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Abstract

This thesis is theesult of the RICORDAQ®Yoject, athree-year Europeanfunded initiative which
involved thecollaborationbetween the University of Bologna atige restoration laboratory of the
Cineteca di Bolognd.immagine Ritrovatas.r.l, which aimed to find innovative solutions for the
preservation ottinematographidilm heritage.

Film conservation differs from the requirements of other types of cultural heritage, as it is mainly
focused onguaranteeingthe preservation of the contentecorded 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 physicathemical decay of the cellulose acetate (CA) esitllose nitrate (CN) polymeric film
bases follow similar autocatalytic processes. In both cases, deformation and mechanical instability
affectsthe 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 contaire image, which becomes increasingly alteradd

the imageis eventuallylost.

Thesethree years of researchaveled tothe development of new methods and technologies for the
preservation of cinema films. In particuldhis thesis presents thelevelopment of new analytical
methodologies to exploitwo types of portable miniaturized Near Infrared spectrometers working in
Diffuse Reflectance mode over the Short Wave Infrared (SWIR) range, tdtstutbar infrared (NIR)
spectralbehavior of filmbase materials foan accurate, noAnvasive and fastharacterizatiorof the
polymer type;and forfilms with cellulose acetate supparthey can beemployed asa diagnostic tool

for monitoring the Degree of substitution (DSiffected bythe loss of acetyl groupsThe proposed
methods offer non-invasive, fastjnexpensiveand simple alternativesfor the characterization and
diagnosis offilm basesto help the strategic planning and decisianaking regardingstorage,
digitalization and intervention of film collections

Secondly, the texincludesthe evaluation of new green cleaning systems and solvents for the
effective, fast and innocuous removal of undesired substances ffegnaded cinematographic films
bases these tests compared thefficiency of traditional systems and solvents against thew
proposals. Firstly, the use of Deep Eutectic Solvent formulations for removing softened gelatin
residuesfrom cellulosenitrate bases, and secondly; the employment of green volatile solweiits
different application methods, including the use of a new electrospun nylon matgvimding the
dangeroususe offriction for the removal ofTriphenyl Phosphate crystal blosrfrom the surface of
cellulose acetate bases.

The researchon cleaninginvolved the employment offFourier Transform Infrared Spectroscopy
(FTIR) Optical microscopy for sample surface documentatiorand crosssection observation The
results obtained will help improving the efficiency of the interventions needed before the
digitalization of historical cinematographic filnasd will pave the way for further investigation on
the use of green solvents for cleaning polymeric heritage objects.

The textalsoincludes a review of the analytical precedents on the studgimématographic films
3



focusingaround the basicnotions d film history, technical advances, materials and stratigraphic
structure ofcinematographidilms, and the chemical characteristicsf film materials addressingn
particularthe emulsion polymeric bassand their additives, as well as their degradatpmocesses

Keywords Cinematographic film conservatioand restoration, Near Infrar@l Spectroscopy(NIR)
ShortWave Infrared $WIR, calibration function, Degree of Substitution (DSptical Microscopy
MATRFTIR, Triphenyl Phosphate (TPP), plasticizer bloom cleaning, gelatin cleaning, cellulose
derivatives,Cellulose Acetate (CA), Cellulose Nitrate (Ogp Eutectic Solvents (DES), electrospun
nylon mats, Green Solvent€onservation Scier, Cultural Heritage.
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Part I. Precedentsand state of theart
Chapter 1Photographic film:A historical background

Areview of the histoy, technical developmentandchemical processes tharought aboutmodern
photograply is presentechere, aimingto provide a minimal backgrounthat allowsto adequately
understandhow photographic film materialsvere invented and successivelymproved, making
emphasis oncinematographic film its constitutive materials, structure and photochemical
processing

1. 1 Theinvention of cameras and projection devices

Gnematographt film owesitself to still photography its immediate predecessoPhotography as a
concept traces itsoots back to the invention of th€amera oscuran ingeniousdevice which first
allowedto projectanimage ofits surroundingsonto the flat surfaceof a dark inner environment.
Theoriginsof the camera oscur&an bedated back as faas 1000d.C. With time, the instrument
was provided with optical lensesand filters to focus, straighten and reflect the imggand it

became smaller anchore practical.
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Fig 1. lllustrationa Camera oscuran Gemma Frisiuf)e radio astronomico et geometrico libd554 collection of the
National Science andedia Museumreproduced by Silverman, 20[13.

i

In 1646, German mathematiciarthanasiuKircherpublishedthe Ars Magna Lucis et Umbr#&rhe
Great Art of Light and Shadoj&]), which laid the foundation forthe invention of the dmagic
lanterng, a smalloptical systenwhichallowedto projectimageson transparenfglassplates usinga
light sourceand one or morelenses. These precedentgould lend inspiration to the Lumiere
brothersthree centuries latefor their invention of the first cinematographidilm projector andthe
conducton ofthe first commercial public screening @ecember 28, 1895 thus marking the birth
of cinema as we know[8].
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Fig. 2. Edited version of théirst sketch of a magic lanterin a letterby Petit in a letter tdHuygens (28 November 1662),
included in Oeuvres comptes de Christiaan Huygenda Haye, 1881950, ivp. 269 Koninklijke Hollandsche
Maatschappij der Wetenschappeirhe light of a candle istensified by the concave mirror; the tube (BC) with two
convexlenses magnifies the pictuygainted on a slide (AReproduced by Vermei20054].
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Fig. 3.lllustration of a magic lantern in W. J. S. @avesandePhysices elementa mathematica, experimenta confirmata,
2 tomes in 1 vol., Leyden, 173, ii, 76 (Plate 14)ollection: Stadsbibliotheek Antwerpen. Reproduced by Vermeir
20054].

1.2 Image recordingnaterials and emulsions

Besides the invention otamerasand projectors cinema andphotography depended on the
technical improvements that allowed t@cord theresulting lighimage Until the 17th century, the
projected imagedad to be dawn and paintedmanually(e.g., Vermeer most likely paintedhe
imaged produced with aameraoscurds]). This change when in1827 Fregh lithographer Joseph
Niépce (17651833)inventedheliography a term that derivedrom Greek' < ' (K T f) &s@n&and
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+ 7 h o, (graphéin)«to draw»[6], [7], which refers to the use aiisphalt bitumen to printa light
image However Niépce first recorded requiredan eighthour exposition

Upon thediscovery ofphotosensitivematerials such as silvechloride (AgCl)and silver nitrite(AgNQ),

and following the collaboration betweeNiépceand painter Jacqued ouisMande Daguerrg1787

1851) led the later to create inl837a more practical photographic systertne daguerreotypé’],

which allowed to register images ailver-coated cupper plates previously exposed to iodium
vapors Thedaguerreotypedramatically reduced the requireexposuretimes to only 20 minutes
and it required final treatments with mercury vapors and an immersion ina fdium chloride

solution tofix the image

Daguerreotype<reated singlenon-reproducible and unstable imageBhe stabilizing of the image
over time was possible only aft&ir John Herschedn Englishchemist appliedl & F Sdslikny 3 é
hyposulfite(N&SQ) to eliminate the remaining unexposed silver salts

Finally William Henry Fox Talbot (18001877 became awee of the existence othe latent
imagd8], and invented calothopz ¥ NBY DNBS{ ¢ h the first ghytogfaghid 0 T T
developng method as it is understood nowadaysirougha techniquethat included theimmersion

of a paper sheet in a silver nitra(@gNQ), potassiumiodide (KI), aceti@acid (CHCOOHpand gallic

acid (GH(OHXCOOH%olution The sheet thus preparekad tobe exposed for a few minutes and
then fixed by immersion iSodiumhyposulfite (NaSQ) (Figurel1.3.1) which rendered a negative
image capablef beingindefinitely reproducedinto positive prints. It was duringthis periodthat

the term photography, likely coinedby John Herschi], became widelydiffused It comes fronthe
Greekvocables - = X _ (phos,photos)«light>and! ~ h , (graphéinkto draws.

It was fom the second half of thenineteenth century onwardsthat photographywas greatly
RSPSt 21LISRT ¢ wlsiperieded, thy ®akéd 2paper negative wiasented, and new
photosensitive supports were diffused, including salt paper, albuminate paper and collodion, a
suspension of photosensitive silver salts suspendednitrocellulosematrix over glass slideghich
could then be exposedThis last method allowetb reduce exposure times and costgspect to
previoustechnique$3], and it stayed infashionfrom 1850 to 1880when it wasfinally substituted
by modern photographic emulsios, created by a mixture of silver halides suspendednimanimal
gelatin matrix.

The firstsuccessful attempt to produce a dry photosensityelatin emulsion was bRichard L.
Maddoxin 18719], consisting on anix of silver bromide (AgBr) salts suspended #mimal gelatin
which was therappliedover glass suppor@nd developed witlpyrogallic acidGHs(OH}).

1.3 Employment of flexible polymeric films as photographic bases

Glass was useds support forphotographic materials until 1889 when transparent and thin

polymericsheets were employed for the first timas base foindustrial photographc negatives

upon which the imageforming emulsionis coated due to the advantageous flexibilitand

mechanial resistanceof film respect to glag8]; it is from these thatmodem-day photographic

films are derived.

Photographic images supported on a flexible polymeric film revolutionized the wayeasd in
8



which the world could be record¢d]. A mere 14 years later, the invention @fntinuousfilm rolls
allowed to register not only still images, but also motion by means of a continuous sequence of
photographic imagesuch was the birth of cinematographic motion film

In particular, dfferent polymers have beeemployedthroughout history to create flexible film
bases ChronologicallyCellulose derivates wereised first, with Cellulose Nitrate (CNbeing
preferred during thefirst yearsof motion film production going roughly from 1889 to 19§10],
[11].

The production of CN film#&as possiblethanks to the discovery ofamphorplasticized CNa
mixture known as celluloidfirst synthesized i1869 by John Wesley Hyatt (183920]12]. The first
photographic film over this kind of support was producedHsnnibalGoodwin (18221900), who
registereda patent in18877], [13], [14] It was over this kind of film that George Eastmiunder

of the Kodak company, created the firsabk and white film

However, it was quickly acknowledged th&N supports were highly flammable and their
emissions of Ng& norcombustible in itself, accelerateshowever the burning of combustible
materials.

BEven ifCN filmscontinued to be used until 1950, alternativeg&re sought forin the meanwhilein

order to overcome the flammability hazardAt the beginning of 190hew and less flammable
cellulosicpolymer films were introduced Cellulose Acetate (CA)im basesOl £t £ SR a &l TS @
the photographic industrycame into usesincel923and (in the case ofCellulose TriacetateCTA)

they are still in use today. These included Cellulose Diacetate, Cellulose Acetate Propionate,
Cellulose Acetate Butyrate, arsihce 1940alsoCellulose Triacetate (CTA) [15], which has >2.7
acetylations per monomer unitbeing alsomore soluble in organic solvents such as chloroform
(CHQ) and dichloromethatd CHCb)[16], and for its properties it has been adopted twe acetate
derivative of choice for professional film bases throughout higtiofly Even if the employment of
different CA species as film base overlapped over thesy€@irA dominated thehotographic film
market from 1950 onwards, and still is the predilectease materiafor film negative18].
Lastly,since1955andS & LIS OA | £ € &[7],[[1B]i[®Nolyethy@enedTarepaithalate (PEBMe

into sceneasa safa and more resistantilm basethan cellulose derivatesand is usegarticularly

for print distribution copies and intermediatelements In comparison to cellulose nitrate and
cellulose acetate filmsPEThas aghe advantageof permitting the manufacture of thinner filmslue

to its superiortear resistanceflexibility, chemicaland dimensionastability[7].

Polyethylene terephthalate films can be prepared by catalytic ester interchange reaction between
dimethyl terephthalate and ethylene glycol, followed by catalytic polymerization uadeunum of

the resulting dihydroxyethylene terephthalate monomer; and the final polymer is then cast as a
film.

Chapter 2Photographic film: Stratigraphy

Historic photographic negatives and cinematographic film technologies are very varied and their
stratigraphy mg be complex; however, the layout of film materials (Figyrand 5 alwaysincludea
thick, transparent and flexibl@olymericbase coated with the film emulsiomhe emulsion is the

9



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 co)diredl in a matrix of
photogaphicgrade gelatiie0]® { 2 YSGAYS&aX |+ GKAY AYOGSNNYSRALFGS
applied to guarantee the adhesion between the emutsand the polymeric bas&hin filters and
coatings may be present between or above the aforementioiagers.

L
L, 'r'.-'r'v‘»' T
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6

Fig. 4.- Black and White (B&W) developed film stratigraphy.Pdjtective overcoat or UV filter, 2pelatin and silver
particle emulsion3) Antihalation layer40 S0g6 6 A y 3¢ | RH Sellulosk Sstelr fiind bBdeédd 6) Anticurl layej21].

>0 Aw NP

10



Fig5.- Chromogenic tripack color film stratigraphy after developmen®ib}ective overcoat or UV filter, Blue-sensitive

layer of the emulsion (containing yellow dy8) Blue radiation filter, 4) Green-sensitive layer of the emulsion (containing
magenta dye)5) Red-sensitive layer of the emulsion (containing cyan ¢gg)Antihalation layert 0Sdza 6 A y 3¢ | RK S
layer, 8) Cellulose ester film basend9) Anticurl laye21].

Photographic films areonstituted by a particular stratigraphy. As portrayed in Figure 2.1, the most
common layersare, from the top to the bottom,the gelatin emulsion layer, the smlled subbing
layer, the polymeric support and the anticurl and antihalation layers

Among the group of thinner secondary layeranti-curl layes can befound on the back of the
polymeric film, they areusuallycomposedof gelatin and seek to prevent film deformation by
counteracting the mechanical efforexertedby the different layers upon humiditghangesAnti-
halationlayers insteacdtan be founckeither below the emulsion ocoated overthe backside of the
polymeric baseAntihalation layersre made of gelatimatrix containingnsteadcolor compounds
(e.g.,acidfuchsineor malachite) which prevenlight to be reflected duringgxposure thus blocking
the creation of haloes in the image

Finally,subbing layes consistin a thin overcoatwhosefunction is to adhere the emulsion to cellulose
acetatebases Little informationmay be foundegarding the materials used for subhilagd thesanclude the

use of a mixture of gelatin, cellulose acetate, cellulose nitrate and a §ai2gni23] Ciliberto et a[15] reports

that emissions of emissions of nitrostyreinem apositive B&N cinematographic CA film sanapiedue to this
layer. No studies seem tdnave been publishing on the characterization of subbing layers, which from
stratigraphic observation are not always present in films.

2.1 Photographic gelatiremulsions

The emulsion layes areconstituted ofa gelatin matrix. In the case of black and white films,igh
matrix containssilver halide particles, which are lightensible and allow to record the imdgé].

Instead, inmost recent photographic colorfilms, emulsions are often divided ithree different

gelatin sublayerscontaining asuspersion of silver halide crystalsogether with yellow, magenta
and cyan dyg@recursorgespectively

Most of the time photographic gelatircorrespondgo alkaline or typeB gelatin,which isproduced

from alkaline treatment oflemineralized cattle bone, oss¢#4]. Ossein is mostly made up of type |
collagen, an heterotrimer collagen formed by three polypeptide chains h1(l) chains and one

h 2(l) chainassociated in a triple helix configuratiescept for the short nothelical 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 g2B]® . 2 0 K (i &-th&id follawFa répetiive GHY
sequence, in which every third amino acid positis occupied by a glycine residue (Gly) and the X
and Y positions are preferentially occupied by imino acids proline (Projhgdréxyproline (Hyp)
(Figure 9§, differing slightly in the amino acid distribution occurretgsuch positiong5].
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Fig 6. Schenatic representation of the preferred amino acid triplet sequence-®ly I f 2 y-chaing i Sollagen and
gelatin, with the scheme showing as example Proline and Hydroxyproline at the Xanifidhs.

Having atendencgy for polar and norpolar residues to be distributed distinctly along the chain,
collagen has differential hydrophobic and hydrophilic regjadk Intermolecular covalent cross
linking between neighboring lysine (Lys) or hydroxylysine (Hyl) residuesminal telopeptides or

along the helix stabilize and render parent collagen chains insoluble in[&é}er

Through the hydrated lime slurry treatmentype-B gelatin is produced from parent collagey
destroying the crosslinking between collagen strandsaking it soluble and purifying it from
unwanted componentsalso found in bones, such as mucopolysaccharides and-calagenous
proteinssuch asalbumin and globulif24].

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
2yt e GKS LINAYI NB | Y Aickahst W®RA R KES AR YR Ihaldes aadi NH7O0
random-coil fragments, which become organized as unordered single st2bkIs[26], [27].
However, gelatin has the unique capacity for a limited renaturation of the collikertriple helices

under certain conditions and gel formatif@v].

Photographic gelatin should have high gelling power and viscosity, obt&inedgh ahigh average
molecular weight, being a mixture of polypeptide/polymer chains with very large macromolexfules
different molecular weightsThe major faction is in the region of 100 000 g mpWhichcorrespond

G2 GKS Ayidl ai | y@ERhains J8aL DO\ RBD s isaccompanied by their fragments
andoligomers foundcovalently crosdinked in doublets and N&A L) S G- DI ©F #h8R Ainn &
chains respectively (ca. 300 000 )aJ], [28], as well asdy bigger, more complex and branched
oligomersY RS 2 F T A @S >chahAuaitkihicrlen\y sirgadsBhe #00 000 [29] [24].

ht A32YS NE-chaiik teadkdde $und as intact triple helices, but a certain amount exist as
S E i S y-pofyRerstbonded randomly by ertd-end or sideto-side bonds.

Gelatins have roughly the same amino acid composii®ithe parent collagen, thus a high content
of Gly (33%pand imino acids Pro and Hyp (2424)]. However,the alkali treatment causes typ@
gelatinto contain more acidic than basic groups in its mole@@g as it partially hydrolyses many of
the original amide gups of asparagine (Asn) and glutamine (GIn) in the probsirreleasing
ammonia These reactiongcreasethe content of aspartic acid (Asp) and glutamic acid (Génd
increasethe number of carboxyl groupg-urthermore,in more prolonged treatments slow rate
Conversion of arginine (Arg)to ornithine occursby removal of an urea group from th&rg side-
chain Both processes result in an overalkecrease inamidenitrogen content, which lowers the
isoelectric point to a range of pH from 4.7 to 28] or narrowef24], [22], at which the gelatin

12



molecule is most tightly coiled because of the equal number of charge attractions, being the least
soluble in watej30].

Furthermore,type-B gelatin is characterized lmpntaning lower amountsof aromatic, sulfuibond
forming and other trace amino acids thdahe parent collagen, such as sultwntaining cysteine
(Cys), hydrophobic tyrosine (Tyr), leucine (Leu), phéamilee (Phe), isoleucine (lle), polar serine
(Ser), etc.as they are lost during crodisk cleavagp1], [32].

Overall, the presence dboth basic amino groupsnd acidic hydroxy and carboxylic acid groups
account for most of the water solubility of gelatins well & for its amphoteric propertie80].
However, it isimportant to ansider that gelatin emulsions were commonly hardenedappication

of crosslinkers agents to the melted emulsion immediately before it was coated to the polymeric
base. These agents react with gelatin through various mechanisms analogaigstoccurring
during the tanning of hi@és into leather, causing cro$isking between the amino acid chains of
gelatin, thus increasings viscosityand its resistance to swelling and solubilization in w2ey, [33],

[34]. Inorganic hardeners incledmetal cations of chromiuf@4], aluminum and ironpwhich create
stable chromium/carboxy! crodsiks Organic hardeners includmany @mpoundfamilies such as
aldehydes (formaldehyde in the first placaretaldehydespropionaldehydesphenolic canpounds
(whichform irreversible @N or GS bonds with amino or sulfhydryl groups of the protein structure, or
the intermediate formation of resonancestabilizedfree radicalswhich canthen react with Tyr, Lys
and Cys residues)ich as tannic acid, catectandgallic aciglketones, etd28].

2.1.1Modernblack and white emulsions

All cinematographic films possess amageholding emulsion layer, coated over thesupporting
polymeric baseln both color and black and white modern filemulsions, tls gelatin emulsio
alwayscontairs photosensitive silver halide&gl, 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 na@bcyanines so image can be
registered by exposing them to ligAg], [35]

¢KS aArf @SN KIfARS ONRBadGlrfa @gKAOK FNB KAUG o0&
dzy RAa0Ay3IdzaaKl o0tS (2 (GKS yIFI{SR Sé&S> a2 TFdzNIKS!I
has the mairobjective ofgraduallyreducing the exposed silver halide grains into dark metallic silver
particles, rendering the imagasible

This developing bath is an aqueous solution containing as most important solute the developer
agent. This developedonates dectrons 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 developei@&igure 7) mainly thydroquinone, catechol, pyrogallol;gminophenol and

its derivatives, as well asghenyl diamine and its derivatives[17].

13



OH OH OH OH NH,
i .OH <IOH
OH
OH NH, NH,
Fig.7. Classical organic developing agentBytroquinone, catechol, pyrogallol;gminophenol, and gphenyl diamine.

The phenolic developing substances derived from the first four basic structures had been abandoned
from 1975 onwards in favor of toluenediamsiedue to the increasing international standardization

in photographic technologies, (which would give rise to common commedeialoping processes
known asCD3 and CD#rocessey but before this period phenolic substances were commonly
employed as film developd®2], [35]

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

2.1.2Golor emulsions: lromogenic tripack emulsigranddye couplers

In the beginningmlor was in achievedby treating black and white filmsybhandor stencil coloring

as well ady chemical treatment othe exposed emulsignncludingtoning andtinting processesilt

was only later thatphotographic emulsiors started to be produced withseparate sublayers
containingdifferent dyeprecursorsin addition to the photosensitiveilver halide crystajsvhich are

at the baseof modernd L y 1 SIANJI f OK N@&nJlfidss3hg mmast popNEr kild Giffusedolor

film emulsion technolog based in chromogenic processes for dye formd86h

In films possessing ths&ructure,the emulsion isdividedin three layers (See layers 2, 4 and 5 in Fig.

5), each of which contains silver halide particleensitized to a particular region of the visible
spectrum (blue, green or recccording to the layer), and eadme of these layers contairs also a
different dye pr@ dzNBA 2 NJ 2 NJ & O2 dzLJ SNE & dza LIS ytReSiver hafidesiirK S 3
eachone of these three subayers register a latent image corresponding to only one particular light
color frequency, which can then be developed into dark metallic silvethéydeveloping bath as
previously described.

After the developing reaction, the noaxidized developer agent (present only in the areas of
previouslyexposed halide crystglsow reduced into metallic silver), can then react with the color
coupler in each layer, producing the final yellow, magentayan color dyesyhose concentration is
proportional to the original latent image density. In general, in tripack emulsions the dark silver
LI NI AOf Sa 3IShi daof Sk OKS KissoMing thain idudcésSvid bathg, Bavifig? NI |
the emulsiononly the color dye cloudgswhichare then the soleresponsibleof producingthe 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 famiék[39] are indamines, indophenols,
indoanilienes (inluding yellow acylacetanilide dyes anehyroxy2naphthamide cyan dyes) and
azomethines (including magentayclic chain pyrazolone dyes, created by a coupler with active

methylene compounds into an open or cyclic chathg last two groups were the mbselevant
14
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Fig.8. Generic structures of photographic couplers: (for yellow dye formation), Pyrazolone (for magenta dye formation)
and XHydroxy2-napthamides (for cyan dye formatian)

In tripack filmsdyeshad to be immobilized into each one of three emulsion sublayexin orderto
prevent them to be washed away oto passfrom 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 bight babnce in hydrosolubility,
adjusted byincluding hydrophilic substitute groups (such e8OOH andHSQ) in the dye moleculg

as well ady the presence othydrophobic oily ballasting substances (usually hydrocarbons of 12 to
18 carbon length), thus ensuring the ndiffusivity of the dye through the swollen gelatin layers
during aqueous bath processizg].

Chapter 3Physicochemical characteristics of cellulosic materials employed as
photographic bases

Physicochemicalproperties of cellulose are briefly revied here, to help understand the
characteristicof the derivatesusedas film bases

3.1 Cellulose

Cellulose a linear polysaccharide, is aniral homopolymer composed by repeatingabhydro
glucose(D-anhydroglucopyranose) monomeric units, whiggsume a chair conformatigoand are
linked one to the nextafter a 180° rotation i K NB dza K, glycosididbond. This conformation
allows to minimize steric repulsion. Celluloseinsoluble in both water and main organic
solvents with the exception of some ionic liquids

Further propertiessuch as the degree of polymerization (DP, the term that describeketigth of

the polymeric chairj#0] depend onthe source an extraction process. Cellulose is mainly obtained
from wood and cotton pulp primary sourdd€]¢[42], being the most abundant biopolymer on
earth, renewableand biodegradableCellulose extracted from natural sources ha®R ranging
from 100 to 1000 units depending on the soait@nd extracting methdd 3].

In celluloseeach polymeric chain is asymmetrical and has manomericunits, a reducing and a
non-reducing onethe first one posses a hemiacetal functional group in C1 positiomhereasthe
secondone hasan hydroxyl group i€4position (Figure9).

Threeof the carbon atomsn ach monomer group arinked toan hydroxyl groupgOH) being these
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primary carborC6and secondary carbortdzand C3.Hydroxyl groups arecatedin anequatorial position
respect tathe middle plane of the monomeric unit, whereas H atomsadaeedin anaxial positionHydrogen
bonds can be easily created between linear cellulose chétigure9).

Non-reducing end Cellobiose unit Reducing end

H

- [ntrachain H bond = |nterchain H bond

Fig 9. Chemical structure of the intra and inter cellulag®ain hydrogen bond networkighlighting reducing and nen
reducing end$44].Figure taken from Jones and Brischke, 705}

The physicochemicatharacteristicof cellulosecan bemodified depending on the distributiomf
the inter- and intrachain hydrogen bond®ueto this bond network,cellulose chains aggregaire
microfibril arrangementswhichthen groupinto fiber forms (Figue 10)[40].

Cellulose la Cellulose Ip

¥ f}: ﬁ% Microfibril Bundle Primary Cell Wall
% @ %%%‘% Cellulose Microfibril —y % [

'— Glucose _l

OH
6
4 3 1
~o L HO' 2087~0”
£ o 5
Ho.
3 b e
| *

OH 1

Cellobiose

10" m 10°m

Fig.10. Structural hierarchy of cellulose organizatainvided byscale Figure taken from Rongpigi et,&019[46].

Furthermore, non-covalent interchain interactions, such dsydrogenbonds andVan derWaals
interactions inducecellulose chains to assume ordinate or disordinate conformatioespectively
calledcrystalline or amorphous regiorigigue 11).
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Fig 11. Schenatic representation of crystalline (1) and amorphous (&llulose chairregions in native cellulose
microfibrils Image taken frontoelovich 1999[47].

Crystalline cellulose exists in several polymorphic fomtgch differin dimensionof the unitary
cells, geometry, cha orientation and polarity40]. In nature, cellulose is found in the stglline
cellulose | form, a mixture of cellulosk h triclimic structure) and celluloe L i morclinic
structure)[48].

Cellulose | can biereversiblytransformed into cellulose I, a more thermodynamically stable form,
by means of a alkalinetreatment usinga concentratedNaOHsolution or by precipitation from
solution (regeneratior). Other four cellulose polymorphisms exidti, Iy, IM e IM, obtainable
through different treatmentf40], [49] Cellubse derivates are easier to usand manipulate in
respect to thenatural polymer.All cellulosederivatesare obtained fromsubstitutingone or more
hydroxyl groups with a different function

Theaveragenumber of substitute groups per monomeric unit is call@egree of Substitution or DS,
which ranges fronzeroin cellulo, to three for completelysubstitutedcellulos¢41].

3.2 Cellulosenitrate

Cellulose Nitrate (CNis the derivate of cellulose where hydroxgtoups GH in the anhydro
glucopyranoseing aresubstituted by nitrate group®-NQ; (Figue 12).
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Fig. 12.CN repeating structuréDS:2).
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CNwas initially the most important andcommon inorganic derivate of cellulosemployed for
commercial purposes due to its physical properties and toa[50]. However, due to its high
flammability, its use for photographic film productiowas progressively reducedand then
abandoned CNis a colorlessnechanicallyesistant but flexible polymer if a plasticizer is added to
it[21]. CNresoftens at 8680°C,becomes liquid at 150°@nd burs in air at 160°CCNsolubilizes
easilyin most polar solvents and swells in aromatic hydrocarbdmsit is resistant to water and is
relatively unsensitive towards diluted acids and bagdsqg CNis no compatible with most natural
resing50].

To indicate the nitration degreeof CN in the industrial sectpthe nitrogen percentage is used
nitrogencontent of approximatelyl4%equabk aDSof 3.0, whereascirca 1L%of nitrogencorresponds

to a DSof 2.0. Cellulose nitrate isa very unstable and explosivenaterial therefore, the most
commerciallyused CN species is cellulose dinitrate, which although-explosive,is still highly
flammable, with nitrogen content 0f0.7-12.2 %.The flammability of CN can be deduced from the
D350]¢[52]. Cellulose nitrate issynthesizedfrom cellulose by nitration: celluloséibers are
immersed into an aqueous solution of nitric a¢ldNQ) and sulfuric acidHSQ) a 20-40°J50].
Nitration of cellulose is a kind efterificationreaction towards equilibriuniSchene 1):

ROH+2HONQ@ RONQ+HO+HONO

Schene 1. Nitration of cellulos.

The reaction is reversible in water and thedrolysisof nitrocellulose can be eompetitivereaction
which can determine the degradation of the polymédependingon the direction towards which
the equilibrium is inclined. Sulfuric acid favangration reaction, by swelling cellulose fibers,
allowing foran easier penetration ofitric acidin the chaifjl4], [52] The concentrdion of nitric
acid influences the obtainable degree of nitration

After washing the product to removthe acid excess CNis stabilized byimmersion in aboiling
sodium carbonate solution(N&CQ)[52]. Initially, CN was employed for producing military
explosivessince it showed high flammability in hum@hvironment$21], [51] It was aly until it
was discoveredthat CN could be adequately stabilized by the addition of camphor indd
proportion to produce a mixture called cellulgidhat it started to be employed to produce
photographic filmsupports Thismore stable plastic mixturevas obtainedmixing camphor, ethanol
andcellulose nitrat¢51].

Camphorhasexcellentplasticizng properties toward<CNdue to itsdeep-penetration capabilities
however, it showsa high volatility asit changes phase from solid togaswithout becomingliquid
(it sublimaes) & room temperaturg11], [14], [53] Camphoris aresinderivae from evergreen
cinnamomumcamphordl4], and its primarystructure is 1,7, trimethylbicice (2,2,1) epta2-one.
From a chemical poirof view, it belongs to the family of terpenoid&igue 13)[14], [51]

18



(0]

Fig 13.Chemical structure d€amphor

3.3 Cellulose acetats

Cellulose acetatéCA)is the organic derivate of cellulogewhich the hydroxyl OH groups have
been substituted lg acetyl group$3-(C=0)Ct{Figue 14).

o) CH,

1, 0

e}
o}
2

H
6]
o HsC o
CHs

o

— —In

Fig 14. Cellulose acetat@epeating structure (D).

At an industrial levelCAis produced by homogenous or heterogeneous acetylation of cellulose
using acetic anhydridé€CHCO)O)and sulfuric acidHSQ)[54], [55] Hidorically, CAwas prodiced
though three industrial processewhich differ by the solvent of choic&he acetic acid process, the
methylene chloride process and the heterogenous procAssong these, the acetiacid method is
the most employedone for producing commerciaLA The processncludestwo main phases
acetylation of cellulos¢Scheme?) and cellulos triacetatehydrolysis(Scheme3.3.2).Forobtaining

the bestresults from acetylation, primary cellulose mustdgjectedto an activationpretreatment
whichincludes mechanical disintegratigrreswell inaceticacid and mixing with sulfuric aci8uch
pretreatment allowsfor more homogenous accessibility to hydroxyl groupsis is followed by the
acetylation phasgeconsisting in an esterificatiaeactiori41], [55}

ROH+H,SQ + (CHCO)O MR (OSQOH)+2CHCOOR(OSEDH) + (C,COYO

R(OS@O) + CHCQO(H) (CHCOYO(H) + ROHMHR-OCOCKH CHCOOH

Schene 2.Generalmechanism of cellulosacetylation.
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The hylrolysis ofcelluloseacetaie occurs mainlyn acidconditions and is interrupted according to
the desired degree o$ubstitution PS),i.e., the average number of acetyl groups per anhydrous
glucose uni{Scheme 3)

ROCOCkHFH:O" ROH+CHCOOH
Schene 3. Cellulose acetate hydrolysis

When the desired product is obtaineimust be precipitated washed anddried. Simultaneously,
part of the acetic acid can be recovered and recydétedanew synthesigi1].

CAis characterized by low toxicity and flammabikiyrien compared toCN it shows alsanoderate
medanicd resistance and low production costs. Thanks to these propeitibsis beenemployed

for awide variety of applications including cigarette filters, textile fivers, surface covering, films for
food packagingLCD screerend photographidilm base$41], [54], [56], [57]

The characteristicoof CA and therefore its applicationgjependon its structural factors such as
degree of polymerizatioDP[42] and degree o$ubstitution(DS 1], [55]

Tale 1 reports onDSand thecorrespondingvalue of the percentageontent of acetyl groups and
aceticaad according toeachCAspecies

Compound DS Acetyl content Aceticacid content
Cellulose 0 0.0% 0%
Cellulose

1 21.1% 29.4%
Monoacetate

Cellulose Diacetate

4.9% 48.8%
(CDA) 34.9% 8.8%

Cellulose Triacetate

44.8% 62.5%
(CTA) 0 °

Tablel./ St f dzf 2 &3S, ac&dSgidupiaSesiic acicconcentratiorf41].

Equationl shows thatDSis directlyproportional to percentage contenf acetylgroupg41].

162 X G/UAceryl

DS =
1) (43 x 100) — [(43 — 1) X %acetyi]
where:

i 162is the molecular weight of the cellulose monomer
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1 43is the molecular weight of the acetyl group

q Yncetyiis the weight content of acetyl groups

Comparedto celluloe, CApossesses a less crystalline structuaeetyl groups alter the structural
organization(constitutional conformational andonfigurationalregularity) of cellulog, modifying

inter and intra chain interactionAs acetyl groups increaserystallinity decreasesand volume

increas¢41], [54], [58] CAis thereforecharacterizedy an important network of polainteractions,

constituted by hydrogen bondsand dipole-dipole interactions though which the polymer is
stabilized(Figue 15). The strength and density of the network of hydrogen bond$epend on the

quantity of hydroxyl groupsO-H, whereas the strength and density of the network dipolar

interactions are strongly influenced by the amountf acetyl groupsO-COCH| defined by the

D3S41], [55]

[o]
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Fig 15. Chemical sucture of the intrachain hydrogen bondetwork of celluloseacetae (DS:2.49%1]

3.3.1Additives forcellulo® acetate

CAis a semicrystalline polymeand to be thermically manipulated needs additive such as
plasticizers and flame retardants, because its fusion temperat{li® is too close to its
decomposition temperaturéTa)[59].

Plagicizers

Masticizers are generally molecules of low molecular weight added to the polymer to make it more
flexible, durable and workable,by lowering its glass transition temperatur@g)[60]. The glass
transition temperature (J) of the plasticized polymedepends on the amounts andy Bf the
respective components of the forue[41].

An idealplasticizemmust be highly compatible with the polymeat mustgrant enough flexibility to the
material for a wide temperature range, it must be colorless, chemically stable, lightiast, not
suffer frommigration, lixiviation, nor induceacidity in tre mixture,and it must beinexpensve and
ecofriendly{41], [6]].

Experimenally, it has beenobserved that the plasticizer interacts only with the amorphous phase
of polymersby placing itself between the chainsreating different kinds of polymeplasticizer
interactionsandincreasing the free volume of theystem(Figurel6), whereaghe crystalline phase
remains unalteref#t1], [53].
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Fig. 16. Representationof plasticizer moleculesd] distribution among the polymechains Taken fromLambert and
Wagner 2017[62].

Dependingon whether the interaction between polymer and plasticizer is covalent or not,
plasticizers can bdivided intotwo categories,internal or external Sometimes internal and &ternal
plasticizersare used in binary or tertiary mixturas orderto improve ther efficiencyand reduce
productioncostg41], [63]

Cellulose acetate is often plasticized will®-40% weight of plasticizer for producing film and
sheet$55].Typical plasticizers compatible with cellulose acetate are citrates, triglycamdsmost
importantly, phthalates and phosphates.

3.3.1.1Phthalateesters

Phthalate esters are a class of organic compounds with chemical fo@steCOOR) widely used
as additives to confer durability and flexibility topalymeric material Dimethyl phthalate(DMP),
diethyl phthalate(DEPanddibutyl phthalate(DBP)elong tothis clasq64].

Plasticizers from the phthalate kind wemgidely used forproducing 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 hysvidsl in CA
cinematographicfilm base§65], by Curran et d66Jand by Mitchell et aJ67]as the one of the
highest emissions itridimensional CAobjects and thin sheetsand their presence caalso be
deducedby detection of their degradation products, benzoic acid methyl ester.

Phthalates with higher molecular weight such asitiylhexyl phthalate (DEHP), dioctyl phthalate,
diisobutyl phthalate, as well as their degraduetiproducts, could be preserbo in these kind of
object468]. Kemper and Lichtbl§63] used GCMS after solvent extraction to detect them in a set of
16 acetate sheets,-¥ay and motion picture film rolls with different grades of degradation dating
from 1948 to 2016. Instead, Mitchell et [&l7], after analyzing the headspace of muentury
developed photographic negatives, reporteehéxanol 2ethyl assign of DEHP plasticizer, without
reporting the detection of theactual plasticizer nor the remaining basic structure of the phthalate
after breakdown.
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Diethylphthalate is one of themost employed phthalic esteffer the productionof plastics, with a

wide range of applications in agriculture, industry and domestic spaces. It was one of the mot
common plasticizerdor CAuntil the end of the 20th century; however, due to its toxicity its
industrial use has been progresdiweeduced, favoring instead more edoendly plasticizers.

Indeed, many studies show th&EPcan cause serious environmental and health problems, as
polluting and irritating age#1], [69k[71]. DERs a low molecular weight compour{@22 g/mol),
found at room temperature as a colorless oily ligwdh a characteristic smellt mixes well with
organic solvents, partially mixegth aliphatic solvents and cannot be mixed with water2&fC It
shows a density equivalent tb.12 g/cn? and a vapor pressure @.002 mmHg ©25°C,a fusion
point of -3°Cand a boilingpoint of 295°@41], [61], [72] From a chemical viewpoint, it is the diester of
phthalic acid and ethanol, and it is constituted d&ayaromaticring in which two hydrogen atoms in
ortho position are substituted by two chains of esterified carboxylic g¢iggre 17).

O
0" N
O\/

0
Fig 17.Chemical structure of diethyhthalate

CAfilms cancontain around20-40% weight of diethyl phthalatg§64]. Experimentallyit is known
that when the weight content of DEhcreasea, Tg of the plasticized cellulose acetate tends to
decreaseHowever,in previous studies it has been reported that at concentrations higher gt

in weight, two different Tgoccurdue to a separation phaghat is created between plasticizer and
polymer, whileat concentrationdower than25%in weighidiethyl phthalateshowshigh compatibility
with the polymer andt is absorbeddy active sites in it resulting in a singlgbeing observed41],
[57], [73]

Dipolar interactions are created between cellulose acetate and phthalate ester plasticizer
molecules through hydrogenracceptingcarbonylgroups (C=0O)xand the hydroxyl group8OH)f the
involved species. Theseinteractions and the hydrophobic character &EP influece localy the
molecular mobility andhinder the access of water moleculds lateral acetyl groupsteducing
humidity absorption in cellaise acetate film$59], [73]

Flame retardants

Most substances catch fire if exposed to high thermal sfiégggand many polymersincludingCAcan burn

at high temperatures or feed the combustion when they come in contact with flames. To avoid this,
flame retardants are usedo A Yy ONB I &S (G KS LIRfe&YSNRa NBarxadlyos
A flame retardant is not expected to keep the material from catching, fout to slower the
propagation of flames and avoid long burning tenéhis is achievedy reducing at leasbne of

three elements necessary for fire to appear, i.e., fuel, heat and of$8&rmAn external source of

heat is necessary to bur@A the heat leads the higimolecular 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 mateial is combustinfy4].

Some flame retardantsict throughout the inhibition of radicals in gas phasgreleasing acids
during combustionsuch as halogen©ther type of retardants produce nesombustible gases and
dilute the amount of fuel or oxygerYet anothe kind of flame retardants reduce the speed béat
releaseduring combustion, influencing the path of heat transfer towards the polymeric substrate
whereassome flame retardants form a layer of foamycarbon over the surface of the burning
material to reduce the propagation of the flame. Carbon redumeath the heat transfer throughout
the polymer,asthe diffusion of oxygen and fuel, delaying combustion.

An ideal flame retardant should be thermically stablewsrking temperature, have long term
compatibility with the polymer matrix, keep or improve the mechanical properties of the polymer,
and not represent any health rigid].

3.3.1.2Phosphateesters

Phosphate esters are a group of organic phosphates with ger@raufa P=0O(Of{75], which are
mainly employed agireproofing and flameretarding agentfs3]. Some ofthe compoundswhich

belong to this family of phosphoric acid esters #@rethyl phosphate(TEP) antriphenyl phosphate
(TPP),the resorcind bis(diphenyl phosphate) (RDP)and bisphenol A bigdiphenyl phosphate)

(BDP)B4], [74]

At the early twentieth centuryTPPwas employed aglasticizer and flame retardant foCNfilms
replacingcamphor, and lateon, it wasalsousedas additivefor CAfilmg[75], [76] TPP isound at
room temperaturein crystal formas a transparentsolid with a characteristic smelkypical for
aromatic substancgg6].

From a chemical point of view, TPP is the triester of phosphoric acid and phenol, and it is constituted
by a phosphate groufPQ¥) to which three aromatic rings are bond¢gigue 18).

Fig 18. Chemicaktructure of TriphenylPhosphate(TPP)

Owing to its chemical structureTPPis soluble in non-polar solvents such a$enzene and
chloroform, solublein polar solvents likeacetone,moderately soluble iralcchols and it isnot water-
soluble It has amolealar weight 0f326 g/mol,adensity of 1.2 g/cn¥, avaporpressire of 0.000002
mmHg & 25°Camelting point of 49-50°Candaboiling point of 244°61], [72], [75]
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TPPstarts to decompese at 600°C generaing aromatic hylrocartons such asnaphthalene
phenanthreneand anthracene as well asoxygenated aromatic compounds such as pbleand
phosphoric este§g7]. TPR as allflame retarding agents containing phosphorusatayzes the
formation of carbon, which isolates the surfagkthe polymer fromboth oxygen and fire heatand
slows down the release of volatile produatéich mayact asfuel[53]. TPPis also employed aso-
plasticizr to stabilzemore volatile plasticizers such BEP oDMP.

CAfilms can ontain 10-20%weight of TPP64]. Weak interactions can be created betwe€Aand
TTP plasticizer moleculeSeveral flame retardants are strong hydrogen bonding agemten at
higher temperatureswater content boils, the bonding mediunbetween hydroxyl groups dhe
cellulosic materiabecomes the flame retaling agent, which stabilizes the polymer reducing its
volatility and thus its burnabilify 4].

The intermolecular hydrogen bonimcludes theO-H and P=Ofunctional groups ofCAand TPP
respectivelythrough the electroraccepting phosphoiThese interactions quicklyiminish with the
increase of the TPBoncentrdion; this may be due to the difficulty for the relevant functional
groups to organize themselves immediate vicinity. Dipole-dipole interactionsinvolve polarizable
functional groups such a&=0and P-O-Ph and are amplified with the increase of carbonyl groups
present in the polymerin CTAthese interactions are quite strongjving rise taa high compatibility
with the polymereven when thenumber of centersof Hbonding such a®Hgroups are present in

a lower quantity[78].

3.3.1.3Butylated hydroxytoluene (BHT)

Among the additives employed for the manufacture akllulose ester films during history[13],
sterically hindered phenolgere used as antioxidant agentButylated Hydroxytoluene (BHTfigure

19) is the main one amog these class of varied substances, with other common examples being
hydroxyanisole (BHA), tertiatyutylhydroquinone (TBHQ) and gallateBHT antioxidant and its
degradation products have been reportedly detected fragllulose acetad emissionsby SPME
GCM$7], [68].

Fig.19. ButylatedHydroxytoluene (BHT)

BHT andbther hindered phenols represenatives undergo similar reac{io@p(Figure 20)Each BHT
molecude can convert up to 2 peroxyl radicalsmingfrom the photooxidation ofcelluloseacetate,
turning them into hydroperoxides, and inhibiting the autooxidation of the polynidre resulting

oxytoluene radical products are very unreactive towgod$/mer chains due to steric hindrancand
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instead undergo a number of other degradation reactions. Ultimately all oxytoluene radicals are
transformed into dimethylbenzoquinone or other quinonoid structures.
OH o}

ROO" ROOH
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ROO AT
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OH 0
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| \_A
CH, OH o)

Fig.20. Main reactiongnechanism of BHT and othsterically hindered phendg9].
Chapter 4Degradationcauses of cellulosic film base materials: Statethe art

Over time, cinematographic filmswith cellulosic supports suffeirom inevitable decayproceses
caused bytheir intrinsic chemical constitutionthe environmentl conditionsexising during their
storage andtheir story ofuseandconservation

Therefore, toallow an accurate diagnosis amal propos adequate conservation and restoration
measuresfor films, it is necessary tainderstandin depth the causesand mechanismsof
degradation as well as the macro andicroscopicahlteration effect occurringon these materiak.
Most canmon degradationpathwaysfor cinematographicfilms are now described in order to
explain thephysica@hemicalchangesobservedin the support aswell as theapparition of typical
degradationproducts which should then be removedto ensure thebetter conservation ofthe
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object

These changesconstitute the core topics addressedduring the research linegegardingthe non
invasive diagnosis othe film base conditions and the development & green cleaning
methodologesfor removingalteration productdrom theseartefacts

4.1 Cellulose nitrate degradation

Photographic and cinematographiilms materials over CN bases are known to benot only
flammable but alsointrinsically unstable, mainly due todsedegradation mechanisms triggeréae
by thermal,photocatalytic and hydrolytic loss of nitro substitutive groups of the CN[B8%€eThese
proceses are due toendogenouseasons(the liability of the NO bond innitro groups ofCN, but
depend also on exogenousconditions, so they may develop quickly under uncontrolled stage
conditions Particularly, unventilated environments showing high temperature and humiditythe
presence of light may induce thieermal, hydrolyticand photocatalyticdegradationrespectivey.

Hydrolysis implies the heterolytic scission of tReD bond in the presence of amidity, and any
eventualpresence or residuesf acidmay catalyzét[50], [51] Hydrolysigmpliesthe loss of nitrate
lateral groupswith the resulting decrease of molecular weight of the polymer

Regardinghermaland phdochemicaldegradation, Selwitzaffirms thathomolytic scission of thal-
O bond may occuat temperatures above 120°C and when the molecule is exposéfMidgsible
radiation51]. Photochemicalor thermal degradation ofcellulose nitrate consists in aadical
mechanism through whid the N-O bond is homolytially broken, with the formation of very
reactive radical specidfigure2l).

Fig2l.CNRa K2Y2fe@dAO0 GKSNXYIf O0NBI1R26Yy YSOKIYyAaAYD

One of the first products of thermal degradation is nitrogdioxide NO2 , among the most
reactive and toxic oxidizing agentthere are It can be identified by yellowishvapors and
characteristic sme(lL4], [16], [23], [50], [52]

Thermal decay is autocatalytic, in the sense that decay products tend to aggravate the condition of
CN The firstN-O bonds to be broken are those involving secondaityate groups, i.e., those linked

to carbon atomsG and G, whereasprimary nitrate groups, bonded toarbon atomGs, break yo with
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temperatures over 135°Q50].

Regarding its lighsensibility CN is particularly vulnerabl®wards radiation with wavelengths
between 360 and 400 nm / b Qhotochémical dgradation is similar to its thermal degradation
and, according to some publications)eads to the formation of carbonyl groufgSchemet, 2a,4)
[14], [23} whereasat shorer wavelength (higher energypdiation, cellulose ring disintegrates
too[14], [51]
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Scheme4. Radical breakdown mechanismaflulose nitrate

Yellowing and color change of the polymeric bam® typical symptoms ofphotochemical
degradation, attributable to the formation of conjugate structuresich as polyenes and double
carbon-carbon bondsconjugated to carbonyl or aromatic group&long photodegradation the
number of conjugate structures increases and color change occurs from transparent to yellow, to
orange to red, to brown andblack as radiation at longer wavelengths aiacreasingly
absorbed50].

After all those processesnvolving theloss of CN2 nitro groups, the resulting NG gasescan then
react with water from the surroundingenvironment leading to the production ofnitric acid (HNQ)
aswell asnitrous acidHNQ) (Schemeb)[14], [23] These acidsontinue tocatalyzethe hydrolytic
loss of nitro groups in the Gdblymerand further deggrade thefilm.

2NGQ + H0 M HNG + HNG
Schemeb. Acid formation upon loss dfitrate lateral groups fronCN.

In the end film bases affected bysuch degradabn mechanism$ecomeincreasinglydeformed, frail
and brittle. Thefrailty of CN basesnay be aggravated bythe loss ofcamphor plasticizerfrom the
film, as campor tends tograduallyrecrystallizein proximity of microfractures, impurities, antb be
expdled into the surface where it sublimates at room temperatureEventually, degraded CNilms
breakdown to dusf80].

To avoid the complete loss of thimagesrecorded on these films, their timely scanning and
digitalization is a priority for cinematheques, libraries and other institutions safeguarding such
audiovisual archivg81].

However,films which have already underwent some degree of hydrolytic degradation of @iir
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basesmay suffer also from the softening of their gelatin emulsionsvhich constitutesa serious
drawback for their scannhg. The softening of gelatin ocars due to a decreaseon the pH to
conditions more acidic than thesoelectric point oftype-B gelatinin the photographicemulsion At
this point, the gelatin molecule becomes positively charged, ampulsion forces betweerharges
slightly uncoils thenolecule facilitating gelatin solubilizatioi30]. Nguyenet al. have suggested also
that NQ species promote the hydrolysis of hardened (crlisked) and unhardened photographic
gelatirs, lowering their molecular weight and their visco§2§).

Gelatinemulsionsoftening is a serious drawback, because upon becoming morethiisianaterid

can easily migrate laterally whehe film is pressuredand 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. Tiséoadhe

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 consistenty said object is calledthe d K2 O1 S &
LJdzO1 €[80R G I (G S

4.2 Cellulose acetate degradation

Just like photographic and cinematographifilms with CN bases films with CA bases shows
spontaneous and progressiahemicaldegradationmechanism. These processes are determined
by the chemical properties of thelasticcompments themselves as endogenous caus and as
exogenouscausesthe environmental conditions towards whic8A isexposed with humidity,
temperature, atmospheric oxygen and light radiatias main determining factors whichcan
promote CA2 chemial degradatiorj82].

The main degradation pathwaysfor CAhave been summarized by Nunes et ahd considerswhat
had been previously proposed in literaturby Ram[83], [84Edge, and Aller{85], as well as
calculations by Knigf86] and Ahmad et al87].

The first and most commodegradationpath 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 prevailthis mechanism may be triggered m®sidues coming from the
manufacture process of the polymesuch asacetic acid CHCOOHDYr sulfuric acid (k8Q) [55] .

In particular, the process starts by the protonation of the ester carbotgdding to bond cleavage,

the release of volatile acetiacid and the formation of an hydroxylgroup, with the corresponding
decreasan the DS ofCA which pogressiely reverts backinto cellulosg¢76].

Therefore, the continuous formation of hydronium ions and acetic acid is said to be autocatayti
they repeatedly catalyze the deacetylation of the CA chain, making it easier for the heterolytic
scission of ester bond (O=0)to occur, thus promoting the formation of more acetic acid. This
phenomenon(Figure22), typically characteristic oEALJ2 f @ YSNBA X Aa 0O02YY2yfeé |
A8YRNRYSEéST T2N A lact@ladedisBcvindpdt SmelRA F FdzaA 2y 2 7F
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CH, H—O  CH,
DS 2 O\ DS 1

Fig.22. The most commona@d-catalyzed hydrolysisiechanism otellulose acetate (DS:2)

Acetic acidwould bethe mainvolatile released from the first hydrolytic degradation mechanism of
CAbases, which lose the acetate functiorggbups; acetic acid indeed has been reported to be the
main emissionrbm CA objeci$6], [67], [88]

Interestingly enough, Curran et al. [10] detected also ethyl acetate as secondary emission around 12
minutes of retention. Probablthis product comesfrom the loss of the acetate side group linked to
non-cyclic Gand G carbon atomsn CTA

| OAR Ke@RNRfe&aAaA YI e I £ a2 -1, phdssis bdnk SausidgNddain] A y 3
depolymerizatiof23], [76], [89] In this secondhydrolytic decay mechanism, the breakage of the
SGKSN) 3t 20234ARA0O 02yYR 2F GKS LRft@YSNARO ol O1062
4.) The hydronium ionsausethe scissiorof the main chainandthe formation of hydroxyl groups at

C1 and C4, with further productiasf hydronium ions. This reactionassoautocatalytic

Regarding CAQ hydrolytic degradation, it has be@ hypothesizedthat DiphenylPhosphate(DPP)a
strong acidoriginating fromthe acid degradationof additive TPR, couldact ascatalystfor the CA
acidichydrolysisreaction®, although thisis contested[55], [57], [76], [90](see Figure24 below, in
the section corresponding to additivess.

Photochemical decagf CAcan occurinsteadin the presenceof oxygenand far (highly energetiq
UV radiation in case the polymer containssubstances that act asphotosensitiers,
photodegradation may occulsoin the presence ofadiation with a wavelength<»x275nm[91].
This reaction produce peroxide substituents @A as intermediate product, which otheir turn
catalyze further degradation of the polym¢92]. This process consistsn a stepwise radical
mechanism by the formation ofvery reactive species of low molecular weigh andreasingly
oxidative powey such as alkyd radicats w h pevoXides6 w h had &dehyde§RCHO)as the
polymerstructure breaks apaj23], [55]

CA +Q A CAhh
CAOO A CAh h I/ ! b /
CAOOH A chain scission and generation of degradation products

Schemeb. later stages of CA photooxidation
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Macroscopically, the polymer begins to yellow and discolor as photodegradation advénicas
been hypothesizedhat an oxidative attack on CA at advancddges of degradation would create
formic acid, oxalic acid, and aldehy{tss

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 condifi®8k

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

Another symptom of decay of CA film basesis ther loss of plasticizerand flame retarding
additiveg55]. Due to deacetylation in the CA clmaiand aependingon the kind ofinteraction that
links the additive towards the CA polymer, as well asits volatility, its structural and chemical
characteristicsplasticizerand flame retardnts may spontaneously migrate from the polymer bulk
towardsthe surfaceat the backof the film base(or become trapped between th€A base anthe
layers above,creating bubbles emulsion detachmentsand other problemg. In the case of
phthalates,migration maycauseoily and sticky residuesver the film capable of accumulating dirt
and dud, whereas TPP migration createsicularcrystal blooms on the surfad&3], which may
appearmacroscopicallyvhitish and shiny

Plasticizeoss changs the physicalproperties of the CAvolymericbase which shrinks, stiffens
and eventuallybecones very fragile andhindersthe digitalization of theilm@ content due to the
appaition of superficialmaterial depositghat interfere with its proper observation

The loss of plasticizer may be caused byedtffit factors Structural changes in the CA polymer and
its chemicaknvironmentmay compromise the stability of the plasticizer; and a plasticizer no longer
compatible with the new chemical properties of the polymer bulk may migtateardsthe base
surfae to crystallizeor evaporat¢s57], [90], [94] McGath suggse that the decay of CA films
containing TPP seems to bejplified by the mechanical stressexerted upon recrystallization of
the additivg76].

Researchesoncerning foodbackagig have found that phthalate plasticizer migration depend on
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pH, with low pHbeinga stimulatingfactor for the migration of these plasticiz¢rs], [95]

At room temperature, TPPin acid solutions is hydrolyzegry slowly to producgghenol andDiphenyl
Phosphate (DPP seeFigure24)[77]. DPPis a strong acidihich could contribute inacceleraing the
acidhydrolysisof CA55], [57], [76], [90]

0o o

o—FP.,, 0—FP. H OH
4 IIO/@ o
Sar O (Y

TPP DPP Phenol

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

The RICORDAG@Itoject aimed to identify innovative solutions for the preservation of film heritage
collaboration with the restoration laboratory of the Cineteca di Bologrisnmagine Ritrovata
putting particularemphasis orfilms possessingellulosederivativepolymeric bases

Theresearchhad as objectiveto develop effective, accessible, fast, a@te norrinvasive and non
destructiveanalytical methods for the characterization of cinematographic film bases, as well as
monitoringtheir condition. In particular, it aimeat testingtwo miniaturized portable spectrometers
working at different portionsn Short Wave Infrared (SWIR) rangeadentify the kind of polymeric
basewith the aid of multivariate analysis of the datand employ them tocreate a diagnosic tool to
measure the Degree of Substitution (DS)ceflulose acetate(CA)film bases asa method for
monitoringtheir conservation state.

The workalsoaimedto prove the effectiveness and safetiywards the object and theperator of
new green methods to cleathe surface of polymeric film support@low their scanning these
includedthe use of Deep Eutectic Solvents (DieE}he removal of softened gelatiresiduesfrom
cellulose nitrate(CN)film supports as well aghe application é green volatile solvents and new
electrospun nyloriber mats for the safe removal ofiphenyl phosphate lmomsCAfilm bases

These research lineésvolvedthe study and treatment of real historic cinematographic film samples
of different typologies, as well gaire analyticalreferencestandard of their congituti ve materials
which were characterized by complementagchniques, principally Microscopyand Md-Infrared
Fourier Transformed SpectroscoffiyT IR
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Part Il Experimental part

Chapter 1A newminiaturized short-wave infrared (SWIR) spectrometer for esite
cultural heritage investigations

1.1 Abstract

This chaptesshows thecapabilities ofa newminiaturizedshortwave infrared (SWIR) spectrometer
for the analysis ofinematographidilm samples.This spectrometer is a prototypeharacterizedy

its small dimensioa (45.0 mm in diameter x 47.5 mm in height x 60 g weigtd)f can beeasily
handled andtransfered out of a research laboratgr. The prototypeallows the acquisition of
spectra in the SWIRwinge (12092200 nm),somethirg uncommon amongortable spectrometers.
This spectral range allows the detectionsefveralcombination and overtone bandsvhichgrantsit
significant diagnostic powerThe present studyhelps for the development ofmonitoring and
identification strategiesbased on miniaturized NIR spectrometers working in the SWIR spectral
range for the characterization ofpolymeric basesin cinematographic and photographic figm
safeguardedn cultural heritage institutionssuch asarchives, museums and cinerhaues The
analyticalperformanceof the new spectrometewasassessen a corpus ofeal cinematographic
films. Theaccuratecharacterization of te polymericfilm basein valuable historicafilms such as
the onesselectedascasestudiesfaceschallenging conservation issues ryat properly addressed,
as the analyss of such kind of filmsisually require to be performed onsitéar from benchtop
laboratory equipment desirabl in a nonrinvasve wa. The data acquired with theested
prototype, combined with a multivariate data analysis approach, show the possibility to
differentiate between the materials used as a support for cinematographic ies namely
cellulose nitrate (CN), cellulose acetates (CA) and polyethylene terephthalate dBEIl ador
assessing the state of conservation of tbellulose acetate filmsThe prototype enabled rapid
information acquisition to guideonservation storagend digitalizationstrategies, which need to
be supported in real time by quick and easyimplementanalyticalprocedures.

1.2 Introduction

In general terms, cinematographic films are made up of a thick, transparent polymeric base, which
supports the thinner sullayers that contain the recorded image and/or sound. Three general types

of materials are used tproduce 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 hydroli@l$ [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, contrstiedge
conditions need be adopted, accordiro the type of polymeric base (such as the freezing of CN

! The work reported in this chapter has been extracted fritve already piblished research articléE. Catellet al> ¢ !
new miniaturised shortvave infrared (SWIR) spectrometer for-site cultural heritage investigi A 2Tglant &ol. 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 approactior 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 toan erroneous identification. Chromatographic techniques have also been
proposed for characterizing the polymers used both in animatiellsand cinematographic films

[15], [97] Howeve, chromatographic analyses in most cases are costly, long, and require complex
instrumentation and reagents, and they are invasive, requiring safgdgsin comparison,
spectroscopic analyses are a sierpand more accessible way to characterize film and animation
cell bases: Raman spectroscd®§], [99] FTIR spectroscopy in Transmission and Attenuated Total
Reflection (ATR) modE¥], [99], [100]and NIR spectroscopy have been proposed. However, these
techniques involve several drawbacks such as thepumtability of the instruments, the danger of
damaging the sample during the analysis, or the occurrence afeficence 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 usstk @m a completely non
invasive way.

In order to offer asuitable 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 ¢EBID nm) has had a late and slow
introduction, and only in thelast deca@s portable NIR spectrometry habeen employed irthe
norn-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 stditdg, painting$102jand illuminated
manuscript§l03], [104]using optical fiber spot reflectance spectroscopy. The spectral range used
for the single point analysis varies according to the type of sensor spectrometerusieti,usually

are: 400c1000nm (VisibleNIR range), 781000 (NIR range), 10§0700 nm and 1052500 nm
(ShortWavelR rangeg)l05]. 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 constituefit86], [107]

The miniaturization of vibrational spectrometers and sensorsrhaslutionizedthe analytical field
and has led to portabilityto a simplified use through automation, artd a reductionin time and
costsfor the analysegd 08].

Miniaturizedspectrometers represent a new generation of portable diagnostic sygi€i§ which
can be associated withn easy interpretation of the results even by ngpecialist technicians. Near
infrared (NIR) spectrometers are used for developmigiaturized analyticalstrategies vinere no
sample preparation is requiredo measurements are fast and completely nmwvasivg110]. NIR
spectrometers have already been widely usadndustry for quality control via data processing
methods in agrofood [111], [112] and pharmaceutical researftil3], [114] as well asfor
diagnostic studies in forensic fie[d45].
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MiniaturizedNIR spectrometers could also repent 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 thischapterwe assess the potential of a newniniaturizedSWIR prototype for the qualitativen-

site investigation ofhistorical cinematographicfilms. The prototype is very small (45 mm in
diameter x 47.5 mm in height), weighs very little (60 g) areswssimple method based on bringing
the sensor into contact with the surface to lamalyzed The prototype exploits a SWIR range of
120052200 nm,an unique feature forminiaturizedNIR deviceswvhich usually have a limited range
between 900 and 700 nnjl116]c[118]. The analysis guarantees the good diagnostic power of the
data in heterogeneous artwork samples, exploiting a spectral range charactegzetigh number

of combination and overtone banfik19].

We believe that this is the first time that miniaturized NIR spectrometeworking in the SWIR
spectral range has been proposed the characterization otinematographic film

in an attempt to addresschallenging conservation issuefor cinematographic heritage
conservation, we a@nsideredthe specificneed for simple accurate and noinvasivestrategy for
the study offilm bases that to date have nobeen studied sufficientlyFa most of the analyzed
films selectal as casestudiesthere wasthe particular needfor analysigo be performed orsite at

the film restoration laboratoy, a place that is not easily accessibte scientists.

The NIR prototype enabled rapid informati@acquisition to guideconservationstrategies, which
needed to be supported in real time lopick and easy analytical procedures. We thus implemented
appropriatetailored-data processingnethods for the identification of the materials.

1.3 Materials and methals
1.3.1 MiniaturizedNIR spectrometer and data elaboration

The NIR prototype was designed by Viavi Solutions (JD8fpbration, Milpitas, CA)[3,6]. The
system measures thdiffuse reflectance in the spectral region of 12@860.5 nm(82784629
cmP ). It is cotrolled by a portable computer vielSBport. A linearvariablefilter (LVF) is used as
the dispersing elementLVF is directly connected to a X@Bel linear Indium Gallium Arsenide
(InGaAs) uncooled detector, which results in a compact device tdivgsten light bulbs were used
as the radiation sourceThe spot ofanalysis is approximately 3 mm in diameter.tAé collected
spectrawere recorded at a nominal spectral resolution of 7.68 nm. Spectrabsiused as the NHR
reflectance standard with 99#iffuse reflectance.

The spectrum acquisition was performed with an integration tim& afis and 1000 scans resulting
in a measurement time of 3 s per samplde MicroNIRPro software (JDSU Corporation, Milpitas,
CA) was usefbr data acquisition.

Multivariate data processing was performed by means dfonseMatlab routines (The Mathworks
Inc., Natick, USA). Suitable row pretreatmentye selected and applied en attempt to minimize
unwanted systematicvariations, which could affect the signals. In more detatandard normal
variate (SNV) transform was selected to correct bmth baseline shifts and global intensity

variations, while first Savitzkgolay derivation ws applied to enhance details within complex
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spectralfeatures €.g.,unresolved broadband shapg. Afterwards, thespectra range considered
was 1369.3,2122.1 nm Columncenteringwas performed prior to principal component analysis
(PCA).

1.3.2Cinematographic films

A total of 79 developed cinematographic film rolls or roll secticharacterizedby different
polymeric bases (cellulose nitrateCN-, cellulose acetates CA- and polyethylene terephthalate

PET-) were analyzed Samples belonged to different typologidgack and white color, negative

positive and intermediate elements) and mafacturing companies (Eastman Kodak Agfad,

3MO, Ferrani®, Pathe®, Orwa® and Fuf®). Preliminary information about the polymerimase
composition was obtained by films inscriptions and conventiom&chanical and visual film
examination. Accordingto#ira G 4 S 2F O2yaSNBI GA2Yy FALY al YLIX
LINE & S (Ua2@Rsémples, 19 CA samples, and 13 PET samplgs)RaBdd NI RSR¢ o mc /|
11 CA samples, and 10 PET samples).

At least five spectra from each sample were recorded bgipy thefilm between the spectrometer

and the goldcoated glass holder. Alilms were analyzeddirectly in contact with the polymeric

base.

1.4 Results and discussion
1.4.1Historical cinematographic films

Spectra of the three classes of polymers usefilasbases showed particular spectral profiles in the
NIR regiorbetween 1200 and 2200 nm, which enabled them to be identified (Table 2,5-A). 2
CN features diagnostic bands at 1423 nm (1st overtone of OH stretching), and at 1707 nm (1st
overtone of CH stretching)l20]. CA samples can be easily identified and differentiated from the
nitrocellulosebased films due to the characteristic double band at 1677 nm (1st overtone
stretching of CH120] and at 1723 nm (L overtone of CH stretchinff)21]. Finally, the different
chemical nature of PET bases led to a NIR spectrum that was very dissimilar from the previous ones
and characterizedby a very strong bandt 1661 nm that can be attributed to the 1st overtone of
CH stretchinfl22]. PET spectra were alstharacterizedby a band at 2138 nm due to the
combinationband of aromatic CH stretching and ring vibrafii28].
This simple identifiation 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 erstviple 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 baseg.(B.Q. The interpretation of the loadings scatter
plots (Fig. 8.D) enables the variables involved in the sample separation to be clearly identified. The
diagnosticbands at 1423 and 1707 nm (in the loading plot variables at around 1690 nm and 1400
nm related to bands after derivative correctiomlayed a crucial role in the separation of CN
samples, as expected.
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Scores on PC2 (19.6%)

On the other hand, CA samples wesbaracterizedby bands at 1723 and 1907 nm (variables
around 1707 and 1892 related to bands after derivatoorrection), while the PET basis can be
clustered thanks to the presence of bands at 1661 and at 2138 nm (corresponding to bands with a
derivativelike shape at about 1638 and 2114 nm).

The correct identification of film bases is even more important egrdded 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 classd3egraded films are characterized by a reduced mechanical
resistance, embrittlement, distortion and shrinkage, plasticizer exudation, dye fgditin
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Fig. 5. Analysis ofwvell-preservedcinematographic film sampleg\.- representative spectra of cinematographic film
support cellulose acetates (CA), cellulogteate (CN) and polyethylene terephthalate (PEBJfirst derivative spectra

of cellulose acetates (CA), cellulose nitrate (CN) and polyethylene terephthalate @PEOre plot of CA, CN and PET
samplesp.- loading plot of CA, CN and PET.
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Wavelength (nm) Assignment

. Polyethylene
Cellulose nitrate  Cellulose acetate terephthalate
1423 1415 1st overtone of OH stretchifig24]c[126]
1415 1st overtone of OH stretchifg27]
1st overtone of CH stretchifitR0], [122],
1677 1661 [127)[129]
1st overtone of CH stretchifit1], [126],
1707 1723 1707 [127], [130]
1799 q
1st combination of OH stretching and
1899 bendind130]

1st combination of OH stretching and
1907 1915 bending[123], [124], [130Rnd overtone
C=0 stretchin§l126], [127], [131]

1945 2nd overtone of €0 stretchingl23], [132]

2021 q

Combination band of aromatic CH

2137 2138 stretching and ring vibratida 23]

Table 2.Absorption bands in the NIR region of cellulose nitrate (CN), cellulose acetates (CAplgetthylene
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 (Fi6.A). Theseoutcomes may be related to the hydrolytic degradation observed in CA
degraded material®5]. To test the discrimination ability of the unsupervised model, a new dataset
was created, including both wadresened 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 wejbreserved and degraded samples (Ri§.Q. The limited dispersion of samples
belonging to the same class led to a good discrimination among the various polymeric classes. The
loadings plot (Fig26.D confirmed the diagnostic role of bands at 1661, 1707, 1723 and 2138 nm,
as previously described. Our NIR prototype is thus suitabléhe identification of the film support
irrespectively of the state of conservation
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Fig. &. Analysis ofdegraded and well preservedinematographic film samplesA.- representative spectra of
cinematographic film support cellulose acetates (CA), cellulose nit&Xg and polyethylene terephthalate (PEB);
first derivative spectra of cellulose acetates (CA), cellulose nitrate (CN) and polyethylene terephthdlxt€.{Bdore
plot of CA, CN and PET sampl&s|oading plot of CA, CN and PET.

1.4.2Conclusions

We have proposed a new SWIR portable prototype (£2@00 nm) in combination with
multivariate data analysis. Thigistrument is at the cutting edge of the development of
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miniaturized devicesand it can be used as an esitu, rapid, noAnvasive methodology for
identifying and differentiatingbetween different support materials usedfor the production of
historical cinematographic film The spectralange employed proved to be well suited for the
analysis of thewhole set of historical films selected as case stug as they all presented
characteristic overtone or combitian bands.

We believe that the results obtained using our methodoldgye important implicationsfor the
study and preservation gbhotographic and cinematographic filoollections The differentiation
betweenfilm materialswith different supports can help conservaton professional$o safely classify
the films. Thiswould improvethe resource managment ofa movie archiveregardngthe choiceof
safedy measuresand storageenvironmentsneeded for their film colletcion according to the
different chemical compositiontherefore reducingsafety anddegradationrisks

The advantages of the device in terms of cost, portability, ease odaudd be exploited not only by
conservation scientists but alsmnservators and conservatoestorers. 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 2A nonrrinvasive diagnostic tool for cellulose acetate filnusing 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 £HDQ The average number of OH groumsibstituted by
acetate groupss known as Degree of Substitution (DS).

Once mixedwith significant amounts of plasticizepi{osphates and phthalates, to name the most
relevant ones)CA was employed for producisgnglasses, combs, brooches and jewelisesaoften
imitating expensive materials like mothef-pearl, ivory or tortoiseshel|b3]. Since 1909 and
specially from 1948 onwarfis33], CAwas also usedbr producingtransparent and flexible bases for
LIK23G23INF LIKAO adzlJll2NIasz OFftSR aalkFfSde TFTAfvaé
CelluloseNitrate (CN)support420]. Therefore, CA is a very abundant material in cinematheques and
photographic archives.

Unfortunately, CA is also intrinsically unstable and hence, its use hagbegmessively reduced and
substituted with more stable plastics, such as Polyethylene Terephthalatd I1BHTLA objectpose
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 chaif23] (Figure27). The resulting G@00gases react with environmental water, producing
acetic acid, which further catalyze the scission of acetate groups and the hydrelytiction of the
molecular weight of the polymer; affecting sensible materials in the vicinity too.
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These mechanisms develop quickly undencontrolled 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
dusf135]. 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 regardirijsplay and storage conditions (e.g., for choosing separate, cool or
cold storageg10].

Usually, conservators identify the condition of CA objects frdwairt superficial appearance (luster
and texture), theirexpected degradation effectgnd theirsmell. Howeverpakedeye observation
alone is often unreliable because each object may render a wide variety of finishing appearances.

Considering that thdS of CA correlates well with the condition of the artifact, being hydrolysis its
primary degradation mechanisnthe measurement of DS in CA objects has been proposed as a
method to diagnose their conditi¢@3].

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 ascén@ipercentage

of combined acetic acjd21]. Nuclear Magnetic Resonance (NMR) ahcomatographic techniques

such asGas Chromatographic Analysis (GC) wwd ChromatographylC) have been reported to
accurately quantify DS in CA by measuring acetic acid content after removing any plasticizers by
solvent extractiofil36], [137] However, all these techniques require (sometimes considerable)
sampling, and such invasiveness is often unsuitable for the analysis of heritage .dbjgbesrmore,

the required sample pretreatment and experimental seps are sophisticatedand therefore, not

readily available for every museum in the world.

In previous research§?3], [54] Fourier Transform Infrared (FTERectroscopy both in transmission
and macro Attenuated Total Reflectan@TR) acquisition modegas used to calculate the DS of CA.

This was done by analyzing Microcrystalline Cellulose (MCC) and Cellulose Diacéatsga@iards,

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
Fa /h/ &GNBGOKAYILIMRNG &/ WS ¥ Rt AKS Gh 12 FAENBGOKA
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 diffel@nriditions 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 tiptlié 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 techique is constrained to approximately one micron depth from the sufeg8®], 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 (NIR9pectroscopyallows to registeiovertone and combination bandslated to a few
functional group molecular brations in thenearinfrared region (4000 to 12500 éfni.e. 800 to
2500 nm)139], thusenabling the chemical characterization of both organic and inorganic materials.
NIR spectroscopy is an extremely fast and -effgctive way to conduct molecular investigation of
polymers, particularly when applied in Diffuse Reflectar@equisition modeand it is now widely
employed for plastic waste classification at recycling faci|ti€g).

However, despite its low cost and ease of application, this technique hagyetobeen 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 taenpret when compared to the morstraightforward spectra
obtained from fundamental bands in the Midfrared range (400@00 cm?).

Neverthelessjn our previous paper(Catelli et al. 2020) NIR resultgproved useful forclassifying
heterogeneous artwork sampleshowing highly specific responses for polymers in cinematographic
film bases, which allowed for their identificatif@1]. The same research provekat, specifically for

film bases constituted of CAIR possessed diagnostic power for differentiating degraded CA films
from better-preserved ones,owing promising capabilities as a tool for monitoring the molecular
condition of this polymer, with the advantages of being a #morasive technique and requiring
inexpensive and relatively simpler instrumentation than FTIR spectroscopy.

For this reasonand aiming to obtain a fast and inexpensive way to monitor the condition of CA
cinematographic and photographic films in heritage collectioeshereby propose aaccurate non-
invasive method for diagnosing CA film bases, based om#asurement of the& DS by employing a

NIR calibration function built with acommerciallyavailable, portable and miniaturizedNIR
spectrometer This method exploits the hypsochromic shift experienced by the first overtone band of
GKS hl a0GNBUGOKAY3A acetdeSstaysywhich fallows g’deddegde in®S. 2 & S

The NIR spectrometer employed operatediffuse Reflectance over a range between 900 and 1700
nm (ShortWavelR), and being a small and light equipment (45 mm in diameter, 47.5 mm in height,
and 60 g of wmght), it allows for onsite measurements to be performed directly on tloéject
without samplingby simply bringing the surface of the artifact in contact with the sensor

Before its application, the proposed NIR diagnostic method was validated by dsomp#o a wel
accepted micranvasive technique in the Mithfrared range, Attenuated Total Reflectance Fourier
Transform Infrared Microscopy (LAFRIR).

To ensure the robustness of the method, both NIR and FTIR calibration functions were built by
performing replicate measurements on three separatpigpared 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 theesearch is to generate mon-invasivecalibration functionfor calculating

the DS of CA cinematographic and photographic film bases, allowing for their acdiagtesis,
specifically by using the Diffuse Reflectance response of a portable and conlimexcalable 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 hptitic deacetylation.

The second objective is to validate the response of the NIR functioootmparing the DS thus
calculated, to the DS calculated with BATRFTIR calibration function built by following the
methodology proposed by Nunes et[@B]. Confirmation of the robustness of both NIR audTR
FTIR calibration functions will be ensured by performing several measurensentseparately
prepared standard set replicates.

The applicability and effectiveness of the proposed NIR calibration function will be finally tested on
several naturalhaged CA cinematographic films. This will be done by siding different NIgAdiRI

FTR measurements to separately calculate their DS, comparing both results and linking them to the
macroscopic condition of the films.

2.3 Materials andmethods
2.3.1Reference materials

Cellulose Triacetate (CTA, Fluka, DS 2.97)Taipthenyl Phosphate (TPP, Sigmé RNA OKil X ¢
pellet presentation; Cellulose Diacetate (CDA, Sigidaich, DS 2.31) and Microcrystalline Cellulose
(MCC SigmaAldrich) in powder presentation; as well as Diethyl Phthalate (Alfa Aesar, 99%) in liquid
presentation were purchased as standards.

With the exception oDER all reference materials were characterized by using JRTIR and NIR
after being pressed into pellets. DEP was instead imbibed into KBr and then pressed into a pellet
before being submittd 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 andlame 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 ¢MO F2NJ GKS Ahl LINPOSHOFPERDI (IKBR A
reference band); and in the near infrared, the range between 1419 nm related to thed A h |

band

2.3.2 Preparation of reference standards

In order to produce a PATRTIR calibration curve tailored to our FTIR spectrometer following the
methodology of Nunes et 4R3], and for preparing the new NIR calibration function, three separate
sets of 6 standard pellets each wgreepared 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 resultsquivalent to four different DS (i.e., 0.5; 1.0; 1.5 and 2.0), measuring the weight
ratios according tathe equation reported in literatur23]. 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 k&pt24 hours in a desiccator before
performing PATHETIR 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.

2.3.3NIR analyseglata elaboratiorand calibration function

All pressed standard references and the CTA pellet were analyzed by placing them between the
spectrometer and a goldoated glass holder. In all cases, 9 measurements per standard were taken
at the same area of analysifhe spectra coming from each standard were then compareghd an
interpretation of the observedtirendswas proposedollowing a bbliographic researcHretreatment

of the datawasalso peformed before this comparisonby applying a Quadatic Detrendingtransform
usingin-house Matlab routines (The Mathworks Inc., Natick, USH)isaimed to correct for both
baseline shifts andxponentialglobal intensity variations/hich could affect thesignals

For the function calculationsthat followed, the raw spectra were used as suchithout any
pretreatment

¢KS T @SNF3IS HAhl o6FYyR YIFEAYdzy 61 @St Sy3aikK o<z
HAhl oFYyR YFEAYdzY < Ay GKS /¢! NBFSNByOS &Lls
adSN} 3S HAhl o0FYyR aKATOOD

¢KS @SN} 3IS wAahl O0FlYR AKATO 2F GKS GKNBS LISt
calibration functions were built by plotting the final shift values against the DS as a linea™and 2

degree polynomial regression usingdwbsoft ExcéM. The most satisfactory function was chosen by
observing the trend of the data, and ensuring a high coefficient of determinat®n (R

Afterwards, theNIR calibration functiomvas validatedoy comparing the D8stimatedwith the NIR

for each standard pelletgainstthe DScalculatedwith a pATRFTIRcalibration curve created witthe

same standarsl.

|l RRAGAZ2Y I ffez |+ Y2NB RSGFAfSR SEIlFYAyLiAZzY 27F
representative spectrum of each reference @2 derivative for the region 1290670 nm, which
allowed to identify the position of the most important componemsesent in this range, which we

tried to define by performing geak deconvolution using the Peak Resolve function of Omnic
software, assuming that each component had Gaussian distribution, without any baseline correction.

46



2.3.4pATRFTIR analyses and calibmatifunction

At least 6 PATIRTIR 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 h | cal 3.6 m*! (probe band)and the absorbance of the
ACOC band at 1020039 cni! (reference band, with the point of the band maximum variating slightly
depending on the samplelising the procedure reported byunes et a[23].

The absorbances of the probe and reference bands were measured using the peak heigh tool of the
Omnic72®0{ 2 Fli g NB OCKSNXY2 CAAKSNI {OASYGATAOKO:EI R
absorbance from the maximum of the band to the corresponding lr@sel'he baseline for thaCOC

band was drawibetween the points at 1517-8508.1 and 848-646.3 cni, andthe baselinefor the

Ahl o0l YR detdeerRie points §:R700.9 and 31788299.2 cri.

The averagen h | k Aratib per standardeference 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 ard degree polynomial regression of the fimalh | Kk A/ h/
ratios using Microsoft Exc&. The most satisfactory function was chosen by observing the trend of
the data and preferring a high coefficient of determinatior)(R

2.3.5 Miniaturized NIR spectrometer

NIR measurements were collected with a portable NIR spectrometer by Viavi Solutions (JDSU
CGorporation, Milpitas, CA), a compact device controlled by a portable computer via USB port,
registering the diffuse reflectance in the spectral range of 9B6¥6.2 nm (11013.25966.6 cri)

at a nominal spectral resolution of 6.2 nm. The system is eguippith a Lineaivariable Filter (LVF)

as dispersing element, directly connected to a linear-pB&| Indium Gallium Arsenide (InGaAs)
uncooled detector, and employs two tungsten light bulbs as radiation source. The instrument allows
for an analysis spaif 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 NINRES Ff SOUI yOS &K {RI2ZMNE {par0d RAF FdzaS NBF ¢
NEFtSOGFyOS YSIadaNBYSyia 6SNB GKSy NBO2NRSR ¥F
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 minut@aage

the sensor temperature stayed between 36° and 4@6Call measurements. The MicroNIR Pro
software (JDSU Corporation, Milpitas, CA) was used for data acquisition.

2.3.6 Berchtop FTIR spectrometer

> 1 ¢FWIR measurements were acquired from the same areas previously analyzed by NIR, using a

Thermo Scientific® Nicolet DMMX spectrometer fitted with a mercuggadmiungtelluride (MCT) A

type detector cooled with liquid nitrogen, anchaXcYes Y2 G2 NAT SR adlF 3S 6AGH

steps. Spectra were recorded in the 4000 to 675'eange using a spectral resolution of 4 -tm

SYLX 28Ay3a I DS !'¢w ONBalGIt 6AGK Fy 2LIGAOIE | LI
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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 measent.

Instead, the KBpellet imbibed with the DEP reference was analyzed in transmission FTIR by using a
Nicolet iS50 spectrometer fitted with a Deuterateehllaninedoped Triglycene Sulphat®i(aTGS
detector operating at room temperature. Spectra weszorded in the 4000 to 400 ctrange with a
spectral resolution of 4 crh

2.3.7Real Cinematographic films diagnosed with NIR and FTIR functions

Skteen developedcinematographic film rolls diilm sections allwith CA polymeric basesf 35 mm
gauge were kindly provided byhe Fondazione Cineteca di Bologifable 3) Their DSvascalculated
by using the NIR and pA-FRIR calibration functions, without any sample preparation

These 16 samples corresponded to different element typolodile€K and whitecolor, negative and
positive elements), manufacturing companiesand covered gradual sgas 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 bgiséering their degradation effects.

Sample name Element typology
CAl Positive Color
CA4 Positive Color
CA6 Positive Black & White
CA7 Negative Color

TimeO 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

PSATCToll3 Positive Color

Table3. Description of the real cinematographic film samples analyzed

For eachfilm sample at least 3uATRFTIRspectra were acquiredand 9to 15 NIR measurements
were registered on the samarea Regarding the NIR, all real cinematographic 8lmples were
analyzed directly in contact with the CA polymeric base by placing them between the spectrometer
and a golecoated glass holdeffFig. B). For black and white films, NIR analyses were performed in
regions where the emulsion at the opposite esidf the film appeared clear, therefore containing low
silver particle presence to avoid distortion of the NIR spectra
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Fig. 8. NIR analysis of a real CA cinematographic film.

The resulting spectra were employed without performing any pretreatment or correction to calculate
GKS T @SNI3IS HAhI 0l YRh IAKMNFHY A @ FToRYy pec fimy. Rhede geSulisl 3 S
were then employed for calculating the DS of the CA basaah filmby solving the corresponding
bLw I yYRTIROIEWONI A2y TFdzyOQlA2yaod ¢KS 5{ @FTRdzSa
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 regibetween 900 and 1700 nm, in which overtone and
combination bads of CH and OH and appear (Ef).
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Fig.29. Selecteduntreatedspectra for each of the 7 standard reference materials. The frames indicate the regions (A to

G) where different signals appear (assignment is given in BabiRegions 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 indldbl@articular for the
region 12701670 nm, deonvolution of the spectraste Figures SML to SM.7) allowed to identify
the most important components,oflowing the approach of the NIR studies of hydrated cellulose
performed by Cichosz and Masild1] and the studies of untreated, heated and acetylated wood by
Mitsui et al[142].

Wavelength (Regidoy letter, peak Assignment
maxima in nm)
A.11621181 2nd gvertone of Chistretching143]
B. 12181273 2"d overtone CH, Gtétretchind125], [126], [143], [144]
C. 1348 & 1367 1stovertone of Ckistretching and bendinfd. 18], [126], [143]
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1%t overtone of OH stretching, amorphous regi@1], [125], [126],

D.14161429 (141k[147]

1% overtone of OH stretchifyl8], [144], [147]in semicrystalline

E.14661478 regior[126], [141], [143], [146]

F. 15511553, 15771603 and 1st 0\{ertone of' (?H streEchirﬁigZS], [126], [1f15]affecteAd by intra
YR AYUSNI OKIAYy KeRNRISY 02

16311639 crystalline regiofi 18], [141t[143], [146], [148]

G.1670 15t overtone of CH stretchif@l], [125], [126], [143], [144], [148]

Table4. Interpretation of the NIR spectra for the seven standards shown in Fi@Jmiidded by regions (letters-@)

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 correspondsvertones of CH vibrations

and the region betweer1400 and 1660 nm, which is related toetlist overtone of OH stretching.
Furthermore, our spectrometepartially detected the contribution of the 1st overtone of CH
stretching, which is known to appear from 1670 [8di.

The changes in the spectfallowed specific trendsas DS increase@nd we first sought to interpret
this behaviolin orderto exploit it as a suitable diagstc tool for film base condition assessment.

From the comparison of the spectra corresponding to each reference, one of the most outstanding
featureswasthe behavior of the signals at ca. 116281 nm and 1218273 nm, both attributed to

the second ovdpne of the stretching of CH substitutive groups. In particular, as then@8asel,

the intensity of the band at 1218273 nmdecreasé too, and the intensity of the band 116P181

nm increaseal instead. The attributions found in literature suggest thatparticular forcellulose and
cellulose acetate esters, the signals in the 11881 nm range are mostly related to the contribution

of methyl group (Ck) vibrations, whereas those at the 121273 nm interval are related instead to
methine and methylene groups (CH, @HThe NIR spectral behavior of the analyzed standards
therefore accurately suggest a decrease irs @&btindance with the decrease of DS, and a stronger
contribution of CH and Cigroups.

Another important trend, and the one exploited for our proposed diagnostic method, is the one
related to the changes of the bands appearimgtween 1400 and 1660 nm. This region is usually
attributed to the first overtone of the OH stretchingXzh | 0 X or kejfufbse Bamples, different
components and their attributions have been proposed by previous resedfctids [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 intensdgcénvolution of
these bands allowed to better understand the changes in the contribution of the different
components.

The prevalence of the signal at 141629 nm corresponds to a higher contribution of hydroxyl
groups in amorphous regions of the polymermaximum signal at 1466178 nm reflects a higher
abundance of hydroxyl groups in seanystalline regionswhereasthe increase of the signals at
15511639 nm is related to more hydroxyl groups involved in intra molecular hydrogen bonds in
crystallineregions of the polymdi18], [141}[143], [146], [148]

This accurately reflects the fact that the cellulosiaiohdecreases in crystallinity with the increase of

DS, as acetyl groups alter its degree of structural organization, modifying also inter and intra chain
interactiong54]. In fact, it is known that the influence of hydrogen bonding seem to contribute to the
AKATO 2F GKS Ahl T dahiRaredr8goi to fowed wayeRumbefs?2], (5B Sinda A R
this could explain the corresponding shift of tBe h | 0 | hé RIR kayige i higher wavelengths.
Finally, the increase in relative intensity of tBe h1 o0l yYR& GAGK RSONXBIasS 2
abundance of hydroxyl groups in the cellulosic chain.

Cellulose acetate film bases may contain frordB0%6 inweight of Diethyl Phthalate (DEP) and from

10 to 20% in weight of Triphenyl Phosphate (&) CA molecules are supposed to stablish mainly
weak interactions with DEP, ad by van der Waals fordd<l9] and dipolar interaction®9], [150]
although some have suggested that hydrogen bonding occurs as well as between carbonyl groups in
DEP, which act as hydroganceptors, and hydroxyl groups in CA, the hydrogemodg$41]. Instead,
hydrogen bonds are formed betweentin CA and P=@roups in TPP, and weak interactions are
formed as well between C=0 in CA an@Ph in TPH8].

NIR spectra of Pure TPP exhibits its strongest sigridl3t nm, attributed to the second overtone of
aromatic CH stretchinfl23], [147] As secondary signals, pure TPP showed also a series of bands at
1342, 1373, 1404 and 1428 nm.

Pure DEP showed insteaad 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 respectivel{23], [147], [151] Both spectra are shown in Figure ISM

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 amaaiint 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 respose 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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2.4.2UATRFTIR charactéeration of the standard materials

Reference materials were characterized|PATRFTIR, and the attribution of the bands of CTA, CDA
and CTA pure standards is shown in tabld.EM

Ly K &TIR $péctwa (Figurgd0), we observe an intensity increase amd shift to lower

g1 @SYydzyoSNE 2F GKS hl  ZB830Bndh) Ot tfieddecoebsy Bf DS.AThel >
increased intensity of the band has been attributed to thereased amount of free OH groups in
samples with lower DS, whereas the red shift of tlealp 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 samfactorg152].

The HATHETIR spectrum dfure TPP (Figure &B) exhibits its strongest signals at 1588, 1484, 1293,
1174, 1160, 1008, 946, 784, 768, 753 and 689,@n well as a series of smaller peaks at 3098, 3060,
3020, 1455, 1232, 1192, 1070, 1022, 964, 932 and 914 cm

The YATHETIR spectrufof Pure DEP (Figure $4D) shows its strongest bands at 1724, 1281, 1123,
1073 and 744 criy as well as minor signals at 3073, 2984, 2929, 2905, 2875, 1600, 15801394.7,
1367, 1173, 1040, 1017, 864 and 7057crA proposed band assignment for the Mitdfrared
response ofTPP and DER given in table SM2. As it has been highlighted by previously, both
additivesof have either low or no contributions in the regiookthe probe and reference bands used
for the calculation of DS though FTIR calibration functions.

HATR-FTIR

—Pure MCC 1020-1039
—CDA-MCC mixture DS 0.48 vCOC
—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.)

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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2.4.3NIR and pATRTIRcalibration functions

As portrayed in Figurdl, the NIR data followed a linear trend with increasing E@mula 2 shows
the obtainedNIR calibratioriunction for Quantification of the DS:

) TBIT YT C8C Y
(2)
whereyis the wavelength shift Ay yYO0 2F GKS YIEAYdzY 2F GKS H/
respect to the wavelength registered for the same band for the CTA reference.

For JATHETIR results, the data followed an nlmear but ascending quadratic curve with DS
increaseFormula 3 ishe resultinguATRFTIRcalibrationfunction for quantification of the DS:

W X®wag OB CBTCG
3)

wherey is the ratio between the absorbance of the OH stretching at 3330% (gmobe bandgand of
the COC stretching at ca. 1030%ifreference band).

It was interesting to note that measuring the ratio for high DS samplesdisult, due to the
reduced sensibility of the Ge crystal in the region around 3000, evhich rendered low signato-
noise ratio in the area related to the OH stretofin

Both resulting functions obtained a high coefficient of determinatiof),(®er 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.

2.4.4Diagnosis of 16 historicainematographic films

16 cinematographic film samples were analyzed. An initial overview of their macrosqumaarance
allowed us to classify ten of them in overall good condition (showing no color changes in their
emulsion, good flexibility, resistance ciabsence 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 HATHTIR analysis, it was confirmed that in alesathey 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 teble SM
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Fig.31. DS calibration functions. Above: Niejow: HJATRFTIR. 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 resslicomparable to those obtained by FTIR in the-Mfdared range.

In particular, a new version of a previously proposed-Midared calibration curve was performed

using MATHETIR 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
HAhl @AONI GA2YEA 6KSY O2YLI NBR (2 GKS aASyaArdAgdi
Even if the NIR method showed that the abundant presence afrgdarticles 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 onstitutes a simple, fasinexpensiveand nondestructive 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.

2.6 Supplementary Material
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Fig. SM.1-7 Deconvolution of selected NIR spectra from each of the seven standards used for building the DS calibration
functions (Fronfirst to last Pure MCCCDAMCC mixtures equivalent to DS 0,4895 1.43, 1,90; pure CDA and Pure

CTA).
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Wavenumber (crrt) Assignment
Pure CTA Pure CDA Pure MCC

3496 3479 3339 AOH153]
2941 1943 A fH[153]in CH[154]
2899 2889 2893 NGH in CH153], [154F sGH in CH155]
1741 1739 A | 168], [154], [156]
1644 1643 1646 nC=@154]and OH vibrations from crystallization walt€s3], [155]
1433 1433 1427 Ly LI-HMBAY // ¢! | GHRt G65IMECLSS]
1367 1368 1369 4 fHin CH89], [154], [156], [159][160]

1335 Ly LJ H1p5 + hl

1316 L/ 2[155], [158]F Y R [15H]I
1219 1223 1202 n(GGO)89], [156]
1165 1162 1159 N(GO-C)ati -glucosidic linkagé54], [157]
1122 1121 1101 A [ [B58]
1071 1071 1055 AGO in pyranose rin@9], [155], [156], [158]
1038 1037 1030 A [ §169], [160]

900 902 898 ho2 d NIFA ATl dzO 2 §ASRASIE oHKER
839 841

F A

Table SM.1 Assignments of the main infrared absorption bands of the pure standards used for building the DS calibration

AUNBGOKAYFAY Dk BIND G A 2§ & NP OKRW FENIIAI6INI HIRNE EO KAy I >
scissoring, O.0.p. Out of plane

functions: CTA (Cellulose Tricetate, DS), CDA (Cellulose Acetate, DS), MCC (Microcrystalline cellulose, DS 0).
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Wavenumber (crf) Assignment
TPP DEP
standard | standard
3098 3073
3060 A #H[75], [161]
3020 A fH[161]
2984 £ 1 I yAB0] A/
2929
2905
2875
1724 A [ e8], [151], [162]
1600 I NR Y I {JA63] A/
1588 1580 I NB Y| {CAnDER63E A/ T [75]4181] ¢ t t
1484 1447 Methyl CCH) vibration§162] Yy R | NB-&ih DERGBITA /A / T [75]AM61] ¢ t t
1391 A& O HIBH O
1367
1293 At [78]
1281 NGO[60]
1174 1173 In-LJ |y -§l) in T®P75), [161F -€O0)n DEPL63]
1160 In-LJ |y -§l) in TeF5]
1123
1073 In-LJ |y -§l) bendlingl63]
1040
1008 1017 A tQ[75] and ring vibrations in TP®1]
964 A tO[75]
946
932
914
864
784 hdzi 27F -H36]yS +/
768 hdzi 27F -H36]F yS +/
753 744 h dzi 2 ¥ -H.iIf TPFS, arontatic CH vibration in DZB]
689 705 hdzi 27 -HI TPFS + /

FooA  aidNB I OKaAy Y SHRNING HifA 28/ ENBRIBOKYASYUINIAAN of NI AG0ANZSYGEO0 Kaisy 3 5

scissoring

Table SM.2 Assignments of the main Miafrared absorption bands of the TPP and DEP standards
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Sample Element typology 2vOH band DS NOH/ACOC DS DS Absolute DS
name shift calculated by calculated by, difference percentual
NIR MATRFTIR 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
AAl | 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
AA5 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
PSATGT| Positive Color 6.194 2.6346044 | 0.005176527| 2.748445946| 0.113841546| 3.794718201
roll3

Table SM.3 Calculation of the DS of the 16 analyzed real cinematographic film samples by using the NMMRRR@EIR
calibration functionsand comparison between the data obtained by both methods.
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Chapter 3Efficient Cleaning of Cellulose Nitrate Cinematographic FilmméBeep
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 gps 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 edich 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 softeo some residues may deposit on the backttod
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 goels 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 performancelote choline chloride and betaideased Deep
Eutectic Solvent (DES) formulations. These DEBexpensive easy to prepare, greem@n-volatile,

safe towards operator and the environmentipn-flammable and have been previously proposed for
the extractbn 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 accretionsbhy 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 highresolution Opttal Microscopy (OM) in Bright and Dark Fields, Micro
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy {HANRR and crossection
observation under visible and UV light.

All treatments using DES proved effective for the removal tdtigeresidues 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 filnmestoration.

3.2 Introduction
The layout of early film materials (FiguB2) 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 alreadyeyeloped 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 photograghacle gelatif20]. Sometimes, a
GKAY AYUGSNYSRAFGS FTRKSaAaA@S 2N GadzoAy3aé 1 &SN
the emulsion and the polymeric base.

Fig.32. Generic stratigraphy for a simple eapgriod 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 thinayers such as an overcoatand an @lzNX Ay 3 fF @8 SNE SIF OK 2yS Xm xY
and below the base respectively.

CN is an inorganic cellulose derivate where hydroxyl groups in the glucopyranose ring have been
substituted by nitrate goups ONQ.

Since 188[.0], [11] flexible polymeric films madef 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 pgressively reduced and then definitely abandoned in 196} [11]

Cellulose nitrate photographic and cinematographic materials are known to be intrinsically unstable,
mainly due to the degradation mechanisms triggered by thermal (Fi§Gye photocatalytic and
hydrolytic loss of nitro substitite groups of the CN ba@3]. This process occurs quickly under
uncontrolled storage conditions, particularly unventilatedvironments showing high temperature
and humidity.
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homolytic thermal breakdown mechanism.

The resulting N@®gases react with environmental water producing nitric and nitrous acids, which
catalyze d@irther 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 td8@isfTo avoid the
complete loss of the reeded images, their scanning and digitalization is a priority for
cinematheques, libraries and other institutions safeguarding such audiovisual aféliijves

However, nitrate supports which have already underwent some degree of hydralggradation of

their bases can suffer from softening of their gelatin emulsions since the pH decreases to values
lower than the isoelectric point diype-B gelatin(which goesfrom pH 4.7 tdb.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 solubilifa@iprNguyen et al.

have suggested also that N@pecies promote the hydrolysis of hardened (crltisked) and
unhardened photographic gelatins, lowering their molecular weight and their vis{2@jty

Photographic gelatin is most of the time alkaline or tpegelatin, produced from the alkaline
treatment of demineralized cattle bone, ossgld]. Ossein is mostly made up of type | collagen, an
heterotrimer collagen formed by three polypeptidé-chains associated in a triple helix
configuratiorj25]. By treating parent collagen with an hydrated lime slurry, type B gelatin is
produced, destroying the crosslinking between colldgdic[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 (Figgdg causing the loss of images in the first coll
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

N

Ol £t £t SRR aBd20Bed adl 4GS

Fig. 3. 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 aciores.

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). Howeher,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 differeh 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 ¢edltlae performance of three

Deep Eutectic Solvent (DES) formulations which have been previously employed for the dissolution of
proteinaceougl64], [165]F YR 20 KSNJ 2NHI YAO YIFGSNAFtasx odzi G
theyhave not been employed for the restoration of photographic negatives or cinematographic films.

A different DES formulation has been previously applied in gel form tmove proteinaceous
coatings in painting4é66]. We have proved that the three DES mixtures hereby proposed constitute a
green, inexpensive easyto-prepare and effective alternativéor the cleaning of gelatin accretions

from CN photographic bases.

Deep Eutectic Solvents, first defined by Abbot et al. in PI®A, are mixtures of a Hydrogen Bond
Acceptor (HBA), commonly a quaternary ammonium salt, with an HydrBged 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 thaf the original components when both are present near a
certain molar rati¢p168], [169]

Choline Chloride (ChCl), Betaine (B) and Urea (U) (Fafyirare biodegradable, environmentally
friendly (being obtained from renewable sources), relatively cheap aneaxo.

HBA HBD
©
~ | Cl
HO
N
/®\/\OH \/\OH

i.
O
‘ (@]
\N\)J\ )}\
S ® S H,N NH,

iii. 2
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 ad@nplexvitamin and is extracted from biomass; betaine is the
trimethyl derivative of glycine and is obtained as a metabolic oxidation product of choline in different
organism§L70]. 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 nitrogestontaining compound4 71], [172]

Ethylene glycol (EG) instead, is a #ioxic compounl commonly exploited as antifreeze, wetting and
plasticizer agent in industrial procesgES3].

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 l@en found that the HBD and HBA in this DES
formulation form a supramolecular cagige arrangement where the Ginion becomes the central
element interacting with five hydroxyl groups, one from the choline cation and four from both EG
molecule$174]. Etraline 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 acidsuvitheating new chemical
bonds with them, so the solubilization process is probably based on intermolecular hydrogen bond
formation between Cland the amino and carboxyl groJpé4].

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 m[gftbg

68



The DES formed by mixing betaine amdauin 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
chloridebased DH%76].

3.3 Aim of study

The objective of this research is to test three green ESulations,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 isopropy! alcohol
(IPOH) and ethanol (EtOHnployed as conventional solvents, and evaluating their impact on the
cellulose nitrate support.

3.4 Materials and methods
3.4.1Chemicals

Reagents and solvents were acquired from Sigttich and used without any further purification:
SUIAYS xdy:2 RS OKp¥:A Y S dzRR E 2-M0B5%, etiyehedgl/gdiH@ogadod n
OAAaA2LINRLRE |fO02K2f0 !/ { NBI7.2%, distilleckvdatprdy:"> = | Yy R S

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

analyticalreference

3.4.2Cinematographic film sample

Some coils of a CN 35 mm B&W positive print of the K Little Baby (La Principess&jndly
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 (B&ure

Fig.36. Detail of the filmsampleappearance
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3.4.3DES 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 (Eaigle5).

DES abbreviation HBA HBD Added distilled watel
content (%owt)

ChCLEG Choline Chloride (ChQ Ethylene Glycol (EG) | 0%
B.EG Betaine (B) Ethylene Glycol (EG) | 10%
B:U Betaine (B) Urea (U) 30%

Table5. Constitution of tested DEfSrmulations.

Mixing was performed in a Petri dish by stirring vigorously a750C until the components turned
into a transparent fluid, then letting the glass dish stand still until the liquid cooled down.

3.4.4Cleaning procedure

A small cotton swab (ctsw) soaked wEHTOH, IPOHBHr 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 MicrcAttenuated Total Reflectance Fourier Transform Infrared Spectroscopy {HNRR, using
minimal mechanicastrength Application time was 3 minuteghen cleaning with purelPOH and
ETOH, whereaDESwere applied for 1 minute and dterwards, nonvolatile DES residues were
removed from the surface by rolling 2 cotton swabs soaked with IPOH for 1.5 minutes. Total
application timeincluding 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, 8rieES
area was cleaned withure IPOH and a final areavas cleanedvith pure ETOHfor a total ofl1 areas
cleaned. Besides that, to evaluate the interaction with the support, each DES was applied with the
same condions directly in contact with the CN base in areas without gelatin residues.

3.4.5Solubility 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 gelatimulsion with water the
samples were dried for 2 days at room temperature.

The samples were weighted, their thickness measuvgth a Mutitoyo® MDE5SX digimatic
micrometerand 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 immersly sdaamples

Ayi2 wmnn >t 2F SIFOK a2t @Syid IyR az2yaoll G§ATWA G K
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of the CN samples were immersed in ChCL.EG, two in B:EG, and two in B:U, whereas one was
immersed in IPOH and another one in Et@Herwards, amples were overied 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 adwing 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 wwasformed 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.

3.4.6Evaluation of the cleaning performance

The performance of the cleamg procedure was evaluated using OM under different lightning
conditions and HATRTIR 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 byhe treatment on the CN base, was conducted by recording Bright Field (BF) and
Dark Field (DF) surface microphotographs. pATHR allowed to checkor the presence of
characteristic DES and gelatin (amide 1l) bands. The extension and the thickness of celaties

left over the CN base was evaluated by OM observation of cross sections prepared before and after
the treatment.

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

Qurface and cross section photomicrographs have been recorded with an Olympus DP70 cooled
digital color camera directly connected to an Olympus BX51M Optical sompe withdifferent
magnification objectives (1.25x for surface and-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 photesere 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 colo
appearance) and UV fluorescence (to enhance material and layer differentiation).

3.4.6.2Film surface photomicrograph blending

Surface photomicrographs from each cleaned area and each solubility test sample were stitched
together using ImageJ Grsglitching plugn based on the method published by Preibisch e2809,

using linear blending and maximum intensity blending mtiég| to obtain a single image covering

the whole area of interest.

3.4.6.3Cross section preparation

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

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

KB{[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 fanudten

3.4.6.4 FTIR spectroscopy

All FTIR spectra were acquired using a Thermo Scientific® Nicolet IN 10MX spectrometer fitted with a
mercuryccadmiungtelluride (MCT) type A detector cooled by liquid nitrogen and;¥X motorized
aidl3aS gA0K ™ psyexdept GaNdnisssoyf spectra ofipiirs 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 camge, using a spectral resolution of 4-cm

1, applying 64 scans per measurement and 64 scans for the background, acquired before each
measurement.

| K N} OGSNAT FdA2y 2F &dz2NFIF OS YFGSNRAFE & [|-FTR {NEF
with a Ge ATR crystal and an optical aperture of 40x40® w! { a4 LISOGNI} 2F GKSE
acquired on a thin DES layeroveragol@ I G SR 3f I ad K2f RSNJ gAGK |y |
C¢Lw aLISOGNI 6SNB tdziz2YFdAOlrtte olaStaysS O2N
[ 2NLI2 NI G2y n0 | B2a302A06 dmt NS FAy2Ty 2 diibsign&$. SR G2 A/ h

>1 6O Lw YSFadaNBYSyidia o0ST2NB Of SIyAy3 ¢ SNHEIRLISNX
analysis after cleaning was performed in 7 to 14 spots for each cleaning area to confirm the
representativenesf the data. For the CN samples used in the solubility tests, three HATR
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
3.5.1Characterization athe 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 Figur87> G KS / b 0 I & Sthick and is 6o2eded by eamtinses layer of
RS3INI RSR 3St+F0dAY S6AGK YIEAYdZY GKAO|lYS&aa 2F wmoc
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Fig.37. 50x UV OM crossections photomicrographs of the filmaken in a degraded point, highlighting the average depth
of each of its layers: the retihted 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 frorheffilm (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 meanstoiv
FTIR pectroscopy. Measurements performed on the base (Fig.ll.EMpresent four strong
absorption bands directly linked to the nitro group vibrations ascribable to cellulose nitrate (1640 cm
1,1276 cmt, 832 cmt and 750 cri)[89].

The band at 1728 ctnot present in the CN standard, is most likely related to the presence of
camphor, commonly used as plasticizer fo[&}| [99], or to the presence of carbonyl intermediates
(e.g. gluconolactones, gluconic and glucuronic acid) produced during scission of the CN lettern at
degradation stagd23].

The broad band at 3426 chtan be assigned to-8 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 degrad&ojn

The > ! ¢FWIRspectra registered on the orangeted emulsion residues over the CN base (Fig
SMI.2) are quite similar to that of a gelatin glue standard. A shoulder at around 1727cambe
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 HSb]IS[99] The pe&s at 1340

and 825 cmt can be attributed to the presence of nitrates, which can be a residue of unreacted silver
nitrate[182] or could derive from nitric anchitrous acids formed with the degradation of the CN
base.

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

3.5.2Characterization of the DES solvents

The DES solvents were characterized by recordingFHAS spectra. Tablé 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 resghiafter the cleaning. The assignments of the bands are also reported.
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Wavenumber (crf) Assignment
ChCLEG B:EG B:U
1495 1491 NaHCCGH (CH) in betaingl183]

LsGH[174],1 sCH, 1 CH, 1 COHIL84] I Yy RH[185]in
1479 1475 1472 OK2f Ay S (COK[183]NI RCEHin betaing186];
A [ o ured187]

NNG, NG 184]and ACCQL85], [187in choline

995 953 weak 955weak ¢ 5 N aCANEER]andV(CEL88]in betaine
933 933 L ¢Ncdi183]l y R 2)[186],1[188]in betaine
883 medium 893 805 weak  HL73IF YR C[18O1R v 9cOITE3]and

N(CCN)L86], [188]in betaine

F A a0NDIOVKEYEEOME HAWBIIIONMGTIIS 3G NBissdbirgAfef Bfandt 6 SY RA
symmetrical deformation (for GB % asymmetrical deformation (for @4~ ~ NP2 O Ay 3

Table6. Attribution ofdiagnostic FTIR bands useful for each DES detection
3.5.3Solubility 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 perforreing th
solubility tests. The same tests were performed also wittanol (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
ON 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 cleanlyeca change in the samples (see Figll.SMwhich
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
capaility of ChCI:EG and other Choline chlofiesed DES to solubilize cellulg€0], [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.IBN show that after applying all three DEBe treated
areas did not have any distinctive changes on their surface.

The film depth variations measured by cresstion photos under UV light and the pAFRR
spectra (results not shown) indicated that the thickness of the films did not varythetcho 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 sithe afegraded
movies described in section 4.1.

First, traditional cleaning system$£tOH and IPOH) were tested and evaluat&@M surface
photomicrographs (Fig38, HV ) 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 (B8, \-VII) confirm that thicker gelatin residues remain after both
treatments, with thicknesses up to 12.7 and 6.1 pum respectj\etyl pJATHETIR analysis after both
treatments (Fig38, VIII) show strong Amide Il signal at ca. 1539 émseveral measurement points,
confirming that the observed residues are constituted by gelatin.
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Fig.38. Evaluation of cleaning performance using traditional solvertg: Dark Field 5x surface OM photomicrographs of
selected film areas before (left) and after (right) being treated with IPOH (ll) and EtOH (IV) using the same methodology
as used with the DESAVII: 50x UV OM crossection 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. \ATIRASpectra:
Representative spectrum of gelatin residulesfore 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 referenc
(D, light gray). Diagnostic Amide Il band due to gelatin presisrtaghlighted with a magenta diamond.

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

From figure39, we can observe that after the treatments the extension of gelatin residues was
consicerably 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 ganoa 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 aotiderived by the movie transit through projection
machines.
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Fig.39. Surface photomicrographs of selected film areas before (left) and after (right) being treated with ChCI:EG (I), B:EG
(1) and B:U (ll1), taken in Dark Field (upper images) and Bright Field (lower images)

Cross sections from representative points of eadbaning area (Figd0) also prove that after
treatment, the CN base shows uniform thicknesses of 12ip >Y3X a2 y2 RSGSC
changes occurred on the CN base as compared to the cross section of an untreated area, with such

minor differences bing likely due to intrinsic base depth variability.

Cross section observatiandicatesalsothat 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. Dudo 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 crossections 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.

UFTIRATR 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 residuegl)Fig.
particular, the bands associated to gelatin and the oretated 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 wegpunctual 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: pATHR of the gelatin residues covering each area before cleaning (A, dashed
line), a representative HATR of the film surface once cleaned (B, black);HIAHRf an unplasticized CN standard (C,

dark gray) and the refence RAFTIR of each DES employed (D, light gray: I. ChCI:EG; Il. B:EG; lll. B:U). Diagnostic FTIF
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 peakdrithutable 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 cldaweig

during the treatment, whereas the more viscous Betarased 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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