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Raman spectroscopy as a means for the identification of
plattnerite (PbO,), of lead pigments and of their degradation
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The Raman spectra of plattnerite [lead(iv) oxide, PbO,] and of the lead pigments red lead (Pb3O,), lead monoxide
[PbO, litharge (tetragonal) and massicot (orthorhombic)], lead white [basic lead carbonate, 2PbCO3-Pb(OH),] and
of their laser-induced degradation products were recorded using a range of different excitation lines, spectrometer
systems and experimental conditions. The degradation of PbO, is more extensive along the pathway PO, —
Pb304 — PbO (litharge) — PbO (massicot) the shorter the wavelength of the excitation line and the higher its
power. The Raman spectrum of PbO,, which is black and of the rutile structure, is particularly difficult to obtain
but three bands, at 653, 515 and 424 cm—1, were identified as arising from the b,g, 814 and g5 modes respectively,
by analogy with the corresponding modes of isostructural SnO, (776, 634 and 475 cm—1). A further oxide was
identified, PbO; ss, the Raman spectrum of which does not correspond to that of any of the laser-induced
degradation products of PbO, at any of the wavelengths used. The Raman results are critical to the future use of
Raman microscopy for the identification of lead pigments on artworks.

Introduction

Lead(iv) oxide has been reported:2 to be formed from the
degradation of lead-containing pigments in air. This reaction
has a very conspicuous visua effect because the lead com-
pounds traditionally used as pigments are brightly coloured
whites, reds and yellows, whereas PbO, is dark brown to black.
Superficialy, PbO, appears very similar to lead sulfide (PbS),
which is also black and a potential product of the reaction of
lead pigments with sulfur-containing pigments, sulfur-contain-
ing species in the atmosphere or certain bacteria. It is known
that PbO, is not very stable and easily loses oxygen to give red
lead, PbsO4.3 However, it has also been shown that the
combination of an akaline environment (such as that present
when painting afresco) and high humidity conditions can easily
trigger the reverse process, viz., the oxidation of low valent lead
pigments to PhO,.1

The purposes of this study were (1) to record and establish the
Raman spectrum of plattnerite [tetragona lead(iv) dioxide,
PbO,4] and of itslaser-induced degradation products, which are
important matters in pigment identification studies of artwork,
(2) to record the Raman spectraof thelaser-induced degradation
products of the pigments lead white [basic lead carbonate,
2PbCO3-Ph(OH),], red lead (trilead tetroxide, PbsOy), litharge
and massicot (the tetragonal and orthorhombic forms of lead
monoxide, respectively), in order to validate spectra obtained
previously on a less sensitive instruments: ¢ and to define the
reduction path for PbO, and (3) to investigate the formation of
other lead oxides with stoichiometries intermediate between
those of PbO, and PbsO, and to characterise them as
appropriate.”

T Present address: Victoria and Albert Museum, Conservation Department,
Science Section, Cromwell Road, South Kensington, London, UK
SW7 2RL.
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Experimental

Raman microscopy studies of lead(iv) oxide (plattnerite 99.9%,
Aldrich) and of red lead (Aldrich) were carried out using
excitation lines with the following wavelengths. 488.0 and
514.5 nm (Coherent 170 argon ion laser), 647.1 nm (Coherent
1301 krypton ion laser) 781.8 nm (Renishaw diode laser) and
1064 nm (Nd:YAG laser). Massicot was analysed using the
647.1, 514.5 and 1064 nm lines, whereas litharge was analysed
using the 488.0, 514.5, 632.8 and 1064 nm lines.The experi-
ments using lines at 488.0 and 647.1 nm and some of those at
514.5 nmwere carried out using aDilor XY spectrometer. Other
experiments using lines at 514.5, 632.8 and 781.8 nm were
carried out with a Renishaw Raman System 1000 spectrometer.
The experiments using 1064 nm excitation were carried out
using aBruker RFS 100/S FT-Raman spectrometer. For each set
of experiments the power at the sample was varied from the
minimum to the maximum setting with the aid of a set of neutral
density filters(1, 10, 33, 50, 80 and 90% transmittance) in order
to collect the spectra of the non-degraded compounds and then
of the eventua laser-induced degradation products. Under
typical operating conditions, a power at the sample of 1 mW
corresponds to an irradiance of 5 kW cm—2,

X-ray diffractograms between 20 and 70° (26) were collected
in steps of 0.02° (26) with an integration time of 2 s, using Cu-
K radiation at A = 0.15406 nm, monochromatised using a
curved graphite crystal on a Philips PW1710 diffractometer.
The crystal structure of each sample was identified using the
PC-APD program, version 3.6.

Results

The analysis of each pigment is discussed separately and in
some detail, since the spectra obtained are dependent on both
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the wavelength and power of the excitation line. It is shown that
it is critically important to define the correct conditions for
obtaining the Raman spectra of any particular lead com-
pound.

Plattnerite [tetragonal lead(1v) oxide, PbO,]

Lead(1v) oxide is a very weak Raman scatterer, principally
because it is black and therefore absorbs most of both the
incident and scattered radiation and will therefore degrade
unless the laser power is kept suitably low. Early studies® had
indicated that it is not possible to obtain aRaman spectrum from
a bulk sample of reagent grade PbO,. Later it was suggested®
that any Raman bands reported previously for PbO, might arise
from lower oxides of lead formed by laser-induced decomposi-
tion of PbO,. In 1995 a spectrum of PbO, was reportedo to
contain a single weak band of unspecified wavenumber. These
remarkswere kept in mind during the present Raman analysis of
lead(iv) oxide.

1064 nm. The power at the sampleranged from 3 to 100 mW.
The sample degrades in the laser beam and, when a power
higher than 30 mW is used, a microscopic indentation forms
(yellow in the centre and orange around the edge) where the
beam hits the sample. No spectra can be acquired under these
conditions because the laser beam erodes the sample, whose
superficial morphology changes continuously; this means that
the sample cannot be kept in focus. Once the indentation has
formed, however, its surface can be analysed using alaser beam
set at a suitably low power, for example 25 mW, which is
insufficient to induce any further degradation of the orange and
yellow materials. Raman analysis of the yellow area at the
centre of any such indentation yields the spectrum of massicot,
while that of the orange borders yields the spectrum of red lead
in admixture with massicot and litharge.

781.8 nm. The power at the sample ranged from 0.05 to 5
mW. At <1.25 mW, the sample gave a Raman spectrum with
no degradation. However, it turned orange if the power was 2.5
mW or higher; new Raman bands appeared, the strongest being
a 122 and 147 cm—1, corresponding to the strongest bands of
red lead and litharge, respectively.

647.1 nm. The power at the sample was set to between 0.22
and 2 mW. No bands appeared between 30 and 450 cm—1 when
the power was kept at <0.55 mW. However when the power
was increased to 0.76 mW two bands appeared, at ~117 and
~138 cm—1 (weaker). Longer exposures of PbO, to the laser
beam caused the interchange of the relative intensities of these
two bands and the appearance of other bands.

632.8 nm. The power at the sample was kept between 0.25
and 1.25 mW, yielding the spectrum shown in Fig. 1. At these
laser powers, degradation of PbO, is unlikely to occur; the
spectrum shown is similar to that reported in literaturel© and is
considered to be that of non-degraded lead(iv) oxide (plattner-
ite). The spectra of powdered and pressed discs of PbO, are
identical.

Three separate samples were then irradiated with higher laser
powers of 2.7, 3.25 and 5.2 mW. Each sample changed colour
from black to orange—red, and gave the spectra shown in Fig. 2
(upper trace in each case). The degraded areas were then
analysed a much lower power, 0.06 mW, and yielded the
spectra shown in the lower tracesin each case. It is noteworthy
that the spectra obtained while the samples were degrading in
thelaser beam at higher power are different from those obtained
by analysing the degraded areas with an excitation line of lower
power. The bands present in the spectra of the latter are due to

massicot, litharge and red lead: the higher theinitial power used
to degrade the sample, the higher was the relative intensity of
the massicot bands. However, when the sample of PbO, was
degraded at the lowest power used here, 2.7 mW, no massicot
was found to be present, only litharge and red lead.

514.5 nm. The power at the sample was kept between 0.2 and
10 mW. PbO, is very sensitive to irradiation at this wavelength
and degraded immediately, even at the lowest power used.
When degrading in the laser beam, the sample became light
orange for afraction of a second, then pale yellow, yielding the
spectrum shown in Fig. 3(b). If the yellow phase was then
analysed at a suitably low power, 1 mW, the spectrum obtained
corresponded to that of massicot (orthorhombic PbO).

A sample of PbO, wasalso irradiated at alaser power of ~50
mW at the sample. The products of this laser-induced
degradation were then analysed with the Bruker spectrometer
using 1064 nm excitation in order to avoid any further
degradation of the sample. When the sample was degraded
under these extreme conditions, a yellow phase appeared
immediately, and at its edges were traces of an orange phase.
The yellow phase gave the spectrum of massicot, whereas the
orange phase gave bands corresponding to those of red lead.
Bands of massicot were also seen in the spectrum of the orange
phase, these being due to the poor spatial resolution associated
with 1064 nm excitation.

488.0 nm. The power at the sample was kept between 0.6 and
6.7 mW. PbO, did not give any spectrum if the power was set
at 0.6 mW, but it degraded to orange when the power was 2.3
mW or higher. The spectrum obtained by irradiation with a
beam of 2.3 mW is shown in Fig. 3(a).

Red lead (PbsO.)

Red lead (or minium, as both the mineral and the synthetic
pigment are called in an artistic context1112) is a bright orange—
red pigment, used as such since antiquity.1213 It is stable when
analysed with red, far-red or infrared wavelengths, but degrades
when it is analysed with green or blue excitation lines of any
power, as detailed below.

1064, 647.1 nm. Spectrawere collected with the power at the
sample of up to 270 mW with 1064 nm excitation and at up to
2.3 mW with 647.1 nm excitation. The spectra obtained were
due to red lead alone, with no changes at higher laser powers;

Intensity —

776
SnO,

400 600 800
Wavenumber/cm™
Fig. 1 Raman spectrum of a pressed disc of plattnerite, tetragonal PbO,,
obtained using 0.27 mW of 632.8 nm excitation. The weak featuresat ~390
and ~546 cm—1 are considered to arise from trace amounts of Pb;O,, which
isavery strong Raman scatterer. The spectrum of the isostructural SnO, is
also shown.
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that obtained at 50 mW of 1064 nm excitationisshowninFig. 4
(top spectrum).

514.5 nm. The power at the sample ranged from 0.2 to 29
mW. The sample degraded very easily even under very low
power. Above 0.2 mW the sampleyielded aspectrum [Fig. 3(c)]
that did not correspond to that of red lead, but was similar to that
obtained on degrading PbzO, with the 488.0 nm excitation line
[Fig. 3(d)], or degrading PbO, or litharge under the same
experimental conditions. After being exposed to the laser beam,
the sampleglittered slightly yellow under the microscope. Upon
irradiation at apower of 29 mW the sample became yellow, and
yielded a spectrum corresponding to that of massicot.

One sample was first degraded at a power of 8 mW and then
analysed in order with powers of 4, 2 and 0.8 mW (Fig. 5). The
spectrum obtained using the highest power was characterised by
very broad bands, whilst that obtained by analysing the same
spot with a beam of lower power shows narrower bands which
are shifted towards higher wavenumbers.

488.0 nm. The power at the sample ranged from 0.6 to 15
mW. The sample degraded very easily even under a very low
power, changing colour from red-orange to yellow. Fig. 3(d)
shows the spectrum obtained when the power at the sample was
set at 7.6 mW. If the power at the sample was sufficiently high
(15 mW), the compl ete transformation of red lead into massicot
was induced.

Litharge (tetragonal PbO)
Litharge has been used as a pigment since antiquity, its colour

ranging from yellow to red. It is a strong Raman scatterer.
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1064 nm. The power at the sample was kept between 16 and
270 mW. No sign of degradation of the sample was seen, either
in the spectra recorded (Fig. 4) or by eye under the micro-
scope.

632.8 nm. The power at the sampleranged from 0.9to 9 mW.
The sample partially degraded to massicot at the maximum
power used.

514.5, 488.0 nm. The power at the sample was kept between
0.2 and 35 mW of 514.5 nm radiation and between 0.6 and 15
mW of 488.0 nm radiation. The sample did not degrade if the
power was kept at <0.4 mW [514.5 nm, Fig. 3(e)] or <0.6 mW
(488.0 nm), but with powers progressively higher than these, the
spectra obtained showed increasing amounts of degradation. At
10 mW of 514.5 nm excitation, degradation to an orange
product was seen under the microscope. The spectrum obtained
under these conditionsis shown in Fig. 3(f). Upon irradiation at
35mW of 514.5 nm radiation, the sample became yellow: when
this yellow phase was analysed at 0.4 mW the spectrum was
recognised to be that of massicot [Fig. 3(g)]. The spectra
obtained whilst degrading the sample with 488.0 nm radiation
are identical with those described above.

Massicot (orthorhombic PbO)

Massi cot has been used asayellow pigment since antiquity.12.13
Itisavery good Raman scatterer and appears to be stable under
the experimental conditions used here. Only when irradiated
with 514.5 nm radiation at very high laser power did it show
some partial degradation.

degrading with 5.2 mW

551

red crystal in degraded area
(0.06 mW)

~534

degrading with 3.25 mW
*551

red crystal in degraded area
(0.06 mW)

degrading with 2.7 mW

552*

e A A

bt Nny red crystal in degraded area
(0.06 mW)

100 200 300 400
Wavenumber/cm™

500 600

Fig.2 Raman spectrashowing the degradation of PbO, at 632.8 nm. With 2.7 mW the Raman bands of litharge (tetragonal PbO) and red lead (PbsO., peaks
marked with an asterisk) are seen. At 3.25 mW red lead (PbsO,, peaks marked with an asterisk), litharge (tetragonal PbO) and traces of massicot
(orthorhombic PbO, main band at 143 cm—1) are formed. At 5.2 mW litharge (tetragonal PbO), massicot (orthorhombic PbO) and traces of red lead (Pb3Oy,

peaks marked with an asterisk) are formed.
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1064, 647.1 nm. The power at the sample was kept at 16 mW
(1064 nm excitation) and 0.55 mW (647.1 nm excitation). No
degradation was seen to occur; the spectrum recorded with 1064
nm excitation is shown in Fig. 4.

514.5 nm. The power at the sample ranged from 0.2 to 10
mW. The spectra obtained are in agreement with those of
massicot in the literatured and with other spectra taken in this
laboratory.” When using the laser at full power (10 mW) there
was some visible degradation of the sample, which became
dlightly ochre-like. However, the Raman spectrum, abeit of

143

87 288 514.5 nm, degraded at 35 mW
72 analysed at 0.4 mW
T34 (9)
82 ~
~265 514.5nm, 10 mW
147 ®)
82 A 514.5 nm, 0.4 mW
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T 136
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> ~267
D 488.0 nm, 7.6 mW
c 135 (d)
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< =270 514.5 nm, 10 mW
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136
82
270
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~266 488.0 nm, 2.3 mW
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0 100 200 300 400 500 600
Wavenumber/cm™'

Fig. 3 Raman spectra showing the degradation of plattnerite, PbO, (aand
b) and red lead, Pb3O, (c and d) with 514.5 and 488.0 nm excitation. Raman
spectra of undegraded litharge, PbO, with 0.4 mW of 514.5 nm excitation
(e), and degrading with 10 mW (f), and the spectrum analysed at 0.4 mwW
after being degraded at 35 mW (g).
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Fig. 4 FT-Raman spectra (1o = 1064 nm) of non-degraded (&) red lead
(50 mW); (b) massicot and (c) litharge (both at 16 mW); (d) lead white
(160 mw).

1000 1200

diminished intensity, remained that of massicot. This decrease
in intensity was presumably due to the decrease in the
concentration of massicot in the sample as it degraded. The
degradation product (possibly metallic lead) is a poor Raman
scatterer and did not give a Raman spectrum.

L ead white, 2PbCO3-Pb(OH);

Lead whiteisone of the earliest synthetic pigments, having been
used since antiquity.1214 |t is a moderately strong Raman
scatterer.

1064, 632.8, 514.5 nm. The power at the sample ranged from
180 to 300 mW at 1064 nm, 6 mW at 632.8 nm and 25 mW at
514.5 nm. No degradation of lead white could be detected,
either from the spectra obtained or by visual examination down
the microscope, under any of these experimental conditions.
The spectrum collected with 160 mW of 1064 nm radiation is
shown in Fig. 4.

Discussion

One of the purposes of this study was to determine under which
conditions of laser wavelength, power and irradiation time the
various lead oxides degrade, and through which pathways.
PbO, was found to degrade following the pathway PbO,
(plattnerite) — PhsO4 (red lead) — PbO (litharge) — PbO
(massicot); PbzO4 tendsto degradeto litharge, and ultimately to
massicot; and a fresh sample of litharge converts to massicot.
Thisisto be expected as massicot isthe most stable form of PbO
a temperatures higher than 491 °C.15-18 These results are
summarised in Table 1.

The extent of laser-induced degradation of any lead oxide is
determined by the choice of the laser wavelength; for example,
red lead has an absorption maximum between 400 and 600 nm.
If analysed with 647.1 nm radiation within the range of powers
that are used in experiments on art objects (0.05-5 mW), it does
not degrade. A near-infrared laser beam, such as that at 1064
nm, does not degrade the sample even when the power is set at
270 mW. However, red lead degrades immediately if irradiated
with 514.5 or the 488.0 nm radiation, giving a spectrum which
is similar to that of massicot [Fig. 3(c) and (d)]. Setting the
514.5 and 488.0 nm lines at a power higher than that normally
used for Raman microscopy experiments on pigments, for
example 15 mW, the whole sample turns yellow. When the
yellow material is analysed with avery low power in order not
to degrade it any further, the Raman spectrum of massicot is
obtained.

143
88 284
0.8 mW
141
1
> 86 280
g 2mW
2 135
C
= 83 ~270 e
82 ~265
8 mW
135
T T 1
0 200 400 600
Wavenumber/cm™!

Fig. 5 Raman spectra obtained during the degradation of a sample of red
lead with 514.5 nm radiation. The relative intensities of the lower two
spectra have been scaled for easier comparison.
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As ageneral trend, whenever the degradation of any sample
takes place under a laser beam, the spectrum obtained while
degrading the sample is different from that obtained by
analysing the sample with alaser beam of very low power after
it has been degraded. The analysis of the degraded sample with
low power aways reveals the presence of one or more of the
known lead oxides, whereas the spectrum of the degrading
sample does not correspond to the Raman spectrum of any
established lead oxide (see Figs. 3 and 5, for example).
However, there is a correlation between the two sets of spectra:
when compared with the spectra of the degraded samples
(obtained at low power), the spectra of the degrading samples
have broader bands and are shifted to lower wavenumbers. Fig.
2 is a good example of this: it shows spectra of samples of
lead(1v) oxide being degraded at 632.8 nm (upper spectra), then
analysed at a suitably low power so as not to degrade further
(lower spectra). The degraded areas consist of massicot, litharge
and red lead, the rel ative amounts of which depend on the power
at the sample of the beam which caused the degradation. The
higher the laser power, the higher the proportion of massicot
generated. Lower powers produce variable amounts of red lead
and litharge.

It could be argued that the spectra obtained whilst degrading
the samples of PbO, should be attributed to high temperature
species present only when the laser power (and hence the
temperature at the sample) is high. Thiswould explain why the
use of low laser power only leadsto the detection of speciesthat
are found at room temperature. However, examination of the
spectra reveals that there is a close correlation between the
wavenumbers of the peaks seen at high power and theidentities
of the species detected at low power. For example, it is
significant that the bands at 117 and ~534 cm—1 in the spectra
of the degrading PbO, are only seen when red lead is found in
the degradation products. Red lead is characterised by bands at
122 and ~550 cm—1, wavenumbers which are dlightly higher
than those of bands from the degrading material. When red lead
is present only in trace amounts in the spectrum of the degraded
materia (Fig. 2, bottom spectrum), the band at 117 cm—1in the
spectrum of the degrading material (upper spectrum) is very
wesk. Similarly, the broad bands at ~138-140 cm—1 in the
upper spectrum are related to the main bands of litharge and/or
massicot in the bottom spectrum.

Attempts have been made by thermogravimetry to define the
nature of the therma decomposition process of PbO, and to
characterise any compounds of stoichiometry intermediate
between those of PbO, and Pb;0O,4. Old literature indicates that
the steps leading to the formation of PbsO, are as follows:1©

PbO, — a-PbO; (x = 1.66, = 280 °C)
®-PbO, — B-PbO, (y = 1.5, =375 °C)
B-PbO, > PO, (> 375°C)

However, the results were unsatisfactory owingto difficultiesin
controlling the decomposition process, which was found to be
determined by the atmosphere (air, O, or N,), therate of heating

Tablel Stabilities of the lead oxides in laser beams of different wavelength

of the sample and the quenching procedure adopted at any
particular temperature to obtain an intermediate at room
temperature for Raman study. Curiously, one such intermediate
phase, PbO, g5, wasidentified by XRD; however, the FT Raman
spectrum of this phase (Fig. 6) did not correspond to that of any
species generated by laser-induced degradation. Possibly thisis
because thermal equilibrium cannot be obtained under laser
irradiation.

The Raman spectrum of PbO, (Fig. 1) is very weak, and it
contains two weak bands which probably derive from trace
amounts of the very strongly scattering PbsO,4. Pure PbO, is
known to lose oxygen rapidly, with 5% loss being reported 15
h after preparation.2® The remaining three bands, at 653 (m),
515 (s), and 424 (m) cm—1 appear to be the anal ogues of the 776
(wim) (bag), 634 (9) (ang) and 475 (w/m) (eg) cm—1 modes of
Sn0,,21 with which PbO, is isostructural (each has the rutile
structure, space group D424, P4/mnm). Both the intensity and
wavenumber patterns of the Raman spectrum of each dioxide
match each other closely. The assignments given for PbO, are
much more appropriate than those adopted for force field
calculations on rutile structures?2 from the results of inelastic
neutron scattering experiments.23

Conclusion

The Raman spectrum of PbO, can be recorded without causing
any degradation to the sample provided that a laser beam of
sufficiently long wavelength and very low power is used. The
Raman spectrum thus obtained is distinguishable from that of
any other lead-containing pigments (such as massicot, red lead
and litharge) and can therefore be used for identification
purposes. The detection of PbO, by Raman microscopy is
nonetheless difficult since this materia is only a very weak
Raman scatterer (and very strong absorber) and so any other

129
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355
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77,
=665
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Fig. 6 FT-Raman spectrum of a sample obtained by heating PbO, to
425 °C. Ao = 1064 nm, power 3 mW, 18000 scans, resolution 2 cm—1,

PbO, power/mw

Pbs0,4 power/mW

PbO (litharge) power/mwW

Raman Sample Raman Sample Raman Sample

Ad/nm spectrum obtainable decomposes spectrum obtainable decomposes spectrum obtainable decomposes
1064 No >30 <2702 No <2702 No

781.8 0.05-1.25 =25

647.1 No >0.76 <2.3a No

632.8 0.25-1.25 >1.25 <0.9 >9

514.5 No >0.2 No >0.2 <04 >04

488.0 No 223 No >0.6 <0.6 >0.6

a Highest power used.
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pigment present in admixture therewith might yield a Raman
spectrum sufficiently intense to swamp the signal from PbO..
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