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Photophysics and photochemistry of carminic
acid and related natural pigments†
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Carminic acid (CA) and other related compounds have been widely used as dyes in cultural heritage,

cosmetics and the food industry. Therefore, the study of their properties upon photoexcitation is

particularly important. In this work, the photophysical and photochemical properties of CA, carminic lake

and other related pigments in aqueous solutions are revisited. Novel quantitative information regarding

the fate of the photoexcited states is provided including the efficiency of reactive oxygen species (ROS)

photosensitized production (i.e., singlet oxygen and hydrogen peroxide) as well as the efficiency of

nonradiative deactivation pathways. Laser-induced optoacoustic spectroscopy (LIOAS) data revealed that

for all the investigated compounds, almost all the absorbed energy is released as prompt heat to

the media. This is in agreement with the fact that other deactivation pathways, including fluorescence

(FF B 10�3–10�5), photochemical degradation (FR B 10�4) and/or photosensitized ROS formation

(FH2O2
o 10�5 and FD B 0), are negligible or null. In addition, a comprehensive investigation of the photo-

degradation of CA and lake is herein reported. The influence of different experimental parameters such as

irradiation wavelength and oxygen partial pressure was evaluated. UV-vis absorption and fluorescence emis-

sion spectroscopy in combination with chemometric data analysis were used to elucidate the relevant

aspects of the photodegradation mechanism involved and the spectroscopic features of the photoproducts

generated. In aqueous media, CA follows an O2-dependent photochemical degradation when subject to

elapsed photoexcitation in the UVB, UVA and visible regions. The photoproduct profile depends on the exci-

tation wavelength giving rise to quite distinctive spectroscopic profiles. With respect to lake, our data suggest

that upon photoexcitation, this pigment releases a CA-like chromophore that follows a similar fate to CA.

1. Introduction

Carminic acid (CA) is a red dye that consists of hydroxyanthra-
quinones linked to a glucose unit. This compound is origi-
nally obtained from Central America, specifically extracted
from the dried bodies of the female scale insect Coccus cacti
(Dactylopius coccus Costa).1,2 The first reported usages in art,

as a colorant called cochineal, were from Aztec,1 Inca3 and
Hispanic colonial cultures4,5 and it was mainly used in textiles
and paintings. Later, after the conquest of America in the
16th century, the material was exported to Europe where it
was widely utilized in paintings.1 Indeed, it has been found
in European art works from the 16th century6 to the early-
20th century.7,8 Due to its fugitive nature, CA is also used in
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student-grade artists’ paints.2,9 In addition, CA and other
relevant pigments represent a set of colorants widely used in
cosmetics and the food industry. Thus, the study of the
physicochemical properties of these molecules is highly
relevant.10–12 In the particular case of CA, the degradation
properties can be evaluated by investigating the free pigment
and/or the corresponding lake. The latter is composed by a metal,
typically aluminium, complexed with two CA molecules at their
central carbonyl and adjacent hydroxyl positions. Regarding
thermal stability, the lake was demonstrated to be highly resis-
tant to high temperatures in the presence of oxygen.2,13 On the
other hand, previous studies dealing with the photodegradation of
CA pointed out the changing of lake colour with aging. In this
manner, pioneering studies at the beginning of the 2000’s investi-
gated the role of protolytic interactions in the photodegradation of
CA and their lakes.14 Essentially, spectral differences were found
between irradiated and nonirradiated samples. Most of the photo-
products were absorbed in the UVA region, resulting in colour
fading rather than a change in colour. The CA mixed with arabic
gum (binder) was less photo-stable than the corresponding aqu-
eous solution, and the aluminium lake presented better stability.
Furthermore, it was demonstrated that in anoxic environments, the
aluminium lake degradation rate decreases drastically. The binder
plays a role in pigment degradation under anoxic conditions, with
the greatest colour stability observed for the oil colour, followed by
the water colour and pure dye on paper.15–18 In addition, Bowers
and Sobeck have reported19 a comprehensive study on the photo-
aging of CA and its lake as a function of different experimental
parameters such as oxygen content, humidity and binder. However,
several aspects of the mechanisms of CA photodegradation still
need to be addressed. Moreover, a thorough characterization of the
photoproducts that trigger or accelerate the degradation of CA
would certainly have several ramifications in the field of art
restoration and conservation.

Against this background, new insights into the photodegra-
dation process of CA, carminic lake and other related compounds
(Scheme 1) in aqueous media are herein reported. Following this
line, the quantum yields of singlet oxygen (1O2) and hydrogen
peroxide (H2O2) production were quantified. By using laser
induced optoacoustic spectroscopy (LIOAS), nonradiative deacti-
vation pathways were characterized for the first time. Besides, the
photodegradation of CA and lake excited with UVB and UVA
radiation in aqueous media is described. The effects of different
experimental parameters on the photodegradation mechanism
were also investigated. Parallel Factor Analysis (PARAFAC) was
applied to further elucidate the formation of photoproducts as
well as both their kinetic profiles and main spectral features.
Finally, the mechanisms of photodegradation for both CA and
lake are presented.

2. Experimental
2.1. Materials and supplies

Carminic acid (CA), Alizarin (ALI), New Coccine (NC), sodium
azide and superoxide dismutase (SOD) from bovine erythrocytes

were provided by Sigma-Aldrich whereas the aluminium–calcium
complex of carminic acid (referred as carmine, carminic lake
or, simply, lake) was provided by Colores Naturales de Oaxaca
(Oaxaca, Mexico). Ultrapure water was obtained from a Milli Q
water purification system (Millipore, USA) while hydrochloric
acid (HCl) and sodium hydroxide were acquired from Merck.
All the chemicals and reagents were purchased at the highest
purity available and used without further purification. Research
grade (5.0) N2 gas was used to decrease the oxygen partial
pressure in the samples.

2.2. Determination of singlet oxygen (1O2) production

The efficiency of colorants towards singlet oxygen sensitization
was assessed by the direct measurement of the 1O2 (1Dg) near-IR
phosphorescence at 1270 nm. Time-resolved phosphorescence
of 1O2 (1Dg) was observed at 901 geometry by means of a pre-
amplified (low impedance) Ge-photodiode (Applied Detector
Corporation, time resolution 1 ms). A simple exponential analysis
of the emission decay was performed. The quantum yield of 1O2

(1Dg) formation, FD, was determined by measuring its phospho-
rescence intensity using optically matched solutions of phena-
lenone (Phen) (FD = 0.98)20 and Rose Bengal (FD = 0.75)21 as
reference sensitizers for ACN and D2O solutions, respectively.

2.3. Laser Induced Optoacoustic Spectroscopy (LIOAS)
experiments

Photoacoustic measurements were performed using the setup
described elsewhere.22 Briefly, a Q-switched Nd:YAG laser
(Surelite II, continuum, 7 ns pulse duration, 532 nm, UK) was
used as the excitation source. The fluence of the laser pulses
was varied using a neutral density filter, and the energy values
were measured with pyroelectric energy meters (Laser Precision
Corp. RJ7620 and RJP-735). The laser beam was shaped by a
1 mm diameter pinhole in front of the cuvette, so that the
resolution time in our experimental set-up, tR, was ca. 800 ns.23

The detection system consisted of a 4 mm thick � 4 mm in a
diameter home-made ceramic piezoelectric transducer (PZT),

Scheme 1 Molecular structure of the compounds investigated in this
work.
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pressed against a cuvette side wall parallel to the laser beam
direction. The detected acoustic signals were amplified, digitized
by a digital oscilloscope (TDS 3032, Tektronix), and stored in a
personal computer for further analysis of data. Measurements
were performed by averaging the acoustic signals generated by
64 laser shots for a better signal-to-noise ratio. Aqueous solutions
of the samples and a calorimetric reference (CR, New Coccine,
aR = 1) were matched within 2% of absorbance values between 0.1
and 0.2 at the laser wavelength.24 Experiments were performed
under a controlled atmosphere, obtained by purging the solutions
with N2 or O2, for 15 min.

2.4. Steady irradiation

Aqueous solutions of CA at pH 4.2 (where CA is present at more
than 99% in the mono-anionic form)25 were irradiated using
the irradiation set-up described elsewhere.26–28 Briefly, CA
solutions were irradiated at different irradiation wavelengths
in 1 cm quartz cells under a controlled temperature (20.0 �
0.1 1C). Four different 8 Watt lamps were used as excitation
sources: (i) three Rayonet RPR (Southern N.E. Ultraviolet Co.)
lamps, with emission spectra centred at 300, 350 and 420 nm
(a fwhm bandwidth of B15 nm) and (ii) a Phillips lamp with an
emission spectrum at 365 nm (a fwhm bandwidth of B20 nm).
For comparison purposes, the absorbance of the solutions, at
the excitation wavelength, was matched at 0.40. Absorption
spectra of the solutions were recorded at regular intervals
of irradiation time. Difference spectra were obtained by sub-
tracting the spectrum at time t = 0 from the subsequent spectra
recorded at different irradiation times. Each difference spectrum
was normalized relative to the maximum absolute value of the
absorbance difference, yielding the normalized difference (ND)
spectrum.29 The role of dissolved molecular oxygen and/or
different reactive oxygen species (ROS) in the mechanism of
the photochemical reactions was further investigated by per-
forming experiments under different oxygen partial pressures
(i.e., in air-equilibrated and N2-saturated aqueous solutions)
and/or in the presence of selective ROS scavengers (i.e.,
sodium azide and SOD, in order to evaluate the role of singlet
oxygen (1O2) and superoxide anion (O2

���), respectively).
Deoxygenated solutions were obtained by purging with N2

gas for 20 min.26–28 Due to the very low solubility of lake in
water, the latter pigment was firstly dissolved in DMSO and
was then diluted in water (the final DMSO concentration was
kept below 1%). Lake solutions were irradiated under the
same conditions as described above.

2.5. UV-vis spectroscopy

UV-visible spectra were obtained using a Lambda 25 spectro-
photometer (PerkinElmer). Each spectrum was acquired in the
range between 200 and 700 nm with a resolution of 1 nm.
A quartz cell with an optical pathway of 1 cm was utilized for the
experiments.28,30 The final concentrations of the CA and lake
solutions were calculated according to the Beer–Lambert’s equa-
tion using the corresponding molar absorption coefficients (e)
reported in the literature:31 e468nm of 2.6 � 103 M�1 cm�1 and
e518nm of 5.8 � 103 M�1 cm�1 for CA and lake, respectively.

2.6. Fluorescence spectroscopy

Excitation-Emission Matrices (EEMs) were recorded using a
Fluoromax4 spectrofluorometer (HORIBA Jobin Yvon).30 The
instrument consists of a xenon lamp, two monochromators
(for excitation and emission, respectively) and an R928 photo-
multiplier. The data were processed using a PC with the
FluorEssencet software. Matrices were acquired using scan-
ning emission spectra (in the range between 250 and 600 nm
with a resolution step of 2 nm) under consecutive and progres-
sive excitation wavelengths (ranging from 296 and 700 nm, with
a resolution of 5 nm). Corrected EEMs were obtained by taking
into account the emission spectrum of the excitation lamp
as well as the response (sensitivity) of the photomultiplier
(detector).

2.7. Chemometric analysis

PARAFAC algorithm described elsewhere30 was used to esti-
mate the relative concentration and spectral profiles of the
species formed during the photochemical reactions.

3. Results and discussion
3.1. Photophysics of CA, lake and related pigments

The extremely low quantum yields of fluorescence (FF B 10�3–
10�5) and photochemical degradation (FR B 10�4) of CA and
other related pigments have been well documented.14,32–34

Hence, these two processes do not represent the major deacti-
vation pathways of the photoexcited dyes. To date, the main
deactivation pathways as well as the mechanisms involved in
the photochemical degradation of these dyes still need to be
addressed.

To begin with, the quantum yield (FD) of singlet oxygen (1O2)
production by the dyes was measured with two different
solvents (i.e., D2O and acetonitrile solutions). Time-resolved
phosphorescence signals (Fig. 1a) show that 1O2 is either not
produced or its concentration is below the detection limit.
Moreover, the latter result also suggests that triplet formation
is not the major route in the overall deactivation of the singlet
electronic excited state of CA and the related pigments.

In order to investigate other deactivation pathways such
as non-radiative decays, LIOAS experiments were performed.
Results show that all the investigated dyes presented photo-
acoustic signals similar to the ones obtained for CR (Fig. 1b).
As discussed previously by several authors,23,35 prompt heat
refers to the heat generated by the transducer in processes
occurring in a time faster than roughly tR/5, where tR is the
transit acoustic time of the experiment. In the case of CR, all
the deactivation processes take place in a time shorter than
tR/5. Then, when deactivation of the sample occurs in a time
t o tR/5, no temporal shift between the sample and the
reference could be expected, and the peak-to-peak amplitude
of the first acoustic pulse (H) was used to measure the prompt
heat released to the medium by the sample after excitation
(amplitude method).20 In all the cases, plots of H as a function
of the excitation fluence (F) measured under three different
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oxygen partial pressures (N2-saturated, air-equilibrated and O2-
saturated solutions) showed a linear relationship. Slopes observed

for all the investigated dyes and the calorimetric reference CR
(aR = 1) were the same (Fig. 1b). Data showed good reproducibility
at different absorbances for fluences lower than 22 J m�2 (data not
shown). These results can be interpreted by using the following
equation:23

H/F = Ka(1 � 10�A) (1)

where K is an experimental constant of the thermoelastic
properties of the solution and instrumental factors, A is the
absorbance of the sample at the excitation wavelength (532 nm),
and a is the fraction of energy released to the medium as prompt
heat. Thus, when comparing the ratio of H/F (slopes) values
obtained for the sample and reference (both have the same
absorbance at the excitation wavelength), a of 1.00 � 0.05 is
obtained for all the cases. This means that these dyes release to
the medium the absorbed energy mostly as prompt heat.
No evidence was found for the formation of photoproducts or
intermediate species with lifetimes longer than this time
(i.e., triplet state; photo-tautomer). Therefore, for these compounds,
independent of the atmosphere used, it can be assumed that the
lifetimes of the triplet states are shorter than 200 ns.

3.2. Photochemistry of CA

Although having a very low quantum efficiency (FR B 10�4),31,32

the photochemical changes on CA can be observed when subject
to continuous and cumulative irradiation. Since the chemical
nature of the photoproducts formed as well as the photochemical
processes and the mechanisms involved still remain unclear, the
photodegradation reaction of CA in aqueous solution was studied.
The effects of different experimental parameters such as the
energy of the excitation light and the oxygen partial pressure were
evaluated.

Irradiation of air-equilibrated aqueous solutions of CA
(pH 4.2) was monitored using UV-vis absorption spectroscopy
(Fig. 2 and Fig. S1, ESI†). Both the extent of the photodegrada-
tion reaction and the spectroscopic profile depend on the
excitation wavelength used. The highest changes were observed
when the solution was irradiated with 300 nm (Fig. 2b).
Moreover, the photodegradation profile induced by the latter
lamp differs from those induced by the other three excitation
wavelengths used. This is better shown by the normalized

Fig. 1 (a) 1O2 (1Dg) phosphorescence rise and decay signals for the
reference (Phen) and the dyes in ACN solution. In cyan is the exponential
decay fitting of the Phen signal (b) amplitude of the photoacoustic signals
as a function of laser fluence for aqueous solutions of the four dyes and
the calorimetric reference (CR) with matched absorbances (A532nm =
0.12 � 0.02). Inset: Normalized photoacoustic representative signals of
aqueous solutions for CR (solid black line) and CA dye (red dotted line).

Fig. 2 Evolution of the absorbance UV-vis spectra of CA using different excitation wavelengths (hn): (a) 420 nm and (b) 300 nm. (c) Normalized
difference (ND) spectra were obtained from the UV-vis absorption spectra recorded at 6 h and the initial spectrum (t = 0 h).
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difference spectra (Fig. 2c) where the major changes are
observed in the spectral domain ranging from 310 nm to
410 nm (see discussion below).

To further characterize the spectroscopic pattern of the
photoproduct formed, a new set of experiments were run using,
as representative examples, 300 nm and 420 nm lamps as
the excitation sources. Larger irradiation times were used in
order to increase the total photochemical conversion of CA.
UV-visible absorption and fluorescence spectra were analysed.
Inspection of the new EEM datasets showed that as long as the
photochemical reaction progresses, the emission band of CA
(centred at 590 nm) clearly decreases (Fig. 3 and Fig. S2, S3,
ESI†). The photodegradation of CA is markedly faster when
using a lamp with hn = 300 nm. This is observed from the
substantial decrease of both the UV-vis absorption and emis-
sion intensities ascribed to CA. In addition, CA photodegrada-
tion gives rise to the formation of new emission spots in the
range of 420–480 nm of the EEMs. It is also noted that, at longer
irradiation times, a shift or distortion in the shape of the latter
spot is observed. This fact suggests that secondary photo-
degradation processes might be taking place when subject to
hn = 300 nm (see below).

Parallel factor analysis (PARAFAC) was used to decompose
the three-way data arrays obtained by stacking the EEMs
recorded under irradiation conditions. Briefly, four major con-
tributions were required to reproduce the entire dataset. The
resolved excitation and emission loadings are depicted in
Fig. 4a, whereas the score profiles representing the contribu-
tions of each species under different conditions are compared
in Fig. 4b. The excitation and emission spectra obtained for
Factor #1 (i.e., F #1, with bands centred at Ex/Em: 485/595 nm)
fully match with that corresponding to CA. Three additional

Fig. 3 Evolution of the EEMs (left panel) and UV-vis absorption spectra (right panel) of CA ([CA]0 = 110 mM) irradiated aqueous solution: (a) hn = 420 nm
(total irradiation time = 64 h) and (b) hn = 300 nm (total irradiation time = 23 h).

Fig. 4 (a) Normalized excitation (filled symbols) and emission (empty
symbols) spectra of CA and the products generated upon irradiation
obtained by a PARAFAC algorithm applied to the full tensor built from
fluorescence excitation–emission matrices (EMMs) recorded in the
air-equilibrated aqueous solution upon photoexcitation at the four wave-
lengths investigated. (b) Comparison of the relative concentration profiles
obtained from PARAFAC analysis for CA and the three products detected
upon photoexcitation at hn = 300 nm (filled symbols) and 420 nm (empty
symbols).
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factors (i.e., F #2, F #3 and F #4, with bands centred at Ex/Em:
345/500, 310/452 and 340/440 nm, respectively) were necessary
in order to completely reproduce the entire set of EEM recorded
during the irradiation experiments with different lamps. Ana-
lysis of Fig. 4b reveals that CA decays much faster upon
irradiation at 300 nm than under irradiation at 420 nm.
In addition, the timescales associated with Factor #3 produc-
tion match with those of CA decay indicating that F #3 is the
primary product. In contrast, a significant production of F #2 is
observed only under irradiation at 300 nm and the kinetic
profiles of both F #2 and F #3 together with the spectral features
of F #3 suggest that F #2 formation is triggered by the irradia-
tion of F #3.

Finally, the kinetic profiles obtained for Factor F #4 are
much less dependent on the irradiation wavelength. In order to
gain further insight into the nature of the process that leads to
the formation of F #4, additional tests were performed. The CA
solutions were irradiated for 20 h using the 420 nm lamp and
then kept in the dark for up to 50 h. The recorded EEM showed
that, upon storage under dark conditions, a fluorescence spot
appeared in the Ex/Em domain of 340/440 nm. Since non-
irradiated CA solutions were stable for more than 96 h, the
latter result suggested that F #4 is formed from the primary
photoproduct (F #3) through a non-photochemical pathway.

The role of molecular oxygen and ROS in the mechanism
of CA photodegradation was also investigated. To begin with,
under comparative experimental conditions, air-equilibrated
and N2-saturated aqueous solutions of CA (340 mM) were
irradiated at 420 nm. Contrary to what has been reported by
Kunkely et al.,31 the kinetics of the overall photochemical
process depend on the oxygen partial pressure. Both UV-vis
absorption spectra and EEM evolution show an extremely small
CA degradation (o7% after 6 h) in N2-saturated solutions
(Fig. 5). Given that the difference absorption spectra obtained
under both atmospheric conditions show the same shape
(Fig. S4a, ESI†), the former reaction may be attributed to the very
small contribution of the O2 traces remaining in the solution.
Hence, it may be assumed that this reaction is O2-dependent.

Along with photo-triggered degradation of an organic
compound, molecular O2 might play a role through different
mechanisms. For example, in many cases, in situ photosensitized
singlet oxygen 1O2 (from triplet molecular O2) may strongly react

with organic molecules giving rise to its concomitant photo-
oxidation. However, this might not be the case for the reaction
under study since CA does not produce 1O2 in a quantitative way
(Fig. 1a). This hypothesis was confirmed by experiments per-
formed in the presence of sodium azide, where no differences
were observed with respect to CA solutions irradiated in the
absence of this 1O2-scavenger (Fig. S7, ESI†).

On the other hand, among other processes, O2 can be
involved in electron transfer reactions with the photoexcited
dye giving rise to the formation of a superoxide anion (O2

��)
and an oxidized organic dye.26,27,36,37 The photosensitized
formation of O2

�� was previously suggested by Stapelfeldt
et al.25 To further investigate this hypothesis, the production
of H2O2 from irradiated CA air-equilibrated solutions was
monitored herein. Note that the spontaneous disproportiona-
tion of O2

�� can give rise to the formation of H2O2 in a
pH-dependent reaction showing the highest rate values at
pH B 4.8 (i.e., the pKa of the acid base equilibrium between
O2
�� and its conjugate acid HO2

�). Therefore, CA samples were
irradiated under the same experimental conditions as those
used for the determination of CA bleaching (see above).
Data reflect that, although with low efficiency, photoinduced
formation of H2O2 was detected (Fig. S5, ESI†). Moreover, the
amount of H2O2 correlates well with the amount of CA con-
sumed. Therefore, the production of H2O2, as a result of O2

��

disproportionation may be a source of H2O2 that is applicable
in this work.

To further evaluate the role of O2
�� in the main mechanism

of CA photodegradation, air-equilibrated CA solutions were
irradiated (420 nm) in the presence of superoxide dismutase,
SOD (Fig. S6, ESI†). Data show that the overall process has the
same trend as that presented for CA air-equilibrated solutions
irradiated in the absence of SOD. Hence, it can be inferred that
despite the fact that the reaction process is driven by O2, and
albeit that a superoxide anion might be present in the solution,
the role of ROS in the overall CA photodegradation may be
considered to be negligible or null.

3.3. Photochemistry of aluminium lake

In the lake, some specific photophysical properties (i.e., yield of
singlet oxygen production and the efficiency of the non-radiative
deactivation pathways) remain the same as CA (see above),

Fig. 5 Evolution of the EEMs (left panel) and UV-vis absorption spectra (right panel) of CA ([CA]0 = 340 mM) irradiated aqueous solution (hn = 420 nm;
total irradiation time = 24 h) under different oxygen partial pressures for air-equilibrated and N2-saturated solutions.
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whereas others can be clearly affected by the presence of an
aluminium atom coordinated to CA (fluorescence quantum
yield of lake was reported to be lower than that of CA).32

In this regard, the metal can have an impact on the photo-
chemistry of the lake. To further investigate this, air-equilibrated
lake aqueous solutions were irradiated using two different lamps.
The effect of the excitation wavelength on the spectroscopic
profile was studied. Briefly, under both experimental conditions,
UV-vis absorption spectra showed a decrease in the total absor-
bance as the reaction progressed (Fig. 6). This agrees with the net
consumption of the reactant as a consequence of induced photo-
degradation. Fluorescence EEMs show the appearance of, at least,
two spots in the Ex/Em domains of 315/455 nm and 485/495 nm
(Fig. 6 and Fig. S9 and S10, ESI†). The latter excitation–emission
bands are ascribed to the contribution of a carminic-like
chromophore (see the normalized emission spectra depicted
in Fig. S11a, ESI†).

As it was described for CA, the photodegradation pattern
of lake showed spectroscopic differences when comparing
between the two excitation wavelengths used. This is more
evident when the normalized difference (ND) spectra shown
in Fig. S8 (ESI†) are inspected. This fact is indicative of the
formation of distinctive photoproducts when the lake is subject
to a different source of irradiation. Interestingly, the excitation
and emission spectroscopic patterns of the latter photo-
products are the same as those obtained from a CA irradiated
solution (Fig. S11c and d, ESI†). Therefore, it can be concluded
that both pigments give rise to the formation of similar
photoproducts.

At the initial steps of the photochemical reaction of the lake,
EEMs showed a particular trend. Briefly, a clear increase in
the fluorescence intensity of the excitation–emission bands
ascribed to the carminic chromophore in the lake, Ex/Em

485/495 nm, was observed (Fig. S11b, ESI†). This can be
accounted for by assuming the release of a coordinated
CA19 from the photoexcited lake which gives rise to a more
fluorescent chromophore that would then follow photo-
degradation.

4. Conclusions

The quantitative characterization of the non-radiative decay
efficiency of photoexcited CA together with lake and related
pigments, by laser induced optoacoustic spectroscopy (LIOAS),
reveals that for all the investigated compounds, almost all the
absorbed energy is released as prompt heat to the media.
In addition, these pigments showed extremely low or null
capability to produce reactive oxygen species such as hydrogen
peroxide (H2O2) and singlet oxygen (1O2). In addition, a com-
prehensive study of the photochemical degradation of CA and
lake, as representative examples, is herein reported. Although
with a rather low efficiency, in aqueous media both pigments
follow photochemical degradation when subject to elapsed
photoexcitation in the UVB, UVA and visible regions. Some
relevant aspects of the main mechanism of the reaction were
resolved and the spectroscopic features of the photoproducts
were identified. Data obtained are summarized in Scheme 2.

On the other hand, the photoexcited lake would first lead to
the release of a CA-like chromophore. The latter chromophore
would then follow a similar photochemical trend to CA
(Scheme 2). Additional experiments are needed to fully address
the mechanisms involved in the photochemical degradation of
the lake.

The use of non-invasive spectroscopic measurements in
combination with chemometric analysis to further address

Fig. 6 Evolution of the EEMs (left panel) and UV-vis absorption spectra (right panel) of the lake irradiated aqueous solution: (a) hn = 420 nm (total
irradiation time = 24 h) and (b) hn = 300 nm (total irradiation time = 23 h).
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the fingerprint of photoinduced aging of these widely used
pigments may have several ramifications; in particular, in art
conservation and restoration, and in food analysis.
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