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Foreword

n behalf of the organizing partners—the Getty Con-
servation Institute (GCI), the National Gallery of Art
(NGA), and Tate—we are delighted to present the pro-
ceedings from Modern Paints Uncovered, a symposium that was
held at Tate Modern, London, in May 2006. The four-day gath-
ering brought together professionals from around the world
who share an interest in the conservation issues of modern and
contemporary painted surfaces. This volume comprises all the
papers presented at the symposium, together with extended
abstracts from the posters presented in an adjacent session.
Over the last seventy years, a staggering array of new
pigments and binders has been developed and used in the
production of paint. Because twentieth-century artists never
limited themselves to using only paints that were specifically
made for them, almost all of these new materials would have
found their way into works of art—whether paintings, sculp-
tures, or works on paper. Paints intended for houses, boats,
cars, and other industrial applications now frequently turn up
in modern art collections. However, conservators have almost
no information on any of these new paints in terms of how
they behave under various environmental conditions or dur-
ing transportation, how they might become altered with age,
or how they could be affected by conservation treatments.
Modern Paints Uncovered showcased the varied strands
of research currently being conducted into the different types
of paint that have been available to artists since 1930—the
date at which synthetic materials began to make a significant
impact on the paint industry. The wide-ranging and cutting-
edge topics covered by the speakers included paint properties
and surface characteristics, the development of methods for
paint analysis and identification, the determination of their
aging behavior, and assessments of safe and effective tech-
niques for their conservation. There can be no doubting the
high level of interest in this subject: over sixty-five abstracts
were submitted by authors from fifteen countries; delegates
at the symposium traveled from nearly thirty countries and
included not only conservators and conservation scientists but

also artists, art historians, museum curators, and paint for-
mulators and manufacturers; and tickets for the symposium
sold out in just over a month. The positive and enthusiastic
response from all the participants will help to ensure that this
topic remains a priority for the conservation profession.

The symposium also marked an important milestone
in the long-term and collaborative Modern Paints project,
which primarily involves researchers at the GCI, the NGA,
and Tate. Over the past three years, researchers from all three
institutions have worked closely together in this area in an
attempt to make as rapid progress as possible. Each of the
project partners has taken the lead on one aspect of the study,
often establishing additional partnerships with other muse-
ums, research institutions, universities, and paint companies.
Many of the resulting findings from this rather broad network
were presented during the symposium and are published in
this volume. While there is still much to learn about the paints
used by so many of the great masters of twentieth-century art,
it is clear that significant advances have been made. The ongo-
ing commitment to research in this area should ensure that
this momentum is maintained in the future.

We would like to thank the volume editors for their
energy and commitment in preparing the proceedings for
publication; the Technical Committee, which crafted the pro-
gram for the symposium; the Organizing Committee, which
orchestrated the event and enabled its very smooth running;
and all the other staft members at the GCI who worked so hard
to produce this volume. We look forward to many more years
of successful collaboration.

EARL A. PoweLL III
Director, National Gallery of Art

NICHOLAS SEROTA
Director, Tate

TimMoTHY P. WHALEN
Director, The Getty Conservation Institute
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Modern Paints:
Uncovering the Choices

Thomas J. S. Learner

Abstract: Numerous types of “modern” paints were developed
in the twentieth century, and the vast majority, including those
intended for the household or industrial market, are likely to
have been used on works of art. Although an artist’s choice
of paint—and the way it was applied—is the subject of much
research and documentation, there is also a clear need to better
understand how all these different paints behave and how their
use will affect their future conservation. Each type of paint is likely
to display different characteristics and properties, for example,
with aging, with specific display conditions, and with any nec-
essary conservation treatment. As an introduction to Modern
Paints Uncovered, this paper will attempt to uncover the princi-
pal choices by outlining the salient features of the main types of
paint available since 1930, discussing examples of their use, and
summarizing the procedures that can be used to discover which
paint type was used on a particular work. Although the subject
is vast and complex, a reasonably good generalization can be
achieved by classifying the principal types of paint into two main
groups: artists’ paints, predominantly acrylic and oil; and house
paints, usually alkyd and polyvinyl acetate. A number of meth-
ods are available for discovering which type of paint has been
used, primarily analysis, interaction with the artist, documenta-
tion, and examination. Each of these will be discussed in terms
of their particular advantages and disadvantages.

Introduction

It will not be news to most people reading this paper that there
are numerous types of modern paints (fig. 1) available for artists
to choose and utilize in their work (Crook and Learner 2000;
Gottsegen 2006; Learner 2000; Mayer 1991). This is particu-
larly true because a long time has passed since the choice was

FIGURE 1 A selection of modern paints. © Tate, London, 2004.
Photo: David Lambert.

limited to those paints intended purely for artistic use. When
one considers the varied products that have been formulated for
mass-market or industrial purposes, the choice really is mind-
boggling. Along with this explosion of painting materials, artists
throughout the twentieth century experimented with all means
of applying the paint to the substrate, such as paint rollers, spray
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guns, splashing, and pouring—and this is another factor that
can significantly affect the characteristics of the final paint film
and its subsequent reaction to aging and treatment.!

So how does the conservation profession start to make
sense of all the variables that accompany modern paints? I'm
sure most of us would accept that different types of paints
are going to display different characteristics and properties,
and that these differences have important ramifications for
the paints’ conservation. Different paints will display differ-
ent flexibilities, age differently, react differently to changing
environmental conditions, react to and consequently require
different conservation treatments, and so on. There is there-
fore an enormous amount of research needed to amass a level
of understanding that is similar to our current knowledge of
traditional oil paint—and many would argue that even that is
in its infancy. As a means of introducing the topic of modern
paints and Modern Paints Uncovered, this paper attempts to
address three questions involved with uncovering the artist’s
choice of paint: What were the available choices? What con-
siderations might the artist have had in his or her choice of
which type of paint to use? And how do we now discover what
those choices were?

As a broad overview, I first outline the types of paint that
are most likely to be found on the painted surfaces of works of
art. Doing so necessitates a major simplification of the vari-
ous classes of paint that are available. Consequently, they are
dealt with in two sections: artists’ paints and house paints.
Despite all the various paint types (e.g., acrylic, alkyd, epoxy,
nitrocellulose, oil, polyester, polyurethane, polyvinyl acetate,
silicone resin, water-miscible oil), and the sometimes mislead-
ing terms that are often used to describe them (e.g., dispersion,
emulsion, enamel, lacquer, latex), this paper concentrates on
three principal classes: acrylic, alkyd, and polyvinyl acetate,
with only brief mention of other types. Examples are given of
paintings in the Tate Collection on which each of these paint
types was utilized, often with quotes from the artist about
why that choice was made (Crook and Learner 2000).> This
discussion leads into an overview of the sources of informa-
tion that can be used for determining paint type on a work of
art—namely, analysis, interaction with the artist, documenta-
tion, and examination of the work. For each of the sources, I
also offer a few words of caution in their use.

Before discussing some of the materials used in modern
paints, it is perhaps worth considering why it is so important
to identify all the various paint types. First, this understanding
enables accurate “materials and techniques” studies—which
have played such a dominant role in conservation research

over the past decade—on modern and contemporary artists.
For any such study, knowledge of the analytical techniques
capable of identifying the various paint types is necessary, as is
knowing the range of materials available to the artist. Second,
familiarity with paint types can facilitate authentication stud-
ies, which, in addition to forgery detection, also include the far
more common process of determining whether local areas of
a painting are original or a later overpaint. The dates of intro-
duction of all the various paint types can provide key evidence
in determining originality and helping to date a work (see, e.g.,
table 1).

Third—and perhaps most important in the context of
this volume—is an area that could be classified as “conserva-
tion implications™; this is the subject that is in greatest need of
research for (and by) the profession. It involves understand-
ing how different paints behave under all manner of condi-
tions and phenomena, such as aging and response to various
environmental conditions and conservation treatments. For
example, some paints will be more brittle than others, making
them less resistant to cracking should the painting be rolled,
struck, or exposed to extreme fluctuations in relative humid-
ity. Others will be more flexible but softer, making it vital not
to have any packing material such as tissue in direct contact
with their surfaces during transport. And of course each paint
type is likely to change somewhat with age. We all know and
accept that the brittleness of oil paint significantly increases
with age through the oxidation processes that are required
for proper drying. So will the other paint types exhibit similar
dramatic changes in their physical properties that might affect
their conservation strategies?

In terms of the ramifications for conservation treatments,
the case of cleaning provides an excellent example. As we shall
see in the next section, there are two types of acrylic paint:
acrylic solution and acrylic emulsion. If similar-size fragments
of these two paint types are immersed in water, the acrylic solu-

Table 1 Dates of introduction of principal binders in modern paints.

Paint Type Date of Introduction
Oil artists’ paint Antiquity
Nitrocellulose house paint Late 1920s

Alkyd house paint Late 1930s

PVA emulsion house paint Late 1940s

Acrylic solution artists’ paint Late 1940s

Acrylic emulsion artists’ paint Mid-1950s




tion paint will remain largely unaffected, whereas the acrylic
emulsion paint might expand to between two and four times its
area. If, however, the same two paints are immersed in a nonpo-
lar organic solvent, such as mineral (white) spirits, this time the
acrylic emulsion paint will remain largely unaffected, whereas
the acrylic solution paint will dissolve. Although routine clean-
ing of a painted surface does not usually involve total immer-
sion in a cleaning solution, this simple test illustrates how two
paints that might—by many—be considered rather similar can
respond entirely differently.

Types of Paint

Artists’ Paints

Although a number of different types of paints currently are or
were at one time produced by artists’ paint makers, acrylic and
oil have been by far the most widely used. Since oil has been
the dominant paint medium for well over five hundred years,
and there are plenty of sources of information on its chemistry
and properties (Gottsegen 2006; Mayer 1991; Mills and White
1994), this paper does not devote much discussion to it. Some
of the other types of paint encountered as artists’ paints include
polyvinyl acetate (PVA) emulsion (e.g., Flashe by Lefranc &
Bourgeois), vinyl acrylic emulsion (e.g., New Masters, now dis-
continued), alkyd resin (e.g., Griffin by Winsor & Newton),
water-miscible oil (e.g., MAX by Grumbacher),? casein (e.g., by
Shiva), gouache, and watercolor.

However, the success of acrylic emulsion paint has been
unrivaled by that of other synthetic media in the artists’ mar-
ket, and for many years it has typically accounted for 5o per-
cent of total paint sales at most manufacturers (Learner 2000).
As mentioned above, however, the term acrylic encompasses
two quite distinct types, acrylic solution (e.g., Magna) and
acrylic emulsion (e.g., Liquitex, Aqua-tec, and Cryla). The
principal difference between the two is that the solution paint
is a straightforward system of polymer dissolved in an organic
solvent, whereas the emulsion consists of an acrylic poly-
mer dispersed in water (with the aid of surfactant and other
additives).

Acrylic Solution Paints

‘When Magna was introduced in the late 1940s by Bocour Artist
Colors, it was marketed as “the first new painting medium in 500
years” (Crook and Learner 2000). The acrylic polymer used for
this acrylic solution paint was poly(n-butyl methacrylate), prob-
ably Paraloid F-10 (Rohm and Haas), which was dissolved in an
organic solvent such as turpentine. This meant that it behaved

MODERN PAINTS: UNCOVERING THE CHOICES 5

much like an acrylic varnish, in that it could be readily redis-
solved in the same solvent or by subsequent paint applications.
Magna was the first artists’ acrylic paint, but it was never a com-
mercial success; its production was stopped in the mid-1970s
(although a similar product, MSA paint, has been available from
Golden Artist Colors since the 1980s). However, Magna’s place
in the history of twentieth-century painting has been secured
by its use by a handful of extremely significant painters—Roy
Lichtenstein, Morris Louis, and Kenneth Noland-—all of whom
used it extensively (Crook and Learner 2000; Upright 1985).
Morris Louis is a particularly fascinating artist to
study in this context, as without the invention of Magna it is
unlikely that he would ever have been able to produce much
of his oeuvre, in particular, the Veil paintings, which involved
numerous applications of heavily diluted and brightly col-
ored paints poured down the canvas. See, for example, VAV
(1960; Tate To1057), shown in figure 2. The individual colors
can still be seen along the top edge of the painting, although
for most of the painted surface they are mixed in together.
The overall paint film is extremely thin, and is usually con-
sidered no more than a stain, even though it probably con-
sists of more than five paint applications. When Kenneth
Noland was asked to comment on his and Morris Louis’s use
of Magna for their stain paintings from this period, he said,
“The advantage of Magna paint was that it could be thinned

FIGURE 2 Morris Louis (American, 1912-1962), VAV, 1960.
Acrylic solution artists’ paint on canvas, 260.3 X 359.4 cm
(102% x 141% in.). London, Tate, To1057. © Tate, London, 2007.
© 1959 Morris Louis.
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with turpentine and (as it was thinned) it held an intensity
of hues. It did this [better] than either the oil paint or the
water soluble paint that was available at the time” (Noland
2004). The intensity of color was certainly crucial, but per-
haps the most important property was that each paint layer
could be redissolved and reworked with every subsequent
pouring. Louis would only have been able to get the overall
paint thickness so thin because he was able to redissolve the
underlying paint layers (possibly with the use of rags soaked
in solvent or pieces of card).

Roy Lichtenstein liked Magna’s fast-drying nature and
its ability to produce areas of flat and uniform color: “To
express [his images] in a painterly style would dilute [them]”
(Swanson 1963). This summarizes two more of Magna’s prop-
erties very succinctly. It certainly dried much quicker than oil
(often in a matter of hours, rather than days or weeks), and it
was well suited to achieving large areas that were uniform in
color, gloss, and texture and void of any obvious brushwork—
a very different appearance to the brushy and gestural paint-
ing that had become associated with many of the Abstract
Expressionists in the previous decade. That said, Lichtenstein
continued to use oil paint throughout the 1960s for the areas
of dots in his paintings, as seen, for example, in Whaam! (1963;
Tate Too897). These were applied through a metal stencil, and
the rapid-drying Magna paint would not permit Lichtenstein
to apply many dots before the paint dried and adhered the
stencil to the painting’s surface. He therefore continued to
use oil for these areas to give him a longer working time, until
he discovered the advantages of paper stencils, which could
be peeled back during the application process (Crook and
Learner 2000).

Acrylic Emulsion Paints

The first artists’ acrylic emulsion paint to appear was
Liquitex (Permanent Pigments) in 1956, three years after
Rohm and Haas produced the first pure acrylic emulsion,
Rhoplex AC-33 (Hochheiser 1986). However, it was not until
1963, when Liquitex was reformulated as a thicker, tube paint
(compared to the earlier, thinner paint sold in jars) that
it became widely adopted by artists. By 1965 most artists’
paint makers were selling their own brands of acrylic emul-
sion paint. The use of this type of paint has been extremely
widespread since the early 1960s and was used by artists such
as Patrick Caulfield, Helen Frankenthaler, David Hockney,
John Hoyland, Robert Motherwell, Bridget Riley, and Andy
Warhol. It is the most commonly found synthetic paint in the
Tate Collection.

Acrylic emulsion paint offered a range of advantages over
traditional oils. In early advertisements, properties such as its
rapid drying time and incredible flexibility were stressed, and in
one ad for Liquitex, a whole list was given: “rapid drying, easy
handling, versatility, exceptional durability, can paint on any
material, completely permanent colors, thins with water and
will not separate” It is interesting that “thins with water” was
included so far down the list, as the waterborne nature of these
paints has probably accounted for much of their commercial
success in the subsequent era of strict environmental concerns.

The binder used in acrylic emulsion paint is an acrylic
copolymer, between methyl methacrylate (MMA) and either
ethyl acrylate (EA) or n-butyl acrylate (nBA). The major-
ity of early acrylic emulsions were of the p(EA/MMA) kind,
for example, Primal AC-34 and AC-634 (Rohm and Haas).
However, since the late 1980s most brands of artists’ acrylic
emulsion paint have switched to a p(nBA/MMA) binder, such
as Primal AC-235 and Primal AC-2235 (Rohm and Haas). These
emulsions have increased toughness and hydrophobicity, both
of which are beneficial properties for their primary intended
application, namely, exterior house paint. Acrylic latexes, along
with most constituents of modern paints, are almost never
developed for use in artists’ paint, due to its minimal share of
the overall paint market. Instead, artists’ paint makers rely on
raw products intended for more commercial uses. However,
when one considers the conditions that an exterior house paint
is expected to survive (direct sunlight, rain, pollution, and
extreme fluctuations in humidity and temperature), it is not
unreasonable to think that its constituent materials will per-
form well in a paint that may ever experience only carefully
controlled environmental conditions.

The usefulness of a particular acrylic resin as a paint
binder is largely determined by its physical properties, espe-
cially glass transition temperature (T )—the point above which
a polymer is flexible and rubbery. For acrylic emulsion paints,
a copolymer is chosen with a T, just below room temperature,
around 10-15° C, which is sufficiently low for the film to remain
flexible and therefore unlikely to crack in normal use, but high
enough to prevent the dried film from becoming tacky and
therefore absorbing dirt. For comparison, the T, of acrylic solu-
tion paints is slightly higher, at around 20° C. However, the
properties of the bulk resin are transformed by the multitude of
additives incorporated into all acrylic emulsion paint formula-
tions, as listed in table 2 (Learner 2000). Subsequent papers in
this publication expand on the identity, function, and implica-
tions for use of many of these additives, in particular surfac-
tants, which have been the focus of much recent study.



Table 2 Typical additives in an artists’ acrylic emulsion paint.

Additive Purpose

Surfactant To disperse the hydrophobic acrylic polymer
in water

Antifoam To stop excessive foaming of paint if stirred or
shaken

Thickeners To improve the handling of the paint by providing

a more “buttery” consistency

Freeze thaw agent To prevent freezing of the formulation in cold

environments

Coalescing solvent To temporarily soften the polymer particles

during film formation

pH buffer To keep pH at an optimum level for all additives

Biocides To prevent mold growth

Pigment dispersants  To disperse and reduce flocculation of finely

ground pigments

Wetting agent To reduce surface tension so that it more easily

spreads around pigments (especially organic ones)

Acrylic emulsions cannot be redissolved in water once
dry; they thereby lend themselves to wet-on-dry techniques.
This is a direct result of the complex drying process, which
involves coalescence of the polymer spheres into a continuous
film after an initial stage of water evaporation (Nicholson 1989).
David Hockney’s A Bigger Splash (1967; Tate To03254), shown in
figure 3, perfectly displays this technique. The blue of the sky and
water was applied first with a paint roller, and the sharp edges
at each border were achieved with the help of masking tape.
This paint was applied directly to a piece of unprimed cotton
canvas, highlighting one of the other great advantages of acrylic
emulsion (compared to oil)—that there is no need for careful
and time-consuming preparation layers on the substrate before
paint is applied. The white paint used for the splash was then
applied directly over the various shades of blue of the swimming
pool, and there is absolutely no color bleed of the deep blue up
into the white brushstrokes. Hockney has used many types of
paint during his career, including acrylic, oil, and watercolor,
and there seem to be several reasons that factor into his choice
of which one to use, but as he has commented, “When you use
simple and bold colors, acrylic is a fine medium” (Stangos 1988).
It also clearly affected his working methods: “You can work on
one picture all the time [with acrylic], because you never have
to wait for it to dry, whereas you might work on two or three oil
paintings at a time” (Stangos 1988).
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John Hoyland was one of the earliest artists in Britain
to turn to acrylic emulsion, almost as soon as it became avail-
able there, in 1963. He continued to explore the various effects
that could be achieved with the paint throughout the ensuing
decades, as seen in his paintings 28.5.66 (1966; Tate T00886),
25.4.69 (1969; Tate To1129), Saracen (1977; Tate To2402), and
Gadal 10.11.86 (1986; Tate To4924). As he said in 1996, “I
remember reading articles in magazines. They talked about
the radiance of [acrylic] and the fluidity of it and that it would
never yellow. ... As much as I like the smell of oil, to me
the advantages of acrylic outweigh the disadvantages of oil.
Acrylic was a more vivid color, a brighter, stronger color and
of course it had the benefit of being quick drying, which when
you painted pictures that [large] size was a factor” (Crook and
Learner 2000).

The use of acrylic emulsion paint on a number of other
Tate works is discussed in The Impact of Modern Paints (Crook
and Learner 2000), including Patrick Caulfield’s Interior with
a Picture (1985-86; Tate To7112), David Hockney’s Mr and Mrs
Clark and Percy (1970-71; Tate To1269), Bridget Riley’s To a

FIGURE 3 David Hockney (British, b. 1937), A Bigger Splash,
1967. Acrylic emulsion artists’ paint on canvas, 243.8 X 243.8 cm
(96 x 96 in.). London, Tate, To3254. © Tate, London, 2007.

© David Hockney.
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Summer’s Day (1980; Tate T03375), and Andy Warhol's Marilyn
Diptych (1962; Tate To3093).

Other Artists’ Paints

Although the focus of this section thus far has been very much
on acrylic, it should not be forgotten that oil is probably still
the paint medium most widely used by artists today. Oil is an
incredibly versatile medium, capable of producing areas of
very high and sharp impasto, as seen typically in paintings by
Frank Auerbach or Willem de Kooning, and applications of
extreme thinness, as used by Francis Bacon or Mark Rothko.
Modern oils have similarities with traditional oils, but there
are some significant differences, in addition to the vast range of
new synthetic pigments (both organic and inorganic) that are
now used. Linseed oil is still found in many colors, although
safflower and poppy oil would almost always be utilized as
a less-yellowing oil in white and other light-colored paints.
Winsor & Newton currently uses a blend of linseed and saf-
flower in all their colors, the precise proportions dependent on
the required balance of faster drying time (more linseed) and
less yellowing (more safflower). The other big difference will
be the incorporation of additives into most brands. Although
the mixture is nowhere near as complex as an acrylic emul-
sion, driers, stabilizers and dispersing agents will probably be
incorporated. The recent introduction of water-miscible oils—
which are usually oil paints that have surfactant added so that
they can be diluted (and brushes cleaned) with water—is an
interesting development. These are beginning to attract inter-
est in the field of research, although as yet they have not been
seen in many museum collections.

House Paints

As already mentioned, acrylic emulsion binders are used
extensively in the house paint market, especially for exte-
rior paints, where toughness and resistance to weathering is
required. However, their relatively high cost restricts their
use in many other products, and in fact there are two other
important types of synthetic binder that are far more widely
utilized, at least in European markets: alkyd and polyvinyl
acetate (PVA).

Plenty of other polymers have also been used in commer-
cial house paint and industrial coatings, including vinyl-acrylic
emulsion, styrene-acrylic emulsion, nitrocellulose, polyure-
thanes, epoxies, and silicone resins (e.g., Morgans 1982a, 1982b;
Stoye 1993), but their occurrence in works of art is reasonably
rare, so they are not dealt with here apart from a brief mention
later. The only exception to this rarity is nitrocellulose, which

has secured its place in this story from its use by the extremely
influential twentieth-century painter Jackson Pollock.

Alkyd Resins

Alkyd paints are oil-modified polyester paints. They were intro-
duced in the late 1930s, although they did not make a significant
impact on the paint industry until the late 1950s. Since then, the
vast majority of oil-based house paints have incorporated alkyd
resins as their principal binder. The term alkyd comes from
the two main ingredients, a polyhydric alcohol (or polyol) and
a polybasic carboxylic acid. The vast majority of alkyd house
paints use just three compounds: glycerol (polyol), pentaeryth-
ritol (polyol), and phthalic anhydride (polybasic acid).

Typically, an alkyd house paint will be classified as a long
oil type, meaning that it contains more than 6o percent oil by
weight. The oil used in alkyd house paints has most commonly
been linseed or soybean; soybean oil is currently far more
widely used due to its lesser tendency to yellow. Safflower and
sunflower oil are also less yellowing, but more expensive, so
are used much less frequently. It is interesting to note that the
oil component—and not the actual polyester—has the stron-
gest influence on an alkyd’s yellowing properties. The drying
mechanism of alkyd is somewhat similar to oil—involving
complex oxidative polymerization reactions—so a dried alkyd
film is cross-linked and insoluble. However, since much of the
polyester component is already cross-linked, far fewer reac-
tions are needed for film formation, and alkyds therefore dry
more rapidly than oils.

The development of alkyd resins completely revolution-
ized most other areas of paint production, especially house paint,
and it is principally in this form that alkyd paint is found on
works of art. Some of the more notable artists to have used alkyd
house paints include Gillian Ayres, Peter Blake, Patrick Caulfield,
Ben Nicholson, Francis Picabia, Pablo Picasso, Jackson Pollock,
Pierre Soulages, and Frank Stella (Crook and Learner 2000; Lake,
Ordonez, and Schilling 2004).

Figure 4A shows Patrick Caulfield’s painting Vases of
Flowers (1962; Tate To2031); figure 4B is a detail taken in rak-
ing light. This lighting highlights some of the “classic” char-
acteristics of alkyd house paints: a high surface gloss, very
low impasto, and wrinkling where the paint was applied more
thickly. Although some slight brush marks are visible under this
lighting, the paint has clearly continued to flow after its applica-
tion—just as house paint is supposed to do. In this instance the
paint was applied with the hardboard panel laid flat to avoid
drip marks; this is presumably why so much dust and debris has
become embedded in the paint film. In terms of why Caulfield



FIGURE 4A Patrick Caulfield (British, 1936-2005), Vases of

Flowers, 1962. Alkyd house paint on hardboard, 121.9 x 121.9 cm
(48 x 48 in.). London, Tate, To2031. © Tate, London, 2007.
© The Estate of Patrick Caulfield/DACS 2006.

chose gloss house paint for almost every painting he executed
in the 1960s, he recalled (in 1997), “The choice was an aesthetic
decision. I wanted an impersonal surface, with . .. something
that had a more decorative quality than art was supposed to
have” (Crook and Learner 2000). Very similar surfaces are seen
on areas of Gillian Ayres’s Distillation (1957; Tate To1714), Peter
Blake’s Tuesday (1961; Tate To1934), and Pablo Picasso’s Nude
Woman with Necklace (1968; Tate To3670).

PVA Emulsions

PVA made an impact on the paint market at about the same
time as alkyds, after it had become available in emulsion form
in the late 1940s. It has remained the principal type of binder
used in interior emulsion house paint in many European coun-
tries (hence the term vinyl emulsion). It requires some slight
modification to lower its glass transition temperature, either
the addition of a plasticizer (common in early formulations) or
copolymerization with a softer monomer. The latter has been
the preferred option since the 1960s. It was often achieved with
vinyl versatate or VeoVa monomers, which are mixtures of
highly branched C_ and C | vinyl esters. PVA emulsions con-
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FIGURE 4B Detail of figure 4A taken in raking light from the left.

tain all the same kinds of additives as those listed for acrylic
emulsions (see table 2).

The use by artists of PVA emulsion house paint does not
appear to have been nearly as widespread as that of alkyd house
paints. This is probably because artists’ acrylic emulsion paint
was introduced soon after, and these offered all the same advan-
tages, apart from cost. However, one of the more notable British
artists to use PVA house paint was Bridget Riley, who used the
emulsions made by Ripolin and Della Robbia for her black-
and-white paintings in the early 1960s, of which Fall (1963;
Tate Too616) is an excellent example (fig. 5). She described this
choice in 1997 as being an aesthetic one: “I was trying to elimi-
nate the suggestiveness of paint ... I did not want to interfere
with the experience of what could be seen. Personal handling,
thick or thin paint applications: these are in themselves state-
ments and irrelevant for my purpose. My painting had to be
devoid of such incidentals” (Crook and Learner 2000).

PVA has also been detected in Sidney Nolan’s Women
and Billabong (1957; Tate Too1s51) and in the background of
Kenneth Noland’s Gift (1961-62; Tate To0898).

Other House Paints

Nitrocellulose is the term used to describe a range of paints and
lacquers that contain blends of cellulose nitrate. Although these
materials are not often found on artwork, the category is usually
included in discussions of synthetic binding media due to its
well-documented use by Jackson Pollock in his drip paintings.
Although more recent work (Lake, Ordonez, and Schilling 2004)
has shown that most of PollocK’s paints were actually alkyd or



10 Learner

\

FIGURE 5 Bridget Riley (British, b. 1931), Fall, 1963. PVA emul-

sion house paint on hardboard, 141 x 140.3 cm (55% X 55% in.).
London, Tate, Too616. © Tate, London, 2007. © 2007 Bridget
Riley, all rights reserved.

oil, there have been instances where analysis has detected nitro-
cellulose, for example, the orange paint in Yellow Islands (1952;
Tate Too436). It was also used by David Alfaro Siqueiros on his
painting Cosmos and Disaster {ca. 1936; Tate Lo2487), where
the paint appears to have been both poured and sprayed onto
the plywood support. Nitrocellulose paints are formulated as
solution paints so that they can be readily redissolved, and are
typically blended with a second resin (often an alkyd) and sig-
nificant amounts of plasticizer (such as a phthalate).

The use of nitrocellulose in paint is no longer wide-
spread and is mainly limited to low-cost spray paints, particu-
larly those used for respraying cars. It was in this form that
Richard Hamilton made frequent use of it in the late 1950s
and throughout the 1960s for areas of paint that required an
exceptionally smooth finish, for example, in his relief painting
The Solomon R. Guggenheim Museum (Neapolitan) (1965-
66; Tate To1195), as seen in figure 6. Hamilton admitted in
1988 that his use of nitrocellulose here was a purely aesthetic
decision: “I do not think there’s anything peculiar about my

abilities as a spray man. . . . All I was concerned about was to
get the best possible finish.” However, there have been other
reasons. He recalled, “The first time I used [nitrocellulose]
was on Hers is a Lush Situation [1958]. The reason was that
the painting has a cut-out panel on it, which represents the
side of a car. It’s all about cars and an elevational view of a
car. ... I wanted the work to have as close a connection with
the source as possible: everything was directed not as repre-
senting the object but as symbolizing it. It’s meant to be a car,
so I thought it was appropriate to use car color” (Crook and
Learner 2000).

Just to illustrate that all kinds of paint types are used
on works of art, analysis has revealed that epoxy paints were
used on Frank Stella’s Salta nel mio Sacco (1984; Tate To7152),
pigmented polyester resin on Chris Ofili's No Woman No
Cry (1998; Tate To7502), polyurethane-containing paint on
Phillip King’s painted sculpture Call (1967; Tate To1360),
and silicone resin on Nicholas May’s Liminal 174 (1994; Tate
To06990).

FIGURE 6 Richard Hamilton (British, b. 1922), The Solomon R.

Guggenheim Museum (Neapolitan), 1965-66. Nitrocellulose car
paint on fiberglass, 121.9 x 121.6 cm (48 X 48 in.). London, Tate,
Totigs. © Tate, London, 2007. © Richard Hamilton. All rights
reserved, DACS, 2006.



Determining Paint Type

Documentation

Much information is available in written and photographic
sources, and this can clearly assist in informing us about the
materials used by artists. For example, the knowledge that
Pablo Picasso made use of Ripolin house paint in his artwork
came originally from letters he wrote to his dealer Daniel
Kahnweiler (Picasso 1912). Plenty of information can often also
be gleaned from photographs of artists’ studios, by identifying
brands of tube color or commercial paint tins, or by view-
ing the technique with which paint was applied. Perhaps the
best known example of this is Hans Namuth’s film of Jackson
Pollock in action, where his idiosyncratic method of paint
application is famously documented.

However, documents can be misleading, and the pres-
ence of a can of paint in a photograph certainly doesn’t prove
the paint’s use on a work of art. Consider the image shown in
figure 7, of Patrick Caulfield in his studio in 1965. Caulfield
has admitted in interviews to using gloss house paints almost
exclusively during the 1960s, and this is supported by analysis
of works from this period, which routinely show that alkyd
paints were used (Crook and Learner 2000). Indeed, in this
photograph the shelf is full of tins of house paint, with some of
the individual brands visible. However, there is also a Nescafe
tin. Coffee has never been identified in a Caulfield painting,
nor has he ever divulged that he used it in his work, so we
should assume that it was being used just as a tin, for storing
brushes or mixing color. And in that case, a Dulux tin could
also be used for this purpose, instead of containing paint that
was about to be applied to an artwork.

Examination/Photography

Many paint types have surface characteristics, such as gloss and
texture, that can assist in assigning their identity. Typically,
for example, paint with high and sharp impasto is likely to
be oil, paint that contains air bubbles in its surface is likely
to have originated from an emulsion formulation, and a
smooth, high-gloss finish is often indicative of alkyd house
paint. Examination under raking light is particularly effective
at revealing surface characteristics. Other visual clues include
the way in which colors may have been blended together: oil
paint is frequently worked wet-in-wet to take advantage of its
longer working time, whereas such blending is less common
in fast-drying media such as acrylic emulsion. In addition, the
physical hardness of a paint film can help characterize it: alkyd
house paint quickly dries to a hard film, whereas acrylic emul-
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FIGURE 7 Patrick Caulfield in January 1965, photographed in his

studio by Jorge Lewinski.

sion remains soft. Oil is more confusing, as young films can
feel quite soft but become significantly harder with age. Some
conservators also use solubility tests to differentiate between
classes of media, with interpretation based largely on empiri-
cal observations.

Although often attempted, assigning paint type by purely
visual means can be extremely unreliable, as each binder
is capable of producing such a broad range of finishes. For
example, many conservators would associate alkyd house paint
with films of high gloss and a smooth finish. However, alkyd
house paint that dries to a matte, textured surface can be pro-
duced simply by increasing the level of solids (particularly
the extender) relative to the binder. This can be seen in Frank
Stella’s painting Hyena Stomp (1962; Tate Too730), for which
he used one of Benjamin Moore’s ranges of paint (Crook and
Learner 2000). Figure 8A shows the painting. Figure 8B shows
a detail taken in raking light, so that its surface can be com-
pared to the more usual surface of an alkyd house paint (as
seen in figure 4B). The visual characteristics of these alkyd
paints could easily be mistaken for acrylic or PVA emulsion.
And similarly, acrylic can be made to blend wet-in-wet, and air
bubbles can appear in oil films.
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FIGURE 8A Frank Stella (American, b. 1936), Hyena Stomp, 1962.

Alkyd paint on canvas, 195.6 X 195.6 ¢m (77 % 77 in.). London,
Tate, Tooy3o. © Tate, London, 2007. © Artists Rights Society
(ARS), New York, and DACS, London, 2006.

Interaction with Artists

Valuable information can obviously be obtained directly from
artists about the materials and techniques employed to make
their artwork, and many museums attempt to do this sys-
tematically with their collections. Artists can have incredibly
good memories about this type of information, especially if
their materials haven’t altered too much during their lives.
Although often not possible, another valuable method of
interacting with artists is to visit their studios, where paint
types and brands can be identified and working practices can
also become far more apparent.

The various reasons why a particular paint might be
used by an artist are many, but perhaps fall into four catego-
ries, any one of which might be the deciding factor (Crook and
Learner 2000):

o Optical reasons. An artist might desire a certain gloss,
transparency, and/or surface texture, which might
be achievable only with a specific paint type. In the
examples above, this would apply to Caulfield’s use of
alkyd house paint.

L s gl ALl oy
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FIGURE 88 Detail of figure 8A taken in raking light.

« Practical reasons. This would include considerations
such as drying time, choice of diluent (e.g., a paint
that dilutes with water might be an important factor),
and also paint availability (in terms of what could be
purchased locally as well as what might have been in
the studio). Hockney’s working practice, for example,
was affected by the vastly different drying times of
acrylic and oil paint.

« Economic reasons. Clearly, artist-quality paints are
more expensive than house paints, and cost becomes
a particular concern when painting in large formats.

« Symbolic reasons. Often an artist’s materials play a
role in the “meaning” of a work, and paint choice is
no exception. An example of this would be Hamilton’s
use of nitrocellulose car paint to symbolize a car.

Many conservators will be aware of some of the
problems with relying on artists’ recollections for accurate
information on the materials they used, especially if they
made use of all sorts of different paint types and if the
works discussed are decades old. Much, therefore, is depen-
dent on the skills of the interviewer. One example, Bridget
Riley’s painting Cantus Firmus, was catalogued as casein on
canvas for many years, based on information given by the
artist. However, only acrylic emulsion was detected with
analysis, and after further discussions with the artist, she
accepted that this painting was indeed acrylic, unlike other
similar paintings from that period for which casein was
certainly used.



Analysis

A number of analytical techniques are now being used to
identify the components in modern paints, and many papers
in this publication will outline recent advances in this area.
However, the focus here is on the two techniques routinely
used to identify the various binders in modern paints: Fourier
transform infrared (FTIR) spectroscopy and pyrolysis gas
chromatography/mass spectrometry (PyGC/MS).

Some of the other techniques to have shown much poten-
tial include gas chromatography/mass spectrometry (GC/MS)
for oil-based paints (Schilling, Keeney, and Learner 2004),
direct temperature resolved mass spectrometry (DTMS) for
all modern binders and organic pigments (Boon and Learner
2002; Learner 2004), Raman spectroscopy for organic pigments
(Vandenabeele et al. 2000), and both liquid chromatography/
mass spectrometry (LC/MS) and laser desorption/ionization
mass spectrometry (LDI-MS) for the detailed characterization
of surfactants (Digney-Peer et al. 2004; Smith 2005).

FTIR Spectroscopy

FTIR spectroscopy is an excellent way of obtaining informa-
tion quickly about the basic chemical class of the majority of
materials found in modern paint formulations. Indeed, for
unpigmented media, FTIR spectra of the different synthetic
binders are easily distinguishable (fig. 9). Major absorptions
of each binder are described elsewhere (Learner 2004, 81-116),
but in summary, the most diagnostic peaks for each type of
binder are as follows:

« Acrylic paints: Carbonyl peak at around 1730-
1735 cm™. Acrylic solutions and emulsions (and
different copolymers used) can often be differentiated at
the C-H stretching region (2800-3100 cm™) and the
fingerprint region 9oo-1500 cm™).

« Oil paint: Carbonyl peak at around 1740 cm™

« Alkyd paints: Broad C-O stretching peak at
1270-1280 cm™,

o PVA emulsion paints: Broad C-O stretching peak at
1240-1250 cm™ ..

« Nitrocellulose paints: N-O stretch at 16501655 cm™.

However, FTIR spectra of paints are complicated by each
additional component in the formulation, especially pigments
and extenders, as these also absorb infrared radiation at dif-
ferent frequencies. Sometimes the various absorptions from
each of the main components are so characteristic that it may
be possible to “disentangle” them, and hence identify each
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component from a single analysis. The technique is also semi-
quantitative, so it can even be possible to assess an approxi-
mate relative proportion of each component—for example,
to distinguish a leanly bound acrylic ground from a medium-
rich paint.

However, it is more common for the absorptions from
one component to dominate the spectrum and mask out the
other ingredients. Perhaps the most common scenario is for
the peaks from an organic pigment (which are often of such
high tinting strength that they are added only in small concen-
trations to paints) to be masked by those of the binder and/or
an extender. But there are ways of improving the sensitivity of
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FIGURE 9 FTIR spectra of unpigmented films of acrylic solution,
acrylic emulsion, PVA, alkyd, and NC resins.
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FTIR to certain materials. One simple method that is particu-
larly useful for the analysis of organic pigments is to carry out
extractions with organic solvents or dilute acid. The extract and
residue can then both be reanalyzed, and each will typically
have become more or less rich in each component (Jénsson and
Learner 2005). Another method is to use a different sampling
mode. Recently, attenuated total reflectance (ATR), a reflective
mode of FTIR that measures the surface of a material, has shown
great potential in detecting the migration of polyethylene-type
surfactants to the surface of acrylic emulsion paints (Whitmore,
Colaluca, and Farrell 1996; Learner, Chiantore, and Scalarone
2002), and in monitoring their removal with various cleaning
treatments (Ormsby et al. 2006). Many papers in this publica-
tion show such spectra.

PyGC/MS Analysis
The other principal method used for the analysis of modern
paint types is PyGC/MS. Here, the pyrolysis stage breaks each
of the polymeric binders down into smaller fragments that are
sufficiently volatile to pass through a standard GC/MS instru-
ment. As with GC/MS, the gas chromatography separates out
the various components and the mass spectrometry is used to
detect them; the resulting pyrogram plots the relative intensity
of a material detected against time. The principal advantage of
PyGC/MS over FTIR is that the technique can separate out com-
plicated mixtures of different binders, and most pigments and
extenders do not feature in the pyrogram (the exception being
azo pigments), and hence diagnostic peaks are never masked.
Details of the technique are laid out in other publica-
tions (Learner 2001, 2004), but the main types of modern
paint binders can all be readily distinguished (fig. 10). In sum-
mary, the principal features of each include:

o Acrylic solution paints, bound with a pnBMA resin,
produce extremely simple pyrograms consisting of a
single peak of 1BMA monomer via a “depolymeriza-
tion” mechanism.

Acrylic emulsion paints, bound in either a p(EA/
MMA) or p(nBA/MMA) latex, produce strong peaks
corresponding to both monomers, but also weaker
groups of peaks from dimers and trimers later in

the pyrogram (due to incomplete depolymerization
when an acrylate component is present.

Oil paints give featureless pyrograms, unless
pyrolysis is performed with simultaneous methyla-
tion so that methyl esters of saturated fatty acids
are produced. Ratios of methyl palmitate to stearate

can then be used to distinguish oil type through
the method developed for GC/MS (Mills and
White 1994).

« PVA emulsion paints produce strong peaks from ace-
tic acid and benzene (which are often superimposed)
from a “side group elimination” mechanism. In addi-
tion, the plasticizer is usually detected, including
external plasticizers such as dimethylphthalate and
internal plasticizers such as vinyl versatate.

» Alkyd paints give a principal peak of phthalic anhy-
dride in their pyrograms. Sometimes small fatty acid
peaks from the oil component are detected.
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« Nitrocellulose paints are detected “by suspicion”
The cellulose nitrate component gives a featureless
pyrogram, but if the paint contains an alkyd resin and
phthalate plasticizer as its other main components,
these will be detected. Given that regular alkyd paints
do not require a plasticizer, the presence of a plasti-
cizer with the phthalic anhydride suggests a nitrocel-
lulose formulation. Confirmation of nitrocellulose
would be carried out with FTIR.

Nonetheless, we also need to be careful about the
information obtained from analysis. The general inference
given to anything that has been “scientifically” proved is that
this confers a high level of certainty. However, most of the
analytical instruments that conservation scientists use pro-
duce spectra that require careful interpretation. One recent
example where this became apparent was in the analysis of
the paints used by Chris Ofili for his painting No Woman
No Cry (1998; Tate To7502). The dots of paint that charac-
terize much of the surface were analyzed using PyGC/MS,
which yielded a spectrum dominated by a strong phthalic
anhydride peak, giving a close match to alkyd paint. Yet
on further investigation {aided by communicating with the
artist) it became clear that the dots were oil paint, and the
strong phthalic anhydride peak was a contamination from
the underlying polyester resin coating.

Conclusion

Although many kinds of synthetic binding media are used in
paint, it is possible to uncover the likely binders present in the
paint types commonly used by artists. These are oil, acrylic
solution, and acrylic emulsion from artist-quality paints. The
principal binding media used in house paint are alkyd resins
in “oil-based” paint and PVA emulsions in interior emulsions.
Several other paint types are possible in both artists’ paints
and house paints, although none of these have been encoun-
tered very frequently on works of art in the Tate Collection.
Several methods of uncovering information about an artist’s
choice of paint may be used, including analysis, documen-
tation, examination, and interaction with artists, but all are
open to error and misinterpretation. Therefore the chances of
misinterpretation are dramatically reduced if more than one
source of information can be used.
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Notes

1 As an overview, a podcast on modern paint is available at

www.tate.org.uk/learning/learnonline/modernpaints.

2 Many of the works mentioned from the Tate Collection can be
viewed at www.tate.org.uk/collection. All Tate works are cited

with their accession number.

3 The recently introduced water-miscible oils might prove to be the

next commercially successful development in artists’ paints.

4 E-mail from Kenneth Noland to author, October 29, 2004.

References

Boon, J., and T. Learner. 2002. Analytical mass spectrometry of
artists’ acrylic emulsion paints by direct temperature resolved
mass spectrometry and laser desorption fonisation mass
spectrometry. Journal of Analytical and Applied Pyrolysis
64:327-44.

Crook, J., and T. Learner. 2000. The Impact of Modern Paints.
London: Tate Gallery Publishing.

Digney-Peer, S., A. Burnstock, T. Learner, H. Khanjian,
F Hoogland, and J. Boon. 2004. The migration of surfactants
in acrylic emulsion paint films. In Modern Art, New Museums:
Contributions to the Bilbao Congress, 13-17 September 2004,
eds. A. Roy and P. Smith, 202-7. London: International Institute
for Conservation of Historic and Artistic Works.

Gottsegen, M. 2006. The Painter’s Handbook. New York:
Watson Guptill.

Hochheiser, S. 1986. Rohm and Haas. History of a Chemical Company.
Philadelphia: University of Pennsylvania Press.

Jonssomn, J., and T. Learner. 200s. Separation of acrylic paint
components and their identification with FTIR spectroscopy.
In The Sixth Infrared and Raman Users Group Conference
(IRUGS), ed. M. Picollo, 58-6s. Florence: 11 Prato.

Lake, S., E. Ordonez, and M. Schilling. 2004. A technical
investigation of paints used by Jackson Pollock in his drip or
poured paintings. In Modern Art, New Museums: Contributions
to the Bilbao Congress, 13-17 September 2004, eds. A. Roy and
P. Smith, 137-41. London: International Institute for Conservation
of Historic and Artistic Works.

Learner, T. 2000. A review of synthetic binding media in twentieth
century paints. The Conservator 24:96-103.

. 2001. The analysis of synthetic paints by pyrolysis-gas

chromatography-mass spectrometry (PyGCMS). Studies in
Conservation 46:225-41.

. 2004. Analysis of Modern Paints. Los Angeles: Getty

Publications.


http://www.tate.org.uk/learning/learnonline/modernpaints
http://www.tate.org.uk/collection

16

Learner

Learner, T., O. Chiantore, and D. Scalarone. 2002. Ageing studies of
acrylic emulsion paints. In 13th Triennial Meeting, Rio de Janeiro,
22-27 September 2002, Preprints, ICOM Committee for Conser-
vation, ed. R. Vontobel, 911-19. London; James & James.

Mayer, R. 1991. The Artist's Handbook of Materials & Techniques,
sth ed. New York: Penguin Books.

Mills, J., and R. White. 1994. The Organic Chemistry of Museum
Objects, 2nd ed. Oxford: Butterworth-Heinemann.

Morgans, W. 1982a. Materials, vol. 1, Outlines of Paint Technology,
2nd ed. High Wycombe, UK: Charles Griffin.

. 1982b. Finished Products, vol. 2, Qutlines of Paint Technology,
2nd ed. High Wycombe, UK: Charles Griffin.

Nicholson, J. 1989. Film formation by emulsion paints. Journal of the
Oil and Colour Chemists’ Association 72:475-77.

Ormsby, B., T. Learner, M. Schilling, J. Druzik, H. Khanjian,
D. Carson, G. Foster, and M. Sloan. 2006. The effects of
surface cleaning on acrylic emulsion paintings—a preliminary
investigation. In Surface Cleaning—Material and Methods,
ed. C. Weyer, 135-49. Bonn: VDR.

Picasso, P. 1912. Letter to Daniel Henry Kahnweiler, June 20, 1912,
Collection Kahnweiler-Leiris, Centre Georges Pompidou.

Schilling, M., J. Keeney, and T. Learner. 2004. Characterization of
alkyd paint media by gas chromatography-mass spectrometry.
In Modern Art, New Museums: Contributions to the Bilbao

Congress, 13-17 September 2004, eds. A. Roy and P. Smith,
197~210. London: International Institute for Conservation of
Historic and Artistic Works.

Smith, G. 2005. A “single-shot” separation and identification
technique for water extractable additives in acrylic emulsion
paints. In 14th Triennial Meeting, The Hague, 12~16 September
2005, Preprints, ICOM Commiittee for Conservation, ed. 1. Verger,
824-32. London: James & James.

Stangos, N., ed. 1988. David Hockney by David Hockney: My Early
Years, 2nd ed. New York: Abrams.

Stoye, D., ed. 1993. Paints, Coatings and Solvents. Weinheim,
Germany: VCH.

Swanson, G. 1963. What is pop art? Artnews 62 (7):63.

Upright, D. 1985. Morris Louis: The Complete Paintings. A Catalogue
Raisonné. New York: Abrams.

Vandenabeele, P, L. Moens, H. Edwards, and R. Dams. 2000. Raman
spectroscopic database of azo pigments and applications to
modern art studies. Journal of Raman Spectroscopy 31:509-17.

Whitmore, P, V. Colaluca, and E. Farrell. 1996. A note on the origin
of turbidity in films of an artists’ acrylic paint medium. Studies in
Conservation 41:250-55.



Overview of Developments

in the Paint Industry since 1930

Stuart Croll

Abstract: The history of commercial paint is a large and com-
plex subject, so the focus in this paper is restricted to commer-
cial latex paint, which is very similar to acrylic artists’ paint
but is usually designed using slightly different criteria. Initially,
paint technology developed slowly, but the need in the Second
World War for synthetic rubber prompted the development of
latex. This was aided by important scientific discoveries about
polymers earlier in the twentieth century. Later external fac-
tors, including the rise of a consumer middle class, maintained
the rate of development in many industries, including paint.
Paint is a composite of polymer, pigments, and additives, most
of which have changed significantly since 1930. Although the
polymer component is usually viewed as the linchpin of coat-
ings, the introduction of titanium dioxide white pigment was
central to the success of all coatings. Advances in materials
occurred, scientific understanding improved, and better char-
acterization techniques were developed. A brief discussion of
these advances is included along with the history of latex paint
ingredients. Originally, latex coatings were attractive because
they dried much faster than oil-based paint and they could be
cleaned up easily with soap and water. In the present day, latex
paint technology continues to advance and gain market share
because it places much less stress on the environment and our
health than solvent-based paint.

Introduction and Background

The main focus of this article is on the technologies used in
modern, commercial acrylic latex (emulsion) paint. In this
article, the term commercial paint is used to designate types
of paint other than artists’ paints, and the term latex to mean
polymer binders made using emulsion polymerization.

Building on the Industrial Revolution and further devel-
opments in the late nineteenth century (Bullett 1984), paint
technology developed slowly during the first two decades of
the twentieth century. It was catalyzed probably by the First
World War (1914-18), and certainly by the Second World War
{(1939-45). Coatings technology has been enabled by many
discoveries of a scientific and technological nature, but it
has been, itself, an important enabling technology for many
aspects and facilities of modern life. Current worldwide sales
of paint, of all descriptions, are over $80 billion, and the paint
manufacturing industry employs approximately two hundred
thousand people. The primary use for commercial paint is to
change or enhance the appearance of its substrate. The other
use for many types of commercial paint is protection, for
example, against corrosion of metals, or from moisture and
solar radiation in the case of house paint.

Until the end of the nineteenth century craftsman paint-
ers created their own recipes from pigments, oils, and other
resins, when and where they were needed, since the sedimenta-
tion of dense mineral pigments in low-viscosity (“unbodied”)
oils meant that the shelf life of paints was very short. Materials
were developed that overcame such problems, and the rise of
commercial coatings correlates to the rise of premixed paints.
Figures 1A and 1B attempt to show graphically, as sigmoidal
“technological maturity” graphs (Roussel 1984), how the pace
of paint technology progressed during the twentieth century.

Prior to the 1930s, oil and other traditional paints were still
primarily used. Cellulose nitrate lacquers arrived in the 1920s,
particularly for use on cars, and useful alkyds started to appear
in the 1930s. Many products for the increasingly consumer-
oriented Western societies were made of metal that needed to
be protected from corrosion. Technology development started
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FIGURE 1A The rise of paint technology from the start of the
twentieth century, showing dates of external events.

to accelerate in the 1930s, after the Great Depression, and was
fueled by scientific discoveries and by the availability of low-
cost petrochemical feedstock, an increasing energy supply, and
the buildup to World War II.

Prior to about 1930, many held to the belief that “poly-
mers” were actually agglomerations of small molecules held
together in colloidal bodies by then-unknown forces. A cru-
cial development in the science and technology of polymers
occurred when Staudinger realized them to be very long, cova-
lently bonded molecules, or “macromolecules” (Staudinger
1920; Morawetz 1987). The greatest number of technological
changes probably occurred in the 1950s and 1960s, and their
effect was felt primarily in the industrial application of coat-
ings intended to provide increasing levels of performance—
epoxies, urethanes, automotive coatings, and so forth. The
number of major changes applicable to the house paint and
artists’ paint markets was fewer, and most of these occurred
early on.

Generally, the performance of the polymer binder deter-
mines the performance of the paint. Until the early 1970s, both
paint and polymer technology were driven by performance,
material choices, and costs. Later, the environmental and
health effects of volatile organic compounds (VOCs) became
much clearer. Starting in the 1970s, tightening of petrochemi-
cal supplies and increasing governmental regulation on sol-
vent emissions and discharge levels led to the development of
more benign technologies. Much of the current research and
development in the paint industry and its supplier industries
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FIGURE 1B Important developments in paint technology from
the start of the twentieth century.

is aimed at producing environmentally friendly and less toxic
alternatives to current coatings without sacrificing perfor-
mance. The principal approaches are to introduce waterborne
systems, make high-solids paints, and use powder coatings.

Paint Formulations

Commercial coatings, like artists’ paints, are complicated
composites. In many cases they contain special ingredients
that meet specific end-use needs, such as corrosion inhibi-
tion, solvent resistance, and so on. However, they all share
common features, as shown in the simplified, model house
paint formulation in table 1. In this case, the pigment volume
concentration in the dried film is approximately 45 percent,
giving a competent, probably matte finish. The liquid paint has
an overall solids concentration of around 38 percent by vol-
ume (54 percent by weight). In waterborne house paints, this
can vary from 25 to 40 percent (by volume), depending on the
quality, which roughly equates to price.

A waterborne latex paint designed for artists would be
very similar, except that the color would be more intense, with
less extender, and application viscosity would be higher, with
more thickener. Ingredient price is a major factor: artists’ paint
costs more than ten times what a medium-quality house paint
does in North America.

Modern, practical commercial and artists’ paints may
contain a mixture of latexes, more than one surfactant, more
than one dispersant, and (commonly) two or more thicken-
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Table 1 Simplified model acrylic latex formulation for a hundred gallons of a competent exterior house paint (white);

given in approximate order of addition for manufacture.

Ingredients Weight (pounds) Volume (gallons) Function

Water 340 41 Carrier fluid

Polyacrylate dispersant 6.8 0.69 Pigment suspension stabilization aid
Biocides 10 1 Fungicide, mildewcide

Nonionic surfactant 1 0.11 Wetting agent

Titanium dioxide 225 6.5 White pigment

Silicate mineral 160 7.3 Extender/filler; reduces cost
Calcined clay 50 2.2 Extender pigment

Acrylic latex (~60% solids) 283 32 Polymer binder

Coalescent 9.3 1.16 Film formation aid
Hydroxyethylcellulose 5 0.56 Thickener (viscosifier)

Glycols 60 6.72 Antifreeze, coalescent, evaporation control
Defoamer 2 0.26 Inhibits air entrainment
Ammonium hydroxide solution 2.2 0.29 Maintains alkaline pH

Total 1154.3 100

ers. However, the first latex paints were more like the simple
formulation in table 1.

Developments in Latex Paint Components

The formulation in the table contains thirteen ingredients;
choosing each and its concentration on a purely scientific
basis is so complex that it often is impractical. Much of the
formulation is done by experts who have many years of experi-
ence, along with intuition that employs as much art as science.
However, the properties of paint are not emergent phenomena
and can be understood if basic science is applied.

Carrier Fluid: Water

The water in a paint formulation usually comes from the
local water supply wherever the factory is sited. Water hard-
ness {salts, etc.) may remain even after the water is treated.
In addition, some water originates with the latex and from
the titanium dioxide slurry commonly used in the United
States to supply pigments for high-volume paint manufac-
turers. Some of the other, lower-concentration ingredients,
such as surfactants, thickeners, and dispersants, are also
supplied as aqueous solutions. Associative thickeners (dis-
cussed later) may have other solvents included as part of
their carrier fluid.

An analysis of the inorganic content of the water in
a commercial paint from the United States circa 1991 was
shown to correspond approximately to an ionic strength of
0.07 M if it was considered to be entirely derived from a
1:1 electrolyte (Croll 2002). One may calculate the conse-
quences of this ionic strength on the colloidal stability of the
latex and pigment particles of waterborne paint using the
theory that Derjaguin, Landau, Verwey, and Overbeek devel-
oped between 1939 and 1944 (Derjaguin and Landau 1941;
Verwey and Overbeek 1948), which has been used to design
the charge density on latex particles ever since. The polarity
of water is advantageous, as it supports electrostatic stabiliza-
tion of pigment and latex particles, as well as allowing steric
stabilization (Rehbinder, Lazutkina, and Wenstrém 1930; van
der Waarden 1950).

The unusually polar and hydrogen-bonded solvent
restricts the polymer technology that can be used in aque-
ous systems. Technology was developed over the past decades
(Padget 1994) to overcome this, often by creating aqueous dis-
persions of the various polymer binder technologies.

Other formulation problems arise because of inorganic
material in the aqueous phase; also, many other ingredients
partition substantially there. The aqueous phase will contain
surfactants, dispersants, thickeners, coalescents (often in an
emulsion), and so on. Resolving the compatibility issues is
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very complicated. Early understanding of miscibility and solu-
tion behavior came through Joel Hildebrand, who had initially
started work on the solubility of simple nonelectrolytes in 1916,
and somewhat later (1950) coined the term solubility parameter.
However, long-chain, high-molecular-weight polymers do not
follow this solution theory well, and Flory’s and Huggins’s 1941
theory formed the basis for much of modern understanding of
polymer solutions and polymer-polymer compatibility (Flory
1941; Huggins 1941).

Dispersant

Common dispersants are oligomeric polyacrylate salts. Their
function is to adsorb on the surface of pigments, where they
add more charge and thus electrostatic stability to particles.
They may contribute a little steric stability to a pigment sus-
pension as well. Their molecular weight is only a few thou-
sand; otherwise, the viscosity of the paint would become too
high due to the fraction that remains in the water.

Phosphates, such as potassium tripolyphosphate (KTPP),
tetra-potassium pyrophosphate (TKPP), and others, are still
quite common, although they were more often seen in the early
1960s. Phosphate ions may become hydrated at high pH and not
highly charged, thus not so effective, and they may participate in
complex interactions with other paint ingredients. Phosphates
remain water soluble in the dried coating and render it per-
meable to moisture. Other types of dispersant used before the
polyacrylate salts became dominant were sodium salts of lignin
sulfonates and aryl alkyl sulfonates (Patton 1964, 258).

The best-known dispersants are the Orotan (Tamol in
the United States) polyacrylate salts made by Rohm and Haas
(Hochheiser 1986). Tamol/Orotan 731, a sodium polyacrylate-
olefin polymer, was patented in 1960 in the United States and is
still very widely used. Similar materials were, and are, made by
other companies as well. A hydrophobic modification allows
the dispersant to wet the surfaces of organic pigment types,
provides compatibility with glycols and modern associative
thickeners, and has reduced tendency to stabilize foam.

In the United States, TiO, slurries from pigment manu-
facturers contain a dispersant to help maintain their suspen-
sion stability, and one can find commercial paints containing
two different dispersants.

Biocides

Biocides are toxic materials that are sometimes called preser-
vatives, particularly when used to inhibit biological growth
while paint remains in its container. Mercury compounds
are very effective biocides and were commonly used in the

1970s and earlier. In the United States, mercury compounds
have been banned in interior latex paints since 1990 and in
exterior paints since 1991. However, it seems that artists’
paints are exempt from this. Phenyl mercuric acetate was
the most common form of biocide, but oleate and di-phenyl
mercury dodecenyl succinate were also available. Dioxin
was also tried as a biocide for paint, but it has likewise been
banned. Copper compounds are very effective and much
less toxic to humans, but their color means that they found
limited use. Tin compounds were an option, but they are
less effective. Skane M-8 mildewcide, introduced in 1971,
gave the paint companies an effective alternative to mercury
compounds.

More modern use includes a wide range of toxic halo-
genated and other compounds, which are thought to be less
persistent in the environment. Unfortunately, some of the
current materials may produce measurable yellowing when
exposed to ultraviolet light. Zinc oxide is used, since it appears
to inhibit the growth of mildew as well as providing some
pigmentary value. It has been used for many years, although
it can cause some problems in the stabilization of the colloids
in aqueous paint.

Wetting Agents

A wetting agent is included by the paint formulator, but
another source of surfactant is the latex. From the time latexes
were first introduced up until the late 1980s, it was possible for
approximately half of the surfactant in a latex paint to come
from the emulsion polymerization process. Naturally, those
surfactants were not identified to the paint company by the
manufacturers of latex.

Surfactants play multiple roles. They allow water to
spread upon the surface of pigments and displace the air, and
so incorporate the pigment. There may be a small steric con-
tribution to pigment stabilization from the surfactant and the
more closely held water molecules that are associated with
the hydrophilic part. Ionic surfactants also contribute to elec-
trostatic stabilization. In the United States, most latex house
paint and light industrial paint is made from base paints that
are more or less white; color dispersions are added at the
consumer or wholesale store. So the same base paint must
incorporate a variety of pigments. Applying a priori scien-
tific principles to surfactant choice is very difficult because
there are so many competing products. Often more than one
surfactant in commercial paint is competing for the various
interfaces, and many complications are possible. In addition,
most grades of TiO_ have organic treatments with some sur-
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factant character, and many cosolvents are surface active and
form micelles.

After the paint has dried to form a film, the surfac-
tants may not be evenly distributed within the film, depending
on concentration, phase separation behavior, and compat-
ibility with the other ingredients. They may dissolve in the
latex, separate to the air interface (producing a hazy, low-
gloss appearance and increasing adherence of dirt), or gather
among the latex particles (limiting film integrity) or at the
substrate (reducing adhesion, particularly in humid environ-
ments). Another problem is that many typical surfactants are
intrinsically yellow and may affect color when concentrated
after drying.

One of the most important and practical technical devel-
opments was the introduction of the hydrophilic-lipophilic
balance (HLB) concept by William C. Griffin in about 1949 at
the Atlas Powder Company (Griffin 1956).* Each surfactant has
an HLB number; this number characterizes the structural bal-
ance between its hydrophilicity and lipophilicity (hydropho-
bicity). This provides the user with a guide to choosing from
among the many hundreds of surfactants available. The HLB
system has been used extensively since its introduction.

The fundamental nature of surfactants in paint probably
has not changed significantly; however, variations and desig-
nations have proliferated. Alkyl benzene sulfonates and short-
chain alkyl naphthalene sulfonates were originally invented in
Germany during the First World War because Germany lacked
a supply of animal fats, which at the time had competing tech-
nological uses. These are still useful wetting agents. During
the 1920s and 1930s, sodium sulfonates of long-chain alcohols
were produced, and long-chain sodium alkyl aryl sulfonates
were made from petrochemicals in the United States. Clearly,
a considerable diversity of surfactants was already available
by the end of the 1930s. Nonionic octylphenol ethoxylates
(Triton from Dow? and Igepal from Rhodia) were invented in
the 1930s.

There are many variations on structures that have
different wetting characteristics, tolerance of electrolyte
concentrations, or foaming characteristics. The octylphe-
nol ethoxylates were probably more common in emulsion
polymerization than other types in the early days of latex
manufacture, but many function well, and the choice has
as much to do with price and availability. Anionic aerosols
(e.g., Aerosol OT from Cytec, now) and Siponate (alkyl aryl
sulfonates and alpha olefin sulfonates from Alcolac, now) are
all names that one associates with latex paint formulations
going back to the 1950s.

White Pigments

Until the advent of latex paint, white lead and lithopone were
the most common white pigments, but their use diminished
sharply in the 1950s. White lead in oil paints made a durable
and waterproof system for exterior use, although the paints
lost gloss fairly quickly and atmospheric pollution could react
to form black lead sulfide. Not only was white lead an opaci-
fier, but it catalyzed the oxidative curing of oil and alkyd bind-
ers and provided some corrosion inhibition. However, the
toxicity of lead pigments was widely recognized, and litho-
pone and zinc oxide had replaced white lead for interior wall
and trim house paints by the 1930s. Calcium carbonate (chalk)
was common in ceiling paint. White lead and zinc oxide are
also slightly soluble at the pH of aqueous paints and have other
interactions that lead to colloidal instability; thus, white lead
never found its way into commercial latex paint. Titanium
dioxide has very significant advantages due to its high refrac-
tive index and nontoxic nature. One can argue that titanium
dioxide pigments were crucial to the rise of latex paint and
may be the most important single material innovation in the
whole of coatings technology.

White pigments operate by scattering light, rather than
by absorbing light. Thus, ideally, no light is absorbed to give
color, but all light is scattered away from the specular direction
to produce a diffused, white opacity. The choice and design of
white pigments can be made from very basic physical principles,
that is, Fresnel’s equations, dating from 1818 to 1823 (Born
and Wolf 1964). More reflection takes place when there is a
greater difference in refractive index between the medium and
the included particle. Most polymer binders have a refractive
index of approximately 1.5 (1.4-1.6). Fresnel’s equations dem-
onstrate why rutile titanium dioxide has become the white
pigment of choice (table 2).

Extenders, or fillers, are inorganic minerals (silica, clay,
calcium carbonate, etc.) that have refractive indices approxi-
mately equal to that of the binder and so have very little scat-
tering power. Air voids in a polymer medium also scatter
light due to the difference in the refractive indices. If paint is
formulated with less binder than is necessary to completely
encapsulate the other particulates (with more than a critical
value of pigment) it will include air voids when dry. Since the
early 1960s this approach has been used in cheap house paint,
latex and alkyd, to provide inexpensive opacity.

In a similar vein, there are varieties of calcined clays that
have an expanded structure that includes air. These contrib-
ute to opacification, cost substantially less than the principal
white pigments, and do not leave the coating so weak or prone
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Table 2 Reflected light intensity at a material-polymer interface.

Material Refractive Reflected Relative

Material Index Intensity®
Titanium dioxide 2.76 0.08

White lead 2.0 0.02

Zinc oxide 2.0 0.02
Lithopone 1.84 0.01
Mineral extender 1.56 0.0004

Air 1.0 0.04
Polymer 1.5 0.0

Note: Reflected intensity at an air-TiO, interface is 0.2—1.e., very effective (diamond has a refractive
index of 2.42).

2 Values were calculated from Fresnel's equations.

to dirt “pickup” Since 1982, a hard latex, “opaque polymer,’
that provides opacity from an interior void has been available
* commercially, but its use tends to fluctuate with the price of
raw materials. Other attempts have been made to design poly-
mer particles with internal air voids, but none has competed
successfully.

Mie theory (Mie 1908; Bohren and Huffman 1983)
describes the interaction of electromagnetic radiation with
spherical particles, giving a result for the optimum diameter
of particles for scattering light of a specified wavelength. The
theory demonstrates that light is scattered by a pigment par-
ticle even if its path is only very close to the particle; it does not
have to impinge directly upon it. Thus, one can have a situation
where the scattering power of each pigment particle ceases to
be independent and is diminished due the proximity of neigh-
boring particles. Consequently, most commercial paints are
formulated so that the (relatively) expensive titanium dioxide
pigment is below this concentration and does not waste raw
material value in this so-called dependent scattering. Another
formulating problem is that, depending on the relative con-
centration of titanium dioxide pigment and extender particles,
the smaller pigment particles are crowded into the interstices
between the larger extender particles, bringing about depen-
dent scattering and loss of efficiency.

The very first TiO, pigment was synthesized in 1916 and
produced in small amounts of the anatase form mixed with
barium sulfate in 1919 (Napier and Balfour 1998). Anatase has
a slightly lower refractive index (2.52) than the rutile form,
and a much greater propensity to form free radicals under
the influence of ultraviolet light, which degrade the immedi-

ately surrounding polymer binder. All forms of TiO, strongly
absorb UV light and behave like a sunscreen. This protects the
polymers that degrade easily, such as alkyds, but the free radi-
cals damage binders that would be otherwise more stable.

Anatase pigments were introduced in France in 1923
(Napier and Balfour 1998); rutile pigments did not appear
until the early 1940s. White lead was finally banned in com-
mercial paint in 1978 in the United States, but titanium dioxide
had already become more economical to use, more even than
lithopone, and lacked toxicity problems. The high opacity of
titanium dioxide pigment enables very thin coatings to effec-
tively hide the substrate.

Little titanium dioxide pigment is still produced by the
earlier sulfate process, whereby the ore is purified by diges-
tion in sulfuric acid and reprecipitation by hydrolysis. Most
pigment is produced by the chloride process, introduced by
DuPont in 1948, which makes a purer product and produces
rutile in the oxidizing part of the process.

The 1950s saw the introduction of pigments with surface
treatments (fig. 2). Usually, titanium dioxide pigments have
two layers of surface treatment that surround each particle to
a depth of a few nanometers. The inner layer is usually silica,
which forms a barrier to the processes that form the free radi-
cal production. The outer layer is hydrated alumina, AI(OH) ,
which was originally deposited so that the pigment particles

100 nm

FIGURE 2 Transmission electron microscope image showing
particles of a general-purpose type of titanium dioxide pig-
ment. Less-dense surface treatment layers of silica and
hydrated alumina can be seen around the darker core of

titanium dioxide.
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could be more easily separated in the production process. Many
other surface treatments were also tried, and pigment grades
proliferated in the 1960s to meet the needs of various types of
paint, but by the 1980s “universal” grades had been developed
so that fewer products were necessary. It is still possible to
find titania and zirconia as surface treatments, but grades with
tin or zinc oxide treatments have disappeared. Inclusion of
compounds like zinc also helped the conversion to rutile from
anatase in the sulfate process. It is common to find an organic
compound on the pigment that is an aid in the manufacture
of the pigment; it is sometimes also claimed to help pigment
dispersion and stability in the aqueous paint.

In 1972, DuPont, closely followed by NL Industries,
was the first to supply the U.S. coatings industry with slurry
(although DuPont had supplied the paper industry with
slurry since the 1960s). These slurries comprise approximately
50 percent pigment by volume in water, with a dispersant, bio-
cide, and defoamer.

Colored Pigments

Apart from the modern iridescent types (Zorll 1998), pigments
impart color because they absorb particular wavelengths of
light dictated by their chemical structure. Most pigments are
made with particle sizes that are small and do not scatter light
much; thus the color is not diluted. As an illustration, figure 3
shows a transmission electron microscope view of copper
phthalocyanine pigment particles.

Carbon black pigments that are formed from the burn-
ing of a variety of carbonaceous feedstocks have been known
and used for centuries (for example, bone black). Many highly
colored pigments were developed during the twentieth century
(Lewis 1988; Herbst and Hunger 1997; Buxbaum 1998) and have
changed the way the world looks. These pigments are essen-
tially organic compounds, many of which will be degraded by
exposure to ultraviolet light, heat, or acid pollution. The rate of
bleaching diminishes approximately exponentially with expo-
sure time, as the number of labile chromophores diminishes.

Traditional colored pigments, based on minerals (e.g.,
iron oxide, cobalt blue, etc.), are very lightfast but do not give
intense monochromatic colors. However, they are very cost
effective, and iron oxides remain the highest volume produc-
tion pigment for yellow, brown, and red paints.

The first Hansa yellow arylide pigments were developed
in Germany before the First World War; they are fairly light
stable. Diarylide yellow pigments were produced in 1935 at the
same time as the most useful blue pigment, copper phthalo-
cyanine, which is very lightfast. A green halogenated version

100 nm

FIGURE 3 Transmission electron microscope image of some
particles of green halogenated copper phthalocyanine pigment,
PGy. Note that the primary particles are smaller than the wave-

length of visible light.

of this chemistry (“phthalo green”) appeared fairly soon after
that, in 1938. Among many others developed from 1930 until
the present, the quinacridone reds are very lightfast. They
first appeared in 1955, shortly followed by the perylene reds
in 1956.

It has proved to be comparatively easy to modify molec-
ular structure to change color, and too many organic pigments
have been developed for me to deal with them here individu-
ally. Unfortunately, intensity of color and lightfastness are not
inexpensively attained properties, so much commercial paint
has been made with colors that fade, particularly in the yellow,
red, and orange ranges.

Extenders

As mentioned earlier, extenders are usually inorganic miner-
als. The objective is to replace polymer or pigment volume
and reduce the raw material cost. Typical mineral extenders
are silica, calcium carbonate, and several others. The particle
size of these materials is often in the micrometer range, since
smaller sizes are impractically expensive to produce. Mineral
extenders are not supplied as completely pure compounds and
may include colored impurities. Pre-1960s commercial exte-
rior house paint could use calcium carbonate as an extender;
however, it was made obsolete by the advent of acid rain,
which dissolves carbonate and may leave an unsightly efflores-
cence of sulfate.
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Shipping costs are often a significant fraction of the cost
of extenders to paint manufacturers, so it was not unknown,
particularly in the 1960s to 1980s, for the same paint product
made in different parts of the country to include different
extenders. Industry consolidation within the extender suppli-
ers and the advent of very tight specifications (e.g., ISO goo0)
has led to a considerable reduction in this practice.

Extenders must be encapsulated by the polymer binder,
just like pigments. Thus, they are often used to determine
whether the coating film dries to include air voids by being
above the critical pigment volume concentration (CPVC). This
has been an important formulating option in the paint industry
since at least the 1920s (Asbeck, Laiderman, and van Loo 1952).
The air voids scatter light themselves, and increase the ability
of TiO, particles to scatter light (by reducing the refractive
index outside parts of the pigment surface). Thus, increased
opacity results very cheaply, but the mechanical and chemical
integrity of the coating may be greatly diminished.

Mineral particles may have other uses. Colloidal silica
particles form structured flocculates that can be used to con-
trol paint rheology in both aqueous and nonaqueous media.
Colloidal silica has been known since the 1930s (Kistler 1932)
and is used elsewhere: as a polishing medium for silicon wafers
since the 1960s, and as an abrasive and rheology control agent
for toothpaste. “Fumed” silicas became economical in the
1960s and have supplanted some of the precipitated grades.

Latex

Latex polymers are very different from earlier paint binder
technologies. In lacquers, such as nitrocellulose, the solvent
evaporates and the polymer is precipitated as a coherent mass
of entangled long-chain molecules. More complicated poly-
mer binders are formed from chemical reactions between
smaller molecules that proceed as the paint dries and an insol-
uble, cross-linked polymer network is formed; for example,
oil paints react with oxygen in the air, epoxies, urethanes, and
so forth. Latex polymers are made with a very high molecu-
lar weight (500,000 to millions of daltons), and are thus not
appreciably soluble but formed in droplets or particles of 50-
500 nm diameter in the emulsion polymerization process. The
particles are stabilized by electrostatic repulsion (Derjaguin
and Landau 1941; Verwey and Overbeek 1948), as well as by
steric hindrance. As the water evaporates from the paint, the
particles migrate to the surface, where evaporation is tak-
ing place (Croll 1986; Sutanto et al. 1999), pack together with
each other and the other ingredients, and ultimately settle
into place on the substrate. The latex particles then coalesce

under the action of surface tension and van der Waals forces.
Finally, these very large polymer molecules must interdiffuse
across the particle boundaries and eventually entangle to form
a continuous film (Kim and Winnik 1995; Eckersley and Rudin
1990). Latex particles must initially be soft under ambient con-
ditions so that this deformation and interdiffusion can take
place, but the coatings must not be soft under normal use or
they will not be durable and will pick up dirt. This transforma-
tion is achieved by including a slow-evaporating plasticizer
that reduces the effective glass transition temperature of the
polymer to well below ambient; this allows the deformation
and interdiffusion to take place in the hours to weeks after
initial film placement. Ultimately, this “coalescing aid” evapo-
rates, and the film is left harder and tougher.

The simplest and most useful description of latex par-
ticle deformation in film formation was provided by Brown
(1956), whose equation showed how important softness and
smaller particle size are in responding to capillary forces. More
advanced research came later (Routh and Russel 1999; Keddie
1997) but the value of Brown’s work remains. Although a little
cross-linking eventually occurs in latexes, it is not usually a
fundamental part of the film formation process. It may occur
slowly as ultraviolet radiation produces free radicals in the
polymer or other built-in chemistry takes place. Cross-linking
latexes do find some niches, for example, in factory-applied
(and baked) wood primers and in waterborne automotive
base coats, but there is competition from other waterborne
polymers, such as polyurethane, epoxy, and alkyd dispersions.
Modern waterborne coating technology continues to change,
with increasing use of mixtures of latex with these more spe-
cialized (and expensive) types.

The first water dispersion polymerization seems to have
been done in Germany on isoprene, with more recognizable
emulsion polymerization patented by I. G. Farbenindustrie,
again in Germany, in the 1930s. In the United Kingdom, PVA
homopolymer was used in paints before the Second World
War, in 1939. The first commercial waterborne emulsion paint
widely sold in the United States was probably Kemtone, manu-
factured by Sherwin-Williams beginning in 1941. It used a
binder system of casein, corn protein, rosin, and some linseed
oil in an emulsion. It was pigmented with TiO,, chalk, clay,
and mica.

The need for artificial latex emerged during World War
II: the Allies had to find a substitute for rubber in tires and
other uses because the rubber plantations were under the con-
trol of the Axis powers. Thus, styrene-butadiene (SB) rubber
was developed. The U.S. government formed a consortium of
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chemical companies and universities, which made the “Mutual
Recipe” for SB rubber starting in 1942. It contained 75 parts of
butadiene to 25 parts of styrene and a little mercaptan. After
the war, it was found that a mixture that was 40 percent styrene
(hard component) and 60 percent butadiene (soft) made a
polymer that was useful as a binder for waterborne paint. Latex
paints dried to the touch in a matter of minutes, were easy to
clean up, and did not have much odor, all of which accounts for
their early and continuing success with consumers.

In 1946, styrene-butadiene latex was commercialized in
paper coatings; then in 1948 Glidden’s Spred Satin became the
first latex house paint to be made with this binder. This paint
competed very well against oil paint for interior use—helped
by the introduction of the roller applicator, where cleanup is
greatly facilitated by water-based paint. Soon thereafter, poly-
vinyl acetate (PVA)—alone or modified with acrylate, maleate,
fumarate, or ethylene esters—was investigated as a latex paint
binder. These PVAs were cheaper than SB rubbers and did not
have their characteristic smell.

Neither of these varieties performed very well, nor were
they less expensive than oil-based paints, but they were fast
drying and easy to clean up. Even polystyrene emulsions with
suitable plasticizers were considered in the early days, but it
is doubtful whether they gained much popularity. Styrene-
butadiene latex continued to be used in commercial paints
for some time because it had better mechanical toughness
and overall exterior durability than early PVA-type binders,
although it had chalking and yellowing problems.

Styrene-butadiene latexes remain in use in paper coat-
ings today, but their use in architectural paints was waning by
the end of the 1960s. Styrene-acrylic latexes were introduced
in 1953 to overcome the problems with SB latexes. Sometimes
called modified acrylics, styrene-acrylic latexes were actively
considered more widely for house paint in the United States in
the 1970s and 1980s than today. These materials were attractive
for cost reasons and continue to be used in Europe, because
the craftsman tradition there is for people to repaint their
houses more frequently than do consumers in the United
States, where fears about weatherability held styrene back.
In addition, since most of Europe is farther north than the
United States, it receives much less ultraviolet radiation and
heat from the sun. Moreover, there may be a level at which the
weatherability problems of styrene are insignificant, because it
does find use in industrial latex coatings where its hydropho-
bicity (water resistance) is useful.

An all-acrylic emulsion polymer based on a mixture of
ethyl acrylate (soft) and methyl methacrylate (hard) was com-

mercialized as Rhoplex (Primal in Europe) AC-33 in 1953. It was
also used in artists’ paint. This all-acrylic chemistry, from Rohm
and Haas, provided a binder that was quite durable and was not
saponified by alkaline substrates. Although it did not have the
gloss or the ability to adhere to wood or old layers of oil or alkyd
paints that oil-based paints had, it succeeded on interior walls and
on masonry. In 1961, Rohm and Haas introduced AC-34, which
was similar to AC-33 but had some additional ureido functional-
ity (Harren 1990) to improve its adhesion to a variety of surfaces.
This functionality allowed a little cross-linking to take place once
the coating was exposed. This cross-linking, together with the
entanglements in the already very-high-molecular-weight poly-
mer, provides much better adhesion, mechanical properties, and
water resistance than the original material.

Subsequent improvements to acrylic latex chemistry
resulted in very durable binders that resist solar ultraviolet
and moisture, contain less superfluous surfactant, and pro-
vide improved gloss while requiring less coalescing aid. Until
comparatively recently (about 1990), acrylic latexes had some
problems in adhering to old oil-based paint surfaces that
had become chalky. The typical remedy, in the United States,
was to include a water-dispersible alkyd resin. These resins
enhanced adhesion to degraded surfaces but caused some
problems themselves; because they decreased the overall
durability of the coating, they were only marginally compat-
ible with the aqueous medium, and thus reduced gloss and
hindered pigment dispersion. The best current practice in the
United States and Europe is to use all-acrylic emulsions for
exterior house paints because they are very durable to ultra-
violet light, moisture, and pollution.

Starting in about 1983, other latexes specifically designed
for use in field-applied industrial coatings came into use. These
paints are usually harder, and thus require more and differ-
ent coalescing aids. They may be cross-linkable, have greater
chemical resistance, and possess a smaller particle size in order
to aid film formation and yield a good gloss. Additionally,
some industrial latexes are not electrostatically stabilized,
because stabilization can inhibit film formation when the car-
boxylate functionality reacts with other resins (although this
may also be a useful cross-linking reaction), and the counter-
ions, like sodium, promote corrosion. Latexes may be used
in combination with epoxy or polyurethane dispersions in
coatings, exploiting the acrylic nature of the latexes to provide
good color, hardness, and durability. The latexes also improve
the cost of the overall system.

The last fifteen years has seen increasing interest in avoid-
ing coalescing aids and their contribution to VOC. Judicious
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mixtures of soft and hard latexes with different particle sizes
provide a paint that forms a usefully hard coating. Latexes
that, at ambient conditions, have a low degree of oxidative
cross-linking (similar in spirit to alkyds) help form a film. By
tailoring solubility characteristics (e.g., by using styrene), one
can make latex that is more sensitive to plasticization by coales-
cents, such as glycols, and thus the paint does not release so
much volatile organic content on drying.

Coalescents and Cosolvents

Most latex compositions that make useful dried coatings are
too hard to coalesce by themselves at normal ambient tem-
peratures. In early paint formulations, diethylene glycol per-
formed as an antifreeze and plasticizing solvent; that is, as a
coalescing aid. Other early coalescents were materials such
as dialkyl succinates, methyl cellosolve, carbitol, butyl cel-
losolve (Hoy 1973) and the like, depending on the hardness of
the polymer. In the 1960s, PVA emulsions also used dibutyl
phthalate or even tricresyl phosphate as coalescing aids.

The most significant technological development in co-
alescing aids was the introduction of Texanol (2,2,4-trimethyl-
1,3-pentandiol-monoisobutyrate; Eastman Chemical). It was
introduced commercially in 1964. This material helped the
market penetration of latex paints tremendously. It remains
very widely used but, with the other cosolvents, does give off
a characteristic odor in freshly painted areas. The drawback
to coalescing aids remaining in the paint for a long time is not
only odor but dirt pickup due to prolonged softness.

Cosolvents are sometimes required so that other paint
ingredients will be compatible in the aqueous environment.
Butyl carbitol is a cosolvent that controls the solubility of “as-
sociative” thickeners—and thus their viscosity and ease of mix-
ing into the paint.

Thickeners

Originally, formulations exploited the tremendous effect
that soluble polymers have on solution viscosity (Sperling
2006). Other options would be to use the flocculating nature
of colloidal-size materials, such as silica, or to use swellable
acicular clays, as many alkyd paints do. Soluble polymers like
hydroxylethylcellulose (HEC) have been, for many years, a
very cost-effective and straightforward method for viscosifying
aqueous paint. Cellulose ethers were introduced after World
War 11 as more efficient alternatives to casein and derivatives
of other natural polysaccharides (e.g., alginates and xanthan
gum), whose use in commercial paint did not really die out
until almost 1980. Alkali-soluble cellulose ethers, such as HEC,

carboxymethylcellulose, and others, proved to be both com-
patible with a wide range of ingredients and very economical,
being derived most often from wood pulp.

Cellulosic thickeners are sold in different grades of molec-
ular weight, from less than 100,000 Da to well over a million Da.
High-molecular-weight polymers are very economical, because
they provide high viscosity at low shear rates while present in
fairly low concentrations (Croll and Kleinlein 1986). In contrast,
at high shear rates solution viscosity is controlled more by the
molar concentration of material dissolved than by the molecular
interactions. It is very difficult to get good performance with just
one cellulosic thickener, and paint formulations often use two
cellulosic thickeners of different molecular weight.

Cellulosic materials can be attacked in the can by
microbes, with attendant loss of viscosity, and are invaded by
mildew in the dried coating. They are slow to dissolve and equi-
libriate in solution. Alternatively, grades of the dry powder are
available with different particle size and surface treatment that
help the dissolution process. Cellulosic thickeners do not per-
mit the highest possible gloss in latex paints. Nevertheless, they
(especially HEC) continue to be an important and common
ingredient in aqueous paint.

Other technologies have appeared that provide improved
performance over HEC. The first was acrylic polyelectrolytes
of roughly the same molecular weight and chain stiffness as
HEC. These are made and supplied to the paint manufac-
turer as liquid emulsions at acid pH. Then, upon neutraliza-
tion in the alkaline pH of aqueous paint, the polyelectrolyte
chain extends due to the charge repulsion and becomes a large
soluble polymer that viscosifies the paint. These emulsions are
not attacked readily by microbes and are comparatively easy
to incorporate into liquid paint due to their liquid emulsion
form, as opposed to dry powder. These materials were intro-
duced in 1971 but only seriously commercialized in about 1981
on both sides of the Atlantic. They challenge the economics
of cellulosic thickeners, and they usually offer some improve-
ment in application properties and coating appearance.

“Associative” thickeners (Schaller and Sperry 1992) were
introduced in 1981 after being patented in 1978 (Emmons
1978). These are often known as hydrophobically modified eth-
oxylate urethane (HEUR) block copolymers. Again, these are
based on petrochemicals and are not broken down easily by
microbe infestations in manufacture or storage. The simplest
form comprises water-soluble polyethylene oxide polymer
blocks joined by urethane linkages; the overall molecule has
a hydrophobe at each end. The hydrophobes associate to form
small, loosely bound micelles (Vorobyova, Lau, and Winnik
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2001); thus, in the aqueous phase, the polymer forms a three-
dimensional viscosifying network.

These thickeners are more complicated to use. It is not
unusual to find cosolvents in an aqueous paint for controlling
the solubility and viscosity imparted by these HEUR thicken-
ers. Other difficulties lie in their interactions with other paint
ingredients. Choice of surfactant may be crucial (Mahli et al.
2003), as is choice of dispersant. Depending on their compat-
ibility, aqueous solutions of dispersants and associative thick-
eners may phase separate (fig. 4).

In this figure, a coexistence curve, the region above the
curve denotes the concentration regime where phase separation
occurs. Normally, in undried liquid paint, both dispersant and
thickener concentrations lie below the line, but the situation will
change when the water evaporates during drying. In particular,
the more ionic types of dispersant may provoke phase separa-
tion more easily in a mixture with an associative thickener. This
may then provoke partitioning of the latex or pigments into one
of the phases that they find most compatible, essentially floc-
culating the system (Baxter, Sperry, and Fu 1997). Any polymer
system that suffers phase separation is likely to cure into a film
that has microscopic droplets of one phase dispersed in a matrix
of the other. These films have poor mechanical integrity, poor
pigment dispersion, and reduced gloss.

Associative thickeners are more expensive than other
thickeners and more difficult to incorporate, so HEC is still
widely used, often in conjunction with these other thickener
types. In fact, hybrid materials are available that combine
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the functions of soluble polymer and associating polymer
(hydrophobe-containing), even to the extent that an associa-
tive version of HEC is now a well-known alternative.

Summary

The history of commercial paint technology is a large and
complex subject. In the 1930s, oil paint was widely used, with
practical alkyds being introduced in industrial applications
in competition with nitrocellulose lacquers. It is very striking
how the technology developed from small beginnings and
important scientific discoveries in the first thirty years of the
twentieth century and then accelerated as the discoveries fed
upon each other, in the 1940s, '50s, and thereafter, to meet
the needs of external events and an increasing and wealthier
population. Paint technology has also benefited tremendously
from concurrent advances in instrument analysis.

Although the paint industry has been dominated by
polymer binder developments, the advent of titanium diox-
ide white pigment has been central in modern paint technol-
ogy because it is not toxic, is almost inert, and permits high,
controlled opacity. The oil embargo of the early 1970s and
the increasing awareness of atmospheric and environmen-
tal pollution changed the reasons for progress in the use of
waterborne paints from ease of use to environmental health.
As the technology has improved, waterborne paints have been
increasingly able to compete in areas where solvent-borne
technology previously dominated, and thus they continue to
claim an increasing share of the market.

At the introduction of latex paint, in the 1940s, with
water as the carrier fluid, other necessary ingredients, such as
surfactants, thickeners, cosolvents, and the like, were already
available, and these materials would still be recognizable now.
It is difficult to know where the technology will develop fur-
ther, but new methods of synthesizing polymers and other
molecules are still being investigated. There will always be a
need to change or improve something’s appearance or protect
it from its environment, so it is difficult to imagine a future
without paint and coatings.
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Notes

1 Atlas Powder later became ICI Surfactants.

2 By way of Union Carbide and, originally, Rohm and Haas.
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Modern Paints, Conservation of

James Coddington

Abstract: This paper reviews a twenty-year-old survey of paint-
ings from the Museum of Modern Art (MoMA) in New York.
This survey of almost 150 paintings using synthetic paint media
revealed that the condition of these paintings is in general quite
good. The survey also provided direct responses from the artists
regarding their selection of materials and thoughts on longev-
ity of the specific works. The paper goes on to review in depth
a treatment of a complex painted object, VI.XXXII by David
Novros (1966), as well as noting examples of restorations of
several others: an architectural model of Alvar Aalto’s Church of
the Three Crosses made in 1998 for the architect’s retrospective at
MoMA, and the painted sculptures Two Cheeseburgers, With
Everything, a work from 1962 by Claes Oldenburg, and Donald
Judd’s 5 Green Rectangles from 1968. The paper concludes with
some reflections on the future of the study and treatment of
works that incorporate synthetic paints.

Introduction

The title of this paper, “Modern Paints, Conservation of;” is
fashioned like a single entry in an index. That sense of an
indexed entry affords an approach to the topic in several dis-
crete sections. The first section is motivated by the observation
that we are becoming what may well be called the “survey
generation” of conservators. We are collecting information at a
rapid clip. I do occasionally wonder how much of this data will
ultimately be used by future conservators, but only occasion-
ally, and never often enough to interfere with the collection
of survey data on the Museum of Modern Art’s collections.
That said, I think it opportune to revisit a survey, now almost
twenty years on, of acrylic paintings in MoMA’s collection. I
do so mostly as a means to address the topic of the conference,
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but also as a means to assess the ultimate usefulness of a survey
some reasonable amount of time down the road. In addition,
some of the key information in the survey came directly from
the artist, and this is a critical contribution to the ultimate goal
of Modern Paints Uncovered’s proceedings—the proper care of
modern art. I find many of these entries to be useful combi-
nations of common sense and thoughtful reflection, and so I
resort to them rather frequently.

After first reviewing the survey and using it to provide
examples, I discuss in some detail the treatment of a single
painting, David Novros’s VI XXXII (1966). I do this for two
reasons: first, because it deals with a painting with a syn-
thetic paint medium; and second, because the treatment also
involved close collaboration with the artist in essentially refab-
ricating the work. The latter allows a deeper discussion of the
role an artist can, or should, play in actual restorations—not
just in surveys. While this is not a new topic by any means,
I thought it worth adding one more example to this ongoing
discussion within our profession. In this case, the treatment
was driven by the nature of the paints the artist used.

The final section will discuss a few instances of works in
MoMA’s collection that I suspect, along with new surveys and
other restorations, will be fodder for MPU: The Sequel.

The Survey

The somewhat misleadingly named Acrylics Survey at MoMA
was initiated nineteen years ago (MoMA 1989); the principal
conservator in charge of the project was Carol Stringari. Almost
150 paintings were surveyed, including a detailed examina-
tion of materials and condition as well as sampling of a select
number of works. A questionnaire was sent to the artists, with



a reasonable return rate of about 20 percent. Before getting
into the details of the survey, some general observations are
in order. First, it was not just acrylics that were surveyed; syn-
thetic media more generally were the topic. In addition, these
works were not just paint on canvas; they included a variety of
substrates. Those that were painted on canvas involved a range
of different initial preparations of the canvas. Some were sized;
others were unsized. Some had ground; others did not. Some
used commercial grounds; some grounds applied by the artist.
And so on. Most grounds were acrylic gesso, and there was a
definite understanding that it was bad practice to use acrylic
paints on some other preparation, such as an oil ground.

Similarly, some artists noted that diluting the acrylic gesso
could lead to problems. As Richard Artschwager observed,
“Where gesso was cut with water there can be flaking. This is
well known I think” The artists also showed a definite sense
of understanding of the general material properties of paint;
quite a number of them noted that bad things happen when
paintings, acrylic paintings in particular, get cold. For example,
one artist noted, “At cold temperatures acrylic films will shat-
ter” Indeed they do.!

This clear attention to craft and materials was, of
course, the starting point for a great deal of experimentation.
The following materials were observed by the conservators
and/or attested to by the artists: oil paint mixed with Lucite
44, polyurethane lacquer and oil paint, collage, India ink,
Rhoplex, chalk, powdered glass, sand, pebbles, wood shav-
ings, Styrofoam pellets, cotton, string, seeds, fish scales, and
eggshells. Thus the paint, albeit modern, may be in some cases
more a convenience for the artist, a means to an end, or more
accurately, a vehicle for getting other materials onto a surface.

A few other general observations/statistics gleaned from
this review were as follows:

« Of the approximately one hundred and fifty works
surveyed, eleven were clearly varnished, although
local varnish was suspected in additional instances.

o Twenty works were sampled for more extensive tech-
nical analysis, and each work was tested for solubility.
In very general terms, solubility in water was found to
be minimal. The same was true for benzine. However,
the paints were almost universally and unsurprisingly
susceptible to solvents such as xylene and acetone.

A bare handful had either known or suspected prior
treatments. Of the known treatments, most involved
surface cleaning. Almost none of these treatment
records indicated structural treatment of any sort.
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» The survey form closed with an opportunity for the
artists to offer general observations on their materials
and techniques. It is no surprise that no artist feared
for the long-term prospects of their paintings. If the
notion of longevity was noted at all, it generally took
the form of, If you take care of the painting it will last.
Perhaps the most memorable formulation of this was
from Susan Rothenberg, who wrote, “Try not to let
roof leak on the pntgs. Once a pntg got a terrible fun-
gus + ripped from mildew on the back of the canvas.
If your roof is ok, so is my picture.”

With these general trends and observations in hand, I
pulled out at random eight survey sheets and went to MoMA
storage to examine each of the works.*

Edda Renouf’s This I

The first painting examined was Edda Renouf’s This I (fig. 1).
Painted in 1973 and acquired in 1983, it is in excellent condition.
The most notable feature of the painting is that in several long
runs the artist has pulled threads out of the canvas to create

FIGURE 1 Edda Renouf (American, b. 1943), This I, 1973.
Synthetic polymer paint on canvas, 40 X 40 cm (15% X 15% in.).
New York, The Museum of Modern Art, The Riklis Collection
of McCrory Corporation. Digital images © 2006 The Museum
of Modern Art. Published with permission of the artist.
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troughs for the ground to fill. It is these lines, where there is no
fill thread and where the regular texture of the canvas has been
disturbed, that create the geometric composition. Short threads
were added on the surface to mimic the base threads of the fab-
ric, which are in fact intact and visible on the reverse. The artist
on her questionnaire indicated that the ground is straight acrylic
gesso, on top of which she applied glazes in oil. As noted, despite
the weakening of the canvas structure, the painting is in fine
condition, with no planar distortion or other problems arising.

Malcolm Bailey’s Hold, Separate but Equal

The second work examined was a Malcolm Bailey: Hold,
Separate but Equal. This work, painted in 1969 and acquired
by the museum in 1970, is on untempered Masonite and,
according to collection records, is painted in synthetic poly-
mer paint, presstype, watercolor, and enamel. Examination of
the work in 1987 also revealed a varnish on the painting that
was applied somewhat unevenly over the surface. Some of
the figures, painted in white, show incipient cleavage, but the
varnish would seem to be preventing flaking in these areas.
Close examination revealed the varnish had trapped some
dirt and frass beneath it, further evidence that the artist had
applied it. The unevenness of application of the varnish also
suggested application by the artist, yet the actual nature of
the varnish remains unclear. The report indicates, without
citing the source of the information, that the varnish may be
Krylon. While no sample of the varnish was taken for further

testing, solubility tests indicate it is slightly soluble in benzine
and readily soluble in xylene.

This is one of the few pictures in the survey with any
prior treatment. An attempt to clean the painting was made
in 1984, when some test cleanings were done. But in the end
the attempt was abandoned without recording the reason.
Although some structural problems with this work were
observed (the already-noted incipient cleavage), it looks to
be restricted to areas estimated to be watercolor/gouache, and
does not affect the synthetic paint areas.

Robert Goodnough’s Struggle

Robert Goodnoughs Struggle (fig. 2A), painted in 1967 and
acquired by the museum in 1969, is also a mix of media.
Collection records indicate oil, synthetic polymer paint, char-
coal, and pencil. The shapes on this canvas are made by paint-
ing within masked-out forms, the crisp edges of tape being
evident on close examination of the forms. Here too there
is use of local varnishing. In this case the artist manipulated
the gloss throughout the picture as a fundamental aesthetic,
a means of further distinguishing the forms and shapes of the
composition (fig. 2B).

Overall, the painting is in sound condition; just one small
area of cracking is visible along one edge, very likely the result
of some careless handling in the past. Notes from the 1988
examination indicated some yellowing of the ground then,
thought to possibly be due to a reaction with the canvas. The

FIGURE 2A Robert Goodnough (American, b. 1917), Struggle, 1967. Synthetic polymer

paint, oil, and charcoal on canvas, 149.8 x 294.8 cm (59 X 116% in.). New York, The

Museum of Modern Art. Given anonymously. Digital images © 2006 The Museum

of Modern Art.

FIGURE 2B Detail of figure 2A.



local varnish was also noted to be somewhat yellowed at that
time, but it is difficult to say whether the yellowing in either
case has advanced significantly since then. In any case, how-
ever, this picture is in sound condition.

Alan Cote’s Distant Warmth

Alan Cote’s Distant Warmth, painted in 1978 and acquired in
1979, is acrylic painted in multiple layers on cotton duck. The
artist stated in his questionnaire that he sometimes adds gel
medium to his paints, and this probably accounts for the var-
ied gloss throughout the painted surface. Cote’s questionnaire
contained extensive responses, a number of which reflect the
practice of other artists. In 1988 he was using Golden Acrylics,
having switched from Bocour Aquatec, a transition also made
by several other artists. He also notes, tellingly, “I think acrylic
conservation should deal with use of the best matte or gloss
varnish to protect the surface.” This concern with varnish is, in
my experience, rather common. Artists, when discussing their
paintings, will frequently regard the varnish as a protective
layer; yet they are also aware that the varnish (and ultimately
devarnishing) can have profound effects on the appearance of
their painting. Cote addressed this by going on, rather enig-
matically, “considering that the pigment is safe underneath”

Jules Olitski’s Thalass, Mystery #10

Jules Olitski’s Thalass, Mystery #10, painted in 1978 and
acquired in 1982, was the next painting examined. The paint-
ing is executed on a heavyweight cotton duck mounted on an
expansion bolt stretcher, but it is somewhat different from
the other works in this random selection from the survey.
A considerable buildup of impasto—probably due to direct
application of medium to create a sculpted surface—charac-
terizes this painting. Olitski wrote, “I use gel medium when it
serves such purpose as having to do with luminosity or sur-
face quality or both” This material remains slightly soft, and
thus the painting shows no signs of cracking or lifting paint.
The softness of the impasto and paint does not appear to be
the result of plasticizers or other material that is migrating to
the surface, or if it is, it is not attracting an inordinate amount
of dust.

The edges are infused with an unknown adhesive, while
the ground, which can only be seen along the edges, appears
to have been applied by the artist. The paint Olitski used was,
according to his written response, Bocour Aquatec. The gel
medium has discolored somewhat, perhaps depriving the
painting of the luminosity the artist initially sought from the
gel medium. However, it is impossible to know if this discol-
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oration has changed significantly in the nineteen years since
the survey.

The solubility of this work is also somewhat different
from that of others in the random selection, showing only
slight solubility in ethanol, whereas others are very soluble in
both ethanol and aromatic hydrocarbons such as xylene. Test
cleaning of this surface in 1988 indicated that with repeated
application of moisture a “foaming effect” was observed.

Billy Al Bengston’s Gregory

Billy Al Bengston’s Gregory (1961), acquired by the museum
in 1962, is oil and metallic paint on composition board. This
is the only work in the survey selection that relies extensively
on airbrushing. The base color is oil paint, and then Bengston
sprayed, according to his response, a polyurethane lacquer
mixed with pigment. The result is a fairly glossy surface that
remains in sound condition.

Agnes Martin’s Red Bird

A very different paint surface from that of the Bengston can be
seen in Agnes Martin's Red Bird (1964), which came into the
museum’s collection in 1970. Her typical matte white is subtly
marked by lines drawn across the width of the canvas. The
paint layer is composed of a thin acrylic gesso layer, and then
acrylic paint. The lines were drawn with a red wax pencil. This
is one of the few works in the survey that had prior treatment.
In this case there were two campaigns. One was the removal,
or more accurately diminishing, of handling marks by retouch-
ing the disfiguring marks with Hyplar (Grumbacher) acrylic
paint. The other treatment was the removal with xylene of a
blue ballpoint pen mark.

On her questionnaire, the artist suggested the work
could be sprayed with “Blair” acrylic spray if needed, but a
somewhat uneven spray can be seen on the surface, suggest-
ing the artist had already applied one. A test cleaning of the
varnish in 1988 showed it was slightly discolored at that time.
Otherwise this too is a work in very good condition.

Donald Judd’s Untitled (1961)

Finally, Donald Judd’s Untitled from 1961 (fig. 3A), is oil and
acrylic painted on a Masonite panel. A subtle combination
of paints and colors characterizes the surface, a very matte
blue that also shows a thin layer of red over much of it. The
white horseshoe shape is also very matte and thick, but has
less texture than the blue base color. Both the white and the
blue show many air bubbles throughout, indicating these are
probably aqueous media. The construction of this painting is,
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FIGURE 3A Donald Judd (American, 1928-1994), Untitled, 1961.
Synthetic polymer paint, oil, charcoal grit, and sand on com-
position board, 183 x 121.7 ¢cm (72 X 47% in.). New York, The
Museum of Modern Art. Gift of Leo Castelli. Digital images
© 2006 The Museumn of Modern Art. Art © Judd Foundation.
Licensed by VAGA, New York.

like so many of the others cited here, complex. The texture on
this panel is the result of Judd having put clots of paint and a
considerable amount of sand and charcoal grit on the surface,
after which he painted over them. These materials can be seen
in a few areas where the upper layer is lost, thus revealing the
structure. It is difficult to see how Judd isolated these materi-
als, particularly the charcoal, from the final layer of blue paint,
but it appears that there was an overall layer of white on these
coarse materials. Of even more interest is that he was also

FIGURE 3B Detail of figure 3A.

manipulating the gloss of the overall surface, locally varnish-
ing quite noticeably (fig. 3B). Despite the loss of the tips of
impasto in a few areas, this painting, too, is in basically sound
condition.

Restoration of David Novros’s VI:XXXIT

So what does this survey of a survey reveal? That, typically
enough, when artists turned to modern paints, experimen-
tation of all sorts continued. We can also conclude that, to
the extent the eight randomly selected works represent the
entire survey, the works are in good condition. Nevertheless,
there are times when good structural condition may be almost
beside the point. For this reason, it is fruitful to examine in
some detail the conservation of a single work, David Novros’s
VIXXXII, from 1966, acquired by MoMA in 1971 (fig. 4).

The restoration was undertaken because of the discolor-
ation of the synthetic paint medium Novros used.> However,
the path the treatment took and the role the artist played,
ultimately leading to his repainting of the work, led to useful
discussions regarding how the overall aging of synthetic paints
may affect treatment options and, more generally, how we
confront works that are fundamentally altered from the artist’s
original intention.*

Condition and Materials
The collection management information on this work is as
follows:



VI:XXXII / David Novros / 1966 / vinyl lacquer paint on

shaped canvases in 6 panels / overall 14'7%" x 6 9%"

The canvases, after stretching, had been prepared with
several layers of white vinyl house paint, the kind, according
to the artist, “they use on the rubber walls in insane asy-
lums” (MoMA Object Files). Novros then mixed pearlescent
pigments (brand name Murano) into the vinyl lacquer and
sprayed multiple layers onto the canvas. The result was a mul-
tichromatic surface, as the pearlescent pigments changed color
with angle of viewing.

The work was exhibited relatively rarely, and the issue of
its condition was raised by the artist on a visit to the museum’s
storage in the mid-1980s. He noted that the medium, while
still quite flexible, had yellowed, significantly diminishing the
effect of the Murano pigment. The wooden stretchers, made
by the artist in order to achieve the precise shape and depth he
wanted, were staining through the canvas, resulting in a kind
of foxing effect on many edges. All in all, the surface of these
panels—meant to glow and refract light—had lost that essen-
tial luminescence. The stains had also cost the work its ability
to float off the wall, since they obdurately declared the plane
of the canvas.
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Treatment Discussion

MoMA conservators undertook research into Novros’s mate-
rials to try to understand what had happened. The artist had
recently restored a similar work, so he was able to provide
guidance on where to find these materials. Considerable dis-
cussion ensued with Novros about the restoration, concerning
both materials and procedures.

The first treatment step, which was easy to determine,
was the removal of the canvases from the stretchers in order
to address the cause of the staining at the edges. The stretchers
were then isolated with Marvelseal (Ludlow Corp.) and the
canvases reattached to the stretchers.

Various options for treating the painted surface were
considered, and all were discussed at length with the artist.
Complete refabrication, suggested by the artist, was rejected.
It was also decided that painting over the existing paint layer
would not be satisfactory, as Novros thought the underlayers

FIGURE 4 David Novros (American, b. 1941), VLXXXII, 1566.

Vinyl lacquer paint on shaped canvases in six parts, overall 207.6
X 445.1 cm {81% X 175% in.), New York, The Museum of Modern
Art. Gift of Charles Cowles. Digital images © 2006 The Museum

of Modern Art. Published with permission of the artist.
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would be likely to bleed into the new layers, creating new dis-
colorations and disturbances on the surface. It was also thought
that the additional paint would soften the edges too much,
diminishing the crisp, sculptural quality.

Removal of the discolored layer became the only solu-
tion, but this, of course, would entail removing original
material, and in this case pigmented original material, not
merely an original varnish, raising significant ethical issues.
However, it was decided that the discolored surface was irre-
deemable and that repainting would be a more authentic
presentation of the artist’s original vision. This possible treat-
ment was further complicated by the fact that the exact origi-
nal paint materials were no longer available. The pearlescent
paint, Murano, was no longer available, and the medium it
was mixed into had changed as well. It was decided that test
panels would be made with the available paints to determine
the best formulation for the projected repainting. It was also
decided to see whether the original panels could be cleaned
of dirt and grime, and then the discolored coating removed
to reveal the base white layer.

Cleaning

Dirt and grime were removed with a simple saliva cleaning.
Various cleaning solutions were tested for removing the coat-
ings. These included emulsions of xylene, Triton X-100, and
either ethanolamine or benzyl alcohol, in the hope that an
emulsion would give more control than solvents. The increased
control was desired to keep the cleaning restricted to the clear
coating layer, although it and the base white had very similar
solubility. In the end it was decided to remove this top layer
with a toluene-acetone mixture, thinning the layer successively
(fig. 5). Novros saw the cleaning in progress and offered
the additional suggestion that when the cleaning was done,
another layer of white be put down to even out the surface
before he sprayed the opalescent paint on.

It would be nice to say that this cleaning went smoothly,
but in fact an unusual series of problems arose. More accu-
rately, they were unusual in the context of cleaning a tradi-
tional oil painting, but were perhaps not unusual for cleaning a
complex layering of polyurethane spray paint.

o After the last panel was cleaned, a review of the previ-
ously cleaned panels, which had been stored in the
dark for some time, showed that they had acquired a
mottled appearance. The darker, yellow areas showed
clearly under UV examination as residual lacquer, but
they were much more yellow than any of the origi-

FIGURE 5 David Novros, VI.XXXII (fig. 4), during cleaning.

nal had been, suggesting some sort of reaction with
the solvents and/or that underlying paint layers had
contributed to the discoloration. These residues were
then removed with additional cleaning, this time with
a benzine-acetone mix.

In addition, during the cleaning a swelling of the
white layer was readily seen—the canvas texture all
but disappeared for a few hours. Ultimately this layer
shrank back and revealed the canvas texture quite
fully. The long-term effect this swelling might have on
the work is not known but is of clear concern.

During this final cleaning another unusual phenom-
enon cropped up: the appearance of a few small red
dots with a slight pink halo around them. Presumably
the result of migrating materials, the spots tended

to spread slightly when solvents were applied in an
attempt to remove them. It was decided to cover and
isolate them with white acrylic paint before the artist
returned to begin repainting the canvases.

Repainting

Before repainting could begin, additional research was nec-
essary to find a viable substitute for the vinyl paint. The vinyl
lacquer was extremely flexible when applied and had retained
that elastic quality. As a possible substitute Novros suggested
Cel-Vinyl (Cartoon Colour Company), a paint used in the
animation industry. However, in the end an acrylic lacquer,



Duracryl White Mixing Acrylic Lacquer DMA 311, was used.
Added to this were DX 316 Flexative and DCA 468 Acrylic
Lacquer, all thinned with DTL 16 Duracryl Acrylic Lacquer
Thinner (all PPG Industries). Test panels were sprayed to
arrive at the proper proportions of the ingredients, and then
the bottom edge of one panel was sprayed to make sure there
would be good adhesion between this new white layer and
the original.

Several weeks were allowed for drying and to determine
that the new paint was performing as expected. Novros then
returned to spray all the panels with a thin coat of white. This
was decided upon in order to achieve the most consistent
white layer possible, for, as noted before, Novros was clear that
the tinted lacquer layer would only be as good as the initial
white layer.

After again allowing several weeks’ drying time, during
which the panels were also evened out by rubbing with cheese-
cloth, the artist returned for the final spray coats of tinted
lacquer. This mix was thinner than the white pigment layer
and contained surprisingly little opalescent pigment. Each
panel was sprayed with an initial thin coat of this paint mix,
and then, after drying for a minute or so, was sprayed again
with a thicker layer. Although some differences in the density
of the lacquer layer were evident from panel to panel, Novros
was not concerned, saying, “This is part of the deal, they don’t
have to be exactly alike”

After he was done spraying each panel, it was closely exam-
ined. A few spots where lacquer had accumulated were shaved
back down into plane, and one was sprayed just with thinner, to
re-form the surface to be smoother, glossy, and thus more con-
sistent with the other panels. In the end, the artist declared him-
self satisfied with the restoration. The work was shown several
years later in an exhibition in a New York gallery.

Discussion

The artist’s satisfaction with the results, while gratifying,
does not, of course, answer all the questions that the restora-
tion poses to conservation practice. It was clear at the outset
that the polyptych was a pale representation of the artist’s
intention. The inherent vice of the vinyl lacquer, its discol-
oration, was global. This necessitated an irreversible treat-
ment much the same as a varnish removal, with the critical
difference that it was a pigmented coating being removed.
Yet it was precisely the compromising of the pigments by
the discolored lacquer that had necessitated the treatment
in the first place. That there were, and remain, unanswered
questions surrounding this treatment is reflected well in the
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closing at the end of the treatment report: “To be continued.”
Perhaps this too can be revisited whenever a second MPU
conference occurs.

Conservation of Painted Surfaces

This would be a cramped presentation of the conservation of
modern paints if it were restricted to paintings. There is a great
deal of paint to be found on three-dimensional surfaces as well.
The following sections describe just a few examples of complex
paint problems we have found in the MoMA collections.

Claes Oldenburg’s Two Cheeseburgers, With Everything
The first example is a Claes Oldenburg sculpture, Two
Cheeseburgers, With Everything, a work from 1962. The “every-
thing” seems to include a persistent efflorescence of the paint
film. The work is recorded as plaster-soaked burlap with enamel
paint, and it would seem that the plaster moves through the
paint film, breaking through in small areas, suggesting a slightly
moldy hamburger. It is not so much the paint that is the problem
here but the substrate, and yet there is little we can do to rectify
the problem, as the paint film and substrate are so intimately
bound up together.

Model of Alvar Aalto’s Church of the Three Crosses

A second example is an architectural model of the Church of
the Three Crosses. Made in 1998 for the Alvar Aalto retrospec-
tive at MoMA, it quickly showed a very disfiguring eruption
on the roof of the church (figs. 6A and 6B). The defect shown
here suggests a fault that may lie more with application tech-
nique than with the materials used. According to the model
maker for the museum’s Aalto exhibition, he used exactly the
same materials for all of the models constructed: a pheno-
lic foam, calcium carbonate-rich filler, and acrylic emulsion
paint. However, this model was the only one to have suffered
any changes. The fault could be related to the fact that the
builder made this model last, completing it the night before
the opening and painting directly on wet filler.

X-ray diffraction and Fourier transform infrared (FTIR)
spectroscopy confirmed that calcium formate was produced at
the filler-paint interface and caused the efflorescence and paint
bubbling. This was caused by formate ions originating from
the foam matrix and reacting with the filler, which was under-
bound calcium carbonate (McGlinchey and Griffith 2001). The
calcium formate then pushed its way through the acrylic film.
But the most disturbing aspect of this alteration was the blister
that formed beneath the paint. Aside from the high likelihood
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FIGURE 6A Model (1998) of Alvar Aalto’s (Finnish, 1898-1976) Church of the Three
Crosses (1955-58) in Vuoksenniska, Imatra, Finland. Plastic, cardboard, and synthetic

FIGURE 6B Detail of figure 6A.

polymer paint, 38.1 X 76.2 X 137.1 ¢cm (15 X 30 X 54 in.). New York, The Museum of

Modern Art. Purchase. Digital images © 2006 The Museum of Modern Art.

that artists will mix materials that are incompatible in this
way, the fact that museum collecting is expanding to include
such objects as architectural models, where the work itself was
originally intended to have a limited lifespan (one-time use),
other examples of incompatible materials are bound to arise
with increasing frequency.

Donald Judd’s Untitled

My final example is a Donald Judd sculpture.’ Here again there
are some profound aesthetic decisions that must be made
when undertaking global restorations like this one, especially
when we must substitute different materials from the original.

Judd’s untitled piece also known as 5 Green Rectangles,
from 1968 (fig. 7A), had been restored at least once before, in
1979, at which time it had been completely repainted. It was
repainted again in 2004, in preparation for MoMA’s reopen-
ing. In the intervening years, corrosion of the steel and dam-
age to the surface (fig. 7B) had accumulated to such a degree
that a complete repainting was deemed necessary. Repainting
of Judd works, while not routine, has been done—in some
instances with his approval (Temkin 2004). However, because
the artist died in 1994 these critical restoration decisions must
now be made without his approval.

In this most recent case, the first issue after it was decided
the work needed restoration concerned the color to paint the
sculpture. Records do not indicate what the original color was,
and the 1979 restoration had removed all apparent traces of the
original paint. That repainting was a collaboration with one of

the artist’s assistants and was done with a color called Sumatra
Green, one of the colors used by Volkswagen at that time
(Ditzler 2480 Sumatra Green). Sumatra Green is no longer
manufactured, but a color chip of the original color was found.
The current color and the color chip were each measured, and
paints were mixed that matched these spectrophotometrically.
The colors were blended into an acrylic-urethane medium
(MPC Single-Stage Satin Acrylic Urethane base, Matthews
Paint Company), and each was sprayed onto a metal tab and
then compared to the original. (Acrylic-urethane was chosen
for both its durability and its ability to achieve a sheen and
surface similar to other Judd-painted sculptures.)

Curators, in consultation with conservators, decided on
the color that matched the current color rather than the one
that matched the Sumatra Green as the most appropriate to
use to repaint the sculpture. The work was then shipped to
a foundry (Carlson and Co.), where each section was sand-
blasted and then solvent-cleaned to a near-white condition.
Primer (MPC E-Prime 908 White Epoxy, Matthews Paint
Company) was applied, followed by a sealer (PCL Polyprimer
901 Gray, Pacific Coast Lacquer). Then the custom-tinted
acrylic-urethane was applied.

What was essential to achieve in the restoration was
Judd’s desire for the sculpture to look like green metal, not
painted green metal. Thus the paint had to be applied very
thinly, yet it also needed to be rich and deep in color. Obviously
the choice of vehicle and pigment was critical, and this is just
one more example of how we all need to be keenly aware of



FIGURE 7A Donald Judd (American, 1928-1994), Untitled, 1968.

Painted steel, 122.8 X 305 X 307.6 cm (48% X 120 X 121 in.). New
York, The Museum of Modern Art. Mr. and Mrs. Simon Askin

Fund. Digital images © 2006 The Museum of Modern Art. Art

© Judd Foundation. Licensed by VAGA, New York.

new materials and their properties, often with an eye toward,
when necessary, closely replicating obsolete materials.

In an effort to extend the life of the current restoration
it was decided to add adjustable bolts as feet for the sculpture.
This would both raise the sculpture slightly off the ground to
slow down moisture-related corrosion and allow for bringing
the piece into apparent plane on uneven surfaces.

Conclusion

Having surveyed a survey, surveyed a complex restoration,
and at least alluded to the conservation difficulties we are
finding on a range of painted surfaces, what might we con-
clude about “Modern Paints, Conservation of”? In answer
to that question, it seems appropriate to return to the artists’
comments from the 1987 questionnaire. The last question on
the form was whether they had any recommendations for the
care of their work. David Novros succinctly summed up why
conservators do what we do when he wrote, “My work will be
preserved by being seen.” Finally, Jules Olitski offered the fol-
lowing: “T have no specific suggestions. I can only hope, in this
context, for an abundance of common sense (+ prudence) in
our present + future conservators + curators” So let us add
these useful reminders, as well as the wealth of knowledge
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FIGURE 7B Detail of figure 7A showing corrosion.

we are accumulating, to the entries under “Modern Paints,
Conservation of”

Notes

1 More than thirty detailed responses from artists and artists’
studios were received. The direct quotes used in this paper were

garnered from those responses.

2 All information relating to the eight paintings discussed in this
section is taken directly from the survey (MoMA 1989).

3 The project was initiated by Al Albano while he was head of
Paintings Conservation at MoMA. The treatment was done by
several interns at MoMA: Felicity Campbell, Elizabeth Estabrook,
and Hannah Streicher.

4 Information relating to works cited in this section and the
Conservation of Painted Surfaces section, such as treatment
records and artist statements, are found in conservation files and
curatorial files for the specific work at MOMA (MoMA n.d.).

5 See “The Re-restoration of Donald Judd’s Untitled, 1965”
(Khandekar et al. 2007), pp. 157-64 in this volume, for a more
detailed description of another Judd restoration.
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Manufacturers

Cartoon Colour Company, Inc., 9024 Lindblade Street, Culver City,

California go232, USA; www.cartooncolour.com

Grumbacher, Sanford Corp., 2707 Butterfield Road, Oak Brook,
IL 60523, USA; www.sanfordcorp.com/sanford/consumer/
grumbacher

Ludlow Corporation, Laminating and Coating Division, 1 Minden
Road, Homer, LA 71040, USA

Matthews Paint Company, PPG Industries, One PPG Place,
Pittsburgh, PA 15272, USA; www.ppg.com
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“Eternity Is in Love with the Productions of Time”: Joaquim
Rodrigos Classical Palette in a Vinyl Synthetic Medium

Joana Lia Ferreira, Maria Jodo Melo, Ana Maria Ramos, and Maria Jests Avila

Abstract: Aqueous emulsion paints were developed in the 1950s
and have been used in works of art in Europe and in the United
States ever since. During this period, the Portuguese artists’ mate-
rial company A Favrel Lisbonense developed several series of vinyl
aqueous paints: Sabu colors, Geo fluorescent colors, and Vulcano
V7 binding medium. Until 1974 in Portugal, all imported materials
were extremely expensive, and this was one of the reasons Favrel
products were so popular among Portuguese artists. Favrel was
initially founded in Porto, and was transferred to Lisbon in 1891
by José Netto Varella. His grandson, Anténio Varela Gomes, intro-
duced large improvements in the company and was responsible
for the development of the vinyl aqueous paints. Joaquim Rodrigo
(1912-1997) was one of the first Portuguese artists to use this
new synthetic medium. From 1961 on, Joaquim Rodrigo always
made his own paint using the Vy vinyl emulsion. An outstand-
ing artist, Rodrigo was a key figure contributing to Portuguese
modernism. A detailed characterization of the original colors
found in a handmade catalogue of the Sabu line, owned by the
Varela family, is presented in this paper. Twenty-one colors are
displayed in it, and are characterized at the molecular level by in
situ X-ray fluorescence (a nondestructive technique) or by Fourier
transform infrared microspectroscopy (requiring microsampling).
Finally, the results obtained are compared to samples from works
of Joaquim Rodrigo.

Introduction—The History of Favrel

A Favrel Lisbonense' is the oldest Portuguese fine arts materi-
als company still in business and it has a long tradition; it was
the first to introduce vinyl paints for artistic use in Portugal.
The first reference to this company, “Favrel Portuense,> was
in the eighteenth century?®and, according to the family, it pre-

pared paints for the naval industry. Information from written
records, such as catalogues, begins with José Netto Varella,
who was Favrel’s manager from 1869 to 1891 in Porto. He was
also responsible for the company’s branch in Lisbon, to where,
in 1891, the business was transferred. Favrel also ran a shop
known as Casa Varela.*

José Netto went to Paris to learn about the art of gild-
ing and, when he returned, introduced some new techniques
to Portugal, such as working with aluminum-based products.
After this trip, Favrel advertised the production of gold, silver,
platinum, and aluminum leaf and powder (fig. 1). This infor-
mation can be found in Favrel’s first catalogues, from the early
twentieth century, which list a diversity of materials, such as
gold and other metal leafs, powders, and liquid paints; metal
powders for pyrotechnics; crystal tears and blood for religious
sculpture; glass and crystal eyes; brushes and all kinds of artists’
tools; oil paints, watercolors, pastels, pigments, varnishes, and
essences; and enamel paints (as early as 1904). Favrel produced
its own metal leafs and varnishes and was also the representative
in Portugal for many international companies: Reeves & Sons,
Lefranc, Winsor & Newton, Paillard, Talens, Pelikan, Nelis,
Shemink, Whatman, Nipon, Molin, Colorin, and Pearlin.

From 1925 to 1949, the family business was owned by
José Netto Varella’s daughter Arminda Pereira Varela and, after
her death, her sister Maria Pereira Varela Gomes. They main-
tained the company but did not introduce significant changes.
After about 1935 the business was managed by Ant6nio Varela
Gomes, Maria P. Varela Gomes’s son.

In a 1939 catalogue, a few new materials produced by
Favrel were introduced—paint, fixative, and white glue, as well
as some kind of powder glue named Vulcano—but no ref-
erence was made to the materials used in their formulation.

43
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FIGURE 1 Favrel catalogue cover from the early twentieth cen-

tury; main advertisements include “Gold, Silver, Platinum and
Aluminum leaf and powder factory. Materials and Tools for
Painters, Gilders, Santeiros [saint-image makers], Bookbinders,

and Pyrotechnists.”

Over a decade later things began to change. In the 1950s Favrel
was already advertising a selection of new modern products,
such as the “New, Plastic, Modern—Opaque tempera colors”
Sabu (fig. 2), described as a “waterproof product,”> Omar syn-
thetic enamels, synthetic dyes, and Radex “atomic age paints,”
which were fluorescent colors. Anténio Varela Gomes, who
became the owner in 1952, was responsible during the fifties for
the company’s development and for the production of mod-
ern plastic paints. In particular, he developed a series of vinyl
aqueous paints with trade names such as Vulcano V7 white
glue, Sabu tempera colors, and Geo fluorescent paints. Varela

Gomes was a cultured person with an eclectic upbringing and a
inquisitive mind. He owned an art gallery and was close friends
with many Portuguese artists. He was also a persistent man, an
“entrepreneur;” who was able to run a successful business in a
time when this was very difficult in Portugal (Callapez 2000),
as Antonio Oliveira Salazar (Portugal’s dictator from 1932 to
1968 and president of the Minister’s Council) did not approve of
industry. Varela Gomes died in 1970, but the business continues
to be managed by his family today.® Sabu paints and Vulcano
V7 glue became Favrel’s most popular materials.” The develop-
ment of these modern artists’ paints was especially important
during the 1960s and the 1970s, when imports were restricted
in Portugal. The development of local products meant that new
materials were made accessible to Portuguese artists at accept-
able prices.® Their availability and price were the key reasons
Portuguese artists® used Favrel vinyl paints or the Vulcano V7
glue to prepare their own paint during this period.

Favrel Emulsions

To our knowledge, Favrel usually used two different polymer
brands for the Vulcano V7 glue and the Sabu line (see fig. 2).
After 1954, Synres Portugal,® a chemical company in Portugal,
produced a polyvinyl acetate (PVA) emulsion, Synresil LMis,
which was composed of PVA, 2,2-ethylhexyl phthalate as plas-
ticizer, and a cellulose ether as emulsifier.” This company was
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FIGURE 2 Inside of a Sabu catalogue from the 1960s, where the
twenty-one Sabu colors are hand painted in cardboard triangles.
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one of Favrel’s suppliers;™ therefore, it is possible that Antdnio
Varela Gomes prepared the first emulsions in the fifties using
a Synres vinyl emulsion to make V7 white glue. Furthermore,
according to the company’s formulation notebooks, it appears
that between 1954 and 1987 the polymer used in the Vulcano
V7 (white glue) formulation was Synresil LM15."4

On the other hand, in the Sabuline (PVA-based aqueous
paint), the binding medium was Vinamul.s There is a refer-
ence in a 1978 notebook to Vinamul as the binder used, and
a 1985 notebook refers to Vinamul 6975, vinyl acetate-vinyl
versatate copolymer. Nowadays, the polymer used is a vinyl
acetate-vinyl chloride-ethylene terpolymer. The films formed
with this terpolymer are considered to be more resistant to
hydrolysis than PVA homopolymer and copolymer disper-
sions, and they also have a higher mechanical strength (Stoye
and Freitag 1991). Furthermore, at least since 1978, the pig-
ments have been first encapsulated in a cellulose ether and
only afterward mixed with the vinyl emulsion.

Geo is another aqueous paint formulation by Favrel, for
fluorescent colors, and it was first made as a casein tempera.
However, its formulation changed and the binding medium
became the same as that used for Sabu.

Finally, since the early 1990s Favrel has also produced
an acrylic series. In these paints the binder is a copolymer
p(EA-MMA) produced by Marl Polymer Latex and distributed
in Portugal by Sarcol. According to the literature, p(EA-MMA)
is also the acrylic polymer used in Grumbacher (Learner
2004) and Liquitex (Langley and Burnstock 1999) paints from
the early 1990s. An acrylic varnish is also available, in which a
blend of p(nBMA) and p(MMA) is used.’®

Joaquim Rodrigo and V7

One of the most important Portuguese modern artists to use
Vulcano V7 to produce his own paints was Joaquim Rodrigo
(1912-1997). Rodrigo was an agronomist who worked at the
city hall in Lisbon and was one of those responsible for the
construction of Monsanto Park, an important park still known
as the city’s “lungs” In 1950, when he was 38 years old, Rodrigo
started to paint after a journey to Italy and Paris. There he had
had the opportunity to view the work of Renaissance mas-
ters, impressionists, and modernists, particularly Picasso and
Mondrian (Rodrigo 1982; Lapa 2000).

Following a foray into geometric abstraction, Rodrigo
entered the Portuguese art scene in 1961 with a collection of
new figurative works—a new paradigm that turned him into a
central figure in Portuguese visual art. His strong bent toward

FIGURE 3 Joaquim Rodrigo (Portuguese, 1912-1997), M.L., 1961.

Vinyl on plywood, 73 x 100 cm (28% x 39% in.). Private col-
lection, deposited at the National Museum of Contemporary
Art (MNAC—Museu do Chiado). Photo: José Pessoa, Divisio
de Documentagdo Fotogréfica—Instituto Portugués de
Museus. Reproduced by permission of Maria Henriqueta
Miranda Rodrigo.

storytelling led Rodrigo to use the paintings as a “diary” in
which he recounted episodes of the Portuguese political scene
and the colonial war that troubled him, under titles encoded
in enigmatic initials in order to escape censorship. Formally,
this work establishes a unique synthesis of the primitive paint-
ings from Lunda (a region of Angola),” the orthogonal matrix
that structures the paintings of Joaquim Torres-Garcfa,”® and
the austere colors shared by both of these influences (Lapa and
Avila 1999; Avila 2003). The first work chosen as a case study
belongs to this period: M.L. (Morte de Lumumba/Death of
Lumumba), shown in figure 3.

Later, from 1969 onward, Rodrigo theorized and put into
practice a “scientific and universal” pictorial system that he
called “pintura certa” (correct painting).” The system involves
formal, chromatic, and compositional construction of works.
Minute perceptions of banal events in his travels led to a nar-
rative based on the distribution of graphically synthetic signs,
isolated and mapped within the space of the image. Subject to
the rigor of the orthogonal system and to a precise chromatic
configuration, the signs function as an index to the move-
ment (intensifying the movement suggested by the title) and
inscribe a temporal value (Franga 1984; Lapa and Avila 1999).
The painting Port-Ligat—Granada (1980) is an example from
this period (fig. 4).
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FIGURE 4 joaquim Rodrigo (Portuguese, 1912-1997), Port-
Ligat—Granada, 1980. Vinyl on plywood, 89 x 130 cm (35 X
s1in.). Private collection, deposited at the National Museum
of Contemporary Art (MNAC—Museu do Chiado). Photo:
José Pessoa, Divisao de Documentagido Fotografica—Instituto
Portugués de Museu. Reproduced by permission of Maria
Henriqueta Miranda Rodrigo.

FIGURE 5 (A) Vulcano V7 PVA emul-
sion mixed with water; (B) paint
prepared with V7 and red ochre
(both prepared by Sofia Agrela).

For his correct painting Rodrigo would use only the
four colors that he considered to be used in the “eternal paint-
ings”: “prehistoric painting, some Egyptian painting, Chinese
and Japanese, most of the Greek painting, Etruscan, pre-
Columbian, Romanic Catalan, aboriginal African, Australian,
and Amazonian” (Rodrigo 1982). He used two colors, red and
yellow ochres, and two limits, titanium white and a suitable
black. As he stated, “I prefer to use as white—the titanium
dioxide (as there isn’t a more convenient natural white), as
yellow—the yellow ochre or earth (the most hydrated iron
oxide), as red—the red ochre or earth (the least hydrated
iron oxide), and as black—the iron oxide (dehydrated) or the
vine black (as there is not a more convenient natural black)”
{(Rodrigo 1982). Other reasons given by Rodrigo for his pig-
ment choices were that these were the most natural and ubiq-
uitous ones, with better hiding power and durability, and also
that they were economical. Moreover, he considered the earth
ochre colors to be “fertile” colors.

The four colors (red ochre, yellow ochre, black, and white)
used by Rodrigo were prepared with white glue (Vulcano V7,
Favrel's PVA emulsion glue). The PVA emulsion was first diluted
in water; then the water was thoroughly mixed with the emul-
sion, using both hands, until a certain viscosity—“measured” by
feel—was obtained (fig. 5A). The emulsion thus prepared was
conserved in a bottle and used to prepare the paints by mix-
ing in the pigment with the aid of a brush (fig. 5B). The paints
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FIGURE 6 FTIR spectra of polyvinyl acetate homopolymer from
Sigma Aldrich (MW 83000), obtained with a diamond com-

pression cell, in a Continugm-Nexus from Nicolet microFTIR.

obtained were allowed to rest overnight. This allowed some of
the water to be removed before the paint was used, if necessary,
since it would separate out. Rodrigo usually made his colors
with a rather high concentration of PVA, which accounts for
their final appearance, that of shining velvet.>®

Case Studies

Sabu Hand-Painted Catalogue

Until the 1970s, Favrel produced hand-painted catalogues for
its colors, like the one shown in figure 2. It is a 16.3 X 20.1 cm
piece of cellulose cardboard, with twenty-one colors applied
on 2.7 cm equilateral cardboard triangles. We were able to
study one of these catalogues made with the original paints
from the Sabuline, which used a PVA emulsion as the binding
medium.

Sabu colors were analyzed by means of Fourier transform
infrared microspectroscopy (microFTIR) and X-ray micro-
fluorescence (microXRF). From the infrared spectra, it was
possible to obtain information concerning the pigments used,
as well as about the binder and filler. As a reference material, a
PVA homopolymer from Sigma-Aldrich (MW 83000) was also
analyzed (fig. 6). With FTIR it was possible to conclude that, in
all the samples, PVA was used as binder and calcium carbonate
as extender (fig. 7). The PVA polymer is clearly identified by the
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FIGURE 7 FTIR spectra of Sabu microsamples, obtained with a diamond com-
pression cell: (A) Burnt Sienna, where the PVA fingerprint is clearly displayed
(the intense absorption peak due to the calcium carbonate was blanked, as

it was out of scale); (B) French Ultramarine, absorptions due to the binder
(PVA), extender (calcium carbonate), and pigment (ultramarine blue);

(C) Prussian Blue, absorptions due to the binder (PVA), extender (calcium car-

bonate), and pigment (phthalocyanine).
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FIGURE 8 Fitting with a Gaussian function of the C=0 stretch-
ing absorption for (A) polyvinyl acetate from Sigma-Aldrich
with values of peak center y = 1738.44, full width at half
maximum o = 19.98, and correlation coefficient p = 0.992;
(B) Vulcano V7 PVA emulsion with values of 4 = 1737.80,

0 = 20.57 and p = 0.991; (C) Sabu Ultramarine Blue with
values of ¢ = 1738.08, 0 = 20.68, and p = 0.990; (D) polymer
extracted from Joaquim Rodrigo’s last white paint with values
of 4 = 173753, 0 = 20.23, and p = 0.987.

two strong absorption peaks assigned to the carbonyl stretch-
ing at about 1740 cm™* and the C-O stretching at circa 1240
cm, with an intensity ratio C=074°/C-0*%of 0.72 (Melo et al.
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2006; Chicago Society for Paint Technology 1969). This ratio,
together with the CH stretching absorption, is important for
distinguishing among homo-, co-, and ter-PVA polymers (see
the Appendix section of this paper). The presence of calcium
carbonate can be easily ascribed to the broad CO " stretch-
ing absorption centered at about 1430 cm™, together with the
877 cm™absorption due to O-C-O bending.

No broadening of the carbonyl band was observed in
any of the samples (fig. 8), which can be seen as an indica-
tion of the molecular degradation of the vinyl polymer (see
Appendix). Moreover, in the samples that allowed a clean
window for the O-H stretching, no relevant absorptions were
present that could be assigned to the formation of polyvinyl
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alcohol (PVAL) or hydroperoxide groups. On the other hand,
it was not possible to measure the ratio C=074/C-0"4, due
to the strong overlap of the carbonate absorption.

It was also observed from the FTIR and micro XRF data
that the color names of the paint often corresponded not to the
pigments used but to their shades. All of the blue colors, with
the exception of Ultramarine, were found to be made with
pigments that differed from their names: Cobalt Blue was a
mixture of ultramarine and white, Prussian Blue was a phtha-
locyanine, and Turquoise was probably a manganese blue.

The molecular characterization obtained for the colors
in the Sabu catalogue was further compared with recipes from
a 1978 notebook in the Favrel archives belonging to the fam-
ily. This confirmed that the name of the paint was not always
related to the name of the pigment(s) used. Nonetheless, all
pigments used in the paint formulations are among the best
colors available, with regard to stability and chroma.

Joaquim Rodrigo’s Vinyl Paintings

Microsamples from M.L. (1961) and Port-Ligat—Granada
(1980), which are held at the National Museum of Modern Art,*
and from a white paint, the last made by the artist in the 1990s,
were studied.

In all samples, the binding medium was proven to be
PVA by means of micro-FTIR analysis (fig. 9). Moreover, it was
also possible to calculate the ratio C=074/C-Q™4°, C=07%/
CH31374, and C=0v78/C-H?9%8 2935; therefore, a first characteriza-
tion of the molecular-level evolution of the PVA polymer was
achieved (see the Appendix to this paper).

The white colors were the first to be analyzed, because of
the expected higher degree of photo-oxidation in the presence
of TiO, pigment, a well-known effective photocatalyst (Wu,
Li, and Chu 2003). The PVA from the final white was carefully
extracted with acetone, to avoid the interference of the TiO,
pigment, specifically in the quality of the FTIR spectra baseline.
The spectra of the extract is represented in figure gA, and it is
constituted by pure PVA homopolymer (Melo et al. 2006), with
C=0Q7/C~-014 = 0.74, C=Ol743/CH31374 = 0.31, and C=074/
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C-H»% 23 = 0,10 and o.11. This compares well, within the
limits of experimental error, with an Aldrich PVA homopol-
ymer, C=074/C-0"° = 0.76, C=O‘7“°/CH;374 = 0.30, and
C=074/C-H»% 295 = 0.06, as shown in table 1. It is possible
to reach the same conclusions from the spectra obtained for the
microsamples analyzed from Port-Ligat-Granada (1980) and
M.L. (1961) (also shown in table 1), even though they do not
display the same spectral quality and purity.

4000 3500 3000 2500 2000 1500

Wavenumber (cm-")

FIGURE 9 FTIR spectra of Joaquim Rodrigo’s white micro-
samples, obtained with a diamond compression cell for

(A) extract of the last white paint left by the artist in his studio;
(B) Port-Ligat—Granada, 1980; (C) M.L., 1961.

1000
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Table 1 Relative intensities of selected FTIR spectra bands of Joaquim Rodrigo’s paints from 1961, 1980, and the 1990s and

of a PVA homopolymer from Sigma-Aldrich.

v(C—-H) CH3 v(C—H) CH2 8(C—-H) CH3 v(C=0) v(C-0)
2968 cm™ 2935 cm™! 1374 cm™ 1740 cm™* 1243 cm™*
Final white (ca. 1990) 0.10 0.11 0.31 1.00 0.74
Port-Ligat—Granada (1980) 0.07 0.09 0.30 1.00 0.73
M.L. (1961) 0.07 0.07 0.41 1.00 0.71
Sigma-Aldrich PVA 0.06 0.06 0.30 1.00 0.76
The results indicate that no relevant hydrolytic degra- Acknowledgments

dation is taking place in the PVA from Rodrigo’s works, and
consequently there is no PVAL formation or acetic acid release,
even in the presence of the efficient photocatalyst TiO .

Conclusions

It was possible to conclude that a PVA binder was used both in
the Sabu handmade catalogue and in Joaquim Rodrigo’s paint-
ings. Furthermore, it could be concluded that in Rodrigo’s
paints, the PVA was a homopolymer, based on the intensity
ratios between C=074/C-0"4 and C=04°/C-H?9%8 293,

After analysis of samples of Favrel vinyl emulsions taken
from a catalogue from the sixties, it was also concluded that
only the more stable colorants were chosen for the Sabu line,
and that in the PVA used as binder, no relevant changes at
the molecular level were observed. Moreover, the analyses of
three samples of vinyl paints prepared by Rodrigo by mixing
a white glue, probably Vulcano V7, with titanium dioxide,
indicated that no relevant molecular changes occurred in the
PVA polymer. In addition, all works by Rodrigo are in excel-
lent condition with regard to paint cohesion and its adhesion
to the support.

Therefore, in considering that no hydrolytic degradation
is observed in naturally aged samples from Rodrigo’s paintings
and the Sabu catalogue, it is possible to conclude that these
vinyl paints are well preserved.

At this point, further studies are required to confirm the
good stability displayed by these vinyl paints, particularly to
obtain the molecular-weight distribution of the PVA polymer
and to compare the results with accelerated aging studies.
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Mirio Varela Gomes for their generosity in giving access to all
the information and materials used in this work. A. M. Ramos
and J. L. Ferreira additionally thank Ratl Morgado Costa for
his extensive knowledge and the information he provided on
the Portuguese polymer industry.

Appendix

In PVA degradation, besides the photo-oxidative degradation
mechanisms present in polyolefin matrix (de la Rie 1992; McNeill
1992; Lemaire et al. 1996), acetate hydrolysis can also be present.
The photo-oxidative mechanism evolves through a series of
reactive intermediates and radicals, which is responsible for the
chain scission and cross-linking reactions that affect polymer
performance. Some of the most frequent intermediates include
a wide variety of carbonyl-based functional groups, such as
carboxylic acids, peracids, ketones, and lactones (Kopecky 1592;
Lemaire et al. 1996; Rabeck 1995; Turro 1991). As a result, their
presence can be inferred in a PVA infrared spectrum from the
broadening of the carbonyl band, resulting from the appearance
of several carbonyl functions besides the original ester one, as
well as from the appearance of hydroxide and hydroperoxide
absorptions from the O-H stretchings. Moreover, the degree of
acetate hydrolysis can be followed through the ratios C=074/
C-0r4, C=074/CH, ¥, and C=074/C-H?%29%,
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A similar procedure is routinely used to assert the cel-
lulose acetate degree of substitution (Heinze and Liebert 2004;
Samios, Dart, and Dawkins 1997) or hydrolysis/degradation
(Ballany et al. 1998). On the other hand, the broadening of the
carbonyl band can be quantified with spectra deconvolution
by nonlinear least-square method in a sum of Gaussians, or
by simple fitting with a Gaussian equation. The full width at
half maximum, together with the statistical fitting parameters,
X% and the correlation coefficient, allows an assessment of
whether the carbonyl absorption band has broadened or not.

The possible degradation pathways for PVA, described
in literature (Down et al. 1996; McNeill 1992; Rabek 1995),
involve the formation of acetic acid and PVAL. This degrada-
tion may proceed through a homolytic (bond homolysis with
the generation of radicals) or heterolytic (bond heterolysis)
mechanism (Bracci and Melo 2003). In both cases, if PVAL
is formed at the expense of PVA, it will be possible to fol-
low the evolution of the reaction by FTIR, in particular, the
degree of hydrolysis through the growth of the O-H stretch-
ing band and the ratios C=074/C-04, C=074/CH, ",
and C=074/C-H»%% 2935 (Melo et al. 2006). In a previous
study, carried out to calculate the minimum amount of PVAL
formed from PVA degradation, it was concluded that it would
be possible to quantify PVAL above 5 to 10 percent conversion
(Ferreira, Melo, and Ramos 2006).

Notes

-

Although the name of the company is A Favrel Lisbonense, Favrel
from Lisbon, throughout the text it will be referred to simply as
Favrel. According to official documents, it was registered as a

trademark in 1906.
2 Favrel from Porto.

A 1952 catalogue reads, “Favrel Lisbonense was founded in 1891 in

w

Lisbon, and its founder, José Netto Varella, had already worked at

his grandparents’ company (Favrel Portuense), dated from 1752

4 House of Varela. Although José Netto Varella’s name was written
with two Ils, the spelling of the family name was changed to Varela
in the twentieth century, when modern Portuguese came into use.
The simplified spelling that was generally introduced eliminated
most double consonants, and many families altered their names
accordingly.

5 “Water mixable, unmixable after drying”

N

After 1970, the family business was owned and managed by Varela
Gomes’s daughter and two sons: Maria Helena dos Santos Varela
Gomes E Caiado, Mério Augusto dos Santos Varela Gomes, and
Jodao Anténio dos Santos Varela Gomes. In 198s, it was decided

~

=]

10

11

16

17

18

19

to separate the factory and the materials shop, which was than
registered under the name of Varela Gomes—Artes Plasticas.
From that year until 2002, the factory was managed by Maria
Helena’s husband, Anténio Micael Franco Caiado. More recently,
from 2002 to January 2006, it was managed by their son, Ricardo
Varela F. Caiado, and since then by their daughter, Maria Varela F.
Caiado. The shop is still managed by Anténio Varela Gomes’s sons
and daughter.

Information supplied by R. V. E. Caiado, Favrel’s manager from
2002 to January 2006, in an interview in November 2004.

Under Salazar’s dictatorship (1932-68) and up until 1974, imports
were extremely restricted and imported products were very
expensive. Imported products became more readily available and
affordable in the 1980s.

These artists include Joaquim Rodrigo (1912-1997), Juliio
Sarmento (b. 1948), Eduardo Batarda (b. 1943), and Eduardo
Nery (b. 1938).

Indistria Quimica Synres Portugal, Lda, a joint venture between
Synres (Netherlands) and Sociedade Nacional de Sabdes
(Portugal). In 1971, Synres was bought by DSM Chemicals
(according to the DSM Web site), and Synres Portugal became
DSM Portugal. It stopped production in 1989, and in 1991 the

company became 100 percent Dutch owned.

Conversation with Ratl Morgado Costa (a chemical engineer
who worked for Synres Portugal from its establishment in 1954)
in May 200s.

Confirmed by Favrel’s written records and R. M. Costa.
Examined in February 2005 with the manager’s permission.

Presently, it is a PVA emulsion that was first distributed in
Portugal by Sarcol under the name of Imofan, and afterward
by Globalcor as Albucol 25 P.

According to R. M. Costa, there was an industry in Porto named
E. Brunner producing aqueous emulsions that used technology
from Vinyl Products in the UK (i.e., Vinamul).

This varnish is also distributed in Portugal by Sarcol.

In 1961, Rodrigo read José Redinha’s book Paredes pintadas da
lunda (Lunda’s Painted Walls), which had a decisive influence on
the artist’s work (Lapa and Avila 1999).

Among Rodrigo’s belongings can be found several references to
this Uruguayan artist, namely, newspaper articles. Rodrigo and
Torres-Garcia used the same colors (black, white, and red and
yellow ochres) and the same orthogonal matrix, which organizes
the painted forms. Both artists used abstraction as a way of
reducing forms to basic schemes.

In 1982, Joaquim Rodrigo published his theories in a book called
O complementarismo em pintura: Contribuicdo para a ciéncia da
arte (The Complementarism in Painting: Contribution for the
Science of Art), and in 1995, Pintar certo (Painting Right).
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20 Information supplied by Sofia Agrela, who helped Joaquim

Rodrigo in his studio, in an interview and workshop in April 200s.

21 Museu do Chiado—Museu Nacional de Arte Contemporéanea
(MNAC), Lisbon.
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The Performance and Properties
of Artisan Water Mixable Oil Colour Compared
with Other Oil-Based Paints by Winsor & Newton

Alun Foster

Abstract: Technically, water-in-oil or oil-in-water emulsions are
nothing new, but applying the concept to a short, buttery oil color
is a recent innovation. Artisan Water Mixable Oil (WMO) Colour
was developed in the 1990s to provide a traditional oil color that
could be diluted with water rather than traditional hydrocarbon
solvents. An international increase in allergies and stiffer studio
and college health and safety regulations contributed to a change
in artists’ outlooks, and the need for such a color emerged. There
were iwo main concerns in the development of the paint: first, to
ensure a behavior as near as possible to that of a conventional oil
color and provide a range of compatible media with similar chem-
istry; and second, to ensure the paints work well during applica-
tion (like all other Winsor & Newton colors) and that the finished
painting is structurally sound and permanent (notwithstanding
the influence of the artist’s technique). The collective knowledge
and experience of manufacturing and developing oil color for
more than 165 years largely contributed to our ability to fulfill
both those concerns. However, as always where new materials are
being used, we continue to test and study them. During the past
three years we have compared Artists’ Oil Colour, Winton Oil
Colour (student grade), and Griffin Alkyd in the following areas:
drying times, gloss levels, hardness of films, water and solvent
resistance, adhesion and flexibility, and the release of water from
the oil film. The results, along with conclusions and further studies,
are discussed.

Introduction

The modern-day artist thinks in the general terms of oil color,
watercolor, and acrylics. From the questions we are asked at
Winsor & Newton, the use of water has led artists to relate

Artisan Water Mixable Oil (WMO) paints to watercolor or
acrylics, which they are not. They are oil colors that have been
modified so that water can be added to them—this has often
led to the comment “But oil and water do not mix.”

Many different descriptions are applied to “water paints”
Some may be familiar to the artist; others may not. These terms
include aqueous coatings, water-based, water-thinned, water-
reducible, water-dispersible, water-soluble, emulsion, latex, and
powder color. Aqueous coatings and water-based paints are
clearly terms used for products that contain water. The others
may have water added only at the time of application. The use
of these terms has caused confusion, especially as some are
often used incorrectly. Winsor & Newton decided to describe
its Artisan range as water-mixable oil colors because that is
what they are: oil colors that do not contain water, but can be
mixed with water.

Paints containing oil and water are not new; they have
existed since prehistoric times. Egg tempera is an oil-in-water
emulsion. Egg tempera mixed with oil color has been in use by
artists for well over five hundred years. More recently, drying
oils were added to casein paints to improve water resistance.
The first U.S. paint patent was issued in 1865 and covered
a paint containing milk, resin, and linseed oil. Oils gradu-
ally became the major component, and the paints became
oil emulsions rather than casein paints. The oils were later
replaced by alkyds for more rapid drying. Such paints were
used in 1939—40 at both the New York World’s Fair and the
San Francisco Golden Gate Exposition. Emulsified linseed oil
house paints have been marketed since the late 1950s, and only
declined with the introduction of synthetic polymer emul-
sions such as vinyls and acrylics.

53
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Why Develop Artisan?

So-called water-soluble oil colors were first marketed for art-
ists about twenty years ago, and Winsor & Newton evaluated
the available modified oils at that time. Since then, the socio-
political climate has changed, and artists are more aware of
the hazards to themselves and the environment posed by the
solvents associated with traditional oil painting. Some artists
are allergic to the solvents and are not happy with acrylics. The
use of solvents in colleges and universities is tightly controlled
by legislation, and in some instances it is banned altogether.
When Winsor & Newton began to develop Artisan, it took
note of the clear problems with some of the existing products
on the market, and these had to be overcome by extensive
research into available materials to ensure the optimum per-
formance. Interestingly, the final choice of oil for the range was
very similar to one we had tested twenty years ago, but it has
now been specially refined for our use.

How Does Artisan WMO
Differ from Other “Water Paints”?

There is a misconception that Artisan WMO is soluble in
water—it is not. Linseed oil is not soluble in water and never
will be. In a water-soluble system, the binder is dissolved in
water and the paint remains water sensitive. Once the water
evaporates, a continuous film of resin binds the pigment to
the substrate. Of the paint offered by Winsor & Newton,
Artists’ Water Colours would be the closest match to this
category.

Artisan WMO is also not a water-dispersed coating, as
there is no water present. Such systems contain water-soluble
components to stabilize the suspended binder. An example
would be acrylic emulsions, where the water-soluble compo-
nents remain in the dried film, which is not continuous and
remains to a certain extent permeable.

Artisan WMO Colours are, strictly speaking, water-
reducible. The color in the tube contains no water—it is added
by the artist. Water-reducible paints contain conventional
solvent-reducible components, such as linseed oil, but the
presence of components that are compatible with both water
and oil enable these paints to be thinned with water. Their
properties are therefore somewhat intermediate; they behave
somewhere between solvent- and water-based paints.

Since Artisan WMO is not a watercolor or an emulsion,
it does not tolerate large quantities of water, such as those used
in a wash, and it must be thinned carefully and cautiously,

mixing thoroughly after each addition. Excessive amounts of
water will cause the color to break up on the palette.

Artisan WMO, like any conventional oil paint, dries by
oxidation. This is a slow process, which gives time for vola-
tile components, including water, to evaporate. By controlling
the evaporation it is possible to prevent film formation from
occurring before the water has evaporated, so that it does not
become trapped in the film. It is important to note that the
components that aid the water mixability are also volatile, so
they do not remain in the film either.

All Artisan WMO Colours have been tested from the
tube, with and without adding each of the Artisan WMO
media, with and without water, and at different thicknesses.
Samples have been painted out on canvas and examined over
several years, and no indication has been found that water was
trapped in the film. Samples with and without water show no
differences in film behavior.

During the development process, colors were tested
for adhesion, flexibility, drying, film hardness, and water
resistance, as well as application properties such as mix-
ability with water, flow, texture retention, and wetting of
the substrate. Water does have a higher surface tension than
conventional solvents, and this can make wetting some sur-
faces more difficult. Acrylic-primed canvases are probably
therefore more suitable for Artisan WMO paints than are oil
or alkyd primings.

Testing the Colors

Questions have been asked about the durability of Artisan
WMO relative to conventional oil colors. Artisan WMO does
not have any long-term history, but we have been examining
samples up to ten years old, as well as accelerated-age samples,
and have compared them to conventional oil colors. In our
minds, the pigmentation is not in question, since all have a
good record of stability and lightfastness in other oil-based
media.

The drying mechanisms of Artisan WMO and conven-
tional oils are theoretically the same. Drying times for both
paint types (with a similar pigment) are certainly equivalent,
although one potential concern was whether certain chemicals
in the WMO formulation remain in the film after drying.

A number of samples applied ten, three, and one year
ago on canvas, in impasto, at various brushed-out thicknesses,
alone and with water and/or media, have been exposed in a
weatherometer for four hundred hours to artificially age the
samples (using an Atlas 25WT weatherometer, in accordance
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with ASTM D4303). For some tests, oil and alkyd colors were
included for comparison.

Fourier Transform Infrared (FTIR)

Spectroscopy Analysis

FTIR spectra on dry samples of Artisan WMO paint of various
ages were collected on a PerkinElmer FTIR with an attenu-
ated total reflectance (ATR) accessory (64 scans at 4 cm™
resolution). While interpretation is difficult, no obvious differ-
ences were detected between the spectra of Artisan WMO and
Winton Oil Colours, when measured at the same times after
application. These results appear to suggest that the mecha-
nism by which Artisan WMO dries is indeed similar to that of
Winton Oil Colour, and this would indicate that those addi-
tives that are present in Artisan WMO but absent in Winton
Oil do not appear to alter the drying process.

The absorption in the 3000-3500 cm™ region (which
indicates O-H stretching, and can therefore be used to follow
the presence of water) was not any higher than levels seen in
regular oil colors, even in samples that had 10 percent water
added before application. Although the limits of detection
of FTIR in this instance are not fully known, this analysis
would suggest that, at the levels tested, there is minimal water
trapped in the “dried” paint film and the bulk of the water
probably evaporates from the film at an early stage in the cur-
ing process (i.e., after a few months). This observation was
backed up by Karl Fischer analysis (using a Mettler-Toledo
Karl Fischer volumetric titrator).

Drying Times

Drying times for a selection of colors were obtained from
Winsor & Newton quality control records (table 1). Paint films
of o.015-inch thickness were applied by palette knife to oil
sketching paper and checked for their tack-free state by finger
touch. Drying times for each color can vary widely, depend-

Table 1 Drying times of Winsor & Newton oil colors (in days).

ing on temperature, humidity, film application, and method
of manufacture. However, it was possible to determine that
Artisan WMO, Artists’ Oil, and Winton Oil all have similar
drying times, color for color. The similarity of drying times
was not unexpected, as the basic chemistry for drying is simi-
lar for the three ranges. In contrast, Griffin Alkyd was designed
to dry faster.

Gloss

In the short term, the gloss of Artisan WMO colors is com-
parable to that of conventional oil color. Readings were taken
using a Sheen Instruments Microgloss 6o glossmeter. Gloss
readings were taken on samples after seven days and fifteen
and thirty months (fig. 1).

What is noticeable from the data is that all ranges, with
the exception of that of Griffin Alkyd, show an increase in
gloss over time. Artisan WMO is initially visibly glossier than
any of the other oil color ranges, but in the longer term this
difference seems to lessen. Also, it was observed that a signifi-
cant proportion of the Artisan WMO swatches examined were
tacky to the touch, when compared to Winton Oil, Artists’ Oil,
and Griffin Alkyd. This property is observed in both freshly
applied films and also in two-year-old films. It has been sug-
gested that this could be attributed to surfactants in the film
migrating to the surface. We are looking at investigating this
issue further.

Film Hardness

Titanium white samples of each range were drawn down by
hand using a Sheen applicator #5202247 (thickness = 100 pm)
onto glass plates. The applications were then left to dry for a
month, after which the hardness was measured using a Sheen
703/704 hardness rocker. After testing over several months,
no variation in hardness was found, so it was decided that the
rocker test was not the most appropriate method to gauge the

Color Artisan WMO Artists” Oil Winton Oil Griffin Alkyd
Burnt umber 1-6 1-4 1-6 0.5-1
Cadmium orange hue 2-12 3-11 5-14 0.5-1
Cadmium red dark 4-12 3-11 3-10 0.5-1
Cadmium yellow hue 2-8 3-12 2-8 0.5-1
Cerulean blue 2-8 3-13 2-7 0.5-1
Titanium white 2-12 2-12 2-12 0.5-1
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FIGURE 1 Changes in gloss of oil

colors with age.
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Griffin Alkyd

hardness of this material, as the respective films are too soft
for it to be effective and accurate. Therefore, a Film Pencil
Hardness Test was subsequently carried out, conforming to
ASTM D3363.

The coated glass plates were placed on a firm horizontal
surface. A pencil was held firmly against the film at a 45-degree
angle (pointing away from the operator) and pushed away in a
continuous stroke. The process started with the hardest pencil
(4H) and continued down the scale of hardness until the pen-
cil no longer cut into or gouged the film. The results are shown
in figure 2.

From the results we can see that Artists’ Oil produces
the hardest film initially, impenetrable with an H-grade pencil.
Griffin Alkyd is the next hardest; after four months it is not
penetrable with a B-grade pencil. Artisan WMO and Winton
Oil have the softest films; Artisan WMO holds up at 3B and
the Winton oil film at 2B. Although the Pencil Hardness test
is rather more subjective than the Rocker test, it is far better
suited to gauging the film hardness of artists’ paints.

After two years of curing, we can see a distinct differ-
ence between Winton Oil and Artisan WMO with regard to
the hardness of each film. The results indicate that between the
first and second year of curing, Winton Oil and Griffin Alkyd
have reached the maximum film hardness on the test. The films
are impenetrable with a 4H pencil. Artists’ Oil had reached
this level of hardness after one year. Artisan WMO, however,
remains at the same level of hardness between the first and

Winton Qil Artists’ Qil Artisan WMO

second year. More succinctly, this indicates that Artisan WMO
does not continue to harden after the first year of curing.

This finding is supported when observing the color
swatch records held by quality control. Some of the Artisan
WMO films are physically softer and tackier to the touch than
Winton Oil swatches of the same age. This differentiation has
been observed in quality control records from as far back
as 2003. Of the Artisan WMO Colours observed, it can be
noted that Titanium White (PW6)—and indeed colors con-
taining PW6 in the formulation—dried with the least amount
of tack and formed harder films. The fact that the differences

|4 months
m 1 year
3B 1 |02 years

Artists Artisan Winton Griffin

O WMO O Alkyd

FIGURE 2 Pencil penetration resistance after four months, one

year, and two years.
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in film hardness revealed by the pencil test were illustrated for
samples of titanium white shows that for other colors in the
Artisan WMO range the film may actually be even softer.

Water/Solvent Resistance

Double-rub testing (one hundred double rubs, across and
back, with lint-free cloth moistened with solvent, and assessed
by eye for any color transfer onto the cloth) was carried out on
both new and aged titanium white samples of Artisan WMO,
Artists’ Oil, Griffin Alkyd, and Winton Oil. All ranges show
a good level of resistance to water and mineral (white) spirits
after two months (fig. 3). When tested with xylene, Artists’ Oil
and Griffin Alkyd display a good resistance. Artisan WMO
and Winton Oil both share a lower (yet comparable) resistance
to xylene. However, this should not be too much of an issue, as
neither application is considered fully cured after eight weeks.
All samples appear to be fully resistant to water, mineral spir-
its, and xylene after two years. The tests were repeated after
eight years, and on films that had been exposed to the ultra-
violet equivalent of thirty years, and all samples remained fully
resistant to all three solvents.

Adhesion and Flexibility
Adhesion and flexibility are probably two of the most impor-
tant properties that give an indication of the durability of a
film. Poor adhesion is obviously detrimental to a painting, as
is flexibility—a rigid paint on a flexible substrate will tend to
crack. Unfortunately, both properties are difficult to measure
without very expensive equipment, and so only opinions can
be given at this stage. Artisan WMO, Winton Oil, Artists’ Oil,
and Griffin Alkyd all show excellent adhesion to a wide variety
of substrates, including primed canvas, glass, steel, and paper.
Samples of Titanium White of each range were painted
onto a canvas substrate and treated for four hundred hours
in a weatherometer (Atlas 2sWT, in accordance with ASTM
D4303). The samples were then folded lengthwise and then
again along the width. The point where the folds met at the
center of the samples was then analyzed under a microscope
at x10 magnification, and images were taken to record and
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FIGURE 3 Resistance to water/solvents: double-rub testing of
samples painted on glass after curing for two months. Tests

stopped at 100 rubs.

compare the extent of surface cracking between the samples.
Using this method, the film flexibility was found to be similar
between the Artisan WMO and Winton Oil ranges.

More recently, a cross-hatch adhesion test (using a Sheen
Cross Hatch Cutter, eight blades with 1 mm spacing, BS 3900)
was carried out on samples that had been painted out onto
primed canvas in early 2004. The test results showed that after
two years, the adhesion of the paint to the canvas is very simi-
lar between Artisan WMO and Winton Oil Colours.

Conclusion—Future Developments

Various samples of Artisan WMO paint films painted onto
Winsor & Newton artist-grade primed canvas are being ana-
lyzed by a chemist in the United States to determine what
changes occur during the drying process and whether any
volatile components, including water, become trapped in the
film. Samples range from two weeks to ten years old; some
have 10 percent added water and others are their equivalents
without any water. This analysis, in combination with our own
continued work, will provide us with further evidence to reas-
sure the artist regarding the long-term durability of Winsor &
Newton’s Artisan WMO range.



From Formulation to Finished Product:
Causes and Potential Cures for Conservation
Concerns in Acrylic Emulsion Paints

James Hayes, Mark Golden, and Gregory D. Smith

Abstract: The physical and chemical properties of acrylic emul-
sion paints are largely determined by choices made at the point
of product formulation. The selection of binder material and
additives imparts the many celebrated characteristics of this
medium: a waterborne coating that dries quickly and remains
tough, yet flexible. However, most of these choices bring with
them concomitant properties that often are not desirable. Many
of these characteristics are a source of concern for artists and
conservators alike. Primary among these are the tendency of
acrylic emulsion paints to collect surface dirt, their propensity to
adhere to adjacent surfaces, and the sensitivity of the medium to
water and solvents typically used in art conservation. This paper
explores the relationship between formulation choices and the
major longevity concerns regarding artwork executed in acrylic
emulsion media. New directions in coatings formulations, pri-
marily arising from the industrial coatings sector, are discussed
in relation to their potential for improving properties of artists’
paints. Finally, intervention at the level of the artist, especially
regarding aqueous cleaning, isolation coatings, and picture var-
nishing, are discussed as a means of mitigating conservation
concerns in the future.

Introduction

Paint formulation is a balancing act (see table 1). While the
formulator targets desirable properties like film flexibility and
toughness, adjustable drying times, and a variety of sheens
and textures in order to deliver a high-value, safe, waterborne
paint, there are often concomitant paint properties that are
not intended, but arise from the same ingredients, and must
be tolerated or perhaps mitigated by the addition of yet fur-
ther additives. The physical and chemical properties of acrylic
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emulsion paints are largely determined by choices made at the
point of product formulation. The selection of binder mate-
rial and additives imparts the many celebrated characteristics
of this medium: a waterborne coating that dries quickly and
remains tough, yet flexible. However, most of these choices
bring with them associated properties that often are undesir-
able. Many of these characteristics are a source of concern for
artists and conservators alike (Jablonski et al. 2003). Primary
among these are the tendency of acrylic emulsion paints to
collect surface dirt, their propensity to adhere to adjacent sur-
faces, and the sensitivity of the medium to water and solvents
typically used in art conservation.

This paper explores the relationship between formu-
lation choices and the major longevity concerns regarding
artwork executed in acrylic emulsion media. New directions
in coatings formulation, primarily arising from the industrial
coatings sector, are discussed in relation to their potential for
improving properties of artists’ paints. Finally, intervention at
the level of the artist, especially regarding aqueous cleaning,
isolation coatings, and picture varnishing, is discussed as a
means of mitigating conservation concerns in the future.

Background

Acrylic dispersion paints are a complicated cocktail of addi-
tives that, in simplest terms, attempts to place a hydrophobic
polymer into a water dispersion (table 2). This necessitates at
least a binder and an emulsifier, although one can count as
well on the presence of numerous residual polymerization
reactants. However, making a paint that can withstand tem-
perature fluctuations, meet market demands for shelf life and
safety, and fulfill artists’ demands for versatility and perfor-
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Table 1 General considerations for formulating a commercially

acceptable fine art paint.

Category

Consideration

Shelf life

Viscosity stability

Freezing and thawing

Syneresis/separation

Flocculation

Spoilage

Environmental, health,

and safety

CPSC federal regulation

Foreign regulation

Environmental impact

Studio practices

Commercial and professional use

Use by children

Employee safety

Dry film properties

UV resistance

Flexibility/hardness

Adhesion

Block resistance

Chemical sensitivity

Surface clarity

Color development

Nonbleeding

Film formation

Durability

Cleaning

Changes over time

Application properties

Consistent feel

Ease of mixing

Control of foam

Drying rate

Compatibility with other
acrylic artists’ paints

Commercial issues

Traditional expectations

Material costs

Market size

Color space

Single-pigment systems

Base of use

Table 2 Components of acrylic paints.

« Acrylic binder:
—Water
—Hydrophobic acrylic polymer
—Emulsifier/surfactant
——Adhesion promoter
—Initiator
—Buffer

« Pigment (possibly surface treated)

«  Wetting agent

» Dispersing agent

+ Thickener/rheology modifier

o Freeze-thaw stabilizer

o Coalescent

» Biocide

+ pH buffer

o Defoamer

mance, both now and in the future, requires numerous other
ingredients. The paint formulator can utilize a host of addi-
tives to affect drying time, surface finish, rheology, viscosity,
texture, and pigment load. Within each class, a multitude of
commercial products are available to perform each task.

Acrylic dispersions are commercially available to cover
a range of glass transition temperatures (Tg)—the temperature
above which the polymer acts as a rubbery and flexible solid
and below which the polymer behaves as a glassy solid. For an
artist-quality paint, the ideal flexibility arises from the choice
of binder with a T, slightly below room temperature, such that
at room temperature the polymer film is just in its rubbery and
flexible phase. However, with such a low T, a slightly warm
room will give a soft, tacky surface to these thermoplastic
polymer films. When acrylic dispersion paints become overly
soft, dust and dirt can readily adhere. Additionally, the paint
surface can easily stick to adjacent surfaces (termed blocking
in industry literature), and finger pressure, for example, can
cause permanent deformation of the paint.

One significant consequence that results from the need
for and inclusion of the emulsifier is that these surfactants
remain in the film after drying. The tendency of such surfac-
tant emulsifiers to migrate to surfaces and crystallize has been
well documented (Digney-Peer et al. 2004; Niu and Urban
1998; Tzitzinou et al. 1999). In the process, the crystallized
surfactant reduces the clarity of the film (Whitmore, Colaluca,
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Water Washed

FIGURE 1 Surfactant exudates on pours of acrylic dispersion
polymer (both pours are two weeks old): (A) soaked in water

for 10 minutes, (B) untreated.

and Farrell 1996), imparting cloudiness (fig. 1B, unwashed
pour). As these surfactants are hydrophilic, water is a very
effective solvent for removing the surfactant exudates (see fig. 1A,
washed pour).

The effect of washing away the surfactant exudates is
evidenced not only by the improvement in dry film clarity but
also by the increased firmness of acrylic paintings. This latter
phenomenon is a result of the plasticizing nature of surfac-
tants in acrylic media. The effect of washing away the plasticiz-
ing surfactants is shown clearly in figure 2 by the increasing
T, of an acrylic paint, as measured by differential scanning
calorimetry (DSC), with increasing immersion time in water
(see Appendix A of this paper for the experimental method).
An overall change of approximately 5° C is shown within the
first hour of immersion.

Improving Key Physical Properties

Acrylic Dispersion Binders

Artists’ paint manufacturers are aware of how current formu-
lation options restrict the ability to deliver quality paints with
few or no adverse material properties. Research and devel-

opment efforts at Golden Artists Colors (GAC) have been
directed toward investigating new additives and binders from
the industrial coatings sector that may address such shortcom-
ings. In the sections that follow, we share some of our attempts
to address these negative consequences of current choices in
acrylic dispersion paint formulations.

The first attempt at GAC to reduce the blocking of acrylic
artists’ paints was to adjust the hardness of the resulting paint.
In 1994, acrylic polymer manufacturers phased out the use
of ethyl acrylate-co-methyl methacrylate, replacing it with a
more durable butyl acrylate-co-methyl methacrylate polymer.
During the reformulation stage, additional changes were made
to increase the T, values of the entire product line, by blend-
ing in a higher T, polymer (also a butyl acrylate-co-methyl
methacrylate polymer). As evidenced from measurements uti-
lizing DSC, the T, of the Hansa Yellow Medium paint before
1994 was 13° C, whereas after the reformulation, the measured
Tg was found to be over 15° C (fig. 3). The reformulation also
resulted in less surface tack, and thus an improvement in block
resistance (see Appendix A for experimental methods).

Over the years GAC has experimented with a range of
different acrylic polymers. The most significant attempt at
this was a joint project with Dr. Frank Jones and colleagues
at Eastern Michigan University (Jones et al. 2005). The proj-
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FIGURE 2 Surfactant extraction: Films of Golden Titanium
White were soaked for various periods of time in water. Lower
portion shows resulting changes in glass transition temperature

(T,). Top portion shows resulting weight loss from the films.
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FIGURE 3 Glass transition temperatures, as measured by modu-
lated differential scanning calorimetry, for Golden Hansa
Yellow Medium. Upper curve represents a paint made in 1986;

lower curve represents a paint made in 1996.

ect, sponsored by the National Science Foundation, investi-
gated a wide range of newly formulated acrylics. The goal was
to develop an acrylic dispersion specifically made for artists’
materials, as opposed to using acrylic polymers intended for
other industries, where ingredients may be chosen more for
economy, or unique requirements, than for optimum durabil-
ity. The main focus of the research was to work with monomers
that would minimize the concentration of tertiary hydrogen
atoms as well as maximize the steric hindrance of the ester
groups, thus theoretically maximizing the resistance to photo-
degradation and hydrolysis. As a result, n-butyl methacrylate
and n-dodecyl methacrylate, along with variations of surfac-
tant types and loads, redox chasers, and adhesion promoters,
were investigated. Polymers in the target T, range of 5-25° C
were synthesized, formulated into paints, and exposed for
accelerated aging studies (exterior South Florida and Q-Panel
Weatherometer with UV-A lamps). Tests proved that the water
resistance was improved, but it was at the significant loss of
color acceptance and clarity, and thus was unsuccessful (see
Appendix A for experimental methods).

Alternative Binders

Another approach was to evaluate alternative polymer chem-
istries. While 100 percent acrylic dispersions are widely recog-
nized in the coatings industry as having excellent weathering
and ultraviolet resistance, they are not necessarily the best

choice for film toughness and water resistance. GAC evaluated
various other polymer chemistries, including polyurethane
and silicone dispersions, which are both known for their high
degrees of film toughness and water resistance. Furthermore,
polymers capable of self-cross-linking are also commonly
used in industry to reduce blocking and increase water resis-
tance. Unfortunately, experimental paints formulated with
polyurethane and silicone dispersions and with cross-linking
polymers saw either minimal improvements in key properties
or excessive loss of color acceptance, or they showed an unac-
ceptable yellow appearance in the dry films.

Functional Additives

The use of functional pigments and additives (those that
impart paint features aside from lower cost) is yet another
mechanism for improving blocking and water resistance in the
coatings industry. The use of waxes in the past, both synthetic
(polyethylene, polypropylene, polyamide, etc.) and naturally
occurring (carnauba), generally resulted in significant yellow-
ness of the film. Polytetrafluoroethylene solids are well known
for their low surface energy and high level of slip. While these
additives generally increased the slip of the surface, they did
not offer substantial improvements in the reduction of block-
ing and water sensitivity, as expected.

As acrylic paint surfaces seem to readily attract and
collect dust and dirt, we investigated whether a static attrac-
tion was involved. Paints were formulated with a mica-based
pigment having a surface layer of tin oxide doped with anti-
mony, thus making the particles semiconducting. The results
indicated that the acrylic paints do not carry any significant
static charge, as there were no differences in dust buildup with
and without the conductive pigment (see Appendix A for the
experimental method).

Because a matte or rougher surface should suffer less
from blocking and tack, experiments with matting solids to
reduce the films’ softness were conducted. The results showed
a dramatic reduction in the surface tack and improvement in
the block resistance, both desirable traits in an artists’ paint.
The significant problems with these materials were loss of
clarity and yellowing in the most successful matte materials
(especially noticeable in gels and mediums). Matte lines of
paint also have a reduced level of color brilliance, and suffer
from problems of marring and permeability.

Reducing Surfactant Migration
Residual surfactants from the acrylic dispersion do not stay
homogeneously dispersed throughout the film after drying.
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Instead, they develop areas of higher concentration near each
interface—the film-substrate interface as well as the film-air
interface. This surfactant migration to the film surface con-
tributes to the water sensitivity of the paint film by increasing
the hydrophilic nature of the surface; it also has the effect of
lowering the T, and thus softening the paint surface via hydro-
plasticization. The industrial coatings industry has developed
several means of mitigating surfactant mobility in acrylic
paints, and these tactics have also been investigated at GAC
for their potential use in artists’ paints.

While reducing the level of surfactant may seem like the
most straightforward approach, one must remember the bal-
ance that must be maintained in paint formulation. One of the
prime areas of concern is dispersion stability prior to use. Shelf
life stability and freeze-thaw stability are related to the surfac-
tant structure, its effectiveness, and—most importantly—the
amount added to the dispersion. From the point of view of
the paint manufacturer, a paint that does not last well in the
studio, or that congeals after a freeze-thaw cycle, would not be
commercially acceptable.

In actuality, the majority of the surfactant present in
a system is already in the neat-polymer dispersion that is
received from the polymer manufacturer and used as a raw
ingredient by the artists’ colormen. Without these surfactants,
the polymer solids would not remain dispersed and homo-
geneous. One research focus was to investigate surfactant-free
polymers, in which different approaches were taken to stabilize
the polymer solids (Buckmann, Overbeek, and Nabuurs 2001).
Unfortunately, our attempts to work with such polymers were
unsuccessful and resulted in an unexpected increase in water
sensitivity, as well as color-acceptance issues. Another poten-
tial avenue of investigation is the use of surfactants that can
evaporate from a paint film along with the other volatile ingre-
dients. Although such an ingredient would contribute to the
volatile organic components (VOCs) for the coating system,
thus reducing one of the significant advantages of dispersion
paints, the potential payoff in reducing film haze and surface
tack could be worthwhile. Only one surfactant on the mar-
ket claims to be volatile and would thus leave the paint film.
Unfortunately, this one was not suitable for an artist-quality
paint as it had poor pigment-wetting properties and a very
disagreeable odor.

A final strategy that was investigated as a potential means
of reducing surfactant migration was the use of cross-linking
surfactants (Aramendia et al. 2003; Hellgren, Weissenborn,
and Holmberg 1999).* Although many research papers discuss
the benefits of having a surfactant that reacts with the polymer

to form a permanent bond, and thus becomes immobilized in
the dry film, the reality is that few are available at a competi-
tive price. As a result, polymer manufacturers are reluctant to
use them, thereby limiting the paint manufacturer’s ability
even to experiment.

Tools for the Artist

Research into viable formulation options for improving surface
tack and reducing surfactant migration in artist-quality acrylic
paints to this point has proven disappointing. Without the ability
to eliminate the source of these conservation concerns, one can
perhaps deal with the problem in a preventive way: by remov-
ing the surfactant from the surface of the dried acrylic paint
film. The surfactant is responsible for much of the paint’s water
sensitivity, and its manifestation at the surface, as a tacky film,
increases the likelihood of dirt adhering to the paint. Although
conservators are still debating the appropriate methods for treat-
ing acrylic paintings in the conservation lab, paint manufactur-
ers can provide recommendations to working artists who are
seeking a remedial intervention for performance issues—such as
varnish adhesion and issues relating to surfactant exudates.

In order to provide “best practice” advice, GAC has
explored and tested (Jablonski, Hayes, and Golden 2001) some
of the ways that artists can intervene to remove excess surfactant
from dried films of acrylic paint. This work has led to a recom-
mendation to artists to lightly wipe the paint surface with a damp,
lint-free cloth. This recommendation may not be applicable in all
cases, as it can and will lead to removal of original material from
the work, including water-miscible components, as well as some
degree of color. To mitigate the potential loss of color, the rec-
ommendation is to apply an isolation coating of composition
similar to that of the acrylic-dispersion colors, without pigment
solids. This recommendation has recently been endorsed by
other manufacturers of artist acrylics (Liquitex 2003, 22).

Artists will be able to make a valid choice, as long as they
are properly informed of the value and risks of their decisions.
Conservators will have to come up with their own recommen-
dations for proper cleaning, but it is important for them to be
aware that many paintings that they may see in the future will
have been constructed according to these recommendations
(see Appendix B).

Conclusion

Although discrete instances of failures in acrylic paintings have
been reported, overall, these materials have fared extremely
well over their fifty-year history and have not, as a group,
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suffered from major deterioration or structural problems.
However, the conservation of acrylic dispersion paints does
present new challenges to conservators. Solvent and water
sensitivities are key factors that greatly affect how an acrylic
painting can be treated in the future.

For those artists concerned about the longevity of their
art, GAC proposes that there are tools and techniques avail-
able to preserve their work. Light water washing of the surface
of paintings should prove a significant step toward reducing
the negative consequences of surfactant migration, and the
application of an isolation coat and removable varnish will
provide additional protection against physical damage to the
paint film, providing that the accompanying change in surface
gloss is compatible with the artist’s aesthetic.

Paint manufacturers will continue to improve their prod-
uct line, while working with artists as well as the conservation
community to better define the underlying factors that influ-
ence the longevity and appearance of this medium. However,
based on current knowledge, paint formulation is still a matter
of balance: one cannot modify a formulation without under-
standing the effect on the entire system.
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Appendix A: Experimental Methods

Differential Scanning Calorimetry

Glass transition temperatures for two archived dry paint
films of Golden Heavy Body Hansa Yellow Medium from
1986 and 1996 were measured using a Q1000 calorimeter (TA
Instruments). Sample fragments were scraped from their
card support, weighed on a 0.1 g sensitive balance (Mettler

Toledo UMX2), and sealed in crimped aluminum pans. Films
of Golden Heavy Body Titanium White (manufactured in
2002) were used for the immersion tests. These films were
soaked in deionized water for various times, removed, and
dried for three days prior to measuring weight loss. The
dried films were prepared for DSC using a method similar
to that described above. All samples were heated at a rate of
10° C/minute from —60° to 80° C under a nitrogen purge.
The T, was calculated using Universal Analysis software (TA
Instruments) as the inflection point along the step transi-
tion. Both Hansa Yellow samples and the Titanium White
paint that was not immersed showed an endothermic peak at
approximately 46° C, corresponding to the melting of exuded
crystalline surfactant.

Block Resistance

Block resistance was tested following the ASTM D-4946
Standard Method for Blocking Resistance of Architectural
Paints, which measures the potential of a paint film to stick to
itself under some level of pressure (typically 1000 grams). We
have also used the ASTM D-2091 Standard Method for Print
Resistance of Lacquers, which includes pressing cheesecloth
onto a paint film using a weight and rating the degree of impres-
sion that remains after weight and cheesecloth are removed.

Color Acceptance

Color acceptance is a subjective test in which trials are visually
compared side by side with standards, as 10-mil drawdowns
that had air dried, and rated for key color attributes. These
attributes are typically hue, value, chroma, gloss, and opacity,
rated in both masstone (10 mil) and undertone (thin scrape of
color). Typical substrate is Leneta form 18A, with white and
black areas, as well as lacquered and unlacquered areas.

Water Resistance

The water resistance test was carried out on 10-mil drawdowns
that had air dried for twenty-four hours. Using filter paper
soaked in water, an operator performed ten double rubs with
moderate finger pressure and made a visual assessment of any
color transfer onto the filter paper.

Dust Accumulation

The dust accumulation test method involved a 10-mil draw-
down that was allowed to cure and remain stored in an area
of relatively high dust content. Drawdowns were inspected
monthly for dust buildup (visual inspection noting degree of
dust on surface) for twelve months.
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Appendix B: Golden Artists Colors’ Guidelines for
Increasing Longevity of Acrylic Emulsion Paintings

Washing to Remove Water-Extractable Materials
The following are the guidelines developed by Golden Artists
Colors for cleaning acrylic emulsion paintings:

« Tools and materials. A relatively soft, low-lint
cloth works well (e.g., 50-50 cotton-polyester low-
lint T-shirt fabric). It is best to use deionized water
to avoid contaminants in the water that could be
deposited on the paint film. Tap water is not recom-
mended, as it contains various levels of minerals that
can lead to a deposit on the paint film, as well as bac-
teria that may introduce new concerns of contamina-
tion and growth.

 Drying times. Although very dependent on the
painting support and environmental conditions,
the surfactant typically begins moving to the sur-
face immediately, and can take two weeks or more
to concentrate at the surface. While the surface can
be cleaned at any time and result in a reduction of
surfactant, ideally a two to four weeks drying time
is best and allows for more complete removal. It is
best to rinse the cloth in fresh water after each area
is wiped clean. Repeating the washing process two or
three times is also advisable.

Paint film thickness and texture. The degree of
washing should be dependent on the stability of the
paint surface. A stain painting should not be washed,
as the film integrity is not sufficient. Moreover, there
should be very little surfactant present in such a
diluted medium, and thus such an aggressive preven-
tive treatment is not necessary. A painting with very
matte colors would also not necessarily need clean-
ing, as they do not seem to collect surfactant at the
surface, perhaps due to an anchoring effect of the
matting agents on the mobile surfactants. It is best

to avoid washing paintings that have some fragile
areas, or at least to take care when washing to avoid
these delicate areas. Thick, impasto areas of acrylic
should be the most resistant to the cleaning process.
Mixed media present challenges; the composition
must be factored in to determine if an aqueous wash-
ing treatment would be safe.

+ Color rub-up. Inevitably, some color will be removed
by even light washing. Ideally, no color would be
extracted with the wet cloth, but the reality is that
some colors bleed more than others. However, this
should be fairly minimal with all colors. As the sur-
face is “washed” with the damp rag, care must be
taken to use minimal pressure. Small amounts of
color that soak into the cloth are normally not a con-
cern for artists (such amounts would have no impact
on overall appearance of paint film). If there are con-
cerns about one color streaking into another, such as
where there is a hard edge between very contrasting
colors, constraining the wiping motions to each color
passage is recommended.

Applying a Removable Varnish

While lightly washing an acrylic painting increases its surface
hardness, the application of an appropriate varnish is an addi-
tional step that GAC recommends for better protection against
physical damage. A varnish will typically create a surface that
is harder than that of the paint, and thus less receptive to the
retention of dust and dirt. However, it is recognized that this
will also affect the gloss and gloss variation of a paint surface,
especially in matte areas.

Our preferred system of varnishing is to apply a chemi-
cally reversible varnish over an isolation coat of acrylic dispersion
medium. This isolation coat, a permanent, nonremovable film,
acts as a physical barrier between the paint surface and the varnish,
and thus reduces the potential for solvent to damage the paint lay-
ers if there is ever a need to clean the painting by removing the top
varnish at a later date. While the processes involved will not be dis-
cussed here, extensive information is available on manufacturers’
Web sites concerning isolation coatings and removable varnishes
suitable for acrylic dispersion paints.

Notes

1 The latter paper is also a good reference concerning the how and
why of surfactants in dispersions, their migration, competition
with associative thickeners, and so forth.

2 Information regarding the removal process for Golden MSA Varnish
can be found at www.goldenpaints.com/technicaldata/msavar.
php#rem. Information on removing Golden Polymer Varnish can
be found at: www.goldenpaints.com/technicaldata/polvar.php#rem.


http://www.goldenpaints.com/technicaldata/msavar.php#rem
http://www.goldenpaints.com/technicaldata/polvar.php#rem
http://www.goldenpaints.com/technicaldata/msavar.php#rem
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Adapting Military Camoutflage Paint

for Matte Outdoor Sculpture

Abigail Mack, Shelley Sturman, and John A. Escarsega

Abstract: The National Gallery of Art (NGA) has embarked on
a collaborative research project with the US. Army Research
Laboratory (ARL) to find a more durable matte paint for out-
door sculpture. One matte black paint patented by the U.S. mili-
tary and nine commercially available matte black paints were
compared. Paints chosen for this study were selected from those
used for outdoor sculptures by Tony Smith and Alexander Calder;
a few promising commercial alternatives; and the military patent
camouflage paint. General types consisted of acrylics, acrylic poly-
urethanes, polyester polyurethanes, alkyds, silicone alkyds, fluo-
ropolymers, and water-dispersible acrylic polyurethanes. These
studies compared samples through artificial and real-time weath-
ering in terms of color change, gloss change, and mar resistance.
Two decades of the NGA’s experience with various matte paints
on outdoor sculpture, coupled with test results, revealed the poor
durability of the commercial matte paints. In contrast, the mili-
tary patent paint contains a novel flattening agent that provides
a more durable and weather-resistant paint film compared to
the typical silica-type flattening agent found in most commercial
paints. As a result, the NGA and ARL have adapted the mili-
tary patent camouflage paint for outdoor sculpture in a range of
glosses. One monumental outdoor sculpture at the NGA has been
repainted recently with a new formulation of military paint, and
a second sculpture is scheduled. This paper will include test results
of the matte-black paint comparative study and the latest results
of military paints adapted for outdoor sculpture.

Introduction

The National Gallery of Art (NGA) and the US. Army
Research Laboratory (ARL) have established a collaborative
effort to develop and formulate water-dispersible-type coat-

66

ings for painted outdoor sculptures that are more durable than
ones currently available (Mack, Chang, and Sturman 2002;
Escarsega, Mack, and Sturman 2003). This effort focuses on
matte black coatings because they have proven to be the most
fragile and difficult to maintain. The first part of this paper will
identify acceptable parameters for the appearance of painted
outdoor sculpture under the NGA's care. The second will elab-
orate on a comparative study set of commercially available
matte paints. Data from real-time and accelerated-aging tests
of the study set reinforce the NGA’s experience with the dura-
bility of matte outdoor coatings. The third part reports on the
performance of ARLs patented water-dispersible polyurethane
coating, which is widely used in the military (Escarsega and
Chesonis 1997). And finally, this paper introduces the devel-
opment of a series of modified coatings, referred to herein as
“matte suite,” specially designed for outdoor sculpture. The
suite consists of a series of five coatings adapted from the
military paint, each with a different matte level; four range
from totally flat matte to semigloss and one is glossy. These
paints are patterned after those of existing painted outdoor
sculptures, including pieces by Alexander Calder, Tony Smith,
Louise Nevelson, and Albert Paley. At this time, the NGA has
completed the test application of one sculpture with the most
matte paint in the series. Work on this project is ongoing and
consists of further test paintings of sculptures using the other
paints in the series and creating a mechanism to bring the
matte suite to the commercial market.

Appearance of Painted Outdoor Sculpture

The conservator’s obligation to preserve the artist’s surface aes-
thetic is complicated by the eventual change in the paint in an
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FIGURE 1 The painted coating on Wandering Rocks by Tony
Smith abides by the artist’s choice of a dull, semigloss surface.
Photo: Abigail Mack, May 2006.

Tony Smith (American, 1912-1980), Wandering Rocks, 1967.
Painted steel. Washington, D.C., National Gallery of Art. Gift
of the Collectors Committee, 1981.53. Image © 2006 Board of
Trustees, National Gallery of Art, Washington, D.C. © Tony
Smith Estate/Artists Rights Society (ARS), New York.

outdoor setting. For outdoor sculptures that were created by
fabricators, painted by professionals, and put in an environ-
ment with full understanding of change due to weathering, the
original surface is, by design, expendable. However, even while
accepting certain loss as inevitable, it is critical that we preserve
the artist’s intent, that is, the choice the artist made about sur-
face appearance regarding gloss, color, and texture (fig. 1).
When weathered coatings fail to convey the appearance
the artist intended, repainting becomes necessary; this is an
accepted practice within objects conservation. According to
the American Institute for Conservation of Historic & Artistic
Works (AIC), “The aesthetic requirements of the maker/artist
may necessitate compensation practices that sacrifice original
material and surface to obtain a specified result” (AIC 1997).
Once a treatment involving repainting is deemed necessary
and has been approved by the NGA’s board of trustees, NGA
conservators prepare mock-up coupons (samples) for gloss
and color, and then work closely with the artist (or his or
her estate) and NGA curators to make the appropriate selec-
tion. However, this approach does not necessarily apply to

all painted outdoor sculpture. It is essential that each sculp-

ture be evaluated on its own criteria, according to the artist’s
wishes and within the AIC’s Code of Ethics and Guidelines for
Practice (AIC 1994).!

As noted above, this project developed while trying to
solve problems associated with matte coatings on existing out-
door sculptures. By extension, painted outdoor sculptures by
Alexander Calder and Tony Smith have become a subfocus
of our research. NGA conservators have worked closely with
the Calder and Smith estates and have learned that the artist’s
original choice is the key factor in making any decision. The
estates indicated that preserving the artist’s intent is more
important than preserving the extant, compromised (and
often previously repainted) coating. For example, the surface
appearance of black-painted Smith sculptures is described by
his estate as “dull semi-gloss,” a finish that is elusive and dif-
ficult to achieve. Conservators and artists sometimes chose a
glossier paint than desired in the hope that it would weather to
an acceptable surface. This meant that for some time a sculp-
ture would be exhibited with an incorrect surface appearance.

For situations such as this one, our immediate goal
became to provide the correct coating initially. We felt that
there had to be a better way to conserve painted outdoor
sculpture than to accept the wrong coating on a newly treated
surface, only to have it look “right” upon degradation. In addi-
tion, while a glossy coating may have weathered to an accept-
able degree after a few years, it is likely that the paint would
have suffered during that time from scratches and other losses.
A more durable paint with the correct gloss and color has great
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advantages. It provides an accurate surface from the begin-
ning, does not need to be altered over the accepted lifetime of
the coating, and reduces the frequency with which the sculp-
ture requires repainting.

NGA Experience

The NGA has more than two decades of experience with a
variety of outdoor painted coatings on sculptures. Since the
early 1980s, NGA conservators have been challenged to main-
tain the painted surfaces on outdoor sculpture—with uneven
success. With the opening of the Sculpture Garden in 1999, the
number of outdoor sculptures at the NGA increased from nine
to twenty-four. This includes nine painted outdoor sculptures,
four of which have matte black surfaces.

Annual overall cleaning and regular condition examina-
tions provide object conservators the opportunity to moni-
tor changes in condition and deterioration of various paints.
Careful light cleaning to remove bird droppings, pollen, insect
debris, dirt, and handprints has shown that most matte paint
surfaces abrade easily. Because of the low binder content in
traditional matte paints, their surfaces readily absorb oils and

retain stains from human contact and bird droppings. Mild

detergents are ineffective, and the paints have shown sensi-
tivity to stronger detergents and solvents. Outdoor exposure
has resulted in streaks, blanching, chalking, and fading, as
degraded coatings slough off unevenly (fig. 2). As a result,
sculptures under the NGA’s care can appear faded or have
disfiguring stains and streaks, even on some paint surfaces less
than a year old. In addition, localized compensation for dam-
ages is rarely successful, because fresh paint does not match
weathered paint and deteriorates at a different rate from the
original paint.

Once the condition of the paint dominates the visual
impact of the sculpture and interferes with the artist’s con-
ception of planes and forms, it is no longer representative of

FIGURE 2 Example of a deteriorated coating on Moondog by
Tony Smith: (A) after installation in April 1999, (B} in May
2006. Photos: Abigail Mack.

Tony Smith (American, 1912-1980), Moondog, 1964/1998-99.
Painted aluminum, 521.34 X 468 x 467.36 cm (205% X 184% X
184 in.). Washington, D.C., National Gallery of Art. Gift of the
Morris and Gwendolyn Cafritz Foundation, 1997.137.1. Image

© 2006 Board of Trustees, National Gallery of Art, Washington.
© Tony Smith Estate/Artists Rights Society (ARS), New York.
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the artist’s vision. In the NGA’s experience, conservators have
observed that the longevity of acceptable surfaces ranges from
less than one year to almost six years. In all cases, money and
time constraints have necessitated tolerating weathered or dam-
aged coatings until repainting could be arranged. Repainting
these monumental or multipart outdoor sculptures is an enor-
mous and expensive undertaking for museum staft, and requires
the coordinated efforts of many departments. Deinstallation,
transportation expenses and reinstallation for works treated off
site, and/or construction of enclosures for in situ treatments can
easily cost tens of thousands of dollars (fig. 3).

It is understandable that artists were partial to certain
coatings that had a consistent low gloss, an imperceptible tex-
ture, and a beautiful surface without a plastic appearance, even
though there were concerns about the paints’ permanence.
Therefore, the NGA continued to use the artist- or estate-
approved paints, even though their overall durability did not
meet our desired criteria. Following years of discussions with
artists and artists’ estates, we learned that they were willing to
consider alternatives, provided the paint had the same overall
appearance and remained faithful to the artist’s choice of color
and gloss. With their endorsement and the encouragement of
our colleagues, we began our testing and experimental phases
and pursued the goal of finding a better coating for outdoor
painted sculpture.

Evaluation of Different Paint Types

The first step of this project was to evaluate the paint coat-
ings on NGA outdoor sculpture and assess their condition.
However, it became clear that many questions could not be
answered in this manner. Therefore, in order to gather better,
comparative data for evaluation, a study set consisting of nine
different coatings was designed for testing. One sample set
was for outdoor exposure, another was for accelerated aging,
and the third was kept as a control. The paints chosen for this
study were related to NGA sculptures and included those rec-
ommended by artists’ estates as well as other promising alter-
natives, some of which had been suggested by conservation
colleagues. The study was not intended to be comprehensive
but was rather a qualitative test to compare the durability of
typical matte paints used on outdoor sculpture. Paints evalu-
ated included the general categories of acrylic, acrylic poly-
urethane, alkyd, silicone alkyds, fluoropolymers, and polyester
polyurethanes? (table 1). Various paints were sprayed onto steel
and aluminum coupons according to manufacturer guide-
lines, fixed to a slant board, and placed on the roof of the NGA

FIGURE 3 Installation in November 2004 of Tom’s by Alexander

Calder. The adapted paint’s superior resistance to weathering
should make this type of major disruption and expense far less
frequent. Photo: Abigail Mack. © Calder Foundation.

for four years. The samples were evaluated at regular inter-
vals for gloss retention, color retention, and mar resistance
using accepted measuring techniques and instrumentation, as
detailed below. Accelerated aging was performed at ARL using
a CI65 Xenon Atlas weather chamber.?

The data from the real-time exposure of the prepared
coupons mimicked the NGA’s experience with actual outdoor
painted sculptures in terms of the changes observed during
natural weathering. Visible changes in gloss, color, and mar
resistance occurred on all samples within three months. After
one year, the coatings were completely transformed and bore
no resemblance to the original paint surfaces of the controls.
Most striking was the combined effect of the changes in gloss
and color, resulting in a large visual difference. None of the
paints performed to our desired specifications: longevity of
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Table 1 Paints selected for study set.

Manufacturer Product

Product Type

Akzo Nobel Coatings
4ALU 43311 Anodic Black

Grip-Gard Acrylic Urethane Enamel

Acrylic polyurethane (sign finishes)

Grip-Gard Clear (top coat)
Low Gloss Clear VPS-2

Acrylic polyurethane

Benjamin Moore & Co.
Wood Enamel (163-80 Black)

IronClad Alkyd Low Lustre Metal &

Alkyd (architectural)

DuPont Imron 333

40M Flat Black

Acrylic polyurethane (automotive)

Imron 613P
Flat Clear (top coat)

Acrylic polyurethane

Keeler & Long Megaflon MS

UMS2301015 Black 15% gloss

Fluoropolymer (industrial)

Keeler & Long Poly-Silicone Enamel

0177 Black

Silicone-alkyd (moderate industrial)

Rust-Oleum Rust-O-Crylic Industrial Enamel

Flat Black

Acrylic (exterior grade)

Sherwin-Williams Sunfire Acrylic Urethane

336-1738 Black + TIF271 Matte Agent

Acrylic polyurethane (automotive)

Tnemec Endura-Shield Series 75 Acrylic polyurethane (industrial exterior grade)
35GR Black
Endura-Clear Series 76-763 Acrylic polyurethane
Satin Finish (top coat)

U.S. Paint Awlgrip Polyester polyurethane (marine coating system)

(2002 Flat Black

gloss, color fidelity, and resistance to abrasion and loss. Owing
to their relatively small size, the test coupons aged evenly and
did not exhibit streaks from uneven weathering or staining
from biological debris and human contact that occurs on out-
door sculpture.

Gloss units (GU) were measured using a handheld BYK
Gardner micro-TRI-gloss meter at 60- and 85-degree angles.
All of the samples lost gloss after four years’ exposure (fig. 4;
only the 60-degree measurement is reported here). However,
the relative change in gloss number is a better indicator of the
observed change in gloss on the coupons.* Those coupons
with the highest relative number, in particular the more matte
samples, had the greatest visual change in gloss.

Changes in color were measured on a HunterLab XE
spectrophotometer using CIELab color space (fig. 5). The
graph shows the change in chroma and value represented by
delta E 94 over time. 5 Due to the angle of detection in the
spectrophotometer, the samples represent a reading of color
only—without the interference of gloss.

Abrasion resistance was measured using a balanced
beam scrape abrasion tester with an adapted version of ASTM
Ds5178-98, the standard mar resistance test for organic coatings
(ASTM 1998). For this test, a stylus is drawn across the sample,
with successive weights applied until the coating is marred.S
After three months of exposure, no sample performed to our
desired specifications of durability. That is, all of the samples
marred during the second testing period without the use of
weights—the stylus alone marred the surface.

Formulation Efforts

The development and formulation of new coatings is often
motivated by the necessity to improve the coating system’s
durability and environmental compliance. Our current efforts
with water-dispersible hydroxyl functional coatings are aimed
toward achieving enhanced performance, complying with
environmental regulations, and meeting the aesthetic criteria
for the surface appearance of individual outdoor sculptures in
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a very low-gloss composition. Historically, the most expedient
approach to getting a lower gloss in a coating is to fill or load
the formulation with conventional extenders, such as tale,
diatomaceous silica, or other inert fillers. This is a very rea-
sonable path for manipulating gloss in emulsion- and alkyd-
type chemistries. Owing to their cost and performance, these

paints are generally not expected to have enhanced durability,
yet they may be environmentally benign.

In applications where durability and low life cycle main-
tenance cost is paramount, alternative pathways to achieve low
gloss (0.3 to 15 GU at a 60-degree angle) must be implemented.
ARL has eliminated the use of silica-based flattening agents
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and is using multifunctional flattening materials in its mil-
itary coatings to enhance durability and minimize main-
tenance associated with repainting and cosmetic touch-up
(U.S. Department of Defense 2002). The coatings are also
implementing multifunctional flattening materials. Our cri-
teria were to select materials similar in composition to our
base binder in order to maximize homogeneity, to minimize
pigment-to-binder ratios, and to enhance physical param-
eters. Additionally, in the low-gloss formulations, we also
stayed below our critical pigment-to-volume concentration,
which also ensured higher performance (Patton 1979, 189;
Gray 1987, 359).

Formulations based on these criteria, including selection
of easily dispersed pigmentation, were created and manufac-
tured. By varying the formulae, we have been able to use a
quantitative approach for making a suite or palette of varying
gloss, color (including differences in saturation and hue), and
minimal texture. This allows ARL and NGA to evaluate pig-
ments, additives, and binder ratios for future-generation coat-
ings in a more efficient manner. Finally, in an effort to rapidly
evaluate materials for UV resistance and associated outdoor ele-
ments, formulations are being subjected to an accelerated out-
door exposure protocol implementing Q-Labs Q-Trac, which
uses natural sunlight with mirrors that direct the light to the test
specimens for maximum megajoules (M]) of irradiance (fig. 6).
The protocol also employs a periodic water spray to further
degrade the coatings. This approach has demonstrated a reliable

FIGURE 6 Delta E average for black 1.60
formulations after total ultraviolet
radiometer (TUVR): 280 M]/m? 1.40

Arizona exposure.
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methodology to replicate the degradation mechanism seen in
long-term outdoor exposure with these particular chemistries
(Escarsega and Chesonis 1997), yet without the lengthy delay
often required when evaluating high-performance coatings out-
doors.” The system also provides confidence in evaluating and
selecting new materials that conventional accelerated xenon or
QUYV chambers may not reliably reproduce or manifest with
regard to degradation.

Several black-tinted formulations with varying degrees
of multifunctional flattening agents were generated. Highlights
of the delta E values for the given formulae are seen in figure 6.
Our weather data in megajoules per square meter will assist in
quantifying results with future formulations and eventually per-
mit transiting to accelerated-exposure chambers for convenient
quality control and validation. Relative to our designated origi-
nal formula, several of the black formulations show promise.

Matte Suite

As described above, the NGA and ARL, together with Spectrum
Coatings, Inc., are developing five coatings specially designed
for outdoor sculpture (fig. 7). The first four paints are within
the matte range and measure less than 15 GU at 60 degrees; the
fifth paint is glossy. (Hereafter, all gloss measurements reported
were taken at a 6o-degree angle.) The range for the gloss suite
reflects to some extent the painted outdoor sculpture for which
the NGA is responsible and for which no suitable paints were

JAE 2013 JAE 2014 JAE 2015 JAE 2016

Sample ID
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FIGURE 7 Selecting coupons to be included in matte suite.
Photo: Judy Ozone.

available. Our aim was to produce a variety of gloss levels—or
more specifically, matte levels.

The first paint in the series is the most matte and mea-
sures between 1.5 and 2.5 GU. It was matched to a matte black
sample provided by the Calder Foundation for the repainting of
Ton’s (on long-term loan from the foundation). We introduced
a minimal increase in gloss for the second paint in the series
in order to provide an alternative to the completely flat matte
option of the first. It measures between 3 and 4 GU. The third
paint in the series was made to duplicate the dull semigloss
required by the Tony Smith Estate; it measures between 7 and
8 GU. The fourth paint measures between 15 and 16 GU. It was
chosen to provide a paint with the slightest hint of gloss and a
viable alternative to standard semigloss paints. The last paint in
the series is a glossy paint; it measures 87-88 GU.

Visual appearance was the key selection factor for each
paint in the matte suite. A gloss meter was used as a tool to
record choices and provide a means to assure quality control.
As mentioned previously, conservators, curators, and artists’
estates were critical to the development of the matte suite. Of
particular interest is the route to creating the dull semigloss
paint (number three in the series) stipulated by the Smith
Estate. In preparation for repainting The Snake Is Out (fig. 8),
four different samples with varying formulae for gloss were
prepared and circulated to the Smith Estate, the fabricators,
the NGA curator, and two NGA conservators. All of the par-
ties involved independently chose the same sample from the
four possible choices.

Conclusion

This project has created a forum not only among chemists,
paint manufacturers, and conservators but also with artists,
curators, and those who represent artists’ estates. It has been
enlightening to learn how the special properties of an adapted
military paint are tied to the subtleties in surface aesthet-
ics that the NGA is obligated to maintain on outdoor sculp-
ture. The NGA experience coupled with test results from the
recent study set give a realistic view of the durability of some
commercially available matte paints. Our current focus is to
complete a matte suite for black-painted outdoor sculpture by
adapting the chemistry of the military camouflage paint. At
this time, a usable product set is close to completion. Future
work includes seeking patent protection for the product and
initiating a similar testing protocol on a matte series of colored
paints, including red, orange, yellow, and blue. Additionally
and most importantly, we intend to identify a path to bring the
matte suite to the commercial market.

FIGURE 8 East building of National Gallery of Art with The

Snake Is Out by Tony Smith in the foreground. Photo:

Abigail Mack.

Tony Smith (American, 1912-1980), The Snake Is Out, model
1962, fabricated 1992. Painted steel, 457.2 X 706.1 x 574 cm (180
x 278 x 226 in.). Washington, D.C., National Gallery of Art.
Gift of the Tony Smith Estate and Patrons’ Permanent Fund,
1992.21.1. © 2006 Board of Trustees, National Gallery of Art,
Washington, D.C. © Tony Smith Estate/Artists Rights Society
(ARS), New York.
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Notes

1 This statement should not be construed as an endorsement by
the NGA for repainting all outdoor sculpture. Each case must
be evaluated on its own merits and approval sought from the

appropriate authorities only after careful consideration of all options.

2 As mentioned, this study was not a survey of all paint types
or brands within types. In compliance with rulings on volatile
organic compounds (VOCs), the use and availability of polyester
polyurethanes is much decreased, especially in California, and
therefore only one polyester polyurethane was tested. Replicate
coupons were tested in each study set.

3 'The weather chamber had borosilicate inner and outer filters with
102-minute light cycles and 18-minute front deionized water spray

cycles (Escarsega, Mack, and Sturman 2003).

4 The equation for calculating the relative number of change in
gloss is as follows:

(actual value GU-final value GU/original value gloss unit x 100 =

relative value

5 Calculating CIE delta E 94 includes weighted functions that
account for a visual uniformity found in the CIE delta E with
respect to measured differences between colors (Berns 2000,
120-21; de la Rie et al. 2000, 53).

6 This test incorporates the use of a BYK Gardner balanced beam
scrape abrasion and mar tester. This test was modified to include
two repeats rather than seven for each different weight load.

7 Degradation mechanisms in conventional accelerated weathering
chambers may differ from natural outdoor exposure, or
weathering may not be initiated, thus providing misleading data
for formulation changes.
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“Cover the Earth™ A History of the Manufacture of
Household Gloss Paints in Britain and the United States

from the 1920s to the 1950s

Harriet Standeven

Abstract: Ever since household gloss paints became widely
available in the first decades of the twentieth century, artists
worldwide have used them in place of those intended for artistic
purposes. Such paints have been found in the work of Pablo
Picasso, Willem de Kooning, Gillian Ayres, Jackson Pollock,
Ben Nicholson, and Alfred Wallis—to name but a few. Gloss
paints have a number of physical characteristics that appeal
to artists: they can be poured, a smooth glossy surface can be
achieved, and they are inexpensive. Furthermore, their status
as industrial or commercial materials, rather than artists’, has
prompted artists to make sociopolitical commentary through
their use. Although museums and galleries have been perform-
ing technical analyses of the commercial paint present in works
of art for a number of years, the lack of a coherent history of the
developments made in gloss paint manufacture can make these
results difficult to interpret meaningfully. This paper provides
such a history, through a discussion of the synthetic and semi-
synthetic binding media that were used in gloss paint manufac-
ture in Britain and the United States from the 1930s to the late
1950s. These include nitrocellulose, phenol-formaldehyde, and
oil-modified alkyds, alongside the traditional range of naturally
occurring oils, gums, and resins that continued to be used until
well into the 1960s. The extent of the availability of these dif-
ferent types is discussed, and examples of when each has been
found in works of art are given.

Introduction

The research and development of the formulation of coatings
based on synthetic and semisynthetic resins in the early part of
the twentieth century was carried out by large chemical com-
panies, rather than traditional paint manufacturers, and this

discussion thus centers on two of the most prominent: Nobel
Industries Limited (one of the companies merged to form
Imperial Chemical Industries Ltd. [ICI] in 1926) in Britain,
and E. I. du Pont de Nemours (DuPont) in the United States.
These companies both began life as explosives manufacturers
and both entered the coatings business via this route.

ICI and DuPont are important not only for being the
first to make decorative coatings from synthetic resins but
also for a unique agreement they had to share patents and
processes. This certainly played a vital role in the development
of gloss paints in Britain (Standeven 2004). The agreement
dated back as far as 1897 and pertained not only to explosives
but, significantly, to their associated products as well (Crane
1923)—hence the inclusion of coatings based on nitrocellulose.
The “associated products” clause was to prove vital in the 1920s
and 1930s, when both companies entered the paint and varnish
industry, as it was expanded to include new decorative coat-
ings such as those based on oil-modified alkyds, the resin that
revolutionized the coatings industry.

Oleoresinous Paints

Prior to the mid-twentieth century, protective and decora-
tive coatings were made exclusively from a range of naturally
occurring oils, gums, and resins (Standeven 2004). Linseed oil
was undoubtedly the most widely used oil, closely followed by
quick-drying tung (otherwise known as China wood oil). In
the United States, semidrying oils such as soybean, perilla, and
safflower were also used, usually in admixture with drying oils
such as linseed and tung. Congo copal was the predominant
resin, although alternatives such as amber, dammar, rosin, and
colophony were also used.
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Oils used in commercial paint manufacture are first
treated to moderate their properties. They are heated or blown
until partial polymerization occurs. This increases the drying
rate and gives the paint good leveling properties, desirable
characteristics in gloss paint. The resin component increases
the gloss and hardness of the film, although it also contributes
to its yellowing, embrittlement, and eventual breakdown. In
Britain and the United States, the highest quality paints and
varnishes were made from linseed oil and Congo copal, which
remained the primary binding medium for commercial gloss
paints until well into the 1950s.

Rosin and its derivatives have also been used in com-
mercial paint manufacture, despite the resin’s questionable
durability. The reasons for this were twofold: rosin was inex-
pensive, and rationing and shortages of vegetable oils during
both world wars forced companies to look for alternatives.
Lime-neutralized rosin, glycerol-esterified rosin (ester gum),
and maleic anhydride-reacted rosin neutralized with glycerol
were widely used rosin derivatives (Brewer 1984, 58). Limed
rosin was the primary component of gloss oils, which were
cheap, very fast-drying interior enamels. Ester gum also found
an important use in paint and varnish manufacture, where
its superior color stability and alkali resistance compared to
unmodified rosin compensated for its poor durability. Due
to their lack of durability, paints containing rosin derivatives
were intended for interior use.

Paints based on naturally occurring oils, gums, and res-
ins were widely available until well into the 1950s, and con-
tinued to be manufactured until the 1960s—long after paints
based on synthetic resins were well established.

Nitrocellulose Brushing Lacquers

Nitrocellulose was the first semisynthetic resin to be formu-
lated into a coating. These coatings contained nitrated cel-
lulose mixed with solvents and plasticizers. As nitrocellulose
is used in explosives production (in a more highly nitrated
form), turning it to other uses made good business sense.
Thus, most explosives manufacturers also produced a line
of nitrocellulose dipping lacquers, and both ICI and DuPont
entered the coatings business via this route. DuPont had begun
making nitrocellulose dipping lacquers in 1904, when it had
acquired the International Smokeless Powder and Chemical
Company (DuPont n.d.), and Nobel had been manufactur-
ing them from a similar time. By 1912, Nobel (known at that
time as the New Explosives Company) was manufacturing
its Necol coatings for a diverse range of industrial applica-

tions, including protective films, paper varnishes, dipping
varnishes, and pigmented lacquers for metals. These lacquers
were too thin and volatile to allow brushing or spraying, so
they remained firmly in the realm of industrial applications.

The first decorative enamel based on nitrocellulose was
reportedly introduced in Britain by Nobel in about 1919. It
comprised airplane dope pigmented with antimony oxide
and was known as Glossy White S.2567 (ICI n.d., 5). By 1920,
the New Explosives Company was manufacturing its range of
nitrocellulose-based Cranko enamels, which it described as
high-grade finishes for metal and wood.

In 1923, DuPont devised a method of producing a low-
viscosity spraying lacquer of high nitrocellulose content, and
Duco automobile enamel was launched. As Duco was based
on nitrocellulose, it fell under the “associated product” clause,
and Nobel imposed the longstanding agreement. The formulas
were duly handed over, reportedly with some reluctance (ICI
n.d., 6). The formula was changed to suit the different climate
and available raw materials, and Belco automobile enamel was
launched on the British market in 1926.

That year also marked the formation of ICI, from a merger
of Brunner Mond and Company, United Alkali Company,
British Dyestufls, and Nobel Industries Limited. ICI took on the
patents and processes agreement with DuPont, so the exchange
of technical information continued. Within a few years, this
agreement, which had been restricted to explosives and associ-
ated products, was extended to include many other processes,
decorative coatings included (U.S. vs. ICI 1951).

Following the success of Duco, American companies
such as Glidden and Sherwin-Williams introduced a range of
nitrocellulose brushing lacquers. Brushability was achieved
via the addition of an alkyd resin. Thus, Glidden introduced
its Lack brushing lacquer in September 1925, and Sherwin-
Williams introduced its Rogers Brushing Lacquer in the mid-
1920s (McDermott and Dyer 1991, 45). In response to these,
and to other competitors’ quick-drying products, DuPont
developed its own brushing lacquer, Brush Duco, which was
launched on March 6, 1926 (DuPont 2006a). By 1930, about
250 companies in the United States were manufacturing Duco-
like lacquers intended for both industrial and domestic appli-
cations (Zintl 1947, 52).

However, the success of these brushing lacquers was
somewhat short-lived, due to a number of undesirable char-
acteristics: their high solvent content made them unpleas-
ant to use, and the speed with which the solvents evaporated
made the paint difficult to brush out. W. M. Zintl, director of
sales in DuPont’s Paint Department in the 1920s, was perhaps
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being a little unfair when he lamented the company’s inability
to “change the habits of women who believed that they were
painters . .. [and had a] habit of brushing out lacquer like they
were accustomed to doing with an oil paint, which they could
brush and brush and brush” (Zintl 1947, 85), as the fault was
clearly with the paint rather than the practitioner.

Brushing lacquers would appear to have been more pop-
ular in the United States than in Britain. However, neither
the consumers nor the manufacturers were happy with these
lacquers. Indeed, DuPont was so dissatisfied with Brush Duco
that, shortly after its launch, the formulation of the paint was
changed to an alternative quick-drying product without the
consumer being informed (Zintl 1947, 85).

Although numerous British companies manufactured
nitrocellulose lacquers, it is not clear how many of these
were intended for decorative purposes. In Britain, Nobel’s
nitrocellulose-based Glossy White predated DuPont’s Duco
patent, although the formulation of Glossy White is unclear
(ICIn.d., 5). However, in an interview in 2002, former Berger
Paints employee Ken Arbuckle said that nitrocellulose
finishes were rarely used as decorative coatings since they
were very difficult to brush out, and they were certainly not
manufactured by Berger." But in 1939, Walter Carson & Sons
was advertising these coatings alongside its range of Ultralux
synthetic enamels, and in the mid-1930s, Nobel’s range of
nitrocellulose-based Necol products were available as bronze
mediums, cements, and plastic wood (Nobel n.d.). It would
seem that it was primarily explosives manufacturers, rather
than paint companies, that were involved in their production
in Britain, as the participation by the latter was extremely
limited. The extent of their use by artists is unclear, although
of the eighteen cans of commercial paints found from Jackson
Pollock’s studio that underwent scientific analysis, four were
found to be alkyd-modified nitrocellulose coatings.?

Phenol-Formaldehyde Resins

Phenol-formaldehyde resins were developed by the plastics
industry in the early 1900s, and were designed to replace the
naturally occurring gums and resins that were used as electrical
insulators. They were made via an addition reaction between
phenol and formaldehyde. Solubility in oil—usually tung or
an admixture of tung and linseed—was achieved through the
addition of rosin.

Although their use in decorative coatings was brief and
by no means widespread, phenolics’ excellent electrical, corro-
sion, alkali, and water resistance meant they found numerous

industrial applications, especially for marine paint. However,
the presence of rosin and tung meant that these resins dis-
colored significantly, and in response to this, 100 percent, or
“straight,” phenols were introduced in 1929. Direct solubility
in drying oils was achieved by using highly selected or substi-
tuted phenols, which eliminated the need for the rosin compo-
nent completely. Although very durable, 100 percent phenols
still discolored due to the presence of tung oil.

The extent of the use of such resins in the decorative coat-
ings industry is unclear, but by the 1930s numerous British com-
panies were manufacturing quick-drying “four hour enamels”
which were probably formulated from phenol-formaldehyde
(Boxall 1978, 18; Lilley 1951, 307; Elliot 1981, 13). For exam-
ple, in the late 1930s, the British company Walter Carson &
Sons advertised a noncellulose “Four Hour Synthetic Lacquer
Paint” that dried in four hours, became hard in eight, and
was recommended for use in kitchens and bathrooms (Walter
Carson n.d.). In 1939, Williams and Howard advertised Quadlac
gloss paint that dried in four hours. Walpamur’s early Rockfast
enamel paints were reportedly based on phenol-formaldehyde
resins, and the Goodlass Wall Company’s Valspar was a similar
product in the 1930s.3 The manufacture of decorative paints
based on phenolic resins seems to have been confined to tradi-
tional paint and varnish manufacturers, and there is little evi-
dence to suggest that either ICI or DuPont manufactured them
for this purpose.

Oil-Modified Alkyds

The most important binding media of the twentieth century,
arguably, are oil-modified alkyds, and they have remained the
dominant binder for industrial and domestic applications to
the present day. Alkyds contain a polybasic carboxylic acid
and a polyhydric alcohol, which can be oil modified via co-
esterification with fatty acids or their glycerides. Although a
huge array of acids and alcohols can be used in alkyd manu-
facture, decorative paints are commonly made from phthalic
anhydride (the acid) and glycerol or pentaerythritol (the alco-
hol). Oil-modified alkyds can be divided into three main cat-
egories, distinguished by their oil length (proportion of oil to
resin). The oil length is expressed as a percentage and denotes
the number of grams of oil required to make 100 grams of
resin. Decorative alkyds typically have an oil length of 60-80
percent and are formulated with drying or semidrying oils.
They are soluble in aliphatic hydrocarbon solvents.

Alkyds, or glyptals, as they were known until the 1920s,
were first patented in 1901 by General Electric. Hard and brittle,
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they were used as electrical insulators, and it would appear
that their potential as surface coatings was not recognized at
this stage. Following the discovery that part of the phthalic
anhydride could be replaced by a fatty acid, further work with
unsaturated oils, such as vegetable oils, was carried out, pri-
marily by M. Callahan, J. van Bemmelen, and the Ellis-Foster
Company in the United States (Bevan and Robertson 1951,
340). Once modified with a fatty acid, glyptal resins could
be formulated that were sufficiently flexible to be used as a
coating. DuPont’s archive reveals that the company began to
research oil-modified glyptals in 1924, reportedly upon the
appointment of Callahan, who had worked on their develop-
ment at his previous employment with General Electric (Zintl
1947 75).* In 1926, DuPont introduced its first alkyd-based
primers. These “Dux” primers were formulated from glycerol,
phthalic anhydride, and linseed oil acids.

The name Dulux was also born in 1926, when DuPont
launched its first oil-modified alkyd top coat onto the U.S. trade
market. This paint also contained phthalic anhydride, glycerol,
and linseed oil acids, and was intended for industrial applica-
tions such as signs, freight cars, and gas pumps. Although
the durability of Dulux was not in question, the paint was
not popular with the trade, as it had poor brushing qualities
and coverage. More successful was Dulux Refinishing Enamel,
which was introduced to the car trade in 1930. This immedi-
ately became popular with automobile dealers, as, although
slower drying than Duco, it was considerably cheaper, and
therefore popular for repainting lower priced cars that did not
warrant a Duco finish (DuPont 1949, 2).

In May 1931, the first exterior Dulux house paint, Dulux
GA-11, was released. It comprised a 62 percent linseed-modified
glyptal resin pigmented with titanium white. In 1934, DuPont
began to advertise Dulux Super White, a new finish for home
interiors. One of the first advertisements appeared in The
American Painter and Decorator in March 1934; it extolled the
paint’s nonyellowing properties, quick drying, and easy applica-
tion. Once Dulux house paints had been successfully formu-
lated and marketed, DuPont’s Brush Duco, which had been
unsuccessful on a nitrocellulose base and currently contained
an alternative, quick-drying medium, was replaced in the can
with the new Dulux alkyd resin. In 1937, after several years of
field testing, improved Outside White, for exterior use, was
released. At the same time, Dulux Super White was improved
for interior use (there is no indication as to how the interior and
exterior Dulux differed).

Throughout the 1920s and 1930s, while DuPont was
developing Dulux resins, its continuing agreement with ICI

ensured that new processes and patents were introduced
swiftly to the British market via its Nobel Chemical Finishes
Limited division. Through Nobel, Dulux industrial undercoats
had been launched in Britain in 1929, and Dulux Glossy deco-
rative paint in 1932. Papers from ICI’s archive reveal that the
company played no role in the development of post-Second
World War Dulux, so these paints were based entirely upon
DuPont technology (ICI n.d., 11). Therefore, Dulux Glossy
comprised phthalic anhydride, glycerol, and linseed acids; it
had an oil length of 60 percent. ICI made no effort to enter the
retail market at this stage, and the paint was sold to the trade
via twenty-eight merchants, served by twenty representatives.

During the 1930s, several other British companies
began to conduct research into alkyd resins, and Jenson and
Nicholson reportedly put their Robbialac range of paints onto
alkyds at that time. However, most British and American
companies did not produce alkyd resins until after the Second
World War, and these paints have not, to date, been found on
works of art from that period.

The Impact of the Second World War: 1939-45

The Second World War significantly affected the development
of both Britain’s and the United States’ paint industries. In
their capacities as explosives manufacturers, both ICI and
DuPont had been working around the clock to meet demand.
In addition, they were called upon to produce large quantities
of camouflage and gas-resistant paint for the war effort. The
production of synthetic resins for the British decorative mar-
ket all but ceased shortly after the outbreak of war in 1939. The
story was the same when the United States entered the war, in
1941. Although some U.S. paint companies continued to make
synthetic resins, including phenol-formaldehydes and alkyds,
they were restricted to military use during the war years (Price
1943, 81). The production of interior paints suffered more than
that of exterior as a result of war shortages, and decorative
paints’ status as cosmetic rather than essential finishes led
to many American companies ceasing their production alto-
gether (Modern Plastics 1945). For those that did continue
manufacture, shortages of raw materials forced them to look
for alternative ingredients. The 1940s and 1950s thus mark
the period in which the most diverse range of oils and resins
were used in paint manufacture. Linseed, oiticica, tung, and
soybean oils were in short supply, so companies used the unra-
tioned rosin, which had previously been used only for cheap
paints because of its doubtful durability. The use of limed rosin
and ester gum (rosin esterified with glycerol) thus reached its
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peak during this period. Rosin-based paints certainly formed
the bulk of the production of the British company Cray Valley
Products at the end of the war.® Indeed, when British artist Jon
Catleugh’s poured painting Untitled (1951) was analyzed, it was
found to contain rosin, glycerol, and a drying oil, suggesting
the presence of ester gum.”

Post-Second World War Alkyds

The research and development of postwar alkyd resins was
also driven by the availability of raw materials. When the
war ended, in 1945, both ICI and DuPont found themselves
left with plants capable of producing large quantities of coat-
ings and explosives, but no large-scale market to speak of.
However, in their capacities as explosives manufacturers, both
had been producing considerable quantities of pentaerythri-
tol, and experimentation began with using this alcohol in the
place of glycerol. Pentaerythritol has three main advantages
over glycerol: First, it has a functionality of four as opposed
to glycerol’s three, which allows greater amounts of oil to be
incorporated into the resin. This not only imparts greater flex-
ibility to the film and improves the resin’s rheological proper-
ties but also makes its manufacture more economical, as oil is
less expensive than either glycerol or pentaerythritol. Second,
it lends a water resistance that is far superior to that of glycerol
alkyds. And third, it offers better gloss and gloss retention.
The use of pentaerythritol in place of glycerol was a significant
development in the manufacture of postwar alkyds.

ICI resumed its research into alkyds in 1945 and, after
several years of testing, reintroduced decorative Dulux in 1949,
based on a phthalic anhydride, pentaerythritol, and linseed oil
(Lilley 1959).

It is probable that DuPont and ICI continued to share
technical information with regard to the development of these
postwar alkyds, although it is worth noting that the agreement
was severed by the enforcement of the Sherman Antitrust
Act, in 1948, and the exchange of information ceased on June
3oth of that year (U.S. vs. ICI 1951). By the late 1940s, many
other companies were also producing alkyd resins, and those
without the necessary expertise and plant could simply buy a
license to manufacture or buy the premixed resin from a man-
ufacturer and blend it with the necessary pigments and addi-
tives. By the late 1960s, in Britain, only ICI and Berger, Jenson,
and Nicholson continued to manufacture their own resins
(Armitage 1967, 23). Also in Britain, Berger and Walpamur
{(which later became Crown Decorative Products) began to
manufacture alkyds in the late 1940s, while in America, both
Benjamin Moore and Sherwin-Williams introduced their

alkyd-based Impervio and Kem-Glo enamels, respectively, in
1949 (McDermott and Dyer 1991, 63). %

Oil-modified alkyds have been found on works of art
only after 1947. Susan Lake, at the Hirshhorn Museum, used
gas chromatography/mass spectrometry (GC/MS) to analyze
the commercial paint on eight paintings by Jackson Pollock
dating from 1943 to 1951. She found extensive use of alkyd
paint only after 1947; before that the paints were invariably
oleoresinous.® Lake obtained similar results from Willem de
Kooning’s paintings dating from that period. Scientists at
Tate also found alkyd only after 1947, and its Pollock painting
Summertime: Number 9A (1948) was found to contain an oleo-
resinous house paint.®

As discussed above, by the early 1950s, many of the oil-
modified alkyds intended for decorative purposes incorpo-
rated pentaerythritol as the alcohol. But despite the obvious
advantages of such formulations, the tendency of pentaeryth-
ritol alkyds to bloom meant that many companies preferred to
use glycerol until the late 1950s." Glycerol also continued to be
used for applications such as undercoats, where its superior
hardness allowed the finish to be sanded. A glycerol alkyd was
detected on Pollock’s Number 14, which dates from 1951.2

Semidrying Oils
A second important development in post-Second World War
alkyds—especially for the British market—was the use of
semidrying oils in the place of the drying oil linseed. Although
linseed has excellent drying properties, it does have a ten-
dency to yellow, making it unsuitable for pale-color paints.
Semidrying oils such as soybean, tobacco seed, and safflower
are paler in color, and although they are incapable of produc-
ing a hard film when used alone, they will dry when co-esteri-
fied with an alkyd. Soybean oil was introduced to the British
paint market in the late 1950s, and its use became widespread
in the early 1960s (the 0il’s expense had prohibited its use prior
to this time). Soy had, however, been used in U.S. paint formu-
lations at a much earlier date, as it grew well in the Midwest.
Along with similar indigenous oils such as cottonseed, it had
been used as a cheap adulterant for the more expensive linseed
since the early part of the twentieth century (Heckel 1928,
461). It was also used in alkyd production at an earlier date in
the United States, and has indeed been detected on Pollock’s
Yellow Islands (1952), which contains a pentaerythritol alkyd
formulated with a semidrying oil.3

It is important to remember that throughout the period
when these synthetic resins were being introduced, the mar-
ket for traditional oleoresinous binders remained buoyant.
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Many companies produced both alkyd and oleoresinous
paints within the same range—perhaps using alkyd for exte-
rior paints, where durability was essential, and oleoresinous
paints for interior use, where durability was not such an issue.
These oleoresinous binders were available in the 1960s,
and they have been detected on Ben Nicholson's White Relief,
which although it originally dates from 1935, was repaired and
repainted with Ripolin house paint in 1955 (Nicholson 1955).

The Popularity of Synthetic Paints

It would appear that upon their introduction, decorative paints
based on synthetic resins were more popular in the United
States than in Britain. This can probably be accounted for by
the considerably larger retail market in the United States. U.S.
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FIGURE 1 Advertisement for DuPont Duco house paint from
The Saturday Evening Post, February 19, 1927. Courtesy Hagley
Museum and Library.

companies had been exploiting the do-it-yourself (DIY) market
since the early 1920s, and advertisements suggest the products
were geared very much toward female DIY users, as exemplified
by DuPont’s 1927 ad for Brush Duco (fig. 1). These consumers
not only valued quick drying over the paints other qualities,
but they tended to be one-time users, and were thus more likely
to be swayed by the massive advertising campaigns launched.
This might help to explain the popularity of synthetic resins in
America, as well as the initial success of the wholly unsatisfac-
tory nitrocellulose brushing lacquers in the 1920s.

Indeed, the popularity of synthetic paints caused an
unlikely problem in America in the 1940s. When the produc-
tion of decorative paints all but ceased during World War 11, the
popularity of prewar synthetic resins led some unscrupulous
dealers to fraudulently label their exterior paints as plastic, and
attempt to sell them to an unwitting public at an inflated price.
In 1945, the American National Paint, Varnish and Lacquer
Association tested a number of these paints and found that none
contained any type of synthetic resin (Modern Plastics 1945).

By contrast, the notoriously conservative British deco-
rating industry was mistrustful and suspicious of new materi-
als, and preferred to stick to the tried and trusted traditional
materials.

Articles have appeared in the daily press and even in
some technical journals, hailing various substitutes as
the only possible media for post-war use. It is probable
that many of the authors of these articles are enthu-
siastic rather than experienced; possibly even thinly
disguised journalists searching for something new,
rather than practical men with a knowledge of building

materials. (Jay 1942, 171)

Paints based on synthetic resins were evidently not
embraced to the same degree in Britain, nor was the DIY mar-
ket exploited fully until a considerably later date. ICI did not
even attempt to enter the retail market until the early 1950s,
and until that time, paint advertisements were very much
geared toward tradesmen in white coats and flat caps (figs. 2
and 3) and found predominantly in professional journals such
as The Decorator.

But what was behind this fundamental difference in attitude?
The manner in which science and technology were promoted and
perceived in America—exemplified by DuPont’s promotion of
its activities—must certainly have played a role. DuPont’s slo-
gan until the 1980s, “Better Things for Better Living . .. Through
Chemistry” was first introduced in about 1939 (DuPont 2006b).
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FIGURE 2 Advertisement from The Decorator, February 1936.

The slogan epitomized the company’s marketing campaign, in
that it extolled the benefits that developments made in science
and technology would have on day-to-day living. This notion
acquired particular resonance in the post-World War II years,
when a truly astonishing array of synthetic plastics and fibers,
which did indeed revolutionize many aspects of everyday life,
were manufactured and marketed. To this day, DuPont claims
that materials developed before and during the war, including
neoprene, nylon, and rayon, not only helped to win the war but
“remained vital to the national defense effort in the Cold War
years” (DuPont 2006c¢). This almost blind faith in the benefits of
science and technology continued until the 1960s, when

America’s post-war economic expansion and consumer
optimism yielded to concerns about environmental
pollution and social justice . . . [and] the tide of public

opinion [began to turn] against the chemical industry.

FIGURE 3 Advertisement from The Decorator, July 1934.

A nation once enamored of chemicals and their benefits

now grew uneasy and suspicious. (DuPont 2006¢)

Until they soured, the positive associations evoked by
developments in science and technology, coupled with the
aggressive marketing campaigns of companies such as DuPont,
must have played a role in the wider acceptance of new syn-
thetic materials in the United States.

These very different markets certainly had an effect on
the British and American artists who used these commercial
paints, and is indeed reflected in their attitudes toward and use
of these materials (Standeven 2004, 2006). Commercial gloss
paints have been popular among artists since the 1920s, and
they remain popular to the present day. Our understanding of
when and why artists have used particular materials not only
helps to ensure that artworks are cared for appropriately but
also greatly enriches our appreciation of artistic practice.
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Notes

Personal interview with Ken Arbuckle, 2002.

[

E-mail from Susan Lake, Hirshhorn Museum, 2001.

[

Letter from Tom Graham, May 16, 2002.

w

4 The history of these early glyptals by DuPont is comprehensively
outlined in DuPont’s Experimental Station project files, held in its
archive (Patterson 1927-37).

K. Arbuckle, interview.

wvi

6 Personal interview with Graham North, Cray Valley Products
Ltd,, June 12, 2002.

Personal communication with Michael Schilling, Getty

~

Conservation Institute, Feb. 2003. Analysis by gas
chromatography/mass spectrometry (GC/MS).

8 E-mail from Barbara Meyer, Feb. 12, 2001.
¢ E-mail from Susan Lake, Hirshhorn Museum, 2001.

10 Personal communication with Tom Learner, Tate, Feb. 2003.
Analysis by pyrolysis GC/MS (PyGC/MS) and Fourier transform
infrared (FTIR) spectroscopy.

11 G. North, interview.

12 Personal communication with T. Learner, Tate, Feb. 2003. Analysis
by PyGC/MS and FTIR.

13 Ibid.
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Mass Spectrometry of Modern Paints

Jaap J. Boon, Frank G. Hoogland, and Jerre van der Horst

Abstract: Mass spectrometry provides molecular-level informa-
tion about a broad range of paint constituents present in mod-
ern paint systems used by artists. A wide choice of instruments
and ionization methods is available to identify all the main
classes of modern binding media, to analyze molecular weight
distribution of polymers, to characterize synthetic pigments
and coloring substances, to characterize some classes of addi-
tives, and to determine oxidized compounds developing in oil
paints. Relevant examples of direct temperature resolved mass
spectrometry (DTMS), laser desorption/ionization mass spec-
trometry (LDI-MS), matrix assisted laser desorption/ionization
mass spectrometry (MALDI-MS), electrospray ionization mass
spectrometry (ESI-MS), and imaging SIMS (secondary ion mass
spectrometry) applied to research questions on paint composi-
tion are presented.

Introduction

'The organic constituents in modern paints are a challenge for
the analytical chemist but equally challenging for the conser-
vator, who is facing ever-changing paint compositions in mod-
ern and contemporary works of art with unpredictable aging
behavior. Few techniques provide the necessary details for
informed decision making about how to protect and conserve
these works. Although slightly invasive, mass spectrometry
has the potential for molecular-level information on modern
paints, perhaps even more than it has so far achieved with
traditional paints. When minute samples can be taken, mass
spectrometry can address the molecular-level composition
and compositional changes, while chemical microscopy and
spectroscopy can address the more overall features and spa-
tial distribution of the constituents. This paper reviews some

aspects of the application of mass spectrometry to modern
paint samples and presents some examples where mass spec-
trometry provides the necessary details for decision making
by conservators.

Polymers like the acrylates, as well as polymer networks
that develop from oil and alkyd paint, require that molecular-
level techniques be used for their characterization. Synthetic
pigments and dyes are an especially challenging group of com-
pounds to identify, but at least many are thought to be chemi-
cally stable and don’t change in composition as aging proceeds.
Many modern paints also contain a variety of additives—metal
soaps for oil paints, and amphiphilic oligomers in the case of
the acrylates—to enable compatibility of materials, for emulsi-
fication, and to improve the workability of the paints (Learner
1996, 2004).

The composition of these materials is likely to have
changed appreciably over the last fifty years, although such
changes take place when dictated by the demands of the bulk
chemical industry and are never announced. Since many of the
raw materials or intermediate industrial products are poorly
specified on the molecular level and such information often
remains proprietary, the paints made from these products as
produced by the colormen are only understood in fairly gen-
eral terms. In fact, paint makers often have to add substances
from a vast repertoire of additives to maintain the workability
of the paints according to their own specifications.!

Organic Mass Spectrometry

Organic mass spectrometry is frequently the method of choice
for the analysis of the organic (and sometimes inorganic) con-
stituents in modern paints, but the method of introduction of
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the sample or sample components requires careful consider-
ation. Fillers and inorganic pigment components of the paint
can be readily characterized by X-ray-based techniques—for
example, X-ray diffraction (XRD), X-ray fluorescence (XRF),
and scanning electron microscopy/energy dispersive X-ray
(SEM/EDX) analysis—and to some extent by Fourier trans-
form infrared (FTIR) spectroscopy and Raman spectroscopy.

Mass spectrometry has undergone a revolutionary devel-
opment in the last decade, with advancements in ionization, mass
separation, detection, and data processing. Many instruments
are now turnkey systems that require little expert knowledge of
either vacuum systems or mass spectrometry. A wide choice of
ionization methods is available, and data processing programs
are much more user oriented. Gas chromatography/mass
spectrometry (GC/MS), electron ionization (EI) and chemi-
cal ionization (CI) are the standard techniques for fragment
ion pattern formation (structural information) and molecular
ion detection (molecular weight of the compound). Pyrolysis
GC/MS (PyGC/MS) has been applied to characterize oil and
acrylate binding media, as well as fragments from modern
synthetic pigments (Learner 1996, 2004; van den Berg, Boon,
and van den Berg 1998; Sonoda 1999).

Electrospray ionization (ESI) is the preferred ioniza-
tion technique for high-performance liquid chromatography/
mass spectrometry (HPLC/MS). The analysis of some addi-
tives by HPLC/ESI-MS in a modern paint provided by Golden
Artist Colors has shown the great potential of this approach
(Smith 2005). Field desorption (FD) and field ionization (FI),
laser desorption/ionization (LDI), and matrix assisted laser
desorption ionization (MALDI) are mostly or solely suitable
for direct probe analysis of mixtures or pure compounds with
a high polarity or high molecular weight. Combined with suit-
able mass separation systems, these methods have enabled the
elucidation of the composition of oligomers, polymers, syn-
thetic colorants, and oxidized varnishes (van Breemen 1995;
Montaudo and Lattimer 2002, 584; Wyplosz 2003; Scalerone
et al. 2005).

When compounds can't be desorbed and ionized directly,
some form of prefragmentation is required. This approach has
been explored at AMOLF* for several decades (Boon 1992),
first in the form of Curie-point pyrolysis mass spectrometry
(PyMS) with a home-built system, and later as direct tempera-
ture resolved mass spectrometry (DTMS) using commercial
instruments. The advantage of both methods is the very min-
imal sample pretreatment that is necessary. Submicrogram
amounts of complete paints can be analyzed with DTMS by
desorption from a resistively heatable platinum/rhodium

(Pt/Rh) filament. The methodology was explored for modern
acrylic paints and selected synthetic pigments in collaboration
with Tate (Learner 2004; Boon and Learner 2002), and van
den Berg explored the applicability of DTMS to oil paints (van
den Berg 2002, 291; van den Berg et al. 2004).

Spot Analysis with LDI-MS

Laser desorption/ionization mass spectrometry (LDI-MS) can
be used as a spot-analysis technique; the analytical spot is
selected by light microscopy. Although the light microscopic
setup in most commercial MS systems is rather elementary and
the beam diameter of the laser rather large (>20 micrometers),
it can still yield information from cross sections, provided that
the sample absorbs the light and forms jons from the analytes
of interest. Wyplosz (2003) tried this out on a cross section
from a painting by Patrick Caulfield, Interior with a Picture
(Tate To7112), and showed the presence of PRiyo (naphthol
red), PY3 (azo yellow), and some potassium that was later
shown to be a trace compound in cadmium yellow pigment
(PY37).

Further studies with imaging SIMS (secondary ion mass
spectrometry)and SEM/EDX confirmed the chlorine from the
PY3 azo yellow in the respective layer, and the cadmium, zinc,
sulfur, and potassium from the PY37 in the cadmium yel-
low paint layer (Boon, Keune, and Learner 2002). Although
the presence of PRiyo could not be demonstrated at first, it
was later detected by SIMS after improvement of the surface
preparation (unpublished data). Wyplosz (2003) reports the
detection by LDI-MS of PV1g (quinacridone) in a sample from
a sculpture of Phillip King (Dunstable Reel; Tate To1361), but
studies on paint cross sections from Mark Rothko paintings
remained inconclusive. Recent explorative studies at AMOLF
have shown that this may be caused by penetration of the
embedding medium into the embedded paint sample.

Many synthetic pigments give good LDI-MS spec-
tra when analyzed as pure compounds or in dried paints.
The acrylic binding medium is fully transparent for UV-LDI
at 337 nm. Wyplosz identified by LDI-MS paints contain-
ing the following organic pigments: PRz2o7, PR2og, PR206,
PR188, PR178, PR122, PY83, PV23, PV1g, PBis, PGy, and PG36
(Wyplosz 2003). Only molecular ions are observed as nega-
tive ions, while some diagnostic fragment ions can appear as
positive ions. The dioxazine (PV23) with the chemical formula
C, H,,N,0,Cl, displays a protonated molecular ion in positive
mode {m/z 589) and a molecular ion at m/z 588 in negative
mode in standards and in Liquitex Brilliant Purple.



Remarkable differences were observed in the LDI-MS
spectra of phthalocyanine PGy and PG36 from different sup-
pliers. Figure 1 shows the positive ion spectra from the copper
chloro-phthalocyanines (PGy) obtained from Cornelissen &
Son (fig. 1A) and from Winsor & Newton (fig. 1B). The inset
in figure 1A shows the theoretical isotope distribution for the
Cu—C}stCl16 isomer. The PGy from Cornelissen is indeed
a hexadecachloro-phthalocyanine, although isomers with
fewer chlorine substitutions (Cl15 to Cl ) are also observed.
A very small amount of a bromoquintadecachloro isomer is
also detected. The “PG7” from Winsor & Newton is clearly a
mixed bromo-chloro phthalocyanine (isomers with up to five
bromine substituents detected). The degree of halogen substi-
tution is also limited (see the Cl7 to Cl15 series).

PBi5 and PGy could be demonstrated by LDI-MS in the
Winsor & Newton Finity series Permanent Green Light acrylic
paint, which is a mixture of various pigments in polybutyl
acrylate/methyl methacrylate p[BA/MMA] medium (Boon
and Learner 2002). Here the PGy is indeed only the fully chlo-
rine-substituted compound. A series of ions from polyethyl-
ene glycols (up to mass m/z 2250) was also detected, which
demonstrates that LDI-MS has the potential for selective ion-
ization of additives as sodium adducts.
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Microscopy Mass Spectrometry

Micron-level spatial resolution has been obtained with imag-
ing static SIMS on cross sections from traditional oil paint-
ings (Keune 2005) and from a painting with acrylic medium
(Boon, Keune, and Learner 2002). In traditional paintings, the
analytical focus is frequently on the distribution of fatty acids
and diacids obtainable in negative mode and the fatty acid
soaps and acylglycerides obtainable in positive mode (Keune
and Boon 2004a; Keune, Ferreira, and Boon 2005s). The yields
of these ions can be improved by sputtering a few nanometers
of gold on the surface of the polished cross section (Keune and
Boon 2004b). Evidence for differences in the composition of
acrylic paint layers was observed in the cross section from the
Caulfield painting (Boon, Keune, and Learner 2002), but an
influence of the other paint components on the ion patterns
of the acrylic polymers cannot be excluded. Further work on
acrylic paints and relevant standards is required.

Synthetic pigments can also be detected with static SIMS,
as demonstrated in figure 2 on a test cross section composed of
nine acrylic paint layers. A [M-H]- ion at m/z 385 is detected
for paint layer 4 with the azo yellow PY74. Paint layer 5 shows
a strong signal for the chlorine distribution and an absence
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FIGURE 2 Imaging static SIMS maps of an embedded cross sec-
tion of a paint made by superimposing nine different acrylate
paints: (1) Talens White (PW6), (2) Liquitex Phthalocyanine
Blue (PB15), (3) Winsor & Newton Finity Emerald Green
(PG36, PW16), (4) Winsor & Newton Finity Brilliant Yellow
(PY74, PO62), (5) Liquitex Phthalocyanine Green (PG36),

(6) Winsor & Newton Finity Naphthol Red Medium (PR 170),
(7) Liquitex Phthalocyanine Blue (PB1s), (8) Winsor & Newton
Permanent Green Light (PY37, PG7), (9) Talens White (PW6).
Layer 1 is just outside the field of view of the SIMS. The maps
shown are from the positive ions of Cd and Cu, and the nega-
tive ions from Br, Cl, the m/z 385 from PY74, and the m/z 1124
from PGy. Note that paint layer 5 does not contain PG36

(no Br), although it is listed on the paint’s label.

of bromine, while the m/z 1124 maps an isotope peak in the
ion peak pattern of a PG7. These results are remarkable, con-
sidering that the label on the Liquitex paint tube lists a PG36
(the fully brominated phthalocyanine green) as the coloring
component. DTMS indeed confirms the absence of PG36 and
the presence of PGy. Bromine is found in layer 3, the Winsor &
Newton Finity Emerald Green paint, which, according to the
label, contains PG36 and PWé6. Copper from various phthalo-
cyanines is detected in layers 2, 3, 5, 7, and 8.

In summary, static imaging SIMS as a microscopic tech-
nique is useful for investigation of the spatial distribution and

detection of modern pigments, as well as for gaining infor-
mation on oil paint components and fragments from poly-
mers. We expect that further research on modern paints using
dynamic and static SIMS will greatly expand the potential
of this molecular chemical microscopic approach for paint
studies.

DTMS of Acrylate Paints

Acrylic polymers and acrylic emulsion paints can be ana-
lyzed with relative ease using DTMS (Learner 2004; Boon
and Learner 2002). Learner has published a number of DTMS
analyses of acrylic homopolymers, and the compounds
evolved by pyrolysis were identified separately by PyGC/MS
(Learner 2004). Ethyl acrylate/methyl methacrylate (EA/
MMA) and butyl acrylate/methyl methacrylate (BA/MMA)
copolymers used in emulsion paints produce monomeric and
oligomeric subunits by pyrolysis. Oligomers up to hexamers
were observed by pyrolysis high-temperature GC/MS (Boon
unpublished; Hoogland 2002, 27). Such oligomers (up to the
octamer) are also observed by DTMS of EA/MMA as pseu-
domolecular ions [M+NH4]Jr under chemical ionization using
ammonia as the ionization reaction gas (Boon and Learner
2002). The electron ionization spectrum of EA/MMA shows
high-intensity peaks for ions, with a strong loss of an ethoxy
radical leading to a homologous series of m/z 255 (trimer), 355,
455, 555, and so on, in the mass spectrum. The DTMS analysis
of the BA/MMA does not show high-molecular-weight oligo-
mers. Only the trimers of BA and MMA are dominant features
in the CI and EI spectra. These differences are thought to be
caused by the relative weakness of multiblocks of MMA units
in the polymer.

Emulsion paints often show multiple desorption events
that relate to the presence of coloring agents, additives, acrylic
polymers, and inorganic fillers. The azo- and naphthol-based
pigments desorb very well and give interpretable spectra
when analyzed at low-energy EI (16 eV). Analysis at high EI
energy (e.g., 70 eV) leads to increased molecular fragmenta-
tion and hence to less informative fragments for these pig-
ments (Lomax, Schilling, and Learner 2007). The problem of
identification in complex mixtures can be solved by DTMS/
MS, where the preselected molecular ion is fragmented by
collision-induced dissociation and the fragment ions are fur-
ther analyzed in a second mass spectrometer. Applications of
this approach are described by Marino et al. (2005) and Boon
and Learner (2002).

Some commonly used pigments do not perform well
under DTMS conditions because they are too large or too



polar. For example, it has not been possible in our hands
to obtain DTMS data from dioxazines, whereas they can be
detected with LDI-MS (Wyplosz 2003, 165-66). However, it
has been possible to detect polyethylene glycol additives using
ammonia chemical ionization conditions in paints (Boon and
Learner 2002) and in water extracts (Hoogland 2004), but
these compounds are much more easily analyzed with MALDI
or ESI-MS (see below).

The phthalocyanines, although of high molecular weight
(especially PG36), are readily detected with DTMS, although
they appear after the thermal dissociation event of the poly-
mers (i.e., at high temperature). The potential danger of such
a high desorption temperature is the pyrolysis of the phthalo-
cyanine ring into its subunits C;N X, evidenced by isotopic
multiplet ions around m/z 266 (tetrachloro) and m/z 444 (tet-
rabromo). Another complication is the potential elimination
of the chlorine and bromine substituents, leading to more
complicated ion patterns at high mass.
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Mass resolution is an issue as well (depending on the
mass spectrometry system), and it is generally not easy to
obtain the correct isotopic distribution patterns (software-
implemented corrections over the full mass range are often
erroneous). Negative ionization under ammonia chemical
ionization conditions creates milder analytical conditions, but
the appearance of the phthalocyanine subunits at m/z 264 or
444 that result from partial pyrolysis of the phthalocyanine
ring system is still unavoidable. We have often also observed
the appearance of ions at m/z 35 and 37 from Cl and m/z 79
and 81 from Br, which points to elimination reactions due to
pyrolysis. Both types of ions may assist in the identification of
phthalocyanine-containing paints when the relative amounts
of the target compounds are small and disappear in the chemi-
cal noise.

Two PG36 preparations obtained from Avecia and
Winsor & Newton, respectively, were investigated by DTMS
negative CI to determine their composition (fig. 3). Remarkably,

FIGURE 3 DTMS spectra of two
PG36 preparations from Winsor

& Newton and Avecia. Insets:

Br,Cl

Theoretical isotopic distributions

of some phthalocyanine isomers.
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both preparations contain more than one type of bromoph-
thalocyanine. The Winsor & Newton preparation is the pur-
est, showing a set of ions from the phthalocyanines with the
sixteen bromine substituents (hexadecabromophthalocya-
nine: Br , isomer [m/z 1820-1850]) and the isomers BrlSCl,
BrMClz, Br13C13, BruC14, BruCls, BrloCl6. At lower mass, some
Cl,,
shown). The Avecia preparation, however, shows differing iso-

Cl,Br, and Cl, Br, are also observed (spectral range not

topic peak patterns that could be related to less halogenated
phthalocyanines.

The insets in figure 3 show the calculated patterns for
mixtures of Br, Cl and Br, ClH (1:1), which match the isotopic
pattern in the m/z 1680-1760 range, and a mixture of Br Cl,
+ BruCISH + BrBClH2 (2:4:3) in the m/z 1600-1650 range. The
peak pattern between those multiplets matches a mixture of
Br,,Cl, and Br CL H. We assume that these differences in com-
position relate to the synthetic conditions in the factory and
perhaps that small differences in color resulting from these
different substitution patterns are intended.

MALDI and Nanospray ESI-MS

of Polyethylene Glycol Additives

Surfactants like the polyethylene glycols (PEGs), with polar
and nonpolar end groups, are used to keep acrylic polymer
droplets dispersed in water (Keddie et al. 1995). As the paint
film dries, these compounds become incompatible with the
polymer mass and may appear at the surface or the reverse, as
was shown by MALDI-MS (Digney-Peer et al. 2004). Hoogland
(2004) describes comparative studies with MALDI-MS and
ESI-MS on base and modified acrylic emulsions, liquid paints,
dry paints, palettes, and samples from paintings. Extracts for
mass spectrometry analysis were made by extracting dry and
dried acrylic films with water. For MALDI analysis, the extract
was mixed with a matrix solution, spotted on a target, and
dried at room temperature. lons were generated by a pulsed
UV laser (337 nm). MALDI-MS on a time of flight (TOF) mass
spectrometer shows the distribution of polyethylene glycol
pseudomolecular ions that can be used to calculate the average
molecular weight and to estimate the end-group mass. In this
way it could be shown that the different investigated samples
show a wide range of different end groups. Further studies
to identify these end groups required a different analytical
approach involving MS/MS. Good results were obtained with
ESI in combination with nozzle-skimmer dissociation and
analysis of the ions on a Quadrupole-TOFMS system. Since
ESI could be performed with nanospray needles, the typical
amount of solution could be limited to 10 microliters with a

flow of 10-80 nl/minute. Under these conditions, it was even
possible to analyze water extracts of minute paint chips from
paintings.

Figure 4 shows a collage of MALDI-MS spectra from
water extracts of a cream-colored paint from Interior with a
Picture (1985-86) by Patrick Caulfield (fig. 4A) and several
standard reference materials, namely Liquitex Gloss Medium
(fig. 4B), Primal AC-634 (fig. 4C), and Triton X-405 (fig. 4D).
It is immediately clear that the paint used by Caulfield contains
a polyethylene glycol with a molecular-weight distribution
very similar to those of all three reference materials, including
Triton X-405. This is a PEG with an octylphenyl and a hydroxyl
end group. Also visible in figure 4A (the water extract of the
cream-colored paint) is a polypropylene glycol (PPG) with a
maximum at m/z 1150 daltons (Da), and a series of peaks from
a second PEG is also just visible, with a weight-average molar
mass (M, ) at m/z 573 Da (hydroxyl end groups).

A white paint sample from another painting by Caulfield
(Grill, 1988; Tate Toyi50) shows a different MALDI-MS
profile of lower M_ PEGs, with end groups containing an
octyl- and nonylphenyl end group (M 1262 and 1147 Da,
respectively) and a doubly hydroxylated PEG with M at
798 Da (Hoogland and Boon, forthcoming). Another paint
sample (dark green) from a third Caulfield (Second Glass
of Whiskey, 1992; Tate To6727) contains yet another profile,
which demonstrates that we have to expect different addi-
tive profiles on paintings reflecting different paints, aging
conditions, and production periods of the paint materials
(Hoogland and Boon, forthcoming).

Figure 5 shows the nanospray ESI-MS of Triton X-40s.
The spectrum shows the mass peak distribution of ammoni-
ated singly, doubly, and triply charged ionic species typical of
electrospray spectra of these types of compounds. The ion at
m/z 1897 was chosen for MS/MS analysis; its lower mass frag-
ment ion spectrum is shown in figure 5B. A series of peaks
with the formula H—[OC2H4]n is observed at m/z 89, and ions
with a mass increment of m/z 44, which form one end of the
PEG molecules. The other nonpolar end group representing
the octylphenyl group is evidenced by m/z 277 (CH_-CH,
—[OC2H4]2) and some related ions that are 44 Da lower (m/z
233) or higher (m/z 321) than this mass. With this methodol-
ogy, a large number of end groups could be identified in the
samples investigated, including several types of sulfated end
groups (Hoogland and Boon, forthcoming).

Both the MALDI and the ESI-MS approaches have great
potential for direct analysis of microliter extracts from samples
of paintings. Since nanospray ESI-MS is more sensitive and it is
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FIGURE 4 MALDI-MS spectra:
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possible to calculate the molecular-weight data from the ion pat-
tern, it has become our preferred method for unknown samples.

Nanospray ESI-MS of a Modern “Weeping” Oil Paint
The potential of electrospray mass spectrometry with sub-
microliter sample consumption was also explored for the
identification of modern oil paints, as well as their extracts
and hydrolysates. Earlier studies at AMOLF using ESI high-
resolution mass spectrometry at higher flow rates or using
Fourier transform ion cyclotron resonance mass spectrom-
etry had shown the potential of ESI for identification of egg
lipids (triglycerides and phospholipids) and their light-aging
products in egg tempera paint dosimeters (van den Brink
2002), linseed oil (van den Berg 2002), and light-aged oil-
asphalt model systems (Languri 2004). The methods for
nanospray ESI-MS were developed on a Q-TOFMS system,
which allows MS/MS studies and high-resolution measure-
ments of the ions.

The case study presented involves a disturbing oil paint
defect where a flesh-colored commercial paint, which although
drying initially, about six years after completion of the works
started to have a molten appearance and developed a very
viscous, sticky layer on the paint surface (Hoogland, van der
Horst, and Boon 2007). DTMS demonstrated that the strongest

A (pos)

FIGURE 6 Nanospray ESI-MS analy-
sis of (A) main paint layer and

(B) its top layer in the positive and
negative ion modes. The components
observed in the positive mode are
diacylglycerols (DAGs) and triacyl-
glycerols (TAGs). In the negative

mode, palmitate (C16), stearate
(C18), and various derivatives of
azelaic acid (diCo) are observed
(diCg, diC9-MAG, and diC9-DAG).

differences between the bulk paint layer and this sticky top
layer are the extractable (“volatile”) fractions. Therefore, nano-
spray ESI-MS of ethanol extracts was performed to investigate
the nature of the materials accumulating in that top layer.?
Figure 6 depicts the ESI-MS data in the positive and
negative modes of the extracts of the bulk of the paint layer
(fig. 6A) and the sticky top layer (fig. 6B). The main cat-
egories in the paint extract are the triacylglycerols (TAGs)
and the diacylglycerols (DAGs), with maximums at m/z 523
and 633 for the DAGs and 782 and 892 for the TAGs. These
ions were matched with nanospray ESI-MS of hydrolysis
data of the extracts. The higher m/z TAG and DAG dis-
tributions have two or three midchain-functionalized fatty
acids, whereas the lower distributions contain one diacid
moiety and one or two midchain-functionalized fatty acids.
For example, m/z 866 represents the TAG of two palmitate
moieties and one unsaturated midchain-functionalized Ci8
fatty acid moiety, and m/z 756 represents the TAG of two
palmitate moieties and one azelate moiety. ESI-MS analysis
of the paint in the negative mode shows that palmitic acid
(m/z 255) and stearic acid (m/z 283) dominate the spectrum.
Components originating from the oil due to oxidation and
hydrolysis are significantly less pronounced; note the low-
intensity azelaic acid (diCg, m/z 187), the monoacylglyceride
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of azelaic acid (diC9-MAG, m/z 261), and the diacylglyceride
of azelaic acid (diC9-DAG, m/z 431).

The TAGs and DAGs of the top-layer extract in figure 6B
are lower in mass and have significantly different relative
intensities compared to those observed in the paint layer. For
the TAGs, the main distributions can be assigned to two diac-
ids and one midchain-oxygen-functionalized fatty acid moiety
and three diacids. The DAGs observed contain one diacid and
one midchain-oxygen-functionalized fatty acid moiety or two
diacids. These compounds suggest that more polar fractions
are accumulating in the top layer. This explanation is sup-
ported by the major components in the negative mode. Most
prominent in the top layer (fig. 6B) are azelaic acid (diCg) and
its acyl glycerides (diC9-MAG and diCg-DAG), whereas the
saturated fatty acids are significantly lower in intensity there,
compared to the bulk of the paint layer.

There is clearly a much larger amount of loosely bound
polar oxidation products in the top layer of the paint. We
have proposed elsewhere (Hoogland, van der Horst, and
Boon 2007) that these compounds are expelled from the main
paint mass by a physical mechanism pointing to incompat-
ibility of polar substances in a much less polar main mass of
paint. The loose consistency of the top layer and its stickiness
point to an absence of stabilizing substances or processes, for
example, the absence of metal coordination of the various
acid groups. As a consequence, the top layer is weeping and
developing distortions in the impasto and ugly drips on the
painting.

Chemical drying of contemporary oil and alkyd paints
and the innovative water-based oil paints still poses many
questions, especially when defects are appearing so soon
after the paints dry. Nanospray ESI-MS analysis of microliter
extracts not only is useful for additive determination in emul-
sion acrylate paints but is demonstrated here as a new tool in
oil-paint analysis.

Conclusion

Mass spectrometry is in its infancy as far as applications to
paint studies are concerned. The technique is still developing,
thus further expanding the potential for analytical studies
in art and archaeology. Microscopy mass spectrometry is a
valuable addition to the field in that it allows the investigation
of the microscopic distribution of organic and inorganic con-
stituents in the paint layers. This is even more important in the
investigation of the aging phenomena that often take place on
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interfaces. Mass spectrometry will be vital in studies of mod-
ern paints and painting because of nontraditional materials
used in making these art objects and the rapid changes in paint
composition. The group at AMOLF has been pioneering appli-
cations of mass spectrometry in the characterization of paint
constituents. Since this research effort at AMOLF recently
ended (in 2006), it is hoped that these efforts will stimulate
the field to apply and use mass spectrometry to solve the many
molecular-level problems in conservation.
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Appendix: Experimental Method

« The instrumentation and procedures used for DTMS
and LDI-MS analysis are described in Boon and
Learner (2002).

Instrumentation and procedures used for MALDI-MS
and nanospray ESI-MS analysis are described in
Hoogland and Boon (forthcoming).

Nanospray ESI-MS was performed on a Micromass
Q-TOFMS.

For ESI-MS analysis of polyethylene glycol addi-
tives, samples were extracted with water. Three parts

of the water extract was mixed with seven parts of
methanol; 10 mM ammonium acetate was used to aid
ionization. The mixture was sprayed at a flow of about
10-8o nL/minute™.

For ESI-MS analysis of the weeping oil, paint samples
were extracted with ethanol. Three parts of the etha-
nol extract was mixed with seven parts of dichloro-
methane; 10 mM ammonium acetate was used to aid
ionization. The mixture was sprayed at a flow of about
200 nL/minute™.
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Notes

1 Personal communication with Mark Golden, 2001.

2 Institute for Atomic and Molecular Physics, one of the five
research institutes of the Dutch Foundation for Fundamental
Research on Matter (FOM).

3 For a fuller description, see the poster “Liquefying Oil Paint in
Some Late-Twentieth-Century Paintings” (Hoogland, van der
Horst, and Boon 2007), pp. 282-83 in this volume.
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The Macro- and Microassessment
of Physical and Aging Properties in Modern Paints

Oscar Chiantore and Dominique Scalarone

Abstract: The aging of modern artists’ paints occurs through a
combination of physical processes and chemical reactions that
ultimately affect the appearance of the surface, the morphol-
ogy of the upper film layer, and the reactivity of the polymeric
binder. These chemical and physical changes can be assessed
with techniques used for the characterization of surfaces. After
coalescence of the water-dispersed polymer particles, the films
obtained from acrylic paints, for instance, develop surface het-
erogeneities deriving from migration of additives and from the
photo-oxidation reactions that induce, at the same time, loss
of low-molecular-weight by-products together with formation
of a cross-linked polymeric network. The overall changes in
the polymer films are quantified by macroscopic chemical and
surface techniques. However, greater understanding is obtained
when chemical and morphological mapping is carried out on
the micrometric and submicrometric level. Fourier transform
infrared (FTIR) microspectroscopy in attenuated total reflec-
tance (ATR) mode allows the measurement of chemical hetero-
geneity with approximately 50 um lateral resolution, whereas
the surface appearance may be easily monitored by atomic
force microscopy (AFM) in the micron and submicron range.
Chemical information on the inner parts of paint layers is also
important, as the effects of aging and of conservation treat-
ments develop from the paint surfaces toward the interiot.
Depth-resolved analyses of paint layers are possible with confo-
cal Raman microspectroscopy. The physical characterization of
paints with micron and submicron resolution allows us to assess
the influence of different aging conditions, and the results from
local film properties can be correlated with the chemical and
structural changes of paints.
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Introduction

The binder for modern paints can contain a natural, synthetic,
or semisynthetic polymer (i.e., a natural compound that has
been chemically modified). A number of different polymers
are mixed with pigments to create paint and are then applied
in the form of thin films onto appropriate supports chosen
by the artist. The chemical structures of paints are grouped
into families such as oils, cellulosics, vinyls, acrylics, alkyds,
polyurethanes, and acrylic-urethanes, to mention only the
most important ones. The paints applied in modern or con-
temporary works of art may be specifically produced as artists’
colors, but they may also be commercial household paints that
were adopted by artists for reasons such as practicality and
availability (Crook and Learner 2000).

Aging of such modern paints occurs through a combi-
nation of physical processes and chemical reactions that will,
ultimately, affect the appearance of the surface, since both
the morphology of the upper film layer and the structure of
the polymeric binder change over time. More precisely, the
aging of a polymer-based paint is a degradation process that
depends on intrinsic factors such as the paint formulation and
the chemical nature of components, and also on external fac-
tors produced by interactions with the environment and with
other materials. Paint formulations can be extremely complex,
involving a number of components, each with its own char-
acteristics. Variables include the chemical composition of the
polymeric binder in terms of its structural units; the relative
amount of each structural unit when the binder is a copoly-
mer; the molecular weight and molecular weight distribution
of the polymeric components; the type, function, and amount
of additive in the paint; and the liquid medium (e.g., organic
solvent or water) used for dilution and application.
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The most important external cause of degradation is
usually the environment. Under natural or artificial conditions,
light, oxygen from the air, temperature, and relative humid-
ity are continuously interacting with works of art and with
any painted surface. The paint’s sensitivity to natural external
factors may be further affected by the presence of gaseous
pollutants and particulate matter in the atmosphere, which
enhance natural degradation processes or induce new chemi-
cal reactions through the introduction of new reactive chemical
species and the deposition of d irt and soil on the surfaces.
Contemporary works of art, and therefore all their painted
surfaces, are by their pature quite often exposed to uncon-
trolled environmental conditions, from private collections to
public spaces, in indoor or outdoor exhibitions.

Aging Properties of Paints

The chemical aging of polymer paints can occur through a
series of oxidation and elimination reactions, covalent bond
scissions, and intermolecular cross-linking reactions produc-
ing structural and molecular changes (Grassie and Scott 1985).
Side elimination reactions typically occur in cellulosic and vinyl
binders, with production of acidic gaseous compounds, such
as nitric acid from cellulose nitrates, acetic acid from cellu-
lose acetates and polyvinyl acetate, and hydrochloric acid from
polyvinyl chloride. Oxidation reactions develop to some degree
in all organic materials. In polymer paints they give rise to
increased polarity of the structure, which becomes more reac-
tive and more sensitive to water and other polar solvents. Paint
discoloration due to the formation of chromophore groups is
also a consequence of the overall degradation process.

The oxidation of polymeric compounds is a chain reac-
tion process occurring via a radical mechanism, and among
the various reactions a very important one is the rupture of the
main-chain covalent bonds from the carbon-carbon “back-
bone.” If this occurs, the molecular weight of the polymer
decreases, and this can have severe effects on adhesion and
on all mechanical properties. Scission reactions can also bring
about the formation of short fragments (i.e., liquids and even
gases) that can accumulate on the paint’s surface, which can
then become sticky and further attract dust. Other oxidative
reactions are intermolecular couplings of polymeric radicals,
giving rise to a cross-linked material. If this occurs, solu-
bility then decreases, until eventually all the polymer phase
becomes insoluble. The physical behavior of a paint changes
accordingly, with increasing hardness, stress resistance, and
embrittlement.

Physical aging also develops in paint, affecting mainly its
optical characteristics and mechanical properties, but it also
influences the reactivity of the surfaces. Physical aging obvi-
ously depends on the chemical and molecular structure of the
formulations and the environmental conditions; it is mainly
correlated to the molecular mobility of paint components
(Struik 1978). Therefore, additives in general and plasticizers in
particular, which are typically present in acrylic emulsions and
in vinyl polymers, tend to migrate to surfaces and interfaces.
The result is staining, loss of flexibility, and an increase of dirt
pickup. Chain-segment relaxations in polymer molecules may
induce crystallization, with volume shrinkage, hardening of
the material, and change of optical properties like transparency
and gloss (McGlinchey 1993). In cases where the paint surfaces
are in contact with other materials, extraction of paint compo-
nents may take place due to molecular mobility and preferential
solubility. Macroscopic results of such physical processes can
include cracking and delamination of paint films.

The overall structural and molecular changes occur-
ring during the degradation of polymer paints are normally
revealed and quantified by spectroscopic techniques, such as
infrared spectroscopy, thermal analysis, and molecular-weight
measurements (Chiantore, Scalarone, and Learner 2003).
Moreover, even small amounts of oxidative aging can induce
enough molecular transformations to severely affect physi-
cal properties. The loss of mechanical properties is revealed
by tensile measurements, as demonstrated by results (shown
in fig. 1) obtained on films from an aqueous dispersion of
an ethyl acrylate-methyl methacrylate copolymer exposed to
artificial sunlight. The elastic modulus increases after this light
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FIGURE 1 Effects of accelerated light aging (xenon lamp, A > 295 nm)

on the stress-strain curves of a Primal (Rohm and Haas) ethyl

acrylate-methyl methacrylate copolymer latex acrylic film.



98 Chiantore and Scalarone

exposure, while elongation and tensile strength decrease, indi-
cating that the film becomes weak and brittle. Infrared spec-
troscopic measurements on the same polymer films showed
limited chemical alteration.

The aging process of paints typically develops on the
surfaces that are exposed to light, oxygen, and dust and other
particulate matter, and from there eventually proceeds to the
interior of the paint film. On weathering, the paint surface
changes over time in chemical composition as well as in micro-
morphology and optical appearance. Surface polarity and reac-
tivity increase, while at the same time molecular modifications
generate stresses, cracks, and failure of adhesion to the lower
layers. Low-molecular-weight compounds formed in scission
reactions can accumulate on the surfaces, causing the surface
to become tacky and further contributing to the incorporation
of dust and soil. The development of such modifications across
the surfaces is often inhomogeneous, depending on the film
structure, the distribution of additives, and the effects of pig-
ments. As a consequence, chemical and/or physical surface het-
erogeneity appears, and its characterization requires advanced
levels of details on the lateral scale. At the same time, aging and
degradation reactions proceed from the surface to the inner
layers of the paint, forming gradients of chemical composi-
tions, structures, and molecular rearrangements, which must be
investigated with depth-profiling analytical techniques.

Surface Characterization

There are several ways of obtaining surface characterization at the
microscale level, each of which involves specific and often quite
expensive instrumentation. Point information is perhaps most
easily obtained with a spectrophotometer, where the radiation
is focused and detected through an optical microscope. Larger
sample areas may be investigated when scanning devices are
available for mapping along selected lines. Finally, more advanced
techniques make use of detector arrays for fast acquisition of the
required information from significant and representative surface
areas, in a real imaging mode. Depending on the modes available
for probing the surface, it may be possible to map chemical, mor-
phological, or physical features. Such types of surface character-
ization are most useful for monitoring the aging processes and
the effects of conservation treatments in works of art.

The Film Formation Process

Modern emulsion paints are water-based formulations that
produce a dry paint film after application on the substrate
and evaporation of water. Film formation in such systems is

a complex process that proceeds through several steps. In the
wet state, spherical polymer particles of micron size dispersed
in water are stabilized by a homogeneous distribution of sur-
factant molecules on their surfaces. As water evaporates, the
polymer particles come into contact to form close-packed
layered arrays where water is still present in the interparticle
spaces. As the polymer particles come into contact, surfactant
desorption begins. Film formation follows, with progressive
particle deformation (from spherical to hexagonal), in order
to maximize the interparticle contact. Surfactant molecules
continue to be extruded from the particle packing to the inter-
faces, in particular at the paint-air interface. Full coalescence
is finally reached when interdiffusion of polymer molecules
occurs between the particles that are in contact: individual
particles merge and disappear, and a theoretically homoge-
neous isotropic film is formed (Tzitzinou et al. 1999).

Film formation in such systems is dependent on a com-
plex interaction of several factors, such as the nature of the
polymer particles and the chemical structure of the surfactant
molecules. Considering the influence of surfactants, one type
commonly used in latex paints is polyethoxylated, nonionic
surfactants; members of the homologous series differ in the
molecular weights of the hydrophilic portion of the molecules.
In this case, the lower the molecular weight of the surfactant,
the more hydrophobic it tends to be, which leads to increased
solubility in the polymeric film. Any dissolved surfactant acts
as a polymer plasticizer and facilitates the film formation pro-
cess, as well as increasing film hydrophilicity and water inter-
action with the polymer film.

The size and distribution of particles influence the par-
ticle packing and quality of the resulting film. Smaller particles
with a narrow size distribution favor faster coalescence and
give more homogeneous films than do the larger particles.
Voids and defects in the film structure, resulting from imper-
fect particle packing, can cause blistering and film discolor-
ation and facilitate the diffusion of small molecules (Eckersley
and Rudin 1990). Packing efficiency and particle coalescence
are also favored by polymers with a lower glass transition
temperature (Tg).

The migration of surfactants from water-based polymer
films is an important process affecting the quality of a paint
film. The distribution of the surfactants depends on the inter-
facial tensions involved. For example, if the film-substrate
surface tension is too high, the surfactant molecules will tend
to order themselves at this interface in order to reduce the
energy. Accumulation of surfactant molecules at the paint
surface will change its optical properties, water repellency,
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and photostability, whereas accumulation at the film-substrate
interface will cause loss of adhesion between the paint layer
and the substrate. For the above reasons, film formation of
latex-based polymer paints and coatings has been the subject
of many studies, focusing particularly on the migration and
distribution of surfactant molecules.

Fourier Transform Infrared Spectroscopy

Investigation of paint film surfaces, either their changes with
time or for conservation treatment, can be successfully per-
formed with Fourier transform infrared (FTIR) spectroscopy in
attenuated total reflection (ATR) mode. This technique suffers
from the limits intrinsic to infrared analysis of materials; that
is, often it is possible to identify only the class of organic com-
pounds (e.g., oils, acrylics, vinyls, etc.), not their precise chemi-
cal structure, and inorganic components may exhibit interfering
absorptions. However, ATR-FTIR has many advantages: there
is no sample preparation and it is a nondestructive technique;
it gives molecular information on inorganic and organic com-
ponents; and, when it is used in conjunction with a microscope,
the lateral resolution can be less than so um. The appearance
of acrylic films, when cast on glass, changes because of surfac-
tant accumulation on the surface. And infrared ATR spectra
taken on selected spots show the typical absorption bands of the
acrylic binder together with the components coming from the
surfactant (Learner, Chiantore, and Scalarone 2002; Scalarone
and Chiantore 2005).

The chemical species on the surfaces can be monitored
with time, as shown in figure 2 by the ATR spectra of a com-
mercial acrylic artists” color (a complete paint formulation
including pigment), submitted to different types and periods
of aging. In the dry, unaged film, only the absorption bands
of the acrylic polymer are visible, whereas on the paint sur-
faces with more than five years of natural aging under labora-
tory exposure, and after 32 weeks of artificial-light exposure,
the bands of surfactants are easily detected. The latter condi-
tion corresponds to a large number of years of exposure in
museum conditions, and the surfactant absorption intensities
here indicate a lower surface concentration than in the other
case; that is, the aging time is long enough to have reached the
stage when the surfactant molecules on the surface are being
slowly degraded. In practice, there is an initial slow increase
of surfactant concentration on the paint surface, because the
molecules migrate to the film-air interface, followed by a pro-
gressive decrease, leading to total disappearance because of
photo-oxidative degradation. The rates of the two opposing
processes will depend on factors such as the paint film thick-

ness and composition and the type of light and atmospheric
conditions.

In order to monitor processes in less time than is
required with light-aging treatments, aging and diffusion
dynamics of surfactants in latex-based paint films have also
been investigated with thermal aging. In these experiments,
performed on a laboratory-made poly(methyl methacrylate-
co-butylacrylate) latex, ATR spectra were collected through
the infrared microscope and paint areas of 700 x 700 um have
been scanned with the instrument’s motorized stage. The rela-
tive concentration of surfactant at each point measured on the
surface has been calculated from the height ratio of the peak
at 1108 cm™, which is diagnostic of a polyethoxylated-type
surfactant, divided by the 1238 cm™ acrylic peak. Chemical
mapping of the surface can be obtained by correlating the con-
centration data to a color scale. Figure 3 shows a comparison
of chemical maps between the same acrylic film after drying,
after two hours of thermal treatment at 120° C, and after sub-
sequent rinsing with water. It is clear that the unaged film has
a quite homogeneous color, which corresponds to low surfac-
tant concentration, whereas thermal aging has produced high
concentrations of surfactant molecules unevenly distributed
after just two hours. After the water rinse, the surfactant has
been removed from the surface, and the concentration map
is more similar to the initial situation. The difference between

Absorbance
E
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FIGURE 2 ATR-FTIR spectra of Cryla (Daler Rowney) yellow
ochre acrylic color: (A) unaged, (B) naturally aged >s5 years,
(C) light aged (A > 400 nm) 32 weeks.
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FIGURE 3 Chemical mapping by micro-ATR of surfactant

concentration on acrylic films made from poly(methyl
methacrylate-co-butylacrylate) latex prepared with SDS
and polyethoxylated-type surfactant.
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FIGURE 4 Scheme of confocal Raman microspectroscopy. The broken
line indicates the out-of-focus laser light beam, which cannot reach

the detector. (Marton et al. 2005; reprinted with permission.)

)

the fresh, dry film and the film after the water rinse is attrib-
uted to the surfactant concentration on the layers immediately
below the surface (those not reached by the washing), being
higher than before the aging. This is detected by ATR, which
has a penetration depth of a few microns.

Confocal Raman Microspectroscopy
A complete picture of the chemical distribution of species
within a paint film may be obtained with measurements on
cross sections; however, these require a significant amount of
sampling and film manipulation. A better solution for clear
polymer films is confocal Raman microspectroscopy, which is
a powerful characterization tool. This technique allows one to
acquire Raman spectra of different layers below the film sur-
face just by tuning the plane of focus of the microscopy system,
as shown schematically in figure 4. Penetration depths of up to
hundreds of microns are possible, which permits chemical
information on the inner paint layers to be obtained. In one
study of acrylic films (Belaroui et al. 2003), the concentration
distribution of surfactant was determined by application of
confocal Raman microspectroscopy, showing that the higher
concentrations at the interfaces gradually decrease toward the
central layers (fig. 5). Mapping of the Raman intensities at
constant depth has also been used to image the presence of
aggregates in the bulk of the films (Belaroui et al. 2003).
Depth profiling of chemical processes taking place in
paint films may be followed by confocal Raman microspec-
troscopy in the same way. In one study of the drying of alkyd
paints, the time dependence of the gradual consumption
of carbon-carbon double bonds was monitored at different
depths from the surface (Marton et al. 2005). Using a similar
approach, chemical degradation processes can be mapped, if
suitable diagnostic bands are available in the sample.

Atomic Force Microscopy

Chemical and/or physical aging, as well as cleaning/conserva-
tion treatments, produces morphological changes on the paint
surfaces. These can be conveniently investigated with atomic
force microscopy (AFM). This technique works by tip-probing
surface points at the nanoscale level, and by scanning a selected
surface area. Depending on the way the experiment is set up
and on the type of signal recorded, different types of images
are obtained. Each one bears different information: topogra-
phy, frictional forces, and phases. AFM is, therefore, capable
of detecting, at the submicron level, surface changes occurring
during film formation of latex-based paints, the migration of
additives, cleaning treatments, and degradation reactions, all
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FIGURE 5 Concentration profiles of sodium dodecyl sulfate
(SDS) surfactant molecules (an anionic surfactant) in an acrylic
film (butyl acrylate/acrylic acid {96:4) copolymer) determined
by confocal Raman microspectrometry. Average surfactant
concentration was 6% by weight; air at 0% depth; substrate
(polyethylene) at 100%. (Belaroui et al. 2003, reprinted with

permission.)

of which may affect the roughness or hardness of the upper
film layers. The interpretation of morphologies is simplified
by the comparison between topography and phase images, as
shown by the AFM images in figure 6. There, great differences
appear after twenty-four hours of thermal aging, and after sub-
sequent washing with water, in a film obtained from an experi-
mental laboratory-made acrylo-styrenic latex. The topography
images (top row) highlight the surface roughness, whereas the
images acquired in phase mode (bottom row) are better suited,
in this case, to visualizing the polymer particles. The topogra-

FIGURE 6 Topography (top) and phase (bottom) AFM images of
a laboratory-made acrylo-styrenic latex film. The same film is
shown after (A) one week of drying, (B) 24 hours at 120° C,

(C) rinsing the copolymer in water.
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FIGURE 7 AFM images of an experimental methyl methacrylate-

butyl acrylate copolymer film, formulated with 4.6% (by weight)
sodium dodecyl sulfate surfactant; T, of copolymer = 10° C:
(A) dry film, (B) after thermal treatment, 2 hours at 120° C,

(C) after thermal treatment and rinsed in water for 5 minutes.

phy images clearly demonstrate the effects of the treatments: the
surfactants that have migrated to the surface form isolated blobs,
or protrusions, due to the high local concentrations. When the
surfactants are removed by the water, a smoother surface is
recovered. An interesting finding is that, due to the particular
microstructure of the polymer particles in this latex, which is
formed by a styrenic shell, the high glass transition temperature
of the external shell has prevented particle coalescence and the
polymer particles are still visible after heating.

With more traditional types of latex particles, and typi-
cal T, values of paints around room temperature or lower,
coalescence takes place completely, and this is visible in the
AFM images. Figure 7 shows an example of an acrylic emul-
sion copolymer composition made with methyl methacrylate,
butyl acrylate, and a combination of SDS with a polyethoxyl-
ated surfactant. Complete coalescence is obtained rapidly as
a result of the thermal treatment, while at the same time the

surfactant molecules appear to be abruptly extruded from the
film, forming blobs and leaving craters on the surface. This
type of measurement can therefore be used to monitor how
aging, diffusion of small molecules, and solvent treatments
will affect the morphology of paint surfaces. This is relevant
because roughness influences gloss, and it can affect the inter-
action of the paint substrates with subsequently deposited or
applied solid and liquid particles.

In addition to morphological characterization, mechan-
ical mapping of surfaces can also be done using specifically
calibrated AFM systems. Hardness, elastic moduli, scratch
resistance, fracture toughness, and frictional and visco-elastic
properties of film surfaces can therefore be calculated. For
typical paint films, measurements with micron depth resolu-
tion are sufficient and can be obtained with microindentation
instruments. These are computer-controlled diamond indent-
ers where the tip penetration from an applied load is measured
continuously in a full loading and unloading cycle. The total
deformation is the sum of the plastic, permanent component,
and elastic component, which is recovered in the unloading
part of the cycle. The microhardness data and other mechani-
cal parameters may be correlated with the chemical trans-
formations during aging and treatments of the materials, in
particular with degradation or curing of polymer molecules
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FIGURE 8 Microindentation curves
of acrylic-urethane paint films.
Change in the loading-unloading
curves for the effect of accelerated
UV aging: (A) aliphatic urethane,
no light stabilizers; (B) aromatic
urethane, light stabilizers added.
(Adapted from Lee and Kim 2006,
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and with the related morphological changes. The migration
of plasticizing molecules, or the different cross-linking densi-
ties across the film surface and depth, is revealed through the
localized mechanical properties on the film.

An example of the results obtained from these mea-
surements on modern paints is seen in figure 8. In differ-
ent acrylic-urethane films exposed to artificial weathering,
the extent of cross-linking induced by the light exposure
depends on the paint formulations. The resulting increased
hardness gives lower plastic and elastic deformations of the
surface layers. The progressive photo-oxidation increases
the cross-linking density of the surface layer. Films become
brittle, while tensile strength and adhesion to the substrate
both decrease. With parallel AFM measurements, it is
shown that on the same films the exposure to light produces
increased surface roughness, resulting in a reduction in the
gloss of the paint.

Other Techniques

Other surface characterization techniques introduced in
recent years are potentially useful for paint characterization
and investigating conservation treatments (Slough et al. 2005).
Promising results in studies of polymer paints and weather-
ing processes have been reported with microthermal analyses
performed with a modified AFM apparatus where a controlled
heat source and a detector are added as a second tip for simul-
taneous observation of morphology and thermal properties of
the materials surface (Hiéssler and Miihlen 2000). In addition
to the topography image from the atomic microscope, a second
image is obtained based on the material thermal conductivity
at different points. Hard and soft regions, which have different
thermal properties, may be distinguished and associated with
heterogeneous processes during curing or degradation or with

Indentation Depth (pm)
Elastic recovery

B (ArUH)

sample components’ immiscibility. Currently, however, testing
opportunities are restricted due to the limited availability of
commercial instrumentation.

Conclusion

It has been demonstrated that surface and depth characteriza-
tion of modern artists’ paints can be performed at micron- and
submicron-level resolutions, allowing one to obtain a detailed
description of the chemical and physical properties of the
material and how it varies across the surface and through the
underlying layers. Thus, correlations and parallels between
chemical structures, compositions, and reactivity and the
physical behavior of paints can be immediately highlighted.
The different techniques have straightforward applications to
the investigation of film-formation processes, quality of paint
surfaces, mechanisms of degradation, chemical and physical
aging, and interactions with gas and liquids, as well as to con-
servation treatments.
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The Identification of Synthetic Organic Pigments

by FTIR and DTMS

Suzanne Quillen Lomax, Michael R. Schilling, and Thomas ]. S. Learner

Abstract: A group of more than 160 synthetic organic pigments
was acquired from pigment manufacturers. These pigments span
the range of azo and non-azo colorants used in architectural,
automotive, and artists’ paints; printing inks; and for the col-
oration of plastics and textiles. The pigments were examined
by Fourier transform infrared (FTIR) spectroscopy and direct
temperature-resolved mass spectrometry (DTMS). These tech-
niques proved useful in combination in identifying pigments.
Infrared spectroscopy provided information about the pigment
class and could, in most cases, be used to identify the indi-
vidual dry pigment. DTMS at moderate energy (70 eV) gave a
good combination of molecular ion and fragmentation, useful
in interpreting the spectrum. The DTMS technique worked well
for pigments that were not lakes (e.g., salts), including neutral
organics and organometallics. DTMS was also useful for pig-
ments that, because of inherent stability due to conjugation, do
not easily pyrolyze, such as quinacridones.

Introduction

Synthetic organic pigments are carbocyclic, ring-containing
manufactured pigments. They can prove difficult to analyze
through techniques commonly used to identify mineral pig-
ments, and their high tinting strength means that they are
frequently present in low quantities in paint. X-ray diffrac-
tion (XRD) often gives a pattern characteristic of the fillers
and extenders in the paint, but not of the colorants. The small
particle size of these pigments makes examination by polar-
ized light microscopy virtually impossible. X-ray fluorescence
spectrometry (XRF) and scanning electron microscopy/energy
dispersive X-ray spectroscopy (SEM/EDX) also do not give
useful characteristic elemental profiles for synthetic organic

pigments. Pyrolysis gas chromatography (PyGC) and pyrolysis
gas chromatography/mass spectrometry (PyGC/MS) have also
been used in the examination of these pigments. The most
successful identifications of these pigments have used a com-
bination of these techniques. (For a more detailed discussion
of techniques used to examine synthetic organic pigments see
Lomax and Learner 2006.)

Fourier transform infrared (FTIR) spectroscopy has been
used in the analysis of paints. This technique allows for determi-
nation of the functional groups present in a molecule, and the
spectrum of an unknown can then be compared to a spectrum
in a reference library. Spectra of paints are often complicated,
since contributions from the binder, pigment, and in particu-
lar extenders often have overlapping absorbances. Usually the
pure pigments give sharp, strong absorbances. Learner has used
infrared analysis to examine the binders and pigments in com-
mercial paints, as well as in samples removed from paintings in
the Tate collection (Learner 2004). Infrared spectroscopy has
also been used to identify synthetic organic pigments in works
by Alfred Pellan, including PY1, PY3, PO1s, PR1, PR3, and PR4
(Corbeil, Moffatt, and Miller 1994). A recent study by Joénsson
and Learner (2004) showed some simple methods of sample
pretreatment to enhance the detection of diagnostic peaks from
organic pigments in paints, such as extracting organic azo pig-
ments in organic solvents or removing the strong absorbance of
chalk with dilute hydrochloric acid.

Some synthetic organic pigments have been examined by
pyrolysis and PyGC/MS. Sonoda used this technique—as well
as XRF, XRD, and FTIR spectroscopy—to look at a series of
paints containing monoazo and disazo pigments, phthalocya-
nines, and quinacridones, and found that there were limitations
in the detection of chemically and thermally stable pigments
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(Sonoda 1999). Learner used PyGC/MS to look at acrylic paints
as well as other modern binders (Learner 2004).

Direct temperature resolved mass spectrometry (DTMS)
is an in-source pyrolysis mass spectrometry (PyMS) technique
employing a temperature-programmable sample probe. The
principal advantage to this modification over more standard
PyMS systems is that the temperature ramp on the probe can
often be used to separate out various components in heteroge-
neous samples, such as organic pigment and binding medium
in paint.

The DTMS technique has been applied to the exam-
ination of varnishes and components of paint (Boon 1992;
Scalarone et al. 2003). Typically, low-molecular-weight mate-
rials volatilize at lower temperatures, whereas polymeric mate-
rials pyrolyze at higher temperatures. Regarding the analysis
of paints, DTMS can provide mass spectra of synthetic organic
pigments as well as characteristic fragments from the binding
medium, as the temperature ramp provides a degree of separa-
tion of the spectra for the medium, additives, and pigments
(Boon, Keune, and Learner 2002; Boon and Learner 2002).

Most classes of synthetic organic pigments appear well
suited to analysis by DTMS (Learner 2004). DTMS was used
to examine a range of organic pigments, including red, orange,
and yellow azo pigments; red and violet quinacridones; and
blue and green phthalocyanines. This technique, in combina-
tion with FTIR spectroscopy, was used to identify PRg, PRiyo,
PY3, and PR3 from paint samples removed from works of art.
An earlier study (Boon and Learner 2002) examined paints con-
taining arylide yellow pigments PY3, PY73, and PY74, as well as
the much-higher-molecular-weight phthalocyanine green PGy.
These analyses were performed at 16 eV in order to decrease
the amount of fragmentation, thereby increasing the molecular
ion abundance to facilitate the identification of pigments in the
paints. The main advantage of DTMS over PyGC occurs with
phthalocyanines and other pigments with very stable ring struc-
tures that either require high pyrolysis temperatures for cleav-
age or produce thermally labile products (Sonoda 1999).

This paper examines the techniques of FTTR spectroscopy
and DTMS in the examination of a broad range of dry synthetic
organic pigments collected from various pigment manufactur-
ers. The Colour Index system of nomenclature is used in this
paper; pigments have been assigned a name and a five- or six-
digit number according to the Colour Index (www.colour-index
.org). The chemical class provides some information about the
basic structure of the pigment. The pigments examined in this
study included members of the following classes: monoarylide,
diarylide, pyrazolone, disazo condensation, benzimidazolone,

B-naphthol, Naphthol AS, BONA, perinone, perylene, DPP,
quinacridone, phthalocyanine, and triarylcarbonium pigments.

Experimental Method

A group of 162 dry pigments to be used as reference materials was
collected from pigment manufacturers, including Albion, Avecia,
Bayer, Ciba, Clariant, Daler-Rowney, EC Pigments, Golden,
Heubach, Kremer, Lansco, Magruder, and Sun Chemical.

Infrared spectra were recorded on a Nicolet Avatar 360
spectrometer, using a diamond cell and Spectra Tech IR Plan
microscope. One hundred twenty-eight scans were collected
at 4 cm™ resolution. The wavelength range was from 4000 to
650 cm . The spectra were processed, including baseline cor-
rection, and analyzed using OMNIC software.

DTMS experiments were done at the Getty Conservation
Institute on a JEOL M Station JMS-700 double-focusing mass
spectrometer equipped with an in-source platinum filament
(100-micron diameter) insertion probe. The current on the
filament was ramped at 0.5 A/minute over 2 minutes, giving
an approximate final temperature of 80o-1000° C. The mass
spectrometer was scanned from either m/z 10-800 with a
1-second cycle time or m/z 50-2000 with a 5-second cycle
time, depending on the pigment examined. The ions were gen-
erated by electron impact at 7o eV in an ionization source kept
at 220° C and accelerated to 10 kV. A droplet of methanol was
suspended on the tip of the DTMS filament, and a few flakes
of the pigment were applied to the droplet with a tungsten
needle. The methanol was then evaporated by gentle heating
over a hot plate to adhere the sample particles to the filament.

FTIR Spectroscopy of Dry Pigments

Infrared spectroscopy provides information about functional
groups present in molecules based on the energy of vibrational
transitions. Most of the infrared spectra of the synthetic organic
pigments contain discrete, sharp absorbances. The -N=N-
stretching vibration of trans azo compounds, however, is a for-
bidden absorbance in the infrared and either does not appear
or appears as a very weak band (Bassler, Silverstein, and Morrill
1981). Synthetic organic pigments usually have extensive aro-
matic conjugation, and these aromatic vibrations occur in the
region of 3100-3000, 1600-1585, and 1520-1400 cm™* as well as
from 9o0-675 cm™. Primary or secondary amide-containing
pigments have absorbances in the region of 1665-1550 cm™
The position of the carbonyl bands in synthetic organic pig-
ments usually occurs between 1705 and 1730 cm ™. Many of these
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FIGURE 1A Infrared spectra of PY1 and PY3.

pigments are halogenated, and these absorbances are usually
found in the region of 850-650 cm™ for aliphatic halogens and
between 1100 and 1020 cm™ for aromatic halogens.

Figure 1A shows infrared spectra of the monoarylide
yellow pigments PY1 and PY3; figure 1B shows the structure of
PY3. Monoarylide pigments are known to exist in the ketohy-
drazone tautomer (Christie 1993), and there is a pronounced
carbonyl absorbance at 1672 cm™ consistent with the ketohy-
drazone structure with strong intramolecular hydrogen bond-
ing. The —-C=N- absorbance appears at 1590 cm. There are
also amide stretches, and the peaks at 1479 and 1337 cm™ are
due to the aromatic nitro group. An absorbance due to the aro-
matic chloro group of PY3 is found at 1036 cm™.

The major difference in structure between PY3 and PY1
is the chloro groups found on the two aromatic rings of PY3,
which are not present on PY1. A methyl substituent is pres-
ent on one of the aromatic rings on PY1, but its absorbance at
1388 cm ™ is not of great diagnostic value. This subtle difference
in spectra highlights the danger of making absolute pigment
identifications with infrared spectroscopy alone.

Diarylide yellow pigments have structural features in
common with monoarylides, consisting of two monoarylide
functionalities connected to two conjugated aromatic rings.
The major absorbance of these pigments is at 1506 cm™ and
is attributable to the vibrations of these aromatic rings. The
absence of the carbonyl absorbance suggests that these pig-
ments exist in an enol form (Nicolaou and Da Rocha 1995).

CL
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FIGURE 18 Structure of PY3,

Diarylide pigments also have five or six characteristic bands
between 1180 and 1310 cm . Amide stretches are also appar-
ent at 1660 and 1540 cm™.,

Benzimidazolone pigments, developed in the 1960s, also
have structural similarities to the monoarylides, but addition-
ally contain a benzimidazolone ring (C H N O). The infrared
spectrum of a representative of this class, PO36 (fig. 2), is

FIGURE 2 Infrared spectra of PO36 and PO48.
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characterized by a ketone carbonyl absorbance at 1698 cm™
and amide I and II stretches at 1659 and 1566 cm™. The nitro
group, as well as the aromatic rings, shares the absorbances
between 1494 and 1479 cm™, while the aromatic chloro absor-
bance is found at 1005 cm™.

Naphthol AS pigments represent an important class
of red azo colorants. They are characterized structurally by a
B-naphthol ring substituted with both an aromatic azo and
an aromatic amide. The amide I and amide IT stretches occur
around 1665 and 1540 cm™, while the aromatic ring stretches are
in the region of 1500-1470 cm™. The aromatic C-Cl stretches in
representatives of this class that are substituted with halogens
are from 1036 to 1014 cm™, and the asymmetric and symmetric
C-O stretches are found from 1260 to 1200 cm™ and around
1100 cm . The aromatic in-plane hydroxyl absorbance of the
naphthol is found at 1324 cm™.

Quinacridones are a class of extremely lightfast violet, red,
and orange pigments. They can be either pure linear transquin-
acridone or a mixture of linear transquinacridone and quinacri-
done quinone (an oxidized quinacridone). As is discussed in the
section on DTMS, there are several pigments (PO48, PO49, and
PR206) that differ only in the amount of these two components.
The spectrum of PO48 (fig. 2) is characterized by the conjugated
carbonyl absorbance of the quinone at 1681 cm™, the secondary
vinylogous amide stretches at 1622 and 1525 cm™, and absor-
bances from the aromatic rings from 1607 to 1570 cm™ The
spectrum of the chemically related PO4g is virtually identical.

Phthalocyanines are the most important blue and green
synthetic organic pigments. The infrared spectrum of PBis:2
(the flocculation-resistant stabilized a form of copper phthalo-
cyanine) is characterized by strong absorbances due to aromatic
rings of the metallo-porphyrin ring structure between 1075 and
1490 cm™. These multiple bands are attributed to the stretching
deformations of the aromatic rings (C-C bonds) and the bends
of the C-H bonds in the porphyrin ring system. Although
McClure and coworkers report that the two crystal phases of
phthalocyanine blue are distinguishable by infrared spectros-
copy (McClure, Thomson, and Tannahill 1968), the infrared
spectrum of PB15:4 (the stabilized B form of copper phthalocya-
nine) is essentially identical to PBis:2. Bromination/chlorina-
tion of the porphyrin rings shifts bands to higher wavenumber,
while chlorination shifts to even higher wavenumber.

Infrared spectra of pure pigments provide information
about the pigment class and the identity of the individual pig-
ment. However, if the pigment is not pure or is part of a paint
system, obscuring absorbances due to the binder and fillers
may be present. Figure 3A shows the infrared spectrum of a

B PBra3 (

FIGURE 3 Infrared spectrum of PBr23: (A) sample with CaCo,
filler, (B) sample of pure pigment.

brown pigment that was labeled by its manufacturer as PBr23,
a disazo condensation pigment. However, the major absor-
bance at 1427 cm™ is due to a carbonate absorbance, and other
diagnostic peaks at 713, 877, 1795, and 2515 cm™ confirm the
presence of calcium carbonate (Learner 2004). Although this
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FIGURE 4 Overlay of infrared spectrum of PY83 (red) with
acrylic paint containing PY83 (blue).
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is the spectrum of a dry pigment, it is clear that absorbances
from the inorganic filler obscure any information from the
organic pigment, making identification impossible. The infra-
red spectrum of the pure pigment obtained from the same
manufacturer is shown in figure 3B.

Figure 4 shows an overlay of the infrared spectra of (diar-
ylide) pigment PY83 (red line) with an acrylic paint containing
PY83 (blue line). Although many of the pigment absorbances
can be discerned in the spectrum (especially the prominent
aromatic ring vibration at 1506 cm™), the contributions of the
carbonyl and the C-O stretches of the acrylic binder make
the interpretation difficult. A library search on the spectrum
of the paint did not come up with either PY83 or another dia-
rylide pigment as a possible match.

In summary, infrared spectroscopy is most commonly
used as a comparative technique, in which the spectrum of an
unknown is compared with that of a reference material. It is
a useful technique for gaining information about the class of
synthetic organic pigment, and frequently the individual pig-
ment as well. However, the presence of binders and extenders
frequently complicates spectra of paints. Care should be taken,
therefore, in making an absolute pigment identification based
on infrared spectroscopy alone.

DTMS of Dry Pigments

All the pigments were examined using DTMS. Tables 1-7 sum-
marize the pigments examined, their class, and prominent
ions in the mass spectrum, including whether the molecular
ion is present.

DTMS provides excellent structural information on
monoarylide and diarylide pigments. The mass spectrum of
PY3 (Hansa yellow 10G) shows an isotopic pattern suggesting
incorporation of two chlorine atoms. The peak at m/z 359 is
due to the loss of one chlorine. The base peak at m/z 127 is due
to the cleavage of the amide bond and transfer of hydrogen to
the N~H group. The m/z 129 peak is the isotope peak for the
m/z 127 peak. The mass spectrum of PY83, a diarylide yellow
pigment, shows a molecular ion peak at m/z 816 (isotope 818).
The peak at m/z 533 is due to cleavage of the azo linkage with
retention of the positive charge on the multiply chlorinated
fragment. The base peak at m/z 187/189 is due to cleavage of
the amide functionality with H atom transfer, while the peak
at m/z 172 is due to loss of the aromatic side group by cleavage
of the N-aromatic bond.

The DTMS technique was also very successful in the
examination of naphthol-containing pigments. For example,

FIGURES DTMS of PO36.
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the B-naphthol pigment PR3, toluidine red, has a mass spec-
trum with a molecular ion present at m/z 307. The preferred
cleavage is between the nitrogen of the azo linkage and the
naphthol ring, and is the typical mode of cleavage for these
pigments. The spectrum of the naphthol AS pigment PRg con-
tains a molecular ion at m/z 465. The base peak at m/z 161 is
due to cleavage of the azo linkage, while the peak at m/z 343 is
due to cleavage of the amide bond. Cleavage at the amide bond
is a common fragmentation pattern for these pigments.

The DTMS of the benzimidazolone PO36 is shown in
figure 5. The molecular ion is prominent at m/z 416. The base
peak occurs from a McLafferty rearrangement followed by a
decarbonylation reaction. This is a preferred method of frag-
mentation of benzimidazolones.

The DTMS technique works well even for pigments with
extremely conjugated ring structures. In general, these pig-
ments show a prominent molecular ion. For example, PR17g,
a perylene pigment, has a mass spectrum consisting almost
exclusively of the molecular ion (m/z 418). This predominance
of the molecular ion is also the case for the phthalocyanine
pigments. Figure 6 shows the DTMS spectrum of phthalo-
cyanine blue (PBis:1; stabilized a form). The molecular ion
appears at m/z 575. The peaks of increasingly smaller intensity

FIGURE 7 Overlay of mass spectra:
(A) PV1g, (B) PO48, (C) PO49.
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FIGURE 6 D'TMS of PBis:.

at m/z 609, 645, and 679 are due to partial chlorination of the
molecule. Partial chlorination is frequently used to increase
the stability of the pigment to flocculation (Herbst and Hunger
2004). DTMS spectra were also obtained for the much-higher-
molecular-weight phthalocyanine greens PGy and PG36.
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Other organometallic pigments gave good mass spectra
as well. In addition to the phthalocyanines described above,
PGS, PGio, PY150, and PR2s7 gave well-defined pyrograms
with mass spectra that, in general, did not include a peak for
the molecular ion.

DTMS was also able to provide some information about
the relative amounts of quinacridone and quinacridone qui-
none in pigments consisting of solid solutions of these com-
ponents. The parent linear transquinacridone has a molecular
weight of 312, while the corresponding quinacridone quinone
has a molecular weight of 342. Figure 7 shows an overlay of
mass spectra of PV1ig, PO48, and PO49. PV19 consists exclu-
sively of the parent quinacridone, and has a base peak with
the molecular weight of 312. PR206 consists of both compo-
nents, with a major amount of the quinacridone, and shows
a larger ion at m/z 312 than at 342. The orange pigment PO48
is seen to consist of almost equal amounts of the two species,
while the pigment PO49 contains more of the quinacridone
quinone. These results are consistent with the differences in
the color of the components, since the quinacridone quinone
has a more yellow shade. Greater amounts of this compo-
nent lead to a difference in the shades of the pigments. The
pure quinacridone PV1g is a red-violet to bluish red pigment
(depending on crystalline phase). PR206, consisting of the
mixture with the major amount being the quinacridone, is
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FIGURE 8 DTMS of Golden acrylic paint containing PY3.

a violet-maroon color. The more maroon pigment PO48 has
more of the quinacridone component, while the more orange-
brown pigment PO49 has more of the quinacridone quinone
component.

DTMS spectra, collected in positive ion mode, enabled
the examination of pigments that are “lakes,” or “salts,” for
which the organic component is cationic. An example of this
is the pigment PR81:1, a phosphotungstomolybdic acid salt of
a triphenylcarbonium ion. The molecular weight of the cat-
ionic portion is 443, and it is possible to pick out the molecu-
lar ion in the spectrum, although none of the other ions
were attributable to any structural fragments. However, the
results for anionic lake, or salt, pigments were poor using the
technique. Initial attempts to examine the anionic organic
components using negative ion mode were not successful. In
negative ion mode, peaks were generally observed at 44 and
64, representing carbon dioxide and sulfur dioxide from
carboxylate and sulfonate groupings on the pigments. These
pigments are not used as frequently now, but historically sev-
eral have had widespread use, including PY100, PR48, PR49,
PRs2, PRs3, PRs7, and PRé63. Future studies will continue
efforts to examine these pigments in negative ion mode.

Moderate success was seen in adapting the DTMS
method to the analysis of paints. As shown in figure 8, the
DTMS chromatogram of Golden Artist Colors acrylic paint
containing PY3 shows two humps. The first, smaller hump is
due to the desorption of the pigment, which can be picked out
at m/z 394 in the mass spectrum. The larger hump at longer
retention time is due to the pyrolysis of the acrylic binder. This
technique was also used to examine several oil paints, and
although the pigment and binder were not as well resolved,
they could, in general, be separated.

Conclusions

In an attempt to develop a protocol for their identification,
infrared spectra and DTMS summation spectra were acquired
for 162 synthetic organic pigments. Many of these pigments
are frequently used in artists’ paints. Others are used in the
coloration of plastics, printing inks, or architectural paints.
Infrared spectroscopy was shown to be useful for the
identification of organic pigments, providing they were pres-
ent in sufficient quantity. Sometimes the technique was able to
detect only the chemical class of a pigment, due to the minor
differences of substituents on aromatic rings between individ-
ual pigments within that class. Absolute identification of a spe-
cific pigment can sometimes be difficult using this technique.
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Table 1 Mass spectral data for yellow synthetic organic pigments.

Pigment Class Characteristic Ions® Other Ions® T ok
PY129 Metal complex 324 261, 325, 647 0.8
PY150 Metal complex [337] 43, 85, 126 1.2
PY1 Monoarylide 340 93, 121, 189, 310 0.7
PY139 Isoindoline 139, 367 139, 367 1.1
PY194 Benzimidazolone 108, 149, 367 108, 123, 149, 231 0.9
PY151 Benzimidazolone 381 119, 231, 328 1.1
PY65 Monoarylide 386 108, 279, 356, 387 0.7
PY74 Monoarylide 386 108, 123, 167 0.8
PY2 Monoarylide 388 43, 121, 345 0.5
PY73 Monoarylide 390 108, 123, 149, 360 0.7
PY3 Monoarylide 394 43,127, 153, 359 0.7
PY75 Monoarylide 404 108, 137, 161 0.7
PY154 Benzimidazolone 405 149, 175, 231 0.9
PY24 Anthraquinone 408 176, 352, 408 0.7
PY116 Monoarylide 415 108, 150 0.7
PY111 Monoarylide 420 142, 157, 159 0.7
PY173 Isoindolinone 434 130, 365, 400 0.9
PY120 Benzimidazolone 122, 453 178, 209, 231 0.9
PY175 Benzimidazolone 230, 453 149, 177, 209 0.9
PY153 Dioxime, metal complex 498 77,93, 467 0.7
PY181 Benzimidazolone 499 120, 175, 364 0.8
PY97 Monoarylide 590 172, 187, 404 0.9
PY12 Diarylide 628 252, 465, 628 1

PY110 Isoindolinone 638 268, 640, 642 1.1
PY109 Isoindolinone 652 268, 386, 619, 654 1

PY14 Diarylide 656 107, 276, 479 0.9
PY55 Diarylide 121, 656 107, 452, 479 1

PY126 Diarylide 659 93, 628 0.7
PY174 Diarylide 670 121, 285 0.7
PY13 Diarylide 684 147, 252, 468 1

PY188 Diarylide 628, 629, 684 121, 252, 467 1

PY127 Diarylide [687] 93, 440, 628 0.9
PY17 Diarylide 688 108, 123, 252 1

PY170 Diarylide 122, 688 123, 251, 470 0.7
PY138 Quinophthalone [689] 692, 694 0.8
PYe63 Diarylide 696 127, 474, 501 0.8
PY152 Diarylide 137, 716 108, 137 0.7
PY155 Bisacetoacetarylide 209, 412, 716 177, 209, 412 1

PYle6 Bisacetoacetarylide 724 212, 468, 726 0.9
PY180 Disazo benzimidazolone 732 149, 175 0.8
PY176 Diarylide 750 121, 239, 285, 684 0.7
PY381 Diarylide 752 121, 322, 754, 537 1

PY172 Diarylide 756 142,157, 758 0.8
PY83 Diarylide 816 189, 252, 534, 818 1

PY128 Disazo condensation 1229 154, 440 1

PY61 Monoarylide, Ca salt [anion 405] 66,93, 119 1

PY183 Monoarylide, Ca salt [anion 504] 28, 64, 161 1.2

2 Molecular ions shown in italics, molecular weights in brackets.
g

® Base peak in the mass spectrum shown in bold.
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Table 2 Mass spectral data for orange synthetic organic pigments.

Pigment Class Characteristic Ions? Other Ions® T,
PO64 Azoheterocycle 302 148, 162 1.1
PO49 Quinacridone 342 172, 286, 342 1.1
PO48 Quinacridone 312, 342 172, 286, 312 1.1
PO5 B-naphthol 338 115, 143, 321 0.7
PO1 Monoarylide 370 107, 167, 327 0.6
PO62 Benzimidazolone 382 108, 149 0.9
PO67 Pyrazoloquinazolone 384 170, 226, 382 0.8
PO24 Naphthol AS 401 169, 309, 401 1

PO43 Perinone 412 206, 412 1

PO36 Benzimidazolone 416 149, 175, 231 1

PO51 Pyranthrone 474 346, 348, 474, 476 0.9
PO38 Naphthol AS 501 150, 352 0.7
PO69 Isoindoline 525 149, 397, 523 0.9
PO68 Methine metal complex 528 115, 169, 527 0.9
PO16 Diarylide 620 43,93,119, 431 0.9
PO13 Disazopyrazolone 622 252,436 1

PO34 Disazopyrazolone 650 91, 252, 450, 452 1

POS61 Isoindoline 760 371, 373, 758, 760 1.1
PO72 Benzimidazolone [Unknown] 149, 304, 627 0.8

2 Molecular ions shown in italics, molecular weights in brackets.

b Base peak in the mass spectrum shown in beld.

This work demonstrates the utility of DTMS in the absolute
characterization of synthetic organic pigments. A database has
been compiled of the mass spectra. The spectra collected at 70 eV
show a combination of fragmentation and molecular ion, which
should prove useful in the characterization of unknown pigments.

This work will be expanded to study “lake” pigments
with anionic organic substituents. Methods to convert the
anionic portion to a neutral moiety will be explored, as well as
optimization for analysis in negative ion mode. More examples
of commercial paints will be examined. These techniques will
be used to examine samples from works of art.
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Table 3 Mass spectral data for red synthetic organic pigments.

Pigment Class Characteristic lons® Other Tons® T,
PR83:1 Anthraquinone [278] 41, 55 1.1
PRI B-naphthol 293 115, 143, 293 0.5
PR3 B-naphthol 307 115, 143 0.7
PR207 Quinacridone 312, 380 312, 380 0.8
PR206 Quinacridone 312, 342 255, 312, 342, 344 1.1
PR4 B-naphthol 142, 159, 297, 327 115, 143, 171 0.7
PR6 B-naphthol 156, 327 115, 143, 327 0.5
PR122 Quinacridone 340 170, 340 1

PR254 DPP pigment 356 138, 191, 358 1

PR202 Quinacridone 312, 380 312, 380 1.1
PR209 Quinacridone 380 289, 380 1.1
PR181 Thioindigoid 240, 363, 392 363, 392 0.5
PR224 Perylene 248, 320, 392 248, 348, 392 0.8
PR21 Naphthol AS [401] 77,275, 367 0.5
PR179 Perylene 418 390, 418 1

PR268 Naphthol AS 424 234, 303 0.7
PR22 Naphthol AS 426 121, 122, 305, 334 0.9
PR88 Thioindigo 432 434, 436 1

PR2 Naphthol AS 435 161, 343 0.8
PR12 Naphthol AS 440 122, 305, 334 0.8
PR17 Naphthol AS 440 121, 334 0.8
PR150 Naphthol AS 440 150, 214, 440 0.7
PR213 Naphthol AS 158, 242, 440 150, 214, 328, 440 0.7
PR245 Naphthol AS 234, 348, 440 348, 440 0.7
PR266 Naphthol AS 318, 440 169, 317, 318 0.7
PR210 Naphthol AS 440, 454 169, 318 0.8
PR177 Anthraquinone 444 387, 415 0.9
PR170 Naphthol AS 454 137, 169, 318 0.7
PR8 Naphthol AS 334, 460 305, 334 0.6
PR14 Naphthol AS 197, 460 289, 354 0.8
PR168 Anthanthrone 462 248, 464 1.2
PR7 Naphthol AS 463 294, 323 0.6
PRY Naphthol AS 465 161, 343 0.8
PR18 Naphthol AS 471 113, 139, 334 0.7
PR175 Benzimidazolone 481 149, 217, 333 0.8
PR112 Naphthol AS 483 195, 197, 485 0.8
PR23 Naphthol AS 487 169, 350 0.9

PR32 Naphthol AS 516 424,516 0.7
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Table 3 Mass spectral data for red synthetic organic pigments (continued).

Pigment Class Characteristic Ions* Other Tons® T ax
PR208 Benzimidazolone 523 217, 375, 523 0.8
PR253 Naphthol AS 542 169, 289, 436 0.9
PR258 Naphthol AS 551 459, 551 0.7
PR185 Benzimidazolone 560 149, 230, 412 0.8
PR31 Naphthol AS 561 424, 561 0.7
PR147 Naphthol AS 564 150, 242, 424 0.8
PR184 Naphthol AS 564, 610 150, 242, 424 0.9
PR176 Benzimidazolone 572 150, 242, 424 0.8
PR269 Naphthol AS 580 139, 303, 424 0.7
PR149 Perylene 598 477, 698 0.8
PR190 Perylene 602 328, 479, 602 0.8
PR146 Naphthol AS 610 150, 242, 424 0.9
PR41 Disazopyrazolone 614 77, 428, 614 0.7
PR5 Naphthol AS 626 122, 440 0.9
PR123 Perylene 630 328, 493, 630 0.8
PR188 Naphthol AS 642 169, 520, 522 0.9
PR257 Metal complex [649] 264, 266 1.1
PR38 Disazopyrazolone 738 77, 252, 710 1

PR178 Perylene 750 77, 540 0.9
PR166 Disazo condensation 792 161, 450 1.1
PR144 Disazo condensation 794 161, 343, 484 1.1
PR214 Disazo condensation 860 161, 234, 520, 862 1.1
PR220 Disazo condensation 213, 395, 924 134, 395, 530, 896 1

PR221 Disazo condensation 193, 375, 924 151, 193, 375 1

PR242 Disazo condensation 928 195, 377, 930 1

PR53:1 B-naphthol lake [anion 375] 144, 231, 266 1.1
PR49:1 B-naphthol lake [anion 377] 143, 239, 268 1.1
PR49:2 B-naphthol lake [anion 377} 144, 239, 268 1.1
PR52:2 BONA lake [anion 402] 91, 239, 302 1

PR52:1 BONA lake [anion 402 | 44, 48, 64, 266 1.2
PR48:2 BONA lake {anion 418] 44, 64, 266 1.1
PR169 Triarylcarbonium 493 (cation) 427, 441 0.7
PR238 Naphthol AS [unknown) 169, 424, 580 0.8
PR239 Naphthol AS lake [unknown] 142, 293, 449 0.9
PR256 Naphthol AS [unknown] 169, 268, 450, 572 0.9
PR262 Disazo condensation [unknown] 323,780 0.8

* Molecular ions shown in italics, molecular weights in brackets.

® Base peak in the mass spectrum shown in bold.
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Table 4 Mass spectral data for blue synthetic organic pigments.

Pigment Class Characteristic Ions® Other Ions® T, .x
PB60 Indanthrone 442 442 0.9
PB16 Phthalocyanine [512] 129, 257,514 0.8
PB15:4 Phthalocyanine 575 128, 191, 288 1.1
PB15:6 Phthalocyanine 575 128, 191, 288, 575 1
PBI15:1 Phthalocyanine 575 191, 288, 575, 609 1.1
PB15:2 Phthalocyanine 575 191, 288, 575, 609 1
PB15:3 Phthalocyanine 575 191, 288, 575 1.1
PB62 Triarylcarbonium [cation 478] 462, 477 1
PB1 Triarylcarbonium [cation 478] 106, 156, 171 1

@ Molecular ions shown in italics, molecular weights in brackets.

b Base peak in the mass spectrum shown in bold.

Table 5 Mass spectral data for green synthetic organic pigments.

Pigment Class Characteristic Ions® Other Ions® T,..
PGS Metal complex [558] 129, 159, 280 1
PG10 Metal complex [655] 43, 85,126 0.8
PG7 Phthalocyanine 1118 1023, 1057, 1127 1.2
PG4 Triarylcarbonium [cation 329] 165, 208 0.9
PG1 Triarylcarbonium [cation 385] 341, 371, 385 1.1
PG36 Phthalocyanine [variable] 1715, 1753, 1795 1.2
# Molecular ions shown in italics, molecular weights in brackets.

® Base peak in the mass spectrum shown in bold.

Table 6 Mass spectral data for brown synthetic organic pigments.

Pigment Class Characteristic Ions® Other Ions® T e
PBr25 Benzimidazolone 491 161, 343, 345 1
PBr23 Disazo condensation 848 53, 354 1.1

2 Molecular ions shown in italics, molecular weights in brackets.

b Base peak in the mass spectrum shown in bold.
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Table 7 Mass spectral data for violet synthetic organic pigments.

Pigment Class Characteristic Ions® Other Ions® T e
PV19 Quinacridone 312 255, 312 1.1
PV29 Perylene 390 390 0.8
PV44 Naphthol AS 530 105, 530 0.7
PV32 Benzimidazolone 576 0.8
PV23 Dioxazine 588 559, 590 1

PV37 Dioxazine 726 105 1.1
PV3 Triarylcarbonium [cation 358] 253, 372 0.7
PV3:l Triarylcarbonium [cation 358] 237,253,373 0.7
PV1 Rhodamine [cation 443] 158, 326, 397, 441 0.8
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2 Molecular ions shown in ifalics, molecular weights in brackets.

b Base peak in the mass spectrum shown in bold.
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Modern White Pigments: Their Identification
by Means of Noninvasive Ultraviolet, Visible, and
Infrared Fiber Optic Reflectance Spectroscopy
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Giorgio Trumpy, Masahiko Tsukada, and Diane Kunzelman

Abstract: In the first half of the twentieth century, the chemical
industry provided artists with a new white pigment, titanium
white, in its two crystalline forms, anatase and rutile. These were
utilized along with other common whites such as lead white,
zinc white, and lithopone. The identification of these white pig-
ments is of particular interest in regard to the evolution of their
use in art. Ultraviolet (UV), visible (Vis), and infrared (IR) fiber
optic reflectance spectroscopy (FORS) is a noninvasive analytical
technique that is appropriate for in situ pigment identification.
It can also be a complementary method to other noninvasive
techniques.

In the present work, FORS results on modern white pig-
ments (including kaolin from the canvas preparation) will be
presented. These pigments can be positively identified by their
reflectance spectra in the 270-1700 nm range. Indeed, zinc sul-
fide (specifically one of the lithopone compounds), zinc white,
and titanium white (in both the anatase and rutile crystalline
forms) are clearly identified in the 330-420 nm region, where
their spectral slopes make it possible to unambiguously distin-
guish them. In addition to the UV and visible regions, the 1300~
1600 nm range is considered. There, kaolin, together with lead
white and gypsum, reveals characteristic absorption features
due to the hydroxyl groups (from the first overtone of stretching-
mode vibrations).

Finally, several examples of FORS application on twentieth-
century artworks are reported. The cases selected for investigation
belong to three different collections, all located in Florence: the
Self-Portrait Collection of the Galleria degli Uffizi; the Fondo
Pasolini, Archivio Contemporaneo Alessandro Bonsanti of the
Gabinetto G. P. Vieusseux; and the Iconographic Collection of the
publishing house Giunti Editori S.p.A.
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Introduction

The historical evolution of the production and use of white
pigments in the twentieth century provides interesting param-
eters regarding the chronology of their use, which may be
related through comparative analysis with other data to the
artworks in which they have been detected. These white pig-
ments include titanium dioxide (titanium whites), in either
the rutile or anatase form, zinc oxide (zinc white), a mixed
pigment produced from zinc sulfide and barium sulfate (litho-
pone), and the white pigment that is historically most well
known, lead white (basic lead carbonate).

Reflectance spectroscopy in the visible region (Vis) was
applied to characterize paints and pigments for the first time dur-
ing the 1930s (Barnes 1939), at the Department of Conservation
and Technical Research of the Fogg Art Museum, in Cambridge,
Massachusetts. In the following years, when fiber optical devices
became available, this methodology was further developed at the
Conservation Laboratories of the National Gallery in London
(Bullock 1978; Saunders 1986). Since the early 1980s, the nonin-
vasive technique of fiber optic reflectance spectroscopy (FORS)
has been applied in this field using portable instruments, and the
operating range has been extended from the ultraviolet (UV)
to the near infrared (NIR) region (Bacci et al. 1992; Bacci and
Picollo 1996; Leona and Winter 2001; Dupuis, Elias, and Simonot
2002; Leona et al. 2004; Dupuis and Menu 2006).

Due to its completely noninvasive nature and to the fact
that it can be used for in situ measurements, conservators and
curators can use the FORS technique to glean data useful for
the identification of pigments, dyes, and alteration products
by correlating the sample spectrum to a suitable spectral data-
base. Moreover, FORS can be used to complement other non-
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invasive techniques, most notably X-ray fluorescence (XRF)
spectroscopy, X-ray diffraction (XRD), particle induced X-ray
emission (PIXE), and Raman spectroscopy (Bacci 2000; Bacci
et al. 2003). FORS has also proved to be very useful for locat-
ing areas of specific interest for subsequent microsampling
and in extending the relevance of local data obtained through
microanalyses to a broader scale across a work of art.

Experimentation with FORS carried out for the present
research, aimed at the identification of white pigments, was
undertaken on paintings deriving from three different collec-
tions, chosen specifically for this purpose:

« Approximately thirty works painted by various artists
from the Self-Portrait Collection in the Galleria degli
Uflizi, dating from 1900 to the present day.

« Three mixed-media (oil and tempera) paintings, each
painted on both sides of a single canvas, by Pier Paolo
Pasolini (1922-1975), held by the Gabinetto G. P.
Vieusseux, Archivio Contemporaneo Alessandro
Bonsanti, Fondo Pasolini (undergoing treatment at
Opificio delle Pietre Dure [OPD] Painting Conservation
Laboratory).

Five tempera drawings on paper by Attilio Mussino
(1878-1954), made to illustrate a 1911 edition of
Pinocchio. These are held in the Iconographic
Collection of the publisher Giunti Editori S.p.A.
and are undergoing treatment at OPD Prints and
Drawings Conservation Laboratory.

The strictly noninvasive method described here appeared
particularly suitable for aiding in the analysis of these works
(Bacci 2000).

White Pigments in the Twentieth Century:
A Brief History of Change

The principal white pigments used for artistic purposes in the
twentieth century were lead white [2PbCO, Pb(OH),], lithopone
(ZnS+BaSO4), zinc white (ZnO), and titanium dioxide (TiO,),
the latter occurring in the rutile and anatase forms. Kaolin (also
called china clay or hydrated aluminum silicate), calcite (cal-
cium carbonate), gypsum (calcium sulfate dihydrate), and sev-
eral materials based on barium sulfate (e.g., barites, lithopone)
have also been used for artistic purposes, but mainly as fillers,
which are commonly used in pigmented grounds and primers.
Lead white, known since antiquity, was the primary
white pigment used until modern times, in particular for

easel painting. Prepared artificially, it was perfectly suitable in
both tempera and oil media (Gettens and Stout 1966, 174-76;
Gettens, Kiihn, and Chase 1993). It was produced on an indus-
trial scale from the nineteenth century on, even though it was
known to be a poisonous compound when inhaled as a dust
or ingested. Lead white was especially dangerous during the
manufacturing process (Franklin 1987), as reported in Charles
Dickens’s firsthand account of its effects on the workers of a
London lead mill (Dickens 1868).

Mainly in response to increasing awareness of its health
hazards, attempts were made to find viable substitutes for lead
white in white paint (Gettens, Kithn, and Chase 1993). Thus,
such alternative whites as zinc oxide (ZnO), derived from zinc
metals and ore, were developed and refined, in particular by
B. Courtois and G. de Morveau (Kiithn 1986; Clausen 1988).
Although known since antiquity, these minerals had apparently
never been used to make pigments. Zinc white was initially
marketed as an artists” color in a watercolor medium, first com-
mercialized in 1834 by Winsor & Newton in England as Chinese
White. It was subsequently improved for use in an oil medium
by Leclaire (France), which improved its previously unsatisfac-
tory drying and covering properties by grinding it with poppy
seed oil whose siccative properties had been improved by boil-
ing it with pyrolusite (MnQO,). By 1850, zinc oxide whites were
being produced on an industrial scale in Europe and the United
States. Manufactured worldwide, they have remained widely
used for artistic purposes up to the present (Kiithn 1986).

Another white material developed in this period was
the composite pigment lithopone, a mixture of white zinc
sulfide and barium sulfate (Rigg 1956; Clausen 1988). In 1874,
J. B. Orr (Glasgow) patented a process for producing a new
white pigment, Orr’s Zinc White, by first co-precipitating zinc
sulfate and barium sulfide and then calcining the mixture.
Further patents for making purer, higher strength varieties of
this nonpoisonous white were granted elsewhere in the fol-
lowing decades. An important improvement was achieved in
the 1920s, when it was made lightfast through the addition of
small quantities of cobalt salts prior to calcination (Rigg 1956;
Clausen 1988; van Alphen 1998, 41-43).

However, for several decades the most important mod-
ern white pigment has been titanium dioxide (TiO,), which
occurs in nature in three forms: rutile, anatase, and brookite
(Blakey and Hall 1988; Woditsch and Westerhaus 1993; Laver
1997). Rutile and anatase are today produced industrially in
large quantities, and are used in the production of ceramics
and electronic materials in addition to their main use as pig-
ments and catalysts.
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The elementary metal titanium was first discovered in
ilmenite (FeTiO,) by William Gregor in 1791, and later in rutile
ores by M. H. Klaproth, who isolated and named the element
titanium in 1795. But it was only in the early twentieth century
that titanium dioxide white, in its anatase crystal form, was
first produced—almost simultaneously by Titanium Pigment
Co., in New York, and Titan Co. AS, in Norway, using sul-
fation and calcination methods, respectively (Laver 1997). Not
until 1937, however, did manufacturers first successfully obtain
synthetic rutile. During the second half of the twentieth cen-
tury, TiO, whites (mainly rutile, pure and composite) became
increasingly available on the market at competitive prices
and as artists’ colors. The diffusion of white TiO, pigments,
produced worldwide, has continued up to the present day,
where they predominate because of their scattering properties,
chemical stability, and nontoxicity.

Experimental Method

Equipment

FORS measurements were performed using two Zeiss spec-
troanalyzers on white laboratory standard (mock painting)
samples and on the analyzed artworks (fig. 1). The spectral
resolution of the two spectroanalyzers—an MCS501 model
operating in the 200-1000 nm range, and an MCS511 NIR 1.7
model operating in the 9oo-1700 nm range—was of 0.8 and

FIGURE 1 Apparatus used for noninvasive, in situ measure-

ments. From top to bottom: xenon light source module,
UV-Vis-NIR spectroanalyzer with a tungsten-halogen lamp

module, NIR spectroanalyzer module.

6.0 nm/pixel, respectively. A 99% Spectralon diffuse reflec-
tance standard was used to calibrate the spectroanalyzers. Two
light sources were used: for the 270-800 nm range, xenon lamp
model CLX s500; and for the 320-1700 nm range, tungsten-
halogen lamp model CLH s500. Two reflectance configurations
were adopted to avoid specular reflected light in the measure-
ments: 2 X 45°/0° with the MCSso1 for the 270-800 nm range,
and 45°/0° with both spectroanalyzers for the 320-1700 nm
range. Both configurations covered an area of about 2 mm
in diameter at a working distance of approximately 4.5 mm.
For the 270-800 nm range, a bifurcated bundle of pure fused
quartz fibers was used to send the incident light illuminating
the sample from two different symmetrical directions, 2 x 45°,
and a linear bundle for receiving the back-scattered light. For
the 320-1700 nm range, instead, three linear bundles of anhy-
drous quartz fibers were used: one to convey the light to the
surface under investigation, and the other two to reconvey the
back-scattered light to the two detectors.

Reference Materials

Laboratory mock paintings were prepared starting from rect-
angular samples of canvas on a 3 x 5 cm cardboard support. A
kaolin-titanium dioxide (rutile) ground was used, and then
a final layer of pigment mixed with a linseed oil binder was
added. The white pigments investigated were

o Basic lead carbonate: lead white (2-Aldrich chemical
reagent code 243582)

+ Zinc oxide: zinc white (Z£-Aldrich chemical reagent
code 251607)

« Titanium dioxide: titanium white in the two crystal-
line forms—anatase (Carlo Erba chemical reagent
code 488257} and rutile (2-Aldrich chemical reagent
code 224227)

« Lithopone (Zecchi Co., Florence)

Their chemical compositions were checked with XRD,
XRE, and Fourier transform infrared (FTIR) spectroscopy
techniques.

Works Examined

The choice of artworks for examination was guided not only by
the presence of relatively uniform fields of color (including those
obtained with the white pigments to be investigated in particu-
lar) but also by the certainty of provenance and date, by their
characteristics (dimensions, physical nature, etc.), and because
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they appeared to constitute suitable examples of changes in
modern painting materials during the twentieth century.

Uffizi Self-Portraits
To date, around thirty works painted by various artists from

Self-Portrait Collection of the Galleria degli Uffizi have been
examined with FORS (table 1). These paintings are part of the

modern component of the collection, which numbered 1044
works when the museum’s General Catalogue was compiled

1900 to the present day, mostly on canvas or wood, from the

Table 1 Paintings in the Self-Portrait Collection of the Galleria degli Uffizi analyzed using FORS.

(Uffizi 1980; Berti 1981, 1983).

Date of Work Artist Material Size (cm)
ca. 1900 Francesco Franchetti (1878-1931, born Livorno, Italy) Oil on panel 26.5x23.5
ca. 1918 Elisabeth Chaplin (1890-1982, born Fontainebleau, France) Qil on canvas 94.55 x 65
1926-29 Baccio Maria Bacci (1888-1974, born Florence) Qil on canvas 224.5 x 180
ca. 1930 Sergio Tomberli (1913-1964, born Empoli, Italy) Oil on canvas 95 x 71
1934 Adriana Pincherle (1905-1996, born Rome) Qil on canvas 165 x 69
1936 Leonardo Savioli (1917-1982, born Florence) 0Oil on plywood 102 x 76.5
1936 Giovanni Barbisan (1914-1988, born Treviso, Italy) Oil on canvas 95 x 73
1938 Enzo Fanfani (born 1911, Florence) 0Oil on paperboard 77 x 59
1949 Lidia Innocenti (born 1920, Florence) Oil on canvas 100 x 65
1951 Carlo Carra (1881-1966, born Quargenento, Italy) Qil on canvas 85 x 70
1960 Raul Soldi {1905-1994, born Buenos Aires) il on cardboard 40 x 30
1961 David Alfaro Siqueiros (1896-1974, born Chihuahua, Mexico) Acrylic on masonite 80 x 60
1963-64 Fernando Farulli (1923-1997, born Florence) Qil on canvas 150 x 100
1966 Carlo Canas (born 1928, Buenos Aires) Qil on canvas 60 x 50
1971 Mario Fallani (born 1934, Florence) Qil on canvas 195 x 100
1971 Raymond Pitré (born 1940, Balzan, Malta) Oil on canvas 50 x 40
1974-75 Reinier Lucassen (born 1939, Amsterdam) Acrylic on canvas 80 x 100
1975 Afewerk Tekle (born 1932, Ankober, Ethiopia) Oil on canvas 51.5 x 66.5
1976 Jerome Witkin (born 1939, New York) Qil on canvas 61 x 46
1980 Zarin Indulis (born 1929, Latvia) Qil on canvas 92.5 x 70
1981 Camille Hirtz (1917-1987, born Strasbourg, France) Qil on canvas 65.3 x 54.1
1981 Corneliu Baba (1906-1997, born Craiova, Romania) Oil on canvas 105 x 80
1981 Maria Lassnig (born 1919, Kappel am Krappfeld, Austria) Oil on cardboard with canvas 45.5 x 35.5
1981(2) James Nolan (born 1929, Dublin) Qil on canvas 91 x 71
1981 Newton Mesquita (born 1949, Sdo Paulo) Acrylic on canvas 50 x 50
1981 Juan Carlos Liberti (born 1930, Buenos Aires) Qil on canvas 80 x 45
1981 Ary Brizzi (born 1930, Avellaneda, Argentina) Acrylic on canvas 80 x 80
1981 Camille Claus (1920-2005, born Strasbourg, France) Qil on canvas 81.5 x 100
1990 Juliusz Joniak (born 1925, Lviv, Poland) Oil on canvas 92 x 73
Unknown Arikha Avigdor (born 1929, Romania) Oil on canvas 81 x 65
Unknown Oswaldo Viteri (born 1931, Ambato, Ecuador) Qil on canvas 160 x 110
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Works by Pasolini

The three paintings examined, each painted on both sides
of a single canvas using a mix of tempera and oil media, are
the work of the young Pier Paolo Pasolini. They probably
date from 1943-46, before Pasolinis departure for Rome in
1950, after which he became internationally known as a writer
and film director. Presently undergoing treatment at the OPD
Department of Easel Painting Conservation, these artworks
are part of a vast collection of material relative to Pasolini’s
multiform artistic production, conserved in the Archivio
Contemporaneo of the Gabinetto G. P. Vieusseux in Florence.
The application of FORS to these works was especially suitable,
given the possibility of selectively investigating the various
painted surfaces present, and to thereby gather information
about the succession of materials used in the complicated lay-
ering of the works.

Pinocchio Drawings

Four plates from the complete series of illustrations for an
early-twentieth-century edition of Pinocchio were chosen for
examination. The drawings were made by Attilio Mussino
between 1908 and 1911, and were painted in a tempera rather
than an oil medium—unlike the majority of other objects
examined for this study.

Results and Discussion

The visible-region reflectance spectra of the white pigments
studied in the present work are all characterized by high over-
all reflectance. All of them could be easily identified on the
basis of their absorption bands in the 330-420 nm or 1350-
1600 nm ranges. In figure 2, the 1350-1600 nm spectral range
for lead white, kaolin, and gypsum revealed characteristic
absorption features. These are due, for lead white and kaolin,
to their hydroxyl groups’ first overtone (2v,,,;) of the stretching
mode vibrations. The gypsum, in addition to the first overtone
(2v3) of the asymmetric stretching mode vibrations from its
water molecules, also presents absorption features from the
first overtone (2v)) of the symmetric stretching mode vibra-
tion of water, and from the combinations of stretching and
bending mode vibrations, (v, + v3) and (v, + 2v ), of the water
groups (Hunt and Salisbury 1970, 1971). The presence of gyp-
sum, however, frequently used in ground layers (and some-
times left uncovered as a white color field, as, for example, in
one of the paintings by Pasolini, or in the paint composition as
a filler), may somewhat hinder the identification of lead white.
This occurs because the absorption bands of the gypsum’s

water molecules can interfere with the lead white absorption
bands in the 1450-1550 nm region (fig. 2) (Hunt, Salisbury, and
Lenhoff 1971; Bacci 2000).

The reflectance spectra in the 330-420 nm range could
be successfully used to identify zinc white (ZnO), lithopone
(specifically zinc sulfide, ZnS, one of the lithopone com-
pounds), and the two most important titanium dioxide (TiO,)
crystallographic forms (fig. 2). Indeed, ZnS, ZnO, and TiO,
(both crystalline forms) are semiconductors, and the typical
S-type band shape of their reflectance spectra corresponds
to the electromagnetic energy necessary to make electrons
overcome their characteristic band gaps (Hunt, Salisbury,
and Lenhoft 1971; Kithn 1986). The positions of the inflection
points of the reflectance spectra, can be identified by calculat-
ing the first derivative of the spectra, where, for ZnS (in the
lithopone), ZnO, and TiO_ (rutile and anatase), the maximum
peaks of the derivative curves are positioned at around 341,
384, 404, and 372 nm, respectively (fig. 3). Although these
positions may differ by a few nanometers when works of
art are examined (caused by, for example, yellowing of the
binder/vehicle or eventual varnish layers, or by materials’ dif-
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FIGURE 2 Reflectance spectra of the reference white mock
paintings in the 320-1700 nm range: (A) lead white (solid line),
(B) zinc white (dashed line), (C) lithopone (dotted line),

(D) anatase (dash-dot line), (E) rutile (dash-dot-dot line).
Inset: Reflectance spectra in the 1310-1600 nm range of

(A) lead white (solid line), (B) gypsum (dashed line), and

(C) the kaolin of the ground (dotted line).
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FIGURE 3 First derivative of the reference white mock paintings’
reflectance spectra in the 330-420 nm range: (A) lead white
(solid line), (B) zinc oxide (dashed line), (C) lithopone (dotted
line), (D) anatase (dash-dot line), (E) rutile (dash-dot-dot line).

ferent provenances), the positive identification of these white
pigments remains valid.

Uffizi Self-Portraits

This section discusses a selection of reflectance spectra of
white spots from several paintings chosen from the self-
portraits held by the Uffizi Gallery and investigated to date.
These paintings are by Francesco Franchetti (1900), Enzo
Fanfani (1938), Carlo Carra (1951), Raymond Pitré (1971), and
Zarin Indulis (1980).

All the spectra reported present the typical band shape
of semiconductors, although some of these appear partially
modified by the occurrence of absorption bands related to the
presence of other, different-colored pigments (either in mix-
ture, present in the immediate vicinity, or in other layers). The
identification of these white pigments still remains possible,
however, by observing their first derivative reflectance spectra.
Figure 4 shows the correspondence of the first derivative peak
of a zinc white reference with the peaks of the spectra taken
from the paintings by Franchetti, Carra, and Indulis. In the
paintings by Franchetti and Indulis, lead white is also detected
by its typical absorption band in the NIR region at around
1450 nm.

First Derivative
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FIGURE 4 First derivative of the reflectance spectra in the
370-400 nm range: (A) reference zinc white (solid line),

(B) white spot from Franchetti self-portrait (dashed line),

(C) white spot from Carra self-portrait (dotted line), (D) white
spot from Indulis self-portrait (dash-dot line).

The white pigment lithopone was found in Fanfani’s self-
portrait, as disclosed by