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ABSTRACT: Iron gall ink (IGI), renowned for its indelibility, was
the most important writing ink in the Western world from the 15th
to the late 19th century. However, it is now known that IGIs
induce acid-catalyzed hydrolysis and iron-catalyzed oxidation of
the cellulose in historical paper documents. These mechanisms of
deterioration cause significant damage to the writing support
materials, including color alteration and burn-through appearance,
and in the worst scenarios, physical disintegration of the supports.
Minimally invasive, long-term effective conservation treatments
that tackle the underlying mechanisms of IGI degradation and their
corrosion effects are yet to be developed. This study introduces the
deployment of hydrophobic and anticorrosive polyoxometalate-
ionic liquids (POM-ILs) as colorless coatings to counteract IGI-
corrosion of cellulosic supports. Model IGI-containing papers (mockups) were prepared, coated with POM-ILs, and artificially aged
to assess the compatibility of POM-ILs with IGI-containing documents. Comprehensive monitoring using colorimetric and scanning
electron microscopy—energy-dispersive X-ray spectroscopy (SEM/EDS) analyses showed minimal interference with the aesthetic
properties and morphology of the IGI mockups. In addition, polyoxometalates (POMs) with vacant metal atom sites in the cluster
shell can be used to coordinate free transition metal ions. The ability of a monolacunary Keggin-type polyoxotungstate to coordinate
free Fe(II) from IGI solution was demonstrated using UV—vis analysis. This led to the formation of a dimeric species,
[(SiW,,030Fe),0]K,,-28H,0, which was characterized by single-crystal X-ray diffraction. Altogether, this study points to POM-ILs
as promising protective coatings for effectively preserving historical IGI-written heritage.
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POM-ILs provide:

. transparent protective water repellent layer
. metal binding properties

. corrosion protection

Counts / a.u.

S ﬂ)«
Fe
wow

00 25 50 75 100 125
Energy / keV

B INTRODUCTION

The singular black color of varying hues and the indelibility of
iron gall ink (IGI) have rendered it an essential part of Western
writing practices since the 13th century."”” Once idealized as a
timeless favorite, it is now widely recognized that IGI poses a
significant challenge to safeguarding our written cultural
heritage. IGI action on cellulosic support can build up harmful
decay phenomena on IGI-containing documents, such as color
alteration, burn-through appearance, and embrittlement of the
support, ultimately resulting in material loss.*~® Drawings by
Leonardo da Vinci and Rembrandt van Rijn, cello suites

gallnut extracts, a source of polyphenolic (PPh)-rich
compounds (e.g., tannic acid), and a water-soluble binder,
typically Arabic gum."® Adding Fe(II) sulfate to gallnut extracts
yields Fe(III)-PPh insoluble complex, responsible for the IGI
color. Known recipes are predominantly unbalanced, featuring
a surplus of Fe(II) sulfate over tannins.'® Excess iron is a key
factor in the IGI-corrosion process, potentiating the primary
mechanisms responsible for cellulose degradation, ie. acid-
catalyzed hydrolysis and metal-catalyzed oxidation.'”'® The
former is primarily associated with the acidity of the ink, which

composed by Bach, Isaac Newton’s notes and letters from
Charles Darwin, historical maps, and treatises on various
topics, forming the groundwork of our contemporary knowl-
edge are among the invaluable examples at risk of being lost
forever due to the impact of IGI on cellulosic support.””"*
Indeed, the formulation of the ink recipes plays a crucial role in
the subsequent degradation processes, often hundreds of years
later.

Numerous historical recipes for IGI are known, but the
essential components included green vitriol (Fe(Il) sulfate),
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promotes the hydrolytic scission of the f-(1,4)-glycosidic

bonds responsible for linking the glucose units in the cellulose
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supramolecular structure.”””
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Figure 1. Overview of the experimental setup performed to study the impact and performance of the POM-IL coatings on the mockups. The

samples were labeled according to the id in Table 1.

Fe(II) ions participate in Fenton and Fenton-like reactions,
catalyzing the formation of reacting oxygen species, which can
further participate in free radical chain processes (i.e., IGI-
induced oxidation). In fact, it has been demonstrated that
minimal amounts of Fe(II) are required to prompt the
oxidation mechanism.”*!

Various conservation treatments have been developed and
employed in the last decades to preserve IGI materials.'"**~>
According to the literature, appropriate treatments able to
attenuate the IGI effects on paper require two processes—
deacidification and inactivation of free transition metal ions,
principally Fe(II).””**” The so-called “calcium phytate
method” was introduced by Neevel'® for IGI-degraded
documents. Proven effective as an alkaline aqueous treatment,
it became a standard option within the IGI context. Phytate is
an effective chelator of divalent cations [e.g,, Fe(II), Cu(II)],
preventing iron ions from remaining free to participate in the
degradation mechanisms prompted by IGI (i.e., acid-hydrolysis
and metal-catalyzed oxidation of cellulose).”** While effective
in counteracting IGI-induced degradation on cellulosic
support, this treatment falls short in limiting crucial effects
like the embrittlement and physical disintegration of the
support. Furthermore, some authors™***’ emphasize the need
for caution when relying on alkali solutions for deacidification
treatments of IGI-containing documents. The basicity of these
solutions can promote an array of unwanted side effects,
including ink lateral migration, ink color changes, and physical
degradation of the cellulosic support.”**’ Besides, paper
deacidification by aqueous solutions is unsuitable for water-
sensitive paper-based items. Nonaqueous alternatives have

. 2226,30,31 31
then emerged as alternatives.”” > Rouchon et al.

introduced an approach that sets aside the aqueous treatment
using interleaves charged with halide compounds, such as
calcium or sodium bromide, also known as the “interleaving
technique”. The concept involves sandwiching IGI-containing
documents between those leaves, facilitating the halide
compounds to migrate to the documents. This process
decreases acidity, delaying paper dec21y.26’31 The authors
achieved promising results while observing minimal lateral
and transversal ink migration.

With all this in mind, sustainable conservation-oriented IGI
research should ideally be based on three key points: minimal
invasiveness, negligible side effects, and long-term mechanical
and chemical stabilization.

We hypothesized that innovative conservation treatments
based on the use of hydrophobic Polyoxometalate-Ionic
Liquids (POM-ILs) possessing anticorrosive and metal-
chelating properties could help to mitigate the long-term
deleterious effects of IGI degradation on cellulosic support.
Polyoxometalates (POMs for short) are a prominent and
diverse class of nanoscale molecular metal-oxide clusters
typically constructed from W, Mo, or V (in their highest
oxidation states) surrounded by oxygen atoms as ligands.”
Combining a POM anion of choice with a bulky organocation,
such as a quaternary ammonium or phosphonium cation, can
lead to versatile POM-IL materials.”** Multifunctional POM-
ILs retain many of the key properties of the discrete cationic
and anionic species and can, therefore, be chemically tuned by
separate modifications of each component. POM-ILs are being
increasingly studied in various fields due to their redox
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properties, high oxidation activity, and antimicrobial protec-
tion; thus, several applications have been developed in the past
few years, including for conservation and restoration,*”** >
Franco-Castillo et al.***” have recently contributed to using
POM-ILs to safeguard built cultural heritage from microbial
colonization. For example, the authors conducted a study to
limit the growth of lampenflora on chalk substrates exploring
two POM-ILs prepared by using a Keggin-type anion, [a-
SiW,;05,]*7, and two different tetraalkylammonium ions
(tetraheptylammonium and trihexyl tetradecyl ammonium).
The results have demonstrated that POM-ILs exhibit more
effective antimicrobial performance than the widely used
cleaning agent Preventol RI80 against two specific algal strains
growing on the bas-reliefs carved in the underground
Pommery Champagne Cellar in Reims (France).”” A crucial
achievement was to assess the above-mentioned performance
with low-concentration colorless coatings. Since one of the
main concerns in conservation treatments is their potential to
cause color alterations, using colorless coatings is critical.
Recently, the same authors®’ evaluated the efficacy of POM-
ILs on natural calcareous stones under simulated weathering
conditions and in real outdoor environments. Overall, POM-
ILs were determined to be suited to deployment as
preventative biocidal coatings for porous and nonporous
stones. However, the coatings affected the microstructural
porosity of the porous stones, indicating that optimal
concentrations of the solutions are required to provide the
correct balance between biocidal protection and maintaining
the natural properties of the stones. Additionally, the potential
of POM-ILs for protecting a§ainst metal corrosion has been
successfully demonstrated.”””

Therefore, it stands to reason that POM-ILs with synergistic
properties could, in principle, be tailored to meet the
requirements for preventing or mitigating IGI corrosion on
cellulosic materials. We aimed to study the ability of POM-IL
to chelate free Fe(II) ions and evaluate how colorless POM-IL
solutions can be applied as protective coatings that do not
interfere with the aesthetic properties of the paper documents.
This research has the potential to shed light on new
possibilities for more convenient handling and processing to
protect IGI-written heritage effectively.

B EXPERIMENTAL DESIGN

This work was conducted in a two-phase procedure (I and II),
graphically depicted in Figure 1. POM-ILs were synthesized
and applied on IGI-containing cellulosic model samples
(mockups) to evaluate the impact of the POM-ILs on
cellulosic support over artificial aging and their effectiveness
in counteracting IGI-corrosion. The procedures and method-
ology are briefly explained below, with comprehensive
information available in the Supporting Information.

The materials, synthesis procedures and characterization of
the POM, Fe-substituted POM, and POM-ILs are available in
Supporting Information, Section 1. In addition, the mockup
preparation and the artificial aging procedures are briefly
explained in Supporting Information Section 2 and detailed
elsewhere.”® The application procedure of POM-ILs on the
mockups is also available (Supporting Information, Section 3).
The analytical instrumentation used, including color and pH
measurements, scanning electron microscopy/energy-disper-
sive X-ray spectroscopy (SEM/EDS), Fourier transform
infrared—attenuated total reflectance (FT-IR-ATR) analysis,

physical tests, and corresponding experimental conditions, is
also detailed in Supporting Information (Section 4).

Mockups Preparation and Artificial Aging. The
mockups were prepared by brushing or writing two distinct
IGI reproductions (R; and R,, detailed in Table S1) on the
Whatman paper (Table S2). The application modes (brushing
vs writing) aimed to simulate painted areas in historical
documentation and conventional writing, respectively. Differ-
ent sets of mockups were prepared for the characterization and
physical tests, each comprising a variable number of sheet
strips in various sizes. Before applying POM-ILs, an artificial
aging procedure was performed on a set of mockups. The
samples were identified as “unaged” (t,) and “pre-aged”
mockups (£, n = 1 and 2, to indicate four- and five-week aging,
respectively) (Table S3). Unaged mockups represent a fresh
model sample, while pre-aged mockups are intended to
simulate typical historical documents.

POM-IL Coatings Preparation, Application, and Re-
aging Procedure. POM-IL 1 and 2 were synthesized
according to the procedure described in Supporting
Information (Section 1). Brieflyy, POM-ILs 1 and 2 were
prepared using the lacunary Keggin polyoxoanion [a-
SiW,;,03]%7, and tetraheptylammonium bromide (POM-IL
1) and trihexyltetradecylammonium bromide (POM-IL 2).
These highly viscous POM-ILs were diluted in acetone at
concentrations of 200, 100, 50, 10, 6, and 1 mg mL™!. The
most concentrated dilutions (200 and 100 mg mL™") exhibited
a yellowish appearance, whereas the solutions with lower
concentrations were colorless and transparent (Figure 3a).

In order to evaluate the impact of the POM-ILs on R, and
R, mockups and optimize the concentration of the coatings,
each solution of POM-IL was brushed on the unaged and pre-
aged mockup surfaces (Figure 1 and Tables S4 and SS5). The
volume of POM-IL coatings applied per mockup varied
according to their size. The coatings were brushed with a Da
Vinci 374 flat painting brush no. 0, with a 1-2 min gap
between applications to allow for proper air-drying. Sub-
sequently, the coated mockups were placed on a desk and
carefully covered with a dark surface for 24 h to ensure
effective drying and avoid light interaction and contaminations.
A comprehensive characterization of these samples was
conducted before coating application and at one and 30 days
after the application. After the 30 day period, the mockups
were kept in a dark room at room temperature.

Additionally, to assess the long-term stability of the coatings
and their impact on the mockups over aging (phase II, Table
S5), we selected the mockups coated with the 100 mg mL™
POM-IL solution and subjected them to an artificial aging
procedure conducted according to the ISO 5630-3.>° Hence,
two aging periods were defined for the unaged coated
mockups: four and five weeks, labeled as t, and t,, respectively.
Sets of 12 mockups (six brushed and six written) were
removed at each aging period. The pre-aged, coated mockups
were subjected to a one-week re-aging procedure under similar
aging conditions. The samples were labeled according to the
identification codes (id) detailed in Table 1. An overview of
the experimental setup employed is illustrated in Figure 1.

B RESULTS AND DISCUSSION

Mockups Characterization. We established the ground-
work for this research in our previous work,™® where we
comprehensively characterized the IGI reproductions (R; and
R,) and the mockups. In the Supporting Information (Section
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Table 1. Sample Codes, Ageing and Coating Conditions,
and Observations”

aging coating
samples id conditions conditions observations
phase I  Ryw_t, unaged uncoated control
mockups
Rib_t,
Ryw_t,
Ryb_t,
Rw_ty x unaged coated
mockups
Rb_ty_x x=1
(POM-IL1)
Ryw_to_x x=2
(POM-IL2)
Ryb_ty_x
Ryw_t, pre-aged uncoated control
mockups
Rib_t,
R,w t, n =1 (4 weeks)
Rb_t, n =2 (S weeks)
Rw t, x pre-aged coated n =1 (4 weeks)
mockups
Rb t, x n =2 (5 weeks)
Ryw_t, « x=1
(POM-IL1)
Ryb_t, x x=2
(POM-IL2)

phase I Ryw_a_t, x aged mockups coated n =1 (4 weeks)

Rb_a_t,_x n =2 (5 weeks)
Rw a t, x x=1
(POM-IL1)
Rb at, x x=2
(POM-IL2)
Rw a t, re-aged uncoated control
mockups
Rb_a t, n=3(t +1
week)
R,w_a t, n=4(+1
week)
Ryb_a t,
Rw_a_t, re-aged coated
mockups
Rb a t, n=3(t +1
week)
Ryw_a_t, n=4(t+1
week)
Ryb a t,

“R,, R,—ink reproductions (see Table S1); b—brushed; w—written;
a—artificial aging; t,—aging period; x—POM-IL coating.

S), we summarized the mockups characterization results. For
simplicity and given that the following discussion primarily
centers on the R;b mockups, only the key results of the
characterization of this sample will be presented.

Validating the Ability of POMs to Coordinate Iron.
Single crystals were obtained by adding iron sulfate to the
Keggin-type POM Kg[a-SiW,,05,] as described in Supporting
Information Section 1. The single crystal structure of the
obtained dimeric compound [(SiW,;035Fe),0]"" is illus-
trated in Figure 2, and the selected geometrical parameters and
the crystallographic data and structural refinement parameters
are detailed in Tables 2 and 3.

The compound crystallizes in a triclinic P1 space group and
has the empirical formula [(SiW;;O0;,Fe),0]K;,28H,0
(Table 3). Specifically, the dimeric compound contains two
[(SiW,,049Fe),0]"*" polyoxoanion subunits linked by a Fe—

Figure 2. Molecular structure (ellipsoid representation at 50%
probability level) of dimeric [(SiW,,035Fe),0]"*". For clarity, only
selected atoms have been labeled. Color scheme: O—red; Fe—
purple; Si—orange; and W—Dblue.

Table 2. Selected Bond Lengths (A) and Angles (deg) in
[(SiW11039Fe)20:|K12'28H20a

bond bond lengths
Fe(1)-O(1B) 1.800(7)
Fe(2)-O(1B) 1.794(7)
Fe(1)-O(1B)—Fe(2) 154.0(5)
Fe(1)..0(21) 2.409(8)
Fe(2)..0(SI) 2.448(7)

range; mean value (%)

Fe-0,} 1.986(8)—2.023(8); & = 2.006(2)
W-0,,* 1.837(7)—2.030(8); ® = 1.9251(8)
W-0? 1.701(8)—1.733(8); ® = 1.7153(1)
W-0; 2.288(7)—2.340(6); ® = 2.3369(1)
Si—0f 1.616(8)—1.634(8); & = 1.627(2)

“0(1B)—bridging O between Fe atoms; O,,—O atoms bonded to Fe
and W; Ow2—O atoms bonded to two W atoms; O,—O atoms
bonded to Si and three W atoms (inside the cage); O;—terminal O
atoms, bonded only to one W atom; t°—terminal O; i‘~insider O.

O—Fe bridge. These two subunits have the conventional alpha
Keggin structure composed of edge-sharing WOy distorted
octahedra and a central silicon atom surrounded by an ordered
tetrahedral arrangement of four oxygen atoms. A full summary
of the bond lengths and angles is available in the Supporting
Information file (Table S7). Iron atoms have distorted
octahedral coordination environments formed by six oxygen
atoms: the equatorial coordination plane defined by four
bridging oxygen atoms (bound to tungsten atoms), while axial
positions are occupied by an oxygen from the SiO, tetrahedral
central unit and another from the y-O bridge (O1B atom).
Iron—oxygen bond lengths ranging from 1.986(8) to 2.023(8)
A in the equatorial plane, and Fe—O axial bond lengths in Fe—
O—Fe bridge [1.800(7) and 1.794(7) A], well agree with those
found in [(PW,,05Fe),0]'"" related fragment.”” On the
contrary, internal Fe—O axial bond lengths between iron atoms
and closer oxygen atoms from the SiO, core [2.409(8) and
2.448(7) A] have been found to be shorter than those found in
the PO,-containing compound [2.564(S) and 2.590(6)] A%

The features of the almost linear Fe—O—Fe bridge [with a
154.0(5)° angle, leading to a Fe...Fe intermolecular distance of
3.502(2) A] are in agreement with the ones reported for
dimeric p-oxo bridged Fe complexes.”"** Table 2 presents the
selected bond lengths (A) and angles (deg) in
[(SiW,,045Fe),0]K;,-28H,0.

Thermogravimetric and FT-IR analysis (see Supporting
Information Section 4) were conducted to characterize the
[(SiW},055Fe),0]K;,-28H,0. The FT-IR spectrum (Figure
S2) shows the characteristic bands of the Fe-substituted
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Table 3. Crystal Data and Structure for
[(SiW},039Fe),0]K;,"28H,0

empirical formula [(SiW},059Fe),0]K,,-28H,0

formula weight 6450.23
temperature (K) 100(2)
wavelength (A) 0.710731
crystal system triclinic
space group P1

a (A) 13.4690(7)
b (A) 19.7413(10)
¢ (A) 20.2551(10)
P (deg) 79.120(2)
a (deg) 67.751(2)

7 (deg) 88.382(2)
volume (A3) 4889.6(4)
V4 2
absorption coefficient (mm™") 26.705

min and max transmission factors 0.0251, 0.1224
completeness to 0., (%) 99.9

refinement method full-matrix least-squares on F*

data/restraints/parameters 24256/0/1111
goodness-of-fit on P 1.155
F(000) 5696

0.060 X 0.065 X 0.180

385466/24258 [R(int) = 0.0643]

R indices [I > 20 (I)] R1 = 0.0444; wR2 = 0.1061 [23417 ref]
R indices (all data) R1 = 0.0457; wR2 = 0.1069

largest diff. peak and hole (e/A®) 8.53/-3.67

crystal size (mm)

reflections collected/unique

Keggin POM, particularly in the region between 600 and 1000
cm™". The wavenumber region below 1000 cm™ is character-
istic of the W—O stretching and bending vibrations and the
corresponding bands were observed at ca. 958 cm™" [1,,(W—
0,1, 892 em™ [1,,(W—0,—W)], and 789 cm™ [1,(W—0,—
W)] (where O, = terminal oxygen, O, = bridging oxygen, O, =
internal oxygen). In addition, the bands at 789 and 715 cm™
are typical of v,(Fe—O—Fe) of dimeric polyoxotungstate,*’
evidencing the existence of a dimeric structure,** and the band
at 518 cm™' was assigned to Fe—O vibrations (Table S8).
Similar results were reported by Kuztnetsova*>*® while
investigating the structure and catalytic properties of transition
metal (e.g., iron) complexes with heteropolyanions, and more
recently, Xue et al.** assessed similar data when studying the
structural transformation of dimeric mono-Fe(III)-substituted
Keggin-type polyoxotungstates. These results support our
hypothesis, confirming the POM ability to coordinate Fe.
After validating the ability of the POMs to coordinate iron,
UV—vis spectroscopy was carried out to study their
effectiveness in retrieving Fe(II) ions from an IGI solution.
The UV—vis spectra of IGI, POM and the prepared POM-IGI
solution are shown in Figure S3. IGI showed a typical
spectrum with a band at ca. 248 nm and ca. 590 nm associated
with the IGI complex."” After adding the POM to the IGI
solution, one can infer that the formation of the Keggin-type
Fe(1I)-substituted from Kg[a-SiW,;0;5] occurred immediately
by the emergence of the band at ca. 256 nm (O — W charge
transfer) and a shoulder ca. 330 nm (O — Fe charge
transfer).’”** Hence, the ability of the POM to coordinate
Fe(II) was attested. This aspect holds paramount significance
due to the implications associated with the presence and
penetration of Fe(Il) ions within the cellulosic structure in
IGI-containing documents. As previously explained, free Fe(1I)

ions facilitate the occurrence of acid hydrolysis by increasing
the acidity of the IGI-cellulose system. This phenomenon was
attested by Rouchon and Bernard'’ and more recently by
Gimat et al.”> Besides, Fe(II) ions play a key role in the well-
known Fenton reactions, forming reactive radicals which
catalyze cellulose oxidation. Importantly, our previous work™®
showed that oxidation seems to be the driving mechanism of
cellulose degradation.

In a similar approach but in the context of Alzheimer’s
disease, Atrian-Blasco™ demonstrated the ability of Keggin-
type POMs to coordinate Cu(II) from Cu(II) (Amyloid-f).
The authors reported the formation of [a-SiW,;0;,Cu-
(OH,)]° anion from the monolacunary, [a-SiW;;035]% in
the presence of Cu(II) through the emergence of a band at ca.
253 nm in the UV-—vis spectrum. Our findings are
commensurate with those reported by the authors.”® Besides,
the smooth shoulder found at ca. 590 nm in the POM-IGI
spectrum serves as an indicator of the effective removal of
Fe(Il) from the solution by the POM. According to Santos et
al.™" this feature might be associated with the ligand field
transitions that gain intensity either by mixing with the intense
near-UV O — Fe charge transfer or by an exchange
mechanism. Interestingly, this result suggests a bent of Fe—
O—Fe geometry, which aligns with our crystallographic data.

B PHASE I—CHARACTERIZING THE IMPACT OF THE
POM-IL COATINGS ON THE MOCKUPS

Visual Examination and Evaluation of Color and pH.
Overall, visual examination of the mockups coated with the
POM-ILs indicated minimal aesthetic alterations regarding the
uncoated mockups (Figure 3b). The more pronounced
alterations were observed for the mockups coated with the
200 mg mL™! coating solutions, particularly in those where
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Figure 3. (a) Representative images of the POM-IL solutions at the
highest and lowest concentrations (200 and 1 mg mL™", respectively);
(b) Representative uncoated R; mockups [unaged and pre-aged (t;
and t,)] and the unaged corresponding coated mockups with POM-
IL2 coatings (concentration range from 1 to 200 mg mL™!). An
orange arrow highlights the mockup coated with the most
concentrated coating (POM-IL2 at 200 mg mL™"), which displayed
minor aesthetic alterations, i.e. visible yellowish coating reminiscent of
fatty substances occurring on the cellulosic support.
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Figure 4. Color variation (AE,,*) estimated between: (a,b) the unaged mockups (R;b_t,) coated with POM-IL1 and POM-IL2, respectively, and
their corresponding uncoated; (c,d) pre-aged mockups (R;b_t;) coated with POM-IL1 and POM-IL2, respectively, and their corresponding

uncoated mockups.

POM-IL2 were used. Similar observations were found for the
pre-aged, coated mockups.

Colorimetric analyses were conducted to evaluate the color
changes caused by applying the POM-ILs on the mockups.
Since similar trends were verified for the brushed and written
mockups, regardless of the ink reproduction (R, or R,), for
simplicity, the CIELab discussion focuses solely on the R;b
mockups results (i.e., mockups prepared with R, ink by the
brushing method). The remaining results can be found in
Supporting Information (Tables S$9—S11 and Figures S4 and
SS). Variation of the L*a*b* coordinates (AL*, Aa*, and
Ab*) (Figure S4) and color variation (AE,,*) (Figure 4) were
estimated for the unaged and pre-aged mockups, before
(R;b_to; Rib_t,, respectively) and upon applying the POM-IL
coating (R;b_t,_x; Rib_t, x). This evaluation was performed
one day (to allow the coating to dry effectively) and 30 days
following the application of the coatings.

One day after coating, the Rjb_t, 1 mockup exhibited a
shift toward darker brownish colors, primarily due to a
decrease in the L* coordinate (AL* < 0), along with an overall
increase in the yellow coordinate (Ab* > 0) (Table S9 and
Figure S4). The estimated alterations were more pronounced
for the 200 and 100 mg mL™' POM-IL1-coated mockups. The
increase observed for the b* coordinate to more positive values
showed that POM-IL1 coating, particularly solutions between
200 and 50 mg mL™}, tended to alter the yellowish hue of the
mockups slightly. Limited alterations were observed for the a*
coordinate regardless of the POM-IL1 concentration. Similar
results, within the error, were determined for POM-IL2
coating. However, the mockups exhibited more yellowing

when coated with POM-IL2, likely attributed to the honey-
yellow color of this solution.

In sum, the color alterations of the mockups induced by the
POM-IL coatings were observed as an overall darkening and
yellowing of the samples, predominant in the mockups coated
with the more concentrated solutions.

Interestingly, the color coordinates tended to stabilize over
time, returning to values more proximal to the starting values.
Figure 4a,b displays the AE,* for phase I, consisting of the
unaged mockups (R;b_t, vs Rjb_t,_x) coated with POM-IL1
and POM-IL2 both one-day (left) and 30 day (right) period
after the application. As expected, the AE* of the mockups
tend to alter depending on the concentrations of POM-IL
coatings. When evaluating the AE_* of the mockups 1 day
after applying the POM-IL1 coating (Figure 4a, left), larger
values were found for the mockups coated with the solutions of
higher concentrations (i.e., AE,;,* of 5.8 = 1.1, 5.1 + 0.2, 3.9 =
0.3 CIELab units for 200, 100, SO mg mL™"' solutions,
respectively). Nevertheless, when the same evaluation was
performed after the 30 day period, slightly reduced AE*
values were recorded, specifically, 5.4 + 0.4, 42 + 0.4, 3.7 +
0.2, for the 200, 100, SO mg mL™"' solutions, respectively
(Figure 4a, right). It is worth noting that, at concentrations
below 100 mg mL™}, all the values remained below the
acceptable limit, within the error, for protective treatments
(AE,* < 5).* Accordingly, the AE,* values estimated for the
mockups 1 day after application were lower for the less
concentrated solutions (i.e., 3.1 + 0.4, 2.8 + 0.3, and 2.0 + 0.2
for the 10, 6, and 1 mg mL ™! solutions, respectively). The same
trend (decreasing AE,* values) was observed 30 days after
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application. Overall, the CIELab results indicated that the
POM-IL1 coating solutions, within the range of 100 < [mg
mL™'] < 1, had a minimal visual impact on the color of
mockups. The same general trend was observed for the
mockups coated with POM-IL2 (Figure 4b,d).

In short, after a 30 day period of natural aging, the color
variation derived by the application of the more concentrated
POM-ILs solutions (200 mg mL™") are over the limit of the
acceptable value (AE,* < 5).* In the case of the 100 mg
mL™" solution of both POM-IL1 and POM-IL2, the resulting
color variations were perceptible with the naked eye, although
falling into the acceptable value,* within the error. Results
obtained for the POM-IL1 coating solution of S0 mg mL™"
were on the established AE,* limit value (AE,* < 3), within
the error and the remaining solutions (10, 6, and 1 mg mL™")
of both POM-ILs caused color variations below this maximum
perceptibility value.

Similar results were reported among the literature
while conducting studies using the same POM-ILs, although in
different chalk and natural stones. As an example, Eyssautier-
Chuine et al.*® also observed a general darkening of the
samples after applying the coatings (regardless of the type,
POM-IL1 or POM-IL2), and similar trends of AE,* were
determined for coatings with a concentration of 100 mg mL™".

AE,* was also estimated for pre-aged mockups upon
coating (R;b_t; x). The results obtained did not show
considerable differences regardless of the aging period (t,,
t,). Therefore, only the results obtained for the first aging
period (t;) will be discussed here. Still, the results considering
the t, aging period are available in Table S11 and Figure S5. It
is worth noting that the R;b_t;, mockups underwent a color
change due to the artificial aging procedure compared to the
unaged mockups (R;b_t,). This aspect was considered when
assessing the impact of the POM-IL coatings on the final color
of the mockups.

When comparing the results obtained with those previously
discussed, consistent trends in the color alterations can be
found. In other words, more prominent color alterations were
associated with coating solutions with higher concentrations
(Figure 4c,d). However, lower overall AE;* values were
estimated in this case, and both POM-IL1 and POM-IL2
coatings yielded results within the acceptable range. This can
be attributed mainly to the yellowish hue of the mockups
resulting from aging. Furthermore, the measurements
performed on the mockups after the 30 day-period revealed
interesting observations. Except for mockups coated with 200
mg mL™' POM-IL1 and POM-IL2, all other samples exhibited
color variations falling within or below the perceptibility limit
(within the error). Briefly, the aged mockups had a yellowish
hue compared to the unaged ones, resulting in fewer color
alterations upon coating application, considering the pro-
nounced effect on the yellow range (Ab* > 0).

Considering the overall results, the mockups coated with the
200 mg mL™" POM-IL solution were excluded from further
analyses because, at this concentration, color variations were
above or close to the acceptable established limits for
conservation treatment.*’

Regarding the surface pH, the overall results showed that no
considerable pH alterations occurred after applying the
coatings regardless of the concentration that was used. For
example, Rb t; x (x = POM-IL1 or POM-IL2) showed
maximum pH values of 3.2 & 0.0 and 3.1 =+ 0.1, respectively,
which closely matched the pH values of the corresponding

32,36,37

uncoated (R;b_t,, pH = 4.0 + 0.0). Similarly, pre-aged
mockups (R;b_t; 1and Rjb_t; 2) exhibited pH values of 3.0
+ 0.0, also close to the pH value of the corresponding
uncoated (R;b_t; with a pH = 3.1 + 0.1), within the error.
Similar results were obtained for R, mockups.

Keggin-type POMs have been recognized for being acid-
stable and providing acid resistance in the artifacts where they
are employed.””” Thus, acidity fluctuations were not
expected. Unfortunately, previous studies lacked pH evalua-
tions. No direct comparison can then be made with the
available literature. In short, it can be concluded that the
coatings did not alter the pH of the mockups over the 30 day
naturally aging period.

Surface Morphology of the Mockups and POM-IL
Penetration within Cellulose Structure. Figure S shows

uncoated

uninked area

inked area

Figure 5. (a,c) SEM micrographs of uninked and inked areas of the
R;b_t; mockup prior to the coating application; (b,d) their
corresponding coated areas. Yellow arrows highlight the presence of
POM-IL1 coating between the voids of the cellulose fibers.

SEM micrographs of R;b_t; mockups before and after the
coating with POM-IL1 (100 mg mL™'). Considering the
coated mockups (Figure Sb,d), SEM observations revealed a
nonuniform film-like formation on the cellulosic support
surface. It was particularly evident between the voids of the
cellulose fibers, resembling a spider web. Therefore, one can
hypothesize that the coating might have enhanced the stability
of cellulose fibers by filling the space between the voids, thus
strengthening the cellulose structure. With this in mind, we
posit that the coating could improve the mechanical properties,
which will be discussed further below. Importantly, no changes
in the morphology of the cellulose fibers were observed after
the coating application. Since this is the first time POM-IL
coatings have been used on IGI-containing cellulosic supports,
no comparisons could be made among similar materials.
Nonetheless, while agpplying POM-IL coatings on stone
materials, Misra et al.** reported the formation of a surface
layer with a homogeneous distribution. We attributed the
differences between the distribution of the coatings to the
physical characteristics of the supports.

It is worth noting that in the R;b_t; 1 mockup, the coating
was observed to trap agglomerates of particles found on the
surface and within the cellulose fibers. This occurrence was
especially evidenced in the SEM micrograph depicted in
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Supporting Information Figure S6. As discussed in the
mockups characterization section (see Supporting Information
section 5), these particles consist of Fe(Il) oxalate crystals
associated with a degradation compound formed over aging in
the mockups. We hypothesized that this trapping phenomenon
can potentially minimize the mobility of free Fe(II) ions,
thereby mitigating the ongoing formation of Fe(II) oxalates
and IGI corrosion. Based on similar reasoning, the coating
might also limit the interaction of the uppermost layer of the
cellulosic support with the environment (e.g, atmospheric
oxygen and moisture), acting as a barrier, thus providing
additional protection against the extent of ongoing oxidation
processes.

Given that the Fe(II) penetration through cellulose fibers is
a primary concern in IGI-containing documents, POM-ILs
must also penetrate the cellulose structure to achieve an
optimum effect as an effective conservation treatment. EDS
line measurements and point analyses were conducted to
assess the spatial distribution of Fe from the IGI and W from
the POM-IL to better understand the depth of penetration of
the POM-ILs. Therefore, cross sections of the unaged coated
mockups (R;b_t, x) with the 100, 50, and 6 mg mL™' POM-
ILs solutions were prepared. For mockups coated with
concentrated solutions (100 and 50 mg mL™'), W was
detected on the surface and the inner areas of the cellulosic
support, in addition to Fe from the IGI (Figure 6a). The

a. b.

verso inked layer verso inked layer

Figure 6. (a) SEM/EDS line scan profiles of Fe K (red line) and W K
(yellow line) measured on a cross-section of the Rib_t, 1 mockup
coated with POM-ILI at: (a) 100; (b) 6 mg mL™".

amount of W on the surface ranged from ~1—12 wt %, while
EDS point analysis of the inner areas revealed 1 to 3 wt % W,
compared to 4—16 wt % Fe. In contrast, mockups coated with
the most dilute POM-IL solution, 6 mg mL™!, exhibited very
low amounts of W (<1 wt %) in the inner areas (Figure 6b),
indicating poorer penetration of the POM-IL into the inner
network of cellulose fibers.

FT-IR Analysis. The FT-IR spectra of R;b_t, before and
after the coating application, band assignment and respective
interpretation are detailed in Figure S7 and Table S12. The
uncoated mockups exhibited the typical bands of the cellulosic
support, which were previously presented (see Supporting
Information §). Furthermore, the IGI bands were also
identified at ca. 1640 cm™' [§(O—H) adsorbed water], 1459
em™! [1,(S—0)], 1320 em™ [1,(C—0)], 1044 cm™ [v,(C—
0)], 951 ecm™ [1,(S—0)] and 658 cm™ [v,(Fe—0)].

Only the more significant alterations in the FT-IR features
that evolved with the coating application will be discussed
here. Nevertheless, the characteristic bands of the POM-IL
were not clearly evidenced due to the overlap with the coating
and cellulose bands, making interpretation challenging.

The features at ca. 2921 [v,(CH,)] and 2852 cm™!
[v,s(CH,)] were associated with the organic cation (tetra-
heptylammonium (THepA)), which is aligned with the
spectral features of POM-IL.”* In addition, the IR spectrum
of Rib_t, 1 exhibited small bands at ca. 1053 cm™ [1(Si—O—
$i)], 964 cm™ [v(W-0,)], 908 cm™ (W—0,—W) and 801
em™ [, (W—0,-W)] associated with the POM frame-
work.”" In the R;b_t, 1, the bands at ca. 908 and 801
cm™ were slightly shifted to higher wavenumbers regarding
the pure POM features (see Figure S2). Furthermore, the
increased intensity of the bands at ca. 663 suggests the
presence of Fe—O—W.>

Additionally, special attention was given to the bands
associated with the cellulose structure, specifically, 1426 cm™
[6(CH,) in crystalline region] and 898 cm™ [1(C—0O-C)
assigned to the amorphous region].””** As explained in the
mockups characterization, variation in the shape and intensity
of these features has been used to study alterations in the
crystallinity of cellulose.”** As no considerable changes were
observed between the coated and uncoated sample, one can
suggest that POM-IL coating did not promote considerable
adverse effects on the cellulose structure.

Physical Properties Testing. Although the primary goal
of the POM-IL treatment was not consolidation, structural and
mechanical tests were performed to evaluate its mechanical
effects on the mockups (Table S6). The physical tests were
conducted only on mockups subjected to the t, aging period
(R, ink), t, aging period (R, ink) and corresponding coated
mockups. Due to the physical fragility of R, _a_t; mockups, we
decided to stop the aging procedure at this point. Additionally,
only the mockups coated with POM-IL1 (100 mg mL™") were
tested due to the large number of samples needed to ensure
statistically significant values. The results obtained regarding
the structural properties such as grammage, thickness, apparent
density, and the air permeability Bendtsen method are shown
in Table S13.

The grammage values ranged from 84 + 1 to 89 + 2 gm™2,
with the lowest values corresponding to the pre-aged mockups,
regardless of the presence of coatings. These results highlight
the aging procedure as the key factor for the variations among
the grammage values. Similar observations were found for the
remaining parameters, indicating that POM-IL coatings did
not interfere with the structural properties of the mockups.
Following, tensile strength and zero-span tests were conducted.
The tensile strength test informs about the maximum stress a
material can bear before breaking®’, and the dry zero-span
parameter validates the damage to the fibers, considering
factors like the thickness of the fiber cell wall and the fiber
diameter.”® An overall prominent decline in the tensile index
(ca. 95%) was observed for the pre-aged R; and R, mockups
compared to the unaged mockups (Figure S8a). As no
considerable differences within the error were observed
between the uncoated and coated mockups, the decrease in
the tensile index was primarily attributed to the aging
procedure, further potentiated by the impact of IGL. Addi-
tionally, the zero-span study (Figure S8b) showed decreasing
values for R; and R, pre-aged mockups compared to their
corresponding unaged ones. This result strongly implies that
the presence of IGI compromised the fiber strength. The
coated mockups exhibited similar values within the error,
indicating no discernible effect attributed to the presence of
POM-ILs on the fiber damage. Indeed, the presence of the
POM-IL1 coating did not limit the decline of the physical
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properties of the mockups. Consequently, if a consolidating
effect were to be achieved, these results suggested the need to
explore whether using a coating with a higher concentration
can yield more successful results. It is crucial to keep in mind
that the maximum value to consider should be below 200 mg
mL™!, as previously discussed. Importantly, these results
strongly suggest that POM-ILs do not compromise the
integrity of the cellulose structure in IGI-containing docu-
ments. This insight is of utmost importance, given that ILs
have been explored and documented in cellulose dissolution-
oriented research.””*® As evidenced, factors such as the
concentration play a decisive role in determining the goals to
be achieved.

B PHASE II—EVALUATION OF THE PERMANENCE
OF POM-IL COATINGS, THEIR IMPACT ON THE
MOCKUPS, AND EFFECTIVENESS IN LIMITING IGI
CORROSION THROUGH ARTIFICIAL AGING

This section presents the evaluation of the long-term stability
of the POM-IL coatings and their impact on the mockups over
aging. Based on the results from phase I, only the mockups
coated with POM-IL coatings of 100 mg mL™" were studied.

Overall, limited color variations were observed for the Rb,
R,w, R,b, and R,w mockups, regardless of the coating (POM-
IL1 or POM-IL2). Therefore, only the results of R1b mockups
are discussed here for simplicity. The complete set of results
for the remaining mockups (R;w, Ryb, and R,w) are available
in Supporting Information (Tables S14—S17). It is important
to note that the mockups undergo color changes once
subjected to artificial aging, which was discussed in the
previous work (see Supporting Information S). Thus, to
evaluate the impact of the coatings over aging, color
measurements were conducted on samples from phase II
(both uncoated and coated) subjected to corresponding aging
periods.

No considerable color alterations occurred in the coated R;b
mockups regardless of the aging periods and the coating
(POM-IL1 or POM-IL2) (Figure S1). After artificial aging (t,
and t,), values of ~2—4 for AE,* were estimated for R;b
coated with either POM-IL1 or POM-IL2. Regarding the
mockups subject to a reaging procedure, values of ~2 for
AE,* were determined for both coatings. Therefore, the
global color alteration remained consistently close to or below
the perceptibility limit (AE,* < 3), pointing out that the
resu}’ging color variations were imperceptible to the naked
eye.

The coated mockups became slightly darker (AL*<0) in
comparison to the uncoated ones, with the aged mockups (t,)
coated with POM-IL2 (Figure S9) showing the highest
decrease in the AL* (ie, 2.4 + 0.6), within the error.
Nevertheless, regardless of the coating, no trend was identified
for the aged or the reaged mockups. The Ag* and Ab*
presented only minute alterations over aging. As per the reaged
mockups, Rib_a t, exhibited a lower yellowish contribution
than R;b_a t;, similar to what was observed for the R;
mockups coated with POM-IL2 (Figure S9). In brief, POM-
IL coatings had minimal impact on mockup colors over aging.
Next, SEM/EDS analysis confirmed that the POM-IL coating
did not undergo any undesired morphological changes (e.g.,
crystallization, precipitation, agglomeration) during the aging
or reaging. Importantly, the presence of the coating also did
not lead to alterations in the cellulosic support during aging.

The hydrophobic properties of the POM-IL likely prevented
unwanted modifications from occurring. EDS analysis was used
to assess the wt % of W on the Rjb_a_t; 1, which ranged from
0.75 to 3.12%. Although these values are lower than those
previously discussed for phase I, they still provide clear
evidence of the POM-ILs on the mockups, thereby confirming
their stability over aging.

The coating stability as a function of aging, as well as
alterations to the mockups structure, were assessed by FT-IR
analysis. The IR spectra of the unaged (R;b_t;) and aged
(R;b_a_t,) uncoated mockups, together with the correspond-
ing mockups coated with POM-IL1 (R;b_t, 1 and
R;b_a t; 1) are shown in Figure 7. Typical IR features of
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Figure 7. (a) FT-IR full region spectra of the unaged (R;b_t,_1) and
aged (R;b_a_t; 1) coated mockups; (b) zooming of the region of
interest (1500—500 cm™) were the cellulose crystalline-related bands
(1426 and 908 cm™') and the POM-ILs bands (1053, 964, 908, 801,
663 cm™') were labeled. The spectra are vertically offset for clarity,
and color grading is used for better visualization.

cellulose and IGI were identified and previously discussed.
Unfortunately, the IR features related to the POM-ILs which
evolve in the region between 500 and 1100 em™ > were
considerably overlapped by those of the cellulosic support,
making the FT-IR interpretation challenging. Nevertheless, the
characteristic bands of the POM-IL were identified, which
confirms the permanence of the coating on the mockups over
aging.

A slight drop in the intensity of the bands at 3341 and 328S
ecm™ y(OH) of the aged coated mockups (R;b_a t; 1) was
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observed when compared to that of the unaged coated ones
(R;b_t,_1). A similar behavior was found and reported for the
uncoated mockups (see phase I, FT-IR Analysis section). As
documented in the literature, these alterations in the OH—
features are likely due with the cleavage of intra- and
intermolecular H-bonds, leading to structural changes in the
cellulosic support.”***° This was primarily attributed to the
aging procedure, as discussed in our previous work.”

In addition, the bands at 2922 and 2852 cm™" corresponding
to —CH, vibrations, to which the presence of ionic liquids
from the POM-ILs strongly contributed, were found to
decreased in intensity in the aged, coated mockups regarding
the corresponding unaged. This implies that the aging
procedure partially affected the stability of the coatings.

Special attention was given to the band at ca. 1639 cm™/,
associated with the adsorbed water molecules [6(OH)],
though also linked to the carbonyl group arising from paper
degradation.’’ In our previous work,™ the FT-IR study
conducted on the mockups subjected to artificial aging showed
that this feature tends to increase during aging due to the
ongoing oxidation mechanism of the C—OH groups in the
glucopyranose rings. Here, in the aged, coated mockups
(R;b_a t, 1), this feature showed no considerable variations.
Indeed, this behavior suggest that the POM-IL coating may
limit the extent of cellulose oxidation. However, care must be
taken when interpreting this result because the presence of a
small shoulder at ca. 1670 cm™), indicates the occurrence of
degradation.”®" Notably, both features were also observed in
the unaged coated mockups, indicating that the coating did not
have a negative effect on the support. As explained in the FT-
IR results of phase I, alterations in the cellulose crystallinity can
be investigated by the behavior of the 898 cm™ [1(C—0—-C)]
and 1426 cm™' [8(CH,)] features.’>** Both features were
slightly broader and decreased in intensity over aging,
confirming the occurrence of changes in the cellulose structure.
Nevertheless, as a similar behavior was observed on the
uncoated mockups, those alterations were primarily attributed
to the IGI impact on the cellulosic support, further prompted
by the aging procedure. Indeed, this result provides
unequivocal support that the concentration of the POM-ILs
in use does not adversely affect the cellulose structure. Finally,
the band ca. 663 cm™' (assigned to Fe—O—W), appeared
slightly uppershifted and with higher intensity when compared
to the corresponding uncoated (660 cm™'), suggesting the
interaction of the POM-IL coating with the iron from the IGL

Overall, IR data confirmed the permanence of the coatings
on the mockups even after artificial aging and established that
the POM-IL coatings had no apparent adverse effect on the
structure of the cellulosic support over the tested period.

B CONCLUSIONS

This investigation was based on a two-fold approach: first, a
proof-of-concept was developed to assess the ability of POM-
ILs to chelate free Fe(Il); subsequently, dilute POM-IL
solutions were brush-coated on IGI mockups to evaluate their
impact and optimize the coating concentration (phase I).
Finally, their permanence of the POM-IL coatings and their
capacity to counteract IGI-corrosion was explored through
artificial aging of the samples (phase II) and subsequent
analysis using a combination of colorimetry, SEM/EDS, and
FT-IR. Overall, POM-ILs emerge as candidates for addressing
two unresolved challenges in IGI conservation: countering the
presence of free Fe(II) and meeting the demand of

conservation treatments that ensure the preservation of ancient
IGI documents without compromising their structural integrity
and historical value.

In the first phase (phase I), the capacity of the POMs to
bind Fe(II) ions from IGI solutions was verified using UV—vis
spectroscopy, demonstrating the capacity of the POMs to
coordinate free Fe(II) ions which catalyze IGI-corrosion
processes. The crystallization of the dimeric Fe(III)-
substituted polyoxotungstate [(SiW,;03Fe),0]"*" supported
this property. The deployment of POM-IL as protective
coatings (<100 mg mL™") on the mockups resulted in color
alterations close to or below the acceptable value (AE,* < 5),
meeting the requirements of conservation treatments. Addi-
tionally, SEM/EDS was used to study POM-IL penetration
within the cellulose structure in coated mockup cross sections.
The results showed successful penetration when the POM-IL
concentration ranged from SO to 100 mg mL™'. Effective
penetration is essential, since free Fe(II) ions in the inner
layers of cellulose structures are key drivers of IGI-induced
degradation.

According to phase II results, POM-ILs deployed as
protective conservation coatings on model IGI-containing
papers (mockups) and artificially aged confirmed their
compatibility with the written and support material and
attested that artificial aging did not affect the permanence of
the coatings. Notably, extensive FT-IR studies showed no
considerable alterations in the carbonyl group arising from
cellulose degradation in the coated mockups compared to
uncoated mockups, irrespective of the aging periods. These
results strongly indicate that POM-ILs counteract IGI-
corrosion. Nevertheless, it is crucial to acknowledge the
inherent risks associated with the permanent and irreversible
use of POM-ILs. The long-term implications of introducing
POM-ILs to written cultural heritage must be carefully
considered. Therefore, further studies, including more
comprehensive artificial aging, are essential to better under-
stand their behavior and the potential issues arising from their
interaction with IGI-containing samples over time.

Finally, SEM revealed a spider web-like film forming in the
space between the voids of the cellulose fibers, providing a first
indication that the coatings could also improve the stability of
the cellulose structure. Besides, it is also likely that the POM-
IL interface acts as a protective barrier to reduce the
interaction between the cellulosic support and environmental
factors: reducing moisture ingress as well as the deposition of
other airborne pollutants and microbes, which can also
accelerate existing corrosion mechanisms. However, these
aspects remain to be confirmed. As standardized protocols for
evaluating IGI corrosion mitigation on paper-based documents
are lacking, assessing and comparing different treatments
becomes challenging. Therefore, future work aimed at
understanding the potential of POM-ILs for IGI conservation
treatments must investigate their effectiveness through
combined surface and bulk analyses and address the long-
term performance of POM-ILs on IGI-containing historical
samples in library and archival contexts is imperative.
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