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Abstract: Preserving and analytically examining daguerreotypes is particularly challenging because
of their multi-material and multi-component structure. Various sensors have been exploited to
examine mainly the image plates of the daguerreotypes even though the degradation goes beyond
this component. Micro-analyses have been the preferred method due to the nanoscale structure of
the image particles. In this work, we propose comprehensive multi-modal non-invasive sensing to
investigate the corrosion products present in nine daguerreotypes from the Fondazione Alinari per la
Fotografia (FAF, Florence, Italy). The methodology proposed includes chemical and morphological
analyses: portable X-ray fluorescence spectrometry (pXRF), Raman microspectroscopy (pu-Raman),
and micro-Fourier transform infrared spectroscopy in reflection mode (u-rFTIR) for the chemical
identification. For the first time, optical coherence tomography (OCT) was deployed to record the
cross-sectional and morphological data of the relevant corrosion formations on daguerreotypes in a
contactless way. The results allowed the characterization, in a non-invasive mode at a microscopic
level, of a wide range of degradation products produced by the interaction of the different elements
present in the structure of the daguerreotypes. The aim was to verify the performance of the proposed
methodology and to link the chemical and physical complexity of the entire structure, disclosed by
the state-of-art sensors, to the daguerreotype degradation. The results draw attention to the need to
monitor not only the image condition but the whole object as a partially closed system in constant
interaction internally and with the environment.

Keywords: daguerreotypes; non-invasive sensing; vibrational spectroscopy; corrosion; optical
instrumentation; Cu formates; metal carboxylates; OCT; XRF

1. Introduction

Daguerreotypes—obtained with the first commercially available photographic
process—are complex unique objects that are fragile and prone to physical and chemi-
cal degradation. In particular, corrosion may be induced by the chemical interaction with
the environment, with degradation by-products from the various materials present in their
structure, or previous attempts of conservation [1].

The process to realize a daguerreotype—contrived by Niépce and Daguerre and
later modified to improve its effectiveness—consists of several steps summarized in
Figure la [2-5]. The image particles, with a nanoscale dimension, are formed over
the copper-silver plate. The nanoparticles (NPs) are constituted by Ag-Hg amalgams
(e.g., the schachnerite ¢ phase (hexagonal Agj1Hgg) and vy phase (body-centered cubic
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AgsHg,)) [1,3,4,6] produced after a series of chemical reactions [1,3]. Because of their
intrinsic fragility, the daguerreotypes were enclosed in a package (step 7), made of var-
ious materials (e.g., metals, textiles, glass, and wood) [7], as schematized in Figure 1b.
Sometimes, before its housing, daguerreotypes were colored manually with colorants and
binders applied over the plate surface ([8] and references herein).

Daguerreotype process Hinged-case daguerreotype structure

1. Plate production
« Roll cladding or electroplating
of Ag over Cu sheet
* Polishing

2. Sensitization
« Halide vapors to form
photosensitive Ag halides
« Cl and Br after 1840

2Ags)* g — 2Agl
2Ag(s)*+ Clyg) —= 2AgCI
2Ag(s) + Bryg —» 2AgBr

3. Light exposure
« Exposure of the plate
inside a camera obscura

10AgX + 10hv — 2Agss) + 5x1(g)
X = halide

4. pevelopment
« Exposure to Hg vapors to
form Ag-Hg amalgam NPs

11Ags + 45Hgq)— 5Ag41Hgg
3Ags + 20Hg(g) —— 5Ag;HY,

5. Fixing & Washing 5 Preserver
« Removal of unreacted Ag halides - e
with water and Na thiosulfate
2Na,S,0; + AgX— Na3[AggS,03),] + NaX

6. Gilding
* Developed by Fizeau in 1840
« Deposition of a Au layer

[Au(S204),1* + Ag ——= Au + [Ag(S203)2]*

7. Housing

« Sometimes hand-coloring Plate Glass Mat Case

« Packing in a case

Preserver

)

Jaureay

Crayon daguerreotype (DVQ-F-000761)

Courtesy of Fondazione Alinari per la Fotografia cross-section view

(@) (b)

Figure 1. (a) The steps of the process with the listed chemical reactions. The image of DVQ-F-
000761, courtesy of Fondazione Alinari per la Fotografia, is shown in step 7. (b) Scheme of the
structure of a hinged-case daguerreotype with the different elements indicated to show its multi-
material complexity.

The analytical examination of the daguerreotypes is particularly challenging due to
their multi-material and multi-component structure. In particular, Table 1 shows evidence
of the most commonly applied sensing technology to reveal their degradation. The degra-
dation of the image plate can be fast and irreversible [9]. Its main tarnishing product
is silver sulfide—acanthite (Ag,S)—and to a lower extent other Ag compounds, such as
Ag oxides or Au-Ag sulfides (e.g., AuAgS or AuAgs3S,), the latter in gilded daguerreo-
types [10,11]. Some daguerreotypes are particularly photosensitive as a consequence of
the formation of AgCl in the image particles. Chlorine, which can also damage the Ag-Cu
plate, can be a residue of the manufacturing process, the application of historical cleaning
treatments (e.g., thiourea solutions acidified with HCI), or the interaction with atmospheric
pollutants [2]. In addition, some early cleaning methodologies may induce modifications
to the image NPs morphology and activate corrosion mechanisms, for example, KCN
cleaners, which could produce silver cyanide (AgCN), while thiourea solutions could cause
etching, retarnishing, and Ag phosphate (AgzPO4) deposition (as a result of the addi-
tion of phosphoric acid for pH adjustment) [1,12,13]. The extreme fragility of the objects
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(physically and photochemically) and the ultrafine structure of the image calls for the tech-
niques with high spatial/spectral resolution sensors that enable obtaining information in a
non-invasive way.

As summarized in Table 1, up to now, microscopic sensing (e.g., confocal and differ-
ent modalities of electron microscopy [1,3,14,15], micro-Raman [7,16], and occasionally
Synchrotron-based analysis [10]) was exploited for studying daguerreotypes, obtaining
both morphological and chemical information from the image surface. However, the size
of the plate or the invasiveness (required physical sampling) might limit their application.
The microscopic investigations shed light on the image particle formation, on their shape,
and how their modifications impact the optical properties of the daguerreotype [3,5,6].
Additionally, elemental spot sensing with X-ray fluorescence (XRF) [10] and Laser-Induced
Breakdown Spectroscopy (LIBS) [17] proved particularly useful due to the prevalence of
the metallic and glass elements inside the daguerreotypes structures; however, the latter
is micro-invasive. Molecular sensing, namely Raman spectroscopy, can exploit the nanos-
tructure of the daguerreotype plate to produce a surface-enhanced Raman spectroscopy
(SERS) effect [18], yet the laser power must be kept low to avoid the photoreduction of
Ag. Other vibrational sensing, through attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), has limited applicability due to the required sampling
or direct contact with the material [19]. Imaging methods, such as technical photography
(ultraviolet (UV) and visible) hyperspectral reflectance and XRF mapping, focus mainly on
the daguerreotype plate [10,17,18,20] to register its characteristics [11,21-23].

Table 1. Degradation products disclosed by different sensing technology in daguerreotypes as
reported in the literature.

Section Degradation Product Analytical Technique Lit.
al Weepmg\l (S%O)h;ni‘fsihcate gels) SEM-EDS, X-ray Diffraction (XRD), [19,24]
ass & uiates FTIR-ATR (after sampling) !
Formates
Mat and Preserver Na/Cu formates and carbonates Raman [25,26]
Acanthite (Ag2S), silver sulfate, silver .
Image Plate chloride, silver oxide SEM-EDS, XRD, Raman, [1,2]

Cu oxide, Cu sulfide Synchrotron-based techniques, LIBS

In this respect, we propose a comprehensive non-invasive, multi-sensorial proto-
col to examine the complete multi-material structure of daguerreotypes at a microscale,
with special regard to the corrosion products. The methodology consists of elemental
and molecular sensing through portable X-ray fluorescence spectrometry (pXRF), Raman
microspectroscopy (n-Raman), and micro-Fourier transform infrared spectroscopy in re-
flection mode (u-rFTIR) for the chemical identification and optical coherence tomography
(OCT) for the contactless, cross-sectional, and morphological characterization. The results
obtained on nine daguerreotypes from the Fondazione Alinari per la Fotografia (FAF, Flo-
rence, Italy) demonstrate the versatility of such a combination of the sensors to disclose the
corrosion products on a microscale.

2. Materials and Methods
2.1. Daguerreotypes Studied

Nine daguerreotypes from the Fondazione Alinari per la Fotografia (FAF) from the Tus-
cany Region (Florence, Italy) [27] were examined. Table 2 summarizes the main information
about each object.
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Table 2. Daguerreotypes studied in this work. The colors next to the codes are used in the figures of
this work to associate the relevant data with the examined object.

Code * Subject Plate Dimensions (cm?) Historical Information [27,28]
Portrait of Zelinda Tallini ca. 1846-1848, Claude Porraz
[ J -F- ,
DVQ-F-000028 in Galli 107 > 8.1 (Bologna, Italy).
® DVQ-F-000535 Couple portrait 7.60 x 6.40 Before 1845. Unidentified author.

©® DVQ-F-000761

DVQ-F-000900

©® DVQ-F-001667

@ DVQ-F-002339

® DVQ-F-002560
® DVQ-F-002694

DVQ-F-002766

After 1850. Unidentified author.
Hallmark: Asterisk J P Doublé 40.

Portrait of a girl 8472 Probably a French plate maker
(production from ca. 1850-1858).
Portrait of a woman with 79 % 6.9 ca. 1840-1850.
a child ’ ’ Unidentified author.
. ca. 1855, Désiré Francois Millet
Portrait of a young woman 11.0 x 8.5 (active in London, UK).
1847-1860, James E. McClees and
Male portrait 14.0 x 10.7 Washington Lafayette Germon
studio (Philadelphia, PA, USA).
Male portrait in half-length 7.7 X 6.9 Before 1845. Unidentified author.
Portrait of aascej:l'zd man with 82 x 7.1 After 1850. Unidentified author.
ca. 1841-1851. Antoine
Female portrait 79 x 6.4 Francois-Jean Claudet (active in
London, UK).

* Code corresponds to the ID number from FAF. Codes can be used to search the daguerreotypes in the FAF
Unique Object collection available online [27].

2.2. Portable X-ray Fluorescence Spectrometry

X-ray fluorescence analyses were performed with a portable XGLab ELIO spectrometer
with an X-ray tube with a Rh anode coupled to a 1 mm collimator. The measurements were
performed using 50 kV, 40 mA, and 120 s. The instrument was equipped with a 25 mm?,
Peltier-cooled, Si Drift Detector (energy resolution < 135 eV on the Mn-k« line at 0.5 ms
shaping time, a peak-to-background ratio of the order of 15,000, silicon thickness = 500 mm,
Be window thickness = 12 um). The focal distance from the detection head (90°/63.5°
measurement/detection geometry) was 1.4 cm, and the spatial resolution was ~1.2 mm.
The intensity, expressed in counts per second (cps), was calculated by dividing the area
under the correspondent characteristic analytical line in the XRF spectra by the measuring
time in seconds. The data were processed with Elio SW and PyMCA software.

2.3. Raman Microspectroscopy

Raman microspectroscopy (1-Raman) spectra were measured with a Renishaw inVia
Raman confocal microscope equipped with a Leica DM2700 optical microscope and two
excitation sources at 532 nm and 785 nm. The measurements were performed in an
extended spectral range of 100-3200 cm ™! with a grating of 1800 L/mm for 532 nm and
1200 L/mm for 785 nm and a thermoelectrically cooled CCD detector (spectral range
400-1060 nm) with a spectral resolution of 1 cm ™! per CCD pixel (functional resolution of
3 cm™1). The laser power on the daguerreotype surface was <1 mW, with typical 10-20 s
integration times and 1-5 accumulations. The data spectra were collected with 50x (N
PLAN NA = 0.5; theoretical spot sizes3; = 0.65 pm and spotsizezgs = 0.95 um) long-distance
objective and processed with WiRE™ 5.5 (Renishaw plc.) and Origin®Pro 8.5 (OriginLab
Corporation) software.

The Raman bands of Ag sulfide compounds were fitted by the proper number of Gaus-
sian curves to better determine the band positions with Origin®Pro 8.5
(OriginLab Corporation).
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2.4. Micro Reflection Fourier Transform Infrared Spectroscopy

Micro reflection Fourier transform infrared (p-rFTIR) spectra were acquired in a
contactless reflection mode with a Thermo Nicolet Continuum microscope equipped with
a 15x objective (NA 0.58). The spectra were recorded in the 4000-400 cm ! spectral range,
with a spectral resolution of 4 cm~! and the autogain mode activated. To maximize the
signal-to-noise ratio, each measurement was performed with an aperture of 175 x 175 um?
and 256 scans. The background acquisition was performed with the same conditions over a
Au-coated glass slide. The data were processed with Omnic 9.0 (Thermo Fisher Scientific
Inc.) and Origin Pro 8.5 software.

2.5. Spectral-Domain Optical Coherence Tomography

We performed morphological and cross-sectional analyses of resin layers and corro-
sion deposits with a commercial optical coherence tomography (OCT) device (Thorlabs
Ganymede). We used a superluminescent diode with a central wavelength of 900 nm
and a bandwidth of about 150 nm. The axial resolution in the air was 3 um, while the
lateral resolution was 4 um. The detector consisted of a spectrograph made of a diffraction
grating and a fast camera, all controlled via 64-bit Thorlmage®5.0 software (Thorlabs Inc.)
preinstalled on a high-performance computer.

The 3D scanning path probe with an integrated video camera performs high-speed
imaging (76 kHz) for rapid volume acquisition and live display. For the OCT cross-section,
the acquisition field of view (FOV) was 2 x 1 mm?, with a XZ pixel size of 2 x 1.96 um?.
For the 3D image cube reported here, the FOV was XYZ2 x 2 x 1 mm?3, with pixel size of
2 % 2 x 1.96 um?®.

3. Results
3.1. Characterization of the Multi-Material Structure: Plate, Mat, Preserver, and Cover Glass

To understand how the different components in the structure of a daguerreotype
interact, we characterized them first independently. The main elemental composition
(i.e.,, Cu, Ag, Hg, and Au) of the four daguerreotypes disclosed with XRF (Figure 2) is in
agreement with the typical composition reported by previous research [1,17]. The Au Lo
cps suggest that all the plates studied were gilded. Some of the minor elements (Figure 2,
inset) detected (e.g., Cl and K) can be associated with the manufacturing process, such as
fixing and gilding. The values from the Ag (K and L«) and Cu K« lines arise from the
two-layer (Cu-Ag) plate support; their variations are influenced by the inhomogeneous
thickness of the Cu sheet and the Ag layer, as well as the presence of small amounts of
Cu in the Ag layer [17,29]. However, because this technique offers bulk information, it is
difficult to evidence the contribution of each layer from the plate.

Besides the image plate, other elements in the structure of the hinged case were studied.
The p-Raman spectra (Figure 3a) collected from three of the cover glasses show that they are
alkali silicate glasses, which is common for the original cover glasses in daguerreotypes [24].
The spectra exhibit the typical vSi-O intense band (Q3) at 1101/1100 cm ™! for the glasses
containing K and at 1088 cm~! for those with Na. The band at 547-554 cm~! can be
assigned to the §Si-O-Si [30]. In particular, a band at 987 cm~! was detected in the spectra
obtained from the glass of DVQ-F-002339 by the McClees and Germon studio. According
to Robinet et al. [30], it can be associated with low Cu or Pb (<1%) content; indeed, neither
of these two elements were detected with XRE.

The XRF analysis of the metallic elements (i.e., mat and preserver) from DVQ-F-000761
confirmed the presence of an o-brass (Cu/Zn alloy) as suggested by the percentage of Zn
in the mat (~11%) and the preserver (~19%) [31]. Minor constituents and contaminants,
such as Pb, Sn, and Ca, were also detected. Moreover, some of the mats studied present a
distinctive coloration. The results of the OCT analysis of the mat of DVQ-F-000900 show
that a very thin layer, ~12.0 pm (o = 0.9 um), is present over the mat surface and it is not
distributed homogeneously as a result of the micro-topography of the mat (Figure 3c).
Under these conditions, p-rFTIR spectra (Figure 3b) indicate the presence of two types
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of natural resins: shellac and copal. The spectra obtained showed features similar to the
absorbance spectra, without deformations produced by the reflectance modality, probably
due to the absorption-reflection phenomenon induced by the reflectivity of the metallic
surface [32].

Plate layers © DVQ-F-000028 5
8000 © DVQ-F-000761 L
I © DVQ-F-001667
7000 A 3
& 100
. & = o
o 6000 =
g k=)
- o 50
— 5000 0 50 R
@ o 8
c < 2
2 4000 S . 8
0 Image particles/surface od °© 8
L T T T T T
X 3000 - Ska Clka KKa  Feka Pbla !
B Line
2000
° Resid [ tami t l“
1000 < p idues/contaminants |
‘ -} 3 i s
| o 1} ' @ o @ ™ =
0 T T T T T T T T T T
CuKa Ag Ka Ag La Hg La Au La S Ka Cl Ka K Ka Fe Ka Pb La

Line

Figure 2. XRF results from image plates DVQ-F-000028, DVQ-F-000761, DVQ-F-001667, and DVQ-F-
002667. The elements arising from plate and image particles are highlighted. The inset shows the
minor elements related to residues from the manufacturing process or contaminants.

3.2. The Degradation of the Interrelated Elements
3.2.1. Corrosion of Single Elements

The most degraded areas of the plates were those in contact with the mat (the so-
called mat tarnish front, Figure 4a) which shows the characteristic blueish dark color
(Figure 4b) [10,33]. The corrosion products detected in the plates studied were sulfur
compounds, mainly acanthite (AgyS), as shown by the p-Raman spectra (Figure 4c) dom-
inated by the broad band centered at ~200-222 cm~! attributed to the sum, produced
by the low crystallization degree, of three bands from the vsym Ag-S-Ag in Ag,S [34,35].
This is consistent with the typical degradation of silver in S-rich environments [36]. Addi-
tionally, in DVQ-F-000535, DVQ-F-000900, DVQ-F-001667, DVQ-F-002339, DVQ-F-002560,
and DVQ-F-002694, covellite (CuS) was identified in coexistence with Ag,S, as suggested
by the sharp peak at 479 cm~! from the vS-S [34] (Figure 4c). This is in agreement with
the literature reporting the tarnish front, commonly constituted by Ag,O and Ag,S [37].
Indeed, if the storage conditions are not controlled, galvanic corrosion can occur as a result
of the close contact between the two metals. Hence, the degradation of daguerreotypes is
more complex than the sole image plate damage, which in most cases is studied separately.

Basic copper chlorides, atacamite (Cu; CI(OH)3)) and clinoatacamite (Cup(OH);Cl),
were identified with Raman spectroscopy in the lower right corner of the mat of DVQ-F-
002560 (Figure 5a,b). The occurrence of these two corrosion products suggests that the
system is in transition to its more stable thermodynamic phase (i.e., clinoatacamite) [38].
The position and area of the damage suggest that it was produced by an external agent.
Moreover, we found the same basic copper chlorides over the plate, in the area where there
is direct contact between the two elements.
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Figure 3. (a) Raman spectra from the cover glasses of the daguerreotypes DVQ-F-000535, DVQ-F-
000761, DVQ-F-000900, and DVQ-F-002339. The assignment of the main bands is indicated. The sharp
band at 987 cm suggests that the glass contains a small amount of Pb or Cu. (b) p-rFTIR spectra of the
resin layers in the mat of daguerreotype DVQ-F-002560 and DVQ-F-000900. (¢) OCT measurement in
the verso of the mat shows the resin layer in the xz cross-section from the profile marked with the
dashed white arrow in the visible image in the inset.

Finally, some of the cover glasses showed small drop-like degradation products over
the surface (Figure 5¢,d). The images obtained under the microscope present some of the
crystals formed over the surface of the cover glass of DVQ-F-000535, which are constituted
by sodium sulfate (thenardite, «-Na;SOy4-V) (Figure 5c), as indicated by the direct analysis
with Raman spectroscopy [39]. This compound has been identified previously as a degra-
dation product in stained glasses and has been correlated with Na-rich glasses exposed to
the high atmospheric concentration of SO, in addition to relative humidity above 65% [40].
Barger et al. [24] attributed these blister-like crystals of Na sulfate in daguerreotype cover
glasses to the intentional addition of SO, during glass melting to increase the stability of
Na-rich glasses. Indeed, the cover glasses, despite their protective role, may have an impact
on the daguerreotypes’ degradation. Nineteenth-century glasses tend to be chemically
unstable, suffering from weathering [24], and tend to form Na;SO4, BaSO4, NHyBr (when
Br was involved in the daguerreotype manufacturing), or HCOONa when the glass degra-
dation products interact with the image plate surface [10,24]. Furthermore, when the glass
breaks, debris can damage the plate, and the insulation against environmental gasses fails,
producing corrosion that follows the shape of the fracture [37].
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Figure 4. (a) Positive image of DVQ-F-000535, courtesy of Fondazione Alinari per la Fotografia;
the edge tarnish front (red dashed line) and mat tarnish front (white edge front) are marked. The
numbers indicate two regions shown under the microscope in (b). (c) Raman spectra from different
daguerreotypes studied in this work, showing the broad band associated with acanthite (Ag,S) and
covellite (CuS), compared with their respective reference spectra.

3.2.2. Interrelated Elements: Corrosion Induced by Materials Interaction

Evidence of the interaction between the different materials was found in the vari-
ous daguerreotypes studied. Macroscopically appearing dark spots are present in the
majority of the mats and, in a few cases, green corrosion products were identified on a
microscale in correspondence to those dark spots. The p-rFTIR spectra (Figure 6a) from
some of the dark spots evinced the presence of Cu formates, in particular, the broad band at
1596 cm~! and two well-defined peaks at 1373 cm~! and 1350 cm ™!, which can be associ-
ated to dicoppertrihydroxyformate (Cuy (OH)3(HCOO)). The presence of Cuy(OH)3(HCOO)
was confirmed by p-Raman analyses (Figure 6b) in the DVQ-F-002339 mat [41,42], some-
times mixed with cuprite (CuO).

Cu formate formation can be triggered by the interaction of metals with the emissions
from organic materials, for example, wood or cellulosic fibers. Additionally, previous
investigations suggest that the mechanism is induced by an alkaline environment produced
by the degradation products from glass that favor the interaction of the Cu alloy with formic
acid (HCOOH) derived from formaldehyde (H,C=0) emitted by the organic materials [43].
According to Tétreault et al. [44], formic acid has a strong effect on copper, and a very low
concentration is enough to initiate corrosion reactions, producing CuyO and Cu formates.
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Figure 5. (a) Visible image of the mat from DVQ-F-002560, the red dashed circle indicates the area of
the analysis showed in the microphotograph reported in the inset, from where the p-Raman spectrum
reported in (b) was obtained. (c) Microphotographs of two different crystals found in the cover glass
of DVQ-F-000535 containing Na sulfate as suggested by the (d) p-Raman spectra.

Interestingly, in addition to the formates, other carboxylate species were identified
over the mats. The intense broad band at 1600~1594 cm ™! can be associated with the for-
mation of metal soaps (Figure 6c¢), as the result of the interaction between the resins—both
shellac and copal—and the metal substrate. The interaction between the metal ions from
pigments (e.g., Zn white and azurite) and natural resins have been previously described
in paintings and painted glasses [45-47]. It has been attributed to the resin aging, giving
rise to the de-esterification and subsequent production of carboxylic acids that become
available for complexation [46]. The capacity of brass to induce the formation of metal
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soaps was also detected in a painting containing brass particles, which gave rise to the

formation of Cu and Zn soaps in the paint layer [48]. In DVQ-F-000535, very sharp peaks

at 1584 cm 1, different from the broad band attributed to formates, suggest the presence of
Cu carboxylate. To the best of our knowledge, this is the first time that metal carboxylates

are reported in daguerreotypes, and further investigations are required to understand their
formation mechanism. The results are in agreement with other corrosion products (Na-Cu
formate hydroxide oxide hydrate (CusNasO(HCOO)s(H,0)4(OH),), dicoppertrihydroxy-
formate (Cuy(OH)3HCOO), and chalconatronite (Nay[Cu(CO3)]»-3H,0)) [41,49] detected
in daguerreotypes as a result of the co-presence of glass, metals, and wood [25,49,50].
The latter emits formic and acetic acids and formaldehyde [51] that trigger degradation
mechanisms in the glass and metallic elements. The glass degradation products provide

the necessary pH conditions (>8) to induce further degradation mechanisms in the metallic
components that produce formates [41,52].
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Figure 6. (a) u-rFTIR and (b) p-Raman spectra of Cuy(OH)3(HCOO) detected in the mats of DVQ-F-
000900, DVQ-F-002560, and DVQ-F-002330, respectively. (c) u-rFTIR of the carboxylates identified in
the daguerreotypes DQV-F-000353, DVQ-F-000900, and DVQ-F-002560. (d) u-Raman spectra from
DVQ-F-002339, the band at 1354 cm ™! suggests the presence of formates (probably NaHCOO) in the
glass. The inset shows the crystals formed over the glass surface.



Sensors 2023, 23, 4341

110f15

Formates were found, with p-Raman (Figure 6d), in the cover glass of DVQ-F-002339,
where drop-like crystals were identified. Even though the presence of the single band
at 1354 cm~! is not sufficient to identify the precise composition, as reported by Robi-
net et al. [53], the liquid-like shape of these crystals might suggest they are K formates
because they are liquid at room conditions due to their high hygroscopicity. According to
Barger et al. [24], formates in glass can be correlated partially with the presence of volatile
contaminants, such as formaldehyde, and CO and/or CO,, which may be involved in
intermediate reactions under different conditions, leading to the formation of formic acid.

Formates do not only affect the single elements, such as the mat or the glass, but also in
DVQ-F-000900, green Cu formate drop-like crystals (Figure 7) were found to be deposited
over the plate. Their position—far from other metallic elements like the mat or preserver—
could suggest that Cu is derived from the plate [1,17]. The pu-Raman spectra from these
green particles show similar features as those identified in the mat DVQ-F-002339 linked
with Cup(OH)3(HCOO) but differ by the presence of a band at 934 cm ! that indicates the
co-presence of acetate [50,54], probably Na acetate as suggested by Trentelman et al. [50].
In the 3000-3600 cm ™! region, the weak band at 3572 cm~! can be assigned to Cu(OH),
and the broad band centered at 3432 cm ™! suggests the presence of water [55].
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Figure 7. (a) Positive image of DVQ-F-000900, courtesy of Fondazione Alinari per la Fotografia; the
red square indicates the area with formate and acetate crystals. (b) Sd-OCT tomocube acquired in
correspondence with the white dashed square in the inset of (a). (c) Raman spectra from the green
crystals, the bands associated with Cu formate (black numbers) and acetate (probably Na acetate,
blue numbers).
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4. Discussion

As the results show (Table 3), the conservation of a daguerreotype image goes beyond
the single image plate. Their structural complexity and the multiplicity of materials present
must be considered. Daguerreotypes behave as an interconnected and partially closed
system where factors, such as humidity and volatile pollutants, are particularly important.

Table 3. Summary of the degradation products identified in this work and the possible factors
involved in their formation.

DagEl;:;rIZ(I)lttype Degradation Product ,ﬁ I:;llzlt‘llc:: Factors Involved
Cover glass Na sulfate (Na,SOy) u-Raman S—colrftiumtng
(analyzed with XRE, VOCp(; u a?hs
R ~ s from the case
h-Ramary Formates h-Raman and relative humidity
Atacamite
(CupCI(OH)3), _ Chlorine
clinoatacamite W-Raman contamination
Mat (Cup(OH)3C1)
(analyzed with Cu formatel u-Raman, p-rFTIR VOCs fr'om the case
XRF, OCT) cuprite (CuO) ! and relative humidity
Resin—metal
interaction, relative
Cu carboxylates p-rFTIR humidity, VOCs from
the case?
. S-containing
Acanthite (AgpS) p-Raman pollutants
Covellite (CuS) p-Raman S-containing
Image plate N b E)jollutants .
. tacamite : egradation products
(analyzed Wit XRE, oy, ci(0H),) h-Raman from the mat
p-Raman, OCT)
! Degradation products
Cu formate, from glass, VOCs

w-Raman, OCT from the case,

relative humidity

Cu acetate

The interaction between the different materials is complex and some mechanisms
still require further investigation, for example, the formation of metal carboxylates in the
presence of natural resins. The presence of organic volatile compounds (VOCs) plays
a particular role in the degradation of the whole structure, yet the currently available
preservation guidelines do not include the monitoring of VOCs during daguerreotype
storage. The main factors considered are relative humidity (best 30-35%), temperature
(<24 °C), and light exposure (86-130 lux). Therefore, the development of fast and easy
VOCs monitoring strategies available for conservators would be of utmost importance
and utility.

5. Conclusions

The proposed multi-modal protocol, exploiting elemental (i.e., XRF) and molecular
spectroscopy (i.e., p—Raman and p—rFTIR) combined with OCT, allowed disclosing a
wide range of degradation products present in the daguerreotypes from the Fondazione
Alinari per la Fotografia (Florence, Italy) collection in a non-invasive way. The combination
of bulk elemental information, molecular data obtained at a microscopic scale, and the
morphological data (i.e., OCT) allowed for robust and complementary identification of
the composition and degradation of the complete structure of the objects as a correlated
system. Given the micrometric size of the corrosion products, the high spatial and spectral
resolution of the employed technologies proved fundamental.
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Particularly important is also the high specificity of the spectroscopic molecular tech-
niques. Given the typology of the object, the Raman signal was not hindered by the
fluorescence emission. Its high spatial resolution (down to 1 micron) and accessibility to
the wavenumber region allowed this sensing technology to provide very comprehensive
results. The intrinsic characteristics of the daguerreotype materials enabled to obtain results
with an adequate signal-to-noise ratio reflectance FTIR spectra, mainly due to the high
reflectivity of the metallic surfaces (i.e., the mirror-like image plate and mat surface). This
eliminates the need for direct contact of the examined surface with the FTIR probe. The
main evidence of the correlated degradation, provided by Raman, FTIR, and OCT, is the
copper formates, present both in the mat and the plate, resulting from the interaction be-
tween the glass, the case, and the metallic elements. In this respect, our approach shows the
complementary different optical instrumentation that allows registering the morphological
characteristics of the materials and degradation by-products, together with the chemical
composition. Some other products, not previously reported for daguerreotypes, such as Cu
carboxylates caused by the resin and metals in the mat interaction, were also detected.

The results demonstrate the validity of the proposed analytical protocol to reveal
the interaction between all the components present in their structure. The degradation is
generally caused by unfavorable atmospheric conditions (high RH, presence of VOC, and
S/Cl-containing pollutants) and secondarily by the interaction of the different elements
composing the structure of the daguerreotypes. These phenomena must alert conserva-
tors in charge of the preservation of daguerreotype collections and draw attention to the
development of effective monitoring strategies for preventive conservation.

Author Contributions: Conceptualization, D.Q.B., A.C. and ].S.; methodology, D.Q.B., A.C. and ].S,;
formal analysis, D.Q.B. and A.C.; investigation, D.Q.B., P.B. and B.C.; resources, B.C., PB., A.C.,,R.E.
and J.S.; data curation, D.Q.B., A.C. and ].S.; writing—original draft preparation, D.Q.B. and J.S.;
writing—review and editing, D.Q.B., B.C., A.C., PB,, S.R.,, R.F. and ].S.; supervision, B.C., A.C.,, R.F.
and ].S.; project administration, J.S.; funding acquisition, R.F. and J.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research is part of the Diagnostica Non invaSiva e conservazione di daghErrotipi e altri
materiali fotografici (DIAGNOSE) project co-funded by Tuscany Region, POR FSC 2014-2020-Axis
Employment GiovaniSi (Grant No. CUP B53D21008070008), Museo Galileo, E1.En. group, and the
National Institute of Optics from the National Council of Research (CNR-INO), in collaboration with
the Opificio delle Pietre Dure (OPD) and support from the Fondazione Alinari per la Fotografia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on reasonable request to the corresponding author.

Acknowledgments: The authors are very grateful to the Fondazione Alinari per la Fotografia (FAF)
for access to the daguerreotypes studied, the authorization for using the images presented in this
work, and the support they provide in realization of the Diagnose project.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Barger, M.S.; White, W.B. The Daguerreotype: Nineteenth-Century Technology and Modern Science; Johns Hopkins University Press:
Baltimore, MD, USA, 2000; ISBN 978-0-8018-6458-2.

2. Centeno, S.A,; Schulte, F.; Kennedy, N.W.; Schrott, A.G. The Formation of Chlorine-Induced Alterations in Daguerreotype Image
Particles: A High Resolution SEM-EDS Study. Appl. Phys. A 2011, 105, 55-63. [CrossRef]

3. Ravines, P; Li, L.; McElroy, R. An Electron Microscopy Study of the ImageMaking Process of the Daguerreotype, the 19th
Century’s First Commercially Viable Photographic Process. . Imaging Sci. Technol. 2016, 60, 030504-1-030504-10. [CrossRef]

4. Schlather, A.E.; Gieri, P.; Robinson, M.; Centeno, S.A.; Manjavacas, A. Nineteenth-Century Nanotechnology: The Plasmonic
Properties of Daguerreotypes. Proc. Natl. Acad. Sci. USA 2019, 116, 13791-13798. [CrossRef] [PubMed]

5. Ljubi¢ Tobisch, V.; Kautek, W. Highly Photosensitive Daguerreotypes and Their Reproduction: Physico-chemical Elucidation of
Innovative Processes in Photography Developed around 1840 in Vienna. ChemPlusChem 2019, 84, 1730-1738. [CrossRef] [PubMed]


https://doi.org/10.1007/s00339-011-6570-2
https://doi.org/10.2352/J.ImagingSci.Technol.2016.60.3.030504
https://doi.org/10.1073/pnas.1904331116
https://www.ncbi.nlm.nih.gov/pubmed/31182585
https://doi.org/10.1002/cplu.201900467
https://www.ncbi.nlm.nih.gov/pubmed/31943882

Sensors 2023, 23, 4341 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

Ravines, P.; Nazarenko, A.Y. Characterizing the Image Forming Particles of Modern Ungilded Daguerreotypes Using XRD and
SEM. Microsc. Microanal. 2019, 25, 1037-1051. [CrossRef]

Cased Photographs. Including Daguerreotypes, Ambrotypes and Tintypes. In Photographic Materials Conservation Catalog;
McElhone, J.P. (Ed.) American Institute for Conservation of Historic and Artistic Works: Washington, DC, USA, 1998.

Quintero Balbas, D.; Cattaneo, B.; Cagnini, A.; Belluzzo, P.; Innocenti, S.; Rossi, S.; Fontana, R.; Striova, J. The Colors of the
Butterfly Wings: Non-Invasive Microanalytical Studies of Hand-Coloring Materials in 19th-Century Daguerreotypes. Heritage
2022, 5, 4306-4324. [CrossRef]

Marquis, E.A.; Chen, Y.; Kohanek, J.; Dong, Y.; Centeno, S.A. Exposing the Sub-Surface of Historical Daguerreotypes and the
Effects of Sulfur-Induced Corrosion. Corros. Sci. 2015, 94, 438-444. [CrossRef]

Kozachuk, M.S.; Sham, T.K.; Martin, R.R.; Nelson, A.J.; Coulthard, I. Exploring Tarnished Daguerreotypes with Synchrotron
Light: XRF and M-XANES Analysis. Herit. Sci. 2018, 6, 12. [CrossRef]

Barger, M.S.; Messier, R.; White, W.B. Nondestructive Assessment of Daguerreotype Image Quality by Diffuse Reflectance
Spectroscopy. Stud. Conserv. 1984, 29, 84-86.

Selwyn, L.; McKinnon, W.R. Silver and Acid-Thiourea Silver Dips: Rinsing and Aging Monitored by Electrochemistry. Stud.
Conserv. 2021, 66, 98-112. [CrossRef]

Daffner, L.A.; Kushel, D.; Messinger, ].M., II. Investigation of a Surface Tarnish Found on 19th-Century Daguerreotypes. J. Am.
Inst. Conserv. 1996, 35, 9-21. [CrossRef]

Vicenzi, E.P,; Landin, T.; Herzing, A.A. Examination of a 19th Century Daguerreotype Photograph Using High Resolution
Scanning Transmission Electron Microscopy for 2D and 3D Nanoscale Imaging and Analysis. Microsc. Microanal. 2014, 20,
2000-2001. [CrossRef]

Ravines, P; Wiegandt, R.; Wichern, C.M. Surface Characterisation of Daguerreotypes with the Optical Metrological Technique of
Confocal Microscopy. Sutf. Eng. 2008, 24, 138-146. [CrossRef]

Kozachuk, M.S.; Avilés, M.O.; Martin, R.R.; Potts, B.; Sham, T.-K.; Lagugné-Labarthet, F. Imaging the Surface of a Hand-Colored
19th Century Daguerreotype. Appl. Spectrosc. 2018, 72, 1215-1224. [CrossRef]

Anglos, D.; Melesanaki, K.; Zafiropulos, V.; Gresalfi, M.].; Miller, J.C. Laser-Induced Breakdown Spectroscopy for the Analysis of
150-Year-Old Daguerreotypes. Appl. Spectrosc. 2002, 56, 423-432. [CrossRef]

Centeno, S.A.; Meller, T.; Kennedy, N.; Wypyski, M. The Daguerreotype Surface as a SERS Substrate: Characterization of Image
Deterioration in Plates from the 19th Century Studio of Southworth & Hawes. J. Raman Spectrosc. 2008, 39, 914-921. [CrossRef]
Thickett, D.; Pretzel, B. FTIR Surface Analysis for Conservation. Herit. Sci. 2020, 8, 5. [CrossRef]

Kozachuk, M.S.; Sham, T.-K.; Martin, R.R.; Nelson, A.].; Coulthard, I.; Smieska, L.; Woll, A.R. Recovering Past Reflections: X-ray
Fluorescence Imaging of Electrocleaned 19th Century Daguerreotypes. Heritage 2019, 2, 568-586. [CrossRef]

Goltz, D.; Hill, G. Hyperspectral Imaging of Daguerreotypes. Restaur. Int. . Preserv. Libr. Arch. Mater. 2012, 33, 1-16. [CrossRef]
Ravines, P.; Baum, K.G.; Cox, N.A.; Welch, S.; Helguera, M. Multimodality Imaging of Daguerreotypes and Development of a
Registration Program for Image Evaluation. J. Am. Inst. Conserv. 2014, 53, 19-32. [CrossRef]

Tang, X.; Ardis, P.A.; Messing, R.; Brown, C.M.; Nelson, R.C.; Ravines, P.; Wiegandt, R. Digital Analysis and Restoration of
Daguerreotypes; Stork, D.G., Coddington, J., Bentkowska-Kafel, A., Eds.; SPIE: San Jose, CA, USA, 2010; p. 75310A.

Barger, M.S.; Smith, D.K.; White, W.B. Characterization of Corrosion Products on Old Protective Glass, Especially Daguerreotype
Cover Glasses. J. Mater. Sci. 1989, 24, 1343-1356. [CrossRef]

Eggert, G.; Bithrer, A.; Barbier, B.; Euler, H. When Glass and Metal Corrode Together, I1: A Black Forest Schiippel and Further Occurrences
of Socoformacite; Roemich, H., Ed.; ICOM: Corning, NY, USA, 2010; Volume Glass and Ceramics Conservation, pp. 174-180.
Fischer, A.; Eggert, G.; Dinnebier, R.; Runéevski, T. When Glass and Metal Corrode Together, V: Sodium Copper Formate. Stud.
Conserv. 2018, 63, 342-355. [CrossRef]

Catalogo Immagini Archivio Fotografico—FAF Toscana. Available online: https:/ /www.alinari.it/en/explore-unicum-objects
(accessed on 24 October 2022).

Chiesa, G.; Gosio, P. Daguerreotype Hallmarks, 1st ed.; Gabriele Chiesa & Paolo Gosio: Brescia, Italy, 2020.

Brocchieri, J.; Scialla, E.; Sabbarese, C. Estimation of Ag Coating Thickness by Different Methods Using a Handheld XRF
Instrument. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2021, 486, 73-84. [CrossRef]

Robinet, L.; Coupry, C.; Eremin, K.; Hall, C. The Use of Raman Spectrometry to Predict the Stability of Historic Glasses. |. Raman
Spectrosc. 2006, 37, 789-797. [CrossRef]

Newbury, B.; Stephenson, B.; Almer, J.; Notis, M.; Cargill, G.S.; Stephenson, G.B.; Haeffner, D. Synchrotron Applications in
Archaeometallurgy: Analysis of High Zinc Brass Astrolabes. Powder Diffr. 2004, 19, 12-15. [CrossRef]

Prati, S.; Sciutto, G.; Bonacini, I.; Mazzeo, R. New Frontiers in Application of FTIR Microscopy for Characterization of Cultural
Heritage Materials. Top. Curr. Chem. 2016, 374, 26. [CrossRef]

Stark, A.; Filice, F; Noél, ].J.; Martin, R.R.; Sham, T.-K.; Finfrock, Y.Z.; Heald, S.M. Retrieving Tarnished Daguerreotype Content
Using X-ray Fluorescence Imaging—Recent Observations on the Effect of Chemical and Electrochemical Cleaning Methods.
Heritage 2021, 4, 1605-1615. [CrossRef]

de Caro, T,; Caschera, D.; Ingo, G.M.; Calandra, P. Micro-Raman Innovative Methodology to Identify Ag-Cu Mixed Sulphides as
Tarnishing Corrosion Products: Micro-Raman Innovative Methodology. J. Raman Spectrosc. 2016, 47, 852-859. [CrossRef]


https://doi.org/10.1017/S1431927619000709
https://doi.org/10.3390/heritage5040221
https://doi.org/10.1016/j.corsci.2015.02.018
https://doi.org/10.1186/s40494-018-0171-8
https://doi.org/10.1080/00393630.2020.1773056
https://doi.org/10.1179/019713696806124584
https://doi.org/10.1017/S1431927614011738
https://doi.org/10.1179/174329408X298175
https://doi.org/10.1177/0003702818773760
https://doi.org/10.1366/0003702021955079
https://doi.org/10.1002/jrs.1934
https://doi.org/10.1186/s40494-020-0349-8
https://doi.org/10.3390/heritage2010037
https://doi.org/10.1515/res-2012-0001
https://doi.org/10.1179/1945233013Y.0000000014
https://doi.org/10.1007/PL00020219
https://doi.org/10.1080/00393630.2017.1359472
https://www.alinari.it/en/explore-unicum-objects
https://doi.org/10.1016/j.nimb.2020.11.006
https://doi.org/10.1002/jrs.1540
https://doi.org/10.1154/1.1649316
https://doi.org/10.1007/s41061-016-0025-3
https://doi.org/10.3390/heritage4030089
https://doi.org/10.1002/jrs.4900

Sensors 2023, 23, 4341 15 of 15

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Martina, I.; Wiesinger, R.; Schreiner, M. Micro-Raman Investigations of Early Stage Silver Corrosion Products Occurring in Sulfur
Containing Atmospheres. J. Raman Spectrosc. 2013, 44, 770-775. [CrossRef]

Saleh, G.; Xu, C.; Sanvito, S. Silver Tarnishing Mechanism Revealed by Molecular Dynamics Simulations. Angew. Chem. Int. Ed.
2019, 58, 6017-6021. [CrossRef]

Elvira Tonelli I Dagherrotipi. In Il Restauro Della Fotografia. MATERIALI Fotografici e Cinematografici, Analogici e Digitali; Cattaneo,
B. (Ed.) Nardini Editore: Florence, Italy, 2012; pp. 63-78.

Krivovichev, S.V.; Hawthorne, EC.; Williams, P.A. Structural Complexity and Crystallization: The Ostwald Sequence of Phases in
the Cuy(OH)3Cl System (Botallackite-Atacamite-Clinoatacamite). Struct. Chem. 2017, 28, 153-159. [CrossRef]

Prieto-Taboada, N.; Fdez-Ortiz de Vallejuelo, S.; Veneranda, M.; Lama, E.; Castro, K.; Arana, G.; Larrafiaga, A.; Madariaga, ].M.
The Raman Spectra of the Na;SO4-K;SO, System: Applicability to Soluble Salts Studies in Built Heritage. . Raman Spectrosc.
2019, 50, 175-183. [CrossRef]

Aulinas, M.; Garcia-Valles, M.; Gimeno, D.; Fernandez-Turiel, ].L.; Ruggieri, F.; Pugés, M. Weathering Patinas on the Medieval (S.
XIV) Stained Glass Windows of the Pedralbes Monastery (Barcelona, Spain). Environ. Sci. Pollut. Res. 2009, 16, 443-452. [CrossRef]
Eggert, G.; Haseloff, S.; Euler, H.; Barbier, B. When Glass and Metal Corrode Together, III: The Formation of Dicoppertrihydroxyformate;
Bridgland, J., Ed.; ICOMM: Lisbon, Portugal, 2011; Volume Preprints, p. 901.

Veiga, A.; Teixeira, D.M.; Candeias, A.].; Mirao, J.; Rodrigues, P.S.; Teixeira, ].G. On the Chemical Signature and Origin of
Dicoppertrihydroxyformate (Cuy (OH);HCOO) Formed on Copper Miniatures of 17th and 18th Centuries. Microsc. Microanal.
2016, 22, 1007-1017. [CrossRef]

Marchetti, A ; Beltran, V.; Nuyts, G.; Borondics, F.; De Meyer, S.; Van Bos, M.; Jaroszewicz, J.; Otten, E.; Debulpaep, M.; De Wael,
K. Novel Optical Photothermal Infrared (O-PTIR) Spectroscopy for the Noninvasive Characterization of Heritage Glass-Metal
Objects. Sci. Adv. 2022, 8, eabl6769. [CrossRef]

Tétreault, J.; Cano, E.; van Bommel, M.; Scott, D.; Dennis, M.; Barthés-Labrousse, M.-G.; Minel, L.; Robbiola, L. Corrosion of
Copper and Lead by Formaldehyde, Formic and Acetic Acid Vapours. Stud. Conserv. 2003, 48, 237-250. [CrossRef]

Poli, T.; Piccirillo, A.; Nervo, M.; Chiantore, O. Aging of Natural Resins in Presence of Pigments: Metal Soap and Oxalate
Formation. In Metal Soaps in Art; Casadio, F.,, Keune, K., Noble, P., Van Loon, A., Hendriks, E., Centeno, S.A., Osmond, G., Eds;
Cultural Heritage Science; Springer International Publishing: Cham, Switzerland, 2019; pp. 141-152. ISBN 978-3-319-90616-4.
Poli, T.; Piccirillo, A.; Zoccali, A.; Conti, C.; Nervo, M.; Chiantore, O. The Role of Zinc White Pigment on the Degradation of
Shellac Resin in Artworks. Polym. Degrad. Stab. 2014, 102, 138-144. [CrossRef]

Rodrigues, B.; Santos, A.; Melo, M.].; Otero, V.; Vilarigues, M. Magic Lantern Glass Slides Materials and Techniques: The First
Multi-Analytical Study. Heritage 2019, 2, 2513-2530. [CrossRef]

Ferreira, E.S.B.; Gros, D.; Wyss, K.; Scherrer, N.C.; Zumbiihl, S.; Marone, F. Faded Shine ... . The Degradation of Brass Powder in
Two Nineteenth Century Paintings. Herit. Sci. 2015, 3, 24. [CrossRef]

Fischer, A.; Eggert, G.; Stelzner, ]. When Glass and Metal Corrode Together, VI: Chalconatronite. Stud. Conserv. 2020, 65, 152-159.
[CrossRef]

Trentelman, K.; Stodulski, L.; Scott, D.; Back, M.; Stock, S.; Strahan, D.; Drews, A.R.; O’Neill, A.; Weber, W.H.; Chen, A.E.; et al.
The Characterization of a New Pale Blue Corrosion Product Found on Copper Alloy Artifacts. Stud. Conserv. 2002, 47, 217-227.
Gibson, L.T.; Watt, C.M. Acetic and Formic Acids Emitted from Wood Samples and Their Effect on Selected Materials in Museum
Environments. Corros. Sci. 2010, 52, 172-178. [CrossRef]

Eggert, G.; Fischer, A. The Formation of Formates: A Review of Metal Formates on Heritage Objects. Herit. Sci. 2021, 9, 26.
[CrossRef]

Robinet, L.; Eremin, K.; Cobo del Arco, B.; Gibson, L.T. A Raman Spectroscopic Study of Pollution-Induced Glass Deterioration. J.
Raman Spectrosc. 2004, 35, 662—670. [CrossRef]

San Andrés, M.; de la Roja, ].M.; Baonza, V.G.; Sancho, N. Verdigris Pigment: A Mixture of Compounds. Input from Raman
Spectroscopy. J. Raman Spectrosc. 2010, 41, 1468-1476. [CrossRef]

Jeziorowski, H.; Moser, B. Characterization of Formate Complexes Formed as Corrosion Products on Copper by Raman
Spectroscopy. Microchim. Acta 1989, 98, 101-107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jrs.4276
https://doi.org/10.1002/anie.201901630
https://doi.org/10.1007/s11224-016-0792-z
https://doi.org/10.1002/jrs.5550
https://doi.org/10.1007/s11356-008-0078-0
https://doi.org/10.1017/S1431927616011636
https://doi.org/10.1126/sciadv.abl6769
https://doi.org/10.1179/sic.2003.48.4.237
https://doi.org/10.1016/j.polymdegradstab.2014.01.026
https://doi.org/10.3390/heritage2030154
https://doi.org/10.1186/s40494-015-0052-3
https://doi.org/10.1080/00393630.2019.1677081
https://doi.org/10.1016/j.corsci.2009.08.054
https://doi.org/10.1186/s40494-021-00499-z
https://doi.org/10.1002/jrs.1133
https://doi.org/10.1002/jrs.2786
https://doi.org/10.1007/BF01244522

	Introduction 
	Materials and Methods 
	Daguerreotypes Studied 
	Portable X-ray Fluorescence Spectrometry 
	Raman Microspectroscopy 
	Micro Reflection Fourier Transform Infrared Spectroscopy 
	Spectral-Domain Optical Coherence Tomography 

	Results 
	Characterization of the Multi-Material Structure: Plate, Mat, Preserver, and Cover Glass 
	The Degradation of the Interrelated Elements 
	Corrosion of Single Elements 
	Interrelated Elements: Corrosion Induced by Materials Interaction 


	Discussion 
	Conclusions 
	References

