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Abstract 
 

Red lakes are a group of historically significant pigments based on the aluminium complexes 
of naturally occurring hydroxyanthraquinones. They have been in consistent artistic use 
worldwide for more than 4000 years and are notable for their propensity to fade in light. In 
this thesis work, four hydroxyanthraquinones (alizarin, purpurin, carminic acid and laccaic 
acid A) representing the principal chromophores of three major historical red lake pigments 
were studied using photochemical and photophysical methods. The chromophores’ ultrafast 
dynamics were assessed with fs-TrA in a variety of solvent systems, in conjunction with long-
term irradiation experiments, to establish their vulnerability to photodegradation. The 
anthraquinones were investigated in both their pure form and, where possible, in their 
aluminium-complex lake. The results show a clear connection between the anthraquinone’s 
microenvironment, its excited state lifetime and its long term photodegradation. Across the 
four anthraquinones studied, the general trend is of a reduction in the S1 excited state 
lifetime of the molecule as the availability of labile protons in the environment increases 
(acetone/acetonitrile > methanol > water). We assign this to an increase in the extent of 
intramolecular hydrogen bonding, accelerating the non-radiative deactivation of the excited 
state. This reduction in excited state lifetime is reflected in a concomitant decrease in long-
term photodegradation. Laking of the molecules also enhances the non-radiative decay, 
resulting in a decrease in the S1 excited state lifetime and extent of photodegradation. 
These results give evidence of a correlation between the femtosecond-nanosecond 
dynamics of photoexcited anthraquinones and their long-term photostability. Not only are 
such fundamental relationships between light and pigment chromophores vital to improving 
the understanding and mitigation of fading in works of art, they contribute to the 
knowledge of light-molecule interactions that advance fields as diverse as chemical physics, 
industrial catalysis and cancer therapeutics. 

 

 

 

 

 

 

 

 

 



iii 
 

 

  



iv 
 

 

 

 

 

 

 

 

 

For  

the Magnificent Mr M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



v 
 

Acknowledgements 

To my supervisors, Associate Professor Cather Simpson and Dr. Erin Griffey, I owe a 

deep debt of gratitude. Their support of my unusual topic, supply of inspiration and 

knowledge, and patience with my SQUIRREL?! factor have been profound. Thank you for 

helping me to follow my own path through the labyrinth. 

To my fellow nocturnal lab-dweller, Dr. Chuck Rohde: I owe you not just one, but many. 

Possibly all of them. 

No grad student is ever an island, and to my comrades in the Photon Factory and the 

School of Chemical Sciences I doff my laser goggles in honour of their expertise, help, 

support, laughter, commiseration, general hijinks and tomfoolery: Michel, Julie, Peter, Jake, 

Andy, Nina, Josh, Fraser, Hayley, Simon, Reece, Katrina and Glen. Heartfelt thanks go to Dr. 

Alex Barker for getting me that sweet solid state lake spectrum! 

To my family: Hazel, Brian, Laura, Thelma and Bob. Yours is the credit not only for your 

tireless support during my quest, but for the encouragement and inspiration you have given 

me my whole life long in anything I chose to attempt. This thesis is, truly, my orange. 

I am fortunate (despite any thesis-related eccentricities) to have a wonderful circle of 

friends who have kept me sane throughout the years. Fellow academical types (Lawrence, 

Sue, Jen, Ivo, Dan, Alistair) and fellow dancers (Ione, Louise, Satomi, Socks, Momo, Hanting, 

Emily, Joann) alike, I’m really not sure where I’d be without you. Yes, Sherlock, you can put 

the white smoke, and I can leave my service revolver at home for a while. 

To my husband, quest companion, wizard, fellow battler of the Thesisbeast, master tree 

craftsman, distinguished frikadellenconnoisseur and general beacon of light in the 

darkness…Christopher: my gratitude for your unstinting love, support and patience can only 

be adequately expressed in the following manner: Möp! 

 

 

 

 

 



vi 
 

 

Table of Contents 

List of Figures ..................................................................................................  xiii 

List of Tables .................................................................................................  xxiii 

List of Abbreviations .....................................................................................  xxvi 

1. Introduction ..................................................................................................  1 

1.1. Introduction ..................................................................................................................... 1 

1.2. Light, Molecules and Faded Beauty ................................................................................ 1 

1.3. Natural Dyes and Pigments ............................................................................................. 2 

1.4. The Red Lake Anthraquinones  ....................................................................................... 2 

1.4.1. Alizarin and Purpurin – Madder  ............................................................................ 4 

1.4.2. Carminic Acid – Cochineal Carmine  ....................................................................... 5 

1.4.3. Laccaic Acid(s) – Lac  ............................................................................................... 6 

1.5. The Fugitive Nature of Anthraquinones: Photodegradation in Art  ............................... 7 

1.5.1. Case Study in Anthraquinone Photodegradation: Winslow Homer: For to Be a 
Farmer’s Boy (1887).............................................................................................. 9 

1.6. The Conservation Science of Red Lake Anthraquinones  .............................................. 10 

1.7. Ultrafast Photodynamics and Spectroscopy  ................................................................ 11 

1.8. Linking Laboratory Photochemistry and Art  ................................................................ 13 

1.9. Outline of the Thesis  .................................................................................................... 14 

2. Photochemistry, Photodegradation and Transient Spectroscopy of 
Anthraquinones  .............................................................................................. 16 

2.1. Introduction  .................................................................................................................. 16 

2.2. 9,10-Anthraquinone (AQ) .............................................................................................. 16 

2.2.1. Photochemical Processes of 9,10-Anthraquinone  .............................................. 17 

2.2.1.1. Photoinduced Electron Transfer  .................................................................. 17 



vii 
 

2.2.1.2. Photoreduction  ............................................................................................ 18 

2.2.2. Substitution of 9,10-Anthraquinone: Generating a Rainbow  ............................. 18 

2.2.2.1. Substitution with Electron Withdrawing Groups  ........................................ 18 

2.2.2.2. Substitution with Electron-Donating (ED) Groups  ....................................... 19 

2.2.2.3. Steric Effects ................................................................................................. 21 

2.2.2.4. Metal-Anthraquinone Complexation (Metallisation, Laking,        
Mordanting) ............................................................................................................... 21 

2.3. Photoexcitation, the Excited Singlet State and Excited-State Intramolecular Proton 
Transfer (ESIPT) .................................................................................................................... 23 

2.3.1. Ground-State Spectroscopic Investigation of the RHAQs  ................................... 24 

2.3.1.1. Alizarin and Purpurin  ................................................................................... 24 

2.3.1.2. Carminic Acid  ............................................................................................... 24 

2.3.2. Excited State Intramolecular Proton Transfer (ESIPT).......................................... 25 

2.4. The Triplet State, Intersystem Crossing, Photosensitization and Phototendering  ...... 27 

2.4.1. Solvent Effects  ..................................................................................................... 28 

2.5. Transient Spectroscopy of Hydroxyanthraquinones  .................................................... 29 

2.5.1. 9,10-anthraquinone and 1-hydroxyanthraquinone  ............................................ 29 

2.5.2. Alizarin (1,2-dihydroxyanthraquinone) ................................................................ 31 

2.5.3. Purpurin (1,2,4-trihydroxyanthraquinone)  ......................................................... 33 

2.5.4. Laccaic Acid  .......................................................................................................... 34 

2.5.5. Carminic Acid  ....................................................................................................... 34 

2.6. Photodegradation ......................................................................................................... 38 

2.6.1. Photodegradation Reactions and Products  ......................................................... 40 

3. fs-TrA Laser System Construction and Experimental Procedures ................. 42 

3.1. General Experimental Protocol  .................................................................................... 42 

3.2. Transient Absorption Spectroscopy (TrA) ..................................................................... 43 

3.3. Laser and Optical Systems for Transient Absorption Spectroscopy  ............................ 44 

3.3.1. Fundamental Source  ............................................................................................ 44 

3.3.2. First System Version (TADAA-1)  .......................................................................... 45 

3.3.3. Second System Version (TADAA-2) ...................................................................... 47 

3.3.4. Comparison/Evaluation of TrA System Modifications  ........................................ 51 



viii 
 

3.4. TrA Data Processing  ...................................................................................................... 53 

3.4.1. Software  .............................................................................................................. 53 

3.4.2. Data Preparation  ................................................................................................. 53 

3.4.2.1. Deconvolution  .............................................................................................. 53 

3.4.2.2. Chirp Correction  ........................................................................................... 53 

3.4.3. Data Modelling  .................................................................................................... 54 

3.4.3.1. Soft Modelling – Singular Value Decomposition (SVD) and Evolving Factor 
Analysis (EFA) ............................................................................................ 54 

3.4.3.2. Hard Modelling – Global Analysis  ................................................................ 56 

3.4.3.3. Bayesian Analysis  ......................................................................................... 57 

3.5. Photodegradation Studies  ............................................................................................ 59 

3.5.1. Sample Preparation and Apparatus  .................................................................... 59 

3.5.2. Photodegradation Data Processing  ..................................................................... 60 

3.6. General Procedures  ...................................................................................................... 60 

3.6.1. Sample Preparation for TrA Spectroscopy ........................................................... 60 

3.6.2. Steady-State Spectroscopic Analysis  ................................................................... 61 

3.7. Synthesis of AQ Al-Lake Pigments  ................................................................................ 61 

4. Ultrafast Studies of trans,trans-1,4-Diphenyl-1,3-butadiene (DPB) .............. 63 

4.1. DPB TrA: Experimental Process and Rationale  ............................................................. 63 

4.1.1. Context of the Research  ...................................................................................... 63 

4.1.2. Photophysical Properties of 1,4-Diphenyl-1,3-butadiene  ................................... 64 

4.1.3. Experimental Motivation  ..................................................................................... 66 

4.2. Transient Spectroscopy of DPB: The Effect of Sample Concentration                     
(MeOH Solution) ........................................................................................................ 67 

4.2.1. Steady-State Spectroscopy of DPB  ...................................................................... 67 

4.2.2. The Effect of Pump Power and Flow on Sample Stability  ................................... 68 

4.2.3. TrA of DPB in MeOH: The Effect of Sample Concentration  ................................. 68 

4.2.3.1. The Transient Absorption Spectrum of DPB in MeOH  ................................ 68 

4.2.3.2. The Relationship Between Sample Concentration and Transient Spectral 
Shape  .......................................................................................................... 70 

4.2.3.3. The Relationship Between Sample Concentration and Maximum Transient 
ΔOD  ............................................................................................................. 71 



ix 
 

4.3. Transient Spectroscopy of DPB: The Effect of Solvent Viscosity and Polarizability  .... 73 

4.3.1. Steady State Spectroscopy of DPB in Varying Solvents  ....................................... 73  

4.3.2. TrA of DPB in MeOH, EtOH, iPrOH and n-Hex: The Effect of the Solvent  

System  ................................................................................................................ 75 

4.2.3.1. The Transient Absorption Spectra of DPB in MeOH, EtOH, iPrOH  

and n-Hex  ................................................................................................. 75 

4.4. Summary and Conclusions  ........................................................................................... 81 

4.4.1. fs-TrA of DPB as a Laboratory Exercise  ................................................................ 82 

5. Spectroscopy of Red Lake Anthraquinones in Dipolar Aprotic Solution  ....... 83 

5.1. Anthraquinone TrA: Experimental Process and Rationale  ........................................... 83 

5.2. Phase 1: TrA of Red Lake Anthraquinones in Dipolar Aprotic Solvent – The Effect of 
Molecular Structure on Ultrafast Lifetime  .......................................................................... 85 

5.2.1. Alizarin, Purpurin and Laccaic Acid in MeCN  ....................................................... 85 

5.2.2. Steady-State Spectroscopy of Alizarin, Purpurin and Laccaic Acid in MeCN  ...... 86 

5.2.3. Transient Absorption Spectroscopy of Alizarin and Purpurin in MeCN  .............. 88 

5.2.3.1. Alizarin in MeCN  .......................................................................................... 89 

5.2.3.2. Purpurin in MeCN  ........................................................................................ 93 

5.2.3.3. Laccaic Acid in MeCN .................................................................................... 97 

5.2.3.4. Summary for AQs in MeCN  .......................................................................... 98 

5.2.4. Alizarin, Purpurin, Carminic Acid and Laccaic Acid in Acetone  ........................... 99 

5.2.4.1 Steady-State Spectroscopy of All Four AQs in Acetone................................. 99 

5.2.5. Transient Absorption Spectroscopy of All Four AQs in Acetone  ....................... 101 

5.2.5.1. Alizarin in Acetone  ..................................................................................... 101 

5.2.5.2. Purpurin in Acetone  ................................................................................... 103 

5.2.5.3. Laccaic Acid in Acetone  .............................................................................. 104 

5.2.5.4. Carminic Acid in Acetone  ........................................................................... 105 

5.2.6. Summary of fs-TrA of RHAQs in MeCN and Acetone  ........................................ 107 

5.3. Photodegradation Studies of Alizarin, Purpurin, Laccaic Acid and Carminic Acid in 
MeCN and Acetone  ........................................................................................................... 108 

5.3.1. Photodegradation of Alizarin, Purpurin and Laccaic Acid in MeCN  .................. 109 

5.3.1.1. Photodegradation of Alizarin in MeCN  ...................................................... 110 



x 
 

5.3.1.2. Photodegradation of Purpurin in MeCN  .................................................... 111 

5.3.1.3. Photodegradation of Laccaic Acid in MeCN  .............................................. 112 

5.3.1.4. Excited State Lifetime and Photodegradation Change of RHAQs in          
MeCN  ...................................................................................................................... 114 

5.3.2. Photodegradation of All Four AQs in Acetone  .................................................. 114 

5.3.2.1. Photodegradation of Alizarin in Acetone  .................................................. 115 

5.3.2.2. Photodegradation of Purpurin in Acetone  ................................................ 116 

5.3.2.3. Photodegradation of Laccaic Acid in Acetone  ........................................... 117 

5.3.2.4. Photodegradation of Carminic Acid in Acetone  ........................................ 118 

5.3.2.5. Excited State Lifetime and Photodegradation Change in Acetone  ........... 120 

5.4. Summary  ..................................................................................................................... 120 

6. Spectroscopy of Red Lake Anthraquinones in Polar Protic Solution  .......... 124 

6.1. Anthraquinone TrA: Molecules and Their Microenvironment  .................................. 124 

6.2. Phase 2: TrA of Red Lake Anthraquinones in Polar Protic Solvent – The Effect of 
Hydrogen Bonding on Ultrafast Lifetime and Long-Term Photostability  .......................... 126 

6.3. Alizarin and Purpurin in Methanol  ............................................................................. 127 

6.3.1. Steady-State Spectroscopy of Alizarin and Purpurin in MeOH  ......................... 127 

6.3.2. Transient Absorption Spectra of Alizarin, Purpurin and Carminic Acid in        
MeOH ........................................................................................................................... 129 

6.3.2.1. Alizarin  ....................................................................................................... 129 

6.3.2.2. Purpurin  ..................................................................................................... 130 

6.3.2.3. Carminic Acid  ............................................................................................. 132 

6.3.3. Summary  ............................................................................................................ 133 

6.4. Carminic Acid and Laccaic Acid in Water and MeOH  ................................................. 134 

6.4.1. Steady-State Spectroscopy of Carminic Acid and Laccaic Acid in Water  .......... 134 

6.4.2. Transient Absorption Spectra of Carminic Acid and Laccaic Acid in Water  ...... 136 

6.4.2.1. Carminic Acid  ............................................................................................. 137 

6.4.2.2. Laccaic Acid  ................................................................................................ 139 

6.4.4. Summary  ............................................................................................................ 141 

6.5. Long-Term Photodegradation Studies  ....................................................................... 141 

6.5.1. Photodegradation of Alizarin and Purpurin in MeOH  ....................................... 141 

6.5.1.1. Photodegradation of Alizarin in MeOH  ..................................................... 141 



xi 
 

6.5.1.2. Photodegradation of Purpurin in MeOH  ................................................... 142 

6.5.1.3. Photodegradation of Carminic Acid in MeOH  ........................................... 143 

6.5.2. Photodegradation of Laccaic Acid and Carminic Acid in Water  ........................ 144 

6.5.2.1. Photodegradation of Laccaic Acid in Water  .............................................. 144 

6.5.2.2. Photodegradation of Carminic Acid Water  ............................................... 145 

6.5.3. Summary  ............................................................................................................ 146 

7. Approaching Art: Spectroscopic Studies of Anthraquinone Lakes, in Solution 
and the Solid State  ........................................................................................ 152 

7.1. Anthraquinone TrA: Molecules in Art Matrices  ......................................................... 152 

7.1.1. Experimental Rationale  ..................................................................................... 152 

7.2. Lake Pigments: History, Manufacture and Structure  ................................................. 153 

7.3. Scientific Studies of AQ Lake Properties  .................................................................... 155 

7.3.1. Steady State Spectroscopic Investigations  ........................................................ 155 

7.3.2. Transient Spectroscopic Investigation ............................................................... 155 

7.3.3. Photodegradation Studies  ................................................................................. 156 

7.4. Phase 3: TrA of Alizarin Al Lake - The Effect of Laking and Binding on Ultrafast Lifetime 
and Long-Term Photostability  ........................................................................................... 158 

7.4.1. Alizarin Al Lake in Acetone  ................................................................................ 158 

7.4.1.1. Steady-State Spectroscopy of Alizarin and Purpurin Al Lakes in Acetone  158 

7.4.1.2. Transient Absorption of Alizarin Al Lake in Acetone  ................................. 159 

7.4.1.3. Long-Term Photodegradation of Alizarin Al Lake in Acetone  ................... 161 

7.4.1.4. Summary  .................................................................................................... 162 

7.5. Solid-State Thin-Film Watercolour Experiment  ......................................................... 163 

7.5.1. Transient Absorption Spectroscopy of Alizarin Lake Watercolour (Gum Arabic, 
Solid State/Thin Film) ................................................................................................... 164 

7.5.2. Long Term Photodegradation of Alizarin Lake Watercolour (Gum Arabic, Solid 
State/Thin Film) ............................................................................................................ 169 

7.6. Summary  ...................................................................................................................... 170 



xii 
 

8. Conclusions and Future Work  ................................................................... 173 

Appendices  ................................................................................................... 180 

A.1  ...................................................................................................................................... 180 

References  .................................................................................................... 183 

 

 

 

  



xiii 
 

List of Figures 

Figure 1.1. The chemical structures of the principal red lake anthraquinones (RHAQs) and 
their natural sources, together with their structural parent compound, 9,10-
anthraquinone. The RHAQs investigated in this thesis are in black; kermesic acid, 
the aglycone of carminic acid and not part of the present study, is in grey.  ........... 3 

Figure 1.2. Botanical illustration of Rubia tinctorum L. by Franz Eugen Köhler (1897) 
showing the plant and its roots, flowers, leaves, rhizomes and fruit. ...................... 4 

Figure 1.3. A cluster of Dactylopius coccus insects attached to a cactus in Barlovento, Las 
Palmas, Canary Islands. Photo by Frank Vincentz. .................................................... 5 

Figure 1.4. Left: illustration by Harold Maxwell-Lefroy (1909) of the lac insect, both male 
and female, with their characteristic tubelike shellac formations (‘sticklac’). Right: 
the structure of laccaic acids A-E. Laccaic acid D differs more significantly from the 
others, and is also known as flavokermesic acid (cf. kermesic acid in Figure 1.1).  . 6 

Figure 1.5. Upper panel: Winslow Homer's For to Be a Farmer's Boy as it appears today. 
Lower panel: Digital reconstruction of the original sky colour, based on SERS 
analysis of remaining pigments. ................................................................................ 9 

Figure 1.6. A simple Jablonski diagram showing the ground (singlet, S0) and first few 
excited (singlet, S1 and S2; triplet, T1 and T2) states of a molecule, along with some 
common photophysical processes. E = energy, IC = internal conversion, ISC = 
intersystem crossing, rISC = reverse intersystem crossing, VR = vibrational 
relaxation, PD = photodegradation. Solid-line transitions refer to absorption and 
non-radiative processes; wavy arrows refer to non-radiative transitions. ............. 12 

Figure 1.7. Upper panel: Digital representative reconstruction of progressive fading of red 
anthraquinone lake in Vermeer’s Girl with a Pearl Earring (ca. 1665). Lower panel: 
UV-visible spectra of purpurin (a major red component of the madder pigment 
used in The Girl with a Pearl Earring’s skin, lips and jacket) showing the 
progressive decrease in intensity – i.e., fading – over six days’ exposure to a 
visible-light lamp. .................................................................................................... 13 

Figure 1.8. Scheme illustrating the progression of experiments seeking to link ultrafast 
photochemistry to long term photodegradation, from simple solutions to solid-
state films.  .............................................................................................................. 14 

 

Figure 2.1. The structure of 9,10-anthraquinone. ............................................................... 16 

Figure 2.2. Structural differences between the AQ, semiquinone radical and hydroquinone 
species involved in the photochemistry of 9,10-AQ. .............................................. 18 



xiv 
 

Figure 2.3. UV-visible absorption spectra of 9,10-AQ (black line) and carminic acid (red 
line) in MeOH, showing the band in the visible region that results from the 
substitution of the AQ nucleus with electron-donating substituents. ................... 19 

Figure 2.4. The wavelengths of maximum absorption of different 1-substituted AQs, 
showing the bathochromic shift in the value that occurs with increasing electron-
donating capacity of the substituent. ..................................................................... 20 

Figure 2.5. From left to right: alizarin, purpurin and carminic acid powders, with their 
corresponding structures and wavelengths of maximum absorption in acetone 
solution, showing the bathochromic shift that occurs with increasing hydroxyl 
substitution on the AQ core. ................................................................................... 20 

Figure 2.6. One of the proposed structures of the Al-based lake complex of alizarin, 
showing complexation of two alizarin ligands per Al ion, through the 1-hydroxyl 
groups (see Chapter 7). ........................................................................................... 22 

Figure 2.7. From top to bottom: pure alizarin, author's own alizarin Al lake, the same 
alizarin Al lake made into a watercolour paint with gum arabic. ........................... 22 

Figure 2.8. The normal (CA), normal deprotonated (CA-), tautomeric (CA (T)) and 
deprotonated tautomeric (CA- (T)) forms of carminic acid that are present in water 
(BPES buffered, pH = 7) and DMSO solution according to Comanici, et al.12 The 
tautomeric form has undergone double excited state intramolecular proton 
transfer (see section 2.3.2)...................................................................................... 25 

Figure 2.9. a) The ‘locally excited’ (PT) S1 state of alizarin that forms upon photoexcitation, 
the proton ‘transferred’ (PT) S1 tautomer of alizarin that forms upon ESIPT 
occurring, and b) representation of the electronic structure of the LE and PT 
tautomers of alizarin with the ESIPT and recovery processes. Reprinted with 
permission.6 Copyright Elsevier 2015. ..................................................................... 26 

Figure 2.10. Jablonski diagram summary of transient processes and photo-reactions 
occurring in 9,10-anthraquinone, based on values reported in the literature. Solid 
arrows represent absorption and radiative transitions (fluorescence), wavy arrows 
represent non-radiative transitions (VR, IC, ISC), ΦISC = quantum yield of 
intersystem crossing, ΦΔ = quantum yield of singlet oxygen formation. S = singlet 
state, T = triplet state. ............................................................................................. 30 

Figure 2.11. Jablonski diagram summary of transient processes and photo-reactions 
occurring in 1-hydroxy-9,10-anthraquinone, based on values reported in the 
literature. Solid arrows represent absorption and radiative transitions 
(fluorescence), wavy arrows represent non-radiative transitions (VR, IC, ISC), 
double-headed dashed arrow represents reversible ESIPT process. LE = locally 
excited AQ tautomer, PT = proton-transferred AQ tautomer, ΦISC = quantum yield 
of intersystem crossing, ΦΔ = quantum yield of singlet oxygen formation. S = 
singlet state, T = triplet state. ................................................................................. 31 



xv 
 

Figure 2.12. Jablonski diagram summary of transient processes and photo-reactions 
occurring in 1,2-dihydroxy-9,10-anthraquinone (alizarin), based on values 
reported in the literature. Solid arrows represent absorption and radiative 
transitions (fluorescence), wavy arrows represent non-radiative transitions (VR, 
IC, ISC), double-headed dashed arrow represents reversible ESIPT process. (alc) 
refers to experiments in MeOH and EtOH, LE = locally excited AQ tautomer, PT = 
proton-transferred AQ tautomer, ΦISC = quantum yield of intersystem crossing, ΦΔ 
= quantum yield of singlet oxygen formation. S = singlet state, T = triplet state. 
Blue components refer to the same processes as above, but occurring with 
respect to the ‘trapped’ water bound state. .......................................................... 32 

Figure 2.13. Jablonski diagram summary of transient processes and photo-reactions 
occurring in 1,2,4-trihydroxy-9,10-anthraquinone (purpurin), based on values 
reported in the literature. Solid arrow represents absorption, wavy arrows 
represent non-radiative transitions (VR, IC, ISC). t1/2 = half-life, S = singlet state, T = 
triplet state. ............................................................................................................. 33 

Figure 2.14. Jablonski diagram summary of transient processes and photo-reactions 
occurring in carminic acid, based on values reported in the literature. Solid arrows 
represent absorption and radiative transitions (fluorescence), wavy arrows 
represent non-radiative transitions (VR, IC, ISC), double-headed dashed arrow 
represents speculative reversible ESIPT process. LE = locally excited AQ tautomer, 
PT = proton-transferred AQ tautomer, CAH = ‘normal’ form of CA, CAH T3 = 
tautomeric form of CA, CA- = deprotonated ‘normal’ CA, CA- T3 = deprotonated 
tautomeric form of CA. S = singlet state, T = triplet state. Blue components refer 
to the same processes as above, but occurring with respect to the ‘trapped’ water 
bound state. ............................................................................................................ 34 

Figure 2.15. Photodegradation products observed for 9,10-anthraquinones.  ................... 40 

 

Figure 3.1. TADAA-1, the initial fs-TrA system constructed at the Photon Factory. 
Fundamental source: Coherent Legend chirped-pulse amplifier (CPA, 800 nm 
centre wavelength, 110-120 fs duration, 1 kHz repetition rate, 3.6 μJ pulse 
energy). This fundamental beam is split 50:50 (Beam splitter, BS), with an 
eventual (telescoped) 1.6 μJ energy output is used for the TRA system. See text 
for detailed description. Abbreviations: BS = beam splitter (50:50), λ/2 = half 
wave-plate, VND = variable neutral density wheel, WL = white light continuum 
(supercontinuum), C1, C2 = optical choppers.  ....................................................... 46 

Figure 3.2. TADAA-2, the second iteration of the transient absorption system. Note the 
dual delay in the SC line that extends the temporal acquisition window. Not 
pictured: the micro-flow components. Fundamental source: Coherent Legend 
chirped-pulse amplifier (CPA, 800 nm centre wavelength, 110-120 fs duration, 1 



xvi 
 

kHz repetition rate, 3.6 μJ pulse energy). This fundamental beam is split 50:50 
twice (Beam splitters, BS1, BS2), with an eventual (telescoped) 1.6 μJ energy 
output is used for the TRA system. See text for detailed description. 
Abbreviations: BS = beam splitter (50:50), λ/2 = half wave-plate, λ/4 = quarter 
wave-plate VND =variable neutral density wheel, SCM = supercontinuum 
generation medium, C1, C2 = optical choppers, P = polarizer, L = lens, BLK = beam 
blocker, SC = supercontinuum, OAP = off-axis parabolic mirror, Δt = delay stage, 
ΔtM = manual delay stage. ...................................................................................... 49 

Figure 3.3. Single pulse acquisition method used in TADAA-2, indicating how the same 
component spectra are acquired.  .......................................................................... 51 

Figure 3.4. From left: the uncorrected transient absorption spectrum of carminic acid in 
MeOH; the chirp spectrum of methanol; the original TrA spectrum, corrected for 
chirp.  ....................................................................................................................... 54 

Figure 3.5. Top: the first four components extracted from the spectrum of carminic acid in 
methanol, showing the kinetic and spectral vectors and the reconstructed 
spectrum for each component. Bottom: the logarithm of first ten singular values, 
showing only one significant component rising above the noise.  ......................... 55 

Figure 3.6. Evolving Factor Analysis forward (blue) and backward (red) of the spectrum of 
carminic acid in methanol. Left: the time component; right: the wavelength 
component.  ............................................................................................................ 56 

Figure 3.7. Global fit of all traces between 510nm and 560nm from the TrA spectrum of 
carminic acid in methanol. Residuals are plotted at the top of the graph; lifetimes 
from the calculated biexponential decay are shown in the white box.  ................. 57 

Figure 3.8. MCMC output sets for each parameter of the function under investigation (in 
this case a single exponential decay). For each parameter, a ‘value vs. iterations’ 
trace (top left), an autocorrelation plot (bottom left) and a histogram (right) are 
obtained.  ................................................................................................................ 58 

Figure 3.9. The photodegradation apparatus used to acquire accelerated 
photodegradation data of red lake AQs.  ................................................................ 59 

 

Figure 4.1. The structures of DPB and retinal, showing the polyene chain through which 
photoisomerisation occurs. ..................................................................................... 64 

Figure 4.2. Diagram showing the rotated, ground state of DPB and the photoisomerisation 
(here laser-induced during a transient absorption experiment) that occurs around 
the central bond system to produce the flat, excited state form.  ......................... 65 

Figure 4.3. Steady-state UV-visible absorption spectra of DPB in MeOH solution, with 
concentrations varying from 8.3 μM (0.05 OD) to 330 μM (2.0 OD). The S1 state 
(11Bu) is visible as a structured absorption band at~328 nm.  ................................ 67 



xvii 
 

Figure 4.4. The effect of sample flowing (no flow, blue traces; 25 mL min-1 flow, dashed 
red line) and increasing pump energy at 328 nm on photodegradation in a 0.5 OD 
solution of DPB in MeOH.. ....................................................................................... 68 

Figure 4.5. fs-TrA of DPB in MeOH (0.5 OD). The black arrow indicates the direction of 
change,   with the traces showing -50 ps (magenta), 1ps (violet), 30 ps (orange) 
and 170 ps (deep red).  ........................................................................................... 69 

Figure 4.6. Normalised transient absorption traces of DPB in MeOH (λpump  = 328 nm, pulse 
energy = 2 μJ) at increasing DPB ODs (concentrations) at 1 ps after excitation.  ... 70 

Figure 4.7. fs-TrA spectra of DPB in MeOH (λpump  = 328 nm, pulse energy = 2 μJ) taken at 1 
ps after excitation. Sample OD (DPB concentration) increases from 0.05 (dark red) 
to 1.5 (fuchsia) as shown in the figure legend. ....................................................... 71 

Figure 4.8. Graph of maximum excited state absorption against sample concentration, 
with the Beer’s Law relationship projected in red. Note the deviation from this 
relationship that occurs after 150 μM (0.9 OD). R2 for fit shown = 0.98.  .............. 72 

Figure 4.9. Normalised steady-state UV-visible spectra of DPB in methanol, ethanol, 
isopropanol and n-hexane, showing the structured band attributable to the first 
excited singlet state of DPB at ~328 nm.  ............................................................... 74 

Figure 4.10. The transient absorption spectrum of DPB in EtOH (0.5 OD, λpump  = 328 nm, 
pulse energy = 2 μJ). The black arrow indicates the direction of spectral decay; 
dark red = -50 ps, pink = 1 ps, blue = 25 ps, yellow = 75 ps, bright red = 300 ps.  .. 75 

Figure 4.11. Transient absorption spectrum of DPB in iPrOH (0.5 OD, λpump  = 328 nm, 
pulse energy = 2 μJ). Black arrow indicates direction of spectral decay; dark red =  
-50 ps, pink = 1 ps, dark purple = 25 ps, green = 80 ps, orange = 150 ps, red = 300 
ps.  ........................................................................................................................... 76 

Figure 4.12. Transient absorption spectrum of DPB in n-Hex (0.5 OD, λpump  = 328 nm, 
pulse energy = 2 μJ). The black arrow indicates the direction of spectral decay. 
Dark red = -50 ps, pink = 1 ps, blue = 20 ps, yellow = 80 ps, red = 400 ps.  ............ 77 

Figure 4.13. Plot of the FWHM of transient spectra of DPB in n-Hex with respect to time, 
showing the double-exponential fit.  ...................................................................... 78 

Figure 4.14. Transient spectra of DPB in each of the solvents studied 0.5 OD, λpump  = 328 
nm, pulse energy = 2 μJ), taken at 1 ps after excitation and showing the shift in 
transient absorption band maximum with increasing solvent viscosity and 
polarizability. ........................................................................................................... 79 

 

Figure 5.1. The structures of alizarin and purpurin, with their hydroxyl substitution 
patterns highlighted. ............................................................................................... 85 



xviii 
 

Figure 5.2. Ground state absorption (solid lines) and fluorescence emission (dashed lines) 
spectra for alizarin (black), purpurin (red) and laccaic acid (blue) in MeCN. AQs 
were excited at their wavelength of maximum absorption to produce the emission 
spectra.  ................................................................................................................... 86 

Figure 5.3. Excited state intramolecular proton transfer in 1-hydroxyanthraquinones, 
manifesting as keto-enol tautomerism, or a conversion of the locally excited (LE) 
keto form into the proton-transferred (PT) enol form.  ......................................... 87 

Figure 5.4. Transient spectral decay profile of alizarin in acetonitrile (λpump = 422 nm, pump 
pulse energy = 2 μJ), in the presence of oxygen. Pink = 0.5 ps, purple = 7 ps, green 
= 80 ps, red = 500 ps. Black arrows indicate direction of change. .......................... 89 

Figure 5.5. Expanded view of the evolution of the transient absorption band (~500 nm) of 
alizarin in MeCN at early delay times, showing the change in intensity, line 
narrowing and blue shift of the absorption maximum (blue green). ................. 91 

Figure 5.6. Expanded view of the evolution of the stimulated emission band (~650 nm) of 
alizarin in MeCN at early delay times, showing the change in intensity and red 
shift of the absorption maximum (blue  green).  ................................................ 92 

Figure 5.7. Transient spectral decay profile of purpurin in MeCN (λpump = 478 nm pump 
pulse energy = 2 μJ). Pink = 5 ps, dark blue = 250 ps, green = 1250 ps, red = 4000 
ps. Black arrows indicate direction of change......................................................... 94 

Figure 5.8. Transient spectral decay profiles of purpurin in MeCN (λpump = 478 nm pump 
pulse energy = 2 μJ). Left: air-equilibrated; right: degassed. Black arrows indicate 
the direction of spectral change. Although these spectra do not show the full 
decay, the blue-extended supercontinuum reveals additional spectral information 
below 450 nm.  ........................................................................................................ 94 

Figure 5.9. Transient absorption spectrum of laccaic acid in MeCN, (λpump = 488 nm pump 
pulse energy = 2 μJ). Black arrows indicate the direction of spectral change; pink = 
1 ps, light blue = 20 ps, orange = 80 ps, brown = 500 ps.  ...................................... 97 

Figure 5.10. Normalised UV-visible absorption (solid lines) and fluorescence emission 
(dashed lines) of alizarin (black), purpurin (red), carminic acid (green) and laccaic 
acid (blue) in acetone. Only the visible bands are shown due to the excessive 
absorption of acetone in the region below 350 nm. AQs were excited at their 
wavelength of maximum absorption to produce the emission spectra. .............. 100 

Figure 5.11. Transient spectral decay profile of alizarin in acetone (λpump = 425 nm pump 
pulse energy = 2 μJ). Pink = 0.2 ps, blue = 7 ps, chartreuse = 55 ps, dark orange = 
350 ps, red = 500 ps. Black arrows indicate direction of change. ......................... 102 

Figure 5.12. Transient spectral decay profile of purpurin in acetone (λpump = 475 nm pump 
pulse energy = 2 μJ). Pink = 1 ps, chartreuse = 450 ps, orange = 1000 ps, red = 
3200 ps, dark red: 4000 ps. Black arrows indicate direction of change.  ............. 103 



xix 
 

Figure 5.13. Transient spectral decay profile of laccaic acid in acetone (λpump = 488 nm 
pump pulse energy = 2 μJ). Pink = -1 ps, indigo = 7 ps, chartreuse = 20 ps, orange = 
60 ps, red = 200 ps. Black arrows indicate direction of change. ........................... 104 

Figure 5.14. Transient spectral decay profile of carminic acid in acetone (λpump = 488 nm 
pump pulse energy = 2 μJ). Pink = -1 ps, cyan = 550 ps, yellow = 1400 ps, red = 
2850 ps, navy = 4046 ps. Black arrows indicate direction of change.  .................. 106 

Figure 5.15. UV-visible absorption spectra of alizarin in MeCN at 0 h (solid line) and 144 h 
(dotted line) exposure to visible-spectrum light. Inset: The change in absorption at 
the wavelength of maximum absorption as a function of exposure time. ........... 110 

Figure 5.16. UV-visible absorption spectra of purpurin in MeCN at 0 h (solid line) and 144 
h (dotted line) exposure to visible-spectrum light. Inset: The change in absorption 
at the wavelength of maximum absorption as a function of exposure time. ...... 111 

Figure 5.17. UV-visible absorption spectra of laccaic acid in MeCN at 0 h (solid line) and 
144 h (dotted line) exposure to visible-spectrum light. Inset: The change in 
absorption at the wavelength of maximum absorption as a function of exposure 
time........................................................................................................................ 112 

Figure 5.18. Comparison of the change in absorption at the maximum wavelength for 
alizarin (black), purpurin (red) and laccaic acid (blue) in MeCN with respect to 
exposure time.  ...................................................................................................... 113 

Figure 5.19. UV-visible absorption spectra of alizarin in acetone at 0 h (solid line) and 144 
h (dotted line) exposure to visible-spectrum light. Inset: The change in absorption 
at the wavelength of maximum absorption as a function of exposure time. ...... 115 

Figure 5.20. UV-visible absorption spectra of purpurin in acetone at 0 h (solid line) and 
144 h (dotted line) exposure to visible-spectrum light. Inset: The change in 
absorption at the wavelength of maximum absorption as a function of exposure 
time........................................................................................................................ 116 

Figure 5.21. UV-visible absorption spectra of laccaic acid in acetone at 0 h (solid line) and 
144 h (dotted line) exposure to visible-spectrum light. Inset: The change in 
absorption at the wavelength of maximum absorption as a function of exposure 
time........................................................................................................................ 117 

Figure 5.22. UV-visible absorption spectra of carminic acid in acetone at 0 h (solid line) 
and 144 h (dotted line) exposure to visible-spectrum light. Inset: The change in 
absorption at the wavelength of maximum absorption as a function of exposure 
time........................................................................................................................ 118 

Figure 5.23. Comparison of the change in absorption at the maximum wavelength for 
alizarin (black), purpurin (red), laccaic acid (blue) and carminic acid (green) in 
acetone with respect to exposure time. ............................................................... 119 

 



xx 
 

Figure 6.1. Left: Alizarin lake pigment ground in gum arabic as a watercolour (author 
photo); dried gum arabic. Left: the structures of arabinose and ribose, two of the 
principal components of gum arabic - note the large number of polar/hydrogen-
bonding functionalities. ......................................................................................... 125 

Figure 6.2. Ground state absorption (solid lines) and fluorescence emission (dashed lines) 
spectra for alizarin (black), purpurin (red) and carminic acid (green) in MeCN. AQs 
were excited at their wavelength of maximum absorption to produce the emission 
spectra. .................................................................................................................. 128 

Figure 6.3. Transient spectral decay profile of alizarin in methanol (λpump = 430 nm, pump 
pulse energy = 2 μJ), in the presence of oxygen. Pink = 5 ps, blue = 10 ps, green = 
35 ps, orange = 100 ps, dark red = 350 ps. Black arrows indicate direction of 
change. .................................................................................................................. 130 

Figure 6.4. Transient spectral decay profile of purpurin in methanol (λpump = 488 nm, pump 
pulse energy = 2 μJ), in the presence of oxygen. Pink = 5 ps, cyan = 250 ps, yellow 
= 1000 ps, red = 2750 ps, dark red = 4000 ps. Black arrows indicate direction of 
change. .................................................................................................................. 131 

Figure 6.5. Transient spectral decay profile of carminic acid in MeOH (λpump = 488 nm, 
pump pulse energy = 2 μJ). Purple = 0.5 ps, green = 500 ps, red = 1300 ps, dark 
blue = 2500 ps. Black arrows indicate direction of change. .................................. 132 

Figure 6.6. An illustration of the theorised pseudo-5-membered ring structure formed 
within 1,4-disubstituted hydroxyanthraquinones due to intramolecular hydrogen 
bonding between the phenols and the adjacent carbonyl groups. ...................... 134 

Figure 6.7. Ground state absorption (solid lines) and fluorescence emission (dashed lines) 
spectra for laccaic acid (blue) and carminic acid (green) in water. AQs were excited 
at their wavelength of maximum absorption to produce the emission spectra. . 135 

Figure 6.8. Transient spectral decay profile of carminic acid in water. (λpump = 488 nm, 
pump pulse energy = 2 μJ) Pink = 1.5 ps, purple = 3 ps, cyan: 150 ps, yellow = 1000 
ps, red = 4000 ps, navy = -50 ps. Black arrows indicate direction of change. ...... 137 

Figure 6.9. SVD results for the transient absorption spectrum of carminic acid in water. 
Top: graphical representations of the spectral and kinetic results for the first four 
components. Bottom: graphical representation of the first 10 singular values, 
showing that only one component rises above the noise. ................................... 138 

Figure 6.10. Transient spectral decay profile of laccaic acid in water. (λpump = 488 nm, 
pump pulse energy = 2 μJ) Pink = 0.2 ps, purple = 0.6 ps, cyan: 5 ps, yellow = 25 ps, 
red = 80 ps, dark red = 250 ps. Black arrows indicate direction of change. ......... 140 

Figure 6.11. UV-visible absorption spectra of alizarin in MeOH at 0 h (solid line) and 144 h 
(dotted line) exposure to visible-spectrum light. Inset: The change in absorption at 
the wavelength of maximum absorption as a function of exposure time. ........... 142 



xxi 
 

Figure 6.12. UV-visible absorption spectra of purpurin in MeOH at 0 h (solid line) and 144 
h (dotted line) exposure to visible-spectrum light. Inset: The change in absorption 
at the wavelength of maximum absorption as a function of exposure time. ...... 143 

Figure 6.13. UV-visible absorption spectra of carminic acid in MeOH at 0 h (solid line) and 
144 h (dotted line) exposure to visible-spectrum light. Inset: The change in 
absorption at the wavelength of maximum absorption as a function of exposure 
time........................................................................................................................ 144 

Figure 6.14. UV-visible absorption spectra of laccaic acid in water at 0 h (solid line) and 
144 h (dotted line) exposure to visible-spectrum light. Inset: The change in 
absorption at the wavelength of maximum absorption as a function of exposure 
time........................................................................................................................ 145 

Figure 6.15. UV-visible absorption spectra of carminic acid in water at 0 h (solid line) and 
144 h (dotted line) exposure to visible-spectrum light. Inset: The change in 
absorption at the wavelength of maximum absorption as a function of exposure 
time.  ...................................................................................................................... 146  

Figure 6.16. Comparison of the change in absorption at the maximum wavelength for 
laccaic acid (blue) and carminic acid (green) in water with respect to exposure 
time........................................................................................................................ 149 

Figure 6.17. Comparison of the change in absorption at the maximum wavelength for 
alizarin (black), purpurin (red) and carminic acid (green) in MeOH with respect to 
exposure time. ....................................................................................................... 150 

 

Figure 7.1. Right: a watercolour pigment prepared in an agate mortar using alizarin Al lake 
and gum arabic. Right: alizarin (top) its Al lake pigment (middle) and the 
watercolour paint (bottom). Both photos author’s own.  .................................... 153 

Figure 7.2. Possible structure of a Ca co-precipitated alizarin Al lake as proposed by 
Soubayrol, et al. ..................................................................................................... 154 

Figure 7.3. Possible structure of a Ca2+ co-precipitated alizarin Al lake as proposed by     
Sanyova. ................................................................................................................ 154 

Figure 7.4. Normalised steady-state absorption (solid lines) and fluorescence emission 
(dashed lines) spectra of free alizarin lake (orange) and alizarin Al lake (dark red) 
in acetone solution. ............................................................................................... 159 

Figure 7.5. Transient spectral decay profile of alizarin Al lake in acetone (λpump = 478 nm, 
pump pulse energy = 2 μJ). Pink = 0.5 ps, cyan = 2.5 ps, green = 5 ps, red = 20 ps, 
dark red: 50 ps. Black arrows indicate direction of change. ................................. 160 

Figure 7.6. UV-visible absorption spectra of alizarin Al lake in acetone solution, at 0 h       
(solid line) and 144 h (dotted line) after exposure to visible radiation. Wavelengths 



xxii 
 

below 340 nm are not shown because of the intense absorption form the           
acetone solvent. .................................................................................................... 161 

Figure 7.7. Plot of the change in absorbance with respect to exposure time for alizarin Al 
lake in acetone, measured at the wavelength of maximum absorption at 24 hour 
intervals. A line of best fit has been applied, the slope of which has been taken as 
the rate of photodegradation at the peak of the visible band (kp). ...................... 162 

Figure 7.8. The solid-state TrA sample stage at Victoria University, containing the Winsor 
and Newton alizarin crimson lake watercolour sample that produced a successful 
TrA spectrum. Photo credit to Dr. Alex Barker. .................................................... 163 

Figure 7.9. Solid state TrA spectrum of alizarin lake watercolour (gum arabic) in the solid 
state as a 0.1 mm thin film. Pump wavelength = 532 nm, pulse energy = 600 nJ. 
Right-hand image is zoomed-in, showing the additional broad signal across ~600 - 
750 nm and the small apparent delayed signal above 750 nm. ........................... 164 

Figure 7.10. Transient spectral decay profile of alizarin Al lake in gum Arabic (watercolour) 
as a thin film in the solid state (λpump = 532 nm, pump pulse energy = 600 nJ). 
Delay times in ps are given in the figure legend. .................................................. 165 

Figure 7.11. Singular value decomposition (SVD) of the transient absorption spectrum of 
alizarin Al lake in gum arabic (solid state, thin film). The spectral and kinetic traces 
of the components are separated out and enlarged in Figures 7.12 and 7.13 
below.  ................................................................................................................... 166 

Figure 7.12. The spectral (left) and kinetic (right) profiles of the first four singular values 
extracted from the TrA spectrum of alizarin Al lake in gum arabic (solid state, thin-
film), indicating the presence of four components contributing to the spectrum.
 ............................................................................................................................... 167 

Figure 7.13. UV-visible absorption spectra of alizarin Al lake in gum arabic, applied as a 
thin film (solid state), at 0 h (solid line) and 144 h (dotted line) after exposure to 
visible radiation.  ................................................................................................... 169 

Figure 7.14. Plot of the change in absorbance with respect to exposure time for alizarin Al 
lake in the solid state, as a thin film of watercolour in gum arabic, measured at the 
wavelength of maximum absorption at 24 hour intervals. A line of best fit has 
been applied, the slope of which has been taken as the rate of photodegradation 
at the peak of the visible band (kp). ...................................................................... 170 

Figure 7.15. Comparison plot of the change in absorbance with respect to exposure time 
at the wavelength of maximum absorption for alizarin Al lake in acetone solution 
(orange), alizarin Al lake in the solid state as a thin film of watercolour in gum 
arabic (pink) and for free, uncomplexed alizarin in acetone solution (black). ..... 171 

 

 



xxiii 
 

List of Tables 

Table 2.1. UV-Vis and IR spectral characteristics of 9,10-anthraquinone. .......................... 17 

Table 2.2. The varied colours of alizarin dye that can be produced by complexation with 
different transition metal ions. ............................................................................... 23 

Table 2.3. Summary of transient spectroscopic literature of 9,10-anthraquinone and 
hydroxyanthraquinones. ......................................................................................... 36 

 

Table 3.1. Comparison of the average noise on a 'dark' TrA spectrum (no pump) using 
different SC generation media.  .............................................................................. 52 

Table 3.2. Summary of major modifications between TADAA-1 and TADAA-2, with their 
effects on data acquisition and the resulting spectra. ............................................ 52 

 

Table 4.1. Sample concentrations, optical densities and singlet excited state lifetimes (τ) of 
DPB in MeOH solution (λpump  = 328 nm, pulse energy = 2 μJ).  .............................. 73 

Table 4.2. Polarizability and viscosity values for MeOH, EtOH, iPrOH and n-hexane, along 
with the molar absorptivities and wavelengths of maximum absorption for DPB in 
those solvents. ......................................................................................................... 74 

Table 4.3. Summary of the transient absorption band maxima and transient lifetimes of 
DPB in a variety of solvents, presented together with the solvents’ polarizabilities 
and viscosities. ......................................................................................................... 79 

 

Table 5.1. Table to show select relevant properties of acetone and acetonitrile. .............. 84 

Table 5.2. Steady-state UV-visible absorption and fluorescence emission properties of 
alizarin, purpurin and laccaic acid in acetonitrile (OD = 0.5 at λmax). ET = electron 
transfer, PT = proton-transferred AQ tautomer, LE = locally excited AQ tautomer, 
CT = charge transfer, sh = shoulder, (vw) = very weak. .......................................... 87 

Table 5.3. Transient spectral features of alizarin in acetonitrile, with and without the 
presence of oxygen. ................................................................................................ 90 

Table 5.4. Transient spectral features of purpurin in acetonitrile, with and without the 
presence of oxygen. ................................................................................................ 96 

Table 5.5. Transient spectral features of laccaic acid in acetonitrile, in the presence of 
oxygen. .................................................................................................................... 98 

Table 5.6. Steady-state UV-visible absorption and fluorescence emission properties of 
alizarin, purpurin, carminic acid and laccaic acid in acetone (OD = 0.5 at λmax). PT = 



xxiv 
 

proton-transferred     AQ tautomer, LE = locally excited AQ tautomer, CT = charge 
transfer, sh = shoulder, (vw) = very weak. ............................................................ 101 

Table 5.7. Transient spectral features of alizarin in acetone, with their extracted lifetimes 
and assignments. ................................................................................................... 102 

Table 5.8. Transient spectral features of purpurin in acetone, with their extracted lifetimes 
and assignments. ................................................................................................... 104 

Table 5.9. Transient spectral features of laccaic acid in acetone, with their extracted 
lifetimes and assignments. .................................................................................... 105 

Table 5.10. Transient spectral features of carminic acid in acetone, with their extracted 
lifetimes and assignments. .................................................................................... 106 

Table 5.11. Summary of fs-TrA data for the red lake AQs in MeCN and acetone, showing 
the wavelengths and temporal parameters for the transient bands observed. .. 108 

Table 5.12. Photodegradation properties of alizarin, purpurin and laccaic acid in 

acetonitrile after 144 h irradiation. Arrows indicate in increase (↑) or decrease     

(↓) in absorption. ................................................................................................. 113 

Table 5.13. Photodegradation properties of alizarin, purpurin and carminic and laccaic 
acids in acetone after 144 h exposure. ................................................................. 119 

Table 5.14. Summary of long transient lifetimes (S1, τ) and percent photodegradation 
values (%PD) for alizarin, purpurin, laccaic acid and carminic acid in MeCN and 
acetone, together with the percent changes in these parameters on going from 
MeCN to acetone solvent. ..................................................................................... 121 

  

Table 6.1. Table to show select relevant properties of acetone and acetonitrile.   .......... 126 

Table 6.2. Normalised steady-state UV-visible absorption and fluorescence emission 
properties of alizarin, purpurin and carminic acid in methanol (OD = 0.5 at λmax). 
ET = electron transfer, PT = proton-transferred AQ tautomer, LE = locally excited 
AQ tautomer, CT = charge transfer, sh = shoulder, (vw) = very weak. ................. 129 

Table 6.3. Transient absorption characteristics of alizarin, purpurin and carminic acid in 
MeOH. TA = transient absorption, SF = stimulated fluorescence. ........................ 133 

Table 6.4. Normalised steady-state UV-visible absorption and fluorescence emission 
properties of laccaic acid and carminic acid in water (OD = 0.5 at λmax). ET = 
electron transfer, CT = charge transfer, sh = shoulder, (vw) = very weak. ........... 136 

Table 6.5. Transient absorption characteristics of carminic and laccaic acids in methanol 
and water. TA – transient absorption, SF = stimulated fluorescence.  ................. 141 



xxv 
 

Table 6.6. Summary comparison of excited state lifetimes and percent photodegradation 
values for alizarin and purpurin, laccaic acid and carminic acid in both protic 
(MeOH, H2O) and aprotic (MeCN, acetone) solution. ........................................... 147 

 

Table 7.1.  Summary of time components extracted from global fitting of exponential 
decays within narrow wavelength regions of the alizarin Al lake/gum Arabic solid 
state TrA spectrum.  .............................................................................................. 167 

 

Table 8.1.  Summary of steady-state spectroscopic, fs-TrA and photodegradation results 
for all AQs and solvent systems presented in this thesis. ..................................... 179 

 

  



xxvi 
 

List of Abbreviations 

 

Abs   Absorbance 

Alum   Aluminium potassium sulphate (KAl(SO4)2·12H2O) 

AQ   Anthraquinone (9,10-Anthraquinone) 

ATR   Attenuated total reflection 

AZN   Alizarin (1,2-Dihydroxyanthraquinone) 

BS   Beam splitter 

C    Chopper, Celsius 

CA Carminic Acid (7-α-D-Glucopyranosyl-9,10-dihydro-3,5,6,8-tetrahydroxy-1-
methyl-9,10-dioxoanthracenecarboxylic acid) 

CCD   Charge coupled device 

cm   Centimetre 

CPA   Chirped pulse amplifier/amplified 

CT   Charge-transfer 

d Path length 

DPB   trans,trans-1,4-Diphenyl-1,3-butadiene 

E   Energy 

ED(G)   Electron donating/donor (group) 

EFA   Evolving Factor Analysis 

ESIPT   Excited State Intramolecular Proton Transfer 

EW(G)   Electron withdrawing (group) 

F   Fluorescence 

FGPA   Floating gate programmable array 

fs   Femtosecond 

FWHM   Full width at half maximum 

 



xxvii 
 

GA   Gum arabic 

GVD   Group velocity dispersion  

h   Hour 

H-bond   Hydrogen bond 

HAQ   Hydroxyanthraquinone 

Hz   Hertz 

IC   Internal conversion  

IR   Infra-red 

IRF   Instrument response function 

ISC   Intersystem crossing 

kHz   Kilohertz 

L   Lens 

λ/2   Half-wave plate 

λ/4   Quarter-wave plate  

LA Laccaic acid A (7-[5-(2-Acetamidoethyl)-2-hydroxyphenyl]-3,5,6,8-
tetrahydroxy-9,10-dioxo-9,10-dihydro-1,2-anthracenedicarboxylic acid) 

λmax   Wavelength of maximum absorption 

m Metre 

M Molar, molL-1 

MCMC   Markov-Chain Monte-Carlo 

MeCN   Acetonitrile 

MeOH   Methanol 

mg   Milligram 

MHz   Megahertz 

mJ   Millijoule 

μJ   Microjoule  

ml   Millilitre 

mm   Millimetre 



xxviii 
 

μm   Micrometre  

ms   Millisecond 

μs   Microsecond  

mW    Milliwatts 

ND   Neutral density 

nm   Nanometre 

NMR   Nuclear magnetic resonance 

NR25   Natural Red 25 (laccaic acid A) 

ns   Nanosecond 

OAP   Off-axis parabolic mirror 

OD   Optical density 

OPA   Optical parametric amplifier 

P   Phosphorescence, polarizer 

PD   Photodegradation 

ppm   Parts per million 

PRP   Purpurin (1,2,4-Trihydroxyanthraquinone) 

ps   Picosecond 

RHAQ   Red Hydroxy Anthraquinones 

SC (M)   Supercontinuum (medium) 

SERS   Surface-enhanced Raman spectroscopy 

Sn   nth excited singlet state 

 SVD   Singular value decomposition 

Ti-Sapphire  Titanium-sapphire 

TOPAS   Travelling-wave optical parametric amplification system 

Tn   nth excited triplet state 

TrA   Transient absorption (spectroscopy) 

UV-Vis   Ultraviolet-visible 



xxix 
 

V   Volt 

W   Watt 

WC   Watercolour (suspension in gum arabic) 

XRF   X-ray fluorescence spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



 

1 
 

 

Chapter 1: Introduction 

1.1 Introduction 

The interaction between molecules and light governs some of the most important and 

fundamental phenomena on the planet. It sustains life through photosynthesis and drives 

the molecular mechanics of vision – it even answers the age old question of why the sky is 

blue. Every silver lining has its cloud, however, and the price for the luminous colours of a 

Vermeer, along with our ability to see them, is that the same light that puts the madder-

pink blush in the lips of the Girl with a Pearl Earring is simultaneously causing that pigment’s 

inexorable photodegradation. This PhD research combines femtosecond transient 

absorption spectroscopy with accelerated photodegradation experiments to investigate the 

relationship between the photochemistry that occurs in the first femtosecond (fs) to 

nanosecond (ns) after excitation and long term (‘hundred year’) macroscopic photostability, 

and test the hypothesis that a longer excited state lifetime leads to reduced long-term 

photostability. 

1.2 Light, Molecules and Faded Beauty 

Photodegradation is an issue for everyone, whether it manifests as the UV-induced 

breakdown of the plastic dashboard of an old car, or the sickly, greenish appearance of a 

once-blushing Madonna. This concern becomes particularly pressing for the custodians and 

conservators of fine art, who face a dilemma: the artwork is on public display and exists to 

be seen, but in order to see it light must be present – the light that is slowly eroding its 

colour and structure. A wide variety of approaches can be taken to mitigate or avoid 

photodegradation, from careful management of display conditions (nitrogen-filled display 

cases, filtered glass, special lighting regimes), to minimisation of exposure (only brought out 
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for limited, occasional exhibition), to complete exclusion of light (permanent storage). In 

order to tailor such measures to a specific work or art, and maximise the amount of time it 

can be on display while minimising the risk of photodegradation, detailed information must 

be obtained on both the chemical components of the work, and the vulnerability of these to 

light. 

1.3 Natural Dyes and Pigments  

The art and science of dyes and pigments has a long-established history1,2 that, in many 

fundamental respects, changed little until the end of the 19th century. The first pigments 

were coloured earths and minerals such as iron oxide. The first dyes were the organic 

chromophores extracted from natural sources, i.e., by crushing and/or boiling coloured 

leaves, roots and berries to give colours such as indigo, weld and madder. The principal 

disadvantage of such organic colourants is that they are – relative to their inorganic 

counterparts - particularly prone to chemical and photochemical degradation.  

Some of the most notable historical organic dyes and pigments fall at the red end of the 

colour spectrum. They are commonly referred to collectively as the ‘red lakes’, a group 

consisting of the colourants known individually as madder, lac, cochineal, and kermes. The 

first three of these historically-celebrated natural red colourants form the basis of the 

present study, and are discussed individually in detail below. Attempts to reliably source 

even very small quantities of kermesic acid, a red dye extracted from the scale insect 

Kermes illicis, for the purposes of this thesis proved prohibitively difficult and expensive. It 

has thus been reserved for future work on the subject, and will not be further discussed in 

detail here.  

1.4 The Red Lake Anthraquinones 

The group of red dyes and pigments that were introduced above are all, chemically, 

anthraquinones. In their historical, art context they are referred to as the ‘red lakes’, due to 

more than 4000 years of the use of mordants (laking) to fix them as dyes and pigments. The 

process of laking, or absorbing the dye molecule onto a solid support such as an aluminium 
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salt, is described in detail in Chapter 7. This group of ‘red lake’ anthraquinones traditionally 

consists of madder (principal anthraquinones: alizarin and purpurin), carmine/cochineal 

(carminic acid), and lac (principally laccaic acid A), along with kermes (kermesic acid; not 

investigated here). The four investigated in this thesis will hereafter collectively be referred 

to as the red hydroxy AQs (RHAQs). In terms of their molecular structure, they share a 9,10-

anthraquinone core (see Chapter 2) that has been variably substituted with electron-

donating substituents (notably hydroxyl, -OH). Figure 1.1 shows the chemical structures of 

the anthraquinones investigated in this study. More information about alizarin, purpurin, 

carminic acid, and laccaic acid is given below. 

 

 

 

Figure 1.1: The chemical structures of the principal red lake anthraquinones (RHAQs) and their natural 
sources, together with their structural parent compound, 9,10-anthraquinone. The RHAQs investigated in 
this thesis are in black; kermesic acid, the aglycone of carminic acid and not part of the present study, is in 
grey. 
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1.4.1 Alizarin and Purpurin – Madder 

Madder is the common English name given to the colouring matter extracted from the 

roots of plants of the genus Rubia, particularly Rubia tinctorum (Figure 1.2). The dye extract 

is a mixture of 37 anthraquinone compounds with differing substitution patterns. The 

anthraquinones found in R. tinctorum differ in the nature of the substituents and the 

substitution pattern, but the most common substituent is a hydroxyl group.  

 

Figure 1.2: Botanical illustration of Rubia tinctorum L. by Franz Eugen Köhler (1897) showing the plant and 
its roots, flowers, leaves, rhizomes and fruit.3 

The principal anthraquinone components of madder dye are, overwhelmingly, alizarin 

(1,2-dihydroxyanthraquinone), followed by purpurin (1,2,4-trihydroxyanthraquinone).4  

Madder has a long history of cultivation across the Middle East and Europe, but it fell 

sharply out of production once alizarin could be synthesised industrially. However, its 

aluminium lake is still used as an artist’s pigment, despite the availability of both synthetic 

pure alizarin lake and the more lightfast quinacridone-based lakes as alternatives. 
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Contemporary chemical interest in alizarin still revolves around its interaction with light, 

focusing on its use as a sensitizing dye for semiconductor and solar energy harvesting 

applications.5-9 Purpurin has been investigated as a component of organic lithium ion 

battery electrodes.10  

1.4.2 Carminic Acid – Cochineal Carmine 

Carminic acid is the principal colouring material extracted from various scale insects, 

members of the Dactylopiidae, particularly Dactylopius coccus, or cochineal (Figure 1.3).  

 

 
Figure 1.3: A cluster of Dactylopius coccus insects attached to a cactus in Barlovento, Las Palmas, Canary 
Islands. Photo by Frank Vincentz.11  

Carminic acid is the dye that colours the liquid expressed when the female insect is 

squashed. Variable amounts of the pigment remain bound to the insoluble residues of the 

insect thus the dye must be extracted from dried insects by hot solvent extraction (water or 

otherwise).  

The use of carminic acid (as cochineal) declined in volume after the latter part of the 

19th century. Like madder, it began to be replaced by more lightfast synthetic alternatives as 

a textile dye and artist’s pigment. Today, it is most commonly used as a food additive and 

colouring material, although it is still sold as an artists’ pigment. Carminic acid itself has 

attracted research interest with its anticancer (DNA intercalation),12 antibiotic13 and 

photosensitizing (and dye-sensitized solar cells)14 properties.  
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1.4.3 Laccaic Acid(s) – Lac 

The majority of lac dye comes from the insect species Kerria lacca (Kerr; also known as 

Laccifer lacca, Coccus laccae, and Tachardia lacca, as in Figure 1.4), though there are 87 

other species across 9 genera that also produce it.  

 

Figure 1.4: Left: illustration by Harold Maxwell-Lefroy (1909) of the lac insect, both male and female, with 
their characteristic tubelike shellac formations (‘sticklac’).16 Right: the structure of laccaic acids A-E. Laccaic 
acid D differs more significantly from the others, and is also known as flavokermesic acid (cf. kermesic acid 
in Figure 1.1). 

The dye itself is present in the haemolymph of the insect as the ammonium salts of a 

number of anthraquinones. Lac insects inhabit the twigs of specific host plants, including 

Schleichera oleosa, Zizyphus mauretania and Butea monosperma. Their larvae secrete a 

protective resinous layer (‘sticklac’) around the twig, which is crushed and extracted with 

water.15 The term ‘laccaic acid’ is often used to refer non-specifically to a set of structurally 

similar acids (laccaic acids A-E, see Figure 1.4). In practice, however, the principal 
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component is laccaic acid A, which is the hydroxyanthraquinone that will be studied in this 

thesis. 

Lac dye has been known in India, its principal country of production, for ca. 4000 years. 

However, like madder and cochineal, it underwent a significant decline in demand after the 

introduction of synthetic dyes. Modern research into laccaic acid A has focused on its 

potential as an anticancer agent,17 photosensitizer14 and material for third-order nonlinear 

optical devices.18 

Other historically used red lake anthraquinones are kermes (kermesic acid), Polish 

cochineal, and Armenian red. 

1.5 The Fugitive Nature of Anthraquinones: Photodegradation in 
Art 

The modern, synthetic AQ dyes that have supplanted their natural/historical cousins 

exhibit superior lightfastness. The natural RHAQ dyes are considered more lightfast than 

natural greens or yellows, but it is generally accepted in the art historical and art 

conservation communities that the organic ‘red lakes’ are fugitive when compared with 

inorganic reds such as red ochre, haematite, and vermilion.1,19 The reasons for this fugitive 

nature stem from both the chemical and artistic aspects of the molecules. 

• Paints based on red anthraquinone lakes are translucent and therefore commonly 

used as glazes – thin, translucent layers applied on top of other, blocked base colours to give 

depth and nuance – or tinting agents in white bases, as applied to give colour to flesh. As a 

result, the red anthraquinones are present in low concentration, lie closest to the surface of 

a painting, and are consequently more exposed to light.  

• Naturally sourced red anthraquinones are extracted as part of complex mixtures of 

compounds from the plant or insect source. This results in highly variable quality of pigment 

depending on the extraction and laking methods used, and usually corresponds to the final 

clarity and permanence. Additionally, in the case of mixed-anthraquinone pigments like 

madder, the fact that the different components have different individual lightfastness 
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means that the permanence of the pigment as a whole will be affected by the 

anthraquinone profile of the dye or pigment.20,21 

• The structure of the anthraquinone molecule, and its interaction with its immediate 

molecular environment, has a significant effect on the amount of time the molecule spends 

in the excited state, and therefore the probability that it will undergo undesirable 

(photo)reactions. Logic dictates that molecules with rapid deactivation of the excited state 

(and thus shorter excited-state lifetimes) are generally less likely to fade, while the reverse 

is true for molecules that spend a lot of time in the high-energy, reactive excited state.19,22 

• The usual factors affecting the lightfastness of artists’ colours still apply in addition 

to the factors mentioned above. These include light exposure, air pollution, relative 

humidity, and contaminants or incompatibilities in the binders or other pigments the red 

lake is mixed with.23 

Establishing the nature of the photodegradation mechanisms and products of any 

organic pigment in an art context is challenging. Firstly, it is often not possible to extract 

samples from a work of art, and all the products may not be reliably detectable via non-

destructive techniques such as Raman spectroscopy. Secondly, even if a sample may be 

obtained, the amount of actual photodegraded product is generally extremely small, to the 

point of being undetectable.1 This second point also applies to the results of most 

laboratory accelerated photodegradation experiments. Thirdly, the products of 

photodecomposition may not all be in either their first state, or even still in the sample – 

primary photodegradation products may have reacted with other compounds in their 

immediate environment, with each other, or, if they are gases or low molecular weight 

compounds, may have volatilised into the atmosphere. Fourthly, the extremely 

heterogeneous nature of artistic media means that deciding which of any molecules 

detected are photodegradation products and which are not can be very difficult. 

Nevertheless, the widespread use of anthraquinones as both historical and modern 

colouring materials has ensured that they are often topics of photodegradation analysis. A 

case study of photodegradation of three of the four RHAQs investigated in this thesis is 

presented in the following section. 
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1.5.1 Case Study in Anthraquinone Photodegradation: Winslow Homer: For 
to Be a Farmer’s Boy (1887) 

Winslow Homer (1836 – 1910) is considered to be one of the most skilled and influential 

American watercolour painters of the 19th century. His method was characterised by a 

particular attention to the scientific colour theory of the time, and how the use of colours 

affected the visual impact of the work.24 Given the artist’s strong interest in the careful use 

of colour to convey the meaning of his works, it was considered strange that some of his 

skies seem to lack colour.  

 

 
 

Figure 1.5: Upper panel: Winslow Homer's For to Be a Farmer's Boy as it appears today. Lower panel: Digital 
reconstruction of the original sky colour, based on SERS analysis of remaining pigments. Reprinted with 
permission. 24 Copyright John Wiley and Sons 2011.  
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As revealed in a recent collaboration between the Art Institute of Chicago and 

Northwestern University, however, Homer’s strangely colourless skies are actually the result 

of photodegradation of the pigment – specifically, carminic acid. Using Surface Enhanced 

Raman Spectroscopy (SERS), and some of the microscopic grains of pigments still trapped in 

the fibres of the paper, Brosseau, et al. were able to identify the original pigments used: 

organic madder and carminic acid-based reds and purples, vermilion (orange red) and 

chrome yellow.24 The artist’s original intent was thus to depict a vibrant autumn sunset, 

rather than the hazy, overcast impression the sky in For to Be a Farmer’s Boy currently gives 

(Figure 1.5). 

This is an excellent example of how the photodegradation of anthraquinone based lake 

pigments, including carminic acid, which is otherwise generally considered to be the most 

stable of the natural red lake AQs, can have a profound effect on how the artist’s intent and 

meaning of the work are visualised and interpreted by later audiences.  

1.6 The Conservation Science of Red Lake Anthraquinones 

Analysis of red lake anthraquinones in works of art25-37 has generally focused on their 

identification, with additional interest in separating the components of red lake textile dyes, 

particularly in the cases of madder and lac. Although there are a number of techniques 

available to conservation scientists for the investigation of historic dyes and pigments, many 

are unsuitable for studying organic compounds. Techniques that require relatively large 

samples or high concentrations are hampered by the fact that large samples cannot be 

taken, owing to the size and nature of the source, and that red lakes have a high tinting 

strength and are therefore usually present in small amounts – even before any degradation 

has taken place. This means that although much useful research has been devoted to the 

separation and analysis of dye components using sensitive, advanced high performance 

liquid chromatography/mass spectrometry (HPLC/MS) techniques,25,26 particularly in the 

separation of multicomponent natural anthraquinone dyes such as madder and lac – this 

type of work still requires undesirably large samples and can be highly time-consuming and 

preparation-intensive. 
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Spectroscopic techniques such as UV-vis absorbance spectroscopy,27 fluorimetry,28,29 X-

ray fluorescence spectroscopy (XRF), Fourier transform infrared spectroscopy (FTIR),30 near-

infrared spectroscopy (NIR),31 and Raman spectroscopy32-37 are useful for the investigation 

of isolated pigment and dye components, but suffer from a variety of issues when applied to 

organic art materials: low specificity and sensitivity, interference from binders and 

varnishes, obliteration of the signal by luminescence from certain dyes, and the lack of an 

elemental signal (XRF). Surface Enhanced Raman Spectroscopy (SERS) has emerged in recent 

times as a valuable technique that evades some of the problems listed above – notably, 

reducing interference from luminescence, having simple, potentially rapid sample 

preparation and analysis times, and a much smaller sample size requirement.33 

Although the identification of dyes and pigments in works of art is essential for the 

purposes of conservation, artistic understanding and historical significance (including 

authentication), it does not tell one very much about how the colourants in question are 

reacting to light and their environment. This is, however, often either a primary 

conservation concern when preventative measures are attempted, or the cause of pre-

existing degradation that has necessitated investigation of any remaining pigment or dye in 

order to establish the original colour. 

1.7 Ultrafast Photodynamics and Spectroscopy 

The appearance of colour requires the selective absorption, scatter or reflection of light 

in the visible region of the electromagnetic spectrum (~400 – 700 nm). The absorption of 

light by a molecule results in the promotion of an electron to a higher energy orbital, putting 

the molecule in a more reactive excited state. From there, the molecule has a number of 

options: it can relax back down to the ground state, releasing the energy as light or heat; it 

can transfer the energy to another molecule nearby, or it can rearrange its own structure, 

potentially breaking apart (Figure 1.6).  
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Figure 1.6: A simple Jablonski diagram showing the ground (singlet, S0) and first excited (singlet, S1 and 
triplet, T1) states of a molecule, along with some common photophysical processes. E = energy, IC = internal 
conversion, ISC = intersystem crossing, rISC = reverse intersystem crossing, VR = vibrational relaxation, PD = 
photodegradation. Solid-line transitions refer to absorption and non-radiative processes; wavy arrows refer 
to non-radiative transitions. 

For most molecules, the decisions about what to do with the excess energy will be made 

in less than a nanosecond (ns = 1 x 10-9 s). For some, it is even faster: within the first few 

femtoseconds (fs = 1 x 10-15 s) after excitation. Ultrafast transient absorption (TrA) 

spectroscopy allows us to follow the photochemical and photophysical processes occurring 

in an excited molecule as a function of time, using laser pulses on the order of 100 fs. By 

acquiring time dependent spectral data, it is possible to determine the lifetimes of the 

excited states involved, their spectral signatures, and the timescales and probabilities of the 

various decay processes occurring. With this information, we can develop a detailed 

understanding of the interaction of a particular molecule with light. A description of the 

photochemical and photophysical properties of the RHAQs can be found in Chapter 2. 

Further introduction to femtosecond transient absorption spectroscopy can be found in 

Chapter 3. 
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1.8 Linking Laboratory Photochemistry and Art 

Although the difference between a naked anthraquinone molecule in acetonitrile 

solution and the same anthraquinone molecule mordanted, bound, mixed with other 

pigments and layered under varnish (in the solid state) on a painting may seem large, 

laboratory photochemistry is an essential tool for investigating the processes that underlie 

photodegradation in artists’ pigments. It affords us the opportunity to examine the 

processes that a molecule undergoes when exposed to light and to determine by what 

pathways it returns to the ground state (or photodegrades), such that we might better tailor 

conditions/treatments for the object to which that molecule has been applied. Following 

these processes using a combination of transient absorption spectroscopy and accelerated 

photodegradation measurements, while systematically altering the molecule’s situation to 

reflect the steps between raw dye molecule and artist’s pigment, allows us to examine the 

effect of these changes on the lifetime of the excited states, and their associated relative 

rates of photodegradation (as imagined in Figure 1.7).  

 

Figure 1.7: Upper panel: Digital representative reconstruction of progressive fading of red anthraquinone 
lake in Vermeer’s Girl with a Pearl Earring (ca. 1665). Lower panel: UV-visible spectra of purpurin (a major 
red component of the madder pigment used in The Girl with a Pearl Earring’s skin, lips and jacket) showing 
the progressive decrease in intensity – i.e., fading – over six days’ exposure to a visible-light lamp. 
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To link photodegradation to art, we need to look at the molecule itself and go 

progressively toward the artwork. This involves measuring the lifetime of each molecule in 

multiple simple solutions (giving both the intrinsic molecular behaviour – MeCN, and a 

perturbed system – MeOH/H2O), then moving to the laked version of the molecule (another 

perturbation), and finally to considering the lifetime of a laked anthraquinone in a thin film 

(closest to art). Such experiments form the body of the present investigation and will be 

accompanied by accelerated photodegradation measurements in the same progression 

(Figure 1.8). 

 

Figure 1.8: Scheme illustrating the progression of experiments seeking to link ultrafast photochemistry to 
long term photodegradation, from simple solutions to solid-state films. 

1.9 Outline of the Thesis 

This thesis presents the TrA and photodegradation studies mentioned above, together 

with a discussion of the design, construction and characterisation of the transient 

absorption spectrometer. The anthraquinone experiments represent the first femtosecond 

time-resolved spectroscopic studies on the majority of these compounds, and the first 

application of ultrafast TrA to an art conservation context.  

This chapter has provided an introduction to the study, as well as general background to 

the red lake anthraquinones that will be part of the investigation, to photodegradation, and 

to photodynamics and spectroscopy techniques. Chapter 2 will elaborate on the latter, 

presenting a discussion of the relevant literature related to the photochemistry and 
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ultrafast spectroscopy of the red lake anthraquinones and their photodegradation. Chapter 

3 details the experimental processes involved in the research: the design and layout of two 

versions of the transient absorption system, data processing and analysis, sample 

preparation, the photodegradation apparatus, and synthesis of the lake pigments from the 

free anthraquinone dyes. Chapter 4 describes a set of experiments utilising fs-TrA to assess 

the photoisomerisation of diphenylbutadiene in different solvents and at different 

concentrations in solution. The purpose of these experiments was twofold: to aid in the 

characterisation and improvement of the TrA system(s) described in Chapter 3, and to 

assess the viability of fs-TrA experiments for advanced undergraduate and postgraduate 

coursework. Chapter 5 presents the first set of anthraquinone fs-TrA and photodegradation 

data, investigating the excited-state lifetimes and long-term photostabilities of all four 

anthraquinones in dipolar-aprotic solution (acetonitrile and acetone). Chapter 6 advances 

this work to consider a protic environment (methanol and water), introducing the effect of 

hydrogen-bonding on the lifetimes and photostabilities of the anthraquinones. Finally, 

Chapter 7 presents the fs-TrA and photodegradation data for alizarin and purpurin as laked 

(Al-complexed) pigments, both in solution and as a thin film of watercolour paint (alizarin 

lake suspended in gum arabic).  
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Chapter 2: Photochemistry, 
Photodegradation and Transient 
Spectroscopy of Anthraquinones 

2.1 Introduction 

This chapter describes the photochemical and photophysical properties of the RHAQs 

and their 9,10-AQ parent compound, with a focus on their sub-nanosecond excited-state 

dynamics. A review is given of the literature pertaining to the use and results of transient 

spectroscopic methods applied to the AQs, and the nature of photodegradation in the 

RHAQs is discussed. 

2.2 9,10-Anthraquinone (AQ) 

 

Figure 2.1: The structure of 9,10-anthraquinone. 

The core structural component for all anthraquinone dyes and pigments, 9,10-

anthraquinone (Figure 2.1) is a monoclinic crystalline solid that exhibits a faint yellow 

colour. Its characteristic UV-Visible and IR spectroscopic data are given in Table 2.1 below. 
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The high symmetry of the molecule is responsible for the relatively sparse band structure of 

the IR spectrum. 

Table 2.1: UV-Vis and IR spectral characteristics of 9,10-anthraquinone.39,39 

UV-Vis 
λ (nm) εmax Transition Note 

251 54000 π-π* Has fine structure – consists of 4 peaks. 
279 17600 π-π*  
321 4800 π-π*  

377 110 n-π* 
Depending on the solvent, may appear 
at >400 nm, giving AQ its faint yellow 
colour. 

IR 
ν (cm-1) Assignment 

1680 ν(C-O) 
 

AQ possesses high thermal and chemical stability, being resistant to oxidation, little 

affected by acids, and completely unaffected by alkalis. However, it may be reduced easily 

by common reducing agents, particularly at the quinone nucleus. It is nearly insoluble in 

water and room-temperature organic solvents, although its solubility in organic solvents 

(particularly polar ones) improves with increasing temperature.  

2.2.1 Photochemical Processes of 9,10-Anthraquinone 

A significant proportion of the research into the photoreactions of 9,10-AQ has focused 

on processes related to the electron-accepting ability of the quinone moiety. Such reactions 

are of specific interest because of the role quinone-mediated electron transfer processes 

play in biological systems, notably photosynthesis.40 

2.2.1.1 Photoinduced Electron Transfer 

Photoinduced electron transfer from a suitable donor to the triplet state of AQ involves 

the semiquinone radical. The main photoproduct is 9,10-dihydroxyanthracene 

(hydroquinone) (Figure 2.2). 9,10-AQ, like most quinones, has a high quantum yield of 

intersystem crossing in room-temperature solution: for example, ΦISC = 0.9 for 9,10-AQ in 

benzene/2-propanol mixtures. 41 
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Figure 2.2: Structural differences between the AQ, semiquinone radical and hydroquinone species involved 
in the photochemistry of 9,10-AQ. 

2.2.1.2 Photoreduction 

The semiquinone radical plays a key role in the photoreduction of quinones even when 

no H-atom donor is present. The properties of the semiquinone radical and pKa values are 

known from radiation chemical studies in aqueous solution.42 A complication arises because 

anthrahydroquinone, in contrast to other hydroquinones, is not stable in solution, and 

addition of oxygen causes a complete recovery into AQ.41,43 The properties of the AQ triplet 

state and the details of AQ photoreduction processes remain an active field of research.  

2.2.2 Substitution of 9,10-Anthraquinone: Generating a Rainbow 

Although azo dyes are the most significant class of colourants in the modern synthetic 

industrial economy, dyes based around 9,10-AQ still hold a strong position for one particular 

reason: their ability to yield a large variety of colours from relatively simple substitution 

patterns. Azo dyes are generally limited to the red/orange/yellow end of the colour 

spectrum, whereas AQ dyes may be produced in any shade from yellow, through red, blue, 

turquoise and green to violet, simply by varying the nature, number and position of 

substituents on the ring structure. 

2.2.2.1 Substitution with Electron Withdrawing Groups 

Substitution of the 9,10-AQ nucleus with electron withdrawing substituents (e.g. -X,    

-NO2, -COOH) has very little effect other than weakening the n – π* transition of the 

carbonyl such that the ~405 nm band of AQ disappears, as the AQ carbonyl still represents 

the strongest electron-donating group in the molecule.  
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2.2.2.2 Substitution with Electron-Donating (ED) Groups 

In contrast to the previous case, substitution of the 9,10-AQ nucleus with electron 

donating substituents (especially those with a 2pz lone pair of electrons, such as -OH or -

NH2) has a significant effect on the molecule’s spectrum. In the case of hydroxyl 

substitution, the electronegative OH substituents decrease the energy of the lowest 

unoccupied molecular orbital (LUMO), resulting in a n-π* transition in the visible region of 

the spectrum.44,46 This new band has charge-transfer (CT) character, and gives the AQ dye its 

colour (Figure 2.3).  

 

Figure 2.3: UV-visible absorption spectra of 9,10-AQ (black line) and carminic acid (red line) in MeOH, 
showing the band in the visible region that results from the substitution of the AQ nucleus with electron-
donating substituents. 

For ED groups with no lone pair (such as alkyl or phenyl groups), a small bathochromic 

shift of the π-π* transition at ~325 nm occurs, although this is still within the UV-region of 

the spectrum. 

Generally, substitution with electron-donating moieties results in a bathochromic shift, 

with the degree of the shift becoming greater with increased electron donating strength 

(Figure 2.4). AQs substituted only at the 1-postion are more bathochromic than those 

monosubstituted at the 2-position. However, 2-monosubstituted AQs follow the pattern of 

increased ED ability  increased bathochromicity more faithfully than their 1-

monosubstituted counterparts, as the latter show variability due to the possibility of steric 
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interactions or intramolecular hydrogen bonding between the substituent and the carbonyl 

group (see section 2.2.2.3 below). 

 
Figure 2.4: The wavelengths of maximum absorption of different 1-substituted AQs, showing the 
bathochromic shift in the value that occurs with increasing electron-donating capacity of the substituent. 

The number and position of the electron donating substituents also affects the 

bathochromicity of the compound: increasing the number of a given electron donating 

substituent pushes the wavelength of maximum absorption further to the red end of the 

spectrum (Figure 2.5).  

 

Figure 2.5: From left to right: alizarin, purpurin and carminic acid powders, with their corresponding 
structures and wavelengths of maximum absorption in acetone solution, showing the bathochromic shift 
that occurs with increasing hydroxyl substitution on the AQ core. 
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Intramolecular hydrogen bonding between the 1-substituent and the AQ carbonyl 

causes a more significant bathochromic shift. Hydrogen-bonded hydroxyl substituents (pKa 

= 11.5) are less easily ionised than their free counterparts (such as 2-hydroxyl groups, pKa = 

7.6). For the effect of intramolecular hydrogen-bonding on the photostability of 

anthraquinones, see section 2.3.2 below. In dihydroxyanthraquinones, ionisation of the first 

hydroxyl group results in a reduction in the acidity of the second -OH groups by the 

donation of an electron from the negatively-charged oxygen atom. The increased electron-

donating capacity of the oxido group is the reason for the additional bathochromicity of 

ionised hydroxyl-AQ dyes. 

2.2.2.3 Steric Effects  

Steric interactions (generally involving substituents at the 1-position) may have either a 

bathochromic or a hypsochromic effect on the AQ spectrum. Since such shifts generally 

involve a large 1-substituent where steric strain is relieved through rotation about the AQ-

substituent bond (such as in the case of N, N-dimethylaminoanthraquinones), steric effects 

are not an issue for simple anthraquinones with small 1-substituents such as alizarin and 

purpurin. Although carminic acid and laccaic acid A have some larger substituents, these are 

not present at the 1-position, and thus are less susceptible to steric effects. 

2.2.2.4 Metal-Anthraquinone Complexation (Metallisation, Laking, Mordanting) 

Hydroxyl substitution at the 1-position in AQs is essential for formation of the metal-AQ 

complexes that constitute historic and modern lake (or ‘mordant’) pigments and dyes 

(Figure 2.6). As a result, AQs without a 1-substituent have not achieved any industrial 

significance either historically or today. 
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Figure 2.6: One of the proposed structures of the Al-based lake complex of alizarin, showing complexation of 
two alizarin ligands per Al ion, through the 1-hydroxyl groups (see Chapter 7). 

Metallisation causes a bathochromic shift in the spectrum of the complex relative to 

that of the free dye, due to enhancement in both the ED-capacity of the -OH group and the 

acceptor quality of the AQ-carbonyl. It also generally lowers the solubility of the dye (Figure 

2.7).  

 

Figure 2.7: From top to bottom: pure alizarin, author's own alizarin Al lake, the same alizarin Al lake made 
into a watercolour paint with gum arabic. 
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Further modification of the colour of the product complex may be achieved by varying 

the metal ion used (Table 2.2).  

Table 2.2: The varied colours of alizarin dye that can be produced by complexation with different transition 
metal ions.  

Metal ion in complex with alizarin Resulting dye colour 

Al (III) Red 

Fe (II) Deep violet 

Fe (III) Brownish-black 

Sn (IV) Violet 

Cr (II) Brownish-violet 

 

For a more detailed discussion of AQ-lake structures, photochemistry, transient 

spectroscopy and synthesis, see Chapter 7. 

2.3 Photoexcitation, the Excited Singlet State and Excited-State 
Intramolecular Proton Transfer (ESIPT) 

Upon photoexcitation, hydroxyanthraquinones such as alizarin, purpurin, and laccaic 

and carminic acids undergo three main processes. These may occur simultaneously and do 

so to differing extents: excited state intramolecular proton transfer (ESIPT); ultrafast 

intersystem crossing to the first excited triplet state (ISC); and recovery of the ground state, 

either by radiative (fluorescence) - or non-radiative (a combination of vibrational relaxation 

and internal conversion) - means. The rates and ratios of these processes are significantly 

affected by the nature/number of the hydroxyl substituents, the extent to which intra- and 

intermolecular hydrogen bonding can occur, and the nature of the solvent environment 

(proticity, pH). 

As indicated in Section 2.2.2.2, upon absorption at their characteristic wavelength 

within the visible region, the RHAQs are excited into the singlet manifold. Steady-state 

absorption and fluorescence emission spectra of alizarin, purpurin, laccaic acid and carminic 

acid and their Al lakes in the appropriate solutions of acetone, acetonitrile (MeCN), 
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methanol (MeOH) and water are shown and discussed in the relevant Chapters (5-7) in this 

thesis.  

2.3.1 Ground-State Spectroscopic Investigation of the RHAQs 

2.3.1.1 Alizarin and Purpurin  

These two AQs generally absorb in the ~400-600 nm range, with the exact wavelength 

of maximum absorption depending sensitively on the polarity and the pH of the solvent. The 

more polar/protic the solvent and the more basic the solution, the more bathochromic the 

absorption: alizarin in acetonitrile absorbs at ~422 nm, while alizarin in buffered water-

dioxane at pH 14 absorbs at ~573 nm.45 The bathochromic shift in more polar solvents is 

attributed to the presence of hydrogen bond formation with the solvent. In alizarin, 

facilitation of hydrogen bonding with the solvent is prompted by the greater electron 

density on the carbonyl oxygen resulting from the CT nature of the excited singlet. Increased 

intermolecular H-bonding has been cited as a significant contributing factor in the non-

radiative deactivation of the excited state, suggesting that the excited singlet lifetimes of 

alizarin and purpurin should be shorter in solvents where intermolecular H-bonding is 

possible.42,45,46  

In aqueous solution, three species are observed for both alizarin and purpurin, 

depending on the pH and progressing from one to the other in the order: neutral (acidic pH) 

 monoanion (neutral and slightly basic pH)  dianion (basic pH). Both alizarin and 

purpurin are fluorescent; purpurin significantly more so in both organic and aqueous 

solution.47 The fluorescence emission intensity of both AQs increases with increasing pH in 

aqueous solution. Of the two, only alizarin displays the phenomenon of dual fluorescence, 

attributed to excited state intramolecular proton transfer (see below). The changes in both 

the absorption and emission characteristics of purpurin upon modifying the solvent have 

been observed to be less marked overall than those of alizarin.45 

2.3.1.2 Carminic Acid 

Carminic acid is often investigated in aqueous solution, as this is the solvent in which it 

is often extracted from the cochineal insect, in which it is readily soluble, and in which it 

finds many of its modern applications (e.g. food colouring). The absorption spectra of pure 
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carminic acid in unbuffered water has been shown to be identical to that of an aqueous 

extract of the cochineal insect, with a wavelength of maximum absorption centred at 493 

nm, with shoulders at 468 nm and 531 nm. The fluorescence emission spectrum of the 

aqueous insect extract upon excitation at 500 nm showed a peak at ~590 nm with a 

shoulder at ~630 nm).48 Comanici et al. examined the absorption and fluorescence spectra 

of carminic acid in buffered aqueous solution (BPES, pH = 7) and DMSO in order to 

investigate the dissociation equilibrium of the ground state.12 They fit the broad absorption 

and emission bands to a superposition of Gaussian functions, interpreting the results to 

show that carminic acid exists in four separate geometric states in the ground state, namely, 

the normal and deprotonated forms of carminic acid and the tautomer that results when 

double proton transfer has occurred (Figure 2.8). This is in contrast to the prevalent idea 

that AQs with the 1,4,-disubstitution pattern do not undergo ESIPT (see section 2.3.2 

below). 

 

Figure 2.8: The normal (CA), normal deprotonated (CA-), tautomeric (CA (T)) and deprotonated tautomeric 
(CA- (T)) forms of carminic acid that are present in water (BPES buffered, pH = 7) and DMSO solution 
according to Comanici, et al.12 The tautomeric form has undergone double excited state intramolecular 
proton transfer (see section 2.3.2). 

2.3.2 Excited State Intramolecular Proton Transfer (ESIPT) 

ESIPT is a well-studied phenomenon in anthraquinones. Its ultrafast (< 50 fs) timescale 

has demanded increasing temporal resolution from the spectroscopic systems used to 

analyse it, and understanding the process itself has important implications for elucidating 

the dynamics of many (bio)chemical systems.49,50 
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ESIPT most commonly occurs between an oxygen donor and an oxygen or nitrogen 

acceptor.51,52 In AQs, this occurs between the carbonyl oxygen and an adjacent hydroxyl 

group (the 1-, 4, 5- and 8-positions on the AQ rings). In the ground state, intramolecular 

hydrogen bonding already takes place between the carbonyl and the hydroxyl. Upon 

photoexcitation, the AQ enters what is usually referred to as the ‘locally excited’ (LE, 9,10-

keto tautomer) state. The phenolic oxygen is more acidic and the carbonyl more basic in the 

excited state, the hydrogen bond between the two is strengthened, and the distance 

between the carbonyl oxygen and the hydroxyl group is shorter.53 These factors all facilitate 

the ESIPT process, which can then occur to produce the excited ‘proton transferred’ (PT, 

1,10-keto tautomer) state (Figure 2.9). 

 

Figure 2.9: a) The ‘locally excited’ (LE) S1 state of alizarin that forms upon photoexcitation, the ‘proton 
transferred’ (PT) S1 tautomer of alizarin that forms upon ESIPT occurring, and b) representation of the 
electronic structure of the LE and PT tautomers of alizarin with the ESIPT and recovery processes. Reprinted 
with permission.6 Copyright Elsevier 2015. 

Upon transition to the PT tautomer, the ground state and exicted state energy levels 

become closer together (Figure 2.9). This results in a Stokes shift of the PT tautomer 

emission relative to that of the LE tautomer. Experimentally, this manifests as the 

phenomenon of dual fluorescence (dual emission) and is considered characteristic of ESIPT, 

which indicates that the reaction is proceeding along the hydrogen-transfer coordinate on 

ultrafast timescales – much more quickly than excited-state relaxation can occur.54 Upon 

relaxation, the ground state of the PT tautomer has been calculated to lie, depending on the 

electron donating substituent present, 16.0-18.1 kcal mol-1 higher than that of the ground 

state LE tautomer (Figure 2.9).55 This narrowing of the energy gap between the S1 and S0 

states has been shown to increase the rate of internal conversion.56 
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Mohammed and co-workers have suggested, based on transient spectroscopic studies 

of ESIPT in 1,8-dihydroxyanthraquinone, that ESIPT is not necessarily a sub-150 fs process, 

implying that the LE and PT population equilibrium readjusts after vibrational cooling to the 

minima of the excited singlet states has occurred.54 

ESIPT does not occur in all AQs that contain hydroxyl moieties adjacent to the 9,10 

carbonyl groups. In cases where a 1,4 or substitution pattern is present, ESIPT does not 

occur.57-60 This includes 1,4-, 1,2,4-, 1,2,5,8- and 1,4,5,8-substitutions: in these cases, the 

fluorescence quantum yield is moderate to high and there is an overlap of absorption and 

fluorescence spectra, but no indication of dual fluorescence. Van Benthem and Gillispie 

suggest that this is due to six-membered pseudo-rings formed through hydrogen bonding 

interactions between the 1,4-hydroxyls and their adjacent carbonyls: this pseudoaromatic 

structure would stabilise the LE AQ, making ESIPT energetically unfavourable.59  Quantum 

chemical calculations by Mech et al. indicate a marked asymmetry in charge distribution in 

the excited state of alizarin (1,2-substituted), while the excited 1,4-sbstituted AQ showed an 

electron density distribution almost identical to that of its ground state, which they suggest 

(along with its lack of ESIPT) to be due to the double phenol-carbonyl hydrogen bonding 

occurring in the 1,4-isomer.61  In the case of the red lake anthraquinones studied in this 

thesis, it means that only alizarin should show dual fluorescence and undergo ESIPT: the 

other three molecules all have a 1,4-hydroxy component to their substitution pattern (see 

Chapter 5, Figure 5.10 for clear dual fluorescence in the emission spectrum of alizarin in 

acetone, compared with none in the spectra of the other three RHAQs in the same solvent). 

Rapid, efficient internal conversion (IC) from the first excited singlet state of 

hydroxyanthraquinones to the ground state is considered one of the primary reasons for 

their photostability when compared to other, even less photostable organic compounds.62-65 

This is usually attributed to the effect of intramolecular hydrogen bonding.46,59,63-65 

2.4 The Triplet State, Intersystem Crossing, Photosensitization and 
Phototendering 

One of the most commonly cited properties of excited-state (anthra)quinones is that 

they undergo rapid, efficient intersystem crossing (ISC) to the triplet state.42,46,60 These AQ 
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triplet states are recognised as good electron and H-atom acceptors.66-68 Both processes 

ultimately yield the fully reduced 9,10-dihydroxyanthracene; accepting an electron achieves 

this via the radical anion, and accepting a H atom achieves it via the semiquinone radical 

(Figure 2.2).69,70 This reaction can be achieved intermolecularly (with the addition of 

external e-/H donors) or intramolecularly, mediated by water, as in the case of 2-

(hydroxymethyl)anthraquinone and phenyl chain-extended hydroxymethylanthraquinone 

systems.71,72 The anthraquinone triplet state is also known to be photosensitizing, 

participating in both Type I (generation of superoxide anion radicals) and Type II (generation 

of singlet molecular oxygen) photosensitization reactions. The results of these reactions can 

be put to positive use, as in their use in dye sensitized solar cells and catalysis, but may also 

have negative consequences; for example, the unwanted degradation, or 

phototendering,23,73-79 of the materials that they are used to dye). 

The quantum yields of ISC and singlet oxygen formation, the efficiency of singlet oxygen 

formation, and the rate constants of ISC and IC in several hydroxyanthraquinones, including 

alizarin, have been studied in MeCN. The authors found that for alizarin, (1,2-

dihydroxyanthraquinone), and 1,4,-dihydroxyanthraquinone, in which S1 was located >1.5 

kcal mol-1 below T2, the radiationless deactivation of the molecule is no longer dominated 

by ISC: in these cases, IC becomes significant (ΦIC ≥.0.5). Comparing alizarin with 1,4-

dihydroxyanthraquinone, the hydroxyl substitution pattern in the study that most closely 

mirrors those of purpurin, and carminic and laccaic acids, 1,4-dihydroxyanthraquinone had 

double the quantum yields of ISC (0.30 vs 0.16) and singlet oxygen formation (0.08 vs 0.03). 

Alizarin was found to have a significantly higher rate of internal conversion ([109 s-1]: 3.4 vs 

0.29). This suggests that internal conversion is a particularly important deactivation pathway 

for the red lake AQs: in the case of alizarin especially, deactivation within the singlet 

manifold is significant. This is supported by the quantum yields and lifetimes of fluorescence 

for alizarin (ΦF = 0.004, τF = 0.25 ns) and 1,4-dihydroxyanthraquinone (ΦF = 0.12, τF = 3.1 ns) 

in MeCN.60 

2.4.1 Solvent Effects 

Following a study of the radiative and non-radiative deactivation mechanisms of 1,4-

dihydroxyanthraquinone in a variety of polar and non-polar solvents (including MeCN), 



 

29 
 

Dahiya and co-workers established that there were no solvent polarity-dependent structural 

changes in 1,4-dihydroxyanthraquinone; that the hydroxyl groups adopt an in-plane 

geometry with respect to the anthraquinone moiety; and that the probability of radiative 

transition is significantly enhanced while the rate of non-radiative transition is greatly 

reduced. It was suggested that this was due to the formation of two quasiaromatic ring 

structures via the hydrogen bonding between the two hydroxyl groups and their respective 

adjacent AQ carbonyls.80 

The presence of both inter- and intramolecular hydrogen bonds in 

hydroxyanthraquinones is often cited as inducing fast S1S0 non-radiative decay.62,63,65 This 

effect is explained using the significant anharmonicity of the stretching vibrations of the H-

bond as accepting modes for the radiationless decay processes.81 Low efficiency of ISC and 

triplet formation is directly correlated with efficient radiationless deactivation of S1 in the 

modern synthetic anthraquinoid vat dyes, which is invoked to account for their superior 

lightfastness when compared with other (AQ and non-AQ) colourants.75 

2.5 Transient Spectroscopy of Hydroxyanthraquinones 

Transient spectroscopic studies have been carried out on a wide range of 

anthraquinones, both hydroxyl-substituted and otherwise. The results of transient 

spectroscopic studies on 9,10-anthraquinone, 1-hydroxyanthraquinone, and the red lake 

anthraquinones studied in this thesis are described below, and summarised in Table 2.3. 

2.5.1 9,10-anthraquinone and 1-hydroxyanthraquinone  

The fs-TrA spectrum of 9,10-anthraquinone in acetonitrile was acquired by Lauer and 

coworkers using pump pulses of 50 fs duration, exciting at 266 nm.82 They observed a 

transient at ~375 nm, with τ1 = 0.16, τ2 = 0.85 and τ3 = 19 ps. These were assigned to the 

S1T1 ISC, a ‘minor decaying reaction pathway’ and the lifetime of the T1 state (T1  S0) 

respectively. Based on the data collected by Gollnick, et al. in the same solvent,60 

unsubstituted 9,10-AQ shows a high quantum yield of intersystem crossing (ΦT = 0.9) and 

singlet oxygen formation (ΦΔ = 0.7), shown in Figure 2.10. Together with the fs-TrA data 
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above, it provides a good example of 9,10-AQ’s famously rapid and efficient ISC and 

effective sensitization of singlet oxygen.60,70,73,83,84 

The literature data for 1-hydroxyanthraquinone are presented in order to indicate the 

effect on the transient spectrum of first 1-hydroxyl substitution of the 9,10-AQ nucleus. Two 

studies used time-resolved fluorescence (TrF) with fluorescence upconversion to extract 

information about the ESIPT and emission lifetimes occurring in 1-hydroxyanthraquinone in 

toluene, the earlier group with a pulse duration of 120 fs, the second with a pulse duration 

of 20 fs.85,86 Both groups observed transients in the 500-600 nm region. The first group (120 

fs pump) extracted time constants of <0.12 ps, 2.5 ps, 18 ps and 200 ps, which were 

assigned to possible ESIPT, vibrational relaxation within the S1 potential well, rotational 

diffusion and ground state recovery of the S1 state respectively (Figure 2.11).  

 

Figure 2.10: Jablonski diagram summary of transient processes and photo-reactions occurring in 9,10-
anthraquinone, based on values reported in the literature. Solid arrows represent absorption and radiative 
transitions (fluorescence), wavy arrows represent non-radiative transitions (VR, IC, ISC), ΦISC = quantum 
yield of intersystem crossing, ΦΔ = quantum yield of singlet oxygen formation. S = singlet state, T = triplet 
state. 

The second group made a closer examination of the early times after excitation, 

resolving four time constants: 0.045 ps (rise), 0.04 ps (decay), 0.16 ps (decay) and 3.9 ps 

(decay). The first two were assigned to the ESIPT process (the rise of the PT tautomer and 

decay of the LE tautomer), the third to vibrational relaxation and/or solvent effects, and the 

longest time constant was unassigned. The work on 1-hydroxyanthraquinone shows the 

introduction of new excited-state processes that occur upon hydroxy-substitution of the AQ 

core, particularly at the position adjacent to the carbonyl oxygen, and the effect that this 

has on the transient spectra, especially on the sub-picosecond timescale. 
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Figure 2.11: Jablonski diagram summary of transient processes and photo-reactions occurring in 1-hydroxy-
9,10-anthraquinone, based on values reported in the literature. Solid arrows represent absorption and 
radiative transitions (fluorescence), wavy arrows represent non-radiative transitions (VR, IC, ISC), double-
headed dashed arrow represents reversible ESIPT process. LE = locally excited AQ tautomer, PT = proton-
transferred AQ tautomer, ΦISC = quantum yield of intersystem crossing, ΦΔ = quantum yield of singlet 
oxygen formation. S = singlet state, T = triplet state. 

2.5.2 Alizarin (1,2-dihydroxyanthraquinone)  

Due to its use as a sensitizing dye for semiconductor systems,5-9 alizarin has been a 

much more popular candidate for transient spectroscopic studies than its fellow red lake 

AQs. Transient absorption spectra of alizarin have been taken in MeOH,6,8 EtOH,6,7 and 

EtOH:H2O mixtures (1:4 (pH = 9)7 and 1:16), and those of its 2-methoxy analogue have been 

taken in MeCN.5 The results of these studies are summarised below. 

Following excitation in the 400 nm region, the following processes were observed in fits 

of the transient absorption (500-600 nm), stimulated emission (600-700 nm range) and the 

isosbestic point between the two (~580 nm range): 

• S1  S0 - Ground state recovery, lifetime of the S1 state: The lifetime of the S1 state 

of alizarin was found to be, variously: ~63 ps (PT tautomer, MeOH), 77 ps/ 87 ps (PT 

tautomer, EtOH), 30.8 ps (PT tautomer, EtOH:H2O 1:1), 1.9 ps (neutral alizarin, 

EtOH:H2O 1:4, pH = 9), 10.4 ps (depopulation of anionic alizarin S1 in EtOH:H2O 1:4, 

pH9; population of this anionic state was determined to be 0.196 ps). A drastically 

longer-lived transient (τ = 1100 ps) was observed by Pang and co-workers6 in 

EtOH:H2O 1:1 solution, assigned to a ‘trapped’ H2O-bound PT tautomer. The lifetime 

of the 2-methoxy derivative in MeCN was extracted as ~240 ps (with excitation at 

either 400 or 330 nm). 
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• Vibrational relaxation (VR): Vibrational relaxation times within the S1 potential well 

were (tentatively) extracted for most of the alizarin transients mentioned. These 

ranged from ~0.4 ps (MeOH (LE tautomer), EtOH (LE tautomer), EtOH:H2O 1:1 (LE 

tautomer)), through 1.5 ps (EtOH), to 6-8 ps (MeOH (PT tautomer), EtOH (PT 

tautomer)). The 2-methoxy derivative in MeCN was found to have a VR component 

of ~ 7 ps.  

 

Figure 2.12: Jablonski diagram summary of transient processes and photo-reactions occurring in 1,2-
dihydroxy-9,10-anthraquinone (alizarin), based on values reported in the literature. Solid arrows represent 
absorption and radiative transitions (fluorescence), wavy arrows represent non-radiative transitions (VR, IC, 
ISC), double-headed dashed arrow represents reversible ESIPT process. (alc) refers to experiments in MeOH 
and EtOH, LE = locally excited AQ tautomer, PT = proton-transferred AQ tautomer, ΦISC = quantum yield of 
intersystem crossing, ΦΔ = quantum yield of singlet oxygen formation. S = singlet state, T = triplet state. Blue 
components refer to the same processes as above, but occurring with respect to the ‘trapped’ water bound 
state. 

The data described in the points above and represented in Figure 2.12 show a general 

trend of decreasing S1 lifetimes with increasing solvent polarity and proticity (EtOH:H2O 1:4 

< EtOH:H2O 1:1 < MeOH < EtOH < MeCN). This supports the general attribution of the rapid 

radiationless deactivation of alizarin and other hydroxyl-AQs to their ability to form intra- 

and intermolecular hydrogen bonds, although the data also suggests the possibility of long-

lived ‘trapped’ states in aqueous solvent systems. In all cases, the existence of ESIPT was 

discussed, although it was generally assumed to occur either outside the temporal 

resolution of the system in question, or to manifest as a temporal component that was 

inextricably bound with other short-lifetimes.  
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2.5.3 Purpurin (1,2,4-trihydroxyanthraquinone)  

Up to the present, the literature shows no ultrafast transient spectroscopic studies of 

purpurin, perhaps due to its lack of ultrafast ESIPT. However, one transient spectroscopic 

study has been carried out by Del Giacco and co-workers, using nanosecond laser flash 

photolysis in iPrOH and MeCN.87 Pumping purpurin at 400 nm with 4ns pulses, they were 

able to establish three time constants from the transient signals observed between 390-630 

nm. The signal observed in iPrOH, with a half-life of t1/2 = 70 μs, was assigned to the 

formation of a ketyl radical due to hydrogen atom transfer from the solvent to the first 

excited triplet state (T1) of purpurin. The signal observed in MeCN with t1/2 = 25 μs was 

assigned to the formation of a cation radical species. The third transient (MeCN), with a 

lifetime of 6.8 μs, was established as the T1 life time of purpurin (Figure 2.13). The fact that 

purpurin has very long-lived transient species and is more efficient at populating the triplet 

excited state than alizarin supports the finding that purpurin is, indeed, more liable to 

photodegrade than alizarin.1 

 

Figure 2.13: Jablonski diagram summary of transient processes and photo-reactions occurring in 1,2,4-
trihydroxy-9,10-anthraquinone (purpurin), based on values reported in the literature. Solid arrow represents 
absorption, wavy arrows represent non-radiative transitions (VR, IC, ISC). t1/2 = half-life, S = singlet state, T = 
triplet state. 

The Del Giacco study also carried out the same experiments on purpurin adsorbed onto 

inorganic oxides of Al, Zn, and Ti, which are discussed further in the background to the 

structure and photochemistry of AQ lakes given in Chapter 7 (Section 7.1). 
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2.5.4 Laccaic Acid  

Laccaic acid has not, so far, found many applications that require detailed knowledge of 

its ultrafast photodynamics. As such, there is a corresponding dearth of transient 

spectroscopic studies in the literature. The fs-TrA spectra presented in this thesis therefore 

represent, to date, the first ultrafast transient absorption studies of this molecule. 

2.5.5 Carminic Acid  

Only one fs-TrA study of carminic acid appears in the literature to date.12 Comanici, et 

al. considered carminic acid from the perspective of its use as a DNA intercalator, utilising fs-

TrA and TrF with fluorescence-upconversion to investigate the existence of ESIPT, the 

occurrence of DNA intercalation and the lifetimes of four tautomeric forms of carminic acid 

in aqueous buffered solution (pH = 7). Exciting carminic acid at 400 nm with 40 fs (TrA) and 

125 fs (TRF) pulses, they extracted four lifetimes of 8 ps, 15ps, 33 ps and 46 ps. Two of these 

(33 ps and 46 ps) were specifically assigned to two of the four carminic acid tautomers 

present in solution at pH = 7 (CAH T3 and CA- T3 respectively, see Figure 2.14), while the 

other two were non-specifically assigned to the lifetimes of the remaining two tautomers. 

They also observed dual fluorescence emission, which they attributed to the presence of 

ESIPT.

 

Figure 2.14: Jablonski diagram summary of transient processes and photo-reactions occurring in carminic 
acid, based on values reported in the literature. Solid arrows represent absorption and radiative transitions 
(fluorescence), wavy arrows represent non-radiative transitions (VR, IC, ISC), double-headed dashed arrow 
represents speculative reversible ESIPT process. LE = locally excited AQ tautomer, PT = proton-transferred 
AQ tautomer, CAH = ‘normal’ form of CA, CAH T3 = tautomeric form of CA, CA- = deprotonated ‘normal’ CA, 
CA- T3 = deprotonated tautomeric form of CA. S = singlet state, T = triplet state. 
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In summary (Table 2.3, pp. 36-37), transient and steady-state spectroscopic 

investigations of the RHAQs in the literature show that photoexcited AQs populate both the 

singlet and triplet manifolds, undergo excited state tautomeric reactions, and participate in 

electron-transfer reactions/sensitize the formation of singlet oxygen from the triplet state. 

Studies indicate that non-radiative deactivation of the excited states is a very important 

relaxation mechanism in hydroxyl-substituted AQs, leading to short excited-state lifetimes in 

AQs where it is efficient or facilitated. The hydroxyl-substituted RHAQs are less efficient at 

generating the triplet state (and therefore singlet oxygen) than their parent 9,10-AQ and 

may undergo inter-and intramolecular hydrogen bonding that facilitates deactivation of the 

excited state via the stretching modes of the hydrogen bond. The 1,4-substitution pattern 

precludes ESIPT and has been shown to result in increased excited-state lifetimes and more 

efficient quantum yields of intersystem crossing than 1,2-disubstitution. This has been 

shown to lead to a particularly long-lived (μs) triplet state in purpurin and suggests that the 

singlet excited state lifetimes of purpurin should exceed those of alizarin, making purpurin 

overall more photolabile. The nature of the solvent environment (polarity, pH) has been 

shown to influence the singlet lifetimes, with polar and protic solvents resulting in shorter 

lifetimes except in the instance of a possible longer-lived ‘trapped’ state in aqueous 

solution. 
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Table 2.3: Summary of transient spectroscopic literature of 9,10-anthraquinone and hydroxyanthraquinones. 

AQ Structure Solvent Laser pulses λex (nm) Transient (nm) τ (ps) Assignment Refs. 

9,10-AQ 

 

MeCN 50 fs 266 375 (450 shoulder) 

0.16 
ISC 

(S1  T1) 
82 

 0.85 
Minor decaying reaction 

pathway 
19 T1 ground state recovery 

1-HAQ 

 

Toluene 120 fs 

810 nm, 
fluorescence 
upconversion 

2PA 

500 
(enol tautomer) 

< 0.12 ESIPT 

83 
2.5 VR (S1) 

590 
(keto tautomer) 

200 
S1  S0 (fluorescence 

emission) 

Toluene 20 fs 

810 nm, 
fluorescence 
upconversion 

2PA 

470 
(enol tautomer) 

0.045 
(decay) 

ESIPT 

86 
600 

(keto tautomer) 

0.04 
(rise) 

ESIPT 

0.16 VR/solvation 
3.9 not assigned 

Alizarin 

 

MeOH 100 fs 

435, 
probe: 510 

510 (TA), 670 (SE) 63 S1  S0 ground state recovery 
8 

probe: 570 
isosbestic point 

(TA/SE) 
0.4 VR (S1) 

EtOH 
 

30 fs 490 
510 (TA), 670 (SE) 77 S1  S0 ground state recovery 

7 

isosbestic point 
731 (TA/SE)  

1.5 VR (S1) 

EtOH:H2O 
(1:4) pH 9 

30 fs 490 
~525 (TA) 
~660 (SE) 

0.196 Population of anionic AZN S1 

1.9 
S1  S0 ground state recovery 

of neutral AZN 
10.4 Depopulation of anionic AZN S1 

MeCN 100 fs 400 [330] 
508 (TA) 
600 (SE) 

7 [8] VR (S1) 
5 

238 [240] S1  S0 ground state recovery 
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Alizarin 

 

MeOH 

25 fs 403 

500-570 6 VR (S1 PT tautomer) 

6 

- 64 S1  S0 ground state recovery 
(PT tautomer) 

570-585 0.3-0.5 VR (S1 LE tautomer) 

EtOH 

503-507 (TA) 8.4 VR (S1 PT tautomer) 

503-507 (TA) 
630-670 (SE) 

 
87 

 

S1  S0 ground state recovery 
(PT tautomer) 

570-585 (IP) 0.35 VR (S1 LE tautomer) 

EtOH:H2O 
(1:1) 

503-507 (TA) 
630-670 (SE) 

8.9 Mixed: VR (S1 PT tautomer) 
and LE tautomer decay 

30.8 S1  S0 ground state recovery 
(PT tautomer) 

530 (TA) 1100 ‘Trapped’ H2O bound PT 
tautomer 

570-585 (IP) 0.34 VR (S1 LE tautomer) 

Purpurin 

 

iPrOH 
4 ns 

(flash 
photolysis) 

470 

390 
t1/2 = 70 

μs 
ketyl radical (H transfer from 

solvent to AQ T1) 
87 

MeCN 
410 6.8 μs T1 

630 
t1/2 = 25 

μs 
cation radical 
(semiquinone) 

Laccaic 
Acid 

 

No ultrafast/transient spectroscopic investigations reported in the literature to date. 

Carminic 
Acid 

 

BPES 
(pH=7) 

40 fs 
(TrA) 

400 

~416-690 (TA) 
8, 15, 33, 

46 

τ(S1) of normal and 
tautomeric CA, each as non-

dissociated (CAH) and 
monoanion (CA-). 12 

125 fs 
(Fluorescence 
upconversion) 

~630 
33 CA- T3 lifetime 

47 CAH T3 lifetime 

Abbreviations: TA = transient absorption, SE = stimulated emission, VR = vibrational relaxation, IP = isosbestic point, ISC = intersystem crossing, ESIPT: excited state intramolecular proton transfer, AZN = alizarin, 
BPES = buffer containing Na2HPO4, NaH2PO4, Na2EDTA  and NaCl, LE = locally excited 9,10-keto AQ tautomer, PT = proton transferred 1,10-enol AQ tautomer. 
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2.6 Photodegradation  

Photodegradation of anthraquinone-based artists’ colours is a well-known 

phenomenon, although the exact mechanisms are poorly understood. Photochemically-

induced degradation of other substances by anthraquinones (phototendering, 

photocatalytic degradation) is much better understood,23,73-79 although this is usually in the 

context of modern synthetic AQ dyes, rather than the historical reds. Historical scientific 

investigation into art pigment photodegradation and ways to prevent it have been occurring 

since at least the 16th century.88 In the 19th century, a number of systematic studies of the 

effects of different conditions on the ‘fading’ of artists’ colours, including the AQ red lakes, 

were carried out.89-93 The main result of this work was to establish that the red lakes were 

generally more fugitive than inorganic red pigments, and that photodegradation was 

significantly enhanced by the presence of water, atmospheric pollutants, and impure 

ground media (e.g., residual chlorine in watercolour paper). The most damaging component 

of all types of incident light studied (natural and artificial) was the UV/near-visible region of 

the spectrum. General aspects of art pigment (not exclusively red or AQ-based) 

photodegradation include the concepts that pigment particle size and thickness of the 

pigment layer have a significant effect on the total degree of fading (with larger particle 

sizes and thicker pigment layers resulting in a smaller degree of fading).1,77,94 This 

solid/physical component of paint composition and photodegradation is relevant in the case 

of the red lake AQs, as they are transparent pigments, often applied as watercolours or thin 

surface glazes and thus lacking the protective qualities of large particle size and layer 

thickness. However, this is outside the scope of the present thesis. 

Modern scientific investigations into the photochemistry of art pigment and dye 

photodegradation have produced the following conclusions: 

• The most damaging region of the spectrum with respect to photodegradation in 

paint is the ultraviolet/blue area.95 The use of UV-filters in accelerated aging 

experiments reduces, but does not totally negate, photodegradation, meaning that 

visible radiation has a non-negligible role in the process.95-98 
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• Atmospheric conditions such as the presence of pollutants (gases, acid rain), oxygen 

and ozone, the level of humidity, and the temperature influence the rate of fading: 

an increase in any of these generally results in increased fading.76,99-105 

• The nature of the binding medium/dye substrate has a significant effect on 

pigment/dye photostability.106-108 

• The nature of the lake base (specifically the metal present in the salt).87,109-111 

In the specific case of the red lake AQs studied in this thesis, review of the literature 

reveals the following factors and trends in their photodegradation: 

• Intramolecular hydrogen bonding and ESIPT: The presence of H-bonding between 

the 1-hydroxyl group and the AQ carbonyl results in reduced photodegradation 

compared to AQs without 1-substitution, or with 1-substitutions that cannot 

undergo H-bonding.77,112 This has been attributed to the rapid exchange of a proton 

in the first excited singlet state (ESIPT), enhancing non-radiative deactivation from 

that state.113,114 

• Substitution pattern: Both an increasing degree of substitution of the AQ nucleus, 

and specifically an increase in the number of hydroxyl – generally: electron-donating 

– substituents have been found to increase photodegradation. This is significant in 

explaining the observed difference in lightfastness between the vegetable-derived, 

minimally substituted AQs (alizarin and purpurin) with the more highly 

functionalised, insect-derived AQs (carminic acid and laccaic acid),1 and explaining 

the decreasing lightfastness of the series 9,10-anthraquinone < 1-

hydroxyanthraquinone < 1,2-dihydroxyanthraquinone (alizarin) < 1,2,4-

trihydroxyanthraquinone (purpurin).1,77,115,116 

• The influence of oxygen and ozone: Alizarin crimson pigment has been found to 

fade considerably less under anoxic conditions than in air.117 The same is true of 

madder (alizarin and purpurin) dye on wool.116 

• Enhancement of deactivation through rotation: The introduction of bulky phenyl 

moieties into 1-substituted anthraquinone dyes has been shown to enhance the 

deactivation of the excited state by offering an alternative rotation pathway.112 

• Fluorescence quantum yield: The lightfastness of hydroxyanthraquinone 

chromophores is better in those that display low fluorescence quantum yields (as 
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radiationless deactivation is rapid and efficient) and no phosphorescence (as the 

quantum yield of formation of the reactive triplet state is lower). This may be 

observed in the case of alizarin (low ΦF; more lightfast than purpurin, which has a 

significantly higher ΦF).118 

• pH of the environment: Very low and very high pH values result in poorer 

photostability.114,119 

• Spectum of incident light: All four red lake AQs show reduced fading when the UV 

component is removed from the incident light.1 

• Mordanting, binding and substrate: The aluminium lakes of the four AQs studied in 

this thesis are generally more lightfast than their free AQ counterparts.1,116 The 

presence of gum arabic was found to have a photoprotective effect on carminic acid 

Al lake, but rendered the free carminic acid molecule more vulnerable to 

photodegradation.114 Red lake AQs, like many dyes that are capable of generating 

singlet oxygen and subsequently undergoing oxidative photodegradation, show 

reduced photodegradation when applied to protein-based substrates. This has been 

thought to result from a protective, singlet oxygen-scavenging mechanism mediated 

by the amino acids histidine and tyrosine.120 

2.6.1 Photodegradation Reactions and Products 

Elucidation of the structures of AQ photodegradation products is relatively rare; in 

general, the quantity of degradation products produced that remain in the sample (i.e., are 

not volatile) is extremely low. In turn, this makes determining the exact photodegradative 

reaction pathways difficult. However, studies of the oxidative degradation of red lake AQs 

have indicated that breakdown products include oxalic, phthalic and salicylic acids, and 

phthalic anhydride (Figure 2.15).74,121,122 

 

Figure 2.15: Photodegradation products observed for 9,10-anthraquinones. 
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The following Chapter presents the experimental methods used to investigate the 

transient photochemistry and photodynamics, and long-term photodegradation of the 

RHAQs covered in this thesis. It gives an introduction to transient absorption spectroscopy, 

and describes the layout, development and optimisation of the fs-TrA system at the Photon 

Factory. The experimental procedures and data analysis routines are given for general 

spectroscopic, fs-TrA and accelerated photodegradation experiments, and the synthetic 

method for the anthraquinone lake pigments is described. 
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Chapter 3: fs-TrA Laser System 
Construction and Experimental 

Procedures 

 

3.1 General Experimental Protocol 

Alizarin, purpurin, laccaic acid, carminic acid and trans,trans-1,4-diphenyl-1,3-butadiene 

(DPB, see Chapter 4) were studied by a combination of steady state and transient 

spectroscopic methods, and accelerated photodegradation.  

Steady-state UV-visible absorption (A) and fluorescence (F) spectroscopy were used to:  

• (A) Determine the wavelengths of maximum absorption (λmax) of each compound in 

the relevant solvent system. This information was used to select the pump 

wavelength for the corresponding transient absorption experiment. 

• (A) Assess the absorption spectrum and concentration of the sample to set the 

parameters of steady-state fluorescence measurements. 

• (A) Measure the absorption spectrum of the sample at 24 h intervals during the 

photodegradation experiments to track any reduction in the visible absorption of the 

sample. 

• (A) Confirm the conversion of an anthraquinone to its corresponding Al lake and 

assess the purity of the sample. 

• (F) Measure the fluorescence emission of the AQ samples for comparison with their 

transient spectra (stimulated emission) and identification of any ESIPT occurring. 
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Transient absorption spectroscopy (Section 3.2) was used to assess the femtosecond-

nanosecond dynamics of the AQ and DPB systems via the spectra and lifetimes of their 

excited states. This information was extracted using sophisticated data processing, analysis 

and modelling techniques described in Section 3.5. Accelerated photodegradation was used 

to assess the relative degree of fading occurring in the free AQs and their Al-lake complexes, 

in solution and the solid state (Section 3.2). 

3.2 Transient Absorption Spectroscopy (TrA) 

Transient absorption spectroscopy (TrA) is a technique that utilises two light pulses to 

generate (pump) and interrogate (probe) molecular excited states. Since the late 1960s, 

starting with the earliest flash photolysis experiments,123 transient spectroscopy has 

expanded our knowledge of the photochemical and photophysical dynamics of many 

important systems. While early experiments utilised flash lamps that gave broadband 

spectral information but were limited to the microsecond temporal regime, today the use of 

ultrashort pulsed laser probes has extended the temporal resolution down to 

femtoseconds.124 This has enabled us to resolve fast chemical processes such as charge 

transfer, proton transfer, non-radiative relaxations (internal conversion) and ultrafast 

photoisomerisations.125,126 

Today, femtosecond TrA (fs-TrA) uses two ultrafast pulsed laser beams to pump and probe 

the sample. The single-colour pump excites the molecules in the sample from the ground 

state to and excited state or states, and the broadband probe is used after a given time 

delay to acquire the absorption spectrum of the excited state. Successive acquisitions at 

different delay times after excitation allow the development of the full time-resolved 

spectrum.127-130 

The full TrA spectrum is three dimensional, displaying the ΔOD (the difference between the 

ground and excited state optical densities) as a function of wavelength (λ) and time (t). In 

general, TrA spectra consist of three principal features: 

• Excited state absorption: the spectra of the states present in the sample following 

excitation by the pump beam. This signal is positive. 
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• Ground state bleach: Upon excitation by the pump, the population of ground state 

molecules is reduced, lowering the absorbance of the ground state. This results in a 

negative signal in the region of the spectrum where the ground state absorbs. 

• Stimulated emission: Some molecules, when excited by the pump pulse, are 

stimulated to undergo emission to return to the ground state. This results in an 

increase in the light incident on the detector, and therefore produces a negative 

signal in the TrA spectrum. 

Sections 3.3 and 3.4 below describe the ultrafast laser system and fs-TrA acquisition and 

data analysis as conducted at the Photon Factory at the University of Auckland. 

3.3 Laser and Optical Systems for Transient Absorption 
Spectroscopy 

The transient absorption experiments described in the subsequent chapters entailed the 

construction of a femtosecond broadband UV-Vis spectrometer for their acquisition. This 

system was used in two main iterations, differing substantially in their layout and in several 

of their components. The systems and their associated acquisition software were 

constructed in collaboration with members of the research group in the Photon Factory, 

particularly Dr. Charles Rohde. My role involved the design, construction and refinement of 

the beamline and sample flow system as well as performance optimisation of the laser 

system and OPA. The first system (TADAA-1, Figure 3.1) was used for the acquisition of, and 

characterised by, diphenylbutadiene (Chapter 4). The second system (TADAA-2, Figure 3.2) 

was used to acquire the majority of the anthraquinone spectra (Chapters 5-7). The 

modifications were undertaken in an effort to further improve the system’s signal to noise 

ratio, stability, and acquisition range, and are discussed in detail below.  

3.3.1 Fundamental Source 

Both versions of the transient absorption apparatus employed a titanium-sapphire 

oscillator (Coherent, Mantis 5), generating 30 fs pulses at 800 nm, that seeds a high-energy 

titanium-sapphire regenerative amplifier Ti-Sapphire CPA system (Coherent Legend Elite 

HP). The CPA system produces fundamental pulses of 100-120 femtosecond (fs) duration at 
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a central wavelength of 800 nm, and has a 1 kHz repetition rate and pulse energy of up to 

3.5 mJ. 

3.3.2 First System Version (TADAA-1) 

The layout of TADAA-1 is given in Figure 3.1. 

The fundamental beam is split (Figure 3.1, BS). 1.6 mJ of the beam is used to pump a 

traveling wave optical parametric amplifier (OPA; TOPAS-C, Light Conversion; tuneability 

274 nm–2.6 µm) equipped with UV-vis and SFG modules, respectively, allowing us to 

generate a pump pulse (beam waist = 300 µm) tuneable from 274 nm to 2.6 μm. A small 

portion of the fundamental (800 nm) is used for white light generation in the range of 370-

700 nm by focusing 1.6 µJ into a 1 mm thick CaF2 plate. To create a stable white light 

continuum, the fundamental power density in the focus is carefully adjusted and the CaF2 is 

translated continuously in the beam. A 50 mm achromat collimates the white light 

continuum beam, which then passes through an iris to select the central, uniform region of 

the beam profile. The white light continuum is split into two parts of nearly equal intensity, 

probe and reference (beam waist of each = 100 µm), by using reflection from the front 

(probe) and back (reference) surfaces of a 6 mm thick CaF2 plate. Both beams pass through 

the sample, but only the probe overlaps with the pump beam. The angle between pump and 

probe beam is 5°. To avoid rotational diffusion effects, the angle between polarizations of 

the pump beam and the probe beam was set to the magic angle (54.7°) by rotating an 

ultrafast broadband polarizer.131 

The detection system consists of an imaging polychromator (Andor Shamrock SR 303i, 

equipped with a holographic grating operating in 250-800 nm, 150 gr/mm) and 

thermoelectrically cooled, back illuminated CCD camera (Andor iDus 401Series CCD detector 

for visible range, 200nm-1.05µm, 1024 x 127 active pixels, pixel dimensions: 26 x 26 µm, 

max readout rate: 88 spectra/s).  

Both the probe and the reference are focused on the entrance slit (variable, generally 

0.1-0.3 mm wide) and detected on a separate vertical region of the CCD chip. Taking the 

ratio of the two spectra minimizes noise due to white light continuum fluctuations. Optical 

choppers set in both the pump and probe beams allow for correction of spectra according 

to Figure 3.1. To increase the signal-to-noise ratio of recorded transient absorption spectra,  
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Figure 3.1: TADAA-1, the initial fs-TrA system constructed at the Photon Factory.22 Fundamental source: 
Coherent Legend chirped-pulse amplifier (CPA, 800 nm centre wavelength, 110-120 fs duration, 1 kHz 
repetition rate, 3.6 μJ pulse energy). This fundamental beam is split 50:50 (Beam splitter, BS), with an 
eventual (telescoped) 1.6 μJ energy output is used for the TRA system. See text for detailed description. 
Abbreviations: BS = beam splitter (50:50), λ/2 = half wave-plate, VND = variable neutral density wheel, WL = 
white light continuum (supercontinuum), C1, C2 = optical choppers. 
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a modulation technique is used. The CCD camera acquisition is referenced to an optical 

chopper (New Focus 3501) placed in the probe beam (25 Hz), which operates in 

synchronization with another chopper placed in the pump beam (12.5 Hz). 

Probe and reference spectra are integrated during a 20 ms exposure, and an additional 

20 ms is required to reset the CCD for the next acquisition. At a given pump-probe delay, 

250 acquisitions are taken with every other acquisition recorded with the presence of the 

pump. 

Spectra with and without the pump are used to calculate a transient absorption 

spectrum (Equation 3.1), where Isig = signal (pump + probe), Iprobe = probe only, Iref = 

reference only, Iem = pump only; IDB1 and IDB2 = correction for electronic background (‘dark’), 

IB = background (no pump + no probe/reference). This modulation method results in a 

signal-to-noise ratio that is sufficient to allow amplitudes smaller than 0.001 absorbance to 

be measured (see Section 3.3.4)  

∆𝑂𝑂𝑂𝑂(𝜆𝜆, 𝑡𝑡) = −log�
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −  𝐼𝐼𝐵𝐵
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 −  𝐼𝐼𝑝𝑝𝑒𝑒

��
𝐼𝐼𝑝𝑝𝑝𝑝𝑟𝑟 −  𝐼𝐼𝐷𝐷𝐵𝐵2
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −  𝐼𝐼𝐷𝐷𝐵𝐵1

�             (3.1) 

Transient absorption spectra are recorded at different pump-probe delay times using an 

optical delay line consisting of computer-controlled, motorized translation stage mounted 

with mirrors at right angles to one another and to the beam path. The entire set of pump-

probe delay positions (cycle) is repeated at least three times, to observe data reproducibility 

from cycle to cycle.  

Spectra are recorded using home-developed software, written in LabVIEW 7.0 (National 

Instruments) by Dr. Charles Rohde, which also controls the optical delay line, shutters, CaF2 

rotation/translation, and CCD acquisition. The instrument response FWHM is approximately 

300 fs.  

3.3.3 Second System Version (TADAA-2) 

The second version of the transient absorption system was constructed with the goal of 

making several improvements to the acquisition process and the quality of the resulting 

spectra. The layout of the system is shown in Figure 3.2 on page 49. Although several 

fundamental components are identical (Legend Elite femtosecond CPA system (Coherent), 
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Shamrock Spectrometer, iDus CCD (Andor), TOPAS-C (Light Conversion), home-built LabView 

TrA acquisition software), the principal changes are as follows: 

• The probe line is now the one entering the delay stage, rather than the pump.  

• A second, manual delay line has been added to extend the temporal range of 

the system from ~1.3 ns to ~4 ns. 

•  The supercontinuum generation material is now either a 2 mm thick, rotating 

CaF2 plate or a 2mm thick static sapphire plate. 

• The probe is now a single beam, utilising single pulse acquisition at the 

spectrometer. 

These changes are discussed below, and the results are summarised in Table 3.2. 

1.6 mJ of the fundamental beam (BS1) is directed into an optical parametric amplifier 

(OPA; TOPAS-C, Light Conversion; tuneability 274 nm–2.6 µm) to generate pump pulses. A 

variable neutral density filter (VND) placed after the output of the TOPAS-C sets the pump 

pulse energy at the sample. Spatial filtering prevents contamination of the spectra by 

blocking the unabsorbed pump (BLK1). A small (~1%) portion of the fundamental beam is 

sampled (BS2) from the 1.6 mJ fundamental pulse train, and generates the supercontinuum 

probe. This beam travels through a manual delay stage (ΔtM, maximum delay = 3.5 ns), a 

motorized delay stage (Δt, Newport M-MTM250PP1, maximum delay = 1.6 ns, 0.6 fs 

resolution), and an iris and variable attenuator (consisting of a polarizer, P1, and a half wave 

plate, λ/2), followed by a quarter wave plate (λ/4). The quarter-wave plate angle is set to 

produce a circularly polarized beam. The variable attenuator is adjusted to limit the SC 

incident pulse energy to 1.6 mW. The use of circularly polarized light increases the stability 

of the supercontinuum generation as shown by Johnson et al.131 The beam is then focused 

(L1, f=50 mm) into a SC medium (SCM), either a continuously rotating 2 mm thick CaF2 plate 

(Newlight Photonics Inc., [001]-cut) to produce chirped supercontinuum probe pulses over 

350–700 nm, or a static 3 mm thick sapphire plate (Korth Kristalle) to produce pulses over 

the 410 nm–1.7 µm spectral range. The resulting SC probe beam is then collimated with an 

off axis parabolic mirror (OAP1) to avoid chromatic aberrations, and passed through a linear 

polarizer set at the magic angle with respect to the pump (P2, 54.7°). 
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Figure 1.2: TADAA-2, the second iteration of the transient absorption system. Note the dual delay in the SC line that extends the temporal acquisition window. Not 
pictured: the micro-flow components. Fundamental source: Coherent Legend chirped-pulse amplifier (CPA, 800 nm centre wavelength, 110-120 fs duration, 1 kHz 
repetition rate, 3.6 μJ pulse energy). This fundamental beam is split 50:50 twice (Beam splitters, BS1, BS2), with an eventual (telescoped) 1.6 μJ energy output is used 
for the TRA system. See text for detailed description. Abbreviations: BS = beam splitter (50:50), λ/2 = half wave-plate, λ/4 = quarter wave-plate VND =variable neutral 
density wheel, SCM = supercontinuum generation medium, C1, C2 = optical choppers, P = polarizer, L = lens, BLK = beam blocker, SC = supercontinuum, OAP = off-axis 
parabolic mirror, Δt = delay stage, ΔtM = manual delay stage. 
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The SC probe is then focused down at the sample (beam waist = 100 µm), also using an 

off axis parabolic mirror (OAP2). The pump beam is focused (L3) into the sample with a 

beam waist of 300 µm, spatially overlapping the probe focus. 

This difference in beam waist ensures that only excited molecules are probed and 

minimizes pointing errors during the physical delay scan. After the sample, the beam is 

collected and passed through an f-matching lens (L4) into the spectrometer (Andor 

Shamrock SR 303i, equipped with an Andor iDus CCD 9660 detector for the UV-visible range, 

200nm-1.05µm, and an Andor InGaAs photodiode array (PDA) for NIR, 800nm – 1.7µm, 

detection).  

Calculation of the pump induced transient absorbance is based on the acquisition of 

four separate signal states: transient excited state absorption spectrum (Isig), unexcited 

ground state absorption spectrum (I0), pump emission spectrum (IEm) and background noise 

(IB). These signals are produced by chopping the probe beam at 500 Hz (C1) and the pump 

beam at 250 Hz (C2). The probe beam, collected with the iDus CCD array, is analysed with a 

custom built National Instruments LabVIEW system (PXI 1042, with a PXI 8105 embedded 

controller). The optical chopper frequencies were phase locked to the CPA output pulse 

train through timing signals generated by a floating gate programmable array (FPGA, NI 

7830R) which allowed for the precision timing of pulse positions within the “open” state of 

the optical chopper. Jitter in the timing signal was below 50 ns. This acquisition scheme is 

illustrated in Figure 3.3, and the computation of the delta OD signal is given by Equation 3.2: 

∆OD= log �
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐼𝐼𝐸𝐸𝑒𝑒
𝐼𝐼0 − 𝐼𝐼𝐵𝐵

�              (3.2) 

Where Isig = the signal (pump and probe beam), IEm = the pump-related emission (pump 

only), I0 = the ground-state sample (probe only, no pump) and IB = the background noise (no 

pump, no probe) (Figure 3.3).  

As shown by Riedle and coworkers,133 pulse-to-pulse stability from the CPA process is 

sufficient to eliminate the need for a spatially separated probe beam reference. We have 

implemented this type of single probe beam method. This approach uses successive output 

pulses of the CPA system to normalize the supercontinuum spectrum and is more efficient 

than utilizing an entirely separate probe reference beam. 
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Figure 3.3: Single pulse acquisition method used in TADAA-2, indicating how the same component spectra 
are acquired (see Equation 3.2). 

To overcome the readout rate limitations of the CCD sensor array (81 spectra per 

second) the four acquired data states shown in Figure 3.3 are stored on the CCD array 

before readout. This is possible by imaging the dispersed SC probe beam onto the top 25 

pixels (625µm) of the 127 pixel tall CCD sensor, and masking the remaining sensor surface. 

The top 25 pixels are additionally binned into an effective single sensor row. The small 

vertical shift delay (8µs) between CCD sensor row transfers allows for the fast (> 

1ms/spectrum) acquisition of the successive pulse states set by the CPA 1kHz pulse train. 

After the four signal stages are complete, the raw data is read from the iDus camera and 

stored on the PXI system for further processing. This avoids the previous, ‘large’ ~10ms 

delay between single spectrum CCD readouts. 

3.3.4 Comparison/Evaluation of TrA System Modifications 

• SC Generation:  

Both sapphire (TADAA-2, 3mm) and CaF2 (TADAA-1 (2 mm, translated), TADAA-2 

(2mm, rotated)) were employed as SC generation media. The two crystals produce 

different spectral ranges in the resulting SC, with CaF2 giving more of the blue end of 

the spectrum (~350-700 nm), and sapphire more of the red (~410 – 1700 nm). The 

sapphire-generated SC was more resistant to slight fluctuations in environmental 

conditions or beam quality, an important consideration during long (multi-hour) data 

acquisitions. Average values for the noise on the signal when using the different SC 

generation media are given in Table 3.1 below, based on spectra taken on a full 

sample in the absence of the pump beam. 



 
 

52 
 

Table 3.1: Comparison of the average noise on a 'dark' TrA spectrum (no pump) using different SC 
generation media. 

System SC generation medium 
Avg. Noise 

(ΔOD)* 
S/N* 

TADAA-1 CaF2 (2 mm, translated) ± 5 x 10-4 30 

TADAA-2 CaF2 (2 mm, rotated) ± 2 x 10-4 75 

TADAA-2 Sapphire (3 mm, static) ± 1 x 10-4# 150 

*Average TrA signal strength at maximum (Δt =~1 ps): ΔOD = 0.015 (AQ) 
# Best noise value obtained = ± 4 x 10-5. 
 

• Delay Apparatus:  

The addition of a second, manual delay stage to TADAA-2.  extended the maximum 

temporal acquisition range (Δt) from ~1.3 ns to ~4 ns, allowing resolution of longer-

timescale dynamics and significantly improved fitting accuracy of longer-lived 

transient signals. This was particularly important in the case of purpurin and carminic 

acid, the excited state lifetimes of which exceed 1 ns in several cases. 

 

• Data Acquisition:  

The single probe acquisition system described at the end of Section 3.3.3 was 

implemented in order to increase the acquisition speed, and improve the stability of 

the data acquisition process. This was successful, and had the additional benefit of 

simplifying the SC alignment procedure as only one beam was involved. 

Table 3.2: Summary of major modifications between TADAA-1 and TADAA-2, with their effects on data 
acquisition and the resulting spectra. 

Parameter TADAA-1 TADAA-2 Effect 

SC generation 
CaF2 (2 mm), 

translated 
CaF2 (2 mm), rotating 

sapphire (3 mm) 
Significant S/N improvement 

Collection 

Probe and 
reference 

unmasked CCD 
81 spectra/sec 

Single probe beam 
masked CCD (25 px) 
>1000 spectra/sec 

Increased acquisition rate 
Simplified alignment  

Increased acquisition stability 

Delay apparatus 
1 delay stage 

~1300 ps max Δt 
2 delay stages 

~4000 ps max Δt 

Significantly increased 
temporal acquisition range 
Improved fitting of species 

with τ ≥1 ns 
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3.4 TrA Data Processing 

3.4.1 Software 

The visualisation of the transient absorbance data, and the data preparation and 

processing procedures described in this section were carried out using the PyTrA transient 

absorption data analysis package.134 The sole exception to this is the global fit procedures, 

which were carried out using Igor Pro 6.3 (WaveMetrics, Inc.). 

3.4.2 Data Preparation 

Transient absorption data is plotted and considered as a matrix of the change in the 

absorbance value as a function of wavelength and time delay (ΔA(λ,t)). This allows the use 

of varying linear algebraic techniques in the analysis, but the processes are affected by 

phenomena that are wavelength and time-dependent, such as the instrument response 

function (IRF) and group velocity dispersion (GVD, or ‘chirp’). These phenomena must be 

corrected for before the data can be properly processed. 

3.4.2.1 Deconvolution 

The pump and probe pulses are convoluted; this is referred to as the instrument 

response function (IRF). This is obtained experimentally by the measurement of a ‘chirp’ 

spectrum: a two photon absorption spectrum using the pure solvent and appropriate pump 

wavelength for a given TrA experiment. The IRF is modelled as a Gaussian (t) with mean μ 

and FWHM Δ; this is convoluted (*) with the signal, which is represented by an exponential 

decay (Equation 3.3). In order to correctly fit the exponential decay, the signal must first be 

deconvoluted from the IRF. 

𝑐𝑐𝑘𝑘(𝑡𝑡; 𝜏𝜏𝑘𝑘, 𝜇𝜇,𝛥𝛥) = 𝑒𝑒𝑒𝑒 𝑝𝑝(−𝑡𝑡 𝜏𝜏𝑘𝑘⁄ ) ∗ 𝑖𝑖(𝑡𝑡)            (3.3) 

3.4.2.2 Chirp Correction 

The chirp spectrum also shows the way in which the temporal overlap of the pump and 

probe pulses changes with wavelength. This is a consequence of group velocity dispersion 

(GVD), the dependence between the speed of light and wavelength in a medium.  
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In the result is a curvature of the temporal baseline of the spectrum, which must be 

corrected if linear algebraic methods are to be used for extracting spectral and kinetic 

information (Figure 3.4). This is done by fitting the chirp signal to a second-order polynomial 

function (Equation 3.4), and subtracting this from the TrA dataset by linear interpolation. 

𝐺𝐺𝑉𝑉𝑂𝑂(𝜆𝜆, 𝑡𝑡) = 𝑎𝑎0 + 𝑎𝑎1𝜆𝜆 + 𝑎𝑎2𝜆𝜆2          (4) 

 

Figure 3.4: From left: the uncorrected transient absorption spectrum of carminic acid in MeOH; the chirp 
spectrum of methanol; the original TrA spectrum, corrected for chirp. 

 

3.4.3 Data Modelling 

Multiple types of noise may confuse the process of extracting the desired information.  

Modelling of the data can assist in the resolution of the species present, even where noise is 

present in appreciable amounts. This modelling may take one of several forms; soft 

modelling (no particular mathematical model is employed), hard modelling (an explicit 

mathematical description is used), and Bayesian analysis (used to ameliorate the problems 

of using deterministic fitting techniques on data with multiple noise types). 

3.4.3.1 Soft Modelling – Singular Value Decomposition (SVD) and Evolving Factor Analysis 
(EFA) 

Where multiple signals overlap in a spectrum, linear algebraic methods can help to 

extract the individual species’ contributions. Singular value decomposition involves 

constructing a square matrix that aids in determining the eigenvalues (the importance) and 

the eigenvectors (the spectral and kinetic shape) of each component in the signal. This 

matrix is then decomposed and the log of the singular values is plotted against the number 
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of components (Figure 3.5). This allows us to distinguish between important singular values 

and the noise.135 

 

Figure 3.5: Top: the first four components extracted from the spectrum of carminic acid in MeOH, showing 
the kinetic and spectral vectors and the reconstructed spectrum for each component. Bottom: the logarithm 
of first ten singular values, showing only one significant component rising above the noise. 

SVD can become difficult in cases where rotational ambiguities are present (where 

overlapping components mix and muddy the extraction process). In such cases, Evolving 

Factor Analysis may be used. EFA involves breaking the matrix up into smaller sub matrices 

and adding columns or rows more gradually. This technique then allows visualisation of 

when various components appear, and when they become important (Figure 3.6), which 

may help to clear up any ambiguity observed in the SVD. 
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Figure 3.6: Evolving Factor Analysis forward (blue) and backward (red) of the spectrum of carminic acid in 
MeOH. Left: the time component; right: the wavelength component. 

 

3.4.3.2 Hard Modelling – Global Analysis 

Global analysis involves optimisation of a parametric model across the entire matrix to 

find the best fit.136,137 The Levenberg-Marquardt non-linear least squares algorithm is used 

to deterministically optimise the fitting parameters by minimising the global χ2 value. The 

initial non-linear parameters are chosen by fitting a single kinetic trace extracted from the 

prepared data, and the non-linear regression of these parameters is guided by the residuals 

until convergence at the global χ2 minimum is reached (Figure 3.7).  

Some potential issues with this deterministic fitting method include the solution sticking 

in a local minimum instead of the global one, and over-fitting of the data, where normally 

distributed noise is incorrectly assumed and more degrees of freedom are given than are 

actually present in the data.135 One way of assessing how well the model matches the 

system (‘modelling the model’), and therefore minimising over-description of the data, is 

the use of Bayesian analysis. 
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Figure 3.7: Global fit of all traces between 510nm and 560nm from the TrA spectrum of carminic acid in 
MeOH. Residuals are plotted at the top of the graph; lifetimes from the calculated biexponential decay are 
shown in the white box. 

3.4.3.3 Bayesian Analysis 

Bayesian data analysis is based on Bayes’ Theorem (Equation 3.5), which revolves 

around the ability to adjust probabilities based on certain observations.  

𝑃𝑃(𝜃𝜃|𝐃𝐃) =
𝑃𝑃(𝐃𝐃|𝜃𝜃)P(𝜃𝜃)

P(𝑫𝑫)           (3.5) 

The probability of the model for a given set of data (𝑃𝑃(𝜃𝜃|𝑫𝑫)) is calculated from an 

estimation of the compatibility of that data with the known parameters (𝑃𝑃(𝑫𝑫|𝜽𝜽)), the 

probability of the parameters themselves (𝑃𝑃(𝜃𝜃)) and the probability of the data itself 

((𝑃𝑃(𝑫𝑫)).135 In order to streamline the resulting, rather time-consuming, integration a 

Markov-Chain Monte Carlo (MCMC) scheme was developed134,135,136 that employs random 

jumps in the parameter values to approximate the integrals. 

Input values for the MCMC simulation include: 
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• the target ranges for each parameter in the exponential decay function; 

• ‘burn in’ (the number of iterations discarded from the beginning of the chain that 

represent the time until a stationary distribution is reached and can be sampled); 

•  the ‘thinning factor’ (a means of reducing autocorrelation by removing every nth 

sample, thereby making the chain less ‘clumpy’ and more representative of the 

probability being sought.) 

• The number of iterations (a cut-off value at which the integral is considered to be 

sufficiently well-simulated, as infinite iterations are unnecessary and impractical). 

The output of the MCMC simulation gives three graphs for each parameter under 

consideration (Figure 3.8); a histogram that graphs the chain (number of iterations at 

particular value ranges), a trace of the value as a function of the number of iterations and a 

plot of the autocorrelation.134 

 

Figure 3.8: MCMC output sets for each parameter of the function under investigation (in this case a single 
exponential decay for compactness). For each parameter, a ‘value vs. iterations’ trace (top left), an 
autocorrelation plot (bottom left) and a histogram (right) are obtained. 

Together, these allow visualisation of both the model parameters and the error 

between data and model. This allows assessment of the suitability of the model, and its 

optimisation relative to the data at hand. 
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3.5 Photodegradation Studies 

3.5.1 Sample Preparation and Apparatus 

Photodegradation studies were carried out in order to measure the ‘macroscopic’ fading 

observed under continuous lamp irradiation. Samples consisted of anthraquinone solutions 

in spectroscopic grade solvents as described above for the transient absorption 

experiments. In the case of solid-state paint samples, a thin layer of paint was spread as 

evenly as possible across the surface of a quartz cuvette (d=10mm, Starna) to give an optical 

density at the λmax of ~0.5 OD. The sample was placed such that the painted face of the 

cuvette faced the light directly. In the case of solution-state samples, the concentration of 

each solution sample was set to give a starting optical density of ~0.2 at the λmax. The 

solutions were irradiated inside quartz cuvettes (d = 10mm, Starna), which were sealed with 

teflon tape, a rubber bung and parafilm. No reduction in solvent volume was observed 

during the experiments, and stirred, dark experiments confirmed that no increase in sample 

concentration was occurring with time due to evaporation 

The photodegradation apparatus (Figure 3.9) consists of a Philips Focusline halogen 

lamp equipped with a potentiometer, with which the voltage is set to 83 V.  

 

Figure 3.9: The photodegradation apparatus used to acquire accelerated photodegradation data of red lake 
AQs. 

The aperture of the lamp is set at a total distance of 53cm from the front face of the 

sample cuvettes. A hot mirror (Newport Optics) is placed 8cm from the front face of the 
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cuvettes, completely covering the sample area. The mirror is set at an angle of 0° to the 

light, in order to reflect the IR component and prevent heating of the sample. In addition, 

two fans are run continuously on either side of the cuvettes to mitigate heating of the 

samples. The temperature at the faces of the samples was measured every 24 hours. 

Throughout the experiments, it remained within the range of 24.4-24.8 °C. The radiation 

incident on the hot mirror was measured to be 65.01 W/m2, while that incident on the 

samples was recorded to be 38.21 W/cm2. The samples were positioned upright on a stirrer 

plate, and kept under constant stirring for the duration of the experiment. UV-visible 

spectra of each sample (Ocean Optics S2000) were recorded every 24 hours for a total of 

144 hours. 

3.5.2 Photodegradation Data Processing 

The lamp spectrum was corrected for the presence of the hot mirror, and the UV-visible 

absorption data were converted to transmission spectra to facilitate correction and 

weighting to take into account the profile of the lamp spectrum. The difference between the 

transmission at 0 h and 144 h in each set of corrected spectra was then taken, integrated 

across the entire band of interest and represented as percent photodegradation value 

3.6 General Procedures 

3.6.1 Sample Preparation for TrA Spectroscopy 

Alizarin (1,2-dihydroxyanthracene-9,10-dione, 97%), purpurin (1,2,4-

trihydroxyanthracene-9,10-dione, 97%), laccaic acid A (Natural Red 25), carminic acid, DPB, 

(trans,trans-1,4-diphenyl-1,3-butadiene, 89%), methanol (ACS spectrophotometric grade, 

≥99.9 %), ethanol (ACS spectrophotometric grade, ≥99.9 %), isopropanol (ACS 

spectrophotometric grade, ≥99.9 %), acetonitrile (ACS spectrophotometric grade, >99.5 %), 

acetone (ACS spectrophotometric grade, ≥99.9 %) and n-hexane (ACS spectrophotometric 

grade, ≥99.9 %) were purchased from Sigma Aldrich and used without further purification. 

Milli-Q ultrapure water was obtained freshly each time it was necessary. Solutions were 

prepared to produce the desired optical density (OD) at the intended pump wavelength. 

Specific sample preparation procedures for different compounds (AQs vs DPB) and solvents 
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are described in the relevant chapters. Within the TrA system, the sample was placed in a 

quartz flow cuvette (Starna) with a 1 mm path length, and flowed continuously during 

acquisition at a rate of 0.25 mL∙min-1. The pulse energy at the sample was 2 μJ. Static UV-

visible absorption spectra of the sample were taken before and after the transient 

absorption experiment to confirm that no photodegradation of the sample in the beam had 

taken place.  

3.6.2 Steady-State Spectroscopic Apparatus 

UV-visible absorption spectra of the ground were acquired using an Ocean Optics 

miniature fibre optics spectrometer (S2000) equipped with a miniature deuterium tungsten 

halogen light source (Ocean Optics DT-mini-2-GS, range = 200-800 nm. Samples were 

prepared in a quartz cuvette (d = 1 mm, Starna). Spectra were acquired with a 200 ms 

integration time for each measurement, averaged over 10 scans (Ocean Optics OOI Base). 

Fluorescence spectra were acquired on a Perkin Elmer LS55 luminescence spectrometer. 

Solutions for fluorescence spectroscopy were prepared to a concentration that afforded an 

optical density of 0.1 at the excitation wavelength, and spectra were acquired in a quartz 

cuvette (d = 1 cm, Starna). 

3.7 Synthesis of AQ Al-Lake Pigments 

Pure anthraquinones were converted to their lake pigment equivalents following a 

method based on the work of Kirby, et al.21 A solution of sodium carbonate (Fluka) in Milli-Q 

water (pH 10) was heated to 60 °C. Under continuous stirring, the anthraquinone was 

added, and the hot solution was stirred for a further 10 minutes to ensure maximum 

dissolution. A 60 °C solution of excess alum (aluminium potassium sulphate: 

AlK(SO4)2∙12H2O, Sigma Aldrich) was then added to the stirred alkaline anthraquinone 

solution to precipitate the amorphous hydrated alum lake pigment. The combined solution 

was stirred at 60 °C for a further 10 minutes. The solution was then allowed to cool, and the 

lake pigment precipitate left to settle overnight. The precipitate was washed, first with 

dilute sodium carbonate solution and then with Milli-Q water until the washes ran 

colourless and the pH of the lake/water suspension was neutral. The lake pigment was dried 
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under vacuum. The samples were assessed for degree of lake formation/the presence of 

residual un-laked AQ by UV-visible absorption spectroscopy. For further discussion of laking, 

spectral confirmation of lake formation, and details of the Victoria University fs-TrA 

apparatus and conditions used to acquire the transient spectrum of the solid state TrA 

sample, see Chapter 7.  

The following Chapter will present a series of experiments on trans, trans-1,4-Diphenyl-

1,3-butadiene (DPB). DPB was used as a model photochemical system to assist in the 

development and implementation of the TrA system in the Photon Factory as described in 

Section 3.3.3 – 3.3.4 above.  

  



 
 

63 
 

 

Chapter 4: Ultrafast Studies of 
trans,trans-1,4-Diphenyl-1,3-

butadiene (DPB) 

 

4.1 DPB TrA: Experimental Process and Rationale 

4.1.1 Context of the Research 

During the construction of the femtosecond transient absorption system, it was 

necessary to select a chemical system to study to aid in characterising and improving the 

design. In addition, a project was already underway in the Photon Factory to develop a 

laboratory exercise suitable for introducing practical ultrafast spectroscopy to 

undergraduate and early graduate level students. The system selected for this purpose was 

1,4-diphenyl-1,3-butadiene (DPB). DPB was chosen because it is a relatively simple, robust 

chemical system that undergoes photoisomerisation.139 DPB is also relatively safe and does 

not require additional experimental complicators such as continuous sample flow. 

 DPB’s photoisomerisation has garnered much scientific interest in its own right. The 

literature abounds with papers discussing this phenomenon, as DPB is considered to be a 

useful model for other, more complicated systems including the retinyl polyenes (e.g. 

retinal, see Figure 4.1) involved in vision.140-144 Particular focus has lain on the influence of 

the molecule’s environment on its photochemical and photophysical properties, due to the 

significantly different timescales of isomerisation found between retinal in solution (3 ps)145 

and in its usual rhodopsin protein cavity (200 fs).146 As aspects of this photoisomerisation 

and the excited state ordering involved remain the topic of debate, the use of simpler 
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molecules of similar structure and symmetry (such as DPB) as models for the retinal system 

has flourished. 

 

Figure 4.1: The structures of DPB and retinal, showing the polyene chain through which photoisomerisation 
occurs. 

4.1.2 Photophysical Properties of 1,4-Diphenyl-1,3-butadiene 

DPB displays C2h symmetry. The molecule’s ground state has 1Ag symmetry and the first 

two excited states have 1Ag and 1Bu symmetry. These excited singlet states have been found 

to be nearly degenerate. The ordering of these two states and the energy gap between 

them is solvent dependent.147 The lower of the two states is variously given as having either 
1Bu symmetry, 1Ag symmetry,148 or possibly mixed symmetry of both 1Ag and 1Bu character 

due to the first two excited states (one of which is 1Ag and the other 1Bu) being nearly 

degenerate.149 

In the ground state, the phenyl groups are rotated approximately 75° out-of-plane 

relative to the polyene chain.150 Upon photoexcitation, rapid rotation of the phenyl rings 

around the phenyl-alkene bond occurs, resulting in both the 1Ag and 1Bu excited states 

exhibiting planar geometry.151 Once in a planar excited state, multiple decay pathways exist 

for DPB to return to the ground state. The first mechanism involves excitation to the 1Bu 

state with bond order reversal. Nonradiative relaxation occurs to a ‘phantom twisted’ 

transition state (p*), followed by further nonradiative photoisomerisation to either the cis 

or trans ground state isomer.141 This method of photoisomerisation-relaxation is dependent 

on solvent viscosity, and the polar nature of the transition state may result in its 

stabilisation in polar solvents. A second theory of decay for DPB involves non-radiative, 

solvent-dependent phenyl twisting that inverts the order of the 1Bu and 1Ag states to make 

1Bu the lower and occurs on the order of ~10 ps.151,152 The third decay mechanism centres 

on excited state mixing,149 based on the near-degeneracy (~500 cm-1) of the 1Bu and 2Ag 

states. DPB is excited to the 1Bu state and rapidly relaxes to a mixed 1Bu/2Ag state from 
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which radiative decay/photoisomerisation is possible (Figure 4.2). This pathway is 

dependent on solvent, and allows for the biexponential decay observed experimentally in 

certain solvent systems.147  

 

  

Figure 4.2: Diagram showing the rotated, ground state of DPB and the photoisomerisation (here laser-
induced during a transient absorption experiment) that occurs around the central bond system to produce 
the flat, excited state form. 

The solvent dependence of photoisomerisation in DPB has been well-studied,149,153-159 

with the general consensus being that solvent polarizability is the principal barrier to 

photoisomerisation in n-alcohols, and solvent viscosity is the principal factor affecting the 

non-radiative decay rate.  

While the geometry of DPB is planar in both of the two excited-states studied, the 

pattern of bonding differs significantly. In the 1Bu state, the molecule appears to undergo 

bond-order reversal: what was a single bond in the ground state becomes a double bond, 

and what was once a double bond in the ground state becomes a single bond. In the 1Ag 

state, the π-bonding becomes more delocalized.141 Research summarised in Dickson' thesis 

indicates that the first two excited states of DPB are nearly degenerate. The extent to which 

each state is populated upon excitation and the ordering of these states depends on the 
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solvent system. Dickson has proposed that the S1 state reflects a mixture of higher energy Ag 

and lower energy Bu components: in alcohols, this mixture is primarily 1Bu, with a small 

component that is 1Ag; in alkanes, this ratio is reversed.147  

 

4.1.3 Experimental Motivation 

In order to probe the effect of the molecule’s environment on the photoisomerisation, 

two parameters were chosen for investigation: the effect of DPB concentration (solute-

solute interaction) and the effect of solvent viscosity (solute-solvent interaction). In the first 

case, methanol solutions of DPB were prepared with optical densities (ODs) varying from 

0.05 to 2.0 at the pump wavelength (328 nm). In the second case, solutions of DPB with an 

OD of 0.5 at the pump wavelength (328 nm) were prepared in a selection of solvents with 

varying viscosities, both polar and non-polar: methanol, ethanol, isopropanol and n-hexane. 

One factor in the planning of experiments designed to introduce students to TrA 

spectroscopy is an understanding of how the preparation of a sample can affect the 

resulting transient spectrum. Beer’s Law is understood from previous coursework, and the 

rule of thumb of ‘use an OD less than 1.0 at the pump wavelength’ is given, but there is still 

the question of how concentrated the sample can optimally be. A more concentrated 

sample will likely give a stronger transient signal, but intermolecular interactions, nonlinear 

spectroscopic interference (such as multiphoton absorption), and reabsorption may result in 

a decrease in the signal to noise ratio and distortion of the spectra. The results of this 

experiment are presented below (Section 4.2). 

The pump power is another experimental factor that must be optimised when designing 

a transient absorption experiment – too high a pump power has the potential to induce 

photodegradation.160,161 Too low a pump power can result in a poor signal/noise ratio. In 

order to establish the best pump power, a series of fs-TrA measurements were carried out 

on samples of DPB in MeOH (0.5 OD at 328 nm), varying the pump power. UV-visible spectra 

were recorded immediately before and after the experiment to assess photodegradation. 

Both static and flowing samples were assessed. 
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4.2 Transient Spectroscopy of DPB: The Effect of Sample 
Concentration (MeOH Solution) 

4.2.1 Steady-State Spectroscopy of DPB 

The steady-state UV-visible absorption spectrum of DPB in methanol (Figure 4.3) shows 

a broad, structured band centred at 328 nm. This band corresponds to excitation into the 

molecule’s first excited singlet state. As the experiment is carried out in the polar solvent 

MeOH, this is the 11Bu state, which is stabilised in polar environments. Conversely, in a non-

polar environment, the 21Ag state would be the first excited singlet.162 The clear vibrational 

structure has been assigned an Ag carbon-carbon stretch.163,164 

 

 

Figure 4.3: Steady-state UV-visible absorption spectra of DPB in MeOH solution, with concentrations varying 
from 8.3 μM (0.05 OD) to 330 μM (2.0 OD). The S1 state (11Bu) is visible as a structured absorption band 
at~328 nm. 

The wavelength of maximum absorption for this band is independent of the 

concentration over the range studied, remaining at ~328 nm.  
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4.2.2 The Effect of Pump Power and Flow on Sample Stability  

Static solutions of 0.5 OD DPB in MeOH were subjected to full fs-TrA acquisitions with 

pump intensities of 6 μJ to 500 nJ (Figure 4.4). For control purposes, a sample was also run 

under the same acquisition conditions, but with no pump beam. In these static samples, 

photodegradation has occurred to some extent at all pump intensities. When a system was 

employed that kept the sample under constant flow during acquisition, photodegradation of 

the sample was only observed when the pump intensity exceeded 2 μJ. For clarity, only the 

result from the 2 μJ flowing sample is depicted below. These conditions (0.5 OD at 328 nm, 

2μJ pump) were selected as being optimal for the acquisition – flowing the sample allows an 

increase in the pump power, which results in a stronger transient signal and thus better 

signal/noise ratio in the resulting TrA spectrum. 

 

Figure 4.4: The effect of sample flowing (no flow, blue traces; 25 mL min-1 flow, dashed pink line) and 
increasing pump energy at 328 nm on photodegradation in a 0.5 OD solution of DPB in MeOH. 

 

4.2.3 TrA of DPB in MeOH: The Effect of Sample Concentration 

4.2.3.1 The Transient Absorption Spectrum of DPB in MeOH 

The broadband transient absorption spectrum of a 0.5 OD solution of DPB in MeOH 

shows a transient band with a maximum of about 620 nm that appears within the 

instrument rise time (Figure 4.5).  
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This band is assigned to the 1Bu first excited singlet state of DPB, and decays 

monoexponentially with a lifetime of 30.35 ± 0.02 ps. The signal returns to the baseline at 

long time delays, indicating that no irreversible photochemistry is occurring in DPB. A 

smaller shoulder band appears at ~530 nm, being present throughout the acquisition and 

becoming more distinct from the main band with time. This signal does not return to 

baseline with the main peak, instead persisting with a lifetime of >400 ps according to a fit 

of the kinetic trace at 530 nm. 

Previous studies have also observed this signal. It has been measured to have a lifetime 

of >500 ps and is attributed to the presence of the DPB cation,165 forming more readily in 

polar solvents such as methanol.147,166-168 The longer lifetime of this species explains its 

intensity remaining high as the S1 signal decays back to zero. 

 

Figure 4.5: fs-TrA of DPB in MeOH (0.5 OD), pumped at 328 nm. The black arrow indicates the direction of 
change, with the traces showing delay times of -50 ps (magenta), 1ps (violet), 30 ps (orange) and 170 ps 
(deep red). 

 

Previous work has extracted a double exponential decay for the first excited single state 

of DPB in a variety of solvents, including MeOH, the shorter of which was assigned to 

vibrational cooling.147 In this work however, a single exponential fit was consistently found 

to give the best result both during initial fitting, global analysis and the hard and soft 
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modelling techniques applied (See Chapter 3). Modelling the fit this way specifically seeks to 

avoid over-fitting of the data, and the error associated with the single lifetimes obtained in 

our experiment is much lower (e.g. 34.99 ± 0.02 ps for DPB in MeOH) than the error 

associated with the double exponential in the previously published work (e.g 3 ± 1 ps, 29 ± 5 

ps for DPB in MeOH).  

4.2.3.2 The Relationship Between Sample Concentration and Transient Spectral Shape 

Figure 4.6 shows the normalised and overlaid transient absorption spectra of DPB in 

MeOH at 1 ps, taken from spectra across the sample concentration range studied. 1 ps was 

chosen as the spectrum at this delay time was the strongest, and cleanest of the early 

spectra for the majortity of the samples. Aside from some deviation in the shape of the first 

two (most dilute) samples’ spectra due to noise, the shape of the spectra appears largely 

unaffected by the increase in sample concentration. In order to check this visual 

assessment, each 1 ps spectrum was fit to a single Gaussian in order to obtain their full 

width at half maximum (FWHM) values. 

 

Figure 4.6: Normalised transient absorption traces of DPB in MeOH (λpump  = 328 nm, pulse energy = 2 μJ) at 
increasing DPB ODs (concentrations) at 1 ps after excitation. 

The results showed that there is no large deviation in the transient spectral width based 

on sample concentration, with the mean FWHM value being calculated as 95 ± 8 nm. The 

values associated with the 0.1 and 2.0 OD solutions presented as outliers; in the case of 0.1 

OD, this is likely a result of the noise present in that spectrum (cf. Figure 4.5). In the case of 
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2.0 OD, it may be due the effect of concentration on the Beer’s Law relationship of the 

maximum excited state OD of the sample, as described in the next section. 

4.2.3.3 The Relationship Between Sample Concentration and Maximum Transient ΔOD 

The relationship between sample concentration and maximum ΔOD is described in 

Figures 4.7 and 4.8. The transient absorption spectra at Δt = 1 ps were extracted for each of 

the concentrations of DPB in MeOH, and plotted together to show in the increase in signal 

strength with increasing sample concentration (Figure 4.7).  

From each spectrum, the numerical value of ΔODmax was taken and plotted against 

sample concentration (Figure 4.8). The linear fit represents the relationship predicted both 

by the assumption that the absorbing molecules do so independently of each other in 

solution (according to Beer’s Law), and by the first 8 sample concentrations. 

 

 

Figure 4.7: fs-TrA spectra of DPB in MeOH (λpump = 328 nm, pulse energy = 2 μJ) taken at 1 ps after excitation. 
Sample OD (DPB concentration) increases from 0.05 (dark red) to 1.5 (fuchsia) as shown in the figure legend. 

 

It appears that the predicted relationship between ground state concentration and 

excited state OD (Beer’s Law) breaks down as the sample concentration increases past 150 

µM, or an OD of 0.9, and becomes non-linear. One possibility is that at higher sample 

concentrations (ODs), intermolecular interactions are occurring in this system. If the 
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principal method of relaxation from the excited state involves the rotation of the phenyl 

rings about the double bond to resume the out-of-plane ground-state configuration (cf. 

Figure 4.2), then stabilisation of the planar excited state of DPB by π-π stacking between the 

molecules would increase the excited-state lifetime. However, more data points at higher 

concentrations would be needed to confirm a true, significant deviation. 

 

 

Figure 4.8: Graph of maximum excited state absorption against sample concentration, with the Beer’s Law 
relationship projected in red. Note the deviation from this relationship that occurs after 150 μM (0.9 OD). R2 
for fit shown = 0.98. 

This may be reflected in the transient absorption results, where the excited state 

lifetime increases with increasing DPB concentration, from ~20 ps at 8.3 μM (0.05 OD), 

peaking at ~35 ps at 150 μM (0.9 OD) and then tailing off slightly at 330 μM (2.0 OD) to ~30 

ps (Table 4.1).  

This at first appears to be a small but distinct increase, but if one considers it from the 

position that the lowest concentration solution is a slight outlier, then the excited state 

lifetimes appear to be more consistent, fluctuating around a value of ~31 ps. It is also 

important to remember that in the solutions with an OD of >0.9, the transient spectrum 

may be a less accurate representation of the excited state of DPB due to the deviation from 

Beer’s Law, and the apparent decrease in excited state lifetime after that point may be an 
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artefact introduced by this deviation. Deviations from Beer’s Law occur when the optical 

density of the solution falls outside the range of ~0.1-1.0. DPB is a strongly absorbing 

molecule, meaning that even though the sample concentrations in question are lower (10-4 

M) than those considered problematic (10-2 M),170 the deviating samples (0.05, 1.5, 2.0) do 

indeed fall outside the ‘linear’ range of Beer’s Law.  

Table 4.1: Sample concentrations, optical densities and singlet excited state lifetimes (τ) of DPB in MeOH 
solution (λpump  = 328 nm, pulse energy = 2 μJ). 

Sample OD at λ pump (326 nm) τ1 (ps) Sample concentration (x 10-6 M) 

0.05 28.34 ± 0.04 8.3 
0.1 20.84 ± 0.07 16 
0.2 30.09 ± 0.03 33 
0.3 31.26 ± 0.02 50 
0.4 34.99 ± 0.02 66 
0.5 30.35 ± 0.02 83 
0.7 32.7 ± 0.04 120 
0.9 35.41 ± 0.03 150 
1.5 32.15 ± 0.08 250 
2.0 30.2 ± 0.20 330 

*The molar absorptivity for DPB in MeOH is 60000 lmol-1cm-1. 168 

Whether there is a lifetime-increasing, excited-state interaction between the DPB 

molecules occurring or not, there is a small but measurable effect on the resulting TrA 

spectra, and the lifetimes extracted from them. The other effects being studied in this work 

(the influence of solvent viscosity and polarizability) may also only involve small changes in 

the transient spectra, and therefore be particularly corruptible in the presence of such 

sample preparation-based/instrumental deviations.  

4.3 Transient Spectroscopy of DPB: The Effect of Solvent Viscosity 
and Polarizability 

4.3.1 Steady State Spectroscopy of DPB in Varying Solvents 

As shown in Figure 4.9 below, the UV-visible absorption spectra of DPB in MeOH, EtOH, 

iPrOH and n-hex do not differ substantially from one another.  
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Figure 4.9: Normalised steady-state UV-visible spectra of DPB in methanol, ethanol, isopropanol and n-
hexane, showing the structured band attributable to the first excited singlet state of DPB at ~328 nm. 

 

There is a slight increase in the wavelength of maximum absorption following the series 

from MeOH to iPrOH (recorded in Table 4.2) due to the increasing polarizability of the 

solvent providing a greater degree of stabilisation of the 1Bu state and thus slightly lowering 

its energy. 

 

 

Table 4.2: Polarizability and viscosity values for MeOH, EtOH, iPrOH and n-hexane, along with the molar 
absorptivities and wavelengths of maximum absorption for DPB in those solvents. 

 

Solvent 
Solvent 

polarizability  
(10-24 cm3)170 

10-4εmax 
(M-1cm-1)171,172  

λmax 
(nm) 

Solvent viscosity  
(η, mPa s at 25 °C) 

MeOH 3.23-3.32 5.87 328 0.54 
EtOH 5.11-5.41 5.67 329 1.07 
iPrOH 6.97-7.61 - 330 2.04 

n-Hexane 11.9 5.51 329 0.3 
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4.3.2 TrA of DPB in MeOH, EtOH, iPrOH and n-Hex: The Effect of the Solvent 
System 

4.3.2.1 The Transient Absorption Spectra of DPB in EtOH, iPrOH and n-Hex 

i) EtOH: 

 

Figure 4.10: The transient absorption spectrum of DPB in EtOH (0.5 OD, λpump  = 328 nm, pulse energy = 2 μJ). 
The black arrow indicates the direction of spectral decay; dark red = -50 ps, pink = 1 ps, blue = 25 ps, yellow 
= 75 ps, bright red = 300 ps. 

The transient spectrum of DPB in EtOH (Figure 4.10) shows a large transient band at 

~633 nm that appears within the instrument resolution rise time and decays 

monoexponentially with a lifetime of 51.7 ± 0.1 ps. As in the case of MeOH, this signal is 

assigned to the first excited singlet state, once again having 1Bu character. As this signal 

reaches the baseline again at long time delays, it appears that no irreversible 

photochemistry is occurring for DPB. The DPB cation signal is once again visible at ~460 nm. 

As the maximum of the S1 transient band has shifted toward higher wavelengths in this 

spectrum relative to the methanol, this cation signal overlaps less strongly with it and can be 

more clearly seen to rise in and remain in the spectrum after the S1 signal has reached the 

baseline again.  
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ii) iPrOH:  
 

The transient spectrum of DPB in iPrOH (Figure 4.11) shows a large transient band at 

~637 nm that appears within the instrument resolution rise time and decays 

monoexponentially with a lifetime of 74.0 ± 0.1 ps.  

 

Figure 4.11: Transient absorption spectrum of DPB in iPrOH (0.5 OD, λpump = 328 nm, pulse energy = 2 μJ). 
Black arrow indicates direction of spectral decay; dark red = -50 ps, pink = 1 ps, dark purple = 25 ps, green = 
80 ps, orange = 150 ps, red = 300 ps. 

This band returns to the baseline at long time delays, demonstrating that no irreversible 

photochemistry is occurring for DPB here, and is thus once again assigned to the S1 (1Bu) 

state. The DPB cation signal is once again visible at ~460 nm. 

In a similar fashion to the EtOH spectrum, the absorption maximum of the main band 

has shifted far enough that the cation band is less obscured, although here in iPrOH it does 

not appear to persist for as long, being difficult to distinguish in the 300 ps spectrum. 

However, the low overall strength of this signal, combined with some noise at the extreme 

low end of the spectral acquisition range, make this signal difficult to fit without significant 

uncertainty. Different sample or acquisition conditions might be used to enhance the 

strength of this signal and facilitate analysis of it. 



 
 

77 
 

iii) n-Hexane:  
 

The transient spectrum of DPB in n-Hex (Figure 4.12) shows a large transient band at 

~648 nm that appears within the instrument resolution rise time. 

 

Figure 4.12: Transient absorption spectrum of DPB in n-Hex (0.5 OD, λpump  = 328 nm, pulse energy = 2 μJ). 
The black arrow indicates the direction of spectral decay. Dark red = -50 ps, pink = 1 ps, blue = 20 ps, yellow 
= 80 ps, red = 400 ps. 

In contrast to the previous three spectra in alcohol solution, and more directly in 

keeping with Dickson’s findings,147 DPB in n-Hex shows a biexponential decay, with a short 

lifetime of 28 ± 2 ps and a significantly longer second lifetime of 493 ± 22 ps. The shorter 

lifetime is assigned to vibrational cooling, whereas the second is the lifetime of the first 

excited singlet state itself. The much longer lifetime of the S1 state in the non-polar solvent 

means that the signal does not quite return to zero within the spectral acquisition time, 

being still about 1/3 of its maximum in magnitude at 400 ps. However, the reliability of the 

experimental conditions in avoiding photodegradation of the sample has been established, 

and the spectral and temporal decay are in good agreement with the literature, suggesting 

that no photodegradation is taking place for DPB in n-Hex under these conditions. The DPB 

cation signal is once again visible at ~465 nm, and represents a similar case to its 

appearance in the previous three spectra, although somewhat less distinct. This is probably 
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due to the fact that the cation is less likely to form in non-polar solvents, this reducing its 

transient signal in n-hexane.166-168  

The assignment of the shorter lifetime to vibrational cooling is supported by the 

observation that there is narrowing of the bands with time. Successive transient spectra 

were fit to a single Gaussian profile, and their FWHM was extracted: these data are shown 

in Figure 4.13. Band narrowing is associated with vibrational cooling,174 and previous work 

has shown that under similar conditions, the band narrowing can be fit to a double 

exponential; Dickson found that the short time component corresponded within 

experimental error to the short excited state lifetime.8 Here, the short time component is 

found to be of a very similar magnitude, within the calculated error (20 ± 8 ps, Figure 4.13), 

but of a similar overall magnitude.  

 

 

Figure 4.13: Plot of the FWHM of transient spectra of DPB in n-Hex with respect to time, showing the 
double-exponential fit. 

 

Considering the four systems studied, several trends may be noted in relation to the 

transient lifetime, the transient peak position, and the solvent properties (namely, 

polarizability and viscosity). The data are summarized in Table 4.3 below:  
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Table 4.3: Summary of the transient absorption band maxima and transient lifetimes of DPB in a variety of 
solvents, presented together with the solvents’ polarizabilities and viscosities. 

 

Firstly, within the series of alcohols, there is a clear increase in both peak position and 

lifetime in line with increasing solvent viscosity and polarizability. The increase in peak 

position is shown in Figure 4.14.  

 

 

Figure 4.14: Transient spectra of DPB in each of the solvents studied 0.5 OD, λpump  = 328 nm, pulse energy = 
2 μJ), taken at 1 ps after excitation and showing the shift in transient absorption band maximum with 
increasing solvent viscosity and polarizability. 

Although the increases in polarizability and viscosity are of similar magnitudes on going 

from one alcohol to the next in that series, the difference in peak position between MeOH 

and EtOH is significantly greater than that between EtOH and iPrOH, and is indeed markedly 

Solvent Solvent polarizability 
(10-24 cm3)170 

Solvent viscosity 
(η, mPa s at 25 °C) 

Transient 
λmax (nm) τ (ps) 

MeOH 3.23-3.32 0.54 620 30.35 ± 0.02 
EtOH 5.11-5.41 1.07 633 51.7 ± 0.1 
iPrOH 6.97-7.61 2.04 637 74. ± 0.1 

n-Hexane 11.9 0.3 648 28 ± 2 
493 ± 22 
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more blue than any of the other solvents including n-Hexane. This has been reflected in 

earlier work, with only acetonitrile having a similar excited state band maximum to MeOH, 

and all other solvents assessed (octane, decane, hexanol, decanol)147,149 having significantly 

higher ones. This suggests that the correlation between solvent polarizability/viscosity and 

transient peak position is not an entirely direct one, rather having unevenly spaced 

threshold values for these parameters, past which significant shifts occur. 

The markedly differing transient lifetimes observed on the polar alcohol series versus 

the non-polar hexane has several contributing factors. Firstly, as mentioned earlier, the first 

excited singlet state of DPB has been shown to have a mixed 1Ag/1Bu character, with the 

ratio depending strongly on the solvent system. In polar/more polarizable solvents, the 

mixture is dominated by the 1Bu state, which is stabilised in polarizable environments and 

from which photoisomerisation occurs.147,172,175 The fact that the excited state lifetimes are 

relatively short (< 100 ps) under these circumstances indicates that the photoisomerisation 

pathway is readily available (in addition to other possible pathways such as radiative decay 

and intermolecular hydrogen bonding interactions, and in comparison with the s-cis-locked 

DPB analogue DPCP,147 which cannot photoisomerise and has lifetimes of >1 ns in alcohol 

solutions). Since the 1Bu state is stabilised in polarizable environments, the increasing 

polarizability of the alcohol series results in increased stabilisation of the excited state, and 

thus a longer excited state lifetime. The increasing viscosity parameter also contributes to 

the increase in excited state lifetime: since the relaxation via photoisomerisation involves 

torsional motion, increased solvent viscosity may hinder this process, extending the excited 

state lifetime as seen in these results. 

In the non-polar hexane system, however, the 1Ag form of the state is dominant. Unlike 

the 1Bu state, the photoisomerisation pathway is not available, and radiative relaxation back 

to the ground state is forbidden by symmetry. Accordingly, the excited state lifetime is 

significantly longer (~10 times) that that observed in the alcohol solutions.  
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4.4 Summary and Conclusions 

This Chapter presents the results of a series of transient and steady-state spectroscopic 

experiments on DPB These were carried out with the dual goals of: 

• Benchmarking and improving the newly constructed transient absorption system in 

the Photon Factory (TADAA-1  TADAA-2 development, see Chapter 3). 

• Using fs-TrA to examine the relationship between solvent polarizability and viscosity 

and excited state lifetime in DPB, while assessing the viability of this experiment as a 

late undergraduate/early graduate level laboratory exercise.  

Solutions of DPB in MeOH of varying concentrations were first assessed to establish 

whether or not concentrations (even those producing an OD at the pump wavelength of less 

than 1) have an effect on the transient spectra. In solutions with an OD of 0.9 or above, 

there was an apparent deviation from Beer’s Law in the excited state absorption spectra. 

This was used to establish a sample concentration rule for the subsequent experiments of 

0.5 OD at the pump wavelength. Subsequently, 0.5 OD solutions of DPB in MeOH were 

subjected to varying pump intensities and flow conditions to establish the optimal S/N ratio 

while avoiding any photodegradation of the sample in the beam. Even relatively low pump 

intensities (500 nJ) resulted in a degree of static sample degradation, whereas flowing the 

sample acquisition completely removed any degradation for pump energies of 2 μJ and 

lower. 2 μJ pump energy and a flowing sample were thus selected to safely maximise the 

signal. Under the chosen conditions, (DPB in MeOH, λpump = 328 nm, 0.05 - 2.0 OD), a 

transient signal was observed at ~620 nm, that decays monoexponentially with a lifetime of 

~20-35 ps, depending on sample concentration. This transition was assigned to the 1Bu first 

excited singlet state of DPB. A small contribution from the DPB cation appears at ~540 nm. 

Increasing the sample concentration induced a deviation of the excited state maximum OD 

from Beer’s Law and a small but measurable increase in the excited state lifetime. Taken 

together, this could be due to intermolecular interactions (π-π stacking) between planar, 

excited state DPB molecules that impedes the reverse rotation and thus increases the 

excited state lifetime. However, as the variation in the excited state lifetime is not linear 

with increasing sample concentration, and the highest sample concentration is still below 

the commonly accepted threshold for such intermolecular interactions, it is possible that 
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the deviation is due to other factors, or is an artefact of having relatively few data points 

past 0.8 OD. More concentrations would need to be assessed in order to reach a clearer 

description of the effect of high DPB sample concentrations on the Beer’s Law relationship 

in fs-TrA experiments.  

Broadband fs-TrA experiments were carried out on solutions of DPB in varying solvents 

(MeOH, EtOH, iPrOH and n-Hex) to demonstrate the effect of solvent polarizability and 

viscosity on the excited state dynamics of DPB. In contrast to previous work, only the sample 

in n-Hex was found to decay biexponentially; the others all showed monoexponential 

decays. However, the excited state lifetimes extracted were in excellent agreement with the 

literature, and the new data for iPrOH fits as expected within the alcohol series. The results 

corroborate Dickson’s conclusions that the first excited state of DPB is of mixed 1Ag/1Bu 

character, with the former dominating in non-polar solvents, and the latter in polar/more 

polarizable systems.147 The information obtained from these fs-TrA studies of DPB varying 

solvent polarizability and solution concentration contributes to the better understanding of 

medium effects on the ultrafast isomerisation and excited-state ordering not only of DPB, 

but for other molecules and systems for which it serves as a model. 

4.4.1 fs-TrA of DPB as a Laboratory Exercise 

Transient absorption experiments involving a robust molecular system with strong, 

observable excited-state dynamics were found to be practical as a laboratory exercise for 

advanced undergraduate and early graduate level students. Experimental design, use of the 

ultrafast TrA system to acquire data, and the processing and analysis of said data were all 

found to be workable and instructive for the students within the coursework context. 

 

The following Chapter presents the results of the first set of fs-TrA experiments on red 

lake AQs. Like DPB, early AQ experiments were also involved in the TADAA-1  TADAA-2 

development process, and several AQ datasets were made possible by the changes 

implemented. 
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Chapter 5: Spectroscopy of Red Lake 
Anthraquinones in Dipolar Aprotic 

Solution 

 

5.1 Anthraquinone TrA: Experimental Process and Rationale 

To understand art anthraquinones’ ultrafast dynamics and long-term photostability, an 

overall experimental sequence consisting of three phases was followed: 

1. TrA spectra of the anthraquinones (AQs) are acquired in an ‘unperturbed’ state, i.e. 

in non-protic organic solution (Chapter 5). 

2. The AQs are analysed in a protic solvent. The possibility of hydrogen bonding and 

proton transfer reactions in this second environment is an important consideration 

in the case of the red lake anthraquinones, as the artistic media that use them are 

generally composed of biological materials (such as linseed oil, gum arabic and egg 

tempera) that are proton-rich environments (Chapter 6).  

3. The AQs are analysed in progressively more art-relevant contexts, such as gum 

arabic solutions and thin film/solid state analyses (Chapter 7).  

In parallel, the molecules were subjected to accelerated photodegradation by 

continuous lamp-irradiation in identical solutions/states, in order to probe their long-term 

photostability – such as might be recognised on the museum or gallery scale. 

This experimental progression is designed to facilitate comparison of the molecules’ 

ultrafast dynamics depending on their differing molecular structures, then their propensity 

for hydrogen bonding and/or hydrogen transfer reactions, and then both of these in an ‘art 
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media’ microenvironment. Particular reference is made to the relationship between the 

molecules’ ultrafast lifetimes, and their long-term photostability. 

The choice of solvent was based on the fact that acetone and acetonitrile (MeCN) are 

small molecules that are not expected to have specific interactions with the anthraquinone 

solute (e.g. hydrogen bonding, pi-stacking). The AQs in question are readily soluble in them 

and they are expected to be stable under the TrA conditions used. By contrast, halogenated 

solvents may cause degradation of the sample. Although the photochemical degradation of 

acetone itself (α-cleavage) is well-studied,176 our conditions do not favour this process, and 

therefore degradation is expected to be minimal. Where possible, data was taken in both 

MeCN and acetone. 

Table 5.1: Table to show select relevant properties of acetone and acetonitrile.177,178 

Solvents 
Dipole 

moment 
(μ/D) 

Polarizability 
(α/10-24cm3) 

Dielectric 
constant 

(ε) @20°C 

Density 
(g/mL) 
(T (°C)) 

Index of 
refraction 

(T (°C)) 

M 
(g/mol) 

Viscosity 
(η, mPa s) 

(25°C) 

MeCN 3.9 4.40-4.48 36.64 0.7857 (20) 1.3442 (30) 41.052 0.369 
Acetone 2.9 6.33-6.47 21.01 0.7845 (25) 1.3588 (20) 58.079 0.306 

 

As shown in Table 5.1, many of the physical properties of acetone and acetonitrile are 

similar. Their density, viscosity, and index of refraction, for example, are very close, whereas 

they differ more notably in dipole moment, polarizability, and dielectric constant. Since HAQ 

photostability is connected with the nature of the solvent matrix, it is interesting to note the 

effect different physical parameters of the solvent may have on AQ lifetime and 

photodegradation. 

This chapter will examine the first of the experimental phases mentioned above, and 

present the results and analysis of TrA and accelerated photodegradation data on alizarin, 

purpurin, carminic acid and laccaic acid in the dipolar aprotic organic solvents acetonitrile 

and acetone. 

The results show that in general, in the dipolar aprotic environments examined: 

• Longer ifetimes correspond to a greater degree of long-term photodegradation. 
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• The greater the degree of intramolecular hydrogen bonding and lower the 

probability of ESIPT that can occur, the longer the excited state lifetime. 

• The ability of the molecule to dissipate energy may be enhanced by mobile side 

chains, and decreased by double intramolecular H-bond stabilisation across the 1,4-

substitution pattern. 

5.2 Phase 1: TrA of Red Lake Anthraquinones in Dipolar Aprotic 
Solvent – The Effect of Molecular Structure on Ultrafast Lifetime 

5.2.1 Alizarin, Purpurin and Laccaic Acid in MeCN 

Alizarin and purpurin have the simplest structures of the four anthraquinones under 

investigation, and differ by only a single hydroxyl substituent (Figure 5.1).  

 

Figure 5.1: The structures of alizarin and purpurin, with their hydroxyl substitution patterns highlighted. 

As such, they make an excellent starting point for comparison of the effect of structure 

on excited state lifetime and long-term photostability. Previous work on anthraquinone 

photostability has shown that chromophores with very similar structures can have widely 

differing responses to light,179 and studies on the fading of red anthraquinone dyes on 

fabric, in paint layers and in solution have indicated that alizarin is notably more 

photostable than purpurin, and more stable than other, similar hydroxyanthraquinones 

(HAQs) generally.75,116,180 Based on this information, and the general acknowledgement that 

more time spent in the excited state results in decreased photostability, it may be 

hypothesised that the singlet excited state lifetime of purpurin will exceed that of alizarin. 

Note: Full steady-state spectral, transient spectral and photodegradation results for all 

RHAQ experiments are compiled for comparison in Table 8.1 at the end of Chapter 8. 

Summaries of the data discussed in this Chapter are presented within the text.  
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5.2.2 Steady-State Spectroscopy of Alizarin, and Purpurin and Laccaic Acid in 
MeCN: 

The normalised steady-state UV-visible absorption and fluorescence spectra of alizarin, 

purpurin and laccaic acid in acetonitrile are shown below (Figure 5.2). 

 

Figure 5.2: Ground state absorption (solid lines) and fluorescence emission (dashed lines) spectra for alizarin 
(black), purpurin (red) and laccaic acid (blue) in MeCN. AQs were excited at their wavelength of maximum 
absorption to produce the emission spectra 

The UV-visible absorption spectrum of all three AQ molecules below 350 nm displays 

the typical anthraquinone pattern: several overlapping π-π* transitions that correspond to 

the benzenoid absorptions and quinoid electron transfer bands of the AQ core structure. 

The less intense, broad band in the 400 nm region corresponds to an n-π*transition. It is the 

charge-transfer (CT) band created by the electron donating substituents with a lone pair  

(-OH) present in both alizarin and purpurin. The CT band is associated with the transfer of 

one of the 2pz lone pair electrons from the -OH group to the quinoid carbonyl.87 The 

position of the CT band is determined by the degree of conjugation of the 2pz orbital of the 

–OH group with the AQ π-electron system. The effect is additive for 1,4-substitutions, which, 

along with the additional bathochromic shift induced by the stabilising presence of an 

additional intramolecular hydrogen bond, results in purpurin (478 nm) having a more 

bathochromic CT band than alizarin (422 nm) and laccaic acid having the most bathochromic 
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shift of all three (480 nm).46 In laccaic acid, the peaks at ~225 and ~300 nm are more 

pronounced than the peak at ~250 nm, which is the reverse of the case in alizarin and 

purpurin. Additionally, the peak at ~300 nm is strong and distinct for laccaic acid, a shoulder 

for alizarin, and very weak for purpurin. Laccaic acid having stronger transitions in the 

benzenoid region is presumably due to its having an additional aromatic ring in its side 

chain. 

Table 5.2: Steady-state UV-visible absorption and fluorescence emission properties of alizarin, purpurin and 
laccaic acid in acetonitrile (OD = 0.5 at λmax). ET = electron transfer, PT = proton-transferred AQ tautomer, LE 
= locally excited AQ tautomer, CT = charge transfer, sh = shoulder, (vw) = very weak. 

AQ 
UV-visible Absorption 

(λ, nm) 
Fluorescence 

(λ, nm) 
Benzenoid/Quinoid ET (π-π*) CT(π-π*) PT LE 

Alizarin 205 254 275 (sh) ~330 (vw) 422 - 620 548 

Purpurin 204 250 291 (sh) 327 (w) 478 515(sh) - 550 

Laccaic acid 219 245 298 357 (w) 480 519(sh) - 575 

 

The steady-state fluorescence emission spectrum of alizarin shows a weak emission at 

~490 nm, followed by a much stronger, more significantly Stokes-shifted band that shows 

dual emission at ~548 and~620 nm. Dual fluorescence is attributed in 1,2-, 1,5- and 1,8-

hydroxylated AQs,6 to ESIPT between the 1-OH and quinoid carbonyl groups. When alizarin 

is photoexcited, the keto-tauomer (LE) may undergo ESIPT to form the enol form (PT) 

(Figure 5.3).  

 

Figure 5.3: Excited state intramolecular proton transfer in 1-hydroxyanthraquinones, manifesting as keto-
enol tautomerism, or a conversion of the locally excited (LE) keto form into the proton-transferred (PT) enol 
form.6,59,84 

The transfer results in two tautomeric forms of the AQ, and thus two emission peaks. 

The reduced symmetry of the PT enol-structure results in the emission being significantly 
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more bathochromic than the LE keto-form, the more bathochromic peak (620 nm) 

corresponds to the proton-transferred (PT) alizarin tautomer, which is red-shifted relative to 

the LE form (548 nm) due to that tautomer’s smaller energy gap between the ground and S1 

states. In contrast, the fluorescence emission spectra of purpurin and laccaic acid 

demonstrate the absence of ESIPT: single emission peaks at 550 nm (purpurin) and 575 nm 

(laccaic acid), with much less marked Stokes shifts and less bathochromic emission overall. 

This is because ESIPT in hydroxyanthraquinones is observed only in the presence of hydroxyl 

groups in the 1-, 5- and 8-positions (i.e. proximal to the carbonyl moiety. ESIPT does not 

occur in AQs with a 1,4-substitution pattern, and the 2-hydroxyl group is not involved,53,65,181 

thus purpurin and laccaic acid, both of which include the 1,4-substitution pattern, do not 

show ESIPT. 

5.2.3 Transient Absorption Spectroscopy of Alizarin and Purpurin in MeCN 

Initial transient absorption spectra of alizarin and purpurin were acquired under two 

slightly different sets of conditions. Due to the nature of the first fs-TrA system version (see 

Chapter 3), acquisition of transient spectra was only possible up to delays of ~1 ns. At the 

same time, preliminary investigations were made into the effect of oxygen on the transient 

spectra of alizarin and purpurin in acetonitrile by acquiring both air-saturated and 

deoxygenated spectra. Subsequent spectra were acquired using a system version with 

delays extending out to ~4 ns, but all in air-equilibrated solution. For each spectrum, all of 

the data processing techniques described in Chapter 3 were applied, including hard and soft 

modelling techniques. These were carried out regardless of spectral complexity in order to 

ensure that the general fitting procedure was consistent across all datasets, and to check 

that the model remained as accurate as possible. This procedure also applies to the data 

presented in Chapters 6 and 7. 

Oxidation is one of the primary mechanisms by which organic molecules 

photodegrade.46,77,179 AQs are certainly no exception to this, and alizarin, madder and 

carminic acid have all been shown to be photochemically sensitive to oxygen; specifically, a 

study by Grosjean and coworkers has identified the role of ozone in the fading of alizarin 

and its calcium-aluminium lake (alizarin crimson).122 At the same time, AQs are well known 

as sensitizers of singlet oxygen, which may result not only in further photochemical 



 
 

89 
 

reactions with the AQ itself, but also oxidative destruction of the AQ’s environment, such as 

the phototendering of cloth or paper coloured with AQ dyes.23,73-79 The present work deals 

primarily with the relationship between excited singlet states and long-term 

photodegradation of the red lake anthraquinones. As will be shown in this chapter and the 

two following, these AQ singlet states generally have lifetimes that are on the order of a 1-2 

ns at most, and often significantly shorter. Given that standard rate constants for diffusion 

of a solute in a solvent environment are on the order of 108 – 109 s-1, meaning that 

diffusion-limited reactions such as oxygen quenching occur well into the nanosecond 

regime,182 a significant contribution from oxygen quenching of, or reaction with the singlet 

state is not anticipated (see below for explanation). Furthermore, when considering the role 

of oxygen reactivity in works of art, there is the additional question of the degree to which 

oxygen penetrates the layers present. This depends heavily on the individual construction of 

any given painted or dyed object and the atmosphere it is maintained in and is beyond the 

scope of the current investigation.  

5.2.3.1 Alizarin in MeCN 

 

Figure 5.4: Transient spectral decay profile of alizarin in acetonitrile (λpump = 422 nm, pump pulse energy = 2 
μJ), in the presence of oxygen. Pink = 0.5 ps, purple = 7 ps, green = 80 ps, red = 500 ps. Black arrows indicate 
direction of change. 
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The TrA spectra of alizarin with (Figure 5.4) and without oxygen were acquired in 

acetonitrile. The AQ molecules were excited at the peak of their visible absorption spectra 

(422 nm). The results (both with and without oxygen) are summarised in Table 5.3 below: 

Table 5.3: Transient spectral features of alizarin in acetonitrile, with and without the presence of oxygen. 

Alizarin 
λpump 

(nm) 
λTA (nm) τTA1 (ps) τTA2 (ps) λSE (nm) τSE (ps) 

State 

Assigned 

O2 present 422 500 2.0 ± 0.9 150 ± 7 ~650 150 ± 7 S1 

O2 removed 422 500 1.6 ± 0.4 140 ± 7 >640 146 ± 2 S1 

*SE = Stimulated Emission, TA = Transient Absorption 

A transient absorption band appears in both cases at ~500 nm, within the instrument 

resolution rise time. This signal decays biexponentially in the air-equilibrated sample, with a 

short lifetime of 2.0 ± 0.9 ps and a longer lifetime of 150 ± 7 ps. The nitrogen purged sample 

shows a similar pattern, with a biexponential decay with lifetimes of 1.6 ± 0.4 ps and a 

longer lifetime of 140 ± 7 ps. In both cases, the major component of the transient signal 

absorbs at longer wavelengths than does the ground state S0 (422 nm  500 nm). This is 

typical for excited state absorption spectra, as the difference in energy between states 

decreases as the state energy increases. Thus, the transient absorption is assigned to the 

first excited singlet state (S1). Further supporting this assignment is the presence of the 

negative signal seen at ~650 nm in both spectra. This signal is assigned to stimulated 

emission from the S1 state for the following reasons: (1) the emission peak is in the same 

region as the steady-state fluorescence measured for alizarin in MeCN (cf. Figure 5.2), but 

slightly red-shifted due to the fact that stimulated emission does not proceed all the way to 

the bottom of the S0 state as spontaneous emission does; (2) the negative signal shares an 

isosbestic point (at ~575 nm) with the transient absorption signal, indicating that they 

originate from the same state; (3) component analysis of the spectrum by singular value 

decomposition (SVD) indicates that both the positive and negative signals in the TrA 

spectrum arise from the same component, and (4) the lifetime extracted from the 

stimulated emission signal corresponds well with that of the transient absorption, within the 

experimental error (150 ± 7 ps with oxygen, 146 ± 2 ps without).  

There is some structure in the transient absorption signal, with bands appearing at 

shorter wavelengths as well. Global fitting indicates that these bands all decay at the same 
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rate, thus they are collectively assigned to the UV/Vis absorption spectrum of the same 

excited state. The shorter-wavelength bands represent vibronic structure: upon excitation, 

the local S1 excited state vibrational levels are populated. The difference in wavenumber 

between the bands in the transient spectrum (obtained by measuring the average 

wavelength distance between the peaks, and converting this into wavenumbers) is ~1593 

cm-1, which falls within the range of the C=C (aromatic) stretching mode of excited-state 

alizarin reported in the literature (1594 cm-1).183 Once the vibrational levels of the S1 state 

are populated, vibrational relaxation can then occur, during which the vibrational energy is 

dissipated by redistribution among the normal modes or through molecule-solvent 

interactions. The vibrational relaxation within the S1 state of alizarin in MeCN is reflected in 

the TrA spectrum in the following ways at early delay times: (1) a blue shift and intensity 

increase in the transient absorption band (Figure 5.5), and (2) a red shift in the stimulated 

emission band (Figure 5.6). 

 

Figure 5.5: Expanded view of the evolution of the transient absorption band (~500 nm) of alizarin in MeCN 
at early delay times, showing the change in intensity and blue shift of the absorption maximum (blue 
green). 
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Figure 5.6: Expanded view of the evolution of the stimulated emission band (~650 nm) of alizarin in MeCN at 
early delay times, showing the change in intensity and red shift of the absorption maximum (purple  red). 

There is no visible spectral feature associated with the ground state bleach - this would 

be expected on the blue side of the transient absorption signal, in the region where 

excitation took place (~422 nm). However, the strong, broad excited state absorption 

completely covers this area. 

The fact that the signal appears within the excitation window indicates that alizarin is 

excited directly to the S1 state under these conditions. Although hydroxyanthraquinones 

with –OH groups adjacent to the carbonyl centre commonly show ESIPT (see section 5.2.2 

above), this process is extremely rapid (≤ 50 fs),51-60 on the very edge of the maximum 

resolution of our TrA system, and is thus not distinguishable in these spectra. That the 

transient signal returns to the baseline at long times (500 ps) indicates that no irreversible 

photochemistry is happening for alizarin. Based on the spectral and temporal features 

described above, the short lifetime (~2 ps) is assigned to vibration within the S1 potential 

well, and the long lifetime (~150 ps) to the lifetime of the S1 state itself. This is in agreement 

with ultrafast transient spectra of the 2-methoxy derivative of alizarin in MeCN,5 and alizarin 

itself in MeOH6-8 and EtOH6,7 published in recent literature. 
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The preliminary data on the effect of O2 do not suggest a strong S1 dependence. The 

lifetime of the S1 state is (given the experimental error) within the same range, and no 

changes to the number, shape or type of spectral features were observed. Although rapid, 

efficient, ISC is indicated as being characteristic of anthraquinones in general,42,46,69,70 as is 

photosensitizing activity from the triplet state,5,23,73-79 work on other 

hydroxyanthraquinones (such as purpurin) has suggested that non-radiative decay from the 

S1 state is a significant mechanism of relaxation for these molecules.46,63,80,180 Although O2 

interactions are not restricted to the triplet state of the molecule, the sub-nanosecond 

lifetime of the singlet state in this case makes it relatively unlikely that a significant 

proportion of the molecules will undergo such interactions.182 

With a short excited state lifetime and no strong O2 dependence, the data suggest that 

alizarin should be quite photostable: photoexcitation is followed by rapid, efficient return to 

the ground electronic state with very low quantum yields along more reactive intermediate 

pathways. This is entirely in line with dye studies indicating that alizarin is, amongst the 

RHAQs, particularly photostable, and with the photodegradation results described below 

(section 5.3).75,116,180 

5.2.3.2 Purpurin in MeCN 

The TrA spectra of purpurin with (Figure 5.7, Figure 5.8a) and without (Figure 5.8b) 

oxygen were acquired in MeCN. The AQ molecules were excited at the peak of their UV/Vis 

absorption spectra (478 nm). 

The two different time/spectral ranges for purpurin offer complementary information. 

Although the total Δt of 500 ps in the first set of oxygen dependence spectra is not ideal 

given the long lifetime of purpurin in MeCN (Figure 5.8), the extended blue region of the 

spectral window allows better visualisation of the peaks at ~475 and ~407 nm. Later spectra 

taken with the much longer decay window (~4 ns) afforded by improvements to the TrA 

system (Figure 5.7) allow significantly better analysis of the excited state lifetime and 

pattern of decay, but extend further into the red end of the spectrum, allowing more 

complete visualisation of the negative signal at ~620 nm. It is important to note, however, 

that even with the extended temporal window, the transient signal for purpurin still does 

not reach the baseline. It is therefore possible that purpurin may undergo some irreversible 
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photochemistry during later decay times, not captured by these spectra. Further increase of 

the temporal acquisition range would be necessary to fully assess this. 

 

Figure 5.7: Transient spectral decay profile of purpurin in MeCN (λpump = 478 nm pump pulse energy = 2 μJ). 
Pink = 5 ps, dark blue = 250 ps, green = 1250 ps, red = 4000 ps. Black arrows indicate direction of change. 

 

Figure 5.8: Transient spectral decay profiles of purpurin in MeCN (λpump = 478 nm pump pulse energy = 2 μJ). 
Left: air-equilibrated; right: degassed. Black arrows indicate the direction of spectral change. Although these 
spectra do not show the full decay, the blue-extended supercontinuum reveals additional spectral 
information below 450 nm. 

This spectrum is more complex than that of alizarin, showing four apparently distinct 

signals, two negative, and two positive. The strongest transient absorption signal, found at ~ 

540 nm, is once again assigned to the first excited singlet state. As in the case of alizarin, the 
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band corresponds to a CT(π-π*) transition, but despite the very small change in structure 

between alizarin and purpurin (a single –OH group), the transient absorption signal of the 

latter differs in several important respects.  

• Firstly, it has a significantly longer time delay, extending well beyond the acquisition 

window of 400 ps shown in Figure 5.8. Data taken with a maximum delay of ~ 4 ns 

and a longer centre wavelength (Figure 5.7) show more of the negative signal at 

~610 nm, and significantly more of the decay of the transient at ~540 nm. A global fit 

of the decay in the 4 ns (oxygen) spectrum returns a lifetime of 2351 ± 10 ps. In the 

400 ps delay system, the same spectrum shows an excited state lifetime of 2223 ± 

544 ps, and the de-oxygenated version returns a lifetime of 2755 ± 664 ps (Table 

5.4). It is clear that the large discrepancy between the acquisition window and the 

excited state lifetime in the earlier case (Figure 5.8) introduces significant error into 

the fitting process. However, all three values indicate that purpurin’s S1 excited state 

lifetime in MeCN is markedly longer than that of alizarin, falling in the range of ~2 ns, 

as opposed to 200 ps. Although the de-oxygentated sample shows a somewhat 

longer-lived transient than the equivalent air-equilibrated spectrum (2755 ps vs 2223 

ps), the large uncertainty associated with the fit means that the two lifetimes agree 

with each other within the experimental error. 

 

• Secondly, the decay is monoexponential. Purpurin, with its 1,2,4-hydroxy structure, 

does not undergo ESIPT as mentioned previously, and thus does not show a decay 

component attributable to that process. Vibrational relaxation occurring within the 

S1 potential well is also not reflected in the extracted lifetimes.  

 

• Thirdly, the transient assigned to the S1 state does not show any significant vibronic 

structure. As mentioned above, the purpurin transient signal does not show a 

detectable vibrational component in the extracted lifetime, indicating that 

vibrational relaxation within the S1 potential well is not a significant component of 

relaxation from that state. This is likely due to the 1,4-disubstitution pattern of 

purpurin: this allows a double intermolecular hydrogen bond, which creates a ring 

structure (cf. Figure 6.6). This means that the molecular structure of purpurin is 
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more rigidly maintained in the excited state, limiting the vibrational components of 

deactivation, making the AQ-critical non-radiative decay mechanisms less efficient, 

and resulting in a longer excited state lifetime. 

Table 5.4: Transient spectral features of purpurin in acetonitrile, with and without the presence of oxygen. 

Purpurin 
λpump 

(nm) 

λGSB 

(nm) 
λTA (nm) τTA1 (ps) 

λSE 

(nm) 
τSE (ps) State  

O2 present  

(4 ns) 

478 475 

405/540 2351 ± 10 611 2338 ± 10 S1 

O2 present 

(400 ps) 
405/540 2223 ± 544 611 1937 ± 338 S1 

O2 removed 

(400 ps) 
405 / 540 2755 ± 664 611 2804 ± 312 S1 

* GSB = Ground State Bleach, SE = Stimulated Emission, TA = Transient Absorption 

In further contrast to the alizarin spectrum, purpurin shows both a negative signal 

(~475nm), and an apparent additional transient absorption (~405 nm) at the shortest 

wavelengths recorded. At time delays in the microsecond regime, a signal at ~400 nm in the 

flash photolysis spectrum of purpurin in MeCN has been observed and assigned to the 

transient absorption of the first excited triplet state (T1).87 Based on this, one would expect 

the spectrum, and in particular this band, to be sensitive to the presence of oxygen. Triplet 

states are quenched by molecular oxygen, thus a triplet signal is expected to decay faster (or 

be absent) in the presence of oxygen. However, purpurin’s fs-TRA spectrum does not show a 

strong O2 dependence. Global fitting of the signal at ~405 nm gives a lifetime corresponding 

to that of the signal at ~540 nm (2223 ps (ox)/2755 ps (deox)). This suggests that they are 

two parts of the same broad transient absorption, with the ground state bleach (GSB) at 

~475 nm having created a strong enough negative signal to give the appearance of a 

separation. In the case of the negative signal at ~475 nm: this signal does not correspond to 

any band in purpurin’s fluorescence emission spectrum, and is therefore likely to be the GSB 

– the result of so many of the molecules having been excited that insufficient remain to 

absorb in the band surrounding 478 nm (the pump wavelength).  

The negative signal at ~611 nm occurring in all of the purpurin/MeCN spectra is, like its 

alizarin counterpart, attributed to pump-induced fluorescence from the S1 state. Once 
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again, the centre wavelength of the emission signal is red-shifted with respect to purpurin’s 

steady-state fluorescence (~ 560 nm), the negative signal in the TrA spectrum shares an 

isosbestic point with the S1 transient, and the lifetime of the negative signal corresponds 

well to that of the S1 state (2351 ps vs 2338 ps), indicating that the emission causing this 

negative signal stems from the same state as the adjacent S1 transient absorption. 

The fact that purpurin has a much longer-lived excited state suggests that it should be 

less photostable than alizarin, as relaxation from the excited state does not proceed by such 

rapid or efficient pathways. Purpurin may therefore exist for longer in more reactive 

intermediate states, and has been found to be less photostable relative to other similar 

hydroxyanthraquinones.75,116,180 

5.2.3.3 Laccaic Acid in MeCN 

 

 

Figure 5.9: Transient absorption spectrum of laccaic acid in MeCN, (λpump = 488 nm pump pulse energy = 2 
μJ). Black arrows indicate the direction of spectral change; Pink = 1 ps, light blue = 20 ps, orange = 80 ps, 
brown = 500 ps. 

The transient absorption spectrum of laccaic acid in MeCN is an interesting reflection of 

both its structural similarities and differences when compared with alizarin and purpurin. In 

keeping with the AQ pattern, the transient spectrum shows two main bands, a transient 
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absorption peak at ~545 nm with a slight shoulder on the blue edge (similar to purpurin), 

and a stimulated emission peak at ~685 nm. The transient absorption signal returns to zero 

at long delay times, indicating that no irreversible photochemistry is occurring for laccaic 

acid in acetonitrile. In contrast to the previous two spectra however, the stimulated 

emission is much less pronounced relative to the absorption peak, and neither the transient 

absorption nor the stimulated emission bands show the changes at early delays that are 

suggestive of vibrational relaxation (see Figures 5.5 and 5.6). Further, the decay shown by 

laccaic acid is biexponential with first and second excited state lifetimes of 36 ± 2 and 221 ± 

53 ps respectively (Table 5.5). The second excited state lifetime correlates well with the 

transient lifetime measured for the stimulated emission signal (200 ± 22 ps) and is thus 

assigned to the decay of the first excited singlet state. The absence of spectral features 

indicating vibrational relaxation suggest that upon excitation, laccaic acid first enters an 

intermediate state, from which it transitions to the S1 state within ~36 ps, and then relaxes 

to the ground state with a lifetime of ~200 ps. 

Table 5.5: Transient spectral features of laccaic acid in acetonitrile, in the presence of oxygen 

Laccaic acid 
λpump 

(nm) 
λTA (nm) τTA1 (ps) τTA2 (ps) λSE (nm) τSE (ps) 

State 

Assigned 

O2 present 488 500 36 ± 2 221 ± 53 685 200 ± 22 S1 

* SE = Stimulated Emission, TA = Transient Absorption 

5.2.3.4 Summary for AQs in MeCN 

Ultrafast transient absorption spectra and long-term photodegradation data for alizarin, 

purpurin and laccaic acid in acetonitrile were obtained. Despite an extremely small 

difference in molecular structure, alizarin and purpurin display markedly different excited 

state lifetimes and responses to long-term photodegradation conditions. The transient 

absorption spectra principally show an excited state absorption arising from the CT(π-π*) 

transition between the ground and first excited singlet states (S0  S1), and an associated 

stimulated emission. The longest excited state lifetime for alizarin in acetonitrile was 

extracted as 152 ps, and that of purpurin as 2350 ps.  

Early experiments concerning the presence of oxygenation in the solution did not show 

a notable difference in excited state lifetime or spectral dynamics for either alizarin or 
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purpurin in acetonitrile. Although oxidation is a major route for photodegradation in organic 

molecules, the state most likely to be affected is the excited triplet state, which is quenched 

by molecular oxygen. No spectral features attributable to the triplet state were observed in 

the spectra, regardless of the presence or absence of oxygen.  

The fact that purpurin has a significantly longer excited state lifetime, despite only 

having a single additional hydroxyl group may be attributable to two factors: the 

stabilisation of the excited state in a pseudo-five-membered ring structure through 

intramolecular hydrogen bonding, and the absence of initial ultrafast energy loss via ESIPT, 

which does not occur in hydroxyanthraquinones with a 1,4-disubstitution pattern (such as 

purpurin).65 

Laccaic acid has a more complicated and heavily substituted structure than that of 

alizarin or purpurin, but like purpurin shows the 1,4-disubstitution pattern that is theorised 

to negate ultrafast ESIPT. The lifetime of laccaic acid in acetonitrile was measured at ~200 

ps, more similar to that of alizarin than purpurin. The fact that laccaic acid has a significantly 

more rapid decay than purpurin, despite showing the same 1,4-disubstitution and being 

more heavily substituted overall suggests that laccaic acid has more, or more efficient non-

radiative energy dissipation mechanisms than purpurin, possibly through the longer, more 

mobile amide side chain (including the possibility of resonance energy transfer183) or the 

extension of conjugation in the system via the additional aromatic ring. 

5.2.4 Alizarin, Purpurin, Carminic Acid and Laccaic Acid in Acetone 

5.2.4.1 Steady-State Spectroscopy of All Four AQs in Acetone 

All four anthraquinones display the characteristic broad (π-π*) absorption in the 400-

500 nm region as described in section 5.2.2 above (Figure 5.10). The lower end of the 

spectrum (< 350 nm) is obscured in this case by the intense absorption of the solvent in that 

region. Increasing substitution with electron donating substituents results in the observed 

bathochromic shift of the absorption maximum in the order alizarin < purpurin < carminic 

acid < laccaic acid. In comparison with their spectra in acetonitrile solution, alizarin and 

purpurin have very similar absorption maxima (422 nm  425 nm; 478 nm 475 nm), 

while laccaic acid shows a more notable bathochromic shift in acetone (480  500 nm). 
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Figure 5.10: Normalised UV-visible absorption (solid lines) and fluorescence emission (dashed lines) of 
alizarin (black), purpurin (red) carminic acid (green) and laccaic acid (blue) in acetone. Only the visible bands 
are shown due to the excessive absorption of acetone in the region below 350 nm. AQs were excited at their 
wavelength of maximum absorption in the visible to produce the emission spectra. 

The fact that laccaic acid has a much longer wavelength, lower energy absorption in 

acetone could be due to stabilisation of the excited state by increased intermolecular 

hydrogen bonding occurring relative to the situation in acetone. Additionally, although both 

solvents are dipolar aprotic, acetone is more polarizable than MeCN. Laccaic acid has two 

carboxylic acid groups and an amide in addition to the phenolic hydroxyl groups also 

present in alizarin and purpurin, making it a more polar molecule overall and its excited 

state more stable in the more polarizable acetone environment. 

The emission properties of the four RHAQs in acetone (Table 5.6) follow a similar 

pattern to their MeCN equivalents. Only the visible transitions can be shown in acetone, 

owing to the intense absorption of the solvent in the UV region. Once again, alizarin has the 

most pronounced Stokes shift and is the only AQ to show dual fluorescence (605 and 547 

nm). Therefore, it is the only AQ undergoing ESIPT. 
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Table 5.6: Steady-state UV-visible absorption and fluorescence emission properties of alizarin, purpurin 
carminic acid and laccaic acid in acetone (OD = 0.5 at λmax). PT = proton-transferred AQ tautomer, LE = locally 
excited AQ tautomer, CT = charge transfer, sh = shoulder, (vw) = very weak. 

AQ 
UV-visible Absorption 

(λ, nm) 
Fluorescence 

(λ, nm) 

CT(π-π*) PT LE 

Alizarin - 425 - 605 547 

Purpurin 452 (sh) 475 502 (sh) - 567 

Laccaic acid 450 (sh) 500 529 (sh, vw) - 570 

Carminic acid 466 (sh) 488 520 (sh) - 555 

 

 

5.2.5 Transient Absorption Spectroscopy of All Four AQs in Acetone 

5.2.5.1 Alizarin in Acetone 

TrA spectra of alizarin, purpurin, carminic acid and laccaic acid in acetone are shown in 

(Figure 4). The molecules were excited at the peak of their visible absorption spectra. For all 

four molecules, these bands correspond to a π-π* transition to the lowest excited singlet 

state. A note on the ripple effect seen in the red ends of some of the transient absorption 

spectra (Figure 5.11 shows a strong example): initially suspected to be a possible CCD 

etalon, this was discovered to be related to sporadic difficulties encountered with 

supercontinuum generation. It was remedied or mitigated where possible. 

 In the TrA spectrum of alizarin (Figure 5.11), a transient band appears at ~495 nm 

within the instrument resolution rise time. This signal decays with a lifetime of 152 ± 4 ps. 

There is some structure in the excited state absorption signal (a shoulder at ~470 nm) 

although it is less pronounced than that of alizarin in MeCN and thus a vibrational mode 

cannot be assigned. Additionally, the single exponential fit does not resolve a shorter time 

component that could represent vibrational relaxation, suggesting that the main component 

of deactivation from the excited singlet is internal conversion, as it often cited for 

hydroxyanthraquinones (see Chapter 2). 
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Figure 5.11: Transient spectral decay profile of alizarin in acetone (λpump = 425 nm pump pulse energy = 2 μJ). 
Pink = 0.2 ps, blue = 7 ps, chartreuse = 55 ps, dark orange = 350 ps, red = 500 ps. Black arrows indicate 
direction of change.  

A stimulated emission signal appears in the 600-700 nm region with a maximum at at 

674 nm, sharing an isosbestic point with the excited state absorption at ~587 nm. Compared 

with the MeCN spectrum, both the transient absorption and the stimulated emission are 

lower in intensity. The stimulated emission decays with a lifetime of 150 ± 3 ps, which 

correlates well with the excited state absorption lifetime. As in the spectrum of alizarin in 

MeCN, both of these signals are assigned to the first excited singlet S1. The fact that the 

signal returns to baseline at long times indicates that no irreversible photochemistry is 

occurring for alizarin. Once again, the data suggest that alizarin should be relatively 

photostable, as photoexcitation is followed by rapid deactivation; photo-excitation is 

followed by rapid, efficient return to the ground state via internal conversion. 

 

Table 5.7: Transient spectral features of alizarin in acetone, with their extracted lifetimes and assignments. 

AQ λpump (nm) λTA (nm) τTA1 (ps) λSE (nm) τSE (ps) 
State 

Assigned 

Alizarin 425 470 (sh) 495 152 ± 4 674 150 ± 3 S1 

*SE = Stimulated Emission, TA = Transient Absorption, sh - shoulder 
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5.2.5.2 Purpurin in Acetone 

In the case of purpurin, the transient signal assigned to the S1 absorption appears at 

~535 nm, (Figure 5.12). Once again, the excited state lifetime of purpurin (1.79 ± 0.02 ns 

here in acetone) is significantly longer than that of alizarin, despite their small structural 

difference. In comparison with the transient spectrum of purpurin in MeCN, however, the 

lifetime in acetone is shorter, indicating that deactivation of the excited state is more 

efficient in acetone. The negative signal centred at ~610 nm represents pump-induced 

stimulated emission, and has a lifetime of 1.78 ± 4 ps. The two transient signals are assigned 

to the same state, namely the first excited singlet state of purpurin. Despite the accelerated 

decay, the 4 ns window is still not sufficient to capture the full decay to baseline of purpurin, 

and it is possible that the molecule may be undergoing photochemical reactions not visible 

in this spectrum. The poorly-defined isosbestic point at ~561 nm also suggests that there 

may be more complicated dynamics involved, such as the participation of species evolving 

at longer delay times. Similar to alizarin in acetone, the overall magnitude of the transient 

signals is lower than those in acetonitrile, and similar to the case in MeCN, the TA:SE 

magnitude ratio is still higher in laccaic acid than the other RHAQs. 

 

Figure 5.12: Transient spectral decay profile of purpurin in acetone (λpump = 475 nm pump pulse energy = 2 
μJ). Pink = 1 ps, chartreuse = 450 ps, orange = 1000 ps, red = 3200 ps, dark red: 4000 ps. Black arrows 
indicate direction of change. 
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Table 5.8: Transient spectral features of purpurin in acetone, with their extracted lifetimes and assignments. 

AQ 
λpump 

(nm) 
λTA (nm) τTA1 (ps) λSE (nm) τSE (ps) 

State 

Assigned 

Purpurin 475 507 (sh) 531 1790 ± 22 610 1778 ± 37 S1 

*SE = Stimulated Emission, TA = Transient Absorption, sh = shoulder 

5.2.5.3 Laccaic Acid in Acetone 

The laccaic acid TrA spectrum (Figure 5.13) shows a transient absorption band at ~540 

nm, and a stimulated emission band at ~688 nm, sharing an isosbestic point at ~638 nm. 

Once again, these are collectively assigned to the S1 state, the lifetime of which was found 

to be 40.6 ± 0.2 ps, the shortest in this group of four AQ-acetone solutions. Interestingly, 

despite both solutions being dipolar aprotic, and similar in physical properties, the excited 

state lifetime of laccaic acid in acetone contrasts most significantly of all the RHAQs with its 

lifetime in MeCN. The two lifetimes differ by ~100 ps, or ~66% of the lifetime in MeCN. 

 

Figure 5.13: Transient spectral decay profile of laccaic acid in acetone (λpump = 488 nm pump pulse energy = 2 
μJ). Pink = -1 ps, indigo = 7 ps, chartreuse = 20 ps, orange = 60 ps, red = 200 ps. Black arrows indicate 
direction of change. 

However, considering that laccaic acid showed the most bathochromic ground-state 

absorption of all the RHAQS in acetone, the rapidity of its decay back to the ground state 

may be due to the greater degree of intermolecular hydrogen bonding that is possible 



 
 

105 
 

between laccaic acid and the solvent in acetone. Both inter- and intramolecular hydrogen 

bonds are invoked as increasing the rate of non-radiative decay in hydroxyanthraquinones,46 

thus a greater degree of hydrogen-bonding would help to explain the rapidity of laccaic 

acid’s relaxation in acetone. Given this particularly short excited state lifetime, one might 

expect laccaic acid to be the most photostable of all four solutions, but the interpretation is 

more complex. 

Table 5.9: Transient spectral features of laccaic acid in acetone, with their extracted lifetimes and 
assignments. 

AQ 
λpump 

(nm) 
λTA (nm) τTA1 (ps) λSE (nm) τSE (ps) 

State 

Assigned 

Laccaic acid 488 544 40.6 ± 0.2 688 42 ± 3 S1 

 *SE = Stimulated Emission, TA = Transient Absorption 

5.3.5.4 Carminic Acid in Acetone 

The TrA spectrum of carminic acid (Figure 5.14) shows the same general pattern as the 

other three RHAQs in acetone: a transient absorption at ~541 nm and stimulated emission 

band at ~617 nm, sharing an isosbestic point at ~579 nm. For the same reasons as 

previously stated, these bands are collectively assigned to the S1 state of carminic acid. In 

contrast to the other RHAQs in acetone, however, carminic acid has a triple exponential 

decay profile, with a rise of τ1 = 1.11 ± 0.04 ps, and a decay of τ2 = 50 ± 2 ps and τ3 = 1022 ± 2 

ps. Previous work on fs-TrA of carminic acid also found a complicated decay profile, 

extracting lifetimes of 8, 15, 33 and 46 ps, which were assigned to the neutral and 

deprotonated forms of two tautomers of carminic acid (four species in total).12 

However, their data was gathered in aqueous solution (BPES buffer in water), and the 

existence of the tautomeric forms presupposes the occurrence of double ESIPT in carminic 

acid despite its 1,4-substitution and lack of dual fluorescence. There is no spectral evidence 

to support the occurrence of ESIPT in carminic acid in acetone solution; no dual emission is 

observed in the steady-state fluorescence emission spectrum (Figure 5.10), and the shortest 

temporal component extracted from the kinetic profile (1.1 ps) is well outside the generally 

accepted timescale of ESIPT in hydroxyanthraquinones (<50 fs),54 and is thus unlikely to 

represent the rise of the PT tautomer of carminic acid. Although the Sn  S1 internal 

conversion is considered to proceed extremely rapidly in hydroxyanthraquinones,62-65 the 
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1.1 ps rise time suggests that carminic acid is first excited to an intermediate state, from 

which it populates the S1 state. Fitting of the stimulated emission band gives 1132 ± 27 ps, 

supporting the idea that the 1022 ps lifetime arises from the decay of the S1 state. One of 

the lifetimes extracted for carminic acid in acetone is on a similar timescale, that of 50 ps. 

 

Figure 5.14: Transient spectral decay profile of carminic acid in acetone (λpump = 488 nm pump pulse energy = 
2 μJ). Pink = -1 ps, cyan = 550 ps, yellow = 1400 ps, red = 2850 ps, navy = 4046 ps. Black arrows indicate 
direction of change. 

 

The relatively long excited state lifetime suggests that, like purpurin, carminic acid 

spends a relatively long time in the excited state, and should be at increased risk of 

photodegradation. 

 

Table 5.10: Transient spectral features of carminic acid in acetone, with their extracted lifetimes and 
assignments. 

AQ 
λpump 

(nm) 

λTA 

(nm) 
τTA1 (ps) τTA2 (ps) τTA3 (ps) 

λSE 

(nm) 
τSE (ps) 

State 

Assigned 

Carminic 

acid 

488 541 1.11 ± 0.04 50 ± 2 1022 ± 2 617 1132 ± 27 S1 

*SE = Stimulated Emission, TA = Transient Absorption 
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5.2.6 Summary of fs-TrA of RHAQs in MeCN and Acetone 

 

Femtosecond transient absorption spectra of alizarin, purpurin, laccaic acid and carminic 

acid in MeCN and acetone were acquired and the results are summarised in Table 5.11. In 

all cases except alizarin in MeCN (where a fs-TrA spectrum of the 2-methoxy derivative is 

present in the literature5) these spectra represent the first ultrafast transient studies of 

these molecules on these solvents; in the case of purpurin and laccaic acid, the first ultrafast 

transient spectra available. They have several commonalities: 

• A transient absorption band centred in the ~500-550 nm region. 

• A stimulated emission band, centred in the ~600-700 nm region, and related to the 

transient absorption band via an isosbestic point. 

• Both bands arise from the first excited singlet state S1. 

In several instances, the isposbestic points present in the spectra between the TA and SE 

bands are not clearly defined. At very early delay times, the deviation may be accounted for 

by vibrational relaxation. However, at longer delays, particularly those extending into the 

nanosecond realm, this may be indication of the presence or development of species not (or 

poorly) distinguishable in the transient spectrum within the available temporal window. 

Further extension of the maximum delay time, refinement of the S/N ratio and the 

employment of complementary spectroscopic techniques (e.g. transient Raman, 

fluorescence) would help to clarify the origin of this effect on the isosbestic point.  

The kinetic data yielded lifetimes that varied from 40 ps (laccaic acid in acetone) all the way 

to 2351 ps (purpurin in MeCN). Lifetimes in acetone were overall somewhat shorter than 

those in MeCN, probably due to hydrogen-bonding interactions between dye and solvent. 

Purpurin consistently had the longest S1 lifetime, on the 1-2 nanosecond scale. Most of the 

decays were monoexponential, differing only in the cases of alizarin in MeCN (2 ps 

vibrational decay contribution), laccaic acid in MeCN (36 ps short lifetime) and carminic acid 

in acetone (1 ps rise, a long and a short component in the decay). The results support the 

general consensus in the literature that hydroxyanthraquinones deactivate fairly rapidly 

through the singlet manifold, primarily via radiationless deactivation (VR, IC). Processes 

facilitating this but lying outside the resolution of our system include ESIPT (alizarin) and 
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rapid deactivation from higher-energy singlet states after excitation. In an interesting 

parallel with the results of steady-state spectra of the RHAQs in MeOH:water by Claro,184 

the behaviour of alizarin is most similar to that of laccaic acid, while the behaviour of 

purpurin is most similar to that of carminic acid. 

 

Table 5.11: Summary of fs-TrA data for the red lake AQs in MeCN and acetone, showing the wavelengths 
and temporal parameters for the transient bands observed. 

AQ 
MeCN Acetone 

λTA (nm) τTA (ps) λSE (nm) τSE (ps) λTA (nm) τTA (ps) λSE (nm) τSE (ps) 

Alizarin 500 
2 

~650 150 495 150 674 152 
150 

Purpurin 540 2351 611 2338 531 1790 610 1778 

Laccaic Acid 500 
36 

685 200 544 40.6 688 42 
221 

Carminic 

Acid 
- - - - 541 

1.11 

617 1132 50 

1022 

 

Transient absorption data for the RHAQs in acetone are summarised in Table 5.11. 

Based on the hypothesis that short singlet excited state lifetimes correspond to greater 

photostability, all the RHAQs should show greater photostability in acetone solution, alizarin 

and laccaic acid should show the greatest photostability, and purpurin should be the least 

photostable. In the following sections, the results of the long-term accelerated 

photodegradation experiments on the RHAQs in MeCN and acetone carried out to test this 

hypothesis are presented. 

5.3 Photodegradation Studies of Alizarin, Purpurin, Laccaic Acid and 
Carminic Acid in MeCN and Acetone 

Solutions of alizarin, purpurin and laccaic acid with concentrations affording an OD of 

0.2 at the wavelength of maximum absorption were exposed to visible-spectrum radiation 
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from a lamp over 144 hours, as described in Chapter 3. The UV-visible absorption spectra of 

the solutions were taken every 24 hours.  

Irradiation was limited to the visible spectrum as this thesis examines the effect of 

visible wavelengths on the excited-states and photodegradation of the RHAQ. The transient 

absorption experiments consider the excited-state dynamics of the RHAQs when pumped at 

the centre of their visible band; wavelengths below 400 nm are well known to have a 

deleterious effect,1,95 and wavelengths below ~280 nm are unlikely to be encountered in the 

conditions to which art and textiles are normally exposed (both indoor and outdoor).185 

Figure 5.15 (alizarin), Figure 5.16 (purpurin) and Figure 5.17 (laccaic acid) below show 

the spectra for 0 h and 144 h radiation, with plots of the change in absorption at the 

wavelength of maximum absorption as a function of exposure time. Percent 

photodegradation (%PD) for each solution was calculated by taking the area under the 

visible-region bands of the 0 h and 144 h spectra for each solution and calculating the 

difference between the two as a percentage. The results for three experiments for each 

solution/AQ pair were averaged to provide the final result and associated error.  

In all cases, attempts were made using chromatographic separation and nuclear 

magnetic resonance (NMR) spectroscopy to detect the presence and establish the nature of 

any photodegradation products. Unfortunately, the concentration of any such compounds 

was so minute that that no conclusive data were obtained. 

5.3.1 Photodegradation of Alizarin, Purpurin and Laccaic Acid in MeCN 

 

Considering all three sets of MeCN photodegradation spectra, three global changes in 

spectral intensity stand out:  

• A decrease in absorption has occurred in the visible band (400 - 600 nm region), 

which would ultimately result in the loss of intensity in red colour and thus ‘fading'. 

• A decrease in the band located at ~270 – 280 nm. The decrease is most notable for 

purpurin followed by laccaic acid, and almost non-existent for alizarin. 

• An increase in absorption intensity in the ~220 – 275 nm region. This could be due to 

photochemical reduction or de-functionalisation of the 9,10-AQ core (causing the 
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spectrum to reflect a greater contribution from unsubstituted 9,10-AQ or 

semi/hydroquinone), and/or a contribution from smaller aromatic breakdown 

products of AQ, such as phthalic acid.99 The increase is most notable for laccaic acid, 

followed by purpurin and then alizarin. 

 

5.3.1.1 Photodegradation of Alizarin in MeCN 

The photodegradation spectra of alizarin in MeCN (Figure 5.15, main) show a small 

degree of change, calculated at 2.9% ± 0.2.  

 

Figure 5.15: UV-visible absorption spectra of alizarin in MeCN at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

A decrease is observable in all peaks except the region at ~200 nm as mentioned above, 

and a sight broadening in the bands at ~250 nm and ~422 nm. A very slight bathochromic 

shift has occurred in the visible band, while the other peaks remain in their original 

positions. The total reduction in absorbance at 422 nm (ΔA) is 0.015, with the values across 

the full 144 h yielding a photodegradation rate (kp) at 422nm (‘fading’ rate) of 0.0001 h-1 
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(Figure 5.15, inset). As suggested by its short excited state lifetime measured by fs-TrA (~150 

ps), alizarin experiences a relatively small degree of overall photodegradation under visible 

irradiation. 

5.3.1.2 Photodegradation of Purpurin in MeCN 

Despite its small structural differences relative to alizarin, purpurin has undergone the 

greatest change of the three RHAQs in MeCN, with a significant reduction in the visible 

region, calculated at 29.6% ± 0.9 (Figure 5.16, main).  

 

Figure 5.16: UV-visible absorption spectra of purpurin in MeCN at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

The visible-region band has broadened, with a reduction in definition of the slight blue 

shoulder that can be seen in the zero hour spectrum (the shoulder on the red edge has 

remained distinguishable from the main peak). A reduction in intensity has occurred in the 

band located at ~270 - 280 nm, but no shift in wavelength is observed. The total reduction in 

absorbance at 478 nm (ΔA) is 0.084, with the values across the full 144 h yielding a 

photodegradation rate (kp) at 478nm (‘fading’ rate) of 0.0006 h-1 (Figure 5.16, inset). This 
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rate of fading is six times greater than that of alizarin, and the much greater reduction in 

intensity across the entirety of purpurin’s absorption spectrum after 144 h exposure 

demonstrates that, as expected from its significantly longer S1 lifetime in MeCN (2351 ps), 

purpurin is more susceptible to photodegradation than alizarin. 

5.3.1.3 Photodegradation of Laccaic Acid in MeCN 

The most structurally complex of the three RHAQs in MeCN, laccaic acid shows a degree 

of photodegradation that falls in between that of alizarin and purpurin: 8.8% ± 0.7. Laccaic 

acid also shows the greatest increase in intensity in the ~230 nm region, and the greatest 

degree of broadening in the visible band. Unlike alizarin and purpurin, no appreciable shift 

of the visible peak has occurred. The total reduction in absorbance at 480 nm (ΔA) is 0.023, 

with the values across the full 144 h yielding a photodegradation rate (kp) at 480 nm 

(‘fading’ rate) of 0.0002 h-1 (Figure 5.17, inset). The position of laccaic acid between alizarin 

and purpurin in terms of photodegradation is reflected in its S1 lifetime (221 ps). 

 

Figure 5.17: UV-visible absorption spectra of laccaic acid in MeCN at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 
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The qualitative and quantitative results of the MeCN photodegradation experiments 

described above are summarised in Table 5.12. A visual comparison of the 

photodegradation rates of all three RHAQs in MeCN is given in Figure 5.18, clearly showing 

that purpurin fades the fastest, followed by laccaic acid, then alizarin. 

Table 5.12: Photodegradation properties of alizarin, purpurin and laccaic acid in acetonitrile after 144 h 
irradiation. Arrows indicate in increase (↑) or decrease (↓) in absorption. 

AQ 

(MeCN) 

λmax 

(nm) 

230-270 

nm 

region 

~275 

nm 

peak 

Visible 

Region 
% PD 

ΔA 

(at λmax) 

kp 

(h-1)* 

τ 

(ps) 

Alizarin 422 ↑ ↓ ↓ 2.9 ± 0.2 0.015 0.0001 150 ± 7 

Purpurin 478 ↑ ↓ ↓ 29.6 ± 0.9 0.084 0.0006 2351 ± 10 

Laccaic acid 480 ↑ ↓ ↓ 8.8 ± 0.7 0.023 0.0002 221 ± 53 

*The slope of a linear fit of ΔA with respect to exposure time (h) 

 

 

Figure 5.18: Comparison of the change in absorption at the maximum wavelength for alizarin (black), 
purpurin (red) and laccaic acid (blue) in MeCN with respect to exposure time. 
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5.3.1.4 Excited State Lifetime and Photodegradation Change of RHAQs in MeCN 

Comparing the photodegradation and transient absorption results of alizarin, purpurin 

and laccaic acid in MeCN, the hypothesis that a shorter excited state lifetime corresponds to 

greater photostability holds true. Alizarin and purpurin, despite differing only by a single 

hydroxyl group, show markedly different results both in terms of excited state lifetime (150 

ps vs. 2351 ps) and photodegradation change (2.9% vs 29.6 %). These results support the 

hypothesis that processes occurring from the singlet state on the nanosecond-picosecond 

timescale are strongly linked to long term, macroscopic photodegradation in 

hydroxyanthraquinones. In addition, the results suggest that the degree of 

photodegradation may be linked to even shorter-timescale processes occurring immediately 

after excitation, namely the ESIPT that alizarin, but not purpurin or laccaic acid, can 

undergo. Laccaic acid appears have a decay profile more in line with that of alizarin, in that 

the overall percent photodegradation change is closer (8.8%) to alizarin’s (2.9%) than 

purpurin (29.6%). This mirrors laccaic acid’s excited state lifetime (221 ps), which is both 

closer to alizarin’s than purpurin’s, but is still significantly shorter than purpurin’s. The fact 

that all three AQS have undergone some degree of photodegradation indicates that 

exposure to wavelengths between 400-700 nm can have a noticeable degradative effect, 

which would act in addition to any photodegradation caused by UV wavelengths present in 

normal daylight/museum lighting conditions. 

 

5.3.2 Photodegradation of All Four RHAQs in Acetone 

The same photodegradation studies as those described above were carried out in 

acetone to compare the lightfastness of the four anthraquinones, once again based on their 

structure, and to provide a point of comparison with the same experiments in MeCN. The 

photodegradation spectra of alizarin (Figure 5.19), purpurin (Figure 5.20), laccaic acid 

(Figure 5.21) and carminic acid (Figure 5.22), are once shown exclusively from ~330 nm, as 

below this the spectrum is completely obscured by interference from the intense UV 

absorption of the acetone solvent.  
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5.3.2.1 Photodegradation of Alizarin in Acetone 

 

Figure 5.19: UV-visible absorption spectra of alizarin in acetone at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

It may be clearly seen that alizarin has undergone even less photodegradation in the 

visible region than it did in MeCN, amounting to 1.7% ± 0.2 across the band (Figure 5.19, 

main). Across the visible band, there is change in peak intensity of ΔA = 0.0004, with a 

photodegradation rate (kp) at 425 nm (‘fading’ rate) of 0.00003 h-1 (Figure 5.19, inset). This 

is associated with a small hypsochromic shift of the peak maximum and slight narrowing of 

the band. Although the S1 lifetimes of alizarin in MeCN and acetone were found to be similar 

(150 ps and 152 ps respectively, potentially the same within the experimental error), there 

has been a small decrease in photodegradation going from MeCN to acetone. 
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5.3.2.2 Photodegradation of Purpurin in Acetone 

 

Figure 5.20: UV-visible absorption spectra of purpurin in acetone at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time 

As in MeCN solution, the acetone results clearly show that purpurin has undergone the 

greatest degree of photodegradation over the 144 h. (Figure 5.20, main) There is a decrease 

in intensity across the entire visible peak, with indications that this continues well into the 

next, UV, band. The total percent photodegradation across the visible band is calculated at 

22% ± 3, with the total reduction in absorbance at 475 nm (ΔA) = 0.036. Across the full 144 

h, the ΔA data for purpurin in acetone yield a photodegradation rate (kp) at 475 nm (‘fading’ 

rate) of 0.0003 h-1 (Figure 5.20, inset). Purpurin showed a substantial reduction in its excited 

state lifetime in acetone (2351 ps  1790 ps), and a reduction has also occurred in its 

degree of photodegradation in the visible region of the spectrum. 
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5.3.2.3 Photodegradation of Laccaic Acid in Acetone 

 

Figure 5.21: UV-visible absorption spectra of laccaic acid in acetone at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

Laccaic acid shows a notable decrease across the visible band, accompanied by a slight 

broadening of that band (Figure 5.21, main). Unlike the other three AQs in acetone, the 

peak maximum area of the ~330 nm band of laccaic acid is visible in the photodegradation 

spectrum. It, shows a decrease in intensity and a broadening as seen in other AQ systems, 

but, interestingly, not in the photodegradation spectrum of laccaic acid in MeCN, where no 

change was observed in this area. There is also an apparent slight hypsochromic shift in this 

peak (although precise assessment of this band is difficult due to where the spectrum cuts 

off). The total percent photodegradation across the visible band is calculated at 4.2% ± 0.2, 

with the total reduction in absorbance at 500 nm (ΔA) = 0.035. Across the full 144 h, the ΔA 

data for purpurin in acetone yield a photodegradation rate (kp) at 500 nm (‘fading’ rate) of 

0.0002 h-1 (Figure 5.21, inset). Laccaic acid presents an interesting case in acetone, as its S1 

lifetime is significantly shorter than both its own in MeCN, and alizarin’s in both solvents, yet 

it shows a greater degree of photodegradation than alizarin. 
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5.3.2.4 Photodegradation of Carminic Acid in Acetone 

 

Figure 5.22: UV-visible absorption spectra of carminic acid in acetone at 0 h (solid line) and 144 h (dotted 
line) exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

Like purpurin, carminic acid shows a decrease in intensity across the entire visible 

spectral region but to a slightly lesser degree and even more evenly distributed, with no 

obvious band narrowing or peak shift (Figure 5.22, main). The red edge of the peak at ~330 

nm is partially visible and also shows a decrease in intensity. The total percent 

photodegradation across the visible band is calculated at 3.8% ± 0.3, with the total 

reduction in absorbance at 488 nm (ΔA) = 0.013. Across the full 144 h, the ΔA data for 

purpurin in acetone yield a photodegradation rate (kp) at 488 nm (‘fading’ rate) of 0.00009 

h-1 (Figure 5.22, inset). Although there are no comparison photodegradation or fs-TrA 

spectra of carminic in acid in MeCN due to its poor solubility in that solvent, the relationship 

between S1 lifetime, solvent and degree of photodegradation for carminic acid are more 

complex than observed in alizarin/purpurin, with a relatively low degree of 

photodegradation despite a long S1 lifetime in acetone (1022 ps). 
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The qualitative and quantitative results of the acetone photodegradation experiments 

described above are summarised in Table 5.13.  

Table 5.13: Photodegradation properties of alizarin, purpurin and carminic and laccaic acids in acetone after 
144 h exposure. 

AQ 
λmax 

(nm) 

~330 nm 

peak 

Visible 

region 
% PD 

ΔA  

(at λmax) 

kp 

(h-1)* 

τ 

(ps) 

Alizarin 425 ↓ ↓ 1.7 ± 0.2 0.004 0.00003 152 ± 4 

Purpurin 475 ↓ ↓ 22 ± 3 0.036 0.0003 1790 ± 22 

Laccaic acid 500 ↓ ↓ 4.2 ± 0.2 0.035 0.0002 40.± 6 

Carminic acid 488 ↓ ↓ 3.8 ± 0.3 0.013 0.00009 1022 ± 2 

*The slope of a linear fit of ΔA with respect to exposure time (h) 

A visual comparison of the photodegradation rates of all four RHAQs in acetone is given 

in Figure 5.23, clearly showing that purpurin fades the fastest, followed by laccaic acid, 

carminic acid, and lastly alizarin. 

 

Figure 5.23: Comparison of the change in absorption at the maximum wavelength for alizarin (black), 
purpurin (red), laccaic acid (blue) and carminic acid (green) in acetone with respect to exposure time. 
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5.3.2.5 Excited State Lifetime and Photodegradation Change in Acetone 

The data show very clearly that alizarin exhibits the smallest degree of 

photodegradation (1.7% ± 0.2) while purpurin shows the largest (22% ± 3). These results 

align well with the hypothesis that a longer excited state lifetime results in poorer 

photostability; purpurin, with an excited state lifetime of almost 1.2 ns, is at much greater 

risk of photodegradation than alizarin, whose excited state lifetime is nearly ten times 

shorter.  

The results for carminic acid and laccaic acid reflect a somewhat different response. 

Carminic acid, with an excited state lifetime of ~1 ns, might be expected to show a degree of 

photodegradation closer to that of purpurin, but the photodegradation observed in the 

experiment was 3.8% ± 0.3, closer to the result observed for alizarin (Figure 5.23). The 

carminic acid results do fit within the overall pattern of shorter excited state lifetime being 

correlated with greater photostability. The laccaic acid solution, on the other hand, despite 

having an excited state lifetime of only ~40 ps, showed photodegradation similar to that of 

carminic acid at 4.2% ± 0.2. This does not fit within the pattern created by the other 

anthraquinones examined here and suggests that, although the deactivation from the S1 

excited state proceeds rapidly, the molecule may have followed other equally or more 

efficient decay pathways after excitation that ultimately resulted in photodegradation. 

The fits to the photodegradation kinetic data are linear – however, these fits highlight in 

several instances that the degradation does not, in fact, have a linear relationship with time. 

This indicates (perhaps unsurprisingly) that the photodegradation rate depends on multiple 

reaction components that change with time. More data points would be needed in order to 

establish a clearer picture of the non-linear kinetics and investigate possible 

photodegradation reaction pathways, building on the ‘total photodegradation/144h’ 

presented here. 

5.4 Summary 

The combined results of the fs-TrA and photodegradation experiments on alizarin, purpurin, 

laccaic acid and carminic acid in MeCN and acetone are summarised briefly in Table 5.14 

below. 
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Table 5.14: Summary of long transient lifetimes (S1, τ) and percent photodegradation values (%PD) for 
alizarin, purpurin, laccaic acid and carminic acid in MeCN and acetone, together with the percent changes in 
these parameters on going from MeCN to acetone solvent. 

AQ 
MeCN Acetone 

τ (ps) %PD τ (ps) %Δ* %PD %Δ* 

Alizarin 150 2.9 152 + 1.3 1.7 - 41 

Purpurin 2351 30 1790 - 24 22 - 27 

Laccaic Acid 221 8.8 41 - 81 4.2 - 52 

Carminic Acid - - 1022 - 3.8 - 

* Percent change of a value in acetone with respect to its equivalent in MeCN for a given AQ. 

 

The following conclusions can be drawn from the experiments described in this chapter: 

• The S1 lifetimes of the RHAQs depend sensitively on the number, nature and position 

of the substituents, and the nature of the solvent. The presence and rate of 

radiationless deactivation mechanisms such as VR, IC and ESIPT are particularly 

important in determining the lifetime of the singlet state, and thus the degree of 

photodegradation experienced by the AQ. 

• Both excited-state lifetime (S1) and degree of photodegradation are reduced for all 

RHAQS, going from MeCN to acetone as the solvent. The lifetime change in alizarin is 

very small, lying within the experimental error, but the reduction in 

photodegradation is appreciable (41% decrease). This suggests the influence of a 

solvent parameter, such as the relatively large difference in polarizability between 

alizarin and acetone. 

• With one exception, alizarin has the shortest excited state lifetimes, and the smallest 

degree of photodegradation in both solvents. This agrees well with the hypothesis 

that shorter excited state lifetimes result in reduced photodegradation, and suggests 

that alizarin benefits quite strongly from the ESIPT that occurs at very early times 

after photoexcitation, relative to the other RHAQs where it is precluded by their 1,4-

substitution pattern. 

• Without exception, purpurin has the longest excited state lifetimes, and the greatest 

degree of photodegradation, generally by a large margin. As above, this agrees with 

the lifetime/photodegradation hypothesis. In contrast to alizarin, there seems to be 
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a close although possibly coincidental match in the reduction in τ (24%) and degree 

of overall photodegradation (27%) occurring on going from MeCN to acetone. 

Further experimentation would be needed to investigate this, as the relationship 

between τ and %PD in other cases is not as apparently linear. 

• Laccaic acid experiences a reduction in both τ (81%) and %PD (52%) on going from 

MeCN to acetone. However, despite showing the shortest S1 lifetime overall, with τ = 

41 ps in acetone, the degree of photodegradation experienced by laccaic acid is still 

greater than that of both alizarin and carminic acid in the same solvent. In the case 

of alizarin, this perhaps further highlights the role of ESIPT in deactivating the excited 

singlet, facilitating relaxation, and mitigating photodegradation, as laccaic acid 

should not be able to undergo ESIPT. Laccaic acid has the possibility of energy 

dissipation via resonance energy transfer and movement involving the phenyl side 

chain (shortening τ) but also has more reactive centres such as the acid groups and 

the amide (possibly increasing PD). 

• Although there is only one dataset (acetone) for carminic acid, it shows a deviation 

from the hypothetical trend, with a >1 ns S1 lifetime and a degree of 

photodegradation in acetone lower than that of laccaic acid (S1 τ = 41 ps). This 

demonstrates that the relationship between solvent, lifetime and photodegradation 

is more complicated for laccaic and carminic acids, perhaps unsurprising given the 

increased complexity and reactivity of their structures. 

The madder pigment used in works of art throughout the centuries consists of a mixture of 

AQs (See Chapter 1). Although the principal components are alizarin and purpurin, the exact 

HAQ profile of the pigment or dye depends on the species of plant, the growing conditions, 

method of harvesting and method of extraction and preparation of the dye. The results 

discussed in this chapter show that the long-term photodegradation of the molecule 

depends sensitively on its excited state lifetime, and thus on its structure. Alizarin appears 

to benefit enormously from its ability to undergo ESIPT, which suggests that other HAQ 

components of madder that can undergo ESIPT should also have shorter excited state 

lifetimes and greater photostability, while madder HAQs with the 1,4-disubstitution pattern 

seen in purpurin should have longer lifetimes and be less photostable. If the HAQ profile of a 

sample of madder dye or pigment is known or even approximated, its long-term 
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photostability may be predicted by the relative quantities of its ‘alizarin-like’ or ESIPT-

capable HAQs, and its ‘purpurin-like’ or ESIPT-forbidden HAQs. This adds another facet to a 

more nuanced and detailed approach to assessing the long-term photostability of art 

objects with AQ chromophores. 

 

 

The following Chapter details fs-TrA and photodegradation experiments carried out on the 

four RHAQs in polar protic solvents, namely methanol (alizarin, purpurin and carminic acid) 

and water (carminic and laccaic acids).  
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Chapter 6: Spectroscopy of Red Lake 
Anthraquinones in Polar Protic 

Solution 

 

6.1 Anthraquinone TrA: Molecules and Their Microenvironment 

In the previous chapter, the ultrafast and long-term responses of four anthraquinone 

pigment chromophores (alizarin, purpurin, laccaic acid A and carminic acid) to 

photoexcitation was examined in dipolar, aprotic solvent. This provided valuable 

information about their excited state lifetimes and relative photostabilities. Ultimately 

however, a molecular microenvironment more similar to that present in the art context is 

desired. One significant aspect of art media as pigment matrices is that traditional ones 

generally consist of biological materials with extensive hydrogen bonding capability. For 

example, the traditional medium for watercolour paint is gum arabic, the hardened sap of 

the acacia tree (spp. Senegalia (Acacia) senegal and Vachellia (Acacia) seyal). It consists of 

an extremely complex mixture of polysaccharides and glycoproteins that create a very polar, 

hydrogen-bonding environment (Figure 6.1).  

https://en.wikipedia.org/wiki/Acacia_senegal
https://en.wikipedia.org/wiki/Acacia_seyal
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Figure 6.1: Left: Alizarin lake pigment ground in gum arabic as a watercolour (author photo); dried gum 
arabic. Left: the structures of arabinose and ribose, two of the principal components of gum arabic - note 
the large number of polar/hydrogen-bonding functionalities. 

 

Additionally, the natural red AQs have been popular for millennia as textile and leather 

dyes.4 As a result, museum objects containing AQ dyes are generally made of cotton or silk, 

with the AQ in both mordanted and unmordanted states. As in the case of gum arabic, the 

biological origin of cotton and silk textiles means that they offer a microenvironment rich in 

polar, hydrogen-bonding capable functionalities.116 

In order to examine the response of the RHAQs to a simple hydrogen bonding 

environment, TrA and long-term photodegradation experiments were carried out in either 

water and/or methanol solution (depending on solubility). Hydrogen bonding ability in 9,10-

anthraquinones is generally linked with a decrease in their non-radiative relaxation 

times,42,45,46 thought to be due to the hydrogen bonds acting as vibrational accepting 

modes. Following the logical hypothesis that longer excited state lifetimes correspond to an 

increased rate of photodegradation, a hydrogen-bond mediated decrease in non-radiative 

relaxation times should result in shorter excited state lifetime and an increase in 

photostability. 

fs-TrA studies of alizarin in MeOH, EtOH and EtOH:H2O6-8 and carminic acid12 in BPES/H2O in 

the literature have shown that the lifetime of the first excited singlet state falls in the region 

of tens of picoseconds (~30-90 ps for alizarin, ~5-50 ps for carminic acid tautomers), while 

vibrational relaxation in the same solvents, where distinguishable, occurs on the ~1-8 ps 
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timescale (see Chapter 2). The more polar the solvent environment, the shorter the 

lifetimes were found to be aside from a theorised ‘H2O-trapped’ state with a surprisingly 

long lifetime of ~1ns.6 Based on this literature, it is predicted that the excited state lifetimes 

of the AQs in MeOH and H2O will (in general) be shorter than those observed in MeCN and 

acetone, with the possibility of incurring less predictable behaviour in aqueous solution. At 

the same time, based on the results described in Chapter 5, a reduction in AQ excited state 

lifetime in polar protic solvents would suggest a corresponding reduction in the degree of 

photodegradation observed, particularly for the simpler, and less reactively substituted 

alizarin and purpurin. 

As in Chapters 4 and 5, the kinetic results were obtained from global fits of the data, and the 

hard and soft modelling techniques described in Chapter 3 were applied in each caseto 

assess the suitability of the model, even if no specific fitting difficulties were encountered. 

6.2 Phase 2: TrA of Red Lake Anthraquinones in Polar Protic Solvent 
– The Effect of Hydrogen Bonding on Ultrafast Lifetime and Long-
Term Photostability 

The choice of solvent in this second phase was based partly on the solubility of the 

anthraquinone in that solvent, and partly on the fact that water, where possible, is a more 

realistic matrix for art pigments, while methanol is an organic alternative with many 

properties in the same range as those of acetone and acetonitrile (Table 6.1).  

 

Table 6.1: Table to show select relevant properties of acetone and acetonitrile. 177,178 

Solvents 
Dipole 

moment 
(μ/D) 

Polarizability 
(a/10-24cm3) 

Dielectric 
constant 
(ε) @20°C 

Density 
(g/mL) 
(T (°C)) 

Index of 
refraction 

(T (°C)) 

M 
(g/mol) 

Viscosity 
(η, mPa s) 

(25°C) 

Methanol 1.70 ± 0.02 3.23-3.32 33 0.7914 (20) 1.3288 (20) 32.04 0.54 

Water 1.855 ± 
0.004 1.45 80 1 1.3432 (20) 

(404 nm) 18.02 0.89 
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Where possible, data was taken in both solvents, to allow an additional point of 

comparison. As in the case of acetonitrile and acetone, the solvents used here are also not 

photochemically active under the experimental conditions used. 

In contrast to the comparison between MeCN and acetone in the previous chapter, 

MeOH and water have more parameters that differ than they have close similarities. Only in 

index of refraction and dipole moment are they close; their polarizability and particularly 

their dielectric constants are substantially different. 

Note: Full steady-state spectral, transient spectral and photodegradation results for all 

RHAQ experiments are compiled for comparison in Table 8.1 at the end of Chapter 8. 

Summaries of the data discussed in this Chapter are presented within the text.  

6.3 Alizarin, Purpurin and Carminic Acid in MeOH 

6.3.1 Steady-State Spectroscopy of Alizarin, Purpurin and Carminic Acid in 
MeOH 

The normalised steady-state UV-visible absorption and fluorescence spectra of alizarin 

and purpurin are shown below (Figure 6.2). The numerical values are summarised in Table 

6.2. 

The UV-visible absorption spectrum of both molecules in methanol below 350 nm does 

not show significant changes relative to that in acetonitrile/acetone. The most notable 

difference in the ground state absorption spectrum of alizarin and purpurin in methanol is 

the bathochromic shift observed in the visible region band (π-π*, CT). This shift is due to the 

hydrogen bonding that occurs between the AQ and the protic solvent.47 The shape of these 

visible bands does not differ to a great extent from those in the aprotic solution. However, 

both molecules show a slightly greater degree of structure in this band in the protic solution 

(more particularly purpurin). 
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Figure 6.2: Ground state absorption (solid lines) and fluorescence emission (dashed lines) spectra for alizarin 
(black), purpurin (red) and carminic acid (green) in MeCN. AQs were excited at their wavelength of 
maximum absorption to produce the emission spectra. 

The steady-state fluorescence emission spectrum of alizarin in methanol is substantially 

similar to that in acetonitrile, showing a Stokes-shifted band at ~616 nm with a shoulder at 

~560 nm.  In the case of purpurin, the fluorescence emission bands in both methanol and 

acetonitrile are less substantially shifted from the absorption, being found at ~560 nm in 

both methanol and acetonitrile. Purpurin, like the related 1,4-dihydroxyanthraquinone 

quinizarin, does not show ESIPT and thus maintains the intramolecular hydrogen bond on 

excitation.47,65 Alizarin however undergoes proton transfer from the 1-OH group to the 

carbonyl upon excitation (ESIPT).59,85 The associated change in molecular geometry in the 

charge-transfer excited state results in a greater bathochromic shift in the emission relative 

to that of the intramolecularly hydrogen-bonded excited state (purpurin). The fluorescence 

emission spectrum of carminic acid in MeOH shows a slight shoulder on the blue edge of the 

band. Some authors12,48 have attributed ESIPT to carminic acid; however, the modest Stokes 

shift and the 1,4-substitution pattern of the phenolic groups on carminic acid suggest that 

ESIPT should not be occurring. 
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Table 6.2: Normalised steady-state UV-visible absorption and fluorescence emission properties of alizarin, 
purpurin and carminic acid in methanol (OD = 0.5 at λmax). ET = electron transfer, PT = proton-transferred AQ 
tautomer, LE = locally excited AQ tautomer, CT = charge transfer, sh = shoulder, (vw) = very weak. 

AQ 
UV-visible Absorption 

(λ, nm) 
Fluorescence 

(λ, nm) 
Benzenoid/Quinoid ET (π-π*) CT(π-π*) PT LE 

Alizarin 262 287(w) ~343(vw) - 430 - 540 485 

Purpurin 266 298(vw) - 452(sh) 472 503(sh) - 552 

Carminic cid 288 322 357(sh) 461(sh) 486 517(sh) - 578 

 

6.3.2 Transient Absorption Spectra of Alizarin, Purpurin and Carminic Acid in 
MeOH 

Similar to the results obtained in acetonitrile and acetone (Chapter 5), the relationship 

between the ultrafast lifetimes and photostabilities of alizarin and purpurin in MeOH is 

exceptionally clear. In addition, the use of a polar protic solvent environment has had a 

marked effect on the TrA and photodegradation results in a manner strongly in line with the 

hypothesis outlined in Section 6.1.1 above. 

  

6.3.2.1 Alizarin 

The transient absorption spectrum of alizarin (Figure 6.3) in methanol (0.5 OD at λpump) 

has been acquired. The molecule was excited at the peak of their UV/Vis absorption 

spectrum: 425 nm. A transient signal is observed at ~493 nm within the instrument 

resolution rise time and is attributed to the first excited singlet state for the same reasons 

stated in Chapter 5. The signal decays monoexponentially with an excited state lifetime of 

99.45 ± 0.02 ps.  

Sidebands appear at shorter wavelengths – these are once again assigned collectively to 

the first excited singlet, as all the bands within this transient absorption decay at the same 

rate. The negative signal observed at ~660 nm and sharing an isosbestic point (~575 nm) 

and a similar monoexponential decay and ultrafast lifetime (95 ± 2 ps) with the transient 

absorption is therefore once again assigned to the stimulated emission from the S1 excited 

state. 
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Figure 6.3: Transient spectral decay profile of alizarin in methanol (λpump = 430 nm, pump pulse energy = 2 
μJ), in the presence of oxygen. Pink = 5 ps, blue = 10 ps, green = 35 ps, orange = 100 ps, dark red = 350 ps. 
Black arrows indicate direction of change. 

Both signals return to baseline at long times, indicating that no irreversible 

photochemistry is occurring for alizarin. The data thus suggest that not only should alizarin 

be quite photostable in and of itself, it should be more photostable in methanol (a protic 

microenvironment) relative to the aprotic acetonitrile. 

6.3.2.2 Purpurin 

In the case of purpurin, the same effect is once again observed; the transient signal at 

~525 nm assigned to the first excited singlet state shows a significant decrease in lifetime 

relative to the result in acetonitrile, to 1192 ± 1 ps (Figure 6.4). In contrast to the spectrum 

acquired in acetonitrile and acetone, this transient absorption shows a small shoulder at 

~510 nm, where there was previously no distinct feature. Like alizarin, the transient 

absorption shares an isosbestic point (~560 nm) with a negative signal (~610 nm). This signal 

is attributed once again to stimulated emission from the first excited singlet, having a 

lifetime matching that of the transient absorption (1142 ± 3 ps). The small negative signal at 
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~470 nm is assigned to the ground-state bleach; the pump wavelength is at 488 nm, but the 

large positive transient absorption signal has obscured part of this negative signal. 

 

Figure 6.4: Transient spectral decay profile of purpurin in methanol (λpump = 488 nm, pump pulse energy = 2 
μJ), in the presence of oxygen. Pink = 5 ps, cyan = 250 ps, yellow = 1000 ps, red = 2750 ps, dark red = 4000 ps. 
Black arrows indicate direction of change. 

In contrast to the acetonitrile and acetone spectra, the lifetime of purpurin in methanol 

is short enough that the signal can be observed to decay almost to the baseline at the 

longest times acquired. Like alizarin, it appears that no irreversible photochemistry is 

occurring for purpurin under these conditions.  

Notably, purpurin experiences a much more significant reduction in excited state lifetime in 

protic solution than alizarin does. The reduction in excited state lifetime caused by an 

acceleration of non-radiative decay processes through hydrogen bonding may have a more 

significant effect in purpurin because it has three hydrogen-bonding functionalities relative 

to alizarin’s two.  
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6.3.2.3 Carminic Acid 

 

 

Figure 6.5: Transient spectral decay profile of carminic acid in MeOH (λpump = 488 nm, pump pulse energy = 2 
μJ). Purple = 0.5 ps, green = 500 ps, red = 1300 ps, dark blue = 2500 ps. Black arrows indicate direction of 
change.  

 

The transient absorption spectrum of carminic acid (Figure 6.5) in methanol (0.5 OD at 

λpump) has been acquired. The molecule was excited at the peak of its UV/Vis ab-sorption 

spectrum: 488 nm. A strong transient signal is observed at ~545 nm and is attributed to the 

first excited singlet state for the same reasons stated during the data analyses in Chapter 5. 

The signal decays biexponentially with an initial short decay of 2.03 ± 0.06 ps, followed by a 

significantly longer decay of 833 ± 11 ps. Previous transient absorption and fluorescence 

upconversion experiments carried out by Comanici, et al. in protic solution assigned this 

initial short lifetime to fast structural relaxation processes.12 The longer excited state 

lifetime is once again assigned to the non-radiative relaxation of the S1 excited state. The 

negative signal observed at 618 nm shares an isosbestic point (~577 nm) and a 

monoexponential decay (829 ± 1 ps) similar to the long ultrafast lifetime with the transient 

absorption signal at 545 nm. This is therefore once again assigned to the stimulated 
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emission from the S1 excited state. In contrast to the other AQs, carminic acid (in both protic 

solutions) appears to show an additional possible transient signal at or below 440 nm, falling 

just outside the acquisition window. This is likely a portion of the transient signal at ~540 

nm, appearing separate because the ground state bleach at ~475 nm has suppressed the 

absorption signal, similar to the case of purpurin in MeCN described in Chapter 5. 

The transient absorption data for alizarin, purpurin and carminic acid in MeOH are 

summarised in Table 6.3: 

 

Table 6.3: Transient absorption characteristics of alizarin, purpurin and carminic acid in MeOH. TA = 
transient absorption, SF = stimulated fluorescence. 

 λpump (nm) λTA (nm) τTA1 (ps) τTA2 (ps) λSF (nm) τSF (ps) 

Alizarin 430 500 - 99.45 ± 0.02 650 85.1 ± 0.2 

Purpurin 488 530 6.33 ± 0.06 1192 ± 1 620 1142 ± 3 

Carminic 
acid 

488 540 2.03 ± 0.06 833 ±11 618 829 ± 1 

 

Compared with the lifetime extracted from the carminic acid-acetone spectrum, the 

protic methanol solution has once again reduced the S1 excited state lifetime of the AQ. 

(from 1035 ps to 833 ps). This echoes the reduction in excited state lifetime observed in 

alizarin and purpurin upon switching from acetone to methanol, being moderate in 

magnitude. Based on these results, it might be expected that carminic acid would show a 

somewhat greater photostability in methanol than in acetone. As demonstrated below, 

however, this is not precisely the case (see section 6.4.4). 

 

6.3.3 Summary 

Ultrafast transient absorption spectra and long-term photodegradation data for alizarin 

and purpurin in methanol were obtained. Despite an extremely small difference in 

molecular structure, alizarin and purpurin display markedly different excited state lifetimes 

and responses to long-term photodegradation conditions. The transient absorption spectra 

principally show an excited state absorption arising from the CT(π-π*) transition between 

the ground and first excited singlet states (S0  S1), and an associated stimulated emission. 
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The longest excited state lifetime for alizarin in methanol was extracted as 99 ps, and that of 

purpurin as 1192 ps.  

The fact that purpurin has a significantly longer excited state lifetime, despite only 

having a single additional hydroxyl group, may be attributable to two factors: the 

stabilisation of the excited state in a pseudo-5-membered ring structure through 

intramolecular hydrogen bonding (Figure 6.6), and the absence of initial ultrafast energy 

loss via ESIPT, which does not occur in hydroxyanthraquinones with a 1,4-disubstitution 

pattern.48 

 

 
Figure 6.6: An illustration of the theorised pseudo-5-ring structure formed within 1,4-disubstituted 
hydroxyanthraquinones due to intramolecular hydrogen bonding between the phenols and the adjacent 
carbonyl groups. 

 

6.4 Carminic Acid and Laccaic Acid in Water  

6.4.1 Steady-State Spectroscopy of Carminic Acid and Laccaic Acid in Water  

The UV-visible absorption and fluorescence emission spectra of carminic acid and laccaic 

acid in water are shown in Figure 6.7, with the numerical data summarised in Table 6.4. 

The UV-visible absorption spectrum of carminic acid in methanol and water allows 

observation of the bands below ~340 nm that were previously obscured by interference 

from the acetone solvent. Like the other three AQs, it has a characteristic strong band at 

292 nm with a shoulder at ~330 nm, and the broad, low band at 490 nm from which its red 

colour originates. Once again, this visible-region band is more bathochromic (478 nm  490 
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nm) in the protic methanol and water solutions than it is in aprotic acetone, due to the 

intramolecular hydrogen bonding that takes place between AQ and solvent. 

  

 

Figure 6.7: Ground state absorption (solid lines) and fluorescence emission (dashed lines) spectra for laccaic 
acid (blue) and carminic acid (green) in water. AQs were excited at their wavelength of maximum absorption 
to produce the emission spectra. 

The steady state fluorescence emission spectra of carminic acid and laccaic acid are 

both relatively sharp, asymmetric single peaks with modest Stokes-shifts, indicating that no 

ESIPT is occurring for either of these molecules, in keeping with the theory that this process 

is precluded by 1,4-disubstitution. This is in contrast to the work of Comanici et al,12 and 

Kunkely and Vogler48 on carminic acid in aqueous solution, in which ESIPT (both ‘single’, i.e. 

transfer involving the 1-OH and ‘double’, involving the 1- and 4-OH groups) is invoked as an 

explanation for the comparatively rapid excited-state deactivation and thus low T1 

population of carminic acid. 
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Table 6.4: Normalised steady-state UV-visible absorption and fluorescence emission properties of laccaic 
acid and carminic acid in water (OD = 0.2 at λmax). ET = electron transfer, CT = charge transfer, sh = shoulder, 
(vw) = very weak. 

AQ 
UV-visible Absorption 

(λ, nm) 
Fluorescence 

(λ, nm) 
Benzenoid/Quinoid ET (π-π*) CT(π-π*) LE 

Laccaic acid 240(w) 298 358(vw) 460(sh) 480 518(sh) 552 

Carminic acid 237(sh) 293 331(w) 422(sh) 490 525(sh) 578 

 

6.4.2 Transient Absorption Spectra of Carminic Acid and Laccaic Acid in Water 

Unlike alizarin and purpurin, both pure carminic acid and laccaic acid are readily soluble 

in water. This fact enables their modern popularity as food colourants, but adds some 

complexity to their chemistry as they have more than just phenolic hydrogens available for 

deprotonation. In such modern culinary contexts, these two AQs are considered to be 

‘extremely lightfast’;15,48 however, the longevity requirements of food colouring differ 

significantly from those expected of textiles or artworks. In the context of these 

experiments, and based on the hypothesis of increasing solvent proticity resulting in 

decreased excited state lifetime and photodegradation, water, with two labile protons, 

should give the shortest excited state lifetimes and least photodegradation of all. The 

situation proves, however, to be more complicated. 
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6.4.2.1 Carminic Acid 

 

Figure 6.8: Transient spectral decay profile of carminic acid in water. (λpump = 488 nm, pump pulse energy = 2 
μJ). Pink = 1.5 ps, purple = 3 ps, cyan: 150 ps, yellow = 1000 ps, red = 4000 ps, navy = -50 ps. Black arrows 
indicate direction of change. 

The transient absorption spectrum of carminic acid in water (Figure 6.8) has several 

aspects in common with that of carminic acid in methanol. The molecule was excited at the 

peak of its UV/Vis absorption spectrum (488 nm), the major transient absorption signal is 

observed at ~545 nm and attributed to the first excited singlet state, there is an associated 

stimulated fluorescence signal at ~640 nm, and the edge of a second possible transient 

absorption is visible at~440 nm. The isosbestic point in this spectrum is not as clearly 

defined as those in previous spectra (cf. carminic acid in MeOH and acetone). At early 

delays, the spread may be attributed to vibrational dynamics. Subsequent spread in the 

isosbestic point may be due to the presence of a multi-species equilibrium. This is perhaps 

unsurprising for carminic acid in water, where both the neutral form and its deprotonated 

acid are present simultaneously (pKa (CA) = 5.55, therefore the two forms are present at 

approximately equal amounts at neutral pH).12 Additionally, there appears to be a second 

transient absorption band rising at ~660 nm at 4 ns (red trace in Figure 6.8) which 

contributes to the broadness of the isosbestic point but is unfortunately too low in intensity 



 
 

138 
 

to produce a reliable kinetic fit. In order to see whether multiple species might be 

contributing to the transient absorption spectrum, SVD results were examined (Figure 6.9). 

 

Figure 6.9: SVD results for the transient absorption spectrum of carminic acid in water. Top: graphical 
representations of the spectral and kinetic results for the first four components. Bottom: graphical 
representation of the first 10 singular values, showing that only one component rises above the noise. 

The SVD shows only one significant component contributing to the spectrum - as may be 

seen from the top portion of Figure 6.9, the subsequent three components appear to arise 

from GVD. This suggests that the transient spectrum arises from one species, the 

deprotonated form of carminic acid, which readily dissociates in water. 

Similar to previous experiments, the decay of carminic acid was found to be 

multiexponential. In this case, three time components were extracted: a rise of 0.38 ± 

0.01ps, and a decay with lifetimes of 78.7 ± 0.1 ps and 2100 ± 47 ps. The short rise is 

attributed to the excitation of carminic acid to a higher-energy dark state, from which it 

populates the S1 state. The 78 ps decay is assigned to the lifetime of the first excited singlet 
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state, as it correlates well with the lifetime measured for the stimulated emission signal 

(640 nm) of 77 ± 3 ps. The longest lifetime extracted is, in fact, the longest time component 

observed for carminic acid in all the experiments described here; indeed, it is almost the 

longest lifetime of all, surpassed only by purpurin in MeCN (See Chapter 5). Such long time 

components were not observed by Comanici and coworkers,12 although they employed 

buffered solution (omitted in this case as carminic acid is not intentionally buffered in art 

contexts). However, it does parallel the unexpectedly long lifetime (>1 ns) observed by Pang 

et al.6 in the case of alizarin in aqueous solution. Given the large number of polar protic 

groups that make up the substitution pattern of carminic acid, not least the sugar 

appendage, it is not at all unlikely that carminic acid undergoes extensive interactions with 

an aqueous environment, which could include such a ‘trapped’ H2O-bound state that exists 

in equilibrium with the ‘free’ excited state, having a very similar transient spectrum but a 

very different lifetime. Further supporting this is the fact although carminic acid does show 

lifetimes on the 800 ps-1 ns scale in non-aqueous solvents, the difference between these is 

essentially doubled on going from MeOH to water (~1 ns  ~2 ns), while on going from 

acetone to MeOH the difference is only ~200 ps, indicating that the much higher polarity 

and proticity of water as a solvent has a profound effect on the excited state dynamics of 

carminic acid. 

6.4.2.2 Laccaic Acid 

The transient absorption spectrum of laccaic acid in water (Figure 6.10) shows very 

different behaviour to that of carminic acid. Similar to previous spectra, the ratio of the 

intensities of the transient absorption (~540 nm) and its associated stimulated emission 

(~660 nm) is quite large. Two time constants were extracted from global kinetic fitting of the 

spectrum: 0.580 ± 0.002 ps, attributed to vibrational relaxation within the S1 potential well 

and, 17.00 ± 0.04 ps, assigned to the lifetime of the S1 state of laccaic acid in water. This 

latter assignment is correlated with the lifetime of the stimulated emission (660 nm), found 

to be 19 ± 4 ps. Interestingly, while carminic acid showed its longest lifetime component in 

aqueous solution, this is, at just 17 ps, the shortest excited state lifetime recorded for laccaic 

acid both in this thesis and to date. 
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Figure 6.10: Transient spectral decay profile of laccaic acid in water. (λpump = 488 nm, pump pulse energy = 2 
μJ). Pink = 0.2 ps, purple = 0.6 ps, cyan: 5 ps, yellow = 25 ps, red = 80 ps, dark red = 250 ps. Black arrows 
indicate direction of change. 

 

Clearly, laccaic acid is not involved in the same ‘trapped’ state as suggested for carminic 

acid, despite also having a complex structure. Possibly, the highly polar sugar moiety on 

carminic acid is involved in the trapping process; it would be interesting to subject kermesic 

acid (the same structure as carminic, without the sugar appendage) to the same 

experimental conditions, in order to establish whether or not the sugar moiety was having 

such an effect. 

The isosbestic point in this spectrum (~590 nm) is extremely broad. In fact, due to the low 

intensity of the SE band there appears to only be an isosbestic point at early delay times, 

where its broadness may be attributed to vibrational dynamics. After ~5 ps, there is no 

distinguishable isosbestic point.  

The transient absorption results for carminic and laccaic acids in water are summarised in 

Table 6.5 below. 
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Table 6.5: Transient absorption characteristics of carminic and laccaic acids in methanol and water. TA – 
transient absorption, SF = stimulated fluorescence. 

 
λpump 

(nm) 

λTA 

(nm) 
τTA1 (ps) τTA2 (ps) τTA3 (ps) λSF (nm) τSF (ps) 

Water 

Carminic 

acid 
488 540 0.38 ± 0.01 78.7 ± 0.1 2100 ± 47 640 77 ± 3 

Laccaic acid 488 540 0.580 ± 0.002 17.00 ± 0.04 - 660 19 ± 4 

Methanol 

Carminic 

acid 
488 545 2.03 ± 0.06 833 ± 11 - 618 829 ± 1  

 

6.4.3 Summary 

Ultrafast transient absorption spectra and long-term photodegradation data for 

carminic acid and laccaic acid in methanol and water were obtained. In general, increasing 

solvent proticity and polarity resulted in shorter excited state lifetimes. However, the 

photodegradation results indicate that there is not a simple relationship between the two 

parameters for carminic and laccaic acids as there appears to be for alizarin and purpurin. 

6.5 Long-Term Photodegradation Studies 

Long-term photodegradation studies were carried out on alizarin, purpurin and carminic 

acid in MeOH, and on carminic acid and laccaic acid in water as described in Chapter 3 and 

Chapter 5, section 5.3. The results are presented below. 

6.5.1 Photodegradation of Alizarin and Purpurin in MeOH 

6.5.1.1 Photodegradation of Alizarin in MeOH 

The photodegradation spectra of alizarin in MeOH (Figure 6.11, main) show a small 

degree of change across the visible band, calculated at 1.5% ± 0.2. An increase is observable 

across the whole 230 nm – 330 nm region, and a slight broadening and red-shift has 

occurred in the visible bands. The other peaks remain in their original positions. The total 
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reduction in absorbance at 430 nm (ΔA) is 0.004, with the values across the full 144 h 

yielding a photodegradation rate (kp) at 430nm (‘fading’ rate) of 0.00003 h-1 (Figure 6.11, 

inset). As suggested by its short excited state lifetime measured by fs-TrA (~99 ps), alizarin 

experiences a relatively small degree of overall photodegradation under visible irradiation. 

 

Figure 6.11: UV-visible absorption spectra of alizarin in MeOH at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

6.5.1.2 Photodegradation of Purpurin in MeOH 

The photodegradation spectra of purpurin in MeOH (Figure 6.12, main) show a similar 

pattern of change to the alizarin spectrum across the 200-400 nm region; i.e. an increase at 

~230-250 nm, and a narrowing of the ~280 nm band. The change across the visible band, 

however, is, typically for purpurin much more significant, amounting to 18% ± 1. All peaks 

remain in their original positions. The total reduction in absorbance at 488 nm (ΔA) is 0.09, 

with the values across the full 144 h yielding a photodegradation rate (kp) at 488nm (‘fading’ 

rate) of 0.0006 h-1 (Figure 6.12, inset). Given that the excited state lifetime of purpurin is 

dramatically shorter than that in the aprotic solutions, but still significantly longer than that 
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of alizarin under the same conditions, one would expect purpurin to undergo reduced 

photodegradation in methanol solution, but still be more photolabile than alizarin. Once 

again, this proves to be the case, although the relationship is not linear. 

 

Figure 6.12: UV-visible absorption spectra of purpurin in MeOH at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

6.5.1.3 Photodegradation of Carminic Acid in MeOH 

The photodegradation spectra of carminic acid in MeOH (Figure 6.13, main) show a 

substantial degree of change, calculated at 19.7% ± 0.9. A decrease is observable in all peaks 

and a slight broadening and red-shift in the visible band has occurred. The other peaks 

remain in their original positions, and the shoulder at ~340 nm is still distinguishable. The 

total reduction in absorbance at 488 nm (ΔA) is 0.04, with the values across the full 144 h 

yielding a photodegradation rate (kp) at 488 nm (‘fading’ rate) of 0.0003 h-1 (Figure 6.13, 

inset). Once again, although the lifetime of carminic acid in MeOH is shorter than that in 

acetone (833 vs 1132 ps), the degree of photodegradation experienced by carminic acid in 

MeOH is still larger (19.7 vs 3.8). 
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Figure 6.13: UV-visible absorption spectra of carminic acid in MeOH at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

6.5.2 Photodegradation of Laccaic Acid and Carminic Acid in Water 

6.5.2.1 Photodegradation of Laccaic Acid in Water 

The photodegradation spectra of laccaic acid in water (Figure 6.14, main) show a small 

degree of change, calculated at 20.6% ± 0.1. A decrease is observed in all peaks > 275 nm, 

although the spectrum has essentially retained its original shape. Unlike carminic acid in 

water, laccaic acid has not undergone such a dramatic bathochromic shift or reduction in 

the intensity of the ~300 nm peak – in contrast, the visible band has not shifted at all, and 

the ~300 nm peak has only decreased slightly by comparison. The total reduction in 

absorbance at 480 nm (ΔA) is 0.045, with the values across the full 144 h yielding a 

photodegradation rate (kp) at 480 nm (‘fading’ rate) of 0.0003 h-1 (Figure 6.14, inset). 
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Figure 6.14: UV-visible absorption spectra of laccaic acid in water at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

Like carminic acid, laccaic acid experiences a degree of photodegradation that is not 

predicted by its S1 lifetime, if following the precedent set by alizarin and purpurin. Despite 

experiencing a significant reduction in excited state lifetime in going from MeCN to acetone 

to water solution (22117 ps), and having a very short lifetime in water generally, laccaic 

acid still shows a notable degree of photodegradation. 

6.5.2.2 Photodegradation of Carminic Acid in Water 

The photodegradation spectra of carminic acid in water (Figure 6.15, main) show a 

significant change across the entire spectrum, calculated at 28 % ± 4. There is a general 

decrease in intensity across the entire spectrum, and a bathochromic shift. This shift is most 

severe in the visible band, but may also be seen in the peak at ~300 nm. This UV peak has 

also undergone a significant reduction in intensity, and the shoulder at ~340 nm has 

disappeared entirely. This is in contrast to other spectra, where the UV peaks have 

increased in intensity. The total reduction in absorbance at 490 nm (ΔA) is 0.055, with the 
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values across the full 144 h yielding a photodegradation rate (kp) at 490 nm (‘fading’ rate) of 

0.0004 h-1 (Figure 6.15, inset). 

 

Figure 6.15: UV-visible absorption spectra of carminic acid in water at 0 h (solid line) and 144 h (dotted line) 
exposure to visible-spectrum light. Inset: The change in absorption at the wavelength of maximum 
absorption as a function of exposure time. 

Although the S1 excited state lifetime of carminic acid in water is dramatically shorter than 

its lifetime in acetone (78 vs 1132 ps), carminic acid experiences a significantly greater 

degree of overall photodegradation under visible irradiation in this solvent. This is likely due 

to the presence of a second ‘trapped’ state as described above in the analysis of the 

carminic acid/water TrA spectrum, as this state has a lifetime of 2100 ps.  

6.5.3 Summary 

Interestingly, the magnitude of this reduction in photodegradation in both molecules 

mimics the reduction in their excited state lifetimes when compared with the results in 

acetonitrile solution, and in acetone solution for alizarin (Table 6.6). 
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Table 6.6: Summary comparison of excited state lifetimes (τ) and percent photodegradation values (%PD) for 
alizarin and purpurin, laccaic acid and carminic acid in both protic (MeOH, H2O) and aprotic (MeCN, acetone) 
solution. Grey shading is applied to guide the eye. 

AQ Parameter Protic solution Aprotic solution 
  MeOH H2O MeCN Acetone 

Alizarin  τ (ps) 99 - 150 152 
 % PD 1.5 - 2.9 1.7 

Purpurin τ (ps) 1192 - 2351 1790 
 % PD 18 - 29.6 22 

Carminic acid  τ (ps) 833 2100 - 1022 
 % PD 19.7 28 - 3.8 

Laccaic acid τ (ps) - 17 221 40.6 
 % PD - 20.6 8.8 4.2 

 

The excited state lifetime of alizarin decreases in the order acetone > MeCN > MeOH 

and the same pattern is observed in the percent photodegradation results (Table 6.4).  

Purpurin’s case is somewhat more complex. The differences in excited state lifetime and 

%PD between acetonitrile and methanol solutions mirrors the situation for alizarin. In this 

case, there is a decrease in both the excited state lifetime and the % PD upon changing from 

the aprotic MeCN to the protic MeOH: a reduction of τ from 2351 ps to 1192 ps (a 49% total 

decrease) and a reduction of %PD from 29.6% to 17.7% (a 40% total decrease). Following 

alizarin’s case, one would expect the acetone solution to show the longest excited state 

lifetime and greatest %PD. However, purpurin in acetone has a middling excited state 

lifetime of 1780 ps and a surprisingly low %PD of 6.1%. These results are consistent with the 

overall pattern in that the lifetime in acetone is still longer than in the protic methanol 

solution. 

Compared to alizarin and purpurin, carminic and laccaic acids are more structurally 

complex. The carboxylic acid moieties of both molecules mean that they may exist in both 

protonated or deprotonated forms depending on the solution pH. 

All five photodegradation spectra presented above follow the same general pattern: an 

increase in absorption in the ~250-275 nm region, followed by an overall decrease (of 

varying magnitudes) thereafter. In the cases of carminic acid in methanol and laccaic acid in 

water, this subsequent decrease is consistent, whereas in the case of carminic acid in water, 

there are areas after 275 nm where absorption has increased (for example, ~400 nm). In all 

four spectra, the reduction in absorption is accompanied by broadening of the bands and 
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loss of structure. The photodegradation spectra of carminic acid in water show perhaps the 

greatest total changes of all – unlike any of the other AQ solutions, carminic acid shows both 

a decrease in absorption and a marked red shift in the wavelength of maximum absorption 

(from ~495 nm to ~513 nm) due to the decrease in concentration. A similar bathochromic 

shift may also be observed in the photodegradation spectrum of carminic acid in MeOH, 

although to a lesser extent. Laccaic acid shows no such shift under these protic conditions. 

Carminic acid in water also shows the most marked broadening and reduction in absorption 

in the band at ~290 nm.  

The excited state lifetime of carminic acid in water shows an unusual situation in which 

there is a short component (79 ps) and an extremely long component (2100 ps). Compared 

with its excited state lifetime in MeOH (833 ps) and acetone (1035 ps), it appears that 

carminic acid follows the general trend in having a shorter excited state lifetime in polar 

protic solution generally and significantly shorter in water. However, it also shows the 

possibility of a ‘H2O-trapped’ state as previously proposed for alizarin, existing in equilibrium 

with the free S1 state and having a very long lifetime. This would explain the unexpectedly 

significant photodegradation experienced by carminic acid in aqueous solution, and also 

agrees with the hypothesis that a longer excited state lifetime, even on the order of 2 ns, 

can have a significant negative effect on the long-term photostability of the molecule. 
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Figure 6.16: Comparison of the change in absorption at the maximum wavelength for laccaic acid (blue) and 
carminic acid (green) in water with respect to exposure time. 

Comparing the plots of overall photodegradation at the wavelength of maximum absorption 

for carminic acid and laccaic acid in water (Figure 6.16), it may be seen that both undergo an 

appreciable degree of photodegradation (relative to the AQ ‘norm’ as determined by the 

experiments described in this thesis). However, their excited-state lifetimes in water are 

actually shorter than those in the aprotic solution. This goes against the hypothesis that 

shorter excited state lifetime results in greater photostability, but that risks oversimplifying 

the situation. AQ photochemistry is very sensitive to the number and nature of the 

substituents on the AQ ring system, and to the nature of the solvent. Both laccaic and 

carminic acids have a larger number of reactive groups on the ring (acids, amides), which 

may contribute to reactions from the excited state that occur despite the short lifetime of 

that state. This may be particularly true in water, where an amide group can undergo 

hydrolysis. This would result in the kind of spectral changes noted by Claro,184 that indicate 

the presence of an amine in the photodegradation products of laccaic acid, rather than an 

amide. 
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Figure 6.17: Comparison of the change in absorption at the maximum wavelength for alizarin (black), 
purpurin (red) and carminic acid (green) in MeOH with respect to exposure time. 

 Comparing the visible peak photodegradation plots for alizarin, purpurin and carminic 

acid in MeOH (Figure 6.17), the expected pattern appears: alizarin shows the least 

photodegradation, purpurin the greatest, and carminic acid lies in the middle. This mirrors 

the results seen for alizarin, purpurin and laccaic acid in MeCN, where the more structurally 

complicated and reactive insect-derived AQs lay between the two simpler ones. As usual, 

purpurin shows the greatest degree of photodegradation by a noticeable margin, and 

alizarin the least. This suggests that carminic acid, like laccaic acid in MeCN, must have 

additional mechanisms for avoiding photodegradation, since, like purpurin, neither of them 

can undergo ESIPT. In the case of carminic acid, this could be due to the increased capability 

it has for hydrogen bonding with the solvent, given its acid group and large 

polyhydroxylated sugar moiety. 

Similar to the conclusions presented in Chapter 5, the data in this chapter provides an 

additional dimension to the knowledge gained about the relationship between excited state 

lifetimes and photostability in RHAQs. As mentioned at the start of the chapter, (polar) 
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protic environments are fairly common for many of the RHAQs, whether this is gum arabic 

in a watercolour paint, the matrix in a foodstuff coloured with carmine, or a polar 

proteinaceous textile environment. Knowing the effect the microenvironment has on the 

ultrafast lifetimes and long term photodegradation of RHAQs has implications for 

understanding their potential degradation and minimising risk factors in a number of 

contexts, not just art. 

 

The following Chapter presents the final stage of the RHAQ fs-TrA experimental process 

described in this thesis: taking the AQ from a free molecule in solution, into its Al laked 

form, and then into the solid state as a thin film. A brief review of lakes, laking, and the 

spectroscopic and photodegradation literature is also given. 

  



 
 

152 
 

 

Chapter 7: Approaching Art: 
Spectroscopic Studies of 

Anthraquinone Lakes, in Solution and 
the Solid State 

 

7.1 Anthraquinone TrA: Molecules in Art Matrices 

7.1.1 Experimental Rationale 

In the previous two chapters, the ultrafast and long-term responses of four 

anthraquinone pigment chromophores (alizarin, purpurin, laccaic acid A and carminic acid) 

to photoexcitation was examined in both dipolar, aprotic and polar, protic solutions. This 

allowed the exploration of the molecules’ responses to light on two widely varying 

timescales as a function of both molecular structure and microenvironment. The results 

demonstrated that very small differences in molecular structure can have a profound effect 

on excited state lifetime and photostability, and that polar, protic environments generally 

reduced the excited state lifetime and the associated degree of long-term 

photodegradation. In keeping with the concept of considering these AQ chromophores’ 

responses to light in ever more art-like environments, the next step introduces laking and 

binding. 
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7.2 Lake Pigments: History, Manufacture and Structure 

Whether in their context as textile dyes or artists’ pigments, anthraquinone 

chromophores have until very recently been used almost exclusively as lakes. Laking (also 

known as mordanting) is a process by which an organic dye chromophore is adsorbed onto a 

solid, inorganic support such as alum (aluminium potassium sulphate). The resulting product 

is either referred to as ‘X lake’ (for example: madder lake, alizarin lake), or by a separate 

common name such as carmine (the lake of carminic acid, or cochineal as it was referred to 

in times before the chemical structure of the chromophore had been elucidated). 

The technology for lake manufacture has been around for millennia, and in some 

respects has not changed significantly over that time. Early written references to the 

chemical procedure for laking are found in the writings of Pliny (AD 23-79),186 although 

physical evidence of laked pigments has been found in a dyed leather quiver from the 

Middle Kingdom of Egypt (ca. 2124 BC).4  

Laking creates colours that are (generally) more lightfast and (in the case of dyes) 

adhere more strongly to the fibre they are applied to. In the context of artists’ pigments, 

laking is used to create a water-insoluble complex of a dye that can be ground into a binding 

medium such as linseed oil or gum Arabic and used as paint (Figure 7.1).  

 

Figure 7.1: Right: a watercolour pigment prepared in an agate mortar using alizarin Al lake and gum arabic. 
Right: alizarin (top) its Al lake pigment (middle) and the watercolour paint (bottom). Both photos author’s 
own. 

The exact structure of the lakes of anthraquinones such as alizarin is still a matter of 

some debate. For many years, the structure proposed by Kiel and Heertjes187 - an aluminium 



 
 

154 
 

two-ligand mononuclear complex in which coordination occurs through the carbonyl and 

adjacent 1-OH groups (β-ketol) to give a six-membered chelate ring with 2:1 alizarin : Al3+ 

stoichiometry - was widely accepted, although subsequent studies by Wunderlich and 

Bergerhoff188 and Soubayrol189 have proposed alternative structures that involve binuclear 

models with chelation at the α-diol and β-ketol positions respectively (Figure 7.2). 

  

Figure 7.2: Possible structure of a Ca co-precipitated alizarin Al lake as proposed by Soubayrol, et al.188 

Most recently, studies by Sanyova190 support Soubayrol’s β-ketol model, and further 

propose additional aggregation via Al-O-Al bonds and cross-links (Figure 7.3).  

 

Figure 7.3: Possible structure of a Ca2+ co-precipitated alizarin Al lake as proposed by Sanyova. 

Regardless of the specifics, it is clear that, at the very least, the carbonyl and 1-hydroxy 

groups are involved in complexation. This has interesting implications, as it alters the way in 
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which inter- and intramolecular hydrogen bonding and transfer can occur. As demonstrated 

in Chapters 5 and 6, hydrogen bonding and ESIPT are an essential important component of 

the radiationless deactivation of the RHAQs, and thus heavily influence their excited-state 

lifetimes and photostabilities. 

Part of the confusion relating to lake structures, especially in the context of art historical 

research, is that the conditions under which modern lakes are synthesised in the laboratory 

often differ from those under which lakes were manufactured historically. For example, 

many studies use lakes prepared in organic solvents, or purified lakes. Several of the 

structures depicted above result from laking processes that include co-precipitation with 

calcium, a factor that is present in some, but by no means all historical lakes. Since the 

mordanting process has a significant effect upon the resulting lake, this may indicate that 

some traditionally manufactured (in water, with an excess of Al3+) historical lakes may differ 

in their complexed structure to those made in modern organic solvents or solvent mixtures. 

7.3 Scientific Studies of AQ Lake Properties 

7.3.1 Steady State Spectroscopic Investigations 

There are a number of steady-state spectroscopic investigations of the lakes of alizarin, 

purpurin, laccaic acid and carminic acid to be found in the literature.1,48,87,180,184,188-190 In 

brief, they indicate that upon laking, a bathochromic shift of the visible band in the AQ UV-

visible spectrum is observed, the degree of which depends upon the metal present. 

Association with Al significantly enhances the fluorescence of the AQ. Through a 

combination of spectroscopic methods, Grazia et al. have shown that, for alizarin and 

purpurin Al lakes, photochemical observations in solution correlate well with those 

observed in the solid state.180 

7.3.2 Transient Spectroscopic Investigation 

Transient spectroscopic investigation of the RHAQs in their lake form has been relatively 

limited. A nanosecond flash photolysis study on purpurin adsorbed onto Al2O3, TiO2 and SiO2 

gave half-lives for the first excited triplet state of purpurin (T1) and the purpurin radical 

anion (formed by photoinduced electron transfer from the purpurin to the support) of t1/2 
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=7.3 μs and 60 μs respectively.87 An ultrafast study of alizarin attached to Al2O3 and TiO2 

films by Dworak and co-workers showed a familiar ground-state bleach /transient 

absorption/stimulated emission pattern for alizarin:Al2O3.9 Four lifetimes were extracted 

from the data, giving τ1-4 = 0.13, 0.53, 6.5 and 105 ps respectively. These were suggested to 

result from one highly nonexponential reaction or several consecutive reactions, probably 

due to ESIPT or ‘inhomogeneities of the sample’. On TiO2, temporal components of 60 fs 

(FET from the excited alizarin to the conduction band of the TiO2), < 1.5 ns (alizarin 

molecules in a charge-separated state), 0.22 and 2.3 ps (formation of the alizarin cation) and 

47 ps (recombination of injected electrons with alizarin cations). The behaviour observed by 

both groups in the presence of TiO2 is due to that system’s ability to create a 

photosensitized semiconductor with alizarin (the alizarin excited state lies above the 

conduction band edge of the semiconductor TiO2). Since this is not the case with Al2O3 (an 

insulator), the same degree of photoinduced reactivity is not anticipated in the AQ-Al lakes 

studied here. 

7.3.3 Photodegradation Studies 

Photodegradation of AQ lakes in both the solid and solution states has been carried out 

by many groups, using a variety of techniques. In general, on going from a free AQ to an AQ-

Al lake complex, the photostability improves in both solution and solid phases.1,48,87,116,180  

In the present work, a traditional laking recipe (based on the work of Kirby et al)20,21 has 

been used, although the anthraquinones themselves are pure, from a commercial source as 

described in Chapter 3 (section 3.6.1). This was done in order to ensure that the results from 

the laked anthraquinones relate most closely to the previously described fs-TrA and 

photodegradation experiments on free AQ, and provide a starting point from which 

conditions could be progressively altered to more closely reflect naturally sourced, 

traditionally prepared anthraquinone lakes. Of course, the significant heterogeneity in the 

chemical composition of the alum, the alkali, the water and the dyes available to historical 

lake and pigment manufacturers mean that an exact replication of the historical conditions 

is extremely unlikely. However, it has been demonstrated that many variables during the 

mordanting process, such as particle size, the duration of the laking process, the nature of 

the mordant and the pH of the dye bath may affect the properties of the resulting lake (see 
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section 2.6), which thus represent interesting avenues of study. Photodegradation is heavily 

affected by some of these factors, and it would be interesting to see how each individually 

(and subsequently in combination) affected the excited state lifetime of the anthraquinone 

chromophore, and thus its photostability. 

In order to examine the response of alizarin and purpurin to being laked (complexed 

with aluminium), TrA and long-term photodegradation experiments of the laked AQs were 

carried out in acetone and methanol solution. Further, the dry AQ lakes were thoroughly 

ground up in artists’ grade gum arabic to give the corresponding ‘watercolour’, which was 

subjected to the standard long term photodegradation tests in the form of a thin solid film. 

Finally, a sample of Winsor and Newton Rose Madder Lake watercolour paint (gum arabic 

suspension of Al lake of natural madder root extract, i.e. a mixture containing both alizarin 

and purpurin) in the form of a thin solid film was subjected to both transient absorption and 

long-term photodegradation analysis (see section 7.5 for more detail).  

Although all four AQ lakes were synthesised, and transient absorption and 

photodegradation studies of the alizarin and purpurin lakes were carried out in acetone and 

methanol solutions, and in thin films in the solid state (as watercolours), only the alizarin 

data are presented here in Chapter 7. Clear transient absorption spectra of the solution 

states of laccaic and carminic acid lakes proved impossible to obtain with the equipment 

and time available, and photodegradation studies of purpurin lake in MeOH proved 

unsuccessful, resulting in complete photodegradation within 12 h, due to possible 

contamination. Unfortunately, of the four samples sent for solid-state analysis, only one 

(alizarin Al lake) gave a useable transient absorption spectrum. Nevertheless, the work 

described in this Chapter represents a successful foray into taking fs-TrA analysis of RHAQs 

one step closer to real-world art contexts, and demonstrates that this line of research 

should be pursued further. Interestingly, the contamination issue experienced with the 

purpurin lake/MeOH system during photodegradation experiments actually potentially 

highlights one real-world issue with photodegradation in artists’ pigments – that 

degradation can be accelerated by the presence of contaminants in the system! 
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7.4 Phase 3: TrA of Alizarin Al Lake - The Effect of Laking and 
Binding on Ultrafast Lifetime and Long-Term Photostability 

The choice of solvent in this third phase was based partly on the solubility of the 

anthraquinone lake in that solvent, and partly on the comparability with the preceding data. 

Acetone and methanol proved to give the best and cleanest solubility and transient 

absorption results for both the alizarin and purpurin Al lakes. As both were only very 

sparingly soluble in acetonitrile solutions, the resulting optical density at the TrA pump 

wavelength was not sufficient to produce a readable transient absorption spectrum given 

the smaller magnitude of the transient signal. Despite this, the acetone data give excellent 

points of comparison for the laked AQ situation with respect to both the aprotic solution-

state microenvironments discussed in Chapter 5 for the free alizarin molecules, and the 

solid-state lake samples described later in this Chapter. 

Note: Full steady-state spectral, transient spectral and photodegradation results for all 

RHAQ experiments are compiled for comparison in Table 8.1 at the end of Chapter 8.  

7.4.1 Alizarin Al Lake in Acetone 

7.4.1.1 Steady-State Spectroscopy of Alizarin and Purpurin Al Lakes in Acetone 

The normalised steady-state UV-visible absorption and fluorescence spectra of alizarin and 

purpurin are shown below (Figure 7.4).  

Upon complexation with Al, the CT band in the ground-state absorption spectrum of 

alizarin broadens and undergoes a noticeable bathochromic shift from 425  480 nm. This 

change is also clearly visible during the lake synthesis (See Chapter 3), as the colour of the 

suspension changes from dark yellow to deep purplish red immediately upon lake 

formation. The fluorescence emission spectra show that the ESIPT possible in free alizarin in 

solution has been precluded due to the fact that the groups participating in ESIPT are also 

those coordinating with the Al3+ ion. This manifests as a single peak and a smaller Stokes-

shift as opposed to the dual fluorescence and large Stokes-shift considered characteristic of 

ESIPT and seen in the spectrum of free alizarin in acetone above. 
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Figure 7.4: Normalised steady-state absorption (solid lines) and fluorescence emission (dashed lines) spectra 
of free alizarin lake (orange) and alizarin Al lake (dark red) in acetone solution. 

 

7.4.1.2 Transient Absorption of Alizarin Al Lake in Acetone 

The transient absorption spectrum of alizarin Al lake in acetone (Figure 7.5) shows the 

typical AQ pattern: an absorption signal at ~589 nm, followed by a negative signal at ~671 

nm. The transient absorption signal decays monoexponentially with a lifetime of 21 ± 2 ps. 

This transient, like its free alizarin counterpart, is assigned to the first excited singlet state. 

In another point of difference with the transient spectrum of free alizarin, this spectrum 

does not fully reach zero within the decay window shown. However, longer decay times in 

this spectrum were heavily affected by noise and were thus omitted for clarity. It is 

therefore not possible to say with exact certainty whether or not the spectrum does reach 

zero – further optimisation of the acquisition of laked AQ TrA spectra would be necessary to 

allow confirmation of this. 
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 Figure 7.5: Transient spectral decay profile of alizarin Al lake in acetone (λpump = 478 nm, pump pulse energy 
= 2 μJ). Pink = 0.5 ps, cyan = 2.5 ps, green = 5 ps, red = 20 ps, dark red: 50 ps. Black arrows indicate direction 
of change. 

Similarly, the negative signal, which shares an isosbestic point (~624 nm) with the 

transient absorption and falls in the region just slightly bathochromic of the steady state 

fluorescence, is assigned to stimulated emission from the excited singlet. Further supporting 

this assignment is the 17 ± 3 ps lifetime of the negative signal, which correlates well with the 

S1 lifetime, and the well-defined isosbestic point between the two signals, indicating that 

the two signals originate from the same state. The large negative signal at ~510 nm is 

assigned to the ground state bleach, due to its proximity to the pump line at 500 nm. The 

intensities of both the absorption and fluorescence emission parameters of alizarin lake 

have been found to be greater than those of free alizarin,180 and this is reflected in the much 

larger magnitudes of the bleach signals in the alizarin Al lake TrA spectra presented here, 

both in the solid and the solution state.  
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7.4.1.3 Long-Term Photodegradation of Alizarin Al Lake in Acetone 

 

 

Figure 7.6: UV-visible absorption spectra of alizarin Al lake in acetone solution, at 0 h (solid line) and 144 h 
(dotted line) after exposure to visible radiation. Wavelengths below 340 nm are not shown because of the 
intense absorption form the acetone solvent. 

In line with all previous results for alizarin, the degree of photodegradation observed in 

the solution of alizarin Al lake in acetone is small. There is a slight broadening and red-shift 

of the absorption maximum (Figure 7.6). This is in contrast with the photodegradation of 

free alizarin in acetone solution, which showed a decrease principally at the red edge of the 

band. Across the visible band, the spectra show a change calculated at 2.0% ± 0.3. The total 

reduction in absorbance at 480 nm (ΔA) is 0.002, with the values across the full 144 h 

yielding a photodegradation rate (kp) at 480nm (‘fading’ rate) of 0.00001 h-1 (Figure 7.7). 
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Figure 7.7: Plot of the change in absorbance with respect to exposure time for alizarin Al lake in acetone, 
measured at the wavelength of maximum absorption at 24 hour intervals. A line of best fit has been applied, 
the slope of which has been taken as the rate of photodegradation at the peak of the visible band (kp). 

7.4.1.4 Summary 

When compared with the results obtained of free alizarin in acetone solution (Chapter 

5), the transient absorption and photodegradation spectra of alizarin Al lake in acetone 

show a reduction in both excited state lifetime and degree of photodegradation. This is in 

line with the general consensus in the literature that laking improves the stability of an AQ 

dye – although ESIPT and solvent interactions are altered by the nature of the complex, 

alizarin is still able to deactivate the excited state via efficient pathways from the S1 state. 

Previous literature on alizarin associated with Al2O3 did not give a conclusive description of 

the chemical interaction of alizarin with the Al surface and the effect of this on the excited-

state lifetimes obtained in that study, but invoked ESIPT to account for the comparatively 

rapid decay. However, ESIPT in RHAQs is precluded by the ESIPT sites also being the 

coordination sites for the Al3+ ion. Instead, the still-rapid deactivation of alizarin Al-lake in 

acetone solution may be connected with non-radiative energy dissipation that is possible 

through the extended molecular system created upon coordination. 
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7.5 Solid-State Thin-Film Watercolour Experiment 

In a continuing effort to work towards a more art-realistic environment for the 

acquisition of transient and photodegradation data, both laboratory synthesised and 

commercially prepared lake pigment watercolour paints were studied. Watercolour paints 

were selected over oil for being more translucent and faster-drying, to facilitate sample 

preparation and analysis. 

The commercial paints were purchased from Winsor and Newton, and consisted of their 

Artists’ Professional Watercolours in Alizarin Crimson (1,2-dihydroxyanthraquinone Al-lake 

in gum arabic) and Rose Madder Genuine (Al-lake of madder root extract). The laboratory 

synthesised alizarin and purpurin lakes were prepared as watercolour paints by grinding 

them in an agate mortar with gum arabic (Winsor and Newton Watercolour Medium) until 

an even consistency and visual intensity equal to that of the commercial equivalent was 

obtained. 

Each watercolour was spread in a ~0.1 mm thick spot onto the surface of 1mm thick, 

quartz disk (1 inch diameter), allowed to dry and transferred to Victoria University of 

Wellington for analysis in the solid-state sample TrA apparatus (Figure 7.8). Solid state TrA 

spectra were taken with the kind assistance of Dr Alex Barker. TrA system parameters for 

the solid state spectrum were as follows: Pump: 532 nm, 100 fs, 70 µJ/cm2 (600 μW with 

spot size = 855 µm FWHM) Measurements were done under vacuum. Full details of the fs-

TrA apparatus developed and employed by Dr. Barker have been published elsewhere.191 

 

Figure 7.8: The solid-state TrA sample stage at Victoria University, containing the Winsor and Newton 
alizarin crimson lake watercolour sample that produced a successful TrA spectrum. Photo credit to Dr. Alex 
Barker. 



 
 

164 
 

Only one of the four samples gave a readable TrA spectrum. Perhaps unsurprisingly, it 

was the alizarin lake watercolour, being a dramatically less complex mixture of AQs than the 

madder lake watercolour, although interestingly, the home-made and hand-mulled sample 

gave a readable result where the commercially synthesised and machine-processed 

pigments did not. The other samples suffered from a combination of low base transient 

signal strength and high noise due to scattering of the pump that obscured any spectrum 

that might have been present. One difficulty with using commercial paints is that the recipe 

is proprietary, and although the ‘ingredients’ are displayed on the tube (in this case: 1,2-

dihydroxyanthraquinone and gum Arabic), it is impossible to know what other components, 

if any, may be present – added perhaps to improve the shelf-life, colour-fastness, 

spreadability or other properties of the paint. 

7.5.1 Transient Absorption Spectroscopy of Alizarin Lake Watercolour (Gum 
Arabic, Solid State/Thin Film) 

At first glance, the spectrum (Figure 7.9) appears similar to many of the other 

anthraquinone spectra presented in this thesis, but inverted. There is a strong negative 

signal in the ~550 nm region, and an absorption in the in the 600 - 650 nm region. Upon 

closer inspection, the spectrum is more complex: a broad, fast negative signal is present 

across much of the spectrum, overlapping with the other two signals despite its band 

maximum appearing at longer wavelengths. 

 

Figure 7.9: Solid state TrA spectrum of alizarin lake watercolour (gum arabic) in the solid state as a 0.1 mm 
thin film. Pump wavelength = 532 nm, pulse energy = 600 nJ. Right-hand image is zoomed-in, showing the 
additional broad signal across ~600 - 750 nm and the small apparent delayed signal above 750 nm. 
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 Looking at the spectral evolution profile (Figure 7.10), the signal at ~565 nm and the 

broad signal covering the 600-750 nm region appear within 30 fs. The overlapping nature of 

the different signals present in the TrA spectrum made fitting the decay straight from the 

chirp-corrected spectrum difficult. 

 

Figure 7.10: Transient spectral decay profile of alizarin Al lake in gum Arabic (watercolour) as a thin film in 
the solid state (λpump = 532 nm, pump pulse energy = 600 nJ). Delay times in ps are given in the figure legend. 

 

In an attempt to clarify the spectral makeup and fitting process, the individual 

components were extracted and viewed separately. This involved the use of SVD as 

described in Chapter 3, and shown in Figure 7.11 below. 
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Figure 7.11: Singular value decomposition (SVD) of the transient absorption spectrum of alizarin Al lake in 
gum arabic (solid state, thin film). The spectral and kinetic traces of the components are separated out and 
enlarged in Figures 7.12 and 7.13 below. 
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The four components shown above are collected, overlapped and displayed in Figure 7.12 

below. The two most significant contributors (Components 1 and 2) are also the easiest – 

comparatively speaking – to isolate from the others. Components 3 and 4 are not so well 

separated from the noise and Component 4 appears to be a slightly more intense inversion 

of Component 3. 

 

Figure 7.12: The spectral (left) and kinetic (right) profiles of the first four singular values extracted from the 
TrA spectrum of alizarin Al lake in gum arabic (solid state, thin-film), indicating the presence of four 
components contributing to the spectrum. 

Global fits of narrow areas at ~567, 575, 625 and 679 nm converged, giving lifetimes on the 
order of ~20 ps, as summarised in Table 7.1 below. 

 

Table 7.1: Summary of time components extracted from global fitting of exponential decays within narrow 
wavelength regions of the alizarin Al lake/gum Arabic solid state TrA spectrum. 

Global fit range centre λ (nm) τ1 (ps) τ2 (ps) 

567 0.145 ± 0.002 20 ± 3 

575 - 17.2 ± 0.8 

625 1.4 ± 0.2 25 ± 8 

679 - 26 ± 8 

 

The fit at ~567 nm falls within the deep negative signal region seen at the blue end of 

Component one, where it is linked with the small positive signal at ~ 610 nm and the broad, 

shallow negative signal over the range 630-750 nm. This represents the ‘classic’ AQ TrA 

spectrum, with the ground state bleach overlapping the pump wavelength/ground-state 
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asorption region, transient absorption and finally stimulated emission. Like the spectrum of 

the lake in acetone, the ground state bleach is intense, and the fit in this region gave time 

components of 0.145 (rise) and 20 ps (decay). A global fit over the apparent centre of the 

transient absorption signal (~615 nm) did not converge, but once centred at ~575 nm 

(where Components 2 - 4 have smaller contributions) gave a lifetime of 17 ps. A fit at ~625 

nm (where components 3 and 4 are once again nearer to zero) gave two time components 

of 1.4 ps and 25 ps. Lastly, a fit in the centre of the ‘stimulated emission’ region seen in 

Component 1 (where Component 2 is also intense) gave a lifetime of 26 ps. 

Based on the above, it appears that the S1 excited state lifetime of alizarin Al lake in gum 

Arabic in the solid state is in the region of 20-25 ps, with a contribution from vibrational 

relxation within S1 on the order of 1 ps. The entire spectrum is overlaid with a broad 

negative signal that appears to decay on the same timescale, but in a region where it 

ovelaps with the stimulated emission signal from the AQ. It is possible that this broad 

interference is due to scatter from the sample, as the lake is not dissolved in the gum 

Arabic, but rather adsorbed onto the alum, which is then finely dispersed throughout the 

gum matrix as solid particles. Gum Arabic itself has strong, broad fluorescence due to the 

presence of tyrosine and phenylalanine amino acids, but even at low pH values this covers 

the 300-500 nm region, with the excitation well into the ultraviolet (270—280 nm)191 and 

thus should not affect the transient spectrum pumped in the visible. 
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7.5.2 Long Term Photodegradation of Alizarin Lake Watercolour (Gum Arabic, 
Solid State/Thin Film) 

 

 

Figure 7.13: UV-visible absorption spectra of alizarin Al lake in gum arabic, applied as a thin film (solid state), 
at 0 h (solid line) and 144 h (dotted line) after exposure to visible radiation. 

 

Once again, the degree of photodegradation observed in alizarin is small (Figure 7.13) 

There is a slight broadening and red-shift of the absorption maximum. This is more in line 

with what has occurred in the other alizarin Al lake experiment than the situation in free 

alizarin in acetone solution, but they are still largely similar. In this case, the bands below 

340 nm are distinguishable, and the greatest degree of photodegradation is actually to be 

seen in the 220-370 nm region. This is in contrast to the free AQs, which showed an increase 

in absorbance in this region after 144 h photodegradation. Across the visible band, the 

spectra show a change calculated at 1.1% ± 0.1. The total reduction in absorbance at 500 
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nm (ΔA) is 0.007, with the values across the full 144 h yielding a photodegradation rate (kp) 

at 500nm (‘fading’ rate) of 0.00005 h-1 (Figure 7.14). 

 

 

Figure 7.14: Plot of the change in absorbance with respect to exposure time for alizarin Al lake in the solid 
state, as a thin film of watercolour in gum arabic, measured at the wavelength of maximum absorption at 24 
hour intervals. A line of best fit has been applied, the slope of which has been taken as the rate of 
photodegradation at the peak of the visible band (kp). 

 

7.6 Summary 

On taking alizarin from a free molecule in acetone solution, to the Al-complexed lake in 

acetone solution, to the Al-complexed lake in the solid state in gum arabic (a watercolour 

paint), alizarin has shown a consistently low excited state lifetime and degree of 

photodegradation. In line with literature observations, laking itself has a photoprotective 

effect, although in alizarin the effect is not as marked because of its generally short excited 

state lifetimes and correspondingly low photodegradation rates. On the basis that long-term 
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photodegradation is linked to ultrafast excited state lifetime as shown in this thesis, the fact 

that laking has a positive effect on the photostability of RHAQs is unsurprising as the S1 

lifetime of alizarin Al lake is a fraction of that of the free molecule (~150 ps  ~20 ps). 

The photodegradation plots for all three situations are shown in Figure 7.15 below: it 

may be seen that the alizarin lake in acetone solution experiences the lowest degree of 

fading at the peak of the visible band, followed by the free alizarin in acetone and lastly the 

alizarin lake in the solid state. The fact that the biggest improvement in photostability 

occurs on going from the free AQ to the Al lake, and that the solid state sample in gum 

arabic shows (relatively speaking) the poorest photostability, correlates well with literature 

observations that gum arabic can have a deleterious effect on AQ lake photostability.1 

The fact that gum arabic has a deleterious effect despite alizarin having a reduced 

excited state lifetime in MeOH is probably due to the fact that gum arabic is an extremely 

complex mixture of molecules, and thus contains potentially reactive compounds that 

ultrapure methanol does not. This is an excellent example of the difficulty presented by ‘real 

world’ art matrices in the spectroscopic analysis of individual components. 

 

Figure 7.15: Comparison plot of the change in absorbance with respect to exposure time at the wavelength 
of maximum absorption for alizarin Al lake in acetone solution (orange), alizarin Al lake in the solid state as 
a thin film of watercolour in gum arabic (pink) and for free, uncomplexed alizarin in acetone solution (black). 
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The results presented here in Chapter 7 represent an exciting step towards understanding 

the effect of laking and the solid state on the subnanosecond dynamics of RHAQs, and 

subsequently on their long-term photodegradation. This is particularly important, as they 

are most often used in their lake form as thin films close to the surface of art materials. 

Understanding the effect these parameters have on RHAQ stability allows much more 

confident and accurate assessment of their in situ dynamics and, hopefully, prediction of 

their reaction to exposure to light. 

The following Chapter will sum up the work presented in this thesis, and provide directions 

for future work. 
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Chapter 8: Conclusions and Future 

Work 

Although principally devoted to using fs-TrA to study the relationship between the 

ultrafast excited state lifetimes of the RHAQs and their propensity to photodegrade, this 

thesis also covered the construction, improvement and implementation of a new fs-TrA 

system at the Photon Factory and the use of this system to assess the excited state 

photoisomerisation of DPB, and how this experiment can be used as a late undergraduate 

and early graduate-level laboratory exercise. 

Chapter 3 described the design, construction and sequential improvement of the fs-TrA 

system at the Photon Factory (TADAA-1 and TADAA-2). Principal changes made included 

modifying the supercontinuum generation method, extending the temporal acquisition 

range from 1 4 ns, and switching to a single-pulse acquisition method. The changes 

resulted in a significant increase in the S/N ratio, and improved the flexibility of the 

acquisition parameters, allowing much longer-lived species to be studied. Further 

improvements to the system would include the installation of a single-wavelength 

acquisition line in order to improve our ability to carry out detailed kinetic analyses, 

improvement of the ability of the current system to handle solid-state samples and the 

establishment of a transient Raman system (this last project is currently being undertaken 

by PhD student Andy Wang). For the purposes of analysing art pigments in layers on non-

transparent surfaces, a transient reflectance setup would be extremely useful. Lastly, 

overhauling the system to use the 35 fs stretcher available in the Legend Elite CPA system 

would be ideal for accessing critical ultrashort processes such as ESIPT, which currently lie 

just outside our temporal resolution. 



 
 

174 
 

Chapter 4 detailed the use of TADAA-1 and -2 to assess the ultrafast excited state 

dynamics of DPB in a variety of solvents and at different concentrations in MeOH. A 

transient signal was observed at ~620 nm, that decays monoexponentially with a lifetime of 

~20-35 ps, depending on sample concentration. This transition was assigned to the 1Ag/1Bu 

first excited singlet state of DPB. A small contribution from the DPB cation appears at ~540 

nm. Increasing the sample concentration induced a deviation of the excited state maximum 

OD from Beer’s Law and a small but measurable increase in the excited state lifetime. More 

concentrations would need to be assessed in order to reach a clearer description of the 

effect of high DPB sample concentrations on the Beer’s Law relationship in fs-TrA 

experiments. Broadband fs-TrA experiments were carried out on solutions of DPB in varying 

solvents (MeOH, EtOH, iPrOH and n-Hex) to demonstrate the effect of solvent polarizability 

and viscosity on the excited state dynamics of DPB. The results corroborate previous work 

stating that the first excited state of DPB is of mixed 1Ag/1Bu character, with the former 

dominating in non-polar solvents, and the latter in polar/more polarizable systems. The 

information obtained from these fs-TrA studies of DPB varying solvent polarizability and 

solution concentration contributes to the better understanding of medium effects on the 

ultrafast isomerisation and excited-state ordering not only of DPB, but for other molecules 

and systems for which it serves as a model. 

Transient absorption experiments involving a robust molecular system with strong, 

observable excited-state dynamics were found to be practical as a laboratory exercise for 

advanced undergraduate and early graduate level students. Experimental design, use of the 

ultrafast TrA system to acquire data, and the processing and analysis of said data were all 

found to be workable and instructive for the students within the coursework context. Future 

work in this area would include making the TrA system more robust and easy to use, 

without as much alignment or supervision necessary from the demonstrator, and sourcing 

other suitable molecular systems for study. 

Chapters 5-7 present the fs-TrA and long-term photodegradation analysis of alizarin, 

purpurin, laccaic acid and carminic acid in solution (MeCN, Acetone, MeOH, water) and 

alizarin Al lake in solution (acetone) and in the solid state as a thin film (gum arabic). A full 

summary of the data is presented in Table 8.1 below. 
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Notably, the fs-TrA data on purpurin and laccaic acid, are, to the best of our knowledge, 

the first available. In addition, the RHAQ data collectively represents the first attempt to 

associate the ultrafast transient behaviour of pigment molecules with their long-term 

photodegradation, based on the hypothesis that a longer excited-state lifetime will result in 

a greater degree of photodegradation, and that both will be sensitive to the structure of the 

AQ and its microenvironment. 

 

Based on this work, the following general conclusions may be drawn: 

1. In line with the general consensus in the literature, AQ excited state lifetimes are 

dominated by non-radiative deactivation mechanisms, and heavily influenced by the 

degree and nature in inter and intramolecular interactions they undergo, notably 

hydrogen bonding, proton transfer and coordination. 

2. The excited state spectra and dynamics of the RHAQs depend sensitively on both 

their substitution pattern, and their microenvironment. This may be clearly seen 

when comparing the ultrafast lifetimes of alizarin and purpurin, where a single extra 

hydroxyl group in a specific location (the 1-position) extends the lifetime of the 

excited state 10-20-fold, and the response of both excited state lifetimes and 

photodegradation rates to laking (alizarin’s 20 ps lifetime) and the presence of water 

(carminic acid’s 2 ns ‘trapped’ state). 

3. For alizarin and purpurin, changing the solvent environment from dipolar aprotic to 

polar protic results in a decrease in both excited-state lifetime and degree of 

photodegradation. This is due to an increase in the intramolecular hydrogen bonding 

opportunities in the polar protic solvent, which accelerates the rate of non-radiative 

deactivation, shortening the lifetime of the S1 state and inducing a photoprotective 

effect in line with the main hypothesis. 

4. For laccaic acid and carminic acid, the relationship between substitution, solvent, 

excited-state lifetime and photodegradation is more complex. Although both AQs 

show a reduction in excited state lifetime as the solvent polarity/proticity increases 

(MeCN < Acetone < MeOH < H2O). Their sometimes extremely short S1 lifetimes (17 

ps, laccaic acid in H2O) do not necessarily correspond to a low degree of 
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photodegradation (20.6% PD, laccaic acid in H2O. This is likely due to the larger 

number of reactive functional groups they possess, relative to alizarin and purpurin: 

although they have increased H-bonding opportunities in polar protic solvents (i.e. 

shorter S1 lifetimes), their acid and amide functionalities provide increased reactive 

sites for participation in photodegradation reactions. For example, the unexpectedly 

long time component (~2ns) seen in carminic acid in water. 

5. The consistently low excited state lifetimes and photodegradation rates of alizarin 

provide the clearest indication that femtosecond-picosecond processes have a 

profound effect on long-term photostability. Alizarin has the ‘advantage’ of ESIPT, as 

opposed to the other three RHAQs where this process is precluded by their 1,4-

substitution. ESIPT is evident in alizarin from its fluorescence spectra, but occurs on a 

timescale (<50 fs) below the resolution of our TrA system. 

6. Laking of alizarin and measurement of its lifetime in solution and the solid state has 

explored the pathway from the laboratory to the artwork. Laking of alizarin results in 

a further decrease in its S1 lifetime, along with a small decrease in its already 

minimal photodegradation. The solution phase is shown to be substantially 

representative of the solid-state for alizarin, consistent with observations of alizarin 

and purpurin lake steady state spectroscopy recorded in the literature (See Chapter 

7). In addition, the results correlate well with qualitative photodegradation work 

indicating that laking increases the photostability of an organic dye (particularly the 

RHAQs), but the presence of gum arabic is a destabilising factor. 

 

In summary: The anthraquinone experiments represent the first femtosecond time-resolved 

spectroscopic studies on the majority of these compounds, and the first application of ultrafast 

TrA to an art conservation context. They indicate that very small structural differences can have 

a profound impact upon the excited state lifetimes (and, by extension, photodegradation) of 

these chromophores, and show that the relative rates of photodegradation in different 

anthraquinones may be related to the presence or absence of free protons and hydrogen 

bonding opportunities in their microenvironment. 
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There are a large number of potential avenues for future work in this area, owing partly to 

the fact that it is (aside from this thesis) relatively unexplored. Initial paths of investigation 

that would be particularly interesting to follow include: 

• Increasing the number of AQs studied 

o Extract of madder root consists of more than 20 different coloured AQ 

components. The AQ profile of the pigment depends on the species of Rubia 

used, the method of extraction and the manufacturing process of the lake. 

This means that different works with different madders could be assessed for 

photostability based on their AQ profile. It would be particularly valuable to 

include AQs that are either in the next tier of importance in terms of their 

prominence as components of madder (for example: quinizarin, 

pseudopurpurin), and AQs with different hydroxysubstitution patterns that 

offer the opportunity to study the effect of the presence or absence of ESIPT. 

Finally, the inclusion of kermesic acid and the other laccaic acids B, C and E 

would not only be valuable for the sake of completing the true RHAQ picture, 

but more importantly for the fact that they provide structural analogues of 

carminic acid and laccaic acid A respectively, which would help to establish 

the effect that groups such as carminic acid’s sugar moiety and laccaic acid 

A’s amide side chain have on their excited state dynamics and photostability. 

 

• Altering the microenvironment of the AQ to test additional variables. Principally, 

extending the research further into the solid state by assessing more of the RHAQs, 

testing different binding media, the presence or absence of varnish, assessing the 

influence of the O2-permeability of the AQ paint layer, assessing the influence of 

different gases/pollutants in the air on excited sate lifetime and photodegradation 

rate etc. 

The work on RHAQs described in this thesis, in addition to being the first study of its 

kind, has demonstrated that the long term photodegradation of RHAQ molecules is linked to 

the subnanosecond behaviour of their excited states, which in turn is linked to the 

interaction between their structures and the microenvironment. Increased knowledge 

about the interaction of light with photolabile molecules is important for full understanding 
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of their propensity to fade and the nature of the fading processes they go through. Such 

understanding contributes towards a nuanced approach to the care and display of light-

sensitive objects based on their chemical constituents. 
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Table 8.1: Summary of steady-state spectroscopic, fs-TrA and photodegradation results for all AQs and solvent systems presented in this thesis. 
 

 Steady State Transient Excited State Photodegradation 

AQ SSA 
(λ, nm) 

SSE 
(λ, nm) 

λpump 
(nm) 

λTA 
(nm) 

τTA1 

(ps) 
τTA2 

(ps) 
τTA3 

(ps) 
λSE 

(nm) 
τSE 

(ps) 
ΔA 

(at λmax) 
%PD kp 

x10-4 (h-1) 

MeCN solution (dipolar aprotic) 
Alizarin 422 548 , 620 422 500 2.0 ± 0.9 150 ± 7 - ~650 150 ± 7 0.015 2.9 ± 0.2 1 

Purpurin 478 550 478 540 - 2351 ± 10 - 611 2338 ± 10 0.084 29.6 ± 0.9 6 

Laccaic Acid 480 575 488 500 36 ± 2 221 ±53 - 685 200 ± 22 0.023 8.8 ± 0.7 2 

Carminic Acid Data acquisition precluded by solubility factors 
Acetone solution (dipolar aprotic) 

Alizarin 425 547 , 605 425 495 - 152 ± 4 - 674 150 ±3 0.0004 1.7 ± 0.2 0.3 

Purpurin 475 567 475 531 - 1790 ± 22 - 610 1778 ± 37 0.036 22 ± 3 3 

Laccaic Acid 500 570 488 544 - 40.6 ± 0.2 - 688 42 ± 3 0.035 4.2 ± 0.2 2 

Carminic Acid 488 555 488 541 1.11 ±0.04 50 ± 2 1022 ± 2 617 1132 ± 27 0.013 3.8 ± 0.3 0.9 

MeOH solution (polar protic) 
Alizarin 430 485 , 540 430 500 - 99.45 ± 0.02 - 650 95 ± 2 0.004 1.5 ± 0.2 0.3 

Purpurin 472 552 488 530 - 1192 ± 1 - 620 1142 ±3 0.09 18 ± 1 6 

Laccaic Acid Data acquisition precluded by solubility factors 
Carminic Acid 486 578 488 545 2.03 ± 0.06 833 ±11 - 618 829 ± 1 0.04 19.7 ± 0.9 3 

Aqueous solution (v. polar protic) 
Alizarin Data acquisition precluded by solubility factors 

Purpurin Data acquisition precluded by solubility factors 
Laccaic Acid 480 552 488 540 0.580 ± 0.002 17.00 ± 0.04 - 660 19 ± 4 0.045 20.6 ± 0.1 3 

Carminic Acid 490 578 488 540 0.38 ± 0.01 78.7 ± 0.1 2100 ± 47 640 77 ± 3 0.055 28 ± 4 4 

Acetone solution (dipolar aprotic) 
Alizarin Lake 480 616 478 589 - 21 ± 2 - 671 17 ± 3 0.002 2.0 ± 0.3 0.1 

Thin film solid state gum arabic matrix (Watercolour paint) 
Alizarin Lake 500 - 532 570 1.4 ± 0.02 25 ± 8 - 615 26 ± 8 0.007 1.1 ± 0.1 0.5 

SSA = Ground State Absorption, SSE = Ground State Emission, TA = transient absorption, SE = stimulated emission, A = absorbance, PD = photodegradation, kp = rate of photodegradation per hour 
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Appendices 

 

A1. Copyright Permission for Figures Reproduced from Published 
Literature  

This thesis includes two figures (Figures 1.5 and 2.9) reproduced from existing published works 

(journal articles). Copyright permissions were obtained from Elsevier and John Wiley and Sons. 

The permission forms generated for these two instances by the Copyright Clearance Centre are 

given below.  
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Permission for Figure 1.5 
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Permission for Figure 2.9 
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