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ABSTRACT 

Reversible photochromic compounds have the ability to reversibly change its color when it absorbs 

photons of a particular wavelength. This process of color change is a consequence of structural 

changes within the compound, such as cis-trans photo-isomerization. Some examples of 

photochromic compounds are spiropyrans, spirooxazines, diarylethenes and azobenzenes. These 

compounds have been extensively studied for decades, and are used in various applications such 

as biomedicine, chemical sensors and harvesting solar energy. However, majority of photochromic 

compounds are initially activated by ultraviolet (UV) light. The use of UV light is harmful for 

biological applications and photo-degrade the compound over repeated use. To overcome these 

limitations, a new class of reversible photochromic compound was introduced, called metastable-

state photoacid (mPAH). In brief, mPAH is a photochromic compound which can photo-dissociate 

its protons under visible light and can thermally re-capture the released protons efficiently in the 

dark. Based on this unique property, in this research, we (1) synthesized different mPAH, and (2) 

studied and characterized their physicochemical (acidity, kinetics, and optical) properties. 

Additionally, we (3) applied different visible light activated mPAHs towards light controllable 

polymeric-based ion-selective optodes for detection of calcium ions and sodium ions, and 

modulate fluorescence with pH. The research presented herein opens new avenues towards the 

synthesis of mPAH derivatives and could be applied to any proton-transfer process related 

applications which requires wireless controllability with high sensitivity. 
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Motivation 

 

 

 

 

 

 

 

 

Media 1-1 Visual illustration of a colored solution in response to light. See supplemental file to 

view Media 1-1. 

As shown in Media 1-1, a solution contains an organic dye initially exhibiting a yellow color. 

When this solution was irradiated with blue LED light and just after switching off the light source, 

the yellow solution turned almost clear. Interestingly, the near clear solution slowly regains the 

original yellow color after some time. Also, this color change can be switched back forth and it 

amazed me. Likewise, a bunch of questions arose. What dye was used and why the color changed? 

How can we apply such a dye to advance today’s technology? Answering these simple 
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fundamental questions is what inspired me to pursue research about this interesting dye called 

metastable-state photoacid. 

1.2 Reversible Organic Photochromic Compounds 

Reversible organic photochromic compounds have a unique property. These compounds can 

reversibly undergo molecular structural or electronic configuration changes by absorbing photons 

of a particular wavelength of light.1-3 Likewise, structural transformation in response to the non-

invasive stimuli (light), these compounds are able to remotely modulate physicochemical 

properties; such as color, fluorescence, dipole moment, electrical property and/or acidity.4-13 Also, 

the use of light provides spatial and temporal control over the processes involved.14,15 To name a 

few, spiropyrans, spirooxazines, azobenenzes and diarylethenes are some of the most extensively 

studied reversible organic photochromic compounds (Figure 1-1). 

 

Figure 1-1 Examples of light responsive organic photochromic compound (A) spiropyran, (B) 

spirooxazine, (C) diarylethene, and (D) azobenzene. 
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These compounds have been applied towards designing light-responsive materials for various 

applications; for instance, chemical sensors, energy conversion, actuators, opticoelectronic devices 

or drug delivery applications.16-24 However, most organic-based photochromic compounds use 

high-energy ultraviolet light (UV) for promoting changes in physicochemical property.25 As a 

result of employing highly energetic light source to activate these compounds, its use in biological 

applications could prove detrimental.26,27 Additionally, these organic photochromic compounds 

exhibit fatigueness in response of repeated activation by UV light.25 

1.3 Reversible Organic Photo-acidochromic Compounds  

The physicochemical property that is most intriguing is the reversible modulation of acidity or 

proton-transfer by light. This is because proton-transfer dependent chemical reaction is one of the 

most common reaction found in nature.28 It is responsible for the production of adenosine 

triphosphate and controlling the photosynthetic pathway in plants.29-31 Moreover, proton-transfer 

plays a vital role towards regulating many pH-dependent enzymes.32-36 Therefore, controlling this 

important process by light could prove extremely beneficial for any proton-dependent applications. 

Since light can be applied remotely and non-invasively, is energy efficient, and provides 

spatiotemporal control.37 As so, extensive research has been undertaken to artificially create 

reversible proton-gradient by light. This can be achieved by using pH and light-sensitive organic 

compounds, such as photobases (example: sipropyrans) and photoacids (example: excited-state 

photoacids and metastable-state photoacids).13,38-45 A distinction must be made between these pH 

and light-sensitive organic compounds. 
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When a spiropyran compound (Sp) absorb UV light, it converts to its more basic merocyanine 

form (Mc); hence, a photobase (Figure 1-2).13,38 Still under UV light, this merocyanine form can 

capture protons thermodynamically from an external proton source which is governed by the 

acidity constants and diffusion of protons. Additionally, protonated merocyanine (McH+) is visible 

light sensitive.13,38 Therefore, once UV light ceases and the visible light is exposed, McH+ can than 

photo-release the protons back to the original source. Nonetheless, the use of UV light as 

mentioned previously could hinder its potential use.26,27 

 

Figure 1-2 Reversible photo-acidochromic behavior of spiropyran. 

On the other hand, photoacids in general behave like a strong acid under light activation.28 They 

can photo-release their protons and can be re-captured when the light is switch off. Of the two 

types of reversible photoacids, excited-state photoacids (Figure 1-3) photo-release their protons 

from an electronically high-acidity excited state upon light activation.39-42 When the light is 

switched off, the high-acidity excited state undergoes extremely fast relaxation (proton re-capture 
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process) to the original low-acidity ground state; thereby, hindering large change in proton 

gradient.28 Hence, this type of photoacid may not be an ideal candidate for applications that rely 

on slow diffusion mediated proton-transfer reactions. 

 

Figure 1-3 Examples of excited-state photoacid (A) Pyranine, and (B) 1-Naphthol. 

1.4 Metastable-state Photoacids  

Contrary to excited-state photoacids,39-42 a new class of visible light activated photoacid, called 

metastable-state photoacid, was first introduced by Liao and co-workers in 2011.43 This is the type 

of compound that was used to illustrate color changing behavior (Media 1-1). As shown in Figure 

1-4, there are two types of metastable-state photoacids: merocyanine-type (Mer-mPAH) and 

tricyanofuran-type (TCF-mPAH).43-45 Both these metastable-state photoacid were designed by 

connecting an electron-accepting moiety to a weakly acidic nucleophilic moiety by a trans-double 

bond.28 In brief, these compounds are able to change color and photo-release their protons under 
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visible light activation via trans-cis photoisomerization followed by nucleophilic reaction between 

the two moieties.28 When visible light is switched off, the color is regained and the photo-

dissociated metastable-state photoacid displays thermodynamically driven long relaxation (proton 

re-capture process).28 

 

Figure 1-4 Reversible photo-acidochromic behavior of metastable-state photoacids (A) 

Merocyanine-type (Mer-mPAH), and (B) Tricyanofuran-type (TCF-mPAH). 

This relaxation process is greatly slower than compared to the excited-state photoacids. Due to the 

improved stability of the photo-dissociated metastable-state photoacid, the photo-released protons 

can theoretically be used for any proton-transfer based applications. Furthermore, metastable-state 

photoacids can cause a large pH change with high efficiency and good reversibility. Due to these 
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unique factors, metastable-state photoacids have found numerous applications in recent years. To 

name a few, they have been applied towards controlling supramolecular structures,46-48 killing 

bacteria,49 used as an acid-catalyst,43,50 activate ion-channels,51 release fragrant molecules,52 ATP 

production,53 and manage waste54. 

Hence, presented in the following chapters, different visible light activated metastable-state 

photoacids (merocyanine- and tricyanofuran-type) were synthesized to meet the applications’ 

requirement. These modified metastable-state photoacids were characterized and evaluated in 

terms of its optical properties, acidity, reversibility, and stability. In accordance to the evaluations, 

they were then applied towards cation-selective optode sensors,55-57 and fluorescence and pH 

modulations58. 
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CHAPTER 2 VISIBLE-LIGHT ACTIVATED METASTABLE-STATE 
PHOTOACID POLYMER FOR CALCIUM DETECTION UNDER 

NON-EQUILIRIUM CONDITIONS 

Reprinted with permission from Johns, V. K.; Patel, P. K.; Hassett, S.; Calvo-Marzal, P.; Qin, Y.; 

Chumbimuni-Torres, K. Y., “Visible Light Activated Ion Sensing Using a Photoacid Polymer for 

Calcium Detection.”, Analytical Chemistry, 2014, 86, 6184-6187. Copyright 2014 American 

Chemical Society.  

2.1 Abstract 

Presented here is a sensing membrane consisting of a modified merocyanine photoacid polymer 

and a calcium ionophore in plasticized poly(vinyl chloride). This membrane is shown to actively 

exchange protons with calcium ions when switched ON after illumination at 470 nm, and the 

exchange can be followed by UV−vis spectroscopy. The sensing membrane shows no response in 

the ON state when calcium ions are absent. The limit of detection of the sensor is 5.0 × 10−4 M 

with an upper detection limit of 1.0 M. Thus, we demonstrate for the first time the use of a visible 

light activated, lipophilic photoacid polymer in an ion-sensing membrane for calcium ions, which 

highly discriminates potassium, sodium, and magnesium ions. 

2.2 Introduction 

A sensor that uses the change in absorption or emission of a dye provides a means for detecting 

analytes using different methods.1-4 When the dye is a photoactive molecule, it promises control 
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over the sensor’s characteristics using light as a noninvasive stimulus. Readily available 

monochromatic light sources, advances in photochemistry, and synthetic methods open the door 

for the use of such photoactive molecules in sensors. 

Umezawa’s group pioneered the use of photoswitchable molecules in potentiometric sensing5 

while other researchers have used different types of photoactive species in optical ion sensors.6-9 

A typical cation selective sensor consists of a lipophilic polymer membrane such as plasticized 

poly(vinyl chloride) (PVC) containing an ion-exchanger and two ionophores: one designed to bind 

to a cation of interest and the other is a pH indicator (chromoionophore) that interacts with a 

reference ion (H+) and changes its optical properties. This change is related to the activity of the 

ion of interest. These sensors typically function under conditions of mass transfer equilibria and 

are passive in nature. However, they can be made dynamic by the use of photoactive compounds. 

For instance, Bakker and co-workers replaced the chromoionophore in a traditional optode with a 

spiropyran that photoisomerizes to a zwitterionic merocyanine form with increased basicity.10,11 

In order to be used as a sensor for cations, they had to introduce an external source of protons to 

protonate the photoisomerized merocyanine.12 In contrast, the use of molecules that photorelease 

protons could eliminate the need for an external source of H+. 

There are two main types of molecules that release protons upon illumination: photoacid 

generators (PAGs) and photoacids (PAHs). PAGs undergo proton photodissociation 

irreversibly,13,14 while PAHs are molecules that undergo proton photodissociation and thermal 

reassociation, hence promising reversibility.15-17 Shvarev et al. recently used a PAG to perturb the 
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equilibrium of a conventional ion-sensing optode; however, to the best of our knowledge, no one 

has used a PAH in such sensing systems.18 This ability to switch proton fluxes back and forth using 

light makes PAHs better candidates for use in reusuable optical ion sensors and, at the same time, 

obviates the need for conditioning prior to use. 

Recently, a new PAH was reported that undergoes proton dissociation under visible light and 

thermal reassociation over multiple cycles with no observable fatigue and has a long-lived high-

acidity state.19,20 In addition, this PAH was shown to change the volume of a hydrogel upon 

photoillumination, used to inhibit bacterial growth,21 and change the conductivity of a polymer.22 

The long-lived proton dissociated state allows for this PAH to be used in diffusion controlled 

processes. In contrast, most known PAHs have short-lived high acidity states,15 hence limiting the 

use of these compounds in diffusion controlled states. We envision the introduction of this 

photoacid in optical ion sensors that can substitute the chromoionophore as well as serve to switch 

the sensor ON only when desired. Thus, this work presents our results toward a “first of a kind” 

cation-selective sensor based on a polymerized PAH reported before.23 

2.3 Results and Discussion 

The PAH mentioned before19 is useful in applications which involve hydrophilic matrices, being 

incompatible with sensing membranes based on lipophilic components such as in optodes. A 

previous study described the synthesis of a copolymer between a PAH unit and methyl acrylate.23 

Acrylates are viable monomers for the synthesis of polymers used in optical sensing 

membranes.24,25 Thus, the covalent attachment of the PAH unit to a lipophilic acrylic polymer 
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backbone might allow the introduction of this photoacid into a lipophilic sensing membrane. These 

membranes are typically composed of an inert polymer such as PVC dissolved in a plasticizer such 

as dioctylsebacate (DOS) or o-nitrophenyl octyl ether (o-NPOE). The proper choice of a plasticizer 

is very important as it fixes the dielectric constant, improves the selectivity, ensures a fast response, 

and elongates the lifetime of the sensor.26 With a few modifications, polymer 1 (Scheme 2-1) was 

synthesized with ∼10% PAH component (in blue) and ∼90% methyl acrylate (in black) which 

was optimal for the lipophilic requirements of the PVC/DOS or o-NPOE membrane matrix 

described in this work. Higher percentages of photoacid polymer were synthesized but were not 

appropriate for PVC/DOS or PVC/o-NPOE matrix due to solubility problems. 

Scheme 2-1 shows the likely mechanism of the sensor. The sensor can be activated (switched ON) 

upon irradiation at 470 nm for 5 min, where polymer 1 photocyclizes to polymer 2 with the 

concomitant release of protons. Incorporation of a cation selective ionophore (L) results in an 

exchange of protons with the cation of choice. The photogenerated protons should actively 

undergo two processes once the light is switched OFF. One is the recombination of the protons 

with polymer 2 to form polymer 1, and the second, the exchange of protons with the ion analyte, 

which should occur to maintain electroneutrality in the membrane. Considering the long-lived 

proton dissociated state, the exchange of protons with the analyte should be much faster than the 

protons recombining with polymer 2. The dynamics of this process can be monitored via UV–vis 

spectroscopy providing a means to detect cations optically. 
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Scheme 2-1 Schematic Structures of the PAH Polymer in the Ion-Sensing Membranea 

 

aL = Calcium Ionophore IV. 

The sensing membrane used here was prepared with 9.74% (84.56 mmol/kg of PAH unit) of 

polymer 1, 8.48% (105.70 mmol/kg) of calcium ionophore IV, 27.26% of PVC, and 54.52% of o-

NPOE. All components were dissolved in tetrahydrofuran, and the cocktail was spin coated onto 

glass slides to form the membranes. For measurements, 0.5 M tris(hydroxymethyl)aminomethane 

buffer at pH 7.40 (adjusted using 6.0 M HCl) was used. Figure 2-1 depicts the spectra of the ion-

sensing membrane before irradiation (a), after 5 min of illumination at 470 nm (b), and finally after 

35 min in the dark (c), while the sensing membrane was immersed in buffer solution. 
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Figure 2-1 Absorbance spectra of ion-sensing membrane (a) before illumination, (b) after 5 min at 

470 nm, and (c) after 35 min in the dark, in 0.5 M tris(hydroxymethyl)aminomethane buffer at pH 

7.40. 

The sensing membrane showed a change in absorbance at different concentrations of calcium ions. 

An increase in the calcium ion concentration in the sample solution favors the ion exchange 

between calcium ions and the photoreleased protons. Hence, more protons are released to the 

sample solution. Consequently, the formation of polymer 1 decreased, corresponding to a loss in 

absorbance (Figure 2-2A). A plot of the change in absorbance vs log of calcium ion activity is 

show in the Figure 2-2A inset. A blank experiment was performed where the sensing membrane 

was immersed in a buffer solution that did not contain calcium ions. The sensing membrane was 

illuminated for 5 min followed by 35 min in the dark. Ten subsequent runs were performed 
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showing barely any change in absorbance (Figure 2-2B). These results indicate that the sensor is 

stable over extended periods of illumination. 

 

Figure 2-2 Absorbance spectra of ion-sensing membrane activated (A) after 35 min in the dark at 

different concentrations of calcium ions (a) 0.0, (b) 1.0 × 10–4, (c) 1.0 × 10–3, (d) 5.0 × 10–3, (e) 

1.0 × 10–2, (f) 5.0 × 10–2, (g) 1.0 × 10–1, (h) 5.0 × 10–1, (i) 1.0, and (j) 1.25 M. Inset in (A) shows 

the corresponding calibration curve for calcium ions. Conditions for the experiment were similar 

to Figure 2-1. (B) Blank experiment where ten subsequent runs were performed, after 5 min of 

illumination followed by 35 min in the dark when no calcium ions were present. 
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Figure 2-3 Calibration curve of ion-sensing membrane measured after 35 min upon activation for 

3 different membranes. Conditions for the experiment are similar to Figure 2-1. 

The reproducibility of the ion-sensing membrane response was evaluated by performing 

calibration curves with at least three different membranes, as can be seen in Figure 2-3. 

Concentrations in the range between 1.0 × 10–5 and 1.25 M Ca2+ were tested, and a detection limit 

of 5.0 × 10–4 M calcium ions was obtained. The response range of the photoactivated ion-sensing 

membrane presented here is similar to that reported in the literature based on the same 

ionophore27,28 and is promising for applications requiring remote control. The change in 

absorbance for this sensor with an increase in Ca2+ concentration was evaluated after a 5 min 

activation at different times of the ion-exchange process (5, 10, 20, and 35 min), where the greatest 
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change was obtained at 35 min (see Appendix A, Figure A-1). For further experiments, 35 min 

was used. 

 

Figure 2-4 Selectivity for the ion-sensing membrane measured 35 min after activation. Conditions 

for the experiment are similar to Figure 2-1. 

Two different matrices were tested for sensing: PVC/DOS and PVC/o-NPOE. While working with 

PVC/DOS, the sensing membrane did not discriminate against potassium ions. This was likely due 

to ion-pair formation of potassium ions with the sulfonate moiety present in polymer 2. The 

replacement of DOS by o-NPOE provided a polar medium to the membrane, due to its higher 

dielectric constant3 disfavoring the formation of such ion-pairs between soft ions such as potassium 

and the sulfonate moiety. To further explore the selectivity of the ion-sensing membrane, different 
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ions were tested. Thus, Figure 2-4 shows the response of the calcium ion sensor after it was 

exposed to different concentrations of sodium, potassium, and magnesium ions in 0.5 M buffer 

solution for 35 min, which indicates a good selectivity with respect to the change in absorbance. 

When compared to traditional optodes using the same ionophore, the discrimination of interfering 

ions was found to be similar.27 

2.4 Conclusion 

For the first time, a visible light activated, lipophilic PAH polymer was incorporated into an ion-

sensing membrane, which can be regenerated. A new dynamic sensing technique was also 

demonstrated for calcium ions based on phototriggered proton exchange. The importance of this 

sensor lies in the fact that the sensing membrane can be triggered only when desired by using 

visible light and needs no conditioning or ion-exchanger. 

Work is in progress to improve the limits of detection and extend this sensing mechanism to other 

cations. It is anticipated that the PAH polymer will replace the pH sensitive dye used in traditional 

optodes. Such sensors will be especially useful for controlled sensing where the sensor can be 

turned ON/OFF merely by flipping a switch. 
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CHAPTER 3 CHARACTERIZING THERMODYNAMIC PROTON RE-
CAPTURE PROCESS OF TWO DIFFERENT FUNCTIONALIZED 

METASTABLE-STATE PHOTOACID 

Reproduced with permission from P. K. Patel, V. K. Johns, D. M. Mills, J. E. Boone, P. Calvo-

Marzal, K. Y. Chumbimuni-Torres, “Tuning the Equilibrium Response Time of Meta-Stable 

Photoacids in Ion-Sensors by Appropriate Functionalization.” Electroanalysis, 2015, 27, 677-683. 

Copyright 2015 John Wiley and Sons.  

3.1 Abstract 

Herein, we present different functionalized meta-stable photoacids in ion-sensors to tune the 

equilibrium response time. As a proof of concept, two new meta-stable photoacids were 

synthesized, one contains an ether group and the other has an ester functional group. These 

functionalized meta-stable photoacids were elucidated in solution of ethanol and in ion-sensing 

films via pH and kinetic studies. In comparison from our previous work, the response time was 

reduced from hours to minutes by utilizing an ether functional group in the meta-stable photoacid. 

3.2 Introduction 

The last few decades have seen considerable progress in ion sensing electrodes and optodes.1–3 

Specifically in terms of improving the selectivity and detection limits at equilibrium and non-

equilibrium conditions, as discussed by Bobacka et al.4 Since ion-selective optodes provide 

“wireless” detection of ions, researchers have shown increased interest in developing these 
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sensors.5–9 Optodes are made of a plasticized polymer (that serves as a matrix support) containing 

an ion-exchanger (that maintains electroneutrality), an ionophore (that is selective to the ion of 

interest), and chromoionophore or pH indicator (that is selective to a reference ion (H+)).2 The 

detection of the analyte depends on mass transfer equilibria, which is dictated by the activity of 

the analyte and the reference ion.10–12 The changes in the optical property of the indicator relates 

to the activity of the ion of interest, and can be followed via absorbance and/or fluorescence 

spectroscopy.13–15 

Most optodes are passive in nature which limits control over the ion-exchange process.2,13 

Whereas, an active optode would be ideal for ion detection applications done locally. One possible 

way to make an optode active is by using photoactive compounds. While different research groups 

have used photoacid generators14 and spiropyrans (Sp)16,17 to achieve this, we have used meta-

stable photoacids (mPAHs).18 A distinction must  be made between photoacids (PAHs) and 

mPAHs. While both are reversible, PAHs release protons from an electronically excited state19; 

hence the proton recapture is too fast (in the order of nanoseconds to seconds) to be useful in 

diffusion mediated sensing. Alternatively, mPAHs photo- release protons from a meta-stable 

state.20,21 This state is sufficiently long-lived (in the order of minutes to hours) for the ion-exchange 

process to take place. 

In addition, mPAHs-based ion sensors can be remotely activated by visible light, do not suffer 

photo-fatigue20,21, and enable reversibility of the sensor18. However, in order for those advantages 

to be realized, further studies are required. One of the major issues we encountered previously was 



28 

 

the fact that the proton re-association took hours to reach the equilibrium, consequently the 

detection was performed under non-equilibrium conditions.18 

In order to achieve detection under equilibrium conditions, the photo-dissociated state of the 

mPAH should have a shorter lifetime (in the order of minutes). The stability of the photo-

dissociated form of the mPAH is likely dictated by electronic effects. As the mPAH we used was 

covalently attached to the polymer backbone by an ester linkage,18 we hypothesized that the 

electron withdrawing nature of the ester group at the meta position from the pyran oxygen could 

be extending the lifetime of the photo-dissociated state. We thus decided to study the effect of 

electron demand of the linker with respect to the mPAH to determine if the lifetime of the photo-

dissociated state could be shortened. 

Here, we present the synthesis of two mPAHs containing different functional groups, one has an 

ether group (PA-4Octadec) and the other has an ester group (PA-4Stearoyl). These functionalized 

mPAHs are characterized in solution and in the ion-sensing film. In addition, kinetic studies are 

presented to relate the effect of the functional group with the proton recapture process. 

3.3 Experimental 

3.3.1 Reagents 

2,4-Dihydroxybenzaldehyde, stearoyl chloride, high molecular weight poly(vinyl chloride) (PVC), 

terakis(4-chlorophenyl)borate tetradodecylammonium salt (ETH 500), N,N-dicyclohexyl-N,N-
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dioctadecyl-3-oxapentanediamide (calcium ionophore IV), triethylamine (Et3N), 1,3-dichloro-

1,1,3,3-tetramethyldisiloxane, and 2-nitrophenyl octyl ether (o-NPOE) were obtained from Sigma 

Aldrich, USA. Potassium iodide (KI), tris(hydroxymethyl) aminomethane (tris), ethanol (EtOH), 

acetonitrile (MeCN), hydrogen peroxide (H2O2), sulfuric acid (H2SO4), and hydrochloric acid 

(HCl) were obtained from Fischer Scientific, USA. Dichloromethane, ethyl acetate, hexane, and 

acetone were obtained from Macron, USA. Calcium chloride, 1-bromooctadecane, tetrahydrofuran 

(THF), and cyclohexanone were obtained from Acros, Belgium. Potassium carbonate anhydrous 

(K2CO3), and sodium sulfate anhydrous (Na2SO4) were obtained from Amresco, USA. 

Chloroform-D (CDCl3) and dimethyl sulfoxide-D6 (DMSO) were obtained from Cambridge 

Isotope Laboratories, Inc., USA. 

3.3.2 Instruments 

Absorption spectra were obtained using a UV-Visible spectrophotometer (Cary 50) from Varian, 

Australia. The light source for the photoreaction was a 470 nm LED array with 120 LEDs from 

Elixa, USA. NMR spectra were obtained with a NMR spectrometer (Avance III 400) of  400 MHz 

from Bruker, USA. The pH measurements were obtained with a pH meter (Orion Star A211) from 

Thermo Scientific, USA. The thickness of the ion-sensing films was measured using a 

profilometer (Tencor AlphaStep 500) from KLA Tencor, USA. DI water used to prepare solutions 

was purified by a water purification system with resistance of 18 MΩcm (PURELAB Ultra) from 

Siemens, USA. All experiments were carried out in the dark. 
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3.3.3 Synthesis 

Scheme 3-1 shows the steps for the synthesis of the two new mPAHs. 

3.3.3.1 Synthesis of 2-Hydroxy-4-(octadecyloxy)benzaldehyde) (1) 

1.0 g (7.2 mmol) of 2,4-dihydroxybenzaldehyde, 1.0 g (7.2 mmol) of K2CO3, 0.072 g (0.42 mmol) 

of KI, and 3.0 mL of dry acetone were added to a round bottom flask and refluxed under N2 for 30 

min until the solution became cloudy and pink. Then, 2.4 g (7.2 mmol) of 1-bromooctadecane and 

3.0 mL of dry acetone were added. The solution was refluxed overnight, quenched with water and 

filtered. The product was extracted in dichloromethane, dried with Na2SO4, and purified by column 

chromatography using 1 % ethyl acetate in hexane as the eluent. Yield (2.1 g, 74.8 %). H1 NMR 

(400 MHz, CDCl3), δ = 11.5 (s, 1H), 9.7 (s, 1H), 7.4 (m, 1H), 6.5 (m, 1H), 6.4 (m, 1H), 4.0 (t, 2H), 

1.8 (m, 2H), 1.4 (m, 2H), 1.2 (m, 30H), 0.9 (m, 3H). 

3.3.3.2 Synthesis of 2,3,3-Trimethyl-1-(3-sulfonatepropyl)-3H-indolium (2) 

Compound 2 was synthesized according to the literature procedure.21,22 

3.3.3.3 Synthesis of 4-Formyl-3-hydroxyphenyl stearate (3) 

1.0 g (7.2 mmol) of 2,4-dihydroxybenzaldehyde, 1.4 mL (9.9 mmol) of dry Et3N, 5.0 mL of dry 

acetone, and 25 mL of dry dichloromethane were added to a reaction flask under N2. The reaction 

mixture was immersed in an ice-bath and stirred for 10 min. After that, 2.2 mL (6.6 mmol) of 
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stearoyl chloride was added. The mixture was slowly raised to room temperature and allowed to 

stir overnight, then quenched with water, washed with brine (saturated salt water) and dried with 

Na2SO4. The product was then chromatographed using 1 % ethyl acetate in hexane as the eluent. 

Yield (1.37 g, 47.1 %). 1H NMR (400 MHz, CDCl3), δ = 11.2 (s, 1H), 9.9 (s, 1H), 7.6 (m, 1H), 6.8 

(m, 2H), 2.5 (t, 2H), 1.8 (m, 2H), 1.3 (m, 28H), 0.9 (m, 3H). 

3.3.3.4 Synthesis of ((E)-3-(2-(2-Hydroxy-4-(octadecyloxy)styryl)-3,3-dimethyl-3H-indol-1-
ium-1-yl)propane-1-sulfonate (PA-4Octadec) 

Compound 1 (0.26 mmol) and 2 (0.26 mmol) were added into 2 mL EtOH. The mixture was 

allowed to reflux overnight under N2. Orange solids were obtained on cooling, which were 

separated via filtration followed by washing the solids in cold EtOH, then 2 mL of dichloromethane 

followed by 10 mL of THF to provide the corresponding mPAH. Yield (0.095 g, 55.9 %). 1H NMR 

(400 MHz, DMSO), δ = 11.2 (s, 1H), 8.4 (d, 1H, J = 16.1 Hz), 8.2 (d, 1H, J = 9.0 Hz), 7.9 (d, 1H, 

J = 7.9 Hz), 7.7 (d, 1H, J = 7.2 Hz), 7.6 (d, 1H, J = 16.2 Hz), 7.5 (m, 2H), 6.5–6.4 (m, 2H), 4.6 (t, 

2H), 4.0 (t, 2H), 2.5 (t, 2H), 2.0 (m, 2H), 1.7 (s, 6H), 1.3–1.1 (m, 32H), 0.8 (m, 3H). 

3.3.3.5 Synthesis of (E)-3-(2-(2-Hydroxy-4-(stearoyloxy)styryl)-3,3-dimethyl-3H-indol-1-ium-1-
yl)propane-1-sulfonate (PA-4Stearoyl) 

Compound 2 (0.26 mmol) and 3 (0.26 mmol) were added into 5 mL MeCN. The mixture was 

allowed to reflux overnight under N2. Orange solids were obtained on cooling which were 

separated by filtration followed by washing the solids in copious amounts of hexane to provide the 

corresponding mPAH. Yield (0.050 g, 28.8 %). 1H NMR (400 MHz, DMSO), δ = 11.4 (s, 1H), 8.5 
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(d, 1H, J = 16.3 Hz), 8.3 (d, 1H, J = 8.7 Hz), 8.0 (m, 1H), 7.9 (m, 2H), 7.6 (m, 2H), 6.8 (m, 2H), 

4.8 (t, 2H), 2.6 (m, 4H), 2.2 (m, 2H), 1.8 (s, 6H), 1.6 (m, 2H), 1.2 (m, 28H), 0.8 (m, 3H). 

Scheme 3-1 Steps for the synthesis of mPAHs (PA-4Octadec and PA-4Stearoyl). 

 

3.3.4 Preparation of Ion-Sensing Films 

3.3.4.1 Silanization of Glass Slides 

The silanization procedure is similar to the previously reported literature with few modifications.23 

The glass slides were previously cut to fit the cuvette, which were washed in piranha solution for 

30 minutes at 90 °C (safety note: the piranha solution must be handled with caution). The glass 

slides were then thoroughly rinsed with deionized (DI) water and dried in a vacuum oven for 30 
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minutes. The clean glass slides were then silanized in a mixture of 1,3-dichloro-1,1,3,3-

tetramethyldisiloxane and dichloromethane for 3 hours at 50 rpm on an orbital shaker. The 

silanized glass slides were thoroughly rinsed with isopropanol and DI water, then dried again in 

the vacuum oven, and stored in a vacuum desiccator until use. 

3.3.4.2 Ion-Sensor Containing PA-4Octadec 

The sensor contains 0.49 mg of PA-4Octadec (15.0 mmol/kg), 1.80 mg of calcium ionophore (45 

mmol/kg), 0.86 mg of ETH 500 (15 mmol/kg), PVC (66.0 wt%), and o-NPOE (33 wt%). 

Cyclohexanone (800 µL) was added to dissolve all the components, and the mixture was vortexed 

for 30 minutes to obtain a homogeneous cocktail solution. Subsequently, 20 µL of cocktail solution 

was dropped onto silanized glass slides and stored in vacuum overnight. The thickness of the film 

formed was 9.07±0.22 µm. 

3.3.4.3 Ion-Sensor Containing PA-4Stearoyl 

The sensor contains 0.50 mg of PA-4Stearoyl (15 mmol/kg), 1.80 mg of calcium ionophore (45 

mmol/kg), 0.86 mg of ETH 500 (15 mmol/kg), PVC (66 wt%), and o-NPOE (33 wt%). 

Cyclohexanone was used to dissolve all the components, and the following procedure was the 

same as in Section 3.3.4.2. The thickness of the film formed was 7.10±0.52 µm. 
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3.3.5 Characterization of mPAHs 

3.3.5.1 pH Measurements 

To measure the pH for both mPAHs, PA-4Octadec (1.04 mg) and PA-4Stearoyl (0.97 mg) were 

dissolved in a mixture of 90 % EtOH and 10 % DI water, separately. Prior to irradiation with 

visible light (470 nm), the pH of the solution was recorded. Subsequently, the dissolved mPAHs 

were irradiated for 2 minutes and the pH was registered. From the data acquired, the pKa’s were 

calculated before irradiation for each mPAH. 

3.3.5.2 Kinetics Measurements 

Kinetics studies were performed by dissolving the mPAHs in EtOH (PA-4Octadec at the 

concentration of 21.6×10−6 M, and PA-4Stearoyl at 23.2×10−6 M) and irradiating for 2 minutes 

with visible light (470 nm). The rate of proton re-association was monitored by measuring the 

absorbance (of the reprotonated form) every 15 seconds for PA-4Octadec and every 15 minutes 

for PA-4Stearoyl, respectively. The molar absorptivities for both mPAHs in EtOH were calculated 

from the maximum absorbance obtained by acidifying the solution with 6.0 M HCl. 

The above procedure was also used to determine the time it takes for proton re-association for each 

mPAH in the ion-sensing film using a 0.025 M tris buffer at pH 7.40 (adjusted by 6 M HCl). 

All kinetic data were plotted as the maximum absorbance vs. time. 
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3.4 Results and Discussion 

 

Figure 3-1 1H NMR of PA-4Stearoyl for (A) before irradiation, and (B) after 2 minutes irradiation 

(470 nm). 

PA-4Octadec and PA-4Stearoyl were synthesized according to Scheme 3-1. PA-4Octadec was 

linked to a lipophilic alkyl chain via an ether functional group, whereas PA-4Stearoyl uses an ester 

as the linker. Initially, the mPAHs were studied by NMR spectroscopy to understand the photo‐

induced structural change and the effect of functional groups upon irradiation. Thus, spectra of 

PA-4Octadec in deuterated DMSO was collected before irradiation and after 2 min of irradiation. 
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The resulting spectral properties for both before and after irradiation showed no change. However, 

when PA-4Stearoyl was evaluated, a drastic change was observed (Figure 3-1A). Comparing the 

aromatic region of the spectra before and after irradiation showed the disappearance of the peak at 

11.4 ppm (loss of the proton from the –OH group). In addition, the bridging hydrogens at 8.55 and 

7.85 ppm disappeared and reappeared as multiplets between 7.19 to 6.43 ppm. This strong 

downfield shift is also indicative of the changes in structural configuration from a trans to a cis, 

which is further evidenced by a reduction of coupling constants from 16.3 Hz to 10.3 Hz. 

Moreover, the aromatic peaks shifted upfield after irradiation indicating a loss in conjugation. The 

spectrum (Figure 3-1B) after irradiation corresponds well with the structure of an anionic 

spiropyran.20 

The stability of the spiropyran could be dictated by the electron density at the pyran oxygen which 

influences the proton recapture rate of the mPAHs after irradiation. The NMR study indicates that 

the PA-4Stearoyl photo-dissociates into a stable anionic spiropyran, while PA-4Octadec may or 

may not be photoactive. To determine whether the PA-4Octadec photo-dissociates, a pH study was 

conducted before and after irradiation. 

The mPAHs (PA-4Octadec and PA-4Stearoyl) were dissolved in a solution of 90 % EtOH and 

10 % DI water, showed pHs of 5.95±0.25 and 5.17±0.15, respectively. The corresponding pKa’s 

were calculated to be 8.41±0.52 and 6.82±0.32, respectively. When the solutions were irradiated, 

the pH of the mPAHs dropped to 4.37±0.04 and 4.42±0.15 for PA-4Octadec and PA-4Stearoyl 
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respectively. This change in pH indicates that both mPAHs release their protons upon irradiation, 

thereby confirming photoactivity. 

 

Figure 3-2 Kinetics of mPAHs in EtOH after 2 minutes of irradiation (470 nm) for (A) PA-

4Octadec, and (B) PA-4Stearoyl. Left Figures are the response curve over time for both mPAHs 

obtained from its corresponding absorption spectra (right). (Inset: Plot of fitting the kinetic data in 

a second-order rate equation for both mPAHs) 
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Furthermore, kinetic studies were performed to understand the proton re-association rate of the 

mPAHs after irradiation. If the proton recapture process is the rate limiting step for the respective 

mPAHs, i.e. protonation of Sp− (Sp− + H+ → MeH) (MeH: protonated neutral merocyanine state; 

Sp−: photo-dissociated anionic spiropyran state), by the majority of the protons in the solution 

produced from the high-acidity state MeH (i.e. [H+] = [Sp−]). Then the kinetics should follow a 

2nd order rate equation20 

𝑑𝑑[𝑀𝑀𝑀𝑀𝑀𝑀]
𝑑𝑑𝑑𝑑

= 𝑘𝑘[𝑆𝑆𝑆𝑆−][𝐻𝐻+] = 𝑘𝑘[𝑆𝑆𝑆𝑆−]2        [3.1] 

If no other long-lived species are involved during this process, then [Sp−]=[MeH]T−[MeH] 

([MeH]T is the total concentration of mPAH), and Equation 3.1 can be intergrated to give Equation 

3.2.20 

1
([𝑀𝑀𝑀𝑀𝑀𝑀]𝑇𝑇−[𝑀𝑀𝑀𝑀𝑀𝑀])

= 𝑘𝑘𝑘𝑘 + 1
[𝑀𝑀𝑀𝑀𝑀𝑀]𝑇𝑇

         [3.2] 

Thus, the proton recapture process was monitored by UV-Vis spectroscopy after the mPAHs were 

irradiated for 2 min. The kinetics for both mPAHs in EtOH is shown in Figure 3-2, where the 

absorbance of PA-4Octadec (Figure 3-2A) and PA-4Stearoyl (Figure 3-2B) stabilized at 5 min and 

225 min, respectively. This evidence indicates that the time of proton re‐as sociation is much faster 

for PA-4Octadec than for PA-4Stearoyl. This could be the reason why the NMR spectra for PA-

4Octadec were similar before and after irradiation. The data provided from the kinetic experiment 

was fitted into Equation 3.2. And, as shown in the inset of Figure 3-2, the kinetics fits well into 

the 2nd order rate equation. The rate constant was calculated to be 2811.50 M−1s−1 with R2 of 
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0.9996 for PA-4Octadec (Figure 3-2A Inset) and molar absorptivity of 41158.2 M−1cm−1. On the 

other hand, PA-4Stearoyl exhibited 1971.70 M−1s−1 as the rate constant with R2 of 0.9994 (Figure 

3-2B Inset) and molar absorptivity of 23567.16 M−1cm−1. The fact that the kinetic data fits well 

into Equation 3.2 indicates that the protonation of Sp− is indeed involved during the rate-limiting 

step. 

 

Figure 3-3 Kinetics of mPAHs in ion-sensing film after 2 minutes of irradiation (470 nm) in 0.025 

M tris buffer solution at pH 7.40 for (A) PA-4Octadec (scans every 6 seconds), and (B) PA-

4Stearoyl (scans every 15 minutes). 

Likewise, the time for protons to re-associate for PA-4Octadec and PA-4Stearoyl in the ion-

sensing film was evaluated. Figure 3-3 shows the change in absorbance arising from the 

protonation of Sp− over time after the sensors were irradiated. The equilibrium response times 

were 8 min and 150 min for PA-4Octadec and PA-4Stearoyl in the ion-sensing film, respectively. 
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Scheme 3-2 Representation of the effect on the pyran oxygen due to the substituent groups. EWG: 

electron withdrawing group (Ester), EDG: electron donating group (Ether). 

 

As mentioned before, the proton re-association time was reduced from hours to minutes by the use 

of an ether functional group (PA-4Octadec) in place of the ester group (PA-4Stearoyl). This is 

likely because PA-4Stearoyl in its Sp– state is more stable after irradiation. The ester group 

withdraws electron density from the pyran oxygen (Scheme 3-2) and consequently reduces the 

tendency for the proton recapture by the pyran oxygen. On the other hand, PA-4Octadec is less 

stable in its deprotonated form because the ether group donates electron density to the pyran 

oxygen, hence speeding up the proton recapture process. Thus, PA-4Octadec has a short-lived 

photo-dissociated state. It is therefore clear that the lifetime of the photo-dissociated state is 
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dependent on the nature of the substituent (–R) meta to the pyran oxygen as represented in Scheme 

3-2. 

3.5 Conclusion 

For the first time, we tuned the proton re-association rate of mPAHs by appropriate 

functionalization. When compared to our previous work18, we were able to improve the response 

time from hours to minutes at pH 7.40. We envision that, by using mPAHs in ion-sensors, we can 

control the ion-exchange process that would ultimately lead to improved detection limits. 
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CHAPTER 4 VISIBLE-LIGHT ACTIVATED METASTABLE-STATE 
PHOTOACID IN ION-SELECTIVE OPTODE SENSORS FOR SODIUM 

AND CALCIUM IONS: EXPERIMENTAL AND THEORETICAL 
APPROACH 

Reproduced from P. K. Patel, K. Y. Chumbimuni-Torres, “Visible light-induced ion-selective 

optodes based on a metastable photoacid for cation detection.”, Analyst, 2016, 141, 85-89 with 

permission of The Royal Society of Chemistry. 

4.1 Abstract 

A new platform of ion-selective optodes is presented here to detect cations under thermodynamic 

equilibrium via ratiometric analysis. This novel platform utilizes a ‘one of a kind’ visible light-

induced metastable photoacid as a reference ion indicator to achieve activatable and controllable 

sensors. These ion-selective optodes were studied in terms of their stability, sensitivity, selectivity, 

and theoretical aspects. 

4.2 Introduction 

Ion selective optodes (ISOs) have been extensively studied to monitor different cations for 

biomedical and environmental applications.1–11 In recent years, there has been considerable interest 

to study ISOs that are activatable, reversible and controllable for their use in ion sensing 

applications that require localized detection of free ions without perturbing their surroundings.12–

15 Attempts have been made to convert the traditional passive mode ISOs into active mode by the 
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use of photoactive compounds such as spiropyrans and photoacid generators.16–19 However, the 

use of spiropyrans in an ISO requires UV light to activate the sensor, which can result in cellular 

damage when applied in biomedical applications.20 In addition, UV light photodegrades the active 

compound in the ISO, shortening the sensor's lifetime.13–17 Moreover, photoacid generators in an 

ISO undergo photolysis, making the sensor irreversible.18,19 To overcome photodegradation and 

irreversibility for such ISOs, we propose to use a ‘one of a kind’ visible light activatable and 

controllable ISO based on a metastable photoacid (mPAH) to detect cations under equilibrium 

conditions by ratiometric analysis. 

Scheme 4-1 Cation-exchange process of ISOs that utilize a (A) neutral basic indicator, and a (B) 

neutral acidic indicator. (In: neutral basic indicator; L: cation selective ionophore; R−: anionic 

additive; InH: neutral acidic indicator). 
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A typical ISO consists of a neutral basic indicator (In) that is selective to a reference ion (H+), an 

ionophore (L) that is selective to the cation of interest, and anionic additives (R−) that maintain 

electroneutrality in the plasticized polymer matrix (Scheme 4-1A).21–23 The response mechanism 

of these ISOs is dictated by mass transfer equilibria (cation-exchange process) between an organic 

(ISO) and an aqueous phase.24,25 Consequently, the detection of the cation of interest, after 

achieving thermodynamic equilibrium, is made by measuring the changes in the indicators’ optical 

properties, either by absorption or fluorescence spectroscopy.26 Nevertheless, prior to cation 

detection, these ISOs need an external source of protons for the cation-exchange process to 

proceed, resulting in a response mechanism with multiple steps. In contrast, the proposed 

tricyanofuran based mPAH (CF3PhTCF-PAH) acts as a neutral acidic indicator (InH), providing 

protons for the cation-exchange process. Considering that mPAH is a photoactive compound, it 

photodissociates its proton upon irradiation and thermally undergoes proton reassociation with a 

dissociated state that is sufficiently long-lived,27,28 thus eliminating the need for an external source 

of protons, while the dissociated state of the mPAH acts as an anionic additive to maintain 

electroneutrality within the ISO as shown in Scheme 4-1B.22 Hence, an ISO based on the proposed 

mPAH exhibits a one-step response mechanism. 

We have recently shown that merocyanine based mPAH linked to an acrylate polymer backbone 

can be utilized in an ISO to detect calcium ions.29 This merocyanine based mPAH is a neutrally 

charged acidic indicator which exhibits a longer equilibrium response time (in the order of hours). 

Consequently, the detection of calcium ions was performed under non-equilibrium conditions.29 

Moreover, we have shown that by modifying the merocyanine based mPAH with an appropriate 
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functional group (electron donating group), the equilibrium response time can be shortened to the 

order of minutes.30 However, the charged nature of the merocyanine based mPAH was optimal 

only with a polar plasticizer, such as 2-nitrophenyl octyl ether (o-NPOE), to reduce ion-pair 

formation that affects selectivity.29 o-NPOE absorbs under 400 nm, interfering with the absorbance 

peak of the deprotonated state merocyanine based mPAH, and inhibited ratiometric analysis. In 

contrast, the non-charged CF3PhTCF-PAH has shown ideal compatibility with a non-polar 

plasticizer, such as bis(2-ethylhexyl)sebacate (DOS) which does not interfere optically, allowing 

ratiometric analysis to further increase the sensor sensitivity and signal reproducibility.31 

4.3 Results and Discussion 

Scheme 4-2 Photoresponsive behaviour of CF3PhTCF-PAH when incorporated in an ISO. 
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As shown in Scheme 4-2, it is expected that CF3PhTCF-PAH within the ISO would undergo 

oxidative photoreaction under visible light irradiation, resulting in a stable carbanion state 

(CF3PhTCF-PA−) of the mPAH along with its photodissociated proton.32 Likewise, the 

photodissociated protons would be exchanged when exposed to cations of interest, as the 

CF3PhTCF-PA− state is sufficiently long-lived to allow for the diffusion mediated cation-exchange 

process. 

 

Figure 4-1 Stability of CF3PhTCF-PAH in ISOs for (A) calcium sensor in 0.5 M formate buffer at 

pH 4.5, and (B) sodium sensor in 0.3 M magnesium acetate buffer at pH 5.5. Absorbance was 

recorded at 470 nm. (ON state: after 1 minute irradiation with 470 nm; OFF state: after 25 minutes 

in the dark). 

CF3PhTCF-PAH was synthesized according to a literature procedure.32–34 The calcium and sodium 

ISOs proposed here contain CF3PhTCF-PAH (7.5 mmol kg−1), and calcium ionophore IV (22.5 
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mmol kg−1) or sodium ionophore X (7.5 mmol kg−1) within poly(vinyl chloride) (33 wt%) and 

DOS (66 wt%). 

At first, these ISOs were exposed to their respective buffer solutions without any cation of interest. 

As shown in Figure 4-1, the ISOs based on CF3PhTCF-PAH were stable over repeated activation 

cycles between the ON (deprotonated form) and OFF states (protonated form) without any loss of 

the absorbance signal, indicating no observable photodegradation. 

 

Figure 4-2 Absorption spectra of ISOs for 25 minutes in the dark after activation for different 

concentrations of (A) calcium ions in 0.5 M formate buffer at pH 4.5; concentrations (a) 0, (b) 1.0 

× 10−8, (c) 1.0 × 10−7, (d) 1.0 × 10−6, (e) 1.0 × 10−5, (f ) 1.0 × 10−4, and (g) 1.0 × 10−3 M, and (B) 

sodium ions in 0.3 M magnesium acetate buffer at pH 5.5; concentrations (a) 0, (b) 1.0 × 10−6, (c) 

1.0 × 10−5, (d) 1.0 × 10−4, (e) 1.0 × 10−3, (f ) 1.0 × 10−2, (g) 1.0 × 10−1, and (h) 1.0 M. 
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Figure 4-2 shows the absorption spectra of the ISOs based on CF3PhTCF-PAH towards different 

concentrations of calcium (Figure 4-2A) and sodium (Figure 4-2B) ions at thermodynamic 

equilibrium (25 minutes in the dark) once the ISOs were activated by visible light (470 nm) for 1 

minute. From both absorption spectra, it is observed that as the concentration of the cation of 

interest increases, there is a gradual decrease in the CF3PhTCF-PAH peak (470 nm) and a gradual 

increase in the CF3PhTCF-PA− peak (318 nm). These absorbance changes allow for ratiometric 

analysis (protonated and deprotonated absorbance peaks of the CF3PhTCF-PAH) to indirectly 

correlate the activity of the cation of interest. 

The experimental data obtained were then compared to the theoretical response function. The 

theoretical response function (eqn [4.1]), in terms of the activity of protons and the cation of 

interest, was generated from the ion-exchange equilibria (Scheme 4-1B). This was derived by 

utilizing mass balance (eqn [4-2] and eqn [4-3]), charge balance (eqn [4-4]), degree of 

deprotonation using the ratio of absorbance at 470 nm and 318 nm (eqn [4-5]), and the ion-

exchange equilibrium constant (eqn [4-6])) equations. This is analogous to that of traditional ISO 

theory which was established in the early 1990s.21–23 

Theoretical response function for cation: 

𝑎𝑎𝑀𝑀𝑧𝑧+ =  (𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒ℎ)−1 �
(1− 𝛼𝛼)𝑎𝑎𝐻𝐻+

𝛼𝛼
�
𝑧𝑧 [𝐼𝐼𝐼𝐼𝐼𝐼]𝑇𝑇(1−𝛼𝛼)

𝑧𝑧�[𝐿𝐿]𝑇𝑇− 𝑥𝑥𝑧𝑧[𝐼𝐼𝐼𝐼𝐼𝐼]𝑇𝑇(1−𝛼𝛼)�
𝑥𝑥     [4.1] 

Mass balance equations: 
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[𝐼𝐼𝐼𝐼𝐼𝐼]𝑇𝑇 = [𝐼𝐼𝐼𝐼𝐼𝐼] +  [𝐼𝐼𝐼𝐼]−         [4.2] 

[𝐿𝐿]𝑇𝑇 = [𝐿𝐿] + 𝑥𝑥[𝐿𝐿𝑥𝑥𝑀𝑀𝑧𝑧+]         [4.3] 

Charge balance equation: 

[𝐼𝐼𝐼𝐼−] = 𝑧𝑧[𝐿𝐿𝑥𝑥𝑀𝑀𝑧𝑧+]          [4.4] 

Degree of deprotonation (α): 

𝛼𝛼 =  [𝐼𝐼𝐼𝐼𝐼𝐼]
[𝐼𝐼𝐼𝐼𝐼𝐼]𝑇𝑇

=  𝐴𝐴− 𝐴𝐴𝐷𝐷
𝐴𝐴𝑃𝑃− 𝐴𝐴𝐷𝐷

          [4.5] 

Cation-exchange equilibrium constant (Kexch) for the neutral acidic indicator: 

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒ℎ =  �
[𝐼𝐼𝐼𝐼−]𝑎𝑎𝐻𝐻+

[𝐼𝐼𝐼𝐼𝐼𝐼]
�
𝑧𝑧 [𝐿𝐿𝑥𝑥𝑀𝑀𝑧𝑧+]
𝑎𝑎𝑀𝑀𝑧𝑧+[𝐿𝐿]𝑥𝑥

         [4.6] 

The subscript “T” indicates the total concentration of CF3PhTCF-PAH ([InH]T) and the ionophore 

([L]T). The activity of the cation of interest and the proton is denoted as aMz+ and aH+. Also, “x” 

and “z” denote the value of the ionophore chelating with the cation of interest and charge of the 

cation of interest, respectively. The ratio of absorbance for CF3PhTCF-PAH is denoted as A, the 

protonated state of CF3PhTCF-PAH in 1 M hydrochloric acid as AP, and the deprotonated state of 

CF3PhTCF-PAH in 1 M sodium hydroxide as AD; for 25 minutes in the dark after activation. 

As shown in Figure 4-3, the experimental data present a strong correlation with the theoretical 

response curve. From the resulting cation response curves, the experimental limit of detection 
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(LOD) for calcium and sodium ions was 2.6 × 10−6 M and 2.3 × 10−3 M, respectively. These values 

were obtained by intersecting two extrapolated segments of the response curve as indicated in the 

literature.35 Furthermore, the cation-exchange constant (log Kexch) for calcium and sodium ISOs 

was −9.3 ± 0.3 and −5.3 ± 0.1, respectively. The ionophore–cation complex ratio for calcium ISO 

was 3 to 1 and for sodium ISOs was 1 to 1.36,37 

 

Figure 4-3 Experimental (and) and theoretical (lines) responses of ISOs based on CF3PhTCF-PAH 

for the detection of (A) calcium, and (B) sodium ions for 25 minutes in the dark after activation (n 

= 3). 

It was hypothesized that ISOs which contain no anionic additive, cannot maintain constant ionic 

strength within the ISO.23 As a result, the cation-exchange constant cannot be retained, due to each 
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change in the activity of protons and the activity of the cation of interest.23 However, the changes 

in the ionic strength within the ISO based on CF3PhTCF-PAH, containing no additional anionic 

additive, were negligible as observed in the kinetic data for different concentrations of sodium ions 

(Figure 4-4), where stable responses over time were obtained at thermodynamic equilibrium. It is 

noteworthy that the interactions between the negatively and positively charged components for 

such an ISO do occur, after a certain threshold (1 − α > 0.5), as the ionic strength within the ISO 

changes drastically. Accordingly, higher concentrations of cations are not shown in Fig. 3 because 

the thermodynamic equilibrium was not maintained, and thus the upper detection limit was 6.3 × 

10−4 M and 0.6 M for calcium and sodium ions, respectively (at α = 0.5). 
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Figure 4-4 Kinetic study for ISOs based on CF3PhTCF-PAH at different concentrations of sodium 

ions in 0.3 M magnesium acetate buffer at pH 5.5. Scans every 30 second after activation; 

concentrations (a) 1.0 × 10−6, (b) 1.0 × 10−5, (c) 1.0 × 10−4, (d) 1.0 × 10−3, (e) 1.0 × 10−2, (f ) 1.0 × 

10−1, and (g) 1.0 M. 
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Figure 4-5 Selectivity response for (A) calcium (buffer: 0.5 M formate at pH 4.5), and (B) sodium 

(buffer: 0.3 M magnesium acetate at pH 5.5) ISOs towards interfering cations for 25 minutes in 

the dark after activation (n = 3). 

Furthermore, these ISOs based on CF3PhTCF-PAH were studied in terms of selectivity towards 

interfering cations (J) by a separate solution method.25,38 As shown in Figure 4-5, all interfering 

ions were highly discriminated for both ISOs, calcium (Figure 4-5A) and sodium (Figure 4-5B). 

Thus, the selectivity coefficient values for the calcium ISO towards magnesium, sodium and 

potassium ions were −3.8, −3.1 and −3.3, respectively. When compared to other ISOs, containing 

the same ionophore and spiropyran as the reference indicators, the selectivity coefficients were 

−2.9 (magnesium ion), −6.6 (sodium ion) and −8.9 (potassium ion).16 The log KM,J values for the 

sodium ISO towards potassium, calcium and magnesium ions were −4.5, −6.6 and −2.7, 

respectively. These values are comparable to the selectivity coefficient of sodium against the 

potassium ion (−2.4), calcium ion (−4.0) and magnesium ion (−4.1) containing spiropyran as a 
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reference indicator.16 The selectivity coefficient (log KM,J) values were calculated using eqn [4.7], 

and is analogous to that of ISO theory at α = 0.5.23 

Selectivity coefficient for interfering cations: 

𝐾𝐾𝑀𝑀𝑀𝑀
𝑜𝑜𝑜𝑜𝑜𝑜 =  𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒ℎ

𝐽𝐽

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒ℎ
𝑀𝑀  �

(1− 𝛼𝛼)𝑎𝑎𝐻𝐻+
𝛼𝛼

�
𝑧𝑧−𝑤𝑤 𝑤𝑤�[𝐿𝐿]𝑇𝑇− 𝑝𝑝𝑤𝑤[𝐼𝐼𝐼𝐼𝐼𝐼]𝑇𝑇(1− 𝛼𝛼)�

𝑤𝑤

𝑧𝑧�[𝐿𝐿]𝑇𝑇− 𝑥𝑥𝑧𝑧[𝐼𝐼𝐼𝐼𝐼𝐼]𝑇𝑇(1− 𝛼𝛼)�
𝑥𝑥       [4.7] 

The high discrimination observed may be due to the proton affinity towards CF3PhTCF-PA− 

(deprotonated form) to be greater than the binding energy of interfering cations by the respective 

ionophores. Consequently, these ISOs inhibit the competitive behaviour between the interfering 

cations and protons during the cation-exchange process, even at high concentrations. As a result, 

an ISO based on CF3PhTCF-PAH may also be utilized for practical purposes which demands 

negligible interactions towards interfering cations. 

4.4 Conclusion 

In conclusion, this novel visible light activatable and controllable ISO based on CF3PhTCF-PAH 

that does not exhibit photodegradation, showed good stability, selectivity and reproducibility. 

Furthermore, the responses of these ISOs towards calcium and sodium ions were standardized 

following the cation-exchange equilibria. Similarly, other cations can be detected using this 

platform by interchanging the ionophore within the polymer matrix. Also, we aim to optimize this 

type of ISO in terms of size reduction and sensitivity. Likewise, we expect that this novel mPAH 



57 

 

(CF3PhTCF-PAH) may act as a substitute to neutral basic indicators for their use in cation sensing 

applications that provide control using visible light as needed. 
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CHAPTER 5 SWITCHING FLUORESCENCE AND ACIDITY BY 
VISIBLE-LIGHT ACTIVATED METASTABLE-STATE PHOTOACID 

AND BODIPY IN SOLUTION 

Reproduced from P. K. Patel, J. E. Arias, R. S. Gongora, F. E. Hernandez, A. Moncomble, S. 

Aloïse, K. Y. Chumbimuni-Torres, “Visible light-triggered fluorescence and pH modulation using 

metastable-state photoacids and BODIPY.”, Physical Chemistry Chemical Physics, 2018, 20, 

26804-26808 with permission from the PCCP Owner Societies.  

5.1 Abstract 

Small changes in the pH gradient play a critical role in numerous biological and chemical 

pathways. Systems capable of monitoring and regulating these changes with high sensitivity and 

minimum photo-fatigue are in demand. Herein, we propose a visible light-triggered molecular 

system that allows for reversible regulation of acidity and fluorescence. This robust bi-functional 

system opens a new horizon towards novel studies that rely on small changes in acid-mediated 

controlled processes with high sensitivity. The two photosensitive compounds employed, a 

metastable-state photoacid (mPAH) and a boron-dipyrromethene (BODIPY) derivative, allow for 

consistent modulation of both fluorescence (based on the working principle of the inner filter 

effect) and pH (around a magnitude) over multiple cycles. 
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5.2 Introduction 

Organic photochromic molecules such as spiropyrans, azobenzenes or diarylethenes are 

compounds that undergo reversible structural changes when exposed to light.1–3 The 

physicochemical changes associated with the structural transformations of these compounds 

include variations in their optical properties, dipole moment, and/or conductivity.4–8 As so, pH 

sensitive photochromic compounds are attractive for applications concerning proton-transfer 

processes. Traditionally, spiropyrans have been used for this purpose.9 Nonetheless, these 

molecules require acidification using an external source of protons while activated with UV light 

to photoisomerize them from the spiropyran form (SP) to the merocyanine form (MC). The 

protonated merocyanine species obtained by this procedure (MCH+) is then sensitive to visible 

light (Scheme 5-1A). In practice, these conditions could prove challenging in terms of bio-

applicability and robustness. To circumvent these obstacles, a new class of visible light-triggered 

molecular switches called metastable-state photoacids (mPAHs) has been proposed.10 

In contrast to classical super photoacids,11 this new class of visible light-triggered mPAHs also 

allows for a large pH change with high efficiency and good reversibility. These novel mPAHs are 

designed by linking an electron-accepting (EA) moiety and a weakly acidic nucleophilic moiety 

(NuH) with a double bond (Scheme 5-1B).10 Under irradiation, the trans–cis photoisomerization, 

followed by a nucleophilic reaction between the two moieties, results in an efficient proton release. 

In the dark, the metastable-state relaxes to the initial conformation within a few seconds to hours, 

thus making it essential to study proton-transfer processes due to the long-lived nature of the 

metastable state.12–16 Due to their acidity-modulating capabilities, mPAHs have found applications 
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in hydrogels,17 ion-selective optodes,18,19 polymerization reactions,20 photo-activated ion-

channels,21 and waste management systems.22 

Scheme 5-1 (A) Photochromic equilibrium of spiropyran and external acidification to produce 

light triggered proton releasing merocyanine. (B) General scheme for mPAHs. (C) Acido-basic 

and photochromic equilibria between Mer-mPAH (protonated-open form), Mer-mPA- (conjugate 

basic-open form) and SP-mPA- (conjugate basic-closed form). 

 

Recently, a new class of multi-stimulus-responsive fluorescent molecular switches based on 

mPAHs has been shown.23 The authors provided a unique approach to covalently link a UV light 

activated fluorophore to the mPAH moiety. As mentioned before, the need of a UV light source to 
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induce fluorescence may likely compromise the robustness of the photonic device and its use in 

biological applications. 

Herein, we present a simple and robust pH and fluorescence modulating system that can be 

activated with visible light. This system is composed of a high quantum yield pH insensitive 

fluorophore (a boron-dipyrromethene (BODIPY) derivative)24–26 and a novel merocyanine-type 

mPAH (Mer-mPAH; Scheme 5-1C) acting as a molecular switch. By utilizing the concept of the 

inner filter effect,27 both the absorption and emission of BODIPY are modulated by the state of 

Mer-mPAH. The approach of using the inner filter effect has found success in improving pH-

dependent fluorescence sensitivity for other systems.28,29 Nonetheless, these systems do not exploit 

the benefits of mPAHs. 

5.3 Synthesis 

A lipophilic Mer-mPAH was synthesized according to the pioneering work of Shi et al. with few 

modifications to make the product more stable and compatible with organic solvents (Scheme C-

1 in Appendix C).10 
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5.4 Acido-basic equilibrium 

 

Figure 5-1 (A) pH dependent absorption spectra of Mer-mPAH (50 µM) in 0.1 M of different 

buffers in co-solvent (ethanol/water – 50/50) system. (B) Time-dependent absorbance spectra of 

Mer-mPAH (65 µM) in pure ethanol recorded every 0.1 minute after 470 nm light irradiation (ON) 

and in the dark (OFF). Inset: Changes in major absorption peaks between protonated and 

deprotonated forms of Mer-mPAH with respect to time. 
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First, the acido-basic equilibrium of Mer-mPAH (50 μM) was investigated by acquiring absorption 

spectra in 0.1 M Britton–Robinson (pH 2 to 7), 0.1 M Tris–HCl (pH 8 to 9) and 0.1 M Glycine–

NaOH (pH 10) buffers. Different buffers were used due to solubility issues at high pH in the co-

solvent (ethanol/water – 50/50) system. This experiment was performed to identify the spectral 

signatures of three acido-basic species (Scheme 5-1C). As shown in Figure 5-1A, a strong 

absorption band with a peak at 474 nm was predominant in acidic media (pH 2.18) with a distinct 

yellow colour. This intense and broad spectral feature was assigned to the unique protonated 

species Mer-mPAH. TD-DFT computations (Section C.3 in Appendix C) on optimized geometries 

(Figure C-7 in Appendix C) confirmed this statement. Although the theoretical transition energy 

seemed to be slightly overestimated (0.22 eV), the general shape of the absorption band was well 

reproduced (Figure C-8A in Appendix C). 

When the pH was increased, the absorption band peak of the protonated-open form decreased, and 

the two absorption band peaks at 284 nm and 556 nm increased (colour of the solution turned to 

light pink). These two absorption bands correspond to the two different conjugate basic forms of 

Mer-mPAH. The red shifted peak centered at 556 nm corresponds to the conjugate basic open-

form (Mer-mPA−), due to the electronic enhancement by the resonance of Mer-mPAH. The blue 

shifted peak centered at 284 nm is assigned to the conjugate basic-closed form (SP-mPA−), given 

that the resonance is broken at the chiral sp3 carbon center. Theoretical calculations allowed 

confirming the identity of the two species that give rise to the peaks in basic media (Figure C-8B 

and C in Appendix C). The red-shift that occurs upon deprotonation is well reproduced for Mer-
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mPA- (experimental: 0.39 eV, theoretical: 0.31 eV) and the shape of the absorption spectra of SP-

mPA- is well reproduced. 

With complete rationalization of acido-basic species, the thermodynamic acidity constant of Mer-

mPAH was then estimated to be 6.15 by following a literature protocol (Section C.4 in Appendix 

C).30 

5.5 Photochromism 

Next, the visible light-triggered photochromic behaviour of Mer-mPAH (65 μM) was examined in 

pure ethanol solution. It is evident from Figure 5-1B that in ethanol solution, the starting material 

is exclusively in its protonated-open form with a strong absorption band peak at 478 nm. Upon 

irradiation with visible light (470 nm), the yellow coloured solution turns colourless within a few 

seconds. This is the result due to the drastic decrease in the protonated-open form and reaching a 

photo-stationary state (Figure 5-1B, inset, blue region). Only the conjugate basic SP-mPA− form 

was observed, as attested by the increase of the 278 nm absorption band (analogous to the 284 nm 

band reported before) and the lack of the 556 nm shoulder. When irradiation of visible light was 

ceased, the peak at 478 nm appeared again, and the solution recovered its yellow colour. The 

exponential time constant for this recovery kinetic is 1.56 ± 0.01 minutes, which is indicative of 

the fast thermal back reaction via carbon–oxygen bond breaking followed by unfolding 

merocyanine isomerization with proton assistance.16 Using the ground state structures obtained 

theoretically, Mer-mPAH was found to be more stable than SP-mPA− (Section C.3 in Appendix 

C). Accordingly, the changes in Gibbs free energy between the photo-stationary (SP-mPA− form) 
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and ground (Mer-mPAH form) states were 87.8 kJ mol−1 in ethanol and 83.0 kJ mol−1 in aqueous 

solutions. To the best of our knowledge, this is the first theoretical report on the thermodynamics 

of mPAH. For comparison, based on theoretical thermodynamics reported for spiropyrans, the 

changes in Gibbs free energy between the photo-stationary (MC form, see Scheme 5-1A) and 

ground (SP form, see Scheme 5-1A) states are also positive values.31–36 Likewise, due to the more 

stable nature of Mer-mPAH, this difference in energy may likely assist the thermodynamic reverse 

process in darkness. 

To corroborate that protons have been released from the Mer-mPAH by visible light, pH 

measurements under irradiation were performed (Fig. C-10 in Appendix C). A 65 μM Mer-mPAH 

solution in ethanol/water (90/10) yielded an initial pH of 5.5. When visible light was switched ON, 

the pH of the solution decreased to 4.3, with a 1.20 ± 0.02 change. This is an important performance 

compared to previously reported mPAHs.10,12–15 These observations confirmed that the Mer-

mPAH has the ability to concomitantly release its protons while converting to its conjugate basic 

form using visible light. Likewise, when the visible light was switched OFF, the pH increased to 

its initial state, confirming the thermodynamic reversibility of the process. Moreover, a consistent 

magnitude of pH change can be modulated over multiple cycles with no observable photo-

degradation. 
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5.6 Visible light-triggered pH/fluorescence bi-molecular system 

 

Figure 5-2 (A) Absorption spectra for the optimized chromophore mixture (2.6 µM of BODIPY 

with 65 µM of Mer-mPAH) in pure ethanol without (black curve) and under visible light irradiation 

(red curve). Arrows indicate possible fluorescence from BODIPY (inner filter effect illustration). 

(B) Emission spectra (excitation at 495 nm) for BODIPY (2.6 µM) in pure ethanol with increasing 

Mer-mPAH concentration (a - i: 0, 1.3, 2.6, 5.2, 13, 26, 39, 52, 65 µM). Inset: Stern–Volmer plot 

for the ratio of fluorescence lifetime decays, where ‘‘τ0’’ and ‘‘τ’’ represent the lifetimes of 

BODIPY only and the mixture, respectively. (C) pH modulation by 470 nm light for an 

ethanol/water (90/10) solution containing the chromophore mixture (2.6 µM of BODIPY with 65 

µM Mer-mPAH) with respect to time. (D) Fluorescence modulation for the optimized 

chromophore mixture in pure ethanol: green curve refers to BODIPY only emission (Imax); black 

curve refers prior to visible light irradiation; red curve refers after 0.25 minute of visible light 

irradiation (ION); and blue dashed curve refers after 10 minutes in the dark (IOFF). Inset: 

Repeatability cycles. 

The objective of this study was to obtain an efficient visible light-triggered BODIPY fluorescence 

in parallel to pH modulation using Mer-mPAH through the well-known inner-filter effect.27 To 
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better understand the visible light-triggering of fluorescence in the chromophore mixture, we 

measured the absorption spectra for a blend of BODIPY (2.6 μM) and Mer-mPAH (65 μM) (Figure 

5-2A). In the dark, Mer-mPAH absorption is predominant, thus avoiding the BODIPY molecules 

to absorb the excitation light (495 nm) and consequently resulting in negligible fluorescence (Mer-

mPAH is poorly fluorescent, Figure C-11 in Appendix C). In this state, the fluorescence of 

BODIPY is OFF. Reversely, when the blend was exposed to visible radiation, Mer-mPAH 

converts to its conjugate basic forms with reduced absorbance in the visible region, thus allowing 

the BODIPY molecules to absorb the excitation light. In this state, the fluorescence of BODIPY is 

ON. 

As a matter of fact, the key points to design such a system are (i) a good overlap between Mer-

mPAH and BODIPY absorption bands and (ii) significant differences between extinction 

coefficients between acidic and basic species of Mer-mPAH. Consequently, we decided to 

investigate the best choice of concentrations for both molecules in the blend. Photochemical 

parameters of BODIPY are well known,24–26 and for ethanol solution, the absorption maximum is 

typically observed at approximately 500 nm (Figure C-12A in Appendix C). After testing different 

BODIPY concentrations in ethanol (excitation at 495 nm), we found that 2.6 μM yields a 

maximum emission intensity within the linear dynamic range at 509 nm (Fig. C-12B, inset, in 

Appendix C). Furthermore, as shown in Fig. 2B, ∼99% of BODIPY (2.6 μM) emission was 

inhibited when 25 equivalents of Mer-mPAH (65 μM) were used. In fact, the optimized choice of 

concentrations was contemplated by the differences in molar extinction coefficients of BODIPY 
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(98040 M−1cm−1) and Mer-mPAH (40138 M−1cm−1) (Figure C-13 in Appendix C). Therefore, 

excess Mer-mPAH was required to maximize fluorescence inhibition. 

To explore possible dynamic quenching of BODIPY fluorescence by Mer-mPAH, and to validate 

that the inner filter effect is the only responsible criterion for fluorescence inhibition, fluorescence 

lifetime measurements were performed for BODIPY (2.6 μM) with different concentrations of 

Mer-mPAH in ethanol solution (Figure 5-2B, inset; and Figure C-14, Table C-1 in Appendix C). 

The results showed no observable differences, which indicates that the fluorescence inhibition is 

intrinsically governed by the inner filter effect.27 

With the optimized concentrations of the chromophore mixture (BODIPY – 2.6 μM and Mer-

mPAH – 65 μM), the repetitive modulation of pH and fluorescence was investigated. Like the pH 

modulation study shown earlier for Mer-mPAH using visible light, this chromophore mixture in 

ethanol/water (90/10) solution displayed an identical pH change of 1.20 ± 0.01 over multiple cycles 

(Figure 5-2C). Moreover, this chromophore mixture in ethanol solution exhibits similar 

photochromic response when monitored by absorption with an exponential time constant for the 

recovery kinetic of 1.41 ± 0.01 minutes (Fig. C-15 in Appendix C). No observable changes were 

observed for solution containing BODIPY only. Finally, upon examination of fluorescence 

switching for this chromophore mixture in ethanol solution, ∼67% of emission after visible light 

irradiation was observed (Figure 5-2D) compared to the emission of BODIPY only. This is due to 

a part of excitation light (495 nm) being absorbed by the remaining protonated-open form of Mer-

mPAH after irradiation with visible light. This outcome underlines the fact that for future 
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development and the design of a mPAH, one must consider a strong absorption overlap between 

the initial form of mPAH and the fluorophore for the best inner filter effect. Likewise, upon visible 

light irradiation of mPAH, the inner filter effect will be eliminated. Thereby, allowing the 

fluorophore to absorb excitation light and emit as fluorescence. Moreover, the observed emission 

intensity was completely inhibited to its initial state after 10 minutes in the dark. Likewise, no 

photo-degradation was observed while performing fluorescence switching of this chromophore 

mixture by visible light over multiple times for more than two hours (Figure 5-2D, inset). With 

these cumulative results, Mer-mPAH has demonstrated its ability to modulate both pH and 

fluorescence by incorporating BODIPY in solution. 

5.7 Conclusions 

We have shown a novel visible light-triggered bimolecular system capable of simultaneously 

modulating pH and fluorescence. This system exhibits good photostability, and consistent pH and 

fluorescence changes over multiple cycles. This controllable system is expected to find 

applications in the study of pH dependent enzymes, pH sensitive drug tracking and release near 

cancerous sites, and improvement of the sensitivity of light stimulated sensing platforms for ions. 

The fluorescence modulation shown in the Mer-mPAH and BODIPY blend is the result of the 

inner filter effect. However, the switching of fluorescence is not as effective as the dynamic 

quenching mechanism.27 A better understanding of this family of chromophores and further 

investigation of ultrafast mechanisms in these systems are still necessary for more emissive 

mPAHs. This possibility is currently being explored in our laboratory. 
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APPENDIX A: SUPPORTING INFORMATION OF CHAPTER 2 
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Reprinted with permission from Johns, V. K.; Patel, P. K.; Hassett, S.; Calvo-Marzal, P.; Qin, Y.; 

Chumbimuni-Torres, K. Y., “Visible Light Activated Ion Sensing Using a Photoacid Polymer for 

Calcium Detection.”, Analytical Chemistry, 2014, 86, 6184-6187. Copyright 2014 American 

Chemical Society.  

A.1 Materials 

Calcium Ionophore IV (ETH 5234), poly (vinyl chloride) high molecular weight (PVC), o-

nitrophenyl octyl ether (o-NPOE), bis(2-ethylhexyl) sebacate (DOS) and tetrahydrofuran (THF) 

were provided from Sigma Aldrich (St. Louis, MO). Calcium, potassium sodium, magnesium, and 

cadmium chlorides, tris(hydroxymethyl)aminomethane and hydrochloric acid  were purchased 

from Fisher Chemicals (Fair Lawn, NJ). 

A.2 Instrumentation 

A 470 nm LED array with 56 10,000 mcd LEDs (Elixa, Ltd.) was used for irradiation. A UV-Vis 

spectrophotometer (Cary 50 Bio UV/Visible) from Varian, Australia; a spin coater (WS-650MZ- 

23NPP) from Laurell North Wales, PA; and a deionized water laboratory purification system 

(PURELAB Ultra) from Siemens, Orlando, FL. 

A.3 Preparation of sensing membranes 
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The ion-sensing optode membrane contains 9.74% (84.56 mmol/kg of photoacid unit) of polymer 

1, 8.48% (105.70 mmol/kg) of calcium ionophore IV, 27.26% PVC and 54.52% o-NPOE. THF 

was added and the mixture was vigorously shaken for 30 minutes to dissolve all the components. 

Subsequently, a 20 µL of the cocktail was added onto clean glass slides and spin coated for 2 

minutes at 600 rpm to form a thin optode membrane for UV-Vis analysis. The glass slides were 

previously cut to fit the cuvette, cleaned in an ethanol bath while being scrubbed with cotton swabs 

and dried under mild heat using a heat gun. 

A.4 UV-Vis spectrophotometer measurements 

UV-Vis measurements were done in 0.5 M Tris(hydroxymethyl)aminomethane solution at pH 7.40 

(pH was adjusted using 6.0 M HCl). Calibration curve was performed using different 

concentrations of calcium chloride solutions in the range of 1.0 x 10-5 to 1.25 M. First, a baseline 

was corrected using glass slide in buffer solution. Prior to irradiation, the sensing membrane was 

scanned in the buffer to obtain the absorbance maxima. Immediately, the sensing membrane was 

irradiated for 5 minutes at 470 nm to turn the system ON, and subsequently scanned. Then the 

sensing membrane was kept in dark for 35 minutes and scanned, the resulting spectra was referred 

as in the dark. The last two steps were repeated subsequently with increasing calcium 

concentrations. The absorbance registered was plotted against the log of the activity of calcium 

ions. Figure A-1 shows the change in absorbance for different concentrations of calcium ions after 

5 min activation at different times of ion-exchange process (5, 10, 20 and 35 min). 
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Figure A-1 Absorbance response of calcium-sensing optode membrane activated at 5 min and 

allowed for different ion-exchange times at a) 5, b) 10, c) 20 and d) 35 minutes in the dark at 

concentrations of calcium ions ranging from 1.0 x 10-5 to 1.25 M. In 0.5 M of 

tris(hydroxymethyl)aminomethane buffer at pH 7.40. 

A.5 Selectivity measurements 

For selectivity measurements a similar process was followed as described above. First, the signal 

was obtained in the buffer solution and then in the corresponding analyte (Ca2+, Na+, K+ and Mg2+) 

at different concentrations. 
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APPENDIX B: SUPPLEMENTARY INFORMATION OF CHAPTER 4 
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Reproduced from P. K. Patel, K. Y. Chumbimuni-Torres, “Visible light-induced ion-selective 

optodes based on a metastable photoacid for cation detection.”, Analyst, 2016, 141, 85-89 with 

permission of The Royal Society of Chemistry. 

B.1 Experimental Methods 

B.1.1. Reagents 

N,N-Dicyclohexyl-N′,N′-dioctadecyl-3-oxapentanediamide (Calcium ionophore IV), 4-tert- 

butylcalix[4]arene-tetraacetic acid tetraethyl ester (Sodium Ionophore X), high molecular weight 

poly(vinyl chloride)  (PVC), bis(2-ethylhexyl) sebacate (DOS), tetrahydrofuran (THF), sodium 

chloride, potassium chloride, calcium chloride, magnesium chloride, magnesium acetate 

tetrahydrate and sodium hydroxide were purchased from Sigma Aldrich, USA. Formic acid, 

hydrochloric acid and glacial acetic acid were purchased from Fisher Scientific, USA. Potassium 

hydroxide was purchased from Amresco, USA. Tricyanofuran based metastable photoacid 

(CF3PhTCF-PAH) was synthesized according to literature procedures.1-3 

B.1.2 Instrumentation 

The absorbance measurements were performed using a UV-Vis spectrophotometer (Cary 50 Bio 

UV/Visible) from Varian, Australia. The source of visible light irradiation was a 470 nm LED 

array with 120 LEDs from Elixa, USA. The thickness of the cation-selective optode membranes 

was measured using a profilometer (Tencor AlphaStep 500) from KLA Tencor, USA. Deionized 
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water used to prepare solutions for analysis was purified by a water purification system with 

resistance of 18 MΩcm (PURELAB Ultra) from Siemens, USA. The pH of the solutions was 

obtained with a pH meter (Orion Start A211) from Thermo Scientific, USA. All experiments were 

carried out in the dark. 

B.1.3 Preparation of Cation-selective optodes 

The calcium and sodium ion-selective optodes contains CF3PhTCF-PAH (7.5 mmol/kg), calcium 

ionophore IV (22.5 mmol/kg) and sodium ionophore X (7.5 mmol/kg), respectively, PVC (33 

wt%), and DOS (66 wt%). These components were dissolved in THF (0.8 mL) and shaken until 

the solution was homogenous. Subsequently, 20 μL of the cocktail solution was added onto clean 

silanized glass slides.4 The resultant ISO membranes were dried first in air for 1 hour (in the dark) 

and then stored in vacuum until use. The membrane thicknesses were between 35 – 45 μm.  

B.1.4 Response measurements 

The absorbance measurements were performed in 0.5 M formate buffer at pH 4.5 (pH was adjusted 

with 2.0 M KOH) for calcium-selective optode and 0.3 M magnesium acetate buffer at pH 5.5 (pH 

was adjusted with dilute acetic acid) for sodium-selective optode. First, a baseline was corrected 

using a clean silanized glass slide in buffer solution. Prior to irradiation, the cation-selective optode 

membrane was scanned in the buffer. Immediately, the sensing membrane was turned ON by 

irradiating with 470 nm visible light for 1 minute and subsequently scanned. Then, the sensing 
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membrane was kept in dark for 25 minutes (OFF state) and scanned. Afterwards, the buffer 

solution was changed and the last two steps were repeated four more times. 

The response for both cation-selective optode membranes towards its cation of interest and the 

kinetic experiment for sodium-selective optode membrane were performed similarly as mentioned 

above. First, the response (ON and OFF state) of the cation sensing membrane was obtained in 

buffer solution. Then, the last two steps were repeated with increasing cation concentrations 

(calcium chloride: 1.0x10-8 M to 1.0x10-3 M, and sodium chloride: 1.0x10-6 M to 1.0 M) in their 

respective buffer. This experiment was performed in triplicates. However, for the kinetic 

experiment, the response of the CF3PhTCF-PAH was obtained by scanning the sensing membrane 

every 30 seconds for 25 minutes after 1 minute irradiation (470 nm). 

B.1.5 Selectivity measurements 

These measurements were performed similarly as mentioned above in triplicates. The interfering 

cations used were magnesium, sodium and potassium for calcium-selective optode, and potassium, 

calcium and magnesium for sodium-selective optode. 

B.2 Supplementary References 

1. V. K. Johns, P. Peng, J. DeJesus, Z. Z. Wang, Y. Liao, Chem.-Eur. J., 2014, 20, 689. 

2. M. Q. He, T. M. Leslie, J. A. Sinicropi, Chem. Mater., 2002, 14, 2393. 
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3. S. Liu, M. A. Haller, H. Ma, L. R. Dalton, S. H. Jang, A. K. Y. Jen, Adv. Mater., 2003, 15, 603. 

4. P. K. Patel, V. K. Johns, D. M. Mills, J. E. Boone, P. Calvo-Marzal, K. Y. Chumbimuni-Torres, 

Electroanalysis, 2015, 27, 677. 

  



85 

 

APPENDIX C: SUPPLEMENTARY INFORMATION OF CHAPTER 5 
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Reproduced from P. K. Patel, J. E. Arias, R. S. Gongora, F. E. Hernandez, A. Moncomble, S. 

Aloïse, K. Y. Chumbimuni-Torres, “Visible light-triggered fluorescence and pH modulation using 

metastable-state photoacids and BODIPY.”, Physical Chemistry Chemical Physics, 2018, 20, 

26804-26808 with permission from the PCCP Owner Societies.  

C.1 Experimental Section 

C.1.1 Materials and Instrumentation 

Acetone, dichloromethane (DCM), hexanes, ethyl acetate, methanol, ethanol, glacial acetic acid, 

hydrochloric acid (HCl), sodium hydroxide (NaOH) and sodium bicarbonate were purchased from 

Fisher, USA. Benzoyl chloride, 2,4-dimethylpyrrole, boron trifluoroetherate, glycine, acetonitrile, 

and 2-ethylhexyl bromide were purchased from Acros, USA. 2,4-dihydroxybenzaldehyde and 

cyclohexyl methyl ketone were purchased from Alfa Aesar, USA. Phenyl hydrazine hydrochloride 

was purchased from TCI, USA. Potassium carbonate (K2CO3), tris(hydroxymethyl)aminomethane 

(Tris) and sodium sulfate were purchased from Amresco, USA. Potassium iodide (KI), sodium 

chloride (NaCl), boric acid, phosphoric acid, 1,3-propanesultone and triethylamine were purchased 

from Sigma-Aldrich, USA. Deuterated NMR solvents were purchased from Cambridge Isotope 

Laboratories, Inc., USA. BODIPY was synthesized according to literature procedure.1 

1H and 13C NMR spectroscopy were carried out with NMR spectrometer (Avance III 400) from 

Bruker, USA. Absorbance based experiments were performed using a UV-Vis spectrophotometer 

(Cary 50 Bio UV/Visible) from Varian, Australia. The source of visible light activation was a 470 
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nm 120 LED array (maximum average power of 1800 mW) from Elixa, USA. Deionized water 

used to prepare solutions for pH studies was purified by a water purification system with resistance 

of 18 MΩcm (Milli-Q Academic) from EMD Millipore Corporation, USA. The pH of the solutions 

was obtained with a pH meter (Orion Start A211) from Thermo Scientific, USA. Steady-state 

fluorescence experiments were performed using a spectrofluorometer (FluoroMax-4 

Spectrofluorometer) from Horiba Scientific, USA. Time-resolved fluorescence (lifetime decay 

profiles) studies were performed using a spectrofluorometer (FLS980 Spectrometer) equipped 

with a 470 nm ± 10 nm picosecond pulsed diode laser as the excitation source (EPL – 470 with a 

maximum average power of 5 mW) from Edinburgh Instruments, UK. The excitation wavelength 

of diode laser (EPL – 470) was 470 nm (Δλ = 1 nm), pulse duration was 92 ps, pulse spacing was 

fixed at 200 ps, and pulse repetition rate was 5 MHz. The emission wavelength selected was 509 

nm (Δλ = 1 nm) based on the steady-state fluorescence experiment. The fluorescence lifetime 

decay profiles were recorded until 2000 peak counts were reached for all ethanolic solutions (see 

Figure C-14 and Table C-1 for concentrations used) at room temperature. The decay profiles were 

corrected with background (instrument response function) and processed to determine the lifetime 

values obtained by global analysis (reconvolution) fitting using FAST Version 3.4.2. Software 

(Edinburgh Instruments, UK). All experiments were carried out in the dark unless mentioned 

otherwise. 

C.1.2 Synthesis 
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Scheme C-1 Synthetic route used to prepare Mer-mPAH. 

 

2-hydroxy-4-(2-ethylhexoxy)benzaldehyde (1): The synthesis of 1 was modified following 

literature procedure.2 In a 50 mL two-neck flask, equipped with a stir bar and a reflux condenser, 

was charged with K2CO3 (0.506 g, 3.656 mmol) followed by flame drying and purging with 

nitrogen gas (three times) the equipment setup. Under nitrogen gas, 2,4-dihydroxybenzaldehyde 

(1.000 g, 7.240 mmol) and dry acetone (8 mL) were added to the reaction flask, followed by raising 

the temperature to 65ºC. After 20 minutes, a solution of KI (10%) and 2-ethylhexyl bromide (2.438 

g, 7.312 mmol) in dry acetone (12 mL) was added dropwise to the reaction flask. After 15 hours, 

the reaction mixture was concentrated in vacuo, and excess 2-ethyl hexyl bromide was removed 

by distillation. The remaining organic residue was dissolved in minimal DCM and neutralized with 
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0.1 M HCl. The acid washes were extracted with DCM. Then, the organic phase was washed with 

brine (saturated NaCl), separated and passed through a drying column. After concentrating the 

organics in vacuo, the crude was purified by column chromatography (silica) in hexanes and eluted 

in 50% ethyl acetate in hexanes to afford a colorless oil. Yield (49%). 1H NMR (400 MHz, CDCl3): 

δ (ppm) = 11.48 (s, 1H), 9.70 (s, 1H), 7.42-7.40 (d, J = 8.67 Hz, 1H), 6.55-6.52 (dd, J = 2.32 Hz, 

J = 8.66 Hz, 1H), 6.42 (d, J = 2.29 Hz, 1H), 3.90-3.89 (d, J = 5.83 Hz, 2H), 1.77-1.71 (m, 1H), 

1.53-1.30 (m, 10H), 0.95-0.91 (m, 6H). 13C NMR (400 MHz, CDCl3): δ (ppm) = 194.24, 166.69, 

164.53, 135.14, 114.98, 108.80, 101.07, 71.05, 39.13, 30.40, 29.00, 23.77, 22.99, 11.04. 

2’-methylspiro[cyclohexane-1,3’-[3H]indole] (2): The synthesis of 2 was modified following 

literature procedure.3 In a 30 mL microwave reaction flask, equipped with a stir bar, was charged 

with cyclohexyl methyl ketone (1.003 g , 7.949 mmol) and glacial acetic acid (13.93 mL). This 

reaction mixture was sonicated for few minutes before adding phenyl hydrazine hydrochloride 

(1.138 g, 7.870 mmol). After 20 mins of microwave irradiation (150 psi, 200W), glacial acetic 

acid was removed in vacuo to result an orange residue. This residue was dissolved in DCM and 

neutralized with sodium bicarbonate. The organic phase was separated and washed three times 

with brine. Then, the organic phase was collected, dried with anhydrous sodium sulfate and the 

DCM was removed in vacuo to afford a red brown oil. Yield (77%). 1H NMR (400 MHz, CDCl3): 

δ (ppm) = 7.71-7.69 (d, J = 7.36 Hz, 1H), 7.56-7.54 (d, J = 7.54 Hz, 1H), 7.34-7.30 (td, J = 7.57 

Hz, J = 15.21 Hz 1H), 7.17-7.13 (td, J = 7.48 Hz, J = 14.98Hz, 1H), 2.27 (s, 3H), 1.98-1.73 (m, 

8H), 1.31-1.26 (m, 2H). 13C NMR (400 MHz, CDCl3): δ (ppm) = 187.65, 154.12, 144.48, 127.39, 

124.14, 124.13, 120.00, 57.77, 31.06, 25.21, 21.51, 16.02. 



90 

 

2’-methyl-1’-(3-sulfopropyl)spiro[cyclohexane-1,3’-[3H]indolium] inner salt (3): The synthesis 

of 3 was modified following literature procedure.4 In a 125 mL round bottom flask equipped with 

a stir bar, 2 (1.10 g, 5.517 mmol) dissolved in acetonitrile (55 mL) was added under nitrogen gas. 

Then, 1,3-propanesultone (0.741 g, 6.068 mmol) was added dropwise over a period of 30 minutes 

to the reaction mixture at room temperature under nitrogen gas. Afterwards, the reaction mixture 

was refluxed under nitrogen gas for 20 hours. Acetonitrile was then removed under vacuo and the 

crude was purified by column chromatography (silica) using 7% (v/v) methanol in DCM to remove 

unreacted 1,3-propanesultone. Both purple and brown fractions were combined and concentrated 

under vacuo, and used without further purification. NMR spectra could not be obtained. Crude 

yield (60 %). 

Mer-mPAH: The synthesis of Mer-mPAH was modified following literature procedure.5 In a 125 

mL round bottom flask, crude 3 (0.200 g, 0.622 mmol) was dissolved in anhydrous ethanol (25 

mL). Prior to immediate addition of 1 (0.267 g, 0.684 mmol) to the reaction mixture, it was first 

placed under high vacuum overnight. After addition, the reaction mixture was heated to reflux 

under nitrogen for 4 hours. Ethanol was removed in vacuo, and the residue was purified by column 

chromatography (silica, washed with 1% acetic acid in mobile phase) using 6% (v/v) methanol in 

DCM. All orange and pink fractions were collected and washed with aqueous 1.0 M HCl and 

extracted with DCM. The organic phase was separated and dried using anhydrous sodium sulfate. 

The clear reddish orange organic solution was concentrated in vacuo to afford a red solid. Yield 

(20%). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 11.34 (br. s, 1H), 8.76- 8.72 (d, J = 16.16 Hz, 

1H), 8.32-8.29 (d, J = 9.61 Hz, 1H), 8.13-8.11 (d, J = 7.43 Hz, 1H), 8.02-8.00 (d, J = 8.07 Hz, 1H), 
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7.66-7.60 (m, 2H), 7.53-7.49 (t, J = 7.48 Hz, J = 15.00 Hz, 1H), 6.59 (m, 2H), 4.78-4.74 (br. t, J = 

7.36 Hz, J = 14.99 Hz, 2H), 3.95-3.93 (d, J = 5.46 Hz, 2H), 2.69-2.66 (br. t, J = 5.95 Hz, J = 12.15 

Hz, 2H), 2.22-1.88 (m, 10H), 1.69-1.64 (m, 3H), 1.33-1.24 (m, 6H), 0.90-0.87 (m = 8H). 13C NMR 

(400 MHz, DMSO-d6): δ (ppm) = 165.77, 161.66, 148.25, 141.74, 141.35, 128.89, 127.43, 125.46, 

115.04, 114.80, 108.64, 106.97, 101.07, 70.56, 55.53, 47.31, 44.91, 38.37, 34.26, 29.72, 28.31, 

24.27, 24.20, 23.12, 22.40, 20.60, 13.85, 10.79 
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C.2 1H and 13C NMR spectra for 1, 2 and Mer-mPAH 

 

Figure C-1 1H NMR spectra of 1. 
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Figure C-2 13C NMR spectra of 1. 



94 

 

 

Figure C-3 1H NMR spectra of 2. 
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Figure C-4 13C NMR spectra of 2. 
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Figure C-5 1H NMR spectra of Mer-mPAH. 
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Figure C-6 13C NMR spectra of Mer-mPAH. 
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C.3 DFT/TD-DFT calculations 

All calculations were performed using the Gaussian 09 package.6 The visualizations were obtained 

using the Avogadro 1.2.0n software.7 All calculations including the geometry optimizations, the 

frequency calculations, and the time-dependent single point energy calculations were carried out 

with the B3LYP global hybrid functional using the 6-311++G (2d,p) basis set.8 Ethanol was 

accounted as an implicit solvent using the IEFPCM solvation model.9 

 

Figure C-7 Optimized geometries for ground state structure of (A) Mer-mPAH, (B) Mer-mPA-, 

and (C) SP-mPA- forms. 

C.3.1 Gibbs-free energy calculations 

The Zero-Point Energy (ZPE) corresponds to the energy of a system where the molecular 

vibrations that persist at 0K are taken into consideration.10 To obtain the Gibbs-free energies of 

mPAH in its different states, we performed frequency calculations on the optimized structures of 
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Mer-mPAH, Mer-mPA-, and SP-mPA-. Then, the energy of the system in its different states was 

computed as follows: 

∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑍𝑍𝑍𝑍𝑍𝑍𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  −5446010.5 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚     [C.1] 

∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚− =  𝑍𝑍𝑍𝑍𝑍𝑍𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚−  +  ∆𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻+ = �−5444831.6 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� + �−1104.5 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� =

 −5445936.1 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚          [C.2] 

∆𝐺𝐺𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚− =  𝑍𝑍𝑍𝑍𝑍𝑍𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚−  +  ∆𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻+ = �−5444818.3 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� + �−1104.5 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� =

 −54445922.761 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚          [C.3] 

All the ΔG were normalized to ΔG Mer-mPAH as follows: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃 −  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  0 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚   [C.4] 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚− =  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚− −  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  74.4 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚  [C.5] 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∆𝐺𝐺𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚− =  ∆𝐺𝐺𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚− −  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  87.8 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚   [C.6] 

Note that the energy of a solvated proton must be added to the Mer-mPA- and SP-mPA- forms in 

order to make all the Gibbs free energies comparable. The value for the Gibbs free energy for a 

solvated proton in aqueous media was obtained from Tissander et al seminal work on solvated 

ions.11 Unfortunately, there is no paper that follows Tissander et al procedure on calculating the 

Gibbs free energy of a solvated proton in ethanol via cluster calculations. Nonetheless, Markovic 

et al provide Gibbs free energy calculations for a solvated proton in ethanol (and many other 
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solvents) using accurate calculations.12 Although their work does not feature a fully comprehensive 

solvation model for the proton, it does go on to show that the Gibbs free energies for solvated 

protons are not so far in water and in ethanol (-1055.8 kJ/mol and -1064.9 kJ/mol, respectively). 

Hence, we choose to approximate the solvation Gibbs free energy for a proton in ethanol, or in an 

ethanol-water mixture, by the highly accurate reported value by Tissander et al. It is important to 

recognize that the predicted energy for the Mer-mPA- might have a significant error, since the 

model does not seem to be able to fully account for its electronic structure (refer to Figure C-8B). 

For completion, we repeated the same process for an aqueous solution. All structures were 

optimized with B3LYP/6-311++G(2d,p) accounting for water as a solvent using the IEFPCM 

model. A frequency calculation using those same parameters was performed to obtain the ZPE-

corrected Gibbs-free energies. The energy of the system (in water) in its different states was 

computed as follows: 

∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑍𝑍𝑍𝑍𝑍𝑍𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  −5446016.3 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚     [C.1] 

∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚− =  𝑍𝑍𝑍𝑍𝑍𝑍𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚−  +  ∆𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻+ = �−5444833.3 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� + �−1104.5 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� =

 −5445937.8 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚          [C.2] 

∆𝐺𝐺𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚− =  𝑍𝑍𝑍𝑍𝑍𝑍𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚−  +  ∆𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻+ = �−5444828.8 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� + �−1104.5 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� =

 −5445933.3 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚          [C.3] 

All the ΔG were normalized to ΔG Mer-mPAH as follows: 
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𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  0 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚   [C.4] 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚− =  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚− −  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  78.5 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚  [C.5] 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∆𝐺𝐺𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚− =  ∆𝐺𝐺𝑆𝑆𝑆𝑆−𝑚𝑚𝑚𝑚𝑚𝑚− −  ∆𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  83.0 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚   [C.6] 

C.3.2 Correlation between experimental and theoretical absorbance spectra 

 

Figure C-8 Overlap of the normalized experimental absorption spectra (black line) and the shifter 

computed spectra (blue line; more details provided below) for (A) Mer-mPAH, (B) Mer-mPA-, 

and (C) SP-mPA- forms. 

The first 40 excited states for Mer-mPAH, Mer-mPA-, and SP-mPA- forms were calculated using 

time-dependent DFT on the previously optimized structures. The scales for the theoretical Mer-

mPA- spectra seem disproportionate because there is a significant population of the mPAH in its 

SP-mPA- conformer (evidenced by the peak at 287 nm in the Mer-mPA- experimental spectra). If 

the experimental spectra contained solely Mer-mPA-, the scales would be in better agreement. For 

example, refer to the spectra of the SP-mPA-. The experimental spectrum shows no mPAH in its 
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Mer-mPA- conformer (peak at 554 nm) and a negligible amount of mPAH in its Mer-mPAH 

conformer (peak at 474 nm). As a result, the scales of the theoretical and experimental spectra are 

much closer. 

The spectra in Figure C-8A were normalized to the peak corresponding to the Mer-mPAH form in 

the experimental spectrum in 100% ethanol. The theoretical spectra required a shift of -0.221 eV 

to match the experimental first electronic transition (from 437.91 nm to 474.91 nm). A FWMH of 

0.21 eV was required to provide the best possible overlap. 

The spectra in Figure C-8B were normalized to the peak corresponding to the Mer-mPA- form in 

the experimental spectrum in ethanol/water (50/50). The theoretical spectra required a shift of -

0.282 eV to match the experimental first electronic transition (from 492.21 nm to 554.21 nm). A 

FWMH of 0.10 eV was required to provide the best possible overlap. 

The spectra in Figure C-8C were normalized to the lowest energy electronic transition of the 

experimental spectrum in 100% ethanol. The theoretical spectra for SP-mPA- required a shift of 

0.178 eV to match the experimental first electronic transition (from 300.24 nm to 287.23 nm). A 

FWMH of 0.33 eV was required to provide the best possible overlap. 

The overlaps are good except in the case of Mer-mPA- form (Figure C-8B), where the transition 

corresponding to a shoulder in the experimental spectra is predicted to be at a considerable distance 

from the transition of lowest energy. As a result, the theoretical spectrum creates a new peak 

instead of a shoulder. This could be linked to the FWMH that is quite small in this case. A larger 
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FWMH should merge these two peaks and lead to a better agreement. The inversion of the relative 

intensities of the two lowest transitions could also be an artifact due to a too crude model 

(B3LYP/6-311++G (2d,p)) or to the use of ethanol as the only solvent. Further investigations are 

required to give more insight on these issues. 

C.4 Determination of thermodynamic acidity constant 

The ground state acidity constant (pKa) of metastable-state photoacid (mPAH) is determined by 

the following thermodynamic reaction provided below. 

 

Likewise, Henderson-Hasselbalch equation [C.7] was correlated with degree of protonation [C.8]. 

Accordingly, mass-balance equation [C.9] was used to modify Equation [C.7] to [C.10]. 

Henderson-Hasselbalch equation based of mPAH equilibrium reaction: 

𝑝𝑝𝑝𝑝 = 𝑝𝑝𝐾𝐾𝑎𝑎 + 𝑙𝑙𝑙𝑙𝑙𝑙 [𝐼𝐼𝐼𝐼−]
[𝐼𝐼𝐼𝐼𝐼𝐼]

          [C.7] 

Degree of protonation, “α”: 

𝛼𝛼 =  [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]
[𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]𝑇𝑇

=  𝐴𝐴− 𝐴𝐴𝐷𝐷
𝐴𝐴𝑃𝑃−𝐴𝐴𝐷𝐷

         [C.8] 
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Degree of protonation is defined as the ratio of acidic-open form mPAH, where subscript “T” 

signifies total concentration of mPAH. Likewise, the concentrations of acidic-open form mPAH 

can be related to absorbance as denoted by “A”. The symbols “AD” and “AP” represents 

absorbance values of acidic-open form mPAH absorption peak when it is fully deprotonated and 

fully protonated. 

Mass-balance equation: 

[𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]𝑇𝑇 = [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚] + [𝑚𝑚𝑚𝑚𝑚𝑚−]        [C.9] 

Modified Henderson-Hasselbalch equation: 

𝑝𝑝𝑝𝑝 = 𝑝𝑝𝐾𝐾𝑎𝑎 + 𝑙𝑙𝑙𝑙𝑙𝑙 �(1− 𝛼𝛼)
𝛼𝛼

�         [C.10] 

This theoretical equation was derived by rearranging [C.7] by incorporation of both [C.8] and 

[C.9], and was used to fit the experimental for estimating the pKa of Mer-mPAH. 
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Figure C-9 Correlation between theoretical fitting and the obtained experimental data to estimate 

the thermodynamic acidity constant. 
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C.5 Additional Figures and Table 

 

Figure C-10 Modulation of pH by 470 nm light over multiple cycles with respect to time for an 

ethanol/water (90/10) solution containing 65 µM of Mer-mPAH. 
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Figure C-11 Emission spectra for ethanol solution containing Mer-mPAH (6.50x10-5 M) only. 

Excitation wavelength 478 nm was used. 
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Figure C-12 Optical characteristics for different concentrations of BODIPY in ethanol. A) 

Absorbance spectra. B) Emission spectra (excitation wavelength was 495 nm) with calibration plot 

to illustrate self-quenching behaviour (Inset). 
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Figure C-13 Absorbance-based calibration plot for ethanol solutions containing different 

concentrations of A) Mer-mPAH (1.30x10-6 M, 2.60x10-6 M, 5.21x10-6 M, 1.30x10-5 M, 2.60x10-

5 M, 3.90x10-5 M, 5.20x10-5 M and 6.50x10-5 M), and B) BODIPY (1.04x10-9 M, 1.04x10-8 M, 

5.21x10-8 M, 1.04x10-7 M, 5.21x10-7 M, 1.04x10-6 M, 1.04x10-6 M, 1.56x10-6 M, 2.08x10-6 M, 

2.60x10-6 M, 5.21x10-6 M, 1.04x10-5 M, 1.56x10-5 M and 2.08x10-5 M). 
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Figure C-14 Lifetime decay profiles for ethanol solutions containing fixed concentration of 

BODIPY (2.60x10-6 M) with different concentrations of Mer-mPAH. 
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Table C-1 Lifetime decay data for different concentration of Mer-mPAH with fixed concentration 

of BODIPY. 

[Mer-mPAH] + 2.6x10-6 M BODIPY τ (ns) 

0 M 3.317 [a] 

1.3x10-6 M 3.328 

2.6x10-6 M 3.321 

5.2x10-6 M 3.320 

1.3x10-5 M 3.326 

2.6x10-5 M 3.294 

3.9x10-5 M 3.316 

5.2x10-5 M 3.295 

6.5x10-5 M 3.315 

[a] τ0 
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Figure C-15 Absorbance-based experiments for ethanol solution containing A) 6.50x10-5 M of 

Mer-mPAH, B) 6.50x10-5 M of Mer-mPAH with 2.60x10-6 M of BODIPY (in green: absorbance 

spectra of 2.60x10-6 M of BODIPY), and C) Kinetic plots for a solution of 6.50x10-5 M Mer-

mPAH only (in black, λabs = 478 nm), 2.60x10-6 M BODIPY with 6.50x10-5 M Mer-mPAH (in 

red, λabs = 478 nm), and 2.60x10-6 M BODIPY only (in green, λabs = 500 nm) (ON region signifies 

visible light activation by 470 nm light, while the OFF region signifies in the dark). 
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