 as can be 

seen in Figure 28. 
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Figure 28- Data of the reversibility fitted into a first order rate equation. 

          Methanol solutions of compound 12 displayed strong absorption bands at 444 nm, 

as shown in Figure 29 with a molar absorption coefficient 2.9 × 104 M-1 cm-1 before 

irradiation. The UV-Vis spectrum of the compound did not show any change after 

irradiation for five minutes, meaning compounds 12 could not undergo photoreaction. 
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Figure 29- UV-Vis spectra of photoacid 12 in methanol. 

2.3 Conclusions 

        The relationship between the structures of metastable-state photoacid and their 

properties such as reversibility, stability, and reverse reaction rate were investigated. 

Compound 1 was chosen as a reference for comparison with others compound since it is 

the most widely studied metastable-state photoacids. Phenol and indazol were used as a 

nucleophilic moiety while the electron-accepting moiety includes three different types: 

tricyanofuran (TCF), and derivatives of benzothiazolium and indolinium. The methoxy 

group on the indolinium in compound 2 increased the reverse reaction rate and small red-

shift, while the ester group in compound 3 made the photoreaction more efficient and 

reverse reaction extremely slow. The methoxy and diphenylamine groups on the phenol 

in compounds 4 and 5 significantly increased the red-shift. Moreover, compound 4 

showed a very fast reverse reaction, while compound 5 did not undergo photoreaction. 
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The second type of photoacid includes compound 6 and 7. This type of compounds was 

designed by linking benzothiazolium with 1H-Indazole. The UV−vis study of the DMSO 

solutions of both compounds showed very slow reverse reactions. The electron-accepting 

moiety of indazole photoacid was changed to tricyanofuran (TCF) compound 8 and 

indolinium compound 9. Both compounds exhibited high efficiency forward 

photoreaction rate and irreversible reaction. Phenol was used instead of 1H-Indazole to 

link with benzothiazolium in compound 10. This compound does not undergo 

photoreaction due to both moieties being less active than that of other photoacids. 1H-

Indazole-3-carbaldehyde was utilized instead of 1H-Indazole-7-carbaldehyde to link with 

tricyanofuran (TCF) and indolinium compound 11 and 12. 
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Chapter 3 

Facile Synthesis and Photoactivity of Merocyanine-

Photoacid Polymers 

Thaaer Khalil, Arwa Alharbi, Clayton Baum, and Yi Liao: Facile Synthesis and 

Photoactivity of Merocyanine-Photoacid Polymers. Macromolecular Rapid 

Communications. 2018. 39. 1800319 (1 of 5). Copyright Wiley-VCH Verlag GmbH & Co. 

KGaA. Reproduced with permission. 

3.1 Introduction  

       Over the past years, metastable-state photoacids have become useful tools for 

controlling various proton transfer processes with light and have found applications in 

chemical, material, and biological areas [1]. Most metastable-state photoacids reported 

today are protonated merocyanines. [2] (Figure 30) A merocyanine photoacid undergoes 

a cyclization reaction under visible light to form a highly acidic spiropyran, which is 

metastable and thermally relaxes back to the protonated merocyanine in the dark. A large 

and reversible change of proton concentration can be induced by visible-light irradiation 

using this type of photoacid [3]. Applications of merocyanine photoacids in energy 

conversion [4,5], sensor [6], polymerization [7], patterning [8,10], nanomaterial 

[9,11,12], molecular machine [13], photochromic materials [10,14,16], and biomedical 

[17,18] areas have been reported by our group and other groups.  
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For most of the applications mentioned above, solutions of merocyanine photoacids were 

used. Although using a solution of the photoacid molecules is convenient, it is not 

practical for many material and biological applications. The solid form is often required 

for material applications. Photoacids have been doped in polymer films for the 

development of sensors [6,19] and photochromic materials [10, 20]. Compatibility with 

the polymer host and leakage of the photoacids are common problems for this approach. 

Covalently linking photoacids to polymers can improve their compatibility with different 

media and avoid the leakage problem. Functional materials covalently carrying 

photoacids do not require a solution of photoacids to alter their properties under light and 

are capable of producing a localized proton concentration, which is essential for 

biological applications. 

       Previously, our group has developed polymers with a merocyanine photoacid 

covalently grafted on polyacrylates via an ester linkage [21]. (Figure 30) The polymers 

were synthesized by co-polymerizing a photoacid acrylate with different acrylates using 

free radical polymerization. The major problem of this method is that the phenol moiety 

in the photoacid was a radical quencher, which made the polymerization difficult to 

control and led to low molecular weight polymers. It is worth mentioning that 

merocyanine photoacids possess both an electron deficient moiety (e.g., indolinium) and 

an electron-rich moiety (e.g., phenol), which could lead to side reactions in anionic and 

cationic polymerizations as well. In addition, the phenol ester linkage can be easily 

hydrolyzed. In fact, we found that hydrolysis occurred during the polymerization, and a 
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significant amount of free photoacids was mixed with the polymers. Although we 

reported this preliminary work in a proceeding [21], we could not use these polymers to 

develop useful materials due to poor reproducibility of both the synthesis and the 

properties of the polymers. The polymer was later utilized by Chumbimuni-Torres’s 

group to develop ion-selective membrane sensors [6]. However, the group used 

photoacid-doped polymer films in their recent works, likely due to the same problems 

described above [19]. 

 

Figure 30- Structure and photoreaction of a well-known merocyanine photoacid 

mPAH 1 (top) and a previously reported photoacid polymer. 
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        A possible method to avoid the quenching problem is protecting the phenol of the 

photoacid for the radical polymerization. However, this requires two extra steps for 

protecting and deprotecting the photoacid in the synthesis. Herein, we report a reliable 

method for the synthesis of merocyanine-photoacid polymers without using a protecting 

group. The method is based on two observations on merocyanine-photoacids. First, we 

noticed that the photoacids underwent a ring closing reaction and formed the 

corresponding spiropyrans under moderate to strong basic condition without irradiation. 

The spiropyran form does not have a phenol moiety and thus is not a radical quencher. In 

fact, the radical polymerization of spiropyran monomers has been reported before [22]. In 

addition, our prior work showed that the spiropyran form of the photoacid relaxed back to 

the merocyanine form at a very low rate in DMSO [23]. Therefore, we hypothesized that 

if the polymerization were in DMSO under a basic condition, the photoacid would stay in 

the spiropyran state and would not quench the radical polymerization. Addition of acid 

after the polymerization should yield the desired merocyanine-photoacid polymer. To test 

this hypothesis, a merocyanine photoacid (mPAH 1 in Figure 30) was dissolved in 

deuterated DMSO, and then one equivalent of trimethylamine was added. NMR spectra 

showed that mPAH 1 completely changed to its spiropyran form under this condition. 

3.2 Results and Discussion  

        The photoacid monomer 16 was synthesized as in Figure 31. The starting material 4-

hydroxybenzylamine was reacted with two equivalents of acryloyl chloride to yield the 

intermediate 13 with a small amount of the desired acrylamide 14. The mixture was 
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hydrolyzed with 1 N NaOH to convert 13 to 14. Attempts to directly synthesize 14 by 

reacting one equivalent of acryloyl chloride or acrylic anhydride with 4-

hydroxybenzylamine yielded a mixture of 13, 14, and unreacted starting material. 

Compound 15 was then synthesized from 14 and paraformaldehyde using anhydrous 

MgCl2 as the catalyst. The photoacid monomer 16 was synthesized by a Knoevenagel 

reaction between the aldehyde 15 and the zwitterionic indolinium using a common 

procedure published before [2]. 
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Figure 31- Synthesis of the photoacid monomer 16 and the photoacid polymers. 

OH

NH2

Cl

O

O

H
N

O

O

OH

H
N

O

2 eq

III

OH

H
N

O III

OH

H
N

O

O N

O3S

N

O3S

HO

N
H

O

N

O3S

HO

N
H

O

IV

V
N

O3S

O
NH

O

VI

N SO3

O

HN
O

R

YO

n m
HN

O

R

YO

n m

OH

N SO3

VII

HNEt3

HNEt3

13 14

15 16

R= H, Y= NH(i-P): P10, P15, P25
R= Me, Y= O(CH2)OH: POH15

I- NEt3, DCM; II- NaOH; III-HO(CH2O)nH, MgCl2, KOH, NEt3, THF; IV- NH4OAc, EtOH;
V- NEt3, DMSO; VI- AIBN, N-isopropyl acrylamide or hydroxyethyl
mathacrylate; VII- AcOH then HCl (0.5 N in methanol)

59%

48% 77%



 

 

45 
            The photoacid monomer 16 can be copolymerized with different monomers to 

yield photoacid polymers with desirable properties. It is worth mentioning that 16 has a 

stable amide linkage between the photoacid and the polymerizable acrylic group, which 

avoids the hydrolysis problem mentioned above. In this work, 16 was first copolymerized 

with n-isopropyl acrylamide (NIPAM). The main reason is that poly-n-isopropyl 

acrylamide (PNIPAM) is quite soluble in both water and different organic solvents, and 

thus using PNIPAM as the main chain will facilitate the characterization of the photoacid 

polymer. Therefore, 16 and NIPAM (weight ratio 1:9) were dissolved in a small amount 

of DMSO. To this solution was added 1.5 equivalents of trimethylamine to convert 16 to 

its spiropyran form. Then 0.5 mol% of AIBN was added as the initiator. 

         The mixture was carefully degassed and then heated at 70 °C for 5 hours to obtain a 

viscous solution. Acetic acid was used to neutralize the trimethylamine and convert most 

of the spiropyran back to the merocyanine photoacid. The solution was added dropwise to 

diethyl ether. The photoacid polymer precipitated from solution and was collected by 

filtration. The UV-Vis spectrum of a methanol solution of the polymer showed that there 

was still a significant amount of the spiropyran left. Therefore, the polymer was dissolved 

in a small amount of methanol. Concentrated HCl was added dropwise to the methanol 

solution until the concentration of HCl was about 0.5 N. The solution was kept in the 

dark for 3 hours and then added to ether. The polymer precipitated was collected by 

filtration and washed thoroughly with ether. The UV-Vis spectrum showed strong 

merocyanine absorption at 435 nm and no absorption peak around 300 nm for the 
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spiropyran. (Figure 32) The polymer was soluble in both water and organic solvents, 

including DMSO, alcohols, THF, and dichloromethane. The fact that the polymer could 

be dissolved in THF and dichloromethane without any residue showed that there was no 

monomer mixed with the product since the monomer is insoluble in these solvents. 

Detailed procedures for the synthesis of the monomer and the polymer are described in 

the Supplementary Material. 

 

Figure 32- UV-Vis spectra of an aqueous solution of P15 before and after irradiation 

(left) and absorption of the solution during the reverse process (right). 

        The method described above depends on the transformation between merocyanine 

and spiropyran. Since the transformation is reversible, it becomes more difficult to 

convert all the merocyanine to spiropyran when a higher loading of the photoacid is used. 
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15 % and 25 % of the photoacid monomer 16 was used. To improve the polymerization, 

we used 3 and 4 equivalents of trimethylamine for the reactions with 15% and 25% of 16 

respectively. Using more base made the acidification after the polymerization difficult 

and did not improve the reaction. The molecular weights of the polymers were analyzed 

by GPC. It is worth mentioning that GPC analysis of polymers grafted with large 

functional molecules is often difficult due to the lack of suitable standards and solvents. 

We used PMMA as the standard and found that DMF was the best solvent. GPC showed 

that the Mps of the polymers with 10% (P10) and 15% loading (P15) were 164 kD and 

171 kD respectively. The polymer with 25% loading (P25) had a lower Mp of 97 kD 

likely due to the presence of unreacted merocyanine during the polymerization. 

        To study the photoactivity of the polymer, an aqueous solution of P15 was irradiated 

by a 470 nm LED. After 3 min irradiation, the UV-Vis spectrum showed that the 435 nm 

absorption diminished and an absorption peak at 298 nm appeared, indicating that the 

merocyanine form was transformed to the spiropyran form.2 (Figure 32) The thermal 

recovery of the merocyanine state was monitored with UV-Vis spectroscopy. Absorption 

at 435 nm recovered to nearly the original level in 30 min. The data of the early stage of 

the reaction can be fitted to a second-order kinetic equation.23 The rate constant was 

calculated to be 74 M-1s-1, which is close to that of mPAH 1 (73 M-1s-1). These results 

show that the behavior of the photoacid polymer P15 in aqueous solution is similar to that 

of the photoacid molecule mPAH1.  
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       The photoacid monomer 16 can be copolymerized with other monomers using the 

method described above. Polymer POH15 was synthesized by copolymerizing 15 wt% of 

16 with hydroxyethyl methacrylate (Figure 30) because poly (hydroxyethyl methacrylate) 

has been used as a host material of different photoacids in our previous works [24,25]. 

Reversible patterning/writing based on proton transfer between metastable-state 

photoacids and acidochromic dyes has been investigated by several groups in recent years 

[9,10,14,20]. In the previous works, molecular photoacids and acidochromic dyes were 

mixed together in solutions, gels and polymer films. Using a polymer covalently linked 

with the photoacid increases the solubility of the photoacid, avoids the compatibility 

problem, and leads to a homogeneous distribution of the photoacid. Therefore, reversible 

patterning was demonstrated using POH15.  

        Thin films of POH15 and methyl orange (5 wt%) were prepared by spreading a 

methanol solution of the polymer and the dye (solid: solvent = 1:10) on a glass substrate. 

After drying by heating at 70 oC in air and vacuum overnight, films with a thickness of 

about 4 µm were obtained. (Figure 33) A polymer film was irradiated with a 470 nm 

LED for 3 min through a mask. The irradiated area turned from light orange to red, and 

the pattern of the mask was copied onto the film. The color change was due to photo-

induced proton transfer from the photoacid to methyl orange. Methyl orange has a low 

pKa of 3.4 in water and is difficult to protonate by merocyanine photoacids in aqueous 

solution [26]. As shown in Figure 33, POH15 effectively protonated methyl orange under 

irradiation. The proton transfer was reversible, and the pattern could be erased simply by 
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heating the film on a hot plate at 80 oC (plate temperature) for 10 min. The plain orange 

film was reobtained. A new pattern was then produced on the film by irradiation through 

a different mask. 

 

Figure 33- Reversible patterning on a film of POH15 doped with methyl orange. 

3.3 Conclusions  

            In conclusion, a facile method of synthesizing merocyanine-photoacid polymers 

has been developed. The structure of this type of photoacid makes it difficult to be 

polymerized by common radical or ionic polymerization methods. Converting the 

merocyanine to a spiropyran in situ allowed the radical polymerization of the photoacids 

to proceed successfully. The reversible transformation between the merocyanine and the 
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spiropyran was achieved simply by the addition of base and acid. This self-protecting 

method avoids the use of protecting groups and extra steps in the synthesis. The 

photoacid polymers obtained showed good solubility in different solvents. The 

photoactivity and reversibility are similar to that of a photoacid molecule in aqueous 

solution. Reversible patterning has been demonstrated using thin films of POH15 and 

methyl orange. 
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4.1 Introduction  

        Proton transfer is one of the most fundamental processes in nature and is involved in 

numerous chemical reactions, biological functions, and material behaviors. A proton 

transfer process can be remotely, temporally, and spatially controlled with light using 

different types of photoacids, e.g., photoacid generators [1], excited state photoacids [2], 

and hydroxyazobenzenes [3]. The recently discovered metastable-state photoacids 

(mPAH) can produce a large proton concentration with high efficiency and good 

reversibility [4,5,6]. In addition, visible light with moderate intensity, e.g., LED and 

sunlight, can be used to activate mPAHs. Therefore, mPAHs can be conveniently 

incorporated in different systems to control various proton transfer processes. For 
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example, they have been utilized to control supramolecular assemblies [7], molecular 

switches [8], microbial fuel cells [9], cationic sensors [10], and various material 

properties [4,11,12] using light. 

       A promising application of mPAH is the development of photoresponsive materials. 

An mPAH is incorporated in a polymer material with a proton acceptor. Photoinduced 

proton transfer from the mPAH to the proton acceptor leads to the property change of the 

material. Several requirements must be fulfilled to develop a well-functioning 

photoresponsive material based on mPAHs. The mPAH needs to have a low dark acidity 

to avoid proton transfer without irradiation, while a high photoacidity for efficient proton 

transfer under irradiation. It also needs to possess good compatibility with organic 

materials. For the applications that require fast switching rate, the reverse reaction of the 

mPAH must be fast. In addition, a high proton diffusion rate in the polymer material is 

required. In fact, although mPAHs have been quite successful in controlling properties of 

solutions and hydrogels, photoinduced property change of solid materials has been small 

[11,12] 

               Most of the mPAHs that have been studied to date are merocyanine type 

mPAHs [4,6,12]. Merocyanine type mPAHs are related to photochromic spiropyrans 

[13]. They have zwitterionic structures and thus do not have high compatibility with 

common organic polymers. In addition, the reverse reaction is often slow in organic 

media, although the rate can be enhanced by structure modification [12]. Our group 

reported a different type of mPAH in 2014, which was based on a stable CF3PhTCF 
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carbanion [5]. This photoacid showed good compatibility with organic media and 

relatively fast reverse reaction. It was later used by Chumbimuni-Torres’s group to 

develop an ion-selective optode [14]. However, this photoacid is difficult to synthesize, 

which makes it hard to fully characterize and use for different applications. In fact, the 

photoacidity of this mPAH has never been measured. Its dark acidity, although it has 

never been measured either, is estimated to be high based on the pH of its solutions, 

which is a drawback for developing solid photoresponsive materials. For a solid 

photoresponsive material based on proton transfer, the concentration of the proton 

acceptor must be high for a substantial change of properties, which means the dark 

acidity of the mPAH must be much lower than that of the protonated acceptor to avoid 

proton transfer without irradiation. Herein, we report a new mPAH (mPAH17 in Figure 

34), which is easy to synthesize, and possesses low dark acidity and fast reverse reaction. 

The photoacidity of this photoacid and a typical merocyanine type mPAH was measured. 

Proton transfer between the mPAH and different proton acceptors in solutions and 

polymer films was studied. In addition, photochromic films with various color changes 

were demonstrated as an example of a potential application. 
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Figure 34- Synthesis of mPAH17 (up), its photoreaction (middle), and the 

photoreaction of a well-studied mecrocyanine-type photoacid mPAH1 

4.2 Results and Discussion  
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mPAH17 was also constructed in the same way by using phenol as the nucleophilic 

moiety and tricyanofuran (TCF) as electron-accepting moiety. TCF is a strong electron 
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photoacidity. While the former is desired, the latter is a drawback. Fortunately, the 

experiment showed that the photoacidity of mPAH17 is much stronger than acetic acid in 

organic media and is enough to protonate common proton acceptors, which is described 

below. Another advantage of using TCF is that it can be easily synthesized from 3-

hydroxy-3-methyl-2-butanone and malonitrile [17]. (Figure 33) mPAH17 can then be 

prepared by a Knoevenagel reaction between salicylaldehyde and TCF. Neither of the 

steps requires column chromatography to separate the products and grams of mPAH17 

can be easily obtained. 

         mPAH17 is insoluble in water but soluble in common organic solvents including 

alcohols, dichloromethane, THF, DMSO, ethyl acetate, etc. In a methanol solution, 

mPAH17 shows a major absorption peak at 440 nm in the UV-Vis spectrum with a molar 

absorption coefficient of 3.5 × 104 M-1cm-1. (Figure 35) When the solution was irradiated 

with a 470 nm LED light source (photon flux ~500 µmol.m2.s-1), the 440 nm peak 

sharply decreased, and a peak at 312 nm appeared. The photo-induced absorbance change 

is similar to other mPAHs that have been well-studied, and thus the peak at 312 nm is 

assigned to the anionic spiropyran of mPAH17. 
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Figure 35- UV-Vis spectra of a methanol solution of mPAH17 (5.0×10-5 M) before 

(solid line) and after (dash line) irradiation (left), and absorbance at 440 nm during 

the reverse process in the dark (right). 

           After the light was switched off, the UV-Vis spectrum of mPAH recovered 

quickly. (Figure 35) However, unlike the previously reported merocyanine type [18] and 

CF3PhTCF mPAHs [5], the reverse reaction data cannot be fitted to either first order or 

second order kinetic equation. As explained above, the photoacidity of mPAH17 is 

expected to be lower than the previous mPAHs. Therefore, both SPH and SP- involve in 

the reverse process. If we assume that SPH, SP- and the original form are the only species 
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order kinetic equations either. Although we cannot find an analytical equation for the 

reverse reaction, it is clear that the reverse reaction of mPAH17 is much faster than the 

merocyanine type and CF3PhTCF mPAHs. For example, after irradiating a 5×10-5 M 

solution of mPAH17 in methanol, which converted 65% of mPAH17 to its acidic form, 

the mPAH17 recovered to its original level in less than 40 s. (Figure 35) For comparison, 

recovery of mPAH1 (Figure 34), which is the most extensively studied mPAH to date, 

under the same condition requires ~2 ×106 s and that for the CF3PhTCF mPAH is ~3 

×103 s [5,18]. 

         Photoacidity is the most important feature for a photoacid. Previously, the 

photoacidity of mPAHs was studied by photo-induced pH change of their solutions. 

However, pH change depends on the concentration of photoacids. The characteristic 

parameters that define the photoacidity are the pKa of the photo-generated acid and the 

difference between the pKas before and after irradiation. Upon irradiation, mPAH17 

changes from O-H acidity to C-H acidity. (Figure 33) Normally, C-H acidity is much 

lower than O-H acidity. For example, the pKa of malonitrile, which has a C-H bond 

activated by two CN groups, has a pKa of 11.2. While acetic acid, which is a weak OH 

acid, has a pKa of 4.76 and that of plain phenol is 9.95. However, it has been reported 

that some compounds showed very high C-H acidity with negative pKas at the excited 

states [19]. Measuring the C-H acidity of mPAH17 under irradiation and comparing it 

with the O-H acidity in the dark is not only important for its application but also 

meaningful to fundamental science. 
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        For TCF and merocyanine-type mPAH, Ka is the constant for the equilibrium 

between SPH and SP- (Figure 34), i.e., Ka = [SP-][H+]/[SPH]. The pKas of some 

protonated spiropyrans (SPH) that are related to merocyanines have been studied before 

although they are not generated from photoacids. Andreasson and coworkers showed that 

the pKa values of six SPHs ranged between 0.4 and 1.6 [20]. Coudret and coworkers 

reported that the pKa of mPAH1 was 4.3 in water based on a numerical analysis, which is 

much higher than Andreasson’s results [21]. They also stated that mPAH1 could not 

protonate methyl orange (MO), which has a pKa of 3.4 in water. Measuring pKa of 

mPAH1 in water precisely is difficult due to its low solubility and relatively fast reverse 

reaction. In this work, we experimentally determined the pKa values of both mPAH1 and 

mPAH17 in methanol, which is a good solvent for both of them. 

         Acidochromic indicators were used to measure the photoacidity of the mPAHs 

since it is difficult to measure pH in organic solvents using a pH meter. The indicator 

must have a protonated form with a UV-Vis absorption band not overlapping with the 

absorption of the photoacid. In addition, the acidity of the protonated indicator shall be 

close to the photoacidity of the mPAH so that a significant amount of the indicators can 

be protonated by the mPAH under irradiation. Methyl orange was used as an indicator to 

measure the photoacidity of mPAH1. (Figure 36) The protonated form of MO (MOH) has 

a pKa of 3.8 in methanol.22 Solutions of MO and mPAH1 with concentrations in the 

range of 10-4 to 10-5 M were studied. The ratios between [MO] and [mPAH1] were in the 

range of 1:1 to 1:10. MO has an absorption band with a λmax at 422 nm (molar 
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absorptivity ε=3.0×104 L mol-1 cm-1), which overlaps with that of mPAH1 (λmax=420 nm 

and ε=3.2×104 L mol-1 cm-1). The protonated MO (MOH) has an absorbance band with a 

λmax at 516 nm (ε=5.2×104 L mol-1 cm-1) and a shoulder at 552 nm (ε=4.3×104 L mol-1 

cm-1). Before irradiation, the solution showed a strong absorbance at ~420 nm, which is 

the sum of the mPAH1 and MO. After irradiation, the absorbance at 420 nm sharply 

decreased due to the photoreaction of mPAH1 and protonation of MO. And the 

absorbance around 552 nm rose up due to protonation of MO by the photoacid. The 

proton concentration [H+] was then calculated from the pronation equilibrium of MO, i.e. 

[H+]=Ka_MOH[MOH]/[MO]     Eq. 1 

Where [MOH] was calculated using the absorbance at 552 nm, and [MO] was calculated 

by subtracting [MOH] from the total concentration of MO. The Ka of the photogenerated 

acid (SPH) from mPAH1 was then calculated from the equation, 

Ka = [SP-][H+]/[SPH]      Eq. 2  

With [H+] obtained from Eq. 1, [SP-] and [SPH] are needed to calculate the Ka. It is 

assumed that all the protons in the solution and on MOH are from the proton dissociation 

of SPH, and thus  

[SP-]=[H+]+[MOH]      Eq. 3 

In fact, under the experimental condition, the [H+] from the dissociation of methanol was 

calculated to be 2 orders of magnitude lower than the total [H+], and thus can be ignored. 
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The concentration of SPH in Eq. 2 can be calculated by subtracting [SP-] and unreacted 

mPAH1 from the total concentration of mPAH1, i.e.  

[SPH]=TotalmPAH2 – [SP-] – [mPAH1unreact]   Eq. 4 

where the concentration of the unreacted mPAH1 can be calculated from the absorbance 

at 420 nm after irradiation, i.e. 

[mPAH1unreact.]=(Abs420nm – εMO[MO]) / εmPAH2    Eq. 5 

The obtained [H+], [SP-] and [SPH] from Eq. 1, 3, and 4 respectively were then used in 

Eq. 2 to calculate the Ka. Based on the results of five experiments, the average pKa of 

mPAH1 was 3.7. It is worth mentioning that pKa of acid in methanol is generally higher 

than that in water. The SPH of mPAH1 is a protonated aniline. For protonated anilines, 

pKa in methanol is often 0.5-2 units higher than that in water [22]. Therefore, the pKa of 

mPAH1 in water is estimated to be 3.2-1.7, which is between the values reported by 

Andreasson and by Coudret 

 

 

 



 

 

63 

 

Figure 36- UV–vis spectra of the methanol solutions of mPAH1/MO (left, 

[mPAH1]=7.8×10-5 M and [MO]= 2.0×10-5 M, 2 mm cell) and mPAH17/Acr (right, 

[mPAH17]=3.3×10-5 M, and [Acr]=2.1×10-5 M, 1cm cell) before (solid line) and after 

(dash line) irradiation. 

The pKa of the mPAH17 was determined using the same method. However, when MO 

was used as the indicator, the absorbance of MOH after irradiation was very low, which 

indicates that the photoacidity of mPAH17 is much lower than that of mPAH1. To 

determine the pKa more accurately, an acridine dye (Acr) was used as the indicator. 

(Figure 36) This dye has been used before demonstrating photo-induced proton transfer 

from mPAHs [11], and its structure is shown in Figure 38. The pKa of the protonated 

indicator in methanol is 6.1. The λmax of the nonprotonated from (Acr) is at 436 nm, and 

that of the protonated form (AcrH+) is at 596 nm. Using the same method to the 
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calculation of the pKa of mPAH1. The pKa of mPAH17 was calculated to be 6.4. It is 

worth mentioning that the pKa of acetic acid in methanol is 9.7 and that of benzoic acid is 

9.4. The photoacidity of mPAH17 is much stronger than these common carboxylic acids 

in methanol. The acidity of mPAH17 in the dark was determined spectroscopically using 

4-dimethylaminopyridine (pKa= 10.1 in methanol) as the base for neutralization, and the 

obtained pKa value was 11.2. Therefore, upon irradiation, the pKa change for mPAH17 

is as large as 4.8 units 

        As described above, the purpose of developing mPAH17 is to control proton transfer 

in organic materials. Therefore, proton transfer between mPAH17 and Acr in polymer 

film was studied. Proton transfer between the merocyanine-type photoacid mPAH1 and 

Acr in polymer film has been studied before for the development of photochromic 

materials [11]. Although sharp color change of a solution from yellow to blue was 

observed, the color change of a polymer film containing mPAH1 and Acr was not 

obvious (yellowish green to bluish green), because significant amount of Acr were 

protonated without irradiation due to a much higher concentration of mPAH1 and Acr in 

the polymer film than the solution. For the development of photoresponsive materials, the 

weight concentrations of an mPAH and a proton acceptor in a polymer are often several 

percentages (~10-1 M) or even higher to achieve a substantial change of the material 

properties caused by photo-induced protonation. To avoid proton transfer without 

irradiation in the presence of a high concentration of a proton acceptor, the dark acidity of 

the mPAH must be much lower than that of the protonated acceptor. Another problem of 
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the mPAH1/Acr photochromic film is that the reversibility was poor due to the slow 

reverse reaction of mPAH1. 

         Polymer thin films containing 3 wt% of mPAH17 and 1 wt% of Acr were prepared 

by spin casting a solution of the components on glass substrates. The detail is given in the 

Experimental Section. Commercially available poly (2-hydroxyethyl methacrylate) 

(PHEMA) was chosen as the host polymer because the hydroxyl groups make the 

environment close to that of an alcohol solution. As shown in Figure 36, the film was 

yellow, indicating little protonation of Acr, which was confirmed by UV-Vis absorption 

spectroscopy. After irradiated by a 470 nm LED (photon flux ~500 µmol.m2.s-1) for 3 

mins, the film changed from yellow to green. On the UV-Vis spectra, the absorbance 

band centered at 440 nm decreased due to the photoreaction of mPAH17 and protonation 

of Acr. And the absorbance around 600 nm rose up indicating the formation of AcrH+. 

After irradiation, the color of the film changed back to yellow in about an hour. UV-Vis 

spectrum showed that ~85% of the absorbance recovered in one hour after irradiation and 

completely recovered overnight. The color change can be accelerated by moderately 

heating the sample. Heating an irradiated film on a heat plate that was set to 80 oC 

changed the color back to yellow in 1 minute. 
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Figure 37- UV-Vis spectra of an mPAH17/Acr film before and after irradiation 

(left), and the color change of the film after irradiation [right (a) before irradiation, 

(b) immediately after irradiation, (c) one hour after irradiation at room 

temperature, (d) after 1 min heating at 80 oC following the irradiation. 

The low dark acidity of mPAH17 allows it to pair with proton acceptors with different 

basicity. To demonstrate this, films of mPAH17 with Congo red [pKa (H2O) =4.1], 

Bromocreso green sodium salt [pKa (H2O) =4.7], and neutral red [pKa (H2O) =6.7] were 

prepared. The structures of these indicators are shown in Figure 38. Clear color changes 

were observed upon irradiation. (Figure 38) The color change was sensitive to light. Not 

only outdoor sunlight can induce color change, but indoor light can also slowly change 

the color. This system, which allows various color changes to be achieved easily, can 

apparently be used to develop photochromic materials. However, proton transfer in 

polymers can induce various property changes, e.g., conductivity [12] and volume change 
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[4], etc., and mPAH17 could find other applications in the development of different 

photoresponsive materials. 

 

Figure 38- Structures of the indicators used (left) and the color change of the films 

of mPAH17 with Acr (a), bromocresol green sodium salt (b), Congo red (c) and 

neutral red (d). (The upper part of the film was irradiated, and the lower part was 

unirradiated.)  

       The reversibility and photostability of mPAH17 in solution and polymer film were 

tested by repeatedly irradiating the photoacid samples and keeping them in the dark for 

many times. A methanol solution of mPAH17 was irradiated at 470 nm (photon flux 

~500 µmol.m2.s-1) for 2 min and then kept in the dark for 1 min. The irradiation/recovery 

cycle was repeated for 25 times, and the absorbance at the λmax of mPAH17 (440 nm) was 

monitored by UV-Vis spectroscopy. As shown in Figure 39, mPAH1 showed excellent 

reversibility and photostability. No decomposition can be observed after 25 cycles. 
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       Similarly, a PHEMA film containing 5% mPAH17 was irradiated for 3 min and then 

kept in the dark for 1 hour. The irradiation/recovery cycle was repeated for 10 times. The 

sample was kept in the dark for 20 h after the last irradiation, after which 90% of the 

absorbance at 440 nm recovered. Both the forward and reverse processes were slower in 

polymer film than that in solution. The kinetics of mPAHs in polymer film is complicated 

by slow proton diffusion and is currently studied by our group. 

 

Figure 39- Normalized absorbance of mPAH17 in methanol (left) and PHEMA film 

(right) at 440 nm under repeated irradiating and recovery. 

4.3 Conclusions  

       A new metastable-state photoacid, mPAH17, with strong C-H acidity was studied. 

The pKas of the photoacid state of both mPAH17 and a merocyanine-type photoacid 

mPAH1 were experimentally determined. MPAH17 showed low dark acidity and large 
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pKa change upon irradiation. These features, together with its easy preparation, make 

mPAH17 a promising photoacid for the development of photoresponsive materials. 

Proton transfer between the mPAH and different proton acceptors in polymer films was 

also studied. Photochromic films with various color changes were demonstrated as an 

example of a potential application. 
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Chapter 5 

Exploration Work 

          Some exploration works have been done for increasing the activating wavelength 

of the photosensitive molecules, photorelease, and proton acceptors. Although these 

works were unsuccessful or have not been completed, the results will be useful for future 

research in these areas. 

5.1 Increasing the Solubility and Photoacidity of Indazole 

mPAH 

        To increase the solubility and photoacidity of indazole mPAH, chlorine was 

introduced on 1H-Indazole-7-carbaldehyde at the position 3 and then it was reacted with 

derivatives of benzothiazolium and indolinium. The structures of the derivatives of 

indazole photoacids are shown in Figure 40.  
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Figure 40- Derivatives of indazol photoacid. 

       Modification of 1H-Indazole with chlorine led to an increase in the solubility of 

indazol mPAH in alcohols. Methanol solutions of compounds showed a strong 

absorbance band in the visible light range before light irradiation. Upon irradiation, the 

UV-Vis spectra of indazole mPAH19 showed high-efficiency photoreaction while 

Indazole mPAH20 showed trans-cis isomerization, where some of the molecules returned 

very fast to trans isomer whereas others converted to the closed form, as shown in Figure 

40. The methoxy group deactivates electrophilicity of benzothiazolium and thus prevents 

the ring closing reaction. Indazole mPAH 21 and 22 showed excellent photoreaction, but 

they did not show any reversibility to the original state, as shown in Figure 41. 
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19                                                                     20 

 

21                                                                     22 

Figure 41- UV–vis spectra of the methanol solutions of compounds 19, 20, 21, and 

22. 
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5.2 MPAHs That Response to Long Wavelength Light 

      To increase the activating wavelength of the photoacid compounds, a series of large 

conjugation system compounds were designed and synthesized. The structures of the 

compounds are shown in Figure 42.  

 

Figure 42- The structures of the mPAH that Response to Long Wavelength Light 

          Compound 23 and 24 were prepared by linking the EA and NuH moieties through 

two double bonds instead of one double bond. The UV-Vis spectroscopy showed that 

absorbance band of the compounds significantly red-shifted about 30 nm, and the 

absorbance band of the compound 23 and 24 became 471 nm, 480 nm, respectively as 

shown in Figure 43. After irradiation, the compounds neither underwent photoreaction 

nor trans-cis photoisomerization which is possibly due to the relatively long the distance 
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between the two moieties. Further, a methyl aniline group was introduced on the 

benzothiazolium at the para position to the nitrogen atom and then linked with 1H-

Indazole-7-carbaldehyde. Also, the UV-Vis spectrum of compound 25 exhibited a 

significant red-shift in the absorbance band, where the λmax appeared at 495 nm. 

Unfortunately, the compound did not undergo photoreaction after irradiation because the 

methyl phenyl group made benzothiazolium less active. In compound 26, 2-hydroxy-9-

methyl-9H-carbazole-3-carbaldehyde were used as the nucleophilic moiety instead of 

salicylaldehyde to link with the indolinium. The UV-Vis spectrum of this compound 

showed extremely red-shifted absorbance band with λmax at 550 nm. The photoreaction of 

the compound was activated by 525 nm LED light. Upon irradiation, the absorbance band 

at 550 nm dropped, and a new peak appeared at 354 nm, meaning some of the open-ring 

molecules converted into close-ring form as shown in Figure 43. 
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25                                                                                                                                       26   

 
Figure 43- UV–vis spectra of the methanol solutions of compounds 23, 24, 25, and 
26. 
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5.3 Model Compounds to Understand the Functions of Each Component 

in mPAH 

       Several photoacid compounds were prepared as shown in Figure 44. They are studied 

theoretically and experimentally by other group members to understand the functions of 

each component in mPAH. This project has not been finished yet. 

 

Figure 44- The structures of the photoacid compounds. 

5.4 Molecules for Visible-light Release of Carboxylic Acids 

        Molecules in Fig. 45 were prepared for visible-light release of carboxylic acids. (31-

34 are intermediates) Unfortunately, after irradiation with visible light, the UV-Vis 

spectra of the compounds did not show any change, meaning the compounds could not 

release carboxylic acid under light. On the other hand, compound 40 displayed the ability 

to release H2O after irradiation. 
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Figure 45- The structures of the compounds that are synthesized aiming at 

molecules that release carboxylic acids under light. 

5.5 Proton Acceptors 

Acridine compounds 41-43 were synthesized as proton acceptors used for testing the 

proton transfer capability of mPAHs. Compound 43 can be polymerized. Compound 44 is 

a triazole that can be incorporated into a polymer. Triazole is a weak base that can take 

proton only under strongly acidic conditions. 
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Figure 46- The structures of the compounds for proton acceptor. 
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Chapter 6 

 Experimental 

          Commercial chemicals were used without any additional purification unless 

otherwise noted. NMR spectra were determined in deuterated solvents on a Bruker av400 

NMR spectrometer. Chemical shifts were recorded in delta (d) units, parts per million 

(ppm) downfield from TMS. Absorbance measurements of samples were perform using a 

Varian Cary 60 Scan UV−vis spectrophotometer. The molecular weight of polymers was 

analyzed with a Shimadzu gel permeation chromatography (GPC). The light sources for 

irradiation were 470 nm LED arrays with 120 LEDs purchased from 

www.theledman.com. 

Synthesis of metastable-state photoacids 

       2,3,3-trimethyl-1-(3-sulfonatepropyl)-3H-indolium and benzothiazolium derivatives 

were prepared by heating a mixture of each compound (0.01 mmol) and propanesultone 

(0.01 mmol) in toluene at 90 oC for 5h under N2. The product was washed three times 

with THF and dried under vacuum. 
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Synthesis of metastable-state photoacids 

Photoacid 1  

 
Figure 47- Synthesis of photoacid 1. 

          To a solution of indolinium (1 mmol) in a minimum amount of absolute ethanol 

was added salicaldehyde (1.2 mmol), and a small amount of ammonium acetate as a 

catalyst. The reaction mixture was gently heated at 60 °C overnight After cooling. The 

precipitate was collected by filtration, washed with ice-cold ethanol to give the pure 

product (67%). All photoacid compounds were prepared by a similar procedure. 

 1 H NMR (400 MHz, DMSO): δ = 11.09 (s, 1H), 8.65 (d, J = 16.4 Hz, 1H), 8.34 (d, J = 

7.8 Hz, 1H), 8.08 (d, J = 7.6 Hz, 1H), 7.94 (d, J = 15.9 Hz, 1H), 7.92 (d, J = 4.4 Hz, 1H), 

7.67 (m, 2H), 7.53 (t, J = 7.9 Hz, 1H), 7.10-7.02 (m, 2H), 4.86 (t, J = 7.8 Hz, 2H), 2.70 (t, 

J = 6.2 Hz, 2H), 2.23 (m, 2H), 1.83 (s, 6H). 

Photoacid 2 

1 H NMR (400 MHz, DMSO): δ= 10.94 (s, 1H), 8.51(d, J=16 Hz, 1H), 8.25(d, J=6 Hz, 

1H), 7.96(d, J=12.8 Hz, 1H), 7.82(d, J=16.4 Hz, 1H), 7.52(s, 1H), 7.45 (t, J= 8 Hz, 1H), 

7.18(d, J=12 Hz, 1H), 7.03(d, J=8.4 Hz, 1H), 6.98 (t, J= 7.6Hz, 1H), 4.77 (t, J= 5.2 Hz, 
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2H), 3.90 (s, 3H), 2.64(t, J= 5.2 Hz, 2H) 2.16(m, 2H), 1.77 (s, 6H). 

 Synthesis of photoacid 3 

 
Figure 48- Synthesis of photoacid 3. 

 Synthesis of photoacid 3a 

 Photoacids 3a were prepared by the same method mentioned above.  

1 H NMR (400 MHz, DMSO): δ= 11.18 (s, 1H), 8.68(d, J=16 Hz, 1H), 8.40(s, 1H), 

8.32(d, J=10.4 Hz, 1H), 8.17(d, J=10.4 Hz, 1H), 8.11(d, J=12.8 Hz, 1H), 7.91 (d, J= 16.4 

Hz, 1H), 7.49(t, J=8.8 Hz, 1H), 7.07(d, J=10.8 Hz, 1H), 7.00 (t, J= 8 Hz, 1H), 4.82 (t, J= 

9.2 Hz, 2H), 2.66(t, J= 6.8 Hz, 2H) 2.18(m, 2H), 1.81 (s, 6H). 

Synthesis of photoacid 3 

          To a solution of photoacid 3a (100 mg) absolute ethanol (1 mL) was added three 

drops HCl (100 mg). The reaction mixture was stirred for 24 h at 70 °C. After reaction 

was complete, the product was collected by filtration and washed three times with 

acetone to give the pure product (62%).. 

1 H NMR (400 MHz, DMSO): δ= 11.23 (s, 1H), 8.69(d, J=16.4 Hz, 1H), 8.41(s, 1H), 
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8.31(d, J=11.6 Hz, 1H), 8.19(d, J=12 Hz, 1H), 8.13(d, J=12.8 Hz, 1H), 7.91 (d, J= 16.4 

Hz, 1H), 7.50(t, J=8.4 Hz, 1H), 7.06(d, J=9.2 Hz, 1H), 6.98 (t, J= 7.6Hz, 1H), 4.81 (t, J= 

6.8 Hz, 2H), 4.39 (q, J=7.2 Hz, 2H), 2.6(t, J= 6.0 Hz, 2H) 2.17(m, 2H), 1.81 (s, 6H), 1.36 

(t, J= 7.2 Hz, 3H). 

Photoacid 4 

1 H NMR (400 MHz, DMSO): δ= 11.32 (s, 1H), 8.55(d, J=16.4 Hz, 1H), 8.30(d, J=11.2 

Hz, 1H), 7.95(d, J=11.6 Hz, 1H), 7.82(d, J=11.6 Hz, 1H), 7.72(d, J=16 Hz, 1H), 7.58 (m, 

2H), 6.63(d, J=11.2 Hz, 1H), 6.56(s, 1H), 4.73 (t, J= 8.4 Hz, 2H), 3.86(s, 3H), 2.66 (t, J= 

6.0 Hz, 2H), 2.15(m, 2H), 1.75 (s, 6H). 

Synthesis of photoacid 5 

 

Figure 49- Synthesis of photoacid 5. 
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Synthesis of 5a 

         To a solution of 3-Methoxytriphenylamine (200 mg, 0.73 mmol) in 

dimethylformamide (3 ml) was carefully added dropwise 1.2 equivalent of Vilsmeier 

reagent that was freshly prepared from mixing phosphoryl chloride with 

dimethylformamide at 0 °C. The reaction was allowed to warm to 25 °C and heated for 5 

h at 60 °C. After 6 h, the reaction was quenched with ice-cold water (10 mL), and then 

the reaction products were extracted with ethyl acetate. The ethyl acetate solution was 

removed under reduce pressure and the crude product was purified by column 

chromatography (hexane/ethyl acetate 10:1) to give 5a as a brown powder (82%).  

1 H NMR (400 MHz, CDCl3): δ= 10.22 (s, 1H), 7.65(d, J=8 Hz, 1H), 7.34(t, J=7.6 Hz, 

4H), 7.18(t, J=7.6 Hz, 6H), 6.52(d, J=8 Hz, 1H), 6.44(s, H), 3.68(s, 3H). 

Synthesis of 5b 

          To a solution of compound 5a (303 mg, 1 mmol) in dimethylformamide (6 ml) was 

added lithium chloride (848 mg, 20 mmol). The reaction mixture was heated for 

overnight at 140 °C. After 24 h, the reaction was quenched with ice-cold water (20 mL), 

and then the reaction products were extracted with ethyl acetate. The ethyl acetate 

solution was removed under reduce pressure and the crude product was purified by 

column chromatography (hexane/ethyl acetate 10:1) to give 5b as a brown powder (69%).  

1 H NMR (400 MHz, CDCl3): δ= 11.40 (s, 1H), 9.59(s, 1H), 7.36(t, J=8 Hz, 4H), 7.20(m, 

7H), 6.46(d, J=8 Hz, 1H), 6.34(s, 1H). 
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Photoacid 5 

1 H NMR (400 MHz, DMSO): δ= 10.97 (s, 1H), 8.48(d, J=15.6 Hz, 1H), 8.19(d, J=10.8 

Hz, 1H), 7.85(d, J=11.2 Hz, 1H), 7.80 (d, J=11.6 Hz, 1H), 7.58 (t, J= 3.3 Hz, 1H), 7.55(t, 

J=3.8 Hz, 1H), 7.50(m, 2 Hz, 5H), 7.31 (m, Hz, 5H), 6.36 (d,d J= 11.2 Hz, 2H), 4.39 (d,d 

J=11.6 Hz, 2H), 4.65 (t, J= 8.4 Hz, 2H) 2.61(t, J=6 Hz 2H), 2.12 (m, 2H), 1.72 (s, H). 

Photoacid 6 

1 H NMR (400 MHz, DMSO): δ = 10.88 (S, 1H), 8.39 (d, J = 7.2 Hz, 1H), 8.35 (d, J = 

8.4 Hz, 1H), 8.32 (d, J = 15.6 Hz, 1H), 8.16 (S, 1H), 8.13(d, J = 9.2 Hz, 1H), 7.86 (t, J =8 

Hz, 1H), 7.77 (t, J =6.4 Hz, 1H), 7.41 (t, J =8 Hz, 1H), 7.00 (d, J = 8.8 Hz, 1H), 6.96 (d, J 

= 7.6 Hz, 1H), 5.05 (t, J = 7.4 Hz, 2H ), 2.64 (t, J = 5.9 Hz, 2H ), 2.19 (m, 2H). 

Photoacid 7 

1 H NMR (400 MHz, DMSO): δ = 13.99 (S, 1H), 8.67 (d, J = 15.6 Hz, 1H), 8.29 (m, 

4H), 8.05 (d, J = 12.8 Hz, 2H), 7.48 (d, J = 9.2 Hz, 1H), 7.32(t, J =7.6 Hz, 1H), 4.36 (t, J 

= 7.4 Hz, 2H ), 3.84(s, 3H) 2.68 (t, J = 5.9 Hz, 2H ), 2.23 (m, 2H). 

Photoacid 8 

1 H NMR (400 MHz, DMSO): δ= 13.89 (s, 1H), 8.27(s, 1H), 8.13(d, J=8 Hz, 1H), 

8.02(d, J=6.8 Hz, 2H), 7.31(m, 2H), 1.92(s, 6H). 
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Photoacid 9 

1 H NMR (400 MHz, DMSO): δ= 14.23 (s, 1H), 8.71(d, J=16.4 Hz, 1H), 8.58(d, J=16.4 

Hz, 1H), 8.34(s, 1H), 8.13(d, J=7.2 Hz, 1H), 8.06(m, 2H), 7.92 (t, J= 6 Hz, 1H), 7.65(m, 

2H), 7.34(t, J=8 Hz, 1H), 4.93 (t, J= 7.8 Hz, 2H), 2.71(t, J= 6.2 Hz, 2H) 2.23(m, 2H), 

1.89 (s, 6H). 

Photoacid 10 

1 H NMR (400 MHz, DMSO): δ= 10.89 (s, 1H), 8.38(t, J=7.2 Hz, 1H), 8.31(d, J=16 Hz, 

1H), 8.14(t, J=8 Hz, 2H), 7.86(t, J=8 Hz, 1H), 7.77(t, J=8 Hz, 1H), 7.41 (t, J= 8 Hz, 1H), 

6.98(d,d J=8 Hz, 2H), 5.05 (t, J= 6.8 Hz, 2.65(t, J= 6.0 Hz, 2H) 2.19(m, 2H). 

Photoacid 11 

1 H NMR (400 MHz, DMSO): δ= 14.52 (s, 1H), 8.71(d, J=6.4 Hz, 1H), 8.9(d, J=18 Hz, 

1H), 8.13(d, J=7.2 Hz, 1H), 7.96(d, J=6 Hz, 1H), 7.83(d, J=17 Hz, 1H), 7.80 (d, J=8.4 

Hz, 1H), 7.69(m, 2H), 6.606(t, J=7.6 Hz, 1H), 7.47(t, J= 7.2 Hz, 1H), 4.94 (t, J= 8.4 Hz, 

2H), 2.77 (t, J= 6.0 Hz, 2H), 2.27(m, 2H), 1.91 (s, 6H). 

Photoacid 12 

1 H NMR (400 MHz, DMSO): δ= 14,16 (s, 1H), 8.26 (d, J=8.8 Hz, 1H), 8.23 (d, J=15.6 

Hz, 1H), 7.69 (d, J=8.8 Hz, 1H), 7.51 (t, J=11.6 Hz, 1H), 7.41 (d, J= 15.6 Hz, 1H), 7.36 

(d, J=7.6 Hz, 1H), 1.87 (s, 6H). 
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Synthesis of N-(4-Hydroxy-benzyl) -acrylamide 13,14 

         To a solution of 4-hydroxybenzylamine (4.92 g, 40 mmol) in 35 mL of 

dichloromethane was added 4 mL of trimethylamine at 0 oC. Then 7.2 mL (80 mmol) of 

acryloyl chloride was added dropwise to the mixture while stirring. The mixture was 

stirred at 0 oC for 30 min. then room temperature for 24 h. After completion of the 

reaction, solvent was evaporated under reduced pressure. The sold residue was extracted 

three times with ethyl acetate and the combined solutions were evaporated under reduced 

pressure. To the residue was added dropwise 25 mL NaOH solution (1 N) while stirring. 

The mixture was stirred at room temperature for 6 h. The reaction was continuously 

monitored by TLC (hexane/ethyl acetate 1:1). After completion of the reaction, the 

mixture was neutralized with 3M HCl solution, then extracted with ethyl acetate and 

dried with anhydrous MgSO4. The solvent was removed under reduce pressure and the 

crude product was purified by column chromatography (hexane/ethyl acetate 1:1) to give 

14 as a white powder (59%). 

1H NMR (400 MHz, DMSO): δ = 9.31 (s, 1H), 8.47 (t, J= 5.6 Hz, 1H), 7.07 (d, J=8.4 Hz 

1H), 6.76 (d, J=8.4 Hz, 1H), 6.26 (dd, J=17.2, 10.4 Hz, 1H), 6.11 (dd, J=17.2, 2.4 Hz, 

1H), 5.61 (dd, J=10.4, 2.5 Hz, 1H), 4.22 (d, J=5.6 Hz, 2H) 

Synthesis of N-(3-Formyl-4-hydroxy-benzyl) -acrylamide 15  

         Anhydrous magnesium chloride (2.29 g, 25.5 mmol), trimethylamine (1.71 mL, 17 
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mmol) and potassium hydroxide (0.47 g, 8.5 mmol) were mixed in 35 mL of THF. 

Compound 14 (1.5 g, 8.5 mmol,) and paraformaldehyde (1.27 g, 42.5 mmol) were then 

added to the mixture. The reaction mixture was heated to 80 oC for 24 h. After cooled 

down to room temperature, the reaction was quenched by 1.5 mL of 1M HCl solution, 

then extracted with ethyl acetate and dried with anhydrous MgSO4.  The solvent was 

removed under reduce pressure and the product was purified by column chromatography 

(dichloromethane/ethyl acetate 9:1] to give 15 as a white powder (48%). 

1H NMR (400 MHz, CDCl3): δ =10.97 (s, 1H), 9.87 (s, 1H), 7.51 (s, 1H), 7.47 (d, J=8.4 

Hz, 1H), 6.97 (d, J=8.8 Hz, 1H), 6.34 (dd, J=17.0, 1.4 Hz, 1H), 6.12 (dd, J=10.4, 17.0 

Hz, 1H), 5.70 (dd, J=10.4, 1.4 Hz, 1H), 5.91 (b, 1H), 4.50 (d, J=6 Hz, 2H). 

Synthesis of photoacid monomer 16  

           Compound 15 (0.203 g, 1 mmol) and 2,3,3-trimethyl-1-(3-sulfonatepropyl) -3H-

indolium (0.281 g, 1 mmol) and catalytic amount of ammonium acetate were dissolved 

into minimum amount of anhydrous ethanol. The reaction mixture was then stirred at 60-

70oC overnight to yield an orange precipitate. The precipitate was collected by filtration 

and washed with cold ethanol to give the pure product (77%). 

1H NMR (400 MHz, DMSO): δ= 10.97 (s, 1H), 8.61(t, J=6.0 Hz, 1H), 8.56 (d, J= 16.4 

Hz, 1H), 8.30 (s, 1H), 8.01 (d, J= 7.2 Hz, 1H), 7.89 (d, J= 16.4 Hz, 1H), 7.85 (d, J= 7.2 

Hz, 1H), 7.62 (m, 2H), 7,36 (d, J= 6 Hz, 1H), 6.98 (d, J= 9.2 Hz, 1H), 6.38 (dd, J=17.2, 
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10 Hz, 1H), 6.11 (dd, J= 16.8, 2 Hz, 1H), 5.59 (dd, J= 10, 2 Hz, 1H), 4.83 (t, J= 8 Hz, 

2H), 4.34 (d, J= 6.0 Hz, 2H), 2.70 (t, J=5.2 Hz, 2H), 2.21 (m, J=7.2 Hz, 2H), 1.77 (s, 6H) 

General procedure for the synthesis of the photoacid polymers 

           The photoacid monomer 16 and the co-monomer (n-isopropyl acrylamide or 

hydroxyethyl methacrylate) were dissolved in DMSO. The weight of DMSO is 

approximately twice of the solid weight. Then triethylamine (1.5, 3, and 4 eq. for 10%, 

15%, and 25% photoacid respectively) was added to the mixture followed by addition of 

AIBN (0.5 mol% of total monomers). The reaction mixture was purged with nitrogen for 

30 min to remove oxygen and then sealed in a test tube. The reaction was then heated to 

70 °C for 5 hours. After cooled to the room temperature, the reaction mixture was added 

acetic acid (same volume as DMSO) and stirred for an hour. The resultant solution was 

added dropwise to diethyl ether to precipitate the polymer. The precipitate was collected 

and redissolved in methanol. To the methanol solution was added HCl while stirring until 

the concentration of HCl was about 0.5 N. The methanol solution was added dropwise to 

diethyl ether to precipitate the polymer. The polymer was collected, thoroughly washed 

with ether, and dried by vacuum. 

Photoacid 17 

1 H NMR (400 MHz, DMSO): δ= 10.86(s, 1H), 8.16(d, J=16 Hz, 1H), 7.84(d, J=8 Hz, 

1H), 7.42(d, J=16 Hz, 1H),  7.36(d, J=7.6 Hz, 1H), 7.95(d, J=8 Hz, 1H), 6.92(t, J=7.6 Hz, 

1H), 1.76(s,6H). 
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Synthesis of 18 

 

Figure 50- Synthesis of compound 18. 

         To a solution of 1H-Indazole-7-carbaldehyde (100 mg, 0.68 mmol) in 3 mL of 

chloroform was added N-chlorosuccinimide (271 mg, 2.04 mmol). The reaction mixture 

was heated to 60 °C for overnight under N2. After completion of the reaction, the crude 

product was purified by column chromatography (hexane/ethyl acetate 3:1) to give 14 as 

a white powder (72%). 

1 H NMR (400 MHz, CDCl3): δ= 11.33(s, 1H), 10.17 (s, 1H), 8.02(d, J=1.9 Hz, 1H), 

7.95(d, J=1.5 Hz, 1H), 7.42(t, J=1.9 Hz, 1H). 

Photoacid 19 

1 H NMR (400 MHz, DMSO): δ= 14.14 (s, 1H), 8.56(d, J=4 Hz, 1H), 8.49(d, J=2.1 Hz, 

1H), 8.43(m, 2H), 8.33(d, J=4 Hz, 1H), 7.94(d, J=2.1 Hz, 1H), 7.89 (d, J=1.9 Hz, 1H), 

7.81(t, J=1.9 Hz, 1H), 7.43(t, J= 1.9 Hz, 1H), 5.18(t, J= 2 Hz, 2H), 2.70(t, J=1.7 Hz, 2H), 

2.26(m, 2H). 

Photoacid 20 

1 H NMR (400 MHz, DMSO): δ= 14.10 (s, 1H), 8.43(d, J=4 Hz, 1H), 8.36(d, J=1.9 Hz, 

1H), 8.30(d, J=2.4 Hz, 1H), 8.24(d, J=4 Hz, 1H), 7.03(s, 1H), 7.88 (d, J=1.9 Hz, 1H), 
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7.45(d, J=1.9 Hz, 1H), 7.38(t, J= 1.9 Hz, 1H), 5.10(t, J= 2 Hz, 2H), 4.33 (s, 3H), 2.310(t, 

J=1.7 Hz, 2H), 2.19(m, 2H). 

Photoacid 21 

1 H NMR (400 MHz, DMSO): δ= 14.37 (s, 1H), 8.70(d, J=1.8 Hz, 1H), 8.63(d, J=4 Hz, 

1H), 8.05(m, 2H), 7.99(d, J=1.8 Hz, 1H), 7.92(d, J=1.4 Hz, 1H), 7.65 (m, 2H), 7.43(t, 

J=1.9 Hz, 1H), 4.95(t, J= 2 Hz, 2H), 2.71(t, J=1.7 Hz, 2H), 2.24(m, 2H), 1.87 (s, 1H). 

Photoacid 22 

1 H NMR (400 MHz, DMSO): δ= 14.14 (s, 1H), 8.47(d, J=1.8 Hz, 1H), 8.36(d, J=4 Hz, 

1H), 7.75(m, 3H), 7.23(t, J=1.9 Hz, 1H), 7.00(d, J=1.6 Hz, 1H), 4.73(t, J= 2 Hz, 2H), 

3.72(s, 1H) 2.50(t, J=1.7 Hz, 2H), 2.02(m, 2H), 1.87 (s, 1H). 

Synthesis of 23a 

 

Figure 51- Synthesis of compound 23 and 24. 

         To a solution of (triphenylphosphoranylidene)acetaldehyde (567 mg, 1.863 mmol) 

in 10 mL of THF was added salicylaldehyde (196 mg, 1.863 mmol). The reaction mixture 
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was heated to 65 °C for overnight under N2. After completion of the reaction, the TFH 

solution was removed under reduce pressure and the crude product was purified by 

column chromatography (hexane/ethyl acetate 4:1) to give 23a as a white powder (88%).  

1 H NMR (400 MHz, DMSO): δ= 10.43(s, 1H), 9.63(d, J=5.2 Hz, 1H), 7.86(d, J=16 Hz, 

1H), 7.63(d, J=5.6 Hz, 1H), 7.29(s, 1H), 6.93(d, J=6 Hz, 1H), 6.84(m, 2H). 

Photoacid 23 

1 H NMR (400 MHz, DMSO): δ= 10.5 (s, 1H), 8.4(dd, J=11.2 Hz, 1H), 7.98(d, J=11.2 

Hz, 1H), 7.95(t, J=3.2 Hz, 1H), 7.82(d, J= 6.4 Hz, 1H), 7.58(q, J=8 Hz, 1H), 7.5 (dd, J= 

10.8 Hz, 1H), 7.36(d, J=14 Hz, 1H), 7.28(t, J=6.8 Hz, 1H), 4.63 (t, J= 9.2 Hz, 2H), 2.61(t, 

J= 6.8 Hz, 2H) 2.1(m, 2H), 1.73 (s, 6H). 

Photoacid 24 

1 H NMR (400 MHz, DMSO): δ= 10.71 (s, 1H), 8.79(d,d J=12 Hz, 1H), 8.51(d, J=7.6 

Hz, 1H), 8.32(d, J=11.2 Hz, 1H), 7.95(m, 1H), 7.89(m, 2H), 7.67 (d J= 15.6 Hz, 1H), 

7.62(d, J=7.2 Hz, 1H), 7.32(t, J=7.2 Hz, 1H), 6.95(d J= 8 Hz, 1H), 6.90(d J= 7.2 Hz, 1H). 
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Synthesis of 25a 

 

Figure 52- Synthesis of compound 25b. 

          To a solution of 6-amino-2-methylbenzothiazole (500 mg, 3.04 mmol) in 15 mL of 

dichloromethane was added Et3N (923 mg) and CuOAc (1650 mg). The reaction mixture 

was stirred at room temperature for three days and then three eq. of p-tolylboronic acid 

(1024 mg, 9.14 mmol) was added to the reaction mixture. Also, the reaction mixture was 

stirred at room temperature for overnight. Reaction was monitored from time to time 

using TLC. After completion of the reaction, the DCM solution was removed under 

reduce pressure and the crude product was purified by column chromatography 

(hexane/ethyl acetate 3:1) to give 25a as a green powder (61%). 

1 H NMR (400 MHz, DMSO): δ= 8.76(s, 1H), 8.18(d J=8.4 Hz, 1H), 7.89(d J=2 Hz, 1H), 

7.35(dd, J=2 Hz, 1H), 7.15(m, 4H), 7.07(d J=8.8 Hz, 2H), 2.82(s, 3H), 2.37(s, 3H). 
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Synthesis of 25b 

Compound 25b was prepared by the same method to synthesis benzothiazolium. 

1 H NMR (400 MHz, DMSO): δ= 7.83(d J=8.4 Hz, 1H), 7.47(d J=2 Hz, 1H), 7.31(s, 1H), 

7.16(m, 4H), 4.80 (t, J= 9.2 Hz, 2H), 3.08(s, 3H),  2.61(t, J= 6.8 Hz, 2H) 2.28(s, 3H), 

2.13 (m, 2H). 

Photoacid 25 

1 H NMR (400 MHz, DMSO): δ= 13.91(s, 1H), 8.93(s, 1H), 8.39(d J=15 Hz, 1H), 8.27(d 

J=5.6 Hz, 1H), 8.19(d, J=9.6 Hz, 2H), 8.02(d, J= 7.2Hz, 1H), 7.94(s, 1H), 7.37 (d,d J= 2 

Hz, 1H), 7.30(t, J=7.6 Hz, 1H), 7.27(m, 4H), 5.08 (t, J= 9.2 Hz, 2H), 2.68(t, J= 6.8 Hz, 

2H). 2.31((s, 1H), 2.25(m, 2H). 

Photoacid 26 

1 H NMR (400 MHz, DMSO): δ= 11.37(s, 1H), 9.33(s, 1H), 8.86(d, J=15 Hz, 1H), 

8.34(s, 1H), 8.28(d, J=8 Hz, 1H), 8.14(d, J= 8.4 Hz, 1H), 7.97(m, 2H), 7.57 (d, J= 8.4 Hz, 

1H), 7.46(t, J=8 Hz, 1H), 7.27(t, J=7.2 Hz, 1H), 6.92(s, 1H), 4.80 (t, J= 9.2 Hz, 2H), 

3.81(s, 1H), 2.73(t, J= 6.8 Hz, 2H) 2.22(m, 2H), 1.81 (s, 6H). 

Photoacid 27 

1 H NMR (400 MHz, DMSO): δ= 9.07(s, 1H),  8.42(d, J=16 Hz, 1H), 8.31(d, J=6.8 Hz, 

1H), 7.99(s, 1H), 7.97 (d, J= 10.8 Hz, 1H), 7.94(s, 1H), 7.89(t, J=3.6 Hz, 1H), 7.65(m, 

2H), 7.20(d, J= 9.2 Hz, 1H), 4.14(s, 3H), 1.81 (s, 6H). 
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Photoacid 28 

1 H NMR (400 MHz, CD3OD): δ= 8.69(d, J=16 Hz, 1H), 8.39(s, 1H), 7.90(d, J=8.4 Hz, 

1H), 7.85(d, J=5.6 Hz, 1H), 7.76(d J= 16 Hz, 2H), 7.67(d, J= 5.2 Hz, 2H), 7.06(d, J=8.4 

Hz, 1H), 4.18(s, 3H), 1.87(s, 6H). 

Synthesis of 29 and 30 

 

Figure 53- Synthesis of compound 29 and 30. 

        To a solution of 27 and 28 (0.51 mmol) in 1 mL of ethanol was added Et3N (1 eq.). 

The reaction mixture was stirred at room temperature for 6 h. After completion of the 

reaction, the ethanol solution was removed. The precipitate was washed with water three 

times to give the pure product. 

Photoacid 29 

1 H NMR (400 MHz, CD3Cl): δ= 7.17(t, J=6.8 Hz, 1H), 7.07(m, 3H), 6.83(m, 3H), 

6.70(d, J=8 Hz, 1H), 6.52(d, J= 7.6 Hz, 1H), 5.67(d, J= 10.4 Hz, 1H), 2.73(s, 3H), 1.30(s, 

3H), 1.16(s, 3H).  
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Photoacid 30 

1 H NMR (400 MHz, DMSO): δ= 7.59(d, J=10.4 Hz, 2H), 7.14(t, J=7.2 Hz, 1H), 7.08(d, 

J=6.4 Hz, 1H), 7.02(d, J=11.2 Hz, 1H), 6.82(t, J= 6.8 Hz, 1H), 6.70(d, J= 8.4 Hz, 1H), 

6.56(d, J= 7.6 Hz, 1H), 2.74(s, 3H), 1.95(s, 6H). 

Synthesis of 31 

 

Figure 54- Synthesis of compound 31. 

              To a solution of 1,3-indanedione (1 g, 6.84 mmol) in 30 mL of ethanol was 

added malononitrile (1.35 g, 20.52 mmol). The reaction mixture was stirred at room 

temperature for 1 h. Ammonium acetate (0.525 g, 6.84 mmol) was added into the reaction 

mixture and was then heated to 70 °C for 5 h.  After completion of the reaction, a volume 

of 30 mL of water was added into the mixture and was then stirred at room temperature 

for 1h. To acidify the mixture until pH two, drops of concentrated HCl was added. The 

precipitate was collected by filtration and washed many times with water. The product 

was purified by column chromatography (methanol/dichloromethane 1:5) to give 31 as a 

purple powder (78%). 

1 H NMR (400 MHz, CD3Cl): δ= 8.65(d, J=3.2 Hz, 2H), 7.91(d, J=3.2 Hz, 2H), 4.30(s, 

2H). 
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Synthesis of 32 

 

Figure 55- Synthesis of compound 32. 

           To a solution of 1,3-indanedione (0.73 g, 5 mmol) in 20 mL of ethanol was added 

malononitrile (0.66 g, 10 mmol). The reaction mixture was stirred at room temperature 

for 1 h. Sodium acetate (0.49 g, 6 mmol) was added into the reaction mixture and was 

then stirred at room temperature for 2 h.  After completion of the reaction, a volume of 20 

mL of water was added into the mixture and was then stirred at room temperature for 1h. 

To acidify the mixture until pH two, drops of concentrated HCl was added. The 

precipitate was collected by filtration and washed many times with water. The product 

was purified by column chromatography (methanol/dichloromethane 1:12) to give 32 as a 

purple powder (82%). 

1 H NMR (400 MHz, CD3Cl): δ= 8.66(d, J=8 Hz, 1H), 7.99(d, J=7.6 Hz, 2H), 7.87(m, 

2H)3.73(s, 2H). 
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Synthesis of 33 

 

Figure 56- Synthesis of compound 33. 

             To a solution of 1H-Indazole-3-carbaldehyde (200 mg, 1.36 mmol) in 1 mL of 

dichloromethane was added (139 mg, 1,36 mmol) of acetic anhydride. Then (151 mg, 

1.48 mmol) of trimethylamine was added dropwise to the mixture at 0 oC while stirring 

followed by adding 11.6 mg of dimethylaminopyridine. The reaction mixture was stirred 

at 0 oC for 1 h and then stirred at room temperature for 5h. After completion of the 

reaction, the crude product was purified by column chromatography (hexane/ethyl acetate 

4:1) to give 33 as a white powder (77%). 

1 H NMR (400 MHz, CD3Cl): δ= 10.29 (s,1H), 8.45(d, J=8 Hz, 1H), 8.30(d, J=8 Hz, 1H), 

7.62(t, J=8 Hz, 1H), 7.48(t, J=8 Hz, 1H), 2.86(s,3H). 

Synthesis of 34 

 

Figure 57- Synthesis of compound 34. 
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Compound 34 was prepared by the same method of synthesis compound 33. 

1 H NMR (400 MHz, CD3Cl): δ= 9.86 (s,1H), 7.77(d, J=9.6 Hz, 1H), 6.68(d, J=8.8 Hz, 

1H), 6.68(s, 1H), 3.53(q, J=7.2 Hz, 4H), 2.32(s, 3H), 1.33(t, J=7.2 Hz, 6H). 

Synthesis of 35, 36, 37, 38, 39, and 40 

The compounds 35, 36, 37, 38, 39, and 40 were prepared by the same method of 

synthesis of photoacids.  

Compound 35 

1 H NMR (400 MHz, CD3Cl): δ= 8.38(d, J=7.2 Hz, 2H), 7.73(m, 2H), 7.28(t, J=7.6 Hz, 

1H), 7.14(d, J=7.6 Hz, 1H), 6.93(t, J=7.6 Hz, 1H), 6.77(d, J=8 Hz, 1H), 5.37(d, J=3.2 Hz, 

1H), 4.851(d, J=3.2 Hz, 1H), 3.84(s,1H). 

Compound 36 

1 H NMR (400 MHz, CD3Cl): δ= 8.65(d,d J=2.8 Hz, 2H), 8.17(d, J=9.2 Hz, 1H), 7.91(m, 

2H), 7.80(t, J=7.6 Hz, 1H), 7.53(t, J=6.8 Hz, 1H), 4.49(s, 1H), 4.29(s, 3H). 

Compound 37 

1 H NMR (400 MHz, CD3Cl): δ= 8.68(d, J=8.4 Hz, 1H), 8.20(d, J=9.2 Hz, 2H), 7.92(t, 

J=7.6 Hz, 1H), 7.83(t, J=7.6 Hz, 1H), 7.56(m, 2H), 7.29(m, 2H), 4.53(s, 1H). 
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Compound 38 

1 H NMR (400 MHz, DMSO): δ= 8.55(d, J=8.4 Hz, 1H), 8.17(d, J=16 Hz, 1H), 8.07(d, 

J=5.6 Hz, 1H), 7.97(d, J=16 Hz, 1H), 7.87(t, J=3.6 Hz, 1H), 7.69(d, J=8 Hz, 1H), 7.65(m, 

2H), 7.47(t, J=7.2 Hz, 1H), 7.38(d, J=8 Hz, 1H), 4.88(t, J=7.8 Hz, 2H), 2.65(t, J=6.2 Hz, 

2H), 2.43(s, 3H), 2.14(m,2H), 1.76(s,6H). 

Compound 39 

1 H NMR (400 MHz, CD3Cl): δ= 8.78(d, J=8 Hz, 1H), 8.09(d, J=16 Hz, 1H), 7.88(d, 

J=16 Hz, 1H), 7.50(t, J=7.6 Hz, 1H), 7.42(m, 3H), 6.88(d, J=10 Hz, 1H), 6.41(s, 1H), 

4.80(t, J=7.8 Hz, 2H), 3.48(q, J=7.2 Hz, 4H), 3.08(t, J=6.2 Hz, 2H), 2.43(s, 3H), 2.43(s, 

3H), 2.37(m,2H), 1.70(s,6H), 1.24(t, J=7.2 Hz, 6H). 

Synthesis of compound 40 

 

Figure 58- Synthesis of compound 40. 

              To a solution of 1,3-diethyl-5-(1-hydroxyethylidene)-2-

thioxodihydropyrimidine-4,6(1H,5H)-dione  (100 mg, 0.413 mmol) in 1 mL of ethanol 

was added (68 mg, 0.557 mmol) of salicylaldehyde, and a small amount of ammonium 
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acetate as a catalyst. The reaction mixture was gently heated at 60 °C for two days. After 

cooling, the reaction mixture was kept inside the freezer for days. The precipitate was 

collected by filtration, washed many times with hexane to give as a yellow powder 

(78%). 

1 H NMR (400 MHz, CD3Cl): δ= 8.61(d, J=16 Hz, 1H), 8.36(d, J=16 Hz, 1H), 7.70(d, 

J=7 Hz, 1H), 7.28(t, J=8 Hz, 1H), 6.97(t, J=7 Hz, 1H), 6.80(d, J=8 Hz, 1H), 4.56(q, J=4.8 

Hz, 4H), 1.31(t, J=4.8 Hz, 6H). 

Synthesis of compound 41 

 

Figure 59- Synthesis of compound 41. 

          To a solution of diphenylamine (5 gm, 29.55 mmol) in 5.31 mL acetic acid was 

added (20 gm, 146.75 mmol) of anhydrous zinc chloride. The reaction mixture was 

heated at 220 °C for 6 h. After cooled down to room temperature, concentrated 

ammonium solution was added into the reaction mixture to dissolve ZnCl2, then extracted 

with dichloromethane and dried with anhydrous MgSO4.  The dichloromethane was 

removed under reduce pressure and the product was purified by column chromatography 

(hexane/ethyl acetate 3:1] to give 41 as a brown powder (43%). 
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1 H NMR (400 MHz, CD3Cl): δ= 8.26(m,4H), 7.78(t, J=7.2 Hz, 2H), 7.57(t, J=7.2 Hz, 

2H), 3.12(S,3H). 

Synthesis of compound 42 

 

Figure 60- Synthesis of compound 42. 

          To a solution of 9-methylacridine (1.93 mg, 100 mmol) in 30 mL of acetic 

anhydride was added (1.79 gm, 100 mmol) of N-methyl-N-(2-hydroxyethyl)-4-

aminobenzaldehydehen. the reaction mixture was refluxed for 4 h. After cooled down to 

room temperature, 100 mL of 5% áqueos sodium hydroxide solution was added to the 

mixture, then extracted with ether.  The ether was removed under reduce pressure. The 

product was dissolved in 40 mL of mixture of water and ethanol, then 4 mL of 

concentrated sulfuric acid added. The resulting solution was refluxed with stirring for 30 

minutes and then poured onto 10% aqueous sodium hydroxide solution 90 mL. The 

precipitate was collected by filtration, washed many times with water. The product was 

purified by column chromatography (dichloromethane/ethyl acetate 2:1) to give 42 as a 
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brown powder (54%). 

1 H NMR (400 MHz, DMSO): δ= 8.42(d, J=8.8 Hz, 2H), 8.13(d, J=8.8 Hz, 2H), 7.92(d, 

J=16 Hz, 1H), 7.83(t, J=8.4 Hz, 2H), 7.66(d, J=8.8 Hz, 2H), 7.60(t, J=7.2 Hz, 2H), 

7.02(d, J=16 Hz, 1H), 6.78(d, J=8.8 Hz, 2H), 3.59(t, J=6 Hz, 2H), 3.47(t, J=6 Hz, 2H), 

3.01(s, 3H). 

Synthesis of compound 43 

 

Figure 61- Synthesis of compound 43. 

         To a solution of compound 43 (100 mg, 0.28 mmol) in 5 mL of anhydrous THF was 

added (28.5 mg, 0.28mmol) of triethylamine. The resulting solution was kept at 0 °C for 

15 minutes by placing in an ice bath. To cold solution, a mixture of acrylate chloride 

(31.9 mg, 0.35 mmol) and 5 mL of THF was added dropwise with stirring. The reaction 

mixture was stirred at 0 °C for 3 h, then at room temperature for overnight. The product 

was purified by column chromatography (hexane/ethyl acetate 1:1) to give 43 as a brown 

powder (63%). 
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1 H NMR (400 MHz, DMSO): δ= 8.42(d, J=8.8 Hz, 2H), 8.14(d, J=8.8 Hz, 2H), 7.92(d, 

J=16 Hz, 1H), 7.84(t, J=8.4 Hz, 2H), 7.68(d, J=8.8 Hz, 2H), 7.60(t, J=7.2 Hz, 2H), 

7.03(d, J=16 Hz, 1H), 6.84(d, J=8.8 Hz, 2H), 6.31(dd, J=16.0, 1.6 Hz, 1H), 6.16 (dd, 

J=10, 16 Hz, 1H), 5.90 (dd, J=10, 1.2 Hz, 1H), 4.32 (d, J=6 Hz, 2H). 3.73(t, J=6 Hz, 2H), 

3.02(s, 3H). 

Synthesis of compound 44 

 

Figure 62- Synthesis of compound 44. 

             To a solution of (azidomethyl)benzene (400 mg, 3 mmol) in 3 mL of DMSO was 

added (330 mg, 3 mmol) of 1-Hexen-5-yn-3-one, (15.9 mg, 0.03 mmol) of tris [(1-

benzyl-1H-1,2,3- triazol-4-yl) methyl] amine (TBTA), and (5.7 mg, 0.03 mmol) of CuI. 

The reaction mixture was stirred at room temperature for overnight. Reaction was 

monitored from time to time using TLC. After completion of the reaction, the crude 

product was purified by column chromatography (hexane/ethyl acetate 3:1) to give 33 as 

a white powder (83%). 
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1 H NMR (400 MHz, CD3Cl): δ= 7.57(s,1H), 7.39(s,3H), 7.29(d, J=7.6 Hz, 2H), 6.43(d 

J=16.0, Hz, 1H), 6.12(dd, J=10, 16 Hz, 1H), 5.85(d, J=10 Hz, 1H), 5.54(s,2H), 

5.29(s,2H). 
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Appendix 
1H NMR of photoacid 1 

 
1H NMR of photoacid 2 
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1H NMR of photoacid 3a 

 
1H NMR of photoacid 3 
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1H NMR of photoacid 4 

 
 

1H NMR of 5a 
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1H NMR of 5b 

 
 

1H NMR of photoacid 5 
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1H NMR of photoacid 6 

 
 

1H NMR of photoacid 7 
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1H NMR of photoacid 8 

 
1H NMR of photoacid 9 
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1H NMR of photoacid 10 

 
 

1H NMR of photoacid 11 
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1H NMR of photoacid 12 

 
1H NMR of N-(4-Hydroxy-benzyl)-acrylamide 14 
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1H NMR of N-(3-Formyl-4-hydroxy-benzyl)-acrylamide 15 

 
 

1H NMR of photoacid monomer 16 

 



 

 

116 
1H NMR of photoacid 17 

 
 

1HNMR of photoacid 18 
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1H NMR of photoacid 19 

 
1H NMR of photoacid 20
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1H NMR of photoacid 21 

 
 

1H NMR of photoacid 22 
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1H NMR of compound 23a 

 
 

1H NMR of photoacid 23 
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1H NMR of photoacid 24 

 
 

1H NMR of photoacid 25 

 



 

 

121 
1H NMR of photoacid 26 

 
 
1H NMR of photoacid 27 
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1H NMR of photoacid 28 

 
 

1H NMR of photoacid 29 
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1H NMR of photoacid 30 

 
 

1H NMR of compound 31 
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1H NMR of compound 32 

 

1H NMR of compound 33
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1H NMR of compound 34 

 
 

1H NMR of compound 35 
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1H NMR of compound 36 

 
 

1H NMR of compound 37 
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1H NMR of compound 38 

 
 

1H NMR of compound 39 
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1H NMR of compound 40 

 
  
1H NMR of compound 41 
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1H NMR of compound 42 

 
 
1H NMR of compound 43 
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1H NMR of compound 44 

 
 

 


