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Abstract

This thesis is the result of the RICORDACI project, a three-year European-funded initiative which
involved the collaboration between the University of Bologna and the restoration laboratory of the
Cineteca di Bologna, L'immagine Ritrovata s.r.l, which aimed to find innovative solutions for the
preservation of cinematographic film heritage.

Film conservation differs from the requirements of other types of cultural heritage, as it is mainly
focused on guaranteeing the preservation of the content recorded on the film and ensuring its
fruition. This is often hindered by the intrinsic instability of the filmic supports, in particular the
cellulose derivatives employed as polymeric bases.

The physical-chemical decay of the cellulose acetate (CA) and cellulose nitrate (CN) polymeric film
bases follow similar autocatalytic processes. In both cases, deformation and mechanical instability
affects the film, and degradation leads to deposition of unwanted substances on the film surface,
making it difficult or even impossible to unwind and digitize the affected rolls. In addition,
degradation acts in the emulsions that contain the image, which becomes increasingly altered, and
the image is eventually lost.

These three years of research have led to the development of new methods and technologies for the
preservation of cinema films. In particular, this thesis presents the development of new analytical
methodologies to exploit two types of portable miniaturized Near Infrared spectrometers working in
Diffuse Reflectance mode over the Short Wave Infrared (SWIR) range, to study the near infrared (NIR)
spectral behavior of film base materials for an accurate, non-invasive and fast characterization of the
polymer type; and for films with cellulose acetate supports, they can be employed as a diagnostic tool
for monitoring the Degree of substitution (DS) affected by the loss of acetyl groups. The proposed
methods offer non-invasive, fast, inexpensive and simple alternatives for the characterization and
diagnosis of film bases to help the strategic planning and decision-making regarding storage,
digitalization and intervention of film collections.

Secondly, the text includes the evaluation of new green cleaning systems and solvents for the
effective, fast and innocuous removal of undesired substances from degraded cinematographic films
bases; these tests compared the efficiency of traditional systems and solvents against the new
proposals. Firstly, the use of Deep Eutectic Solvent formulations for removing softened gelatin
residues from cellulose nitrate bases, and secondly; the employment of green volatile solvents with
different application methods, including the use of a new electrospun nylon mats, for avoiding the
dangerous use of friction for the removal of Triphenyl Phosphate crystal blooms from the surface of
cellulose acetate bases.

The research on cleaning involved the employment of Fourier Transform Infrared Spectroscopy
(FTIR), Optical microscopy for sample surface documentation and cross section observation. The
results obtained will help improving the efficiency of the interventions needed before the
digitalization of historical cinematographic films and will pave the way for further investigation on
the use of green solvents for cleaning polymeric heritage objects.

The text also includes a review of the analytical precedents on the study of cinematographic films,
3



focusing around the basic notions of film history, technical advances, materials and stratigraphic
structure of cinematographic films, and the chemical characteristics of film materials, addressing in
particular the emulsion, polymeric bases and their additives, as well as their degradation processes.

Keywords: Cinematographic film conservation and restoration, Near Infrared Spectroscopy (NIR),
Short-Wave Infrared (SWIR), calibration function, Degree of Substitution (DS), Optical Microscopy,
MATR-FTIR, Triphenyl Phosphate (TPP), plasticizer bloom cleaning, gelatin cleaning, cellulose
derivatives, Cellulose Acetate (CA), Cellulose Nitrate (CN), Deep Eutectic Solvents (DES), electrospun
nylon mats, Green Solvents, Conservation Science, Cultural Heritage.
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Part I. Precedents and state of the art
Chapter 1 Photographic film: A historical background

A review of the history, technical developments and chemical processes that brought about modern
photography is presented here, aiming to provide a minimal background that allows to adequately
understand how photographic film materials were invented and successively improved, making
emphasis on cinematographic film, its constitutive materials, structure and photochemical
processing.

1. 1 The invention of cameras and projection devices

Cinematographic film owes itself to still photography, its immediate predecessor. Photography as a
concept traces its roots back to the invention of the Camera oscura, an ingenious device which first
allowed to project an image of its surroundings onto the flat surface of a dark inner environment.
The origins of the camera oscura can be dated back as far as 1000 d.C. With time, the instrument
was provided with optical lenses and filters to focus, straighten and reflect the image, and it
became smaller and more practical.
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Fig. 1. lllustration a Camera oscura in Gemma Frisius, De radio astronomico et geometrico liber, 1554, collection of the

National Science and Media Museum; reproduced by Silverman, 2015[1].

In 1646, German mathematician Athanasius Kircher published the Ars Magna Lucis et Umbrae ("The
Great Art of Light and Shadow"[2]), which laid the foundation for the invention of the “magic
lantern”, a small optical system which allowed to project images on transparent glass plates, using a
light source and one or more lenses. These precedents would lend inspiration to the Lumiére
brothers three centuries later for their invention of the first cinematographic film projector and the
conduction of the first commercial public screening on December 28™, 1895, thus marking the birth
of cinema as we know it[3].
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Fig. 2. Edited version of the first sketch of a magic lantern, in a letter by Petit in a letter to Huygens (28" November 1662),
included in Oeuvres complétes de Christiaan Huygens, La Haye, 1880-1950, iv,p. 269 Koninklijke Hollandsche
Maatschappij der Wetenschappen. The light of a candle is intensified by the concave mirror; the tube (BC) with two
convex lenses magnifies the picture painted on a slide (A). Reproduced by Vermeir, 2005[4].

Fig. 3. lllustration of a magic lantern in W. J. S. van Gravesande, Physices elementa mathematica, experimenta confirmata,
2 tomes in 1 vol., Leyden, 1721-5, ii, 76 (Plate 14). Collection: Stadsbibliotheek Antwerpen. Reproduced by Vermeir,
2005([4].

1.2 Image recording materials and emulsions

Besides the invention of cameras and projectors, cinema and photography depended on the
technical improvements that allowed to record the resulting light image. Until the 17th century, the
projected images had to be drawn and painted manually (e.g., Vermeer most likely painted the
imaged produced with a camera oscura(5]). This changed when in 1827 French lithographer Joseph
Niépce (1765-1833) invented heliography, a term that derives from Greek fAwoc (hélios) «sun» and
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ypadéwv (graphéin) «to draw»[6], [7], which refers to the use of asphalt bitumen to print a light
image. However, Niépce’s first recorded required an eight-hour exposition.

Upon the discovery of photosensitive materials, such as silver chloride (AgCl) and silver nitrite (AgNO3),
and following the collaboration between Niépce and painter Jacques Louis Mande Daguerre (1787-
1851), led the later to create in 1837 a more practical photographic system, the daguerreotype(7],
which allowed to register images on silver-coated cupper plates previously exposed to iodium
vapors. The daguerreotype dramatically reduced the required exposure times to only 20 minutes,
and it required final treatments with mercury vapors and an immersion in a sodium chloride
solution to fix the image.

Daguerreotypes created single, non-reproducible and unstable images. The stabilizing of the image
over time was possible only after Sir John Herschel, an English chemist, applied a “fixing” Sodium
hyposulfite (Na2S0O>) to eliminate the remaining unexposed silver salts.

Finally, William Henry Fox Talbot (1800-1877) became aware of the existence of the latent
image[8], and invented calothopy, from Greek kalog (kalos) «fair», the first photographic
developing method as it is understood nowadays, through a technique that included the immersion
of a paper sheet in a silver nitrate (AgNOs), potassium iodide (KI), acetic acid (CH3COOH) and gallic
acid (CsH2(OH)3COOH) solution. The sheet thus prepared had to be exposed for a few minutes and
then fixed by immersion in Sodium hyposulfite (Na,SO;) (Figure 1.3.1), which rendered a negative
image capable of being indefinitely reproduced into positive prints. It was during this period that
the term photography, likely coined by John Herschel[3], became widely diffused. It comes from the
Greek vocables @wg, @otoc (phos, photos) «light» and ypadewv (graphéin) «to draw».

It was from the second half of the nineteenth century onwards that photography was greatly
developed; Talbot’'s method was perfected, the waxed paper negative was invented, and new
photosensitive supports were diffused, including salt paper, albuminate paper and collodion, a
suspension of photosensitive silver salts suspended in a nitrocellulose matrix over glass slides, which
could then be exposed. This last method allowed to reduce exposure times and costs respect to
previous techniques[3], and it stayed in fashion from 1850 to 1880, when it was finally substituted
by modern photographic emulsions, created by a mixture of silver halides suspended in an animal
gelatin matrix.

The first successful attempt to produce a dry photosensitive gelatin emulsion was by Richard L.
Maddox in 1871[9], consisting on a mix of silver bromide (AgBr) salts suspended in animal gelatin,

which was then applied over glass supports and developed with pyrogallic acid (CeH3(OH)s).
1.3 Employment of flexible polymeric films as photographic bases

Glass was used as support for photographic materials until 1889, when transparent and thin
polymeric sheets were employed for the first time as base for industrial photographic negatives
upon which the image-forming emulsion is coated, due to the advantageous flexibility and
mechanical resistance of film respect to glass[3]; it is from these that modern-day photographic
films are derived.

Photographic images supported on a flexible polymeric film revolutionized the way and ease in
8



which the world could be recorded[7]. A mere 14 years later, the invention of continuous film rolls
allowed to register not only still images, but also motion by means of a continuous sequence of
photographic images; such was the birth of cinematographic motion film.

In particular, different polymers have been employed throughout history to create flexible film
bases. Chronologically, Cellulose derivates were used first, with Cellulose Nitrate (CN) being
preferred during the first years of motion film production, going roughly from 1889 to 1951[10],
[11].

The production of CN films was possible thanks to the discovery of camphor-plasticized CN, a
mixture known as celluloid, first synthesized in 1869 by John Wesley Hyatt (1837-1920)[12]. The first
photographic film over this kind of support was produced by Hannibal Goodwin (1822-1900), who
registered a patent in 1887[7], [13], [14]. It was over this kind of film that George Eastman, founder
of the Kodak company, created the first black and white film.

However, it was quickly acknowledged that CN supports were highly flammable; and their
emissions of NO,, noncombustible in itself, accelerates however the burning of combustible
materials.

Even if CN films continued to be used until 1950, alternatives were sought for in the meanwhile in
order to overcome the flammability hazard. At the beginning of 1909, new and less flammable
cellulosic polymer films were introduced: Cellulose Acetate (CA) film bases, called “safety film” in
the photographic industry, came into use since 1923 and (in the case of Cellulose Triacetate, CTA)
they are still in use today. These included Cellulose Diacetate, Cellulose Acetate Propionate,
Cellulose Acetate Butyrate, and since 1940, also Cellulose Triacetate (CTA)[7], [15], which has >2.7
acetylations per monomer unit, being also more soluble in organic solvents such as chloroform
(CHCI3) and dichloromethate (CH2Cl2)[16], and for its properties it has been adopted as the acetate
derivative of choice for professional film bases throughout history[17]. Even if the employment of
different CA species as film base overlapped over the years, CTA dominated the photographic film
market from 1950 onwards, and still is the predilected base material for film negatives[18].

Lastly, since 1955 and especially after the 90’s[7], [15], [19], Polyethylene Terephthalate (PET) came
into scene as a safer and more resistant film base than cellulose derivates, and is used particularly
for print distribution copies and intermediate elements. In comparison to cellulose nitrate and
cellulose acetate films, PET has as the advantage of permitting the manufacture of thinner films due
to its superior tear resistance, flexibility, chemical and dimensional stability[7].

Polyethylene terephthalate films can be prepared by catalytic ester interchange reaction between
dimethyl terephthalate and ethylene glycol, followed by catalytic polymerization under vacuum of
the resulting dihydroxyethylene terephthalate monomer; and the final polymer is then cast as a
film.

Chapter 2 Photographic film: Stratigraphy

Historic photographic negatives and cinematographic film technologies are very varied and their
stratigraphy may be complex; however, the layout of film materials (Figures 4 and 5) always include a
thick, transparent and flexible polymeric base coated with the film emulsion. The emulsion is the
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layer employed to record the image, and in already developed films it consists of a colloidal
suspension of dark silver particles and color dyes (if the film was colored), fixed in a matrix of
photographic-grade gelatin[20]. Sometimes, a thin intermediate adhesive or “subbing” layer was
applied to guarantee the adhesion between the emulsion and the polymeric base. Thin filters and
coatings may be present between or above the aforementioned layers.

6

Fig. 4.- Black and White (B&W) developed film stratigraphy. 1) Protective overcoat or UV filter, 2) Gelatin and silver
particle emulsion, 3) Antihalation layer, 4) “Subbing” adhesive layer, 5) Cellulose ester film base and 6) Anticurl layer[21].
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Fig 5.- Chromogenic tripack color film stratigraphy after development. 1) Protective overcoat or UV filter, 2) Blue-sensitive
layer of the emulsion (containing yellow dye), 3) Blue radiation filter, 4) Green-sensitive layer of the emulsion (containing
magenta dye), 5) Red-sensitive layer of the emulsion (containing cyan dye), 6) Antihalation layer, 7) “Subbing” adhesive
layer, 8) Cellulose ester film base and 9) Anticurl layer[21].

Photographic films are constituted by a particular stratigraphy. As portrayed in Figure 2.1, the most
common layers are, from the top to the bottom, the gelatin emulsion layer, the so-called subbing
layer, the polymeric support and the anticurl and antihalation layers.

Among the group of thinner secondary layers, anti-curl layers can be found on the back of the
polymeric film, they are usually composed of gelatin and seek to prevent film deformation by
counteracting the mechanical efforts exerted by the different layers upon humidity changes. Anti-
halation layers instead can be found either below the emulsion or coated over the back side of the
polymeric base. Antihalation layers are made of gelatin matrix containing instead color compounds
(e.g., acid fuchsine or malachite) which prevent light to be reflected during exposure, thus blocking
the creation of haloes in the image.

Finally, subbing layers consist in a thin overcoat whose function is to adhere the emulsion to cellulose
acetate bases. Little information may be found regarding the materials used for subbing; and these include the
use of a mixture of gelatin, cellulose acetate, cellulose nitrate and a solvent[22], [23]. Ciliberto et al.[15] reports
that emissions of emissions of nitrostyrene from a positive B&N cinematographic CA film sample are due to this
layer. No studies seem to have been publishing on the characterization of subbing layers, which from
stratigraphic observation are not always present in films.

2.1 Photographic gelatin emulsions

The emulsion layers are constituted of a gelatin matrix. In the case of black and white films, this
matrix contains silver halide particles, which are light-sensible and allow to record the image[15].
Instead, in most recent photographic color films, emulsions are often divided in three different
gelatin sublayers containing a suspension of silver halide crystals together with yellow, magenta
and cyan dye precursors respectively.

Most of the time, photographic gelatin corresponds to alkaline or type-B gelatin, which is produced
from alkaline treatment of demineralized cattle bone, ossein[24]. Ossein is mostly made up of type |
collagen, an heterotrimer collagen formed by three polypeptide chains, two al(l) chains and one
a2(1) chain, associated in a triple helix configuration except for the short non-helical terminal regions.
The three strands are united by a ladder of intermolecular backbone N H::-:O C hydrogen bonds links,
occurring transversally to the helical axis[25]. Both types of sub a-chain follow a repetitive Gly-X-Y
sequence, in which every third amino acid position is occupied by a glycine residue (Gly) and the X
and Y positions are preferentially occupied by imino acids proline (Pro) or 4-hydroxyproline (Hyp)
(Figure 6), differing slightly in the amino acid distribution occurring at such positions[25].
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Fig. 6. Schematic representation of the preferred amino acid triplet sequence Gly-X-Y along the a-chains in collagen and
gelatin, with the scheme showing as example Proline and Hydroxyproline at the X and Y positions.

Having a tendency for polar and non-polar residues to be distributed distinctly along the chain,
collagen has differential hydrophobic and hydrophilic regions[24]. Intermolecular covalent cross-
linking between neighboring lysine (Lys) or hydroxylysine (Hyl) residues in terminal telopeptides or
along the helix stabilize and render parent collagen chains insoluble in water[24].

Through the hydrated lime slurry treatment, type-B gelatin is produced from parent collagen by
destroying the crosslinking between collagen strands, making it soluble and purifying it from
unwanted components also found in bones, such as mucopolysaccharides and non-collagenous
proteins such as albumin and globulin[24].

This process also denatures the triple helix, causing the hydrolysis of some of the peptide bonds in
collagen, so the superhelical structure and further supramolecular structures are destroyed, retaining
only the primary amino acid sequence of the a-chains and the secondary structures of a-helices and
random-coil fragments, which become organized as unordered single strands[25], [26], [27].
However, gelatin has the unique capacity for a limited renaturation of the collagen-like triple helices
under certain conditions and gel formation[27].

Photographic gelatin should have high gelling power and viscosity, obtained through a high average
molecular weight, being a mixture of polypeptide/polymer chains with very large macromolecules of
different molecular weights: The major fraction is in the region of 100 000 g mol, which corresponds
to the intact polypeptide a-1 and a-2 chains (ca. 100 000 Da); this is accompanied by their fragments
and oligomers found covalently cross-linked in doublets and triplets, called B- (ca. 200 000 Da) and y-
chains respectively (ca. 300 000 Da) [27], [28], as well as by bigger, more complex and branched
oligomers made of five, eight or more a-chain units, which may surpass the 400 000 Da[29] [24].
Oligomers of three a-chains tend to be found as intact triple helices, but a certain amount exist as
extended a-polymers bonded randomly by end-to-end or side-to-side bonds.

Gelatins have roughly the same amino acid composition as the parent collagen, thus a high content
of Gly (33%) and imino acids Pro and Hyp (22%)[24]. However, the alkali treatment causes type-B
gelatin to contain more acidic than basic groups in its molecule[30], as it partially hydrolyses many of
the original amide groups of asparagine (Asn) and glutamine (GIn) in the protein by releasing
ammonia. These reactions increase the content of aspartic acid (Asp) and glutamic acid (Glu), and
increase the number of carboxyl groups. Furthermore, in more prolonged treatments a slow rate
Conversion of arginine (Arg) into ornithine occurs by removal of an urea group from the Arg side-
chain. Both processes result in an overall decrease in amide-nitrogen content, which lowers the
isoelectric point to a range of pH from 4.7 to 5.6[28] or narrower[24], [22], at which the gelatin
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molecule is most tightly coiled because of the equal number of charge attractions, being the least
soluble in water[30].

Furthermore, type-B gelatin is characterized by containing lower amounts of aromatic, sulfur-bond
forming and other trace amino acids than the parent collagen, such as sulfur-containing cysteine
(Cys), hydrophobic tyrosine (Tyr), leucine (Leu), phenylalanine (Phe), isoleucine (lle), polar serine
(Ser), etc., as they are lost during cross-link cleavage[31], [32].

Overall, the presence of both basic amino groups and acidic hydroxy and carboxylic acid groups
account for most of the water solubility of gelatin, as well as for its amphoteric properties[30].
However, it is important to consider that gelatin emulsions were commonly hardened by application
of cross-linkers agents to the melted emulsion immediately before it was coated to the polymeric
base. These agents react with gelatin through various mechanisms analogous to those occurring
during the tanning of hides into leather, causing cross-linking between the amino acid chains of
gelatin, thus increasing its viscosity and its resistance to swelling and solubilization in water[22], [33],
[34]. Inorganic hardeners include metal cations of chromium[24], aluminum and iron, which create
stable chromium/carboxyl cross-links. Organic hardeners include many compound families, such as
aldehydes (formaldehyde in the first place), acetaldehydes, propionaldehydes, phenolic compounds
(which form irreversible C-N or C-S bonds with amino or sulfhydryl groups of the protein structure, or
the intermediate formation of resonance-stabilized free radicals, which can then react with Tyr, Lys
and Cys residues) such as tannic acid, catechin and gallic acid; ketones, etc.[28].

2.1.1 Modern black and white emulsions

All cinematographic films possess an image-holding emulsion layer, coated over the supporting
polymeric base. In both color and black and white modern film emulsions, this gelatin emulsion
always contains photosensitive silver halides Agl, AgBr and AgCl, naturally sensitive to the UV and
blue region of the electromagnetic spectrum, and sensitized to register lower wavelengths by the
addition of dye sensitizers, such as chalcocarbocyanines and merocyanines, so image can be
registered by exposing them to light[22], [35].

The silver halide crystals which are hit by photons create what is known as the “latent image”,
undistinguishable to the naked eye, so further on, the film is subjected to a “developing bath”, which
has the main objective of gradually reducing the exposed silver halide grains into dark metallic silver
particles, rendering the image visible.

This developing bath is an aqueous solution containing as most important solute the developer
agent. This developer donates electrons to the silver ions, becoming itself oxidized, and the silver
becoming metallic. There is a small variety of classes of organic substances which have historical
importance as developers (Figure 7); mainly t-hydroquinone, catechol, pyrogallol, p-aminophenol and
its derivatives, as well as p-phenyl diamine and its derivatives[17].
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Fig. 7. Classical organic developing agents: t-hydroquinone, catechol, pyrogallol, p-aminophenol, and p-phenyl diamine.

The phenolic developing substances derived from the first four basic structures had been abandoned
from 1975 onwards in favor of toluenediamines, due to the increasing international standardization
in photographic technologies, (which would give rise to common commercial developing processes
known as CD3 and CD4 processes), but before this period phenolic substances were commonly
employed as film developers[22], [35].

Unreacted developers and their oxidized products are rinsed away from the film by successive
processing baths.

2.1.2 Color emulsions: chromogenic tripack emulsions and dye couplers

In the beginning, color was in achieved by treating black and white films by hand or stencil coloring,
as well as by chemical treatment of the exposed emulsion, including toning and tinting processes. It
was only later that photographic emulsions started to be produced with separate sublayers
containing different dye precursors in addition to the photosensitive silver halide crystals, which are
at the base of modern “Integral chromogenic tripack” emulsions, the most popular and diffused color
film emulsion technology, based in chromogenic processes for dye formation[36].

In films possessing this structure, the emulsion is divided in three layers (See layers 2, 4 and 5 in Fig.
5), each of which contains silver halide particles, sensitized to a particular region of the visible
spectrum (blue, green or red, according to the layer), and each one of these layers contains also a
different dye precursor or “coupler” suspended in the gelatin. Upon exposure, the silver halides in
each one of these three sub-layers register a latent image corresponding to only one particular light
color frequency, which can then be developed into dark metallic silver by the developing bath as
previously described.

After the developing reaction, the now-oxidized developer agent (present only in the areas of
previously-exposed halide crystals, now reduced into metallic silver), can then react with the color
coupler in each layer, producing the final yellow, magenta or cyan color dyes, whose concentration is
proportional to the original latent image density. In general, in tripack emulsions the dark silver
particles get “bleached” away after dye formation by dissolving them in successive baths, leaving in
the emulsion only the color dye clouds, which are then the sole responsible of producing the final
image by color subtractive addition.

Dye coupler substances possess a wide structural variety, but share in all cases the presence of active
methylene or methane groups. Common final dye families[37]—-[39] are indamines, indophenols,
indoanilienes (including yellow acylacetanilide dyes and 1-hyroxy-2naphthamide cyan dyes) and
azomethines (including magenta cyclic chain pyrazolone dyes, created by a coupler with active

methylene compounds into an open or cyclic chain); the last two groups were the most relevant
14



couplers since the 60’s onwards. There are many structural possibilities for any of these three dye
types, as much as charge location exist[35].

OH 0]
Cﬁ 0 R—N—N\
P g -
¢ NHR' 0
H, *H,
£

Fig. 8. Generic structures of photographic couplers: (for yellow dye formation), Pyrazolone (for magenta dye formation)
and 1-Hydroxy-2-napthamides (for cyan dye formation).

In tripack films, dyes had to be immobilized into each one of the three emulsion sublayers in order to
prevent them to be washed away or to pass from one sublayer into another; this was sometimes
achieved by the increase in molecular rigidity of the final dye in respect to the dimension of its
precursors. More often however, immobilization was ensured by a right balance in hydrosolubility,
adjusted by including hydrophilic substitute groups (such as -COOH and -HSO3) in the dye molecule,
as well as by the presence of hydrophobic oily ballasting substances (usually hydrocarbons of 12 to
18 carbon length), thus ensuring the non-diffusivity of the dye through the swollen gelatin layers
during aqueous bath processing[22].

Chapter 3 Physicochemical characteristics of cellulosic materials employed as
photographic bases

Physicochemical properties of cellulose are briefly reviewed here, to help understand the
characteristics of the derivates used as film bases.

3.1 Cellulose

Cellulose, a linear polysaccharide, is a chiral homopolymer composed by repeating D-anhydro
glucose (D-anhydroglucopyranose) monomeric units, which assume a chair conformation, and are
linked one to the next after a 180° rotation through a B-1,4, glycosidic bond. This conformation
allows to minimize steric repulsion. Cellulose is insoluble in both water and main organic
solvents, with the exception of some ionic liquids.

Further properties such as the degree of polymerization (DP, the term that describes the length of
the polymeric chain)[40] depend on the source an extraction process. Cellulose is mainly obtained
from wood and cotton pulp primary sources[40]-[42], being the most abundant biopolymer on
earth, renewable and biodegradable. Cellulose extracted from natural sources has a DP ranging
from 100 to 1000 units depending on the source and extracting method[43].

In cellulose, each polymeric chain is asymmetrical and has two monomeric units, a reducing and a
non-reducing one: the first one possess a hemiacetal functional group in C1 position, whereas the
second one has an hydroxyl group in C4 position (Figure 9).

Three of the carbon atoms in ach monomer group are linked to an hydroxyl group (OH), being these
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primary carbon C6 and secondary carbons C2and C3. Hydroxyl groups are located in an equatorial position
respect to the middle plane of the monomeric unit, whereas H atoms are placed in an axial position. Hydrogen
bonds can be easily created between linear cellulose chains (Figure 9).

Non-reducing end Cellobiose unit Reducing end

- [ntrachain H bond = |nterchain H bond

Fig. 9. Chemical structure of the intra and inter cellulose chain hydrogen bond network, highlighting reducing and non-
reducing ends [44].Figure taken from Jones and Brischke, 2017[45].

The physicochemical characteristics of cellulose can be modified depending on the distribution of
the inter- and intra-chain hydrogen bonds. Due to this bond network, cellulose chains aggregate in
microfibril arrangements, which then group into fiber forms (Figure 10)[40].
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Fig. 10. Structural hierarchy of cellulose organization divided by scale. Figure taken from Rongpigi et al., 2019 [46].

Furthermore, non-covalent inter-chain interactions, such as hydrogen bonds and Van der Waals
interactions, induce cellulose chains to assume ordinate or disordinate conformations, respectively
called crystalline or amorphous regions (Figure 11).
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Fig. 11. Schematic representation of crystalline (1) and amorphous (2) cellulose chain regions in native cellulose

microfibrils. Image taken from loelovich, 1999 [47].

Crystalline cellulose exists in several polymorphic forms, which differ in dimension of the unitary
cells, geometry, chain orientation and polarity[40]. In nature, cellulose is found in the crystalline
cellulose | form, a mixture of cellulose la (triclinic structure) and cellulose IB (monoclinic
structure)[48].

Cellulose | can be irreversibly transformed into cellulose Il, a more thermodynamically stable form,
by means of an alkaline treatment using a concentrated NaOH solution or by precipitation from
solution (regeneration). Other four cellulose polymorphisms exist, Ill;, llly, 1V, e Vi, obtainable
through different treatments[40], [49]. Cellulose derivates are easier to use and manipulate in
respect to the natural polymer. All cellulose derivates are obtained from substituting one or more
hydroxyl groups with a different function.

The average number of substitute groups per monomeric unit is called Degree of Substitution or DS,
which ranges from zero in cellulose, to three for completely substituted cellulose[41].

3.2 Cellulose nitrate

Cellulose Nitrate (CN) is the derivate of cellulose where hydroxyl groups O-H in the anhydro
glucopyranose ring are substituted by nitrate groups O-NO; (Figure 12).
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Fig. 12. CN repeating structure (DS:2).
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CN was initially the most important and common inorganic derivate of cellulose employed for
commercial purposes due to its physical properties and low cost[50]. However, due to its high
flammability, its use for photographic film production was progressively reduced and then
abandoned. CN is a colorless, mechanically resistant but flexible polymer if a plasticizer is added to
it[21]. CN resoftens at 80-90°C, becomes liquid at 150°C and burs in air at 160°C. CN solubilizes
easily in most polar solvents and swells in aromatic hydrocarbons, but it is resistant to water and is
relatively unsensitive towards diluted acids and bases. Also, CN is no compatible with most natural
resins[50].

To indicate the nitration degree of CN in the industrial sector, the nitrogen percentage is used: a
nitrogen content of approximately 14% equals a DS of 3.0, whereas circa 11% of nitrogen corresponds
to a DS of 2.0. Cellulose nitrate is a very unstable and explosive material, therefore, the most
commercially used CN species is cellulose dinitrate, which although non-explosive, is still highly
flammable, with nitrogen content of 10.7-12.2 %. The flammability of CN can be deduced from the
DS[50]-[52]. Cellulose nitrate is synthesized from cellulose by nitration: cellulose fibers are
immersed into an aqueous solution of nitric acid (HNOs) and sulfuric acid (H2S04) at 20-40°C[50].
Nitration of cellulose is a kind of esterification reaction towards equilibrium (Scheme 1):

R-OH + 2HONO; 5 R-ONO; + H,0 + HONO

Scheme 1. Nitration of cellulose.

The reaction is reversible in water and the hydrolysis of nitrocellulose can be a competitive reaction
which can determine the degradation of the polymer, depending on the direction towards which
the equilibrium is inclined. Sulfuric acid favors nitration reaction, by swelling cellulose fibers,
allowing for an easier penetration of nitric acid in the chain[14], [52]. The concentration of nitric
acid influences the obtainable degree of nitration.

After washing the product to remove the acid excess, CN is stabilized by immersion in a boiling
sodium carbonate solution (Na:2CO0s)[52]. Initially, CN was employed for producing military
explosives, since it showed high flammability in humid environments[21], [51]. It was only until it
was discovered that CN could be adequately stabilized by the addition of camphor in a 4:1
proportion to produce a mixture called celluloid, that it started to be employed to produce
photographic film supports. This more stable plastic mixture was obtained mixing camphor, ethanol
and cellulose nitrate[51].

Camphor has excellent plasticizing properties towards CN due to its deep-penetration capabilities;
however, it shows a high volatility, as it changes phase from solid to a gas without becoming liquid
(it sublimates) at room temperature[11], [14], [53]. Camphor is a resin derivate from evergreen
cinnamomum camphora[14], and its primary structure is 1,7,7-trimethylbicicle (2,2,1) epta-2-one.
From a chemical point of view, it belongs to the family of terpenoids (Figure 13)[14], [51].
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Fig. 13. Chemical structure of Camphor.

3.3 Cellulose acetates

Cellulose acetate (CA) is the organic derivate of cellulose in which the hydroxyl OH groups have
been substituted by acetyl groups O-(C=0)CHs (Figure 14).
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Fig. 14. Cellulose acetate repeating structure (DS: 2).

At an industrial level, CA is produced by homogenous or heterogeneous acetylation of cellulose
using acetic anhydride (CH3CO)20) and sulfuric acid (H2S04)[54], [55]. Historically, CA was produced
though three industrial processes which differ by the solvent of choice: The acetic acid process, the

methylene chloride process and the heterogenous process. Among these, the acetic acid method is

the most employed one for producing commercial CA. The process includes two main phases:

acetylation of cellulose (Scheme 2) and cellulose triacetate hydrolysis (Scheme 3.3.2). For obtaining

the best results from acetylation, primary cellulose must be subjected to an activation pretreatment

which includes mechanical disintegration, reswell in acetic acid and mixing with sulfuric acid. Such

pretreatment allows for more homogenous accessibility to hydroxyl groups. This is followed by the

acetylation phase, consisting in an esterification reaction[41], [55].

R-OH + H,S04 + (CH3C0)20 => R-(0S0,0H) + 2CH3COOHR(0S0,0H) + (CH3CO),0

«—
-

R-(0S0,0) + CH3CO20(H*) (CH3CO),0(H"*) + R-OH > R-OCOCH3 + CH3COOH

Scheme 2.General mechanism of cellulose acetylation.
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The hydrolysis of cellulose acetate occurs mainly in acid conditions, and is interrupted according to
the desired degree of substitution (DS), i.e., the average number of acetyl groups per anhydrous
glucose unit (Scheme 3).

R-OCOCHs + H30*" 5 R-OH + CH3COOH
Scheme 3. Cellulose acetate hydrolysis.

When the desired product is obtained it must be precipitated, washed and dried. Simultaneously,
part of the acetic acid can be recovered and recycled for a new synthesis[41].

CA is characterized by low toxicity and flammability when compared to CN; it shows also moderate
mechanical resistance and low production costs. Thanks to these properties, it has been employed
for a wide variety of applications including cigarette filters, textile fivers, surface covering, films for
food packaging, LCD screens and photographic film bases[41], [54], [56], [57].

The characteristics of CA, and therefore its applications, depend on its structural factors, such as
degree of polymerization DP [42] and degree of substitution (DS)[41], [55].

Table 1 reports on DS and the corresponding value of the percentage content of acetyl groups and
acetic acid according to each CA species.

Compound DS Acetyl content Acetic acid content
Cellulose 0 0.0% 0%
Cellulose
1 21.1% 29.4%
Monoacetate

Cellulose Diacetate

34.9% 48.8%
(CDA)

Cellulose Triacetate

44.8% 62.5%
(CTA)

Table 1. Cellulose acetate’s DS, acetyl group and acetic acid concentration[41].

Equation 1 shows that DS is directly proportional to percentage content of acetyl groups[41].

162 X G/UAceryl

DS =
(1) (43 x 100) — [(43 — 1) X %acetyi]
where:
. 162 is the molecular weight of the cellulose monomer;
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° 43 is the molecular weight of the acetyl group;

° Poacetyl is the weight content of acetyl groups.

Compared to cellulose, CA possesses a less crystalline structure: acetyl groups alter the structural
organization (constitutional conformational and configurational regularity) of cellulose, modifying
inter and intra chain interaction. As acetyl groups increase, crystallinity decreases, and volume
increase[41], [54], [58]. CA is therefore characterized by an important network of polar interactions,
constituted by hydrogen bonds and dipole-dipole interactions, though which the polymer is
stabilized (Figure 15). The strength and density of the network of hydrogen bonds depend on the
quantity of hydroxyl groups O-H, whereas the strength and density of the network of dipolar
interactions are strongly influenced by the amount of acetyl groups O-COCHs, defined by the

DS[41], [55].
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Fig. 15. Chemical structure of the intra-chain hydrogen bond network of cellulose acetate (DS:2.45)[41]

3.3.1 Additives for cellulose acetate

CA is a semicrystalline polymer, and to be thermically manipulated it needs additives such as
plasticizers and flame retardants, because its fusion temperature (Tm) is too close to its
decomposition temperature (T4)[59].

Plasticizers

Plasticizers are generally molecules of low molecular weight added to the polymer to make it more
flexible, durable and workable, by lowering its glass transition temperature (Tg)[60]. The glass
transition temperature (Tg) of the plasticized polymer depends on the amounts and Tg of the
respective components of the formula[41].

An ideal plasticizer must be highly compatible with the polymer, it must grant enough flexibility to the
material for a wide temperature range, it must be colorless, chemically stable, lightfast, must not
suffer from migration, lixiviation, nor induce acidity in the mixture, and it must be inexpensive and
eco-friendly[41], [61].

Experimentally, it has been observed that the plasticizer interacts only with the amorphous phase
of polymers by placing itself between the chains, creating different kinds of polymer-plasticizer
interactions and increasing the free volume of the system (Figure 16), whereas the crystalline phase
remains unaltered[41], [53] .
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Fig. 16. Representation of plasticizer molecules (®) distribution among the polymer chains. Taken from Lambert and
Wagner, 2017 [62].

Depending on whether the interaction between polymer and plasticizer is covalent or not,
plasticizers can be divided into two categories, internal or external. Sometimes, internal and external
plasticizers are used in binary or tertiary mixtures in order to improve their efficiency and reduce
production costs[41], [63].

Cellulose acetate is often plasticized with 10-40% weight of plasticizer for producing film and
sheets[55].Typical plasticizers compatible with cellulose acetate are citrates, triglycerids, and most
importantly, phthalates and phosphates.

3.3.1.1 Phthalate esters

Phthalate esters are a class of organic compounds with chemical formula CsHa(COOR)2, widely used
as additives to confer durability and flexibility to a polymeric material. Dimethyl phthalate (DMP),
diethyl phthalate (DEP) and dibutyl phthalate (DBP) belong to this class [64].

Plasticizers from the phthalate kind were widely used for producing CA objects, in particular
dimethyl phthalate, diethyl phthalate and butyl phthalate. These compounds, being very volatile,
are easily detected by SPME: they have been reported for example by Mousviasl in CA
cinematographic film bases[65], by Curran et al.[66]and by Mitchell et al.[67]as the one of the
highest emissions in tridimensional CA objects and thin sheets, and their presence can also be
deduced by detection of their degradation products, benzoic acid methyl ester.

Phthalates with higher molecular weight such as di-ethylhexyl phthalate (DEHP), dioctyl phthalate,
diisobutyl phthalate, as well as their degradation products, could be present too in these kind of
objects[68]. Kemper and Lichtblau[63] used GCMS after solvent extraction to detect them in a set of
16 acetate sheets, X-ray and motion picture film rolls with different grades of degradation dating
from 1948 to 2016. Instead, Mitchell et al.[67], after analyzing the headspace of mid-century
developed photographic negatives, reported 1-hexanol 2-ethyl as sign of DEHP plasticizer, without
reporting the detection of the actual plasticizer nor the remaining basic structure of the phthalate
after breakdown.
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Diethyl phthalate is one of the most employed phthalic esters for the production of plastics, with a
wide range of applications in agriculture, industry and domestic spaces. It was one of the mot
common plasticizers for CA until the end of the 20th century; however, due to its toxicity its
industrial use has been progressively reduced, favoring instead more eco-friendly plasticizers.

Indeed, many studies show that DEP can cause serious environmental and health problems, as
polluting and irritating agent[41], [69]—[71]. DEP is a low molecular weight compound (222 g/mol),
found at room temperature as a colorless oily liquid with a characteristic smell. It mixes well with
organic solvents, partially mixes with aliphatic solvents and cannot be mixed with water at 25°C. It
shows a density equivalent to 1.12 g/cm? and a vapor pressure of 0.002 mmHg at 25°C, a fusion
point of -3°C and a boiling point of 295°C[41], [61], [72]. From a chemical viewpoint, it is the diester of
phthalic acid and ethanol, and it is constituted by an aromatic ring in which two hydrogen atoms in
ortho position are substituted by two chains of esterified carboxylic acids (Figure 17).

O
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Fig. 17. Chemical structure of diethyl phthalate

CA films can contain around 20-40% weight of diethyl phthalate[64]. Experimentally, it is known
that when the weight content of DEP increases, Tg of the plasticized cellulose acetate tends to
decrease. However, in previous studies it has been reported that at concentrations higher than 25%
in weight, two different Tz occur due to a separation phase that is created between plasticizer and
polymer, while at concentrations lower than 25% in weightdiethyl phthalate shows high compatibility
with the polymer and it is absorbed by active sites in it resulting in a single Tg being observed [41],
[57], [73].

Dipolar interactions are created between cellulose acetate and phthalate ester plasticizer
molecules, through hydrogen-accepting carbonyl groups (C=0) and the hydroxyl groups (OH)of the
involved species. These interactions and the hydrophobic character of DEP influence locally the
molecular mobility and hinder the access of water molecules to lateral acetyl groups, reducing
humidity absorption in cellulose acetate films [59], [73].

Flame retardants

Most substances catch fire if exposed to high thermal stress [74] and many polymers, including CA, can burn
at high temperatures or feed the combustion when they come in contact with flames. To avoid this,
flame retardants are used, to increase the polymer’s resistance to combustion.

A flame retardant is not expected to keep the material from catching fire, but to slower the
propagation of flames and avoid long burning times; this is achieved by reducing at least one of
three elements necessary for fire to appear, i.e., fuel, heat and oxygen[53]. An external source of

heat is necessary to burn CA: the heat leads the high molecular weight polymer to thermally
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decompose, through a radical mechanism, and release increasingly small volatile compounds which
act as fuel for the fire. These species mix with the oxygen in the air and oxidize, to form a burnable
mix while the material is combusting[74].

Some flame retardants act throughout the inhibition of radicals in gas phase by releasing acids
during combustion, such as halogens. Other type of retardants produce non-combustible gases and
dilute the amount of fuel or oxygen. Yet another kind of flame retardants reduce the speed of heat
release during combustion, influencing the path of heat transfer towards the polymeric substrate;
whereas some flame retardants form a layer of foamy carbon over the surface of the burning
material to reduce the propagation of the flame. Carbon reduces both the heat transfer throughout
the polymer, as the diffusion of oxygen and fuel, delaying combustion.

An ideal flame retardant should be thermically stable at working temperature, have long term
compatibility with the polymer matrix, keep or improve the mechanical properties of the polymer,
and not represent any health risk[74].

3.3.1.2 Phosphate esters

Phosphate esters are a group of organic phosphates with general formula P=0(OR3)[75], which are
mainly employed as fireproofing and flame retarding agents[53]. Some of the compounds which
belong to this family of phosphoric acid esters are triethyl phosphate (TEP) and triphenyl phosphate
(TPP), the resorcinol bis(diphenyl phosphate) (RDP) and bisphenol A bis(diphenyl phosphate)
(BDP)[64], [74].

At the early twentieth century, TPP was employed as plasticizer and flame retardant for CN films
replacing camphor, and later on, it was also used as additive for CA films[75], [76]. TPP is found at
room temperature in crystal form as a transparent solid with a characteristic smell, typical for
aromatic substances[76].

From a chemical point of view, TPP is the triester of phosphoric acid and phenol, and it is constituted
by a phosphate group (PO4>) to which three aromatic rings are bonded (Figure 18).

Fig. 18. Chemical structure of Triphenyl Phosphate (TPP).

Owing to its chemical structure, TPP is soluble in non-polar solvents such as benzene and
chloroform, soluble in polar solvents like acetone, moderately soluble in alcohols, and it is not water-
soluble. It has a molecular weight of 326 g/mol, a density of 1.2 g/cm?3, a vapor pressure of 0.000002
mmHg at 25°C, a melting point of 49-50°C and a boiling point of 244°C[61], [72], [75].
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TPP starts to decompose at 600°C, generating aromatic hydrocarbons such as naphthalene,
phenanthrene and anthracene; as well as oxygenated aromatic compounds such as phenol and
phosphoric esters[77]. TPP, as all flame retarding agents containing phosphorus, catalyzes the
formation of carbon, which isolates the surface of the polymer from both oxygen and fire heat, and
slows down the release of volatile products which may act as fuel[53]. TPP is also employed as co-
plasticizer to stabilize more volatile plasticizers such as DEP or DMP.

CA films can contain 10-20% weight of TPP[64]. Weak interactions can be created between CA and
TTP plasticizer molecules. Several flame retardants are strong hydrogen bonding agents: when at
higher temperatures water content boils, the bonding medium between hydroxyl groups of the
cellulosic material becomes the flame retarding agent, which stabilizes the polymer reducing its
volatility and thus its burnability[74].

The intermolecular hydrogen bond includes the O-H and P=0 functional groups of CA and TPP
respectively, through the electron-accepting phosphor. These interactions quickly diminish with the
increase of the TPP concentration; this may be due to the difficulty for the relevant functional
groups to organize themselves in immediate vicinity. Dipole-dipole interactions involve polarizable
functional groups such as C=0 and P-O-Ph, and are amplified with the increase of carbonyl groups
present in the polymer. In CTA these interactions are quite strong, giving rise to a high compatibility
with the polymer even when the number of centers of H bonding such as OH groups, are present in
a lower quantity [78].

3.3.1.3 Butylated hydroxytoluene (BHT)

Among the additives employed for the manufacture of cellulose ester films during history[13],
sterically hindered phenols were used as antioxidant agents; Butylated Hydroxytoluene (BHT, figure
19) is the main one amog these class of varied substances, with other common examples being
hydroxyanisole (BHA), tertiary-butylhydroquinone (TBHQ) and gallates. BHT antioxidant and its
degradation products have been reportedly detected from cellulose acetate emissions by SPME-
GCMS[67], [68].

Fig. 19. Butylated Hydroxytoluene (BHT)

BHT and other hindered phenols represenatives undergo similar reactions[79] (Figure 20): Each BHT
molecule can convert up to 2 peroxyl radicals coming from the photooxidation of cellulose acetate,
turning them into hydroperoxides, and inhibiting the autooxidation of the polymer. The resulting

oxytoluene radical products are very unreactive towards polymer chains due to steric hindrance, and
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instead undergo a number of other degradation reactions. Ultimately all oxytoluene radicals are
transformed into dimethylbenzoquinone or other quinonoid structures.
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Fig. 20. Main reactions mechanism of BHT and other sterically hindered phenols[79].
Chapter 4 Degradation causes of cellulosic film base materials: State of the art

Over time, cinematographic films with cellulosic supports suffer from inevitable decay processes,
caused by their intrinsic chemical constitution, the environmental conditions existing during their
storage, and their story of use and conservation.

Therefore, to allow an accurate diagnosis and to propose adequate conservation and restoration
measures for films, it is necessary to understand in depth the causes and mechanisms of
degradation, as well as the macro and microscopical alteration effect occurring on these materials.
Most common degradation pathways for cinematographic films are now described, in order to
explain the physicochemical changes observed in the support, as well as the apparition of typical
degradation products which should then be removed to ensure the better conservation of the

26



object.

These changes constitute the core topics addressed during the research lines regarding the non-
invasive diagnosis of the film base conditions, and the development of green cleaning
methodologies for removing alteration products from these artefacts.

4.1 Cellulose nitrate degradation

Photographic and cinematographic films materials over CN bases are known to be not only
flammable, but also intrinsically unstable, mainly due to those degradation mechanisms triggered the
by thermal, photocatalytic and hydrolytic loss of nitro substitutive groups of the CN base[23]. These
processes are due to endogenous reasons (the liability of the N-O bond in nitro groups of CN), but
depend also on exogenous conditions, so they may develop quickly under uncontrolled storage
conditions. Particularly, unventilated environments showing high temperature and humidity or the
presence of light may induce the thermal, hydrolytic and photocatalytic degradation respectively.

Hydrolysis implies the heterolytic scission of the N-O bond in the presence of humidity, and any
eventual presence or residues of acid may catalyze it[50], [51]. Hydrolysis implies the loss of nitrate
lateral groups with the resulting decrease of molecular weight of the polymer.

Regarding thermal and photochemical degradation, Selwitz affirms that homolytic scission of the N-
O bond may occur at temperatures above 120°C and when the molecule is exposed to UV/visible
radiation[51]. Photochemical or thermal degradation of cellulose nitrate consists in a radical
mechanism, through which the N-O bond is homolytically broken, with the formation of very
reactive radical species (Figure 21).
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Fig. 21. CN’s homolytic thermal breakdown mechanism.

One of the first products of thermal degradation is nitrogen dioxide, NO2e, among the most
reactive and toxic oxidizing agents there are. It can be identified by yellowish vapors and
characteristic smell [14], [16], [23], [50], [52].

Thermal decay is autocatalytic, in the sense that decay products tend to aggravate the condition of
CN. The first N-O bonds to be broken are those involving secondary nitrate groups, i.e., those linked
to carbon atoms C; and Cs, whereas primary nitrate groups, bonded to carbon atom Cs, break up with
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temperatures over 135°C[50].

Regarding its light sensibility, CN is particularly vulnerable towards radiation with wavelengths
between 360 and 400 nm. CN’s photochemical degradation is similar to its thermal degradation
and, according to some publications, it leads to the formation of carbonyl groups (Scheme 4, 2a, 4)
[14], [23]; whereas at shorter wavelength (higher energy) radiation, cellulose ring disintegrates
too[14], [51].

(1) RR'CHO—NO,+ hv > RR'CH—Oe® + NO,®

(2)

(2a) RR'CH—Oe > Re + R'CHO

(2b) RR'CH—Oe+ RR'CHO—NO, -> RR'CH—OH + RR'CO®—NO,

(3) NO2e+ RR'CHO—NO, - breakdown

(4) RR'"CO® —NO, - RR'C=0 +NO,® - breakdown
Scheme 4. Radical breakdown mechanism of cellulose nitrate.

Yellowing and color change of the polymeric base are typical symptoms of photochemical
degradation, attributable to the formation of conjugate structures, such as polyenes and double
carbon-carbon bonds conjugated to carbonyl or aromatic groups. Along photodegradation, the
number of conjugate structures increases and color change occurs from transparent to yellow, to
orange, to red, to brown and black, as radiation at longer wavelengths are increasingly
absorbed[50].

After all those processes involving the loss of CN’s nitro groups, the resulting NO, gases can then
react with water from the surrounding environment, leading to the production of nitric acid (HNO3)
as well as nitrous acid (HNO3) (Scheme 5)[14], [23]. These acids continue to catalyze the hydrolytic
loss of nitro groups in the CN polymer and further degrade the film.

2N02 o+ HzO - HN03 + HNOz
Scheme 5. Acid formation upon loss of nitrate lateral groups from CN.

In the end, film bases affected by such degradation mechanisms become increasingly deformed, frail
and brittle. The frailty of CN bases may be aggravated by the loss of camphor plasticizer from the
film, as camphor tends to gradually recrystallize in proximity of microfractures, impurities, and to be
expelled into the surface, where it sublimates at room temperature. Eventually, degraded CN films
break down to dust[80].

To avoid the complete loss of the images recorded on these films, their timely scanning and
digitalization is a priority for cinematheques, libraries and other institutions safeguarding such
audiovisual archives[81].

However, films which have already underwent some degree of hydrolytic degradation of their CN
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bases may suffer also from the softening of their gelatin emulsions, which constitutes a serious
drawback for their scanning. The softening of gelatin occurs due to a decrease on the pH to
conditions more acidic than the isoelectric point of type-B gelatin in the photographic emulsion. At
this point, the gelatin molecule becomes positively charged, and repulsion forces between charges
slightly uncoils the molecule, facilitating gelatin solubilization[30]. Nguyen et al. have suggested also
that NO;, species promote the hydrolysis of hardened (cross-linked) and unhardened photographic
gelatins, lowering their molecular weight and their viscosity[29].

Gelatin emulsion softening is a serious drawback, because upon becoming more fluid this material
can easily migrate laterally when the film is pressured, and it may adhere to any surface in contact
with it. This often affects the back side of the subsequent coils of the same film (Figure 1.3), causing
the loss of images in the first coil and gelatin accumulation on the back of the second. The adhesion
of convolutions, known as blocking, ultimately transforms the film into a solid unit which cannot be
unrolled, a condition that due to its similarities in consistency to said object, is called the “hockey
puck” state[80].

4.2 Cellulose acetate degradation

Just like photographic and cinematographic films with CN bases, films with CA bases shows
spontaneous and progressive chemical degradation mechanisms. These processes are determined
by the chemical properties of the plastic components themselves as endogenous causes, and as
exogenous causes the environmental conditions towards which CA is exposed, with humidity,
temperature, atmospheric oxygen and light radiation as main determining factors which can
promote CA’s chemical degradation[82].

The main degradation pathways for CA have been summarized by Nunes et al., and considers what
had been previously proposed in literature by Ram [83], [84]Edge, and Allen [85], as well as
calculations by Knight[86] and Ahmad et al. [87].

The first and most common degradation path is hydrolytic, and it involves the side chain ester
bonds undergoing hydrolysis in the presence of humidity and an acid environment, in which
heterolytic bond cleavage prevails. This mechanism may be triggered by residues coming from the
manufacture process of the polymer, such as acetic acid (CH3COOH) or sulfuric acid (H2SO4) [55] .

In particular, the process starts by the protonation of the ester carbonyl, leading to bond cleavage,
the release of volatile acetic acid and the formation of an hydroxyl group, with the corresponding
decrease in the DS of CA, which progressively reverts back into cellulose[76].

Therefore, the continuous formation of hydronium ions and acetic acid is said to be autocatalytic, as
they repeatedly catalyze the deacetylation of the CA chain, making it easier for the heterolytic
scission of ester bond (0=C)-O to occur, thus promoting the formation of more acetic acid. This
phenomenon (Figure 22), typically characteristic of CA polymers, is commonly known as the “vinegar
syndrome”, for it causes the diffusion of a characteristic vinegar smell.
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Fig. 22. The most common acid-catalyzed hydrolysis mechanism of cellulose acetate (DS:2).

Acetic acid would be the main volatile released from the first hydrolytic degradation mechanism of
CA bases, which lose the acetate functional groups; acetic acid indeed has been reported to be the
main emission from CA objects[66], [67], [88].

Interestingly enough, Curran et al. [10] detected also ethyl acetate as secondary emission around 12
minutes of retention. Probably this product comes from the loss of the acetate side group linked to
non-cyclic Csand Cs carbon atoms in CTA.

Acid hydrolysis may also cause the breaking of the B-1,4 glycosidic bond, causing chain
depolymerization[23], [76], [89]. In this second hydrolytic decay mechanism, the breakage of the
ether glycosidic bond of the polymeric backbone takes place (with maximum reaction rates at pH <
4.) The hydronium ions cause the scission of the main chain and the formation of hydroxyl groups at
C1 and C4, with further production of hydronium ions. This reaction is also autocatalytic.

Regarding CA’s hydrolytic degradation, it has been hypothesized that Diphenyl Phosphate (DPP), a
strong acid originating from the acid degradation of additive TPP, could act as catalyst for the CA
acidic hydrolysis reaction’s, although this is contested.[55], [57], [76], [90] (see Figure 24 below, in
the section corresponding to additive loss).

Photochemical decay of CA can occur instead in the presence of oxygen and far (highly energetic)
UV radiation; in case the polymer contains substances that act as photosensitizers,
photodegradation may occur also in the presence of radiation with a wavelength (A) =275 nm[91].
This reaction produce peroxide substituents in CA as intermediate product, which on their turn
catalyze further degradation of the polymer[92]. This process consists in a step-wise radical
mechanism, by the formation of very reactive species of low molecular weigh and increasingly
oxidative power, such as alkyd radicals (ROe), peroxides (ROOe), and aldehydes (RCHO), as the
polymer structure breaks apart[23], [55].

CAe +0, > CA-OQe
CA-O0® + CA > CA-OOH + CAe
CA-OOH > chain scission and generation of degradation products

Scheme 6. later stages of CA photooxidation
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Macroscopically, the polymer begins to yellow and discolor as photodegradation advances. It has
been hypothesized that an oxidative attack on CA at advanced stages of degradation would create
formic acid, oxalic acid, and aldehydes[55]

It has also been found by previous studies that degraded cellulose esters emit furfural as a by-
product of polymer backbone decay; having detected such volatiles from artificially degraded CA
samples exposed to high temperature and humidity conditions[93].

As side note, other cellulose ester bases used only for a relatively short period [68] for
cinematographic film base production, such as Cellulose Acetate Propionate (CAP) and Cellulose
Acetate Butyrate (CAB), would release propyl and butyl acid by hydrolytic loss of their corresponding
side groups.
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Fig. 23. Cellulose Acetate Butyrate (CAB)

Another symptom of decay of CA film bases is their loss of plasticizer and flame retarding
additives[55]. Due to deacetylation in the CA chain, and depending on the kind of interaction that
links the additive towards the CA polymer, as well as its volatility, its structural and chemical
characteristics, plasticizers and flame retardants may spontaneously migrate from the polymer bulk
towards the surface at the back of the film base (or become trapped between the CA base and the
layers above, creating bubbles, emulsion detachments and other problems). In the case of
phthalates, migration may cause oily and sticky residues over the film, capable of accumulating dirt
and dust, whereas TPP migration creates acicular crystal blooms on the surface[73], which may
appear macroscopically whitish and shiny.

Plasticizer loss changes the physical properties of the CA polymeric base, which shrinks, stiffens,
and eventually becomes very fragile, and hinders the digitalization of the film’s content due to the
apparition of superficial material deposits that interfere with its proper observation.

The loss of plasticizer may be caused by different factors. Structural changes in the CA polymer and
its chemical environment may compromise the stability of the plasticizer; and a plasticizer no longer
compatible with the new chemical properties of the polymer bulk may migrate towards the base
surface to crystallize or evaporate[57], [90], [94]. McGath suggest that the decay of CA films
containing TPP seems to be amplified by the mechanical stresses exerted upon recrystallization of
the additive[76].

Researches concerning food packaging have found that phthalate plasticizer migration depend on
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pH, with low pH being a stimulating factor for the migration of these plasticizers[73], [95].

At room temperature, TPP in acid solutions is hydrolyzed very slowly to produce phenol and Diphenyl
Phosphate (DPP; see Figure 24)[77]. DPP is a strong acid, which could contribute in accelerating the
acid hydrolysis of CA[55], [57], [76], [90].

TPP DPP Phenol

Fig. 24. TPP hydrolysis reaction.
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Part Il: Aim of the thesis

The RICORDACI project aimed to identify innovative solutions for the preservation of film heritage, in
collaboration with the restoration laboratory of the Cineteca di Bologna L'immagine Ritrovata,
putting particular emphasis on films possessing cellulose-derivative polymeric bases.

The research had as objectives to develop effective, accessible, fast, accurate non-invasive and non-
destructive analytical methods for the characterization of cinematographic film bases, as well as for
monitoring their condition. In particular, it aimed at testing two miniaturized portable spectrometers
working at different portions in Short Wave Infrared (SWIR) range to identify the kind of polymeric
base with the aid of multivariate analysis of the data; and employ them to create a diagnostic tool to
measure the Degree of Substitution (DS) of cellulose acetate (CA) film bases as a method for
monitoring their conservation state.

The work also aimed to prove the effectiveness and safety towards the object and the operator of
new green methods to clean the surface of polymeric film supports allow their scanning; these
included the use of Deep Eutectic Solvents (DES) for the removal of softened gelatin residues from
cellulose nitrate (CN) film supports, as well as the application of green volatile solvents and new
electrospun nylon fiber mats for the safe removal of triphenyl phosphate blooms CA film bases

These research lines involved the study and treatment of real historic cinematographic film samples
of different typologies, as well as pure analytical reference standards of their constitutive materials,
which were characterized by complementary techniques, principally Microscopy and Mid-Infrared
Fourier Transformed Spectroscopy (FTIR).
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Part Ill: Experimental part

Chapter 1 A new miniaturized short-wave infrared (SWIR) spectrometer for on-site
cultural heritage investigations?

1.1 Abstract

This chapter shows the capabilities of a new miniaturized shortwave infrared (SWIR) spectrometer
for the analysis of cinematographic film samples. This spectrometer is a prototype characterized by
its small dimensions (45.0 mm in diameter x 47.5 mm in height x 60 g weight), so it can be easily
handled and transferred out of a research laboratory. The prototype allows the acquisition of
spectra in the SWIR range (1200-2200 nm), something uncommon among portable spectrometers.
This spectral range allows the detection of several combination and overtone bands, which grants it
significant diagnostic power. The present study helps for the development of monitoring and
identification strategies based on miniaturized NIR spectrometers working in the SWIR spectral
range for the characterization of polymeric bases in cinematographic and photographic films,
safeguarded in cultural heritage institutions such as archives, museums and cinematheques. The
analytical performance of the new spectrometer was assessed on a corpus of real cinematographic
films. The accurate characterization of the polymeric film base in valuable historical films such as
the ones selected as case studies faces challenging conservation issues not yet properly addressed,
as the analysis of such kind of films usually require to be performed onsite, far from benchtop
laboratory equipment, desirably in a non-invasive way. The data acquired with the tested
prototype, combined with a multivariate data analysis approach, show the possibility to
differentiate between the materials used as a support for cinematographic film bases, namely
cellulose nitrate (CN), cellulose acetates (CA) and polyethylene terephthalate (PET), as well as for
assessing the state of conservation of the cellulose acetate films. The prototype enabled rapid
information acquisition to guide conservation storage and digitalization strategies, which need to
be supported in real time by quick and easy-to-implement analytical procedures.

1.2 Introduction

In general terms, cinematographic films are made up of a thick, transparent polymeric base, which
supports the thinner sub-layers that contain the recorded image and/or sound. Three general types
of materials are used to produce the bases for film: cellulose nitrate (CN), cellulose acetates (CA),
and polyethylene terephthalate (PET). CN and CA film bases are intrinsically unstable, tending to
lose their acetyl and nitro functional groups via hydrolysis[84], [96]. Such phenomena, together
with the decomposition of gelatin and the plasticizer migration, are the most important causes of
cinematographic film degradation. To slow down the film's degradation rate, controlled storage
conditions need be adopted, according to the type of polymeric base (such as the freezing of CN

! The work reported in this chapter has been extracted from the already published research article: E. Catelli et al., “A
new miniaturised short-wave infrared (SWIR) spectrometer for on-site cultural heritage investigations,” Talanta, vol. 218,

p. 121112, Oct. 2020, doi: 10.1016/j.talanta.2020.121112
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elements). However, this may drastically increase the cost of the conservation of film collections.
Thus, accurate identification of the film base is important for the most rational resource
management of a movie archive.

The traditional approach for identifying film bases consists in a simple visual examination of the
film's inscriptions and an empirical assessment of its structural characteristics. However, this can
sometimes lead to an erroneous identification. Chromatographic techniques have also been
proposed for characterizing the polymers used both in animation cells and cinematographic films
[15], [97]. However, chromatographic analyses in most cases are costly, long, and require complex
instrumentation and reagents, and they are invasive, requiring samples[98]. In comparison,
spectroscopic analyses are a simpler and more accessible way to characterize film and animation
cell bases: Raman spectroscopy[96], [99], FTIR spectroscopy in Transmission and Attenuated Total
Reflection (ATR) modes[97], [99], [100] and NIR spectroscopy have been proposed. However, these
techniques involve several drawbacks such as the non-portability of the instruments, the danger of
damaging the sample during the analysis, or the occurrence of fluorescence in Raman spectra.
Portable NIR sensors are a promising alternative for film base studies, as they require much less
analysis time and less expensive instruments. They can also be used on-site in a completely non-
invasive way.

In order to offer a suitable diagnostic tool for film base identification, the performance of our new
NIR prototype system was evaluated.

In cultural heritage research, the use of NIR spectroscopy (1000—2500 nm) has had a late and slow
introduction, and only in the last decades portable NIR spectrometry has been employed in the
non-invasive study of works of art in galleries or museums, without requiring precious objects to be
moved or sampled.

NIR molecular investigation has been carried out on stones[101], paintings[102]and illuminated
manuscripts[103], [104] using optical fiber spot reflectance spectroscopy. The spectral range used
for the single point analysis varies according to the type of sensor spectrometer used, which usually
are: 400-1000 nm (Visible-NIR range), 780-1000 (NIR range), 1050—-1700 nm and 1050-2500 nm
(Short-Wave-IR ranges)[105]. More recently, research has also focused on NIR hyperspectral
imaging which provides chemical images, simultaneously obtaining information on the molecular
composition and spatial distribution of the constituents[106], [107].

The miniaturization of vibrational spectrometers and sensors has revolutionized the analytical field
and has led to portability, to a simplified use through automation, and to a reduction in time and
costs for the analyses[108].

Miniaturized spectrometers represent a new generation of portable diagnostic systems[109], which
can be associated with an easy interpretation of the results even by non-specialist technicians. Near
infrared (NIR) spectrometers are used for developing miniaturized analytical strategies where no
sample preparation is required, so measurements are fast and completely non-invasive[110]. NIR
spectrometers have already been widely used in industry for quality control via data processing
methods, in agro-food [111], [112] and pharmaceutical research[113], [114], as well as for
diagnostic studies in forensic fields[115].
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Miniaturized NIR spectrometers could also represent a turning point in the chemical investigation of
cultural heritage. Although the importance of scientific analyses in the conservation field is largely
acknowledged, the related cost, time and expertise required are often not feasible.

In this chapter we assess the potential of a new miniaturized SWIR prototype for the qualitative on-
site investigation of historical cinematographic films. The prototype is very small (45 mm in
diameter x 47.5 mm in height), weighs very little (60 g) and uses a simple method based on bringing
the sensor into contact with the surface to be analyzed. The prototype exploits a SWIR range of
1200-2200 nm, an unique feature for miniaturized NIR devices, which usually have a limited range
between 900 and 1700 nm[116]—-[118]. The analysis guarantees the good diagnostic power of the
data in heterogeneous artwork samples, exploiting a spectral range characterized by a high number
of combination and overtone bands[119].

We believe that this is the first time that a miniaturized NIR spectrometer working in the SWIR
spectral range has been proposed for the characterization of cinematographic film.

in an attempt to address challenging conservation issues for cinematographic heritage
conservation, we considered the specific need for simple, accurate and non-invasive strategy for
the study of film bases, that to date have not been studied sufficiently. For most of the analyzed
films selected as case studies there was the particular need for analysis to be performed on-site at
the film restoration laboratory, a place that is not easily accessible to scientists.

The NIR prototype enabled rapid information acquisition to guide conservation strategies, which
needed to be supported in real time by quick and easy analytical procedures. We thus implemented
appropriate tailored-data processing methods for the identification of the materials.

1.3 Materials and methods
1.3.1 Miniaturized NIR spectrometer and data elaboration

The NIR prototype was designed by Viavi Solutions (JDSU Corporation, Milpitas, CA)[3,6]. The
system measures the diffuse reflectance in the spectral region of 1208-2160.5 nm (8278-4629
cm™). It is controlled by a portable computer via USB port. A linear-variable filter (LVF) is used as
the dispersing element. LVF is directly connected to a 128-pixel linear Indium Gallium Arsenide
(InGaAs) uncooled detector, which results in a compact device. Two tungsten light bulbs were used
as the radiation source. The spot of analysis is approximately 3 mm in diameter. All the collected
spectra were recorded at a nominal spectral resolution of 7.68 nm. Spectralon was used as the NIR-
reflectance standard with 99% diffuse reflectance.

The spectrum acquisition was performed with an integration time of 3 ms and 1000 scans resulting
in a measurement time of 3 s per sample. The MicroNIR Pro software (JDSU Corporation, Milpitas,
CA) was used for data acquisition.

Multivariate data processing was performed by means of in-house Matlab routines (The Mathworks
Inc., Natick, USA). Suitable row pretreatments were selected and applied in an attempt to minimize
unwanted systematic variations, which could affect the signals. In more details, standard normal
variate (SNV) transform was selected to correct for both baseline shifts and global intensity

variations, while first Savitzky-Golay derivation was applied to enhance details within complex
36



spectral features (e.g., unresolved broad band shape). Afterwards, the spectra range considered
was 1369.3-2122.1 nm. Column centering was performed prior to principal component analysis
(PCA).

1.3.2 Cinematographic films

A total of 79 developed cinematographic film rolls or roll sections characterized by different
polymeric bases (cellulose nitrate - CN -, cellulose acetates - CA - and polyethylene terephthalate -
PET -) were analyzed. Samples belonged to different typologies (black and white, color, negative,
positive and intermediate elements) and manufacturing companies (Eastman Kodak©, Agfa®©,
3MO, Ferrania®©, Pathe©, Orwo© and Fuji©). Preliminary information about the polymeric base
composition was obtained by films inscriptions and conventional mechanical and visual film
examination. According to their state of conservation film samples were broadly grouped in “well-
preserved” (10 CN samples, 19 CA samples, and 13 PET samples) and “degraded” (16 CN samples,
11 CA samples, and 10 PET samples).

At least five spectra from each sample were recorded by placing the film between the spectrometer
and the gold-coated glass holder. All films were analyzed directly in contact with the polymeric
base.

1.4 Results and discussion
1.4.1 Historical cinematographic films

Spectra of the three classes of polymers used as film bases showed particular spectral profiles in the
NIR region between 1200 and 2200 nm, which enabled them to be identified (Table 2, Fig. 25.A).
CN features diagnostic bands at 1423 nm (1st overtone of OH stretching), and at 1707 nm (1st
overtone of CH stretching)[120]. CA samples can be easily identified and differentiated from the
nitrocellulose-based films due to the characteristic double band at 1677 nm (1st overtone
stretching of CH)[120] and at 1723 nm (1°t overtone of CH stretching)[121]. Finally, the different
chemical nature of PET bases led to a NIR spectrum that was very dissimilar from the previous ones
and characterized by a very strong band at 1661 nm that can be attributed to the 1st overtone of
CH stretching[122]. PET spectra were also characterized by a band at 2138 nm due to the
combination band of aromatic CH stretching and ring vibration[123].
This simple identification of the diagnostic band thus differentiates among the film bases. The data
obtained were processed with principal component analysis (PCA) in order to assess the robustness
and the discriminatory power of the method. Chemometric tools may also enable simple analysis
methods to be developed that can support conservators and archive staff in interpreting the
results. The resulting score scatter plot clearly shows three different clusters associated with the
three classes of cinematographic film bases (Fig. 25.C). The interpretation of the loadings scatter
plots (Fig. 25.D) enables the variables involved in the sample separation to be clearly identified. The
diagnostic bands at 1423 and 1707 nm (in the loading plot variables at around 1690 nm and 1400
nm related to bands after derivative correction) played a crucial role in the separation of CN
samples, as expected.
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On the other hand, CA samples were characterized by bands at 1723 and 1907 nm (variables
around 1707 and 1892 related to bands after derivative correction), while the PET basis can be
clustered thanks to the presence of bands at 1661 and at 2138 nm (corresponding to bands with a
derivative-like shape at about 1638 and 2114 nm).

The correct identification of film bases is even more important in degraded and partially altered
films, which usually require urgent conservation actions together with appropriate storage. The
performance of the micro NIR prototype was therefore also evaluated on degraded samples
belonging to the three different classes. Degraded films are characterized by a reduced mechanical
resistance, embrittlement, distortion and shrinkage, plasticizer exudation, dye fade, gelatin
decomposition, delamination and “channeling” of the emulsion[94].
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Fig. 25. Analysis of well-preserved cinematographic film samples: A.- representative spectra of cinematographic film
support cellulose acetates (CA), cellulose nitrate (CN) and polyethylene terephthalate (PET); B.- first derivative spectra
of cellulose acetates (CA), cellulose nitrate (CN) and polyethylene terephthalate (PET); C.- score plot of CA, CN and PET
samples; D.- loading plot of CA, CN and PET.
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Wavelength (nm) Assignment

Cellulose nitrate Cellulose acetate Polyethylene
terephthalate
1423 1415 1st overtone of OH stretching[124]-[126]
1415 1st overtone of OH stretching[127]
1st overtone of CH stretching[120], [122],
1677 1661 [127]-[129]
1st overtone of CH stretching[121], [126],
1707 1723 1707 [127], [130]
1799 -
1st combination of OH stretching and
1899 bending[130]

1st combination of OH stretching and
1907 1915 bending [123], [124], [130] 2nd overtone
C=0 stretching[126], [127], [131]

1945 2nd overtone of C=0 stretching[123], [132]

2021 -

Combination band of aromatic CH

2137 2138 stretching and ring vibration[123]

Table 2. Absorption bands in the NIR region of cellulose nitrate (CN), cellulose acetates (CA) and polyethylene
terephthalate (PET).

Spectra collected from CA degraded samples showed a strong decrease in the bands at 1661 and at
1723 nm. Conversely, a broad band appeared at 1462 nm which was attributed to the 1st overtone
of free OH (Fig. 26.A). These outcomes may be related to the hydrolytic degradation observed in CA
degraded materials[55]. To test the discrimination ability of the unsupervised model, a new dataset
was created, including both well-preserved and degraded samples, and then submitted to PCA. The
resulting plot described three main clusters associated with the three different types of polymers,
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Scores on PC3 {13.5%)

each containing well-preserved and degraded samples (Fig. 26.C). The limited dispersion of samples
belonging to the same class led to a good discrimination among the various polymeric classes. The
loadings plot (Fig. 26.D) confirmed the diagnostic role of bands at 1661, 1707, 1723 and 2138 nm,
as previously described. Our NIR prototype is thus suitable for the identification of the film support
irrespectively of the state of conservation.
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Fig. 26. Analysis of degraded and well preserved cinematographic film samples: A.- representative spectra of
cinematographic film support cellulose acetates (CA), cellulose nitrate (CN) and polyethylene terephthalate (PET); B.-
first derivative spectra of cellulose acetates (CA), cellulose nitrate (CN) and polyethylene terephthalate (PET); C.- score
plot of CA, CN and PET samples; D.- loading plot of CA, CN and PET.

1.4.2 Conclusions

We have proposed a new SWIR portable prototype (1200-2200 nm) in combination with
multivariate data analysis. This instrument is at the cutting edge of the development of
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miniaturized devices, and it can be used as an on-situ, rapid, non-invasive methodology for
identifying and differentiating between different support materials used for the production of
historical cinematographic films. The spectral range employed proved to be well suited for the
analysis of the whole set of historical films selected as case study, as they all presented
characteristic overtone or combination bands.

We believe that the results obtained using our methodology have important implications for the
study and preservation of photographic and cinematographic film collections. The differentiation
between film materials with different supports can help conservation professionals to safely classify
the films. This would improve the resource management of a movie archive regarding the choice of
safety measures and storage environments needed for their film collection according to their
different chemical composition, therefore reducing safety and degradation risks.

The advantages of the device in terms of cost, portability, ease of use could be exploited not only by
conservation scientists but also conservators and conservator-restorers. To this aim, further efforts
will be devoted to the development of new chemometric approaches for the automatic data
processing and interpretation.
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Chapter 2 A non-invasive diagnostic tool for cellulose acetate films using a portable
miniaturized near infrared spectrometer

2.1 Introduction

Cellulose Acetate (CA) is a cellulose derivative where hydroxyl groups in the glucopyranose ring have
been substituted by acetate groups CH3COO". The average number of OH groups substituted by
acetate groups is known as Degree of Substitution (DS).

Once mixed with significant amounts of plasticizer (phosphates and phthalates, to name the most
relevant ones), CA was employed for producing sunglasses, combs, brooches and jewelry cases, often
imitating expensive materials like mother-of-pearl, ivory or tortoiseshell[53]. Since 1909, and
specially from 1948 onwards[133], CA was also used for producing transparent and flexible bases for
photographic supports, called “safety films” due to their lower flammability when compared to
Cellulose Nitrate (CN) supports[20]. Therefore, CA is a very abundant material in cinematheques and
photographic archives.

Unfortunately, CA is also intrinsically unstable and hence, its use has been progressively reduced and
substituted with more stable plastics, such as Polyethylene Terephthalate (PET)[134]. CA objects pose
serious threats to museum collections, as this polymer shows thermal, photocatalytic and hydrolytic
deterioration mechanisms which trigger the heterolytic scission of acetate substitutive groups from
the CA chain[23] (Figure 27). The resulting CH3COO" gases react with environmental water, producing
acetic acid, which further catalyze the scission of acetate groups and the hydrolytic reduction of the
molecular weight of the polymer; affecting sensible materials in the vicinity too.
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Fig. 27. The repeating structure of CA (up) and the polymer’s hydrolytic breakdown mechanism (below).
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These mechanisms develop quickly under uncontrolled storage conditions, particularly in
unventilated environments with high temperature and relative humidity. As a consequence, CA
objects may shrink and become distorted, frail and brittle; until the object finally crumbles down to
dust[135]. Therefore, to prevent the loss of CA artifacts and film bases, their accurate condition
assessment and monitoring are key for heritage institutions, as they allow to design suitable
conservation strategies regarding display and storage conditions (e.g., for choosing separate, cool or
cold storages)[10].

Usually, conservators identify the condition of CA objects from their superficial appearance (luster
and texture), their expected degradation effects, and their smell. However, naked-eye observation
alone is often unreliable because each object may render a wide variety of finishing appearances.

Considering that the DS of CA correlates well with the condition of the artifact, being hydrolysis its
primary degradation mechanism, the measurement of DS in CA objects has been proposed as a
method to diagnose their condition[23].

However, the evaluation of DS within a real historical object may be challenging. DS may be
accurately measured by titration after alkaline hydrolysis of ester bonds to ascertain the percentage
of combined acetic acid[121]. Nuclear Magnetic Resonance (NMR) and chromatographic techniques
such as Gas Chromatographic Analysis (GC) and lon Chromatography (IC) have been reported to
accurately quantify DS in CA by measuring acetic acid content after removing any plasticizers by
solvent extraction[136], [137]. However, all these techniques require (sometimes considerable)
sampling, and such invasiveness is often unsuitable for the analysis of heritage objects. Furthermore,
the required sample pretreatment and experimental set-ups are sophisticated and therefore, not
readily available for every museum in the world.

In previous researches[23], [54], Fourier Transform Infrared (FTIR) spectroscopy both in transmission
and macro Attenuated Total Reflectance (ATR) acquisition modes was used to calculate the DS of CA.

This was done by analyzing Microcrystalline Cellulose (MCC) and Cellulose Diacetate (CDA) standards,
as well as their mixtures, to record the spectroscopic results equivalent to different DS. Calibration
curves were then prepared by plotting DS as a function of the ratio between a reference band, such
as COC stretching (vCOC), and that of a probe peak, like OH stretching (vOH), not affected by the
presence of plasticizers.

Afterwards, these curves were applied to quantitatively calculate the values of DS in CA historical
artifacts, and the DS thus calculated correlated well with the different conditions of the artifacts
when assessed from their degradation effects (i.e., amount of shrinking, rigidity, fragility and
distortion)[23].

In particular, ATR mode posed the advantage of providing diagnostic information without the need of
sampling. However, this analysis introduces the risk of creating marks in the surface of heritage
objects due to the pressure applied by the tip of the ATR crystal during measurement.

Also, ATR analysis is restricted to the study of flat surfaces, in order to ensure good contact between
the crystal and the object and obtaining good quality spectra. Furthermore, the sensibility of the ATR-
FTIR technique is constrained to approximately one micron depth from the surface[138], and thus it
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may lead to less representative results if the degradation of an historic artefact varies at different
depths.

Near Infrared (NIR) spectroscopy allows to register overtone and combination bands related to a few
functional group molecular vibrations in the near-infrared region (4000 to 12500 cm™, i.e. 800 to
2500 nm)[139], thus enabling the chemical characterization of both organic and inorganic materials.
NIR spectroscopy is an extremely fast and cost-effective way to conduct molecular investigation of
polymers, particularly when applied in Diffuse Reflectance acquisition mode, and it is now widely
employed for plastic waste classification at recycling facilities[140].

However, despite its low cost and ease of application, this technique has not yet been widely
implemented in the context of heritage institutions, due to the inherent complexity of the broad and
poorly resolved overtone and combination bands, which often overlap each other, being less specific
for substance mixtures and harder to interpret when compared to the more-straightforward spectra
obtained from fundamental bands in the Mid-infrared range (4000-400 cm?).

Nevertheless, in our previous paper (Catelli et al., 2020), NIR results proved useful for classifying
heterogeneous artwork samples, showing highly specific responses for polymers in cinematographic
film bases, which allowed for their identification[81]. The same research proved that, specifically for
film bases constituted of CA, NIR possessed diagnostic power for differentiating degraded CA films
from better-preserved ones, showing promising capabilities as a tool for monitoring the molecular
condition of this polymer, with the advantages of being a non-invasive technique and requiring
inexpensive and relatively simpler instrumentation than FTIR spectroscopy.

For this reason, and aiming to obtain a fast and inexpensive way to monitor the condition of CA
cinematographic and photographic films in heritage collections, we hereby propose an accurate, non-
invasive method for diagnosing CA film bases, based on the measurement of their DS, by employing a
NIR calibration function built with a commercially-available, portable and miniaturized NIR
spectrometer. This method exploits the hypsochromic shift experienced by the first overtone band of
the OH stretching mode (2vOH) in cellulose acetate esters, which follows a decrease in DS.

The NIR spectrometer employed operates in Diffuse Reflectance over a range between 900 and 1700
nm (Short-Wave-IR), and being a small and light equipment (45 mm in diameter, 47.5 mm in height,
and 60 g of weight), it allows for on-site measurements to be performed directly on the object
without sampling, by simply bringing the surface of the artifact in contact with the sensor.

Before its application, the proposed NIR diagnostic method was validated by comparison to a well-
accepted micro-invasive technique in the Mid-infrared range, Attenuated Total Reflectance Fourier
Transform Infrared Microscopy (LATR-FTIR).

To ensure the robustness of the method, both NIR and FTIR calibration functions were built by
performing replicate measurements on three separately-prepared standards sets.

Finally, sixteen historical cinematographic film samples with CA supports were diagnosed using both
techniques, obtaining comparable results.
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2.2 Aim of study

The first objective of the research is to generate a non-invasive calibration function for calculating
the DS of CA cinematographic and photographic film bases, allowing for their accurate diagnosis,
specifically by using the Diffuse Reflectance response of a portable and commercially available NIR
spectrometer. This protocol will be useful for identifying the current condition of CA objects, for the
early detection of degrading CA materials, and for evaluating the performance of cold and cool
storage procedures intended to slow hydrolytic deacetylation.

The second objective is to validate the response of the NIR function by comparing the DS thus
calculated, to the DS calculated with a PATR-FTIR calibration function built by following the
methodology proposed by Nunes et al.[23]. Confirmation of the robustness of both NIR and pATR-
FTIR calibration functions will be ensured by performing several measurements on separately
prepared standard set replicates.

The applicability and effectiveness of the proposed NIR calibration function will be finally tested on
several naturally-aged CA cinematographic films. This will be done by siding different NIR and pATR-
FTIR measurements to separately calculate their DS, comparing both results and linking them to the
macroscopic condition of the films.

2.3 Materials and methods
2.3.1 Reference materials

Cellulose Triacetate (CTA, Fluka, DS 2.97) and Triphenyl Phosphate (TPP, Sigma-Aldrich, > 99%) in
pellet presentation; Cellulose Diacetate (CDA, Sigma-Aldrich, DS 2.31) and Microcrystalline Cellulose
(MCC, Sigma-Aldrich) in powder presentation; as well as Diethyl Phthalate (Alfa Aesar, 99%) in liquid
presentation were purchased as standards.

With the exception of DEP, all reference materials were characterized by using HJATR-FTIR and NIR
after being pressed into pellets. DEP was instead imbibed into KBr and then pressed into a pellet
before being submitted to NIR and transmission FTIR analysis.

The resulting spectral bands of MCC, CDA and CTA were attributed using bibliographic references.

The spectra of TPP and DEP, the most common additives used for cinematographic film production
for plasticizing and flame retardant purposes, were analyzed to confirm that their contribution did
not affect the FTIR and NIR response in the regions of interest for DS calculation in CA: For the Mid-
infrared, the regions at 3330 cm™ (for the vOH probe band) and ca. 1030 cm™ (for the vCOC
reference band); and in the near infrared, the range between 1410-1479 nm related to the 2vOH
band.

2.3.2 Preparation of reference standards

In order to produce a HATR-FTIR calibration curve tailored to our FTIR spectrometer following the
methodology of Nunes et al.[23], and for preparing the new NIR calibration function, three separate
sets of 6 standard pellets each were prepared using CDA (DS 2.31) and MCC (DS 0) powders.
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Each set of 6 standard pellets contained one reference made of pure CDA, one made of pure MCC,
and the remaining four references were prepared by mixing CDA and MCC to reproduce the
spectroscopic results equivalent to four different DS (i.e., 0.5; 1.0; 1.5 and 2.0), measuring the weight
ratios according to the equation reported in literature[23]. The reagents for the reference standards
were weighted with a Discovery DV215CD Ohau Corporation® analytical balance.

To prepare the standards, CDA and MCC powders were carefully and thoroughly grinded in an agate
mortar in order to obtain homogeneous mixtures. After grinding, the references were pressed under
2 tons for 1 minute to obtain compact pellets, which were kept for 24 hours in a desiccator before
performing HATR-FTIR and NIR measurements. Additionally, one CTA piece was analyzed in a flat area
without any sample pretreatment, employing the same methodology used for the pressed pellet
references.

2.3.3 NIR analyses, data elaboration and calibration function

All pressed standard references and the CTA pellet were analyzed by placing them between the
spectrometer and a gold-coated glass holder. In all cases, 9 measurements per standard were taken
at the same area of analysis. The spectra coming from each standard were then compared, and an
interpretation of the observed trends was proposed following a bibliographic research. Pretreatment
of the data was also performed before this comparison by applying a Quadratic Detrending transform
using in-house Matlab routines (The Mathworks Inc., Natick, USA). This aimed to correct for both
baseline shifts and exponential global intensity variations which could affect the signals.

For the function calculations that followed, the raw spectra were used as such without any
pretreatment.

The average 2vOH band maximum wavelength (A, in nm) per standard pellet was subtracted to the
2vOH band maximum A in the CTA reference spectrum (registered at 1416 nm) to calculate its
average 2vOH band shift.

The average 2vOH band shift of the three pellets with the same DS was then averaged. The NIR
calibration functions were built by plotting the final shift values against the DS as a linear and 2"
degree polynomial regression using Microsoft Excel™. The most satisfactory function was chosen by
observing the trend of the data, and ensuring a high coefficient of determination (R?).

Afterwards, the NIR calibration function was validated by comparing the DS estimated with the NIR
for each standard pellet against the DS calculated with a pPATR-FTIR calibration curve created with the
same standards.

Additionally, a more detailed examination of the 2vOH signal was carried out by subjecting a
representative spectrum of each reference to a 2" derivative for the region 1290-1670 nm, which
allowed to identify the position of the most important components present in this range, which we
tried to define by performing a peak deconvolution using the Peak Resolve function of Omnic
software, assuming that each component had Gaussian distribution, without any baseline correction.
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2.3.4 UATR-FTIR analyses and calibration function

At least 6 LWATR-FTIR spectra were acquired per pressed reference pellet and for the CTA pellet. The
spectra were then used without any correction or further manipulation, to calculate the ratio
between the absorbance of the vOH band at 3330.6 cm™ (probe band) and the absorbance of the
vCOC band at 1020-1039 cm™ (reference band, with the point of the band maximum variating slightly
depending on the sample), using the procedure reported by Nunes et al.[23].

The absorbances of the probe and reference bands were measured using the peak heigh tool of the
Omnic 7.2° Software (Thermo Fisher Scientific™), delineating both baselines and measuring the
absorbance from the maximum of the band to the corresponding baseline. The baseline for the vCOC
band was drawn between the points at 1517.8-1508.1 and 848.6-746.3 cm™, and the baseline for the
vOH band was defined between the points at 3700.9 and 3178.2-3099.2 cm™.

The average vOH/vCOC ratio per standard reference was calculated, and the resulting ratio was then
averaged with the average of the other 2 pellets with the same DS.

Afterwards, DS was plotted as a linear and 2" degree polynomial regression of the final vOH/vCOC
ratios using Microsoft Excel™. The most satisfactory function was chosen by observing the trend of
the data and preferring a high coefficient of determination (R?).

2.3.5 Miniaturized NIR spectrometer

NIR measurements were collected with a portable NIR spectrometer by Viavi Solutions (JDSU
Corporation, Milpitas, CA), a compact device controlled by a portable computer via USB port,
registering the diffuse reflectance in the spectral range of 908.1-1676.2 nm (11013.2 —=5966.6 cm™)
at a nominal spectral resolution of 6.2 nm. The system is equipped with a Linear-Variable Filter (LVF)
as dispersing element, directly connected to a linear 128-pixel Indium Gallium Arsenide (InGaAs)
uncooled detector, and employs two tungsten light bulbs as radiation source. The instrument allows
for an analysis spot of ca. 3 mm diameter.

For the acquisition, first the dark current (D) was measured by placing the spectrometer carefully
distant from any surface; then, a raw reflectance reference measurement was acquired from a
Spectralon NIR-reflectance standard S(A) with known 99% diffuse reflectance values s(A). Raw
reflectance measurements were then recorded from the reference pellets or real films T(A) by using
100 scan iterations and an integration time of 10.1 ms, resulting in a total of 1.01 second analysis
time per measurement. The dark current and reference spectra were kept under 1 minute age, and
the sensor temperature stayed between 36° and 40°C for all measurements. The MicroNIR Pro
software (JDSU Corporation, Milpitas, CA) was used for data acquisition.

2.3.6 Benchtop FTIR spectrometer

MATR-FTIR measurements were acquired from the same areas previously analyzed by NIR, using a
Thermo Scientific® Nicolet iN 10MX spectrometer fitted with a mercury—cadmium-telluride (MCT) A-
type detector cooled with liquid nitrogen, and an X-Y-Z motorized stage with 1 um incremental
steps. Spectra were recorded in the 4000 to 675 cm™ range using a spectral resolution of 4 cm™,
employing a Ge ATR crystal with an optical aperture of 400x400 um in all cases (except for some real
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films, where an aperture of 150x150 was employed), integrating 64 scans for each measurement and
for the background, which was acquired before each measurement.

Instead, the KBr pellet imbibed with the DEP reference was analyzed in transmission FTIR by using a
Nicolet iS50 spectrometer fitted with a Deuterated L-alanine-doped Triglycene Sulphate (DLaTGS)
detector operating at room temperature. Spectra were recorded in the 4000 to 400 cm™ range with a
spectral resolution of 4 cm™.

2.3.7 Real Cinematographic films diagnosed with NIR and FTIR functions

Sixteen developed cinematographic film rolls or film sections, all with CA polymeric bases of 35 mm
gauge, were kindly provided by the Fondazione Cineteca di Bologna (Table 3). Their DS was calculated
by using the NIR and pATR-FTIR calibration functions, without any sample preparation.

These 16 samples corresponded to different element typologies (black and white, color, negative and
positive elements), manufacturing companies, and covered gradual stages of degradation.
Preliminary information about the polymeric base composition was obtained by film inscriptions, as
well as conventional mechanical and visual film examination. The macroscopic state of conservation
of the film samples was assessed by registering their degradation effects.

Sample name Element typology
CA1 Positive Color
CA4 Positive Color
CAGb6 Positive Black & White
CA7 Negative Color

Time0 Negative Color

AAl Unknown Color (transparent)
AA4 Negative Color
AA5 Positive Color
CT4 Positive Color
CT5 Positive Color
CT10 Positive Color
CT11 Positive Color
CT12 Positive Color
CT21 Positive Color
CT24 Positive Color

PSATCT-roll3 Positive Color

Table 3. Description of the real cinematographic film samples analyzed

For each film sample, at least 3 HATR-FTIR spectra were acquired, and 9 to 15 NIR measurements
were registered on the same area. Regarding the NIR, all real cinematographic film samples were
analyzed directly in contact with the CA polymeric base by placing them between the spectrometer
and a gold-coated glass holder (Fig. 28). For black and white films, NIR analyses were performed in
regions where the emulsion at the opposite side of the film appeared clear, therefore containing low
silver particle presence to avoid distortion of the NIR spectra.
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Fig. 28. NIR analysis of a real CA cinematographic film.

The resulting spectra were employed without performing any pretreatment or correction to calculate
the average 2vOH band shift (NIR) and average vOH/vCOC ratio (LATR-FTIR) per film. These results
were then employed for calculating the DS of the CA base in each film by solving the corresponding
NIR and PATR-FTIR calibration functions. The DS values calculated by the NIR and the pATR-FTIR
techniques were compared, and the percentual difference calculated.

2.4 Results and discussion
2.4.1 NIR characterization of the standard materials

A first overview of the NIR spectra of the seven reference corresponding to different DS, showed
particular spectral profiles in the NIR region between 900 and 1700 nm, in which overtone and
combination bands of CH and OH and appear (Fig. 29).
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Fig. 29. Selected untreated spectra for each of the 7 standard reference materials. The frames indicate the regions (A to

G) where different signals appear (assignment is given in Table 4). Regions D to F (highlighted in yellow), corresponding to
OH vibrations, were employed for building the calibration functions.

The assignment of the bands in each region of the spectra is shown in Table 4. In particular for the
region 1270-1670 nm, deconvolution of the spectra (see Figures SMI.1 to SMI.7) allowed to identify
the most important components, following the approach of the NIR studies of hydrated cellulose
performed by Cichosz and Masek [141] and the studies of untreated, heated and acetylated wood by
Mitsui et al.[142].

Wavelength (Region by letter, peak Assignment
maxima in nm)

A.1162-1181 2" overtone of CHs stretching[143]
B.1218-1273 2" overtone CH, CH, stretching[125], [126], [143], [144]
C. 1348 & 1367 1%t overtone of CHs stretching and bending [118], [126], [143]
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1%t overtone of OH stretching, amorphous region [81], [125], [126],

D.1416-1429
[141]-[147]

£ 1466-1478 1st .overtone of OH stretching[118], [144], [147] in semi-crystalline
region[126], [141], [143], [146]-

F.1551-1553, 1577-1603 and 15t overtone of OH stretching[125], [126], [145] affected by intra

and inter chain hydrogen bonds (30H:-:O5 and 20H---06) in the

1631-1639 crystalline region[118], [141]-[143], [146], [148]

G.1670 1%t overtone of CH stretching[81], [125], [126], [143], [144], [148]

Table 4. Interpretation of the NIR spectra for the seven standards shown in Figure 29, divided by regions (letters A-G)

All standards are divided in two main regions where two different types of diagnostic bands appear,
namely, the region between 1100 and 1400 nm, which corresponds to overtones of CH vibrations;
and the region between 1400 and 1660 nm, which is related to the 1st overtone of OH stretching.
Furthermore, our spectrometer partially detected the contribution of the 1st overtone of CH
stretching, which is known to appear from 1670 nm[81].

The changes in the spectra followed specific trends as DS increased, and we first sought to interpret
this behavior in order to exploit it as a suitable diagnostic tool for film base condition assessment.

From the comparison of the spectra corresponding to each reference, one of the most outstanding
features was the behavior of the signals at ca. 1162-1181 nm and 1218-1273 nm, both attributed to
the second overtone of the stretching of CH substitutive groups. In particular, as the DS increased,
the intensity of the band at 1218-1273 nm decreased too, and the intensity of the band 1162-1181
nm increased instead. The attributions found in literature suggest that, in particular for cellulose and
cellulose acetate esters, the signals in the 1162-1181 nm range are mostly related to the contribution
of methyl group (CHs) vibrations, whereas those at the 1218-1273 nm interval are related instead to
methine and methylene groups (CH, CH2). The NIR spectral behavior of the analyzed standards
therefore accurately suggest a decrease in CHsz abundance with the decrease of DS, and a stronger
contribution of CH and CH; groups.

Another important trend, and the one exploited for our proposed diagnostic method, is the one
related to the changes of the bands appearing between 1400 and 1660 nm. This region is usually
attributed to the first overtone of the OH stretching (2vOH), and for cellulose samples, different
components and their attributions have been proposed by previous researches[141], [142]. In our
standards samples, as DS decreases, the maximum registered of the bands in this region shifts to
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higher wavelengths (lower frequencies), acquiring also higher relative intensity. A deconvolution of
these bands allowed to better understand the changes in the contribution of the different
components.

The prevalence of the signal at 1416-1429 nm corresponds to a higher contribution of hydroxyl
groups in amorphous regions of the polymer; a maximum signal at 1466-1478 nm reflects a higher
abundance of hydroxyl groups in semi-crystalline regions, whereas the increase of the signals at
1551-1639 nm is related to more hydroxyl groups involved in intra molecular hydrogen bonds in
crystalline regions of the polymer[118], [141]-[143], [146], [148].

This accurately reflects the fact that the cellulosic chain decreases in crystallinity with the increase of
DS, as acetyl groups alter its degree of structural organization, modifying also inter and intra chain
interactions[54]. In fact, it is known that the influence of hydrogen bonding seem to contribute to the
shift of the vOH fundamental band in the Mid-infrared region to lower wavenumbers[42], [59], and
this could explain the corresponding shift of the 2vOH band in the NIR range to higher wavelengths.
Finally, the increase in relative intensity of the 2vOH bands with decrease of DS reflects the higher
abundance of hydroxyl groups in the cellulosic chain.

Cellulose acetate film bases may contain from 20-40% in weight of Diethyl Phthalate (DEP) and from
10 to 20% in weight of Triphenyl Phosphate (TPP)[64]. CA molecules are supposed to stablish mainly
weak interactions with DEP, ruled by van der Waals forces[149] and dipolar interactions[59], [150],
although some have suggested that hydrogen bonding occurs as well as between carbonyl groups in
DEP, which act as hydrogen-acceptors, and hydroxyl groups in CA, the hydrogen donors[41]. Instead,
hydrogen bonds are formed between O-H in CA and P=0 groups in TPP, and weak interactions are
formed as well between C=0 in CA and P-O-Ph in TPP[78].

NIR spectra of Pure TPP exhibits its strongest signal at 1131 nm, attributed to the second overtone of
aromatic CH stretching [123], [147]. As secondary signals, pure TPP showed also a series of bands at
1342, 1373, 1404 and 1428 nm.

Pure DEP showed instead two signals of similar intensity at 1137 and 1181 nm, the first of which may
be attributed to the second overtone of aromatic CH stretching and the second overtone of
methylene stretch respectively[123], [147], [151]. Both spectra are shown in Figure SMI.8.

Even if both plasticizers show responses overlapping the region related to the first overtone of the
OH stretching in Cellulose and its acetate derivatives, we assumed that their contribution is low as
these additives are present in relatively minor amounts in cinematographic film supports, specially
taking into account the characteristics the NIR spectrometer, which enables to perform a bulk
analysis where the response of the most abundant material, in this case Cellulose acetate, would
overcome the response of materials present in lower quantities, such as the gelatin emulsion layers
or the plasticizers. However, as it will be seen later, only the analysis of plasticized historical
cinematographic samples would confirm this hypothesis.
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2.4.2 UATR-FTIR characterization of the standard materials

Reference materials were characterized by HATR-FTIR, and the attribution of the bands of CTA, CDA
and CTA pure standards is shown in table SMI.1.

In the WATR-FTIR spectra (Figure 30), we observe an intensity increase and a shift to lower
wavenumbers of the OH stretching band (vOH, 3500-3330 cm™) with the decrease of DS. The
increased intensity of the band has been attributed to the increased amount of free OH groups in
samples with lower DS, whereas the red shift of the peak relates to hydrogen bonding affecting the
OH groups involved. The intensity changes and wavelength shift of the OH band observed in the Mid-
infrared range follow the same trend observed in the SWIR range, and therefore they must be
explained by the same factors[152].

The PATR-FTIR spectrum of Pure TPP (Figure SMI.9) exhibits its strongest signals at 1588, 1484, 1293,
1174, 1160, 1008, 946, 784, 768, 753 and 689 cm?, as well as a series of smaller peaks at 3098, 3060,
3020, 1455, 1232, 1192, 1070, 1022, 964, 932 and 914 cm™™.

The HATR-FTIR spectrum? of Pure DEP (Figure SMI.10) shows its strongest bands at 1724, 1281, 1123,
1073 and 744 cm™, as well as minor signals at 3073, 2984, 2929, 2905, 2875, 1600, 1580, 1447, 1391,
1367, 1173, 1040, 1017, 864 and 705 cm™. A proposed band assignment for the Mid-infrared
response of TPP and DEP is given in table SMI.2. As it has been highlighted by previously, both
additives of have either low or no contributions in the regions of the probe and reference bands used
for the calculation of DS though FTIR calibration functions.

HATR-FTIR
—Pure MCC 10
— CDA-MCC mixture DS 0.48 1029 1039
—CDA-MCC mixture DS 0.95 H

CDA-MCC mixture DS 1.43
—CDA-MCC mixture DS 1.90
Pure CDA
Pure CTA
3330
vOH

Absorbance (a.u.)

|
y Nty

3500 3000 2500 2000 1500 1000
Wavenumbers (cm™?)

Fig. 30. Selected spectra of each reference standard used to build the calibration functions.
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2.4.3 NIR and UATR-FTIR calibration functions

As portrayed in Figure 31, the NIR data followed a linear trend with increasing DS. Formula 2 shows
the obtained NIR calibration function for Quantification of the DS:

y = —0.0474x + 2.9282
(2)

where y is the wavelength shift (in nm) of the maximum of the 2vOH band in the analyzed sample
respect to the wavelength registered for the same band for the CTA reference.

For MATR-FTIR results, the data followed an non-linear but ascending quadratic curve with DS
increase. Formula 3 is the resulting LATR-FTIR calibration function for quantification of the DS:

y = 78592x% —30.109x + 2.9022
(3)

where y is the ratio between the absorbance of the OH stretching at 3330.6 cm™ (probe band) and of
the COC stretching at ca. 1030 cm™ (reference band).

It was interesting to note that measuring the ratio for high DS samples was difficult, due to the
reduced sensibility of the Ge crystal in the region around 3000 cm?, which rendered low signal-to-
noise ratio in the area related to the OH stretching.

Both resulting functions obtained a high coefficient of determination (R?), over 0.97 for and over 0.99
for NIR, therefore they were considered to be robust enough to test their reliability for the analysis of
real samples.

2.4.4 Diagnosis of 16 historical cinematographic films

16 cinematographic film samples were analyzed. An initial overview of their macroscopic appearance
allowed us to classify ten of them in overall good condition (showing no color changes in their
emulsion, good flexibility, resistance and absence of blooming or vinegar odor), four in intermediate
condition (with dye fading, rigidity, distortion) and one sample as heavily degraded (fragmentary and
frail, brittle, with yellowish base).

By WATR-FTIR analysis, it was confirmed that in all cases they corresponded to CA bases plasticized
with TPP.

After calculating the DS with both functions, the absolute and percentual difference (being DS of 3
equal to 100%) between both was assessed. This allowed us to ensure that the DS calculated with the
NIR was consistent. The data used for calculation and comparison is summarized in table SMI.3.
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Fig. 31. DS calibration functions. Above: NIR; below: WATR-FTIR. Black squares stand for standards and mixtures, red
dots for historical cinematographic films
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2.5 Conclusion

A new diagnostic method for DS measurement of CA film bases using a NIR calibration function was
found to be reliable, and its results comparable to those obtained by FTIR in the Mid-infrared range.
In particular, a new version of a previously proposed Mid-infrared calibration curve was performed
using MATR-FTIR with a Germanium tip, and it was proven that the NIR function shows higher
reliability for DS measurements in samples with high DS, due to its higher sensibility towards the
2vOH vibrations when compared to the sensitivity of the HATR Ge tip towards vOH vibrations.

Even if the NIR method showed that the abundant presence of silver particles on the emulsion of
cinematographic films may interfere with the signal to noise ratio of the spectra, it nevertheless
showed excellent results for color and B&W elements where lower concentration of silver particles
was observed.

This method constitutes a simple, fast, inexpensive and non-destructive way to diagnose cellulose
acetate bases in cinematographic films and photographic negatives, and seems to have the potential
to be employed to other kind of tridimensional CA artifacts.
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Fig. SMI.1-7 Deconvolution of selected NIR spectra from each of the seven standards used for building the DS calibration
functions (From first to last: Pure MCC; CDA-MCC mixtures equivalent to DS 0.48, 0.95, 1.43, 1,90; pure CDA and Pure

CTA).
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Fig. SM.10 HATR-FTIR spectrum of the DEP standard.

Wavenumber (cm?) Assignment
Pure CTA Pure CDA Pure MCC

3496 3479 3339 vsOH[153]
2941 1943 vC-H[153] in CH3[154]
2899 2889 2893 vaC-H in CH2[153], [154], vsC-H in CH3[155]
1741 1739 vC=0[68], [154], [156]
1644 1643 1646 vaC=0[154] and OH vibrations from crystallization water[153], [155]
1433 1433 1427 In plane 6C-H[157]in CTA and CDA, 8sCHz at C—6 in MCC[158]
1367 1368 1369 6C-H in CH3[89], [154], [156], [159], [160]

--- - 1335 In plane 60H[155]

1316 6CH2 [155], [158] and 60H[155]
1219 1223 1202 va(C-C-0)[89], [156]
1165 1162 1159 va(C-0O-C) at B-glucosidic linkage[154], [157]
1122 1121 1101 vCO[158]
1071 1071 1055 vC-0 in pyranose ring[89], [155], [156], [158]
1038 1037 1030 vCOC[159], [160]

900 902 898 0.0. ring v at C1-0-C4 B glucosidic bond[155], [157], 6C-H[154]
839 841

* v stretching vibration, vs symmetrical stretching vibration, va asymmetrical stretching, & bending vibration and &s
scissoring, O.0.p. Out of plane

Table SMI.1 Assignments of the main infrared absorption bands of the pure standards used for building the DS calibration
functions: CTA (Cellulose Tricetate, DS), CDA (Cellulose Acetate, DS), MCC (Microcrystalline cellulose, DS 0).
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Wavenumber (cm™) Assignment
TPP DEP
standard standard
3098 3073
3060 vC-H[75], [161]
3020 vC-H[161]
2984 Alkane vC-H[60]
2929
2905
2875
1724 vC=0([60], [151], [162]
1600 Aromatic vC-C[163]
1588 1580 Aromatic vC-C in DEP[163], vC=C in TPP[75], [161]
1484 1447 Methyl (—CH3) vibrations[162] and aromatic vC-C in DEP[163]; vC=C in TPP[75], [161]
1391 vs(OCO)[163]
1367
1293 vP=0[75]
1281 vC-0[60]
1174 1173 In-plane §(C-H) in TPP [75], [161], v(C-COOQ) in DEP[163]
1160 In-plane §(C-H) in TPP[75]
1123
1073 In-plane §(C-H) bending[163]
1040
1008 1017 vP-0[75] and ring vibrations in TPP[161]
964 vP-0O[75]
946
932
914
864
784 Out of plane 6C-H[75]
768 Out of plane 6C-H[75]
753 744 Out of plane 6C-H in TPP[75], aromatic CH vibration in DEP[73]
689 705 Out of plane 6C-H in TPP[75]

* v stretching vibration, vs symmetrical stretching vibration, va asymmetrical stretching, 6 bending vibration and 6s

scissoring

Table SMI.2 Assignments of the main Mid-infrared absorption bands of the TPP and DEP standards
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Sample Element typology 2vOH band DS vOH3/vCOC DS DS Absolute DS

name shift calculated by calculated by difference percentual
NIR UATR-FTIR difference
CAl Positive Color 6.194 2.6346044 0.00654121 2.70861346 0.07400906 | 2.466968672
CA4 Positive Color 55.749 0.2856974 0.16208425 | 0.086719646 | 0.198977754 | 6.632591792
CA6 Positive Black & 0 2.9432 0.005785224 | 2.730643068 | 0.212556932 | 7.085231063
White
CA7 Negative Color 6.194 2.6346044 0.004187106 | 2.777508301 | 0.142903901 | 4.76346335
TimeO Negative Color 6.194 2.6346044 0.00275996 | 2.819699023 | 0.185094623 | 6.169820754
AAl1l Unknown Color 6.194 2.6346044 0.004365565 | 2.77225502 0.13765062 | 4.588353998
(transparent)

AA4 Negative Color 6.194 2.6346044 0.001465201 | 2.858252972 | 0.223648572 | 7.454952386
AAS5 Positive Color 6.194 2.6346044 0.003846154 | 2.787558757 | 0.152954357 | 5.09847858
CT4 Positive Color 6.194 2.6346044 0.004483696 | 2.768780382 | 0.134175982 | 4.472532723
CT5 Positive Color 6.194 2.6346044 0.002657059 | 2.822753466 | 0.188149066 | 6.271635549
CT10 Positive Color 24.777 1.7537702 0.045355831 | 1.698256927 | 0.055513273 | 1.850442439
CT11 Positive Color 24.777 1.7537702 0.049717818 | 1.599514759 | 0.154255441 | 5.141848029
CT12 Positive Color 24.777 1.7537702 0.054026815 | 1.504908556 | 0.248861644 | 8.295388118
CT21 Positive Color 6.194 2.6346044 0.01335495 2.51411305 0.12049135 | 4.016378321
CT24 Positive Color 24.08877778 | 1.786391933 | 0.036877866 | 1.898727649 | 0.112335715 | 3.744523849

PSATCT- Positive Color 6.194 2.6346044 0.005176527 | 2.748445946 | 0.113841546 | 3.794718201
roll3

Table SMI.3 Calculation of the DS of the 16 analyzed real cinematographic film samples by using the NIR and pATR-FTIR

calibration functions, and comparison between the data obtained by both methods.
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Chapter 3 Efficient Cleaning of Cellulose Nitrate Cinematographic Films Using Deep
Eutectic Solvents

3.1 Abstract:

Historical photographic negatives and cinematographic films with cellulose nitrate (CN) supports are
known to be intrinsically unstable. They show deterioration mechanisms related to the thermal,
photocatalytic and hydrolytic loss of nitro substitutive groups from the CN chain. To prevent the
disappearance of this heritage, its scanning and digitalization becomes a priority.

However, degradation may prevent the possibility to scan CN films. Since motion picture films are
stocked as a reel, the backside of each frame is in contact with the front of another one. Due to
degradation, the decrease in pH contributes to lowering the viscosity of gelatin and promoting its
hydrolysis. In this way, the emulsion gets softer, so some residues may deposit on the back of the
superimposed frames, and the gelatin may also spread over the film surface and come out from the
edges.

Traditional approaches to clean gelatin residues from the surface of CN bases and from the sides of
film rolls include mechanical removal with scalpels and the use of polar solvents. However, these
methods are either slow, ineffective or could potentially damage the degraded CN support and the
remaining gelatin emulsion at the other side of the film.

Accordingly, we have evaluated the performance of three choline chloride and betaine-based Deep
Eutectic Solvent (DES) formulations. These DES are inexpensive, easy to prepare, green (non-volatile,
safe towards operator and the environment), non-flammable and have been previously proposed for
the extraction of proteinaceous material, but their use for the restoration of photographic negatives
or cinematographic films has not been reported yet.

Selected areas over the frames of a real deteriorated CN cinematographic film were cleaned from
gelatin accretions by rubbing a cotton swab soaked in DES. Isopropyl alcohol (IPOH) was then
employed to remove the remaining DES residues.

To evaluate the cleaning performance, each area was characterized and documented before and
after treatment using high-resolution Optical Microscopy (OM) in Bright and Dark Fields, Micro-
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (LATR-FTIR), and cross-section
observation under visible and UV light.

All treatments using DES proved effective for the removal of gelatin residues and harmless towards
the CN film supports at the selected application times, showing superior cleaning power compared to
traditional methods. Thus, the proposed cleaning methods with DES are suitable for cinematographic
and photographic film restoration.

3.2 Introduction
The layout of early film materials (Figure 32) include a thick, transparent and flexible Cellulose Nitrate

(CN) base (c) coated with the film emulsion (a). The emulsion is the layer employed to record the
image and, in already developed films, it consists of a colloidal suspension of dark silver particles and
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color dyes (if the film was colored) fixed in a matrix of photographic-grade gelatin[20]. Sometimes, a
thin intermediate adhesive or “subbing” layer (b) was applied to guarantee the adhesion between
the emulsion and the polymeric base.

Fig. 32. Generic stratigraphy for a simple early-period CN film, showing the black and white (B&W) emulsion (a), in this
case subjected to a red tinting process, an adhesive subbing layer (b) and the CN base (c). More complex films can include
additional and thin layers such as an overcoat and an anti-curling layer, each one <1 um thick, located over the emulsion,
and below the base respectively.

CN is an inorganic cellulose derivate where hydroxyl groups in the glucopyranose ring have been
substituted by nitrate groups O-NOa.

Since 1889[10], [11], flexible polymeric films made of CN with a degree of substitution (DS) of around
2 were used as support for the first examples of cinematographic film.

Thanks to its low cost, CN was initially widely employed for producing film bases, but due to its high
flammability, its use of was progressively reduced and then definitely abandoned in 1951[10], [11].

Cellulose nitrate photographic and cinematographic materials are known to be intrinsically unstable,
mainly due to the degradation mechanisms triggered by thermal (Figure 33), photocatalytic and
hydrolytic loss of nitro substitutive groups of the CN base[23]. This process occurs quickly under
uncontrolled storage conditions, particularly unventilated environments showing high temperature
and humidity.
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Fig. 33. Above: Repeating unit of CN polymer with Degree of substitution 2. Below: Scheme illustrating the polymer’s
homolytic thermal breakdown mechanism.

The resulting NO; gases react with environmental water producing nitric and nitrous acids, which
catalyze further loss of nitro groups in the CN polymer and the reduction of the molecular weight of
the backbone.

Eventually, the base deforms, becomes frail and brittle, and crumbles to dust[80]. To avoid the
complete loss of the recorded images, their scanning and digitalization is a priority for
cinematheques, libraries and other institutions safeguarding such audiovisual archives[81].

However, nitrate supports which have already underwent some degree of hydrolytic degradation of
their bases can suffer from softening of their gelatin emulsions since the pH decreases to values
lower than the isoelectric point of type-B gelatin (which goes from pH 4.7 to 5.6 or narrower [30][28]
[24], [22]), where the gelatin molecule becomes positively charged, and the repulsion forces between
positive charges slightly uncoil the gelatin molecule and facilitate its solubilization[30]. Nguyen et al.
have suggested also that NO; species promote the hydrolysis of hardened (cross-linked) and
unhardened photographic gelatins, lowering their molecular weight and their viscosity[29].

Photographic gelatin is most of the time alkaline or type-B gelatin, produced from the alkaline
treatment of demineralized cattle bone, ossein[24]. Ossein is mostly made up of type | collagen, an
heterotrimer collagen formed by three polypeptide a-chains associated in a triple helix
configuration[25]. By treating parent collagen with an hydrated lime slurry, type B gelatin is
produced, destroying the crosslinking between collagen[24]-[27].
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Gelatin softening is a serious drawback, because upon becoming more fluid it can easily migrate
laterally when it is pressured and adhere to any surface in contact with it. This often affects the back
side of the subsequent coils of the same film (Figure 34), causing the loss of images in the first coil
and gelatin accumulation on the back of the second. The adhesion of convolutions, known as

blocking, ultimately transforms the film into a solid unit which cannot be unrolled, reaching the so-
called “hockey puck” state[80].

Fig. 34. An early and tinted CN film exhibiting emulsion softening resulting in accretions and coil blocking.

Therefore, to allow the digitalization of the film and to avoid subsequent blocking when the reel is
stored, it becomes mandatory to remove gelatin accretions.

Traditional cleaning approaches to eliminate gelatin residues from the side of film rolls include
mechanical removal with surgical scalpels, and the use of polar solvents, such as distilled water,
Ethanol (EtOH) and Isopropyl Alcohol (IPOH). However, the use of alcohols results in a slow,
ineffective cleaning, whereas water may be potentially dangerous if it accidentally leaks towards the
front of the frame when cleaning a section of the base. Furthermore, the use of organic solvents
presents different drawbacks, since they are flammable, and the excessive emissions of volatile
solvents can harm the environment and can pose health risks to the operator upon extended
unprotected exposure.

To overcome these drawbacks, we have proposed, tested and evaluated the performance of three
Deep Eutectic Solvent (DES) formulations which have been previously employed for the dissolution of
proteinaceous[164], [165] and other organic materials, but to the best of the authors’ knowledge
theyhave not been employed for the restoration of photographic negatives or cinematographic films.
A different DES formulation has been previously applied in gel form to remove proteinaceous
coatings in paintings[166]. We have proved that the three DES mixtures hereby proposed constitute a
green, inexpensive, easy-to-prepare and effective alternative for the cleaning of gelatin accretions
from CN photographic bases.

Deep Eutectic Solvents, first defined by Abbot et al. in 2003[167], are mixtures of a Hydrogen Bond
Acceptor (HBA), commonly a quaternary ammonium salt, with an Hydrogen Bond Donor (HBD), like
an amide, amine, alcohol or carboxylic acid. Electrostatic charge delocalization (through hydrogen
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bonds and van der Waals interactions) between these two constituents lower the fusion point or
glass transition temperature below that of the original components when both are present near a
certain molar ratio[168], [169].

Choline Chloride (ChCl), Betaine (B) and Urea (U) (Figure 35) are biodegradable, environmentally
friendly (being obtained from renewable sources), relatively cheap and non-toxic.

HBA HBD
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Fig. 35. Components of the tested DES mixtures: Choline Chloride (i.) and Betaine (iii.) as Hydrogen Bond Acceptors, and.
Ethylene Glycol (ii.) and Urea (iv.) as Hydrogen Bond Donors.

Choline chloride is regarded as a B-complex vitamin and is extracted from biomass; betaine is the
trimethyl derivative of glycine and is obtained as a metabolic oxidation product of choline in different
organisms[170]. Betaine can be commercially retrieved by separation during sugar production from
beets. Urea is the most commercialized nitrogenous fertilizer and is employed by mammals for
processing nitrogen-containing compounds[171], [172].

Ethylene glycol (EG) instead, is a non-toxic compound commonly exploited as antifreeze, wetting and
plasticizer agent in industrial processes[173].

By mixing choline chloride with ethylene glycol at a 1:2 molar proportion, a DES commonly called
ethaline is obtained. This product has been widely studied due to its low viscosity and therefore high
solubilizing power. Through computer modelling, it has been found that the HBD and HBA in this DES
formulation form a supramolecular cage-like arrangement where the CI- anion becomes the central
element interacting with five hydroxyl groups, one from the choline cation and four from both EG
molecules[174]. Ethaline has been reported as capable of extracting collagen peptides from cod skins
without destroying the peptide bonds in the process and also of being able to solubilize singular
alanine, glutamic acid, lysine, glycine and hydroxyproline amino acids without creating new chemical
bonds with them, so the solubilization process is probably based on intermolecular hydrogen bond
formation between CI" and the amino and carboxyl groups[164].

When urea is used as HBD, it has been observed that relatively basic DES are obtained, owing to the
presence of the amino group, and to the fact that a small fraction of ammonia is released through
urea decomposition during DES preparation, rising the pH of the mixture[175].
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The DES formed by mixing betaine and urea in a 1:2 ratio worked well for the extraction of bovine
serum albumin protein, showing a low glass transition temperature. After FTIR studies, it was
suggested that in this DES formulation not only hydrogen bonds but also Coulomb interactions are
formed between HBD and HBA, so its intrinsic interactions and structure differ from those of choline
chloride-based DES[176].

3.3 Aim of study

The objective of this research is to test three green DES formulations, i.e., choline chloride: ethylene
glycol, betaine: ethylene glycol, and betaine: urea; as cleaning agents for cinematographic film
cleaning, comparing their performance with that of traditional methods based on isopropyl alcohol
(IPOH) and ethanol (EtOH), employed as conventional solvents, and evaluating their impact on the
cellulose nitrate support.

3.4 Materials and methods
3.4.1 Chemicals

Reagents and solvents were acquired from Sigma-Aldrich and used without any further purification:
Betaine 298%, choline chloride >98%, urea ACS reagent 99.0-1005%, ethylene glycol, 2-propanol
(isopropyl alcohol) ACS reagent 299.8%, and ethyl alcohol 96.0-97.2%; distilled water.

An Amersham Protran® medical grade CN filter membrane with 0.45um pore size, was used as CN
analytical reference

3.4.2 Cinematographic film sample

Some coils of a CN 35 mm B&W positive print of the film My Little Baby (La Principessa), kindly
donated by the Fondazione Cineteca di Bologna, were used for all testing. The emulsion showed an
orange tinting treatment, and deterioration effects including emulsion softening and accretions.
These softened gelatin residues accumulate on the back of the film base (Figure 36).

Fig. 36. Detail of the film sample appearance.
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3.4.3 DES preparation

The DES mixtures were prepared by mixing the HBA with a HBD at a 1:2 molar ratio. For those DES
based on betaine, a small amount of distilled water (10 wt% for B:EG and 30% wt% for B:U) was
added to keep their viscosity low enough at room temperature (see Table 5).

DES abbreviation HBA HBD Added distilled water
content (%wt)

ChClL:EG Choline Chloride (ChCl) | Ethylene Glycol (EG) 0%
B:EG Betaine (B) Ethylene Glycol (EG) 10%
B:U Betaine (B) Urea (U) 30%

Table 5. Constitution of tested DES formulations.

Mixing was performed in a Petri dish by stirring vigorously at 70-75°C until the components turned
into a transparent fluid, then letting the glass dish stand still until the liquid cooled down.

3.4.4 Cleaning procedure

A small cotton swab (ctsw) soaked with ETOH, IPOH or the DES solvents was gently rolled over an
area (ca. 0.7x0.7 cm) of the CN base surface, previously documented under Optical Microscopy (OM)
and Micro-Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (LATR-FTIR), using
minimal mechanical strength. Application time was 3 minutes when cleaning with pure IPOH and
ETOH, whereas DES were applied for 1 minute and afterwards, non-volatile DES residues were
removed from the surface by rolling 2 cotton swabs soaked with IPOH for 1.5 minutes. Total
application time including intervals between ctsw change was 3 minutes; the final appearance of the
cotton swabs was registered.

In total, 3 zones with comparable gelatin accretions were cleaned with each one of the 3 DES, one
area was cleaned with pure IPOH, and a final area was cleaned with pure ETOH, for a total of 11 areas
cleaned. Besides that, to evaluate the interaction with the support, each DES was applied with the
same conditions directly in contact with the CN base in areas without gelatin residues.

3.4.5 Solubility tests

From the same degraded cinematographic film sample, eight rectangular pieces of similar size
(approximately 6 mg each) were cut. After the removal of the gelatin emulsion with water the
samples were dried for 2 days at room temperature.

The samples were weighted, their thickness measured with a Mutitoyo® MDC-25SX digimatic
micrometer and their superficial appearance documented with Optical Microscopy (OM).

The samples were subsequently subjected to solubility tests using the same solvents employed for
the cleaning, to assess their impact on degraded CN. This was done by immersing the CN samples

into 100 pl of each solvent and sonicating them in sealed vials for 10 mins at room temperature. Two
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of the CN samples were immersed in ChClEG, two in B:EG, and two in B:U, whereas one was
immersed in IPOH and another one in EtOH. Afterwards, samples were oven-dried for two days. The
samples immersed in the DES formulation were rinsed for 1 minute by immersion into 3 ml of IPOH
and gently agitated before being put in contact with absorbing paper for removing eventual solvent
residues, before allowing to dry for two days.

After drying, sample weights and thickness were measured again and the film surface condition
documented with OM to check the changes or damages created during the procedure.

Weighting of samples used in the solubility tests was performed with a Discovery DV215CD Ohau
Corporation® analytical balance. Sample weight was measured 3 to 4 times, each thickness 2 times,
and averaged values were employed for comparison.

3.4.6 Evaluation of the cleaning performance

The performance of the cleaning procedure was evaluated using OM under different lightning
conditions and HATR-FTIR on the film surface before and after the treatment.

In particular, evaluation of gelatin and DES residues presence, as well as the evaluation of the
damage inflicted by the treatment on the CN base, was conducted by recording Bright Field (BF) and
Dark Field (DF) surface microphotographs. QUATR-FTIR allowed to check for the presence of
characteristic DES and gelatin (amide 1l) bands. The extension and the thickness of collagen residues
left over the CN base was evaluated by OM observation of cross sections prepared before and after
the treatment.

3.4.6.1 Surface and Cross section observation at the Optical Microscope using visible and UV lights

Surface and cross section photomicrographs have been recorded with an Olympus DP70 cooled
digital color camera directly connected to an Olympus BX51M Optical microscope with-different
magnification objectives (1.25-5x for surface and 5-50x for cross section photomicrographs) under
visible and UV lights, respectively provided by a 100W halogen projection lamp and an Ushio Electric
USH102D lamp. Surface photos were taken with visible light under DF (to enable real color
observation) and BF (to enhance surface topography changes, transparent residue detection, and
side differentiation), whereas cross section photos were taken in visible light (to record real color
appearance) and UV fluorescence (to enhance material and layer differentiation).

3.4.6.2 Film surface photomicrograph blending

Surface photomicrographs from each cleaned area and each solubility test sample were stitched
together using Imagel Grid-stitching plugin based on the method published by Preibisch et al. 2009,
using linear blending and maximum intensity blending modes[177] to obtain a single image covering
the whole area of interest.

3.4.6.3 Cross section preparation

Cross sections of the treated film areas, useful to obtain information on the number and morphology

of the layers present before and after cleaning, were prepared by embedding microsamples in

KBr[178], [179]. To avoid the cracking of the pellet due to the thickness of the sample, we gently
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pressed manually the first half of the pellet (300mg KBr), and after positioning the sample and adding
the remaining 300 mg of KBr, the pellet was pressed at 2 tons for 1 minute.

3.4.6.4 FTIR spectroscopy

All FTIR spectra were acquired using a Thermo Scientific® Nicolet iN 10MX spectrometer fitted with a
mercury—cadmium-—telluride (MCT) type A detector cooled by liquid nitrogen and a X—Y—Z motorized
stage with 1 um incremental steps, except transmission spectra of pure reagents for DES production,
which were acquired in transmission mode using a MidIR Agilent® Cary 630 using the same
parameters. Spectra were recorded in the 4000 to 675 cm™ range, using a spectral resolution of 4 cm"
1, applying 64 scans per measurement and 64 scans for the background, acquired before each
measurement.

Characterization of surface materials and treatment evaluation were carried out using HATR-FTIR
with a Ge ATR crystal and an optical aperture of 40x40 um. RAS spectra of the DES mixtures were
acquired on a thin DES layer over a gold-coated glass holder with an aperture of 80x80 um.

FTIR spectra were automatically baseline corrected using OMNIC™ Software (Thermo Electron
Corporaton™) after blanking out the 2300-2400 cm™* region, related to vCO; signals.

MATR-FTIR measurements before cleaning were performed in 3 different spots, whereas pATR-FTIR
analysis after cleaning was performed in 7 to 14 spots for each cleaning area to confirm the
representativeness of the data. For the CN samples used in the solubility tests, three WATR-FTIR
measurements were recorded per sample using 150x150 optical aperture on the dry samples at the
same spots before and after the test.

3.5 Results and discussion
3.5.1 Characterization of the film sample:

By a visual examination of the film it can be noted that the support appears slightly warped and
fragile, and the degraded emulsion from the front side has softened in many areas, so it has adhered
to back side of the film base.

A fragment of the film sample has been embedded to evaluate the thickness of the gelatin residues.
As reported in Figure 37, the CN base is about 124 um-thick and is covered by a continuous layer of
degraded gelatin with maximum thickness of 13.4 um.
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Fig. 37. 50x UV OM cross-sections photomicrographs of the film taken in a degraded point, highlighting the average depth
of each of its layers: the red-tinted emulsion residues (a, depth in red) adhered to the back side of the film base, the CN
base (b, depth in yellow), and the original emulsion layer at the front of the film (c). The treated side of the CN base is
looking up.

The composition of the base and of the orange residues have been characterized by means of pATR-
FTIR spectroscopy. Measurements performed on the base (Fig. SMII.1) present four strong
absorption bands directly linked to the nitro group vibrations ascribable to cellulose nitrate (1640 cm-
11276 cm'®, 832 cm™ and 750 cm™)[89].

The band at 1728 cm™ not present in the CN standard, is most likely related to the presence of
camphor, commonly used as plasticizer for CN[89], [99], or to the presence of carbonyl intermediates
(e.g. gluconolactones, gluconic and glucuronic acid) produced during scission of the CN chain at later
degradation stages[23].

The broad band at 3426 cm™ can be assigned to O-H stretching; the bathochromic shift of the band in
comparison to the CN standard is a sign of the increase in hydrogen bonding between hydroxyl
groups following hydrolytic loss of nitrate groups as a consequence of degradation[180].

The pPATR-FTIR spectra registered on the orange-tinted emulsion residues over the CN base (Fig
SMII.2) are quite similar to that of a gelatin glue standard. A shoulder at around 1727 cm™ can be
attributed to the C=0 bond stretching, associated to camphor sublimating from the degrading film
base or to plasticizers used in film emulsions themselves, such as oils[181], [99]. The peaks at 1340
and 825 cm™ can be attributed to the presence of nitrates, which can be a residue of unreacted silver
nitrate[182] or could derive from nitric and nitrous acids formed with the degradation of the CN
base.

The strong characteristic band of Amide Il of gelatin at ca. 1539 cm™ does not overlap with other CN
or DES bands, so they were used to detect remaining glue residues after the cleaning treatments.

3.5.2 Characterization of the DES solvents

The DES solvents were characterized by recording RAS-FTIR spectra. Table 6 reports the DES
diagnostic bands which do not overlap with CN and gelatin signals, so they have been used to verify

the presence of DES residues after the cleaning. The assignments of the bands are also reported.
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Wavenumber (cm) Assignment
ChCI:EG B:EG B:U
1495 1491 VasH—C—H (CHs) in betaine[183]

8sC-H[174], s CH3, 8sCH3, 6sCOH[184] and pCH3[185] in
1479 1475 1472 choline chloride; vsCOO[183] and 8:CHs in betaine[186];
vCN in urea[187]

vaNCs, vC-C[184] and v,CCO[185], [187]in choline

955 953 weak 955 weak , , )
chloride; 6C-C—N[183] and v(CC)[188] in betaine
933 933 & C—N-C[183] and p(CH.) [186], [188] in betaine
, pC-H[173] and pCH[189] in EG; vC-C[183] and
883 medium 893 895 weak

vs(CCN)[186], [188] in betaine

* v stretching, vs symmetrical stretching, va asymmetrical stretching, & bending, &; scissoring (for CH,) and
symmetrical deformation (for CHs), 62 asymmetrical deformation (for CHs), p rocking

Table 6. Attribution of diagnostic FTIR bands useful for each DES detection
3.5.3 Solubility tests results

The effects of DES formulations on the degraded CN base were evaluated by comparing the
thicknesses, weights and superficial appearance of samples before and after performing the
solubility tests. The same tests were performed also with ethanol (EtOH) and isopropyl alcohol (IPOH)
which are commonly employed for movie restoration.

Except for EtOH, none of the chosen solvents caused thickness differences of more than 3 um in the
CN samples, so such differences were not deemed conclusive.

EtOH completely solubilized the CN sample while IPOH caused a 0.5% decrease from the sample
initial weight, letting unchanged the sample appearance.

ChCI:EG was the only DES solvent to clearly cause a change in the samples (see Fig. SMII.3), which
became whitish and decreased in transparency, showing evident softening of the plastic and a weight
loss of 3.15%. This was expected at such long treatment times since previous researches showed the
capability of ChCI:EG and other Choline chloride-based DES to solubilize cellulose[190], [191].

B:EG induced a less pronounced whitish discoloration and loss of transparency, but no conclusive
weight changes were observed on the samples. Finally, B:U seemed to have no effects on CN
samples.

After observing the solubilization effects of each DES on fully immersed CN samples, their effect
when applied directly on a clean CN film support with ctsw was assessed.
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The surface OM photomicrographs (Fig. SMIl.4) show that after applying all three DES, the treated
areas did not have any distinctive changes on their surface.

The film depth variations measured by cross-section photos under UV light and the pATR-FTIR
spectra (results not shown) indicated that the thickness of the films did not vary, and that no DES
residues were found on the surface after the test.

3.5.4 Cleaning test results

The different treatments were applied to remove gelatin residues from the back side of the degraded
movies described in section 4.1.

First, traditional cleaning systems (EtOH and IPOH) were tested and evaluated. OM surface
photomicrographs (Fig. 38, I-IV ) recorded after the treatment showed that IPOH practically did not
remove the gelatin residues over the treated area, whereas EtOH showed a better performance, but
still abundant gelatin residues remained covering wide areas of the surface after the treatment. Cross
section photomicrographs (Fig38, V-VII) confirm that thicker gelatin residues remain after both
treatments, with thicknesses up to 12.7 and 6.1 um respectively, and HATR-FTIR analysis after both
treatments (Fig 38, VIII) show strong Amide Il signal at ca. 1539 cm™ in several measurement points,

confirming that the observed residues are constituted by gelatin.
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Fig. 38. Evaluation of cleaning performance using traditional solvents. I-IV: Dark Field 5x surface OM photomicrographs of
selected film areas before (left) and after (right) being treated with IPOH (I1) and EtOH (IV) using the same methodology
as used with the DES. V-VII: 50x UV OM cross-section photomicrographs of the film before cleaning (left) and after
cleaning with IPOH (center) and EtOH (right). The treated side of the CN base is looking up. VIII:uATR-FTIR spectra:
Representative spectrum of gelatin residues before cleaning (A, dashed line), a representative spectrum of the film
surface once cleaned with IPOH (B, black), and EtOH (C, dark gray); spectrum of an unplasticized CN standard reference
(D, light gray). Diagnostic Amide Il band due to gelatin presence is highlighted with a magenta diamond.

In comparison, cleaning tests using all the three DES formulations showed a much more efficient
cleaning efficacy.

From figure 39, we can observe that after the treatments the extension of gelatin residues was
considerably and homogeneously reduced. The surface topography showed that the remaining
residues were hard to see even at higher magnification, having a small extension and being
transparent due to their reduced thickness. We could not detect any resulting damage on the
underlying CN surface, such as scratches following the circular cotton swab trajectory, gloss changes,
etc. in any of the 9 cleaned areas. The only scratches visible after the cleaning are the typical
horizontal ones ascribable to mechanical action derived by the movie transit through projection
machines.

76



77



Fig. 39. Surface photomicrographs of selected film areas before (left) and after (right) being treated with ChCI:EG (1), B:EG
(1) and B:U (lll), taken in Dark Field (upper images) and Bright Field (lower images).

Cross sections from representative points of each cleaning area (Fig. 40) also prove that after
treatment, the CN base shows uniform thicknesses of 122.4-125 um, so no detectable thickness
changes occurred on the CN base as compared to the cross section of an untreated area, with such
minor differences being likely due to intrinsic base depth variability.

Cross section observation indicates also that after all the treatments, remaining residues are very
punctual and much reduced in thickness, with average depths between 2.4 and 1.4 um. These
residues are not uniformly distributed, and generally show a lighter UV fluorescence over the CN
base. Due to their transparence, thinness and punctuality, these residues are not detectable with the
naked eyes. Therefore, it is less likely that they create a relevant impact during image scanning using
transmitted light.
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Fig. 40. 50x UV OM cross-sections photomicrographs of the film before cleaning (up left) and after cleaning with ChCI:EG
(up right), B:EG (bottom left) and B:U (bottom right). The treated side of the CN base is looking up.

MFTIR-ATR spectra acquired in at least 7 randomly selected points along the center of each cleaned
area, showed the same profile observed in untreated CN areas without gelatin residues (Fig. 41). In
particular, the bands associated to gelatin and the ones related to the DES solvents are not present in
the vast majority of the cleaned area, confirming that the treatment not only resulted overall
effective in removing the gelatin, but also left no major solvent residues.

All remaining DES/gelatin residues were punctual and very constrained spatially over the cleaned
surface. Most were transparent, and all had diameters of less than 0.39 mm.
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Fig. 41. FTIR spectra. Each figure shows: uATR-FTIR of the gelatin residues covering each area before cleaning (A, dashed
line), a representative HATR of the film surface once cleaned (B, black), LATR-FTIR of an unplasticized CN standard (C,
dark gray) and the reference RAS-FTIR of each DES employed (D, light gray: I. ChCI:EG; Il. B:EG; IIl. B:U). Diagnostic FTIR
bands due to the CN base and its plasticizer are accompanied with a blue circle; the one due to gelatin presence shows a
magenta diamond, and the peaks attributable to DES presence are highlighted with green triangles.

Overall, all three DES show good cleaning action, however, ChCl:EG showed lower viscosity than the
other DES, which made easier to control the area of application and to monitor the cleaning level
during the treatment, whereas the more viscous Betaine-based DES tended to obscure the surface
during treatment and made it difficult to asses the cleaning level until removal with IPOH.
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3.6 5.Conclulsion

All the three formulations proved efficient in the removal of photographic gelatin residues from
cinematographic CN bases using cotton swabs for application, so they are suitable for restoration
purposes when followed by careful IPOH application for removal of DES residues. At short application
times, DES seem innocuous towards polymeric film bases.

DES seem particularly promising or the treatment of heavily degraded CN film bases, and perhaps for
separating glued cinematographic and photographic material which shows blocking to scan it before
they arrive to the hockey puck state.

Further research is ongoing to test the applicability of these new solvents through the use of carrying
semirigid absorbing materials, to remove the mechanical action of the cotton swab.

This research sets a precedent on the application of green solvent for the cleaning of polymeric
cultural objects, a field that has not yet been studied in depth.

3.7 Supplementary Material Il
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Fig. SMII.1 pATR-FTIR spectra of an unplasticized CN standard (A, dashed line) and of the studied film base without
gelatin residues (B, black). Diagnostic FTIR bands due to the CN base and its plasticizer are accompanied with a blue circle.
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Wavenumber (cm?)

Assignment

Cellulose nitrate
filter (reference)

Film  base  without
gelatin residues in the
studied sample

3659

3570 3426 vO-H (bound)

2966 2964 vC-H [89], [192]

2928 2924 vsC-H [89], [193]

2904

1728 vC=0[193], from camphor[89], [99], [156] or CN

degradation products (e.g. glucolactone, gluconic
and glucuronic acids) [192], [194], [195]

1645 1640 v20-NO; [89], [99]

1454 1452 6CH, [193]

1427 1427 5CH; [89]

1375 1375 5C-H [89]

1278 1276 vsNO: [89], [99], [156], [193]

1160 1161 va0-C-C [156]

1115 1111 vCO in ring[89]

1065 1061 va O-C-C attached to the nitro group[156]

1024 1024 vCO [193]

1002 1000 vC-0 [193]

945 945 8sCH[193]

918 918 6sCH[193]

837 832 v-NO [99], [156], [193]

750 750 50-NO:[89], [99], [193]

694 698 50-NO; [89], [99], [193]

681 681 Pyranose[193]

* v stretching vibration, vs symmetrical stretching vibration, va asymmetrical stretching, 6 bending

vibration and &; scissoring.

Table SMIIL.1 Assignments of the main infrared absorption bands of the spectra in Figure SMII.1
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Fig. SMIL.2 UATR-FTIR spectra of industrial bovine glue reference (A, dashed line) and of the gelatin residues found over
the studied sample (B, black). The diagnostic FTIR band due to gelatin presence is highlighted with a magenta diamond.

Wavenumber (cm?) Assignment

Industrial calf | Softened emulsion residues over

glue adhesive | the film base of the studied sample

3284 3262 Amide A (Fermi resonance of vNH and Amide |
overtone)[196] [197]

3074 3062 Amide B (Fermi resonance of vNH and Amide |
overtone)[196] [197]

2970 2957 vC-H[197]

2929 2924

2854 2854

1736 1713 vC=0 from CN degradation products) or/and
camphor[99]

1629 1643 Amide | (v C=0 80%, v C-N 10%, 6 N-H
10%[197][196])[198]

1540 1539 Amide Il (v C-N 40%, & N-H 60%)[197] [196]

1451 1451 O6CH; and 6CH3 [197] [198]

1402 1385 8CH, and 6CHs [198]

1337 1323 vCH,, 6C-H [197]and 6CH3 [198]

1235 1223 Amide 11l (vC-N, 6N-H) [196][198]

1162 1162

1082 1084 vC-0, vC-0-C [197]-

1032 1036 vC-0, vC-0-C,-[197]:-va NO in NOs"ion [199]

- 825 v Nitrate ion[199]

* v stretching vibration, vs symmetrical stretching vibration, va asymmetrical stretching, 6 bending
vibration and &s scissoring.

Table SMII 2. Assignments of the main infrared absorption bands of the spectra in Figure SM.2
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Fig. SM.3 Bright Field surface OM photomicrographs of CN base samples areas before (left) and after (right) being
subjected to solubility tests inChCI:EG (1), B:EG (Il) and B:U (ll1).
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Fig. SMII.4 Bright Field surface OM photomicrographs of relatively clean film base areas before (left) and after (right)
being treated with ChCL:EG (1), B:EG (Il) and B:U (lll) using the same methodology for removal of gelatin residues. Notice
the absence of dark circular scratches due to cotton swab application. White lines instead reflect cracks in the gelatin
emulsion at the other side of the film base, due to pressure applied by cotton swab treatment.
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Chapter 4 Cleaning Triphenyl Phosphate (TPP) blooms from Cellulose Acetate film
bases

4.1 Abstract:

Historical photographic negatives and cinematographic films with Cellulose Acetate (CA) bases
contain from 10% to 20% weight of Triphenyl Phosphate (TPP, CisH1504P), an additive with fire
retardant properties. Unfortunately, CA bases are intrinsically unstable, as they show deterioration
mechanisms related to the thermal and hydrolytic loss of acetyl substitutive groups from the CA
chain, which causes degradation effects such as shrinkage, embrittlement, detachment
(“channeling”) and buckling of the gelatin emulsion, as well as the migration and bloom of additives
of the CA base to the film surface. Thus, scanning and digitalization is essential to preserve the
information recorded on acetate films.

However, degradation may prevent the possibility to scan CA films. Since the loss of acetyl groups
implies a reduction of carbonyl groups in the CA polymer, the dipolar interactions between P=0
groups in Triphenyl Phosphate (TPP, C1gH1504P) towards the polymer decrease, and such reduced
affinity is responsible for the migration of TPP from the bulk of the polymer towards its surface,
where it blooms in crystal form. TPP crystals disrupt any existing layer, and their presence over the
surface of film frames prevents a clear projection of the image.

Traditional approaches to clean TPP residues from the back of CA film bases include mechanical
removal with eyeglass-cleaning cloth and the use of polar solvents applied with cotton swabs.
However, these methods are slow and ineffective, and dry cleaning can also create scratches on the
surface of degraded CA supports.

Accordingly, we have evaluated the performance of isopropyl alcohol (IPOH) and green solvents
isoamyl acetate (IAA), dimethyl carbonate (DMC), and diethyl carbonate (DEC); applied through
cotton swabs and an innovative nylon (6,6) electrospun mat, with and without mechanical action,
against the performance of the eyeglass-cleaning cloth when rubbed dry and solvent-soaked. Testing
was performed by cleaning selected surface areas on the backside of a real deteriorated CA
cinematographic film with TPP blooms. To the best of our knowledge, this is the first time
electrospun mats are used for the restoration of photographic negatives or cinematographic films.

To evaluate the cleaning performance, each area was characterized and documented before and
after treatment using high-resolution Optical Microscopy (OM) in Bright and Dark Fields, Micro-
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (LATR-FTIR), and cross-section
observation under visible and UV light.

IPOH and DEC showed good capabilities for removal of TPP residues without the use of friction by
employing the proposed electrospun nylon mats, thus bypassing the danger of employing mechanical
action combined with solvent by rubbing cotton swabs or electrospun nylon mats, which are
effective for the removal of TPP residues. The solvents appear harmless towards the deacetylated CA
film support, and they show better cleaning power than conventional rubbing with dry eyeglass-
cleaning cloth.
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Cleaning by rubbing with solvent-soaked eyeglass-cleaning cloth demonstrated lower efficiency and
has the disadvantage of causing the deposition of unwanted substances over the treated film area,
whereas solvent-soaked nylon electrospun mats did not leave any residues.

Thus, the proposed cleaning methods employing IPOH and DEC applied by electrospun nylon mat
with and without rubbing seem suitable and promising for cinematographic and photographic film
restoration.

4.2 Introduction

Film materials (Figure 42) include a thick, transparent and flexible polymeric base (c) coated with the
photographic-grade gelatin emulsion (a) where the image is recorded[20]. Sometimes, a thin
intermediate adhesive or “subbing” layer (b) was applied to guarantee the adhesion between the
emulsion and the polymeric base. Also, some films may show very thin coatings on the backside of
the polymeric base, including antihalation and anticurl layers, which are useful to enhance image
registration and prevent the deformation of the film, respectively. Usually, these layers are primarily
composed by gelatin binders.

Fig. 42. Generic stratigraphy for a CA film, showing the black and white (B&W) emulsion (a), an adhesive subbing layer (b)
and the CA base (c), which is coated on its backside by a thin antihalation layer (d) <2 um thick.

Cellulose Acetate (CA) is a cellulose derivative where hydroxyl groups in the glucopyranose ring have
been substituted by acetate groups CH3sCOO", and it has been used for producing transparent and
flexible bases for photographic supports since 1909, and specially from 1948 onwards[133], due to its
lower flammability when compared to Cellulose Nitrate (CN) supports[20]. Therefore, CA “safety
films” are a very abundant material in cinematheques and photographic archives.

For its employment as cinematographic and photographic film base, CA must be supplemented with
significant amounts of plasticizers and flame-retardant additives. Triphenyl Phosphate (TPP,
C18H1504P; Figure 43) is one of the most relevant of these additives, being added to CA bases from
10% to 20% in weight[64] for plasticizing and flame retardant purposes. CA molecules are supposed
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to stablish mainly weak interactions between C=0 in CA and P-O-Ph in TPP[78], although hydrogen
bonds can also be formed between O-H in CA and P=0 groups in TPP.

Fig. 43. Triphenyl phosphate (TPP).

Unfortunately, CA film bases show thermal and hydrolytic deterioration mechanisms, which involve
the heterolytic scission of the acetate substitutive groups from the CA chain[23] (Figure 44). The
resulting CH3COO" gases react with environmental water, producing acetic acid, which further
catalyze the scission of acetate groups and the hydrolytic reduction of the molecular weight of the
polymer, affecting sensible materials in the vicinity too.

DS 2

Fig. 44. Scheme illustrating the polymer’s hydrolytic breakdown mechanism.

These mechanisms develop quickly under uncontrolled storage conditions, particularly in
unventilated environments with high temperature and relative humidity. As a consequence, CA
objects may shrink and become distorted, frail and brittle[135].

Furthermore, additives such as TPP are known to migrate to the surface of acetate films and objects as
they degrade, forming disfiguring crystalline blooms or haloes, which can disrupt the continuity and
stability of layers such as the emulsion or coatings on either side of the film[57], [73], [200]. In
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particular, TPP blooms obscure the image and obstruct its copying or digitalization. Gas
Chromatography Mass Spectroscopy (GC/MS) has been reported to accurately identify TPP in
historical CA objects by solvent extraction[136].

Moreover, some have suggested that TPP can break down into diphenyl phosphate and hydroxyl-
triphenyl phosphate (OH-TPP)[201], [202], a highly acidic species that would promote the hydrolysis
of CA polymers. Due to their disfiguring effect and its potentially harmful effects, plasticizer residues
must be removed from film materials before scanning.

However, cleaning of TPP from a real historical film may be challenging. Traditional cleaning
approaches to eliminate TPP residues from the surface of CA films include mechanical removal by
rubbing with dry microfiber eyeglass-cleaning cloth, and the use of polar solvents, such as Isopropyl
Alcohol (IPOH), applied with cotton swabs. IPOH is a flammable colorless aliphatic alcohol
hydrocarbon (chemical formula CH3CHOHCH3s), prepared from propylene, with boiling point 82.3°C at
760 mm Hg, flash point 12°C and vapor pressure 45.4 mm Hg at 25°C[78].

Yet, the use of eyeglass-cleaning cloth results in a slow, ineffective cleaning, and it may create
scratches on the film surface. Furthermore, the use of IPOH or other organic solvents by cotton
swabs presents different drawbacks, since the excessive emissions of volatile solvents can harm the
environment and can pose health risks to the operator upon extended unprotected exposure.
Stiffening and deformation of the polymeric support is accentuated due to plasticizer migration and
loss, and the film fragility increases the risk of creating damages over prolonged mechanical
treatments.

Cleaning of cultural objects made of plastic remains largely an unexplored research area in
Conservation Science. In particular for CA, mainly dry cleaning methods have been tested[203];
whereas for the removal of additive bloom from polymer surfaces, only some work has been
published on the dry mechanical cleaning of plasticizer from PVC objects[204].

To overcome these drawbacks, we have compared the performance of IPOH as conventional cleaning
agent against that of new green solvents isoamyl acetate (IAA), dimethyl carbonate (DMC), and
diethyl carbonate (DEC) when employed for cleaning TPP bloom from CA cinematographic films.

IAA is a flammable but human consumption-safe solvent, being also water-miscible it is often
employed as food flavoring additive for its characteristic banana aroma[205]. DMC is a flammable
organic compound with the formula OC(OCHs);, forms part of the carbonate ester family[206],
constituting a non-polar aprotic solvent. It is synthesized by a green process using CO; as a building
block, being characterized by a low toxicity and full biodegradability, so it is considered a green
substitute for dimethyl sulphate and methyl halides, compared to other carboxylate (phosgene) or
alkylate agents (methyl halides)[207]. In addition, DMC has a high vapor pressure (7.57 kPa at 25 °C),
which guarantees a lower residual amount on the treated surface.

Finally, DEC (another alkyl carbonate) is a water-insoluble and environmentally friendly solvent,
being low bio-accumulative and easily biodegradable [208]. It is insoluble in water and its lows
toxicity allows it to be used as flavoring agents, although it is also a flammable liquid[209].
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Solvent Chemical Molecular Boiling point Vapor Flash point
Structure Weight (at 760 mm Hg) Pressure
(g/mol)
DMC[210] 0 90.08 90 °C 42 mm Hg| 17°C
HgCO)LOCHg (at 20°C)
DEC[209] Q 118.13 126 °C 10.8 mm Hg | 25°C
HoC 07 07 CH (at 25 °C)
IAA[211] Q cHs | 130.18 142°C 5.6 mm Hg | 25°C
CHg)J\O/\)\CHg (at 25 °C)

Table 7. Properties of the green solvents tested for TPP cleaning.

Furthermore, we have evaluated the application of the tested solvents through new type of
electrospun nylon 6,6 mat, which can be cut and then impregnated with the cleaning agent to be
applied over the film. The interaction between fibers and solvent allows for retention and a
controlled release of the cleaning agent, also limiting the evaporation rate of the volatile solvent.
The increased thickness of the proposed mats (ca. 500 um) and their big pore size allow for a big
retention of solvent.

4.3 Aim of study

The objective of this research is to test isopropyl alcohol (IPOH), a conventional cleaning agent, and
IAA, DMC DEC as new green alternatives for cinematographic film cleaning, for the removal of
unwanted TPP bloom, a degradation product occurring after its migration from the CA substrate to
the backside surface of the film base. This research compares the performance of IPOH when applied
by traditional cotton swab, by commercial microfiber eyeglass-cleaning cloth, and by a new
electrospun nylon mat as innovative application substrate system, evaluating the impact of each
method towards the aged cellulose acetate support.

4.4 Materials and methods
4.4.1 Chemicals

Reagents and solvents were acquired from Sigma-Aldrich and used without any further purification:
2-propanol (isopropyl alcohol, IPOH) ACS reagent >299.8%, isoamyl acetate (IAA), dimethyl carbonate
(DMC), and diethyl carbonate (DEC).

4.4.2 Electrospun fiber mats and commercial eyeglass-cleaning cloths

A 20% nylon 6.6 solution in Hexafluoroisopropanol (HFIP) was electrically charged to create a jet
employing an needle connected to a cathode and an inversely charged anode connected to the
collector[212]. The employed parameters were: 22 cm of distance from needle to the collector, the

90



0.015 ml/minute deposition rate of the solution, and 19kV voltage (ddp). This allowed to produce
sheets of nonwoven fabric composed by long, continuous nanofibers with a diameter of 0.825 - 1.1
pm in a cost-effective way, which are characterized by interconnected and open porosity, high
surface area, high liquid permeability, excellent flexibility, as well as good mechanical resistance.

Commercial eyeglass-cleaning cloths were characterized by pATR-FTIR to be a blend of PET and
polyamide fibers by comparison against reference spectral libraries.

4.4.3 Reference standards materials

Triphenyl Phosphate (TPP, Sigma-Aldrich, > 99%) and Cellulose Triacetate (CTA, Fluka, DS 2.97) in
pellet presentation; and Microcrystalline Cellulose (MCC, Sigma-Aldrich) in powder presentation
were used as analytical references for the FTIR studies.

The references were pressed under 2 tons for 1 minute to obtain compact pellets, which were kept
for 24 hours in a desiccator before performing HATR-FTIR measurements for their characterization.
Additionally, one CTA piece was analyzed in a flat area without any sample pretreatment, employing
the same methodology used for the pressed pellet references.

The resulting spectral bands of TPP, CTA and MCC, and were attributed using bibliographic
references.

4.4.4 Real Cinematographic film sample

Sections of a developed 16 mm B&W positive cinematographic film with a CA polymeric base were
kindly provided by the Fondazione Cineteca di Bologna and were used for all testing. Preliminary
information about the polymeric base composition and the crystal bloom on its surface was obtained
by HATR-FTIR measurements. The macroscopic state of conservation of the film sample (Fig. 45) was
assessed by registering its degradation effects.

Fig. 45. Details of the macroscopic appearance of the film sample.

4.4.5 Cleaning procedures

Areas of the sample film base of ca. 0.7x0.7 cm, showing comparable TPP bloom presence, were
documented under Optical Microscopy (OM) and Micro-Attenuated Total Reflectance Fourier

Transform Infrared Spectroscopy (MATR-FTIR) before being subjected to the cleaning treatments.
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Afterwards, the final appearance of the cotton swabs and electrospun mats was registered, and the
treatment performance was evaluated with OM, WATR-FTIR and by performing a cross section in a
representative point.

Two zones were cleaned by rubbing a dry eyeglass-cleaning cloth on them, and another eight were
treated by rubbing them with cotton swabs soaked with the four tested solvents (two areas per
solvent). Other four areas were cleaned each with one of the four tested solvents applied through a
nylon electrospun mats without any friction. The two most promising solvents (IPOH and DEC) were
then applied through a nylon electrospun mats without any friction for longer application times.

Afterwards these two areas were treated by rubbing them with a square of eyeglass-cleaning cloth
soaked respectively in IPOH and DEC, and finally two areas were treated by mechanically rubbing the
surface with an electrospun nylon mat wet with IPOH and DEC. In total, 24 areas were cleaned. All
treatments had a duration of 40 seconds, except two cleaning tests with electrospun nylon mats
soaked in IPOH and DEC without applying any friction, which were left to act for 5 minutes.

A summary of the tests performed is presented in Table 8 below.

Cleaning system Cleaning solvent Application time Replicates
Eyeglass-cleaning cloth with Without solvent (dry) 40 seconds 2
friction
Cotton swab IPOH 40 seconds 2

IAA 40 seconds 2

DMC 40 seconds 2

DEC 40 seconds 2
Electrospun nylon mat IPOH 40 seconds 2
without friction

IAA 40 seconds 2

DMC 40 seconds 2

DEC 40 seconds 2
Electrospun nylon mat IPOH 300 seconds (5 minutes)
without friction

DEC 300 seconds (5 minutes) 1
Eyeglass-cleaning cloth IPOH 40 seconds 1
and friction

DEC 40 seconds 1
Electrospun nylon mat IPOH 40 seconds 1
with friction

DEC 40 seconds 1

Table 8. Summary of the cleaning methodologies tested for the removal of TPP bloom.
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For the procedure employing the eyeglass-cleaning cloth with solvent, the cloth was cut into a 0.7 x
0.7 squares, which were then weighted. The volume of IPOH to be added was calculated by the ratio
defined as cloth square weightx1.2 (ul/mg), and the solvent was measured and applied with a
micropipette. The wet cloth squares were rubbed over the test area for 40 seconds under the
stereomicroscope.

For the procedures using solvents and electrospun nylon mats, the nylon sheets were cut into 0.7 x
0.7 square mats, which were then weighted. The volume of IPOH to be added was calculated by the
ratio defined as mat weightx7 (ul/mg), and it was measured and applied with a micropipette.

The weight of each cloth square and electrospun mat was measured 3 times, its thickness measured
2 times, and average values were calculated. The thickness was registered with a Mutitoyo® MDC-
25SX digimatic micrometer, whereas weighting was performed with a Discovery DV215CD Ohau
Corporation® analytical balance.

4.4.6 Solubility tests

To evaluate the interaction of each solvent with the degraded CA support, eight rectangular pieces
from the same cinematographic film sample were cut in similar sizes (1.7-2.5 mg each) and were
treated under the stereomicroscope by rubbing them on both sides with cotton swabs soaked in
distilled water, ethanol, and then scratching their surface with a surgical scalpel with the scope to
remove completely the gelatin emulsion, subbing, antihalation and articurling layers, as well as any
TPP bloom residues, to expose the CA base alone. Then, the samples were dried for 2 days at room
temperature in a desiccator to allow any remaining water to evaporate.

The samples were weighted, their thickness measured, and their superficial appearance documented
with Optical Microscope (OM) photographs in Bright and Dark field before the solubility test. Each
weight was measured 3 times, each thickness 2 times, and average values were calculated for
comparison. Finally, HATR-FTIR analyses were performed to register the intensity of the TPP bands
and calculate the DS of the CA base using a calibration function prepared by following the procedure
proposed by Nunez et al.[23] (see Chapter 2 “A non-invasive diagnostic tool for cellulose acetate
films using a portable miniaturized near infrared spectrometer”).

The samples were subsequently subjected to solubility tests using the same solvents employed for
cleaning, to assess their impact on CA. This was done by immersing the CA samples into 200 pl of
each solvent and sonicating them in sealed vials for 10 mins at room temperature. Afterwards,
samples were dried at room temperature in a desiccator for one day.

After drying, sample weights and thickness were measured again, and the film surface condition was
documented with OM to check the changes or damages created during the procedure. The thickness
of the solubility tests samples was registered with a Mutitoyo® MDC-25SX digimatic micrometer.
Weighting of samples used in the solubility tests was performed with a Discovery DV215CD Ohau
Corporation® analytical balance. pATR-FTIR analyses were repeated to evaluate changes in the film
chemical condition following the treatment.
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4.4.7 Evaluation of the cleaning performance

The performance of the cleaning procedure was evaluated using OM under different lightning
conditions and HATR-FTIR on the film surface before and after the treatment.

Identification and quantification of TPP residues, as well as the evaluation of the damage inflicted by
the treatment on the CA base was conducted by observation of changes in the extension, color and
texture of residues and for topographic and texture changes (scratches, etc.) of the CA base surface
by recording Bright Field (BF) and Dark Field (DF) surface microphotographs. pATR-FTIR allowed to
check the presence of characteristic TPP bands. The extension and the thickness of collagen residues
left over the CA base was evaluated by OM observation of cross sections prepared before and after
the treatment.

4.4.7.1 Surface and Cross section observation at the Optical Microscope using visible and UV lights

Surface and cross section photomicrographs have been recorded with an Olympus DP70 cooled
digital color camera directly connected to an Olympus BX51M Optical microscope with different
magnification objectives (1.25-5x for surface and 5-100x for cross section photomicrographs) under
visible and UV lights, respectively provided by a 100W halogen projection lamp and an Ushio Electric
USH102D lamp. Surface photos were taken with visible light under DF (to enable real color
observation) and BF (to enhance surface topography changes, transparent residue detection, and
side differentiation), whereas cross section photos were taken in visible light (to record real color
appearance) and UV fluorescence (to enhance material and layer differentiation).

4.4.7.2 Film surface photomicrograph blending

Surface photomicrographs from each cleaned area were stitched together using ImagelJ Grid-stitching
plugin based on the method published by Preibisch et al. 2009, using linear blending and maximum
intensity blending modes[177] to obtain a single image covering the whole area of interest.

4.4.7.3 Cross section preparation

Cross sections of the treated film areas, useful to obtain information on the number and morphology
of the layers present before and after cleaning, were prepared by embedding microsamples taken
with a surgical scalpel. KBr was selected as non-fluorescent and MidIR-transparent embedding
material following the method adapted from Mazzeo et al. 2007 and Prati et al. 2016[178], [179]. To
avoid the cracking of the pellet due to the thickness of the sample, we gently pressed manually the
first half of the pellet (300mg KBr), and after positioning the sample and adding the remaining 300
mg of KBr, the pellet was pressed at 2 tons for 1 minute.

4.4.7.4 FTIR analyses

All pATR-FTIR measurements were acquired using a Thermo Scientific® Nicolet iIN 10MX
spectrometer fitted with a mercury—cadmium-—telluride (MCT) type A detector cooled with liquid
nitrogen, and a X-Y—Z motorized stage with 1 um incremental steps. Spectra were recorded in the
4000 to 675 cm™ range using a spectral resolution of 4 cm™ with a Ge ATR crystal, integrating 64
scans per measurement and 64 scans for the background, acquired before each measurement.
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Characterization of surface materials and cleaning evaluation were carried out with an optical
aperture of 150x150 um. HATR-FTIR spectra of the reference materials and solubility tests samples
were acquired instead using an aperture of 400x400 um. Additionally, FTIR analysis were performed
on the precipitates deposited after soaking an eyeglass-cleaning cloth with IPOH- over a gold-coated
glass holder. The measurements were acquired in RAS mode with an aperture of 80x80 um on the
same spectrometer.

FTIR spectra were automatically baseline corrected using OMNIC™ Software (Thermo Electron
Corporation™) after blanking out the 2300-2400 cm™ region, related to vCO; signals.

MATR-FTIR measurements before cleaning were performed in 3 different spots, whereas uATR-FTIR
analysis after cleaning was performed in 8 to 12 spots for each cleaning area to confirm the
representativeness of the data.

4.5 4. Results and discussion
4.5.1 Characterization of the film sample:

An initial overview of the macroscopic condition of the film sample allowed us to classify it as heavily
degraded (frail, brittle, with yellowish base). The film sample support shows deterioration effects
including deformation of the base following the position the film stayed rolled up, detachment and
channeling of the emulsion at the front side, as well as warping, shrinking, rigidity, fragility,
brittleness, and yellowing of the CA base. Finally, the sample showed TPP accretions at the backside
of the CA base.

A fragment of the film sample has been embedded to evaluate the stratigraphy and depth of the TPP
residues. As reported in Figure 46, the CA base is about 93 um-thick and is covered by crystal bloom
of TPP with maximum thickness of 9.8 um. Furthermore, between the crystal residues and the CA
base, we can observe residues of thin (2 um-thick maximum) layer characterized by the presence of
dark particles. This layer is probably antihalation layer, whose residues are still on the film as result of
a poor development process.

Fig. 46. 100x Visible (left) and UV (right) OM cross-sections photomicrographs of the film taken in a degraded point,
highlighting the average depth of each of its layers: the TPP crystal bloom at the back side of the film base (a, depth in
purple), the anticurling/antihalation layer (b, depth in red) the CA base (c, depth in yellow), the subbing layer (d) and the
black and white emulsion (e). The treated side of the CA base is looking up.
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4.5.2 UATR-FTIR characterization of the historical cinematographic film sample and TPP blooms

Before performing the cleaning tests, an initial HJATR-FTIR characterization of the film base was
performed, to identify the nature and condition of the cellulose derivate film in comparison to
analytical standards. Reference materials and an area of the film sample base without TPP bloom
were characterized by pATR-FTIR, and the attribution of the bands is shown in table SMIII.1.

Measurements performed on the polymeric base (Fig. 47) present the characteristic C-O stretching
vibration due to carboxylate group at 1020 cm™ as an evidence of the cellulose backbone in the
material[29]. The spectrum shows also weak characteristic carbonyl stretching (vC=0) at 1728 cm™!
and CH bending bands (8C-H) at 1371 cm, which can be used to confirm that the film substrate
material is made of CA. The broad and strong band with maximum at ca. 3336 cm™ can be assignhed to
O-H stretching (vOH). The reduction in the magnitude of the vC=0 and 6C-H bands and the growth in
the O-H peak, renders a spectral response more similar to that of pure MCC than pure CTA. This
proves that the deacetylation process of the CA base is at an advanced stage, which explains its
severely degraded macroscopic condition. The loss of most of the acetate groups in the polymer
reflect a spectral response where the CA has almost completely reverted back to cellulose[55].

Compared to the spectrum of standard CTA, the vOH absorption band in the film sample spectrum is
broader and appears shifted toward lower wavenumbers. The bathochromic shift of the vOH band in
the film sample corresponds to a cellulose derivate with low Degree of Substitution (DS), where the
increased amount of free OH groups involves an increase in hydrogen bonding between hydroxyl
groups following hydrolytic loss of acetate groups[42], [59].

The weak bands at 1589, 1487, 1296, 773 and 685 cm™?, present in the film sample spectrum but not
in the spectra of the CTA and MCC pure standards, are related instead to the presence of TPP
additive, as can be confirmed by comparison to the pure TPP standard.

Absorbance (a.u.)
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Wavenumbers (cm)

Fig. 47. PATR-FTIR spectra: Pure MCC standard (A, dashed line), an untreated area of the studied film base without any
TPP bloom (B, black), a Pure CTA standard (C, dark gray) and pure TPP standard (D, light gray). Diagnostic FTIR bands due
to the degraded cellulosic base are accompanied with a blue circle, and those related to TPP presence are highlighted
with a green triangle.
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The crystal bloom residues have also been characterized by means of UATR-FTIR spectroscopy. The
MATR-FTIR spectrum of a crystal accretion from the film sample was compared with a TPP reference
spectrum (Figure 48). The YATR-FTIR spectrum of Pure TPP exhibits its strongest signals at 1588,
1484, 1293, 1174, 1160, 1008, 946, 784, 768, 753 and 689 cm?, as well as a series of smaller peaks at
3098, 3060, 3020, 1455, 1232, 1192, 1070, 1022, 964, 932 and 914 cm™2,

As the spectrum of the crystal bloom in the film and the reference spectrum of pure TPP are
practically identical, and as both share the same bands weakly visible in the spectrum obtained from
the film base in areas without crystal blooms, pATR-FTIR analysis allowed us to conclude that the film
base under study corresponds to a heavily deacetylated CA film base containing TPP as additive.

The signals at around 1587 and 1487 cm™ are the is due to aromatic C=C stretching of phenyl ring;
the peak at 1293 cm™ can be attributed to the P=0 bond vibrations, whereas the one ca. 1232
corresponds to aromatic ring C-H vibrations. The absorption of the P-O bond occurs instead at ca. 964
cm, which help confirm the presence of the phosphate group. A full band assignment for the Mid-
infrared response of TPP is given in table SMIII.2.

As the strong bands of TPP at ca. 950 and cm™ and 768 cm™ do not overlap with other peaks from
the polymeric film sample, they were used as main characteristic signals to detect TPP residues
remaining after the cleaning treatments.
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Fig. 48. LATR-FTIR spectra of a Pure TPP standard (A, dashed line), and of the TPP bloom over the studied film base (B,
black).

The YATR-FTIR spectra registered on the base lacks the strong characteristic band of amide Il at ca.
1539 cm™, expected to be detected before the cleaning treatment as sign of the gelatin binder of the
antihalation layer. This shows how discontinuous the layer is, and how it has been disrupted by
degradation processes, including the bloom of TPP crystals.

4.5.3 Solubility tests results

By comparing the thicknesses, weights, DS and superficial appearance of the CA samples before and
after being immersed and sonicated in each solvent, the effects of each solvent on the degraded CA
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were evaluated. A summary of the measured parameters is presented in Table SMIII.3, and
photomicrographs before and after treatment of one sample per solvent are shown in Figure SMIII.1.

MATR-FTIR analysis showed that the DS of the exposed surface of the polymeric base before being
subjected to the solvents was around 0.07, so very close to pure cellulose. After exposing the
samples to the solubility tests, the calculated DS sometimes varied slightly, but it stayed always
below 0.39. These relatively slight variations are most likely due to internal sample inhomogeneity.
An averaged spectrum of the samples before and after being subjected to each of the solvents is
shown in Figure SMIII.2.

It is noteworthy to say that before treatment, some PATR-FTIR measurements showed strong
intensity of the TPP-related bands, even after cotton swab and mechanical preparation of the
samples. The intensity of the TPP bands lowered after treatment to comparable levels among all
samples.

None of the chosen solvents caused weight differences of more than 3.5%. Thickness variations did
not correspond well to weight variations, being in general more erratic and not following a
reproducible trend between test replicates. This is likely due to the uneven surface topology of the
samples following their pretreatment with a surgical scalpel; therefore, thickness measurements
were not taken in consideration. Finally, and most relevantly, surface photomicrographs showed that
the samples remained relatively unaltered after treatment (Figure SMIII.1).

In conclusion, no relevant changes were relieved after immersing and sonicating for 10 minutes the
degraded CA base into any of the tested solvents.

4.5.4 Cleaning test results

In general, cleaning tests using solvents showed a much more efficient cleaning than dry cleaning, as
will be discussed. As tests performed in duplicate showed overall a similar final condition, only one
area per kind of test is shown here for discussion.

4.5.4.1 Cleaning by rubbing a dry eyeglass-cleaning cloth

When a dry eyeglass-cleaning cloth was rubbed against the film, the removal of TPP bloom from the
treated area seemed inefficient. OM surface photomicrographs (Fig. 49) showed that the dry cloth
left many TPP residues over the treated area, whereas cross section photomicrographs (Fig. 50, 1)
confirm that thick TPP residues remain after treatment with the dry cloth, with thicknesses up to 9.5
pum.

MATR-FTIR analyses after the treatment (Fig. 51) detected the strong response of TPP at along several
measurement points, confirming that observed residues are constituted by this substance.
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Fig. 49. Surface photomicrographs of a selected film area before (up) and after (down) being treated with traditional
eyeglass-cleaning cloth in dry conditions; taken in Dark Field (left images) and Bright Field (right images).
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Fig. 50. 100x UV OM cross-sections photomicrographs of the film before cleaning (), after being treated with eyeglass-
cleaning cloth in dry conditions (Il). The treated side of the CA base is looking up.
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Fig. 51. YuATR-FTIR spectra: Representative spectrum of TPP bloom before cleaning (A, dashed line); a representative
spectrum of the film surface once cleaned with a dry eyeglass-cleaning cloth (B, black); a spectrum of an untreated area
of the film without any TPP bloom (C, dark gray); and a reference spectrum of pure TPP. Diagnostic bands due to TPP
presence are highlighted with a green triangle.

4.5.4.2 Cleaning by rubbing cotton swabs soaked in solvent

In comparison, cleaning with cotton swabs soaked in the four tested solvents (IPOH, IAA, DEC and
DMC) led to better results. Regarding the visual appearance of the treated areas, OM surface
photomicrographs (Fig. 52) showed that apart from some punctual points, the surface appeared
overall flat and reflective, evidencing the removal of TPP crystals, except for the border of the area
treated with DMC, where matte residues regions are still evident after the treatment (Fig. 52, IV).

Cross sections (Fig. 53) prepared from the center of the treated areas confirm that the depths of the
TPP residues were considerably and homogenously reduced, except for the area treated with IAA,
where thicker residues could still be found (Fig. 53, Ill).

Finally, MATR-FTIR analyses performed in the central region of the treated surfaces (Fig. 54) retrieved
in all cases a response corresponding to the clean CA base (except one of the eight points of the area

cleaned with DMC), confirming that the areas are overall clean.
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Fig. 52. Surface photomicrographs of selected film areas before (up) and after (down) being rubbed with a cotton swab
soaked with IPOH (), soaked with IAA (Il); soaked with DEC (lll); and soaked with DMC (IV). Photos were taken in Dark
Field (left images) and Bright Field (right images).
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Fig. 53. 100x UV OM cross-sections photomicrographs of the film before cleaning (I), and after rubbing with a cotton
swab soaked with IPOH (Il), soaked with IAA (lll), soaked wit DEC (V) and soaked with DMC (V). The treated side of the CA

base is looking up.
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Fig. 54. pATR-FTIR spectra: Representative spectrum of TPP bloom before cleaning (A, dashed line); a representative

spectrum of the film surface once cleaned (B, black: I. By rubbing a cotton swab soaked with IPOH; Il. By rubbing with a
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cotton swab soaked with IAA; Ill. By rubbing with a cotton swab soaked with DEC; by rubbing with a cotton swab soaked
with DMC); a spectrum of an untreated area of the film without any TPP bloom (C, dark gray); and a reference spectrum
of pure TPP (D, light gray). The signals due to the degraded CA base with a blue circle.

4.5.4.3 Electrospun nylon mat cleaning with solvents and no mechanical action (40 second
application)

The four solvents were then applied without any friction by means of electrospun nylon mats, to
avoid risking the mechanical stresses caused by traditional cotton swab cleaning.

From the evaluation of the surface appearance after the treatments (Fig. 55), OM photomicrographs
reveal that where the contact between the mat and the surface was ensured, the flatness and
reflectivity of the surface was greatly recovered, specially for IPOH and DEC (Fig. 55, | and ).
However, for those areas treated with IAA and DMC (Fig. 55, Il and 1V), a small percentage of the
surface still exhibited rough and protruding residues.

Cross sections confirmed that nearly all residues were removed by the treatments with IPOH and DEC
(Fig. 56, | and Ill), whereas thicker and more extended residues can be seen on the cross sections
coming from areas treated with IAA and DMC (Fig. 56, Il and IV).

Finally, HATR-FTIR measurements acquired after the cleaning treatments (Fig. 57) showed that, from
all the test replicates using the four solvents, only one replicate obtained by IPOH and one by DEC
reached a cleaning level where all the spectra from the central test area corresponded to the clean
CA base. Instead, the remaining replicates from those solvents, as well as both tests using IAA and
DMC, showed from 2 to 4 points out of 9 which corresponded to a strong TPP bloom presence.

From this set of trials, it was possible to conclude that when applied without friction for 40 seconds
using an electrospun nylon mat, IPA and DEC performed better than IAA and DMC, so these two

solvents were deemed more promising and further testing were undertaken with longer application
time (5 minutes=300 seconds).
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Fig. 55. Surface photomicrographs of selected film areas before (up) and after (down) being cleaned without friction with
an electrospun nylon mat soaked with IPOH (1), soaked with IAA (Il); soaked with DEC (lll); and soaked with DMC (IV).

Photos were taken in Dark Field (left images) and Bright Field (right images).
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Fig. 56. 100x UV OM cross-sections photomicrographs of the film before cleaning (I), and after being cleaned without
friction with an electrospun nylon mat soaked with IPOH (Il), soaked with IAA (lll), soaked wit DEC (IV) and soaked with

(DMC). The treated side of the CA base is looking up.
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Fig. 57. UATR-FTIR spectra: Representative spectrum of TPP bloom before cleaning (A, dashed line); a representative
spectrum of the film surface once cleaned without friction (B, black: I. with an IPOH-soaked electrospun nylon mat; II.
with an IAA-soaked electrospun nylon mat; Ill. With a DEC-soaked electrospun nylon mat; IV. With a DMC-soaked
electrospun nylon mat); a spectrum of an untreated area of the film without any TPP bloom (C, dark gray); and a
reference spectrum of pure TPP (D, light gray). Diagnostic bands due to TPP presence are highlighted with a green
triangle, those coming from the degraded CA base are shown with a blue circle.

4.5.4.4 Electrospun nylon mat cleaning with solvents and no mechanical action (5 minutes=300
second application)

IPOH and DEC, previously identified as the most promising of the four solvents tested for TPP
removal, were further tested. A longer application of the solvent-wet electrospun nylon mats was
carried out without friction, choosing 300 seconds (5 minutes) as application time after visually
comparing the results of preliminary trials, and identifying the time needed for the evaporation of
most of the solvent from the electrospun mats.

From the study of the OM surface photomicrographs (Fig. 58), it emerged that the extension of TPP
crystals was greatly reduced in both test; however, little rough particles can still bee seen distributed
over the film, and for the test with IPOH, the apparition of dendritic structures on the surface can be
detected (Fig. 58, I).

Cross section analysis (Fig. 59). confirmed that even if the residues depths were considerably reduced
by both treatments, relevant portions of the cross sections were still covered in residues ranging
from 2.2 to 5.1 um depth.

Regarding the PATR-FTIR analyses performed in the center of the treated areas, 4 measurements
from the test with IPOH and 3 points from the test with DEC showed the strong response of TPP
bloom residues (Fig. 60). In addition, for the test using IPOH (Fig. 60, 1), three of the resulting spectra
showed also the amide | and amide Il bands, respectively at 1661 and 1545 cm™?, characteristic for
proteinaceous material presence[196]—[198]. This likely reflects the presence of the anticurling or
antihalation gelatin layer which may swell and partially dissolve in alcohols like IPOH.

108



From this set of trials, it was possible to conclude that when applied with electrospun nylon mats for
a long application time of 300 seconds, IPOH and DEC were not able to completely remove all TPP
residues without the aid of friction.

Fig. 58. Surface photomicrographs of selected film areas before (up) and after (down) being treated without any friction
by applying for five minutes an electrospun nylon mat soaked in IPOH (l) or soaked in DEC (ll), taken in Dark Field (left
images) and Bright Field (right images).

109



Fig. 59. 100x UV OM cross-sections photomicrographs of the film before cleaning (1), after being treated without any
friction by applying for five minutes an electrospun nylon mat soaked in IPOH (1) or soaked in DEC (lll). The treated side of
the CA base is looking up.
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Fig. 60. UATR-FTIR spectra: Representative spectrum of TPP bloom before cleaning (A, dashed line); a representative
spectrum of the film surface once cleaned (B, black: I. with an IPOH-soaked electrospun nylon mat; Il. with a DEC-soaked
electrospun nylon mat); a spectrum of an untreated area of the film without any TPP bloom (C, dark gray); and a
spectrum of reference unwanted residues (D, light gray: I. FTIR of collagen reference; Ill. yATR-FTIR of pure TPP
reference). Diagnostic bands due to TPP presence are highlighted with a green triangle, those coming from gelatin
residues are shown with a magenta diamond.

4.5.4.5 Cleaning by rubbing eyeglass-cleaning cloth soaked in solvent

After the previous tests showed that friction was essential for the obtention of satisfactory cleaning
results, two areas were treated by rubbing squares of eyeglass-cleaning cloth soaked in IPOH and
DEC (the best performing solvents). These tests had the objective of reducing the amount of solvent
needed when compared to more solvent-absorbing cotton swabs, and obtaining a procedure that
could be applied over long extensions of film, as opposed to punctual cotton swab cleaning.

From OM surface observation (Fig 61), rubbing the eyeglass-cleaning cloth soaked in both solvents
showed a better performance than applying the cloth in dry conditions, but considerable extensions
of thin residues remained over the film surface after both treatments. For the test with IPOH, the
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residues follow the path of application of the cloth (Fig 61, 1), and for the test with DEC, these follow
a dendritic pattern (Fig 61, Il).

Cross sections show the presence of residues after treatment with the solvent-wet cloths, reaching
thicknesses above 4 um for both areas (Fig 62).

MATR-FTIR analysis after both treatments (Fig. 63) show along several measurement points a strong
response of the bands related to TPP, specially the peak at 949 cm™, confirming that the observed
residues are constituted by this substance. Additionally, cleaning with the IPOH-soaked cloth resulted
in the presence of a substance with FTIR response at approximately 1572 and 1542 cm™ (Fig. 63, 1),
observed also when performing RAS analysis on the precipitates resulting from soaking an eyeglass-
cleaning cloth with IPOH over a gold-coated glass holder. These bands corresponds to the
asymmetric stretching vibration of COO in a carboxylate[213], coming from the eyeglass-cleaning
cloth, which becomes dissolved in IPOH and deposits over the film after the treatment.
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Fig. 61. Surface photomicrographs of selected film areas before (up) and after (down) being treated with an eyeglass-
cleaning cloth soaked with IPOH (I) or soaked with DEC (Il); taken in Dark Field (left images) and Bright Field (right

images).
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Fig. 62. 100x UV OM cross-sections photomicrographs of the film before cleaning (1), and after rubbing with an eyeglass-
cleaning soaked with IPOH (ll), and after rubbing with an eyeglass-cleaning cloth soaked with DEC (lIl). The treated side of

the CA base is looking up.
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Fig. 63. UATR-FTIR spectra: Representative spectrum of TPP bloom before cleaning (A, dashed line); a representative
spectrum of the film surface once cleaned (B, black: I. By rubbing with an eyeglass-cleaning cloth soaked with IPOH; Il. By
rubbing with an eyeglass-cleaning cloth soaked with DEC); a spectrum of an untreated area of the film without any TPP
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bloom (C, dark gray); and a spectrum of reference unwanted residues (D, light gray: I. FTIR-RAS spectrum of the
precipitates left after soaking an eyeglass-cleaning cloth with IPOH; Il. HJATR-FTIR of pure TPP). Diagnostic bands due to
TPP presence are highlighted with a green triangle, those due to precipitates coming from the eyeglass-cleaning cloth are
shown with a magenta diamond, and the signals due to the degraded CA base with a blue circle.

4.5.4.6 Cleaning by rubbing electrospun mats soaked in solvent

In comparison, cleaning tests performed by rubbing an electrospun nylon mat soaked either with
IPOH or DEC showed a much more efficient cleaning than rubbing the eyeglass-cleaning cloth soaked
in the corresponding solvent.

From OM surface photomicrographs (Figure 64), it can be observed that after both treatments, the
extension of TPP bloom was considerably and homogeneously reduced. No superficial damage
resulted upon the CA surface, such as scratches following the circular cotton swab trajectory, gloss
changes, etc. in either of the cleaned areas. The only visible damage after the cleaning by rubbing the
electrospun nylon mat soaked with IPOH is an horizontal breakage in the lower part of the cleaning
area (Figure 64, 1), ascribable to the mechanical stress derived by the pressure of the treatment over
the fragile and deformed film base.

Cross sections from representative points of both cleaning areas (Fig. 65) show that after the
treatments, remaining residues are very much reduced in thickness, with average depths below 2
pum. These residues are not continuously distributed over the CA base, and from the homogeneity of
their thicknesses and the color of their UV fluorescence, they could correspond to the antihalation
layer. Due to their transparency, thinness and punctuality, these residues are not detectable in naked
eye observation.

WMATR-FTIR spectra acquired in at least 7 randomly selected points along the center of each cleaned
area, showed the same profile observed in untreated CA areas without TPP residues (Fig. 66),
confirming that both treatments resulted effective in removing the TPP bloom.
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Fig. 64. Surface photomicrographs of selected film areas before (up) and after (down) being treated by rubbing an
electrospun nylon mat soaked with IPOH (l) or an electrospun nylon mat soaked in DEC (ll), taken in Dark Field (left
images) and Bright Field (right images).
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Fig. 65. 100x UV OM cross-sections photomicrographs of the film before cleaning (I), after cleaning by rubbing an
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electrospun nylon mat soaked in IPOH (ll), and after cleaning by rubbing an electrospun nylon mat soaked in DEC (lll). The
treated side of the CA base is looking up.
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Fig. 66. FTIR spectra. Each figure shows: HATR-FTIR of the TPP bloom covering each area before cleaning (A, dashed line),
a representative pATR-FTIR of the film surface once cleaned (B, black: I. by rubbing with an electrospun nylon mat soaked
with IPOH; II. by rubbing with an electrospun nylon mat soaked in DEC); a spectrum of an untreated area of the film
without any TPP bloom (C, dark gray); and a reference spectrum of pure TPP (D, light gray). Diagnostic FTIR bands due to
the CA base are accompanied with a blue circle.

4.6 5.Conclulsion

We have found that when removing TPP bloom from degraded CA cinematographic film bases which
have reverted to a DS close to 0, solvent cleaning is more effective than traditional mechanical
cleaning with a dry eyeglass-cleaning cloth.

None of the four tested solvents (IPOH, IAA, DEC nor DMC) has produced any solubilization or
damage to the cinematographic film base: OM photomicrographs have not relived any new scratches
following the motion of cleaning devices, areas of gloss variation remain minimal and likely related to
previous presence of a disruptive TPP crystal; whereas cross section photomicrographs of the CA
base show uniform base topography and thicknesses between 92.6-107.0 um. No detectable
thickness changes occurred when compared to the cross section of untreated or dry-cleaned areas,
with minor differences being likely due to intrinsic manufacture variability and differential shrinkage
due to degradation. This conclusion is supported also by the fact that solubility tests did not lead to
any relevant appearance or weight changes on exposed CA base samples after subjecting them to 10
minute sonication in each of the solvents.

Among the cleaning procedures involving the use of solvents, rubbing with solvent-soaked eyeglass-
cleaning cloth left more TPP residues than rubbing with solvent- soaked cotton swabs or applying
solvent-soaked electrospun nylon mats with or without friction. Furthermore, applying solvents with
commercial eyeglass-cleaning cloths may cause the deposition carboxylates or other unwanted
substances present in the cloths onto the treated film surface.
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Among all the trials for the remotion TPP residues, excellent results were achieved by rubbing the
film surface with solvent-soaked cotton swabs, rubbing with IPOH-soaked electrospun nylon mats,
rubbing with DEC-soaked electrospun nylon mats; or cleaning without friction by applying
electrospun mats soaked in IPH or DEC for short times (40 seconds). All tests resulting in similar
cleaning levels.

Solvent cleaning without the use of friction by employing electrospun nylon mats showed that IPOH
and DEC have the best cleaning performance from among the tested solvents; however, further
testing may be necessary to asses why good cleaning levels were achieved at short application times
whereas long application times (5 minutes) showed inferior to results. Parallel testing using
electrospun mats produced with different parameters are desirable.

IPOH and DEC applied with electrospun nylon mats and mechanical action seem particularly
promising for the treatment of CA film bases before their scanning, as they could be adapted for
automated machine-cleaning procedures for long and continuous cinematographic films showing TPP
bloom, thus improving the treatment speed when compared to cotton swab application, and
diminishing the exposure of operators towards the volatile solvent.

The present study constitutes the first time the use of green solvents and electrospun fiber mats are
employed for the cleaning of cellulose acetate substrates, and may constitute the foundation for
implementing plasticizer cleaning methodologies on degraded tridimensional CA objects too.

4.7 Supplementary Material lll

Wavenumber (cm?) Assignment
Pure CTA Pure MCC Film sample
polymeric
base
3496 3339 3336 vsOH[153]
2941 2916 vC-H[153] in CH3[154]
2899 2893 2883 vaC-H in CH2[153], [154], vsC-H in CH3[155]
1741 1728 vC=0[68], [154], [156]
1644 1646 1645 vaC=0[154] and OH vibrations from crystallization water[153], [155]
1433 1427 1429 In plane 6C-H[157]in CTA and CDA, 6sCHz at C—6 in MCC[158]
1367 1369 1371 6C-H in CHs[89], [154], [156], [159], [160]
- 1335 --- In plane 60H[155]
1316 1311 &1296 | 86CH2 [155], [158] and 60H[155]
1219 1202 va(C-C-0)[89], [156]
1165 1159 1157 va(C-0-C) at B-glucosidic linkage[154], [157]
1122 1101 1111 vCO[158]
1071 1055 1063 vC-0 in pyranose ring[89], [155], [156], [158]
1038 1030 1020 vCOC[159], [160]
900 898 898 0.0.p. ring v at C1-O-C4 B glucosidic bond[155], [157], 6C-H[154]
839

* v stretching vibration, vs symmetrical stretching vibration, va asymmetrical stretching, & bending vibration and &s
scissoring, O.0.p. Out of plane.

Table SMIIIL.1 Assignments of the main bands in the HATR-FTIR spectra of the pure CTA (Cellulose Tricetate) and pure MCC

(Microcrystalline Cellulose) standards, and the polymeric base of the treated film sample.
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Wavenumber (cm™) Assignment
TPP standard Crystal bloom
on film sample
3098 3099
3060 3060 vC-H[75], [161]
3020 3026 & 3018 vC-H[161]
1588 1588 vC=Cin TPP[75], [161]
1484 1485 vC=Cin TPP[75], [161]
1455
1293 1292 vP=0[75]
1232
1174 1174 In-plane 6(C-H) in TPP [75], [161]
1160 1161 In-plane &6(C-H) in TPP[75]
1070
1023
1008 1008 vP-0O[75] and ring vibrations in TPP[161]
964 964 vP-0[75]
946 950
932 932
914 912
784 784 0.0.p. 6C-H[75]
768 769 0.0.p. 6C-H[75]
753 753 0.0.p. 86C-H in TPP[75]
689 690 0.0.p. 6C-H in TPP[75]

Solvent

IPOH

DMC

* v stretching vibration, vs symmetrical stretching vibration, va asymmetrical stretching, & bending vibration and 6s

scissoring, 0.0.p. Out of plane.

Table SMIII.2 Assignments of the main bands in the HATR-FTIR spectra of the pure TPP (Triphenyl Phosphate) standard
and the crystal bloom cleaned from the backside of the treated film sample.

Sample = Weight Weight Weight
before after change
treatment = treatment = (mg)
(mg) (mg)

2 2.453 2.477 +0.023

1 2.297 2.300 +0.003

5 2.000 1.933 -0.067

3 2.677 2.683 +0.007

6 1.870 1.890 +0.020

4 2.513 2.500 -0.013

Weight | Thickness

change @ before
% treatment
(um)

+0.95% | 102.50

+0.15% | 114.00

-3.33% 106.00

+0.25% | 111.00

+1.07% | 107.00

0.53% 105.50

Thickness
after
treatment
(nm)

119.50

109.50

100.50

109.00

106.50

096.00

Thickness
change
(um)

+17.00

-4.50

-5.50

-2.00

-0.50

-9.50

Thickness
change %

+16.59%

-3.95%

-5.19%

-1.80%

-0.47%

-9.00%

DS before
treatment

0.048

0.067

0.068

0.026

0.054

0.128

DS after
treatment

0.241

0.381

0.019

0.032

0.034

0.023

DS
change

+0.193

+0.314

-0.049

+0.006

-0.020

-0.105
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change
%

+6.45%

+10.46%

-1.62%

+0.21%

-0.67%

-3.50%



DEC
7 1.647 1.683 +0.037 = +2.23% | 95.00 815 -13.50 -14.21% 0.059 0.089 +0.030 = +1.00%

MISSING MISSING MISSING
8 1.840 1.873 +0.033 +1.81% | 111.00 0.156 0.194 +0.039 | +1.28%
DATA DATA DATA

Table SMIIL.3 Averaged values of weight, thickness and DS measured of the studied CA base before and after being
subjected to solubility tests in the four solvents employed for cleaning.

11 v

Fig. SMIII.1 Dark Field surface OM photomicrographs of selected CA base samples before (left) and after (right) being
subjected to solubility tests in IPOH (1), IAA (I1), DMC (IIl) and DEC.
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Fig. SMIII.2 Averaged pATR-FTIR spectra of the pretreated and exposed CA base of the studied film sample I. before being
subjected to solubility tests (A, blue), after sonication in IPOH(B, yellow), after sonication in IAA (B, green), after
sonication in DMC (D, red) and after sonication in DEC (E, magenta).
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