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Abstract In this work non-invasive reflection infrared
spectroscopy was used to discriminate between different
Cu-based green pigments (namely, malachite, verdigris,
chrysocolla, emerald green and phthalo green). The pig-
ments, chosen because of their historical widespread use in
artworks, were investigated as pure powders and in situ on
painted models by reflection FTIR spectroscopy. The dis-
tortion arising as a result of the specular and diffuse com-
ponent of reflected radiation was evaluated as function of
the optical and surface properties of the investigated mock-
ups. Use of the Kramers—Kronig (KK) algorithm to correct
for the distortion arising from the surface reflection gave k
index maxima shifted by more than 20 cm ™" relative to those
obtained in conventional transmission mode. These findings
stress the need to carefully manage use of the KK algorithm
on reflection spectra to avoid erroneous assignment. On the
other hand, combination and overtone bands (which are
enhanced by the diffuse reflection) were proved to enable
reliable and sensitive identification of most of the pigments
studied. Knowledge acquired by study of pure compounds
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Introduction

In recent years there has been an exponential increase of
interest in the use of non-invasive analytical techniques able
to yield information by non-contact examination of entire
artwork surfaces [1]. A multi-technique approach based on
the use of complementary spectroscopies (i.e. X-ray fluo-
rescence, Raman, FTIR, UV-visible absorption and emis-
sion) proved very effective for identification of artists’
palettes for different types of artworks, from mural paintings
[2] to easel paintings [3], and from illuminated manuscripts
[4] to ceramics and glasses [5]. Despite the good results
obtained for blue [3, 6], white [7, 8], yellow [3, 9], and red
[10, 11] pigments, very often the non-invasive approach has
proved to be quite unspecific for green compounds [3,
12—15], mainly copper-based. Copper-based green pigments
are a large class of pigments characterized by the presence
of copper (II) in octahedral coordination which is responsi-
ble for the coloration via d—d electronic transition. All
copper-based green pigments give similar results when ana-
lysed by elemental analysis and electronic spectroscopy,
because the key element, copper, is non-fluorescent and
always furnishes a similar absorption band centred at ap-
proximately 600 nm; use of molecular structural spectros-
copy (for example FTIR, Raman, or X-ray diffraction) is,
therefore, advisable for effective discrimination among
these compounds. For the sake of completeness it must be
mentioned that other types of green pigments are available
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to artists, for example green earth (clays containing Fe"),
viridian (chromium oxide), and vergaut (a mixture of indigo
and orpiment).

In the work discussed in this paper reflection FTIR spec-
troscopy was used for non-invasive identification of green
Cu-based pigments in different types of artwork. Five
copper-based green pigments were selected on the basis of
their occurrence in artwork (as summarized in Table 1) and
also on the basis of their molecular structure, to enable study
of different types of copper ligands. These compounds were
studied by focusing the attention on their spectral response
in reflection infrared spectroscopy, alone as a pressed pow-
der and when mixed with organic binders as model
paintings.

Reflection infrared spectroscopy generally implies a nor-
mal optical layout (0°/0° geometry) thus theoretically
favouring the collection of the specular reflected light. In
practice, both the surface roughness of the object and the
infrared optical properties of the investigated materials may
generate light containing both diffuse-like volume and
specular-like surface reflections. As a consequence, the
two competing components of reflection (i.e. specular and
diffuse) lead to different spectral distortions, and thus to
challenges in spectral interpretation [20]. Surface reflection
obeys Fresnel’s law [21] which correlates the reflected light
with both the refraction and absorption indexes. According
to this law, for low absorption index bands the reflection
profile follows mainly the derivative-like behaviour of the
refraction index, resulting in inflection points in the
corresponding infrared reflectance spectrum. Conversely,
high absorption index bands are totally reflected and appear
as inverted or so-called reststrahlen bands [21].

Band shift and broadening, and an increase in the
combination and overtone bands, are generated by the
volume reflection [20]. The forbidden combination and
overtone bands, which have a lower absorption index,
are, in fact, largely crossed by the light resulting in higher

effective sample thickness. For this reason they are not
usually distorted but instead enhanced in reflection mode
compared with the stronger bands. The diagnostic useful-
ness of the undistorted combination and overtone bands
has already been demonstrated for a variety of pigments
[20, 22]. Interpretation of the distorted features generated
by the infrared total reflection is challenging and, quite
often, the Kramers—Kronig (KK) algorithm is used to
obtain more conventional spectral profiles [23, 24]; this
is, however, not correct when both contributions (specular
and diffuse) are present [21].

The effects of diffuse and specular reflection on the
spectral features of each pigment have been considered; this
has enabled determination of diagnostic peaks which can be
used for identification of copper-based pigments on paint-
ings and manuscripts by non-invasive FTIR spectroscopy.

Experimental
Materials

Laboratory samples were prepared with commercial artists’
pigments (malachite, verdigris, and chrysocolla from Zec-
chi, Florence, Italy; phthalo green from Maimeri, Milan,
Italy; emerald green from Kremer Pigmente, Aichstetten,
Germany) and binding media (cold pressed linseed oil,
casein, and animal glue from Zecchi).

Painting mock-ups were prepared for each green pigment.
The lipid binder used was linseed oil (oil models) whereas for
the proteinaceous binder (tempera models) all pigments were
mixed with casein, with the exception of verdigris which,
having low affinity for casein, was applied with animal glue.
Linseed oil was mixed directly with pigment whereas casein
and animal glue were diluted with alkaline water. For each
pigment, a 2:1 pigment-to-binder weight ratio was used, with
the exception of the phthalocyanine green oil mock-up, for

Table 1 Name, chemical formula, and historical context of use of the copper-based green pigments analysed in this work

Pigment Formula Historical use

Malachite CuCOj; - Cu(OH), basic copper carbonate [16] Used in Egypt for eye-paint since predynastic times (before 3200 BC). Then
used in paintings during the Greek and Roman period; finally in European
easel painting in the XVth and XVIth centuries. Malachite has also been
found in Western Chinese paintings of the IXth to Xth centuries [16]

Verdigris® Cu(CH5COO0), - HO/Cu(CH3C0O0), 3Cu(OH), - Used since the Roman Age (mentioned by Pliny in his Naturalis Historia).

2H,0 neutral and/or basic copper acetate [17] Widely used in the Middle Ages, the Renaissance, and the baroque period [17]
Chrysocolla  (Cu, Al),H,Si,05(OH), - nH,0 copper silicate [18] Used in Ancient Egypt (since the Predynastic period), India, and China [18]

Emerald green 3Cu(AsO,), - Cu(CH3COO), copper acetoarsenite [19] Discovered between 1800 and 1814. Used until the end of the XIXth century.
Popular among the French impressionist and post-impressionist artists [19]

Phthalo green C;,H,NgCl;4Cu chlorate phthalocyanine [18]

Discovered in the 1907 and used from the 1930s as both painting and restoration

material [18]

#In this work a neutral copper acetate was used
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which a 1:1 pigment-to-binder ratio was used. These ratios
resulted in the best fluid yet thick consistency suitable for
painting. Only for malachite were prepared further models
with different pigment-to-binder weight ratios (1:2, 1:1, 2:1,
and 3:1), to estimate spectral interference from the binders and
the detection limit of the pigment for diagnostic purposes. The
paint model samples were kept in the dark and at ambient
temperature for approximately six months before being
measured.

The results obtained from the study of the laboratory
samples were finally used for interpretation of the spectra
collected in situ on real artworks through the MOLAB
transnational access [1] founded by the Eu-ARTECH
(FP6) and CHARISMA (FP7) European projects.

Spectra acquired in total reflection mode from the follow-
ing artworks (painted with malachite, emerald green, and
verdigris) were selected as examples for discussion:

* two illuminated Gospels conserved in the Putna Monastery
(Romania);

» amanuscript of the XV century belonging to the library of
Palazzo Corsini (Accademia dei Lincei in Rome, Italy);

* Adorazione dei Pastori (1522), a mural painting by
Perugino (Madonna delle Lagrime Church, Trevi, Italy);

»  Polittico di Sant’Angelo (1499), an altarpiece by Niccolo
di Liberatore (Sant’Angelo Church, Bastia Umbra,
Italy);

»  The Crucifixion of Christ (1855-1893), Ethiopian paint-
ing on canvas (British Museum, London);

*  Chemistry (1909-11), painting on canvas by Edvard
Munch (Aula of Oslo University, Oslo, Norway); and

*  Dinamismo di un corpo umano (1913), a painting on
canvas by Umberto Boccioni (Museo del Novecento,
Milan, Italy).

Infrared transmission spectroscopy

Transmission mid-FTIR spectra were recorded by use of a
Jasco FT/IR-470 plus spectrophotometer, comprising a Glo-
bar IR radiation source, a Michelson interferometer, and a
pyroelectric deuterated triglycine sulfate (DTGS) detector.
Spectra were collected in KBr (Sigma—Aldrich, Steinheim,
Germany) pellets in the range 400-4000 cm ', with a spec-

tral resolution of 2 ¢cm ™.

Infrared reflection spectroscopy

Reflection mid-FTIR spectra were recorded by use of a
portable Jasco VIR 9500 spectrophotometer equipped with
a Remspec mid-infrared fibre optic sampling probe. The
instrumentation is made up of a Midac Illuminator IR radi-
ation source, a Michelson interferometer, and a liquid
nitrogen-cooled MCT detector. Measurements were

collected with a bifurcated cable probe containing 19
chalcogenide glass fibres that enabled collection of spec-
tra in the range 6000-900 cm '. The probe diameter was
approximately 4 mm. Total reflectivity, R, i.e. the com-
bined diffuse and specular components, was collected
over 800 scans, at a resolution of 4 cm !, using the
spectrum from an aluminium mirror plate for background
correction. Spectra were expressed as function of pseudo-
absorbance 4’ where 4A'=log (1/R). Kramers—Kronig transfor-
mation was applied in the 7000-900 cm™ " spectral range, by
using the routine available in Jasco software version 1.53.04.

Reflection spectra of pure copper-compounds were col-
lected from pellets prepared with 1 g pigment without dilu-
tion. Pigments, because of their different grain size, were
ground before compression.

Results and discussion

Transmission vs reflection mode spectra of pure green
copper-based pigments

To evaluate spectral distortion in reflection mode because of
the optical properties of the pigments, conventional trans-
mission spectra were compared with reflection spectra col-
lected from pellets made from pure pigment, for which
surface reflection is supposed to be dominant. The total
reflection spectra were corrected by KK transformation, by
evaluating the effect of this conversion for the main bands
and revealing possible discrepancies between the transmis-
sion maxima and calculated k& index maxima (herein indi-
cated as Agg_). The spectra are reported in Figs. 1 and 2,
and the experimental and calculated values of the maxima
are listed in Table 2.

The reflection mode spectrum of malachite shows the
fundamental absorption bands of both CO5>~ (Fig. 1) and
O-H (Fig. 1) highly distorted. The 13 antisymmetric stretch-
ing bands of CO;”>™ at 1389 and 1494 cm ™' are affected by
the reststrahlen effect and appear as inverted bands (maxi-
mum reflection). When the KK correction is applied there is
no correspondence among the transmittance maximum fre-
quencies and those occurring in the & index spectrum (Agy.
2»=30-40 cm ). On the other hand, the § O-H at
1047 cm™' (Agk.v=8 cm '), the v; of CO3> at
1096 cm™! (Agx=4 cmfl), and v;+v; of O-H at 3313
and 3402 cm ™' (Agg.w=12-14 cm™'), appearing as sig-
moid bands, are properly corrected.

New characteristic absorptions are visible in the region
1700-2600 cm™ ' of the reflection mode spectrum (Fig. 1).
Considering the molecular structure of malachite, it is rea-
sonable to assign these bands to the following combination
and overtone modes typical of carbonate and basic carbon-
ate compounds: 2916 and 2851 cm ™' to 21, [20], 2422 and

@ Springer



2702 D. Buti et al.
Fig. 1 I.nfrared transm‘ission malachite go | 2
(black line) and reflection (grey 32 K T 0 ~
line) mode spectra of malachite, I “ X o ¥ g
chrysocolla, and phthalo green :"-",I S T o ® Al A
compared with the & index b \ UK I 8 il
profile obtained from KK 14 Kindet] S z
correction of the reflection ‘;] L © & / AN f | @
spectra (red line) b ~ B pp h | | |~
o Y &) N BN & |/ | kindex,
8o N O v
o T € ey |
\ B3>
' — v ™,
6000 5000 4000 3000 2800 2400 2000 1800 1500 1200 900
Wavenumber (cm™)
chrysocolla w3 §
© 3 o) it
® oo |
WX E
~7 \ © \
|\ s s ™ \
AN o ©
/ b \ 1,// — J W
x 2 N\
= SN 7]
o [Kindex
—I g - =
N -—
5 3
6000 5000 4000 3000 2800 2400 2000 1800 1500 1200 900

Wavenumber (cm”)

hthalo green n ol
p g i = Ng
f" Ju,
m s A
- >
o ~o o
o 8“‘) w
— — < -l
9|
CLE k index
g g%
6000 5000 4000 3000 2800 2400 2000 1800 1500 1200 900

2537 cm ! to v+ [20, 25], 2075 cm ' to 2 & (O-H), and
1803 cm ' (with shoulders at 1768 and 1838 cm ") to vy +v4.
At higher wavenumbers (over 3500 cm ) further features are
visible in the reflection spectrum (Fig. 1). The bands occurring
at 4506 and 4405 cm ™' can be ascribed to the second-order
overtone of 3 CO5> , the peaks at approximately 4241 and
4166 cm™" to the combination of O—H bending and stretching,
and the band at 3885 cm ™' to the combination of the O—-H
stretching and the Cu—OH deformation modes.

The transmission mode spectrum of chrysocolla, a copper
silicate, is shown in Fig. 1. The strongest band at 1027 cm ™ is
that of Si—O antisymmetric stretching whereas the less intense
signal occurring at 1636 cm ™' can be ascribed to O—H bending
vibration. The O-H stretching region is characterized by a

@ Springer

Wavenumber (cm”)

broad band made of three unresolved components at ca 3230,
3435, and 3625 cm ™. In reflection mode (Fig. 1) the Si-O
stretching vibration of this pigment occurs as a strong rest-
strahlen band at 1034 cm ™', the OH bending as a derivative
band, and the OH stretching signals as a broad band at
3510 cm ', The less intense signal at 4411 cm ' can be
tentatively assigned to the combination of O—H stretching
and Cu—OH deformation and the band at 5226 cm ™' to the
combination of OH bending and stretching vibrations. As for
malachite, the KK correction does not work properly for the
strong inverted Si—O mode, giving Agg =24 cm ' the
correction also affects the shape of the OH stretching which,
after the KK correction, appears as a unique broad band
centred at 3500 cm ! (Fig. 1).
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Fig. 2 Infrared transmission
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Copper phthalocyanine (Fig. 1) has been already studied
and the band assignments in the mid-infrared have been
reported elsewhere [26, 27]. In the reflection mode spectrum
all the fundamental absorptions of phthalo green between
900 and 1500 cm ™' (Fig. 1) have a derivative shape and are
properly corrected by the KK algorithm, as proved by the
low Ak values reported in Table 2. Also for phthalo
green, in the 1700-2600 cm ' range and over 3500 cm™ ',
bands attributable to combination and overtone vibrations
are visible. The bands between 1700 and 2600 cm ' are
stronger in the transmission spectrum than in the reflection
spectrum, probably because the very smooth surface of the
phthalo green pellet does not favour the volume reflection.

The reflection spectrum of verdigris (Fig. 2), a neutral
copper acetate, is characterized by symmetric and antisym-
metric stretching vibrations of the coordinated carboxylate
groups at 1421 and 1602 cm ™' respectively [17, 28] appear-
ing as distorted bands. The higher Agg_ =21 cm ! for the
first band may suggest a reststrahlen character for the stron-
ger antisymmetric stretching whereas the lower Agy =

Wavenumber (cm™)

9 ¢cm ! for the symmetric mode indicates a higher contribu-
tion of the refraction index in the corresponding reflection
spectral profile resembling a derivative band. The O-H
stretching vibrations, placed at 3270, 3375, and 3475 cm !
[28] (Akk.v=4-9 cm "), have derivative shape. The same
distortion (Agg.=1-9 cmﬁl) could be seen for the C-H
bending modes at 1032, 1051, 1354, and 1444 cm . The only
non-distorted bands are the less intense bands visible in the
17002800 cm ™' range and those appearing over 3500 cm .
The signals occurring between 3900 and 4200 cm ™' can be
assigned to the combination of CH stretching and bending,
and the combination of OH stretching and rocking vibrations
(at 628 and 690 cm ' [28], not shown). The three peaks at
4328, 4373, and 4433 cm ! arise from the combination of CH
stretching and bending modes, and the two occurring at 5030
and 5133 cm ™' from the combination of OH stretching and
deformation modes. Frost et al. [29], in the spectrum of
hoganite, a natural monohydrated copper acetate, assigned
bands at 5600 and 5800 cm ™ to the water overtones and those
at 5943 and 6000 cm ' to the first overtone of CH stretching.
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Table 2 Experimental maxima and mode assignments of the main absorption bands from the spectra recorded in transmission mode, difference
(Agk.) between the maximum calculated from KK correction of the reflection spectrum and the maximum of the transmission spectrum

Pigment Frequency (cm ') Assignment Frequency (cm ') AxxV Type of
(transmission spectrum) (k index spectrum) (em ™M distortion
Malachite 1047 0 OH 1055 8 Derivative
1096 v, CO5>~ 1100 4 Derivative
1389 vy CO5% 1417 28 Reststrahlen
1494 vy CO5> 1535 41 Reststrahlen
3313 v OH 3325 12 Derivative
3402 v OH 3416 14 Derivative
Chrysocolla 1027 v SiO 1051 24 Reststrahlen
1637 0 OH 1638 1 derivative
Phthalo green 948 0 CH 949 1 Derivative
1094 0 CH, n NN 1095 1
1152 0 CH 1153 1
1159 0 CH 1159 /
1183 0 CH, § NCuN 1183 /
1192 0 CH, n NN 1193 1
1210 - 1212 2
1276 0 CC, 6 CH 1277 1
1305 7 NN, 0 CNC, v CC 1306 1
1320 0 CC 1320 /
1326 0 CH, v CC, n NN 1326 /
1367 - 1367 /
1390 v CuN, § CNC 1392 2
Verdigris 1032 0 CH 1033 1 Derivative
1051 0 CH 1052 1 Derivative
1354 0 CH 1356 2 Derivative
1421 vs COO 1425 4 Derivative
1444 0 CH 1453 9 Derivative
1601 v, COO 1621 19 Reststrahlen
3270 v OH 3274 4 Derivative
3375 v OH 3384 9 Derivative
3475 v OH 3482 7 Derivative
Emerald green 1022 0 CH 1029 7 Derivative
1454 v, COO 1459 5 Derivative
1556 v, COO 1577 21 Reststrahlen

The spectrum of emerald green (Fig. 2), a copper aceta-
toarsenite, contains two bands assigned to the carboxylate
group at 1454 cm™' (symmetric stretching) and 1557 cm™'
(antisymmetric stretching). In this case the KK correction
works properly for the weaker symmetric stretching only,
with Agg_ /=5 cm '; after KK correction the stronger anti-
symmetric stretching, appearing as a reststrahlen band in the
reflectance spectrum, is shifted of 21 cm™' relative to the
absorption maxima and the resulting spectral shape is quite
different from that of a conventional absorption peak.

In conclusion, among the five pigments considered here,
only for copper phthalocyanine is the total reflection spectrum
properly corrected by use of the KK algorithm. For all the
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others there are strong fundamentals bands which appear as
reststrahlen bands in reflection mode and give large shifts in &
index spectra calculated by KK correction. In fact, in corre-
spondence of the reststrahlen bands the refractive index may
reach values below unity [30], so the condition for the validity
of Fresnel’s law is lost, and with it the ability of the KK
correction to properly correct the distorted spectral profile.

Reflection infrared spectra of green copper-based pigments
on model paintings

In general, the presence of both proteinaceous and lipid
binders substantially affects the infrared fingerprint regions
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showing, in this range, characteristic signals. Specifically, the
three strong signals assigned to amide I at 1657 cm™ ', amide IT
at 1549 cm ', and amide IIT at 1446 cm™' from the protein, and
C—O stretching vibrations at 1099, 1170, and 1242 em !, C-H
bending vibrations at 1376 and 1460 cm™', and C=0 stretching
vibration at ca 1740 cm™' from the lipid may overlay the
diagnostic bands of Cu-based pigments.

The spectra of malachite mixed with different concentra-
tions of the two binders are reported in Fig. 3 to illustrate
further considerations regarding the spectral modifications
arising in reflection mode and the possibility of applying the
KK correction.

In more detail, the position of the minima of the funda-
mental bands, for example § OH at 1047 cem ' and v3 CO5>

Log 1/R

¥ 1

3000 2000 1500
Wavenumber (cm’™)

4000 1000

Fig. 3 Infrared reflection spectra of malachite models with different
pigment-to-binder ratios for casein (a) and oil (b). Pure binder (blue
line), pigment + binder (black line), and pure pigment (green line).
Combination and overtone bands are highlighted by asterisks and hash
marks, respectively

at 1389 and 1494 cm ™' (indicated by the dotted line in
Fig. 3) depend on the pigment-to-binder ratio. Considering
the minimum of the inverted band in the pure powder
spectrum compared with the painting model spectra, the
hydroxyl bending is shifted by 1-4 cm™" in tempera mock-
ups and by 16-19 cm™ in oil mock-ups whereas the anti-
symmetric stretching signals of the carbonate is shifted by
2-7 cm ' in tempera mock-ups and by 18-34 cm ' in oil
mock-ups. Applying the KK correction to the spectra
obtained from models with higher concentrations of mala-
chite (pigment-to-binder 3:1), the Axg_ v of the mock-ups is
always higher than that observed for the pure pigment
(22 cm™" for hydroxyl bending and 48 and 58 cm ™' for the
two carbonate stretching peaks for the tempera model; 42
and 44 and 71 cm™ " for the oil model). Furthermore, for both
the binders Agk. increases as the concentration of the
pigment decreases.

The KK correction does not work properly for complex
systems, for example the model paintings, for which the
surface reflection is not the only contribution to the total
reflection. In the painting models, in fact, the pigment
particles are diluted in the binder, favouring penetration of
the radiation and thus generating a volume reflection also.

The fact that the Ay v is higher for the oil mock-ups
than for the tempera mock-ups may have different explan-
ations, both related to the different optical properties of the
surfaces in terms of refraction index, surface morphology,
and a different pigment-binder mixture that can be more or
less homogeneous.

Having very low k indexes, the combination and over-
tone bands are barely affected by the total reflection, being
only enhanced and not shifted or distorted. The 2 § (OH),
the v;+13 CO5>™ and the v+, CO3>~ (Fig. 3, indicated by
hash marks) already appear in 1:1 ratio with casein whereas
in the oil mock-ups the first two arise in 2:1 ratio and the
latter is never visible, probably because of the strong effect
of the v C=0 of the lipid binder. With the highest amount of
binder (pigment-to-binder 1:2, either protein and lipid) only
the high-wavenumber combination and overtone modes of
malachite can be used for diagnostic purposes. In more
detail, the 2 § (OH) and the signals over 3700 cm ' (at
4241, 4405, and 4506 cm ') are visible in both spectra
(Fig. 3, indicated by asterisks), the last ones partially over-
lapped with the CH combination band of oil, however.

For the other tempera and oil model paintings (Figs. 4
and 5), the following observations were made.

» Chrysocolla, whose infrared spectrum is characterized
by few signals, was undetectable when mixed with both
binders;

* In the verdigris tempera model, only the carboxylate
antisymmetric stretching COO  is clearly visible, but
shifted approximately 7 cm ' relative to the pure
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Fig. 4 FTIR reflection spectra
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pigment; on applying the KK correction Agg_ v is up, in addition to these, the inverted antisymmetric
38 cm™'. The combination and overtone bands between stretching COO"™ is also detectable and it shifts from
1700 and 2800 cm ' are not visible, whereas those 1558 to 1570 ecm ' with relative to the pure pigment
occurring in the near infrared above 3500 cm ' are still (considering the minimum of the inverted bands).
observable. In the oil mock-up, no fundamental bands ¢ In the phthalo green mock-ups, the fundamental features
appear in the spectrum, but all the less intense combi- of the green pigment fall in a spectral range where there
nation and overtone signals are well defined. is no overlapping with the proteinaceous binder, result-
* In the emerald green tempera mock-up, only the combi- ing in the visualization of derivative-like bands. In the
nation and overtone bands are visible. In the oil mock- oil model, the fundamental bands of the green pigment
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are mainly masked by strong lipid signals. Despite this,
the infrared range of the combination bands and over-
tone bands (20003000 cm ') being free from the binder
signals can be used to identify phthalo green in the
presence of the oil. It is interesting to note for the
tempera mock-up that after use of the KK algorithm
Agk. is approximately 1-2 cm ™', in agreement with
the results obtained by applying the KK correction to the
pellet spectrum.

In conclusion, study of the model samples demonstrated
that all the copper-based pigments but chrysocolla can be
non-invasively identified by reflection FTIR when consid-
ering as diagnostic features the combination and overtone
bands that differ from the fundamental band being not dis-
torted by matrix effects.

Analysis of original paintings and manuscripts

In general, the identification of malachite on different types
of artworks (manuscripts, murals, easel paintings) was
found to be quite straightforward using the mid infrared
carbonate combination and hydroxyl overtone bands which
are enhanced by diffuse reflection and are not masked by
signals of the paint matrix.

To give an example, infrared spectra of green areas
obtained from miniatures (Fig. 6a, b) of the three illuminat-
ed manuscripts are shown in Fig. 6¢, in which the peculiar
shape of the /| +1; combination bands of CO5% at 2525 and
2425 and the 2 § (OH) at 2075 cm™ ' of malachite are visible.
The near IR combination bands at 4400 and 4245 cm '
(Fig. 6¢) are also observable in the two spectra, although
partially overlapping with the binder and support infrared
signals. Furthermore, in this particular case study some of
the fundamental bands are also detectable—CO;> asym-
metric stretching at 1385-1490 cm™' and OH bending at
1043 cm ™.

In Perugino’s mural painting, a mixture of green and blue
copper carbonate pigments (Fig. 7) was detected by non-
invasive FTIR analysis [31]. In fact, azurite has been iden-
tified in the shadows of the darker areas of the green mantle
(1 +v5 of CO5*™ at 2550 and 2501 cm™ ') which were made
with malachite (v, +15 of CO5”>™ at 2423 cm ' and 2 § (OH)
at 2078 cm ). In Fig. 7b, in which the spectral range of
interest for the combination bands is enlarged, it can be
noted that the features of both copper carbonates can be
differentiated from those of the calcium carbonate matrix
lying in the same spectral region.

Notably, the combination and overtone bands used as
markers for identification of malachite are clearly seen in
the spectrum recorded on a varnished area of a panel paint-
ing by Niccolo di Liberatore (Fig. 8, III), albeit with a more
noisy profile than the spectrum recorded on the same green

i L " Il i 1 i L i Il i 1 i 1
4500 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 6 (a) Anima Pellegrina by Tommaso Sardi, miniature of the
Palazzo Corsini manuscripts. (b) Miniature of one of the Putna mon-
astery gospels. (¢) FTIR reflection spectra recorded on green areas of
the illuminated manuscripts: I, Anima Pellegrina; II, p. 121 St Mark’s
Gospel; 11, p. 185 St Luke’s Gospel; IV, parchment; V, malachite
standard

area but unvarnished because under the picture frame
(Fig. 8, 1I).

Use of emerald green in the Munch and Boccioni paint-
ings (Fig 9a,b) was first suggested by detection of As and
Cu in the XRF measurements; it was then confirmed on the
basis of the combination and overtone bands occurring at
3960, 4015, and 4411 cm ™' and the carboxylate antisym-
metric stretching at 1570 cm ™' (minimum of inverted band,
as discussed for models) (Fig. 9c¢).

Identification of verdigris was much more challenging; as
a matter of fact, it has never been detected for certain by use
of infrared reflection mode either on paintings [3] or on
illuminated manuscripts, for which, in particular, according
to ancient writings, it was widely used. Considering that
such difficulties have not emerged in this work in the study
of unaged model paints, explanation must be found in the
low stability of copper acetates which have been proved to
undergo carboxylate—acetate ligand exchange when mixed
with lipid binding medium [32]. The copper-based green on
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Fig. 7 (a) Detail of Perugino’s
fresco Adorazione dei Pastori.
(b) FTIR reflection spectra
recorded from the green robe of
Saint Paul: 7, blue shadow; 17,
azurite standard; /I, mortar; [V,
green shadow; ¥, malachite
standard

The Crucifixion of Christ (Fig. 10a), which has degraded to
a brownish colour over much of the painting, was suggested
to be verdigris-type by FTIR microscopy of micro-samples
[33]. Non-invasive reflection spectra recorded on areas in
which the green colour has been preserved (Fig. 10b) show,
besides bands related to the canvas, a sharp and inverted
band at 1586 cm ' that could be assigned to copper fatty-
acid soaps [34] also detected on related micro-samples [33].
It is worth mentioning that XRF measurements, performed
on different green areas of the same painting, have revealed

Fig. 8 (a) Niccolo Liberatore’s
panel painting Polittico di
Sant’Angelo. (b) FTIR
reflection spectra recorded
from: /, ground layer; /7,
unvarnished green area under
the picture frame; /I, varnished
green area; [V, malachite
standard

@ Springer
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the presence of chlorine associated and linearly correlated
with copper (Fig. 10c), indicative of the presence of verdi-
gris, because some recipes for verdigris recommended use
of chlorides [35].

Alteration of verdigris, ground in a oil medium, with
formation of amorphous copper fatty acid soaps, has been
proved for ancient easel paintings by micro-FTIR analysis
on micro samples, by identification of COO™ antisymmetric
and symmetric stretching at approximately 1585 and
1411 cm™ ', respectively [36—-38]. Copper oxalate, also, has
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Fig. 9 (a) Dinamismo di un corpo umano, Umberto Boccioni’s paint-
ing on canvas. (b) Chemistry Edvard Munch’s painting on canvas. (c)
FTIR reflection spectra recorded from green areas: /, green area from

been identified on copper-based green areas of easel paint-
ings, mural paintings, ceramics, and maps by use of micro-
X-ray diffraction [37], micro-Raman [39, 40] or micro-FTIR
in laboratories [39] and by portable FTIR in-situ [12].

A systematic study of the effect of thermal and photo-
chemical aging on the infrared spectral behaviour of differ-
ent Cu-based pigments mixed with oil and proteins is in
progress, with the purpose of evaluating which spectral
modifications can be encountered for each of these on
original objects.

Fig. 10 (a) Ethiopian painting
on canvas The Crucifixion of
Christ (1855-1893). (b) FTIR
reflection spectra recorded from
green areas: /, green area; //,
canvas; /11, verdigris standard.
(¢) XRF counts measured for
chlorine (K,) and copper (Ky)
on green areas showing the
correlation between the two

Log1/R

1 " 1 PR | L 1 L
3900 1800 1500 1200
Wavenumber (cm’')

1 1
4500 4200

the Boccioni painting; /I, canvas; /I, green area from the Munch
painting, /V; emerald green standard

Conclusions

This paper illustrates the potential of FTIR reflection spec-
troscopy for in-situ molecular identification of copper-based
green pigments. Analysis conducted on pellet samples
revealed spectral distortions and modifications observed
when working in reflection mode compared with conven-
tional infrared transmission, and revealed useful diagnostic
bands for identification purposes. Application of the
Kramers—Kronig correction to spectra acquired from the

b
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pure pigments, as pellets, to correct for the distortion arising
from the surface reflection, gave reliable spectral features
for the derivative-like profiles, whereas for reststrahlen
bands originating from the antisymmetric band of the dif-
ferent copper ligands (carbonate, acetate, and silicate) it
gave k index maxima shifted by approximately 20—
40 cm™' relative to those obtained in transmission mode.
These findings stress the need to carefully manage the KK
correction for reflection spectra, to avoid misleading inter-
pretation and erroneous assignment.

The results obtained for mock up painting samples
showed that different binders do not prevent the visualiza-
tion of pigment diagnostic bands even when working in
reflection mode, the only exception being chrysocolla, the
copper silicate, whose reflection spectrum is characterized
solely by a reststrahlen band at approximately 1027 cm '
and a few small and unspecific combination bands all over-
laid by the signals from the organic binding media.

The knowledge gained by studying the pure pigments and
the paint models in reflection mode was used for assignment
of infrared spectra collected in-situ for paintings and manu-
scripts painted with malachite, emerald green, and verdigris.
As was already apparent from the study of models, the use of
combination and overtone bands related to the fundamental
stretching and/or bending of copper ligands enabled certain
identification of both malachite and emerald green in different
types of paintings, even in the presence of varnish. In contrast,
the identification of verdigris was far from easy, most likely
not because of overlapping of matrix signals or spectral dis-
tortions but because of dissolution, over time, of neutral
and/or basic copper acetates in the binder, which resulted in
the observation of a new band assigned to antisymmetric
stretching of copper fatty acid soaps.
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