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SUMMARY

Thig thesis is primarily concerned with the kinetics
and mechanism of the thermal degradation of linear high moleculay
weight polyoxymethylene with hydroxyl and acetate chain-ends.

An introduction to the thesis (Chapter 1) briefly revieus
the various modes of polymerisation of formaldehyde to linear
polyoxymethylene, &Lvidence for the structure of the polymer
provided by modern physical methods (X-ray diffraction anéd I.H.
spectroscopy), which substantiates the conclusionsof Stavdinper
and others, is also rewviewed. The thirty year hiatus betlwssn the
classical work and modern work culminating in industrislly useful
thermoplastic materials is also discussed. A review of sarlier
work on the degradation of polyoxymethylene reveals the nsed for
the more detailed study described in this thesis.

The apparatus and experimental tethnigues used in
this study are described in chapter 2.

In order t0 isolate the thermal degradation Ifrom
other degradation reactions, particularly oxidation, the reacticn
is studied in high vacuum.

The thermal stability of high polymers can be discussed
from two stundpoints = thermodynamic and kinetic. The thermodyvamic
aspects of the thermal stability of polyoxymethylene is the subjeet

of Chapter 3, The relationship between the heat of polymerisaiion,




ABp, and the facility with which the reverse pfocess,
depolymerisation, occurs is discussed. Thig discussion leads &6
a consideration of the value of 4Hp for formaldehyde. Estimates
of this quantity; based on (a) heats of solution of formaldehyds
in polar solvents; (b) heats of combustion of polymer and wonomer,
aﬁd (c¢) a hypothetical polymerisation veaction path, suggest a
value of AHp in the region of 15 k cals molealo The polyoxymethylenes
with hydroxyl chain=ends, ﬁo(cnzo;)nﬂ_g, are "living" pplyméz‘s in
the senmse that the chain~ends are stable “active centres” througt
which polymer-monomer eguilibrium can be achieved. Dainéon exploited
this fact in his determiration of 4Bp and ASp from equilibrium
measurements. However, Dainton noted an unacceptable discrepancy of
11.2 entropy units between the "Second Low" entropy amd tﬁe M Ae
reliable "Third Law" value based on heat capacity ﬁeasurements in the
temperature range 20»300014o The values for the thermodynémic func;ion$
obtained in this study ars in better agrgement with the "Third Lew"
and theoreticzl wvalues.

The thermodynamic ceiling temperature of polyoxymethylene
has been calculated for five polymer samples and fouad to ée noar 120%C.
This temperature vepresents the upper limit of thermodynamic stability
of the polymer, Metastability of the polymer above the ceiling
tetperature due to Kinetic factors can extend iis useful temgeratufe
range vp %o 27000 in high vacuum and thus a study of the kinetics

of degradation ig of fundamental and practical interest.




The kinetics and mechanism of the degradation of several
polyoxymethylenes with hydroxyl and acetate chianwends are discussged
in chapters 4 and 5. It is shown that the high molecular weight
polymers with hydroxyl chain-ends are completely degradable at
130°C, detectable degradation occurring in high vacuum at
temperatures in excess of 1oo°c,which is some 80° below the M,pt
(78-180%C) of the polymer. The thermal depolymerisation reaction
is lst order at all temperaturss in sxecess of 130009 showing &
deviation from first order behaviouy which occurs later in the
raaction the higher the temperature. Possible explarations for this
deviation are discussed. In contrazt the acetates are much more siabls
than the parent glycols showing little degradation below 1’5@$;

It is found that vheveas the polymer with acetate chain—ends shows
uniform lst order behavioﬁr with an activation energy of 58 k c:-:d.:-zomale:‘::‘ri
throughout the reaction the activation energy for velatilisation of
‘monomer from the glycols shows complex behaviour increasing to a
maximum of 52 k. cals. mole°1 as the reaction proceeds. Tentatively,
this effect is explained in Serms of the erystalline-amoyrphous
transition becoming rate conirolling as the more readily degradable
amoyphous phase is removed.

The molecular weight of the polymer was measured during
the course of degradation amd the results confifm that the thermal
depolymerisation of polyoxymethylenes is chain-end initiated and
that no random chaipescission oy chain transfer reactions cccur

during the reaction.



Within the limlts of sensitivity of the anaiytical
techniques available evidence for products that could conceivably
arise from a fres - radical reaction, initiated at the polymer
chain-end, is lacking and further thé action of free-radical
~ inhibitors gives scant support o a free=radical mechanism {Chapter 3

It has been established (Chapter 5) that the degr-dztion
is susceptible to bass~catalysis. It is concluded, however, thak
the most plausible mechanism for the thermal depolymerisation of
both the polyoxymethylene glycols and acetates is a molecular
mechanism involving 4 or 6 membersd transition states.

- Thegharacterisation of the polymér in terms of dilute
solution properties was hampered initially by the lack of a
" suitable room=-temperature solvent. The fact that agueous
perfluoroacetone hydrate was found to dissolve the polymer ab
roommtemﬁerature provided a key %o this problem. In Chapﬁernﬁ the
solubility of the volymer and some of its solution properties are
discuséedo In Chapter 7 a brief survey of the photo= and
rhoto=oxidative degradation of polyoxymethyleme is presented.

An appendix contains information on the characterisation

of perfluoroacetons hydrate.
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Iatroducsion.

An increasingly important branch cf polymer scieuce
and technology is associated with the heterochain macromoleculez known
as polyeﬁhers(?}o The carbom—oxygen polyethers, kunown alsc as polyallylens
oxides, ave best known and it is with the lipeay polymer of Formaildehyds.
ghich is structurally the simplest of this class of materials, that thiz
thesis ic concornad. The L.U.P.A.C. pomenclsture commitites wocomuendsd
the name poly(methylenme oxide) for this palymerie} but the classieal

nomenclature is retained here because it serves as a link with the

arlier work of Staudinger and is in common use today.

Polymews of formaldehyde were firsh observed by

Y

Butlszov in 1859 3 and contributions were made by Auerbash and Baramchell

to an undersbanding of the vature of the whiits pelymeric powders bub 4%
was Standinger who established that they had a polyoxymethylens chaix
structure,

Polymexication of Formaldehyde

Fomaldéhyﬂe (#,P7, =118°C; B.Pt., - 19°c)(6)

s DAy be
polymerised divectly from the gas phase, im bulk, or in solutlon in

agueous and non=aquecus solvents.



A, Solut@on Polywerisation

(1) Polymerisation in aquecug soluti.

At room iemperature concentrated solutions of formaldehyds
become cloudy and ulitimately precipitatg a white powder which Stauvdinger
showed %0 bé polycxymethylems glycol, EQ(CEéQ)nE {n =6~ 100),

Considerable evidence has mceumulated about the mechanism of the reasticn

{(13{5)(7)

and there is now 1li2¢le doubt that it is ionic, Fovmaldehyde

dissolves exoihermically, {(=40E= 13 KCalsomolemﬂ)(/>9 in polawx solwents,

oy

exlsting in water as the hydraﬁe methylens glycel, which is in equilibyins
with uahydrated formaldehyds,

082@ C HQQ s IIOCth?I

CH%Q Hg%% at 20 c«(8)

The hydrate dissociates both as an acid and as a bass,

K, = 0o x 107, at 20 209,

K e l62x 10720, at 20 oc(10)

It may be calculated from these data that in a 1 M solution of
formaldehyds, o _
(HOCH,0™) = 10 7; (woor,*) = 10 2, (em,0) « 107



‘Thus an anionic mechanismg'HGCHZOQ being the initiatoy, scems most
likely for the polymerisation of formaldehyde in aqueous solution and

this may be re?résépted'as follows?

Initiation: - HOCH,0H = Hocazo" + H

Propagations: HOCEBO * CHEO = HOCE‘?OCHQO

EO(CH,0) CH,0 * CE,0 = HO(CH,0) .CHO

s P -‘ = X 5
Terminations HO{ C'-Hgo)n N 10520 + H = BO( CHaG“n é_zan

(9

It has been establiéhe& that the propagation step is en equilibrium

reaction, The equilibrium constant for the propagation step formulated

‘above is -
X - LoH,0JCHO(CE20),CB,0 ] KK, = 2,05 % 1072,
[HQ(CHZO)D“CBZO ]

where Kﬁ . IOQQ (sec above)

ond K. o LEOCHORI[HO(CEOME] . o o5(11)

2 :
[HéO][HO(GHéO)n+1HJ



The polyoxymethylene glycols with DE greater thén 6 afe ingoluble

in water and therefore as the polymefisation proceeds all material
precipitates which hat a D.P. greater than this. The polymeri;atién
'Qf the precipitated oligomeric compnunds,to-highér honologues

(DP = 6-100) is considered to occur through equilibria éimilar to

those above. Because the propagation reaction is an equilibrium
reaction it is possible to derive values for the Heat of Polymerisation
and the Entropy of Polymerisation from the pressure of formaldehyds in
equilibyium with the polymer; The ﬁhermodynamic properties of
polyaxymeﬁhyleﬂe are discussed in Chapter 3.

The properties of‘%he polymers that can be obtained ffom the -

polymerisation of formaldehyde in aqueous solution are summarised in

Table 1, 1. , |
TABLE 1.1
. HO(CH 0) H, (P.O.M.)
[~ ¥

Name or Type . DP, =a; | Melting Rangs
Oligomers | 2=8 ~ 80 = 120°¢C

S
Pagtaformaldehyde 6 = 100 120 = 170°C

0
a P.O.M, 100 ~ 300 170 = 180°C

B P.OMo 100 - 300 165 = 170°C




Formaldéhyge nay ba polymegised in a variety ef
nonaaquéous solvents, including diethylethesr, chloroformv‘héxaneg
A variety of cétalysts? including those in Table 1.2, are caﬁable’of
initiating the reaction
TABLE 1,2

Fozmaldehvde Polvmerisation Catalysts.

Watexr
Opganic Acids and bases
Lewis acids
Amines
| Phosphines, Arsines and Stibines
Organometallic compounds

Carbonyls of Fe, Co, Ni.

The nature of the catalysts and ths high rates of reaction
at low temperééuwes {-80°C) again sﬁggest that an iomic mechanisn i
operative and as in many ionic regctions of this type the difficulsy
of achieving reproducibility due to semsitivity to impurities has made

kinetic and mechanistic studies difficult.



Andond o Polumerdeablon
Mejzlikﬂa} and' his éowe:grkeég have studied the kinetics

of the polymerisation of formaldehyde in diethyl ether solui;iém They
found the owdex of the éeaati,oaz wlth respect to momomey Lo vavy bebuwesn
2 and 3, and the catalyst expoﬁeni; o be in the range of 0.5 o 0.8. |
The molecular weight of the paiymem as measured Aby intringic vigeosily,
was independent of the catalyst concentration and 1% was deduced that
the reaction iz a chain process. Water and methanol weré fomaé o he
chaln traunsfer agents having no effect on the xale of tﬁé reaction. On
the cther hand carbon dioxide, formic acid and acetic : acid &m retardars.

(13)

VYegely and Mejzlik rationalised the above obszervations
as follows. The veactionm is an anicnic chain reaction inmvolving,
initially, the dissociation of the catalyst jon pair intd free long:

o

@ g = Ao = . N
AB = A +B,K 3 A = CL, Lourate, stearate, oic,

. ‘ N " )
Initiations A" + CE ool ACEQ
k, ,
Propagation: ACH,0+ nCH,0 ===2)  A(CH,0) CHO
4 ) 2 2 2'n 2
Transfers B+ wcﬁzau wmi) MHEOH + X

k -
Reiaitiation: X o+ cuao -w-b@ XCH,0



Denoting the total anion concentration by (Om)o they define an

overall equilibrium constaunt, K, by the relationship

] 0

(Om)e(3+)
= (Cat), |
. 0.5 0:5 .
hen (Gat)o » K ¢ (o) = K (Cat)g o

By assuming a2 steady state concentration of (OD)O an overall rage

equation was dexiveds

© @5 @Qﬁ -
ks K (Cat)y (CHYO)

1+ {k3/k, J{EX)ACH20) |

mﬁ(eﬂéO)/at =

The maximum order with respect O monomer predicted.by this squation

is 2, when (kﬁ/kh){ﬁx)/(cﬁeo}»§> 1. This eguation does mot, thevefova.
adeqﬁatelyzacccunﬁ for observed orders in the range 2 © 3; Howavew,

by uéing the Bjeryum equaiion relating dielectrie conéﬁgnt ta dissocisafiog

constant, Vesely and Me]zlil shtained the relationship
K » Ko7
between the dissociation constant and the concentration oﬁ MORCHOFs

This relationship takes account of the polarity of the monomer,

Substitugion for K in the wvate equation gives

s 0% L
13202
kK (Cat) e(c;ﬁéo) :

«3{(CH.0)}/dt = =~&
2
1 (kg/k&)(mfmazo)



Thin equadion predicte a meximum o

4
&

monomer of 3.2 and thus adequatelf accounts for the obser@eﬁ ordars

The Dmlymers producea in non=aqueous solvnnbs by the andiowis

<

mechapisnm and in the abs ence of Ch&iﬂ trausfer ag enis have

of polymerieation {DP, > 10°), The properties of these materi

t to those of the agueous polymers. At molzscuisy

han 10,000 nelyoxymethylens shows useful mas

wa ?vobanly the r@allsatlon Of this fact

the 3 large qe’eloﬂmen Progranme underiakea by the Du Pout Company which

. (1%)

culminated in the commercial proaueticn of Delrin o

Cationie Polymerisation

The marked ca talytic actlvity of Lawis and protonis

in the palymefiaaaiou of formaldehyds suggests that a caticuic mesham

gan operabe. I urther evidence for this suggestion can be o

vhe facht that trioxans, the stable cyclic trimer of fosmmalde
bs polyuerised to high molecvlar polyorymethylene at low temperaturon
by boron trifiunoride. p"ellmlnafy kinetic observations by Kera andg

{15)

dJaacks " suggest that after an initial induction nerlod G

2

the frioxane alngg openad following eleﬂarcpnllAe al tauh by hovor

i

tﬂiflLori&eg depolymerises to an equili bvxum cencennra»icn of
formaldehyde which then polymerises by a cationie chain vaaction, thucs
Qe=--CH




G ===CH

AN

CH 0 = BF.” * -
5 3 = CHaocHéOCH‘EOBF3
\\ /
O CH
2
<+ ~ e - »
CF,,0CH, 0CH, OBF, = BF, + 3CH,0

Polymerisation:

= - F . =3 o4
¥,BOCH,0
5BOCH,CCH,OCH, ™ + = CH,0 = F,B(OCH,) .OCH,

The reaction accelerates throughout its course and this, it was suggested,

is due tc the alternmative initiation reaction,

- + -
GH 4
20 BF3 = CHEOBF3

becoming inereasingly important. The acceleration could ailsc be

explained by the fact that there is no termination reaction.

(16)

Hammick and Boeree reported that the vacuum sublimation

of trioxane led to a polyoxymethylens, which they named epsilom-—polyocxymetk i:i .

(17)

It iz clear now, however, that polymerisation is catalysed by acid

impurities and that the reaction is cationie. The facility with whiech
the polymerisation cecurs in the sublimate is due to the fawourable

geometry of the tricxane crystal lattice(IB)o



(B) Bulk Polymerisetion of Formmaldehyde

Iiquid formaldehyde polymerises at rates determined By its
purity and temperature, The pélymerisa%ion of substantially anhydrﬁns
liguid formaldehyde %o a 501id polymer at =20°C was first described by
(19)0 Staudinger noted that the polymers produéed in this ﬁay

. - La % Do L e ap s pies o 5 e Bak A T3 ey ceea? ~ 4 N -
Were Lougn, trsugpavent and Iilm forming and bhe called the

[

Ry
LIS

eu;palyaxymeﬁhyleaéo The potential usefulness suggested by the rosin
character of these polymers is off set by their poor thermal-staﬁili%yo
S%raudingef believed that his eu-polymer had an average DY, in %hé regloy
of 5,000, Ro kiﬂeti§ studies of the bulk polymerisation of formaldehyds

have boen wmade.

(C) Polvmerisation of Coseous Formaldebyde

Work on ths volymerisation of gaseous formaldehyde has

{20)

?ecentlg besn weviewed by Bevington - Gapeous formaldehyds rapidly

polymerises on the walls of the contginizng vessel at temperatures below

80°¢ above which the polymerisation yate is negligible. Once agaia

 £% ig giffieult 2o achieve reprodu@ibiliﬁyﬁ-although this can be ovewmeome
to some extent by careful experimentationfgl) Early %ofke?siaz}
estébiished that the reaction is heterogenéous and sensitive to

impurities both in the gas phase and on the walls of the apparatuso



£y

Y R, [ T PP S o ORI { R
LiBnest, Laﬁxuﬁhﬁfﬂ and Hoappigh 7

i By & . | - PiTI— S i
ssvanliished thar water

and acetic acid catalyss the reaction.  The rate of reactiocn which is

a brauching chain reaction is given by‘

g

. , 2 4 |
= C 73 @2 3
af ﬁ’ao)/ d& 2:1k2p <P / (l%p k&p 9)Q

in which P, and.pm are the partial pressures of catalyst and monomew
respectively. This rabs expression is derived from the schems of

veactions proposed by Carruthers and Norrigh

0
X
Toitiabions HCOE + CE,0 Yoy mhocH oH

o X g
Growth:  H.COCH,0(CH,0) H + CH0 —fp HO(QCK,) 00T, 08
Brauching HC(OCH,} OB + HCOH comdesy Hc(os;za)noc:ﬁ(agizg
Termination? Hz'(ocxx ) OH + CR.O ?lfi;e EE(OCH ) & + 0o
21 2 2n z

Yerrish and Bevington, using HC1, SnCla and BF, as catalysis
o 24)

established an alternative rate expression

c»c}(crﬁgo}/dz. = .fiPch/(k(’pw = k"’pc};‘,

Yhere A = the areaz of fhe cooled suvface on which palymerizatlon

occurred. UWhile the termination reaction in the above schemz apparsntly



zilonall the obsevvations they note that water which should be

produced in appreciable amcunts iz not found in the system., There is,

STH

therefore, no evidence for the formation of a C=C bond in the polymer
chainw=end structure nox for the feosibiligy of thls reaction.
Tentatively, the authors suggest the reaction may be ionie.

The Styucture of

o Polymex,

Standinger distinguished two types of sbructuve that co

ru

be devived from the polymevisation of Fformaldehyde the carboliydrat
ype, QGHQQH)CH(OH)@ and the oxymethylene type. That the polymers
producad under the conditions discussed above were of the latier Lyps
Stauéimg@r';e@uced from the evidencs pro ded by their degradaiioa.
The polyoxymethylene glycols produce guantitative yields of monomaw
and water on thermal degradation, wherezs if they were of the

carbohydrate type they would de expected to char, A small mumber

of {C=C) bonds were found to be present in samples of & polyoxymethylens

glycol dimethyl ether derivative which had been heated in boiling watexr

but these were assumed to have arisen in a topochemical g@axrangemen%

reaction?

=0 = CH, = CH, = CH = O = CH
CHy = O = CH, ~ OCH, wm—omesh > = Oy iy

OH

l )

25)



and %o be uniikely to cecur under normal polymerisaticn condiiionso
This conclusion has recently been confifmed(26)a |
A1l the chemicalAevidence points to the eonclusion thaé
polyoxymethylens {5 a lineay polﬁmer‘and this has been amply confirmed
by modern physical methods., It is not proposed to discuss these have but
rather to outiine byiefly the wesults obtained. The iineazity of the
polymer wolecule is reflected in the bigh degree of crystallinity o
samples of all molecular weights. Indeed, because it is crystalline
in nature polyoxymethylens was one cf + é £irst macromolecules to be
studied by Eersy diffraction techniquas by Staudinger'’s écheolia?)o
It has recently been established that thevpolymer can be
obtained in hexagonal and orthorhombis crystal modifications 20,
The,polymer}éhain ié helicel with its axis parallel to the Beaitis of
~ the crystal; The helix is obtained if each OmCQOch uﬁif takes up
a gguche (staggered, but non=planar’) configuration by rotating 120°
in the same sense about each successzive C=0 bond. If the angle is
slightly different from 120° in each case a more extended helix is

obtained and this is rﬁiecteé in the variable results found For the

identity period, defined as the number of monomer units and turns

/
~
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{m/n) which occur in each crystal repeat unit. The crystallographie

information is summarised in Table 1l.3.
JABLE 1.3,
Crystal Structure Data for Polyoxymethylene

~ Property Hexagonal ; Orthorhombic

Lattice constants () a = L.h33 ¢ = 17.3 a = 4465 b = 7.65; ¢ = 5.50
(n/n) 9/:,(27’; 9/5(29)5 38/21(30) A 2/1(28)

Density; (gncc°m1) . |

(100% crystallinity) 1.492 . 1.5h

Density (gocco=1) .

(amorphous) ‘ 1,25,

Infra red spectroscopic evidence also confirms Staudinger's conclusions.

(31)(32) that polymers produced by polymerisation of

It has been shown
liquid formaldehyde (eu-polyoxymethylene), by addition of concentrated
sulphuric acid to 40% aqueous formaldehyde solution {B-polyoxymethyleme) and
a sanmple of commercial paraformaldehyde have.essentially the same atructure.
The formulétion of the polymer in terms of hydrogenébonééa formaldehyda(BE)
and CH(OH)CH(OE) is ruled out on the basis of the spectrum of the

eu~pelymer. The spe¢tra show strong bands a% .2 and 10.7 microus,



= 15 =

due to C=0-C stretching; at 3.k microns due to C-H stretching and

at 2.9 microns a broad band due to O=H stretching. The hydroxyl

band maximum ie found at 3320 cmml in paraformaldehyde and at

3450 <:m¢-=1 in the B-polymer. The different frequencies of the bangd
maxima probably reflect different hydrogen-bonding conditions.

The intensity of the =0H band varies with the molecular weight of the
sample being vefy intease in paraformaldehyde and less intense in the
high moleculér weight polyoxyﬁetﬁylene glycels. That the high
molecular weight polymers do in fact contain chaiﬂ@endvhydéoxyl gfoapa
is difficult to prove by classical &nalyéiso Indeed Walkerigh}
suggested that the high molescuiar weight polymers prabablj had a>cycli@
structufeo Wﬁen high molecnlar weight’polyoxymathylene glycols arse
treated with acetic anhydride the OH bands in the infya éed spectyum
~at 3450 cma1 are reblaced by a small ester carbonyl peak at 1750 cmu?w
thus confirming Staudinger's earlier conclusion that the high
molecular weight polymers were higher homologues of the oligomeric
polyoxymethylene glycols. The usefulness of the infra red technique
will be further discussed in Chapter 2 when the problem of

characterising a given polymer sample arises.



Istraduetion

The hydrolytie degradation of paraformaldehyde and

3

high mol culag welght no]yoxymethylene diacetates prov1de& Staudinger
with vital information fop his macromolecular ﬁheoryu In these
early studies the relative stabilities of the polyoxymethylenes

P gimethyl eubef depivatives werse

plycols and 6
noted. The thermel stability was found %o decrease in the F"@VE
dlmehhy7 the fg diacetates and glycols., The isclation and charani
of the more gtable diacetate énﬁ dimethyl ether dsvivatives with DP
up Lo a 10@xfizaug tablléhed the polymernﬁ natg:e of the less stablo
‘parent glycols. The infoémation on the welative stabilities bf the
depivatives was lncidental ¢o the main objectivé which was an
ﬁnderstanéing of the structure of these materials. |
Folyoxymethylens was‘suggesteﬂ as 2 model compound for
celluidsa(Bﬁ) which at that time was atiracting comsiderabic
P*enalon amnonpg ovganic chemists., The suggestion was based amswe
on phyblcal similavities such as crystallinity and fibre forming
propervies than on any more cbvious chemical analogy than the gam?
empirical molecular formula, In a similar way polystyrens was suggested
as a model for aatdral rubber. The development of polystyvene as a
plastic material in its own right was not followed by a s
3

PO . p w4 * & - 3 oo 3 4 3
of pelyoxynothylens the lstter being dismissed ag

th

ilzbile %o be of any practical use as a plasbic material. Indsed, ax
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{36)

recently as 1952 Bevingtbnﬁ reviewing the polymerisation of
aldehydes, was prompted to write:"High polymers of aldehydes are of 20
importance as fibres, plastics or rubbers because they depolymerdise
readilyt,  While tﬁe ready»depolymezisatibn of polyoxymethylenes is

unquestionable it is interesting to note that Bevington's statement$ is

no lon: er completely true. The reason for this will emerge from the

3 4 - 2y Y, o % mee .
dlgevsesion which £2llows:

4 new ond muech broader interest inm the degradation
rveactions of high polymezs has been stimulated by the growth of ths
plastics industry and the associated need for an understanding of
the relationship between their macromolecular structure and stability
in the various enviroaments in which they are used. Fuadamental
knowledge of the processes occurying in the deterioration of high
polymeré may suggest how best to stabiliss existing materials and
also how to design materials for new applications. The progress
made in undefstanding the mechanism of high polymer degradation
reactions is reflected invthe number of monographs on the subject
(37)(38)(39)(40)(&1)0

High polymers do not always behave as our knowledge of

model compounds of low molecular weight might lead us to expect.



Thls has been shown to be due as much to the macromoleculayw

{(12)

as to the effect of structural abnormalitiesg(*;j

environment
such as hranahlng and weak links, incorporated into the palymer
molecule at random and in low concentrations.

The detexioration of a plastic material in use is
chemically complex and can be regarded as the wresult of the
conbined effects of heat, light, oxygen and other chemical agencies.
In order toc make any progress towards a fundamental understanding of
the deterioration processes it is important to identify and isolale
the various reactions thait a given macromolecule ean undergo. Thus,
for example, in order to establish some measure of the thermal stabilizy
of a given polymer the the?malireaction is 1solated bywzyyiag oun
the study in high vacuum or a chemically imertratmosphereo

The first systematic attempt te study the degradation
of high moleculayr weight polyoxymethylene was reported by Kern and
Cherdrona(h&) They discussed the thermal and therme—oxidative
degradation of polymers having hydroxyl, and metﬁoxyl chala~end
structures.  They distinguished four possible reactiocns:

(a) Thermal depolymerisation from the chain-ends.

(v)  Thermal éhain~scission at temperatures greater than 270°

| followed by depolymerisation,.
(¢) Thermal oxidation.

(a) Hydrolytic degradation by secondary products of oxidation.



(a) Thermal degradation

High molecular weight polyoxymethylens glycols degolymerise
at conveniently measureable rates at temperatures above 125@Gc
Comparatively low molecular weight materials, like paraformaldehyds.
depolymerise at comparable rates below 1006(3° The thermal
depolymerisation of polyoxymethylens glycol in the tempsyature
vance from room bemperature up, through the crysztalline weiting
point at 180°C, to 270°C is chain-end initianted. Ividencs for

this can be adduced from the

mterial desvolymerises laoss
having fewey chain-ends at wvhich deno3vue vigation can be initiaazd.

Further, polyoxymethylens dimethyl ethers are thermally stable in
high vacuum up to 270300 The thermal Stabxlitv of the vhols moleculs
up o 270Q is thus daue.ujnnd golely hv the natuve of ths chals

The postepolymerisation acetylation of aniomically polymerise
high molecular waight oolyox ylene is the basis of %k |

(1t The stability

stabilisation of the DuPont prcduct Delpin,

of Celcon produced by the Americen Celanese Company is due %o

the incorporation of (C=C) bonds in the polymer by co=polymerisation

of trioxane with suitable comonomers such as dioxclane. The

depolymerisation process is unable to pasc through dioxclane units.
Kern and Cherdron reported that for a paraformaldehyds

. .
lymerisation ¥

et Y TS . faf Lot ~
with DF = 4 the dsp

. . - e ..
tenperpbure vange 90 < 18070 and has

4 b - g )
10 Eoeale. Mo more cuentitative @



The above authors zlso showed that a polyoxymethylene
dimethyl ether (DP = 3 x 10°) degrades to monomer in a first
order r»rocess in the temperature range 280 = 35000c The activation
energy given is 28 K, cals. It was suggested that the main chain
is undevrgoing scisslion in this temperature range and therefore
Z?QOG represents an upper shability limit determined by the streagth
of the méiﬁ chain C-0=C ether links. No experimental evidence for the
linearity betweea moleculsr weight and rate of monomer produciion
o be exﬁecteﬁ for a molecule undérgoing random chain gcission fellowed
by rapid depolymwerisation is reported.
(c) Thermal Oxidation.

Kern and Cherdron established that the thermal oxidation
- of polyoxymethyleme does not cccuy at temperatures below 15006 to
any signpificant extent. They suggested that oxidation of crystalline
polyoxymethylene does mot occur and the threshold ofVIGOOG represents
the point at which the crysfal lattice is beginning to break up.
The onset of melting occurgat about 125°C and is complete at 178 = 180°C.
'The mg jor product of oxidation is monomer anrd very little true polymer
oxidatiom occurs at this temperétureo The photo=-oxidation

follows a different course and will be discussed in Chapter 7.



w44 HBycwolytic Deppadation

The hydrolysis of heterochain polywmsrs is one degradation
reaction which distiaguishes their chémistry from that of the carbon—-ghain
vinyl polymers. The acid hydrolysis of polyoxymethylens is a random
chain=scigsion reaction and leads to rapid depolymerisation. Allaline

hydrolysis invelves only ths chain«end.

(45)

of the soluble polyoxymethylene glycols

reflect the Tact that thers

are ﬁwb hydrolysis mechanisms as well as a purely thermal mechanisn
leading te¢ depolymerisation and an overall rate comstant, k, canm be
defined in teyms of the i;dividual rate constants for these procezses;.
thus

. o4 )
k ,g ka(H30 ) o+ kb(OH ) o+ kw'

- e ' - e
k, = 3.001 l.mole, Ynn™t, k =3.5 x10 7 Lomole, ™

k = 6.4 x 107 min lat 20°C.
Kern and Cherdron observed thap the’éhermal oxidation
accelerates and this they attributed to hydrolysis by formis
acid produced by the oxidation of formaldehyde. The hydrolysis
produced more chain ends at which depolymerisation can occur and

hence the reaction is accelerated.



Aims of this work,
¥hen the work %o be described in this thesis was undertaken

(44)

Kern and Cherdron's papee vepresented the only reported attempt

to systematise the study of polyoxymethylene degradation.

Their paper is far from a detailed study of amy of the reactions,
and it was the need for a more thorough examination of the
quantitative aspects of the thermal reaction in particular that

~ prompted our work,



CHAPTER 2
EXPERIMENTAL

2,1, Introduction

The subject matter of this chapter is Strictly limited to
a descripticn of the apparatus and techniques apprlied in this study
of the degradation of polyformaldehyde. Yhere a technigue may give
vesults which are equivocal it is dsseribed and the critigue postpened
uptil the resulis obﬁéiﬁed arise for discussion.

2.2 Preparation of Polymers

In order to study the effect of different modes of
preparation on the degradation behaviour of polyoxymethylene several
- samples were used. Some were prepared by ourselves and others were

made available 0 us by workers in the laboratories of the Distillers

2

Company and BX Plastics. limited.

Sample ) = (A/BULK/RI)

2 go of DIST/Z244/87 (see sample 6 below) were washed
with distilled water, with AR acetone and finally dried in vacuum
at 70°C for ome day. The polymner was then heated to 200°C in
vacuun and the monomey produced was trapped at - 196°C. Raising

. L o, e oas .
the temperature %o <80 C the moncmer waz distilled into a



preflamed cylindrical tube {heavy wall “Pyrex', 20 mm, bors x 10 cm,)
held at =196°C. The tube was them isolated from the rest of the
apparatus by sealing at a constriction and brought to =80°C at

which temperature it was held for one day ("DRIKOLD' powderl. A
contraction ( § CH0 = 0,91 at =80°C §POM = 1.4) ocourred
indicating that polymerisaticn was procseding but it was very much
slower than thg literature; referred to in Chapter 1, led us %o
expect. After one day the tube was opened undey vacvum (bresk seall
and the uﬁpolymerised monomer distilled to a trap. The polymerisation
tube was then warmed Lo room temperature and pumped for two days

after which Time thé monomer nressurs was negligibly small (less than
1szmmo af¢er one hour isolated frcm'ﬁhe’pumps)o ‘The polymer (1.72 gog
86% y:!.ei!.;l),B a white opaque, resin~iike mass was dissolved in 95% aqueous
per;luoracetone hydrate at 25@C and reprecipitated as a powder in a

- : 0
large volume of AR acetone held at O C.

Sample 2= (A/TRIOXANE/R2)

10 go of B.D.H. Trioxans was sublimed under high vacuum
(Prioxane vapour pressure = 12,7 mm. Hg. at 20°C) and trapped at
=196°C in a "Pyrex" bulb (radius 5 em.). After washing the sublimate

with AR acetone to extract trioxane 3.64 g. of polymef were obtained.



Sample 3 - (B/TRIOXANE/R2)

1.5 g. of sample 2 were dissolved in 95% aqueous
perfluoracetone hydrate‘andfreprecipitated in the same way as

Sample 1. (99% recovery).

Sample & ~ (BRN/20/ED/17/P=BX)

Trioxane was polymerised in ethyleme dichloride

solution at + 5ooC using boron=trifluoride etherate as catalyst.

Very pure gaseous formaldehyds produced by the
pyrolysis of ¢yelohexyl hemiformal in the temperature rauge
1250 - 160°¢ was polymerised by dissolving im it heptane containing

90 popem. of Pth as catalyst.

Sample 6 = (RN/20/22/0AC = BX)

Sample 5 was acetylated by refluxing in a 531 mixture
of acetic anhydride and pyridine for one hour followed by soxhlet
extraction with ethanol for twenty four hours. Samples 4, 5 aud 6

were supplied by BX Plastics Iimited.

Semple 7 = (DIST/3244/87/P)

Pure gaseous formaldehyde was passed at the rate of




20 iy duks »0Aueﬂs Contalﬂiﬂg W v tributylaming for i

hours.

m,mgs- 8- {mshgaz;a@z/om)

7 waz acetylated iu a similar manneyr Lo Eimgif e

 Samples 7 and 8 ‘were supplied by bh~ Ulstlllers Reseu»b?
laboratoryy and because they were 20@30 times larger.than any 6f hhe

nthers they were used simost exclusively for the detailed

of the degradation

3% e
N £33

of its solution praperﬁiés'and'asmametfgg light.scatieringf Wi
and uly acent g&lﬁechniques have yielded informaticn alwomi =

and mumber-average moleculay welghts, dispersion and the

iymer molecules inm solution. Hiﬁhewtc, ﬁhe lack of =

room-temparature solvend ror the nﬂlymeP has anuestlomab v dels

e characicrisation of pol yorymethylens by i ok

gcchw Lgues and alterna

tive p

roceduras have had to be agdopied

?ﬂra 30 2 a?c’g’
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¥t hos been found f{see chapter 6) thad perilucyacesona

at concentrations greater than 77, will 6lssolve the rsBVﬂer pra)

give a 1% solution in 10-20 minutes at 25°C. Polymer solutions

were prepared in sidtu iun the wiscoﬁeﬁer'shomn in figure i,

The capillayy, A, was made of Veridia precisiﬁn bore.ﬁubing

{r = 0,25 écmqalé'ss 10.8 ons. §  flou=time for dishlllou waktew $'21n§
secs. ab 2066)G Thé gintered glass diaég C, was made frowm ¢

"Pypex™ filier stick (10 mome, povosity typa 4100), Tae

precedure gave a standard deviation of 1.2%. as deterni
ben runs using 90% agueous P.FoA.Ho. The weighed polymsy sample
was placed in compartment ¥ an accurvately measured smount of solvent

vas added and the fiime noted. Ildxing was achieved by biswiag air

through silica gel tube, D, attached to socket 1 with sve ket 2 stoppezas.

To measure the flow time for a given solu%ion socket 1
tube 0 yag atiached 4o Smczé 3 and a E&Lple of the solution wag forssgs
up ingo Hulb § by puaping adr & hrau gh tube Do Tubes 1 and 3 weve

then opanad %o the anmamphexe and quickly comnected by a piesce of

'5.

polythens ¢ubing in opder %o minimise evaporation losses and

contamination from atmospheric water vapour. (TFlowg-time, &, was




C




was diluted by known amouvnts of solvent. added to comparti
After mlxlng and Lempe°ature equilibration the flow-time for tho

diluted sample was determined. Normally five dilutioms wers

and the intrinsic viscosity, (%) 1, given by
59343 Limit (as ¢ ~» 0) of ( £2£2 )/c
. +o .3

determined by extrazolating. the plot of reduced viscosity o
zero concentration. %he usual procedures for maintaining gics

clean were corried out after each determination of intrinsic

#11 measurements were aade at controlled Leﬂoerauu (+ 0.

g

a stirred water thermostat {20 litre capacity, hested by =
250 W pulb (2" % 8%) which was regnlated by a Jumo coatach th
ang Sunvic clectromic zelay type Bhlh.

20 3.2. infra Red Ind provp arnalysis

P

By deteruwining the ratio of the absorbaace atb 2.

due to O = H siretc hlng» to the absovbance at 2.54 1, due o %

C=0=C atretching owv .rtoae. for a co«ﬁ pressed film it

g2t a measure of the number-average molecular weight




= . ety oy 4 e B =4
M= 15,700 absozbance af 2,54
n ) roance at 2.9 B

The factor of 15,700 is based én independent osmotic pressure
measurenents and the sgsumption thot each malécule has two hydroxyl
! !
‘chain=ends. The method was thoroughly examineduLﬁﬁégé% Lavw was
confirmed for both the O=H and C~0-C ébsorbances (Figolaio‘ The
effect of varying the pressure and time of pressing was alse examined.
The pressure determived the transparency-of the filn produced.
Optimsm precision {+ 10%) was achieved if the following procedure
was adopted. |
15=20 mg; of powderad polymer, preferably just dried

under high vecuum if the sample is a yaw polymer, were presced nnder
vacuun (’1().’—1‘i éomo Hg.) at 10 tons per sq. in. by hydraulic press
(Researeh and Incustrial Iastruments), for not less than ZG'miﬁRteso
Yhe transparent film proﬂgced in this weay was thel placed in a §film
holder and itslinframreé spectrum was run on a Perkin Blmer
spectrdmétér (Model 13, NaCl éptics)o The spectrum shown in Fig. 3
is typlcal, A var&ing baée line is always oﬁtained in the spastya
‘of solids. Thisg is dus primérily to secattering of the incident

radiation by solid particles with dleveier comparable to thez
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FIGURE 3.




the measuxement of absorbance a base-line for the 2,5 ¥ band was drogs

by sonnecting the migimé@ at 2.1 and 2.7 » énd fér fhe 209 1 band

{47}

by connenting the minima abt 2.7 and 3.0 v o The 2.9 . band

s

i aud the babd moximum was found o vary from 2.8% u

e J . . : ’ -
0 2.G7 Y. Peal heights were used as a wmeasure# of absorbancs

Siae acetyliated samples, The ratio of absorbanse at 2,54 »

T dug t0 carbonyl strétehing being

molecular welghh.

: the measuremend. af

B

“the volstile produets  ave pumped away frow the reaction

ghroughond the weaction, the instantanecus vate of reastion

he determived either by measuring the weight of the degra

continucusiy or by measuring the translent prescure of the g

o =~ o,

produets ne they ave pumpsd awey 0 the reaction zona.

r

S
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Yhis latiter approsch vas adup®ad by Crassie and Helville
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developgd the dynamic molecular stillggqa) the modified foym

(49)

of which was used in this woxk.
In closed s;stems9 where the volatile products are
‘alloved to accumilate as the reaction pfoceeds, the rate and extent
of reaction are éerived fron pressure r%a&inésv either on a Bourdon gauge
(503 or directly with a mercury monometer, taken at intervéls |
throughout the reaction. | |
| The open higﬁ vacuun system is the method preferred

for the determinaticn of rates of vclatilisation‘bedause‘side
reactions, éressure effec§$ and ceiling-temperature effectég all

of which have to be considered when using the closed system technique,

are minimised.

2.4.2. The wmc Holecular Still (D.ii.S.)

The layogt pf the degraﬁatiog apparatus is ghown schematically
in fig. 4. The-still, S, thé Firani gouge, Py, and the associated
electrical eircuits are shown in detail in fig. 5-

2.4.2, {a) The Pirani gauge and the measurenent of Rate: of volatilisation.

. ¥Weighed polymer Samples are placed in the weighed demountable

coprer tray which is then screwed to the copler heating hleckc The

b

still is evacuated and at "zero pressure” (10 ' = 1077 mom. Hg. )

the Pirani bridge is balanced at a voltage, ng which is determined
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FIGURE 5
Thermocouple

Rl = 485 Ohms.
R2 = 510 Ohms.
= Pirani gauge,5C Ohms

=Battery,2 Volts.,

P
B
C = Cowrse controlg; 0-250 Ohms.
F
4

AAMEF = Fine control, 0=50 Ohms.
—ARC - =Zero control, 0=50 Ohms.
n,4§ —~% ¥ = Volimeter,Sangamo-Weston,

B

0~-2Volts.

G = Pye"Spot" Galvanometer,



primarily by the requived manometric sensitivity. The measurement
of pressure by the Pirani hot=wire manometer depends on the fact
that if the pressure of & gas in themal equilibrium with a hot-wire
is increased the temperature of the wire falls due to the increased
conduction of heét awéy from the wive by the gas. The resistance of
the wire falls and the bridge goes out of bhalance, The out of
balance current can hé used as a measure of tﬁs change in pressure
or altermatively the bridge can be rebalanced by inersasing thé
applied voltage whigh ig then a measuve of the new pressure. The
latter procedure works over a wide range of pressure provideé the
molecular heat conduction varies with preésure; The parameters determining

{512

optimum performance have been discussed. Ths gavge shown in fig. 5;
was consﬁguctedAfﬁom a 56 .52. éiece of "osram® tﬁngsten filameng
whieh was extendeé to 7.4 cms. and cold pressed between the beateéen

ends of the supporting copper wires (20 gauge). The relationship
between bridge voltage, V, at balance at a pressure, p, is derived

as follows:

Uhen the bridge is balanced the heat input to%hﬁparanl filament

equals Lhe sum of the conductive and radlaﬁlve heat losses.

Evergy input to wire = iaR = %?o R = _kiva

Fnergy loss = Ty [k

, * k3 £(pll,

il

Vhere TF temperature excess of wire
o
~ £{p) is a function of pressure

TEka_g radiative heat loss} Tﬁsz(p) = con&uctifé ﬁeaﬁ loss.



At equilibrium

£V w Ty [k, + kg 2) T

. 2 .
@ st p=0 kVE s ma | |
oo 7 = il‘li[kz + Ky 2(p)]
. ) kg . '

o ‘ 2 & ) .
o o ’ k1vb ¥ k1§§vﬁvf(p) ’
k2 -

@

N f(ﬁ)e

k) is determined by the gas.

#(p) = X giii?i/vd?;. 5 7, K o kz/kjg is accurately limear up

%o abou$ Q.1 mem. Hgo The temperature excess of the wire, T,
i.e. the difference in tempersture beaiween the vwive and the gaugs
Jacket, appeérsbin.the above derivaiibnraud fqr this reason the gaupe
mist be thermostatted. Fop convemieace 0°C was éhosen and a Dewar

flask of melting ice provided adequate thexmostatting. The

£,

temperature dependence of the Plrani respouse wos found to be

CGY/GT = = 005 Y/C0,  For this work Vé = 0,500 Volt was chosen

ey . 5 o

for twdy resaoug. Fivst i provided for adeguate manometric
¥ :

& .
! / T"H = G} from

sensitivity aad secondly the compuiation of {

o}

observed bridge voltage was facilitated.

<



it the_volatiies produced in thermal degradation are
molecularly pﬁﬁped at a constant rate to trap TRI (Eigo 4) the
transient pressure to which théy give rise in the sfill is
proportional to the rate of volagilisation and thus up to a
traﬁsient pressure of 0.1 m.m. Hg. a lineér relationship between
ra'i:e> of volatilisation and (V2 na= 1) should be observed.
Trhis relationship has been confi:ﬁed for manﬁ volatiles and ii was
configmed for gaséous formaldehyde by the procedure described below,

| The calibration unit shown schematically inm fig. 4 is shown im

6étail in fig. 6. 1lg. of a high éoleCulaf weight‘pblyox§methylens
was placed in ieaction tube, R1, which was then sealed off. -The unit
was then pﬁ@ped for-éne day. The trap, TRZ,'gnd calibrated tube,
C, vere flamed and tap, T4, and needle valve, NV, were closed.
Some pniymar was degraaed at l$0©0 and the monomer praduced
tr&pped in TR2 at 9196@6, 'When sufficien% monomer had been
preparéd it was distilled at ~80°C to C héia at‘ml96@Co ¥hen an
adequate amount had been>trapped in C TR2 was raised to rcom temperature
and the unit was pumpsd again | | | ‘

For a calibration yun tube C was held at -80°C in an

acetone /CO. mixture contained in a trausparent Dewar flask,

2



FIGURE 6.
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A voltage, Y, was ap;liéd to ihe Pirani bri&ge and the needle walve,
NV, adjusted until the bridgé was baiancedp Equiiibrium conditions
were attained in less than a minute and the bfiége waé kept in
balance th:oughout thé time of a célibfation run by adjusting the
valve. For high bridge voltages, corresponding t& high rates of

flow (1 = 1.5 mg. Cﬂéo/hin), 30 miﬁutésvaS’an adequate time to

give a précise.calibnationo A calibnation-fun ﬁas étoppeé by closing
Tap, T1, and switciing off the brzdge currento Ab§ut 2 minutes were
allowed to ensure complete,distillation of all ménomer to trap, TR1;
Tap:;;0 T2 and T6, were closed and the mdnémer wasvéistilled from

trap, TR1, %o a heav& valled 2mm, bore Pyrex capillary tube aftached

to tap, Th. hen thé distillation was complete'tha.capillary iube was
sealed off and'reﬁoved frﬂm.the line»énd brought ﬁo room temperatureo

It was then weighed, broken open, heated %o remove the polymerised
monones and rewelghed at room Lemperaoureo The difference in the

two welghts iz the welghﬁ of the monomer passed through the otlll

in the callbratlon mmn. - In thls way the callbratlon plot shcwn in figo 7

was obtained. It can b2 seen that (Yz/v 2=1) 1is a linear function

0
of rate of volatilisation up to 1l.5 mg. CBZO (g)/ain.



FIGURE 7.

Pirani Calibration Plot.

e
e,

i
;.

Fi

0 A B 32 T 20 2!

' EgSc Gﬁ‘?o;g‘iino




0436,;.

If the minimum 51gnif1cant change in Pltani bridge voltage
is taken as 20 mV then the mivimum detectable raue of monomer
productlon from a thermally degrading polymey in this apparatus ;

is 10 ¥#g./min, The dynamic molevular still thus provides a-ve:y

sensitive means of measuring rates of volatilisation. The ultimate

sensitivity is determined by the maximum size of sample. The
facﬁo&s"determining the optimum range of saﬁple size are
dlscussed im‘the next seétiono

2.402.{c) The Kinctics of Thermal Degradation and the Evaluation

of Activation Fmergies.

Polyoxymetiylene g1ycolo degrade at meaeurable rates

some 30 to 40°C below their erystalline melting points @6 = 180°C),

In order to study the initial stages of the thermal degradation reaction

© in detail we have ﬁe neasure rates of volatilisation of monomey
from a seclid pdlymero In order to get absoluge‘rates and activation
energiés for the chemical reaction it is essential that heat and
mass transfer should‘nbt becdme rate determining. Depolymerisation
reactions are endothermic and this fact coupled with the low thermal

OC) (52)

conductivity of>yolymers (10, cal/cm. see can lead to

a cooling of the sample and a drop in the rate of reaction.




In polycxyﬁeﬁhyléne this factor is potentially the more serious

at high>temperatuﬁes‘becausé9vlike'polythenegbits thermal

conductivity decreases as temperature increasesocﬁs? The réte of
diffusion of monomer out of a solid crystalline polymer depends on tha
geonetry and size of the pattlcles and also the external pressure.

If heat and maés trénsfér are rate éontrpllihg an increase in

sample size leads %o a fall in specifiec rétegidefined as4ﬁ£e rate pey
gramo By‘the same-%cken-ii can be concluded that'thej-ére not

_ rate.&etermining it the region whe:e'spgcific.rate is‘indeéendent

of the weight of the polymer sampleo> This ?oini was thoroughly
examined in the case of poiy(meth&lnmethaérylafe} degrad;tion by

(48)

Grassie and Melville and a similar exavination was undertaken
in this study.

To ensuré unifprm heatingneach polymex saﬁﬁle was covered
by 10 = 12 g. of 60 mesh copper powder (Hopkins and Wiliiams)o‘
Figure 8 showm 1og=(spacific initial rate) versus sample weight, w,
for a series of témﬁeratureso This figure is based on the specifie
initial rates, eipressed as (V‘/v 2= ﬂ)/ﬁg Of a series of
different weights of the same polymero. The polymer was sieved
and particlé'sizes f?om 8o ﬁp to 40 mesh were foundvto be present
and in ordér to aséessAthe effect of partiéle size on specificv
rate several runs with saﬁples having particle sizes 40, 60 and

80 mesh were made and no change in specific initial rate greater than
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5% v)as Qbsewedo It can be secen from figure 8 that despite the
fact that we ave dealing with a solid polymer heat and mass
transfer pz;esgnt no serious drawback ‘to. the measurement of rates
of volatilisation of fogmaldehyde from degrading polyoxymethylens.
This ney be due to the fact that the polymer is crystallinme and,
bé_cause the polymerisation x*eactidp is heterogeneous, the éhain :
ends, where the depolﬁeﬁwtion reaction is initiated, ave
at the surface of the cz*ystalliteéo Geometrically, then, the
polyuer is in complete contrast Vto"éhe vinyl polymérswhieh are
usually amorphous with the pdl;mer chains entangled and chain=ends
buried in the polymer mass. |

The ;‘.nitiél rate of volatilisation Was‘ détermined by
noting .the voltage on the Firani bridge as the rear;tion temperature
was reached, Plotting log (initial specific rate), givea by
iéfg' [(v2 Vs 2 = 1)/wl, versus 1/T°K gave typical Ar:heni‘us plots
of slope@? _
The energy,of activation Ea, is givén by

Ba = U4,.575%an ©

- This équation is deriiréd as follows?

Zh . . .
For an n order reaction

Rate = k(@m)® = A. e ¥ 'l.(w)n

if the Ayxrhemius law holds,




la (Bate) = In A.(w)® = Ea/RT

° Rate, A W™ E '
Q o 1 - " ° 1
Pt . 2 (11 (1)
Rate, Al R 2 "1

Assuming that over the small range of degradation under consideration

Ry = Ayz W, = W, equation (1) becomes

Rate,»' - B

o2 dady @
(Ratea} R 2 2. - .
o o B = 1987, log iiﬁﬁiz} 5,575 tan §
002&3&'3 (l/TZ = l/T1}

whexe 6 ié.the,sldpe:of logy (Rate) versus l/fgxlglati

Activaiion ehergies were also determined by noting €he Pirani woliaspe

- and tewpsrature as.the heéting blqcks cooled after a run. Accurate
'%eméeraturé measurenent is esseatial in determining activation
energies and this wés achieved by using Ccpper—consﬁantan'thermacbuples
(Fig. 5). The cold juncticn was imsersed in a tube, (1 em, bowa)
£illed with silicone oil, which‘was placed in'a Déwar flask

containing melting ice. The temperature readings are accuraie




ey i@u

to + 0,2°C,

. -To determine the extent of reaction the Beight of residual
polymer was determined by weighing thé'demountabig copﬁer fray aféer
an'éypropriqte ébﬁling timeoi'Alternétively, the rate versﬁs time
cUrve wWas pioﬁted on large éraph péper and integrated by
plaminetsw. This'procedure-is more tediocus and wag used mostly

as a check on mass balances. The extent of the veaction was

checked by distilling the monocmer produbed fyrom ?ra‘q TRlalto a
heavy wall 2 mome‘bcre‘caﬁiilary tube attached to tap, T4, seéling off
the itube and carrying out the weighing procedure désc?;ﬁed iﬂ-203520 (b}
above;
20b4.2. (d) Zgggggmgggggptric Apparatus
Since formaldéhyde is a gas (B.pt. ~197C) it is-
possible o foliow'%hé course of the degradation of very‘small
amounts of paljmer very precisely by allow;ng the monomer to sccumulate
in a cioSed eéacﬂated sysﬁemAané weapuring its pressure dirsetly by
o masometer.
The apparatus s own in figure 9 was constructed from
Pyrex tubing, Springham high vacuum single puwap sto?cocks and
 208 m.m. bore cepillary tubing. The volume of A was determined by
filling the cgmpaftmeaﬁ wiﬁ& BErengy and part of a manometer 0 a

point whick was acted and weighing the mercuvy. A gnitablé awoun®
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of mercury for the manometer was‘eétablishedo An éxpraésicm

relating the Yzepo = pressuie" volu:ﬁe9 Yo, of A tb the volume when

the compartment contains a gas at pressure h ems. Hg, was determined
as

¥ = (Vo + 0.0675 h) c.c.,

vhere h is the difference in height of the mercury columns and Vo = 43.36 c.c.

All pressures were converted to pressures, Po, in volume, Vo,

using the following Boyles law expression

h Fle) (Vo + 0.0675 h)
3
Vo ¥

3?@ = ° 298 3

where h = height of mewcury column at temperature % .

Flg) = {Hg (298°K)/ {Hg (2°K)
converts the h values to'stanﬁard préssureé at the given temperature
7K énd'takes account of the small change in the density‘of mezcury,
fﬂg, with'ﬁemperatureo The coef£ic;énﬁ'af cubical expansion'of glass
is considered to be pegligibleo | .

A% 18§°C a height of 2.09.cms. Hg ca@respdndé to 106%
depolymerisation of 1 mg. of polywer. The apparatus is therefore
very seusitive and since h ¢gn be méasuréd £0 :;aOI Ml by éathetometer
(Precision Tool and Instrument Co.) the technique is almost as sensitive

as the dynaﬁle molecular still,

|



1 = 10 mg. A c£ polymer Awere placed in compartﬁenﬁ A and coiered with
an accurately weighed lfggﬂu powder. The required amount of mercury
(22.4 go) was placed in compgx-ﬁmént B, Tﬁe" taps were greased with
s}licone high vacuum giease (Bdwards High rvacﬁuni Ltd.) and the apraratus
was evacuated. The manéme-i:;evr tube was flamed. The mercury was
thoroughly degassed by freaezing in liquid nitrogen and théwingg twice.
Taps TLl, 72, T3, werve closed, the apraratus removed from the %aemam
line. The metcu:?y was allowed to flow ingo the manoneter and ‘x;hﬁ:ﬁ»
the whole azzpafa.i:ush up té line G, was élaceﬂ in a S'tirreé thermostat
tank can{:aining silicone oil (Hopkins awnd Williams type MS 550).

‘The thermostat comprised two céﬂéentric cylindiical FPyrex glass tanks,
the imner ome had a capacity of 10 litves the outer 15 litres.

The inner tank sat om four coxl rings plaged in thé hottom ef ther
outer tank. The 0il was placed in the inner %ank and the annular &i?:*‘\

g

space provided thermal iagfzingc' The tank was heated by a 500 ¥ fused

 silica immersion heai:erﬁ(‘-l‘hemal Syndicate Lid.) fed by a Va:ciéc '
 transforder ivhich‘was operated continuously. Tem,pe“mﬁus:é(‘ ;:outx-ol
was effected by a similar heater, 250 W, sw;tch;a by a Suxi';ic AL
electronic velay activated by a Jumo dontact thamotgeﬁefa At 184%

temperature control was * 00190,, ‘as measured by Copper—constantan




thermogouple, .

It was found thatvﬁolyﬁer samplea: can be brought to‘
high reastion temperatures very qui;:kly by ime‘rsin'g'tﬁe appé.ratue in
the tank held at the appropriate temperature. Thuse a 10 mg. polynmer
sample 1n the fomm of a cold-pressed dise without coprer powder melbted
(180°%¢) 3 minutes after the apparatus was imnsrsed in the tank at
190@Ga‘ However, fully 5 to 7 minutes were usually required for
the tank to wzetuwn %o thermal equilibrium there being:a drop of
aboud ac® after immeésion.of the manometric apnaratus; :

The ieak rate of the apparatus #as checked 1n blank
vuans and also by observmng the pressure for l to 2. hours affor tha
~ calculated Eﬁ; correspond ng to 100% reactlong had been achleveda
The lezk was always negllgbleo An_exhaustave test showed tha? thiz
appara%us begﬁn to ieék slowly'only after L dayséontihuqué
immepsion in the silicome oil bath at 200060. Caré in greasing the
‘taps was of prime importance and the use of single pump-taps>is
an éssential dééign feature for tﬁe successful operation of ths
apparatus under these conditions. J.

éhe écg values observed in thisrappafatus,were found to
be within —0.2 to » 0.5% of the value calculaied for 100% gaseous

monomey behaving as an ideal gas.




The vacuum manometyic apparatus éas slso used in a
series of experiments designed to determine the effect of various
substance; on the rate of the thermal degraéationo - The polymer
gample : was grbuna with the substance being considered and then
placed in compartment A, .The ‘procedure described above was
followed, the .oil tank temperature chosen was 184%C. The choice
of 184°C was determined primarily by the néed to get the ‘tatalyst"
or "inhibitor" as intimately mixed with the polymer sample as possible
and this is more liksly to occur with the mqlteri polymer. -
| The effect 4o.f.' the substances listed in Table 2.1 on the
rate of the thermal.reaction at 184°C was examined.
TABLE 2.1
K1
‘ NaOCHB- .
‘NaOCOCH,

3

cC1
Foy

| D.P.P.H. (“Dophenyl piqryl ‘hydrazgl)

1:4 diamino anthraquinone. .




AR reégents were used wheré.avéilable.' Ali the salts were

heated in vacuum to 15006 befqre use. The tripﬁenyl chloiomethane
‘was fecrystallisg& from anhydrous diethyl ether. Tbe D.P.P.H. was
used as received (Aldrich Chemical éo,) (#. pt. 137°C). The

134 dham;noanthraquinbne was received from Dr. Grassie.

4is will be ghowﬁ iater (Chapter 5) a discussion |
| ‘of the mechanism £ the chain-end initiated tiermal depolymerisation
of polyoxymethylene glycols led us to éonsiéer product anelysis in more
detail. In particular the possibility that hydrogen might occur
‘among the products was coﬁsidéreéo If it did occur it would almost
- cértainly not contribute more than 0.1% to the total veight
of reaction products sinée‘all‘the earlier wc;k clearly suggests -
that the reaction gives qﬁantifative yields of monomer and»watero
Clearxly a micromethod of an@lysis ié required and the aépératusg'
shown schematically in Figure 4 and in more detail in Figure 10,
vas used.

This apparatus provides for the measurement of very small

pressurea (1072 to 5x10°2

Befle Hg.) of non-condensable gases and
"' also foy their combustion in the siliea furmace, F. Both copper

oxide and iodine pentoxide were used as oxidising agents.
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Cu0 (B.D.H. Microanalytical Reagent) at 300 * 5°C will oxidise

A

CO and Hé and at 350°C CH as well. 1205 (B.D.H. Wicroanalytical)
gelectivaly oxidises CO at 120 -~ 150°C°(54) In order to analyse

the products of the vacuumphotolysisof the polymer (CH 20, 1125 co)

a fused~silica cell (Thermal Syhdicate) was attached at tap, T13.

The apparatus was calibrated for quantitative work as folloms.
Hith all taps except T11 ahd T13 open the apparatus was evacuated

6

to 10 ° mem. T8 and TLO were then closed, N, was introduced into

2
. section B via T11 and its'pressure noted on the manometer, M
T10 waé thern opened and the new pressure of Né‘notedo This
procedure was repeated at two other initial pressures. The
volume of the whole‘épparaﬁus was then calculated using Boyie“'s.Law~
and the volume, V, of séction Bbwhich had beem éetermineé before it
was attached {o the apparatus as

V = Vo + 0,42 pg where Vo = L7.44 mls. and p = cms. Hge
Vo is the "zero pressure' volume of section B and p is tﬁe'pfeSSure of
Né in cms. Hg. as read on M. The total volume of the apparatus,
with TS, T10; and T3 closea9 was found to be in the region of 400 m;éo

It varied'from run to rup because the reaction tube, R2, was'renewed

each time,




iy

The wreaction tube, HZ% wés heated in a Wood's metal
bath, controlled by an Bther "Transitrol" temperature controller.
The combustion furnace, F, was heated by a ﬁichrome wire wound
" yound the thermoeouple.ana insulated from it by asbestcs paper.
The temperature of the fufnace was adequately controiled (+ 2°C)
by a Variac transformex. |

With trap, TR, held at liquid N, temperature (=296%¢)
the only gases which will register é-pressure in the Mcleod gauge are
H ., G, Cﬁk and Ea bydrocarbons. In order %o identify the
. non~condensables produced in a reaction it is neceszary is oxidise
them ard then measure the pressure atAQBOOC after oxidation.
If only Eé is pressnt in the nonécondensabie fraction of the products
"no pressure will bs gbsérvéd at -807C whereas €O, GHbr will yielé
equivalent pressures of CO2 at =80°C énd CZ hydrécarhons will

. ‘ - {
yield twice the equivaleni pressurs of CO, at =80°C. CO and ch

=8

" gsan be differentiated by the selective oxidation of the fowmes

by 190. at 120° - 150°C° The presence of'CHBO'among the products cousas

5
a slight complication because it has a pariial vapour pressurs of
“about 21 m.m. Hg, ab ~30°C and would lead %o evrors in the interpretaticn
of the pressures ak “8006 in terms of 002 produced in the combustion.

Similarly any GO, produced in the nolymer degradation reaction would cause

ambiguivy. This complieation is remedied as follows.




After the polymer degraddtion, thermal or photolytie,
has &eea'stopge&.T8c vhich is kept closed during the dégraéatioag is
opened- 0 %rap, TR3, T7 having Sgen previously closed. The drop in
pressure of ionccondensables is noted. The trap TRh‘is then biéught
tc'roomwﬁempefaﬁnre and all méterial condensable at - 19606 is
 ¢ransferred to (R3 held at =196°C. Uken the tramsfes is eomplete
TRY is again btrought to mw9600'aﬁd T3 is_closeéo'lThe pxéssure of
‘nnnvcmnéénsable material is apgain noﬁed§ the nercentagé logt by
opening T8 raiculafc and the waéaiLOQ carrmmd ouua‘.The oxiﬁaﬁiau
with GﬁO, at 300 G was very elec ent usually taking aboub 30 pianteg: with
Aigﬁ at 140°C the 6xiéaﬁien ﬁ vally took 45 to 60 mimutes. The |

15

oxidation was gudgeé camﬂ!eLe when ¥

7

n?essure-reacned_a steady.
valus which vaarla 1g c@v?eapondea»ﬁc the igitial pressure 6btainiﬁg
&t the bagznnimg of the deavadatlon run, ’Sinﬂe alllruus were nok less
than j hovrg in duratﬂon a satmsfaccoxy leasmrate and also thorough
fdegassing of the apraratus, polgmer and oxheislng agent had to be
emsuyed. Buch vun was usually preceded by at least one fvll day’s
pumping and overnight 5ega$singo
2.8 .ggzilibrationaéggggéggg

iln order tO measure the'pressure oﬁlmOnCﬁ&r in eguilibrium 
with polymes at é éiven semperature the appafatus shomn in Figure 11

vas ueged. The wvequired amount of mercury wag added %o the bulh and
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ths whole assembly was évacuatedc The mahoﬁeter tube, M, was
flamed several times. The mercury was'thoroughiy degassed [see -
ection 2.4.2. (@)1, tap, TL was closed and the ass sembly removed
from the vacuum line at joint B. The mercury was then transferred
under vacuun to the manometer, ¥; The vacuum was released and as
‘ quickly as poagible the vequired amouant of polymer.was placed in
fﬁe bulb, The apparatus was again evacuated and pumped continuously
for two days. ros a further b hours the rolymer was pumped ae‘
4% to ensure complete degassing. One sample (Chapter 3, sample B)
 vas 50% degraded at 170° while still being pumped. lhen all
4 _pretreatment of the sample was complete the apparatﬁs was éealea
off at the comstriction, F. The appaiatus was then submerged in the
silicone oil themcsﬁ;ai; ‘tank, described in section 2.4.2. (d), held
at the equllibratlon temperatarea The pressure of monomer was
measured periodically and the system was considered to have reached
‘equilibrium if the pressure remained constant for two days. A routine
time-of 5 days at each temperafure was adopted; The highest tenperature
was s§lected first and the témpe;ature dropped pgrioﬁically throughout
the experiment, Because of ﬁhe‘%ime scale involved iﬁ this
experiment three equilibration tubes were prepéred and vun at the
same time., The pressure was read, with the thermostat stirrer switched
offv.B by Cathetometer (Precision Tool and Imstrument Co. Ltdo)&f All

: : )
pressure readings were convertsd to m.m. Hg, at 20°C,
)




3,2.2 Measurement of Polymer density

The dans:.ty of polymer powders was determ:med by a
yknometmc method using a O. 5?’3 solution of "Teepol" in distilled
‘watero The procedure adop?,cﬂ was as followea

§ = 60 mg. of polymer powder were accurately weighed into a
calibrated p:fknbmeter {Vol, = 10,0399 mls at 25 C)g and .about: 5:'mls.
of the ‘Teepol® solution p!.aced in the pykunometer. When tha :
pcwdar had been watted it sa;ﬂc_i-:a the boston qf the pyknometer
- and the pykoometsr was then filleé and plaéed in a v-:ai:ér thermostat
bath 'contfolied at 25° ,ops"c, After 2 hours in the thermostat
the surface of the pykméme’éer waé carefull;:; dried and the pylmém_eter*

. ') - o
weighed. The polymer density at 25033‘, %25 , was calculated from

i

o 3 o e
£ = W/ = a2,

where Wip = welghu of the ’aelymew
Yy = yolume of the pyknometer (10. 0999 mls. )
WT = | weight of 1Tgepol™ solution
25°

density of "Peepol ! solution = 0;996265
’ a.i: 25 °c,
(§8,0 = 0,99?073).
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2:8 gggéggﬁemical.Technigues

" Polymer samples in the form of cold~pressed films
(15=20 mg.), sui%able for infxémred examination (section 2,3.2.),
were irradiated with ulbra=violet iight either in air or in high
vacuum in a fused silica cell attached to tap, T13 (Fig. 10). |

Two lighkt sources were uvsedo

(a) 30-att Hanoria "Chromabolite lemp.

ﬁoyev%han 85% of the outpus of ﬁhé iam bréssuré mévcuﬁy aﬁt
employe& in this lamp is due to tbe $as0nance llne at 2537 R
About a further 1% of the cu“au% is 6ue %0 ﬁhs 1849 g resonanﬂe
line'bvb slnoe this 7aveweﬂcth iz effec»¢vely absnr%ad hy ld of
air the Jaﬁn is f@? grQCochL parpo s regarded as a-souxee GL o
moaochrﬁﬂatie 253? ﬁ radiation. | |

(b) 125-Wait O OSmm n = ¥B lamp.
All the lwgat below 3200 R pwoduced by the mealum

pre:zsure mpreury are emnloyeﬂ in thls lamp is absorbe& by the

7686 glass onweWQpe and of tbe remaining ultrav1olet autpud ihc
3650 = ;665 s lln@s comnrise Lhe magor parco _Several vzslble lines
are also emlt%eao

| ' Thé twé scufces>wefe qéeé tb eoﬁp&re ths‘effectbom the

polymer of 3650 = 3663 £ radiation with that produced by 2537 8




= 52 =

radiation. Tre output of ecach lamp was détermined by N.4. weirfss)

The relevant information is given in Table 202;

TABLE 2.2,

Osram

| %63 kb x 107
wou6 965z 1070
w7 9.65x 1079
e 57 x 107
4357 316 x 107

2.9 Preparation of Perfluoroacetone hydrates

Gaseous perfluoroacetone (Bopfn =28°C) (Chemicals
Procurement Ieboratories, Inc. New York.) maéAbubﬁleévin%a ice
 cold distilled water contained in a train of three 1 litre
| capacity round bottomsd flasks. The hydration of the_géseous
ketone ié & snooth efficient’anﬂ exothermic reaqtion giving
quantitative yield of the pure hydrate, {CF33QC<OH)2 (5c pto
53 = §4°C,) The pure hydrate has not beem characterised before aud

is dimcussed iz Appendixz Lo




The purity of a giveu sample was determined by making
up a® 1% aqueous solution of the solid in distilled water and
titrating 25 ml. porﬁions‘to apotentiometrical;y determined end=point
with standard N/10 NaCH (B,D.H, Voiumetric Solution)o

2210 limss Spectrometyie product amalysis

The wvolatile products of thermal degradation of samples 6
(D1ST/52L44/87-P) and sample 7 (DIST/3244/B7- OAe) prdduced at
temperatures in the range 100 = 190°C were inﬁroduced directly
into the sample inlet gystem of an AEiQHSQ double focussing mass
spectrometer using the apparatus shownrin Figure 12- 1 = 5 mg, of
polymer were placad in tube A7 tap. T was greased and placed in
pogition and ths whole apparatus evacuated via socket, 5. The
apparatus was pumped at 10w5 mm. Hg. for 30 minutes, tap T was
closed, the apparatus removed from the vacuum~line and attached to
the Blh inlet cone of the speciromeier. The spectrometer inlet valve
V, was opesied to the spectrometer vacuunm system and the apparatus
up %o tap'T'was pumped to J.()m6 - 1097 momoVHgo The tube A.was‘theg
immeréed in a Wood's metal bath whick had previougly been brought to
the degradation tempsratuve. The follo&ing procedurevfor samzpling the
volatile products was adopted. with valve, ¥, cloged and tap, T, opem

a pressure of wolatiles was alluwed to accumulate. The sensitlvity of the




FIGURE 12,

e

APPARATUS FOR MASS SPECTROMETRIC PRODUCT ANALYSIS.




instrument iz suc!; that 10@‘S - 1072 mm. Hgo of volatiles ig |
adequate for analysis so that, for example, no more than about
5 minutes is required to accumlate enough material at 100°C.

‘hen suffz.cieni: material had aceumulated tap T was cloged and

valve, V, opened to the 1nstrment sampling system, enough samélé
vas taken to give a suitable ion current and a mass‘ spectrum was
‘run. The mass range 1 = 120 was investigated. Instrumeni:, "slanks"
were run and all peaks on the sample spectrum were compared with the

eorrespondmg peak on the "blank" spect'.z'um° The du‘ference of the

two spectra was taken as the sample spectyum.

v




3.1 Introduction

The thermodynamic stablllty of a polymer is determlned
by the Gibbs Free Energy of polymem.:at:.onﬁ Ach“ .which is given
"’F o

AGOgé“ = Aﬁoch v==v TASogc“ o ,‘ where
Aﬂngc” iz the heat of polywerisatlon of gaseous monmomer (g) at
1 atmosohere (®) %o con&ensed (C), crystalline (”) polymero
4s° ge! is the entropy of polymerlgaalcno

Becau:e of the dlfficultles encountered in evaluating
entropies it has become gommon practlse ‘to consider the 4OH terms in
isolation, Justification for this less rigorous approach can be
sought in the fact that, for olefinic compaundsg the entropy
contribution to ihe free energy of polymerisation ig fairly constant
lying in the narrow range of 7 = 10 K cals lole °(56)o The variations
in 4G for the various olefiniec monomers are thus reflected in the A4H

values and it is thexefore reasonable to use 4H values £0 establmsh

a the?madynamvc scale of polymer stal ¢1it¥o




mss,:,

. Thus it ié genérally true that the lower the valus of
AH the more readily yili a poljmér depolymerise. The rate of
depolymerisation is also determined by—tﬁe heat of polymerisation
since the activation ehargy, Ed., for deéropagation is related to 4H by the
expression Ed = Ep = AH, whére Ep is the activation energy for the
polymerisatidn proﬁagation reaction., Since Ep values are low,
3 = 5 K,cals mole“ﬁ fér’radical polymerisation reactions, the
' vélue of Bd will in genewral be 1aréely determined by ihat of AH,

For vinyl polymers it has beem established that, generally,

thqée which give high yields of monomer on thermal degradation have

? and %hosé which give

heats of polymériéationbaround i6 K, célso mole
little or no monomer have heats of polymerisation around 20 k. cals.
m.olem'i° Because ﬁh@ époiymerisatiqn reactions of vinyl polymers

are f?ee”radical'prﬁcesses exceptions to the above geﬁeralisationsg ‘
,baseé on 4H value, arise in situations where the free iadical
intermediaies are resonance stabilisea and hence lesg reactive in
transfey réactions which tend éo reducé the yield of monomer. A good
example is provided by polystyrene (o€ = 17 K. cals. mole”)) which
yields about 65% monomer.although’its AH value would suggest that

the monomer yield would be low. .




P

The same sort of generalisation should be applicabla
to a discussion of the stability‘of carbonyl paiymerso» It is
reasonable to argue, therefore, that the quantitative yield of
monomer obtained in the thermal degradétion of polyoxymethylene is due to
the fact that AE°gc' has a Low value, ‘The exact value of this

quantity is in doubt and it merits sonie discussions

Py Th& Héat o?_Dolyggrluaz¢01 of gaseous Formaldehyde < AH

Be2odo Introduction

No accurate calorimetric determination of =AH'ge® for th@l
polymerisation of formaldehydé has been veportsd. There are several
vays of estimating this quantity (Sncto 30202070 In the case of;
polyoxymethylenes wvith hydroxyl chaim~ends A!i’ogc'ﬁ can be determined

from the pressure of monomer in equilibrium with the polymer (Secta 30203034

302.2. [Lstimation of AH for polymerication of formaldshyde

‘ Three quite inéepenéeﬂt estimates of AH can be mada.
(a) A lower limit %o ﬁm, heat of polymerisation is given by the
heat of solution of gaseéus formaldshyde in polar solvents which
was éétermined fairly aécurately ﬁy ﬂélkar(57) who found the

values shown in Table 3.1,




Solvent =4H. K, cale mp;e=

1
320 - . 1'408
CR, OF ’ 15,0
‘n%ﬁfm ‘ 14,2
nGhEQOEi . i . ltl'o 9

Average 14,7

The solution of formaldehyde in these solvents leads
to the formation of semiformals, 30=CH2 = OR, where R = H;
CHj; GBH%; Ghﬁ9g  and since this involves opening the carbonyl
double bond, a procéss vwhieh mast occuy in the polymerisation of |
formaldehyde, Vialker agrued that a value in the region of 15 k. cals
represents a reasousble estimate of the heat of.polymerisation;
(b) An estimate of Aﬁage“ can 2lso be made from existing
thermochenical déta slnce it represents ihe difference between the

heat of combustion of polymer, 4H POMQ and ‘the heat of combustion of

€
mononer, AH&CHZOO' Generally, the values obtained from combustion data are
less reliable than those measured direetly because the calculation involves

the difference botween the two large heats of combustion. Where these heats of



‘combustion are very precise a reasonably accurate value itor
AR is obtained. Thus, using the data quoted by Dainton(sg)9

we have

mAHch° - AHGPOM - ABCCHZO

e =120,05 + 1344 + 0.3

. s 0800’ = 14,3 & 0.3 k. cals. mole

(c) -Though it is now accepted that formaldehyde does not polymerise
by a»ffee radical mechanisﬁ the following procedure is a justifiable
device for obtaining yet another estimate for &Hagc°o Thus, if the
polymerisaﬁion cf‘fOﬁmaldehyde vere to proceed through the

biradicai OCH2 = O'; a value for the heat of'polymerisation could be

obtained from the value of p(C = 0) anc thesnergy required to form the

biradical. The polymerisation can be represented as follous

(1) nCHz = O —%{ n 9032 = Qo ‘ nAH‘,ﬂ
(2) n°CH, = 0o === o CH_ 4 0 = CH, 9 O- (n = DaH_,
' 2 2 211 : 2

If n is large chain-end effects can be ignored and the heat of ~
polymerisation is given by

oHp = OB, + 4B,
The energy for process (1), 8E,, can be calculated from the



P

o 60 =

band frequency of the 3A2 G 'A s’i.nglet»tr:i:plet transition
in the ultraviolet absorption spectrum of gaseous formaldehyde,
’ vhich is given as 3900 R 5 9) and which is equivalent to an
energy of 73.3 k. cals. mole” ', AH, = D(G = 0), the bond

2

) &iesocmatlon energy of the acetal C~-014 2 e)whlch has a
- . 0 :
v value in the mgion of 81+ 3 K. cals, Ole@‘io ' Thus

_4539 = 73.3 < 8403 = =11 k. cals. mo}.ealo

"l‘l;is value is for the gas phése pol,ymeriéation’and %o gef; AHOgc" we have
E tou'ad.a the heat of vapomsatiéno 4H,, and also the heat of fusion
4Hn, of tiae polymero‘ ‘.ﬂze heat of vaporisation; 4lv, ."is readily;
calculated from the coheswe energy density, G.mD” def:r.med as the
, amouni; of heat vequired ta vapomse unit volume, of thapolymer wlieh

(61) _

has besn estimated as 124 csle c.Co assuming a aensn.\r;y of 1042

geeo” ! for the polymer. The cohesive energy density is givenm

by C.E.D. = (aH_ - D) ealesc. ' = 124

oo M = 2620 + RT cals mole” Ty

it 1#23 °K, the melbting point of the polymer, 0E = 3 5 X. cals, mole o
&Hm, the heat of fusion is given by  Inoue '=(62) as 1,59 k. cals mole@'!»
Thus - 6Hge® = 11,0 + 8B+ OH = 11 + 35 + 16 = 16.1

ko cal molewga The small (about 5 cals m;ﬁleQ%) change in heat

capacity of thepolymer between Z;OOOK and its melting point is



ignored. This calenlation ig cm&é bzlﬁ: it does result in good
agrecment wiih the otﬁe:e esx‘;iﬁaﬁ;es of the heat of péljmeﬁsationo
It ig interesting to mote that the A, <= A, transition in
formalc’{eh;yde is Hforbidden” and this coupled with the fact that
‘the enargy of the process 15 high is most probably why formaldshyde
: _ does not normally polymerise by a free radical mechanism.

3:2:3- Lxperimental Detemimation of =ARCge’.

oaﬁﬁg 2 gan be evaluated fyom ‘equilibrium meaéuz*e:ﬁem;g;;

This ap},arogch is possible in the case oi‘ polyoxymethylen? with

- hydroxyl chain eunds since i% is ome of phe few polymers whiech can

be brought to i;liéfmédynamic equﬁ.librium" with— its mopomer. In *E;his
© Bense ; olyo*zyme y;ln.y'l eng gu:}'COjS are -wnalogcus o lming nol;:mers
like p@.iywwmeﬁhyih yz’s’ne} zsymhasieed mn.,omcally using M
naphthenide in ¢ "xahjarol.u?a"ﬁo b"tabi?.e active cenires are
réqui'" d for p:)j ymew’mmmﬂe:f eqzﬁ,libz;iw:a and while it is cleaw
. that in the easc f:n polﬁamec’zﬁ éizfren@ f;he active "@né:.m is 'E:hé
intimate 5..on==gmr (polymer) ¥ the nature of tla acuwe centre in
Polyomryme shyws e ig. less cleam thoiigh it is probabl 1y molemﬂary
in Dainton? 5 views (.5 8) ' | .
| er measumng the pressure of f’omald@hyde in

{58}

equilibeium wizh polyoxymethylenme Dainmten ob eu.n@d valuas of
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~AH°gc v

it

12.35 % OLK5 k. cals, mole

i

-88%e? = ‘21,02 & 0.13 Gibis mele !

These values were corrected to 25°C using the measured specifie

heat of the polymer &nd monomer, giving

=0Hge® (25°C) = 12.24 + 0,08 k.cals.mole”

~05%e? (25°C) = 30.66 + 0.22 Gibbs mole;

The correction is a small one.

(63) \oe obtained a value of

Hore recently D;inton
48°ge’ = 41.8 + 0.2 Gibbs mole” | from heat capacity measurements
in the .témpémturé range 20 = 300°Ko "This value for —As°gc°9 it was
argued-; isb nmore reliable and in good agreement witil' the calculated
vélﬁe(63 )a  The need for further equilibrium studies ariseé from the
unac.ceptable discrepancy of 11,2 entrbpy units between the two
deteminat;ioﬁa of L‘.chc”o Possible exylanations for the discrepancy
have béen discussed by ﬁf""*«w

v Cne discrepancy between the two studies which has
not »been noted is that different polymers ﬁere useéo ‘Thus for the
. _equ:ilibrium study(58 ) acan‘d eu~polyoxymethylenes were used whereas

for the heat capacity measurements(63 ) high molecular weight

Delrin was used.



| For saveral reasons &ﬁ seemed moxthwhlle %o measure
the pressure of monomer &n equllibrxum wzth polyoxymethyleneq
- Birstly, soe llgh% might be thrown on the diacmepancy between th@
two entxony values mobnd by ﬁainLon( B)Q aecondly9 7he “an®, gc valup
for high moleculay welght material nghﬁ suggest why these materials
. are moye %hermally stable tham.Staudlnger°s polymersa' Also, since
g = Ep’%_&ﬂp some check on the dy&er of Eﬁgﬁiﬁﬁé@ of ﬁh@ actiﬁaﬁion
' energy for depolymerisation is possibie if AH§ 38 known and Ep has
a2 "normal” value of aiound‘“ =5 ks.calso molenﬁ. Simce it was the
largestg sample'} wag uged ezclmszvely for this worka, K

The equzlxbrxum beﬁweau moncme? and polymer <, 5

: é HO(GH 0) B T2 - 1 HO(GH o) - CHaO

is governad by the equllib Tium consﬁapce ﬁpg given by

Sl

Trotc. o} .B{ 1/n

v

dee,  Kp = pcnzo.,‘

Hp = = p
CR,0.

since thenaétiviﬁié3¢ {;oé}q of the solid phases are taken
conyventlonally as uni%ye Thﬁ.fﬁgaciﬁy of formaldehyde can b
equated with its pressure if it 15 aspumod that it behaves idsally
in the tempevature vange of the equillbrium measuremeﬂtso The fres

energy of polymerisationy ~4G°ge’, is givem by the van't Hoff



Isotherm,

aAGogc" = RTInKp = RP1np GEZOO

Tke heat of polymerisation, eAKogc*’, is obtained by 1utég_z=atioi
of the van't Hoff Isochore,

RI?

Bquation (1) can be integrated directly if it assumed that 4H is
independent of i‘;emperature in the temperature range of the equilibrium
measurements. As noted above, the error in this assumption is small
(avout 1%).

The integrated form of equation (1) is

nKp = C = LH

BT

RY

Figure 13 shows typlcal plots of log PGHZO versus I/TOKO

Curve A was obtained for undegraded polymer (eample 7 chap. 2.,
Section 2,2.). [Each point is the average of three equilibrium
pressure readings measured in three seﬁarate equiiibration tubes
which were immersed im the thermostab tank togetber, Cnrve B
was obtained fox 200 mg. of sample 7 after approximately 30%
degradation at '.l.'?t)@ﬁu A1l the :xt-'elevantv data‘are summarised in

Tables 3,2, and 3.3



Figure 13.
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TABLE 2020
DATA FOR CURVE A FIGURE 13

, ' L . . o [ (o)
Pemperature (°C)  Equilibriun Pressures, pe, mm.Hg. Average pe logpe 10°/1%

Twbe AL. - A2 A3
9,2 168.2 165.2 164.6 166.0  2.220 2,749
85.0 122.7 121.4 120.8 121.6 2,085 2,792
8100.' | 971 96.3 95.7 9.4 1,985 2.824
76.5 74,8 73,9 . Th.2 | 4.3 1.870 2.860
72.2 ' 58.6 57.4 | 55,4 57,2 1,757 2,896
68.5 45,9 45,67 b4,6 45,4 1.657 2,928

65.4 ' 37.8 36,93 - 38.0 376 1.575  2.95%



TABIE 3.2,

DATA FOR CURVE B, FIGURE 15




The reladionship be%ween equi. hbr:mm pressure, P,
and absolute tempetatu:e vas deriaed for each cur?e and ﬁhe
following expressions were obtained. ' .

log pe (&) = 10,871 = 50147 (103/;@)
and .’ log pa' (8) = 11a37lx 363k ,(103/@

The gradients of the curves gav§;‘éﬁﬁégc” valugs, as.iollgws ‘

@.{Eﬁgg;c_:” (aY = .32 ko éa_l{»_ ﬁOISW!ﬁ
<A ge® (B) = 1484 ko cale mnleaﬁoi‘
Valuves fog'a&Sogqﬂﬁ the entropy of palymeéisationg were deriveér
as followss |
26 = 4H - TAS. = =RT In Kp

o .5, AS = %?5 > 133 K}}

o a9t () = m-méw- 1,56 {10,871 3,147(10°/298)]
25

o o =08%2c0(A) = 46,6 Gibbs m:.e'”’
amd £5%c . (B) = “Hiad gg 4,56 [11.37h = 3. 3»3;{3.03/298}}
. o =88%c? (B) = 49,0 Gibbs mole -1

e (65)
Recently, unpublished Dz Pont work was referred %o by ﬁalkes 5_

and from the equilibrinm'pressuxes glven the follcwingAinfarmatioa

a8}

hag heen calon lsted fon the two sampise discusssd. These will b
des HgLiu&d (C) ang (D} here. Semple (C) is 2 partially smorphous

3 - 5 1 : 1 m ‘ Y 4 e s IO
high noleculas weighi polyoxymethylens zad semple (D) is a 300%



(c) | log pe (C) = 10;966 - 35166(10}/T)
uABch°>(c) = 14,3 k. cal. ﬁolee1
‘ ~AS°gc° (C) = 16,5 Gibbs moll.e'a‘i
(D) v;ng pe (D) = 12,486 - 3.766(10°/%)

“’AHQgG“ (D) =5 1700 ke cals. mleez
~28%gc? (D) = 57,7 Gibbs mole™ .

For compurison, it is interesting to include a similar set of
data obtzined recently by Iwass and Imoto for G@polyoxymé%hylene(66)c

£} {o-FOM)

Iog pe (B) = 12,02 = 3,57(10°/7)

18,3 keocal. mole

4

S GATL (E}.

n

~08°%ge? (E) 1.8 Gibbs mole -

323 The Celling Temperature of Polycxymethylens

The thewmodynamic ceiling femperature; Tec, of & polymer is

definsd as that temper&turé at which %hé frae energy of polymeyisation
is zero. To, is thevefore the highest temperature at which the
polymar is %hermadyﬁamieally ghtable, Since “&Gogc* = BT 1In pe {Cfé0}¢
is is cleay that, in é closed systsz, polyesrisstion will occur only
if the pxessure.of formaldehyde exceeds the eguilibrium pressure

at the given temperature. From figure 13 the equilibrium pressure

of foxmaldehyde at‘lﬂﬁgc is 650 m.m., Hg and no palymerilaﬁion will



he observed at pressures below this value, thus Morrish and
Cartuthers(67} noted that in the presence of - formic acid, a
powerful polymernsatlon catalyst, no polymerisation occurred at _
100°C and = formaldehyde nreosure of 300 m.m, Hg,

The ceiling temperatures for samples (A) to kE) (Secto 302.3.)
are feédily calculated by putting pe = 1 atmospheve (760 Roo Hg. ).

The results are given in Table 3.4,

TABLE 3.4,
Thermodynamie Cella_g Temperatures for Pblvflhmmd;h”w”,
SAMPLE _ io (Bquilibrium prescure) | T5(°<Do
A | Iog pe = 10;871 = 3.147(20°/T) _ 121
B log pe = 1137k = 3.34(10°/1) 120
c log pe = 10,966 - 3.166(10%/1) 18
D log pe = 12,486 - 3.766(10°/T) 119
B log pe = 12,02 = 3.57(207/T) 118

é&g ngcussxog . ‘ _ »
It is clear from Table 395 that -aR°, gc must lie in the

range lh = 16 k. calsoo The experimental results show good
agreementg Boweve K in the light of uhe general prctare provided
by the information summarised 1n‘Tnble 3.5., entries (5) and (9J
are anomalous. That the anomaly, in the case of entry (5) arises

from the choice of low molecular weight material for the earliew



(1) Estimate (a)
(2 =« (v)
(zy » (e)
(4) Cp measuréﬁgnts

(5) o eu-?OM

(6) (4)
(7)  (B)
() (¢
(9) (b}
(10) (®)

(11) Calculated

<AR%zc?

4.7 -
C1he3

16,1

12,24
14,32

14,84
14,3
17.0

16.3

- 0 -

TABIE 3,5

41.65

1466
49.0
16.5
57.5
418
§3.1

uAs°g' c?

3066 .

‘Reference

Table 3.1 and (57)
Sect. 3.2.2. (b)
" " (c)
(63)
(58)
Table 3.2
Table 3.3,
(65)
(65)
(66)
(63)



(58} ’
7 o already been suggested (Sect. 3.2.3.) and

equilibrium study
this seens fb bz borne cut by the results which we have obtained
with the higﬁ molecular weight'materialo' The thermodynamic functioans
can be regarded as being independent of c¢hain length only at high
degrees:of.polymerisaﬁiono .Thusg for c-methyltyrene, Aﬂic = 8olit2h =
18.58/n foé a = 1l to 46 at 25069(68) where n is the degcree of
'polymerisationa . The effect of chain 1ehgth on = ARge! for
formaldehyde polyﬁerisatioﬁ ié unknown but if D5 > 100 the effect
should be small., That the discrepancy in the entropy is due to a
moiacular welght effect is much lese plausible and some other explanation
muét be sbughtp

The difference between the results for samples (C} and
(D) [Enﬁriés'(8)'gnd (9) Table 3,51 is attributed by walke?(65) 0
th; éifférénce in crystallinity between the two samplés9 the latter
being 100% crystalline, The improbably large =AS ge! associated
with tﬁis sample suggests that‘%rue thermodynamic equilib:ium has
not been achiéve& in this case, at least in the low ﬁémperature '
region (50@75°¢)° If tyue equilibrium has not been achieved at the
lower temperatures»the log pe versus‘l/TOK curve has an exéggerated
slope sud this is reflected both in AH and AS but particu1a¢1y‘in
the latter. Despite the possibility that becéuse of its high
crystallinity sample (D) ma& not have veached true equilibriom

the vaine of AHge® obtained is still a useful indication of its



stability velative to the o%h@r.sawplesuu The highey valus of
<4B°gc" for the partially degraded sample (B) (ehtry (7) table 3.5.)
suggests that it is more stable than the undégraded szmple {(A)
(entry (6) Table 3.5). Kimetic evidence for this suggestion will
be presented in Chapter 4. It was als§ found that the density and
hence the crystallinity, based on §7&morphous = 1,25 and |
(69)

§erystal = 1,506 § haé’inéreésed ag a result of degradation.’
Though the increase in crystalliniity was marginal (76 to 81%) it

seems to be in accord with Vialker‘s suggeséion that crystallinity
confers siability on tﬁe polyuer. Further evidence for this
suggestion can be aééuéed from the fact that a marked increase in

the rate of the thermal degradation reaction is observed in the
température range 125 = uBGGC in which the onset of premeliing
oceurs{70)n That trve equilibrium is not achisved by highly erystalline
samples is made morve plausible by the fact that all the piaﬁs of

log pe versus 1/7%% merged and the ceiling temperature for all

the polymers listed in Table 3.41ie in the region of 3120°C. I3

can therefore be argued that these polymers ave thermodynamically
identical in the region of the ceiling tempevature but that

metastability due to kinetic factors and erystallinity makes

some aprarently move thermcdynamically stable than others.



In vinyl polymers where there are no stable active
centres through which polymerémonomet equilibrium can be established
metastability is fully developed ang the polymers are kinetically
stable above their thermodynamic ceiling temperatures, Te. The
introéuction of actiﬁe centres at tempera?ﬁres above Tec leads in most
cases to rapid depolymerisation. In the cﬁse of polyoxymethylene
the active centres are not destroyed in an efficient polymerisation
termination reaction as they are in most free radical polymerisations
and in éraer to achieve metastability conparable to that of the winyl
polymers a post polymerisation step is necessary. Thus if ather
chaiﬁmends aye inﬁ%oduce& into the polymer it remains stable in
high wacuum uvp to 270005 which is some 150° above its seiling
temperature. In complete conﬁraség the hydroxyl chain-ended
polymers are completely depolymerdised at 13000 although at a
comparatively low rateo

t is clear that thermodynamic congiderations alone do

not alwsys give a true indication of the stability of a polymer with
respect to dépolyﬁerisatioq and that a complete diécussioh requires

kiretic information as well.



4.1 General Intrvoduction

The mechanisms of the thermal degradation of a variety

(37a#1); Perhaps

of pplyﬁers are noyw fairiy'wéll ﬁn&e?sﬁaed
the most useful gensraiisatioﬁ which bas emergeé fyom earlier
work is that the kinetics ofvpolgmex chalnescission processes, which
inclnée‘depolymerisatioa reac%ions; are mogst convenlently yationalised
in terms cf ffe& radical chain wéactians involving the fouxr elementary
steps (a) initiation, {b) depropagationm, () transfer and (d) termination.
To establish the detailed mechanism of depolymerisation, i.e. to
establish the part played by each of the four possible elementary
reactions under a given set of conditioas, information about the
following is requirad

(1) The products and their relative abundance

(2) The rates and activation energies of the

degradation reactions.
{3} The wmolecular weight of the polymer as a

function of exdent of reaction,



Thus the production of high yields of monomey
is a clear indication that the predominant reaction is the
"unzipping' of monomer ﬁnits (deprepagaﬁion)»from active centres
produced in an initiation veaction ocecurring either exclusively
at the chain-end or at random along thé chain or, conceivably,
a combination of these two possibilities. In the case of the .
thermal degradation of winyl polymers«thereyis now little doubt
that the‘initiation;reactioﬁ involves homolytie bond scission
and that the propagating species is identical to the free radical
~whicﬁioccurs in the polymerisation reaction. Experimental,proof'
of this is provided by the inhibitién of the depoljmérisation reactibn
by free-radical inhibitors.

Having established its free radical néture»the next step
is to establish the molecular site at ﬁhich'the iﬁitiatiqn reaction
occurs, This is done by measuving the depénéence of initial rate
on moleéulaf weight., There are three possibilitiess ‘initial rate
is (a) inversely proportional éog (b) directly proportional to or.
(¢) independent of moiecular weight. Pgssibility'(a).arises when the
initiation reaétion ogeurs at the chain-end and the szip-length, € ;.
of the depropagation reaction is less thau the molecular éhain length,
coio§ ;(b) arises when the initiation is vandom and € 2 GCoL. and

(c) arises either when inmitiation is random and € & C.L. or when



initiation occurs at the chaln and € > C.L.. The ambiguity which

arises in case {c) is veadily resolved by molecular weight measurements.
Thus in the case where € "2 C.L., the molecular weight of the

polymer residus remains viritually unchanged for large éxténﬁs of
reaction ;nd an initial zrate independent of molecular weight is a
diearlindicaﬁian that the initiation rveaction is osecurring at the
chain=end. The other sitvation yielding an initial rate independens
of molecular weight (random initiation € & Colo) is also cleaéiy-
aistinguisheﬁ by measuring the meoleculawr weight of the polymé§ residus.
In this case degraéa%ion yieldé two mopevolatile @olyﬁer fraguenss,
since € £ G,L., which cause a iarge drop in the average moleculaw
weigﬁtn Clearly 1P there is independent evidence for chain=end
initiation then an iaitiél rate whieh iSTLaéependent of

molecular weight is an indication that € 3 Cele.

{88}

Grasgie and Helville summarised.the moleculay

meight changes arising ffom the varions zmechanisis that can operate

in depoiymerisation in the diagram shown ia Eigure}lkov in genewal,

if the molecular weight of the polyéer resiéue'follqws AC ome
non=yolatile réaidue is being proé&ced'far every original molecule
that has been ac%ivétéd in an initiation reaction, If the molecular
weight of residual polymer lies in avea ABC 1&35 then one mon~volatlile

residue is produced. While complete umzipping of avery chain which
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has been activated can be infarred if the moleculay weight of
residual polymer lies on AB, If moyve thau one nonrvolatile
| regidue is produced the moiecular weight of residua. nolymer will
be in area ACD and it can be ;nferred that a ramﬂom chaxn sclssion
reaction has occurred. It shovld be notede however, that in the
- latter case the ryandom chainwsalsslon,ﬁeﬁd not be the imitiation
reactlong it could equally el 11 ne uhc Tesvl of an inﬁermoleculag
transfer reaction occurying in compstition with dépropaéation during
the course of chain-end initiated éapolymerisationo

Ag indiecated above the measurement of lnltiaJ rates of
degradation coupled with molecular weight measufements gives
valuable information about the site of the imitiation éeg_ctione
Further valuable information can bé §btained by measuving the rate
of degradation throughout the co&fse of tke reaétion at a given

(48)

temperature. Thus Grassie and Helville established that

ouly 50% of poly{methylmethacrylate) was degraded at 220°C and that
much highew'bemperabugea were vequivred to aapnlymerxse the Qalymer
completely to momcmer. This was shown to be due to the presence

of two types of chainwend, one rather more sisble than the other.
Thus the pﬁeaence of a Ychain end spectrum" can be detecﬁed by

‘2 thorough kinetic examination of the reaction at a variety of

temperatures.



How far can the eoncepts and techniques developed in the
attempt to undorstend the degradation behaviour of vinyl polymers
help to rationalisevthé obsarved éegradation behaviour of the
po;ynxymethyléne class of éolymef? Does the presence in the
polymer of stable "active centres', éé'indicateé in Chapteyr 3,
remove the necessity for an initiaiion reacﬁionAof the t&pé re@uifed
in the degradation of vinyl polymers? Is the reaction a chain reaction?
-Vhat kind of chain ieaction is it? bin this and the following
chapter the thermal degfadaﬁidﬁ of polyéxymethyleneé with hydroxyl
and acetate chain ends will be discussed in some detail. The
kineticé and moleculay weight changes are discussed in thisg Chapter
ard the mechanism of the reaction is discussed in thpter 5

In this chapter it will be ghown that the high
molecular weight polymerys with hydroxyl chain euds areAcbmpletely
degradable at 13G°CQ detectable degradation occurwring in the
dynamic molecular still at tempevatures in excess of 100%C. The
thermal depolymerisation reaction is first&arder at a;l@amperatures
in excess of 13900 showing a2 deviatiom from first ordeé behaviauy
which occurs iater in the reastion tﬁe higher the temperature, being
vefy difficﬁlt to deteet at temperatures above 200°C, ’The suggesﬁienv
that this deviation is associated with the crystallinity of the sample
is examined iv 4.2.3. Other possible explanations are examined im

Chapter 5,



In contrast the acetates ave much mope steble than the
parent glycols showing little degradation below 165°C. It will be
shown that whereas the polymer with acetate chain-ends shows
uniform first order behaviour with an activation energy of
58 k. cals. mcolew1 throughout the reaction the activation energy for
. volatilisation of monomer frpm the glycols,prepared ;i.n a variety
of ways, shows complex behaviocur increasing to a maximum of 52 ko
cals. mole ' as the reaction proceeds.

4 It will be shown that a temperatures in the range
160 = 175°C the molecular weight of the polymer vesidue lice in ABC of
figure 14 at all extents of reaction studied. - From which it can'be
inferred that the zip-length of the depolymerisation reaction is less
than the average molecular chain=length and also that random=chain
scission or transfer reacéicns are playing no datectable part in
the reaction. v

The ideas and techniques.aeveloped-in the study of the
thermal degradation of vinyl polymers have been used extensivelyand .
it is interesting to quote the following in this connections
"Phe mechanism of the depolymerisation of poly{methyl meﬁhacrylate)
has been elucidated by measuring the molecular weight of the polymer
at stages during the reactioa, but a similar method cannot be used
for polyformaldehyde owing to the impossibility of measuring moleculayr

weights", (36)



Part 1 Kineticg
4.2.1. Introduction

Convincing chemicalbevidence for the conclusion that
the thermal degradation of polyoxymethylene glycols‘is a chain-end
inifiated depolymerisation reaction e¢an be found in the litefature
and was referred to in Chapter 1. Houever, not all the variables
tﬁéfimighﬁ influence the degradation behaviour of yoiyoxymethylenes
have been studied. In this section the results obtaine&_ in
examiping some qf these variables in the dynamic moleéuiar sﬁill'wili
bg‘presentedo
4202, (a) ZTemperature and the Activation Enermy of the Reaction,
The discﬁssion in Chapter 3 led to the conclusion that

| polyoxymethylene is thermodynamically stable up to a temperature of
120 C, which had been. detormined as. the celling temperature of

the polymer. It was also pointed out that metastability above the
ceiling temperature was a function of the chainwend structure, the
polymer being labile if the chain ends weie hydroxyl groups and rather

more stable if the chain ends were esterified oxr etherified.
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The general features of the thermaivdagraaation of a
vsample were established by plotting the rate, expressed as

'(Va/Vb = 1), as determined by the Piran1 gauge [see 2.4.2. (a)]
against time as the temperature was linearly incveased. A typleal
Pj,x"anii curye obtained in this way is shown in Figure 15. Since
the temperature is increasing at a cohstaﬁt rate Figure 15 can

be read as a derivaﬁivé thermogravimetric eurve in which

each peak coréespénas'go a volatilisation process which Giffgzg

in activation eﬁergy from the others. Two things~deﬁerminé thé
resolution of such»a curve = the differencéiin agﬁiVaﬁion enérgy Sf
the prcceSSes operating and also ﬁhé rate of change of temperaﬁureo
Figuée'l5 pepﬁesénﬁs a rate of ﬁempéraiure change of lco/ﬁino |
The Pirani plot hag-théeé distinet features, observed in all
degradation.@zperiman%sq 'Switéhihg‘om the Qeataxa alvays 5ave

é shar@ initisl peak A which decayed to zeroc rate befopre the
temperature veached 50%, The initial neak.A correspouds to
volatilisation of absorbaﬁes from the copper block and the g
heaters since it was no% observed if, in a blank experiment, the
heaters were switched off at 50 °c and then sthched on again when

the block reached room teﬁperatureo The partially resolved
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shoulder, B, was always observed with'ram polymers and always
occurred in the range 80-100°C, This is probably associztaed with
the transition from the orthorhombic to the heiagnnal erystal

(71)

form which is known %o occur in this temperature range o The

exponential increase in the rate befuween B and D bégins in the
temperature range 1250;13560 in which premelting starts(70),”

C corresponds to the crystalline melting poiat and is not

assoéiated with eny discontinuwity in this cuzve which is evidence

for the conclusion that the reaction oeccurring between Band C is

the same és'that ocCurring betweén C and D. This suggests that

only the amorphous phase, which is present in increasing amounts
from 12503 onvards. is reasting at a detbsgtable vrate., D corr@spohds
to the point where the increase in rate due to increasing temperature
is overtaken by the wore rapid decrsase in iaﬁe'due o degra&atiog

and contributes nothing move to the intexpretation of the plot than

bd

that already given. Besides providing a gqualitative pieture of the
“behaviour of’polyoxymethylene'at tempgyratures up to ghe melting
point & slow-incfeéseuintemperatur& allows iniﬁial activation
energies for volatilisation to be determined [2.4.2.(€)]. Figure

16 shows the Azrhenius plots obtained with samples 8L, 82, 83, Sk,

85 and §7. Figuve 17 shows the plots obtained with the acetate
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samples S6 and S8. ‘These plots have been derivéd from specifie
rates, obtained by dividing the rate at any time b& the initial
weight, Strictly the.rate‘should be divided by the weight of
the residual polymer ai the instant that the rate is measured.
Tﬁe error is not serious since only 2-5% pélymer has degraded on
reaching temperatures in the region of 180°%¢.
Besides indicating the different reactivities of the
sample studied Figure 16 réveals an interesting and‘quite‘general
characteristic of the degradation reaction of'crystalline polyoxymethylene
glycois of various origins. The low'temperature reaction has an activation
energy, E'a, of 57 k caléa.mole°1; whereaé at tgmperatures in

excess of 130~1AOGC the reaction has an activation energy, Eaz, of

© 17=20 k. cals. mole°1. The results obtained are summarised in
Table 4.1, : : |
TABLE 4.1
Initial Activation Energies
1 5.2 é0°3
2 6.4 19.0
3 ’7p0 “ 19,4
I e 16.7
5 - | 17.0
7 6.8 20.6
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Clearly,two quite distinct processes, both yielding
monomer, are opéraﬁingo Te low value of Ea' is consistent with
the observation that depolymerisation can oceur at lod'temperatures
(Chapter 3). If the depolymerisation‘reaction is a chain_reacfion
comprising initiation, depropagation and termization the activation
energy for ihitiation must be abnormall& low for the reaction to
occur at temperatures in the range 60-100°C,

Between 12009 the ceiling temperature, and 130009 the

(70)

tempexature at which premelting is setting in, the élope of

thé Arrhenius plot smoothly changes and reaches a value which
remains constant though the crystalline meltiﬁgrpoiit-(178@}7900)
hp to about 18§©C° This change of slope can be aésbciatad with
few possibilities. Dither the measurad activation energy is a
cémposite one and ome of its terms has changed markedly with the
increase in temperature or there has been a changé of mechanism.
‘The activation energy for monomer produ&tien was also
measured at various extents of reaction by.switchihg off the
heaters, noting Pirani volts and temperature and plotting rate,
(V2/702-1), versus 1/T°K assuming that negligible degradation
accurred béﬁween the time the-heaters wers switchéd off at the

reaction temperature (170@17500) and the time the rate fell to
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goro. The results obtained in this way are sumharised in
Table k4.2 and are plotted in Figure 18.
| | TABLE 4.2
Activation energf, Ea, for monomer production as a
function of % degradation to monomer.
Sample - _% Degradation " Degradation Temp (°C)
1. <4 168
10.6
26.1
35.2

47.7

2. £5 170
17.2 |
- 36.8
. b3.4
643
72.5

4 <y | 172
25.6
32.4
46,8
73.6

20.3
32.0
47.8

. 51,2

51.8

19.0
2h.8
49.6
49.4
49.8

7 52.8

16.7
34,0
36,8
45,4
49.4



Table 4.2 contimoed.

5. 6 ‘ 176
1.4
28.1
39.1
53.0

7. 3 | 175
18.5
3.5
58.5
56.4
67.6

thile it is clear that the precision of the results plotted iam
Figure 18 is poor there seems to be a gemeral trend towards an
ectivation erergy of agbout 50 k. cals. mbleaq as the reaction

proceeds beyond 35-K0% at tezperatures in the range 170-175°C,

17.0
20,2
36,0
49.2

518

20,6
26.8
L"Ool

5300

5203
52.4
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1% is clear fyrom Fig. 17 that thewe is no detectsblin
. , v e s . oo .
degradation of acetylated polyczymethylemes below 165 C and

that above this temperature the rate of reaction follows the

. & - ' -
Arrhenius law up to 200 C with an activation energy of S58.1 k. cals. mole

It was found thet at all extents of éegradation of the two acetute
samples the aétivaﬁion energy, as measured by the "cooling" method
described above, lay in the range 59 -61 k. cals. mole '. This
behaviour is in complete contrast to that of the glycols. The enbanced
stability of the esterified rpolymers is conveniently expressed iun
terms of the specifie rates of depolyhérisation at,l’?Do compar; with
the same quantity for the parent glycoisc The réiegant datz avs given
in Table 4.3
TABLE 4,3
Rate of DepolymeriSafion of Polyoxymethylene glycolé and their

. \ . 0
acetate derivatives at 170 C.

Sample Chainwend . Rate (V2/Vo2=1)
5 . 08 _ bo3h
6 ~OAc o
7  -oH - 2,67
8 ~OAg -. 0.25



0
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he2s20 (b} Hode of Prevaration and Molesular Veight.

The mode of preparation of a pol yaer determanea
thres 1mnowtant perameters which can markedly 5nf1ueuee its
degradation bshaviour: average molecular weigh%o the moleculax
weight distribution and the misroatructufe of thé polymes, e.go
chain—ends, branching, weak links. VWhereas the kineéics of the
free radieal polymerisation of vinyl compounds is suffiéien%ly
understond for 1% to be possible to contpol weadily the molecuiav
weight of vipyl pelymers it is clear that our limited uﬁder tanding
of ferm Edeh?ae polynerisation (Chapter 1) precludes accurate
contrel in a similar manner. Ii must be stated, however, that a
crude cenerL is possible by ensuring that the monoﬁe? ié puTe
and free of irxansfer agenits but im practise this hasvpzﬂved an
extremely difficult thing to achieve rsproducibly.

Despite these limitations and the fact ithat Ehay VG
been produced in different ways it appears that all the unstabiligsd
samples (81, 2, 3, 4, 5 and ?) with, perhaps, the exception of
sample &, ave similar in structufeg have the same numbey ©f
chain~ends per molecule and have molecular welghts lying in 2
fairly ﬁarrow vange. BEvidence for these conelusions is pressnted

in the vemzining part of this subsestloun.
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The infra=red spectra of all samples with hydroxyl
chain ends were recorded and the infra red numbey a%erage moleculay
weight, ﬁ;(IOH,), determined using the techniqué described in 2.3.20.
All the infrared spectra were qualitatively identical so it can be

inferred that the polymers have identical macrostructure. The

 infra red aépectra can give no information about the number of

hydroxyl groups per molecule nof whether adsorbed water is
contributixig to the absorbance in the hydroxyl band. Thus the |
LR, evidencé alone would make any conclusions based on the |
relationship between ratés of degradation ahd ﬁn(IaR;) rather
tentative. Despite the inhereni: am_biguity in the I.R. method an
inverse relationship beéween ‘ﬁn(IoRo) and specific iritial rate
at 160°C is obtained as indicated by the results summarised in

Table 4.4, and plotted in fig. 19.

TABLE 4.b,

Semple R, (P/vo-1)  E (LR.)ao’
1.660 9.89

1l

2 0,802 28.0
3 0.832 26.5
b 1.374 30.0
5 1.217 15.7
7 0,913 24,0
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Since five of the six points lie on a smooth curve it can be
argued that the only significant difference between these samples
is H and that they have the same number of hydroxyl chain-ends per~
molecule. The inverse relationship between R and Hn(IA.R,) is consistent
vith the faci that the reaction is initiated at the hydroxyl chainaaqug
Sample ‘4 is the only snomaly and the faet that it can be brought
onto the curve by assuming that ﬁn(IoRO) is 0.455 of the measured
value seems to be prlavsible evidence for the conclusion that
~ samples ].9 2, 3 S5and 7 have two hydroxyl cha:.n-en&s per
molecule and that sample 4 has only one,

Without osmotic ﬁn values we must rely on sblution
viscosities to confirm the above conclusions. The Mark=-Houwink

equation,

[

= o
K.,

E#) i
allows us to develop a relationship between ingrinsic fiscosiﬁy and‘
H (ioR.)q Table 4.5 summarises the results. Figure 20 is.the
plot of log [V) 325 C’ the log of the intrinsic viscosity of tﬁe
polymer determined at- 25°C in 95% aqueous- P.FohAoHo (2.3.1.), versus

log Mn(I oRo )o
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TABLE 4,5,
Data for [ = Kﬁn(z.a.)“

Sample OV lezlnl 1og T (1.R)
1 2,00 0.5010 3.992
2 4.59 0.6618 hohhi72
3 4,52 - 0;6551 o 4,4232
4 297 0,478 -  hm
5 3,04 " 0.4829 4.1959
7 4,05 06075 4,3802

A reasomably linear plot is obtained (Fig. 20) with, consistent
with Fig. 19, sample 4 as the only serious deviation from an
otherﬁise éelfoconsistent ‘picture. Again, if we mulf:iply ﬁn(LRo)
for 84 by 0;532 it falls into line with the other samples, confirming
our original conclusién that it has only one chainwend hydx;oxyl
per moleeule, The mature of the other chain-end is not elucidated
in this study. | |
The data of ﬁg,. 20 lead %o a Haxk-Houwink exﬁonent,, e,
of 0,81, which suggests a fairly extended molecule in solution.
The aééuracy of this value must remain in doubt., It will be discussgd_

in Chapter 6.
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It is interesting %o S'i::r;etch thebavail‘able data
further and consider the value of % in thé expression R = K[ﬁn_(l,,m}j"’gg
vhere R is the épacific initial rate(lﬁoﬁ(}.). This cén provide useful
information as will be seen fvom ‘ché following discﬁasiono

If the reaction is a chain reaction, comprising
initiation, depropagation and terminstion, it can be presented
as followss

Chainzend initiation

ki
Mn mm:nx% P‘i‘b &+ Ra
Depeopagation ka

Texmination

1st orders

Pgu: mmfz% }&Q.
2nd orders : ke .
Pp. & Pge sewamd M (Combination
18! s .
Pp. + Pgo owmme==d [y + Mg {Disproportionation}

The rate of initiation is proportiopal to the mumber of chain-ends

vhich is proportional to ﬁ:q 9 thérefore

' = o1
Rate of initiation w §§i A Hﬂ
Rate of depolymarisation = kg (yumber of active centres)



ie€o "é’t = ked (P) Dobcuouoe(l)

If the active centres, P, are being destroyed in a termipation
reaction and a steady state concentration of active centres can

be assumed, we have

g(}?} N @ =
P G = k A Hn

2
g = kt (P} 0000{2)

if the termination reaction is bimolecular, and
. 1::‘3 »

= i
&2 2 Eg =)
O = Eii A.eﬁ k t(P) 0000(3}

"

(»)
&

2.ia

if the termination regotion is unimolecular.

Solving (2} and {3) for (P} and substituting in (1) gives
)] '

ok k, BE (R -4
ak¥) o To M 7 <t % ?
it * TREE =k B

-if the tevmipation is bimoleculap, and

G o SR T R R T
at k. |

if texmimation is ummoleculeso
There are thus two possibilities for the ezpoment X
in the relationship, B = Kfﬁﬁ(léko}ng‘xié_Qé or % = =%,
The latter wglue is alss obtained if‘ﬁheré‘is no termination reszctiocn
and the overall rabe is dotermined bﬁ‘th@ rate conghbant foz

depropagatio

n k.o 1080

Q
& ) = v (D) = kAR,
ar Tt g * a



Tuis situation can only arise whem kid kd or when the polymer is
living and thus doesn't require the gemevation oanci:ive centres
in aﬁ initiation reaction. The argumeal- cf Chapter 3 led us to
the conclusion tﬁat polyoxymethylene glycols wer§ iiving in the
semse that it was possible to establish an equilibrium between

* polymer and monomer in the tem;aeratmé renge 60 = 100°C. 4

The evidence provided h;s'* the Ea' velues (Table 4.1) certainly
suggests that ki kd.

“ The yzliue of ¥ is cbizined by plotiing l{.rs‘g‘R° versus
log ﬁﬂihﬁa}n For corveniemce 1 + log R is plotted against log ‘I?u(LRa)o
in Fig. 23, the data fﬁr wiich is summarised inv Table 4.6

TABLE 4.6

Data for B = K{ﬁa(LBJ}g

Semple slog B~ H (I.R.)x10°  log M (i.R.)
3 1.2202  9.89 3,9952
P 0.9081 28,0 bokli7e
3 0.9202 | | 26.5 boh232
A 1.1381 20,0 44771
5 1.0853 15.7 41959
7 0.9652 ' 24,0 4,3802
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Ignoring Sb; a value of % = ~Q.7 is obtained: If a "correéted"
ﬁ;(IoRo) for Sk, obta;ned by dividing the measufed value by 2,

is considered a line through S2, 3, % and 7 can be dyawn which
gives x = =0.94. The validity of the'latter,procéauie is openm

to sericusvdoubt but ii dces lend suppoft o the’conclusibn that

X = =1 is the moxe likely value. However, at best the data serve:

to demonstrate that x lies in the theoretlcally ,osslble rangeo

Ag an inwlcatlon of the preeisian veaulrcd to determine % theoret1cal
lines for x = ~§ and X = =1 are drawn through the point 7 ‘The

' data xepresented graphzcally in Figs. 19 and 21 conflxm that the
depolymerisation of polyoxymethylene glyccls beglns at the chalnnendu
The imprecise value for x dces not exclude %hb possmbillty th st the
reaction is a molecular stepwise process since its value lies close
to =1 whlﬁh can aFise elther from a Cualn@renction with unlmoleeular
termlnatlon or fvom a process im which depryopagation piays the rate

determining role.,

4222, {e) Weight as a veaction variable,
In order to establish the validity of measuring rates
of volatilisation of rormaldehyde from degradlng solid polyoxymethylens

in the Grass;cwﬁelvilla dynamlc moJecular still it was shown in section

2:4.2, {c), Figure 8,that over a range of weights up to 200 mg. the
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initial specific rate, (du/dt//w, is constant at a given temperature,
indicating that the reaction is not Limited by heat Va:vnd mass transfer
and thus allovwing the initial stages of the reaction to be studied
directly [4.2.2. (a) and {b)]. Implicit in Fig. 8 is the

conclusion that the weight order of the reaction is unity, i.e. -
du/dt = kw. Sample 7 was used exclu‘sively to esfablish this voint
since the limited amounts of the other samples did not permit an
exbaustive examination of weight as a reaction 'variableg There is
no reason to doubt the generality of first order behzviour. Recent
theoretical wor’ﬁ‘:?aj suggests that the weight order of chain-end
initiated depolymerisationr reaéi:ions should be unity.

42,2, {d) Time as a rescticn varisble,

Kern and Cherdron reported (442 that the thermal

depolymerisation of @ polyoxymethylenme glycol of DP = 40 shoved

first order behaviour throughout the whole coﬁrse of the reaction

ir the temperature range 90-150°C° From this we can deduce that

no complicatj.ng factors arise m the thermal reaetion of low

polymers. #ith the high molecular weight glycols examined in this study

the picture is rather different, negative ‘deviations from first order
AN

kitetics being observed. Im this context a negative deviation is

y ' .
defined as arising wher the rate of reaction falls off faster than
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predicted by the integraied rate expression. Negative deviations
were detected by plotting loge(Ra‘t@) = 1oge(v2/v°2 = 1) against time,

For a first order reaction this plot is lineaw, since

%\t = lmﬁ coqouo (1) ° WhiCh integrates to
W o= we cosoo  (2)8
€

Hence 1@33{}@&9’}% log du = log (kwo) = kbt o000 {3)
at.

o

4 typical plot of log (rate) versus time is shown
in Figure 22, It is clear that k, as defined in equation (3)
is not a constant. From thié we can deduce that either the
rolymer is becoming more stable as the degradation proceeds,
because 2 stabilising reaction is occurring, or that come

molecules are more labile than others.
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The latter possibility was found to be the .case in the
therﬁal depolymerisation of pely(methylméthaczglates%gghe molecules with
unsaturated chain-ends being the mors ryeactive. The presence of =
ghaineend spectrum” in poly{methylmethacrylate) was associéted with
an increase in the activation energy of ‘i:he veaction as the reé.ci;ion
proceeds. The possibility ¢f a '"chain-end spsctrum" seems to be ruled
out in the case of polyoxymethyleme glycolz since the wesults of
%22, (b) suggest that all the umacetylated samples (S1, 2, 3, 5¢ 5 7)
contain at least ome active centre (hydroxyl group) per molecule.

The possibility that a chainwend 'gpem‘:r‘um'was preSént hadto be
explorad because an incwease in activation emeygy had been observed
[5.2.2, (a}, Fig. 181, 100% depolyméz'isation of 87 occurred

at 13080 after 15 days in the appavatus éesc‘ribed in section 2.6,
Sample & which is obtained .from S7 by acetylation showed no
’measureable degz'adétion at 130°C after 15 dayso The lsbile chain-
=end ean thevefore only be an hydroxyl group and further each melecule
has ai least ome. The negative deviation from lst order kineties
cannot therefore he explaiﬁed in terms of a chain-end spectrum,

Eﬁrﬁhez* ié:lsigh'i; into .i:he nature of this effect can be
obtained by determining the relative amounts of the "fast" and naiowt

phases at a variety of temperatures. A plot of leg (% weight og



polynay yemaioing) versns tias shoms curvature eiwilar to that of
Fig. 22 and a typical plot obtained for sample 7 at 170°C is piotted
in Figure 23. If the two lines EF, DC are assumed o represent

two consurrent but indepaaé@n% molecular processes differing in
energy then the relative amounts of the "fast" (represented by E) and
"slow” (D) phases should be independent of temperature. Thus,

in the case of poly{methylmethacrylate) the "fast" phase should
always @@zwéspond to 50% of the sample if the two types of molecules
react independently of each other. It is clear from ’I‘éhla L 4

and Figure 2% that as the reaction %amperéi’.ure is increased the ”fagt
‘phase, Wp. increases. The increase in the ratio (F/%¥8) is clear
proof that ¢he negaiive deviation is not due to the condurrent and
independent reaction of iwo different typex_s'of molecule present in
fized amounts in the original ‘s;m;eleo ~ The éai:a suggests that two

processes are in compeditleon.
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Log( %, Wt. remsining) vs. time.
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TABLE 1,7

LWF/us) versus Tempersture for Sample 7

oy BWS WE/NS °c

2549 7h.1 0.35  15L.5
43,2 56.8 0,76 155,
55,2 44,8 | 1.23 170,
59.7 40.3 1,48 175
72,6 27.4 2.65 o 185
779 221 3.52 192
83.4 16.6 5,04 199.5

Chemical of phyéicél factors eould produce the observed
effect. One possibility is ﬁhét at temperatures below the crystalline
melting peint the amorphous phase of the volymer reacts more readily
than the crystailine rhase. As the temperature is waised the zacuns
of amorphous phase insréases and s0 (ﬁFXWS) incieaseso if the
amoyphous phase is reacting preferentially then the density of the
polymer should increase as degradation proceeds. The density of the
polymer as a funciion of peraéﬁtag& degradatisn is digsussed in
section 4.2.3.. Another possibility is that a chemical weaction

us . cqa . A s kg ss
leading to stabilisation of wWee frachion of the chelnwendgis in
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‘compe%i&ion with deplymevisetion bnt because its activation
energy is lower than the a@tivaﬁién enexgy for depolymerisation
it beco@és less significant at bhighey #emperaturgso' The natureA
of possible stabilising reaetiong'ﬁill be consldered in Chapter 5

where the mechanism of depolymerisation will be discussed.

bo2,3. Polymer density as & function of percentage depolymerisation
The experimental evidence presented in %.2.2. (d) léd %0
the suggestion that amorphous solid polyoxymethylene glycols
are less stable than crystalline matexials. The evidenee presented
in Chapﬁer 3 led tb a similar suggestion., IT tﬁe amorphoﬁs phaéé
is more reactive than the eiys%alline phase and depolymerisation
is fasterzzzg crystalline-amorphons transition at a given
temperature then it should be possible to observe an increase in
erystallinity as reaction proceeds. Obwviously, this hypothesis
can only be tested at tempersturcs below the crystalline melting
poixﬁ; (178%).,
The ecrystallinity, X6, of a polymer is defined as the

weight fraection of the crystalline phase, i.8.

W. ¥, -
£ X v
(¢ WA + WX . H,

Wx is the Weight of the exystalline phase,



va is the weight of the amorphous phase and W is the weight of
the sample. A relationship betwsen XC and the observable guantities
W aﬁd So ; the density of the sample can 5e derived as lfollowsz
Let V, and V, be the volumes of the amorphous and crystalline phases

respectively, then

VA + Vx = ¥ = W/o "ooaoooo(l)
and
fxvx % S)AVA = ¥ ooooocoo(Z)

wheraFA and PB are the densities of the erystalline and amorvhous

phases respectively.’
From (1) v, = VR - Ve

Substituting for V, in {2) givesm

px¥x * j’A(Wﬁ’ = V) = -3

° e Velpg = Pal * §a/G- ¥ =0

Ve = W1 = @,/ (P = £yl
X, = ir;x/w = fx"x/""
coo X =

" fx(l "fn/% Wiey = £l

- Vi «¢ ./
¢ = Q=g /e Vi ~g/0.

a
o
o
e
n
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As indicated in Ghapter 1, Carazzolo andlkmm&cag} have recently
established that P.C.M. can occur in hexagomaland orthorhombic
modifications differging in the pitch of the polymer helix and
also crystalline density. Table 4,8 summarises the wesults
obtained with sample 7. Four determinations of polymer density, two
before and two after 50% depolymerisatién at 170°C were made.

Xc is calculated for both hexagonal and erthorhombic
models.

TABLE &,

Crystallinity, Xc, of D.C.M. before and after 50% depolymerisation
at 170°C,

f“* = 1.25 ?x(omzo) = 1.5 Pr(EEX) = 1,492

?;g Xc (ORTEO) Xc (HEX)
Before Degradation

1,458 75.78 87.98
1.461 - 76,69 89,03
After Depradagion
1o474 80.72 93,71
1.470 79.50 : ;92°29

A YR AT
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Clearly the resulis are not ﬁﬁambiguoué and in order %o interpred
them in terms of our hypothesisz that amorphous reglons aie
depolymérising rreferentially to, give an overall increase in

density we havé to assume the following, Fipstly that the original
sampie contained only one type of crystalline phase and secondly
that the increase in demsity is mot dus to thermal annealing.

The latter éssuﬁption seems.reasonable since Hemmer, Koch and Whitney(eg)
have shown that for a polymer film (¥n 70,000) reversible melting-
erystallisation occurs with little change in crystallinity‘if the

film is kept below 181°C, The first of the above assumpthons is the
most éifficult to justify. However, it leads tc a serious

ambiguity only if the original s;mple is prgdominantly hexagonal

and if the hexagovsl=orthorhombic transition is favoured. Independent
evidence for the conclusion that‘sample 7 wés’predominantly

orthorhombic before degradation is obtained from infra reé spectroscopie

(28) (71)

evidence, Cafazzolo and Mgmni and more recently Zamboni‘ané Zerbi
report that hexagonal and orthorhombic éhow diffevences iﬁ IR,
absorption.garticularly in the 7.75p band. The orthorhoﬁbic form
éhows a strong absorption at 7.75% whereas the hexagonal form shows
negligible absorstion (Fig. 5 and 6 of Ref. 28)./ It has also been

(71)

established that the orthorhombic=hexagonal transition is



preferved occurring(?EnSGOGo We can therefove argwe that the
crystallinity Of‘%hﬁ sample can only have increased as the result

of Qegrédétion at 170°C and that if the opiginal sample was predominantly
orthozhombic the increase éould be as high as(P% The density wesulis,

thep lend some sugpert to the original hypotﬁesisc

ho2.ho M _as a function of conversion o monomer.
@W&mmmﬁw P

The velaticuship between ﬁ#(IORe}.and f%)i vas
discussed in 4.2.2. (b} where it was shown that the two availabl&‘
methods of estimétimg the average ﬁcleculaé‘weight gave consistent
‘results. The %wo methods were used to measure the change in
moléeulaﬁ Qéight as a function of convérsicn to monomexr. - Tha
results presented inlthis section are baéed exclusively oun
megsu?ements carried oud with semples 87 and S8 in the dynamie
moleculay 8511l (2.4.2.) at three Gegradation temperatures - léﬂog
170° and 175%°C. In early experimenis only E;(IQRQ) was measured
but later, when the viscésiﬁy nethod had been developed, the
ﬁ;(IORQ)was meéeurad Tirst and the cold pkessed dise them weighed
and dissolved in 95% aqueous P.F.A.H. and fﬁf)] r-ﬂeasﬁred (2.3.10 )0
The pesulie obtained arve summayiced in Teble 4.9 and Figs. 29 ond

26,
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M (I.R.) M (I.R)Z
3 »(LR;’S':'

2305 97-9
22,9 95.4
22.9 95,4
22,3 92.9
21.6 90,0
21,2 88.3
20.3 84.6
19.5 - 81,2
17.5 72.9
23.6 98.3
22.9 95.4
22,4 93,3
21.8 90.8
21,4 89.2
20.7 86.2
19,9 82.9
16,7 69.6
230k 97.5
22,5 93.7
30.9 87,1
20,5 85.8
19.8 82.5
17.4 72,5
15,3 63.7

0 = .

by

3.92
3.89

" 3.72

356
3o bk

3.85

3.73
3,61

3,98

3,87

3.65

3.58

3,70
315
2.77

),

o

[n gég@ Jo

9€.8
96,0

=

91‘0 9
87.9
84,9

=

95.0

92,1
89.1

98.3
95.6
90,1
98.4
91.4
77.8
63,4

2
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in order to check the ﬁ;(IORo) regults against the viScosity
‘results, the Mark-Houwink exponent, &, was calculated where both
measurenents had been made. Host valueslde in the range 0.70

to 0,80 with an average value of 0.74 which compares‘réasonably

" well with the value of 0.81 calculated from the daia for aéﬁples
81, 2; 3, 5 and 7 {Fig. 20, %4.2.2. (b)]. The two methods,
therefore, give mutually consistent results for sample 7. it is
cleaf.from Figcaﬁ that the results are far from precise. As a

gulde to the interpretatlon of the vesults the diagonal AC of Fig. 14

is drawn and the theoretical curve AB, derived by Simba and ﬁalli?3>

for chain-end initiated depolymerisaticn with zipéléégth’greater than the
average degree of polymerisation, is also drawm. From Fig. 25 we can
déduce that the avexage zip-length, i.e. the nuﬁﬁer of monomey units
 produced by each depolymervising chain, is less than the average

dégree of polymerisation. The experimental curve AD lies well

above the diagonal AC and thus the veaction is not a step reaction

and further transfer veactioms which would lead fo randon chain

scission and hence an experimental curve below the diagonal AC,

The vresulés give no clear indication that the zip-length is a

function of tempsrature. The {}}3 of samrle 8 obtained from S7

by acetylation of the chainwend hydroxyl, was neasured as a funection

of conversion at 17596 up to a maximum conversion of 46%. The results

obtained are summavised in Table &10 and fig. 27.



60

FIGURE 27.
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TABLE &30

Sample 8, AcO(CH.0) Ac, ;9 Jo = 4.01

% Conversion Lpd [ n30(%)
10,0 3,93 98.1

181 3,90 97k
24,2 3.82 95.5
30,8 | 3,76 937
3505 3,70 92,2
43.1 | 3.63 50.6
U6 3,57 89,0

The vesults show that the molecular weight changes occurring

in the thermal depolymérisation of the acetates are similar to those
~occurring in the thermal depnlymerisation of the par‘ent. glyeols

This clearly esi:éblishés that the depél&meﬁsation of tﬁe acetbates
ic chain-end initiated and that the zip=length is large though less

than the average degree of polymerisation.



'501 Introduction

Tﬁe resulis of product anslyses and catalysis and
inhibition ax_efimsnté avre reported in this chapter, It will be
shown that within the ilimits of sensitivity of ths analytical techniqﬁes
availablé evidence for produéts that could conceivably arise from a
free radical reaction, iniéiated at the polymer chain—end, is lacking
and that the action of free rvadicals iphibitors gives scant support
to'a free radical mechanism. It will also be shown that
depolymerisaticn is'susceptibie to catalysis by basic materials; a
result confirmed by Czech'workerso(7&>

While it is possible to suggest free radical ang moleculay
mechanisms for ihe depol&merisation of both the glycols and their
acetate derivatives in éddition to an lonic mechanism for the glycols
i¢ is concluded that the ﬁolecular mechanisn for tha thermal ;
éepnlymeriéation of both the glycols and the acetates is the mostk
rlaugible. The varioﬁs schemes that san be suggested ére discussed

in the next section,



5e2s, Mechéﬁistic scheges < ?heoretiggg
1.,_‘_2,32.,0 The Moleculay Iieehamam

A mechanism is never completely eutablished for any
reactioﬁ’in ths gense that there always remains the possibilidy that
nev evidence which it camiot rationalise may be found. In the case
of the thermal degradation of polyoxymethyleme the situation is
superficially qlearvéut 4f we accept the data of earlier workers.

(5} _

Thus Staudinge» Tep orted that monower and water or acetic anbydride
‘wewa produced in quantitative yield in %ha thermal degradation of

' polyoxymethylens glycols or their acetate derivatives. We can -
therefore veasouably suggest an intramolecaiar mechanisn Tor ths
depclymerisation of bhoth types of polymer which ylelds the yeportad

products and no others.

Thus for the glycolss
0\

CH " CH, CH, e ©
mo(er.0) cx « 0.3 (. S
@ CHZO n 0.32 had ﬁ"ll, H/ g;; HO\ 20 B 2 = Q fede s ]

!

30(0520>n CH, 08 * 2(or 1) CH,0%

finallys

BO = CH, = OH ===  CH O + KO



Similariy. Tor the acetabesl~ 0,
? Eﬁ‘f;dﬂfﬁz OB

G
- CHy 00, (cH0), CH, - O, ¢ or CH, CO, (CHO) = CH, = Owin ©

"'l,, , 3 2 / \\
, /"’\ | CH, \ﬁ
CcH \a
3 ) .
033 cozcc:zxao)n CH, 'co'zc:a3 % 2 (or 1) CE,0:
finallys .
- CH———0
e

GH}'-"— —-'O"““”'“""c
/ \o
. G
| 0ol B

CH ~—VL =0 = E~Cﬂ§ % C320°

3

Concerted electron shifts vound the postulated 4 or 6 membersd
trangivion states would be facilitatedsin the glycol by the
electrostatic effect of the hydrogsn bond andinm the acetats

by the inductive sffect of the cavrbonyl gronp.



Two poinfs prempt a congideration of the other two
possibilities. Firstly the ubiquity of free radicals im polymer
degradation zeactions and secondly ths faect that the’hydrexyl

chain~ended polymers are produced by an ionic polymerisation
‘ ‘ 3

&

reactlon and aré\kncwn.%o éegrade ioniéally in agueous sbiution€ N
Congideration of the ﬂaﬁufe of the "&czi§e centreg® ihrbugh Whieh
polymer-monomey equilibrium is established {(Chapter 3} led Dainton
to fhe view that they were probably molecular. They could
conceivably be icnic snd this idea will be explored below (5.2,3.)

32202. The Free Radicel Mechanism

The evidenée of éhapter L sonfirms the conciusion
of earlier workers tha% the thermal degradation of polyoxymethylené
is chaimeend imitiated. Confiming our attention %o the chain-end
we see that there are three possible zites for a chﬁinvinitiatiﬁg

homolytie bond-scission, designated (a), (b) and (¢) thus

«a o N @ < ﬁ = Qo
(a) 0-CH,=-0«CE,=0" R , R Eﬁ,cﬁsc

-0 = Cﬁz = Q= CHE = Qe (A) + Re

@m

unzips



(b) =0 =CH, «0 = cxa

A -0<R

}

=0 e CHa © Q= CH2° (B} + RO~

Qm

unzips
(¢) = O e Gﬁé «0=>CH. . -0~-R

mommﬁaoJ

(a)

&3 CHEORO

Each of the two polymer radicals, (A) ana (B), produced by the

bond scissions (a), (b) and (c) would unzip %o monomer. The

high yiei}.ds of monomeyr observed are thus adequately explained by a

free radical mechamism. The primary radicals; R , RO | C:HEG’Re

could either combine or abastract hydrogen atoms thuss

Combination
H + R
HO + HO
CHEOH + CHZOE
H + HO
HO + CHEOH
H + CHEOH
CH3 Co # 633C0
CKB 002 + (JH3 002
CHEOCOCH3 + CHEOCOC%

CH_ CO + CH, 0COC
3 ER

»

m—

B,

3202 ey HZO + ;& 02
HQ CHZCHZOH'

Hao

HO GEEOH = CHao +* Hzﬂo

CH_OH
3

CH, CO C0 CH
3 3

(033 00’292,“ﬁ%>cﬂ3 co co2 cns + é»ﬁg

CHZ’ co 5 CﬁzcﬁgCOEGHB

CH_ CO CH,.O CO CH_
3 2 3



Hydrogen Abstraction
Hydrogen abstraction by the primary radicals, %, H, HO,

) A Lo H20
CH OH, CH30H0 CHBCOZH and CK 0 CCCH 39 thus

CH_OH, CH CO,, 03300 and CH,0 CO CH 59 would produce H

nOtaCB wOmCH@O@ mw? QOQCH wo::cﬂcao:n ”a'RHg
2 i~ ' . 2
" H+ Re {c)

The polymer wadical, C, thus produced could either under_go chain
scigsion, yielding a polymer radical capable of depolﬂeﬂsing and aun
aldehyde chain~end,, or survive long=enougth to be depolymerised,

thuss

©«Q0=Cl =0 =CHe0=CH, =0~ CHL "~
2 2 2

= 0~=CH, ~0=CH=x=0 'CH==0°~CH = Q =CHre

: /\ :

"CH O + ‘CH OCH‘

2
/ 2
CHa—»O
CH Dioxalane.
EN
S ¢ etco
ca’’
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Chain scission is ruled out by the molefular weight evidence

presented in Chapter 4.

©0«CH =0=CHe0~(CH =0) oCHe
: 2 2 ‘n

2
WOCHB =0 =CH - n CHZG
/\/xﬂ~»o,cné +  °CHO FORMYL
z{r.m::: Zip .
1) H + CO
K{z) ; (cno)ag GLYCXAL
1833 co «+ cnée

{75)

In Kutashks’é view reaction (3) ig the éost'yrobable since
in the temperature raasge 80 = 180bC he did not observe hydrogen
or giyoxal in the products Qf the yesaction between meihgi radiaals
and fozmaldehydeo‘ Ye can also envisage disproportionation

with a polymer radical, thus

@ (g = CHé’ 4+ CHO ecommumecy © (0 = CE3 + CO

= Cﬁé = Qe <& CQBHD -roomwmsck «CH=0 + CEZO=



It is cleax therefore that if a free radleal wmechanism is operating

in the thermal degradation of polyoxymethylens at temperaﬁures

between room temnerature and 200°C the pruducts nugt include small

quantities of the various products which the above theoretical

scheme predicts.

TABLE 5.1

Predicted Degradation Products ,

For convenience these are summarised in Table 5.1,

Polymer Ho(cﬁao)nﬁ cn3 co (;‘(cmao)g1 co 033
| Products

Major CHZO < C‘H20

Minox B0, H,, 0,, CO | 0, coa,(cn:‘,‘co)zg. (cri3 00)29 CHBCHO
O — (9] (S JM

BO CH:CHZOH CH3 H, CE%L,pHZ Gﬂé 0023 CHBOGOCH3 HBC ECBZCHEu o

(CHO)2 Dioxalane

»

If all the initiation reactions, (a), (b) and (c) postulated above

were occurring then we envisage bimolecular combination and

CH
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dizproportionation reactions as followss -

Combination |

W W o @
ﬂCHanOaCHZGO- & O»CH2GOGGH2W

1

~ O, = 0 =0 - CH, = O-vv

2
Peroxide
(2) {B8) + (B)
MOCHZOCHZ -; GHZOCBZO'VVVV
. 4 . ' ‘
‘ 00052060132»0132?00!12 G.O
"Copolymer"
(3) Ay + (B
A~ 0 = CB +  0=CH, Qe CH oWV
. 2 J’ o2 -2
aOaCHawOwCHZﬁOwCHZ'é
| | Normal polymse™
(L)arv 0 = CH + CCH oYV
2 l 2

Ether Aldshyds.



" Reactions (2) and {4) are stebilising veactions since a

copolymer (c.f. "CILCON") and an ether chain-ended polymer are
produced, both of which we have already seen %o be more stable
than the glycol. The aldehyde chain-end is the terminal structure

(23)

suggested by Carruthers and Norrish in their study of the

polymerisation of gaseous formaldehyde. Recently i% has besn

suggested (76)

that the aldehyde chaim—end is more stable tham
the hydroxyl chain-and. Thus feactioﬁ (u) produces two fragments
with chain-ends more stable than the ordginmal chain-end. The
peroxide produced by weaction (1) would be unstable at reaction
temperatures. Reactions {2) and (L) could explain the negative
deviations from first order kinetics reported in Chapter 4.

What experimental evidence is there for a free radical
mechanism? There is mo evidence in the old literature for
products other than GE20 and Ezo from the thermél depolymerisation
of the hydroxyl chaivneended polymers. Hore recently Kern and

(76)

coworkers reported that these were the only products of the
thermal depolymerisation found by a gas chromatographic method in
complete contrast to the products produced in acidolytic degradation

which they were studying.
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The most obvious way of checking the_f?aé radical
mechanism suggested above seeméd'to be to look for Bé and CO
. which are the only compbun639 among the praduéts that could
- concelvably arise,from such a2 mechanism, that are nom=condensable
’at liquid nitrogen temperatures. The ?ésults of product anzlyses
‘mill be 6iscmésea in section 5.3,
2:2.3: The Ionlc Mechaniom

The ionic uature of the depolymerisation of
oligomers in agueous soluticns has been established and the
.possibility of an dionie meehanism oﬁera%ing in the soii& phaée
decomposition must be considered. The most prohibitive single
factor in heterclyesis is ths large energy required for charge
: separationo' in solution in.pclaf solvents this is invarisbly
compensated by exothermic solvatiom. In the solid staté thero is no
compensation in the case of molecular coﬁpaundso Bowever, as
Fig. 28 shows the €0 ,,..0) distance in the be plane of the |
POM crystal of 2.7 & and ths C Qﬂajaooq 0 angle of 108° provide
ideal geometry for a hydrogen~bond between a chain—end hydroxyl
and an ether oxygen of an adjacemtbchains The wave-mechanical

representation of the hydrogenehond(78) includes 2% of the canonmical
*

form (=0 M- O\§) in the vesonance hybrid. The next step

in a spsculative argument of this sort would be te suggest that a



FIGURE 28,

A4

(5] 4]
b= 7-654;5 C = 3.564; & = 108°,
be plans of POM erystal.

(after Carazzolo and Memmi; wef 28.)
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depolymerising Oxanion, identical to the proposed propagating
species in the polymerisation of formaldehyds, might be

generated by the thermak excitaﬁicn of the hydrogen bomd and

that as depolymerisation pméeeds the proton keeps within an
electrostatically determined "equilibrium" distance by ﬁjumping"
fror one ether a‘xygenr to the nmext on the adjacent polymer chain.

The proton is ihus visualised as a "zipper"™ unzipping the chain as it
tunnels between two adjacent chains. The H = o® bond would be formed
exothermiecally and thus the protom "solvation‘energy" required

to bring the overall activation emergy within reasonable bounds

might be supplied. The ozondum ion, = GHZ = (:; = CE, =, {scula lead
to chain~ gcission, thns H
% | -
CH, - ? ~ CE, 4 = CH,0H + CE v
H == ziD.

- and since this would most probably be a random reaction the
molecular weight of the polymer would be expected to fall bslow
the diagomal of Fig. l4. The molecular weight resulis reported iam
b.2:4, wonld suggest that if an ionic mechaniem is operating it

does not lead to random chain scission,
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The principle of microscopic reversibility requires

that there should be a depolymerisation route through the
oxanjonic structure occurring in polymerisation. This suggeste
that the active centres through which the polymerisation-
depolymerisation equilibriﬁm is éstablishad miéht be anjionie.
The resulté of Ycatalysis® experiments(5ohe) with basic céialysts
clearly establishes that dépolymerising anions can participate in the
éepolﬁmerigaticn of polyoxymethylenes theuwgh the "hslf-lives' of the
catalysed reactions ave very much shorber than thaé of the purely
_ thexmal resction. This éuggests that if an anionic mechznism is
~operating iﬁ?ﬁatter reacktion i% is assaciated‘with-an unfavourable
disaocigtioa equilibriuvm as an initiation étepo
& Product Anelysig
"ééiga; Nop-condeusables

| The gas analyeis apparatus descydbed in 2.5 was used
for the purpose of detecting and identifying non=condensable
products. The semnsitivity of-the apparatus is determined as
followg., Given that the pressure, p, registered by the Mcleod
gauge is p = (1)% 2,090 % 10 2n.m. Hg., where h is the reading
on the gauge in m.m., and assuming that a reading of 1 mom, ig the |

limit of detection the minimum pressure that can be detected by the



Meieod gauge is 2,090 x 1095 oM. Hg.o The volume of the gas
analysis unit varied from run %o run but was usually between 400
and 410 mig., The minimum gumber of molés of non=condenszabls (HC)

detectable at 0°C inm 400 mls. is 2.5 x 10°10

moles. In a 300 ng.
gample of high moleculayr weight POM there avre 10@2 base moles

of CH,0 and hence 1072 moles total H,, The mmber of moles of
chain~-gnd hydz‘cgezi is lgmz/DaPog, assuning twe.hydraxgl groups per
molecule. Infra red evidence suggesis a DP of about 104 for
sample 7 so in this cass there are 10?6 moles of chain-end hydrogen
in a %00 mg. sample. It is thus possible to detect tb 1 part

~

chain~end ianitistion reastions.

=

in 10™ if M5 is produced 1

-

X% was found that even al temperatures as low
as 135q@.nonﬁcondensable preduets gers béing prodused. Table 5.2

gives a summary of the resulits obtainmed with Sample 7.

TABLE 5,2,

Sge page 124,
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TABLE 5.2,

0 x10° x10° x10°  x10° x10°
Temp C Pmg Bmoles M moles NC moles NC/M¥ ¥/B=D% HC/D
135 516,.3 13,8 6.5 1.75 - 2.7 5 35
150 350.6  11.6 1.16 0.21 1.8 100 2.1
172 200:4 6,68 0.9% 0,87 2.4 14 6.2
172 204.0 6,80 l.22 1.80 15.0 16 11,2
172, 304 10,1 5,65 9.37 16.6 56 16,7
184 -208.6 6,95 2,91 5,24 i8.0 42 12,5

Key
P = Polymer
B = Base moles
M = HMonomer
NC = Noncondensable
D = % degradation




Blank experimonte establizhsd that degassiog of the glass

susfaces in reacktion tube, B2, (Fig. 10) at a temperature of 180°C

contributed not morve than 5 x 10 - moles to the NC 7ield.

The zesults establish beyond reasonable doubt thai nonm-condsussbles
are balug produced under the conditions of this experiment.
Combustion anslysis with CuO at 300 + 10°C conclusively established

=10

that not more than 5 z 10 moles of H, per 300 mg. of Polymer is

‘ 2

produced afier 5% degradation. That is not more than 0.3% of
available chain-=end hydrogen is weasting according {;o the inltiation:
reaction (a) above., This conclusion is bassd on the fact that im all
combustion Tuns vsing Cul the non-condsnpzable pressure fell to Yzewe®
{at wl%ﬁc} after 20=30 minvtes combustion to yield a pressuwe nf

302 at =80°C that was eauivalész;; ko the original WC pressure o

within sxzperimenial ezpoy. If Z., had been present ths G{)Z DBEeSSUTe

o . : . A
at =80°C would have been less by an smount cquivalsnh to the pressurs

=
af

[+

Y ﬁ' 4 -y * - - 3 % . <
- of Ep at =198°C, The non- condensable fmction of the produsts cosld

be either CO or CH, oz this evidence. To distinguish betwesn the

2
. R G . .
found that at temperabures in the vange 140 = 150 °C I 0, is completely.

possibilities L0, at 140°C was used as oxidant mimee it hos been

nareactive o GHl}o Ths non=cozdensable was established as §0 sinecs

it was completely oxidisaed by Z.0. in about 45 minubes.

a5
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The fack that GO has boen estublished as a minoy
product does not repressnt adequage p#aaf for a free radical
mechanism because Steacie and Celvert astablish%ﬁ(?gj that gaseous
formaldehyde undergoes very slow heterogenébus‘thermal decomposition

in the temperature xange lﬁG@BOOGC as follows

2 0320 S i S ¢ ¢ I 835025
The mechanisn of %this resclion issbill obscure. Its cecurrvencs

makes any avgument baszed on CO production ambignous a8 far ac the
thermal decompositiion of the polymer is concevned. Amalysig for
the other possible nroducts is thus esgsemtial 1f the argument is

o be taken any furthewr.

8:3.2. Yass Spectromeivic Analveis

Fig. 29 veprements the nass spactra of some of the
gompounds listed in Teble 9.1. These spesira ave based on the
tass spedtral data égblish@d by the American Petroleum Institute.
Research Projeet bio All ions with an abundance less tham 5% have
been ignored and parent ions, where these occuw, have been maykad
with a P, The mass spectrum has three major peaks at m/s = 28, 29,

30 coxresponding to C()'Y"9 5CO” and EéCQ+; Above m/e = 30 the spectzum



FIGURE 29,

HASS SPECTRA.
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is clear and by turning the iom=current at ﬁ/é adfﬁ. up %o the .
point at which a full scale deflection was obtained oﬁ the least
sensitive gélvanométer it was possible to lock for ions with the
most sensitive galvometer with a seﬁsitiviﬁy of 1in S5 =x iﬂqiof the

CHI‘_EO+ current. Feaks at ﬁ/é = 31 and 52 suggested that GHEOH_was
present among ﬁhe products as might be expected if the Steacie =
Calvert reacticalwere opzrating, 4 seall peak at m/fe = 28 in the most
sensitive spectrum when o liguid nitvogen trap was placed on compartnant
B of the apparatus showa in PFig, iz confims CO as the
non-condensable product &iscusse@z§03°loe The only comclusion
to be drawn from the fact that all spectra {(A) obtained for Smmple 7
meée ”cieam" abéve m/e = 32 and that all spectra for ssmple § had
only m/e = QB? corresponding %o CE3CO$ £rom ééeﬁic anhydride, is
that at temperatures up %0 200°C freeeradicals play little part in
the thermal éegra&ation of polyoxymethylenes.

The mass ¢pggbrometric results put o, maxdmm linit

of about 10°°% on the occurvence of moss of the mimor products
listed in Table 5.1. and it is coneluded that 1it€1eisnpport can
be given t0 a free yadical mechanism by the available datao

The conclusion seems amply justified by the results of the

"inhibition" experiments reported in Soboo



ysis and Inhibition Fxperiments.

The experiments reported in this section were designad
to provide specific information about the meMm of the thermal
depolymerisation o£ the polyoxymethylene diaéeta&es’and their parent
glycols. As indicated in 5.2, plausible mechaﬁistic schemes involving
all possible intermediates, moleculay, ionie and free wadical can
be postulated. Though ihe results of p@&dﬁe% znalyses secemed ©O
eliminate the ggssibiiity of free yadical paxbicipatiom the study of
the effect of the free radical imbibitors D.P.P.H. and 134 diamimo
anthraquinopne geemed to be worthehile. Similarly, the possibility
that an anionic mechanisa might be possible prompted a study of the
effect of basgiceatalysis such as methoxide ond acetate ions.

First of all the thermal Gegradation "half=iife” of
samples 7 and 8 at 184°C tas determined wsing the appavatus
desoribed in 2.%.2, (d). This was considered the most dirveet
way of establishing any effect on the vate of the reaction by
Aadditivesg The "half-lives™ were determined fairly precisely as
the average of 5 zuns using between 4 %o 8 mg. of rolymer for eash
run. Copper powder was used as a heat conductor. The ratioc of the

"half-lives" of the glycol (57) and its acetate derivative (§8)

92.57, is in faifly good agrecrent with the ratio: of speeific rates



9,84, as determined in the dynamic wolecular still at 184°C. The
monomer yields were quantitative suggesting that the accumulation
of up to 20 cm. Hg. pressure of monomer has no inhibiting effect
on the reaction at this tempsrature.

Blank experiments, without polymer, established that the
volatilisation of all the additives concidered was negligible at
184°C. The results obtained im "inhibition" and “eatalysis"
experiments using 10 mg, Polymer and 10 mg. of each additive are

sunmarised in Table 5.3,

TABLE 5,3,

50% reaction times, mins,at 184°C for Thermal, Yeatalysed" and ™inhibited

depolymerisation of polyoxymethylenes (10 mg.P) + 10 mg. additive.

Sample| Theymal| NaOCH,| KC1 Na0°00o033 Ph,CoCl | D.P.P.Hol 1340
o -
87 | 28 x2(4+1.5] 20 12+3 20+ 2 T 20
$8 1268 x 632+ 5 T 240 T ? T
Key

D.P.P.H, = & phenyl picryl hydrazyl
134 D = 1:4 diamino anthraguinone

T = Thermal time.
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It can be seen from Table 5.3, that within the precision of
éhs half=1ife values D,P;P;E; has no appreciatle effect om the |
rate of the reaction at 184°C, Perhaps more suprising is the
fact that 1l:% diaminoanﬁhiaquinoneg which proved an éfficiént
inhibitor of the-depolymeéigaticn of poly(methyl methacrylatel,
accelerates the reaction, the half~liife being reduced by about
30%, This sresult suggests that 13l diaminoanthraquinome should
be elagsified as o catalyg% for this reaction, This most probably
arises from the fact that the moleculs passésses some basic character.
Thug the "inhibition® ekperi&entslen& little support ¢35 a free radicai
mechanism,

There can be little doubt that basic catalysis is
operatihg in the prssence of methoxide, scetate and even chloride

iongs. The reaction can be represented as followss

2

l : B = CESOG? cnjco;, o1,

@mcﬁz‘a@acﬂ = O + H'B § }ii'gKé, -Na.;'., PESCZ’;{7

0=CH,=0~C0H + BE, BH=HCL, CHOH, CHCON.

zip
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The rate of the catalysed reactious suggests that if an anionic
mechanism is operating iu the uncatalysed theréal reaction the
degree of dissociation of the jon pair4&ﬁr0?ﬁfris,not large.
Algo the icn.pair in the catalyse&rreactionzﬁyvomﬂég is "stabls"
in the sense that an O = H pdbvalenl bond is unlikely to be formed.
With B ae the counter-ion this is not the case and hence am
ionisation siep would be required before a depolymerising ion pair
could be formed. This initizl ionisation could explain the longer
half=life of the "thermal anionic" reagtion. It is difficult ®o
suggest how direct proof of the pariticipsiion of lons, or intimste
ion pairs; in the purely thermal reaction could be found. Logically
there is little difference between the iomic mechanism and the
molecular mechanism suggeste@‘gzzolo sincs both involve the
unzipping df the polymey chain by the chain-end protom. The
molecular mechanisn is t0 be preferred on energetic grcundg’the
neceésity for change seéaraticn being overcome by concerted electren
shifts round a 4 or 6 membesred planar transition‘Fﬁatea |

?he loger rates of depolymerisation of ths acetates
compared to the parvent glycols could be rationalised in terms of
the greater difficulty in forming the eyclie transition state in
the former case vhich hy virtue of ithe size of the chein-end acetake

group would be formed with some difficulty in the s0l2d below 165°C,

“r
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The absence of neg gatdve é@VlatmOESQTGm Pirst order kin@tics in
the vase of the acetates can also be sxplained on the basis fhat 4he
_rate of the cystalline - amorphons phasz tvansitior iz greater
than the rate of depolymerisation of %he acetate and less than
the vate of depolymsvigation of amsfyhcné glycnlg Some supgoyﬁ

s LS

is given %o thig intuifively plausible exnianatloa of %hs negakive
ot b . bt n i s e LBOY . .
deviation by wecent cysiallization sitvdies in which 1%
has been showa that the apparvent sctivation enexgy of viscous fies

c L oam £ o o
iz erystallising PUM melis is 25.0 k. cals. mole - The

sotivetdon enerpy for meliing must be gresber than this hy 1.50.

€

" : : ,

=T .. s an . m ; o ; .-
k., cals. mole , whish is the hest of Ffuslon of POM. Thus i%
woajd apamaf that meliing is assaﬁiate& with an activation suny

of abovi 27 k. cals. moleaia This is some 10 ko calsa higher than

the sctivation energy of depolymerisation, Ed = 8H wFEp'é 18 I,
cals. isfzoii.e,m’a and heuse it is reasonable to suggest that melting may
becous rate determining and thus give rise to the negative‘éeﬁiatigﬁﬁ

observed wika the'g;ycolé aud alzo the increase vin neasured acﬁivaﬁign

energies as the reaction proceeds.



The Solubility and some solution properties of Polyoxymethylene.

6.1. Introduction

In their study of the effect of solvents on high
molecular weight polyoxymethylené(el) the Du Pont workers examined
406 compounds of 27 different classes and found no solvent which
produced & 1% sclution with a gel point lower than 50°C, Themols
were found to be the best solvents. Although many of the phenols
congidered géve solutions with gel temperatuyres in the range 50°
to 100°C the actual dissolving temperatures were usually 40° to 60°
higher. The lowest dissolution tempevature, 89°C, is observed
with m~chlorophenol,

it is clear that specialised experimental %échniqués would
be equired in ordeyr o characierise the polymé? in tarmsﬂits soluticn
properties in these solvents. The fact thet it takes up to one‘hour
to dissolve the polymey ail 100°C in phenolic solvents and that the
polymer slowly degrades in splution probably accounts for the very
poor precision obfained in attempts to measure the intrinsic

viscosities of the polymers examined in thisg study in phenol and
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p-chlorophenol, The patent literature has many references to inherent
viscosities measured ir these solvents bul our experience would

suggest that they have 1ittle more value than as an index of order of

magnitude. It soon became clear that the results obtained would be

of doubtful value in elucidating the molecular weight changes

occurring in the thermal degradation of tﬁe polymer, Attempts to

develop the technicue for measuriag viescogities at elevated

temperatures wers abandouned vhen a room tempsrature solvent system

was found. |

Sone of the factors affecting the solubility of
polymers have been discussed by Small(sl)p It has been establiched
that the solubility of non-polar polymers in non~polar solvents
is determined mainly by the heat of mixing, However, for highly
c:ystalline polar polymers such as POM the heat of mixing alone‘
is not the omly factor and specific exothermic inﬁeractions
between solvent and polymer are necessary for solution ©o ocecurs
In many systems, e.g. Nylon and Texryleme dissolved in phenols, the
specific interactions can be identified with hydrogen bond formation.

The solubility of POH in phenols can be rationalised in similar terms.

In a search for move powerful sclvents than the phenols we should



examine molecules containing "bondable pratoné which could bond the
bagie ether oxygens of the polyoxymethylene chain, The notion'that
a solvent might be more powerful if it had two protons capable of .
foiming H-bonds led us to consider chloral hydrate ~‘C.‘LBC"ﬂli(C)H)a,,
(M.pt. 51.7°C), as a solvent since it seemed that it would provide

ideal geometry for a specific interaction,

CH...
2\0““’3@0\

\Ow .,.g..._, O/,Ch-»cm

CH

2
(o TN ; S
< ™ CH-CCL

RN - 3
Qe- HeuO
CHE / .

The fact that the polymer dissolves in this solvemt at 60°¢c

without appreciéble degradétion (95% recovery af%;r 20 minutes 8%

60°¢c) seens to confirm the ébove suggestion that the geometry of

the gem=diol structure provides for verxy specific interaction

betweén the molecule and the polymer chain, Chioral hydrate

has a number of disadvantages as a solvent for viscosity measurements,
hovever. The two most important ave that it degrades to trichleyocacetie
acid, aﬁd that at elevated temperatures it dissociates to ths ald@hydé

and water. The former is perhaps the most serious of these dravbacks



. since trichlovoacetic acid wonld lead to random chain scission

and make the analysis of results complex. There are few stable
gem-diols known and hence the number of potential solvents pro?iding
the right geometry for the specific interaction postulated above is

limited, These are listed in Table 6.1.

Stgble gem=diocls

@lyoxylic acid hydrate, HO
>CHCOZH.,
BO
Mesoxalic acid, HO\\~C/”C02H
50~ “NcoH
Fluoral hydrate, HO\\\C//,CFs
g0~ NE

Perfluoracetone hydrate

HO.
~
(P.F.A.H.) Ho/c \CFB |



The first two of these are useless as solvents since they would
caugse hydrolytic degradation of the polymen Fluoral hydrate, like
its chlorine analogue, degrades to the corresponding acid angd is also
eliminated for this reason. P.F.A.H. at its melting point (43-44°C)
dissolves‘POM very rapidly and without deéraaationn The latter point
wag ‘established in two ways. The viscosity of the sclution obtained
at 44°C showed less than‘z% decrease over a veriod of 2 hours.
The hot solution was poured inbo iée cold acetone and the precipitated
polymer filtered and weighed (98-99,3% recovery)s From these
observations it was concluded that pure ?aFoﬂoﬂa is a non~degrading
solvent for POM. It was also found that at 25°C agqueous solutions of
P, F, AR, at concentrations grezter than 77% dissolved the polymer
in 10 to 20 minutes to give stsble 1% polymer solutions. Since-
the binary solvent mixtures are muchilesé volatile at roométemyerature
than the pure P.F.A M. at 5% it was’decideé to use 95% aqueous
P.,F.A.H, in order‘to minimise concentration errors arising from the
volatilisation of solwent.

The viscosity of the bimary solvent mixture depends on -
the concentration of water and as figure 30 shows, the viscosity=

corcentration funection is typical of highly associated mixtures.



FIGURE 30.
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The maximum relative viscosity, C, corresponds to z molar ratio
PvFoAtHo}HZg 2 1:20 Tﬁiﬁg it can bﬂ ?ﬁagonably wemd‘q is &L‘t&
to the formaticn of the molecular complex P.?.ﬂ.ﬂ«?ﬁzﬂ shich probably

ras the structure!

E -
: w}\c/.g.—ﬂueue—-ﬂg
@3/ SO H.v0—H
H
Th-e mmre is & solvent baolog the maxirum, C, becausze the

non-solvent water is bonded im this way. Beyond ths maximum

" "fres” wmater is present znd hemce beyond about 20-25% water content
the mixtore is not 2 solven%. The choice of 95% as a suitsble

cozcentration for roubtine viscosity work was congidered to provide

the best compromise betesen z lowsrinz of the vapour ‘p?esg&e of the

solvent mixture welative %o thai of the pure hydrats at 55°C 2nd the

increasine viscosity of ths solvent mizturs as the corcemtration of

water is incressed. Ip order to avoid difficulties in reproducing
pracigely z solvent mizturs witt & given viscosity a2 large bateh

| of 95% aguecve P.F.h.H. was used to obtzin the intrinsic viscosiby

data reported inm Chapter 4. Using ssmple ‘?7 exclusively the effect

of changing the mole Zraction of watsr in the solvemt mixture ov



the viscosity of POM was studied. The results are reported in 6,3,

» The specific viscosity of a polymer solution, P) 8P,
given byi)‘ rel <= 1, can be expressed as a power series in paljmer
concentratibn, C, thus

nep = AS *+ aCP AL 4 ABGL‘ # 000 (D)

The reduced viscosity, l) sp/c. is given by

nepfe = hy + AC + Azca + A3G3 4 oco (2)
Equation (2) has been found to fit the data well for a very large
number of systems. In dilute solutions the ¢ term is negligible,

and; except with very high molecular weight pﬁlymersg neasurements

in %he usual dilute solution viscosity range (C = 0,05 to 1.0 g/dl)
give results which indicate a linear relation between reducéd viscosity
and C, i.e. the ¢® term is also negligible. The eguation (2) them
becomes )

hep/e = Ay + AC = [H1 + aC coo ),

where E?l = lim(as € -'—'3*0)'7 sp/ec = Aoo :



The coefficient A1 hae been shown to be propertional to
M 1% see. Ay = KyInTR,
Equation (3) is therefore very often expressed as

y}sp/c = D’}J + 1(1(0320 (4)
This is the familiar Huggins eqnation(SZ)o Much theoretical
work has been done to define the physical significance of the
Huggins constant, kio It has been established that k1 is indepeundent
"of moleculay welight. It is primarily a function of polymer?polymer
and polymer—solvent interaciioans. It has also beea established
thaé k15 is a good critezion of soivent power, whether the solvent
power is altered by changing the solven2(83) or by varying the
composition of a mixed solvent(8&)o Recent theoretical workggB}
concludes that 31

%o 0.5, increasing tovards 0.5 as the solvent power decreases.

(86)

Observed values are not confined to this range, however.

,should always be positive and lie in the range 0.2

Equation (3) was obeyed by all the samples examined
in 95% aqueous P.F.A.H. in the concentration range Ool>to 0.9 g/dl..
The Huggins constant, k,s was calculated from the [/ ] values )
obtained (sece Table 4.5.) using the equation A, = .k1[3'/32ﬁ where
A, is the gradient of the reduced viscosity, - sp/5¥ versus ¢ plots,

1
The results are suumarised in Table 6.2:.
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TABLE 6.2

The Hugging constant, k,, for POM in 95% aqueous P.F.A.H.

Sample [H13 A, k,
1 2,00 2,32 0,58
2 4,59 13,05 0,62
3 452 12,46 0.61
4 2,97 5.47 0.62
5 3.04 5.82 0.63
7 4,05 9.84 0.60

k1 lies ip the vange 0.60 £+ 0.03, This would suggest that the
samples were all members of the same homologous series.

The eflect of the non-solvent, vater, on the solvent
power was determined by measuring [#) ] for sample 7 in a range
of solvents containing from 5 $o 20% water and calculating k.gg as

above. The resulis are sumparised in Table 6.3
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TABLE 6.3

kﬁ values as a function of solvent composition

il k
$.0 0.60
.802 00616

11.1 00625

16.4% 00647

1833 : | 00661‘_

20,5 0,67

Although the k1 values lie outside the theoretically predicted range(gs)

the trend of k1 as the solvent pover is increased is in the right
direction though the effect is small compaved with the magnitude of the
effect in other systems(g?)a

From these results it can be concluded that bver the
concentration range studied the viscoslity of polyoxymethylene solutions
in aqueous perfluroacetone hydrate conforms $o the Huggins eguation
and that changing the solvent has the predicted eflect om the Huggins

constant, k1o
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624  The Fark-Houwink sxzonent, %.

According to the theory of Flory and Fox('%) the

exponent, @, in the MHark-Houwirk eguation must lie in the range
0.5 to 0.8 for linear flexible chzins without drmining effects,
The lower limit is for tightly coiled chains in these solvenis
and the urper limit for highly swellsxn M in very good
solvents, The cruds valus oFf 0.8 for «, obtained from intringie
vigcosity and I%(ZR} data, reported in Chapter 4 would on this
basis sugrest a hipuly extended chain if 955 agueous P.F.4.H. iz 2
good solvent. Dowever. the Zuggins constant, k,ﬁ values obtainsd
suggest a relatively poor solvent. The aprarent discrepancy can be
due either to the fact that here we aredezling with a polar solvent
in a highly polar solvent mixture and bence comparisons szith ths
behaviour of non-polar zolymers in non-polymer solvents is not
valid or the valﬁe of ¢ is in ssrious doubt. Ho further light
is thrown on this very interesting topic in tiis study. Clearly
much work resgins to be donme-

In conclusiorn pe can say, however, that the sclvent
syeten F.F.4.E. - E,0 has proved a valuable tool in elucidating
the details of the molecular weight changes occuring in the thermal

depolymerisation of polyoxymsthylens.



Z:1. Inktroduction

The photochemical and photooxidative degradation
reactions of polyoxymethylene are wholly unexplored, which secmed
& valid reason for undertaking this preliminary survey of the
reactions,

Zs20 Photdchemica%zgggradation in bigh vacuum.

Thin films of samples 7 and &, weighing 15 to 20 mgs.
were irradiated with the light souvces described im section 2.8
in the silica vessel, Fh, (Figure 10). With both sources
{i.e. with 3650 g snd 2537 ) a pressuye of non=condensable gases
was produced from bokh types of pblymere Combustion enslysis
of the non9condensable'ga§éﬁug products i{sect 2.5.) established
that HZ ant CO were being produced by phctolysis. The relative
amoun’s 0f Hé and CO were determinsd and it was found that the
ratic (KZ)ACO)kwéé'between 3.5 and 4., An ambiquity arises hewe
since it hag been found that formaldehyde, which s probably
present in small amocunts in all polymer samples, isrphotolysed

by 3650 & and 2537 R wltraviolet irradiation, the predominant
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mode of photolysis at teﬁperatures pelow 100°C being the firat of

the two following alternatives(sg)ﬂ

rco BA1—" g 10
2
(2}““““*“s> H- + HCOe

The ratio of (KE)/(CO) found by Calvert and Steaciec in their

study of the photolysis of CEéO at high temperatures (79) was
always close to mnity. If we can assume that a ratio of ﬁnity

holds for this veaction at room temperature then value of

3.5 to 4 for the (Eg)/(CO) obtained in this study is either
seriously in efror or genuinely arises from polymer photolysis.

The main difficulty in explaining the high value of the (323/(CO)
ratic will be in identifyihg the piimary phoﬁéchemical PLOCEsSss

Since photolysis by active wave leungths greater than about 2000 2
requires the presence of a sultable chromophore to absorb them the
difficulty arises in identifying the chromophore in polyoxymeihylens.
In fhe case of the polymer with acetate chain=ends (Sample 8)

we can plausibly assume that the ester carbonyl would be an efficient
-chromopoge fox 2537 ! and 3650 g, The hydroxyl chain-ended polym@:s
present some difficulty here because they do not contain chromophores

which would absorb the active wave lengths. To explaian the
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productionZ;; and CO in the vacuum photolysis of cellulose by 2537 R

(90)

radiation Flynn and co-workers postulated the following

reactions

and

X - CRO =2

X, + ©°CHO mGO+%H2.+X°
where X stands for the remaining cellulose chain,

If 2 similar process occuwed in POM glycols the rate A
of hydrogen production would be molecular weight dependent since
the h&droxyl groups occup only at the chain-ends. This possibility
was not explored in this study.

(k)

Kern and Cherdron rveported that the rate of thermal
oxidation of POM is negligible gg temperatures beloy 160°C, We have
confirmed this by examining the I.R. gpectra of thin polyme: films
of sampie 7 which had been heated in an air oven at 1350 to

140%C for periods of up to ten days, after which time the sample

had lost 22% of its weight. The infra red spectrum of the sample

was obtained at intervals and it was found that except for an increase
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in "background" absorption %here was no suange ohserved inths
spectra except that due to the decrease in molecular weiéhﬁ of the
sambie due to aepolyméi'isétion9 i.e. an increase in hydroxyl
absorption at 2.9u. »In'complete contrast, ultra—wiolet
irradiation in air at room=temperature produced immediate chenges
in the polymer structure which were revealed by the infra-red
spectra, The most significant changes occurred in the hydroxyl
and carbonyl bands; |
2o3- (2) The hydroxyl band.

By irradiating esterified polyoxymethylene {Sample 8)
which has megligible absorption in the hydroxyl bsnd at 2.9 ¥
it is possible to follow the increasing absorbance in this region due
to structures produced in photoxidation withou$ baving to allow
for absorbing groups present initially. It was found that at a

fixed distance of 20 cms. the 30~watt Hancvia "Chromatolite®

3
i
wonad
—
"
b8}
33
-3
]
o
3
o)
]

source [Sect. 2.8. {ad] ( E) comzed an increase im absorbance
in the hydroxyl band at 2.9 at aboutien times the rate of that
produced by the 125-watt Osram MB source (3650 = 3663 R). These
observatlons are summarised 1n,Figures 3l snd 32, As shown in
‘Table 2.2. the quaznium ouﬁpuﬁ of these gources at 2537 & and

2663 f are approximately equal and the 3650 3 output is ten timss

the 2537 £ output. It is clear from these data that the velative
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FIGURE 32,
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rates of inerease of sbsorbance caused by the $two sourses is a
true indication of the quantum efficisncy of the sources., Thus
_the quantum efficiency of the 2537 £ radiation is higher for ths
process producing the absorbance.

The positioﬁ of the hydroxyl band maximum (2.9 u),
in the irradiated samples is identical to that observed in.
samples of polymer with hydroxyl chain*énds; ‘As indicated in
Figurs 32 the unssterified polymer, (Semple 7), showed similar
increasing'absorbaﬁce in the hydroxyl band though at a lower rate.
Ze3s, (b) The carbonyl band,

The increase in absorbance in the carbonyl hazad (5.4 + 6.0u)
oun irradiation of Sample.7g whick initially shows no such sbzorbance,
and of sample 8 which has a small amcunt of chgineend ester
carbonyl present (1750 cma%) is chown in Figures 33 and 3k,

The »ssolution of the infrao-red Speetrometei was sufficiently
high to allow tie carboayl absorbance 0 beé resolved into three
components, at 1750, 1785 and 1815 em o The 1750 cm? absorbance
is attributed to ester carbonyl since it is the wave lengdh of the carboayl

absorbance maximum im the esterified polymer (Sample 8),  Smail

incresses were obsérved at 1785 and 1815 cmm% and these are



o
spe?ulatiyely.assignad %o the carbonate, = 0 < % = {, and anhydride,
(- @ @ Q - g =), structures.

. The 3650 R source cauued a large increase in the

carbonyl absorbance. The data for a typical rum are ploﬁted in
Figure 33, The ester carbonyl absorbance at 1750 crﬂ:"1 increases
‘autoeatalytically. In contrast the other carbonyl absorbances
(1785; 1815 en”?) increase linearly and relatiﬁely slowly.

Figure 3h illustrates the comparative effect of the
two sources on the esterified polymer (sample 8). It is clear
frém figure 3b that the processes occurring differ markedly. In
contrast to the autocatalytic rate of carbonyl pzroduction produced
by 365G f the 2537 & radiation rapidly produces a 'bteady=state"
concentrationAof carbonyl groups. By changing the light source from
3650 2 o 2537 & at polnts during the irradiation history of the
samples (at & and B in Figure 3&) it was established that 2537 A
is capable of "destroying" the carbonyl produced by the 3650 2,
This would accouunt for the "steady=state' concentration of carbonyl
observed on photc-oxidation with 2557 8, i

A mechanistic rationalisation of these sémi°quantitative
observationé in terms of current theories of oxidation is speculatively

attenpted in the next seetion.
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Zs%. Discugsion
Recently oxidation procecses have baeen sxtensively

€92) .13 tnis source will be

reviewed by Lundberg aad others
‘drawn on in this discussion without further reference.
There is now little doubt that organic oxidation processes
involve the participation of hydroperoxides as intermediates. |
However, the phote~ and thermal lability of these compounds 1S
sucﬁ that it is unlikely that they ever reach detectable
concentrations in photo-oxidation processes. It will be assumed
therefore that the absorbance at 2.9 1 is due tc an alccholie
hydroxyl stretching mode and not to a hydroperoxide hydrozy19
The evidenbe available from this study is insufficien%
to support any mechanism adeguately, however, the following
speculétive scheme e suggested by the available evidences

=0 = Gﬂ? =0 - 632 w g = CHZ e 0»= Gﬂé =0 = Cﬁé =0-=

3650 B/2537 &

Y)E H cgox ,
=0=CH,=CH~0=CH,=0=CH=0=CH=0-

Hydroperoxide.
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QOH ~ ooH QOH
=°0‘-’GH‘,:,'m()@(:f‘l‘“('}m(332"='0= CH=0=CH=0~
”33200
0 ﬁ | ﬁ
=oécﬁaaoac%o=cnaéo«aceo-ac%o
Bster, 17506!1!&1 poly{carbon dioxide) 1785, 1815 cm

2537 2 ¢ Chain sc:.ission’

&7

AN - CHE*’ + GOZ + °0==CH2==0WN

l L 2 B + Oﬁa

AN~ CEOE  + HO = CH, = 0 = CE, ~ "\

Clearly, much work remains to be done. Perhaps the best starting
polnt would be a study of the photo-reactions of the oligomerie

polyoxymethylene diethers.

1
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APPENDIX X
Ferfluoroacetone hydrate

Perfluoroacetons, CF} co G?s. was first obtained by
Bigelow and Euknhara.(95) among the products of the direct
fluorination pf‘acetoneoy These authors noted that the gaseous
ketone (bpt. =28°C) was soluble in water without decomposition
and showed some evidence of hydrate formation., Ilater, Hemne et ale(gh)
prepared the ketone by the oxidation oftthe chlorofluoro=clefin,

(CF3)2 C = CCl,, They noted that the isolation of the ketone

20
from the aqueous permanganic oxidation medium was ccmplicated by the
formation of é stable hydrate which is soluble in water. Henne

et al. did not characterise the hydrate. Hore recently, Morse et 319(95>
in describingian imp¥oved synthesis of the ketone describe the
hydrate as a liquid ny° L.3179 bpt. 55 - 6°C at 80 m.m.. They

also describe the occurrence of an easiiy sublimed white solid

which, they suggest, is the eyclic trimer of the ketome. %o

obtain the ketome from the équeous soiution of the hydrété it was
necessary to. use Pé%i as dehydrating agent(gk)’ (95)0 From this
we can conclude that the hydrate is very stable. There are two

possible structures fopy the hydrate. It is either a hydrogen-=

bonded molecular complex formed by a molecule of ketore and one or
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more molecules of water or it is a gem-diol., The infre~red spectrum
of the hydrate (Figure 35). run on a saturated carbon tetrachloride
solution treated with molecular sieve to vemove Mambound® water,
showed no absorption in the carbonyl band. A sharp absorption peak in
t.he’ hydroxyl band at 3582 cm ! indicates the presence of "free"
hydroxyl groups in the molecule. Thue it can be inferred from the
infra red spectrum that the gem=diol structure is the more likely

of ths above twe possibilities.

The negative inductive effect of the trifluormethyl
Y croup increases the acidity
of the hydroxyl protons and hence thé rnolecule behaves as &
weak acid. It is ciegf from Figure 26, which is the potentiometric
titration curve obiasined by titrating agueous P.F.A.H. with
N/10 Na20H, that the hydrate is acidic. Thus the titration of an
aqueous ‘solution of P.F.A.H. with N/10 NaOH confirms the gem=diol
structure.

It soon became clear when the potentiometric titration
technique u;as used as a method of analysing for P.F.A.Ho
quantitatively that the pure hydrate was in fact the white, easily
sublimed solid {¥pt. 1&3@41&(’6) noted by early workers. (95)
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FIGURE 36.

(CF3)C(OH)2 Versus N/lo NaOH,

115+
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iWhen the preparative regction {sesciion 2.9.) wés left for several hours
the contents of the reaction flask went solid indicating that the
reaction was complete and that all the water present in the flask
initially bad bsen used for hydration of the ketonms. The ready
sublimation of the hydrate suggests that if intermolecular hydrogen
bonding occurs in the golid it is not ‘polymerie’ as in water and
other highly associsted hydroxylic systems. Xern and C’xzerdz‘oa@m
established that at 190‘}6 in pityopen hydvoxy cowpcunds (phenols etec,)
with a pKa of less than 6.0 caused sppreciable degradation of .a PO,
dimethyl ether. Thus in 60 minutes at 190°C approﬁ:ima%ely 1 mole%
of p-hydroxy benzoic acid (pKa 4.5} caused 17.8% weight loss.
An accurate pKa value far P.F.A.H. is tberefore of some interest.

The dissociztion constant for the first ionisation stage

]
of P.F.A.H., Ka" was calculated using the data given in Table A.l.,

' ]
where Ka is given by

a raalf &

[ H+} is the hydrogen ion activity, given by pH = = log { H"'} 8
[A") and [HAJ are the concentrations of the anions and undissociated

acid and { a 2nd f HA are the etuyresponding activity coefficientso
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It is assumed that, at the concentration used in these experiments,
the activity coefficient of the P.F.A.H. is unity. 7C A is calculated
from the Debye -~ Hiickel limiting law?

e-..]_ogfz = 0.5 z° (I)%g I =35 (cizia)

where N is the concentration and 2y is the charge of the .’a."'ui species.

TABLE A.l,

<

220”0 $alx107 [Ta0? [EAJeio0”d ﬁ K x107

0.91 0.141 1.051 3.1 0.9%3 4.h7
1.3 0,089 1.399 2,96  0.9959 4,16
1.67 0.063 1,733 2.63  0.9954% h.lk
2,31 0,036 . 2,346 2,01 0.9945 . k.15
2.86 0.022 2,882 1,48  0.9938 4,22
3033 0.013 3343 1,02 0.9936 L4.24

LE'> 7 h23xi0”

b = molar concentration of NaOH at any stage in the titration



a = [HA]l + [4 ] = total P.F.A.H.
™ + (87 =« b + (87 = [A7] + [0271.
at pH L 7, [OF J is negligible in comparison to the other

concentrations so that

[A71 = b+ [H7

% [HAJ a-(b+ (5D

Lt}

a = b at the end point. 7
=}
The pK value (log Ka) calculated from the sbove data
is 6.37. P.F.A.H. is thus fairly acidic and thus heating it &o

dissolve polymer rapidly was considered imadvisable,
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