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Photochromism is a phenomenon where two isomers with markedly different 

absorption spectra are interconverted by a reversible photochemical reaction. The 

photochromism of 1’,3’,3’-trimethyl-6-nitrospiro[2H-1]-benzopyran-2,2’-indoline (NSP) 

and 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-cyclopentene) 

(DAE) was studied in aqueous solutions containing NaCl and the bile salts sodium 

cholate (NaC), sodium deoxycholate (NaDC) or sodium taurocholate (NaTC).  

Bile salts are amphiphilic compounds that aggregate in water. These aggregates 

can solubilize hydrophobic organic compounds in water and affect the reactivity of the 

bound compounds. NSP and DAE are photochromic compounds that can be switched 

between a colored and a colorless isomer. The colored isomer of DAE can only be 

transformed into the colorless form by irradiation of light, while the colored isomer of 

NSP is also converted into the colorless form by a dark reaction. 

The dark reaction rate constant of NSP increases at high concentrations of bile 

salt and NaCl. The bile salt structure also affects the dark reaction rate constant, which is 

smaller in NaTC and approximately the same in NaC and NaDC. The activation energy 

for the reaction in all conditions studied is similar to the value reported for polar organic 

solvents. 
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A method that employs HPLC was developed to determine the molar absorptivity 

coefficients of photochromic compounds. The values obtained were important to 

determine the quantum yields for photocoloration (ΦAB) and photodecoloration (ΦBA). 

Quantum yield values were determined by a photokinetic method that employs irradiation 

at a single wavelength and numerical analysis. The values of ΦAB and ΦBA for DAE in 

bile salts are the same as the values in cyclohexane. For NSP, ΦAB is dependent on the 

structure of the bile salt and increases in the order NaTC < NaC < NaDC. 
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1 Introduction 
 

1.1 Photochromism 
 

Photochromism is the reversible photochemical transformation of a chemical 

species between its two isomers, A and B, which exhibit different absorption spectra.1,2 

The term “Photochromism” literally means “coloration by light”, although it is known 

that this phenomenon may happen beyond the spectral range of visible light and applies 

to systems that absorb from the far UV to the IR.1,3 In addition to the optical changes, 

other physicochemical properties undergo modification,1,4 such as the refractive index, 

dielectric constant, oxidation/reduction potential, and geometrical structure.4 

The first reports of photochromism date to the end of the 19th century and describe 

the change in color of some substances with daylight.1,3 Nowadays, several families of 

compounds are known to exhibit photochromic properties, including spiropyrans, 

chromenes, fulgides and diarylethenes.1 

In biological systems, photochromic proteins play a fundamental role in many 

processes, such as photosynthesis, photoperiodism and visual perception.5,6 For instance, 

the initial process that later leads to the visual nervous impulse is the photochromic 

transformation of retinal from a 11-cis isomer to an all-trans configuration.5  
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1.2 Characteristics of Photochromic Systems 
 

A photochromic reaction is reversible and light is required for one or both the 

forward and reverse reactions: 

 

The fundamental parameter that characterizes the photochemical path is the 

reaction’s quantum yield. Consider isomer A in the ground state. After light is absorbed, 

an excited singlet or triplet state is formed. The excited molecule A* can either undergo a 

chemical transformation or be deactivated by internal conversion, intersystem crossing or 

fluorescence. The quantum yield is the fraction of absorbed photons that leads to a 

chemical transformation; a quantum yield close to 1 represents a highly effective system 

in which deactivation of the excited state is not significant. 

Product B can be formed either in the ground or excited state. When there is a 

change between energy surfaces in the course of the reaction, B is formed in the ground 

state and the process is called diabatic. If the reaction happens on the same energy 

surface, B is formed in the excited state and the process is called adiabatic (Scheme 

1.1).7,8  
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Scheme 1.1: Energy surface diagram for a diabatic and adiabatic photochemical 

transformation of A into B. 

 

The quantum yield is related to the fate of the molecule after excitation, but gives 

no information about how efficiently the molecule absorbs the incident light. For this 

reason, another important parameter in the description of a photochromic system is the 

molar absorptivity of the species involved. The determination of both parameters is not 

trivial, since in many cases it is not possible to isolate the two isomers. Therefore, for the 

conversion of a colorless isomer into a colored one upon irradiation, a parameter called 

colorability (A0(λ)) is commonly used. The colorability is the absorbance immediately 

after the reaction and is proportional to the quantum yield (Φ), the molar absorptivity 

coefficient of the colored isomer (εB) and the concentration of the colorless isomer (cA). 

The light flux is included in the constant k.1,9 

AB0 )( ckA ελ Φ=  1 
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The transformation of B into the thermodynamically stable isomer A can happen 

exclusively through a photochemical path or include a dark reaction. These two different 

types of reaction are called photochromism of type P and T, respectively. The majority of 

photochromic systems exhibit positive photochromism, which means the more stable 

isomer A is colorless or pale yellow and is transformed into the color isomer B upon 

irradiation. However, there are some systems that present negative photochromism 

described in the literature.10-14 In these cases, the more stable isomer is colored and is 

formed spontaneously in the dark. The color is bleached by irradiation of UV or visible 

light. A few spiropyrans, especially those bearing free hydroxy, carboxy or amino groups, 

exhibit negative photochromism.10 The phenomenon is related to the stabilization of the 

colored isomer, which is a zwitterionic merocyanine. This stabilization can also be 

achieved by using highly polar solvents, acidic medium10,13 or by attaching the 

photochromic compound to nanoparticles.12  In the case of negative photochromism 

induced by cadmium sulphide nanoparticles, the stabilization seems to be due the 

electrostatic interaction of the merocyanine ligand and the nanoparticle’s defects.12 

Decomposition reactions can happen concomitantly with the isomerization. This 

chemical degradation interferes with the photochromic activity and is called fatigue. The 

fatigue resistance of a photochromic compound is a measurement of how many 

isomerization cycles can be performed without significant decomposition. Side reactions 

can limit the use of a photochromic compound in many applications. The replacement of 

silver halides with organic photochromic molecules in the fabrication of photochromic 

ophthalmic lenses, for example, was possible after a indolinonaphthoxazine having a 

unique photostability was patented.15  
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Some photochromic compounds are also thermochromics. Thermochromism is a 

reversible change of color that is thermally induced. Spiropyrans and spirooxazines are 

examples of widely studied photochromic compounds that exhibit thermochromism.1 

 

1.3 Photochromism of spiropyrans 
 

The photochromic properties of spiropyrans were first reported by Fischer and 

Hirshberg in 1952.16 They observed that the colored form of 1,3,3-trimethylindoline-2-

spiro-6'-(2',3'-β-naphthopyran) could be obtained either through heating the solution or 

through irradiation at low temperature (Figure 1.1). 

 

Figure 1.1: 1,3,3-trimethylindoline-2-spiro-6'-(2',3'-β-naphthopyran) whose 

photochromism was studied by Fischer and Hirshberg. 16 

 

Spiropyrans exhibit a photochromism of type T. When the closed-ring molecule is 

irradiated with UV light, a heterolytic cleavage of the bond between the oxygen and the 

spirocarbon occurs. The merocyanine formed has a series of conjugated double bonds, 

which shifts the absorption spectrum to the visible range. The reaction is reversible, and 

occurs either photochemically or in the dark. Many spiropyrans are also thermochromic, 

which means that a photobleached solution will become colored after ceasing the 

irradiation.17-19 The compound studied and presented in this thesis, the 1’,3’,3’-trimethyl-

6-nitrospiro[2H-1]-benzopyran-2,2’-indoline (NSP), has this characteristic (Scheme 1.2). 
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NSP_a NSP_b 

Scheme 1.2: Photochromic and thermochromic reactions of NSP. Space-filling structures 

were created using SPARTAN’06 - Molecular mechanics, MMFF force field. 

 

The thermal equilibrium between the colored and colorless isomers is largely 

affected by substituents on the pyran ring. The introduction of a nitro group in position 6 

to give the compound shown in Scheme 1.2 causes an increase in the percentage of 

colored isomer at equilibrium from 3.0 × 10-5 % to 5.3 × 10-3 % in propanol at 0oC.20 

Also, the photocoloration quantum yield increases from 0.006 to 0.3 and the activation 

energy for the conversion of colored to colorless isomer increased from 17 kcal/mol to 22 

kcal/mol.20  

The spirocarbon in a spiropyran separates the molecule into two parts that are in 

an orthogonal position. When the C-O bond is broken the structure is rearranged in a 

planar geometry. The planarity is a requirement for conjugation. In fact, thermochromism 

is prevented in spiropyrans with hindered structure that precludes the formation of a 
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planar merocyanine. As an example, consider the two naphthospiropyrans 1a and 2a in 

Scheme 1.3.  Thermochromism is only observed for 1a because the formation of 2b is 

inhibited due to steric requirements of the methyl group. 21 

	
  

Scheme 1.3: Steric effects on the thermochromism of two naphthospiropyrans. Adapted 

from reference 21. 

 

The colored product of spiropyrans can exist as an equilibrium of stereoisomers, 

as confirmed by several studies conducted at low temperature.17,18,20,22 This equilibrium is 

reached in less than 10 ps after excitation for unsubstituted spiropyrans.23 In principle, 

eight conformers having a quinoid or zwitterionic character are possible.23 In polar 

solvent at ambient temperature the zwitterionic trans form of NSP_b (Scheme 1.2) is 

believed to be the most stable one.24  

The UV irradiation of nitrosubstituted spiropyrans in nonpolar solvents can lead 

to the formation of aggregates containing the spiropyran A and the merocyanine B.25 

Krongauz et al.26,27 reported the formation of AB dimers and AnB (n = 2, 3) charge 

transfer complexes. The absorption spectra of the charge transfer complexes are red-
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shifted 100 nm compared to the spectrum of the dimer. The relative amount of AB and 

AnB species formed depends on the irradiation light intensity and temperature, since the 

formation of AnB from AB and A has an activation energy of 5 kcal/mol. Larger 

aggregates containing more than 106 molecules are formed by the assembly of AB and 

AnB. In their studies with polymers containing spiropyran units, Kalisky and Williams28 

observed that 100 µs after the laser pulse the transition absorption spectrum of the sample 

had bands from 500 nm to 700 nm. Absorption of B was assigned to the band at around 

560 nm, AB around 600 nm and (AB)n or (AmB)n at longer wavelengths. 

The irradiation of NSP_a for long periods (>30 min) led to the precipitation of 

crystals with sizes ranging from 10 – 100 µm. 29,30 Raman spectroscopy suggested that 

the crystals formed are constituted by transoid merocyanine and the nitro group plays a 

fundamental role on the aggregation process. In contrast to merocyanine in solution, 

crystal-bound merocyanine is a long-lived species that remains unchanged in a dark 

environment for several days. 

Interest in studying spiropyrans greatly increased after Hirshberg31 described a 

system in which the color could be cyclically generated and erased by irradiation of 

monochromatic UV and visible light. He proposed that such a system could be used as a 

model to build a photochemical memory.  

The photochromism of spiropyrans have been studied in supramolecular systems. 

In aqueous solutions of dodecyltrimethylammonium bromide (DTAB), NSP_a is 

solubilized when the concentration of surfactant is higher than the critical micelle 

concentration (cmc).32 The presence of NaBr in solution causes a significant increase in 

the solubilization power of DTAB. This is attributed to the formation of rod-like 
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micelles, which are larger than the spherical micelles that are present in the absence of 

NaBr. NSP_a exhibits thermochromism in aqueous solution of DTAB, with an amount of 

colored isomer around 6% at equilibrium. Furthermore, a decrease in the cmc of DTAB 

was observed in the presence of NSP, possibly due to electrostatic interaction between 

the cationic DTAB micelles and the phenolate from NSP_b. 

Cyclodextrins are supramolecular host systems constituted by glucose units linked 

to form a ring. Depending on the number of glucose units, the cyclodextrin is named as α 

(6 units), β (7 units) or γ (8 units). NSP_a forms inclusion complexes with γ-cyclodextrin 

that are insoluble in water.33 In solid phase, the complex presents a high photochromic 

activity compared to NSP_a in the crystalline state. Given the same irradiation source, the 

coloration and decoloration that follow irradiation with UV and visible light are much 

faster for NSP_a bound to γ-cyclodextrin. For a water soluble derivative of NSP_a that 

has a sulfonate replacing the nitro group, the presence of β-cyclodextrin causes a shift in 

the equilibrium between colored and colorless isomer. After the addition of β-

cyclodextrin, the absorbance at 510 nm decreases following first order kinetics, which 

indicates a decrease in the concentration of merocyanine in solution. The alcohol 1-

adamantanol forms a very stable complex with β-cyclodextrin. The addition of 1-

adamantanol to the solution increases the peak at 510 nm as the spiropyran is excluded 

from the cavity and the previous equilibrium is restored. 

Zhou et al.34 synthesized a derivative of NSP_a that contains a long alkyl chain. 

Although usually insoluble in water, the long hydrophobic chain can bind to β-

cyclodextrin to form a soluble complex. Interestingly, when the sample is irradiated with 

UV light the produced merocyanine forms dimers with another merocyanine molecule 
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(Scheme 1.4). This behaviour contrasts with observations in homogeneous media, where 

the dimers are formed by a colored and a colorless isomer. The evidence for this 

mechanism is the thermal decoloration, which follows half-order kinetics. 

	
  
	
  
Scheme 1.4: Formation of dimer between complexes of nitrospiropyran and cyclodextrin. 

Adapted from reference 34. 

 

1.4 Photochromism of diarylethenes 
 

Diarylethene is the generic name of a molecule containing an aryl substituent on 

each carbon of an ethene unit. The photochemistry of the simplest diarylethene, stilbene, 

has been extensively studied and reviewed.35-37 Upon irradiation, stilbene can undergo 

cis-trans isomerization or be transformed into phenanthrene by an oxidation process.38-40 

The cis isomer can also undergo a reversible cyclization; this reaction is the basis for the 

photochromic properties of diarylethenes (Scheme 1.5). 
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Scheme 1.5: Stilbene isomerization and oxidation reactions. 

 

The thermal instability of the closed-ring isomer of most diarylethenes limits the 

use of these compounds in applications such as optical data storage media. In 1988, Irie 

and Mohri described the synthesis of a series of thermally stable and fatigue-resistant 

diarylethenes.41 The structure of these compounds can be rationalized in three features 

(Figure 1.2, a): the presence of a heteroatom in the aryl group (X), the substituents in the 

ethene unit (R1) and the substituents on the aryl group (R2 and R3).  

 
Figure 1.2: Thermally stable and fatigue resistant diarylethenes synthesized by Irie and 

Mohri.41 

 

The inclusion of heterocyclic groups in the molecule was designed based on the 

reported thermal stability of 1,2-di(thienyl)ethenes.42 Compared to a compound with X = 

S and R1=R2=R3=H, the presence of CH3 in R2 leads to stabilization regarding the 

oxidation reaction. When R3 is replaced by a cyano group, the absorption maximum of 

the closed-ring isomer is shifted to a longer wavelength. A further bathochromic shift in 

the absorption spectra and a better fatigue resistance was obtained for the acidic 
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anhydride derivative (Figure 1.2, b). As for the thermal stability towards the ring-opening 

reaction (cycloreversion reaction), all derivatives remained stable in the dark for more 

than 12 h at 80 oC. This increase in stability compared with phenyl derivatives is due to 

the difference in the ground state energy of these compounds. The heterocycles have 

smaller aromatic stabilization energy, which raises the activation energy for the 

cycloreversion according to calculations of state correlation diagrams.43  

 The introduction of electron-donating substituents in diarylperfluorocyclopentene 

derivatives provides compounds with higher molar absorptivity coefficients (ε) and lower 

ring-opening quantum yields. One of these derivatives, 1,2-bis(2,4-dimethyl-5-phenyl-3-

thienyl)-3,3,4,4,5,5-hexafluoro-1-cyclopentene (DAE), was studied in the project 

presented in this thesis (Scheme 1.6). The absorption maximum for the closed-ring 

isomer in hexane is 562 nm with ε value of 1.1 × 104 cm-1 M-1, and quantum yields of 

ring closing and opening equal to 0.46 and 0.015, respectively.44 
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DAE_a DAE_b 

Scheme 1.6: Photochromic reaction of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-

3,3,4,4,5,5-hexafluoro-1-cyclopentene. Space-filling structures were created using 

SPARTAN’06 Molecular mechanics, MMFF force field. 

 

The quantum yield obtained for the formation of the colored isomer, 0.46, is close 

to the maximum expected for diarylperfluorocyclopentenes, which is 0.50. A maximum 

quantum yield smaller than 1 is expected because two conformers are in equilibrium in 

solution. The photochemical reaction is allowed for the conformer in the conrotatory 

mode, with the two aryl rings in a C2 symmetry.43,44 The ratio between the two 

conformers in hexane is 1:1 as estimated by NMR measurements.44  

 An interesting gated photochromic system involving a diarylethene was proposed 

by Irie et al. in 1992.45 The photochromic activity of the molecule can be switched on and 

off in the presence of ethanol but is completely extinguished in cyclohexane. The 

formation of intramolecular hydrogen bonds in cyclohexane keeps the molecule in a 
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parallel configuration and does not allow a conrotatory cyclization, which explains this 

phenomenon (Scheme 1.7). 

 

Scheme 1.7: Example of a gated photochromic system. Adapted from reference 45. 

 

 The photocoloration of some diarylethenes was studied in aqueous solutions 

containing β-cyclodextrin (Figure 1.3).46,47,48 The 1H-NMR spectra of these solutions 

shows that the presence of β-cyclodextrin increases the anti-parallel configuration. 

Consequently, the photocoloration quantum yield increased by a factor of 1.5. The 

complexation with β-cyclodextrin also induces circular dichroism (CD).47 The signal of 

the CD spectrum changes from negative to positive when the samples are irradiated at 

313 nm. The reason for this change is that when the compound isomerizes there is a 

change in the transition moment of the chromophore inside the β-cyclodextrin cavity. 

Calculations of transition moment confirmed this interpretation. 
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Figure 1.3: Proposed structure of a complex of Sodium 2,2’-Dimethyl-3,3’-

(perfluorocyclopentene-1,2-diyl)bis(benzo[b]thiophene-6-sulfonate) and β-cyclodextrin. 

Reprinted with permission from reference 47. Copyright 1998, American Chemical 

Society. 

 

1.5 Bile Salt Aggregates 
 

Bile salts are amphiphilic compounds present in vertebrates.49 They are formed in 

the metabolism of cholesterol49 and act as surfactants that allow the absorption of dietary 

lipids. Other biological functions include protection against bacteria50,51 and 

solubilization of cholesterol in bile.52 In humans, bile salts are stored in the gallbladder, 

where their concentration can be as high as 300 mM.49 

The structure of bile salt molecules contains a saturated steroid nucleus attached to 

a polar head group. There are three six-membered rings (A, B and C) and one five-

membered ring. One of the differences between the structure of bile salts and cholesterol 

is the double bond present in the steroid skeleton in the cholesterol molecule (Figure 1.4).  

This double bond makes the molecule flat. Bile salt molecules can also be flat or bent if 
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the rings A/B have a trans or cis configuration, respectively. It is interesting that flat bile 

salts are found in most primitive vertebrates but not in mammals.49,53 The cis 

configuration provides much more efficient detergent properties, and for this reason was 

preferred in the evolutionary process.53  

 
 

Figure 1.4: Structure of cholesterol and sodium cholate, one of the most common bile 

salts. 

 

The bile salts studied in this project were sodium cholate (NaC), sodium 

deoxycholate (NaDC) and sodium taurocholate (NaTC) (Figure 1.5). The difference 

between these bile salts is the number of hydroxyl groups in the steroid nucleus and the 

head group. 
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Figure 1.5: Structure of the bile salts employed in this project. Space-filling structures 

were created using SPARTAN’06 Molecular mechanics, MMFF force field. 

 

The solubilizing properties of bile salts are due to the formation of aggregates in 

aqueous solutions. The formation of these aggregates is driven by the amphiphilic nature 

of bile salt molecules. The structure has a hydrophobic convex face, a polar head group 

and a concave face which is hydrophilic due to hydroxyl groups.54 

Different models were proposed to explain the aggregation mechanism. 

Kawamura et al.55 investigated a series of dihydroxy and trihydroxy bile salts with spin-

label techniques, and suggested that only disk-like micelles are present in solution. 

Another strategy employed56,57 was to explain the results obtained in solution based on 

the crystalline structure, which is helical. The hydrophobic faces are positioned at the 

outside of the helix and the stabilization of the aggregates in this case would be mainly by 
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polar interactions. This model, therefore, assumes that these polar interactions are strong 

enough to compensate the unfavorable interaction between the hydrophobic faces and 

water.58 

The majority of the studies reveal that, unlike conventional micelles, the 

aggregation of bile salts does not happen at a specific concentration. Instead, the 

aggregation is a gradual process. O’Connor et al.59 observed that the surface tension plots 

of bile salt solutions - sodium cholate, deoxycholate, chenodeoxycholate, dehydrocholate 

and lithocholate – exhibit discontinuities. This behavior was explained by a stepwise 

aggregation model. A similar model was also used to explain the conductance curves of 

aqueous solutions of bile salts and bile acids.60  

The most accepted model is the primary/secondary aggregate model. This model, 

which is also confirmed by studies performed in Bohne’s research group,61-64 was first 

proposed by Small et al.54 In the first step, at moderate monomer concentrations (10-4 – 

10-3 mol/L),59 small aggregates containing up to 10 monomers are formed through 

hydrophobic interactions of the convex faces. When the concentration of bile salt is 

increased, these primary aggregates self associate by hydrogen bonds to form bigger 

structures called secondary aggregates. The size of the aggregates continuously increases 

with the concentration of monomer and are polydisperse. 65 

Supramolecular systems, such as those composed by cyclodextrin and a guest 

molecule, commonly have their structure and the interactions of the host-guest system 

very well characterized. 66-68 For bile salts, this information has not been reported for any 

system yet. Therefore, the description of the environment inside bile salt aggregates is 

usually made based on more general terms, such as the polarity of the environment 
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instead of being based on specific host-guest interactions.64 Bile salts aggregates are 

adaptable to the structure of the probe. The location of a molecule in an aqueous bile salt 

solution will depend on the polarity of this molecule. The primary aggregates have a 

hydrophobic environment and therefore bind to more hydrophobic molecules. More polar 

molecules, like the ones containing hydroxyl groups, bind to secondary aggregates.62,63 

Compared with guest molecules located in secondary aggregates, compounds bound to 

primary aggregates have a longer residence time and are more protected against 

quenching.62 The shape of the guest molecule influences the efficiency of this protection, 

which is larger for smaller and more symmetrical molecules.61 All these studies suggest 

that investigations using only one fluorescent probe give limited information about the 

characteristics of bile salt aggregates, and that all measurements refer to a specific guest-

aggregate complex, not to the aggregates themselves.64 In Figure 1.6, the concave face of 

the bile salt molecules are shown in blue and the negatively charged head groups in red.  

 

Figure 1.6: Cartoon representation of bile salt aggregates in aqueous solution. Reprinted 

with permission from reference 69. Copyright 2006, American Chemical Society. 
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The structure of the bile salt monomer, like the number and position of hydroxyl 

groups, affects the properties of the aggregates. Aggregation happens at a lower 

concentration if the molecule has less -OH groups, as concluded in earlier studies with 

solubilization of fluorescence probes70 and surface tension measurements.71 The 

aggregates are less affected by the nature of the head group, as can be inferred by 

quenching experiments.64 The presence of salts in solution decreases the concentration in 

which the primary aggregates are formed, but does not affect the formation of secondary 

aggregates.62 

The term “critical micellar concentration”, although extensively used in the 

literature, should be avoided since the aggregation process is gradual over a broad range 

of concentrations. Roda et al.71 suggest that the term “noncritical multimer concentration” 

would be more appropriate.  

 

1.6 Thesis objectives 

 

Bile salt aggregates are interesting supramolecular systems with a structure that is 

adaptable to the guest molecule.61,64 This feature provides the solubilization of 

hydrophobic organic compounds in aqueous solution. Such compounds can then be used 

in different media without synthesizing water-soluble derivatives. Unlike conventional 

micelles, bile salts do not have a critical micelle concentration. Instead, the aggregates are 

continuously modified with the increase in monomer concentration. At high 

concentrations two binding sites are found. The result is a more sophisticated host system 

that can be optimized for each application. 
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Photochromic systems have been employed in several applications such as 

ophtalmological lenses,15,72 data storage73,74 and photoswitchable biomaterials.75 The 

objective of this thesis is to study photochromic compounds in aqueous solutions 

containing bile salts. This investigation can impact technological applications that require 

aqueous media, since the two photochromic compounds studied – NSP and DAE – are 

commercially available but insoluble in water. This study also aims to explore bile salt 

aggregates as nanoreactors, a feature that has not been largely investigated in the 

supramolecular field. 

The main parameter of a photochromic system is the quantum yield. Given that 

methods to determine this parameter in photochromic reactions are still a matter of 

investigation, the first specific objective of this thesis is to develop a methodology to 

determine the quantum yield. The second specific objective is to use this method to 

investigate the effect of different bile salts and different NaCl concentrations on the 

quantum yields of forward and backward reactions of DAE and NSP.  

The isomerization of NSP also happens through a dark reaction. The third specific 

objective of this thesis is to verify the effect of bile salt concentration and structure, NaCl 

concentration and temperature on the dark reaction of NSP. 
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2 Experimental Section 
 

Part of the material presented in this chapter has been published. Reproduced in part with 

permission from Langmuir (2014) 30, 11319-11328. Copyright 2014 American Chemical 

Society. 

 

2.1 Materials 
 

Sodium chloride, (NaCl, ACP, ≥ 99.0%), sodium cholate hydrate, (NaC, Aldrich, 

98%), sodium deoxycholate (NaDC, Fluka, ≥ 98.0%), sodium taurocholate hydrate, 

(NaTC, Sigma, ≥ 97.0%), 1’,3’,3’-trimethyl-6-nitrospiro[2H-1]-benzopyran-2,2’-

indoline, (NSP, TCI), 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-

cyclopentene), (DAE, TCI), potassium oxalate monohydrate, (Sigma, ≥ 99%), ferric 

chloride, (Fisher Scientific), 1,10-phenanthroline monohydrate, (Aldrich, 99%), sulphuric 

acid (Caledon, ≥ 95.0%), sodium acetate, (NaAc, BDH, ≥ 98%), anhydrous ethyl alcohol, 

(Commercial Alcohols), hexane, (Caledon, spectro grade, ≥ 98.5%) methanol, (EMD, 

HPLC grade, ≥ 99.8%) and acetonitrile (EMD, HPLC grade, ≥ 99.8%) were used as 

received. Deionized water (≥ 17.8 MΩ cm-1, Sybron Barnstead system) was employed for 

sample preparation. 

2.2 Solutions of photochromic compounds 
 

All aqueous solutions of photochromic compounds contained bile salt (NaC, NaDC 

or NaTC, 40 – 100 mM) and NaCl (0.030 M - 1.0 M) and were prepared the day prior to 
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the experiment to shake overnight. The photochromic compound was incorporated in the 

bile salt solution by injecting a stock solution made in acetonitrile (maximum final 

volume of acetonitrile was equal to 1 % of the final solution). On the day of the 

experiment, these solutions were heated at 50 oC for 30 min and left to cool before 

carrying out any measurements. This procedure was applied to dissolve any gel that could 

have formed after the long period of time that the bile salt solution was left stirring.76 

Solutions in other solvents were prepared on the day they were used by either the 

dilution of the stock solution with the solvent or, in the cases when the solvent is 

immiscible with acetonitrile (e.g. hexane and cyclohexane), by evaporation of acetonitrile 

followed by addition of the required solvent. 

2.3 Equipment 
 

Absorption spectra were taken at room temperature using either a Varian Cary 100 

or a Varian Cary 1 spectrophotometer. NSP dark reaction kinetics were followed using 

either a Varian Cary 100 or a Varian Cary 5 spectrophotometer containing a 6 × 6 cell 

holder attached to a water bath. A PTI Xe-arc lamp model A-1010B operating at 74 W 

was employed for irradiation and the excitation wavelength was selected with a 

monochromator. Different slit bandwidths were used. The temperature during irradiation 

was kept constant using a water bath attached to the cell holder. For the molar 

absorptivity experiments, a Hewlett Packard 1100 Series HPLC was employed with an 

Agilent Zorbax SB-C18 column (5 µm, 4.6×250 mm) and a photodiode array detector. 

The kinetics of photocoloration were followed using an Ocean Optics spectrophotometer 

(see section 5.1 for details).  
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2.4 NSP dark reaction 

 

An aqueous solution of 50 µM NSP in the presence of bile salt (volume of 2.5 mL) 

was placed in a quartz 10 × 10 mm cell and irradiated at 338 nm for 10 min (slit 

bandwidths = 10 nm). The temperature during irradiation was kept the same as the 

temperature at which the kinetics were followed. Immediately following irradiation, 

absorbance of the sample was measured at 517 nm with 1 min intervals until the 

absorbance did not decrease significantly. Due to experimental limitation, no kinetics 

were followed for more than 30 h. In the same measurement, the absorbance of the blank 

(bile salt solution with no NSP) was registered to take into account small fluctuations in 

the spectrophotometer lamp. The data for the blank was subtracted from the data for the 

NSP solution and the kinetic curve obtained was initially fit to a sum of two exponentials 

(equation 2). In some cases k2 was found to have a negative value. Since it is physically 

meaningless to have a negative rate constant, the curve was fit as one exponential 

function (equation 3, see chapter 4 for details).  

where: 

A: absorbance; 

a1, a2: pre-exponential factors; 

a0: absorbance when t → ∞; 

t: time; 

kobs1, k2: reaction rate constants. 

t
2

t
1

21obs kk eaea +=A  2 

t
10

1obskeaa +=A  3 
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Another detail for the absorbance measurement is the position where the sample is 

placed in the cell holder. Cell holders with multiple sample positions are set to irradiate 

sample position 1 in downtime between measurements. This intermittent radiation can 

cause artifacts for determining the dark reaction rate constant; therefore the NSP sample 

was never placed in position 1. A possible artifact includes the photoreaction of NSP_b 

producing NSP_a, which would lead to higher dark reaction rate constants.  

2.5 Determination of molar absorptivity coefficients 
 

Described in details in section 3.1.  

 

2.6  Photokinetic method 
 

This method consists of following the formation of NSP_b or DAE_b while the 

sample is continuously irradiated with monochromatic light at the isosbestic point. 

During  irradiation, the temperature of the sample was kept constant at 15 oC. The curves 

obtained were numerically fit using the software Scientist 3.0 from Micromath. Details 

about the procedure are given in section 5.1. 

2.7  Actinometry with potassium ferrioxalate 
 

2.7.1 Synthesis of potassium ferrioxalate 
 

K3Fe(C2O4)3.3H2O was synthesized according to a procedure reported in the 

literature:77 100 mL of potassium oxalate 1.5 M was mixed with 33.3 mL of ferric 

chloride 1.5 M and the resulting solution vigorously stirred for 30 min. The resulting dark 
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green crystals were vacuum filtrated, recrystallized three times from hot water and dried 

on filter paper by aspiration for 10 min. The procedure was performed while protecting 

the solutions and crystals from ambient light. 

2.7.2 General procedure 
 

The procedure followed is reported in the literature:77 the work solution of 

K3Fe(C2O4)3.3H2O 0.006 M was prepared by diluting the salt in H2SO4(aq) 0.05 M. The 

ferrioxalate solution (2.5 mL) was placed in a 10 × 10 mm absorbance cell and irradiated 

for 3 minutes. This irradiation time was enough to reduce an amount of Fe3+ to Fe2+ 

suitable to be determined by absorption spectrophotometry after complexation with 1,10-

phenanthroline. The irradiation wavelength and the monochromator slit bandwidth were 

the same as those set up to irradiate the photochromic compound in the photokinetic 

method. After the irradiation, 0.5 mL of a solution containing 0.1% w/v 1,10-

phenanthroline in NaAc 1.8 M / H2SO4 0.54 M was added to the cell. The blank was 

prepared by repeating the procedure without irradiation. After 30 min, the absorption 

spectrum was registered and the absorbance at 510 nm (after subtraction of the 

absorbance of the blank) was used to determine the light flux of the lamp, I0: 

€ 

I0 =
A510V
ε510 lΦt

 4 

where:  

A510 : Absorbance at 510 nm;   

V=3.0 10-3 L, final volume of the solution; 

ε510 = 1.11 × 104 L mol-1 cm-1;78  

l = 1 cm, path length; 
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Φ: quantum yield at the irradiation wavelength, given in the literature 78; 

t= irradiation time. 

For all photocoloration experiments, the light flux was measured before and after 

collecting the kinetic trace and the average value was used for the fit of the kinetic traces. 

Solutions of potassium ferrioxalate were protected from ambient light during the 

procedure. 

In order to verify if the irradiation lamp was stable during a whole 

photocoloration experiment, the intensity of the light was determined along 8 hours. The 

absorbance at 510 nm was plotted as a function of the irradiation time and, as expected 

for a stable lamp, a linear relationship was observed (Figure 2.1).  

  

Figure 2.1: Actinometry with potassium ferrioxalate. Left: Absorption spectra of 

aqueous solutions of potassium ferrioxalate irradiated at 340 nm (slits bandwidth of 3 

nm) followed by addition of 1,10- phenanthroline. Irradiation time: a) 0 min; b) 2.5 min; 

c) 5 min; d) 10 min; e) 15 min; f) 20 min. Right: Absorbance at 510 nm as a function of 

the irradiation time. 
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3 Molar Absorptivity Coefficients of DAE and NSP 
 

Part of the material presented in this chapter has been published. Reproduced in part with 

permission from Langmuir (2014) 30, 11319-11328. Copyright 2014 American Chemical 

Society. 

 

3.1 Method development 
 

The molar absorptivity coefficients (ε) of any compound in a given solvent can be 

determined if the absorption spectrum and the concentration of this compound in the 

solution is known. The isomers DAE_b and NSP_b can be obtained by irradiating the 

solution of DAE and NSP with UV light. However, a photostationary state is achieved 

and the final concentrations of DAE_b and NSP_b are unknown. 

The methods to determine the values of ε for stable compounds like DAE_b usually 

involves the isolation of the colored isomer after chromatographic separation.44,79 80. The 

solution collected is then concentrated and the absorption spectra measured. This method 

cannot be used to determine the values of ε for unstable compounds like NSP_b because 

after isolation the dark reaction will lead to formation of NSP_a. Although possible, the 

values of ε for DAE_b in aqueous solutions containing bile salts are very difficult to be 

determined by isolating DAE_b. After separation in the HPLC column, the organic 

solvent from the mobile phase would have to be evaporated and the crystals redissolved 

in the bile salt solution. This step is problematic and the complete dissolution would 

probably only occur using a large volume of bile salt solution, which would result in a 
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solution of DAE_b too diluted to obtain precise values of absorbance. Another difficulty 

is that, after isolation, all the manipulation of the solutions has to be done in the dark. 

Therefore, a new method to determine the values of ε for DAE_b and NSP_b was 

developed during the presented project. 

If the concentration of the colorless isomer NSP_a/DAE_a can be quantified in a 

sample, then the concentration of the colored isomer can also be determined since the 

total concentration of NSP or DAE in the sample is known. The concentration of 

NSP_a/DAE_a in a solution that also contains the colored isomer cannot be assessed by 

the absorption spectrum because it overlaps with the spectrum of NSP_b/DAE_b. 

Therefore, HPLC (high performance chromatography) was employed to separate and 

determine the concentration of NSP_a/DAE_b in a solution that had been irradiated with 

UV light and contains a mixture of isomers. HPLC is a technique used to separate 

compounds based on their interactions with a liquid mobile phase and a solid stationary 

phase. The HPLC column contains the stationary phase. The mobile phase is a solvent or 

mixture of solvents that is pumped through the column. The mixture of compounds is 

injected in the column and the individual compounds elute with different rates, which 

leads to separation. The detector is located after the column and can measure, for 

example, the absorbance of the sample. A chromatogram is a graph of the measured 

property as a function of time. As the compounds exit the column they can be isolated 

when a preparative HPLC method is used. 81  

The steps followed in the development of this method were: a) find the HPLC 

conditions that allow the separation of NSP_a from NSP_b and DAE_a from DAE_b; b) 

based on the area under the peak assigned as NSP_a and DAE_a, build a response curve 
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using solutions of known concentration of these isomers, c) evaluate any shortcoming in 

the procedure that could affect the accuracy of the molar absorptivity coefficients 

obtained, especially for the case of NSP which undergoes a dark reaction.  

 

3.2 Molar absorptivity coefficients of DAE 
 

In order to find the HPLC conditions to separate the isomers DAE_a and DAE_b, 

two samples (samples 1 and 2) of 2.5 mL of DAE 50 µM in hexane were irradiated at 285 

nm (slit bandwidth = 3 nm) at 15 oC. The absorbance at 563 nm was recorded over time. 

Irradiation was interrupted after reaching the photostationary state (Figure 3.1, left). 

Hexane was chosen as the solvent in order to compare the values of ε obtained with the 

ones reported in the literature by Irie et al.44 The irradiation conditions chosen were the 

same as a typical photokinetic experiment. The absorption spectra were registered before 

and after the irradiation (Figure 3.1, right). 

  

Figure 3.1: Left: Absorbance at 563 nm of sample 1 (a) and sample 2 (b) of DAE 50 µM 

in hexane during irradiation at 285 nm. Right: Absorption spectra of these samples 

before (c) and after irradiation (a – red and b - blue ). 
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After collecting the absorption spectra, the samples were kept in the dark and put 

in HPLC vials covered with aluminum foil. The HPLC chromatogram was registered by 

injecting 8 µL of the sample and using detection wavelengths of 269 and 562 nm, the 

maximum in the absorption spectra of DAE_a and DAE_b respectively. The mobile 

phase with optimal peak separation for DAE_a and DAE_b was 30% acetonitrile/70% 

MeOH with a flow rate of 1.5 mL/min (Figure 3.2). 

  
Figure 3.2: HPLC chromatogram of sample 1 (black) and sample 2 (red) of DAE 50 µM 

in hexane irradiated at 285 nm. Detection wavelength: 269 nm (right) and 562 nm (left); 

mobile phase: 30% acetonitrile/70% MeOH, flow = 1.5 mL/min, Agilent Zorbax SB-C18 

column (5 µm, 4.6×250 mm). 
 

Peaks in the chromatogram were assigned based on the absorption spectra 

registered during the chromatogram. For the detection wavelength of 269 nm, the 

absorption spectrum of the peak at 4.1 min (Figure 3.3, curve “a”) is similar to the spectra 

of DAE_a (Figure 3.1, right, curve “c”). The spectrum of the peak at 5.2 min has an 

absorption maximum at 562 nm, which suggests it is due to the isomer DAE_b. For the 

chromatogram collected at 562 nm, only the peak at 5.2 min is observed, since only 

DAE_b absorbs at this wavelength (Figure 3.3, curve “b”). The peak assigned as “solvent” 

also appears in the chromatogram of the blank (hexane).  
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Figure 3.3: Absorption spectra for the peaks at 4.1 min (a) and 5.2 min (b) registered 

during the HPLC chromatogram presented in Figure 3.2. 
 

 Both the peaks of DAE_a and DAE_b in the chromatogram exhibit a shoulder or 

small second peak at longer time. This second peak was also detected when the solution 

of DAE was prepared in cyclohexane, but not when an aqueous solution of DAE 

containing bile salt was injected. The relative areas of the peak and the shoulder change 

in different mobile phases. These facts suggest that the presence of a shoulder is due to 

poor miscibility of hexane and cyclohexane in the mobile phase. The absorption spectra 

collected during the HPLC chromatogram shows that both the main peak and the 

shoulder belong to the same compound (Figure 3.4). For this reason, the area of the 

shoulder was taken into account in the calculations.  
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Figure 3.4: Absorption spectra registered during the HPLC chromatogram of DAE 50 

µM in hexane irradiated at 285 nm. Left: peak at 5.2 min (a) and the shoulder at 5.4 min 

(b). Right: peak at 4.1 min (c) and the shoulder at 4.3 min (d).  

 

In order to investigate possible decomposition of DAE when irradiated at 285 nm, 

sample 1 was exposed to ambient light after collecting the HPLC chromatogram shown 

in Figure 3.2 to convert all DAE_b into DAE_a. Subsequently, a new chromatogram was 

obtained for this colorless solution. This chromatogram was compared with the 

chromatogram of a sample of DAE 50 µM in hexane (sample 3) that was not irradiated 

with UV light (Figure 3.5). The area under the peak at 4.1 min is equal to 404 mAU*s for 

sample 1 and 405 mAU*s for sample 3. There is no other peak in the chromatogram that 

could be due to a decomposition product, which suggests that DAE does not undergo any 

other reaction other than the isomerization during the irradiation at 285 nm. 
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Figure 3.5: HPLC chromatogram of DAE 50 µM in hexane exposed to visible light, 

sample 3 (black) and sample 1 after irradiation at 285 nm followed by exposition to 

visible light (red). Detection wavelength: 269 nm; mobile phase: 30% acetonitrile/70% 

MeOH, flow = 1.5 mL/min, Agilent Zorbax SB-C18 column (5 µm, 4.6×250 mm). 

 

 

 Once ideal HPLC conditions to separate DAE_a and DAE_b were found, the area 

under the peak at 4.1 min was plotted as a function of the concentration of DAE_a to 

obtain an HPLC response curve. A solution of DAE 50 µM in hexane was prepared and 

exposed to ambient light to convert DAE to the colorless isomer DAE_a. The complete 

conversion was ensured by checking the absorbance of this sample at 562 nm, which was 

equal to zero. Since this absorption spectrum belongs to a solution of pure DAE_a that 

has a known concentration, the ε values for DAE_a were directly determined by dividing 

the spectrum by the concentration (Figure 3.6, left). 

HPLC chromatograms were collected for solutions of DAE_a 25 µM and 5 µM in 

hexane. The sum of the area under the peak at 4.1 min and the shoulder centered at 4.3 

min was plotted against the concentration of DAE_a in each sample, resulting in a linear 

relationship (Figure 3.6, right). 
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Figure 3.6: Left: Absorption spectra of DAE_a in hexane. Right: HPLC response curve 

of DAE_a in hexane; the linear fit was set to pass through zero and has a slope of 8.463; 

the correlation coefficient is 0.99996.  
 

 Although the experiments previously shown were performed with solutions in the 

photostationary state, this condition is not required for the method to work. The irradiated 

solution, though, must have an amount of DAE_b high enough to be detected by 

absorption and an amount of DAE_a high enough to be detected by HPLC, best achieved 

if the conversion is kept between 20% and 80%. In order to shorten the irradiation 

process, the slit bandwidth for the entrance of the monochromator was opened to 16 nm 

and kept equal to 3 nm at the exit. Using this set up, a suitable amount of DAE_b was 

formed in 2 min. After the irradiation, the absorption spectrum of the sample containing 

DAE 50 µM in hexane was collected (Figure 3.7, left). The sample was placed in a HPLC 

vial covered with aluminum foil to protect from ambient light and the chromatogram was 

registered (Figure 3.7, right).  
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Figure 3.7: Absorption spectrum of DAE 50 µM in hexane irradiated at 287 nm (left) 

and its HPLC chromatogram (right).  
 

The sum of the areas under the peak at 4.1 min and the peak at 4.3 min was 

212.18 mAU×s. Based on the response curve in Figure 3.6, this area represents a 

concentration of DAE_a equal to 25.1 µM. Since the total concentration of DAE in the 

irradiated solution was 50.0 µM, the concentration of DAE_b must be equal to 24.9 µM. 

The absorption spectrum of the irradiated sample shown in Figure 3.7 is the sum of the 

spectra of DAE_a and DAE_b. The molar absorptivity coefficients of DAE_a in hexane 

have been previously determined (Figure 3.6), so the spectrum of a solution of DAE_a 

25.1 µM can be calculated by multiplying ε by this concentration (Figure 3.8, left). If the 

calculated spectrum is subtracted from the spectrum of the irradiated sample, the result is 

the absorption spectrum of DAE_b 24.9 µM in hexane (Figure 3.8, right).  
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Figure 3.8: Calculated absorption spectra of DAE_a 25.1 µM (left) and DAE_b 24.9 µM 

(right) in hexane. 

 

The ε values of DAE_b can be obtained by dividing the absorption spectrum in 

Figure 3.8, right, by 24.9 µM. At 562 nm, the ε value was found  to be equal to (1.11 ± 

0.03) × 104 cm-1 M-1 (Figure 3.9). The value reported in the literature is 1.1 × 104 cm-1 M-

1. 44  

 
Figure 3.9: Absorption spectrum of DAE_b in hexane. 

 

The experiment was repeated for solutions of DAE in NaC 80 mM/NaCl 0.2 M. 

The main concern about using this solution was that the salts could precipitate and clog 

the HPLC column. The damage was minimized by washing the column with methanol for 

at least 40 min after each experiment. The pressure in the column did not increase while 
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the experiments were performed, which indicates that the precipitation of salts was not 

significant. 

With the detection wavelength at 269 nm, the HPLC chromatogram of an aqueous 

solution of DAE containing bile salt irradiated at 287 nm exhibits a sharp single peak at 

5.4 min for the isomer DAE_b and another at 4.3 min for the isomer DAE_a. In all 

experiments the identity of the peaks were confirmed by the absorption spectrum 

registered during the chromatogram. 

 
Figure 3.10: HPLC chromatogram of an aqueous solution of DAE 50 µM in NaC 80 

mM/NaCl 0.2 M irradiated at 287 nm. 

 

3.3 Molar absorptivity coefficients of NSP 
 

The same strategy employed to develop a method to assess the ε values of DAE_b 

was applied in the case of NSP_b. The main challenge for experiments with NSP is the 

possibility of conversion of NSP_b into NSP_a inside the column, which would make 

isomer separation difficult. 

An aqueous solution of NSP 50 µM in the presence of NaTC 80 mM/NaCl 0.2 M 

was exposed to ambient light. The absorption spectrum was collected and, since only 
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NSP_a was present, the ε values for this isomer were determined by dividing the 

absorbance by the total NSP concentration, 50.0 µM (Figure 3.11). An aliquot of this 

solution was irradiated at 338 nm and used to determine the best mobile phase to be 

employed in the HPLC. 

 
Figure 3.11: Absorption spectrum of NSP_a 50 µM in the presence of NaTC 80 

mM/NaCl 0.2 M. 

 

The best peak separation was observed for 20% water/80% MeOH with a flow 

rate of 1.2 mL/min. The wavelengths followed during the chromatogram were 338 nm 

and 517 nm, corresponding to the maximum absorption of NSP_a and NSP_b, 

respectively. For the signal at 338 nm, the HPLC chromatogram exhibits a broad peak at 

3.1 min and a sharp peak at 12.8 min. For the signal at 517 nm there is a broad peak at 

3.1 min (Figure 3.12).  
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Figure 3.12: HPLC chromatogram of an aqueous solution of NSP 50 µM in the presence 

of NaTC 80 mM/NaCl 0.2 M irradiated with UV light. Signal at 338 nm (left) and 517 

nm (right). a) peak assigned as NSP_a; b) peak assigned as NSP_b; c) peaks assigned as 

impurities in the bile salt. 

 

The absorption spectra suggest that the peak at 3.1 min corresponds to NSP_b and 

the peak at 12.8 min corresponds to NSP_a (Figure 3.13, left). Other peaks are due to 

impurities in the bile salt and also appear in the chromatogram of the blank (Figure 3.13, 

right). Some of these impurities is fluorescent and have already been observed in 

previous studies.82 

  
Figure 3.13: Left: Absorption spectra of the peaks at 12.8 min (a) and 3.1 min (b). Right: 

HPLC chromatogram of an aqueous solution of NaTC 80 mM/NaCl 0.2 M. 
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Once the conditions to perform the experiment were defined, another experiment 

was done to obtain a response curve.  The chromatogram of four solutions of NSP 

containing only the isomer NSP_a (blank, 5.0 µM, 25 µM and 50 µM) was registered. 

The areas under the peak at 12.8 min and detection at 338 nm were used to plot a 

response curve (Figure 3.14).  

 
Figure 3.14: HPLC response curve of NSP_a in the presence of NaTC 80 mM/NaCl 0.2 

M, signal at 338nm; the linear fit was set to pass through zero and has a slope of 3.19 

with a correlation coefficient of 0.99995. 

   

Immediately before collecting the chromatogram shown in Figure 3.12, the 

absorption spectrum of the solution of NSP irradiated at 338 nm was registered (Figure 

3.15). For the signal at 338 nm, the peak at 12.8 min has an area equal to 80.60 mAU*s. 

Based on the response curve above, this area correspond to a concentration of NSP_a 

equal to 25.3 µM. The total concentration of NSP in the sample was 50.0 µM, thus the 

concentration of NSP_b was equal to 24.7 µM. 
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Figure 3.15: Absorption spectrum of NSP 50 µM in NaTC 80 mM/NaCl 0.2 M irradiated 

at 338 nm. The concentration of NSP_a was 25.3 µM and the concentration of NSP_b 

was is 24.7 µM. 
 

The ε values of NSP_a are known (Figure 3.11), thus the absorption spectrum of 

NSP_a was obtained multiplying the ε values by 25.3 µM (Figure 3.16, a). The 

absorption spectrum of NSP_b at 24.7 µM was calculated by subtracting the spectrum of 

NSP_a at 25.3 µM from the spectrum of the irradiated sample (Figure 3.16, b). 

 
Figure 3.16: Calculated absorption spectra of NSP_a 25.30 µM (a) and NSP_b 24.70 µM 

(b) in NaTC 80 mM/NaCl 0.2 M. 
 

The ε values of NSP_b were obtained dividing the spectrum b shown in Figure 

3.16 by 24.7 µM (Figure 3.17).  
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Figure 3.17: Absorption spectrum of NSP_b in NaTC 80 mM/NaCl 0.2 M. 

 

The extension of the dark reaction of NSP during the experiment was investigated 

by performing control experiments. An aqueous solution of NSP 50 µM containing NaC 

80 mM/NaCl 0.2 M at 10 oC was irradiated at 338 nm for 2 minutes. The absorption 

spectrum was collected and an aliquot of the solution was transferred to a covered HPLC 

vial. The remaining solution and the HPLC vial were kept in an ice bath. The HPLC 

chromatogram was registered 6 min after the spectrum was collected. During this run, the 

HPLC vial was kept in the ice bath and another chromatogram was registered after the 

first one, 22 min after the spectrum was taken. While the first chromatogram was 

running, a second absorption spectrum of the NSP solution remaining in the cell was 

collected (13 min after the first spectrum). This second spectrum was very similar to the 

first one (Figure 3.18, left) and for the two chromatograms collected the areas under the 

peak at 12.7 min are almost the same - 114.87 mAU*s for the first and 114.97 mAU*s for 

the second chromatogram (Figure 3.18, right). Based on these results, it is assumed that 

the dark reaction does not occur to a large extent during the time of the experiment if the 

solutions are maintained at low temperature. 



 

 

44 

  
Figure 3.18: NSP 50 µM in NaC 80 mM/NaCl kept at low temperature: Left: Absorption 

spectra collected at time 0 min (black) and time 13 min (red) after the first spectrum; 

Right: HPLC chromatogram registered at time 6 min (black) and time 22 min (red) after 

the first spectrum. 

 

For other experiments the solutions were kept in an ice bath for at least 15 min 

before the irradiation, irradiated at 338 nm for 2 min, the absorption spectrum was 

register, the solutions transferred to a covered HPLC vial and the chromatogram was 

collected as soon as was possible. For the irradiation, the slit bandwidth at the entrance of 

the monochromator was 16 nm and the slit bandwidth at the exit of the light was 3 nm. 

The peaks for NSP_b have different positions (2.8 – 3.2 min) and shapes in 

different chromatograms (Figure 3.19). However, these peaks have the same absorption 

spectrum (Figure 3.20). It is possible that a partial conversion of NSP_b into NSP_a 

inside the column leads to broad peaks. However, this does not affect the determination 

of the ε values; the quantitative information is obtained from the peak for NSP_a, which 

is kinetically stable and has always the same shape and position (12.7 – 12.8 min). 

Furthermore, the peak of NSP_b did not overlap with the peak of NSP_a in any 

chromatogram.  
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Figure 3.19: HPLC chromatogram of NSP 50 µM irradiated with UV light in NaTC 80 

mM/NaCl 0.2 M (left) and NaC 80 mM/NaCl 0.2 M (right). The peaks identified as “a” 

at 3.1 min and “b” at 2.8 min are due to NSP_b. Signal at 338 nm. 

 

 
Figure 3.20: Absorption spectra of the peaks at a) 3.1 min, Figure 3.19, left and b) 2.8 

min, Figure 3.19, right.  

 

The method was validated by repeating the procedure using a solution of NSP in 

ethanol. The value found for ε value at 537 nm was (3.68 ± 0.03) × 104 cm-1 M-1. A 

literature value of 3.5 × 104 cm-1 M-1 was reported by Flannery. 83 

 In summary, the HPLC conditions to determine the molar absorptivity 

coefficients of DAE and NSP were as follows (Table 3.1): 
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Table 3.1: HPLC settings for the detection of DAE and NSP 
 DAE NSP 

Mobile phase 
30% acetonitrile 

70% MeOH 

20% H2O 

80% MeOH 

Flow rate 1.5 mL/min 1.2 mL/min 

Detection wavelengths 269 nm and 562 nm 338 nm and 517 nm 

Temperature  25 oC  25 oC 

 

3.4 Results 
 

Using the procedure described above, the ε values for the colorless and colored 

isomers of DAE and NSP were determined. For DAE (Figure 3.21), the absorption spectra 

of both DAE_a and DAE_b are very similar in different media. A small bathochromic 

shift is observed for DAE_b when the compound is taken from a non-polar to a polar 

environment. The experiment was not performed in NaTC 80 mM/NaCl 0.2 M due to 

solubility limitations. Even when using a high concentration of this bile salt - 80 mM - 

the solution of DAE 50 µM was turbid. The average values obtained for ε of DAE_b at 

the wavelength of maximum absorbance are summarized in Table 3.2.  
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Figure 3.21: Absorption spectra of DAE_a (left) and DAE_b (right) in: hexane (black); 

NaC 80 mM/NaCl 0.2 M (blue) and NaDC 80 mM/NaCl 0.2 M (red). 
 

Table 3.2: ε values of DAE_b at the wavelength of maximum absorption in the visible 

region:a 

Solvent ε  / 104 cm-1 M-1 

Hexane / 562 nm (2) 1.11 ± 0.03 

NaC 80 mM/NaCl 0.2 M / 577 nm (2) 1.09 ± 0.04 

NaDC 80 mM/NaCl 0.2 M / 577 nm (2) 1.1 ± 0.1 

NaTC 80 mM/NaCl 0.2 M / 577 nm Solubility limitation 

aThe numbers in parenthesis correspond to independent experiments. The errors are average 

deviations. 

 

 For NSP (Figure 3.22), the ε values were determined in ethanol and three aqueous 

solutions containing NaCl 0.2 M and different bile salts. The absorption spectrum of 

NSP_a and NSP_b are very similar in aqueous solutions, but exhibit a large bathochromic 

shift in ethanol. The average values of ε obtained for NSP_b in different media are given 

in Table 3.3. 
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Figure 3.22: Absorption spectra of NSP_a (left) and NSP_b (right) in: ethanol (---, 

black); NaC 80 mM/NaCl 0.2 M (blue, overlapped with green trace on the left); NaDC 80 

mM/NaCl 0.2 M (red); NaTC 80 mM/NaCl 0.2 M (green, overlapped with red trace on 

the right). 

 

Table 3.3: ε values of NSP_b at the wavelength of maximum absorption in the visible 

region:a 

Solvent ε  / 104 cm-1 M-1 

Ethanol / 537 nm (2) 3.68 ± 0.03 

NaC 80 mM/NaCl 0.2 M / 517 nm (2) 2.84 ± 0.06 

NaDC 80 mM/NaCl 0.2 M / 517 nm (2) 2.77 ± 0.05 

NaTC 80 mM/NaCl 0.2 M / 517 nm (2) 2.76 ± 0.06 

aThe numbers in parenthesis correspond to independent experiments. The errors are average 

deviations. 

 

 Values of ε were not determined for DAE_b or NSP_b in the presence NaC 80 

mM/NaCl 1 M. This concentration of NaCl is very high and could damage the HPLC 

column. The bands at 577 nm for DAE_b and at 517 nm for NSP_b are broad and no 

shift is observed when the concentration of NaCl increases from 0.2 M to 1 M. For the 

calculation showed in chapters 4 and 5, the values of ε in the presence of NaC 80 
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mM/NaCl 1 M were assumed to be equal to the values in the presence of NaC 80 

mM/NaCl 0.2 M. 

 

3.5 Discussion 
 

The determination of ε values for the colored isomers of photochromic compounds 

has intrinsic difficulties. Because the absorption spectra of both colored and colorless 

compounds overlap in the UV region, irradiation of the sample with UV light leads to a 

photostationary state, and the spectrum of the irradiated sample corresponds to the sum of 

the spectra of the colored and colorless isomers. Also, since the colorless isomer absorbs 

only in this overlapping region, it is not possible to determine its concentration by 

analysing the absorption spectrum of the irradiated solution. 

For DAE and other compounds that do not undergo a dark reaction, methods to 

determine ε values generally involve isolation of the colored isomer from the mixture. 

Separation is usually achieved by HPLC,44,79 although the use of silica TLC plates has 

also been reported80. A drawback of these methods is that the sample is manipulated in 

different steps of the procedure and has to be protected from ambient light all the time. 

  For thermally unstable compounds like NSP_b, the isolation of this isomer cannot 

be done easily because the dark reaction represents a major source of error. These 

limitations are probably the reason why it is difficult to find methods to determine ε 

values in the literature. Most of the papers24,84,85 use the values cited by Flannery83 in 

1968. Flannery assumed that the value of ε for NSP_b in polar solvents was the same as 

the value of ε in ethanol, 3.5 × 104 cm-1 M-1. This  was determined by Heller86 et al. under 
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the assumption that a solution of NSP contained between 51% and 100% of NSP_b in the 

photostationary state. This gives an ε between 4.68 × 104 and 2.40 × 104 cm-1 M-1, with a 

mean value of 3.54 × 104 cm-1 M-1. This thesis presents a value of ε for NSP_b equal to 

(3.68 ± 0.03) × 104, which is very similar to the average value estimated by Heller. 

Another approach to determine ε values of spiropyrans is the photokinetic method,87-89 

which involves setting ε as an unknown in the fit of kinetic curves; the difficulties on 

applying this method are discussed in chapter 5.  

The wavelength of maximum absorption for NSP_b increases in less polar 

solvents.90 In ethanol, the maximum occurs at 537 nm and in aqueous solutions 

containing bile salts the maximum occurs around 517 nm. Therefore, NSP_b is located in 

a very polar environment in the interior of the bile salt aggregates. In aqueous solutions 

containing bile salts, the molar absorptivity coefficient of NSP_b was found to be 2.8 × 

104 cm-1 M-1 at 517 nm, which is considerably different from the value in ethanol. Thus 

the assumption commonly made in the literature that the molar absorptivity coefficients 

for NSP_b are the same for all polar solvents may need revision.  

The method described in this work is very useful for analysing photochromic 

compounds because the quantification is made without isolation of the isomers, which is 

an advantage compared to other methods described in the literature. 44,79 80After 

irradiation, the only step that needs to be conduct in the dark is to transfer the solution to 

a covered HPLC vial, which is convenient from the experimental point of view. The 

procedure is fast enough that the dark reaction of NSP does not interfere with the results 

and has also shown good reproducibility. 
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4 NSP Dark Reaction  
 

Part of the material presented in this chapter has been published: 

Li, R.; Santos, C. S.; Norsten, T. B.; Morimitsu, K.; Bohne, C. Chem. Commun. 2010, 46, 

1941. DOI: 10.1039/B926351A – Reproduced by permission of The Royal Society of 

Chemistry 

Part of the material presented in this chapter has been published. Reproduced in part with 

permission from Langmuir (2014) 30, 11319-11328. Copyright 2014 American Chemical 

Society. 

 

The switch between closed and open-ring isomers of NSP can be induced 

photochemically in both directions. Another path for the isomerization occurs by a dark 

reaction, i.e., by a process that does not require the absorption of light (Scheme 1.2).1 In 

this chapter the effect of bile salt aggregates on the kinetics of the NSP dark reaction will 

be presented and discussed. 

 

4.1 Results 
 

When an aqueous solution of NSP containing bile salt was irradiated with UV light 

a reddish solution was obtained. The absorption spectrum of this irradiated solution 

exhibit a broad band with a maximum around 515 nm (Figure 4.1). The maximum shows 

a small shift depending on the concentration91 and structure of the bile salt, as shown on 

Chapter 3. 
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Figure 4.1: Aqueous solution of NSP 50 µM containing NaC 80mM/NaCl 0.20 M 

irradiated at 338 nm. 

 

In order to monitor the kinetics of the dark reaction, the solutions containing NSP 

were placed in the spectrophotometer after irradiation at 338 nm. This wavelength was 

chosen for being an absorption maximum for the isomer NSP_a. The absorbance of the 

solutions were then registered each 1 min at 517 nm. As a result of the dark reaction, the 

absorbance decreased until equilibrium was reached. A solution containing only NSP_a 

was obtained by exposing the solution of NSP to ambient light. The absorbance of this 

colorless solution was monitored at 517 nm and, as a result of the dark reaction, the 

absorbance increased until reaching equilibrium. The equilibrium position obtained for 

the coloration and for the fading of the color in the dark were the same, which shows the 

process monitored is the relaxation kinetics. For aqueous solutions of NSP containing 

NaC and NaCl, the amount of NSP at equilibrium showed to be affected by the 

concentration of NaCl (Figure 4.2).  
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Figure 4.2: Kinetics for the relaxation of NSP 50 µM in aqueous solution of NaC 80 mM 

and NaCl 0.20 M (a) or NaCl 1.0 M (b). Left: after irradiation at 338 nm; Right: after 

exposure to ambient light.  

 

The curves shown in Figure 4.2 are better fit as the sum of 2 exponentials 

(Equation 5). If the curves are fit as a one exponential function the residuals from the fit 

are considerably larger and systematic deviations are observed. The first term of equation 

5 is related to the dark reaction, and the second was assumed to be the decomposition by 

hydrolysis. The absorption spectra of an aqueous solution of NSP_a containing NaC 

exhibited  an  increase  in  absorbance  at  405 nm over time91 (Figure 4.3). The same 

changes were observed92 in aqueous solutions containing water soluble derivatives of 

NSP and were attributed to the formation of hydrolysis products. Another indication of 

decomposition is that a fit with smaller least squares deviation was obtained when the 

value of absorbance at ∞→t  was set to zero, which is expected since the decomposition 

is an irreversible process (Equation 5).  

0e  + e  = t -
2

t -
1

2obs1 +kk aaA  
5 

where:  

- A = Absorbance at 517 nm; 
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- a1, a2 = pre-exponential factors; 

- kobs1 = dark reaction rate constant; 

- k2 = decomposition rate constant; 

- t = time. 

 
Figure 4.3: Absorption spectra of an aqueous solution of NSP_a 50 µM containing NaC 

80 mM/NaCl 0.20 M after sample preparation (a) and after 29 h (b).  

 

The same values of kobs1 and k2 determined by the fit of the decoloration curve on 

the left of Figure 4.2 were found from the fit of the coloration curve (Figure 4.2, right), as 

expected for relaxation kinetics (Table 4.1). 

 

Table 4.1: Rate constants for the relaxation of NSP_b to NSP_a (kobs1, k2) and for the 

relaxation of NSP_a to NSP_b (k'obs1, k'2) measured for aqueous solutions of NSP 50 µM 

at 25 oC.a 

[NaCl] / M kobs1 / 10-3 min-1 k2 / 10-5 min-1 k'obs1 / 10-3 min-1 k'2 / 10-5 min-1 

0.20 5.6 ± 0.1 (3) 5.4 ± 0.8 (3) 5.4 ± 0.2 (4) 5.1 ± 0.8 (4) 

1.0 8.74 ± 0.06 (3) 3 ± 1 (3) 8.4 ± 0.3 (4) 2.6 ± 0.7 (4) 

aThe numbers in parenthesis correspond to independent experiments. The errors are standard 

deviations. 
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A comprehensive study was performed to evaluate the effect of bile salt 

concentration, NaCl concentration, bile salt structure and temperature on the dark 

reaction of NSP. Since kobs1 and k2 can be evaluated by either the relaxation of NSP_b to 

NSP_a or the relaxation of NSP_a to NSP_b, only the decoloration process was studied 

in these experiments. When indicated accordantly, the experiments were performed by 

Allyson Miller, a co-op student who was supervised by me in the period of January to 

April 2010.  

 

4.2 Effect of NaC concentration on the dark reaction of NSP 
 

Full solubilization of NSP 50 µM in water was achieved using NaC 40 mM. 

Therefore, the dark reaction was investigated in solutions containing from 40 mM to 100 

mM of NaC (Figure 4.4). The values obtained for the dark reaction and decomposition 

rate constants are given in Table 4.2. The increase in the concentration of NaC from 40 

mM to 50 mM led to an increase in kobs1, but the further increase of NaC concentration 

until 80 mM resulted, within error, in the same values of kobs1. When the concentration of 

NaC was increase from 80 mM to 100 mM the value of kobs1 increased from (5.6 ± 0.2) × 

10-3 min-1 to (6.5 ± 0.2) × 10-3 min-1. The values obtained for k2 in different independent 

experiments were not reproducible. The decomposition rate constant was found to be 

around 100 times smaller than the rate constant for the dark reaction, and for this reason 

the time the kinetics were followed was too short to determine a precise value of k2. 

Consider for example a k2 value of 5 × 10-5 min-1. The lifetime considering only this 

decay is 20000 min, which is 10 times longer than the period of time for which each 
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kinetic curve was collected. The data collected, therefore, were not sufficient to 

determine precise values of k2. As a consequence, no trend was observed on the value of 

k2 with the increase of NaC concentration or with the change of any other parameter. The 

individuals values of k2 obtained on each experiment were presented instead of 

calculating standard or average deviations. 

The concentration of NaC also seems to affect the amount of NSP_b at equilibrium, 

as verified by the final absorbance in the kinetic curves (Figure 4.4). Except for the 

concentration equal to 50 mM, the increase in NaC concentration led to a decrease in the 

absorbance at 517 nm for the system at equilibrium. 

 
Figure 4.4: Kinetics for the decay of NSP_b to NSP_a at 25 oC measured at 517 nm. 

Aqueous solutions of NSP 50 µM in NaCl 0.2 M and NaC 40 mM (blue), 50 mM (red), 

60 mM (black), 80 mM (purple) and 100 mM (cyan). Experiments performed by Allyson 

Miller. 
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Table 4.2: Rate constants for the dark reaction, kobs1, and decomposition, k2, of NSP in 

aqueous solutions of NaC/NaCl 0.2 M at 25 oC.a 

NaC / mM kobs1 / 10-3 min-1 k2 / 10-5 min-1 

40 (3) 4.0 ± 0.5 6, 7, 8 

50 (2) 5.4 ± 0.1 4, 5 

60 (3) 5.4 ± 0.5 6, 7, 8 

80 (3) 5.6 ± 0.1 5, 5, 6 

100 (2) 6.5 ± 0.2 2, 4 

aExperiments performed by Allyson Miller. The numbers in parenthesis correspond to 

independent experiments. The errors are standard deviations where the number of 

independent experiments are equal or larger than 3 or average deviations where only 2 

independent experiments were performed. For k2 the values obtained for each trial are 

reported. 
 

4.3 Effect of NaCl concentration on the dark reaction of NSP 
 

The relaxation of NSP was evaluated in aqueous solutions containing NaC 80 mM 

and different concentrations of NaCl (Figure 4.5). The fit of the kinetic curves showed 

that the value of kobs1 increased as the concentration of NaCl was increased. The values of 

k2 could not be determined precisely, and the wide range of values obtained for this 

parameter overlaped for all the concentrations of NaCl evaluated.  
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Figure 4.5: Kinetics for the decay of NSP_b to NSP_a at 25 oC measured at 517 nm. 

Aqueous solutions of NSP 50 µM in NaC 80 mM and NaCl 1.0 M (blue), 0.8 M (green), 

0.6 M (red), 0.4 M (cyan), 0.2 M (---, black) and 0.03 M (purple). Experiments performed 

by Allyson Miller.  

 

Table 4.3: Rate constants for the dark reaction, kobs1, and decomposition, k2, of NSP in 

aqueous solutions of NaC 80 mM/NaCl at 25 oC.a  

NaCl / M kobs1 / 10-3 min-1 k2 / 10-5 min-1 

0.03 (2) 4.63 ± 0.06 6, 9 

0.2 (3) 5.6 ± 0.1 5, 5, 6 

0.4 (2) 7.17 ± 0.08 6, 6 

0.6 (3) 7.93 ± 0.01 5, 5, 6 

0.8 (3) 8.71 ± 0.04 4, 5, 7  

1.0 (3) 9.5 ± 0.1 1, 2, 8 

aExperiments performed by Allyson Miller. The numbers in parenthesis 

correspond to independent experiments. The errors are standard deviations 

where the number of independent experiments are equal or larger than 3 or 

average deviations where only 2 independent experiments were performed. 

For k2 the values obtained for each trial are reported. 
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4.4 Effect of bile salt structure on the dark reaction of NSP 
 

The experiments presented so far were performed in solutions containing NaC. 

This bile salt contains a carboxyl head group and 3 hydroxyl groups on the concave face. 

In order to compare the effect of bile salt structure on the relaxation kinetics of NSP, the 

reaction was carried out in aqueous solutions containing NaDC and NaTC. The 

difference between these bile salts and NaC is that NaDC has only 2 hydroxyl groups on 

the concave face and NaTC has a different head group (Figure 1.5). 

The amount of NSP_b at equilibrium was found to depend on the bile salt structure. 

The absorbance at 517 nm for the system at equilibrium has the largest value in the 

presence of NaTC and the smallest one in the presence of NaDC (Figure 4.6). The dark 

reaction of NSP in solutions containing NaDC and NaC exhibited a similar rate constant, 

while in the presence of NaTC the relaxation process is slower (Table 4.4). In organic 

solvents the dark reaction rate constant changes with the polarity of the medium, as will 

be discussed later. Different bile salt structures lead to different aggregates, which can 

have different polarities. 

 
Figure 4.6: Kinetics for the decay of NSP_b to NSP_a at 25 oC measured at 517 nm. 

Aqueous solutions of NSP 50 µM in NaCl 0.20 M and NaTC 80 mM (a), NaC 80 mM (b) 

and NaDC 80 mM (c). 
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Table 4.4: Rate constants for the dark reaction, kobs1, and decomposition, k2, of NSP in 

aqueous solutions containing NaCl 0.20 M and different bile salts at 25 oC.a 

Bile salt kobs1 / 10-3 min-1 k2 / 10-5 min-1 

NaC (3) 5.6 ± 0.1 5, 5, 6 

NaDC (2) 6.26 ± 0.06 0, 1 

NaTC (2) 4.336 ± 0.008 5, 5 

aThe numbers in parenthesis correspond to independent experiments. The errors are standard 

deviations where the number of independent experiments are equal or larger than 3 or average 

deviations where only 2 independent experiments were performed. For k2 the values obtained for 

each trial are reported. 

 

In one of the experiments in the presence of NaDC presented on Table 4.4 the fit 

of the kinetic curve using equation 5 led to a negative value for k2. Since the existence of 

a negative rate constant is physically meaningless, the curve was fit as a one exponential 

decay and k2 was indicated as being equal to zero (equation 6). Under some other 

conditions studied, especially at higher temperatures, the decomposition rate constant was 

also found to be negative in one or more independent experiments. In all these cases the 

curve could be fit using equation 6 with a small least squares deviation, and the value of 

k2 was indicated as being zero. 

t
10

obs1keaa +=A  6 
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4.5 Temperature studies 
 

In order to evaluate the effect of bile salt structure and NaCl concentration on the 

activation energy, the dark reaction rate constant was determined at different 

temperatures for the following conditions: 

• NaC 80 mM/NaCl 0.20 M 

• NaC 80 mM/NaCl 1.0 M 

• NaDC 80 mM/NaCl 0.20 M 

• NaTC 80 mM/NaCl 0.20 M 

In the absence of light, a solution containing NSP will reach the equilibrium between 

the colored and colorless isomers via opposing first-order reactions.83 The reaction rate 

constant experimentally determined, kobs1, is equal to the sum of the rate constant for the 

conversion of NSP_b into NSP_a, kBA, and the rate constant for the conversion of NSP_a 

into NSP_b, kAB (Equation 7). The determination of kBA and kAB is necessary to assess the 

activation energy of both the forward and backward reactions.  

BAABobs1  = kkk +  7 

The equilibrium constant for the reaction in Scheme 1.2 is: 

[NSP_a]
[NSP_b] = K  

8 

The concentration of NSP_b at equilibrium was determined considering the 

parameters obtained from the fit with Equation 5. The absorbance for the system at 
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equilibrium in the absence of decomposition is equal to the absorbance at the beginning 

of the kinetics (when t = 0) minus the pre-exponential factor a1. The concentration of 

NSP_a was determined by subtracting the concentration of NSP_b from the total 

concentration of NSP (50 µM). At 25 oC the equilibrium constant was smaller in the 

presence of NaC 80 mM/NaCl 1.0 M than in the presence of NaC 80 mM/NaCl 0.2 M. 

For the reaction in the presence of NaCl 0.2 M and different bile salts, K increased in the 

order NaDC < NaC < NaTC (Table 4.5). The polarity inside the aggregates is probably 

the reason for this trend, as will be discussed later. 

 

Table 4.5: Equilibrium constant for the dark reaction of NSP_a to NSP_b at 25 oC.a 

Medium K / 10-2 

NaC 80 mM/NaCl 0.20 M (3) 10 ± 1 

NaC 80 mM/NaCl 1.0 M (2) 2.2 ± 0.4 

NaDC 80 mM/NaCl 0.20 M (2) 2.9 ± 0.1 

NaTC 80 mM/NaCl 0.20 M (2) 12.5 ± 0.2 

aThe numbers in parenthesis correspond to independent experiments. The errors are standard 

deviations where the number of independent experiments are equal to 3 or average deviations 

where only 2 independent experiments were performed. 

 

The equilibrium constant is related to the rate constant as follows: 

BA

AB = 
k
kK  

9 
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 After the determination of K with equation 8, equation 7 and 9 were rearranged to 

allow the determination of kBA (Equation 10). Values of kAB were determined with 

equation 7. 

K
kk
+1

 = obs1
BA  

10 

 The reaction in the presence of NaC 80 mM/NaCl 0.20 M was performed with the 

temperature ranging from 15 oC to 45 oC (Figure 4.7). As expected, the values 

determined for kobs1, kAB and kBA increased with temperature (Table 4.6). The values 

found for k2 were not very reproducible and did not follow any trend with temperature. 

 
Figure 4.7: Kinetics for the decay of NSP_b to NSP_a measured at 517 nm. Aqueous 

solutions of NSP 50 µM in NaC 80 mM/NaCl 0.2 M at 15 oC (a), 20 oC (b), 25 oC (c), 30 
oC (d) and 40 oC (e). Experiments performed by Allyson Miller 
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Table 4.6: Rate constants for the dark reaction - kobs1, kAB, kBA - and decomposition - k2, - 

of NSP in aqueous solutions of NaC 80 mM/NaCl 0.2 M at different temperatures.a  

T / oC kobs1 / 10-3 min-1 k2 / 10-5 min-1 kBA / 10-3 min-1 kAB/ 10-3 min-1 

15 (3) 1.75 ± 0.03 38, 39, 39 1.54 ± 0.03 0.207 ± 0.004 

20 (2) 3.3 ± 0.3 4, 52 3.1 ± 0.3 0.28 ± 0.07 

25 (3) 5.6 ± 0.1 5, 5, 6 5.1 ± 0.2 0.51 ± 0.06 

30 (2) 11.3 ± 0.1 11, 12 10.6 ± 0.1 0.72 ± 0.04 

35 (4) 21 ± 1 18, 18, 18, 20 19 ± 1 1.74 ± 0.04 

40 (2) 37 ± 3 30, 36 33 ± 4 3.3 ± 0.1 

45 (2) 78 ± 1 6, 32 73 ± 1 5.5 ± 0.2 

aExperiments performed by Allyson Miller. The numbers in parenthesis correspond to 

independent experiments. The errors are standard deviations where the number of independent 

experiments are equal or larger than 3 or average deviations where only 2 independent 

experiments were performed. For k2 the values obtained for each trial are reported. 

 

The activation energy was determined using an Arrhenius plot (equation 11), 

while the enthalpy and entropy of activation were determined by an Eyring plot (equation 

12). The plot of these equations resulted in a line for both kBA (Figure 4.8) and kAB 

(Figure 4.9). 
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where: 
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- k = reaction rate constant 

- T = absolute temperature 

- R = gas constant 

- kb = Boltzmann constant 

- h = Planck’s constant 

- Ea = activation energy 

- ΔH‡ = enthalpy of activation 

- ΔS‡ = entropy of activation 

 

  
Figure 4.8: Temperature studies for the decoloration of NSP in NaC 80 mM/NaCl 0.2 M. 

Left: Arrhenius plot for kBA. Right: Eyring plot kBA. 
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Figure 4.9: Temperature studies for the coloration of NSP in NaC 80 mM/NaCl 0.2 M. 

Left: Arrhenius plot for kAB. Right: Eyring plot kAB. 
 

The same analysis presented before for NaC 80 mM/NaCl 0.2 M was performed 

for the other conditions. For NaDC 80 mM/NaCl 0.2 M (Figure 4.11, Table 4.8, Figure 

B.3, Figure B.4) the experiment could not be performed at 15 oC and 20 oC because a gel 

formed at that temperature. For NaTC 80 mM/NaCl 0.2 M (Figure 4.12, Table 4.9, Figure 

B.5, Figure B.6) the experiment was not done at 15 oC because the reaction was very 

slow at that temperature; it would take more than 30 hours to collect each kinetic curve.  

 
Figure 4.10: Kinetics for the decay of NSP_b to NSP_a measured at 517 nm. Aqueous 

solutions of NSP 50 µM in NaC 80 mM/NaCl 1.0 M at 15 oC (a), 20 oC (b), 25 oC (c), 30 
oC (d), 35 oC (e), 40 oC (f) and 45 oC (g). 
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Table 4.7: Rate constants for the dark reaction - kobs1, kAB, kBA - and decomposition - k2, - 

of NSP in aqueous solutions of NaC 80 mM/NaCl 1.0 M at different temperatures.a 

T / oC kobs1 / 10-3 min-1 k2 / 10-5 min-1 kBA / 10-3 min-1 kAB / 10-3 min-1 

15 (2) 2.746 ±0.002 55, 85 2.54 ± 0.06 0.20 ± 0.06 

20 (2) 5.508 ± 0.007 1, 3 5.37 ± 0.01 0.13 ± 0.02 

25 (2) 11.15 ± 0.05 3, 6 10.9 ± 0.1 0.24 ± 0.04 

30 (2) 22.15 ± 0.06 6, 8 21.6 ± 0.1 0.57 ± 0.03 

35 (4) 40 ± 4 0, 13, 9, 426 39 ± 4 1.1 ± 0.5 

40 (4) 66 ± 7 0, 13, 17, 19 64 ± 7 1.9 ± 0.5 

45 (2) 127.19 ± 0.04 0, 0 124.0 ± 0.2 3.2 ± 0.2 

aThe numbers in parenthesis correspond to independent experiments. The errors are standard 

deviations where the number of independent experiments are equal or larger than 3 or average 

deviations where only 2 independent experiments were performed. For k2 the values obtained on 

each trial are reported. 

 

 
Figure 4.11: Kinetics for the decay of NSP_b to NSP_a measured at 517 nm. Aqueous 

solutions of NSP 50 µM in NaDC 80 mM/NaCl 0.20 M at 25 oC (a), 30 oC (b), 35 oC (c), 

40 oC (d) and 45 oC (e). 
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Table 4.8: Rate constants for the dark reaction - kobs1, kAB, kBA - and decomposition - k2, - 

of NSP in aqueous solutions of NaDC 80 mM/NaCl 0.2 M at different temperatures.a 

T / oC kobs1 / 10-3 min-1 k2 / 10-5 min-1 kBA / 10-3 min-1 kAB / 10-3 min-1 

25 (2) 6.26 ± 0.06 0, 1 6.08 ± 0.06 0.177 ± 0.005 

30 (2) 12.55 ± 0.03 5, 7 12.15 ± 0.05  0.375 ± 0.008 

35 (3) 23 ± 1 6, 6, 12 23 ± 2 0.9 ± 0.2 

40 (2) 43 ± 1 0, 24 42 ± 1 1.3 ± 0.2 

45 (2) 80.2 ± 0.2 0, 0 77.6 ± 0.4 2.7 ± 0.1 

aThe numbers in parenthesis correspond to independent experiments. The errors are standard 

deviations where the number of independent experiments are equal or larger than 3 or average 

deviations where only 2 independent experiments were performed. For k2 the values obtained for 

each trial are reported. 

 

 
Figure 4.12: Kinetics for the decay of NSP_b to NSP_a measured at 517 nm. Aqueous 

solutions of NSP 50 µM in NaTC 80 mM/NaCl 0.20 M at 20 oC (a), 25 oC (b), 30 oC (c), 

35 oC (d), 40 oC (e) and 45 oC (f). 
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Table 4.9: Rate constants for the dark reaction - kobs1, kAB, kBA - and decomposition - k2, - 

of NSP in aqueous solutions of NaTC 80 mM/NaCl 0.2 M at different temperatures. 

T / oC kobs1 / 10-3 min-1 k2 / 10-5 min-1 kBA / 10-3 min-1 kAB / 10-3 min-1 

20 (2) 2.093 ± 0.007 3, 4 1.86 ± 0.01 0.231 ± 0.009 

25 (2) 4.336 ± 0.008 5, 5  3.85 ± 0.01 0.48 ± 0.02 

30 (2) 8.88 ± 0.01 8, 9 7.87 ± 0.03 1.01 ± 0.03 

35 (3) 16.9 ± 0.5 16, 16, 21 15.0 ± 0.7 1.9 ± 0.2 

40 (2) 30.5 ± 0.5 0, 25 27 ± 1 3.3 ± 0.6 

45 (2) 55 ± 1  29, 47 48 ± 1 7.4 ± 0.2 

aThe numbers in parenthesis correspond to independent experiments. The errors are standard 

deviations where the number of independent experiments are equal to 3 or average deviations 

where only 2 independent experiments were performed. For k2 the values obtained for each trial 

are reported. 

 

The parameters found for the analysis in all conditions are given on Table 4.10. 

The values of ΔS‡ are in all cases close to zero. The values of Ea and ΔH‡ are larger for 

kAB than for kBA in all conditions except in NaC 80 mM/NaCl 0.20 M. For kBA, the 

enthalpy of activation was found to be the same in solutions containing NaC and different 

concentrations of NaCl, and a larger value was found for solutions containing NaDC and 

NaTC compared to NaC. 
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Table 4.10: Kinetic parameters for the dark reaction of NSP in bile salts. 

Medium  Ea / kJ mol-1 ΔS‡ / kJ mol-1 ΔH‡ / J mol-1 K-1 

NaC 80 mM/NaCl 0.20 M 
kBA 96 ± 2 93 ± 1 -9 ± 6 

kAB 86 ± 4 83 ± 3 -62 ± 12 

NaC 80 mM/NaCl 1.0 M 
kBA 97 ± 2 94 ± 2 0 ± 6 

kAB 82 ± 7 80 ± 7 -77 ± 23 

NaDC 80 mM/NaCl 0.20 M 
kBA 100 ± 1 97 ± 3 5 ± 4 

kAB 105 ± 5 102 ± 6 7 ± 18 

NaTC 80 mM/NaCl 0.20 M 
kBA 101 ± 1 98 ± 1 4 ± 4 

kAB 105 ± 3 102 ± 3 1 ± 9 
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4.6 Discussion 
 

The capacity of bile salts to affect reactivity has been explored for the abstraction 

of hydrogens by excited ketones84 and for the cleavage of C-C and C-O bond in a series 

of photoreactions.93,94 In the later case, selectivity of photoproducts was achieved because 

bile salt aggregates control the rotational and translational motion of reaction 

intermediates. In the present project, the relaxation kinetics of NSP was studied at 

different temperatures, bile salts and concentrations of NaC and NaCl. In all those 

conditions the dark reaction was found to be much faster than the decomposition process. 

In the presence of NaC 80 mM/NaCl 0.2 M at 25 oC the decomposition rate constant was 

in the range of (3-8) ×10-5 min-1. For a water soluble derivative of NSP the value for the 

decomposition rate constant was reported92 as being equal to 3.6 × 10-3 min-1 at pH 8.0 

(10 mM phosphate buffer) and 25 oC. According to this study, the decomposition occurs 

by hydrolysis of the isomer NSP_b. Therefore, the presence of bile salt reduced the 

decomposition by a factor of 45-120 times.  

The dark reaction of NSP has been studied in different solvents.24,83,90 In organic 

solvents the observed rate constant kobs1 decreases by increasing the solvent polarity, and 

has a value of 3.76 × 10-4 s-1 in ethanol and 1.120 × 10-1 s-1 in benzene.83 Keum et al.90 

observed that kobs1 has a linear relationship with the solvent parameter ET, which is a 

measure of the ionizing power of a solvent. For a series of nine solvents, the value of 

kobs1 decreased with the increase of ET. In a series of imidazolium-based ionic liquids the 

value of kobs1 also shows a dependence on the polarity of the medium.85 For the reaction 

carried out in different aqueous solutions containing bile salts, the value of kobs1 was 
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affected by the concentration of NaC, the concentration of NaCl and the structure of the 

bile salt monomer. The differences can be related to the polarity inside the bile salt 

aggregates.  

The presence of NaCl influences the formation of bile salt aggregates. When the 

concentration of NaCl is increased the aggregates start to form at lower concentrations of 

bile salt,95,96 are bigger,65,97,98 more compact82 and, as suggested by studies with pyrene 

I/III ratio, more hydrophobic.82 The values of kobs1 increased when the concentration of 

NaCl was increased from 0.03 to 1.0 M. This result corroborates the evidence that NaCl 

causes a decrease in the polarity inside the aggregates. The increase in NaCl 

concentration also led to a decrease of NSP_b concentration at equilibrium. For the 

reaction in organic solvents, the amount of NSP_b at equilibrium decreases when the 

polarity of the solvent is decreased.83 

The concentration of NaC was varied from 40 to 100 mM. Under these conditions 

the solution contains both primary and secondary bile salt aggregates. Although it is not 

possible to assign the location of NSP_a, NSP_b is problably located in secondary 

aggregates due to its zwitterionic structure. The value of kobs1 in the presence of 40 mM 

NaC is (4.0 ± 0.5) × 10-3 min-1 and in the presence of 100 mM NaC is (6.5 ± 0.2) × 10-3 

min-1, which represents an overall small increase of kobs1 with the NaC concentration. 

However, for concentrations of NaC from 50 to 80 mM the value of kobs1 was constant. 

These results can indicate that the polarity in the environment where NSP_b is located 

does not seem to change a lot with increasing the concentration of NaC. In fact, for 

probes in secondary aggregates, the protection efficiency towards quenching does not 
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change significantly from 20 to 40 mM NaC.62 The amount of NSP_b at equilibrium 

presents an overall decrease with increasing the concentration of NaC.  

NaDC, a dihydroxyl bile salt, can form larger aggregates than NaC, a trihydroxyl 

bile salt.64,65,99 The structure of the bile salts also influences the binding efficiency and 

protection efficiency towards quenching, which are higher for NaDC than for NaC.64 

Nevertheless, the number of hydroxyl group in the concave face seems to have only a 

small effect on kobs1. In organic solvents, the value of equilibrium constant (K) increases 

by increasing the polarity of the medium. The value of K is higher in the presence of 

NaC, which can indicate that NSP is located in a more polar environment in the presence 

of NaC. In order to evaluate the bile salt head group in the dark reaction of NSP, this 

reaction was also performed in the presence of NaTC. The value of kobs1 is smaller and 

the value of K is higher in the presence of NaTC, which indicates a higher polarity in the 

aggregates compared to NaC. Probably the fact that there is a larger amount of NSP_b at 

equilibrium in more polar environment is because this ionic isomer is more stable in such 

media. 

The activation energy for the conversion of NSP_b to NSP_a in all bile salts is 

similar to other polar solvents like ethanol (103 kJ/mol) and chloroform (98 kJ/mol).83 

The values for both the energy and enthalpy of activation are expected to be higher for 

the conversion of NSP_a to NSP_b. However, for the reaction performed in  NaC 80 

mM/NaCl 1.0 M and NaC 80 mM/NaCl 0.20 M, Ea and ΔH‡ calculated from kAB are 

smaller than the ones calculated from kBA. These results may have occurred because the 

Arrhenius and Eyring plots for those conditions did not exhibit a good linear fit. Because 
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for all the conditions the values of Ea, ΔH‡ and ΔS‡ are very close, no mechanistic 

information could be obtained from these numbers. 
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5 Photocoloration of NSP and DAE in Bile Salts 
 

Part of the material presented in this chapter has been published. Reproduced in part with 

permission from Langmuir (2014) 30, 11319-11328. Copyright 2014 American Chemical 

Society. 

 

The quantum yield is a fundamental parameter in the description of a photochemical 

reaction. In a photochromic system, obtaining quantum yields is not trivial. Absorption 

spectra for the two isomers overlap in the UV range, and UV radiation can lead to both 

forward and backward reactions (Scheme 5.1, Scheme 5.2). Other processes such as dark 

reactions and decomposition can occur, which further complicates data  analysis.89 

The photocoloration of DAE and NSP was investigated in aqueous solutions of bile 

salts. The method developed to conduct this study and the effect of the medium on the 

reaction quantum yields will be presented in this chapter. 

 
Scheme 5.1: Isomerisation of DAE during irradiation with UV light.  

 
Scheme 5.2: Isomerisation of NSP during irradiation with UV light. 
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5.1 Method development  

 

The photokinetic method for the determination of quantum yields involves 

following the kinetics of the photochemical reaction under continuous irradiation. 89,100,101 

In order to apply this method, experimental and mathematical problems must be 

overcome.101  

In a photochromic system the two isomers have very different absorption spectra, 

therefore the reaction can be monitored measuring the absorbance of the solution at a 

suitable wavelength. The first idea to perform the experiments was to irradiate the sample 

with monochromatic light and record the absorption spectrum at specific time intervals. 

With this approach, however, the dark reaction of NSP cannot be properly accounted for 

as the absorption spectra are being collected. A set-up was designed by Luis Netter and 

Tamara Pace to measure absorption of a sample undergoing irradiation. A PTI irradiation 

lamp and monochromator were connected to a cell compartment from a fluorimeter 

attached to a water bath. The absorbance of the sample was monitored using an Ocean 

Optics detector and a PTI lamp, both connected to the cell holder by fiber optics. Because 

the Ocean Optics detector is not as stable as a conventional spectrophotometer, the 

absorbance of a reference was measured alternately with the absorbance of the sample 

and the fluctuations corrected by the software. A FOS-2x2-TTL Inline Fiber Optic 

Shutter controlled the measurements of reference and sample, and the sample cell holder 

had a magnetic stirrer (Figure 5.1). 
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Figure 5.1: Equipment used in the photocoloration experiments: 1) irradiation lamp; 2) 

monochromator; 3) sample cell holder with magnetic stirrer; 4) reference cell holder; 5) 

monitoring lamp; 6) shutter; 7) FOS-2x2-TTL Inline Fiber Optic Shutter; 8) Ocean Optics 

detector; 9) computer.  

 

The analysis of  kinetic traces is another challenge in the study of a photochromic 

system. Usually it is necessary to make approximations to obtain analytical expressions101 

and, depending on the complexity of the system, no analytical method can be 

employed.102 Therefore, the strategy employed in this investigation was to analyze the 

kinetic equations numerically by using the software Scientist 3.0 from Micromath. 

 Consider the simplest photochemical process in which A is irreversibly 

transformed into B: 

 

If ΦAB is the quantum yield of the conversion and Abs
AI  is the amount of light 

absorbed by A, the rate equation for this process is: 



 

 

78 
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d[A]
dt

= −ΦAB IA
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13 

Equation 13 can be written in terms of the light flux incident in the sample, I0, and 

the absorbance of A, AbsA:  

)101(][ Abs
0AB

AA −
−Φ−= I

dt
d

 
14 

For an optical path length of 1 cm, the absorbance can be replaced by the product 

of the concentration of A and its molar absorptivity coefficient at the irradiation 

wavelength, εA:  

)101(][ ][
0AB

AA
A ε−−Φ−= I
dt
d

 
15 

For the photochromic reaction of DAE, irradiation with UV light leads to both 

forward and backward reactions; another term needs to be included in equation 15 

regarding the conversion of B into A: 

)101()101(][ ][
0BA

][
0AB

BA BA
A εε −− −Φ+−Φ−= II
dt
d
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The isomerization of NSP also occurs via a dark reaction. Consequently, four 

processes have to be included in the kinetic model for this compound (Scheme 5.3): 

 



 

 

79 

 
Scheme 5.3: Processes involved in the photochromism of NSP and their respective rate 

equations. 

 

The sum of the rate equations for the individual processes gives the differential 

equation that describes the change in the concentration of A when the system is 

continuously irradiated: 

  

€ 

d[A]
dt

= −I0 1−10
−εA [A ]( ) ΦAB − kAB[A]+ I0 1−10

−εB [B]( ) ΦBA + kBA[B] 
17 

 

At longer wavelengths in the visible range of the absorption spectrum, only B 

absorbs, therefore the reaction can be monitored for the formation of B: 

][visvis BBB ε=Abs  18 

 

where vis
BAbs and vis

Bε  are the absorbance and the molar absorptivity coefficient 

of B at the monitoring wavelength, respectively. The concentrations of B and A are 

correlated and the concentration of B can be expressed as the difference between the total 

concentration of photochromic compound, A0, and the concentration of A: 

][][][ 0 AAB −=  19 
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5.2 The photokinetic factor and the absorbance at the irradiation 

wavelength 
 

The rate equations for the photochemical reactions considered above were written 

as a function of the light absorbed by the individual components A and B. However, it is 

not possible to directly measure the light absorbed by each one of these compounds since 

their absorption spectra overlap. On the other hand, the light absorbed by the whole 

system, Abs
SI , can be directly measured by the absorbance of the solution at the irradiation 

wavelength. Equation 13 can be written considering Abs
SI if multiplied by a factor that 

represents the portion of light absorbed by A: 

⎟⎟
⎠

⎞
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⎝
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][
I
II

dt
d AA

 
20 

 

For absorbance values smaller than 0.1, the factor Abs
S

Abs

I
IA  is approximately 

equal to the ratio between the absorbance of A and the absorbance of the solution: 
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If I0 is the light flux incident in the sample, one can substitute as follows: 
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The photokinetic factor F is defined as 

€ 

F =
1−10−AbsS( )
AbsS

 
23 

Replacing F in Equation 22 and considering a light path of 1 cm, the result is 
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A
A AbsFI
dt
d
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Equation 25 is the main equation used in the photokinetic model. This equation 

assumes that the ratio between the light absorbed by A and the light absorbed by the 

solution is equal to the ratio between the absorbance of A and the absorbance of the 

solution. As already discussed, this assumption is only valid for absorbance smaller than 

0.1. The absorbance at the irradiation wavelength should not be higher than this value. 

Nevertheless, this equation is often used without respecting this absorbance limit or 

discussing the intrinsic error associated with it.89,101,103,104 Simulations performed with 

typical conditions for the photocoloration of DAE revealed that when the absorbance at 

the irradiation wavelength is 0.2 the error introduced on the quantum  yields  is  around 

10 %. 

The use of Equation 25 rather than Equation 15 is probably due to the difficulty of 

integrating the latter. Since numerical analysis was the method chosen to fit the kinetic 

traces, Equation 15 can be applied. In principle, the solutions employed could have any 

absorbance at the irradiation wavelength. However, if the absorbance at the irradiation 

wavelength is too high, the entire incident light is absorbed by a thin layer of solution at 

the side of the cell facing the irradiation lamp. The accumulation of products in this layer 

can cause unwanted degradation reactions8 and stirring may not be sufficient to ensure a 

homogeneous distribution of product. This, in turn, will affect the absorbance readout. 
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Therefore, the absorbance of the solutions employed in all the experiments was kept 

smaller than 0.30 at the irradiation wavelength.   

 

5.3 ΦAB and ΦBA for DAE isomerization 
 

The isomerization of DAE occurs exclusively through a photochemical reaction, 

which makes the study of this system easier from a mathematical point of view. A 

solution of DAE in cyclohexane was irradiated at the isosbestic point, 287 nm, and the 

absorbance at several wavelengths was monitored during the irradiation (Figure 5.2). The 

temperature was kept at 15 oC and the slit of the monochromator was set to achieve a 

bandwidth of 3 nm for both the entrance and exit of light. Although ideally 

monochromatic light should be employed, small slit bandwidths results in lower light 

flux and longer collection times for the kinetics. The absorbance measured had a periodic 

oscillation. This point will be addressed below. 

 

Figure 5.2: Absorbance at a) 287 nm, b) 562 nm and c) 800 nm during irradiation of 

DAE at 287 nm in cyclohexane. T = 15 oC. 
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The absorbance at 562 nm, vis
BAbs , corresponds to the maximum of absorption for 

the colored isomer of DAE. The kinetic trace at this wavelength was fit using the 

following model (Scheme 5.4): 

Dependent variable: [A], [B], vis
BAbs  

Independent variable: t 

Parameters: I0, εA, εB, vis
Bε , ΦAB, ΦBA 

//Equations: 

 
)101()101(][ ])[]([

0BA
][

0AB
0 AAA BA

A −−− −Φ+−Φ−= εε II
dt
d

 

][][][ 0 AAB −=
 

][visvis BBB ε=Abs  

//Initial condition:  

t = 0 

[A] = [A0] 

Scheme 5.4: Model in Scientist 3.0 to fit the kinetics of DAE photocoloration. 

 

The initial condition is an important information in the model, and for the 

experiments performed it indicates that in the beginning of the kinetics the concentration 

of A is equal to the total concentration of photochromic compound. Experimentally this 

condition was obtained by exposing the sample with ambient light until a complete 

conversion to isomer A was achieved.  

The parameters in a model are quantities that have either their values fixed or 

allowed to change in order to obtain the best fit for the kinetics. In the above model, there 
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are six parameters; three of them - I0, εA and εB - are determined in independent 

experiments and therefore can have their values fixed.  

The light flux I0 was determined using potassium ferrioxalate as an actinometer.77 

The molar absorptivity coefficient of A at the irradiation wavelength, εA, was determined 

based on the absorption spectra of a solution of DAE containing only the isomer A. Since 

the irradiation was performed at the isosbestic point, the value of εB is equal to the value 

of εA. As described in chapter 3, the molar absorptivity coefficients of B at other 

wavelengths are not readily available since it is not possible to obtain a solution 

containing only B unless some isolation method is employed. Initially, the curves were 

first fit without fixing vis
Bε . The values of vis

Bε , ΦAB and ΦBA obtained by this method 

were random, changing each time new guess values were input into the model. These 

initial guess values are numbers close to what is believed to be the real values, and are 

used by the software in the beginning of the calculations. The statistics of the fit revealed 

a large standard deviation for the parameters calculated. Constraining the possible values 

for the quantum yields between the theoretical values of 0 and 1, the parameters obtained 

in one of the attempts to fit curve b on Figure 5.2 were:  

ΦAB = 0.14 ± 1.01 

ΦBA = 0.31 ± 0.49 

vis
Bε  = 3.5 × 104 ± 2.5 × 105  

The large standard deviations and the dependence on initial guess values indicate 

that the parameters are underdetermined, i.e. there are several combinations of values that 

provide equally good fits to the data. The same underdetermination resulted when the 

reaction was monitored at several wavelengths and the curves were fit together.  
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These results suggest that the value of vis
Bε  has to be fixed in order to determine 

precise values for ΦAB and ΦBA. This requirement was the main motivation to develop an 

HPLC method to obtain the molar absorptivity coefficients of B (Chapter 3). If the value 

of vis
Bε is fixed, the quantum yields are determined with a small standard deviation and 

the same values are found independently of the initial guess values. For curve b in Figure 

5.2 the values of ΦAB and ΦBA were determined to be equal to 0.397 ± 0.002 and 0.0775 

± 0.0005, respectively (Figure 5.3). 

 

Figure 5.3: Absorbance at 562 nm during irradiation of DAE at 287 nm in cyclohexane. 

a) Experimental data (black) and numerical fit (red); b) Residuals between the 

experimental data and the fit. T = 15 oC. 
 

A noise with a sinusoidal shape was observed for the detection at all wavelengths. 

This noise is more noticeable when the measurement is done with no sample in the cell 

holder or for wavelengths that should not change over time, like the curves at 287 nm and 

800 nm (Figure 5.2, a and c). The data at 562 nm has the same type of noise, and for this 

reason the residuals of the fit also have a sinusoidal shape instead of being random 

around zero. In order to ensure that the noise would be taken into account in the fit, the 
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kinetics were followed for at least one cycle of oscillation after reaching the 

photostationary state. 

 

5.4 ΦAB and ΦBA for NSP isomerization 
 

The same method developed to analyze the photocoloration of DAE was applied to 

NSP, with extra consideration for the dark reaction (Scheme 5.5). The dark reaction rate 

constants kAB and kBA are known parameters (Chapter 4); therefore, their values were 

fixed when fitting the kinetic curve.  

Dependent variable: [A], [B], vis
BAbs  

Independent variable: t 

Parameters: I0, εA, εB, vis
Bε , kAB, kBA, ΦAB, ΦBA 

//Equations:
 

  

€ 

d[A]
dt

= −I0 1−10
−εA [A ]( ) ΦAB − kAB[A]+ I0 1−10

−εB ([A 0 ]−[A ])( ) ΦBA + kBA([A0]−[A])
 

][][][ 0 AAB −=
 

][visvis BBB ε=Abs  

//Initial condition:  

t = 0 

[A] = [A0] 

Scheme 5.5: Model in Scientist 3.0 to fit the kinetics of NSP photocoloration. 
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Most of the photocoloration experiments with DAE and NSP were performed at 15 

oC. This temperature was chosen for two reasons: as it minimizes evaporation of the 

organic solvents during irradiation and disfavours the dark reaction of NSP. For aqueous 

solutions containing NaDC, however, the experiments were performed at 25 oC to avoid 

the formation of a gel. 

 

5.5 Results 
 

The photocoloration of DAE was performed in cyclohexane (Figure 5.4) and in 

aqueous solutions containing NaC 80 mM/NaCl 0.2 M (Figure 5.5), NaC 80 mM/NaCl 

1M (Figure 5.6) and NaDC 80 mM/NaCl 0.2 M (Figure 5.7). Two independent 

experiments were carried out for each of these conditions. Due to solubility limitations, 

the experiment was not performed in the presence of NaTC.  

  
Figure 5.4: Absorbance at 562 nm during irradiation of DAE at 287 nm in cyclohexane. 

a) Experimental data (black) and numerical fit (red); b) Residuals between the 

experimental data and the fit. T = 15 oC. The two graphs correspond to independent 

experiments. 
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Figure 5.5: Absorbance at 577 nm during irradiation of DAE at 292 nm in NaC 80 

mM/NaCl 0.2 M. a) Experimental data (black) and numerical fit (red); b) Residuals 

between the experimental data and the fit. T = 15 oC. The two graphs correspond to 

independent experiments. 

 

  
Figure 5.6: Absorbance at 577 nm during irradiation of DAE at 292 nm in NaC 80 

mM/NaCl 1M. a) Experimental data (black) and numerical fit (red); b) Residuals between 

the experimental data and the fit.  T = 15 oC. The two graphs correspond to independent 

experiments. 
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Figure 5.7: Absorbance at 577 nm during irradiation of DAE at 292 nm in NaDC 80 

mM/NaCl 0.2 M. a) Experimental data (black) and numerical fit (red); b) Residuals 

between the experimental data and the fit.. T = 25 oC. The two graphs correspond to 

independent experiments. 

 

The errors for ΦAB and ΦBA obtained from the fit were very small. For two 

independent experiments, the errors were also small in most of the conditions. However, 

the parameters determined by other experiments and fixed during the fitting also have an 

error associated with them. The parameter that most affects the quantum yields is vis
Bε ; 

therefore, the fitting was done considering the minimum and maximum values for 

vis
Bε and keeping other parameters as their average values. The results showed that the 

quantum yield could change as much as ± 0.02 when considering the experimental error 

of vis
Bε . Therefore, an uncertainty of ± 0.02 was assumed for all the quantum yield values 

except where a larger error was observed for independent experiments. The values of ΦAB 

and ΦBA for DAE isomerization irradiating at the isosbestic point was found to be, within 

error, the same in all the conditions studied (Table 5.1). 
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Table 5.1: Quantum yield for the photochemical isomerization of DAE irradiated at the 

isosbestic pointa 

Medium/ irradiation wavelength ΦAB ΦBA 

Cyclohexane (2) / 287 nm 0.39 ± 0.02 0.07 ± 0.02 

NaC 80 mM/NaCl 0.2 M (2) / 292 nm 0.39 ± 0.02 0.06 ± 0.02 

NaC 80 mM/NaCl 1 M (2) / 292 nm 0.36 ± 0.03 0.07 ± 0.02 

NaDC 80 mM/NaCl 0.2 M (2) / 292 nm 0.36 ± 0.03 0.05 ± 0.02 

aThe numbers in parenthesis correspond to independent experiments. 

 

The photocoloration of NSP was studied irradiating the solutions at the isosbestic 

point. The reaction was carried out in ethanol (Figure 5.8) and in aqueous solution 

containing NaC 80 mM/NaCl 0.2 M (Figure 5.9), NaC 80 mM/NaCl 1.0 M (Figure 5.10), 

NaDC 80 mM/NaCl 0.2 M (Figure 5.11) and NaTC 80 mM/NaCl 0.2 M (Figure 5.12). 

Two independent experiments were performed for each condition mentioned. 

  
Figure 5.8: Absorbance at 537 nm during irradiation of NSP at 298 nm in ethanol. a) 

Experimental data (black) and numerical fit (red); b) Residuals between the experimental 

data and the fit. T = 15 oC. The two graphs correspond to independent experiments. 
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Figure 5.9: Absorbance at 517 nm during irradiation of NSP at 299 nm in NaC 80 

mM/NaCl 0.2 M. a) Experimental data (black) and numerical fit (red); b) Residuals 

between the experimental data and the fit. T = 15 oC. The two graphs correspond to 

independent experiments. 

 

  
Figure 5.10: Absorbance at 517 nm during irradiation of NSP at 299 nm in NaC 80 

mM/NaCl 1.0 M. a) Experimental data (black) and numerical fit (red); b) Residuals 

between the experimental data and the fit.  T = 15 oC. The two graphs correspond to 

independent experiments. 
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Figure 5.11: Absorbance at 517 nm during irradiation of NSP at 302 nm in NaDC 80 

mM/NaCl 0.2 M. a) Experimental data (black) and numerical fit (red); b) Residuals for 

the fit. T = 25 oC. The two graphs correspond to independent experiments. 

  

  
Figure 5.12: Absorbance at 517 nm during irradiation of at 299 nm in NaTC 80 

mM/NaCl 0.2 M a) Experimental data (black) and numerical fit (red); b) Residuals 

between the experimental data and the fit.  T = 15 oC. The two graphs correspond to 

independent experiments. 

 

As observed for DAE, the error on ΦAB and ΦBA was very small for the fit and for 

independent experiments in most of the conditions. The fitting was then performed 

considering the experimental error on vis
Bε , kAB and kBA. The values of ΦAB and ΦBA vary 

around ± 0.01 depending on the experimental error on these fixed parameters. Therefore, 

the quantum yields were expressed with an error of ± 0.01 unless a larger error was 
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obtained for independent experiments. Differently from DAE, the quantum yield for the 

photocoloration of NSP is greatly affected by the medium. Both ΦAB and ΦBA are smaller 

in ethanol than in aqueous solutions containing bile salt. The value of ΦAB also depends 

on the structure of the bile salt. The largest value for ΦAB was found in the presence of 

NaDC and the smallest one in the presence of NaTC (Table 5.2).  

 

Table 5.2: Quantum yield for the photochemical isomerisation of NSP irradiated at the 

isosbestic pointa 

Medium/ irradiation wavelength ΦAB ΦBA 

Ethanol (2) / 298 nm 0.15 ± 0.01 0.04 ± 0.01 

NaC 80 mM/NaCl 0.2 M (2) / 299 nm 0.30 ± 0.01 0.14 ± 0.01 

NaC 80 mM/NaCl 1 M (2) / 299 nm 0.32 ± 0.01 0.15 ± 0.02 

NaDC 80 mM/NaCl 0.2 M (2) / 302 nm 0.51 ± 0.03 0.15 ± 0.02 

NaTC 80 mM/NaCl 0.2 M (2) / 299 nm 0.26 ± 0.01 0.15 ± 0.01 

aThe numbers in parenthesis correspond to independent experiments. 
 

5.6 Discussion 
 

The methods to determine the quantum yield of photochromic reactions can be 

divided into photostationary and photokinetic methods. The photostationary method 

consists of evaluating the photostationary state in different reaction conditions. In 1967, 

Fisher105 described a procedure to determine the absorption spectrum for an isomer B at 

equilibrium with the isomer A in a photoisomerization reaction. The solution had to be 

irradiated at two wavelengths and the photostationary state obtained was analyzed 
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assuming that the ratio 
BA

AB
Φ

Φ was the same at both wavelengths. The absorption 

spectrum of A had to be known and the system had to be thermally and photochemically 

stable. Others groups employed the photostationary method to determine quantum yields 

and a series of assumptions had to be made depending on the complexity of the  

system.106-108  

The photokinetic method analyzes the kinetic curves obtained by irradiation with 

monochromatic light. The set of equations used in this method was first described by 

Zimermann109 in 1958. Pimienta et al. successfully determined ΦAB, ΦBA and the ε value 

for the colored form of a spiropyran,89 a spironaphthoxazine103 and a spirooxazine.110 

They used numerical analysis to fit kinetic curves of samples irradiated at two 

wavelengths. In these studies, the quantum yields were also assumed to be wavelength 

independent. The photokinetic method described in this thesis analyses the data for 

irradiation at a single wavelength. This is advantageous, since some studies show that the 

quantum yield of DAE can change with the irradiation wavelength.41,80,111 Also, this 

method determines absolute quantum yields instead of relying on the comparison with the 

colorability of another compound.  

For the isomerization of DAE, the quantum yield values obtained were the same in 

bile salt solutions and cyclohexane. The quantum yield for this reaction takes into 

account the amount of anti-parallel conformers in solution, which are the active species 

that undergo the cyclization reaction. Therefore, the results seem to indicate that the 

solvent does not affect neither the amount of anti-parallel conformers nor the quantum 

yield for the conversion of anti-parallel DAE_a into DAE_b. Another possibility is that 
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the quantum yield is affected by the solvent but the amount of anti-parallel conformers is 

also affected and compensates this effect.  

A change in the solvent can affect the energy levels of A and B to different extents. 

The relaxation process can be more effective in some conditions than in others, resulting 

in quantum yields that differ from solvent to solvent. Unlike DAE, the isomers involved 

in the photochromism of NSP have very different polarities. As discussed in Chapter 4, 

the colored isomer NSP_b is a zwitterionic species that is located in a polar environment 

inside the bile salt aggregates. Therefore, a change in the medium could affect the 

quantum yield for NSP and not for DAE. Chibisov and Görner112 reported that the 

quantum yield for the coloration of NSP decreases in more polar solvent. For different 

bile salts that would indicate that the polarity order is NaDC<NaC<NaTC. From the 

analysis of the equilibrium constants for the dark reaction, the same polarity order was 

observed. According to pyrene I/III ratio, the polarity on primary aggregates also follows 

this trend.113,114 Considering the equilibrium constants, a smaller quantum yield would be 

expected for the solution of NaC containing NaCl 1 M compared to the solution of NaC 

containing NaCl 0.2 M. However, the quantum yield is the same in both conditions. Also, 

the quantum yield in ethanol is smaller than in solutions containing bile salts, although 

the wavelength of maximum absorption for NSP_b indicates that the environment is more 

polar in bile salts than in ethanol. These results indicate that bile salts are complex 

systems that have specific interactions and cannot be analyzed exclusively in terms of 

polarity.  

Both NSP and DAE could be switched between their colored and colorless isomers 

in aqueous solutions containing bile salts. The solubility achieved allows the use of these 
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systems where aqueous medium is required, for instance in biological applications. 

Moreover, the rate constants for the decomposition reaction, dark reaction and 

photocoloration of NSP could be modulated by changing the bile salt and the 

concentration of NaCl in the system. The proven ability of bile salts to alter reactivity is 

interesting for applications of the systems presented in this thesis, and should also be 

explored for the reaction of other compounds. 
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6 Conclusion 
 

The studies presented in this thesis explore the effect of bile salt aggregates on the 

photochromism of NSP and DAE. These aggregates provide solubilization of NSP and 

DAE in water and affect the reactivity of NSP.  

The relaxation kinetics for the dark reaction of NSP can be modulated by the 

concentrations of NaC and NaCl and also by the structure of the bile salt. The dark 

reaction rate constant increases with the increase on NaCl concentration and at a smaller 

degree with the increase on the NaC concentration. For different bile salts, the dark 

reaction rate constant is smaller in NaTC and has approximately the same value in NaC 

and NaDC. The changes could be due to different polar environments inside the 

aggregates. The presence of bile salts also slows down the decomposition of NSP 

compared to the decomposition of water-soluble derivatives in water. 

The determination of quantum yields for photochromic systems is not a trivial task. 

A photokinetic method was developed and has the advantage of analyzing a single kinetic 

curve. The sample is irradiated with monochromatic light at a controlled temperature 

while the absorbance of the colored isomer is monitored. In order to use this method, the 

molar absorptivity coefficient of both isomers has to be determined by an independent 

experiment. The quantum yield for the coloration and decoloration of DAE and NSP was 

determined at the isosbestic point. For DAE, ΦAB and ΦBA are the same in bile salts and 

cyclohexane. The quantum yield for the coloration of NSP depends on the bile salt 

employed and increases in the order NaTC < NaC < NaDC. A method using HPLC was 
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developed to determine the molar absorptivity coefficient of the colored forms of NSP 

and DAE. This method has the advantage of not requiring the isolation of the isomers. 
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Appendix A Determination of ε values for DAE and NSP 

 

DAE in hexane – trial 1 

 

Absorption spectrum and HPLC response curve of DAE_a (Figure A.1):  

  
Figure A.1: Absorption spectrum (left) and HPLC response curve (right) of DAE_a 50 

µM in hexane. The linear fit was set to pass through zero and has a slope of 8.1032; the 

correlation coefficient is 0.99997. 

 

Absorption spectrum and HPLC chromatogram of DAE irradiated at 285 nm 

(Figure A.2): 

  
Figure A.2: Absorption spectrum (left) and HPLC chromatogram (right) of DAE 50 µM 

irradiated at 285 nm in hexane.   
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The area under the peaks at 4.1 and 4.3 min is 34.48 mAU × s, so the [DAE_a] is 

equal to 4.26 µM and the [DAE_b] is equal to 45.74 µM. The ε of DAE_b at 562 nm was 

found to be 1.07 × 104 cm-1 M-1 (Figure A.3). 

 
Figure A.3: Absorption spectrum of DAE_b in hexane. 

 

DAE in hexane – trial 2 
 

Absorption spectrum and HPLC response curve of DAE_a (Figure A.4): 

  
Figure A.4: Absorption spectrum (left) and HPLC response curve (right) of DAE_a 50 

µM in hexane. The linear fit was set to pass through zero and has a slope of 8.463; the 

correlation coefficient is 0.99996. 

 

Absorption spectrum and HPLC chromatogram of DAE irradiated at 287 nm 

(Figure A.5): 
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Figure A.5: Absorption spectrum (left) and HPLC chromatogram (right).of DAE 50 µM 

irradiated at 287 nm in hexane.  

 

The area under the peaks at 4.1 and 4.3 min is 212.18 mAU × s, so the [DAE_a] 

is equal to 25.07 µM and the [DAE_b] is equal to 24.93 µM. The ε of DAE_b at 562 nm 

was found to be 1.14 × 104 cm-1 M-1 (Figure A.6). 

 
Figure A.6: Absorption spectrum of DAE_b in hexane. 

 

DAE in NaC 80 mM/NaCl 0.2 M – trial 1 

 

Absorption spectrum and HPLC response curve of DAE_a (Figure A.7): 
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Figure A.7: Absorption spectrum (left) and HPLC response curve (right) of DAE_a 50 

µM in NaC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 8.426; the correlation coefficient is 0.99998. 

 

Using the same work solution, two samples were irradiated at 287 nm and the 

absorption and chromatogram registered (Figure A.8): 

  
Figure A.8: Absorption spectra (left) and HPLC chromatogram (right).of DAE 50 µM 

irradiated at 287 nm in NaC 80 mM/NaCl 0.2 M. Sample 1 (---), sample 2 (---). 

 

The area under the peak at 4.3 min is 240.5 mAU × s for sample 1 and 194.7 

mAU × s for sample 2. Therefore, the [DAE_a] is equal to 28.54 µM and 23.11 µM, 

respectively. The [DAE_b] is equal to 21.46 µM and 26.89 µM, respectively. The ε of 

DAE_b at 577 nm was found to be in average 1.12 ×104 cm-1 M-1(Figure A.9). 
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Figure A.9: Absorption spectra of DAE_b in NaDC 80 mM/NaCl 0.2. Sample 1 (---), 

sample 2 (---). 

 

DAE in NaC 80 mM/NaCl 0.2 M – trial 2 

 

Absorption spectrum and HPLC response curve of DAE_a (Figure A.10): 

  
Figure A.10: Absorption spectrum (left) and HPLC response curve (right) of DAE_a 50 

µM in NaC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 7.3432; the correlation coefficient is 0.99996. 

 

Absorption spectrum and HPLC chromatogram of DAE irradiated at 287 nm 

(Figure A.11): 
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Figure A.11: Absorption spectrum (left) and HPLC chromatogram (right) of DAE 50 µM 

irradiated at 287 nm in NaC 80 mM/NaCl 0.2 M.   

 

The area under the peak at 4.3 min is 134.3 mAU × s, so the [DAE_a] is equal to 

18.29 µM and the [DAE_b] is equal to 31.71 µM. The ε of DAE_b at 577 nm was found 

to be 1.046 × 104 cm-1 M-1 (Figure A.12). 

 
Figure A.12: Absorption spectrum of DAE_b in NaC 80 mM/NaCl 0.2 M. 

 

DAE in NaDC 80 mM/NaCl 0.2 M – trial 1 

 

Absorption spectrum and HPLC response curve of DAE_a (Figure A.13): 
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Figure A.13: Absorption spectrum (left) and HPLC response curve (right) of DAE_a 50 

µM in NaDC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 8.9346; the correlation coefficient is 0.99969. 

 

Using the same work solution, three samples were irradiated at 287 nm and the 

absorption and chromatogram registered (Figure A.14).  

  
Figure A.14: Absorption spectra (left) and HPLC chromatogram (right).of DAE 50 µM 

irradiated at 287 nm in NaDC 80 mM/NaCl 0.2 M. Sample 1 (---), sample 2 (---), sample 

3 (---). 

 

The area under the peak at 4.3 min is 261.9 mAU × s for sample 1, 203.9 mAU × 

s for sample 2 and 253.9 mAU × s for sample 3. Therefore, the [DAE_a] is equal to 29.21 

µM, 22.82 µM and 28.42 µM, respectively. The [DAE_b] is equal to 20.79 µM, 27.18µM 

and 21.58 µM, respectively. The ε of DAE_b at 577 nm was found to be in average 1.22 

×104 cm-1 M-1 (Figure A.15). 
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Figure A.15: Absorption spectra of DAE_b in NaDC 80 mM/NaCl 0.2. Sample 1 

(black), sample 2 (blue), sample 3 (red). 

 

DAE in NaDC 80 mM/NaCl 0.2 M – trial 2 

 

Absorption spectrum and HPLC response curve of DAE_a (Figure A.16): 

  
Figure A.16: Absorption spectrum (left) and HPLC response curve (right) of DAE_a 50 

µM in NaDC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 7.4527; the correlation coefficient is 0.99985. 

 

Absorption spectrum and HPLC chromatogram of DAE irradiated at 287 nm 

(Figure A.17): 
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Figure A.17: Absorption spectrum (left) and HPLC chromatogram (right) of DAE 50 µM 

irradiated at 287 nm in NaDC 80 mM/NaCl 0.2 M.  

 

The area under the peak at 4.3 min is 41.05 mAU × s, so the [DAE_a] is equal to 

5.508 µM and the [DAE_b] is equal to 44.492 µM. The ε of DAE_b at 577 nm was found 

to be 1.00 × 104 cm-1 M-1 (Figure A.18). 

 
Figure A.18: Absorption spectrum of DAE_b in NaDC 80 mM/NaCl 0.2 M. 

 

NSP in ethanol – trial 1 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.19): 
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Figure A.19: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in ethanol. The linear fit was set to pass through zero and has a slope of 3.432; the 

correlation coefficient is 0.99997. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.20): 

  
Figure A.20: Absorption spectrum (left) and HPLC chromatogram (right).of NSP 50 µM 

irradiated at 338 nm in ethanol.   

 

The area under the peak at 12.8 min is 122.42 mAU × s, so the [NSP_a] is equal 

to 35.67 µM and the [NSP_b] is equal to 14.33 µM. The ε of NSP_b at 537 nm was 

found to be 3.65 × 104 cm-1 M-1 (Figure A.21). 
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Figure A.21: Absorption spectrum of NSP_b in ethanol. 

 

NSP in ethanol – trial 2 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.22): 

  
Figure A.22: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in ethanol. The linear fit was set to pass through zero and has a slope of 3.5191; the 

correlation coefficient is 0.99997. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.23): 
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Figure A.23: Absorption spectrum (left) and HPLC chromatogram (right).of NSP 50 µM 

irradiated at 338 nm in ethanol.   

 

The area under the peak at 12.8 min is 129.46 mAU × s, so the [NSP_a] is equal 

to 36.79 µM and the [NSP_b] is equal to 13.21 µM. The ε of NSP_b at 537 nm was 

found to be 3.70 × 104 cm-1 M-1 (Figure A.24).  

 
Figure A.24: Absorption spectrum of NSP_b in ethanol. 

 

NSP in NaC 80 mM/NaCl 0.2 M – trial 1 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.25): 
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Figure A.25: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in NaC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 3.1076; the correlation coefficient is 1. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.26): 

  
Figure A.26: Absorption spectrum (left) and HPLC chromatogram (right).of NSP 50 µM 

irradiated at 338nm nm in NaC 80 mM/NaCl 0.2 M.   

 

The area under the peak at 12.7 min was 114.87 mAU × s, so the [NSP_a] was 

equal to 36.96 µM and the [NSP_b] was equal to 13.04 µM. The ε of NSP_b at 517 nm 

was found to be 2.78 × 104 cm-1 M-1 (Figure A.27). 



 

 

116 

 
Figure A.27: Absorption spectrum of NSP_b in NaC 80 mM/NaCl 0.2 M. 

 

NSP in NaC 80 mM/NaCl 0.2 M – trial 2 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.28): 

  
Figure A.28: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in NaC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 3.1204; the correlation coefficient is 0.99992. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.29): 
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Figure A.29: Absorption spectrum (left) and HPLC chromatogram (right) of NSP 50 µM 

irradiated at 338 nm in NaC 80 mM/NaCl 0.2 M.   

 

The area under the peak at 12.8 min is 95.22 mAU × s, so the [NSP_a] is equal to 

30.52 µM and the [NSP_b] is equal to 19.48 µM. The ε of NSP_b at 517 nm was found 

to be 2.89 × 104 cm-1 M-1 (Figure A.30). 

 
Figure A.30: Absorption spectrum of NSP_b in NaC 80 mM/NaCl 0.2 M. 

 

NSP in NaDC 80 mM/NaCl 0.2 M – trial 1 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.31): 
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Figure A.31: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in NaDC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 3.0476; the correlation coefficient is 0.99966. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.32): 

  
Figure A.32: Absorption spectrum (left) and HPLC chromatogram (right).of NSP 50 µM 

irradiated at 338 nm in NaDC 80 mM/NaCl 0.2 M.   

 

The area under the peak at 12.8 min is 66.39 mAU × s, so the [NSP_a] is equal to 

21.78 µM and the [NSP_b] is equal to 28.22 µM. The ε of NSP_b at 517 nm was found 

to be 2.72 × 104 cm-1 M-1 (Figure A.33). 
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Figure A.33: Absorption spectrum of NSP_b in NaDC 80 mM/NaCl 0.2 M. 

 

NSP in NaDC 80 mM/NaCl 0.2 M – trial 2 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.34): 

  
Figure A.34: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in NaDC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 3.0297; the correlation coefficient is 0.9999. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.35): 
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Figure A.35: Absorption spectrum (left) and HPLC chromatogram (right).of NSP 50 µM 

irradiated at 338nm in NaDC 80 mM/NaCl 0.2 M.  

 

The area under the peak at 12.8 min is 77.10 mAU × s, so the [NSP_a] is equal to 

25.45 µM and the [NSP_b] is equal to 24.55 µM. The ε of NSP_b at 517 nm was found 

to be 2.82 × 104 cm-1 M-1 (Figure A.36). 

 
Figure A.36: Absorption spectrum of NSP in NaDC 80 mM/NaCl 0.2 M 

 

NSP in NaTC 80 mM/NaCl 0.2 M – trial 1 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.37): 



 

 

121 

  
Figure A.37: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in NaTC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 3.0585; the correlation coefficient is 0.99994. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.38): 

  
Figure A.38: Absorption spectrum (left) and HPLC chromatogram (right).of NSP 50 µM 

irradiated at 338 nm in NaTC 80 mM/NaCl 0.2 M. 

 

The area under the peak at 12.8 min is 95.60 mAU × s, so the [NSP_a] is equal to 

31.26 µM and the [NSP_b] is equal to 18.74 µM. The ε of NSP_b at 517 nm was found 

to be 2.81 × 104 cm-1 M-1 (Figure A.39). 
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Figure A.39: Absorption spectrum of NSP_b in NaTC 80 mM/NaCl 0.2 M. 

 

NSP in NaTC 80 mM/NaCl 0.2 M – trial 2 

 

Absorption spectrum and HPLC response curve of NSP_a (Figure A.40): 

  
Figure A.40: Absorption spectrum (left) and HPLC response curve (right) of NSP_a 50 

µM in NaTC 80 mM/NaCl 0.2 M. The linear fit was set to pass through zero and has a 

slope of 3.1862; the correlation coefficient is 0.99995. 

 

Absorption spectrum and HPLC chromatogram of NSP irradiated at 338 nm 

(Figure A.41): 
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Figure A.41: Absorption spectrum (left) and HPLC chromatogram (right).of NSP 50 µM 

irradiated at 338 nm in NaTC 80 mM/NaCl 0.2 M. 

 

The area under the peak at 12.8 min is 80.60 mAU × s, so the [NSP_a] is equal to 

25.30 µM and the [NSP_b] is equal to 24.70 µM. The ε of NSP_b at 517 nm was found 

to be 2.70 × 104 cm-1 M-1 (Figure A.42). 

 
Figure A.42: Absorption spectrum of NSP_b in NaTC 80mM/NaCl 0.2 M. 
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Appendix B Arrhenius and Eyring plots for NSP dark 
reaction 

 

  
Figure B.1: Temperature studies of NSP dark reaction in NaC 80 mM/NaCl 1.0 M. Left: 

Arrhenius plot for kBA. Right: Eyring plot kBA. 

 

  
Figure B.2: Temperature studies of NSP dark reaction in NaC 80 mM/NaCl 1.0 M. Left: 

Arrhenius plot for kAB. Right: Eyring plot kAB. 
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Figure B.3: Temperature studies of NSP dark reaction in NaDC 80 mM/NaCl 0.2 M. 

Left: Arrhenius plot for kBA. Right: Eyring plot kBA. 

 

  
Figure B.4: Temperature studies of NSP dark reaction in NaDC 80 mM/NaCl 0.2 M. 

Left: Arrhenius plot for kAB. Right: Eyring plot kAB. 
 

  
Figure B.5: Temperature studies of NSP dark reaction in NaTC 80 mM/NaCl 0.2 M. 

Left: Arrhenius plot for kBA. Right: Eyring plot for kBA. 
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Figure B.6: Temperature studies of NSP dark reaction in NaTC 80 mM/NaCl 0.2 M. 

Left: Arrhenius plot for kAB. Right: Eyring plot kAB. 

 


