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Abstract

The application of no destructive techniques in the field of Cultural Heritage is becoming fundamental
to understanding degradation phenomena. In this study, Transient Absorption (TA) spectroscopy was
exploited to explain the process which causes the darkening of Red VVermilion, a famous pigment known
also as cinnabar. The optical properties involved in the process are studied in pure HgS and chlorine
doped HgS samples, before and after exposure to UV light (365 nm). The study was carried out with
particular attention on the ground state bleaching signals, directly connected to the formation of intra-
gap trap levels responsible for the pigment degradation. First derivative reflectance spectra reveal the
presence of these defectivities, while the analysis of Tauc plots from Kubelka Munk function confirms
the reduction of energy band gap due to UV exposure. With the help of Density Functional calculations,
we simulated the role of S vacancies in producing a defective alpha-phase, the consequent reduction of
the energy band gap and, finally, the progressive phase transformation to the cubic metacinnabar.
Transient Absorption turns out to be an important tool of diagnosis about the conservation state of
pigments applied in the field of Cultural Heritage

Keywords: Vermilion darkening; transient absorption; pump-probe; cinnabar degradation.
1. Introduction

The darkening of red vermilion is the subject of numerous studies engaging the entire community of
Cultural Heritage scientists[1-5]. This phenomenon was recently investigated to understand the causes
which determine the degradation and the role of other environmental agents in this process[6-9].
Recent works shed light on the possible phase transformation from alpha-cinnabar (red) to beta-cinnabar
(black) during the darkening[10-12]. The process is accentuated in presence of halide impurities ions
(chlorine) and the formation of metallic Hg was observed. At high concentration the appearance of
chlorine-based compounds was not excluded as found in other works[13-17].

Starting from this assumption the aim of this study is oriented to deepen the preliminary analyses
proposed in a previous work [18] about the transient absorption properties in pure and Cl-doped HgS
samples, both under UV and without exposure conditions.

1.1 Transient Absorption spectroscopy for studying pigments degradation

Pigments degradation is a dynamic phenomenon that affects numerous materials in the field of
Cultural Heritage. Several studies analyzed in detail this topic, ranging from structural properties to
vibrational fingerprints or colorimetric parameters [19-25]. The color change translates into the variation



71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

115
116

of optical characteristics, like absorption, transmittance and reflectance which correlate the electronic
properties or band structures with the macro effect on visible rendering.

Transient absorption (TA) spectroscopy is a proficient tool to understand the pigment degradation,
because it is able to investigate the changes of the optical properties of a material [26-28]. In this
technique, the probe transmittance through the sample is measured both in presence and absence of the
pump, as a function of relative time delay between the two pulse. Due to both linear and non-linear
interactions, changes in the absorption spectrum of the materials are observed, providing information
about the optical interaction, the electronic band structure, excitation and relaxation mechanisms, defects.

There are three main features that can be distinguished in a TA experiment: Ground State Depletion
(GSD) or Ground State Bleaching (GSB), Excited State Absorption (ESA) and Stimulated Emission (SE)
[29]. In GSD the pump pulse excites the carriers from the ground state to the excited state, thus causing
the decrease of the ground state population and the increase of the excited state population. This change
of the relative population of the two states lead to a decrease, or bleaching, of the optical absorption, with
negative differential absorption spectrum. ESA occurs when the pump photons excite the carriers from
the ground state to some excited intermediate state. Subsequent probe photons may excite the carries
from this intermediate level to a still higher energy level, thus producing additional new features in the
absorption spectrum, with positive differential absorption signatures. Lastly, SE occurs when probe
photons stimulate the radiative decay of carriers, previously excited by the probe, leading to the increase
of the probe intensity transmitted through the sample, with negative differential absorption.

A deepened analysis of ESA, GSD and SE signals is very useful in studying the position of electronic
bands or the presence intermediate levels originating the optical transitions, especially when degradation
is appearing.

1.2 Band structure of alpha-HgS, beta-HgS and some Cl-based compounds

Alpha-HgS presents electronic characteristics as a semiconductor with predominant direct transition.
Doni et al.[30], studied the band structure of alpha-cinnabar phase reporting in the Brillouin zone a first
conduction band at 2.2 eV from the top of the valence band. The energy thickness of the first conduction
band is estimated at around 1.5 eV. From the top of the first conduction band, the authors showed a
second conduction band located at 1.2 eV. Figure 1A shows a schematic representation of the band
structure concerning the phase alpha. In relation to the previous phase, the beta phase exhibits a very
short bang gap around 0.25-0.54 eV which characterizes its behaviour similar to metallic Hg. The
electronic properties of beta-HgS were studied by Cardona et al. [31] in the Brillouin zone. Instead of
the alpha-phase, beta-HgS presents a unique conduction band. We reported in figure 1B a schematic
representation of the band structure. For completing the possible scenario of the phase transformation,
especially in presence of chlorine impurities, we report also the schematic band structure of calomel
(Hg2Cl), corderoite (alpha-HgsS2Cl,) and mercuric chloride (HgCl2) considered in literature the most
likely phases that could be formed during the degradation process (figure 1C). Following a recent work
of Hogan et al.[3], we report the schematic structure band and the energy gap of these chlorine-based
compounds. In particular, for corderoite, calomel and mercuric chloride the energy gap was estimated as
2.90 eV, 3.52 eV and 5.43 eV respectively.

2. Materials and methods
2.1 Materials
2.1.1 Synthetic samples
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To deepen the study on the darkening process of vermilion we realized synthetic samples doped with
CI" with the purpose to study transient absorption properties and simulate the effect of this catalyst agent.
Synthetic samples were prepared following our previous work[18], which studied the darkening
phenomenon, and proposed a kinetic model of degradation.

Four different concentrations were selected with the intent to cover a wide range of Cl ions. We
report the assigned nomenclature of samples connected directly to the molar concentration: 0.00M NacCl
called “pure”; 0.01M NaCl called “0.01M”, 0.1M NaCl called “0.1M” and 5M NaCl called “5M”.
Solutions were then applied to a specific support to obtain a pigment deposit available for our analysis.
All solutions were dropped to glass slides and dried, with the final results of a solid deposit of about 100
um thickness and covering area of about 2 cm?.

All synthetic samples were treated under the UV light of a LED at 365 nm (emission with Lorentzian
profile having full width half maximum of 10 nm), under constant power density of 10 mW/cm?, for time
ranges between 0 and 200h.

Within the mentioned set of samples, exposed and not exposed to UV light, we selected for this work
those which represents the extremes of our region of interest: pure HgS not exposed, pure HgS UV
exposed for 148 h, HgS 5M not exposed and HgS 5M UV exposed for 20 h.

To complete the study, we analyzed also for comparison a metallic Hg sample contained between
two glass slides.

2.2 Methods

2.2.1 Pump-probe measurements

Transient absorption measurements were performed with a pump-probe differential spectrometer
(Ultrafast Systems HELIOS-EOS), with both pump and probe wavelengths generated by a Ti:Sapphire
regenerative amplifier (Coherent Libra-F-1K-HE-230), which delivers 100 fs long pulses at 800 nm with
1 KHz repetition rate. The main emission from the regenerative amplifier was splitted into two branches:
one sent to an optical parametric amplifier (Light Conversion TOPAS C), in order to generate the pump
wavelengths, and the other sent to the sapphire plate of the HELIOS spectrometer, where multicolor
probe beam was generated by means of white light supercontinuum generation. The probe pulses were
time-delayed with respect to the pump pulses, by passing through a variable digitally controlled optical
delay line. The pump and probe beams were then non-collinearly focused and overlapped on the sample
surface, with the pump being chopped at 500 Hz, so that half of the transmission spectra were recorded
with the pump on, and half with pump off. The Transmission spectra of the probe beam were recorded
as a function of the relative delay time, by means of CCD spectrometers and the differential absorption
calculated as follows:

A4 = —log (T +1) = —log (T*’”"“’ on ~ Tpump off 1) L)

Tpump of f



162
163
164
165
166
167
168
169
170

171
172
173
174
175
176
177
178
179
180
181
182
183

184
185
186
187
188
189
190
191
192

193
194
195
196
197
198
199
200
201
202
203
204
205
206

The pump-probe data were obtained varying the pump power in a range between 0.002-0.600 mW and
collecting the signal in the “short live” range (10 ps — delay step 0.02 ps ) and “long live” range (10 ns —
delay step 0.1 ns). We verified that the selected wavelength (400nm) and excitation power did not
permanently modifies the optical features of the investigated samples in terms of color variation. On the
contrary, we also exploited the 360 nm excitation in the case of pure HgS to show the effects of pump
irradiation. At this wavelength we obtained an evident and permanent darkening of the surface.

In the case of metallic Hg the TA signal was recorded in reflectance mode.

2.2.2 Density Functional theory calculations

Quantum-mechanical calculation were performed by means of the Quantum- Espresso package [32]
based on density-functional theory (DFT), periodic-boundary conditions, plane-wave basis sets, and
pseudo-potentials to represent the ion-electron interactions. The local density approximation (LDA) with
the Slater exchange and Perdew-Zunger[33] correlation were used together with PAW
pseudopotentials[34,35]. The electronic Kohn Sham wave functions were expanded using a plane wave
basis set, up to a kinetic energy cut-off of 29 Ry. Monkhorst-Pack grids were used to sample the Brillouin
zone, 4 x 4x 4-point was used.

The structures were fully relaxed to their equilibrium configuration through the calculation of the forces
on atoms and the stress tensor. In the relaxed equilibrium configuration, the forces are less than 0.004
eV/A and the deviation of the stress tensor from a diagonal hydrostatic form is less than 0.5 kbar.

2.2.3 Reflectance measurements

Reflectance measurements were performed by means of UV—-Vis-NIR Agilent Technologies Cary 5000
spectrophotometer equipped with integrating sphere module. The reflection configuration at 10°
measures the diffuse reflection of the sample with respect to a reference sample which is considered to
have a 100% reflectivity. A calibrated source llluminant D65 was used to determine the reflectance
spectra and for calculating the colorimetric parameters.

Pure and 5 M solutions were dropped and dried upon an inert polyvinyl chloride (PVC) support until a
compacted homogenous powder deposit was obtained (disk with r = 16 mm, thickness = 1 mm)

3. Results and discussion

A first result is reported in figure 2 where reflectance spectra of analyzed samples are reported in the
range 400-800 nm. These spectra can be correlated directly with the linear absorption by operating a
Kubelka-Munk transformation of reported curves. It is worth noting that the first derivatives of
reflectance spectra show two weak broad bands at around 650 and 730 nm in exposed samples,
suggesting additional absorption properties due to the degradation process. No other additional bands are
evidenced especially in the region before 600 nm which represents the fundamental transition. These
information are useful in the interpretation of transient absorption spectra.

Figure 3 reports the spectrograms of unexposed and exposed pure HgS sample. The false color scale
of the spectrograms shows a differential absorption signal measured in optical density (OD) ranging from
positive (red color) to negative (blue color) values. TA spectra and decay profiles can be extracted from
the maps by integrating the signal upon specific time and wavelength range, respectively. Those spectra
and profiles are reported on top and on the right of each spectrogram. Reported data are perfectly
reproducible for each point of analysis and are completely representative of these samples.
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Unexposed pure sample presents a short positive signal at 784 and 806 nm followed by a long signal
after the first 2.5 ps (figure 3A). Contextually, the sample shows a short negative signal at 670 nm closed
after 6 ps and a combined signal at around 480 nm with an initial short negative contribution of around
1 ps which converts to a positive signal of about 10 ps. Figure 3A and 3B presents the time profile of
mentioned signals. Positive signals were revealed over a pump power threshold of 200 uW.

A different trend can be evidenced for the exposed pure sample after 148h of UV irradiation, where
a short negative signal centered at 630 nm, converts within 3 ps into a composite positive signal with two
bands at 530 nm and 650 nm. These positive signals present a “long-lived” time (see figure 3C). In
addition, the UV irradiated sample shows other two long signals in the ns region, not observed in the
pure sample: a negative contribution between 650 nm (broad band) and 800 nm (narrow band) and a
positive one picked at 480 nm. Both signals have a decay time of around 5 ns. Figure 3D summarizes the
spectra of the mentioned long signals and their temporal evolution. Finally, figure 3E shows the
additional UV induced negative signals at 740 and 770 nm obtained by using 40 mW of the 360 nm line
as pump.

Regarding the samples doped with CI- ions, we found a sort of variability of the signal depending on
the sampled point. This reproducibility calls for a non-uniform effect of Cl doping on the samples, as the
grained morphology of the samples (see ref. 18) could also suggest. Despite these variations, the results
can be reconducted to few trends that mainly appear in the sampled points. We summarize in figure 4
the main features of TA collected in these points.

Unexposed doped sample exhibits a long positive signal at 490nm, a short negative signal at 670 nm
which becomes positive after 2 ps, while a double positive signal at 530 and 660 nm with time decay
around 30 ps was delineated. In addition, short negative signals at around 770 and 810 nm can be
evidenced for this sample. All the mentioned results are reported in figure 4A-C. For exposed doped
sample, the interaction with UV light for 20 h reveals a positive double signal similar to the one discussed
for the not irradiated sample, peaked at the same wavelengths, but with reduced decay time of 15 ps
(figure 4D). At low pump power (50 uW) the sample shows short negative signals at 740 nm and 795nm
which end after 6 ps. Under the same low pump power condition, a very short positive signal is observed
at 776 nm (figure 4E).

The relevant variation with respect to the unexposed samples, observed also in pure series, is the
presence of long signals, positive and negative, in the range of ns. In particular, we observed a positive
signal at 480 nm with a decay time of around 1 ns and a negative signal at 797 nm with a decay time of
3 ns. We reported these results in figure 4F.

Finally, to have an exhaustive panorama of the samples, in comparison with the results proposed in
our previous work, we analyzed by pump-probe measurement a metallic Hg sample whose results are
reported in figure 5. This sample presents a fingerprinting long negative signal in the range of ns between
450 and 800 nm.

3.1 Assignations

By taking into account the photon energies associated to the pump and probe wavelengths, and the
linear absorption properties discussed in figure 2, we tried to correlate the positive and negative TA
signals to the band structure delineated before. In particular, as depicted in figure 6, the positive signal
at 480 nm (2.58 eV) is compatible with an Excited State Absorption (ESA) which promotes an electron
to an excited state located in the first conduction band (I C.B.), after pump absorption, and consequently
a transition to the second conduction band (11 C.B.) when the probe photons are absorbed. Analogously,
the 800 nm (1.54 eV) positive signal is consistent with an ESA in which a metastable level is located in
the prohibited band between the first and second conduction bands. For what concerns the negative
signal, a Ground State Depletion (GSD) can be associated to the negative band at 670-680 nm (1.82 eV)

6
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compatible with the presence of intragap levels saturating after the absorption of the probe. In terms of
structural properties, the mentioned GSD signal is in accord with the formation of intrinsic defects
corresponding to shallow trap levels in the first prohibited region. The same typology of GSD is
confirmed at 670-680 nm in the exposed pure sample with the addition of a broadening toward the lower
energies up to 800 nm. The UV treatment produces also other defects revealed by a “long-lived” GSD
signal at 800 nm (1.54 eV) found only in UV treated samples. These defects cause the presence of deep
traps from the bottom of the first conduction band which corresponds to a consistent darkening effect in
the visible region. The formation of defects is further confirmed by the irradiation with the pump at 360
nm, as recorded in Fig. 3E. Moreover, the application of UV light to the samples changes drastically the
characteristic decay time of the revealed signals that moved in the ns range. In particular, a long ESA is
revealed at 480 nm and a long bleaching at around 800 nm. The latter assumes a very similar trend as
compared to metallic Hg which presents a “long-lived” negative signal for all the explored wavelengths
(figure 5). The reported results suggest the formation of a cinnabar phase upon UV irradiation with
spectral features similar to metallic Hg. Concerning the attribution of this phase and in particular the
detection of the beta-cinnabar phase, it is worth noting that in the investigated spectral region it would
be impossible to distinguish between beta-cinnabar phase and metallic Hg. Indeed, according to the band
structure sketched in figure 1, the band gap of the black beta phase is around 0.25-0.54 eV which
corresponds to the 2200nm-5000nm IR region. This range is out of our experimental setup and, by using
the presented pump-probe configuration, it is impossible for us to distinguish between metallic Hg and
beta phase. However, as illustrated before, the presence of defectivities producing a band gap reduction,
and consequently a darkening effect, lead us to suppose a progressive formation of a strongly defective
alpha phase. We expect that when the number of defects is structurally unsustainable for this
configuration, the alpha phase transforms to beta one, as proved in [10].

Concerning the presence of chlorine ions, they seem to not change the structure of the alpha-phase, since
only small variations in the GSD spectra and characteristic decay times are revealed. In particular, figures
4C and 4E show well-defined negative bands between 700 and 800 nm which can be ascribed to the
presence of further trap centers due to the CI" ions in the structure. Even the UV treatment does not
display an evident difference between doped and undoped samples, except for a shortening of
characteristic decay times of involved transitions. Most important, all the transitions involved in pump-
probe measurement do not appear as compatible with the formation of other chlorine-based phases like
calomel or mercury chloride which present a higher band gap than pure cinnabar. Only the corderoite
phase could have a possible matching since its band gap at 2.90 eV is compatible with the revealed ESA
signals, but in that case the formation of deep traps at 1.82 eV and 1.54 eV could hardly explain the
observed darkening phenomena and the recorded changes in the kinetics of the absorption features.

Following the just proposed comments, we calculated the band gap for the experimental samples starting
from the Reflectance spectrum and by elaborating the Tauc plots for Kubelka Munk function [36][37]

expressed in equation 2:

(1-R)?
= @

F(R) =

Figure 7 displays the results obtained in samples before and after the UV treatment, evidencing the
transition to a phase with a reduced gap. In particular, we reported in the figure the direct and indirect
transitions for all the samples that are summarized in Table I. Upon UV irradiation, pure HgS transitions
move from 2.05 eV to 1.92 eV for direct transitions and from 1.97 eV to 1.57 eV for indirect transitions.
The HgS 5M sample changes the transitions from 2.08 eV to 2.01 eV (direct) and from 1.93 eV to 1.77
eV (indirect). These values are compatible with GSD signals obtained by pump-probe and a similar trend
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evidenced in the first derivative reflectance spectrum (figure 8), where two satellite broad bands are
indicated at 650 nm and 740 nm. We underline that the presence of indirect transitions justifies the time
extension of pump-probe signal from picoseconds to the nanosecond regime. Actually, as suggested by
several authors[38—40], a phonon assisted recombination for these indirect transitions influences the time
of the entire process, especially the absorption of free carriers. Indeed, as studied by Cooper et al. [27],
the change of differential absorption coefficient da is a function of both photon energy and time (Eq. 3):

da(E,t) = = (diag, + dkr + Kpruge) ©)

As evidenced in equation 2, the change of the extinction coefficient depends on the shifting of the band
gap (dxagg), broadening of the band gap (dkr), and Drude-like free-carrier absorption (Kprude)
components. This equation is related to the experimental differential optical density (dOD) through the
Beer-Lambert law. In particular, following the recent study of Cooper, the time dependence of dOD can
be determined by the sum of two terms:

dobD (/L t) = dOD(t) + Q(t)dODthermal (3)

which represent, respectively, the contribution of above-mentioned extinction coefficient parameters and
a time-dependent weighted function (Q(t)) of thermal contributions. Cooper hypothesized that the
temporal evolution in the picosecond regime is dominated by a relaxation of hot photo-excited carriers
which occurs primarily through carrier/carrier scattering. Conversely, carrier/lattice scattering and
consequent dissipation to lattice heating occur in a second time up to the nanoseconds regime.

This trend is consistent with our experimental results and could explain the change of time range
associated to the band gap reduction causing the darkening macro effect. In addition, the carrier/lattice
scattering is favorable in the transition to quasi metal (beta phase) or metal nature (metallic Hg), where
phonon assisted recombination and lattice heating occur efficiently.

The role of chlorine ions in HgS deserves a brief discussion in order to summarize the effects produced
in the process. In terms of TA, chlorine ions do not cause a particular effect in ESA or GSD signals in
samples without UV exposure. For what concerns the doped sample after UV irradiation we evidenced
a lower threshold for short GSD and a higher threshold for long GSD and ESA signals. The spectral
positions of intermediate states which origin the optical transition seem not to change with the presence
of chlorine ions. To conclude our analysis, Tauc plots confirm the presence of alpha-cinnabar with a
defective phase, but the formation of other chlorine-based compounds having a band gap over 2.0 eV
seems to be ruled out, since all the mentioned possible CI related structures, corderoite, calomel and
mercury chloride, are endowed with higher values of band gap.

To gather further information a detailed study of TA signals and characteristic times as a function of
injection fluence derived from pump power is proposed in the Supplementary Materials (figure S1 and
S2). In particular, at low fluence, the GSD is the most predominant phenomenon. In this process, a
fraction of carriers’ number is promoted in the excited state, while the carriers’ amount in the ground
state decreases leading to a negative signal of TA. In the first fluence range, signal intensities and
characteristic times follow a linear trend as a function of pump power, while as the laser fluence increases
we observed a saturation of these observables and, in some cases, an inversion in the trend. This
phenomenon is well known in literature [41]: at higher laser fluences, the third-order nonlinear effects
such as absorption saturation, exciton—exciton annihilation, Auger processes, and excited-state
absorption are prominent. During such nonlinear excitation phenomena, the excited states may get fully
filled (near full bleach of the ground state) leading to TA signal saturation and even a trend inversion.
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Indeed, the GSD lifetimes in the present case show a decreasing trend with an increase of laser fluence,
which further suggests the involvement of third-order nonlinear effects. Concerning the ESA signal, we
analyzed in detail the 480nm transition in unexposed pure sample (see figure S3). In this case a nonlinear
scaling with pump power is recorded, with a threshold around 200 uW (fluence of 70 pJ/cm?), further
confirming the involvement of non-linear processes. In addition, a hysteresis of the signal is evident, and
it could be associated to possible permanent changes once the threshold is reached.

3.2 Density Functional Theory calculations

In order to shed light on the nature of the experimentally observed traps, and with the intention to
confirm the phase transition, we performed a DFT calculation starting from literature and following our
previous work where the S vacancies led to an excess of Hg [18].

The initial structure of Alpha-HgS, obtained from single crystal data, was fully optimized to the
equilibrium positions and the supercell containing 48 atoms was relaxed to a target pressure smaller than
0.5 kbar. The corresponding optimized lattice parameters a and c were found to be respectively a=4.225
ﬁ and ¢=9.7678 A which agree to better than 3% with the experimental values of a=4.15 A and c=9.5

[6,42].
Starting from the Alpha-HgS optimized structure, we estimated the corresponding band structures by
means of the Quantum-espressso package. The calculations show an indirect energy gap of 0.93 eV
which is considerably smaller than the corresponding experimentally gap of 2.25 eV[43]. The energy
gap underestimation is a well-known DFT problem which appears when local density functionals are
used in the calculations.
In order to characterize the effects of point defects on the alpha-HgS optical properties, we performed a
series of band-structure calculations on alpha-HgS having an increasing density of S vacancy in the range
6.5 x 10%°- 4.9 x 10% cm™3.
Figure 8A shows the alpha-HgS energy gap as a function of the vacancy concentration. We observe an
overall non-monotonic energy-gap (EG) in relation to the number of vacancies (NV). For NV up to
~6.5x10%° cm™ the EG does not significantly change with respect to pristine alpha-HgS. On the other
hand, by increasing NV in the range 1-2 x 10%! cm™, we observe a significant EG reduction down to
~0.25 eV, suggesting a possible transition to the beta-phase. We attribute such an energy gap reduction
to the occurrence of spurious vacancy energy levels within the energy band gap. This hypothesis is
confirmed in Fig. 8B, where the electronic density of states is plotted for pristine HgS and for NV=1x10%
cm3. The inset clearly indicates the presence of energy vacancy levels positioned within the energy gap
which is therefore reduced down to a value of ~0.25 eV. Finally, for NV=4x10?* cm3, we observe an
unexpected EG increase up to ~1.1 eV. However, by analyzing the corresponding HgS structure we
observe an overall lack of hexagonal crystallinity being the system mostly amorphous.

4. Conclusions

Transient absorption on pure HgS and chlorine doped HgS was used to characterize the optical properties
of Red Vermilion in relation to the darkening effect. The results were compared with those obtained in
samples exposed to UV light which presented evident blackening of their original color. Pump probe
measurements reveal positive and negative signals ascribed to a broad short GSD at 680 nm and ESA at
480-500 nm. The former is attributed to the presence of traps (0.2 eV from the bottom of the first
conduction band) in a “defective” phase, the latter to transitions from the first to the second conduction
band. In particular, with the intention to explain the darkening phenomenon, the GSD signals were also
studied in UV exposed samples which reveal, beyond the short GSD, the presence of long a GSD at 780-
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800 nm compatible with a phonon-assisted transition. This behavior is compatible with indirect
transitions which explain the reduction of the band gap and reflect the darkening process. Actually, for
UV exposed samples the analysis of Tauc plots from Kubelka Munk function of reflectance spectra
reveals a band gap change from around 2.0 eV to 1.57 eV for pure HgS and from around 2.0 eV to 1.77
eV for 5M HgS. The results are in agreement with DFT simulations that show a progressive reduction of
the energy gap as a function of S vacancies in the cell. The formation of intra-gap defect levels is also
confirmed. These important conclusions confirm our previous results, obtained with the use of Raman
spectroscopy, where a kinetic model of phase transition from cinnabar to beta-cinnabar and metallic Hg
was proposed. In addition, the combined use of transient absorption and reflectance measurements could
be considered an important tool to understand the degradation phenomena and diagnose the conservation
state of pigments applied in the field of Cultural Heritage.
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Figures and Tables

Figure 1: Sketch of band structure of HgS phases and some compounds correlated to cinnabar darkening:
alpha-HgsS (A); beta-HgS (B); alpha-HgsS2Cl2 [3](C); HgCl2[44] (D), Hg2Cl2 [45] (D).

Figure 2: Reflectance (A) and first derivative Reflectance (B) spectra in the range 400-800 nm.

Figure 3: Transient absorption maps, wavelength and time profiles of HgS pure samples: unexposed
sample in the range 750-810nm (A); unexposed complete range (B); exposed (C); exposed observed in
long-time range (D); UV induced dark in unexposed sample through 40 mW of 360 nm line excitation

(E).

Figure 4: Transient absorption maps, wavelength and time profiles of 5M doped samples: unexposed
point 1(A); unexposed point 2(B); unexposed point 3 (C); exposed point 1(D); exposed point 2 (E);
exposed observed in long-time range (F).

Figure 5: Transient absorption map, wavelength and time profiles of metallic Hg.

Figure 6: Reconstruction of darkening process in the band structure sketches of HgS phases by means
of ESA and GSD transitions from TA maps: presence of ESA in alfa-HgS (A); addition of shallow traps
in intrinsic defective alpha-HgS (B); UV induced defects in alpha-HgS (C); metallic behaviour of beta-
HgS and metallic Hg (D).

Figure 7: Tauc Plots for Kubelka Munk function from Reflectance spectra of analyzed samples: direct

and indirect transitions for pure and doped samples not exposed to UV light (A); direct and indirect
transitions for UV exposed pure and doped samples (B);

Figure 8: DFT calculation of energy gap of alpha-HgsS as a function of S vacancies in the structure (A);
Electronic density of states for pristine HgS and number of vacancies NV=1x10%* cm (B).

Table I: resume of direct and indirect transitions for all the samples calculated from figure 7 before and
after UV exposure.
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(eV) No UV uUv

Pure HeoS Direct transitions 2.05 1.92

8 Indirect transitions 1.97 1.57

Direct transitions 2.08 2.01

SM HgS Indirect transitions 1.93 1.77
Table |
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