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ABS'lRACl' 

Cellulose triacetate support cinematograP1 films exhibit degradation 
when stored uooer archival (dark storage) c:x:>rrli. tions. Degradation is 
manifested by the evolution of acetic acid and white crystalline 
surface deposits with accompanying image erosion. rrbe p.1I"pOSe of this 
study has been to identify and prevent any degradation mechanisms which 
may operate in such circtmStances. With respect to this urxier b:>th 
natural (archival) and acx:elerated ageing c:x:>rrli.tions it has been shown 
that there is a direct correlation between noisture ~, acidity and 
decrease in viscosity of the SURX>rt material. 'l\«) degradation 
processes have been identified utilisi~ these techniques alCDJ with 
FTIR and FmMR. '!he first is an acid catalyzed hydrolytic 
de-acetylation of ester fun:tionali ty and the sec:::orrl is an acid 
catalyzed oxidative scission of the cellulose backbone. With respect to 
roth mechanistic routes, the enul.sion layer, which is acutely sensitive 
to SUI'I'OUJ"rlin;J noisture fram the atJoos~, serves as a source of 
protoic catalyst (H30+). Here redistribltion of noisture in the 
emulsion cx:x::urs to adjacent cellulose triacetate support. As a 
consequence a noisture gradient exists throughout the length and width 
of ~ cinematograItl film. Degradation apparently ~ into the reel 
from the outer circumference and sprocket areas. '!he preserx:e of 
hydroperoxides, which have been identified within the film materials, 
supports the ~:~ '1tence of an oxidative degradation pathway. It has also 
been sha,.m that iron is alEorbed, from metal storage cans, into the 
suwc>rt via facile uptake as the material beoanes progressively nore 
hygroscopic. SUbsequently, iron then acts as a powerful catalyst in 
accelerating the degradation, probably by catalyzing the decatl£X)Sition 
of a~ive peroxides. 'Ibis is confirmed by dopin;J films with iron. '!he 
emulsl.on layer also serves to impart some stability to the support 
material by scaV9n;Jing arrt acid degradation products and in so doin;J 
its gelatin constituent uniergoing hydrolysis. It also likely serves as 
a diffusion tarrier to oxygen attack. 'lhe suwort plasticiser, 
triIilenyl P'losItlate, also enl'laooes film stability. other than improving 
resistance to noisture uptake it possibly CDlPlexes with arrt metal ions 
takin;J part in the degradation am behaves to sate extent as an 
antioxidant. As the cellulose triacetate SUWOrt degrades the 
plasticiser is rerrlered incatpltible with it and is p.lShed to the 
surface where it crystallises out as a white deposit. '!he stabilisation 
of cellulose triacetate SURX>rt cinema:tograIi'l film has also been 
examined usin;J a number of potential stabiliser systens. rrhese include 
acid scavemers, primary hindered P'lenOlic antioxidants, sec::ormry 
hindered piperidine stabilisers, metal dialkyldithiocarbamates, metal 
deactivat,(;·'S, ;':~00arY thioesters and P'losP'lites. stabilisation 
efficiency was assessed by measuring percentage retention in viscosity 
of the polynE'support. None of the stabiliser systens was foum to be 
effective when used alone, indicatin;J that nora than one type of 
mechanism is operative in ~dation. Effective stabilisation is 
achieved through a synergistl.c tris system of stabilisers namely, 
Tinuvin 770, Irgarv:>X MDI024 and Sodium Phenyl Rlos[.i'ti.nate. rus 
combination has the ability to scaVen;Je acetic acid am free radicals, 
and deactivate any peroxides a.rrl transition metal ions. 
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INI'ROIXJCTION 

When we consider that imaging systems house a vast proportion of 

information the significance of preservation becx:uoos apparent. At 

present audio-visual archives have adopted cinematograFh film as the 

medil.nn by tJl1ic.1. ~ can retain ani transmit a visual recx>rd of data ani 

events. Newer media, such as magnetic tape am optical disc, are not as 

yet considered archival due to unproven longevity am the rate of 

ob:;olescence of play-back equipnent. 

unfortunately, typical signs of deterioration of cinematograIil films 

have been manifested alnv::Jst universally in archives over the past b«:> 

decades. CUrrently, there is no practicable way of halting, nu:::h less 

reversirx3, the course of self-destruction. Sane of the film can be 

preserved by coPYirx1 b.rt: this prooess is slarl, costly ani results in 

loss of image resolution. other than solving an immediate problem, 

copying ontc the Game material, web ctNiously has insufficient 

longevity, seems to be defeating the object of the exercise. HoINever, 

at present an alternative material web meets all the requirements of 

an archival medium is not available; am many historians would argue 

that the original material has innate value anyhow. 

An ad:litional problem presEmts itself in the huge quantities of films 

housed in archives. It has been optimistically estimated that it t«>Ul.d 

take an archive holding arourrl no million reels of film in the region 

of b«:> hurrlred years (working 24 hours a day 1) to copy this quantity. 

It follows that even if a nore stable material were available sane 

method of p!'ior~~:':"sation of copying would be necessazy to prevent loss 

of nora deteriorated stocks. 
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'!he aim of the present project is thus to identify those rnechanisns 

operating unier archival oorditions which lead to film ~ition, 

and to utilise this krxMledge to design awropriate methods of tes~ 

the stability of filmstocks and of stabilisation. 

With regard to this the thesis is di videj into three sections. 'Ihe 

first presents an overview of the literature pertaining to those 

processes which lead to degradation of the materials CXOlllP:Sing 

cinernatograPl films. It also identifies the critical da¥adation stelS 

of cellulose aa't'lte films, ooncentratirq on suitable me1:hc:xis of 

assessing and accelera~ the da¥adation process. 'Ihe secxn:i 

concentrates on design of suitable methods for pra:licting the l~ity 

of such filmstocks; am the final section on increasing the effective 

lifetime of these materials Le. stabilisation. 
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Chapter 1 



1. '!HE CXliRlSITION OF CINEMA'RXiRARI FIlM 

Photograpuc enW.sians consist of dispersions of light-sensi ti ve 

materials in a colloidal medium, usually gelatin. '!hey are extremely 

fragile in nature am require support. Historically this support was 

supplied by coating the enIll.sion onto glass plate or paper. However, 

with the developnent of the cinematogralil in the late 1800s came the 

need -for a flexible film base. Typically, cinematogralil film is 

COIlif03Ed as illustrated in Figure 1.1. 

1-31JI1l 

2-40j1m -

- SUPERCOAT 

\ 
SUPPORT SUBBING LAYERS 

) 
- BACKING LAYERS 

Figure 1.1 

SChematic Representation Qf a cross-Section 

Taken 'lhrough a ~cal C~ Film. 
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1.1 ci~ Film ~rt 1889-1990 

'!he first reoorderl use of flexible film base as suwc>rt for 

~tograpuc enIll.sions was by Fortier arx:l David in 1881, utilisirg 

cellulose nitrate. HoNever, it was in 1889 that the first s~ful 

cellulose nitrate base ooatirg was foI1lU.ll.ated. '!his was sub:;equently 

adopted by George Fastman who offered the starx:1ard format which remains 

to date for cinematograPl film. unfortunately, even in the early stages 

of its introduction reservations as to the stability of this material 

were expressed [1.1] arx:l it was evident that a replacement material was 

necessary. with the production in 1903 of the so callei 'diacetate' an 

alternative was available. Fastman Kodak co. cast ~tograpuc film 

base fran cellulose acetate as early as 1908. However, introduction 

though now cxmnercially feasible was tentative due to inferior Plysical 

properties 0 f nitrate film [1.21. rnri.s resulted in the introduction 

of mixed esters of cellulose; cellulose acetate propionate arx:l 

cellulose acetate bltyrate; which gradually replaced cellulose 

diacetate fran arourrl 1940. Still m::>re desirable properties were 

available in the fom of the so-callEd 'high-acetyl' or 'triacetate' 

fornulations. rnri.s film base offerei the advantages of reduced fire 
. . 

hazard, reduced static blild up ani less residual solvent retention 

after manufacture. ~, dichloramethane is about the only 

practicable ooatirg solvent for high acetyl content cellulose acetate; 

arx:l this solvent was not available in CCIl1'Ilt¥9rCial quanti ties until after 

~ld war II. '!his difficulty retarcierl the use of cellulose triacetate 

film base for a nUl'ltler of years. As soon as it was lXlSSible Fastman 

rapidly introduced the new 'safety' base. rnri.s cx:x:urred principally 
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between the years 1948 am 1951 when the manufacture of cellulose 

nitrate by Eastman Kodak Co. was CXIllpletel y disoontinuerl [1.3]. 

1.2.1 Manufacture of Film Rase 

All cellulose-ester mse ~Iillc film is manufactured by the 

solvent casting technique. '!he polymer, manufactured as in chapter 3,is 

dissolved in suit."IDle solvents tq fom a 'dope'. Plasticisers are aQ:ied 

to the dope solution which is <::Xll"amtrated am very viscous, havirq the 

consistency of honey. '!he first production nethods involved coating the 

dope onto glass top tables. '!he solvent was then allowed to evaporate 

am the resulting film SURX>rt strippa:l fran the tables [1.41. In later 

years ex>ntinuous coating was developed (see Figure 1.2). 

CURING ZONE 

DOPE HOPPER 

SURFACE APPLICATIONS 

CASTING WHEEL Figure 1.2 

Schematic Diagram of a Machine for Solyent casting of Film Base 
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Here the dope solution is cast I:7j spreading a mrlform layer on a large, 

heated, chromium-faced drtD'n which slowly rotates. '!be solvent is then 

allCMed to evaporate, as previously. Alternatively, the base is all~ 

to ' coagulate'. 'Ibis is dane I:7j use of a good sol vent,lpcx>r solvent 

mixture, Le. use of a dope in which the polymer is barely soluble, am 

the film is then chillED am the good solvent evaporatoo. '!be base is 

thus fim enough to be stripped off in a continuous sheet before the 

drum has made a a:anplete revolution. '!be base is then passed through a 

series of heated chambers to renove the remai.nir'g solvent. 'Ibis is 

known as 'curin:J'. In this operation the tension of the sheet is 

carefully controllED because stret:chirq the base teOOs to orient the 

cellulose-ester m:>lecules in the direction of the stretch, 

which will affect the mechanical am dinensional properties of 

the film [1.5, 1.6]. 

1.2.2 Plasticisers used in the Manufacture of Film Base 

Plasticisers are added to the dope to rerrler the resultirg film base 

resistant to noisture uptake. '!bey are incorporatoo at a proportion of 

up to 20% w/W of the film base. For cellulose acetate, a triP1enyl 

Ji'losP1atejp".thdlace ester CXJmpOSition is used. 'Ibis CXltt>ination is usE:rl 

to prevent the farner c:r:ystallisinI out am the latter ~ a 

greasy character to the film surface [1.7]. 
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1.2.3. SUrface coatings Applied to the Film Base 

'!here are at least four different types of surface coating applied to 

the base prior to the final coating of the enW.sion layer [1.8]. 

(a) The Subbing Layer 

since gelatin emulsions do not directly adhere to the base a subooating 

or adhesive layer is necessary to prevent frilling of the emulsion 

layer when \<Vet or cracking when dry. '!he formulations of these sul:t>ing 

layers vary widely, hIt usually consist of water, gelatin am a polyner 

similar in c::ompa;ition to the base material, e.g. cellulose nitrate or 

extensively hydrolysed cellulose triacetate. 'Ihese are usually 

dissolved in an organic water-miscible solvent such as ethanol or 

acetone, to effect same etching of the base. 

(b) Anti -Curl Layers 

It is usual to sub both sides of the base, as this help:; cnmteract the 

uneven shrinkage which otheIwise ocx:urs when the coated enulsion dries, 

which causes the dried film to curl up tcMards the enW.sion. '!his 

effect is due to the fact that gelatin, its major constituent, swells 
. . 

at a different rate to the base (see chapter 5). 

(c) Anti-Halation Layers 

pigments such as 'rem jet I or dyes such as tartrazines are added to 

backing layers (which are renoved during tb:>tograpuc prcx::essing) to 

prevent light scattering within the film. For sane materials (usually 

negatives) a neutral density, qrey dye is inc:xn"porated into the film 
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base am this is retained after processinJ. 

Cd) Anti-static Layers 

'lhese may be either c::orrlucting layers or layers containing matt 

particles which prevent close surface-to-surface contact am the 

resultinJ static generation upon separation. A camprehensive review of 

antistatic agent...:: for P'lOtograptic materials is provided bj 

Glafkides [1.9]. 

1.3 Em.1l.sion Gatp:>sition 

Al:XX>rding to given stamards [1.10] ,"A ItlOtograpUc emulsion consists 

of dispersions of light-sensitive materials, in a colloidal medium, 

usually gelatin, coated as a thin layer on film base." 

1.3.1 PhotogragUc Gelatins 

PhotograItllc gelatins are obtained from two sources; bones or hide am 
. . 

skin. '!he major constituent of these two sources is collagen - gelatin 

beinJ obtained by a controlled partial hydrolysis am is thus a 

he~ mixture of p:>lypeptides. '!he structure may be represented 

sinp1y as: 

R R 
I I 

-<D-NH-aI-<D-NH-aI-<D-NH-
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Le. a series of amino acids cx:unbined by peptide linkages. At least 

nineteen different amino acids have been isolated fran oollagen [1.11], 

the ltDSt characteristic of which is hydroxyproline: 

H 

H 
1.3.2 Properties of Gelatin 

'lb date gelatin remains the only acx::eptable oolloidal mErlium for 

preparation of ~Iirlc images. other than itSpart in the growth 

arrl distri.b.rt:i.on of silver halide crystals, gelatin also plays an 

interactive role in Fhoto1ysis and sutsequent image fonnation. HcJwever, 

of the nost desirable features of this oolloid the ltDSt inp:>rtant are 

its reversible gellinJ properties ani ability to l.ll'de.rgo controllEd 

swelling in aqueous solutions to alla"r penetration of image proc:a;sinJ 

agents [1.12]. 

1.3.3 other E)rulsion Constituents PertainiryJ to Gelatin 

Bactericides 

Gelatin is particularly suSceptible to microbial attack: it provides an 

ideal nelium to sustain tacterial grc:Mth. '!hus, even if the film is to 

be kept only a short ~, it is necessary to add a mctericide to the 

enulsion layer. 'Ihese are usually ~ls or its derivatives, such as 

p-chloro-m-cresol: incorporated at 0.1 to 5% of the weight of the 

gelatin depeOOent on their activity [1.13]. 
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Plasticisers 

When gelatin is dry it is extremely brittle. It is iIrpJrtant to retain 

flexibility of cinematograPl enul.sions un:ier low humidity oorrlitions. 

'Ibis is usually achieved by the aatition of a hl.DlleCtant. Many COllp)\.lJ'rls 

have been referred to in the patent literature rut they are generally 

derivatives of ethylene glycol [1.141. 

Emulsion Hardeners 

A gelatin enul.sion in its original state ~d, sin:::e it is 'soft', be 

susceptible to mechanical abrasion am the action of dust. In adtition 

excessive swelling of the enul.sion would oc:x::ur during p,otograPlic 

developne:nt, causing reticulation when the layer was subslequently 

re-dried. Emulsion hardeners are therefore added prior to coating. 

'lbese are essentially cross-lin1d.rg agents, which interact with the 

cartonyl am amino g:roup; ~ different collagen chains. Both 

organic am ioorganic cross-lin1d.rg agents are used; irx::orp:>ratai at 

0.5-2% of the gelatin weight. 'lb increase rate of cross-linking 

accelerators are also often added. 'lhese are P'lemls or P'lemlic 

aldehydes i.rrorporatai at 0.1-1.0g per 100g gelatin. 

wetting Agents 

When an enul.sion is coatai, a wettirg agent is ~ to rEDlce 

surface tension of the liquid enW.sion in order that a lBlifonn coating 

thickness be attained. Many surfactants have been utilised for this 

p.lrpose, roth anionic (e.g. lauryl sul{bate), cationic 

(hexadecyltri.nethylamnDnium branide) am ron-ionic (sa{Xlllin). 'lhese are 

aaied as an aquerus solution at 2Ong-1g per 100g gelatin. 
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Anti-Foaming Agents 

'Ihese agents are incorporated to counteract the ten:iency of emulsions 

to froth; a problem enhanced by the addition of wetting agents. 

Anti -Foaming agents are alip,atic alcohols of int.erna:tiate chain lerxfl:h 

e.g amyl am nonyl; although glyceryl mnolaurate which is also 

effective is often used. 

1.3.4 Light-Sensitive Materials 

All m:xiern P'lOtograttric materials utilise silver halides as light 

sensitive addenda • Silver halide grain size is correlated to emulsion 

speed am contrast. For fine grain panchromatic am fine grain ~tive 

films, typically those used for cinematograP'l films, emulsion grain 

sizes are 0.7 am 2J1l1l respectively. 

1.3.5 other Emulsion Constituents PertaiJli.m to Silver Halide ~tals 

Chemical and Spectral Sensitizers 
, . 

For JOOSt P'lOtograttric applications it is necessary to enhance the 

sensitivity of silver-halide crystals to light. Olemical sensitizers 

(e.g. sodium thiosulp,ate, potassium aurothiocyanate) cause emulsion 

grains to make mre efficient use of the light they absorb. Spectral 

sensitizers (typically cyanine dyes) enable grains to use light in a 

region of the spectrum in which they w:>Ul.d not nonnally atsorb. 

Sensitiz~ cu.'a added at 0.02-0.2g per g mle of silver. 
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stabilizers and Anti-Foggants 

stabilizers confer sensitometric stability upon coated erm.ll.sions with 

sulEequent storage. Organic am metal COII1pOlll"rls are used, they includes 

tetrazairrlenes curl cadmium or mercury salts respectively. 

Antifoggants are c::art'U1¥)l1}.y benztriazole arrl 5-nitrobenziminzole. 

'Ihese are incorporated at l-lOngjnole silver. 

1.3.6 Emulsion Pr@Paration am coat.inJ 

The processes involved in the preparation of a P'lOtogra~c enu.Usion 

are stDTU'llarized by the flow chart in Figure 1.3 [1.15]. 

'Ihe coating of the erm.ll.sion to base (to which has been applied 

sub-adhesive layers) is then as follows:-

'!he ennllsion held ac:xm:ately at the proper temperature in a liquid 

state, is coated onto the film base and is passed directly into a 

chilling chamber, where gelatin is solidified as quickly as possible at 

10 0 e or below. From the chilling chamber, the enW.sion coated film goes 

into a drying alley where it hargs in lOOIS fran rods. Temperature, 

humidity, air p..1rity am tine of drying are all carefully controlled. 

The teOOency of m:x:1ern Iilotograpuc ennllsions to utilize less gelatin 

results in greater susceptibility to Plysical abrasion. 'Ib avoid this a 

thin protective layer is coated onto the film, which is usually a thin 

gelatin layer consisting of <10% of the gelatin composing the enu.Usion. 

M:>re recently other reagents have been used e.g. polyvinyl aloohol, 

polyamide mixtures, polyvinyl pyrrolidine ani acrylic copolynm-s. 
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SILVER NITRATE t 
ALKALI HALIDE SILVER HALIDE 

... .. 
WATER ALKALI NITRATE 

CONTROLLED PRECIPITATION 

COOLING 

GELATION RIPENING 

20 minutes 700 C 

• 

SHREDDING FINAL EMULSION 
-"" 

WASHING ready for coating 

+ WATER 

+ GEALTIN 

Figure 1.3 

SChematic of the Processes Involyed in Emulsion Preparation 
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1.3.7 Emulsion 'lYPes used for Archival CinematogrgW Film 

B&W Neg: 5222, 
5231 or 5224 

B&W Workprint 
" -~ 

5302 " 
B&W Master Pos: 

5366 
B&W Duplicate Neg: 

~ 

5234 

'!he flCM chart arove is an exerrplification of Fastman Kodak emulsion 

types for archival (Black am White) cinematograIb films. 'lhese 

include:-

Negative Master/original ('camera film') : Types 5231/5222/5224 

Here all three types are general p.1rpose parx:hranatic films, with speOO 

being the lsjOl" difference am:n] them, in the order 

5224 > 5222 > 5231 [1.16]. 

Master Positives am ruplicate Negatives: 'IyPes 5234/5302/5366 

Type 5234, has a high resolvir¥J power am is used to make duplicate 

negatives fram master poed ti ves. Type 5302, is a lcw-speed, 

blue-sensitive print film with high resolvir¥J power am used for 

general release printirx.J. Type 5366 is a low speed, blue-sensitive 

duplicatirx.J filJn with high resolvln.; power. 
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1.4 Photogrcu;hlc Processing 

Photograpric processing of black-arrl-whi te negatives arrl positives may 

be summarized as follows [1.17]:_ 

Development 

Here exposed silver halide grains are CX>l1Verted to image metallic 

silver. Developer solutions are characterized by their high alkalinity 

(IiI ~ 10). '!be following developer CXlIl1pOSi tion is typical for 

cinematograIil film. 

KODAK DEVELOPER 0-76 
Water 
(N,N-dimethyl)-p-aminophenol 
Sodium sulphite 
p-hydroxyphenol 
Borax 
Water, to make to 

stopping Development 

750.0 cm3 

2.0 g 
100.0 g 

5.0 g 
2.0 g 

1000.0 cm 3 

It is necessary to arrest the action of the developer. Here an acid 

stop bath (typically acetic acid) is used to neutralize the high 

alkalinity of the developer. 

Fixation 

'!his is the renoval of unexposai silver halide grains. '!he insoluble 

silver halides are oonverted to water soluble salts, which can be 

washed out of the enul.sion. '!his is achieved by use of 'hypo' (sodium 

thiosulphate) • 
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Washing and Drying 

'!he film is wa5he:i to rem.:we last traces of fixer, or sameti.nes placed 

in a 'hypo' eliminator solution. M:xiem eliminators are dilute 

solutions of oxidizing agents e.g sodium hypochlorite, potassium 

perOOrate, hydrogen peroxide. 

Dry:lrq, in an enviromnent of warm circulatin:J air, rem:NeS any surface 

roisture fran processing. 

1.5 'l'rea1:nslts to ptpcg:;sfrl Film 

My cinematogra~ film which has urdergane projection will have 

received lubrication: this is usually a mixture of silioone am 
1,1, 1-trichloroethane, or paraffin wax in 1,1, 1-trichloroethane. 

1.6 IIrplications fran structural CQrtilOSition with respect to Stability 

'!he cx:q>lexity of the ~puc matrix am the wide variety of 

processes to whiell it is subject:Erl is such that any 'inplrities' 

instigat.mJ film instability may be present in the film already i.e 

prior to storage. Despite the CXIll>lexity of cinematograP'l film it is 

essentially a oanbination of 'b«I polymers, the cellulose-ester suwort 

am gelatin: It is these cntp:>nents which will dictate image lCDJeVity. 

HcMeVer, as will be discussed in the followirg chapters many of the 

reagents adjej in trace quantities will significantly influen:::e the 

stability of the ~ polymer matrix. 
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2. roL¥MER DErnAPATION 

Degradation of a polymer structure is manifested by property cl'larxJes 

resulting fram roth Iilysical arxi chemical m:xtlfications. 

'!he type and degree of such nodifications are a reflection of factors 

inherent to the polymeric material arrl of external environIl¥:IDtal 

factors. 

Intrinsic Factors 

'Ibese include:-

the structure of the polymer; e.g. presence of functional group; wi thin 

the main chain or as perrlant g:rc>UIB; 

the Iilysical fom of the polymer; e.e hllk, thin film, pader; 

presence of incorporated additives; e.g. plasticisers, oolourants, 

anti -static. agents. 

Mrinsic Factors 

'Ibese include:-

high temperatures; oxygen; sunlight; high relative humidities; IXllluted 

atJtv:)S~es , 
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2.1 General Mechanisms of Degradation [ 2.1] 

2.1.1 Initiation 

'!here is much debate as to the initiation step:; in p:>lymer degradation. 

'!he presence of impJrities is thought to significantly influence 

initiation. Here impJrities may be weak links in the p:>lyrner chain, 

metallic impJri ties or impJri ty functional group; (carbonyl and 

cartx::>xylic acid groups). '!he latter two are particularly significant 

features of autoxidation of p:>lymers. 

2.1.2 Depropagation 

'!his is essentially a reversal of the polymerisation process. Transfer 

of an atan or functional group to the active chain-erd results in 

splitting off a single 1lD1lOJ'n9r unit or l:7:i direct loss fram a 

free-radical chain em. 

2.1.3 Random Chain-SCission 

Random chain scission is the JOOSt COIII'IOn route to p:>lymer degradation. 

'!his arises as a consequence of the statistical equivalence of borrl 

dissociation energies within a polymer network. 

Hydrolytic, high-tenpnature thennal and radiolytic reactions are 

typical examples of processes which characterise ran:iam chain scission. 
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2.1.4 Degradation without Cllain-Scission 

Degradation without chain scission is typified by reactions which occur 

in the side ~ on a polyner chain. en the whole suc:h reactions are 

analogous to those which ocx::ur in low nolecular weight campo1..1JU; am 

differ only as a consequence of the macrcm:>lecular nature of the 

material. '!hat is aocessibility etc. Small proportions of nOOified 

pemant group:; do not therefore result in significant deterioration of 

the P'lysical properties of the polyner. 

2.2 'Ibermal Degradation 

'!hennal degradation processes occur duriD:.J the manufacture, processiD:.J 

am practical use of polyners. Degradation is accentuated by high 

temperatures; mrler ambient oorxti tions suc:h processes are slow am 

largely deperrlent on the chemical nature of the polyner repeat unit arrl 

the presence of "impJrity centres". 

unfortunately, it is not possible to detennine thennal stability of 

polymers simp] y utilisirg experimentally determ:inerl l:xni energies of 
. . 

small nolecule nDdel c:::anpourrls. nus essentially neglects the 

long-chain character of a polyner, which rerrlers possible reactions 

along chains am between adjacent chains. In addition it neglects the 

effects due to the presence of low ooncentrations of structural 

irregularities which often detennine initiation of degradation. Any 

extrapolations on this basis, especially kinetic ones are therefore 

invalid. F'Urt:hernore, thermal reactions are markedly influencErl by 
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environment. Degradation is for exanq;>le usually Jl¥)re canplex in air 

than nitrogen due to additional oxidation reactions. other features 

such as a static or dynamic surroun:ting atnosli1ere also play a major 

role. Often any primary degradation prcrlucts if not quickly renoved 

from the microenvi~t of the polymer will irrluce sec:xll'rlary 

reactions. 

H<:MeVer, the general mechanism of thermal degradation is believed to 

occur as follows [2.2];_ 

Rarxialll Initiation Mn .. Hj + Mn-j 

Terminal Initiation Mn .. Mn-l + H 

Depropagation Hi .. Hi-l + M 

Transfer Hi + Mn .. Hi + Mn 

Scission Mn .. Hj + Mn-j 

Termination Hi + H' J .. Hi + Hj or Hi+j 

Initiation may occur either at polymer chain-errls or rarxbnly anywhere 

alag the p:>lynm- l:BckOOne. cne of ONe pIooesse5 may then take place. 

Depropagation, which involves loss of a siJ'¥3le m:>namer unit or 

alternatively radical transfer may occur to an:>ther p:>lynm- chain. 

Another possibility is that rarrlam chain scission may cx:::cur anywhere 

the 1 
",-_",-__ [ 2 • 3 ] 

alag p:> ynm- ~It::. 
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2.3 Autoxidation 

AUtoxidation takes place when organic polymers interact with nolecular 

oxygen. '!he mechanism of autoxidation was first characterized by 

Bollarrl and Gee r 2.4]. '!he pathway of autoxidation is believed to occur 

as follows;-

INITIATIOO' RH --........ R· 

PR)PAGATION R· + 02 ---. R(X). 

R(X). + RH ... RaE + R· 

--..... RO· + .00 

--. ...... RO. + RCX). + H~ 

2R(X). ---.. - inactive products + 02 

R· + R(X) ..... In)R 

2R. ... R-R 

~--------------------------------------------------~ 

MeChanisms of initiation are not yet fully urxierstood. It is believEd 

the oxidati:m initiatin3 polymer radical (R.) is fonrm t7t heat, light, 

mechanical stress or t7t reactions with radicals origina~ fram 

foreign sources. Initial generation of a free-radical then leads to the 
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fornation of alkyl and alkylperoxy radicals CR. & Ra).) '!he 

chain-branching reactions have high activation energies and are thus 

negligible at ambient tenq:leratures. 

'!he fornation cf hydroperoxides beoomes significant in the presence of 

metal" ions [2.5]. Metal ions, usually transition metal ions, of the 

same parent metal whose oxidation states differ bj a factor of one, are 

active catalysts for the decomposition of hydroperoxides. '!his has the 

effect of producing radicals able to trigger further l:reakdcMn. Le. i-

'!he effect of autoxidation is ei ther cross-l~ or cllain-scission. 

e.g. 

-<li2-<li-<li2-<li2-
I 

-Oi2-<li-<li2-Oi2-

cross-Linking C1ain-scission 

- 22 -



Chapter 3 



3. MANUflCIURE AND PROPERl'IES OF CBT 1 IJIDSE-ESTERS 

All stages in the prcx:hlction, processing and sul:::sequent storage of 

cellulose-esters will influerr:e their lorgevi ty. No examination of 

stability is therefore c::onplete without a consideration of each of 

these step:;. Manufacture will determine the initial stability of the 

material rut sul:::sequent to this the properties of a given 

cellulose-ester, roth chemical and Iilysical, will play a significant 

role. '!he properties of cellulose-esters vary with the type of 

substituent, ~ of suststitution (D. S.) am degree of 

polynerisation (D.P.). FUrt:herttore, the properties of plastics films 

am coat:.in3s will also be influerxm by any iocorporated aalitives e.g. 

plasticiser and residual coatirg solvents. 

3.1 MANUflClURE 

3.1.1 <llrorology 

'!he first organic ester of cellulose was cellulose acetate as prepared 

by Schutzenberger in 1865; by heatil'g rotten am acetic anhydride to 

180· C in a sealed tube 1.Dltil the rotton dissolved [3.1]. 

In 1879 Frardlim::mt acetylated rotten at lower t:enpmltures with the 

aid of a sulpruric acid catalyst [3.2]. Later investigations by cross 

arrl Bevan [3.3] am Miles [3.4] t.hou:]h still usirg cauparati vely high 

t.eJttleratures utilised llI.lCh milder con:titions than these of earlier 

stuiies. Follaving this lower t.eJttlerature esterifications were 
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introduced, such as those described 'oj Dreyfus [3.5]. M:lst current day 

CX>l11m9rCial processes utilise temperatures not exceerlirq 50-600c. 

SUb:;eqUent processes describe the use of catalysts other than SUlJi'luric 

acid, for example zinc chloride by ost [3.6], b.lt none of these met 

with the advantages offered by sulpruric acid. 

HoweVer, the JOOSt notable developteIlt was that by Miles in 1903 [3.7] 

when he described the preparation of a partially hydrolysed cellulose 

acetate, which was easily disti.rguished fran the fully acetylated 

prodUCt by its solubility in COlMIOIl inexpensive solvents. '!his 

naturally led almst inmediately to COlt1l\E'Cial awlications. 
t,.,: 

At'OUI'd 1950 Eastman Kodak Co. adoptErl cellulose~acetate as 

cinematograJi'l film sul:strate to circumvent the un:lesirable 

characteristics experienced in the use of cellulose nitrate [3.8l. 

Cellulose acetate is is l'O\1 USErl in a variety of areas, prin::ipally as 

a filter in cigarettes, as film am sheet am in the protective 

coati.n;:Js field. Solution grades of cellulose acetate oc:x:upy a small 

sector of ltDre specialised markets such as mentlranes for reversal 

QSlOOSis applications (e.g. artificial kidneys), desalination of water 

am p.trification of iniustrial waste [3.9]. 

As a result of its varied awlications, the process used for the 

prodUCtion of cellulose aCetate is' very depen:lent on the typ! of 

cbmStream ~rement [3.10]. 'lhus, the process C'llosen for a 

particular aw1){"ation will vary with respect to startirvJ materials, 

extent of esterification ani after treabnent of the prodUCt: thcu;Jh the 

resics of manufacture will be that as described below. 
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3.1.2 Manufacture 

The ~ial manufacture of cellulose acetate involves the followirg 

operations (as sl1llUYarised by the flow chart in Figure 3.1) [ 3 .11 ] ;-

ESTERIFlCATIOO IiYl)OOLYSIS 

DEWATE'P.ING I WASHING PRECIPITATlOO FIL'mATIOO 

PACKAGING 

Figure 3.1 

Manufacturing step:; in the Production of cellulose-Esters 
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i) Pre=TreatneJt of Cellulose 

Prior to esterification cellulose is activated in order to increase 

reactivity. Here the cellulose is "soaked" in water am allCMed to 

swell so separatirg the normally closely packErl fibres. cn:::e activation 

is complete, the water is flushed out am replacei by acetic acid. '!he 

p.rrpose of this is to ilti>rove the accessibility of the hydroxyl group:; 

to the acid anhydrides used in the esterification process. 

ii) ~t,ion stage 

In the course of the production of cellulose acetate, esterification is 

performed by mixil'Xl cellulose with acetic acid (glacial), acetic 

anhydride am the aR;lrOPriate catalyst, usually sulIburic acid. '!he 

course of the reaction is penni tted to continue l.Dltil the three 

hydroxyl group:; on each anhydroglUCXlSe unit have been replacei by the 

acetyl group. 

It has been founi that the fully acetylated product, the triester, is 

of limited value in the production of plastics am coat.i.rX;}S; sane free 

hydroxyl group:; are necessary alorg the polymer chain to effect 

solubility, flexibility etc.. untortlmately, esterification to a 

pnrletermined degree, less than the triester, is rot possible directly 

if a uniform soluble prodUct is ~. 'Iherefore the triester is 

initially produced ani sul:sequently hydrolysed to the desired hydroxyl 

level. 

ii) PreciPitation 

Precipitation of the filtered water-acirl solution of the hydrolysaj 

cellulose-ester is aCXXE'plishErl by controlled acklition of demineralized 
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water. Additional water is aci:iErl as precipitation proceeds to prevent 

acid blild up to the point of redissolving the product. Nomally, the 

cellulose-ester is precipitated as fibrous flake, l'laInnv3r milled to the 

desired particle size am washEd neutral with demineralized water. 

water is renDVed from the product l:1j a 'bNo-step operation. '!be first 

step centrifUJation l~ the water content of the cellulose l:1j aOOut 

65% by weight whereup:>n the product is transferred to vacuum dryers for 

continued drying to a noisture level oot exceeding 3%. Upon catplete 

drying the free-flatling ~ is passed t:l'lro1.x]h screens to renove 

over-sized particles that are retained for reprocessing. 

3.1. 3 Co.nposition 

'!he c:x:mposition of typical cx:rrmarcial grades of Cellulose acetate are 

represented in Table 3.1 [3.12]. 

Table 3.1 

'!he Cglp)Sition of '1YPica1 C»Imm'cial Grades of cellulose b::etate 

ACEI'IC ACID ACEIYL DEXiREE OF SUBS'ITlUI'ICN AvmAGE DEXiREE OF 

YIEID % CJ'ltfrENI' % OF ACEI'ATE GIUJPS roLYMERISATICN 

52-54 37.3-38.7 2.2-2.3 200-250 

54-56 38.7-40.1 2.3-2.4 250-300 

56-58 40.1-41.6 2.4-2.6 

61-62.5 43.7-44.8 2.9-3.0 
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As stated previously fully acetylated cellulose or a fo:rnu1a con~ 

44.8% acetyl ~ per nolecule is not utilised commercially since its 

properties are l.lOOesirable. originally the acetates manufactured \\lIel"e 

40% acetylated, Le. diacetate. M:>re recently produced acetates 

typically referred to as "triacetate" or "high-acetyl" cellulose 

acetate are 42% acetylated. SUc:h materials have superior properties am 
are less susceptible to P'lysical deformation on harxllinJ. 

'!he -structure typical for cellulose acetates, as deduc.:ai l:1j infra-red 

ani rnnr analysis [3.13,3.14] is represented here in Figure 3.2 t7j that 

of "high-acetyl" cellulose acetate. 

Figure 3.2 

structural Eem'eSentation of Cellulose 'Triacetate' 
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liaNever, strictly speaking inoornplete esterification am hydrolysis of 

cellulose 'triacetate' can give rise to eight regioisaners (as depicted 

in Figure 3.3) providing the oWOrtunity for a variety of degradation 

reactions. 

e 
OH OH OAc 

J----O 

OAc 

OAc OH 

Figure 3.3 

Possible RegioiSQlOOI'S of cellulooe Triacetate 
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3 .2 FID'SIGAL PEPPERI'IES 

A number of Iilysical properties of cellulose acetate are shc:Mn in Table 

3.2 (3.151. 

Table 3.2 

'Wical Properties of COlm'oorcial Cellulose Acetate 

PROPERlY 

SpeCific Gravity (g/crn3 ) 

Refractive Iroex 

Tensile strength (MN/m2 ) 

FlCM Temperature (oe) 

water Atsorption (%) 

~ (oe) 

1.22 - 1.34 

1.46 - 1.50 

3.5 - 11 

115 - 165 

1. 7 - 6.5 

100 - 130 

'!he properties which follON are dm-ita1 in detail since they have 

particular relevance to the Iilysical am chemical stability of a given 

cellulose acetate. 
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3.2.1 GrystallWty 

Although the crystal structure of a cellulose derivative is frequently 

associated. with a definite chemical camposition such as cellulose 

triacetate, the actual crystal structure may remain oonstant over a 

wide rarx.;Je of chemical cxmp:>sition; e.g. the crystalline structure of 

sec::oOOary cellulose acetate (0.5.=2.5) is identical to that fourrl in 

crystalline cellulose triacetate. 

It is to be noted also that; 

- the surface of the cellulose fibres will have reacted DDre than the 

interior; 

- the larorder non-crystalline regions will be sulEtituted to a 

greater extent than crystalline regions; 

- even though the sul::stituents may react ran::iaml.y alcn;J the nolecule, 

the 0.5. of an intividual anhydroglucose unit may vary ran::iaml.y from 

zero to three. 

variations in crystallWty will also be irouced OJ heat, solvents am 

plasticisers in addition to the afore ltSltioned variations in chemical 

c::anpJSition [3.1bl. X-ray studies on cellulose triacetate has showed 

that good solvents give films with higher crystallinity than poor 

solvents [3.17]. Many of the ~tible plasticisers used in 

cellulose-esters cause permanent disorderirxJ by association of the 

plasticiser with specific group; of the polymer am sul:EEquent 

weakeni.nJ of interchain forces. In these cases the plasticiser is not 

ooncentraterl in ~ regions, b.lt gradually disorders the whole 

structure [3.18]. 
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3 • 2 • 2 M:>isture SoIption 

One of the JOOSt iInportant properties of cellulose-esters is their 

susceptibility to the sorption of noisture arrl ~t ciinvansional 

char¥Je when exp:lSed to atnrJs~ of different relative humidities. In 

plasticised compositions this property is detem.i.ned by the combined 

effects of the cellulose-ester arrl plasticiser [3.19]. 

since sorption of noisture in cellulose derivatives is generally 

considered to be attrirutable to hydrogen borrlirq of the water 

nolecules to the. available hydroxyl group; of the substrate I the 

noisture rE"'~ of a cellulose-ester in given cxnlitions will be 

deperdent on the nature of the sulEti tut:OO. group I the degree of 

sul:stitution arrl the extent of crystallisation (in a triester) [3. 20 l. 

As illustrated below, it can be seen that the higher the degree of 

sua;ti tution of a cellulose acetate the nora resistant it is to the 

uptake of noisture [3.21]. 

K>LEXlJLES OF 1.5 

WATER PER 1.0 ..... ....... 
POLYtv.lER UNIT 0.5 

o 

1 2 3 

DGmE OF SUBS'lTlUI'IOO 

Figure 3.4 

M;)isture Regain of cellulose Acetates of Yaxyir¥l Degree of SllOOtitution 
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A variety of other factors influence such relationships, Sheppard am 

NSNSOmE! [3.22] fOUl'Xi that the relationship between degree of 

sutsti tution am llDisture regain is dependent upon the nethod of 

preparation of the ester. J.t>isture regain of cellulose esters is also 

con"ti.rgent upon relative humidity; increasirxJ with lowerai D.S. [3.23, 

3.241. 

20 

M:>IS'IURE 15 

REXiAIN, 10 

% 5 

o 

CELIlJIDSE 

ACETATE 

20 40 60 80 100 

RELATIVE HUMIDI'lY, % 

Figure 3.2 

ssotption of water lzi Cellulose Acetate am Cellulose Triacetate 

with vaxyim Relative Hl.nn.i.dity 

3.2.3 SOlubility 

Polynwar dissolution oc:::curs in tx> stages;-

Firstly, solvent is slowly al:Eorberl into the polyroor to produce a 

S\'AJllen gel. '!hen the gel gradually disintegrates into a true solution. 

If the polymer is cross-linked t1t primary valen:::e b:n:3s, or st.J:'cn;J 

hydrogen J:x>njs or is highly crystalline only swellirg may take place. 
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For a given cellulose derivative solubility ~ drastically with 

degree of substitution [3.25]. As the degree of substitution is varied. 

an int.erest:i.n;J ~ is atserved. In all cases the widest range of 

solubility is fourrl somewhere between no substitution arrl complete 

su1::sti tution •. Coupled with this is the 

expected tt',:and of solubility with subi;titution, derivatives of lCM D.S. 

being predominantly soluble in water or solvents of high hydroxyl 

oontent, am completely suJ:E;titut:.Ed derivatives bein;J soluble in 

nan-hydroxylic solvents. 

Solvents for cellulose acetates of varyirYJ D.S. [3.26] are listed 

below;-

Table 3.3 

SOlvents for Cellulose Acetates of Vaxyioo o. S. 

D.S. cellulose Acetate Solvents Non-Solvents 

0.6 - 0.8 water; 

1.3-1.7 2-methoxyethaool acetone 

water 

2.0 - 2.3 acetone Cli~12l'Cli3C11 

2.3 - 3.0 0i~12/0i3C11 hydroc:arb:>ns 

ethyl acetate aliPlatic ethers 

glacial acetic acid weak mineral acids 

aniline acetone 
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other factors such as degree of polymerisation, cx:n::::entration am 
temperature also effect solubility [3.27]. 

It has also been ol:Eerved that solubility varies saoowhat with the 

method of manufacture [3.28]. 

3.2.4 Mechanical am Dinensional PrQpert.ies 

'!he nwachanical am dimensional proerties of cellulose-ester fibres, 

films am b.llk plastics are largely influerx:ed by the afore-mentiorm 

noisture am crystallinity characteristics, although other factors such 

as ten'{lerature do play a part. 

D.inensional ~ in cellulose-esters is in the main caused by loss or 

gain of noisture. Dimensional stability in cellulose acetates is 

markedly influen:::ed by varyirg relative humidity. 'Ibis is seen to be a 

reflection of their hygroscopicity. Mechanical properties are also 

influencerl by relative humidity resulting in COJ'lSEq\leJlt C'llar¥Je in 

tensile ~, elongation am brittleness [3.29]. 
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4. Mechanisms W' which Cellulose Acetate Degrades 

While an enorm:rus volume of ~rk pertaining to the effects of 

temperature, relative htnnidity am oxygen on cellulose-esters can be 

fotll'rl in the literature investigations have invariably led to the 

aOCl.Il'lUllation of a sizeable quantity of empirical infonnation ooncerni.ng 

charges in P'lysical properties ani considerable speculation regarding 

urrlerlying mechanistic rationale. 

4.1 PrimaIy DecoIJWsition Pathways 

(a) HYdrolytic Degradation 

studies on the hydrolytic ~ition of cellulose acetate are 

nmnerous. Hiller [4.1] has shcx>ln that the reaction follaNS kinetics as 

for the raOOcm degradation of pllyrners. He also fOUJ'rl the rate of 

reaction to be temperature deperrlent, increasing with increasing 

temperature am to be greatly influerx::ed by the presence of strong 

acids. 

Continu.inj studies l7j the sane author, irrlicate the degradation 

reaction to have a larger activation energy than the deacetylation 

reaction, implyirg the dqadati ve reaction is to be IlDre temperature 

deperrlent than the de-esterification. FUrthernore, for the uncatalysed 

reaction, the activation energy for deacetylation of primary hydroxyls 

is IlIlCh less than that for seoon:lary hydraxyls. 
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H+OH

" CH 20Ac 
J----O 

H OAc 

0,-- -HOAc 
~~. 

H 

Ring MW=288,CTA ().\,C2..1 ) 

H OAc 

° '--
H 

MeClz soluble 
k6 - 14· 3 keals/mole 

Ring MW - 246, CDA 
Acetone soluble 

Ac= COCH 3 

H H 0,- -HOAc 

o OAc H ~ 

( H OAc 

H+OH-

""""0 

Ring MW=288,CTA (».\.-".1) 
MeClz soluble 

kz/k3 - 20-6 kcals/mole 

Figure 4.1 

H OAc 

Ring MW ... 246. CDA 
Acetone soluble 

pchematic of ijydrolytic Degradation Pat:hway in cellulose Acetates 

In the preserx:P. of a st.rorq acid haNeVer, for example sulIburic acid, 

the activation e.nerqj for hydrolysis of ~ hydroxyls is markedly 

(ieCre.aSErl am the reaction is apparently faster than that for primary 

hydraXYls. AI:XX>rding to Ienz [4.2] C2 or C3 acetyl gI'OOIS are likely to 

urdergo hydrolysis prior to cleavage of 1,4-glycosidic linkages which 

have a higher activation enerqj (see ~ deconl(XXSition pathways). 
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later studies by Richau, Schwarz am Klrlela [4. 3] have shaNn rate of 

hydrolysis of cellulose acetate to be minimal at a pi value between 4 

am 5. 'Ihese results have been oonfi.rmed l:1j Vas, Floyd am Riley [4.4J. 

Other studies on cellulose di- am tri-acetate, dispersed in hlffer 

solutions in the pi rarge 2-10 at 30 C, have shown the overall rate of 

hydrolysis of cellulose diacetate to be IOOre rapid than that for 

cellulase triac:etate am that for 00th acetate types the hydrolysis 

rate· has a maxinIlm arxi minimum at p-I=10 am pi=4 respectively [4.5] 

(see Figure 4.2). 

HYDROLYSIS 10-6 

2 3 4 5 6 7 8 9 10 

Figure 4.2 

JJl..fl~ of pi on J;fydrol,ysis Rate of Cellulose h:;etate 
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More recent wrk on cellulose acetate by cantillo et ale [4.6,4.7] 

iOOicates that the rate of hydrolysis increases with i.ncreasi.n} 

ooisture concentration am ~ture, am that hydrolysis is zero 

order with respect to acetyl content [4. 6 ]. In contrast to 

deacetylation they have shown that depolymerisation by hydrolysis is 

indeperxient of ooisture concentration, bIt proceeds by first order 

kinetics of rem::wal of acetate group; [4.7]. 

liaNeVer, such studies have generally been performed urxier hcmDgeneous 

oorditions, Le.are essentially solution reactions. Little attention 

has been directed taerds heterogeneous hydrolysis of cellulose-esters. 

Here accessibility of degrading agencies to linkages susceptible to 

hydrolysis may playa significant part in the overall deterioration 

process. Sbrlies on the heterogeneous hydrolytic degradation of 

cellulose acetate have shown significant deacetylatioo to be 

aoc:x::atpmied by negligible depolymerisation [4.8]. 

(b) '1herma.l/OXidative Degradation 

'!he oxidative chemistry of cellulose-esters has centred mainly on 

oxidatioo of cellulose-esters with a wide variety of reagents un.:ler 

roth acidic am basic corx:litions. specific staiies enplOYinJ unm:xlified 

cellulose-esters degraded thermally in oxygen or air are very few in 

number. 
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r.Ihe heat stability of cellulose acetate has been shcMl to be a function 

of its ease of oxidation. Evans am ~ [4.9] report that durirq 

oxidation volatile products were fonood, an o~ellow colour 

developed, am viscosity decreased. 'n1ey have also shcMl that small 

quantities of sulP'iuric acid catalyze autoxidation. 

other workers have treated ~ cellulose acetate with mist oxygen 

containing a small percentage of ozone. '!his irrluced oxidative 

degradation which ooourred gradually initially am finally resulted in 

an abrupt drop in specific viscosity am formation of peroxide, 

cartx>nyl am carboxyl groups. en sutsequent storage they fourrl that the 

peroxide g:t'01lIS decXlIuposed in proportion to the duration of 

I ozonization I • 

other studies have coooentrated on the effects of inpJri ty gI'OUp3 such 

as carboxylic acid gI'O\.JIB on the thermal degradation of cellulose 

acetate. r.Ihey cooolOOe that such groups decrease the imuction tine 

prior to onset of oxidative breakdown. 

In all cellulose-esters degradation has been fourrl to proceed mre 

rapidly in the presen:::e of oxygen than nitrogen. ~sns of 

oxidation are on the whole rather obscure. studies have established 

that the reaction is of the autocatalytic free-radical type; they show 

an irxiuction period followed by a linear zero order reaction, which is 

dlaracteristic of such a prcx:ess [4.10]. 
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Work by Scotney [ 4 • 11 ] suggests that thermal dea:EllXlSi tion of cellulose 

triacetate in vacuo, air or an inert atroosPlere begins with raOOam 

deacetylation of the Pllymr dlain. Le. 

CH 20Ac 

H 0 
"-- (- HOAc} 

"""'0 • 
H 

H OAc 

CH 20Ac 

H 0,- (-HOAc} H 0,,--• 
""""" """'0 0' H H 

H OAc H OAc 

'!his nay be a simple process of elimination of acetic acid as S\.lC.Re8ted 

above or may be the result of a m:>re oc:mplex radical c1eccanp::lsition as 

follar.s;-
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-0 -0 

o 

014 H o 

Here deacetylatian may result in either carbonyl forma.tian or 

unsaturation, t:l'n.lgh this is p.Jrely speculative sirx::e there is 

insufficient evidence to SURX>rt it. Di~ this, if the process 

is iOOeErl a radical reaction as the kinetics of cBJradatian imply, 

radicals oould be formerl at any of the follQiir¥3 posi ticns in the 

polyner structure, leading to a whole ~ of possible cBJradation 

prodUcts. Here any radicals fonned ca.lld participate in l:x>th txni 

scission or cross-li.nki.r¥J reactions. 
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AC: COCH 3 

• • 
CHIO CHl CH.t OAC 

-00 -0 -DC> 
~ OAe H OAe H OAe 

CH-t0AC C~.20AC 

-00 -0 -0 

H OAC ~ OAC • OAC 

C~40AC 

-0 -0 

OAe. H H OAe f-l 

Repeating this process for each of the eight possible regioisarners 

forne:1 in the production of cellulose triacetate (see chapter 3) -

the possible combinations of radical reactions increases markErlly. 

Alternatively, any primary thermal degradation processes operatirg in 

polyethers, such as cellulose triacetate, may give similar degradation 

products blt by a process of a-Qi or B-<li transfer reactions. 
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1(\1 
-' (-[-a-c-

I 
cX._-_C_H ___ .. _ _ C - C = 0 + 

I 
H-C -

liVI TRANSFER I I 
H 

H 

~~ fo -CH 
-o-C-C- .. \if I TRANSFER 

\ 
-OH C=C

/ I 

I 

}bEver, contrary to firrlings by Scotney, \t.1Ork by zi taner suggests 
. . 

primary decomtX>Si tion prcxiucts are envirorment depenient [4. 1 2.] 

Products of thermal breakdown of l:x>th cellulose triacetate am 
cellulose diacetate were oampared in air aOO he1itml by 

therl'OOgravimetry;mass spectronetry aOO are illustrated in Table 4.1. 
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CI'A 

alA 

erA 

alA 

Table 4.1 

'!hennal Degradation Products of 

Cellulose Triacetate (CI'A) an:i Cellulose Diacetate (Q)A) 

Air 

Air 

He 

He 

Volatile (wt%) First Evolved 

CD CD2 H~ Cli3aD Cli3CXXli Product 

1.2 34.8 5.9 0.3 

4.4 48.9 5.5 0.3 

3.2 24.2 4.5 0.5 

1.4 19.8 7.2 0.6 

56.4 

38.9 

64.3 

66.3 

'!he results bring to light several interesting features regaI"din;J the 

theImal decallposition of cellulose triacetate am diacetate. Firstly, 

they suggest. that oxygen is not involved in deacetylation reactions 

since nore acetic acid is evel ved in Helium than air. Secx>rrll.y, they 

suggest that in the presence of oxygen a different degradation 

mechanism dominates. '!his is reflected by the fact that the first 

evel vej d~ition product in air is carbon dioxide b..tt in an inert 

atmosphere it is acetic acid. 
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other studies, labellirg acetate group:; durirq oxidative degradation of 

cellulose acetate have stnm that volatile prodlx:ts arising fran the 

degradation though principally acetic acid, also inch¥ie methanal. , 

famic acid, carbon dioxide am carbon llDIlOXide. It is interesting to 

note that only acetic acid retains the label. Where the pyran rirg has 

been labelled chain degradatial is shown to take place t:l'lrol.¥:Jh the 

rupture of the CI-C2 txni [4.1'3] Furt.herJoore, it has been stnm that 

of the identified volatile decnuposition prodlx:ts. volatiles other than 

carbon mn»dde decrease with oxidation. '!he evolution of this specie 

awears to be autocatalytic. Again few sb.¥lies are in eviderre which 

~ heterogerleoos thet1ID-axidative decnuposition of cellulose 

acetates. 

In seoomary ciegradatial the initial deaJnqxsition products acx::unulate 

arrl nay t:henselves react with the polynwar to instigate further 

degradatial processes. 

Where acid grruJS are forne:l as a result of hydrolysis, there is 

eviderre that these ltDietles then catalyze further reactim oonferrin:1 

autocatalytic properties on the overall process [4.13] Here ltDisture 

trawed within the polynm- network fran proc:msin:1 may play a 

significant role. 

PrOperties peculiar to cellulose-esters such as iJx::reasej hygrosoopic 

nature with decreasirg ~ of sul:Etitutian of ester groop:; may 

be seen to exacerblte the overall situatim. 
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DepeOO.ing upon primary dec::cJnIxlSition patllways chain degradation may 

occur in a ru.mbar of ways. In the main further degradation reactions are 

attrib.rt:ed to acid cleavage of the 1,4-glycosidic linkage; al~ 

this will be acxx:.npaniErl by further de-esterification reactions. 

1,4-glycosidic l:xn:i scission may occur by 00th hydrolysis or acetolysis 

as depicted belCM;-

.. - C 
,,- - - - \ I 

H, IC-C, ~~ Ore .. H 
C C/\ 'c/ ,,'c' Hl0(HI·~ 

'. /, I'" I' , I" "CH.COOH 
'0 O-C "H\ H C-4C "0' 

I \ \ 
C \ _ -.! acetal 

\ ..... 
- - - C 

(
OOCCH 1 - - .... - " I 

H, IC-C / OH \ HO Q.\-C ,H 
C 'c +\ 'c/ \ ,c" 

".1' I, \ /, \ I", o O-C H \ H C-IC O' 
I \ \ 
C 

\ __ J 

a b 

0 \,<>;'0:: , .. 
o 0 1 

k, ........... - 29'6 teals/mole 
(l,4-glycosidic link) 

, --
- - hemi-acetal 

'Ibis \Olld give rise to the formation of reduc1n;J an:! non-reduc1n;J 

errl-group;. As illustrated the acti vatioo ermqy for this process is 

higher than that f.or deacetylation am is therefore less likely to be a 

primary hydrolytic process. 
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If chain scission takes place at sites in the polymer J'lebork where 

deacetylation has already cxx:urred the scission process may result in 

~tion products of the followi.r¥;J k.irxi;-

/~~oh Scluiun of bond.; \ Scipiun of bond •• 

"Ot\.J"/L6'O/ \ 

I Double bond shin 
and anbydro-rinl 
clolure 

CH 20Ae »H 
H OAe 

1,2-un .. turation 

[

Double bond shin 
and .nhydro-nn, 
closure 

l,4-unlMturalion 

llgain it should be eqilasized that the nature of such ne:::hanisms am 

the extent to which they participate urrler particular degradation 

corrlition have by m nams been satisfactorily resolved. 
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4.3 Influence of Additives 

since cellulose-esters are invariably used in combination with 

plasticisers. '!he \\Ork of Decrees am Tambyln [4.14] shaNs that the 

inherent oxidative sensitivity of cellulose-esters is magnified by the 

plasticiser system with which they are fontulated. Here plasticisers 

which contain methylene or methylidene groups were foun:i to be 

particularly susceptible to attack themselves 1:7:1 oxygen: e.g. 

plasticisers such as diethyl lilthalate and diJ::utyl lilthalate are 

unstable to oxidative attack c.f. dimethyl Ibthalate am trililenyl 

IilOStilate which awear relatively inert (see Table 4.2). 

Table 4.2 

111e Effect of O>M1en on Phthalate=Ester ani Aryl Phosglate Plasticisers 

Plasticiser 

Dimethyl Phthalate 

Diethyl Phthalate 

Dib.rtyl Phthalate 

TriIi1enyl PhosP1ate 

Apparent OXygen Acid 

Absorbed, ml 

o 

26 

52 

o 
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2.3 

o 

Peroxide 

Produced, meq. 

o 

1.3 

0.5 
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4.4 Manufacturing InpJrities and Initiation of Degradation 

Since the raw starting material for esterification is cellulose, a 

natural polymer, it must be accepted that there will be inpJrities 

present wi thin the structure which may sensitize degradation. 

other than this the manufacturing process itself may be responsible for 

the introduction of inpJrities into the final cellulose triacetate. 

A large ano.mt of data pertaining to the effects of residual 

manufacturing chemicals is evident in the literature [4. 15 1, Here the 

effect of the catalyst is seen to be particularly significant. 

'!he majority of esterifications use a strorg acid catalyst. Where this 

is sulIiluric acid, along with the sutstitution of hydroxyl group:; by 

the requirei ester a certain proportion will react to give the hydrogen 

sulIilate ester, cellulose-<>sO~ (and to SOl1¥3 extent the dicellulose 

sulP'late, cellulose-asop-cellulose). Alkyl hydrogensulP'lates are 

hygroscopic and therefore enhance the possibility of hydrolytic 

dec::a1TplSition. While IOOdern manufacturing techniques minimize this 

reaction, it cannot be totally excludErl (see chapter 12). 

'!he stability of the resultant triacetate will also be influenced by 

particular choice of acetylation method. Brens [4.15 1 highlights the 

advantages of th.€ fibrous " inhom::lgeoeous' acetylation prcx::ess over any 

'hc:lnrJgeneous' method. In the latter 'solution' prcx:::ess, cellulose 

fibres are dissolved in the reaction medium durirg esterification -

reaction is stoppej by addition of water which not only reduces acid 

concentration rut causes a certain arrount of hydrolysis to cx:x=ur. In 

the fOrIlm" case cellulose acetate is prevented from passim into 

solution by the addition of a non-solvent am a fibrous acetylation 
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results. Here washing is with the non-solvent ani any ~ting 

hydrolytic reaction are thus suwressed. 

4.4 Influence of IAmstream AWlication 

EXpOSUre of a cellulose-ester to a given envirornnent will be detennined 

by its particular em use. TakirxJ the example of cinematograIb film, 

all the materials which cansti tute this matrix will detenni.ne its 

overall stability: Not only will the cellulose-ester itself influence 

stability of other canstituents, rut they in turn may influence 

cellulose-ester stability. i. e. '!he degradations of the total 

combination of cansti tuents ani their surroun:tirg envirornnent are 

unlikely to be nutually exclusive. 

It is therefore important that the material urxler investigation is 

considered as a whole ani not I!Erely with respect to is cansti tuent 

parts. 
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Chapter 5 



5. PEOPERl'IES OF CEfJlJJ.PSE-ESTEB. BASE CINEHA'lOORAffi FIlM 

'!he properties of cellulose-ester base m::>tion picture film are a 

reflection of both the proerties of the base am enulsion layer. 

5.1 M:2isture PrQperti.es 

'!he behaviour of ~~c film urrler the influence of varying 

relative hl.DUidity as a ~ of varyirr;J water uptake may be 

CX>J1Sidered to be the major determini.r¥J factor with regard to many other 

Ji'lysical properties. 

At lGi m::>isture levels ~Ji1ic film can slno1 brittleness, static 

ani dinelsional cl'larges; while at high m::>isture levels problems arise 

due to stickiness, ferrotyping or high friction. 

Figure 5.1 illustrates the m::>isture sorption of uncoated cellulose 

triacetate base [5.1]. 

4 

K>IS'lURE 3 

a:Nl'ENI', % 2 

1 

o 

20 40 60 80 

REIATIVE HUMIDIT'i, % 

Figure 5.1 

variatioo of M;>isture Content of erA Base Cinema:t:ogrgoo Film with RH. 
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Figure 5.2 shaNs the m::>isture ab3orption of roth gelatin am a 

px>tograpUc enulsion. It can firstly be seen that the ratio of gelatin 

to silver halide will influence m::>isture atsorption: a P'lotograp1i.c 

enulsion al:sort:s less m::>isture than gelatin. Sec:xn:Uy, the weight 

percentage m::>isture in the gelatin layer is rore than ten tile; greater 

than that of the cellulose-ester base [5.2]. 

28 

20 

K>IS'lURE 

a:Nl'ENI' , 12 

% 

4 

o 

20 40 60 80 100 

RElATIVE HUMIDlT'l, % 

Figure 5.2 

'!be H:>isture content of a Blot.og:raOOi.c Emllsion la,yer 

It follas therefore that the final m::>isture content of the film will 

be deperrlent upon 00th the m::>isture uptake am relative thickness of 

the irdividual oomponents. 
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'!he influence of ~ters such as relative humidity am temperature 

are illustrated in Figure 5.3 [5.3]. It can be seen that noisture 

content has a strorg deperrlence upon relative humidity tut is 

relatively llrleperrlent of temperature. 

6 

MJISIURE 4 

CXNl'ENI' , 

WEIGH!' % 2 

o 

--120 F 

70 F 

~----~------~------~------~ 
20 40 60 80 

REI.ATIVE HUMIDITY, % 

Figure 5.3 

Effect of Tellp:miture am Relative Htunidityon the Moisture Content of 

Cellulose Triacetate Cinematograoo Support 

5.2 DiIoonsiona!J>rQperties 

'!he retention of exact cliroonsions in notion-picture film is irrp:>rtant 

with respect to projection, printing arrl coPYin1. Any deviation fran 

the given starmrds may mean that the film is m lOn;Jer projectable am 
cannot therefore be copia:l or viewed. starx:)ards have thus been adopted 

to ensure that such requirements are strirgently met [5.4]. 
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Unforbmately, unavoidable dimensional c::har¥]es in film do occur. 

calhoun, in an excellent review of "the PlYsical properties am 

diIoonsional behaviour of notion-picture film" has classified these 

chal'q3S as t.enp>ra:ry or permanent [5.5]. 

TempOrary or reversible c::har¥]es, expansicn or oantraction, are 

CXlI1Side:rErl to be the result of either humidity am/or ~ture 

fluctuations. Ql the other harxi, pennanent or irreversible shrinkage is 

due to the loss of residual solvent, plastic flai of the b:lse or the 

release of mechanical strain. 

Figure 5.4 illustrates the ageir¥:J shrinkage of processed positive am 

negative cellulose-ester b:lse IIDticn-picture film. 

1.0 __ -------------------------, 

IOOITIVE FIlM 

,. , ... 
... -...... 

~_-- --- - NEX;ATIVE FIIM 

O~::::._----.,._---r---__r-
0.1 1 10 100 

TIME, years 

Figure 5.4 

leeW Shrinkage of Processed cellulooe-'l'riacetate Base 

Cinemat.ogra.OO Film 
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'lhus, dirtv:msional stability is an all inclusive tenn, with size cl'lar¥Jes 

being oooplex arrl cx:x:::urring for a rn.mi:ler of reasons. 

5.3 Mechanical PrQgerties 

CinematograPl film durirq the coorse of its life is exp:lSE!d to 

considerable mechanical stress, strain am abrahsion (particularly in 

the case of release positives whiell are subjected to repeated 

projectioos). '!he importance of mechanical properties such as tensile 

st.reBJth, elCDJCltion, fold en:1u:raooe, tear resiS't:an=:e am brittleness 

are thus inplied [5.6]. As is the case with dimensiooal characteristics 

txrt:h ~ture am relative humid! ty play a role. '!he strer"gth 

properties of J;ilotograPlic film are best evaluated by the stamard 

tensile stress-strain cmve [5.7]. SUCh properties are detemine.d by 

the charaCt:eristics of the base rather than the enulsian. en the other 

harrl bri ttJ.eness is detemine.d by the inf11.lel'¥E of the enulsioo layer. 

1b:Ne 30% RH film is not normall brittle, h.rt: below 20% RH brittleness 

increaseS rapidly. 'Ibis is because the gelatin of the enW.sicn becc:m:!s 

brittle due to misture loss; arrt Sl.Dien cracks whiell develop in the 

enI.llsioo will tern to propagate ~ the base. Perforated film is 

nore subject to enulsian cracking than nan-perforated film. 
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Chapter 6 



6. nIE DEGRADl\TION OF GN.TIJIPSE-ACErATE BASE CINEMA'lXXlRAffi FIlM 

6.1 ~]jrenmts for Archival Cinematogram Fim 

AccX>rding to present staroards only Black-am-white cinematograPl film 

is considered to be archival (Le. to have long-term, dark-keeping 

stability) [6.11. FurthentOre, this awlies only to cellulose-acetate 

baSe film. StaOOards have also been established for the correct storage 

of these materials am suggest storage at < 21°C am within a relative 

humidity range of 15-50 % [6.2]. 

6.2 O1:.Eerved Degradation ClJaracteristics of Cellulose=N;etate Base 

cinematogra,gl Film 

Urrler the correct corrlitions of storage it was generally considered 

cellulose acetate base notion-picture film w::>Ul.d remain stable almst 

irrlefinitely. Unfortunately, as is the case with other polymeric 

materials, cellulose-esters decompose. Patterns of deoanposi tion were 

first otservAd trt archivists in the early 1970s. 

'!he degradation of cellulose acetate cinematograPl film is 

characterized firstly by evolution of acetic acid; this occurs prior to 

any atservable cl'lanJes in image quality. A ptogIessive deterioration 

then follavs which is manifested by the following features;-
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As loss of acetic acid becomes nore apparent the film material 

distorts, with frilling arourxi the sprocket regions i 

In latter stages of degradation, the deposition of liquid/crystalline 

materials on the film surface are apparent; 

In same films yellowing am embrittlement of the cellulose acetate 

support CXlCUrS b.rt in many cinernatogra);tl filns the cellulose acetate 

support does not embrittle bIt becames flacx:id, with a oorresporrl.i.rq 

ciec::reaSe in mec::hanical properties, such as tensile stl:"er'xJth; 

Eventually fadin:] am erosion of the silver image results. 

Figures 6.1 arrl 6.2 depict new arrl degraded cellulose acetate support 

cinematograP'l films. 

In humid climate archives growth of microbes on the emulsion surface 

has also been al:setvedi leadi.rxJ to loss of the image carrier: though 

this is essentially a separate problem to that of the "vinegar 

syr¥irane" • 

Because the major cause for CX>J'X:e.tTl, as regards cellulose-acetate mse 

materials, is the decamposition which occurs as a result of base 

degradation, such nodes of degradation will only be oonsidered briefly 

here. 
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6.3 stahility Characteristics of Emulsion Layer 

6. 3.1 '!be Silver Image 

studies on the ageing of emulsion coatings have shown that significant 

charY;Jes in image quality ocx:ur on storage [ 6. 3 ]. Phot.cx]raIirlc 

c::haracteristics change as a result of agents contained wi thin the 

original coating, or agents fran the atm::>sP'lere, film base or packaginJ 

materials. 

&fect of Relative thDnidity 

Although fluctuations in relative humidity do not, on the whole, have a 

detrinental effect on silver image stability, very high relative 

humidities may cause recrystallization of the silver filanents. '!his 

influences roth the ooverinJ pcMer am tone of the silver [6.4]. 

Ufect of OXygen 

'!he major route for the deterioration of the silver image is oxidative. 

In ~puc enW.sions silver is present in a finely divi&rl fom 

am thus has a high surface-to-volume ratio; hence, susceptibility to 

attack by oxygen. c:t:J\Tiously, relative quantitative charges will differ 

with different materials. In the case of oxidation, grain size along 

with type am degree of sensitization has a marked influence [6.5]. As 

a result of oxidation, metallic silver is converte:i to silver ion (e.g. 

NJS, NP)· 
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Many microfilms UJ'Xiergo a SlDIltaneous image degradation upon nomal 

storage [6.6]. Here an interesting ~n oocurs, which has 

ocx::asionally been atserved in cinematograph enulsions. During ageing 

many microfilms develop red or yellow spots, lO-l50#Jm in diameter. SUch 

'microsp:>ts' are tenned Liesegang rir¥3s. Oxidation at a given point of 

susceptibility causes metallic silver to be oonvert.ed to silver ions, 

which then migrate unifonnly in all directions from this point. 'lhe 

silver ions are then reduced back to silver which precipitates in a 

colloidal state; which is thus coloured when viewed by transmitted 

light am silver or miITOr-like by reflected light. SUch effects have 

been oonsidered to te attrib.ltable to attack by hydrogen peroxide 

formed as a result of PlotograpUc fixers. studies by Brown am 

Jacob;on [6.7] on the archival permanence of silver image holograms 

irdicates that while minimal residual thiosulPlate retention 

acx::elerates image oxidation, higher levels a~ to have a stabilising 

effect. SUCh atservations are attriWted to the fonnation of stable 

silver tetrathianate complexes. 

SUlpUdes in film enclosure materials am atJoosPleric pollutants have 

also been suggested as causal factors in silver image deterioration. 

Jiat,leVer, a nore thorough elucidation of detailed mechanisms of silver 

image degradation are necessary to detennine the exact causes of 

fading. 
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6.3.2 Gelatin 

'lbe properties of gelatin as discussed in chapter 1, will play a large 

part in detennining its subsequent stability. 

ijydrolytic Degradation of Gelatin [6.8 ] 

'!he principle node of decomposition of gelatin is by hydrolysis to its 

component amino acids. '!his may be brought about by chemical or 

biolOgical means. ChromatograIi'li.c analysis of gelatin in emulsions 

which exibit stickiness with evolution of acetic acid irxlicate the 

presence of amino acids. other than this, gelatin is extremely 

sensitive to microbial attack, namely by bacteria, funghi and mildews. 

Fortunately, sensitivity to silver inhibits growth of bacteria and 

funghi in conditions other than that of high temperature and relative 

humidity. Mildews hONever, have been found to tolerate even extremes of 

temperature, RH and high silver content 

oxidative Degrad&tion of Gelatin[6.9] 

OXidative breakdown of gelatin is largely a reflection of the presence 

of oxidizable microcamp:>nents. For example, carbohydrates are present 

in gelatin in anounts up to 0.5% (hexoses, pentoses). 'Ihe majority is 

found in collagen - (glucose, galactose) and is linked to hydroxylysine 

by gl yciside tx>rrling. smaller annmts originate from nucleic acids and 

from rocoIX>lysacx::harides, inpJrities which occur in gelatin. OXidation 

of the carl:Xlhydrate component can lead to the production of aldehydes 

and carboxylic acids. 'lbe latter may act as imp.Jri ty centres for 

further breakdcMn. 
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6.4 '!he 51 ltpjng layer 

'!he influence of adhesive layers, which link the cellulose-ester 

support ani enulsion, have recently been the subject of much debate. As 

stated in chapter one, these layers are initially hydrqtlobic where 

they contact the base ani ~ progressively hydrop'Ulic where they 

contact the enulsion. '!he layers are canposed of gelatin ard either 

cellulose diacetate or cellulose nitrate in varyirg ratios. It seems 

likely therefore that stability will be largely deperxient upon the 

stability of the cellulose-ester oonsti~ them •• 

PollaJrowski [6.10 ] recently proposed a mechanism of degradation based 

on the principle that small quantities of cellulose nitrate wch are 

present in same sutbing layers trigger the hydrolysis of safety base 

films. Brems [6.11] also quotes studies urrlertaken carp:lring 

non-cellulose nitrate ani cellulose-nitrate S\.1l:tled films. After 

aocelerated ageing at 

67°C and 50% RH free acidity was neasured for each film type. Although 

for the fourteen days of testirg acidity remained within the 

rec:cmmerx1Erl tolerances, it was shown that free acidity increased J1DI"e 

in the film base CXllltaining nitrate sutstratum than in the one without. 

HoweVer, this evidence is i:7t 00 means conclusive since in a survey of 

44 film samples exhibiting vinegar syrxirate, l:7j the same author, only 

25 contained cellulose nitrate ani 19 did not. Further ~rk is thus 

necessary to llPlold the original hypothesis p.u:p:>rted by Polla1ca6ld.. 
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6.5 cellulose-Acetate Base Cinematog:r;aOO Degradation 

Due to the nore recent discxwe.ry of this problem little work has been 

urxiertaken on degradation of cellulose acetate as a cxmstituent of 

);i1otograpric film materials. '!he majority of stOOies which have been 

carried out ooncentrate on the pennanent changes in Plysical properties 

which result on deterioration of these film materials. 'lhearetical 

studies discussinJ the degradation are rare. 

A significant b.It sanewhat datai investigation in this respect was 

uOOertaken by Kozlov [6.121. Kozlov oonsiders dep:>lymerization to be a 

major factor in the agei.n;I of cellulose-ester films. He also describE:d 

studies shorNinJ the interrelation between plasticizers, callpc:sition am 
proportion of solvent mixtures, am oorxtitions of manufacture on 

cellulose acetate stability. 

since the first atservable evidence of degradation is the evolution of 

acetic acid another interesting area of investigation is the 

examination of volatiles arisi.n;I fram film l:lreakdcw1. Olsen, Bruryes 

and Sabetta [6 .13] have studied the 9ase8 produced durin;J the 

ciec::Cq)OSition of cellulose acetate IbOtogratirlc films. '!hey d:servErl 

that h«> major gases were evolved, J"lalIely acetic acid am carbon 

llUlOXide. In this respect degradation is awarentlyemanating fran film 

base, since an analogous pa~y occurs in cellulose acetate material 

alone (see chapter four). 
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A number of oc:arp::rrati ve studies, examining the relative stabilities of 

cellulose acetate am polyester as support materials, have been 

undertaken by Adelstein am M:x::rea [6.141. Here the tensile am 

viscometric properties of roth materials were taken as irxticators of 

degradation. '!he results shari tw:> significant features with respect to 

cellulose acetate. Firstly that there is a significant decrease during 

ageing in the intrinsic visrosity am tensile strength of film support. 

SecOndly, attempts to predict archival lifetimes of film materials are 

conflicting. Arrhenius extrapolations of acceleratai ageing data to 

ambient corxtitions b:lsed on time taken to a given property loss vary in 

their lifetime estimation for the sama material. '!he literature also 

mggests that triacetate film mse, if rot contaminatai by other 

prodUCts, am if kept urrler the coILEd: storage corxtitions, should last 

at least a hurxired years: An ol:Nious discrepancy with respect to recent 

practical experierx::e in the archival world. 

Horvath [6.15] in a survey of acetate negatives, has considered the 

effect of enclosure materials. For the cross-section of films he 

examined, he claw that highly acidic envelopes seem to accelerate the 

degradation process. Many degraded negatives shewing separation of the 
. . 

base am enulsion along the seam of such envelopes. Negatives also 

stored in glassines often shew signs of deterioration before similar 

unsleeved negatives or those in paper sleeves. Fran this it is inplied 

that the Iilysical microenvironment of the film may inflUEn::e rate of 

degradation. 
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Horvath also observed that "pockets" of degradation cx:x:ur, where 

materials already exhibiting degradation seemingly infest other 

surrounding materials; which he tenns a "tad apple" Ibenomenon. Another 

i.np>rtant point illuminated from this report pertains to manufacture. 

Prior to 1940 all c:inenatograIb support stock was manufactured by a 

batch process; replicate c:omposi tion of such product groups is 

therefore unlikely. Horvath's SUlVey graIiling percentage degraded 

filnLstock versus year of manufacture sl'xMs definite peaks relating to 

specific years of production for a given film manufacturer. 

unfortunately t.llls data is only CXlItplete to the year 1950; it ~d be 

interesting to see if similar trerxls exist for oontinuously processed 

materials. 

Much rore investigation is necessary if we are to elucidate the factors 

which contr.ib..rt:.e to instability in cinematograIb materials. studies 

which link together the effects of envirornnent with initial am 
sulEeqUent degradation pathways are vague am incx:mplete. F\l.rt:l'lenoor, 

the majority of ~ks do not relate to practical archival storage 

con:li tions am their validity in any real sense is therefore 

questionable. 
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It should bv l'lOW be apparent that the CXllT1plex interplay between irmate 

structural features of a cinematograIi'l film am external envirornnental 

variables result in many possible degradative routes. since no film 

will ever be exposed to only one degrading agency and even the IIOSt 

easily identified factors are often acting in c::nnbinatian attack often 

occurs in a complex and Ii ttle umerstood manner. Possible and highly 

probable synergism am antagonism between CXJmpeting degrading agencies 

further adds to the difficulty of umerstaming the effects of a given 

envirornnent an a film. 

Little infonnatian is as yet available regarding cinematograIi'l film 

stability. If we are to establish the limits of stability of this 

material ~ rEqUire the follaiing abjecti ves to be achieved: 

To identify the nature of degrading agencies present wi thin a 

particular film envirornnent; 

To understarrl the nature of the Iilysical and chemical effects that 

these agencies have an film c:anpanent structures; 

To understarrl am quantify the interactions follaiinJ oambinErl 

agercy attack. 

'lhe chapters which follai therefore concern the experimental 

unctertaJd,.ngs in this present project relating to the establishnent of 

an underlying mechanistic rationale for the dEgradation process. 
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Chapter 7 



7. EXPERIMENl'AL 

Initial attenpt:s to follCM mechanistic pathways lead.in;J to film 

decomp:JSi tion were fraught with problems associated with assessmemt of 

such a c::xJmPlex matrix. Difficulties were experienced in separatiJ'¥,} film 

support. frc'I!\ f:.utbiJ'¥,} layers am Ell1I.llsion, to can:y out testiJ'¥,}; without 

either extractiJ'¥,} ~tion impJrities or acceleratiJ'¥,} any artificial 

ageinJ effects to which the film was subjected. '!be methodologies which 

follCM are those which best minimized any errors which resulted as a 

oonsequence of such factors. 

7.1 Materials 

'!he cinematograP'l films used in all studies were 35nun, processed, 

commercial fine ~rain reoording materials coated onto cellulose 

triacetate support. In all stulies negative materials were Ell1I.llsion 

type 5224 am. IXlSitive materials were Ell1I.llsion type 5336. 

All films contained Ibos~te am. P'lthalate ester plasticisers along 

with a small pm:::entage of residual ooatirg solvent, am were suppliErl 

by the National Film Archive, U.K •• 

Cellulose Triacetate flake, to produce solvent cast films, was sUWlied 

by CoUrtaulds Acetate, U.K •• 

All solvents were analar grade SUWlied by Fisons, U.K •• 

TriIi1Emyl P'lOS~te, am. metal oxides were sUWlied by Aldrich. 

Film contal.nersVll9re supplied by the National Film Archive. 

- 69 -



7.2 Ageing 

'!he inter-relationship between naturally am artificially-agai films is 

necessary not only for a reliable assessment of film c:x:ntition blt for 

a realistic interpretation of the IOOChanistic processes involved. 

'!hus, at all points in the stOOy results were compared for 

naturally-aged films am for those films which had been subjected to 

acc:elerated ageir¥3'. 

7.2.1 Natural Ageing 

Film samples in C\ variety of corditions were analyzed, which had been 

taken rarrlamly from the National Film Archive storage vaults. 

7.2.2 Accelerated Ageing 

film strips 

Film samples were cut into strip3, ten frmoos in lEnJtll, am susperrle:l 

in glass containers which sin'ulated the followi~ enviI'OI'lIOOnts: 

0% relative ~".nnidity (using anhydrous calcium chloride); 

100% relative humidity (using distilled water) ; 

Acid con::ti tions (using llDlar acetic acid). 

- 70 -



'lhe glass containers were then placed in constant temperature ovens at 

50, 70 and 90°C. 

Films were analyzed l:7j IlDisture regain, Pi, visoametry arrl % insoluble 

polymer. 

Film Reels Cross-Sectional Analysis 

Four naturally-aged film reels were chosen for analysis. 'lhese 

comprised relatively new film, one which exhibited acetic acid odour 

rut no visible signs of degradation, arrl a film which was visibly 

dSJrCided). Films were sampled across the reel radius from the core 

outwards at distances of approximately 0.1, 1.0, 1.5, 2.0, 3.0, 4.0, 

5.0, 5.5 and 5.9 mm. 

FUrther studies were carried rut on artificially-aged film material at 

90°C in lO'Jl }{H, for films 60nm in diameter • All films were \\OtlJ'rl 

urrler the same tension. 

Both naturally arrl artificially-aged samples were analyzed l:7j moisture 

regain. 
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7. 3 YiSCOIOOtry 

Dilute solution viscometry provides a rapid, reproduicible means of 

determ.inim borxi-scission, am hence lowerim of nolecular weight in a 

polymer. 

For a dilute solution;-

Nsp = t - to 

to 

Where NSp = specific or relative viscosity 

to = flow tine (in seconds) of p.u:-e solvent 

t = flow tine (in seoorxls) of the cellu1ose-ester solution. 

'!he viscosity number (V.N.) is obtainEd using the relationship;-

V.N. = Nsp 

c 

where c = concentration of polymer in g/cm3 

'!he percentage viscosity retention is then sinq;>ly the viscosity number 

of the polyrer prior to degradation related to the sample viscosity 

- 72 -



number at time t of degradation. 

i.e. % viscosity retention = V.N. o - V.N.t x 100 

V.N·o 

where, 

V .N. 0 = visoosi ty mnnber prior to degradation of the sample, and 

V .N. t = viscosity number at tine t of the degradation. 

In the present study, the ennllsion layer was first rertDVed by dipping 

the film in dilute sOOium hypochlorite solution. '!be plasticiser was 

renoved by soxhlet extraction with ~thanol for 12 hours. Samples were 

then dissolved in dichlor0n¥3thane : ~thanol mixture (9: 1 v IV) at 0.5% 

wIV. Solutions were filtered through glass w::x>l to renove insoluble 

sul:t>irg layers and a flCM time obtained usiI'¥1 an tJtt)elhode viscometer. 
+ ~I: '"S·c, ... 0·2. 
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7.4 Determination of Free am. Combined Acetic Acid 

since the first OCservable evidence of film degradation is awarently 

the evolution of acetic acid it was felt that one route to extricatin:} 

da;Jradative infonnation was to test quantitatively for volatile acid 

dec::onp)Sition products within the film. Infonnation relating to the 

degree of acetic acid which is present as OCDbinecl acetyl g:r'O\lIB or 

combined acetic acid is important in assessing whether lowering of 

ciaJree of sutstitution is occurrinj on degradation. 

7.4.1 Free Acid 

Any acid formed durin:] the degradation was determined 

potentiometrically. Film samples (lg) were soaked in distilled water 

(lOocm3 ) for 3 hours. Results were cross-checked by titratinj film 

sanples (lg) to a ~lPlthalein en:1 PJint with O.1M sodium hydroxide 

in a medium of 1:1 vjv ethanol:acetone. 

7.4.2 Combined Acid 

All techniques concerned with nmsur~ cxxnbinErl acetic acid directly 

are difficult since the integrity of the PJlynm- material as a whole 

suffers. 
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AppmIDt Acetyl 

Fsters are oo.mnonly detenn:i.na:\ by saponification with a neasured 

quantity of st:aOOard base. '!he excess base is than titrated with 

starmrd acid. 

Fsters vary widely in their reactivity towards saponification; same 

require several hours of heating with a base ani ~ react rapidly 

etlQllgh to permit direct titration. In the case of cellu1ose-esters, 

typically, the ester is refluxed with starrlard O.5M base for 1-2hours. 

After cooling the base is titrated with st:aOOard acid. 

HoWeVer, difficulty arises as a consequence of the Iii sensitivity of 

cellulose-triacetate. Both acetate group; ani B-anhydroglucose linkages 

are stable to hydrolysis only with in the Iii confines of 4 ani 5. '!his 

places restrictions on any reagents used for such determinations. 

It is as a oonsequ.ence of this that extensive variability of results is 

found upon saponification. Because of this saponification as a method 

for detenni.ning canbined acid content was disregarded. It is however, 

interesting to note that samples exhibited a yellC7Ning when refluxed in 

O.5M NacH reagent which increased in intensity the mre degraded the 

sample. 'Ibis is highly likely to be the result of carbonyl group:; 

within the polymer fonning an aldol oorrlensation type product. 

combined acetic acid det:el:mination was therefore tried acco:t"dir¥j to 

other methods. 
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selective Almpnolysis 

'!his was undertaken aexx>rding to a method described bj Mansson [7.1]. 

Here acyl group:; were split by ant'IDI'lOlysis with pyrrolidine, and the 

1-acetylpyrrolydine formed vacuum distilled off and detennined 

quantitatively bj 9 .1. c. (Shimadzu miniature ooupled to a 

microprocessor printer of the same make). 'Ibis method was used not only 

because of the reactivity of the pyrrolidine in rem:JVinj the ester rut 

primarily because it causes negligible degradation of the cellulose 

backbone. 

W Ab;Q(ption 

cellulose triacetate exhibits a characteristic n -- 7r* transition in 

the rec.:Jion 200-230J'Dn. Any decrease in this alEorption ban:i will 

oorrespcn1 to loss of acetate functionality. In the present stuiy 

change in absorbaJ'x::e of the ester ban:i in cellulose triacetate was 

mnitored at 222rnn, usinj a Perkin-Elmer I..aml:xUi-7 absorption 

spect.I'a1eter • 

Because of the tedious nature of methodology pertairlinJ to selective 

aI1IlDl'X>lysis and the lack of specificity of uv alEorption in the region 

oorresporrlirg to acetate absorption supportinj data on acetyl content 

has also obtained imirectl.y. 
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7.5 misture Regain 

since cellulose acetates become progressively llDre hygroscopic with 

lowering of degree of sul:sti tution, detennination of llDisture regain 

may be utilised as an in:lirect method of loss of ester g:roup:;. 

Film samples (lg) were dried for 2 hours at 100-105°C oooled and then 

reweighed. '!he llDisture content was then reported as percentage by 

weight of the original polymer. '!he results were cross-chec.k.ed using 

the Karl-Fisc.l'),er titration method. 

7.6 Insoluble Pol~ 

Again this is an in:lirect measure of the lowering of degree of 

sutstitution of the polynm-. '!his utilises the specificity of a 

cellulose acetate of given degree of sul:stitution for solubility in a 

particular solvent. As the degree of acetylation of the polymer 

decreases it will became insoluble in any organic liquid originally 

used as a ool"€:,,,t. 

Samples of the film (lg) were subjected to continuous extraction l:7j a 

dichloronethanejmethanol mixture (90:10 v/V) in a soxhlet apparatus for 

6 hours. Samples were then dried for 2 hours at 80
0 

C ani reweighed. 

rnsoluble polymer was reported as a percentage by weight of the 

original material. 
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7.7 Functional GrolJP Analysis 

'!he following functional group; may be introduced into cellulose-esters 

upon degradation; - aldehyde group; , IX'tential aldehyde group; 

(hemiacetals), ketone, carboxyl and hydroxy group;. As yet no 

satisfactory method exists for the determination of such group; , 

although certain methods give reliable results for particular types of 

material. All clains to have measured either aldehyde or total carl:x>nyl 

contents of cellulosic materials should therefore be examined 

critically. 

7.7.1 Detarynination of CaWWI Groyp:; 

}obst of the methods for determining carbonyl group; in cellulcse-esters 

employ well known addition or condensation reactions. 

e.g P'lenyl hydrazine. 

R, --- ",. 
C=N·NHPh +ICO 

/ 
R2 
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'lbese reactions are all reversible am the extent of addition or 

CX>OOensation at equilibritDll is deperxient Up:>rl Pi; so also is the rate 

of attairnnent of equilibrium. Phenyl hydrazine itself has not proved a 

very satisfactory although several authors have proposed nore promisirq 

methods [7.2]. 

'lbe JOOSt widely used reagent for deterJnini.rq carbonyl gr:'O\.lp3 in 

degraded cellulosics is hydroxylamine. rrhe usual procerlure is to treat 

the material with a solution of hydroxylamine hydrochloride urrler such 

CX>Jrlitions that the final Pi is between 3.5 am 5.0. 

R, 

---- '" /C=NOH +H20 

R2 

. . 

A number of naturally-aged films sanples were tested for carbonyl 

oont.ent after renDVal of any support additives. 
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7.8 Detffl"Drlnation of ijydrQperoxides 

I~try is one of the nn;;t widely used met:hcx:3s for the estimation of 

hydroperoxide c:x:>neentrations. In this method iodide is oxidised 

quantitatively to iodine by the hydroperoxide in an acid med!tnn. 

'!his method involves experimental oorrlitions which are highly 

influential on the reproducibility of results am many IOOdi.fications 

have been p.Jblished. 

In the present study iodine is detennined spectro~ically am 
not by titration. 'Ihe med!tnn of reaction,propan-2-ol, containirg 

glacial acetic acid am soditnn iodide is used as the source of iodine, 

instead of potassitnn iodide because of its higher StllAbility I which 

helPS keep the equilibritnn;-

far to the right, thus ~ting the loss of liberated iodine due to 

boiling; as the tri-iodide ion is non-volatile. Further the tri-iodide 

ion will not add to unsaturated syst.ens so errors due to unsaturation 

are eliminated. 

1tle use of propan-2-ol as solvent decreases the likelihood of 

atnvJsIberic oxidation of the iodide am the atsence of water in the 
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system avoids lew results due to retardation of the 

iodine-hydroperoxide reaction. 

Initial experimental analysis involved duplicate samples of polynm

(lg) cut into small pieces am transferred to a natium containing 

soditnn iodide (0.5g), propan-2-ol : glacial acetic acid (9.5:0.5 v/v). 

'!his highly acid envirornnent also acts to eliminate discrepancies due 

to the presence of acetic acid as a degradation product of cellulose 

triacetate breakdown. '!he mixture was refluxed for 30 minutes. 

Follewing rapid cooling I the iodine generated as tri -iodide was 

neasured spect:rorhotanetrically at 420nm in 1cm cells. 'Ihe 

corresporxling hydroperoxide concentration was read off a calibration 

curve set up using CUlIS'le hydroperoxide as a starrlard. 

unfortunately I initial studies irxticated not only very 10fl peroxide 

values b.It highly conflicting results. 'Ibis was prctlably due to 

reaction of iodine with sane of the degradation products in the 

cellulose triacetate other than peroxide. 'Ihe ~thod was thus JOOdified 

to eliminate any heating I to establish whether or not this was a 

contribltor to non-reproducibility. '!he samples were thus prepared as 

previously tut left to starrl at room temperature in the dark for 1 

hour. 
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7.9 Plasticizer Analysis 

Cellulose triacetate films 150#Jlll thick (oomparable to that of 

cinematograIil film base) were cast from a 10% w/W solution of 

triacetate flake in 90:10 v/V dichlo:ratethane:methanol. Filns were cast 

20% (by weight of the polymer) triIDenyl Ii'losIi1ate plastisizer. A 

number of solvent cast ani 35mm cinematograID films were then 

artificially-aged at 50,70 ani 90
0 e at roth 100% RH am in nolar acetic 

acid enviromnents. 

Samples of cast film am cinematograIil film (after renoval of enW.sion 

layer) were soxhlet extracted with methanol for 12 hours; followed by 

drying at 80 ° e. Plasticizer oontent was then reported as % \\1eight loss, 

after first correcting for noisture content ani acetic acid loss. 

Samples aged at 90 0 e am 100% RH were also analyzed by viscometry am 

for noisture ~. 

Naturally-aged ani artificially-aged (90
0 e, 100% RH) filns were also 

analyzed by the atx:>ve method for plasticizer oontent throughout their 

cross-section. 

Samples of crystalline deposits taken from naturally-aged cinematograPl 

film surfaces, which were suspected to be plasticizer, were examined by 

infra-red analysis. samples of the same films with crystalline deposits 

scraped away were then subjected to soxhlet extraction in methanol for 

several hours to renove any plasticizer material. All infra-red spectra 

tNere obtained using a Nicolet SX Fourier-transform infra-red 

spectrometer • 
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7.10 Metal Ion Analysis 

since the presence of metal ions, particularly iron from processing am 

storage cans, may possibly catalyze decomposition of peroxides which 

could be present in cinematograP'l films; naturally-aged film sanples 

were analyzed for the presence of iron. '!his was achieved by 

application of atomic al:sorption spectroscopy. Samples were subjected 

firstly to acid digestion. OJplicate detenninations were made am the 

iron cxmtent reported as micrograms per gram of film. 

small reels of film were also prepared with am without enul.sion layer. 

'!he reels were then placed in cxmtact with film cans am 

artificially-aged in desiccators at 90
0 e am 100% RH. '!he films were 

analysed by viSCC1lIetry am for noisture regain. 

In addition, various metal oxides, naI1W3ly iron, silver am chromium 

were added to a cellulose triacetate dope at cxn:::entration levels of 0 

(control), 5, 10, 20, 50, 100 am 200 ppn. '!he resulting films 

(approximately 1501JlIl thickness) were cast from this dope am 

artificially-aged at 90
0 e am 100% RH. '!he films were analyzed by 

viSCOlOOtry ani for noisture regain. 
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7.11 Infra-Bed Analysis 

stuties on the infra-red spectra of celullose triacetate [7.3] have 

assigrsi specific vibrations in the ltDlecule to the following 

frequencies : 

'!he valence vibration of CH2 groups located at ~ are fO\JJ')j in the 

region 300ocm-1 ; while the synunetric valence vibrations of the toothyl 

group are localized at 2875-8ocm-1• The absorption band at 1720-5ocm-1 

results from the valence vibrations of C=O rooos. The 1300-150ocm-1 

domain (primarily 1370 an::l 143ocm-1 ) is assigned to the antisymmetric 

and synllOOtric defamations of toothyl ~. The domain of 

1000-130ocm-1 (primarily wide bands at 1220-40 an::l 1040-6Ocm-l) is 

assigned to acetate group;. 

'!he region 800-95ocm-1 is ascribed to c-o bord vibrations: At 95Ocm-1 

c-o-c and c-c-o groups localised at C5 am ~; an::l at 84Ocm-l C-O of 

the acetate at C2 am C3. At 400-70ocm-1 is fO\JJ')j the vibrations of 

acetate g:r:oup; am anhydroglucose segnents, containirg OJ., 04 am ~. 
'!he region 84ocm-1 is also thought to be particularly useful in 

evaluatinJ the effects of heat am plasticizers. 

In this study, initial infra-red analysis proved to be quite difficult 

due to the thickness of the cellulose triacetate base (awrox. 150#Rl\) 

and the fragility of ltDre degradEd samples. Recastirg the base as a 

thin film proved ineffective due to the insolubility of samples at 

later stages of deterioration. 
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FUrtherIll)re, as a COI'lSelllence of this, any infonnation regardil"¥l the 

corrlition of surface layers in contact with the enulsion am sul::i:>ir¥;J 

layers was lost. RerlDVaI of small sections of the film, as layer was 

atten¢ed by micro~. HcMever, microt:omirg a highly glossai 

surface, such as that of Iilotogrartllc film b:lse, results in very small 

sample sizes which require the use of a microscope attac.hnslt to a 

Fourier-'l'ranSfonn Infra-Red (FTIR) spectroneter. Fortunately, this then 

all~ analysis of progressive layers. 

Both naturally am artificially-aged (90·e, 100% RH) films were 

investigated acoordirg to the aOOve nethod. In addition samples were 

also taken fran a naturally-aged cellulose-acetate sculpture, provided 

by the Tate Gallery, IDrxion U.K •• 

7 • 12 Nuclear Magnetic Resonarx:;e (NMR) Analysis 

Both naturally am artificially-aged (90·e, 100% RH) films have been 

analyzed by Fn1rnr spectroscopy. '!his was perfonood by dissolviJ"¥;J 

sanples in trifluoroacetic acid. A 270 MHz Jeol GSX Fn'lmrinstrument was 

used to prcxioc.e all spectra. 

SOlution studies were urrlertaken because in the solid state chain 

notions of pol~ are relatively slai am as a consequence resonarx::es 

tend to be broad aiiJ"¥;J to the local dipolar field at each olEerved 

nucleus. '!his 'diIX>lar broadening' t.erds to abolish all structural 

infonnation. in solution chain notion is fast am this effect is 
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negligible, Le. averaged to zero, and detailed structural infonnation 

results. 

7 • 13 Qpen and Enclosed Enyironments 

since film materials are stored in cxmtainers (Le. within a fixed 

vollDOO of non-circulating air), an intercomparison between this 

condition and a ItDre open environment (i. e. large voll.Dne of 

freely-circulating air) has been undertaken. Artifically-agErl film 

sarrq;>les were analyzErl by ItDisture regain, viSOOIt'etry and for the 

presence of peroxides. 

7 • 14 Role PlayErl l:zi Containers 

Because film reels are stored in cxmtainers any interaction which may 

occur between the t\\U may playa role in stability. A ntnnber of film 

reels have therefore been aged in contact with tin-plated iron and 

all.nninium coated iron cans, plastic (HOPE) and glass cxmtainers. 'lhis 

has been perfonned at 50 and 100% RH and at a series of elevated 

~atures to permit an Arrhenius extrapolation to room ~ature 

conditions (see sections 9.4 arrl 10.1). 
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Chapter 8 



8. RESULTS AND DISCUSSION 

8.1 Influence of Temperature and Relative Humidity 

8.1.1 Analytical Data for Naturally-Aged Cellulose Triacetate Films 

'!he 'first study ooncentrated on the properties of cinematograPl films 

which had been stored over a period of time in archival conditions; rut 

which had unkrlc:Mn pre-history prior to archival storage. '!he results in 

Table 8.1 compare the full set of analysis data on films of this type. 

Table 8.1 

Analytical Data for Naturally-Aged Cellulose Triacetate Films of 

tJnkncMn Pre-HistorY Prior to Archival storage 

Sample Appearance pH Viscosity (7«, Insoluble ffo Moisture IFel 
number polymer regain I)J.g/ gl 

l. .-n good ~.2 120.6 7.6 1.20 <1 
2. ? good 4.9 12l.0 9.4 2.40 5.3 
3. ? good 4.5 104.8 10.7 2.68 7.8 
4. t acetic acid odour 5.9 * 68.1 8.92 12.2 
5. ,,'0 plasticiser 

deposit on 
film surface 5.8 * 73.5 11.95 16.8 

6. "~. imuge loss 3.2 * 75.1 26.09 31.2 

* Samples were insoluble in the solvent used for viscometric determinations. 
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'!be dates of filns 1 & 2 are l.lllkrloNn. Comparing films of knc:Mn age it 

is seen that those made in the year 1950 (Le around the inception of 

the use of cellulose triacetate as a base material) have acxpired a far 

higher nvisture content than the later films manufactured in the 1980s. 

Degree of insolubility of the polYJOOr also relates to this data. Both 

undated filns show a similar relationship. Extent of degradation is 

also consistent with lCMeI' PI (Le. higher acidity), except for the b«> 

1950 films. A {XJSSible explanation for this anomaly may be that acidity 

may have been neutralised as a result of some treatment prcx:::ess. 

Certainly this is not an unusual procedure in archives to facilitate 

copying. Viscosity measurements further corrot:orate previous data; 

viscosity number decreasing with filns in poorer condition (as typified 

by decline in image quality). Viscosity values on films 40,5 am 6 were 

not ~ible due to their insolubility in the solvent system used for 

the determinations. 

Since samples in Table 1 have un1o'1cMn pre-history it is not possible to 

make definite conclusions as to any age related changes which may be 

taking place uOOer a given set of conditions over an extended ageing 

period. 'Iherefore, to investigate effects of film chronology a cross 
. . 

section of filns were taken spanning a period of b«> decades from 

1968-1985. '!be results of analysis of these films are given in Table 

8.2. 
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Table 8.2 

Analytical Data for Naturally-Aged Cellulose-Triacetate Films stored 

Under Archival Con:titions (25°C and 15-40% RH) 

Sample Number Year of Viscosity % Moisture l.h, Insoluble 
and Type Manufacture Number Regain pH Polymer 

7. (Positive' 1968 111.9 2.61 3.8 12.2 
8. (Positive) 1975 114.8 2.30 3.8 11.3 
9. (Positive' 1977 113.0 1.69 3.9 10.7 

10. (Positive' 1981 122.1 1.44 4.1 10.1 
11. (Positive' 1986 127.2 1.24 4.7 7.7 

'lbe results in Table 8.2 do irxticate age related changes. '!he film 

sample dated 1985 through to the film sample dated 1968 show 

p~i ve lowering of Iii and viscosity number, with increase in 

percentage noisture regain am percentage insoluble p:>lymer. 

Both sets of tab.ll.ated data signp:>St a hydrolytic degradation process 

to be occurring. Parameters such as noisture regain, ~ am percentage 

insoluble polymer may all be oonsidered to be relevant to polymer 

de-acetylation supporting this. On the other harrl, viscanetric data may 

be considered to be an indicator of roth de-acetylation am 
chain-scission . 
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8.1.2 Analytical Data for Artificially-Aged Qellulose Triaoetate Films 

'1hose paraneters which may be considered to be relevant to polymer 

de-acetylation are depictErl in Figures 8.1-8.4 am compare charges at 

50, 70 am 90 ° e in three different aboosIheres; nanvaly, dry, 100% RH 

and molar acetic acid. In all cases, it is seen that rates of 

degradation follow the order molar acetic acid > 100% RH > dry 

oondi tions. '!he degree of degradation also increased, as might be 

expected with increasing temperature, the effect being particularly 

marked at the highest temperature. 

Figure 8.1 depicts percentage moisture regain as a function of 

oven-ageing t~. It is interesting to note that urrler dry corrli tions 

temperature has no effect over the tiloo period studied; while at 70 am 

90 ° C in molar acetic acid the rate of regain of moisture is 

autocatalytic. 

'!he results on polynm- insolubility are c::anpared in Figure 8.2 am are 

oonsistent with those in Figure 8.1. '!he material becc:>rt¥3s progressively 

insoluble particularly in the presence of acetic acid. 

'!he results in Figure 8.3 compare changes in absorbance at 222nm with 

oven-ageing t~. Again it is seen that in a dry aboosIhere the effect 

of temperature is not discernible rut urrler moist am acid corrli tions 

degradation is pronounced at the higher t.enperature. '!he nost 

significant feature of this direct measure of deacetylation is that 

laNering cf acetate oontent is slight; only 0.1 atsorbance unit even 

urrler the most severe degradation corrlitions (90 0 e; 100%RH). 
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Absorbance at 222 nm versus oven ageing time (h) for cellulose triacetate 
photographic film in (-- ) dry. (--- - ) 100% RH and (-. - .- ) 1M acetic acid conditions at 

50 (0. x. 0). 70 (®. + . • ) and 90°C (e. X. 181). 
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Figure 8.4 
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Apparent acetyl versus oven-ageing time (bIs) for cellulose triacetate 
photoqraphic film in ~) dry; (~) 100% RH and (.~.) 1M acetic acid 
conditions at 90 'C. 
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Figure 8. 4 gives changes in apparent acetyl content UOOer dry, 100% RH 

am rolar acetic acid con:li tions. '!be data support that in Figure 8.3, 

i. e. the acetyl content of the cellulose triacetate s~rt material is 

Ul"XlergOln:J only a minimal decrease, even when exIXJ6€d to relati vel y 

severe degradation corrli tions. Typically, the acetyl content of 

cellulose triacetate is 44.8 ani that of cellulose diacetate is 34.9 

[8.1]. Although the polyner is Ul"XlergOing a ICMerln:J of degree of 

sutstitution of acetate group;, it is not going fran a triacetate to a 

'true' diacetate. '!his is further supported by the otservation that if 

severely degraded film (Sanple 6, Table 8.1) is refluxed firstly in 

dich1oromethanej nethanol only a small percentage of film material is 

solubilised. If the insoluble matter is then extracted in acetone this 

material is also only partly soluble. 'Ihis ~d suggest that 

successive fractions corresporn to regions of the material which are 

tri- am di- substituted. 

viscometric data is presented in Figure 8.5. In nolar acetic acid 

c:orili.tions film rapidly loses arourrl 20% viscosity at 90·C. caupared to 

this in dry coOOi.tions, at all temperatures investigated, support 

viscosity is sensibly retained. As stated earlier viscc:l11etric data may 

be considered to be an irrlicator of roth de-acetylation ani 

chain-scission. Since a ICMering of degree of sulEtitution results in a 

lowerUg of rUg nolecular weight (see chapter 4) then solution 

viscosity will decrease. FUrtheInore, loss of acetate functionality 

will result in conformational cl'lar'ges in the polyneri again this will 

result in a decreaSe in solution viscosity. 'Ihus, it is not possible by 

viscometric means to to make the distinction between cl'lan3es which may 
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Figure 8.5 
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Figure 8.6 
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occur due to lcwering of llDlecular weight via chain-scission ani those 

which may occur due to de-acetylation. '!he problem is further 

complicated by the fact that as sanples degrade they became 

progressively llDre insoluble in the solvent system used for viscametric 

determinations • 

Figure 8.6 compares changes in viSCX)Si ty retention with llDisture regain 

in the same gratil. '!he overlay illustrates that regardless of severity 

of degradation ex>nditions rapid increase in llDisture regain cx:::lCUrS only 

after the samples have lost between 15-20% of their viscosity Le. 

after significant de-acetylation has cx::curred. 'lhe latter prcx::ess is 

irrlicatErl by a markEd decrease in PI am hence increase in acidity of 

the materials. 
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8.2 Cross-Sectional Analysis 

All the results in section 8.1 were obtained using samples which were 

strip:; of film taken from the same recently manufactured am prcx::essed 

reel. Archives, on the other l1a.rxi, store film as 1000' strips ~ 

tightly into reels. Here the film is essentially a sarrlwich of ena..tlsion 

and support layers. rrhe next stage of the study was thus to emulate 

fiInt l:lreakdc:Mn when stored as reels. 

rrhe bar chart in Figure 8.7 depicts results for analysis of l10isture 

regain across the radius of the film reel. :f.t>isture regain is higher at 

the reel core and outer circumference of the film; the effect bec:xJmi~ 

nore marked with IIDre severely degraded films. 

A similar pattern is evident from accelerated ageing data presented 

again for noisture regain in Figure 8.8. Here outer parts of the reel 

exhibit a l10re rapid onset of increase in l10isture regain canparEd to 

other sections of the reel. 

In the case of outer sections of the reel, this part of the reel is one 

which is in close contact with immediate surrouJ'rli.~. Diffusion of 

noisture and oxygen will cx:x::ur muc:h nore readily to areas in contact 

with the envelop~ atltDs!ilere. correspoOOingly, ready loss of acetic 

acid to the enviI'OI1lOOI1t will occur operat~ in favour of further acid 

release; consequently, shif~ any de-esterification reaction in the 

direction of degradation. Inner sections of the reel will be protecte:i 

to a degree l::r:I their surrotll'rlir¥J CX>\.Dlterparts. nlus, a l10isture 
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gradient is established in both the length and width directions of 

\t.UUI'rl 'roll'cinemat.ograrb film. '!he llDisture content of the film will 

terrl towards redistr.ib.rtion until an equlibrium is attained. Typically, 

since gelatin enulsions are hygroscopic a reservoir of llDisture will be 

present to neighbouring support layers in the film roll. 'Ibis unequal 

distri.l:ution of llDisture content will result in diffusion to adjacent 

support layers. Here water can act as a protoic catalyst for any 

potential deacetylation reactions. DeperDirg on the relative magni tooe 

of temperature and RH fluctuations and their duration, sorption 

hysteresis will be such that any relative increase in these parameters 

will serve to CX>I'lCeI1trate such catalysts and aid degradation. 

'!he final result ooing that film reels exhibit llDre degradation at 

their expJSErl surfaces and that this clecartposition gradually 'grows' 

into inner sections of the reel. 

'!he higher llDisture regain with sections of film close to the reel 

core may be associated with the presence of the plastic spool. Earlier 

spools were made of rnenol-fonnaldehyde resins; in many reported 

instances these t:henEe1 ves have severely degraded, their c:iecaup.)Si tion 

products initiatiRJ ~ film clecartposition. Newer film spools 

are therJt¥)plastic materials which again are unstable to thermal and 

oxidative b1:eakd..'""WJ1.. cne possible area of investigation is to examine 

the effect of such plastic materials when in contact with cinematograItl 

filns over long-tenn storage. Many of the spools are also pigmented; 

fran current literature on pignentoo plastics stability [8.2] it is 

knoWn that this CXlJI1IX>nel'1t will also contrih..tte significantly to the 

stability of the polymeric matrix within which it is oontainei. 
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8.3 Influence of Emulsion Layer on Sypmrt stability 

Since film material is a comp:>Site of ooth emulsion am support layers 

possible interaction between the ~ cannot be disregarded. Several 

features were examined in this respect. 

Films were aged firstly with am without emulsion layers to assess the 

effect of this COIt1IX>nent. Results are depicted in Figure 8.9 am 8.10 

for moisture regain am viscosity retention versus oven-ageing time 

respectively. 

Secorrlly, a comparison between negative am poed ti ve 35lTD'1l cinematograIil 

materials was U1'rlertaken. FUll analysis data is representai in Table 

8.3 for films aged at 90·C and 100% RH. 

Apart from their obvious image characteristics negative and positive 

film materials differ in the thickness of the emulsion layer; in the 

order negative > positive. As Table 8.3 depicts, this has an influence 

on the degradation rate of the material. Over a period of 400 hours, 

the viscosity decrease is nore marked for positive than negative film; 

this difference is consistent with a higher increase in noisture reJain 

am in insoluble p:>lymer material for the ferrer. Deacetylation as 

measured by decrease in uv ab5orption at 222nm is also greater for the 

positive film, rut the PI decreases at the satOO rate. 

In addition Figures 8.9 arrl 8.10 show that for roth Plysical parameters 

assessed, the presence of an emulsion layer serves to retard onset of 

degradation • 
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Figure 8.9 
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Percentage moisture regain versus oven-ageing time (hrs) for 
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lIetal can - -: with and -: without an emulsion layer at 
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Table 8.3 

Degradation Effects on Negative and Positive 35mm cellulose Triacetate 

films OVen-Aged at 9Q 0 C and lQQ~ RH 

Negative Film Positive Film 
Oven Ageing Time, hr 

a 100 200 400 a 100 200 

Viscosity 
Retained ( It, ) 100 100 98 88 100 97 92 

Moisture. 
Regain ( It, ) 2.9 2.9 2.9 17.0 1.2 1.3 1.4 

Insoluble 
polymer (It,) 4.0 6.0 12.0 56.0 4.0 8.0 14.0 

Absorbance 
at 

pH 

222 nm 0.13 0.13 0.13 0.10 0.13 0.13 0.12 

4.62 3.75 3.55 3.48 4.62 3.75 3.55 

'Ibis 'protective' effect of the emulsion layer may be associated with a 

number of inherent features. 'lhe layer as a whole may be operatinJ as 

an effective diffusion barrier, both to canp:>nents entering the film 

support ani to loss of support addi ti ves, S\.lCh as plasticiser (see 

section 8.4). '!he major constituent of the emulsion layer I gelatin, may 

also be operatinJ (due to' the ~ic nature of its constituent 

amino acids) as an acid scavenger. It follOW'S that the thicker this 

emulsion layer the lOOre effective an acid 'lOOp' it will be; as 

reflected l::rj the differences in stability between negative and positive 

materials. 'lhe terxiency to thinner emulsion coatings in JOOdem 

cinematograPl materials can be seen therefore as a negative aspect of 

film stability. 
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8.4 Influence of Plasticisers 

A significant feature of the degradation of cellulose triacetate 

support film, .is the presence of white crystalline deposits on the 

surface (Figure 8.11). Analysis, by infra-red, sh.atJerl this to be 

tri~yl P'losp,ate, Le. a CX>I11pOnent of base plasticiser (Figure 

8.12). Quantities of plasticiser were also extracted from the film base 

after renoval of any surface deposits (Figure 8.13). In both cases 

there was no evidence for the hydrolysis of this component. 

F\Jrtl1erII'Ore, all other infra rEd spectra (see section 8.8) which. 

analyse base after plasticiser extraction, shcM no evidence of P-a{ 

fonnation in the non-extractable, bound plasticiser; ani hence no 

plasticiser hydrolysis. It is inferred that any surface plasticiser 

deposits result fram migration of this component as it ~ 

irx::reasingly incanp:ltible with the degraderl polymer. In the light of 

this infonnation studies were undertaken to examine the cxn:litions 

leacii.n:J to plasticiser loss. '!be results in Table 8.4 summarize the 

effects of plasticiser on the noisture regain ani viscosity retention 

of cellulose triacetate film during oven ageing at 90·e ani 100% RH. 
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Figure 8.11 
Surface Deposition of Triphenyl Phosphate Plasticizer in 
Degraded Cellulose Triacetate Support Cinematograph Film 
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Table 8.4 

Degradation Effects on UDplasticised and Plasticised cellulose 

Triacetate cinemat.ogragl Films at 90
0 

C and 100% RH 

. 
No Plasticiser Plasticiser 

Oven Ageing Time, hours 
0 100 200 400 0 100 200 

Viscosity 

Retained (%) 100 85 80 75 100 91 85 

Moisture 
Regain (%) 1.3 2.0 15.0 27.0 1.3 2.0 5.1 

400 

80 

26.5 

It is seen that roisture regain is markedly inhibited by the 

plasticiser am this is consistent with a better retention of 

viscosity. '!he plasticiser is therefore imparting some degree of 

protection to the film. Figures 8.14 am 8.15 compare changes in 

p1asticiser content of both sol vent cast am cinematograIil films at 

various temperatures in atnosP'leres of 100% RH am rolar acetic acid 

respectively. 
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As might be expected rate of loss of plasticiser follCMS the order 90 > 

70 > 50°C in t:oth atJrosIileres. More significantly, the rate is greater 

in the case of solvent cast film, which implies that the emulsion layer 

in the case of cinematograPl film is having a protective effect on the 

polymer support. 'lhe presence of acetic acid is seen to markedly 

accelerate the rate of loss of plasticiser. 'lhese results are 

interesting since they relate closely to what is observed in practical 

archi. val situations where the process of acetic acid release is a 

precursor to plasticiser loss. 

Figure 8.16 oompares the loss of plasticiser in naturally-aged film 

reels. 'Ih.e results are consistent with the effects of cross-sectional 

analysis discussed previously. In this case plasticiser loss is 

greatest at the spool core ar¥:l outer layer of the film. 'lhese results 

are in agreement with tbose for the same film samples shown in Figure 

8.7. Figure 8.17 campares the effect of plasticiser loss fram film 

samples taken fram different regions of the film reel. '!he results are 

in agreement with those for IIDisture regain shown in Figure 8.7; am 
clearly shafl that plasticiser loss is high in film r~ions 

correspording to those wi":h a high. IIDisture regain. 
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Figure 8.16 
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on the whole, plasticiser loss appears to be dominant in regions of the 

film reel which are in contact with the enviroJ1lOOJ1t. In these regions 

it would appear that diffusionjmigration of plasticiser is associated 

lOOre with hydrolysis am deacetylation of the cellulose triacetate 

support material. Urrler these corrli tions the plasticiser ~d be 

i.nc::oJTpitible with the support sumtrate am migrate to the film surface 

am crystallize out. 

}bVeVer, stuiies by Ram [8.3] suggest that the plasticiser has a 

destabi1ising effect on SURX'rt stability. It is possible that as the 

lOOre volatile of the p1asticiser CXll!lbination in cinematogra~ film is 

lost (i.e Jilthalate ester; see section ~) film is rerrlererl less 

stable to degradation. If this were the case 'pockets' ~d be created 

rerrlering the film nore susceptible to m:>isture am oxygen diffusion 

am attack. ruring the course of degradation as trililenY1 P'los~te is 

lost this process ~d be enhanced. Hc1.NeVer, the triPlenyl P'losP'late 

conq;:x>nent of the plasticiser combination when present may act as an 

agent to complex any metal ions participatirg in the degradation. 

IIrleed this has been olEe:rvE:d with P'XJS~te/Ibos~te systeIrs in other 

polymers [8.4]. '!his latter process WJUld serve to retard any oxidative 

degradation pathways which may cx::cur in the presence of metal ions. 

In the atserx::e of any metal ions however, loss of triIhenYl J;ilos~te 

~d be seen to enhance instability [8.5]. OVerall stability with 

respect to incorp:>rated plasticiser \\UUl.d therefore be a combination of 

such ~titive process; the dominance of a particular pathway bein} 

deperdent up:>n external enviroJ1lOOJ1tal parameters. 
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8.5 Influence of Metal Ions 

'!he data in Table 8.1, for naturally-aged film samples, iOOicate that 

as both viSCXlSity retention decreases am l'IDisture regain increases, 

the iron content of film samples increases. From these results it is 

difficult to detennine if iron is a contrihltor to degradation pathways 

in cellulose triacetate, or whether it is merely a feature of facile 

uptake as the film material becorIei progressively l'IDre hygroscopic. 

HcMever, sul:EEquent results from artificially aged film samples suggest 

this is not the case. Figures 8.18 am 8.19 shcM that for film aged in 

contact with netal containers, the degradation rate as measurEd by roth 

noisture regain am viSCXlSity retention is markedly in=reased in 

COJlPll"ison to film aged in contact with glass containers. F\l.rt:hentDre, 

it can be seen that the presence of an enaU.sion layer acts to retard 

decomposition. 

Figures 8.20 am 8.21 illustrate P'lotograpucally films aged with am 

withoUt an enul.sion layer in contact with glass arrl netal containers 

respectively at 90°C am 100% RH for the sane 'ti.ne period. 'nle results 

are self-evident. 

'lb consolidate these firrlings, studies on the incorporation of iron 

into solvent cast films at concentration levels of 5, 10, 20, 50, 100 

am 200ppn were urrlertaken. Results, as presented in Figures 8.22 am 
8.23, affirm the in'plication that iron is a significant contr~to 

the degradation. 
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Up to concentrations of lo-20R:Jn iron, a marked increase is seen in 

noisture regain (Figure 8.22) with a oorresporrling rapid decrease in 

viscosity retention (Figure 8.23). At higher concentrations there is 

little further d'larx]e. It is evident that only trace quanti ties are 

necessary to bring al::x>ut an accelerated breakdown of the cellulose 

triacetate. Since netal ions are notorious catalysts for the 

decompOSition of peroxides in polymers, it is likely that iron is 

acting in this case as a redox reagent instigating the breakdown of 

active peroxides. In view of these results, it was decidEd to examine 

the inplication that peroxides are active species in degradation (see 

section 8.8). 

'!he results in Figures 8.22 an:i 8.23 also illustrate the effect of 

silver arrl chromium ions on the degradation. An investigation of these 

latter transition metal ions was Ul'l:iertaken since they may play a 

significant role in film stability; silver obviously is a major 

constituent of the eIII.1lsion layer an:i chromium may be picked up durin;J 

the manufacturing process. Silver itself apparently has a negligible 

effect on film stability, rut chromium on the other ham has a 

detrimental effect OOltplrable with that of iron. '!be influnce of 

cl'lramium has important implications for the manufacturing process since 

film support is cast onto a rota1:i.rg chromium face:i dnnn (see section 

1.2.1) where 'pick-up' of this netal ion may take place. 
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8.6 Infra-Red and NMR Analysis 

Figures 8.24-8.26 illustrate FTIR spectra of roth naturally am 

artificially aged (90·C at 100% RH) samples of cellulose triacetate 

cinematograIil film base in the regions 4000-144Ocm-1 (Figure 8.24) am 

120ocm-1-80Ocm-1 (Figures 8.25 and 8.26). 

Figure 8.24 illustrates the infra-red spectra of samples of cellulose 

triacetate base film in the region 4000-1440 em-1 for control am 

naturally aged materials shoNirg strorg signs of acetic acid release. 

'Ihere are noticeable changes in the hydroxyl region at 3360 em-1 , 

especially for the film surface which lies in contact with the emulsion 

layer. '!his is evidently due to the uptake of noisture, which would be 

expected to re higher in concentration on the emulsion side of the 

film. In addition to this there are charges in the alkyl stre1:dli.rg 

region (2800-3000 em-1 ) am also in the carbonyl region (1760 em-1 ). 

'!he JOOSt significant feature of the spectra are the relatively small 

c.l'langeS which occur in roth the latter regions. Any changes which have 

occurred are likely to be due to deacetylation am the relatively small 

differences signify relatively little change in this respect. Ha\1ever, 

infra-red analysis is relatively insensitive am any small charges in 

acetate content which occur may re maskErl by the greater alEorption of 

those remainirg in place. It should re noted h.orNever that the nore 

sensitive teclmique of uv alEorption spectroIilOt:arootry also irxllcatErl 

minimal dlanges in acetate content of the materials. Figure 8.25 sln.o1s 

spectra for the sane sample in the region 1200-80ocm-1 • No significant 

c.l'langeS are awarent • 
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HoWever, Figure 8.26 for artificially aged film samples does exhibit 

cl1ar¥Jes in the region 10ooem-1 • SUch changes are likely to be 

associated with the presenc:e of unsaturation wi thin the structure. 

It is interesting to compare these results for cinematograP'l films with 

those obtained from samples taken from a cellulose acetate sculpture 

(FigUre 8.27). 'lhese spectra are quite infoI1!lati ve, in that they show 

quite marked cllanJes in functionality. '!he chames are characteristic 

of marked deacetylation. '!he peak at 336Oc:m-l is much broader than that 

for cellulose triacetate base cinematograP'l film in Figure 8.24. In 

addition there is a marked decrease in cartx:>nyl atsorption at 176Ocm-l 

along with corresporrling cllanJes in alkyl stretching region. Figure 

8.28 shoWS no cllanJes in the region loooem-1 which would be irdicative 

of unsaturation. 

A IXJSSible explanation for this difference in the quantity of acetate 

groups lost may be associated with the vol1.1lle of air surrourrlir¥J the 

material. CinematograP'l films are stored in containers i.e. a closed 

enviroJ'llOOIlt with a restricted vol1.1lle of free air-space. '!he sculpture 

on the other ham was displayEd openly. Considerirg any 

de-eSterification equilibria which may be in operation; i.e. 
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Figure 8.26 
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Figure 8.28 
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the release am consequent l:uild up of acetic acid wi thin the closErl 

environment of the cinematograP'l film will slow the rate of 

de-eSterification; whereas continued release of acid to a large volume 

of circulating air will operate in favour of further loss. It is felt 

that this intercanparison was not too unreasonable since both the 

sculpture am cinematograP'l filns are storErl as hllk JX)lymr; the 

cinematograIil film being wourrl tightly into a reel. 

Frnmr analysis (Figures 8.29 to 8.31) gives ltU.lCh clearer evidence that 

deacetylation is occurring. 1he spectrum in Figure 8.29(a) gives the 

peaks corresJX)rrling to proton absorption for acetate sutstitutions at 

C61 c2 arrl C3 for film in good corxtition. Conpu-ing this to degraded 

material along with a marked decrease in the C61 C2 am C3 atsorptions 

there is a superi.np:lsed sharp peak at 2. 2ppn. Spiking cellulose 

triacetate has shown this to be attrib.ltable to acetic acid. Figure 

8.30 irrlicates the dlanges which thus ensue for the environment of 

protons wi thin the B-anhydroglucose ring structure I the llDSt apparent 

being the splitting of the peak at 4.9ppn. Figure 8.31 depicts 

ab:;orptions due to protons associated with the plasticiser I triIilenyl 

P'lOSP'late. Both spectra (a) for film in good co:rili.tion am (b) for 

degraded film supp:>rt earlier data indicating that no changes occur in 

plasticiser cornpnsition. '!he appearance of a doublet just below 7RJll is 

indicative of the developoont of unsaturation. AI though this was not 

detectai by infra-red analysis for naturally-aged material as it was 

here. 'Ibis supports the irrlication of developnent of unsaturation as 

shoWn for artificially aged material. 
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Figure 8.30 
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Figure 8.31 
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8.7 Q;!eIl and Enclosed Environments 

h:ktitional analytical data on film c:xnii.tionOO in open arrl en:losed 

enviror1nelts, supports earlier infra-rei stulies. Figure 8.32 graIils 

viscosity retention against oven-ageing time: It inllcates that 

deacetylation arx:i chain-scission are pronoted when film is kept within 

an enclosed envi:rorunent. In contrast a plot of IOOisture regain (Figure 

8.33) (which relates to ester functionality), sU<];Jests that in an open . 

enviroIlIOOl'lt deacetylation is praIlDted. 'Ibis is reflected by the rapid 

increase in JOOisture regain. 'Ibis is to be expected since JOOisture is a 

pre-requisite for hydrolysis of acetate grollIE. 

8.8 PeroXides 

Peroxides are fonned as a oonsequence of polymer autoxidation. 

Figures 8.34 to 8.36 show growth in hydroperox.ide coooentration in 

metal am glass oontainers in open arx:i closed envirornnents 

respecti vel y. under my c:xnii. tions at 90· C (Figure 8. 34 ), it is 

ol:lserVed that hydroperoxide grcMth is greatest in an open container am 

least in a cl~ netal container. 'Ibis effect is ronsistent for 

samples aged in 100% RH (Figure 8.35) ani JOOlar acetic acid (Figure 

8.36) conlitiollS, rut is JOOre pronounced. In all cases the suppressed 

rate of hydroperoxide growth in an enclosed envirornte'lt is evidently 

dUe to the rapid initial consumption of oxygen. In oomparison oxygen 

equilibration \\UUl.d be maintained in an open envirornte'lt. In the metal 

container reduced hydroperoxide growth may be taken to be associated 
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Figure 8.32 
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Figur e 8. 34 
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Figure 8.35 
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with an accelerated decomposition of this group irrluced by the 

catalytic activity of iron. '!his Sl.gX>rts previous data on the 

influerx::e of metal ions am further infers that peroxides are key 

initiators in the mechanism of main chain degradation. 

Table 8. 5 gives data relating to iron am peroxide oontents for 

naturally-aged cinematograPl films. 

Table 8.5 

Analytical Data for Naturally-Aggi cellulose Triacetate 5Um>rt 

cinemat.ograIil Films of Unknown Pre Histoty Prior to Archival storage 

sample ~ 

1 good 
2 good 
3 good, 'd 
4 acetic aCl odour 
5 plasticiser 

deposit on 
film surface 

6 image loss 
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[Fe] 
(f,Ig/g) 

<1 
5.3 
7.8 

12.2 

16.8 
31.2 

[R:XIi] 
(ng/g) 

<5 
7 

23 
17 

<5 
<5 



'!he results in Table 8.5 are interesting compared to the results 

obtained by artifical ageing nethods diSCUSSEd previously. Firstly, 

they iOOicate that naturally-aged materials contain ImJCh lower levels 

of peroxides than do artificially-aged materials. All the ageing 

studies in this project have been perfonned at temperatures well belCM 

the 'lg (glass transition temperature) of the polyner to minimize any 

effects which may come into play as a result of confonnational changes 

am 'a lOOre 'open' polyner netJrA:)rk. ~er, at the higher temperatures 

oxidation will logically be lOOre rapid am ease of oxygen diffusion 

will be enl1ar¥:ed by ready loss of any residual coating solvents or 

plasticiser. Peroxides are seen to blild up in the polymer rut are 

presumably quickly decomposed by the presence of iron which is 

apparently taken up by the polYJOOr as it beoames progressively nore 

degraded (see Table 8.1). Peroxide levels are lower in l1Dre severely 

degraded filmst:oc::ks, since an autocatalytic process is evidently 

occurring am by this stage JOOSt will have been converted. HcMever, it 

shoUld be stated that the data presented here requires oorromration 

from Electron Spin Resonance (ESR) stalies which would cx:>nfinn the 

presence of any free radicals resulting fran peroxide d.ecatpJsi tion. 

caroonyl detenninations were also att:etrpted to cc:mplerte'lt the peroxide 

analysis. As stated in section 7.7.1 hydroxylamine was the reagent used 

to determine carl:x>nyl oontent. unfortunately the results were 00th 

difficult to reproduce am didn't seem to ~ any obvious relationship 

to other data. '!his may be due to a number of factors: the instability 

of hydroXYlamine in solution; complexation with netal ions or reaction 

with any peroxy radicals. 
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8 • 9 Influence of Containers 

It has already been stated that the metal oontainer within which film 

reels are enclosed durin;J storage will have a significant effect on the 

degradation characteristics. 'Ibis is an important aspect of stability 

since the majority of cinematograIil filns are stored in tin-plated iron 

oontainers. HcMever, a variety of other oontainers are also used. 'lhese 

inclUde aluminium coated cans am a rar¥je of pignw:mted plastic 

oontainers. Film reels were thus aged in oontact with tin-plated, 

aluminium coated, plastic and glass containers to effect a comparison. 

ResUlts are illustrated in Figures 11.1 and 11.2 (section~) l:ut the 

results es::;entially iOOicate the order of stability to be glass > 

plastic > aluminium-coated > tin-plated oontainers. In the case of the 

bJo netal cans it was observed that formation of acetic acid had served 

to erode the coat1n;J, thus e>eposin;J iron. 

Plastic cans will thensel ves have their CMl degradation 

characteristics, which may influence or be influenced by the 

decomposition of the film materials theyoontain. '!he infra-red spectra 

in Figure 8.37 corresporrl to changes in the structural characteristics, 

on natural ageing, of a high density ~lyethylene (HOPE) oontainer in 

ex>ntact with cellulose acetate support cinematcgraPl film. In one of 

the spectra it can be seen that the surface of one can has heavily 

oxidised reflected by the grcM:h in carbonyl alEorption at 170Ocm-l. 
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Figure 8,37 
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Infra-red spectra of samples taken frol the surface of HOPE containers 
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'Ibis particular can contained cellulose triacetate s~ 

cinematograP1 film which had ~ am was losirq acetic acid. It is 

difficult to tell at this late stage whether or not the film is havirq 

a detrinental effect on its container or the container has initiated 

film breakdown. It should however be rome in mirrl that in the 

oxidative breakdown of the lIDPE ex>ntainer the formation of carbonyl am 
carboxylic group:; may act to sensitize film breakdown. F'UrtheJ:nore, 

studies bave also shown that ~ two different plastics are in contact 

over long periods of ti.loo some inter-migration of additives oc:oJrS. 

unfortunately, additives which are beneficial to one polyner may be 

detrinental to another Le. JOOSt additive packages are specific to the 

polymer they were designed for. 
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Part two 



Chapter 9 



9. srABTIJT¥ TESTING 

9.1 Introduction 

'!be enorrni ty of material to be transferred in copying programmes 

necessitates a method for prioritisation, with film materials of poorer 

c:on:ii tion being gi veIl precedence. In order to achieve this am so 

prevent loss of valuable material , archivists r~re an aocurate, 

standardised scheme of surveillance, i.e. a predictive stability test. 

Ideally some method of temporary stabilisation \«cl.d also be of benefit 

to exteOO available copying time (this is discussed in section three). 

SUCh objectives require an in-depth umerst:.ardir¥;J of the mechanisms 

leading to the deterioration of filmstocks. To make aocurate lifetime 

predictions regarding cinematograph film stability, or at least 

establish the limits of its stability, requires the generation of 

accelerata.1 ageing tests, which alongside of real-life exp::>s;ure tests, 

enable realistic lifetime pratictions to be made. 

currently, effective lifetime prediction is in its infancy as a 

science. It is ol::Nious that the small Iilysico-chemical changes which 

occur during the early stages of ageing i.e during the imuction period 

prior to the onset of degradation will be of prime importance with 

respect to sutsequent stability. Any predictive stability test nust 

naU. tor this i.rrluction stage effecti vel y • 
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9.2 Re<;ruirements of Stability Testing 

'!he quantity of material housErl in archives dictates that any test must 

be simple and quick to perfom; 

'lb oonserve valuable film it is essential that any method used must be 

applicable to small quanti ties which do not impair the usefulness of 

the film, or preferably be non-destructive; 

SamPling error should be minimised so as to give highly reproduicible 

results; and sensi ti vi ty maximised to enable the small chaR:Jes in the 

jnluction period to be measured quanti tati vely. 

9.3 g.grent stability Testing 

At present there is no stability test available to archives for 

cellulose acetate fi:lmstocks. Safety film is merely inspected at its 

lcx:::ation site for presence or absence of acetic acid odour. 
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9.4 Predictive stahllity Testing; 

9.4.1 '!be Arrhenius Ag;>roach 

Application of the Arrhenius expression is ClOJt'DOOn to follow polyner 

degradation reactions. 

From classical kinetics, the rate of a first order reaction is;-

k = 2.303 log a 

t a-x 

where k = the rate constant; 

a = the initial concentration of the reactant; 

x = the decrease of the reactant after tiIOO, t. 

using the Arrhenius approach this expression may be nOOified to express 

the above as a function of temperature. i. e. ;-

dlnk = E 

dt Rr2 

where E = the activation energy; 

R = the gas constant; 

T = the atsolute temperature. 
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Rate constants can thus be obtained at two or preferably IIDre 

temperatures am a graIil plotted of Ink versus 1/1'. rrhe straight line 

obtained indicative of a first order equation and this can then be 

extrapolated to the desired temperature. 

Here versions adapted from classical kinetics allaN extrapolatioo of 

high temperature ageing data to ambient conditions. Ha.llever, care nust 

be taken when interpreting data obtained from such relationship; since 

errors may arise as a consequence of the follaNing:-

Experimantal error (testing technique): 

InCUbatioo conditions; 

Number of data !X)ints; 

oata processing (use of logarithmic scale for deperrlent variable). 

9.4.2 statistical Analysis 

An alternative method of predicting film longevity ~d be to compile 

data of incidences of degradatioo in an analagous manner to the Horvath 

survey (see section 6.5). A large pop.Uation of films could be sampled 

ani incidenceS of degradation wi thin a given sample be recorded. A 

statistical analysis could be performed to predict the number of films 

likely to be degraded in the total pop.1l.atioo. If the stock dates of 

filmS sanpled were knc:Mn and the general enviI'OJOOJ'ltal conditions urrler 

which they were kept (temperature, relative humidity) then the overall 

picture obtained \\Ulld at least give an indicatioo of the limits of 

stability of film materials which are stored in current archival 

carli tions. 
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9.5 Film <llaracterization AJ;proach 

9.5.1 MicrcMaye TechniCU3 

since the noisture content of a given film material will be a feature 

of both the relative humidity of its surt'Olll"Xjs am its cxn:ti tion, such 

parameters will (as previously mentioned) reflect upon stability. 

A variety of tec:hniques are currently available for det.enninirg 

noisture content in polymers [9.1]. 'Ihese incllXle oven-dryirq, 

Karl-Fischer am infra-red nethods. While these techniques are 

urdoubtedly useful in detennining noisture they lack the sensitivity 

which is desirable to enable the iOOuction period prior to degradation 

to be followed closely. cne tec:hnique which has perhap; been neglected 

until recently in this respect is microwave spectroscopy; rut this does 

afford excellent sensi ti vi ty. Microwave spectroscopy neasures those 

changes which arise as a consequence of the rotation of a three 

dimensional body. A nolecule PJS5eSSirg a permanent dipole nanent 

awean; to be a fluctuatirg dipole when it rotates am the ob;erver is 

in the plane of rotation. '!he olEerver sees no fluctuatirg dipole if 

the nolecule carries no pennanent dipole. '1herefore, only nolecules 
, . 

with pennanent electric dipole nanents can al::sorb or emit radiation l:7t 

makirg a transition between different states of rotation [9.2]. water 

which is an asyIl'IIOOtric top nolecule can thus al::sorb energy in the 

mi~ve region of the electranagnetic spectrum. 
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9.5.2 lbermal Analysis 

Here the temperature deperxience of sone P'lysical (or mechanical) 

property of the polymer is correlated to structure. 

Differential scanning calorimetry is widely applicable since most 

Plysical processes involve either a cl'lan'3e in heat content or heat 

capacity sufficiently large as to be detected: if carried out at a 

reasonably high rate. 'Ihermal analysis can give infomation regarding 

rateS of P'lysical ageing, glass transition temperatures, crystal 1 ini ty , 

thermal am oxidative decx:m1posi tion kinetics am the effect of additive 

am processing corrlitions on polymer stability. studies by Jain et al. 

[9.3] have examined the thennal deoomposition of cellulose acetate by 

differential scanning calorimetry (QSC) am thernDgravinetry ('ni) fran 

ambient temperatures to 450
0 

C. '!hey concllrle that degradation ocx::urs in 

three stages. '!he first stage is due to deacetylation, the secord due 

to oxidative degradation am the third due to ring decoIrqX)Sition. 

Errlot:hernS below 100
0 C were attril::uted to evaporation of noisture. 

9.5.3 QQlorimetric AnalYsis 

Here chemical degradation prOOucts are detected l1j a reagent which 

develops colour or urrlergoes a colour change. '!his type of test~ is 

analogous to that already uOOertaken by many archives for nitrate film 

materials; where rate of evolution of nitrogen oxides is measured as a 

function of their ability to decolourize paper impregnated with 

alizarin red. In the case of cellulose triacetate materials any 

coloriIretric test should be ainm at neasuring rate of acetic acid 

loss. 
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10. EXPERIMENI'AL 

10.1 l\,rrllenius Testing 

In the studies urrlertaken here, 'a' is taken as the initial {ilysical 

property of the film e.g. visoosity retention, ani 'a-x' as the 

property remaining after a given time, t. 

Film reels were artificially aged in oontact with glass, high density 

polyethylene, aluminium and tin-plated iron containers at a series of 

elevated temperatures (70, 80, 90, 100 and 110·C) in both 50 and 100% 

relative humidity c:x>OOi.tions. Films were also aged at 100% RH with ani 

withoUt plasticiser am the enW.sin layer. samples were remved fran 

the middle of the film reel for analysis. Tine taken for a 10% loss in 

viscosity was then determined, since this was oonsiderEd a particularly 

reliable indicator of film c:x:>rrlition. 

10.2 statistical AnalYSis 

statistical nethodology, sampling and analysis is described in the 

results and discussion in section 11.2 for oonvenience of data 

int.erc:XJn'Plrison • 

10.3 tficrowaVe Heasurenmts 

'!he MaI'COl1i 6500 autanatic anplitude analyser was used for all 

determinations of noisture in this sttdy. 'Ibis inst.nment generates 

microwave frequencies, which pass through a connecting device e. g. a 
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bridge, a coupler or a waveguide, arxi into a measurement p:>rt, where 

the sample can easily be inserted arxi reroovei. '!he instrument reads the 

retw:ni.ng frequencies. In all investigations a copper waveguide was 

used am film samples passe:i through (see Figure 10.1). A typical trace 

is illustrated in Figure 10.2. Work carried out here is based on the 

return loss versus frequency, arxi is measured on channel B of the 

instrument • 

M:>isture regain of a mnnber of film samples aged at 90· C in dry, 100% 

RH am 100iar acetic acid corrli tions was det:ermined by the aOOve 

t:echnique. '!he sensitivity of this as a Italitor for lOOisture was 

oanpared to the Karl Fischer Technique as usErl in previous 

deteJ:'ltlinations. 

10.4 'lhermal Analysis 

A Mettler TA3000 system was used for all measurements. samples of 

cellulose triacetate base cinematograIi'l film (@2.5g) were scanned 

dynamically in the ~ 3O-500°C. '!he samples were place:l in an 

aluminium pan ani introduced into the system urrler constant oxygen flON 

rate of 5011U,Imin. 

A JOOthOd ~ onset of oxidation was also urrlertaken. A dynamic 

measurensnt with the onset stability method allONS the temperature, at 

which the sample starts to react with oxygen, to be detennined. Figures 

10.3 ani 10.4- show experinsltal paraneters am a typical trace. 
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10 • 5 COloriIretric Analysis 

A variety of techniques were investigated, b..rt it was decided that 

fluoriIretry offerred the greatest sensitivity. In this respect a number 

of reagents were investigated all being particularly sensitive to small 

changes in the Iii of their envi:ronrtent. Fluoresein am Rhodamine B were 

thus chosen to reflect such changes. 

A ntnnber of naturally-aged cellulose triacetate film samples (O.lg), as 

in section 8.1.1, ~ shaken in solutions of 00th fluorescent 

reagents. '!be resulting fluorescence for all sample solution were then 

reoordErl using a Perkin-Elner LS5 I.lDninescen::e spectro~. 

Rhodamine B (10-7M in acetone) : EXcitation Maxinum = 544rnn 

Emission Maximum = 578rnn 

Fluorescein (0. 01g in 50Ocm3 

x 4 dilution in 

80:20 v/V 

acetone :water) 

Excitiation Maximum = 496rnn 

Emission Maximum = 545rnn 
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11. RESULTS AND DISCUSSION 

11.1 Archival Predictions 

Figures 11.1 to 11.4 depict the time taken in years for a 10% loss in 

viscosity of cellulose triacetate films at a series of oven-ageirg 

temperatures. '!he plots are then extrapolated to give a prErliction of 

actual film life when stored urrler ambient temperature COJ'rlitions. 

Figures 11.1 am 11.2 examine the effects on film life of age~ film 

reels when in contact with glass, polyethylene, aluminium am 
tin-plated iron containers at 50 am 100% relative humidity 

respectively. 

Linear plots for degradation were obtained am the degradation rate 

increaSes, as expected, with increasirg temperature. 'lhese results shari 

'b.u interesting features with regard to the degradation rate of film 

reels. '!he first am llDSt significant result is that the film stability 

increases in the order tin < aluminium < polyethylene « glass. 

'!he secorrl feature is that the degradation rate is greater at 100% RH 

than at 50% RH am effectively illustrates the hydrolytic effect of 

misture in the degradation na::hanism. Fran the results in Figure 11.1, 

the archival lives are fO\ll"d to be 110, 60, 50 am 35 years for glass, 

polyethylene, aluminium am tin-plated iron respectively. '!he least 

squares net:hOO was used in each case to obtain the best fit for the 

points arrl all graP1S were originally plotted by micrc>-conp.lter. '!he 

JOOSt i.np)rtant aspect of the data is that the life of 35 years fOUJ"Xi 
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for the film reel aged in the tin-plated iron container corresporrls 

closely to that fOllI'rl for actual archival storage corxtitions. 'Ibis 

further su~rts earlier inferences that iron acts as a catalyst for 

the degradation nedlanism in archival situations. 

'!he results in Figures 11.3 am 11.4 show the effects of the emulsion 

layer arrl plasticiser on the rate of degradation of the film. In 00th 

cases it is seen that each inp;lrts some degree of stability to the 

cellulose triacetate film base. ]..gain this sUptX>rts earlier data on the 

effects of emulsion layer arrl plasticiser. 

It should be stated howeVer it is recognised that the rate controlling 

step in the degradation of cellulose triacetate film may be IlDre 

c::ont>lex than the first-oroer decay oonsidered here. looeed the evidence 

confirming the part played by both emulsion layer and plasticiser 

composition adequately illustrate the reaction is more complex than 

first-order. Having said this, to a first approximation the kinetics do 

'apparently' follON this pattern and as such can be considered to 

sufficiently describe longevity in a strictly intercomparative sense. 
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11.2 statistical SUrvey of Cellulose Triacetate Suwort Materials held 

in a Tenpgate Climate Archive and Exhibiting Acetic Acid l&lss 

To corroborate earlier studies a sw:veyof materials housed in a 

typical temperate climate archive was urrlert:aken. A total pop.llation of 

58,490 Cellulose Triacetate SUpport Materials was investigated. '!his 

was split into 7 grot.lp; for sampling coverirg a typical raI'X3e of 

coatirq.; (e.g gelatin emulsion, magnetic track) held on a Cellulose 

Triacetate support. Data categorizirg each group is presented 

in Table 11.1 

Code 

GroUP 1 
Group 2 
GroUP 3 
GroUp 4 
Group 5 
GroUP 6 
GroUP 7 

Table 11.1 

Listim of SaW;>les Taken for statistical SUIVey of 

Cellulose Triacetate (erA) SUW>rt Materials 

Description 

35m erA 5uRX'rt Film: 
35nun CI'A support Film: 
16m erA 5uRX'rt Film: 
16m erA 5uRX'rt Film: 
35m erA 5uRX'rt Film: 
35m erA SUpport Film: 
16m erA 5uRX'rt Film: 
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No Magnetic-Track: 
No MagnetiC-Track: 
No MagnetiC-Track: 
No Magnetic-Track: 
No Magnetic-Track: 

Magnetic-Track: 
Magnetic-Track: 

Pre 1982 
Pre 1982 
Pre 1982 
Pre 1955 
Pre 1954 
Pre 1982 
Pre 1982 



Table 11,2 

s.m>J,ing Data and Incidences of Acetic Acid lDss in 

the cellulose Triacetate SUp£prt Materials Exam:i.nErl 

oescription Popllation Sizes Sample Sizes Incidences 

GroUp 1 53,300 292 0 
GrOUp 2 23 22 0 

'GroUp3 2,850 156 2 
GroUp 4 14 14 0 
GroUp 5 29 29 0 
GroUp 6 1,443 170 55 
GroUp 7 831 242 35 

Totals 58,490 925 92 

Statistical analysis infers that the true number defective, Le. within 

the total IX>pllation examined, to within 95% am 99% oonfidence 

intervals is that given in Table 11,3, 

Table 11.3 

Statistically Predicted Incidences of Degradation for 

1btal Poru1ation of cellulose Trjacetate Sym>rt Materjals Examined 

# Incidences 

Confidence Lim.i. t: 95% 99% 

GroUp 1 < 533 < 800 
GroUp 2 0 0 
Group 3 < 74 < 90 
GroUp 4 0 0 
GroUp 5 0 0 
GroUp 6 375-563 346-592 
GroUp 7 91-150 83-158 

MaXina.nn 1,320 1,640 

- 154 -



GroUpS 1 to 5 are optical track materials ( silver/gelatin emulsion 

only) arrl of this cross-section it can be concluded that only 0.4% of 

this sample (i.e. 2 out of 513 reels) exhibit degradation. 

'!he results also clearly in:licate that the majority of decomposil"¥J 

reels are 3f"iSOCiated with magnetic SOUJ"rl tracks (Group:; 6 and 7). It 

was therefore decided to test all materials on Cellulose Triacetate 

support which were krlcMn to contain a magnetic SOllI'rl track. In ac.¥li. tion 

to this an intercorrparison of negative and poeoiti ve optical track 

materials exhibitir¥J degradation was urrlertaken. Collatirq the previous 

data with this yielded the results which are illustrated in Figure 

11.5. 

111e results of the statistical sUlVey are int.erestiJ'¥]' since they 

supIX>rt earlier chemical test data for naturally and artifically aged 

films relc.:ted i.1"] chapter 8 and the Arrhenius predictions in the present 

chapter. '!he implication from chemical test data that there is a 

difference in stability between negative and positive (negative > 

p::sitive) filllLstocks is UJileld with 59% of degraded filllLs beiJ'¥]' 

p::sitive materials carp.u:-ed to 41% negative materials. 

'lhe evidence that metal ions particularly iron decrease the expected 

lifetime of cellulose triacetate support films is confintal by the 

analagous situation whereby 78% of degraded materials are in contact 

with a magnetic track (iron oxide) carp.u:-ed to only 22% non-magnetic 

materials. 

Arrhenius predlc:dons at 50% RH suggest that film materials kept in 

contact with tin-plated iron cans has a lifetiJoo of arourrl 35 years 

(95% confidence limits). '!he majority of materials sanpled had stock 
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dates between 1958 am 1964. Degradation should thus be apparent arourxi 

1993-1999 ± 5 years. 'Ibe fact that only a small percentage of optical 

material has degraded seems to support this. on the other ha.r¥i, a nore 

significant quantity of magnetic track materials exhibit deterioration. 

Here iron oxide is closely in contact with the support material am any 
metal-ion catalysed degradation will be ptOIloted. Furt:h.erIoore, the 

binder for magnetic particles is often cellulose nitrate, which again 

is particularly susceptible to iron-catalysed decamposi tion. '!be 

degradation products of the cellulose nitrate may in tum instigate 

b:reakd.a..m of the triacetate. 

'Ibis survey been limited by constraints on time am hlDnall resources am 

as such can only provide preliminary insight into the current 

situation. A nore exhaustive study should consider a much larger 

popllation for accuracy am should also intercompare incidences of 

''vinegar syrrlrome" in tropical am dry climate archives for a nore 

complete picture of the problem. 
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11.3 'Dlermal Analysis 

Tables 11.4 and 11.5 give om and nsc data for the same naturally-aged 

film saIli>les which were analysed in 8.1.1. 

1. 

2. 

3. 

4. 

5. 

6. 

Table 11.4 

~ Mass Ipss at Peak Tenperatures in om 'Ihel:'Joograms for Naturally-Ag~ 

cellulose=Triacetate SlJlp)rt Cinema.tograW FIlns 

Sample~ Peak 'I'eJ.!lperatures Mass lDss 
(C) % 

good 85, 275, 555 6.3, 70.1, 21.5 
(residue = 2.3) 

good 85, 274, 553 6.5, 70.0, 20.1 
(residue = 2.5) 

good 84, 270, 549 6.9, 71.2, 21.0 
(residue = 1. 9) 

acetic acid odour 84, 270, 547 8.0, 73.5, 23.0 
(residue = 0.6) 

plasticiser deposit 85, 271, 547 10.3, 74.1, 25.0 
on surface (residue = 1.9) 

image loss 85, 273, 551 9.0, 73.9, 26.7 
(residue = 1. 9) 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

Table 11.5 
onset of OXidation Peak ~tures in the DSC 'lbemJgrams for 
Naturally-Aged cellulose=Trl.acetate S\g;p:>rt Cinemat,ogragl Filns 

sample AppearanCe 

good 

"good 

good 

acetic acid odour 

plasticiser deposit 
on surface 

image loss 

'triacetate' SUWOrt 

292.8 

290.9 

287.9 

262.9 

256.8 

243.9 

280.0 

H 
JIG 

2612.0 

1064.3 

768.4 

221.5 

256.8 

141.6 

1987.0 

'!he first point to note, with respect to all sanples, is that thennal 

analysis data is for the cinematograIil film COIrplete with emulsion am 
not rerely for the cellulose triacetate alone. '!he result:in1 

t;hel:"IOOgI"al (as exemplified by Figures 10.3 am 10.4) were as a 

consequence nore canplex am difficult to interpret initially. 

Forb,D1ately, a closer examination reveals that the najor peaks as fourrl 

t:1i Jain et ale for cellulose triacetate flake are preserved. 

with respect to t:herJtDgraviJootry, the first infonnation of interest 

arises as a c:x:>nSEqUeI1CE of noisture loss 45-150°C; this is quite 

significant due to the presence of the emulsion layer. '!he value also 

increases as the film term tcMards acetic acid loss, as one might 
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expect from previous studies. In the second stage of decomposition 

150-430°C, essentially that due to deacetylation, relative mass loss is 

seen initially to increase significantly am then decrease slightly; 

Le. deacetylaticn 'levels off'. In the third stage 430-870·C, for 

films 1-6 which are apparently progressively nore degraded, there is a 

steady increase in the mass loss corresporrling to volatile 

decOItPJSi tion products resulting from oxidative breakdc:Mn. 

'!he data obtained from DSC suprorts that of 'lG. 'As samples becoJoo 

progressively oore deteriorated onset of oxidation occurs at lower 

temperatures. 'lbe enthalpy change associated with onset of oxidation is 

errlothermic am large initially, rut sub:;equently urrlergoes a 

corres~ decrease. '!hat is the film matrix is beoomirq 

increasinJl Y unstable. onset temperatures occurred in the range 

300-240·C, the region which aoex>rding to Jain et al. signifies 

deacetylation. COIrparirq these results to those from therloogravimetry 

it is obVious that as cinematograItl film loses acetate group; this 

favours further loss. 

ArlQt:her JX>int to otserve is that in the presence of an emulsion layer, 

which bas not been affected l:1t the presence of acetic acid, onset of 

oxidation is at a Il'llC'll higher temperature than that of cellulose 

triacetate alone. 'Ibis again affirms the stabilisirg influence of the 

emulsion layer. It is also interesting to note that in the original 

d.yrlaIt1ic scans, all the eOOotherms obtained were broad, iniicatirg a 

slOtl charge in enthalpy. 
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11.4 COloriJootric Analysis 

Fluorescence values for naturally-aged films in both fluorescein an:i 

Rhodamine B reagents are depicta1 in Table 11.6. 

Table 11.6 

fluotASCeDCe Values for SOlutions of Fluorescein ani Rhodamine B 

OODtacted with Naturally-Aged cellulose=Triacetate S\.,Jg;prt 

Cinematograoo Filns 

SaIrple AppearanCe Fluorescence 

Fluorescein Rhodamine B 

1. good 99 78 

2. gocxi 99 79 

3. good 90 67 

4. acetic acid odour 62 26 

5. plasticiser deposit 

on surface 50 113 

6. image loss 34 125 

7. control 100 100 
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Both of the tests have the advantage in that they are simple am rapid. 

'!he potential sensitivity of Fluorescein as a test reagent is reflected 

by the progressive decrease in fluorescence with film COJ"rlition. '!he 

otserved trends for Rhodamine B on the other hand are nore complex; 

with roth an enhancement and quenching of fluorescence being seen. 

unfortunately, when the tests were repeated, although t.rerm in 

Fluorescence quenching were retained relative values were not 

reprOdUCible. As suc:h this does not represent a satisfactory test for 

acetate film. HaNever, a colorimetric test as a means of assessirg film 

stability should not be entirely aba.rdoned, it may be that nore 

ac:x::urate am reproducible results are obtained if the reagent is 

i.mpregnated in a test paper am rate of evolution of acetic acid is 

measured in a similar manner to current tests on nitrate filnst.ocks. 

r:Itrls would certain! Y ciI'ClllTllJent discrepancies due to nore than one 

specie reactirg with the reagent in question. 

11.5 Microwave Analysis 

Figure 11.6 shcMs charges in return fr~ with oven-ageirg time for 

cinematograPl film aged at 100% RH. COmparirg this to Figure 8.1 (which 

shaNS noisture r~ain as determined by nore conventional methods) it 

can be seen that in the fo:r:ner case changes which occur in the 

irrluction period prior to onset of d~dation are much nore apparent. 

Microwave aanalysis thus provides a particularly sensitive means of 

measurirg the noisture ~ain of cinematograPl filns. 
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11.6 Interwmparison am Assessment of 'l'echnigyes 

Arrhenius testim albeit the only real tool which we have to date to 

make lo~evity predictions, has proven time am again to be largely 

ineffective, unless used in a strictly comparative sense. since the 

unpredictability of long-term practical situations means a continuin;J 

reassessnstt of stability, Arrhenius or other stability tes~ should 

be an ongoing procedure. It is difficult to make definite lifetime 

projections if external factors are iOOefinite. Extensive testim in an 

aa:::eptable time spcm is a necessity. In this respect Arrhenius testir¥J 

is inawroPI'iate. Arrhenius testing may be useful to assess the lind ts 

of stability of a given material bIt it is inp:actical for repetitive 

testing. 'Ibis is discussed further in the OVeI:View ani ~lusion. 

Apart from its value in the latter respect, the advantages offered by 

the micrQtJave technique are its sensiti vi ty am its non-destructi ve 

nature. unfortunately, in the case of {ilotograpuc film materials 

different emulsions contain different silver:gelatin ratios am thus 

atsorb different ano.mts of water. Moisture deteminations by this 

methOd \\U\lld thus have to be correlated to ~ts on silver image 

denSity. To standardize this technique \tOlld thus r~re an exhaustive 

SUZVey of c:::onuoorcial materials to provide a blseline against which to 

compare measurenents. HcMever, since backgrourrl misture content is 

autanatically subtracted from any neasurenents this te::hnique could be 

used to nvnitor changeS in roisture content of a given film duriB1 the 

course of a day, week or year at no detriment to the film material. 

'!his ~d not require the extensive backgrourrl stUdy previously 
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described ani would provide the archivist with extremely valuable 

information relatinl directly to his particular film collection. 

COlorimetric tests while providirq another neasure of film cxntition 

are particularly sensitive to the presence of interferences. It is also 

extremely difficult, considerinl the complex matrix of cinematograIil 

filmS, to elucidate exactly what colorimetric reagents are reactiT¥;J 

with. In view of such \lJ'1knOWn variables testinll::r:i these methods should 

be regarded with caution. 

It is therefore considered that l::r:i far the best assessment of film 

corxti tion, from the methods considered here, is thermal analysis. '!he 

major advantages of 'IG arrl DSC are that they provide information 

~ all stages in the degradation reaction: moisture 

content, deacetylation, oxidation am change in order of the system. 

'!he drawbacks of these techniques are that they are however tine 

(X)11S1.Ilt1ing am destructive; although in this latter respect only small 

samples of film are necessary. If this were to be usa:i as a means of 

rarxiOm analysis, rather than for testing every single film reel, the 

large annmt of information obtained for a sirqle test should offset 

test tine. F'\..1rthernDre, other than sample gatherirq it is relatively 

latx>ur free. }bt.1eVer, if a non-destructi ve, labour-free test proves to 

be the only realistic answer to the analysis of vast quantites of film 

materialS an altemati ve method may be required. since acetic acid is 

the first ol:EerVable eviderx::e of degradation future studies could 

concentrate on designing a sui table probe to measure acetic acid levels 

in the film can e.g. '0:1 neans of a gas sensirq electrode. 
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Chapter 12 



12. srABILISATION 

'!he compounds which are used to retard or arrest l::lreakdc:Mn of polymers 

are referred to as "stabilisers" or "antioxidants". To stabilise an 

individual polymer requires a recognition of those factors which U1"rler 

the prevailing con:titions affect its stability. AWropriate prcx::edures 

or the incorporation of additives is then necessary to circumvent this. 

12.1 stahiliser Classification and Mechanistic Action 

scott [12.1] has classified antioxidants into ~ types, viz; kinetic 

chain-breaking (radical scavengers) and ini tiation preventative 

(hydroperoxide decomposers). Figure 12.1 is a diagrammatic 

representation of the tx>ints at which antioxidants can prevent or 

retard tx>lymer degradation mechanisms. 

RADICAL SCAVENGERS - -

RH 

.... W Al3&lRBERS ... RH 

_. - . MEI'AL DEACI'IVA'IDRS PEroXIDE DEXXJ.1POSER<3-

Figure 12.1 Mechanisns of stabiliser Action 
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12.1.2 Radical scaVengers (Prima:ry Antioxidants) 

'!he m:>St effective systems used for this purpose are hirrlered ~ls 

and alkylarylamines. '!hey operate basically as free-radical 

tenninators. Essentially radicals generated in p:>lyner degradation 

reactions are "transferred" to the antioxidant whose structure is such 

that radical stability is enhanced am hence the rate of chain transfer 

reactions are reduced. 'Ihus, efficient antioxidant behaviour is 

dependent upon roth the structure of the antioxidant am the stability 

of the radical intemediate. Fran this it follaNS that the stability of 

the transfonnation products of the latter will also be of i.np>rtance. 

HirrlerErl Phenols 

Hi.nderErl IilenOls terminate autoxidation in polyners t7:I trappirg roth 

oxygen centred (alkoxy, roo am alkylperoxy, ro· 2) arrl alkyl (R') 

radicals; thus limitirg the rate of propagation of degradation 

reactions. As already stated, the perfonnance of a given Plenelic 

antioxidant will be influenced not only t7:I its innate structural 

composition rut also t7:I ~ nature of its transfonnation products 

(Figure 12.2). '!he complexity of such reactions results in the 

possibility that the oxidation products of {il.enols may be either 

degradation sensitisers or improve stabilisation efficierx:y. In Figure 

12.2 whilst the bis-Plenel product may be a m:>re efficient antioxidant, 

the stillbene quinone may act as a sensi tiser. 
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R~ OOH 

O' 0arR1 
-.0;+ ~RI _~ _. VR1 ~ :&RI 

~ ~ R~ R~ OOR 
I . 

o 0 OH 0 nRI . ~Rl ~Rl ~Rl 
IT + Y .-c- ~ L$J -=H"_y 

<[H R ~RI R'-<fH R'-<f 

R' ~ R'-CH R'-C 

R' ~RI f)R1 

OH. 0 
(a) (b) 

Figure 12.2 
oxidative 'l'ransfonnations of Phenolic Antioxidants 

- 168 -



12.1.3 H,ydrQperoxide Decx:lJlp)sers (SecoJ'ldan' Antioxidants) 

Here stabilis~ action may be explained by an ability to decon'q;x:)se 

peroxide in a non-radical manner. Here the tnosP'lorous ester 

essentially stoichi01OOtrically reduces hydroperoxides to alcohols: 

P(OR)3 + R'OOH ---I ...... O=P(OR}J + R'CH 

Myl P'lOSfhites nay also operate to SOlOO extent as chain-~ 

antioxidants : 

ReO· + P(OAr) 3 

roo + P(OAr) 3 

----... ROOP(0Ar)3 

----I ...... ROP(OAr}J 

---......... RO· + O=P(0Ar)3 

---........ -ROP·(0Ar)2 + ArC· 

o-P(OAr) 3 + R· 

Harlever, P"OSPlOl:OUS ester antioxidants are limited in their 

application by poor hydrolytic stability [12.21. Despite eviderx=e to 

support this it cannot be excluderl that the hydrolysis products are not 

necessarily detrinental hIt themselves inhibit the oxidative process, 

i • e. internal synergism results: 
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(RO}JP + H:P ----I ...... (ROhP(H)=O + RCH 

R(H + R'OO· ----I...... R'CXlH + RO. 

RO· + O=P(OR) 2 ---I ...... (RO) 2P.=O + ROO 

(ROhP.=O + RO· ... (RO)2P(OR)=O 

SUlPlur ~ destroy hydroperoxides by a catalytic mchanisrn. 

Le. R-S-S-R + R'OOR ---t..... R-S-o-S-R 

'Ihe disulphide is converte:i to a thiosulphinate an:i then sulP-'lur 

dioxide which is itself a gocx:i peroxide clec::c:qloser. 

r.rypical sulPlur containirq antioxidants are the thioesters, 

dilam:ylthiodipropionate (DL'IDP) arrl distearylthicxtipropionate (DS'IDP). 

Use of sulPlur ~ is limited by the insolubility of ~ of this 

group in organic media, arrl corrosive terrlerx::ies. A number also give 

acidic species on oxidation with hydroperoxides arrl therefore act as 

reservoirs for peroxidolytic species. 
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Aromatic Amines 

'Itlese oompounds operate as chain-breaking donors and acceptors as 

indicated t:1j Figure 12.3. 'Itle alkylarylamine donates a hydrogen atom to 

a peroxyl radical giving an alkylarylamine radical. '!he latter will 

then react with peroxyl radicals, the product of which is unstable am 
will decompose to give nitroxyl radicals. '1hese nitroxyl radicals will 

then act as chain-breakirg acceptors for macroalkyl radicals to give a 

sutstituted hydroxylamine. 'lhls is itself in tum unstable am will 

react with peroxy radicals am so repeat the whole cycle. 

NH-@-RJ 

NH-@-RJ 

1 .. 00 ~. 
Polymers N-@ 

+ 2ROOH 

Figure 12.3 
N-@ 

OXidative Transfonnations of Al.kylarylamioes 
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12.1.4 Metal Deactivators 

Metallic compourx3s may act either as acx:::elerators or retarders for the 

degradation of polymars. '!he role of the IOOtal ion is cnnplex am is 

influencEd by a variety of factors. 

other than their P1otosensi tizing action IOOtallic CC>llp)\.ll'Xls may operate 

in the following ways;-

(i) catalytic Decomposition of Hydroperoxides 

Here the IOOtal ion acts in its capacity as a redox reagent decamposir¥3 

hydroperoxides to give alkoxy am alkyl peroxy species thus prc::mo'tin) 

free-radical reactions. 

,,+ (rA"! j} r 
Le R(X)H + M ... RO· + M1 + 

Km + Jrt\Ot. --...... ",+ ... R(X). + Hi + 

1. e . 2KX."tI ... RO· + R(X). + 

(ii) Direct Reaction with the Substrate 

RH + MX2 

RH+MX 

------ R· + MX + HX 

----II ..... R. + M + HX 
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(iii) Activation of oxygen 

Interaction with oxygen may lead to a dlarge-transfer complex or active 

oxygen. 

Mn+ + 02 -.==!-!!!! Mn+ 0 - •....• 2 

Mn+ ••••• 02 + RH --....... Mn+ + R. + .O.:::H 

Effective inhibition of Jt}3tal-catalysed degradation is l:n:"ou#lt atxJut by 

complexation. Alternatively an effective hydroperoxide decomposer will 

also serve as a neta! deactivator. Hc:Mever, the effect of a netal 

complex is rarely as slq>le as this. Often the ligam itself has a 

superimposed antioxidant function. Alt:l'lol¥jh many"campot1I'ds have been 

proposed as metal deactivators [12.3] only hydrazones [12.4] (Figure 

12.4, I), bishydrazanes [12.5] (Figure 12.4, II) of aliphatic and 

aranatic aldehydes, bis-acylated hydrazine derivatives [12.6] (Figure 

12.4, III) am nolecular combinations of sterically h.in:lered ~ls 

am IOOtal ~lexing group; [12. 7 ] 

(Figure 12.4, IV) are used in practice. 

O-rn=N-NH-rr 1 
[[l or (+ - lcn. bUlyl "roup) 

Figure 12.4 

commercial Metal Deactivators 
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12.2 Light-stahlisers 

Although compourxls which absorb/screen light are not relevant to the 

studies considera:i here, sirx::e archival cinematograP'l film materials 

are stored in the dark, hirxiered amine light stabilisers (HALS) are 

important. with respect to the latter, it is the transformation 

prodUctS of HALS, particularly the hirxiered piperidines, which offer 

stabilis~ action. 

consideri.D3' Tinuvin 770, an important CXlllUlel:"Cial example, 

MCPJMe 0 0 -QMCMc 
II II 

HN -(CH 2).CO NH 

Mc Me 
Me Me 

'Ibis is transfonood by roth thermal- am tnoto-oxidation processes to 

the corresporrlin} nitroxyl radical. In COllI1DI1 with other nitroxyl 

radicalS, these are effective chain-~ anti-oxidants. 

12.3 Acid scayeJXleI'S 

ACid scavengers are essentially acid 'toop:;" neutralisl.rq any free acid. 

c::amonly used acid scaverqers are based on metal soap:;, which are 

frequently used in synergistic combinations [12.8]. 
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12.4 co-operative Interaction of Stehiliser COmbinations 

Where cambinations of antioxidants produce an overall antioxidant 

effect whiell is greater than the sum of the iniividual effects 

synergism is ctserved. Antioxidants working by possible different am 

camplioontary mechanisms co-operate by mutual conservation. 

12.4".1 Phenolic Antioxidants am Peroxide Deco1Ig;)osers 

Heterosynergism results from the canbination of P'lenolic antioxidants 

am peroxide decatp)SeI'S. '!his may be explained (see Figure 12.5) by a 

concentrated scaver¥Jing of alkylperoxy radicals am a non-radical 

deoamPOSi tion of hydroperoXides. 

Figure 12.5 

Interaction be~ Hirrlera:i Phenolic Antioxidants 

am J?hosOOite PeroXide ~ 
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12.4.2 Phenolic Antioxidants am Hindered Amines 

HoJ'OClSynergism occurs between tbenolic antioxidants am HAI.S with 

respect to tx>th ~to am thennal stabilisation. An urxierstarrliB;J of 

the respective transfonnation products is necessary to explain 

ne::hanisns opera~ am is irrlicated in Figure 12.6. synergism is 

thoUght to result from possible interactions bebNeen ~ljnitroxide 

ani ~xyl/hydroxylamine leadin;J to cyclical regeneration of the 

birxiere:i amine via an o-alkylhydoxylamine [12.9]. 

NH 
'-'A LS 

1 

o 

(I)+)N' I I 

::::====:::::::~ )NO// ROj 0} 
~)NH ~ f 

L----- ~NOR -----' 
R 6 

Figure 12.6 

RI 

WSible Interactions between Hirxiere:l Amine am Phenolic Antioxidants 
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12.4 • 3 Hindered Amines and Peroxide Dec:01tJp:)sers 

AlthoUgh when USErl alone the efficiency of hydroperoxide decomposers is 

usually such that sulIilur compounds > ti1OSphorous esters, when USErl in 

combination with hi.OOered amines the former proves antagonistic whereas 

the latter is rather synergistic. 

12.5 Physical loss of stabilisers from Polyrers 

EXt.enSi ve investigations [12.10-12.13] have shown that the main factors 

which determine the effectiveness of stabilisers in a JX)lyroor matrix 

are:-

_ the intrinsic stabiliser behaviour which is detemined primarily by 

the chemical structure of the stabiliser; and 

_ the permanence of the stabiliser in the polyroor. 

'!he effectiveness of a particular stabiliser is largely depen:ient on 

its concentration in the JX)lymer, which in a polyroor matrix decreases 

during long tenn use [12.141. ~tration changes in JX)lyroors may 

arise as a result of tw:> processes : 

_ chemical reactions of the stabilisers, and 

_ p-lysical loss from the JX)lymer. 
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since chemical loss is essentially via the operation of the stabiliser, 

ani haS already been discussed, we are concerned here only with the 

{tlysical loss. Obv'iously retention of the stabiliser within the polymer 

matrix is a pre-requisite for effective chemical operation. Any 

processes which CX)ntrib.rte to a reduction in stabiliser rnntent must be 

accounted for when choosirg a particular stabiliser system. '!he 

{tlysical loss of stabilisers may be seen as a function of the following: 

egnpatibilitY 

It may be generally stated that the mre similar is the character of 

the ~ts in a system the better is the c::ampatibi 1 ity • 

Volatility 

volatility due to themal mtion of mlecules on the surface of a 

sample, is amther cause of Iilysical loss of stabilisers in polymers. 

DUring heating of a p.xre stabiliser, va);OUr pressure arises over the 

surface by evap::>ration of a certain anount of stabiliser. Because of 

high diffusion CDefficients in the gaseous {base, the equilibrium in 

the surface layer is disturbed am this results in further evaporation 

of the sample. A disturbai1ce of ~ thenoodynamic equilibrium may also 

be irrluced by temperature or fluid flow over a saIti>le. Assl.lm:irg a 

tmiform distr:itution of the stabiliser in the b.llk pol ynvar, the 

evaporation from the surface layer , results in the fonnation of a 

concentration gradient which is the drivir¥] force for diffusion to take 

place. 
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&tractability 

EXtraction of stabiliser carnponents from a polymar system results fram 

contact of the polynEr with organic solvents or other extraction media. 

As a consequence extraction reduces the content of the stabiliser, 

especially in the surface layers, which are usually these J1DSt 

sensitive to degradation durirg ageirg. 

When a polyner system is in contact with solvents, we cannot only 

consider a one-sided process involving a c:x:n:entration decrease of the 

stabiliser in the polyner. '!he reverse process, diffusion of solvent 

oolecules into the polyner llUlSt also occur, characterized by a high 

solvent ooncentration gradient at the interface. sirx::e solvent 

oolecules are usually smaller than stabiliser nolecules, the diffusion 

rate of the solvent must be greater than that of the stabiliser. '!be 

presence of the solvent in the polymer has a plasticisinj effect which 

inproVes the flexibility of the nolecules am contri.b.rt:.es to the 

increase in diffusion rate of stabilisers to the surface of polymers 

thuS leading to higher extractability. 

Diffusion 

As implied, the diffusion of a stabiliser doesn't produce any 

stabiliser loss itself, bit it does playa significant role in the 

evaporation ani leac:h.in3 process. In general, rate of diffusion will 

deperd on the degree of packirq of polyner chains am hence polyner 

denSity. It will also deperrl on segnental chain mbili ty and thus the 

cohesive energy of the polyner [12.15]. Diffusion in polymers also 

deCreases with an in::rease in content of polar ani nethyl gI"OUtS 

[12.16]. 
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Another i.np>rtant factor which affects diffusion is the presence of 

cross-links in the p:>lymer. studies have oonfirne:i that on the whole 

crystalline regions in polymers are impenetrable to organic nolecules, 

it is implicit within this staten¥:mt that the themal history of a 

given polymer will determine crystallinity am heme diffusion 

characteristics [12.17]. Associated with this is that chain branchi.rg 

also lowers diffusion. 

'!he 'diffusing agent itself will also influence rate of penetration into 

or out of the polymer netlll.Urk. Molecular weight am steric factors will 

be an f.nlx>rtant factor here. Essentially the higher the nolecular 

weight am the nora b.llky the diffusirg agent the nora free space 

required for diffusion. 

12.6 A ReView of Cellulose 'l'riacetate stabilisation 

Little tNOrk has been urrlertaken in this area of cellulose-ester 

chemistry, principally because the mechanism of da1radation is so 

poorly urrlerstoOd. Attempts to stabilise cellulose triacetate to date 

can be divided into two categories: those methods whiell are concemed 

with the neutralisation or renoval of residual manufacturirg chemicals 

am those whiell incorporate antioxidants into the tD1yner. 
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12.6.1 RenPyal of Residnal Manufacturing Reagents 

staud [12.18] has sUlll'tlarised the major factors aff~ stability 

arisirq fram the manufacturing process as;-

the presence of free acetic acid, 

the presence of bJurrl am residual free sulPluric acid, am 

excessive degradation of the cellulose during acetylation anj 

hydrolysis. 

In m:xiem day processing, where sultiluric acid is utilised as a 

catalyst, nest of the lnlOO am free sulIi1ate is rem:wed after 

esterification, on addition of aqueous acetic acid during the 

hydrolysis stage (although it is not practicable to reoove the last 

traces). '!he literature pertaining to this aspect of stabilisation is 

extensive. It ~ fram the addition of siIli>le c:::art1pOl.l1', such as 

alkali lOOtal salts, to IIDre dubious lOOthocis, such as boilin;J in water 

or use of superheated steam [12.191. 

12.6.2 Addition of Stahilisers 

A number of comp:>1..1OOs have been proposed am evaluated as stabilisers 

for cellulose acetate. '!he ma jori ty of these are cancerned with the 

inhibition of \IV degradation. A m.nnber of tnenolic type antioxidants 

have lniever been suggested to minimise the oxidative degradation am 

discoloration of cellulose acetate [12.20-12.23]. Acid scaverqers, 

nanely epoxy resins am magnesium acetate, have also been proposed 

[12.241. one particularly interesting, am reasonably effective, 

canbination of stabilisers is represented l:Jy txltassium citrate wi til a 
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P'leOOl am magnesium stearate [12.25]. 'Ibis has the p:>tential to 

operate as a stabiliser to oxidative and hydrolytic breakdown of 

cellulose acetate. A variety of other similar systems have also been 

patented. 

:fia,.1ever, investigations of such stabiliser systems have as yet not been 

the subject of a systematic investigation. Furt:.hernnre, many of the 

systems investigated are outdated with regard to current technology arxl 

inappropriate for the application with which this project is cancerned; 

many for instance lack the Ibysical aspects required by cinematograJil 

film base. '!he p.1rpose of this investigation is to apply current 

knoWledge of c::ortnm'Cially available stabilisers arxl to extrapolate 

this, usim the knowledge of the degradation pathways elucidatErl 

previously, to cinematograP'l film. 
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13. BXPERIMENl'AL 

13.1 Materials 

'!he films usej were all 35mm, processEd, oommercial fine grain 

reco~ materials; coated onto cellulose triacetate s~rt 

(containing ~te am Ji'lthalate ester plasticisers, alorq with a 

small percentage of residual coating solvent) am supplied l:7j the 

National Film Archive, U.K •• 

'ltle oonunercial names of the stabilisers tested, alcnJ with their 

chemical formulae and suppliers are listed in Table 13.1 [13.1]. 

Table 13.1 

9QlJ!IDerCial Names, Chemical Fornulae and Sywliers of Anti -Degradants 

utiliSErl in the stahilisation of 35mm cellulose Triacetate Base 

Ginel!atograJ;il Film 

Commercial namE' 

Irganox 1010 

Ethanox 330 

Cyanox 1790 

Goodrite 3114 

Tinuvin 770 

Irgaros 168 
DLTDP 
Naugard XLI 

Irganox MDI024 

Lankromark lZ440 
Lankromark lC68 
Lankroflcx ED6 

ChE'mical formula 

Pentaerythrityl tetrabis(3.5-di-tert
butyl-4-hydroxyphenyl) propionate 

Supplia 

Ciba-Geigy Corp. UK Ltd. 

1.3.S-Tris(3'.S'-di-tert-butyl-4'- Ethyl Corp. USA 
hydroxybcnzyl) 2,4.6-trimcthylbcnzcnc 

1.3.5-Tris(4-tcrt-butyl-3-hydroxy-2.6- American Cyanamid Co. 
dimethylbcnzyl) isocyanurate USA 

1.3.5-Tris(3.S-di-tert-butyl-4- B.F. Goodrich Co. 
hydroxybenzyl) isocyanurate USA 

Bis(2.2.6.6-tetramethyl-4-piperidinyl) Ciba-Geigy Corp. 
sebacale 

Tris(2.4-di-tcrtbutylphenyl) phosphate 
Dilauryl-tin-dithiocarbamate 
2.2-oxamido-bis-(ethyl-3.S-di-tert-

butyl-4-hydroxyphcnyl) propionate 
N.N'-Bis(beta-3.5-di-tcrt-butyl-4-

hydroxyphenyl-propiono) hydrazide 
Nickel & Zinc di-iso-nonyl

dithiocarbamatcs 

Sodium phenyl phosphinate 
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13.2 stabiliser Incor:poration 

Film samples were i.nmarsed in a bath containing a solution of 

stabiliser ~ts in a 50: 50 propan-2-ol : water mixture for a period 

of 2 hoUrS to allow diffusion of the stabilisers into the S\>.lOllen film 

material. '!he stabiliser bath also contained plasticiser to prevent 

loss of this ~t fran the film to the bath. "stabilised" film 

saxrples were then w::>urrl into reels. 

N.B. With this solvent/nan-solvent ratio some film distortion was 

apparent due to the different rates of swelling am sul:sequent drying 

of the gelatin emllsion layers am cellulose-triacetate mse camposim 

the film material. HaNever, this was not considered to be of prine 

concern here, the main objective being incorporation of an optimum 

concentration of stabiliser ~, in order to assess their 

effectiveness. 

13.3 Ageirg 

Film reels with incorporated stabilisers were aged in c:xlTltact with 
, • 0 

metal cans at a constant 1:.e'q)erature of 90 C am a constant relative 

humidity of 100%. Samples were periodically renoved, fram the outer 

circUmference of the film reel, am tested for retention of viSCXlSity 

and ItDisture regain (same nethodology as in d'lapter 7, section one). 
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13.4 Arrhenius Predictions 

In order to extrap::>late the high temperature ageing results to nonnal 

archival conditions the data \tJeI'e treated by a nodified Arrhenius 

approach (see section b.o). Film samples which were treated with the 

tris stabiliser combination: Tinuvin 770 / Irganox MD1024 / SCxlium 

Phenyl Pl'loSP'linate \tJeI'e oven-aged at temperatures of 70, 80, 90 arrl 

100 0 e at 50%RH and the tine taken for a 10% decrease in viscosity 

retention noted. unstabilised samples of the same film type were also 

aged unler the same corrli tions. 

13.5 Qptimisirg Tris-stahlliser Inc:x>n;oration 

with respect to tris-stabiliser irx:lorporation SCII'Ie difficulty was 

experienced in solubilising Irganox MD1024. saturated solutions of 

:rrganox MDI024 \tJeI'e thus left to st:ard, with agitation, for 24 hours. 

'!he solutions \tJeI'e then filtered arrl al:sorption spectra recorded in the 

range 400-20Ornn, usim a Perkin-ElIoor Lamtrla-7 uv/Visible 

spectroP'lO"ta1twater • 

rrganc>X MDI024 al:sorts at 310-25Ornn deperrlent on the solvent system 

used. 
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Chapter 14 



14. RESULTS AND DISCUSSION 

14.1 stahiliser Perfonnance 

'Ihe first study was to detennine the influence of simple stabiliser 

systens capable of deactivating the species which were earlier dEduced 

to significantly influence stability. 

Bearing in mirrl, the sensitivity of cellulose triacetate cinematcgraItl 

film to changes in pi and that the presence of acetic acid will be a 

major factor in influencing this parameter the primary step in 

improVing stability ~d logically be to control Iii. Figure 14.1 ~ 

preliminary attempts to achieve this; on the one harxi the use of an 

amnonia wash; and on the other the use of blffers sUC'll as amrtDI'lium am 

magnesium acetates. Retention of the vi~tric properties of the base 

material is taken here as being inticati ve of degradation. '!he 

inability in all three cases to stabilise the material; and in the case 

of amm:mia to significantly prom:>te onset of degradation implies two 

things. Firstly, that it is not enough to JOOrely neutralise any acid 

implrity by use of a system which is significantly basic since it will 

act itself as an instigator of hydrolysis. Secorrlly, blfferirkJ the 
. . 

system is not a sufficient ~ure against decoIlJlX)Sition. 
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Figure 14.1 
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'lhis ab3erVation is supportai by the data in Figures 14.2 am 14.3 

which examine the effects of weak acid scavengers, calcilml am nickel 

stearates, am typical PVC stabilsers. Although these ~ operate 

in a similar manner to magnesilml acetate they have the added advantage 

in that they are lIDre compatible with the cellulose triacetate polymer 

due to the presence of long aliIilatic chains. Jia.lever, again all are 

not onl Y inactive rut weak sensi tisers. 

Fran earlier ne:::hanistic studies hydroperoxides are implied as beirxl 

key species in deoomposition. However, peroxide decomposers of 

established effectiveness, such as metal di-isononyl-dithiocarbamates 

(Figure 14.4) am DL'IDP (Figure 14.5) show poor performance in 

cellulose triacetate cinematograP'l film. 

If any peroxide irrluced decompositions were occurrirxl the presence of 

metal ions would mticeably influence this parcllOOter. It would be 

considered therefore that lOOtal deactivators such as Naugard XL! am 
Irganox MDI024 ~d significantly deccelerate deoomposition. Although 

these ~ are instrumental in inhibi~ metal catalysErl 

breakdoNn in other polymers [14.1] in cellulose triacetate they are 

significant only at later' stages of ageirxl am their effect is not 

particularly marked. 
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Bis-stabiliser systens were then considered. Combinations of peroxide 

~ arrl hirrlered piperidines with the antioxidants Ethanox 330 

(Figure 14.6), Irganox 1010 (Figure 14.7) and cyanax 1790 (Figure 14.8) 

were evaluated. '!be results sl'laN three interestirx;J features. '!he first 

is that a primary ~lic antioxidant itself has little or no effect 

on p:>lymer stability. '!he secoIrl is that combinations of primary 

Ji1enolic antioxidant arrl peroxide decomposers (DL'IDP & Irgafos 168) or 

the °hirrlered piperidine (Tinuvin 770) are st:rc>rx;Jly synergistic. 

'lhirdlY, the order of stability in all three areas is of the order 

Irgafos 168 > DL'IDP > Tinuvin 770. Tinuvin 770 ~ alone has no effect 

on IX'lymer stability (Figure 14.9). 

'!he ~ netal deacti vaters (Irganox MD1024 & Naugard. XU) when used in 

combination with Tinuvin 770 increase the irrluction period prior to 

loss of viscosity retention. It should be noted hc:Mever, that the metal 

deactivators studied here, as well as camplexirx;J netal ions are also 

p-1eOOlic antioxidants, am are therefore capable of scavengirx;J 

free-radicals. 'lhe system could therefore be r~ as a tris rather 

than a bis-stabiliser system. 'Ibis examination was then ext.en:3ed to the 

use of a "quaternary" system 1:1j incorporating a water-soluble peroxide 

~ nanely, sodium°P1enyl pwsphinate. Alone this oanpanent 

exhibits no protection hIt in combination with Irganax MD1024 or 

Na~ XU & Tinuvin 770 the system alnost completely retains the 

nolecular wr~ight of the p:>lymer (Figure 14.10) over the tim period 

stWied. '!be superior image quality alEerved after 50 hours of 

oven-ageinJ makes the effectiveness of this combination self-evident 

(Figure 14.11). 
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Figure 14.7 
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Figure 14 .11 
Cellulose triacetate base cinematograph films aged at 
90 'C and 100% RH containing no stabiliser (right) and 
a tris combination of Irganox HD1024 (0.25% w/w), 
Tinuvin 770 (0 .5% w/w) and sodium phenyl phosphinate 
(0.25% w/w) (left). 
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14.2 PrErliction of Archival Life for Films Containioo the 

Tris-stabiliser System 

Figure 14. 12 i llustrates the predicted lif etime of stabilised (Tinuvin 

770, rrgaDOX MDI024 , SOditnn Phenyl Phosp:rinate) am non-stabiliSEd film 

ma.terials; based on the time taken for a 10% loss in viscosity of the 

cellulose triacetate support. For stabiliSEd material a six-fold 

increase in longevity fram arourrl 35 years (for unstabiliSEd material) 

to 215 years is irrlicated. 
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- 195 -



14.3 Mechanistic lni>licatiODS derivErl from Stahiliser Perfonnance 

'Itle results obtained in this stabilisation study are interesting 

comparErl with those for other polyners, since it shcMs that the use of 

a sinJle stabiliser system is largely ineffective. '!his w:>uld suggest 

that although all three species discussed previously are implicated in 

the degradation :mechanism they are not necessarily interconnected am 

may operate imepervjently. 'Ibis is confirmed l:1j' the omervation that 

stabilisation is effective only with bis, or even nore so with tris, 

stabiliser systems capable of deactivating t\.Jo or all of the reactive 

degradants. 

It may be therefore, that the primary Jilenolic antioxidants are 

ineffective in inhibiting polymer degradation because they are either 

unable to compete efficiently with alkoxy or hydroxy radicals 

(generated fram peroxide decamposi tion): or that this mechanistic route 

is not the sole primary reaction. 

Of course, it may be that the degradation pathway, for same of the 

single component systems investigated, has not been follaNed for a 

sufficient tine period; since many peroxide decxlrtplsers such as Nickel 

r:NC exhibit an initial 'lag' period [14.21. Even so, in view of 

ob:;erVations of stabiliser combinations it is tmlikely that significant 

prol~tim of l~ity tNOUld necessarily follow. 

In s~rt of this combination with secoroary antioxidants proves 

reasonably effective. Here it is likely that secoroary antioxidants are 

~ing active peroxide am protecti.rxJ the simple alkyl radical 

terminating operation of the P'lenolic antioxidant. 

'Itle synergism imparted by the hinderErl piperidine, Tinuvin 770, is 
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interesting since this mlecule can operate in three ways. '!he first is 

to decan1p:lSe hydroperoxides to give stable nitroxyl radicals am thus 

protect primary am sec:x:nmy antioxidants. i. e. 

\ ROOH " 
N-H - N-{)' 

/ / 

'!he secord is the ability of the nitroxyl radicals to scavenge 

macro-alkyl radicals as follows:-

\ \ 
N-O'+P' - N-O-P 

/ / 

'!be third is to scaver¥]e the active acid produced by de-esterification. 

'Jlle synergism between the hirrlered piperidine, Tinuvin 770, ani the 

~lic antioxidants is described in Figure 12.6. 

An important part of this schene is the interaction of the nitroxyl 

radical of the hirrlered amine with the Iilenolic antioxidant aoc:x>rdin;J 

to: 

IiC:Wever, in the case of cellulose triacetate stabilisation the radical 

(I), is ItDre prcbably generataj by reaction of the hirrlered {ilenel with 
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R02·; since the former will be deperxient on the local cxmcentration of 

nitroxyl [14.31. 'Ihe presence of hydroperoxides ~uld force both these 

reactions to the right anyhc:M and this ~d be acx::entuated in the 

presence of nwatal ions. '!he use of a secondary antioxidant (sodium 

Ibenyl ~Ihlnate) would therefore serve to destroy the hydroperoxides 

am maintain equilibrium. '!he metal deactivator would enhance the 

overall synergism l:1j CXl1TIplexirg out any metal ions. sin:e this also has 

a superimposed antioxidant function the overall scheme would be further 

reinforced. '!he whole system ~d be further preserved l:1j the very 

efficient scavenging ability of >NCli [14.4] regeneratirY:l the nitroxyl. 

Naturally, this is l:1j no means the only mechanism of operation am a 

nore in depth stuiy would be necessary to confim such proIXJSals. f.Dre 

recent Iilysico-chemical studies, for example, st¥}:Jest the possibility 

of oxidation of ~l l:1j hiOOered nitroxide in a very slow equilibrium 

reaction. Ole to internDlecular donor-acceptor interactions, 00th 

reactants fom a paramagnetic a-canplex - the str~ of the latter 

deperrlent on the specific structure of both reactants [14.5]. 

14.4 stahiliser COJJmtibility am Introduction 

It should be noted, that some problems were experienced on the 

introduction of some stabiliser systems. M~te migration of 

stabilisers into the film base is deperrlent upon the extent of 

solubility of the stabiliser in question in the solvent system used. 

IrganOX MD1024 for example exhibited several difficulties in this 
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respect. Figure 14.13, illustrates improved solubility of this 

camp:>nent in an alternative solvent system, denonstrating that such 

diff icul ties can be OVerc::oIOO. 

Having said this it will require much nnre ~rk to fully optimise 

stabiliser introduction while minimising film distortion, rut this is 

essentially a teclmological aspect of the problem. 

3 

2 

1 

~ , 
I 

II 
xl 

\ I ,..\ 
\ I 
)(1 

\ I 
)£1 
\ \ 
~ , 

\ ' 
'J.. ',;- .... _ 

\ \ 
.". \ 

,+,..,., \' 
,~ '. f. 1', . ..... \ \ \ ,..... : ...... 

.... ... r 
\ i- ... ..... .... ~+ 

"' -t '. I 
" ++ + ", ' .... _- ++"'-

..... --+~ 

200 300 

--H~ 

5% propan-2-ol 

10% " H2O 

-x-x- 20% " added 

>OOOOC 25% " separately 

10% propan-2-ol mixed 

-- 5% acetone 

400 

WAVELENG'IH,rnn 

Figure 14.13 

me Solubility of Irganox MD1024 in a Range of Solvents 

- 199 -



Chapter 15 



15. ovmYIEW AND CXH:l.QSlOO'S 

Good correlation between natural am aa:elerated ageing tests has IJE:!en 

achieved. Results fram chemical and P'lysical testing alon;J with 

statistical surveys on archival materials reflect well implications 

fran artificial-ageing· studies. 

'!he daninant feature in the stability of cellulose triacetate suwe>rt 

cinematograPl film is the emulsion layer. '!he majority of FOlymer 

systems are relatively hydroJ;tlobic b.rt in the case of cinernatograIi\ 

film the enulsion layer is in close contact with the cellulose 

triacetate support and provides a reservoir of lIDisture necessary for 

any hydrolytic reactions. 'Ihe acute sensitivity of the enulsion to 

fluctuations in ten1(:erature am relative humidity will detennine the 

noisture content of the material am hence the potential for 

hydrolysis. en the other hard the emulsion serves to neutralize any 

resulting acid degradation products. 'Ihe CXlItlplex interplay between the 

two processes will be important in determinirg the final lifetime of 

any film. M:>isture uptake will to some extent be inhibited l:1j the 

preseoce of the t~i~yl JilosIilate plasticiser. ~er, as the film 

material degrades plasticiser becones prcqressi vely inc::onpatible with 

the SUWOrt am migrates to the surface where it crystallizes out as a 

white dep:lSi t which otscures the image. In this process areas would be 

left within the FOlymer network which would be susceptible to lIDisture 

am oxygen attack thus enl1arK=ing the potential for any degradation 

processes which may be taking place. 

'!he oontainer within which the film reel is housed plays b:>th an active 

am passive role in stability. In the fanner case, the presence of 
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acetic acid serves to erode any cx:ating in metal cans exposing the 

urxierlyirg iron which a~tly accelerates any degradation reactions. 

High levels of iron have been found within degraded filnBtocks. '!'hat 

this is not nerely a facile process of 'uptake' as the polymer becanes 

prcgressively I1Dre hygroscopic has been shown by dopin1 cellulose 

triac::etate with metal oxides. '!he part played by netal ions in 

catalysing degradation is apparently associated with the presence of 

peroxides forne:! within the pol~. '!his in turn suggests that sane 

kird of free-radical autocatalytic mechanism is operatirg. Both 

free-radical am hydrolytic processes may result in formation of acetic 

acid which will serve to emtilaSize any de-esterification reactions 

occurring by either acid-catalysed hydrolysis or acetolysis. 

In the latter case, the passive role played by the can is one of 

oontairntent. Free-circulation of air surrouJ"Xiil'¥1 the film reel is 

inhibited. '!his has the effect of concentratin1 any initial degradation 

products in the i.mrretiate vicinity of the film material. '!his in tum 

enl1arX::es the possibility of primary degradation products instigatin1 

~ degradation reactions. Conversely, ineffective renmral of 

acetic acid also awarently suwresses any significant acetate loss. 

'Ibis tuild up of acetic acid also has other consequences. At ambient 

temperatures there will be CCJlIP31:i tion between chain-scission ani 

cross-lin1d.rq. '!he latter process is usually dominant at lCM oxygen 
~I'''''i 

correntrations. In the case of many naturally-aged cinematograP\ sane 

cross-lin1d.rq has occurred in addition to chain-degradation. It is 

likely that oxygen will be initially constnned to produce peroxides hJt 

will gradually be displaca1 by any acetic acid forne:!. 'Ihus toth chain 

degradation am cross-linking are likely to occur in naturally-aged 
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materials. 'lhis w:xild also acx::ount for the relatively low levels of 

peroxides fOl.1Jlj in naturally-aged materials oampared to 

artificially-aged films. ObIJiously relative col1StDllption rates of acetic 

acid ani oxygen by the film material when housed in a film can will be 

iIrp:>rtant in determining sutsequent degradation mechanisms, ani any 

future studies should attempt to elucidate this. 

PredictinJ the lcnJeVity of films or at least establishing the limits 

of their stability is of prime cornml. 'Ibis requires an urderst:arrlin] 

of the kinetics of degradation. Q)rrelati~ the fi~ here to 

studies perforne:l by other workers provides a nore coherent picture of 

degradation. It has been shown that de-acetylation proceeds by kinetics 

which are first order with respect to lIDisture Le. rate of 

de-esterification approximately doubles as lIDisture concentration 

doubles, rut is iOOeperrlent of concentration of acetate group:;. 

Although this infonnation is the result of solution studies it also 

apparently applies to cinematograIi'l film support: de-acetylation rate 

increasinJ with increasinJ relative humidity. In contrast to 

hooDgeneOUS solution studies the lind tinJ factor of aocessibili ty 

l::lec::on¥3S apparent in the heterogeneous p:>lymer: 'Ibis factor should be 

taken into acx:nmt in arrt kinetic investigations. 'Ibis is reflected in 

cinematogra~ film reels as the noisture gradient described previously. 

F'Urt:hernOre, the initial de-acetylation reaction is lcn:qely a feature 

of surI'Olll'rlirg relative humidity am temperature of a cinematogralil 

film. since these parameters will be fluctuat~ dur~ film lifetiIoo 

arrl kinetics ~ even nore complex. A similar argument applies to 

any secorrlary reactions which occur. Here solution studies have ~ 
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chain degradation to be irrleperrlent of ooisture concentration bJt to be 

first order with respect to acetic acid. Again J'X) aooount of 

acx::essibility or C'lCJlIp:!ting reactions is taken. Use of an Arrhenius 

relationship without taking such factors into consideration Le. 

att:emptirg to awly kinetic relationship:; which have arisen from the 

study of snaIl oolecules, is inappropriate. Heoce the wide di~ 

in results OJ different \«)rkers. Even if these criteria can be 

satisfied there remains the possibility of misleadi.rg results if the 

same degradation product can be formed OJ oore than one mechanism. 

sin:::e acetic acid, the major degradation product, can arise by a number 

of possible nechanistic routes, accurate lifetime predictions are 

difficult to adlieve. USe of the simple Arrhenius relationship provides 

infonnation in an int.erc:xEpirati ve sense i. e to irrlicate whether one 

material is oore stable than aoother, rut the accuracy of atsolute 

lifetime predictions by this nwathod is questionable. It has been stated 

previously that a close cx>rrelation between artificial am natural 

ageiD;J studies Il1JSt be achieved for any acx::elerated ageirg 

interpretations to be realistic. In this respect the value of both 

chemical test am statistical data arisirg from films housed in 

archives am exhibiting degradation cannot be over eJtPlasized. Although 

the statistical survey un:lertaken in the present study was not 

exhaustive (merely intercomparing incidences of degradation for 

different types of material e. g. magnetic am non-magnetic track 

materials, or negative am positive films) it has correlated well with 

what walid be predicted by relatinJ chemical test data obtained from 

tx>th naturally am artificially-aged films. HcMever, it seems that by 

far the oost appropriate approach to discern film lifetime is to 
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m:mi tor the imuction perio1 prior to degradation. Here correlation of 

hoW concentration of acetic acid (the degradation product which 

participates in the rate deterIninirg step in breaJ«ia.m) relates to 

image quality should establish a concentration limit beyorrl which film 

corxlition is no l~ acceptable am should be stabiliSEd or copied. 

stabilisation stu1ies ~rt infererx::es from na:::hanistic 

investigations that a combination of processes lead to degradation. 

stabilisation is achieverl by a combination of Irganox MDl024, Tinuvin 

770 am Sodium Phenyl J?hosp:rinate. '!he overall picture which eI\V3I"ges 

has interest:i.m iIrplications within the field of stabilisation because 

despite dual functionality of irrlividual stabilisers (e.g.Irganox 

MD1024 acts as a Ii'lenolic antioxidant arrl metal deactivator: Tinuvin 

770 as an acid or free-radical scavenger) they are relatively 

ineffective except when used in combination. 'lbat these stabilisers are 

relatively ineffective when used alone suggests that several EChanisms 

are operatirg am that some synergistic interaction is DCnlrrirg. It 

tIOlld be interest:i.m to follow up the initial stulies to detennine the 

extent to which Tinuvin 770 is actirg in its capacity as a base to 

neutralise any acid degradation products am the extent to which it is 

participatirg in blcx::kirg any free-radical reactions. Tinuvin 770 may 

as is S1.¥}3eSterl by recent stulies also play a part in OClTIplexing with 

any metal ions [15.11. since stabilisation stulies also iIrply the metal 

deactivator is playirg a dominant role an investigation of relative 

concentration efficiency of each c::onp>nent in the tris-system ~d be 

infonnati ve. It i.s necessary also to determine whether the tris-system 

is penetra1::inJ the cellulose triacetate ~rt or merely the enW.sion 
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or roth - it may be that effective lifetine is externed as a result of 

improVed enulsion stability rather than SUIlX'rt stability. 

'!he role played by the plasticiser is significant. Although original 

reasoning behirrl its addition was to resist noisture uptake by the base 

material results suggest it also has a superi.mp::JSed antioxidant 

function and as such may complerrent the functioning of the stabiliser 

system. sutsequent to completion of this project ongoing studies using 

F'DlItIr have shaNn that where the plasticiser is a Jilthalate ester this 

serves as a stabiliser. Results indicate that any acetate released 

sub;ti tutes itself on the Jilthalate rirq am is so prevented fran 

react.irx} further with either noisture or the polymer. 

A lOOre in depth mec:ilanistic study is now required to identify the 

extent to which hydrolysis, acetolysis and free-radical reactions are 

separate or whether (am how) they influence each other am exactly how 

the stabilisers are operatirq. Here any free-radical reactions of l::oth 

polymers am stabilisers could be follC1l.1ed by ESR spectroscopy. 

Relative stabiliser cxmcentrations may be follC1l.1ed by uv spectroscopy 

(for Ji1enOlic antioxidants) and HPI.C (for hirrlered amines and 

~P'lates/ItlOSpti.nates). In addition, ESCA could provide a valuable 

tool in detennining any processes which tray be t.ak.i.rg place at the 

surfaces where an interface occurs. In particular the role played by 

the sutDirq layer, which has not been considered here, could be 

elucidated by this technique. A nore in depth urrlers1:a.rrlir¥1 of the 

na:::banistic aspects of any degradation processes will be important in 

refining the stability tests am stabiliser systens which have 00en 

desCribed in this stuiy. 
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