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1 Introduction 

 

Sunlight, incorporating ultraviolet radiation, provides the energy necessary to sustain life.  

Ultraviolet radiation (UVR) is the non-visible part of the solar spectrum incorporating the 

wavelengths between 100 and 400 nm.  Wavelengths in the ultraviolet region of the 

spectrum are further subdivided into UVA, UVB and UVC.  The physiological responses 

to UVR can be both beneficial and harmful.  Small doses of UV are required to produce 

vitamin D and in some cases therapeutic improvements are observed for skin disorders.  

However, long and short-term exposure can cause a variety of detrimental biological 

effects in humans.   

 

The biological effects of UVB have been intensively researched and are largely well 

understood.  Armed with this knowledge, public attitudes have changed accordingly.  The 

bronzed Aussie is no longer the national icon he or she once was, as the use of sun 

protection methods, including sunscreens, has now become common practice.  Until 

recently, UVA was believed to play little or no role in the damaging effects of UVR and 

was often neglected in studies.  However, there is now accumulating evidence that UVA 

plays a major role in sunlight-induced damage.  As information regarding the detrimental 

effects of UVA increases, there needs to be an accompanying increase in public awareness 

regarding the potential hazards and the need for sunscreen filters that protect skin from 

UVA wavelengths has become a current issue of importance.  Levels of exposure to UVA 

are considerably greater than for UVB and many of the effects are often a result of 

repetitive cumulative exposure.  Education campaigns such as the popular and effective 

Slip, Slop Slap campaign of the 80’s in Australia that include messages relating to UVA 

exposure as well as UVB may be required to raise public awareness.  In conjunction with 

this is the need for more effective measures of protection against UVA as well as those 

already providing protection against UVB.   

 

The following sections focus on various aspects of UVA including: 

• The UVR reaching the earth’s surface consists primarily of UVA and UVB 

wavelengths. 

• Levels of exposure to UVA from both natural and artificial sources are generally 

greater than exposure to UVB. 

• The biological effects of UVA are due to their interaction with various molecules in the 

skin. 
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• Exposure to UVA and UVB induce similar biological effects although the mechanisms 

involved are different. 

• The level of UVA photoprotection afforded by sunscreens is not always comparable 

with the level of protection achieved by UVB sunscreens. 

 

 

1.1 Types of Solar Radiation 

 

Solar radiation is largely optical radiation, spanning a broad region of the electromagnetic 

spectrum.  As shown in FIGURE 1.1: solar radiation extends from the shorter, high energy 

wavelengths incorporating ionising radiation (λ < 10nm), ultraviolet (UV), visible (light) 

and infrared radiation, to the longer wavelengths of radio radiation (λ > 1 mm) [1].   
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FIGURE 1.1:  The electromagnetic spectrum and subdivisions of ultraviolet (UV) light.   

 

 

The solar spectrum reaching the earth’s surface (sea level) consists of non-ionising 

radiation spanning wavelengths between 290 and 3000 nm, incorporating ultraviolet (~ 10 

%), visible light (~ 40 %) and infrared radiation (50 %).  The UV component of sunlight is 

divided into three spectral regions: the shorter ultraviolet-C (UVC) rays (100 - 280 nm), 

ultraviolet-B (UVB) rays (280 - 320 nm) and longer wavelengths of ultraviolet-A radiation 

(UVA), from 320 - 400 nm.  In addition, the UVA spectrum is often divided into two 
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regions according to biological activity: UVAI (340 - 400 nm) and the shorter wavelengths 

UVAII (320 - 340 nm) [2,3].  The conventions used to describe the different bands within 

the UV spectrum are arbitrary and differ slightly between the branches of science.  The 

spectral band designations used here are those adopted by dermatological photobiologists 

[3] and are a slight variation on those defined by the Commission Internationale de 

l’Eclairage (CIE, International Commission on Illumination) [4].  The CIE bands are: UVC 

(100 - 280 nm), UVB (280 - 315 nm) and UVA (315 - 400 nm). 

 

1.1.1 Levels of Exposure to Ultraviolet Radiation 

 

The dose of UVR received by an individual is determined primarily by the level of 

exposure to ambient solar UVR at the earth’s surface.  Solar radiation undergoes 

significant modification as it passes through the earth’s atmosphere.  The level of UVR 

reaching a particular area on the earth’s surface is dependent on several atmospheric 

factors such as cloud cover, levels of air pollution and thickness of the ozone layer.  Of 

these factors, stratospheric ozone is considered the most biologically important.  The 

shorter, higher energy wavelengths incorporating UVC and part of the UVB spectrum 

(wavelengths less than 290 nm), but not UVA, are absorbed by stratospheric ozone (O3), 

causing dissociation to atomic oxygen (O) and molecular oxygen (O2).  This process is 

essential in protecting the earth’s ecosystem from high-energy wavelengths in the UVB 

range.  Any depletion of stratospheric ozone levels is a major concern due to the associated 

increase in UVB and UVC wavelengths reaching the earth’s surface and the impact this 

would have on not only human health but on other biological systems [5] (for a review see 

Ref. [6,7]).  Recently there has been increasing international recognition of the interaction 

between climate change factors and surface UVR with the effects on biogeochemical 

cycles and ecosystems an area of uncertainty [8-10].  

 

Terrestrial UVR levels change continuously due to natural effects such as the season, 

latitude, altitude, atmospheric effects and changes in the angle of the Sun’s rays through 

the atmosphere as indicated by the solar zenith angle.  These factors have a much more 

pronounced effect on daily terrestrial UVB levels in comparison to UVA.  For instance, 

cloud cover can reduce UVB radiation between 15-30% [11].  Likewise, air pollution can 

reduce UVB levels up to 20% through absorption, scattering and reflection of the shorter 

UVB wavelengths [12].  In contrast, the atmosphere filters out little of the UVA 

wavelengths and its intensity remains relatively constant.  In FIGURE 1.2 the solar UVR 

spectrum as measured from outside the atmosphere is compared with the spectrum at the 
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earth’s surface, as measured by the Australian Radiation Protection and Nuclear Safety 

Agency (ARPANSA) in Melbourne.  The influence of atmospheric absorption on UVR 

levels, particularly in the UVB region of the spectrum, can be clearly seen.  Variations in 

intensity of UVA to UVB can change from 120:1 in morning/evening to 5:1 at noon  and is 

higher in winter due to the solar zenith angle and attenuation of UVB [13].   

 

 

 

FIGURE 1.2:  Summer solar spectral irradiance at noon on clear days as measured by the 

Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) in Melbourne.  

Kindly reproduced with permission from Dr. J. Javorniczky, ARPANSA. 

 

 

As a consequence of these atmospheric effects, the total UVR to reach the earth’s surface 

consists predominantly of UVA (90-99%) with only a small proportion comprising 

wavelengths in the UVB range (1-10%) [14,15].  The geographical distribution of averaged 

terrestrial UVA and UVB levels for the months of June and December [16].  Whilst 

seasonal differences in UVA can be seen, the global UVA levels in both winter and 

summer are significantly greater than UVB levels.  The figure also highlights the high 

ambient levels of UVR in Australia and, consequently, the potential for high personal UVR 

exposure levels. 

  
                                          NOTE:   
    This figure is included on page 4 of the print copy of  
     the thesis held in the University of Adelaide Library.
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FIGURE 1.3:  Seasonal variability of daily doses of ultraviolet radiation at earth’s 

surface.  ( a ) UVA ( kJ m-2 day ), and ( b ) UVB ( kJ m-2 day ) variations for June and 

December averaged over the period 1979-2000 (obtained with permission from Ref [16].  

 

 

In addition to climatological variation in UVR levels, personal exposure varies due to 

differences in individual behaviour and sensitivity.  The contribution of UVA exposure in 

environments where the UVR is filtered is significant [17].  The longer wavelengths 

incorporating the UVA waveband are transmitted through glass found in automobiles, 

homes and offices whilst filtering out the shorter wavelengths in the UVB range of the 

spectrum.  Furthermore, intentional exposure to UVR results from the use of artificial 

tanning equipment such as sunbeds and tanning booths.  The purpose for using sunbeds is 

to produce a cosmetic tan.  Sunbeds or tanning beds use artificial light sources that emit 

(a) 

(b) 

 

  
                                          NOTE:   
    This figure is included on page 5 of the print copy of  
     the thesis held in the University of Adelaide Library.

  
                                          NOTE:   
    This figure is included on page 5 of the print copy of  
     the thesis held in the University of Adelaide Library.
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primarily UVA, depending on the lamp type used [18].  FIGURE 1.4 shows a comparison 

between the spectral emission of the sun and two sunbeds [19].  The level of UVA 

radiation intensity of these sunbeds is up to twice the levels in sunlight.  Increasing 

awareness of the harmful effects resulting from the use of sunbeds led to the recent 

implementation of laws for solarium operators in a number of Australian states in addition 

to the current voluntary Standard (Australian/New Zealand Standard on Solaria for 

Cosmetic Purposes (AS/NZS 2635:2002)). 

 

 

 

FIGURE 1.4:  Comparison of the emission spectra of sunlight and two sunbeds 

(reproduced from Ref. [19]). 

 

 

1.2 Ultraviolet Radiation and the Skin 

 

Ultraviolet radiation can be transmitted, reflected, scattered or absorbed by molecules 

present in the skin.  The biological effects of UVR result from the absorption of 

wavelengths of a specific energy by certain molecules in the skin.  The molecule or part of 

the molecule that absorbs the energy is termed the chromophore.  For this process to occur, 

the relevant UVR wavelengths must first be transmitted through the skin to the appropriate 

chromophore.  Transmission of UVR through the skin and subsequent absorption by the 

chromophore are both wavelength-dependent processes.  This leads to differences in the 

level of penetration by UVB and UVA wavelengths and also in the chromophores that 

interact with these wavelengths.   

  
                                          NOTE:   
    This figure is included on page 6 of the print copy of  
     the thesis held in the University of Adelaide Library.
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The skin is composed of many specialised cells and structures organised into three main 

layers, the epidermis, dermis, and subcutaneous tissue as illustrated in FIGURE 1.5.   

 

 

 

FIGURE 1.5:  Schematic diagram of human skin depicting the percent transmittance of 

UVA and UVB radiation. 

 

 

The outermost layer of skin, the epidermis, consists of dead or dying cells (keratinocytes) 

that are constantly being renewed by actively dividing cells in the basal layer of the 

epidermis.  Other epidermal cell types include melanocytes which produce the pigment 

melanin and Langerhans cells, the major epidermal antigen-presenting cells involved in 

mediating immune responses in the skin.  The inner dermis contains a number of structural 

components such as collagen and elastin, proving strenth and elasticity to the skin.  The 

underlying subcutaneous tissue attaches the skin to bone and muscle as well as containing 

blood vessels and nerves. 

 

The thick outer layers of the epidermis offer a natural type of defense against UVR with 

90-95 % of incident UVB absorbed or reflected by the thick outer layer of skin (for a 

review of the optical properties of the skin see Ref. [20]).  The longer wavelengths in the 

UVA range are able to penetrate through to the proliferative basal layers of the epidermis 
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and dermis more efficiently than UVB (FIGURE 1.5).  Between 19-50% of UVA reaches 

the basal layer of the epidermis whereas UVB penetration is much less, between 9-14% 

[21].  It is estimated that the total UVA energy reaching the basal layers of the epidermis is 

up to 100 times higher than for UVB.  This is supported by the findings that the epidermal 

basal layer in certain skin cancers harbors more UVA than UVB mutations [22]. 

 

An action spectrum provides an indication of the relative effectiveness of different 

wavelengths in producing a particular biological response following exposure to UVR 

[18].  The first step toward identifying chromophores involved in the physiological 

changes is to match the action spectrum for the physiological change with the absorption 

spectrum of the chromophore.  Theoretically, the identification of chromophores in the 

skin relies upon the similarity between the absorption spectrum of the chromophore and 

the action spectrum for a specific biological response.  In practice, this is only useful when 

the action spectrum follows the absorption spectrum of the chromophore involved in the 

photochemical process.  This is the case when direct absorption by the chromophore leads 

to the biological change.  However the relationship between the absorption spectrum of a 

chromophore and the action spectrum of the biological response is not always 

straightforward.  For instance the action spectrum can reveal a wavelength dependence 

different from that of the absorption spectrum [23].   In many cases the action spectrum of 

the biological effect produced by UVA irradiation in different studies has not always 

matched the absorption spectrum of the chromophore [23-25].  Consequently the 

correlation between UVA-induced damage and subsequent biological effects has often 

been difficult to ascertain and, until recently, UVA was considered relatively harmless.   

 

 

1.3 Mechanisms of UVA-Induced Damage  

 

1.3.1 Direct Interactions with Chromophores 

 

Following transmission through the skin, UVA light can be reflected, scattered or 

absorbed.  The biological effects of UVA radiation occur when a photon of sufficient 

energy is absorbed by a chromophore.  As shown in FIGURE 1.6 UVA can act directly on 

chromophores which undergo photoreaction to cause direct damage at a cellular level.  The 

epidermis contains several known UVR endogenous chromophores which include proteins, 

DNA, trans-urocanic acid, and melanins and their precursors [26].  The first step toward 
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identifying chromophores involved in the physiological changes is to match the action 

spectrum for the physiological change with the absorption spectrum of the chromophore.  

An action spectrum provides an indication of the relative effectiveness of different 

wavelengths in producing a particular biological response following exposure to UVR 

[18].  Therefore, identification of chromophores in the skin relies upon the similarity 

between the absorption spectrum of the chromophore and the action spectrum for a specific 

biological response.  Historically, photobiological research has focused on the deleterious 

effects of UVB as many of the chromophores identified in skin show strong absorption in 

the UVB region with little to no absorbance in the UVA spectral region.  However, the 

biological effects of sun exposure are determined by both the physical nature of the 

incident light and the location and chemical nature of the absorbing chromophore in the 

skin.  As solar UV energy incident on the skin is predominantly in the UVA region and 

UVA light is able to penetrate the skin much deeper than UVB the direct absorption of 

UVA may be more hazardous than previously thought [27-29].   

 

1.3.2 UVA light-induced Photosensitized Reactions 

 

Ultraviolet A radiation can also indirectly cause photodamage that is mediated by reactive 

oxygen species and free radicals as illustrated in FIGURE 1.6 [30-32].  Photosensitizers 

(P) are molecules that absorb light and become reactive in the presence of oxygen, 

initiating a series of chemical reactions; the photosensitizer may or may not be chemically 

changed in this process [33].  After initial absorption of a photon by a molecule in the 

ground state (S0), the electronically excited singlet state (S1) of the photosensitizer 

undergoes intersystem crossing to the triplet (T1).  The triplet state of the photosensitizer is 

a long-lived intermediate that reacts further by one of two competing reaction pathways 

[34,35].  In Type I reactions, the photosenitizer reacts directly with another molecule (R) 

through either hydrogen atom or electron transfer resulting in the formation of free 

radicals.  The species formed can then react further with oxygen or other molecules.  In 

Type II reactions, energy is transferred from the triplet state of the photoactivated molecule 

to molecular oxygen in its ground state (3
Σg O2) to produce the lowest singlet state (1

∆g 

O2).  Subsequent hydrogen or electron abstraction results in the production of other 

reactive oxygen species (ROS) such as the superoxide anion radical (O2•¯ ), hydrogen 

peroxide (H2O2) and the hydroxide radical (HO•).   
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FIGURE 1.6:  The two methods by which UVA-induced damage occurs at a cellular level.   

 

 

Although both UVA and UVB region are capable of generating reactive oxygen species 

[36-38] it is now widely recognized that many of the detrimental biological effects of UVA 

are attributed to this process [37,39,40].  In contrast, it is generally accepted that most of 

the damaging effects of UVB result from its direct interaction with chromophores in the 

skin such as DNA [26].  Many ROS are normal by-products in cellular metabolism 

however, an imbalance or elevated levels of ROS can cause significant damage to the cell 

in a process termed oxidative stress.  Singlet oxygen has a long lifetime (10-6–10-5 s-1) and 

reacts indiscriminately with a wide range of biological targets including DNA, RNA, 

proteins and lipids [41] (for review see Ref. [42]).  The hydroxyl radical is a highly 

reactive and indiscriminate oxidant that can cross cell membranes acting at some distance 

from the initial site of radiation further increasing the potential for UVA-induced oxidative 

damage [43].  For instance, it is known that UVA radiation causes an increase in free 

available iron within cells [44-46].  Iron-containing enzymes play a vital role in 

maintaining the cellular redox balance by preventing the accumulation of ROS.  The 

uptake, utilisation and storage of iron is tightly controlled in cells due to its ability to 

change oxidation state and redox potential.  A cellular imbalance of free iron (either Fe2+ 
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or Fe3+) leads to the production of the highly reactive hydroxyl radical in what is known as 

the Fenton reaction (FIGURE 1.7) [47-49].  Hydrogen peroxide and the superoxide anion 

play a central role in UVA light-induced DNA damage via this process [43,50].   

 

 

 

FIGURE 1.7:  A mechanism to explain UVA-induced DNA damage by the Fenton 

reaction. 

 

 

The nucleotide bases of DNA, the purine derivatives adenine and guanine, and the 

pyrimidine derivatives thymine and cytosine, dictate the absorption of UVR.  The action 

spectrum for DNA shows peak absorption occurs in the UVC region with an absorption tail 

extending into the UVB region  and consequently, UVA is only weakly absorbed by DNA 

[51,52],[53].  However, UVA-induced ROS, particularly singlet oxygen, has been shown 

to cause oxidative DNA damage [54,55].  This process involves oxidation of the 

component bases particularly guanine residues (dG) with the formation of 8-oxo-7,8-

dihydro-2´-deoxyguanosine (8-oxo-dG) as shown in FIGURE 1.8 [55-57]. 

 

 

 

Fe2+  →  Fe3+ + HO• + OH¯  
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FIGURE 1.8:  Oxidative damage to DNA associated with UVA.   

 

 

Other types of UVA light-induced oxidative DNA damage include single-strand breaks 

and formation of pyrimidine dimers including cyclobutane photoproducts (CPDs) formed 

by linkage of adjacent pyrimidines (FIGURE 1.9) [58-60].  Historically, CPDs have been 

considered the “fingerprint mutation” of UVB however, recent studies have shown that 

UVA induces more CPDs than initially thought [61-64].  These studies also demonstrated 

that UVA-induced CPDs persisted longer in the skin compared to UVB-induced CPDs.   

 

 

 

FIGURE 1.9:  Formation of UV-induced thymine photoproducts (cyclobutane pyrimidine 

dimers). 

 

 

A key chromophore identified as a UVA photosensitizer are melanins, including eumelanin 

and pheomelanin, the natural pigments found in the skin [65].  Different types and amounts 

of melanins are synthesised by melanocytes in the epidermal layers of the skin.  The 

function of melanin remains controversial however evidence supports a protective role 
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against UVR.  Melanin is known to protect against UVB and UVA by either absorption 

and scattering and also through scavenging UV-induced free radicals (for a review see Ref. 

[66]).  However, melanins are also photoreactive, capable of generating reactive oxygen 

species in response to UVA radiation [67,68].  Studies indicate that both melanin and 

melanin precursers act as UVA-photosensitizers [69,70].   

 

Urocanic acid (3-(1H-imidazol-4(5)-yl)-2-propenoic acid, UCA), a deamination product of 

histidine, is another important chromophore located in the skin.  It exists in large amounts 

in the epidermis as trans-urocanic acid (trans-UCA) whose structure is shown in FIGURE 

1.10.   

 

 

 

 

FIGURE 1.10:  The UVA-induced isomerisation of trans-urocanic acid ( t-UCA ) to cis-

urocanic acid ( c-UCA ) occurs from the singlet state ( 
1t-UCA ).  This process is in 

competition with intersystem crossing ( ISC ) from ( 1t-UCA) to the triplet state ( 
3t-UCA ).  

The triplet state is quenched by ground state molecular oxygen ( 
3O2 ) to generate singlet 

oxygen ( 1O2 ). 
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Trans-UCA was initially considered a natural sunscreen due to its absorption properties in 

the UVR spectral region however the amounts required for efficient photoprotection are 

much greater than those found naturally in the skin [71,72].  Upon exposure to UVR, 

trans-urocanic acid undergoes isomerisation to cis-urocanic acid (cis-UCA) as shown in 

FIGURE 1.10 [73,74].   

 

Until recently, most studies of UCA concentrated on the photochemical process induced by 

UVB and UVC wavelengths due to its absorption and subsequent production of cis-UCA 

in this region of the spectrum.  However, recent findings have demonstrated that UVA can 

cause photoisomerisation through both direct [75] and photosensitized  mechanisms 

(FIGURE 1.10) [76-80].  Following UVA exposure, the excited singlet state of trans-UCA 

is populated ( 1trans-UCA in FIGURE 1.10).  Decay can occur through either isomerisation 

to cis-UCA or population of the excited triplet state ( 
3trans-UCA) [81,82].  Energy transfer 

from the triplet state to molecular oxygen in the ground state ( 
3
Σg O2) leads to the 

formation of singlet oxygen ( 
1
∆g O2) [23,80]. 

 

 

1.4 Biological Effects of UV Radiation 

 

1.4.1 Sunburn and Tanning 

 

Sunburn (erythema) is perhaps the most well known acute response following excessive 

UVR exposure.  The reference action spectrum adopted by the Commission Internationale 

de l'Eclairage (CIE, International Commission on Illumination) shows the erythemal 

effectiveness of UVR decreases with increasing wavelength [83] as shown in FIGURE 

1.11.  The lower energy UVA wavelengths are up to 1000 times less efficient than UVB at 

producing sunburn and consequently, were considered biologically inert for some time 

[14].  However, as the degree of sunburn is dependent on the total energy that is delivered 

to the skin, exposure to low energy wavelengths over a long period will cause the same 

degree of sunburn as high-energy wavelengths over a shorter period [84].  Therefore, when 

the relative levels of UVA to UVB are taken into account, the effective sunburn potential 

of UVA increases to approximately 15-20% of that of UVB [85,86].  Sufficient doses of 

UVA, particularly UVAII (320-340 nm) will induce erythema [87], indicating that UVA 

plays a more significant role than previously suspected [88,89]. 
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FIGURE 1.11:  The CIE reference erythema action spectrum (dotted line) and mammalian 

non-melanoma skin cancer action spectrum (solid line) reproduced from Ref. [90,91] 

showing the relative radiation efficiency of UVA and UVB wavelengths. 

 

 

Sunburn is the result of a complex series of events occurring in the skin (for a review see 

Ref. [92]).  The similarity in the action spectrum for erythema and epidermal DNA damage 

indicated DNA as the chromophore for sunburn [93].  Re-evaluation of the erythemal 

action spectrum using monochromatic radiation shows a second absorption maximum in 

the UVAI (340-400nm) waveband in addition to the maximum observed in the UVB 

region (λ = 298.5 nm) [94].  This supports the notion that sunburn in response to UVA and 

UVB occurs by separate pathways involving different chromophores [94,95].  The short 

UVA wavelengths, UVAII (320 - 400 nm), and UVB cause direct DNA damage whereas 

the longer UVA wavelengths, UVAI (340 - 400 nm) cause indirect oxidative damage to 

DNA through the initiation of photosensitization reactions [58,59,93].   

 

Tanning is also an acute effect of exposure to UVR.  Skin colour is determined primarily 

by the type and number of the pigment melanins present and their distribution in the 

epidermis.  Tanning occurs by three mechanisms: immediate pigment darkening (IPD), 

persistent pigment darkening (PPD) and delayed tanning (DT) [84].  The IPD and PPD are 

transient responses of the skin to UVA exposure.  These two processes involve the photo-

oxidation and redistribution of existing melanins in the skin [96,97].  Neither IPD or PPD 
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show any significant photoprotective properties against UVR and the function of these 

processes remains unclear [98].  Delayed tanning involves the production of new melanins 

in response to UVB and, to a lesser extent, UVA.  The ‘tan’ becomes visible in the days 

following exposure.  Melanins absorb over a broad spectral region and the increase in 

pigmentation is believed to offer some protection against UVR.  However, the level of 

photoprotection afforded by tans induced by UVA is much less than a tan induced by UVB 

[99,100].   

 

1.4.2 Photoaging 

 

Sun-induced skin ageing, termed photoaging, is intrinsically different from chronologically 

aged skin.  It is characterised by wrinkles, dryness, uneven pigmentation and sagging skin 

having a leathery appearance.  These changes reflect alterations in the epidermal and 

dermal layers of the skin with the major damage observed in the dermis [101].  Chronic 

exposure to UVR is the primary cause of photoaging resulting from the accumulation of 

molecular changes in the skin and the inability to repair the damage (for a review see Ref. 

[102]).  The initiating step requires transmission of UVR through the skin to the relevant 

chromophores.  The level of transmission through the skin is wavelength-dependent with 

the longer UVA wavelengths penetrating deeper into the skin than the shorter UVB 

wavelengths [21].  As shown previously in FIGURE 1.5 most of the UVB wavelengths are 

absorbed in the epidermal layer whereas a significant amount of UVA reaches the dermal 

layers.  The contribution of UVA to photoaging is considerable with recurrent exposure to 

even low doses of UVA effective at producing signs of photoaging in the skin [103-105].   

 

Oxidative stress resulting from the UVA light-induced production of reactive oxygen 

species is a primary cause of photoaging [106].  The generation of ROS involves 

absorption of UVA by photosensitizers in the skin and their subsequent reaction with 

molecular oxygen (see FIGURE 1.6).  Chromophores and photosensitizers understood to 

contribute to photoaging include NADH/NADPH and riboflavin [39,107].  The epidermal 

chromophore, trans-urocanic acid (trans-UCA), is a UVA photosensitizer involved in the 

production of singlet oxygen [107,108].  The generation of singlet oxygen by trans-UCA is 

believed to contribute to the process of photoaging [109].  The evidence for this comes 

from the similarities reported between the action spectrum for triplet formation for trans-

UCA and UVR-induced skin damage [23].  These ROS include superoxide anion, 
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peroxide, and singlet oxygen which are capable of oxidizing a variety of cellular 

components including lipids, proteins and DNA [110,111].   

Mitochondria, responsible for the generation of energy within in a cell, contain their own 

genetic material.  Mutations of the mitochondrial DNA due to oxidative stress are known 

to contribute to photoaging of skin [112-114].  In addition to mitochondrial damage, UVA-

induced oxidative damage leading to skin damage includes disruption to cell signalling 

pathways [115,116] and protein oxidation [111].  

 

1.4.3 Skin cancer 

 

Basal cell carcinoma (BCC) and squamous cell cancer (SCC) are two common types of 

non-melanoma skin cancers (NMSC), arising from the basal layer of the epidermis.  

Melanoma, a more serious form of skin cancer, is a malignant tumour that originates in 

melanocytes.  Melanoma skin cancer, unlike NMSC, has a marked tendency to 

metastasize.  The causal relationship between UVR-induced DNA damage and skin cancer 

has been well-established [25,30,117,118].  An evaluation by the International Agency for 

Research on Cancer (IARC) on the carcinogenic risk of solar radiation to humans based on 

experimental and epidemiology data concluded, “there is sufficient evidence in humans for 

the carcinogenicity of solar radiation.  Solar radiation causes cutaneous malignant 

melanoma and non-melanocytic skin cancer,” adding that there was sufficient evidence for 

the carcinogenicity of both UVA and UVB [18]. 

 

Australia has one of the highest incidence rates of both non-melanoma skin cancer and 

cutaneous malignant melanoma in the world [119].  Non-melanoma skin cancer (NMSC) is 

the most frequently occurring cancer in Australia with an annual cost of approximately 

$232 million.  An estimated 78% of all new cancers are attributed to NMSC [120].  

Cutaneous malignant melanoma is the most common cancer in Australians aged between 

15 and 44 years.  Overall, it is the third  and fourth most common cancer in women and the 

fourth most common in men [120,121].  Australia has one of the highest mortality rates 

due to melanoma skin cancer with incidence rates continuing to increase [122]. 

 

Like UVB, UVA is a complete carcinogen [30], able to initiate and promote the growth of 

tumours involved in cancer progression.  The shorter UVB wavelengths are estimated to be 

1000-10,000 times more carcinogenic than UVA radiation.  Historically, this has led to an 

emphasis on the role of UVB in skin cancer with UVA generally neglected.  However, 

when the differences in exposure doses and transmission through the skin are compared 
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with those for UVB wavelengths, the UVA contribution to carcinogenicity is 

approximately 10-20% [123,124].  It is now becoming evident that exposure to UVA at 

biologically relevant doses from both natural and artificial sources poses a greater 

carcinogenic risk to humans than previously assumed [22]. 

 

According to current understanding, the development of cancer is a multistep process, 

requiring initiation, promotion, and then progression [125].  Initiation may simply be a 

mutagenic process such as mutation of DNA.  Ultraviolet A radiation is able to induce 

damage to DNA by way of direct absorption or by photosensitisation reactions that 

generate ROS.  Although UVA is only weakly absorbed by DNA [53] its genotoxity has 

been demonstrated, causing the same type of DNA damage as UVB radiation [24,126,127].  

Cyclobutane pyrimidine dimers (CPDs) (FIGURE 1.9) lead to signature mutations upon 

replication of DNA.  These mutations are common in NMSCs [128] and can be induced by 

exposure to UVA [58,60-62,129-131].  In FIGURE 1.11 the action spectra for NMSC 

shows that whilst UVB wavelengths are more effective, there is also some contribution 

from UVA radiation in NMSC formation.  One study found a greater number of CPDs than 

ROS-induced DNA mutations and that such UVA-induced CPDs were repaired less 

efficiently than UVB-induced CPDs [64].  Oxidative damage induced by UVA radiation is 

also believed to be an important contributor to the carcinogenic properties of UVA [30].  

Singlet oxygen, the primary reactive oxygen species generated by UVA, reacts with DNA 

to generate the mutagenic 8-oxo-7,8-dihydro-2´-deoxyguanosine (8-oxo-dG in FIGURE 

1.8) [55-57]. 

 

In addition to DNA mutation, tumour initiation can occur by an epigenetic process 

whereby gene expression of proto-oncogenes or tumour suppressor genes is altered [132].  

The tumour suppressor gene, p53, plays an important role in the prevention of skin cancers 

(for a review see Ref. [133]).  It is involved in the normal cellular response to UVR-

induced DNA damage through cell cycle regulation, activation of DNA repair proteins and 

initiation of cell apoptosis (for a review see Ref. [134]).  Loss of p53 function through 

mutation or low levels of p53 in response to UVR play a key role in the development of 

cancers.  The p53 gene is often the target for CPDs, the UVB-induced fingerprint 

mutations, found in a large percentage of human basal and squamous cell carcinomas 

[128,135,136].  Although considerably less efficient than UVB, UVA radiation can cause 

the same type of direct DNA damage in the p53 tumour suppressor gene in addition to 

oxidative damage [29,137].  Furthermore, the basal layer of the epidermis harbours 
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predominantly UVA mutations rather than UVB-induced damage due to the increased 

transmission of UVA [22].  As initiation of skin tumours requires penetration of UV 

photons to actively dividing cells in the basal layer for DNA damage to become a heritable 

genomic mutation it is increasingly clear that UVA makes a greater contribution to human 

skin cancer than has previously been assumed [125,138].  Additionally UVR activates 

transcription of the p53 gene that then initiates cell stress responses.  The p53 gene is only 

weakly activated by UVA radiation and consequently, the reduced response increases the 

survival chances of a cell with mutated DNA [58,63,64]. 

 

In contrast to non-melanoma skin cancers, the association between exposure to different 

wavelengths of UVR and melanoma is not so clearly defined.  Factors that increase the risk 

of developing melanoma include complexion type, intense intermittent exposure and the 

age at the time of exposure, rather than cumulative exposure as with other skin cancers 

[139,140].  The role of UVA and UVB wavelengths in causing melanoma is an area of 

controversy (for a review see Refs. [141,142]).  There is accumulating evidence from both 

experimental and epidemiology data indicating UVA radiation contributes to the 

pathogenesis of melanoma (for a review see Ref. [143]).  Epidemiology studies have 

shown that the global variation in melanoma mortality rates corresponds to the global 

distribution of UVA [122,144,145].  There is an association between the use of sunbeds, 

which emit predominately UVA, and an increased risk of developing malignant melanoma 

[146,147].  The International Agency for Research on Cancer Working Group on artificial 

ultraviolet light and skin cancer found there is enough evidence to support a causal 

relationship between the use of indoor tanning equipment and melanoma risk [148]. 

 

Experimental evidence demonstrating the role of UVA in causing melanoma is 

predominantly derived from animal models due to the difficulty of studying the disease in 

humans.  The action spectra, melanoma induction as a function of wavelength, in a fish 

model shows wavelengths greater than 320 nm to be most effective [149].  The mechanism 

is believed to involve ROS that are generated by photosensitizing reactions of melanin 

[150].  In a mammalian model, UVA was much more efficient at inducing melanoma than 

non-melanoma skin cancers [151].  The implications of this are that an increase in sun 

exposure time using UVB sunscreens or use of UVA suntanning devices increases the risk 

of melanoma [152]. 
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1.4.4 Immune Suppression 

 

It is now well documented that UVR causes suppression of the immune system in humans 

and animals (for a review see Refs. [153,154]).  The critical wavelengths involved 

potentially include those of UVA [155-161].  The immunosuppressive response to UVA 

exposure is complex and whilst the mechanisms involved are not known, it appears to be 

dose-dependent response [162-164].  Furthermore, suppression of the immune system by 

UVA can occur at low doses indicating that damage occurs before the typical sunburn 

warning signs of too much sun occurs [88]. 

 

The effects of UVA on the immune system are primarily mediated by ROS.  Initiation 

involves absorption of UVA by photosensitizers located in the skin which then triggers a 

cascade of complex events.  Known photoreceptors include trans-urocanic acid ( trans-

UCA) [74], DNA [165] and membrane lipids (for a review see Ref. [166]).  The 

photoisomerisation of trans-UCA acid is known to contribute to UVR-induced immune 

suppression [74,167].  Ultraviolet A radiation causes isomerisation by either direct 

absorption of UVA by trans-UCA or by indirect photosensitization reactions that lead to 

the production of ROS [23,107].  Oxidative stress mediated by ROS produced following 

exposure to UVA may also contribute to immune suppression [168,169].  Identification of 

the mechanisms involved are made more complicated by the confounding effects when 

combined UVA and UVB wavelengths are used [75,170]. 

 

There is strong evidence supporting a link between UVR-induced immune suppression and 

skin cancer induction (for a review see Refs. [166,171]).  The skins immune system 

involves efficient mechanisms to protection against tumour development.  Skin cancers 

caused by UVR exposure are highly antigenic.  Suppression of the immune system by 

UVR, including UVA, plays an important role in the development of skin tumours.  The 

realisation that UVR could affect immune function grew from the pioneering word of 

Kripke [172-174].  Melanoma is considered an immunogenic tumour, capable of evoking 

an immune response.  Suppression of the immune system, caused by UVR exposure, 

inhibits the normal immune response and permits the development of UV-induced tumours 

[157,175].  It may be that UVR, particularly UVA, plays a dual role in melanoma 

development, firstly induction and then promotion by suppressing an immune response 

[158]. 
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1.5 Sunscreens 

 

Australians experience high levels of exposure to solar UVR exposure due to geographical 

location and an outdoor lifestyle.  Australia has high ambient levels of solar UVR due to its 

geographical position, proximity to the equator, its relatively clear and unpolluted skies 

and lower levels of stratospheric ozone.  The outdoor lifestyle experienced in Australia 

gives rise to high levels of exposure to UVR.  It is estimated that UVA constitutes up to 

95% of total UVR exposure in Australia [86].  As UVA is now considered more 

biologically active than previously thought, its contribution to UVR-induced health effects 

has emerged as a major concern in public health [176].  Consequently, the need for 

efficient methods of protection is a current issue. 

 

Sunscreen filters are a safe and effective method for achieving protection against UVR.  

The first use of sunscreens was reported in 1928 when they were used to prevent sunburn.  

Chemical sunscreen filters have been available in Australia since the 1930s [177].  Since 

then extensive development has occurred in response to the increased understanding of the 

damaging effects of UVR to the skin.  Greater emphasis is now placed on sunscreens 

providing protection from the carcinogenic effects of exposure to solar UVR.  The active 

ingredients and their maximum concentrations permitted in sunscreen formulations differ 

considerably worldwide.  In Australia, most sunscreens are regulated as medicines under 

the Therapeutic Goods Act 1989 and must be listed in the Australian Register of 

Therapeutic Goods.  Consequently, the safety requirements for UV filters are comparable 

to those of a new drug and must conform to the Australian Standard (AS/NZS 2604:1998) 

[178].  Currently there are 29 different sunscreens approved for use in Australia with four 

additional agents currently under review [179].   

 

Sunscreens alter the solar spectrum reaching the skin by absorbing, reflecting, or scattering 

UVR, and thereby alter how the body responds to this radiation.  The active ingredients 

contained in sunscreen formulations are generally classified into two main types according 

to their mode of action: physical UV blockers that reflect and scatter UVR and chemical 

filters that absorb UVR.  Chemical UV filters may be further classified according to the 

wavelengths they protect against: UVB or UVA sunscreens.  Sunscreen formulations that 

contain both active ingredients capable of protecting against UVA and UVB wavelengths 

are classified as broad spectrum sunscreens.  
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1.5.1 Physical UV Blockers 

 

The physical inorganic sunscreens, zinc oxide (ZnO) and titanium dioxide (TiO2), provide 

protection by reflecting and scattering wavelengths in the UV and visible spectral region.  

However, their use is often limited as their opaque appearance often makes them 

cosmetically unacceptable.  The process of microionisation (20 - 150 nm) improves the 

appearance on the skin by decreasing their interaction with visible light, giving them a 

transparent appearance.  Depending on the particle size, light is attenuated through a 

combination of scattering and absorption [180,181].   

 

As semiconductors, absorption of UVR by ZnO and TiO2 can catalyse oxidative damage 

[182].  To reduce the possibility of photocatalytic activity, TiO2 may be coated with 

inorganic oxides such as SiO2.  Theoretical concerns as to the safety of nanoparticles have 

been raised by a number of key authorities noting that although there is no direct 

experimental evidence showing nanoparticles are a toxic hazards the current published 

evidence is incomplete [183,184].   

 

1.5.2 Chemical Sunscreen Filters 

 

The protective properties of chemical sunscreen filters are due to their ability to absorb 

wavelengths in the UV spectral range.  They are generally classified into two types based 

on their UV absorption properties: UVB and UVA filters.  The factors important in 

determining the efficiency of a compound as a chemical UV filter include the absorption 

spectra and photostability of the compound.  The absorption of a photon of energy by the 

molecule in its ground state (S0) results in promotion of an electron to an excited singlet 

state (S1) as shown in FIGURE 1.12.  Transition from the singlet state back to the ground 

state can occur in a non-radiative process through vibrational relaxation (V) or by a 

radiative process, in which a photon is emitted as fluorescence (F).  Alternatively, 

intersystem crossing (ISC) can occur resulting in population of the excited triplet state (T1).  

As the lifetime of the lowest excited triplet state is long, ~10-2 s, there exists the potential 

for photoreaction of the filter and subsequent photodegradation  [185].  The primary route 

of relaxation depends on the rates of all processes involved.  Photoreaction from either an 

excited singlet state (Sn) or triplet state (Tn) leads to loss of the UV chemical filter and 

therefore a reduction in the level of UVR protection.  Moreover, the photoproducts may 

promote photoallergic responses in human skin.  Any compound that absorbs in the UVA 
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or UVB region in which the energy absorbed is preferentially lost through vibrational 

relaxation has the potential to act as an efficient and stable sunscreen filter.   

 

 

 

FIGURE 1.12:  Energy level diagram illustrating the electronic states of a molecule and 

the possible transitions between them.  The radiative transitions, absorbance ( A ), 

fluorescence ( F ) and phosphorescence ( P ) are indicated by straight lines whereas non-

radiative transitions, vibrational relaxation ( V ), internal conversion ( IC ) and intersystem 

crossing ( ISC ) are indicated by wavy lines.  

 

 

Efficient UV chemical filters tend to have conjugated structures that promote electron 

delocalisation as exemplified by major groups of sunscreens in FIGURE 1.13.  These 

general structures favour loss of the absorbed energy by either vibrational relaxation or by 

fluorescence emission.  Additionally, π-electron delocalisation lowers the energy gap (∆E) 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO).  The decrease in energy (∆E) required for electron transition 

means the molecule absorbs light of a lower frequency and therefore, a higher wavelength 

as shown by the reciprocal relation between energy (∆E) and wavelength λ of absorption 

for the transition as given by: 
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FIGURE 1.13:  The general structures of the major groups of organic sunscreen filters  

 

 

1.5.2.1 The Level of Protection Afforded by Chemical Sunscreen Filters 

 

Sunscreen technology has generally developed parallel to the scientific understanding of 

the effects of ultraviolet radiation on skin.  Until recently, most commercially available 

sunscreens contained filters that absorbed wavelengths primarily in the UVB spectral 

region with little to no absorption of UVA.  Such sunscreens protect against erythema and, 

by inference, were thought to protect against skin cancer also [186,187].  Protection from 

erythema as measured by the sun protection factor (SPF) has been adopted internationally 

as the biological endpoint for the evaluation of sunscreen effectiveness.  The SPF is 

defined as the UVR dose (minimal erythema dose, MED) required to produce perceptible 

reddening of sunscreen-treated skin compared to untreated skin as given by:   
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The minimal erythemal dose (MED) is a widely used endpoint to assess the biological 

hazard of UVR on skin photobiology.  One MED is the smallest dose required to induce 

minimal perceptible erythema (sunburn) 24h after irradiation.  By definition, it is not a 

standard measurement due to the variation in individual sensitivity to UVR.  It is important 

to note that that it has been demonstrated that low doses of UVA (< 1 MED) can induce 

damage to skin tissue [103,105].  This becomes increasingly important in environments 

where UVB is attenuated as in automobiles and through office windows or where artificial 

light sources of predominately UVA are used.   

 

Furthermore, whilst sunscreens having a high SPF are known to protect against the effects 

of UVR such as erythema and DNA damage [148,188-190], there is no correlation with the 

level of immune protection afforded by sunscreens [191,192].  It has been demonstrated 

that protection against immune suppression cannot be predicted by the SPF factor of a 

sunscreen and that UVB sunscreens provide inefficient protection against immune 

suppression [88,158,193,194].  The level of protection to skin immunity is found to be 

directly related to the level of UVA protection afforded by a sunscreen and not to the level 

of protection against erythema [161,195].  Additionally, chemical filters having a 

maximum absorption in the UVAI range (340-400nm) are most effective as protection 

against UVA-induced photoaging [196].   

 

In addition, there has been some controversy regarding the relationship between increased 

sunscreen use and the rise in melanoma skin cancers [197].  Early sunscreens primarily 

protected against wavelengths in the UVB region of the spectrum.  It is known that 

erythemally effective doses of UV attributed to UVB wavelengths do not account for the 

estimated melanoma risk [142].  Sunscreens that protect efficiently against UVB but not 

UVA have been shown to contribute to risk of melanoma [198].  It has been proposed that 

the use of sunscreens that protect predominately against UVB gives the user a false sense 

of security.  This has been associated with increased sun exposure where the application of 

sunscreen increases the ratio of UVA to UVB that reaches the skin [122].  If this is found 

to be correct, it raises the important points that an effective sunscreen must provide 

protection against both UVA and UVB and further supports the growing belief that UVA 

plays an important role in melanoma induction. 

 

It is widely accepted that both UVB and UVA filters are required for adequate protection 

against the harmful effects of UVR [199,200].  Studies have indicated that the level of 

protection afforded by sunscreens with a similar SPF value but different degree of UVA 
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protection is markedly different [201].  A comprehensive examination of 59 commercially 

available sunscreens found only 10% achieved efficient protection in the UVA spectral 

region [202].  In Australia, there are a number of sunscreening agents permitted as active 

ingredients.  TABLE 1.1 presents some of the more commonly used filters listed by the 

TGA. 

 

TABLE 1.1:  Chemical sunscreen filters permitted as active ingredients in Australia. 

Australian Approved Name (Synonym/trade name) λmax (nm) Level of Protection 

  UVB UVA 

Aminobenzoate Derivatives    

     Aminobenzoic acid (PABA) 290 ● ○ 

     Padimate O (Octyl dimethyl PABA) 310 ● ○ 

Anthranilate Derivatives    

     Menthyl anthranilate (Methyl 2-aminobenzoae) 330 ● ◐ 

Benzophenone Derivatives    

     Dioxybenzone (Benzophenone 8) 326 ● ◐ 

     Oxybenzone (Benzophenone 3) 286/325 ● ◐ 

Camphor Derivatives    

     4-methylbenzylidene camphor 300 ● ○ 

Cinnamates    

     Octyl methoxycinnamate (Ethylhexyl methoxycinnamate ) 310 ● ○ 

     Octocrylene (2-ethylhexyl-2-cyano-3,3 diphenlacrylate) 300 ● ○ 

Dibenzoylmethane Derivatives    

     Butyl methoxy dibenzoylmethane (Avobenzone) 358 ◐ ● 

Salicylate Derivatives    

     Octyl salicylate 307 ● ○ 

Homosalate (Homomethyl salicylate) 309 ● ○ 

Inorganic Sunscreens    

     Zinc Oxide 379 ● ● 

     Titanium Oxide 382 ● ● 

Miscellanous    

     Bemotrizinol (Tinosorb S) 310/343 ● ● 
     Methylene bis-benzotriazolyl tetramethylbutyl phenol 
(Tinosorb M) 303/358 

● ● 

     Phenylbenzimidazole sulfonic acid 320 ● ○ 
    Level of protection:  ○ minimal, ◐ some, ● extensive.   

 

TABLE 1.1 shows that whilst there are a large number of filters that provide extensive 

protection against UVB radiation, filters that provide a similar level of protection from 
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UVA radiation are limited.  The challenge facing the sunscreen industry is to provide 

adequate methods of protection against UVA that parallel the levels afforded for UVB 

protection.   

 

 

1.6 The Aims of this Research 

 

As evidence for the harmful effects of UVA radiation continues to accumulate, sunscreens 

that protect in the UVA range are increasingly sought after.  The overall objective of the 

work presented here is to investigate ways to improve the level of UVA protection 

afforded by chemical filters.  The work described in this thesis explores this in two ways: 

firstly by examining methods for improving UVA protection through adaptation of a 

common sunscreen filter.  Secondly, the use of quantum chemistry methods in the rapid 

identification of potentially new UVA sunscreen filters is also considered.    

 

1.6.1 Adaptation of a Common UVA Filter. 

 

Dibenzoylmethane (1,3-diphenyl-1,3-propanedione) derivatives, having the general 

structure shown in FIGURE 1.14, are β-diketones that exist in a tautomeric equilibrium 

with the enol form.  The enol tautomer of these forms absorbs strongly in the UVA region 

whilst the keto forms generally absorb in the UVB region.  Accordingly, a number of β-

diketones have received regulatory approval for use in sunscreens worldwide but are prone 

to photodegradation, causing substantial loss of protection [203]. 

 

The structure of the β-diketone 4-tert-butyl-4′-methoxydibenzoylmethane (BMDBM, 

tradenames: avobenzone, Parsol® 1789) is shown in FIGURE 1.15.  The enol form of 

BMDBM is one of the most widely used UVA sunscreen filters in both sunscreen 

preparations as well as in cosmetic products.  It is included in the list of authorised 

sunscreen agents in Europe, USA, Japan and Australia [179,203,204].  It shows strong 

absorption of wavelengths in the UVAII (320 - 340 nm) range, as well as the UVAI (340 - 

400 nm) range up to 380 nm.   

 

 

 



Chapter 1 
 

 28 

 

R1 R2 R3 λmax (enol) 

t-C4H9 H OCH3 355 nm 

i-C3H7 H H 345 nm 

OCH3 H OCH3 363 nm 
     

FIGURE 1.14:  The keto-enol equilibrium of dibenzoylmethane derivatives approved for 

use in sunscreens and their wavelengths of maximum absorption, λ max, for the enol forms. 

 

 

Photochemical stability is an important characteristic required for an effective chemical 

sunscreen filter.  Photodegradation not only reduces photoprotection but the products can 

promote photoallergic reactions on human skin.  The photodegradation of BMDBM has 

been investigated under various conditions [205-207].  These studies have indicated that 

the keto-enol equilibrium is strongly displaced to the keto form following UV irradiation, 

resulting in temporary loss of UVA protection.  Further exposure to UV irradiation leads to 

permanent loss of photoprotection as a results of the photodegradation of BMDBM from 

the keto form.  Furthermore, BMDBM is often incorporated into formulations with the 

UVB sunscreen filter, trans-2-ethylhexyl-4-methoxycinnamate (OMC) whose structure is 

shown in FIGURE 1.15.  The combination of the two sunscreen filters provides broad 

spectrum protection from wavelengths in both the UVB and UVA spectral regions.  

However, it is asserted that BMDBM undergoes a photo-induced reaction with OMC 

leading to adduct formation [208,209].  This leads to a substantial loss of protection from 

both UVA and UVB wavelengths and, as a consequence, an increase in exposure to these 

wavelengths. 
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FIGURE 1.15:  Structures of the UVA chemical filter BMDBM and UVB chemical filter E-

OMC. 

 

 

1.6.1.1 β-Diketonate Metal Complexes 

 

The ability of β-diketones to form β-diketonate metal complexes has been extensively 

documented in the literature [210,211].  The hydroxyl proton in the enol form of β-

diketones is weakly acidic and removal generates the β-diketonate, sometimes referred to 

as the enolate anion (FIGURE 1.16).  In the presence of a divalent metal ion (M2+), the 

enolate anion acts as a bidentate ligand, able to coordinate to the metal ion to form 

sequentially, mono and bis β-diketonate metal chelate complexes.   

 

The formation of such β-diketonate metal complexes has the potential to improve the 

photostability of BMDBM through stabilising the enol tautomer relative to the keto form.  

This may prevent or reduce the degree of photoketonization and subsequent 

photodegradation of BMDBM.  Additionally, it may also improve the photostability of 

broad spectrum sunscreen formulations containing BMDBM in combination with E-OMC. 

 

The work presented here involves a systematic study of the β-diketone metal complexes 

formed by BMDBM.  Zinc(II) is preferred due to its biological and pharmaceutical 

acceptability as well as its stereochemical flexibility.  The d10 electronic structure of Zn2+ 

makes it unlikely to interact with the electronic structure of the excited state ligand, which 

could act to reduce ligand excited state lifetimes or cause photoreactions.  The β-diketone 

complexes formed with aluminium(III) are also considered.  This is because Al3+ has a 

higher surface charge density that Zn2+, causing a higher polarisation in its ligands, which 

may influence the UV properties of the β-diketone.  As with Zn2+, Al3+ salts are also used 

in a variety of pharmaceutical preparations. 
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FIGURE 1.16:  Formation of β-diketonate metal complexes of BMDBM with zinc(II). 

 

 

The systematic study of the solution properties of the metal complexes formed by 

BMDBM involves thermodynamic studies into the equilibrium and stability of such 

complexes as well as investigation of the UV-visible and fluorescence properties.  The 

photostability of the metal complexes of zinc(II) and aluminium(III) with BMDBM and the 

application of this research to industry are considered.  There is particular emphasis on the 

solution rather than solid-state properties of the Zn2+ and Al3+ complexes of BMDBM as 

they most resemble sunscreen formulations.  This area of work involves close ties with 

industry partner, Hamilton Laboratories, with the view for commercial application.  
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Accordingly, it is important to take into account the regulatory requirements and cost to 

industry in introducing new technologies.  It is expected that the new sunscreen products, 

the metal β-diketonates, can be formed in situ and, consequently will not be considered 

new molecular entities by the regulatory authorities.  The significance and expected 

benefits to the industry partner (Hamilton Laboratories) are that the new sunscreen 

products will avoid many of the restrictions on product development. 

 

Despite their unsuitability as sunscreen filters, other divalent metals (nickel(II), cobolt(II), 

cadmium(II)) and the complexes formed with the β-diketone, BMDBM, have also been 

considered to provide a comparison.  In addition, the β-diketonate metal complexes formed 

by two other β-diketones, 1,3-diphenyl-1,3-propanedione (dibenzoylmethane, DBM)) and 

1-(2-naphthyl)-3-phenyl-1,3-propanedione (naphthyl benzoylmethane, NapPh), with 

divalent metal ions in order to gain further insight into the factors influencing the 

complexation of β-diketones with metal ions. 

 

1.6.1.2 Cyclodextrin complexes of the β-diketone, BMDBM 

 

Cyclodextrins are cyclic oligosaccharides having a hydrophobic central cavity as shown in 

FIGURE 1.17.  The naturally occurring cyclodextrins are α-cyclodextrin, β-cyclodextrin 

and γ-cyclodextrin consisting of 6, 7 and 8 glucose units respectively, whereas modified 

cyclodextrins include hydroxypropyl-β-cyclodextrin.  The interest in cyclodextrins comes 

from their ability to encapsulate other molecules (guest) within their annuli to form host-

guest complexes held together by non-covalent forces.  The formation of such complexes 

often results in the modification of the guest characteristics.  This includes increased water 

solubility and enhanced stability of the guest in the presence of air and light.  

 

Cyclodextrins have previously been used to modify properties such as chemical and 

photostability of a number of UVB sunscreen filters [208,212,213].  The work presented 

here expands upon the studies already carried out in this area.  The main focus in these 

studies is to investigate the nature of the host-guest complexes formed between BMDBM 

and the naturally occurring cyclodextrin, β-cyclodextrin (β-CD) and the modified 

cyclodextrin, hydroxypropyl-β-cyclodextrin (HP-β-CD) using NMR spectroscopy.  These 

two cyclodextrins are preferred because of their acceptability in the pharmaceutical 

industry, being approved by the Therapeutics Goods Association of Australia.  In addition, 

the cavity sizes of the two cyclodextrins used are well suited to encapsulate the phenyl 

groups of BMDBM. 
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FIGURE 1.17:  Naturally occurring cyclodextrins, α-cyclodextrin, β-cyclodextrin and γ-

cyclodextrin. 

 

 

 

FIGURE 1.18: Equilibrium between BMDBM and βCD leading to inclusion of BMDBM 

within the β-CD annulus. 
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1.6.2 Design and theoretical studies of potentially new sunscreens 

 

The design, synthesis and characterisation of new compounds can be a slow process and 

may not always achieve the desired results.  Traditional trial-and-error methods for 

identifying novel sunscreen filters have generally been replaced by more efficient rational 

design methods based on structure-activity relationships [203].  For instance, several 

derivatives of BMDBM having substituents other than hydrogen at the α-position have 

been proposed as novel filters [214,215].  However, this generally leads to a shift in the 

keto-enol equilibrium in favour of the keto form [216] and subsequent decrease in 

absorption in the UVA spectral region.  Molecular modelling techniques can be a powerful 

research tool, complementing experimental methods in the identification of potential 

candidate filters that have the desired activity.  The rapid identification of potential 

candidate molecules can save both time and money by easily ruling out unsuitable 

candidates.   

 

The purpose of this investigation is to assess the use of theoretical quantum chemistry 

methods as a complementary tool to speed up this process.  This approach firstly requires 

identification and validation of a theoretical model for describing the ground-state 

properties and excitation energies of a wide range of β-diketones.  There are a large 

number of different theoretical models for describing the ground state of molecules and 

numerous literature reports outlining the strengths and weaknesses of these models.  

However, there are considerably fewer theoretical models for describing the excited states 

of molecules due to the large complexity of the calculations.  The symmetry-adapted 

cluster-configuration (SAC-CI) method was first introduced in 1978 as an electronic 

structure method for excited states of molecules [217].  It has been applied successfully to 

the excited states of many systems including porphyrin [218,219], retinal proteins [220] 

and lumiflavin [221].   

 

There are extensive experimental and theoretical studies of the β-diketone, 

dibenzoylmethane (1,3-diphenyl-1,3-propanedione, DBM) making it an ideal compound to 

use for identification and validation of an appropriate theoretical model [222-224].  This 

model can then been applied to a series of known β-diketones, I -IV, whose structures are 

shown in FIGURE 1.19.  This will permit a thorough assessment into the reliability and 

accuracy of the theoretical results.  It may also provide further information important for 

understanding the influence that various substituents at the enol ring have on the structure-
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activity relationship of β-diketone.  On this basis, the level of confidence in theoretical 

results for newly designed compounds V and VI can be considered. 

 

 

 

FIGURE 1.19:  Structures (and trivial names) of the β-diketones investigated in this work. 
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2 Stability Studies of β-Diketonate Metal Complexes through 

Potentiometric Titrations 

 

2.1 Introduction 

 

The use of chemical sunscreen filters is an effective method for protecting against 

exposure to ultraviolet A (320-400 nm) radiation [176].  The β-diketone, 4-tert-butyl-4′-

methoxydibenzoylmethane (BMDBM), is a popular UVA (320-400 nm) sunscreen filter 

used worldwide however its effectiveness is reduced due to poor photostability [209,225].  

The photostability of BMDBM is strongly influenced by the keto-enol tautomerisation of 

BMDBM shown in FIGURE 2.1.  Like other β-diketones, BMDBM exists largely as the 

conjugated cis-enol form, stabilised by an intramolecular hydrogen bond [226].  Due to the 

unsymmetrical nature of BMDBM, the two different isomeric cis-enols are distinguishable 

[227,228].   

 

 

 

FIGURE 2.1:  The equilibrium between the keto and enol tautomers of the UVA chemical 

filter 4-tert-butyl-4′-methoxydibenzoylmethane (BMDBM).   
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Continuous UV irradiation of dilute solutions of BMDBM leads to formation of the keto 

form with the temporary loss of the enol absorption band [209,227].  This absorption band 

recovers almost completely after a period in the dark without photodegradation occurring.  

The ratio of enol to keto forms decreases from 9.1 before irradiation to 0.8 following 

irradiation with equilibrium reestablished slowly over several days, in a temperature-

dependent manner [227].  Further irradiation leads to permanent loss of the absorption 

band attributed to the enol form with no increase in absorbance to the keto form [229].  

Photodegradation of BMDBM has generally been attributed to photoreactions of the keto 

form of BMDBM [205,206].  This phenomenon has also been observed for other β-

diketone compounds [230-232].  Dibenzoylmethane derivatives are able to generate free 

radicals from α-cleavage reactions.  The UVB induced photoreactions occur through the n-

π* excited triplet state.  This is indicated by the photoproducts, which are all derived from 

two radical precursors, the benzoyl radical or the phenacyl radical as shown in FIGURE 

2.2 [205]. 

 

 

 

FIGURE 2.2:  Photodegradation of BMDBM following UVB irradiation [205].  The 

substituents, t-Bu and OMe are exchangeable. 

 

 

Various aspects of the coordination chemistry of β-diketones have been extensively studied 

over many decades [233-243].  The anions of β-diketones are able to coordinate to a wide 

range of transition and main group metal cations.  This makes them the source of a broad 

  
                                          NOTE:   
    This figure is included on page 36 of the print copy of  
     the thesis held in the University of Adelaide Library.
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class of coordination compounds that have been the subject of numerous reviews 

[210,211,234] and books [244,245].  An important part of characterizing β-diketonate 

metal complexes is the determination of the thermodynamic stability of the complex in 

solution.  This can be determined a number of ways with potentiometric titrations being a 

reliable method of choice. 

 

 

2.2 β-Diketonate Metal Complexes 

 

In principle, open-chain β-diketones possessing at least one hydrogen at the α-position can 

exist in a keto-enol tautomerism (FIGURE 2.3) [226].  The methylene proton of the keto 

form (I) and the hydroxyl proton of the enol form (II) of β-diketones are weakly acidic.  

Loss of this proton generates the common β-diketonate anion (III) (sometimes referred to 

as the enolate anion) in which the negative charge is delocalised between both carbonyl 

oxygen atoms and the adjoining atoms.  Both oxygen atoms of the bidentate β-diketonate 

ligand coordinate, or chelate, a metal ion Mm+ to give the [metal(β-diketonate)](m-1)+ (IV) 

complex in a Lewis acid-base reaction [246].   

 

As both oxygen atoms are able to form coordinate bonds to the metal centre, β-diketonates 

are known as bidentate ligands and the metal-β-diketonate is termed a chelate complex.  

Chelate complexes are much more stable than complexes formed from simple monodentate 

ligands.  This is known as the chelate effect [247-249].  The coordination number of a 

metal ion refers to the number of coordinate bonds that can be formed by the metal centre.  

Since the β-diketonate anion carries a single negative charge, divalent metal ions with a 

coordination number of four or more can react with two β-diketonate anions in a sequential 

and reversible manner to give the neutral metal complex, [metal(β-diketonate)2] (V).   
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FIGURE 2.3:  The stepwise formation of a β-diketonate metal complex. 

 

 

For some β-diketones such as the di-methyl substituted β-diketone, acetylacetone, the 

metal ion is able to react directly with both the keto and enol tautomers [250].  The general 

order of reactivity for β-diketones with metal ions follows the trend: keto << enol < enolate 

anion [251].  The reaction with either the keto or the enol tautomer leads to metal-catalysed 

proton loss, generating the metal β-diketonate as the common product.  Consequently, 

coordination of a β-diketonate ligand to a metal centre shifts the keto-enol equilibrium in 

favour of the enol form where the intramolecular hydrogen bond is replaced by a metal-

oxygen bond. 

 

 

2.3 General Aspects of the Stability of Metal β-Diketonates. 

 

The stability of a β-diketonate metal complex in solution refers to the degree of association 

between the β-diketonate ligand and the metal ion at equilibrium.  The greater the degree 

of association, the greater the stability of the complex formed.  Quantitatively, this can be 

expressed in terms of a thermodynamic equilibrium constant for association of the 

complex.  Thermodynamic stability constants for metal complex formation are an effective 

measure of the affinity of a ligand for a metal ion in solution.  The value of the stability 

constant is directly related to the differences in the standard molar Gibbs free energies 
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(∆G°) of products and reactants in their standard states.  The relationship between the 

equilibrium constant, Keq, and the change in standard free energy, ∆G°, is given by: 

∆   -RTln eq=oG K  

 

where R is the gas constant and T is temperature in degrees K.  For the general equation 

describing the complexation of a hydrated metal ion (Mm+) with a ligand (Ln-) at 

equilibrium,  

 

The thermodynamic equilibrium constant, Keq, is defined in terms of the (relative) 

activities of the species (denoted by {}) in solution as shown below.  In solution, the 

activity of a particular species is given as the product of the concentration and the activity 

coefficient (γ) of the species at equilibrium.  The equilibrium constant can then be 

expressed in terms of the concentration quotient, Kc, and an activity quotient ( Γ ). 

 

Keq = {ML(m-n)+}/({M m+}{L n-}) 

 

       = {ML(m-n)+}/({M m+}{L n-}) × γML (m-n)+/(γMm+γLn-) 

 

       = KcΓ 

 

This approach requires a reliable knowledge of the activity coefficients for all reacting 

species in solution, which is not always possible.  Activity coefficients can be determined 

using the Debye-Hückel equation.  However it is common practice to use the concentration 

quotient, Kc, (herein referred to as the equilibrium constant) instead of the thermodynamic 

equilibrium constant, Keq [252].  This can be achieved by performing all measurements in a 

constant medium of high ionic strength, I, made by addition of an inert electrolyte [253].  

Under these conditions the quotient of the activity coefficients ( Γ ) is effectively constant 

and the equilibrium constant is taken to be the concentration quotient, Kc.  The equilibrium 

constant Kc as defined here, depends on the particular experimental conditions including 

the nature of the solvent, ionic strength, nature of salt used to maintain ionic strength and 

also temperature at which measurements are made.  Consequently, the stability constants 

determined in this manner are only directly comparable with other systems obtained under 

similar experimental conditions. 

[M(H2O)6]
m+ + Ln-                  [M(H2O)4L] (m-n)+ + 2H2O



Chapter 2 
 

 40 

The formation of successive metal-ligand complexes, ML……MLn, may be written in 

sequential steps, each characterised by a stepwise stability constant, K1, K2, …Kx. 

 

 

which is equivalent to the general equilibrium characterised by the overall stability 

constant, βx : 

 

 

For weakly acidic β-diketones, the analogous equilibria entail the dissociation of the acidic 

proton to give the β-diketonate which complexes the metal ion. 

 

This in effect amounts to a competition between the proton and the metal ion.  The 

dissociation of a ligand (HL) proton is characterised by Ka, and more usually by pKa: 

 

 

When complexation of a metal ion occurs this results in a change in the proton 

concentration and pH (= -log[H+]) which may be monitored by potentiometric titration to 

yield metal complex stability constants (K) [252].  Potentiometric titration methods are 

relative reliable and effective way to obtain acid dissociation constants (Ka) and metal-ion 

complex stability constants (K) [252].  For the titration the variation of the observed 

potential (millivolts), E, is decribed by the modified Nernst equation where E0 is the 

standard potential, R is the gas constant, T is the temperature and F is the Faraday constant: 

 

Mm+ + xLn-             MLx
(m-xn)+                          βx =  [MLx

(m-xn)+ ]/([M m+][ L n-]x)

=  K1 ,K2..........Kx

Mm+ + Ln-             ML(m-n)+                          K1 =  [ML(m-n)+ ]/([M m+][ L n-])

ML (m-n)+ + Ln-             ML2
(m-2n)+                K2 = [ML 2

(m-2n)+]/([ML (m-n)+][ L n-])

MLx-1
(m-(x-1)n)+ + Ln-             MLx

(m-xn)+      Kx = [ML x
(m-xn)+]/([ML x-1

(m-(x-1)n)+][ L n-])

...
...

HL                      H+ + L- Ka = [H+][L -]/[HL]

pKa = -logKa
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E = E0 + 1000(RT/F)ln[H+] 

When the temperature is 298.2 K and, given that pH = –log[H+], this can be rearranged to;  

 

     pH = (E0 – E)/59.15 

 

The variation of pH along the potentiometric titration curve as standardised 

tetraethylammonium hydroxide is titrated into a β-diketone/metal ion solution is 

symptomatic of the acid/base and complexation equilibria characterising the system 

studied.  If all possible species formed in the equilibrium mixture are known, at any point 

along a titration curve, the concentrations of all quantities can be calculated from which the 

equilibrium constants can be derived.  There are several computational methods for 

calculation of equilibrium constants from potentiometric data [254,255].  The program 

Hyperquad2003 [256] which facilitates determinations of acid dissociation constants and 

metal complex stability constants for multiple equilibria is used in this study.  A non-linear 

least-squares method is used to minimize the sum of the squares of the residuals to 

determine the best fit of the algorithm to the experimental data.  

 

 

2.4 The β-Diketones Investigated in this Study 

 

The UVA (320–400 nm) chemical filter, 4-tert-butyl-4′-methoxydibenzoylmethane 

(BMDBM), is used worldwide in sunscreen formulations [257].  Its popularity arises from 

its absorption maximum (λmax ~359 nm) in the UVAI (340-400nm) spectral region.  

Wavelengths in this spectral region are associated with photoaging, suppression of the 

immune system and potentially skin cancer including melanoma.  There are two main 

factors required for a sunscreen to afford efficient photoprotection.  These are efficient 

absorption in the spectral region of interest and photostability.  Several studies have 

demonstrated that BMDBM undergoes photodegradation following sunlight exposure.  

This has been shown to occur under various conditions, including model solutions 

[205,229] and commercial emulsions [206,258]. 

 

As for other β-diketones, BMDBM exists in a keto-enol tautomeric equilibrium (FIGURE 

2.4).  The cis-chelated enol tautomer is stabilised by an intramolecular hydrogen bond and 

absorbs strongly in the UVA region (λmax ~359 nm) whilst the keto absorbs in the UVB 

region (λmax ~270 nm).  Under UV-irradiation, photoinduced ketonization occurs whereby 
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the keto-enol equilibrium shifts towards the keto tautomer.  This process is reversible in 

darkness and the keto-enol equilibrium re-adjusts.  However, long-term UV irradiation 

leads to photodegradation which is not related to the long wavelength π - π* excitation of 

the enol tautomer but occurs through the n - π* excitation of the triplet state of the keto 

tautomer [205].  Thus, a progressive shift of the equilibrium towards the keto tautomer 

occurs.  This leads to a permanent loss of absorbance in the UVA region, reducing the 

effectiveness of the sunscreen.   

 

 

 

FIGURE 2.4:  Keto-enol tautomerism and photodegradation in 4-tert-butyl-4′-
methoxydibenzoylmethane (BMDBM). 

 

 

One method that seeks to improve effectiveness and photostability of the UVA chemical 

filter BMDBM utilizes β-diketonate metal complexes of BMDBM.  As coordination to a 

metal ion occurs through the β-diketonate of BMDBM, this effectively stabilises the enol 

form.  Zinc(II) is preferred because its d10 electronic configuration is unlikely to interact 

with the electronic structure of excited state ligands as occurs with unfilled d orbitals of 

other divalent metal ions.  This electronic structure also results in a degree of 

stereochemical flexibility.  It is also preferred because of its biological and pharmaceutical 

acceptability.  Accordingly, it is of interest to know the stoichiometry and extent to which 

BMDBM coordinates to Zn2+.  The divalent metal ions Ni2+, Co2+ and Cd2+ were chosen to 

provide a comparison of Zn2+ with other divalent metal ions.  The associated variation in 

electronic structure and size of the metal ions should also provide some insight into the 

factors determining the stability of the metal complexes formed. 
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In addition to BMDBM (H3), the pKas and the stability constants for the analogous metal 

β-diketonate complexes formed by 1,3-diphenyl-1,3-propanedione (dibenzoylmethane, 

DBM, (H1)) and 1-phenyl-3-naphthyl-1,3-propanedione (NapPh, (H2)) have been 

investigated (FIGURE 2.5).  These were included in the present studies in order to provide 

insight into the effect of ligand on the stability of β-diketonate metal complexes.   

 

 

 

FIGURE 2.5:  Structures of β-diketones, H1, H2 and H3. 

 

 

2.5 Potentiometric Determination of the pKas of three β-Diketones 

 

The pKas of the β-diketones are essential constants to be used in the fitting of equilibria 

algorithms to potentiometric data in the determination of the β-diketonate metal complex 

stabilities.  They also give a valuable indication of the basicity of the β-diketonate basicity 

which is a valuable guide to its likely coordination affinity for metal ions [259].  

 

The pKas of the neutral monoprotonated β-diketones DBM (H1), NapPh (H2) and 

BMDBM (H3) were determined by potentiometric titration.  A mixed solvent (80 : 20% 

w/w methanol/water) system was used to enable a suitable balance between ligand 

solubility and the reliable functioning of the pH glass electrode [260].  The ionic strength 

( I = 0.1 mol dm-3
 ) was maintained by using the inert electrolyte, tetraethyl ammonium 

O O O O

O O

O

DBM (H1) NapPh (H2)

BMDBM (H3)

H H

H



Chapter 2 
 

 44 

perchlorate.  Under these conditions, solutions of the β-diketones, H1, H2 and H3, 

typically have a pH of 7 that decreases rapidly upon the addition of small volumes of 

titrant.  To ensure adequate points in the titration curve were measured; all solutions were 

prepared with one mole equivalent of acid (HClO4).  Typical titration curves for titration of 

solutions of (H1), (H2) and (H3) with tetraethyl ammonium hydroxide (NEt4OH) at 25°C 

are shown in (FIGURE 2.6) and the pKas are reported in TABLE 2.1.  All values are an 

average of three titrations and the pKas were obtained through best fitting the appropriate 

algorithms to the pH curves.   

 

 

 

 

FIGURE 2.6:  Typical titration curves for β-diketones, DBM ( H1 ), NapPh ( H2 ) and 

BMDBM ( H3 ) with tetraethyl ammonium hydroxide( NEt4OH ) at 298.2 (±0.2) K.  

[  H1 ] total = 9.80 × 10-4 mol dm-3, [  H2 ] total = 1.01 × 10-3 mol dm-3, [  H3 ] total = 1.08 × 10-3 

mol dm-3, [  HClO4 ] total = 1.00 × 10-3 mol dm-3, [  NEt4OH ] = 1.01 × 10-1 mol dm-3, I = 0.10 

mol dm-3 ( tetraethyl ammonium perchlorate, NEt4ClO4 ), methanol-water ( 80 : 20 v/v ).   
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TABLE 2.1:  The acid dissociation constants ( pKas ) of β-diketones DBM ( H1 ), NapPh 

( H2 ) and BMDBM ( H3 ) at 298 K and I = 0.10 mol dm-3 ( NEtClO4 ) in methanol-water 

( 80 : 20 v/v ). 

Equilibrium quotient pKa 

  [1–][H+]/[H1] 10.59 ± 0.03   (13.03a, 13.75b) 

[2–][H+]/[H2] 10.75 ± 0.03 

[3–][H+]/[H3] 11.34 ± 0.03 
  a  Determined in methanol, value from Ref. [261].  b Determined in 75 : 25 dioxane-water, value from Ref 

[241].   

 

 

In principle, open-chain β-diketones having at least one hydrogen atom at the α-position 

can exist in several conformationally different tautomeric forms, keto forms, chelated enols 

and non-chelated enols (FIGURE 2.7) [226].  Although the tautomeric composition of β-

diketone systems depends on the nature of the substituents, it is generally found that the 

cis-keto and cis-enol forms predominate to the exclusion of the others.   

 

 

 

FIGURE 2.7:  The different tautomeric forms possible for open-chain β-diketones. 
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The β-diketones investigated in this work are neutral monoprotic compounds.  In principle, 

the β-diketones, (H1), (H2) and (H3) can exist as an equilibrium mixture in solution of the 

two tautomeric forms, keto (KH) and enol (EH) (FIGURE 2.8).  Deprotonation of either 

the keto or the enol species gives the β-diketonate conjugate base [262-264].  

Consequently, the measured dissociation constant, pKa, represents an apparent dissociation 

constant and includes the micro constant for the keto-enol tautomerism as outlined in 

FIGURE 2.8.  The experimentally determined pKa for the reaction is a macro constant and 

refers to the twin process.  It is widely recognized that in solution, the enol forms of β-

diketones are thermodynamically stronger acids by several pKa units than the 

corresponding keto tautomers [265]. 

 

 

 

FIGURE 2.8:  Keto-enol tautomerism and associated equilibrium constants. 

 

 

The tautomeric equilibrium strongly favours the chelated cis-enol tautomer [205] which is 

supported by proton NMR data (TABLE 2.2).  Quantitative evaluation of the key proton 

resonances assignable to the enol and keto forms in d6-DMSO and CDCl3 indicate the cis-
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enol form is strongly favoured in both solvents.  The slight change in the position of 

equilibrium observed between the two solvents of different polarity can be understood in 

terms of solvation of the keto and enol tautomers.  The enol form is the less polar of the 

two tautomers and, consequently, an increase in solvent polarity shifts the equilibrium 

towards the keto form.  In polar solvents there is competition of intramolecular hydrogen 

bonding of the enol tautomer and intermolecular hydrogen bonding of the keto tautomer 

with the solvent.  The intramolecular hydrogen bond of the enol tautomer helps reduce the 

dipole-dipole repulsion of the carbonyl groups and reduces hydrogen-bonding interactions 

with the solvent relative to the keto tautomer.  In both solvents, the enolic OH signals are 

found significantly downfield indicating the presence of strong intramolecular hydrogen 

bonding. 

 

 

TABLE 2.2:  Selected proton NMR chemical shifts of the keto and enol forms of the β-

diketones H1, H2 and H3 in CDCl3 and d6-DMSO. 

β-Diketone Chemical Shift (δ) 

 CDCl3 
 d6-DMSO 

 E K OH % Enolb  E K OH % Enol 

          
H1 6.88 3.50 16.91 97  7.34 4.88 17.09 96 

H2 7.01 4.77 16.97 100  n/s n/s   

H3 6.78 0 17.06 100  7.22 4.75 17.36 91 

          a Chemical shifts in ppm from TMS as internal reference.  E = vinylic proton of enol.  K = methine proton of 

keto.  b The % enol of the β-diketones calculated by following relationship: E/(E + 1/2K) where E = 

integrated intensity of vinylic (enol) proton and K = integrated intensity of methine (keto) proton.  n/s = not 

soluble.  

 

 

For unsymmetrical β-diketones such as (H2) and (H3), there is an additional complication 

due to the rapid equilibrium of the two chelated enol species (cis-enol).  The 

interconversion between the two cis-enolic forms involves intramolecular proton transfer.  

The rate of this proton transfer is rapid and the two chelated enolic forms cannot usually be 

distinguished [266]. 
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The β-diketonate anion resulting from deprotonation of β-diketones is more stable than 

observed for simple enolate anions due to resonance delocalization (FIGURE 2.9).  

Consequently, β-diketones are more acidic than simple ketones [267]. 

 

 

 

FIGURE 2.9:  Resonance structures of the β-diketonate anion. 

 

 

For the β-diketones studied, it is known that the cis-enol tautomer predominates in solution 

(TABLE 2.2).  Therefore it seems reasonable to assume that pKa
E ≈ pKa

eq (FIGURE 2.8).  

Consequently, the differences in the pKa values determined can be viewed as an indicator 

of the strength of both the O-H bond and the  intramolecular hydrogen bond, O--H.  This is 

influenced primarily by a combination of the resonance (mesomeric) and steric effects on 

the relative stabilities of the β-diketone and the β-diketonate anion.  These effects are the 

result of the differences in the electronic properties of the substituents at the 1 and 3 

positions.   

 

The effects of different substituents at the 1 and 3 positions of β-diketones on the acid 

strengths are well known [242,259].  In general, β-diketones substituted with groups 

capable of increasing the electron density at the oxygen atoms strengthen the O-H and O--

H bonds through shortening of the O--O distance resulting in a decrease in acidity 

[242,268].  The measured pKas show that the extent of dissociation for the β-diketones 

studied follows the order: H1 > H2 > H3.  This trend correlates with the proton NMR 

chemical shift of the enolic proton (TABLE 2.2) and can be satisfactorily accounted for by 

differences in the electron-donating ability of the substituents.  Spectroscopic and 

potentiometric data support the phenyl groups in (H1) as electron donating through 

resonance [268].  Replacing a phenyl group in (H1) with the naphthyl group in (H2) 

increases the electron density at the oxygen due to electron donation by resonance.  This 

strengthens the O-H bond in (H2), making it less acidic than (H1).  The para-methoxy 

substituent on the phenyl ring in (H3) is also electron donating by resonance [269], 

increasing the electron density through the π-bonds at either the carbonyl or hydroxyl-like 
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R2 R1

O O

R2 R1
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oxygen.  The above explanation of the observed trend in pKas in terms of resonance 

indicates that the methoxy group has a greater influence on the electron density at the 

oxygen atoms than the naphthyl group.   

 

The measured pKa values of the β-diketones are influenced by the experimental conditions 

including the intrinsic basicity of the solvent and the nature and concentration of the inert 

electrolyte used.  Consequently, it is not possible to make direct comparison between pKas 

determined in different solvents and under different conditions.  However the relationship 

between the dielectric constant of the medium and acid dissociation constants are well 

established [243,252,270].  The pKa of H1 has been determined under a number of 

conditions.  The apparent pKa of H1 determined in this study is consistent with that 

previously determined (TABLE 2.1) when the dielectric constant of the solvent used is 

considered (methanol 31, 80 : 20 methanol-water ~ 40, 75 : 25 dioxane-water ~15) 

[261,271,272].  The higher the dielectric constant the lower the pKa value due to the ability 

of polar solvents to promote ionisation through stabilisation of the generated anion.  This 

correlation does not account for changes to the keto-enol tautomerism induced by change 

in the solvent system.   

 

 

2.6 The Stability of β-Diketonates Metal Complexes 

 

The potentiometric titration method used to determine the stoichiometry of the metal-β-

diketonate complexes formed and their stability constants, K, were identical to those 

employed in the pKa determinations except that the metal ion of interest was also present in 

the titration solution.  This resulted in titration curves different from those of the β-

diketone alone due to the metal ion competing with the proton for the oxygen donor group 

lone electron pairs.  Consequently, the extent of coordination influences the pH of the 

solution.    

 

When evaluating the potentiometric data, it was necessary to consider any possible side 

reactions that could occur as competing reactions influence the equilibrium between the 

metal ion and ligand.  Metal hydroxide complexes are formed by the deprotonation of 

water coordinated to the metal ion [273].  These hydroxide complexes are often insoluble 

and the pH values at which the metal ion begins to hydrolyse sets an approximate upper 

limit to the range at which chelate stability measurements can be successfully determined 
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[274].  For each metal ion, a pKa value for the coordinated water was determined assuming 

the main reaction in all cases was: 

 

[M(H 2O)x]
m+ [M(H 2O)x-1(OH)](m-1)  +  H+

 

 

The fitting of the appropriate algorithms to the potentiometric titration data incorporated 

the experimentally determined metal ion hydrolysis constants, the acid dissociation 

constants (pKa values) reported previously (TABLE 2.1) and the autoprotolysis constant 

(pKw) using Hyperquad2003 [256].  The derived stability constants, K, and pKas for the 

coordinated water appear in TABLE 2.3.   

 

 

TABLE 2.3:  Stability constants, log K ( dm3 mol-1 ) and pKas for the metal complex ions of 

Ni2+, Zn2+, Co2+ and Cd2+ with β-diketone ligands DBM ( H1 ), NapPh ( H2 ), and BMDBM 

( H3 ) at 298.2 ( ± 0.2 ) K with I = 0.1 mol dm-3 ( tetraethyl ammonium perchlorate, 

NEt4ClO4 ) in methanol/water ( 80 : 20 v/v ). 

Equilibrium Quotient M2+ = Zn2+ M2+ = Ni2+ M2+ = Co2+ M2+ = Cd2+ 

 log K log K log K log K 

     
[M(1)]+/[M2+][1–] 7.66 ± 0.03 8.41 ± 0.02 7.93 ± 0.03 6.08 ± 0.02 

[M(1)2]/[M( 1)]+[1–] 6.18 ± 0.05 7.11 ± 0.06 6.33 ± 0.06 4.67 ± 0.05 
     
[M(2)]+/[M2+][2–] 7.70 ± 0.02 8.51 ± 0.02 7.97 ± 0.01 6.17 ± 0.03 

[M(2)2]/[M( 2)]+[2–] 6.35 ± 0.05 7.40 ± 0.07 6.63 ± 0.07 5.05 ± 0.07 
     
[M(3)]+/[M2+][3–] 7.77 ± 0.04 8.82 ± 0.02 8.19 ± 0.03 6.24 ± 0.04 

[M(3)2]/[M( 3)]+[3–] 7.08 ± 0.06 8.12 ± 0.04 7.79 ± 0.03 5.47 ± 0.03 
     
 pKa  pKa pKa pKa 

     
[M(OH)] +/[H+][M 2+] 7.22 ± 0.09 8.16 ± 0.08 8.01 ± 0.09 9.23 ± 0.05 
      

 

To ensure the results were independent of the metal ion concentration, the metal : ligand 

mole ratios were varied and included 1 : 1, 1 : 2 and 1 : 3 ratios.  If polynuclear species are 

present, whereby the β-diketonate acts as a bridging ligand between two metal ions, the 

stability constant, K, will be a function of the metal ion concentration.  This was not 
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observed and, consequently, for the metal : ligand ratios used in this study, the presence of 

polynuclear species was not considered important over the concentration range used.   

 

Titration of different ratios of metal to ligand also allowed an accurate determination of the 

different β-diketonate metal complex stoichiometries formed.  To ensure an unbiased 

treatment of the data, when evaluating the experimental data, it was assumed that one of a 

possible three models (TABLE 2.4) representing different metal to ligand stoichiometries 

would reflect the species present in solution.   

 

 

 

TABLE 2.4:  The three different models representing different metal to ligand 

stoichiometries in the β-diketonate metal complexes formed considered when fitting the 

experimental data. 

Model Species Present in Solution 

  

1 LH, M2+, [M(β-diketonate)]+1 

2 LH, M2+, [M(β-diketonate)]+1, [M(β-diketonate)2] 

3 LH, M2+, [M(β-diketonate)]+1, [M(β-diketonate)2], [M(β-diketonate)3] 
   

 

 

In general, the maximum number of chelate donor groups that can combine with a metal 

ion corresponds to the coordination number of that ion.  The divalent metal ions Ni2+, Zn2+ 

Co2+ and Cd2+ all have a coordination number of 6.  Therefore, it is possible that up to 

three β-diketonate ligands can coordinate to the metal centres.  The stoichiometry derived 

from potentiometric data for titration of the β-diketones with Ni2+, Zn2+ Co2+ and Cd2+ 

corresponds in all cases to a 1 : 1 and a 1 : 2 mole ratio of metal : ligand.  In all cases, there 

was no evidence to support the formation of a 1 : 3 molar ratio of metal : ligand complex.  

Typical potentiometric titration curves are shown in FIGURE 2.10 to FIGURE 2.12.   

 

 

 

 

 

 



Chapter 2 
 

 52 

 

 

 

 

 

FIGURE 2.10:  Typical titration curves of the β-diketone, H1, in the absence and presence 

of Zn2+, Ni2+, Co2+ and Cd 2+ against tetraethyl ammonium hydroxide ( NEt4OH ) at 298.2 

( ±0.2 ) K.  [ H1 ] total = 9.80 × 10-4 mol dm-3, [  HClO4 ] total = 1 × 10-3 mol dm-3, [  Zn2+
 ] total = 

1.00 × 10-3 mol dm-3, [  Ni2+
 ] total = 9.20 × 10-4 mol dm-3 [  Co2+

 ] total = 1.00 × 10-3 mol dm-3, 

[  Cd2+
 ] total = 9.86 × 10-4 mol dm-3, [  NEt4OH ] = 0.1 mol dm-3, I = 0.10 mol dm-3 (tetraethyl 

ammonium perchlorate, ( NEt4ClO4 )), methanol/water ( 80 : 20 v/v ).  For the titration 

solutions containing the metal ions, the titration curves are shown up to the pH just below 

that at which precipitation of the metal complex or hydroxide occurred. 
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FIGURE 2.11:  Typical titration curves of the β-diketone, H2, in the absence and presence 

of Zn2+, Ni2+, Co2+ and Cd 2+ against tetraethyl ammonium hydroxide ( NEt4OH ) at 298.2 

( ±0.2) K.  [ H2 ] total = 1.01 × 10-3 mol dm-3, [  HClO4 ] total = 1 × 10-3 mol dm-3, [  Zn2+
 ] total = 

9.99 × 10-4 mol dm-3, [  Ni2+
 ] total = 9.39 × 10-4 mol dm-3 [  Co2+

 ] total = 9.90 × 10-4 mol dm-3, 

[  Cd2+
 ] total = 9.96 × 10-4 mol dm-3, [  NEt4OH ] = 0.1 mol dm-3, I = 0.10 mol dm-3 (tetraethyl 

ammonium perchlorate, ( NEt4ClO4 )), methanol/water ( 80 : 20 v/v ).  For the titration 

solutions containing the metal ions, the titration curves are shown up to the pH just below 

that at which precipitation of the metal complex or hydroxide occurred. 
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FIGURE 2.12:  Typical titration curves of the β-diketone, H3, in the absence and presence 

of Zn2+, Ni2+, Co2+
 and Cd 2+ against tetraethyl ammonium hydroxide ( NEt4OH ) at 298.2 

( ±0.2 ) K.  [ H3 ] total = 1.00 × 10-3 mol dm-3, [HClO4 ] total = 1.00 × 10-3 mol dm-3, [  Zn2+
 ] total 

= 9.89 × 10-4 mol dm-3, [  Ni2+
 ] total = 1.00 × 10-3 mol dm-3, [  Co2+

 ] total = 9.91 × 10-4 mol dm-

3, [  Cd2+
 ] total = 9.87 × 10-4 mol dm-3, [  NEt4OH ] = 0.1 mol dm-3, I = 0.10 mol dm-3 

(tetraethyl ammonium perchlorate, ( NEt4ClO4 )), methanol/water (80 : 20 v/v).  For the 

titration solutions containing the metal ions, the titration curves are shown up to the pH 

just below that at which precipitation of the metal complex or hydroxide occurred. 

 

 

Analysis of the data obtained for titration of Cu2+ with the β-diketones investigated was 

precluded by precipitation of a β-diketonate complex at low pH (pH < 4).  Thus, 

insufficient data was obtained to allow accurate determination of stability constants.  

Copper2+ typically forms square planar complexes with phenyl substituted β-diketonates 

[275].  Such [Cu(β-diketonate)2] complexes are hydrophobic, planar species, which readily 

precipitate, in the polar solvent system used.   

 

The potentiometric titration method employed herein proved unsuitable for determination 

of β-diketonate Al3+ complexes.  This was due to the hexaaquaaluminium(III) ion, 

[Al(H 2O)6]
3+, which only exists in low concentration above pH 3, undergoing protolysis 

polymerisation reactions which only reach equilibrium on the minute and hour timescales 
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[276].  To obtain accurate potentiometric titrations, the reaction between the ligand and the 

metal ion must reach equilibrium rapidly.  The maximum time permitted for equilibrium to 

be reached with all titrated metals was 5 minutes.  Therefore, it was necessary to study the 

coordination of ligands H1-H3 by Al3+ using UV-visible and fluorimetric methods as 

discussed later in Chapter 3. 

 

The reactivity of the metal ion toward a ligand in aqueous solution is closely bound up 

with both the nature of the metal ion and that of the ligand.  The interpretation of the 

stability of the metal β-diketonate complexes can, therefore, be understood in terms of the 

contribution attributable to the metal ion and that of the β-diketonate ligand.   

 

 

2.7 The Factors affecting β-Diketone Metal Complex Stability 

 

Generally, ligands with oxygen donor atoms are less metal-ion selective complexing agents 

than those possessing nitrogen donor atoms, and metal ion charge and radius are the 

dominant variations in determining complex stability [277].  For the divalent metals 

studied herein, the general trend in complex stability for the β-diketonate metal complexes 

was: Cd2+ < Co2+ ≈ Zn2+ < Ni2+.  This is accord with the complexation of metal ions by 

bidentate ligands anticipated from the Irving-Williams series whereby stability increases 

across the first transition series, decreasing at Zn2+ [278,279].  This trend is independent of 

the ligand and correlates stability of chelate complexes with atomic number of the metal.  

The Irving-Williams variation in metal complex stability with first row transition metal ion 

identity is: Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+.  This sequence is independent of the 

identity of the bidentate ligand and reflects the variation in the ionic radii of the metal ions 

and the ligand field stabilization energy of the metal complex formed.  Thus, ionic radius 

decreases for six-coordinate metal ions in the sequence: Mn2+ > Fe2+ > Co2+ > Ni2+ > Cu2+ 

> Zn2+ such that their surface charge density and electrostatic attraction for basic ligands 

increases in the same sequence.  Superimposed on this is the ligand field stabilization 

energies associated with Fe2+, Co2+, Ni2+and Cu2+ which further increases their stability 

whereas this is absent in high-spin d5 Mn2+ and d10 Zn2+. These factors, in combination 

with the extra stability, which the tendency for Cu2+ to form square planar complexes 

sometimes gives, are the basis of the Irving-Williams series.  The larger second row 

divalent metal ions tend to form less stable metal complexes due their increasing ionic 

radius and decreased surface charge density. 
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The ionic radii for the metal ions studied herein appear in TABLE 2.5.  It is seen that the 

variation of the K1 and K2 variation of the β-diketone metal complexes for a particular β-

diketonate follow the Irving-Williams series and that there is also a systematic variation 

with the pKa of the precursor β-diketone (FIGURE 2.13 and FIGURE 2.14).  (While 

magnitude differences occur for metal complex stability constants determined under 

different conditions [253], the variation of stability with metal ion is the same as that 

observed for H1 [243]. 

 

 

TABLE 2.5:  Ionic radii ( Å ) of the divalent transition metals Cd2+, Co2+, Ni2+ and Zn2+ 

[280]. 

Metal Ion Co2+ Ni2+ Zn2+ Cd2+ 

Ionic Radii (Å) 0.58 0.59 0.60 0.78 

 

 

 

FIGURE 2.13:  Plot of log K1 against pKa for β-diketones H1, H2 and H3. 
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FIGURE 2.14:  Plot of log K2 against pKa for β-diketones H1, H2 and H3. 

 

 

The differences in stability of the metal complexes formed by the three β-diketones, H1, 

H2 and H3, with a particular metal ion is attributed to the differences in basicity of their 

conjugate β-diketonate which is reflected in the acidity and pKas of the β-diketones.  If the 

factors influencing the bonding of the acidic hydrogen are similar to those factors involved 

in the chelation of the metal2+ ion then there should be a correlation between the two 

constants, pKa and log K [235,264].  The plots of log K1 and log K2 for the β-diketonate 

metal complexes against the pKas of H1, H2 and H3 appear in FIGURE 2.13 and FIGURE 

2.14.  Both log K1 and log K2 increase with decreasing pKa.  As discussed in Chapter 2.5, 

the acidity of the β-diketones decreases as the electron donating properties of the R groups 

increases.  This correlates well with the keto-enol tautomerism as greater electron donating 

groups increase the stability of the O-H bond and the intramolecular hydrogen bond of the 

enol over that of the keto tautomer.  It then follows that for β-diketones having a somewhat 

greater degree of electron density in the enol ring and particularly at the oxygen atoms will 

complex metal ions more strongly 

 

Generally, bidentate ligands forming six-membered rings upon coordination form more 

stable metal complexes than do two monodentate ligand possessing the same coordinating 

groups.  This is termed the chelate effect and an important factor contributing to the 
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increased stability of chelated metal complexes is the increase in entropy accompanying 

their formation [281].  This is illustrated in FIGURE 2.15. 

 

 

 

FIGURE 2.15:  Chelation of Zn2+ by a β-diketonate leads to an increase in disorder and 

entropy as where two reacting species produce three product species. 

 

 

A second general effect is the decrease in successive step-wise formations constants.  This 

statistical phenomenon can be attributed to the decreasing number of aqua ligands 

available for substitution in [Zn(H2O)4(β-diketonate)]+ by comparison with [Zn(H2O)6]
2+ 

combined with the decreased electrostatic attraction of the unipositive [Zn(H2O)4(β-

diketonate)]+ for a second β-diketonate by comparison with dipositive [Zn(H2O)6]
2+.  

 

 

2.7.1 The Distribution of Equilibrium Species in Solution 

 

The distribution of species in equilibrium are conveniently illustrated by speciation plots. 

Of particular interest in this study is the variation of the species present as pH varies while 

the total conentrations of the β-diketone and metal ion are held constant. This is because in 

a sunscreen formulation both pH and the proportions of UVB- and UVA-absorbing species 

are of critical importance.   

 

The speciation plots for solutions containing the β-diketones, H1, H2 and H3 with Zn2+ are 

presented in FIGURE 2.16 to FIGURE 2.18.  It is seen that the species in solution change 

substantially as pH increases. Thus, at low pH the complexation of Zn2+ is small whereas 

at high pH [Zn(β-diketonate)2] becomes the dominant species.  The % of species present in 

solution is relative to total β-diketonate present. 

 

The speciation plot for H1 with Zn2+ is shown in FIGURE 2.16.  It can be seen that the 

solution contains only free H1 at pH < 4.  As pH increases, the amount of  the 1 : 1 

[Zn(H2O)6]
2++β-diketonate [Zn(H2O)4(β-diketonate)]+    +     2H2O

two species three species



Chapter 2 
 

 59

complex, [Zn(1)]+, increases until it reaches a maximum concentration around pH 7 in the 

presence of a small amount of [Zn(1)2].  As pH further increase the proportion of [Zn(1)2] 

grows until it is the dominant species at pH 12. 

 

 

 

FIGURE 2.16:  Variation of the concentration of DBM, H1, and its conjugate base, 1-, 

containing species with pH at 298.2 K for a solution in which [H1] total = 1 × 10-3 mol dm-3, 

[Zn2+] total = 1 × 10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = 

[H1] total. 

 

 

There is little difference between the above speciation plot for H1 with Zn2+ and that for 

H2 with Zn2+ (FIGURE 2.17).  This reflects their similar pKa values and stability constants, 

K1 and K2, for titration with Zn2+.  This is in contrast to the plot for H3 with Zn2+ (FIGURE 

2.18).  At pH 7 there is ~ 40% [Zn(3)]+ and ~ 20 % [Zn(3)2] compared to ~ 60 for  [Zn(1)]+  

and [Zn(2)]+ and 10%  [Zn(1)2] and [Zn(2)2].  This reflects the differences in the stability 

constant for chelation of the second β-diketone, K2 whereby [Zn(3)2] shows greater 

stability than for [Zn(1)2] and [Zn(2)2]. 
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FIGURE 2.17:  Variation of the concentration of NapH, H2, and its conjugate base, 2-, 

containing species with pH at 298.2 K for a solution in which [H2] total = 1 × 10-3 mol dm-3, 

[Zn2+] total = 1 × 10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = 

[H2] total. 

 

 

 

FIGURE 2.18:  Variation of the concentration of BMDBM, H3, and its conjugate base, 3-, 

containing species with pH at 298.2 K for a solution in which [H3] total = 1 × 10-3 mol dm-3, 

[Zn2+] total = 1 × 10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = 

[H3] total. 
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The effect of the differences in stability of metal complexes of 3- formed with different 

metal ions are readily seen when the speciation plots are compared.  The stability 

constants, K1 and K2, for the formation of the [Ni(3)]+ and [Ni(3)2] complexes are larger 

than those for the [Zn(3)]+ and [Zn(3)2] complexes (TABLE 2.3).  As a consequence the 

formation of [Ni(3)]+ and [Ni(3)2] is more prominent at a lower pH (Figure 2.19) than is 

the case for [Zn(3)]+ and [Zn(3)2].  At pH 6, the [Zn(3)2] complex is present at 5% relative 

to the concentration of H3 whilst the [Ni(3)2] is at 34%.  At pH 9, the concentration of 

[Ni(3)2] has increased to 90% whilst the [Zn(β-diketonate)2] is at 73%.  The formation of 

the [Co(3)]+ and [Co(3)2] (FIGURE 2.20) complexes also occur more readily at a lower pH 

than do [Zn(3)]+ and [Zn(3)2] complexes as a consequence of the larger K1 and K2 for the 

Co2+ complexes (Table 3.3).  In contrast the formation of the [Cd(3)]+ and [Cd(3)2] (Figure 

2.21) complexes occur less readily than do [Zn(3)]+ and [Zn(3)2] complexes as a 

consequence of the smaller K1 and K2 for the Cd2+ complexes (TABLE 2.4). 

 

 

 

Figure 2.19:  Variation of the concentration of BMDBM, H3, and its conjugate base, 3-, 

with pH at 298.2 K for a solution in which [H3] total = 1 × 10-3 mol dm-3, [Ni2+] total = 1 × 

10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = [H3] total.. 
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FIGURE 2.20:  Variation of the concentration of BMDBM, H3, and its conjugate base, 3-, 

containing species with pH at 298.2 K for a solution in which [H3] total = 1 × 10-3 mol dm-3, 

[Co2+] total = 1 × 10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = 

[H3] total. 

 

 

 

Figure 2.21:  Variation of the concentration of BMDBM, H3, and its conjugate base, 3-, 

with pH at 298.2 K for a solution in which [H3] total = 1 × 10-3 mol dm-3, [Cd2+] total = 1 × 

10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = [H3] total. 

 

  

The speciation plot in FIGURE 2.22 for H3 and Zn2+, displays all of the Zn2+ species 

present with respect to [Zn2+] total representing 100 % and shows the effect of protolysis of 
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Zn2+ to give [Zn(OH)]+.  Thus, at pH 8, [Zn(3)]+ and [Zn(3)2] exist in approximately equal 

concentrations (28 % each) whilst [Zn(OH]+ exists in a greater concentration (38 %).  

Analogous contributions of [M(OH)]+ occur for the other systems discussed. 

 

 

 

FIGURE 2.22:  Variation of the concentration of BMDBM, H3, and its conjugate base, 3-, 

with pH at 298.2 K for a solution in which [H3] total = 1 × 10-3 mol dm-3, [Zn2+] total = 1 × 

10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = [Zn2+] total. 

 

 

The speciation plots for the β-diketones (H1) and (H2) with Ni2+, Co2+ and Cd2+ appear in 

the Appendix. 
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3 UV-Absorption and Fluorescence Properties of BMDBM and 

its Metal Chelates 

 

3.1 Introduction 

 

The efficiency of a sunscreen is predominantly defined by the range of wavelengths it 

absorbs at and the intensity of this absorption.  Formation of the mono and bis-β-diketonate 

complexes with Zn2+ and Al3+ by the equilibrium process shown in FIGURE 3.1 may 

influence the UV absorbance of BMDBM.  Consequently, characterisation of the UV 

spectra of these complexes is necessary for determining their effect on the efficiency of 

BMDBM as a sunscreen. 

 

 

 

FIGURE 3.1:  The sequential formation of Zn2+ complexes with BMDBM.  Formation of 

the analogous Al3+ complexes with BMDBM occur in a similar manner with the possible 

chelation of Al3+ by a third ligand.  

 

 

There have been a number of extensive studies into various aspects of the coordination 

chemistry of β-diketones [233-237,241-243].  The preparation of β-diketonate metal 
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complexes by standard synthetic methods utilises differences in solubility between the β-

diketone and complexed β-diketonate to give the complex with a defined stoichiometry as 

a crystalline solid [234,282].   

 

As the reaction of metal ions with β-diketones is a thermodynamic equilibrium process, the 

properties of the solid-state complex are expected to vary from that of a solution where 

free ligand and complexes with different metal to ligand stoichiometries are in equilibrium.  

Sunscreen filters are typically formulated with a number of other components as either oil-

in-water or water-in-oil emulsions [283].  Under these conditions, the chemical processes 

and chemical equilibrium characteristic of solution chemistry are favoured.  On this basis, 

research into the properties and behaviour of BMDBM complexes with metal ions in 

solution rather than solid-state studies are more likely to have a practical application in 

industry.   

 

Evidence for the self-association of metal β-diketonate complexes in solution can be 

obtained from variations in spectroscopic properties.  Knowledge of the solution-phase 

photochemistry of metal β-diketonate complexes, including the equilibrium processes 

involved, can be acquired using ultraviolet-visible (UV-visible) and fluorescence 

spectroscopy.  The following sections explore the photophysical properties of solutions of 

BMDBM alone and in the presence of Zn2+ and Al3+.  In addition, the stability of BMDBM 

complexes with Al3+ is determined.  The stability constants of the analogous BMDBM 

complexes with Zn2+ as determined by potentiometric titrations, were presented and 

discussed in Chapter 2. 

 

 

3.2 General Aspects of Spectrometric Methods 

 

The electromagnetic spectrum is a continuum of all electromagnetic radiation frequencies 

from very short wavelengths including radio waves to very long wavelengths including 

gamma rays.  Electromagnetic radiation is transmitted in discrete energy bundles (quanta) 

and the basic unit of all forms of electromagnetic radiation is a photon, corresponding to 

one quantum of energy.  The nature of the interaction between electromagnetic radiation 

and matter is determined by the photon energy.  The energy E associated with a specific 

region of the spectrum is directly proportional to its frequency, v:  
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where h is Planck’s constant.  The frequency of light in the UV-visible spectral region is 

sufficient to promote an electron from an occupied orbital in the electronic ground state to 

a higher energy unoccupied orbital.  The relationship between frequency and wavelength is 

given by: 

 

Electronic ground states and the possible electronic transitions that can occur following the 

absorption of a photon can be illustrated by a modified Jablonski diagram as shown in 

FIGURE 3.2 [284].   

 

 

 

FIGURE 3.2:  Jablonski energy level diagram showing the possible electronic transitions 

following absorption of a photon by a molecule where A is photon absorption, F is 

fluorescence (emission), P is phosphorescence, S is singlet state, T is triplet state, IC is 

internal conversion and ISC is intersystem crossing.  Excited vibrational states are 

indicated whereas rotational states are not shown. 

 

 

The electronic states are arranged vertically by energy with each energy level associated 

with a number of vibrational sublevels.  The vertical nature of the transitions can be 

rationalised by the Franck-Condon principle, which states that electronic transitions occur 

rapidly (10-15 sec) in comparison to nuclear motion (10-12 sec) and consequently the 
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internuclear distances remain constant during the transition [285].  The broad, continuous 

absorption bands observed in the UV spectra of complex molecules is the result of the 

contribution of various vibrational and rotational transitions, superimposed over the 

absorption transitions.  The transitions between two states of a molecular species, termed 

radiative transitions, are indicated with straight arrows, while radiationless transitions 

between states are indicated by wavy arrows.  The absorption (A) of a photon of energy by 

the molecule in its ground electronic state (S0) results in promotion of an electron to a 

higher vibrational energy level in either the first (S1) or a higher (Sn) excited singlet state.  

Since the absorption of light is an extremely rapid process (10-15 sec) whereas transition 

from the excited state to the ground state is considerably slower (> 10-14 sec), the primary 

route of relaxation depends on the rates of all processes involved.  The rates are dependent 

upon a number of factors including temperature and the nature of the molecule and solvent 

[286].  Following this, vibrational relaxation (IC) to the lowest vibrational energy level 

occurs rapidly and radiationless conversion from higher excited states to S1 occurs rapidly.  

Transition from the singlet state back to the ground state can occur in a non-radiative 

process through vibrational relaxation or in a radiative process, in which a photon is 

emitted as fluorescence (F).  Transition from the singlet state may also give rise to the 

excited triplet state (T1) through intersystem crossing (ISC).  Phosphorescence (P) is a 

radiative transition between states of different multiplicities.  After the initial absorption of 

light, fluorescence occurs rapidly, typically 10-9 to 10-4 s, whereas phosphorescence 

lifetimes are somewhat longer, ranging from 10-4 to 102 s [285].   

 

The electronic transitions of a molecule can be investigated using absorption and emission 

spectroscopic methods.  In UV-visible spectroscopy the ratio of the measured light 

intensity incident on the sample ( Io ) and the transmitted light intensity ( I ) radiation 

intensities are expressed in terms absorbance A.  The relationship between the absorbing 

species and the measured incident and transmitted radiation intensities is given by the 

Beer-Lambert law:   

 

 

where A is the absorbance of the sample at a particular wavelength, ε is the wavelength-

dependent  molar absorption coefficient for the absorbing species (dm3 cm-1 mol-1) and, c 

is the concentration of the absorbing species (moles dm3) and l is the path length of light 

through the solution (cm).  This indicates that absorption is directly proportional to the 

εcl
I

I
  A =







= 0log



Chapter 3 
 

 68 

concentration of the absorbing species in solution.  The molar absorption coefficient or 

molar absorptivity of the absorbing species is a physical constant that is dependent on the 

wavelength (λ) and is independent of the concentration or sample size.  The magnitude of ε 

corresponds to allowed or forbidden transitions as governed by the selection rules of 

transitions.  Chemical sunscreen filters that have a large εmax generally absorb strongly in 

the region of interest and are economically beneficial as it reduces the concentrations 

required to be an effective sunscreen.   

 

In contrast, the emission spectrum of a species can by measured using fluorescence 

spectroscopy whereby molecules that show fluorescence are termed fluorophores.  The 

fluorescence emission spectrum of a fluorophore is independent of the excitation 

wavelength as a consequence of the rapid internal conversion from higher initial excited 

states to the lowest vibrational energy level of the S1 excited state [287].  Consequently, 

the fluorescence spectrum is generally a mirror image of the absorption spectrum although 

small differences in their structure can be observed.  This is because the absorption 

spectrum reflects vibrations in the excited state while the fluorescence spectrum depends 

on vibrations in the ground state.  If the emitted photon has less energy than the absorbed 

photon, the difference between the band maxima of the absorption and emission spectra is 

termed the Stokes shift.  The efficiency of the fluorescence process is given by the relative 

fluorescence quantum yield, defined as the ratio of the number of photons emitted to the 

number of photons absorbed of the unknown x relative to a reference standard r [288] 

given by: 

 

 

where Φ is the quantum yield, A is the absorbance of the solution at the excitation 

wavelength, F is the integrated area under the emission spectrum and n is the refractive 

index of the solvent used.  Thus, if every photon absorbed by a molecule is emitted as 

fluorescence, the quantum yield for the process is unity.  The fluorescence quantum yields 

of molecular species are important for understanding the fate of the absorbed photon and, 

consequently, the paths by which electronically excited molecules return to the ground 

electronic state. 
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3.3 UV-Visible Properties of BMDBM 

 

In order to gain some insight into the effect that formation of β-diketonate metal complexes 

has on the UV-visible properties of BMDBM it is necessary to have some knowledge of 

these properties of BMDBM in the absence of metal.  The UV-visible spectra of BMDBM 

in solvents of different polarity are shown in FIGURE 3.3.  The solvent systems, in order 

of decreasing polarity, are methanol-water (80 : 20 v/v), 1,4-dioxane-water (70 : 30 v/v) 

and dichloromethane.   

 

 

 

FIGURE 3.3:  The UV-visible absorption spectra of BMDBM in solvents of varying 

polarity.  (i) 1,4-dioxane-water (70 : 30 v/v) (λmax = 359.3 nm, ε = 3.29 × 104 dm3 cm-1 mol-

1) [BMDBM]= 2.0 × 10-5 mol dm-3, (ii) methanol-water (80 : 20 v/v) (λmax = 359.0 nm, ε = 

3.25 × 104 dm3 cm-1 mol-1), [BMDBM] = 2.0 × 10-5 mol dm-3  and, (iii) dichloromethane 

(λmax = 357.5 nm, ε = 3.41 × 104 dm3 cm-1 mol-1), [BMDBM] = 1.9 × 10-5 mol dm-3. 

 

 

The UV-visible absorption spectrum of BMDBM in all solvents investigated is 

characterised by two broad absorption bands, a maxima near 275 nm and also at 359 nm 

with a shoulder at 378 nm (FIGURE 3.3).  As with other open-chain β-diketones, an 

equilibrium exists between the keto and enol forms of BMDBM (FIGURE 3.4).  Since the 
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enol form is asymmetric, two different isomeric cis-enols are distinguishable [227,228].  

Consequently, the UV-visible absorption properties of BMDBM dependent upon the 

equilibrium position in solution.  The two cis-enols possess similar thermodynamic 

stabilities and are in rapid dynamic equilibrium with a rate constant for enol-enol 

conversion of k of 106 s-1 whereas the rate of ketonization is much slower, up to several 

days [226,227].  The extent of enolisation in BMDBM is known to be greater than 90% in 

all solvents [205] with only small decreases in the enol population observed as solvent 

polarity increases.  The greater stability observed for the enol tautomer of BMDBM 

relative to the keto form is attributed to the intramolecular hydrogen bond and π-electron 

delocalisation.   

 

 

 

FIGURE 3.4:  Keto-enol and enol-enol tautomerism in BMDBM. 

 

 

The intense absorption band in the UVA region around 359 nm has been attributed to 

promotion of an electron in the enol from a bonding π-molecular orbital to an anti-bonding 

π*-molecular orbital (π –π*) [289,290].  As this is a symmetry allowed transition, this band 

is a high intensity band as indicated by a large εmax [205,206].  The (π–π*) band arises from 

the conjugated system in the hydrogen-bonded structure as shown in FIGURE 3.5 where 

the excited electron is delocalised over much of the molecule [286].  In the keto tautomer, 

the π –π* transition associated with the benzoyl group is weaker and is masked by the 

strong absorption of the enol form [232,290,291].  The extended conjugation present in the 
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enol tautomer shifts this absorption maximum to longer wavelengths relative to the keto 

form.  The wavelength of maximum absorption of the keto form is λ 270 nm with an 

absorption tail that extends into the UVB and UVA regions [205,229].  This involves 

excitation of the lone pair electrons on the oxygen from a non-bonding molecular orbital to 

an anti-bonding molecular orbital (n-π* transition) which is mainly localised on the 

carbonyl group [286].  This absorption band is of low intensity as this transition is 

symmetry forbidden. 

 

 

 

FIGURE 3.5:  Selected Hartree-Fock molecular orbitals (HF MOs) of the two chelated 

enol forms of BMDBM calculated at the HF/6-31+G(d,p) level of theory. 

 

 

No significant changes are observed in the UV-visible absorption spectrum of BMDBM 

following variations in solvent polarity as can be seen in FIGURE 3.3.  Although small 

bathochromic shifts are often observed for π-π* transitions in organic molecules as solvent 

polarity increases, the corresponding transition in the enol form remains relatively 

unaffected [292,293].  The small shifts and changes in intensity are consistent with solvent 

effects on a species having an excited state, which is more polar than the ground state 

[269,294] rather than measurable changes in the keto-enol equilibrium position.   

 

Complexation involving monoprotic BMDBM and metal ions requires loss of a proton to 

generate the β-diketonate as shown by the equilibrium for complexation in FIGURE 3.1.  

To provide a comparison, the UV-visible spectrum of a solution of BMDBM which had 
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been titrated against a solution of tetraethyl ammonium hydroxide (NEt4OH) in shown in 

FIGURE 3.6.  

 

 

 

FIGURE 3.6:  The change in the UV-visible absorbance of BMDBM with increasing pH in 

methanol-water (80 : 20 v/v).  (i) [BMDBM] = 2.0 × 10 
-5 mol dm 

-3, (ii) [BMDBM] = 2.0 × 

10 
-5 mol dm 

-3, [NEt4OH] = 4.0 × 10 
-5 mol dm 

-3 

 

 

The UV-visible absorption properties of BMDBM are not influenced to any extent by the 

pH of the solution.  The pKa of BMDBM is 11.39 as determined by potentiometric titration 

(Chapter 2.5) and, as the pH decreases, deprotonation of BMDBM gives the β-diketonate 

anion as the conjugate base, sometimes referred to as the enolate anion.  The spectrum is, 

therefore, due to decreasing concentration of BMDBM and increasing β-diketonate 

concentration.  In FIGURE 3.6 the similarity between the UV spectrum (i) for the enol 

form of BMDBM with that of (ii) its conjugate base indicates a similar electronic 

configuration of both species and, furthermore, similar transition energies from the ground 

state to the excited state [290,295].  This phenomenon can be understood in terms of 

resonance stabilisation and solvation of the β-diketonate under the conditions employed.   
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As discussed, the enol tautomer of BMDBM is stabilised by an intramolecular hydrogen 

bond (IMHB).  The IMHB forms a 6-membered chelate ring and increases the extent of 

conjugation present in BMDBM.  The absorption band assigned to the π-π* transition is at 

lower wavelengths because of this extended conjugation.  The β-diketonate anion, 

BMDBM¯  is also stabilised by contributing resonance structures as shown in FIGURE 3.7. 

 

 

 

FIGURE 3.7:  Contributing resonance structures in the β-diketonate of BMDBM. 

 

 

In the aqueous conditions employed (methanol-water, 80 : 20 v/v), the β-diketonate anion 

would be further stabilised by hydrogen bonding with the solvent.  This indicates the 

electronic configuration of the enol of BMDBM is similar to the conjugate base, the β-

diketonate and therefore the energy transitions levels are similar.  This similarity of the 

electron configurations of the enols of β-diketonates and their conjugate bases has been 

observed previously [295].  Spectral changes of the parent β-diketone, DBM, (R1 = R2 = Ph 

in FIGURE 3.1) have been observed only when in the presence of a large excess of base 

(1.0 × 10-3 mol dm-3) [296]. 

 

 

3.4 UV-Visible Properties of BMDBM Complexes with Zn2+ 

 

The UV absorption spectra for BMDBM in the absence and presence of two different 

concentrations of Zn2+ was obtained in a methanol-water (80 : 20 v/v) solution (I = 0.1, 

NEt4ClO4) buffered at pH 6.75 (FIGURE 3.8).  Under these conditions the equilibrium 

involving hydrolysis of the metal ion as given by: 

 

 

This equilibrium and any hydrolysis products can be excluded as the pKa value for the 

coordinated water was determined experimentally as 7.22 ± 0.09 (Chapter 2.6).   
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FIGURE 3.8:  UV-visible absorption spectra of BMDBM alone and in the presence of 

Zn2+.  (i) [BMDBM] = [2.0 × 10-5 mol dm-3], (ii) [BMDBM] = 2.0 × 10-5 mol dm-3 and 

[Zn(ClO4)2] = 1.0 × 10-3 mol dm-3, (iii) [BMDBM] = 2.0 × 10-5 mol dm-3 and [Zn(ClO4)2] 

= 1.0 × 10-2 mol dm-3 at pH 6.75 [HEPES] = 5.0 × 10-2 mol dm-3 in methanol-water (80 : 

20 v/v) ( I = 0.1 mol dm-3, tetraethyl ammonium perchlorate (NEt4ClO4)) at 298.2 ( ±0.2 ) 

K.  The arrows indicate the direction of absorbance change as [Zn(ClO4)2] increases. 

 

 

The UV spectrum of free BMDBM shows maxima at 285 nm (ε of 9,650 dm3 mol-1 cm-1) 

and 360 nm (ε of 32,450 dm3 mol-1 cm-1) under the experimental conditions employed.  

Upon addition of Zn2+ (1.0 × 10-2 mol dm-3) the spectrum shows maxima at 362 nm and 

267 nm.  No further changes were observed when the concentration of Zn2+ was increased 

beyond 1.0 × 10-2 mol dm-3.  The changes observed in the spectrum can be attributed to 

chelation of Zn2+ by the β-diketonate anion of BMDBM in solution.  The absorption 

spectra of β-diketonate (transition) metal complexes can generally be assigned to three 

basic types of electronic transitions: (i) ligand field transitions arising from d-d electronic 

transitions localised on the metal ion; (ii) intraligand transitions localised on the ligand; 

and (iii) charge transfer involving transitions from the ligand to metal or metal to ligand 

[297].  Owing to the d10 electronic structure of zinc2+, the electronic spectra of the β-

diketonate Zn2+ complex is interpreted in terms of intraligand transitions [236].  Interligand 

interactions have been observed in β-diketonate metal complexes only at low temperatures 
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(77 K) [298].  The similarity in the spectrum of BMDBM in the absence and presence of 

Zn2+ indicates that the principal electronic transition from the ground to the excited state is 

not significantly influenced by the metal ion.  This infers that the π-electron delocalisation 

within the enolate ring of BMDBM generally occurs independently of the metal ion.  This 

will occur if the molecular orbitals localised on BMDBM are not significantly perturbed by 

complex formation with Zn2+.  It is interesting to note that there is no perturbation to the 

electron transition by the adjacent positive charge on the Zn2+ metal centre.   

 

Complexation of Zn2+ by BMDBM will influence the keto-enol equilibrium as shown in 

FIGURE 3.1 and, therefore the UV-visible spectrum.  The stability constants, K1 and K2, 

for the formation of successive β-diketonate Zn2+ complexes are given by: 

 

 

where L¯  is the β-diketonate of BMDBM.  The values, log K1 of 7.77 ± 0.04 dm3 mol-1 and 

log K2 of 7.08 ± 0.06 dm3 mol-1 were determined from potentiometric titrations (Chapter 

2.6).  As K1 and K2 were measured under similar conditions to those employed in UV-

visible spectroscopy, further insight into the spectral properties of the β-diketonate Zn2+ 

complexes can be obtained from the speciation plot shown in FIGURE 3.9.   

 

In solutions having a pH of 6.75, the dominant species are free BMDBM and the mono-

bidentate complex [Zn(BMDBM)]+ which exist in a 1.5 : 1 ratio, respectively.  This is 

consistent with two isosbestic points (277 nm and 350 nm) observed in the spectrum of 

BMDBM with Zn2+ in FIGURE 3.8 indicating the chromophore experiences two dominant 

environments.   

 

 

 

 

 

Zn2+ + L-                           ZnL+                          K1 =  [ZnL+ ]/([Zn2+][ L -])

ZnL+ + L-                           ZnL2                          K2 = [ZnL2]/([ZnL+][ L -])
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FIGURE 3.9:  Distribution variation of BMDBM containing species with pH at 298.2 K 

for a solution in which [BMDBM]total = 2.0 × 10-5 mol dm-3,[Zn2+]  total = 1.0 × 10-3 mol dm-

3, I = 0.10 mol dm-3 (NEt4ClO4) and for which 100 % = [BMDBM]total.   

 

 

Where a solution contains several UV absorbing species the measured absorbance Aλ is 

given by: 

 

Aλ = ελ1·c1·l + ελ2·c2·l 

 

where ελ1·and c1 are the molar absorption coefficient and molar concentration of free 

BMDBM, respectively, and ελ2·and c2 correspond those for [Zn(BMDBM)]+.  At the 

wavelength of maximum absorption λmax of 360 nm of BMDBM, the molar absorption 

coefficient ε is 32 450 dm3 mol-1 cm-1.  If it is assumed that the keto form of BMDBM does 

not contribute to the maxima λmax at 360 nm, it is possible to estimate the molar absorption 

coefficient for [Zn(BMDBM)]+.  At λmax of 360 nm the molar absorption coefficient ελ2 is 

33 520 dm3 mol-1 cm-1.   

 

 

3.5 UV-Visible Properties of BMDBM Complexes with Al3+ 

 

FIGURE 3.10 shows the UV-visible absorption spectrum of BMDBM in the absence and 

presence of an excess of Al3+ obtained in a methanol-water (80 : 20 v/v) solution (I = 0.1 

mol dm-3, NEt4ClO4).  A measured pH of 3.88 for the solution containing BMDBM and 



Chapter 3 
 

 77

Al 3+ was obtained following equilibration.  This is due to the acidity of Al3+ where the 

following readily occurs in aqueous solution [299]: 

 

 

The UV-visible spectra of BMDBM in the absence of Al3+ did not show any variation with 

change in the acid concentration. 

 

 

 

FIGURE 3.10:  UV-visible absorption spectra of BMDBM alone, and in the presence of 

Al3+ in methanol-water (80 : 20 v/v) at 298.2 (±0.2) K, ( I = 0.10 mol dm-3, NEt4ClO4). (i) 

[BMDBM] = 2.0 × 10-5 mol dm-3, (ii) [BMDBM] = 2.0 × 10-5 mol dm-3 and [Al(ClO4)3] = 

1.0 × 10-3 mol dm-3 with a measured pH of 3.88  The arrows indicate the direction of 

absorbance change as [Al(ClO4)3] increases. 

 

 

The UV-visible spectrum of BMDBM exhibits significant changes upon addition of Al3+.  

The spectrum of free BMDBM shows maxima at 284 nm (ε of 10,250  dm3 mol-1 cm-1) and 

359 nm (ε of 33,900 dm3 mol-1 cm-1) with a shoulder at 388 nm.  Upon addition of an 

excess of Al3+ (1.0 × 10-3 mol dm-3) the spectrum shows maxima at 371 nm and 275 nm.  

No further spectral changes were observed with increasing concentration of Al3+.  In the 

absence of unpaired electrons and d-electrons of Al3+ the spectrum can be interpreted in 

Al[(H 2O)5(OH)]2+ + H+Al(H2O)3+
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terms of π-π* and n-π* transitions that are localised on the ligand.  The changes observed 

in the spectrum can be attributed to formation of a β-diketonate metal complex of 

BMDBM with Al 3+.  A single isosbestic point (358 nm) exists consistent with the presence 

of two dominant environments of the chromophore.  The acidic nature of Al3+ precluded 

the use of potentiometric methods in determining stability constants for Al3+ coordination 

of BMDBM, which is in contrast to Zn2+.  (This is examined further in the following 

section).  However by considering the relative mole ratios of BMDBM and Al3+ it seems 

reasonable to assume the dominant complex to be a mono-bidentate species, 

[Al(BMDBM)] 2+.   

 

A comparison of the UV spectrum in FIGURE 3.8 with that in FIGURE 3.10 shows that 

complexation of BMDBM by Al3+ has a greater influence on the spectral properties of 

BMDBM than for Zn2+.  This can be attributed to the higher surface charge density of Al3+.  

Although both metal ions are Lewis acids, the large positive charge and small size of the 

Al 3+ increases the polarising power of Al3+.  This results in a greater deformation of the 

electron cloud of BMDBM and, consequently, greater spectral changes.   

 

For the purposes of improving the efficiency of sunscreen protection in the UVA region, 

the spectral changes accompanying the complexation of BMDBM by Al3+ are more 

encouraging than is the case with Zn2+.  The use of BMDBM complexes with Al3+ as 

chemical sunscreen filters is not a novel idea.  A search of the literature finds a patent filed 

in 1983 [300] relating to sunscreen metal complexes having enhanced UVA absorption, 

incorporating Zn2+ and Al3+ complexes of BMDBM.  Experimental data for the β-

diketonate complexes with Zn2+ were absent whereas a tris-bidentate species 

[Al(BMDBM¯ )3] with λmax of 366 nm was reported.  This is to be contrasted with a mono-

bidentate species identified in this work as having λmax of 371 nm under the experimental 

conditions employed.  Accordingly, further spectrophotometric experiments were 

performed in order to gain further insight into the complexation chemistry of BMDBM 

with Al3+.   

 

3.5.1 The Influence of pH on Complex Formation and Al3+ Speciation 

 

In general, the extent of complexation of a ligand by a metal ion is dependent upon the 

nature of the metal ion and the ligand in addition to the proton concentration.  The 

speciation of Al3+ in aqueous solutions is strongly pH dependent ([H+]) and is particularly 
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complex in the pH range 4.3 to 7.0 [301].  The dominant species at pH < 3 is the octahedral 

ion [Al(H2O)6]
3+ [302,303].  The first hydrolysis product, [Al(H2O)5OH]2+ becomes 

important at 3.0 < pH > 4.3 whereas above pH 4.3, it coexists with [Al(H2O)5(OH)2]
+ and 

the tetrahedral [Al(OH)4]
-.  Other hydrolytic species exist in the pH range of 4.3 to 7.0 

including the five-coordinate [Al(H2O)4(OH)]2+ [304,305] and polynuclear species at high 

Al 3+ concentrations (for review see Ref.[306]).  Consequently, it is expected that variations 

in pH will be accompanied by different complexation chemistry of Al3+ with BMDBM.   

 

The characterisation of an equilibrium system requires determination of the stoichiometry 

of species present and of the stability constants as defined by the equilibrium processes.  In 

addition to the position of equilibrium, knowledge of the rate at which equilibrium is 

attained is important for characterising the complexation chemistry.  For this reason, the 

effect of pH on the reactivity of Al3+ with BMDBM was investigated by UV-visible 

spectroscopy.  Solutions containing equivalent mole ratios of BMDBM to Al3+ were 

prepared using 10-2 mol dm-3 HClO4 to maintain a constant [H+] where pH = 2.  Solution A 

was prepared by first adding the required volume of Al3+ to the acidic medium followed by 

addition of BMDBM.  Under these conditions, the predominate Al3+ species prior to 

reaction with BMDBM is expected to be the hexaaquaaluminium(III) ion, [Al(H2O)6]
3+.  

Solution B was prepared by adding Al3+ and BMDBM together prior to the addition of acid 

such that Al3+ exists predominately as the hydrolysed species [Al(H2O)5OH]2+.  The UV 

spectrum of BMDBM in solution A and solution B is compared with that of a solution of 

BMDBM in the absence of Al3+ at pH of 2 is shown in FIGURE 3.11.   

 

The UV-visible absorption spectrum of BMDBM in solution C, with maxima at 285 nm (ε 

of 8,350 dm3 mol-1 cm-1) and 359 nm (ε of 31,250 dm3 mol-1 cm-1), is not affected by the 

low pH of solution (solution C in FIGURE 3.11).  The spectrum of BMDBM in solution A, 

showing maxima at 283 nm and 357 nm, is very similar to BMDBM in the absence of 

Al 3+.  In contrast, the spectrum of BMDBM in solution B show a substantial change, with 

maxima at 274 nm and also 371 nm with a shoulder at 388 nm.   
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FIGURE 3.11:  UV-visible absorption spectra of BMDBM alone, and in the presence of 

Al3+.  (i) Solution A: Al3+ and BMDBM added separately to acidic medium having pH of 2, 

(ii) Solution B: Al3+ and BMDBM added together prior to pH adjustment, (iii) Solution C: 

BMDBM in acidic medium having pH of 2.  [BMDBM] = 2.0 × 10-5 mol dm-3, [Al(ClO4)3] 

= 7.0 × 10-5 mol dm-3 in methanol-water (80 : 20 v/v), [HClO4] =  10-2 mol dm-3 at 298.2 

( ±0.2) K. 

 

 

FIGURE 3.12 shows the changes in the spectrum of BMDBM in solution A as measured 

over a 7-week period.  The UV-visible spectra shows that lengthy equilibration times (> 46 

days) are required for complex formation at pH of 2.  Similar observations of slow 

equilibration times have been made for complexation of Al3+ by other β-diketones [246].   

 

The dissociation of the β-diketonate complex formed with Al3+ in Solution B was 

measured over a 7-week period in a similar manner to that just described for Solution A.  

During this time, no variation was observed for the wavelength of maximum absorption, 

λmax of 371 nm; although a small decrease in absorbance (0.1) was noted.   
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FIGURE 3.12:  UV-visible absorption spectra of BMDBM with Al3+ (solution A) as 

measured over a 7-week period.  [BMDBM] = 2.0 × 10-5 mol dm-3, [Al(ClO4)3] = 7.0 × 10-

3 mol dm-3 in methanol-water (80 : 20 v/v), [HClO4] =  10-2 mol dm-3 at 298.2 ( ±0.2) K.  

The arrows indicate the direction of absorbance over time. 

 

 

Due to the considerable time required to attain equilibrium in the formation and 

dissociation of BMDBM complexes of Al3+ it is not possible to obtain meaningful kinetic 

data from the UV-visible studies.  For systems requiring long equilibration times, solutions 

are known to ‘age’ and polymeric species are likely to be formed [307].  Although the 

kinetics and mechanisms of stereochemical rearrangements of Al3+ complexes with β-

diketones has been the focus of considerable attention [308-312], there are few reports of 

the interactions of Al3+ with β-diketones in aqueous solutions [313].  Presumably, this is 

due to the complicated and very slow equilibrium reactions in such systems as has been 

observed in the present work.   

 

Although the speciation of Al3+ in aqueous solutions is complex, an equilibrium model 

may be proposed which provides a satisfactory account for the differences observed 

between the time-dependent association and dissociation of BMDBM with Al3+.  Under the 

conditions employed where Al3+ was in excess, the principal chelate complex is expected 

to be a mono-species.  In addition, the dissociation of BMDBM to form the β-diketonate 

BMDBM¯  prior to complexation is unlikely when the acidity constant of BMDBM, pKa of 
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11.34, and the acidic conditions under which complexation was studied are considered.  

The equilibrium model in FIGURE 3.13 shows the formation of the monomeric BMDBM 

species, [Al(H2O)4L] 2+ can occur by two separate pathways.   

 

 

 

FIGURE 3.13:  Equilibrium model proposed for the formation of the mono-bidentate 

BMDBM (LH) species, by two pathways.   

 

 

Complex formation by path (1) in FIGURE 3.13 is an acid-dependent process where the 

complex [Al(H2O)4L] 2+ is formed by reaction of BMDBM with the hexaaqua ion, 

[Al(H 2O)6]
3+.  Complex formation of [Al(H2O)4L] 2+ can also occur by reaction of 

BMDBM with the hydrated ion, [Al(H2O)5OH]2 which is independent of acid 

concentration.  The slow rate observed for complexation of BMDBM by Al3+ in solution A 

is consistent with that of the acid-dependent path.  Generally, the rate constant k1 for 

complexation of metal ions by path (1) depends on solvent exchange rates, which for 

[Al(H 2O)6]
3+ is 1.29 s-1 [314].  Ligand exchange rates at [Al(H2O)5OH]2+ are 104 times 

faster than at [Al(H2O)6]
3+ [315].  This is attributed to the labilising effect of OH- on the 

remaining water molecules in the inner coordination sphere of the metal ion [316,317].   

 

In general, the reactions of β-diketones with metal ions occur exclusively via the enol 

tautomer and the enolate anion, even for β-diketones existing predominately as the keto 

form [318].  The noteworthy exception being acetylacetone, which reacts with some 

divalent metal ions via both the keto and enol forms [250].  Kinetic and mechanistic 

studies show the reaction of metal ions with β-diketones to be slower than expected on the 

basis of the Eigen-Wilkins-Tamm mechanism [319,320].  This mechanism predicts that 

complex formation involves a rapid pre-equilibrium, involving formation of an outer-

sphere complex, which then loses water (solvent) in the rate-determining step.  The low 

[Al(H 2O)6]
3+    +    LH [Al(H 2O)4(L

−)]2+  +  H2O  +  H+

[Al(H 2O)5OH]2+    +    LH [Al(H 2O)4(L
−)]2+  +  2H2O

k1

k-1

k-2

k2

-H++H+

(1)

(2)
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reactivity of [Al(H2O)6]
3+ toward BMDBM observed in this work seems typical of the 

kinetics of complex formation reaction of Al3+ in aqueous solutions [320]. 

 

3.5.2 The Stability of β-Diketonate Al3+ Complexes 

 

A number of methods are available for studying complexation phenomena including UV-

visible or fluorescence spectroscopy [252].  It can be used to study the complexation and 

stability of a metal ion by a ligand if significant spectral differences exist between the 

ligand and any complex that may form.  The mole ratio method  is a simple 

spectrophotometric technique that has been widely used for the study of complex 

formation equilibria [321].  A series of solutions are prepared which contain the same 

analytical concentration of ligand but different analytical concentrations of the metal ion of 

interest.  The metal ion concentrations vary in increments up to and including a 

concentration at which no further spectral change occurs such that complex formation is, or 

approaches, completion.  The stability constants for metal complexation by a ligand can be 

determined at constant pH unlike potentiometric titrations where complexation is 

determined by pH changes.  This method is particularly suited for systems that exhibit 

complex speciation such as Al3+ systems.  For equilibrium investigations, the UV-visible 

spectra is measured for each equilibrated solution where the independent variable is the 

concentration of metal ion added and the dependent variable is the absorption at a 

particular wavelength [322].  The relationship between concentration and the absorption 

measurement is governed by the Beer-Lambert’s law: 

 

l ]C[ ε  A λ =  

 

The data acquired by this method is then fitted to a non-linear least squares algorithm using 

Specfit [323-327].  The Specfit program allows different complexation stoichiometries to 

be investigated by deriving the best fit to a particular chemical model of the equilibrium 

system investigated.  The actual errors on the derived stability constant are generally 

greater than the non-weighted standard deviations quoted due to errors involved in spectral 

measurements and solution preparation.  To ensure experimental errors were not excessive, 

experiments were performed in duplicate using freshly prepared solutions.   

 

As demonstrated in Chapter 3.5.1, the rate at which the equilibrium for complex formation 

is reached depends upon the speciation of Al3+.  Consequently, the solutions were prepared 

in the same way as described previously for solution B (Chapter 3.5.1) where complex 
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formation occurred prior to adjusting the pH to 2 using HClO4.  On this basis, the equation 

and stability constant K are shown in FIGURE 3.14. 

 

 

 

FIGURE 3.14:  Equilibrium model and stability constant for complexation of BMDBM 

(LH) by Al3+ under the conditions employed. 

 

 

The series of UV-visible spectra in FIGURE 3.15 show the reaction of BMDBM with 

varying concentration of Al3+ at constant pH.  The isosbestic points at 353 nm and 298 nm 

show the chromophore experiences two dominant environments in the complexation 

equilibrium.  This is consistent with the equilibrium model proposed in FIGURE 3.14 

under the conditions employed. 

 

A 1 : 1 binding model was fitted to the absorbance data collected at 0.1 nm intervals over 

the ranges 310-350 nm and 360-400 nm to give the formation constant log K = 3.78 ± 0.04 

dm3 mol-1 for [Al(H2O)4(L¯ )]2+.  This fitting incorporating the additional formation of 

either 1 : 2 or 1 : 3 complexes of metal to ligand showed no evidence for their formation 

under the conditions employed.   

[Al(H 2O)5OH]2+    +    LH [Al(H 2O)4(L
−)]2+  +  2H2O

K = [(Al(H2O)4(L
−))2+] / [(Al(H 2O)5OH)2+][LH]
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FIGURE 3.15:  Spectral changes in the UV-visible range associated with the reaction of 

Al3+ with BMDBM in methanol-water (80 : 20 v/v) at pH 2.0 (HClO4), 298 K and I = 0.1 

mol dm-3 (NaClO4).  [BMDBM] = 2.0 × 10-5 mol dm-3, [Al(ClO4)3] ranges from 2.5 × 10-6 

mol dm-3 to 1.0 × 10-4 mol dm-3, [HClO4 ] = 1.0 × 10-2 mol dm-3.  The arrows indicate the 

direction of absorbance change as [Al(ClO4)3] increases. 

 

 

The complex stoichiometry in solution was confirmed by applying the mole-ratio method 

[321,328].  In the mole-ratio method, a plot is made of absorbance against the ratio of the 

number of moles of the ligand to metal ion.  The stoichiometric formula of the complex 

can be determined by extrapolating the straight-line portions of the graph.  The absorbance 

data for the mole ratio plot shown in FIGURE 3.16 was obtained from the 

spectrophotometric titration of BMDBM with increasing concentrations Al3+ in FIGURE 

3.15. 
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FIGURE 3.16:  Mole ratio plot of absorbance at 372 and 325 nm with changes in the mole 

ratio of Al3+to BMDBM.  The absorbance data was obtained from the spectrometric 

titration of Al3+ with BMDBM.  [BMDBM] = 2.0 × 10-5 mol dm-3, [Al(ClO4)3] ranges from 

2.5 × 10-6 mol dm-3 to 1.0 × 10-4 mol dm-3, [HClO4 ] = 1.0 × 10-2 mol dm-3. 

 

 

Extrapolation of the straight-line portions of the absorbance data at wavelengths 

corresponding to the greatest changes in absorbance, 372 and 325 nm, show a weak 

inflexion at a 1 : 1 mole ratio of Al3+ to BMDBM.  The extent of curvature at the 

equivalence point depends on the degree of dissociation of the complex [329].  The plot in 

FIGURE 3.16 is consistent with a complex that is less completely formed at the 

equivalence point under these conditions.  This is in support of the experimentally 

determined stability constant log K = 3.78 dm3 mol-1.   

 

3.5.3 Stoichiometry of Al3+and β-Diketonate Complexes by Jobs’ Method 

 

A comprehensive investigation of metal complex formation will generally include 

determination of stoichiometries in solution in addition to stability constants.  The mole 

ratio method was used to confirm the mono-bidentate [Al(H2O)5(L¯ )]2+ as the predominate 

species when an excess of Al3+ was used.  As BMDBM coordinates to Al3+ as the β-

diketonate with a single negative charge, it is possible that 1 : 2 and 1 : 3 complexes of 
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Al 3+ with BMDBM can also form sequentially to give [Al(H2O)5(L¯ )2]
+ and the neutral 

species [Al(H2O)5(L¯ )3] under conditions where the ligand is in excess.  Job’s method of 

continuous variation is particularly suited for determining the stoichiometry of metal 

complexes in systems where a single complex is present [330,331].   

 

The general form of complex formation at equilibrium as given by: 

 

 

where Mm+ represents the metal species Al3+, Ln- the β-diketonate ligand and MaLb
(m-n)+ the 

complex having stoichiometric mole ratios of metal to ligand, a : b respectively.  In Job’s 

method a series of solutions are prepared such that the total number of moles of ligand, L, 

and metal ion, Mn+, is kept constant whilst varying the mole ratio of L to Mn+, that is: 

 

CM + CL = k 

 

where CM and CL are the analytical concentrations of metal and ligand, respectively, and k 

is a constant equivalent to the total number of moles of L and M.  The mole fractions of 

metal χM and ligand, χL are given by: 

 

χ
L = nL / (nL + nM) 

χ
M = nM / (nL + nM) 

where: 

χ
M + χL = 1 

 

The corrected absorbance at a wavelength at which the complex absorbs strongly is plotted 

against the mole fraction, χM, of the metal ion to give a triangular plot.  The corrected 

absorbance is defined as the absorbance measured at a particular wavelength less the sum 

of the absorbances that the metal and ligand would exhibit if there were no complexation.  

The corrected absorbance Y  is represented by the following: 

 

Y = A - (εMCM + εLCL)ℓ 

 

where A is the absorbance measured, εM and εL are the molar absorptivities of metal and 

ligand, respectively, and ℓ is the optical path length [332].  The resulting curve, called a 

aMm+ + bLn- MaLb
(m-n)+
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Job’s plot, yields the composition of the complex in solution.  This is obtained from the 

point of intersection of the tangents to the curve where they are at a maximum.   

 

The Job’s plot showing the corrected absorbance plotted at 380 nm against the mole 

fraction χ of Al 3+ is given in FIGURE 3.17.  A maximum is observed at the mole ratio of 

Al 3+ of χ = 0.35 which indicates formation of the neutral species [Al(L¯ )3] where L¯  is the 

β-diketonate anion of BMDBM. 

 

 

 

FIGURE 3.17:  Plot of the corrected absorbance at 380 nm against the mole fraction χ of 

Al3+ obtained by the method of continuous variation.   

 

 

3.6 Fluorimetric Complexation Studies 

 

The effectiveness of chemical sunscreen filters is primarily determined by the absorption 

wavelength and the molar absorption coefficient.  Processes that occur after absorption are 

important for determining excited state lifetimes and therefore, the photostability of the 

filter.  Following absorption of a photon to produce an excited state, loss of excitation 

energy occurs by either vibrational relaxation, fluorescence or intersystem crossing to the 

triplet state as outlined in FIGURE 3.2.  The excited triplet state is often a reactive state 
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due to the long lifetime ~10-2 s [185].  Photoreactions of sunscreens not only reduce the 

effectiveness of the sunscreen but the products formed have the potential to damage 

biologically relevant molecules in the skin [333].  Therefore, it is important to establish the 

fate of absorbed photons by determining the fluorescence and quantum yields of the 

chelate complexes of BMDBM with Zn2+ and Al3+ in addition to characterising the UV 

spectra of these complexes. 

 

The complexation of BMDBM by Zn2+ and Al3+ was studied by fluorimetry under similar 

conditions as in the spectrometric studies but at substantially lower ligand concentration.  

Only Al3+ complexes with BMDBM were sufficiently fluorescent for quantitative 

fluorometric study.  The addition of Zn2+ to a solution of BMDBM had no significant 

effect on the fluorescence spectrum of BMDBM.  To ensure that the Zn-β-diketonate 

complex had formed, the fluorescence measurements were repeated with an excess of Zn2+ 

and the same results were achieved.  For the quantitative determination of stability 

constants, the mole ratio method was employed (Chapter 3.5.3).  The solutions were 

prepared in the same way as described previously for solution B (Chapter 3.5.1) where 

complex formation occurred prior to buffering to pH of 2 with HClO4 (10-2 mol dm-3).  

Based on the above UV titration of BMDBM with Al3+, the wavelength used for excitation 

in fluorescence spectroscopy was λ 353 nm, which correspond to the pseudo-isosbestic 

point (FIGURE 3.15).  The fluorescence of BMDBM increases with increasing Al3+ 

concentration is shown in FIGURE 3.18.   

 

For BMDBM, the keto-enol equilibrium strongly favours the enol form and in the ground 

state, the conversion between these two forms is slow.  It is likely that at the excitation 

wavelength of 355 nm population of the excited enol state occurs but not the excited keto 

state and fluorescence emission occurs before any new equilibrium is established [334].  

Therefore, the contribution of the keto tautomer to the emission spectrum of BMDBM or 

its metal complexes has not been considered.   
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FIGURE 3.18:  Emission spectra of BMDBM alone and in the presence of increasing 

concentrations of Al3+ at pH 2 in methanol-water (80 : 20 v/v) at 298.2 K.  [BMDBM] = 

2.0 × 10-6 mol dm-3, [Al(ClO4)] ranged from 2.5 × 10-6 mol dm-3 to 8.0 × 10-5 mol dm-3.  .  

The arrows indicate the direction of emission change as [Al(ClO4)3] increases. 

 

 

Upon addition of Al3+, the emission spectrum in FIGURE 3.18 consists of two bands at 

406 nm and 422 nm with the intensities increasing as Al3+ concentration increases.  The 

variation in BMDBM fluorescence upon the addition of Al3+ was readily fitted to a 1 : 1 

binding model to give a derived stability constant log Kfl = 3.33 ± 0.05 for formation of 

[Al(H 2O)4L¯ ]2+.  The data set could not be fitted to a 2 : 1 or 3 : 1 binding model which is 

consistent with the spectrometric studies employing similar experimental conditions.   

 

The stability constant Kfl is a measure of the stability of the excited state complex 

[Al(H 2O)4L¯ ]2+ whereas the stability constant K determined by spectrometric methods 

relates to the stability of the ground state complex.  The difference between Kfl and K 

indicates that the ground state complex [Al(H2O)4L¯ ]2+ is ~3 times more stable than the 

analogous excited state complex under these experimental conditions. 

 

The low fluorescence of BMDBM implies the presence of very rapid and efficient non-

radiative processes from the lowest excited singlet (S1) state despite the strong absorption 

band exhibited in the UV-visible spectra.  The major relaxation pathway anticipated for the 
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S1 → S0 (π*- π) transition of the enol tautomer is internal conversion with fluorescence 

quenched by proton transfer from the hydroxy group to the carbonyl group in the enol ring.  

This is also true for structurally similar β-diketones such as dibenzoylmethane [296,335].  

The loss of this proton upon complexation with Al3+ to form [Al(H2O)4L¯ ]2+ removes this 

quenching process and [Al(H2O)4L¯ ]2+ exhibits fluorescence.  Quenching of fluorescence 

emission through charge transfer is not favoured in Al3+ due to the high charge density.  

However, the charge density decreases with chelation by a negatively charged ligand, 

resulting in fluorescence enhancement [336].  On this basis, the absence of significant 

fluorescence emission observed for the analogous Zn2+ complex may be due to insufficient 

charge density to inhibit quenching.  This is in contrast to fluorescence enhancement by 

Zn2+ through different mechanisms in a number of other ligands [337].  The fluorescence 

quantum yield ΦF for [Al(H2O)4L¯ ]2+ was determined relative to quinine sulphate using the 

optically dilute solution method [288,338,339].  The fluorescence efficiency of 

[Al(H 2O)4L¯ ]2+ (ΦF 0.74) indicates the rate of radiative deactivation is much greater than 

nonradiative processes according to the following relationship: 

 

ΦF = kr / (kr + knr) 

 

where kr and knr are the radiative and nonradiative rate constants, respectively [287].   
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4 Photostability Studies of BMDBM and its Metal Chelates 

4.1 Introduction 

 

Chemical sunscreen filters protect the user against ultraviolet radiation by absorbing 

energy of specific wavelengths.  This process filters the range of wavelengths reaching the 

skin, reducing exposure.  The fate of the absorbed photon is crucial in determining the 

photostability of the sunscreen.  A molecule in the excited state differs in energy and 

electronic structure and, as such, the physical and chemical properties may be significantly 

different from those of the ground state.  The excess energy can be dissipated through a 

number of processes resulting in either recovery of the ground electronic state of the 

molecule or formation of photoproducts.  Photodegradation reduces the level of protection 

afforded by the sunscreen leading to increases in exposure to solar ultraviolet radiation 

(UVR).  Furthermore, the photoproducts have the potential to be harmful to the skin.  

Consequently, it is important to possess a detailed understanding of the photochemical 

behaviour of a sunscreen filter and the reactivity of the excited state.    

 

 

4.2 Photochemistry of BMDBM  

 

The photochemistry of the UVA (320 - 400 nm) chemical sunscreen filter 4-tert-butyl-4′-

methoxydibenzoylmethane (BMDBM) is characteristic of β-diketone derivatives 

[206,229,296,340].  The processes involved are illustrated in FIGURE 4.1.  The ground 

state tautomeric equilibrium between the keto (K) and enol forms strongly favours the 

chelated enol (CE) [205].  The CE form shows a strong (π-π*) absorption band around 360 

nm, while the (n-π*) transition of the K form appears in the 260 - 280 nm range.  

Absorption of UVA light by CE (So state) produces the excited 1(π-π*) state (S1 state) 

possibly involving an excited-state intramolecular proton transfer [341].  Rapid conversion 

(femto- to picosecond time-scale [334,342]) of the S1 state produces a transient non-

chelated enol (NCE) formed either by rotation around the C=C double bond to give the 

transient E-isomer (NCE1) or by C–C single bond rotation to form the Z-isomer (NCE2) 

[230,231].     
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FIGURE 4.1:  Photochemistry of BMDBM involving keto (K)-enol (CE) tautomerism and 

the subsequent photodegradation from the K form.  Transient non-chelated enol species 

are formed either by single bond rotation (NCE2) or through isomerisation about the C=C 

double bond (NCE1).   

 

 

The mechanism and rate of recovery back to the ground state CE form shows a strong 

dependence on the nature of the solvent [206,229].  Recovery occurs by mixed first- and 

second-order processes with the contribution of the second-order component increasing in 

non-polar solvents.  The first-order process is understood to involve a pre-equilibrium 

between the Z-isomer and the trans non-chelated enol (E-isomer).  The second-order 

component has been attributed to formation of a hydrogen-bonded dimer between two E-

isomers.  The rate constants k for recovery given in TABLE 4.1 show the rate increases 

significantly from k  of 6.3 s-1 in acetonitrile to 874 s-1 in protic, polar solvents such as 

ethanol.  The solvent-dependent variations in the rate and mechanism of recovery of CE 
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are reflected in the varying photochemical behaviour of BMDBM observed in different 

sunscreen formulations [205,209,258].   

 

 

TABLE 4.1:  NCE1 decay rates (k, s-1) and lifetimes (τ, ms) in various solvents as reported 

in the literature. 

Solvent k (s-1)a 
τ (ms) 

Acetonitrile 6.3 (41.0) 159 (24.4) 

Cyclohexane 86  (826) 12  (1.21) 

Methanol 360 3 

Ethanol 874 (4167) 1.1  (0.24) 

Butanol 1480 0.7 
            a  Taken from Ref. [229].  Values in brackets from Ref. [206] 

 

 

Photodegradation of BMDBM has been attributed to photoreactions from the excited 

triplet state of the keto form [205,206,225,229,343].  The reactivity of the triplet state has 

also been demonstrated in other β-diketones [230-232].  Continuous UVA irradiation of 

BMDBM leads to formation of the keto form with the temporary loss of the UV absorption 

band ~360 nm attributed to the chelated enol form.  This band recovers almost completely 

after a period in the dark without photochemical degradation [227].  The quantum yield Ф 

of isomerisation following irradiation at 360 nm has been determined as Ф = 1.6 × 10-4 in 

cyclohexane with recovery ~ 10 hrs in the dark whereas Ф = 1.0 × 10-4 in acetonitrile with 

recovery occurring after ~ 15 min [16].  Continuous UVB (280 - 320 nm) irradiation leads 

to permanent loss of the absorption band attributed to the enol form with no increase in 

absorbance to the keto form [229].  The UVB induced photoreactions occur through the n-

π* excited triplet state.  This is indicated by the photoproducts, which are all derived from 

two radical precursors, the benzoyl radical or the phenacyl radical as shown in FIGURE 

4.2 [205]. 
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FIGURE 4.2:  Schematic illustrating main pathway for UVB-induced photodegradation of 

BMDBM from the keto form.  The substituents, t-Bu and OMe are exchangeable. 

 

 

Most sunscreen formulations contain at least two organic filters, a UVA and a UVB filter, 

in order to achieve broad spectrum photoprotection.  The UVB filter, E-2-ethylhexyl-4-́

methoxycinnamate, E-OMC, shown in FIGURE 4.3 is often used with BMDBM however 

the photochemistry of the two filters is reportedly altered when they are combined in 

sunscreen formulations [16,344].   

 

 

 

FIGURE 4.3:  Structure of the commonly used UVB sunscreen filter E-2-ethylhexyl-4ʹ-

methoxycinnamate, E-OMC 

 

 

In this study, the recovery process of the transient NCE produced by laser flash photolysis 

at 355 nm, to the ground state CE has been investigated in detail by measuring transient 

O O

t-Bu OMe

C

O

OMe

t-Bu

O CH2

hv

 (UVB)

Benzoyl radical

Phenacyl radical

O

O

O

E-2-ethylhexyl-4′-methoxycinnamate (E-OMC)



Chapter 4 
 

 96 

differential absorption spectra and kinetic time profiles of NCE forms at 300 nm and CE 

forms at 360 nm.  The effect that metal ions, specifically Zn2+ and Al3+, have on the 

recovery process of BMDBM are reported.  The influence of the UVB filter, 2-ethylhexyl-

4-methoxycinnamate (OMC) on the photochemical process of BMDBM with the metal ion 

Al 3+ is also described.   

 

 

4.3 Laser Flash Photolysis 

 

Investigation of the photochemistry of a species requires a method that both generates the 

excited state of interest whilst monitoring some activity of the species, both occurring over 

relatively short periods of time.  Time-resolved spectroscopic methods are sensitive 

techniques making them well suited for studying transient species in solution.  Nanosecond 

laser pulses are used to generate high concentrations of the excited state.  The subsequent 

time-dependent changes in concentration of the ground and excited states as well as any 

transient species formed can be monitored via emission (time-resolved luminescence 

[345]) or absorption in the UV-visible region (time-resolved absorption [346]).  The build-

up and decay of transients generated by the laser flash can be characterised by detailed 

analysis of the time profile of the measured spectra.  Laser flash photolysis (LFP) was first 

introduced by Norrish and Porter in 1949 [347] who were awarded the 1967 Nobel Prize 

for their work.  It remains an important tool in the time-dependent study of non-

equilibrium processes in many systems [348,349].  The time resolution has increased 

dramatically since its inception with femto- and picosecond transient absorption 

spectroscopy now possible (for reviews see references [350,351]). 

 

Laser flash photolysis instruments are commercially available, however due to the 

prohibitive cost of such equipment the construction of a laser flash photolysis setup was a 

more favourable and achievable option.  An inexpensive yet sensitive apparatus can be 

constructed from the individual components, many of which can be readily found in an 

equipped laser laboratory.  The components required for a laser flash photolysis setup and 

their assembly have been described in detail in the literature [346,352-356].  The 

experimental arrangement for nanosecond laser flash photolysis, constructed and 

developed for investigating the photochemistry of BMDBM under various conditions is 

illustrated in FIGURE 4.4.   
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FIGURE 4.4:  Schematic diagram outlining the laser flash photolysis apparatus 

constructed for LFP studies of BMDBM.  (See text for details).  

 

 

As is typical of LFP systems, there are three principle parts: the excitation and monitoring 

sources (pump and probe beam), the detection system and the optical arrangement.  In 

general, light from the intense laser flash is absorbed by molecules in the cuvette, 

generating a relatively high concentration of short-lived or transient species.  These high-

energy species exhibit a different absorption spectrum when compared to that of the 
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ground state species.  The absorption spectra of such species are recorded using the lamp 

as the monitoring light source.  The intensity of the transmitted light is detected by a 

photomultiplier tube (PMT) attached to the exit slit of the monochromator tuned to the 

wavelength of interest.  The output of the PMT is fed into a digital oscilloscope interfaced 

to a PC to allow storage of the data.  Specifically designed software is used for instrument 

control and data collection.  

 

The underlying principle of LFP, and indeed all time-resolved absorption spectroscopy, 

depends on the assumption that the transient intermediate generated has a differing 

extinction coefficient to that of the molecule in the ground electronic state.  The probe 

beam is used to monitor the sample before and after laser excitation, allowing the study of 

both the formation and disappearance of transients generated as a function of time.  

Likewise, the loss and subsequent recovery of the initial ground electronic state can also be 

monitored in this manner.   

 

The absorbance (Aλ) of a sample containing an absorbing compound is given by the 

logarithm of the ratio of incident light intensity (I0) before laser excitation to that of 

transmitted light intensity (I) after excitation.  Absorbance is related to the molar 

concentration (c) of the absorbing species according to Beer-Lambert’s law as given by 

Eqn. (4.1) where ελ is the molar extinction coefficient at the analysing wavelength λ, and l 

is the optical path length of the sample. 

 

 
clεlog
λ

0 =






=
I

I
Aλ  (4.1) 

 

As absorbance is directly proportional to the concentration of the absorbing species, the 

time profile of the change in absorbance ∆Aλ(t) is directly related to the time profile of the 

concentration of the absorbing species.  From Eqn. (4.1), ∆Aλ(t) is obtained by monitoring 

the time dependent changes in the transmitted light intensity, I(t), at a constant value of I0.   

 

The transmitted light intensity I(t) can be measured as a voltage V(t) by a photomultiplier 

tube (PMT).  If it is assumed that the response of the PMT is linear within the operating 

range employed, the signal V(t) acquired is proportional to the transmittance I(t) of the 

sample.  The typical experimental measurements, V0 and V(t), representing the generation 

and decay of a transient species are those observed in FIGURE 4.5.   
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FIGURE 4.5:  Plot of the PMT output against time before and after the laser pulse.  This 

illustrates the correlation between the measured voltage (V) and transmittance (I) versus 

time for the generation and decay of a transient species. 

 

 

If the transient species generated by laser excitation absorbs more light at a particular 

wavelength than the ground state, there is a decrease in the transmitted light I(t).  This is 

measured as a decrease in the PMT voltage signal V(t) as less light reaches the detection 

system.  This is known as transient absorption and is associated with areas of low ground 

state absorption.  The generation of a transient species is associated with depletion of the 

ground state.  Measuring the PMT output at the wavelength of maximum absorption of the 

ground state will show an increase in the voltage signal V(t) as more light reaches the 

detection system due to an increase in transmitted light I(t).  Consequently, the trace 

measured will be the inverse of that shown in FIGURE 4.5.  This is known as ground state 

depletion, and is associated with areas of high ground state absorption. 

 

The experimental data can be converted to a transient change in absorption, ∆A(λ, t) by the 

relationship between voltage and light intensity as shown in Eqn. (4.2): 
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where V0 and I0 are the voltage and light intensity before the flash respectively, ελ is the 

molar extinction coefficient of the transient and c(t) is the concentration of the transient at 

time t.  Therefore absorbance, A(λ,t) is obtained from the measurement of a voltage time 

profile, V(t) referenced to V0. 

 

In the following section, the LFP setup constructed for this study is described in more 

detail.  In Chapter 4.5, a series of test experiments have been performed in order to verify 

the correct functioning of the experimental setup.  This has been assessed a number of 

ways including comparison of the experimentally measured kinetics with literature reports 

for the same system.  

 

 

4.4 Description of Laser Flash Photolysis Equipment 

 

4.4.1 Pump and Probe Beam 

 

The requirements for direct investigation of fast photochemical processes include the 

generation of the excited state in a time that is short compared to the overall reaction time.  

The laser is particularly suited as the irradiation source as it can provide a monochromatic, 

high intensity pulse of short duration.  The pump source used to initiate photoexcitation 

was a Nd:YAG (Quantel, YG980) laser [357] employing the third harmonic (355 nm).  

The laser was used in Q-switched mode employing a repetition rate and pulse width of 10 

Hz and 6 ns respectively.  The laser intensity at the sample cell was set to that required, 

using a calorimeter (AC model, Scientech) connected to a handheld power meter (Vector 

H410, Scientech).  The measured energy of the excitation pulse was typically 11.5 mJ cm-2 

at the sample unless otherwise specified. 

 

The monitoring light source was a 150-watt high-pressure xenon arc lamp (Hanovia No. 

901C1, Engelhard-Hanovia) with fan-cooled housing containing rear reflector and 

associated power supply.  Lamp ignition and operation were performed according to the 

manufacturer’s specifications.  The operating lifetime of the lamp was approximately 1000 

hours prior to beginning the experiments.  A Faraday cage was constructed to shield 
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sensitive electronics from electromagnetic interference, the radio-frequency radiation 

generated by the high voltages of the lamp power supply.  The spectral intensity 

distribution of the xenon lamp used in these experiments is displayed in FIGURE 4.6 as 

measured using the detection system discussed in the following section, Chapter 4.4.2.  

The spectral intensity distribution of the xenon lamp used is characteristic of such lamps 

and permits the acquisition of transient spectra in the range from 260 nm up to 800 nm 

[358].  Xenon arc lamps do not produce a constant light level at all wavelengths.  The 

radiation from the lamp output has several different components whereby continuum 

radiation having unstructured output predominates in the wavelength region of interest 

(250 - 400 nm). 

 

 

 

FIGURE 4.6:  The measured relative spectral intensity distribution of the Hanovia 150 

watt Xenon arc lamp used as the monitoring light source in the laser flash photolysis 

experiments.  The region of interest for the purposes of the studies presented here is 250-

400 nm. 

 

4.4.2 Detection System. 

 

The detection system in the laser flash photolysis setup is required to make two different 

types of measurements, depending on the nature of the experiment being performed.  

Differential absorption spectra are obtained by recording the absorption spectrum over a 



Chapter 4 
 

 102 

range of wavelengths whereas the kinetic spectrum is obtained from the decay trace at a 

single wavelength. 

 

The transmitted intensity I(t) of the monitoring beam passed through a monochromator 

(Jarrell-Ash) used to select the wavelength of interest and detected with a Hamamatsu 

photomultiplier tube (200-900 nm range).  A high voltage DC power supply (PS350, 

Stanford Research Systems) fitted to the PMT allowed the voltage output to be adjusted in 

order to amplify or decrease the signal as required.  The detector was covered between 

measurements to avoid fatigue leading to signal drift, which can be caused by excessive 

exposure to the monitoring light source.  The voltage output from the PMT was fed into a 

two-channel digital storage oscilloscope (Tektronix TDS 380, 400 MHz bandwidth).  The 

recorded waveforms were transferred to a PC computer via a RS232 interface for data 

analysis. 

 

The signal gain was boosted by increasing the terminal load on the PMT using a 93 Ω load 

resistor.  The use of a continuous lamp with large load resistors can reduce the time 

resolution of the apparatus, and so a compromise between time resolution, light intensity 

and load resistor must be sought to give an acceptable signal to noise ratio.  In order to 

determine the optimum termination resistor and PMT power supply, a number of traces 

employing a selection of load resistors were measured.  For each load resistor tested, a 

number of PMT voltages were used.  The value of the termination resistance was a 

compromise between the signal intensity and its rise time.  The response time of the 

detection system must be much shorter than the transient decay time.  The instrument 

response function (rise time) is defined as the time required for the output to change from 

10 % to 90 % of output level and depends on the termination resistance.  The rise time was 

measured to be 5 ns, which is considerably shorter than the decay times measured in this 

study. 

 

The time base and vertical gain settings of the oscilloscope were adapted to the signal 

being analysed to ensure maximum resolution.  The signal-to-noise ratio was optimised by 

altering the oscilloscope voltage scale for different regions of wavelengths thus 

overcoming the differences in the monitoring lamp intensity across the spectral region 

investigated.  The oscilloscope was triggered from the Q-switch synchronous output from 

the laser.  The maximum number of averages possible was 256 as dictated by the data 

storage capacity of the oscilloscope.  Each digitized trace consisted of 1000 data points 
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obtained from the accumulation of 256 laser shots to improve the signal-to-noise ratio.  

This was repeated no less than 10 times for each measurement made.  Software was 

designed and written in BASIC to enable control over the number of averages obtained, the 

transfer of data to the computer for storage and its subsequent analysis. 

 

4.4.3 Optical Arrangement 

 

The precision achieved in measuring changes in absorbance is dependent upon the stability 

of the monitoring light source over the time interval of interest.  A characteristic feature of 

xenon arc lamps is their spectral stability however, a number of phenomena can cause 

slight temporal variations of the light output.  These include AC ripple, flicker in the light 

beam caused by arc movement on the cathode and, fluctuations in arc emission intensity 

[359].  The flash photolysis setup for measurements made over timescales < 50 ms 

employed a single-beam configuration (FIGURE 4.4).  Long-term drift and baseline 

reproducibility of the monitoring beam were particularly problematic for single 

measurements on long timescales (t > 50 ms) such as experiments measuring decay rates of 

BMDBM in acetonitrile.  Consequently, measurements of timescales > 50 ms required 

direct monitoring of the lamp intensity.  Intensity fluctuations were measured by 

employing a second reference signal that was recorded simultaneously.  A fraction of the 

monitoring beam, (~10 %), was directed by way of a beam splitter (quartz plate) to a 

second monochromator fitted with a PMT.  The second monochromator was set at the 

wavelength of interest and the PMT output signal fed to a second channel on the 

oscilloscope.  This method ensured both time-dependent and wavelength-dependent 

fluctuations in lamp intensity were monitored.  Calibration curves were constructed for 

each of the wavelengths of interest.  A representative calibration curve measured at 300 nm 

is shown in FIGURE 4.7, illustrating the linear response of both PMTs.  This figure also 

illustrates that PMTa shows a roll off after 15 mV.  During the experiments, it was ensured 

that the voltage was beneath this value. 

 

 



Chapter 4 
 

 104 

 

FIGURE 4.7:  Calibration curve measured at 300 nm showing the linear response of the 

two PMTs used for long timescale measurements, t > 50 ms. 

 

 

The reaction vessel was a quartz cuvette (1 cm × 1 cm × 6.5 cm, 46-F, Starna) having an 

optical path length of 1 cm.  The cuvette was manufactured with tubilations for push on 

flexible tubing which connected the cuvette to the sample reservoir (250 cm3).  The cuvette 

was rigidly mounted using a holder that was then mounted on the optical bench.  

Photolysis of the solution can occur when a continuous light source is employed as the 

probe beam.  In order to minimise any irreversible photodegradation, a peristaltic pump 

was employed for continuous circulation of fresh sample into the irradiated zone at a rate 

of 10 cm-3 s-1. 

 

The path of the excitation and monitoring beam were arranged to be perpendicular to each 

other as shown in FIGURE 4.8.  This arrangement minimises scattered laser light (355 nm) 

entering the monochromator which is close to λmax of BMDBM (~359 nm).  Dichroic 

mirrors were used to separate residual green laser light (532 nm) present in the pump beam 

and direct the laser beam from the laser to the sample.  A cylindrical, concave lens was 

employed to expand the laser beam across the face of the cuvette.  The radius of the probe 

beam was slightly less than that of the pump beam to maximise excitation of the sample.  

The volume of the monitoring beam was ~0.79 cm3.   
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FIGURE 4.8:  Diagram showing the geometrical arrangement of the excitation beam, the 

cuvette and the monitoring beam as viewed from top of cuvette looking down.   

 

 

It is known that transient concentrations generated by either a perpendicular or parallel 

arrangement of pump and probe beams can vary widely [346].  This is due to unevenly 

distributed transient concentrations throughout the probed region.  Variations across the 

light path have a greater effect than variations along the light path [360].  As stated by 

Beer-Lambert law, the concentration of excited states will decline exponentially with 

distance from the laser input face.  To ensure production of the excited state was as 

homogenous as possible, the probe volume was restricted by use of an adjustable iris to 

reduce the probe beam width. 

 

The monitoring beam from the xenon arc lamp was collimated by a 100 mm focal length 

lens before entering the side of the quartz cell.  Light exiting the cell was focused by a 

second lens onto the entrance slit of the monochromator.  An aperture (iris) and light 

shields were positioned between the two lenses to minimise contribution from scattered 

355 nm laser light and luminescence. 

 

4.4.4 Data Acquisition and Evaluation. 

 

It was shown in Eqn. (4.2) that the change in absorbance is a function of two variables, 

time and wavelength, ∆A(λ, t).  Consequently, two distinct types of measurements are 

possible: 

  (a) the recording of an absorption spectrum over a range of wavelengths A(λ) to 

give a differential absorption spectrum and,  

Laser beam 

Cylindrical Lens 

Monitoring 
light source 

To detector 
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 (b) the temporal behaviour of the decay trace at a single wavelength A(t) to acquire 

the decay profile of the species of interest. 

 

Differential absorption spectra were acquired by scanning through the wavelengths whilst 

exciting the sample with the laser to obtain A(λ,t) values throughout the region of interest.  

Whilst scanning the monochromator, averaged decay traces were downloaded from the 

oscilloscope to the computer.  The data was saved in a 3-dimensional formation with PMT 

voltage, decay time and wavelength as axes.  The absorption spectrum obtained in this 

manner is characteristic of the transient absorption in those wavelengths where the ground 

state does not absorb, that is, where the molar absorptivity of the ground state εgs is zero.  

A negative signal is obtained if the ground state absorbance is greater than that of the 

transient (εgs > εt) whereas a positive signal is observed where εt > εgs.  A number of A(λ,t) 

datasets were obtained for each region and averaged.  Software was written for integrating 

the area under each decay curve as a function of wavelength.  

 

The typical procedure employed for obtaining the kinetic time profile data sets were as 

follows:  

 (1) a baseline signal trace of the detector system, VB, was recorded without the 

excitation or monitoring light.   

 (2) measurement of the signal trace before, during and, after laser excitation to 

obtain the transmitted intensity of the monitoring beam before, V0(measured), and after, 

V(t), laser excitation.   

 

Pre-processing of the laser flash photolysis data gives V0(corrected) as given by Eqn. (4.3).   

 

 V0(corrected) = V0(measured) − VB (4.3) 

 

This takes into consideration any background light and dark current of the PMT.  The 

value of VB was generally less than 0.5 mV and 0.8 mV at 300 nm and 360 nm 

respectively.  The transmitted intensity signal V(t) is then converted to absorbance change 

according to Eqn. (4.2). 

 

Pre-processing of the data obtained from experiments where lamp intensity was 

simultaneously measured is slightly different from that given above.  In this configuration, 

two kinetic traces are acquired simultaneously by the oscilloscope: one through sample and 
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one of lamp intensity only at appropriate wavelength.  This was used to normalise to the 

lamp power, permitting measurements over longer timescales (t > 50 ms).  

 

One of the difficulties in detecting relatively weak transient absorptions is that the excited 

state population can attenuate the lamp transmission signal intensity by a relatively small 

amount (∆A) compared to the shot noise on the signal.  Improved reliability and accuracy 

was achieved by repeatedly performing the same measurement and accumulating the 

results.   

 

Transient decay and ground state recovery rates were obtained by fitting a suitable rate 

equation to the measured kinetic time profiles.  Consider the following first-order reaction 

describing the decay of a transient species A back to the ground state B having a rate 

constant k1. 

A B
k1

 

 

The differential rate law describing the rate of decay of A with respect to concentration of 

the transient, [A] and ground state species, [B] is given by the differential equation shown 

in Eqns. (4.4) and (4.5).  Here k1 is the first-order rate constant for the forward reaction 

having the units s-1. 

 

 
]A[

dt

]A[d
1k−=  (4.4) 

 
]A[

dt

]B[d
1k=  (4.5) 

 

Integrating Eqn. (4.4) and (4.5) gives the rate law relating the concentration of A, [A], to 

time, t.  At t = 0, the concentration of A is [A]0 and the time-dependent concentration of A, 

[A] t, is described by Eqn. (4.6).   

 

 kt−= e]A[]A[ 0  (4.6) 

 

Therefore, the decay trace of the transient absorption is described by an exponential decay 

function.  The relationship between the time-dependent changes in concentration and 

measured change in absorbance ∆Aλ(t) is described by Eqn. (4.2).  The decay of the 

transient absorption can then be described using a three-parameter exponential function as 
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shown in Eqn. (4.7) where ∆Aλ(t) is the intensity at time t, Aλ is the initial absorption at 

t = 0 and k  is the rate constant.  A similar expression can be derived for recovery of the 

ground state B but the solution will be an exponential growth function. 

 

 ( ) kttAtA −== e 0)(∆ λλ  (4.7) 
 

The observed decays were thus fitted to the exponential function using Kaleidagraph 3.6 

(Synergy Software).  From the fits obtained, experimental decay rates for the 1st-order 

process were determined.  The program uses a Levenberg-Marquardt non-linear leasts 

squares algorithm based on the chi-squared, χ2, merit function given by Eqn. (4.8). 

 

 ( )2

i
ii

2 xy∑ −=χ  (4.8) 

 

The quality of fit was also assessed by visual inspection of both the fit to the data and the 

residual plots.  If the fitted values for the decay of the transient species and recovery of the 

ground-state of BMDBM are different this would indicate repopulation occurs through yet 

another intermediate species.   

 

The mean lifetime τ of a species that decays by a first-order process is the time needed for 

the concentration of the species to decrease by a factor of 1/e, or about 37%, of its original 

value.  Consequently, the lifetime τ is equal to the reciprocal of the decay rate k.  The 

experimentally determined values of k and τ are both reported to allow comparison with 

available literature values. 

 

 

4.5 Commissioning of FP Equipment 

 

The optimisation of all instrument settings and the correct functioning of the laser flash 

photolysis setup were verified by performing a series of commissioning experiments on 

different test systems.  This involved measuring the transient kinetics of BMDBM in 

methanol and acetonitrile and comparing the measured lifetimes with those previously 

reported in the literature [206,229].  The experimental conditions followed those described 

in previous literature reports.  This included laser intensity, concentrations and 

wavelengths for monitoring the decay and recovery.  The two solvents were selected as the 
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photochemistry of BMDBM with respect to transient kinetics is considerably different in 

these solvents. 

 

4.5.1 Laser Flash Photolysis of BMDBM in Methanol 

 

The transient difference absorption spectrum of BMDBM in methanol, obtained following 

355 nm laser photolysis, is shown in FIGURE 4.9.   

 

 

 

FIGURE 4.9:  Transient difference absorption spectrum obtained following 355 nm laser 

excitation of BMDBM in methanol.  The spectrum was recorded at a time of 0.01 ms after 

the laser pulse.  [BMDBM ] = 1.0 × 10 
-5 mol dm 

-3. 

 

 

The spectrum consists of two bands with bleaching at ~360 nm and transient absorption 

maximum at ~304 nm.  The UV-visible spectrum of BMDBM (Chapter 3.3) shows the 

bleaching is due to loss of the enol tautomer in the ground state.  The transient species 

showing an absorption maximum at 304 nm has been proposed to be the non-chelated E-

isomer in FIGURE 4.1 [229].  As the intensity of the monitoring lamp decreases 

significantly below 300 nm, shown in FIGURE 4.6, the signal-to-noise ratio is 

considerably less.  Consequently, the possible formation of the keto form (λmax=265 nm 
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[258]) by ground state tautomerisation of the chelated enol cannot be detected with the 

current apparatus. 

 

It is possible to determine the molar absorption coefficient at the wavelength of maximum 

absorption of the transient species based on the change in absorbance which is given by: 

 

∆A304 = At - At = 0 

 

where At is absorbance at time t and At = 0 is absorbance at time 0, both defined according to 

Beer-Lamberts law: 

 

lcA ε=  

 

For a first-order process (which is verified by the kinetic absorption trace that follows) the 

concentration of the transient at time t is determined by the following: 

 

c304, t = c360, t - x 

 

where x is the change in concentration of the ground state of BMDBM.  The molar 

absorption coefficient of the transient at λ = 304 nm is ε = 7.41 × 103 dm3 cm-1 mol-1.  This 

is considerable less than that for the ground state of BMDBM at (λ = 360 nm, ε = 3.78 × 

104 dm3 cm-1 mol-1).   

 

The kinetic absorption traces of BMDBM in methanol following 355 nm laser excitation 

are shown in FIGURE 4.10.  The transient decay trace, the upper trace in FIGURE 4.10(a), 

was obtained by monitoring the irradiated solution at 300 nm whereas the trace showing 

ground state bleaching, lower trace, was obtained from monitoring at 360 nm.   
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FIGURE 4.10:  Kinetic absorption trace of BMDBM in methanol following 355 nm laser 

excitation.  (a) The upper (positive) trace corresponds to the build-up and decay of the 

transient species monitored at 300 nm.  The lower (negative) trace is due to ground state 

depletion of the chelated enol monitored at 360 nm.  (b) Plot of residuals obtained from 

fitting kinetic trace at 300 nm.  (c) Plot of residuals obtained from fitting the kinetic trace 

at 360 nm.  [ BMDBM ] = 1.0 × 10 
-5 mol dm 

-3 in methanol. 

 

 

Recovery to the pre-irradiation state occurs after ~ 12 ms for both the decay and recovery 

processes.  No change in the signal was observed at 270 nm following excitation despite 

acquiring a number of averages at this wavelength.  Although the signal-to-noise ratio is 

relatively less at 270 nm, it was expected that any appreciable change in absorbance would 
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be detected.  This indicates that the keto form is not produced in methanol solutions of 

BMDBM following 355 nm excitation.   

 

Kinetic analysis of the traces obtained at 300 nm and 360 nm yields the rate of decay for 

the transient species k as (402 ± 17 s-1) and (403 ± 2 s-1) respectively, obtained by fitting to 

the single exponential function shown in Eqn. (4.7).  This corresponds to lifetimes τ at 300 

nm and 360 nm of 2.5 ms.  The errors quoted for transient decay at 360 nm are attributed 

to the greater signal-to-noise ratio resulting in a lower fitting error as compared to 300 nm.  

Visual inspection of the residual plots for the trace at 300 nm (FIGURE 4.10(b)) and 360 

nm (FIGURE 4.10(c)) show the quality of the fit.  The experimentally determined values 

are in good agreement with the rate k of 360 s-1 and corresponding lifetime τ of 3 ms 

reported by Cantrell et al [229] for BMDBM in methanol (TABLE 4.1). 

 

Reliable kinetic data should generally be reproducible to within 5% [346].  The kinetic 

absorption traces at 300 nm and 360 nm were measured a number of times to verify data 

reproducibility using the current experimental setup.  Measurements were acquired at 360 

nm and 300 nm with the sample either static or flowing through the quartz cell to 

determine the effect if any of pumping the solution on the measured rate constant.  In 

addition, measurements made on independently prepared solutions and measurements 

made some months apart were compared.  In FIGURE 4.11 the rates and associated errors 

determined from the fitting algorithm in Eqn. (4.7) for measurements acquired under these 

conditions are shown.  The large errors for measurements acquired at 300 nm are due to 

decreased lamp strength at 300 nm, consequently the signal-to-noise ratio is lower than at 

360 nm resulting in a greater fitting error.  FIGURE 4.11 shows that the measurements are 

reproducible to within 5 %.  The reproducibility of these measurements confirms the laser 

flash photolysis setup functions correctly and the methodology used to make the 

measurements is sound. 

 

Temperature control is also important for reproducible and reliable kinetic data.  The 

temperature of the solutions was not controlled although the equipment was in a 

temperature-controlled laboratory.  The temperature of solutions in the reservoir was 

measured frequently over the course of the experiments.  The temperature range was 

measured as 19 - 21°C.   
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FIGURE 4.11:  Plot of recovery rates for BMDBM at 360 nm and decay rates of transient 

at 300 nm following 355 nm excitation.  Measurements were made with solution static (○) 

or flowing (●) through quartz cell.  Solution 1 and solution 2 correspond to independently 

prepared solutions whereas measurements for solution 3 were acquired some months after 

all other measurements were taken.  [ BMDBM ] = 1.0 × 10 
-5 mol dm 

-3 in methanol. 

 

 

4.5.2 Laser Flash Photolysis of BMDBM in Acetonitrile 

 

The transient difference absorption spectrum of BMDBM in acetonitrile is shown in 

FIGURE 4.12, obtained following 355 nm laser photolysis.  The transient spectrum in 

acetonitrile is very similar to that shown previously for solutions of BMDBM in methanol 

(FIGURE 4.9).  The spectrum shows ground state bleaching at 359 nm with a transient 

absorption peak around 300 nm (ε300 = 7.76 × 103 dm3 cm-1 mol-1).  Recovery to the pre-

irradiation state of both the transient and the ground state is very slow, both occurring after 

~70 ms.  The transient absorption spectrum is in good agreement with that reported 

previously in the literature [206,229].   
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FIGURE 4.12:  Transient difference absorption spectrum obtained following 355 nm laser 

excitation of BMDBM in acetonitrile.  The spectrum was obtained 0.01 ms after the laser 

pulse.  [ BMDBM ] = 1.0 × 10 
-5 mol dm 

-3.   

 

 

It should be noted that the two reports in the literature of the transient absorption spectrum 

of BMDBM in acetonitrile are in fact the same spectrum [206,229].  This may be attributed 

to the fact that both reports originate from laboratories within the same university.  

However, the transient decay rate k of the transient species in acetonitrile is cited as 6.3 s-1 

by Cantrel et al. which differs from k of 41.0 s-1 as reported by Andrae et al.  Both reports 

give only vague details of the experimental conditions employed for obtaining these 

measurements.  In order to establish the applicability of the constructed apparatus to 

measurements over longer time scales and to gain further insight into the possible causes 

for the discrepancies in the reported kinetic data the photochemistry of BMDBM in 

acetonitrile was investigated in some detail.   

 

The transient decay rates k reported in acetonitrile are considerably slower than in other 

solvents as shown in TABLE 4.1.  Similar trends have also been reported for recovery 

back to the ground state for the parent β-diketone, 1,3-diphenyl-1,3-propanedione (DBM), 

in acetonitrile following 355 nm laser excitation [232,296,361].  In the continuous flow-

cell, the solution to be analysed is pumped through the cuvette at 10 cm3 s-1.  At this 
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pumping rate, the irradiated sample would have flowed past the monitoring beam before 

the transient had decayed back to ground state.  The measurement of kinetic absorption 

traces under these conditions would produce false kinetic data.  This is evident in FIGURE 

4.13 which compares the kinetic traces of ground state depletion of BMDBM as measured 

at 360 nm where the solution is either static (blue coloured trace) or pumped (black 

coloured trace).  Furthermore, the monitoring light source showed periodic and random 

fluctuations when measuring the long transient lifetime in acetonitrile.  Consequently, 

kinetic measurements of BMDBM in acetonitrile were acquired whilst simultaneously 

monitoring the lamp intensity as described earlier (Chapter 4.4.3). 

 

 

 

FIGURE 4.13:  Kinetic absorption trace of BMDBM in acetonitrile following 355 nm 

laser excitation where the solution analysed was either pumped through the cuvette (black 

coloured trace) or was static (blue coloured trace).   

 

 

In order to accommodate the longer time scales observed for BMDBM in acetonitrile, all 

measurements were performed on static solutions.  However, photoinduced 

tautomerisation to the keto form and subsequent photodegradation is known to occur 

during irradiation of acetonitrile solutions of BMDBM [206].  Photodegradation of 

BMDBM in acetonitrile was minimised by regularly replacing the irradiated sample.   
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The kinetic absorption traces of BMDBM in acetonitrile measured at 300 nm and 360 nm 

following 355 nm laser excitation are shown in FIGURE 4.14(a).   

 

 

FIGURE 4.14:  Kinetic absorption trace of BMDBM in acetonitrile following 355 nm 

laser excitation.  (a) Upper trace is of transient species as monitored at 300 nm.  Lower 

trace is of ground state depletion at 360 nm.  (b) Plot of residuals obtained from fitting 

trace at 300 nm to single exponential function.  (c) Plot of residuals obtained from fitting 

trace at 360 nm to single exponential function.  (d) Plot of residuals obtained from fitting 

trace at 360 nm to biexponential function.  [ BMDBM ] = 1.0 × 10 
-5 mol dm 

-3.   
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Kinetic analysis of the transient absorption trace at 300 nm and ground state depletion at 

360 nm gives the rate constants, k, as (102.6 ± 3.5 s-1) and (106.2 ± 1.3 s-1), respectively.  

The rates were obtained by fitting to a single exponential decay function (Eqn. (4.7)).  

Visual inspection of the fit and residuals obtained for the fit at 300 nm (FIGURE 4.14(b)) 

supports the goodness of fit for a first-order process.  In contrast to this the recovery of 

BMDBM back to the ground state, as monitored at 360 nm, is not as well described by a 

first-order process.  The poor fit to such a model is apparent in the plot of residuals shown 

in FIGURE 4.14(c).  For complex systems there is the possibility of more than one type of 

exponential process occurring.  Accordingly, a second binding model that better describes 

the kinetics can be introduced [352].  A biexponential model as expressed in Eqn. (4.9) 

introduces a second component where ∆Aλ(t) is the overall change in absorbance, A1 is the 

absorbance attributed to the first component having a rate constant k1 and A2 is the 

absorbance due to the second component having a rate constant k2. 

 

Fitting the trace measured at 360 nm to the biexponential model in Eqn. (4.9) produces a fit 

having better agreement with the measured data (FIGURE 4.14(d)).  The rates obtained 

from this model for recovery of the ground state at 360 nm are k1 as (31.8 ± 0.8 s-1) and k2 

as (183.1 ± 5.3 s-1).   

 

It is apparent that the magnitude of the observed rate constant(s) for transient decay and 

ground state recovery of BMDBM in acetonitrile are in contrast to both those reported in 

the literature [206,229].  Furthermore, the kinetics for recovery of the ground state 

determined in the current study appears to involve another component whereas a first-order 

process was observed in previous studies.  To verify the presence of a second component 

in the kinetics of BMDBM and to distinguish between a biexponential and bimolecular 

process (second-order process) further measurements were made.  Bimolecular processes 

show a dependency on laser intensity through variation of the transient concentration 

present in solution [352].  If the recovery process follows a mixed first- and second-order 

decay law, the second-order component would increase with increasing laser power.  

Similarly, decreasing the laser intensity would reduce or eliminate the contribution of the 

second-order component.  Depletion of the ground state of BMDBM was monitored at 360 

nm whilst varying the laser intensity as shown in FIGURE 4.15.  The rate constants, k1 and 

k2, obtained by fitting the kinetic absorption traces in FIGURE 4.15 to the biexponential 

model in Eqn. (4.9) are shown in TABLE 4.2.   

 ( ) ( ) tktk 21 tAtAtA −− =+== e 0e 0)(∆ 21λ  (4.9) 
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FIGURE 4.15:  Kinetic absorption traces of BMDBM in acetonitrile monitored at 360 nm 

following excitation at 355 nm with increasing laser intensity.  (a)  The upper trace 

corresponds to ground state depletion of the chelated enol with laser intensity of 0.055 W 

(upper trace), 0.115 W (middle trace) and 0.350 W (lower trace).  Plot of residuals 

obtained from fitting (b) upper trace (0.055 W) (c) middle trace (0.115 W) and (d) lower 

trace (0.350 W) to a biexponential function.  [ BMDBM ] = 1.0 × 10 
-5 mol dm 

-3.  The 

arrow shows the change in the trace with increasing laser intensity. 
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TABLE 4.2: The rate constants, k1 and k2, and corresponding lifetimes, τ1 and τ2, obtained 

by fitting the decay traces measured for solutions of BMDBM in acetonitrile following 

excitation at 355 nm with varying laser intensity. 

Laser Intensity k1 (s
-1) τ1 (ms)  k2 τ2 (ms) 

5.5 mJ cm-2 27.1 ± 1.1 36.9  179.2 ± 6.5 5.6 

11.5 mJ cm-2 31.8 ± 0.8 31.4  183.1 ± 5.3 5.5 

35.0 mJ cm-2 33.6 ± 0.8 29.8  176.1 ± 4.1 5.7 
          [BMDBM] = 1.0 × 10-5 mol dm-3 in acetonitrile 

 

 

The rate constants in TABLE 4.2 appear to show some dependency on the intensity of the 

excitation laser.  However, the values of k1 and k2 all lie within three standard deviations of 

the reported errors making it difficult to make a distinction between a bimolecular and 

biexponential process with any level of certainity.  It is clear however, that there are two 

processes involved, which is inconsistent with the two literature reports of BMDBM in 

acetonitrile.  These reports only provide limited experimental details that are somewhat 

vague in nature and, as mentioned, despite both reports presenting the same transient 

absorption spectrum, the rate constants reported are quite different from each other and 

different again to those presented in this work.  In order to ascertain possible reasons for 

these differences further experiments were performed.   

 

It had become appararent during the course of these investigations that the kinetics of 

BMDBM in acetonitrile is sensitive to the number of laser shots.  Using the static cell, the 

experimental determined rate k at 360 nm obtained by fitting to a single exponential 

function was observed to decrease with each file set.  Although the results presented in this 

study indicate two processes are involved in the kinetics of BMDBM in acetonitrile, a 

single exponential model was used to maintain consistency with that reported in literature.  

In FIGURE 4.16 a plot of the experimentally determined rate constants as a function of the 

number of laser shots is shown.  This plot shows that the rate constant k decreases 

exponentially with the number of laser shots.  It is possible that the rate constant k of 41.0 

s-1 reported by Andrae et al. was determined from traces obtained following ~125 laser 

shots whereas the rate constant k of 6.3 s-1 reported by Cantrell was obtained following 

~1000 laser shots. 
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FIGURE 4.16:  Plot of the recovery rate of the chelated enol of BMDBM in acetonitrile as 

a function of the number of laser shots.  The rate constants were obtained by fitting traces 

monitored at 360 nm following excitation at 355 nm to a single exponential function.  

[  BMDBM ] = 1.0 × 10 
-5 mol dm 

-.   

 

 

Although the primary purpose of the kinetic studies in acetonitrile has been to assess 

potential limitations of the experimental setup when measuring over longer time-periods, it 

has raised some interesting points in regards to the photochemistry of BMDBM in this 

solvent.  It is apparent from the results presented here that the kinetic processes are 

sensitive to the experimental conditions including laser intensity and the number of laser 

shots.  This makes it difficult to measure rate constants with any degree of certainity and 

accuracy.   

 

Despite the inconsistencies in the rate constant reported for decay of the transient species 

with those reported in the literature, it is clear from the kinetic absorption traces that 

recovery to chelated BMDBM is slow.  A slow recovery rate has also been observed for 

the parent β-diketone, DBM, in acetonitrile [296].  The small rate constant observed in 

acetonitrile is most likely due to destabilisation of the ground state relative to the transient 

species [296].  This may be attributed to the large dielectric constant of acetonitrile (36.6 at 

20°C) [362].  The longer lifetimes observed in acetonitrile (CH3CN) may be due to 

formation of a stable exciplex between the transient enol (E) and acetonitrile molecule as 

shown by the following: 
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CH3CN + E
hv

E* + CH3CN [E-CH3CN]*  

 

In methanol such a complex is quenched by proton-transfer processes, leading to large rate 

constants whereas a similar mechanism of quenching is not possible in aprotic solvents 

such as acetonitrile [291].   

 

The applicability of the current photolysis setup has been demonstrated with several 

molecular systems on a number of time scales ranging from subnanosecond up to several 

milliseconds.  The relatively fast flow-rate employed reduces the accessible time over 

which reliable kinetic measurements can be made with the current experimental setup.  The 

accurate measurement of kinetic data with similar timescales would require modification 

of the current photolysis setup.  Varying the flow rate of the sample solution through the 

quartz cell may possibly extend the detection limits but only in the absence of 

photodegradation.  In addition, reducing the repetition rate of the laser by firing the Q-

switch every nth flashlamp firing may improve the accuracy of the measurements. 

 

 

4.6 Photochemistry of BMDBM 

 

4.6.1 Laser Flash Photolysis of BMDBM in Methanol-Water 

 

The transient difference absorption spectrum of BMDBM in methanol-water (80:20 v/v) at 

various time intervals following 355 nm laser excitation is shown in FIGURE 4.17.  The 

solution to be analysed was pumped through the cuvette whilst irradiating with the laser.  

The transient absorption spectrum was acquired by scanning through the wavelengths 

whilst exciting the sample with the laser.  In order to reduce the signal-to-noise ratio the 

spectrum shown is the average of a number of such scans.   

 

The spectrum in FIGURE 4.17 is similar to that observed previously for BMDBM in 

methanol (FIGURE 4.9) and acetonitrile (FIGURE 4.12).  Ground state bleaching occurs at 

360 nm and a transient absorption band appears at 310 nm (ε = 5.56 × 103 dm3 cm-1 mol-1).  

This can be compared with a transient absorption band at ~305 nm in both methanol and 

acetonitrile, respectively, with ground state bleaching at 360 nm in both solvents.  The shift 

in the absorption maximum of the transient species to longer wavelengths from acetonitrile 
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and methanol to methanol-water mixture is consistent with a trend towards increasing 

solvent polarity.  This bathochromic shift confirms the presence of π -π*-type transition in 

the transient non-chelated enol form of BMDBM [293].   

 

 

 

FIGURE 4.17:  Transient difference absorption spectrum of BMDBM obtained following 

355 nm laser excitation in methanol-water (80:20 v/v).  The spectra were obtained 0.01 

ms, 0.10 ms, 0.18 ms and 1.0 ms after the laser pulse.  Data acquired at 0.01 ms is omitted 

for wavelengths greater than 290 nm.  [ BMDBM ] = 1.0 × 10 
-5 mol dm 

-3.   

 

 

As can be seen in FIGURE 4.17 the shorter wavelength regions of the spectrum display a 

lower signal-to-noise ratio that can be attributed to the low intensity of the monitoring 

lamp in this region.  This ratio was particularly low for data acquired 0.01 ms after the 

laser flash and has been omitted from the graph for wavelengths greater than 290 nm.  

Averaging the data from a larger number of traces would have led to an improvement in 

the signal-to-noise ratio in this spectral region.  The data has been omitted to show the 

possible change in absorption ~270 nm for spectra obtained at 0.1 ms and 0.18 ms after the 

laser flash.  This is the region of the spectra where the keto form of BMDBM is expected 

to show absorbance if present.   
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The kinetic absorption traces of BMDBM obtained in methanol-water (80:20 v/v) 

following 355 nm excitation are shown in FIGURE 4.18.   

 

 

 

FIGURE 4.18:  Kinetic absorption trace of BMDBM in methanol-water (80:20 v/v) at 300 

and 360 nm.  (a) The upper trace corresponds to the build-up and decay of the transient 

species monitored at 300 nm.  The lower trace is of ground state bleaching of the chelated 

enol monitored at 360 nm.  (b) Plot of residuals obtained from fitting trace at 300 nm.  (c) 

Plot of residuals obtained from fitting trace at 360 nm.  [ BMDBM ] = 1.0 × 10 
-5 mol dm 

-3.   

 

 

Kinetic analysis of the trace obtained at 300 nm gives the rate of decay for the transient 

species, k of ((9.7 ± 0.2) × 103 s-1), and the recovery rate back to ground state at 360 nm 
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with k of ((9.50 ± 0.02) × 103 s-1).  Both rates were obtained by fitting to a single 

exponential function (Eqn. (4.7)).  There was no difference in rate constants measured 

when employing either the static or flow-through quartz cell.  In addition, increasing the 

concentration of BMDBM in solution to 2 × 10-5 mol dm-3 or varying the laser intensity to 

either 6.2 mJ cm-2 or 23.5 mJ cm-2 did not influence the rate constant measured at 300 nm 

or 360 nm.  Kinetic traces acquired at wavelengths where the keto form of BMDBM is 

expected to show absorbance, 265-280 nm, did not show any change in the signal.  The 

rate constants for decay of the transient and recovery of the ground state are within error of 

each other, indicating no other intermediate is involved in the process. 

 

A comparison of the experimentally determined rate constants for the transient decay at 

300 nm and recovery to ground state of BMDBM at 360 nm in the various solvents 

investigated are shown in TABLE 4.3.   

 

 

TABLE 4.3:  Rate constants (k) and lifetimes (τ) of transient species of BMDBM measured 

in different solvents. 

Solvent k (s-1) (360 nm) k (s-1) (300 nm) τ (ms) 

Acetonitrile k1(31.8 ± 0.8) k2 (183.1 ± 5.3) 102.6 ± 3.5 9.7 

Methanol 403 ± 2 402 ± 17 2.5 

Methanol-watera  (9.50 ± 0.02) × 103 (9.7 ± 0.2) × 103 0.1 
    a methanol-water (80:20 v/v) 

 

The kinetic studies of NCE in methanol and acetonitrile presented here and by other 

workers [206,229,340] show the lifetime of the NCE to be sensitive to the nature of the 

solvent.  The particular effect of a solvent on the rate constant depends in the nature of the 

interactions between the ground state and transient species.  The transient decay rate is 

accelerated significantly in protic solvents compared to acetonitrile.  The increase indicates 

the interaction of the transient with solvent molecule(s) assists recovery to ground state 

BMDBM.  The process is dependent on the hydrogen-bonding ability of the solvent [296] 

which is supported by the increase in rate constant in methanol-water compared to 

methanol.  Rapid hydrogen exchange would be facilitated by intermolecular hydrogen 

bonding between the non-chelated enol form of BMDBM with solvent molecule as shown 

in FIGURE 4.19.  The recovery back to ground state under such conditions would follow 

pseudo-first-order kinetics.  Consequently, the rate constant for recovery of BMDBM in 

methanol and methanol-water can be expressed as k1
Obs = k1 + k2[ROH] [296]. 
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FIGURE 4.19:  Possible hydrogen bonding between the transient non-chelated enol form 

of BMDBM with solvent molecule, either water or methanol. 

 

 

4.7 Photochemistry of BMDBM with Zn2+ and Al3+ 

 

Formation of the β-diketonate complexes with Zn2+ and Al3+ occurs according to the 

equilibrium process that is shown in FIGURE 4.20.  Complexation of BMDBM may 

influence the position of the keto-enol equilibrium in BMDBM and therefore, influence the 

photostability of BMDBM.  In order to increase our understanding of the photochemistry 

of metal chelates of BMDBM, the effect of the metal ions Zn2+ and Al3+ on the kinetic time 

profiles at 300 nm and 360 nm were measured and analysed.  In order to gain additional 

clarification regarding the effect of metal ions on the photochemistry of BMDBM, the 

influence of Al3+ was analysed in more detail.  Spectroscopic studies (Chapter 3.5) have 

shown chelation of Al3+ by BMDBM induces greater spectral change than for Zn2+ 

speciation.  These spectroscopic studies show that BMDBM chelate complexes with Al3+ 

show a greater potential as a UVA chemical filter.  Consequently, it is important to have 

knowledge of the photochemistry of BMDBM complexes with Al3+.     
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FIGURE 4.20:  Formation of metal-β-diketonate complexes of BMDBM where Mn+ is 

either Zn2+ or Al3+.  It is possible that a third β-diketonate ligand can chelate with Al3+ in 

order to form the neutral complex. 

 

 

4.7.1 Laser Flash Photolysis of BMDBM with Zn2+ 

 

The kinetic time profiles at 360 nm of BMDBM in the absence and presence of Zn2+ 

following 355 nm laser excitation are shown in FIGURE 4.21(a).  An excess of Zn2+ was 

employed in order to minimise the concentration of free BMDBM in solution.  Recovery 

back to the ground state occurs after ~12 ms in the absence and presence of Zn2+.  A 

comparison of the time profile of BMDBM in the absence and presence of Zn2+ shows the 

loss of absorption at 360 nm, attributed to the chelated enol of BMDBM, is reduced by a 

factor of five when Zn2+ is present.  No other changes in absorbance at wavelengths 

ranging from 260 nm to 500 nm were detected for methanol solutions of BMDBM with an 

excess of Zn2+.  Therefore, the absence of a transient signal detected in this range is likely 

to be due to a weak transient signal and the low signal-to-noise ratio in this spectral region. 
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FIGURE 4.21:  Kinetic absorption trace of BMDBM in the absence and presence of an 

excess of Zn2+ in methanol following 355 nm laser excitation.  (a) The upper trace is the 

360 nm kinetic time profile of BMDBM with Zn2+ whilst the lower time profile is of 

BMDBM in the absence of Zn2+.  (b) Plot of the residuals obtained from fitting trace 

containing Zn2+ at 360 nm.  [BMDBM] = 1.0 × 10-5 mol dm-3, [ZnCl2] = 1.0 × 10-3 mol 

dm-3.   

 

 

Kinetic analysis of the trace at 360 nm gives the rate constant for recovery of ground state 

BMDBM , k of (481 ± 12 s-1) by fitting to a single exponential.  The residuals obtained 

from fitting to a first-order model (FIGURE 4.21(b)) demonstrates the quality of the fit.  A 

comparison of the kinetic time profiles and derived rate constants for recovery of BMDBM 

to the ground state show Zn2+ influences the process in two ways.  The extent of ground 

state bleaching at 360 nm is reduced considerably when Zn2+ is present in solution 

suggesting the interaction between BMDBM and Zn2+ has a stabilising effect on the 

ground state.  This is also supported by the absence of a change in absorbance at 300 nm 

following irradiation of methanol solutions of BMDBM and Zn2+.  In addition to this, a 



Chapter 4 
 

 128 

comparison of the rate constants for recovery back to ground state in the absence of Zn2+ (k 

of 402 ± 17) with that measured in the presence of Zn2+ indicates the metal ion facilitates 

this process to some extent.  

 

4.7.2 Laser Flash Photolysis of BMDBM with Al3+ 

 

Under the conditions employed for flash photolysis studies of BMDBM with Al3+ where 

Al 3+ was in excess, the principal chelate complex is expected to be a mono-species.  As 

discussed in Chapter 3.5 the formation of the monomeric BMDBM species, [Al(H2O)4L] 2+ 

can occur by either of the two separate pathways shown in FIGURE 4.22.  Complex 

formation by path (1) is an acid-dependent process with considerable time required for 

equilibrium to be attained.  All solutions containing BMDBM and Al3+ were prepared in 

such a manner that equilibrium process (2) was the dominant pathway for formation of the 

metal complex. 

 

 

 

FIGURE 4.22:  The two possible equilibrium processes involved in the formation of the 

mono-bidentate BMDBM (LH) species.  (1) The acid-dependent equilibrium process, 

which is slow, and, (2) the acid-independent process. 

 

 

The spectral characteristics of BMDBM in the absence and presence of Al3+ in methanol-

water (80 : 20 v/v) have been discussed in detail previously (Chapter 3.5 ).  The UV-visible 

absorption spectra of the laser flash photolysis solutions of BMDBM and Al3+ having a 

mole ratio of 1 : 1, 1 : 2 and 1 : 5 are shown in FIGURE 4.23.  A bathochromic shift can be 

observed for the strong absorption band of the enol tautomer of BMDBM (λmax ~360nm) as 

the concentration of Al3+ increases.  It is important to take into account the extent of 

chelation of Al3+ by BMDBM when considering the photochemistry of the chelate 

[Al(H 2O)6]
3+    +    LH [Al(H 2O)4(L

−)]2+  +  H2O  +  H+
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complexes.  The photochemistry of chelated complexes of Al3+ can be assessed in 

solutions where no free BMDBM exists.  Previous spectroscopic studies show that at 

approximately a 1 : 4 mole ratio of BMDBM:Al3+ no further spectral change is observed.  

This suggests all BMDBM present in solution has been complexed with Al3+ and no free 

BMDBM exists.  Analysis of solutions containing some complexed and some free 

BMDBM can show if the photochemical processes of free BMDBM changes in the 

presence of complexed BMDBM.  Therefore, in the solutions studied by laser flash 

photolysis, free BMDBM is expected only in the 1 : 1 and 1 : 2 mole of BMDBM to Al3+.  

At a 1 : 5 mole ratio of BMDBM to metal ion, all BMDBM would exist in a chelate 

complex with Al3+.    

 

 

 

FIGURE 4.23:  The UV-visible absorption spectra of BMDBM in the absence and 

presence of increasing concentrations of Al3+ in methanol-water (80:20 v/v).  [ BMDBM ] 

= 1.0 × 10-5 mol dm-3, [  AlCl2·6H2O ] = 1.0 × 10-5 mol dm-3, 2.0 × 10-5 mol dm-3 and 5.0 × 

10-5 mol dm-3. 

 

 

The kinetic absorption traces of a 1 : 1 mole ratio of BMDBM and Al3+ in methanol-water 

(80:20 v/v) following 355 nm laser excitation are shown in FIGURE 4.24(a).   
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FIGURE 4.24:  Kinetic absorption trace of BMDBM and Al3+ in methanol-water (80:20 

v/v) at 300 and 360 nm.  (a) The upper trace corresponds to the build-up and decay of the 

transient species monitored at 300 nm.  The lower trace is of ground state bleaching of the 

ground state monitored at 360 nm.  (b) Plot of residuals obtained from fitting trace at 300 

nm to a single exponential function.  (c)  Plot of residuals obtained from fitting trace at 

360 nm to a single exponential function.  [ BMDBM ] = 1.0 × 10-5 mol dm-3, [  AlCl3·6H2O ] 

= 1.0 × 10-5 mol dm-3.   

 

 

The transient absorption at 300 nm and ground state bleaching at 360 nm observed at the 

Al 3+ concentration employed are similar to those observed following irradiation of 

solutions of BMDBM in the absence of metal ion.  Recovery to the pre-irradiation state 

occurs after ~0.5 ms for both.  This is the same recovery time observed for BMDBM in the 
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absence of Al3+ under the same experimental conditions.  Kinetic analysis of both traces of 

BMDBM and Al3+ in a 1 : 1 mole ratio yields the rate of decay for the transient species, k, 

as ((9.3 ± 0.8) × 103 s-1) and recovery back to the ground state, k of ((9.62 ± 0.07) × 103 s-1) 

corresponding to lifetimes τ of 0.1 ms.  Fitting the time profiles of FIGURE 4.24(a) to a 

single exponential function gives the best fit that is confirmed by visual inspection of the 

residuals shown in FIGURE 4.24(b and c).  Changing the laser intensity at the sample from 

11.5 mJ cm-2 to either 6 mJ cm-2 or 25 mJ cm-2 did not influence the measured rate 

constants for either decay of the transient or recovery back to the ground state. 

 

The kinetic time profile at 360 nm of a 1 : 2 mole ratio of BMDBM and Al3+ in methanol-

water (80 : 20 v/v) following 355 nm laser excitation is shown in FIGURE 4.25.  (The time 

profiles of BMDBM in the absence and presence of a 1 : 1 mole ratio of Al(II) have also 

been included in FIGURE 4.25).  A change in absorbance was observed at 300 nm for a 

1 : 2 mole ratio however the magnitude of the signal is only slightly above that of the 

signal-to-noise ratio and, therefore, is not included in FIGURE 4.25.   

 

FIGURE 4.25 clearly shows that complexation of Al3+ by BMDBM decreases the extent of 

transient depletion of the ground state.  The time profiles show the change in absorbance 

∆A at 360 nm decreases exponentially as the mole ratio of Al3+ increases.  At a 1 : 2 mole 

ratio of BMDBM to Al3+, a recover rate at 360 nm of k ((1.09 ± 0.05) × 104 s-1), 

corresponding to a lifetime τ of 0.1 ms, was determined by fitting the data to a single 

exponential function.   

 

Solutions of BMDBM and Al3+ in methanol-water (80:20 v/v) having a mole ratio of 1 : 5 

were scanned across the spectral region spanning 260 - 500 nm whilst irradiating at 355 

nm.  A weak signal that was attributed to ground state depletion of BMDBM at 360 nm 

was observed, however the magnitude of the change in absorbance ∆A was only slightly 

above the baseline noise.  There was no evidence for either the transient absorption at 300 

nm or any new transient species in this range.  No change in absorbance at 370 nm was 

detected, corresponding to the absorption maximum of the metal chelate.  These 

observations were confirmed by the kinetic traces measured at 300 nm and 360 nm.  It is 

expected that at this mole ratio of BMDBM to Al3+ that BMDBM would exist 

predominately as a monomeric chelate complex, [Al(BMDBM)OHx]
2-x with little to no 

free BMDBM present.  The absence of any significant change in absorbance in the region 

investigated demonstrates that chelation of Al3+ by BMDBM prevents the formation of the 
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transient species, the Z- or E-isomers.  This is supported by the kinetic time profiles of 

solutions containing both complexed and free metal ion were analysed. 

 

 

 

FIGURE 4.25:  Kinetic absorption trace of BMDBM in the absence and presence of Al3+ 

in methanol-water (80:20 v/v) following 355 nm laser excitation.  (a) The lower to upper 

trace is of BMDBM only, BMDBM and Al3+ (1:1) and (1:2) monitored at 360 nm.  (b) Plot 

of residuals obtained from fitting kinetic trace of BMDBM with 2 mole equivalents of Al3+ 

at 360 nm.  [ BMDBM ] = 1.0 × 10-5 mol dm-3, [  AlCl3·6H2O ] = 1.0 × 10-5 mol dm-3 (upper 

trace), 2.0 × 10-5 mol dm-3 (middle trace). 

 

 

As shown in TABLE 4.4, the rate constants for decay of the transient species at 300 nm or 

recovery of the ground state at 360 nm are not influenced to any real extent in the presence 

of one or more equivalents of Al3+.  This is consistent with the changes in absorption 

observed for BMDBM with an excess of Zn2+ in methanol (FIGURE 4.21) and the 

measured rate constant.   
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TABLE 4.4:  Comparison of the rate constants (k) and lifetimes (τ) of transient species of 

BMDBM measured in different solvents in the absence and presence of Zn2+ or Al3+. 

Solvent  k (s-1) τ (ms) 

Methanol BMDBM  403 ± 2 2.5 

 BMDBM with Zn2+ 481 ± 12 2.1 

Methanol-water BMDBM (9.50 ± 0.02) × 103 0.11 

 BMDBM with Al 3+ (1:1) (9.99 ± 0.12) × 103  0.10a 

 BMDBM with Al 3+ (1:2) (1.09 ± 0.05) × 104  0.09b 

    a Rate constant and lifetime for a 1 : 1 mole ratio of BMDBM to Al3+.  b For a 1 : 2 mole ratio of BMDBM to 

Al 3+  

 

 

The time profiles and kinetic data show a number of interesting points.  Firstly, the 

presence of either Zn2+ or Al3+ with BMDBM prevents formation the transient E- and Z-

isomers of BMDBM.  Secondly, no new transient is observed in the spectral region 

investigated.  It is unlikely that a new transient absorption signal outside of this range as it 

would be associated with either reversible or irreversible depletion of the ground state.  

Finally, the rate of recovery back to ground state of BMDBM is facilitated by the presence 

of either Zn2+ or Al3+.  At a 1 : 1 and 1 : 2 mole ratio of BMDBM to Al3+ both free and 

complexed BMDBM exists whereas complexed BMDBM is the predominate species is 

when Al3+ is in vast excess.  Consequently, the transient observed can be ascribed to free 

but not complexed BMDBM.  This is supported by the absence of the transient when 

complexed BMDBM is the predominate species in solution.   

 

The manner by which BMDBM chelation of the metal ion prevents formation of the 

transient can be explained by the differences in bond strengths of free and complexed 

BMDBM (FIGURE 4.26).  The hydroxyl proton of the chelated enol form of BMDBM is 

weakly acidic (pKa 11.34, Chapter 2.5).  Loss of this proton generates the β-diketonate 

anion (sometimes referred to as the enolate anion).  The β-diketonate acts as a bidentate 

ligand both oxygen atoms coordinate, or chelate, a metal ion Mm+ to give the [metal(β-

diketonate)](m-1)+ complex.  Consequently, the relatively weaker intramolecular hydrogen 

bond, O-H---O, is replaced by two metal-oxygen bonds, O-Mn+-O to form [metal(β-

diketonate)](m-1)+.  Generation of the non-chelated transient species of BMDBM initially 

involves cleavage of the intramolecular hydrogen bond.  The flash photolysis data of 

BMDBM with Zn2+ and Al3+ show that wavelengths 355 nm does not possess sufficient 

energy to break the O-Mn+-O bond.  The dominant mode of deactivation of Zn-β-
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diketonate complexes appears to be through radiationless processes whilst Al-β-diketonate 

complexes return to the ground state through radiationless and fluorescence emission.  It 

then follows that formation of [metal(β-diketonate)](m-1)+ complexes results in the excited 

state of BMDBM being less populated.  If true, it is expected that less keto is formed and, 

consequently, the photostability of BMDBM, when complexed to a metal ion, should be 

increased. 

 

 

 

FIGURE 4.26:  Scheme illustrating formation of chelate complex. 

 

 

 

 

-H+ +H+

+Mm+

-Mm+

(m-1)+
O O O O

M

O O
H

O

O

t-Bu

O

O

t-Bu

H

OMe OMe

NCE2 NCE1

H

MeO t-Bu

MeO t-Bu MeO t-Bu

λ=355nm



Chapter 4 
 

 135

4.7.3 Steady-State Irradiations of BMDBM with Zn2+ and Al3+ 

 

To gain a better understanding of the photostability of BMDBM complexes of either Zn2+ 

or Al3+, steady-state irradiations of BMDBM solutions in the absence and presence of 

either Zn2+ or Al3+ were performed.  The range of wavelengths used for irradiating 

solutions of BMDBM is known to influence the extent of BMDBM photodegradation 

[205].  Decomposition is considerably higher following irradiation with λ > 260 nm than 

for λ > 320 nm.  As described previously (Chapter 4.2), this can be attributed to 

photodegradation occurring through the n-π* excited triplet state of the keto tautomer 

[205,229].  In order to establish whether or not the same wavelength dependency of 

photodegradation exists for BMDBM in the presence of Zn2+, both quartz and glass 

cuvettes were used for steady state irradiations.  The glass cuvette effectively acts as a 

filter, transmitting wavelengths above ~ 300 nm whereas wavelengths greater than ~ 190 

nm are transmitted by quartz cuvettes.  The use of glass eliminates a considerable portion 

of the spectral region where the keto form absorbs. 

 

The photodegradation of BMDBM in the absence and presence of Zn2+ in methanol-water 

(80:20 v/v) solutions buffered at pH 6.75 was investigated.  Solutions were buffered to 

prevent formation of the insoluble Zn2+ hydroxide species.  The irradiation source was a 

UV lamp.  UV-visible spectroscopy was employed to monitor spectral changes of 

irradiated solutions in either glass (FIGURE 4.27a) or quartz (FIGURE 4.27b).  The 

changes in intensity of the absorption maximum, λmax, following irradiation of BMDBM in 

the absence and presence of Zn2+ are compared in FIGURE 4.28.  Irradiation of BMDBM 

solutions causes in a decrease in intensity of the π-π* transition attributed to the chelated 

enol form.  The extent of this decrease is less for solutions irradiated above ~300 nm (glass 

cuvette) compared to solutions irradiated above ~ 190 nm (quartz cuvette).  This 

correlation between filter transmittance and loss of absorption at λmax is consistent with the 

findings of Schwack et al [205].  When solutions of BMDBM are irradiated with an excess 

of Zn2+, the decrease in absorption intensity at λmax is less than for BMDBM alone.  The 

extent of degradation is dependent upon the filter transmittance as observed for BMDBM.  

The spectral changes observed can be attributed to the reversible tautomerisation of the 

chelated enol to the keto form.  This is supported by the near complete recovery of the 

original spectra for all irradiated solutions after ~14 hrs in the dark.     
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FIGURE 4.27:  UV-visible spectra of BMDBM in the absence and presence of Zn2+ before 

(solid line) and after 4 hours of irradiation (dashed line).  (a) Irradiation and spectra 

measured in glass cuvettes.  The noise below ~300 nm is associated with the poor 

transmission of these wavelengths through glass.  (b) Irradiation and spectra measured in 

quartz cuvettes.  [BMDBM] = 2.0 × 10-5 mol dm-3, [Zn(ClO4)2·6H2O] = 1.0 × 10-3 mol dm-

3 at pH 6.75 (HEPES buffer) in methanol-water (80:20 v/v) (I = 0.1 mol dm-3, tetraethyl 

ammonium perchlorate.   
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FIGURE 4.28:  Photodegradation of BMDBM in the absence and presence of Zn2+ in 

methanol-water (80:20 v/v) buffered at pH 6.75 (HEPES buffer) in methanol-water (80:20 

v/v) (I = 0.1 mol dm-3, tetraethyl ammonium perchlorate.  The % change is relative to 

absorption maximum of the chelated enol (λmax of 359 nm) and [Zn(BMDBM¯ )]+ (λmax of 

361 nm). 

 

 

Solutions containing either BMDBM or BMDBM and Al3+ in a 1:5 mole ratio were 

irradiated for 4 hours and changes monitored by UV-visible spectroscopy.  The UV-visible 

spectra are shown in FIGURE 4.29.  The (%) change in absorption occurring for BMDBM 

in the absence and presence of Al3+ are presented in FIGURE 4.30.  Irradiation of 

BMDBM in methanol results in a decrease of absorption at longer wavelengths and an 

increase around 250 nm.  The spectral changes can be attributed to photoketonization and 

subsequent degradation.  This is supported by the absence of recovery of the original 

spectrum after the irradiated solution was placed in the dark (up to 3 days).  The UV-

visible spectra of BMDBM and Al3+ in a 1:5 mole ratio shows similar spectral changes, 

however the change in peak intensities are less compared to BMDBM in the absence of 

Al 3+.     
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FIGURE 4.29:  Steady-state irradiation of BMDBM in the absence and presence of excess 

Al3+ in methanol.  () Initial spectrum prior to irradiation; (−−) spectra recorded 

following irradiation times of t=2 and t=4 hrs.  [BMDBM] = 2.0 × 10-5 mol dm-3, 

[AlCl 2·6H2O] = 1.0 × 10-4 mol dm-3. 

 

 

 

FIGURE 4.30:  Photodegradation of BMDBM in the absence and presence of Al3+ in 

methanol.  The % change is relative to absorption maximum of chelated enol (λmax of 358 

nm) and absorption maximum of [Al(BMDBM¯ )]2+ (λmax of 376 nm) prior to irradiation. 
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The laser flash photolysis and steady-state irradiations show the photostability of BMDBM 

is improved through complexation with either Zn2+ or Al3+.  Photodegradation of BMDBM 

has been attributed to cleavage reactions following photo-reaction of the keto form 

[205,225].  From the laser flash photolysis data, as chelation of the metal ion by BMDBM 

inhibits the formation of the transient non-chelated enol (FIGURE 4.26), it was proposed 

that the degree of photoketonization and therefore the subsequent photodegradation would 

also be reduced.  The steady-state studies of BMDBM and Zn2+ confirm this, showing the 

extent of photoketonization is reduced by 49% and 34% in glass and quartz cuvettes 

respectively.  Consideration of the speciation of BMDBM in solution prior to laser 

excitation shown in FIGURE 4.31 illustrates free and complexed BMDBM exist in 

approximately equal concentrations under the experimental conditions employed, pH of 

6.75  The (~50%) decrease in free BMDBM is associated with a similar decrease in 

photoketonization.  Consequently, the photoketonization observed can be attributed to free 

BMDBM.   

 

 

 

FIGURE 4.31:  Variation of the concentration of BMDBM and its conjugate base, 

BMDBM¯ , containing species with pH at 298.2 K for a solution is which [ BMDBM ] total = 

1 × 10-5 mol dm-3, [  Zn2+
 ] total = 1 × 10-3 mol dm-3, I = 0.10 mol dm-3 (NEt4ClO4) and for 

which 100 % = [ BMDBM ] total. 

 

 

A direct comparison of the extent of photostabilisation of BMDBM in the presence of 

either Zn2+ or Al3+ is not possible as different experimental conditions were employed for 

the steady-state irradiations.  However, it is possible to make a number of general 
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observations.  Several factors contribute to the difference in the stability constants 

including the cation charge, cation size and its distortion effect on the conjugated π-

electron system [363].  Spectroscopic studies of β-diketonate complexes with divalent and 

trivalent metals [364,365] show a correlation between spectroscopic and thermodynamic 

data.  They propose Al3+ forms strong chelate complexes whereby the π-electrons of the 

chelate ring are delocalised over the whole ring, as illustrated in FIGURE 4.32.  For 

relatively weaker chelate complexes, the π-electrons tend to be more localised over the 

ligand fragment of the chelate ring.  Such structures can easily be applied to BMDBM 

chelate complexes with Al3+ and Zn2+.  The greater charge-to surface ratio and high 

polarising power of Al3+ compared to Zn2+ would results in stronger metal-oxygen bonds 

and a higher degree of π-electron delocalisation.  This is supported by the bathochromic 

shift observed for the π-π* transition in the UV-visible spectra of [Al(BMDBM)̄]2+.  

Therefore it seems reasonable to assume that strong metal-oxygen bonds are formed 

between BMDBM and Al3+ than Zn2+.  Therefore BMDBM complexes with Al3+ would 

exhibit greater photostability. 

 

 

 

FIGURE 4.32:  Electronic structure of strong and weak metal β-diketonate complexes. 

 

 

4.8 Photochemistry of BMDBM with Al 3+ and the UVB filter, OMC. 

 

Sunscreens typically contain a combination of physical and chemical filters to provide 

broad-spectrum protection over the UVA and UVB regions.  Two chemical UV filters 

widely used in combination are the UVB filter, octyl methoxycinnamate, OMC and the 

UVA filter, BMDBM.  The UV-visible absorption spectra of solutions containing either 

BMDBM, OMC or BMDBM in combination with OMC in methanol are shown in 

FIGURE 4.33.   
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FIGURE 4.33:  UV-visible spectra of BMDBM, OMC and BMDBM with OMC in 

methanol.  [BMDBM] = 1.0 × 10-5 mol dm-3, [OMC] = 1.0 × 10-5 mol dm-3. 

 

 

FIGURE 4.33 illustrates the broad spectral range over which a combination of the two 

filters afford screening protection.  In the presence of BMDBM, the absorption maximum, 

λmax, for OMC undergoes a small bathochromic shift from 310 nm to 316 nm whereas λmax 

for BMDBM is unchanged.   

 

Octyl methoxycinnamate (OMC) undergoes reversible photoisomerisation from octyl-p-

methoxy-trans-cinnamate (E-OMC) to octyl-p-methoxy-cis-cinnamate (Z-OMC) as shown 

in FIGURE 4.34 [366-368].   

 

 

FIGURE 4.34:  Structure of E- and Z-isomers of the UVB filter octyl methoxycinnamate 

(OMC).  
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The UV-induced photoisomerisation results in a reduction in the UV protective properties 

of OMC.  The E and Z-isomers absorb at similar wavelengths although the molar 

extinction coefficient of the Z-isomer is somewhat less [366].  In addition to reversible 

isomerisation, irreversible reactions can also occur.  Moreover, sunscreens containing a 

combination of OMC with BMDBM in solution and in commercial sunscreen lotions are 

known to show poor photostability [344,369,370].  The photochemistry of BMDBM and 

OMC in combination is asserted to be different from the photochemistry of the individual 

filters [344].  It is believed that an intermolecular interaction occurs between OMC and 

either the excited state (S1) or the transient non-chelated enol of BMDBM [16].  The 

mechanism involves fragmentation and subsequent addition of BMDBM to OMC.  The 

poor photostability of OMC and BMDBM results in loss of protection in the UVA and 

UVB spectral regions.  In addition, the photoproducts formed may themselves be harmful. 

Several methods have been adapted to stabilise combinations of BMDBM and OMC 

[208,371,372] but as yet, effective and efficient methods of improving photostability of 

these sunscreens when used in combination has not been realised [373].  Consequently, it 

is of interest to investigate the photophysical and photochemical processes of BMDBM 

with OMC in the presence of Al3+.   

 

4.8.1 Laser Flash Photolysis of BMDBM with Al3+ and OMC 

 

In order to gain a greater understanding of the photochemistry between BMDBM and 

OMC, the kinetic time profiles produced following 355 nm laser excitation of methanol 

solutions of BMDBM in combination with either OMC or Al3+ and OMC were 

investigated.  Typical kinetic absorption traces following 355 nm laser excitation of a 1:1 

mole ratio solution of BMDBM and OMC in methanol is shown in FIGURE 4.35.  The 

UVB filter, OMC, does not absorb at 355 nm (FIGURE 4.33) [16].  This was confirmed by 

laser excitation at 355 nm of methanol solutions containing OMC only whereby no change 

in absorbance (∆A) was detected at either 300 nm or 360 nm.  It seems reasonable to 

assume that this does not change in the presence of BMDBM.  Consequently, the 355 nm 

excitation of methanol solutions of BMDBM and OMC is essentially absorbed by 

BMDBM only.   
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FIGURE 4.35:  Kinetic absorption trace of a 1:1 mole ratio of BMDBM and OMC in 

methanol following 355 nm laser excitation.  (a) The first trace corresponds to the build-up 

and decay of the transient species monitored at 300 nm.  The second trace corresponds to 

ground state depletion of the chelated enol form of BMDBM monitored at 360 nm.  (b) Plot 

of residuals obtained from fitting trace at 300 nm.  (c)  Plot of residuals obtained from 

fitting trace at 360 nm.  [BMDBM] = 1.0 × 10-5 mol dm-3, [OMC] = 1.0 × 10-5 mol dm-3.   

 

 

Transient absorption can be observed at 300 nm and is accompanied by depletion at 360 

nm.  The transient species absorbing at 300 nm decays back to the ground state after ~12 

ms.  This was also observed for the transient species absorbing at 300 nm for BMDBM in 

the absence of OMC (FIGURE 4.10).  Kinetic analyses of either trace yields the rate of 

decay for the transient species absorbing at 300 nm, k, as (398 ± 24 s-1) and k of (425 ± 3.0 
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s-1) for recovery of the ground state at 360 nm.  The best fit was obtained by fitting the data 

to a single exponential decay as shown by visual inspection of the residuals for the trace at 

300 nm (FIGURE 4.35(b))and 360 nm (FIGURE 4.35(c)).  The experimentally determined 

rate constants measured at 300 nm and 360 nm are comparable to those obtained from 

BMDBM in the absence of OMC (see TABLE 4.3).  This demonstrates that the presence 

of OMC has no effect on either the decay rate of the transient species, NCE1, or the 

recovery back to the ground state of BMDBM under the conditions employed. 

 

4.8.2 Steady-State Irradiations of BMDBM with Al 3+ and OMC 

 

The photostability of BMDBM in combination with OMC was investigated further by 

steady-state irradiation.  Solutions of BMDBM and OMC in a 1:1.7 mole ratio were 

irradiated in quartz cuvettes and spectral changes monitored by UV-visible spectroscopy.  

The mole ratio of 1:1.7 for BMDBM to OMC is comparable to that used in sunscreen 

formulations.  Irradiation of solutions of BMDBM in the absence and presence of OMC in 

methanol results in changes to the UV-visible spectra of both species (FIGURE 4.36).  The 

diminishing intensity of the chelated enol band at longer wavelengths and increase in 

absorption around 250 nm implies photoketonization of BMDBM has occurred.  The 

spectral changes for OMC are characteristic of E/Z isomerisation [368].  The spectroscopic 

characteristics of the Z- and E-isomers of OMC are very similar except the absorption band 

at 300 nm is substantially less for the Z-isomer intensity [367].  The (%) change in band 

intensity of λmax for irradiated solutions of BMDBM, OMC and a combination of both 

filters is shown in FIGURE 4.37.  The relative changes in band intensity at 358 nm for 

solutions of BMDBM in the absence and presence of OMC show no significant 

differences.  The combination of BMDBM and OMC appears to reduce the loss in 

absorbance at 310 nm by approximately 4% although the rate remains the same. 
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FIGURE 4.36:  Steady-state irradiation of BMDBM in the absence and presence of OMC 

in methanol.  () Initial spectrum prior to irradiation; (−−) spectra recorded following 

irradiation times of t=2 and t=4 hrs.  [BMDBM] = 2.0 × 10-5 mol dm-3, [OMC] = 3.3 × 

10-5 mol dm-3. 

 

 

 

FIGURE 4.37:  Photodegradation of BMDBM in the absence and presence of OMC in 

methanol.  The % change is relative to absorption maximum of chelated enol (λmax of 358 

nm) and absorption maximum of OMC (λmax of 310 nm) prior to irradiation. 
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The flash photolysis and steady-state studies both indicate the photochemical processes 

occurring in methanol solutions of BMDBM and OMC to be essentially the same as for the 

individual compounds in solution.  This has been observed for dilute solutions of OMC 

and BMDBM in acetonitrile [16].  Following on from this, the effect of including OMC in 

solutions of BMDBM and Al3+ was considered.  

 

The addition of Al3+ to a solution of BMDBM and OMC results in considerable changes to 

the spectrum as shown in FIGURE 4.38.  A 1:5 mole ratio of BMDBM to Al3+ was 

employed in order to minimise the extent of free BMDBM in solution.   

 

 

 

FIGURE 4.38:  UV-visible spectra of BMDBM and OMC in the absence and presence of 

Al3+ in methanol.  [BMDBM] = 1.0 × 10-5 mol dm-3, [OMC] = 1.0 × 10-5 mol dm-3, 

[AlCl 2·6H2O] = 5.0 × 10-5 mol dm-3. 

 

 

The bathochromic shift and increase in intensity for the absorption band at long 

wavelengths is characteristic of the spectra for [Al(BMDBM)]2+ as discussed in 

(CHAPTER-3.5).  A hypsochromic shift is observed for the absorption band of OMC from 

316 nm to 306 nm.  This corresponds to a longer wavelength than observed for OMC alone 

(λmax of 310 nm).  It is evident from the spectral changes observed between BMDBM and 

OMC in the absence and presence of Al3+ that chelation of Al3+ by BMDBM readily occurs 
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in the presence of OMC.  Moreover, the complexation of BMDBM with Al3+ results in 

only minor changes to the UV-visible absorption properties of OMC.  The spectra 

illustrates the potential increase in the range of wavelengths filtered by a combination of 

BMDBM, OMC and Al3+ when compared to BMDBM and OMC in the absence of Al3+ 

(FIGURE 4.33).   

 

The 355 nm laser excitation of methanol solutions of BMDBM and OMC in the presence 

of Al3+ did not produce any changes in absorbance (∆A) at either 300 nm or 360 nm.  The 

absence of a transient species absorbing at 300 nm or ground state depletion of BMDBM at 

360 nm is consistent with previous observations for BMDBM and Al3+ in the absence of 

OMC (Chapter 4.7). 

 

In order to analyse further the photochemistry of BMDBM, Al3+ and OMC in combination, 

solutions containing the three species were irradiated for 4 hours and the changes 

monitored by UV-visible spectroscopy (FIGURE 4.39).   

 

 

 

FIGURE 4.39:  Steady-state irradiation of solutions containing BMDBM and OMC in the 

absence and presence of excess Al3+ in methanol.  () Initial spectrum prior to 

irradiation; (−−) spectra recorded following irradiation times of t=2 and t=4 hrs.  

[BMDBM] = 2.0 × 10-5 mol dm-3, [OMC] = 3.3 × 10-5 mol dm-3, [AlCl2·6H2O] = 1.0 × 10-

4 mol dm-3 
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Irradiated solutions contained BMDBM, OMC and Al3+ in the mole ratio of 1:1.7:5.  At 

this mole ratio, BMDBM exists predominately as [Al(BMDBM)]2+.  The (%) change in 

absorption occurring for BMDBM with OMC in the absence and presence of Al3+ are 

presented in FIGURE 4.40.   

 

 

 

FIGURE 4.40:  Photodegradation of solutions containing BMDBM and OMC in the 

absence and presence of Al3+ in methanol..  The % change is relative to the absorption 

maximum of the chelated enol (λmax of 359 nm) and [Al(BMDBM)]2+ (λmax of 376 nm) prior 

to irradiation. 

 

 

The spectral changes induced by irradiation of BMDBM and OMC in the absence and 

presence of Al3+ do not differ significantly.  Comparing the % changes to the absorption 

intensity at λmax for [Al(BMDBM)] 2+, a small improvement (3.6%) in stability is observed 

for solutions of BMDBM and Al3+ in the absence of OMC.  Irrespectively, solutions of 

BMDBM, Al 3+ and OMC still show a significant enhancement in photostability relative to 

either BMDBM alone or with OMC. 

 

The flash photolysis and steady-state studies of solutions containing various combinations 

of BMDBM, OMC and Al3+ suggests there is very little interaction between the 

photoactive species, BMDBM, OMC and [Al(BMDBM)]2+.  The photochemistry of each 
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species is essentially independent and not influenced by the presence of other photoactive 

species under the experimental conditions employed.  The photochemical behaviour of 

BMDBM involves formation of a transient non-chelated species.  This either reverts back 

to the ground state chelated enol with the recovery rates and kinetic dependence on the 

nature of the solvents, or loses a proton to generate the keto form of BMDBM.  

Photodegradation occurs from the keto form as outlined in FIGURE 4.1.  Chelation of 

either Zn2+ or Al3+ by BMDBM was shown to inhibit formation of the non-chelated enol 

and, importantly, no new transient species were observed.  As the metal-β-diketonate 

complexes reduce population of the transient species, the process of photoketonization is 

also inhibited.  This is evident by the improved photostability of the chelate complexes of 

BMDBM with either Zn2+ or Al3+ relative to BMDBM alone.  The presence of OMC does 

not influence this process at all, which is at variance with deductions made in Ref. [16] and 

[344]. 

 

These studies complement and add to the understanding of photochemistry of BMDBM.  

Moreover, they demonstrate the possibility for chelation of metal ions such as Al3+ and 

Zn2+ is a way to achieve improved photostability of both BMDBM and OMC.  However, 

the study of photochemical process in dilute solutions is not always representative of the 

processes occurring in solutions that are more concentrated or in sunscreen formulations 

[344].  Also, the photochemical processes observed in alcohol solutions may differ in non-

polar environments where the transient species is relatively long lived [205,229,296]. 

 

 

4.9 In Vitro SPF Analysis and UVA Evaluation of BMDBM with Al 3+ 

 

In order to relate the findings presented here to practical applications, commercial 

sunscreen samples containing BMDBM and Al3+ (in the form of aluminium stearate) were 

prepared and submitted for independent analysis at the Australian Photobiology Testing 

Facility (APTF) [374].  The parameters, SPF, UVA ratio, critical wavelength and 

absorption and transmission profiles, were measured under two different application 

conditions.  The results obtained by the lay-on method of application are summarized in 

TABLE 4.5.  The full results and those obtained by the rub-in method of application are 

supplied in the Appendix. 
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The results show the photochemistry of BMDBM is substantially changed by incorporating 

Al 3+ into the formulation.  This leads to a significant reduction in the transmittance of 

UVA from 20.11 % to 1.97 %.  It is of interest to note that a reduction of similar 

magnitude is observed for the transmittance of UVB both pre- and post-irradiation.  This 

would indicate that formulations containing BMDBM with Al3+ lead to a reduction in both 

UVA and UVB wavelengths that reach the skin.   

 

 

TABLE 4.5:  Summary of analysis from independent in vitro measurements made at the 

APTF by a lay-on method of application to Mimskin® substratea. 

  BMDBM BMDBM, 
Al 3+ 

Al 3+ 

     Pre-irradiation SPF 4.21 26.48 1.48 

 UVA Ratio 1.20 1.40 0.43 

 T(UVA) % 20.11 1.97 83.11 

 T(UVB) % 24.30 3.92 64.72 

 Critical wavelength (nm) 382 384 375 
     
Post-irradiation SPF 4.08 23.30 1.48 

 UVA Ratio 1.20 1.40 0.43 

 T(UVA) % 20.79 2.45 83.80 

 T(UVB) % 24.99 4.57 65.80 

 Critical wavelength (nm) 382 384 375 
     a Mimskin® is quartz glass plate having a profile that is similar to the topography of skin.  The lay-on method 

of application refers to a light application of the formulation.  All samples were prepared in Finsolv TN by 

Hamilton Laboratories. 
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