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ABSTRACT: In the course of the investigation of glass-
induced metal corrosion processes, a microcrystalline sodium
copper formate hydroxide oxide hydrate, Cu,Na,O(HCOO),-
(H,0),(OH),, was detected on a series of antique works of
art, and its crystal structure was determined ab initio from
high-resolution laboratory X-ray powder diffraction data using
the method of charge flipping, simulated annealing, and
difference-Fourier analysis (P4,/n, a = 8.425109(97) A, ¢ =
17.479 62(29) A, V = 1240.747(35) A3, Z = 8). In the crystal
structure, the metal cations are interconnected in a two-
dimensional metal—organic framework via the oxygen atoms
of the formate, hydroxide, and oxide anions. Doublets of face-

sharing square pyramidal Cu’* polyhedra are linked via a single, central oxide oxygen atom to give a paddle-wheel arrangement,
while the Na" cations are organized in Na,O;; moieties with highly disordered, edge-sharing octahedral coordination. In addition,
hydrogen bonding plays an important role in stabilizing the crystal structure.

1. INTRODUCTION

A significant number of historic glass and enamel objects in
museum collections suffer by a degradation phenomenon
recently characterized as “glass-induced metal corrosion”."”
Bright blue-green and green corrosion products are formed at
the interface of metal (copper alloys) and glass. Two
contributing factors are involved in this corrosion process.
First, the chemical instability of the glass, which results in the
development of liquid alkaline films on the glass surface, and
second, the exposure to carbonyl pollutants (formaldehyde and
formic and acetic acids) emitted by wood, wood products, and
other construction materials. To clarify the cause of damage in
detail, corrosion products of more than 200 affected objects
were investigated (a selection of three is given in Figure la—c).
On every second object the compound sodium copper formate
hydroxide oxide hydrate, Cu,Na,O(HCOO)4(H,0),(OH),
(Corrl), was identified by Raman spectroscopy. Among the
other compounds detected were Cu,(OH);HCOO, Na,[Cu-
(C04),]-3H,0 (known as the mineral chalconatronite), and
different acetates. Corrl was reported in the literature by
Trentelman et al.® as a “pale blue corrosion product” occurring
on copper alloy artifacts (without glass). Sodium-containing
soils and conservation treatments in soda solutions were
mentioned as possible sources for alkali metal ions in its
formation. So far, no details on the solid-state structure of
Corrl have been presented in the literature. Its high prevalence
as one of the main corrosion products of many important
artifacts motivated us to investigate its solid-state chemistry
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further and to provide the community with its detailed crystal
structure.

Field emission scanning electron microscopy (FE-SEM)
images, taken on affected artifacts, showed that Corrl
crystallizes in the form of thin tabular microcrystals with an
edge length of ~1—2 um (Figure 1d). Since our attempts to
grow single crystals of quality suitable to single-crystal
diffraction failed, the crystal structure of Corrl was solved
and refined from high-resolution laboratory X-ray powder
diffraction (XRPD) data. It was found that the metal cations are
connected through organic ligands and hydroxide anions to
form an extended two-dimensional metal—organic framework
(MOF) structure. MOF compounds, in their crystal structures,
combine organic and inorganic building blocks to give hybrid
structures with a plethora of interesting properties.*””

To learn more about the degradation processes related to the
glass-induced metal corrosion, various laboratory tests were
performed. Moreover, a synthetic route of Corrl was derived.
As mentioned above, the crystal structure of Corrl was detailed
from XRPD data, and it was shown that it can be used in
executing routine, fast, and nondestructive quantitative phase
analyses on artifact samples, which is of relevance to
conservation investigations. Herein, we report on those

findings.
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Figure 1. (a) Glass beads on a traditional Black Forest headdress (late
19th century) from the Franziskanermuseum Villingen Schwenningen
(Germany). (b) Earring (early 20th century) from the Museum fiir
Hamburgische Geschichte (Germany). (c) Detail of a Double-
Triptych, painted enamel on copper (Limoges, 16th century),
Copyright the Frick Collection, New York. (d) Field emission
scanning electron microscopy image of Corrl.

2. EXPERIMENTAL SECTION

Elemental Analysis. The chemical composition of corrosion
samples was analyzed by an energy-dispersive X-ray (EDX) system
(Noran, Vantage System). The main elements found were O, Na, and
Cu with relative abundances given in Table 1. Note that the differences

Table 1. Elemental Analysis of Corrosion Products

sample o“ Na“ Cu”
1 64.9 15.8 19.3
2 69.6 168 13.6
3P 65.0 154 189

“Normalized values to 100%. ®In sample 3, small amounts of S (0.34)
and K (0.37) were detected.

within the compositions of the samples studied are due to the presence
of different, small amounts of impurities, which also occur as
degradation products.

Pattern Collection and Indexing, Crystal Structure Solution,
and Rietveld Refinement. High-resolution XRPD pattern of Corrl
(Figure 2) was collected at room temperature on a high-resolution
laboratory powder diffractometer in transmission mode using a Stoe
Stadi-P transmission diffractometer (primary beam Johann-type Ge
monochromator for Cu Ka;-radiation) with the sample distributed
between two thin X-ray transparent kapton foils. The sample was not
pretreated, except of careful manual powdering in an agate mortar.
The powder pattern of Corrl was recorded for 20 h in the range from
S to 85° 20 with a step width of 0.015° 26 using a linear position
sensitive silicon strip detector (Mythen-Dectris) with an opening of
~12° 20 (further details are given in Table 2). The sample was rotated
during the data collection for better particle statistics.

For indexing of the powder pattern of Corrl, the program TOPAS
Version 4.1 (Bruker-AXS, 2007) was used.'® Indexing was performed
by iterative use of singular value decomposition (LSI),"* leading to a
primitive tetragonal unit cell with lattice parameters given in Table 2.
The most probable space group was determined to be P4,/n (No. 86)
from the observed extinction rules. The number of formula units per
unit cell was estimated to be Z = 8 from volume increments. The peak
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Figure 2. Scattered X-ray intensities of Corrl at ambient conditions,
as a function of diffraction angle. The observed pattern (diamonds)
measured in Debye—Scherrer geometry, the best Rietveld fit profiles
(line), and the difference curve between the observed and the
calculated profiles (below) are shown. The high angle part is enlarged
for clarity.

Table 2. Selected Crystallographic and Rietveld Refinement
Details of Powder Diffraction Experiment Performed on
Corrl

compound name Corrl
molecular formula Cu,Na,0(HCOO)4(H,0),(0H),
sum formula CuyNa,0,;CHy4
formula weight (g/mol) 414.18
crystal system tetragonal

space group P4,/n (No. 86)

VA 8

a/A 8.425109(97)
c/A 17.479 62(29)
V/A3 1240.747(35)
temperature (X) 298

p (caled) (g cm™) 2255
wavelength (A) 1.540 59
R-exp (%) 1.042

Rp (%) 1.259

Rewp (%) 1.662
R-Bragg (%) 0.549

starting angle (deg 26) S.0

final angle (deg 26) 75.0

step width (deg 26) 0.015
time/scan (h) 20

no. of variables 70

profiles and precise lattice garameters of the powder pattern were
determined by a Pawley fit'* using the fundamental parameter (FP)
approach.”® For the modeling of the background, Chebychev
polynomials of higher order were employed. The refinement
converged quickly. The structure determination of Corrl was
performed in the space group P4,/n by the method of Charge
Flipping'* supported by the inclusion of the tangent formula."> The
positions of most of the atoms were found in less than a minute. By
visual inspection falsely assigned atom types were detected and
corrected. The atomic positions of all missing non-hydrogen atoms
(mainly the carbon atoms of the formate groups) were found by the
global optimization method of simulated annealing16 and inspecting
the difference-Fourier maps.

The structure was validated by unrestrained Rietveld refinement
(Figure 2)."” The thermal displacement factors were freely refined.
The positions of the hydrogen atoms were calculated by the program
suite Mercury CSD 3.3."® Agreement factors are listed in Table 2. The
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atomic coordinates are given in the CIF file in the Supporting
Information. The crystallographic data were deposited at ICSD.
Crystal voids were calculated with the program Crystal Explorer."

Raman Spectroscopy. The micro-Raman spectra were recorded
by using a Renishaw inVia Raman spectrometer (grating 1800 L/mm,
resolution 1 cm™) equipped with a Leica DMLM microscope and a
RenCam CCD detector. The spectra were taken from 100 to 3700
cm™!, using a He—Ne laser operating at 632.8 nm. The power of the
laser was less than 400 yW focused into a 0.7 ym spot through a 50X
microscope objective.

Scanning Electron Microscopy. The FE-SEM images were
obtained using a Zeiss SUPRA 40 VP Microscope (accelerated voltage
10 kV, SE detector).

3. RESULTS AND DISCUSION

Synthesis. To better understand the glass-induced metal
corrosion processes we attempted to derive a synthetic route to
produce Corrl. Synthetic Na,Cu(CO;),-3H,0 (mineral name:
chalconatronite) was used as a starting reactant. The compound
was stored in a desiccator with formaldehyde/formic acid-rich
atmosphere (ca. 200 ppm each, 75% relative humidity) for
reaction. In a period of ~six months Corrl was obtained as a
product. The chemical composition and crystal structure of the
synthesized product were confirmed by a Rietveld refinement.

Crystal Structure Description. The crystal structure of
Corrl was solved from XRPD data collected from affected
artifacts providing the corrosion product in pure phase. The
crystal packing of the compound is shown in Figure 3, where it
can be seen that Corrl is composed of MOF layers, packed
perpendicularly to the c-crystallographic axis. Corrl crystallizes
in the tetragonal P4,/n space group, with the Cu®" cation
placed on a general position (with site multiplicity 8) and two
Na* cations placed on special positions with multiplicity 4. The

Figure 3. Crystal packing diagrams of Corrl, presented in the
direction of (a) the a-crystallographic axis and (b) the c-crystallo-
graphic axis.

metal cations are interconnected in a two-dimensional MOF
structure via the oxygen atoms of the formate, hydroxide, and
oxide anions.

The coordination oxygen atoms around the Cu’* cations
form an elongated square pyramid (Figure 4a). Doublets of

o1(f) 05(f)

Figure 4. (a) Elongated square pyramidal Cu** polyhedra, running in a
paddle-wheel fashion. (b) Edge-sharing, distorted Na* octahedra
forming Na,O,, units. Abbreviations: o = oxide, f = formate, H =
hydroxide, w = water.

face-sharing square pyramidal Cu** polyhedra are linked via a
single, central oxide oxygen atom (O6) to give a paddle-wheel
arrangement. The Cu—O bond lengths are listed in Table 3.

Table 3. Selected Bond Lengths and Atom Contacts in the
Solid-State Structure of Corrl

atom—atom length, A atom—atom length, A
Cul-01 1.942(10) Nal—07 (x2) 2.452(10)
Cul-04 1.919(10) Na2-03 (x2) 2.400(10)
Cul—05 2.014(10) Na2—02 (x2) 2.386(10)
Cul-06 1.930(10) Na2-05 (x2) 2.327(10)
Cul-03 2.364(10) hydrogen bonding
Nal—01 (x2) 2.393(10) 07--02 2.875(10)
Nal-03 (X2) 2.465(10) 07--07 2.779(10)

The Na* cations are organized in Na,O,; moieties with highly
disordered, edge-sharing octahedral coordination, as seen in
Figure 4b. Selected bond lengths are given in Table 3. One of
the Na* cations (Na2) is fully coordinated by oxygen atoms
from the formate anions, which are bridging it with neighboring
Na* and Cu** cations. The other Na* cation (Nal) is
surrounded by the oxygen atoms of four formates and two
water molecules. These water molecules play an important role
in stabilizing the crystal structure, done via the formation of an
interlayer hydrogen-bonding network. Namely, very short
contacts within the water molecules from neighboring layers
and within the water molecules and the formate anions are
detected, indicating a relatively strong hydrogen-bonding
network (Table 3).

The solid-state structure of Corrl is characterized by the
presence of crystal voids inside the two-dimensional MOF
layers, which are further surrounded by the hydrogen-bonding
network. The 0.002 au smoothed surface gave a void space of
5.22% (relative to the unit cell volume), as shown in Figure S.

There are reports on crystal growth of MOFs onto different
inorganic matrices.”’">* The growth of Corrl on metals is
naturally occurring example, and further structural and kinetics
examinations can provide useful hints for crystal growth
approaches of MOF materials.

Quantitative Phase Analysis. In heritage conservation,
identification of corrosion products plays a crucial role. XRPD
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Crystal Voids
Isovalue = 0.002

Volume = 64.84 A2
Area = 207.23 A2

Globularity = 0.377
Asphericity = 0.212

Figure S. Crystal voids in the solid-state structure of Corrl. The
isovalue was set to 0.002 au. Projections perpendicular to the (a) a-
crystallographic and (b) c-crystallographic axes. (inset) The statistics
of the calculation. (Color code: gray = sodium, orange = copper, red =
oxygen, black = carbon and white = hydrogen.).

is a prefect technique for that kind of analysis, as it is a
nondestructive, fast, and easy-to-use method. The XRPD data
can be used in routine qualitative analysis, owing to the fact that
the powder pattern is a fingerprint signature to the
corresponding crystal structure. The biggest advantage of
XRPD, however, is the ability of performing simultaneous
qualitative and quantitative analyses of crystalline constituents
in mixtures, by using the Rietveld refinement method."”
Moreover, the presence of amorphous content can be detected,
and the amount of this content can be estimated. This
procedure requires knowledge of every crystal structure present
in the mixture that is a subject of investigation.

Corrl was very frequently detected as a corrosion product;
thus, solving its crystal structure stood as a high priority. The
solution of its structure reported in this article makes many
artifacts amenable to (qualitative and) quantitative phase
Rietveld analyses. As a showcase, Figure 6 presents the Rietveld
refinement plot of a corrosion mixture formed on a museum’s
artifact that was randomly selected for testing. The data were
collected on a laboratory diffractometer for a few hours. The
sample was placed on a plate and rotated during data collection.
The main constituents of the mixture were readily found to be
Corrl, Cu,(OH);HCOO, and Cu,O with relative amounts of
79.2(1) %, 19.5(1) %, and 1.3(1) %, respectively.

Raman Spectroscopy. Figure 7 presents the Raman
spectrum of blue-green Corrl crystals collected from a
traditional Black Forest headdress (Figure la). The Raman
band frequencies and relative intensities are in agreement with
those of the published data,> with exception of the weak band
centered at 3540 cm ™. This band was assigned to the hydroxyl
stretching vibration and appeared with extremely low intensity
in the spectrum presented in Figure 7. (Note that this band was
not observed in all of the Raman spectra systematically
collected from many artifacts, probably due to its low intensity).
Trentelman et al.® assigned the bands at 937 and 2960 cm™" to
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Figure 6. Scattered X-ray intensities of a corrosion mixture at ambient
conditions, as a function of diffraction angle. The observed pattern
(diamonds) measured in Debye—Scherrer geometry, the best Rietveld
fit profiles (line) and the difference curve between the observed and
the calculated profiles (below) are shown. The high angle part is
enlarged for clarity. The following constituents were identified: Corrl
(1), Cu,(OH);HCOO (2) and Cu,O (3) with relative amounts of
79.2(1) %, 19.5(1) % and 1.3(1) %, respectively.
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Figure 7. Raman spectrum of blue-green corrosion products from a
traditional Black Forest headdress.

acetate vibrations. Since the crystallographic analysis and the
synthesis proved the absence of acetate anions, there must be
alternative assignments. Kartha and Venkateswaran™ reported
the Raman spectrum of the formate Yb(HCOO),-2H,0, which
has Raman-active C—H stretches at both 2869 and 2966 cm™.

4. CONCLUSIONS

This article reports on the solid-state structure of sodium
copper formate hydroxide oxide hydrate, Cu,Na,O(HCOO),-
(H,0),(OH),, found to be the main product of glass-induced
metal corrosion processes of many historic glass and enamel
objects in museum collections. The title compound crystallizes
in the form of microcrystals with tetragonal symmetry (P4,/n, a
= 8.425109(97) A, c = 17.479 62(29) A, V = 1240.747(35) A3,
Z = x). The crystal packing is characterized by face-sharing
square pyramidal Cu®" polyhedra forming a paddle-wheel
arrangement and Na,O;; moieties with highly disordered, edge-
sharing octahedral coordination. Formate, hydroxide, and oxide
oxygen atoms are bridging the metal polyhedral to form a two-
dimensional MOF layer. The MOF is interrupted by relatively
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large crystal voids, and neighboring layers are communicating
via strong hydrogen bonding. This kind of crystal packing
makes Corrl a possible ion-conductor system. The knowledge
of the crystal structure of Corrl was found to be of great
benefit to conservation science. Namely, by reporting the
crystallographic details of this abundant corrosion product,
many artifacts became amenable to quantitative and qualitative
phase analyses, performed with ease using the XRPD as a
nondestructive method.

Corrosion products, in a way, can act as a dosimeter of
reactive compounds present in the immediate surrounding air.
The analysis of the crystal structure of the frequently detected
Corrl proved the presence of the formate anion. We assume
that the formate originates from wood-based materials and
other sources present in display cases.
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