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ABSTRACT 

 

Bixin, a carotenoid found in annatto, Bixa orellana, is unique among natural carotenoids 

by being sparingly water-soluble. Bixin free radicals have been stabilized on the surface of silica 

alumina and TiO2 and characterized by pulsed electron nuclear double resonance (ENDOR). 

Least-square fitting of experimental ENDOR spectra calculated from density functional theory 

(DFT) calculations hyperfine couplings characterized the radicals trapped on silica alumina and 

TiO2. DFT predicts that the trans bixin radical cation is more stable than the cis bixin radical 

cation by 1.26 kcal/mol. While this small energy difference is consistent with the 26% trans and 

23% cis radical cations in the ENDOR spectrum for silica alumina, the TiO2 spectrum could not 

be fitted due to poor signal. The ENDOR spectrum for silica alumina shows several neutral 

radicals formed by loss of a H+ ion from the 9, 9′, 13, or 13′ methyl group, a common occurrence 

in all water-insoluble carotenoids studied in literature. In addition, the continuous wave (CW) 

electron paramagnetic resonance (EPR) spectroscopy signal of bixin on silica alumina was 

intense prior to irradiation. Upon irradiation, the intensity is reduced 4-fold. On the other hand, 

unlike on TiO2 there was no signal prior to irradiation but signal was observed upon irradiation. 

The extinction coefficient bixin in chloroform is determined to be 1.1 x 105 ± 0.49 and 1.0 x 105 

M-1cm-1 ±0.05 at 472 and 503 nm, respectively, while the redox potential in THF is found to be 

0.94 ± 0.01V by cyclic voltammogram (CV) measurements. Based on the irreversibility of the 

CV, the bixin radical cation is estimated to have a short lifetime and decay rapidly at ambient 

temperature. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Energy 

 

1.1.1 Global Energy Demand and Supply 

 

Global energy consumption is increasing phenomenally over the years and is estimated to 

reach about 27 terawatt year (27 TWyr) per annum in 20501 (1 Terawatt year ≈ 31.54 Exajoules). 

If met using fossil fuel, this demand will result in high production of CO2 accounting for 

warming. Currently, fossil fuel contributes about 80% of global energy demand.2 At the current 

rate of exploration and dependence on fossil fuel, oil reserves are said to run out during the 

century.3 Unless alternative sources like renewable energy can account for the substantial deficit 

in the absence of fossil fuels, the stage would be set for a major shortage of energy.3 The need to 

study certain properties of some materials for use in alternative source of energy generation is 

the focus of this work. This dissertation is focused on the photoelectron activities of chemisorbed 

bixin on silica alumina and TiO2. The TiO2 and silica alumina matrix has been used to form and 

stabilize carotenoid radicals for spectroscopic study. The heightening public concern in view of 

frequent oil spills and their accompanying disastrous environmental pollution has led to a 

paradigm shift in reliance on fossil fuel. In addition, the concerns expressed on the global impact 

of CO2 calls for a reliable alternative source of energy, like the sun. Hydroelectric energy, 

biomass/biofuels, geothermal, wind, waves, ocean thermal energy conversion, tides and solar 

(Figure 1.1) appear to be sound mixed alternatives. However, solar-based energy dwarfs all the 

others by an order of magnitude and remains the largest alternative source by far. 
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1.1.2 The Sun and Solar Energy 
 

 The sun is known to be by far the largest source of all ‘carbon-neutral’ energy. It 

provides the earth with about 23000 TWyr (Figure 1.1) per annum while the amount of energy     

consumed annually on the planet is about 18.5 TWyr/yr.1 With the enormous supply of energy 

annually, only a tiny fraction is utilized (e.g. in 2001, only 0.1 % of the world’s electricity was 

provided by solar electricity - electricity generated by solar energy).4 

 
Figure 1.1: 2015 estimated finite and renewable planetary energy reserves in Terawatt-years (TWyr) per 

annum. Total recoverable reserves are shown for the finite resources and yearly potential is shown for the 

renewables. The figure shows finite or non-renewable sources of energy (natural gas to coal), renewable 

sources (wind to tides), the world energy use and the amount of energy available from the Sun. The size 

of each sphere is an indication of the amount of each energy source available.  Terawatt year ≈ 31.54 

Exajoules. Ocean Thermal Energy Conversion (OTEC) - adapted from Perez et al.1  

The solar energy that reaches the earth is diffused and not constant. This calls for an 

effective means to store and distribute the energy when the need arises.4-5 To be able to harness 

solar energy for global use, we would only need a solar energy conversion system working at 

less than 10 % efficiency3-4 and covering about 1.6 % of the global land area. This would be able 

to supply the entire world with about 20 TW of power.4 In the US, 0.6 % of the land area is 
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enough to meet the entire domestic energy need using a solar energy conversion system 

operating at less than 10 % efficiency. This is equivalent to the land area covered by the federal 

highway system.4 

From the birth of photovoltaic, PV, system in 18396 by Becquerel to modern era of PV 

solar cell at the Bell Lab in 19547 and finally to DSSC at the Grätzel lab in 1991,8 research and 

development has been directed at attaining higher solar energy conversion efficiency devices.4, 9 

One method of harnessing the clean and huge solar energy potential without concern over 

pollution, sound or moving parts, is through dye sensitized solar cells (DSSCs)10, a cheap 

alternative to conventional solar cells,11-16 proposed by O’Regan and Grätzel.8, 13, 17-25 DSSC 

technology has attracted a lot of attention due to the convenience in the synthetic process and its 

low cost.8, 17, 24-29 With the diversity of materials being used to improve the overall efficiency of 

the device, TiO2 remains the most common oxide material used in solar cells.28 This is because it 

remains the most environmentally friendly, low cost oxide.12 

1.2.1 Dye Sensitized Solar Cell 

 

1.2.1.1 DSSC Operation 

 

 A DSSC (Figure 1.2) operates on a mesoporous metal oxide (TiO2, ZnO, SnO2, etc.) 

deposited on a transparent conducting oxide (TCO) acting as the anode, and a thin layer of dye 

(sensitizer) chemisorbed on the metal oxide. A cathode, usually a platinum coated TCO is then 

used to sandwich an electrolyte between the TiO2-sensitizer and the cathode. With photo 

excitation of the sensitizer (S) as shown in equation (a), an electron is injected, into the 

conduction band of the metal oxide, equation (b). The excited sensitizer, is then regenerated by 

electron donation, from the electrolyte containing a redox system such as an iodide/triiodide 
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couple (I
-
/I3

-
), equation (c). The iodide coupled system is in turn regenerated by the reduction of 

the triiodide at the cathode, equation (d):  

S + hν ⟶ S∗                            (a) 

S∗ + TiO2⟶ S+ + e(TiO2)
−                       (b)   

2S+ + 3I−⟶ 2S + I3
−             (c)   

I3
− + 2e(Pt)

− ⟶ 3I−                  (d). 

The circuit is then completed with the external migration of electrons, through a load from the 

anode to the cathode. 

Losses in cell efficiency due to recombination30-31 of injected electrons with oxidized 

sensitizer do occur as an undesirable reaction during the operation process, equation (e), or with 

the oxidized redox couple at the TiO2 surface, equation (f): 

𝑑𝑦𝑒+ + 𝑒(𝑇𝑖𝑂2)
− ⟶ 𝑑𝑦𝑒 (e) 

𝐼3
− + 2𝑒(𝑇𝑖𝑂2)

− ⟶ 2𝐼(𝑇𝐶𝑂)
−  (f). 
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Figure 1.2: Principle of operations of DSSC. A mesoporous metal oxide deposited on a transparent 

conducting oxide (TCO) acting as the anode, and a thin layer of sensitizer chemisorbed on the metal 

oxide. A Pt coated TCO acting as a cathode used to sandwich an electrolyte between the TiO2-sensitizer 

and the cathode. 
 

1.2.1.2 Challenges of DSSC 

 

Although most oxides used as semiconductors are stable under irradiation in solution, 

their relatively wide band gap renders them inefficient for visible light adsorption. Developing 

sensitizers with high extinction coefficients particularly in the near-IR region will lead to a 

significant gain in quantum efficiency. This is because improvement of solar light absorption in 

the 650-950 nm region will result in higher quantum efficiency due to a wider range of energy 

absorption. One of the main losses experienced in the state-of-the-art DSSC devices lies in the 

potential drop during the regeneration process. Also losses due to recombination between 

electrons in the metal oxide and the electrolyte species and/or the excited state of the sensitizer is 
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a factor.13 The overall efficiency of a device does not depend solely on the efficiency of photo 

absorption but on the efficiency and kinetics of interfacial electron injection, the collection of 

charge carriers and transport of holes to the counter electrode.32 

1.2.1.3 Background 

 

 It is important to understand the properties and performance of a natural dye like the 

carotenoid bixin, as dyes are a key element of DSSC. Though natural dyes like bixin are 

considered an alternative to Ru complex sensitizers in DSSC, they continue to perform badly 

compared to the metal complex dyes. To understand some of the reasons for the poor 

performance of bixin as a DSSC sensitizer, it is important to understand the fundamentals of the 

interaction between bixin and metal oxides like TiO2. The types and lifetime of radicals formed 

and their chemistry on the metal oxide surface is key to understanding some of the reasons for 

the low performance of natural dyes as sensitizers. This research aims to accomplish the study of 

the chemistry of bixin on the surface of metal oxides. 

1.2.1.4 The Ideal Sensitizer 

 

Optimization and compatibility of each of the components determines the total efficiency 

of any device. The spectral responses of the sensitizer, surface area and thickness of the 

mesoporous metal oxide semiconductor film, the environment around and anchoring properties 

of the sensitizer, etc. are some of the factors needed for optimization of DSSCs. Sensitizer 

structure29, 33 is one of the key elements, that has been shown to control processes such as charge 

recombination during photoelectron transfer at the TiO2/dye/electrolyte interface. An ideal 

sensitizer, among other properties, must be able to absorb all wavelengths from the visible to the 

near IR and to about 920 nm.30, 34-35 It must also have an anchoring group to firmly graft to the 

metal oxide.10, 30, 34 The linker, adsorbates or anchoring groups36-38 allow for high electronic 
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overlap between sensitizers and semiconductor substrates and for efficient interfacial transfer of 

electrons in DSSCs.36  The ideal sensitizer must have a sufficiently high redox potential (for 

rapid regeneration and avoid recombination (for example [Ru(dcbpy)2]NCS2; 0.89 V),30, 39 and 

must be stable enough to at least sustain 108 redox turnovers equivalent to 20 yr. of sunlight 

exposure.40  

Ruthenium based complexes have emerged34, 40-42 as great sensitizers with high 

efficiency.13 Devices based on ruthenium sensitizers have attained high power conversion 

efficiencies (PCEs = ratio of output to input power), 28.9 %.43 Another great property of Ru dyes 

are their extinction coefficients. The extinction coefficient of Ru and other synthetic sensitizers 

that have shown great promise are typically of the order of 104 M-1cm-1. A few examples are 

N749 and N3; ~1.33×104 M-1cm-1, RuL2X2 (X: NCS, CN, Cl, Br, I, OH2); 0.66-1.45×104 M-1cm-

1 YEO5, N719, C217, C101, Z991 104 M-1cm-1, Figure 1.3.41, 44-45 Complexes of Ru dyes also 

have great anchoring groups like phosphonate, thiocyanato and especially carboxyl that have 

been shown to be an efficient anchoring group (Figure 1.3).46 However, they have modest 

extinction coefficients, which limits the performance of such dyes when used in thin electrode 

devices.29 In addition, one drawback for a Ru dye like the N3 (Figure 1.3) is the lack of 

absorption in the red region of the visible spectrum.40 

On the other hand, bixin (Figure 1.6) is a natural and major constituent of the achiote 

plant that possesses favorable anchoring group and high extinction coefficient. The terminal 

carboxylate functional group of bixin offers the ability to be grafted firmly onto the metal oxide 

of a DSSC device. In addition, bixin is estimated to have an extinction coefficient on the order of 

105 M-1cm-1 and coupled with the carboxylate anchoring functional group, bixin seems to have 

some ideal properties as a sensitizer for DSSC. Bixin is also estimated to have a higher redox 
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potential (900 mV plus) compared to Ru dyes. The drawback is the narrow spectral window of 

absorption and its inability to absorb into the first excited, S1, state. 

 

 
Figure 1.3: Structures of best performing synthetic dyes having the appropriate anchoring group and 

efficiency greater than 10.0 %.41, 44-45 

  

Functional groups such as the carboxylate, hydroxamate, or phosphonate (synthetic dyes) 

moieties help to form a strong coordination bond with metal oxide surface ions. The anchoring 

groups can also enhance electronic coupling of the lowest unoccupied molecular orbital (LUMO) 

of the sensitizer with the semiconductor conduction band3 and ensure high rates of  electron 

transfer.47 A lot of focus is on metal-free organic dyes due to the toxicity, scarcity and cost Ru.33 

On the other hand, the availability, low cost, non-toxicity, ease of preparation, environmentally 
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friendly and biodegradable nature of natural dyes (example: bixin) make them better candidates 

for DSSC compared to synthetic dyes.48  One way to improve the solar cell performance is 

through the expansion of the π-conjugated backbone of the dye. Extended π-conjugated systems 

typically show higher molar extinction coefficients.49 This leads to the extension of the 

absorption spectrum into the red,50 another reason why the conjugated system is important for 

bixin as sensitizer. But the conjugation system of Ru dyes cannot be extended due to their 

structure (Figure 1.3) As a step to address the concerns raised about Ru dyes, metal free 

sensitizers are seen as the emerging sensitizers with great advantages over DSSC.  

Gomez-Ortiz et al.51 reported a 0.53% photoelectric conversion efficiency in real sunlight 

(not simulated) while Hiendro et al.52 reported a 1.01% with simulated sunlight for a bixin 

sensitized solar cell. Besides bixin, other natural dyes like anthocyanin, flavonoid, carotenoids, 

etc. have been used in DSSC but with low efficiencies (crocetin, 0.56 %, crocin, 0.16 %, 

anthocyanin, 0.58 %).47, 53-55 However, it must be noted that, in most of the natural dye based 

DSSCs, the natural sensitizers used for the fabrication were just crude extracts of the pigments 30, 

47. There is therefore the need to use a high purity natural dye to make a definite statement about 

the results of natural dye based DSSCs. Also, some of the extracted chromophores did not have 

anchoring moieties to enable good grafting of the sensitizer. With the reported low efficiency, 

yet a high extinction coefficient, an anchoring group for grafting onto a substrate and availability 

from a natural source, there is the need to study bixin and understand where the efficiency loss in 

bixin occurs. To do this, we focus on bixin radicals. This is because radicals are the species 

generated after electron transfer (ET) from the chromophore to the metal oxide substrate. 

Knowing and understanding the radical species generated would enable one to understand the 
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low performance of bixin as a sensitizer and tune the molecule to improve photon harvesting and 

ET. 

1.2 Bixin 

 

1.3.1 Background 

 

Bixin is the main carotenoid found in annatto which is derived from the seed (Figure 1.4: 

the only known natural source of bixin)56 of the tropical achiote tree,57-65 Bixa orellana L., named 

after the conquistador Francisco de Orellan57, 66. It accounts for over 80% of all the carotenoids 

found in annatto.56, 58 

 
Figure 1.4: Left - The Achiote fruit; Right - Annatto seeds with a penny as a contrast relative to the size 

of the seeds 
 

Most carotenoids occur as trans-isomer hydrocarbons (Figure 1.5) in nature,67-71 and are 

water insoluble. Of the few carotenoids that occur as the cis-isomer in nature, cis-bixin; 

(2E,4E,6E,8E,10E,12E,14E,16Z,18E)-20-methoxy-4,8,13,17-tetramethyl-20-oxoicosa-

2,4,6,8,10,12,14,16,18-nonaenoic acid (Figure 1.6) is among the least studied. Bixin possesses 

properties different from trans carotenoids extensively studied72-80  and it also exhibits an 

enhanced water solubility relative to other carotenoids.81-83  
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1.3.2 Annatto 

 

The achiote is a tropical plant native to Brazil but grows in other tropical regions 

including especially the Asia regions (Indonesia and India), West and East Africa (Kenya and 

Ghana), and in most South American countries.84 

In most industrialized countries, the term “annatto” is the general name given to the seed 

extract (or ground seeds in the form of powder) of B. orellana. The seed extract contains most of 

the carotenoids found in the achiote plant and is used extensively as dye for food, textiles, 

pharmaceuticals, personal care products, etc.85 The achiote seed extract has been used for several 

biological applications (such as antimutagenic, antimalarial, antibacterial, antiviral) by 

indigenous Brazilian communities and other tropical countries over the years.84 But the achiote 

seed extract regained prominence in the later part of the 20th century when the US Food and 

Drug Administration in 1990 banned the synthetic Red Dye No. 3 due to the carcinogenic 

properties of the dye.86 The USA and Western European countries are the largest consumers of 

annatto produced worldwide. About 80% of annatto in the USA and Western Europe is used in 

food and pharmaceutical products.85, 87 Bixin, the major chromophore of the achiote extract was 

first isolated in 1825, with the first crystallization reported in 1878.57 It is only present in the 

seed coat material and not the entire seed (Figure 1.4) of the achiote tree. 57, 63, 88  

Although bixin (annatto) has been used extensively in the food, beverage59-60, 62, 65, 89-92 

and the pharmaceutical/cosmetic58, 62, 91, 93-94 industries, not much is known of its electron transfer 

properties or subsequent reactions of its radicals (neutral and radical cation). The extensive use 

of annatto as stated above, is thought to be more for appearance, but its nutritional and medicinal 

properties are largely unknown.63 Commercial production of annatto makes bixin an attractive 

source for large amounts of water-soluble carotenoids. Like most carotenoids, bixin is an 
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efficient quencher of singlet and triplet state oxygen93 and has a great capacity to scavenge 

reactive oxygen and nitrogen species.95 It is interesting that the ground state structure of most 

carotenoids is all trans and form all trans radicals.72, 96-98 Since bixin is a cis isomer, the question 

then is, does the cis or trans radical have the lowest energy? 

Bixin free radicals are generated in DSSC, so it is imperative to understand the types, 

nature and relative stability of bixin free radicals on TiO2 compared to the much-studied 

carotenoid on silica alumina systems. This would help to understand the behavior of bixin as a 

sensitizer on TiO2. 

 
Figure 1.5: Selected carotenoids with corresponding number of C atoms 
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Figure 1.6: Top: IUPAC nomenclature and numbering system for cis-9′ bixin; 

(2E,4E,6E,8E,10E,12E,14E,16Z,18E)-20-methoxy-4,8,13,17-tetramethyl-20-oxoicosa-

2,4,6,8,10,12,14,16,18-nonaenoic acid; Bottom: most common numbering system based on lycopene. 
 

1.3.3 Carotenoids 

 

The name carotenoid, is derived from carrots (Daucus carota) because of the pigments in 

carrot (predominantly carotenoids)68, 99, and was proposed by Tswett.100-101 Carotenoids are 

natural compounds synthesized by all photosynthetic plants and some non-photosynthetic fungi 

and bacteria.102-103 Carotenoids are the most abundant pigments found in nature with over 70068, 

102, 104-109 known structures of which about 500 have been well characterized.102, 106 

1.3.3.1 Number of Conjugated Double Bond System and Color of Carotenoids 

 

Generally, carotenoids are considered to be derived from a 40-carbon molecule consisting 

of eight isoprene units (Figure 1.7) linked together as in lycopene, Figure 1.7. The characteristic 

red color observed in ripe tomatoes comes from lycopene71, 104, 110. The backbone of most 

carotenoids contains 3-15 conjugated double bonds; the delocalized π-electron system defines 

many properties of the carotenoid.102, 111-112  
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Figure 1.7: (a) 2-methyl-1,3-butadiene (Isoprene) and (b) Lycopene 
 

This backbone may be capped at one or both terminals with a cyclic structure or 

oxygenated functional groups.113 Some carotenoids have less than forty carbons while others 

have more, Figure 1.5.71 The delocalized pi-electrons of the conjugated double bond system, are 

such that the energy of the first excited state is relatively small. This energy corresponds to the 

visible light absorption in the 400-500 nm wavelength range and is the source of the red, yellow, 

orange, etc. colors generally associated with carotenoids, Figure 1.8.71, 102, 112-113 
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Figure 1.8: Conjugation length and color of some selected carotenoids 
  

1.3 Titanium dioxide 

 

At present, TiO2 is receiving a lot of attention for use in solar energy conversion devices. 

TiO2 became the oxide of choice because it is low cost, non-toxic, biocompatible and is already 

used in health care products and in domestic products such as paints.34 The environmentally 

friendly nature of TiO2, low production cost, and high surface area make it a good candidate for 

DSSC devices.12 TiO2 is known to exist in three distinct crystalline forms, namely the tetragonal 

anatase, the tetragonal rutile and the orthorhombic brookite phases. Of the three, rutile has the 

lowest free energy and hence is the most stable. Rutile and anatase (Figure 1.9) are the desirable 

forms with an anatase/rutile mixture being the most preferred for many nanomaterial research 
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and uses.114 This is because the specific ionic and electronic properties of TiO2 is strongly 

dependent on its crystallinity and the anatase and rutile electron mobility.115-118 

 
Figure 1.9: Rutile and anatase phase of TiO2 with the rutile being the most stable bulk phase of TiO2 and 

anatase is more stable respective to rutile on the nano material scale (adopted from Wang, Y. et al. 

Sensors 2017, 17 (9), 1971).119 
 

1.4.1 TiO2 and Photocatalysis 

 

TiO2 has been extensively studied as a photocatalyst in water splitting and in applications 

for environmental purification in heterogenous photocatalysis114, 119-122 due to its stability and 

generation of positive holes on its surface123 which serves as a reactive sites.  The photocatalytic 

activities of TiO2 are affected by the heat treatment of the TiO2 material as well as the crystalline 

structure transition from tetragonal anatase to rutile upon heat treatment. TiO2 surface sites 

contain OH groups (Figure 1.10) which upon heating, provide the active site for electron and 

proton transfer. As seen from Figure 1.10, upon photoirradiation of TiO2 before or after heat 
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treatment, five plausible sites of radicals may be generated. These may be: (A) trapped OH 

group; (B) surface trapped electron; (C) adsorbed superoxide radical; (D) surface trapped hole; 

(E) inner trapped electron, which are all detectable using electron spin resonance (ESR).123 Upon 

irradiating TiO2 samples that have not been treated with heat, Ti4+ O- •Ti4+ OH radicals were 

formed by photoinduced holes trapped on the surface. However, when the samples are treated 

with heat before photo irradiation, Ti4+ O2- Ti4+ O• radicals were created instead by photoinduced 

holes trapped on the surface.123 

 

 
Figure 1.10: Surface of TiO2 with showing the various radical/sites, Ti4+ O- •Ti4+ OH and Ti4+ O2- Ti4+ O•  

generated by photoinduced holes trapped on the surface upon heat and photo treatment (adapted from 

Nakaoka, Y. et al Journal of Photochemistry and Photobiology A: Chemistry 1997, 110 (3), 299-305).123 

 

1.4 Silica Alumina 

 

The Kispert group has over the years extensively studied carotenoid radicals stabilized on 

metal oxides such as silica alumina and SiO2 as mobile crystalline material (MCM-41).75, 98, 124-

140 silica alumina is known to have the right properties such as pore and particle size for the 

absorption of carotenoids. Lewis and Brønsted acid sites (Figure 1.11) are formed by partially 
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dehydrating the silica alumina surface through calcination. These sites are partially the premise 

for the industrial use of silica alumina as catalyst,141 and the inherent structure and properties of 

such sites in metal oxides are an active area in catalysis research.142. Once activated, silica 

alumina is a convenient surface for the generation and stabilization of carotenoid radicals which 

can be subsequently characterized spectroscopically.75, 78, 133, 136, 139 Radicals and the metal oxide 

surface chemistry of zeaxanthin, canthaxanthin, lutein, -carotene, astaxanthin, violaxanthin, 

neoxanthin, lycopene, etc. (Figure 1.12) have been studied using DFT calculations and EPR.78-79, 

139, 143 Carotenoid (Car) radicals are formed by the initial electron transfer (ET) by the Car to an 

appropriate acceptor such as the matrix, to form the radical cation, Car
•+

.  

 

 
Figure 1.11: Bronsted Acidic (A) and Lewis Acidic (B) sites of silica alumina against hydroxyl surface of 

TiO2. 
 

The Car
•+

 formed can be identified by a number of spectroscopic methods such as 

absorption, fluorescence, and EPR.75 The transfer of a proton from the Car
•+

 to the matrix, which 

acts as a Brønsted base site (Figure 1.11) leads to the formation of the Car proton loss neutral 

radical [Car-H]
•
, Scheme 1.1. The radical cations can be generated either by photoirradiation or 

be chemical induced using concentrated acid (sulfuric acid and antimony pentachloride).75 
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Figure 1.12: All trans carotenoids stabilized on MCM-41 and radicals characterized using DFT 

calculations coupled with EPR measurements (circles show preferred proton loss positions). 
 

The dependence on the matrix for stabilization of the radical cations has been extensively 

demonstrated. The absence of water and high acidic nature of the matrix has been shown to be 

responsible for radical stabilization.75 
 

Proton loss from the zeaxanthin radical cation (Zea
•+

) molecule is most favored at the 4/4' 

methylene position (Figure 1.12) leading to the formation of the neutral radical [Zea-H]
•
. Proton 

loss from the methyl groups at 5/5', 9/9' and the 13/13' carbon positions of Zea
•+ are also 

possible, DFT calculations show these positions are relatively less favored by 3.2, 8.4 and 10.2 

kcal/mol, respectively.131
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Scheme 1.1: Reaction of the formation of Car

•+ and [Car-H]
• radicals on a silica alumina matrix 

 

Contrary to positions 4/4' and 5/5' being energetically favored relative to the 9/9' and 

13/13' positions in Zea
•+, the opposite is true for Violaxanthin radical cation (Vio•+) where there 

is an epoxy group at positions 5/6 and 5'/6' respectively, Figure 1.12. The presence of the epoxy 

groups elevates the energy for proton loss at positions 4/4' and 5/5' to 15.3 and 19.4 kcal/mol 

respectively.78 
The higher energy encountered for proton loss at the 4/4' methylene and 5/5' 

methyl positions of the Vio
•+

 molecule due to the presence of the epoxy group is led to no EPR 

signals being observed.78 Extensive research involving carotenoid radicals adsorbed on a metal 

oxide determined that loss of H+ from Car
•+ to form [Car-H]

• occurs preferentially at the methyl 

groups along the carotenoid backbone of the polyene chain.78, 82, 139  

1.5 Focus of Dissertation 

 

 This chapter 1 outlines the introduction and background to the to the work. Chapter 2 

explains the various experimental techniques and sample preparation. Chapter 3 discusses mass 

spectrometry and nuclear magnetic resonance (NMR) of purified bixin and describes the redox 

potential, and extinction coefficients as part of physical characterization of bixin. Chapter 4 

discusses free radicals trapping and characterization of chemisorbed bixin on silica alumina 
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using DFT and EPR measurements. Chapter 5 discusses the chemisorption and characterization 

of bixin on TiO2 as a sensitizer. Chapter 6 presents the summary of chapters 3-5 and outlines 

future work based on the foundation that this research provides. 
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CHAPTER 2 

 

EXPERIMENTAL METHODS 

 

2.1 Introduction 

 

This chapter introduces and explains (where necessary) the various experimental methods 

used for the entire project. Where necessary and needed, steps taken to calibrate the instrument 

are also explained alongside detailed procedures in the appropriate chapters. 

2.2 Extraction and Purification of Bixin 

 

Bixin was extracted from food-grade annatto powder or annatto seeds obtained from the 

University of Ghana Botanical Gardens and Brong Ahafo Region of Ghana. The bixin product 

was extracted from the annatto powder/seeds using a Soxhlet apparatus, based on the procedure 

by Silva et al.1 Hexane was first used to ‘wash’ the seeds to remove unwanted oils and any color 

on the seeds. The annatto seeds have some reddish powdery particles on the surface that readily 

stains anything that come in contact with it. At the early stage of the reflux process, the seeds 

were reddish in color and the solution draining out of the Soxhlet apparatus into the round 

bottom flask was colored as well. However, as the process continued into the next day, the 

solution became less colored. The wash process was stopped when the solution draining out of 

the Soxhlet into the round bottom flask became transparent and the annatto seeds, dark.  After 

the ‘annatto wash’, the extraction of bixin was done with chloroform using the Soxhlet apparatus 

but with clean round-bottom flask. The initial solution that drained into the round bottom flask 

from the Soxhlet apparatus was deep red in color, which at a glance, looked almost dark in color. 
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Just like the ‘wash’, the reflux process was continued until the solution draining into the round-

bottom flask was almost transparent.  

The extract was concentrated using rotary evaporation leaving behind a dry mass of crude 

bixin. The dry mass was redissolved in 2:1 chloroform/acetone, and the flask wrapped in Al-foil 

and cooled to ~10 ºC. The solid was then filtered, resulting in bixin the mass of which is less 

than ~ 0.5% the mass of the starting annatto seeds. During the extraction process, three set ups 

were used with different amount of seeds. Table 2.1 give details of the amount of seeds, seed 

‘wash’ and bixin extraction times, approximate temperatures during the process and yields. The 

extraction and purification processes were monitored with nuclear magnetic resonance (NMR) 

spectroscopy, ultra violet-visible light (UV-vis) spectroscopy mass spectroscopy (MS) and thin-

layer chromatography (TLC). NMR measurements showed that the product contained a 80:20 

mixture of cis and trans isomers and about 85 % purity. The bixin extracted at this stage was 

used in chapter 4. Some isomerization presumably occurred during the heating/extraction 

process.  It is worth noting that during the extraction with chloroform, the level of the solvent in 

the round bottom flask was found to be dropping due to evaporation out of the Soxhlet. To 

ensure that there was enough solvent for the process, more chloroform was added intermittently 

to the setup. 

HPLC-grade hexane and acetone were purchased from Alfa Aesar and HPLC grade 

chloroform from Fisher. 
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Table 2.1: Amount of raw bixin seeds, ‘wash’ and extraction times and temperature and amount of bixin 

extracted. 

Set Up Seeds (g) ‘Wash’ (hr.) Temp (°C) Extraction (hr.) Temp. (°C) Yield (mg) 

1 42.70 ~ 168 68 ± 3 ~ 24 61 ± 3 ~74.50 

2 41.09 ~ 120 68 ± 3 ~ 24 61 ± 3 ~123.0 

3 35.47 ~ 168 68 ± 3 ~ 24 61 ± 3 ~ 72.00 

 

All three extracts were combined and further purification carried out on a C18 reverse 

phase silica column. A chromatography tube was packed with C18 silica particles. To ensure 

tight packing of the column, chloroform was initially added to the top of the column to elute with 

controlled pressure from the top of the column. The bixin sample was dissolved in acetone and 

then Silica gel (SiGel) particles added in a vial. The vial was then stopped with a septum and 

sonicated briefly (~1 min). A syringe needle was then inserted through the septum and the vial 

was then connected to a rotavap to gradually evaporate the solvent. This resulted in a dried 

powder of bixin on SiGel. Once the sample (bixin-SiGel) was dried, it was introduced to the top 

of the column and first eluted with chloroform followed by acetone. The eluates were collected 

separately and upon UV-vis measurement and spotting on chromatography plate, the chloroform 

eluate was put aside because the UV-vis spectrum for this portion did not absorb anywhere near 

the absorbance of bixin. The acetone eluate was rotavaped to dryness and eluted on a fresh and 

clean C18 reverse phase column with acetone. 

The acetone eluate from the second C18 reverse phase column purification was collected, 

and the solvent evaporated. The dried bixin was further cleaned by passing through a SiGel 

column and eluted with acetone. The SiGel column was prepared by keeping SiGel powder in an 

oven at ~100 ºC overnight. The SiGel was packed into a chromatographic column and the bixin 

eluted with acetone. The eluate was collected and stored over Na2SO4 overnight. The acetone 
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solution of bixin was then separated from the Na2SO4, and solvent was evaporated to dryness to 

give pure cis bixin of about 98 % purity. The extract obtained at this stage was used in Chapters 

3 and 5. It is worth noting that the purification process was undertaken with all the lights turned 

off in the lab with just enough walk around. 

2.3 Instrumentation 

 

2.3.1 Ultraviolet-visible Light (UV-vis) Spectroscopy 

 

UV-vis measurements were recorded on a dual beam Shimadzu UV-Vis 1601 PC 

instrument with UVPC version 3.51 program and a silicon photodiode detector. The UV-vis 

spectra are recorded with quartz cuvettes with 1 cm path length. The spectra were recorded in the 

300 - 600 nm range. Prior to each measurement, background measurements were recorded with 

just the pure solvents. The details and any basic theory on UV-vis can be found in most organic 

and spectroscopic text books.2-4 

2.3.1.1 Sample Treatment 

 

Due to the high extinction coefficient of bixin, to maintain the absorbance within the 

range of 0-1.0, a mg amount of the sample was dissolved in 1 mL of chloroform. Then between 

2-10 L of the stock solution was diluted to 3 (or 2) mL in chloroform (or any solvent of choice) 

in a cuvette for spectrum measurement. Prior to measuring the spectrum of the bixin sample, a 

background spectrum was recorded with only the solvent of choice. 

2.3.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)  

 

Instrument and Accessories 

A Bruker Vertex 70 FTIR with Firmware Version 20 spectrometer with a room temperature 

deuterated L-alanine doped triglycine sulfate (RT-DLaTGS) detector and HeNe laser was used 

for the DRIFT measurements. The spectrometer is fitted with a removable Harrick Scientific 
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Praying Mantis Diffuse Reflectance accessory for sample compartment and an OPUS 6.5 

software program installed for measurement and data analysis. 

2.3.2.1 Theory of DRIFT 

 

 DRIFT is a localized surface Fourier transform infrared spectroscopy (FTIR) which 

requires minimal sample preparation in terms of sample manipulation time. DRIFT is useful for 

polymer films and fibers and is particularly useful for powder samples.5 DRIFT is fast, non-

destructive, and better suited for strong absorbing materials.6  Incident infrared radiation on a 

surface can be adsorbed by the surface particles, reflected at the point of incidence or penetrate 

the surface and eventually be scattered.6 The scattering of the radiation that penetrates the 

surface sample is essential7 and forms the basis for measuring DRIFT. The light is scattered 

continuously by a diluent such as KBr. The scattered light eventually emerges from the surface 

and is collected by a curved mirror and focused on a detector, Figure 2.1. Further basics and 

details of the fundamental theory can be found in most FTIR literature.5, 7-8 
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Figure 2.1: DRIFT measurement showing the light source, sample, mirror and detector. 

 

2.3.2.2 KBr 

 

The KBr granules were always stored in a constant temperature oven at 60 C and taken 

out to cool to room temperature (RT) in air before use. A dry spatula is used to transfer an 

aliquot of the KBr into a mortar (already cleaned and dried overnight in an oven), and an aliquot 

of bixin is added to the KBr in about 1:100 KBr/Bixin by volume/. The KBr/bixin mix is then 

ground into fine powder for about 10 min. 

Sample loading into Praying Mantis™ 

Before recording the spectrum of the sample, a background spectrum is recorded with the 

KBr only. KBr crystals are ground into fine powder for about 10 min. The fine KBr powder is 

then transferred into a microsample cup with the aid of a sample funnel that accompanied the 

Harrick Scientific Praying Mantis Diffuse Reflectance accessory. Weighing paper is then used to 

gently flatten the top of the KBr powder in the holder. The microsample cup with the KBr is then 
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gently inserted into the Praying Mantis. The sample chamber is purged when the purge door of 

the Praying Mantis is closed. The OPUS program is preset for a 3 min delay to allow for a purge 

prior to spectrum measurement (120 scans). After the background spectrum is measured, the fine 

powder of KBr/sample is transferred into the microsample cup after it has been cleaned and 

allowed to dry. The KBr/sample is then treated in the same way as the background and the 

sample spectrum measured after 3 min of purge. The spectrum is converted to an ASCII file after 

baseline correction for processing.  

The FTIR system is constantly purged with compressed air which is filtered and dried by 

two desiccant towers connected to the purging system. The instrument is calibrated with a 

standard 4 micron polystyrene film to show the signature fingerprint peaks (Figure 7) with no or 

minimal shift in the position of peaks. 
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Figure 2.2: IR spectrum of polystyrene showing the signature fingerprints 

2.3.3 Computation 

 

Density Functional Theory (DFT) calculations were used to study radical cations and 

neutral radicals of bixin. The spin density distributions, isotropic and anisotropic coupling 

constants, geometries and total energies were calculated using Gaussian. Gaussian 09 program 

package9 on the SGI UV and DMC computers at the Alabama Supercomputer Center was used 

in the computation process. Optimization of the molecular geometry was made at the DFT level 

with the B3LYP exchange-correlation functional10-11 and the 6-31G** basis set,12 which has 

been previously shown to be reasonable for predicting the geometry of β-carotene based 

radicals.13 Further details of the DFT calculations are given Chapter 4. 
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2.3.4 Electron Paramagnetic Resonance (EPR) 

 

Continuous wave (CW) EPR measurements were made at 77 K using a Bruker ELEXYS 

E540 CW X-band EPR spectrometer. The pulsed X-band Electron Nuclear Double Resonance, 

ENDOR, experiments were made with a Bruker ELEXSYS E-680W/X EPR spectrometer in an 

EN 4118X-MD4-W1 resonator in a Flexline cryostat. Measurements were done with an ENI A-

500 RF power amplifier using the Mims ENDOR (π/2-τ-π/2-T-τ/2-τ-echo) pulse sequence with a 

10 s RF π-pulse applied during the delay time T. The above pulse sequence has been shown to 

be successful and is extensively used for carotenoid ENDOR measurements.14-19 Further details 

of the EPR and ENDOR experimentation is given in Chapter 4.  

2.4 References 

 

1. Silva, M. C. D.; Botelho, J. R.; Conceiçao, M. M.; Lira, B. F.; Coutinho, M. A.; Dias, A. 

F.; Souza, A. G.; Filho, P. F. A., Thermogravimetric investigations on the thermal degradation of 

bixin, derived from the seeds of annatto (Bixa orellana L.). J. Therm. Anal. Calorim. 2005, 79, 

277-281. 

 

2. Perkampus, H.-H.; Grinter, H.-C., UV-VIS Spectroscopy and its Applications. Springer: 

1992; p 3-235. 

 

3. Anderson, R. J.; Bendell, D. J.; Groundwater, P. W., Ultraviolet-visible (UV-Vis) 

spectroscopy. In Organic Spectroscopic Analysis, W., A. E., Ed. The Royal Society of 

Chemistry: 2004; Vol. 22, pp 7-23. 

 

4. Primer, A., Fundamentals of UV-visible spectroscopy. Copyright Hewlett-Packard 

Company, Hewlett-Packard publication 1996,  (12-5965). 

 

5. Mitchell, M. B., Fundamentals and Applications of Diffuse Reflectance Infrared Fourier 

Transform (DRIFT) Spectroscopy. In Structure-Property Relations in Polymers, American 

Chemical Society: 1993; Vol. 236, pp 351-375. 

 

6. Accardo, G.; Cioffi, R.; Colangelo, F.; d'Angelo, R.; De Stefano, L.; Paglietti, F., Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy for the Determination of Asbestos Species 

in Bulk Building Materials. Materials 2014, 7, 457-470. 

7. Schrader, B., Special Techniques and Applications. In Infrared and 

RamanSspectroscopy: Methods and Applications, John Wiley & Sons: 2008; p 598. 

 



31 

 

8. Schrader, B., Infrared and RamanSspectroscopy: Methods and Applications. John Wiley 

& Sons: 2008. 

 

9. M. J. Frisch; G. W. Trucks; H. B. Schlegel; G. E. Scuseria; M. A. Robb; J. R. 

Cheeseman; G. Scalmani; V. Barone; G. A. Petersson; H. Nakatsuji; X. Li; M. Caricato; A. 

Marenich; J. Bloino; B. G. Janesko; R. Gomperts; B. Mennucci; H. P. Hratchian; J. V. Ortiz; A. 

F. Izmaylov; J. L. Sonnenberg; D. Williams-Young; F. Ding; F. Lipparini; F. Egidi; J. Goings; B. 

Peng; A. Petrone; T. Henderson; D. Ranasinghe; V. G. Zakrzewski; J. Gao; N. Rega; G. Zheng; 

W. Liang; M. Hada; M. Ehara; K. Toyota; R. Fukuda; J. Hasegawa; M. Ishida; T. Nakajima; Y. 

Honda; O. Kitao; H. Nakai; T. Vreven; K. Throssell; J. A. Montgomery, J.; J. E. Peralta; F. 

Ogliaro; M. Bearpark; J. J. Heyd; E. Brothers; K. N. Kudin; V. N. Staroverov; T. Keith; R. 

Kobayashi; J. Normand; K. Raghavachari; A. Rendell; J. C. Burant; S. S. Iyengar; J. Tomasi; M. 

Cossi; J. M. Millam; M. Klene; C. Adamo; R. Cammi; J. W. Ochterski; R. L. Martin; K. 

Morokuma; O. Farkas; J. B. Foresman; Fox, D. J. Gaussian 09, Revision D.02, Gaussian, Inc: 

Wallingford, CT, 2009. 

 

10. Becke, A. D., Density‐functional thermochemistry. III. The role of exact exchange. J. 

Chem. Phys. 1993, 98, 5648– 5652. 

 

11. Lee, C.; Yang, W.; Parr, R. G., Development of the Colle-Salvetti correlation-energy 

formula into a functional of the electron density. Phys. Rev. B 1988, 37, 785. 

 

12. Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A., Ab initio molecular orbital 

theory. Wiley New York et al.: 1986; Vol. 67. 

 

13. Gao, Y.; Focsan, A. L.; Kispert, L. D.; Dixon, D. A., Density functional theory study of 

the β-carotene radical cation and deprotonated radicals. J. Phys. Chem. B 2006, 110, 24750-

24756. 

 

14. Focsan, A. L.; Bowman, M. K.; Molnár, P.; Deli, J.; Kispert, L. D., Carotenoid radical 

formation: Dependence on conjugation length. J. Phys. Chem. B 2011, 115, 9495-9506. 

 

15. Polyakov, N. E.; Focsan, A. L.; Bowman, M. K.; Kispert, L. D., Free radical formation in 

novel carotenoid metal ion complexes of astaxanthin. J. Phys. Chem. B 2010, 114, 16968-16977. 

 

16. Krzyaniak, M. D.; Cruce, A. A.; Vennam, P.; Lockart, M.; Berka, V.; Tsai, A.-L.; 

Bowman, M. K., The tetrahydrobiopterin radical interacting with high-and low-spin heme in 

neuronal nitric oxide synthase–A new indicator of the extent of NOS coupling. Free Radic. Biol. 

Med. 2016, 101, 367-377. 

 

17. Lawrence, J.; Focsan, A. L.; Konovalova, T. A.; Molnar, P.; Deli, J.; Bowman, M. K.; 

Kispert, L. D., Pulsed Electron Nuclear Double Resonance Studies of Carotenoid Oxidation in 

Cu (II)-Substituted MCM-41 Molecular Sieves. J. Phys. Chem. B 2008, 112, 5449-5457. 

18. Focsan, A. L.; Bowman, M. K.; Shamshina, J.; Krzyaniak, M. D.; Magyar, A.; Polyakov, 

N. E.; Kispert, L. D., EPR Study of the Astaxanthin n-Octanoic Acid Monoester and Diester 

Radicals on Silica–Alumina. J. Phys. Chem. B 2012, 116, 13200-13210. 



32 

 

19. Focsan, A. L.; Bowman, M. K.; Konovalova, T. A.; Molnár, P.; Deli, J.; Dixon, D. A.; 

Kispert, L. D., Pulsed EPR and DFT characterization of radicals produced by photo-oxidation of 

zeaxanthin and violaxanthin on silica-alumina. J. Phys. Chem. B 2008, 112, 1806-1819. 

 

 

 

 

 

 

 

 

 

 

 



33 

 

CHAPTER 3 

 

BIXIN RADICAL CATION: THE EXTINCTION COEFFICIENT, REDOX POTENTIAL 

AND LIFETIME 

 

3.1 Abstract 

 

 Bixin was extracted and purified to obtain a product of about 98 % purity. Measured 

NMR of the purified bixin product showed very little or no trace of the trans-isomer or any other 

product. In addition, the mass spectra (MS) in both the positive and negative electron spray 

ionization (ESI) modes showed 393.3 and 395.3 m/z as M
-
 and M

+ peaks, respectively. Though 

there were minor peaks, these peaks are attributed to the background. The extinction coefficient 

of bixin in chloroform is found to be 1.1 × 105 ± 0.49 and 1.0 × 105 ± 0.05 M-1cm-1 at 472 and 

503 nm respectively. A redox potential of ~ 0.94 ± 0.01 V vs SCE in aprotic solvent was 

determined. The lifetime of the radical cation of bixin, Car+•, is short and decays rapidly at 

ambient temperature. The bixin electrochemical oxidation process is a two-electron process with 

oxidation potential at 0.94 and 1.13 V forming the mono cation and dication respectively. 

3.2 Introduction 

 

With the development of the dye sensitized solar cell (DSSC, also known as the Grätzel 

Cell) in 1991 by Grätzel et al.,1 research in DSSC has seen an exponential growth over the past  

two decades.2-4 The goal of most research in DSSC fabrication is the optimization of the various 

components of the device to attain more efficient and stable cells.5 Engineering a DSSC device 

in order to enhance its performance requires the optimization of the components. Current focus 

has been on developing new and sensitizers and modifying ones that are known such as natural 
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sensitizers5-11 to optimize the performance of DSSC devices. Understanding and knowing the 

radical species upon photoexcitation would go a long way to help in optimizing sensitizers. 

Upon light exposure, an electron is photoexcited from the ground state of the sensitizer 

and eventually injected into the conduction band of metal oxide of the device. The photoelectron 

excitation leads to the formation of a radical cation of the sensitizer. For an organic sensitizer 

such as a carotenoid (Car) the radical cation (Car+•) formed upon photo excitation can be studied 

using electron paramagnetic resonance (EPR) spectroscopy, optical, or electrochemical methods.  

Extensive EPR, optical and electrochemical studies on carotenoid radicals such as radical 

cations (Car+•), neutral radicals (Car•), monocations (Car+), dications (Car2+) and oxygenated 

radical species have been done.12-18 In the EPR, optical and electrochemical study of carotenoids, 

Grant et al. in 1988 observed that in electrochemical oxidation of carotenoids, radical cations are 

produced.12 In this work, Grant et al. studied three carotenoids, -carotene, -apo-8-carotenal 

and canthaxanthin in various solvents. They observed that the electrooxidation pathway is 

through a two or one-electron process, and it is dependent on the nature of solvent. While -apo-

8-carotenal and canthaxanthin (Figure 3.1) proceeded via two-electron processes in 

tetrahydrofuran (THF) as shown in Figure 3.2, they proceed via a one-electron electrooxidation 

process in chlorinated solvents, dichloromethane (DCM) and dichloroethane (DCE). Later 

studies showed the behavior of the carotenoid cyclic voltammetry (CV) with respect to the 

solvents was due to the amount of acid in the solvents, which causes rapid decay of the species 

formed. Meanwhile, -carotene oxidation was observed to proceed via two-electron processes in 

THF, DCM and DCE. It must be noted that of the three trans carotenoids, canthaxanthin and -

apo-8-carotenal contain a C=O functional group. 
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Figure 3.1: Structural differences of -carotene and oxygenated carotenoids, canthaxanthin and  -apo-8′-

carotenal. 

 

 
Figure 3.2: Irreversible cyclic voltammograms of mM solutions of -carotene, -8′-apo-carotenal and 

canthaxanthin in THF at a scan rate of 100 mV/s (adapted from Grant et al., J. Am. Chem. Soc. 1988, 110 

(7), 2151-2157). 
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In addition, while the structure of -carotene and canthaxanthin are symmetrical, that of 

-apo-8′-carotenal is not and symmetry is known to affect the reversibility of CVs.19 Electron 

withdrawing effect of substituents and asymmetric nature of the carotenoids give an irreversible 

CV.19 While the CV of the electrooxidation processes in the chlorinated solvents showed a 

reversible process,  the contrary happened in THF,12, 20 as seen in Figure 3.2. Electrochemical 

studies of carotenoids including -carotene12, 20-21 and synthetic derivatives with acceptor or 

donor terminal substituents12, 22-28 have shown that, in aprotic solvents, oxidation of carotenoids 

results in at least three heterogeneous reactions, 

Car 
E1
0

⇔ Car•+ + e−                                       (I) 

Car•+  
E2
0

⇔ Car2+ + e−                                  (II) 

[Car − H]+ + e−
E3
0

⇔ [Car − H]•                (III) 

 and three homogeneous reactions, 

Car2+ + Car 
Kcom
⇔   2Car•+                       (IV) 

Car2+  
Kdp
⇔  [Car − H]+ + H+                    (V) 

Car•+  
Kdp
′

⇔  [Car − H]• + H+                    (VI) 

 

Ex
0 = potential of reaction 

Kcom = comprotination equilibrium constant 

Kdp = deprotonation equilibrium constant dication 

Kdp
′ = deprotonation equilibrium constant for radical cation 

 

Carotenoid (Car) transfers an electron (eq. I), to form the radical cation (Car•+) which 

upon losing an extra electron (eq. II) or a proton (eq. VI) results in the formation of the dication 

(Car2+), or a proton loss neutral radical, [Car-H]•, respectively. Mairanovsky et al.21 suggested 
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that, Car2+ can undergo deprotonation (eq. V) to form the proton loss cation, [Car-H]+, which 

upon acceptance of an electron (eq. III) forms the proton loss neutral radical [Car-H]•. In 

addition, they noted that the number of electrons transferred was dependent on the purity of the 

carotenoids and the stability of the radical cation formed was highly dependent on the solvent 

polarity.12 Later studies showed this solvent dependence is due to the presence of trace amounts 

of acid and moisture in the commercially purchased chlorinated solvents. This however was 

overcome with chlorinated solvents from sure-seal bottles kept in dry box and the solvents 

obtained with a syringe.19 

The CV, carried out with a flow of nitrogen gas over the cell, showed a reversible redox 

process. As a result, the time scale of reactions (V) and (VI) were reduced from ~10 to 0.2 s of 

the recorded CV being a one reaction scan (with scan rates:100 to 5000 mV/s). The formation of 

the species from (V) and (VI) could be detected as recorded in Figure 3.2 at position ‘a’. With 

little or no trace of impurities, a reversible process (Figure 3.3) for a two-electron process can be 

observed. 

Evidence of irreversible CV behavior due to reactions (V) and (VI) in THF solvent was 

also reported by Focsan et al.19 as a problem when using this solvent. Unfortunately, bixin is not 

soluble in the preferred sure-seal dichloromethane solvent, making it necessary to use the non-

preferred THF (dried THF). 
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Figure 3.3: Comparison of CVs at a scan rate of 500 mV/s for astaxanthin, monoester astaxanthin and 

diester astaxanthin respectively with ferrocene used as an internal reference label. The CV shows a typical 

reversible process with numbers 1 and 4, 2 and 3 indicating the reactions that occur in equations (I) and 

(II) respectively. Position 5 indicates reaction occurring in equation (III). Adapted from Focsan et al. J. of 

Phys. Chem. B 2014, 118 (9), 2331-2339. 

 

3.3 Experimentation 

 

3.3.1 Bixin Extraction and Purification 

 

Bixin was extracted from annatto seeds followed by multiple purification processes to 

yield about 98 % purity as detailed in section 2.2 of chapter 2.  

3.3.2 Nuclear Magnetic Resonance (NMR) 

 

 The NMR experiment was conducted on a Bruker 500 MHz instrument in deuterated 

chloroform, D-chloroform, CDCl3. The D-chloroform was stored on 4 Å molecular sieves 
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overnight before use. The NMR tubes were washed and kept in an oven at about 120 °C 

overnight before use. The bixin solution was prepared in semidarkness. The NMR sample was 

then wrapped in an aluminum foil and stored in the dark until NMR was recorded. In addition to 

1H NMR, carbon-13 (13C) NMR spectra were recorded. 

3.3.3 Mass Spectrometry (MS) 

 

 The MS was recorded on a Bruker HCTultra Discovery System using electron spray 

ionization (ESI) in both positive and negative modes. The solvent system of choice for the 

positive mode was methanol/chloroform in a 2:1 ratio with 0.1 % TFA, while the negative mode 

solvent was methanol. 

3.3.4 UV-vis and Extinction Coefficient 

 

 During the purification process, a UV-vis spectrum was recorded for each eluate. Since it 

was difficult weighing minuscule amounts of bixin, 3.6 mg of the purified bixin was dissolved in 

4.0 mL chloroform obtained from a Sure-Seal bottle (Before dissolving the bixin, the chloroform 

was initially eluted through a column of basic silica alumina and kept over 3 Å molecular sieves 

overnight). A 50 L aliquot of the 0.90 g/L (3.6 mg bixin/ 4.0 mL chloroform) bixin solution 

was diluted to 0.50 mL in chloroform to give 9.0 × 10-2 g/L (2.3 × 10-4 M) bixin solution. The 

2.3 × 10-4 M solution was further diluted to give 0.57 M and used for the UV-vis spectroscopy 

measurement. The UV-vis was measured in a quartz cuvette with a 1 cm path length using a 

Shimadzu UV-vis 1601 spectrophotometer. 

3.3.5 Cyclic Voltammetry (CV) 

 

 The CV was performed on a BASI CV-50W Version 2.3 instrument using a platinum 

working electrode (WE) and a platinum wire counter electrode (CE). The CVs were recorded at 

different scan rates, 50 - 1000 mV/s, with saturated calomel electrode (SCE) as the reference 
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electrode (RE) and ~0.10 M tetrabutylammonium hexafluorophosphate (TBAHFP) as the 

supporting electrolyte. Prior to recording the CV, a background spectrum was recorded at the 

various scan rates using ~0.1 M TBAHFP supporting electrolyte. After the measurement, the 

background spectra were subtracted from the corresponding CVs with the appropriate scan rate. 

The WE and CE were cleaned and sonicated in water and then in acetone (15 min each) 

before use. The WE first polished with the 1.0 followed by the 0.3 and finally the 0.05 micron 

polishing powder for between 5 to 8 min per powder grade. This was followed by sonication, 

drying with a stream of nitrogen gas and then transferred into a glove box. All glassware for the 

CV measurements were washed and kept in an oven at ~200 °C overnight. The glassware were 

then transferred into a glove box for sample preparation and CV measurement.  

The CV sample solutions were prepared by measuring ~50 L of 0.9 g/L bixin solution 

(from section 3.3.4) into a vial and dried with a stream of nitrogen gas. The dried sample was 

then transferred into the glove box and dissolved in dried THF which has been stored on 

molecular sieves overnight. It must be noted that, in the CV sample preparation, two sets of THF 

solvents were used on two different occasions: a Sure-Seal anhydrous THF used as purchased 

and kept in a dry box and THF distilled in the lab of Prof. Blackstock. 

3.4 Results 

 

3.4.1 Purification and NMR 

 

 The purified bixin product show a single spot on a thin layer chromatography (TLC) with 

different solvent combinations (acetone/chloroform, acetone/hexane, chloroform/hexane) for the 

mobile phase. NMR assignments, Figures A3.14 and A3.15, correspond with known bixin NMR 

assignments.11, 29-31 The chemical shifts and coupling shows cis-bixin configurations with little or 

no trans-configuration at the 10′ 1H position. 



41 

 

3.4.2 Mass Spectrometer 

 

 The mas spectrum, Figure 3.4, of the purified bixin molecule in the negative mode shows 

393.3 m/z, the [M-H]
-
 and a dimer, as the only pronounced peak. The calculated peak for the 

negative mode is 393.5 m/z. The dimer formation suggests that aggregation is possible. Any 

other peak present is buried in the noise/background or it is just part of the background. An 

expanded section around the [M-H]
-
 (Figure 3.5) also shows an isotopic peak of the 393.3 m/z at 

394.3 m/z. In the positive mode (Figures A3.12, and A3.13) the mass spectrum shows the 

[M+H]
+
 and the [M+H+Na]

+
 peaks at 395.3 and 417.3 m/z respectively, with respect to the 

theoretical values of 395.5 m/z and 417.5 m/z, respectively. 

 
Figure 3.4: Negative mode mass spectra of purified Bixin (100 – 1100 m/z). The negative mode gives 

393.3 m/z, the [M-H]
-
 as the dominant peak and a dimer with a bridging proton peak. 
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Figure 3.5: Negative mode mass spectra of purified Bixin with blown up (340 – 480 m/z) area of the 

dominant 393.3 m/z peak. The blown-up area on shows the [M-H]
-
 a small isotopic and no other major 

peak. 

3.4.3 UV-vis and Extinction Coefficient 

 

 The UV-vis spectrum (Figure 3.6) of a 0.57 M bixin solution gave a typical bixin 

spectrum32 with absorption maximum at 472 and 503 nm, respectively. The intensities of the 

absorbances at these wavelengths are 6.4 × 10-2 and 5.8 × 10-2 respectively. 
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Figure 3.6: UV-vis of 0.57 M Bixin solution measured in a quartz cuvette of 1 cm path length. 
 

3.4.4 CV 

 

The CV of bixin (Figures 3.7, 3.8, 3.10 and 3.11) at 100 mV/s shows a non-reversible 

redox process. The redox process in Sure-Seal THF is also seen (Figure 3.9) at 125 and 150 

mV/s. At higher scan rates (Figure A3.1 and A3.2) little is seen for the non-reversible one-

electron redox process. Similar observations are also made for the bixin CV in laboratory 

distilled THF (Figures 3.10, 3.11 and A3.3 to A3.11). 



44 

 

 
Figure 3.7: CV of Bixin at a scan rate of 100 mV/s using sure-seal THF used as purchased without further 

treatment besides being kept on activated 3 Å molecular sieves overnight. The CV shows a non-reversible 

one-electron redox process around 0.94 Vs SCE. It also shows some unknown products around 0.1 and 

anion and dication peaks at -0.8 and -1.3 V respectively. 
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Figure 3.8: A section of bixin CV spectrum from Figure 3.7 above where radical cation is produced. 
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Figure 3.9: CV of Bixin at three different scan rates of 100, 125 and 150 mV/s using sure-seal THF used 

as purchased without further treatment besides being kept on activated 3 Å molecular sieves overnight. The 

CV shows a non-reversible one-electron redox process around 0.94 ± 0.01 Vs. SCE.  
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Figure 3.10: CV of Bixin at a scan rate of 100 mV/s using THF distilled in the lab and kept on activated 

3Å molecular sieves overnight. The CV shows a non-reversible one-electron redox process around 0.94 

Vs SCE. It also shows some unknown products around -0.69 V and anion peak -1.22 V respectively. 
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Figure 3.11: A section of bixin spectrum from Figure 3.10 where radical cation is produced. 
 

On the positive potential scan from zero, only one irreversible anodic peak is observed 

around ~ 0.94 and ~ 0.98 V for the CVs recorded in Sure-Seal and lab distilled THFs 

respectively. On the other hand, the negative potential scan at the end of the anodic scan results 

in two cathodic peaks at ~ 0.10 and ~ -1.3 V, respectively, but there is no visible redox process 

above 0.50 V for CV recorded in sure-seal THF. During the positive potential scan at the end of 

the cathodic scan, a peak at ~ -0.80 V is also observed. All these peaks were visible at scan rates 

of 100, 125, 150 and (175, 200, Figures A3.3 and A3.4) mV/s respectively with similar 

potentials, as shown in Table 5.1, of ~0.94 ± 0.01 V vs SCE. Meanwhile, in the spectrum 
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recorded using lab distilled THF, the peak around ~ 0.10 V vanishes but one appears around ~ -

0.69 V while no apparent shift is observed in the peak at ~ -1.3 V. 

Table 3.1: Estimated redox potential vs SCE of  

Bixin at 100, 125 and 150 mV/s respectively. 

Scan Rate (mV/s) ∆E vs SCE (V) 

100 0.94 ± 0.01 

125 0.94 ± 0.01 

150 0.95 ± 0.01 

 

3.5 Discussion 

 

 In the work by Grant et. al12 it is noted that, the apparent number of electrons transferred 

during a redox process was strongly dependent on the purity of solvent and the carotenoids used. 

For this reason, even though the initial extraction of bixin showed about 80 % purity and a 20:80 

cis/trans ratio, it was important to obtain the bixin as pure as it is possible.  The TLC and NMR 

results of the further purification of the bixin extract via the C-18 reverse phase SiGel showed 

over 98 % purity cis-bixin (Figure A3.14).  

The MS results of both positive and negative ESI of bixin show the dominant peaks as 

the [M+H]
+
 and [M-H]

-
 peaks at 395.3 and 393.3 m/z (Figures 3.6, 3.7, A3.12 and A3.13) 

respectively. Comparatively, the calculated values are 393.5 and 395.5 m/z for the positive and 

negative mode ESI, respectively. Two other (minor) peaks at 394.3 and 787.5 m/z in the negative 

mode are the 13C isotopic peak of the base peak and a bridging 1H dimer, [(M-H)-H-(M-H)]
-
. 

Meanwhile, a 417.3 m/z in the positive mode is a [M+H+Na]
+
 peak with the sodium atom 

coming from the environment and the calculated m/z is 417.5 m/z.  

A bixin concentration (c) of 0.57 M, an absorbance (A) of 6.4 × 10-2, and 5.8 × 10-2 

from the baseline at 472 and 503 nm, respectively, were recorded. Using the Beer-Lambert law, 
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A = 𝜀bc, 

and a quartz cuvette of path length, b, of 1 cm, the extinction coefficients of bixin in chloroform 

at 472 and 503 nm are: 

ℰ472 = 1.1 ×  10
5 M−1cm−1 

ℰ503 = 1.0 ×  10
5 M−1cm−1 

It should be noted that for most high efficiency performing dyes like Ru dyes with recorded 11 

% plus efficiencies,33-36 the extinction coefficient of such dyes are of the order of 104 M-1cm-1.35, 

37-38 An extinction coefficient on the order of 105 M-1cm-1 signified higher photon absorption, 

just like in the Ru dyes. However, carotenoids have maximum absorption in the visible region of 

the solar spectrum and hence have a narrow bandwidth of absorption. Thus, by showing higher 

extinction coefficient than Ru dyes, bixin exhibits a great trait as a potential DSSC material but 

with narrow bandwidth. 

 Though kinetic reaction studies, chemical analysis of a system and thermodynamic 

calculations are applicable techniques for determining redox potential of carotenoids, 

electrometric methods (potentiometry and voltammetry) are the main approaches used.17  CV has 

been used to estimate or accurately give the redox potential of carotenoids12-13, 17, 39 and some 

organic40 compounds. The oxidation potentials correspond to the production of the carotenoid 

radical cation, Car•+, during photoexcitation.17 The CVs obtained for the carotenoid bixin 

indicates an irreversible two-electron electrooxidation process in dry THF. The irreversible CV 

is not surprising since Jeevaranjan et al.18 determined that while CVs for symmetrical 

carotenoids show a reversible process, unsymmetrical carotenoids did not. In the work by Liu et 

al.17 it was observed that carotenoids possessing carbonyl groups undergo two-electron 
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electrooxidation processes. Bixin behaves in similar way. The lifetime of a radical cation, Car•+, 

the species formed after the transfer of an electron, can be estimated from the CV of a 

carotenoid. Liu et al. stated that the reversibility and stability of Car•+ (and Car2+) can be 

estimated from the cathodic/anodic current ratio of a CV. A ratio of ~ 1 implies a reversible 

electrooxidation process and with a long lifetime and a relatively stable Car•+ (and Car2+). 

Contrary to that, a ratio of less than 50 % is indicative of a less stable Car•+ (and Car2+) that 

decays faster at ambient temperature. With no cathodic peak current and an irreversible CV, it 

can be established that the bixin radical cation, the species formed upon absorption of light and 

transfer of an electron, is very unstable and decays at ambient temperature. 

The estimated redox potential of bixin from the CV, Figure 3.8 (and 3.11), is 0.94 ± 0.01 

V vs SCE is much higher than any studied carotenoid, Table 3.2.12 This peak corresponds to the 

transfer of electron from Car leading to the formation of Car•+, (equation I). The spectral features 

(expanded [Figure 3.10] in the range of 1.4 to 0.40 V) were more pronounced in the lab distilled 

THF CV compared to the sure seal THF. This made it possible to estimate the possible positions 

of the first and second redox peaks. On the reverse scan at the end of the anodic current, the only 

observable feature is the broad peak at ~ 0.10 V.  

Table 3.2: Redox potential of -carotene, -apo-8-carotenal 

and canthaxanthin in THF vs. SCE. 

Carotenoid Potential (V)a 

-Carotene 0.76 

-Apo-8′-carotenal 0.90 

Canthaxanthin 0.93 

a: Grant et al. J. Am. Chem. Soc. 1988, 110 (7), 2151-2157. 
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At the various scan rates, there was no visible cathodic peak for the corresponding anodic 

peak observed. The estimated value of the redox potential increased marginally with higher scan 

rate, Table 1. The peak at ~0.10 V has been observed in most carotenoid CVs12, 17-19, 26, 39, 41 and 

it is attributed to proton loss neutral radical, [Car-H]•, formed by the reduction of the proton loss 

radical cation, [Car-H]+, equation III, which is formed from the deprotonation of the dication 

radical, Car2+, equation V. Focsan el al.19 noted that the peak at ~0.10 V only occurs when the 

dication, Car2+, is formed as in Equation (II). The reverse scan also give anion and dication peaks 

at -0.8 and -1.3 V, respectively. 

3.6 Conclusion 

 

 The redox potential of bixin was successfully determined to be ~0.94 ± 0.01 V vs SCE 

using cyclic voltammetry in dried THF. Previous attempts in other solvents including have been 

unsuccessful. The extinction coefficient of bixin in dried chloroform was determined to be 1.1 × 

10-5 M-1cm-1 and 1.0 × 10-5 M-1cm-1 at absorption maxima at 470 nm and 503 nm respectively in 

dried chloroform. The measurements were made possible by the purity of the bixin extract which 

was estimated to be ~98 % based on MS and NMR data (Figures 3.4, 3.5 and A3.14). 
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3.7 Appendix: CV of Bixin in Sure-seal and Laboratory distilled THF at various Scan rates 
 

 

 
Figure A3.1: CV of bixin without background at a scan rate of 175 mV/s in sure seal THF used as 

purchased without further treat besides being kept on activated 3Å molecular sieves overnight. WE: Pt; 

RE: SCE; CE: Pt 
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Figure A3.2: CV of bixin without background at a scan rate of 200 mV/s in sure seal THF used as 

purchased without further treat besides being kept on activated 3Å molecular sieves overnight. WE: Pt; 

RE: SCE; CE: Pt 
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Figure A3.3: CV of bixin with background at a scan rate of 30 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.4: CV of bixin with background at a scan rate of 50 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.5: CV of bixin with background at a scan rate of 70 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.6: CV of bixin with background at a scan rate of 90 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.7: CV of bixin with background at a scan rate of 100 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.8: CV of bixin with background at a scan rate of 300 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.9: CV of bixin with background at a scan rate of 500 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.10: CV of bixin with background at a scan rate of 700 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.11: CV of bixin with background at a scan rate of 900 mV/s in lab distilled THF kept on 

activated 3Å molecular sieves overnight. WE: Pt; RE: SCE; CE: Pt 
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Figure A3.12: Positive mode mass spectra of purified bixin (100 – 1100 m/z). The positive mode gives 

the [M+H]
+
 and [M + Na]

+ as the dominant peaks. 
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Figure A3.13: Positive mode mass spectra of purified bixin with blown (300 – 460 m/z) up area of the 

dominant peak 395.5 m/z. The blown-up area shows the [M+H]
+ 

and [M + Na]
+ 

peaks as the dominant 

peaks in the positive mode MS. 
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Figure A3.14: 1H chemical shifts assignment of purified cis-bixin between 5.6 – 8.1 MHz. The 

assignments and the J-coupling at the 10′ is indicative of a purely cis-bixin configuration 

 

The following are the chemical shifts: 13/13′: 1.96 (s, 6H), 9′: 1.99 (S, 3H), 9: 2.01 (s, 3H), 

OCH3: 3.79 (s, 3H), 7/7′: 5.87-5.93 (dd, 2H, 16Hz), 8′: 7.95-7.98 (d, 1H, 15Hz), 8: 7.44-7.47 (d, 

1H, 15Hz), 11′: 6.84-6.89 (dd, 1H, 12 Hz, 15Hz), 15/15′: 6.67-6.71 (dd, 2H, 9Hz), 12′: 6.40-6.43 

(d, 1H, 15Hz), 10′/14′: 6.36-6.38 (d, 2H, 11Hz), 14: 6.31-6.33 (d, 1H, 10Hz), 10/11/12: 6.52-

6.65 (m, 3H). 
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Figure A3.15: 1H chemical shifts assignment of purified cis-bixin between 0 – 4.2 MHz. The assignments 

show the methoxy group at the cis-end of the molecule and all the methyl groups on the backbone at the 

9/9′ and 13/13′ positions. 
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CHAPTER 4 

 

DFT AND ENDOR STUDY OF BIXIN RADICAL CATIONS AND PROTON LOSS 

NEUTRAL RADICALS ON SILICA-ALUMINA 

 

Adapted with permission from: Tay-Agbozo, S. S.; Krzyaniak, M. D.; Bowman, M. K.; Street, 

S.; Kispert, L. D., DFT and ENDOR Study of Bixin Radical Cations and Neutral Radicals on 

Silica–Alumina. J. Phy. Chem. B 2014, 119 (24), 7170-7179 

 

4.1 Abstract 

 

Bixin radicals formed by electron and proton transfer have been stabilized on the surface 

of silica alumina and characterized by pulsed Electron-Nuclear Double Resonance (ENDOR) 

spectroscopy. Density Functional Theory (DFT) calculations have generated the unpaired 

electron spin distribution for various bixin radicals and predicted the electron paramagnetic 

resonance, EPR, spectroscopy hyperfine couplings. Least-squares fitting of the experimental 

ENDOR spectra to the DFT hyperfine couplings characterized the radicals trapped on the silica 

alumina. DFT calculations predict that the trans bixin radical cation is more stable than the cis 

bixin radical cation by 1.26 kcal/mol. This small energy difference is consistent with the 26% 

trans and 23% cis radical cations in the ENDOR spectrum. The remainder of the ENDOR 

spectrum is due to several proton loss neutral radicals formed by loss of an H+ ion from the 9, 9’, 

13 or 13’ methyl group, a common occurrence in all water-insoluble carotenoids previously 

studied.1-5 Although the carboxyl groups of bixin strongly affects its solubility relative to other 

natural carotenoids, this does not alter the radicals formed based on DFT calculations and EPR 

measurements, which are similar to those for typical water-insoluble carotenoids. 
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4.2 Introduction 

 

Carotenoid radical cations can be formed by electron transfer from the carotenoid to 

Lewis acidic sites on a surface. The radical cation is a weak acid6 (pKa = 4-7) that can lose a H+ 

to form proton loss neutral radicals. These radicals are part of the photoprotection mechanism in 

plant photosynthesis7 and combat oxidative damage and aging8-9 It is possible to stabilize 

carotenoid radicals on activated silica alumina, allowing long-term studies of the free radicals to 

characterize their unpaired spin density distribution and conformation. The silica alumina is 

calcined to partially dehydrate the surface and form a variety of Lewis and Bronsted acidic sites 

on the surface, which are partially the basis for the industrial use of silica alumina as a catalyst.10 

The structure and properties of active surface sites of metal oxides are an active area of catalysis 

research11 and well beyond the scope of this article. However, activated silica alumina is a 

convenient tool for generating and stabilizing carotenoid radicals for subsequent spectroscopic 

studies to identify and characterize the radicals.2, 5, 12-14 However, the radicals must remain 

isolated from reactive molecules such as O2, H2O and other carotenoid molecules, which is done 

here by flame sealing the EPR tubes under vacuum and storing them at 77 K to prevent diffusion 

of radicals and other carotenoids along the surface of the silica alumina. 

Even though the interaction with the silica alumina surface helps stabilize carotenoid 

radicals, it does not seem to cause significant distortions in the ground state electronic structure. 

To date, there have been no significant changes in hyperfine couplings or unpaired spin density 

distribution in any of the carotenoids studied whether they were stabilized on silica alumina, 

supported on MCM-41 surface, or frozen in solution.15 MCM-41, Mobil composite matter 

number 41, is a mesoporous silicon oxide material belonging to a family of 

silicate/aluminosilicate mesoporous molecular sieves designated as M41S.16-17 MCM-41 is 
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regarded as the most suitable model adsorbent due to its array of uniform hexagonal channels, 

significantly larger pore length compared to its pore diameter and the absence of pore channel 

intersections which guarantees a negligibly small networking effects. In addition, X-ray 

diffraction data can provide an independent estimate of pore size.17 In this respect, the carotenoid 

radicals are extremely poor reporters for probing active sites on metal oxide surfaces because 

they do not show any significant hyperfine couplings due to the oxide surface. In contrast, some 

radical probes do have large hyperfine couplings to the oxide surface.18-19 

Photovoltaic cells have been constructed from synthetic carotenoic acid on TiO2 

nanocrystalline mesoporous electrodes.20 Bixin contains a carboxylic group on one end and an 

ester on the other (Figure 4.1b) and could be a natural source of materials for a photovoltaic cell. 

The carotenoid in a photovoltaic cell, functions as an electron donor, transiently forming a 

radical cation that may undergo further reaction such as loss of H+ to form proton loss neutral 

radicals. Based on experience with other carotenoid radical cations, H+ loss is most likely to 

occur from one of the four methyl groups along the hydrocarbon backbone of bixin, with the 

most stable radicals being found in the highest amount.2, 5 However, the free radicals of 

carotenoids with a polar, potentially charged group, such as the carboxyl group of bixin, have 

never been examined. Polar groups that confer water solubility also have the potential to affect 

the relative stability of radicals formed by H+ loss from the hydrocarbon chain and alter the 

normal pattern of radical products seen in other carotenoids. This study examines the bixin 

radical cations and subsequent proton loss neutral radicals stabilized on silica alumina to 

understand the free radical reactions of this novel, natural carotenoid with an unusual 

combination of properties: large extinction coefficient, water solubility, antioxidant capacity, 

photochemical stability and potential photoactivity. 
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Figure 4.1: a) Lycopene, the compound from which most carotenoids can be derived and (b) cis bixin, 

note that it is not symmetric, with -COOH at one end and -COOCH3 at the other 

 

4.3 Experimental  

 

4.3.1 Extraction Procedure 

 

Bixin was extracted from food grade annatto powder and from annatto seeds using a 

Soxhlet apparatus, based on the procedure of Silva et al.21 as outlined in the first paragraph of 

section 2.2 of Chapter 2 without further purification. 

4.3.2 Radical Preparation 

 

Silica alumina grade 135 (Al2O3 =13% particle size distribution–100 mesh) with total 

pore volume and surface area of 0.640 mL/g and 447.67m2/g, respectively, was purchased from 

Aldrich chemical company. Silica alumina was activated at 700 ºC for 7 hr. and quickly 

transferred to a nitrogen dry box and stored in the oxygen and water-free environment. To 

prepare the bixin solutions, ~0.74 mg of bixin was dissolved in chloroform and evaporated to a 
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dry film in an amber vial which was evacuated and transferred into the dry box. The bixin film 

was dissolved in 1.4 ml dry chloroform that had previously been purified on a column of basic 

alumina22 and stored over activated 3Å molecular sieves. Three samples were prepared by 

adding 600 μL of bixin solution: ~0.134, ~0.089 and ~0.030 mM to 4 mm quartz Norell EPR-

250S tubes which were then connected to a vacuum line. The solution was degassed by five 

freeze-pump-thaw cycles and then transferred under vacuum into the dry box. Activated silica 

alumina was added to each EPR tube. As the activated silica alumina settled to the bottom of the 

tube and adsorbed the bixin, the solution became colorless. Each tube was transferred without 

exposure to air to the vacuum line. This prevented deactivation of the silica alumina by water or 

oxygen. The solvent was removed by solvent sublimation for 4 hr. followed by evacuation 

overnight. The silica alumina became onyx black in color as the last of the solvent was removed. 

The EPR tubes were sealed under vacuum using a natural gas/oxygen torch with the sample 

submerged in liquid nitrogen. 

4.3.3 EPR and ENDOR 

 

Continuous wave (CW) EPR and ENDOR spectra of the sample were recorded before 

and after visible light irradiation. The sample was irradiated with a Y1711 Xe arc lamp through 

filters to remove UV and IR. The filtered light was focused onto the sample immersed in liquid 

nitrogen.  CW EPR measurements were made at 77 K using a Bruker ELEXYS E540 CW X-

band EPR spectrometer. The pulsed X-band ENDOR experiments were made with a Bruker 

ELEXSYS E-680W/X EPR spectrometer in an EN 4118X-MD4-W1 resonator in a Flexline 

cryostat with an ENI A-500 radio frequency (RF) power amplifier using the Mims ENDOR (π/2-

-π/2-T-π/2--echo) pulse sequence with a 10 µs RF π-pulse applied during the delay time T.  

ENDOR spectra were recorded at two different values of : 200 and 400 ns. The Mims ENDOR 
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spectra are plotted as the ENDOR effect which is the change in echo intensity with RF on and off 

resonance divided by the echo intensity with the RF-off resonance. The Davies ENDOR pulse 

sequence (π-T-π/2--π- -echo) had a 10 µs RF π-pulse applied during the time period T with  

=400 ns and a microwave π pulse of 240 ns. Stochastic ENDOR data collection was used for 

both types of ENDOR. The experimental ENDOR spectra have a noticeable intensity imbalance 

for positive and negative frequency shifts due to imperfections in the matching of our ENDOR 

coil. This imbalance is considered during spectral fitting. 

4.3.4 DFT Calculations 

 

DFT calculations were carried out with Gaussian 09 program package23 on the SGI UV 

and DMC computers at the Alabama Supercomputer Center. Optimization of the molecular 

geometry was made at the DFT level with the B3LYP exchange-correlation functional24-25 and 

the 6-31G** basis set26 which we have previously shown is reasonable for predicting the 

geometry of β-carotene based radicals.1 Single point calculations at these geometries were used 

to predict hyperfine couplings at the B3LYP level with the TZP basis set from Ahlrich’s group27 

which agree well with EPR experimental data for other carotenoids,1-2, 4 No attempt was made to 

model the interaction with silica alumina or neighboring carotenoid molecules because they have 

little effect in other carotenoids and because the atomic structure and location of silica alumina 

activated sites are poorly characterized. Ampac 10.1 from Semichem that includes Graphical 

User Interface (AGUI) was used to visualize the DFT unpaired spin densities.  

4.3.5 ENDOR Spectral Simulation Methods 

 

Mims ENDOR spectra simulations were done using EasySpin28 in Matlab (MathWorks). 

The isotropic and anisotropic components of the 1H hyperfine couplings13 and the direction 

cosine matrix, R, from the Gaussian output files were imported into Matlab. The hyperfine 
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tensor, T, of each 1H was constructed as a diagonal tensor. In the case of the methyl 1H, each 

hyperfine tensor was then rotated into the molecular axis frame by a unitary transformation with 

its direction cosine matrix, R-1•T•R. The tensors of the three methyl 1H were averaged to a single 

tensor, as appropriate for rapidly rotating methyl groups, and its principal values were used for 

simulation with a weighting of three times that of single 1H. Mims ENDOR can be simulated 

accurately, for an example , see Trukhan et al. 2013.29 

CW ENDOR simulations were also made as an approximation of the Davies ENDOR 

spectra.2 Davies ENDOR is subject to a number of distortions that are difficult to characterize 

and quantitate. Doan et al.30-32 have described the dependence of Davies ENDOR intensity on the 

product of microwave pulse width and hyperfine coupling with an optimum occurring when the 

product is ~0.7 and with the intensity going to zero when that product is small. There are also 

artifacts and distortions caused by spectral diffusion and the microwave excitation profiles that 

are difficult to predict accurately. However, the Davies ENDOR spectra are more attractive to 

view because the distortions, even when large, are not as prominent as the Mims blind spots. 

4.4 Results 

 

4.4.1 EPR and ENDOR 

 

The CW EPR spectrum of the bixin sample at 77 K consists of a strong, single, 

symmetric line, nearly Gaussian in shape, with a line width of 1.62 mT and giso = 2.002. The 

EPR spectrum is similar to those of other carotenoids.13, 33-34 Irradiation by visible light caused a 

4-5 fold decrease in intensity, with no change in shape or position from further photochemical 

reaction of the rather reactive bixin radicals, Figure 4.2. The major contribution to the lineshape 

of carotenoid radicals at X-band is unresolved hyperfine interactions with protons of the radical. 

The g-factor of typical carotenoid radicals is axially symmetric with an anisotropy33 amounting 
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to ~4.5 MHz at X-band.  The g-factor anisotropy is negligible compared to the inhomogeneous 

broadening from hyperfine interactions and does not produce any detectable orientation selection 

that is so prominent in many metalloproteins and metal ion complexes or in high-field EPR. 35 

The Mims 1H ENDOR spectra, plotted as the absolute ENDOR effect, are the same 

before and after irradiation, Figure 4.3. The free radical composition of the sample and the 

normalized ENDOR effect was not changed by visible light irradiation although the absolute 

number of radicals changed. The 1H ENDOR spectra extended well beyond ±8 MHz, perhaps as 

far as ±10 MHz, around the 1H Larmor frequency, just below 15 MHz, with a shape indicating a 

large number of different hyperfine couplings contributing to the spectrum. The 1H ENDOR 

spectra are similar to those from other carotenoids that form mixtures of radical cations and 

proton loss neutral radicals by loss of H+ from the radical cations.2, 5, 12 The Mims ENDOR 

spectra at  = 200 and 400 ns appear rather different at first because of the different periodicity of 

the blind spots. However, their peaks, where the intensity is unaffected by the blind spot 

phenomenon, traces out the same envelope with very similar intensity because spectral diffusion 

(according to the established models)36-37 and other spin relaxation processes are completely 

corrected during the calculation of the absolute ENDOR effect, which affects the signal to noise 

ratio, but not the shape or intensity of the spectrum. 

The Davies ENDOR spectrum has more noise than the Mims ENDOR spectra, even with 

greater measurement time. There is a hole in the center of the spectrum with a shape determined 

in part by sinc wiggles from the inverting microwave pulse that extend to ±5 MHz and some 

spectral diffusion. The tails of the Davies ENDOR beyond ±5 MHz appear consistent with the 

Mims ENDOR intensity at  = 200 and 400 ns although the noise is rather large, indicating that 

the two sets of spectra are observing a similar set of radicals and hyperfine couplings. The 
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Davies ENDOR spectra before and after irradiation did not show spectral changes 

distinguishable from the noise. 

4.4.2 DFT Calculations 

 

The initial radicals produced by electron transfer from carotenoid to Lewis acid sites on 

the activated silica alumina are radical cations. In general, there is facile H+ loss from the radical 

cations if there are H+ acceptors available. NMR measurements of the bixin used to prepare 

samples showed the presence of ~20% trans bixin, so DFT calculations were carried out on 

possible radical products with trans and cis conformations. The trans and cis bixin radical cation 

geometries were optimized by DFT and the hyperfine tensors were calculated at the optimum 

geometry. The silica alumina surface sites that stabilize carotenoid radicals are uncharacterized; 

every carotenoid radical studied thus far has shown no measurable effect on its electron spin 

distribution or hyperfine couplings.2, 5, 12-15 The matrix proton ENDOR line from 1H on surface –

OH sites of silica alumina in all studies of carotenoid radicals2, 5, 12-15 is featureless and shows no 

strong specific interaction between the electron spin and any surface atom. The silica alumina 

surface was not included in the DFT calculations because it has not been characterized and 

because our previous studies failed to detect any influence of the surface on the EPR properties 

of other carotenoid radicals.15 The optimized structure and unpaired spin density distributions are 

given in Figure 4.4 for the trans and Figure 4.5 for the cis-configuration. Proton loss neutral 

radicals are formed by H+ loss from the 9(9ˊ) or 13(13ˊ) methyl groups of the trans and cis 

radical cations. Their geometries were optimized to yield the structure and unpaired spin density 

distribution for the trans 9(9ˊ) and 13(13ˊ) proton loss neutral radicals given in Figure 4.4 and 

the cis 9(9ˊ) and 13(13ˊ) proton loss neutral radicals in Figure 4.5. The trans radical cation is 

more stable than the cis by 1.26 kcal/mol, Table 4.1. The cis 9ˊ proton loss neutral radical is the 
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most stable proton loss neutral radical while the cis 13 proton loss neutral radical is the least 

stable by 4.54 kcal/mol, Table 4.2. 

 
Figure 4.2: CW EPR spectrum at 77 K before irradiation (red) with a line width of 1.62 mT and giso = 2.002 

and after 10 min visible light irradiation (blue) with a 4-5 fold decrease in intensity 

 
Table 4.1: Relative energies, E, (kcal/mol) of trans and cis cations 

Radical trans cis 
E 0.00 1.26 

 

Table 4.2: Relative  energies,      E, (kcal/mol)   of trans and cis bixin proton loss neutral radicals 

Radical trans 9 cis 9 trans 9' cis 9' trans 13 cis 13 trans 13' cis 13' 

E 2.25 3.54 2.04 0.00 3.30 4.54 3.25 4.16 
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Figure 4.3: ENDOR spectra of Bixin radicals on silica alumina. Left: Mims 1H ENDOR spectra at  = 

200 ns before (red) and after irradiation (blue) of the absolute ENDOR Effect showing no change in free 

radical composition after 10 min of visible light irradiation. There is a small artifactual peak near -11 

MHz. Center: Mims 1H ENDOR spectra at  = 400 ns of the absolute ENDOR Effect. The ENDOR Right: 

Davies ENDOR spectrum with  = 400 ns. There are two strong artifactual dip in the spectrum near ±2.5 

MHz caused by sinc function wiggles from the inverting microwave pulse. The sinc wiggles may cause 

an additional alteration of intensity near ±5 MHz. The green spectrum represents the location of radical 

cations and the blue spectrum is where the bixin proton loss neutral radicals occur.  

 

It is clear that proton loss neutral radicals are formed from the Davies ENDOR and is 

consistent with the presence of radical cations and proton loss neutral radicals deduced from the 

Mims ENDOR using DFT derived couplings. The methyl groups of carotenoid radicals are 

rapidly rotating even at 4 K,33 so their hyperfine tensors were averaged. The principal values of 

the averaged tensors are listed in Table 4.3. The cation and proton loss neutral radicals have little 

spin contamination with S2 of 0.75 and 0.76 respectively. The ENDOR spectra were simulated 

using the DFT hyperfine tensors for all 1H except intact methyl groups, where the averaged 

tensors were used for the bixin radical cations and proton loss neutral radical, Figures A4.1 – 

A4.10.  The simulated ENDOR spectra of the cis and trans bixin radical cations are relatively 

narrow, extending only to ~±7 MHz while the spectra of the proton loss neutral radicals all 

extend beyond ±12 MHz This pattern appears in other carotenoid radicals.2-4, 12  
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Table 4.3: Carotenoid isomers and the position of each methyl group along  

the backbone and the averaged hyperfine tensors (MHz) 

 -CH3 Position  Average hyperfine tensors (MHz) 

cis cation 9' 14.9351 13.4714 13.0917 

 13' 6.7126 5.8858 7.5761 

 13 8.0431 8.9153 7.1781 

 9 12.0686 10.9900 10.1941 

trans cation 9' 12.2533 11.1537 10.3378 

 13' 7.3265 6.4923 5.6879 

 13 7.9576 8.8113 7.1089 

 9 11.8487 10.7916 10.0092 

cis 9 9' 13.9765 12.3183 12.0595 

 13' 16.1981 14.9169 13.7048 

 13 -7.3977 -7.9972 -8.3068 

trans 9 9' 11.7589 10.6410 9.7267 

 13' 14.8908 16.1529 13.6784 

 13 -7.0941 -7.7134 -8.0103 

cis 9' 13' -6.4677 -7.3080 -7.5083 

 13 16.3365 15.0151 13.7851 

 9 11.8570 10.7141 9.7702 

trans 9' 13' -7.8163 -8.1167 -7.2001 

 13 14.6759 13.4787 15.9402 

 9 11.4078 10.3133 9.4036 

cis 13 9' 14.0416 14.3582 16.2693 

 13' 18.1284 16.6040 15.2453 

 9 -1.1854 -1.5210 -1.7759 

trans 13 9' 11.2557 12.3026 13.6057 

 13' 16.4289 15.0846 17.9243 

 9 -1.1033 -1.6598 -1.4242 

cis 13' 9' -1.5991 -1.8950 -1.7454 

 13 17.8656 16.3617 15.0179 

 9 13.3378 12.0528 11.0018 

trans 13' 9' -1.0871 -1.6344 -1.4059 

 13 16.4664 15.1280 17.9855 

 9 19.3299 17.7867 16.8902 

 

The unpaired electron in radical cations is delocalized over the entire conjugation length 

of the carotenoid, resulting in less spin density and weaker hyperfine couplings than in the proton 
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loss neutral radicals where the conjugation is interrupted at the site of H+ loss, Figures. 4.4 and 

3.5. 

The unpaired spin density in proton loss neutral radicals is spread over fewer atoms, 

resulting in some hyperfine couplings being significantly larger than any found in the radical 

cation. The 13(13’) proton loss neutral radicals have even shorter conjugation lengths than the 

9(9’) proton loss neutral radicals and have larger couplings and greater ENDOR intensity beyond 

±8 MHz, Table 4.3 and Figures A4.3 – A4.10. The terminal polar groups that make bixin water 

soluble do not significantly alter the spin distribution from that seen in the water-insoluble 

carotenoids. 

Linear combinations of the simulated ENDOR spectra were used to obtain a global fit to 

the experimental ENDOR spectra at τ = 200 ns and 400 ns. For fitting, the center of the ENDOR 

spectrum within ±3 MHz was discounted because the experimental spectrum contains intensity 

from weakly-coupled 1H external to the bixin radical that are not included in the DFT 

calculations or simulations. The fitting is an underdetermined problem because some of the 

simulated spectra are virtually indistinguishable from each other and their individual 

contributions to the spectrum could not be determined. In particular, the trans 9 and trans 9’ 

proton loss neutral radicals are >94% identical and cannot be distinguished from each other. This 

problem is quite understandable because the two radicals only differ by the location of the 

methyl ester which has virtually no unpaired spin density. The radical cations have similar 

spectra, but there is a noticeable difference near ±7 MHz that provides an ability to distinguish 

the contributions from both radicals but leads to highly-correlated uncertainties in their amounts. 

However, the differences in overall width of the ENDOR spectrum, whether measured using 
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Mims or Davies ENDOR, allows the radical cation contribution to be reliably distinguished from 

those of the proton loss neutral radicals. 

The fits of ENDOR spectra from four different samples, Table 4.4, finds strongly-

correlated uncertainties between amounts of some species because of the strong similarity of 

their spectra. There is strong, consistent agreement in the spectra from all four samples that half 

the radicals are radical cations and the other half are proton loss neutral radicals from 1H loss 

from one of the methyl groups. Among the proton loss neutral radicals, trans and cis 

conformations are in a 3:1 ratio which is different from the staring material (1:4 ratio) applied to 

the silica alumina. 

The fit is confirmed by visual examination of the experimental spectra (Figure 4.3) 

beyond ±8 MHz from the 1H Larmor frequency. Weak but definite spectral intensity is present 

that cannot come from the radical cations which have no intensity in that region. This requires 

the presence of proton loss neutral radicals. The far wings of the experimental spectrum beyond 

±8 MHz are less intense than for any of the proton loss neutral radicals which indicate substantial 

amounts of radical cations. Thus, the results of the fit are consistent with the overall shape of the 

experimental spectrum. 
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Table 4.4: Spectral fits and error analysis of all ten radicals: trans and cis radical cations and 8 proton 

loss neutral radicals (9, 9', 13, 13' cis and trans) 

 

trans 

9, 9' cis 13' 

trans 

13, 13' 

trans 

cation 

cis 

cation 

cis 

9 

cis 

9' 

cis 

13 

RMS 

Error 

Fit 1 (%) 15 0 25 18 33 0 2 7 0.032322 

Fit 2 (%) 14 0 30 27 16 0 8 6 0.033910 

Fit 3 (%) 4 0 26 31 21 0 10 9 0.032050 

Fit 4 (%) 15 1 24 29 21 0 3 8 0.033912 

Mean 12 0 26 26 23 0 6 8  

STDV 4.6 0.4 2.3 5.0 6.3 0.0 3.3 1.1  

           
Total neutrals and radical cations 

 

trans 

cation 

cis 

cation neutrals     
Fit 1 (%) 18 33 49     
Fit 2 (%) 27 16 58     
Fit 3 (%) 31 21 49     
Fit 4 (%) 29 21 51     
Mean 26 23 52     
STDV 5.0 6.3 3.7     
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Figure 4.4: trans Bixin radical cation and trans bixin proton loss neutral radicals. The chemical structure 

is shown on the left and the geometric structure with the unpaired spin density distribution on the right. 

The blue represents excess α and the green excess β unpaired spin density. The carbon atoms are gray, the 

oxygen atoms are red, and hydrogen atoms white.  
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Figure 4.5: cis Bixin radical cation and cis bixin proton loss neutral radicals. The chemical structure is 

shown on the left and the geometric structure with the unpaired spin density distribution on the right. 
 

4.5 Discussion 

 

The trans radical cation of bixin is more stable than the cis form by 1.25 kcal/mol, or 

only 2 kT at 300 K. The most stable bixin proton loss neutral radical is the cis 9′ conformation, 

with the trans 9′ and 9 the next most stable by just 4 kT or ~2.1 kcal/mol. The spectral fit found 

26% cis bixin and 23% trans bixin radical cation which is consistent with the small difference in 
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energy between the cis and trans conformations predicted by DFT calculations, but the ratio of 

cis:trans radical cations from the spectral fit has a large uncertainty because of the strong 

similarity between the simulated spectra. 

Other carotenoids form proton loss neutral radicals on silica alumina whose relative gas 

phase energies are even greater than 4.5 kcal/mol. They include proton loss neutral radicals of 

zeaxanthin (Zea), violaxanthin (Viol)2 and astaxanthin (Ast).12 Zea and Viol2 adsorbed on silica 

alumina produce radical cations and also a neutral carotenoid radical by H+ loss at the 4(4′) 

methylene position, as well as from methyl groups at 5(5′), 9(9′) and 13(13′) for Zea and at 9(9′) 

and 13(13′) for Viol. 

For Ast12 supported on activated silica alumina an equal distribution of Ast•+, 3[Ast-H] •, 

5[Ast-H] •, 9[Ast-H] • and 13[Ast-H] • was able to fit the ENDOR spectrum. This occurred even 

though the relative gas phase energies of the proton loss neutral radicals varied from 0 to 4.68, to 

13.74, to 14.03, to 15.9 kcal/mol respectively. This relative energy difference is much larger than 

what is seen for bixin (Tables 4.1 and 4.2). 
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Figure 4.6: The spin densities (left), simulated Mims ENDOR spectra (right) of radicals that contribute 

to the EPR spectrum and the fits at τ = 200 and 400 ns. The red trace is the experimental spectrum 

with the discounted central portion omitted. ENDOR parameters: T = 20 K, B = 347.5 mT, v = 9.76 

GHz.  The blue is the resultant simulation. 
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Interestingly, the ratio of trans to cis isomers in the proton loss neutral radicals was not 

similar to the applied bixin (20% trans to 80% cis) where the cis isomer is the ground state 

structure. Isomerization at double bonds is facile in carotenoid radical cations, leading to an 

accumulation of the trans carotenoid.15, 38 The apparent isomerization among the proton loss 

neutral radicals (74% trans and 26% cis) suggests that electron transfer to form the radical cation 

occurs before bixin binds to the silica alumina surface and that the proton loss neutral radical 

product is much less prone to isomerization than the radical cation or is sterically prevented from 

doing so by its environment on the silica alumina. 

The effort to make carotenoids water soluble39 so that they can be administered in water a 

dilemma. Altering fundamental properties such as polarity and solubility may also radically 

change the very properties that make carotenoids desired: their ability to scavenge free radicals 

and to serve as electron donors. In bixin, we find that water solubility has not produced major 

changes to its free radical properties. Despite the presence of very polar carboxyl and ester 

groups, we find free radical chemistry and properties similar to the other carotenoids we have 

studied. Bixin undergoes the same electron transfer reactions to form a radical cation under the 

same conditions as other water-insoluble carotenoids. The radical cation readily transfers H+ to 

an acceptor, forming a proton loss neutral radical under similar conditions. The spin distribution 

and hyperfine couplings of the radical cation are typical of those of other carotenoids. The proton 

loss neutral radicals have shorter conjugation and larger hyperfine couplings than the radical 

cations, as do other carotenoids. In short, all the free radical properties, electron transfer 

reactions and radical chemistry that we examined in bixin were preserved intact despite the 

major change in its solubility and polarity. Bixin is the first natural, water-soluble carotenoid to 
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be characterized in this way. This research suggests that chemically-modified or synthetic 

carotenoids may also achieve a similar combination of properties. 
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4.7 Appendix: Bixin Spectral Simulation for the various Radicals at τau = 200 and 400 

nanoseconds 
 

 
Figure A4.1: trans radical cation (top) τ = 200 ns and (bottom) τ = 400 ns
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Figure A4.2: cis radical cation (top) τ = 200 ns and (bottom) τ = 400 ns 
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Figure A4.3: trans 13' proton loss neutral radical spectrum simulation: (top) τ = 200 ns and (bottom) τ = 

400 ns 
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Figure A4.4: trans 13 proton loss neutral radical spectrum simulation: (top) τ = 200 ns and (bottom) τ = 

400 ns 
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Figure A4.5: cis 13' proton loss neutral radical spectrum simulation: (top) τ = 200 ns and (bottom) τ = 

400 ns 
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Figure A4.6: cis 13 proton loss neutral radical spectrum simulation: (top) τ = 200 ns and (bottom) τ = 400 

ns 
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Figure A4.7: cis 9' proton loss neutral radicals spectrum simulation: (top)  = 200 ns and (bottom)  = 

400 ns 
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Figure A4.8: cis 9 proton loss neutral radicals spectrum simulation: (top) τ = 200 ns and (bottom) τ = 400 

ns. 
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Figure A4.9: trans 9' proton loss neutral radical spectrum simulation: (top) τ = 200 ns and (bottom) τ = 

400 ns 
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Figure A4.10: trans 9 proton loss neutral radical spectrum simulation: (top) τ = 200 ns and (bottom) τ = 

400 ns 
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CHAPTER 5 

 

CAROTENOID BIXIN CHEMISORPTION AND CHARACTERIZATION ON TIO2 AS A 

SENSITIZER 

 

5.1 Abstract 

 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) has been used to 

characterize the adsorption of bixin on titanium dioxide (TiO2). The DRIFT spectrum confirms 

the attachment by the appearance of the carboxylate, methine, hydroxyl removal and change in 

functional group features. The free radicals of chemisorbed bixin on TiO2 have been 

characterized using DFT and Mims-ENDOR. The bixin free radicals are in a ratio of 3:1 neutral 

radicals/radical cation. Meanwhile a ratio of 1:3 cis/trans was observed for the neutral radicals 

and radical cations. Besides trans 9/9' and 13/13', cis 9' and 13 neutral radicals, trans and cis 

radical cations deduced from the spectral simulation in the -7.5 MHz < and < +7.5 MHz range 

show unidentified free radicals observed below and above ±7.5 MHz. The poor resolution of the 

spectral features observed below and above ±7.5 MHz made it difficult to identify the radical 

over the frequency range. 

5.2 Introduction 

 

5.2.1 Carotenoid: The Light Harvesting Pigment 

 

Carotenoids, Car, are natural pigments widely distributed in plants, animals and certain 

bacteria.  Over the years, the carotenoid radical cation, Car•+, has received a lot of attention   

because of its involvement in electron transfer reactions in systems like the photosystem II1 “ 

photosystem II (PSII): one of the light-driven oxidation-reduction processes which occurs in two 
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distinguishable centers and interact in series. PSII is involved in the oxidation of water and 

subsequent evolution of molecular oxygen, protons and electrons”.2-4 The Car•+ and various 

radicals of carotenoids such as the proton loss neutral radicals, [Car-H]•, formed by the loss of a 

proton by the Car•+ (Scheme 5.1) has been studied either in solution5-11 and/or on a solid 

matrix12-14 using DFT, optical absorption and EPR spectroscopic methods. 

Carotenoids, like any sensitizer in a dye sensitized solar cell (DSSC) forms Car•+ upon 

photon adsorption and electron injection. This radical cation and other possible radicals like the 

[Car-H]• have been studied extensively on metal oxides such as silica alumina12, 14-16 and MCM-

41.17-18 MCM-41, Mobil composite material, is a hexagonal mesoporous silica material. Since 

none of these metal oxides are oxides of choice in DSSC, it is necessary to examine these 

possible radicals on TiO2 to help understand more the chemistry of Car specifically used in 

DSSCs metal oxide surfaces. 

 
Scheme 5.1: the formation of a radical cation by the ejection of an electron by carotenoid; 2: the 

formation of neutral radical by the deprotonation of the radical cation.  
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5.3 Experimentation 

 

5.3.1 Bixin Extraction and Purification 

 

Bixin was extracted and purified from annatto seeds as reported by Tay-Agbozo et al.12 

Briefly, bixin was extracted from annatto seeds using a Soxhlet apparatus, based on the 

procedure of Silva et al.19 Further purification is outlined in chapter 3. 

5.3.2. Adsorption of bixin on TiO2 

 

Various solutions of bixin in chloroform were prepared and between 0.13-0.17 g of TiO2 

(Degussa P25) powder from Acros Organics previously heated at ~ 450 °C and allowed to cool 

in dry a box added to the bixin solutions (Table 5.1). It must be noted that all sample 

preparations were carried out in vials inside a dry box to limit the exposure to atmospheric 

oxygen and water vapor. This extra step was taken to eliminate or limit any interference by 

atmospheric oxygen. The sample solutions were then transferred from the dry box and set on the 

lab bench for over 24 hours in the dark while still capped tightly in the vial. During the period, 

the samples were intermittently agitated by sonication. This was to ensure that the bixin solution 

was thoroughly mixed with the TiO2 powder to attain a homogenous solution during the process. 

After 24 hr., the samples were centrifuged, decanted and then washed three times with 

chloroform in the dry box. In between each wash, the samples were agitated using a vortexer. 

The samples were allowed to sit and dry on the lab bench in the dark and were then wrapped in 

an Al foil and kept in a desiccator (connected to the in-house vacuum system) until use. 

Table 5.1: Concentration of Bixin  

solutions and the amount of TiO2 added. 

Bixin (μM) TiO2 (mg) 

0.40 133.7 

0.40 174.8 

0.20 174.8 
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5.3.3 DRIFT Sample Preparation 

 

The DRIFT sample preparation and measurement was done in a reduced illumination 

environment by turning off most of the lights in the laboratory. The KBr granules, kept in an 

oven, were ground into fine powder (for about 10 min) with each TiO2-bixin sample in about a 

1:100 ratio by weight. The prepared samples were then loaded into the Praying Mantis (IR 

instrument component used for DRIFT measurement) without modification and spectra were 

then recorded. Prior to the sample measurement, background spectrum of untreated TiO2 with 

KBr was recorded. 

5.3.4 EPR Sample Preparation 

 

The EPR samples were prepared in a way similar to the protocol used in a previous 

study.12 Briefly, a Degussa P25 TiO2 sample was heated at about 120 ºC overnight and quickly 

transferred before cooling into a nitrogen dry box in an oxygen and water-free environment. A 

3.6 mg bixin sample which was previously dissolved in chloroform, was dried with a stream of 

nitrogen to form a film was transferred into the dry box and dissolved in 4 mL of dry chloroform 

to give about 2.28 mM solution. The chloroform was passed through a column of basic alumina 

and stored over 3Å activated molecular sieves before use. Three samples were prepared by 

adding 1400, 1400 and 800 μL of the 2.28 mM bixin solution to 28, 58 and 6.4 mg TiO2 samples 

respectively. The three sample vials were vigorously agitated and then centrifuged. The TiO2 

particles took on the deep reddish bixin color. UV vis spectra of the supernatants showed no or 

very little presence of any UV-active substance. The supernatant was discarded, and the samples 

washed with chloroform three times. The TiO2 nanoparticles retained the bright reddish color 

after washing, centrifuging and decanting. It must be noted that the wash and decantation 

processes were done in the dry box while the agitation and centrifuging were done on the lab 
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bench. The back and forth steps were made possible by transferring the sample vials to and from 

the dry box. 

Dry chloroform was added to the bixin sample, agitated and then transferred into three 

separate 3 mm quartz EPR sample tubes in the dry box using a Pasteur pipette. The samples were 

then transferred from the dry box and connected to a vacuum line. The samples were then frozen 

in liquid nitrogen, pumped on for 10-20 min, and the clamps were removed. The sample solvent 

was removed by way of freezing the sample tube, followed by vacuum while the sample is still 

in liquid nitrogen. The vacuum valve was then closed and the sample warmed to room 

temperature and the procedure was repeated. The vacuum valve was then opened with the 

sample sitting in the liquid nitrogen. After about 10 min, the vacuum valve was closed and 

sample warmed to room temperature. The repeated freeze-vacuumed-thaw-freeze led to the 

evaporation of all the solvent from the sample. The sample was then evacuated overnight 

resulting in a very dry powdery sample in the EPR tube. The EPR tubes were then sealed under 

vacuum while still submerged in liquid nitrogen using a natural gas/oxygen torch. 

5.3.5 EPR Measurement and DFT Calculations 

 

5.3.5.1 CW EPR 

 

The CW EPR spectra were recorded with a Bruker ELEXYS E540 CW X-band EPR 

spectrometer before and after irradiation at 77 K. Samples were irradiated with a Y1711 Xe arc 

lamp from ILC Technology, filtered through water and glass to eliminate UV and IR radiation.  

5.3.5.2 Mims ENDOR 

 

The Mims ENDOR was recorded at τ =200 ns on Bruker ELEXSYS E-680W/X EPR 

spectrometer in an EN 4118X-MD4-W1 resonator in a Flexline cryostat with an ENI A-500 RF 
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power amplifier using the Mims ENDOR (π/2-τ-π/2-T-π/2-τ-echo) pulse sequence with a 10 s 

RF π-pulse applied during the delay time T. 

5.3.5.3 DFT calculations 

 

The DFT calculations were performed on the Alabama Super Computer. Details of the 

DFT calculations have been detailed in sections 2.3.3 and 4.3.4 of chapters 2 and 4 respectively. 

5.4 Results and Discussion 

 

5.4.1 DRIFT 

 

The spectra in Figure 5.1 shows the DRIFT of bixin adsorbed on TiO2 and of Degussa 

P25 TiO2 nanoparticles treated in chloroform. The resultant difference spectrum (Figure 5.2) 

reveals interesting features. There are four (4) distinct regions in Figure 5.2 which clearly 

indicate the adsorption of bixin on TiO2. These regions are 1200 – 1800, 2800 – 3000, 3000 – 

3600 and 3700 – 3900 cm-1 respectively, as laid out in Table 5.2. 

Table 5.2: Wavenumber ranges and their corresponding functional groups observed in the DRIFT 

spectrum of Bixin adsorbed on TiO2. 

Range (cm-1) Functional grp. Comments 

1200-1800 Carboxylate  This region shows the presence of carboxylate 

2800-3000 Methine Shows the presence of methine groups from polyene chain 

3000-3610 H2O/OH  Broad dip is an indication of H2O removal/strongly absorbed 

OH 

3730-3910 Hydroxyl Indicates the presence of OH group (bixin or TiO2 or air) 
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Figure 5.1: DRIFT spectra - (a) Red spectrum: Bixin adsorbed on TiO2 and (b) Blue spectra: TiO2 

powder 
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Figure 5.2: Difference spectrum from figure 5.1 – difference spectrum of Bixin adsorbed on TiO2 

and spectrum of TiO2 powder alone. 

 

5.4.2 CW EPR 

 

The line shape of the CW spectrum after 1 min irradiation at 77 K (Figure 5.3 red) is 

roughly Gaussian in shape with a line width of 0.96 mT and giso of 2.003. The spectrum is nearly 

symmetrical in shape except for the region beyond 339 mT. Prior to irradiation, no EPR signal 

(Figure 5.3 blue) was detected indicating little or no radical activity. To a large extent, the line 

shape of carotenoids at the X-band comes from the unresolved hyperfine interactions with the 

protons of the radical.16, 20 
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5.4.3 Mims ENDOR 

 

The Mims 1H ENDOR spectrum (Figure 5.4) after 1 min irradiation is plotted as the 

absolute ENDOR effect which extended all the way beyond ±13 MHz. The line shape and 

features of the spectrum are very similar to previous work on silica alumina12 and that of other 

carotenoids.15, 21-22 The intense midsection of the spectrum is due to the small proton couplings 

probably from neighboring bixin molecules. Previous experience working with carotenoids on 

MCM-41 shows that surface protons from the matrix are prominent in this area, which are 

difficult to model.23 

 
Figure 5.3: CW spectrum of Bixin on TiO2 at 77 K before irradiation (red) and after 1 min 

irradiation (blue) with about 0.96 mT line width and g iso of 2.003 
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An examination of the Mims 1H ENDOR of bixin on TiO2 and on silica alumina (Figure 

5.4) clearly shows some common features between the two spectra. The features between ±2.5 

and ±7.5 MHz are common features but with minor differences in spectral intensity. But beyond 

±7.5 MHz, it becomes difficult to fit the spectral features and hence impossible to determine all 

the possible radicals and their percent contributions to the spectral features. The spectral features 

for bixin on TiO2 could not be fitted beyond ±7.5 as was done for bixin on silica alumina.12 

 

 
Figure 5.4: Mims ENDOR of Bixin on TiO2 (red) at 9.79 GHz and 40K. The intense Mims 

ENDOR signal from -2.5 to +2.5 MHz is due to weakly coupled protons, from neighboring 

attached bixin molecules to the TiO2 matrix. Blue: Mims ENDOR spectra of Bixin on silica 

alumina. Only the weakly coupled protons from the bixin radical or the proton loss neutral, [Bix -

H]
•, are observed for adsorption on silica alumina. 
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5.5 Discussion 

 

The spectral features in the 1200–1800 cm-1 region in DRIFT indicates the presence of 

carboxylate functional groups. Carboxylates are known to bound to surfaces via four distinct 

coordination modes (Figure 5.5).24 In view of that, the IR frequency of a carboxylate adsorbed on 

a surface could be in the region of 1510 – 1650 cm-1 and 1280 – 1400 cm-1 for asymmetric and 

symmetric  stretches, respectively, if the mode of adsorption is ionic. In the case of a unidentate 

and bidentate bridging coordination, the observed carboxylate band would be ~ 1700 cm-1 and 

~1400 cm-1 while a bidentate coordination would have bands at 1550 cm-1 and 1450 cm-1, 

respectively.24 All the above stretching and vibrational bands lie in the 1200 – 1800 cm-1 

frequency region and are very difficult to isolate individually. Also, the 2800 – 3000 cm-1 

spectral range shows symmetric and asymmetric stretching features indicative of methine 

groups.25 It must be noted however that, vibrational modes of terminal methyl groups also show 

up in the 2800 – 3000 cm-1 region.25 Thus, the presences of spectral features within the 2800 – 

3000 cm-1 region is an indication of the presence of a polyene chain of the with methyl groups. 

Meanwhile, the features of the spectral region from 3000–3600 cm-1 show a broad dip typical of 

H2O removal in an IR spectrum. In addition, the broad band in this spectral region is 

characteristic of strongly adsorbed OH group.25 The dip shows the displacement of H2O upon 

chemisorption of the bixin chromophore and or a strongly adsorbed hydroxyl.25 Maximum 

information could only be obtained from any of the spectral overlapping regions by using 

separate prisms of lithium fluoride, calcium fluoride  and sodium chloride in the respective 

regions to help isolate the bands.26 Finally, the band in the region of 3700 – 3900 cm-1 indicates 

the presence a hydroxyl group.27 All the above spectral features are strong indication of the 
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chemisorption of bixin on TiO2 for which the radical formation of bixin on TiO2 is worth 

studying. 

 
Figure 5.5: Coordination of carboxylate groups on a monovalent cation. 
 

Vittadini et al.28  reported that carboxylate headgroups preferred a dissociated bridging 

bidentate and a molecular monodentate configurations, Figure 5.6, as way of anchoring onto a 

TiO2 substrate with the bidentate bridging configuration providing enhanced stability compared 

to the monodentate.29 The DRIFT data is indicative of bixin grafted on TiO2.  

 
Figure 5.6: Monodentate and bidentate configurations preferred by a carboxylate headgroup on 

binding on a TiO2 surface. 
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As reported by Park et al.30, the density of hydroxyl groups present on P25 TiO2  is ca. 

250 mol/g. Based on the figure reported by Park et al., any carboxylate headgroup grafting by 

way of molecular monodentate and/or bidentate bridging configuration would result in an 

estimated monolayer coverage of  roughly ~125-250 mol/g on P25 TiO2 surface. Meanwhile, 

the Brunauer-Emmett-Teller (BET) surface area of the P25 TiO2 used to prepare the samples is 

28.38 m2/g. Hence by rough estimation, bixin adsorption at monolayer coverage would be 4.40 – 

8.81  mol/m2. 

The CW spectrum (Figure 5.3) of bixin on TiO2 before irradiation shows no signal and is 

relatively flat unlike that of bixin on silica alumina (Figure 4.2 of section 4.4.2 of chapter 4) 

which is gaussian in shape, very intense and with a line width of 1.62 mT. But after irradiation of 

the TiO2 sample, an intense signal was detected which was roughly gaussian in shape with a line 

width of 0.96 mT. In the case of silica alumina, the intensity of the signal was reduced 5-fold and 

the spectrum still maintained the gaussian shape. It is obvious from Figures 5.3 and 4.2 that bixin 

radicals were trapped on silica alumina before irradiation, while on TiO2 the radicals were only 

generated after irradiation. This indicates that on TiO2, the carotenoid requires light to be excited 

and thus transfer electrons, a desirable function if the carotenoid is to serve as a sensitizer. 

The Mims ENDOR spectral intensity between -2.5 MHz < and <+2.5 MHz observed for 

the TiO2 spectra relative to the silica alumina spectrum is indicative of proton dipole coupling to 

neighboring molecules.12 The signals from the midsection are also due to proton signals from -

OH groups and molecules adsorbed on the TiO2 matrix and neighboring bixin molecules. 

Therefore, not much information can be extracted from this region because the signal overlap. 

The spectral simulation is very interesting because though the simulation roughly fits well in the 

-7.5 MHz < and <+7.5 MHz range, the spectral features in the frequency < - 7.5 MHz and > +7.5 
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MHz could not be fit. The presence of spectral features with high intensities > +7.5 and < -7.5 

MHz indicate the presence of species on TiO2 that were not present on silica alumina. In 

addition, the intense midsection spectral features for TiO2 are not due to radical cations from 

bixin adsorbed on the surface; it could be due to protons on the matrix. A look at the features and 

intensities of the proton loss neutral radical signals -7.5 MHz < and < -2.5 MHz and +2.5 MHz > 

and > +7.5 MHz almost mirrors that for silica alumina but for the peak at about -3.6 MHz and 

+6.1 MHz. It can be seen from Figure 5.4 that there are no spectral features for the silica alumina 

spectrum below -10.0 MHz and above +10.0 MHz, respectively, as the spectral line is relatively 

flat. But in the same range for TiO2, the spectral line shows multiple peaks with reasonable 

intensities. Judging from the possible radicals from the silica alumina spectrum, new radicals 

formed by bixin adsorbed on TiO2 that are present below -10.0 MHz and above +10.0 MHz are 

not likely to be cis and trans 9/9′ nor 13/13′, which contributed about half of the spectral features 

of silica alumina. A quick look at the spectral features below and above ±7.5 MHz (Figure 5.4) 

shows that there is not enough resolution in those regions to specifically identify the radicals. 

It should be noted that in the sample preparation and irradiation, UV and IR radiation 

were cut off by passing the beam of light through a water filter. This was to prevent the 

excitation of any TiO2 by UV and or IR rays but not the carotenoid bixin. Carotenoids, like any 

other chromophore, absorb mostly in the visible region spectrum unlike TiO2. With band gap 

energy of 3.2 and 3.0 eV for anatase and rutile respectively, TiO2 only absorbs below the 

wavelength band edge of the visible region (below 400 nm).31-32 With the filtering of the UV and 

IR radiation during the irradiation process, TiO2 does not get excited and any signal detected 

during the EPR measurement is from bixin. During the EPR measurements, scans were 
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performed at lower ‘g’ values but no signal was observed. This also serves as an indication that 

no signal was observed from TiO2. 

 

5.6 Conclusion 

 

In the sample preparation process, the TiO2 with bixin was washed three times (3x) with 

chloroform, the solvent used in the sample preparation, yet the white TiO2 powder still 

maintained the reddish coloration of bixin. Diffuse reflectance infrared spectroscopy has been 

used to characterize the adsorption of bixin on TiO2. The DRIFT spectral features show the 

presence of bixin chromophore, by the carboxylate, methine and hydroxyl functional groups a 

strong indication of the chemisorption of bixin on TiO2. 

Bixin monolayer coverage on the P25 TiO2 is roughly estimated to be in the range of 

4.41-8.81 mol/m2. However, with a 2.28 M bixin concentration and TiO2 BET surface area of 

28.37 m2/g, a 58.0 g of TiO2 would result in an estimated monolayer coverage of 1.94 × 10-3 

nmol/m2 for a mono dentate configuration and 9.70 × 10-4 nmol/m2 when bridging bidentate is 

considered. 

The adsorption of bixin on TiO2 results in the formation of radicals only upon irradiation 

with a Xe arc lamp. But in the case of bixin adsorbed on silica alumina, radical cations were 

produced upon adsorption prior to the sample being irradiated (a common occurrence for most 

trans carotenoids studied). After the samples were irradiated, the radical intensity reduced by 

about 4-5 fold, which is contrary to all the trans carotenoids that have been studied on silica 

alumina. The center (-2.5 to +2.5 MHz) part of the Mims ENDOR spectrum for adsorption on 

TiO2 is 10 times the intensity of the remaining spectrum, indicating a significant concentration of 

protons from bixin molecule surrounding the bixin proton loss neutral radicals. The percent of 

radical cations on TiO2 is less than it is on silica alumina with about 1:2 TiO2/silica alumina 
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ratio. The nature of the spectrum below -10.0 MHz and above +10.0 MHz shows that, besides 

the radicals cis and trans 9/9′ and 13/13′, there are some unidentified proton loss neutral radicals 

which contribute to the TiO2 spectral features but not that of silica alumina. The non-availability 

of any signal at lower ‘g’ value is indicative of the absence of any TiO2 species. The lack of good 

spectral resolution makes the identification of the spectral signals below and beyond ±7.5 MHz 

impossible. Even though spectrum could not be fit, the area under the TiO2 spectrum is larger 

than that under the silica alumina spectrum. This is an indication that, more radicals were 

generated on TiO2, compared to silica alumina. It a promising sign for bixin on TiO2 as a 

sensitizer. 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions 

 

 In Chapter 3, the extinction coefficients and redox potentials of bixin in chloroform and 

THF, respectively, are determined. The calculated extinction coefficient at 472 nm is 1.1 × 105 

M-1cm-1and that at 503 nm is 1.0 × 105 M-1cm-1, respectively. A redox potential of ~ 0.94 ± 0.01 

V vs SCE in aprotic solvent, THF, was determined. The potential of bixin in THF is as expected, 

higher than the values other carotenoids measurement in THF, -carotene; 0.76 V, 

canthaxanthin; 0.93 V, -8-apo-carotenal; 0.90 V. The lifetime of the bixin radical cation, Car•+, 

is estimated to be short; the Car•+ decays rapidly at ambient temperature. Since the life time of 

the bixin radical cation was not specifically measured but estimated based on CV measurements, 

it is very difficult to assign an ideal life span. It is however important to study the lifetime of the 

radical cation in future work to see if the decay process occurs via reactions with other species or 

by a back electron donation process using ENDOR. This is because recombination of the excited 

dye is a limiting factor in the performance of a DSSC device. 

Bixin radicals were stabilized and characterized by pulsed ENDOR on silica alumina in 

Chapter 4. The unpaired electron spin density distribution of the various bixin radicals were 

generated using DFT calculations. The DFT calculations were also used to predict the EPR 
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hyperfine couplings of the various radicals, which were used in fitting the EPR spectrum. The 

DFT calculation predicts that, the trans bixin radical cation is more stable than the cis by 1.26 

kcal/mol. This difference in energy is consistent with the 26% trans and 23% cis radical cations 

in the ENDOR spectrum. The stability of the trans radical cation versus the cis is very significant 

when the geometry of the radicals on the metal oxide surface is considered. The best isomer 

geometry would hypothetically be the trans isomer, if we assume the molecules are sticking out 

and oriented upright on the surface. This would maximize the number of molecules per matrix 

surface area. This is because the bent cis geometry may be an obstruction if the molecules are 

sticking out. In addition, if the bixin molecules are to be lying on the metal oxide surface, there 

are likely to be less molecules on the surface if a monolayer is desired, as opposed to multilayers. 

Thus, a more stable trans radical cation is very much desired compared to the cis structure. The 

bixin radicals were found to be in a cis/trans isomeric ratio of 40:60, which is very interesting 

because the bixin used for the sample was made up of 80 % cis to 20 % trans, according to the 

NMR analysis. Meanwhile, the spectral simulation shows around a one-to-one ratio of 

neutral/radical cations. 

In Chapter 5, DRIFT is used to characterize the adsorption of bixin on TiO2, and Mims-

ENDOR and DFT calculations are used to characterize the stabilization of bixin radicals on 

TiO2. It was determined that bixin radicals are formed upon light irradiation on TiO2, and they 

are not lost unlike following adsorption on silica alumina. On silica alumina, radicals were 

generated prior to irradiation, and upon irradiation the spectral signal was reduced by a factor of 

4. On TiO2, no signal was detected until after irradiation. The Brunauer-Emmett-Teller (BET) 

surface area of the P25 TiO2 used was determined to be 28.37 m2/g. On the assumption that the 

amount of OH groups present on P25 TiO2 is ~ 250 mol/g,1 by simple calculation, the number 



126 

 

of molecules of OH head group per m2 of the TiO2 used, is ~ 5.31 × 1018. Presuming a 

monolayer coverage, the number of molecules of bixin required on the surface would be ~ 5.31 × 

1018 and ~ 2.65 × 1018, for a mono- and bidentate bridging respectively (Figure 6.1). On the other 

hand, for a 2.28 M concentration of bixin, the number of bixin molecules per m2 of the P25 

TiO2 theoretically would be, ~ 5.81 × 1013 and ~ 2.90 × 1013 m2, assuming a trans bixin mono 

and bidentate bridging coverage, respectively. It therefore shows that the number of bixin 

molecules presumed to be on the P25 TiO2 for a monolayer coverage falls short by order of ~105. 

However, due to poor resolution of the ENDOR spectral features, the percent distribution of the 

trapped bixin radicals could not be quantified, although bixin radical cations and proton loss 

neutral radicals are shown to have been formed upon light irradiation. 

 
Figure 6.1: Mono and bidentate configurations preferred by a carboxylate headgroup on binding to TiO2 

surface. 
 

6.2 Future Work 

 

Structurally ordered crystals tend to behave differently from their single molecules. This 

results in a disconnect between physical activities of the single molecule and the ordered 

structure. When molecules aggregate, they become the link between the ordered structures and 

the physics of the single molecules.2 The aggregation of dyes has been extensively studied since 
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the mid-30s due to their outstanding applications, such as in solar cells and transistors.2 

Aggregation of dyes is known to enhance or change their photophysical characteristics of the 

sensitizers in photochemical reactions,3-9 which is observed through a change in the absorption 

band.4-7, 9-13 

 Preliminary results (Figures A6.1 to A6.8) indicate a possible aggregation of bixin in 

water/organic solvent ratios. The percent of water in the various organic solvents and the shifts in 

the absorption maxima observed in the UV-vis, Table A6.1, shows both hypsochromic and 

bathochromic shifts for bixin. These observed shifts, hypsochromic and bathochromic, can be 

signs of H- and J-aggregation. In addition, the MS results for the purified bixin show 

dimerization and indication of bixin aggregation. The aggregation of bixin needs to be further 

studied spectroscopically to find out how that may affect bixin as a sensitizer. 

 In the stabilization and characterization of bixin on TiO2, the inability to fit the spectrum 

made it impossible to determine the percent of various bixin radicals and assign their percent 

contribution to the overall ENDOR spectrum. It is important to get a good fit to help in 

determining the various radicals and their contributions to the spectrum. Additionally, 

reflectance UV-vis is required to determine the absorbance of bixin on the solid TiO2 matrix and 

calculate the exact amount of bixin adsorbed on TiO2. In the study of bixin on silica alumina, it 

was observed that the percent of cis/trans radical isomers was different from the that of 

molecular bixin used for the EPR samples. It is important to study the percent of cis/trans 

isomerization of, if any, of the adsorption of bixin on TiO2 since reactivity also depends on 

isomer configuration. Meanwhile, resonance Raman has been used study carotenoids 

extensively.14 Resonance Raman spectroscopy would be the appropriate spectroscopic method to 

monitor the behavior of bixin and bixin radicals on TiO2. 
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Though an estimation of the number of bixin molecules on a monolayer coverage was 

made by a simple calculation, it is important to determine the monolayer coverage by 

thermogravimetric (TG) and elemental analysis.15-18 In addition, as part of the way forward, bixin 

would be attached to an acetylacetonate linker followed by the functionalization of the end of the 

linker group with long chain, Figure 6.2, create a sheath around the chromophore. 

Acetylacetonate linker offers robust grafting of chromophores on TiO2 substrate leading to 

efficient injection of electrons into the conduction band of TiO2.
19 The functionalization  of the 

end group is to limit recombination and thereby improve photocurrent. To be able to assess the 

performance of the photocurrent output of bixin and a functionalized-bixin, it is important to do a 

one-to-once comparison of bixin with any of the best performing synthetic sensitizers such the 

N3 black dye under the same fabrication and measurement conditions. Though photocurrent of 

bixin has been measured20-21 it was necessary to do similar measurements alongside N3 dye for a 

one-to-one assessment of performance, Figure 6.3. 

 
Figure 6.2: Bixin linked to an acetylacetonate linker group with functionalized end groups (R). 
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Initial functionalization of bixin was carried out by following steps outlined by Davies et 

al. and Tullis et al.22-23 The process involved the reaction of bixin with diethyl malonate in the 

presence of rhodium (II) acetate dimer catalyst. The reaction product was then separated using a 

Combi Flash with a UV detector. But the reaction was unsuccessful as none of the reaction 

products gave any indication of the desired product from NMR and UV-vis data. 

 
Figure 6.3: One-to-one comparison of currently density of bixin (Bx) and N3 dye, N3, as sensitizers in a 

DSSC, fabricated and operated under similar the same conditions. Bixin: VOC and ISC = 0.21 mA and 0.62 

V respectively. N3 dye: VOC and ISC = 2.86 mA and 0.73 V respectively. 
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6.3 Appendix: Preliminary Results of Bixin Aggregation in Organic Solvents/Water 

Mixture 

 
 

 
Figure A6.1: UV-vis of Bixin in various solvents; chloroform (standard CHCl3), methanol (MeOH), 

acetonitrile (ACN), dioxane (Diox), dimethyl formamide (DMF) and tetrahydrofuran (THF) with a shift 

in absorption peak for MeOH and Diox of 21 nm and 7 nm respectively



145 

 

 
Figure A6.2: UV-vis of Bixin in CHCl3 vs. MeOH, ACN, Diox, DMF and THF with 10% of water with 

minimum and maximum shift observed for Diox and MeOH respectively. 
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Figure A6.3: UV-vis of Bixin in CHCl3 vs. that in MeOH, ACN, Diox, DMF and THF with 50% of water 

showing drastic reduction in the absorbance for MeOH. 
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Figure A6.4: UV-vis of bixin in ACN at various percent of water in the total volume of solution. The two 

solid lines show the spectra in pure chloroform and ACN. 
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Figure A6.5: UV-vis of bixin in Dioxane at various percent of water in the total volume of solution. The 

two solid lines show the spectra in pure chloroform and Dioxane. 
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Figure A6.6: UV-vis of bixin in DMF at various percent of water in the total volume of solution. The two 

solid lines show the spectra in pure chloroform and DMF. 
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Figure A6.7: UV-vis of bixin in MeOH at various percent of water in the total volume of solution. The 

two solid lines show the spectra in pure chloroform and MeOH. 
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Figure A6.8: UV-vis of bixin in THF at various percent of water in the total volume of solution. The two 

solid lines show the spectra in pure chloroform and THF. 
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Table A6.1: Percentage of water in total volume of solution against the absorption max observed for 

bixin in each of the solutions relative to that in CHCl3 (470.8 ± 0.1 nm). 

 Methanol ACN DMF THF Dioxane 

% H2O λmax Δλmax λmax Δλmax λmax Δλmax λmax Δλmax λmax Δλmax 

0.0 453.2 0.0 457.6 0.0 462.7 0.0 461.9 0.0 463.5 0.0 

5.0 453.7 0.5 453.2 -4.4 461.4 -1.3 460.5 -1.4 464.4 0.9 

10.0 454.4 1.2 453.8 -3.8 461.5 -1.2 459.9 -2.0 463.8 0.3 

15.0 454.8 1.6 454.4 -3.2 461.5 -1.2 459.8 -2.1 463.6 0.1 

20.0 455.4 2.2 454.7 -2.9 461.9 -0.8 459.9 -2.0 462.9 -0.6 

25.0 456.1 2.9 455.1 -2.5 462.2 -0.5 459.8 -2.1 462.5 -1.0 

30.0 456.3 3.1 455.6 -2.0 462.1 -0.6 459.7 -2.2 462.0 -1.5 

35.0 456.7 3.5 455.7 -1.9 462.5 -0.2 459.9 -2.0 461.9 -1.6 

40.0 457.2 4.0 455.9 -1.7 462.6 -0.1 459.9 -2.0 462.0 -1.5 

45.0 457.5 4.3 456.2 -1.4 462.9 0.2 459.9 -2.0 461.8 -1.7 

50.0 457.7 4.5 456.5 -1.1 462.8 0.1 459.8 -2.1 462.0 -1.5 
 
* CHCl3 was the solvent of choice for the water insoluble carotenoids studied electrochemically in literature. 

Numerous literature references are available 


