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L ithopone is a modern inorganic white pigment composed
of a coprecipitate of zinc sulfide (ZnS) and barium sulfate

(BaSO4). It was manufactured on a commercial scale starting in
1874 and sold under different names (Griffith white, Charlton
White, Orr’s Zinc White). It found its application first in the
cheaper grades of polish varnishes, floor paints, and paints for
interiors as a substitute of lead white. Despite the cheapness of
its manufacturing processes and good property as pigment,
lithopone had the tendency to darken when exposed to
sunlight.1 To prevent discoloration, starting in 1928, a small
amount of cobalt, varying from 0.02% to 0.5% of the zinc
content, was added prior to the calcination process.2 Never-
theless, due to the photodarkening effect, lithopone earned a
bad reputation that made its usage as an artists’ pigment
difficult to establish.3 Lithopone was likely used as a cheap
extender for other white pigments like ZnO or sold under
ambiguous names and then involuntarily used by artists.
Lithopone as a pigment can be still purchased today.
The identification of lithopone is not straightforward with

elemental analysis such as X-ray fluorescence (XRF), since data
does not permit the distinction between lithopone from
mixtures of barium sulfate and zinc sulfide or zinc oxide
present as unprecipitated compounds. A noninvasive protocol

for identification of the pigment has been proposed with the aid
of different molecular spectroscopy techniques, such as fiber-
optic reflectance spectroscopy (FORS) in the UV-vis-NIR and
micro-Raman analyses.4 Few studies have dealt with the
photoluminescence (PL) properties of lithopone: in 2012,
Comelli et al.5 published results of PL attributed to Zn-based
whites in a painting by Vincent Van Gogh “Les bretonnes et le
pardon de Pont Aven” (Milan, Galleria di Arte Moderna). In
2014, Capua3 attributed a green phosphorescent emission on
some watercolors by American artist John La Farge to
lithopone.
The PL properties of lithopone depend essentially on those

of ZnS. ZnS is a II−VI compound semiconductor with two
main crystalline forms: the more stable cubic form (zinc blende
or sphalerite) and the hexagonal form (wurtzite), which is
formed after treatment at high temperature.6 The semi-
conductor has a direct band gap of 3.54 eV (cubic) or 3.91
eV (hexagonal) at room temperature. After annealing, pure ZnS
shows an emission band in the blue region, with an emission
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maximum ranging from 416 to 478 nm assigned to vacancies or
interstitial defects in ZnS.7,8 The addition of a few ppm of a
suitable activator into the ZnS matrix creates an efficient light-
emitting material, which has been exploited both in bulk
material and in nanocrystalline form. In doped ZnS,
recombination occurs via shallow trap states or via deep trap
states of different kinds which are created by the interaction of
the doping element with the semiconductor matrix. Most
common activators for phosphorescent ZnS are Mn,9−11

Cu,10−13 and Ag;11,14,15 other impurities, including Al16,17 and
Cl ions,13,17 have also been investigated. Thus, it has been
hypothesized that historical lithopone pigments, which were
produced using nonperfect synthesis processes, can be
associated with metal impurities which can act as luminescent
centers.
In this work, we aim to provide new insights into the optical

properties of historical lithopone samples through the
combination of spectrally- and time-resolved PL imaging, for
the quick identification and mapping of luminescent impurities,
and electron paramagnetic resonance (EPR) analysis for the
assessment of the presence of specific impurities and defects,
which are responsible for the luminous properties of the
pigment.

MATERIALS AND METHODS 

Six historical samples (S1−6) of lithopone from the beginning
of the 20th Century, synthesized in the United States of
America, have been investigated. Samples come from the
Chamot-Cornell collection and were provided by Joseph
Barabe, McCrone Pigments. In Table 1, a list of samples with
the indication of the manufacturers is provided. One
commercial sample of lithopone and one of ZnS (Kremer
Pigmente GmbH&Co., Germany) were studied for compar-
ison.
Powder from each sample was divided into three portions.

The first part was used for bulk analysis; the second portion
was adequately dispersed between two layers of UV-transparent
silica glass of approximately 40 μm thickness to perform PL
microscopy, and the third part was used for EPR analysis. For
EPR analysis, each sample powder was placed in a thin-walled
quartz sample tube with inner dimensions of 1 mm.
System Setup. X-ray Fluorescence (XRF). XRF analysis was

performed with a portable EDXRF spectrometer (Elio
Spectrometer, XGlab srl, Milan, Italy).18 The instrument can
detect elements from Na to U, with a field of analysis between 1
and 40 keV.
Raman Analysis. Raman analysis was performed using a

portable Raman spectrometer,19 based on a 785 nm semi-
conductor laser (Lion, Sacher Lasertechnik GmbH, Germany)
with adjustable power from 0 to 280 mW. A spectrometer
(SpectraPro2150, Princeton Instruments, USA) equipped with

a 1200 grooves/mm grating and coupled to a front illuminated
cooled CCD (PIXIS 100, Princeton Instruments, USA) is
employed for spectra registration, covering a spectral range of
150−1200 cm−1 at a resolution of approximately 15 cm−1.
Through fiber optics, the laser and the spectrometer are
connected to a properly designed microprobe, working in
backscattering geometry and focusing laser light in a 100 μm
(diameter) spot. Density power on samples has always been
kept below 500 W/cm2.

Scanning Electron Microscopy (SEM). Morphologies and
the microstructure of samples were imaged with a scanning
electron microscope (SEM, Zeiss EVO 50 EP). Powders were
deposited on a carbon tape suitable for SEM analyses and
sputter-coated with a 10 nm layer of gold.

Multispectral PL Microscopy. Multispectral PL microscopy
was performed with an optical microscope (Leica DM RE)
equipped for epi-fluorescence measurements. Emission was
excited by the 365 nm line of a mercury lamp with the aid of a
microscope cube mounting proper excitation and dichroic
filters (ET365/10 and ZT390dclp, Chroma Technology
Corporation.). Seven band-pass transmission filters from 400
to 700 nm with a spectral band of 40 nm (FKB-VIS-40,
Thorlabs Inc.) were used to measure a selected part of the
emission spectrum. The image detector employed was a low-
noise monochrome CCD camera (Retiga 2000R, QImaging,
Canada). Images were typically acquired using 20× or 50×
objectives, with a resulting sampling pitch of 1.8 and 0.7 μm,
respectively, due to the camera pixel size. A sequence of seven
spectral images between 400 and 700 nm in steps was acquired
by changing the filter manually. Assuming the spectral
transmission of each filter as a Dirac delta function peaked
on the central wavelength and following proper correction for
the detector efficiency, emission spectra at all points of the field
of view were reconstructed. The color image of the emission,
calculated on the basis of the RGB color space, was employed
as a rapid indication of the emission in the analyzed area.

Time-Resolved PL Microscopy. Time-resolved measure-
ments have been performed on the same microscope but
exciting emission through a Q-switching frequency-tripled
diode-pumped Nd:YAG laser (FTSS 355-50 Crylas GmbH,
Berlin, Germany, λ = 355 nm, Pulse energy = 70 μJ, pulse
duration = 1.0 ns). The laser beam is coupled to a 600 μm silica
optical fiber and projected onto the object plan through a
proper optical system composed of three plano-convex lenses
(focal length = 10, 100, and 50 mm) in order to uniformly
illuminate the field of view. The dynamics of the emission is
detected by a gated intensified CCD camera (C9546-03,
Hamamatsu Photonics, 100 ns gate width, temporal jitter ∼0.1
ns) based on a GaAs photocathode with spectral sensitivity
from 380 to 850 nm. Spatial resolution essentially depends on
that of the intensifier (57 lp/mm), resulting in a value of 1.5

Table 1. List of Samples Analyzed as Part of This Study with Historical Information Regarding Their Manufacture

sample name pigment name manufacturer geographical location manufacturing period

commercial_ZnS -- Kremer Pigmente GmbH&Co Germany commercially available
commercial_lithopone -- Kremer Pigmente GmbH&Co Germany commercially available
S1 unknown New Jersey Zinc Company (now HorseHead Corporation) New Jersey, USA 1848−1966
S2 unknown Acme unknown >1922
S3 unknown DuPont Delaware, USA >1922
S4 unknown The Chemical unknown unknown
S5 Ponolith Krebs Pigment and Chemical Company (now DuPont) Delaware, USA 1902−1929
S6 Ponolith Krebs Pigment and Chemical Company (now DuPont) Delaware, USA 1902−1929



μm when employing the 50× objective. For data analysis,
luminescence lifetime maps have been produced by modeling
data with a monoexponential decay, providing a qualitative
estimation of the heterogeneity of the decay kinetic of the
emission from samples. Following this, in each lifetime map
areas with similar kinetic emissions have been clustered
together by employing image segmentation on the basis of k-
means clustering. The mean luminescence decay extracted in
each cluster has then been fitted on the basis of a
multiexponential decay model (with a maximum of three
components) as described elsewhere.5 Multispectral and time-
resolved PL measurement have been performed on the same
area in order to correlate results.
Electron Paramagnetic Resonance (EPR) Spectroscopy.

EPR spectra of all the samples were recorded at room
temperature using a Bruker E500 spectrometer operating at
X-band frequency of 9 GHz, having a 2 G of amplitude
modulation and 5 mW for the microwave power.

RESULTS 
Preliminary bulk measurements on historical samples with
Raman and XRF spectroscopy confirmed that the pigments
contained elemental and molecular signals attributed to
lithopone: representative Raman and XRF spectra of sample
S2 are shown in Figure 1, with typical Raman shifts of ZnS (348

cm−1) and BaSO4 (455 and 987 cm−1) and the presence of Zn,
S, and Ba as the main elements. XRF did not detect other trace
elements, suggesting that, if metallic impurities are present,
their concentration is below the detection limit of the portable
XRF analyzer.
SEM images for commercial lithopone and for representative

historical samples are shown Figure 2. The intimate mixture of
white (BaSO4) and light gray (ZnS) particles demonstrates that
coprecipitates of different dimensions have been formed, with
the largest particles, on the order of 1 μm in diameter, present

in samples S1, S3, and S4 (see SEM images of all samples in the
Supporting Information). Differences in particle size can be
attributed both to a different grinding grade and to effects of
thermal treatments, which led to the formation of crystals of
different sizes.
Preliminary PL measurements on bulk samples (data not

shown) highlighted a noticeable emission from historical
samples with a high variability among them, which was better
investigated with PL microscopy: from an inspection of the
RGB reconstructed maps of the emission (Figure 3), the
historical samples have small localized luminescent centers,
with a variable diameter of a few micrometers, emitting at
different wavelengths, and are distributed over a more uniform
and less-intensely emitting matrix. In general, blue (BL, λ = 500
nm), green-yellow (GL, λ = 550 nm), and orange (OL, λ ≥ 600
nm) luminescent centers can be clearly detected. In
comparison, both commercial samples of lithopone and ZnS
show a less intense emission with only few emitting centers.
Strong variations in historical samples are probably due to

differences either in synthesis processes or in ores from which
the pigments were produced. According to the color of the
emission of the matrix and the distribution of impurities, three
classes of lithopone are observed: samples S2 and S3 have
strong-emitting luminescent centers mainly with maxima in the
blue and in the green-yellow region of the electromagnetic
spectrum; samples S1, S4, and S5 are associated with a weakly
red-emitting matrix and have small multicolored luminescent
centers; sample S6 has a strong blue-emitting matrix and a
variety of small emitting centers of different colors. For all
samples, we hypothesize that the localized emission centers are
metallic impurities in trace concentrations unintentionally
introduced into the ZnS crystal lattice during synthesis. The
correlation between the wavelength emitted by the emitting
center and its nature will be discussed in the following section.
Time-resolved imaging analysis, performed on the same areas

observed using multispectral imaging, provided a character-
ization of their decay kinetics. The decay emission parameters
of luminescent centers detectable in four samples (S2, S5, and
S6, representing the three classes described above, and S4,
characterized by a lower emission intensity) have been

Figure 1. Analysis of Sample 2 with (a) Raman spectroscopy with 785
nm excitation; ZnS (348 cm−1) and BaSO4 (455, 616, and 987 cm−1)
Raman bands are marked with asterisks. (b) X-ray fluorescence
spectroscopy.

Figure 2. Scanning electron microscope images for commercial
lithopone and historical samples S2, S5, and S6. Images highlight the
presence of a uniform distribution of particles of ZnS and BaSO4.
Differences in particle size are ascribed to grinding grade or thermal
treatments during pigment preparation. See Supporting Information
for SEM images of other samples.



summarized in Table 2: PL decay curves are multiexponential
in nature; all the samples are characterized by the presence of
long-lived luminescent centers with an effective emission on the
order of microseconds; the longest effective lifetime is always
associated with the blue centers. The same trend was observed
for all the samples (data not shown).
A detailed analysis of the emission from two representative

samples, S5 and S6, is shown in Figures 4 and 5, with
reconstructed RGB maps of the color of the emission, the
emission lifetime map, PL spectra, and mean decay profiles of
clustered emitting centers. In sample S5 (Figure 4), blue
centers show effective lifetime τmean = 4.14 μs, green centers
have τmean = 1.09 μs, and orange centers have τmean = 1.98 μs.
The same analysis for sample S6 (Figure 5) highlights a blue
luminescent matrix (τmean = 4.57 μs), blue emitting localized
centers (τmean = 5.00 μs), green-yellow emitting centers (τmean =
3.93 μs), and a small cluster of orange luminescent inclusions
(τmean = 3.89 μs). In sample S2, BL with the longest measured
lifetime (τmean = 5.34 μs) and OL (τmean = 4.29 μs) emitting
centers are detected, while in sample S4 BL (τmean = 3.16 μs)
and OL (τmean = 2.43 μs) are identified. For these two samples,
the analysis of the decay kinetics of the few green-yellow
emitting centers gave inconsistent results, suggesting that more
centers emitting at different wavelengths are superimposed, and
we are unable to resolve them with our instrument. The

presence of multiple superimposed centers was also found for
sample S1.
EPR spectra registered from all historical samples exhibit a

small peak at g = 4.3, a broad signal around g = 2.2, and a
resolved hyper-fine pattern centered at g = 2 (shown in Figure
6a for sample S3). Figure 6b displays a highlight for the g = 2
region of the EPR spectrum for two representative samples (S1
and S3). A detailed discussion of the EPR results is provided
below.

DISCUSSION OF RESULTS 
Results obtained with PL and EPR can be explained by
considering the historical synthesis of lithopone which involved
the mixing of a solution of barium sulfide and zinc sulfate; the
resulting coprecipitate of zinc sulfide and barium sulfate was
then filtered, washed, and dried. Coprecipitation of the same
amount of reagents is described by the following formula:
ZnSO4 + BaS → ZnS + BaSO4, yielding a product that is 29.4
wt % ZnS and 70.6 wt % BaSO4.

20 This precipitate, generally
referred to as crude lithopone, was then calcined at temper-
atures ranging from 600 to 900 °C and subsequently wet
milled, filtered, and dried. The quality of the final lithopone
depended essentially on two factors: the amount of ZnS with
respect to that of BaSO4

3 and the care exercised in the
preparation of the two soluble salts, BaS and ZnSO4, which

Figure 3. Reconstructed RGB images of the UV-induced PL emission for commercial samples of ZnS and lithopone and for the six historical
lithopone samples (S1−6). At the bottom right of each image, the maximum PL intensity recorded is reported in counts. For commercial pigments,
only a few luminescent centers have been detected, confirming the high purity of the material. Historical samples present a very bright luminescence,
a uniform emitting matrix, and several localized centers of different size.

Table 2. Results of Analysis of Time-Resolved PL Decay Curves Fitted with a Multiexponential Model with a Maximum of
Three Components, as Described in Ref 5, with Lifetime (τi) and Relative Weight (Aiτi%) Values Given for Blue (BL), Green-
Yellow (GL), and Orange (OL) Centers

τ1 (μs) τ2 (μs) τ3 (μs) τ1A1 (%) τ2A2 (%) τ3A3 (%) τmean (μs) R2

S2 (BL) 0.10 0.93 7.51 7.0 25.1 67.9 5.34 0.999
S2 (OL) 0.07 0.78 6.92 14.5 26.7 58.8 4.29 0.997
S4 (BL) 0.02 0.48 5.44 14.7 29.9 55.4 3.16 0.993
S4 (OL) 0.01 0.45 5.47 28.7 29.3 42.0 2.43 0.993
S5 (BL) 0.09 0.85 6.56 14.7 25.7 59.6 4.14 0.994
S5 (GL) 0.03 0.33 5.03 56.8 23.4 19.8 1.09 0.987
S5 (OL) 0.01 0.42 4.27 27.9 28.8 43.4 1.98 0.995
S6 (BL) 0.11 0.77 6.90 7.0 23.3 69.7 5.00 0.998
S6 (GL) 0.05 0.40 5.89 11.8 23.0 65.1 3.93 0.997
S6 (OL) 0.06 0.43 5.97 12.2 24.4 63.4 3.89 0.996



were prepared in the lithopone factory. ZnSO4 was obtained by
reprocessing zinc containing waste materials or directly from
zinc ore. The most common ore employed was sphalaerite
(historically known as zinc blende), a cubic resinous zinc iron
sulfide mineral of composition (Zn,Fe)S.21 Sphalerite is nearly
always found with aluminum (Al) resulting from acidic
weathering of rock and sulfide minerals, including salts of
Mn, Cu, Ag, Cd, and Pb, resulting from mine drainage
activity.22 In order to obtain ZnSO4, the zinc source material
was leached in sulfuric acid, and other metallic impurities were
precipitated as insoluble sulfides. The solution obtained was

then filtered, washed, dried, and pulverized. Due to the
impurity of the Zn sources and variability in the preparation of
solutions, different metal impurities may have been introduced
during various steps of lithopone synthesis.
Blue luminescence (BL) centers observed in lithopone

samples can be attributed to interstitial Ag and Cu or to
intrinsic ZnS defects. Ag substitutes Zn in the matrix and acts as
an electron acceptor center, giving rise to an emission ranging
from 420 to 440 nm depending on the presence of coactivators
like Al (which usually causes a red-shift of the luminescence17).
Cu forms two types of acceptor centers in ZnS matrix, and the

Figure 4. (a) RGB color maps of the PL emission for two selected areas of sample S5 (left) and lifetime maps of the same areas following
monoexponential decay data fitting, shown in false color (right). RGB maps highlight the presence of small localized emitting centers giving rise to
blue (BL), green-yellow (GL), and orange (OL) luminescence. Lifetime maps indicate that blue centers are the longest-living ones, followed by OL
and GL. (b) PL spectra (left) and decay curves (right) recorded for the same sample in the areas labeled as BL, GL, and OL. The microsecond-decay
kinetic behavior suggests that traps are responsible for the emitting centers.

Figure 5. (a) RGB color maps of the PL emission for two selected areas of sample S6 (left) and lifetime maps of the same areas following
monoexponential decay data fitting, shown in false color (right). These maps confirm the trend already observed for sample S5 in Figure 4: BL has a
longer lifetime than GL and OL. (b) PL spectra (left) and decay curves (right) recorded for sample S6 in the areas labeled as BL, GL, and OL.



emission wavelength closely depends on the Cu-doped
concentration:13 the blue-Cu luminescence (BL) peaked at
472 nm is formed by positively charged interstitial Cu+ ions
[Cui

+]; Cui
+ centers trap electrons from the conduction band,

which immediately recombine with free holes nonradiatively.
Since the diffusion of Cu into the ZnS matrix is difficult,
formation of interstitial Cui

+ centers can occur only with an
excess of Cu doping. The so-called self-activated emission from
crystals of ZnS, ascribed to the presence of intrinsic defects,
also gives rise to blue luminescence.7,8 A green-Cu
luminescence (GL) peaked at 520 nm is formed by Cu
substitutionally sitting at the Zn2+ site [CuZn

2+] acting as a
recombination center for electrons from either conduction
band or shallow donor sites (e.g., S vacancies). Green Cu
emission can be quenched when the concentration of Cu
impurities increases beyond a certain limit, indicated as 3.5 ×
10−4 mol %,10 which promotes the blue Cui

+ luminescence.
Therefore, the ratio between these two peaks may be a good
indicator of the concentration of Cu doping. Orange
luminescence (OL) arises from the incorporation of traces of
Mn2+ in the crystal lattice and is peaked at around 580 nm.10

The mechanism for the orange luminescence from Mn2+ doped
ZnS is similar to that of CuZn

2+, but in this case, Mn2+ acts as an
isoelectronic dopant that substitutes at the Zn valence sites and
acts as an attracting site for holes [MnZn

2+] which therefore
recombine with conduction band electrons or electrons in
shallow donor sites.

PL properties show a complex behavior that reflects the great
heterogeneity (different impurities and concentrations), con-
firmed by the multiexponential behavior of the luminescence
decays. Few studies address the analysis of the dynamics of
doped ZnS materials, and most highlight how differences in
lattice structure are responsible for marked differences in
kinetic properties: Lisensky et al.23 modeled the dynamics of
Cu-doped phosphors as a second-order equation, consistent
with the recombination of equal populations of holes and
electrons. Jayanthi et al.12 measured the time-resolved decay of
PL for undoped ZnS and ZnS/Cu nanoparticles, suggesting
that, beneath the band gap excitation, carrier dynamics involves
band to band excitation, trapping at sulfur vacancies,
recombination at valence band or Cu level, and conduction
band to Zn valence acceptor centers. Chen et al.17 studied the
role of codoping in the variation of the decay constant in Cu-
doped ZnS phosphors. Due to the large range of applications of
doped ZnS, its kinetic properties can be tuned from a
microsecond up to several minutes; therefore, a comparison
of time constants reported in this work with literature is not
straightforward.
As a general feature, we can affirm that the type and

concentration of dopants, as well as the local environment of an
activator center, play a key role in determining the optical
properties of the luminescence of lithopone, such as the
intensity of the transitions and the energy at which the
transitions occur. In addition, the environment of the activator
may strongly affect the radiative decay time and the nature of
the de-excitation mechanism.
EPR spectroscopy provides information on some of the

structural and dynamic phenomena of lithopone samples and
gives insights into impurities that influence their PL properties.
The narrow peak at g = 4.3 (Figure 6a) arises from high spin S
= 5/2 Fe3+ species; this peak is constant in all samples, and the
concentration of Fe3+ can be considered similar for all samples.
Fe is a common contaminant associated with spharelite with
Fe2+ substitution for cation lattice Zn sites.24 The presence of
the Fe3+ state rather than Fe2+ might therefore be due to
oxidation of spharelite [Zn(S,Fe) + 2O2 → Zn(S,Fe)O4]
during the grinding process of the mineral.25 The broad line
around g = 2.2, observed for all samples, can be ascribed to the
presence of trace CuZn

2+, which was predicted by PL analysis as
a justification for the GL. At around g = 2, a broad signal
superposed over hyperfine structure is consistent with the
presence of Mn as a cluster and Mn2+ substituting Zn2+ sites,
which is a reasonable explanation for the OL.26 Figure 6b
highlights that this signal, consisting of a complex of six sharp
lines, identified as hyperfine structure Mn2+, is due to the
interaction of electron spin of MnZn

2+ with its nuclear spin I =
5/2. The spectrum further contains a system of lines between
each component of the sextet, identified as the so-called
forbidden transitions coming from the zero field splitting
interactions, when the nuclear spin changes simultaneously
with the orientation of the electron spin, due to high spin state
of Mn2+ species.26,27 The other two components, respectively
centered at g = 2.009 and g = 2.002, can be attributed to the
presence of organic radicals and ZnS defects,28 which might be
partially responsible for the blue luminescence detected in
historical samples, which could be ascribed to the self-activated
emission from ZnS crystals.7,8

Figure 6. (a) EPR spectrum for sample S3. The Fe3+ signal with 3d5

electron configuration is observed at about g = 4.3. At about g = 2, a
broad background signal is attributed to Mn ions in clusters. (b)
MnZn

2+ hyperfine structure for samples S1 and S3 (the six peaks have
been marked with asterisks): both the spectra are characterized by a
system of lines surrounding each of the sextet sites, ascribable to
crystal field effects small enough to be treated as perturbations.
Organic radicals are also observed (g = 2.009, #) and ZnS defects (g =
2.002, +).



CONCLUSIONS 

Laboratory analyses on six historical luminescent lithopone
samples revealed the presence of several emitting centers
associated with metal ion impurities unintentionally introduced
during the pigment synthesis. PL microscopic imaging revealed
the presence of centers emitting at different wavelengths in the
visible region, of different color and intensity from blue to red.
The combination of spatial and temporal PL microscopic

imaging enabled the identification and qualitative character-
ization of luminescent lithopone impurities, while EPR allowed
a more complete description of the chemical composition of
the material. The EPR results confirm the presence of CuZn

2+

and MnZn
2+ ions, acting as impurities in all the historical

samples, whereas Ag traces could not be detected. Further, the
EPR results indicate the presence of Fe as a constituent of the
ZnS mineral ores.
A complete understanding of the PL emission mechanisms in

this material is not straightforward and would require the
determination of the concentration of impurities and the ratio
between different impurities. In the future, such information
could be achieved via inductively coupled plasma mass
spectrometry (ICPMS) or secondary ion mass spectrometry
(SIMS). Nevertheless, these techniques require the destruction
of sample which was not possible in our study due to the
limited amount of available material. Furthermore, to determine
the concentration of impurities through ICPMS, calibration
standards would be required.
EPR data complement the analysis of the defect

luminescence mechanism in lithopone without any sample
destruction. This work demonstrates that, in the future, the
investigation of the microenvironmental complexity of painting
materials could benefit from the use of EPR imaging over
conventional EPR techniques: indeed, visualizing the spatial
distribution of paramagnetic centers and their physical and
chemical properties could provide absolute and direct
quantitative comparison with luminescence imaging results.
Moreover, further complementary mapping techniques would
help to better characterize the pigment and its impurities, as μ-
Raman and synchrotron-based μ-XRF imaging.
The multianalytical approach described in this work was

designed to answer specific research questions about the optical
properties of lithopone. In particular, in the historical lithopone
samples studied, an intense PL emission is attributed to a
synthesis process developed within a specific period and
geographical area. The analysis of further historical samples of
this pigment could help in understanding a possible correlation
between these luminescence properties and sources and
production methods. The results obtained encourage further
exploration of the same protocol for the study of the intrinsic
heterogeneity of other painting materials. Moreover, the
information gained through this laboratory-based protocol
can help in the future in the interpretation of results obtainable
by means of in situ, nondestructive investigation of the
luminescence properties of real paintings.
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