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ABSTRACT

The values of a society, often represented in art such as oil paintings, are timeless.
However, the materials used to create these paintings are unfortunately less
permanent. For example, organic colorants (i.e., dyestuffs and pigments) are
known to fade over time, often visibly altering the artwork from its original state. In
addition to fading, due to their high tinting strength organic colorants are typically
a small component of paint which may also contain inorganic pigments, oils, gums,
waxes, and resins, making their identification a challenging task in conservation.
Therefore, the problem of organic colorant fading in painting creates two
challenges in art conservation: the first is the unambiguous detection of organic
colorants, which aids conservators in their treatments and restoration of paintings.
The second challenge involves developing a fundamental understanding of the
mechanisms of fading, which can assist museum professionals with how to house
precious artwork to prevent further photodamage. In this thesis, surface-enhanced
Raman scattering (SERS) studies are used to identify faded pigments in oil
paintings from the Colonial Williamsburg Foundation, and single-molecule
spectroscopy (SMS) is used to study the photobleaching mechanism of red dyes
and lake pigments. The collaboration between scientists, art conservators, and
museum professionals to meet these challenges will greatly improve the ability to
keep our cultural heritage intact, preserving it for future generations to come.
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CHAPTER 1: BACKGROUND
Introduction

The fading of natural, organic pigments in works of art upon exposure to
light is a major challenge for the preservation of our cultural heritage, since the
loss of pigments can significantly distort an artist's original aesthetic and intent.
Thus, the detection of organic pigments in historic works of art is a vital task in
conservation because the identification of these colorants can immediately assist
conservators in understanding color changes and fading, authenticating artwork,
and choosing techniques to use for future care. Organic pigment identification is
also important in art history to broaden the understanding of historic trade routes
and connections between archeological artifacts.

Organic lake pigments are particularly notorious for their propensity to fade.
Lake pigments (i.e. madder lake, carmine lake) have been used as artists’
materials since antiquity and are created from the precipitation of a water soluble
organic dye with an inert metal-based mordant salt.” Although today’s modern lake
pigments are almost entirely made from synthetic dyes, lake pigments
manufactured before the advent of synthetic aniline dyes in the 1850s were made
from natural, organic dyes extracted from vegetables or insects. Although artists
and scientists have long been aware of the fading properties of lake pigments, red
lakes were prized for their lustrous appearance and often used by artists for flesh
tones as a more aesthetically realistic alternative to more stable, red inorganic
pigments.23 Due to their high tinting strength, red lakes are generally found in low

concentrations in paintings. The identification of lake pigments in oil paintings is a



particularly difficult analytical task, as these colorants are generally found in low
concentration in paint that may also include inorganic pigments, waxes, gums, and
varnish.

Raman spectroscopy in art conservation

Analytical techniques such as UV/vis spectrometry,* fluorescence
spectroscopy,>® Raman spectroscopy,®'® infrared spectroscopy,’® and high-
performance liquid chromatography (HPLC)'"-?" are often employed for the
detection of organic colorants in art. Yet, many of these studies are often inhibited
by poor sensitivity, low selectivity, a large sample requirement, and the inability to
unequivocally distinguish among organic colorants. Raman spectroscopy can
provide a unique vibrational fingerprint for a molecule from a relatively small
sample size, enabling the unambiguous identification of pigments from paintings.
For example, Raman spectroscopy is widely used for the identification of inorganic
pigments in oil paintings''?223 and other cultural heritage objects including
manuscripts,?425 rock paintings,?%?” frescoes,?®3% and pottery®’33 due to its
selectivity and its ability to unequivocally identify inorganic colorants. Because
Raman spectroscopy is a scattering technique and not an absorption technique, it
may be used in a nondestructive manner in which a laser is incident directly onto
an object, making it a useful tool for in-situ measurements in a wide range of
environments thanks to advances in compact, handheld Raman spectrometers.
Indeed, many high-quality spectral libraries and databases employing a variety of
excitation wavelengths exist for inorganic pigments commonly found in cultural

heritage objects.'43435 Reference spectra also exist for different binders and



varnishes, since paint matrices are often a complex mixture of different colorants
and resins.343% Yet, Raman spectroscopy is not an effective technique for the
identification of organic pigments in oil paintings.

Raman spectroscopy is inadequate for the identification of organic colorants
because Raman scattering is an inherently weak technique. More importantly,
competing fluorescence from excitation of the organic chromophore of the pigment
overwhelms the Raman signal. In order to circumvent competing fluorescence,
some spectral libraries of organic colorants employ laser wavelengths in the near-
IR region of the electromagnetic spectrum (i.e., 1064 nm) in order to prevent the
molecule from being excited into a fluorescent state.® However, because only sub-
nanogram amounts of organic pigment are needed for even intense coloration in
oil paint, Raman scattering is generally not sensitive enough for the identification
of organic colorants in paint samples, especially in areas with ultra-low
concentrations of organic pigments such as flesh tones and smaller, stylistic
details.®” The ideal technique for the detection of organic colorants in oil paintings
is sensitive, selective, requires small (i.e. microscopic) sampling, and possess the
ability to unambiguously identify different organic pigments.

SERS in art conservation

Surface-enhanced Raman scattering (SERS) is emerging as a powerful
technique for the identification of organic pigments in oil paintings. With the use of
a noble metal substrate, SERS significantly increases the Raman signal from the
analyte molecule and quenches the fluorescence that typically overwhelms the

Raman signal upon visible excitation of an organic chromophore, making it a



sensitive and selective technique for the unequivocal identification of natural,
organic pigments. Indeed, SERS is well suited to detect historic organic pigments
given that crystal violet and rhodamine 6G, the dyes used to establish single-
molecule sensitivity in SERS, were both synthesized in the late 19" century as
textile dyes.3® The first application of SERS to identify colorants of interest to
cultural heritage occured in 1987, when Guieneau and Guichard saw large Raman
signal enhancement with synthetic alizarin and textiles dyed with madder on a
porous silver electrode.®® However, few papers on SERS and art were published
for almost the next twenty years, during which time substantial development was
made in the field of nanofabrication methods. With recent advances in
nanofabrication of metal substrates, SERS has made remarkable progress in the
application of cultural heritage.

Varied nanofabrication methods have been used to create the noble metal
substrate for SERS-based identification of organic pigments in artworks. The Lee
and Meisel procedure for sodium citrate-reduced silver colloids is commonly for
used for art analysis due to its low cost, simplicity, and stability.“%-53 Other chemical
syntheses for the study of cultural heritage objects use hydroxylamine
hydrochloride or sodium borohydride as the reducing agent.*%%457 Tollens mirrors
have also been used as SERS substrates,*® as well as metal fiims over
nanospheres (FONs),% silver island films (AglFs)3”%% and nanoparticles made by
photo-reduction*?® or laser ablation.®® These techniques often create precise and
highly reproducible nanostructures, but they are costly and often require advanced

instrumentation. Since the use of a SERS substrate requires sampling from a



painting or other cultural heritage object (albeit on a microscale), several new
approaches have focused on nondestructive SERS. For instance, tip-enhanced
Raman spectroscopy (TERS) coupled with atomic force microscopy (AFM) has
been recently used for the in-situ identification of indigo and iron gall ink on historic
paper.6' Detachable gels and films have also been used for the identification of red
colorants in both textiles and a mock painting.6263

Early publications relating to SERS studies of organic colorants focus on
alizarin and purpurin, the chromophores that comprise the red pigment madder
lake. Cafnamares and co-workers studied the Raman scattering of alizarin on silver
colloids synthesized by a chemical reduction with hydroxylamine hydrochloride,®
while Shadi and co-workers studied alizarin and purpurin using aggregated citrate-
reduced silver colloids.%9 Following the successful SERS identification of alizarin
and purpurin dyes, additional historic dyes were investigated in order to further
examine SERS’s potential to study organic artists’ materials. The natural red
dyestuffs cochineal,3":%® brazilwood,374® lac dye,5*% kermes,3”4° eosin,3” 64 and
dragonsbiood*® have been identified with SERS. Appendix | lists the names,
structures, and other details of historic organic red dyes referenced in SERS
literature that are commonly found in cultural heritage materials.

In addition to water-soluble, organic dyes, lake pigments (e.g. madder lake
and carmine lake) have also been identified with SERS in various binding media,
representing a pivotal step in the development of SERS for art analysis. Leona and
coworkers at the Metropolitan Museum of Art developed an effective method for

the SERS detection of anthraquinones red lakes in paintings and textiles using a



hydrofluoric acid (HF) pretreatment.#9656% |n this procedure, the sample is placed
in a polyethylene holder and exposed to HF vapor for 5 minutes in a larger
microchamber before silver colloids are added. The HF hydrolysis procedure is
beneficial for red lakes in oil paint because it breaks down the mordant and attacks
the binding medium.®® This hydrolysis method has been successful for a variety of
anthraquinone red lakes including madder lake, lac dye, and carmine lake in
textiles and oil paintings from the Metropolitan Museum of Art.%566 Although this
technique readily identifies organic pigments, it compromises the integrity of
samples since it partially attacks the oil binding medium.

Recently, focus has been placed on SERS techniques with limited pre-
treatment steps for the study of paint samples in order to maintain the integrity of
a given sample. The elimination of the HF pretreatment is beneficial for two
reasons: 1) it eliminates the chemical hazards associated with HF and 2) it fully
maintains the sample integrity and allows for further analysis of the sample. In
2009, Brosseau et al. demonstrated the first instance of extractionless
nonhydrolysis SERS on pigment grains from pastels and watercolors.5? In this
study, citrate-reduced silver colloids are centrifuged to create a colloidal paste,
which is directly applied to natural and synthetic reference materials (e.g. dried
pigments, dyed textiles, and reference paints) establishing the ability of SERS to
detect organic chromophores in increasingly complex matrices. High-quality SERS
spectra were acquired from samples as small as a single pigment grain without the
need for hydrolysis with HF. Brosseau and coworkers then applied the method to

historic artists’ materials, including samples from a pastel box attributed to Mary



Cassatt and historic watercolors samples from Winslow Homer’s For to Be a
Farmer’s Boy.5253 The detection of several organic watercolors in the faded sky in
Homer’s painting allowed for digital reconstruction of the painting to restore the sky
to its original coloring, permitting the viewer to experience the artist’s original intent.
However, extractionless nonhydrolysis SERS was not successfully applied to oil
paintings until Wustholz and coworkers demonstrated high-quality SERS spectra
of anthraquinone red lakes, namely carmine lake, in dispersed samples from 18t"-
century portraits. This study reveals that SERS spectra of red lake pigments can
be obtained from microscopic grains taken from complex, aged paint matrices
containing other colorants, oils, and resins without the need for a pretreatment
method that alters the integrity of the sample’s binding medium.“® Other previous
studies by the Wustholz lab develop necessary pretreatment steps for the SERS
identification of blue*! and yellow lake pigments in oil paintings.46

Although the application of SERS for cultural heritage studies has made
remarkable progress in only a decade of research, many unexplored areas exist.
For instance, SERS investigations of historic synthetic organic colorants are still
required in order to create a comprehensive SERS spectral database of artists’
pigments. Furthermore, given that cross-section sampling (i.e., the removal of a
sample from the painting that reveals its complete layer structure) is a valuable
tool for conservators to learn a vast amount about a painting from a microscopic
sample, SERS mapping of paint cross-sections embedded in resin represents an
important but uninvestigated task. The application of SERS to explore these areas

will increase our understanding of artists’ materials. To understand the potential of



SERS in these tasks requires a comprehensive understanding of the Raman
scattering effect, as well as the mechanisms associated with SERS that allows for
Raman signal enhancement and ultimately the ability to detect organic pigments

in oil paint.

Theory of Raman Scattering:

Raman spectroscopy is a vibrational spectroscopic technique that is
complementary to infrared (IR) spectroscopy. Unlike IR spectroscopy where
photons are absorbed, Raman is an inelastic photon scattering technique. The
inherent weakness of Raman scattering requires a powerful excitation source,
commonly a continuous wave visible laser (usually 400-1064 nm). Raman
scattering results from an induced polarization (P) of the molecule as a result of
incident light. Upon excitation with a laser, photons are promoted to what is known
as a short-lived “virtual state”- an energy level that is greater than the energy
between vibrational levels. Referring to Eqn. 1, the induced polarization scales as:

P=aE 1]
where «a is the molecular polarizability for a given molecule and E is the incident
electric field. The electric field £ can be defined as:

E = Eycos(2mvyt) 2]
where E; is the electric field associated with the laser and v, is the frequency of

the laser. The molecular vibrations (Q;) for a molecule with N atoms are termed

normal modes, of which there are 3N-5 for linear molecules and 3N-6 for nonlinear

molecules, and are defined by:

Q; = Q] cos(2mv;t), [3]
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Figure 1 Schematic for Rayleigh, Raman (Stokes and anti-Stokes), and resonance

where QJ‘? is for a static molecule. The molecular polarizability changes for a

molecule as vibrations occur, so (neglecting higher order terms) « can be defined

as:

= a0+(5“>Qj [4]

50

a

with a, being the static polarizability and (5%—) being the change in polarizability
]

during vibration. Substituting these terms and a product-to-sum trigonometric

function into Eqn. 1, the induced polarization P becomes:

P = ayEycos2mvet + E,QF (5—“>

cos2m (vo+v)t+cos2m (vo—v))t
(SQI' ’

2

[5]

The terms in Egn. 5 demonstrate that upon laser excitation, light is scattered at
three energies. The first term of Eqn. 5 represents elastic Rayleigh scattering, in
which photons are scattered at the same energy as the exciting laser. The second
term in Eqn. 5 represents anti-Stokes scattering, in which photons are scattered at
a higher energy than the exciting laser, while the third term is Stokes scattering, in

which photons are scattered at an energy lower than the exciting laser. The second
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and third terms make up inelastic Raman scattering. The difference in energy
between the incident photons and the scattered photons is referred to as the
Raman shift, which is expressed in wavenumbers (cm™). A simple Jablonski
diagram (Figure 1) is useful for visualizing Raman scattering.

In Raman spectroscopy, a plot of the intensity related to the number of
photons inelastically scattered for a given Raman shift versus the Raman shift in
cm™ yields a spectrum for a molecule that represents a unique vibrational
fingerprint. Stokes scattering is the most observed scattering at room temperature,
since the intensity of anti-Stokes scattering is dependent on the population of the
vibrational excited state of the ground electronic state according to the Boltzmann

distribution:

—th

4
Tanti—Stokes — (ot v))
IStokes (vo- Vj)4

[6]

which governs that for a molecule at room temperature the electronic ground
state will be more populated relative to the first vibrational excited state. The
intensity of Raman scattering (/r) is defined as:

Ip o< (vo £ Vj)40‘sz]Z [7]
which demonstrates that the Raman intensity is proportional to the fourth power of
the Raman frequency and scales to the square of the induced polarization.

Several insights about Raman scattering can be gained from an
examination of Eqn. 5. First, the inherent weakness of Raman scattering relative

to Rayleigh scattering can be inferred, since the change in molecular polarizability

for a vibration <;Ta) will generally be smaller than the static polarizability of the

J
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molecule (a,). Indeed, the Rayleigh scattering cross section (i.e., the efficiency of
a molecule to elastically scatter light) for simple diatomic gaseous molecules is on
the order of 10-27cm?,57 while the Raman scattering cross section (the efficiency of
a molecule to Raman scatter photons) is on the order of 10-3' cm?.%8 In many cases,

Sa

only 1 in about 10%-10'° photons are Raman scattered.®® Secondly, the (E) term
J

will vary for different vibrational modes, causing some modes to be more intense

than others. Finally, the selection rule for a Raman active mode is (%{) # 0. This
J

selection rule differs from the selection rule for IR spectroscopy, in which for a
mode to be IR active there must be a dynamic of dipole moment. The difference in
selection rules of IR and Raman leads to different signal intensities on the same
energy scale for different vibrations. For instance, in the molecule methyl oleate,
the vibration of the C=0 bond causes a significant change in the dipole moment in
the molecule, leading to a strong infrared signal, while that same vibration causes
a modest change in the polarizability of the molecule, leading to a relatively weak
Raman signal.”® Although Raman scattering is a less sensitive technique relative
to IR spectroscopy, Raman has the advantages of a laser-dependent penetration
depth that is longer than that of IR, as well as water compatibility, which is
especially useful for aqueous biological samples.

One approach to increase the intensity of Raman scattering is by employing
resonance Raman scattering (Figure 1). By choosing a laser wavelength that
couples to an excited electronic state of the molecule, generally in the visible to
near-IR regions of the electromagnetic spectrum, the amount of Raman scattered

photons is increased to 1 in 103-108 photons. Resonance Raman requires a good
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chromophore that does not fluoresce, since the fluorescence cross-section of a
typical organic chromophore will be significantly larger than its scattering cross-
section, and subsequently upon laser excitation fluorescence will subsequently
overwhelm any Raman scattering. Currently, SERS is emerging as a powerful
alternative to resonance Raman recently developed to enhance Raman signal and

quench competing fluorescence from organic chromophores.

Theory of SERS spectroscopy

In 1977, two independent reports of anomalously intense Raman spectra of
pyridine on electrochemically-roughened metal surfaces emerged.”!72 Since then,
advances in the field of nanofabrication have allowed for the rapid growth of SERS.
Its discovery has had a major impact on the fields of chemistry, nanoscience, and
biology as a powerful analytical technique. SERS can enhance Raman scattering
by factor of 108-10'° relative to normal Raman scattering,”® but scientists
deliberated to understand the mechanism by which this enhancement occurs.

Two mechanisms, an electromagnetic enhancement and a chemical

enhancement, explain signal enhancement in SERS. The electromagnetic

Electric Electron
field cloud

Figure 2 lllustration of localized surface plasmon resonance effect
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mechanism (EM) is thought to contribute significantly to the enhancement of the
Raman signal from an analyte. When the valence electrons at the surface of the
metal substrate are excited by the incident electromagnetic field from the laser, the
electron density at the surface of the metal substrate beings to collectively
oscillate. This collective oscillation is known as the localized surface plasmon
resonance (LSPR) (Figure 3). One major consequence of the excitation of the
LSPR is an antenna effect: at the surface of the metal substrate: significant
enhancements in the electric fields of the incident laser as well as the scattered
frequency are observed. Since the intensity of Raman scattering is proportional to
the square of the induced polarization of the molecule an enhancement in these
electric fields will concomitantly enhance the Raman signal. The enhancement
factor (EF), defined as the magnitude of the increase the Raman scattering when

the analyte is adsorbed to the substrate, is defined as:

_ Eoutl 21Epyrl 2
EF = = [8]

where E,,; is the electric field at the laser frequency, is the EJ,; is the electric field
at the scattered frequency and E, is the electric field associated with the incident
laser. Since both the incident and scattered frequencies are enhanced by E?, the
enhancement is often referred to as the £4 enhancement in the literature (i.e. if the
electromagnetic field is enhanced by a factor of 10, then the overall Raman signal

enhancement will be on the order of 104). Eqn. 8 is simplified to:

FF — ISERS [9]

INRS

or the simple ratio of the intensity of SERS (/sers) to the intensity of normal Raman

scattering (/nrs). Furthermore, for chromophores, a chemical enhancement via
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charge transfer mechanisms when the excitation is resonant with the analyte-
substrate electronic states (analogous to resonance Raman) can also account for
an enhancement factor of approximately 102. Chemical enhancement, however, is
highly molecule-dependent. Electromagnetic and chemical enhancement factors
combined can account for an EF of 10'0.73 Indeed, with this enhancement,
detection of organic dyes at the single-molecule level is possible,’*”> making
SERS a highly sensitive technique for the detection of small quantities of organic

colorants.

Summary of Thesis, Part |

The studies presented in the first part of this thesis represent novel methods
or new applications of SERS for the detection of organic colorants in oil paintings.
First, we use SERS to study a series of rare 18™"-century New World oil paintings
from the British American Southern colonies, a region largely unexplored in
technical art history. The majority of the paintings show apparent fading due to
overexposure to light or color changes due to past conservation treatments. We
demonstrate that SERS can detect organic colorants (carmine lake, indigo) as well
as the inorganic pigments Prussian blue and vermilion. The detection of these
materials contributes to the understanding of artists’ pigment availability, in
addition to the Transatlantic flow of artists’ materials between the Old and New
World. This study represents one of the first comprehensive applications of SERS

to technical art history.
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The identification of synthetic organic pigments is also an under-researched
area in SERS studies of oil paintings. In addition to natural, organic colorants from
the 18" century, we also examine samples from a 19"-century oil painting, a copy
of Tintoretto’s Miracle of the Slave, recently acquired by the Muscarelle Museum
of Art at The College of William & Mary. Areas of this painting are suspected to
contain the first synthetic organic dye, mauveine. The detection of mauveine is
useful for the dating of a painting, since the dye was first synthesized in 1856 by
William Henry Perkin. Ultimately, we detect mauveine in this painting, which aids
in the dating of the painting and ultimately with attributing it to a particular artist.

Finally, we develop a novel approach for the SERS-based detection of
organic colorants in paint cross-sections embedded in polyester resin using SERS,
Raman scattering, and light microscopy. Cross-section sampling from paintings is
an extremely useful tool for conservators because it provides a vast amount of
knowledge from a microscopic sample without visibly altering the artwork. The
SERS mapping of paint cross-sections represents a challenging task in
conservation science. Ultimately, the SERS-based detection of red organic
colorants in cross-section samples from two paintings from the Colonial
Williamsburg Foundation represents a crucial step for developing SERS as a

spatial-mapping tool for organic pigments in cross sections.
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CHAPTER 2: ORGANIC PIGMENTS IN TRANSATLANTIC 18™-CENTURY OIL
PAINTINGS: A SURFACE-ENHANCED RAMAN STUDY
Introduction

Recent research at the interface of art conservation and chemistry reveals
numerous applications of surface-enhanced Raman scattering (SERS) to the
identification of organic colorants in oil paintings. Studies that identify these organic
pigments are especially important when color fading is observed over time.' For
example, previous SERS studies of Old World, London-based 18™"-century oil
paintings have demonstrated the presence of several organic pigments (i.e.
carmine lake, indigo), revealing information about the color changes in the painting
and the artist’'s pallete and methods. In particular, SERS analyses of Portrait of

Isaac Barre by Sir Joshua Reynolds detected carmine lake in the sitter’s flesh, as

Figure 1 (a) Natural-light image of Portrait of Evelyn Byrd (artist unidentified, probably 1725-
1726, oil on canvas, 50-3/16 x 40-3/8 “, Colonial Williamsburg Foundation, CWF 1941-76)
and (b) corresponding digitally-recolorized visualization of the painting
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well as the coat glaze applied over a layer of vermilion.4> These SERS findings
establish Reynolds’ continued use of carmine in flesh in 1766, despite his
awareness of its fading properties and his clients’ discontent.®

Previously, SERS studies of the Portrait of Evelyn Byrd by an unknown
London-based artist, probably in 1725 or 1726, detected a mixture of both indigo
and Prussian blue in the sitter's dress from an area of the painting previously
protected by a frame, which explains the garment’s present faded appearance
(Figure 1). The contrast created by the fading of the dress disrupts the
composition’s original aesthetic and draws the viewer's eye to these areas and
away from important, delicate features of the sitter. The identification of both indigo
and Prussian blue in the Portrait of Evelyn Byrd aiso elucidates an interesting
crossroads in the history of blue artists’ pigments. Prior to the synthesis of Prussian
blue in 1704 and its transition into frequent use by painters (ca. 1730s), artists
frequently struggled with expensive blue pigments of unpredictable quality, difficult
working properties, and the potential to fade.”® While very few oil paintings from
the 18™" century are identified as containing indigo paint, and traditional technical
art history literature dismisses its use in paintings, extant technical manuals,
documented palette layouts, and recent extensive research suggest that indigo
played a role in oil painting between the 15" and 19t centuries.”®'% Hence, the
detection of a mixture of indigo and Prussian blue represents a rare example of
the use of indigo in London in the beginning decades of the 18" century and is
consistent with contemporary findings establishing the use of indigo in oil painting.

The detection of a mixture of indigo and Prussian blue is also compelling, given
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that the literature suggests that once artists had access to Prussian blue they were
likely to use it exclusively due to its many appealing characteristics.’ Yet
apparently adulteration of indigo with other colorants including Prussian blue was
not uncommon.”

The Portrait of Evelyn Byrd and the Portrait of Isaac Barre SERS case
studies reveal integral details regarding the artists’ palettes and techniques, and
offer explanations as to the apparent color fading present in these paintings, and
most likely other 18"-cenury oil paintings. In an effort to gain a more
comprehensive understanding of these artists’ techniques and color changes in
paintings from this era in addition to the flow of painting materials from the Old
World to the New World, we investigate three rare 18®-century American oil
paintings from the Southern British colonies, a region that, despite a recently
published extensive historical analysis,'? has largely been ignored in the realm of
technical study. The majority of these paintings exhibit areas of faded color due to
overexposure to light or color changes due to past treatments.

To determine what pigments were originally used in early Southern colonial
paintings, we apply a SERS methodology to three paintings from the New World:
Portrait of Frances Parke Custis by the Jaquelin-Brodnax Limner, ca. 1722; Portrait
of John Custis IV by Williamsburg artist Charles Bridges, ca. 1735; and Portrait of
Elizabeth Allen by Charleston, SC artist Jeremiah Theus, 1759. Cross-section and
SERS analyses were performed as appropriate for the sampling regions. As is
often the case with paintings of this age, the varnish cycles can demand regular

treatment- therefore it is possible for past restoration materials to be present along
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with historic materials. Indeed, several modern 20"-century pigments are identified
in these paintings, the results of which follow the discussion of original historic
materials. Ultimately, SERS is able to detect various historic pigments (i.e.
carmine, vermilion, indigo, Prussian blue) in these three New World paintings. The
presence of these pigments in both Old World and New World paintings can trace
the flow of artists’ materials across the Atlantic Ocean, which contributes to our
understanding of artists’ pigment availability during this period as well as the

current appearance of these paintings.

Experimental
Materials, Synthesis, and Sample Preparation

Natural indigo, carmine naccarat, vermilion, Prussian blue, and cold-
pressed linseed oil were obtained from Kremer Pigments (NYC). Reference paints
were prepared in linseed oil by grinding them to even mixtures on a marble slab
and applying them to glass slides (Fisher). Dispersed samples with particle
diameters on the micron scale (i.e. invisible to the naked eye) were obtained with
surgical blades (Feather Safety Razor Company, #15). Microscopic samples from
the Portrait of Frances Parke Custis by the Jaquelin-Brodnax Limner (ca. 1722, oil
on canvas, 36 x 30-1/4", Washington-Custis-Lee Coliection, Washington and Lee
University, U1918.15), the Portrait of John Custis IV by Charles Bridges (ca. 1735,
oil on canvas, 36 x 27-1/2", Washington-Custis-Lee Collection, Washington and
Lee University, U1918.1.4), and the Portrait of Elizabeth Allen by Jeremiah Theus
(1759, oil on canvas, 30-3/16 x 25-1/4”, Colonial Williamsburg Foundation, CWF

2012-91) were investigated using SERS. Cross-section samples were mounted in
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polyester resin (Ward’'s Bio-Plastic), polished (Micro-Mesh, Inc., 12,000 grit),
examined with a microscope (Nikon Eclipse E600) under white-light (OPELCO,
fiber-optic halogen source) and UV illumination (100 W Hg lamp) at 200 x
magnification, and imaged with a camera (Nikon D80).

Glassware was cleaned with aqua regia and rinsed thoroughly with
ultrapure water (ThermoScientific, EasyPure I, 18.2 MQ cm™) prior to base
bathing. Silver nitrate (Acros Organic, 99%) and sodium citrate trihydrate (Sigma
Aldrich) were used to synthesize citrate-reduced Ag colloids in accordance with
the Lee-Meisel procedure.’ The colloids were centrifuged (Eppendorf, MiniSpin,
1-mL aliquots with ~0.97 mL of supernatant removed) for two cycles at a relative
centrifugal force of ~12,000 g at 15 min per cycle. Blue solid samples were
transferred to a 1-mL centrifuge tube (Fisher) and treated with 0.75 uL of
concentrated H2SO4 for 45 minutes. To the indigo solution was added 0.75 uL of
centrifuged colloids, and 0.75 pL of the resulting solution was pipetted onto a clean
glass coverslip (Fisher). SERS measurements of untreated reference and art
samples were performed on clean glass coverslips (Fisher) that were coated with

0.75 L of centrifuged colloids.

SERS Measurements

SERS measurements were performed on an inverted confocal microscope.
Excitation at 632.8 nm from a HeNe laser (Research Electro-Optics, LHRP-1701)
was filtered (Semrock, LL0O1-633-25) and focused to the sample using a 20x
objective (Nikon CFI, N.A.= 0.5). Scattering from the sample was collected through

the objective, filtered (Semrock, LP02-633RS-25), focused to the entrance slit of
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the spectrograph (Princeton Instruments, SP2356), and dispersed using a 600
g/mm grating blazed at 500 nm. The observed Raman frequencies were calibrated
using a cyclohexane standard. Excitation power (Pexc) and acquisition times (facq)
were varied in order to maximize signal-to-noise ratios while avoiding molecular

photobleaching.

Results and Discussion
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Figure 2 (a) Portrait of Frances Parke Custis by the Jaquelin-Brodnax Limner (ca. 1722, oil on
canvas, 36 x 30-1/4”", Washington-Custis-Lee Collection, Washington and Lee University,
U1918.15) with sample locations indicated by arrows. (b) Corresponding SERS spectra of red
samples obtained using 632.8-nm excitation at Pexc = 20 pyW. Labeled peaks are consistent with
carmine lake and vermilion. The spectrum of blank Ag colloids, which exhibits background
SERS peaks due to adsorbed citrate, is shown for reference.
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In order to investigate the flow of materials and painting techniques from the
Old World to the New World British American Southern colonies, we first examined
samples from the Portrait of Frances Parke Custis (Figure 2), an oil painting by the
Jaquelin-Brodnax Limner that was painted in colonial Virginia ca. 1722. Preliminary
examination of the painting revealed color losses in the flesh areas and obvious
color changes in the sitter's green drape that indicate an organic pigment sensitive
to light fading. Both cross-section and SERS analyses were performed to
determine the extent of these changes. Figure 2 presents SERS spectra from
microscopic, dispersed samples obtained from the flower and flesh regions of the
painting, as well as blank Ag colloids. A sample from the sitter’'s cheek exhibits
peaks at 250 and 341 cm, consistent with the SERS spectrum for reference

vermilion paint.’#15 The flower in the sitter's hand exhibits SERS peaks at 1420
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Figure 3 Cross-section from the sitter's green drape imaged in (a) white and (b) UV light. (c)
SERS spectra of H2SOs-treated blue samples from the Portrait of Frances Parke Custis
obtained using 632.8-nm excitation at Pexc= 30 pW. Labeled peaks are consistent with a
reference sample of H2SOs-treated indigo paint. The SERS spectrum of Ag colloids treated
with H2SO4 is shown to demonstrate peaks attributed to adsorbed sulfate.
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cm™ (w), 1300 cm™' (s), 1086 cm™ (w), 679 cm™ (w), 463 cm™ (m), and 430 cm™’
(m), consistent with carmine lake paint.+516.17

Though vermilion is the only red pigment we were able to identify in the
sitter’s flesh area, it is likely that the paint originally also contained an organic red
lake component based on the slightly faded appearance of the flesh and the faint
color difference between the sitter's face and arms. Since carmine lake was
detected in the rose in the sitter's hand, it is probable that the flesh also contained
this lake pigment. Indeed, previous studies of two other Virginia portraits of William
Nelson and Elizabeth Burwell Nelson by Robert Feke in 1749 identified carmine in
the sitters’ flesh,® suggesting that the presence of carmine lake in flesh areas from
Portrait of Frances Parke Custis is even more likely. A cross-section sample from
the sitter’'s green drape in Portrait of Frances Parke Custis, obtained from an area
previously protected by a frame, is imaged in white (Figure 3a) and UV (Figure 3b)
light. The cross-section analysis reveals a layering system built on a red ground
with an initial thin, yellow green layer followed by a thicker blue-green optical
mixture. Figure C presents corresponding SERS spectra of microscopic disperse
samples obtained from the green drape and sky regions in the Portrait of Frances
Parke Custis. In consistency with our previous SERS studies of the colorants
indigo and Prussian blue, blue samples were pretreated with H2SO4 before the
application of Ag colloids in order to solubilize the pigments. Specifically, we
previously demonstrated the use of H2SO4 to convert insoluble indigo paint to
soluble indigo carmine, enabling the SERS-based detection of indigo historic oil

paint samples.'® A H2SOus-treated sample obtained from the blue sky in the upper
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left corner of the painting reveals SERS peaks at 1690 cm™' (w), 1630 cm™' (m),
1576 cm™ (s), 1450 cm™" (w), 1246 cm™ (m), 761 cm™' (m), 672 cm™' (w), 593 cm"!
(w), 541 cm™ (s), consistent with pretreated indigo paint.'® SERS peaks at 1173
cm™’, 967 cm™, 824 cm™ are attributed to adsorbed sulfate.’®?° The SERS
spectrum of a pretreated sample obtained from the shadow in the sitter’'s green
drape also contains peaks consistent with pretreated indigo paint. Yet, several
vibrational modes that are characteristic of indigo (i.e. < 800 cm™') are not
observed, indicating that the color may be degraded. These results taken together
indicate the presence of indigo in the blue sky and green drape in the Portrait of
Frances Parke Custis, the latter of which may have suffered from fading. Indigo in
1722 Williamsburg would most likely have been imported from the Caribbean or
from England.?" Because technical studies have diminished the presence of indigo
in oil paintings, the detection of indigo in the 1722 Portrait of Frances Parke Custis
reflects both the Jaquelin-Brodnax Limner's pigment preferences and handling
knowledge in addition to material availability.

The Portrait of John Custis IV (Figure 4a) by Charles Bridges ca. 1735 is
another example of an early colonial Virginia oil painting. Custis was one of the
wealthiest Virginians of the period, and his love of horticulture is reflected in his
portrait. Bridges was an English-born painter who is the first documented
professional artist in the colony. Microscopic dispersed samples obtained from the
tulip stem and sitter's cheek in Portrait of John Custis IV were examined using
SERS. Figure 3 demonstrates that H2SOas-treated blue and green samples from

the edge of the tulip leaf exhibits SERS peaks at 2072 cm-' (vs), 585 cm™' (w), and
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Figure 4 (a) Portrait of John Custis IV by Charles Bridges (ca. 1735, oil on canvas, 36 x 27-
1/2”, Washington-Custis-Lee Collection, Washington and Lee University, U1918.1.4) with
sample location indicated by the arrow. (b) SERS spectrum of the H2SOs-treated paint
sample obtained at 632.8-nm excitation and Pexc = 20 yW. Labeled peaks correspond to
reference Prussian blue paint treated with H2SOa4. The peak at ~1000 cm' (#) is attributed to
sulfate.

498 cm™ (w), consistent with the reference spectrum of pretreated Prussian blue
paint.’®1°® To our knowledge, the identification of Prussian blue in the Portrait of
John Custis |V represents the earliest known use of the pigment in an oil painting
made in the Southern colonies and perhaps New England as well. Furthermore,
although visual inspection of the fleshtones in the portrait suggested the presence
of a red lake pigment, SERS measurements did not detect any remaining lake and
instead revealed the presence of vermilion.

Finally, an additional 18"-century New World example investigated includes
the Portrait of Elizabeth Allen (Figure 5a), a portrait painted in 1759 by Jeremiah
Theus, a Swiss-born artist who worked throughout his lifetime in the Charleston,
South Carolina area. A H2SOs-treated sample from the lining of the sitter’s blue

sleeve demonstrates peaks at 2070 cm™ (s), 582 cm™ (w), and 498 cm™ (w),
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consistent with SERS bands for pretreated Prussian blue paint.’® Period
Charleston newspaper records indicate Prussian blue was imported from
London.?? Interestingly, although large quantities of indigo were raised in
Charleston, and the sitter’'s husband owned large rice and indigo plantations, no
indigo was detected in this portrait.

Samples from the wide, dark shadow at the bottom edge of the sitter’s red
drape exhibits SERS peaks for vermilion at 259 cm™' (s) and 348 cm™' (w), as well
as peaks at 1416 cm™ (m), 1300 cm™ (s), 1103 cm™" (w), 1083 cm™ (w), and 468
cm™ (w), consistent with reference carmine lake paint.#516 Cross-section analysis
reveals Theus’ indirect painting technique to create a lower layer of opaque

vermilion followed by a layer of the more expensive, transparent carmine lake

(b) | §2070 # % §
Blue of sleeve lining

Reference PB

@
x4 &

2 Red drape

[

-

£

(2] 2

E Reference vermilion 2 P

m - 7
g s
&
N3

<

Red drape

Reference
carmine

L L
2000 1600 1200 800 400
Raman Shift (cm™)

Figure 5 (a) Portrait of Elizabeth Allen by Jeremiah Theus, (1759, oil on canvas, 30-3/16 x
25-1/4”, Colonial Williamsburg Foundation, CWF 2012-91). (b) Corresponding SERS spectra
from samples obtained at 632.8-nm excitation. Labeled peaks are consistent with reference
Prussian blue paint treated with H2SO4, vermilion, and carmine lake paints. Peaks attributed to
sulfate (#) and citrate (*) are indicated.
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pigment. The South Carolina Gazette documents that in Charleston, a major port
city, carmine was imported from London and readily available for purchase.??
Vermilion was also the only red pigment detected in the sitter's cheek, despite the
indicated presence of a red lake via visual inspection.

During our SERS studies of red and blue pigments from three New World
portraits from the Southern British American colonies, we acquired several SERS
spectra that did not match any reference spectra in our library of historic materials.
Considering the physical history of paintings of this age, previous conservation

treatment, which can introduce modern materials, is expected. Indeed, we
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Figure 6 SERS spectra of red and purple samples obtained from Portrait of John Custis IV.
Samples from the cheek flesh exhibit SERS bands consistent with (a) dioxazine violet, and (b)
an azo dye. Samples from the tulip exhibit SERS bands consistent with a perylene derivative
(e.g., PR 123, PR 179). Peaks denoted by an asterisk are attributed to citrate.
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identified various modern 20™-century materials in these three 18™-century
paintings using SERS. Several SERS spectra of modern, synthetic organic
pigments identified in the Portrait of John Custis IV (Figure 4a) are presented in
Figure 6. In Figure 6a, SERS spectra of samples from the cheek region from the
painting exhibit peaks at 1430 cm™' (m), 1389 cm (s), 1344 cm™' (m), 1254 cm""’
(w), 1206 cm™' (w), 1106 cm™ (w), 672 cm™' (w), 621 cm™ (w), 594 cm™' (w), 530
cm™ (w), 489 cm™! (w), and 320 cm™' (w), consistent with previously published FT-
Raman spectra for the modern synthetic pigment dioxazine violet.?* Another
sample from the cheek region contains SERS peaks at 1614 cm- (w), 1517 cm™
(m), 1306 cm™" (s), 1090 cm™" (s), 681 cm™" (m), 530 cm™* (w), 486 cm™' (m), 466
cm™ (w), 441 cm™ (m), 413 cm™ (w), and 355 cm™' (m) (Figure 6b), consistent with
a modern synthetic azo dye.?* Figure 6¢ presents the SERS spectrum obtained
from the red of the tulip. Peaks at 1587 cm™ (w), 1558 cm™ (w), 1452 cm™ (w),
1392 cm (s), 1314 cm™ (w), 1277 cm™" (w), 1240 cm™' (m), 1133 cm! (w), 1006
cm™ (m), 857 cm™ (w), 711 cm™ (w), 596 cm™" (w), 503 cm™' (w), and 382 cm™! (w)
are consistent with a red synthetic perylene dye (e.g., PR 123, PR 179).2426
Interestingly, numerous samples from this series of paintings contain perylene dye.
Table 1 presents a summary of all historic and modern pigments identified in the
paintings using SERS. Because the microscopic dispersed samples are carefully
obtained from regions in the painting that only contain original materials, it is likely
that these modern materials are present in extremely small concentrations. Indeed,
the SERS spectra of modern materials are only observed in extremely localized

areas of the dried colloids spots, proving the remarkable sensitivity of SERS for
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the detection of both historic and modern organic colorants in miniscule art
samples. Indeed, perylene dyes have been used in single-molecule SERS
experiments.?”2° To our knowledge, these results represent the first application of
SERS for the identification of 20t-century synthetic, organic colorants in historic
oil paintings. Ultimately, the detection of historic and modern pigments in this
collection of 18"-century New World and Old World paintings expands our
knowledge of their original materials, their appearances due to color changes, and

their past conservation treatments.

Conclusions

SERS studies of three early oil paintings from the Southern British colonies
reveal fascinating findings in the context of technical art history and aesthetics. Our
SERS results reveal that the use of carmine is prevalent in these 18"-century
Transatlantic oil paintings, not only in broad-scale quantity-rich areas of the
composition, but also the more challenging fleshtones and small but important
detail regions. Indeed, period writing by Reynolds as well as early painting manuals
confirm the high aesthetic value of carmine. Our findings establish the presence of
carmine not only in the high-style environment of London,*® but also in the flesh of
New World portraits by Robert Feke® and in broad-scale textiles and small detail
regions of New World portraits. Despite the fact that several other red lakes were
likely available in London and the Southern colonies during the 18t"-century, our
investigation did not find any evidence of a lake alternatives to carmine lake,

consistent with previous studies of 18"-centuries Old World oil paintings.3°
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Table 1. Summary of results for the SERS-based identification of natural and

synthetic organic pigments

Painting

Sample Location

Pigment

Portrait of Isaac Barre,
Joshua Reynolds, 1766

Flesh from sitter's cheek and
finger

carmine lake

Sitter’s red coat

carmine lake, vermilion

Portrait of Evelyn Byrd,
unknown British artist,
probably 1725-1726

Sitter’'s blue dress

Prussian blue, indigo

Portrait of Frances Parke
Custis, the Jaquelin-
Brodnax Limner, ca. 1722

Rose glaze: flower in sitter's

carmine lake
hand
Flower bud erylene
Flesh from sitter's hand perylene

Flesh from sitter's cheek

perylene, vermilion

Portrait of John Custis IV,
Charles Bridges, ca. 1735

Blue sky indigo
Green drape indigo
Tulip perylene

Flesh from sitter's cheek

vermilion, azo dye,
dioxazine violet

Tulip leaf

Prussian blue

Portrait of Elizabeth Allen,
Jeremiah Theus, 1759

Red drape

carmine lake, vermilion,
perylene

Lavender flower (hair

accessory) perylene
Flesh from sitter’s lips perylene
Flesh from sitter's cheek vermilion
Rose glaze: flower in sitter's perylene

hand

Blue lining from sitter’s sleeve

Prussian blue

The identification of indigo and Prussian blue in both Old World and New

World paintings reveals an interesting crossroads in the history of blue pigments.

Past literature informing technical art history largely dismisses the use of indigo in

oil paintings, although recent research suggests that it did play at least a minor

role in oil paintings between the 15" and 19t" centuries.”® Therefore, the detection

of indigo in the Portrait of Evelyn Byrd provides a rare example of the use of indigo
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Figure 7 Normal-light image of Portrait of Frances Parke Custis by the Jaquelin-Brodnax Limner
(ca. 1722, oil on canvas, 36 x 30-1/4”, Washington-Custis-Lee Collection, Washington and Lee
University, U1918.15) and (b) corresponding digitally-recolorized visualization of the painting.

in London in the early 18"-century, almost two decades after the synthesis of
Prussian blue. This finding is interesting, since artists were likely to use Prussian
blue exclusively once they had access to it and knew of its more appealing
characteristics.' The Portrait of Frances Parke Custis was also painted during the
1720s, but in colonial Virginia. The presence of indigo in this painting reflects both
the Jaquelin-Brodnax Limner’'s choice of pigments and material availability in
Virginia at the time, and its detection in this painting with SERS enables a digital
recolorization of the sitter's green drape (Figure 7). Interestingly, SERS reveals
that the slightly later portraits by Charles Bridges and Jeremiah Theus use
exclusively Prussian blue, consistent with reports that date the pervasive use of
Prussian blue by painters to the 1730s.7-8 The lack of indigo in these later portraits

is fascinating, considering the large amount of indigo that was grown in the
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Southern colonies during this time period. Ultimately, we establish the presence of
indigo in oil paintings in the Southern colonies even after the advent of Prussian
blue, and our identification of Prussian blue in Williamsburg and Charleston

represents a shift in artists’ blue pigment materials in the mid-18%" century.
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CHAPTER 3: SERS STUDY OF MIRACLE OF THE SLAVE FROM THE
MUSCARELLE MUSEUM COLLECTION
Introduction

The accidental discovery of mauveine by William Henry Perkin in 1856
began the synthetic dye industry that exists today. As a student tasked to
synthesize the anti-malaria drug quinine from coal tar extracts, Perkin oxidized
toluidine-containing aniline with potassium dichromate to yield a black precipitate
from which he extracted a vibrant purple solution that he used to dye a piece of
silk.! Throughout its history, this dye has been referred to as “Perkin’s dye”,
“Perkin’s mauve”, and “aniline purple”, but is best known simply as mauve or

mauveine. Mauveine represents the first instance of a purely synthetic dye whose
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Figure 1 Mauveine chromophores (adapted from Reference 5)
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structure is not found anywhere in nature. Originally thought to be a mixture of two
molecules, mauveine is actually a mixture of four chromophores (see Figure 1).2
While a synthesis for quinine would not be developed for another 88 years,
Perkin’s fortuitous synthesis of mauveine generated the beginning of the chemical
industry and catalyzed the synthesis of thousands of organic dyes.

Mauveine is an icon of the Victorian age in Great Britain, since its success
as a textile dye is due in large part to the advent of the Industrial Revolution in the
early 19"-century and the consequential increase in trade during the growth of the

British Empire.® Furthermore, the dye grew in popularity thanks to fashions worn

Figure 2 Copy of Miracle of the Slave, artist unattributed, recently acquired by the Muscarelle
Museum of Art at The College of William & Mary. Arrows show regions sampled for this study.
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by Queen Victoria and the Empress Eugenie of France. Mauveine was also sold
as an acetate salt for dyeing,’# although there is virtually nothing written from that
period about its prevalence in painting or its use as a lake pigment.

The successful detection of mauveine in paintings and other cultural
heritage objects is extremely useful, as its presence dates an object to after March
of 1856. Furthermore, because the patent for the dye process was finalized in 1857
and Perkin sold his factory in 1873 after several years of commercial decline, it is
estimated that public demand for mauveine and presumably other coal tar dyes
was at its peak between 1857 and 1864.2 Although several structural studies of
mauve samples exist,?# in addition to a recently published TLC-SERS study of
mauveine dye,® mauveine has yet to be identified in art. For this study, we obtained
paint samples from a recent acquisition of the Muscarelle Museum of Art at the
College of William and Mary (Figure 2). The painting is a copy of Tintoretto’s
Miracle of the Slave, and currently has no documented artist. To aid in attributing
this painting to a particular artist, we use SERS to identify mauveine or other coal
tar dyes to date the painting post-1856. Because mauveine is no longer
commercially available, we compare our findings to reference material from a
modern synthesis as well as previously published spectra.

Experimental

Materials, synthesis, and sample preparation

Since mauveine is not commercially available, a reference solution of
mauveine was created using a modern synthesis.® Specifically, a 1:2:1 mixture of

aniline, o-toluidine, and p-toluidine was made to recreate the impure aniline that
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Perkin would have used and added to a small (~1 mL) amount of acetic acid.
Another solution containing 5 mL of ethanol and 10 drops of Clorox bleach (acting
as the oxidizing agent) was added to the acetic acid solution and allowed to mix
for approximately one hour until the solution reached a deep purple color. Samples
from the Copy of Miracle of the Slave (artist unattributed, oil on canvas), a recent
acquisition by the Muscarelle Museum of Art, were obtained with surgical blades
(Feather Safety Company) and investigated with SERS.

Citrate-reduced Ag colloids were synthesized in accordance with the Lee-
Meisel procedure and centrifuged to a colloidal paste as previously described in
Chapter 2. For mauveine dye reference sample, 0.75 uL of Ag colloids were added
to 0.40 uL of the synthesized dye. Microscopic dispersed art samples were placed
on clean glass coverslips and coated in 0.75 uL of Ag colloids for SERS analysis.
All references and samples were allowed to dry before analysis.

SERS Measurements

SERS measurements were consistent with the SERS study previously
described in Chapter 2. Typical excitation powers (Pexc) of 10-30 yW were used
for SERS measurements. Acquisition times (facq) wWere varied from ~30-90 s for
SERS measurements in order to maximize signal-to-noise rations while avoiding
irreversible molecular photobleaching.

Results and Discussion
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Figure 3 (a) Detail from turban in the Copy of Miracle of the Slave; (b) SERS spectrum of
reference mauveine; (c) SERS spectrum of lower region of turban; (d) SERS spectrum of
upper region of turban; (e) blank Ag colloids.

Deep red and purple samples from two areas of the turban in the center of
the painting, shown in detail in Figure 3, were suspected to contain mauveine.
Figure 3b presents the SERS spectrum for the synthesized mauveine obtained
with 632.8 nm excitation. Peaks at 1386 cm™ (w), 1345 cm™ (vs), 1246 cm™ (w),
1181 cm™ (w), 1136 cm™" (w), 1017 cm™ (w), 668 cm™ (w), and 559 cm™ (m) are
consistent with a previously published SERS study of mauveine from a historically-
accurate synthesis.>” Figure 3c presents a SERS spectrum from the lower region
of the turban, and has major peaks at 1529 cm™' (w), 1450 cm™" (w), 1340 cm™ (s),
1193 cm™ (w), 1183 cm™ (w), 1141 cm™ (w), 1105 cm™" (w), 1004 cm™" (w), 952

cm™ (m), 845 cm™ (w), 748 cm™' (w), and 679 cm™" (m).
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Figure 3c is inconsistent with a variety of reference spectra for red and
purple historic and synthetic organic colorants, including carmine lake, madder
lake, lac, brazilwood, logwood, Tyrian purple, kermes, crystal violet, cobalt violet,
rhodamine B, dioxazine violet, and perylene dye. Although peaks at 1340 cm™,
1183 cm™', 1141 cm™', and 679 cm™ are consistent with the mauveine reference
spectrum, and peaks at 1529 cm™', 1450 cm™, 1193 cm™, 1004 cm™', and 845 cm-
" are in good agreement with previously published SERS spectra of mauveine,®
several major peaks for mauveine (i.e. 1638 cm-', 1593 cm™', 1560 cm™', 610 cm-
1,559 cm™, 434 cm™', and 387 cm) are absent. It is likely that the historic sample
has experienced degradation over time, causing certain bonds in the
chromophores to irreversibly break. It is also possible that the distribution between

the chromophores differs between the modern synthesis and the historic sample.
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Figure 4. (a) sample detail from coral cape in the Copy of Miracle of the Slave; (b) sample
detail from flesh of mother; (c) and (d) SERS spectrum from coral cape, consistent with
vermilion and lead white; (e) SERS spectrum from flesh of the mother, consistent with lead
white and vermilion; (f) SERS spectrum of vermilion reference paint.
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However, due to the lack of spectral correlation between historic natural red lakes
as well as the apparent similarities to synthesized mauveine, the pigment from the
lower part of the turban is attributed to be a synthetic purple colorant, either
mauveine or another aniline derivative. Figure 3d presents a SERS spectrum from
the upper region of the turban, and exhibits major peaks at 1353 cm™' (s), 1213
cm™ (w), 1156 cm™ (w), 1086 cm™ (m), in modest agreement with the reference
mauveine SERS spectrum. Based on the lack of agreement with any reference
historical natural red lakes, we suspect this sample also contains mauveine or an
aniline derivative. However, since we were unable to obtain consistent and
reproducible SERS spectra from this sample, the results from the upper region of
the turban are inconclusive.

Nonfluorescent red samples from the areas of the coral cape at the top edge
of the painting and the flesh from the back of the mother in lower left corner of the
painting (both areas shown in detail in Figure 4a and 4b, respectively) were also
investigated. Figure 4c shows SERS spectra from the coral cape and flesh of the
mother. Peaks at 1047 cm™ (w), 338 cm™ (m), 280 cm™' (w), and 244 cm' (s)
indicate an inorganic mixture of vermilion and lead white, consistent with a SERS

spectrum of vermilion paint as well as previous Raman studies.??°

Conclusions
SERS results indicate the presence of an inorganic red mixture, as well as
the presence of suspected degraded mauveine in the Copy of Miracle of the Slave.

These initial findings of mauveine or aniline derivative suggests that the painting
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was made after the synthesis of mauveine in 1856. The detection of mauveine in
this painting further confirms the belief of the museum curators that this painting is
by a notable post-Impressionist. This detection of mauveine or similar aniline dye
in an oil painting represents the first SERS-based identification of mauveine in
artwork, and expands the SERS spectral library of natural, organic colorants to
19t-century synthetic organic dyes. Our lab will continue to examine samples
(primarily yellow lake pigments embedded in polyester resin) from this painting

obtained by conservator and paint analyst Susan Buck in the near future.
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CHAPTER 4: DIRECT DETECTION OF ORGANIC RED LAKE PIGMENTS IN
PAINT CROSS-SECTIONS FROM HISTORIC OIL PAINTINGS

Introduction

Although SERS has been established as a sensitive technique to
unequivocally identify organic pigments in historic oil paintings, the detection of
these pigments from a microscopic sample from the surface of a painting does little
to provide conservators with contextual information regarding the stratigraphic
structure that is necessary to gain insight into an artist’s palette and methodology.
Cross-section sampling from a painting is an extremely important tool for
conservators and is generally rationalized by the vast amount of knowledge that
can be learned from even a microscopic (microns to millimeters) sample without
visibly altering the artwork." In this process, paint cross-sections are mounted in a
polyester resin and then polished to expose the paint stratigraphy.

There are many analytical techniques that are used to analyze these cross-
sections. For example, optical microscopy,' attenuated total reflection Fouier-
transform infrared spectroscopy (ATR-IR),>® normal Raman scattering (NRS),3"
" visible light imaging (VIS-imaging),’? and secondary ion mass spectrometry
(SIMS)'3 are often performed to study cross-section samples, and are frequently
coupled with energy dispersive x-ray analysis (EDX) or micro-x-ray fluorescence
(XRF). However, while these approaches are able to detect inorganic pigments,
organic binders, proteins, and lipids, they do not allow for the unambiguous
detection of natural, organic colorants in paint cross-sections.

Because extractionless nonhydrolysis SERS has proven successful for the

unequivocal detection of red lakes in small, dispersed sample grains from the
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surface of paintings,’* we employ that same technique here, along with light
microscopy and NRS, for the detection of organic red lakes in cross-sections from
oil paintings mounted in polyester resin. Although recently SERS was used to
study natural red lake colorants (i.e. kermes, madder) in cross-sections from Italian
13t century polychrome statues and 16t"-century mural paintings,'® in order for
SERS to be a valid technique for cross-section analysis, investigations of
additional colorants and binding media are required. For this study, we examined
prepared reference paint cross-sections made from red pigments typical of the 18t
century (i.e. carmine lake, vermilion, madder lake), as well as samples from two
18th-century oil paintings from the Colonial Williamsburg Foundation’s collection.
The first, the Portrait of Elizabeth Burwell Nelson, is by Robert Feke, the first
American-born artist of European descent. The second, the Portrait of Isaac Barré
by Sir Joshua Reynolds, was previously studied with extractionless nonhydrolysis
SERS and was found to contain carmine lake paint in dispersed samples from the
sitter's cheek and finger flesh.’* We also examine a 19" century sample from
Young Woman in a Red Dress by Gabriel de Cool. This successful application of
extractionless nonhydrolysis SERS along with NRS and light microscopy for the
detection of organic red lake pigments in polyester resin represents a crucial step
towards developing SERS as a spatial mapping tool for red lakes in paint cross-
sections.

Experimental

Materials, synthesis, and sample preparation
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Reference materials including madder lake, carmine naccarat, vermilion,
linseed oil, and charcoal black were obtained from Kremer Pigments. Flake white
pigment was obtained from RGH Artists’ Oil Paints. Reference paint samples of
carmine lake, vermilion, madder lake, and flake white were prepared with linseed
oil on a marble slab with a glass muller. To create reference cross-section
samples, a preparation layer of flake white and charcoal black was applied to a
primed wood panel (8” x 10”), followed by applications of carmine lake, madder
lake, or a mixture of carmine lake and vermilion paints to create a stratified
structure. A mastic varnish (Kremer) was applied to the panel after sufficient
drying. Cross-section samples from the Portrait of Isaac Barré (by Sir Joshua
Reynolds, oil on canvas, 1766, 50-1/8 x 40-1/16”; CWF 2010-103), the Portrait
Elizabeth Burwell Nelson (Mrs. William Nelson) (by Robert Feke, oil on canvas,
probably 1749-1751, 49-5/8 x 39-5/8”";, CWF 1986-246), and dispersed samples
from Young Woman in a Red Dress (by Gabriel de Cool, oil on canvas, 1890, 39
x 20 1/2”; Private Collection) were investigated with SERS. Samples were
obtained from oil paintings with surgical blades (Feather Safety Company).

Citrate-reduced Ag colloids were synthesized in accordance with the Lee-
Meisel procedure and centrifuged to a colloidal paste as previously described in
Chapter 2. Microscopic dispersed art samples were placed on clean glass
coverslips and coated in 0.75 uL of Ag colloids for SERS analysis. Using a surgical
microscope (Zeiss, OPMI 1FC), approximately 0.25-0.50 uL of Ag colloids were
directly applied to specific regions of interest in the mounted samples. Samples

were allowed to dry (~20 minutes) before SERS measurements.
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Cross-section analysis

Cross-sections were mounted in a plastic tray with polyester resin (Ward's
Bio-Plastic), resulting in approximately 12.7 mm x 12,7 mm x12.7 mm (~2500
mm?3) sample cubes. Cubes were ground down on a belt grinder (Wilton, 335 grit)
to an approximate size of 12.7 mm x 9.5 mm x 3.1 mm (374 mm3), and then finely
polished with bonded abrasive cloths (Micro-Mesh, Inc., 320-12,000 grit). Cross-
section samples were examined with a microscope (Nikon Eclipse E600) under
white light (OPELCO, fiber optic halogen source) and UV illumination (100 W Hg
lamp) at 10x magnification and imaged with a camera (Nikon D7000). To remove
Ag colloids from the cross-section samples and expose a fresh surface of paint,
samples were polished again using a 1500 grit bonded abrasive cloth.

SERS Measurements

SERS measurements were consistent with the SERS study previously
described in Chapter 2 and 3. A color camera (Edmund Optics, EO-0413C) was
used to record images of the samples and to localize the exciting laser to specific
regions of interest. In particular, those regions containing natural, organic pigments
exhibited fluorescence upon examination with a microscope under UV illumination.
SERS spectra were monitored across the cross-section samples using a manual
X,y translation stage (Nikon TiU) in order to examine the distribution of colorants
and SERS intensities. Typical excitation powers (Pexc) of 10-20 pW and ~1 mW
were used for SERS and normal Raman measurements, respectively. Acquisition

times (facq) were varied from ~30-90 s for SERS measurements in order to
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maximize signal-to-noise rations while avoiding irreversible molecular

photobleaching.

Results and Discussion

Figure 1 presents a cross-section sample containing paint layers of lead
white, a mixture of carmine and vermilion, and a pure carmine glaze.
Approximately 0.25 uL of Ag colloids were added to an edge of the sample,
enabling SERS measurements in various localized regions within the cross-
section. Major peaks at 1454 cm™' (m), 1300 cm™' (s), 1103 cm! (w), 1083 cm™" (w),
669 cm™ (w), 471 cm™' (m), and 428 cm™' (m) were observed in regions 1 and 2 of
the sample, consistent with previous SERS studies of carmine lake paint.'416.17 |n
region 3 of the sample, an area not coated by Ag colloids, strong fluorescence
from carmine lake is observed. Although vermilion is a nonfluorescent pigment, the
NRS signal is overwhelmed by the fluorescence from the organic pigment. These
results show that SERS provides the ability to detect an organic pigment with
pinpoint accuracy while maintaining the integrity of the stratigraphy within the
sample. In order to test this SERS-based approach to identify red lakes in cross-
sections from historic oil paintings, we investigated a cross-section sample from
the flower bud in the Portrait of Elizabeth Burwell Nelson by Robert Feke. Figure
2 presents a cross-section sample imaged in white and UV light. Although the

sample does not possess a defined paint layer system, the fluorescence under UV
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illumination indicates the presence of a red lake. Figures 2D and 2E present SERS

spectra from regions 1 and 2 of the sample, respectively, with 632.8 nm excitation.

Region 1

Intensity

Region 2

Region 3

5.7x10° ADU
mW s

colloids

2000 1500 1000 500

Wavenumbers (cm™)
Figure 1: (A) Reference cross-section containing oil paint layers of lead white, a mixture of
carmine and vermilion, and pure carmine (shown with and without colloids). (B) SERS
spectra from three different regions of the cross-section as well as bare Ag colloids,
obtained at 632.8 nm excitation.
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Figure 2. (A) Portrait of Elizabeth Burwell Nelson by Robert Feke, probably 1749-1751. Rose
bud sample imaged in (B) white and (C) UV light. SERS spectra from (D) region 1 and (E)
region 2 of the sample obtained using 632.8 nm excitation. SERS spectra of (F) a reference
carmine-containing cross-section mounted in polyester resin and (G) blank Ag colloids applied
to the polyester resin block. Peaks attributed to carmine lake are highlighted.

Labeled peaks are consistent with the spectrum for carmine lake paint in
polyester resin (Figure 2F), and previous SERS studies of carmine lake.416.17
Figure G shows the spectrum for blank colloids to establish peaks due to citrate.
In order to apply this SERS-based approach to a cross-section with a defined layer
system, we investigated a sample from the Portrait of Isaac Barré by Sir Joshua
Reynolds. A previous SERS study of this painting revealed the presence of
carmine lake in the sitter's cheek and finger flesh in microscopic dispersed paint
samples.'* Figure 3 presents a cross-section from the sitter’s coat imaged in white
and UV light. The cross-section reveals a preparation ground layer followed by a
nonfluorescent paint layer and then a paint layer containing an organic red lake,
as indicated by the fluorescence under UV illumination. Figure 3D presents a
SERS spectrum from region 1 indicated in Fig 3B. This region exhibits major peaks

consistent with carmine lake and linseed oil (~870 cm™), as well as peaks
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Figure 3: (A) Painting cross-section imaged in white and (B) UV light from the (C) detail of
coat in the Portrait of Isaac Barré by Sir Joshua Reynolds, 1766; (D) SERS spectrum from
Portrait of Isaac Barré cross-section; (E) SERS spectrum of same cross-section sample after
colloids were removed by polishing and reapplied; (F) Raman spectrum from area containing
vermilion in Portrait of Isaac Barré after colloids were removed; (G) Reference carmine and
vermilion containing cross-section mounted in polyester resin; (H) SERS spectrum of blank Ag
colloids applied to a polyester resin cube.

attributed to resin (~1640 cm™and ~1700 cm™') and citrate.’#16.1® This detection of
carmine lake is consistent with the previous extractionless nonhydrolysis SERS
study of the sitter’s flesh.

Although these results demonstrate that carmine lake can be identified in
cross-sections from historic artworks mounted in polyester resin, they do not

account for the spatial distribution of colorants within the sample. To determine
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SERS'’s potential as a spatial mapping tool, spectra were recorded in a variety of
locations within the colloid spot on the cross-section. Inhomogeneous SERS
intensities for carmine lake were observed throughout the sample, indicating that
the signal originates from a localized areas in the sample and not from carmine
lake dissolved into the sample to produce homogeneous signal. These results
demonstrate that SERS has the potential to detect carmine lake while maintaining
the integrity of the cross-section sample.

While these results represent the first in situ SERS-based detection of
carmine lake in a mounted cross-section from a historic oil painting, attempts to
repeat the measurements in Figures 2 and 3 were unsuccessful approximately one
week after the application of Ag colloids. It is our thought that interactions between
the nanoparticles and the polyester resin allow for the diffusion of the nanoparticles
through the resin matrix, rendering the sample SERS inactive. In order to
determine the future viability of these cross-section samples, we used a polishing
cloth to gently remove the existing nanoparticles and expose a fresh surface of
paint. White light microscopy revealed that although a small quantity of residual
colloids remained, the integrity of the layer system of the sample remains intact.
Ag nanoparticles were reapplied to the new paint layer after repolishing. Figure 3E
shows the SERS spectrum of region 1 in the repolished cross-section.
Remarkably, SERS peaks from carmine lake in polyester resin are still readily
observed following colloid removal, repolishing, and reapplication.

UV microscopy (Figure 3B) also reveals the presence of a nonfluorescent,

red inorganic colorant in the cross-section from the sitter's coat. NRS



53

measurements of the nonfluorescent red areas of the cross-section (region 2 in
Figure 3B) demonstrate the presence of vermilion (Figure 3F).'%20 However,
corresponding SERS measurements performed after the addition of Ag colloids
did not exhibit peaks due to vermilion. Poor SERS signal is attributed to modest
resonance Raman enhancement or insufficient adsorption of the inorganic colorant
to the Ag nanoparticle substrate. Indeed, previous SERS studies with the inorganic
pigment Prussian blue demonstrated the need for sample pretreatment with acid
in order to solubilize the pigment to increase the SERS enhancement.?! Ultimately,
the combination of light microscopy with NRS and SERS provides for the
unambiguous detection of carmine lake and vermilion in different regions of the
cross-section. This data represents the first instance of in situ SERS detection of
colorants in mounted paint cross-sections from historic oil paintings within multiple
regions of the sample and without the need for sample pretreatment. Furthermore,
the SERS substrate can be removed via polishing and then reapplied for further

analysis.



54

OONOWOM
—AND—0OWn
<TONN~——

1602
ZIIIIII1548

1.3x10* ADU mW-' s

SERS Intensity

T T
2000 1500 1000
Raman Shift (cm™)

Figure 4 (A) Reference cross-section sample containing madder lake imaged in white light.
(B) Corresponding SERS spectrum of A. (C) SERS spectrum of a dispersed paint sample
from Young Woman in a Red Dress by Gabriel de Cool (1890). SERS spectra of reference
madder lake (D) paint and (E) pigment. (F) SERS spectrum of blank Ag colloids applied to a
polyester resin block. (G) Young Woman in a Red Dress (by Gabriel de Cool, oil on canvas,
1890, 39 x 20-1/2in.; Private Collection)

In order to establish that this SERS-based approach is successful for
colorants other than carmine lake, we investigated madder lake. Figure 4A
displays a reference cross-section in polyester resin containing madder lake paint.
The corresponding SERS spectrum is presented in Figure 4B, with major peaks at
1602 cm™ (w), 1548 cm™ (w), 1416 cm™ (s), 1320 cm™ (s), 1297 cm™ (s), 1210
cm™ (w), 1186 cm™ (w), 1157 cm™ (w), 383 cm™ (w) and 332 cm™ (m), being in
excellent agreement with the SERS spectra of alizarin and purpurin, the
chromophores components of madder lake.???* To test the viability of this
approach on a real art sample, we investigated a dispersed paint sample from

Young Woman in a Red Dress by Gabriel de Cool with extractionless
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nonhydrolysis SERS. Figure 4C shows the SERS spectrum from a microscopic
sample from the flower region in the painting, consistent with major peaks for
madder lake in polyester resin, as well as dispersed madder lake paint (Figure 4D)
and pigment (Figure 4E). This suggests that extractionless nonhydrolysis SERS
provides the ability to detect madder lake paint in both small dispersed samples
and embedded cross-sections. This work represents the first detection of madder

lake with extractionless nonhydrolysis SERS.

Conclusions

These results demonstrate the ability of extractionless nonhydrolysis SERS
to successfully detect natural red lake pigments in paint cross-sections from
historic oil paintings. By the direct, in-situ application of Ag colloids to cross-section
samples embedded in polyester resin, SERS is able to unambiguously detect
carmine lake, madder lake, and vermilion paint in specific regions within multiple
paint layers. This provides conservators with a comprehensive knowledge of an
artist's materials and methods with a single sample and without the need for
pretreatment. That SERS can detect these pigments while maintaining the integrity
of the stratigraphy of the layer system of a sample represents an important step
towards developing SERS as a spatial mapping tool for the identification of organic
pigments in paint cross-sections. Future work by the Wustholz lab will attempt to
combine this light microscopy, NRS, and SERS approach to image both organic

and inorganic colorants in paint cross-sections.
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CHAPTER 5: SINGLE-MOLECULE SPECTROSCOPY STUDIES OF
PHOTOBLEACHING IN HISTORIC RED DYES AND LAKE PIGMENTS

Introduction

Although SERS has the ability to identify natural, organic pigments in faded
regions of paintings, an understanding of the complex photobleaching
mechanisms of these pigments is equally crucial. In fading, the chromophores that
provide color to an object are photobleached upon exposure to light over time.
Photobleaching is an irreversible process that photochemically alters the structure
of a chromophore to a colorless form. Fading often accounts for color changes that
distort an artist's original aesthetic vision, as observed in the SERS studies of
faded garments from the Portrait of Evelyn Byrd and the Portrait of Frances Parke
Custis. Therefore, an understanding of the molecular photodegradation pathways
of colorants is crucial, enabling museums to establish proper storage and exposure
conditions for cultural heritage objects and to prevent further photodamage.

Various artists’ materials are known to exhibit fading with time upon
exposure to light. Natural red lake pigments such as madder lake and carmine lake

have been used as artists’ materials since antiquity and are highly susceptible to

OH

OH

H

Alizarin Purpurin

Purpurin lake o
Figure 1 Hydroxyanthraquinone chromophores: alizarin, purpurin, and
purpurin lake
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fading. Lake pigments are created from the precipitation of water-soluble dyes
(e.g., alizarin, purpurin, and carminic acid extracts from natural sources) with a
mordant salt such as alum (i.e., KAI(SO4)2). The resulting water-insoluble pigments
were highly prized by artists due to their high tinting strength and lustrous qualities.
Indeed, red lakes were used in fleshtones and small, yet important, detail regions
in paintings, even after scientists and artists knew of their fading potential.’

In an effort to understand molecular photobleaching of red lake pigments,
we investigate the fading of several hydroxyanthraquinone-based chromophores
(Figure 1). Although several publications on anthraquninone dye fading exist,?3
many of these reports assess color changes with time rather than examine
mechanistic details. For example, dye structure is known to play an important role
in the photophysics of hydroxyanthraquinones.# Furthermore, lake pigments made
with tin (i.e., SnCl2) and aluminum (i.e., KAI(SO4)2) mordants exhibit significant
fading compared to pigments containing copper, chrome, or iron.®> The presence
of oxygen has also been observed to greatly impact the fading of
hydroxyanthraquinones, but the mechanistic details of these changes are not well
understood.®

The influence of different mordant salts on the photophysics and
photochemistry of lake pigments is an underexplored area in conservation science.
Studies of purpurin (¢r= 0.004) and purpurin with AI®* ions in solution observed
that purpurin complexed with AlI3* (Figure 1) demonstrates increased fluorescence
(= 0.29), where ¢r is the fluorescence quantum yield. It is hypothesized that

mordant salts containing heavy-atoms can facilitate triplet-state blinking and
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photobleaching, but relatively few spectroscopic studies of hydroxyanthraquinone
dyes and related lake pigments have been performed. Ultimately, several
persistent questions remain about fading in art: (1) what are the detailed structure-
property relationships in chromophore photobleaching?, (2) what is the role of
mordant salt (chelating metal ion) in photophysics and photochemistry?, and (3)
what is the impact of molecular oxygen on these dynamics?

Various spectroscopic tools are used to monitor fading (e.g., colorimetry,
UV/Vis, fluorescence), but ensemble-averaged approaches are complicated by the
heterogeneous paint matrix, in which a variety of materials have undergone ageing
and associated photochemical and photophysical changes with time.
Understanding the detailed relationships among paint structure,” chromophore
local environment,® and external environmental factors®'* (e.g., oxygen,
pollutants, age) will likely be hidden under the averaging over an ensemble with
conventional spectroscopy. Moreover, hydroxyanthraquinones exist in multiple
protonation states in condensed phases and are known to undergo excited state
intramolecular proton transfer (ESIPT).#'5.16 Single-molecule spectroscopy (SMS)
is uniquely suited to study chromophores in complex environments.

SMS is a powerful technique recently developed for the detection of single
molecules, the ultimate limit of detection. Given that fluorescence is a sensitive
technique where a bright signal appears against a dark background, SMS is an
obvious technique for the study of individual chromophores. The first instance of
SMS detection of fluorophores at room temperature was reported in 1990,'7-° and

although despite experimental difficulties and generally poor S/N ratio, SMS has
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significant advantages over ensemble averaging for investigating heterogeneous
systems. For example, SMS studies commonly investigate the conformation of

biomolecules, including protein folding and DNA, to remove problems associated

with ensemble-averaging and non-synchronicity.20-22
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Figure 2 Jablonski diagram of fluorescence for an emission to an “on” state and transfer to

nonemissive “off” state and their corresponding rate constants. A schematic of blinking
dynamics is shown below

With SMS, the photophysics of single molecules are probed by measuring
the dynamics of molecular “blinking”, defined as fluctuations in the emission
intensity under continuous excitation of a single molecule.?®> The possible
photophysical pathways for a single molecule upon excitation are represented in
Figure 2. Upon excitation, a molecule is promoted to a fluorescent state “on” state,
and emission intensity is observed. However, a molecule can transition to an “off’
nonemissive state. Once the molecule returns to the ground state, the molecule

can be promoted to a fluorescent state again. Single-step photobleaching can also
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be observed, where the molecule reaches a permanent, nonfluorescent bleach
state. To quantify molecular photophysics, the durations of emissive and non-
emissive events (on times and off times, respectively) are compiled into
histograms. The functional form of the resulting histogram relates to the underlying
kinetic model. For example, when blinking occurs via a triplet state, the population
and depopulation of on and off states obey first-order kinetics. Hence, the on-times
and off-times histograms are fit by single exponential functions with rate constants
corresponding to triplet population and depopulation.?425 However, many systems
exhibit event distributions that are not single exponential, indicating that the
observed blinking behavior corresponds to more complex processes. More
recently, various SMS studies have revealed on-time and off-time distributions that
appear to follow heavy-tailed functions (e.g., power law, Weibull and log-normal
distributions), indicating that the rate constants for population and depopulation
are not described by a single value but vary with time, leading to a distribution of
the rate constants k23 and ka1 in Figure 2.26:27

Previous studies in our group have demonstrated that SMS studies of
rhodamine dyes on TiO2 substrates coupled with robust statistical analysis and
Monte Carlo simulations reveal dispersive electron-transfer kinetics in model dye-
sensitized solar cells (DSSCs).2 In this approach, the combination of experiment
and computation reveals the underlying distributed kinetics of chromophores in
DSSCs. For example, the log-normal distribution of events corresponds to a
Gaussian distribution of activation energies for forward electron transfer and back

electron transfer.?®> Distributions corresponding to alternative heavy-tailed
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functions indicate different kinetic behavior. For instance, a power law distribution
of events relates to the exponential distribution of rate constants.?8

To complement our SERS studies of pigment identification in historic oil
paintings, we use this combined SMS and computational approach to study
chromophore photophysics and photochemistry of natural red dyes and their
corresponding lake pigments in air and anoxic environments, since the presence
of oxygen are known to play a role in chromophore fading,®'3 In particular, we
investigate the photophysical properties of alizarin and purpurin dyes (the main
chromophores in madder lake) as well as purpurin lake pigment, in order to
examine the role that dye-mordant interactions play in photobleaching. The
processes responsible for fading are incredibly complex, as they are highly
dependent on dye structure and the surrounding environment. While SMS
investigates molecular photophysics unobscured by environmental heterogeneity
and ensemble averaging, to our knowledge, no SMS studies of artists’ natural,
organic dyes and their lake pigments have been performed. Using the combined
SMS and computational approach, we seek to elucidate the complex
photophysical and photobleaching pathways responsible for the fading of artists’
red hydroxyanthraquinone dyes and lake pigments. An understanding of fading in
these systems has the potential to benefit artists, conservators, and museum
curators and visitors. Studies of the photophysics of hydroxyanthraquinones also
benefit organic DSSC technology, drug delivery, and colorimetric sensing. SMS

studies of alizarin, purpurin, and purpurin lake are performed to explore the impact
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that the chromophore structure, mordant, and oxygen has on the photophysics and

photobleaching of these colorants.

Experimental

Synthesis of purpurin lake and sample preparation

Purpurin, alizarin, potassium carbonate, aluminum potassium sulfate, and
methanol were purchased from Sigma Aldrich. Ultrapure water (18.2 MQ cm™') was
obtained with a water purification system (ThermoScientific, EasyPure Il). Glass
coverslips (Fisher Scientific 12-545-102) were cleaned in a base bath for 24 hours,
thoroughly rinsed with ultrapure water, and dried using clean dry air (McMaster
Carr, filter 5163K17).

Because lake of purpurin dye is not commercially available, a historically-
accurate synthesis was performed.2° Briefly, approximately 60 mg of purpurin dye
was added to a 0.2M solution of potassium carbonate (K2COg) in ultrapure water
in an Erlenmeyer flask. Next, a 0.2M solution of potassium alum
(KAI(SOa4)2:-12(H20)) was added drop-wise to the purpurin and K2COs3 solution until
the it reached a pH of ~5. The solution was vacuum filtered and the resulting
product was crushed into a fine powder with a mortar and pestle. The resulting
water-insoluble solid is brighter and pinker relative to the dark, reddish-brown
purpurin dyestuff.

Dye solutions of alizarin and purpurin were prepared in ethanol and ethyl
acetate, respectively. However, since lake pigments are generally insoluble in

water, several solvents including ethyl acetate, ethanol, DMA, xylenes, and
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isopropanol were tested to solubilize the pigment, but were deemed unsuitable for
single-molecule experiments due to their inability to even partially dissolve purpurin
lake, or for their ability to chemically transform the molecule. (e.g., purpurin lake is
fully dissolved in dimethylamine, but in this basic solvent the neutral form of the
chromophore seemed to be converted to its anion form).2° Purpurin lake is partially
soluble in a 3:1 solution of MeOH and ultrapure water.?' Therefore, consistent with
previous studies, purpurin lake solutions were prepared in a 3:1 solution of MeOH
and ultrapure water and flushed with inert argon gas to remove dissolved oxygen.
SMS samples were prepared by spin-coating 35 pL of a 10-8-10-° M chromophore
solution onto a clean glass coverslip using a spin coater (Laurell Technologies,
WS-400-6NPP-LITE) operating at 3000 rpm. Samples were mounted in a custom-
design flow cell for environmental control and flushed with dry N2 for single-
molecule experiments in anoxic environments.

Single-molecule confocal microscopy

Samples for SMS studies were placed on a nanopositioning stage atop an
inverted confocal microscope (Nikon TiU). Laser excitation at 532 nm (Spectra-
Physics, Excelsior) was focused to a diffraction-limited spot using a variable
numerical aperture (NA) 100x oil immersion objective (Nikon Plan Fluor, NA= 0.5-
1.3) set to NA= 1.3. Excitation powers (Pexc) corresponding to 0.80 pw, 1.4 uyW,
~2.6 W were used for purpurin lake, alizarin dye, purpurin dye in air and N2
respectively. Fluorescence from the sample was collected through the objective,
spectrally filtered using an edge filter (Semrock, LP03-532RS-2S), and focused

onto an avalanche photodiode detector (APD) with a 50 um aperture (MPD,
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PDMO50CTB) to provide confocal resolution. A custom LabView program was
used to manipulate the nanopositioning stage and collect emission. Emission from
single molecules was established based on the observation of diffraction-limited
spots, blinking dynamics, and irreversible single-step photobleaching.

Blinking dynamics were acquired using 10-30 ms integration times for up to
200 s. Consistent with previous analyses, blinking dynamics were analyzed using
the change-point detection method (CPD), which reports statistically-significant
intensity change points, rather than a threshold method since previous studies
have established that thresholding is problematic.?®> Deconvolved states with
intensities greater than one standard deviation above the rms noise (i.e. 20% of
the maximum emission) are denoted as on states, while the lowest deconvolved
state is deemed the nonemissive “off” state. The durations of the first and last
events are disregarded, since they are artificially set by the observation period.
Control blinking experiments are performed on bare glass to determine the
average background noise. Dye molecules are discounted in the final Clauset
analyses if they have at least one on segment lower than the calculated average
background noise from the control blinking traces. For example, blinking traces of
blank glass with experimental parameters for purpurin lake had a calculated
average background signal of 3.40(zx 0.06) counts per 10 ms, so any purpurin lake
molecules with emissive events corresponding to < 3.40 counts per 10 ms are
discounted. Matlab with custom code was used for all data analyses and fitting

procedures. If Matlab determines that the intensity of the last deconvolved



66

segment is the lowest in the whole trace for a molecule, then the molecule is

considered photobleached.

Results and Discussion

Figure 3 False-colored 10 x 10 um2 image of fluorescence from 10-° alizarin on glass
obtained with 532 nm excitation and laser power (Pex;) of 0.80 uW. Color scale corresponds to
counts per 30 ms.

SMS studies of alizarin and purpurin in anoxic environments

To study the effect of dye structure on chromophore blinking and bleaching,
SMS studies of alizarin and purpurin (Figure 1) were performed by spin coating
nanomolar quantities of the dyes onto clean glass slides and flushing the samples
with nitrogen. Figure 3 presents a representative false-colored fluorescence image
of single alizarin molecules on glass recorded using a single-molecule confocal
microscope employing 532-nm excitation at 1.4 yW, a 100-nm step size, and a 30
ms integration time. Corresponding SMS studies of purpurin excitation 2.6 yW
excitation power, a 100-nm step size, and a 10 ms integration time. The blinking
dynamics of 138 alizarin molecules and 91 purpurin molecules are analyzed with

the CPD method.3? Consistent with previous SMS studies of single rhodamine
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Figure 4 Probability distributions for alizarin (black) and purpurin (blue) in N2. On times are
denoted with circles and off time are denoted with triangles.

molecules on glass and TiO2z, the resulting on- and off-time histograms are
transformed into complementary cumulative probability distribution functions
(CCDFs) (Figure 4). These probability distributions describe the probability of an
event occurring in a time less than or equal to a given ¢.

The on-time probability distributions for alizarin and purpurin appear quite
similar, but the off times are distinct. To understand these differences the
probability distributions are fit to a variety of heavy-tailed probability distribution
functions (i.e., power law, Weibull, log-normal). In this method, the goodness of fit
to each function is quantified by a p value.? Values of p < 0.05, which suggest that
the data has less than a 5% chance of arising from the corresponding probability
distribution function, are considered statistically insignificant. Table 1 shows the
fit parameters corresponding to log-normal and Weibull functions for alizarin and

purpurin. Based on a significant p value of 0.05, on times for alizarin are best
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characterized by the log-normal distribution. A nonzero p-value for purpurin
indicates that on times are also best described by the log-normal distribution.
Figure 4 also shows that while on times for alizarin and purpurin are similar,
corresponding off times appear significantly distinct, reflected by their respective
fit parameters (Table 1). For alizarin, off times are characterized by the Weibull
function, based on an unusually high p value (p = 0.93), while a nonzero p value
(p = 0.026) for purpurin off times indicates that the data is also best fit by the

Weibull function.

Fit Parameters p — value
Log-normal Weibull
1 (n()-p° At A1 e Log-normal Weibull
e 202 E(E) e B
toV2m
p=-0.86+0.08 A=0.69
Alizarin ON 0=149+0.05 B=0.91 0.05 0
A=0.75
N M=14+£01 _
Alizarin OFF o =149+ 0.09 B = 8.66 0.01 0.9
. M =-1.00 £0.07 A =0.65
Purpurin ON o=15240.05 B = 0.80 . .
. M=1.8%£0.1 A=0.62
Purpurin OFF 6=124+08 B= 1511 0 0.026

Table 1. Best-fit parameters and p-values for log-normal and Weibull functions for alizarin and
purpurin in N2 on glass. Statistically significant p-values are highlighted and in bold. Errors
represent one standard deviation.

Appendix Il shows the complete fit parameters for power-law, Weibull, and
log-normal functions. It should be noted that although p values for the power-law
function in Appendix Il are often above 0.05, indicating statistical significance, the
large tmin parameters indicate that only a small percentage of the data is actually

fit by power law. Therefore, we further omit any further discussion of power law.
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The data in Figure 4 and Table 1 suggest that the off times, governed by
equation 1:

Tors = 1 [1]
where ks1 is the rate from the dark state back to the ground state, are affected by
the structural differences in the two molecules (Figure 1). On times are insensitive
to changes in structure, as their statistical parameters (Table 1) of y (mean of the
event distribution) and o (standard deviation) are within error. To understand the
differences in the photophysics of these molecules, a discussion of excited state

intramolecular proton transfer (ESIPT) is necessary.

Excited State Intramolecular Proton Transfer (ESIPT)

CH\? :0 ’ o
) < | |

OH \
(KT —

O OH o OH

Figure 5 ESIPT in alizarin and purpurin (blue), where (a) excited molecule before ESIPT and
(b) is the phototautomer formed after ESIPT

Several ensemble-averaged fluorescence studies of
hydroxyanthraquinones (e.g. alizarin) have observed ESIPT.#834 Thus, we expect
ESIPT plays a role in the blinking dynamics of alizarin and purpurin. ESIPT
reactions are among the fastest chemical reactions, with rates observed on a

femtosecond time scale.3* The highly conjugated nature of anthraquinones results
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in low-lying molecular orbital energy states and easily-accessible excited states,
making ESIPT a likely process for many hydroxyanthraquinones. In ESIPT, a
proton transfer from the substituted hydroxyl group to the anthraquinone ketone
can occur upon photoexcitation of the molecule (Figure 5).3* An energy level
diagram corresponding to ESIPT is shown in Figure 6. In the ground state So, the
molecule absorbs light and is excited to a fluorescent S+ state, where a local
emission (LE) is observed. However, in the excited state, the molecule can
undergo fast ESIPT to form the phototautomer in Figure 5b. Emission in the excited
tautomer state T is also observed at a lower energy than the local emission. The
local emission that occurs from S1->So is characterized as the short wavelength
emission (SWE), while the emission that occurs from T~ > T is termed long

wavelength emission (LWE). This dual fluorescence is characteristic of ESIPT.

H H

o - \O O/ ™ Ne)
OO OH O‘ )
© \ESAIPT °
S

T*
hv l

S, - -

back ESIPT

Figure 6 Four energy level diagram characteristic of ESIPT. Molecule is excited from So to
S+, and in the course of ESIPT converts to the phototautomer T* (adapted from Reference
34)
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To test the hypothesis that ESIPT plays a role in blinking, solvent-

dependence emission studies were performed. Figure 7a shows that alizarin

exhibits dual fluorescence (ALe = 534 nm, AesieT = 594 nm), consistent with ESIPT.

Indeed, Miliani et al. determined that dual emission of alizarin is solvent- and

wavelength-dependent.3>3 |In nonpolar solvents such as benzene, the locally

excited structure of alizarin is stabilized, and a large ratio of the local emission to

the emission from the tautomer is observed (Figure 7). However, in more polar

solvents such as ethanol and acetonitrile, the alizarin tautomer is stabilized, and a

high ratio of the emission from the tautomer to the local emission is observed.

Furthermore, Figure 8 shows an unusually large Stokes shift of 70 nm for alizarin

in ethanol, indicating that ESIPT occurs in alizarin.

e EtOH
e CH,CN
= Benzene

Fluorescence (normalized)
Fluorescence (normalized)

(b) 544

LE
548 551 557

568
e FtOH

s CH,CN

ssn Benzene
=mmn Ethyl acetate
ssmmmme Chloroform

600 650 700
Wavelength (nm)

A \d it
750 800

14
550

I 1
600 650

Wavelength (nm)

Figure 7 Emission studies of alizarin and purpurin in ethanol. Alizarin exhibits solvent-
dependent dual fluorescence from the local emission and the phototautomer, while purpurin

maintains the same Aem Over a range solvents
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Figure 8 Absorbance (solid line) and emission studies (dashed line) of alizarin and purpurin in
benzene. Both dyes exhibit unusually large Stokes shifts, indicating ESIPT.

In the same solvent-dependent studies of purpurin, it appears purpurin
exhibits very different photophysical behavior than alizarin. While clear dual
fluorescence is not observed, consistent with reports that purpurin does not
undergo ESIPT,* there appear to be modest secondary peak at Aem =-~564 nm in
the fluorescence spectra of purpurin in polar solvents, indicating that ESIPT
possibly occurs in purpurin. Furthermore, Figure 8 demonstrates that purpurin in
ethanol has an unusually large Stokes shift (63 nm), suggesting that ESIPT does
occur in both purpurin and alizarin. Given that ensemble-averaging limits the ability
to accurately probe subpopulations of molecules, additional investigation is
required to determine if ESIPT plays a role in the photophysics of purpurin. Given
that ESIPT occurs in alizarin and possibly in purpurin, we hypothesize this

mechanism accounts for the dark state in the blinking of these molecules, since at



73

532-nm excitation our single-molecule detector is not able to detect the LWE from
the phototautomer.

Although the distributions of on times for purpurin and alizarin are similar,
the distribution of the off times are distinct. The probability distributions in Figure
4 show that purpurin experiences longer off times than purpurin. If ESIPT is a
process that occurs in purpurin, this suggests that alizarin is able to undergo
back proton transfer more efficiently than purpurin due to the shorter distribution
of off times for alizarin. As the substituted hydroxyl group in purpurin is the only
structural difference between the molecules, it appears to play a role in the rates
of back proton transfer. In ESIPT, the basic anthraquinone ketone acts as the
acceptor for the acidic proton. However, during back proton transfer, the newly
formed ketone in the phototautomer acts as the proton acceptor. We hypothesize
that in purpurin, the ability of this ketone to accept a proton (i.e., its basicity) is
directly affected by the para-hydroxyl substituent, causing a difference in the off
times of purpurin and alizarin molecules.

Purpurin lake synthesis and characterization

400 ~

04 (b) 530 570
1 (@) 350
034 300 - Purpurin
: 552 o] lake
Purpurin 5 2504 Purpurin
8 lake Q
§ 0.2 € 200 4
5 8
g @ 1504
< S
0.1 4 =100
(T
50
0.0 H 0+
-+ T T T T T 1 -50 T T T M T T 1 T
300 400 500 600 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 9 (a) Absorbance and (b) corresponding fluorescence spectra of purpurin and
purpurin lake solutions in 3:1 MeOH/H20
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To determine the differences in photophysics of an aluminum lake pigment
relative to the bare chromophore, we studied purpurin lake using SMS. Ensemble-
averaged UV/vis and fluorescence spectroscopy measurements were performed
to compare the synthesized purpurin lake with the pure chromophore. Figure 9
shows the absorbance and corresponding fluorescence spectra of purpurin and
purpurin lake, consistent with the absorbance and fluorescence maxima (Aabs and
Aem, respectively) of previous fluorescence studies of purpurin.3' For purpurin Aabs
=483 nm and Aem = 570 nm, while for purpurin lake, there are two distinguishable
peaks in the absorbance spectrum at Aabs = 514 and Aabs = 552, and Aem = 530.
SERS studies of the lake pigment and the purpurin dyestuff were done to
determine any differences in vibrational modes due to structural changes to the
molecule upon chelation to aluminum. Figure 10 presents the SERS spectra of
purpurin and purpurin lake. The only peaks that are significantly distinct (i.e., >10

cm" apart) correspond to the 810 cm-' (w) of purpurin and 826 cm' (w) of purpurin

Purpurin
Purpurin lake

826 810

SERS Intensity (a.u.)

1 l L] I L} l L L]
1600 1400 1200 1000 8(’)0 6(50
Raman Shift (cm™)
Figure 10 SERS spectra of purpurin and purpurin lake pigment obtained using 632.8 nm
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lake. While no Raman theoretical calculations exist solely for purpurin dye,
calculations for alizarin dye indicate that the 810 cm™' peak for purpurin could
correspond to CC stretching or C-H and C-O out-of-plane bending.3” These results
indicate that our synthesized purpurin lake is modestly spectroscopically distinct
from the purpurin dyestuff, although future tests involving x-ray crystallography are
planned to determine if our synthesized purpurin lake is structurally consistent with
the structure for purpurin lake generally cited in the literature (Figure 1).

SMS of single purpurin lake molecules

Due to the insolubility of purpurin lake, several control experiments were
performed to determine a consistent concentration to yield single molecules, as a
proportional reduction of dye molecules in a false-colored fluorescence image was
not generally observed with a reduction in dye concentration. For each new dye
solution made, concentration tests were performed to determine what
concentration should be used for single-molecule experiments. A 108 M solution
in 3:1 solution of MeOH and ultrapure water typically used for SMS studies of
purpurin lake, although due to its inability to completely dissolve in any available
solvent, we suspect this concentration is lower. Based on the observed number of
molecules for purpurin and purpurin lake solutions at 108 M concentrations, we
estimate that the concentration of purpurin lake is actually ~10x lower than the

calculated concentration that assumed total solubility.
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Figure 11 (a) False-colored 8 x 8 um?2 images of fluorescence from 10-8 M purpurin lake on
glass, obtained using 532-nm excitation and a laser power (Pex) of 0.80 uW. Color scale
corresponds to counts per 10 ms. (b) Blinking dynamics using the CPD method for a single
purpurin-lake molecule on glass is shown for the same acquisition parameters

Figure 11 presents a representative false-colored fluorescence image of
purpurin lake molecules on glass using 532-nm excitation at 0.8 pW, a 100-nm
step size, and a 10 ms integration time, as well as representative time-dependent
emission for a single purpurin lake molecule. Blinking dynamics of 52 purpurin lake
molecules were recorded, compiled into CCDFs and fit to various functions to
quantify their photophysical distributions. Figure 12 shows the probability
distributions for purpurin and purpurin lake in N2. The on-time probability
distributions are comparable, confirmed by the similarities (Table 2) in the
statistical parameters for log-normal fit, y and o, for on time distributions, but the
off times appear distinct. This pattern is analogous to the relationship between

alizarin and purpurin in Nz.
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Figure 12 Probability distributions for purpurin in N2 (blue) and purpurin lake in air (red).

On time are denoted by circles and off time are denoted with triangles.

Fit Parameters p - value
Log-normal Weibull
1 (n(8)-p)° At A1 el Log-normal Weibull
e 202 E(E) e B
tov2m
. M =-1.00 £0.07 A =0.65
Purpurin ON 5=152+ 005 B =080 0.004 0
. p=18+0.1 A=0.62
Purpurin OFF c=12+08 B= 1511 0 0.026
. p=-1.09 £+0.04 A=0.64
Purpurin lake ON o=153+ 003 B=076 0 0
. M=1.1%0.1 A=0.63
Purpurin lake OFF o=159+0.08 B=672 0.5 0.003

Table 2. Best-fit parameters and p-values for log-normal and Weibull functions for purpurin and
purpurin lake in N2. Statistically significant p-values are highlighted and in bold. Errors

represent one standard deviation.

Although for purpurin lake on times, p = 0 for the log-normal and Weibull

distributions, due to statistical similarities of the purpurin lake on-time probability

distribution to the purpurin in N2, we attribute that for purpurin lake, the on-time
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distribution is best fit by log-normal distribution. Purpurin lake off times show a
statistically significant p value for log-normal fit, but also has a nonzero p value
corresponding to the Weibull function (although visual inspection of the fits does
not strongly indicate log-normal distribution over Weibull). Indeed, statistical
parameters for alizarin and purpurin lake in N2 are closer than purpurin and
purpurin lake indicating that purpurin lake behaves similar to alizarin and possibly
undergoes ESIPT.

SMS studies of purpurin in air

0 147

Figure 13 (a) False-colored images of fluorescence from 10-° M purpurin on glass in (a) N2 (5
x 5 uym?) and (b) air (5 x 5 um?), obtained using 532-nm excitation and a laser power (Pexc) of
~2.6 WW. Color scale corresponds to counts per 10 ms.

Studies of purpurin were performed in both air and N2 to determine the effect
that oxygen has on fading, since the presence of oxygen has been known to

influence fading.®° Figure 13 presents representative false-colored fluorescence
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images of single purpurin molecules on glass in air (13a) and N2 (13b) recorded
using 532-nm excitation at 2.6 yW, 100-nm step size, and 10 ms integration time.
Blinking dynamics were collected for 61 molecules in air and 91 molecules in N2
and converted to CCDFs. Figure 14 shows the probability distributions for purpurin
in N2 and air. Purpurin on times are particularly sensitive to the presence of oxygen,
given the difference between the probability distributions of purpurin in air and
purpurin in N2. However, the statistical parameters (Table 3) indicate the similarity
of the probability distributions for off times, as the respective y and o fall within
error. The probability distributions of on times indicate that in air, purpurin spends
less time in the on state than purpurin in N2, suggesting that oxygen facilitates a
dark state in the molecule. While the only statistically significant p value for
purpurin in air (p = 0.08) indicates the off times are best fit to a log-normal

distribution, given the similarities in the statistical parameters for off times of
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Figure 14 Probability distributions for purpurin in N2 (blue) and purpurin in air (pink). On time
are denoted by circles and off time are denoted with triangles.
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purpurin in both air and N2, we attribute the off times for purpurin in air as best fit
by Weibull function (p = 0.008). A visual inspection of the data fits validates this

assignment (see Appendix Ill).

Photobleaching

Photobleaching is responsible for the fading of organic colorants in
artworks. To examine each molecule that reached photobleaching, blinking traces
were analyzed to determine the time photobleaching occurred, the bleach
intensity, and the bleach duration. Table 4 shows the average time until
photobleaching for purpurin and purpurin lake in N2. Purpurin dye shows
photobleaching parameters distinct from its lake pigment. Appendix IV shows the
complete photobleaching data. However, further experiments obtained with similar
laser powers are required in order to accurately compare photobleaching

parameters. Additional investigations are needed to determine photobleaching

Fit Parameters p - value
Log-normal Weibull
1 n-p® A t AT _h Log-normal Weibull
e— 202 E(E) e B
toV2n
. M =-1.00+0.07 A=0.65
Purpurin (N2) ON 5=1521+ 005 B = 0.80 0.004 0
. H=1.8%0.1 A=062
Purpurin (N2) OFF 5=12+08 B= 1511 0 0.026
L M= -1.80+0.06 A=072
Purpurin (air) ON o =132 0.04 B=034 0 0
o M=1.64%0.09 A=0.61
Purpurin(air) OFF =117+ 0.06 B=1161 0.08 0.008

Table 3. Best-fit parameters and p-values for log-normal and Weibull functions for purpurin in N2
and air on glass. Statistically significant p-values are highlighted and in bold. Errors represent
one standard deviation.
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mechanisms for these molecules. We are especially interested in the role that 'Oz

plays in fading, since our data suggests that the photophysics of a molecule in air

differs in an anoxic environment.

Purpurin in N2 Purpurin in air Purpurin lake in N2
(2.6 pw) (2.6 pW) (0.8 W)
N molecules that 46 16 38
photobleached
N molecules 91 61 52
% photobleached 51% 26% 73%
Test length (s) 100 100 200 200
Average time until 48 + 31 58+29 14777 34 +29
photobleach (s)

Table 4: Photobleaching data

Conclusions

The on times for alizarin, purpurin, and purpurin lake are best described
by log-normal distributions, and off times are best described by Weibull functions.
This data represents the first steps in investigation single lake pigment molecules
in hetereogenous paint environments. Future studies of lake pigments will
evaluate the effect that different mordant salts have on fading. The intricate
photobleaching mechanisms of these colorants requires continued investigation,
but their understanding prevents further photodamage to paintings and other

objects that represent our cultural heritage.
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APPENDIX I: TABLE OF HISTORIC ORGANIC DYES AND

PIGMENTS
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Dye

Lake
pigment?

Description

Chromophore structure(s)

Purpurin

Alizarin

Madder lake

Purpurin and alizarin are
anthraquinones found in dyes
derived from the root of plants
of the Rubiaceae species.
Both unmordanted madder
dye and madder lake have
been used since antiquity.
The lake pigment is prepared
by adding alum to the madder
dye and precipitating it with
alkali.

o} OH

OH

O OH

O OH

OH

Cochineal

Carmine
lake

Cochineal is derived from the
Coccoidea superfamily of
scale insects. New World
cochineal and Old World
cochineal originate from
different genera of these
insects. The earliest use of
cochineal as a dye was
reportedly in Peru in 700 B.C.
Carminic acid is the main
chromophore of the insect
dye. Cochineal lake is
referred to as carmine, and is
generally mordanted with
aluminum.

Kermes

Yes,
referred to
as kermes
of kermes

lake

Kermes is also derived from
the Coccoidea superfamily of
scale insects, but of the family
Kermesidae. Kermesic acid is
the chomophore in the insect.
Cochineal and kermes are
sometimes confused for each
other due to the fact that Old
World cochineal often
contains traces of kermesic
acid. Lakes of kermes are
made with aluminum, but
have been found to have very
little significance in paintings.
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Lac dye

Yes,
generally
known as
lac or lac

lake,

sometimes
Indian lake

Lac is also derived from the
Coccoidea superfamily of
scale insects, but belonging
to the kerria lacca species.
Lac as a dye has been used
since antiquity, but was
probably imported to Europe
by 1200. The lake pigment is
thought to be the primary lake
pigment for 15" century easel
painting.

cooy

sarsd ARG CHADUHNHCOCH;
accaie acd B Rs CHACHL08

Brazilwood

Brazilwood
lake

Dye derived from the wood of
the genus caesalpinia
braziliensis. The dye extract
is made by boiling the
chipped wood with water and
filtered. To make the lake
pigment it is precipitated with
hot alum. The main
chromophores of brazilwood
are brazilein and brazilin.
Brazilin bears the dye through
oxidation to form the dye
component brazilein.
Brazilwood has had few
identifications in paint,
probably due in part to their
fugitive nature.

Logwood

Yes, known
as logwood

Dye derived from the red
wood of the species
haematoxylon
campechianum. It is extracted
by boiling wood chips. The
hematoxylin in the raw
logwood oxidizes to haematin
during the dye making
process. A different range of
colors can be made
depending on the pH of the
dye process and the mordant
metal. Logwood was
mentioned as a cheap
watercolor in the 17" century,
but likely not in oil painting.

Dragon’s
blood

Maybe, but
pigment
probably
was not
successful
for painting

Dye that forms as an exudate
from plant species belonging
to the dracaena and
daemonorops genera.
Although historically used as
a stain for varnishes, it is not

LA -dihvdiory Bavehum, Re H

commonly used as an artist’s R
colorant in painting.

dracoflavviunn R+ OCH;
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APPENDIX II: USING RAMAN SPECTROSCOPY AND SURFACE-
ENHANCED RAMAN SCATTERING (SERS): AN EXPERIMENT FOR
AN UPPER-LEVEL CHEMISTRY LABORATORY

Introduction

Although surface-enhanced Raman scattering (SERS) spectroscopy has
become a powerful technique in analytical and physical chemistry, combining
nanoscience and vibrational spectroscopy for the unambiguous and ultrasensitive
detection of a wide variety of analytes,’ SERS is a topic seldom covered in
undergraduate curriculum. The application of SERS to art conservation to identify
colorants in minute samples from cultural heritage objects represents an excellent
method to familiarize undergraduate students with modern spectroscopy and
nanoscience. While there are various laboratory experiments designed to
introduce undergraduates to art conservation using Raman spectroscopy,? UV/vis
spectrometry,® NIR imaging,* and XRF,%> and several experiments designed to
demonstrate the SERS effect and estimate enhancement factors,®® there are no
existing laboratories devoted to the application of SERS to art conservation. The
integration of SERS with art conservation enriches the learning experience for
undergraduates, combining elements of nanoscience and advanced spectroscopy
within the engaging context of art conservation. In this laboratory experiment,
undergraduates synthesize silver nanoparticles and perform normal Raman
spectroscopy (NRS) and SERS measurements to identify both natural, organic
pigments and inorganic pigments in minute samples from four oil paints: carmine
lake, madder lake, lac dye, and vermilion. Students are assigned two unknown

colorants to identify. To demonstrate the differences between NRS and SERS,
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each group is assigned the inorganic, nonfluorescent vermilion paint and then
chooses one colorants among the remaining unknown fluorescent paints. NRS
measurements are performed on both samples, with students observing either
Raman scattering from vermilion, or molecular fluorescence from the organic paint,
demonstrating the usefulness of NRS for inorganic pigments and its limitations for
organic pigments. If an organic pigment is indicated by molecular fluorescence,
students treat the paint sample with silver nanoparticles to obtain a SERS

spectrum.

Experimental

Overview

At the beginning of the lab period, students are given a comprehensive
explanation of NRS and SERS and their applications to art conservation, and are
informed about safety procedures and potential hazards of the lab. A group of 2-3
students obtain two small samples from the oil paints, one from the vermilion paint
and one from a paint containing an organic pigment. One student performs the
nanoparticle synthesis (<1 hr) while one student obtains paint samples and
attempts NRS measurements. Each group then treats their unknown fluorescent
sample with nanoparticles and measures SERS. Students’ spectra are compared
with a correlation value for library spectra to identify the unknown samples.

Silver Nanoparticle Synthesis

Glassware is cleaned with aqua regia and rinsed thoroughly with deionized
water prior to the laboratory period. Silver nanoparticles are synthesized by the

reduction of AgQNOs by sodium citrate trinydrate (Sigma Aldrich).'® Approximately
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9 mg of AgNOs is added to a 125 mL Erlenmeyer flask containing 50 mL of
ultrapure water (Fisher EasyPure, Milli-G, 18.2 MQ cm-") with stirring. The solution
is heated on a stirring hot plate to ~300 °C. Upon vigorous boiling of the solution,
1 mL of sodium citrate (1% w/v) is added to initialize nanoparticle growth. The
reaction then proceeds for 30 minutes, resulting in an opaque gray-green solution.
A centrifuge (Eppendorf MiniSpin) operating at 13.4 rpm for 15 min is used to
concentrate 1 mL aliquots of the colloids, with ~100 uL of colloid solution remaining
after supernatant removali.

Art Sample Preparation

Students sample from oil paint to simulate the experience of handling a
cultural heritage object. All painting materials were obtained from Kremer Pigments
and stored in the dark. Paints were prepared by grinding the pigments into linseed
oil with a glass muller. A wood panel was primed with a layer of linseed oil before
the four unknown paints were applied. The panel was stored in a closed container
in the dark to minimize pigment fading and dust accumulation. Students used
surgical razor blades (Feather Safety Razor Company, #15) to remove ~1 mm
paint samples from the wood panel that are placed on glass coverslips (Fisher) for
NRS measurements.

NRS and SERS measurements

A DeltaNu (Intevac Photonics) benchtop Raman spectrometer employing a
785 nm diode laser and a right angle attachment was used for all measurements.
Laser power is kept <10 mW for the samples and acquisition times are ~10 s.
Students identified the unknowns using the reference library created for the

laboratory with the DeltaNu NuSpec software. For SERS measurements, art
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samples are transferred to centrifuge tubes containing concentrated silver colloid
paste and mixed at 13.4 rpm for 15 min. Three 1-pL aliquots of the resulting mixture
are applied to a coverslip.

Results and Discussion

The NRS spectra of vermilion, carmine lake, lac dye, and madder lake oil
paints are shown in Figure 1. The NRS spectrum of vermilion paint exhibits
characteristic peaks at 342, 284, and 252 cm.'%'2 Conversely, Figure 1
demonstrates that upon 785 nm excitation Raman scattering from the organic
colorants is overwhelmed by molecular fluorescence. For these fluorescent paints,
students treat their samples with silver nanoparticles and perform SERS

measurements. Figure 3 shows the corresponding SERS spectra of lac dye,
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Fig 1 Student spectra for ~1 mm samples of vermilion, lac dye, carmine lake, and madder
lake oil paints. The Raman spectrum of vermilion paint is evident, but fluorescence impedes
the measurement of Raman scattering for the organic colorants
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carmine lake, and madder lake paint samples that have been treated with silver
nanoparticles. Lac dye exhibits characteristic SERS peaks for laccaic acid at 1464
cm™, 1276 cm™, 1225 cm™', 1098 cm-!, 1056 cm™!, 1010 cm™', 453 cm™', and 413
cm.13 The SERS spectrum of carmine lake paint exhibits major peaks at 1291
cm™, 460 cm™, and 428 cm™*, characteristic of carminic acid.’ The SERS spectrum
of madder lake paint contains characteristic peaks for the major chromophores
alizarin and purpurin at 1547 cm-', 1390 cm™, 1322 cm', 1286 cm™', 1187 cm™,

1158 cm™, and 476 cm™.1516 Although these colorants are all derived from
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madder lake,

biank colloids

L] I L] l L l L]
2000 1500 1000 500
Raman Shift (cm™)

Fig 2 SERS spectra lac dye, carmine lake, and madder lake paint samples obtained by
students following treatments with silver nanoparticles. Characteristic peaks for each colorant
are labeled and SERS from blank citrate-reduced colloids is shown for comparison. Asterisks

denote peaks due to the glass substrate.
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substituted anthraquinones, SERS measurements demonstrate unique vibrational
fingerprints of chromophores that differentiate these organic colorants.

Students identified the unknown by comparing their spectra to a reference
database compiled for the laboratory. Students attained spectral correlation values
of 97 £ 2%, 77 £ 10%, 70 £ 10%, 71 + 7% to vermilion, lac dye, carmine lake, and
madder lake paint, respectively, enabling the successful identification of
unknowns. Students are tasked with justifying their identification of their unknown.
In this laboratory experiment, students problem-solve an investigation of art from
beginning to end, which enhances the understanding of the applicability of Raman

and SERS spectroscopy to a real-world problem.
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APPENDIX llI: ALL SMS FIT PARAMETERS

Alizarin in N2
Power Law On Off
E 0.0848 0.1408
Alpha 2.6135 2.6537
Xmin 2.14 10.67
L -119.834 | -156.112
P 0.8157 0.0119
gof 0.052 0.1189
Weibull
A 0.6912 0.7522
B 0.9101 8.6584
p 0 0.934
gof 0.0764 0.0304
Lognormal
A | -0.86%0.08 -1.4+0.1
B | 1.49+0.05 | 1.4940.09
p 0.0463 0.0143
gof 0.0466 0.0823
N segments 1897 661
N molecules 138
Alizarin- On times Alizarin- off times = — Weibull
10%0.00 - i— =—Weibull 10%0.00 B o 00 O — = Lognormal
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Weibull Weibull M\
A= 06912 A=0.7522
1081.00 8=0.9101 8=86584 .
= fore0 0764 10%-1.00 4 ’;:;3,3;304 A
& ognormal R % A
8 Y i P l%
10%-2.00 1 a- 149(0.05) \'g 3 = 1.49(0.09) =
32?,“?.‘&6 v p=0.0143 .
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\ S
10°-3.00 T T T
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Purpurin in air
Power Law On Off
E 0.0356 0.0953
Alpha 1.8231 2.8985
Xmin 0.13 32.1500
L -106.356 -291.8552
p 0 0.0917
gof 0.0727 0.0812
Weibull
A 0.7207 0.6106
B 0.3395 11.6139
p 0 0.008
gof 0.1224 0.045
Lognormal
A | -1.7978+0.0568 | 1.6388 +0.0859
B | 1.3155 £ 0.0402 | 1.17113 +0.0607
p 0 0.0768
gof 0.0739 0.0418
N segments 533 388
N molecules 61

CDF: S(1)
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A .y &)
Lognormal Qi‘r;l v :?‘7’ 5706069) §
10%-2.00 u=-1.8(0.06) N, 1042.00 4 A '76(8- )
= 1.32(0.04) e p=00 o
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p=0 \ AN -
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Time {s)

Purpurin in N2
Power Law On Off
E
Alpha 3.4557 5.9136
Xmin 4.74 54.82
L -64.0105 -101.236
p 0.4623 0.1655
gof 0.0856 0.1166
Weibull
A 0.651 0.6161
B 0.7953 15.1106
p 0 0.026
gof 0.1017 .0.0526
Lognormal
A | -1.0011£0.0722 -1.839310.1
B 1.5248 +0.0511 1.17333 0.8
p 0.0039 0.0007
gof 0.0518 0.0813
N segments 446 224
N molecules 91
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Purpurin lake in N2
Power Law On Off
E 0.0393 0.1927
Alpha 2.6699 3.718
Xmin 4.95 33.86
L -271.228 -62.244
p 0.3678 0
gof 0.0532 0.4584
Weibull
A 0.6402 0.63
B 0.7563 6.72
p 0 0.003
gof 0.1034 0.0666
Lognormal
A -1.0913 | 1.1255 +0.1124
B | 1.5261+0.0254 | 1.5857+0.0795
p 0 0.4868
of 0.061 0.041
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APPENDIX IV: PHOTOBLEACHING CPD3 DATA

96

CPD3bleach Purpurin in N2 Purpurin in air (2.6 pW) Purpurin lake in
(2.6 pW) N2 (0.8 pyW)

Average time until 48.2352 (31.27) | 57.5628 146.95 34 (£29)

bleach (29.2336) (77.8923)

Min 0.21 10.72 9.18 0.21

max 96.85 95.12 199.82 162.58

Average bleach 6.2037 (6.0806) | 5.3910 4.4998 2.494168

intensity (0.7434) (0.5143)

Min 3.7841 3.9688 3.8596 1.972

max 41.952 6.0141 5.1404 5.4669

Average bleach 51.6352 42.5285 53.17 98.34947

duration (31.3514) (29.1843) (77.8799)

Min 3.17 5.06 0.57 10.86

Max 99.8 61.98 190.91 199.99

Test length (s) 100 100 200 200

N molecules 46 16 38

*Alizarin calculations in progress
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