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Preface

Ever since prehistoric times, mankind has created art. Even our direct ancestor Homo Erectus 
is believed to have made engravings, such as those recently discovered on a mollusc shell 
in Java dated ca. 500,000 years ago.1 The oldest objects recognised specifically as works of 
art are dated to a period around 35,000-15,000 years ago, and include carvings in stone and 
animal bones2 as well as painted images such as the well-known cave paintings in Lascaux, 
France.3 Even the earliest man thus placed value on aesthetic ideals beyond a direct and 
practical purpose, and these ideals have only become more influential over time. As a wider 
variety of materials and technologies became available, our ancestors had the opportunity 
to create more elaborate artworks such as stone statues, paintings on walls and later canvas, 
and objects made from wood, metals, glass, papyrus, parchment, paper, etc. The evolution 
of art has accompanied that of mankind into modern times, where plastics, polymer-based 
paints, synthetic dyes and photographs have become indispensable building blocks to many 
contemporary artworks. Art and artistic expression have the ability to move and inspire us, 
and can serve as a way to explore both one’s personal imagination and the world around us. 
Additionally, artworks teach us important lessons about the era and societal circumstances of 
their creation, and as such they are an essential record of human history and creativity. 

Because of the unique cultural, historical and financial value of many objects, efforts to 
preserve them have attracted interest for a long time. For example, the Vatican appointed 
an official cleaner for the famous frescoes of the Sistine Chapel as early as 1543.4 In this 
early period, conservation and restoration of artworks was very much left in the hands of 
artists themselves, and restorations conducted during this time have sometimes resulted in 
significant deterioration of these artworks. To better understand the degradation of artworks 
and how to preserve them, chemists and physicists began to study degradation processes 
from the 19th century onwards. For example, Michael Faraday conducted research into the 
degradation of paintings at the National Gallery in London. He studied the effect of London’s 
air, smoke-filled from extensive coal burning, on paintings, demonstrating that deterioration 
of paintings increased during periods of fog or high humidity.5 However, due to technical 
limitations, errors were frequently made in this kind of research, and it is partly for this reason 
that large museums founded research institutes specifically to investigate the intricacies of art 
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degradation and conservation. The Staatliche Museen zu Berlin in Germany was the first to 
found such an institute in 1888, and many other museums and institutes followed suit. In this 
way, scientific investigations became the primary basis for conservation science, and more 
particularly, the conservation and restoration of valuable cultural heritage. 

During the course of the 20th century, accepted practices in conservation and restoration of 
museum art frequently changed. For example, in the 1920s it was common to restore or protect 
ageing oil paintings by applying a layer of varnish. However, this varnish was found to turn 
yellow and was able to interact with the underlying paint layer as well, therefore constituting 
an additional problem rather than a solution.6 In light of such unexpected consequences, the 
trend in the last decades has shifted towards monitoring and prevention of damage rather 
than active conservation, so as to leave the artworks as authentic as possible. 

In order to apply effective preservation or conservation treatments, it is imperative to 
understand degradation processes as they occur in artworks during ageing. This involves 
the physical and chemical study of various materials within these artworks, as well as their 
interactions, surfaces and possible degradation products. The study of artworks in this 
manner is associated with a unique combination of challenges. Because artworks often have 
great historical, cultural as well as financial value, samples are either very small or cannot 
be obtained at all. Microsamples require specialised equipment (e.g., µ-FTIR, µ-Raman) for 
effective analysis, while other techniques may simply not be applicable. Because the number 
of samples is limited as well, non-destructive techniques (e.g. reflectance IR) are preferred 
over destructive techniques (e.g. SEM-EDX) which destroy the original microsample and will 
therefore hamper further analysis. 

Because of the inherent limitations and ethical considerations surrounding the collection of 
(micro)samples from valuable artworks, non-invasive analysis is gaining attention.7 Handheld 
devices are now available for non-invasive analysis techniques such as FTIR,8 Raman9 and 
XRF,9,10 and dedicated set-ups are used to map entire artworks, identifying pigments, binders 
and inorganic materials. These methods have the advantage of providing data on the entire 
measured area (for example the surface of a painting) rather than relying on spot analysis, 
thereby providing a more complete image of an artwork. Additionally, certain techniques, 
notably XRF,11 can yield information about underlying layers, thus revealing initial sketches, 
modifications, previous restoration treatments and even entire hidden artworks. In this 
way, mapping techniques are of direct art historical interest besides their utility as tools in 
restoration efforts. However, mapping techniques can be relatively time-consuming and 
require rudimentary knowledge, at least, of the material under investigation. Mapping 
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techniques are therefore frequently combined with spot analysis and at least a small number 
of microsamples.12 

Another approach to resolve the issue of sampling is the use of model systems. By making 
a mock-up of a culturally relevant material such as a photograph or a painting, degradation 
patterns can be studied in a more controlled and reproducible way. These models must then 
be artificially aged in order to mimic the natural ageing experienced by authentic artworks.13 
Because composite materials used in many artworks (e.g., paints, glues, photographs, etc.) are 
not chemically well-defined, the set-up of a model study is non-trivial. Alternatively, model 
systems can be devised to address a more specific issue, such as the reaction of a particular 
paint to specific circumstances. This approach provides more insight into the involved 
chemical processes, but is difficult to translate into the actual ageing of a complete artwork in 
a natural environment.

In the case of modern art, there is an additional consideration contributing to the challenge 
of its conservation. Many contemporary artists have experimented with a wide variety of 
different materials, aiming to create new and inventive (conceptual) art. These objects are 
being recognised as important works of modern art, and hence a part of our cultural heritage 
worth preserving. However, the materials used in their creation are not necessarily designed 
with long-term storage and preservation in a museum environment in mind, and may not 
have the longevity that conservators have come to expect from more traditional artworks. 
Furthermore, their composition is often not thoroughly documented, thus presenting the 
challenge of preserving valuable and unique artworks of essentially unknown composition.

A final consideration regarding artworks and other heritage objects is the importance of their 
visual appearance. The dominant attitude has long been that the degradation of an artwork 
is not a major problem until it becomes visually apparent. While it is now widely accepted 
that degradation of an object starts long before it becomes visually noticeable, it is clear that 
the perception of an artwork is a vital characteristic in its function. This perception has a 
close relationship to the material(s) from which an object is composed as well as the manner 
in which it is constructed. For instance, a painting with relief will be perceived completely 
different when viewed digitally or as a printed picture compared to its original form. This 
concept is referred to as the materiality of an artwork - the idea that the materials involved 
have a direct influence on the perception and interpretation of an object. By extension, any 
undesired chemical or physical change that affects the materiality of an object is particularly 
threatening to its physical and philosophical significance. For example, in oil paintings with 
mostly light tones the yellowing of a varnish constitutes a major change in colour balance 
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(e.g. Van Gogh), while the same chemical process on a darker background (e.g. Rembrandt) 
may not be noticeable except upon close scrutiny.14 Related to this is our expectation of 
what a particular object should look like. In a photograph from the 1930s some yellowing 
can be aesthetically pleasing, and the print may even appear fake without it. Similarly, an 
ancient Greek temple or Viking longboat is not expected to be in perfect condition; they 
hold great cultural and historic value despite their damaged or worn state. In contrast, more 
recent objects such as digital photographs are expected to appear pristine, and any noticeable 
change in the colour balance is likely to be considered unacceptable. Assessing the degree and 
severity of any damage is thus not trivial, and is dependent on the specific work, its history 
and composite materials, as well as the opinion of the person making the assessment.
The intentions of the artist may also be relevant in this context, since many (modern) 
artists have a specific idea about the longevity of their creation. For example, the famous 
Pindakaasvloer (1962) by Wim T. Schippers consists of actual peanut butter spread out on 
a platform or floor area, and has to be prepared fresh for every exhibition.15 All of these 
factors combine to show the importance of thorough material research into chemical and 
physical degradation of art. To be able to make predictions on degradation and, by extension, 
recommendations for storage and preventive conservation, it is essential to understand which 
mechanisms contribute most to degradation processes in combined heritage objects. 
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1.1 A short history of photography

Since the beginning of the Industrial Revolution, artists have had a greatly expanded number 
of materials at their disposal. Traditional artists’ materials, including paint, stone, wood and 
textile have been complemented by modern industrial products such as dyes, plastics, etc. 
These new materials were accompanied by new techniques such as photography (Fig. 1). The 
word photography stems from the Greek roots φωτός (photós, meaning light) and γραφή 
(graphé, meaning drawing). In analogue photography, a photosensitive plate is placed in a 
camera (from Latin camera obscura, lit. dark room) equipped with a shutter mechanism. 
When the shutter opens, light briefly falls on the photosensitive plate through a series of 
lenses, creating a latent image. The negative latent image is developed to make the image 
visible, with areas that received the most light becoming darkest while areas that received 
no light remaining white; this image is therefore known as the negative. The process is then 
repeated by making a negative image of the original negative: the final positive photograph.

During the second half of the 19th and the early 20th century, many techniques for the creation 
and development of photographic images were developed and perfected. Photographers 
themselves were very much involved in the research and development of new photographic 
processes during this early time, as demonstrated by the lively discussions in the photographic 
literature and the number of patents regarding photography filed in this period.1 Most early 

Figure 1. View from the window at Le Gras; the oldest surviving camera photograph in the world, made by French 
photographer Nicéphore Niépce in 1826 or 1827. Niépce used a camera obscura to capture the scene on a 

pewter plate coated with Syrian asphalt; exposure time was probably at least 8 hours.1
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techniques for capturing an image on a substrate were monochromatic, i.e. they consisted only 
of tones of a single colour. A very popular early type of photography was the daguerreotype, 
which relies on the in situ generation of a thin layer of photosensitive silver halide by exposing 
a silver-coated plate to halogen fumes. This sensitised plate is then placed in a lens-equipped 
camera and exposed to light for anywhere between a few seconds and many minutes. 
Subsequent development was done by exposure to mercury fumes, after which the image 
was fixed by removing excess silver halide in a sodium thiosulfate bath.1 Around the 1860s, 
daguerreotypes were replaced by cheaper, more convenient and less toxic production methods, 
including collodion, tintype and ambrotype processes.1 The silver gelatine print, introduced 
by Richard Leach Maddox in 1871, finally proved to provide the best combination of stability, 
convenience and price and has been by far the most prevalent monochromatic photographic 
technique from the late 19th century onwards.2 While monochromatic photography has 
largely been superseded by the advent of convenient and widely available colour and digital 
techniques, it is still used for artistic purposes and the creation of special effects. 

Colour photographic techniques are more technically complex, but they have captured the 
interest of early photographers almost since the development of the first photographs for 
their more realistic depiction of real-life scenes. In 1855, James Clerk Maxwell published 
the essential principle of separating the colours into 3 separate layers, leading to the first 
permanent colour photograph in 1861 (Fig. 2).3 In these early photographs, Maxwell used red, 
green and blue filters to photograph the same object three times; he then recombined these 
images into a single photograph. These principles form the basis of later colour photography, 
but required extremely long exposure times and complicated development procedures; it 
was therefore prohibitively expensive and too complicated for most purposes. Most actual 
photographs taken before the Second World War were therefore made using monochromatic 
techniques.

Figure 2. Tartan Ribbon, the first permanent colour photograph.
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Starting in the late 1930s, commercial colour photographic processes were pioneered by Kodak 
and Agfa (Kodachrome and Agfacolor, respectively). Kodak introduced Kodacolor, the first 
true commercial colour photographic paper, in 1942. Similar to monochromatic techniques, 
a myriad of different polychrome techniques have been developed over the years, including 
chromogenic, silver dye bleach and Polaroid. Analogue photography reached its zenith at the 
end of the 20th century. Digital photography, with its ease of use and increased options for 
manipulation and data processing has become the method of choice for both amateurs and 
professionals since the beginning of the 21st century. In this thesis, photography always refers 
to analogue gelatine-based photographic techniques, either monochrome or polychrome.

1.2 Composition of a photograph

Over the course of time, many different types of photographic processes have been developed. 
Excellent overviews of these processes are available elsewhere,1,2,4 but the differences and 
similarities between the most important ones will be briefly discussed here. All photographic 
processes consist of three basic parts: a support, an image-forming material and a dispersion 
matrix that carries the image. This matrix is commonly referred to as the photographic 
emulsion, although chemically it represents a colloidal suspension.
In principle, the support material can be anything that provides sufficient mechanical 
stability to the emulsion. Many different materials have been used, including metal and glass 
plates, textiles, porcelain, pewter, plastics and paper. Most standard commercial products, 
particularly modern ones, are printed on paper coated with a whitener. Kodak introduced 
baryta-coated paper (BaSO4), one of the first widely-available whitened papers, around the 
1900s and soon after this time most commercial photographic papers were baryta-coated. 
Around the 1970s, PE-coated papers (also referred to as resin-coated or RC papers) became 
widely available, and these have now become the method of choice for most applications. 

On top of the support a layer of photographic emulsion is applied. In some early techniques 
(daguerreotype), the imaging material is simply applied directly onto the support, but this 
is a relatively crude technique which leads to low sensitivity, stability and resolution, while 
large amounts of photosensitive silver halide are required. The most important function of the 
emulsion is the ability to fix the colourant in its place while allowing water and other chemicals 
required for development to diffuse through the matrix. In the 19th century different materials 
have been applied for different photographic techniques, including albumen (egg white) and 
collodion (an alcohol and ether solution of nitrocellulose also known as gun cotton).1 None 
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of these techniques were entirely satisfactory: albumen prints were not very sensitive and 
had a relatively short shelf life, while collodion had to be developed wet and was a notorious 
explosion and fire hazard.5 For these reasons, gelatine began to supersede other photographic 
emulsions from its introduction in the 1890s; its ease of use, wide availability, low price and 
safety have ensured that it has remained the main material for photographic emulsions ever 
since. Almost all modern printing techniques use gelatine as the main preferred emulsion 
material.2

Photographic techniques were initially mostly monochromatic; they consisted of a single light 
sensitive pigment or dye dispersed throughout the emulsion. Monochromatic techniques are 
often colloquially referred to as black-and-white, but in fact other colours (e.g. cyanotype, 
commonly known as blueprints) have also been used. Other monochrome processes that 
have seen wide use include daguerreotype, ambrotype, tintype and platinum prints.1 All of 
these techniques were largely superseded by the advent of the silver gelatine process in the late 
19th century, although early processes have remained in use for niche applications.6 The silver 
gelatine process depends on the reduction of colloidal AgIX particles suspended in gelatine 
upon activation by incoming light; the resulting photograph is therefore a colloidal suspension 
of Ag0 particles in gelatine. It should be noted that even within individual techniques there 
are many small differences, for example in grain size, and distinguishing between them is not 
always straightforward. During the 20th century 43 different types of silver gelatine prints on 
paper were produced by Kodak alone; other companies have produced many more.7 

Colour photography is virtually synonymous with chromogenic photography. Although 
several other techniques exist (e.g. autochrome, Polaroid, silver dye bleach) about 99% of 
all colour photographs in existence have been made using the chromogenic process.8 
Chromogenic photography is based on a refinement of the silver gelatine process: silver 
halides are used to oxidize an organic dye developer, which couples to form one of three 
(yellow, magenta, cyan) organic dyes.9 The remaining silver salts are washed out of the print 
during development. The resulting print is therefore silver-free and coloured with organic 
dyes only. Similar to monochrome techniques, many different types of chromogenic prints 
have been produced over the years, and differentiation between them is not always trivial.10
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1.3 Photography as art

Within a few years after the invention of photography, both amateurs and professional 
photographers discovered the artistic potential of the photographic medium. The earliest 
surviving daguerreotype made by Louis Daguerre himself in 1837 (Fig. 3) is in fact a prime 
example of an early work of photography as art, as described by the contemporary painter Paul 
Delaroche: “Daguerre completely satisfies all the demands of art, carrying certain essential 
principles of art to such perfection that it must become a subject of observation and study to 
even the most accomplished painters”.11 The discussion on photography as art has continued 
ever since. S.D. Jouhar, the first chairman of the Photographic Fine Art Association, therefore 
defined the field of fine-art photography as such: “Creating images that evoke emotion by 
a photographic process in which one’s mind and imagination are freely but competently 
exercised”.12 

In the modern age the work of photographers such as Jeff Wall, Andreas Gursky and Gregory 
Crewdson is often exhibited in major international museums. Thus, while photography “as 
art” has perhaps been seen as an anomaly when compared to more traditional artworks such 
as paintings, its coming of age as a serious form of artistic expression is shown by major 
exhibitions dedicated to photography as well as ever-increasing prices for photographic art 
at auctions.13

Figure 3. Intérieur d’un cabinet de curiosité; the earliest known surviving daguerreotype, made in 1837 by French 
photographer Louis Daguerre.
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During the 1950s, artists also started experimenting with photography as an integrated part 
of larger artworks. This part of fine-art photography is known as either photographic art or 
photoworks; these terms will be used interchangeably in this thesis. Photographic art consists 
of a photographic material combined with one or more other artistic applications. Applications 
in photoworks can consist of a wide variety of materials, including paints, varnishes, inks, 
glues, wood, metals, plastics, etc. In this context, photographic material is not so much used 
as an accurate representation of the real world but rather to express ideas or concepts, i.e. it 
represents conceptual art.14 

Applications in photoworks can be used to create illusions and optical effects, altering the 
perception of the original photograph and touching on the concept of materiality. For example, 
Dutch artist Jan Dibbets is famous for his collages, where he combines photographic prints 
with pencil drawings. The arrangement of individual prints and the addition of pencil drawings 
is used to create overlap between photographic ‘reality’ and painted ‘illusion’.15 Another well-
known example is Ger van Elk, a Dutch artist who used paint on photographs to reflect on art 
history, in some cases even re-imagining older masterpieces in modern settings.16 Many other 
artists have also applied photography in their work, often using unusual combinations of 
materials. Examples include Ohne Titel by Anselm Kiefer (1991, monochromatic photographs 
glued on lead sheets draped over a camera), Crowhurst II by Tacita Dean (2005, large sheets 
of photograph painted with white gouache paint) and Shitty Naked Human World by Gilbert 
& George (1994, monochromatic photographs coloured with dyes). These examples illustrate 
the variety that exists within the corpus of photoworks in modern museum collections. One 
immediate implication of the inclusion of additional materials as part of larger photoworks is 
that these objects become unique. While photographs themselves may be reproducible under 
some circumstances by reprinting the image from the original negative, after the addition of 
any further artistic applications such as those mentioned above this possibility disappears and 
the work has become a unique artwork.17,18 

1.4 Storage and conservation of photographic art

The transition of photographic material from personal to artistic and historical purposes 
changed the demands placed on these objects, while at the same increasing their financial 
and cultural value. Photographs were originally designed as a way to document real-life 
events, but have been used widely for all types of purposes. This has created the implicit 
expectation that these images will last forever. However, photographic materials consist of 
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a complex system of colourants, gelatine and paper and often age appreciably faster than 
more traditional imaging materials such as paints.4,19,20 Extensive research has been done on 
the storage and conservation of photographic material itself over the last few decades,4,21,22 
establishing generally accepted guidelines for storage and life expectancies under different 
conditions.19 In this context, a distinction is usually made between dark and light fading of 
photographs. Dark fading starts the moment the print is created and continues indefinitely; in 
a sense it represents the inherent stability of the print. Depending on the type of print and other 
conditions such as temperature and humidity, damage caused by dark fading can be severe: 
some early types of chromogenic photographs had such poor dark fading characteristics 
that none have survived in a reasonable condition. On the other hand, some silver gelatine 
prints in dark storage can stay essentially unchanged for decades.4,23 Light fading refers to the 
additional degradation inferred by photochemical prints due to exposure to either daylight or 
artificial light; i.e. when a photograph is on display. Light fading is often, but not always, more 
severe than dark fading.24 Since photographs in either light or dark storage are generally more 
sensitive than other heritage materials, they are expected to be the most sensitive materials in 
combined photographic artworks as well. However, there has been little research reported on 
the degradation and conservation of photoworks specifically. 

Judging from conversations with conservators and restorers of various museums in The 
Netherlands, photoworks are generally not treated as a separate entity and may be stored 
as paintings, photography, paper artworks, sculptures or mixed media in museum depots, 
depending on the other materials in the object. While this may be valid from an art-historical 
perspective, it complicates the process of stocktaking of photoworks as a unique form of art. 
More importantly from a conservation point of view, it suggests that a photowork requires 
storage conditions similar to other works it has been grouped with, and that it can be expected 
to have a similar life-span if stored under these conditions. Photographic prints by themselves 
are already a sensitive class of heritage objects, but this sensitivity is exacerbated in the case 
of combined photographic artworks. The presence of additional materials may lead to 
unexpected chemical and physical changes during ageing which may contribute significantly 
to the overall degradation process. Because of the lack of dedicated research, particularly 
material research, into photographic art, these interactions cannot be reliably predicted in 
advance, and consequently little is known about the expected life-span and potential problems 
that may arise with these artworks during storage. 



23

Chapter 1

1.5 Scope of this thesis

The research described in this thesis aims to elucidate degradation mechanisms of importance 
during the ageing of photographic art. Focus is placed on photographic materials combined 
with paints and varnishes, although glues, plastics and wooden frames are also considered. 

Chapter 2 provides a comprehensive overview of the properties of materials important for 
photographic art. It starts with a description of the development of both silver gelatine and 
chromogenic photographs and the dyes and other components normally found in these prints. 
It then gives a detailed description of the characteristics of photographic gelatine. Artificial 
ageing methods which can be used to study long-term degradation of cultural heritage 
materials are also introduced, with particular attention paid to paper and photographic 
materials. Finally, the long-term ageing behaviour of the most important paints and varnishes 
that have been applied to photographic art are briefly discussed. 

Chapter 3 describes an interaction between photograph and an applied paint layer, which 
has resulted in increased degradation of the paint. By employing a combination of FTIR, 
SEM-EDX and a GC-MS-based derivatisation method, the paint layer on the photowork 
Dutch Grey (1983) by Dutch artist Ger van Elk was unequivocally shown to be an alkyd-type 
resin. On this paint layer, a crystalline white efflorescence was found covering large parts of 
all painted surfaces. Efflorescences on Dutch Grey and related photographic artworks were 
analysed by similar methods, and found to consist of a mixture of dimeric saturated free fatty 
acids, namely palmitic (C16:0) and stearic acid (C18:0). Efflorescence on these photographic 
artworks has formed within a time span of 15-20 years. A similar efflorescence was also 
identified on canvas alkyd paintings, although in these cases efflorescence has formed to a 
significantly smaller extent and has taken much longer to develop. Due to the inherent acidic 
pH of photographic gelatine, photographic material thus exerts an accelerating influence on 
the occurrence of the efflorescence.

Chapter 4 expands on the occurrence of efflorescence as described in Chapter 3. Several 
additional contemporary artworks by Ger van Elk and other artists are identified in different 
institutions in The Netherlands, and their efflorescence is characterised by FTIR and GC-
MS. The mechanism of FFA efflorescence formation is investigated based on observations 
on a total of seven different modern artworks, using a combination of visual characteristics, 
spectroscopic and analytical techniques as well as model systems. The substrate on which 
the paint in these artworks is applied is shown to be an important factor in the formation 
of efflorescence; efflorescence forms notably faster on alkyd paints applied on photographs 
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compared to those applied on other materials. Secondly, it is shown that varnishes can be a 
source as well as a partial or complete barrier to the occurrence of efflorescence depending on 
the binder and thickness of the layer. Finally, the overall implications of FFA efflorescence on 
the exhibition of works of (photographic) art are described. 

In Chapter 5, the stability of the photographic substrate itself in relation to an application is 
investigated. This chapter is inspired by the unexpected discolouration of black photographic 
areas towards purple, as observed on the photowork Russian Diplomacy (Ger van Elk, 1974). 
Upon removal of the protective PMMA plate, a characteristic smell of acetic acid trapped in 
the microclimate between glass and photograph could be readily detected. Suitable generic 
photographic dyes are synthesised (yellow, magenta and cyan, according to the subtractive 
colour model), and their chromophores are characterised by a combination of UV-Vis, NMR 
and comparison to related compounds. Subsequently, the degradation pattern of these dyes 
under acidic conditions is elucidated using a combination of UV-Vis, NMR, GC-MS, ESI-MS 
and EPR. Both anhydrous and aqueous degradation patterns were identified, with the latter 
giving a total of 7 distinct degradation species for the yellow photodye. Magenta and cyan 
photodyes have a largely similar degradation pattern to the yellow photodye, but are generally 
less susceptible to this form of degradation. Using long-term ageing experiments and tracking 
the results by UV-Vis, yellow photographic dye was found to be most susceptible to acid-
catalysed hydrolysis, in line with observations on Russian Diplomacy. 

In Chapter 6 degradation of photographs and applications is combined in the first artificial 
ageing-experiment specifically aimed at combined photographic art. The most important 
types of modern paint binders (oil, alkyd, acryl, gouache) are applied to chromogenic 
photographic papers, and they are aged in a climate chamber (80 °C, 50% RH) to simulate 
long-term degradation. While the expected fading of photographic papers is not observed, 
the application of a gouache paint layer allows associated solvents to penetrate into the 
photographic gelatine layer. Subsequent drying can cause undulation and even cracks in the 
paint layer, which takes the underlying photograph with it because of the good contact. Similar 
effects are already observed on the photowork Crowhurst II (Tacita Dean, 2005). Secondly, 
release of solvents from an acrylic paint partially solvated the photographic dyes, causing 
them to diffuse throughout the gelatine layer. This diffusion is dependent on the paint binder, 
the temperature and relative humidity applied and the specific photographic dyes in the print. 

Finally, generalised conclusions are drawn and recommendations provided for storage and 
conservation of photoworks. In particular, a thorough inventarisation of materials used in 
photoworks is advocated. Some combinations of materials, including those described in 
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this thesis, can give rise to increased degradation over time, and prior knowledge of these 
materials helps to predict and perhaps prevent these issues. 
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Materials in Photographic Art

Abstract

Photographic art is assembled from a number of different material components with different 
characteristics. In this chapter, the most important chemical and physical properties of 
these materials are described, with particular attention to those relevant to the storage and 
preservation of ageing works of photographic art. It starts with the development of the 
most important monochrome and colour photographic processes (silver gelatine process 
and chromogenic photography, respectively). The characteristics of the involved dyes and 
the gelatine film these dyes are suspended in are also discussed. It further outlines the 
long-term stability of photographic materials as well as the artificial ageing tests used to 
study this phenomenon. The material composition and ageing behaviour of paint, the most 
important creative application added to photoworks, is discussed as well.
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2.1 Silver gelatine prints

Taking a photograph is the first step in the creation of any work of photographic art. The 
development of a photograph starts by exposure of a photosensitive material to light in a 
camera. A photochemical reaction partially reduces the photosensitive material (usually a 
silver halide, AgX), forming a latent image. This latent image can be developed in a dark room 
to produce a negative, wherein the most exposed areas of the photograph will be the darkest. 
The process is then repeated to produce a positive image: the photograph itself. Since their 
invention and introduction to the general public in the 1860s, silver gelatine prints have 
been the mainstay of monochrome photography, and all monochrome photographs studied 
in this thesis were made using this process. A schematic cross-section of a silver gelatine 
print is depicted in Fig. 1.1 The most common substrate is photopaper, but anything that 
provides physical support, such as glass, metal, textiles or plastic can be used for specific 
applications. Papers are normally coated with a whitening antihalation layer to cover the 
fibrous paper material and to prevent the leaching of chemicals. Since the introduction of 
the silver gelatine print by Richard Leach Maddox in 1871 this is usually a baryta layer, i.e. 
BaSO4 mixed with small amount of SrSO4. These papers are referred to as baryta paper or 
fibre based paper (FB).1,2 After ca. 1970, papers sealed between two polyethylene (PE) layers 
became more popular, and these papers are known as resin-coated (RC). A layer of colloidal 
silver halides suspended in gelatine is applied on top of the whitening layer; this is known 
as the photographic emulsion although it is chemically a colloidal suspension. The top part 
of the gelatine film is crosslinked with formaldehyde to provide stability and protection to 
the underlying image layer.3 This method is similar to the hardening of gelatine for use in 
medical capsules.4,5 Finally, a surface coating such as a varnish can be applied to enhance 
stability, glossiness or other characteristics. The total thickness of the gelatine layer is 
generally in the order of 0.25-0.75 mm. The thickness of these layers combined with the 
requirement for uniformness to produce a good overall image underlines the need for well-
calibrated machinery for the production of photographic films.6 

Figure 1. Schematic cross-section of a silver gelatine print (layers not to scale).
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During the creation of a photographic image on a generic silver gelatine print, light first 
strikes a photograph mounted in a camera, where it excites an electron in a colloidal 
silver halide particle suspended in gelatine, reducing it according to eq. 1.7 AgCl, AgBr 
or a combination of these are the most often used silver halides. AgF is water-soluble and 
therefore impractical. Nominally pure AgBr for photographic purposes contains at least a 
few wt-% AgI, and mixtures of AgCl, AgBr and AgI are also used.8 Since the band gap of a 
pure AgBr crystal is 2.5 eV, it requires 495 nm light to excite an electron to the conduction 
band. To allow a photograph to cover the complete spectrum of visible light, sensitising 
dyes such as (Ag2S)2 or Ag3AuS2 are employed to improve sensitivity to lower wavelengths 
(Fig. 2).8–10 

AgX + e- → Ag0 + X-                                                                                                     (1)

A few atoms of Ag0 are thus generated on the surface of a larger AgX crystal, concentrated 
in a speck or island. Three or four atoms may be enough for development, but in practice 
the island can be as large as 30 Ag atoms.10 This collection of specks is known as the latent 
image, since it cannot yet be seen but already contains all the required information for the 
later picture. In effect, AgX crystals are doped with Ag0 to provide energy levels suitable 
for reduction (Fig. 2). When the exposed photograph is then treated with an appropriate 
developing solution containing a moderately strong reducing agent in alkaline solution, 
the Ag0-doped AgX-crystal is reduced and the final image becomes visible. Common 
developing agents include metol (N-methyl-4-aminophenol sulphate), phenidone 
(1-phenyl-3-pyrazolidinone) and hydroquinone, although many others have also been 
employed over the years.11,12 If the reducing agent is too strong or the photograph is left in 

Figure 2. Energy levels during latent image formation in an AgBr crystal. Incoming light excites an electron from 
the valence band at -6.0 eV to the conduction band at -3.5 eV, corresponding to a wavelength of 495 nm. To 
allow photographs to be developed by green, yellow and even infrared radiation as well, sensitising dyes with 
appropriate energy levels are often added. Part of the excited electrons falls back to the ground state, while 

another part is trapped in intermediate states and forms a speck of Ag0.
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the developing solution for too long, non-doped AgX-crystals can eventually be reduced 
as well. This process is known as fogging since it affects all AgX in the print and darkens 
the image in general.8,9,13 It should be noted that any gold present in mixed crystals is also 
reduced during development and therefore remains present in the final product.8 

After development is completed, the raw photograph is transferred to an acidic stop 
bath (usually containing acetic or citric acid) which quenches any remaining developer. 
Optionally, the photograph can be toned in order to produce a certain effect or hue, as well 
as to increase stability. Toning generally involves oxidising the formed Ag0 to various AgI-
salts such as Ag2S (‘sepia’) or Ag2Se (selenium toner). Silver can also be replaced with the 
Fe(CN)4-salt of a transition metal such as platinum, gold, iron or copper to produce various 
colours. Finally, any remaining silver halide is dissolved and washed out using a solution 
of sodium or ammonium thiosulfate according to eq. 2.14 This is known as the fixing bath, 
because it prevents any further image formation through the removal of any remaining 
unreacted silver salts. The photograph is subsequently washed with water to remove any 
chemicals remaining from the development and finally air-dried to produce the finished 
print. 

AgX + 2 S2O3
2- → [Ag(S2O3)2]

3- + X-                                           (2)

2.2 Chromogenic photography

2.2.1 Developing a chromogenic photograph

The image in a photograph can be created by using either a dye or a pigment, both of 
which exist in many forms. Pigments are insoluble particles consisting of inorganic 
materials, transferred as a suspension. Dyes are organic or organometallic molecules 
used as a solution. Some colourants may be either a pigment or a dye depending upon 
the solvent, and dyes can also be absorbed on the surface of inorganic particles such as 
silica; this is known as a lake pigment. While the image in silver gelatine prints is formed 
from a pigment, chromogenic and other colour techniques rely on organic dyes. Colours 
in light are based on a combination of the three primary colours red, green and blue, the 
combination of which gives white light according to the additive colour model (Fig. 3a). 
In chromogenic colour photography, this principle is reversed into the subtractive colour 
model (Fig. 3b), using the three main colours yellow, magenta and cyan. If there are no 
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colours in a photograph, all light is transmitted and the observed colour is that of the 
underlying antihalation layer (white). Any added dye absorbs primarily in one part of the 
spectrum, for example cyan dyes absorb red light to leave a cyan colour; a combination of 
cyan and yellow dyes would leave a green colour. These colours thus combine in differing 
ratios to produce all colours of the visible spectrum. While many alternative processes for 
the creation of colour photographs exist (e.g. silver dye bleach, dye transfer and Polaroid 
instant films), the chromogenic process covers a large majority of all non-digital colour 
photographs, including all colour photographs in artworks mentioned in this thesis, and 
will therefore be the main focus here.15

In a chromogenic photograph, the gelatine layer is divided into three separate layers, each 
containing a precursor to one of the photographic dyes. Yellow dyes are formed in the top 
layer, magenta in the middle and cyan at bottom, with all three dyes separated by thin 
interlayers (Fig. 4).16 In each layer a silver halide coated with an appropriate sensitising 
dye is responsible for absorption of light of the relevant wavelength. When light strikes the 
photograph, this sensitising dye activates the silver halide crystals in a manner analogous 
to the sensitizer in a silver gelatine print. For the development of a colour image, the 
latent image is then immersed in an alkaline aqueous solution of p-phenylenediamine 1 

Figure 3. a) Additive colour model, and b) subtractive colour model. 

Figure 4. Schematic cross-section of a chromogenic photographic print. Dyes are positioned in 
separate layers of gelatine with thin interlayers in between.
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or a derivative thereof known as the developing solution. Developer 1 reduces crystals of 
AgX to Ag0 through the latent image sites, which simultaneously oxidizes the developer to 
quinonediimine 2 (Scheme 1). This quinonediimine 2 then reacts with an appropriate dye 
precursor known as the coupler, which is already present in the undeveloped photograph. 
For example, compound 3 (Scheme 2) is the coupler for yellow azomethine dye 5. The 
coupler is first oxidised by one equivalent of diimine to form the colourless leuco dye 4. If the 
substituent Y is a good leaving group (Cl-, RSO2

-, ArS-, etc.) the reaction proceeds through 
pathway A (Scheme 2), where the coupler behaves as a two-equivalent coupler because two 
equivalents of AgX are required to form the dye. If Y = H, the reaction proceeds through 
pathway B, where the coupler is a four-equivalent coupler. Both pathways require alkaline 
conditions and both yield azomethine dyes such as yellow dye 5. Differences in Y can be of 
influence for a variety of factors, including reaction speed and stability of the undeveloped 
film. Many different leaving groups have been used, including Cl-, RO-, RSO2

- and N-based 
heterocycles such as triazoles, tetrazoles and imidazolines.17 Furthermore, ArS- leaving 
groups can function as an inhibitor for further dye development, thereby decreasing image 
spread and providing a clearer boundary between dye density levels, in effect increasing 
image sharpness.18 Cyan and magenta dyes are formed by analogous pathways.16 

After dye formation is completed, the remaining silver salts as well as any metallic silver 
have to be removed. For this purpose, all present Ag0 is first oxidised to AgI by treatment 
with FeIIEDTA; this is known as the bleaching bath. Finally, the photograph is fixed by 
solubilising all AgI-salts with NH4SCN or (NH4)2S2O3 and washing out the remains. The 
bleaching and fixing step are sometimes combined in a single bath (‘blix’) for easier 
processing. 
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Scheme 1. Reduction of AgX crystals with developer 1.
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Scheme 2. Mechanism for formation of yellow dye 5 by chromogenic photocoupling.
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2.2.2 Types of couplers and developers

Chromogenic photography was marketed for quick and cost-effective developing in small 
photo shops, resulting in the commercialisation of a single standard developer solution, as 
well as bleaching and fixing baths.16 In the ideal case, a photographic dye should be easily 
and completely developed, undeveloped coupler should be washed out completely during 
fixing, and the resulting dye should be completely stable in both light and dark conditions. 
Furthermore, a particular dye should have complete absorption in its designated spectral 
area (for example: 400-500 nm for yellow dyes) and no absorption outside of this area. In 
reality, chromogenic photodyes represent a compromise between all of these requirements. 

All couplers and developers have been subject to changes between manufacturers 
and products, leading to a plethora of available final dyes. While there have been great 
improvements in dye structure throughout the era of chromogenic photography, the 
central concept of a quinonediimine attacking an activated methylene coupler to produce 
a conjugated system has remained essentially unchanged since its invention. This common 
denominator allows for the identification of generic photographic dyes, which represent 
the chromophore of chromogenic photodyes that have been in general use at some point 
in time. Differences introduced over the years have largely been limited to non-conjugated 
substituents on the central carbon scaffold. These differences are related to a variety of 
factors, including the dye’s absorption profile, development speed and stability towards 
light and dark fading.17,19,20 

The most common yellow couplers are pivaloylacetanilides (6) and benzoylacetanilides (7) 
(Fig. 5). Both consist of an activated methylene in the form of a 1,3-dicarbonyl compound 
with associated leaving group Y and flanked by a variety of substituents on both sides. In 
general, dyes of type 6 are more stable towards light and dark fading while dyes of type 7 have 
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Figure 5. Common yellow couplers 6 and 7.
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a higher extinction coefficient. Many variations for substituents R1, R2 and R3 exist, and these 
are used to fine-tune the absorption spectrum and avoid any tailing into other parts of the 
visible spectrum. For example, modern benzoylacetanilide dyes commonly have an alkoxy 
substituent at the R2-position to remedy the reddish hue of older benzoylacetanilides.17 
Additionally, all developers have a hydrophobic immobilising substituent (usually at R1) in 
the form of a long alkyl or polyether chain designed to make the dye insoluble in aqueous 
solutions and fixing it in position in the gelatine matrix during and after development. This 
group is thus essential for image sharpness, but is designed not to influence the colour of 
the resulting dye itself.16,17 

In the 1950s, when chromogenic photography first became widely accessible, magenta dyes 
were much more sensitive than either the yellow or cyan dyes then in general use, and 
many different dyes and couplers were designed to rectify the resulting discolourations.15 
Although the number of available magenta dye couplers appears to be relatively large in 
comparison to the numbers of available yellow and cyan couplers, almost all of them are 
based on the pyrazolone skeleton 8 as shown in Fig. 6. Imidazo-pyrazole and triazolo-
pyrazole couplers 9 and 10 have also been employed, but to a lesser extent. Again, variations 
in substituents R1 –R4 as well as leaving group Y can be used to fine-tune characteristics 
such as absorption, solubility, hue and reactivity.17 

Almost all cyan couplers consist of a phenol (11) or naphthol (12) backbone (Fig. 7), which 
is oxidised to the corresponding quinone during development.19 Substituents at R1 and R2 
provide stability and variations in hue and reactivity, and like yellow and magenta couplers 
they also contain hydrophobic alkyl chains to prevent their solubility in aqueous solutions. 
Dye couplers react with an oxidised developing agent or developer, turning into coloured 
dyes. Virtually all developers are p-phenylenediamines, of the general type shown in Fig. 

Figure 6. Magenta couplers 8, 9 and 10.
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8 (compound 1). Nowadays, the two derivatives 13 and 14 are the only developers still 
in general use, but other variations on diamine 1 have also been employed in the past.17 
Developer 13 provides superior hues and dye stability towards both light and dark fading, 
while 14 is mainly used in applications were speed of development and efficiency are more 
important. 

2.3 Photographic gelatine

In virtually all modern photographs, both monochrome and coloured, a thin layer of 
gelatine is used to suspend the imaging material and fix it in its place. As such, the stability 
and longevity of the photograph is to a large extent dependent on the gelatine layer. It 
fixes colourants in place, may or may not allow other chemicals to diffuse towards the 
colourant and can also undergo harmful reactions itself, including curling, yellowing and 
mould growth.21 Because the creation of photoworks involves the combination of various 
potentially incompatible materials with photographs, this danger is even greater in the case 
of photographic art. In order to better preserve culturally significant photoworks for future 
generations, it is therefore important to understand the structure of gelatine as well as the 
processes by which it changes over time and under the influence of external stimuli. 
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2.3.1 Chemical and physical characteristics of gelatine

Gelatine is a nearly colourless substance derived from collagen by partial hydrolysis. 
Collagen is the main structural protein in various connective tissues of animals, and as 
such is the single most abundant protein in animals.22 Common sources include the skin, 
bones and connective tissues of pigs and cows. Additionally, fish skin has recently been 
gaining attention as a source due to religious, environmental and food safety concerns.23 
Gelatine can be manufactured from these sources either by acid (type A) or alkaline (type 
B) hydrolysis, and this can have a profound effect on important properties such as the 
isoelectric point, bloom strength and viscosity of the gelatine.24 After hydrolysis, a neutral or 
slightly acidic extraction step is used to obtain the final gelatine (Fig. 9). For photographic 
purposes, animal bones hydrolysed with base are the most widely used source, resulting in 
a slightly acidic gelatine after work-up.25 
Since gelatine consists of a denatured mixture of proteins and peptides it can be described 
as a biopolymer. The average weight of gelatine macromolecules falls in a rather wide range 
(5 x 104 to 2 x 107 g mol-1), with values around 4 x 106 g mol-1 quoted most often.26,27 For 
many specific sources, the amino acid content of gelatine is approximately known,28 but 
even within these specific sources differences of several wt-% are still possible. The most 
important amino acids are glycine (Gly), proline (Pro) and hydroxyproline (HyPro), with 
other amino acids present in smaller quantities (Fig. 10). Note that out of the 20 amino 
acids found in proteins 3 (asparagine (Asp), glutamine (Glu) and tryptophan (Trp)) are 

Figure 9. Production of gelatine from collagen triple helices.
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not found in collagens. Additionally, two hydroxylated amino acids hydroxyproline and 
hydroxylysine (HyLys), both non-proteinogenic amino acids, are significant constituents 
of collagens. 

The three most prevalent amino acids glycine, proline and hydroxyproline make up a large 
part of the secondary structure, which like in collagen largely consists of the tripeptide 
sequences Gly-X-Pro and Gly-X-HyPro. This sequence in turn folds the gelatine into a 
tertiary structure largely consisting of triple helices reminiscent of the original collagen.29,30 
Because gelatine is partially hydrolysed, helices are often made up of different strands 
with many interchain hydrogen bonds and relatively few covalent bonds.31–33 The tertiary 
structure, largely dominated by hydrogen-bonded helices, therefore allows small molecules 
(e.g. water) with hydrogen bonding capacity to easily integrate into the matrix. This 
water can be expelled during drying but is relatively easy to reintroduce depending on 
the applied environmental conditions, albeit with relatively long equilibration times even 
when immersed in solution. This means that water in gelatine films is at least partially 
available for exchange with other materials at any given time, and that gelatine will never 
be completely dry unless rigorous methods are employed. Gelatine swells in cold water, 
absorbing between 5 and 50 times its weight in water. Its swelling capacity increases with 
temperature, and above ca. 40 °C gelatine is readily soluble. On cooling, a reversible gelation 
then occurs.34

Figure 10. Average amino acid contents of gelatine in wt-%.
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Triple helices are also an important factor for the overall stability of the gelatine matrix, and 
in fact there is a linear relationship between the concentration of helices and the strength of 
the gelatine, as measured by the bloom index.35 The concentration of these helices is in turn 
influenced by the casting temperature of the gelatine, showing that the properties of gelatine 
are directly related not only to its structure and origins but also to the manufacturing 
conditions. This becomes evident from DSC thermograms, which show differences in glass 
transition temperature Tg depending on casting temperature.36 Physically, Tg describes the 
point at which polymer strands start to attain mobility within the matrix. Because of the 
increased freedom of movement, many chemical reactions as well as physical processes 
such as diffusion proceed much more rapidly at temperatures above Tg. Therefore, it is 
an important parameter for the reactivity and permeability of many polymers, including 
gelatine. Its range rises as high as 200 °C at very low ambient humidity levels and drops 
to ambient temperature at 70-75% RH.37,38 This can be understood in terms of the helical 
structure of gelatine: more water establishes a more ‘open’ structure, in which the peptide 
strands can move around more freely, thus lowering the glass transition temperature. In the 
context of the storage of artworks, this suggests keeping the combination of temperature 
and RH below the Tg threshold in order to limit overall permeability of the gelatine. The 
importance of hydrogen bonding for the tertiary structure of gelatine is further illustrated 
by recent work done on the effect of aqueous solutions of NaCl39 and other salts.40 Both 
studies show that the ions interfere with the formation of triple helices and lead to a lower 
degree of order. The effect of organic components such as sucrose or organic dyes on the 
other hand represents a complex interplay of factors. A positive effect on gel strength due 
to increased hydrogen bonding,41 negative due to decreased interstrand interactions,42 or no 
overall effect on gel strength39 have all been reported recently. 
Most gelatines, including all of those used in photography, are by themselves slightly acidic. 
This is illustrated by their isoelectric point (IEP), the pH-level at which overall charge of 
a molecule is zero. For acid-hydrolysed photographic gelatines the IEP lies around pH 
4.8, although for alkaline gelatines it can be as high as pH 8.43 Near the IEP, the swelling 
capacity of gelatine is the lowest because of the attraction between the positive and negative 
charges, while the swelling capacity increases dramatically at both lower and higher pH.34 
In very strong acids (pH ~ 1 and lower), charge build-up is such that gelatine will dissolve 
completely at ambient temperature. 
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2.3.2 Influence of environmental factors

In order to understand how gelatine degrades, it is essential to describe diffusion of small 
molecules, particularly water and oxygen, through the matrix. Many reactions related to 
ageing and degradation are oxidation reactions, and because of this atmospheric oxygen 
plays a vital role. Permeability of gelatine towards oxygen increases exponentially with 
relative humidity (RH) and rises significantly above 60% RH as a result of oxygen solubility 
in water.44 A comparable relationship was also found for CO2. It should be noted that 
solubility of gases in water decreases with increasing temperature, suggesting that oxygen 
diffusion-controlled reactions will actually be slowed down by increasing temperatures.45 At 
or below ambient temperature however, many gases can permeate relatively easily through 
gelatine. 
Because of the importance of triple helices to the overall structure, moisture content is 
another important consideration in gelatine stability. The general behaviour of gelatine 
towards water was first investigated by Kunitz in 1928,46 and his work shows that gelatine 
layers on a support have a tendency to equilibrate towards circa 10% moisture content 
(by weight) under ambient conditions. At higher temperature, the moisture content is 
generally lower, although equilibrium is reached much faster.47 For example, when films 
conditioned at 21 °C / 20% RH and at 16 °C / 20% RH are allowed to equilibrate to a 50% 
RH environment they took 12 days and 120 days to reach 90% equilibrium, respectively 
(determined gravimetrically). This indicates that while equilibration is significantly faster 
at higher temperatures, an equilibration time of several days or even weeks should be the 
standard for any significant change in conditions. This is further illustrated by the diffusivity 
constants of the system, which are in the order of 1 x 10-11 m2s-1 under normal conditions.48 
This means that any gelatine layer over about 1 mm in thickness will take many hours 
or even days to equilibrate properly, rising exponentially to 57 days for a mean diffusion 
distance of 1 cm.49 
The effect of various airborne pollutants on the tertiary structure of gelatine has also been 
investigated. Using either amino acid analysis or HPLC, pollutants including H2O2, H2S, 
NOx and SOx were shown to have a deteriorating effect on the size and amount of triple 
helices in the gelatine structure. Specifically, evidence for deamination, decarboxylation, 
dehydrogenation, transamination and hydrolysis were all found. All of these reactions 
either break gelatine strands into smaller segments or affect the hydrogen bonding potential 
of the gelatine, which in turn affects its tertiary structure and consequently its physical 
properties.50,51
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2.3.3 Implications for storage and conservation

In the conservation literature, it is commonly accepted that photographic material should 
be stored at reduced temperature and humidity.15,52 Most colour photographs can be 
stored at -18 °C for long periods of time, although any cooling below this temperature 
is impractical.38,52 However, a temperature difference of ca. 40 °C compared to ambient 
temperature implies that only reactions that have a significant rate at ambient temperature 
are measurably reduced. When a reaction is already very slow (e.g. the hydrolysis of an 
ester at pH 7) lowering the temperature by 20, 50 or even 100 degrees often does not make 
a significant difference.53 Whether cold storage is beneficial therefore depends on the 
situation, including the exact (combination of) materials involved in a particular object.

When the structural properties of gelatine as described earlier are also taken into account, it 
becomes clear that the humidity is probably a more important concern than temperature for 
the storage of photographs. At lower humidity, diffusion-related processes are slowed down 
significantly as the gelatine becomes a more closely packed polymer. This has the added 
benefit that any compounds suspended in the gelatine (such as dyes in a photograph) will 
also be protected. For these reasons, a lower humidity appears to provide a more significant 
effect. Furthermore, because of the slow diffusion of water in gelatine mentioned earlier, 
humidity levels should also be stabilised as much as possible, and relatively long times 
should be allowed to equilibrate gelatine to any changes.48 

2.4 Long-term stability and artificial ageing of photographs

The long-term stability of photographs in storage is described by its (natural) ageing 
behaviour. Ageing in this sense refers to the total range of physical and chemical changes 
that cause a particular material or combination of materials to degrade over time. This 
comprises a broad scope of reactions and physical processes, particularly in the case of more 
complicated natural or composite materials such as gelatine and, even more so, photographs. 
Ageing can have a number of different macroscopic effects, including changes in colour 
and solubility, emission of volatile compounds, cracking and ultimately disintegration. In 
practice, ageing refers to those processes that are detrimental to the function of the material, 
although the process itself often starts long before any adverse effects become apparent.54,55
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2.4.1 Stability of chromogenic photographs

Photography is a chemically intricate process that was originally very unstable and would 
degenerate rapidly. In the 20th century, companies such as Kodak and Fuji made many 
improvements in the stability of various photographic techniques, giving photographs 
increasing lifespans and overall stability. Apart from obvious concerns for photographs 
of personal or historical significance, degradation of culturally significant photographic 
material may affect its meaning and aesthetic purpose, sometimes rendering an artwork 
completely unfit for exhibition.56 Note, however, that the severity of a degradation for any 
particular object remains a matter of opinion.57

Due to increased complexity and the nature of the colourant, chromogenic prints are 
generally less stable compared to silver gelatine prints.15 When handled with care, storage at 
low temperature and at constant low humidity can ensure silver gelatine photographs to be 
stable for extended periods of time. Chromogenic photographs are generally more sensitive, 
but even within chromogenic photography there are differences in the exact identity of the 
dyes and the development process, which sometimes lead to large changes in the stability of 
the final product.58 Many companies focused on mass production for the amateur snapshot 
market, and therefore long-term stability has not always been the most important criterion. 
For example, the first generation of Kodacolor papers (1942-1953) is known as the “totally 
lost era”. Irrespective of storage conditions, not a single example of a Kodacolor print from 
this time is known to have survived in reasonable condition.15 Similarly, Agfacolor Paper 
Type 4 (1974-1982) had such poor dark fading stability of its cyan dye that virtually all cyan 
dye had faded within about 5 years, which even led to a class-action lawsuit in 1985.59 Other 
products such as Fujicolor SFA 3 (1992) have much better stability; by some reports nearly 
four times longer than the contemporary Ektacolor (Kodak) equivalent.15 An additional 
issue is that the formulation and stability of photographic products was the confidential 
intellectual property of many companies for much of the 20th century, thus providing no 
information to consumers as to which products had better storage characteristics. This 
secrecy extended to both superior and inferior characteristics. For example, the public was 
not informed of either the extremely durable silver dye bleach product Agfacolor CU-410 
(1970-1976) or the inferior Agfacolor Paper Type 4 (1974-1982). It should also be noted 
that more recent formulations were not necessarily better or more stable. Later products 
were sometimes decidedly more sensitive, since long-term stability was often not a priority. 
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2.4.2 Dark and light fading

The long-term stability of chromogenic photographs can be divided into light- and dark-
storage behaviour, referring to exhibited photographs and photographs stored in the dark, 
respectively. As it is very rare for all three dyes to fade at equivalent rates, an imbalance 
between dyes is often the most striking result from fading. Dark fading is a continuous 
process that starts the moment the photograph is developed, and continues both in storage 
and during display. Light fading on the other hand is dependent on the intensity and 
energy of incoming photons, and is therefore affected by the lighting level (either natural 
or artificial) and presence of UV filters in the display room. In many cases, light fading is a 
considerably faster process, though dark fading can also be dominant in some products such 
as the 1940s Kodacolor prints mentioned previously. In general, dark fading is characterised 
by fading of the cyan dye in particular, although yellow dye can also be partially affected. 
Light fading on the other hand generally affects magenta dyes the most, especially in cases 
where UV filters (e.g. glass or plastic covers) have been applied. If UV radiation is allowed 
to strike the photograph unhindered, cyan dyes can sometimes fade faster in the light as 
well due to the absorption band of quinone-based cyan dyes around λ = 300 nm.60 There 
are some differences in stability between the various available chromogenic prints however, 
and more details about them can be found elsewhere.15

Couplers and additives remaining after development can be a cause for concern as well. For 
example, during the early days of chromogenic photography (1942-1970) many prints had 
magenta coupler remaining in the finished prints after development, which was unstable 
and frequently caused severe yellow staining after just a few years of storage (Scheme 3).61 
While this problem was by no means completely eliminated after 1970, the introduction 
of stain inhibitors as well as improved dye technology and development processes 

N N

O

NHR

N N

O

NHR

N
N

OH

RHN

N N

HO

NHR

N
N

H2O, T

hv
Unreacted 
magenta coupler

Scheme 3. Oxidation of magenta coupler by thermal or photochemical reaction, resulting in yellow staining.
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reduced this staining in later products.58 Chromogenic photodyes have also been shown 
to be susceptible to degradation by atmospheric components, such as SOx, NOx, O3

62 and 
oxygen.63,64 Specifically, oxygen has been shown to accelerate the degradation of yellow and 
magenta dyes, while it can actually inhibit the degradation of cyan dyes, thereby leading to 
a cyan discolouration.63 

2.4.3 Artificial ageing

To gain an insight into the degradation patterns of complex materials such as photographs, 
artificial ageing methods are often employed. Artificial ageing (sometimes also referred to 
as accelerated ageing) is defined as ‘a process by which a material of interest is subjected to 
harsher than normal conditions in order to simulate ageing’.65 Artificial ageing experiments 
commonly involve an increase in temperature in order to speed up a reaction, while others 
factors such as humidity, illumination and airborne pollutants can also be considered.55 
A major advantage of artificial ageing is that these tests can be done on any material or 
combination of materials that may be of interest. In the context of cultural heritage for 
example, actual photographs or paintings can be made and tested, rather than having to 
rely on model systems. 
Artificial ageing tests of cultural heritage materials are undertaken in a climate chamber, 
where the sample can be subjected to a controlled combination of temperature and relative 
humidity (RH). Relative humidity indicates the fraction of water out of a possible 100% 
that air can hold at a given temperature (Fig. 11). Around 0 °C air holds very little water 
(4.8 g x m-3) and the difference between 0% and 100% RH is thus relatively small, while 
this difference corresponds to an increasingly large mass of water at higher temperatures. 
Therefore, 50% RH at a typical artificial ageing temperature of 80 °C corresponds to 
an absolute amount of water of 146 g x m-3, 11x higher than the same 50% RH at room 
temperature (8.7 g x m-3).66 At lower temperatures, the differences between low and high 
RH become smaller. The dew point, the temperature at which there is too much water for 
the air to hold and it condenses, is therefore the most important consideration for low-
temperature storage. This temperature corresponds to 100% RH in Fig. 11. 
Artificial ageing is based on the assumption that the entire ageing process is accelerated 
at the same ratio, in other words that all involved processes are accelerated in the same 
manner. This kind of linear relationship is described by the Arrhenius equation (eq. 3), in 
which k is the reaction constant, Ea is the activation energy, R is the universal gas constant, 
T the temperature and A is an empirical pre-exponential factor. 

k = Ae(-Ea/RT)                                                                  (3)
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From this equation, it is apparent that the reaction rate is only expressed in terms 
of activation energy (an intrinsic value related to the specific reaction involved) and 
temperature. Therefore, the effect of other physical conditions such as humidity cannot be 
directly investigated in this manner. In the case of heritage materials such as photography, 
the parameter to be measured is usually a colour change or other physical quantity rather 
than the concentration of a specific compound, and the relation of any change in this 
quantity to the reaction rate should always be considered.

Processes that obey the Arrhenius equation are for example single chemical reactions or 
processes where a single chemical reaction is rate-determining. If the system provides a 
straight line when ln(k) is plotted against 1/T, the system is said to be well-behaved. The 
slope of the Arrhenius plot then corresponds to the activation energy Ea, and behaviour at 
other temperatures can be extrapolated. When multiple chemical reactions and physical 
processes occur simultaneously, such as during the ageing of complex objects, an apparent 
activation energy Ea, app can sometimes be determined. This value represents a composite 
activation energy of all reactions involved in the process. Since it is a composite value, 
it can change with temperature and other environmental conditions depending on which 
reactions are dominant under a specific set of conditions. In particular, Ea,app can change 
significantly due to physical changes such as phase transitions.67 When more than one 
particular reaction is significant during the ageing process of an object, the ratio between 
these reactions often changes with temperature. Because Arrhenius plots can usually only 

Figure 11. Water content of air at different humidity levels and temperatures.
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be drawn according to Ea, app, this is not always readily apparent. In the hypothetical example 
in Fig. 12, reaction 2 becomes dominant over reaction 1 when the temperature increases, 
but the measured data do not reflect this transition and in fact appear to be well-behaved. 
Because of this, the behaviour of a complex process cannot always be extrapolated towards 
lower temperatures, even though the data at first glance appear to be well-behaved. 

Several studies have been reported on the artificial ageing of papers and paper-related 
materials.54,55 In these studies, an overview of different environmental conditions used to 
simulate various aspects of the ageing process is provided. This includes different methods 
for studying the overall degradation mechanism and the influence of a number of pollutants 
and cleaning chemicals, such as SO2,

68–70 NOx,
69,70 ethylene71 and water.72 Artificial ageing 

experiments on gelatine-based photographic materials have been done since at least the 
1930s.73 It has been shown that gelatine can undergo both hydrolysis to form small water-
soluble fragments as well as crosslinking to form complex superstructures.74 These results 
were further supported by artificial ageing of gelatine-sized papers, showing gelatine to be 
the main factor responsible for discolouration of these papers.75 This discolouration was 
also comparable to that of naturally-aged papers, but the cellulose component clearly aged 
differently. This means that an artificial ageing protocol that ages gelatine reliably might not 
be reliable for cellulose (or other components) and vice versa. 

Figure 12. Hypothetical example where reactions 1 and 2 generate an apparently well-behaved Arrhenius plot.
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Cycling between temperature and humidity levels is often used for composite objects, 
but interpretation of the results is non-trivial and generalised conclusions are difficult to 
reach.76 The severity of these effects depends both on the harshness of the used cycles and 
the relative differences between the various materials involved, for example how much a 
particular material swells in high humidity.65 Therefore, despite the increased difficulties 
in interpretation, cycling may be indispensable when investigating composite materials, 
especially when interpreted in a qualitative rather than quantitative manner.77

Both Porck55 and Shahani54 conclude that the applicability of various artificial ageing 
methods mainly extends to a qualitative comparison of various papers and conservation 
practices as well as fundamental mechanistic studies of specific reactions; similar results 
were reported for other materials as well.78 In other words, artificial ageing experiments 
can provide information on the effect of a specific set of external variables, but only in a 
qualitative way. In relation to photoworks, this means the effect of a particular application 
on the lifespan of a photograph can be determined, but a specific lifespan or change in 
lifespan cannot be reliably determined.

2.5 Paint composition and ageing

All paints consist of a minimum of two ingredients: a binder and a pigment or dye. Many 
varieties of paint binder exist which have been used for different purposes in different time 
periods, including egg tempera, gouache (gum arabic), latex, PVAc, acrylic, oil and alkyd. 
Tempera, gouache, latex, PVAc and modern acrylic paints are all water-based, while oil and 
alkyd paints are oil-based. Water-based paints consist of dispersions of natural (gouache, 
tempera, latex) or synthetic polymers (PVAc, acrylic) in water, and will dry mainly by 
evaporation of the solvent.79 Some paint formulations, notably including older acrylic 
paints, consist of a polymer base dispersed in an organic solvent rather than water; these 
paints have some different properties but still dry by evaporation.79 Oil paints on the other 
hand consist of natural oils, specifically triesters of glycerol and fatty acids (Fig. 13). Alkyd 
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Figure 13. A typical triglyceride from a drying oil, with (from top to bottom) α-linolenic (C18:3), palmitic (C16:0) 
and linoleic (C18:2) fatty acids.
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resins are a modern adaptation of this motif: they are made by partial transesterification 
of a triglyceride with a difunctional acid (e.g. maleic acid, o-, m- or p- phthalic acid) and 
additional polyols to form a polyester backbone (Fig. 14). In both cases, the fatty acids 
are derived from vegetable oils (e.g. linseed, walnut or poppyseed oil). Fatty acids are 
commonly denoted by a shorthand code, which gives the number of carbon atoms followed 
by the number of (cis) double bonds. For example, C18:2 denotes a fatty acid of 18 carbon 
atoms with 2 double bonds, i.e. linoleic acid. The most common fatty acids in natural oils 
are palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2) and 
linolenic acid (C18:3), although depending on the source many other fatty acids can also 
be found. In many commonly encountered fatty acids (notably excluding γ-linolenic acid), 
the first unsaturated carbon is the 9th carbon counting from the ester group. Subsequent 
double bonds are all-cis and are arranged with one methylene group in between (Fig. 13). 
The amount of different fatty acids varies depending on the type and source of the oil (Table 
1).80

Table 1. Main fatty acid components of frequently used vegetable and drying oils. All values are given in wt-% 
of total fatty acid content. Values taken from Baileys Industrial Oil and Fat Products.80

Type C16:0 C18:0 C18:1 C18:2 C18:3 C20:0 Notes

Castor 1-2% 1-2% 3-6% 4-7% - - [a]

Hemp 5-7% 1-3% 8-13% 52-62% 16-28% 0-1%

Linseed 6-7% 3-6% 15-25% 15-18% 50-60% -

Peanut 6-15% 2-6% 36-72% 13-45% - 1-3% [b]

Poppy 7-8% 3-4% 15-25% 60-75% - -

Rapeseed 1-5% 0-2% 10-60% 10-20% 5-10% - [c]

Safflower 4-6% 1-5% 7-14% ~80% - 0-1%

Sunflower 5-7% 3-6% 15-20% 60-75% - -

Wallnut 6-7% 2-3% ~15% ~65% 9-12% -
[a] contains 85-90% ricinoleic acid (hydroxylated C18:1)
[b] contains 1-2% C20:1, 1-5% C22:0 and 1-2% C24:0
[c] contains up to 14% C20:1
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Figure 14. Schematic representation of an alkyd resin.
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Added to the binder are one or more colourants. Because dyes and pigments often have 
multiple historical names they are referred to by a code name to avoid confusion, such 
as PW  1 for Pigment White 1, i.e. white lead (Pb(CO3)2·Pb(OH)2). Other frequently 
encountered examples include cadmium yellow (CdS, PY 37), vermillion (HgS, PR 106) 
and bone black (a mixture of amorphous carbon and calcium salts, PBk 9). These codes 
do not necessarily refer to pure chemical compounds, especially in those cases where 
small impurities lead to significant changes in hue. Additionally, in some cases multiple 
codes refer to similar pigments: PBk 6, PBk 7, PBk 8 and PBk 9 all refer to variations of 
amorphous carbon from different sources and with different impurities. Most synthetic 
as well as natural dyes also have a pigment code, which is preferred over their (often 
complicated) systematic names. The widely used PY 74 (compound 15), also known as azo 
yellow, Hansa yellow or Dalamar yellow among other names, refers to 2-[(2-methoxy-4-
nitrophenyl)diazenyl]-N-(2-methoxyphenyl)-3-oxobutanamide, an arylide dye frequently 
used in paints. Other frequently encountered examples include phthalocyanine blue (PB 
15, compound 16) and quinacridone red (PR 209, compound 17). Note that this coding 
system makes no distinction between pigments and dyes.
In traditional oil paints used by the old masters before the Industrial Revolution pigments 
(i.e. insoluble, inorganic metal salts) were most common. These pigments (either synthetic 
or produced from ground-up minerals) are often based on heavy metals (Cd, Pb, Hg) and 
can therefore more readily be recognised by elemental analysis techniques such as (µ-)XRF 
or SEM-EDX.81,82 However, many of these pigments are extremely toxic, environmentally 
hazardous or expensive, and as a result they have been banned or superseded for many 
applications in recent times. In modern alkyd resins, synthetic dyes (i.e. soluble organic or 
organometallic molecules) are frequently applied, as these generally have greater colouring 
strength, are more easily controllable and more environmentally benign than traditional 
pigments. 
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After paint is applied on a surface, the drying process begins by evaporation of any solvents. 
In oil and alkyd paints, this is followed by a second stage of oxidative or chemical drying 
which leads to the formation of a crosslinked network that actually dries and hardens the 
paint. Unsaturated, particularly polyunsaturated, fatty acids are susceptible to homolytic 
C-H bond cleavage due to the presence of a doubly allylic position (position 4, Scheme 4), 
which leads to a delocalised radical product. This is the reason drying oils such as linseed 
oil contain large fractions of unsaturated fatty acids, particularly C18:2 and C18:3, since 
saturated fatty acids are much less susceptible to this type of radical abstraction (Table 
2). Linolenic acid dries extremely fast, in some cases so fast that a crosslinked layer on the 
surface of the paint acts as a barrier for atmospheric oxygen, strongly reducing the drying 
rate for the underlying paint.83 To increase drying speed and assist through-drying of the 
paint, C-H homolysis can further be aided by addition of a metal catalyst. Co(III) is by far 
the most frequently used for this purpose, although many other metals including Mn, Zr, V, 
Fe and Pb can also be effective depending on the specific requirements.84–90 In alkyd resins 
these drying catalysts are often added separately, while in traditional oil paints inorganic 
pigments and fillers act as driers.91

After the initial radical formation at position 4, attack of molecular oxygen can take place 
at position 2 or 6 (Scheme 4), leading to two different products.85 The process can follow 
two distinct pathways: normal radical autoxidation or photo-sensitised oxidation with 
1O2 (singlet oxygen). Of these two, normal autoxidation is the most important, although 
products attributable to both pathways can be isolated.93–95 The initially formed peroxide 
radical is highly unstable96 and quickly attacks any available bond, introducing a variety of 
oxygen-based functional groups including epoxides, ethers, ketones, carboxylic acids, esters 
and 1,2-dioxolanes.93,94 Some of these groups form further crosslinks between different alkyl 
chains, and over time these interconnecting bonds form a network that further hardens and 
dries the paint.97 Oxidation at position 6 leaves monoallylic C-H bonds at position 1 (and 
6, depending on the final product), and oxygen can eventually attack this position as well 
(Scheme 4). 

Scheme 4. Homolytic C-H cleavage and oxidation of polyunsaturated fatty acids.
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Depending on prevailing environmental conditions as well as the thickness of the layer, 
alkyd paints are generally dry to the touch within 4-8 h., with oil paints taking slightly 
longer.90 However, the drying process does not stop at this point. Oxidation continues over 
long time-spans, generating increasing amounts of small organic molecules. Particularly 
prevalent are suberic and azelaic acid: both are products of the oxidative cleavage of C18-
unsaturated fatty acids98 and are almost always found in studies of oil paintings.99–101 The 
drying of an oil-based paint binder and its oxidative degradation are therefore part of the 
same overall oxidation processes and thus inseparable.

Most paints are diluted with extenders, which are inert pigments that increase the bulk 
of the paint, adjust their consistency and reduce the colour of pigments with great tinting 
strength. Common examples include white pigments such as white lead, TiO2 and ZnO, 

Table 2. Homolytic bond dissociation enthalpy of selected C-H bonds.92

Bond type Do
298 (kJ x mol-1) Bond type Do

298 (kJ x mol-1)
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and all of these are frequently found in paint layers of all colours. Finally, additives can be 
added to increase drying speed, shelf life or other characteristics. Oil paints thus contain 
significant quantities of metal salts, which are used as pigments, fillers and drying catalysts. 
During long-term ageing, these metals can act as Lewis acids and catalyse the hydrolysis of 
fatty acid esters in the presence of water.102,103 The products of this hydrolysis are an alcohol 
(glycerol) and a metal carboxylate salt, i.e. a metal soap. Hydrolysis affects both saturated 
and unsaturated fatty acids, but unsaturated fatty acids can still undergo crosslinking and 
are therefore immobilised in the paint matrix. Saturated fatty acids do not experience 
significant crosslinking and are thus mobilised as metal soaps upon hydrolysis. Over time, 
these metal soaps aggregate into larger clusters in the paint layer, sometimes breaking the 
surface and forming a protrusion. Several authors have reported on the analysis of metal 
soaps found on oil paintings from the 13th-19th centuries, with old masters from the 16th and 
17th centuries included most frequently.104–109 
Different metal cations have been reported in connection to metal soap formation. Pb2+ and 
Zn2+ are the most commonly mentioned, although other cations (Ca2+, Mn2+, Cu2+, Cd2+) are 
also known.101 Metal soap formation does not show a particular correlation to the specific 
character of the Lewis acid,110 but aggregate formation is strongly enhanced at higher metal 
cation concentrations, suggesting that the predominance of Pb- and Zn- based metal soaps 
in the literature may be more due to their general availability than any specific inclination to 
form metal soaps.111 In fact, model oil paints coloured with lead white show a lower degree 
of fatty acid hydrolysis than many other pigments.112 Depending on the source as well as 
the stage of degradation, metal soaps can be found in a crystalline or amorphous phase, 
with marked spectroscopic differences.113 The exact mechanism of metal soap formation 
is not yet known, although it has been discussed by several authors.98,100,109,114 During the 
ageing of an oil paint, inorganic pigments such as lead white react with fatty acid esters or 
free fatty acids in an acid-catalysed hydrolysis reaction. In addition to palmitic and stearic 
acid, azelaic acid is found in many metal soaps as well.101 Azelaic acid is a common product 
obtained by oxidative degradation of polyunsaturated fatty acids, and its inclusion confirms 
that drying is in an advanced stage when metal soap aggregates are formed. Divalent metal 
cations can coordinate to up to four carboxylate groups, and in fact carboxylate groups can 
coordinate to more than one metal cation as well. These bonds are polar, and metal soaps 
therefore have a tendency to aggregate into larger particles.115 Aggregation becomes even 
more pronounced when dicarboxylic acids such as azeleic and suberic acid, both products of 
oxidative degradation of fatty acids, can be incorporated.101 In various artworks aggregates 
have been found to differ in size and crystallinity, and the origin of these differences is not 
yet clear.113,116 After metal soaps have coalesced into aggregates inside the paint matrix, they 
can break the paint surface, forming a visible protrusion which can disturb the image.
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Chapter 3. 
Free Fatty Acid Efflorescence on Contemporary 

Photoworks and Canvas Paintings

Abstract

The photographic artwork Dutch Grey (Ger van Elk, 1983, Kröller-Müller Museum, Otterlo, 
the Netherlands) consists of four silver gelatine photographs on resin-coated paper partially 
covered with different colours of (alleged) alkyd-based paint. In addition, the artist has 
applied a varnish to some areas, both painted and unpainted. It was recently judged unfit for 
exposition by conservators due to extensive coverage of its painted surfaces with a disturbing 
white efflorescence that has developed in a remarkably short time span (15-20 years). μ-FTIR 
and GC-MS after derivatisation of collected paint microsamples unequivocally revealed all 
applied paint to be alkyd-based. Furthermore, FTIR-ATR identified the varnish as a TDI-
based polyurethane. Microsamples of efflorescence collected from the surface were then 
studied by μ-FTIR, SEM-EDX and GC-MS after derivatisation. The efflorescence consists of 
free saturated fatty acids (palmitic acid and stearic acid in a mol-ratio 7:1) in a crystalline 
form. More specifically, R2

2 (8) carboxylic acid dimers are found. No evidence for the presence 
of metal carboxylate salts was found. A similar efflorescence was also identified on the 
photowork Nearer to the North (Ger van Elk, 1983, Rijksdienst Cultureel Erfgoed) and to a 
lesser extent on the contemporary alkyd paintings on canvas Zonder Titel (Wim Gijzen, date 
unknown, Rijksdienst Cultureel Erfgoed) and Astronaut Edwin Aldrin (Antonie Burgering, 
1967, Rijksdienst Cultureel Erfgoed). To explain the enhanced occurrence of efflorescence 
in photoworks, it is proposed that the layer of photographic gelatine underneatch the alkyd 
paint layers acts as a source and carrier of H3O

+ and H2O required for the formation of free 
saturated fatty acids by acid-catalysed hydrolysis. 

Footnote:  TMTFTH: m-(trifluoromethyl)phenyltrimethylammonium hydroxide
  TFMP: trifluoromethylphenyl
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3.1 Introduction

Originally, photography was intended primarily to capture real-life events and images for 
historical documentation, archives and personal use. Over the last 50-75 years however, 
photography has also gained interest as a medium for artistic expression.1 Hence, it has 
turned into an important medium for fine art, in which the original role of the photograph is 
superseded. Photographs have thus become art objects in their own right and have become an 
important part in the collections of many museums. 

Apart from photographs as such, photographic materials are also used as a component of 
more complex composite artworks. These combined objects are known as photoworks or 
photographic art. In these objects, a plethora of different applications such as paints, glues, metal, 
cardboard, textiles, wood, varnishes, inks, etc. can be combined with various photographic 
techniques including silver gelatine prints, silver dye bleach, chromogenic photography, 
Polaroid, etc. Photoworks now form an integral part of our cultural heritage. Museums 
and related institutions accordingly possess comprehensive collections of photographic art, 
representing a considerable cultural and financial value. However, photographic materials 
degrade much faster than more traditional works of art such as oil paintings because of their 
limited stability under a variety of light and dark conditions.2 Degradation of photographs in 
both light and dark conditions has been addressed in considerable detail.3 However, despite 
its importance for storage, conservation and aesthetic appeal, insight into undesired chemical 
and physical interactions between photographic material and other added components, i.e. 
the applications in photoworks, is still limited.4 

Recently, conservators identified an example of such an undesired interaction on the 
contemporary photowork Dutch Grey (Ger van Elk, 1983, Kröller-Müller Museum, Otterlo, 
the Netherlands, 168x168 cm, Fig. 1a). Dutch Grey consists of four monochrome silver 
gelatine photographs on resin-coated paper arranged in a square and adhered to a foamcore 
support using adhesive tape. The four photographs are partially covered with different paint 
colours of alleged alkyd-based paint (coverage shown in Fig. 1c).5 The paint colours used are: 
white, black, two shades of grey obtained by mixing white and black paint in different ratios, 
green, yellow and blue. Finally, parts of both the painted and unpainted areas of the work are 
covered with an unknown type of varnish and the entire photowork is framed in a painted 
wooden frame without a glass plate. In uncovered parts of the photographic material silver 
mirroring is clearly visible. This is a common ageing phenomenon indicative of the oxidation, 
diffusion and subsequent reduction of silver atoms that breaks up colloidal silver crystals into 
smaller particles and thus changes their appearance. Silver mirroring is not dependent on 
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light, but may be slowed down by oxygen depletion due to coverage by the paint and varnish 
layers.6,7 Indeed, varnished areas of the photograph appear to be in a better condition with 
regards to the degree of mirroring, although the varnish itself has yellowed to some extent.8

Unexpectedly in this case, in a period of ca. 15-20 years an white efflorescence has developed 
on all painted areas, including those that have been varnished (Figs. 1b, d). The efflorescence 
was found in the form of individual crystals of up to 5 mm in diameter. For example, in 
Fig. 1b the distribution of efflorescence on the green painted area consists of heterogeneous 
lines and spots, while the surface itself is smooth because the artist used either a dripping 
or pouring technique rather than a brush. Comparable observations were also made on the 
other colours. In contrast, the unpainted areas of the photograph (including varnished areas) 
do not show any efflorescence (Fig. 1d). Due to the extensive coverage with efflorescence, 
the original photowork is now severely affected and is judged to be unfit for exposition by 
conservators.5 Clearly, this is an unwanted situation from the perspective of conservation. In 

Figure 1. Dutch Grey by Ger van Elk, 1983; a) complete photowork, with areas corresponding to Figs. 1b, d 
marked, b) detail of the centre with clearly visible white efflorescence, c) false colour image with all painted areas 

in black and d) detail of the work with unpainted, painted and varnished areas.
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a condition report regarding Dutch Grey from 1998, the conservator described the condition 
of this photowork as ‘aesthetically acceptable’, and nothing is mentioned about the presence of 
any efflorescence-like phenomena. A follow-up report from 2002 notes that efflorescence was 
clearly visible. These observations show that efflorescence can become problematic in a short 
timespan relatively quickly (ca. 15-20 years) after its creation.5 

From the perspective of conservation and preservation of important contemporary artworks, 
a variety of efflorescence phenomena have been described on surfaces ranging from masonry 
to leather, waxes and even chocolate.9–15 Efflorescence on oil paintings such as old masters 
usually consists of either inorganic salts or metal soaps, i.e. metal carboxylate salts.16,17 To 
the best of our knowledge, efflorescence on paint layers has never been seen to this extreme 
extent or this quickly after the creation of the work (15-20 years). Furthermore, efflorescence 
has not yet been reported in connection with photoworks, and only rarely in connection to 
alkyd-based paints in general.9,18 

In this chapter, the paint on Dutch Grey is unequivocally identified to be alkyd-based 
using µ-FTIR and GC-MS after selective derivatisation. The efflorescence on Dutch Grey is 
unambiguously identified and characterised using spectroscopy (µ-FTIR), scanning electron 
microscopy (SEM-EDX) and gas chromatography-mass spectrometry (GC-MS) after selective 
derivatisation.19,20 In contrast to the previously reported metal soaps on painted artworks, this 
efflorescence is identified as a metal-free fatty acid consisting of a 7:1 (mol:mol) mixture of 
palmitic and stearic acid. 

Finally, similar phenomena are also observed on three related artworks, namely the 
comparable contemporary photowork Nearer to the North (1983, Ger van Elk) as well as two 
older alkyd-based paintings on canvas Zonder Titel (date unknown, Wim Gijzen, acquired in 
1978) and Astronaut Edwin Aldrin (1967, Antonie Burgering), which were identified in the 
collection of the Cultural Heritage Agency of the Netherlands (Rijksdienst Cultureel Erfgoed, 
Rijswijk, the Netherlands). Although these artworks also exhibit a similar white crystalline 
efflorescence heterogeneously distributed on the surface of (alkyd-based) paint layers, the 
amount of efflorescence is considerably less for the alkyd-based paintings on canvas than in 
the case of the two photoworks.
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3.2 Experimental

3.2.1 Sampling

Efflorescence, paint and varnish samples were carefully collected after close visual inspection 
of the photo- and artworks. In the case of Dutch Grey, visual inspection was aided by a Zeiss 
Opmi Movena S7 microscope. Several efflorescence samples (< 100 μg) were collected from 
surfaces of various colours of paint using a pristine paint brush. The paint and varnish samples 
(< 100 μg) were carefully removed using a scalpel to prevent additional damage as much as 
possible. 

For reference purposes, modern alkyd-based paints (Winsor & Newton, Griffin Alkyd series 
for artists, bought in 2012) were used, specifically red Geranium Lake (PR 209) and Sap 
Green (mix of PB 15 and PY110).21 These reference materials were used both as fresh samples 
directly after application and after oxidative drying for either one year or 3.5 years under 
ambient conditions, respectively.

3.2.2 IR Spectroscopy

FTIR-ATR spectra were recorded on a Perkin-Elmer Spectrum Two FT-IR instrument fitted 
with a UATR Two accessory and a diamond crystal. A range of 4000-700 cm-1 with a data point 
resolution of 4 cm-1 and an accumulation of 16 scans was used for each separate sample. FTIR-
ATR was used for the spectral characterisation of modern alkyd-based paints. For calculation 
of second-derivative IR-spectra, a Savitsky-Golay algorithm with 19 data points was used. 
Samples were applied on a microscopy glass slides in bands 1.5 cm wide and 150 µm thick 
using a TQC film applicator VF216, and dried under ambient conditions for the indicated 
time. 

µ-FTIR spectra of all efflorescence and paint microsamples were recorded on a Perkin Elmer 
2000 instrument equipped with an FTIR microscope and a DTGS detector in the range 4000-
700 cm-1 with an accumulation of 64 scans for each separate sample in reflectance mode. A 
spot size of 100 µm2 and a data point resolution of 4 cm-1 were used. No pre-treatment was 
required for any of the samples.
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3.2.3 GC-MS analysis: derivatisation of fatty acid-containing microsamples

A microsample of either efflorescence or paint (< 100 μg) was dissolved or solvated in toluene 
(50 µL). After addition of 20 µL of a 5 wt-% methanolic solution of m-(trifluoromethyl)
phenyltrimethylammonium hydroxide (TMTFTH),19,22  the solution was sonicated in a Branson 
B1510MT ultrasonic cleaner at ambient temperature for 30 min. Efflorescence samples result 
in clear solutions, while paint samples generate cloudy mixtures of the respective paint colour. 
An aliquot (1 µL) of either solution was injected into the GC-MS without further purification. 
Since the microsamples were too small to enable accurate weighing, no attempt was made to 
determine an absolute Rf-value. Instead a calibration curve was used to determine the mol/
mol response factor of methyl palmitate with respect to methyl stearate as 1.1:1.0, respectively. 
Upon comparison using the intensity of the m/z = 87 (C4H7O2

+) ion fragment from their mass 
spectra, this ratio increased to 1.3.

3.2.4 GC-MS

GC-MS analyses were performed with a Perkin Elmer Clarus 680 GC equipped with an Elite 
5MS capillary column (PE; 30 m, 0.25 mm i.d.; 0.25 μm df) and coupled to a Perkin Elmer 
Clarus SQ 8T mass spectrometer. 70 eV EI ionisation was used. The GC inlet temperature was 
300 °C. The oven was programmed at an initial temperature of 50 °C for 2 min., followed by 
heating to 300 °C with a heating rate of 10 °C/min. and a total run time of 27 min. He with a 
volume of 1.0 mL/min. was used as a carrier gas. The MS was run in scan mode (m/z 50-1000) 
with an inlet temperature of 250 °C and a source temperature of 180 °C. Identification of the 
products was achieved by comparisons of total ion current mass spectra with the NIST08 
library and/or by the use of available reference compounds.

3.2.5 SEM-EDX

The morphology and local elemental composition of efflorescence and paint samples were 
examined in a Philips XL30 SFEG scanning electron microscope (SEM). The samples were 
applied to an aluminium stub by carbon adhesive tape, and all samples were Pt-coated by 
sputtering to improve conductivity and prevent undesired charge build-up. Secondary 
electron images provided the morphology of the samples. The location of the heavier elements 
was derived from Back-Scattered Electron (BSE) images, taken with a solid-state detector. 
Elemental analysis was executed by recording the spectrum of the emitted X-rays (EDAX 
software). 
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3.3 Results and Discussion

3.3.1 Paint characterisation 

In the museum archive, Dutch Grey is listed as an alkyd-based painting on a silver gelatine 
photograph. A comparison of µ-FTIR spectra of paint samples from Dutch Grey (Fig. 2e) 
with FTIR-ATR spectra of modern alkyd-based paints both before and after oxidative drying 
for one year and 3.5 years under ambient conditions (Figs. 2a-d) indeed shows a remarkable 
resemblance.23 In particular, the clear ν(C-H) bands at 2927 and 2854 cm-1, broad νs(C=O) at 
1742 cm-1 and ν(C=C) aromatic vibrations around 1600 cm-1

 as well as a series of characteristic 
bands in the fingerprint region (1285, 1134 and 1074 cm-1) are similar. There is also a 
broadening of most peaks during paint ageing (compare Figs. 2b-e), consistent with slight 
changes in the chemical environment of similar chemical bonds. The aged paint samples have 
also become more hydrophilic compared to the fresh paint because of the oxidative drying 
process (νas(C-O) at 1370 cm-1), thus allowing them to absorb more water (broad band at 
3500 cm-1, Fig. 2e).23 Both modern paints are coloured with organic dyes (green: PB 15 and 
PY 110 (Fig. 2a) and red: PR 209 (Fig. 2b))21 that have high extinction coefficients and are 

Figure 2. FTIR-ATR spectra of a) green and b) red fresh alkyd-based paint, c) modern red alkyd paint after 
oxidative drying under ambient conditions for one year and d) 3.5 years, compared to e) μ-FTIR of green paint 

sample from Dutch Grey. All spectra have been shifted for clarity.
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therefore present in quantities too low for identification by FTIR-ATR.24–26 Hence, the FTIR-
ATR spectra for red and green paints are indistinguishable. 

On parts of both the painted and unpainted areas of the photowork a varnish has been applied. 
Comparison of the FTIR-ATR spectrum (Fig. 3) of a representative varnish microsample to 
literature data27,28 identifies it as a polyurethane varnish based on toluene diisocyanate (TDI) 
monomers and a polyester, most probably poly[di(ethylene glycol)adipate]. ν(N-H) and 
δ(N-H) vibrations at 3290 and 1601 cm-1, νs(C=O) vibrations at 1713 and 1739 cm-1 and a 
series of vibrations at 1533, 1450 and 1415 cm-1 (assigned to δ(C-N), δ(NH2) and δ(C-H) 
(Fig. 3b), respectively) are all in accordance with this assignment. Finally, the series of smaller 
peaks at 870, 816 and 766 cm-1 is typical for a TDI-type polyurethane (Fig. 3c).28 

To establish the identity of the paint used in Dutch Grey as either an alkyd-based resin or 
oil paint, the schematic polymer structure in Fig. 4 was used as a reference. An alkyd-based 
resin generally consists of three components: fatty acids, a polyol (usually glycerol, sometimes 

Figure 3. a) FTIR-ATR spectrum of varnish sample obtained from Dutch Grey, with b) and c) details of diagnostic 
regions.
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mixed with other polyols such as erythritol) and a diacid, usually o- or p-phthalic acid. These 
constituents are mixed in varying ratios to obtain oligomeric and/or polymeric material.29 

To establish the identity of the various components of the paint matrix, a literature procedure 
for the GC-analysis of fatty acids was adapted.20,30–32 It is based on the derivatisation of 
carboxylic acid-derivatives to methyl esters under pyrolytic/thermal conditions (Scheme 1), 
the mechanism of which is described in more detail elsewhere.20,33,34 A paint microsample 
(<  100 μg) is solvated in toluene (50 μL) and treated with 20 μL of a 5 wt-% methanolic 
solution of (m-trifluoromethylphenyl)trimethylammonium hydroxide (TMTFTH) followed 
by sonication at ambient temperature for 30 min. An aliquot of the solution is then directly 
injected into the GC-MS without further treatment or purification. The high temperature 
of the GC injector is sufficient to ensure complete esterification. Therefore, this method 
provides a fast and facile way to derivatise microscopic fatty acid samples to their methyl 
esters for analysis by GC(-MS). However, that any differentiation in R’ is lost; esters, (metal-) 
carboxylates and carboxylic acids are all converted to the corresponding methyl esters 
(Scheme 1).

O
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O
O
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R = alkyl chain

Figure 4. Schematic representation of an alkyd-based resin.

Scheme 1. GC-based derivatisation of fatty acids.
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Entry tR (min) Compound [a] [b] [c] [d] M+•

m/z

1 10.75 Dimethyl adipate - - × - -

2 12.16 Dimethyl pimelate - - × - -

3 12.61 1,2-dimethyl-3-TFMP 
glycerol ether

- - - × 264 (0.26)

4 13.50 Dimethyl suberate - × × × -

5 13.62 Dimethyl o-phthalate × × × × 194 (0.16)

6 14.37 Dimethyl m-phthalate × × × - 194 (0.21)

7 14.74 Dimethyl azelate - × × × -

8 15.70 Dimethyl sebacate - - - × -

9 16.58 Methyl myristate (C14:0) - - - × 242 (0.06)

10 18.05 2-Methyl-1,3-TFMP 
glycerol ether

× - - × 394 (0.30)

11 18.87 Methyl palmitate (C16:0) × × × × 270 (0.11)

12 20.53 Methyl linoleate (C18:2) × - - - 294 (0.13)

13 20.57 Methyl oleate (C18:1) × × - - 296 (0.05)

14 20.80 Methyl stearate (C18:0) × × × × 298 (0.13)

15 22.39 Tri-TFMP glycerol ether - - - × 524 (0.14)

[a] Fresh alkyd paint (red); [b] Dried alkyd paint (red, 1 year); [c] Dried alkyd paint (green, 3.5 years); [d] Paint 
sample Dutch Grey

While this method was originally developed for the analysis of fatty acids, it also allows for 
the analysis of other small acid derivatives including those incorporated in oligomerising 
alkyd resins.20 Using this method, paint microsamples from Dutch Grey were compared to 
modern alkyd-based paint and the results are listed in Table 1. These paints were derivatised 
and analysed both as a fresh sample and after oxidative drying for either one year or 3.5 
years under ambient conditions. Both red and green modern alkyd paints were tested, but no 
difference between these could be detected by GC-MS. 

The products resulting from derivatisation of these paint samples can be divided into a few 
distinct categories. First of all, a number of fatty acid methyl esters are found (entries 9 and 11-
14). Since the fresh paint has not yet started to crosslink via the oxidative drying process, both 
saturated and unsaturated fatty acids are detected. Unsaturated fatty acids are oxidised during 
drying, and after one year only a small amount of the monounsaturated oleic acid (C18:1, 
entry 13) remains next to the saturated fatty acids (entries 11 and 14). Note that due to the 
absence of doubly allylic positions in oleic acid its propensity for homolytic cleavage, and thus 

Table 1. Compounds identified using GC-MS after complete derivatisation of paint samples. m/z values for 
molecular ions (M+•) are given in bold, with their intensity relative to the base peak given in parentheses.
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oxidative crosslinking, is reduced.35 After 3.5 years, all unsaturated acids have been oxidised, 
and they are no longer visible. Secondly, another result of the oxidative drying process is the 
formation of diacids, which can be observed in increasing quantities in older paints (entries 
1, 2, 4 and 7).36 Finally, in both fresh and dried modern paint samples the dimethyl ester of 
phthalic acid is found (ortho and meta phthalic acid, entries 5 and 6 respectively), although 
the amount of m-phthalic acid is relatively small. All these compounds are consistent with a 
polymer-based alkyd-type resin rather than a traditional oil-based paint.

On the basis of these results, a microsample of green paint from Dutch Grey was derivatised. 
Analysis by GC-MS resulted in the chromatogram depicted in Fig. 5. First and foremost, peak 
5 is assigned to o-dimethylphthalate (m/z 194), marking this paint unambiguously as an alkyd-
based resin. In accordance with earlier FTIR and GC-MS data on modern paints, myristic, 
palmitic and stearic acid methyl esters were also observed (entries 9, 11 and 14, respectively). 
The ratio between palmitic and stearic acid in this sample was about 2.2:1 mol/mol, a normal 
value for many natural drying oils including linseed oil.37,38 Furthermore, the oxidative 
cleavage products dimethyl suberate, dimethyl azelate and dimethyl sebacate (entries 4, 7 
and 8) were also identified. Finally, entries 3, 10 and 15 refer to various trifluoromethylphenyl 
(TFMP) ethers of glycerol as described by Sutherland.32 All fragmentation patterns (EI/MS) of 

Figure 5. Total ion chromatogram for green paint from Dutch Grey after derivatisation. Numbered peaks refer to 
entries in Table 1. 
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these compounds correspond with those reported by Sutherland. These ethers are byproducts 
of the derivatisation procedure and can be used to identify alcohols in a sample, albeit only 
qualitatively. 

3.3.2 SEM-EDX analysis of paint 

SEM-EDX of a blue paint microsample (Fig. 6a, shown in BSE mode) reveals the presence of 
mainly Ti and Ca as well as small amounts of Fe but no other metals in this fairly homogeneous 
sample. Corresponding EDX spectra are shown in Figs. 6b and 6c, corresponding to points 2 
and 4 in Fig. 6a, respectively. The metals found indicate the presence of the common extenders 
CaCO3 and TiO2, while Fe is added either as a drying catalyst or an extender.36 The absence 
of other metals is in line with the use of organic dyes as the main colourant rather than the 
inorganic pigments commonly found in older oil-based paint formulations. Note that silver 
(E0 = 2.98 keV Lα), which could have been transferred from the underlying photographic 
layer, is not discernible. This also shows a clear difference compared to previously reported 
efflorescence in oil paints from old masters, which were all identified as metal soaps (metal 
carboxylate salts).39,40 In these cases, Mn+ cations act as Lewis acids for the hydrolysis of fatty 
acid esters. In their absence, another mechanism must be responsible for the formation of free 
saturated fatty acid efflorescence. 

Figure 6. a) SEM BSE-image of blue paint sample of Dutch Grey, with point EDX measurements 1-7; b) EDX 
spectrum corresponding to point 2 and c) EDX spectrum corresponding to point 4.
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3.3.3 µ-FTIR of efflorescence 

A total of four different efflorescence microsamples (< 100 μg) taken from differently coloured 
paint surfaces (green, blue, white, dark grey) of the photowork work were analysed using 
µ-FTIR. All the efflorescence samples gave nearly identical IR-spectra (relevant part 2000-700 
cm-1 shown in Figs. 7a-d). The strong ν(C=O) stretch vibration at 1698 cm-1 points to the 
presence of a carboxylic acid group. Typical ester (~1740 cm-1) and carboxylate (~1550-1500 
cm-1) vibrations are absent, in line with a free carboxylic acid being the main component. The 
peaks at 1463 and 720 cm-1 are commonly associated with the δ(CH2) and ρ(CH2) in-plane 
bending vibrations, respectively. This, in combination with the series of ω(CH2)-vibrations 
in the region 1300-1180 cm-1 and the carboxylic acid group reveals a free fatty acid (FFA) 
as the main component. The ω(CH2)-series associated with an all-trans alkyl chain is more 
clearly visible after conversion to a second derivative µ-FTIR-spectrum and is indicative of a 
crystalline material, see Figs. 7b, e. In the second derivative spectrum (Fig. 7e), the ν(C=O) 
vibration is split into two signals at 1700 cm-1 and 1680 cm-1, respectively, due to the differences 
in symmetric and antisymmetric vibrations of the R2

2 (8) carboxylic acid dimer.41

A total of seven general crystal types (labelled A1, A2, A3, Asuper, Bo/m, C and Eo/m) are known for 
even-numbered saturated fatty acids. All of these crystals are packed in bilayers with dimeric 
hydrogen bonding of the carboxylic acid moieties in the typical R2

2 (8) fashion.41–43 In all of 
these crystal forms, the methylene groups are oriented all-trans. At ambient temperature, 

Figure 7. a-d) µ-FTIR spectra (range 2000-700 cm-1) of four distinct efflorescence samples taken from Dutch Grey 
and e) second derivative spectrum corresponding to Fig. 7d. All spectra have been shifted for clarity.
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the B forms (either orthorhombic or monoclinic) are generally most stable, while at elevated 
temperatures all saturated fatty acids revert to the C form before melting. However, the 
regularity of the ω(CH2) series in the region 1300-1180 cm-1 as well as the presence of two 
distinct ν(C-C) peaks at 1122 cm-1 and 1098 cm-1 are in line with the E form as the main 
crystal form. Moreno and coworkers have shown that the E crystal form of either palmitic 
or stearic acid is only obtained by rapid crystallisation from weakly or intermediately polar 
media, e.g. toluene or Et2O. This suggests that crystallisation from the paint layer is a relatively 
rapid facile process, since slower crystallisation would produce mainly the C and A crystal 
forms.41

3.3.4 GC-MS analysis of efflorescence

Application of the derivatisation method discussed in section 3.3.1 to an efflorescence sample 
from Dutch Grey afforded the chromatogram shown in Fig. 8. Mass spectrometry showed 
that the efflorescence consists of palmitic acid (P; C16:0) and stearic acid (S; C18:0) in a 7:1 
palmitic acid: stearic acid (P:S) mol-ratio. In most commonly employed drying oils however, 
the P:S mol-ratio is in the range of 1.5:1 to 4:1 depending on the specific source or blend, and a 
P:S mol-ratio of 7:1 is virtually unknown.37 In a recent study on traditional oil paints, P:S ratios 
between 1.2:1 and 1.7:1 were reported.38 While extra fatty acid derivatives, such as stearates, 
are sometimes added to paint formulations in the form of aluminium or zinc salts,44 these 
metals were not detected by SEM-EDX in this case (Fig. 6). In fact, the P:S ratio in the sample 
of paint in Dutch Grey is 2.2:1 (section 3.3.1), a marked difference to the composition of the 
efflorescence. Therefore, it is most likely that the observed P:S ratio depends on the formation 
process of the efflorescence, i.e. involving migration of saturated free fatty carboxylic acid 

Figure 8. Chromatogram of efflorescence sample of Dutch Grey after derivatisation. An ion trace on the fragment 
m/z = 87 (C4H7O2

+) was used to improve the S/N ratio.
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dimers through the paint layer towards the surface followed by crystallisation. Note that a P:S 
mol-ratio of 9:1, close to the 7:1 ratio found here, affords the most dense crystal packing of 
any P:S mixture including pure C16:0 or C18:0, albeit that the difference with pure C16:0 is 
less than 1%.45

3.3.5 SEM-EDX of efflorescence

SEM images of efflorescence samples (Fig. 9a, shown in BSE mode) and their corresponding 
EDX data (Fig. 9b) show only minor impurities; no significant metals are present. This 
again eliminates the presence of metal soaps such as those reported for many traditional oil 
paintings,39 in line with µ-FTIR and GC-MS results. 

Figure 9. a) SEM-EDX of efflorescence from Dutch Grey, shown in BSE mode, with b) corresponding EDX spectrum.

3.3.6 Additional contemporary photoworks and alkyd-based paintings on 
canvas

If the efflorescence of Dutch Grey is caused by a degradation process connected to the 
composition of its alkyd-based paint layers, it should also be discernible in the case of related 
contemporary photoworks of comparable age and composition. Interestingly, during our 
study of the efflorescence of Dutch Grey three other alkyd-based art-objects were identified 
in the collection of the Cultural Heritage Agency of the Netherlands (Rijksdienst Cultureel 
Erfgoed, Rijswijk, the Netherlands), which all showed similar efflorescence phenomena. They 
comprise the contemporary photowork Nearer to the North (1983, Ger van Elk, Fig. 10a) 
and two alkyd-based paintings on canvas: Astronaut Edwin Aldrin (1967, Antonie Burgering, 
Fig. 10b) and Zonder Titel (date unknown, Wim Gijzen, acquired in 1978, Fig. 10c). They all 
exhibit a visually similar white crystalline efflorescence covering large parts of the alkyd-based 
paint layers. Although canvas is known to absorb water as well,46 the amount of efflorescence 
in the case of the two alkyd-based paintings on canvas after ca. 30-40 years is considerably 
smaller and could readily be mistaken for dust upon superficial inspection.
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The alkyd-based paintings on canvas by Gijzen (Zonder Titel) and Burgering (Astronaut 
Edwin Aldrin) differ from the two photoworks by Ger van Elk (Dutch Grey and Nearer to 
the North) in the sense that they do not contain any photographic materials. Unfortunately, 
no condition reports are available for these alkyd-based paintings. Nearer to the North, a 
photowork by Ger van Elk just like Dutch Grey, consists of a chromogenic photograph largely 
covered with an alkyd-based paint layer according to museum records. In the only previous 
condition report related to Nearer to the North, from 2003, the presence of efflorescence was 
not noted. Efflorescence has therefore again taken ca. 20 years to develop in this case, similar 
to the efflorescence of Dutch Grey.
Similarly to the efflorescence found on Dutch Grey, microsamples of the efflorescence on all 
three additional artworks were carefully collected and analysed using μ-FTIR (Fig. 11) and 
GC-MS after derivatisation (Fig. 12). It was found that the efflorescence on both Nearer to the 
North and Zonder Titel also consists of free palmitic acid and stearic acid in a P:S mol-ratio 
of approximately 7:1, identical to the efflorescence collected from Dutch Grey. In the case 
of Astronaut Edwin Aldrin, however, the P:S mol-ratio is markedly lower (1.5:1, Fig. 12c), 
presumably due to differences in the composition of the alkyd-based paint originally used. 
The FTIR spectrum, particularly the badly resolved ω(CH2) vibrations in the region 1300-
1180 cm-1, are in line with a low degree of crystallinity and contrasting P:S ratio compared 
to the other artworks (Fig. 11c). This is to be expected, since the P:S ratio of 7:1 found in the 
other artworks is close to the ideal packing for P:S mixtures. Any deviation from this ratio 
would thus lead to a lower degree of crystallinity.45 Unfortunately, we have not yet been able 
to obtain paint microsamples of either the photowork Nearer to the North or the two alkyd-
based paintings Zonder Titel and Astronaut Edwin Aldrin to pursue more detailed chemical 
analyses.

Figure 10. Detail of efflorescence on a) Nearer to the North by Ger van Elk; b) Zonder Titel by Wim Gijzen, and c) 
Astronaut Edwin Aldrin by Antonie Burgering.
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Figure 11. µ-FTIR spectra of efflorescence found on a) Nearer to the North, b) Zonder Titel and c) Astronaut Edwin 
Aldrin.

Figure 12. Chromatograms of efflorescence after derivatisation on three related artworks: a) the photowork 
Nearer to the North and the alkyd paintings on canvas b) Zonder Titel and c) Astronaut Edwin Aldrin. An ion trace 

on the fragment m/z = 87 (C4H7O2
+) was used to improve the S/N ratio for all three chromatograms.
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3.3.7 Efflorescence mechanism

Based on these observations, the mechanism for efflorescence must at least consist of three 
distinct steps: acid-catalysed hydrolysis of ester groups, migration of the free fatty acids to 
the paint surface and finally crystallisation. This notion provides an important clue regarding 
the marked difference in the occurrence of efflorescence between the two photoworks (Dutch 
Grey and Nearer to the North, efflorescence after ca. 15-20 years) with the two alkyd-based 
paintings on canvas (Zonder Titel, Astronaut Edwin Aldrin, less efflorescence even after ca. 
30-40 years). In the case of the photoworks the alkyd-based paint has been applied on top 
of either silver gelatine or chromogenic photographs, both of which are based on acidic 
photogelatine (photogelatine isoelectric point pH ≈ 4.8). Since photogelatine is also sensitive 
to changes in relative humidity,47–49 this layer could act as a source and carrier of protons 
(H3O

+), transferring them to the alkyd-based paint layers where they can participate in acid-
catalysed hydrolysis of ester bonds.50 In fact, a comparable effect of gelatine acting as an acidic 
catalyst for hydrolysis has already been suggested before, although this concerned the case 
of photographs on cellulose triacetate support rather than a separately applied paint layer.51 
Similarly, canvas can absorb significant quantities of water as well and thus eventually act in 
a comparable fashion.46 Hydrolysis may then occur, yielding free saturated fatty acids which 
may finally end up as efflorescence after migration to and crystallisation on the paint surface. 

Since hydrolysis of fatty acid esters at neutral pH near ambient temperature is extremely 
slow, the presence of water is also required for proton (H3O

+) transport into the alkyd-based 
paint layer.50,52 At ambient temperature, water diffusivity through the paint layer is sufficient 
to support hydrolysis, and alkyd–based resins generally do not pack densely enough during 
oxidative drying to slow down this diffusion process significantly.53 During paint drying, the 
oxidation of fatty acids slowly increases the overall hydrophilic character of the paint matrix 
by incorporation of additional oxygen-containing functional groups, and the result is that 
older paint layers contain more water than fresh ones (see IR spectra, Fig. 2). 
Based on literature data, the reaction time for ester hydrolysis in a paint layer can be estimated. 
According to Mabey and Mill,54 the total rate of ester hydrolysis khyd can be regarded as a 
combination of three rates kB, kN and kA, which represent the contributions of alkaline, neutral 
and acidic environments, respectively. Since the alkaline rate kB is unimportant at acidic pH, 
we can write eq. 1:

khyd = kA[H+] + kN                                                              (1)
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Hydrolysis in dilute acid commonly proceeds according to the Aac2-mechanism, which stands 
for acid-mediated, acyl-cleaved 2nd-order kinetics (Scheme 2). The rate-determining step is 
usually a combination of k3 and k5, in accordance with experimental data.52 Because of this, 
ester hydrolysis is a first-order reaction in [ester] and [H3O

+] and second-order in [H2O]. kN 
is in the order of 10-10

 s
-1 in ambient-temperature water for most common R and R’-groups.52 

kA is in the order of 10-4 s-1, from which it follows that kA becomes dominant over kN around 
pH 6.52 Using the standard formula for calculating a half-life (eq. 2), a half-time of around 200 
years for hydrolysis at pH 7 is found, decreasing to 14 years at pH 4.8 (the isoelectric point of 
photographic gelatine) and 250 days at pH 3.5. 

t1/2 = ln(2)/k                                                               (2)                       

This approximation assumes that [H3O
+] is the rate-limiting factor and does not take 

diffusion-related effects into account. Therefore, the real hydrolysis process in paint is likely 
to be significantly slower than this, but it does show both the great influence that a relatively 
small amount of acid can have. A corollary is that storage, conservation and preservation 
of photoworks will be affected by the nature of the additional applications. This will require 
special attention by conservators to monitor the effects of (undesired) long-term interactions 
that may lead to deterioration of these art-objects.

3.4 Conclusions

The occurrence of a white efflorescence heterogeneously distributed on the surface of alkyd-
based paint layers on a total of four artworks, namely the contemporary photoworks Dutch 
Grey (Ger van Elk, 1983, Kröller-Müller Museum, Otterlo, the Netherlands) and Nearer to the 
North (Ger van Elk, 1983) as well as two paintings on canvas Zonder Titel (Wim Gijzen, date 
unknown), and Astronaut Edwin Aldrin (Antonie Burgering, 1967) of the collection from the 
Rijksdienst Cultureel Erfgoed, Rijswijk, the Netherlands is reported. The efflorescence has 
been identified unambiguously using µ-FTIR, SEM-EDX and GC-MS after derivatisation, 

Scheme 2. Aac2-mechanism for ester hydrolysis, going through a total of 5 species.
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as a mixture of free palmitic (P) acid and stearic (S) acid in a P:S mol-ratio of 7:1, with the 
exception of Astronaut Edwin Aldrin for which the P:S mol-ratio equals 1.5:1. In all cases 
the efflorescence possesses a high degree of crystallinity as evidenced by the occurrence of 
dimeric hydrogen bonding of the carboxylic acid moieties in the typical R2

2 (8) fashion and 
the characteristic series of methylene rocking vibrations in the finger print region (ω(CH2) 
1300-1180 cm-1). No evidence for the presence of either fatty-acid esters or fatty-acid based 
metal salts was found. Paint samples from the photowork Dutch Grey and modern (dried) 
alkyd-based paint for artists analysed by µ-FTIR and GC-MS to unequivocally establish the 
alkyd-based nature of the applied paint.

An important outcome of our investigation is the notion that the formation of efflorescence 
on photoworks appears to occur in a much shorter time span than in the case of the alkyd-
based paintings on canvas. This is tentatively attributed to the properties imposed by the 
photographic gelatine underneath the alkyd-based paint layers in the case of the photoworks 
Dutch Grey and Nearer to the North. We propose that the gelatine layer of the photographic 
material acts as a source and carrier of H3O

+ which is transferred to the alkyd-based paint 
layers and participates in acid-catalysed hydrolysis of ester bonds leading to the formation 
of mobile free saturated fatty acids. After migration to the paint surface they will crystallize 
and end up as efflorescence on the paint surface. Detailed insight in these interactions will be 
of major interest for storage, transport and, in general, the preservation and conservation of 
these art-objects that belong to our cultural heritage. 
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Factors Affecting the Formation and Extent of 

Free Fatty Acid Efflorescence on Photoworks 
and Paintings

Abstract

A total of seven alkyd-based contemporary photoworks and paintings on canvas were 
investigated, six of which contained white, crystalline free fatty acid (FFA) efflorescence. 
After visual inspection and careful sampling, the composition of the FFA efflorescence 
was unambiguously established (FTIR and GC-MS). Furthermore, model experiments are 
reported on the migration of FFAs which show the origin of these efflorescences and the 
factors responsible for their appearance. FFA efflorescence is formed by acid-catalysed aqueous 
hydrolysis of fatty acid esters inside a paint layer, followed by diffusion and crystallisation 
on the paint surface. Efflorescence is particularly prevalent in alkyd-based photoworks, 
where the photographic gelatine acts as an acidic support layer, catalysing hydrolysis in the 
paint layer applied on top. Conversely, the application of non-oil based varnishes such as 
polyurethane provides a barrier to FFA migration, limiting efflorescence formation on the 
surface depending on the thickness of the varnish layer. These factors provide insight for the 
prediction, prevention and removal of FFA efflorescence on modern (combined) artworks. 
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4.1 Introduction

Efflorescence on cultural heritage objects exists in many different forms and can arise from 
many different materials, including oil1 and alkyd paintings,2 leather books,3 masonry,4 waxes5 
and wooden sculptures.6 Depending on its visual appearance, it is also referred to as bloom, 
blanching or haze, and upon superficial examination it has sometimes been mistaken for 
mould or dust as well. Efflorescence consists of a white material that is expelled from a surface, 
sometimes many years after an artwork has been created. Most efflorescences have been found 
on oil-based paints such as alkyd and oil binders, as well as related varnishes. In traditional 
oil paints, the binder is a mixture of fatty acid triglycerides, which oxidises over time to form 
a crosslinked matrix.7 In addition to the binder, oil paints also contain pigments, fillers and a 
catalyst to aid in the drying process. All of these components are usually added in the form 
of inorganic metal salts. During ageing, these metal cations can also act as Lewis acids and 
catalyse the hydrolysis of fatty acid esters, generating alcohols and metal carboxylates, i.e. 
metal soaps.8 If a saturated fatty acid is hydrolysed, the resulting metal soap is no longer 
bound to the paint matrix. It is therefore free to migrate through the paint layer, where it can 
aggregate into larger particles. Eventually these aggregates can break through the surface of 
the paint layer and form a protrusion or efflorescence, damaging the artwork and disturbing 
its aesthetic appearance.

Recently, we reported on the identification and analysis of a saturated free fatty acid (FFA) 
efflorescence which has developed on an alkyd-based paint.9 Similar to oil paints, the drying 
mechanism of alkyd binders is based on oxidative crosslinking, although modern alkyd-based 
paint binders contain few inorganic metal salts. Instead, they are often coloured with organic 
dyes rather than inorganic pigments, and are extended with relatively innocuous fillers such as 
TiO2. These alkyd resins are based on a polyester backbone formed by transesterification of a 
polyol (e.g. glycerol, pentaerythritol), a diacid (e.g. o-phthalic acid, maleic acid) and a mixture 
of fatty acids (Fig. 1). A dried alkyd film generally exhibits a less densely packed structure 

O
O O

O

R

O
O

n
Figure 1. Schematic example of an alkyd-based resin, with R an alkyl chain from a fatty acid. Other polyols and 

difunctional acids, including mixtures, are also applied.
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compared to an oil paint,10 which allows for more diffusion of small molecules like oxygen and 
water. The lack of Lewis acidic metals compared to oil paints means that alkyd resins generally 
do not form metal soap aggregates. Instead, FFAs are released in a comparatively short period 
of time as an entirely organic efflorescence.2,9 

Visual, chemical and spectroscopic analysis of this efflorescence will then provide information 
regarding its identity and its source material. For these reasons, FFA efflorescence is of 
relevance to chemists, restorers, conservators and art historians alike. In this work, we 
report the study of a group of seven alkyd-based photoworks and paintings, six of which 
have developed FFA efflorescence. Based on these works, we describe a number of factors 
relevant for the occurrence of FFA efflorescence as well as its severity. In turn, this provides 
key information for improved conservation strategies aiming to reduce the impact of FFA 
efflorescence on the aesthetic appeal of these valuable artworks. 

4.2 Experimental 

4.2.1 Materials and methods

m-(Trifluoromethyl) phenyltrimethylammonium hydroxide (TMTFTH, 5 wt-% solution in 
methanol) was purchased from ABCR and used as received. Palmitic acid and tripalmitoyl 
glyceride (purity >99%) were purchased from Sigma Aldrich and used as received.

µ-FTIR spectra were recorded on a Perkin Elmer 2000 FTIR instrument equipped with an 
FTIR microscope and a DTGS detector in the range 4000-700 cm-1 with an accumulation 
of 64 scans for each separate sample in reflectance mode. A spot size of 100 µm2 and a data 
point resolution of 4 cm-1 were used. No pre-treatment was required for any of the samples. 
FTIR-ATR spectra were recorded on a Perkin-Elmer Spectrum Two FT-IR instrument fitted 
with a UATR Two accessory and a diamond crystal. A range of 4000-700 cm-1, a data point 
resolution of 4 cm-1 and an accumulation of 16 scans was used for each separate sample. For 
calculation of second-derivative IR-spectra, a Savitsky-Golay algorithm with 19 data points 
was used.

GC-MS analyses were performed with a Perkin Elmer Clarus 680 GC equipped with an Elite 
5MS capillary column (PE; 30 m, 0.25 mm i.d.; 0.25 μm df) and coupled to a Perkin Elmer 
Clarus SQ 8T mass spectrometer using EI ionisation (70 eV). The GC inlet temperature was 
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300 °C. The oven was programmed at an initial temperature of 50 °C for 2 min, followed 
by heating to 300 °C with a heating rate of 10 °C / min. and a total run time of 27 min. He 
with a volume of 1.0 mL / min. was used as the carrier gas. The MS was run in scan mode 
(m/z 50-1000) with an inlet temperature of 250 °C and a source temperature of 180 °C. The 
identification of the products was achieved through comparison with mass spectra of the 
NIST08 library and/or available reference compounds.

4.2.2 GC-MS derivatisation procedure

A microsample of the efflorescence (< 100 μg) was dissolved in toluene (50 µL). After addition 
of 20 µL of a 5 wt-% methanolic solution of m-(trifluoromethyl)phenyltrimethylammonium 
hydroxide (TMTFTH),11,12 the solution was sonicated in a Branson B1510MT ultrasonic 
cleaner at ambient temperature for 30 min. An aliquot (1 µL) of the clear solution was 
injected into the GC-MS without further purification. Since the microsamples were too small 
to allow accurate weighing, no attempt was made to determine an absolute Rf-value. Instead 
a calibration curve was used to determine the mol/mol response factor of methyl palmitate 
with respect to methyl stearate as 1.1:1.0, respectively. When comparing by the m/z = 87 
(C4H7O2

+) ion fragment, this ratio increased to 1.3.

4.2.3 Migration of fatty acids through a paint layer

Black alkyd paint (Winsor & Newton Griffin Alkyd, Series I Ivory Black) was mixed with 
20 wt-% powdered palmitic acid or tripalmitoyl glyceride. These mixtures were applied to 
glass slides using a TQC film applicator VF2161 in 150 µm thick layers. All samples were 
dried overnight at ambient temperature after which they were subjected to ageing in an oven 
at 60 °C for 7 days. Effloresced compounds were subsequently characterised by either µ-FTIR 
or ATR-FTIR where appropriate. 

4.3 Visual examination of efflorescence

A number of artworks containing alkyd resins were identified in various museums in The 
Netherlands as well as at the storage depot of the Cultural Heritage Agency (Rijksdienst 
Cultureel Erfgoed) in Rijswijk, The Netherlands (Table 1). With one exception (Dutch Gray 
II), all of these artworks have developed efflorescence. Since these objects have been stored 
and displayed in a variety of institutions all over The Netherlands, the importance of any 
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special environmental conditions in a particular storage depot on efflorescence formation is 
excluded. 

In all cases, FFA efflorescence was found in the form of white crystals of up to 5 mm in 
diameter. On artworks where the yield of efflorescence is high, it is often found grouped in 
patches or stripes (Fig. 2). So far, efflorescence of this type has always been found on alkyd-
based resins, with different objects first developing efflorescence between 15 and 50 years 
after their creation. If efflorescence formation is still in an early stage, the crystalline form 
may not yet have developed properly, and efflorescence may in fact appear more dust-like, 
particularly on superficial examination. This stage of efflorescence is exemplified by the alkyd 
paintings on canvas Zonder Titel and Astronaut Edwin Aldrin, both of which have small, dust-
like efflorescence that requires close inspection to be definitively identified as such. 

Efflorescence is most commonly found on modern alkyd paints, often without a clear relation 
to the surface texture of the underlying paint layer. The colour and thickness of a paint layer 
commonly has no discernible effect (Figs. 2a, b), with efflorescence occurring on both thick 
and thin paint layers of all colours. However, in a few cases an apparent correlation with 
the underlying paint colour seems discernible. For example, in Fig. 2c there appears to be a 
correlation between the amount of efflorescence and the transition from yellow to white paint. 
It should be noted that inorganic white pigments such as TiO2 and ZnO, both frequently used 
in white paints, could coordinate to hydrolysed FFAs, thereby hindering migration to the 
surface and subsequent participation in efflorescence formation.13

Dutch Gray II, a photowork structurally similar to Dutch Grey, was surprisingly found to 
be completely efflorescence-free. Notwithstanding, both Dutch Gray II and Dutch Grey were 
created around the same time (1984 and 1983, respectively) by the same artist using similar 
materials: a silver gelatine print adhered to a PVC support, partially painted with an alkyd-
based paint and a PU-based varnish, and framed in a painted wooden frame. 
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Figure 2. Details of FFA efflorescence observed on a) Stereotropical and b,c) Dutch Grey, with Figs. 2b, c 
photographed under raking light. 



85

Chapter 4

Ta
bl

e 
1.

 S
el

ec
tio

n 
of

 m
od

er
n 

al
ky

d-
ba

se
d 

ar
tw

or
ks

. A
ll 

m
en

tio
ne

d 
in

st
itu

tio
ns

 a
re

 b
as

ed
 in

 T
he

 N
et

he
rla

nd
s.

Ti
tle

A
rt

is
t

D
at

e
In

st
itu

tio
n

M
at

er
ia

l c
om

po
si

tio
n

Effl
or

es
ce

nc
e 

da
te

A
m

ou
nt

 o
f 

effl
or

es
ce

nc
e[a

]

P:
S 

ra
tio

[b
]

Effl
or

es
ce

nc
e 

fo
rm

D
ut

ch
 G

re
y

G
er

 v
an

 E
lk

19
83

Kr
öl

le
r-

M
ül

le
r 

M
us

eu
m

, O
tt

er
lo

A
lk

yd
 p

ai
nt

 a
nd

 P
U

 v
ar

ni
sh

 o
n 

si
lv

er
 g

el
at

in
e 

ph
ot

og
ra

ph
19

98
-2

00
2[c

]
Va

rn
is

he
d 

pa
in

t: 
++

N
on

-v
ar

ni
sh

ed
 

pa
in

t: 
++

+

7.
1:

1
Cr

ys
ta

lli
ne

N
ea

re
r t

o 
th

e 
N

or
th

G
er

 v
an

 E
lk

19
83

RC
E,

 R
ijs

w
ijk

A
lk

yd
 p

ai
nt

 o
n 

ch
ro

m
og

en
ic

 
ph

ot
og

ra
ph

20
03

-2
01

4[c
]

++
+

15
:1

Cr
ys

ta
lli

ne

Po
rt

re
t v

an
 

Jo
nk

he
er

 S
ix

G
er

 v
an

 E
lk

19
86

St
ed

el
ijk

 M
us

eu
m

 
A

m
st

er
da

m
A

lk
yd

 p
ai

nt
 a

nd
 v

ar
ni

sh
 o

n 
ch

ro
m

og
en

ic
 p

ho
to

gr
ap

h
20

10
[d

]
++

+
3.

7:
1

Cr
ys

ta
lli

ne

St
er

eo
tr

op
ic

al
G

er
 v

an
 E

lk
19

86
La

ke
nh

al
, L

ei
de

n
A

lk
yd

 p
ai

nt
 o

n 
si

lv
er

 g
el

at
in

e 
ph

ot
og

ra
ph

 a
nd

 w
oo

de
n 

fr
am

e

20
16

[d
]

Pa
in

t o
n 

ph
ot

og
ra

ph
: +

++
Pa

in
t o

n 
fr

am
e:

 -

7.
2:

1
Cr

ys
ta

lli
ne

D
ut

ch
 G

ra
y 

II
G

er
 v

an
 E

lk
19

84
Bo

ijm
an

s 
va

n 
Be

un
in

ge
n,

 
Ro

tt
er

da
m

A
lk

yd
 p

ai
nt

 a
nd

 th
ic

k 
la

ye
r o

f 
PU

 v
ar

ni
sh

 o
n 

si
lv

er
 g

el
at

in
e 

ph
ot

og
ra

ph

N
ot

 y
et

 
ob

se
rv

ed
-

N
/A

N
/A

Zo
nd

er
 T

ite
l

W
im

 G
ijz

en
19

78
[e

]
RC

E,
 R

ijs
w

ijk
A

lk
yd

 p
ai

nt
 o

n 
ca

nv
as

20
14

[d
]

+
6.

2:
1

Cr
ys

ta
lli

ne

As
tr

on
au

t E
dw

in
 

Al
dr

in
A

nt
on

ie
 

Bu
rg

er
in

g
19

67
RC

E,
 R

ijs
w

ijk
A

lk
yd

 p
ai

nt
 o

n 
ca

nv
as

20
14

[d
]

+
1.

5:
1

A
m

or
ph

ou
s

[a
] E

st
im

at
io

n 
of

 th
e 

am
ou

nt
 o

f e
ffl

or
es

ce
nc

e 
cu

rr
en

tly
 p

re
se

nt
 o

n 
pa

in
te

d 
ar

ea
s. 

Ra
ng

e 
fr

om
 –

 (n
o 

effl
or

es
ce

nc
e)

, +
 (s

m
al

l, 
du

st
-li

ke
 e

ffl
or

es
ce

nc
e)

, +
+ 

(s
po

ts
 u

p 
to

 0
.5

 
m

m
 in

 d
ia

m
et

er
) t

o 
++

+ 
(m

an
y 

sp
ot

s 
la

rg
er

 th
an

 1
 m

m
 in

 d
ia

m
et

er
).

[b
] R

at
io

 o
f p

al
m

iti
c 

ac
id

 (P
) t

o 
st

ea
ric

 a
ci

d 
(S

), 
in

 m
ol

-%
.

[c
] L

at
es

t t
im

e 
effl

or
es

ce
nc

e 
is

 k
no

w
n 

to
 b

e 
ab

se
nt

 a
nd

 th
e 

fir
st

 ti
m

e 
it 

w
as

 n
ot

ic
ed

. 
[d

] F
irs

t t
im

e 
effl

or
es

ce
nc

e 
w

as
 n

ot
ic

ed
. T

he
 a

ct
ua

l fi
rs

t o
cc

ur
re

nc
e 

m
ay

 b
e 

ye
ar

s 
ea

rli
er

.
[e

] C
re

at
io

n 
da

te
 u

nk
no

w
n,

 a
cq

ui
re

d 
by

 R
CE

 in
 1

97
8



86

Efflorescence on Photoworks and Paintings

4.4 Chemical analysis of FFA efflorescence

4.4.1 Sampling

Sampling of FFA efflorescence was readily achieved from the artworks with a clean, dry brush 
without the risk of damaging the underlying paint layers. Nevertheless, the efflorescence 
is mechanically weak and samples are easily damaged. A clean, dry brush worked well in 
our case, and samples could be collected without risk of damaging underlying paint layers. 
FFA efflorescence possesses a soft, fluffy structure, and during sampling the crystalline 
superstructure is usually lost. Sampling of underlying paint and varnish layers is significantly 
more difficult as these layers form part of the original artwork and often possess a more rigid 
structure. 

4.4.2 Analysis

The FFA efflorescence can be readily identified by analysis with (µ-)FTIR. The obtained 
IR spectrum provides important information as to the composition of the efflorescence 
sample, and has the added benefit of being non-destructive, leaving the sample available for 
additional experiments. In Fig. 3, representative µ-FTIR spectra of Dutch Grey, Zonder Titel 
and Astronaut Edwin Aldrin are shown.9 

Figure 3. µ-FTIR spectra of efflorescence samples collected from a) Dutch Grey; b) Zonder Titel and c) Astronaut 
Edwin Aldrin, with d) a second-derivative spectrum corresponding to Fig. 3a, calculated with a Savitsky-Golay 

algorithm using 19 data points.
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These FFA efflorescence FTIR spectra contain several important features. The strong ν(C=O) 
band around 1700 cm-1 indicates the presence of a carboxylic acid group corresponding 
to that found in a free fatty acid. In esters this vibration is generally found around 1730-
1740 cm-1, whereas it is found at significantly lower wavenumbers (1500-1600 cm-1) or even 
completely absent in metal soaps. The detected band is therefore indicative of the formation 
of saturated FFA efflorescence, which is an important clue for both the identity of the original 
paint layer and the mechanism responsible for its formation. The ω(CH2) bands observed in 
the 1180-1300 cm-1 range highlight the difference between the efflorescences found on Dutch 
Grey (Fig. 3a) and on Astronaut Edwin Aldrin (Fig. 3c). The former has a well-resolved saw-
tooth peak pattern, indicative of a crystalline fatty acid with an all-trans chain.14,15 From such 
crystalline material, it is possible to determine the main type of fatty acid from the number 
of peaks (7 or 8 bands for palmitic or stearic acid, respectively). Efflorescence from Astronaut 
Edwin Aldrin, on the other hand, has broader and less well-resolved bands, corresponding to 
an almost amorphous material. The lower order of crystallinity found in efflorescence from 
Astronaut Edwin Aldrin is not only evident in its more dust-like physical appearance, it is also 
mechanically weaker than the efflorescence found on Dutch Grey. Note that the efflorescence 
found on Zonder Titel appears dust-like as well, but is in fact crystalline (Fig. 3b).

The type of saturated FFA’s were identified using GC-MS and derivatisation using quaternary 
ammonium hydroxide reagents (Fig. 4).16,17 Using this method, satisfactory results were 
obtained for efflorescence samples from all the artworks listed in Table 1. These derivatisations 
are reliable and complete in a short time under mild conditions and without additional work-
up, all of which are important considerations when working with unique heritage samples. 
However, quaternary ammonium reagents convert FFAs and their derivatives (i.e. carboxylates, 
other esters) into the corresponding methyl esters, and comparison to concurrent IR spectra 
therefore remains necessary for complete characterisation. Chromatograms corresponding to 
efflorescence samples collected from the artworks listed in Table 1 are shown in Figs. 5a-f. 
All efflorescences consist of a mixture of palmitic (P) and stearic (S) acid, detected as their 
respective methyl esters because of the derivatisation procedure used. Palmitic acid is usually 

R O

O
R'

Me3N

OH

MeOH, PhMe,
30 min, sonicate, RT

R O

O
CF3

300oC (GC)

R

O

OMe

R = alkyl
R' = H, alkyl, aryl, Mn+

CF3Me2N
+

Me3N

CF3

Figure 4. GC-MS based derivatisation using m-trifluoromethylphenyl trimethyl ammonium hydroxide.
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detected in large excess over stearic acid (7:1 or more, see Table 1) a particularly stable ratio 
for P:S mixtures.18 Because of this stability, many efflorescences tend toward crystallisation in 
this manner, regardless of the P:S ratio in the original paint. However, this implies that the 
P:S ratio in the paint cannot be directly inferred from the analysis of an efflorescence sample, 
and therefore cannot be used to determine the source of the drying oil used in the paint.19 
The ratio found in efflorescence from Astronaut Edwin Aldrin (Fig. 5f) is markedly different 
(1.5:1) from the other investigated artworks, resulting in differences in crystallisation as also 
noticed on FTIR spectra (Fig. 3a).15 

4.5 Hydrolysis and migration of FFA efflorescence

Before migration and crystallisation of FFAs can begin, fatty acids in an alkyd resin require 
hydrolysis of the ester bond by which they are connected to the polymeric backbone, and this 
reaction is very slow at neutral pH.20,21 As a result, either alkaline or acidic catalysis is required, 
and since efflorescence is found as an FFA rather than the corresponding carboxylate, alkaline 
catalysis can be ruled out. Furthermore, in the presence of a sufficient amount of Lewis-acidic 
metal cations, any generated FFAs will be converted into metal soaps and aggregated into 

Figure 5. Chromatograms of efflorescence found on a) Dutch Grey; b) Nearer to the North; c) Portret van Jonkheer 
Six; d) Stereotropical; e) Zonder Titel and f) Astronaut Edwin Aldrin. See Table 1 for further details.
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larger particles. The formation of metal soaps therefore largely precludes FFA efflorescence 
formation.22 Modern alkyd paints, largely coloured with organic dyes rather than inorganic 
pigments, do not generally form metal soaps.

The mechanism of acid-catalysed ester hydrolysis shows that this reaction is 1st-order with 
respect to the concentration of acid (H+) and 2nd-order with respect to that of water.20 
Ester hydrolysis is dependent on the availability of water as well as acid, and therefore on 
the diffusion of both through the paint or varnish layer of interest. The open structure of 
the alkyd matrix allows for enhanced water diffusion compared to most oil paints, and 
associated protons can be transported more easily as well.10 Water is not only required for 
chemical reactions such as hydrolysis, but also facilitates transport of protons and other small 
molecules into the paint layer. In the initial, freshly dried layer this transport is slow to non-
existent, but the rate increases as the layer becomes more hydrophilic due to oxidation.23–25 
Under these conditions, fatty acids are hydrolysed from the resin backbone with relative ease. 
After hydrolysis, the mobility of the liberated FFAs depends primarily on the glass transition 
temperature (Tg) of the alkyd matrix. The Tg can vary for different alkyd resins depending on 
the composition and drying time, but in most cases fatty acids have at least some mobility at 
ambient temperature.26–29 Hydrolysed FFAs in a paint matrix will therefore be able to migrate 
to the surface during normal storage. Over time, the oxidative drying of a paint layer also 
creates a more hydrophilic environment, enhancing both the diffusion of water and protons 
into the matrix and the migration of (hydrophobic) FFAs to the surface.10,30 Once there, FFAs 
can coagulate into crystals.2,31 

The migration of FFAs in a paint layer can also be visualised by an artificial ageing experiment 
on a paint mixture. For this purpose, black alkyd-based paint (Winsor&Newton Griffin 
Alkyd) was mixed with 20 wt-% palmitic acid (Fig. 6a) or tripalmitoyl glyceride (Fig. 6b) 
and applied on glass slides in a 150 µm thick layer. The paint was allowed to dry in ambient 
conditions for 10 days, after which the samples were heated to 60 °C in an oven. After as little 
as one week a clear efflorescence was observed on both pre-mixed samples (Figs. 6a, b), while 
similar samples stored at ambient temperature do not exhibit efflorescence during this time 
(Fig. 6c). In this case, efflorescence takes the form both of crystals similar to those found 
on Dutch Grey as well as that of an amorphous film. Film formation is favoured due to the 
elevated temperature required for rapid efflorescence formation. The observed efflorescence 
consists of crystalline palmitic acid dimers identical to those originally mixed with the paint, 
as observed by µ-FTIR (Fig. 6). Fatty acid species, once released from the paint matrix by 
hydrolysis, can thus migrate relatively easily to the surface of a paint layer. 
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Taking the ease of FFA migration from a pre-mixed sample into account, hydrolysis of the ester 
bonds in the paint matrix must be the rate-determining step in the formation of efflorescence. 
After FFAs have migrated to the surface, these species crystallise spontaneously. This is in 
contrast to the formation of metal soaps, where crystallisation or coagulation occurs inside 
the paint matrix and any subsequent movement can physically damage the paint layer.32,33 
On Dutch Grey for example, large efflorescence crystals of up to 5 mm in diameter have not 
left any visible damage or markings on the paint surface (viz. Figs. 7a, b before and after 
collection of an efflorescence sample, respectively). In fact, damage of the paint surface was 
never encountered on any of the artworks with FFA efflorescence as listed in Table 1. 

Figure 6. a) Efflorescence on alkyd paint layer pre-mixed with palmitic acid; b) efflorescence on alkyd paint layer 
pre-mixed with tripalmitoyl glyceride, and c) equivalent paint layer without additional mixed fatty acids. On the 

right, partial µ-FTIR spectra corresponding to efflorescence on Figs. 6a, b are shown.

Figure 7. Detail of efflorescence on Dutch Grey: a) before collection of an efflorescence sample (marked area) and 
b) paint layer after sample collection. The bars in the lower right corner denote 1 mm each.
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4.6 The role of the support layer

Since FFA efflorescence formation is dependent on a source of acid for hydrolysis, contact 
with materials that release these acids can increase the severity and formation rate of 
efflorescence. Efflorescence may, for example, be more severe if the paint is applied on a 
support that acts as a proton source (photographic materials, certain plastics, glues) or if 
there is a microclimate that can trap acids in contact with the paint layer. This is illustrated by 
the photowork Stereotropical (Table 1). It consists of a chromogenic photograph in a wooden 
frame, with both photograph and frame partially painted over with an alkyd-based paint. 
Efflorescence consisting of white crystals of up to 3 mm in diameter has developed on all 
painted areas applied on a photographic substrate (Fig. 2a), similar to efflorescence found on 
Dutch Grey. Remarkably, paint applied on the wooden frame appears essentially unchanged, 
not having developed efflorescence of any size. Since paint layers on both these substrates 
have aged under identical circumstances (being part of the same object), the support material 
must have a direct influence on the formation of efflorescence. Since photographic gelatine 
is acidic (pH ≈ 4.8)34 and a similar efflorescence was observed on other photoworks from 
the same era (Table 1), photographic material appears to catalyse the formation of FFA 
efflorescence from alkyd-based resins. Because the gelatine itself rather than any compound 
suspended in it is responsible for proton and water transfer, similar behaviour is expected 
between silver gelatine and chromogenic (coloured, dye-based) photographs. Indeed, the 
differences in the extent of efflorescence formation between Dutch Grey, Stereotropical (both 
silver gelatine prints), Nearer to the North and Portret van Jonkheer Six (both chromogenic 
photographs) are minimal. The alkyd paintings on canvas Zonder Titel and Astronaut Edwin 
Aldrin also support this assertion. Both of these works have significantly less efflorescence 
than any of the investigated photoworks even though they are the oldest objects investigated 
here. In general, all artworks based on an alkyd resin applied to a gelatin-based support have 
developed significant FFA efflorescence. 

4.7 The influence of varnishes

FFA efflorescence does not always find its origin in the top layer of an object. In Dutch Grey 
for example, the paint layer is partially covered with a polyurethane (PU) varnish, which 
itself does not contain fatty acids and therefore cannot be the ultimate source of FFA 
efflorescence. The varnished paint layer does show efflorescence, although somewhat less 
than the surrounding unvarnished paint. This suggests that the varnish in this case serves as 
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a medium through which FFAs diffuse during migration to the surface. Another photowork 
by van Elk, the similarly named Dutch Gray II, also consists of a silver gelatine print covered 
with an alkyd paint and a polyurethane varnish and is therefore by composition comparable 
to Dutch Grey (Table 1). However, Dutch Gray II has a thicker layer of varnish, as is evident 
from the clearly visible air bubbles as well as the degree of yellowing associated with an ageing 
polyurethane (PU) varnish (Fig. 8).35,36 Dutch Gray II has not developed any efflorescence, 
presumably because the much thicker varnish layer has so far prevented diffusion of FFAs. 
This suggests that varnish layers can serve as a barrier for efflorescence migration, but do 
not always prevent its occurrence. Since the thinner PU layer in Dutch Grey slows down FFA 
efflorescence but does not stop it completely, it cannot be ruled out that Dutch Gray II will 
eventually develop FFA efflorescence as well.

In marked contrast, the varnish on Portret van Jonkheer Six, another photowork by Van Elk, 
has developed an efflorescence that almost completely covers the surface. This work consists 
of a chromogenic photograph partially painted over with an unknown (possibly alkyd-
based) paint and subsequently completely covered with an alkyd-based varnish according 
to museum records. In this case, the varnish itself has actually started efflorescing, with 
efflorescence occurring both on varnish applied on paint as well as on areas directly applied 
on photographic gelatine. Since the binder systems in alkyd-based varnishes and paint are 
similar, they develop efflorescence in a similar manner as well.

Figure 8. Detail of Dutch Gray II, with painted wooden frame visible at the lower edge. The entire photographic 
print is covered with a yellowed PU varnish, with raking light showing embedded particles and air bubbles.
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4.8 Implications of efflorescence

Because of the differences both in chemical composition and their formation process, 
the implications and possible damages of FFA efflorescence differ significantly from the 
previously reported metal soaps (Table 2).22 FFA efflorescence consists solely of saturated fatty 
acids hydrolysed from the paint layer. These fatty acids cannot participate in the oxidative 
crosslinking process that provides the paint matrix with its stability, and therefore they are not 
part of the paint polymer network. Indeed, the Tg of alkyd paint remains virtually unchanged 
during long-term drying, and is mainly dependent on the degree of crosslinking.27 While 
crosslinked unsaturated fatty acids also undergo hydrolysis, they remain part of the paint 
matrix, as evidenced by the fact that no unsaturated fatty acids or degradation products have 
been found in this type of efflorescence. The released saturated fatty acids migrate through the 
paint matrix as dimers by diffusion, driven by mechanical factors and differences in polarity. 
Since larger aggregates are not formed inside the paint layer, the structural damage to the 
matrix from this part of the process is also minimal, and the paint surface under an effloresced 
FFA crystal is commonly found to be undamaged (Fig. 6). Altogether, damage to the paint 
layer from FFA efflorescence generally appears to be minimal. The efflorescence itself can be 
very intrusive to the overall image though, especially if it occurs on a dark-coloured paint 
where the contrast is high. In the works by Ger van Elk listed in Table 1, paint was applied 
by dripping or pouring techniques rather than a brush, and on the smooth surface resulting 
from this technique the appearance of crystalline efflorescence is particularly disturbing to 
the overall image. Fortunately, removal with a dry, clean brush is feasible and low-risk. FFA 
efflorescence also dissolves easily in many apolar and moderately polar solvents, so depending 
on the rest of the artwork these could also be considered for removal. However, depending on 
the progress of efflorescence formation as well as the fatty acid content of the source material, 
FFA efflorescence may be expected to return quickly after removal,31 and treatment will have 
to be repeated until all saturated fatty acids have migrated from the paint layer. 

Perhaps more importantly, FFA efflorescence can be regarded as a sign of the presence of 
available acid in the paint layer. Depending on the composition of the work, this acid is 
also available for other degradation processes.37 This is illustrated most clearly by Van Elks 
previously mentioned Portret van Jonkheer Six. The (alkyd-based) varnish which covers the 
entire surface of a chromogenic photograph has started to develop FFA efflorescence over its 
entire area, including both areas with and without paint underneath the varnish. The presence 
of this efflorescence on a modern varnish so shortly after the creation of the work indicates the 
influence of an acidic catalyst, as also seen in other works by van Elk (Table 1). Accordingly, 
the chromogenic photograph underneath the varnish is heavily discoloured from black 
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towards purple tones, in line with literature reports on the effects of acid on chromogenic 
photographic prints.37,38 This effect presumably also occurs with other efflorescing paint layers 
on photographic surfaces, but cannot usually be observed because the photograph underneath 
a paint layer is remains invisible.

Predicting where and when efflorescence will be formed is not always straightforward. 
As seen in the objects described in Table 1, a myriad of factors can have an influence on 
the degree and rate of efflorescence formation. A complete overview of the materials and 
circumstances involved in a particular artwork therefore is an essential starting point for any 
assessment. To guide conservators in making a material description of composite artworks, 
several manuals exist for specific types of artworks,39 but a new manual is clearly needed for 
combined photographic art of importance for cultural heritage. 

4.9 Conclusions

Metal cation-free oil-based paint and varnish layers can develop a crystalline FFA efflorescence 
in a remarkably short time span. In contrast to metal soaps, they can diffuse out of a paint layer 
and form white crystals on a surface in as little as 15-20 years. Therefore, FFAs and metal soaps 
have very different implications for the artwork: FFAs generally become a disturbance much 
earlier, and in some cases quickly cover the entire surface of a painting. FFA efflorescence can 
be removed without damaging the rest of the work, although it may return. Metal soaps on 
the other hand take much longer to form but cannot be readily removed. They can therefore 
be seen as an intrinsic part of the artwork.
The occurrence of FFA efflorescence is dependent on the availability of an acidic catalyst such 
as photographic gelatine. If FFA efflorescence is generated quickly after the creation of an 
artwork, this may therefore indicate the presence of acids which can be damaging to other 
parts of the artwork as well. 

Table 2. Comparison of FFAs and metal soaps

FFA efflorescence Metal soaps

Timescale 20-50 years More than 100 years

Source Alkyd paints and varnishes Oil paints

Catalyst Acids Metallic cations

Appearance Haze or crystalline bloom Protrusion or aggregate in paint layer

Damages Image disturbance Protrusion through paint surface
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The identification of FFAs and metal soaps can be achieved by various means, including 
visual, spectroscopic and analytical depending on the required degree of accuracy. This 
structural and chemical information can then provide important clues towards the history of 
the artwork, its material composition and the possible manifestation of degradation-related 
issues in other parts of the artwork. 
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Acid-Catalysed Degradation of Photodyes in 

Modern Chromogenic Photographs

Abstract

Photoworks consist of photographic materials with additional applications such as paint. The 
photoworks Russian Diplomacy (1974) and Portret van Jonkheer Six (1986), both by Dutch 
artist Ger van Elk (1941-2014) in the collection of the Stedelijk Museum Amsterdam, The 
Netherlands, show a remarkable discolouration of the photographic print from black towards 
purple tones. Since photographic systems consist of three distinct dyes for yellow, magenta 
and cyan, this suggests yellow dyes degrade the fastest. Herein, we describe the synthesis 
of three generic photographic dyes representative for a chromogenic print. These dyes were 
then subjected to acidic environments at varying pH levels and in different solvent systems 
in order to elucidate their degradation mechanism. The three dyes were shown to require 
different pH levels for hydrolysis, with yellow dyes hydrolysing faster and at less acidic pH. 
Main hydrolysis products for all three dye colours are isolated and characterised using a 
combination of UV-Vis, NMR, (GC-)MS and EPR. Finally, a complete degradation pathway 
for chromogenic photodyes is proposed, which in particular shows the sensitivity of the 
yellow dye to degradation in an acidic environment. 
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5.1 Introduction

Photoworks or photographic art, consisting of photographic materials modified with other 
artistic applications such as paint or varnish, form an important part of our cultural heritage.1,2 
Because of the added materials photoworks are unique objects, and while reproduction 
can be considered an appropriate conservation strategy for photographs themselves in 
some circumstances, this is no longer a valid option for these composite photoworks.3 A 
large majority of analogue colour photographs, including nearly all personal prints, have 
been made using chromogenic photography. The relatively rapid ageing of chromogenic 
photographs compared to more traditional heritage materials therefore poses a serious 
challenge to conservators.4,5 Although the ageing of photographic materials themselves with 
regards to certain environmental conditions (RH, T, daylight/artificial light, exposure to 
VOCs) has been described in some detail,2,6,7 only limited research efforts have been reported 
on potential undesired chemical and/or physical interactions between chromogenic photos 
and materials applied onto them.

One example of such a degradation has been identified on the photowork Russian Diplomacy 
(Ger van Elk, 1974, Stedelijk Museum Amsterdam, The Netherlands, Fig. 1a). It consists of a 
large triangular chromogenic photograph on PE paper attached to a polymethylmethacrylate 
(PMMA) support. Parts of the photograph have been covered with an acrylic paint, according 
to museum records. The entire work is framed in a lacquered wooden frame and covered with 
another 6 mm PMMA (Plexiglas) plate. This plate was installed a short distance above the 
artwork itself, leaving a thin layer of air as a spacer between the plate and the photograph. 
It has inadvertently become attached to the paint layer at several points, suggesting that the 
paint layer had not yet properly dried. 
Russian Diplomacy portrays two figures, one wearing a light (originally white) suit and the 
other wearing a dark (originally black) suit, coming forth from painted white/black clouds 
in an embrace, symbolising the coming together of two cultures in the context of the cold 
war. The artist intended to create the effect of a figure emerging naturally from a background, 
which requires a smooth transition and a similar colour in adjacent photographic and painted 
areas. Discolouration is visible in the entire photograph however, with the black areas being 
especially affected. The dark photographic areas, including the figure’s suit and shoes, have 
discoloured towards a deep purple (Figs. 1b, c), nullifying the intended effect. Because this 
discolouration greatly disturbs the image of a black-suited figure coming forth from a black 
cloud, museum conservators now consider Russian Diplomacy unfit for exposition. 
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A similar purple discolouration has been identified on Portret van Jonkheer Six, another 
photowork by Ger van Elk (1986, Stedelijk Museum Amsterdam, The Netherlands, Fig. 2). 
This work consists of a chromogenic photograph, partially painted over and subsequently 
completely covered with a varnish (an alkyd-based resin, according to museum records). 
In all areas where the photograph is visible, it suffers from a more extreme discolouration, 
with deep purple tones predominating especially on the skis and the suit of the standing 
figure (detail in Fig. 2b). In comparison with Russian Diplomacy, this discolouration does not 
affect the original meaning of the photowork to the same extent, leaving it more suitable for 
exposition. 

Figure 1. a) Russian Diplomacy by Ger van Elk (1974, 159x298 cm hxw) with b) and c) details of discoloured areas.
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5.2 Experimental

5.2.1 Materials and equipment

Chemicals were purchased from various commercial sources and used without further 
purification. Reactions were carried out under N2 atmosphere unless stated otherwise. 
Dry diethylether (Et2O) and toluene were obtained using an MBRAUN MB SPS-80 solvent 
purification system and used without further purification. Et3N was degassed by bubbling 
N2 through the liquid for at least 30 min. and subsequently stored over 4Å molecular sieves. 
1,4-dioxane was distilled over sodium/benzophenone prior to use. CH2Cl2 was distilled over 
CaH2 prior to use. Anhydrous 1.0 M HCl in Et2O was obtained commercially (Sigma Aldrich) 
and used without further purification. Photographic paper (calibrated Fujicolor Crystal 
Archive Paper, developed with RA-4 type chemicals) was acquired from the Color Utrecht 
photolab in Utrecht, The Netherlands. 

Figure 2. a) Portret van Jonkheer Six by Ger van Elk, 1986, measuring 214x131 cm hxw, with b) detail of discoloured 
area marked in Fig. 2a.
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GC-MS analyses were performed with a Perkin Elmer Clarus 680 GC equipped with an Elite 
5MS capillary column (PE; 30 m, 0.25 mm i.d.; 0.25 μm df) coupled to a Perkin Elmer Clarus 
SQ 8T mass spectrometer using EI ionisation (70 eV). The GC inlet temperature was 300 °C. 
The oven was programmed at an initial temperature of 50 °C for 2 min., followed by heating 
to 300 °C with a heating rate of 10 °C/min. and a total run time of 27 min. The carrier gas was 
He with a volume of 1.0 mL/min. The MS was run in scan mode (m/z 50-1000) with an inlet 
temperature of 250 °C and a source temperature of 180 °C. The identification of the products 
was achieved through comparisons with mass spectra of the NIST08 library and/or reference 
compounds. 
1H and 13C NMR spectra were recorded at 298 K on a Varian AS 400 MHz NMR spectrometer 
operating at 400 MHz (1H) and 100 MHz (13C). Chemical shifts (δ) are reported in ppm and 
referenced against residual solvent signal. 
Electronspray ionisation (ESI-TOF) mass spectra were recorded with a Waters LCT Premier 
XE KE317 Micromass Technologies spectrometer. UV-Vis spectra were recorded on a Perkin 
Elmer Lambda 950 UV-Vis spectrometer. EPR analyses were carried out by dissolving several 
milligrams of analyte in dry 1,4-dioxane in an quartz EPR tube. Spectra were recorded on a 
Bruker EMX Plus 6000 Gauss machine with ER 041 XG X-Band Microwave Bridge. Synthetic 
procedures for compounds 1,8 2,9 3,10 5,11 and 912 were adapted from the literature. 

5.2.2 Synthetic Procedures

2-((4-(Diethylamino)phenyl)imino)-3-oxo-N,3-diphenylpropanamide (1)8 
2-Benzoylacetanilide (988 mg, 4.13 mmol), N,N-diethylbenzene-1,4-diamine (1.29 g, 
7.87 mmol) and NaOH (1.28 g, 32.0 mmol) were solvated in 60 mL aq. dest. A solution of 
ammonium persulfate (487 mg, 2.14 mmol) in 40 mL aq. dest. was added dropwise over 
20 min., with visible dye formation starting immediately. After addition was finished, the 
reaction mixture was stirred at ambient temperature for 1 h. The crude mixture was extracted 
with CH2Cl2 (4x 50 mL), dried over MgSO4, filtered and solvents were evaporated in vacuo. 
Recrystallisation from boiling ethanol afforded the product as an orange powder in 38% yield 
(631 mg, 1.58 mmol).
1H NMR (CDCl3): δ 9.40 (1H, s, NH), 7.86 (2H, d, Ar-H, 3J = 8.0 Hz), 7.69 (2H, d, o-Ar-H, 

3J = 8.0 Hz), 7.54 (1H, t, p-Ar-H, 3J = 8.0 Hz), 7.42 (2H, t, m-Ar-H, 3J = 8.0 Hz), 7.33 (2H, t, 
m-Ar-H, 3J = 8.0 Hz), 7.13 (3H, m, p-Ar-H and o-Ar-H), 6.48 (2H, d, 3J = 8.0 Hz, Ar-H), 3.30 
(4H, q, 3J = 7.2 Hz, NCH2CH3), 1.11 (6H, t, NCH2CH3, 

3J = 7.2 Hz,); 13C NMR (C6D6): δ 197.9, 
161.1, 153.3, 148.0, 137.9, 135.2, 133.6, 133.0, 128.8 (2x), 128.7, 126.8, 123.8, 119.2, 111.2, 
43.8, 12.0 ppm. UV-Vis in acetone/H2O 1:1 v/v: λmax = 438 nm, ε = 2.26 x 104 M-1cm-1.
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N-(4-((4-(Diethylamino)phenyl)imino)-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-3-yl)
benzamide (2)9

To a solution of N,N-diethylbenzene-1,4-diamine (268 mg, 1.63 mmol) in 60 mL EtOH, 60 
mL EtOAc and 60 mL 4% aqueous NH4OH was added pyrazolone 12 (317 mg, 1.14 mmol). A 
solution of AgNO3 (1.14 g, 6.70 mmol) in 30 mL aq. dest. was added over 20 min., with visible 
dye formation starting within a few minutes. After the addition was finished, the reaction 
mixture was stirred at ambient temperature for 1 h. The reaction mixture was then filtered, 
extracted four times with EtOAc, dried over MgSO4 and solvents were evaporated in vacuo. 
Final purification was done by flash chromatography (CH2Cl2), and the product was obtained 
as a dark purple powder in >99% yield (499 mg, 1.14 mmol).
1H NMR (CDCl3): δ 8.87 (1H, s, NH) 8.42 (2H, d, Ar-H, 3J = 8.5 Hz) 8.09 (2H, d, o-Ar-H, 3J = 
8.7 Hz) 7.99 (2H, d, o-Ar-H, 3J = 7.7 Hz) 7.61 (1H, t, p-Ar-H, 3J = 4.1 Hz) 7.55 (2H, t, m-Ar-H, 
3J = 7.1 Hz) 7.42 (2H, t, m-Ar-H, 3J = 7.2 Hz) 7.18 (1H, t, p-Ar-H, 3J = 7.2 Hz) 6.80 (2H, d, Ar-
H, 3J = 8.4 Hz) 3.53 (4H, q, 4H, NCH2CH3, 

3J = 6.9 Hz) 1.29 (6H, t, NCH2CH3, 
3J = 7.2 Hz); 

13C NMR (CDCl3): δ 163.4, 152.7, 152.2, 144.0, 138.8, 135.1, 130.0, 133.8, 133.5, 132.5, 129.0, 
128.6, 128.0, 124.7, 119.1, 111.5, 45.4, 12.8 ppm. UV-Vis in acetone/H2O 1:1 v/v: λmax = 546 
nm, ε = 5.06 x 104 M-1 cm-1.

N-(3-((4-(Diethylamino)phenyl)imino)-6-oxocyclohexa-1,4-dien-1-yl)acetamide (3)10

To a solution of NaCl (1.50 g, 25.8 mmol) in 30 mL aq. dest. were consecutively added a 
solution of AgNO3 (3.77 g, 22.2 mmol) in 20 mL aq. dest., Na2CO3 (2.06 g, 19.4 mmol) and 
a solution of 2-acetamidophenol (385 mg, 2.55 mmol) in 20 mL EtOH. A solution of N,N-
diethylbenzene-1,4-diamine.HCl (527 mg, 2.62 mmol) in 20 mL aq. dest. was added dropwise 
over 15 min., with visible dye formation starting immediately. After addition was finished the 
mixture was stirred at ambient temperature for 1 h. 50 mL EtOAc was added, the mixture 
was filtered and the product was extracted twice more with additional EtOAc, dried over 
MgSO4, filtered and solvents were evaporated in vacuo. Final purification was done by flash 
chromatography (CH2Cl2 + 2% Et3N), and the product was isolated as a deep blue powder in 
95% yield (757 mg, 2.43 mmol).
1H NMR (C6D6): δ 8.88 (1H, d, quinone-H, 4J = 2.7 Hz), 7.91 (1H, s, NH), 7.44 (2H, d, Ar-H, 
3J = 9.4 Hz), 7.28 (1H, dd, quinone-H, 3J = 9.8 Hz, 4J = 2.7 Hz), 6.48 (1H, d, quinone-H, 3J = 9.8 
Hz) 6.37 (2H, d, Ar-H, 3J = 9.4 Hz), 2.71 (4H, q, CH2-Me, 3J = 7.0 Hz), 1.31 (3H, s, CO-CH3), 
0.69 (6H, t, CH2-CH3, 

3J = 7.0 Hz); 13C NMR (C6D6): δ 180.7, 168.1, 152.6, 148.0, 143.8, 140.0, 
135.4, 126.6, 122.0, 111.8, 108.7, 44.0, 23.4, 12.2 ppm. UV-Vis in acetone/H2O 1:1 v/v: λmax = 
651 nm, ε = 3.20 x 104 M-1 cm-1.
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4-((4-(Diethylamino)phenyl)imino)cyclohexa-2,5-dien-1-one (4) 
A solution of Na2CO3 (2.53 g, 23.9 mmol) in 10 mL aq. dest. was added to a solution of 1.51 g 
NaCl (25.9 mmol) and 4.26 g AgNO3 (25.1 mmol) in 20 mL aq. dest. A solution of phenol (261 
mg, 2.78 mmol) in 20 mL EtOH was added to the mixture. N,N-diethylbenzene-1,4-diamine 
(0.4 mL, 395 mg, 2.40 mmol) was dissolved in 40 mL EtOH and 3 mL 1 M aqueous HCl, 
and slowly added this solution to the reaction mixture under vigorous stirring. The mixture 
turned deep blue within several seconds. After stirring the mixture for an additional 2 h., it 
was filtered and washed once with brine, twice with 4 M aq. NaOH and finally once with aq. 
dest. The organic layers where then dried over MgSO4, filtered and evaporated in vacuo. The 
product was isolated as a deep blue solid in 61% yield (378 mg, 1.49 mmol).
1H NMR (CDCl3): δ 7.37 (1H, dd, quinone-H, 3J = 10.2 Hz, 4J = 2.7 Hz), 7.31 (1H, dd, 
quinone-H, 3J = 9.8 Hz, 4J = 2.7 Hz), 7.06 (2H, m, Ar-H), 6.72 (2H, m, Ar-H), 6.63 (1H, dd, 
quinone-H, 3J = 10.0 Hz, 4J = 2.2 Hz), 6.55 (1H, dd, quinone-H, 3J = 10.2 Hz, 4J = 2.0 Hz), 3.44 
(4H, q, CH2, 

3J = 7.0 Hz), 1.23 (6H, t, CH3, 
3J = 7.2 Hz); 13C NMR (CDCl3): δ 188.0, 152.9, 

148.3, 142.4, 138.9, 131.6, 130.7, 128.7, 126.9, 111.7, 44.7, 12.7 ppm. UV-Vis in acetone/H2O 
1:1 v/v: λmax = 645 nm, ε = 2.73 x 104 M-1 cm-1.

4-(Phenylimino)cyclohexa-2,5-dien-1-one (5)11

4-(Phenylamino)phenol (385 mg, 2.08 mmol) was dissolved in 30 mL aq. dest., PbO2 (1.20 
g, 5.0 mmol) was added and the mixture was stirred vigorously at ambient temperature for 3 
hours. The mixture was filtered over Celite, extracted with CH2Cl2 (3x 30 mL) and the organic 
fractions were combined and dried over MgSO4. All solvents were evaporated in vacuo and 
the product was obtained as a yellow solid in 83% yield (318 mg, 1.74 mmol).
1H NMR (CDCl3): δ 7.36 (2H, t, m-Ar-H, 3J = 8.2 Hz), 7.26 (1H, dd, quinone-H, 3J = 9.8 Hz, 
4J = 2.4 Hz), 7.19 (1H, t, p-Ar-H, 3J = 7.4 Hz), 7.04 (1H, dd, quinone-H, 3J = 10.2 Hz, 4J = 2.7 
Hz), 6.85 (2H, d, o-Ar-H, 3J = 7.4 Hz), 6.64 (1H, dd, quinone-H, 3J = 10.2 Hz, 4J = 2.0 Hz), 6.48 
(1H, dd, quinone-H, 3J = 10.4 Hz, 4J = 2.2 Hz); 13C NMR (CDCl3): δ 187.6, 157.4, 149.4, 141.8, 
133.5, 132.8, 129.1, 128.2, 126.2, 120.6 ppm. UV-Vis in acetone/H2O 1:1 v/v: λmax = 451 nm, ε 
= 2.84 x 103 M-1 cm-1.

2,3-Dioxo-N,3-diphenylpropanamide (7)
Yellow dye 1 (47.4 mg, 119 µmol) was dissolved in 5 mL toluene. Concentrated aqueous HCl 
(2 mL) was added, the resulting biphasic system was stirred vigorously at ambient temperature 
for 5 min. and then allowed to settle, after which the supernatant was separated. The aqueous 
layer was extracted twice more with toluene, the organic layers were combined and evacuated 
in vacuo and the product was isolated as a yellow solid. 
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1H NMR (CDCl3): δ 8.61 (1H, s NH), 7.92 (2H, d, o-Ar-H, 3J = 7.4 Hz), 7.70 (1H, t, p-Ar-H, 
3J = 7.4 Hz), 7.67 (2H, d, o-Ar-H, 3J = 7.8 Hz), 7.55 (2H, t, m-Ar-H, 3J = 7.4 Hz), 7.40 (2H, t, 
m-Ar-H, 3J = 7.8 Hz), 7.22 (1H, t, p-Ar-H, 3J = 7.4 Hz); 13C NMR (CDCl3): δ 193.4, 189.2, 156.4, 
135.8, 135.4, 132.1, 129.5, 129.2, 128.2, 125.3, 119.9 ppm. MS: m/z values of characteristic 
ions: 253 M+, 225, 197, 119, 105.

N-(4,5-Dioxo-1-phenyl-4,5-dihydro-1H-pyrazol-3-yl)benzamide (8)
Magenta dye 2 (91.4 mg, 208 µmol) was dissolved in 5 mL CH2Cl2, concentrated aqueous HCl 
(5.0 mL) was added and the biphasic mixture was stirred vigorously for 3 h. The mixture was 
extracted with CH2Cl2, the solvent was evaporated and the product was isolated as a tan solid 
in 48% yield (29.4 mg, 100 µmol). 
1H NMR (CDCl3): δ 8.66 (1H, br s, NH), 7.96 (2H, d, o-Ar, 3J = 7.0 Hz), 7.82 (2H, d, o-Ar, 3J 
= 8.2 Hz), 7.69 (1H, t, p-Ar, 3J = 7.8 Hz), 7.57 (1H, t, m-Ar, 3J = 7.8 Hz), 7.42 (1H, t, m-Ar, 
3J = 7.4 Hz), 7.23 (1H, t, p-Ar, 3J = 6.7 Hz); 13C NMR (CDCl3): δ 167.0, 137.1, 134.0, 133.6, 
130.8, 130.2, 129.3, 129.0, 128.5, 127.9, 125.7, 118.7 ppm. HRMS (ESI) Calcd for C16H11N3O3 
391.1406; found: 391.1425 [M+pyridine+H2O +H]+. UV-Vis in dioxane/H2O 1:1 v/v: λmax = 
320 nm, ε = 690 M-1 cm-1.

N-(3,6-Dioxocyclohexa-1,4-dien-1-yl)acetamide (9)12

Acetamide 13 (534 mg, 2.74 mmol) was solvated in 10 mL water and 0.25 mL MeOH. 
Diacetoxyiodobenzene (1.0 g, 3.13 mmol) was added and the mixture was stirred at ambient 
temperature for 1 h. The reaction mixture was extracted with EtOAc (3x), the organic layers 
were then combined and dried over MgSO4, filtered and evaporated in vacuo. The crude 
product was purified by flash chromatography (EtOAc/hexanes 1/1 v/v). The product was 
isolated as a yellow powder in 28% yield (127 mg, 0.77 mmol).
1H NMR (CDCl3): δ 8.13 (1H, br s, NH), 7.51 (1H, d, quinone-H, 4J = 2.4 Hz), 6.72 (1H, d, 
quinone-H, 3J = 10.2 Hz), 6.67 (1H, dd, quinone-H, 3J = 10.2 Hz, 4J = 2.4 Hz), 2.20 (3H, s, 
CH3); 13C NMR (CDCl3): δ 188.0, 182.6, 169.4, 138.2, 138.1, 133.1, 114.7, 24.7 ppm. UV-Vis 
in dioxane/H2O 1:1 v/v: λmax = 386 nm, ε = 1.84 x 103 M-1 cm-1.

4,4’-(Diazene-1,2-diyl)bis(N,N-diethylaniline) (11)
N,N-Diethylbenzene-1,4-diamine (364 mg, 2.2 mmol) was dissolved in 20 mL dry toluene, 
activated MnO2 (1.06 g, 12.2 mmol) was added and the mixture was heated to reflux 
temperature for 6 h. The mixture was cooled down, filtered, dried over MgSO4 and filtered 
again. The crude product was concentrated in vacuo and purified by flash chromatography 
(CH2Cl2/MeOH 20/1 v/v). The product was obtained as an orange powder in 40% yield (145 
mg, 0.45 mmol). 
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1H NMR (CDCl3): δ 7.78 (4H, d, Ar-H, 3J = 7.0 Hz), 6.71 (4H, d, Ar-H, 3J = 9.4 Hz), 3.43 (8H, 
q, CH2, 

3J = 7.0 Hz), 1.21 (12H, t, CH3, 
3J = 7.0 Hz); 13C NMR (CDCl3): δ 148.9, 143.6, 124.2, 

111.2, 44.6, 12.7 ppm. UV-Vis in dioxane: λmax = 451 nm, ε = 2.01 x 104 M-1cm-1.

N-(5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-3-yl)benzamide (12)
Benzoic acid (1.56 g, 12.8 mmol) was dissolved in 8 mL SOCl2 under N2 atmosphere, and the 
mixture was stirred at 60 °C for 1 h. Excess SOCl2 was removed in vacuo, and the resulting 
benzoyl chloride was dissolved in 20 mL dry 1,4-dioxane. 3-amino-1-phenyl-2-pyrazolin-
5-one (2.19 g, 12.5 mmol) was added, and the mixture was heated to reflux overnight. The 
solvent was then evaporated in vacuo and the product was washed twice with warm ethanol 
(50 °C). The product was filtered off as a tan solid in 42% yield (1.47 g, 5.25 mmol). 
1H NMR (CDCl3): δ 8.57 (1H, s, NH), 7.89 (2H, d, o-Ar-H, 3J = 7.8 Hz), 7.85 (2H, d, o-Ar-H, 
3J = 8.2 Hz), 7.64 (1H, t, p-Ar-H, 3J = 7.0 Hz), 7.54 (2H, t, m-Ar-H, 3J = 7.4 Hz), 7.40 (2H, t, 
m-Ar-H, 3J = 7.8 Hz), 7.19 (1H, t, p-Ar-H, 3J = 7.0 Hz), 4.22 (2H, s, CH2); 13C NMR (CDCl3): δ 
167.6, 164.7, 150.1, 137.9, 133.2, 132.2, 129.1, 128.9, 127.3, 125.0, 118.7, 40.6 ppm.

N-(2,5-dimethoxyphenyl)acetamide (13)
2,5-Dimethoxyaniline (7.4 g, 48 mmol) was dissolved in 250 mL dry CH2Cl2, the solution was 
cooled to 0 °C and Et3N (8.4 mL, 6.1 g, 60 mmol) and AcCl (4.5 mL, 5.0 g, 63 mmol) were 
added. The mixture was stirred for 45 min. and then allowed to warm to ambient temperature. 
The mixture was quenched with water and the organic layer was separated, dried over MgSO4, 
filtered and concentrated in vacuo. The product was obtained as a tan solid in 92% yield 
(8.69 g, 45 mmol) and used without further purification. 
1H NMR (CDCl3): δ 8.09 (d, 1H, Ar-H, 4J = 2.9 Hz), 7.77 (s, 1H, NH), 6.77 (d, 1H, Ar-H, 3J = 
8.9 Hz), 6.55 (dd, 1H, Ar-H, 3J = 9.0 Hz, 4J = 3.0 Hz), 3.82 (s, 3H, O-CH3), 3.77 (s, 3H, O-CH3), 
2.18 (s, 3H, (C=O)-CH3); 13C NMR (CDCl3): δ 168.2, 153.9, 141.8, 128.4, 110.6, 108.3, 106.0, 
56.1, 55.8, 25.0 ppm.

5.2.3 General procedure for aqueous hydrolysis of photographic dyes

In a representative experiment, a 120 µM stock solution of compounds 1, 2, 3, 4 or 5 in 
1,4-dioxane was prepared. This solution was mixed in 1/1 v/v ratio with 0.1 M aqueous acetate 
buffer (for pH 3.2-6.2) or 0.1 M aqueous phosphate/citrate buffer (for pH 2.0-3.0), shaken 
vigorously, and the resulting mixture was analysed by UV-Vis. For experiments up to 2 h., 
a single sample was measured continuously, while for experiments up to one month 20 mL 
reaction mixtures were prepared, with samples taken for each separate measurement. These 
samples were discarded after analysis.
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5.2.4 General procedure for anhydrous acid/base treatment of photodyes

In a representative experiment, a stock solution for each of the photodyes 1, 2 or 3 (ca. 50 
µM) in anhydrous Et2O was prepared. Part of this solution (20 mL) was mixed with 2.2 mL 
1.0 M HCl in anhydrous Et2O for a final concentration of 0.1 M HCl, with the mixture turning 
colourless immediately during addition. Finally, a part of this mixture (12.0 mL) was quenched 
with 0.3 mL anhydrous Et3N. The original dye colour returns and Et3N.HCl precipitates as a 
white powder, which is separated by centrifugation. All three solutions (stock, acidified and 
neutralised) were analysed with UV-Vis, and corrected for changes in dye concentration. 

5.3 Results and discussion

5.3.1 Observations on Russian Diplomacy

A chromogenic photograph is built up out of three colours represented by three separate 
dyes: yellow, magenta and cyan.13 The combination of these three colours produces black, 
in accordance with the subtractive colour system. A discolouration from black to purple as 
observed on Russian Diplomacy therefore implies that the original chromogenic photodyes 
have been affected, and specifically that the yellow dye has been affected the most. Under 
normal conditions, magenta dyes generally fade quickest during exposition (light fading), 
while photographs stored in the dark can suffer from a combination of yellow staining and 
cyan dye fading depending on the type of print used.6 Russian Diplomacy was exhibited a 
number of times in various museums in the decade after its creation, but has been in dark 
storage almost continuously since 1982. Moreover, it has always been covered by a 6 mm-
thick PMMA plate with UV filter, further limiting the scope for any significant light fading to 
occur. The degree of dark fading and staining depends on the exact type of chromogenic print 
involved, but preferential fading of the yellow dye is uncommon in either light or dark fading 
tests.6 Moreover, the unpainted white photographic areas in the corners of Russian Diplomacy 
have been yellow-stained (although not to an unusual degree),14 which would offset rather 
than contribute to the type of discolouration seen here. Conventional light or dark fading thus 
cannot account for the purple discolouration seen in these photographic artworks. 

When the protective PMMA plate was lifted from the artwork, a characteristic smell of acetic 
acid was immediately apparent. Encasing the work in PMMA has trapped a thin layer of air 
over the photowork, in effect creating a microclimate. The paint has become attached to the 
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overlying PMMA plate at several points, indicating that it was perhaps not quite dry when the 
PMMA plate was first attached. Shortly after the creation of the work emission of volatiles, 
including acetic acid, from various components of the work (wooden frame, adhesives) was 
not yet finished, and these pollutants have become trapped at the photographic surface by 
the PMMA plate.15–19 Photographic gelatine, a partially hydrolysed biopolymer derived from 
collagen, can readily incorporate these acids, particularly in a humid environment.20,21 Note 
that it has been suggested that acids in the presence of water are able to hydrolyse photographic 
dyes, inducing degradation distinct from photochemical or thermal ageing.7,18 In a model 
experiment, a black chromogenic photograph (Fig. 3a) was treated with acetic acid (either 1 
M in water or concentrated), which quickly damages the associated dyes, turning the image 
purple first (Fig. 3b) before contributing to diffusion and destruction of the remaining dyes 
as well (Fig. 3c).

5.3.2 Dye synthesis

To investigate the effects of acidic conditions on chromogenic photographic material in 
more detail, three generic photodyes representing the subtractive colours yellow, magenta 
and cyan were synthesised. The demands imposed by the photographic development process 
limit the number of dye motifs that can be employed, although within each motif a large 
number of separate dyes have been made over the years. For each dye colour the central 
coupler motif has thus remained similar throughout the history of analogue chromogenic 
photography: acetanilides for yellow, pyrazolones for magenta and phenols or naphthols for 
cyan dyes (Fig. 4).13,22–24 During development, the coupler reacts with an oxidant known as 
the developer, generally in the form of a phenylenediamine such as compound 6 (Scheme 1), 
to generate the final dye. Many variations in substituents R, R’ and R” have been used in efforts 
to finetune the absorption profile, development strength, solubility and light stability of the 
resulting dyes. To fulfil the requirement that the undeveloped coupler should be colourless, 

Figure 3. Effects of application of acetic acid on chromogenic photograph, with a) fresh black chromogenic 
photograph; b) photograph with applied droplet of acetic acid, and c) the same photograph after acetic acid 

has evaporated.
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Figure 4. General structure of photographic azomethine dyes, with the coupler part highlighted in red. 
Substitution patterns in synthesised generic photodyes 1, 2 and 3 are indicated with R, R’ and R’’

Scheme 1. Synthesis of generic photodyes representing yellow, magenta and cyan colours 1, 2 and 3, 
respectively.
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these substituents are not part of the conjugated system, although they do exert an inductive 
effect. Common substitution patterns include various alkyl, amide and alkoxy moieties at 
the R- and R’- positions, as well as hydroxy and (2-hydroxyethyl)sulfonyl moieties at the R”-
position.13,22–25 At least one long alkyl chain is always included to increase hydrophobicity and 
suppress photodye solubility in aqueous media. 

The similarity in the central scaffold allows for the design and synthesis of generic photodyes 
representative for all three colours (yellow 1, magenta 2 and cyan 3). All substituents that do 
not contribute to the extended π-conjugated system have been omitted, leaving just the motif 
based on a central imine bond responsible for the dye colour. Dianiline 6 is first oxidised to 
6ox with AgCl or (NH4)2S2O8, and subsequent coupling to the appropriate activated methylene 
in a reaction inspired on the actual development of chromogenic photographs afforded all 
three photodyes in reasonable to good yield (Scheme 1).9,10,26 Pyrazolone 12 was previously 
prepared by amidation of the corresponding amine with benzoyl chloride while all other 
precursors were acquired commercially. Compounds 1-3 were all pure by NMR and UV-Vis.

5.3.3 Solution UV-Vis spectroscopy

The main absorption band of yellow dye 1 shows a positive solvatochromy (bathochromic shift) 
of about 1500 cm-1 upon changing the solvent from hexane to DMSO (Table 1). The other two 
dyes show a similar shift: 1860 cm-1 and 1350 cm-1 for magenta and cyan, respectively. This 
shift is consistent with assignment of the main absorption band to a π → π* transition.27 This is 
best illustrated in cyan dye 3, where the HOMO is located mainly on the anilino functionality, 
while the LUMO energy level is almost completely located on the quinone moiety (Scheme 
2).28–30 The HOMO-LUMO transition, the main transition in the visible spectrum that gives 
the dye its colour, therefore involves a redistribution of electron density from the aniline to 
the quinone moiety, hence the solvatochromy. Similar distributions are expected for yellow 
dye 1 and magenta dye 2 because of the similar overall structure and behaviour.31 To further 
confirm the important role played by the dialkylamino lone pair for the main absorption band, 
analogues 4 and 5 were synthesised (4 by oxidation analogous to the synthesis of photodyes, 
5 by previously published methods,11 see Fig. 5). Quinone 4 has a similar absorption band 
position and intensity as cyan dye 3 (Table 2). The acetamide substituent in the 3-position 
does not provide a major contribution to either HOMO or LUMO, and as such is only of 
limited importance to the main absorption band.28 Any further substitution on this position, 
for example the long alkyl chain used to reduce solubility in aqueous solutions, will therefore 
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Table 1. UV-Vis data on dyes 1, 2 and 3 in selected solvents.

Solvent Yellow (1) Magenta (2) Cyan (3)

λmax (nm) ε (x 104 at 
λmax)

λmax (nm) ε (x 104 at 
λmax)

λmax (nm) ε (x 104 at 
λmax)

Hexane 413 1.4 494 4.1 586 2.6

Diethyl ether 418 2.1 508 5.4 593 2.7

1,4-dioxane 422 2.0 507 4.6 608 2.6

Acetone 426 2.3 526 4.1 612 2.7

CH2Cl2 434 2.3 530 4.2 629 2.7

Ethanol 431 2.1 531 3.8 626 2.9

DMSO 438 1.9 544 3.2 632 2.8
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Scheme 2. Resonance forms in cyan dye 3.
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Figure 5. Structure of cyan dye 3 and related quinones 4 and 5.
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not have a major influence on the absorption profile of the dye.23 In quinone 5 on the other 
hand, removal of the dialkylamino lone pair has left the main π → π* transition unavailable, 
and consequently the charge transfer character as found in compounds 3 and 4 is absent.

5.3.4 Degradation of photodyes in acidic media

If any of the generic photodyes 1-3 is dissolved in a 1/1 v/v mixture of 1,4-dioxane and aqueous 
acetate buffer solution of varying pH, the main absorption band is slowly quenched over time 
(Figs. 6-8 for dyes 1-3). The actual pH of the dioxane-water mixture is close to the buffer pH 
since H+ is solvated almost exclusively by water.32 In less acidic mixtures, hydrolysis proceeds 
progressively more slowly for all three dyes, but even at pH 6.2 about 25% degradation of 
yellow dye 1 was observed after one month. Magenta dye 2 is the most stable of the three 
dyes, and even at pH 3.7 it retains more than 80% of its original absorption strength after one 
month. The stability of cyan dye 3 in acidic media is higher than that of dye 1 as well, giving 
the final mixture a distinctly purple hue similar to that observed on Russian Diplomacy and 
Portret van Jonkheer Six as well as on model photographs (Fig. 3). A corollary is that even 

Table 2. UV-Vis data on synthesised compounds in acetone/water 1/1 v/v.

Compound λmax (nm) ε (x 104 at λmax)

1 438 2.3

2 546 5.0

3 651 3.2

4 645 2.7

5 451 0.3

Figure 6. Absorption versus time of yellow dye 1 (λ = 438 nm) in solutions of different pHs. 
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at low acid concentrations, initially black mixtures of photodyes 1-3 eventually degrade to 
purple. These results indicate that comparable reactions in actual photoworks may therefore 
not cause an immediately visible discolouration, but nonetheless poses a real danger for the 
long-term stability of the artwork.

A notable conclusion from Figs. 6-8 is also that the initial absorption of photographic dyes 
1-3 (at t = 0) is significantly lower than that found in neutral aqueous or organic solutions 
(Table 1 and 2). To investigate this discrepancy as well as the processes involved in photodye 
degradation in more detail, compounds 1-5 were treated with an aqueous buffer at pH 2.6 
(Fig. 9). By normalising absorption to A = 1 at t = 2 min, an initial degradation process, 

Figure 7. Absorption versus time of magenta dye 2 (λ = 546 nm) in solutions of different pHs. 

Figure 8. Absorption versus time of cyan dye 3 (λ = 651 nm) in solutions of different pHs.
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completed within a minute, becomes visible (Fig. 9, inset). Notably, quinone 5 is not affected 
by this type of degradation. 
After the initial absorption loss is complete, significant absorption remains for all five 
measured compounds and a secondary, slower absorption loss associated with acid-catalysed 
aqueous hydrolysis of the central C=N bond as described in Figs. 6-8 is observed. All tested 
imines hydrolyse to some extent under these circumstances, although there are significant 
differences depending on the pKa of the imine nitrogen involved. Yellow dye 1 is the most 
susceptible and loses about 20% of its absorption (at λmax) after 120 min. at pH 2.6, in addition 
to 30% absorption loss in the initial protonation. Magenta and cyan dyes 2 and 3, having a 
lower pKa of the protonated imine compared to yellow dye 1, both retain more than 98% of 
their original absorption strength. Again, this will give an originally black mixture of all three 
dyes a distinctly purple hue, in line with observations on Russian Diplomacy and Portret van 
Jonkheer Six. 
Compound 5 also hydrolyses more rapidly than related compounds 3 and 4. Compound 5 
lacks the strongly electron-donating p-anilino group, making it a less electron-rich quinone. 

Figure 9. Absorption of photodyes 1-3 and quinones 4 and 5 in a 1/1 v/v mixture of 1,4-dioxane and 0.1 M 
aqueous buffer (pH = 2.6), measured at λmax of each respective compound over 120 min. Absorption of all 
compounds was normalised to A =1 at t = 2 min, after initial protonation is completed. The first 1.5 min. are 

depicted in detail in the inset.
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Since nucleophilic attack of water on a protonated imine is the rate-determining step during 
imine hydrolysis in acidic media,33 the electron-poor quinone 5 hydrolyses slower than the 
electron-rich dyes 3 and 4. 

5.3.5 Initial absorption loss 

In order to investigate the initial absorption loss and exclude the possibility of aqueous 
hydrolysis of the imine bond, dyes 1-3 were treated with anhydrous acid, specifically anhydrous 
HCl in Et2O. The diethylamino moiety, possessing an sp3-hybridised lone pair, has a higher 
pKa than the sp2-hybridised imine lone pair and will therefore be most readily protonated.34 In 
the presence of water the C=N can be hydrolysed upon protonation, with hydrolysis favoured 
in both alkaline and strongly acidic conditions and imine formation favoured in mildly acidic 
environment (pH ≈ 5).35 Gelatine at its isoelectric point (pH ≈ 4.8)36 therefore stabilizes the 
main C=N bond in photographic dyes, but the accumulation of additional acids such as in the 
microclimate of Russian Diplomacy lowers the pH and makes hydrolysis possible. 
The protonation of the lone pair of the anilino nitrogen on the other hand quenches the main 

Figure 10. UV-Vis spectra of cyan dye 3 during treatments with acid and subsequent base (inset). a) Dye 3 in 
Et2O before reaction; b) reaction mixture in 0.1 M HCl in Et2O, and c) reaction mixture after neutralisation with 

anhydrous Et3N.
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absorption band but leaves the dye itself largely intact. Upon addition of anhydrous acid (Fig. 
10b), the most alkaline position (aniline nitrogen) is protonated, which renders the main π 
→ π* transition unavailable. The main absorption band at λ = 593 nm therefore disappears, 
and a series of new absorptions around λ = 500 nm assigned to various diimino-quinones 
appears in its stead.37 Since the imine lone pair in its sp2 orbital has no formal overlap with the 
conjugated π-system, the contribution of its n → π* transition to the overall HOMO-LUMO 
π → π* transition is minimal.29 Any protonation on imine nitrogen would therefore not have a 
major direct effect on the overall absorption.

The protonated dye can be deprotonated by treatment with anhydrous Et3N, which restores 
the original absorption band (Fig. 10c). Precipitated material could only be separated 
by centrifugation, but an apparent isosbestic point at λ = 510 nm further supports the 
establishment of an equilibrium between protonated and non-protonated dye (Fig. 10, inset). 
Magenta dye 2 as well as cyan analogue 4 behave similarly, while quinone 5 is resistant to 
anhydrous acid due to the absence of a dialkylamino lone pair. Yellow dye 1 is also quickly 
quenched by acid and can be partially recovered by base, but quickly hydrolyses due to traces 
of water during workup.

5.3.6 Further decomposition of generic photodyes

In Russian Diplomacy and chromogenic photoworks in general, photodyes degrade in the 
presence of both water and acid. Upon treatment with strong aqueous acid, the central C=N 
bond in all three dyes is quickly and completely hydrolysed and the keto-products 7-9 can be 
isolated from dyes 1, 2 and 3, respectively (Fig. 11). Compounds 7 and 8 are both colourless, 
and while compound 9 has a yellow hue, it has a lower extinction coefficient than any of 
the dyes; formation of any of these carbonyl compounds therefore contributes to the overall 
degradation of a photographic image. All three ketones 7-9 can be isolated by dissolving the 
appropriate dye in a biphasic system of aqueous acid (conc. aq. HCl) and toluene and agitating 
the mixture vigorously. Hydrolysis is rapidly completed, and compounds 7-9 can be isolated 
and characterised by 1H and 13C NMR as well as either GC-MS (7 and 9) or ESI-MS (8). The 
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Scheme 3. Proposed mechanism for CO elimination from ketone 7 to yield compound 10.

yield of pyrazolone-dione 8 remains low even upon reaction with concentrated aqueous HCl, 
and these solutions retain a distinct magenta hue. Diamine 6 remains in the aqueous layer in 
its protonated form, and subsequent neutralisation of the water layer allows for its recovery 
and characterisation by 1H NMR, 13C NMR and GC-MS as well. Ketones 8 and 9 are relatively 
stable after hydrolysis and no further degradation is observed under ambient conditions. 
Quinone 9 in fact appears to be stable in both acids and bases, although it can be reduced to 
the corresponding diphenol. 

As mentioned, compound 7 can be extracted directly from the acidic reaction mixture. If this 
mixture is neutralised beforehand however, 7 is hydrolysed quickly and completely, leaving 
aniline as the only compound extracted from the mixture and detected by GC-MS. Moreover, 
if it is left in solution for an extended period of time it is degraded into smaller compounds, 
which were unambiguously identified by GC-MS of the reaction mixture after 24 h. (Fig. 12). 
The most important of these smaller compounds is 10, which can be formed by decarbonylation 
under acid catalysis (Scheme 3).38 This process already starts during the initial hydrolysis, but 
continues over time to produce larger fractions of compound 10 as well as additional smaller 

Figure 12. Chromatogram of degradation products of yellow dye 1 (TIC), with identified compounds.
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products. These smaller products were not detected in earlier chromatograms. Compound 7 
is more stable as a powder under air, but in this form it eventually degrades as well. After one 
month storage under ambient conditions the original ketone was no longer detectable by GC-
MS. These conditions show that compound 7 is unstable under conditions normally found for 
the storage of photographic materials, and will irreversibly degrade into a number of smaller 
colourless compounds.
Note that diamine 6 and its derivatives are not detected because it is protonated and thus 
preferentially dissolved in the aqueous layer. Neutralisation of the aqueous layer allows for the 
isolation of 6 and its analysis by GC-MS and NMR as well.
 
When any of the three main dyes 1, 2 or 3 is completely hydrolysed, the remaining solution 
retains a faint red glow (Fig. 13a, dye 1). Since none of the direct products 6-10 have significant 
absorption in the λ = 500-550 nm region, it follows that some additional product must be 
responsible for these absorptions. p-Dianilines such as 6 have no significant absorption bands 
between λ = 400-700 nm, but they are easily oxidised under ambient conditions.39,40 The 
resulting radical cation 6+• is relatively stable and can be observed by EPR (Fig. 14, singlet 
centred at g = 2.003 at ambient temperature), and UV-Vis (Fig. 13c) in line with literature 
reports.41,42 The radical cation 6+• is subsequently oxidised further to quinonediimine 6ox, to 
which the absorption shoulder around λ = 300 nm is assigned.37 Finally, 6ox can react with 
another equivalent of 6 to form azobenzene 11 (Scheme 4), as observed by both UV-Vis (Figs. 
13a, c) and GC-MS (M+ m/z = 324). In UV-Vis the absorption in the area λ = 480-550 nm is 
assigned to compounds 6+• and 6ox (Scheme 4),41,43 and the λ = 474 nm band is assigned to an 

Figure 13. UV-Vis spectra of yellow dye 1 and related products in aqueous acid buffer. a) Yellow dye 1 with 
starting concentration 2.0 mM, b) azobenzene 11 and c) diamine 6.
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Figure 14. EPR spectrum of diamine 6, partially oxidised to 6+• by molecular oxygen and measured in 1,4-dioxane 
at ambient temperature.
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Scheme 4. Oxidation of diamine 6 to azobenzene 11.

n → π* transition in azobenzene 11 (Fig. 13b).44 Conversion of yellow dye 1 to azobenzene 
11 is not very efficient however. While their extinction coefficients are very similar (1.95 x 
104 and 2.01 x 104 l/mol x cm in dioxane, respectively), a starting concentration of 2.0 mM of 
yellow dye 1 leaves only a final absorption of 0.8 (Fig. 13a). If azobenzene 11 would be the 
only remaining compound with significant absorption in this part of the visible spectrum, 
this leaves a conversion rate of 2% at most. However, because its absorption pattern is distinct 
from any of the three main photodyes, it could account for moderate absorption increases in 
this particular part of the spectrum, as alluded to by Fenech and coworkers.18 Compound 11 
was synthesised independently by oxidation of diamine 6 with MnO2 for comparison (Fig. 
13b).

These observations lead to a proposed mechanism for the degradation of yellow dye 1 
(Scheme 5). The initial equilibrium between 1 and 1-H+ is established very rapidly, and its 
position is only dependent on the proton concentration. 1-H+ has almost no absorption 
in the visible region of the spectrum due to unavailability of the aniline lone pair, which is 
responsible for the main π → π* transition in all three dyes (Scheme 2). Photodye 1 can be 
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recovered by neutralisation under anhydrous conditions (Fig. 10). In aqueous acid dye 1 will 
be hydrolysed to form diamine 6 and the colourless ketone 7. Diamine 4 can subsequently 
be oxidised to the azobenzene 11 via 6+• and 6ox, while compound 7 can degrade further into 
compound 10 and a number of smaller compounds (Fig. 12). The hydrolysis of yellow dye 
1 in a photograph can therefore be regarded as an irreversible destruction of the dye into a 
series of smaller colourless compounds (Scheme 5). 
The degradation of magenta and cyan photodyes 2 and 3 partially overlaps with this 
mechanism, including the reversible formation of protonated colourless photodyes 2-H+ 
and 3-H+ and subsequent hydrolysis to form diamine 6 and ketones 8 and 9, respectively. 
Hydrolysis of these dyes is significantly slower than that of yellow dye 1. In addition, any further 

Scheme 5. Proposed mechanism for hydrolysis and further degradation of yellow dye 1 in aqueous acid. Initial 
reversible protonation of 1 forms 1-H+, a colourless compound. Both 1 and 1-H+ can subsequently be hydrolysed 
by aqueous acid, forming diamine 6 and ketone 7. Both of these compounds can be isolated and characterised 
by NMR and GC-MS. 6 is partially oxidised to form a number of coloured compounds including azobenzene 11, 

while 7 is slowly converted into compound 10 and a number of smaller degradation products.
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degradation of ketones 8 and 9 is not observed. Hence, the preferential and irreversible acid-
catalysed degradation of yellow dye 1 changes the colour balance of a photograph towards 
blue and purple tones, as observed on Russian Diplomacy and Portret van Jonkheer Six, and 
therefore constitutes a clear concern for the long-term conservation of these photoworks. 

5.4 Conclusions

The synthesis of three generic photographic dyes representing all three colours in the subtractive 
colour system is reported. The behaviour of these dyes under neutral or acidic conditions 
shows their inherent sensitivity to acid-catalysed hydrolysis in aqueous environment. It was 
shown that yellow photographic dye degrades much quicker than cyan and magenta dyes at 
all pH levels, and that even at low acid concentrations photodyes can eventually hydrolyse, 
generating a colour change. Several degradation products were identified and characterised 
for the three model dyes. Furthermore, it was shown that initial degradation products from 
these dyes are unstable. A number of additional smaller, colourless degradation products were 
identified by a combination of NMR, UV-Vis, GC-MS and EPR. The difference in hydrolysis 
rates between the three photodyes can incur discolouration in photographic material in any 
area, particularly in those containing yellow dyes. In particular, black photographic areas 
will discolour towards purple tones, as observed on the photoworks Russian Diplomacy and 
Portret van Jonkheer Six, two photoworks by Ger van Elk. In the case of Russian Diplomacy, 
discolouration by acidic hydrolysis could perhaps have been prevented by proper storage 
precautions, particularly by removing the encasing PMMA framing. These results underline 
the importance of proper storage and exhibition measures as well as intake protocols, 
particularly where they concern modern artworks with relatively fresh materials that may 
still be releasing volatile organics. 
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Chapter 6. 
Material Degradation during the Artificial 

Ageing of Photographic Art

Abstract

Photographic art, also known as photoworks, consists of a combination of photographic 
materials and a variety of creative applications. This unique class of artworks has gained 
increasing attention over the last years, but can undergo relatively fast degradation when the 
combined materials are incompatible. In order to determine which combinations of materials 
are particularly conflicting, we combined different types of paints with photographic prints 
and subjected them to artificial ageing tests in a climate chamber. While the expected fading 
of photographic dyes was not observed under our conditions, the addition of a paint layer on 
top of the photographic substrate led to several types of degradation due to incompatibility of 
the materials involved. One of these effects is the mixing of gouache paint and photographic 
gelatine into a single contiguous layer during artificial ageing. When gouache paint starts 
drying, it therefore pulls the gelatine along, resulting in cracks through the photograph and 
into the paper support. Secondly, the diffusion of photographic dyes under an acrylic paint 
layer was observed, occurring due to a unique combination of factors including temperature, 
relative humidity, paint binder and the photographic dyes themselves. This provides a 
clear illustration of an undesired interaction within a photographic artwork, the as of yet 
unpredictable nature of these interactions as well as an illustration of the limitations of 
artificial ageing.
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6.1 Introduction

Photography has become an increasingly integrated part of our daily lives since its invention 
and development in the 19th century. Over the last 100 years in particular, it has become 
a medium for documentation of both historic and everyday events. This development has 
been accompanied by the increasing importance of photographs as artworks in their own 
right and as components of larger composite artworks known as photoworks or photographic 
art. Substantial collections in museums attest to their significance as a part of our cultural 
heritage.1 

Photoworks may incorporate a range of different materials including paints, glues, metal, 
cardboard, textiles, wood, varnish, and inks, etc., which are combined with photographic 
techniques such as chromogenic photography, silver gelatine prints, silver dye bleach, Polaroid, 
etc. However, photographic materials, particularly colour photographs,2 degrade much faster 
than more traditional works of art because of their limited stability under various light (either 
daylight or artificial light) and dark (temperature, humidity, VOCs) conditions.3 While 
degradation processes of photographs have been studied in considerable detail,3,4 insight in 
chemical and physical interactions between photographic material and other materials, viz. 
the applications as found in photoworks, is still limited.5

In chromogenic photographs, the most common analogue colour photographic print, colours 
are created by a combination of the three subtractive dye colours yellow, magenta and cyan, 
arranged according to Fig. 1.6 In accordance with the subtractive colour model, yellow dye 
subtracts light around λ ≈ 450 nm from the visible spectrum, leaving a yellow colour. The 
magenta and cyan dyes have absorption peaks around λ ≈ 550 and λ ≈ 650 nm, respectively. 
The combination of all three dyes absorbs all visible light and is observed as a black colour. 
Based on the colour change that would produce a noticeable difference for most people, a 
loss of 30% in dye density in any of the three dyes is generally considered unacceptable.3 

Figure 1. Schematic representation of a chromogenic photograph.
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Since the human eye is particularly sensitive to changes in colour rather than general fading, 
degradation of the three dyes at different rates will appear more intrusive to the overall image. 
Depending on the exact print type as well as the ageing conditions, any of these dyes can 
become the most susceptible to dye fading during the (artificial) ageing processes.4 Because 
of the additional materials present in photographic art, photodyes may become subjected to 
other unexpected degradation pathways.4,7 Materials in photographic art may be physically 
incompatible, for example, due to their distinct response to changes in humidity, temperature, 
irradiation, etc. Even more troublesome are potential chemical incompatibilities between 
the photograph and the applied materials on the artwork itself, as well as exposure to 
environmental contaminations (VOCs). 

In this chapter we describe to our knowledge the first artificial ageing experiment designed 
to investigate the compatibility between chromogenic photographs and a series of frequently 
used artists’ paints. Since undesired interactions between paints and photographs can manifest 
themselves in different ways and on different levels, a wide range of artists’ paints applied on 
all separate chromogenic photodyes has been investigated in order to completely cover them.

6.2 Experimental

6.2.1 Materials and equipment

Photographic paper (calibrated Fujicolor Crystal Archive Paper, developed with RA-4 type 
chemicals) was acquired from the Color Utrecht photolab in Utrecht, The Netherlands. Acrylic 
paints were acquired from Spectrum (Spectrum Acryl, Titanium White (PW 6), Cadmium 
Yellow (PY 37) and Carbon Black (PBk 7)). Gouache, alkyd and oil paints were acquired 
from Winsor&Newton (W&N Griffin Alkyd, Titanium White (PW 6), Cadmium Yellow (PY 
65 and PY 74), Ivory Black (PBk 9); W&N Designers Gouache, Permanent White (PW 6), 
Cadmium Lemon (PY 35), Carbon Black (PBk 7); W&N Artists’ Oil Colour, Titanium White 
(PW 6), Winsor Yellow (PY 74), Ivory Black (PBk 9)).8 Paints were applied using a TQC film 
applicator VF2161.

Reflectance UV-Vis spectroscopy was performed using an Olympus BX41M upright research 
microscope provided with a 50 x 0.5 NA objective lens. Illumination of the sample was 
performed using a 75 W Tungsten lamp. The microscopy setup was equipped with a 50/50 
double-viewport tube, which accommodated a CCD video camera (ColorView IIIu, Soft 
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Imaging System GmbH) and an optical fibre mount. The microscope was connected to a CCD 
UV-Vis spectrometer (AvaSpec-2048TEC, Avantes) by a 200 mm-core fibre. Transmission 
UV-Vis spectra were recorded on a Perkin Elmer Lambda 950 UV-Vis spectrometer. 13C NMR 
spectra were recorded at 298 K with a Varian AS 400 MHz NMR spectrometer operating at 
100 MHz. Chemical shifts (δ) are reported in ppm and referenced against residual solvent 
signal. 

6.2.2 Artificial ageing

Samples were prepared as follows: for every type of paint a separate strip of photographic 
paper containing five basic areas (white, yellow, magenta, cyan and black) was painted to 
partially cover all five areas. All paints were applied in bands 1.5 cm wide and 150 µm thick, 
and all samples were prepared in triplo.

As a control group, all paints were also applied to glass slides, and photographic samples 
without paint were included as well. After application, all paints were allowed to dry for 2 
weeks under ambient conditions. Samples were then aged at 80 °C and 50% relative humidity 
(RH) in a Vötsch VT3/VC3 model 7060 climate chamber for 15 days, with an additional set of 
samples tested for only 7 days. A complete control group of all samples was stored at ambient 
temperature. 

6.2.3 Paint binder analysis

Acrylic paint was applied on a microscopy glass slide and dried in ambient conditions for 24 
h. The dried paint was then scraped off, solvated in chloroform and sonicated in a Branson 
B1510MT ultrasonic cleaner at ambient temperature for 1h. The resulting suspension was 
filtered, solvents were evaporated with a gentle stream of N2 and redissolved in CDCl3 for 
NMR analysis. The obtained 13C NMR spectra were compared to literature values for final 
identification.9 

6.2.4 Solvent extraction of photodyes

Strips of Fujicolor Crystal Archive paper (section 6.2.1) containing both black and white 
areas were suspended in 0.5 mL solvent in a 1.5 mL sealed vial. The vial was heated to 80 °C 
for 16 h., cooled down, opened and compared to other samples. After each experiment, the 
remaining solvent was also analysed by solution UV-Vis for comparison. 
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6.3 Results and discussion

6.3.1 Artificial ageing 

To test for possible different possible degradation pathways during the ageing artificial of 
photoworks, a broad selection of models involving chromogenic photography was prepared. 
These models consist of fully developed white chromogenic photographic paper (Fujifilm) 
with areas in all three separate dye colours yellow, magenta and cyan, as well as a black area 
where all three dyes are combined. Note that this Fujifilm paper has been developed by RA-4 
type chemistry, similar to that used by other companies.10,11 

While traditional painters were almost entirely restricted to the use of egg tempera and later 
oil paint, modern artists have a variety of pre-prepared paint binders at their disposal. To 

Figure 2. Representative model photowork, with a) white photographic area; b) black photograph; c) yellow 
acrylic paint and d-f) cyan, magenta and yellow photographic areas, respectively. Underneath, reflectance UV-

Vis spectra for all six areas (a-f) are included. 
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represent this broad scope, two water-based (acrylic, an industrial resin, and gouache, based 
on gum arabic) paints and two oil-based paints (traditional oil paint and alkyd, a modern 
industrial resin) were selected. All of these are known to have been used by artists during 
the creation of photographic art.12 Different paint colours (white, yellow and black) were 
applied to represent different types of dyes and pigments as well as to make any changes 
in the paint system during artificial ageing more readily discernible. This gives a total of 12 
different paints, which were applied on photographic paper in 150 µm thick layers in such a 
way that all different coloured areas of the photograph were in contact with the paint layer 
(see Fig. 2). All different paints were also applied to microscopy glass slides for comparison, 
and chromogenic photographs without paints were included as reference materials as well. 
No changes were observed during the initial application and drying stages, although wet paint 
could conceivably incur a reaction directly after application when the associated solvents 
integrate into the photographic gelatine layer. After application, all samples were tack-free 
within 24 h. and dried for an additional 2 weeks under ambient conditions to ensure proper 
through-drying. They were then subjected to 15 days of artificial ageing in a climate chamber 
maintained at 80 °C / 50% RH to simulate long-term natural ageing. An identical second set 
of samples was subjected to these conditions for only 7 days. 

6.3.2 Discolourations

During an artificial ageing experiment at 80 °C and 50% RH, chromogenic photodyes can be 
expected to fade quickly and visibly.3 In Fujicolor Crystal Archive the cyan dye is most sensitive 
to both light and dark fading conditions, and consequently a discolouration away from cyan 
tones can be expected.10 Upon addition of paints, additional possibilities for detrimental 
reactions are introduced, and the overall lifetime would therefore be expected to be at best 
equal, but possibly shorter. However, after 15 days of artificial ageing the photographic 
samples, both blanks and those covered with paints, appear unaffected to the human eye. 
These areas have neither faded nor discoloured to any significant degree (see reflectance UV-
Vis spectra, Fig. 3). Colour intensities are largely unaffected, which is particularly evident 
in the black parts of the photograph. In addition, neither the photographic gelatine nor 
the paper support showed any significant yellowing. Overall, the photographic dyes in this 
test have changed little under the conditions imposed during artificial ageing, showing that 
chromogenic photographs can remain stable even under these harsh conditions. 
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6.3.3 Mixing of photographic gelatine and gouache paint

The effects of oil-based paints (oil and alkyd) on chromogenic photographs appear to be 
minor, but gouache paint, a water-based paint system consisting of gum arabic and a relatively 
high proportion of pigments, shows some clear interactions. During artificial ageing (80 °C 
and 50% RH), both gouache paint and photographic gelatine cross their glass transition 
temperature Tg and thus become somewhat mobile.13 Because they are both hydrophilic, they 
can mix with each other, in effect forming a single, contiguous layer. On gouache paint applied 
on photographic substrates and dried for either 7 or 15 days, a severe craquelure was observed 
(Fig. 4). Inside these cracks, the striped pattern of torn paper fibres can therefore be observed, 
indicating that the cracks have penetrated through both the gelatine layer and underlying PE 
layer into the paper support itself. The pattern of paper fibres perpendicular to the cracks 
further suggests that the paper itself is also partially torn, corresponding to a structural failure 
in the paper itself rather an adhesive or cohesive failure in one of the upper layers. This type 
of failure is only found in cases where contact between the different layers is strong, since it 
implies that the paper support is a weaker structural component than the interface. For such a 
strong interaction, the paint binder and associated solvent system have to penetrate into and 
mix with the gelatine layer during ageing. Gouache paint is known to migrate into paper and 
other supports on account of its hydrophilic nature.14 Similarly, it mixes into the hydrophilic 

Figure 3. Reflectance UV-Vis spectra of black photographic area: unaged photograph (red line), photograph 
aged for 7 days at 80 °C / 50% RH (blue line), and photograph aged for 15 days at 80 °C / 50% RH (black line). 
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gelatine layer, particularly in an environment where both gouache and gelatine can readily 
absorb water from the atmosphere (at 80 °C, 50% RH corresponds to 146 g/m3 of water).15 
Subsequently, when gouache starts to contract during the normal drying process, the now-
integrated gelatine layer is pulled along and the paper base underneath becomes visible.16 

The craquelure found under artificial ageing conditions is an extreme example of a physical 
mismatch between drying gouache paint and photographic gelatine. In more moderate form, 
this mismatch can also be observed in naturally ageing photographic art. The photowork 
Crowhurst II (Tacita Dean, 2007, 300x380 cm hxw, Museum De Pont, Tilburg, The Netherlands; 
Fig. 5a), which consists of gouache paint applied on a large silver gelatine photograph, is 
an example of this. Gouache paint contracts along the surface during drying, and the good 
contact between paint and photograph ensures that the underlying photographic gelatine 
layer is pulled along, causing undulations (Fig. 5b). If tension becomes so strong that the 
gelatine layer fails, craquelure is the result. 

Figure 4. Detail of craquelure on aged black gouache paint.

Figure 5. a) Crowhurst II by Tacita Dean, with b) detail of undulation under raking light.
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6.3.4 Diffusion of photographic dyes 
 
On close inspection, the aged photographs covered with acrylic paints show a unique 
degradation pattern compared to the corresponding blanks and other paint binders. 
Irrespective of the paint colour, photographic dyes have migrated along the edge of the 
painted area and onto the previously white photographic paper (Fig. 6). Upon illumination 
with backlight, it is clearly visible that diffusion of photographic dyes has also occurred along 
the edges of the original coloured photographic area under the paint layer (Fig. 7a, with area 
corresponding to Fig. 6 marked). This migration has not occurred in corresponding blank 
(unaged) sample (Fig. 7b), confirming that the diffusion is not merely a direct result of adding 
a liquid paint to a photograph. 

In Fig. 7a, it is also apparent that diffusion has taken place around the black, magenta 
and cyan photographic areas, but not the yellow. UV-Vis reflectance spectroscopy of the 
diffusion next to the black photographic area (Fig. 8c) indeed shows two distinct peaks of 
comparable intensity at λ ≈ 550 nm and λ ≈ 650 nm corresponding to magenta and cyan dyes, 

Figure 6. Detail of chromogenic photograph with yellow acrylic paint, aged for 15 days, with a) white 
photographic area, b) black photographic area, c) area of diffused photographic dyes and d) yellow painted 
area. Residue from the original paint layer (marked with black arrows) is found about 20 µm from the current 
paint front. The cyan band on the intersection of black and white photographic areas arises due to imperfect 

alignment of different colours, and is identical to that found on untreated photographs.
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Figure 7. a) Artificially aged photograph with acrylic paint, with diffused photographic dye under the paint 
layer marked; b) Photograph with acrylic paint dried under ambient conditions. Both samples are illuminated 

with backlight.

Figure 8. Reflectance UV-Vis spectra of artificially aged photowork, with a) black photographic area (Fig. 6b); 
b) diffused area next to cyan photographic area; c) diffused area next to black photographic area (Fig. 6c) and 
d) diffused area next to magenta photographic area. Spectral regions associated with absorption by yellow, 

magenta and cyan dyes are marked with dashed lines.
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respectively. No significant absorption was observed around λ ≈ 450 nm, confirming that 
yellow photographic dyes do not participate in diffusion. Reflectance UV-Vis spectra from 
the diffused areas around cyan and magenta photographic dyes (Figs. 8b and 8d, respectively) 
correspond to their respective dyes, and the diffusion around the black photographic area 
(Fig. 6c) has an accordingly purple hue. This cannot be caused by the order in which the dyes 
are arranged, since in chromogenic prints yellow dyes are closest to the surface, followed 
by magenta and cyan.6 The diffusion process is essentially complete after the first 7 days of 
artificial ageing, and no additional diffusion was observed on the samples aged for 15 days. 
Additionally, no diffusion at all was observed photographs covered with any of the other paint 
systems (alkyd, oil or gouache). 

6.3.5 Discussion

A number of factors important to the diffusion of chromogenic photodyes can be deduced 
from the observations above. Diffusion only occurs when a sample is subjected to artificial 
ageing, which suggests that the increased temperature and humidity (80 °C, 50% RH) are 
essential. Photographic gelatine consists of semi-hydrolysed collagen (a common animal 
protein) partially organised into triple helices.17 These triple helices consist of relatively short 
individual strands of different protein molecules with many interstrand hydrogen bonds.18–20 
The overall structure of the gelatine, and by extension many of its macroscopic properties 
including its glass transition temperature (Tg) and melting temperature, is therefore 
dominated by these hydrogen-bonded helices.17,21,22 This structure allows small molecules 
with the capacity for hydrogen bonding (e.g. water, polar solvents) to be integrated into the 
matrix relatively easily. Higher concentrations of solvent molecules destabilize the matrix on 
a macroscopic level because interstrand hydrogen bonding is disrupted by hydrogen bonding 
to the solvent. A higher water concentration therefore translates to fewer and smaller helices 
at a given temperature, and in this way relative humidity has a marked influence on the Tg 
of photographic gelatine.22 Moreover, at higher temperatures many hydrogen bonds are 
broken and the gelatine will become more disordered.23,24 Artificial ageing at 80 °C and 50% 
RH puts photographic gelatine well above its glass transition, and therefore gelatine strands 
as well as solvated molecules are expected to be at least somewhat mobile.25 On the other 
hand, integration into the matrix has a stabilising effect on any small molecules that can be 
sufficiently hydrogen-bonded, increasing their boiling point.26,27 For this reason, gelatine will 
always contain some water unless rigorous methods are employed.
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The second main factor for diffusion is the applied paint. Diffusion is only observed under 
acrylic paint layers, and photographs painted with oil, alkyd or gouache paints do not show any 
dye diffusion. Within acrylic paint binders no difference in diffusion was observed between 
different paint colours, and any solvents should be evaporated after two weeks of natural 
drying. This leaves only the binder itself rather than the pigment or solvent system to release 
any materials into the underlying gelatine layer. Analysis of the paint binder by 13C NMR 
and comparison with literature data9 revealed that poly(n-butyl acrylate), a common acrylic 
paint binder, represents the main structural polymer in this white acrylic paint (Fig. 9). While 
acidic hydrolysis of n-butyl acrylates is unfavourable, n-butanol can be released by a radical 
cyclisation process during storage or artificial ageing.28,29 After release n-butanol can migrate 
into the underlying gelatine layer, which has simultaneously become more accommodating 
due to the high temperature and humidity during artificial ageing. 

To test the ability of different alcohols to dissolve immobilised photographic dyes from the 
gelatine layer, samples of black photographic paper were suspended in a range of alcohols, both 
pure and as aqueous mixtures. These vials were then closed and heated overnight to 80 °C, and 
the results are listed in Table 1. Several other solvents frequently used in paint formulations 
were also included for comparison. Results were compared both by the photopaper itself as 
well as by UV-Vis of the remaining solvent. 

Most tested solvents are at least moderately effective at dissolving photographic dyes at 
elevated temperature. A notable exception is pure water: in accordance with observations 
during climate chamber tests, no changes in the photographic dye were observed when the 
photograph is suspended in hot water overnight. However, both protic and aprotic solvents, 

Figure 9. 13C NMR of white acrylic paint in CDCl3.
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either pure or as aqueous mixtures, can affect the photographic dyes. A notable exception 
is DMSO, which is known to break up gelatine helices at higher concentration due to its 
tendency to form strong hydrogen bonds in the absence of sufficient water. In aqueous 
mixtures, it forms hydrogen bonds mainly with water and is thus available for hydrogen 
bonding with gelatine.30,31 Overall, a range of solvents can be incorporated into the gelatine 
layer, particularly after the addition of water has broken the interstrand hydrogen bonds.20,22 
Many solvents also preferentially dissolve some dyes over others, similar to observations 
during artificial ageing. Preferential solvation of some dyes over others in turn leads to changes 
in colour on the remaining photographic paper, and is in line with differences in diffusion 
rates of photodyes as observed in climate chamber tests (Figs. 6, 7). In particular, n-butanol 
preferentially solvates magenta and cyan dyes over yellow, leaving the yellow colour behind. 
The effect of n-butanol on photographic gelatine itself appears to be relatively limited.32

On the basis of these observations, the complete mechanism depicted in Scheme 1 is proposed. 
After an appropriate paint (e.g. a butyl acrylate) is applied it starts to dry as normal, forming 
a film on top of the photographic print. Subsequently, the increased heat during artificial 
ageing liberates some alcohols originating in the acrylate side chains by a radical process, in 
this case n-butanol. This alcohol can migrate into the gelatine layer, which has crossed its Tg 
and has thus attained a degree of mobility. The photographic dyes present here, particularly 
magenta and cyan, are partially solvated in n-butanol. These dyes can then diffuse for some 

Table 1. Diffusion of chromogenic photodyes in pure solvent and aqueous mixtures. Diffusion is rated from no 
diffusion (-), to some diffusion (+), most dyes dissolved (++) and all dyes dissolved (+++). In case of differentiation 

between dyes, they are indicated by Y (yellow), M (magenta) and C (cyan). 

Solvent Pure solvent 1:1 v/v aqueous mixture

80 °C Ambient 
temperature

80 °C Ambient 
temperature

H2O - - - -

MeOH Y ++, MC +++ ++ - -

EtOH ++ + +++ -

i-PrOH ++ - +++ C -, YM +++

n-BuOH Y -, MC ++ - M ++, YC +++ Y +, MC ++

Dimethylformamide (DMF) +++ Y ++, MC +++ +++ -

DMSO +++ +++ - -

Methyl ethyl ketone (MEK) M ++, YC +++ MC +, Y ++ M ++, YC +++ N/Aa

Methyl ethyl ketone oxime 
(MEKO)

MC +, Y +++ - +++ +

[a] Indicates an immiscible combination.
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distance, before the remaining butanol evaporates due to the high temperature (bp = 117 °C). 
Finally, the acrylic paint retracts, making dye diffusion visible. Several additional alcohols 
show similar preferential solvation and their release from their respective acrylates would 
presumably cause a similar diffusion and associated colour change.

6.4 Conclusions 

During the ageing of combined photographic artworks, interactions between the various 
constituent materials can contribute to the degradation of the overall object. By artificial 
ageing of a series of model photoworks, it can be predicted which combinations might cause 
undesired interactions during long-term natural ageing. A physical mismatch in combined 
artworks occurs for example when materials react differently to changes in temperature or 

Scheme 1. Schematic illustration of photodye diffusion in three steps. 1: Paint (yellow layer) is applied on black 
photographic dye. 2: During artificial ageing, n-butanol is released by a radical process. Due to the heightened 
temperature and humidity, this butanol can diffuse into the underlying layer of photographic gelatine. Once 
there, magenta and cyan photodyes are preferentially solvated and start diffusing. 3: After some time, the 
remaining solvents evaporate, leaving any diffused photodyes stuck in their new position. Subsequent retraction 

of the paint layer (exaggerated in the figure) makes the diffused photodyes visible.
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humidity. When gouache paint is applied on a photographic support, this incompatibility 
can give rise to undulations (Crowhurst II) and in extreme cases even complete failure of the 
paint layer. 
Another example is the diffusion of photographic dyes after the application of a paint layer. 
The diffusion of these dyes throughout a photographic print is possible due to a concurrence 
of different factors: a suitable combination of paint binder and dyes in gelatine at a sufficient 
temperature and relative humidity. During ageing, acrylate paint binders can release alcohols 
(in this case n-butanol), which dissolve photographic dyes and allow them to diffuse 
throughout the gelatine layer. This leads to a recognizable pattern (Fig. 6), which represents 
a degradation pathway unique to photographic art. The required combination of parameters 
make the interactions in photoworks difficult to predict under conditions of natural ageing, 
especially when different materials in a photowork are not exactly known. Additional artificial 
ageing experiments are thus required to further investigate the interactions between paints 
and photographic materials. 
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The field of photographic art contains a wide variety of materials, artworks and objects. 
From relatively simple objects such as photographs mounted on a support or in a frame to 
photographs modified with paints, varnishes, inks or pencils, photoworks create a variety 
of optical effects and form an important part of our cultural heritage. However, the various 
components associated with these composite artworks may degrade in a dissimilar fashion, 
and additional degradation processes may arise from the interaction between them. It is these 
interactions that have been discussed in this thesis. 

Interactions between photographs and applications such as paints can manifest themselves 
in different forms. For example, in the work Crowhurst II mentioned in Chapter 6 a water-
based paint (gouache) has been applied on a large silver gelatine print. Because the paint 
layer contracts in the lateral direction during drying, it pulls the underlying photographic 
gelatine along as it withdraws. This contraction therefore causes undulations, particularly 
on large surfaces and this is indeed what is observed. During artificial ageing contraction 
is more severe; the paint and underlying gelatine layers crack and the paper base becomes 
visible. Physical changes such as these arise from a fundamental incompatibility of combined 
materials with regards to changes in temperature and relative humidity, particularly if these 
materials are in close contact. Different materials may also respond differently to changes in 
temperature and humidity, and it is therefore imperative to keep both of these as constant as 
possible, particularly where the preservation of brittle materials is concerned. Some objects 
may be stabilised by mounting the entire work on a stiff support, although depending on 
the scale of the work as well as the amount of lateral contraction in the paint, this may cause 
increased cracking of the paint layer. 
Chemical degradation of photographic art exists in many forms, and can manifest itself in 
both the photograph and the application. Chemical reactions responsible for this degradation 
in photoworks require close contact between different materials, such as that obtained by 
application of a paint layer directly onto a photograph. In many of the works described in 
this thesis, the presence of acids proved particularly hazardous for both photographs and 
applications. These acids can be transported by photographic gelatine, a natural gel permeable 
to many small hydrophilic compounds including small organic acids (formic, acetic, oxalic 
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acid), particularly at higher humidity levels. The type of gelatine used in photographs is also 
slightly acidic by nature (pH ≈ 4.8), and this acid can be transferred to materials in close 
contact. In Chapters 3 and 4, it is described how photographic gelatine acts as an acidic support 
layer for alkyd-based paints and varnishes applied on top. By transferring acids and water 
into the superimposed paint layer, photographic gelatine contributes to the hydrolysis of ester 
groups in the paint matrix. Free fatty acids generated during hydrolysis then migrate out of 
the paint layer and appear on the surface as a white crystalline efflorescence. Demonstrating 
its general applicability, this phenomenon has been observed on many artworks stored in 
different institutions.
When additional acids are available, for example in the microclimate generated by addition 
of a Plexiglas plate in Russian Diplomacy (Chapter 5), the photograph itself can be affected 
as well. Photographic dyes rely on a central C=N bond for colour formation, and this bond 
can be hydrolysed in aqueous environment at low pH. Because different photodyes are 
susceptible to acidic hydrolysis at different rates, the result is a change in the colour balance 
of the photograph. Yellow photodyes are most susceptible, leading to a characteristic purple 
discolouration in black photographic areas. 

When surrounding materials release other chemicals issues regarding diffusion and solvation 
may arise as well. The results of this diffusion were discussed in Chapter 6, and concern 
the partial solvation of some photodyes and their displacement throughout the gelatine 
layer. In this case n-butanol released from an acrylic paint was responsible for diffusion, 
but many other solvents, including alcohols released from other acrylates, may perform a 
similar function. These solvents are particularly dangerous in conjunction with increased 
temperature and humidity, when gelatine acquires a more gel-like and permeable structure. 
The consequences of this are particularly visible in border areas, where sharpness is gone and 
colours may change depending on solubility of specific dyes. 

Again and again, all of these issues underline the importance of proper intake model for 
new artworks, particularly artworks with unconventional combinations of materials. If 
degradation pathways can be predicted, they can in some cases be prevented as well. In the 
case of Russian Diplomacy for example, it could be imagined to remove the Plexiglas plate 
during long periods of storage, especially in the years just after the work was created when 
the material was still relatively fresh and off-gassing of acids was more significant. Even if 
framing was restored during exhibition to display the work in its proper environment, proper 
ventilation in storage could in all likelihood have diminished the current discolouration. 
Similarly, while undulation in Crowhurst II can at present be regarded as a relatively minor 
issue and perhaps even beneficial to the overall work, it is important to store the work in 
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conditions that are not too dry. A compromise will have to be reached between the interests 
of the photograph, which should generally be stored as dry as possible, and the gouache paint, 
which will dry out and contract further under these conditions. 
Efflorescence on alkyd-based photoworks arises from the increased acidity inherent in 
photographic gelatine, and as such is an inherent part of the photowork. It can be prevented by 
the application of a non-fatty acid based varnish layer acting as a barrier, although efflorescence 
may break through eventually, particularly if the varnish layer is thin. Additionally, varnishes 
such as PU may start yellowing over time, thus creating their own undesirable effects. Since 
efflorescence does not meaningfully damage the underlying paint layer the best method of 
conservation is to remove it with a clean, dry brush when it forms. Note that FFA efflorescence 
may return relatively quickly in some cases, and therefore requires constant monitoring. 
In all these cases, the stability of the overall photowork depends directly on that of the 
photographic gelatine layer, either through its degradation, the diffusion of acids or solvents 
from or through the gelatine layer, or because of acids stemming from the gelatine layer 
itself. Any conservation strategy should therefore consider the stability of the photographic 
gelatine as a primary concern, and should aim for low overall humidity to preserve this layer 
in particular.

Because of the virtually infinite number of possible combinations of materials and 
circumstances, it is impossible to cover them all in a single form, study or book. Many of 
these combinations may have unforeseen consequences, while others have no visible effect at 
all. For the best preventative conservation strategies, chemists and physicists should liaison 
with conservators and art historians on a regular basis to study particular combinations of 
materials found in specific artworks. 
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Summary

Ever since the invention of photography in the 19th century, the medium has been used 
for the creation of culturally, historically and financially valuable artworks. In the second 
half of the 20th century, many artists also began to experiment with creating artworks from 
combinations of photographs and additional materials. These combined objects are known as 
either photoworks or photographic art, and may include a wide range of materials including 
paints, glues, varnishes, metal, glass, wood, paper, etc. However, photographic prints have 
not been designed to persist for long periods of time such as might be expected from more 
traditional artworks such as paintings. The advent of photographic art has made this problem 
more pronounced, since the materials used in composite artworks may degrade at different 
rates. Additionally, many combinations of materials give rise to unforeseen and undesirable 
additional interactions. The preservation of this important part of our cultural heritage 
therefore depends on a deeper understanding of the processes responsible for its degradation, 
particularly those that arise from the combination of various materials involved. 

Chapter 1 of this thesis provides a general introduction on photography, photographic art 
and its importance as a part of our cultural heritage. In particular, it also notes the difficulties 
encountered in the storage, preservation and conservation of these valuable artworks.

Chapter 2 describes the development of photographic prints, both silver gelatine 
(monochrome) and chromogenic (coloured). Specifically, it outlines the types of available 
photographic dyes and the properties of the gelatine layer in which they are suspended. It also 
discusses various types of paints and varnishes, one of the most important applications in 
photographic art. Finally, it examines the current state of the art concerning the natural and 
artificial ageing of heritage materials in general and photographic prints in particular.

In Chapter 3, the identification of efflorescence on the photowork Dutch Grey (1983, Kröller-
Müller Museum, Otterlo) by Dutch artist Ger van Elk (1941-2014) is reported. The work 
consists of a silver gelatine photograph partially covered with an unknown paint layer and 
a varnish. In turn, this paint layer is largely covered with an off-white, apparently crystalline 
efflorescence. By combined use of µ-FTIR, SEM-EDX and a GC-MS-based derivatisation 
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procedure, samples of the paint layer were found to consist of an alkyd-based resin. SEM-
EDX showed no significant concentrations of metals in either efflorescence or paint, and 
FTIR-spectra were also in accordance with a polymeric alkyd resin without large amounts 
of inorganic pigments, suggesting a low-concentration organic dye as the main colourant. 
The varnish consists of a PU-type resin based on toluene diisocyanate, as evidenced by FTIR-
analysis. Using µ-FTIR and GC-MS methods similar to those used for the paint binder, 
efflorescence samples from Dutch Grey were shown to consist of crystalline, dimeric and 
saturated free fatty acids (FFAs). These FFAs have crystallised from the underlying paint 
layer in a 7:1 palmitic:stearic acid mol-ratio, a remarkable proportion of palmitic acid that 
does not match that found for the paint itself (2.2:1) and is virtually unknown in natural oils. 
Three additional alkyd-based artworks (the photowork Nearer to the North (Ger van Elk, 
1983) and the paintings on canvas Zonder Titel (Wim Gijzen, date unknown, acquired 1978) 
and Astronaut Edwin Aldrin (Antonie Burgering, 1967)) from the collection of the Cultural 
Heritage Agency of the Netherlands were also investigated, and a similar efflorescence was 
found on all of these works. No metals, esters or other derivatives were present, and in fact 
nearly all investigated efflorescence samples were remarkably crystalline. In all works except 
for Astronaut Edwin Aldrin, palmitic and stearic acid were shown to be present in a ratio of 
7:1, as reflected in both GC-MS data and the almost amorphous nature of the efflorescence 
observed by FTIR. 

In Chapter 4 the factors important to the occurrence of FFA efflorescence were investigated. 
Several additional photoworks by Ger van Elk were identified in different museums in the 
Netherlands, including Stereotropical (1986, Museum Lakenhal, Leiden), Portret van Jonkheer 
Six (1986, Stedelijk Museum Amsterdam) and Dutch Gray II (1984, Museum Boijmans 
van Beuningen, Rotterdam). Stereotropical and Portret van Jonkheer Six show efflorescence 
chemically identical to that found on Dutch Grey, while Dutch Gray II shows no efflorescence 
at all. Based on observations on these artworks as well as those discussed in Chapter 3, several 
factors important in the formation of FFA efflorescence were reported. One of these factors is the 
originating material: FFA-type efflorescence is only found on metal-poor paints and varnishes 
such as alkyd-type resins. This is not limited to paints however: the alkyd varnish covering 
Portret van Jonkheer Six has also developed an analytically identical FFA efflorescence over its 
entire surface. Polyurethane varnishes applied on top of this layer may diminish (Dutch Grey) 
or even completely prevent (Dutch Gray II) the formation of efflorescence from underlying 
alkyd paint layers. Depending on their thickness, they effectively act as a partial or complete 
barrier. The material onto which the alkyd resin is applied is also important. For example, in 
the photowork Stereotropical Van Elk painted on both the photograph and the wooden frame 
with a similar alkyd-based paint, and here efflorescence has only become apparent on the 
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paint covering the photographic substrate. Additionally, the alkyd-based paintings on canvas 
Zonder Titel and Astronaut Edwin Aldrin show efflorescence to a much smaller degree even 
though they are significantly older than any of the investigated photoworks. 
Photographic material thus catalyses the formation of efflorescence in alkyd-based resins. 
This can be understood in terms of the efflorescence mechanism: the formation of FFAs from 
a polyester base such as an alkyd resin requires hydrolysis, and hydrolysis is exceedingly slow 
at ambient temperature in neutral pH. In the presence of an acidic catalyst it is significantly 
faster however, and photographic gelatine (isoelectric point ≈ 4.8) can be regarded as a solid 
acid in this context. Furthermore, gelatine can act as a transport medium for water and acids 
originating from elsewhere in the artwork, depending on the composition of the object. 

Interactions between photographic materials and applications can have an effect on the 
photograph as well. For example, Chapter 5 describes a case study of the photowork Russian 
Diplomacy (1973), another work by Van Elk. This work consists of a chromogenic photograph 
partially painted over with an acrylic paint and subsequently enclosed in a Plexiglas plate. 
Black photographic areas across the work have been discoloured towards purple tones, 
changing the colour balance of the work and weakening the intended impact. On removal of 
the protective plate, a characteristic smell of acetic acid was immediately apparent. 
Since all chromogenic photodyes are designed according to the same basic principles and have 
to be developed in the same environment, the central chemistry for all dyes is very similar. 
Over time, numerous dyes have been designed to improve properties such as hue, stability 
and solubility, but these improvements have left the central colour-forming moiety virtually 
unchanged. This allowed us to design a series of generic chromogenic photodyes representing 
the three colours yellow, magenta and cyan. These dyes show positive solvatochromy 
consistent with assignment of the main absorption band to a π → π* transition, with electron 
density moving from the developer (aniline) to the coupler part of the dye.
Upon treatment of these dyes with aqueous acid, all three colours gradually degrade over 
time. Generic yellow photodyes require significantly less acid for noticeable degradation 
however, while magenta is generally the most stable. A black mixture of all three photographic 
dyes degrading in this manner indeed produces a purple mixture, in line with observations 
on Russian Diplomacy. More detailed investigations revealed that the quenching of these 
dyes actually consists of two distinct processes. To separate these, dyes were treated with 
anhydrous acid, which revealed a reversible dye quenching assigned to protonation of the 
aniline nitrogen. Since the lone pair at aniline nitrogen is the more alkaline than that on 
imine nitrogen, protonation preferentially occurs here. This lone pair is essential for the 
main absorption band however, and thus protonation completely quenches this band. Upon 
neutralisation with base, protonation is reversed and the original dye is largely restored. 
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If aqueous hydrolysis is driven to completion by strong aqueous acid, the C=N bond 
central to all three photodyes is hydrolysed and the respective degradation products can be 
isolated. Furthermore, the yellow dye in particular degrades further into a series of smaller 
compounds, 7 of which were identified by a combination of GC-MS, UV-Vis, NMR and 
EPR. Further degradation of the yellow dye involves the loss of CO to generate a colourless 
2-oxoamide, making this degradation irreversible and changing the colour balance of the 
original photograph as seen in Russian Diplomacy. 
Similar observations were also made on the previously mentioned Portret van Jonkheer 
Six under its transparent varnish layer. The acids present in this artwork hydrolyse dyes in 
the photographic gelatine, causing a discolouration towards purple tones similar to that 
found on Russian Diplomacy, while at the same time causing efflorescence formation from 
the superimposed alkyd-based varnish as described in Chapter 4. The combination of a 
transparent alkyd-based varnish and a chromogenic photograph allows for the observation of 
both phenomena in the same object.

In Chapter 6, degradations of paint and photograph are combined in the first artificial ageing 
experiment specifically tailored towards photographic art. Different types of paint binders 
(gouache, oil, alkyd, acryl) in different colours were applied to chromogenic prints, making 
contact with all separate photographic dyes. These samples were then subjected to artificial 
ageing in a climate chamber at 80 °C / 50% RH for 15 days; circumstances which should 
achieve unacceptable fading within the allotted time span. This expected fading was not 
observed however, underlining the inherent difficulties in interpretation of artificial ageing 
tests and showing that not all combinations of materials inherently lower the expected life-
span. 
However, on the samples treated with gouache paint a network of deep cracks was observed, 
suggesting the paint has dried and shrunk to an extent that cannot be matched by the 
underlying photograph. In fact, the retreating paint has pulled the photographic gelatine layer 
along, and the paper fibres underneath have become visible in the cracks. A similar, if less 
severe, effect is already visible on naturally ageing photoworks such as Crowhurst II (Tacita 
Dean, 2005, Stedelijk Museum Amsterdam), a large monochrome photograph covered with 
gouache paint. Due to incompatible drying characteristics, it has started undulating over its 
entire surface, and over time this may lead to cracks and further damage.
Secondly, during artificial ageing those photodyes on photographs covered with acrylic paint 
apparently diffused along the edges of the paint layer. Illumination with backlight revealed 
that this diffusion in fact occurred under the paint, and that subsequent retraction of the 
paint front has made the diffusion visible. It is notable that diffusion occurs only in the case of 
magenta and cyan photodyes covered with acrylic paint; yellow photodye is not affected and 
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alkyd, oil and gouache do not cause the diffusion at all. This combination of factors suggests 
that a solvent or combination of solvents from the acrylic paint can be integrated into the 
photographic gelatine layer. 13C NMR revealed n-butyl acrylate as the main structural polymer 
in the used acrylic paint, and this particular acrylate can release n-BuOH by a thermally 
induced radical cyclisation process. In combination with the increased humidity during 
artificial ageing, n-BuOH can dissolve photodyes from the gelatine layer, which can therefore 
start diffusing. The process can be completed relatively quickly, as at the first measuring point 
after 7 days diffusion is essentially complete. Presumably, the remaining solvents evaporate 
due to the heightened temperature, fixing the diffused photodyes in their new position. This 
diffusion represents a degradation pathway unique to photographic art, since it requires the 
concurrence of photodyes, solvents, paint and gelatine as well as sufficient temperature and 
humidity. 
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Al sinds de uitvinding van de fotografie in de 19e eeuw is worden foto’s gebruikt voor het 
maken van kunstwerken met grote culturele, historische en financiële waarde. Daarnaast 
begonnen kunstenaars vanaf de tweede helft van de 20e eeuw te experimenteren met 
het maken van kunstwerken uit combinaties van materialen met foto’s. Een groot aantal 
verschillende materialen, zoals verf, lijm, vernis, metaal, glas, hout, papier, etc., kan 
worden gecombineerd met fotografisch materiaal, en deze gecombineerde objecten worden 
fotowerken of fotografische kunst genoemd. Fotografische afdrukken zijn echter vooral 
ontwikkeld voor de consumentenmarkt, en niet om lange tijd in opslag goed te blijven op de 
manier die we gewend zijn van bijvoorbeeld schilderijen. In de loop van de tijd kunnen foto’s 
dus vergelen, vervagen, verkleuren of gaan schimmelen, en al deze soorten schade vormen 
reële bedreigingen voor foto’s die van cultureel of historisch belang zijn. De combinatie met 
toegevoegde materialen in fotokunst maakt deze verschillen alleen maar duidelijker, omdat 
de extra materialen op een andere manier en met een andere snelheid zullen verouderen. 
Daarnaast kunnen de verschillende materialen onvoorziene reacties met elkaar aangaan, 
wat eveneens tot een (versnelde) veroudering kan leiden. Ondanks het culturele belang 
van fotokunst is er nog weinig bekend over het soort interacties dat tussen de verschillende 
materialen kan plaatsvinden. Het behoud van fotokunst op de langere termijn is dus afhankelijk 
van een beter begrip van de processen die verantwoordelijk zijn voor veroudering, met name 
de processen die plaatsvinden door de combinatie van verschillende materialen. Een aantal 
van deze verouderingsprocessen wordt beschreven in dit proefschrift. 

In Hoofdstuk 2 wordt de achtergrond van verschillende concepten die van belang zijn voor 
het vervolg van het proefschrift behandeld. Het ontwikkelen van de belangrijkste fotografische 
processen (zilver gelatine voor monochromatische fotografie en chromogeen voor 
kleurenfotografie) wordt beschreven. Beide technieken berusten op de lichtgevoeligheid van 
zilver halides (AgX), die in zilver gelatine drukken direct omgezet worden naar zwarte zilver 
colloiden. In chromogene fotografie wordt AgX gebruikt voor de oxidatieve koppeling van drie 
kleurstoffen (geel, magenta en cyaan), die samen het gehele kleurenspectrum beschrijven. In 
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beide typen fotografie zit het beeldmateriaal verpakt in gelatine, een biopolymeer. Dit gelatine 
laat tijdens het ontwikkelproces de verschillende benodigde chemicalien door, maar heeft ook 
nadat de foto is afgedrukt nog een belangrijke invloed op de stabiliteit van de print. 

Een voorbeeld van het belang van gelatine is beschreven in Hoofdstuk 3. In dit hoofdstuk 
wordt de analyse van het fotowerk Dutch Grey (Ger van Elk, 1983, Kröller-Müller Museum 
Otterlo) beschreven. Dit werk bestaat uit een viertal zilver gelatine foto’s, gearrangeerd in een 
vierkant en beschilderd met een onbekende verf. Het geheel is ook gedeeltelijk bedekt met 
een vernis, en daarna ingelijst in een houten lijst. Op alle delen van het werk die beschilderd 
zijn, heeft zich een witte kristalvormige uitbloei (“efflorescence”) ontwikkeld, die in groot 
contrast staat met de rest van het werk. Door dit contrast is het werk ernstig verstoord, en op 
dit moment niet geschikt voor tentoonstellingen. 

Na grondige visuele inspectie van het werk is een aantal microscopische monsters genomen 
van de vernis, verschillende kleuren verf, en van de uitbloei die op verschillende kleuren verf 
is verschenen. Chemische analyse met IR, GC-MS en elektronenmicroscopie (SEM-EDX) 
heeft daarna uitgewezen dat de verf een alkydverf is: een olie-gebaseerd polymeer dat ook in 
veel huisverven gebruikt wordt. De vernis is een polyurethaan-gebaseerd materiaal, wat ook 
overeenkomt met de waargenomen vergeling. 

De uitbloei zelf is een kristallijn materiaal, bestaande uit een mix van twee verzadigde vrije 
vetzuren: palmitine en stearinezuur. Tijdens het drogen van verf reageren onverzadigde 
vetzuren met zuurstof, waarbij ze een dicht netwerk vormen dat de verf hard maakt. 
Verzadigde vetzuren kunnen deze reactie niet aangaan en zijn daarom geen onderdeel van 
het gedroogde netwerk. Door hydrolyse van de esterbinding onder invloed van water en zuur 
kunnen zij geheel vrij gemaakt worden uit het netwerk, waarna de vrije vetzuren naar het 
oppervlak kunnen migreren om daar uit te kristalliseren. 

In Hoofdstuk 4 worden de factoren die verantwoordelijk zijn voor deze uitbloei in meer 
detail bekeken. Ger van Elk heeft rond de periode waarin hij Dutch Grey maakte nog een 
aantal andere fotowerken met alkydverf gemaakt, en deze geven belangrijke inzichten 
in het ontstaan van uitbloei. In totaal zijn 7 verschillende werken van Van Elk en anderen 
onderzocht, waarvan er 6 meer of mindere mate van uitbloei vertonen. Deze werken zijn in 
het bezit van verschillende Nederlandse musea, zoals het Stedelijk Museum in Amsterdam, 
het Kröller-Müller in Otterlo en de Rijksdienst Cultureel Erfgoed in Rijswijk. Een opvallende 
factor is dat de werken waarin verf op een foto is aangebracht, de fotografische kunst dus, 
veel meer uitbloei heeft ontwikkeld in een veel kortere tijd. Dit is onafhankelijk van het soort 
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foto dat gebruikt is: in het werk Nearer to the North (Ger van Elk, 1983) is bijvoorbeeld een 
chromogene (kleuren) foto gebruikt, en dit werk vertoont een vergelijkbare hoeveelheid 
uitbloei als Dutch Grey. Echter, de onderzochte alkyd schilderijen op canvas Zonder Titel (Wim 
Gijzen, datum onbekend, aangekocht 1978) en Astronaut Edwin Aldrin (Antonie Burgering, 
1967), beide duidelijk ouder dan de onderzochte fotowerken, hebben desondanks beduidend 
minder uitbloei; zodanig zelfs dat het met stof verward kan worden. Een ander fotowerk 
van Van Elk, Stereotropical (1986), bestaat net als Nearer to the North uit een gedeeltelijk 
overgeschilderde chromogene foto, met uitbloei op de verf. De belangrijke toevoeging is dat 
de kunstenaar in dit geval ook over de lijst heeft geschilderd, en op deze lijst is geen uitbloei 
aangetroffen. Net als bij de eerder genoemde fotokunst en de schilderijen op canvas is er dus 
een duidelijk verband tussen de ondergrond van de verf en de hoeveelheid uitbloei. Meer 
precies: een fotografische laag zorgt ervoor dat de hoeveelheid uitbloei sterk toeneemt, en dat 
het ook veel eerder verschijnt. Fotografische gelatine is een van nature licht zuur materiaal 
(isoelectrisch punt ca. pH 4.8), wat daarnaast hydrofiel is en gemakkelijk water en protonen 
kan transporteren. Het aanbrengen van een alkydverf op een gelatinefoto brengt dus inherent 
het risico van uitbloei met zich mee. Deze uitbloei wordt vaak al na korte tijd (15-20 jaar) 
gevormd en kan zeer verstorend zijn voor het werk als geheel. 

Een tweede overweging is een eventuele vernislaag. Bij het eerder genoemde Dutch Grey is 
een polyurethaanvernis aangebracht, waarop de vorming van uitbloei sterk verminderd is ten 
opzichte van de hoeveelheid direct op de verf. In een extremer geval, Dutch Gray II (1984), 
heeft Van Elk het hele werk bedekt met een veel dikkere laag vernis, en als gevolg hiervan is 
hier nog geen uitbloei zichtbaar geworden. Aan de andere kant is er ook het werk Portret van 
Jonkheer Six (1986), waarin Van Elk het gehele oppervlak heeft bedekt met een vernis. In dit 
geval is overal uitbloei ontstaan, ook op de delen waar vernis direct op de foto is aangebracht, 
en komt de uitbloei dus direct voort uit de vernis. Dit klopt ook, want in dit geval is een olie-
gebaseerde vernis gebruikt, dus met een vergelijkbare binder zoals die ook voor alkydverven 
wordt gebruikt. 

Een voordeel van het gebruik van een vernislaag boven een verf is dat de foto eronder 
zichtbaar is geworden. In het geval van Portret van Jonkheer Six is hierdoor duidelijk te zien 
dat de onderliggende foto verkleurd is; dit verschijnsel wordt beschreven in Hoofdstuk 5. 
Meer specifiek: de zwarte delen van de foto zijn paars geworden. Een vergelijkbaar effect is 
ook gevonden op Russian Diplomacy (1973), een foto die is beschilderd met acrylverf (en dus 
geen uitbloei heeft), en daarna afgedekt met een plexiglas plaat. Bij het verwijderen van deze 
plaat werd onmiddellijk een duidelijke geur van azijnzuur waargenomen, die verzameld is 
tussen de foto en de plexiglas plaat. 
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Om te onderzoeken of zuur inderdaad een verkleuring kan veroorzaken zoals op deze werken 
heeft plaatsgevonden, zijn een drietal generieke fotokleurstoffen gesynthetiseerd, die model 
staan voor kleurstoffen zoals die gebruikt worden in chromogene fotografie (Fig. 1). Deze 
kleurstoffen vertonen een solvatochroom effect consistent met een π → π* overgang, waarbij 
electronen worden overgedragen van de anilino naar de imine groep. Verdere substituenten, 
die bijvoorbeeld gebruikt worden om te voorkomen dat kleurstoffen oplossen in water, 
hebben geen directe invloed op de kleur zelf. 

Als deze kleurstoffen worden blootgesteld aan waterig zuur, is afhankelijk van de pH een daling 
van de belangrijkste absorptiepiek waar te nemen. In overeenstemming met waarnemingen 
op Russian Diplomacy en Portret van Jonkheer Six is de gele kleurstof het meest gevoelig voor 
deze vorm van degradatie: een zwart mengsel wordt dan ook langzaam paars. Afhankelijk 
van de pH kan degradatie lang duren: bij pH 1 is het verval van alle kleurstoffen vrijwel 
onmiddellijk compleet, terwijl bij pH 4.5 de magenta en cyaan kleurstoffen na 30 dagen nog 
grotendeels intact zijn. In echte kunstwerken kan een dergelijke reactie dus over lange tijd 
plaatsvinden, en wellicht pas na jaren visueel opgemerkt worden. 

Opvallend is ook dat de absorptie van de bestudeerde kleurstoffen in gebufferd zuur initieel 
al niet overeenkomt met die in neutrale oplossingen. Dit komt doordat de absorptie wordt 
aangetast door twee processen die los van elkaar plaatsvinden. Het eerste is een snelle 
protonering van de anilino-stikstof in alledrie de kleurstoffen, die binnen korte tijd zijn 
evenwicht bereikt. Omdat het elektronenpaar op deze stikstof essentieel is voor het vormen 
van de kleur zorgt protonering hier ervoor dat de kleur verdwijnt: dit is ook de reden dat 
een derivaat van de cyaan kleurstof zonder anilino-groep niet langer cyaan gekleurd is, 
maar lichtgeel. Als deze protonering wordt uitgevoerd in afwezigheid van water (met HCl in 
watervrije Et2O) stopt de reactie hier. De toevoeging van een watervrije base (Et3N) kan de 
kleurstof vervolgens weer deprotoneren, waarop de oorspronkelijke kleur terugkeert. 
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Figuur 1. Drie gesynthetiseerde kleurstoffen.
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In aanwezigheid van water kan een tweede, langzamer proces plaatsvinden: de hydrolyse van 
de C=N binding. Hierbij wordt eerst de imine stikstof (die minder basisch is dan de aniline) 
geprotoneerd, waarna hydrolyse kan plaatsvinden met water. De producten van deze reactie, 
een keton en een amine, zijn beide kleurloos en worden niet meer terug omgezet naar de 
oorspronkelijke kleurstof. De kleur van een foto wordt op deze manier dus onherstelbaar 
verminderd. 

Door een combinatie van verschillende technieken (NMR, GC-MS, UV-Vis, EPR) zijn alle 
afbraakproducten van de 3 kleurstoffen volledig gekarakteriseerd, evenals 4 grote en een 
aantal kleinere verdere producten. Het gele keto-product kan, onder uitstoten van CO, verder 
degraderen tot een 2-oxo amide, en hiermee is iedere mogelijkheid om de oorspronkelijke 
kleur terug te krijgen verloren gegaan. 

Als laatste wordt in Hoofdstuk 6 een kunstmatige veroudering (artificial ageing) van 
modelfotokunst beschreven. Om te onderzoeken welke vervalprocessen plaats kunnen als verf 
wordt aangebracht op een foto, is een totaal van 4 verschillende verfbinders (olie, alkyd, acryl, 
gouache) aangebracht op chromogene foto’s, waarin de verschillende kleurstoffen apart zijn 
vertegenwoordigd. Deze monsters zijn daarna kunstmatig verouderd in een klimaatkamer 
bij 80 °C en 50% relatieve vochtigheid. Hoewel de verwachte verkleuring van de foto niet is 
waargenomen, zijn er wel andere belangrijke vervalprocessen die specifiek afhankelijk zijn 
van de combinatie van verf en fotografie. Een voorbeeld hiervan is het mixen van gouacheverf 
en gelatine tot een enkele, doorlopende laag. Beide zijn hydrofiele materialen, en bij 80 °C 
hebben beide een mate van bewegingsvrijheid (de glasovergangstemperatuur Tg) verkregen 
die het mogelijk maakt de twee lagen te mengen. Als de verflaag daarna gedroogd wordt 
krimpt deze in en neemt de geintegreerde gelatinelaag met zich mee; hierdoor komt de 
onderliggende papierlaag bloot te liggen. Dit is duidelijk te zien aan de barsten in de verf 
waarin de papiervezels zichtbaar zijn, maar in minder extreme mate is dit ook al zichtbaar 
in kunstvoorwerpen. In Crowhurst II (Tacita Dean, 2005), een groot afgedrukte foto met 
gouache verf, is bijvoorbeeld nu al een duidelijke golving te zien. 

Bij acrylverven is nog een ander fenomeen zichtbaar: onder de verf zijn cyaan en magenta 
kleurstoffen gaan uitlopen, en langs de randen van de verf, waar deze zich heeft teruggetrokken, 
is dit zichtbaar geworden. De gele kleurstof vertoont deze uitloop helemaal niet, en evenmin 
is deze gevonden bij andere verfsoorten of bij niet-verouderde monsters. Na analyse van de 
binder met behulp van 13C NMR is vastgesteld dat het een butyl acrylaat betreft. Acrylaten 
kunnen alcoholen afscheiden bij vehoogde temperatuur of in aanwezigheid van een radicaal 
initiator, en in dit geval zou er dus 1-butanol afgescheiden zijn. Verouderingstests met butanol 
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wijzen inderdaad uit dat 1-butanol (alsmede enkele andere alcoholen) de fotografische 
kleurstoffen gedeeltelijk kunnen extraheren, en dat ze de gele kleurstof minder goed oplossen 
dan de andere. 

Conclusies 
 
Het voorspellen van mogelijke schades in fotografische kunst is niet triviaal. Er zijn 
vele mogelijke processen die de overhand kunnen krijgen, zowel op de foto zelf als op de 
applicatie. In sommige gevallen (Portret van Jonkheer Six) zijn degradaties waar te nemen op 
beide onderdelen tegelijk, en in dit geval hebben ze ook dezelfde oorzaak: de aanwezigheid 
van waterig zuur in het werk. Dergelijke observaties onderstrepen dus het belang van een 
tweetal benaderingen: 1) een uitgewerkt intake model voor nieuwe kunst, waarin de materiële 
eigenschappen van een voorwerp in zo groot mogelijk detail beschreven worden, en 2) een 
regelmatige controle van de beschikbare kunst, waarbij eventuele veranderingen genoteerd 
en gefotografeerd worden. Hoewel niet alle vormen van degradatie die in dit proefschrift 
beschreven zijn echt voorkomen kunnen worden (m.n. de uitbloei), is het van grote waarde 
van tevoren te weten waar uitbloei zal verschijnen, of welke werken waarschijnlijk zullen 
verkleuren. Een geschikt intake model had in het geval van Russian Diplomacy bijvoorbeeld 
kunnen voorstellen de plexiglas plaat te verwijderen tijdens periodes in opslag; zo wordt 
voorkomen dat zich hogere concentraties zuur kunnen opbouwen in de lucht direct boven 
de foto. Aangezien iedere toevoeging van nieuwe materialen weer nieuwe potentie voor 
degradatieprocessen met zich meebrengt, is voorkomen in deze gevallen zeker beter dan 
genezen.



155

Dankwoord

Daar is hij dan! Na 4½ jaar met honderden experimenten en voor sommige hoofdstukken 
tientallen drafts is het af, en het is tijd om het laatste en meest gelezen stuk te schrijven. Terwijl 
ik dit schrijf denk ik over alle dingen die ik de afgelopen jaren heb meegemaakt, geleerd en 
gedaan. Met een onderzoek als dit ben je toch een beetje de vreemde eend in de bijt in een 
katalyse-groep, maar gelukkig waren er heel veel mensen, zowel binnen als buiten de groep, 
die mij de afgelopen jaren hebben bijgestaan. 

Allereerst is daar natuurlijk mijn promotor, Prof. dr. L.W. Jenneskens. Beste Leo, toen ik iets 
meer dan vier jaar geleden jouw kamer binnenliep om je te vragen naar een PhD plek wist je 
mij al meteen enthousiast te maken. Gedurende de hele periode heb je mij steeds weer weten 
te inspireren, had je altijd nieuwe ideeën of verbanden en wist je mij te kalmeren als ik weer 
eens in lichte paniek binnen kwam lopen. Soms moest ik dingen inderdaad even laten liggen, 
en later kwam het dan altijd goed.  Bedankt voor alles!

Bert, bedankt voor alle steun, en natuurlijk voor het onderdeel zijn van de leescommissie. 
Then there is Marc-Etienne. You came to join our group just a little bit after me, and it has 
been great to be able to work with you. Your enthusiasm and all the nerdy talk around the 
coffee table have been a great inspiration. Er waren natuurlijk ook de vaste stafleden, zonder 
wie geen enkele groep kan functioneren. Milka, mijn grote dank voor alle hulp met het 
papierwerk, dankzij jou kon ik er altijd op vertrouwen dat alles goed geregeld was en ik niets 
vergat. Vooral rond de afronding was jouw hulp onmisbaar. Henk, je was net iets eerder klaar 
dan ik, geniet van je pensioen! Bedankt voor alle hulp op het lab, en natuurlijk voor alle gekke 
anekdotes tijdens de koffie. Johann, ondanks dat ik zo eigenwijs was om als enige van de hele 
groep niet met een Mac te willen werken heb je toch altijd klaargestaan om me te helpen als 
mijn windows-computer weer eens niet deed wat hij moest doen. Bedankt voor alles! Jord, 
ook jij stond iedere keer voor me klaar als ik weer eens een rare vraag had of een meting wilde 
doen waar niemand anders in de groep behoefte aan had. Adri, ondanks dat ik een totaal 
ander onderwerp dan jij had verdiepte jij je keer op keer in wat ik te vertellen had. Iedere keer 
dat ik een lunch lecture gaf of we erover spraken bij de koffie had jij iets nieuws bedacht of 
stuurde je me een interessante paper. Ik ben blij jou als collega gehad te hebben, en ik hoop 
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dat je nog lang bij de groep wilt blijven. Ook Fouad van ICC wil ik bedanken voor alle hulp 
met de µ-FTIR en de UV-microscoop.

Ik kan natuurlijk niet vergeten de studenten te bedanken die ik de afgelopen jaren heb 
mogen begeleiden, en van wie ik minstens zoveel geleerd heb als zij van mij. De eerste was 
Laura: toen jij me mailde dat je je BSc bij mij wilde doen dacht ik wel even: waar ben ik 
aan begonnen? Gelukkig kwam het al snel helemaal goed, en jouw werk is opgenomen in 
hoofdstuk 3. Succes met je stage bij Akzo, en leuk om te horen dat je nog steeds met verf 
werkt! Daarna kwam Maxime: jouw werk was de inleiding voor hoofdstuk 5. Het was een 
genoegen om naast jou op het lab te kunnen werken, jouw lach en humor maakten het altijd 
gezellig, en je gekke verhalen waren iedere keer weer een nieuwe verassing. Gelukkig kon je 
er zelf ook om lachen. Het project van Cecilia ging verder waar Maxime was geëindigd, en 
een belangrijk deel van het werk in hoofdstuk 5 is door jou uitgevoerd. Uiteindelijk is het 
een mooi stuk werk geworden, en ook al geloof je het misschien niet: je bent echt een goede 
chemicus. Alexander; ondanks dat je je helemaal vast hebt gebeten in de esterhydrolyse wilde 
de chemie helaas niet meewerken. Als laatste mag ik natuurlijk Frank niet vergeten; jouw 
literatuur heeft een belangrijke bijdrage geleverd aan de introductiehoofdstukken. Mijn grote 
dank aan jullie allemaal, zonder jullie zou het niet zo’n mooi boekje zijn geworden. Heel veel 
succes gewenst in jullie verdere opleiding en carrière, en ik hoop van jullie allemaal nog eens 
wat te horen!

Natuurlijk zijn er de collega’s van OCC met wie ik de afgelopen jaren heb mogen samenwerken. 
Ties, Vital, Sohail, Yuxing, Peter J, Pradip, Stefan, Jimmy, Jing, Serhii, Richard, thanks for 
everything over the last couple of years! The group would not have been the same without you 
guys. Samen met Emma heb ik al sinds 2009 bij OCC doorgebracht, en het was een prachtige 
tijd. Uiteindelijk was je me net te snel af, maar het was ook aan het eind weer erg fijn om bij 
jou te kunnen afkijken hoe alles werkt. Matthias: I think we both already made all the terrible 
jokes there are to make, so let’s just say it’s good that we talked about it. Suresh, it was great 
to have you as a friend. When we went for our first campingtrip you told me that you’d never 
been camping, but I don’t think I’ve ever seen anyone so happily jumping into a river with 
an inflatable dog. I hope we can go again next year! Manuelo, I was really going to miss you 
but you stopped by so often that it was not really possible. Thanks for all the great times, all 
the crazy parties, all the incomprehensible discussions, strange puzzles and just general good 
times. I am very happy you can stay in the Netherlands at least for a while longer, and I’m sure 
you’ll find a good job soon. Peter S, sinds jij gepromoveerd bent zijn de borrels en feestjes 
nooit meer hetzelfde geweest. Charl, niemand maakt zulke goede slechte grapjes als jij. Nog 
een jaartje volhouden en dan heb jij het ook gehaald! Eric, I don’t think I’ve ever met someone 



157

Dankwoord

with such a similar music taste before or since you were at our group. I miss our concerts! Dan 
Jacco, voor de meeste tijd mijn enige collega bij Leo, bedankt voor alle steun en goede raad! 
Alessio, my French-Swiss-Italian deskmate, let’s go to 90s now again soon! Leon, als ik op 
iemand kon rekenen voor praktisch advies was jij het wel. Van het repareren van mijn fiets tot 
het opzetten van DFT’s (ook al heb ik dat uiteindelijk niet meer gedaan), je stond altijd klaar 
om me overal mee te helpen. Succes met je eigen laatste jaar! Then there was Emily (barnacle 
buddy!), you joined our group only for my last couple of months, but you’ve become a good 
friend. Thanks for all the good talks, borrels and for indulging my grumpiness while I was 
writing. Let’s go for badminton again soon! Dide kan ik natuurlijk nooit vergeten: je begon als 
master student naast mij op het lab, maar al snel werd je een geweldige collega en een goede 
vriendin. Dankjewel dat je snoepjes naar me gooide als ik weer eens te bot was, dat we koffie 
gingen drinken als een van ons iets te zeuren had, voor alle borrels die we met zijn tweeen 
toch hebben gehouden als iedereen al naar huis was. Misschien nog wel belangrijker dan dat, 
bedankt voor alle steun de afgelopen vier jaar. Ik weet zeker dat jouw eigen laatste jaar een 
groot succes gaat worden, en voor nu kan ik me geen betere paranimf voorstellen.

Richt, Dirk-Jan (DJ), Annet, Bart, Sara, Desmond, Martine, Esther, Sara, Stella, Laurens, 
Frank, Jorge, Hung-Kun (Mr H!), Joost, Cody en Iris, dank jullie wel voor alle steun, 
gezelligheid en rare gesprekken. Hier is helaas niet genoeg ruimte om alle memorabele 
gebeurtenissen op te noemen, maar door jullie was het lab altijd levendig, was er altijd wat te 
doen en altijd wat te lachen. 

I would also like to thank some colleagues from other groups at the UU, without whom all the 
sports days, spring schools DAC meetings (new and improved: now with food!) would not 
have been nearly as much fun: Rogier, Sam, JX, Ramon, Mark, Freddy and Wiebke: thanks 
for everything, and good luck with finishing your own PhD’s.

Alle collega’s die ik in de loop van het project op verschillende meetings en in musea heb 
ontmoet wil ik eveneens van harte bedanken. Prof. Zijlmans (Kitty), Sandra, Clara, Helen, 
Bill, Sanneke, Bernadette, Aurora, Sylvia, Justa, Lydia, Rob, Martin en Freek, dank voor 
alles wat jullie de afgelopen jaren gedaan hebben! Ondanks dat onze kennisgebieden soms ver 
van elkaar af lagen hebben jullie je toch steeds weer ingezet om het project tot een goed einde 
te brengen. Ik had nooit gedacht dat ik nog eens zoveel over kunst zou leren! John, bedankt 
voor alle support en natuurlijk voor het proofreaden! Een speciaal woord van dank natuurlijk 
voor mijn mede-aio’s Monica en Caroline: voor al jullie ideeën, alle bijeenkomsten die jullie 
geregeld hebben, onze brainstorm sessies en voor alle kunstwerken en contacten die jullie 
voor mij hebben gevonden. Iedere keer dat ik een vraag over kunst stelde die alleen een beta 
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zou kunnen stellen legden jullie weer uit hoe het echt zat, en hielpen jullie mij te begrijpen 
waar het allemaal eigenlijk om ging. Zonder jullie had dit proefschrift er niet gelegen, en ik 
kijk uit dat die van jullie.
Ook mijn oude vrienden uit Ede hebben mij altijd bijgestaan, ook al moet ik soms niet de 
makkelijkste geweest zijn. Dank voor alle avondjes uit, weekjes weg (tijd voor een nieuwe 
radio uitzending?) en flauwe grappen: ik kan me geen betere vriendengroep voorstellen. 
Bram, succes met de laatste loodjes, ik weet zeker dat het een geweldig boekje wordt. Bas H, 
jij bent me net een maand voor, maar als ik dit schrijf ben je nog geen doctor. Ik neem aan 
dat alles goed zal gaan, dus alvast van harte! Daniel: superleuk dat je nu weer in Nederland 
woont! Ik ben benieuwd of je ook nog gaat promoveren, het zal je zeker goed afgaan! En 
Remco, wat hebben we nog niet meegemaakt? Ik ken je nu al meer dan 20 jaar, en ik hoop 
dat daar nog vele bij mogen komen! Tijd voor een rondje Munchkin om het te vieren! Jelle, 
bedankt voor alle goede en minder goede gesprekken, alle spelletjes die we hebben gedaan, 
alle uitjes en etentjes (coalition of the willing); ik ga onze wekelijkse uithoflunch missen! Op 
jou kon ik altijd rekenen, en daarom ben ik ook zo blij dat je ook mijn paranimf wilt zijn. Heel 
veel succes met het afronden van jouw eigen PhD, ik kijk alvast uit naar een mooi feestje! 
Mijn oude huisgenoten uit Zeist, Sjaak, Gerben en Chris, we zijn een beetje uitgewaaierd 
inmiddels als we elkaar weer zien is het al meteen weer zoals vroeger! Binnenkort weer eens 
mario karten bij mij thuis? 

Dan zijn er natuurlijk nog vrienden van de studie scheikunde. William en Rienk, dank voor 
alle terrasjes de afgelopen jaren, de goede gesprekken over politiek, religie alles wat verder 
voorbij is gekomen, en natuurlijk dat jullie naar mijn lange verhalen over het onderzoek 
hebben geluisterd zonder in slaap te vallen. Jurian, je woont inmiddels wat verder weg maar 
gelukkig zien we elkaar nog regelmatig. Inmiddels zit je ook in de verfindustrie, dus wie weet 
worden we ooit weer collega’s, dat zou geweldig zijn! Thomas, ik zal je gezicht toen we je 
kwamen opzoeken in Engeland nooit vergeten. De afgelopen jaren hebben we elkaar toch nog 
vrij vaak gezien, en natuurlijk ieder jaar op vakantie, met flauwe grappen (geitenvleugels?) en 
iedere keer een nieuwe vorm van afzetterij. Nog heel even doorzetten en jij bent er ook!

Als laatste wil ik mijn ouders Sander en Jentje en mijn zus Minke bedanken voor alle steun 
de afgelopen jaren. Iedere keer als ik even moest bijkomen, wat te zeuren had of (al dan 
niet gevraagd) advies nodig had, waren jullie er voor mij. Gelukkig hebben jullie me altijd 
gesteund, altijd herinnerd rust te nemen als ik daar zelf niet aan dacht, en waren jullie er altijd 
voor me. Zonder jullie had ik het niet gered!
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